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Tha seed from whicb this book grew wes plantad in November
1680, when I spant most of e day on the nevigation bridge of a U.S.
Nevy ship as it worked its way in from tha opan North Pacific,
through tha Straits of Juan de Fuce, and down Pugat Sound to
Seettle. 1 was aboard the ship to study what tha operators of its
steam propulsion plant knaw and bow they went ebout knowing it.
1 bed spent most of tha precading week down in the bowals of the
ship, observing enginaaring operetions and talking to tha boiler
technicians and machinist's mates wbo inhebited that bot, wat,
noisy tangle of boilers, pumps, and pipes callad the engineering
spacas. I'll edmit to baving falt a little cleustropbobic aftar all thet
time spent below tha water lina, wbere there is no nigbt or day and
tha only evidenca of baing at saa is the rbythmic tipping of tha deck
plates and sloshing of weter in the bilge below ona’s feat as tha ship
rolls in the swell. A chiaf boiler technician confidad to ma thet in
21 years on Nevy sbips ba had never yet been on deck to experi-
anca aither of thosa two most romantic seafaring evants, e ship’s
arrival et or daparture from a port.

1 resolved, therefore, to taka my last faw bours aboard this sbip
on tha nevigetion bridge, wbera ! could see out the windows or
aven go out on tha bridga wing to gat a braeth of cold fresb air. My
professionel retionalizetion for being on tha bridga wes that there |
would be eble to observe tha procass thet generetes the flurry of
angine commands thet alweys taxas tha angineering crew wben the
ship nears the dock. And 1 did meka a datailad record of ell angina
tnd belm commands givan in the 75 minutes from the tima tha
engines wera first slowad until thay were secured—there ware 61
in all. But wbat really captured my ettention wes the work of the
navigation taam.

Threa and a balf yaars later, the project that becama this book
began in aarnast. in tha summer of 1984, I was still working for the
Navy Personnel Researcb and Davalopmant Centar in San Diego as
a civilian scientist with tha titla Parsonnal Rasearcb Psycbologist.
By than I bad participatad in two successful and wall-known
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projects, With these successes cama the freedom to conduct an in-
dependent researcb projact. I was given carte blancbe to study
whatever I thought was of most interest. I cbose to study what I was
then calling noturally situoted cognition. Heving e research posi-
tion in e Navy laboratory mede it possible for me to gain accass to
neval vessels, and my longtime love of nevigation and axparience
es e recing yacht nevigetor made it eesy for me to choose navigetion
es an ectivity to study afloat. I talked my wey ehoard a ship and set
up sbop on tha navigation bridge. At the time, I really had no no-
tion what an idaal subject nevigetion would turn out to ba. Wban 1
hegan, I was thinking in terms of the neturally situated cognition of
individuals. It was only after I completed my first study period et
sea that I realizad the importance of tha fact that cognition was so-
cially distributed.

A littla aarliar, I bed been asked to write a hook describing what
is in cognitive anthropology for tha rest of cognitive scienca. I ba-
gan that project, but after I became disillusionad with my field I lost
interest in it. The choice of neturaily situated cognition as a topic
came from my sense thet it is what cognitive anthropology really
sbould bave been ebout but largely hed not bean. Clifford Geertz
{1983} called for an “outdoor psychology,” hut coguitiva anthro-
pology was uneble or unwilling to he that, The respondents may
heve been exotic, but the methods of investigation were largely
borrowed from the indoor techniques of psychology and linguis-
tics, When cognitive and symholic anthropology split off from so-
cial anthropology, in tha mid 1950s, thay laft sociaty and practice
behind.

As part of the cognitive revolution, cognitive anthropology mede
two crucial steps. First, it turnad away from sociaty by leoking in-
ward to the knowledge an individuel had to beve to function es e
mamber of the culture. Tha quastion became “Whet does a person
bava to know?”’ Tba locus of knowladge was assumed to be inside
tha individual. Tha mathods of rasaarcb than availeble encoureged
tha analysis of languaga. But knowledge expressed or expressible
in language tands to ba declarative knowledge. It is wbet people
can say about wbat thay know. Skill went out the window of the
“whita room.” Tbe second turn wes ewey from prectice. In the
quest to laarn wbat paople know, anthropologists lost treck both of
how peopla go about knowing wbet they know and of the con-
tribution of tha anvironments in whicb the knowing is eccom-
plishad. Perhaps these narrowing assumptions were necessary to
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get the project of cognitive anthropology off the ground. I will argue
thet, now thet we are underwey es e discipline, we should revoke
these essumptious. They beve become a burden, and they prevent
us from seeing the neture of buman cogunition.

In particular, the ideetional definition of culture prevents us
seeing thet systems of socially distributed cognition may bave in-
teresting cognitive properties of their own. In the history of an-
thropology, there is scarcely e more important concept than the
division of lebor. In terms of the energy budget of e buman group
and the efficiency with which a group exploits its pbysicel envi-
ronment, social organizetional factors often produce group proper-
ties thet differ considerably from the properties of individuais.
Clearly, the same sorts of pbenomene occur in the cognitive do-
main. Depending on their organizetion, groups must beve cognitive
properties that are not predictable from e knowledge of the prop-
erties of the individuels in the group. The emphasis on finding and
describing “knowledge structures” that are somewbere “inside”
the individual encourages us to overlook the fact thet buman cog-
nition is alweys situeted in e complex socioculturel world and
cannot be unaffected by it.

Similar developments in the other bebevioral sciences during the
cognitive revolution of the iste 1950s and the 1960s left a troubled
legacy in cognitive science. It is notoriously difficult to generalize
leboretory findings to real-world situstious. The relationship be-
tween cognition seen es e solitery mental ectivity and cognition
seen as an ectivity undertaken in social settings using various kinds
of tools is not et all clear.

This book is about softening some boundaries that bave been
made rigid by previous approacbes. It is about loceting cognitive
activity In context, where context is not e fixed set of surrounding
conditions but a wider dynamical process of whicb the cognition of
an individual is only e part. The boundaries to be softened or dis-
solved have been erected, primarily for apalytic convenience, in
sociel spece, in pbysical space, and in time. Just as the construction
of these boundaries was driven by e particular theoretical per-
spective, their dissolution or softening is driven by e different
perspective—one that arose of necessity wben cognition was con-
fronted i the wild.

The phrese “cognition in the wild” refers to buman cognition in
its netural babitst——thet is, to neturelly occurring culturally con-
stitutsd buman activity. I do not intend “cognition in the wild” to
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be reed es similar to Lévi-Strauss’s “pensée seuvage,” nor do | in-
tend it to contrast with Jeck Goody’s (1977) notion of domesticeted
mind. Insteed, I have in mind the distinction between the leho-
retory, where cognition is studied in ceptivity, and the everydey
world, where human cognition edapts to its natural surroundings. I
hope to evoke with this metaphor e sense of an ecology of thinking
in which human cognition interacts with an environment rich in
organizing resources.

The ettempt is cultural in neture, giving recognition to the fect
that human cognition differs from the cognition of all other animels
primarily because it is intrinsicelly a cultural phenomenon. My
aim is to provide hetter answers to questions like these: What do
people use their cognitive ehilities for? What kinds of tesks do they
confront in the everydey world? Where shall we look for explane-
tions of human cognitive eccomplishment?

There is a common misconception among cognitive scientists,
especially those who do their work in lehoretory settings, that re-
search conducted outside the leboretory is necessarily “epplied”
work. I will argue in whet follows that there are many excellent
reasons to look et the "reel world” thet are not concerned with
koped-for epplications of the research findings {elthough funding
sponsors often like to think in those terms}. Pure research on the
neture of reel cognitive prectices is needed. in this hook, I emphe-
size prectice not in order to support a utilitarian or functionalist
perspective hut heceuse it is in reel prectice thet culture is pro-
duced and reproduced. In prectice we see the connection hetween
history and the future and hetween cultural structure and social
structure. One of my goals in writing this book is to make clear thet
the findings of pure research on cognition in the wild should
change our idees ehout the neture of human cognition in general,
This is not news to anthiopologists, who heve heen doing pure re-
search in the form of ethnography for decades.

This book is an ettempt to put cognition heck into the sociel and
cultural world. In doing this T hope to show thet human cognition is
not just influenced hy culture and society, hut that it is in a very
fundamental sense & cultural and social process. To do this T will
move the boundaries of the cognitive unit of analysis out heyond
the skin of the individual person and treet the nevigetion team as a
cognitive and computstional system,

Cheptsr 1, "Welcome Abkoard,” attempts to locete the ectivity of
ship navigetion in the larger world of modern life. It weeves to-
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gather thrae journeys: a movamant through pbysical spaca from tha
“street” to the ship, e movemant through sociel speca from civilian
to military life, and a movamant through conceptual spaca from
avaryday notions of wayfinding to tha tachnical domain of naviga-
tion. Both the researcher and tha readar must make thasa journays
to arriva at the activity of navigation as precticed on the bridga of a
Navy ship. Military ranks and the weys in whicb military identitias
are formad are presented here becausa thasa things affect in-
dividual’s relationships to their work. An important espect of tha
larger unit is thet it contains computational alaments {persona} who
cannot be describad antirely in computetional tarms, Who thay talk
to and how thay talk to ona another dapend on these social organi-
zational factors, This chapter elso contains a discussion of tha ra-
lationship of tha resaarcher to the ectivity under study. {Tha name
of the ship and tha names of all tha individuals mentioned in tha
book are psaudonyms. All tha discoursas reported, whathar stand-
ing alone in transcript form or ambedded in narrative passages
were transcribed directly from audio recordings of ectual avants.}

Having takan navigetion as it is parformed by e team on tha
bridga of a ship as the unit of cognitiva analysis, I ettempt in chap-
ter Z, “Navigation es Computation,” to apply the principal mat-
ephor of cognitive scienca--cognition as computation--to tha
operetion of this system. I sbould note hare that in doing so, I do
not maka any special commitmant to tha nature of the computa-
tions that are going on inside individuals except to say that what-
ever happens there is part of a larger computational system. This
chapter describas tha application of Devid Marr’s notions of levels
of analysis of cognitiva systems to the navigation task and shows
that, at tha computational level, it is possible to give a singla da-
scription of tha computational constraints of all known technical
forms of buman navigation. A comparison of modarn Wastarn
navigation with navigation as practicad in Micronesie shows that
considareble differencas betwaan thasa treditions lie at the repre-
santational/algorithmic level and et tha implamentational level. A
briaf historical review of the devalopmant of modarn nevigetion
sbows that the representational and implamantational details of
contamporary practice are contingent on complax historical proc-
asses and that the accumuletion of structure in tha tools of the trade
is itself a cognitiva process.

Chepters 3--5 axplore the computational and cognitiva propertias
of systams that ara largar than an individual. Tha issuas addressed
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in these chapters concern how these larger systems operate and
how their cognitive properties are produced hy interactions among
their parts.

Chapter 3, “The Implementation of Contemporary Pilotage,” de-
scrihes the physical structures in which the navigetion computa-
tions are implemented. This chepter elehoretes a conception of
computation as the propagetion of representational state ecross a
variety of media. This view of computation permits the use of a
single language of description to cover cognitive and computa-
tional processes that lie inside and outside the heeds of the precti-
tioners of nevigetion. The first section of this chapter describes the
“fix cycle” es e cognitive process. The second section descrihes
how navigetion tools are used and how local functional systems
composed of e person in interaction with a tool have cognitive
properties that are redically different from the cognitive properties
of the person alone. The third section discusses the ways in which
the computational activity can be distributed through time hy pre-
computing not only partiel results hut elso the means of compute-
tion. 1 show here how the environments of human thinking are not
“natural” environments, They are artificial through and through.
Humans creete their cognitive powers hy creating the environments
in which they exercise those powers. This chapter concludes with
e discussion of the relationship hetween the cognitive properties of
the individuals performing a task and the cognitive properties of
the system in which they participate.

Chapter 4, “The Organization of Team Performances,” moves the
houndaries of the unit of analysis even further out to consider the
cognitive properties of the team as e whole. Here 1 note some of the
problems that are encountared when cognitive activities are dis-
trihuted across the members of a group. It is not the case thet two or
more heads are always better than one. This chapter describes the
structures and processes involved in the group performance of the
navigation task. The first section follows through on the application
of Marr’s concepts of computation to the navigation activity and
discusses the properties of the activity as an explicitly computa-
tional system. The second section presents e problem in work or-
ganization encountered hy the navigation team and shows why it is
often dificult to apply the concepts that organize individual action
to the organization of group action. The final section shows how
the members of the navigation team form a fiexihle connective tis-
sue thet maintains the propagation of representational state in the
face of e range of potentially disruptive events.
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Chapter 5, “Communication,’’ continues the theme of chapter 4
hut looks at communication in more detail. It asks: How is it that
patterns of communication could produce particular cognitive
properties in a group? The chapter begins with a discussion of fea-
tures of communication ohserved in the navigation team and thair
effects on tha Team's computational properties. These ohservations
lead to some simple hypothesas ahout the ways in which patterns
of communication might affect the computational properties of a
group. Thesa hypotheses are explored using a computer simulation
of communities of connectionist networks. The simulations lead to
the surprising conclusion that more communication is not always
hetter.

Chapters 6-8 concern learning or changa in tha organization of
cognitive systems at severs! scales,

Chapter 8, “The Context of Learning,” is a hridge hetween the
descriptions of ongoing operations provided hy the previous chap-
ters and the descriptions of changes in the nature of ongoing
operations provided hy the following chepters. 1t describes the
context in which novice navigators hecome experts. This chapter is
an attempt to examine both the work that the systam does in ordar
to scaffold learning hy prectitioners and the opportunities for the
development of new knowledge in the context of practica.

Whereas in chapter 6 1 deal with the ohservahle contexts sur-
rounding learning, in chapter 7, "Learning in Context,” I try to
dissolve the houndaries of the skin and present navigation work as
a systam of interections among media hoth inside and outside the
individual. 1 look at learning or conceptual change as a kind of
adaptation in a larger dynamical system. This chapter presents a
functional notation and a framawork for thinking about learning as
local adeptation in a dynamic system of coordinations of repre-
sentational medie.

Chapter 8, ‘‘Organizational Learning,” returns the focus to the
larger unit of analysis: the team as a whola. It presents a case study
of an incident in which the navigation tearm was forcad to adapt to
changes in its information environment. The analysis presented
here examines a particular incident in which the microstructure of
the devalopment of the navigation practice can he seen claarly. It is
an attempt to show the details of the kinds of processes that must
he the engines of cultural change.

Chapter 8, “Cultural Cognition,” attempts to pull the preceding
chapters togethar into a coharent argument about the reletionships
of culture and cognition as they occur in the wild. 1 attempt first
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to illustrete the costs of ignoring the cultural nature of cognition. I
argus that 8 oew framework is needed to understand what is most
charecteristically buman ebout buman cognition. In order to con-
struct ® oew framework, the old ooe must be deconstructed. I
therefore provide two reedings of the history of cognitive science:
o history as seen by the proponents of the currently dominant
paradigm and e rereeding of the history of cognitive science from e
sociocultural perspective. The differeoces botweeo these two reed-
ings highlight e oumber of problems in contemporary cognitive
science and give new meanings to some of the familiar eveots io its
hustory,



1 Wekome Aboard

Narrative: A Crisis

After several days et see, the U.8.5. Palau wes returning to port,
making epproximetely 10 knots in the narrow channel between
Ballast Point and North Island et the entrance to San Diego Harbor.
In the pilothouse or nevigetion bridge, two decks above the flight
deck, e junior oficer bed the conn {i.e., wes directing the steering of
the ship}, under the supervision of the nevigetor. The ceptain set
quietly in his chair on the port side of the pilothouse wetching the
work of the bridge team. Morale In the pilothouse had sagged dur-
ing two frustreting bours of engineering drills conducted just out-
side the mouth of the harhor hut wes on the rise now that the ship
was heeded toward the pier. Some of the crew talked ebout wbera
they should go for dinner asbore and joked ebout going all the wey
to the pier et 15 knots so they could get off the ship before nigbtfall.

The bearing recorder hed just given the command "Stand by to
mark time 3 8" and the fathometer operator wes reporting the depth
of the weter under the ship when the intercom erupted with the
voice of the engineer of the wetcb: "' Bridge, Main Control. { am
losing steam drum pressure. No epparent ceuse. I'm sbutting my
throtties.” Moving quickly to the intercom, the conning officer ec-
knowledged: " Shutting throttles, eye.” Tbe nevigetor moved to the
captain’s chair, repeeting: “Ceptain, the engineer is losing steam on
the boiler for no epparent ceuse.” Possibly hecause be realized that
the loss of steam migbt affect the steering of the ship, the conning
officer orderad the rudder amidships. As the belmsman spun the
whbeel to bring the rudder angle indicetor to the centerline, he an-
swered the conning officer: "Rudder amidships, eye sir.” The cep-
tain began to speak, seying "Notify,” hut the engineer wes beck on
the intercom, alarm in his voice this time, speaking repidly, almost
shouting: "Bridge, Main Control, I'm going to secure number two
boiler et this time. Recommend you drop the ancbori” The ceptain
bed been stopped in mid-sentence by the hlaring intercom, hut he-
fore the engineer could finisb speaking the ceptain said, in e loud
but cool voice, "Notify the bosun.” it is standard procedure on
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large ships to heve an anchor prepared to drop in cese the ship
loses its ebility to maneuver while in restricted weters. With the
propulsion plant out, the bosun, who wes standing by with e crew
forward reedy to drop the anchor, wes notified thet he might be
called into ection. The falling intonetion of the ceptain’s command
gave it e cest of resignation or perheps boredom and mede it sound
entirely routine.

In fact, the situetion wes anything but routine. The occesional
cracking voice, e muttered curse, or e perspiretion-soaked shirt
on this cool spring efternoon told the real story: the Palau wes
not fully under control, and careers and possihly lives were in
jeopardy.

The immediete consequences of this event were potentially
greve. Despite the crew’s correct responses, the loss of main steam
put the ship in danger. Without staam, it could not reverse its pro-
peller-—the only wey to slow e large ship efficiently. The friction of
the water on the ship’s bull will eventually reduce its speed, but
the Palau would coast for several miles before coming to e stop.
The engineering officer’s recommendetion thet the anchbor be
dropped was not eppropriete. Since the ship was still treveling et a
high rete of speed, the only viehle option wes to attempt to keep the
ship in the deep weter of the channel and coast until it had lost
enough speed to sefaly drop ancbor.

Within 40 seconds of the report of loss of steam pressure, the
steam drum wes exheusted. All steam-turbine-opereted mechinery
came to e helt, including the turhine generetors thet produce the
ship’s electrical power. All electricel power wes lost throughout
the ship, and ell electrical devices without emergency power
backup ceased to operete. In the pilothouse e high-pitched alarm
sounded for e few seconds, signaling an under-voltage condition
for one piece of equipment. Then the pilothouse fell eerily silent es
the electric motors in the redars and other devices spun down and
stopped. fust outside the nevigetion bridge, the port wing pelorus
operetor weiched the gyrocompass card in his pelorus swing wildly
and then return to its original beeding. He called in to the bearing
recorder standing et the chart tahle: John, this gyro just went
nuts.” The hearing recorder ecknowledged the comment and told
the pelorus operetor that e hreakdown wes in progress: “Yeah, I
know, I know, we're havin’ e casualty.”

Beceuse the main steering gear is opereted with electric motors,
the ship now not only hed no wey to arrest its still-considereble
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forward motion; it elso hed ro wey to guickly cbange the angle of
its rudder. The helin does heve e manual backup system, loceted in
e compartment called aftersteering in the stern of the ship: e worm-
gear mechanism powered by itwo mer on bicycle cranks. However,
even strong men working hard with this mechanism can change the
angle of the messive rudder only very slowly.

Shortly after the loss of power, the ceptain said to the navigator,
who wes the most experienced conning officer on board, "OK,
Gator, I'd like you to take the conn.” The nevigetor answered "’ Aye,
sir” and, turzing awey from the captain, announced: Attention in
the pilothouse. This is the nevigetor. I heve the conn.” As required,
the guartermaster of the wetch acknowledged (”Quartermester,
eye”) and the helmsman reported **Sir, my rudder is amidships.”
The navigetor hed beer looking out over the bow of the ship, trying
to detect any turning motior. He answered the helmmsman: “Very
well. Right 5 degrees rudder.” Before the helmsman could reply,
the navigetor increased the ordered angle: ”Increase your rudder
right 10 degrees.” {The rudder angle indicetor on the helm stetion
has two parts; one shows the rudder angle that is ordered and the
other the ectual angle of the rudder.) The helmsman spun the
wheel, ceusing the indicetor of the desired rudder angle to move to
the right 10 degrees, but the indicetor of the ectual rudder angle
seemed not to move et ell. “Sir, ! heve no helm sir!” he reported.

Meanwhile, the men on the cranks in aftersteering were straining
to move the rudder to the desired angle. Without direct helin con-
trol, the conning officer ecknowledged the helmsman’s report and
sought to make contect with aftersteering by wey of one of the
phone talkers on the bridge: "Very well. Aftersteering, Bridge.” The
nevigetor then turned to the helmsman and said ”Let me know if
you get it beck.” Before he could finish his sentence, the belmsman
responded, ”’1 heve it beck, sir.” When the revigetor ecknowledged
the report, the ship was on the right side of the channel but heeding
far to the left of the desired course. ”Very well, increese your rud-
der to right 15.” ”Aye sir. My rudder is right 15 degrees. No new
course given,” The nevigetor acknowledged—"Very well”—and
then, looking out over the bow, whispered ”Come on, dsmn it,
swing!” just then, the starboard wing pelorus operator spoke on the
phone circuit: ”John, it looks like we’re gonne hit this buoy over
here.” The bearing recorder hed been concentreting on the chart
and hedn’t guite heard. Sey egain” he requested. The starboard
wing pelorus operator leaned over the railing of his pletform to
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wetchb the buoy pess beneeth him. It moved quickly down the side
of the ship, staying just e few feet from the bull. When it eppeared
thet the Palnu would not hit the buoy, the starboard wing pelorus
operetor said “Nothin’ "'; that ended the conversation. The men in-
side never knew bow close they hed come. Several suhsequent
belm commands were answered with ““Sir, I beve no belm.” When
esked by the ceptain bow he wes doing, the nevigator, referring to
their common background as belicopter pilots, quipped “First time
1 ever deed-sticked a ship, ceptain.” {To “deed-stick” en aircraft is
to fly it after the engine bas died.} Steering ¢ ship requires fine
judgements of the ship’s angular velocity. Even if belm response
wes instantaneous, there would still be ¢ considereble lag between
the time e belm command was given and the time wben the ship’s
response to the changed rudder angle was first detectshle as the
movement of the how with respect to ohjects in the distance.
Opereting with this manual systsm, the nevigetor did not alweys
know what the ectual rudder angle was, and could not know bow
long to expect to wait to see if the ordered command wes having
the desired effect. Beceuse of the slowed response time of the rud-
der, the nevigetor ordered more extreme rndder angles than usual,
causing the Palnu to weeve erratically from one side of the channel
to the other.

Within 3 minutes, the diesel-powered emergency generetors
were hrought on line and electrical powar was restored to vital
systems throughout the ship. Control of tha rudder wes partially
restored, but remained intermittent for an edditionel 4 minutes.
Althougb the ship stili could not control its speed, it could et least
now keep itself in the dredged portion of the narrow cbannel. On
the besis of the slowing over the first 15 minutes after the casuslty,
it became possible to estimets wben and where the Palau would be
moving slowly enough to drop ancbor. Tbe nevigetor conned the
ship toward the cbosen spot.

About 500 yards short of the intended ancborage, e seilboet took
a course thet would leed it to cross close in front of the Palnu.
Normally the Palau would have sounded five blasts with its enor-
mous horn to indicete disagreement with the ections taken by the
other vessel. However, the Pninu’s born is e steam whistle, and
without steam pressure it will not sound. Tbe Navigation Depart-
ment hes among its equipment e smell manual fogborn, besically e
bicycle pump with e reed and e ball. The navigetor remembered
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this piece of gear and instructed the keeper of the deck log to leeve
his post, find the manual horn, descend two levels to the flight
deck, take the horn out to the how, end sound the five warning
hlasts. The keeper of the deck log ran from the pilothouse, carrying
¢ walkie-talkie to maintain communicetion with the hridge. The
captain grabhed the microphone for the flight deck’s puhlic address
system and esked *Can you hear me on the flight deck?”” Men he-
low on the deck turned and weved up et the pilothouse. “Sailhoet
crossing Palou’s how he edvised thet I am not ... I heve no power.
You cross et your own risk. I heve no power.” By this time, the hull
of the sailboat had disappeared under the how of the ship and only
its sails were visihle from the pilothouse. In the foreground, the
men on the fight deck were now running to the bow to wetch the
impending collision. Meanwhile, the keeper of the deck log hed
run down two fhghts of stairs, emerged from the hese of the island,
and hegun sprinting ecross the nearly 100 yards that ley hetween
the island and the how. Before he was helfwey to his goel, it wes
clear that hy the time he would reech the how the signel from the
hora would be meaningless. The nevigator turned to e junior officer
who was holding e walkie-talkie and exclaimed “just tell him to
put the sucker down and hit it five times!” The message wes
pessed, and the five feehle hlasts were sounded from the middle of
the flight deck. There is no way to know whether the signel was
heard hy the sailboet, which hy then was directly aheed of the
Palau and so close that only the tip of its mest was visihle from the
pilothouse. A few seconds later, the sailboet emerged, still sailing,
from under the starboard bow. The keeper of the deck log con-
tinued to the how to take up e position there in cese other warnings
were required.

Twenty-five minutes after the engineering cesuaity and more
than 2 miles from where the wild ride had hegun, the Polou wes
hrought to anchor et the intended locetion in ample weter just out-
side the bounds of the nevigetion channel.

The sefe arrivel of the Polou at anchor wes due in large part to
the exceptional seamanship of the hridge crew, especielly the nav-
igetor. But no single individue! on the hridge ecting elone—aneither
the captain nor the nevigetor nor the quartermester chief super-
vising the navigetion team-—could heve kept control of the ship
and hrought it safely to anchor. Many kinds of thinking were
required to perform this task. Some of them were happening in
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parallel, some in coordinetion with others, some inside the heeds
of individuals, and some quite clearly hoth inside and outside the
heeds of the participants.

This hook is ehout the ebove event and ebout the kind of system
in which it took plece. It is ebout human cogrition—especially
buman cognition in settings like this one, where the prohlems thet
individuels confront and the means of solving them are culturally
structured and wbere no individual acting alone is entirely res-
ponsihle for the outcomes thet are meaningful to the society et
large.

Gaining eccess to this field site required me, es an ethnographer,
to make three journeys et once. In this first chepter I will &ry to
weeve them together, for the reeder will also have to make these
journeys mentally in order to understand the world of military ship
navigetion. The first is e journey through physical space from my
home and my usual workplace to the nevigetion bridge of the
Palau. This journey took me through many getes, as I moved from
the street to the military base, to the ship, and within the ship to the
nevigetion bridge. 1 will try to convey the spetial organization of
the setting in which navigetion is performed. The second journey is
e trip through social spece in which I moved from the civilian so-
cial world pest the ship’s official getekespers into the social orge-
nization of the Nevy, and then to the ship’s Nevigetion Dlepartment,
This journey closely parallels the journey through physical spece
because spece is so often nsed as an element of social organization.
As the spetial journey took me to regions with narrower and nar-
rower boundaries, so the social journey leads us through succes-
sively narrower levels of social organizetion. The third journey is e
movement through conceptual spece, from the world of everydey
spatial cognition into the technical world of navigetion. This third
journey does not really hegin until I naar the end of the other two.

Through the Main Gata
A crisp salute from a young marine in dress uniform at the main
gate's guard shack marked the transition from the “street” to the
“base”-from the civilian realm to the military. The base is a place
of close-cropped haircuts and close-cropped lawns. Here nature
and the buman form are controlled, arranged, disciplined, ready to
make a good impression. In boot camp inductee’s credo is: “If it



The Ship

Welcome Aboard ¥

moves, salute it. If it doesn’t move, pick it up. If you can’t pick it
up, paint it white.” The same mindset imposes an orderliness and e
predictability on both the pbysical spece and the socie! world of
the military base.

As a civilian smployee of the Navy, I wes encouraged to occe-
sionally ride e ship in order to better understand the nsture of the
“operetional” world. But being encouraged by my own organize-
tion to ride e ship and being welcomed by the crew are two differ-
ent things. From the perepectives of the pesople running e ship,
there mey be little to gain from permitting e civilian on board. Civ-
ilians, who are often ignorant of shipboard conventions, mey re-
quire some tending to kesep them out of trouble. They take up living
spece, which on many ships is et © premium, and if they do not
have eppropriete security clearances they mey heve to be escorted
et ail times.

The Palou is an amphihious helicopter transport. its warfare mis-
sion is to transport marines ecross the seas and then deliver them to
tha hettlefields in the 25 helicopters that are carried on hoard. The
helicopters also hring troops heck to the ship, which hes e small
hospital and e complete operating theeter. Ships of this class are
often mistaken for true aircraft carriers of the sort thet carry jet
planes. As is the case with true aircraft carriers, the hull is cepped
hy e large flet flight deck which creetes an overhang on &ll sides of
the ship. But this flight deck is only 592 feet long, just over half the
length of e carrier deck and much too smell to handle fixed-wing
jots. Ahout halfway hetween the bow and the stern, jutting up out of
the smoocth expanse of the flight deck on the starhoard rail, stands e
four-story structure celled the island. The island cccupies the
rightmost 2¢ feet of the flight deck, which is ehout 100 feet wide.
The ship extends 28 feet helow the surface of the weter and weighs
17,000 tons empty. It is pushed through the water hy a single pro-
peller driven hy e 22,000-horsepower steam turhine engine.
Originally, the ships of the Polouw’s class were planned to heve
been almost 200 feet longer and to heve two propulsion plants and
two propeliers. However, hudget cuts in the early 1960z led to a
hasty redesign. In the original design, the off-center weight of the
stee] island wes to he helanced hy the second propulsion plant.
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Unfortunetely, the redesign failed to take into account the decreese
in righting moment caused hy the deletion of the second engine.
When the hull that is now the Polou was launched, it cepsized! It
was refloated, and the steel island was replaced with an eluminum
one. The ship was renamed and put into service. The aluminum
island is ettacbed to the steel deck with steel bolts. In a wet and
selty environment, this forms an electrolyte that causes corrosion of
the ettachment points between the island and the deck. There is a
standing joke among those wbo work in the island that someday, in
e big beam swell, the ship will roil to starboard and the island will
simply topple off the deck into the see.

Two levels ebove the flight deck in the island is the navigation
bridge. Also in the island are the air operetions office, from whicb
the belicopters are controlled, and e flag bridge where an admiral
and his stsff can work. The top of the island bristles with radar
antennae.

The Gator Navy and the Other Navies
When 1 first went eboard the Polou it was tied up et pier 4 with
several other amphibious ships. A frigete and e destroyer were tied
up to an edjecent pier, but they are part of another nevy within the
Navy. Membership in these navies is an important component of
naval identity.

Troop transport is not considered e glamorcus job in the Nevy.
‘The Polou is part of what is called the amphibious fleet, the portion
of the fleet thet delivers marines to battiegrounds on land. Tbe
amphibious fleet is also known somewbat derogetorily es the
**getor navy.” The nickname is epparently derived from e reference
to thet amphibious reptile, the alligetor. While the elligetor is not
e prototypical amphibian, its eggressiveness may be important
in Nevy culture; "‘salamander nevy” or “frog nevy"” migbt be too
dispareging.

The evietion community {the “airdales’) claims to be the high-
est-status branch of the Nevy. Most others would sey that the sub-
marine fleet {the “nukes’) comes next, elthough the submariners
consider themselves e breed epart. (Tbey beve e seying thet there
are only two kinds of ships in the nevy: submarines and targets.}
Tben comes the surfece fleet {the "bleck sboes”). Within eecb of
these groups are subgroupings, which are also ranked. In the sur-
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face fleet the ranking descends from surface combatants {cruisers,
destroyers, and frigates} to aircraft carriers, then the amphibious
fleet, and finally tenders and supply ships.

While from the civilian point of view a sailor mey be e sailor, in
the Nevy these distinctions mark important subcultural identities.
The perceived differences are based on many factors, including the
““glamor" of the expected mission, the sophisticetion of the equip-
ment, the destructive potential, the stringency of requirements for
entry into each area, the gquality and extent of the training provided
to the members of each community, and the genersl sense of the
quality of the people involved. For a surface warfare officer who
hopes to make a career out of the Navy and rise to a high rank, it is
not good to be essigned to an amphibious ship for too long.

Ships that carry aircraft and air crewmen present & speciel situe-
tion with respect to these groups. Because they have aircraft they
beve members of the eviation community eboard, but beceuse they
are ships they must bave members of the surface community
shoard. The commanding officer of an aircraft carrier is alweys e
member of the air community-—a measure of the notion in the nevy
that the air wing is the raison d’étre of a ship thet carries aircraft.
The friction between the air community and the surface commu-
nity may be manifested in subtle and not-so-subtie weys. If mem-
bers of the air community eccount for the mejority of the high-
ranking positions on a ship, junior surface warfare officers may
complain that junior “‘airdales” are given more opportunities for
qualification and advancement. An amphibious transport with an
air wing is an even more complicated situation. Here members of
the surface and air groups interect. And when marines are aboard
an amphibious ship, there is alsc sometimes friction between the
sailors and the marines.

These patterns of differentiation are present et eli levels of orge-
nization in the military, from the broadest of interservice rivelries
to distinctions between the occupants of edjecent spaces on the
ship. Such effects are present to sume degree in many social orge-
nizetions, but they are highly elaborated in the military. Much of
the establishment of identity is expressed in propositions like this:
“Woe are the fighting X's, We are proud of what we are and wbat we
do. We are uniike any other group.” The unspoken inference is “If
you do something else, you cennot be quite as good as we are.”
Identities are also signaled by insignia and emblems of various
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kinds. In the officer ranks, breast insignie denote whicb navy one is
in. Avietors wear wings, submarinere wear dolphins, surface war-
fare officers wear cutlasses.

Within eecb part of the surface flest, there are strong identities
essocieted with specific ships. Ships heve stirring netionelistic or
petriotic mottoes, which are oftan inscribed on plaques, beseball
ceps, t-shirts, and coffee mugs. Many ships produce yeasbocks. The
bond among shipmetes is strongest wben they are off ship. Thers is
less of an identificetion with the class of one’s ship, but some
classes of ship are considered more edvanced (less obsolete)} and
more glamorous than others.

The military institutionalizes competition et ell levels of or-
ganization. Individuals compete with one another, and teams of
individuals are pitted against other teams. Ships compete in exer-
cises, and branches of the military compete for funding and the
oppertunity to participate in combet. Aboard e ship this com-
petitiveness manifests itself in e general opinien thet “we in our
space know what we are doing, but the people just on the other side
of the bulkheed do not.” These sentiments can arise in situetions
where the successful completion of some task relies on cooperetion
between individuels in different speces. Somstimes the larger sys-
temn may fail for reasons heving to do with the interections of the
units rether than with any particular unit; still, eech unit needs to
ettach blame somewbere, and the alleged incompetence of some
other unit is the eesiest and most understendebie explanation.

A sailor standing outside e guard shack glances et the identificetion
badge of each person passing onto the pier. Walking onto e pier
between two ships of the Polou’s class is like walking into e deep
canyon with overhanging grey walls and a dirty concrete floor. The
canyon is vaguely threatening. It is noisy, and the hulls of the ships
seem to box in the whine of motors and the hiss of compressed air.
There are trucks and cranes on the pier, and cables are strewn
ecross the pier and suspended in spece over the narrow band of
greenish weter between the pier and the hulls. Floating in the weter
between each ship and the pier are several crude rafis called
“camels” and & work barge. The camels keep the hull of the ship far
enough away from the pier so that the broed flight deck flaring out
et the top of the hull does not overhang the pier.
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To boeard the Polou, I climbed a sort of scaffold up a few flights of
gray metal stairs to a gangpiank (in Navy parlance, the brow) that
reacbed from the top of the scaffold to a huge hole in the side of the
ship. The hole was et the level of the hangar deck {also celled the
main deck}, still several levels below the flight deck. At the top of
the hrow was e security desk where the officer of the deck (QOD}
cbecked the identificetion cards of sailors departing from and re-
turning to the ship. Sailors stepping ehoard turned to fece the stern
of the ship, came to ettention and saluted the ship’s ensign {fag)},
which flew on a staff over the fantail and was thus not visible from
the hrow.

Before visiting the ship, I had been given the NPRDC Floet visi-
tor’s guide of hasic informetion, whicb included the following in-
structions for proper performance of the boarding ritual: “At the
top of the hrow or eccommodation ladder, face aft toward the colors
(netional ensign} and peuse et ettention. Then turn to the OOD,
peuse hriefly et ettention, and sey, ‘Regquest permission to come
ehoard, Sir.’ Stste your name, where you are from, the purpose of
your visit and the person you wish to see.” This little rituel is e
symholic pledge of allegiance to the ship before boarding. Visitors
to the ship wait in limbo at the security desk, neither ashore nor
officielly eboard, while word of their arrival is sent to their onboard
host. The ectual permission to go eboard must bave been arranged
in edvance.

The ship’s official getekeeper is normally the executive officer
(ahbreviated X0). The commanding officer, the executive officer,
and the department heeds form the primary edministretive struc-
ture of the ship. Every ship in the Navy is organized into e number
of departments. Eech department is supervised hy an officer. In
large departments, the department beed mey supervise less senior
officers, who in turn supervise the enlisted personnel who do vir-
tuelly all the ectual work on the ship. Before embarking, I wes re-
quired to convince the XO that I had something to offer the nevy
and that T would not cause undue aggravation while aboard. In e
hrief and somewhat discouraging intsrview with the X0, it wes
agreed that if the nsvigator was willing to tolerete my presence in
his department, I could come ahoard and work with the nevigation
team.

After getting past the X0, I made a date to have lunch with the
nevigetor. I met him in the officer’s dining area {the wardroom), and
during our discussion we discovered e shared past. While e cedet et
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tha Naval Academy, the navigator had sarvad as racing tactician
aboard a particular racing sloop that had baan donetad to tha
academy. The sloop wes suhsequantly sold to e friend of mine, and
I had sailed aboard it as navigator and racing tectician for 8 yaars.
Tha discovery of this extraordinary coincidanca helped cemant our
friandship and secured the navigator's parmission for my work
aboard tha Polau. With my prearrangad permission to sail, and
with tha navigator’s blassing, I waited et the security dask.

An escort et the security desk and led ma through tha huge dark
covern of the hangar deck. Wa datoured around savaral parked
helicoptars and skirtad forklifts and pallets of matarials. We
ducked through e hetch in tha well of the hangar deck and began
the climb up e serias of narrow steep ladders to tha navigation
bridge. {On a ship, floors are called decks, walls are called bulk-
heads or partitions, corridors are celled passogewoys, cailings are
callad overheads, and stairs are called lodders.}

Reconciling the Chart and the World
Nevigetion is a collection of techniques for answering a small
nunber of questions, perbaps the most central of which is “Where
am 7"

Whet does the word ‘whbere’ mean in this question? When we sey
or understand or think where we are, we do so in terms of some
representation of possible positions, “Where am I?” is a question
ohout correspondences between the surrounding world and some
representetion of that world.

Where am [ right now as 1 write this? I am et my desk, in my
study. The window in front of me faces the garden; the door over
there leeds to the ballwey thet leads to the remainder of the bouse.
My bouse is on the Pecific coast, north of the university. I'm on the
western edge of the North American continent. 'm on the planet
Earth circling ¢ minor star in the outer portion of an arm of e spirel
gelaxy. In every one of these descriptions, there is e representation
of spece essumed. Eecb of these descriptions of my locetion hes
meaning only by virtue of the reletionships between the locetion
described and other locations in the representation of space im-
plied by the description. This is an ebsolutely fundamentel prob-
lem thet must be solved by all mobile organisms.

Whether the mep is internal or external, whether it is @ mental
image of surrounding space {on wbetever scale and in whetever
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tarms) or a symholic dascription of the spaca on a piaca of paper, |
must estahlish the correspondence of map and territory in order to
answar tha question “Whare am 17"’ Ona of the most axciting mo-
ments in navigation is making a landfall on an unfamiliar coast. If I
am making a landfall on a high island or a mountainous coast, as I
approach the land, I first sase just the tops of mountains, then I see
tha lowar slopes, than tha hills, and finally tha faatures on tha
shoreline itsalf. Now, where am I? Turning to my chart, I see that }
had hoped to meet the coast just to tha south of a major haadland.
Perhaps that hig hill I can see across tha water on tha left is that
headland. And parhaps that high peak off in the haze, inland, is
this peak shown on the chart. Hmm, according to the chart it is
only supposed to be 500 meters high. It seems far away and highar
than that. Perhaps it is something alsa, something too far inland to
be printed on the chart.

Through considerations like thase, a navigator attanpts to astab-
lish a coherent set of correspondances hetween what is visihla in
tha world and what is depictad on a chart. Some charts evan pro-
vide small profiles showing the appearanca of prominant land-
marks from particular saa-laval vantaga points. The sama sort of
task confronts any of us whan, for axample, we walk out of the
back door of a theater onto an unfamiliar street. Which way am 1
facing? Whare am 1?7 Tha question is answered by estahlishing cor-
respondances hetween the features of the environmant and the
features of some representation of that anvironmant. When the
navigator is satisfiad that he has arrived at a coherant sat of corra-
spondences, he might look to tha chart and sey “Ah, yas; I am here,
off this point of land.” Now the navigator knows whara ha is, And it
is in thig sensa that most of us faal wa know where we ara. We feel
that we hava achiavad a reconciliation batween tha faatures we saa
in our world and a representation of that world. Things are not out
of place. They are whare we expect tham to be. But now suppose
someone asks a navigator “How far are wa from tha town at the
head of that bay?” To answer that quastion, simply having a good
sense of tha correspondancas betwean what one sees and what is
depictad on some represantation of the local space is not anough.
Now more precision is raquired. To answar that question tha nav-
igator naads to have a more exact datermination of whare ha is. In
particular, ha needs to hava a sense of his location on a repra-
sentation of space in a form that will permit him to compute tha
answer to tha question. This is position fixing. It is what ona does



Up the Ladder

MiBtary identitien

Chapter 1 14

when just having a sense of reconciliation between the territory
and the map is not enough.

From the hangar deck the escort led the wey up three steep lodders
in e narrow stairwell fillod with Suorescent light, stale air, and the
clang of hard shoes on metal steps. The decks of e ship are pum-
bered starting with the main deck. On most ships, the main deck is
defined es the “appermost deck thet runs the length of the ship.”
On ships thet have e flight deck ehove e hangar deck (this includes
aircraft carriers and amphihious helicoptar transports such es the
Palou} the hangar deck is the main deck. Immedietely below the
main deck is the second deck, ard helow that the third deck, and so
on down to the hold. Above the main deck, the decks are des-
igneted "levels” and are numhered 01, 02,..., increasing in num-
her with altitude. We stopped periodically on deck pletforms to
allow satlors going dowmn to pass. Foot trafic on ships generally
moves up and forward on the starboard side apd down and aft on
the port side. However, the leyout of the hangar deck limits the
number and locetion of ladders, and in order to shorten the route
my escort wes taking me against the traffic. We climbed into e small
husy foyer, and through an open hetch I ceught e hreeth of fresh air
and e glimpse of the flight deck in the sun. Men in overalls were
working or the hot, rough hlack surface. We continued upward,
now climhing inside the narrow island. One ledder pitch ebove the
flight deck we came to the 04 level. The door leeding to the flag
hridge, where an edmiral and his staff would work, was chained
and pedlocked. Ore more ledder hrought us to the 05 level.

The men and women in the military are divided into two broad
sociel classes: officer and enlisted. An officer must heve a college
degree and is commissioned {authorized to ect in command}. In
the Nevy, members of both ciasses believe in the reelity of differ-
ences between officers and enlisted personnel. The lowest-ranking
officer is superior in the command structure to the highest-ranking
enlisted person. The distinction between officers and enlisted
is marked by uniforms, by insignie, and by e complex set of ritu-
als. The simplest of these rituals is the salute, of course, but the
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courtesies to be extended by enlisted to officers include clearing a
passageway on the approach of an officer and refraining from over-
taking an officer on foot until permission bas been granted.

Enlisted Rates and Ratings

Enlistad parsonnal are classifiad according to pey grada {callad
rate) and technical spacialization {callad rating). As Baarden and
Wadartz {1978) axplain: “ A rating is a Navy job—a duty calling for
cartain sklls and attitudas. Tha rating of anginaman, for axampla,
calls for parsons who are good with thair hands and are mechan-
ically inclined. A paygrada {such as E-4, E-5, E-8) within a rating is
callad a reta. Thos an anginaman third class {EN3) would bava a
rating of anginaman, and a rata of third class petty oficer. Tha term
patty oficer (PO) applias to anyona in paygrades E-4 through E-9.
F-1s through E-3s are callad non-rated parsonnal.”

Tha anlisted naval caraer bagins with wbat is basically a social-
ization period in whicb the racruit is indoctrinatad into basic mili-
tary policy and acquires tha fundamantal skills of a sailor. Tha ratas
througb whicb a recruit passas in this pbasa ara saaman racruit,
saaman apprentica, and able-bodied seaman. Onca socializad, a
saaman laarns tha skills of a particular job specialization or rating.
An anlistad parson is considarad a real mamber of a rating wban ba
becomas a patty officar {see balow). Tha anlistad parsonnal in the
Navigation Dapartmant are mambers of tha quartarmastar rating.
Thay bava an insignia {a sbip’s wbeal) and an identity distinct from
othar ratings. Tbay ara ganarally considared to ba ralativaly in-
talligant, although not as smart as data procassing specialists. For
anlistad parsonnal, reting insignia denota occupational fialds.

A patty officars is not a kind of commissionad officar (tha typa of
officar refarred to by tha unmarkad tarm ‘officar’); tha labal “patty
officar’ simply designatas an anlistad parson wbo is a practicing
mambars of soma rating. Thara are two major lavals of patty officer,
with threa ratas within aach. Ona moves through tha lowast of
thasa lavals wbila laarning tha skills of the spaciality of tha rating.
One advances througb patty officar third class, petty officer sacond
class, and petty officar first class. A petty officar third class is a
novica in tha spaciality and may parform low-laval activitias in
concert with others or more autonomous functions *under instruc-
tion.” A patty officar first class is axpactad to ba fully compatant in
tha rating.
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The next step up in rank moves one to the higher of the enlisted
retes and is usually the most important transition of an enlisted
person’s career. This is the move to chief petty officer {CPO)}. This
cbange in stetus is marked by e rituel of initietion which is
shrouded in secrecy. just whet happens et e chief's initiation is
supposed to be known only by chiefs. However, much of wbet
happens epparently makes for such good story telling thet it cannot
be kept antirely in confidence. It is “common knowledge” thet
these initietions frequently include bazing of the initiete, drunken-
ness, and ects of special Hcense. Making chief means more than
getting e higger pey pecket or supervising more people. Chiefs heve
their own berthing speces {more privete thet general enlisted
berthing) and their own mess {eating facility}, On many ships the
chief’s mess is reputed to be better than thet of the officers. Chiefs
are also important beceuse they are the primary interfece between
officers and enlisted personnel. Since they typically heve from 12
to 20 years of experience in their speciality, they often take part in
problem-solving sessions with the officers wbo are their super-
visors. Some chief petty officers beve e considereble amount of au-
tonomy on eccount of their expertise (or, perbeps, their expertise
reletive to the supervising officer.} Chiefs frequently talk ebout
beving to “break in” e new officer, by whicb they mean getting e
superviging officer eccustomed to the fact thet the chief knows
more than the officer does and is ectuelly in charge of the space and
the pesople in it. Officers wbo directly supervise lower-level en-
listed personnel risk undermining the cbain of command and in-
curring the resentment of e chief wbo feels thet his euthority bas
been usurped. Once one bes mede chief, there are still higber en-
listed retes to be etteined. After epproximetely 20 years of service e
competent person mey make senior chief, and after perbeps 25
years of service {being now of about the same age es e captein} one
may make master chief. Thet is normally the end of the line for
an enlisted person. There are, however, some ranks thet fall be-
tween enlisted and officer. A chief may elect to hecome ¢ chief
warrant officer or e limited duty officer (LDO}. A chief wbo be-
comes an LDO is commissioned as an ensign and may begin to rise
througb the officer ranks. Few chiefs take this peth. As one senior
chief esked rbetorically, “Why would I want to go from the top of
one career to the bottom of another?”

While ar enlistee mey have prefarences for certein retings, the
cboice of e reting is not entirely up to the enlistee. Aptitude-test
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scores are also used to plece people in various specialities. The fact
thet people are screened contributes to widely held stereotypes
concerning the intelligence of those in various retings. For exam-
ple, boiler technicians {BTs) and mechinist’s metes {MMs}, wbo
run o ship’s propulsion plant and who mey go weeks without see-
ing the light of day, are often the hutt of jokes ahout their low
intelligence. Deta processing specialists, on the other hand, are
generally thought to be brigbt. The ship, as e microcosm, manifests
the same petterns of competing identities that are seen among the
specielties in the Nevy as e whole. From the point of view of the
bridge personnel there mey be little apparent difference between
machinist’s metes and boiler technicians, but down in the propul-
sion speces the perceived differences are many. Mechinist metes
call boiler technicians “bilge divers,” while boiler technicians call
machinist’s metes “flange heeds.” Mostly, this is good-natured
teesing; name calling is e wey of asserting one's own identity.

At all levels of organization we see ettempts to esteblisb identity
by distinguishing oneself from the other groups. This is relevant to
the discussion that follows beceuse the dynamics of the reletion-
ships among the people engaged in the tesk of navigetion are in
part constrained by these identities.

Officer Ranks

Military officers are managers of personnel and resources. In gen-
oral, their job is not to get their hands dirty, but to ensure that those
who do get their hands dirty are doing the right things. Unlike en-
listed persons, officers do not have narrowly defined specielities.
An officer pursues e career in one of the broad arees described
above: air, surface, or submarine warfare, Within thet area, there
are subspecialties such as engineering and tactics.

Officers are initially commissioned as ensigns. Ensigns heve e
tough lot. They are more visible than the lowest enlisted rates, and
they certainly are given more responsibility, but often e “fresh-
ceught” ensign knows little more ebout the world of the ship than
the seaman recruit.

finding One’s Way Around a Ship
A ship is a complicated warren of passages and compartments,
Every frame and compartment is numbered with a code that
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indicetes which deck it is on, whether it is to port or starhoard of
the centerline, and where it is in the progression from stem to stern.
Nevigeting inside e ship can he quite confusing to e newcomer. In-
side the ship, the cardinal directions are forward and eft, port and
starhoard, topside and below, and inboard and outboard; north,
south, east and west are irrelevant. On large ships, orientation can
be & serious prohlem. In the early 1980’s the Nevy sponsored e re-
search project to work on weyfinding in ships.

The ship is composed of & number of neighborhoods. Some are
workplaces, some are residential. Some are officially dedicated to
recreetion, others are unofficially recreetional. The fantail on some
classes of ships, for exampls, is e plece to hang ont. Officers’ ec-
commodstions and eeting fecilities are in a section of the ship
called “officer country.” The chief petty officers have e similar aree,
called “CPO country.” Enlisted personnel are supposed to entsr
these areas only when they are on official husiness. They are sup-
posed to remove their hets when entering any compartment in
these neighhorhoods. Some passageweys inside the ship are major
thoroughfares; others are alleys or culs-de-sec. A visitor quickly
learns to search out alternetive pathweys, heceuse corridors are
frequently closed for cleaning or maintenance.

As my escort and | arrived st a small platform on the 05 Jevel, to the
right was e floor-to-ceiling partition painted flat black. Behind the
partition stood an exterior doorway that led out to the starboard
wing bridge. The partition forms e “light trap” that prevents light
from leaking out et night when the ship is running dark. To the left
was e dark corridor thet led to a similar doorwey on the port side of
the island. Ahove us, the ledder continued upward one more level
to the signal bridge. Aheed lay e narrow passegewey. Forward
along the left side of the passageway were two doors. Behind the
first was the ceptain’s et-sea cehin. He bas e nicely appointed
quarters below, but he takes meels and sleeps in this cebin during
operations that require bim to stay near the bridge. The next door
opened on the charthouse. At the end of the passagewsy, sbout 25
feet awey, wes e door that led to the nevigetion bridge or pilot-
bouse.

The charthouse is heedquarters for the Navigetion Department.
This smell room, crowded with nevigetion equipment, two desks, e
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safe, and a cbart table, enjoys a luxury sbared by only a few spaces
on the ship: a single porthole through whicb natural light may en-
ter and mix with light from the fluorescent lamps overhead. The
charthouse is one of sevaral spaces under the contro] of the Nav-
igation Department. Navigation personnel not only work in these
spaces, they are also responsible for keeping them clean. Since the
hridge is one of the main work areas of the ship’s captain, it is
thought to be especially important to keep it looking nice. While in
pert, Navigation personnel polish the brass on the bridge. Because
the captain’s at-sea cabin is adjacent to the cbarthouse, members of
the Navigation Department tend to work more gquietly there than
they might in other parts of the ship. Since the average age of a
sailor is under 20 years, a certain amount of playful borsing around
is expected in many parts of the ship, hut is not tolerated on the 05
level.

Tbe Navigation Depariment is responsible for all of the spaces on
the 05 level with the exception of the captain’s at-sea cabin. It is
also responsible for the secondary or auxiliary conning station
(“Secondary Conn")--a completely redundant nevigation bridge
located in the bow, just under the forward edge of the flight deck.
Secondary Conn is manned by the ship’s executive officer and a
complete navigation team wbenever the ship is at general quarters
{battle stations). This is done because the primary navigation bridge
in the island is very vulnerable if the ship comes under attack.
Modern anti-ship missiles bome in on electromagnetic radiation,
Because the radar antennae on the top of the island are the princi-
pal sources of sucb radiation on the ship, the island is the most
likely part to be hit by a missile. If the primary navigation bridge is
destroyed, the ship can be controlled from Secondary Conn under
the command of the executive officer. Secondary Conn is a space
assigned to the Navigation Department and is a duty station for
Navigation personnel, but it will be of little interest to us with re-
gard to the normal practice of navigation. The sbip’s extensive
library of cbarts and navigation forms is stored in this space.

The Navigation Department is supervised by the Navigator. At
the time the observations reported bere were made, the Palau's
Navigation Department consisted of the Navigator and seven en-
listed men. Tbe title “Navigator” refers to the position as bead of
the Navigation Department rather than to the officer’s technical
speciality. Thougb it is expected that an officer wbo serves as Nav-
igator aboard any ship will know enougb about navigation to
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supervise the working of the Nevigation Department, Nevigetors
seldom do any navigeting themselves.

The work of the Navigation Department is carried out by enlisted
personnel of the quartermaster rating under the direction of the
Assistant Nevigetor {a quartermaster chief}.

Navigating Large Ships

While a naval vessel is underwey, e plot of its past and projected
movements is maintained at all times. Such complete records are
not elweys kept eboard merchant vessels and are not ehsolutely
essential to the task of navigating e ship in restricted weters. It is
possible for an experienced pilot to “‘eyeball” the passage and make
judgements concerning control of the ship without the support of
the computations that are carried out on the chart. Ahoard neval
vessels, bowever, such records are alweys kept—primarily for ree-
sons of safety, hut also for purposes of eccountahility. Should there
he e problem, the crew will be ehle to show exactly where the ship
was and what it wes doing et the time of the mishap. Dey and night,
whenever a ship is neither tied to e pier nor at anchor, nevigetion
computations are performed as frequently as is required to ensure
safe navigation. During e long pessage, navigation activities mey be
performed almost continuously for weeks or even months on end.
Most of the time the work of nevigetion is conducted hy one person
working alone. However, when e ship leeves or enters port, or
operates in any other environment where maneuverability is ra-
stricted, the computational requirements of the task may exceed
the capabilities of any individuel; then the navigation duties are
carried out by a team.

The conning officer is nominally responsibie for the decisions
ehout the motion of the ship, hut for the most part he does not make
the actual decisions. Usuaily, such decisions are made by the Nav-
igetion Department and passed to the conning officer es recom-
mendetions, such as “Recommend coming right to 017 at this
time.” The conning officer considers the recommendetion in the
light of the ship’s overall situetion. If the recommendation is ep-
propriate, he will ect upon it hy giving orders to the helmsmon,
who steers the ship, or to the leehelmsmon, who controls the en-
gines. At all times when the ship may bave need of navigational
informetion, someone from the Nevigetion Department is at work
and reedy to do whatever is required. The nevigetion team per-
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forms in e variety of configuretiona, with as few as one and as many
a8 six members of the Nevigetion Department working together. in
every configuretion there is one individual, designeted the guar-
termaster of the watch, who is responsihle for the guality of the
work performed and who serves as the department’s official inter-
face with other departments eboard ship.

Nevigetion is e specialized task which, in its ordinary operetion,
confronts e limited set of prohlems, eech of which hes & well-
understood structure. The prohlem thet confronts e navigetor is
usually not one of figuring out how to process the informetion in
order to get ar answer; that has already heen worked out. The
prohiem, in most instances, is simply to use the existing tools and
techniques to process the informetion gethered hy the system and
to produce an eppropriete eveluetion of the ship’s situetion or an
eppropriete recommendetion ehout how the ship should proceed
in order to get whers it is supposed to go.

The navigetion ectivity is event-driven in the sense that the nev-
igotion team must keep pece with the movements of the ship. In
confrast with many other decision-making seftings, when some-
thing goes wrong aboard e ship, it is not an option to guit the task,
to set it aside momentarily, or fo start over from scretch. The work
must go on. in fact, the conditions under which the task is most
difficult are usually the conditions under which its correct and
timely performance is most important.

The Researcher's [dentily
Having said something about how nevel personnel establisb their
own identities, 1 sbould also say somathing about how they and I
negotiated an identity for ma.

In the course of this work 1 mede firsthand obsarvetions of nev-
igation practice et sea eboard two aircraft carriars {tha Constellotion
and the Honger} and two ships of the amphibious fleet {the one
known here as tha Polou and the Denver). Aboard the eircraft
carriers, I worked both on the nevigetion bridga and in the combet
information cantar, I made e pessaga from San Diego to Saattla,
with severel stops, aboard the Denver. 1 also Intarviewed members
of the Nevigation Departments of five other ships {the Enterprise,
the Beleou Wood, tha Carl Vinson, tha Cook, and the Berkeley)
and bed e number of informel convarsations with other nevigation
personnai,
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Tbe events reportad bare coma mainly from operetions in tha
Southern Californie Operetions (SeCalOps) aree sboard tha Polou. 1
also worked with tha crew while the ship was in port. I loggad a
total of 11 deys at saa ovar a pariod of 4 months. First cama a week-
long trip during wbicb I observed the taam, got tha mambars usad
to my presence, and got to know them. During this trip, I only took
notes and mada a few still photos and audio tape recordings of
nevigation tasks and interviews with crewmen. On o latar trip, I
mountad e video camara with o wide-angle lens in the ovarhaad
abova tha chart table in tha pilothouse. I placad a stareo tapa re-
cordar on the chart tabla, with one cbannel cepturing tha ambiant
noisa and conversation of the pilothouse. Tha othar channel I
wired into the sound-powared pbone circuit. Bacausa tha chiaf was
both plotting positions and supervising the work of tha navigetion
team, I wantad to ba sure to capture what be said. I tharefore wired
him with ¢ ramota transmitter and e lavaliere micropbona. I used
this signal to feed tha audio treck on the video recording. Thus, I
bad one vidao track and thraa audio trecks to work with.

During my time at sea, I took e normel watcb rotation. I appeared
on the bridga on ona occesion or another during evary watch per-
iod, including tha one from midnight to 4 a.m. I was accordad
privilegas appropriata to the military equivalant of my civilian
Govarnmant Service rank: lieutenant commander. I was assigned a
cabin in “officar country,” took my maals in tha officar’s mass, and
spant my waking off-wetch time either in the charthousa with the
navigation crew or in the wardroom with officers.

As to wbat they thought of ma, ona must begin with the under-
standing that for military folk the military/civilian distinction
stands just balow the friend/foe distinction as an alemant of the
establishmant of identity, A civilian aboard a ship is an outsider by
dafinition. It was important that the nevigator treatad ma as e col-
leegue and friend, and that the ceptain normally addressed me as
Doctor wban wa mat. Many of the members of tha navigation team
wera also aware that I had luncbed et laast once in the ceptain’s
quarters, an bonor reservad for visiting ViPs.

Some evidanca of whet the crew thougbt of ma is availahla in the
video record. Eerly on, & number of narvous jokes wara made on
camare ebout tha dangarous potential of tha videotaping. in the first
5 minutas of vidaotaping with this crew, the assistant navigator
told the nevigator “Evarything you sey arcund ma is gatting re-
corded for history, for your court-martial.”
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On more than one occasion while he wes eway from the chart
table, the chief of the navigation team explained my work to other
membere, He epparently forgot that he wes being recorded. I dis-
covered these comments weeks later while doing transcription.
During my second at see period, the chief went into the charthouse
to check on the fathometer. The fathometer operator asked who 1

- was. The conversation proceeded as follows:

Cniet: He’s studying navigetion on big ships. He’s the guy, he
makes computer programs for teeching stuff. Like they got e big
computer program thing they use in ASW school to teech maneuv-
ering boards. It’s ail computerized. He is the one thet makes it. He
is the one who makes things like that. He’s a psychologist and an-
thropologist. Works for the nsvy. He’s e Ph.D. Makes ail kinds of
strange things.

Fathometer operstor:  He makes all kinds of strange money too.

Chief: Yeah, does he? He knows what he is doing. He’s swift. He
just sits and watches and records everything you’re doing. Then he
puts it all in deta, then he starts putting it in e program. Figuring
out what to do, I don’t know.

My most intensive data collection was carried out on e four-day
exercise during which the Palau left port, steamed arcund the
operations aree for two days, reentered port, and anchored in the
harbor overnight. The next morning the ship left port again for an-
other day of exercises. Finally, it entered port again and returned to
its berth at the 32nd Street Neval Ststion. It was during the last en-
try to port thet the crisis reported in the opening pages of this book
occwrred. The quality of the recording from the sound-powered
phone circuit wes poor until I discovered a better wey to capture
the signal on the last entry to port. The two entries to and exits from
port were recarded from the time See and Anchor Detail was set
until the nevigetion team stood down. This procedure produced
video and eudio tepe recordings of ebout 8 hours of team ectivity.
Additional recordings were made et various times during Standard
Steaming Watch. in addition to the video and audio records, I took
notes during these events of any aspects of the situetion that I no-
ticed thet could not he fully captured on the tapes. Even with the
wide-angle lens, the video camera captured only the surface of the
chart teble. This permitted me to identify features on the chart and
even to know which buttons of e calculator were pressed, but it
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meant that many events of interest were not ceptured on tepe he-
ceuse they occurred out of camera range.

Transcribing the tape recordings was a very difficult process. At
tirnes there were four or more conversations happening simulta-
neously in the pilothouse. To make metters worse, ships are noisy
pleces. There are many kinds of equipment on the hridge that cre-
ate hackground noises. The hosun’s mete pipes various announce-
ments from e station just aft and inhoard of the chart tahle, and his
whistle hlowing and his puhlic-eddress messages sometimes drown
out all other sounds. Helicopters mey be opereting on the flight
deck or in the air just outside the pilothouse. It wes often necessary
to listen to eech of the three eudio tracks separetely in order to re-
construct whet wes heing said, and still in many cases the full
content of the tapes cannot be deciphered. Because of the plece-
ment of the microphones, however, the coverage of the verhel he-
havior of the memhers of the nevigation team was uniformly good.
Only rarely was it impossihie to determine what was being said
with respect to the nevigetion task.

I did much of the transcription myself, for three reasons. First,
this is a technical domain with many specialized words in it. We
know that hearing is itself a constructive process and that amhig-
uous inputs are often unconsciously reconstructad and cleaned up
on the hasis of context. Lacking context, other transcribers could
not hear whet I could hear in the tapes. For example, an untrained
transcriber without expectations ehout what might he said during
an anchoring detail transcribed “thirty fathoms on deck” es “thi
phantoms on deck.” Nevigetionese is e foreign langnage to most
people, and quality transcription cannot he expected from a tran-
scriher who is not fluent in it. Second, since there were many
speakers, the fact that I knew them personaily helped me dis-
tinguish the identity of speakers where it was not clearly evident
from the content of e stetement who was speaking. Third, and most
important, there is no hetter wey to learn whet is ectuelly in e re-
cording than to listen to it the many times that one must in order to
produce a good transcription, (Over e period of ebout e year, one
transcription essistant did develop enough familiarity with the
subject to provide usehle transcriptions.)

The fact that listaning is reconstructive introduces the possihility
of distortions in the deta driven hy my expectations. I will ettempt
to deal with thet hy making the ethnographic grounds for my in-
terpretations explicit.
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in the pilothouse ! tried not to participate, but only observe. On
only one occasion did I intervens, and that was e case in which I
felt that by failing to speak ! would put a number of psople in seri-
ous danger. My intarvention was e brief soito voce comment to the
nevigetor, who resolved the situstion without indicating my role in
it.

It wes clear that I knew more sbout the theory of navigetion than
the members of the crew | wes studying with the exception of the
ship’s navigator and the quartermsster chief. Of course, knowing
the theory and knowing the neture of the prectice in e particular
setting are two quite diffarent things. In no case did I know more
sbout an individual’s reletion to the prectice of navigetion than that
individual, Still, this is an unusual situation for an ethnogrepber.
Tbe web of constraints provided by cultural prectices is important
both to the people doing the task and to the researcher. For the
performers, it means that the universe of possible activities is
closely bounded by the constraints. For the researcher, the sctiv-
ities that are observed are interpreted in terms of their reflection of
the constraints. My many years of studying and precticing navige-
tion made me a particular sort of instrument, one in wbich the
constraints of the domain were present. My interpretations of the
actions of the members of the navigation team were informed by
many of the same constraints that were guiding their hehaviors, But
there was more. Beceuse ] ettempted to continually make these
constraints explicit, and to conceive of them in a computational
sense as well as in the operational sense required of the navigation
team, my interpretations were not simply those of e native.

A few months of field work is, for an anthropologist, a rather a
short visit. Many espects of the military culture go unreported bere
because ] am not confident shout their organization and meaning
on the basis of sucb a short exposure. 1 did beve 5 years of em-
ployment as a civilian scientist working for the Nevy, and that gave
me many opportunities to observe aspects of military organization.
'The coverage of nevigation practice is edequete, I think, because of
the opportunity on my second at-sea period to videotape the nav~
igation opersetions on the bridge.

How different would the story be if the observations had been
made eboard another ship? I do not believe thet the culture would
permit it to be very different. The information processed by the
navigation team may move more or less efficiently, and the indi-
vidual quartermasters may have better or poorer reletionships with
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one another, but the tasks remain, and the means of performing the
tasks are standsrdized throughout the flset. The crews of different
ships mey meet the requirements of navigetion more or less cepe-
bly, but they must nevertheless solve these particular tasks in the
limited number of weys possible.

In fact, I mede observetions eboard several ships, and my col-
league, Colleen Siefert, did so on yet another sbip. The differences
we observed ecross ships were minor. The ship Colleen observed
bed more quartermasters evaileble and was therefore eble to orge-
nize its pavigetion team in e slightly different wey; that bowever,
does not present e challenge to my framework or to my besic de-
scriptions of the neture of the cognition et sither the individual or
the group level.

On the Bridge: Standard Steaming Watch

At the forward and of the 05 level’s passagewey is the door to the
navigetion hridge or pilothouse. It is here that the most important
part of the nevigetion work is done. The pilothouse occupies the
forward 18 feet of the 05 level of the island {see figure 1.1). Qut-
ward-canting windows extend from chest height to the overheed on
hoth sides and the front of the pilothouse. The windows on the port
side and forward overlook the flight deck. All work tahles are
mounted on suhstantial hases on e light greenish linoleum floor.
The walls, the cahinets, and the equipment stands are thickly
coeted in light gray paint. The overhead is flat hiack and tangled
with pipes and cables, their identities stenciled on them in white.
The polished hrass of ship’s wheel and the controls for the engine-
order telegraph stand out in the otherwise drah space.

The activities of the Nevigation Department revolve around a
computational ritual called the fix cycle. The fix cycle has two
mejor parts: determining the present position of the ship and pro-
jecting its future position. The fix cycle gathers various hits of in-
formation ehout the ship’s locetion in the world and hrings them
together in e representation of the ship’s position. The chart is the
positionel conaciousness of the ship: the navigetion fix is the ship’s
internal representation of its own location.

When I first made it known to e ship’s navigator thet I wanted to
know how navigation work was performed, he referred me to the
Navigetion Department Watch Standing Procedures, e document
that describes the watch configuretions. *“It's all in hers,” he said.
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Figurs 1.1 A plan view of the pliothouse and the charthouse. The members of the navigation team do most of
hoir work at the chart tabis, on the wings, and in the charthouse. The heavy line reprosents the
axtorior skin of the ship. Up in the diagrmm is forward on the ship,

“You can reed this and save yourself the trouble of standing
wetch.” Of course it is not all in there, but the normative descrip-
tion in the Precedures is not a bad plece to start. It is the Navigation
Department’s “official” version of the organization of its work. This
document is one of many symbolic forms in which navigators
“represent thamselves to themselves and to one another” {Geertz
1983).

Because the procedures refer to objects and places that are part
of shipboard nevigetion culture, understanding thase procedures
will require us to explore the environment of navigation. While
conducting this exploretion, we sbould keep in mind that the
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descriptions of navigation work that appear in a ship’s documents
and in various nevigation publications must be taken as data rather
than analysis.

In this section I will attampt to usa tha ship’s documents as a
guide to the task of navigetion. The specifications presented in the
Watch Standing Proceduras dascribe actions to be taken and
equipment and techniques to ha usad. First I will present the nor-
mative descriptions and try to provida the sort of background in-
formation that might ba provided by e netive of tha navigation
cultura, in tha hopa thet this will make these things maaningful to e
reader who is not a prectitioner of the art. Later I will present an
analysis of tha procadures, tools, and technigques that will be
grounded in information-processing thaory rathar than in tha world
of ship navigation.

The Palau’s normal steaming watch procedures are introducad as
follows:

While in normal steaming condition at ssa, the following wadch procodures witt be adhered to
as ciosely as possible, modified as necessary by situations beyend the control of the wadch
stander.

In normal steaming, a single quartermaster is responsible for all
the navigation duties. The procedures described in the document
are taken seriously, although it is recognized that it may not be
possible to execute them as described in all circumstances. The
normative procedures are an ideal that is seldom achieved, or sel-
dom achieved as described.

The Primary Duty of the QUOW

When the Navigation Department is providing navigation services
to the ship, a particular quartermaster is designated as the guarter
master of the watch {(QMOW) at all times. According to the proce-
dures,

The Primary Duty of the OMOW is the safe navigation of the ship. To this end he shalt
{a) Fix the position of the ship by any and a¥ methods avaitable.

{1) Al fixes will be piotted.
() Whon information s avaiiable, a fix wilt be plotted at least every hour, when in open ocean
fransit,
{3 When within Visual or Radar sight of land, a fix will be plottad at least every ffteen minuies,
i  Visual bearings will take priorty,
(i} Fif in with Radar aa necessary.
{8) Fixes may be obtained from any combination of the following sources:
i  Visusl besrings
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{i}  Radar ranges
(i) Radar bearings
Fathometer {iine of soundings, bottom contouring, o guyout hopping

Omega
Celeetial observations

(5} Fixes obtained from visual or racdar sources will consist of at least three LOPs,

(b} Project the ship's track by dead reckoning %0 a sufficlent ength of time that any danger
prassntad to the ship from land, shoals or other fixed dangers, of vioiation of intemnational waters

wik be noticed wll in advance of the ship actually standing into danger or departing legalassigned
waters.

EE=EX

Itams a and b in this document describe the two main parts of the
fix ¢cycle: fixing tha ship’s position and projecting its treck. The
procedures of deed reckoning wiil ba explainad in detsil in chepter
2. The plotted fix is a residua on tha cbart of a process thet gethers
and transforma information ebout the ship’s position. A succession
of fixes is both e history of tha positions of the ship and a history of
the workings of the process thet produced tha position information.
The requirement that all fixes be piotted ansures a complete history
of positions and provides cartain opportunitias to detect and cor-
rect faults in the process that creatas tha history. Tha interval be-
twaan fixes is set to 60 minutes in open watars and no more than 15
minutes when the ship is in visual or radar contact with land. Near
land, the ship msy stand into dangar more quickly than wben in
tha open ocean. Sailors know that it is not the open ocean that
sinks ships, it’s all that hasd stuff around tha adges. Tha increased
frequancy of fixes near land is intended to ansura that dangers are
anticipatad and avoided. Visual bearings are givan priority beceuse
they are tha most accurete means of fixing position. The potantial
sources of position information are listed roughiy in ordar of their
accuracy and reliability.

Tha procadure statas that fixes mey be obtainad from any com-
binetion of a number of sources. Lot us briefly considar tha neture
of these sourcas and the kinds of information thay contributa to
fixing tha position of the ship.

Sources of information for Position Fixing

VISUAL BEARINGS

The simplest way of fixing position, and the one that will concern
us most in thigs book, is by visual bearings. For this one needs a
chart of the region around the ship and a way to measure the
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. direction {conventionally with respect to north} of the line of aight
connecting the ship and some landmark on the shore. The direction
of e landmark from the ship is called the landmark’s bearing.
imagine the line of sight in spece hetween the ship and e known
landmark, Although we know that one end of the line is et the
landmark and we know the direction of the line, we can’t just draw
e line on the chart thet corresponds to the line of sight between
ship and landmark, beceuse we don't know where the other end of
the line is. Tbe other end of the line is where the ship is, and thetis
what we are trying to discover.

Suppose we drew e line on the chart starting et the locetion of the
symbol for the landmark on the cbart and extend it pest where we
think the ship is—perbeps off the edge of the chart if we are really
unsure. We still don't know just where the ghip is, hut we do know
it must beve been somewbere on thet line when the hearing was
observed. Such e line is called e line of position (LOP). If we beve
another line of position, constructed on the hesis of the direction of
the line of sight to another known landmark, then we know thet the
shap is also on that line, If the ship was on both of these lines et the
same time, the only plece it can heve heen is wbere the lines in.
tersect. The intersection of two lines of position uniquely con-
strains the locetion from whicb the observetions were made. In
prectice, e third line of position with respect to another landmark is
constructed. The three lines of position form e triangle, and the size
of thet triangle is an indicetion of the quality of the position fix. It is
sometimes said that the nevigetor’s level of anxiety is proportional
to the size of the fix triangle.

The observetions of visual bearings of the landmarks (direction
with respect to north} are mede with e special telescopic sighting
device calied an alidade. The true-north directional reference is
provided by e gyrocompass repeeter thet is mounted under the
alidade. A prism in the alidede permits the image of the gyro-
compass’s scale to be superimposed on the view of the landmark.
(Tbe view througb sucb e sight is illustreted in figure 1.2.) The gy-
rocompass repeeters are loceted on the wings outside the bridge.
Eecb one is mounted on a solld metal stand just tall enough to ex-
tend ebove the chest-high metal] railing thet bounds the wing.

The most direct eccess to the port wing from the chart teble is
through e door et the back of the pilothouse just behind the cep-
tain’s chair, In cold weether, the ceptain of the Pnlou does not per-
mit traffic through this door. The only other way to get from the
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Figue 1.2 A view through an alidade. A prism inside the alidade superimposos the images of two compans
scales onto whatever is seen through the telescopic sight. The inner scale is a gyrocompass re-
poetor; the outer scale i fastened to the ship and indicates bearings relative to the ship’s head.

port wing position to the chart table is to go aft on the wing to the
betch that leeds to the island stairwell and then come forward
through the interior pessagewey past the captain's et-see cebin and
the cherthouse. This makes it difficult to get bearings sometimes,
baceuse it takes & long time to go arcund the entire 05 level.

RADAR

Radar also provides informetion for position fixing. The radar an-
tenna on the ship’s mast transmits pulses of radiomagnetic energy
es it rotates. When the pulse strikes e solid object, the pulse reflects
off the object. Some of that reflection may return to the radar
antenne thet transmitted it. By measuring the time required for the
pulse to travel to the object and return, the radar can compute the
distance to the object. This distance is called the range of the ob-
ject. The direction in whicb the antenne is pointing wben the re-
flected pulse returns gives the bearing of the object.

Radar ranges are more eccurete than radar bearings, so they are
given priority in position plotting. In prectice, redar ranges plotted
as circles of position are often combined with visual bearings to
produce position fixes. The surface searcb radar displeys are lo-
ceted st the front of the pilothouse on the starboard side. Each is
equipped with e heavy bleck rubber glare shield thet improves the
visibility of the display in high ambient light. This glare shield
prevents two or more people from looking et the scope et the same
time. The surface searcb redar also bas non-navigetional uses. Tbe
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officer of the deck mey use the radar to ohserve and treck other ship
traffic. For this, e short range is usually desired. The nevigetion
tasks often require e long range, and thera is sometimes conflict
hetween the two users of the scopes. It is not difficult to change
from one range to another; however, in order to ohtain the required
informetion after changing ranges, the operator mey heve to wait
for a full rotation of the radar antenna at the new range setting,

FATHOMETER
The fathometer is a device for measuring the depth of the water
under a ship. It emits a pulse of sound and meesures the time it
takes the sound pulse to bounce off the sea bottom and return to the
ship. The time delay is recorded hy the movement of a pen across a
piece of paper. The sound pulse is emitted when the pen is at the
top of the paper. The pen moves down the paper at a constant
speed and is hrought into contact with the paper when the echo is
detected. The distance the pen travels down the peper before mak-
ing its mark is proportional to the time required for the echo to re-
turn, which is in turn proportional to the depth of the weter. If the
water is deep, the sound will take longer to return, and the pen will
have treveled farther down the peper before coming into contect
with it. The depth of the weter can he read from the srele printed
on the peper. Changing the scale of the fathometer to operete in
deeper or shallower water is accomplished hy changing the speed
et which the pen travels. The paper is mounted on a motor drive
thet moves the paper to the side a small amount just before each
pulse. This results in a continnous graphical record of the depth of
the water under the ship.

The Palou's fathometer is loceted in the charthouse, so the
QOMOW must leave the hridge to use it.

NAVSAT

Satellita navigation systams have now become commonplace, They
are aasy to use, and thay provide high-quality position information,
Their mejor drewbeck et the time this researchb was carried out wes
that with the number of nevigetion satellites then evaileble the
mean interval between fixes was ebout 8¢ minutes. After comput-
ing the ship’s position from the reception of setellite signals, the
satellite nevigetion system continuocusly updetes the position of the
ship on the basis of inputs from the gyrocompass {for direction} and
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the ship’s log {for speed). The NevSat system eboard the Palau
(located in the charthouse) was e box, ebout the size of a smali
suitcese that continuously displayed a digital readout of the lat-
itude and longitude of the ship.

The fact thet NevSet systems must update position with deed
reckoning during the long wait between fixes puts NevSet near the
bottom of the list of sources of informetion. With the implemente-
tion of the Global Positioning System {GPS}, continuous satellite
fixes are now available; the need for dead-reckoning updates of
position has been eliminated. The military veraion of GPS is accu-
rate to within less than e meter in three dimensions. Tbe civilian
versions are intentionaily degreded to a considerably lower accu-
racy. GPS will very likely transform the way navigation is done,
perbaps randering most of the procedures described in this book
obsolete.

OMEGA

Omaga maasures tha phase difference between the arrival of signals
from multipla stations. Omaga was intanded to provide eccurete
worldwide position-fixing capability. In prectice it is unrelieble.
Whatever tha sourca of the probiams, they are perceived to be so
serious thet the following warning appears in tha Wetch Standing
Manual.

CAUTION: Positions obiained from Omega are highly suspect, uniess substantiated by information
from ancther source, I rocont years, & number of costly and embarrassing groundings have bean
directly atiibutable to trusting Omega. No drastic decisions sre ever to be made on un-
substantizted Omega fixes without the expiicit permission of the navigator,

If this system is considarad to be so unreliable thet it merits this
strongly worded caution in tha writtan procedures, what is it doing
on the ship? | believa the answer involvas an intaraction of the or-
ganizetion of military resaarch and funding with the development
of technology. Omege is e system that not only went into sarvice
before all the bugs could be workad out, it has bean ovartaken by
other superior technologies before the bugs could be worked out.
Still, it was bought and paid for by the military, and can, on occa-
sion, provide useful nevigetion information.

The Polow’s Omege is loceted in the charthousa.

CELESTIAL OBSERVATIONS
By measuring the angular distance of a star above the horizon, an
observer can determine his distance from the point on the surface
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of the earth thet the star is directly ebove. This point forms the
canter of a circle of position. In e celestial sight reduction, eech
ohserved celestial hody defines e circle of position, and the vessel
from which the observations were mede must he located et the in-
tersections of the circles of position. Celestial ohservetions appear
at the hottom of the list of sources of information. When properly
performed, celestial ohservetions provide fairly good position
information.

There are, however, two major drawbacks to celestial ohserva-
tions. First, they can he performed only under certain meteor-
ological circumstances. This makes celestial navigetion hard to use
and hard to teech. Several senior quartermasters have told me thet
they would like to teech celestiel navigation on training missions in
the Southerc California operetions area, hut the comhnation of air
poliution and light poliution (which makes the night sky hright,
masking all hut the hrightest stars and ohscuring the line of the
korizon} produces very few occasions suitahls for it. Second, the
procedures are so computationally complex that, even using e spe-
cialized calculator, e proficient celestial navigetor needs ehout half
an hour to compute e good celestial position fix. Together these
factors lead to infrequent prectice of this skill. [ believe thet in the
near future the only navigetors who will know how to fix position
by star sights will he those sailing on cruising yachts who cannot
efford a thousand dollars for e SatNav system.

BRAI

The Dead Reckoning Analyzer Instrument {DRAI is one of the most
interesting navigetional devices. A mechanical analog computer,
it takes input from the ship’s speed log and the gyrocompass
and, by wey of e system of motors, gears, belts, and cams, con-
tinuously computes cbanges in letitude and longitude. The output
of the DRAI is expressed in the positions of two dials: one reeds
letitude and the other longitude. If these dials are set to the current
latitude and longitude, the changes computed by the motions of
the internal parts of the DRAI will move them so that their reed-
ings follow the letitude and longitude of the ship. The crew of the
Palau claimed that whben, properly cared for, the DRAI is quite
eccurate and relieble. Older versions of the DRAI, such as the
one eboard the Polou, have been around since the 1940s. Newer
versions thet do the same computations electronically are installed
on some of the newer ships.
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PIT SWORD AND DUMMY LOG

The pit sword is e device that is extended througb the bull and into
the water to measure e ship’s ectual speed through the weter. Tbe
pit sword extends several feet outside the bull and measures speed
by measuring the weter's distortion of e megnetic field. The speed
signal generated by the pit sword is fed to speed indicetors on the
bridge and to all the eutomsted instruraents thet do deed reckon-
ing: the NevSset, the DRAI, and the inertial navigetion systems (if
present).

If the ship is opersting in sballow weter, the pit sword cannot be
extended from the buil. in this case, or if for any other reason the
pit sword cannot be used, the dummy log is used. When e ship is
neither eccelereting nor decelerating, its speed can be estimeted
fairly eccuretely from the rete of rotation of the propseller. The
dummy log is e device thet senses this rete and provides e signal
thet mimics wbst the pit sword would preducs et the correspond-
ing speed.

Both of these devices are remote from the location of the naviga-
tion team’s normal ectivities. A displey of speed through the weter
is available on the forward port side of the pilothouss, but it is
rarely consulted by the nevigetion team.

CHRONOMETERS

Three traditional spring-driven clocks are kept in e special box in
the Palau’s charthouse. Reedings are recorded daily so thet trends
in the bebevior of these chronometer’s can be noted. These records
are maintained while time signals are evailable on redio so thet if
time signals sbould become unevailable the bebevior of the clocks
will be known. H, for example, the log shows that e particular
chronometer loses e second every dey, that same rete of cbange will
be assumed until more reliable time sources are restored.

The diversity of the many sources of nevigetion information and
the many methods for generating constraints on the ship’s position
produces an important system property: the fect thet positions are
determined by combining information from muitiple, sometimes
independent, sources of information permits the nsvigetion team to
cbeck the consistency of the multiple representations with eech
other. The probebility thet several, independently derived, repre-
sentations are in agreement with one another and are in error is much
smaller than the probebility that any one representation is in error.
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The previous section described the sources of informetion that the
quartermaster of the watch mey use while discharging his primary
duty: ensuring the safe nevigetion of the ship. The informetion
provided hy these sources converges on the chart table, where
positions are plotted and tracks are projected.

The Wetch Standing Procedurss specify edditional constraints
on the QMOW that bring us to other aspects of the navigetion
team’s task setting:

The chart table and environs will be kapt free of extranoous matoria at a imes. Only the chartis} in
se, necessary nublications, the logs of the watch, and neceasary writing/plotting paraphernaiia wil
be on the chart tabis.

The cbart table is mounted egainst the starboard wall of the pi-
lothouse, just under the large outward-canted windows. It is large
enough for full-size nevigetion cbarts and tools—ebout 4 by 6 feet.
Under the cbart table are e number of locking drewers in which
charts, publicetions, and plotting tools are stored. A locking cabinet
for binoculars is mounted on the aft edge of the chart table.

Navigation Charts

The most important piece of technology in the position-fixing task
is the nevigetion chart. A nevigation chart is e specially con-
structed model of e real geogrephical spece. The ship is somewhere
in spece, and to determine or “fix”’ the position of the ship is to ind
the point on the eppropriate chart thet corresponds to the ship’s
position in spece. The lines of position derived from visual oh-
servetions, radar hearings, redar ranges, celestial ohservetions, and
depth-contour matches are all grephically constructed on the chart.
Latitude and longitude positions detarmined hy NevSet, Omege, or
Loran are plotted directly on the chart. A fix mey he constmcted
from e comhination of these types of information.

Navigetion charts are printed on high-guality paper in color.
Netural and “cultural” feetures are depicted in e complex symbol-
ogy {see figure 1.3},

The Palou keeps an inventory of about 5400 charts depicting
ports and coastlines areund the world. A complete set of charts for
current operations are kept on the chart tahle, and e second com-
plete set in the tahle’s drewers. The rast of the charts are kept in a
chart lihrary in Secondary Conn.
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Fgure 1.3 A navigation chart in use. Such & chart includes information about features both above and below

the wator. This chart shows the enfrancs to San Diege Harbor,
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The Secondary Duty of the QMOW
According to the Wetch Standing Procedures,

The secondary duty of the OMOW [s the keeping of the logs of the watch,

Those wbo heve experience in the merchant fleet often sey thet it
is not necessary to do all the work of piloting in order to get e large
ship into port. A good ship driver can, after all, “eyeball” the
movement of the ship and get it down the channel without having
positions plotted on short intervals. To say thet it is possible to
guide & ship down e narrow channe] without maintaining the pi-
loting record is not to say that it is easier to do it that way. Even if
nothing goes wrong, the plotted and projected positions of the ship
on the chart are e useful resource to the conning officer, and while
it does require a navigation team to do the work of plotting posi-
tions and computing turn points, the task of the conning officer is
greatly simplified by the advice he receives from the navigation
team. If something does go wrong, the work of the nsvigetion team
becomes indispenseble in two weys. First, depending upon wbat it
is that goes wrong, computing the ship’s position and track may
become essential to the process of figuring out bow to keep the ship
out of trouble {see cbepter 8 for an example). Second, the records
kept by the nevigetion team-—the chart, the deck log, and the bear-
ing log--—are all legal documents. If the ship is involved in e mis-
bep, es soon es it is prudent to do so, ell these documents are
removed from the chart tsble and locked in the Executive Officer’s
safe. This precaution is taken to ensure that they will not he tam-
pered with before they are turned over to e hoard of inquiry in-
vestigating the incident. These records mey be needed to protect
the navigation team, the geptain, the ship, and ultimately the Nevy
from eccusetions of negligence or incompetence. The Palau’s As-
sistant Navigetor offered the following justification:

You can go into San Diego by eye. But legally, you can't. If you
haven’t matched all the things and something happens, not neces-
sarily to you, it don’t have to. One of those buoys can float loose in
the goddamn bay and rub up along side you. Boy, you better have
everything covered here, because they are going to try to hang the
captain. They will try to hang him. Unless he can prove with data
that everything he did was right. Now ... the merchant ship
wouldn’t. They would just say, “We were in the middle of the
channel. The damn thing hit us, and if there is an expense, fine,
charge the company.”
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Other records sre kept as well. There is e separste log for the gy-
rocompasses {with entries made twice daily), and anothsr for the
magnetic compasses. {The DRAI reading is also recorded in the
magnetic compass log st the beginning of each wetch.) There is yet
another log for the ship’s chronometers. A fathometer log is kept
with the fathometer during maneuvers in restricted weters. A log of
the ship's position is updeted daily.

The Tertiary Duly of the QGMOW

The tertiary duty of tha quartermastar of the watch is “to give all
possihle aid to the Officer of the Deck in the conduct of his watch.”
The Officer of the Deck {O0D]} is also normally the conning officar,
although he may delegata this duty to e Junior Officer of tha Deck.
Tha importance of the relationship between the QMOW and the
00D is reflected in the following axcerpt from the Watch Standing
Procedures:

The OMOW will not leave the Bridge except to take DRA! and Futhometer readings, and coliect
NavSat and Omega fixes as necessary. f he foaves the bricge, he will inform the OOD, and will ab-
sent himsel! for as short & period of time as possible. §f 8 Charthouse Quartermaster is assigned,
there no necessity for tha QMOW to ioave the beidge unieas property refieved.)

The control of the ship is e partially closed informetion loop. Tha
conning officer senses tha ship’s situation in the world hy looking
out tha window of the hridga. Tha members of the nevigetion team
also sense the world by looking et it; in addition, however, they
gathar informetion from other sources, and from that other infor-
mation thay synthesize e more comprehensive and eccurete repre-
sentstion of tha situation of the ship. The navigation taam uses its
representation to ganereta advice to the conning officar, who hy
ecting {or not acting} on that advice affects the ectual situation of
the ship in tha world which is sensed and interpratad.

The nevigation taam relias on the conning officer to tha extant
that if tha conning officer turns the ship or changas its speed in
other than the recommanded pleces then the workloed of tha nav-
igetion taam is increased. Whan the quartermasters projact tha
position of the ship into the future, the projections somatimas in-
volva changas in course and or speed. When this is the case, tha
projactad track is carefully plannad, pre-computed, and plottad. If
tha ship ramains on tha pre-computed treck, many parts of tha ra-
quired computation will have heen performed in edvanca. Whan
tha ship daviatas from plannad track, new computations may be
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required to establisb wben and wbere various maneuvers are ap-
propriate. For example, on one of the Palau’s departures from port
an inexperienced conning officer made several turns before the
recommended point. This bappened because the deck of the ship is
so big and so high off the weter that from the point of view of the
navigation bridge the surface of the water for several bundred yards
in front of the ship is hidden from view. Wben a channel is narrow
and some of the turns are tight, channel buoys disappear beneeth
the deck before the turn is commenced. For an inexperienced con-
ning officer, the temptation to turn before the buoy disappears
under the bow is great. Once e buoy disappears beneath the deck, it
is difficult to estimate wbethar or not the ship will hit it. To keep
the ship on treck, e conning officer must be disciplined and must
trust the nevigetion team.

The conning officer bas other obligetions and cannot elways do
what is easiest for the navigation team. On one occasion the Palau’s
engineering department detected a rumbling noise in the propeller
sbeft. in order to diagnose the problem, the engineers requestad 5°
rigbt rudder, then 5° left rudder, then 10° right rudder followed by
10° left rudder. The ship was slaloming along through 80° turns.
Tbis bappened while the ship was out of visual and radar range of
land, so its position had to be maintained by dead reckoning, e very
difficult task under these conditions.

THE COMBAT INFORMATION CENTER

The nevigetion team elso coordinates its activities with the Combet
Information Center (CIC), which is located below the fight deck.
Duplicata position plots are maintained by tha Operations Spe-
cialists (0Ss) who work in CIC. They use radar bearings and ranges
to fix the position of the ship. Undar conditions of reducad visibil-
ity, CIC is supposad to be tha primary sourca of navigetion advice
for the conning officer. Tha quartarmastar chiaf in cbarga of the
Navigation Departmant on tha Palou said the following ebout this
shift in responsibility:

They’ve got o whole team down there [in CIC] ond they are pretty
good of what they are doing. They are supposed fo be like a backup
on what hoppens up here. They’ve got good radars, ond for reduced
visibility, they are supposed to be primary. Now the only way that is
going to happen is if I drop dead. As long os I am on o ship, and
this is the same thing I tell my novigator, os soon as I walk on
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board, “Everything that has to do with navigation while I am on
board, 'm it. I'll hand you papers to sign, I'll back you up in any
way you need. You will never get in trouble, navigation is my busi-
ness.” For OSs, it is a secondary business to them. There are people
in my business who will let CIC take it. I won't.

I never saw this claim put to the test.

AIR BOSS

The Nevigetion Depeartment provides position information to the
Air Boss, who is responsihle for controlling the aircraft that operate
from the flight deck. The most frequent requests for information
from the air hoss consist of position or projected position informa-
tion to be used by aircraft coming to the ship, and directions and
distances to land hases for aircraft departing the ship.

Sea and Anchor Detall

Guiding e large ship into or out of a barbor is a difficult task. A ship
is a massive object; its inertia makes it slow to respond to changes
in propeller speed or rudder position. Putting the rudder over will
have no immediste effect, but once the ship bas started turning it
will tend to continue turning. Similarly, stopping the engines will
not stop the ship. Depending on its speed, a ship may coast without
power for many miles. To stop in less distance, the propeller must
be turnad in the reverse direction, but even this results in only a
gradual slowing. Beceuse of this response lag, changes in direction
or speed must be anticipated and planned well in advance.
Depending on the characteristics and the velocity of the ship, the
actions that will bring it to a stop or turn it around may need to be
taken teus of seconds or many minutes befors the ship arrives at the
desired turning or stopping point.

In order to satisfy the OOD’s need for information about the lo-
cation and movement of the ship wben it is neer hazards, the Nav-
igation Departments of Nevy ships teke on a watch configuration
called See and Anchor Piloting Detail. Piloting waters are defined
as follows in the Wetch Standing Procedures:

Plloting waters—within #w milea of land, shosls, or hazards to navigation, or inside of the fifty
fathom curve, whichever is &urther from land.

Rostricted waters—inside of the outermost aid to navigation or inside of the ten fathom cueve,
whichever i further from land.
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1. When opevating within Restrictod Waters, the Sea and Anchor Piloting Detail will be stationed.
2. ‘the GMCW will ensure that ali members of the Sea and Ancher Plicting Deteél are called at
Joast thirty minutes prior to entering restricted waters.
3. ‘the Sea and Anchor Piioting Detail will consiat of
The Nevigator
The Assistant to the Navigator
Navigation Plotter
Navigation Bearkwy Recorder/Timer
Starboand Polonus Operator
Port Pelorus Operator
Restricted Maneuvering Holmsman
Quartermastor of the Walch
Restricted Maneuveting Helmaman i Afiar Stoering
Fathometer Operator

As long as the visibility is edequate for visual bearings, the pri-
mary work of the see and ancbor piloting detail is to fix the position
of the ship by visual bearings. The pelorus operstors stationed on
the port and starboard wings, just outside the doors to the pilot-
bouse, measure the bearings of specified landmarks and report the
bearings to the bearing recorder/timer (henceforth referred to es
“the recorder”)}, wbo records them in the bearing log. Tbe recorder
stands et the after edge of the chart table in the pilothouse. The
bearing log is kept on the cbart teble, adjacent to the chart. The
nevigetion plotter stands et the chart table and plots the recorded
bearings as lines of position on the chart, thus fixing the position of
the ship. The plotter also projects the future positions of the ship,
and together with the recorder he chooses landmarks for the pe-
lorus operators to use on future fixes. The restricted-maneuvering
helmsman stands at the helm station in the center of the pilothouse
and steers the ship in accordance with commands from the conning
officer. In sea and anchor detail, the quartermaster of the wetch is
mainly responsihle for maintaining the ship’s log, in which ell en-
gne and helm commands and other events of consequence to the
navigation of the ship are recorded. The quartermaster of the watch
stands at the forward edge of the chart tehle and keeps the ships log
on the chart table. The restricted-maneuvering helmsman is ste-
tioned in the after steering compartment, at the head of the rudder
post in the stero of the ship. In case of & prohlem with the ship's
whoeel, the steering function can be taken over more directly hy the
helmsman in aftersteering. The fethometer operator is stattoned in
the charthouse, which is separated from the pilothouse hy e hulk-
head. The fathometer operetor reports the depth of the water under
the ship for each position fix. The nevigetor is responsihle for the
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work of tha navigation taam but does not normally participate di-
rectly in that work. Aboard the Palou, avan tha supervision of tha
navigation taam was dona by tha quartarmastar chief, who acted as
Assistant to the Navigator. If tha craw had baan more expariancad,
the Assistant to tha Navigator would not hava takan up a functional
rola in tha performance of the task. Bacause tha Palau was undar-
staffed and tha available personnal ware inaxpariancad, bowavar,
tha assistant to the navigator also servad as navigation plottar.

In the lete afternoon of a clear spring dey the U.S.S. Palau com~
pleted several hours of engineering drills thet left it alternetely
steaming in tight circles and lying dead in the weter. The Palau had
heen et see for e few days on locel maneuvers and was now just
south of the entrance to San Diego Harhor. The crew was anxious to
go ashore, and going in circles and lying deed in the weter when
home was in plain sight was very frustrating. It was therefore
something of e ceuse for celehretion in the pilothouse when the
engineering officer of the wetch called the hridge on the intercom
and said “Main engine warmed, reedy to answer ail hells.” The
officer of the deck acknowledged the reedy state of the propulsion
plant and edvised the engineering officer to “stand hy for 15,”
meaning thet they should he prepared to respond to an order for 15
knots of speed. Shortly thereefter, the conning officer ordered the
engine aheed standard speed. Pilothouse morale rose swiftly.

Quartermaster Second Class (M2} John Silver stood at the chart
tahle in the pilothouse. He was wearing ¢ sound-powered tele-
phone set {heedphones and e collar-mounted microphone) thet
connected him to other members of the navigetion team who were
not in the pilothouse. When he learned thet the ship would he get-
ting underwey again soon, he pressed the transmit button on his
microphone and said ”We’re baggin’ ess!”

On e pletform on the starboard side of the ship, just outside the
door to the pllothouse and ebout 50 feet shove the surfece of the
weter, Seaman Steve Wheeler hed heen leaning on the rail, study-
ing the patches of foam thet ley motionless next to the hull, and
wondering when the engineering drills would end and the ship
would move again. When he heard Silver’s exclametion in his
heedphones, he loocked up and began to scan the city skyline for
mejor landmarks. Wheeler wes the starboard pelorus operetor, and
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it wes his job to sight landmarks and measure their direction from
the ship. A novice, he had done this job only once before, and wes
not sure how to identify all the landmarks, nor was he entirely clear
on the procedure he was to perform.

Inside the pilothouse, Quartermaster Chief Rick Richards moved
to the forward edge of the chart table and looked over the shoulder
of QM2 James Smith as Smith recorded the conning officer’s orders
in the deck log. “Aheed standard, left 10 degrees rudder, come to
conrse 305,

Chief Richards turned and leaned over the cbart table with QM2
Silver. As beppy as they were to be beeding for their piar et last,
they aiso knew it wes time to begin the high-workload job of
bringing the Palau into port. They examined the chart of the ep-
prosches to San Diego Harbor. Silver found the symbolic depic-
tions of several important landmarks on the cbart and used his
fingers to draw imaginary lines from them to the last charted posi-
tion of the ship. These imaginary lines represented the lines of
sigbt from the ship to the landmarks. He cbecked the angles et
which the lines intersected. Pointing to the chart, he said to
Richards “How ebout these?’ ‘“Yeah, those are fine,” the chief
rephied,

Silver was the nevigetion team’s bearing recorder. It was his job
to control the pelorus operetors on the wings of the ship and record
the measurements they mede. Once Silver bad cbosen his land-
marks, he assigned them to the pelorus operators: “Hey Steve,
you'll he keeping Hotel del and Dive Tower as we go in, and John,
you got Point Loma.” Steve Wheeler answered “OK’ and beard his
opposite number on the port wing, Seaman John Painter, say “Aye.”

Wheeler looked out ecross the weter, found the conical red roofs
of the Hotel del Coronedo on the beecb, and searcbed to the south
along the strand for the building called the Dive Tower. There it
was. Wheeler's bands were resting on the alidede that wes
mounted on e sboulder-bigb pedestal et his station. He quickly
pointed the elidade in the rough direction of the Dive Tower and
leaned down, pressing his right eye egainst the rubber eyepiece to
look threugh the sight. He saw the beacb and some low buildings
back from the water’s edge. He swung the sight left and then rigbt
until the Dive Tower came into view, then cerefully rotated the
sight on its pedestal until the vertical hairline in the sight fell rigbt
down the middle of the tower. Near the hottom of his field of view
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through the alidede, he could see e portion of the scale of e gyro-
compass card. The hairline crossed the scele three small tick marks
to the right of a large mark labeled 030. Another large tick mark,
labeled 040, was still further to the right. Wheeler counted the little
tick marks and noted that the the Dive Tower hore 033°.

Once Silver had assigned the landmarks to the pelorus operstors,
he wrote the name of sach of the chosen landmarks et the heed of &
column in the hearing record log, which was lying on the chart ta-
hle hetween him and the chart.

Siiver kept an aye on his wristwetch. It was a digital model, and
when he had come to his duty station several hours ago he had
synchronized it with the ship's clock on the wall et the back of the
pilothouse. Now he had taken the wetch off his wrist and placed it
on the chart tahle in front of him, just ehove the pages of his bearing
record log. As the ship began to move and turn to its course for
homs, the plotter, Chief Richards, told Silver to take e round of
bearings. It wes 13 minutes and 40 seconds after 4 pm. Silver de-
cided to make the official time of the next set of hearing ohserve-
tions 16: 14, using the 24-hour notation standard in the military. He
wrote ''1614" in the time column of the bearing record log, and at
16:13:50 he said into lus phone set: "’ Stand hy to mark. Time 14.”

Seaman Ron White sat on e high stool et the chart tahle, looking
ot the display of the fathometer. On the chart tahle in front of him
wes o depth sounder logbook. When he heard the ""Stand hy to
mark” signal in his headset, he reed the depth of the water under
the ship from the displey and reported on the phone circuit: "Fif-
teen fathoms.” He then logged the time and the depth in his hook.
Silver recorded the depth in the hearing record log.

Out on the starbeard wing, Wheeler heard the recorder sey
"Stand hy to mark, time 14."” As he mede e small edjustment to
hring the hairline to the center of the Dive Tower, ha heard the
fathometer operetor report the depth of the water under the ship es
15 fathoms, The hairline now crossed the scale ot 034°. Whesler
pressed the hutton on the microphone of his phone set and re-
ported "Dive Tower, 03 4.” Thet was a mistake. The bearing was
correct; however, in his excitement Whesler hiurted out his bearing
immediately after the fathometer operator’s report. He wes sup-
posed to treck the landmark and report its hearing only after the
recorder geve o "mark’’ signal. The port pelorus operetor noticed
the mistake and harked, "He dida't say ‘Mark'."”
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But by then it wos time to mark the bearings. Wheeler’s mistake
was not e serious timing error; he was only e foew seconds early.
The important thing wes to make the ohservetions es close the
“mark” time as was possible. Stopping to discuss the mistake
would have been more disruptive than continuing on. There was
no time for lessons or corrections now. The hearing recorder
quickly restarted the procedure from its current stste hy giving the
“mark” signal, ecknowledging the premature bearing, and urging
the pelorus operetors to get on with their reports: “Mark it. T got
Dive Tower, Steve. Go aheed.” Silver then wrote “03 4" in the
column lebeled Dive Tower in the bearing record log.

The plotter, Chief Richards, was standing next to Silver, waiting
for the bearings. He leaned ecross the chart table and read the
bearing of Dlive Tower even es Silver was writing it in the log. Sil-
ver noticed thet Richards was craning bis neck to reed the bearing
from the hook. Softly he said “0 3 4” to Richards, whose fece wes
close to his. As Richards moved ewey from the bearing log, he
looked to the plotting tool in his hands and ecknowledged: “Uh
huh.”

Chief Richards beld in his hands a one-armed protrector cailed e
hoey. The hoey has a circular scale of 180 degrees on it, and e
straight-edged arm ebout 18 incbes long that pivots in the center of
the scele. It is used to construct lines on the chart thet correspond
to the lines of sight between the ship and the landmarks. Richards
aligned the straightedge with the fourth tick mark to the right of the
large mark leheled 030 on the scale of the hoey and turned e knoh
et the pivot point of the arm to lock its position with respect to the
scale. He then laid the boey on the chart and found the symbol on
the chart that represented the Dive Tower. He put the point of his
pencil on the symhol on the chart. Holding it there, he hrought the
straightedge up against the pencil point. Keeping the straightedge
against thetip of the pencil and keeping the protrector scale further
ewey from the charted locetion of the landmark than the antici-
peted locetion of the fix, Richards slid the hoey itself around on the
chart until the directional frame of the protractor scele was aligned
with the directional frame of the chart. The edge of the arm now ley
on the chart along e line representing the line of sight from the ship
to the landmark. Ricbards beld the hoey firmly in plece while he
removed his pencil from the symbol for the landmark and drew e
line segment along the protractor arm in the vicinity of the ex-
pected locetion of the ship on the cbart. By drewing only the sec-
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tions of the lines of position thet were in the vicinity of the ex-
pected locetion of the ship, Ricbards kept the chart neat and
evoided the creation of spurious triangles formed hy the inter-
section of lines of position from different fixes.

While Chief Richards was plotting the line of position for the
Dive Tower, the port wing pelorus operetor reported the hearing of
Point Lome. By the time Silver had acknowledged the port pelorus
operator’s report {"Three three nine, Point Lome”}, Richards was
reedy for the next bearing. Beceuse be was standing right next to
Silver, he could bear everything that Silver said into his phone-
circuit micropbone. He could not bear what the pelorus operators
or others on the circuit were saying to Silver or to one another;
bowever, he could hear whet Silver said, and be got the bearing to
Point Lome hy hearing Silver’s ecknowledgement. i

While the port pelorus operetor was making his report, "Peint
Lome, 3 39” and while Chief Richards was plotting Dive Tower,
Seaman Wheeler swung his sight to the tallest spire of the Hotel del
Coronado, aligued the hairline, and reed the bearing from the scele.
In his headset be haard the recorder ecknowledge “Three 3 9, Point
Lome.” But be was trying not to listen, because be had his own
numbers to report as soon as the phone circuit became quiet:
"Hotel del, 0 2 4.” Then be listened es the recorder acknowledged
his report: 02 4, Hotel del.” The report was beard and echoed
without error, so Wheeler said ne more.

About 30 seconds passed between the "Stand hy to mark” signal
and the ecknowledgement of the third bearing. The pelorus oper-
etore relaxed at their stations for e minute or so whale the bearings
they had reported were processed by other membere of the naviga-
tion team to determine the position of the ship et the time of the
observetions. The pelorus operetors themselvas did not know ex-
ecily what bad been done with the bearings after they had reported
them.

Less than 10 seconds after the ecknowledgement of the last
bearing, Chief Richards had his fix triangle constructed and was
ready to label it with the time of the ohservetions. He asked Silver
0K, what time was thet?” Silver looked in the 'time’ column of the
hearing record log and replied "One 4,” meaning 14 minutes after
the bour.

With the fix plotted and lebeled, Ricbards and Silver turned to
the tasks of predicting the position of the ship et the time of the
next fix {3 minutes bence} and deciding which course to take for
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the best approach to the harbor. Speaking slowly while plotting,
Chief Richards said: “He’s still turning. That’s gonna put us about
right here.” He made a mark on the chart at the end of an arc he had
drawn to represent the track of the ship through the turn. Silver
looked at the projected position and determined that the same three
landmarks used for the previous fix would be appropriate for the
next fix.

At 16:16:50 Silver pressed the transmit button on his mike and
said: *Stand by to mark. Time 1 7."

“Fifteen fathoms,” said the fathometer operator.

Silver said “Mark it.” The pelorus operators reported their bear-
ings, and Silver read each one back.

“Point Loma, 3 3 8.”

“3 3 8, Point Loma.”

“Dive Tower, 03 5.”

“0 3 5, Dive Tower."”

“Hotel del, 02 4.”

“0 2 4, Hotel del.”

Chief Richards plotted the ship's position, but it was not as far
along the track as he had projected it would be. Silver commented
on the radius of the projected turn: “That was a big ellipse.” Ri-
chards looked at the plot. “Oh, yeah,” he said. “It’s just that pro-
pulsion is coming up really slooooow. I only figured it to come up
to 9, but it didn’t even come up to 4.” Both men laughed, and Silver
said “Recompute.” For half a minute they worked together silently,
jointly redoing the computations of the speed calculation. They
checked the lines of position for the new fix and measured the dis-
tance between the previous position and the latest one: 400 yards.
Chief Richards shook his head and said “Four knots.” Silver
nodded and said “Right.” Richards pointed to the projected track
of the ship up the channel. “Four knots for the first 3 minutes,”
he said. At this rate we better change the timing a little.”



2 Navigation as Compuriation

Navigetion is the process of directing the movements of e craft from
one point to another. There are many kinds of nevigetion. This
cbepter lays the foundation for the construction of an analysis of
the informstion processing carried out by those wbo prectice e
form of nevigation referred to in The Western technological culture
as surface ship piloting. Piloting {or pilotage) is navigation involv-
ing datermination of position reletive to known geographic loce-
tions. Rather than present what passes in our cultural tradition as a
description of how pilotage is done, this chepter attempts to de-
velop a computational account of pilotage. This eccount of pilotage
overlaps portions of the computational bases of many other forms
of navigation, including celestial, air, and radio nevigation. Aspacts
of these forms of navigetion will be mentioned in passing, but the
focus will be on the pilotage of surface vessels in the vicinity of
land. Unlass otherwise indicated, the term ‘navigation’ wiil bence-
forth refar to pilotage.

Having taken ship navigation as it is performed by a taam on tha
bridga of e ship as the unit of cognitive analysis, I will attempt to
apply the principal metapbor of cogaitive scienca-—cognition as
computation—to the oparation of this system. In so doing I do not
make any special commitmant toc tha neture of tha computations
thet ara going on insida individuals except to say that whataver
happans there is part of ¢ largar computetional systam. But I do
believa that the computation cbsarvad in tha activity of the larger
systam can be describad in the wey cognition has bean traditionally
dascribed—thet is, as computation realized througb tha creetion,
transformetion, and propagation of representational statas. In order
to understand navigation prectice as e computational or informe-
tion-processing activity, wa naed to consider wbat might constitute
an understanding of an information-processing systam. Working on
vision but thinking of a much wider class of information-process-
ing systems, David Marr developed a view of wbat it takes to
understand an information-processing systam. The discussion hare
is based on Marr's (1982) distinctions betwaen several levals of
description of cognitive systams.
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Marr’s Levels of Duscription

in his work on vision, Marr suggests that there are several levels of
description at which any informetion-processing system must be
understood. According to Marr, the most important three levels are
as follows: The first level is the computational theory of the task
that the system performs. This level of description should specify
whbet the system doss, and why it does it. 1t should sey what con-
straints are satisfied by the operetion of the system. Here, “the per-
formance of the {system] is characterized as a mapping from one
kind of information to another, the abstract properties of this map-
ping are defined precisely, and its appropriateness and edequacy
for the task et hand are demonstrated” (Marr 1982). Such e de-
scription is defined by the constraints the system has to setisfy in
order to do whet it does. The second level of description concerns
the “cboice of representation for the input and output and the al-
gorithm to be used to transform one into the other.” Tbis level
specifies the logical organization of the structures thet encode the
information and the transformations by which the informetion is
propagated through the system from input to output. Tbe third
level concerns “the details of how the elgorithm and representation
are realized pbysically.” Marr points out that there are many
choices availabla at aach laval for any computational systam, and
that tha chboices mada at one lavel may constrain what will work at
other levels.

Marr intendad his framawork to be applied to cognitive procassas
that take place insida an individual, but there is no raason, in
principle, to confina it to such a narrow conception of cognition. In
this chaptar I will attempt to apply Marr’s prascription to tha task
of navigation.

Navigation is an activity that is recognizabla across cultures, yat
in eacb cultural tradition it is accomplisbad within a concaptual
systam that makas cartain representational assumptions. in tha
naxt section, 1 giva a compulational account of navigation that is
independent of the representational assumptions of any establisbad
tradition of navigation practica. It is an account that specifies tha
nature of tha navigation problam and tha sorts of information that
are transformed in the doing of the task, yet spans the differences
batween evar radically different traditions of navigation.

Unfortunataly, the computational account by itsalf is quite ab-
stract and difficult to convey in the absenca of axamplas that em-
body the satisfaction of tha constraints that are dascribed. 1 will
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therefore illustrete aspects of the computational eccount with e fow
examples taken from the Western tradition of piloting. This should
help the reeder to understand the nature of the constraints dis-
cussed. However, these examples are inevitably grounded in the
representational essumptions of the Western cultural tradition, and
frequently heve implications for algorithms, and will probebly
suggest particular implementstions. The inclusion of this sort of
material seems unavoidable. 1 will try to keep the examples as
sparse as is possible and to make clear distinctions between those
espects that properly belong to the computational eccount and
those that belong to other levels of description. The importance of
keeping the computational description free of representational es-
sumptions will become apparent in the two subsequent sections,
which briefly contrast the culturally specific representations and
elgorithms used by our tachnologicel Western culture with those
used by e nonliterete Micronesian culture to solve the navigation
problem. Muchb of the remainder of the hook can he seen as a fur-
ther elaboretion of the representotionol/algorithmic level of de-
scription and a thorough exploration of the implementation of
nevigation computations by nsvigation teams on large ships.

The implementstional details beve been largely ignored in the
past. This may be due in part to the notion that in information-
processing systems what is important is the structure of the com-
putation, not the means of implementation. One of the most
impaortant insights of computar science is that the same program
can run on many different mechines-—thet is, the same computa-
tion can be performed many different weys. When we consider e
system like ship nsvigetion, bowever, the situation is compliceted
by a nesting of computstionel systems. What is the implemen-
tationel level for the nevigetion system as e wbole is the com-
putationsl level for the people wbo operete the toals of the systam.
The meterial means in whicb the computation is actuelly per-
formed are implementetional details for the system, but they set the
task constraints on the performance of the nevigetion staff. The
distinction between wbat is computed by the system as e wbole
and what is computed hy the individunal navigation prectitioners
in the system wiil be developed in later cbeptars. For the moment,
let us take it simply es e justification for ettending to e level of
detail thet is often missing from accounts of organizations es
computational systems.
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A Computational Account of Nevigation
In e computational sense, all systems of navigetion answer the
question “Where am I?” in fundamentally the same wey. While the
representational essumptions of the nevigetion systems in which
this question is answered are enormously varieble and wonderful
In their ingenuity, ell of them answer the question by combining
one-dimensional constraints on position.

The surface of the sea is, of course, ectuelly e three-dimensional
surface on e nearly spherical body, the earth. As long as we are
concerned only with positions on this surface, we need only two
dimensions to uniquely specify e position. Thus, e minimum of
two one-dimensional constraints are required to specify positions
for ship nevigation. Nevigeting in three dimensions—a rether re-
cent ectivity—requires et leest three one-dimensional constraints

to specify position.

Lines of Position

Figure 2.1 depicts the one-dimensional constraint that is produced
by a known position and a given direction. Such e combination
produces e line of position. Thus, if we know thet point B liesin e
particular direction from known position A, we know thet B must
lie on a line extended from A in the specified direction. Given that
constraint alone, however, we still don’t know where point B ac-
tuelly is; we know only thet it must lie on the line of position de-
fined by point A and the specified divection. If, for example, we are
told thet e treasure is buried due east of a certain split rock, the
options are considerably narrowed but we still don’t know whers to
dig.

Position
Line of position
Direction
Direction

Line of position
Knownposition T Tl L

Figure 21  Graphical and concepiuai depiction of the line-of-position constraint.
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Circles of Position

Figure 2.2 shows another type of one-dimensional constraint. This
one consists of e known position and e specified distance, and it
defines e circle of position. f we know that point B lies some
specified distance from point A, then we know thet B must lieon e
circle of position centered on A with e redius of the specified dis-
tance. Given this constraint alone, we cannot yet locete B; we know
only that it is somewhere on the circle of position specified by the
known point and the distance from the point. In practice, a circle of
position is often plotted es ar arc in the vicinity of the expected
location of point B rather than as e complete circle.

Combining Positional Constraints: Position Fixing

One-dimensional constraints can be combined in many ways to
produce two-dimensional constraints on position. Figure 2.3 shows
some of the possibilities. In the Western tredition, the line-of-
position constraint is the computational basis of position fixing by
visual bearings and by radio direction finding {figure 2.3a}. in these
procedures, position is determined by finding the intersections of
two or more lines of position. A redar fix is constructed from a
bearing and e range (figure 2.3b). The circle-of-position constraint
is the basis of celestial nevigetion, aithough the circles of position

Arc of position
Position

Arc of position

, Distanca
Distance

Known pasition

Graphicai and conceptual depiction of the arc-of-position constraint.

LOP AOP AQE
>—> Fix >—> Fix >—> Fix
LOP LOP AQP

a b c

Figurs 23 A conceptual depiction of the combinations of one-dimensional constraints,
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are so large that they are treated as lines of position in the vicinity
of the fix {figure 2.3¢c). In e celestial sight reduction, each observed
celestial body defines e circle of position, and the vessel from
whicb the observations were mede must be loceted et the inter-
sections of the circles of position establisbed with respect to
celestial bodies.

Systems such as Loran, Decca, and Omege measure time or phase
differences between the arrival of signals from multiple stations.
Consider position fixing hy Loran. If stations A and B emit signals
et precisely the same time, where must I he if I receive the signal
from station A 3 microseconds before I receive the signal from sta-
tion B? The answer is that I must be somewhere on e byperbolic
line of position that is defined by all the intersections of circles of
position around A and B for which the circle of position around
station A is 3 microseconds closer to station A {et the speed of
light) than the circle of position around station B is to station B.
Each pair of stations received provides a time difference that de-
fines e hyperholic line of position. The vessel’s position is fixed hy
finding the intersection of two or more such one-dimensional lines
of position. Radar comhines e circle of position, expressed as e
range (distance), with a line of position, expressed es a bearing
{direction), to provide a two-dimensional constraint on the relative
position of the object detected.

The Posttion-Displacement Constraint

Two other important questions in navigetion are “Given thet we are
where we are, how shall we proceed in order to arrive et e particu-
lar somewhere else?” and “Given that we are where we are, where
shall we he if we proceed in e particular wey for e particulsr period
of time?” Both of these questions concern relationships among
positions. To answer the first is to use the specificetion of two
positions to determine the relationship between them. To answer
the second is to use the specificetion of e position and e positional
reletionship to determine the specificetion of another position,
Both of these constraints are ceptured by e single constraining re-
letionship that holds among positions and the spetial displece-
ments thet lie between them. Figure 2.4 describes this constraint. It
simply seys thet the specification of any two of the items in the re-
letionship fully constrains the specificetion of the third item. There
is no commitment to representation or algorithm in this. Pogitions
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Position Position

Displacement
{direction and distance)

figure 24 A concephial depiction of the position and displacement constraint,

and displacements may be represented in a wide variety of ways;
bowever, if they are to be part of a system that does nevigetion, they
will have to be represented in a way that satisfies this generic con-
straint. Things work out especiaily nicely if the displacement is
given in the form of a direction and a distance. Tben the determi-
nation of a new position from a given position and a displacement
is simply the familiar case of combining the one-dimensional con-
straint defined by the starting position and a direction and a second
one-dimansionsl constraint defined by the same starting position
and a distance. Lot me illustrate the satisfection of this constraint
with two procedures from the Western tradition, course planning
and dead reckoning.

COURSE PLANNING

The fact that the specification of any two positions uniquely con-
strains the displacement that lies hetween them is the basis of
course planning. If { know where | am and where ] want to be, how
can I determine a plan that will get me where I want to go? In some
representstional systems it is possihle to compute a description of
how to move from one position to the other from the description of
the displacement between two positions. For example, on some
types of nautical charts it is easy to measure the direction {course)
and the distance hetween any two locations represented on the
chart. Starting at one point and sailing the specified course for the
specified distance will deliver the traveler to the other point. In this
case, the representational medium, the chart, has heen carefully
designed so that an easily ohtained description of the displacement
hetween positions is also a description of e plan for getting from
one point to the other. We tend to take this property for granted, hut
it is itself an impressive technical eccomplishment.
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To eppreciste whet e nice property it is thet displacement on e
chart is e plan for trevel, one need only consider how often sucb is
not the case. If the positions are represented as street eddresses to
be looked up in e phone book, for example, it mey not be easy to get
any description of the displecement between them et all. And if
one can construct e description of the displecement from the ed-
dresses, unless the pleces are on the same street it is unlikely that
the description by itself will be e useful plan of trevel.

DEAD RECKONING

The fact thet the specificetion of e position and e displacement
uniquely constrains another position is the hasis of deed reckoning.
In deed reckoning the navigator monitors the motion of the vessel
to determine its displacement from e previous position. If the dis-
tance and the direction of the vessel’s trevel can be determined, the
measured displacement can he edded to the previous position to
determine the current position. Or e planned future displecement
can be edded to the current position to determine e future position.
Thus, if I know where I started and in which direction and how far
I heve traveled, I can compute my position.

According to Bowditch {1977), the term “deed reckoning” is de-
rived from deduced or ded reckoning, e procedure {predeting
modern charts} in which e ship’s position was computed, or de-
duced, methemstically from e displecement and e known starting
position. Even though modern cherts permit simple grephicel
solutions to this problem, the term "*deed reckoning” remains. And
even though the representetion of informetion and the procedure
used in the computetion changed with the edvent of modern charts,
both the old and the new vereion of deed reckoning are based on
the setisfaction of the position-displacement constraint.

Depth-Contour Matching

There is one additionsl one-dimensional constraint to consider,
Nautical cbarts sometimes have depth contours indicating lines of
equal depth of water. If the depth of the water under a ship can be
mesasured, the position of the ship can be constrained to be over a
contour of that depth. This is a one-dimensional constraint al-
though the line that defines it is usually not a straight line. Thbe
utility of this method depends on the shape of the bottom of the sea
in the area. If it is a featureless plain, the constraints imposed by
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measured depth are weak. Almost any location on the chart wiil
satisfy the constraint imposed hy the measured depth, because the
measured depth is almost everywhere the same. If there are many
hills and valleys of nearly equal size, then again there may he many
contours in many locations that setisfy the constraint. An inclined
plane with a moderets slope is a useful hottom shape for simpie
contour navigetion. A measurement of depth in such an aree yields
e one-dimensional constraint that is typically comhined with other
one-dimensional constraints, sucb as circles or lines of position, to
gensrete an estimated position. Another useful hottom shape is en-
countered in the Central Pacific, where & uniform abyssal plain is
dotted with small raised plateaus called guyots. There, one can bop
from guyot to guyot, identifying them by their depths.

If the depth-measuring apparatus i3 more sophisticated and can
match changing depth contours against petterns of changing depths
rather than simply matching single depth measurements against
single contours, then additional features on the bottom may pro-
vide additional constraints—enough, in fact, to permit a two-
dimensional position determination from depth dsta alone. A sim-
ilar sort of positional constraint can be echieved on land through
the use of an altimster and a topographic mep of terrain that in-
cludes altitude contours.

The Distance-Rate-Time Constraint

Just one more constraint is required to complete the description of
the computational core of navigation. This constraint reletes dis-
tance, rate, and time. Figure 2.5 shows the form of this constraint.
As with the constaint that holds among positions and displace-
ments, the specification of any two values uniquely constrains the
value of the third. The constraint on distance, rate, and time is

Bistance Rate

Time

Figure 25 A conceptual depiction of the distance-rate-time constraint.
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often used to determine the distance portion of e planned dis-
plecement in dead reckoning. This is e commonly used constraint
in the Western cultural tredition outside the realm of nevigetion as
well. it is an important part of logistical planning, for organizetions
and individuals elike. If I walk 4 milps per hour, how far can 1 get
during e 50-minute luncb break? How long will it take me to drive
the 118 miles to Los Angeles if I can everage 50 miles per bour? If
the circumferance of the earth’s orbit is 584 million miles, bow fast
is the earth moving along its orbital track?

Sommary of Constraints

The computstional eccount of nevigetion consists of four principal
constraints. Two of them provide one-dimensional constraints on
position from e given position and e component of ¢ spetial dis-
plecement. The third reletes positions and the spatial displecs-
ments thet lie between them, where e displecement is composed of
o pair of one-dimensional constraints {one e distance and the other
e direction). The fourth constrains the reletions among distance,
rate, and time es descriptions of the motion of an object. Part of the
art of the ectual prectice of nsvigation lies in integrating informe-
tion from many kinds of simultaneous constraints to produce e
singie sclution that setisfies them all.

Representational Assumptions of Westerm Navigation
This section and the next descrihe sets of structures that have
arisen in the Western cultural tradition in terms of which the com-
putational constraints outlined above are represented. The actual
mechanics of the techniques for propagating the constreints across
representational structures will be discussed in detail in a later
chapter.

Units and Frames of Reference

In Western nevigation, the units of direction are based on e system
of angular measurement. This ebstract system consists of e circle
composed of 360 equal angular units called degrees. By conven-
tion, north is 0 degrees, east is 90 degrees, south is 180, and west is
270 degrees. Traditional magnetic compasses had 32 named com-
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pess points. If the compass rose is oriented to true north and south
{as defined by the geographic poles), the directions are celled frue
directions. If the compass rose is oriented to magnetic north or
south {as defined by the magnetic poles}, the directions are called
magnetic directions. Tbe magnetic north pole is currently west of
Greenland, about 15° from the north geogrephic pole; the south
magnetic pole is off the coest of Antarctice, toward Australia, about
22° from the south geograpbic pole. These differences between the
locetions of the geographic and magnetic poles ceuse magnetic in-
struments to sbow considerable but largely predictable and com-
pensable errors in some locations. For finer resolution, each degree
is subdivided into 60 equal minutes of arc, and each minute is fur-
ther subdivided into 80 equal seconds. Thus, a second of arc is
1/1,296,000 of e full circle. It is not widely realized thet the co-
ordinates of geogrephic position (latitude and longitude) and the
basic unit of distence in modern nsvigetion {the nautical mile) are
based on this same system of angular measurement.

GEOGRAPHIC POSITION

The coordinete system in which locetions on the face of the sarth
are specified is hased on e mapping of this circle onto the earth it-
self. Every locetion has e latitude and a Jongitude. The latitude of a
place is its angular distance from the equator. Points on the equator
itself heve letitude 0°. The north and south poles, which are de-
fined hy the axis of rotation of the planet, are each a quarter of a
circle ewey from the equator and are therefore et letitude 90°, Lo-
cetions in the northern hemisphere are said to have north letitude;
those in the southern hemisphere heve south latitude.

A geometric plane pessed through the earth such that it contains
the Planet’s axis of rotation will define two meridians where it in-
tersects the earth’s surface. Longitude is the angular distance of the
meridian of a place from an arhitrarily selected meridian that
passes through Greenwich, England.

The Greenwich or Prime meridian defines longitude 0°; its part-
ner, stretching down the Pacific ocean on the other side of the
glohe, defines longitude 18°. Locetions thet lie in the 180° to the
west of Greenwich are given west longitudes; those in the 180° to
the east are given sast longitude. Positions are given in terms of
these two one-dimensional constraints. Glohal positions are speci-
fied in terms of this general system. Specific positions are fixed, as
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described in the examples given in the previous section, by their
reletion to actuel locetions in the immediately surrounding local
space. The nautical chart is ¢ medium in whicb the specificetion of
positions can be transformed from the local to the global and vice

verse.

THE NAUTICAL MILE

The nautical mile, the primary unit of distance in maritime nev-
igation, is based on this system of angular measurement. A neutical
mile is one minute of arc on the surface of the earth. Tbus, there are
360 x 80=21,600 neutical miles around the circumference of the
earth. The size of this unit bas varied historically with varietiona in
the estimation of the size of the earth. Columbus and Magellan es-
sumed a smaller earth that bad 45.3 modern neutical miles per de-
gree of letitude. The earth turned out to be ebout 32 percent larger
than they thought. The statute mile (now esteblished as 5,280 fest
in the United States) is a descendant of an earlier Roman mile that
was elso intended to be 1/21,600 of the circumference of the earth.
As measurement of the earth improved and previous estimates
were found to be in error, there were proposals to change the length
of the mile itself and proposals to cbange the number of miles in e
degree. For nevigation et sea the easy mapping between position
descriptions by angular displacement and the size of the mejor unit
of distance is extremely useful. Having one minute of arc equal one
nauticel mile simplifies many computations at sea. Since this rela-
tionship would beve been destroyed by changing the number of
miles in a degree, the length of the nautical mile was changed. Tbe
modern nautical mile—6,076.11549 foet—is an attempt to preserve
thet relationship. However, the modern nautical mile is still an ap-
proximetion. Because the earth is not a sphere, the length of a
minute of letitude varies from ahout 6080.2 feet at the equator to
6108 feet et the poles. One minute of longitude at the equator is
ebout 6087 feet. The current nautical mile is 1852 meters exactly.
{Bowditch 1977)

‘Tbe knot, or nautical mile per hour, is the standard unit of ve-
locity in navigation. This knot ties the circumference of the earth to
the angular velocity of the earth. Beceuse an bour is 1/24 of a day {a
complete revolution of the earth), e point on the surface of the earth
at the equator moves to the east et e rete of 1/24 of the circum-
ference of the earth in nsutical miles per bour. That is, 900 knots.
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Charts

in the Western tradition of pilotage, virtually all computations in-
volving position are carried out on nauticai cbarts, While there are
many other weys to represent the dete and carry out the computa-
tions of nevigetion, the chart is the key representational artifact.
The most obvious property of meps and charts is thet they are spe-
tial analogies. Positions on e mep or e chart bave correspondence
with positions in e depicted large scele spece. That is alweys true.
But charts designed for nevigetion are something more than this. A
nevigetion chart is e carefully crafted computational device.

In algebre and analytic geometry, many computations can be
performed on grephs; in fact, grepbs are essential in motiveting the
symbolic manipuletions that form the real beart of computation in
algebra and analytic geometry. One can compute all the points that
lie between any two points by drewing e line between them. Or one
can identify all the points that e at a specified distance J from a
given point by drawing a circle with radius J around the given
point. Using graphs for computation, bowever, introduces errors,
beceuse plotted lines are less precise than the abstractions they
depict {infinitely small points and truly cne-dimensional lines}.
The infinite set of points lying between any two given points is ac-
curately and economically represented by the equation of the line
that contains the two points {and a range on x or y to constrain
points to be between the reference points}), and the set of points
lying a specified distance from a given point is accurately and eco-
nomicelly represented by the quadretic equstion for the circle. Of
course, the utility of these representetions depends on the sub-
sequent computations that they are supposed to support and the
sort of computational systems that are evaileble to carry out the
computation.

It is essential to realize thet a neutical chart is more akin to e co-
ordinate spece in analytic geometry than to the sort of simple mep !
mey produce to guide e new ecquaintance to my office. All meps
are spetial analogies in the sense thet they preserve some of the
spetial reletionships of the world they depict, but nevigetion charts
depict spetiel relationships in speciel weys that support certain
specielized computetions. A nevigetion chart is an anelog comput-
er. Clearly, all the problems that are solved on charts could be rep-
resented as equations and solved by symbol-processing techniques.
Plotting e position or e course on e neuticel chart is just es much e



Chapter 2 6

computation as solving the set of equations that represent the same
constructs es the plotted points and lines. A chart contains an
enormous amount of informetion—every location on it has e spec-
ifishle address, and the reletionships of all the locations to all the
others are implicitly represented.

Finally, charts introduce e perspective on the local spece and on
the position and motion of the vessel that is almost never schieved
directly hy any person. Standing over e chart, one has a "hird’s-
eye” view that, depending on the scale of the chart, could he du-
plicated with respect to tha real spece only from an aircraft or a
setellite. Furthermore, the perspective is that of a spectator rather
than thet of e participant. This is one reeson why estahlishing the
correspondences hetween the features on a chart and the features
in the local spece is so difficult. In order to reconcile the chart to
the territory, one must imagine how the world that is seen from o
location on the surface would eppear from a point of view from
which it is never seen. The chart depiction sssumes e very different
perspective than that of the ohserver on the vessel. The experience
of motion for the ohserver on the vessel is of moving through a
surrounding space, while the depiction of motion on a chart is that
of an ohject moving ecross e spece. This other perspective created
hy the chart is so compelling that e navigator may heve difficulty
imagining his movements, especially over large spaces, from the
treveler’s perspective. Conversely, people who have had no ex-
perience with maps and charts may find them completely haffling.

THE COMPUTATIONAL PROPERTIES OF CHART PROJECTIONS
Not all charts are equally useful for all sorts of computations. For
example, compare rhumh-line sailing with radio-beacon naviga-
tion.

Rhumb-line sailing

A rhumb line is a line on the surface of the earth that represents ¢
constant direction from some location. Rhumb-line sailing refers to
a form of nsvigation in which one sets a course to a destination and
then maintains a constant heading until the destination is reached.
When one is steering a ship hy any sort of compass, the simplest
route is a constant heading. For this task it is very useful to have a
chart on which rhumh lines are straight lines. However, if one were
to piot the course that would result from steering a constant head-
ing on e globe rather than on a chart, one would preduce a line that
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wraps arcund the globe and spirals up to the pole. This line is
celled e loxodrome.

The Mercetor projection overcomes this problem and transforms
the spiral into e straight line. Imagine the transformetion in two
stops. First, the meridians of longitude that ectually converge with
one another et the poles of the globe are made parallel to one an-
other, so that they are just as far epart ot high latitudes as they are et
the equator. This introduces a systemetic distortion. At the equetor
there is no distortion, but with increasing letitude the eest-west
distance shown hetween the meridiens on the chart exceeds by an
increasing margin the distance between them on the globe. At the
poles, of course, the distortion is infinite-~wbet was zero distance
hetween meridians where they converged et the pole of the globe
would eppear es e finite distance on the chart. To-compensete for
the effects of this distortion on direction, the parallels of letitude
are expanded by the same retio as the meridians of longitude. At
the poles this would require infinite expansion, whicb is wby the
poles never eppear on Mercator projections. This expansion also
results in e distortion of the reletive arees depicted on the chart.
This distortion is more pronounced et higher letitudes. Tbus, while
Greenland ectually has only 1/9 the aree of South Americe, they
eppear to heve roughly the same aree on e Mercetor chart.

Radio-beacon navigation

Radio beecon nevigetion uses redic antennee thet are sensitive to
direction. Suchb an antenne can determine the direction from which
it receives ¢ redio signal. By tuning the antenne to e stetion wbose
location is known and identifying the direction from which the
signel comes, one can establisb e one-dimensionel position con-
straint. However, e redio signal does not follow e rbumb line; it
takes the sbortest route. These sbortest routes are celled great-circle
routes. A great-circle route is defined by the intersection with the
surface of the earth of e plane thet contains the center of the earth
and the two points on the surface between which the route is to be
constructed. Greet-circle routes can be epproximeted by stretcbing
e piece of yarn over the surfece of e giohe, The meridians of long-
itude define great circles, and so does the equetor. All the circles of
latitude other than the equetor define rbumb-line courses thet are
not greet circles. While the rhumb-line course from Los Angeles to
Tokye is almost exectly due west (and the heading is constant for
the entire trip}, the greet-circle route leeves Los Angeles beeding to
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the northwest and arrives in Tokyo beading to the southwest. To
plot e position from redio-beacon bearings, one would like e chart
on which great circles are straight lines. Over sbort distances, great
circles epproximete straight lines on all projections; bowever, over
long distances {and redio signais travel long distances} greet circles
are significantly diffarent from rhumh lines. There is no chart pro-
jection on which hoth rhumh lines and great circles appear as
straight lines.

in eddition to the properties of having rhumh lines and greet ciz-
tles represented as straigbt lines, it is eesy to imegine nevigation
tasks in which the following would be desireble chart properties:

true sbepes of pbysicel features

correct angular relationships among positions

equel area, or the representation of areas in their correct relative
proportions

constant scale values for measuring distances

Whenever the three-dimenstonal surface of the earth is rendered in
two dimensions, some of these properties are sacrificed. For sxam-
ple, the Mercetor projection secrifices true shape of pbysical fee-
tures, equel area, and constant scale values for measuring distances
in the interest of providing correct angular reletionship and rbumb
hnes as straight lines. These features are most epparent on charts of
large arees. As the area of the earth’s surfece represented by the
chart decreases, the differences between projections becomes less
noticeebls.

Chbart projections make it clear that different representational
systems beve different computetional properties and permit differ-
ing implementations of the computations. For example, it is possi-
ble to draw a greet circle on e Mercetor projection; it is just very
difficult to compute where the points should go. On a Lambert
conformel chart it is guite easy to draw a greet circle, beceuse on
this projection e straight line so nearly approximetes e greet circle
that it is more than edequate for nevigational purposes. One can see
the work thet went into constructing a chart as part of every one of
tha computations that is performed on the chart in its lifetime. This
computation is distributed in spece and time. Those who make the
chart and those wbo use it are not known to one another {perbeps
they are not even contemporaries}, yet they are joint participants in
e computationel event every ime the cbart is used.
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Summary

Large-scale spece is represented es smell-scale space on e chart.
The primary frame of reference is the system of earth coordinetes,
Objects thet are unmoving with respect to earth coordinetes are
given fixed locations on the chart. Every locetion can be essigned
an ebsolute eddress in e global coordinete system. Direction, posi-
tion, and distance are all defined in tarms of e single universal
framework, establisbed by epplying e scbeme of angular meesure-
ment to the earth itself. A universal time standard in combinetion
with the measurement of distance yields a universal unit of rete of
movement. These units are universal in the sense thet their inter-
pretations do not change with changing location or circumstances
of their use. Directions, positions, distances, and retes can ell be
represented es numbers, and eny of the first three can also be
modeled in the small-scele spece of e chart. Line-of-position con-
straints are represented as lines on e cbart; circles of position are
represented as circles on e chart; position-displecement constraints
are represented es positions and displecements on a cbart. Dis-
tance, rete, and timse are represented es numbers, and computetions
of the constraints among them are eccomplished by digital arith-
metic algorithms. All the mejor computations in this system are
based on procedures that involve measurement {which is analog-to-
digital convereion}, followed by digital manipuletion, followed by
digital-to-analog conversion in the plotting of results on e chart,

Representational Assumptions of Micronesian Navigation
The computational eccount presented above also describes the
computations carriad out by Micronasian nsvigetors (Hutchins
1983). Micronesian nevigetors establish their position in terms of
the intersections of one-dimensional! constraints. Substantiel dif
ferences between Western and Micronesian navigation become
apparent es soon as we consider the representations and the algo-
rithms that the two cultural traditions beve developed to satisfy tha
constrainta of the task. A major problem with earlior Western stud-
fes of Micronesian nevigetion was that tha representations usad in
the performance of Western navigation were essumed to he the
most ganeral description. Becausa thay failed to see the computa-
tional lavel at all Gledwin (1870), Lewis {1872}, Sarfert {1911), and
Schiick (1882) attemptad to interpret tha representations used in
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Micronasian navigation in tarms of the representations usad in
Wastarn navigation, rathar than interpreting both sets of repre-
santations in terms of a singla, more general, computational
account.

This briaf discussion of Micronesian navigation is inserted bare
in tha bopa that it will maka tha importanca of the distinction be-
twean the computational and representational level of description
clearer. 1 eiso bope to sbow that avan tha most commonplece es-
pects of thinking in Westarn culture, as natursl as they may seem,
are historically contingent. In this light, tha organization of systems
of cultural representations may bacoma visibla and, onca noticed,
mey come toc seem much less cbvicus than before. Furtharmore,
becense the represantational and implamantational levals constrain
aacb othar mora closely than do the computationel and repre-
santational, it is useful to sea tha relationship betwaen the repra-
sentational leval and its implementation in cultures thet are
tachnologically guita different from aach other.

For mora than a thousand yaars, long-distance non-instrumental
navigation bas been precticed over large areas of Polynesia and
Micronesia, and perbaps in parts of Melanasia. In Polynesia, tha
traditional techniquas atrophied and were ultimetely lost in the
wake of contact with colonial powers. Only the Micronesians have
maintained their treditional skills, and in the past two decades they
heve heen the wellspring of navigation knowledge for a renaissance
of traditionel voyaging throughout the Pacific Basin (Finney 1979,
1891; Kyselka 1987; Lewis 1976, 1978).

Without recourse fo mechanicel, elsctrical, or even magnetic de-
vices, the navigators of the Central Caroline Islands of Micronesie
routinely emhbark on ocean voyeges that take them severel days out
of the sight of land. Their technique seems et first glance to he in-
adequate for the joh demanded of it, yet it consistently passes whet
Lewis (1972} has called *“the stern test of landfall.” Of the thou-
sands of voyages made in the memory of living nevigetors, only e
few have ended with the loss of a canoe. Western researchers trev-
eling with these people have found that et any time during the
voyage the nevigators can accurately indicate the bearings of the
port of departure, the destination, and other islands off to the side
of the course being steered, even though all of these may be over
the horizon and out of sight. These navigators are also ehle to tack
upwind to an unseen island while keeping mental track of its
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changing bearing—a feet that is simply impossible for e Western
navigator without instruments.

in the neighborbood of the Caroline Islands, less than 0.2 percent
of the surface is Jand. Tbe surfece is & vest expanse of weter dotted
with ebout two dozen atolls and low islands. Experienced nav-
igetors in these wators routinely sail their outrigger canoces up to
150 miles between islands. The knowledge required to make these
voyages is not beld by all, but is the domain of e smail number of
experts.

Tbe world of the navigator, however, contains more than e set of
tiny islands on an undifferentiated expanse of ocean. Deep below,
the presence of submerged reefs changes the epparent color of the
water. The surface of the sea undulates with swells bore in distant
weather systems, and the interection of the swells with islands
produces distinctive swell patterns in the vicinity of land, Above
the sea surface are the winds and weether petierns which govern
the fate of sailors. Seebirds ebound, especially in the vicinity of
land. Finally, et night, there are the stars, Here in the Centrel
Pacific, away from pollution and artificial light, the stars shine
brightly and in incredible numbers. All these elements in the nav-
igator’s world are sources of informetion, The wbole system of
knowledge used by a Micronesian master nevigator is well beyond
the scope of this book. Here I will treet only a portion of the nev-
igators’ use of celestiel cues.

The most complete description of this system comes from the
work of Thomas Gledwin, wbo worked with the navigators of Pu-
lawet Atoll in wbet is now the Republic of Micronesia. Gladwin
(1970} divides the pragmetics of Puluwat navigetion into three
parts. First one must set out in a direction sucb that, knowing the
conditions to be expected en route, one will arrive in the vicinity of
the island of destinetion. Second, one must bold the canoe stsady
on its course and maintain e running estimate of its position. Fi-
nally, wben nesring the destinetion one must be eble to locete it
and head toward it.

One of the most widespread notions employed in Pacific non-in-
strumental navigetion is the concept of the ster path. From the
point of view of the earth, the positions of the stars relative to one
another are fixed. As the earth rotates about its axis, the stars ep-
pear to move across the sky from eest to west. As the earth moves
through its orbit around the sun, the stars that can be seen et night



Chapter 2 88

{thet is, from the side of the earth ewey from the sun} change. But
from any fixed location on the earth, any given star alweys rises
from the same point on the sastern horizon and always sets into the
same point in the western horizon, regardless of season. Movement
to the north or south does change the azimuth of the rising and
setting of any star. Within the range of the Caroline Islands nev-
igetor, however, the effects of such movements are small {on the
order of 3° or less). A star path, also known as e linear constellotion
{Aveni 1981}, is e set of stars all of which ‘'follow the same peth”
{Gledwin 1970). Thet is, they all rise in succession from the same
point on the eestern horizon, describe the same arc ecross the sky,
and set into the same point on the western horizon. Star peths are
typically composed of from six to ten stars fairly evenly speced
ecross the heevens {Lewis 1672). Thus, when one star in the linear
consts]lation has risen too far ahove the horizon to serve es an in-
dicetion of direction, another will soon take its plece. in this wey,
eech star peth descrihes two directions on the horizon, one in the
east and one in the west, which are visihle regardless of seeson or
timasof night es long as the skies are clear. A “connect the dots”
drewing of such e linear constelletion is simply an arc ecross the
sky, anchored et fixed azimuths in the eest and in the west. While
the stars themselves make their nightly journeys ecross the sky, the
arcs of the linear constelletions remain ststionary.

Seeing the night sky in terms of linear constelletions is e simple
representational artifice thet converts the moving field of stars into
e fixed frame of reference.

'This seeing is not a passive perceptuel process. Rether, it is the
projection of external structure {the arrangement of stars in the
heevens) and internal structure {the ehility to identify the linear
constelletions} onto e single spetiel imege. in this superimposition
of internal and external, elements of the external structure are
given culturally meaningful reletionships to one another. The pro-
cess is actively constructive. The positions of e few stars may sug-
gest e relationship which, when epplied, estahlishes the identity of
yet other stars. Anyone who can identify the treditionel Western
constelletions keows thet, in the suhjective experience of this see-
ing, not just the stars hut the constelletions themselves seem to he
“out there.” The little lines holding the stars together seem nearly
visihle in the sky. These reletions are expressed in verhel formulas.
For example, the formule “Follow the arc (of the handie of the Big
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Dipper) to Arcturus, and drive e spike into Spice” guides the oh-
server’s eye ecross the sky, constructing part of e constellation. in
sky charts for ameteur star wetchers, the lines are drewn in on the
charts—like mental training wheels—to make the constellations

easier to imagine when looking et the sky.

It is known thet star paths have long been used to define the
courses hetween islands in many parts of Oceanie {Lewis 1972).
The navigators of the Caroline Islands heve combined fourteen
named star paths with the position of Polaris {the North Star) to
form e sidereal compess thet defines 32 directions eround the circle
of the horizon. Figure 2.6 shows e schemetic representation of the
Caroline Island sidereal compess. As can be seen, most of the rec-
ogrized star hearings are named for mejor stars whose peths inter-
sect the horizon et those points. Those which are not so named are
the true-north bearing, named for Polaris which from the Carcline
Islands is alweys ebout B8° above the northern horizon, and three
bearings in the south which are defined hy orientetions of the
Southern Cross ehove the horizon. Of course, the names given to
these stars are not the same as the names given to them in the
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Wastarn tradition, nor are all the constelletions grouped in the
same way. Tha cardinal direction in the Micronesian system is east,
et tha rising point of tha star Altair, It is interesting that Altair is
part of e Micronasian constallation called tha “Big Bird” (hance
Gladwin’s titla East is a Big Bird). The Western tredition has in-
heritad many of its star names from Arabic roots, and Altair is tha
hrightest ster in the constellation Aquile, the aagla. East was the
cardinal direction In tha Wastarn tradition (consider the two
maanings of the word ‘orient’} hafore tha advent of the magnatic
compass.

Tha inclusion of other stars which traval tha same peth guaran-
taes that as long as the weethar is claar tha complete compess is
availahla to tha navigetor no metter what tima of year he is sailing.
In fact, a precticed navigetor can construct the whole compess
mentally from a glimpse of only ona or two stars near the horizon.
This ahility is crucial to the nevigator’s parformanca, beceusa tha
star haarings that concern him during a voyage may not he those he
can readily saa. Tha star compass is an ahstraction which can ha
oriantad as e whola hy determining the orientetion of any part.
During tha day, tha oriantation of tha star compess can be main-
tained hy ohsarving the star bearings from which the mejor ocaan
swalls coma and tha star hearings et which the sun and the moon
risa and sat.

Coursas hatween islands are dafined in tarms of this ehstract
sidareal compass. For avery island in e navigator’s sailing range, ha
knows the star point under which ha must sail to reech any other
island in tha vicinity. Thus, the sidareal compass provides tha
directional reference in terms of which displacements can be
spacifiad.

The sidereal compess has a sacond function in nevigation: tha
expression of distanca treveled on e voyaga. For avery course from
one island to another, a third island {ovar tha horizon and out of
sight of the first two) is taken as e referenca for tha expression of tha
distance treveled. In the language of Puluwet Atoll, this system of
axpressing distanca travalad in terms of the changing bearing of e
raference island is called etak {Gladwin 1970). Sinca ha knows the
star hearings for all tha intar<island courses in his aree, tha nav-
igator knows tha star haaring of tha refarence island from his point
of origin and tha bearing of the referenca island from his dastina-
tion. In tha navigator’s conception, this refarenca island starts out
undar e particular star (at a particular star bearing} and moves heck
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Figure 2.7  An etak diagram. This diagram, based on the work of the ethnographer E. Sarfart, reflects the
conventional method of drawing the relationships betwoon isiands and star points for a typi-
cal voyage.

aheam of the canae during the voyage thraugh a succession of star
bearings until the canoe reeches its destination, et which time the
reference island is under the paint that defines the course from the
destinatian island to the reference island. The changing star bear-
ing of the reference island during the vayage is illustreted in figure
2.7.

The mavement of the reference isiand under the succession of
star bearings divides the vayege conceptually into e set of segments
called the etaks of the vayage. Eech voyage bas a known numbher of
etak segments defined by the passage of the reference island under
the star bearings.

A fundamental conceptian in Caroline Island navigation is thet e
canae an course between islands is stationary and the islands move
hy the canoe. This is, of course, unlike our natian of the vessel
maving between statignary islands. A passage from Gladwin {1970:
182) amplifies this:

Picture yourself on o Puluwat canoe at night. The weather is clear,
the stars are out, but no lond is in sight. The conoe is a familiar
little world. Men sit about, talk, perhops move around a little
within their microcosm. On either side of the conoe, waler streams
past, o line of turbulence ond bubbles merging into a wake ond
disoppeoring into the darkness. Overheod there ave stars, immov-
oble, immutoble. They swing in their poths acress ond out of the
sky but invariably come up ogain in the same ploces. You moy
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travel for doys on the conoce, but the stars will not go owoy or
chonge their positions oside from their nightly trajectories from
horizon to horizon. Hours go by, miles of woter hove flowed past.
Yet the conoe is still underneoth ond the stars ore still obove. Bock
olong the wake however, the islond you left falls forther and forther
behind, while the one toword which you ore heoding is hopefully
drawing closer. You con see neither of them, but you know this is
hoppening. You know too thot there ore islonds on either side of
you, some near, some far, some oheod, some behind. The ones thot
ore chead will, in due course, foll behind. Everything posses by the
little conoe—everything except the stars by night ond the sun in the
doy.

Here we have e conceptualization in which the known geography is
moving past the nevigetor, his canoe, and the stars in the sky. Off to
the side of the course being steered is the reference island. It cannot
be seen heceuse of its distance over the horizon, yet the navigetor
imagines it to be moving back slowly under e sequence of star
points on the horizon. Ohservations of nevigators during voyages
have shown thet the nevigetors can eccuretely judge the reletive
bearing of the reference island et any time during the voyage (Lewis
1972). Since the navigetor has not ectuelly seen the reference
island et any point during the voyege, his ehility to indicete where
it lies represents an inference thet could not be mede in the West-
ern system without recourse to tools.

Gladwin {1970: 184) descrihes the Micronesian nevigetor’s use of
this judgement as follows:

When the novigotor envisions in his mind’s eye thot the reference
islond is possing under o particulor stor he notes thot o certain
number of segments hove been completed and o certain proportion
of the voyage hos therefore been occomplished.

The nevigetor uses this informetion to estimate when be will he in
the vicinity of his destinetion, and therefore when he should start
looking for signs of land. Since land-hased hirds venture as far as
20 miles to see, seeing them arrive et e &shing ground from land or
seeing them depart e fishing ground for land can give informetion
et e distance ebout the direction in which land lies. This informe-
tion is evailehle only in the early morning and et dusk, when the
hirds are moving from or to their island. A navigetor who arrives et
whet he believes to he the vicinity of his destination et middey is
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therefore well advised to drop sail and wait for dusk. The danger of
failing to make an accurate judgemeot of when land is near is that
one might he close to land when no indications are availahle and
then sail past and be far away from the destination wbhen boming
signs are available.

Because traditional Micronesian culture is nonliterate, navigators
are required to commit 2 large body of information to memory.
Riesenberg (1972} has documented some of the elaborate mne-
monic devices used by navigstors to organize their knowledge of
geography, star courses, and etak segments. An interesting finding
of Riesenberg’s work is that the memorized systeras of knowledge
make frequent reference to islands that do not exist. Riesenberg
{1972: 20} explains:

In a few instances, when unknown geographical features were
mentioned and when enough courses from identifiable islands to
them have been given, an attempt has been made to locate them by
projecting the courses on a chart. The intersections of the projected
courses generolly coincide poorly with known bathymetric features.

The role of these pbantom islands wili be taken up in a later section
of this cbapter.

Some Anomalous interpretations

The history of attempts to understand how the Micronesian nav-
igators accomplished their way-finding feats reads like a detective
story in which we know who did it hut not how it was done. Each
of several researchers has provided us with hoth useful clues and a
few red herrings.

There is little dispute about the neture of course-keeping with the
sidereal compass. Western eccounts of the star compass go back at
leest to 1722 {Scbiick 1882}, and its use seems relatively eesy to
observe and document. The most detsiled description of the star
compass of the Caroline islands was provided by Goodenough
{1953). Although his diagram reproduced above as figure 2.6 is, as
far es we know, a completely accurate depiction of the stars used
by the Caroline Island navigators, and although it gives the first
complete tabulation of the azimuths (true bearings on the borizon}
and names of the star points, it contains e potentially misleeding
distortion that was probably incorporeted to make the compess
concept more eccessible to Western reeders. Goodenougb drew the
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compass as & circular compass rose, the way compasses are tradi-
tionally represented in our culture. The original records of native
depictions of the star compass, however, are ail hox-shaped.

To date there have been two attempts to explain just how the
Carcline Island navigators use the concept of efak to keep track of
their progress on a voyage: Sarfert’s {1911) and Gladwin’s {1970).
Sarfert’s (1911: 134) description is rich and compact and bears
careful consideration:

In an orbitrary voyage between two determined islands, the native
captoins hove still o third islond in mind, besides the starting point
ond goal of the trip. For the voyage between every pair of islands,
this is o specific islond. Henceforth, I will refer to this islond simply
as “emergency islond” [Notinsel] corresponding to the purpose
that it serves os o lost ploce io flee to in case of extenuoting cir-
cumstances that make it impossible to reach either the starting
point or goal of the trip. This islond is ploced off to the side of the
course, In rare situotions the natives established two islands os
emergency islands, specifically in such o way thot one lies to the
left ond the other to the right of the direction of travel.

Riesenberg’s {1972} discovery that tha referenca islands for some
voyages are phantoms, bowaver, makas tha “amergency island”
interpretation unlikaly. No navigator would attempt to taka refuge
in a location known to ba davoid of land. Another possibility is that
knowing the location of tha referenca island as well as the origin
and dastination of the voyaga allows the navigator to estimata ac-
curately wbere many other islands in the area are, so that, sbould
ba naad to take refuga, a choica based on the existing conditions of
tha wind and tha saa might be made among several possibla
islands, Tbe spacification of the placement of the islands is no
doubt important; but if thay ware places in which to take refuge,
wby would it not ba just as wall to bave two “emergency islands"
on the same side of the coursa? “

Sarfert continues:

In figure [2.7 of this chopter--E.H.], the isiond Biseras, o smoll
island of the Onono otoll, serves os emergency islond in the olreody
given voyage from Polowot to Ruk [Truk]. If the emergency islond is
to fulfill its purpose, the coptain must be copable of determining ot
any moment the direction in which the islond lies, ond therefore
the course to it, from on orbitrary point of the voyage. As foros I
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hove experience obout it, he ... does this by rather simple meons:

1} The direction of the island Biseras from Polowot os well os
from Ruk is known.

2} The notive coploin moy undertoke a beoring of the oreo during
the trip by means of calculating the already-traveled distonce. This
is done with the oid of experience, knowledge of the normal dura-
tion of the voyage ond with the help of on estimote of the speed thot
the conoe travels through the water. This last means, the so-colled
dead reckoning, was also in general used by us for the same pur-
pose before the introduction of the log ot the end of the sixteenth
century.

3} To determine the bearing of the emergency island from the
vantage point of the canoe, the observotion must necessarily be
done such that, as [figure 2.7] clearly demonstrates, it describes the
emergency island Biseras, from the conoe os o visible movement on
the horizon in the opposite direction of the voyage. This visible
movement of the emergency island oppears, with the interpretation
of the horizon as a stroight line, in direct relotionship to the
alreody-traversed distance. If the captain estimates, for exomple,
the covered poth as being a quarter of the total voyage length, then
the emergency islond must have completed likewise a quarter of its
visible path olong the horizon. If the tatal length of the visible path
totals eight (etak} lines, then ofter one quarter of the trip they would
have reached, accordingly, the third line. By means of this simple
calculation, the course to the emergency islond is confirmed ond
the coptain is capable of seeking it out. (135}

The major issue raised by Sarfert’s proposed calculation techb-
nique involves the method used to express the proportion of the
total voyage that has been completed. It is easy enough to imagine
how the navigator might represent the fact that “the emergency is-
land must bave completed a guerter of its visible path along the
berizon,” although it is doubtful that proportions like “a qguarter”
are involved. But bow does the captain compute that be has cov-
ered some proportion of the total length of the voyage? Further, the
expression of the movement of the emergency island in terms of the
proportion of the number of etok segments will work only if the
etak segments themselves are all nearly the same size.

Gladwin's descriptive model, like Sazfert’s, relates the bearing of
the etak reference island to the distance traveled. However, Sarfert
believed that the navigator computed the apparent bearing of the
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etak island so that he could tske refuge there, whereas Gledwin
asserted that the nevigator used that epparent position es an ex-
pression of the proportion of the voyage completed. Gledwin states:

When the novigatar envisians in his mind’s eye thot the reference
island is possing under a particulor stor he nates that a certain
number of segments have been campleted ond o certain proportion
af the vayage hos therefare been accamplished. {184)

This is similar to Sarfert’s proportional-derivetion model, but the
subtle difference raises an interesting question. What is the neture
of the computation? Is it, es Sarfert maintains, thet the navigetor
uses his estimete of the proportion of the voyage completed to es-
tablish the bearing of the reference island, or, es Gladwin main-
tains, that the navigetor uses his estimete of the hearing of the
reference island to estahlish the proportion of the voyage thet hes
been accomplished? Clearly, these concepts are closely releted for
the navigetor.

In prectice, not every inter-island course is situeted such thet
there is an island to the side of the course with the desired proper-
ties of an etak isiand. Gladwin notes:

If the reference islond is taa clase, it passes under many stars, div-
iding the journey into o lot of segments. Warse, the segments are af
very unequol length. They start aut rather long (slow} ond then as
the canae passes close by, they become shorter (fast] as the refer-
ence island swings under ane star after onother, and then at the
end they are long again, a canfusing effect. A distant reference
island hos the oppasite effect making the segments oppraximately
equol, but so few in number that they do nat divide the jaurney into
components of o useful size. (187}

The effect of heving e close reference island is confusing beceuse
when e voyege is divided into segments of very different lengths
the estimetion of the number of segments remeining is e poor
measure of the distance remeining in the voyege. Gledwin de-
scribes another situetion, elso noted hy Sarfert, in which this same
sort of confusion was hound to arise. In e discussion with the mas-
ter nevigetor Ikuliman, Gledwin discovered thet for the voyage he-
tween Puluwet and Pulusuk etolls, e distance of ebout 30 miles, the
nevigetor used two efak islands-—one to the west of the course and
neathy, the other to the eest and quite distant:
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This case well illustrates ane af the difficulties with the proctice:
when two reference islands are used in this way, the segments are
almast certain ta be markedly different in length. Ikuliman was nat
able ta affer a good explanatian far using twa islands, insisting anly
that this is the way it is taught. When I pressed him further, he ab-
served dryly that Puluwat and Pulusuk are sa clase tagether that a
navigatar daes nat really need ta use ETAK at all in arder ta estab-
lish his pasitian an this seaway, sa in this case my questian was
irrelevant. (188)

Anather feeture af the system in use that seems to give rise ta the
same sart af canceptual difficulty is that the first twa and last twa
segments af the vayages are all ebaut the same length, regardless af
the pasitianing af the reference island reletive ta the caurses and
regardless af the density af star paints in the partian of the barizan
thraugh which the reference island is imagined ta be maving.
Gladwin states:

Upan leaving an island, ane enters upan the “ETAK af sighting,” a
segment which lasts as lang as the island remains in view, usually
abaut 10 miles. When the island has at last disappeared, ane enters
the “ETAK af birds” which extends aut as far as the flights af birds
which sleep ashare each night. This is abaut twenty miles from
land, making the first two and therefare alsa the last twa, segments
each about ten miles lang. Having four segments af the vayage ab-
salute in length is lagically incangruaus (by aur criteria} with the
proportianal derivatian af the remainder af the ETAK divisians.
{188}

Again, the problem with this canceptian is that it interferes with
the camputatian of the distance remaining in the vayage beceuse it
destroys the cansistency af the etak segments as units af distance.
Gledwin explared this incansistency with his main infarmant, the
nevigetar Hipaur-—~wba later sailed with Lewis ta Saipan and back
using the system described bere (Lewis 1972, 1876, 1978). Gladwin
cantinues:

When I tried ta explare with Hipour haw he resalved the discrep-
ancy he simply replied that beyond the ETAK af birds he uses the
reference island ta establish distance. When I asked haw he han-
dled the problem af segments ending in different places, under the
two methads, he said he did nat see this as a problem. As with
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Ikuliman’s answer to my “problem” over the dual reference is-
lands, this ended the discussion. {189)

The major difficulty with Serfert’s model, and all the “problems”
that Gladwin raised with his navigator informants, spring from the
observation that etak segments are unsuitsble units for the meas-
urement of distance covered on a voyage. One interpretstion of this
state of affairs is that what appeared to be a logical organizing
principle in navigation may be a useful description in the abstract,
but that in the exigencies of use it is not strictly adhered to.
Gladwin concludes:

Although ETAK has for us much the quality of a systematic orga-
nizing principle or even logical construct, the Puluwat navigator
doses not let logical consistency or inconsistency, insofar as he is
awars of them, interfere with practical utility. (189}

There is, of course, another possihie interpretation: that the ep-
parent anomalies result from the unwarranted essumption thet the
etak segmeats are units of measurement. The gotioq that coasisteat
units of measurement are necessary for accurate navigetiog is one
of the fundameatal represeatational essumptions of our system of
aavigatioa-—so much so, in fact, that it is hard for us to conceive of
a system of gavigatioa that does aot rely on such units and a set of
operatioas for manipulating them. Yet there is no evidence in the
record that the etak segmeats perform that function, nor is there
any evideace of any set of meatal arithmetic operetions that would
permit e nevigetor to manipulete etak segments es though they
were units of distance,

A Conceptual Blind Spot

The following revealing incident occurred while Lewis was work-
ing with the master navigators Hipour of Puluwat and Beiong of
Pulusuk. According to Lewis:

On one occosion I was trying to determine the identity of an island
called Ngotik—there were no chorts to be consulted of course—
thot lay samewhere south-west of Ponope. It hos not been visited by
Central Carolinian conoes for several generations but was on ETAK
reference island for the Oroluk—Panape voyage and as such, its
star bearings from both these islands were knawn to Hipour. On his
telling me whot they were, I drew o diagram to illustrate that Ngatik
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Figurs 28  Lewis’s method of determining the position of the isiand Noatik.

must necessarily lie where these ETAK bearings intersected. [See
Jigure 2.8.] Hipour could not grasp this ideo ot oll. His concept is
the wholly dynamic one of moving islands. (1972: 142)

This passaga raisas saveral important quastions: Why did Lawis use
tha tachniqua of drawing tha intersacting bearings in order to de-
tarmina tha location of tha island called Ngetik? Why did Lewis
assuma that posing tha quastion tha way ba did would make sensa
to Hipour? Why did Hipour not grasp the idae of the intersecting
bearings?

Let us considar the questions about Lewis first. The techaique
Lawis used is clearly an effective one for the solution of this par-
ticular problem. It astablishes a two-dimensionsl constraint on the
locetion of Ngatik by combining two one-dimensional constraints.
It also contains some very powerful assumptions ebout the reletion
of the problem solver to the spece in wbicb the problem is being
solved. First, it requires e glohal representation of the locations of
the various pieces of land reletive to eech other. In eddition, it re-
quires a poiat of view relative to thet spece which we might call the
“bird’s-sye” view. Tbe problem solver does not {and cannot with-
out an aircraft) actually essume this reletion to the world in which
tha problam is posed. We can guess thet Lewis did this beceuse it is
for him e neturel framework in whicb to pose questions and solve
prohlams baving to do with tha relative locations of ohjects in e
two-dimansional spaca. Wastern navigetors make incessant use of
this point of view. When e Western nevigetor takes e bearing of
landmark, ha has a real point of viaw on a real space. Howavar, as
soon as ha laans over his chart, ba is no longer conceptuelly on the
hoat; ha is ovar tha sea surfaca, looking down on the position of his
creft in a represantation of the real local space. Novica nevigators
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sametimes find this change af viewpoint disorienting, especially if
the arientetion of the cbart daes not happen ta carrespand to the
orientation of nbjects in the world.

Beiang was elsa puzzied by Lewis’s essertion, and in reeching an
understanding of it he provides us with an important insight inta
the aperetian af the Micronesian conceptuel system:

He eventuolly succeeded in achieving the mental taur de farce aof
visuolizing himself sailing simultaneously from Oroluk ta Ponope
and from Ponape to Oroluk and picturing the ETAK beorings to
Ngotik ot the start of both vayages. In this way he managed to
comprehend the diagram and canfirmed that it showed the islond’s
pasitian carrectly. {143}

The nature of Beiong's understanding indicetes that far the
Caroline Island nevigator the star bearing of an island is not simply
the orientation of e line in space but the direction of o star paint
from the positian af the navigotor. In order to see thet the star
beerings would indeed intersect sach ather at the island, be bad to
imagine himself ta be et both ends of the voyage et ance. This
ellawed him to visualize the star bearing from Oroluk to Ngatik
radieting from e nevigatar et Oroluk and the star bearing from
Ponape to Ngetik radieting fram e navigator at Ponape. What
Hipaur probebly imagined wben Lewis esserted thet the island lies
where the bearings cross must beve been something like the situa-
tion depicted in figure 2.9. Contrest this with wbet Lewis imagined
be wes esserting {figure 2.8). Hipaur’s consternation is naw perhaps
mare understandeble. The star bearings of the etak island rediete
aut from the navigetor himself. From this perspective they mest
anly at him. In his canceptian of this voyage, the efak island begins
under one of these bearings and ends under the aother. That two
reletive bearings migbt meet anywhere other than et the nevigator
is incanceiveble.

Because the Caroline Island navigator takes a real point of view
on the real local space to determine the star bearings, it does not
seem likely that the mapping of etak segments onto an abstract
representation of the expanse of water between the islands is faith-
ful to his conception. Gladwin’s {1970) statement about the nav-
igator’s noting that “a certain number of segments have been
completed” and the diagrams that Lewis, Gladwin, and Sarfert use
to represent the changing relative bearing of the etak reference is-
land all contain two implicit assumptions: that the navigator uses
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Figare 29 Hipour's way of thinking about star bearings. For the Micronesian navigator, alf bearings
ofiginate at himaelf and radiate ouiward. This dlagram puts the Micronesian concoption in the
Westorn bird’s-eye perspective,

some sort of bird’s-eye view of the space he is in, and thet he con-
ceives of a voyage in terms of changes in tha position of his canoe
in e space upon which he hes an unchanging point of view. These
assumptions are true of the Western navigator’s conception of e
voyage, but they appear not to he true of the Carohne Island nav-
igator’s conception. These assumptions are at odds with the verbal
data (i.e., descriptions of the islands moving reletive to the nev-
igator) and with the behavioral date {i.e., consternation in the face
of whet ought to be a trivial inference}.

It is tempting to criticize the Caroline Island navigators for
maintaining an egocentric perspective on the voyage when the
global perspective of the chart seems so much more powerful. Be-
fore concluding thet the Western view is superior, consider the
following thought experiment: Go et dawn to e high place and
point directly et the center of the rising sun. That defines a line in
space. Return to the same high place at noon and point agein to the
center of the sun. That defines another line in space. I assert that
the sun is loceted in space where those two lines cross. Does that
seem wrong? Do you feel that the two lines meet where you stand
and nowhere else? In spite of the fact that the hines seem to he or-
thogonal to each other, they do cross et the sun. This is not in-
tuitively ohvious to us, because our usual wey of conceiving of the
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Flgure 2.10 A heliocentric depiction (not to scale} of pointing at the sun at dawn and then again at noon.
‘the sun is indead located whera the lines cross,

sun’s location is not to conceive of its location et ail. Rather, we
think of its orientation relative to e frame defined hy the horizons
and the zenith on earth. The rotation of the earth is not experienced
as the movement of the surfece of the earth around its center, but es
the movement of the celestial hodies around the earth. From e point
of view outside the solar system, however, the intersection of the
lines is obvious, and it is immmedietely epparent thet the sun is in
fact located where the lines cross (figure 2.10).

Our everydey models of the sun’s movement are exectly analo-
gous to the Caroline Island nevigetor’s conception of the locetion of
the reference island. The choice of representations limits the sorts
of inferences that make sense. Beceuse we Westerners beve all been
exposed to the ideas of Copernicus, we can sit down and convince
ourselves thet whet we experience is an artifact of our heing on the
face of e spinning planet. That is, efter ell, the “correct” wey to
think of it, but it is not necessarily the most useful wey. Modern
celestial nevigetion is deliberetely pre-Copernican precisely be-
ceuse e geocentric conception of the epparent movements of bodies
on e rigid celestiel sphere makes the requisite inferences ebout the
positions of celestial bodies much easier to compute than they
would be in e beliocentric representation. From e perspective out-
side the galaxy, of course, the heliocentric conception itself is seen
to be e fiction which gives an improved eccount of the reletive
movements of bodies within the solar system but whicb is incep-
eble of eccounting for the motion of the solar system reletive to the
other stars in the universe. Such e “veridical cosmology” is irrele-
vant to any present-day navigetor’s concerns,

These observetions place strong constraints on candidete models
of how the Carocline Isiand nevigetors use the efak system. Viable
models must not rely on arbitrary units of distance, nor should they
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inveive a bird’'s-eye view of the navigator and his craft situated in
some represented space,

An Aternative Model

Whet does the Caroline Island nevigator gain by using the concep-
tion of the moving reference island? Western navigetors find the
use of e cbart or some other model indispensable for expressing
and keeping track of bow mucb of the journey hes been completed
and bow much remains. While the Caroline Island navigators are
fully cepeble of imagining and even drewing charts of their island
group, these conceptions are not competible with the moving-
island and star-bearing conceptions they use while navigating.
Lewis’s diagram was nonsense to Hipour because Hipour never
takes e hird’s-eye point of view wben he is thinking about star
bearings. in eddition, even though the necessary technology is
evaileble to them, we know that the nevigetors carry nothing like e
cbart with them on their voyages.

Consider the Caroline navigator’s conception in its context of
use, At the outset of any voyage, the navigator imagines that the
reference island is over the horizon ahead of bim and to one side. It
is, for him, under the point on the borizon marked by the rising or
setting of a particular line of stars. During the course of the voyage,
the reference island will move back along its treck, remaining out
of sight of the navigator. As it does so, it will assume positions
under a succession of star bearings until it lies under the star bear-
ing that marks the course from the destinetion to the reference is-
land. If the helmsman bas kept e straight course, then the canoe
will he at the destination wben this happens. An important aspect
of this imagined sweep of the reference island hack along its track,
out of sight of the navigator, bas been ignored by recent writers on
Caroline navigation hut was noticed by Sarfert in 1911. Sarfort was
struck by the fact that the navigators conceive of the horizon as a
straight line lying paralle] to the course of the canoe. For a Western
navigetor, wbo normally conceives of the borizon as e circle
around bim, this is e puzzling observation. Why sbould these nev-
igators make such a counterfactual assumption?

Sarfert realized the importance of the fact that the Caroline nev-
igetor conceives of the borizon as a straight line and imagines the
epparent movement of the reference island beyond it. With this
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Figurs 211 {a) The standard Westem representation of the movement of the cance and changing star

bearings 10 the aiek istand. {b) The Micronesian representation of the same phenomenon as
tha movement of the etak isiand under the star bearings. (c} Hustration that the imaginad
movement of the efak jstand is a model of the movement of the cance along the course

image the horizon itself becomes a line, parallel to the course
steered, on which the progress of the reference island from initial
bearing through a set of intarmadiata baarings to the final bearing is
axactly proportional to the progress of the canoa from the island of
daparture across the saa to the goal island {8gure 2.11). Of course,
the navigator does not think of it from the bird’s-eya perspactiva
provided by the figure. Rather, the imagined movemant of tha etak
referenca island just undar tha borizon is a complate modal of the
voyage which is visualizabla (but not visibla} from tha natural point
of viaw of tha navigator in tha canosa (figure 2.12). It is a repre-
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Figure 212 The horizon with star points as seen from the canoe. When the navigator looks at the horizon,
he imagines the locations of the star bearings. In this diagram, the consteliation Ovion is
shown rising. This sefves a8 an anchor for the construction of the entire star compass, in-
cluding points defined by stars that are not presently visibie, The shaded region below the
horizon represents the water between the canoe and the horiron.

sentation of the spatial axtent of the voyage, and of one’s progress
elong it, that does not raquire aither the construction of a map or a
change of viewpoint. The straight-line-horizon conception is es-
sential to the transformation of angular displecement into linear
displacemant.

The image of tha etak reference island moving along just below
the horizon can ha quita naturally tied to the pessage of time. Part
of tha knowledga that e nevigetor has ehout every voyaga is tha
amount of tima he can expect the trip to take undar various condi-
tions, Suppose that the nevigetor knows for a particular voyage
that, undar favorable conditions, be will arriva at his goal aftar one
day of sailing. If he leaves his island of daparture at noon (a com-
mon daparture time), he can estimete that he will arriva at his des-
tination at ehout noon on the following day. In tarms of the
movamant of the reference island, this means that tha island will
move from a position under the initiel bearing to a position under
tha final hearing in one day {figure 2.13). Still assuming a normal
rata of trevel, he can essociete other timas during tha voyage with
other bearings of the reference island {figure 2.14). In so doing, he
not only hes e visuel image that reprasents tha extent of the voyege
in space; he elso hes one thet represants the voyage and its suhparts
in tima. If the sailing conditions are es expectad, the task of deter-
mining whera tha reference island is positioned ovar the horizon et
any point in tima is trivial. All the nevigetor naed do is determine
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Figure 213 The superimposition of starting and ending bearings on the star points. The star bearing of
the slak island at the start of the voyage fa under the star point definad by Antares. At the end
of the voyage the star boaring of the etak island is under the Pleiades. The etak is imagined to
move along beyond the horizon from the star polnt defined by Antares to the star point de-

fined by the Plelades.
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Figpre 214 Tomporal landmarks superimpased on star points and the image of tha etak island. The ex-
pected duration of the voyage is mapped uniformiy onto the space defined by the starting
and ending star bearings of the efak isiand.
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Figure 218  Just before midnight the navigator points to the efak isiand. Al he needs to do is point fo the
jocation of the current time on the time scale that is superimposad on the spatial landmarks

provided by the star points,

the time of day and refer to the imege of the reference island mov-
ing elong under the horizon. By pointing to the position on the
horizon thet represents the present time of dey, the nevigator hes
pointed directly et the reference island (figure 2.15).

The assumption that etak segments are units of distance led
Gledwin to three releted epparent inconsistencies: the supposedly
confusing effect of beving etak segments be of different lengths, the
conflicting boundaries of etk segments defined by using more than
one etak island et once, and the conflicting boundaries of etak seg-
ments et the beginning and end of e voyage (caused by using the
etak of birds and the etak of sighting in eddition to the star-bearing-
defined etak segments}). Gladwin found these conceptions “com-
pletely inconsistent with the theory as described ebove” {189).

In my model, there is no need to assume that the etak segments
are units of distance. We dispense with the notion that the numbers
of etak segments enter into e numericel computation of the pro-
portion of the voyage completed or remaining. The Inequality of
their lengths is not an ewkward conceptual problem; it simply
means thet on e typicel voyage the navigetor will beve more con-
ceptual landmarks defined by star bearings in the middie of the
voyage than et the ends. In fect, if we listen to the navigators, we
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find thet they are not talking ebout the spetial duration {length) of
the etak segments, but of their temporal duretion. As Gledwin
{1970: 187) notes, “Thbey start out being rether long {"slow’) and
then as the canoe passes close by, they become sborter {*fast’} as the
reference island swings under one star efter another, and then et
the end they are long again, e confusing effect.” The concern of the
nevigater is not bow far he trevels in e particular etak segment, but
how long be will travel before esserting thet the reference island
has moved back under the next star bearing.

When the concept of the etak segment is freed from the notion of
e unit of distance, the epparent problem of nusing more than one
stak island et ence, and the epparent problem of overlapping the
star-bearing-determined etak segments with those determined by
the range of birds and the range of sighting diseppear. Using one
etak island to eech side of a vayage gives the navigetor more con-
ceptual landmarks on his voyage. Tbere is no reason for it to be ¢
problem to the navigator. If two reference islands were on the same
side of the voyage, bowever, the nevigator would beve two com-
plete but non-coextensive sets of time-bearing correspondences
superimposed on a single borizon, and that probably would be ¢
source of confosion. But Sarfert {1911: 134) wes quite clear on this
issue; be said thet when two etak islands are used, they are chosen
“specifically in such e wey thet one lies to the left and the other to
the right of the direction of trevel.” The confusion that Gledwin
imagined with one reference island to eecb side does not arise,
since the etak segmenta are mepped not onto the course line but
onto the imagery on the borizon in front of the reference islands
{fguare 2.16).

The stretegy of including the etak of sighting and the etak of
birds is entirely consistent with the notion of the star-bearing-
defined etak division es e conceptuel landmark. The star-bearing-
defined etak segments are conceptual landmarks derived in e
particular way, and the etak of sighting is ¢ conceptual landmark
determined in another wey. Once established, they function for the
nevigetor in the same wey. They do not enter inte & numerical
computation; rether, they give the nevigetor a more direct repre-
sentation of where he is {or, ectually, wbere land is). In eddition,
since the star-bearing etak segments are slow in passing near the
beginning and near the end of the voyage, it mey be belpful to the
navigstor to beve the other conceptual landmarks et those points.
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Figure 2.16  The offect of using two efak islands, one on each side of the course. The star bearings of the
two efak islands do not interfere with each other, bacause they are mapped onto separute
images constructed on the horizons on opposite sides of the cowrse.

Whet of the phantom etak islands that correspond to no known
hethymetric feetures? If the conception of etak presented here is
correct, there is no need for there to ever he an island present et the
etak point. One need only decide, for any particular voyage, that
one is going to model the progress of the voyage es the movement
of an unseen point that starts out under e star hearing aheed of and
to the side of the course and ends up under e star bearing behind
and to the same side of the course. Such e phantom construct does
all the conceptual work required of the etak. Neisser has remarked
that the error of assuming thet etak islands must be safety islands to
which ona sails in cese of danger is “an overly concrete inter-
pretation of the nevigators ehstract idea” {Neisser 1876, cited in
Frake 1985).

This conception and this technique make computing the location
of land trivial when conditions ere favorahle. Suppose, however,
that e voyage must he mede under conditions which differ from
those expected et the outset of the voyage. How could the nsvigator
updete his image of the movement of the reference island to reflect
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what is happening to his rata of travel? Tha kay to this prohlam lias
in the judgement of speed and in the way that this judgamant is
expressed. Any experienced Western yachtsman can make fairly
accurate judgements of his hoat’s spead thiough tha water without
the aid of instruments. By attending to the feel of the boat as it
moves through the water, the accelerations developed as it moves
over waves, the feel of the apparent wind, the appearance and
sound of the wake {it sizzles at speeds in excess of about 5 knots},
tha rasponsa of tha halm, and many othar sansations, the smali.
hoat sailor can maka judgements that ha normally exprassas as a
numhbar of units—usually knots. Tha knot is a good choice for the
yachtsman; as one nautical mila par hour, it is convanient for suh-
sequent numerical calculations. Opna might have expressed the
speed as furlongs per forinight, or on a scale of how thrilling it is,
hut naithar of thasa fits aspeciaily wall with useful subsaquent cal-
culations. The same must be true for the Caroline Island navigators.
Thara is no doubt that they can maka accurata judgamants of speed;
however, expressing those judgements in terms of knots would not
he advantageous at all for them, because that unit is not compatible
with any interesting computstions on a visual imaga of tha moving
refarence island.

Clearly what is wanted is an expression of speed that hears a
compatible relationship to the imagery. Consider the following hy-
pothetical scheme. At some point in the voyage {and it could be
any point, Including tha vary heginning} the speed of tha canoce
changes. The nsvigator reconstructs his imaga of the movement of
the reference island with the time landmarks placed in accordance
with the previous speed. if the change occurs at the very beginning
of tha voyaga, tha usual or dafault spaad will be taken as the pre-
vious speed. Let tha segmant of the horizon from the present posi-
tion of the reference island to any convenient future time landmark
represent the previous speed {see the segment labeled "old rate” in
figure 2.17). This represents the expected movement of the refer-
ence island at the previous speed during the period between the
present tima and the temporal landmark chosen. The prohlem is to
datarmina tha movamant of tha rafarenca island during tha sama
time period at the new speed. If the new speed is greater than the
old speed, than tha reference island will move further along the
horizon in tha sama pariod; if tha speed is lass, tha movamant will
be less. Using tha old rate as a scala, imagine anothar segment
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Figure 217  Reconstructing the atak imagery to reflact a change of speed.

(“new rate” in figure 2.17}, starting et the present position of the
reference island and extending in the direction of the epparent
movement of the reference island. This segment represents e
judgement of the megnitude of the new speed relative to the old
speed. Now simply move the time landmark from the end of the
old-rate segment to the end of the new-rate segment. The new-rete
segment now defines the new time scale for the new speed. The
other time landmarks for subsequent portions of the voyege can be
moved accordingly, es in the figure, and a complete new set of ex-
pectations for the times et wbicb the etak reference island will es-
sume future positions is acbieved. This procedure can, of course,
be epplied anytime there is e noticeable change in the rate of trevel
of the canoe through the water. Tbus the nevigetor can elweys keep
an updated set of time-bearing correspondences for the efak refer-
ence island wbich aliows him to geuge bow much of his voyage bes
been compieted and how mucb remains,

The notion of the changing bearing of the reference island can be
accommodated by our usual way of thinking, in wbich the canoe
is in motion wbile the islands remain fixed. Why, then, would
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Micronesian navigators insist on what they know to be a fiction and
imagine that the canoe is stationary, with the islands in motion
about it?

All nsvigation computations make use of frames of reference. The
most prominent aspect of the Micronesian conception is the ap-
perent motion of the etak island against the fixed beckdrop of the
star points defined by the sidereal compass. Here there are three
elements to be related to one another: the vessel, the islands, and
the directional frame. In order to preserve the observed relation-
ships of motion paraliax, one can have the vessel and the direction
frame move while the islands stay stationary {the Western solution}
or one can have the vessel and the directional frame stationary
while the islends move {the Micronesian solution}. In the Western
case, the directional frame is a compass, or e gyrocompass, and it is
carried with the ship. In the Micronesian case, the directional
frame is defined by the star points of the sidereal compass, and the
star polnts ere fixed. Each of these schemes makes some things easy
to compute and others difficult.

The islands move for the Micronesian navigetor, because it is
computationally less expensive to update their positions with re-
spect to the frame defined by the navigator and the star points than
it is to update the positions of both the navigetor and the star points
with respect to the positions of tha islands {Hutchins and Hinton
1984},

Summary

The position-displecement constraint is represented locally in the
Micronesian system in svery inter-island course, Sailing e constant
beeding from e known locetion implicitly represents e line of
position, A second line of position is sestablished by the imagined
bearing to the efak island. The position of the canos is establisbed
as simultaneously setisfying these two one-dimensionel con-
straints, aithough the two representations are not superimposed
directly on eech other, as they are on the Western nevigetor’s chart.
Tbe line of position representing the treck of the canoe is implicit
in the steered course of the canoe. Tbe concepts of the efok of birds
and the etak of sighting provide e circle of position constreint.
Depth contours are also used, and the Micronesian navigetors
prectice a form of guyot bopping on some voyages by sailing from
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seamount to seamount. Even thougb they do not encounter land,
they are eble to determine their position by the discoloretion in the
weter ceused by the presence of the submerged seamount. Tbe
distance-rate-time constraint is explicitly represented in the super-
imposition of temporel landmarks on the spetial landmarks defined
by the star bearings of the etak island. In this system there are no
universal units of direction, position, distance, or rete, no analog-
to-digital conversions, and no digital computetions. Insteed, there
are many special-purpose units and an elegant wey of “seeing” the
world in which interpal structure is superimposed on externel
structure to compose e computationsi image device. By construct-
ing this image, the Micronesian nevigator performs nevigetion
computations in his “mind’s eye.”

Pre-Modern Westerm Navigation

The prectice of modern nevigetion is of more recent origin than
many of us prohehly imagine. Before the introduction of the meg-
netic compess {around 1100 A.D.}, nevigation in European weters
looked e good deal like o rether unsophisticeted version of Micro-
nesian nevigetion. We do not know the extent to which the sim-
ilarities between the two systems are due to independent invention
or how much they share from e common origin. Some scholars
heve ettempted to find ® common Areh origin for some of the fee-
tures (Lewis 1978}, hut the evidence of such e connection is scanty
et best. Whatever the reesons for their existencs, consider the fol-
lowing parallels.

Before the discovery of the magnetic compess needle, the sun
and the stars were the guides for Western navigetion. In the Odys-
sey, Homer has Odysseus come home from the west hy keeping the
hear (the Big Dipper) on his left and sailing toward the rising of the
Pleiades and Arcturus. The Pleiedes and Arcturus heve similar de-
clensions {they rise out of the same point in the eestern horizon}
and are 11 hours different in right ascension (they are on opposite
sides of the night sky), so one or the other would be in the sky on
any night regardliess of seeson (Teyior 1971). This is clearly e linear
constelletion construct, eithough having only two stars in the con-
stellation is of lizited utility {since the nevigetor will not alweys
heve one of the stars near enough the horizon to he useful for

course setting).
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I ancient Greece, very sbort distances were givan in stodio {e
stade is ebout e tenth of a mile}, but longer distances in early voy-
ages were given in terms of e day's sail. This was the distance a
“normel ship would eccomplisb during a twenty-four-bour run
with e fresb following wind” (Taylor 1971: 51}. Tha units in which
the distances batwean islands are given in the Micronesian system
are based on exactly the same concapt, the only difference being
that Micronesians are interested in e dey’s sail of e canoe {Riesen-
berg 1972). This still requires the nevigator to recognize the condi-
tions undar which a "dey’s sail”’ will be eccomplisbed in e dey.
Making this judgement is probably the sort of skill thet no precti-
tioner can describe in detail—'‘But ever since seiling began, mas-
ters and pilots beve alweys prided themselves on knowing the 'feel’
of their ship and how mucb way sbe was making” {Teylor 1871:
52}.

Tbe kenning, “e unit of distance used by early mariners, equive-
lent to tha distance at which the shore could first be seen from the
offing wben imaking landfall” {Cotter 1983b: 260], eppears to be e
European version of the efok of sighting—althougb, since the decks
of Buropesn ships are generally higber than the decks of Micro-
nesian canoes, it is e greater distance. This is e salient concept for
mariners of all kinds. In the Western system it became the basis of e
unit of distance. Once determined, it wes used as e unit of distance
in seiling directions thet give “the kennings between beedlands
and ports" (Cotter 1983b: 255).

The sighting of birds has been important in the Western tredition
since biblicel deys. Fuson (1987) reports the following entries in
the log of Christopher Columbus on his first voyage to the New
World:

Later in the doy I sow onother tern thot come from the WNW and
flew to the SE. This is o sure sign thot land lies to the WNW becouse
these birds sleep oshore ond go to sea in the morning in seorch of
food, ond they do not fly sixty miles. (65}

I know that most of the islonds discovered by the Portuguese hove
been found because of birds._ {71}

The first quote shows that Columbus was not only using the be-
bavior of birds to find land, be was also making the same sort of
inferences as are made by the Micronesian navigators, The second
quotation gives an indication of Columbus’s estimation of the im-
portance of this technique. Since in the century before bis voyage
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no European nation had discovered mora islands than Portugal,
this is a strong andorsamant of the technique.

Whan Europeans first vantured into the opan ocaan, thay could
rougbly datermine latituda by measuring tha altituda of tha North
Star, or of tha sun as it passad tha local meridian. Yet thay had no
way to datarmina thair longituda with any accuracy. To find an
island known to ba at a particular latituda and longitude, a Euro-
pean navigator would attampt to arrive at the target latituda wall
upwind of the target longituda; ha could then simply sail down-
wind, meintaining tha specifiad latitude until tha island was
sighted. This techniqua of “latitude sailing” was probably prac-
ticad by traditional Pacific navigators too, although bacausa of the
nature of the traditional practices the evidence is simply lacking. It
is interesting to nota, bowaver, that a young Hawaiian navigator,
Nainoa Thompson, who apprenticad himself to an exparienced
Carolina Island navigator, bas invanted or discovared a technique
for determining the latitudes of specific islands at saa, and has usad
this technique to support the latitude-sailing strategy in long-
distance voyages between Hawaii and Tahiti without tha aid of in-
struments, The technique relias on the observation of pairs of stars
rising out of or satting into the horizon. At a particular latitude, if
one can find two stars that rise out of the aastarn borizon at tha
same instant, than tha mora northerly of the two will rise before tha
othar wben tha obsarvar is north of that latitude, and the more
southerly of the two will rise bafore the othar wben the observer is
south of that latituda. By identifying a few pairs of stars for aach
target island, it is possible to use the latitude-sailing strategy with
great accuracy.

The Divergence of Traditions
The similarities between early European navigation and Micro-
nesian nevigation are hased on regularities in the world that are just
too useful to miss, The differences between the two traditions are
many and eppear to have increased in number over time. The
divergence of the traditions can he traced through three closely re-
lated trends in the development of Western nevigation: the in-
creasing crystallization of knowledge and practice in the physical
structure of artifacts, in eddition to in mental structure; the devel-
opment of measurement as anelog-to-digitel conversion, and the
concomitant reliance on technologies of arithmetic computation;
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and the emergence of the chart as the fundamental model of the
world and the plotted course as the principal computational met-
aphor for the voyage.

The Crysialization of Knowledge and Practice in the Physical Structure of Artifacts

The Micronesian nevigetor bolds ell the knowledge required for the
voyage in his head. Diagrams are sometimes constructed in the
sand for pedagogical purposes, but these {of course)} are only tem-
porary and are not taken on voyages. In the Western tradition,
pbysical artifacts became repositories of knowledge, and they were
constructed in durable media so thet e single artifect might come
to represent more than any individual could know. Furthermore,
through the combination and superimposition of task-relevant
structure, artifacts came to embody kinds of knowledge thet would
be exceedingly difficult to represent mentaily {Latour 1986). Many
of the instruments of Western nevigetion are based on the principle
of building computational constraints of the task into the pbysicel
structura of the artifact. I will illustrete this pervasive stretegy with
just e faw examples.

THE ASTROLABE

The astrolahe (figure 2.18), e portahle mechanical model of the
movements of the heevens, wes invented in Greece arcund 200 B.C.
Preserved during the Dark Ages hy the Byzantines, it was not much
modified hy the Arehs, vie whom it returned to the West around
1000 AD.

An astrolebe is a memory for the structure of the begvens. As we
sew in the discussion of Micronesian nevigetion, it is possible for
an individual nevigetor to learn an internel image of the beavens so
ricb thet be can recognize arrangements of stars, and even imagine
the locstions of stars thet ars obscured by cloud or the borizon.
Howevaer, it is not possible with sucb mental representations to
contro] all those spetial reletionships with the sort of precision thet
is possible in e durable external representation. In an externsl rep-
resentation, structure can be built up gradually—a distribution of
cognitive effort over time—so thet the final product mey be some-
thing thet no individual could represent all et once internally.
Furthermore, the astrolabe encodes a kind of knowledge thet can-
not be represented internally. In this respect, it is e pbysical
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Figure 2.18  An astrolabe, which superimposes several kinda of structure to cresie a colesilal computer.

residuum of generetions of astronomical practice. It is e sed-
imentation of representations of cosmic regularities.

The astrolabe also enables its user to predict the positions and
movements of the sun and the stars:

Because the astrolabe can be set ta show the positians af these
heavenly bodies at different times af day ar night, on different dates
and or different latitudes, the instrument is also a computer, serv-
ing to solve problems cancerning the positians of the Sun and stars
at any given time. {Natianal Maritime Museum 1976)

Any map of the heavens can capture the relationships among the
stars. The astrolabe goes further. The physical structure of the
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moving parts of the instrument ceptures regularities in the move-
menta of the heevens and the effects of latitude and time on the
obsarvations of tha heavens. Thus, the astrolabe is not just e mem-
ory for the structure of the sky; it is also an analog computer.

The major components of an astrolaba are the mater, the limb,
the plate, and tha rete. The mater is the framework that holds the
other pieces togather. Tha limb is a circular scele around the peri-
meter of the meter. The limh is inscribed with a 360° scale and/ora
24-hour scale. In either casa, the limh is a representation of the
structure of sidereal time. Each astrolaha is really a kit that can be
essembled differently eccording to the circumstances of its use:

As the canfiguratian of the celestial caardinates changes accarding
to the latitude of the abserver, ¢ set of remavable plates—same-
times as many as six, engraved an both sides-is usually supplied,
fitting inta the hallaw af the mater, sa that the user can select the
plate mast apprapriate ta his awn latitude. (Natianal Maritime
Museum 1976: 14}

The interchangeable plates capture regularities in the effects of ob-
server latitude on the relations of the celestiel coordinetes to the
local horizon. Of course, it is not possible to provide a plate for
every observer latituda, since latitudes are infinita in number. The
pletes provide e cosrse discrete representation of the effects of let-
itude. Even with a large numbar of pletes, the representation of
ohserver latitude will be epproximete most of the time. The rste
captures the locetional reletionships of the stars to one another and
thet of the sun to the stars.

The assembled astrolebe brings these three kinds of structure
{and much more) into coordination just the right way so thet the
interections of these variables can be controllad in the manipule-
tion of the physicel parts of the instrument. An estrolebe can be
mede of durable meterials beceuse the regularities it ceptures
change only very slowly. The variebles that do change, observer
letitude and time of cbservetion, are represented in the physicel
structure of the astrolabe either by changeeble parts {pletes for eech
latitude} or by changeable relations among parts {the rotation of the
rete ebout the axis with respect to the plate and the limb). The
constraints of the represented world are thus built into the physicel
structure of the device. The astrolabe is e manipuleble model of the
heavens—a simulator of the effects of time and latitude on the re-
lationships of the heevens to the horizon. The astrolabe is an early
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example of a general trend toward the representation and solution
of computational preblems via physical manipulations of carefully
constructed artifacts,

THE COMPASS ROSE AND RECKONING THE TIDES

Frake {1985} providas an aspecially interesting axample of the
ways in which a variety of kinds of structure are comhinad in a
single artifact to creata a computational systam. Frake is intarastad
in what Northarn Europaan sailors knew ahout the tides and how
they went about knowing what thay know. Although ha is intar-
ested in tha tidas, his account begins with tha so-called wind rose:

The schemo of directions . .. resulted from a successive division of
the quodrants of o horizon circle formed by north-south and eost-
west lines into 8, 16, and finally 32 named (not numbered}
points. ... Similor schemota for segmenting the circle of the hor-
izon with invoriant directionol axes characterize all known early
seaforing traditions: those of the Pocific, the China Seq, the Indian
Cceon ond Europe. In the various traditions, compass directions
could be thought of os, ond nomed for, star paths (as in the Pocific
ond the Indion Oceon} or wind directions {(as in island southeast
Asio ond Europe). In oll cases, the compass rose provided on in-
variont representotion of directions which were, in foct, determined
ot sea by o variety of means: the sun, stars, winds, swells, lond-
marks, seamarks, sea life and, in loter times, the mognetic needle.
(Frake 1985: 262}

The wind rose is an ancient schema that, for most of its history
and in most placas, had nothing in particular to do with represent-
ing knowledge of the tides. in tha Maditerranean, for example, the
tides vary so littdla that marinars can safely disregard them. in
Northern Europe, by contrast, tidal variations are large, and tha
ahility to predict the tides is of great value to mariners, Tha use of
the medieval compass rosa in the pradiction of tides is a fine ax-
ample of the empirical construction of an artifact in the ahsence of
a theory of the phenomanon it permita navigatore to predict.

Tha compass rose as a schema for the expression of directions
was appropriated as a schama for the representation of time as wall
{sea figure 2.19):

In whotever manner time was determined ot some moment, it wos
thought of ond expressed os o composs beoring. The sun beors
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Compiting the tide from the superimposition of temporal landmarks on the compass rose,

south ot noon. It was therefore thought of os bearing north ot mid-
night, east ot 6 o.m. ond west ot 6 p.m. Only the first of these bear-
ings is of practical doily use in northern Europe for determining
time. The other bearings were woys of expressing time. (Frake 1985:
264}

Here we have the superposition of two kinds of structure: the tem-
poral structure of the 24-hour solar day on the 32-point compess
rose. This yields e set of correspondences between direction and
solar time.

If the bearing of the sun is an expression of solar time, the hearing
of the moon can likewise be seen as an expression of lunar time.
The tides result from the grevitational pulls of the moon and the
sun, The effects of the moon predominete. Aithough the tide does
not simply follow the moon in any ohvious manner, the phase of
the tide et any particular place is alweys the same when the moon
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is et any given hearing. That is, for any particular location, the high
tide elweys comes et o particular lunar time. Medioval mariners
noticed this fact:

Medisval soiling directions, ond presumobly the memories of soi-
lors before written directions, specify the tidal regime of o given
ploce by stoting the lunar time, nomed os o composs bearing, of o
given stote of the tide, usuolly high. (Frake 1985: 265)

With both solar and lunar time superposed on the compass rose,
the reletionships between solar time and lunar time can he ex-
pressed as directional relationships. A sailor who knows the lunar
time of hagh tide for e given locetion can use the superposed lunar
and solar time representations to compute the solar time of high
tide. For example, if it is known that et o given locetion the high
tide will occur when the moon hears WSW,

the soilor hos to determine the solor time corresponding to “WSW
moon” on o given dote ond also colculote the stote of the tide ot
any other solar time. It is in the solution of this problem thot the
composs rose as cognitive schemo shows its merits. {(Frake 1985:
265)

The simplest case occurs when the phase of the moon is new. In
that cese, solar ime and lunar time are the same, and the time of
high tide will be when the moon {and therefore the sun es well)
hears WSW. Thet is, high tide will come et 4:30 p.m. If the phase of
the moon is other than full or new, the sailor will have to first de-
termine the relation of solar time to lunar time in order to compute
the time of tha high tide. It just so happens that dividing the 24-
hour dey into 32 equal intervals yields intervals of 45 minutes
each:

Eoch doy, lunor time, ond the tide following it, logs behind the sun
by obout 48 minutes. Our composs points divide time into 45-min-
ute intervals, close enough to 48 for tidol colculotion. {Frake 1985:
265}

Suppose e sailor finds himself epproaching this harbor five deys
past the full moon. Since the moon and the tide leg 48 minutes he-
hind the sun eech dey, “we can count five points of the compess
post WSW to NW hy W, e point which marks the solar time of 815"
(Frake 1985: 265). In this wey, the sailor can compute the solar time
of the high tide (and therefore the other tides as well} hy knowing
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the pbase of the moon and the establishment of the port {figure
2.19).

The tidiness of the compass rosse as e representation of these re-
lationships is an entirely fortuitous property of the mepping of the
24-bour dey onto the 32 points of the compass rose. The segmen-
tation of the compass rose into 32 points and the segmentation of
the dey into 24 bours arose independently. Tbeir reletionship just
happens tc map epproximetely onto the 48-minute daily lag of the
moon behind the sun thet results from the relation of the 29.5-dey
lunar cycle to the 24-bour dey.

The superposition of the scbeme for the 24-bour dey on the
scheme for the 32-point wind rose yields a system of temporal and
spatial landmarks on whicb the correspondences of the states of the
tide and time can be imagined and represented. This is reminiscent
of the superposition of temporal and directional landmarks that the
Micronesian navigstors use to computa their progress on e voyage.
Frake noted the sbstract similarities of the two systems:

It is the relotionship between determining direction ond determin-
ing time thot mokes the use of o single schemo, the composs rose,
oppropriote for representing both direction ond time. But the com-
pass rose is pot o time-finding instrument. It is o very obstract
model, o cognitive schemo, of the relotions of direction to time, of
solar time to lunor time, and of time to tide. It is on etak of medi-
eval novigotion. (Frake 1965: 266}

Frake’s comparison of the compass rose used to compute tides to
the Micronesian concept of etak is bazed in the ebstrect properties
of both as organizing schemata. I believe that the links are even
stronger in that both systems echieve their computsetional power by
superimposing several kinds of representational structure on e sin-
gle framework.

Both of these devices-—the astrolabe and the compass rose as tide
computar-—~invelve tha crestion of pbysical artifects wbose struc-
tures capture regularities in the world of phenomene in sucb a way
that computations can be performed by manipuleting the pbysical
devices. it shouid be noted, bowaever, thet the use of the compass
rose as a tide computer is a bit more like the Micronesian nevige-
tion case, in that an important part of the structure is not explicitly
represented in the artifact itself but is insteed supplied by the situ-
eted iooking of the nevigetor.
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Measurement and Technologien of Digital Computation

A second clear difference between the Micronesian and Western
navigation traditions is the reliance of the latter on maasurement
and digital computation. This difference is apparent in the history
of the chip log.

THE CHIP LOG

The spreed of the use of the chip log in sbout 1600 marks an im-
portant turning point in the history of Western navigetion. Before
this, European nevigetion wes based primarily on analog compute-
tions. The log geve rise to e computational process thet begins with
analog-to-digital conversion, which is followed by digital compu-
tation, then either digital-to-analog conversion for interpretation or
digital-to-analog conversion followed by analog computation.
Waestern navigators have been precticing this style of nevigetion for
less than 400 years,

The chip log is e simple analog-to-digital converter that converts
the rate of travel of e ship through weter into & number by making e
direct measurement of the distance the ship moves in e given unit
of time, A panel of wood, called the chip, is tied to e line and
thrown over the side of the ship (figure 2.20}. It remains stationery

Figure 220 A chip log. {From Maloney 1985.)
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in the water while the ship sails ewey from it. The line attached to
the chip is allowed to pey out, and the amount of line thet peys out
it a given period of time is the distance the ship has travelad in that
same period. Since speed is distance per unit time, this distance is,
hy definition, directly proportional to the speed of the ship. In the
early days of the use of the chip log, the interval of time was
measured hy the duretion of e spoken preyer. Leter, to increase ac-
curecy, e sand gless was used insteed. To measure the distance
covared, one could reel the line beck in and then meesurs the
amount that had paid out during the given interval.

it would be exceedingly difficult for a single person to parform
this procedure with accurecy. I heve witnessed the use of e tradi-
tional chip log aboard the restored lete-nineteenth-century Swedish
cargo schooner Westkust. The procedure requires three people
working in close coordinetion. One manages the chip and the line,
throwing the chip overhoard, letting the line run through his fin-
gers, and calling out when the end of the “stray line” has passed
his hand. A second person inverts e sand glass when the first in-
dicetes that the measured portion of the line is now streaming out,
and calls out when the sand has run out. When the time is up, the
first person grips the line and stops peying out the line. This stop-
ping is assisted hy e third persen, whe has been, up te this point,
helding the spool on which the line is wound so that it can fiow out
smoothly. The line is dressed with tassels hanging from the knots
so thet the numher of eech knot can be discerned et e glance. The
numbher of the knot nearest to hand is noted, and the line is pulled
in and wound onto the spoel.

Columhus did not mention the use of e chip leg, although hs
logbooks do contain entries recording speeds. It is essumed that he
either estimeted his speed hy eye or used e precursor of the chip
log thet invelved “dropping e piece of wood into the weter and
timing the pessage from bow to stern” (Fuson 1987: 44). As with
the early chip logs, the interval of time wes meesured hy the re-
citation of e chant or a prayer. The first certain use of the chip log
was on Magellan's voyage in 1521,

The use of the log or any other technique hased on the distance
covered hy the ship requires both e consistent unit of distance and
e means of reliahly meesuring distance in thet unit. This wes ec-
complished hy preparing the log line in a special wey:
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By [1633] it hod become the general practice to mark the log line so
os to focilitate the calculotion of speed. This was done in the fol-
lowing way. If o half minute gloss was used then the length of line
necessory to indicote o speed of one mile {of 5000 feet) per hour
was {30 x 5000 ft}/(80x 60) or 4 1§ fest. In other words, ot one mile
per hour the ship wauld odvance, ond the line would run out 41%
feet in 30 seconds. The line was then divided os follows: From 10 to
20 fathoms, depending on the size of the ship, were ollowed os
“stray line” next to the log chip, to ensure it being clear of the effect
of the wake. The end of this stray line was marked either by o knot
or o piece of red or white rag, ond then from there the line was
divided into sections of 413 feet or 42 feet, each section being
marked by o knot in the line. Thus come into being the term known
os the measure of o ship’s speed in nouticol miles per hour.
{Hewson 1983: 160}

Even with these refinements, the chip log wes not a very accurate
instrument. Many things could induce errors in the readings. The
friction of the spool, shrinkage of the rope, the surge of the ship
working in steep seas, the effects of currenta, and the yawing of the
ship with a swell on the quarter were among the many things that
could cause significant errors. For e nevigator relying on a log,
there is no choice hut to expect error and ettempt to ellow for it.
just as a carpentar would rether err on the long side in cutting e
piece of wood {so that any error can be corrected with minimal
waste of meterial} e navigator prefers to overestimate the distance
sailed in order to evoid an unexpected landfall. If an error is made,
it is hetter to have overestimetad the distance sailed, so that the
problem can be corrocted without losing the ship.

Log lines can shrink with use, so it is important to check tha
length of the segments between the knota. This “‘was facilitated in
most ships by beving permanent marks of nails driven into the
deck” (Hewson 1983; 166}. Decks don't stretch and shrink es ropes
do. Putting the calibrating nails into the deck is e wey of creeting ¢
memory for the lengths hetween knota in the log line in e medium
that has physical properties that match the computetional needs
of the task. in this case, tha marks on the deck are a memory for
distance.

in the lete eighteenth century many attempta were made to de-
velop more eccurete weys to measure speed or distance run
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through the water. Thasa incdluded the taff-rail and paddle-wheel
logs (Hewson 1983). Although the details of thair implementation
varied, these wera all simple analog-to-digital convartars that stood
in the same relation computationally to other navigation tools that
tha chip log bad.

Tba importance of tha chip log is that it changed tha way nav-
igation was done. Rather than knowing a journey sbouid take soma
numbar of days and counting days until the required numbar bad
elapsad, a navigator using a chip log usad the concept of distance
batween points and the integration of speed ovar time to detarmina
the distance covared by the ship. Heving creatad a digital repre-
sentation of spaad, the chip log creatad a naad for a method of cal-
culation that could operata on that rapresentation to tall tha
navigator what ba needed to know.

Tba chip log and ita descendants are among the many maasuring
instruments that antered tha navigation tool kit during the Euro-
paan expansion. Others includa a succession of instrumants for
measuring tha altitudes of stars {astrolabe, quadrant, cross-staff,
saxtant), range-measuring instruments, instrumants to measure
bearings, azimuths, and coursas, and instruments to measure
dapths. All of these are analog-to-digital converters. All of them
creata represantations that are subsequently procassad using a
special arithmetic technology in order to produca information that
is of usa to the navigator,

Considar the enormous importance of common logarithms. With
a tabla of logarithms, one can transform multiplication and division
into addition and subtraction. That is, wben numarical values are
expressad as logarithms, the complex typographic operations re-
quired for multiplication and division {the algorithms of placa-
value arithmetic) can be raplaced by a simplar set of typographic
operetions that implement addition and subtraction. Speaking of
Edmund Gunter {1581-1628), Cotter {1983a: 242} says:

He introduced the first tables of logarithmic trigonometrical func-
tions, without which a seamnn would find almost insurmountoble
difficulty in solving astronomicnl problems. It was Gunter's Tables,
published in 1620, that paved the way to the new phase of
“arithmetic navigntion.” Armed with the new logarithmic canon, a
mvigntor who memorized the necessnry rules could solve nnutical
nstronomical problems with relative ease.
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But the seamen of the time found even the simplified celculetions
deunting, so Gunter designed e ruler with e number of scales:

Among these are o logarithmic scole of noturol numbers, logo-
rithmic scales of sines, tongents and versines; ... ond o “meridion
line” to focilitote the construction of seo chorts on Wright’s projec-
tion.... With the odvent of “arithmeticol novigotion,” in which
Gunter ployed the dominont role, the comimnon log for measuring o
ship’s speed became commonploce. To the careful seomon using o
Gunter scole the proportionol problem of finding speed was me-
chonicol ond, therefore, triviol. {ibid.}

The predecessor of the slide rule is epparent bere. In foct, it eppears
thet two of Gunter’s scales were sometimes “laid down on rulers to
slide by eech other” {Oxford English Dictionory, 1971). Again we
have an artifact on which computations are performed by pbysical
manipulation. However, there is an important difference between
the astrolebe and Gunter’s scale in this regard. In both ceses the
constraints of e represented world are built into the pbysical struc-
ture of the device, but in the case of Gunter’s scale the represented
world is not literally the world of experience. Instead it is e sym-
bolic world: the world of logarithmic representetions of numbers.
The regularities of reletions among entities in this world are built
into the structure of the artifect, but this time the regularities are
the syntax of the symbolic world of numbers rether than the pbys-
ics of e literal world of earth and stars. The representetion of sym-
bolic worlds In pbysical artifacts, and especially the representetion
of the syntax of such e world in the pbysical constraints of the ar-
tifact itself, is an enormously powerful principle. The chip log and
Gunter’s scale are representetive elements of e cognitive ecology
based on measurement and digitel computetion.

The Chart as & Model of the Workd

The navigation chart—perbaps the best availabla example of the
crystallization of practice in a physical artifact--is intimately in-
volved in the prototypical cycle of measurement, computation, and
interpretation that charactarizas so mucb of Western navigation.
Thase characteristics of tha chart will ba developed in much more
detail in the coming chapters, At this point it is useful to examine
another contribution of the cbart that marks ona of tha most im-
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portant alamants of the Western conception of navigation. Tbe
chart, by virtua of its interpretation as a modal of an axpanse of
ectual spaca, ancourages e concaption of a voyage as sequence of
locations on the cbart.

Descriptiva sailing directions were tha principal navigation aids
up until tha and of the eigbtaenth century. Tbase documents de-
scribe to the sailor bow to proceed with tha voyaga and what ba can
axpact to sae. Tben, with tha continuad improvament of survay
tachniquas and tha increasing range of areas accuretely surveyed,
sailing directions ware supplantad by tha pictoriel chart. This
marks an important cbanga in perspectiva. Where the sailing di-
rections presentad tha world from tha perspective of the deck of tha
ship, the coastal chart presantad the world from ebove—from a
virtual perspective (& “bird’s-eye view”) that nevigetors would
never actually axparianca. Modern navigetors may taka to tha air
and edopt something vary lika a bird’s-eya view, but this is not in
fact tha parspective presentad by the nevigetion chart. Tha navige-
tion cbart presents the world in a perspective that can navar ba
echiavad from any ectuel viewing point.

A cbart must be more than an accumuletion of obsarvations. Tha
structure of the chart is crucial (Cotter 1983b). The importanca of
tha compess in the actual practica of navigetion wes paralialed by
its contribution to tha quality of chart production. The compass
made it prectical to make accureta cbarts. It wes possihle bafore (by
means of tha stars) to gat directions for bearings and coursas, but
not nearly so conveniently. Evan wban e compass wes usad, sari-
ous problems in chart construction ramained. For example, early
charts of tha Maditerranean showad a pronocunced upward tilt in
the aastern and. This tilt was producad by the difference in mag-
natic variation batween the westarn and aastarn reaches of the
Maditarranaan See. If tha cartograpbar uses a magnetic compess to
maka the cbart, and the nevigator usas a magnatic compess to de-
tarmina coursas, and if both compassas sbow tha same errors in tha
sama plecas, wby would anyone cara and bow could anyone aver
notice that the charts put the land in tha wrong places?

TAKING THE MEASURE OF THE EARTH

Thbe distortions in charts produced by changes in megnetic varia-
tion became an issue when the cbart became a point of articulation
between the measure of the earth and celestial cbservations. In or-
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der for the effects of distance covered on the face of the globe to be
reconciled with the ettendant, and also measurehis, changes in lat-
itude {a relation to the celestial spbere}, the unit of meesure for
distance bad to be grounded in the meesure of the earth itself. Tbet
is, e degree of arc on the earth’s surface is e particular distance, and
nevigetore wanted to be eble to combine and interrelate measure-
ments mede in terms of distance traveled with measurements of
latitude. For example, if { am currently 2° south of my home port,
sailing north, how far, in units of distance on the surface of the
ocean, must I sail to arrive et the latitude of my home? The question
is: How mucb linear distance on the surfece of the earth corre-
sponds to a degree of arc on the same surface? As we saw in the
discussion of the historical chbanges in the length of the nautical
mile, establishing a standard that permitted the cbart to be a point
of articuletion hetween the measure of the earth and the measure of
the beevens was no simple tesk:

The north-up convention is cleorly reloted to the concept of defin-
ing pasition in terms of latitude and longitude. For coastal novigo-
tion this concept is of no consequence: a coastal navigotor is
interested in defining his ship’s position not in terms of these
spherical coordinotes, but in terms of beorings ond distances from
prominent landmorks of hozards such as rocks ond shoals. Early
coastal charts, therefore, fond with good reoson} were orientoted
relotive to the run of the coast rather thon to the compass. (Colter
1983b: 256}

‘Tbe modern chart incorporetes the global convention of north-up
depiction of a plane suzfece heving a discrete eddress in terms of
letitude and longitude for every location. This globel framework
permits the combination of any number of observetions from any
number of locations. With this scheme it is possible to compute the
relationsbip between any two locations on earth even though that
reletionship has never been meesured.

The virtuel perspective creeted im the chart does not privilege
any actuel pergpective. A nevigation chart is a representation thet
is equally useful {or not useful) from any actual perspective. It
attempts neutrality with respect to the perspectives from wbich
the world will be seen by nevigatore, Since in the Western tradi-
tion nearly ell navigable spece is represented from this virtual
perspective, it is from this virtual perspective that voyages come to
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ba conceived. We imagine the voyage as the movament of our ship
over a stretch of water, There is the ship, and there we are, like tiny
imagined specks on the tiny imagined ship that is moving in our
mind’s eye across the expanse of papar that represents the water
between origin and destination.

Yet there are momants in whicb this perspective does not serve
tha naads of tha navigator, as wban ona attempts to datarmine what
the land depicted should look like from the perspectives that are
actually achievad in ships. Here coastal profiles may be includad.
There is a prohiem at the moment in which one moves con-
ceptually from baing “on tha cbart” to baing “in the world.” The
coostol profile is a concassion te this prohiam. The first coastal
profiles appeared in 1541, in Pierre Garcie's hook Le grand routier,
Coastal profiles are representations that privilege particular par-
spectives that the cbart makers anticipate will be encountered often
by users of the chart.

Tha common framework of locations also parmits the super-
position of a wide variety of structures. in addition to the ohvious
boundaries of bodias of water and land, tha locations of cultural
features and of geographical faatures (both above and below watar)
are depicted. This superposition of these structures, which under-
lies much of the computational power of the cbart, is so obvious as
to go unnoticed by virtually all the users of tha chart. Soundings
ware first shown reduced to a standard balf-tide datum in 1584, in
Janzsoon Waghenser’'s Speighel der Zeevoert,

SOCIAL PROBLEMS OF CHART CONSTRUCTION

The birth of ostronomical navigotion was much less a scientific
problem thon o question of orgonizotion. Jean If of Portugol hod the
great merit to hove known— before ony other head of stote—to or-
gonize the technicol exploitotion of the theoreticol knowledge of
his epoch.—Beaujouon, Science Livresque et Art Nautique au XV
Siecle; cited in Woters 1976: 28 {translotion by E.H.}

There is e greet deal of knowledge embodied in any nevigetion
chart. To add a new feature to a chart, one must determine its rela-
tionship to et least two other features. Since e chart implicitly rep-
resents e spatiel reletionship between the members of every pair
of feetures depicted, any the new feeture ecquires reletionships to
all the other feetures on the chart—not just the ones thet were
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used to establish its location, If the number of reletionships de-
picted is a measure of the knowledge in a chart, there mey be more
knowledge in & chart than wes put into the chart. In fact, most of
the relationships depicted on any chart have never actuslly been
measured. Even so, a great many observetions are required in order
to construct a useeble navigation chart. A nevigetion chart repre-
sents the accumulation of more chservations than any one person
could make in a lifetime. It is ap artifact that emhodies generations
of experience and measurement. No navigetor has ever hed, nor
will one ever have, all the knowledge thet is in the chart. The really
diffcult technical prohlem in the production of charts is the col-
lection of reiishle information. (See Letour 1987 cn centers of
calculation.) '

Compare the problem faced by the Portuguese during their ex-
pansion with that faced by the Micronesians. Every Micronesian
nevigetor knows the courses and distances between sll the islands
in his sailing range—including, as we beve seen, courses between
islands thet have not been visited for many generetions. How could
& Micronesian navigetor come to have this knowledge? Clearly, it is
scquired over generations, and wbet any navigetor knows is mucb
more than could be learned by direct observetion. Tbe knowledge
is e compilation of the experiences of many nevigstors—some of
whom, one must essume, set out on voyagss of discovery, knowing
which wey they were sailing, and bow to get homs, but not what
they would find. Over the years the knowledge eccumauleted, ex-
pressed in the framework of star courses and etok images. Todsy
the knowledge of e Micronsesian nevigetor exceeds wbet could be
ecquired by direct observetion, but it doss not exceed wbat could
be remembered by one individual.

The world of the Portuguese fleet in the sarly fifteenth century
was muchb larger than one group of islands. Tbe total knowledge of
the world not only exceeded wbst could be observed by any in-
dividual, it exceeded wbet could be known by any individual.
Like the Micronssians, the Portuguese needed e consistent sst of
techriques for making observations and e representational frame-
work in which all observetions could be expressed. They also
needed to train e lasge number of observers in these techniques
s0 thet the experiences of all of them could sccumulste in & com-
mon store. Thas was the creation of an enormous system for geth-
ering and processing Informetion--e cognitive system of many
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parts that operated over many years to create a collection of repre-
sentations of the spatial organization of the surface of our planet
{Law 1987).

The Computational Ecology of Navigation Tools

The mutual dependencies among the various instruments and
techniques is clearly visible in the bistory of nevigetion. Even
though the chip log was eveileble for use in the sixteenth century,
for example, it was not generally edopted until the middle of the
seventeenth. Why weren’t seilors using the log more widely? Be-
ceuse they bad no convenient wey to carry out the computetions
required to turn the readings gained from the log into useful in-
formetion ebout the sbip’s position.

Why was there, before 1767, no neuticel elmanec giving the
positions of the stellar spbere, the sun, the moon and the planets?
Astronomy was certainly edvanced enough to provide these deta.
The answer is thet these deta are useless for marine nevigetion in
the ebsence of an eccurete wey to determine time et see. The need
was well kaown, and in 1714 the Englisb Parliament passed an ect
“providing a Publick Reward for sucb person or persons es shall
discover the Longituds et Sea.” The reward went uncleimed until
1762, wben Harrison constructed a chronometar thet would work
reliebly et see (Teylor 1871: 261). The nautical almanac soon
followed.

Before seagoing chronometers were perfected, there wes little
incentive to develop better sextants. At the equator, an error of one
minute in time produces an error of 15 miles in eest-west position.
Since the earth turns on its axis one degree of arc in 4 minutes of
time, there is no utility in beving an instrument that can measure
celestiel angles even to the nearest degree unless it is coupled with
e chronometar that is eccurate to within 2 minutes. Tbus, both the
development of the sextant and the development of accurate nev-
igetion tables were arrested by the lack of the chronometer. Both
were technological possibilities before the development of the
chronometer, but there was no use for them until time could be
reckoned accurately,

Similar dependencies can aiso be seen in the history of the chart
and the plotting tools. Charts were in wide use by the thirteenth
century, but the most besic of plotting tools—the parallel rule—
wes pot invented until the lete sixteenth century (Weters 1976).
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Why? Beceuse a straight lina has no special maaning on an early
chart. Not until tha Mercator projaction did a straight lina have a
computationally usaful maaning. But tha aarliast Marcator chart
cama with no axplanation. It is unlikely to bava heen used at sea
{Watars 1976}, Navigators needad instruction in tha use of axotic
technologias. (Nota: For soma tima, tha Marcator projection wes
known to the English-spaaking world hy tha nama of the man who
published an English version of it in 1599: Edward Wright.)

The early astrolebes and quadrants were univarsity equipment.
Ordinary saaman couldn’t usa tham. The tools had to he simplifiad,
and there had to ha instructions in thair usa:

By themselves these instruments {guodrant ond ostrolobe} were, of
course, powerless. The mere foct of sighting o heovenly body
through pinholes of on alidode hod nothing per se to do with nov-
igotion. Thot sighting, or the reading thot corresponded to it, hod to
undergo o number of complex transformotions before it could be
converted into o lotitude, The construction of o network of ortifacts
ond skills for converting the stors from irrelevant points of light in
the night sky into formidable ollies in the struggle to moster the
Atlantic is o good exomple of heterogeneous engineering. (Law
1987: 124}

Sometimes, es the neture of the practice has changed, the role of
particular instruments has changad. For axampla, tha astrolabe was
originally used both to measure the altitudes of calastial bodies and
to predict tha altitude and azimuth of e star. The observetion-
making duties wera subsequently taken over hy the guedrant, then
by tha cross staff, and @inally hy the sextant. The function of com-
puting the expected altitudes and azimuths of stars was taken over
hy a complex set of tahles. Even though the quedrant and the cross
staff ware eventually replaced by the sextant {which is much eesier
to use), their ancestor, the astrolebe, survives es the modern star
finder. 1t is now usually mede of plastic instaad of hrass, hut it is
easily recognizahle. A star findar is not considered accurata anough
for the purposes of computing expected altitudas, but it is nused to
sat tha sextant before making tha observation. It is usad to gat tha
setting of tha precision instrumant into tha right naighborhood. 1t
has heen movad to a naw joh in tha navigation precess.

in attampting to undarstand tha history of navigation from e
cognitive parspectiva, it is important to considar the whole suite of
instruments that are used together in doing the tesk. The tools of
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nevigetion share with one another e rich network of mutuel com-
putetionel and representationel dependencies. Eech pleys e role in
the computational environments of the others, providing the rew
meteriais of computation or consuming the products of it. In the
ecology of tools, based on the flow of computational products, sech
tool creetes the envircnment for others. This is easy to see in the
history of the physicel tools, but the same is certainly true of the
mental tools thet navigetors bring to their tasks. Frake’s compass
rose is there for all to see, but it becomes e tide computer only in
interection with the esteblishment of the port and with a particular
wey of seeing the circle of directions es e representation of the
temporal relationships of the periodic cycles of the sun and the
mooxn.

Every argument showing why e particular tool is easy to use is
also an argument showing why both internal and external tools are
part of the very same cognitive ecology. It is e truism thet we can-
not know what the task is until we know whet the tools are. Not
only is this true of both internal and external tools, it is also true of
the reletionships among them.

The Transparency of Cultral Represettations

How We Fall to See Culture {Ours and Theirs)

1 have presented this comparative and historical treetment to re-
mind us all that the ways we have of doing things, the weys thet
seam to us to be natural and inevitable or simply the consequences
of the interaction of human nature with the demands of e given
task, are in fact historically contingent. As Benedict {1948: 14)
notes,

The lenses through which any notion looks ot life are not the ones
onother notion uses. It is hard to be conscious of the eyes through
which one looks. Any country takes them for granted, ond the tricks
of focussing and of perspective which give to any people its no-
tional view of life seem to thot people the god-given arrangement of
the londscope. In ony motter of spectocles, we do not expect the
mon who wears them to know the formulo for the lenses, and

neither con be expect notions to onalyze their own outlook upon
the world,
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Of all the many possihle weys of representing position and im-
plementing navigation computations in the Western tredition, the
chart is the one in which the meaning of the expression of position
and the meaning of the operations that produce that expression are
most easily understood. As was noted ehove, lines of position
could he represented as linear equations, and the algorithm applied
to find their intersection could be that of simultaneous linear
equations. As e physical analog of space, the chart provides an in-
terface to e computational system in which the user's under-
standing of the form of the symholic expressions {lines of position}
is structurally similar to the user's understanding of the meanings
of the expressions {relations among locations in the world}
{Hutchins, Hollan, and Norman 1986). In fect, the similarity is so
close that many users find the form and the meaning indis-
tinguishehle. Navigators not only think they are doing the compu-
tations, they also invest the interpretations of events in the domain
of the representations with e reality that sometimes seems to
eclipse the reality outside the skin of the ship. One navigetor jok-
ingly described his faith in the charted position hy creeting the
following mock conversation over the chart: “This little dot right
here where these lines cross is where we are! I don't care if the bo-
sun says we just went eground, we are here and there is plenty of
water under the ship here.” For the navigator, the ship is where the
lines of position intersect.

1t is really astonishing how much is taken for granted in our cuz-
rent prectice. The difficulties that were overcome in the crestion of
all these techniques, and the power they provide relstive to their
predecessors, are not et all epparent to the modern prectitioner.
Only when we look et the history can we see just how many prob-
lems had to he solved and how many could have heen solved dif-
ferently in the course of the development of the modern practices.
A way of thinking comes with these techniques and tools. The ad-
vances that were made in nevigetion were always parts of e sur-
rounding culture. They appeared in other fields as well, so they
camse to permeate our culture. This is what makes it so difficult to
see the nature of our way of doing things and to see how it is that
othere do what they do. We see in the divergence of these treditions
not just the development of the tools of measurement, hut a passion
for measuring and a panchant for taking the representation more
seriously than the thing represented.
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While ail navigetion computations seem to be describeble by o
smail number of ebstract principles, there is greet varietion in the
representational systems and concomitant algorithmic procedures
thet mey be employed to organize the computations. The actual
devices and processes in which these representetions and algo-
rithms are implemented beve o complex evolutionary history. In
the next chapter we will consider in much greeter detail the im-
pilementation of the computations of Westarn nevigation.



3 The implementation of Contemporary Pilotage

A Broader Sense of Computation
Heving considered the computationel neture of the prohlems of
navigation and the representational assumptions on which Western
nsvigation is hased, let us now take up the question of how the
hasic computations of navigation are actually implemented.

in his seminal book The Sciences of the Artificial Herhert Simon
{1981: 153) said that “‘solving e problem simply means representing
it so as to make the solution transparent.” Of course, the meaning
of ‘transparent’ depends on the properties of the processor that
must interpret the representation. Simon had theorem proving in
mind when he mede this point, hut it applies very nicely to nav-
igetion. The basic procedures of navigetion are eccomplished hy a
cycle of ectivity, called the fix cycle, in which representations of
the spatial relationship of the ship to known landmarks are created,
transformed, and comhined in such e wey that the solution to the
prohlem of position fixing is transparent.

The fix cycle implements & computation. Since some of the
structure involved in this computation is internal to the individuals
and some external, it is useful to edopt e concept of computation
that does not require a change of theory to crogs the skin. The fix
cycle is accomplished by the propagotion of representotionol stote
across & series of representotional medio. The representations of
the position of the ship take different forms in the diffarent medie
as they make their wey from the sighting telescopes of the alidedss
to the chart. I will refer to e configuration of the elements of e me-
dium that can he interpreted as a representation of something as e
representationol stote of the medium. Representational states are
propagated from one medium to another hy hringing the states of
the modia into coordinotion with one another.

Simon'’s prototypical case of prehlem solving hy re-representa-
tion was theorem proving in which the computatioual system is a
set of axiometic propositions and e set of rules for opereting on the
propositions. The rules describe operetions that preserve the truth
of the axioms. The system conteins many potential conclusions. A
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“problem"” in this world is defired by e proposition ebout e rela-
tionship between terms. The solution to the problem consists of a
sequence of rule epplications that demonstrete that the target rela-
tionship was true in the axioms. The most straightforward way to
prove a theorem is to make e sequence of rule applications that
derive the target proposition itself from the axioms—that is, to re-
represent wbet the axioms say in sucb e wey that they become the
target proposition. In this way, the problem is represented in e wey
that makes the solution transparent. Devid Kirsb (1990) speaks of
this process as one of making explicit that whicb is only implicit in
the starting state.

Sequential symbol processing of the sort exemplified by theorem
proving can certainly be described In terms of coordination of
structure. Rule epplication is the means of coordinetion between
the rule and the state to whicb it is applied. Tbe consequence of
rule application is a transformed system stete. Still, there are many
interesting types of coordination of information-bearing structure
that are poorly described es explicit symbol processing. This is not
to sey that they could not be implemented as symbol-processing
routines; it is simply to say that, wben they are implemented thet
wey, their essential character is lost in the details of the im-
plementation. I propose e broeder notion of cognition beceuse I
want to preserve a concept of cogrition as computation, and I want
the sort of computation that cognition is to be as eppliceble to
events thet involve the interaction of bumans with artifacts and
with other bumans as it is to events that are entirely internal to in-
dividua! persons. As we sball soon see, the actuel implementation
of many interesting computations is achieved by other than sym-
bolic means. For our purposes, ‘computation’ will be taken, in e
broed sense, to refar to the propagation of representational state
across representational media. This definition encompasses wbet
we think of as prototypicel computetions (sucb es arithmetic
operations), es weli as a range of other pbenomens wbicb I contend
are fundamentally computational but whicb are not covered by a
narrow view of computetion.

The Fix Cycie as an implementation of the Computation
The navigation system captures several one-dimensicnal con-
straints in the world, then represents them and re-represents them



kmplementation of Pilotage 19

until they arrive at the chart. The chart is e medium in which the
multiple simultaneous one-dimensional constraints can be com-
bined to form the solution. At the computetional level, we say that
the inputs to the system are two or more lines of position and the
output is o position fix. The representetion utilized is e two-
dimensional model of spece, and the algorithm defined in thet
represantation for combining lines of position is to find the inter-
section of the graphical depictions of the lines in two-dimensional
spece. As we have seen, there are many weys to implement this
algorithm on this representation. The algorithm is implemented by
manipulating the devices described in chepter 1 in such e wey that
particular physical states that can be taken to repressnt the spetial
relationship of the ship to its surroundings are propagated from one
device or medium to another until they arrive et the chast.

Mappings across Representations

Whet Hlies between the problem and its solution? Between the rele-
tion of the ship to its environment and the position plotted on the
cbart lie e number of representational medie ecross which the rep-
resentations of the spetial reletionship of the ship to the world are
propageted. Some of the representations through which the in-
formetion ebout the ship’s reletion to the world passes are easily
observabie. We begin our discussion of the neture of the nevigetion
computation with e consideretion of the propagation of repre-
sentational state ecross these easily observable medie.

THE WORLD

Imagine a ship in & harbor. The ship has a spatial relationship to
every object in the surrounding world. Each of thasa relationships
is spacifiabla as a directioo and a distance.

THE ALIDADE

The nevigetion process begins when e spetial reletionship between
the ship and e fixed landmark is transformed into & state of the
alidede-gyrocompass system. (See figure 3.1 for this and the points
to follow.} This is accomplisbed by aiming the alidade et the land-
mark so that the hairline in the alidede sight is superimposed on
the target. The alidede now has e particular rotational orientation
on its base. To be useful, this rotational orientation must be
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Figwre 3.1 The cascade of representations in piloing. A represantation of the ship’s refationship to the land-
mark is propagated from the aikiade (s) to the bearing log b, then o the hoey {c), and finally from
the hoay to the chart {d).

expressed os an angle with respect to something. The bairlire in
the alidade sight also falls over the scale of the gyrocompass card
{figure 3.1e}. If the gyrocompass repeeter is working, the super-
imposition of the hairline on the gyrocompass card is an explicit
representation of the angle of the line of sight between the ship and
the landmark with respect to true north. One end of the hairline
provides the coordination of an object in the world with the sight.
ing device; the other end provides the coordinetion of the sighting
device with the true-north reference. The whole system hangs by
the thread of simultaneous coordination provided by this hairline.
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d

There are three spaces 1o consider here {see figure 3.2). First, the
space in which the ship and the landmark lie is a macrospace. We
would like to measure the directional relationship of the ship to the
landmark in this space. To do that, we must reproduce that direc-
tional relationship in a second space: the microspace of the ali-
dade. When the alidade is aimed and the hairline falls on the image
of the landmark in the sight, the directional relationship of the ship
to the landmark is reproduced in the directional relationship of the
alidade eyepiece to the hairline. The physical structure of the ali-
dade guarantees that the directional relationship of the eyepiece to
the hairline will, in turn, he reproduced in the directional rela-
tionship of the center of the gyrocompass card to the point on the
edge of the gyrocompass card over which the hairline falls. Thus,
the directional relationship of the ship to the landmark is re-
produced in a third space: the microspace of the gyrocompass card.
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Fiprs 3.2 The thros spaces of the bearing sighiing. The spatial relationship of the ship to the iandmark (a) is
mproduced in the physical orientation of the aiidacde fb), which contains the gyrocompans card ().
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This last space is a thoroughly domesticated space (Goody 1977). It
is cuiturally constructed, measured, and labeled. Tbe locations on
the perimeter of the compass card bear labels that are namas of di-
rections. Whan the directions| relationship of tha sbip to tha land-
mark is reproduced in this space, the ralationship can be givan tha
name of the point on the perimatar of tha compass card that baars
the same relstionsbip to tha canter of tha card as tha landmark
bears to the ship in the world.

Taking the navigation system as our cognitiva unit of analysis,
we can see the operetion of the alidada as an instanca of situatad
seving implemented in bardware. It is a part of tha cognitive systam
that projacte internal structure (the compass rosa} and external
structure (tha landmark) onto a common image space and, in so
doing, givas maaning to tha thing sean that goes beyond tha faa-
turas of tha thing itself. The prism in the alidade that superimposes
the imaga of the gyrocompass card on the image of tha landmark is
a simple technological devica that producas tha suparposition of
internal and external structure.

The printed scala on tha gyrocompass card parmits the analog
angular state of tha alidada to ba convartad to a digital representa-
tion. This digital rapresentation may hava intermadiate external
rapresantetions, dapanding or how tha task is being done. During
Saa and Ancbor Datail, for axample, the digital representation is
spoken ovar tha pbona circuit. During Standard Steaming Watcb,
tha singla watchstandar on duty may mentally rehearse the bearing,
or may jot it down on a sbeet of paper or even on tha palm of his
hand while taking other besrings. in any casa, this digital rapra-
sentation of the state of the alidade subsequently appears without
fail as a written number in tha column labalad with tha nama of tha
landmark in tha baaring record log {figure 3.1b).

The hairline and the telescopic sigbt add accuracy to tha alidada,
but they are not assantial. Many band-baaring compassas use a
prism or a balf-silvared mirror to produca a similar suparposition
of internal and external structure. The mirror or prism is a simple
way to implement tha suparposition of imagas that brings the vari-
ous structural elemente into coordinatior with ora anothar.

THE PHONE CIRCUIT AND BEARING RECORD LOG
The azimuthal orientation of the alidade is an analog represen-
tation of the directional relationship between the ship and the
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landmark. This anelog representetion is converted to e digital rap-
rasantation in the ect of reeding the bearing from the scale of tha
gyrocompass card. In the previous chepter, it was argued that tha
analog-to-digital conversions served the epplicetion of arithmetic
oparations. The digital representations produced by reading tha
gyrocompass scale are not subjected to arithmetic operations before
baing transformed beck into anelog form for interpretation. Instaad,
the anelog-to-digital convarsion serves another purpose. It provides
€ represantation that is portable and transmissible over a restrictad-
bandwidth channal. It is easy to imegine e functionelly equivalent
system in whicb tha result of the sighting with the alidede would
be an analog signal. For example, if e two-arm protractor was
placad in the alidade and racorded the angle of the observation,
this could ba used diractly to plot the line of position. In that case,
though, the protractor would beve to be pbysically transported
from the alidada to tha chart. This scheme would also require soma
othar techniqua to support the racording function now sarved by
writing the bearings in the bearing record log. One can imagine tha
difficulty of storing the history of observetions if eecb ona was ax-
pressad in an angle on e pbysical device sucb as e two-arm pro-
trector. The analog-to-digital conversion employad bere creatas a
represantation of tha analog angle thet is transportable. It can be
spoken, and thus the informetion can move without moving tha
pbysical madium in whicb it is represented. It is elso aasily re-
cordad, the storage requirementa of the digital representation being
muchb less than those required by the analog representation.

The baaring record log is e representations| formet that is at laast
4500 yaars old in the Western cultural tradition. Sumerian ac-
countanta developed similar leyouts for recording agricultural
transactions as early as 2650 B.C. (Ifrah 1887). Tha column-and-
row format is one of the earliest known devices for superposing
rapresentations. Representationel structure embodied In tha orga-
nization of tha rows is superposed on representational structure
embodiad in tha organization of the columns to produca a systam
of coordination batween the two structures.

THE HOEY

The digitally represented bearing is subsequently represented as an
angle on & one-grm protractor called the hoey {figure 3.1c}. Here the
digital representation of the anguler relationship of the ship to the
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landmark is converted back into an analog form. The angular rele-
tionship of the ship to the landmark with respect to true north is
now reproduced {with some error) in the angular reletionship he-
tween the center of the hoey and the point on the hoey scale thet
bears the name of the hearing. The hoey is another culturally con-
structed, domesticeted spece. Again we find labels for directions,
the very same lebels thet are on the gyrocompess card. The direc-
tion on the hoey is with respect to some directional referent, which
is at this point still unspecified. Ultimately, it must he the same
directionel referent with respect to which the originel meesure-
ments were made.

The angle represented in the spece of the hoey scele is now re-
produced in the spece of the hoey arm. The arm is rotatad so that
its edge {or the hairline index aligned with the edge} is over the
point on the hosy scale that representa the hearing of the landmark.
This estahlishes the direction as e physical stete of the hoey. This
state is protected from inedvertent upset hy tightening e friction
lock et the center of the hoey.

THE CHART

The hosey, thus configured, is then hrought into coordinetion with
the chart {figure 3.1d}. In this step, the angle thet wes measured
hetwsen the ship and the landmark in the world will et lest he re-
produced in the spece of the chart. There are two essential aspects
to this coordination. First, the edge of the arm of the hosy must
pass through the symhol on the chart thet represenis the ohserved
landmark. Whenever this constraint is setisfied, the edge of the
hoey arm descrihes e line of position with respect o the landmark.
Second, the base of the hosy must he aligned with the directionel
frame of the chart. Whenever this constraint is setisfied, the hoey
scale represents directions with respect to true north in the spece of
the chart. When these two constraints are simultanecusly setisfied,
the edge of the hoey arm describes ¢ line on the chart thet is e
line of position reletive to the landmark with the same angular
relationship to true north as the line of sight hetween the ship and
the real landmark in the world.

The latitude-and-longitude grid on the chart pleys an essentiel
role in the computetion of the fix. The Mercetor projection is e
computational artifice in which straight lines have special msan-
ing: they are lines of constant direction. The role of the grid in the
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mechanics of the construction of e line of position (LOP) highlights
another important function. It provides e frame of reference that
serves as a common anchor for both the locations of the features
that are depicted on the chart and the relationship of the ship's
position to those depicted features. When the chart was con-
structed, the locations of the symbols were fixed with respect to the
grid. Tn the course of plotting the LOP, one aligns the hase of the
plotting device with a line of letitude on the chart. This ties the
observetion to the reference grid of the chart. Once estehlished hy
the edge of the arm of the hoey, the line of position can be “seved"
hy drawing a line on the chart.

Thus one creates the line of position hy propagating representa-
tional stete across a set of structured representational media until it
arrives at the chart. The directional relationships of the ship to
landmarks in the world are reproduced in e set of spaces: the ali-
dade, the gyrocompass scale, the hoey scale, the hoey arm, and fi-
nslly the spece of the chart. Between the gyrocompess scale and the
hoey scale, the direction is represanted as a string of digita. The
chart is a special medium in which the constrainta of severel lines
of position can he simultaneously represented. The fix is literally ¢
superposition of lines of position. This neetly fits Simon’s charac-
terization of prohlem solving. The ship’s situation is represented
and re-represented until the answer to the nsvigetor’s question is
transparent. The ship is where the lines of position intersect. No-
tice that, although all the informetion required to fix the position of
the ship was present in the hearing log, the ship’s position was not
epparent in that representation.

The plotted fix position is compared against the position that was
projected after the previous fix. Since both of these positions were
grephically constructed in the space of the chart, the comparison
operation is implemented os e perceptual judgement. This is not to
say that it is a simple process. What constitutes a significant differ-
ence hatween the positions? When should a navigator ha worried
ahout the process thet produces the position fixes? The '‘seeing”
involved in seeing the quality of the fix and its relation to the pro-
jected fix is quite complex. If the discrepancy is thought to he sig-
nificant, it may he used as input to e process that revises the
representation of the ship’s speed and course.

The ship’s future positions are projected from the current fix
position. These projected positions heve several uses. They are
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used to ensure that this ship is not standing into danger. They also
are used to choose landmarks for the next round of ohservations.
And of course, after the next fix is plotted, it will he compared with
the projected position to detect the effects of current or changes in
speed.

THE FATHOMETER
Meanwhile, the ohserved depth of the weter under the sbip is rep-
resented es e mark on the gredueted peper of the fethometer. The
peper of the fathometar is another domesticeted spece, arranged
with culturally meaningful names for depths. Reeding the depth
indiceted on the peper transforms the position of the pen mark in
this domesticeted spece into e porteble digite} representation—a
numher—whicb is also recorded in the bearing record log. As wes
explained in chapter 1, the leteral movement of the recording peper
under the depth-recording pen converts elepsed time into distance
treveled elong the ship’s track. The movement of the pen from top
to bottom of the chart peper turns elepsed time of the signal and
ecbo return into e representation of the depth of the weter under
the ship in the spece of the strip cbart. Running the two motions
simulteneously and superimposing them on eech other creetes e
representation of the reletionship of the ship’s treck to the depth of
the weter under the ship. Here is another physicel device thet
superimposes elementa of e relatively direct representetion of the
external world (the distance the pen moves before making contact
with the peper} onto elements of & culturelly constructed space {the
marked peper used to record depth) in order to give meaning to the
world. It is another hardware implementetion of situeted percep-
tion, It bears e kinship to the row-and-column formet of the bearing
record log, except in this cese, the organizetion of rows and col-
umns is dynamically creetad by the ections of motors and the mo-
tion they produce in time.

Like the bearings of landmarks, the depth of weter is converted to
a digital representation in the ect of reeding the depth sceles on the
recording peper. This number is then propageted vie the phone
circuit to the bearing record log where it eppears elongside the
bearings of landmarks as e number in e column. Tbe depth of weter
indicated by e number on the cbart et or near the locetion of the fix
is corrected for tidel beight and compared with the observed depth.
The correction and comparison operetions are carried out using
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arithmetic operetions. If the computed fix position consists of ¢
smell triangle and the depth of weter et the fix point agrees with the
meesured depth of water, the fix is taken to be correct. i the
charted and measured depths disagree, there is reason to believe
thet one of them is in error. This process of creeting and comparing
independently genereted constraints is a very general procedure for
error detection in this domain and in many others.

It is often useful to consider the alternetives to any represente-
tional scheme. Before the edvent of the echo sounder, the simplest
wey to meesure depths was to lower e heevy weight on e line. Of
course, if the weter was deep this procedure consumed time and
energy. Matthew Meury came up with an ingenious and surprising
solution to the problem of measuring greet depths. He “mede deep
see soundings by securing e cannon sbot to e ball of strong twine.
‘The beevy weigbt ceused the twine to run out repidly, and wben
the bottom was reecbed, the twine wes cut and the depth deduced
from the amount remaining on the ball.” {Bowditcb 1977} If one
knows the length of the line and volume of the ball it is wound
onto, one can measure the diameter of the ball and compute what
frection of the volume of the ball, and therefore what frection of the
length, wes pulied off hy the cannon shot. Alternetively, the ball of
twine mey be weighed hefore and after the line has paid out
Knowing the weight of e given length of line one can eesily com-
pute how much line was consumed hy the sounding.

Stepping Inside the Cognitive Systerm

The besic computations of navigetion could be characterized et
the computetional, representational/algorithmic, and implementa-
tional levels entirely in terms of observoble representations. On this
view of cognitive systems, communicetion among the ectors is seen
as a process internal to the cognitive system. Computetionel medie,
such as diegrams and charts, are seen as representetions internal to
the system, and the computations carried out upon them are more
processes internal to the system. Beceuse the cognitive activity is
distributed ecross a sociel network, many of these internal proc-
esses and internel communicetions are directly observoble. If e
cognitive psychologist could get inside e human mind, he or she
wouid want to look et the neture of the representation of knowl-
edge, the nature and kind of communication among processes, and
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the organization of the informetion-processing epparatus. We might
imagine, in sucb e fantasy, that et some level of detail underlying
processes (the mechanics of syneptic junctions, for example} would
still be obscured. But if we could directly examine the transforme-
tions of knowledge representations we might not care about the
leyere that remain invisible. Any cognitive psychologist would be
happy encugh to be eble to look directly et the content of the cog-
nitive system. With systems of socially distributed cognition we
con step inside the cognitive system, and while some underlying
processes (inside people’s beeds} remain obscured, e greet deal of
the internal organization and operetion of the system is directly
observeble. On this view, it might be possible to go quite far with e
cogritive science that is neither mentalistic (remaining agnostic
on the issue of representetions “in the beed") nor behavioristic
{remaining committed to the analysis of information processing
and the transformetion of representetions “inside the cognitive
system’’}.

Lovels of Analysis and Hierarchy of Task Reduction
As we have seen, the position-fixing task is implemented in the
manipuletion of external representations and tools. We can follow
the trail of representations quite e long wey in some cases, hut from
time to time the stream of representational stata disappears inside
the individual actors and is lost to direct observetion. Thus, while
sucb an analysis mey tell us quite a lot ebout the cognitive proper-
ties of the nevigetion system, it does not, by itaelf, tell us much
about the neture of the processes and representations internal to
prectitionsrs of nevigetion, The problem of individuel buman cog-
nition is not solved hy this analysis, hut neither is it simply put off.
The description of transformations of representational state in the
previous sections is both e description of how the system processes
informetion and e specificetion of cognitive tasks fecing the indi-
vidual members of the navigetion team. It is, in fect, e hetter cog-
pitive task specificetion than can he had hy simply thinking in
terms of procedural descriptions. And the task specificetion is de-
tailed enough in some ceses to put constrainta on the kinds of rep-
resentations and processes that the individuals must be using.
Thus far, I have given a computationai description of nsvigetion
and have examined the rspresentational foundations for nevigetion
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and the algorithms hy which the required computations are ac-
complished. In the lest section | began to explore the implementa-
tional level of description which specifies the “details of how the
algorithm and representation are realized physically” {(Marr 1982}.
The discussion of the propagation of representational state from the
alidade to the chart was perhaps the most detailed of these discus-
sions. Here I hrought the description down to the level of im-
plementational operetions, such es eligning the arm of the hoey
with the eppropriate point on the hoey scale. Now, this operetion is
both an implementation of the computation et the system level and
a cognitive task facing the individual plotter. As such, one may ask
of this computation how its inputs and outputs are representad and
what algorithms are used to transform inputs into outputs. One
might imagine e story like the following (we will consider this
analysis in more detail leter): The computation is to align the hoey
index with e particular value on the scale. By ohserving the per-
formance of this task, and especially hy noting errors that are made,
we may place some constraints on the representations that are used
to perform the task. A key component of the task is knowing the
direction In which scale vaiues increase. This representational ele-
ment may be used by an elgorithm thet finds the target value by
doing hill climhing on the vaiues with dynamic gain adjustment.
That is, if the index is currently far below the target value it can be
moved a large step toward the target. When the index is near the
target value, it should he moved in smaller steps. Finelly, we might
want to sey bow such representations and algorithms are ectually
implemented in the minds of the plotters. At this point, however,
we overreach the terms of our analysis. The details of these internal
processes cannot be directly ohserved and must remain ohjects of
speculation. Notice that, although some of the representations are
internal, they are still all cultural in the sense thet they are the re-
sidue of a process enacted hy a community of prectice rether than
idiosyncretic inventions of their individual users. In the anelysis
that follows, I will use culture as a resource in order to more pre-
cisely define the nature of the tasks that are actually engaged by the
individual members of the navigation teem.

A Cognitive Account of a Navigator's Work
The computations of navigation are not platenic ideals; they are
real physical activities undertaken by individuals manipulating
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real pbysicel objects. Even though many of them are symbolic ec-
tivities and some of the symbols are clearly represented inside the
beeds of the practitioners, we must never forget thet symbols el-
weys beve some pbysical realizetion or thet the neture of the
pbysical form of symbols constrains the kinds of operetions to
whicb they can be subjected. In the previous section, I described
the major computations of the nevigation task In terms of the
propagation of representational state across e set of pbysical da-
vices and discussed the pbysical activities of the members of the
nevigetion team as they manipulate the devices that do the com-
putation. Thet discussion was both an analysis of the system-level
operation of the nevigation systam and e specificetion of the tasks
fecing the individual membere of the navigetion team. This task
specification permits construction of the computational level of
description for the individuals. The present section presents the
cognitive reguirementa of performance of the navigetion task. What
are the peopie in the setting doing? Here I intend to finally engage
what wes for e decede the central question of cognitive anthro-
pology: “What do they bave to know in order to do what they do?”
Or, perhaps a better question, “How do they go about knowing
what they know?"

Identifying the directly observable external pbysical representa-
tional media involved in the navigation task was eesy. Even the
task of describing their intarnal structures and the mecbanisms of
coordination among them was relatively straightforward. With re-
spect to structures that are internal to the actors, we are, alas, much
more in the dark. It is possible to give functional specifications to
the structures that must be present, but we cannot directly observe
their internal organization, nor can we specify the mecbamisms of
coordination by whicb representationel state is propageted. These
things are simply beyond the reacb of contemporary cognitive
science. In wbat follows, I will ettempt to pusb the theory of com-
putation by the propagation of representationsl state as far as is
possible into the beeds of the practitioners of navigetion. I will as-
sume that e principal role of the individuals in this setting is pro-
viding the internel structures thet are required to get the externel
structures into coordinetion with ona anothar.

Because cognitive science has historically had difficulty model-
ing the bebaviors of the sensory transducers that connect minds
to the “outer environment,” mucb more attantion bas been paid
to “processes that can go on inside the buman bead without
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intarection with its anvironmant” (Simon and Kaplan 1989: 39).
Furthermore, “daap thinking bas provad aasiar to undarstand and
simulate than band-eya coordination” {ibid.) Unfortunataly, in
ordar to gat tha cognitiva gama startad in a mind that is profoundly
disconnacted from its anvironmant, # is nacassary to invant
intarnal represantations of a good dasl of tha anvironmant that is
outsida tha baad. Tbis requiremant is simply not presant in a mind
that is in constant Intaraction with its anvironmant. The main-
straam thinking of cognitiva sciance in tha past thirty years laads us
to axpect to hava to represent tha world internally in ordar to in-
tarect with it. This thaory of “*disembodiad cognition” {Norman,
1990} has creatad systamatic distortions in our undarstandings of
tha nature of cognition. As wa hava saan, a good daal of tha com-
putation parformed by a navigation taam is'accomplisbad by proc-
asses such as hand-aya coordination {sea also Latour 1986}. Tha
task of navigation requires internal representation of much lass of
tha environmant than traditional cognitiva scienca would bava lad
us to axpact.

In tha following, I will attampt to posit tha minimum intarnal
structure raquirad to get tha task done. 1 choose the minimum ba-
cause I would go beyond this point with trepidation. In a study of
tha conduct of scianca, Bruno Latour {(1987) lamants the lack of
studias of the forms and inscriptions in which scientific and tach-
nical knowladga are concantratad. Ha suggasts that ona might con-
cluda from this that such studias ara not possibla. Latour continuas:

I draw o different conclusion; olmost no one hos hod the courage to
do o coreful onthropological study of formolism. The reason for this
lock of nerve is quite simple; o priori, before the study hos even
started, it is towards the mind ond its cognitive obilities thot one
looks for on explonotion of forms. Any study of mothemotics, col-
culotions, theories, ond forms in general should do quite the con-
trary; first look ot how the observers move in space and time, how
the mobility, stability and combinobility of inscriptions ore en-
hanced, how the networks ore extended, how oll the informotions
are tied together in o coscode of re-representation, ond if, by some
extraordinory chonce, there is something still unoccounted for,
then, ond oniy then, look for speciol cognitive obilities. {246--247}

1 do not know whathar I hava fulfillad tha tarms of Latour’s in-
structions. But although I have dascrihad tha history, tha use, tha
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combinetion, and tha re-represantation of tha forms, somathing re-
mains unaccountad for. Parbaps it is not much, but it is something.
As we shell sea, it is not speciel cognitive ebilities. indeed, tha
cognitive ebilities thet navigation prectitioners employ in thair usa
of the forms and inscriptions are very mundane ones—ebilitias that
are found in ¢ thousand other task settings.

The fix cycle is truly a cycle of activity, with no unamhiguous
beginning or and. Each step dapands on a previous step and faads
subsequant steps. Of course, every real navigetion parformance
must hava had a first fix cycla, which must beve begun somawhere,
but whare in the cycle tha first round begins dapands in un-
interesting ways on the circumstances of getting tha activity going.
If the ship bes just pulled away from the dock, tha fix cycle will
begin with an estimeted position somewhera in tha vicinity of the
dock. I the ship has been at sea and bes just arrivad in coastal
watars, the cycle may hagin with e set of chservations of land-
marks. For analytic convanience, we will bagin with the symbol
that represents the projectad position of the ship at the tima tha
fix observetions will be made. This is e position plotted on the
chart.

Tening the Cycie

The fix cycle rapeets et e specified interval. The defeult intervel for
See and Anchor Detail is 3 minutes. That is, the entire cycle of
ectivity from mark signel to mark signel is 3 minutes. The fix in-
tervel may be changad to another value, such as 1, 2, or 8 minutes,
on tha basis of needs of the ship. If tha ship is in circumstances in
which it may quickly gat into trouhle, the intarval should he short.
As the rate at which the ship can epproach dangar dacreases, the
period of the fix cycla can be increased. There are no hard and fast
rules for astablishing tha intervel. {The reasons for choosing 3
minutes es the dafault fix intervel will he discussed later in this
chapter.}

With e specified fix intarval, timing the fix requires reading e
timepiece. The implementation at this level is up to the crew. Soma
procadures specify the ship’s clock es the sourca of tha tima refer-
ance. The hearing recorder ahoard the Palau used his own wrist-
watch insteed of tha ship’s clock for two reasons. First, timing the
cycla requires knowing tha time, computing the next §x time, and
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vigilance to the clock. By removing his wetcb and placing it et the
top of the bearing record log, the recorder mede the time reference
much more convenient. This ship’s clock was mounted on the
buikhead et the back of the bridge and required the bearing re-
corder to look awey from the chart table to ses the time. Second,
the bearing recorder’s wetch had e digital displey. Fix times beve to
be recorded in the hearing record log, and it wes eesier to reed and
copy the digital representation of the time than the analog repre-
sentation presented hy the ship’s clock. Additional cues thet belp
the bearing recorder remember wben to monitor the time reference
include the pace of activities. For example, on e 3-minute fix in-
tarval, if no prohlems arise, the plotter will heve completed plotting
the position of the ship and will beve projected future positions
before it is necessary to choose the next landmarks and prepare to
begin the next cycle. Other cues include the explicit remindings of
others. The plotter mey sey “Isn’t it ebout timse for another round?”
This illustrates the beginnings of e social distribution of cognitive
labor in which remembering is jointly undertaken.

Timing the fix cycle is e cognitive task thet cannot be reliebly
performed by the bearing recorder without the aid of e mechanical
timepiece. The task of the bearing recorder is to coordinete his ac-
tions with the bebevior of the timepiece and so permit the other
members of the navigetion team to coordinete their ections with
his.

identifying Landmarks

The task of identifying e landmark involves the simultaneous co-
ordination of many elements of structure. In See and Anchor De-
tail, the choice of e landmark is represented to the pelorus operetor
in the form of e spoken string of words: “Point Lome Light,” for
example. The pelorus operetor must somehow get from this name
to both a dascription of the appearanca of tha landmark and a sense
of whare the landmark is in tha surrounding spaca. This must be
represantad in some sort of mamory. Aithough that mamory may
not be tha sort of storebouse of information that many researchars
assuma, I think there is no way to dismiss tha fact that some intar-
nal representation capabla of producing a partial description of tha
landmark from tha name of tha landmark must exist and must
be attributed as a structure intarnal to the buman operator. Fur-
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thermore, the appesrance of the landmark may depend on the
pelorus operator’s vantage, so e single descriptions will probahly not
suffice. The sense of where the landmark is in the environment mey
guide the search of the surroundings, which in turn changes the
contents of the visual field. Ultimately the identificetion of the
landmark must arise from the coordinetion of the expectstion shout
the eppearance of the landmark with the contents of the visus!
field.

Even though we do not know the mechanisms by which these
things are ectually implemented in the mind (and I take it to be &
virtue of this spproach thet we do not make any premature com-
mitment to such mechanisms), it is still useful to speak of the
propagation of representational state and the superpesition of rep-
resentationel state in this description. Perhaps the slements of the
description of the appearance of the landmark are represented as
images, or perhaps as symbolic structures. Since this question has
not yet been satisfactorily settled in the cognitive science com-
munity as a wbole, we can hardly expect to resolve it bere on the
basis of observational data. But even without making e commit-
ment to a particular kind of representation and algorithm, we can
observe the neture of the task and provids a set of computational-
level constraints for theories of cognition that aspire to eccount for
what people do “in the wild.”

The identification of the landmark is e highly interective process,
and it is likely that important kinds of learning take place in svery
performance of this task. Whatever wey it is implemented, it may
be that all these representations are simuitanecusly in coordination
with one another. That is, the representation of the landmark’s
nams, the expectations shout the eppearance of the landmark, and
the visual scene are all mutually constraining one another when
the pelorus operstor fixates on the red-and-white tower and de-
clares ""There is Point Lome Light.” This is another superposition
of internel and externel structure on s single representationsl me-
dium. Scanning the currently visible scene mey improve the men-
ts] map and the representetion of the landmark itself and other
recognized objects in the scene. The successful visual search mey
improve the description of the landmark stored in memory and the
association of the landmark description to the landmark name.

The task is slightly different when the sbip is not in restricted
weters and the entire fix cycle is performed by a single watch-
stander. in thet case, the problem of identifying landmarks may be
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one of direct reconcilietion of the cbart and the world. {We will
investigete the cognitive consequences of some of these differences
in the next chapter.} in some sense, the problem is easier in Stan-
dard Steaming Watch because the pelorus operetor is also the
plotter and the recorder. The navigator thus has access to the chart
itself as a representation of the landmark. The chart is a much
ricber representation both of the appearance of the landmark and
of its reletion to other objects in the world than is provided by
the spoken name of the landmark. Still, the task is not without
difficulties.

Consider the following situation. While the Palau wes steaming
eastward, southwest of San Diego Harbor, e quartermaster et-
tempted to identify the Coronedo Islands, which lay about 7 miles
south of the ship. The three islands were clearly visible out the
window of the pilothouse just ebove the cbart table. Of the three
islands on the chart, the lefimost island wes lebeled “North Coro-
nedo” and the rightmost one was lebeled "Soutk Coronado.” Be-
ceuse the quartermester was looking to the south, however, North
Coronado was on the right and South Coronedo was on the left in the
world {the reverse of their positions on the chart relative to him)}. By
mapping the spatial structure of the chart directly onto the visible
world, the guartermester managed to mistake North and South
Coronado for each other, Clearly he had relied on the spurious hut
well organized spatial correspondences between his perspective on
the chart and his view of the world. This example highlights two
points. First, buman minds are good at finding and projecting
structural regularities. Second, since this sort of misidentification is
seldom made by an experienced navigetor, we must wonder wbet
internal structures are required to do this task correctly.

Aiming the Alidade

Having identified a landmark in the world, the pelorus operator
maust then aim the alidade at the landmark. This process brings two
external structures into coordination with each other. There is no
need for an internal representation of the hairline; it is built into
the sighting telescope, and the operator has the experience of it in
the visual field. Parhaps there is not even a need to maintain an
internal representation of the description of the landmark once the
landmark is in view, although one suspects that its description and
name may remain sctive during the aiming operetion. The coor-
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dinetion hetween the hairline and the landmark is eccomplished hy
reducing the distance between the hairline and the landmark until
they are co-loceted in the visual field. This procedure might be
implemented in many weys.

Feading Bearings
Reading bearings in the alidade may be one of the most complex

cognitive skilis required of the quartermasters. Even though it is
complex, it takes place in a predictable world, and eventually it
becomes an overlearned skill. in this subsection I will treat it in
what may seem excruciating detail. I do so because activities of this
kind are nearly ubiquitous not only in pavigation but in many of
the everyday activities of inhabitants of the modern world and be-
cause, as far as I know, no one has taken seriously the question of
just wbat is required, cognitively, to perform them.

Reading the bearing requires the coordination of at least four
elements of structure:

the experience of the scale and the bairline

a knowledge of bow to read digits

either a memory for the direction in whicb scale values increase
{clockwise by convention on the circular scale, and to the right as
seen through the viewfinder of the alidade), or a procedure for es-
teblishing this direction

& sequence of number names from zero to nine.

There are many ways to bring these elements into coordination
with one ancther in the bearing-reading task. Let us first consider a
fairly simple {although not ailways efficient) method, and then con-
sider other possibilities.

The first two digits of any three-digit bearing can be read directly
from the scale itself. These are the first two digits of the name of the
nearest labeled major tick to the left of the hairline. This requires
the scale and the hairline, the knowledge of bow to read digits, and
the knowledge of the direction of increasing values.

One must, of course, know bow to read the digits in order to
make use of the labels. This knowledge is selectively brought into
coordination with the labels on the major tick marks at 10° inter-
vals on the scale. Many compasses bave only these first two digits
of the labels for the major ticks. This saves space on small instru-
ments, and the last digit {whicb is always 0} may be left off, because
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it is not required by the procedure used to reed the scale. Even
though this is an overlearned skill, it sometimes fails. We cannot
know from strictly observetional dsta wbat the actusl sources of
error are, but we can get some idee of the kinds of considerations
involved by looking et the diagnoses of errors applied by other
members of the team. During my observetions, the following ex-
planations for errors by pelorus operetors were offered by the bear-
ing recorder or the plotter:

The simtlar eppearance of the printed representation of two digits
on the face of the gyrocompass card was offered to explain a report
of 167 for an ectual bearing that was reconstructed as 107. The 6
and the 0 beve similar sbepes. The confusion of sbapes may be
faciliteted by the blurriness of vision ceused by tears in the eyes,
which e pelorus operetor sometimes gets from working in the wind
on the wing bridge.

An off-by-e-century error, e.g., 324 for 224. This could be produced
by e number of cognitive mechanisms, including a data-driven
error {Norman 1981} involving increased activation on the second
digit. The crewmen offered no specific bypothesis concerning the
reason for suchb an error, but they found it a plausible error to have
been made.

A repetition/substitution error, e.g., 119 for 199. This one is prob-
ebly due to e shift of ectivation (Norman 1981}.

A digit transposition, e.g., 235 for 325, Digit transpositions are quite
common in environments like this (Wickens and Flach 1986).

The occusrence of these errors, even if they are rare, puts some
constraints on the kinds of structures thet must be involved in the
performance of the task.

Once the first two digits of the bearing bave been establisbed, it
remains to establish the last. in the simplest case this is done by
counting. Counting is the coordinetion of an internally genereted
sequence of number tags with e partitioning of perceived unitary
objects {Gelmanr and Gallistel 1978}. The knowledge of the direc-
tion of increasing values is required in order to know that it is the
first two digits of the lebsi to the left rether than the label to the
right that will be elements of the bearing name. The importance of
the knowledge of the direction of increasing velues can be inferred
from the occurrence of errors in which e bearing n minor ticks to
the left of a labeled tick is reported as being n units larger than the
name of the mejor tick. For example, a bearing of 257 {three ticks to



Implementation of Pilotage 1%

the left of 260} will be reported es 263 if the direction of increesing
scale value is inverted. Knowledge of this direction can be re-
membered, or it mey be computed. If computed, the scale increase
direction is a representational state that results from the coordine-
tion of the experience of the scale with e procedure for finding the
direction of increese. Tbe latter may involve e comparison of the
magnitudes of the labeled major ticks adjacent to the beirline. The
knowledge of the direction of increasing scale values is required in
order to orient the partitioning activity. Tbe counting is accom-
plisbed by coordineting the shift in attention from one tick to the
next (in the proper direction) with the transition from one number
lebel to the mext. It is not necessary to remember all the corre-
spondences generated by this process; it is only necessary that the
correspondence between the number name and the tick mark
nearest the bairline be produced. I believe we can assume that, for
the quartermasters, the number sequance runs fairly antomatically.
No crew member ever attributed a bearing-reporting error to the
inability of the pelorus operator to count from one to nine.

The use of the scale requires the abilities to produce the appro-
priate name (e.g., “1 3 6"} for any given tick mark and to locete the
eppropriate tick mark wben given any name between 0 01" and
*360.” To do this the pelorus operator needs the following:

a scbema for the scale, with ticks (some of wbicb are lebeled} iz an
ordered sequence

the abstraction of number sequence et least from zero toc nine

the ebility to decompose e number representation into e decade
{between 01 and 35}

the ebility to use the number sequence locally within a decade to
determine the last digit of the bearing

the ability to reassemble the decede and the last digit into a wbole
number.

It is not necessary to posit an abstract internal representetion of
the scale. Instead, the pelorus operator works with the interpreted
representation of this scale. This representation is ceused by et-
tanding to the scale and involves coordination with pre-stored
structures thet ellow the scale to be seen as e scale rather than as
something else. What is stored certainly need not be an image of
the scele.

H we asked a pelorus operator, while be was not ectually using
the instrument, to tell us bow the scale-reeding task is done, be
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might make usa of an imaginad intarna! representation of tha scala
and imagina tha oparations performed upor it. This would be e
vary different task from reading a scale that was presant. An inter-
nal representation mey be ecquired through continued interection
with tha scala itself. What wa kaow about intarnal represantations
of external structures, though, leeds ma to believe thet such e rep-
resentetion would ba schbamatic at bast {Nickarson and Adams
1979; Reisberg 1987},

Reporting and Romembering Boarings

Viewing language es one of the structured representations pro-
duced and coordineted in the performance of e task highlights
language’s informetion-bearing properties. In cognitive science,
langunage is usually thought of primarily es e buman computetional
cepacity that must be understood in terms of the processing thet
individualis must do to produce or interpret it. Looking et the role
of langnage in the operetion of e system of socielly distributed
cognition leeds us to wonder ebout the properties of language as e
structurad representationel medium,

Treditional! informetion theory fails us wben we epproecb
spoken language. When e pelorus operetor reported the bearing of a
landmark, bow mucb informetion wes pessed? The number be re-
ported is one of 360 possible full-degree bearings. Does thet mean
thet e bearing report carries log,360 = 6.492 bits of informetion? Or,
since there are 1000 numbers thet can be constructed of three dig-
its, should we say thet eech three-digit bearing carries log,1000=
9.967 bits of informetion? Tbe problem is that the agreement be-
tween the sender and the receiver concerning the universe of mes-
sages and the weys in whicb they will be coded is very weakly
specified. The informetion-theoretic meesures given ebove are ir-
relevant. Whet counts is what it takes to understand wbet bas been
said, and understanding of language is poorly modeled by clessicel
informetion theory. Even in this bighly retionelized and predict-
eble setting, there is no previously egreed upon specifieble uni-
verse of possible messages, and the weys of encoding and decoding
the messages are themselves negotieble et the time of communice-
tion. Rather than ettempt to force informetion theory onto naturel
languege, let us insteed look et the problem of language under-
standing from the perspective of coordinetion of structured repre-
sentational medie. Utterances themselves are stetes in structured
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rapresentational media which we understand by bringing them into
coordination with both external and intarnal structured repre-
sentational media. Depending on the nature and the modality of the
language expression, a great deal of information may be entailed by
whbat looks like the transmission of a trivial message. Tbe message
may be garbled and require partiai reconstruction by the bearer.
The impact of the message on the receiver depends on wbat the
receiver knows, For example, consider a case in which a baaring of
059° is reported. To a novice, this may be only a string of digits that
is to be written down in a book. To the experienced navigator, this
means a direction that is a little to the eest of northeast. When a
knowledgeable navigator bears or sees this bearing, be may know
which direction be is currently facing and may actually feel the
direction indicated by the bearing as a pbysical sensation. For ex-
emple, a navigator facing west may bear 059" and experience a
sense of the direction to the right of directly behind. This must in-
volve the coordination of the cerdinal direction schema with tha
bodily frame of reference. This is quite similar to what the Micro-
nesian navigator does. The diffarences in intarpretation of such
simple verbal strings are easy to observa in the actual interections
among members of the navigation team. At one point, the bearing to
Hotel del Coronado was reported as 003 degrees. "The bearing re-
cordar simply recorded and relayed the reported bearing as a string
of digits, but the plotter, without plotting it, responded: “It better
not be, if it is we’re pulling into Tijuana right away!” In an inter-
viaw, this same plotter, a quartermaster cbief, once described the
ability to feel bearings es directions in the local space defined by
bodily orientation as being able to “think like a compass” and said
it was something ba tried to teacb all his men to do. The bearing
recorder’s willingness to simply record and report the impossible
bearing is evidence that be was not “thinking like a compass” —at
least, not with respect to that bearing. This bearing meant some-
thing mors to the plotter than it did to the bearing recorder because
the plotter brought it into coordination with a structured repre-
sentational medium-—his sansa of directions in local space.

Recording Bearings and Depths

The spoken representetions of bearing and depth must be trans-
formed into written representations for entry into the bearing re-
cord log. This part of the task is reletively straightforward for



Chapter 3 142

competent members of a literate culture. The bearings and depths
must be inserted in the appropriate places in the table, and they
must be legible. One potential problem here is the ambiguity of
symbols. A handwritten 2, for example, may be indistinguishable
from a bandwritten Z,

Setting the State of the Hosy

Once the plotter has either read or overheard the bearing to a
landmark, it must be remembered until it hes been represented in
the structure of the boey and the boey configuretion bas been
locked. The task of loceting the position on the boey scale that
corresponds to the name of the bearing is very similar to the task of
reading the hearing from the gyrocompass scale. As was noted
ebove, the hoey and the gyrocompass scales are the interfaces he-
tween the digital and the analog representetions of the hearings.
Wherees the gyrocompass scale and the elidade hairline are in-
volved in an analog-to-digital conversion, the hoey’s arm and haix-
line index are used to perform a digital-to-anelog conversion.

Plotting snd Evaluating the Fix

Once the boey bas been configured with the representetion of the
bearing, the plotter must remember which landmark is to be asso-
cieted with the bearing. Sometimes the identity of the landmark is
evident from the angle and the expected locetion of the fix. There is
e reconsiructive memory process bere that mey rely on the sim-
ultaneous coordination of the memory for the landmarks chosen on
the current round, the pbysicel sbepe of the configured boey, and
the positional constraints provided by the arrangement of symbols
on the chart. The functional system thet realizes this memory
clearly transcends the bounds of the skull and the skin of the indi-
vidual plotter. If we were to characterize this memory retrieval as e
beuristic search, we would heve to say thet the search {for the ap-
propriete landmark to go with the bearing) is conducted in the
spece of the cbart itself by successive positioning and repositioning
of the boey until e fit between chart, hoey, and projected fix posi-
tion is found. The nsvigetion system thus remembers whicb land-
mark goes with the current bearing, and most of the structure ond
procsss of the memory function is external to the human ector. The
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heuristic part of the search lies in the plotter’s choices of ways to
position the hoey to hetter satisfy one or another of the spatial
constraints of the prohlem as they are represented in the physical
structure of the hoey and the chart. Latour (1986} calls this
“thinking with the eyes and hands.”

TRANSLATION WITH PRESERVATION OF DIRECTIONAL RELATION
On the Mercetor projection, the straight edges of rulers make
straight lines which denote sets of locetions all hearing the same
directionel reletionship to one another. A frequent component of
plotting tasks is the estahlishment of such e directional reletionship
with respect to e directional referent and a given locetion. Thus far
1 heve discussed the use of the hoey, hecause thet wes the tool of
choice for the plotter aboard the Palau. There are, however, severel
othar tools designed to do this same task, and eech has slightly
different properties, There are two major classes of these tools:
those thet have directional gradations {a protrector of some sort)
built in and need only to be aligned with a directionel referent, and
those thet simply translate direction. The tools in the latter class,
paratlel rulers and pairs of triangles, rely on e compass rose printed
on the chart for the degrae gredetions. Compass roses appear on
some charts with both megnetic and true orientetion. On other
charts they are printed only with true orientation, and on most non-
Mercetor-projection charts they do not eppear at ali (since on most
non-Mercetor projections directionsl reletionships are not pre-
served). If e chart is designed for use with the simple direction
transleting tools that rely on the compass rose and on the transle-
tion of direction from the rose to courses, or from relations between
points to the roses, several roses ars frequently printed so that for
any particular operation e compess rose will be nearby on the
chart. The farther one has to move e line of direction with parallel
ruler or triangles, the greater the probebility of error.

Hoey
The hoey is also known as e one-armed protractor. Directional ref-
erence is established by aligning the base of the protractor with any
one of the latitude lines on the chart. The letitude lines provide e
true east-west referent for the direction scale of the protractor.
Consider the task of bringing a representational state of the hoey
into coordination with the structure of the chart. One hes to sim-
ultaneously get the edge of the rule lined up with the symbol of the
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landmark on the chart and also get the hase of the hoey lined up
with the directional frame of the chart. The task has three degrees
of freedom. There are two degress of freedom in getting the hase of
the hoey eligned with the directional frame of the chart {one rote-
tional, the other either vertical or horizontal depending on whether
the hosy is eligned with e paratlel of letitude or e meridian of
longitude). The third degree of freedom is in getting the edge of the
rule over the landmark symhol. It is difficnlt to setisfy ell of these et
once, heceuse one cannot ettend to o1l three et the same time {the
hoey base should be far from the landmark symhol in order to
present the longest possihle line of position}, and e change in one
tends to change the others. There is e simple mechanical technique
for making this coordinetion easier to do. It reduces the prohlem
from three degrees of freedom to two.

The technique is to plece the point of e pencil on the symbol of
the landmark on the chart, hring the edge of the rule up egainst the
pencil point, and then, keeping the edge in contact with the pencil
point, move the hese of the hoey mmtil it is aligned with the direc-
tional frame of the chart. This reduces the prohlem to one with two
degrees of freedom, and permits the plotter to ettend visuelly to the
rotationel and laterel constraints while guaranteeing the setisfac-
tion of the landmark symhol position constraint with gentie pres-
sure on the hosy arm. In producing the coordinetion between the
hoey and the chart, the tesk performer can transform the task to an
easier one hy echieving coordination with an internal artifact: the
knowledge of this technique. When this skill is well learned it
prohehly hecomes an eutometic motor skill, and experienced plot-
ters mey find it difficult to describe how it is ectually performed.

Parallel Ruler

The parallel ruler is e pair of straightedges ettached to sech other
by e pair of diagonally mounted hars. While one of the rulers is
aligned with the desired direction, the other ruler can be moved
eway from the first, remaining parallel to it. By elternetely holding
one ruler down on the chart and moving the other, one can move e
direction line anywhere on the chart. Parallel rulers are ewkward to
use. Not only does their use require physical coordmetion to welk e
line ecross the chart; sometimes some planning must be done to
determine which sequence of walking moves is required to get from
the printed compass rese to the desired point on the chart.
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PMP

The standard plotting mechina or parallel motion protractor (PMP}
is also known as a drafting machina. Whan using the PMP it is
necessary to tapa tha cbarts down to tha tabla, bacause the direc-
tional reference is establisbad via tha basa of tha PMP {which is
boited to the tsble}. If the oriantation of tha chart with respect to the
PMP changed, the directional refarent would be lost. Because tha
direction can be locked into tha PMP's arm, whicb is then free to
mova in two dimensions whila presarving tha salected direction, it
is aasy to use this to pass the givan diraction line througb any
salactad point. Tbe special tachniqua reguired to get the boey into
coordinetion with the cbart is not naeded with this tool. Tha arm of
the PMP is ettached to a platform that bas two concentric compass
roses. Thesa innar and outar roses can be indapandantly sat to es-
tablisb direction reletiva to any arbitrary refarenca. This can be
useful if it becomas nacessary to plot bearings relativa to the ship’s
baad rether than reletive to true north,

The boay is parhaps a bit more difficult to usa than the PMP, ba-
causa tha 360° scala is folded over into two scalas of 180° each. Ef
ficient nsa of tha boey requires edditional strategias to get tha
correct lina of position. Beceuse e singla arm position on tha boay
representa both a bearing and its reciprocal, tha plotter must be
eble to detarmina which bearing is to tha landmark and which is
from it.

With tha straightadge of the plotting tool in tha correct position
on tha chart, tha plottar may drew the lina of position. Exparienced
plottare almost never draw e completa lina of position axtending
from the landmark symbol to tha position of tha ship. Instead they
draw a short lina sagment in the vicinity of tha axpected fix. The
judgemant of what constitutes “‘the vicinity” of tha fix mey take
many factore into account,

Evaluzting the Fix

Once three or more lines of position have been drawn, the nav-
igator should evaluate the fix. Is it of good quality? Can it be
trusted? Should something different be done in order to improve
the quality of future fixes? The primary evidence concerning the
quality of the fix is the size of the triangle formed by the three lines
of position. If the three lines do not intersect in exactly the same
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point, the ship’s position is uncertain. There are complex argu-
ments ebout how to plece e ship’s position reletive to various
shapes of triangles {Bowditch 1977}, but most nevigetors simply
assume thet the ship is in the center of the triangle and plece e dot
there as the fix point.

The displecement between the ship's projected position for the
fix time and the ectual fix position is e source of information ebout
the quality of the information used in constructing the previous
deed-reckoning position. If the ship has not treveled es far as wes
projected during the fix interval, it must not be treveling as fast as
expected. The change in speed mey be due to e change in the speed
of the ship through the weter or to a cbange in the current through
which the ship is moving. Any informetion of this sort derived
from the comparison of the fix position and the projected position
must be remembered in order to contribute to future projections.

Extending the Dead Reckoning Track

After the fix has been plotted and evalueted, the dead-reckoning
{DR} track of the ship sbould be projected into the future for et least
two fix intervals. This requires the plotter to determine the ship’s
beeding and construct e treck line from the current fix position in
the direction of the ship’s heeding. The heeding is evaileble in the
form of e written number in the deck log. Again the hoey is used to
construct e line of position. In this case, it is e line extending from
the fix position In the direction of the current heeding. Along this
line, the plotter now predicts where the ship will be et the end of
sech of the next two fix intervels. To do this, the plotter must know
bow fast the ship is treveling.

Mercetor-projection navigetion charts are not normally printed
with distance scales. {This is because the measurement of distance
is epproximate on the Mercetor projection. The amount of error
depends on the distance measured and the magnitude of its pro-
jection onto the north-south dimension.} Insteed they are printed
with letitude and longitude scales elong the borders. One minute of
latitude corresponds to one neutical mile. However, the length on
the chart of e minute of letitude Increases es one moves away from
the equetor. A reesonehly eccurete estimete of distance can be had
by using the latitude scale et the mid-letitude of the segment to be
measured.
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Maasurements of distance on the charts are made with dividars.
Thasa tools simply span a givan axtant of spece and parmit thet
span to be transferred to anothar part of spece. To maasure tha
distance batween two points on & chart, ona could span the dis-
tanca with dividers and move that span to e scale to reed its mag-
nitude in tha units of the scala. Like tha boey, tha dividers are a
tool for capturing representational state and moving it to another
medium without distortion.

FQUR WAYS TO DO DISTANCE-RATE-TIME PROBLEMS

The way e problem is represented can change whbet is required of
the problem solver. Suppose the plotter bes just plotted a fix and
needs to compute the ship’s speed in nauticel miles per bour on the
basis of tha distance the ship has moved in the interval of time thet
elapsed between the current fix and the previous one. In particular,
suppose the two fix positions are 1500 yards apart and thet 3 min-
utes have elapsed between the fix ohservations. There are at loast
four different ways to represent this problem. Eecb representational
condition requires a different organization of cognitive processes.

Conditinn 1 The task performer has the following resources: pe-
per and pencil, knowledge of elgebre, knowledge of arithmetic,
knowledge that there are 2000 yards in a nautical mile and 60
minutes in an hour, and knowledge that distance equals rete mul-
tiplied by time {D=AT}.

Condition 2 The task performer has the same resources as in
condition 1, except thet insteed of a paper and pencil the task per-
former has a four-function pocket calculetor.

Condition 3 The task performer has either e three-scale nomo-
gram of the sort sbown in figure 3.3 or a nsutical slide rule of the
sort shown In figure 3.4, and the knowledge required to operate
whichever tool is present.

Conditinn 4 Tbe task performer has no material implements at all,
but knows bow to use what nevigators call the “three-minute rule.”

It is impossible to specify in advance exactly how any particular
person will actually do this tagsk under any of these conditions, but
if the person uses the resources in the ways they are intended to be
used it is not difficult to determine wbat is likely to he involved.
in condition 1, the task performer will first heve to use the
knowledge of algebre to manipulate the formule D= RT to the form
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Figure 3.4 A nautical slide rule.
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R=DIT so thet rete can be solved for directly from the given values
of D and T. Then, the distance in yards will have to be converted to
the equivalent number of miles using the knowledge of the number
of yards iz e mile and the knowledge of arithmetic. The time in
minutes will heve to be converted to the equivalent number of
hours using the knowledge of the number of minutes in an hour
and, egain, arithmetic. The distance meesure must he divided hy
the time measure {arithmetic again} to get the rate. Of courss, these
things can be done in a different order {for example, the division
could come before sither of the unit conversions, or between them},
but in any case all these things must be done at some point in order
to solve the prohlem.

The reader may want to try this as an exercise just to get a feel for
the sort of work thet is involved. I believe that this problem would
tax the abilities of many navigation practitioners in the Navy, not
because the arithmetic is difficult but because the epplications of
the arithmetic operations must be planned so thet the elements of
the solution fit together to produce the desired solution. One mey
be perfectly capahle of doing every one of the component subtasks
in this problem but feil completely for leck of ebility to organize
and coordinate the various parts of the solution.

In the calculator version, the procedures for doing the arithmaetic
operetions of division and multiplicetion are restructured so thet,
instead of constructing a pattern of symbols on e piece of paper and
decomposing the prohlem to a set of operetions on single digit
arithmetic arguments, one keys values into e calculetor and pushes
operator buttons. Also, depending on the order in which the steps
are taken, it may be necessary to remember a previous resuit and
enter it into a later operetion after other operations heve inter-
vened. I think this version of the task would also tax the abilities of
many navigation practitioners. The calculator makes the easy part
of the problem easier to do. The difficult part is deciding how to
coordinate the arithmetic operetions with each other, and the cal-
culator provides no support for that part of the task.

The paper-and-pencil condition and the calculetor condition are
alike in thet they utilize completely general computational rou-
tines. The knowledge of the equation for distance, rete, and time
and the knowledge of the constants required for the unit conver-
sions are specific to the task, hut they provide little help in struc-
turing the actions of the task performer. Because of this, the
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procedures for doing the computation are complex. When we write
them out et even the shallow level of detail given ebove, we find
that they contain many steps. If we ectually got down to counting
eech symbol] written on the peper or eech key-press on the calcu-
lator es e step {not an unnsually detailed level for e cognitive ane-
lysis), we would find thet they eecb contain many tens of steps.

Now consider the cognition required of the tesk performer in
condition 3. To use the nomogram, one finds the value of the time
on the time scale and makes e mark there. One finds the value of
the distance on the distance scale and makes e mark there. Then
one draws e line through those two marks with e straightedge and
reads the velue of speed, in the desired units, where the diewn line
intersects the speed scale. The fect that these scales are elreedy
constructed in terms of the units set by the problem clearly gives
this condition e substantial edvantage over the first two condztions.
This is e very common problem, and the nomogram is designed
specifically to make its solution easy. The use of the neutical slide
rule is very similar to the use of the nomogram. 1, like the nomo-
gram, is e medium in which multiplicetion and division are repre-
sented es elignments of logarithmic scales. One aligns the distance
index with the desired distance on the distance scele (this could be
yards or miles; both are represented, side by side} and eligns the
elopsed-time index with the desired time on the time scele {either
minutes or hours; both are present, side by side); the speed index
will then point to the speed in knots on the speed scale.

Having the scales in the units set by the problem eliminetes the
need to convert one kind of unit into another. More important,
knowledge of elgebra is not required for this condstion of the task.
The nomogram and the slide rule transform the task from one of
computaticnal planeing {figuring out whet to divide by wbet} to
one of simple manipuletion of external devices. In the first two
conditions, all thet stands between the task performer and the
nonsensicel expressions “R=DT" and “R=T/D" is ¢ knowledge of
the syntax of algebraic transformetions. When one is using the
nomogram or the slide rule, the structure of the artifacts themselves
obviete or lock out such relations among the terrns. The reletions
D=RT, R=DIT, and T=D/R are built info the structure of the
nomogram and slide rule. The task performer hes no need to know
anything ebout these relations, either implicitly or explicitly. The
correct relationships are built into the tool; the tssk performer
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simply aligns any two scales to constrain the vaiue of the third.
Even more important, the incorrect relations are “huilt out”—it is
not possible to produce those relations with these tools.

On the nomogram, the time and speed scales flank the distance
scale. A line drawn between any point on the speed scale and any
point on the time scale intarsects the distance scale at a point that
is the averaged sum of the logarithm of the time and the logarithm
of the speed. Since sums of logarithms are products, the physical
construction of the nomogram constrains the relationships among
the terms to be of the correct type. Similarly, the slide rule is con-
structed so that the distance reading is the angular sum of the log-
arithm of the speed and the logarithm of the time.

The task performer still needs to know something, but the
knowledge that is invoked to solve the prohlem with these tools is
less complicated and less general than the knowledge required
with the paper-and-pencil or the calculator version. A good deal of
what needs to be done can he inferred from the structure of the
artifacts, which constrain the organization of action of the task
performer hy completely elimineting the possibility of certain syn-
tactically incorrect relationships among the terms of the computa-
tion. One may be more reluctant to say that the answer was actually
computed by the task performer in condition 3 than in condition 1
or condition 2. It seems that much of the computation was done by
the tool, or by its designer. The person somebow could succeed
while doing less because the tool did more. But before we go that
far, let us consider the task in condition 4.

Where condition 3 utilized specialized external artifacts, condi-
tion 4 utilizes a specialized intarnal artifact. Since 3 minutes is
1/2¢ of an hour and 100 yards is 1/20 of a mile, the number of
hundrads of yards {twentieths of a mile} a sbip travels in 3 minutes
(1/20 of an hour) is its speed in nautical miles per bour. Thus, e
ship that travels 1500 yards in 3 minutes has a speed of 15 neutical
miles per hour. In order to “‘see” the answer to the problem posed,
the navigator need only imagine the number that represents the
distance traveled in yards, 1500, with the last two digits removed:
15. The distance hetween the fix positions in the cbart is spanned
with the dividers and transferred to the yard scale. There, with one
tip of the divider on 8, the other falls on the scale at e tick mark
labeled 1500. The representstion in which the answer is obvious is
simply one in whicb the nevigator looks at the yard-scele lebel and
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ignores the two trailing zeros. A complex computation is realized
by e simple stretegy of situeted seeing in a carefully constructed
environment.

Experienced nevigatore ectually epply this rule in an even more
compressed form. The three-minute rule changes the distance itself
into speed. The distance I span with the dividers can he interpreted
directly as a speed rether than as a distance, and the “yard” scale
on the chart {marked in hundreds of yards) is now not e site of
distance measurement that is converted to speed; rether, the con-
vereion has worked ita wey upstream computationally, and e
structure that is sometimes read as the “yard” scale is now reed as
e speed scale. Ar experienced navigator has no need to imagine the
distance in yards in order to use the three-minuta rule to compute
speed. The extent of space spanned hy the dividere may he a rep-
resentation of a distance as it comes off the chart, hut this same ex-
tent of spece becomes e representation of speed as the dividers
epproach the scale {which is now heing reed es e speed scale).
When the dividers touch down on the scale, the spece they span
represents what the scale represents, and the scale represents speed
in knota.

When used in this way, the three-minute rule utilizes the same
interpretation of spece as speed thet we sew in the use of the chip
iog line. If the conditions of measurement can he constructed in the
right wey, e distance treveled In e fixed period of time can he reed
directly es e speed. This seems to be e re-evolution of a conceptual
solution in e new techrical medium. Thet is, when charts and
compasses became accurate enough to meesure and piot positions,
the careful juggling of units of distance, time and speed to get sim-
ple solutions was re-created. In the case of the chip log, the unit of
distance between the knota in the rope was constructed {41} feet) to
yield a speed reading of that distance for e given unit (30 seconds)
of time. In the case of the three-minute rule, the time span was
manipuleted to fit the distance-speed relationship. This is a nice
example of the evolution of representations in the ecology of ideas.

The application of the three-minute rule is very neat, hut it wiil
not be very useful if the conditions under which it can be applied
occur only infrequently. In fact, this is not an unusuei prohiem for a
nevigator. In the ahove discussion of the task of setting the fix in-
terval, it was noted that 3 minutes is the defeult fix interval for Sea
and Anchor Detail. Three minutes is the defauit precisely hecause
this rule is so eesy to use. The navigation team is capahle of per-
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forming the fix cycle on 2-minute, or even 1-minute intervals,
Three minutes is by far the most common interval, not because it
maets the neads of the ship better than the other intervels, but be-
ceusa it meets them well enough, and it makes this computation so
easy to do.

The nauticel slide rule and the nomogram sare normalily used
only when tha ship is away from land and the fix intervals are
much longer than 3 minutes, Wben the cycle is performed on in-
tervels of 1 or 2 minutes, speed is normally computed by conver-
sion to the 3-minute standard. For example, if the ship travels 800
yards in 2 minutes, it would travel 1200 yards in 3 minutes, so its
speed is 12 knots. And regardless of the speed of the ship, as long
as both the speed and the fix interval are constant there is no need
to actually recompute the ship’s speed to project its position for the
next fix. The distance treveled during the next intervel will be the
same as that covered in the last interval, so it can simply be span-
ned with dividers and laid on the projected track line, without the
distance or the rate ever represented as a number.

All the methods for computing speed from distance and time
have the same description at the computational level, Each of them,
bowever, represents the inputs in different ways and applies dif
ferent algorithms to those representations in order to produce the
output. Eacb of them implements the elgorithms in operations ap-
plied to pbysical entities. All involve the coordinetion of repre-
sentational structure thet is inside and outside the task performer,
but eacb calls on a particular collection of internal structures to be
coordinated with externel structure in e particular wey.

What we see bere is a set of functional systems, each of which is
capable of making the mapping from inputs to outputs but eecb of
which organizes a different set of representational media in reletion
to one another.

These are low-level functional systems. We will see later bow
they are embedded in larger functional systems to construct the
activity of the navigation team.

What are these tools contributing to the computetions? It has now
become commonplece to speak of technology, especially informa-
tion processing technology, as an amplifier of cognitive abilities,
Cole and Griffin (1980} sbow, bowever, that the appearance of am-
plification is an artifact of a commonly assumed but mistaken per-
spective. When we concentrate on the product of the cognitive
work, culfural technologies, from writing and mathemetics to the
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tools we bave considered bere, eppear to amplify the cognitive
powers of their nsers. Using these tools, people can certainly do
things they could not do without them. When we shift our focus
to the process by whicb cognitive work is accomplisbed, bowever,
we see something quite different. Every complex cognitive per-
formance requires the applicetion of e number of component cog-
nitive ebilities. Computing speed from distance and time with
a celculetor involves many component subtasks: remembering e
symbolic expression, transforming the expression, determining
whicb quantities correspond to which terms of the expression,
mepping the expression to operetions on the celculator, finding
particular celculetor keys, pressing the keys, and so on. Tbe eppli-
cetion of these ebilities must be “organized” in the sense thet the
work done by eecb component ebility must be coordineted with
thet done by others. If we now consider doing the same task with
the nomogram or with the three-minute rule, we see thet e different
set of ebilities is enlisted in the tesk. None of the component cog-
nitive ebilities has been amplified by the use of any of the tools.
Rather, eecb tool presenta the task to the user as e different sort of
cognitive problem requiring e different set of cognitive ebilities or e
different organization of the same set of ebilities,

Tbe tools provide two things simultaneously. First and most ep-
parent, they are representetionel medie in whicb the computation
is ecbieved by the propagetion of representational state. Second,
they provide constrainta on the organizetion of ection. Tbis is most
epparent in the wey that the nauticel slide rule precludes the exe-
cution of operetions that violete the syntax of the computationel
description. The pbysical structure of the slide rule is not only the
medinm of computation. By constraining the representationsl
states thet can be produced to ones thet are syntacticelly correct, it
provides the user with guidance as to the composition of the func-
tional system in which it will participete. in this sense, these me-
dieting technologies do not stand between the user and the task.
Rather, they stand with the user es resources used in the reguletion
of bebevior in such e wey thet the propagetion of representationel
state that implements the computation can take plece.

There are two important things to notice about the computational
technology of the piloting task. First, these tools and techniques
permit the task performer to evoid algebraic reasoning and arith-
metic. Those ectivities are replaced by aligning indices with num-
bers on scales, or imagining numerical representations and making
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simpie transformations of them. Rather than amplify the cognitive
ebilities of the task performers or ect es intelligent egenta in inter-
ection with them, these tools transform the tssk the person hes to
do by representing it in e domain where the answer or the peth to
the solution is epparent. Second, the existence of such e wide ve-
riety of specialized tools and techniques is evidence of e good deal
of caltural eleboretion directed toward evoiding elgebraic reason-
Ing and arithmetic. In fact, there are more methods than 1 beve
presented bere. The problem could aiso have heen solved by look-
ing up the speed in e table of distances, rates, and times. Tbe kinds
of cognitive tasks that people face in the wild cannot be inferred
from the computational requirements alone. The specific imple-
mentations of the tasks determine the kinds of cognitive processes
thet the performer will have to organize in order to do the task. The
implementetions are, in turn, part of a cultural process thet tends to
collect representations that permit tasks to be performed by means
of simple cognitive processes.

Perheps this should also give us e new mesaning for the term
“axpert system.” Clearly, e good deal of tha expertise in the system
is in the artifects (both the external implements and the internal
strotegies)—not In the sense thet the artifects are themselves in-
telligent or expert agents, or beceuse the ect of getting into coor-
dinetion with the artifacta constitutes an expert performance by the
person; rather, the system of person-in-interection-with-technology
exhihits expertise. Thess tools permit the people using them to do
the tssks thet need to be done whbile doing the kinds of things the
people are good at: recognizing petterns, modeling simple dy-
namics of the world, and manipulating objects in the environment
{Rumeihart, Smolensky, McClelland, and Hinton 1986). At this end
of the technological spectrum, et leest, the computetionel power of
the system composed of person and technology is not determined
primarily by the informetion-processing capecity thet is internal to
the technological device, but by the role the technology pleys in the
composition of e cognitive functional system.

Choosing Landmarks

The choics of landmarks to shoot for & fix is a complex judgement
that may teke into account many constraints, It is desirable to have
an even angular dispersion among the landmarks, Three landmarks
equally spaced at 120° intervals would be ideal. Howevar, rarely
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are three such landmarks available from the position of the ship at
the time of the fix. It is essential to avoid landmarks that are too
nearly in the same or opposite direction from the sbip. A constant
error in one of two lines of position that intersect at e 30° angle will
preduce a position error twice as greet as the same error will pro-
duce in lines that intersect et 90°, It is useful to get one bearing
nearly aheed or estern, because that will produce the best informe-
tion ebout the reletion of the ship to its desired track. Similarly, e
bearing near the beam provides information about the position of
the ship along its treck and is sometimes called a “speed line.”
Additional constraints are imposed by the pbysical layout of the
ship. The port pelorus operetor cannot see any landmark loceted at
an angle of less than 10° off the bow, because a large mirror blocks
the view. All these constraints mey contribute to the choice of
landmarks to sboot.

Navigators often use their arms or fingers to assess the reletion-
ships among provisionel lines of position in the spece of the chart
or in the surrounding spece. I beve seen e plotter stand on the
bridge and extend eech arm toward e landmark, assessing the angle
of intersection of his arms. More frequently, the potential lines of
position are constructed in gestures over the surfece of the chart. A
plotter may point on the chart to the symbol depicting the locetion
of e prospective landmark and then sweep his finger ecross the
cbart to the projected locetion of the ship et the time of the next
fix. By constructing several such provisionel lines of position in
the air, e suitable set is chosen. The plotter must he remembering
or re-imegining the earlier lines as others are added for considera-
tion, since the judgement cannot be based on the properties of
any line alone hut must be based on the relations among them. 1
suspect that the gestures belp to create and maintein these repre-
sentations through time. Tbe memory of the trajectory of the finger
deceys with time, hut it seems to endure long enough that several
of these can be superimposed on one another and on the perceptual
experience of the chart. Such e composite image permits the nav-
igetors to envision the directional reletionships among the provi-
sional lines of position. The provisional lines of position are not
drawn on the cbart, of course, beceuse they would add a great deal
of potentially confusing and possibly dangercus clutter to the chart.
A different representational technology might permit the temporary
coastruction and evaluetion of provisional lines of position.



Eaplamentation of Pilotage 157

Pigetining Activities

Humans are opportunistic information processors. An eccount of
the pelorus operetor’s ectivity thet seys “reed the number and then
report it is sheped by e powerful pedagogicel simplificetion. It is ¢
very understandable eccount, hut not & very eccurete one. In fact,
the ectivities of aiming the alideds, reeding the bearing, and re-
porting the bearing are often interleeved. Standing on the wing, one
can sometimes see the pelorus operetor swing the alidade to the
epproximate direction of the landmark, report the first two digits of
the bearing, end then, with e slight pause In tha report, turn the
elidede e bit more and pronounce the last digit of the bearing. In
extreme ceses even the loceting of the landmark mey be interleeved
with the subsequent activities. Thus, one might observe e report
punctueted by short peuses in which non-report work is being
done: “Hotel del {short peuse to swing elidede}, 0 4 (sbort peuse to
coumt to last digit) 3.” In such e case many representational struc-
tures mey he simultaneously in coordination.

If the unit of analysis is defined by the medie thet are ectually in
coordinetion, we sbould cbange the unit of analysis as different
aspects of the task are considered. When the pelorus operetor reeds
the hearing, the visual scene outside the pelorus is no longer e
selient part of the coordlnetion, and the mental structures that en-
code the description of the landmark are no longer needed. The
coordInetion event that eccomplisbes the reeding of the bearing
spans e different set of structures; e different set of medie are
brought into coordination. Again, the normelly essumed bounda-
ries of the individual are not the boundaries of the unit described
by steep gredients in the density of interection among media. Now
the unit includes the degree scele, the hairline, and perbeps the
structures required to reed the digits printed on the scale and count
the tick marks lying between the lebeled tick mark and the beirline.
The bearing taker is still the task performer, but now different es-
pects of the bearing taker's knowledge and different structures In
the environment are brought into coordination. The ective func-
tional system thus cbanges as the task changes. A sequence of tasks
will involve e sequence of functional systems, eech composed of e
set of representstional medie.

Sometimes the reeding is co-erticulated with reporting and re-
cording the bearing. Tbe bearing recorder mey bave eireedy
recorded the first digits of the bearing before the bearing taker
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has read the last digit. In that case, the unit of coordination in-
cludes the activities of two persons. The two actors could be said to
be in coordination with one another in a profound sense {more on
this later). The representational state of the pelorus is propagated
onto the representational state of the bearing log by the coordinated
actions of two people. But what is in coordination is more than the
two people or the knowledge structures of the two people. The
functional system includes these components and the artifacts
themselves at the same time. When the bearing is recorded as it is
being observed, the chain of coordination may include the name of
the landmark, partial descriptions of the landmark, the visual ex-
perience of the landmark, the hairline of the alidade, the gyro-
compass scale, the knowledge and skiils involved in reading the
bearing, the spoken sounds on the phone circuit, the knowledge
and skills involved in interpreting the spoken hearing, and the
digita written in the hearing record log.

It is tempting to offer the sequential account as the nominal ac-
count and then explore instances in which the suhsequences over-
lap. Doing this makes the exposition clearer, but it does violence
to the phenomena. In fact, the maximally co-articulated case is
typical. The elementa can be strung out sequentially only by a de-
liberate process that involves other structures. i reporting and re-
cording are co-articulated with the reading of the hearing, for
example, neither the bearing taker nor the recorder need remember
the bearing. if this same task is strung out serially—read, report,
record—then the memories of both must be brought into play. The
serial sequential account is the one that appears in the written
procedures that describe the task. These rationalized versions are
easier to think about, understand, and promulgate than a descrip-
tion of bow the system actually works, but it would he both difficult
and inefficient to do the joh the way it is described in the written
procedures.

When we tumn to the coordination events and see all the media
that are simultaneously in coordination {some inside the actor,
some outside}, we get a different sense of the units in the system.
When a bearing taker sights a landmark, we can imagine that there
is coordination between the landmark name and the memory for
landmark descriptions that assumes a state of description of the
desired landmark, and then that is coordinated with some aspects
of the visual scene containing the landmark itself, and then the
hairline of the pelorus is superimposed upon that. All these things
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are in coordination with one another et once. This coordinetion
produces the representational stete in the pelorus thet is then reed
in the indiceted besring. Here we have e coordination of two ex-
ternal structures (visual scene and hairline) with an internel struc-
ture {landmark description} thet is the result of the coordinetion of
two internal structures (landmark name and memory for landmark
descriptions).

Constructing the Task Setting

The activities described in the previous section take plece in e
carefully organized task setting. One cannot performed the compu-
tations without constructing the setting; thus, in some sense, con-
structing the setting is part of the computation. in the most
straightforward sense, the setting is constructed by means of prep-
aration procedures that are performed before navigation is begun.
The Watch Standing Procedures specify the following steps in
preparation for Sea and Anchor Detail:

8. Praparations for Sea and Anchor Detall, Prior to Sea and Anchor Detail, the Assistant fo the
Navigator will ensure that:
& Al approach and Harbor chorts are laid out with:
{1} ‘frack with courses and distances labeled
(&) Tum bearings taking intc account the tactical characteristics of the ship (utilize 15
degrees rudder and 10 inots of speed)
@3 Danger bearings/ranges where ever necessary, especially if the ship must head
straight at a shoal
@  Outiine i bright indelible markor aff hazards to navigation and all soundings of thirly
foat (5 fathoms) or less
{5} A conveniont yard scale for quick use
(6} |f anchoring, ley out the anchorage as recommendad in the Officer of the Deck's
Manual
B. Al pertinent publications are correctad, and marked, the information reviewsd by the
Navigator, anc plotter.
€. Tides and currents graphed and posted.
d. | possibie, the gyro emor is determined within one hour of stationing the detall.
8. Qualifind personnet are assigned to each position.

Getting the Right Charts onto the Table In the Right Order

While & ship is entering a harhor, several charts may be required.
The change from one chart to another must be accomplished
quickly. It is important to get a new fix on the new chart as soon as
possihle. It would not do to he digging in the chart collection look-
ing for the right chart when navigation needed to be done. A typical
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warship carries more than 5000 charts, so the search could he very
time consuming. Furthermore, the charts are stored forward, near
the euxiliary conning space. Therefore, ell the charts thet will he
needed for e particular detail are assemhled ahead of time and
arranged on the chart tahle, one over the other, in the order in
which they will be needed. This makes it possihle to change charts
quickly hy simply pulling the top chart off and exposing the next
chart. Extra copies are stored in the chart tahle so thet they can be
hrought up quickly if the charts in use are inedvertently destroyed
or are collected as evidence in the case of an incident.

Computation of Enry {Exit} Track

The task of navigeting e ship imto a harbor can be greatly simplified
by planning the ship’s track ahaad of time. This consists of plotting
on the chart the courses to ba steered, the lengths of tha legs, the
locations of turns, the identification of turn bearings, and the land-
marks to be used to datarmine turn bearings. Qf course, construct-
ing this track requires considereble effort. It also requires the
detarmination of the tactical characteristics of tha ship. Recall that
sbips do not turn on a dima. After the rudder is put ovar, e ship will
move forward and to tha sida some distanca befora it reecbes its
new desired heeding. Tha amount it moves forward is celled ad-
vance; the amount it moves to the side is called transfer. It is pos-
sible to compute thasa values, but it is much simplar to look them
up in an advance and transfer table {figure 3.5). These tebles change
the nsture of tha computetions involved in preplotting the treck,
which in turn changes the neture of the computations done during
See and Anchor Datail. The edvance and transfer tebles make it
easier to plot tha projected treck, and the projactad track makes it
easier to provide support to the officer of the deck. Wa can sey more
than that these tasks hava been made easier. By specifying the
cbanges in the cognitiva requirements of tha tasks that must be .
parformed, we can sey bow they beve been mada aasier. The
structure of these artifacts is such that the required computetions
can be echieved by simpler cognitive processes in interaction with
thasa artifacts than by tha mathod they replace.

Thasa feetures of the plannad routa of the ship do not change
from ona entry of the barber to anothar, so they are often plotted on
tha chart in ink. They thus become parmanant feetures of tha chart.
Sinca tha axit treck is different from tha antry track (ships keep to
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the right of e channel), a chart is usually made up for entry and
another for exit, at least for the home harhor. Yard scales showing
distances prior to the turns are plotted directly on the ship’s pro-
jected track. All this could he done while the ship is entering port,
hut doing it aheed of time changes the cognitive requirements of
the tasks that are to be done. One of the most important tasks of the
navigation taam is to provide advice to the OOD on the progress of
the ship. Heving the chart properly made up ahead of time makes
this task much easier. For exampie, if the desired track has heen
plotted already, displacement left or right of track can be measured
directly. The information regarding the next course is ready at hand
and need only he read off the chart efter the position has been
plotted. On a chart made up in this way, the number of yards to
the next turn need not he measured; it is availehle by simple
inspection.

Further customizetions to the chart include drawing in the crit-
ical depth contours {areas of weter that are shallower than the draft
of the ship), plotting hearings of landmarks thet will keep the ship
out of dengerous areas, and leying out the epproeches to an an-
chorage. As with the projected trecks, these modificetions to the
structure of the chart are specific to the ship and support compu-
tations that couid otherwise he done on-line, but only et the cost of
greater cognitive demands during the ectual performance of the
main task.

Updating the Chart
Cbarts must be kept updated. Channels silt in, sandbars move, new
buildings are constructed, and lighthouses may be demolished and
rebuilt. Since it is expensive to puhlish e new edition of e chart,
periodic notices of changes are published and distributed. These
changes sbould be incorporeted in e ship’s existing charts. Fur-
thermore, the crew may choose to edd landmarks to a cbart thet are
not yet on it or on e publisbed change notice. The crew of the Palou
added e new tower to their chart by establishing bearings to the
tower from sevarel position fixes acquired while exiting the harbor.
Doing this meant edding workloed to one performance of the task
in order to make future performances less effortful or more flexihle.
Charts are thus customized in weys thet transform the nature
of the work thet can be done with them and change the cognitive
requirements of doing thet work. The customizations to the chart
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Standard Tactical Diameter, 15000 Yards — Standard Rudder 15°

Angle of Turn  Advance Transfer Angle of Tumm  Advance Transfer
15° 500 38 135° 993 853
30° 680 100 120° 933 1013
45° 827 207 135° 827 1140
60° 940 347 150° 687 1247
758° 10907 513 165° 533 1413
99° 1020 687 180° 867 1300
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are bits of structure that will become components of cognitive
functional systems that operate during the performance of the nav-
igation task. The computations are distributed in time, and these
customizations to the chart are examples of moving computation
out of the high tempo activities of Sea and Anchor Detail by doing
the computation ahead of time.

Computation of the Compass Deviation Table

Although the magnetic compass is not normelly used es a primary
nevigetion instrument, wben it is called into service it becomes
very important. Every meguetic compess has smell errors thet are a
consequence of the electromagnetic environment of the compass.
These are corrected when possible. Often some minor erross re-
main. In order to remove these errors, e devietion table is con-
structed. The error of the compass on beedings at 10° intervals is
observed empirically and entered Into e table. The entries in this
tabie cen be used later to compensete for errors in compass read-
ings. The deviation table must be constructad ahead of time when a
reliable directional referent is evailable.

The Compiation and Posting of the Tide and Curront Graphs
As each fix is plotted, the navigation team must verify that the
depth of water ohserved under the ship corresponds to the depth of
water shown on the chart for the location of the fix. This compar-
ison would he trivial if there was no tidal variation. The actions of
the tide cause the water to he shallower at some times and deeper at
others. In some places tidal ranges of 15 feet are common. Depths
reported on the chart are given with respect to the tidal datum of
the chart, a reference with respect to which tidal heights are also
reported. H the reported tide is © feet, then the depths reported on
the chart should be accurate. H the reported tide is +4 feet, then
the water will he 4 feet deeper than the depths shown on the chart.
Predictions of tidal movement are provided in tahles.

The tides are one of the messier aspects of navigation. In the
open ocean, tidal fluctuations are relatively regular. Where tides

A table of advance and transfer. Thess descriptions of a ship's handiing characteristics are dater-
mined empirically and are used to plan tuming maneuvers in restricted waters, {From Maloney
1985)
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interect with land {and especially in harbors, where they interect
with complex basin shapes), the regularities become quite com-
plex. When planning maneuvers in a harbor, one must compute a
genere! tida! amplitude and phese for the tidal movement. This
mey be e good description of the tida! movement et one point;
however, as the tide surges into and out of the harhor, the peak tide
occurs at different times and with different amplitudes at different
points in the harbor. The navigator must be ehle to compute the
times and heights of the tides et all points elong the planned route.
Additional tahles are puhlished showing the corrections of phsse
and amplitude at selected points in the harbor. Figuring the tides
on a besin with a complex shape, such as San Francisco Bey, can he
a real nightinare. in preparing to enter or exit e harhor, the naviga-
tion team will construct e set of graphs of the height of the tide at a
sample point {or several sample points} in the harhor along the
pianned track. These graphs provide corrections to the calculations
of the expected depth of weter under the ship for comparison to the
depth ohserved by the fethometer operator.

The crew also produces e current graph showing the direction
and velocity of the tidal current at selected locations. These cur-
rents can be quite strong in hays and harhors. They effect the speed
made good over the ground (a standard nautical term), and this can
be e very important consideration affecting rete calculetions and
steering commands.

Cashing s the Precomputation

Precompirtations Hedistribute Cognitive Worldoad acroas Time

Many of the elements of the preparation for Sea and Anchor Detail
involve the performance of the parts of the anticipation computa-
tions. It is easy to see thet one of the effects of doing as much as
possihle shead of time is e reduction in the amount of work that has
to he done in the high-tempo phases of the Sea and Anchor Detail.
Because the task is event driven, and since the quartermasters do
not have the option of guitting or starting over, this is an important
stretegy for keeping the workloed within the capacity of the nav-
igation team. Stacking the charts on the tahle in the order in which
they wili he needed is an example of this sort of redistrihution of
effort ecross time.
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Precompistations Transform the Tasks Performed

Many of the elements of the preparation do more than simply move
some the computational ectivity out of the time-limited perfor-
mance of the main task. Tbey creete new structures that cbange the
cognitive nature of the tasks thet must be done in the time-limited
performance of the main task. The pre-plotted entry treck trans-
forms the task of genereting edvice for the officer to the deck. The
“convenient yard scele for quick use,” in concert with e pair of
dividers and the three-minute rule, becomes an element in e func-
tionel system thet performs distance-rete-time calculations vie per-
ceptual inferences. Tide grapha, turn bearings, and danger ranges
have similar roles to pley in the on-line computetions. The ectivity
of the fix cycle collects all these constrainta together in a medium
where their comblned effects interect. The precomputations are
saved representetionel structures that transform the neture of the
task performance. They aren’t just doing part of the task aheed of
time, they are doing things aheed of time thet make the task eesier
te do. Thus, in the distribution of cognitive effort across time, the
Integral of effort over time is not the same in the case of doing part
of the task ahead of time as it is in doing e restructuring pre-
computation aheed of time. In the letter case, the total effort may
ectually be less.

Of course, the construction of the chart itself could elso be de-
scribed in exactly this way. It is e structure thet is constructed
aheed of time and cbanges the neture of the computation thet is to
be done in the period of hightempo ectivity. The Micronesian
nevigetor’s imagery of the voyage is very much like e chart in thet it
is e precomputed structure onte which chservetions can be mepped
50 thet the answer to the pressing question is literelly staring the
nevigetor in the fece. A greet deal of prior experience is distilled
in the structure of the chart and in the Micronesian nevigetor’s
knowledge of the stars and seas. In both cases, the structure thet is
the centerpiece of the computationel functional system is not
something thet could have been creeted by the nevigetor elone. In
both ceses, there is & general framework onto which specific ob-
servations thet are locel in time and spece are projected.

Precompidetions Capture Task-Invariant Properties on Multiple Time Scaies
Each of these precomputations is a way of building local invariants
into the structure of the tools that are used in the performance of
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the navigetion task. The invariants are temporally local in the sense
thet none of them lasts forever. Tbey are local with respect to the
persistence of the invariant they encode. Structure, both In the
world and in representstions of the world, endures over varieble
periods of time. In general, wbere structure in the world is in-
variant, the computation can be mede more efficient by building
representations of the invariants into the representstions of the
world. The cbart, as publisbed, encodes invariants of the naviga-
tion environment. These are relstively long-lasting, and so is the
chart wben properly cared for. Tbe publiceticn of notices to
mariners and the updeting of the chart in accordance with them are
concessions to the fact that the invariants of the chart may be
longer-lived than those of the world it represents. Many of the cus-
tomizations to the chart are based on the pbysical characteristics
and handling properties of the ship—the locations of turn bearings
and the danger depth contours, for example. Tbhese are invariants
that could not be encoded on the chart as publisbed, since the chart
must serve the needs of many ships. These items are, however, in-
variant so long as the cbart is used eboard this ship, so the crew
adds them indelibly to the cbart. Shorter-lived invariants, such as
those pertaining to any particular transit of the waters depicted on
the chart, are marked in pencil or some other erasable medium.
Some ships even add an ecetate overlay over the track lines on fre-
quently used charts so that accumulated erasures do not destroy
the underlying features. Invariants that are specific to a particular
fix are ceptured in the structure of malleable medie sucb as the
boey, in which state is preserved only as long as the locking screw
is twisted down tight.

Different tools mey permit different sorts of invariants to be cap-
turad. Consider the difference between the parallel motion pro-
trector. (PMP)} and the hoey in the plotting of magnetic bearings.
With the PMP, one can add magnetic variation into the structure of
the device itself by rotsting and locking the outar compass rose.
With the PMP so configured, magnatic bearings can be plotted and
“automatically” corrected for magnetic varietion. This is useful
because magnetic variation is an epproximate invariant over local
space {within tens of miles} and locel time {within tens of years).
The cost of cepturing this invariant with the PMP is that it depends
on maintaining the orientstion of the charts with respect to the basa
of the instrument. Tbe cbarts must therefore be taped to the chart
table. It is not possible to build the invariant of megnetic variation
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into the structure of the boey. Plotting magnetic bearings with the
boey requires edditional arithmetic operetions to correct eecb line
of pusition, beceuse the boey ceptures only the more local invariant
of the bearing itself. The lock on either the boey or the PMP pro-
vides a wey to “writa” or “seve” the current value in the structure
of the device.

All these precomputational ectivities are instances of e wider
class of computationsl pbenomene called modularity. They are
modaular in the sense that they remove from local computations any
espects thet are invariant ecross the spetial and temporal extent of
the computation. Thus, in eddition to redistributing computation
in time and transforming the cbarecter of computations, these pre-
computational elements eliminata redundant computation. One
must know the reletionship of the observed fix position to the de-
sired position, but one does not reconstruct the projected treck
et every fix or even on every transit of the wetare depicted. Since
the desired treck is invariant ecross all entries of this particular
harbor, it need be constructad only once if it is constructed in a
medium thet endures. The relationship of charts to plotting proce-
dures thus implies a particular modularity of the task. This will
become clearer in the consideretion of the edeptation of the system
to change in cbepter 8.

The cbart table and its environs are preconstructed by the crew
to serve the purposes of the task. The prepared chart is e leyered set
of representations, each of the leyers metching the temporel or
spatial extent of invariants thet it represents. This permits the finel
computation to be performed by edding a final leyer of sbort-lived
representations to e representational medium in whicb many leyers
of longer-lived invarianta beve elready been superposed upon one
another. With three quick strokes of e pencil, the plotter places the
lines of position in coordination with one another and in coor-
dinetion with e deeply layered representation of the world and the
ship’s reletionsbip to it. There, instantly, is the position of the ship
in relation to the land, to the previous positions, to the desired
treck, to possible future positions, to the depth of the weter, to the
next turn, to the letitude and longitude grid, and more.

Precomputations Are & Window on a Cultural Process
The computation of the present fix relies on the most recent set-
ting of the hoey, which was done e few seconds ago. The present
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computation also involves the projection of the dead-reckoning
position, a piece of work that was done just e few tens of seconds
ago; on the tide grephs thet were constructed e few bours ago; on
the changes to the cbart thet were plotted e few deys ago; on the
projected track and the turning bearings, whicb were laid down
when this chart was “dressed” e few weeks ago; on the plecement
of the symbols on this chart, whicb was done upon the publication
of the new chart issue e few years ago; on the nsture of the plotting
tools, which were designed e few decedes ago; on the methematics
of the projection of the cbart, whicb wes worked out e few ceo-
turies ago; and on the organization of the sexagesimal number sys-
tem, which was developed e few millenie ago. it may seem silly to tie
this moment’s navigetion ectivity to e number system developed by
the Babylonians. Notice, however, that wben we get down to look-
ing et the details of the prectice we see that the most mundane facta
about the representetions chosen have consequences for the sorts of
things thet are easy to do and those that are difficult to do. This wes
one of the lessons of the comparison with Micronesian nevigetion.
These details present certain opportunities for error while pre-
cluding others. This system is part of e cognitive ecology in which
the various representations] technologies constitute one another’s
functionel environments. Since the presence of any one technology
mey change the computationa! potentials of the others, it is not
possible, in principle, to exclude any contributing element from the
list of precomputations simply on the basis of its antiquity.

Given thet eech of these elements makes as large a contribution
to the computation es any other, we may wonder wbere we should
bound the computation in time. It will not do to sey thet the current
computation is bounded by this second, for clearly it spans many
seconds. Perhaps we sbould use the nevigetore’ partitioning of the
world into mesningful pieces and sey thet the current computation
is the fix and is tamporally bounded by the fix intervel. Thattoois s
fiction, beceuse the fixes are elements of e fix cycle and any starting
point is es arbitrary as any othar. We may ettempt to put temporal
bounds on the computation that we observe now, today, in any wey
we like, but we will not understend that computation until we fol-
low its history back and see bow structure has been eccumuleted
over centuries in the organizetion of the meterial and ideational
means in whicb the computation is actually implemented.

This is e truly culturel effect. This collection through time of
partial solutions to frequently encountered problems is wbet cul-
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ture does for us. Simon {1981} offered e pareble as e wey of em-
pbesizing the importance of the environment for cognition. He ar-
gued thet, as we wetch the complicated movements of an ant on e
beecb, we mey be tempted to attribute to the ant some compliceted
program for constructing the path taken. in fect, Simon says, that
trejectory tells us more ebout the beecb than about the ant. I would
like to extend the parehle to e beecb with e community of ants and
¢ history. Rather thar watch a single ant for e few minutes, es psy-
cbologists are wont to do, let us be anthropologists and move in
and wetcb e community of ants over weeks and months. Let us as-
sume that we arrive just after e storm, wben the beecb is e tsbule
rese for the ants, Generetions of ants comh the beach. They leeve
behind them sbort-lived chemical trails, and wbere they go they
inadvertently move grains of sand as they pass. Over months, paths
to likely food sources develop as they are visited again and again by
ants following first the sbort-lived cbemical trails of thair fellows
and later the longer-lived roads produced by a history of heevy ant
treffic. After months of wetching, we decide to follow e particular
ant on an outing. We may be impressed by bow cleverly it visits
every high-likelihood food location. This ant seems to work so
mucb more efficiently than did its ancestors of weeks ago. Is this a
smart ant? Is it perbeps smarter than its ancestors? No, it is just the
same dumb sort of ant, reecting to its environment in the same
weys its ancestors did. But the environment is not the same. It is e
cultural environment. Generetions of ants have left their marks on
the beecb, and now a dumb ant has been made to appear smart
through its simple interection with the residue of the history of its
ancestor’s actions,

Simon was obviougly rigbt: in watching the ant, we learn more
ebout the beach thar ebout wbet is inside the ant. And in wetching
people thinking in the wild, we mey be learning more ebout their
environment for thinking than ebout wbet is inside them. Having
reelized this, we sbould not peck up and leeve the beecb, con-
cluding thet we cannot learn about cognition here. The environ-
ments of human thinking are not “natuzal” environments. They are
artificial through and througb. Humans creete their cognitive pow-
ers by creeting the environments in which they exercise those
powers. At present, so few of us bave taken the time to study these
environments seriously es organizers of cognitive ectivity that we
bave little sense of their role in the construction of thought.
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Whera is the Computation?

Reiating Mental Activity to Computation

Ship navigation involves lots of numbers. Numbars hava to ba
processed in ordar to find out wbera tha ship is and aspacislly to
datermine wbare it will be. It is aasy to assuma that navigators must
be good at arithmetic. When I locked closely at tha prectica of
nevigation, bowavar, I found the navigators engagad in very few
arithmatic tasks. How can that be?

It must be avidant by now thet tha computations parformad by
tha navigation system are not equivalent to the cognitiva tasks fec-
ing the individual members of the nevigation taam. It is possibla to
describe tha computations performad by tha navigation taam with-
out recourse to the cognitive ebilities or activities of tha individual
mambers of the team. I bave done so above in tha dascription of the
propagation of representational stata across a set of structured rep-
resantational medie. The navigetion systam combines one-dimen-
sional constraints to fix a ship’s position. The members of the
navigation team reed scales and transiata spokan representations
into written onas. The navigation system computes distance from
rete and time, wbila tha mambars of the taam imagine four-digit
numbers es two-digit numbers. The computations that ara par-
formed by tha navigation systam are e side effect of the cognitive
ectivity of tha mambers of tha navigetion team. Tbe tools of tha
trade both dafina tha tasks that are feced by the nsvigetors and, in
their operation, actually carry out the computations. As wa hava
seen, the very sama computation can ba implamantad many ways,
aacb implamentation placing vastly different cognitive damands on
tha task parformar.

I argued above that tha naiva notion of thasa tools as amplifiars of
cognitiva activity was mistaken. Is e written procedure an amplifiar
of mamory? Not if tha task performer never knaw tha procadure.
Then, and elweys, tha functional system thet performs the task is a
constelletion of structured reprasantationel medie that are brought
into coordinetion with one anothar. Thasa tools permit us to trans-
form difficult tasks into onas that can he done by pattern matcbing,
by the manipulation of simpla pbysical systems, or by mental sim-
ulations of manipuletions of simpla physical systems. Thesa tools
are useful precisely because tha cognitive processes requirad to
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manipulete them are not the computational processes eccom-
plished hy their manipuletion. The computational constraints
of the prohlem heve heen huilt into the physicel structure of the
tools.

The slide rule is one of the hest examples of this principle. Log-
arithms mep multiplicetion and division onto eddition and suh-
trection. The logarithmic scale meps logarithmic magnitudes onto
physical spece. The slide rule spetially juxtaposes logarithmic
scales and implements eddition and subtrection of stretches of
spece thet rapresent logarithmic magnitudes. In this wey, multi-
plicetion and division are implemented as simple edditions and
suhtractions of spetial displecements. The tasks facing the tool user
are in the domain of scale-alignment operetions, hut the computa-
tions echieved are in the domain of methematics. The chart is e
slightly subtler exemple of the same principle.-Consider the pre-
plotting of danger bearings. Once this has been done, the determi-
nstion of whether the ship is standing Into danger is mede hy sim-
ply seeing on which side of the line the position of the ship lies. In
this case, a conceptual judgement is implemented as e simple per-
ceptusl inference.

These tools thus implement computation es simple manipulstion
of physical ohjects and implement conceptuel judgements es per-
ceptual inferences. But perhaps this rafinement will be lacking
from the next generation of tools. By failing to understand the
source of the computational power in our interections with simple
“unintelligent” physical devices, we position ourselves well to
squander opportunities with so-celled intelligent computers. The
synergy of psychology and artificial intelligence mey leed us to et-
tempt to creete more and more intelligent artificiel agents rather
than mora powerful task-transforming representations.

In thinking ehout the slide rule, one mey elso reflect on doing
maltiplicetion hy mental arithmetic. There are many ways to do
mental multiplicetion. In Western culture e person faced with the
need for mentel arithmetic typically does some version of imagin-
ing plece-value arithmetic. The person epplying the algorithms of
plece-value arithmetic to mental imeges of numhers is using an in-
ternal rather than an externel artifact. These internal artifacts are
culturel programs {I)'Andrade 1981, 1989). Internalizing the arti-
fectual structure imposes new cognitive tesks, to he sure, and the
properties of the individuel processors put limits on the sorts of
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artifectual structures thet can be successfully manipuleted inter-
nally. Feced with e menial multiplicetion problem, even those wbo
are familiar with the operetion of e slide rule don’t try to imagine
bow they would manipulete e slide rule to solve the problem. This
is beceuse wbet makes the slide rule work is the precision of the
plecement of the tick marks thet represent numbers. The medium
of mental imagery is poorly suited for preserving sucb precise spe-
tial relationships, especially when one set of them must be moved
reletive to another.

What wes said ebove ebout the difference between the processes
realized by the manipulation of the artifact system and the cogni-
tive processes required to perform the manipuletion is as true for
internaiized representations es it is of external ones. Internal rep-
resentations are cepeble of transforming tasks too. And we sbould
expect that they would be. If the cognitive system ecquires new
capabilities by combining representations In new functional con-
stellations, then it is jnst as likely thet an internal representetion
will give rise to a a new constelletion as it is that an external one
will. Doing mental place-value arithmetic imposes e particular set
of requirements on the task performer. Doing the same problems
with some other system—the Trechtenberg system of speed arith-
metic {Cutler and McShane 1975), for example; or the Chinese
base-17 system {Taylor 1984), whicb uses no carry bits—imposes
different requirementa. In eacb case, the task is accomplisbed by
the operetion of e functionsl system composed of ¢ number of rep-
resentations that are brougbt Into coordinstion.

We are ell cognitive bricoleurs—opportunistic assemblers of
functionel systems composed of interna! and external structures. In
developing this argument I beve been careful not to define a cless,
sucb es cognitive artifacts, of designed external tools for thinking.
The problem with that view is that it makes it difficult to see the
role of internel artifacts, and difficult to see the power of the sort
of situated seeing thet is present in the Micronesian nevigetor's
images of the stars. The stars are not artifacts. They are a naturel
rether than a buman-made pbenomenon, yet they do beve e struc-
ture which, in interection with the right kinds of internal artifacts
(stretegies for ““seeing), becomes one of the most important struc~
tursd representational medie of the Micronesian system. The more
or less random sprinkling of stars in the beevens is an important
component of the Micronesian system. In e sky with an absolutely
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uniform distribation of stars, pavigation by tha stars would ba im-
possible: information is differenca, and thare would be no diffar-
ences to be seen as informativa.

H we ascribe to individual minds in isolation the propertias of
systems that are actuaily composed of individuals manipulating
systams of cultural artifacts, then we have attributed to individual
minds a process that they do not necessarily hava, and wa hava
failad to ask about the procassas thay actually must bave in order to
manipulate the artifacts. This sort of attribution is a serious but
frequently committad arror.

Knowing Why Things Work
A well-known student of navigetion laments the effects of this ec-
cumulation of structure es follows:

Even todoy, of course, since the ultimote sources of time-keeping
ond position-finding are the heovenly bodies, the sailor must look
up ot the sky. But so long ond so far hos the choin of experts—
professionol astronomers, mothemoticians, olmonoc-makers, in-
strument-makers ond so forth—separated the ordinory mon from
the first-hond observotion thot he hos ceased to think beyond the
octuol clock, time-signal, mop calendar, or whotever it moy be thot
“tells" him whot he wishes to know. {Toylor 1971}

Frake {1985: 268} makes e similar point ebout modern knowledge
of the tides:

[Modern tidal theoryl is for beyond the reach of the modern nov-
igotor. Soilors todoy hove no need to understand tidol theory ot ony
level, They merely consult their tide tobles onew for eoch voyage.

The Mercetor-projection cbart is e specialized analog computer,
and the properties of the chart that make its use possible are pro-
foundly methemetical in neture. But those parts of the computation
were performed by cartogrephers and need not be e direct concern
of the chart's users. The cartogrepher has alreedy done part of the
computation for every nevigetor who uses his cbart. Tbe computa-
tion has been distributad over time as well as ecross social space.
The nevigetor doesn’t heve to know how the chart was mede and
dosesn't need to know ebout the properties of the Mercetor projec-
tion thet give special computationel meaning to straight lines. The
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device is ectually more powerful if the user does not have to know
how or why it works, because it is thereby evailehle to e much
larger community of users. The computational ahilities of the mind
of the nevigetor penetrete only the shallows of the computational
problems of nevigetion. In the day-to-dey prectice of nevigetion,
the deeper prohlems are either transformed by some representa-
tionai artifice into shallow ones or not eddressed at ail.



4 The Organization of Team Performances

Having presented an eccount of the performanca of tha component
tasks of the fix cycle in cbepter 3, hara I will addrass tha ways in
which those component tasks can ba coordinatad to form e larger
computational system. in Sea and Anchor Datail, this requires get-
ting the ectivities of e numher of tasm members inte coordinetion.
Thus, in this chapter I consider not only how the tools are used but
also bow the mambers of tha navigation team use the tools together,
The unit of cognitiva analysis in this chaptar will he the navigation
teamn rathar than tha individual watchstander.

in anthropology there is scarcaly a more important concapt than
the division of labor. in tarms of tha anargy hudget of a human
group and the efficiency with which e group exploits its physical
environmant, social organizational factors often produce group
properties that differ considerahly from the properties of in-
dividuals, For example, Karl Wittfogel (1957, cited in Roberts
1964}, writing about tha advant of hydraulic farming and Oriental
despotism, says:

A large quontity of water can be channeled and kept within bounds
only by the use of moss lobor; and this moss lobor must be coordi-
noted, disciplined, and led. Thus a number of farmers sager to
conquer orid lowlands and plains are forced to invoke the orgoni-
zotionol devices which—on the basis of premochine technology—
offer the one chance of success; they must work in cooperotion with
their fellows ond subordinote themselves to a directing authority.

Thus, a particular kind of sociel organizetion permits individuals
to combina thair afforts in weys thet produce resuits (in this casa a
technological systam callad hydraulic farming}, thet could not ha
produced hy any individual farmer working elone. This kind of
effect is ubiquitous in modern life, but it is largely invisible. Tha
skeptical readar may wish to look around right now and saa
whether there is anything in the current environment that was not
either produced or delivered to its present location hy the coopes-
etive efforts of individuals working in socially organized groups.
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The only thing I can find in my environment that meets this test is e
striped pebble that I found et the beech and carried home to dec-
orate my desk. Of course, the very idee of bringing home a pretty
pebble to decorate a desk is itself e cultural rether than e personal
invention. Every other thing | can see from my cheir not only is the
product of coordineted group rather than individual activity, but is
necessarily the product of group rather than individual activity.

All divisions of lebor, whether the lebor is physicel or cognitive
in nature, require distributed cognition in order to coordinate the
activities of the participants. Even e simple system of two men
driving a spike with bammers requires some cognition on the part
of each to coordinate his own activities with those of the other.
When the labor that is distributed is cognitive lebor, the system in-
volves the distribution of two kinds of cognitive lahor: the cogni-
tion that is the task and the cognition thet governs the coordinetion
of the elements of the tssk. in sucb e case, the group performing the
cognitive task may bave cognitive properties thet differ from the
cognitive properties of any individual.

in view of the importance of sociel organization and the division
of labor es transformers of buman cepecities, it is something of e
surprise that the division of cognitive lebor has played such a very
minor role in cognitive anthropology. There beve been few in-
vestigations of the many ways in whicb the cognitive properties of
human groups may depend on the social organizetion of individual
cognitive capabilities. Over the years there has heen some interest
in the way that the knowledge of e society is distrilmted across its
members, Schwartz's {1978) ‘“distributional model of culture” was
one of the best worked out of such epproaches. In recent years there
has heen increasing interest in intrecultural variahility, the ques-
tion of the distribution of knowledge within a society {Romuey,
Woeller, and Batcbelder 1986; Boster 1985, 1890). For the most part,
this recent work bas addressed the question of the reliahility and
representativeness of individual anthropological informants and
has not been oriented toward the question of the properties of the
group that result from one or another distribution of knowledge
among its members.

The notion that a culture or a society, es e group, might bave
some cognitive properties differing from those of the individual
members of the culture has been around since the turn of the cen-
tury, most conspicuously in the writings of the French sociologist
Emile Durkheim and bis followers and largely in the form of pro-
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grammetic assertions that it is true. This is an interesting generel
assertion, but can it be demonstreted thet any particular sort of
cognitive property could be manifested differently et the individual
and group levels? Making a move in thet direction, Roberts {1964}
suggested thet a culturel group can be seen es e kind of widely
distributed memory. Sucb a memory is clearly more robust than the
memory of any individual and undoubtedly has a mucb greeter
capacity than any individual memory bas. Roberts even speculated
on how retrieval from the cultural memory might be different from
individual memory retrieval and bow e variety of sociel organiza-
tional devices might be required for the continued support of
memory retrieval functions in increasingly complex cultures. Ro-
berts explored these issues in e comparison of four American In-
dian tribes, holding thet informetion retrieval {whet Roberts called
scanning) at the tribal level among the Mandan wes more efficient
than among the Chiricahue beceuse “the small geogrepbical aree
occupied by the tribe, the concentrated settiement pettern, the fre-
quent visiting, the ceremonial linkages, mede even informal mechb-
anisms (of retrieval} more efficient” {ihid.: 448). Roberts elso noted
that the tribal-level information-retrieval precesses of the Chey-
enne had properties thet were different from those of the Mandan
or Chiricahua. He linked tha properties to particular features of so-
cial organization: "if the membership of a council represents kin
and other interest groups in the tribe, eech member makes availahle
to the council as a wbole the informetionel resources of the groups
be represents.... Councils beve usually been viewed as decision-
making bodies without proper emphasis on their function as in-
formation retrieval units.” {ibid.: 449)

In the sentences cited ahove, Roberts attributes the differences in
retrieval efficiency at the group level to the size of the group, the
pattern of interections among individuals, the pattern of interaction
through time, and the distribution of knowledge. Thus, it seems
important to come to an understanding of the weys in wbicb the
cognitive properties of groups may differ from those of individuals.
In the comparison of the pbysical accomplishments of pre- and
post-hydraulic agriculture societies it is ohvious thet the differ-
ences in physical eccomplishment are due to differences in the so-
cial organizetion of pbysical labor rether than to differences in the
physical strength of the members of the two societies. Similarly, if
groups can beve cognitive properties that are significantly different
from those of the individuals In them, then differences in the
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cognitive eccomplishments of any two groups might depend en-
tirely on differences in the social organization of distributed cogni-
tion and not et ell on differences in the cognitive properties of
individuals in the two groups. This theme is the topic of the next
two chapters.

Soa and Anchor Detail
What role does social organization play in the cognition of tha
navigation team during See and Anchor Detail? In chapter 1 we saw
that tha ship’s documants specify a normative division of lebor for
this task. The specified roles ware listad as follows:

3. the Sea and Anchor Plioting Detalt will consist of:

The Navigator

The Assistant to the Navigator

Navigation Piotter
Navigaticr: Bearing Recorder/Timer

Starhoard Pelonis Operator

Port Pelorus Operator

Restrictod Maneuvering Helmsman
Quartermaster of the Watch

Restricted Manouvering Holmsman in Alter Steering
Fathometor Operator

{When suficient Quartermastees are avaliabie, cach of the positions axcept Navigator, will be
fllied by & Quartermaster.)

The procedures to be followed and the duties of sach member of
the nevigetion team are also given in the wetcb standing manual.
considering these procedures and the division of labor they imply,
it will become apparent that the written procedures are not used by
the members of the nevigetion team es structuring resources during
the performance of the task, nor do they describe the ectual tasks
performed. Furthermore, if @ system was actually constructed to
perform as specified in the procedures as written, it would not
work, Still, the normstive procedures are a good starting point and
provide a stable framework within which the propertiss of the sys-
tem can be dascribed. In the following paragrephs, the slements of
the task as specified in the Watch Standing Procedures are inter-
spersed with text discussing the roles of the procedural elements in
the constitution of the nevigetion team as e cognitive system.

4. Whils oporating in Restricted Waters, the following procedures wiil be adherad to:
A Fixos wil be taken st loast every three minutes {Periodicity may be increased by the

Navigator)

TR opange
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Tha dafsult fix interval is 3 minutes beceuse this permits the
simplification of certain computations. This interval can be
made shorter by the nevigator if more resolution is required. The
fix interva!l is a parameter thet controls the rate of sampling the en-
vironment,

b Afixwill be obiained immediately following each fum

Beceuse of the nsture of the position-fixing and position-project-
ing computations, e ship's course will be made to approximete a
series of straight segments punctuated by turns. This is entirely
e consequence of the way courses are steered and positions are
computed, With e differant computationat tachnology {the satallite-
based Global Positioning System, for example], it would be possi-
ble tc bave ship's treck consist of smooth curves. There are two
problems with fixes taken while the ship is turning. Tbe first is that
it is difficult to make accurate chservations from e turning platform.
Even though the tue bearing of the landmark mey cbange little
while the pelorus operator is aiming at it, if the ship is turning then
the reletive bearing of the landmark will be changing at wbatever
the rate of turn is. This may leave the pelorus operator “cbasing”
the landmark with the telescopic sight of the alidade. The second
problem with fixes taken while the ship is turning is thet even if
they can be mede eccurately, they are e poor basis for the projec-
tion of the ship's position in the future, It is impossible to know the
exact shape of the ship’s treck while the ship is making the turn, so
a position fix in e turn does not permit an eccurete projection of
wbere the ship wili be at the next fix time. For these reasons, fixes
are not normelly taken in turns. As soon ss the ship steadies on a
new course, bowever, it is desirable to take e fix from whicb future
pesitions on the new course leg can be projected es straight lines.

¢. Each set of bearings and/or ranges will he accompaniod by a sounding, which will be
compared against piotted position
This alement of the procedura esteblisbes e cross-chbeck among the
representations genereted in the fix cycle. The role of comparison
of representations in error detection will be discussed in chapter &,

¢ The Fathometer Log will be maintained by the Fathometor operator

The quartermestar of the watcb {QMOW) normally keeps all the
logs. in See and Ancbor Detail, bowever, the fathometer log is kept
by the fathometer operator. This is one of many shifts in the
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distribution of cognitive labor brougbt about by Saa and Anchor
Detail.

e. The Magnetic Compass Checkbook will be securred on stationing the Sea and Anchor
Detail. Checidng headings for each course witl bo ontared in the Deck Log by the QMOW

f.  The Ship's Position Log wili be securmed on stationing the Sea and Anchor Detall, with
annotation to that effect

The megnetic compass checkbook is used in Standard Steaming
Watch to keep treck of the bebevior of the magnetic compassas.
This and the sbip’s position log are sacurad {put away) during Sea
and Ancbor Detail beceuse the informetion that would normally go
into them is being generated in mucb more detail and recorded
elsewbere {in the bearing log and tha dack log).

g W sufficient Quartermasters are avaliabie, the Assistant to the Nevigator will not e himsalf
down to the plot. Ho will instead supervise the entire toam with smphasis on the plot, the re-
corder, anct $he bearing takers.

Tha Assistant to the Navigator, the Quartermastar Chief, would
like to be eble to supervise all tha activitias of tha navigation team.
Whan I first want eboard tha Palou, tha taam was opereting in this
configuretion. Unfortunataly, tha quartarmastars ware not well
anough trained to keep up with tha workload, and tha chiaf bad to
step into the role of plotter. It was not even always possibla to fill
all the positions with quartermasters. During some of my observa-
tion periods et sea, sailors of the signalman rating sarvad as pelorus
operetors and fathometer operetors. Tha effects of personnal avail-
ability on this aspect of team composition is one of the differencas
that was observed between ships. During Collean Seifart's obsarva-
tions eboerd anothar sbip, for axample, the Assistant to tha Nav-
igetor had e completely supervisory role and evalusted the Sxes as
they were produced. This element of the procedure concerns the
distribution of eccess to informetion in the nevigetion team and can
be seen as a specification of one aspect of the computational archi-
tecture of the navigation team.

b Periodicaly, every third of fourth fx, the information passed from secondary piot in CIC
wili be plotted on the Primary plot for comparison purposss.

There is e clear tradeoff bere between the costs of constructing
the redundant plot and the benefits of increased error detection that
it provides. In view of the nature of the representations used, the
information from Combet Information Center {CIC) cannot be
passed to the bridge in the form of plotted positions. Rether, it is
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passed in e formet that requires edditional processing hy the hridge
team. The informetion could he passed as raw deta (bearings and/or
ranges of landmarks}, es latitude and longitude coordinetes, or in
terms that locate the ship reletive to the precomputed track. The
letter format is most frequently observed. “Combat holds us 30
yards right of track, 600 yards to the turn” is e typical CIC status
report. Given such e report, the plotter might “eyeball” the position
and sey, “I'll huy that.” This apparently offhand comment repre-
sents the outcome of e computation. The coordinetes passed by CIC
fit the structure that is evailable to the plotter on the chart. Re-
memher thet the distances to the turns are marked in bundreds of
yards. Loceting e point on the chart that represents e position 30
yards right of the planned track and 600 yards prior to the next twrn
is therefors relatively eesy. Economicel encoding of position in re-
lation to the planned track is possible only if hoth the hridge nav-
igetion teem and the Combet informetion Center heve the same
track plotted on their charts. Tbe report is about the position of the
ship, hut it essumes shared representetions of the framework with
respect to whicb the position is reported.

This redundant processing hy the plotter provides another op-
portunity for the detection of error through the comparison of in-
dependently computed representations. The navigetion process
generetes many representations from sources of dete thet are rea-
sonahly independent. The positiona plotted in the CIC, for exam-
ple, are hased on redar returns rether than on visua! bearings. The
comparison of such representations is e very general theme in the
practice of nevigetion. The measures listed here are simply speci-
ficationa for See and Anchor Detail of procedurel stretegies that are
followed in all navigetion. in Standard Steaming Wetch for exam-
ple, the following instruction bolds:

k. During prolonged periods in which no nav aids are avaiiable {| hour or more), both the

DRA! [Deadt Reckoning Analyzer instrument] and Nav Sat DRs will be recorded in the Ship's
Position Log, and piotted as estimatod positions for comparisorn: against the hand DR Hf un-
axplainable differences deveiop, the Assistant $o the Navigator will be called immediately,

We see here agein the emphasis on the comparison and correletion
of representations from different sources. The cbart is the “‘common
ground”’ on which ell of these representations can be compared.

L The Navigator wii act as overall coordinator of the Bridge Party during Sea and Anchor
Detail,
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This is another element in the organization of the computationel
architecture of the nsvigation team. The nsvigetor is given the
authority to reconfigure the navigetion team as he sees fit.

} M ihe ship goes into a corxdition of Reducud Visibiity during Sea and Anchor Detefl, the
sonior Quartsrmaster will man the LN-66 Radar on e Sme sharing basis with the 00D,

The ship never went into e condition of reduced visibility while I
was eboard. As reported in chapter 1, the assistant to the nevigator
claimed that be would not ebide by the procedural specification of
the relationship between the CIC and the bridge in reduced-visi-
bility situations, It must be remembered thet there is e surface-
search redar unit on the hridge that can be used for observing radar
bearings and ranges of landmarks {the LN-66 mentioned above).
The Assistant to the Nevigetor sbould ettempt to generete his own
navigetion data using thet device. However, the competition for the
use of the redar between the navigetion team and the officer of the
deck is likely to he intense in such a setting. In reduced-visihility
situetions, it might he impossibie to even see past the edge of the
Right deck. The officer of the deck will want to edjust the redar to
be most effective in detecting and trecking other ships. The quar-
tarmaster using the redar wili want to edjust it to measure the
bearings and ranges of landmarks. These two uses conflict with
eech other.

The procedures given sbove descrihe the procedures and the di-
vision of labor mandeted for See and Anchor Detail. These have e
variety of cognitive consequences et the system levsl, including
changes in the organizetion of the perceptual epparetus of the sys-
tern to meet anticipated changes in environmentel conditions, ro-
bust error-detection procedures grounded in the comparisons of
muitiple representations of the same situation, increase in work
cepecity provided by distrihuting cognitive lehor ecross social
spece, and self-reflection provided by supervisory functions.

The duties of the individual memhers of the See and Anchor De-
tail team are further specified as follows:

5. The Navigation Piotter wil;

Piot each fix.

Plot periodic fxes from CIC

Maintain & constat DR ahead for o minkmm of two fix intervals,
Provide the foflowing information to the NavigatoeOOD

(1) Present position with respect 1o track

() Prosont SOG (Speed over the ground)

{3} Distance to the next tum, and time at present SOG

RO gTE
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(8 Turn Bearing for the next tum
(5 Setand Drift when detormined {approximately every thind fix)
{6} Nearsst shoal water forward of the beam
(7} # anchoring, distance and bearing to the drop point, siow point, stop point, or back
point, whichaver is next

The first three duties of the restricted-maneuvering plotter are
straightforward. The items of information listed in paragrapb d
above are not actually reported on every fix, or even on the stated
intervals where specified. Rather, they are provided wben they are
thought to be of use to the OOD. This requires the plotter to know
something about the nature of the work being done by the OOD, so
that be can anticipate the OOD's informetion nesds and provide the
right information at the right time. As noted in cbapter 3, the de-
termination of the relation of the ship to the intended track is
greetly simplified by the precomputation of the track.

The ship’s speed over the ground may be very different from its
speed through the water because the water itself may be moving,
The speed over the ground is of concern to the officer of the deck,
because it is the rate at whicb the ship is moving relative to land.
Tbe motion of the ship over the ground is the vector sum of the
motion of the ship through the watsr and the motion of the water
with respect to land, in harbors, tidal effects mey produce very
strong currents that can eugment or diminisb the speed of the ship
over the ground. {Recing yecbt tacticians on San Francisco Bey
sometimes joke that the ancbor is the fastest piece of equipment on
the boat. In truly adverse current conditions, a boat at ancbor with
zearo speed over the ground may be doing better than a boat sailing
fast against a current so strong that its speed over the ground is
pegative or in the wrong direction.} Tbe direction of the movement
of the weter over the ground is cailed the set, and the speed of the
water over the ground is called the drift. This is useful information
for the officer of the deck because it affects both the speed over the
ground and the bandling characteristics of the ship.

§.  The navigation Recorder/Tunor will;
4 Time sach fix to fhwes minites, or the Navigator's instructions
b. Keep the Bearing Record Book in accordance with the instructions posted therein
¢ inform the Pelorus Operators of nav aids to be used
d.  Speak out continucus bearings when ordered to do so
a  Obtain soundings from the Fathometer Operator
{  Record data for at least three LOPs

The nevigetion recorder/timer provides temporal and informa-
tional coordination among the other elements of the navigation
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team. His timing signals and instructions on the nevigation aids to
be used control the bebevior of the pelorus operators. His entries in
the bearing record log are the system’s first permanent representa-
tion of its relationship to e landmark. The structure of the bearing
record log in standard form {OpNev Form 3530/2} is a resource for
the organization of ection. Its columns and rows are preprinted
with labels. Entries must be made in ink, and no eresures are per-
mitted: “If an error is made, the recorder must draw e line through
the entry thet is in error and enter the correct informetion leeving
both entries legihle.” (Maloney 1985)

7. The Restricted Maneuvering Fathometer Operator will:
4 Take soundings and send them to the bridge on request.
b. Record the time and sounding every time & sounding is sant o the bricige,

Tbe fathometer operetor makes e redundant recording of the
soundings in the sounding log.
8. The Bridge Wing Pelorus Operators shall:
8. Acguaint themsolves with all availabie information on the nav aids 1o be utilized prior 1o
the See and Anchor Detai]
b. Ciothe themselves for comfort.
¢ Checkout the operation of their Alidade as soon as they reach the Bridge, reporting any
discrepancy immadiately to the Leading Quartermaster.
d. Maintain sound powered phone communications with the Racorder.
e. Take and report bearings to the objects ordorad by the Recorder and wher: ordered by the
Recorder,

The pelorus operetors must acquaint themselves with the nev-
igation aids so that they will he able to find them wben directed to
sboot bearings to them. Aboard some ships, the aids are given letter
identifiers and are referred to over the pbones in that way. This
lettering scheme is an example of a feature thet benefits one part of
the organization while putting costs elsewhere {Grudin 1988). On
an entry to an unfamiliar barbor, the landmarks mey be labeled in
alpbeboticel order from the harbor entrance to the pier. This sim-
plifies the work et the plotting table because it imposes e coherent
ordering on the landmarks. It makes the work of the pelorus oper-
etors much more difficult, however, because they must mester e set
of arbitrary names for the landmarks. Some quartermasters have
remarked that this can be e real problem going into e foreign port.

Once on duty, the pelorus operators are expected to stay et their
posts for the duration of See and Ancbor Detail. Since the peloruses
are loceted outside the skin of the ship, it is important that pelorus
operetors dress appropriately from the beginning so thet they do
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not become uncomfortable while exposed to the elements. These
prescriptions for the pelorus cperators cover several aspects of
their contribution to the piloting system. They are required to pre-
pare to do the job, avoid an anticipeted failure due to discomfort,
test sensors with enough time to make repairs, maintain connection
to the rest of the system, and operate es instructed.

9. The QMOW shall:
4. Maintain the deck log
b.  Meintain the Gyro Behavior Log
¢. Maintain a copy of the Pac Fleet Organization Manual
4. Maintain e copy of the Rules of the Road for immediate ruferance.

This is e contraction of the normal duties of the QMOW. The deck
log and the gyro behavior log are repositories of memories.
Paragrapbs 5-9 of the Wetcb Standing Procedures ley out the al-
locetion of jobs to the members of the team and the interlocking
system of functions they perform. Since the work of the team is &
computation, we can treat this as & computational system and treat
the social organization of the team as e computational architecture.

Social Organization 8s Computational Architacturs

In @ peper titled “Natural and Social System Metapbors for Dis-
tributed Problem Solving,” Chandresekaran (1981} discussed pro-
perties of distributed problem-solving systems. Chandresekaran
took social systems as a base domain for the metapborical organi-
zation of distributed computer systems. Of course, the computa-
tional properties of the computer systems that are built on the
socisl metapbors may also be computational properties of the so-
cial systems themselves. Thus, aithough it is not customary to
speak of the computational properties of social institutions, the
navigetion team in Sea and Anchor Detail can be seen as a compu-
tational machine. In this section I explore this metapbor, looking et
the weys in which aspects of the behavior of the system can be in-
terpretad in ¢ computational framework. This seems to me a much
more solidly grounded application of the computational metapbor
to a cognitive system than the application of this metapbor to the
workings of an individual mind. See cbapters 7 and 9 for further
discussion.

When computational tasks are socially distributed, there are two
layers of organization to the activity: the computetional organiza-
tion, as defined by the computational dependencies among the
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various parts of the computation, and the socisl organization,
which structures the interactions among the participants to the
computation.

Activity Score

in order to examine the properties of the performance of the nev-
igation team, it is useful tc beve e representetion of the activity thet
makes clear the reletions among the activities of the various mem-
bers of the team.

Figure 4.1 is an ectivity score for e typicel position fix. The pur-
pose of the ectivity score is te show the temporal pettern of ectivity
across the representationel media that are involved in the fix ¢ycle.
Along the left axis of the figure are the names of the media, the
sonsors at the bottom and the “higher-level’ processing medie
(such es the cbart) et the top. Across the bottom is e time scale
marked off in 2-second intervals. Eecb i petteru in the score de-
notes the activities that involve the coordination of representations
of e single landmark hearing. The first event shown, et the extrome
left of the diagram, is the “stand by to mark'* signel that brought the
bearing recorder and the two pelorus operetors into coordination.

As indiceted in the Watch Standinmg Procedures, the pelorus
operetore should aim their alidades et their landmarks when they
receive the “stand by to mark” signal from the recorder. This is in~
dicated in the ectivity score by the regions that sbow simultanecus
coordinstion of eachb pelorus operator with his alidade and an ele-
ment of the world of landmarks {(beginning at time 59). in this case,
the starboard pelorus operetor had the landmark called Dive Tower
and the port pelorus operetor bed Point Lome. Immedietely before
giving the “mark” signal, the recorder and the plotter were dis-
cussing which landmarks to use on this fix. This ceused the re-
corder to be lete giving the “‘stand hy to mark’* signel. The interval
between the “stand by to mark” and ‘‘mark" signals wes less than
3 seconds, rather than the usual 10 seconds. The team is on e 2-
minute fix interval et this point. This is one of the reasons thet the
recorder rushed the mark signal. The fix is accompanied by e
sounding that is provided by the fathometer operetor vie the pbone
circuit just after the “mark signel. The fathometer operetor, who
expects to beve e 10-second window between the “stand by to
mark"” and ‘‘mark” signals in whicb to report the depth, began to
read the depth while the recorder wes giving the “mark" signal. He
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deferred to the recorder and then repeated the depth report im-
mediately after the mark signal.

The “mark" signai elso seemed to teke the pelorus operetors by
surprise. They were probably still locating their landmarks and
aiming their alidades wben it arrived. About 3} seconds after the
“mark" signal, the starboard pelorus operetor esked “Did you sey
‘mark'?"' The recorder answered hy simply repeeting the '‘mark"
signel {et ime 06). Any edditional explanation offered by the re-
corder et this point would only beve deleyed the fix even more.
The starboard pelorus operetor reed the bearing of the Dive Tower
and reported it {at time 08).

While recording the bearing in the log, the bearing recorder reed
the bearing eloud for the plotter to bear {et time 10}. Meanwbile,
the port pelorus operetor eligned Point Lome in the sights of his
alidede and reported the bearing of Point Lome just es the bearing
recorder was reeding the Dive Tower bearing to the plotter {et time
11}

Upon hearing the bearing from the recorder, the plotter said
"OK" and aligned the scale of the boey to reproduce the bearing (et
time 11~13). He then eligned the hoey with the chart and plotted
the line of position for Dive Tower {time 13~186).

Just after the plotter epplied the boey to the chart to plot the LOP
for Dive Tower, the recorder reed aloud the hearing to Point Lome.
Since the plotter had alreedy aligned and locked the hoey, he was
no longer dealing with the bearing to Dive Tower es e number.
Hearing the spoken hearing to Point Loma prohehly interfered little
with the task of geiting the eligned hosy into coordination with
the directionel frame of the cbart. If the plotter had still been
aligning the hoey scele when the new hearing wes spoken, we
migbt beve expected some destructive interference between the
two tasks.

While the hearing recorder wes repeeting the bearing to Point
Lome, the starboard pelorus operetor reported the bearing to Hotel
del Coronedo {"'Hotel del”). Again, the overlap between the speak-
ing and listening tasks did not ceuse destructive interference. The
pelorus operetor pronounced the name of the new landmark wbile
the recorder was speaking the name of the previous landmark. The
pumbers did not overlap.

‘Whben the plotter had finisbed plotting the LOP for Dive Tower,
he began scaling the boey for Point Loma. He may beve been eble to
ettend et least partielly to the spoken report of the bearing while he
was plecing the boey on the chart e few seconds earlier. However,
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after fiddling with the boey for 2 seconds be looked into the bearing
log and read the hearing of Point Loma {time 21~24). He then re-
turned to the scaling task {time 24~26) and then epplied the hoey to
the chart and plotted the LOP {time 26~35).

Meanwhile, the bearing recorder was instructing the starboard
pelorus operetor on e cbange of landmark that the recorder and
plotter had decided upon in the seconds leading up to the current
fix.

The bearing recorder completed his instructions to the starboard
pelorus operetor while the plotter was still plotting the Point Lome
LOP. When the recorder sew that the plotter bed finished plotting
Point Loma, he reed the bearing of Hotel del aloud from the bearing
log {time 35). The plotter bed alreedy turned to the log and reed the
bearing there {time 36} before setting the bearing into the state of
the hoey {time 37-40) and plotting the LOP (time 40-44).

After plotting the third LOP, the plotter marked and lebeled the
fix {time 44-47). He then went on to extend the deed reckoning
positions {time 48-60).

This example illustrates & number of interesting properties of the
team performance of the fix cycle.

Paraliel Activities
Perbaps the most obvious property is that the activities of the
members of the team take place in parailel. For axample, et time 11
the port pelorus operator was reporting the bearing of Point Loma
to the recorder, wbo was at that moment reporting the bearing of
the Dive Tower to the plotter. At the same moment, the starboard
bearing taker was aiming his alidade at the Hotel del landmark.
This is a clear example of the simultaneous coordination of many
media in a functional system thet transcends the boundaries of the
individual actors. In cbapter 3, identifying the landmark, aiming
the alidade, reeding the bearing, and reporting and remembering
the bearing were eecb described as processes in wbich e set of
mutually constraining media are placed in coordination by the
pelorus operator. In cbepter 3 we alsoc saw bow recording the
bearings involved the construction of a complex functional system
by the bearing recorder. Now we see that these two functional sys-
tems were assembled into a larger functionel system in the co-
ordination of the activities of the two crew members. Here two
tearn members, the pelorus operator and the recorder, worked
together on a single problem.
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This example also demonstrates simultaneous activity within a
single individual. The bearing recorder was reading one bearing
and listening to another ot the same time. The overlep of ectivity is
sucb thet there is no destructive interference between the two
tasks, although if the timing was even a few tenths of a second dif-
ferent there could be. The recorder’s words and the port wing
bearing taker's words overlap like this:

Rocorder: 065 Dive Tower
Port Wing: Point l.oma 319,

Bottom-Up and Top-Down Processes

The propagetion of the bearings from the alidedes to the chart is o
“bottom-up” information process. The represenistion of the rela-
tionship of the ship to the world is transformed into symbolic form
and moved ecross e set of medie until it arrives et the chart. in an
idealization of the fix cycle, informetion flows bottom-up, from
sensors to central representetion, in the first part of the cycie; it
flows top-down, from the central decision makers to the sensors, in
the latter part of the cycle, when the pelorus operators are in-
structed to shoot particular landmarks. The general trend is eppar-
ent in figure 4.1 in the form of the upward slope of ectivity regions
from left to right. The top-down ectivities in the fix cycle are
more diverse. As soon as the hearings hed been reported, the re-
corder instructed the starboard pelorus operetor to shift to e new
landmark.

The “stand hy to mark” and "mark” signals are also top-down
messages. This example illustrates some of the potential complex-
ities of the flow of informetion in the system. Beceuse of e disrup-
tion of the recorder’s ectivities, the expected mark signal came et
an unexpected time.

Other topdowr messages guide the sensors to targets in the
world. For example, the recorder instructed the pelorus operator:
”Shoot the end part thet is ewey from you.” On another occesion,
the plotter esked the recorder: "Give me e quick line sheed, then
back to the Aero Beecon.”

Some top-down messages request informetion about sensor ce-
pability. Before e fix, the recorder asked e pelorus operetor “Can
you still see Brevo pier?” During e fix, when e pelorus operetor
failed to report, the recorder asked: “Are you still there? What
heppened, man?”



Organization of Team f’erfnrmancas 1™

Top-down messages also give the sensors feedback on their per-
formence. When the LOPs yielded e tight triangle on the chart, the
recorder told the pelorus operetors "Excellent fix, guys.” When the
bearing reports were coming in too slowly, he chided "“Let’s pick
up the marking, man.” The top-down signals ohserved in the
operation of the navigetion team in Sea and Anchor Detail elso in-
cluded recalihretions of the senses. The plotter instructed the re-
corder as follows: '"The fixes are getting open; tell them to mark
their heads.” To mark heeds means to have the two pelorus oper-
otors simultaneously report the true heading of the ship with
respect to the gyroscope. Any difference hetween the reported
“heeds” is an indicetion of e failure of the gyro-repeeter system.
This comment from the plotier is simultaneously e complaint ehout
the quality of the information received, an indicetion of e hypoth-
esis concerning the source of the degredation of the deta (that the
repeeters are not aligned}, and an instruction to perform a proce-
dure that will provide a test of the hypothesis.

Human interfaces

The creation of buman and organizational interfaces to tasks is
ubiquitous. Roy D'Andrade {personal communication) has pointed
out that in the ecedemic world we eppoint discussion leaders to act
as interfaces for the rest of us to some particular reading. The dis-
cussion leeder in the meeting bas e rank, e responsibility, and cer-
tain privileges that are bestowed by the rest of the group. Aboard a
ship, the quartermester chief has the euthority to make one of his
men an interface to e particular task. From e functional perspective,
the nevigation team is the conning officer’s interface to the naviga-
tion problem. The team provides medietion of such e complex form
that it is barely recognizable as mediation.

DAEMONS

A commonly created sort of interface to a task is what in computer
science is called a daemon. A daemon is an agent that monitors a
world waiting for certain specified conditions. When the trigger
conditions exist, the deemon takes e specified action.

Setting a depth threshold detector

During an epproech to an antenne-calihretion buoy near the shore,
Chief Ricbards assigned Smith to the fathometer with instructions
to report when the depth of water under the ship shoaled to less
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than 20 fathoms. This is an example of the social construction of
an informetion-processing mechanism. In this case, the chuef bed
reconfigured the navigation team to create within it a daemon to
detect a particular condition. Tbe reconfiguration involved the
construction of ¢ short strand of representational state. Smith was
stetioned at the fathometer, concentrating on the relationship of the
marks indiceting the depth of weter to the labeled 20-fethom line
on the echo-sounder greph peper. His job was to detect & certain
analog reletionship {depth indicetion ebove the 20-fathom line} and
transform thet to e symbolic signel to the plotter.

Continuous bearings

Continuous bearing reporting is e nice case of setting up e some-
wbet more compliceted informetion-processing structure thet de-
tects e single very specific condition. On the open see, turns are
mede et specified times or wben the ship is reckoned to have
reecbed e specified position. in restricted weters more precision is
required. For this purpose, turn bearings are constructed {see
chepter 3}.

When the ship is epproeching the turn bearing, the plotter will
ask the recorder to heve the pelorus operetor on the eppropriate
side observe the landmark on which the turn bearing is based and
give continuous reedings of its bearing. These are not recorded in
the bearing record log, but are releyed verbelly to the plotter. By
aligning the plotting tool with the landmark and the spoken bear-
ings, the plotter can move the represented position of the ship
along the course line in e reletively continuous fashion. Since the
track is marked in 100-yard increments, it is then easy for the plot-
ter to determine and cell out the distance to the next turn.

An excerpt from the transcript of the moments leeding up to e
ture looks es follows. (The turn bearing is 192° on North Island
Tower. The CIC COMM is e pbone telker who releys informetion
hetween the chart teble and the plotting teble in CIC. See figure 4.2
for the position of the ship during this event.}

Potter:  OK. Whet course is he on? OK, bow about continucus bear-

ings ...
Recorder Continuous bearings on North Island Tower.

Potier: ... on the Tower.
Recorder 229...228...227...226...225...224...
Piotter: Five bundred yards to the turn. Next course will be 2 § 1.



Organization of Tesm Performances 183

Figure 4.2  Moving the hoey arm in coordination with continuois bearing reports. The fum bearing for this tum
is 192’ fo North island Tower. The plotter, having alignad the hoey with the chart, holds the base
steady and moves the arm of the hoey o sach of the bearings as it is reported. This porrmits him to
read the distance to the fum directly off the chart.

CiGComm:  Navigation holds 500 yards to the turn.

00D Very well,

Piotsr Ah ... see if I try 8 knots, 8 and & half mayhe.

CiC Comm:  Combhat holds 420 yards to the turn.

Recorderr 221...220...219.,,218.,.217...216...215 .,

214...
Ploter:  Three hundred yards to the turn. Next course 25 1.
Rocorder: 213

CK Comm:  Navigation holds 300 yards.

Rocorderr 212...2%11...210...209...208...

Pioter  Two hundred yards to the tumn.

Pecoder 207...208...205...204...203...2062...201
Piotter  One hundred yards to the turn.
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CK Comm: Nevigetion bolds 100 yards to the turn.

Recorder 200,.,

Plotter: Ome bundred yards to the tum,

Recorder 199,,,198...197...196...185...1584...193
Potte: Recommend coming left 25 1,

Recorderr 102, ..

00D:  Left 15 degrees rudder. Steer course 251,

CICComm:  Left 15 degrees rudder, cbange course 25 1.

Heim: Change course 2 5 1, eye sir, Left 15 degrees. Course 25 1.
00D: Very well.

The recorder also had access to the chart and knew whicb land-
mark the bearings would be taken on before the plotter had finished
telling him to begin continuous bearings. Every bearing spoken out
by the recorder was spoken out just the instant before by the pe-
lorus operator. The trajectory of representational state in this cese
fows without interruption from the reletionship between the ship
and the world to the state of the pelorus to the bearing spoken by
the pelorus operetor to the bearing spoken by the recorder to the
state of the boey on the cbart to the sdvice announced by the plot-
ter for the OOD to begin the turn. In making ¢ turn in See and
Anchor Detail, the system books up four people and ¢ suite of
technology into e tightly coupled functional system. It is e tempo-
rary structure that bringd medie and processes into coordinetion in
order to treck the ship’s reletionship to its environment on e finer
time scale than in normal operetions. This entire functionel system
is organized around the dstection of ¢ single condition: the arrival
of the ship et the turn point.

BUFFERS

Tbe bearing recorder and bearing record log are information bufi-
ers. They enable the pelorus operatore, wbose job is to make the
observetions es nearly simultaneously as is possible, and the plot-
ter, wbose job is to get the lines of position onto the chart, to oper-
ete esynchronously. There is e greet deel of varietion in the pace of
the work done by the members of the navigetion team. The buffer-
ing ectivity of the bearing recorder introduces slack into the system
so thet the temporel constraints of the pelorus operetors do not in-
terfere with the temporal constraints of the plotter. The bearing re-
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cord log is also e special kind of filter that passes the bearings
without passing the teraporal characteristics of their production. In
this way, it inhibits the propagetion of some kinds of representa-
tional state. Without this buffering, the reports of the pelorus oper-
ators might interfere with the plotting ectivity of the plotter, or dets
might be lost beceuse both sender and recipient were unable to at-
tend to a message at the same time,

The bridge team is connected to other parts of the ship by sound-
powered phone circuits like the one used by the pelorus operators
and the hearing recorder. These lines provide the bridge team with
communicetion links to the foc’sle, to efter-steering, to the combet
informetion center, to the signal bridge {where lookouts are
posted), and to other locetions on the ship. There is a person celled
e phone talker posted at eech end of eech of these pbone lines, The
numerous pbone talkers around the ship are also information huff-
ers. Eacbh pair of them permits communication to take plece when
the sender and the receiver are not overloaded. For example, rether
than simply blurt out whatever message has arrived, e bridge pbone
talker can wait for a pause In the OOD's work to pess a message to
him. The pbone talker can bold the message until an opportunity to
insert it into the ectivity on the bridge has arrived. Someone send-
ing a message to the bridge from another part of the ship cannot
know wben would be an appropriate moment to interject the mes-
sage. The pbone telker is a sopbisticated buffer wbo uses his
knowledge of conversationel turn taking to decide when to forward
a message.

Buffering contributes to wbet Perrow (1984) bes celled “loose
coupling” of the system. The buffering prevents the uncontrolled
propagation of effects from one part of the system to another, Buf
fering provides protection ageinst destructive interference between
processes running in parailel.

Communication and Memory

In any implementation of the fix cycle, representational state needs
to propagate physically from the pelorus to the hearing record log
and then to the chart. In Standard Steaming Watch, the states are
propagated from the pelorus to the memory of the watchstander
and then transported from the pelorus to the bearing record log. In
Sea and Anchor Detail, the state is also propagated from the pelorus
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to the mind of the pelorus operetor, hut it is then propageted by
wey of communicetions technology to the mind of the bearing re-
corder. It is then propageted to the bearing record log. Thus, the
work that is done by individual memory in the solo condition is
replaced in the group condition by interpersonal communicetion.
Perhsps this should come as no surprise. If we think of individuel
memory as communication with the self over time {Lantz and
Steffire 1964}, then the replecement of intrapersonel communica-
tion by interpersonel communicetion is an sxpected consequence
of the move from individual to team performance of o task.

For example, the quartermaster in Standard Steaming Wetcb will
have to remember whicb landmarks bave been cbosen while mov-
ing from the cbart table to the peloruses on the wings. More chal-
lenging, the quartermester will beve to remember or record the
observetions es they are made, so that they can be recelled and re-
corded in the bearing log. The chart and the bearing log are loceted
in the pilothouse, while the peloruses are located on the wings.
Between the time wben the first observetion is mede and the time
wben the bearings are recorded in the bearing record log, the guar-
termaster will beve to make two other ohservations and then return
to the chart teble. Some watchstanders rely on spoken rebearseis of
the bearings to remember them. In this case only the numbers are
usually rebearsed, not the numbers and the names. Tbe assignment
of names to the numbers can be mede et the chart, and the position
of the lines on the chart can help the quartermaster remember
whicb landmark has the bearing being plotted. The problems with
this are that the subsequent bearings may interfere with the earlier
ones; that the telk in the pilothouse itself often is filled with un-
releted numbers, so it too mey interfere; and thet if the chart is
being used to disambiguete the assignment of landmarks to re-
membered bearing numbers, the power of error cbecking at the
chart is sharply diminisbed. Other quartermasters jot the bearings
down on e sbeet of peper or on one hand as eech is observed. If the
landmarks are off to the port side of the ship and the weether is
cold, the quartermaster mey have to welk of to gain access to the
port pelorus vie the passagewey et the beck of the island because
the ceptain will not permit the door bebind his chair to be opened.
This means thet the bearing will have to be remembered longer,
whicb introduces edditional cognitive requirements. This is an ex-
ample of the wey thet the cognitive requirements of real-world task
performance mey be driven by unexpected factors.
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Task Allocation s Equipment Layout
The arrangement of equipment in a workplace might seem to be
topic for traditionel, noncognitive ergonomics. However, it bes an
interpretation in terms of the construction of systems of socielly
distributed cognition. The interaction of the properties of the
senses with the pbysicel leyout of the task environment defines
possibilities for the distribution of access to informetion. For ex-
ample, the locetion of the fathometer in the charthouse, away from
the bridge, makes a distribution of labor necessary in order to meet
the time requirements of See and Ancbor Detail. It is simply not
possible for e single watcbstander to make the required observa-
tions in the ellotted time, given the pbysicel locations of the
equipment. In fact, the computational consequences of the loce-
tions of equipmant mey interect in unexpected ways with other
aspects of the ship’s operation. in Standard Steaming Watcb e sin-
gle quartermaster may be responsible for all nevigation ectivities.
While making the bearing observetions for the fix, the QMOW must
go out on the wings. The starboard pelorus is within 10 feet of the
cbart table, and it is easily eccessed through e nearby door. The
port pelorus is about 30 fest from tha chart table, just outside a door
on the port side of the bridge. On this particular ship, bowsver, if
the captain is on the bridge, taking a bearing with the port pelorus
can involve an absence from the chart table of up to e minute. The
reason is that, as was mentioned above, the ceptain likes to keep
the door immedietely behind his cbair closed while be is on the
bridge. in order to get to the port pelorus, the QM must go aft to e
doorway at the back of the port wing and walk forward on the wing
to reacb the pelorus. Upon returning to the pilothouse, the QM
sbould then go to the belm and leebelm stations to see if any
changes in course or speed bave besn ordered in his absence.
Chief Richards says it would be nice to beve instrument repeaters
et the chart table. A speed log repeater would be especially useful.
In Sea and Ancbor Detall, the QMOW sbould be eble to keep treck
of speed and beading cbangas by attending to the commands issued
by the conning officer to the belmsman and the leebelmsman. in
practice, bowever, it is not elways possible to do this. Speed and
beading are also eveileble to the QMOW on instruments, but the
instrumenta are not conveniently located. Tbeir plecement requires
the QMOW to leave the vicinity of the chart table to ecquirs this
information. The master gyrocompass is located in the steering
binacle, and the speed display is forward on the port side of the
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bridge, in front of the captain’s chair. These facts have nontrivial
consequences for the information-processing properties of the
navigation team.

Sequential Control of Action

Russian legend has it thet Prince Potemkin once organized a band
in which eech musician hed e horn, but eech horn could only
sound one note. To pley e piece, “the pleyers hed to be extremely
skillful in order to preserve the synchronic performance of all the
instruments and weave their own note into the melody et the right
time” (Kann 1978: 52). Pleying in Potemkin’s horn band was
epparently an enormously difficuit coordination task. Sequential
control was echieved hy having every musician know the plan of
the entire piece and also know the plece of every instance of his
own note within the piece.

A procedure is sequentially unconsirained if the execution of any
enabled operetion will never disehle any other enabled but es yet
unexecuted operation. A task that has no sequential constraints can
be eccomplisbed by e “swarm of ants” stretegy. In sucb e scheme,
thera is no communication between the ective agents other than
their effects on e shared environment. Fech agent simply mills
ebout taking ections only when he encounters situetions on which
be can ect.

A procedure is sequentially constrained if the execution of any
enebled operation will diseble any other enabled hut as yet un-
executed operation. Where thera are sequential constraints, it is
necessary to heve some control over the sequence of actions.

The performance of e sequentially constrained procedure mey
require planning or beckirecking. For example, getting dressed is
sequentially constrained because at the moment in which one has
neither shoes nor socks on, putting on shoes disehles the operation
of putting on socks. The sequence of operations for orthodox
dressing contains e sequential constraint on the donning of socks
and shoes.

Whether e task is sequentially constrained may depend on the
rapresentation of the task as well as on the formal properties of the
task. Zhang (1992) has recently shown that it is possikle to change
the sequential constraints of isomorphs of the Tower of Hanoi
proklem hy emhodying some of the sequence-constraining “rules”
in the physical instantiation of the prohlem. For example, in one
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version of the puzzle, placing e smaller disk on e larger disk is e
violetion of e sequence-constraining rule. In Zbang's coffee cup
isomorph, this same move would be executed by plecing e small
coffee cup in a larger one—an ect that ceuses coffee to spill. These
are weys to build the sequential constraints into the bebevior of
the game tokens and thereby reduce the requirement for mem-
ory of sequence-constraining rules in support of planning and
becktracking.

One general technique for turning sequentielly constrained tasks
into sequentially unconstrained tasks is to manipulate the enable-
ment conditions of various operetions. A simple rule is “suppress
the enablement of any operetion that could disable another alreedy
enebled operetion.” This can be done through interlocks. In many
automobiles, for example, the starter motor will not turn unless the
transmission is in park or neutral. This is the mecbanicel enforce-
ment of e sequential constraint on the engine-starting procedure.

THE NAVIGATION TEAM AS A PRODUCTION SYSTEM
Sequentially unconstrained procedures are easily distributed or
can be solved by vary loosely intarconnected systems, Tasks thet
hava sequential constraints require some coordination among the
actions to be taken, There are many ways to achieve this coordine-
tion. Specifying tha overell pattarn of bebevior in e script, a score,
or an overall plan is an obvious solution to the sequancing prob-
lam. Since there are many sequentiel constraints among tha actions
of the fix cycla, one might essume that the fix cycle unfolds ec-
cording to e stored plan or description of tha sequence of actions
involved.

in fect, it is possibla for the team to organize its behavior in an
appropriete sequenca without there being a global script or plan
anywbara in the system. Eecb crew member only needs to know
what to do wben cartain conditions are produced in tha environ-
ment. An axamination of the descriptions of the duties of tha
membars of the nevigetion team sbows that many of the specifiad
duties are given in the form “Do X when Y.” Hare are some axam-
ples from tha procedures:

& Take soundings and send them to the bridge on raquest.

b. Hecord the time and sounding every ime a sounding is sent to the bridge.
o, Take and report bearings %o the objects ondared by the Recorder and when ordered by the
Rocorter,
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These and other instructions suggest thet the nevigetion team could
be modeled by e set of agents, eecb of wbom can perceive the en-
vironment and can ect on the environment wben certain triggering
conditions eppesar there. An interlocking set of partial procedures
can produce the overall observed pettern without there being e
representation of thet overall pattern anywhere in the system.

Eecb participant knows how to coordinate his ectivities with the
technologies and persons be interects with. The pelorus operstors
know to negotiete the order of report with eacb other and to take
and report bearings wben given the “mark” signal. The recorder
knows to sey “Stand by to merk’ before the mark, then to say
“Mark,” and then to ettend to and record the bearings. The plotter
knows to plot the recorded bearings to get e position, and then to
project the dead-reckoning positions and choose new landmarks.
The plotter’'s duties may cover e longer procedural stretch thanm
those of any other member of the group, hut even they do not come
close to completing the cycie. The whole cycle is something thet
emerges from the interactions of the individuals with one another
and with the tools of the space. The structure of the activities of the
group is determined hy a set of local computations rather than hy
the implementation of a glohal plan. in the distributed situation, a
set of concurrent socio-computational dependencies is set up.
These dependencies shape the pattern of hehavior of the group.
The existence of the plotter waiting for bearings is how the system
remembers what to do with the recorded bearings. These con-
current dependencies are not present in the solo performance case.

When the nature of the prohlem is seen as coordination among
perscns and devices, much of the organization of behavior is re-
moved from the performer and is given over to the structure of the
chiect or system with which one is coordinating. This is what it
means to coordinate: to set cneself up in such a way that con-
straints on one’s behavior are given hy some other system. This is
easy to see in tha use of the recorder’s wristwatch. Perhaps through
some complicated toe tapping or counting the recorder could pro-
vide a regular meter for the performance of the rounds of fixes and
dead-reckoning projections, hut that is unlikely. Tha only way hu-
mans have found to gat such tasks done well is to intrcduce ma-
chinas that can provide a temporal metar and then coordinata the
behavior of tha systam with that meter. The systam’s coordination
with the meter of the watch is provided hy the recorder’s coor-
dinating with the watch and the others’ coordinating with the re-
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corder. The recorder’s coordineting with the wetch requires him to
maintain {1) vigilance to the wetch and {2} e test of when it is time
to take another round. For the second of these, ho must heve {1} e
procedure for determining (or e memory of} when the naxt round
should fall and {2) e wey of determining when that time has heen
reeched. Both parts of this task require some cognition, to be sure,
but no sophisticeted reesoning.

It should he noted, however, thet the memhers of the team mey
engage in considerebly more cognitive ectivity than the minimum
required. The various ectors may heve idees ebout what a particu-
lar task requires, and they mey anticipete particular sorts of failures
on tha hesis of these ideas. in the case of the recorder’s maintaining
coordination with the wetch, leck of vigilance due to the eppro-
prietion of ettention by other tasks may cause the recorder to miss e
mark. The plotter, who shares the physical environment of the re-
corder, epparently sometimes participates in thet tesk redundantly
and hes heen ohserved to comment “Isn’t it ehout time for e
round?”’

The coordinetion prohlem is more difficult for the quartermaster
standing wetch elone in the Standard Steaming Wetch configure-
tion. In that case, the task performer must not only provide coor-
dination with each of the devices, hut must coordinate those
ectivities with other ectivities. in Sea and Anchor Detail, this letter
sort of higher-level coordinetion is eccomplished via the social co-
ordination of the distrihuted situetion. It is still ultimately provided
hy the human participants, hut the cognitive load is not only dis-
trihuted; it is also lessened hy distrihution. Here is how: Consider
the reletion between the pelorus operetor and the recorder. The re-
corder coordinates his ectivities with the hehevior of his wrist-
wetch. That is to sey, he hes delegeted some aspect of the control of
his own bebavior to this externel device. Now, the pelorus operetor
coordinetes his ectivity with the (timing) hehevior of the recorder.
He waits for the “mark” signal to reed his hearing. He hes delegeted
some aspect of the control of his own hehavior to the recorder. He
hag elso delegeted some other espects of his hehevior to the device
with which he interacts. His hehavior is nmicely and comfortahly
constrained hy the two coordinetion activities. He gets the “mark”
signal and invokes the coordination with the alidede—whach, in its
reletion to the world, is coordineting him (and, through him, the
whole system) with e particular aspect of the setting of the ship in
the surrounding world. He reeds the hearing. When he does so, the
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recorder coordinates his (recording) behevior with the pelorus
operetor. His other ectivities are on bold while be attends to and
(perbeps simultaneously) records the bearing.

Tbe problems of coordinetion in the solo performance concern
the control of the change in roles and the meta-coordination re-
quired to move through the sequence of steps required. It is in the
consideretion of solo performances thet the epparent importance of
executive function emerges. This is to be expected because, from
the point of view of the individual, the task in the solo performance
is sequentielly constrained in a way that the modular tasks faced
by the individual team members in the distributed performance
are not. Tbere are certainly still sequential constraints in the dis-
tributed form, but each individual is responsible for satisfying
fewer of these constraints than in Standard Steaming Wetcb. in the
place of an executive we find e continual collision of interest and
negotiation of coordinetion status.

Thbe quartermasters align themselves as a coordineting structure
that passes informetion from one transforming device to another.
The people are the glue that sticks the bardware of the system to-
gether. What is the relationship between the position of the ship in
the world and the locetion of the fix on the cbart? The formal rela-

- tionship is one of speual correspondence. The ceusal relationship
is e tissue of buman reletionshups in whicb individual watcb-
standers consent to have their bebevior constrained by others, wbo
are themselves constrained by the meaningful states of representa-
tionel technologies. The sequential constraints of the procedure,
whicb are in part determined by the representation of the problem,
constrain the universe of social arrangements in whicb the proce-
dare can be performed. Tbet is, they specify e coordination task
that must be solved by the social organization of work.

SOCIAL STRUCTURE AND GOAL STRUCTURE

The distribution of labor in See and Anchor Detail creetes a dis-
tribution of attention to goals sucb thet the system is unlikely to
hait before completing e task. Imagine e problem described by the
goal tree sbown in figure 4.3a. individuals engaged in problems
with deep goal trees sometimes lose sigbt of higher-lavel goals and
belt after satisfying e lower-level goal. This is the sort of problem
faced by the solo wetchstander in Standard Steaming Wetch: Hav-
ing sbot e bearing, wbat sbouid I do next? Now, suppose thet rether
than e single watchstander we have a team, and we give eech
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Goal hierarchy and distribution of responsibility for goal satisfaction. Responsibiity for the sal-
istaction of the goals shown in panel a can be allocated o agerris {the enciosed shapes i panet b)
in such a way that social dependencios provids controt structure,

member of the team responsibility for e main goel and for the sub-
goals required to echieve the meain goal. The areas of responsibility
of the members of the team are superimposed on the goal tree in
figure 4.3b. Let the social contract between the agents be such that e
subordinete can halt only when his superior determines thet the
responsibilities of the subordinete beve been met. Agent A2, for
example, can balt only whben agent A1 judges subgoal SG, to be
setisfied. Each agent is responsibie only for e shailow saction of the
goal hierarchy, so goal steck depth is not e problem for individual
processors. Such e setup results in computetional contrel through
o network of social reletionships. When e problem bes a desply
nested goal structure, e social hierarchy can provide a mechanism
for distributing the ettention to various parts of the goel structure.

Social structure and probiem representation both interact with
goal structure in the implementations of solutions to the problem of
sequential control of ection. These things constrain the computa-
tional properties of systems of socially distributed cognition and
cannot he excluded from an understanding of human cognition as
it is manifested in such systems.

The fit between the computational dependencies and the social
organization is en importsnt property of the system. We might
imagine a situation in which those of higher rank provide input
to e lower-ranking individuel, who integretes the informetion
and makes decisions. That would be a very strange relationship
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between the social organization and the computational depend-
encies. Gathering and providing information for the support of a
decision are low-status jobs. Integrating information and making
decisions are high-status jobs. There are, of course, exceptions, and
some such relationships are more workable than others. In general,
bowever, the goals are in the bands of higher status individuals—
those who control the goals are, by cultural definition, of bigher
status.

Beam Bearings in Sea and Anchor Detail

The members of the navigetion team normally take for granted the
eccomplishment of sequential ordering of their own ections in co-
ordination with one another. The fact that the sequential ordering
of ection is no simple eccomplishment, especially wben it is not
built into the social or material structures of the task, is highlighted
in the case of beam bearings. The beam of the sbip is those direc-
tions thet are perpendicular to the keel of the ship. Thus, the bear-
ings of landmarks that are off to either side of the ship, rether than
aheed or astern, are called beom bearings. The nevigation team
must both decide which landmarks to observe and determine an
order in whicb to observe them. To produce 2 high-quality fix, they
must make their observations of the landmarks as nearly simulta-
neously as is possible. The undesirable effects of delays between
the observations can be minimized by shooting firgt the landmarks
with whicb the angular relationship {(bearing} is changing most
quickly and sbooting last the landmarks wbose bearings are
changing least rapidly.

Why Some Bearings Change More Rapidly Than Others

The rate of change of a bearing depends two things: {1} the compo-
nent v of the relative velocity vector that is perpendicular to the
line joining the obiects and {2) the distance between them, d. Thus,
dB/dt=v/d. For objects of equal distance from the ship, the bear-
ings of those objects off to the side of the ship, rether than those thet
are ahead and astern, will be cbanging most rapidly, because nearly
all of the reletive velocity of the object with respect to the sbip will
be perpendicular to the line joining the object and the ship. This is
not the only consideration, bowever, since for any given relative
bearing objects that are nearer will cbange in bearing faster than
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objects that are farther eway. Distance and relative bearing affect
the rete of change of bearings, and the total time between observa-
tions affects the magnitude of the errors in the observations, The
quartermasters must therefore sboot the bearings quickly and in the
correct order,

Example of Effects of Beam Bearings
A ship with a spead ovar the ground of 18 knots will covar 1000
yards in 3 minutas. Supposa a bearing 1800 yards out on tha baam
of tha sbip is taken 10 seconds lata. What effact will this hava on
tha plottad position? Tha ship will hava movad 55 yards in thosa
18 seconds, so tha lina of position dafinad by that landmark’s
bearing will be 55 yards furthar down treck than it should hava
been (figure 4.4). All of tha forward motion of the ship is ceptured
in tha observation of a baam baaring; for this reason baam baarings
are also called speed lines. Now consider a bearing ahead or estern
of the ship. The ship moves the same 55 yards in those 10 seconds,
but the direction from the ship to landmarks aheed and astern

Ship's
A track

To {andmark
10 seconds late

55 yards

-

To langdmark
at fix time

The effects of a iate baam bearing. Heavy lines indicats the portions of the bearing lines that ans
actualty drawn on the chart to plot the fix. The darkened shape depicts the location of the ship at fix
time. The light shape depicts the Jocation of the ship 10 seconds aftor the fix time,
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changes little. The component of relative motion between the
objects that is perpendicular to the line connecting the cbjects
is small, s0 the rete of change of the bearing is smeli, and the mag-
nitude of any error ceused by delayed observetions will alsc be
smail.

The Rule of Thumb

Tbe requirement of this geomsetry is ceptured in the rule “Sboot the
beam bearings first.” This rule ignores the distance of the landmark
from the ship. In principle distance could be an important factor,
but in prectice it is not. This procedure is most critical wben the
ship is in ¢ cbannel, and in thet case bearings on the beam tend not
to differ greetly in distance from the ship. Furthermore, the meas-
urements and calculetions required to assess the effects of differing
distances of objects could be ¢ more serious disruption of the fix
procedure than the errors caused by ignoring those effects. Thus,
to shoot the beam bearings first is e good rule of thumb to use in
sequencing the observetions.

Configuring the Team

The epplicetion of the “sboot the beam bearing first” rule to the
Standard Steaming Wetch situetion is straigbtforward. The bear-
ings must be observed sequentially, and the beamiest bearing
should be observed first. In See and Ancbor Detail, two pelorus
operetors work in parallel while sbooting the three bearings. One of
the pelorus operetors will beve two bearings to shoot; the other will
heve just one bearing. How sbould the pelorus operetors sequence
their ections in order to produce the hest fx?

Finding e procedure for performing this sequentielly constrained
task turns out to be e nontrivial problem for the crew. it must be
kept in mind that the port pelorus operetor mey not be eble to see
the landmarks essigned to the starboard pelorus operator and vice
verse. Any bearing on the beam of one side of the ship will not be
visible to the pelorus operetor on the opposite side, so neither pe-
lorus operetor can see enough to decide wbo hes the beamiest
bearing. The directional reletionship hetween the bearings is easier
to imagine et the chart table, but determining the shooting se-
quence there would impose an edditional burden on an alreedy
husy hearing recorder. Before we examine what the crew ectually
does with this problem, it mey be useful to indicete the form of the
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correct solution. The sequencing of observetions could bave ad-
verse consequences if the order in whicb the slements of the pro-
cedure were executad delayed the observetion of e landmark. The
bearing recorder is e limiting resource in this procedure beceuse be
can attend to only one bearing report et e time. Imagine that the
starboard palorus operetor has one landmark to sboot, and that it is
on the beam. Tba port pelorus operetor has the other two land-
marks, but they are not so beamy es the one to starboard. Figure 4.5
dapicts this situetion.

I the palorus operator with the beamiest bearing goes first, and
going first is understood to mean botk sbooting and reporting, then
the sequance of actions shown in figure 4.5e will result. (This figure
is intended only to sbow reletive times of completion.) The solu-
tion sbown in figure 4.5.a mimics the structure of the parformance
whben it is done by a single watchstander. It fails to take advantage
of the parellelism of activity that is possible withk two pelorus
operetors.

Both of the pelorus operetors could observe a bearing imme-
diately upon bearing the “mark” signel. If eecb pelorus operstor
observes the “beamiest” of the essigned bearings immedietely, and
they still report the beam bearing first, the sequence shown in fig-
ure 4.5b will result. Tbe port pelorus operetor will have to wait
whila the starboard pelorus operator raports the bearing of the
landmark on the beam beceuse the bearing recorder can only ettend
to one report et e time, This is an improvement over the previous
solution because it packs the same number of actions into a smeller
period of time, thus reducing the magnituda of the errors in posi-
tion caused by delays in making the obsarvations. In particular, the
first bearing observed by the port pelorus oparator is sbot et the
mark signal, rather than after the starboard pelorus operetor bes
sbot and reportad a bearing, and the second bearing observed by
the port pelorus operator now comes one ection cycle earlier. This
implementation takes edvantage of some of the parallelism of ac-
tivity that is possible with two pelorus operetors.

A further gain can be echieved by reelizing that the observation
of the bearing and the report of the bearing can be procedurally
separated from one another. The computational constraint is on the
sequence ond times of the observations. Tbe beam baarings must be
sbot before less beamy bearings, and the three obsarvations must be
mede as near in time to the mark signal as is possible. There is no
similor constraint on the reporting of the observations. As far es the



Port

Sthd

Port

Sthd

Port

Stbhd

Chapter 4 208

&
Wait Wait Shoot Report Shoot Report
Shoot Report,
& a
Q\
Shoot Wait Report Shoot Report
Shoot Report
Shoot Report Shoot Report
Shoot Wait Report
C

Figure 48  Coordinating the actions of the pelonus operators, With two landmarks to port and one to sterboard,
the pelorus operalons can organize their actions in seversl possible sequences. {8) No overlap of
activity; shoot and report actions linked; beamisst bearing reporied first, ) Overlapping obsorva-
tions (heam bearing shot at mariy; beamiest bearing reportad first. {c) Overlapping observations
(beam bearing shot at mark); pelorus oparator with iwe landmarks raports fiest,
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quality of the fix goes, es long es the three bearings are eccurate,
they mey be reported in any order—bearm first, beam second, or
beam last. In order to take full advantage of the parallelism of ec-
tion that is possible in the team configuration, two rules are re-
quired: (1) Each pelorus operator should shoot the beamiest of the
landmarks assigned to him immediately et the mark signal, and {2)
the pelorus operator who has two hearings to shoot and report
sbould report first. The epplicetion of these two rules results in the
pattern shown in figure 4.5¢c.

instructions Conosming Beam Bearings

When expleined with diagrams like those sbown in figure 4.5, the
eppropriete petterns of activity are fairly obvicus. When the mem-
bers of the nsvigetion team ettempt to organize their efforts in the
performance of the task, bowever, the epplication to the group
condltion of the “rule of thumb that serves so well in the solo task
performance case is problemsetic et best. All of the members of the
team seem eventually to “know’’ and understand the rule, but their
ettempts to use the rule to coordinate their actions in time re-
peetedly fail. To see wby, consider the instructions that are passed
among the members of the team concerning the need to take beam
bearings first. In the simplest case, the sequencing instruction mey
come from the pecple working at the cbart table.

EXAMPLE 1

Tbe landmarks are Hotel del, Dive Tower, and Point Lome. The
ship is outbound from the barbor, west of the 18D channel marker.
The ship’s course is 270°, so 360° and 180° are the beam bearings.
The starboard pelorus operator’s name happens to be Mark. Here is

the beginning of the round:

Recorder: Stand by to mark, Point Loma, Hotel del, and Dive Towar.
patter:  Tell kim to take Point Lome first. It's on his beam.

Recorder:  Take Point Lome first, Mark. Beam bearing first, mark it.
$W. PointLome3589.

in this example, an invocetion of the rule is embedded in the in-
structions from the bearing recorder to the pelorus operator con-
cerning the order in which the observetions sbould mede. The
example is unproblemetic, but there is an opportunity bere for the
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Hotel del

Dive Tower Pier §

‘The situation of example 2.

pelorus oparator to see that Point Loma is an example of a beam
bearing and perhaps add to his knowledge of the meaning of the
expression. This is thus also an example of language socialization,

EXAMPLE 2

Example 2 is a cese in which the recorder chose two landmarks
near the heam on the same side of the ship. As e consequence, the
lines of position did not converge on a tight fix triangle. The plotter
tried to explain the spread of the lines to the recorder. Ship’s
course: 324°. Beam bearings: 054 and 234, Landmaerks: Pier 5 122°,
Dive Tower 244°, Hotel del 267°, (See figure 4.8.)

Plotte:  See, the reeson is ... you get the spreed, ah, is that these
{Hotel del and Dive Tower) are hoth close to the beam.

Recorder:  Yeah,

Piotte:  Right. They are both close to the beam. They're gonne sp ...
I mean, unless he can get 'em reelly, really fast, he’s gonne split it
gven et 10 knots, you know. Ten knots, be is progressing along in
between the time be reeds those,

Recorderr  Yeah.

Plotter  'Ceuse they're hoth so, hoth so close to the beam.
Recorder  Yeah.

Piotter:  Thet’s the reeson.

There are two potentiel prohlems with what the recorder has done.
The plotter explains one of them et length. Since both hearings for
the port pelorus operetor are near the heam, no metter which one
the pelorus operator shoots first, the other will change whle he is
sbooting the first. The second prohlem is that two bearings within
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Reuben
E.lLee N
Aero
Beacon
Carrier
Pier

Figure 4.7 The situstion of exampie 3.

30° of aach other intersect at a shallow angle, so small errors in tha
observation move the point of intarsection a long ways.

EXAMPLE 3

A heam bearing {to the carrier pier) was the last bearing observed.
The plotter and the recorder have discussed the effects of sbooting
beam bearings lest, and the recorder tells the pelorus operators to
remember to sboot the beam bearing first. Course: 309°. Beam
bearings: 03¢ and 219. Landmarks: Reuben E. Lee 328°, Aero Bee-
con 281°, Carrier Pier 210°. {See figure 4.7.)

Rocorder fto piotter:  That was e lete bearing,

Pitter:  Yeah, see, be’s gotta remember that. These late bearings on
beam are doing, is whby you get these big open fixes. Your beam
bearing’s gotta sboot first. Tell those guys to watch what the bell
they are doing.

Recorder:  That's what I've been tellin’ 'em.

Plotter:  Yeah, but tell him, OK, over there he’s got to go to the beam
one first.

Recorder:  OK,
Piotterr  Bacause that is the one that is changing on him real fast.

Recorder {ic pelorus opemstors): OK guys. Remember to sboot the beam
bearings first.
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Notice thet much less is communiceted to the pelorus operstors in
the recorder’s last turn than whet pesses between the plotter and
the recorder. The plotter and the recorder share the chart as well,
and it is e rick communicetive rssource. When the plotter refers to
“these hig open fixes” he is pointing to the fix triangles on the
chart. The pelorus operetors are separated from this scene by the
phone circuit. The instruction to them contains only an edmonition
to shoot beam hearings first.

The next example raises the possihility thet the pelorus operetors
do not know how to make sense of what they are heing told, and
there is nothing here to help the pelorus operstors determine how
to put the edvice into prectice.

EXAMPLE 4

Example 4 is the most complete and compiex interection concern-
ing the stretegies for sequencing the ectivities of the pelorus oper-
etors. Because of the size and complexity of this example, I will
break it into segments punctueted with commentary. It begins with
o question from the starhoard pelorus operator {SW).

sW: I got two points. You want the fartherest first, and then the
closest?

Recorder:  Ob, OK.

SW: 1got two points, right?

Recorder: -Whetever is closer to the beam. Sboot the beam first. The
one closer to sidewise. You got two points, um.

8W: So I sboot the fartherest one first, then the closest.

Recorder:  If you got three, you sboot the one in the middle, then
forward, then aft. If you got two, forward and aft.

SW: If you got ... {interrupted by port wing pelorus operator)

Recorder:  OK, just e reminder. You alweys sboot the beam bearings
first. If you got three of them, you best sboot the ones ... (port pe-
lorus operator telking)

Recorder: I you got two of "em, only sboot the ones up forward and
beck.

Piotterr Huh?

Recorder: I was just trying to explain which ones to shoot first. Beam

bearings frst.
Piotler: Beam, then forward and aft,
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Recorder: Forward and aft. If he’s got two, he’s got to shoot forward
first and then aft. (Recorder talks to port pelorus operator on head-
set.}

The origins of the starboard pelorus operator’s idees ebout shooting
the most distant landmarks first is unknown. The instruction from
the recorder, “If you got two, {shoot) forward and {then)} aft,” will
laad to the wrong sequanca if tha aft bearing is closer to the beam
than the forward one. The difficulty hare is interpreting tha maan-
ing of the rule of thumb ecross a wida range of possible configura-
tions of landmarks. After baaring this exchange, the plotter went
out to the starboard wing to talk to the starboard pelorus operetor.
{In the conversetion thet followad, REFTRA refers to an upcoming
ingpection in whicb tha crew’s parformance will be obsarvad by an
evaluetion team.)

Picter Remember, one of the things you guys wanna do, the guys
on tha wings, Them REFTRA guys'll watchb for it no matter who's
out on the wings, and supposedly you're all inter ... any of you can
be there. If the guy thet sees ... When a round is comin’ up and he
knows, ba says, saa, you know, pretty clo ... you know ebout, you
can tell. The guy who knows be’s going to bava a beam baaring. He
gats through saying “OK on the next round I want you to beva ...”
and that guy can see be’s gonna have it on tha heam, tell the other
guy “T've got the heam bearing.” OK, so thet . ..

SW: Beam? Where is tha baam? Rigbt bare?

Potter Right bere {demonstrates with his arms). Tba beam is
batwaan here and here. The hearing thet’s chas ... changing fast-
ast. Right along side of tha ship. Even if it’s out there, it's the bear-
ing...

sW: Uhhuh

Pioter: ... that’s changing the fastest. OK. Tbet’s your spead lina.
Tbet’s the one that should come first, and than tha othar guy can go
ahaed and shoot forward or, or, you know, be can go and shoot. But
alweys tha heam first. And if the guy thet’s got tha beam hearing,
see, tha other guy can't see what you can see. Just like you can’t see
his. If you got the beam bearing, say “Hey, mine is the heam bear-
ing.” That way, he'll shutup...

SW: You'll never have . . .

Potter: ... and let you give your bearn.
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$w: Comin’ into e cbannel thougb, you could both beve a bearing
on the beam.

Piotterr True, you couid, you could.
SW: You could, yeah, butnot . ..

Piotter  But not very often, "ceuse be don't give things that are right
ecross from one another.

In this conversetion it becomes evident that the pelorus operetor
wes not et ell clear on the meaning of *beam bearing.” The plotter
describes it to him, bat also includes edditionel feetures of the
beam bearings (e.g., "cbanging fastest” and “speed line”} which are
conceptuelly salient to the plofter but are probebly meaningless to
the pelorus operetor, wbo is just trying to figure out bow to identify
the beam bearing. Notice also that the plotter links the observetion
of the bearing to the report of the bearing in his description of bow
the pelorus operators should negotiate the sequence of their ectiv-
ities, This is important beceuse observetion and report must be
uncoupled in order to produce e more efficient procedure.

EXAMPLE 5

Later in the same entry, the ship was inbound. Course: 345°, Beam
bearings: 075° and 255°. Landmarks: port, Peint Lome 335; star-
board, Dive Tower 045 and Hotel del 032, {See figure 4.8.} It is
uncleer whet either participant takes “ge first” to mean in the fol-

lowing exchange.
SW: When I got two points and he's only got one, shouldn’t he let
me go first?
Point
o o
N Dive
Fower

Figire £8  The situation of example 5.
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Recorder.  Nah, it dossn’t matter really right now.
sW:. Doesn't matter?

(8 in conversation with CIC seems to have no time to pursue ques-
tion from SW)

The answer to the starboard pelorus operetor’s question sbould
have been an unequivocal “Yes.” The recorder’s response probably
leeves the starboard pelorus operetor In some confusion. Seying
thet it doesn’t metter is e wey for the recorder to indicete thet be
does not wisb or does not have time to intervene in the negotiation
between bearing takers et this moment. Unfortunetely, this con-
versational move also bas e substantive interpretation: that the
number of landmarks one bes is irrelevant to the order in which the
bearings are reported. In this cass, the starboard pelorus operetor
should observe Dive Tower first {(hefore observing Hotel del, be-
cause Dive Tower is beamier} and should report first {that is, before
the port pelorus operator reports, beceuse the port pelorus operetor
bas only one bearing tc report}. The two senses of “first” are dif
ferent, as are the reasons for the two reletive orderings. In either
case, bowever, the starboard pelorus operetor sbould have gone
first.

EXAMPLE 6

Course: 35°. Beam bearings 083° and 263°, Landmarks: port, Polnt
Lome 327, starboard, Dive Tower 058, Hotel del 044. {(See figure
4.9.} In this sequence the recorder encourages the linkage of shoot-

ing and reporting.
Point
Loma Hotel
N del
Dive
Fower

Figure 4.9 Tha situation of example &,
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SW: John?

Recorder:  Yo!

SW: Is tha Dive Towar right on our beam?

Recorder:  Say again?

sw: Dive Tower. Isn't it just about on our beam?
Recorder:  Yesh, just ebout. {2 saconds) OK, Shadas?
PW: What?

Recorder.  Steve’s gonna be shooting tha Diva Towar first, so let him
say, uh, let him say tha bearing first.

MW You want Point Loma Jast, than?

Recorder:  Yaah, that’s fina.

In this example, the starhoard pelorus operator’s quastion about tha
beam status of the Dive Tower is interpreted by tha recorder as also
being an indirect request to shoot and report that bearing first, par-
beps in eccordance with their previous discussion. Tba recordar
takes up the role of negotieting the sequence and saams to axpact
tha port pelorus operator to share this interpretation of the star-
beard pelorus operator’s requast. Once again, the recorder’s in-
structions axplicitly combina shooting with reporting.

EXAMPLE 7 .

Time: 6 minutes later. Course 353°. Beam bearings: 083° and 263°.
Landmarks: port, Point Loma 275°; starboard, Hotel del 066°, Light
Zulu 049°, (See figure 4.10.}

Ballast
Point
‘\ N Light
Zulu
\
Hotel
del
Point
Loma

Figure £.10  The situation of example 7.
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Pltter.  What did you take e hunch of beam bearings for? Why ain’t
you shooting up there {aheed) some plece. Look whet you did. You
shot three heam bearings. You shot three beam hearings. You hetter
tell 'em to shoot from up aheed some plece.

Recorder:  OK. Drop Point Lome and pick up Ballast Point, John.
M OK

Fallure to Uncouple Shoot and Report Actions

The rule “shoot the beam bearing first” works fine in solo watch-
standing. Yet the attempts of the navigation team to use thatrule to
coordinete their actions through time fail repeatedly. Why is the
epplication of this simple rule so difficult? Why is the team unahle
to use this rule to organize its performance? The ebove examples of
instructions concerning the taking of beam hearings provide some
clues.

When the rule is invoked in Standard Steaming Wetch by a sin-
gle quartermaster standing watch elone, the beam bearing refers to
the bearing in the set of three that is nearest the beam of the ship,
and the sequence specifier “first” is established with respect to the
entire set of three bearings. In the group version of the task, a pe-
lorus operetor cannot always determine wbether any bearing be
bas been assigned is nearer the beam than any bearing essigned to
the other pelorus operetor. A pelorus operstor stationed on one
wing of the ship cannot give either of these words the meaning it
bas for a solo watchstander. It is as though other words were miss-
ing from the simple statement of the rule. A more explicit version
of the rule In the solo wetchstanding cese would be “Of the set of
three bearings, sboot the beam bearing first.” It is not necessary to
say these words in the solo wetchstanding context, because the en-
tire set of three hearings is the wetchstander’s responsihility. Their
presence in that context is not needed, and their ebsence wben the
context bas cbanged is not noticed. If these words bad been pres-
ent, the problems of giving the rule to the individual members of
the team may bave been more epparent. The statement of the rule
implies or assumes e perspective that takes in all three bearings at
once. That is the meaning of ‘heamiest’ thet we get from looking at
the diagrams, it is the meaning excbanged by the recorder and the
plotter when they are looking at the chart, and it is the meaning
that the plotter brings out onto the wing wben he explains to the
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palorus operator bow to apply tha rule, But the perspectiva on
whicb this maaning rests is not available to the pelorus oparators.
Naither palorus oparator can saa tha antire set, and neither can
really know the relation of tha baarings on his side to those on tha
othar. Tha pelorus operators naad a maaning of ‘beamiest’ that they
can apply on tha basis of wbat thay can see, and they cannot see all
three baarings at onca. Transporting knowladga from tha solo per-
formance contaxt to the group parformance context is very prob-
lamatic. It may require cbanges in the maanings of words.

Thare is also considarabla difficulty in interpreting the meaning
of tha rula across a wide ranga of possibla configurations of bear-
ings. Tha pelorus operators bave never stood watch alone, and may
not even know what tha baam is. This highlights the fact that the
group parformanca raquires a particular distribution of knowledge.

Both tha plotter and tha recordar link tha observation of the
bearing to tha act of reporting tha baaring in thair descriptions of
bow the pelorus operators sbould negotiata the saquanca of their
actions. This has muitiple causes. First, ohsarving and recording
are a unit in the solo version of the task {which is tha sourca of tha
rule}). Second, an axplicit vocabulary is required to sort out ob-
serving from reporting. It is not aasy, in tha absanca of a diagram, to
dascriba wbat tha ordar of actions sbould ba. it is still more difficult
to negotiate this sequanca without a prior agreamant about bow
observing can be decouplad from reporting. Wbat is needed is a
languaga for tha two aspects of the rule: Tbe operator who bas two
bearings sbould report befora tha oparator wbo has only one, and
be wbo bas two bearings sbould always sboot tha beamier of tha
bearings before the other. Tha rula thet comas from solo perfor-
mance bas no sucb terms.

Here is an aspact of tha organization of team activity that is
problamatic for tha team. Tbe members perceive it as being a
problem, and thay apply thamsalvas to it, but they come to no sat-
isfactory solution. Transporting the simpla rule of thumb from the
solo watchstanding configuration to the group configuration pres-
ants unaxpacted difficulties. Tbe words of the rule themselves seem
to changa maanings wban tha rule is moved to a new context, and
new words seem necessary to make distinctions in the new context
that were not needed and not made in the old context. Tha con-
ceptual linkage between observing and reporting prevents the taam
from exploiting possibilities of the socially distributed system for
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manipulating the temporal ralations among ections. It is difficult to
reason ebout e system as complex as this from e position within it.
Quartermasters are not trained in the sorts of reflection on organi-
zation that are required to solve problems like this.

Going Beyond the Job Description

One important aspect of the social distribution of this task is that
the knowledge required to carry out the coordineting ections is not
discretely contained inside the various individuals. Rather, much
of the knowledge is intarsubjectively shared among the members of
the navigation team. This permits the buman component of the
system to act as ¢ malleeble and edaptable coordinating tissus, the
job of which is to see to it thet the proper coordinating ectivities are
carried out. in their communicetion and in their joint ections, the
members of the navigetion team superimpose themseives on the
network of matarial computational medie. They provide the con-
necting tissue that moves representational state ecross the tools of
the trede. in eddition, they dynamically reconfigure their ectivities
in response to cbhanges in the task demands. This amounta to a re-
structuring of functional systems thet transcends the individual
tearn members. The individual team members do their jobs by
constructing local functional systems that bring medie in their im-
mediete environment into coordinetion. They also must coordinate
their ectivities of belping one another echieve coordination. The
computation is implemented in the coordination of representa-
tionel states, and the buman participanta coordinate their coor-
dinating ections with one another.

Shared Task Performances

Sometimes the coordinstion of ections occurs et a very fine grain,
One dey during Standard Steaming Watch, Silver and Smith were
working the chart tahle togsther, They needed to use the hoey de-
termine the direction of a line hetween two points. Smith placed
the tip of his pen on the one of points. Silver put the point of his
penci] down on the second point and pushed the edge of the hoey
arm up against the pancil and pen points. Then, while Silver held
the hoey arm in plece, Smith rotated the hese of the protrector to
align it with e letitude line and reed the hearing from the hoey
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scale. This ad hoc division of labor was based on a shared under-
standing of the microstructure of the task. There was no verbal ne-
gotiation of the parts of the task to be done by eachb man; they
simply created this coordination in the doing of the task. The social
skills reguired to enter into shared task-performance relationships
probably develop fairly early in life.

Distriburted Momory

Task-relevant information is present in many representations in
this system, Some of these representations are in the minds of the
participants. During an exit from a harbor, the plotter expected a
1000-yard interval between fixes. Insteed he measured only 700
yards. This indicated that the ship hed slowed from 10 to ahout 7
knota. This is troubling, because it indicetes e discrepancy between
the informetion used to project the dead-reckoned position and the
actual observetions. To resolve the discrepancy, the plotter hegan
by talking to himseif, but quickly eddressed e question to the
keeper of the deck jog.

Pioter:  This is not sbowing no, e no goddamn ... they show a two-
thirds, still got e two-thirds bell, right?

Deckiogr One-third bell.

Plotter: Why?

CiCtaker Got the pilot off.

Piotter  Oh, thet’s wby. OK, be's ithe pilot] getting off right now,
isn’t he?

CiCtatker  Yeah. He {the OOD] went back to 5 knots,

Plotter  Thet’s what messed me up. They have this goddamn 7-knot
goddamn thing in here and I'm trying to figure out why.

In this exchange, both the CIC talker and the keeper of the deck log
provide the plotter with task-relevant representational state. The
plotter could have gotten the informetion about the one-third bell
{ahead one-third on the engine-order talegrapb) from the deck log
itself, or from the engine-order telegraph, or from the leebelmsman
as well es from the keeper of the deck log. This hit of system state is
redundantly represented in the memories of several participants,
and in written records. The informetion ehout the departure of the
harber pilot was probably not present in any record at this time,
because as far as the bridge crew knew the pilot was still on board.
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Still, the CIC talker knew ebout this and was eble to judge that it
would be of use to the plotter et this time.

In another instance, while simultaneously wetching e fishing
boet that crossed close under the bow of the ship and discussing
the wetcb bill for the remainder of the day, the plotter and recorder
missed e fix fime. This problem was ceught by the keeper of the
deck log about 2 minutes lete,

Deckiog: Chief, you’re going to have another cell. Missed et 3. Your
round et 3.

Piotter I'll got one here in e minute.
Recorder  Stand by to mark.
Piotterr Time is 5, yeah 5; we’ll just kind of spece this one out.

Evan though timing the fixes is not part of the keeper of the deck
log's job, he is e participant et the chart table and ia this case,
happens to beve noticed that e scheduled fix was missed. This sort
of overlepping knowledge distribution is charecteristic of cooper-
etive work and is an important source of the robustness of such
systems in the face of error and interruption.

Hecorder Cuing the Plotter

With only two landmarks visible, the team substituted e redar
range on one of the visible landmarks for the third line of position.
After edvising the pelorus operetors to stand by for e round, the
recorder turned to the plotter and said: “Get e range, Chief? {2 sec-
onds) Mark it.” The plotter bed epparently forgotten thet be was
required to take the redar range of the landmark es part of the
position fixing operetion. In this case, an element of the sequential
organizetion of the plotter’s activity was provided by the recorder.
This is not strictly in eccordance with the normal division of lebor.
The plotter was supposed to remember thet the “stand by to mark”
signal was his cue to take the redar range. He and the recorder bed
come to an agreement about e nonstanderd division of lebor to
meet the needs of an unusuel situation. We mey speculete thet the
recorder’s memory for the plotter’s role wes in part cned by the fect
thet be had labeled e column in the bearing record log es “Range Pt.
Lome.” The need to fill the cell in the bearing log et the intersection
of this lebeled column with the row representing the current time
acts es e memory for the decision to take the redar range and mey
remind the recorder of the plan for getting the range.
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Landmark Descriptions

Since the ideal manning requirements are seldom met, it is often
the cese that the pelorus operetors are not entirely familiar with the
landmarks they wili be required to observe. When pelorus oper-
ators fail to locete a landmark, the plotter and recorder mey attempt
to belp them out by providing verbal descriptions. In the following
example, the port pelorus operator is unehle to find e landmark.
(This one, the Dive Tower, is frequently e problam.) Notice also
that the plotter interjects edditional sequencing edvice et the be-
ginning of the fix cycle. {The starboard pelorus operetor's name is
Mark}. Those portions of the recorder’s talk thet are transmitted
over the phone circuit eppear in holdface.

Recorder:  Stand by to mark, Point Lome, Hotel del, and Dive Tower.
Piotter:  Tell him to take Point Loma first. 1t’s on his beam.

Recorder:  Take Point Lome first, Mark. Beam bearing first. Mark it.
SW: Point Lome, 35 9.

Recorder: 3 5 9 Point Lome.

Nev: Ten knots good speed?

Plotterr  Yes. Anything you want. We're clear now. Wherever you
want to go.

PW: Hotel del038.

Recorder: O 3 8 Hotel del.

PW. 1can’t ind the Dive Tower.

Rocordorr  Can’t find the Dive Tower.

Plotte:  Tell him it is about 8 degrees, 9 degrees to the right of Hotel
del {plotting)

Recorder: Nine degrees?

Piotter:  Yeah.

Recorder:  It's ebout 9 degrees to the right of Hotel del. It's ebout
048,

The clue provided by the plotter in this case is not e description
of the landmark, but e locetion relative to ¢ previously reported
landmark toward whicb the pelorus operetor should look. This is
evidence of bow strong the expectetions of the position of the
landmark are. Also notice that the recorder transforms the descrip-
tion even furthar, converting it by mental arithmetic to ¢ bearing et
whichb the pelorus operetor sbould logk for the landmark.
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In this example we see somathing of the relationship of social
structure and computational structura. Givan a computationai pro-
cadure and a social organization, thare are better and worsa ways to
distribute tha computation across tha social network, Ona way in
which tha distribution of tasks can be better or worse concerns tha
ralation between tha amount of information that must be passed
batwaan computational sagmants and tha capacity of the madium
of communication batween the participants responsible for those
segments. That is a computational argument for a particular de-
composition of tha task. The observed decomposition works well in
many respects but is frustrating for certain classes of problams.

Recorder Setting Up Plotting Tool for Plotier

In another instance, the plotter was called ewey from the chart
tahie just es the bearings of the landmarks were reported. After re-
cording the bearings in the hearing record log, the recorder reeched
ecross the chart and set the hoey arm to the vaiue of the first bear-
ing. When the plotter returned to the chart table, be looked in the
log for the bearing. When he locked et the hoey, he noticed thet it
had already been set to the proper bearing, He then simply aligned
it with the chart and plotted the line of position. Setting the hoey
was not in the recorder's joh description, but it wes a wey of push-
ing the representational stete e little further toward its end point.

Flexibility and Hobusiness

Tbese examples also illustrate the robustness of the system of dis-
tributed knowledge. If one buman component fails for leck of
knowledge, the wbole system does not grind to e balt. If the tesk
becomes difficult or communications break down, the nevigation
team does not bave the option of stopping work. Tbe task is driven
by events and must be performed as long as the ship is underway.
In response to a breakdown, the system adapts by changing the
nominal division of labor. it is the bearing taker’'s job to find the
landmarks, for example, but if be is uneble to do so, some other
member of the team will contribute wbatever is required to ensure
thet the landmarks are found and their bearings observed. This ro-
business is made possible by the redundant distribution of knowl-
edge among the members of the team, the access of members to one
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another’s ectivities, and the fact thet the individual workloeds are
light enough to permit mutual monitoring and occesional assis-
tance. Both the knowledge required to do the task and the respon-
sibility for keeping the system working are distributed scross the
members of the nevigation team. We can think of the team es e sort
of flexible organic tissue that keeps the informetion moving ecross
the tools of the tesk. When one part of this tissue is uneble to move
the required information, another part is recruited to do it.

Peclormance as a Language of Social interaction

Tbe division of lebor mandeted in Sea and Anchor Detail distrib-
utes the elements of the fix cycle ecross sociel spece. Wherever
computetions are distributed ecross social organization, compute-
tional dependencies are also social dependencies. Performance is
embedded in real buman reletionships. Every ection is not only e
piece of the computation, e bit of the task completed; it is also e
social message. Building and maintaining good social reletionships
becomes an important motive for competent performance. In order
to do the computation, the members of the team mnst interact.
They depend on one another. More precisely, the portion of the
computation for whicb eech is responsible may depend on the
portions for which the others are responsibie. In order to plot the
next line of position, the plotter needs the bearing, which means be
needs to communicete with and secure the cooperetion of the pe-
lorus operetor.

An important aspect of these interreleted social and compute-
tional structures is thet both of them provide constreints on the
bebevior of the participants. One can embed e novice wbo bas so-
cial skills but lecks computationel skills in such a network and get
useful behavior out of thet novice and the system. The reeson is
that the social structure {and the structure of the tools) of the task
mey provide enough constraints to determine what turns outtobe e
well-organized computetionel bebevior even though the behavior
wes not motiveted by any understanding of the computetion. Tbhe
task world is constructed in sucb e wey that the socially and con-
versationally eppropriete thing to do given the tools et band is also
the computetionally correct thing to do. That is, one can be func-
tioning well before one knows wbet one is doing, and one can dis-
cover wbet one is doing in the course of doing it.
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The social structure is not only the framework on which the
communicetion is based, it is also the mechanism that is in plece
prior to the interactions to ensure thet they take place as required.
Why sbould the pelorus operetor cooperate? Beceuse edequete
performance is the currency of social interection. The novice guar-
termaster is institutionaily loceted in sucb e wey thet his ections
can be taken both as contributions to the process and as claims to or
justifications of membership in the social world of the other quar-
termasters. And, since this is the military, e novice wbo does not
perform edequetely can be harshly sanctioned.

How to Say Things with Actions
My initial assumption ebout work in military settings was thet be-
haviors are explicitly described and that people act more or less as
eutometons. It should be epparent by now thet this is far from the
cese. I also naively assumed thet most communication on the job
would be part of the job and nothing more. As I worked with the
date, something that Roy I’Andrade once said kept coming heck to
me. A student was making e point ebout what people do at work,
seying that in an euto factory people mostly make cars. Roy said
something like: “How do you know what they are doing? Meybe
what they are making is social reletionships and the cars are e side
effect.”

1t is clear that wben quartermasters report beerings, assign land-
marks, or esk for deta, they are not just constructing position fixes;
they are also constructing social relationships. And the fact that
their respective responsibilities are so well specified does not
eliminete the possibility of loeding sociel messages into the com-
munication ects that make up the work. in fact, the well-formed
expectations ebout wbat constitutes competent verbal behevior in
this setting may give the participants an especially subtle means of
communiceting social messages. Doing the ebsolute bare minimum
required when others know thet one bas the time and resources to
do more is e clear statement.

Computationat Properties of the Navigation Team
Local functional systems are establisbed in the individual jobs.
Eacb member of the navigation team is responsible for the
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construction of e number of local functional systems. These are the
processes of bringing media into coordinetion as described in
chepter 3.

These local functional systems are coordinated in the interection
of the members of the team. In their interactions, the team members
assemble the component functional systems into e larger functionel
system.

The larger system has cognitive properties very different from
those of any individual. In fact the cognitive properties of the nav-
igation team are et least twice removed from the cognitive proper-
ties of the individual members of the team. The first remove is e
result of the transforming effecte of the interections with the tools of
the trede {chapter 3); the sacond remove is a consequence of the
social organizetion of distributed cognition.

In Sea and Anchor Detail the navigation teamn implemente e dis-
tributed problem-solving system in which various elements of the
computation are embodied in the operations of functional systems
constructed by the members of the team. Among the edvanteges of
distributed processing discussed by Chandresekaran (1981) are the
following:

The decomposition of processing is e strategy for controlling the
complexity of computation. By breaking the problem down into
pieces, the team can beve several workers opereting in parallel.
This decomposition of the tesk elso permits eecb member of the
team to ettend closely to only e limited set of dete. As Chan-
dresekaran points out, the complexity of computation is often an
exponential function of the size of the input spece. If the problem
can be divided up, eech person can deal with e tracteble problem.
For example, each pelorus operator needs to deal with the land-
marks on only one side of the ship’s track. It is possible to learn the
landmarks for the starboard side without knowing the landmarks
for the port side. Thera are also filtering processes epplied thet
prevent the growth of input spece. Thus, the recorder does not
normally beve to deal with the complexity of the visual scene out-
side the ship. His experience of the bearings is pre-processed by the
pelorus operators and takes the form of strings of spoken digits. An
important edvantege of social distribution of computing is thet
novices can be embedded in social arrangements such that much of
the structure required for them to organize their activity is evaileble
in the social reletions. Even though the skills beve mainly social
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significance to the novices, they can learn e great many skills that
have computational significance to the system.

A second property noted by Cbandresekaran is that distributed
computing “increases the prospects for greceful degradation” of
system performance wben componenta fail. This is apparent in the
response of the navigation team to locel failures sucb as the inebil-
ity of @ pelorus operetor to loceta o landmark. Because the members
of the team bave overlepping knowledge, it is possible for them to
reconfigure dynamicelly in response to a problem. Tbe individuals
are o gsort of Hexible tissue that moves to ensure the propagstion
of task-relevant representational state. Because their competences
overlap and they beve eccess to one another's ectivities, they are
gble to aid one another and £l in for one another in the event of o
locel failure.

Adsaptation to change mey be easier in distributed than in
centralized systems. Chandresekaran says that “‘as the external
environment changes, distributed imformation processing makes
adaptation to change easier, since again, as long as the rete of
cbange is not large, changes to the system can be mostly local.” 1
will discuss an example that illustretas this in some detail in
cbapter 8.

Heving the pelorus operators negotiete the sbooting sequence
among themselves is an example of the uses of modularity. Notice
that this modularity was violsted wben the starboard pelorus
operetor asked the bearing recorder to settle the sbooting and re-
porting order.

One of the costs of distribution iz the 8ltering performed by the
sensors. Thbe pelorus operators are expected to pass only the results
of their computstions to the bearing recorder. All information sbout
the process thet went into achieving thet result is lost in the report
of the bearing as a single number. This reduces the bandwidth re-
quired for communication (the phone circuit is adequate for this},
and it also reduces the processing demands on the centrsl proc-
essor (plotter). However, this kind of filtering makes it more diffi-
cult to diagnose the ceuses of errors commitied by the pelorus
operetors, since nothing of the process is normelly communiceted.

Representing the bearings symbolically also introduces new pos-
sibilities for error. For example, the landmarks light 2 and light
zulu are very different from eacb other in locetion and appearance.
It is unlikely that one would ever be mistaken for the other. Their
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symbolic representations, “light 2” and “light Z,” however, are
very similar and might easily be confosed. This potential wes rec-
ognized by the plotter, and be instructed the recorder to put a slash
through the Z.

Another potential cost of distribution is the potential disruption
of one processor by another, Tbe buffers are a way to overcome this
sort of temporal discoordination. Tbe phone circuit bas different
properties from the bearing log because one endures in time whbile
the other does not.

The probiem of the design of the distribution of labor remains.
As we saw with the case of beam bearings, the mapping from indi-
vidual performance to the group configuretion is a nontrivial one.
Opportunities exist in the distributed version of the task thet are
simply not present in the solo-performance case. Finding and ex-
ploiting these opportunities may require reflection on explicit rep-
rasentations of the work itself, and the members of the nevigation
team are ill equipped to do such reflection.

The theme of this chapter is thet organized groups may have
cognitive properties that differ from those of the individuals who
constitute the group. These differences arise from both the effects of
intsrections with technology and the effects of e social distribution
of cognitive labor. The system formed by the nsvigetion team can
be thought of as a computational machine in whicb social organi-
zation is computational architecture. The members of the team are
able to compensate for local breakdowns by going beyond the nor-
mative procedures to make sure that representstional states propa-
gete when and wbere they should. The difficulty in mapping a rule
of thumb developed for solo watchstanding into the group config-
uration highlights the differences between these modes of opere-
tion and provides insights into the limits on the teem’s abilities to
explicitly plan the coordination of their actions.
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Communication and Task Decompositions

In chapter 4 I argued that the bandwidth of communicetion evail-
eble to the members of the navigetion team would affect the com-
putational properties of the team as e cognitive system. I will report
some computer simulation resuits that support this claim leter in
this chapter. However, cesting the pbenomenon in terms of e single
quantitative measure, such as bandwidth, obscures important prop-
erties that sbould be discussed.

‘The fact that the navigation team distributes computational pre-
cedures ecross e social organization raises the possibility thet there
may be better and woree weys to arrange the distribution. One wey
in whicb the distribution of computetional procedures can be bet-
ter or worse concerns the reletion between the kinds of structure
that can be pessed between computetional elements and the kinds
of structure with whicb the passed structures must be coordinated
in the performance of the task,

Consider again the task of the reconciliation of the cbart to the
world es it occurs in See and Ancbor Detail. One person can see the
chart and another can see the world. They communicete with one
another on a telephone line. Achieving a reconcilietion between
chart and world is a very difficult task, and sometimes verbal com-
municetion alone is not sufficient. It would be easy to sey thet the
telepbone circuit provides only e low bandwidth of communice-
tion and that more mformation must be transmitted if the pelorus
operator is to locate the correct landmark in the world. The prob-
lem with that account is that it commits us to a measure of quantity
of information that may be both prectically and theoretically im-
possible. On whet grounds could it be claimed that the recorder’s
going to the wing and pointing to the landmark in the presence of
the pelorus operetor bas e greater bandwidth than e lengthy verbal
description? The process of assigning landmarks is performed
under time constraints, but it does not eppear thet efforts to com-
municete the location of a landmark are ever given up just beceuse
time runs out. Tbese efforts are ebandoned beceuse of a perceived
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quelitative rather than quantitative deficiency. Verbal descriptions
typicelly fail not beceuse they don't provide enough structure but
beceuse they provide the wrong kind of structure. The difference
between the right and the wrong kinds of structure is determined
by both the neture of the task and the other structural resources thet
are evaiiable,

The theory of computation by propagetion of representational
state poses the question differently. It asks insteed what kinds of
structure the pelorus operetor must bring into coordinetion with
the communiceted structure in order to perform the tesk. As de-
scribed in cbepter 3, wben the landmark description is spoken on
the telepbone, the pelorus operetor must coordineta the spoken
description of the landmark with knowledge of the landmark’s ep-
pearance, whicb must be coordineted with the visual field. The
problem for the pelorus operator involves searching the evaileble
visual field to find e scene thet can be construed as e metch with
the target description. Pointing isn’t more informetion than e de-
tailed verbal description: it is e different kind of informetion thet
can be put to work in e different wey.

1age Behavior as & Determinant of the Cognitive Properties of Groups

Consider the following example in which the structure of the lex-
icon constrains the cognitive properties of the group: One evening,
# Marine commander on hoard the Palou, Major Rock, telephoned
the charthouse. Quartermaster Second Class Smith answered the
phone. Mejor Rock esked Smith whet the phese of the moon would
be thet night. Smith asked Chief Richards, who was sitting nearby.
Richards immedietely replied ”Gibhous waning.” Smith relayed
the answer to Rock. Rock epparently did not understand the an-
swer, and he and Smith talked pest eech other for severel con-
versetional turns. Finally, Smith put his hand over the mouthpiece
and said "Chief, he seys it's got to he one of, "new’, "first’, "full’, and
‘lest’.” Chuef Richards said “It’s last.” Smith told Reck, and Rock
bung up. Chief Richards hed a rich vocehulary for phases of the
moon. Rock’s vocehulary was impoverished. Giving Rock the mep-
ping in terms of the richer vocabulary did no good heceuse he
could not connect it to his simplified notions. Rock eventually
provided hoth the question and the possible answers to it, the latter
in the form of the four cetegories he recognized. COnce the chief
knew whet Rock wes looking for—knew the look of the mep Rock
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wes trying to articulete with the moon phases—he could settie on
‘last’ es the nearest metch to ‘gihbous waning’. After Smith hung up
the phone, Chief Richards said: “Rock is e great hig guy with a
hrain ehout this hig (making e circle with the tip of his index finger
touching the first joint of his thumh). He must never heve taken an
amphih mission onto e heach at night. He might get hy on e cres-
cent moon, hut on e gihhous moon he'll be deed.”

This example raises two points. First, the amount of information
thet is conveyed hy e given utterance is not e simple function of the
volume of structure in the utterance. Informetion and coding theory
define the minimum bandwidth required to encode e given set of
alternative messages. From the perspective of informetion theory,
natural language is not an efficient code. Suppose X hits are re-
guired to represent the name of the present phese of the moon. The
amount of informetion in the message depends on how many other
phases of the moon can be named, not on how many hits it took to
represent the name of the phese of the moon. Second, the ex-
pressiveness of the code mey determine the cognitive properties of
the larger system. Whether e team of planners can mount a suc-
cessful amphihious landing may depend on the range of distinc-
tions thet cap he mede in the language spoken hy the mission
planners.

Becouse so much of the communicetion within this system is
verbal communicetion, the properties of language become im-
portant determinanta of the neture of the computetion thet is ec-
complished. The properties of languege change with the register of
the speech and with the medium in which the utterances are car-
ried. The mandeted languege on the intercom is almost telegrephic.
This is adeguete when the desired communicetions have heen an-
ticipated—when the possihle messeges heve heen spelled out and
agreed upon in advance. However, it is difficult to negotiate a novel
understanding of the nature of a prohlem or to jointiy interpret
complex world on such e low-bandwidth channel.

Viewing languege as one of the structured representations
produced and coordineted in the performance of the task high-
lights the informetion-hearing properties of languege. In cognitive
science, languege is usuelly thought of primarily es e human com-
putetional cepecity thet should be understood in terms of the
processing thet individuels must do to produce or interpret it.
Shifting ettention from the cognitive properties of an individual to
those of o system of socielly distributed cognition casts languege in
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a new light. The properties of the language itseif interact with the
properties of the communicetions technology in weys that affect
the computetional properties of the larger cognitive system.

Linguistic determinism is the idee that the structure of one’s na-
tive language determines properties of individual thought. This is
not an eppropriete place to review thet literature, but the answer to
the question “Does the structure of language determine the struc-
ture of thought?"’ seems to be “Sometimes and sometimes not.”
When so-called noncognitive tasks are organized in such e wey thet
subjects can use the structure of their language es ¢ mediating re-
source in organizing task performance, then language structures
thought. When the structure of language is not useful as a mediet-
ing resource in task performance, then task performance does not
seem 1o be effected by the structure of language. When cognitive
ectivities are distributed ecross social space, the language or lan-
guages used by task performers to communicete are almost certain
to serve as structuring resources, and the structure of languege will
affect the cognitive properties of the group even if they do not affect
the cogritive properties of individuals in the group.

Communication in a Shared World
Communication between parsons wbo are copresent in e shared
pbysical environmant differs in many ways from communicetion
ecross a restricted bandwidth madium. The Officar of the Deck
tends to trust the nevigetion plot meintained on tha bridge better
than ha trusts the plot genaratad in the Combat Information Center.
This is becausa the OOD can come to the chart tabla, look et what
the nevigation taam is doing, and talk to the quartarmasters. In this
reletively rich face-to-faca intaraction, an undarstanding can he
negotiated. Tha work thet went into the recommandation can be
displeyed and discussed. Such nagotietion of maaning is difficuit
whben one is daaling with CIC via tha phone talkars. For axample, et
one point CIC advisad the bridge that the ship could continue on ita
prasent course and speed for 4 hours bafore reaching tha boundary
of tha operations area. Tbe nevigator bad the conn and doubted
this, He went to tha cbart table and consultad with Quartermaster
Third Class Charles, wbo had just computed e time of 75 minutes to
tha houndary of tha oparations area on present coursa and spaad.
By looking at the chartad treck and talking with Charles, the nev-
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igator convincad himself that the position shown there was correct.
Ha told the phona talker to tell CIC thet thay ware off hy 3 bours.

in another axample, the weapons officar was unhappy to hava
been assignad a genaral quarters {GQ) stetion on the signal bridga
rether than on tha nevigetion bridge. Ha wanted to have his duty
station changad to the nevigetion hridga hecausa ha fait it would ha
aasier to communicata a complex set of optious to the commanding
officar (CO) in face-to-fece intaraction thar ovar the intercom. Ha
was also worried thet the CO would find tha arguments of the de-
partment beeds wbo were co-presant with him more compelling
than those that cama to him ovar tha intarcom.

Tha previous two axamplas concarn intentional communicetion
in a shared world. A good dea}l of our hahavior has communicetive
function without communicativa intant. Segal {1990} pointe out the
importance of crew-station layout for tha unintanded communice-
tion among members of aircraft flight crews. The following axample
illustrates this and other features of communication in a shared
world.

Recorder:  Mark it.

SW: Pier5,117.

Recorder: 11 7, Pier 5.

[The recorder’s echoing the hearing es reported is {1} an ecknowl-
edgement that it bas been received, (2} e reedbeck with content to
permit checking by the sender, and (3) the communication of the
hearing to the plotter. Thus, it is part of two conversetions et once.
The plotter, et this point, is waiting for the first hearing so he can
begin work. The plotter begins plotting the pier 5 line of position
with bearing 117.]

PW: Diving Tower, 250,

Recorder: 2 5 0, Diving Tower.

{At this point, the chief is still plotting the first LOP hearing 117. He
mey be simultaneously plotting 1 1 7 and suhvocally rehearsing the
second hearing, 25 0.}

Hem: Steedy 3 0 8, Sir. Checking 2 9 2.

CiCComm:  Steady course 30 8.

{There are other numbers being spoken in the environment. In or-
der to prevent interference from these, the bearings are frequently
subvocally rehearsed.)
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{Tha plotter is setting up the hoey to plot Diving Tower with e
bearing of 2 5 7, rather than the correct 2 5 0. This mey be e data-
driven error due to the interference of 117's heing plotted while 250
was heard and possihly rehearsed.)

PW: Stanchion 18, 29 7 point 5.
Recordr:  For 18, 297 point 5.

(The piotter eligns the hoey with charted symhol of Dive Tower
with 257 bearing. The LOP is not near the expected position. The
plotter leans toward the recorder, then looks at the hoey to reed the
velue he has alreedy eligned on it.)

Pofter: 25 77
Recorder. 29 7.

(The plotter leans further toward the recorder, looks in the bearing
record log, and points to the Dive Tower column heeding. )

Potte.  Hm, um, no.

Recorder 250,

{The plottar stands upright and moves the hoey arm.}

Plotter:  OK, I might believe thet.

CON: Engine aheed two-thirds.

Leeheim: Engine ahead two-thirds, eye.

{The QMOW has his hand on the chart in the wey of the plotting

tool. The plotter whecks it with the hoey while aligning it for tha
LOP.}

GMOW: It hurts, Chief.

{The plotter plots the LOP for Diving Tower.}

Piotte:  Got your hand out of the wey.

OMOW:  Yes, sir.

Plofta:  And what?

Recorder. 2 9 7 point 5.

{The plotter aligns the hoey and plots the last LOP.)

In this example the bearings are propagetsd bottom-up from the
alidedes to the chart. Spoken representations of the hearings 297.5
and 117 are in the environment of the hearing of 250 and seem to
interfere with its processing; 250 turns into 257 in this environ-
ment. it is not possible to know which, if either, of these othar sig-
nals interferad, hut the transformation was made. The momentary
hreakdown in communication is, in part, e consequence of the
property of the spoken medium. Since speech is ephemeral, one
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must ettend to it as it is being produced. The leck of e way to huffer
this input imposes e need for temporal coordination between the
plotting ectivity and the delivery of bearing informetion. Since the
plotter is still engaged in plotting the previous line of position, his
ettention to the spoken bearing is incomplete. Whatever the cause
of the transformetion of the form of the hearing for Dive Tower,
when propegeted to the chart it does not “work.” The line of posi-
tion does not fall where expected.

The plotter esks for confirmetion of the hearing. Wes it indeed
2577 in esking this question, the plotter refers to the hoey scale,
constructing part of his query hy reading the hearing he has plotted.
The recorder ettempts to match the request to what he knows to
have been the previons communicetions. This is e negotietion of
the meaning of the question. The recorder must determine which
LOP is being esked ehout.

The recorder responds ’287.” He has metched the plotter’s query
to one of the reported bearings {297.5} and, in the process, hes
rounded off the reported bearing. The plotter leans over to look in
the log and rejects the 297 bearing. He mey know it is not correct
heceuse it is even higger than 257, and 257 was already too hig to
work. The properties of the medie are involved here egain. The
written record endures, so the plotter directs his ettention there to
answer his own question. Before the plottar is even finished reject-
ing the 297 hearing, the recorder hes realized that the plotter wants
the bearing to the Dive Tower, not the bearing to stanchion 18. The
plotter has also gestured toward the column in the hearing record
log lebeled Dive Tower. This gesture mey be involved in two ec-
tivities here, First, it is part of the plotter’s procedure for looking up
the hearing. It is e hit of structure that the plotter creetes in his
world to guide his looking in the hearing record log. It is e wey to
control the allocetion of his own visual ettention. Second, it is
simultaneously e clue for the recorder ebout which hearing it is thet
the plotter is locking for. The communicetive function of the ges-
ture is opportunistic. It does not seem to he intended. The recorder
now seys “250.” The plotter makes e quick edjustment to the hoey
and sees that e 250 hearing works well. The plotter closes this
negotietion hy seying “OK, 1 might helieve thet.”

The fix itself is completed when in response to the plotter’s ask-
ing ”And whet?” the recorder responds with the last of the three
hearings, 287.5. It is interesting that it is not now rounded off, es it
was in response to the question of 257. Then it was tailored to fit



Chapter 5 20

the query; now that the confusion has been resolved, it is reported
as it was recorded. The utterance “And what?”’ is interpretable only
in the context of an understanding of the task being performed and
the place of the plotter in the execution of the task. The recorder is
able to determine that the plotter intands to plot the last bearing, He
responds in e way that assumes that “And what?” refers to the one
bearing that remains to be plotted. The plotter’s continued plotting
activity--arriving at a satisfactory fix--is evidence that the re-
corder’s interpretation and response were correct

Tbe plotter’s use of his finger in locating the bearing in the bear-
ing record log is very interesting. Beceuse the bearing log is a
memory for the cbserved bearings in this distributed cognitive sys-
tem, the plotter’s action is part of a memory-retrieval event thet is
internal to the system but directly observable. From the perspective
of the individual, the technology in use here externalizes certain
cognitive processes. Tbhis permita some aspects of those processes
to be cbserved by other members of the team. Because of this, the
chief's pointing can be both e part of his privata cognitive process-
ing and an element of communication to the recorder ebout the sort
of thing the chief is trying to accomplisb. Some kinds of medie
support this sort of externalizetion of function better than others,
The existence of a gesture that hes both privete and puhlic func-
tions suggesta thet other communicative features mey elso bave
these two roles. 1 suspect that prosody might have a similar dual
role in the production of verbal representations, helping the
speaker to sbape the allocation of his own ettention while simulta-
neously providing the listener with structure that can be used to
determine what the speaker is trying to eccomplisb.

The ebove example sbows clearly thet the normative description
of information flow in the fix cycle, which maintains thet informe-
tion flows bottom-up from the alidedes to the cbart, is wrong. Far
from being a simple one-way trejectory for information, the com-
municetion is in fect the bringing together of many kinds of con-
straints in both bottom-up and top-down directions. The meanings
of statements and questions are not given in the stetements them-
selves but are negotiated by the participants in the context of their
understandings of the activities underwey. The participants use
guesses ebout one another’s tasks to resolve ambiguities in com-
munication. Particular meaningful interpretations for statementa
are simultaneously proposed and presupposed by the courses of
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action that follow tham. The evidenca that aach participant has of
successful communication is the flow of joint activity itself.

The Negotiation of Meaning in interaction
The following exchange, which is full of hreakdowns and repairs,
illustretss the negotietion of meaning in interections.

Recorder:  Stand by to mark. Time 0... 01 2.

CiC Talker: Combet bolds 3100 yards to the turn, Holds 50 yards left
of track.

Recorder: 26 feet under the keel, Mark it.

{After e 13 second peuse, the plotter wetches the recorder write
down the first hearing, sets the hoey, and aligns it with the chart.}
Ploiter:  Whet's et 2 7 77 {plotting}

Recorder: 2 7 1.

{The recorder’s correction mey be based on a re-reeding of the log
entry or on memory of the ectual bearing reported. Notice the
properties of the medium in which the hearing is represented—
there is e greeter potentiel confusion of 1 and 7 in written form than
“one” and “seven” in spoken form.)

Ploter: Whet is i#t?

{The plotter uses the positions of landmarks on the chart, the pro-
jected position of the ship, and the angle on the hoey in evelueting
the hearing. This one does not fit any of the landmarks be expects.)
Recorder:  1Jm, carrier tower.

Piotter:  Oh, I don’t want thet thing. It's OK, go ahead.

{The chief does not want this landmark beceuse its position is not
yet estsblished. It is e back-plot. Once they heve established several
of their positions with known landmarks, they can heck-plot the
position of the tower and make it e usehle landmark in the future.)
Recorder The asro heacon is 2 9 2. 10th Avenue Terminal is 105,
{then speaking into the phone circuit) Give me the last bearing you
took.

Plotter 1 0 5. {The plotter is reeding this from the bearing record
log.)

Piotier: Is that 10th Avenue Terminal that is 1057 Or thet little
pier?
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Recorder: 0 5 9 is thet little pier. This one is 05 8 {pointing to the
depiction of the pier on the chart}.

{Tbe referent of “this one” in the recorder’s statement is deter-
mined indexicelly by his orientation to the symbols on the cbart.)
Piotter  OK. What's et 1 057

Recorder  10th Avanue iset05,1035.

Plotter  Still outside here.

Recorder:  Still outside?

Pioter What's the other one?

(The notion of “the other one” relies on the knowledge thet three
lines of position are required for the fix. The recorder seems to have
e problem with the back-plot in the procedure.)

Recordor: 27 1.

Piette:  No, no, that’s beck-plot.

Recorder.  Carrier tower.

Recorder 292,

Piotter. Yeah, yeah. Wbhet's that?

Recorder  Aero beecon, OK, 105.

Piotter: What's thet?

Recorder:  That's 10th Avenue.

Pictter:  Ob, it is bub. ... is be use ... He must be using the tip of it.
{8 seconds) Well, it’s almost ... ectually nothing.

in this passage, the recorder and the plotter ettempt to communi-
cete e set of landmark-to-bearing correspondences. The meanings
of utterances are establisbed through reference to the chart itself,
the structure of the task, the reletion of the structure of the hoey to
the structure of the chart, and previous elements of the exchange.
Thbet is, ell these structures are brought into coordinetion et once in
the performance of the task.

Meanings can only even be imagined to be in the messages wben
the environment ebout which communication is performed is very
stable and there are very strong constraints on the expectations. in
many endeevors, creeting and mainteining the illusion thet mean-
ings reside in messages requires that e greet deal of effort be put
into controlling the environment in which communicetion tekes
place. Meanings seem to be in the messages only wben the struc-
tures with which the messege must be brought into coordinetion
are aireedy reliably in plece and taken for granted. The illusion
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of meaning in the message is a hard-won social and cultural
accomplishment.

Confienation Blas In individuais and Groups

I hava argued above that tha cognitive properties of a group may
depend as much on the systemn of communicetion batween in-
dividuals as on the cogunitiva properties of the individuals them-
salvas. It is ona thing to assart sucb an effect and another to
damonstrate it. Though I find tha axamples from actual interactions
compelling, avants in the real world are almost always compliceted
by unwantad intersctions. Fortunately, e different kind of demon-
stetion is also possible. In the following pagas I will describe e
computer simulation that explores the role of communication in
tha production of the cognitive proparties of e group.

To test the notion thet the cognitiva propertias of groups mey
diffar from those of tha individuals who constitute tha group, it is
pacessary to focus on some particular cognitive proparty thet is
ganarally agreed to ba a property of individual cognition and than
devalop some way ta sbow thet whathar that property is manifastad
by a group depends on tha social organization of the group. For the
purposas of this study, 1 will nse tha pbanomenon known as con-
firmation bios.

Confimation Bias in Formation of itsrpretations
Confirmation bias is a propensity to affirm prior interpretetions
and to discount, ignore, or reinterpret evidence thet runs counter
to an alreedy-formed interpretation. i is a bies to confirm an
alreedy-held bypothesis ebout the neture of the world. This is
e commonsense notion. We talk ebout the difficulty of cbanging
someone’s mind once it is “mede up.” The importance of “first
impressions” is an obvious corollary of our folk belief in this prin-
ciple. There is also compelling scientific evidence of the generality
of confirmetion bies ecross such arees ss ettribution, personelity
traits {Hestie and Kumar 1979), logicel inference tesks {Weson
1968; Weson and Johnson-Laird 1972}, beliefs about important so-
cial issues (Lord et al. 1979), and scientific reasoning {Fleck 1979;
Tweney ot al. 1981).

To the extent that this propansity to stick with prior inter-
pretetions and discount disconfirming evidence often leeds us to
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maintain feulty interpretations of the nature of the world, it seems
maiedeptive. After ell, knowing what is going on in the environ-
ment is an important ebility for any creeture, and, in general, the
more complex the creeture, the more complex is thet creeture’s
sense of whet is in the environment. A property of cognitive proc-
essing thet prevents us complex creatures from finding better in-
terpretations cnce we beve e good one seems very meledaptive
indeed. Why, then, would sucb e property survive? Clearly there
must be e tredeoff bere between the ability to move from one inter-
pretstion tc e better one and the need to beve an interpretation—
any interpretation—in order to coordinete with events in the en-
vironment. A system that malntains e coberent but suboptimal in-
terpretetion mey be better ahle to adept than e system that tears its
interpretations epart as fast as it builds them.

This propensity is widely accepted as e general feeture of indi-
vidual cognition. If it represents a sometimes infelicitous tredeoff
between keeping e poor interpretation and heving no interpretation
at ell, one wonders if it might not be possihle for e group of in-
dividuals, eech of wbom bes this propensity, to make e different
sort of trade-off. That is, might e group be organized in such e wey
thet it is more likely than any individual alone to arrive et the best
of several possihle interpretations, or to reject e coberent inter-
pretation wben e better one is present? The plan of the remainder
of this cbepter is to eccept confirmetion bias as e property of indi-
vidual cognition and then to ask what properties it might produce
in systems of socially distributed cognition. Whet I hope to sbow is
thet the consequences of this property of individual cognition for
the cognitive capabilities of groups of humans depends almost en-
tirely upon bow the group distributes the tasks of cognition among
its members. That is, some weys of organizing people around
thinking tasks will leed to an exacerbation of the maladeptive as-
pects of this property of mental systems, wherees other forms of
organizetion will ectually make an edaptive virtue on the group
level of wbet eppears to he an individual vice.

interpretation Formation as Constraint Satistaction

Many important human ectivities are conducted by systems in
which muitiple ectors ettempt to form coherent interpretations of
some set of phenomena. Some of these systems are small, com-
posed of only e few individuals, while others are very large indeed.
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The operation of e complex system is often accomplisbed by e
teamn. A sbift of operatore at a nuclear power plant, an aircraft flight
crew, or the bridge team on a large ship is e small system in which
multiple individuals strive to meintain an interpretation of the sit-
uetion et hand. The complexity of e system mey make it impossible
for e single individual to integrate ell the required informetion, or
the severel members of the group mey be present because of other
task demands hut may be involved in distributed interpretation
formetion. Management teams in business and government are also
systems of distributad interpretation formetion, as are juries in the
court system. A community of scientists mey be the best example of
a very-large-scale systam in whicbh a group strives to construct a
coberent interpretation of phenomena.

Forming an interpretation is an instance of wbat computer sci-
entists call e constraint-sotisfoction prablem. Any coberent inter-
pretation consists of a number of parts; call them hypotheses. Some
of the parts go together with others or support one another; others
exclude or inhibit one another. These relationships among the parts
of the interpretation are celled constraints, Consider the following
incident taken from Perrow’s book Normal Accidents (1984):

On o beoutiful night in October 1978, in the Chesopeoke Boy, two
vessels sighted one onother visuolly ond on rador. On one of them,
the Coast Guord cutter training vessel Cuyahoga, the coptain (o
chief worrant officer) sow the other ship up ohead os o smoll object
on the rador, ond visually he saw two lights, indicoting thot it was
proceeding in the some direction os his own ship. He thought it
possibly was o fishing vessel. The first mote sow the lights, but sow
three, ond estimoted {correctly) thot it was o ship proceeding to-
ward them. He hod no responsibility to inform the coptain, nor did
he think he needed to. Since the two ships drew together so rapidly,
the coptoin decided thot it must be o very slow fishing boat thot he
was obout ta overtake. This reinforced his incorrect interpretotion.
The lookout knew the coptain was oware of the ship, so did not
comment further os it got quite close and seemed to be neorly on o
collision course. Since both ships were traveling full speed, the
closing come fast. The other ship, o lorge corgo ship did not estob-
lish any bridge-to-bridge communication, becouse the possing was
routine. But ot the lost moment, the coptain of the Cuyahoge re-
alized thot in overtaking the supposed fishing boat, which he os-
sumed was on o near parallel course, he would cut off thot boot’s
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obility to turn os both of them opprooched the Potomoc River. So
he ordered o turn to the port.

The two ships collided, killing 11 sailors on the Coast Guard vessel.
The captain’s interpretetion contained a numher of hypotheses
(that the other ship was smell, that it was slow, and that it was
traveling in the same direction as his own ship). These hypotheses
were linked to a set of ohservetions (the ship presented e small
image on the redar; it appeared to the captain to show two lights;
the distance hetween the ships was closing rapidly} to form a co-
herent interpretation in which the hypotheses were consistent with
one another and with the observations. Several of the hypotheses of
the mete's interpretation were in direct conflict with some of the
hypotheses in the captain’'s interpretation. For example, the by-
pothesis that the ships were meeting bead on and the hypothesis
thet one was overtaking the other were mutually exclusive.

A good interpretation is one that is hoth internelly consistent and
in agreement with the evailable data. Evidence from the world
makes some of the hypotheses of the interpretation more or less
likely. These hypothases that are directly driven by avidence have
constraining reletions to other bypotheses for which there is, per-
beps, no direct evidence. For example, in the ship collision de-
scribed above, there is no direct evidence concerning the speed of
the other vessel. Thet hypothesis is derived from the hypothesis
that the Coast Guard ship is overtaking the other ship and the oh-
servation that the distance between the ships is closing rapidly. i
those two things are true, then the other ship must he moving
slowly. The joh of forming an interpretation can thus he seen es at-
tempting to assign likelthoods to the various hypotheses in such a
wey that the constraints among the bypotheses and hetween the
hypothases and the evidence in the world are as well setisfied as is
possihle.

The project at hand is to develop e framework for describing
these situetions and the factors that control the cognitive properties
of these sociaily distributed systems. Whet is needed is an ahstrac-
tion thet is pertinent to the phenomena and that captures the sim-
ilarities among a numher of clesses of distrihuted interpretation
formation in spite of the diversity of details out of which they are
composed. The desired account should explicitly address the issue
of the formation of interpretations and the ways in which inter-
pretations can he influenced by evidence from the environment es
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woll as by evidence communicated by other ectors in the setting. It
sbould allow us to look et what is going on inside individuals and
also what is going on among them. It sbouid allow us to character-
ize both the properties of individuals and the properties of systems
composed of several individuals.

All these goals can be met by e computer simulation. And while e
simulation can permit us to explore effects of communication in
aworld that is free of unwanted interactions with uncontrolled
surrounding events, it bes limitetions that must be ecknowledged
in advance. The principal shortcoming of all simuletions is that
they are, of necessity, extreme simplifications of the pbenomena
they are intended to model. In the present case, many of the im-
portant facts about real communicetion in buman systems are not
represented at all. Questions of indexicality of reference and of ne-
gotietion of meaning are much too complex to be modeled by sim-
ple simulations and thus are not represented in the simulation
presented bere. in spite of these limitations, I believe that the sim-
alation model does make clear a number of issues that might
otherwise be obscured.

Constraint-Satisfaction Networks

A particular kind of connectionist network called a constraint-
sotisfoction network provides & rough model of individual inter-
pretation formation. Rumelhart et al. (1986) define a constraint-
satisfaction network as follows:

o network in which each unit represents o hypothesis of some sort
{e.g., thot o certain semontic feoturs, visuol feature, or ocoustic
feoture is present in the input) ond in which each connection rep-
resents constraints omong the hypotheses. Thus, for exomple, if
feature B is expected to be present whenever feature A is, there
should be o positive connection from the unit corresponding to the
hypothesis thot A is present to the unit representing the hypothesis
thot B is present. Similarly, if there is o constraint thot whenever A
is present B is expected not to be present, there should be o neg-
otive connection from A to B. If the constraints ore weak, the
weights should be smoll. If the constraints are strong, the then the
weights should be lorge. Similorly, the inputs to such o network can
also be thought of os constraints. A positive input to o porticulor
unit meons thot there is evidence from the outside thot the relevant
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A simple constraint-satisfaction network composed of six urits. Each unit reprosants a hypothasls,
and the connections among tinits represent supportive or competitive relations among the hypoth-
sses represented by the units. i this network, units 1, 2, and 3 support one another and inits 4, 5,
and § support one ancther. The units in each of these clusters inhibit the units in the other cluster.
The network has two coherent irterprotations: one in which units 1-3 are active while units 4.5 are
inactive and one in which units 4-8 are active and units 1-3 are inactive. This figure does not show
the pattem of activation across the units. Evidence in the environment that supports a partiouiar
hypothesis is implomented as the adidition of activation fo the unit thet rapemsents that hypothesis,
This network receives evidence that supports the hypothesis represanted by unit 4,

feature is present. A negotive input means thot there is evidence
from the outside thot the feature is not present.

With eech unit edjusting its ectivation (likalihood of heing true) on
tha basis of the ectivetions of its neighhors and tha strengths of the
connactions to those neighhore, such e natwork will avantually
settle into a state in which as many of tha constraints as is possihle
will be satisfied.

Imagine a natwork in which there are two clusters of units (fgure
5.1). Among tha units within eech cluster there are positive con-
nections. Thus, aach cluster of units represents a sat of hypothasas
that are consistent with ona anothar. Al the connactions that go
from e unit in ona clustar to e unit in the other cluster are nagative.
This meens that the hypothesas represented hy the units of one
cluster are inconsistent with the hypothesas represented hy tha
units of the other cluster. Whan such e natwork tries to setisfy es
many constraints es it can among tha hypotheses, it will end up
with all the units in one cluster highly activa and all the units in
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the other cluster inactive. That is, it will arrive at an interpretation
in which one set of hypotheses is considered true and the other is
considered false. Once it has arrived at such a state, the network
will be very insensitive to evidence that contradicta the inter-
pretation aiready formed. Notice that there are two kinds of pat-
terns here: the pattern of interconnections among the unita and the
pattern of activation across the units. An interpretation of an event
is a particular pattern of activation across the units—for example,
the stata in which all the unita in the left cluster are active and all
the unita in the right cluster are inactive. The stahle interpretations
of the network are determined hy the pattern of interconnectivity of
the units. in this case the connection strengths have heen carefully
arranged so that there will be just two stahle interpretations.

iz the collision scenario presented ahove, the captain and the
mate share the schema for interpreting the motion of other ships on
the water. Because of the conventions for lighting ships at night,
seeing two lighta supports the hypothesis that one is viewing the
stern of the other ship whereas seeing three supports the hypoth-
esis thet one is meeting it head on. If it is an overtaking situstion, a
rapid closing of the distance to the other ship supports the hy-
pothesis that it is going slowly. The mate would douhtless endorse
these constrainta among hypotheses, But he reached a different in-
terpretstion because he “saw” different evidence than the captain
saw. In the model, sharing the schema is sharing the pattern of
connections among the unita. Sharing the intarpretation is having
the same pattarn of activation acrnss the units.

For the individual whose constraint-satisfaction network is rep-
resented in figure 5.1, an interpretation is a pattern of activation
across the six umnits of the network. The space of possikle inter-
pretations for this network is thus a six-dimensional space. The lo-
cations of the two good intarpretations in this space are known to
he {111000} (left cluster active, right cluster not} and {0006111] (right
cluster active, left cluster not). Unfortunately, it is very difficuit to
think ahout eventa in six dimensions. Fortunately, this six-dimen-
sional space can be mapped into two-dimensional space. Since it
is possihle to compute the Euclidean distance of any pattern of ac-
tivation from the patterns of activation of the two good intar-
pretations, it is possikle to huild a new, two-dimensional space in
which the two dimensions are distance from interpretation 1 and
distance from interpretation 2. Thus, the location of any pattern of
activation can he plotted in this interpretation space in terms of ita
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Figrs 5.2 The tjactnries of a single network in interpretation space. Here the interpretation space is piotted
In two dimensions. The x axis shows the distance of the current interpretation from interpredation 1:
The y axis indicates the distance of $e current intorpretation from interpretation 2. Thus, for ex-
ampia, the fower right comer i as close fo interpretation 2 as is possible and as far from inter-
pretation 1 as is possible. 1 therefors represents the location of intarpretation 2. The diagonal line 16
everywhers squidistant between the two interpretations, The track of the network is shown in time.
Its position is piotted at equal time intorvals, so the distances betwoen the piotted positions is
proportional to the speed at which the natwork’s interpretation is changing. The network shown in
pane! 4 bagan siightly nearor to interpretation 1 than to interpretation 2. it began moving slowly at
$irst away from both knbrpretations, then it tumed towsard interpretation 1 and picked up speed.
Finally, i made & siow approach fo intarpre2ation 1, The same network is shown in panel b, but this
titme i has evidence from the environment i favor of interpretation 2. Even though it began siightly
predisposad $o interpretation 1, it was swayed by the evidence from the srvironmant and went o
Inteepretation 2.
naarnass to the two good interpretations. For example, tha pattarn
of activation {0.5 0.5 0.5 0.5 0.5 0.5} in which every unit is naither
activa nor inactiva, is equally distant from tha two good intar-
pretations. The plotting of positions in interpretation spaca is of no
computational consequence; it simply makes the motion of tha
networks visihle. Note also that not all locations in the spaca are
possible and that the fact that two natworks are at the sama location
in tha space does not maan that thay have the sama pattern of acti-
vation. Figure 5.2a shows tha trajectory in interpretation space of
an individual who starts out about halfway between tha two inter-
pretations. In this individual all the units hava apprnximately
aqual levels of activation. This network is not strongly committed
to either of the intarpretations, When it begins passing activation
among ita unita, it moves toward one interpratation and away from
the othar.
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Constraint networks can also receive input from the environ-
ment. This corresponds to direct evidence for one of the hypoth-
eses, Input from the environment is implemented as the eddition or
subtrection of ectivetion to e single unit {figure 5.1}. Thus, if the
individuel represented in figure 5.2e is teken back to its starting
point and given evidence that one of the hypotheses consistent
with interpretstion 2 is true, it will follow the trejectory shown in
figure 5.2b. This simply demonstrates that e network that hes not
yet formed e strong interpretetion can be influenced hy evidence
from the environment. If, bowever, the network hed alreedy arrived
et interpretation 1, evidence for interpretstion 2 would have littie
effect on the individuai.

Thiee variehles determine the bebevior of the isoleted individ-
ual. The first is the pettern of interconnectivity of its units, This is
the network’s schema of the pbenomena ebout which the inter-
pretstion is formed. The second is the initial pattern of ectivetion
ecross its units, This consists of the network’s preconceptions
ebout the state of affairs in the world, and t can be seen in the tre-
jectories of networks in interpretstion spece as the point et which a
network starts, The third varieble consists of the external inputs to
particular units of the network; it represents the evidence directly
in favor of or against particuler hypotheses thet are parts of the in-
terpretations. The trejectories shown in figure 5.2 demonstrete the
effects of these variebles.

COMMUNITIES OF NETWORKS

The bebevior of e single constraint-setisfaction network mimics, in
e rough wey, the pbenomenon of confirmetion bias es it is observed
in individual buman ectors. Even more complicated versions of
these networks could provide more eccurete models of confirme-
tion bias. The simple networks presented bere are close enough to
serve our present purpose, which is to find e simuietion thet allows
us to explore the reletionships among properties of individuels and
properties of groups. In order to make sucb an exploration, I beve
creeted and examined the hehavior of communities of networks.
This mey not seem to be the most obvious stretegy to pursue. Since
the processing in connectionist networks is distributed ecross units
in e network, and the processing in e system of socielly distributed
cognition is distributed ecross e number of people, there is e strong
temptation to edopt e superficial mepping between the two do-
mains in whicb units In e network are seen as corresponding to
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individuals and the copnections among units are seen to corre-
spond to the communicetion links among individuals. In this wey,
o single network would be taken as a model of e community. There
are many problems with this mepping. Let me simply issue the
warning that this most obvious mapping is quite likely e deed end,
and suggest insteed that the real value of connectionism for under-
standing the social distribution of cognition will come from e more
compliceted analogy in which individuals are modeled by whole
networks or assemblies of networks, and in which systems of so-
cially distributed cognition are modeled by communities of net-
works. The latter epproach is the one taken bare,

PARAMETERS OF THE MODELS

Whet happens in a system in which there are two or more con-
straint-satisfaction networks, each trying to form an interpretation?
A system composad of two or more networks bas et least saven
parameters that are not present in e single network. Three of these
parameters hava to do with the distribution of structure and state
ecross the individual mambars of 2 community of networks. Tha
other four concern the communication among the networks in the
community. Table 5.1 lists tha natures of these parameters and tha
features of resl communities to which, for the purposes of the
model, they are intended to correspond.

The principal parameters of the simuiation models and the features of individunt and group proc-
oasing they are Infended to represent.

N THE BDE, MAF N BYSTEM
Distributions of properties of individusl nets

Pattem of interconnactivity among units in the nat Schemata for phenoimena
Extama inpits to particidar units in the not Accase to environmentsl evidence
initlal pattern of acthetion: across it in the net Pradispositions, curent betiefs

Paramotors that chaactovios commonication among nets

Patiarn of intacoepections among the nets in the community Who talis o whom
Patbeen of interconnactivity among the units of communicating nets Whet they tak ahoyt
Streegtis of connections between nets that communicals How parsiasive they are

Tina course of communication When they communicate
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Distributions of Individual Properties

The pattern of connectivity among the units within a network de-
fines the schemo for the event to he interpreted. Thus, the first ad-
ditional consideretion is the distribution of event schemota across
the memhers of the community. Clearly e system in which all the
networks have e consensus ahout the underlying structure of the
domain of interpretation is different from one in which different
networks have different petterns of constraint among the hypoth-
eses. As a simplifying essumption, I have assumed that all the
networks have the same underlying constraint structure. This is
simply an implementetion of the ethnographer’s fantasy that ell the
individuels in a culture heve the same schemats for the events to he
interpreted (Boster 1990). in the ship-collision situation it eppears
that the Ceptairn and the mate shared the schemata for interpreting
the motion of other ships. Both understood that seeing two lights
was evidence that one was viewing the stern of the other ship and
that seeing three lights indiceted that one was meeting it head on.
But the mete thought he saw three lights and the captain thought
he saw two. Thus, consensus on schemete is not the same thing
as consensus about the interpretstions of events. Two individuals
could have the same schema for some phenomenon and still reach
different interpretations of events if their assessment of the evi-
dence led them to instantiete the schemata in different ways.

The networks mey receive inputs directly from an environment.
The distribution of occess ta environmental evidence is an im-
portant structural property of e community of networks. If ail net-
works in the community have the same underlying petterns of
constraints among hypotheses and ell receive input from the same
features of the environment, then all networks in the community
will arrive et the same interpretation. If different networks have
access to different inputs from the environment, then they may
move to very different interpretations of the world. It turns out thet
in the ship-collision sitnation the captain hed some difficulty with
his eyesight.

At any moment, the pattern of ectivity across the units in e par-
ticular network represents the current stete of helief of thet net-
work. A coberent interpretstion is e pettsrn of activation thet
satisfies the constraints of the connections among units. When e
community of networks is creeted, it mey he created such thet dif-
ferent networks have different patterns of activetion. Thus, the
third parameter concerns the distribution of predispositions ecross



Chapter 5 250

the networks in the community. The initial activations in these
simulations are alweys low; that is, the individuals do not start
with strong beliefs ebout the truth of any of the hypotheses.

Communicotion Parameters

In such a system, at least four edditional parameters that describe
the the communication betwseen the networks must be considered.
For the sake of simplicity I bave modeled the communicetion be-
tween networks es external inputs applied directly to the units in
eech network. (This simplification ignores the fact thet communi-
cation is alweys medieted by artifectual structure. in Hutchins 1991
I modeled this explicitly in another community of networks with a
different network architecture. If a particular node in one network
is, say, highly ective, then some fraction of thet ectivity may be
epplied as an externsl input to the corresponding node in some
other network. Thus, in this model, communication between indi-
vidual networks is represented by direct communicetion of the ac-
tivetion levels of units in one network to units in another network
(figuze 5.3). This is besed on the assumption thet reel communice-
tion ebout belief in e bypothesis from one individual to another
sbould beve the effect of making the activation level of the by-
pothesis in the listener more like the activation level of the
bypothesis in the speaker. This is the most prablematic simplifice-
tion in the system.

A fourth parameter describes the pattern of interconnections
among the networks in the community. This corresponds to the
patterns of communication links in e community. Each particular
network in the community may communicate with some subset of
the other networks in the community.,

Each network thet communicetes with another does so by pess-
ing ectivation from some of its own units to the corresponding units
in the other network. The pottern of interconnectivity among the
units of cormmunicoting networks determines which of the units of
each network pess ectivetion to their corresponding numbers in the
other networks. This corresponds to e determination of what the
networks can talk to one another ebout. It could be thought of as a
limijtation on vocabulary thet permits the networks to exchange in-
formation about only some of the bypotheses that participate in the
interpretetions.

Recell thet e network passes only a frection of the ectivity of its
unit to the corresponding unit In another network. This fraction of
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Individuat 4

Figuare 5.3  Commeication amony the individual networks. This figure Hustrates twee of the four communi-
cation parametors, in terms of the pattem of interconnections among the networks (who talies to
whom), individual 1 tafks to all the other individuain: individual 2 faliks only with individual 1: Indi-
vidual 3 and individual 4 talic with each other and with individual 1. In torms of the pattem of inter-
connectivity among the units of commumicating nefs {what they ik about), individual 1 and
individual 2 talk about the most {about hypotheses 2, 4, and £): individuai 3 and individua! 4 taik only
shout hypothesis &; and incividual 2 and individual 4 don't talic about anything. In terms of the
strongths of connections batween nets that comemunicate (ow porsuasive they arej, individua! 1
and individual 2 find each other's arguments about hypotheses 4 and 6 very persuasive, The last
communication parametor, the tme course of communication {when they communicate}, i not
representod in this figure. The combination of parameters shown In this figure is intended only to
Bustrate the range of possible communicative pattems within a group. Subsequent simulation ex-
periments explore the cognitive consequences of a varlety of pattems.

the ectivity of e unit in one network that is epplied es an external
input to the corresponding unit in the other network mey be called
the persuosiveness of the source. It determines how important it is
for e unit to agree with its corresponding unit in the other network
roletive to the importance of setisfying the constraints imposed by
other units in its own network,

The final community-level parameter is the time course of com-
munication. This refers to the temporal pettern of the exchange of
external inputs between the networks. This can vary from con-
tinual exchange of external inputs to no communicetion et all. In
between these extremes are an infinite number of petterns of con-
nection and disconnection. Again, it would be possihle to have e
different time course of communicetion for every connection be-
tween the networks, and evan to have the persuasiveness of eech
connection be e function of time; for simplicity, however, this too
will be e global parameter, with all connections either on or off ot
whatever strength they have been assigned et any point in time.
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Social Organization and the Cognitive Properties of Groups

With these simulation pieces, an exploration of the relationships
among the properties of the individuals and of the group with re-
spect to confirmation bias can be made.

THE COMMONSENSE ARCHIFECTURE OF GROUP INTELLIGENCE
It is often assumed that the best way to improve the performance of
a group is to improva tha communication among tha mambers of
tha group, or, convarsaly, that wbat is lacking in groups is com-
munication. In his 1982 novel Foundotion’s Edge, Isasc Asimov
describes a world, Gaia, that is a thinly disguisad Earth in tha dis-
tant future. Whereas James Lovelock's original concept of Gaia re-
forred only to the notion that Earth’s entire biospbere could be
taken to be a single self-regulating organism, Asimov extended the
concept to the cognitive realm. On Asimov’s Gaia, every conscious
being is in continuous high-bandwidth communication with every
other, There is hut one mind on Gaia. In Asimov’s hook it is a very
powerful mind, one that can do things that are beyond the capa-
bilitias of any individual mind. Is this really an advisabla way to
organiza all that cognitive borsepower? Our simulations provide us
‘with a maans to answar this quastion. Thay indicate that more
communication is not always in principle better than less. Under
soma conditions, increasing the richness of communication may
result in undasirabla properties at the group level,

Consider a simulation experiment in which only the persuasive-
ness of tha communication among networks is varied. {Recall that
this is implamanted by cbanging the strength of the connections
batween units in one network and corresponding units in other
natworks.} In tha initial community of networks, all tha networks
hava the same underlying constraint structure, and all have tha
same access to environmental evidence, but each has a sligbtly
different initial pattern of activation than any of tha othars. Fur-
thermore, all the networks communicate with ona anothar, all the
units in each network are connected to all tha units in the othar
networks, and the communication is continuous. This can ba
regarded as a modal of mass mantal talapathy. Undar thasa condi-
tions, whan tha communication connection strength {persuasiva-
ness} is zero, tha natworks do not communicata at all, and each
sattles into an interpretetion that is datarminad by its initial pre-
dispositions (figure 5.4a}. If tha community is startad again, this
tima with a nonzero persuasivenass, each individual natwork
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Figure 54  The trajeciorias of six individuals in interpretation space. Each penel in this figurs reprosents the
same six individunls starting in the same locations, The persuasivenoss of the communication
smony them is manipulated; ol ofiwee parameters are held constant. in pane! & the persuasivensss
is 0. The individuals are not communicating with one snother, end each goes to the interpretation
that ie nearost its initinl position in interpretation space. in panel b, with some communication
among the individuals, the individunl who startsd most nearly equidistant from the two inter-
pretetions has beon influenced by the three individuals who favor indespretation 2 and has followed
tham to that interpretation. i panel ¢, at a higher level of communication, the unsure individual has
been capiured by the two individuals who favor intorpretation 1 and has followed them there. in
panel d, with the persuasivonoss sof even higher, those individuals who start nearer to inter-
pretation 1 begin to move toward that interpretation, hut as those moving toward interpretation 2
become surer of their owm interpretations the persuasive communication with the others draws
them also lowards interpretation 2. Under conditions of high persuasiveness the system shows a
confirmation bias similar to that of the individual.
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moves toward the interpretation that it hed moved to in the ehsence
of communicetion, hut now it does so more quickly. If the com-
munity is restarted again and egain, with the persuesiveness in-
creased each time, the velocity of the networks in conceptual spece
increases even more. Tbhey burry in groups to the evaileble inter-
pretations (some to one, some to the other), and once there, they
regpond only e little to edditional evidence from the environment.
Figure 5.4h illustretes sucb e state in wbicb one of the networks bas
cbanged the intarpretetion it arrives et es e consequence of the in-
fluence of the other networks on it. As the inter-network connec-
tion strength is increased even more, the undecided individuel is
drawn beck to its original interpretetion (fgure 5.4c). With the
persuasiveness turned up even mors, the networks thet started out
toward interpretation 1 are drawn beck by the emerging consensus,
and all of them rush to the same interpretetion. Heving arrived at
thet interpretation, they remain there, ebsolutely unmoved hy any
amount of evidence from the environment (fignre 5.4d}. At high
levels of persuasiveness, this systam thus manifesta e much more
extreme form of confirmetion bias than any individual alone. in
retrospect, it is easy to see why. When the level of communication
is higb enough, e commanity of sucb networks thet receive similar
inputs from the world and that start near one another in the inter-
pretation spece bebeve as one large network. Wherever the net-
works go in interpretation space, they go band in hand and stay
close together. Beceuse they are in continue} communicetion, there
is no opportunity for any of them to form an interpretation thet
differs much from that of the others. Once in consensus, they stay
in consensus even if they beve had to cbange their minds in order
to reech consensus. When the strengths of the connections between
networks is increesed to e point wbere it far outweighs the
strengths of the connections within networks, the networks ell
move to e sbared interpretetion thet is incoberent. in this condi-
tion, the importance of sharing an interpretation with others out-
weighs the importance of reeching a coherent interpretetion.

It is clear thet a megamind such as that described by Asimov
would be more prone to confirmation bias than any individual
mind. It might be e mind that would rush into interpretetions and
thet, once it bed lodged in an interpretetion, would manifest an
ebsolutely incorrigible confirmetion bies. Is it possibie for commu-
nication to ever be ricb enougb in e reel buman community to leed
to this sort of group pathology? Perbaps. Even in individual net-
works, es e coberent interpretation forms, units representing by-
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potheses thet heve no direct support in the world receive ectivetion
from neighhoring units and e whole coherent scheme is filled in.
This well-known effect in individual cognition seems even more
powerful in some group settings. Buckhout {1982) asked groups to
produce composite descriptions of e suspect in e crime that all hed
witnessed and reported that “the group descriptions were more
complete than the individual reports hut gave rise to significantly
more errors of commission: an essortment of incorrect and ster-
sotyped details.” This looks like e case in which the memhers of
the group settle into an even more coherent interpretetion than
they would do ecting alone. Thet is just what heppened to the net-
works in the simuletion.

Of course, this extremely tight coupling is very unusuei. The next
section considers cases where there is some interesting distrihution
of eccess to evidence, where the communicetion connection
strongths are moderete, where the pattern of interconnectivity is
partial {thet is, where the individuals don't talk ahout everything
they know, only about some of the important things), and where
the communicetion is not continuous.

PRODUCING A DIVERSITY OF INTERPRETATIONS

Tbe problem with confirmetion bias is that it prevents an organism
from exploring e wider range of possible interpretetions. Although
the first interpretation encountered mey well be the best, e search
of the interpretation spece mey reveal another one thet better fits
the evaileble evidence. How can this search be accomplisbed? I
have already shown thet in the ebsence of communication the in-
terpretations formed by the individual networks—es eech exhibits
its own confirmetion bias—depend on the three parameters thet
characterize the individual networks: the underlying constraint
structure, the eccess to environmental evidence, and the initial
pettern of activetion. If e community is composed of individuals
that differ from one another in terms of any of these perameters,
then various members of the community are likely to arrive et dif-
fersnt interpretations. Thus, diversity of interpretations is fairly
easy to produce as long as the communicetion among the members
of the community is not too ricb.

Organizational Soktions to the Problem of Reaching a Decision
Some institutions cannot easily tolerate situations in which the
group doss not reach a consensus about which interpretation shall
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be takan as a rapresantation of reslity. In soma sattings it is assan-
tial thet all mambars of the group behave as though soma things ara
trua and others are false, even if some of tha mambers hava reser-
vetions ebout the solution decided upon. Tha membars of an air-
craft crew, for axampla, must coordinete their actions with one
another and with a singls intarpretetion of the stata of tha anviron-
ment even if soma of tham doubt tha validity of tha intarpretation
on which they are acting. Sucb institutions mey face the problem of
guaranteaing that e shared intarpretation is adoptad in soma raa-
sonable amount of time.

HIERARCHY

A comnon solution to the prohlem of reecbing e decision is to
grant to e particular individual the euthority to declare the nature
of reality. This is especielly easy to see in settings where the
relevant reality is socially defined-—such es the lew, where an im-
portant stete of effairs (guilt or innocence} exists only beceuse some
euthority {0 judge} seys it exists. But this solution is also edopted
with respect to pbysical realities where time pressures or other
fectors require a commitment to e particular interpretetion. This
second case comes in two versions: one in which the other mem-
hers of the community mey present evidence to the euthority, and
one in which the euthority ects eutonomously. Hers are two sim-
uletion experiments on this theme:

Hierarchy without Communication

Suppose all members of e group attampt to form an interpretetion,
but one network has the authority to decide the neture of reality for
all the members. The coguitive lebor of interpreting the situation
mey be socially distributed in e wey that permits an exploration
of more elternetives in the interpretetion spece than would he
explored by.e single individuel with confirmetion bias; bowever, if
the alternative interprstations never encounter one another, the
wider search might as well beve never beppened. The decision
reeched hy the group is simply the decision of an individuel. One
migbt imagine this es e sort of “king” or “‘dictator” model, but lack
of communicetion can also bring it ebout in situetions that are not
supposed to beve this property. The ship collision discussed earlier
is an example of e case in which the correct interpretation of e sit-
uetion arose within e group but somebow never reecbed the indi-
vidual whbo had the euthority to decide whicbh model of reelity the
group must organize ita bebevior around.
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Hierarchy with Communication

This situation is modeled in the simulation by changing the com-
municetion pettern so that one of the networks {the one in the
position of euthority} recsives input from all the others, but the
others do not receive external inputs from one another. In the sim-
uletion under these conditions, the network that is the euthority
will follow the weigbt of the evidence presented to it by the other
networks {figure 5.5). As the other networks move in interpretation
space, the center of grevity of the weight of evidence presented by
the other networks also moves, Depending on the persuasiveness
with which the other networks communicete with the euthority, it
mey be pulled to one interpretation or another, or even change its
mind ebout which is the better interpretation {figure 5.5c). The eu-
thority thus becomes e special kind of cognitive epparatus; one thet
trecks the center of gravity of the entire community in conceptual
space ot each point in time. At very high levels of persuasiveness,
this euthority network may find the evidence for both inter-
pretations compelling and be drewn to e state in which it bes high
ectivetions for the units representing all the bypotheses In both in-
terpretations {figure 5.5d}.

CONSENSUS

Quaker Decision Rule—Unanimity or Nothing

Imagine e world in whicb each network can ettend to only one as-
pect of the environment et ¢ time, but all networks communicate
with one another about the interpretetions they form on the basis of
whet they are ettending to. Suppose further thet there is more in-
formation in the environment consistent with one interpretetion
{call it the best interprefotion) than with another. Then, any single
individual ecting elone will reech the best interpretetion only
wben it beppens to be ettending to some espect of the environment
thet is associeted with thet interpretation or when it heppens to be
predisposed to thet interpretation. If there are many networks and
the aspect of the environment eecb ettends to is cbosen et random,
then on everege more of them will be ettending te evidence sup-
porting the best interpretation than to evidence supperting any
other interpretation, since by definition the best interpretation is
the one for which there is most support. If the networks in sucb e
group are in high-bandwidth communication with one another
from the outset, they will behave as the Gaie system did, rushing as
a group to the interpretetion that is closest to the center of grevity of



Chapter 5 268

20 S 20
2 £
: :
2 2
= 0 =
E 1. E 1.0
: é
] 0.0 2990
0.0 10 20 0.0 1.0 20
Distance from interpretation 1 Distance from interpretation 1
a b
T20 T20
: ;
g £
E £
g10 £ 10
£ E
; :
S 00 200
0.0 1.0 2.0 00 10 20
Distance from interpretation 1 Distance from interpretation 1
c d

Figars 55  The trajeciories of an authority. The authority (plotted as s open circie} s a network that receives
input from the other networks. The othar networks do not communicate among themseives. The
authority foliows the center of gravity of the interpretations of the group. i1 panel a, with jow per-
suasiveness by subordinatos, it foliows the threa who go 1o interpretation 2. With more persua-
siveness, a3 in panel b, it follows the two who move mare quickly toward interpretation 1, With atill
more porsissivenass, i starts toward interpvetation 1 hut i eventually drawn %o interpretation 2.
Panel ¢ shows what happens with very high values of porsuasiveness. The suthority is drawn first to
interpretation: 2. But the two networks that have arrved at interpretation 1 make it inpossitie to
ignore the elements of that inforprotation and the authority is drivas to a state in which there is high
activation for the units represanting ali of the hypotheses of both interpretations.
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Figore 5.8  Generation of diversity followed by consensus. I this simuliiion, the natworks start out not com-
maunicating. As ime goes on, the parsussiveness with which they communicats incraases rapidly,
Panel & shows some individuals nearly reaching interpretation 1 befora being compefiad by the
others to move to nterpretation 2. A diversity of opinion is resolved inta a consensus. in panel b, the
networks again begin exploring the interpretation space, this fime with & more rapkl ate of increase
in porsuasivenass of communication. The networks achieve a consensus, but the interpretation on
which consensus is reached does net fit either of the coherent interpretations.

their predispositions regardless of the evidence. If, howevar, they
are allowad to go their own weys for a whila, attending to both the
evailehla evidence and their predispositions, and then to commu-
nicete with ona ancther, thay will first sampla the information in
the environmant and then go (as a group) to the interpretetion that
is best supportad. Figure 5.6a shows the group axploring the space
first {two natworks almost reach interpretation 1} and then, with
increasing persuasiveness of communicetion, reaching consensus
on interpretation 2. Not only is the behevior of each individual
different in the group setting than it would have been in isoletion;
the hehevior of the group as a whole is different from thet of any
individual, hecause the group, #s a cognitive system, has con-
sidered many kinds of evidence while eech individual considered
only one.

The simuletions indicate fwo shortcomings of this mode of re-
solving the diversity of interpretations. First, if soma individuels
arrive at vary well-formed interpretations that are in conflict with
one another hefore communicetion hegins, thare mey be no resolu-
tion at all. They mey simply stay with the interpretations they heve
already formed. Somatimas such “hard cases” can he disiodgad hy
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changing the distribution of access to evidence in the community
by giving stubborn networks direct eccess to evidence that contra-
dicts their present interpretation. However, this may only drive the
network to e state in which it bas no coherent interpretation of the
situation {figure 5.6b).

Demographics of Conceptual Space: Voting

Another set of methods for estahlishing an interpretation to be
ected upon by e group relies on measuring the demographics of the
comimunity in conceptual space. In the initial state the members of
the group are sprinkled around in the conceptual spece. The start-
ing locetion of each is defined by the preconceptions it has about
the situetion. Sume mey begin closer to one interpretation, some
ctloser to another. As each one tries to satisfy the constraints of its
internel schemeta and the evaileble external evidence, it moves in
conceptual spece. This movement is usually toward one of the co-
herent interpretations defined by the underlying schemata. As was
shown ebove, if the members of the community are in communi-
cation with one another, they may influence one another’s motion
in conceptual space. A mechanism for deciding which inter-
pretation sball be taken es e representation of reality mey be based
on the locations of the members of the community in conceptual
spece. If a majority are ot or close to e particular interpretetion, that
interpretation mey be selected as the group’s decision. This is, of
course, a voting scheme.

A majority-rule voting scheme is often taken to be a way of
producing the same resuit that would be produced by continued
negotiation, hut sbort-cutting the communication. in these simule-
tions, voting does not alweys producs the same results that would
be achieved by further communicetion. Thet this is so can easily be
deduced from the fact that the result of a voting procedure for e
given stata of the community is always the sams, whereas a given
state of the community may leed in the future to many different
outcomes et the group level {depending on the time course and the
bandwidth of subsequent communication).

A Fundamental Tradeoft for Organizations

Many real institutions seem to embody ome or another of these
methods for first generating and then dealing with diversity of in-
terpretation. Obviously, real social institutions come to be orga-
nized as they are for many reasons. For example, the political
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consequences of various schemes for distributing the euthority to
make interpretetions real are important aspects of the ectusel im-
plementetion of any institution. I do not claim thet institutions are
the wey they are beceuse they produce particular kinds of cognitive
resulta. The point is rether thet social organization, however it mey
heve been produced, does heve cognitive consequences that can he
described. By producing the ohserved structures of organizetions—
largely ones in which there are explicit mechanisms for resolving
diversity of interpretations—social evolution mey be telling us
thet, in some environmenta, chronic indecision mey be much less
edeptive than some level of erroneous commitment. This mey be
the fundamental tradeoff in cognitive ecology. The sociel organi-
zetion, or more precisely the distribution of power to define situe-
tions es real, detarmines the locetion of ® cognitive system in the
tredeoff spece. Where the power to define the reelity of situetions is
widely distributed in e “horizontal” structure, there is more po-
tential for divereity of interpretation and more potentiel for indeci-
sion. Where that power is collected in the top of e “vertical”
structure, there is less potentiel for divereity of interpretation,
but eiso more likelihood thet some interpretation will find e greet
deel of confirmetion and thet disconfirming evidence will be
disregarded.

Where there is ® need for both exploretion of an interpretation
spece and consensus of interpretation, e system typically has two
modes of operetion. One mode trades off the ebility to reech e de-
cision in favor of diversity of interpretation. The participants in
the system proceed in reletive isoletion and in parallel. Each mey
be subject to confirmetion bies, but beceuse they proceed in-
dependently, the system as e whole does not manifest confirmation
bias. The second mode breaks the isoletion of the participants and
exposes the interpretations to disconfirming evidence, the goal
being to evoid erroneous perseverence on an interpretation when e
better one is evailable. This mode tredes off divereity in fevor of the
commitinent to e single interpretation thet will stand es the new
reality of the situstion. Often the two modes are separeted in time
and marked hy dafferent sociel structurel arrangementa.

In this chapter 1 have tried to take some tentative steps toward a
framework for thinking ahout cognitive phenomena at the level of
groups. The simulation models are both a kind of notation system
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that forces one to be axplicit about tha theoretical constructs that
are claimed to participata in the production of the pbenomana of
intarest and a dynamical tool for invastigating e universe of possi-
bilities. The simulations sbow that, avan wbila holding tha cogni-
tive properties of individuals constant, groups may display quita
different cognitive proparties, depending on bow communicetion is
organized within tha group and ovar tima. Groups can be bettar et
ganarating a diversity of intarpretations than any individual is;
bowevar, having generatad a usaful diversity, thay then face tha
problam of resolving it. From the perspectiva presented bere, sav-
erel well-recognized kinds of social organization appasr to provida
solutions to tha problems of exploring e speca of interpretations
and discovering tha best availabla alternative,

All the strategies thet overcome confirmation bies work by
breaking up continuous high-bandwidth communrication. This is
trua wbather the stretegies are implamented In social organization,
in the intaraction of an individua! with an axternal artifact, or
through tha use of an internal madiating structura.

In the simulations presentad in this cbepter, tha affects of group-
level cognitiva proparties are not produced solaly by structure in-
ternal to tha individuals, nor ara thay produced solaly by structure
external to the individuals. Rathar, the cognitiva proparties of
groups are producad by interection batween structures internal to
individuals and structures extarnal to individuals. All buman so-
cieties fece cognitiva tasks that ara beyond tha capabilitias of any
individual mamber. Even the simplest culture contains more in-
formation than could be laarnad by any individual in e lifetima
{Roberts 1964; D’Andrada 1981), so the tasks of laarning, remem-
bering, and transmitting cultural knowledga are inavitably dis-
tributed. The parformance of cognitiva tasks thet axcaad individual
ebilities is always sbeped by e social organizetion of distributed
coguition. Doing without e social organizetion of distributad cog-
nition is not an option. The social organization that is actuelly used
may ba eppropriata to tha task or not. it may produca dasireble
propartias or pathologias. It mey ba wall defined and stabla, or it
may shift moment by momant; but thare will be one wbanaver
cognitiva labor is distributad, end whatevar one thare is will play e
rola in determining tha cogritive propartias of tha system that par-
forins tha task,
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The primary function of e peecetime military is whet is called ““the
maintenance of reediness.”’ The military establishment is e big in-
stitution, fuil of terrifying weepons systems and other artifects. The
glue that holds the artifects together--thet makes the separete ships
and planes and missiles and homhs into something more than e
collection of hardware-is human ectivity. But there are high retes
of personnel turnover in the military. The human parts keep pass-
ing through the system. Thus, even though the system is reedy to
make war one dey, it will not be reedy the next day unless the ex-
pertise of the people departing is continually repleced hy the newly
acquired skills of those who have recently entered. This high tarn-
over of personnel and the resuiting need for the continual re-
production of expertise makes the military e fertile ground for
research into the neture of learning in cultural context.

The Developmentas Trajactory of the Quartermaster

It takes about e year to learn the basics of the quartermaster's job.
For e young person learning to be e quartermester, there are many
sources of information about the work to be done. Some quarter-
masters go to specialized schbools before they join e ship. There
they are exposed to basic terminology and concepts, but little more.
Tbey are “irained” in e sense, but they have no experience. In fect,
the two quartermaster chiefs with wbom I worked most closely said
they preferred to get es trainees eble-bodied seamen without any
prior training in the rete. They said this seved them the trouble of
having to break the treinees of bed habits ecquired in school. Most
guartermasters learn wbet to do and how to do it while on the job.
Nonetheless, some of a trainee’s experience aboard ship is e bit like
scbool, with workbooks and exercises. In order to edvance to
bigher ranks, the novice must work through a set of formal assign-
ments that cover the full spectrum of nevigetion practice; these
must be reviewed and approved by a supervisor before the student
can progress to the next rank in the reting.
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Sea and Anchor Detail

in the world of nsvigation, as in many othar systems, novices begin
by doing the simplest parts of a collaborativa-work task. Long be-
fore they are ready to stand watch undar instruction in Standard
Steaming Watch, novica quartermesters begin to work as fath-
ometar operators and palorus oparators in Sea and Ancbor Detail.
As thay bacoma more skilled they move on to more complex duties,
making wey for less skillad individuals bahind them. The proca-
dural decomposition of tha task in this work configuretion permits
unskillad parsons to participata in complex ectivities. Tha jobs in
Sea and Anchor Detat] are, in ordar of increesing complexity, tha
following: '

mokeitoring the fathomater

taking bearings

kaeping the deck iog

timing and racording hearings

plotting fixes and projecting the dead reckoned treck.

This list of jobs definas a career trajactory for individuals through
tha rolas of the work group. Interestingly, it also follows the peth of
informetion through the systam in tha taam’s most basic computa-
tion, position fixing, The simplast Jobs involve gethering sensed
deta, and the more complex jobs involve processing those dete. Tha
fact that tha quartarmastars follow tha sama trajectory through the
system es does sensed information, albait on e different time scale,
has an important consequance for the larger system’s ahility to de-
tect, diagnose, and correct arror. To sea wby this is so, howaver, we
naad to considar tha distribution of knowledga that results from
this pattarn of development of quartermasters.

The Distribution of Knowledge

Analysts often assume that in cooperative tasks knowledge is par-
titioned among individuals in an exhaustive and mutually ex-
clusive manner such thet the sum of the individuals’ knowledge is
equal to the total required, with little or no overlap. Consider the
knowledge required to perform just the input portion of the basic
fix cycle. This requires the knowledge of the pelorus operstors, the
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Figure 6.1 A nonaverlapping distribution of incwledge among the members of the navigation teasm.

bearing recorder, and the plotter. We could imagine designing an
experiment along these lines by training e different person to per-
form each of these roles and then putting the individuels in inter-
action with eech other. This assumes no history for the participants
except that eech is trained to do his joh. This would result in
@ nonoverlepping distribution of knowledge, as shown in figure 6.1.
It is certainly possihie to organize e working system along these
lines, hut in fact, outside of experimentel settings, this is e very
rare knowledge-distribution pettern. More commonly there is sub-
stantial sharing of knowledge between individuals, with the tesk
knowledge of more expert workers completely subsuming the
knowledge of those who are less experienced. At the other end of
the knowledge-distribution spectrum, one can imegine e system in
which everyone knows everything ebout the task. This too is e rare
pettern, because it is costly to maintain such e system.

in many human systems, es individuels hecome more skilled
they move on to other roles in the tesk-performance group, making
wey for less skilled individuels hehind them and replecing the
more expert individuals before them who edvance or leeve the
system. This is whet we ohserve in the cese of the development
of nevigetion skills among quartermasters. A competent pelorus
operetor knows how to do his job, but beceuse of his interaction
with the bearing recorder he also knows something ehout whet the
recorder needs to do {figure 6.2e). The hearing recorder knows bow
to do his job, but he also knows all ebout being e pelorus operetor,
beceuse be used to be one. Furthermore, he knows e good deal
ebout the ectivities of the plotter, beceuse he shares the chart table
with the plotter and mey heve done plotting under instruction in
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Fgre 62 Overlapping distributions of knowledge among the members of the navigation team. (s) What the
bearing taker knows. (b} What the bearing recorder knows, () What the plotter knows. id) The dis-
tribution of redundant coverage in the systom as a whole.

Standard Steaming Wetch. Whet the hearing recorder knows is
shown in figure 6.2h. Finaily, e competent plotter knows how to
plot, hut he also knows everything the bearing recorder and the
pelorus operators must know in order to do their johs, heceuse he
has done both of those johs hefore advancing to plotting, What the
plotter knows is shown in figure 6.2c, and the distrihution of
knowledge that is the sum of these individue} expertises is shown
in figure 6.2d. Thus, this movement of individuels through the
system with increasing expertise results in e pettern of overlepping
sxpertise. Knowledge of the entry-level tasks is represented most
redundantly, and knowledge of the expert-level tasks is repre-
sented least redundantly.
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The Decompositions of Tasks

The structure of the distributed task provides many constraints on
the learning environment. The way e task is partitioned ecross e set
of task performers has consequences for both the efficiency of task
performance and the efficiency of knowledge acquisition. For ex-
ample, if the decomposition into suhtasks cuts lines of high-band-
width communication (that is, if two processes that need to share
information often in order to reach completion are distributed
ecross different task performers), the task performance mey suffer
from the effects of a bottleneck in interpersonsl communication.
What parts of the process need to communicate with wbicb other
parts and what sorts of structures can be represented in the avail-
able communicetions media are important determinants of optimal
task partitioning. in cheptar 4 the situation in whicb inexperienced
pelorus operators ettempt to find landrarks in the world was pre-
sented as e way to explore the computational consequences for the
larger system of various means of communication. This chapter
considers the implicetions of this same pbenomenon for learning
by individual memhers of the team.

If the pelorus operator alreedy knows bow to find the landmark
in question, then litle informetion needs to be passed. Tbe name
of the landmark may be all thet is required. If the pelorus operator
is unsure of the location or eppesarance of the landmark, more
informetion mey be required. For example, in the following ex-
change, the starboard pelorus operetor needed edditional informa-
tion to resolve an ambiguity concerning the identity of a landmark.
{In this excbange, SW is the starboard wing pelorus operetor and S
is a qualified watchstander working es bearing recorder. They were
communicating via the sound-powered pbone circuit}

SW: The one on the left or the one on the right?
§: The one on the left, OK?
SwW: Yesh, Igotit.

When the confusion or lack of knowledge is more profound, it
is simply impossible to communicate enough information, or the
right kind of information, over the pbone circuit; someone has to go
to the wing to show the pelorus operator where to find the land-
mark. A little leter during the same exit from port, the starboard
pelorus operator was uneble to find the north end of the 10th Ave-
nue terminal. The plotter C, wbo is also the most-qualified and
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highest-ranking memher of the team, went onto the wing to point it
out to him. On the wing, C put his arm over SW's shoulders and
aimed his hody in the right direction.

¢ The north one, all the way up.
sw: OK.

¢ If you can’t see the light, just shoot the tangent right on the tit of
the, the last end of the pier there.

sw:  OK, that pier, where those two . ..

C:  Yoah, all the wey et the end,

sw: Al right.

C: There should he a light out there, hut if you can’t see the light
out there et the end of the pier just shoot the end of the pier.

in this example, verbal and gestural interaction provides the eddi-
tional identifying informetion. Furthermaore, the instructions in-
clude expectations ebout whet will be visible et the time of the next
observetion and instructions as to what the pelorus operator should
do if he is unable to see the light on the pier,

The Horizon of Observation

Lines of communication and limits on cbservation of the activities
of others have consequences for the process of acquiring knowl-
edge, because they determine the portion of the task environment
that is available as a learning context to each task performer, The
outer boundary of the portion of the task that can be seen or beard
by each team member is that person’s horizon of observation,

OPEN INTERACTIONS

Duriug an early at-ses period, L, the keeper of the deck log, bed
served as bearing recorder, but his performance in thet iob was less
than setisfectory. Thet was the job thet wes next in line for him,
thougb, and be was eager to acguire the skills required to perform
it. One of the most important espects of the bearing recorder’s job is
knowing when particular landmarks will be visible to the pelorus
operators on the wings. One complication of this judgement is the
fact thet a large convex mirror is mounted outside the windows of
the pilothouse just ir front of the port wing pelorus operator’s sta-
tion. The mirror is there so thet the commanding officer, who sits
inside the pilothouse, can see ell of the fligbt deck. Unfortunetely,



Navigation ss & Context for Learning 268

the mirror obstructs the port pelorus operator’s view forward, and
the bearing recorder must be sble to judge from his position et the
chart table whether the port wing pelorus operator’s view of e cbo-
sen landmark will be blocked by the mirror.

L was standing et tha chart table with C (tha plotter) and S {the
bearing recorder). The ship bad just entered the mouth of tha bar-
bor, and tha taam was running the fix cycla on 2-minute intervais.
The previous fix, takan et 36 minutas after the bour (“time 36”),
was complete, and C had just finisbad plotting tha daad-rackoned
treck out through timas 38 and 40. S indirectly solicited C's assis-
tanca in deciding which landmarks sbould be shot for tha next
round of baarings. L stood by, wetching what S and C ware doing.
All the pointing they did in this interchanga was et the chart.

1. & Last set still good? OK Ballast Point, light Zulu.

2. ¢ Hare's (time) 3 8 (pointing to tha DR position on tha cbart).
3. §& So it would ba that (pointing to ligbt Zulu), that (pointing to
Brevo Piar} . . .

4. C: One, two, threa. Sama three. Ballast Point, Brevo. And the
nextona...

§: {Tima) 4 0 sbould ba, Ballest Point . . .

C: Front Ranga, Bravo.

S: AndBaila...

L: Ha mey not be able to sea Front Range.

& Yasah.

10.C: Yesah, ha can. Onca wa gat up here (pointing to tha sbip’s
projected position for the next fix).

11.§& Yaah. Up thars. OK.

12.¢: Down bere {pointing to ships current position} ba can’t. It’s
back of the mirror, but as you coma in it gets anough so thet you
can see it.

© ® N @ w

Becausa tha actions of S and C are within L’s borizon of cbserve-
tion, L bas e chance to saa bow tha landmarks are cbosen. Fur-
thermore, the fact that tha dacision about whicb landmarks to sboot
is mada in an interection opens the procass to him in a way that
would not be the case if a single person were making tha decision
alone. in utteranca 8, L raises tha possibility thet tha port wing pe-
lorus operetor may not be ahle to saa the landmark. Three days
earlier, on anothar Sae and Ancbor Datail, 1. had mede the sama
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suggestion ebout the mirror blocking the port wing pelorus oper-
etor’s view and C hed egreed with him. In the present circum-
stances, bowever, L’s ceveat is inappropriete. 5 and C heve alreedy
anticipeted the preblem raised by L, and they jointly counter L's
objection, sech building on whet the other bas seid. Clearly, if L. did
not share the work spece with S and C or if there was e strict divi-
sion of lebor such thet individuals did not monitor and participete
in the ections of their fellows, this opportunity for L to heve even
peripheral involvement in e task that will somedey be his would be
lost. Furthermore, L's borizon of observetion is extended beceuse
the decision making ebout landmarks is conducted es an inter-
action between S and C.

OPEN TOODLS

Simply heing in the presence of others who are working does not
alweys provide & context for learning from their ections. In the ex-
ample ehove, the fact thet the work was done in an interection he-
tween the plotter and the bearing recorder opened it to other
members of the team. In e similar wey, the design of tools can sffect
their suitahility for joint use or for demonstretion and mey therehy
constreln the possibilities for knowledge ecquisition. The inter-
ection of e task performer with e tool mey or mey not be open to
others, depending upon the nature of the tool itself. The design of a
tool mey change the horizon of observetion of those in the vicinity
of the tool. For example, beceuse the navigetion chart is an explicit
graphical depiction of position and motion, it is eesy to “see” cer-
tain aspects of solutions. The chart representation presents the rel-
evant informetion in e form such that much of the work can be
done on the hesis of perceptual inferences. Beceuse the work done
with ¢ chart is performed on its surface—all of the work is et the
device's interface, as it were—wetching someone work with e chart
is much more reveeling of what is done to perform the task than
wetching someone work with ¢ calculetor or e computer.

The openness of e tool can also affect its use as an instrument of
instruction. When the hearing recorder chooses e set of landmarks
that result in lines of position with shellow intersections, it is easy
to show him, on the chart, the consequences of his ections and the
neture of the remedy required. Figure 6.3 shows e fix that resulted
from landmark assignments made by the bearing recorder. Bearings
off to the side of the ship rether than aheed or astern are called
“beam’ hearings. When the plotter plotted this fix and sew how it
came out, he scolded the bearing recorder:
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Figure 8.3 A fix consiructed with beam bearings. Bacause of the open graphical properiies of the chart as &
sharod workspace, it |s easy for the pioiter to show the bearing recorder both that the #ix inchides
heam bearings and why the boam bearings make  poor fix.

¢: What did you take a bunch of beam bearings for? Why ain’t you
shooting up there (points out the front window of the bridge}
someplace? Look wbet you did! {points to the chart) You sbot three
beam bearings. You sbot three beam bearings. You better tell ’em to
shoot from up aheed someplece.

Once the fix was plotted, of course, it was easy for the bearing re-
corder to see the neture of his error. Imagine bow mucb more dif-
ficult it would be to explain the inedequacy of the landmark
assignment if the lines of position were represented as equetions to
be punched into e calculator rether than as lines drawn on the
chart.,

Loaming from Error
Most studies of error focus on its reduction or eliminetion. Clearly,
there are many steps thet can be taken to avoid or prevent error. Yet
error is ineviteble in human systems. This is commonly attributed
to the fact thet we humans can become tired, or confused, or
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distracted, or inattentive to our work, or to the idee thet we are in-
herently fallihle in some other wey. These are real contributing
factors in many errors, of course. However, in the cese of systems of
cooperetive work in the real world thers is e more fundamental
reason for the inevitahility of error: Such gystems alweys rely on
on-the-joh learning, and where there is the need for learning there
is room for error. '

Neturally situetad systems of cooperetive work must produce
whatever it is they produce and must reproduce themseives et
the same time. They change over time. Sometimes they are re-
organized. Sometimes they change the things they do, and some-
times the technology they beve to do the joh with changes. Even if
tasks and tools conid be somebow frozen, the mortality of the hu-
mean participants guarantees changes in personnel over time. Most
commonly, relatively expert personnel are gredually lost while
relatively inexpert personnel are edded. Even if the skills required
to do the job are learned off the job, in scbool, the interections that
are charecteristic of cooperetive work can generally only be learned
on the job.

Designing for Ervor

Norman {1983, 1986, 1987) argues that beceuse error is inevitable it
is important to “design for error.” Designers, be seys, can “ined-
vertently ... make it eesy to err and difficult or impossible to dis-
cover error or to recover from it” (1887, chepter 5: 24). Norman
suggests that designers sbould design to minimize the ceuses of er-
ror, make it possible to “undo” errors, and make it eesier to dis-
cover and correct errors. Eacb of these suggestions is eimed et
protecting the current task performance, yet in the broeder per-
spective of production and reproduction in cooperative work it
would be useful if the response to error in the current task could
elso in some wey protect future task performance. Thet is, another
espect of designing for error migbt be designing systams thet can
more easily learn from their errors.

That would give us three mejor clesses of design goals with re-
spect to errors: to elimineta, evoid, or prevent errors wberever
possible; to facilitate the recovery of the system from any errors
thet do occur; and to facilitate learning from any errors that do oc-
cur so that future errors become less likely. There is something of
an equilibrium to be meintained bers. As career trejectories take
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experienced members out of the work group and expertise is lost
from the system, the likelihood of error mey increase. This increase
in likelihood of error must be offset by 1he decrease in likelihood of
error that comes from learning by 1he remaining and new members
of the cooperetive work group.

Controlling the Effects of Emor

ERROR DETECTION

Error datection may require extansiva resources. Observetions of
the conditions undar which errors are detected indicata thet tha
following elamants are necessary:

Access In order to datect an arror, tha detector must have eccess
to tha behavior that is ix arror or some indicetion of it.

Knowledge or expectation The detactor must bava knowledge of
tha process being performad or soma axpectation about its correct
outcome with respect to which the observad process or outcome
can he judgad to be in error.

Attention Whoavar detects the error must attand to the arror and
monitor it in terms of expectation.

Perspective Soma parspectivas are hetter than others at bringing
intarested ettention relavant expectations to baar on the evaluation
of bebavior.

Access

Tha structure of tha task and tha axtent to which the behaviors of
the participants are aveilable to tha other participants have con-
sequences for error detaction. in tha following axemple, tha team
had sbot Front Ranga, Silvergete, and Light 2 on the previous
round. S began to maka a sbift that would drop Front Range on tha
port sida and pick up North Island tower on tha starboard side.
After instructing PW to drop Front Range, be then discovered that
SW couldn’t yet see North Island towar. Only e raquest for clar-
ificetion from another sailor making a redundant plot in the combat
information center {CIC) made it claar that S bad decided not to
shift landmarks et ell and that PW bad misundarstood the situetion.

§: {to PW) OK, shift to Silvargata, John.
PW: Drop Front Range.

8: Drop Front Range. {to SW) Stava, pick up (3 seconds} ah, just
stick with number 2,
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pw: Al right.

CiC:  {to S) OK, John, you’re gonna sboot Light 2, Silvergete, and the
Front Range, right?

& Yeah, Light 2, Silvergete and Front Range.

gic: OK.

PW: 1thought we dropped Front Range.

§: No, picked that up beceuse be couldn’t see the tower on this
side bere {starboard).

PW: Tbe Front Range and Silvergete, right?
$: Yeah.

The point of this example is that the density of error correction
possible depends on the borizons of observation of the team mem-
bers. Here PW is on the pbone circuit with CIC and S. In this case,
this problem would surely not beve been detected had the com-
municetion between S and CIC not been availeble to PW,

Knowledge

The importance of the distribution of knowledge produced by the
overlapping careers of e set of quartermasters following a career
trajectory that coincides with the flow of sensed informetion can
now be stated: As a consequence of the alignment of one’s career
trejectory with the path of informetion thiough the system, if one
bes eccess to an error, then one elso bes knowledge of the processes
thet mey beve generated it, becense one bas already, at an earlier
career stage, performed e}l the operations to which the data beve
been subjected before arriving et one’s current position. The over-
lap of eccess and knowledge that resulta from the elignment of ce-
reer peth and data path is not e necessary feature of these systems,
nor is it apparently an intentional one bere, but it does give rise to
especially favorahle conditions for the detection and diagnosis of
error.

Attention

The ettention reguired to detect error may be facilitated or even
forced by the nature of coordineted tasks. If errors in the upward
propagetion of sensed data are not ceught at the lower levels, they
are likely to be noticed at the chart table by the plotter—in part
beceuse the plotting procedure itself is designed to detect error.
Any two lines of position define the locetion of the ship, but e
position “fix”” alweys consista of three knes of position. 'The velue
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of the third line of position in the fix is that, if an error is prasent, it
is likely to sbow up as an enlarged fix triangle, whicb will be de-
tected by the plotter. It is, of course, possible for independent errors
to conspire to produce e nice tight fix triangle that is ectually in the
wrong place, but such an event is quite unlikely. The nsture of the
plotter’s task makes errors in the bearings evident.

Many errors are detected by team members wbo are simply
monitoring the ections of those around them. Competition may de-
velop among peers doing similar tasks. Feedback can be provided
in sttempts to sbow competence, as in the following example,
where PW feults SW's reporting sequence.

& Stand by to mark time 1 4.

F: Fifteen fathoms.

5W: Dive tower 03 4,

PW: He didn't sey “mark.”

$& Mark it. (2 seconds) I've got the dive tower, Steve, go aheed.
PW. Point Lome 339,

Here SW wes supposed to wait for the “mark” signal, but be
blurted out the bearing of Dive Tower wben be heard the “stand by
to mark’’ signal. PW jumped on him. S then geve the “mark” signal
and waited for reports, but the earlier confusion seemed to have
disrupted the coordinetion of the reports, and no one said anything
for 2 seconds. The work of getting bearings must continue un-
interrupted. Stopping to repair the situetion would ruin the fix be-
ceuse the near simultaneity of the observations would be violeted.
S minimized the damage by ecknowledging the early report on
Dive Tower and esking PW to report.

Not only is eacb member of the team responsible for hus own job;
eech seems also to take responsibility for ell parts of the process to
which be can contribute. Since detection depends on eccess, bow-
ever, the extent to whicb the ectivities of the team mambers are
conducted where they can be observed {or overbeard) by others
mey affect the rete of error detection. Error detection also requires
ettention, which mey be e scarce resource. The consequences of e
high workloed mey include both an increase in the rate of error it-
self {due to the effects of stress) and a reduction in the rate of error
detection {due to the reduction of resources evaileble for monitor-
ing the ections of others}.
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Perspective

The way the plotter thinks ebout the bearings and uses them in his
task is different from the way the bearing observers think ebout the
bearings. For the bearing observer, the bearing mey be no more than
o string of three digits read from e scele in e telescopic sight. It is
not necessary for the bearing observer to think of the directional
meaning of the number. In contrast, the plotter’s job is to recover
the directional meaning of the reported bearing and combine the
meanings of three bearings to fix the position of the sbip. Different
jobs in the team require ettention to different espects of the com-
putational objects, so different kinds of errors are likely to be de-
tected {or missed) by different members of the team.

On some ships the job of meking a global assessment of the
quelity of the work of the navigetion team is institutionalized in the
role of the evaluotor. This evaluetor is a qualified nevigetion prec-
titioner wbo is not engaged in doing the nevigetion computetions
themselves, but insteed monitors the process by which the compu-
tetion is performed and the quality of the product. There is a
tradeoff bere between using the evalustor’s processing power to do
the computations themselves {and possibly echieving lower error
rates but certainly risking lower error-detection retes) and having
less processing power in the task itself {and possibly genereting
more errors but certainly detecting more of the errors thet are
committed}.

The important structural property of the evaluetor’s role is thet
the evaluetor bas eccess to and krowledge of the performance of
the task but does not participete in the performance. Insteed, the
evaluetor otfends to the wey the task is done and specifically mon-
itors the performance for error. The social role of the evaluetor is @
wey of building into the system ettention to an aspect of the sys-
tem’s behavior thet would not otherwise be reliably present.

RECOVERY FROM ERRCOR

Not every recovery from error is instructional in intent or in con-
seguence. Some are simply what is required to get the job done.
There may be no need to diagnose the cause of the error in order to
know how to recover from it.

Other error-recovery strategies involve diagrosis of the source of
the error and perheps explicit demonstretion of the correct solu-
tion, where the demonstration may also be the performance that is
required. Diagnosis may require modeling the reesoping of the
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person who committed the error. The distribution of knowledge in
which eccess to an error and knowledge of its causes are aligned
ensures thet most errors that are detected will be detected by in-
dividuals who already heve experience with the operations thet led
to the error. This gives each task performer e much better basis for
diagnosing the possible causes of any observed errors than he
would have in a system with discrete knowledge representation.
When a bad bearing is reported, the plotter can examine it and may
develop hypotheses ebout, for example, whether the pelorus oper-
etor misread the gyrocompass scale or whether the hearing recorder
mistranscribed it into the bearing log. These hypotheses are besed
on the plotter’s experience in each of these roles.

Furthermore, the time, the processing resources, and the com-
munication chanunels required for the composition and delivery of
appropriate instruction must be available to the person providing
correction et or near the time that the error is committed. In nav-
igation teams, error feedback is sometimes reduced to a contentless
complaint or an exhortation to do better. Such limited feedbeck
may be of little use to the person who has committed the error, but
it may be all thet the error detector can do under the circumstances
of the task.

LEARNING FROM ERROR
A system can learn from its errors in many ways.

Learning by Detecting ond Correcting

As e consequence of beving engaged in the ectivities of detecting
and/or diagnosing the ceuse of an error, the person doing the de-
tecting mey come to a new insight about the neture of the operation
of the system. This is true whether the error was committed by thet
person or by someone else. It may be particularly important for
novices who detect the errors of others. Getting confirmation of e
detection could alse he important. Furthermore, every instance of
correction presents an opportunity to develop errer-detection skills
which may seve the system from the consequences of a future errer,

Leorning from the Correction of One’s Own Mistakes

This is the most obvious cese, the one that comes first to mind
when one asks bow response to error could improve future perfor-
mance. Even feedback that lecks instructional centent can con-
tribute to refinement of understanding of the task requirements
that may not be epparent from correct performance alone. Such
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corrections mey belp the learner induce the principles that define
correct performance. This can be especially important with con-
cepts that must he inferred from ceses rether than explicitly stated.
Whera there is a solution spece to be explored, errors are e form of
exploration of that spece, and the response to an error can guide the
discovery of the concept underlying the solution.

Contentful corrections can help e novice learn recovery stretegies
that can be epplied even when errors are self-detected. For exam-
ple, S and L were plotting together in Standard Steaming Wetch.
Just after plotting e fix et 0745, L spanned the distance {7 miles}
thet the ship would cover in the coming 30 minutes and plotted the
dead-reckoning fix. However, he incorrectly laheled the fix 0800
rather than 0815. 8 noticed the exror, and he and L constructed the
correction interectively. This is a nice example of monitoring, arror
detection, and correction in e jointly performed task:

8. Isn’t that {pointing to the distance along the track] balf an bour?
J:  No, it’s (the time interval} 15 minutes,

8 Sure, 0745 to 0800 is 15 minutes, but we don’t go thet far (dis-
tance along track}.

& Huh?

8 This (time lahel of DR point} must be 0815. Otherwise we are
going 30 knots.

Learning from the Correction of the Mistakes of Others

When an error is detected and corrected in the context of colleber-
etive work, many participants may witness and benefit from the
response, Depending again on wbo has access to wbat espects of
the behavior of others, an error and its correction may provide a
learning context for many of the participants. For example, e fath-
ometer operator wbo bes not yet worked as a pelorus operetor can
learn e good deal ebout the task by sharing the phone circuit with
the pelorus operetors and witnessing their mistakes and the cox-
rections to them. In e system populated hy novices and experts,
many errors are likely to occur; but since there are many sources of
error correction, most errors are likely to be detected. Witnessing
sucb e correction mey be of velue to those who are alreedy com-
petent in the task in wbicb the error occurred, if they will subse-
guently be ir e position to detect and correct such errors. They can
learn ebout bow to provide useful feedback by wetching the cor-
rections of others. This could leed to an improvement of sub-
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sequent learning for others in the system. Thus, the value of e res-
ponse to error for future performances mey depend on the horizons
of chservetion of the varions memhers of the team. This observetion
loeds to the somewhet paradoxicel conclusion that some nonzero
amount of error mey ectually he functional on the whole. A low
level of error that is almost certain to he detected will not, in or-
dinary circumstances, harm performance, yet every error-correc-
tion event is o loarning context not just for the person who commits
the error hut for all who witness it.

Tradeofts in Error Management
Widening the horizon of observetion mey lead to more error detec-
tion, but it mey also ceuse distrections thet leed to the commission
of more errors. At present I ksow of no wey to quantify these
tredeoffs, but recognizing their neture is surely e useful first step.
The costs of error include the undesireble effects of undetected
errors in the performance of the current task. Even when errors are
intercepted, there are costs of detecting and recovering from error.
Under some conditions, these costs can be offset to some extent by
benefits derived from the process of detecting, diagnosing, and
correcting errors. Achieving these benefits is not eutometic. There
are weys to organize systems that are more and less likely than
others to detect errors, to recover from them edequetely, and to
learn from them.

The Social Formation of Competence in Navigation

Standard Steaming Watch

As was described in cheptar 1, whan tha ship is far from land,
where the requiremants of navigation are reletivaly light and tha
time pressures are relaxad, navigetion is conducted in a configure-
tion called Standard Staaming Wetch. In this condition, a novice
mey stand watch “undar instruction” with somaona who is queli-
fiad to stand watch alone. Depending on his laval of axperience,
the novice may be asked to perform all the duties of the gquarter-
mester of the wetch. While he is under instruction, his ectivities are
closaly monitored hy the more exparienced wetchstander, who is
always on hand and who can halp out or take over if the novica is
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unable to setisfy the ship’s navigation requirements. However, even
with the help of e more experienced colleague, standing wetch
under Instruction requires e significant amount of knowledge, so
novices do not do this until they have several month’s experience.

The task for the novice is to learn to organize his behavior so thet
it produces e competent performance. In chapter 4 and the earlier
parts of this chapter, I tried to show bow e novice wbo lecks spe-
cific knowledge can contribute to a competent performance if the
missing knowledge is provided hy other memhers of the See and
Ancbor Detail. This makes learning e doubly culturel process. It is
cultural first and foremost beceuse what is learned is e set of cul-
turelly prescribed behaviors, but it is elso cultural to the extent thet
the participants in the system have expectations ebout wbo needs
what kinds of belp in learning the job. The sceffolding provided to
the novice by the other members of the team is constructed on cul-
turel understandings ebout what is bard and what is eesy to learn.
In this sense, what individuels don’t do for one another may be es
revealing as wbet they do.

In the following example, e novice quartermester, Seaman I, wes
standing watch under instruction by C. The tasks were to fill out
routine position-report and com pess-report forms. The position re-
port requires the current letitude and longitude of the ship. D was
unsure bow to proceed, so C esked him to meesure the letitude and
longitude of the ship’s current position on the chart and dictate the
velues to C, wbo then recorded them on the position-report sbeet.
Here, the lebeled biank speces on the printed form provided some
of the structure of the task. Filling the blanks in order, from the top
to the bottom of the form, provided e sequence for the elements of
the task. Thet sequentiel structure was presented expiicitly to D hy
C, who assigned the subtasks.

In this cese, the functionel unit of analysis is defined by the re-
quirements of the computation involved in getting the numbers
into the position-report form. The functional system thet eccom-
plisbes this task transcends the boundaries of the individual par-
ticipants in the task. Medieting structure is required to organize the
sequence of ections that will produce the desired {culturaily speci-
fied) results, The questions are: Where does the medieting structure
reside? How does it get into coordinetion with other bits of struc-
ture to produce the ohserved ections?

Tbe chief uses the organization of the form as e resource in or-
ganizing his behevior. He employs e sinple strategy of taking items
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in order from top to bottom on the form. The novice coordinetes his
ections with those of the chief hy responding in order to the tasks
presented hy the chief. The whole ensemhle, consisting of the
printed form, the chief {with his internel structures--the ahility to
read, etc.), and the novice (with his own skills-his understanding
of English and s koowledge of how to measure latitude and
longitude on the chart), is the functionel system thet eccomplishes
this eloment of the culturally defined ectivity of nevigetion.

The chief's use of the form is hoth e wey to organize his own he-
havior and an example to the novice of e wey to use such e resource
to organize hehevior. Given the form, the novice might now be eble
to reproduce the chief’s use of the form to organize his own he-
havior without the chief's being present. The performance of the
task also provides the novice with the experience of the task and
the sequence of ections thet can accomplish it. We might imagine
thet, with additional experience, the novice would he shle to re-
member the words of the chief's queries, rememher the meanings of
the words, and rememher physical ections thet went into the sat-
isfection of those queries. In such & case, we would have a different
functional system accomplishing the same tssk in the navigation
system. Suppose the written form was not present, hut the watch-
stander wanted to extrect the information required hy the form and
write it on the form leter. In such e case the functional system
would produce the specified products by using different sorts
of mediating structures (several kinds of memory internel to
the watchstander). In the next chapter I will describe learning it-
self in terms of these rearrangements of functional systems with
experience.

Later, while working on the compass report, D was again unsura
whet to do. The task is to make sure the gyrocompass and tha
magnetic compess are in agreement. This is dona hy taking sim-
ultaneous readings from the two compesses and then applying
corrections to the magnetic-compass reeding and seeing whether
the corrected magnetic heading is the same as the ohserved gyro-
compass heeding. The magnetic-compass reading is called the
checking head, and the corrections to the magnetic compess in-
clude e guantity celled deviation. As C filled in the form, he and D
had the following conversetion:

€: What's our checking heed?

I 090 and 074 {reeding the gyrocompess and magnetic com-
passes et the helm station)
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¢: Whet's the table devietion for ¢ 7 47

D: One east (reading from the devietion card posted on the bin-
necle).

In asking D these questions, C was not only getting him to prectice
the subtasks of reeding headings from the compasses and finding
the deviation in e table; he was elso guiding D thiongb the higher-
lovel task structure. D knew how to do the component tasks, but be
didn’t know how to organize bis actions to get the task done. Some
aspect of the organization of action rsquired is present in the leb-
eled hlank speces on the compass report form, but D was, by him-
solf, uneble to make use of that structurs. C interpreted that
structure for D by asking the questions that are implied by the
speces. With C (himself in coordination with the form) providing
the task organization, D hecame part of e competent performance.
As D becomes more competent, he will do both the part of this task
that be did in this instance and the organizing part that was done in
this instance by C. Tbe next time D confronts this tesk, be may use
the structure of the form to organize his ections. When D becomes a
fully competent quartermester, be will not need the form for its or-
ganizing properties; be will be eble to sey wbat the form requires
without consulting it, and will use the form only es a convenient
place to compute corrections.

‘The structure required e the novice to organize bis bebeviorine
competent performance in Standard Steaming Wetcb is sometimes
provided by the supervising wetchstander. Similarly, when the
guartermasters work es e team in See and Ancbor Detail, eech pro-
vides the others, and the others provide eacb, with constraints on
the organization of their ectivities. A good deal of the structure thet
e novice will bave to acquire in order to stand watcb elone in
Standard Steaming Watch is present in the organization of the re-
letions among the members of the team in Sea and Anchor Detail.
The computational dependencies among the steps of the procedure
for the individual wetchstander are present as Intarpersons! de-
pendencies among the memhers of the team. To the extent that the
novice participant comes to understand the work of the team and
the ways various members of the team depend on each other, per-
haps especially the weys he depends on others and others depend
on him, be is learning ebout the computation itself and the weys its
various parts depend on one another. Long befors be knows how to
cboose eppropriete landmarks to sboot, the pelorus operstor learns
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thet landmarks must be cbosen carefully and essigned prior to
meking observations.

There are at laast two important implications of the fact that
computational dependencies are social dapendencies in this sys-
tem. First, tha novices’ understandings of the sociel reletions of the
workplaca are e partial modal of tha computational dependencias
of the tesk itsalf. If it is true that buman minds avolved to process
social relations, then peckaging a task in e social organization may
facilitate understanding it. Lavinson (1880} argues thet this may
ba related to the commonplaca stratagy of axplaining mecbanicel
and othar systems in tarms of social relations among anthro-
pomorphized componants. Second, tha communicativa acts of the
membars of tha navigation taam are not just about the computetion;
they ore tha computation. When this is the case, the playing out of
computational processes and the pleying out of social processes are
inextricably intartwined. Social movas heve computational as wall
es social consequances. Computetional moves have social as wall
es computationsl consequances.

The first of thasa points is closaly releted to Lev Vygotsky’s no-
tion of the social origins of higher mental functions:

Any higher mental function necessarily goes through on externol
stoge in its development becouse it is initially o sociol function.
This is the center of the whole problem of internol and externol
behovior. .. When we speak of o process, “externol” means “so-
ciol.” Any higher mental function wos externol becouse it was
social ot some point before becoming on internol, truly mentol
function. It wos first o sociol relotion between two people.
{Vygotsky 1981: 162, quoted in Wertsch 1985)

Vygotaky was, of coursa, eware thet internslized processes were
not simpla copies of external procasses: “‘it goas without seying
that intarnalization transforms tha process itself and cbanges ita
structure and functions” {Wertsch 1961: 163}. For the sake of claar
explication, no doubt, and parhaps becausa the primary concam
bas been with the development of young children, many of the ex-
amples provided in the literetura of activity theory present casas in
which the structure of tha axtarnal activity is evident and the re-
quired transformetions are fairly simpla, What beppens if we con-
gidar adults learning more complicated thicking strategies in more
complex social settings whbare the primary goel of the ectivity is
successful task performance rathar than educetion?
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If social processes are to be internalized, then the kinds of trans-
formetions that internalization must make will be in part deter-
mined by the differences between the informetion-processing
properties of individual minds and those of systems of socially
distributed cognition. Let us consider two sucb differences that
were raised in chapter 4 in the discussion of the nevigetion activity
in its individual and socially distributed forms.

First, socially distributed cognition can beve a degree of paral-
lelism of ectivity that is not possible in individuals. While current
research tells us that mucb of individual cognition is carried out by
the parallel activity of many parts of the brain, still, at the scale of
more molar ectivities, individuals bave difficulty simultaneocusly
performing more than one complex task or maintaining more than
one rich bypothesis. These are things that are easily done in so-
ciaily distributed cognitive systems. Ultimately, no metter bow
much parellelism there may be within a mind, there is the potential
for more in e system composed of many minds.

Second, communicetion among individuels in a socially dis-
tributed system is always conducted in terms of e set of mediating
artifacts (linguistic or other), and this pleces severe limits on the
bandwidth of communicetion among parts of the socially dis-
tributed system. Systems composed of interacting individuals have
a pattern of connectivity that is characterized by demse inter-
connection within minds and sparser interconnection hetween
them. A cognitive process that is distributed across & network of
people has to deal with the limitstions on the communication be-
tween people.

Because society has a different architecture and different com-
munication properties than the individual! mind, it is possible that
there are interpsychological functions that can never he inter-
nalized by any individusl. The distribution of knowledge descrihed
above is a property of the navigation team, and there are processes
that are enabled by that distribution that can never he internalized
by a single individual. The interpsychological level has properties
of its own, some of which may not be the properties of any of the
individuals who make it up. This, of course, is no challenge to
Vygotsky’s position. He didn’'t say that every interpsychological
process would be internalized, only that all the higher mental
functions that did appear would get there hy being internalizations
of social processes.
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That leads ona to wonder whather there might be intrapsycho-
logical procasses that could not ba transformations of processes
that occurred in social intarection. Finding such a procass would
he a challenga to Vygotsky’s position, hut unless thare are con-
straints on tha possible transformations there is no way to identify
such e process,

Claarly thers are highar mental procasses that could naver have
been reelizad in their current form as interpsychological precesses
simply hecause they exploit the rich communication possihle
within a mind in a way that is not possihla hetween minds. Hers is
an example wa have alreedy encountared: The task of reconciling e
map to a surrounding territory has as suhparts the parsing of two
rich visual! scenes {tha chart and the world} and then the estahlish-
ing of a sat of correspondencas between them on the hesis of a
complicated set of convantions for the depiction of geographic and
cultural faatures on maps. As performed hy an individuel, it ra-
quires vary higb handwidth communicetion among the representa-
tions of tha two visual scenas. Very occasionally, this task eppears
as e sociaily distributed task when a palorus operator has no idee
how to find a particuler landmark. In thet case, tha restricted
handwidth of communicetion hetween the pelorus operator {who
can see the world) and the hearing recorder {who can sae the chart)
makes the task virtually impossihle. Tha spatiel relations impliad
hy tha locetions of symbols on tha chart are simply too rich to he
communicetad verbally in such e way that the pelorus operator can
discover the correspondances betwaen those verhally axpressad
relations and the reletions among the ohjacts he can see in the
world.

Of course, it mey he that the reel difficulty hare is with the vol-
ume of informetion to be processed, and that tha actusl techniqua
for raconciling map and tarritory is an internalization of & social
ectivity in an informationally sparser environment. Without a
much more detailed account of tha acquisition of this procass, it
will be impossihla to decide this case. For now, one can do no more
than raise the question of whether intarnal processes might exist
that are not internalizetions of external processes. And doing thet
seems to throw the spotlight squarely on the neture of tha trans-
formetions that occur in the internalization process.
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Throughout the previous chepters, I have tried to move the boun-
dary of the unit of cognitive analysis out heyond the skin of the
individual. Doing this enahled me to describe the cognitive prop-
erties of culturally constructed technical and social systems. These
systems are simultaneously cognitive systems in their own rights
and confexts for the cognition of the people who participete in
them. I heve intentionally not ettempted to discuss the properties
of individuals hefore descrihing the culturally constituted worlds
in which those properties are manifested. To do so is e mistake for
two reasons.

First, since cognitive science must content itself for the foresee-
ehle future with models of unohservehle processes thet are cepehle
of genereting observehle hehavior, it is important to get the right
functional specificetion for the human cognitive system. What sorts
of things do people reelly do? Many hehavioral scientists seem to
think thet they can answer this question hy introspection. I helieve,
on the contrary, that such questions can be answered only hy the
study of cognition in the wild. The representetiveness of contexts
for the elicitetion of hshevior in lahoretories is seldom eddressed.
Whet cognitive tasks do people really engage in e normel dey?
Whet is the distrihution of such tesks? Whet sorts of stretegies do
people invoke for dealing with the tesks they do encounter? There
is now e growing litereture besed on studies of everyday cognition.
This litereture is of value to cognitive theory in the same wey thet
the ohservetions of early naturalists were important to the devel-
opment of e numher of theories in hiology. A close examinetion of
the context for thinking may change our minds ebout what counts
es e charecteristic human cognitive task.

Second, seeing human cognitive ectivity es an integrel part of
such e larger system mey hring us e difierent sense of the neture of
individual cognition. Any ettempt to explain the cognitive proper-
ties of such e larger system without reference to the properties of its
most ective integral parts would be deficient. Similarly, though,
any ettempt to explain the cognitive properties of the integral parts
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without reference to the properties of the larger system would also
be incomplete.

Human beings are adaptive systems continually producing and
exploiting a ricb world of cultural structure. In the activities of the
navigation team, the reliance on and the production of structure in
the environment are clear. Tbis beavy interaction of internel and
external structure suggests that the boundary between inside and
outside, or between individual and context, sbould be softened.
Tbe apparent necessity of drawing sucb a boundary is in part a side
effect of the ettempt to deal with the individual as an isolated unit
of cognitive analysis without first locating the individual in a cui-
tarally constructed world. With the focus on a person wbo is ec-
tively engaged in a culturally constructed world, let us soften the
boundary of the individual and take the individual to be e very
plastic kind of adaptive system. Instead of conceiving the reletion
between person and environment in terms of moving coded in-
formation across a boundary, let us look for processes of entrain-
ment, coordination, and resonance among elements of ¢ system
that includes a person and the person’s surrcundings. When we
speak of the individual now, we are explicitly drewing the Inside/
outside boundary back into a picture wbere it need not be promi-
nent. These boundaries can always be drawn in leter, but they
sbould not be the most important thing.

In this cbapter I will attempt to partiaily dissolve the Inside/out-
side boundary and provide a functionel description of processes
that could account for learning and thinking in the kind of cogni-
tive ectivity thet has been described in the previous chepters. In
this and all that follows, internal representetions are identified by
their functionel properties only. 1 make no commitment to pro-
posed mental mecbanisms or computational architectures with
which the bebeviors of the representations might be modeled. As
far as 1 can tell, it is not possible to distinguisb among competing
models on the basis of available evidence, and it is certainly not
possible to do so on the basis of the sorts of evidence that can be
collected in the wild.

Chapter 3 introduced the idea of a complex functional system
consisting of many media in simultaneous coordination. The ex-
amples given there included the functional system formed by the
bearing taker, the besring recorder, and their technological aids.
When the team produces e record of an observed bearing, the cbain
of coordinetion mey include the name of the landmark, partial
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dascriptions of the landmark, the visual experianca of the land-
mark, the hairline of tha alidede, tha gyrocompass scale, tha
knowledge and skills involvad in reading tha bearing, tha spokan
sounds on tha pbonse circuit, the knowladga and skills involved in
interpreting tha spoken baaring, and tha digits writtan in tha bear-
ing record log. in chaptar 3 I tried to dascriba the functional prop-
artias of soma of those internal structures, but I did not eddress the
question of bow the intarnal structures could actually develop as
a consequance of particular experiencas, or bow a watcbstander
could manage to get the right things into coordination to form use-
ful functional systems. 1 couldn’t treat those things thare because I
bad not yet provided e reasonable description of the other {ob-
serveble) parts of the dynamic system in which “internal” stuc-
tures form. Dealing with thasa issues requires an architecture of
cognition that transcends tha boundaries of tha individual.

The proper unit of analysis for talking about cognitive changa
includes the socio-material anvironment of thinking. Learning is
odoptive reorganization in o complex system. it is difficult to resist
the tamptation to let tha unit of analysis collapsa to the Western
view of tha individual bounded by tha skin, or to lat it collepse
avan furthar to tha “cognitive” symbol systam lying protactad from
the world somawbere far below the skin. But, as we hava saan, the
relavant complax system includes a web of coordinetion among
madie and procasses insida and outside tha individual task perfor-
mers, Tba dafinition of laarning givan hare works well for laarning
situated in tha socio-meterial world, and it works equally wall for
privata discovarias mede in momants of reflactiva thought. in this
chapter I take up tha question of the formation of internal struc-
tures as a consequenca of experianca.

Tha richness of tha universe of possible solutions to real-world
problams is often takan as a reason not to study in the wild. In ax-
parimantsl design, it is important to ensure that all subjects in e
particular condition are doing tha task in tha sama wey. if subjacts
are using many different stratagias to solve a problam, it will not be
possible to infar the representational bases of tha parformancas by
comparing tha bahaviors of subjacts in one condition with thosa of
subjects in anothar condition. The difficulty is, as Newall {1973}
says, thet wa cannot leern about underlying procasses by aggreget-
ing ecross mathods. Howavar, the flexibility of the formation of
functional systems in response to real-world tasks appaars to be
an important cognitive pbanomenon in its own rigbt. This is a
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pbenomenon that is entirely missed by research paredigms thet, for
good reasons, intentionally limit the methods subjects may use to
perform a task.

The point of this cbapter is to examine the process of learning
while doing with respect to a sort of learning task that is frequently
encountered in the world of navigation. I will ettempt to epproecb
this learning problem from the perspective of e softened boundary
of the individual and to see the learning that bappens inside an
individual es simply edaptation of structure in one part of e com-
plex system to organization in other parts. individual learning is
the propagation of some kinds of organization from one part of a
complex system to another. Some of the parts that are reorganized
are inside the skin. It is not possible to understand bow thet re-
organization takes place without looking at the other kinds of or-
ganization that are present in the larger system.

Many tasks in the world of navigation are described by written
procedures. When a person uses e written procedure in the perfor-
mance of a task, the procedure is e medieting artifect. in ordinary
usage, a mediating artifact stands between the person and the tesk.
It mediates the relationship between the performer and the task. On
closer inspection, bowever, the situetion becomes more complex.
The stand-between reading of medietion essumes thet the task and
the performer can be bounded independently. Rather than focus on
the mediating artifect es something thet “stands hetween,” I will
view it as one of many structurel elementa thet are brought into
coordinetion in the performance of the task. Any of the structures
that are brought into coordinetion in the performance of the task
can be seen es e mediating structure. It is difficult in this context to
ssy wbet stands between whbat, but they certainly ell participete in
the organization of behevior. The question of individual learning
now becomes the question of how that whicb is inside a person
might change over time es e consequence of repeated interections
with these elements of culturel structure.

The pbenomene of medieted performance are ubiquitous, For the
purposes of exposition, I beve cbosen es an example e simple ex-
plicit external medietion device: e written procedure. Many tasks
in our culture are mediated by written procedures or procedure-
like artifects, but even considering ell of them would not hegin to
approachb tha full range of medieted performances. Languege, cul-
tural knowledge, mental models, arithmetic procedures, and rules
of logic are all mediating structures too, So are treflic ligbts, super-
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market layouts, and tha contexts wa arrange for ona anothar’s be-
bevier. Madiating structure can be ambodied in artifacts, in idaas,
in systems of social intaraction, or in all of thesa at once. I hava
chosen tha written procadure beceuse it is a typical artifact in tha
world of ship navigetion and because it provides a relatively ex-
plicit exampla of medietion for which a relatively simpla axposi-
tion can be givan.

Tha task of learning a procadure is interesting becausa it can be
madieted by so many different kinds of structures. This is just an-
othar way of saying that thare are many possible ways of organizing
functional systems to perform a task. Aftar discussing tha medie-
tion of procadural performanca by the written procedure, I will
consider other forms of mediation, This wide range of ways to or-
ganize the performanca of procadures raisas tha question: What
kind of architecture of cognition is required to eccommodate the
flaxibia constitution of fanctional systems of so many kinds?

Putting the quastion of tha flaxible constitution of functional
systems first means approeching tha study of cognition from a dif-
ferent starting point. It requires a different view of cogrition, and it
damands that our models of cognition be capabla of different sorts
of computetions. This is e consequanca of an ettampt to build a
thaory of cognition that comes after, rather than bafora, a dascrip-
tion of tha culturel world in which buman cognitiva bebavior is
embeddad.

Theorsticat Perspective for the Construction of & Model

I take the fundamentals of an architecture of cognition and a sense
of e unit of analysis from Gregory Beteson, wbo said that “the ele-
mentary cybernetic system with messages in circuit is, in fact, the
simplest unit of mind; and the transform of a difference traveling in
a circuit is the elementary idee' {1972: 459).

The problem of bow to bound & unit of anelysis is crisply
summed up by Bateson in his well-known example of a blind man
with a stick:

Suppose I om o blind mon, ond I use o stick. I go top, top, top.
Where do 1 start? Is my mentol system bounded ot the hondle of he
stick? Is it bounded by my skin? Does it start halfway up the stick?
But these ore nonsense questions. The stick is o pothwoy olong
which transforms of difference ore being transmitted. The way to
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delineate the system is to draw the limiting line in such o way thot
you do not cut ony of these pothways in ways which leove things
inexplicoble. {ibid.)

Tbe proper unit of analysis is, thus, not bounded by the skin or the
skull. It includes the socio-material environment of the person, and
the boundaries of the system may shift during the course of activ-
ity. Temporal boundaries are important too. As the analysis of the
construction of the task environment in chapter 3 sbowed, arbitrary
boundaries on the temporal extent of the unit of analysis also risk
cutting pathweys in weys that leave things inexplicable. In the
present context, many things remain Inexplicable until we consider
the history of the person in the fask environment. This seems es-
pecielly pertinent to the nature of learning, since learning must be a
consequence of interaction with an environment through time.

In e section titled “External Representation and Formal Reason-
ing,” Rumethart et al. {1986) sketch a proposai for & view of sym-
bolic procassing thet fits well with what has been praposed bere.
They describe doing plece-value multiplication with paper and
pencil as follows:

Eoch cycle of this operation involves first creating o representotion
thraugh monipulotion of the environment, then o processing of the
{octual physicol} representation by means of our well-tuned per-
ceptuo! opporatus leoding ta further modificotion of this repre-
sentation. By doing this we reduce o very obstract conceptual
problemn to o series of operotions thot ore very concrete and ot
which we con become very good.... This is real symbol processing
ond, we are beginning to think, the primory symbol processing thot
we are able to do.

They eccount for interna}l symbol processing as follows:

Not only con we monipulote the physical environment ond then
process it, we con olso learn to internolize the representations we
creote, “lmagine” them, and then process these imogined repre-
sentations—just os if they were externol.

With experience we learn ebout the regularities of the world
of external symbolic tokens and we form mental models of the
bebeviors of these symbolic tokens that permit us to perform the
manipuletions and to anticipate the possible manipulations. With
even more experience, we can imagine the symbolic world and
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epply our knowledge, gained from interactions with real pbysical
symbol tokens, to the meanipulations of the imagined symbolic
worlds. “Indeed,” Rumelhart et al. note, “we think that the idea
that we reason with mental models is e powerful one precisely be-
ceuse it is ebout this process of imagining an external representa-
tion and operating on that.”

These ideas also epply to Interactions among individuals.
Rumalhart at al. proposa that we can also imagine espects of
interactions and then oparate on or with the image of axtarnal
represantations:

We con be instructed to behove in o particulor way. Responding to
instructions in this way con be viewed simply os responding to
some environmental event. We con also remember such on in-
struction ond “tell ourselves" whot to do. We hove, in this way, in-
ternolized the instruction, We believe thot the process of following
instructions is essentially the same whether we hove told ourselves
or hove been told whot to do. Thus, even here, we hove o kind
of internolizotion of an externol representationol formot (i.e.,
longuoge).

The practica of navigation includes many instances of this kind of
instruction. In an exampla givan et the end of chapter 8, e novice
and an axpart quartermester organized their ectivity around a
written form. That example wes actually more complex than any
considared by Rumelhart et al., but the processes they proposa
should epply bere too. In that example, the novice organizad his
own actions by coordineting them with the actions of the expert.
The development of sequentiel control of action also concarns tha
reletionship of public and privete symbol systems and the proc-
esses thet link them.

In this chaptar I will integrete the functional-systems perspectiva
with Batason’s unit of analysis and Rumelhart's notions of imagin-
ing axtarnal represantations into an account of bow internal struc-
turas may form as a consaquence of experience.

Constructing Action Sequences
There are many ways to construct the sequence of actions that
constitutes the fix cycle. Quartermasters who get navigation train-
ing in school first encounter the sequence of actions of the fix cycle
as a written list of steps to be performed.
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Solution procedures for many nevigetion tasks are presented to
students in the form of whet are calied strips.” A strip is e list of
lebeled biank speces which the student is supposed to fill in order.
The strip guides the student through e sequence of steps that pro-
duces e solution to the probiem et hand. One quartermastar chief
complained to me that strips don’t give the learner any commmand of
conceptual structure. Studenta wbo learn to £ill in the blanks on o
strip heve no idee whet they have done, and are uneble to perform
the task in the ebsence of the strip. In whet follows, 1 will show
why strips don't necessarily provide conceptual understanding. 1
will also show how conceptual knowledge can be edded to the se-
quential knowledge.

The presupposition of much of military educetion is thet memo-
rizing the sequence of elementa in e procedure will leed to suc-
cessful performance. There are, however, many interpretations of
whet it might mean to say thet e wetchstander has “remembered
the sequence of elements in the procedure.” This might be taken to
mean thet the names of the elementa have been remembered such
thet they could be recited in order. Perbeps wben tha procedurs is
well learned the name of eecb element gives wey to the name of the
next, around and around the cycie, like the words of the chorus of e
familiar song. Another interpretation of the memory for the proce-
dure consista of e sequence of mental imeges of the elements. Per-
heps the wetchstander can imagine the ections to be taken and can
see the unfolding sequence of elements es if wetching e movie in
his "mind’s eye.” Yet another interpretation for the memory of the
elementa of the task consista of & motor memory for the sequence of
ections involved in doing the elementa of the task. Perheps e
wetchstander wbo has this sort of memory can stmply initiate the
task and observe es his hands remember what to do. The differ-
ences between these interpretations of the phrese “remembered the
sequence of elements in the procedure” are nontriviel. in this
chapter I will argue thet the correct interpretation might simulta-
neously include all these sorts of memory and more.

in order for e sequence to be remembered in any form, it must
heve been experienced in some fashion. This experience mey heve
come in many forms. Chapters 4, 5, and 6 described many aspects
of the organization of the learning environment. For the moment,
let us consider the relationships among these different sorts of rep-
resentations of tagk structure.



Learning in Context 295

Written Procedure as Mediating Structure

Consider a person using a written procedure to organize the per-
formance of a task in a case where it is essential that the actions of
the performance be taken in a particular order and that all the ac-
tions be taken before the performance is judged complete. Here is a
written procedure for the quartermaster in Standard Steaming
Watch:

1. Choose a fix interval and a first fix time,

2. Choose a set of landmarks and information sources for the fix.

3. Just prior to the fix time, go to the chart house and record the fathometer reading.

4, Atthe fix time, observe the bearings of the landmarks. (Observe landmarks near the beam of the
ship first)

5. Record the observed bearings in the bearing record book.

6. Plot the observed bearings on the chart.

7. Compare the fix to the previously projected position for this fix. (determine the effects of cur-
rent)

8. Compare the fix to the prior fix, measure distance and time difference.

9. Compute the ship's speed.

10. Determine the ship's heading.

11. Project the position of the ship two fixes into the future.

12. Go to step 2 and repeat.

An actor always incurs some cognitive costs in coordinating with
a mediating structure. To use the written procedure above, for ex-
ample, the watchstander must control his attention and deploy his
reading skills. But some types of mediated performance may be less
costly to achieve than others. The reduction of error or increase in
efficiency obtained via the use of the procedure may compensate
for the effort required to use it. For the unskilled performer, of
course, the task may be impossible without the use of the proce-
dure, so the economy of mediated performance in that case is clear.

In order to use a written procedure as a guide to action, the task
performer must coordinate with both the written procedure and the
environment in which the actions are to be taken. Achieving coor-
dination with the written procedure requires the actor to invoke
mental procedures for the use of the written procedure. These in-
clude reading skills and a strategy of sequential execution that
permits the task performer to ensure that the steps will be done in
the correct order and that each step will be done once and only
once (figure 7.1). The fixed linear spatial structure of the written
procedure permits the user to accomplish this by simply keep-
ing track of an index that indicates the first unexecuted (or the
last executed) item. Written procedures often provide additional
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Figors 7.1 Creating a sequentie! relationship. A strategy of sequential execution: In interaction with the physi-

cal structure of the written procecure permits the task parformer to teke the elemonts of the pro-
cadure in & particular sequence, Hors and in the rest of the figures i thia chapier, foms in lightface
are processes of siructures inside the skin; items In boldface are structures outside the skin. Seq is
the sequontial axecution sirategy. S, and 5, are writien steps in the procediure. The amow indicates
that the iiom on the jet constraing the development of the one on the right. The trapezoidish shape
{o the left indicates a complex coordiination process; the rounded rectangle to the right indicates &
sacuential refationship.

features to aid in the maintenance of this index: boxes to check off
when steps are completed, e window that moves across the proce-
dure, etc. The mediating artifact mey thus be designed with partic-
ular structural feetures thet can be exploited hy simple interactive
stretegies to produce e useful coordination. If the items are written
in e list, the sequential reletions among them emerge from the in-
teraction of the physical structure of the list and e particular strat-
egy for reeding it {from top to bottom, for example). The spetial
relations among items on the written list hecome sequential rele-
tions in the interection. Notice, bowever, thet the sequential rala-
tions among the steps of the procedure are implicit in the physical
structure of the list. They become explicit only in interaction with
some sequentiel stretegy. The top-to-bottom stretegy produces one
set of sequential reletions among steps, hut another strategy {say,
hottom to top} would produce a differant ordering from the very
same physical structure. It is important to note, however, that some
spetial structures afford simple stretegies whereas others do not. A
written procedure mey not he needed if the spetial reletions among
the things referred to hy the procedure permit the imposition of e
simple strategy. The walk-around inspection of an airplane pro-
vides an example. in the walk-around, the pilot examines various
parts of the airplane for flightworthiness. This tesk is not usually
medieted by e written procedure, beceuse the spatial arrangement
of the parts of the plane themselves support e simple strategy thet
produces sequence from space. The piiot edopte e “flow’ or trajec-
tory of ettention, going around the airplane clockwise starting et
the hoarding ladder {for example}. The items that lie eshead on thet
trejectory are the things that remain to be inspected; those that lie
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hehind are those that have already been inspected. The pilot’s own
body acts as the delimiter between tha two sets. Every one of thase
interection strategies can be seen as metamediation—that is, a
mediating artifact that organizes the usa of some other mediating
artifact.

in findmng tha next step to do in the written procedurs, the actor
applies the sequential execution strategy to the written procedure
to detarmine which step is the next one, and parhaps to determina
an index of tha next step that can be remembared. There are two
related issues concarning this index: whare it is iocated and what it
contains., The index could be encoded in tha memory of the actor,
or the actor could take some action on the world {xmaking a mark on
the written procadure). If the index is simply a mark on papar, the
memory task is only to remember what the mark means. If tha steps
are numbered, tha index can be a number. Thus, in the ahove ex-
ample, tha quartermastar could remembher that all steps up to step 3
had been accomplished. The index can also be the laxical or se-
mantic contant of the stap’s dascription. The quartarmaster could
remember that everything up to shooting the bearings had heen
done, Each of these alternatives requires a different set of coor-
dinating actions to implemant tha sequential execution strategy.
For example, if the contant of tha stap index is the lexical or sa-
mantic content of the step itself, then finding the next step {hy
reading through the steps until you arriva at one that has not yet
heen dona) and esteblishing the step indax (identifying a step that
has not haen done} are the same action. If the content of the step
index is a mark on paper or a number to he recorded or remem-
bered, however, than soma action in addition to finding the next
step must he undertaken to establish the step index. For example,
you would hava to find the last mark and move to the stap follow-
ing it, or remamber the number, increment it by one, and then find
the printed numaral that matches the new step’s index number.

Although tha primary product of the application of this se-
quencing strategy is the determination of tha next step to be
performed, either the written procedura as an object in the envi-
ronmant or the internal procedure that implemants the sequential
execution strategy may also he changad as a consequence of the
actious involved in finding the next step.

Heving genereted a step indax {in whatever form}, the actor can
bring that index into coordination with the written procedurs to
focus attention on the current step. Though the goal of using the
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written procedure as a mediating artifact is to ensure sequential
control of tha actions taken in the task domain, it is clear that the
task of hringing the written procedure into coordination with the
domain of action may not itself be linearly sequential. For example,
if a user loses track of the stap index, in order to determina tha naxt
step to he taken be may go back to the heginning of the written
procedure and proceed through aacb step in the procedure, not
executing it but asking of the task world whether tha sxpectad
consequences of the step’s execution are present, When a stap is
reached whose consequances are not present in the task world, one
may assume that it bas not yet been executed. This is a simple il-
lustration of the potential complexity of the metamediation that
may be undertaken in the coordination of a mediating structure
with a task world.

It is clear from this discussion that the symbols in figure 7.1 are
oversimplifiad and hide mucb of the potantial complexity of this
relatively simple task. The remaining figures in thia chapter hide
similar complexities. if all these were included, however, it would
ba impossible to assemble the pieces into a coherent whole.

Once the current step has been identified, the usar may coor-
dinate ita printed representation with sballow reading skills in
ordar to produce an internal representation of what tha step says
in words {figure 7.2}.

The shallow reading skills bare refer to organized (perhaps al-
ready automated) internal structures that can create internal repre-
sentations of words from their external printed counterparts. The
represeniation of what the step says may ba in the visual or the
auditory modality, or perhaps in hoth, Whether this internal repre-
sontetion is primarily auditory or visual or something elsa is not
important for the present argument. There is some evidance that
meanings are accessed hoth via direct lexical access {from word to
meaning} and via sound codes (from word to sound represantation
to meaning}, even in silent reading (Pollataek and Rayner 1989).

Read

St S

Finding what the step says. 5; i the wiition ropresentation of the ith step of the procedurs; 8, is an
infemal representation of what that step says; Reed is the shaliow reading sidils of the person. The
arrow indicates the propagation of representationsl state from one madium 1o ancther. The com-
plex frapezold represonts a complax coordination process,



Figwe 7.3

Leaming in Context 208

The internal representation mey even be in e tactile or beptic
modality, if the procedure was written in Braille. The important
thing is thet the representetion be capable of permitting tha actor to
“remember” the laxical content of the step et e leter time. It is ob-
vious thet this process mey proceed concurrently with the process
of reeding wbat the step means. However, 1 have separated shallow
and deep readings, primarily becausa shallow and deep readings
produce different sorts of products that can be sbown to exist in-
dependently. Thus, e user wbo does not understand the domain of
action may know and be able to recell wbet e step “seys” without
beving any idee of whet it “means.” Tbe default case for this ex-
ample will be e written procedure. The external mediation is often
provided verbslly by another person. In that case, the shailow
reeding skills are replaced by listening skills.

Most models of reeding involve the construction of meaning in
the ebsence of the world described. However, reeding a procedure
is directed toward understanding a world that is present. Deter-
mining the meaning of what e step says requires the coordinetion of
what the step seys with the task world via the mediation of a
deeper sort of reeding (figure 7.3). This deep reeding relies on two
internal structures: one to provide samantic meppings from lin-
guistic descriptions provided by the procedure to states in the
world and another to provide readings of the task world to see wbat
is there. What the words in the step description are thought to
mean may depend on the state of tha task world that bas been pro-
duced by prior actions. The arrow goes both weys between the
representation of what the stap says and wbet it means beceuse
eech depends on the other. The words we think we saw or beard
may depend on what we think makes sanse. Let us assume for the
moment that the meanings thet appear in this mediim are image-
like and that they are the same kinds of structures that would result
from actual performance of the task.

It is tempting to think that the words and the world are coordi-
neted by language in order to produce the meanings. It is more

Discovering what the step means. L is deep language skilis; TW is the task world; M, is the meaning
of the ith step.
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eccurate to say thet the meanings, the world, and the words are put
in coordinetion with one another via the medieting structure of
language. It is difficalt to plece the meaning of the step cleanly in-
side or outside the person, beceuse some component of the mean-
ing may be esteblisbed by e kind of situeted seeing in whicb the
meaning of the step exists only in that ective process of super-
imposing internal structure on the experience of the externel
world. That is, et some point in the development of the task per-
former's knowledge the step mey not beve e meaning in the eb-
sence of the world onto whicb it can be reed. Perbeps the meaning
of e step can reside cleanly inside e person orly wben the person
has developed an internal image of the external world that includes
those espects onto whicb the medieting structure can be super-
imposed. The structure of language mey be changed by its use, and
whet is thought to be in the world may be changed by describing
it in e particular wey. Eecb of the structures provides constraints
on the others, and all are to some extent malleeble, The system
composed of e task performer, medieting structures, and the task
world settles into e solution thet setisfies as many constraints as is
possible. The arrow in figurs 7.3 goes both weys beceuse there are
mutual constraints between these structures. This constraint set-
isfaction is a computation. We must keep in mind, bowever, that
side effects of the computetion mey include changes in the con-
straint structures,

Finally, having determined what the step means, the user of the
procedure mey take ections on (and in} the world to carry out the
step {figure 7.4). The action, like the meaning of the step, may be
difficult to locete cleanly inside or outside the actor, beceuse ec-
tions teken on the environment involve pbenomena inside and
outside the ector and beceuse for many mental ects (those hased in
mental imegery, e.g.} the task world itself mey be substantielly in-
side the ector. in any cese, the meaning of the step, the ection, and
the task world are brought into coordinetion. The arrow between
meaning and ection goes both weys beceuse the meaning of the

Mot TW

Performing the sten. Mot is the motor orleration process; A is the action that is taken to resiizs the
ith step of the procecure.
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step is used to organize the ection, and the monitored performance
of the ection mey change the understood meaning of the step. Re-
member that the meanings we have discussed so far are equivalent
to the sensory experiences encountered in the actual performance
of the task. Heving completed this step, the user of the procedure
may find the next step and continue,

In an ectual performance of e step of the procedure, all the
structures discussed so far may simuitaneously be in coordinetion
with one another es is shown in figure 7.5.

Consaquonces of Medisted Task Performance
While the procedure is being followed, high-level organization of
task-releted bebevior is produced—in part by the physicel struc-
ture of the written representation of the procedure. The interaction
with the procedure produces for the ector e sequence of experi-
ences of step descriptions. Each of these experiences mey have
several components: what the step seys, what the step means, and
the ections in the task world thet carry out the step. Figures 7.1~7.4
sbow thet many leyers of transforming mediating structure mey lie
between e simple medieting artifact {e.g., e written procedure} and
the performance of e task. Now suppose e task performer uses this
written procedure to guide many performances of the task. What
are the consequences for structures inside the ector of the repeeted
echievement of the coordinations depicted in figures 7.1-7.47 How
might internal structures develop as e consequence of interections
with external structures?

Tbe discussion ebove introduced three functionally distinct in-
ternal media: e lexical medium dediceted to representing what the
steps of the written procedure sey, e semantic medium dediceted to

Read s L, TW + /Mot Tw
Sy i $ S oo M M; - A,
Read L, TW Mot, TW
= S et | 5 Mi A

Multiple simultanecus coordinations in the performance of a step of a written procaciure. Shaliow
reading, deop reading, and motor orlentation mediate the propagation of state from the printed
reprasontation of the siep (SY, to s lexical represantation {a), thance to its semantic representation
M), thence to the motor secquences that constitite the parformance of the step (A,
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representing what the steps mean, and ¢ motor medium dediceted
to effecting the actions taken in the task world. Each medium holds
structure of e particular kind. Now, imagine thet eech medium has
the simple property thet it will, as a consequence of being driven
through a sequence of states, come to have the capacity to re-
produce that sequence of states. That is, when placed in any state
in the sequence, the medium can produce the next state of the
sequence, and then the next, and so on to the last stete in the
sequence,

LEARNING THE SEQUENCE OF STEPS DESCRIPTIONS

Consider the lexical medium, As the task performer reeds the steps
of the procedure, this medium is driven first into e state thet rep-
resents whet the first step seys, then into e state that represents
whet the second step seys, and so on through the entire procedure,
This sequence of states produced hy the shallow reeding of the
written step descriptions is e medieted sequence. If the lexicel me-
dium has the property described ebove, with repeeted exposures to
the sequence it will come to he eble to reproduce the sequence of
states thet represents whet the steps of the procedure sey (figure
7.6). it will be eble to do this without the medietion of the sequen-
tial interection stretegy epplied to the written procedure and the
reeding skills. The sequential reletions among the representetions
of whet the steps say were originaily mediated by the sequential
reletions of the items on the written procedure. With experience,
these sequential relationships become unmedieted.

This newly creeted internal representation of the sequence of
whet the steps say is of the same class of phenomena as our
knowledge of the order of the letters of the elphabet or of the names
of the lower numbers. Originally constructed through complex
medietion processes, it gains some modularity and eutonomy as e
consequence of experience. The lexical representation of eech step

Producing an intemal sequence of states, Applying the saquential execttion strategy to the written
procedure produces a sequence of intemal states ilicated by the rounded rectangile at right,
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of the sequence is explicitly re-represented hy a state that this me-
dium is cepshle of producing, hut the sequential relations among
the states are implicit in the behavior of the medium,

Loosely speaking, we could say that the lexicel medium has in-
ternalized the written procedure. We must use the word ‘inter-
nalize’ with ceution, however. The process in question here is
specifically the development of a medium that, when placed in a
state corresponding to the experience of what step N says, will su-
tomatically undergo a transition to a state corresponding to the ex-
perience of what step N+1 seys. In a literal sense, nothing has
moved from outside to inside. Via the medistion of the shallow
reading process, structure in the written representation of the steps
of the procedure has given rise to certain internal experiences.
Then, es e consequence of repeated experience, 8 new functionel
ahility has been crested out of the entirely internel stetes of the
lexical medum, Careless use of ‘internalization’ bere is dangerous
beceuse it glosses over the processes involved and lumps together
many kinds of representations that differ from one another in
functionelly significant weys.

Once the lexical medium has developed the cepacity to produce,
in order, representations of what the steps say, it may become the
controlling structure for subsequent performances. (See figare 7.7.)
This amounts to the task performer’s having learned what the pro-
cedure says, so that instead of reeding the next step he can “re-
mamber”’ whet the next step says, use that to construct the meaning
of the next step, and use that meaning to organize an action. A
performance guided hy the memory of the words in the procedure
is still a mediated task performance, hut the mediating structure is
now internal rather than external. The lexical medium thet encodes
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‘the mediation of task performance by the leamed secuence of step descriptions. The iternal rep-
resontations of what the steps say can be used to control the seguence of actions.
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what the steps of the procedure say provides explicit represents-
tions of the steps of the procedure. it can move through e sequence
of states, each of which corresponds to the experience of reeding
whet a step of the procedure says. Moving from external to internal
mediation also introduces new possihilities for the reletions he-
tweon the actor and the environment, because the environment no
longer need contain the mediating structure,

The lexical medium must hecome an automatized system before
it can he used alone to mediate tha tesk performance. This internal
mediation system, while having explicit representational content
in its states, relies for its controlling hehavior on automatized im-
plicit encodings of relations among its states. The issue of what is
implicit and what is explicit depends on the question heing asked.
The internal memory for the procedure consists of states thet rep-
resent explicit descriptions of the actions to he taken. But the
sequential relations among those step descriptions are implicitly
encoded in the behevior of the lexical medium, much as the se-
guential relations among the step descriptions in the externel pro-
cedure were implicitly encoded in the spatial relations among
slements on the written-procedure aertifact. Consider hriefly an-
other common mediating structure: aiphahetical order. It is used in
many storage and retrieval schemes in our cuiture, sc we take care
to ensure that children learn it. In leamning the alphabet song, the
child is developing an explicit Internal autometized version of
the elphebet’s structure, The content of the stetes—the words of the
song—are explicit, but the sequential reletions among them {which
were originelly provided by another medieting system, e teecher)
are implicit. A child wbo knows the song can tell you whet comes
after P (perheps after singing the names of the first 17 letters), hut
that same child wiil heve e difficult time seying why Q follows P.
There is simply no explicit representstion of thet in what the child
knows.

When e person first performs e task using written instructions,
there is an epparent altarnetion between coordinetion with the
writter procedure and coordination with the world. One deals first
with the written procedure and then with the world it describes.
However, no elternation of ettention is necessary once one has de-
veloped an internal representation of even the lexicel level of the
procedure description. Then the coordinetion with the representa-
tion of the procedure {whether lexical, semantic, or motor} and the
world in which the procedure is carried out is no longer one of al-



Figurs 78

Losrning in Context 308

tarnation of ettention focus; it is ona of simultaneous coordination.
Understanding a step in tha dascription mey depand on under-
standing tha stata of the world in which it is to be carriad out. The
axperience of tha meanings of tha dascriptions of tha staps contains
experience of tha task world, and the doing of tha actions contains
the experiance of the meaning of the task steps. Tha importance of
this is thet in this mediated performance the ector bacomes a spe-
cial sort of medium that can provide continuous coordination
among severa} structured madia. It fact, tha altarnation of focus of
ettantion when one is using a written procedure is a solution to e
problam of competing demands for visual resourcas that is creeted
by tha particular pbysical instantiation of the writtan procedura.
Alterneting the focus of attention is simply & wey to tima-share a
particular scarce perceptual resourca.

LEARNING THE SEQUENCE OF STEP MEANINGS
Of course, et the same time thet the medium dediceted to the rep-
resentation of whet the steps say is driven through e series of states,
the medium dediceted to representing the meanings of the steps is
also driven through e series of states. This is shown in figure 7.8,
Once this semantic medium has been trained, the ector can re-
member the meanings of the steps, if necessary without reference
to the memory of what the steps sey. Since the lexical structure is
around, however, and since humans are unrelentingly opportu-
nistic, it is likely thet both the memory of the meaning of the stap
and the meaning derived from interpreting the memory of whet the
stap seys will be used in concert to determine the meaning of the
step.

Figure 7.8 describes one wey to estehlish the sequential reletions
among the meanings of the steps of the procedure. There is another
way that is medieted by conceptual knowledge ebout the task. The
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Automatization of the step meaning sequencs in the samantic medium. Once trained, the semantic

medium can produce the succession of states cormesponding to the meanings of the steps of the
procedure.
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meanings of the steps representad in this samantic medium are
imaginad and obsarvad coursas of action. There are other kinds of
meanings, howaver, that concern tha concaptual relations among
alemants of a procadure, Tba steps of the fix-cycle procedure, for
axampla, are relatad by a set of computetional dependencies. It is
not possible to plot a lina of position until an observetion of a
landmark bas been mede, and it is not possible to make tha ob-
servation until a landmark bas been cbosen to observe. These kinds
of dependencies constrain tha possibla orderings of steps in the
procedure, and may balp the guartermester remember wbet comes
naxt. Let M, be tha axparianca of plotting e line of position, and
let ¥1,, be a reprasantation of the concept “ploiting e line of posi-
tion.” Let M, be the experience of making an observetion of a land-
mark and lat M, be e representetion of the concept “making an
obsarvation of a landmark.” There is e conceptual and computa-
tional dependency between 1, and My such thet M, must pra-
ceda ;. This reletionship explains the axparience of tha
sequential ordering of M, and M, {figure 7.9},

‘Tha meanings of the steps would have only implicit relations to
one another were it not for the potential madiating role of con-
captuel knowledge in tha task domain, i concaptual knowladga is
tied to the meanings of the steps, soma other madium in tha systam
may assuma statas that axplicitly reprasent a reason why stap N +1
follows step N. However, such a madiating structure naad not ba
learned before the sequenca of meanings of tha steps is learned.
Sometimes we discover why wa do soma task the way wa do long
after we have learned to do the task itsalf,

While I was working on a program to improva radar navigation
training, I interviawad many navigation instructors. The task in-
volved a complax sat of plotting procedures. One of the instructors
reportad to ma that ha had spant 3 yaars at sea doing redar naviga-

“The use of conceptual knowiadge to eatablish sequential relationships among meanings of ateps in
the procedars. The relationshins amony the meanings of the steps may be mediated by knowledge
thﬁmMmﬂnMﬁopkﬂnmd&
mmhddsbanWnp.
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tion procedures before he realized the conceptuel reletionship be-
tween reletive and geographic motion. He told me that the insight
care to him as he ley in his hunk one night. He got out of bed and
rushed down to the combat informetion center to confirm that his
newfound understanding was indeed correct and that it eccounted
for the organizetion of the procedures he had been executing for
years. This story is more drametic than most, hut the phenomenon
is far from rare. I helieve thet much of our learning consists of fill-
ing in conceptual details and relationships in tasks we alreedy
know how to do,

Prohlem solving and planning in the spece of conceptuel de-
pendencies are two of the means of mediating this task. These
kinds of activities heve been the mainstay of an important tredition
of research in cognitive sclence and artificial intelligence. in the
case of reel-world procedures, however, there are so many other
sources of structure thet it mey be reletively rare to find e person
working from the conceptual dependencies alone to determine o
sequence of ection.

LEARNING THE SEQUENCE OF ACTIONS
Whether the task is organized by an external procedure or by an
internal representetion of it, the mental epparetus involved in the
performance of the task is driven through e sequence of states. Be-
cause of the nature of the structured intarection of the task perfor-
mer with the environment, the sequence of states is repeeted more
or less consistently eech time the procedure is followed. The motor
medium begins to encode the sequential reletions among the suc-
cessive states {figure 7.10).

Something of the organizetion of the {N+1)}th stete is in the
potential of the medium when the Mh state is present. The ce-
pacity of the motor medium to produce the sequence of states thet

/_L Al

Figure 7.10  The development of sequential relationships in the motor madium. The motor medium can now
produce the succession of states thet genorate the actions taken in the task world, There is no

fonger a need for any madiation via the meanings of steps.
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Figure 7.1 The assembied tissue of coordination, in expert performance, the succession of states produced
doponds on both hortzontal and vertical coordintion. Every state constrains and is constrained by
othors, {The conceptal rolations among meanings, which aiso provided constraints, have boen
omitted from this figure because of the Emitation of a two-dimensional diagram.)

is experienced in and thet constitutes the performance of the task is
no different from the cepecity of the other medie to produce their
respective sequences of states. But unlike the states in the lexical
and semantic medie, the states of the motor medium are not de-
scriptions of ections. They are not referential; they are not about
anything. They are the states of the motor medium thet constitute
the performance of the ections. There is no medietion between the
states of the motor medium and the ection. When the sequence of
these states has been learned, the medium, once placed in steta 1,
can do the task eutometicelly without reference to any explicit
representation of the either the steps or their sequential reletions.

The medieted performances leeding up to this condition could be
thought of es training trials for the medium thet produces the ec-
tion. The system hes now reeched the condition described hy figure
7.11. In this condition, for e normal task performance, the motor
medium no longer needs the organizing constraints of the meanings
of the steps. Once pleced in the initial state, the motor medium
simply moves through the states thet constitute the doing of the
task. This is the neture of eutometized skill performances-perfor-
mances thet no longer utilize the organizing constraints of com-
plexly medieted stucture. Of course, if unusual circumstances
arise in the task world, the eutometized performance mey fail, re-
quiring edditional recourse to other medieting structure.

This is e simple model in which e person is situeted in e socio-
material world and learning is edeptive reorganization of part of
the system in coordinetion with organization in other parts of the
system. The system operetes hy the propagetion of representational
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state ecross medie, and the medie themselves ecquire functional
organization as e consequence of the repeeted impesitions of rep-
resentational stata npon them. The lexical medium, for example,
ecquires the ebility to move sequentially through states thet can be
read as representations of whet the step seys. The bagic building
blocks of the system are the coordinative processes that move rep-
resentetional state {horizontally in figure 7.11) and the functional
properties of the representational medie that permit them to learn
to move through e sequence of states.

I began this section with the question of wbet it might mean that
a wetchstander can ‘‘remember tha elements of e procedure.” The
answer is clearly not that something is retrieved from memory es
pbysical structure might be retrieved from e storebouse, or even as
o pattern of bits might be retrieved from e magnetic storage medium
in e computer. Rather, remembering is e constructive ect of estab-
lishing coordinetion among e set of medie thet have the functional
properties such thet the states of some can constrain the states of
others, or thet the state of one et time ¢ can constrain its own state et
time ¢+ 1. The meaning of the next step in e procedure can be par-
tially establisbed by sequencing from the meaning of the current
step. It can be constructed from the interpretetion of the descrip-
tion of the next step in coordination with the task world. It mey
be wholly or partially derived from conceptual dependencies be-
tween it and the other steps {not shown in figure 7.11). It can be in
part derived from monitoring the real or imagined motor sequences
thet realize it in the world. The muitiple representations of eech
element of the procedure are woven into this tight fabric of rela-
tionsbip and constraint. Remembering is not e retrieval of an iden-
tifieble single structure; rether, it is e process of construction vie
simultaneous superimposition of many kinds of constraints.

¥ local structures are sufficient to produce unambiguous states in
the task-performance medie, the other medie mey not be ectiveted.
A very well-learned sequence of ections mey run off without con-
scious intervention. When snags are encountsred or when ambig-
nous states arise, the range of structures that are brought into
coordinetion may expand to include other media. Perbaps when
eutometic motor processes reech an impasse, the semantic medium
can provide e representation of the next stap that the motor plan-
ning processes can use to construct e new motor plan. That is, one
can remember what the stap means in order to reconstruct e motor
sequence to carry it out. When the reletions in the semantic
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madium are insufficiant to produce e new stata, tha lexical medium
can ba brought into coordinetion with tha samantic medium to
produca e description of what the next step says, and thet can be
usad to produce tha maaning of the naxt stap. Ona can remembar
what tha naxt step says in order to reconstruct its meaning. And if
all thet fails, one may construct e functional system that again co-
ordinatas with tha writtan procedure to provida reprasentations of
tha next step. That is, one can reread tha step from the writtan
procadure.

Whila the procadure is being learned, organizetion propagetes
from left to right and from top to bottom in figure 7.11, and from
outsida to inside and then beck to outsida. As laarning proceeds, e
wava of organization movas ecross the madia and aacb medium
scquires functional propertias that permit it to preduca structured
beheviors. Just s the individual quartermastars follow tha same
trejectory in thair careers that tha data follow through tha naviga-
tion team, tha incramental spread of organizetion of madia that is
loarning follows the same trajectory that representations follow in
the coursa of a single performanca of tha task.

‘The procassas by which an individual learns to perform tha task
can be gean as tha propegetion of a wava of organization moving
ecross e complax set of media. Organizetion propagetas from ax-
tarnel madia to internel media and back to external media. Tba
changes that happan inside an individual as e consequanca of
laarning are adaptations in a part of a larger dynamical systam to
organization or structure that is presant in othar parts of the systam.

WHY WE CAN'T SAY WHAT WE DO
A common observetion concerning eutometized skill is thet skilled
performers mey have difficuity seying bow they do wbet they do.
This analysis provides three explanations for this pbenomenon.
First, the eutomatized motor medium for the procedure is ¢ way
of producing in the reletion of the person to the environment e se-
quence of ections thet constitute the doing of the steps described by
the procedure, Beceuss it encodes e relationsbip between the per-
son and the environment, the execution of the procedure by the
eutometized motor medium requires the cooperetion of the envi-
ronment in ¢ wey that remembering the procedure does not. For
example, the ettempt to do e step can be frustreted by the lack in
the environment of something required by the step. Yet one may
remember a description of ¢ step even thnugh the conditions re-



Leaming in Context 311

quired to carry it out are absent. In the example ebove, the ector
mey be forced hy the leck of the required condition to do some
other ections in preparation for the previously frustreted step. In
giving an eccount of how to do e tesk, the performer must assume
e world {perheps more correctly, the report must presuppose e
world} in which the described actions make sense. Except where
the task in question occurs in e very stshle set of environments, the
essumed world is certain to differ from many of the ectual worlds
in which the task is ettempted, and the description will therefore
feil in many of the ectual worlds in which the tesk is performed.

Second, the reports skilled performers can give are sometimes
hased on the medieting structures thet were used to control their
behevior while they were acquiring eutometized skill. The ec-
counts thet ara given, being descriptions of medieting structure,
mey he just whet is needed to communicete the skill from one per-
son to another heceuse the only wey to produce the autometized
skill in any medium is to heve the medium learn it from experience
and the only wey for e novice to experience it is hy getting into
coordination with medieting structure. However, if the memory for
the medieting structure has etrophied es e result of long disuse
during eutometized performance, then an expert asked how he
does something mey simply have no meaningful answer to give.
The eutometed system does what it has heen trained to do, hut
it has no explicit representation of whet it is doing. The repre-
sentation of what it is doing exists only in the epparetus thet pro-
vided the training, thet is, the medieting structure which is now
etrophied.

A third situetion that results in the expert task performer’s in-
ahility to eccount for his own task performance arises when the
medieting structure is present as constraints in the environment
that shepe the development of the motor medium directiy, with-
out the development of internalizations of explicit medieting
representations. This seems to be the cese for many motor skills.
When asked to descrihe how the skill is performed, such an ex-
pert mey descrihe events in which the skill was manifested. One
view of such e response might be thet the expert is being un.
cooperetive, hut when we understand that the medieting structure
was in the environment of the skill ecquisition we see thet
descrihing events in which the skill wes manifested is the best
the expert can do to descrihe tha medieting structure under which
the skill developed.
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With this example I heve sttempted to highlight the complexity
and richness of interection of medietion structures of different sorts
in the performance of what seemed et the outset to be e reletively
simple medieted task performance. I don’t think this anelysis
should leed us to change our minds ebout the reletive simplicity of
using procedures. On the contrary, I hope it heightens our eware-
ness of the diversity of the kinds of medieting structure that come
into pley in everyday cognitive ectivities.

OTHER KINDS OF MEDIATING STRUCTURE

The example presented at the end of chapter 6 involved mediation
by both e written artifact {the position report form) and the be-
havior of another person (the chief petty officer ,who asked the
novice a set of questions in sequence). Clearly the source of the step
descriptions can be an interection with another person rether than
with a written procedure. I the medieting structure is provided hy
the ectivities of another pereon, the novice who has internalized
thet structure can then act alone. This echoes Vygotsky’s (1878)
general genetic law of development in which medieting structure
eppears twice: first in intarpsychological processes and second in
intrepsychological processes,

There is much more to “internalization,” however, than simply
imagining an internal conversation. It is not thet some content is
copied from the outside world into some internal storage medium.
Rather, the process of interection creetes e new process. Notice, for
example, that even the lexical medium {closest to the surfece of any
of the medie proposed here) has a sequence of states implicitly en-
coded in its behavior. The sequential relations among states were
not a property of the medium from which the states were learned;
rether, they were a property of e particular pattern of interaction
with the external medium. Internalization has long connoted some
thing moving across some houndary. Both elements of this defini-
tion are misleading. Whet moves is not a thing, and the houndary
across which movement takes place is a line that, if drewn too
firmly, obscures our understanding of the nature of human cogni-
tion. Within this larger unit of analysis, what used to look like in-
ternalization now eppears es & gradual propagation of organized
functional properties ecross e set of malleahle medie.

When individual task performance is considered in the context
of e larger system, individual learning and mastery of the skills of
e joh eppear as e shift in the location of the mediating structures
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that constrain the organizetion of ection. in all ceses, the medieting
structures must exist somewbere in the functional system. In the
case of team performance, some of the constraints are in the envi-
ronment in the form of the behaviors of the other members of the
team. If the team is experienced, this means thet there will be
redundant representation of the constraints on sequence, since
they will exist both in the individual ectore and in the interec-
tions among them. Furthermore, conceptual dependencies mey be
learned more or less directly from participetion in the team ectiv-
ity. As was noted in chapter 8, the computational dependencies
among the steps of the procedure for the individual wetchstander
are present as interpersonal dependencies among the members of
the team. These dependencies need never be statad to be iearned.
They are enected in social reletions, and they can be iearned es
petterns of social interection rather than es words. The processes
required to get from words to meaningful representetions of such
dependencies are probably es compiex es the processes required to
get from petterns of social interection to representations of the
same dependencies.

WHY WE TALK TO OURSELVES

The next chapter describes ectivities in wbicb members of the
nevigetion team enter deta into a navigetion calculetor. While
pushing the buttons of the calculetor, the quartermasters can be
beard to recite the names of the keys they press. Why do we do this
verbel shadowing? Consider an example from everyday life: I don’t
seem to be able to open the combination lock on the storage shed in
my yerd without inwardly speaking the numbers of the combina-
tion as I do it. I beve bed years of experience with the lock. Yet, in
spite of my best efforts to suppress the numbers, I still say them
inwardly as I spin the lock's dial. Since I usually do this task
entirely alone, the speecb must be there for its self-reguletory
function, not for any communicetive function. How could it be self-
reguletory? It is interesting to note thet I do not verbalize the di-
rections in which the dial sbould be tumed. The dial must be
turned clockwise to the first number, then counterclockwise past
the first number to the second number, then clockwise again to the
last number. I seem to beve learned the sequence of directions of
turning in the ection specificetion, beceuse I never sey the names of
the directions. I also turn the dial several times in the clockwise
direction as I start without any verbalization. As the index for the
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dial nears the first number, I ind mysalf saying that number, When
I go counterclockwisa, bowavar, I not only say tha sacond number
of the combination; I also tand to say, “‘back past 33, 21.” Tbe di-
rection of turning may ba in tha musclas, but tha spacification of
bow far to turn is not. ! ramamber the meaning of the numbers by
the appearance of the dial itself. For example, I know that 21 is the
mark just to the right of the large tick labeled 20 without doing any
counting. I just recognize it as being right. Even though I know the
directions of turning in the action plan, and ! seem tc know the
appearances of the three target numbers in sequence, I still say
the numbers subvocaily. The sequence of number names is a very
stable structure for me. The reason I recite them subvocally, 1 be-
lieve, is that when I say the numbers aloud ! interpret the meanings
of the spoken numbers right onto the medium in which I am con-
structing the memory of the eppearances of the numbers. In this
way, 1 add constraints to the process that is the reconstruction of a
memeory that will drive the ection. I superimpose multiple repre-
sentations of the same action in order to produce the memory of the
action. And the memory of the ection is in the doing of the ection
itself. Of course, the action itself is also contributing to the con-
struction of the memory, since I am monitoring the action and see-
ing wbat it means. By subvocelly shedowing my action, I edd a
well-organized set of constraints to an alreedy well-constrained
problem. As a result, the performance is very robust.

In order to get useful mental work done, of course, the actor must
be capable of bringing these structures into coordination. As we
saw with the coordination of the procedure with the task worid,
bringing mediating structures into coordinetion mey require still
more (metamediating) structures. The consequences of the leck of
this ability are encoded in our folk wisdom ebout “book learning”
versus experience, One may have complete mastery over a mejor
medieting structure for some task without beving developed any
of the metamediation required to put it to work in a real task
environment,

Courting

From the point of view developed here, following a written proce-
dure and counting have important structural similarities. Both in-
volve the coordination of a sequence of tags with a partitioning of
ohjects or events, In the case of counting, a set of sequential transi-
tions through the names for the numbers is coordinated with the
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movamant through the collaction of individual objects or avants of
the partition batwaan thosa things that hava not yat bean countad
and those things that hava already bean counted. Similarly, fol-
lowing tha procedure consists of coordinsting tha saquantial tran-
sitions through tha list of staps with tha movamant through tha
collaction of actions to be takan of tha partition batween those
things that hava not yat bean accomplishad and thosa things that
hava alraady bean accomplishad.

Why do peopla count on their fingars? Bacausa it is a strategy
that transforms a task by forming a functional systam that includes
a representational media (tha fingers) that parmits othar madia to
ba coordinated in naw ways. Nowadays counting on ona’s fingars is
viawad as a sort of cognitiva atavism, but “*scarcaly more than 400
yaars ago tha usa of ona finger counting techniqua was so common
among laarnad Europaans that arithmatic books had to contain da-
tailad axplanations of it if thare ware to be considarad complata”
(ifrak 1987: 58). Tha systam Ifrah dascribes is complax and re-
quired some training to mastar. Still, some of us resort to fingar
counting for simpla preblams. Supposa today is Tuesday, De-
coember 20. What will tha data be on Saturday? I might say to myself
“Let’s saa: Wadnasday, Thursday, Friday, Saturday” and axtand a
fingar for aach day nama spokan. Than I would look at my hand.
Naxt I would coordinata again, this tima bringing in tha saquance
of number namag-—*30 (um, Dacamber has} 31, and 1, 2""—direct-
ing my attantion to the first raisad finger whan the first day numbar
is spokan, and moving it to tha paxt reisad fingar with aach suc-
cassive spokan day numbar until I arrived at tha last fingar. Tha last
day numbar spokan would be tha answar to my question. Solving
tha problem in this way brings tha day namas and the day numbars
into coordination with tha movamant of attantion along the row of
fingars. Tha hand sarvas as a mallaabla and handy madium upon
which rapresantational statas can ha imposed and simpla opara-
tions can be parformad. Tha structure of tha hand that results from
thosa oparations is a portion of a partial dascription of tha answar
to tha quastion. Tha remaindar of tha propagation of reprasan-
tational stata, from structura of tha hand to spokan number, is
accomplishad aithar by simpla pattern matching or by another
simpla coordination oparation. Tha task can be dona without
using tha fingers, of coursa, or avan by coordinating tha two sa-
quancas (day namas and day numbars) directly. Howavar, trying to
simultanacusly manipulata tha two sequances intarnally raquires
more memory resourcas than soma of us can mustar.
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Many cognitive scientists would think of this es e silly problem,
or as e problem of performance that only highlights the weaknesses
of the buman mind and does not tell us anything ebout cognitive
architecture, But 1 believe the real power of buman cognition Hes in
our ability to flexibly construct functional systems thet accomplish
our goals by bringing bits of structure into coordinetion. That cul-
turally constituted settings for ectivity are rich in precisely the
kinds of artifactual and social interectional resources thet can he
epproprieted by such functionel systems is e centrel truth ehout
human cognition. The processes that create these settings are es
much e part of human cognition as the processes thet exploit them,
and e proper understanding of human cognition must ecknowledge
the continual dynamic interconnectivity of functional elements in-
side with functionel elements outside the boundary of the skin.

Whet you think cognition is and whet you bolieve is part of the
architecture of cognition depends on what you imegine to be typi-
cal or important cognitive tasks and whet you think e person is. in
thinking ebout the use of a written procedure, it is clear thet there
are many weys to produce the coordinetion between the physical
structurs of the procedure and the processes thet execute the ec-
tions described by the steps of the procedure. Even the simple task
of considering steps in order can be solved in many weys et differ-
ent times, or perbeps can be solved by the confluence of many
methods et one time. Given the ubiquity of such performances in
modern life, I take this to ke the sort of cognitive performance for
which we should be eble to account. There is elso a good deal of
this kind of ectivity in nonliterete societies. Procedures can be en-
coded in structure other than writing. The arrangement of persons
or objects in spece (in e queue, for example} can serve as e mediet-
ing device for the sequential control of ection and mey elicit e set of
coordineting procedures like those ohserved in interactions with
written procedures.

From this perspective, whet we learn and whet we know, and
whet our culture knows for us in the form of the structure of
artifacts and social organizations, are these hunks of mediating
structure, Thinking consists of hringing these structures into coor-
dinetion so that they can shape and he sheped by one another. The
thinker in this world is e very special medium thet can provide
coordinetion among many structured medie—some internal, some
external, some emhodied in artifects, some in ideas; and some in
social relationships.
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In this chapter I will raise some guestions about the processes by
which the organization of work arises. While in the previous cbap-
ter | examined learning by individuals, bere I will look closely at an
incident in whicb learning takes place in the larger unit of cogni-
tive analysis. Common sense suggests that work is organized in ac-
cordance with plans created by designers wbo reflect on the work
sotting and manipulate representations of the work process in order
to determine new and efficient organizationa! structures. When
“outside” designers are not involved, the reorganization of work is
attributed to conscious reflection by members of the work group.
Exsmining the response of the Polow’s navigation team to a cbange
in its informational environment, 1 will argue that several im-
portant aspects of a new organization are achieved not by con-
scious reflection about the work but by local adaptations to the
emerging conditions of the work itself. The solution reacbed is one
that we recognize in retrospect as being just the sort of solution we
would bope designers could produce, yet it is a product of adapts-
tion rather than of design.

While I wes aboard the Palou observing the navigation team, the
ship’s propulsion system failed unexpectedly during an entry into
San Diego Harbor. The opening paragraphs of chapter 1 describe
the event and the bridge team’s response to the difficulties created
by the failure of the propulsion plant. Without steam pressure, the
crew could neither steer the ship effectively nor bring it to a rapid
stop. All thoughts of continuing to the pier were abandoned, and
the crew struggled to simply prevent the ship from going aground
until it bad lost enough speed so that the ancbor could safely be
dropped. in an impressive exhibition of seamanship, the crew
brought the Palau to anchor out of the main shipping channel.
Tughoats were summoned and the propulsion plant was restarted.
The ship later continued to the pier under its own power.

Besides taking away the abillty to maneuver, the loss of steam
pressure brought a cascade of electrical failures that affected many
aspects of the ship’s operation. Among the electricel devices that
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failed was the gyrocompass, whichk is cruciel to navigation. This
incident provided me with an opportunity to witness and record
the response of e complex organizetional systam to a very real
crisis.

The immediete response of the nevigetion team to tha loss of
steam and electrical power was simply to continue with the fix they
were in the midst of taking. However, one of the pieces of electrical
equipment that lost power was the main {Mark-19) gyrocompass.
Thare are two layers of redundant protection for the gyrocompass
function: independent emergency electrical power and a backup
gyrocompass. Unforhunately, the emergency power supply for the
gyrocompass failed to come on line, and the backup gyrecompass
bad been secured {taken out of servica} earliar because of a main-
tenance probiem. The main gyrocompess did not fail completely
when the lights went out, but it does eppear to have been mortally
wounded. The gyrocompass oparetes by spinning a disk at very
high speed and will operete edequetely for e while bafore it spins
down and loses stability. Sixteen minutes efter the loss of power,
the Palou's speed hed dropped to less than 4 knots and the ship
was less than half a mile from its intended temporary anchorage
when word was passad to the bridge from the forward interior
communicetions {JC} rcom thet the gyrocompass had ceased
operetion. This was an especially critical period for tha navigation
team. The chosen anchorage location was out of the navigation
cbannel and near an aree wbere the weter shoaled repidly. Drop-
ping the anchor too soon would leeve the ship obstructing traffic in
tha channel; dropping it too lete might allow the ship to swing
around and ground upor e shoal. Simply restoring powar to a gy-
rocompass is not sufficient to bring it to a usable stata; several
hours are usually required for the gyro to “*spin up and sattle in” so
thet it will provide reliebla readings.

Figure 8.1 shows the relations among the various terms of the
computation. With the gyrccompass working, the alidede {tele-
scopic sigbt) mounted on the pelorus permits the direct meesure-
ment of the direction of the bearing of the landmark with respect to
true north {“true bearing” in the figure). When the gyrocompass
failed, all that could be meesured by the bearing takers with the
palorus was the direction of the landmark with respect to the ship’s
head {*“relative bearing”}. In order to compute the true baaring of
tha landmark, onca tha relative baaring has bean determined, it is
necessary to determine the direction of the ship’s head with respect
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to true north. The magnetic compass, which does not require elec-
trical power, measures the direction of the ship’s heed with respect
to magnetic north {C in the figure). But the compass reeding must
first he corrected for errors, called deviotion, that are specific to the
compass and dependent upon the heeding {D in the figure). Car-
togrephers meesure the difference between true north and magnetic
north for all mapped regions of the world. This is called the vario-
tion (V in the figure). The sum of these terms is the true hearing of
the landmark, which was directly measured by the gyrocompass
when it was working.
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There is ¢ mnemonic in the culture of navigation that sum-
marizes the reletions among the terms that make up tha ship’s trua
beed. It is “Can Dead Men Vote Twice?” and it stands for tha ax-
pression C+D=M, M+V=T {compass baading plus devietion
equals magnatic beading, magnatic baading plus variation aquals
trua beading}. This specifias a maaningful order for tha addition of
tha tarms in which avery sum is a culturally maaningful object in
tha world of nevigetion. Every competent navigetion prectitioner
can recite this mnemonic, and most can give an accurete eccount of
whbet it means. Tbe knowledge thet is embodied in this formule will
ba an important component of the solution discovered by the nav-
igetion team. Notice, bowever, thet this mnemonic seys nothing
about relativa bearings.

The computational structura of tha task is wall known. As was
. dascribad ebove, computing true baarings for landmarks from rela-
tive bearings involvas adding togathar tha ship’s compass baading,
tha compass deviation for that beading, tha magnatic variation ap-
propriata for tha gaographic location, and tha baaring of the land-
mark relative to the ship’s bead. Tha procadure for a singla lina of
position tharafore requires threa addition oparations. If ora used
this procedura for aach line of position, tha sat of threa linas of
position that make up a position fix would require nina addition
operetions. Tbare is a substantial saving of computational affort to
be bad, bowever, by modularizing tha computation in a particular
way. Sinca all thiee linas of position in any givan fix ara obsarvad
as naarly simultaneously as is possibla, tha ship’s bead for all of
them must ba tha same. Thus, one can computa tha ship’s trua
baeding {sum of compass baading, devietion, and varietion) just
once and then add eacb of tha three relativa bearings to thet inter-
madiata sum. This procadure requires only fiva additior oparations
for tha antire fix (two for tha sbip’s trua baad and ora for aach of
tha ralativa baarings}, comparad to tha nina addition oparetions
required by tha non-modularizad procadure. As wa sball see wban
we consider the details of the ectuel performance of the team, even
e small seving of computational effort can be very belpful in this
high-workloed environment.

A searcb of the Polou’s operetions and training materials re-
vealed many documents that describe in detail the nominal divi-
sion of lebor among the members of the nevigetion team in the
normel crew configurationa, and many that dascriba tha computa-
tional requiremanta for deriving a singla lina of position from
compass baeding, daviation, varietion, and ralative bearing. Thare
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was, however, no evidence of e procedure thet describes how the
computational work involved in fixing position hy visual observe-
tion of reletive bearings should be distributed among the membhers
of the nevigetion team when the gyrocompess has failed. The eb-
sence of such e procedure is not surprising. After all, if the ship bed
e procedure for this situetion, it should have procedures for hun-
dreds of other situetions thet are more likely to occur, and it is
simply impracticahle to train personnel in e large number of pro-
cedures in an organization with e high rete of turnover.

What might e procedure for dealing with the event we are con-
sidering be like? Clearly it sbould take edvantage of the benefits of
modularizing the computation. Perheps it should call for the com-
putation of ship’s true heed, followed by the computetion of eech
of the true bearings in turn. That much seems straightforward, but
how should one organize the ectivities of the separete team mem-
bers so that they can eech do what is necessary and also get the new
job done in an efficient wey? This is e nontrivial problem hecause
there are so many possihilities for permutations and combinations
of distrihutions of human effort across the many components of the
computational task. The design should spreed the workload ecross
the members of the team te evoid overloeding any individual. It
should incorporete sequence-control measures of some kind to
evoid discoordinations (in whicb crew memhers undo one an-
other's work)}, collisions (in whicb two or more team members et-
temnpt to use a single resource et the same time), and conflicts {in
which members of the team work et cross-purposes). It should ex-
ploit the potential of temporally parallel ectivity among the mem-
hers of the team, and whera possihle, it should evoid bottienecks in
the computetion. This is quite e complicated design problem, and it
looks even more difficult when we examine the reletionships be-
tween the members of the navigetion team and their computetional
environment. Givan the nature of the task they wera performing,
the navigetion team did not heve the luxury of engaging in such
design ectivities. They had to keep doing their jobs, and in the
minutes hetween the loss of the gyrocompess and the arrival of the
ship at ancbor the requirements of the job far exceeded the eveil-
eble resources

The Adaptive Response
Viewing the nevigation team as a cognitive system leads us to ask
where in the navigetion team the additional computational load
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imposed by the loss of the gyrocompass was taken up and bow the
new tasks were eccomplisbed. To summarize before examining the
performance of the team in detail: The edditional computation
origineliy fell to the quartermester chief, who wes acting as plotter.
He ettempted to do the added computations to correct the reletive
bearings pessed to him using mental arithmetic, but it wes more
than be could do within the severe time constraints imposed by the
need for fixes et one-minute intervals. By trading some eccurecy for
computational speed be was ehle to determine when the ship bed
arrived at its intended anchorage. After the Polou came to anchor,
the plotter introduced e bandheld calculator to relieve the burden
of mental arithmetic under strass and recruitad the essistance of the
recorder in the performance of the computation. There was no ex-
plicit plan for the division of the laber involved in this edded task
between the plotter and the bearing recorder. Eech bed other duties
that were releted to this problem. Dropping the anchor did not re-
move the requirement to fix the position of the ship. A ship et an-
cbor mey be blown by the wind or pusbed by the tides and swing
around its ancbor. As it swings, the ship sweeps over e circle the
diameter of which is the sum of the length of the ship and the dis-
tance from the how of the ship to the anchor. Even in shallow
weter, the Polou can sweep e circle more than 1500 feet in diam-
eter. Since there was shoal weter on one side and e shipping cban-
nel on the other, it was important to maintain ewereness of the
locetion of the ship.

Since this correction computation has well-defined subparts, we
may ask bow the subparts of the task were distributed among the
participants. But bere we find that at the outset there wes no con-
sistent pettern. The order in which the various correction terms
were edded and wbo did the adding varied from one line of posi-
tion (LOP} to the next, and even the number of correction terms
changed over the course of the 66 LOPs that were shot, corrected,
and plotted hetwsen the loss of the gyrocompesses and the arrivel
of the Palou at its berth. Gredually, an organized structure emerged
out of the initiel cheos. Tbe sequence of computational and social-
organizetionel configuretions through whicb the team pessed is
sbown in figure 8.2, After correcting and plotting ebout 30 LOPs, e
consistent pettern of action eppeared in which the order of eppli-
cation of the correction terms and the division of lebor between the
plotter and the bearing recorder stebilized. While the compute-
tionel structure of this stsbhle configuration seems to beve been et
least in part intended by the plotter, the social structure {(division of
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labor) seems to heve emerged from the interactions ameng the par-
ticipants without any explicit planning.

Anolysis

The bearing takers out on the wings of the ship were only slightly
effected hy the loss of the gyrocompess. For them, it meant only
thet they hed to remember to shoot the bearings reletive to ship's
head—the outer rether than the inner of the two azimuth circles in
the alidede viewfinder (figure 1.7}. The analysis will therefore focus
on the ectivities of the plotter, Quartermaster Chief Richards, and
the bearing recorder, Quartermaster Second Class Silver.
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Woe can consider the behavior of the plotter and the recorder to be
e search in e very complex spece for e computational structure and
e social structure that fit eech other and that get the job done. As
figure 8.2 sbows, these two men explored 13 different computa-
tional structures and many social configurations on their wey to e
stable configuretion.

How can we eccount for this seemingly bizarre searcbh of com-
putational and social spece? I will claim thet there are four main
principles that organize the computation:

computational structure driven by the evailebility of deta

the use of e normative description to organize computation

the computational edvantages of modularizing the eddition task
the fit between computational and social organization.

Tbe events thet occurred hetween the failura of the gyrocompass
and the end of the task can be partitioned into four temporal re-
gions on the basis of these principles. In the first region, lines of
position 1-18, the plotter did all the computation himself and the
computational structure wes driven primarily by the evailability of
data. The end of this region is marked by the introduction of an
electronic calculetor. In the second region, LOPs 18-24, the plotter
began to pusb some of the computational load onto the recorder.
While providing the recorder with Instruction on bow to do the
computation, the plotter began to use a normative description to
organize the computation. In the third region, LOPs 25-33, the
modularity of the computetion became e sbared resource for the
two men through their joint performance of the modular procedure.
In the fourth and final region, LOPs 34-66, they discovered e divi-
sion of lebor that fit the computation and they colned e lexical term
for the modular sum, thus crystallizing the conceptual discovery in
o shared artifact. Now let us look et the details of the work et the
chart table, considering the lines of position plotted from the time
the gyrocompass failed until the system settled into its new stable
configuretion. {Refer to figure 8.2.)

REGION 1: COMPUTATIONAL STRUCTURE DRIVEN BY DATA
AVALLABLLITY
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tool} es e medium for addition, aligning up the scele index with 29
{the compass course), sliding it 52 gradations upward (the reletive
bearing), and sliding it an edditional 14 gradations to edd the
varietion. In LOP 2 he used the bearing log as e memory during the
computation, tracing out the eddition columns with his fingers.
LOPs 8 and 9 wers computad using paper and pencil in the margins
of the cbart. The plotter had e good deal of trouble keeping up with
the demands of the task; this is shown by the fact thet, even though
three beurings were observed for each fix, the plotter wes eble to
plot only two LOPs for the frst fix, one for the second, and two for
the third.

Tha anchor was dropped et 17:08, just hefore the fifth line of
position was plotted. Once the anchor was down, the team want
from one-minute to six-minute fix intervals, hut the plotter was still
heving trouhle keeping up while doing mental arithmetic.

The plotter’s habavior in this region can he descrihed as oppor-
tunistic. Ha usad three different computationai ordarings and sev-
eral diffarent media in computing the first twelva lines of position.
Though at first glanca this behavior looks unsystamatic, thara is a
simpla but powarful regularity in it. The order in which the plotter
took the tarms for eddition depends on where the terms were in his
environment and on when and with how much effort he could get
eccess to them. For example, in LOP 8 tha plotter returned to tha
chart tahle verhally rehearsing the ship’s magnatic heeding. Ha he-
gan his computation with thet term. In LOP 9, whare tha plottar
head to consult the recorder in order to astahlish tha idantity of the
naxt relativa hearing to edd, he hegan his computetion with relativa
bearing. In LOP 10 tha plotter was again doing the calculation on
his own, and again he began with ship’s magnatic haad. Thasa
pattarns ara hints to a more general organizing principle thet is
evident throughout this evant. In tha first two regions of figure 8.2,
12 out of the 15 LOPs for which the computation is initiatad hy tha
plotter hegin with the ship’s magnetic heed, and 13 out of 18 com-
putations initiatad hy tha racordar begin with tha relative hearing
of the landmark.

This regularity eppears to he e consequanca of local strategies for
individual cognitive economy. From tha perspectiva of a parson
trying to do the addition, if ona of the terms is already In working
memory when it is time to hegin tha computation than it is most
afficiant to start with that term.
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Consider the situation of the hearing recorder. When he does a
computation while interecting with the hearing takers, he listens to,
writes down, and verbally acknowledges relative hearings. These
ectivities, although not part of the addition procedure, influence
the course of that procedure hecause they put the relative hearing
(RB) term into the working memory of the hearing recorder. With
RB already in working memory, in order to do the computation in
the order thet supports modularization {C+ V-+RB), the recorder
must somehow keep RB active in working memory or must over-
write RB in working memory and reed it again later when it is
needed. i he chooses o maintain RB in working memory, then it
must remain unaltered {and must not alter the other numher repre-
sentetions present} during the reading of C, the recall of V, and the
addition of C and V. This may require the recorder to maintain up
to 11 digita in working memory (eight for the addition of V+C, plus
up to three for RB). If the memory load of that task is too great, the
recorder mey choose to let RB he overwritten in working memory
and read it in again later. Of course, that involves the wested effort
of overwriting and rereeding RB,

In contrast to the costs of this “preferred” order, taking the terms
in the order RB+C+V or RB+V+C involves lighter loeds on
working memory and no wasted effort. Thus, from the bearing tak-
er's locel perspective it was simply easier and more eficient to he-
gin each computation with the relative bearing.

The plotter was in a different position. in most cases, he went to
the helm station to get the ship’s compass heed while the relative
bearings were heing reported. This puts the C term into the plotter’s
working memory at the heginning of the fix. Notice in figure 8.2
that, except for LOPs 5-7, every LOP initieted hy the plotter hegins
with C es the first term. But interaction with the recorder or with
other representational systems can change the plotter’s position in
the computation. in each case where the plotter hegan hy asking the
recorder for a term to add, thet term was the relative hearing and
the relative bearing was taken es the first item in the addition, On
closer inspection, the epparent exceptions to the rule in LOPs 57
are not exceptions et all. These computations were not done while
the deta were coming in. The ohservetions of the three relative
bearings were mede while the plotter worked to determine the lo-
cation of the anchor. Then he set out to compute the LOPs with all
of the data in the hearing log in front of him, the relative hearings in
the left columns of the pege and the ship’s magnetic head in the
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rightmost column. This interaction with the bearing log changed
the temporal pettern of evailability of dets, which in turn changed
the organization of the most efficient ordering of terms for the per-
formance of mental arithmetic.

It is unlikely that either man wes ever eware of beving made e
decision concerning the order in wbich to edd the terms. Rather,
sech was simply trying to do the edditions es correctly and as
efficiently as possible. Since the two men experienced different
petterns of evailability of date, this principle produced charecter-
istically different resuits for eech of them.

The principle et work so far can be summarized as follows: indt-
vidual ectors can locally minimize their workloeds by allowing the
sequance of terms in the sum to be driven by the evailebility of deta
in the environment. But since data become evaileble primarily via
social intarections, the computetional structure is largely an un-
planned side effect of this interectional structure. The interactional
structure itself is chaotic because it is sbeped by interference from
other tasks and by social interactions with other members of the
navigetion team and with members of other work teams on the
bridge.

After LOP 12, the recorder initieted e round of bearings on e two-
minute interval. The plotter instructed him to take the fix on six-
minute intervals and complained ebout not being able to keep up
with the computetions using mental arithmetic. When I esked if be
had been eble to keep up with the work, he said: “No, 1 wes run-
ning it through my beed and it wouldn’t edd. It wouldn't make
numbers, so 1 wes making making right right angles in my bead to
see where the bell it was et.” The recorder said “You take the
varietion out of it.” ”Yes” said the plotter, “you edd the, you edd
the magnetic beed, then you edd the varietion.” This conversetion
is the first evidence of reflection on the structure of the computa-
tion. The plotter explicitly named the variebles: “... you edd the
magnetic beed, then you edd the varietion.” After this, the plotter
remarked that the only way to keep up with the work would be to
use e calculator. Sbortly after this conversetion, the plotter went to
the cbarthouse and returned with e nevigetion calculetor. The cal-
culetor wes cepeble of computing e number of specielized naviga-
tion functions, but only eddition and subtrection were used in wbet
followed.

The use of the celculetor elimineted the need for the in-
termediete sums thet the plotter computed when doing mentel
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arithmetic. In LOPs 13-15 the plottar kayed in tha data. Ha started
aach LOP computation by keying in C-+; than ba lookad for RB in
tha bearing book, keyed RB +, then keyed V=, Here tha calculator
was not only a computational device; the plotter also usad it as a
tamporary axternal memory for the C term while he looked for the
RB tarm. Tha immedieta consequences of the introduction of tha
calculator ware that it aliminatad the production of intarmadiata
sums (this will be important In the developmant of tha modular
solution balow) and that it changed the memory requirements for
tha plottar by serving as an extarnal memory. It did not cbanga tha
fact that the order In which the terms were added was dependent
on the pattarn of availability of data in the task environment.

The dependenca of tha computational sequanca on tha avail-
ability of deta is tha main characteristic of avanta in the first region.
It will survive into later regions in tha bahavior of tha recorder, but
the introduction of the calculator marks tha beginning of the and of
this sort of data-driven task organization for the plotter. Up until
and including the first calculator round, the recorder has some-
timas fad values of RB to the plotter but bas done no arithmetic,
mental or otherwise. Thet is ebout to change.

Tha following conventions are used to record the verbal and
nonvarbal actions of tha plotter and tha recorder in the transcripta
below.

{} Wordsenclosed In parentheses are comments or annotetions
of tha actions observed in the video record, never verbetim
transcriptions.

# Hasb marks are used in edjecent lines of transcription to in-
dicate simultaneity of occurrenca.

17/ This represents an unintelligible portion of an uttaranca.

{}  Numbers and ections anclosed in bracas denota kay pressas
on the calculetor.

{3+} Numbers and ections in boldfaca enclosad in braces are key
pressas on the calculator that are varbally sbadowad. This
exemple would maan thet a pareon pressad the 3 and the +
key while saying "Threa plus.” In addition to numbers, tha
most frequent key pressas are %, —, =, and claar.

120 Spoken numbers hava bean transcribed mostiy as numerals
for convanianca. If they are separeted by spaces, each nu-
meral was pronouncad saparately. If thay are not separsted
by spaca, then thay ara to ba reed as conventional numbers.
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This example could also have heen tramscribed “One
twenty-!!

The following is a key to the notetion for the computation:

C  The compass heading of the ship with no corrections.
D Compass deviation. A function of heeding.
V  Magnetic variation, Approximately 14° east in San Diego
Harbor.
The relative bearing of e landmark. This is the bearing of the
landmark with respact to the ship’s head.
Ship’s magnetic heading {C+D).
Ship’s true head (M +V)
True hearing (T 4+ RB}.
Terms enclosed in parenthesis were entered into the calcu-
letor with only + or — operators among them. The = oper-
ator closes the parenthesis. Thus, (C+ V + RB) means that the
three terms were added together as a group; {{C+V)+RB)
means thet the = operetor was applied to {C+ V), which was
then edded to RB.

{] Sums in brackets were spoken as intermediate sums. Thus,
{{{tV+ D)+ C} +RB} denotes the following actions: key V,
kay+, key D, key=, kay+, key C, key==, read the displeyed
value aloud, key +, key RB, key =.

=R -

Ea
A

How can we know the order in which the terms of the computa-
tion were applied? The computations involved in each line of
position were reconstructed from the date evailehle in the follow-
ing wey: Usually, the values of all of the varishles were either
present in the transcript or could be determined. In all cases, the
varietion was 14°. in LOP 8, for example, I had a record of the
helmsman telling the chief thet the ship’s heed was 3 3 5 degrees.
The relative hearing to Silvergete was reported hy the port pelorus
operetor as 275° The prohlem was to arrange these in a way that fit
with the numbers that were verhalized. Here is what the plotter
said:

Is 335, 335. Oh wow. {Mumbles 3 seconds. The plotter watched
the recorder write down the bearing to Silvergote. The plotter then
jotted the bearing on the chart ond did ploce volue arithmetic in
the margin of the chart.j 116, 60,0, 8 from 1 i85, 250, 250 oh,
250 would give me 26 4. 2 6 4, whot the hell is it to? Ah, I know
whot it is to, it’s got to be to Silvergote. Yeah. 2 6 4.
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Clearly the plotter edded the ship’s magnetic heeding, 335°, to the
relative bearing of the landmark, 275° es shown below. The “1 1 6”
appeared to refer to the carry digits and the sums of the leftmost
two columns of the eddition. It was impossible to determine which
spoken 1 referred to which carry digit or to the sum of the central
column. Nevertheless, it wes certain that this was the sum being
performed. Since this summed to more than 360, it was necessary
to subtract 360 from the sum. The spoken 60 mey beve been the 60
of 360. Then there wes the 0 which was the subtrection of the right
column, followed by an entire description of the subtrection car-
ried out in the center column: “6 from 1 is 5.” Up to this point, the
eddition was done with peper and pencil on the margin of the
chart. From bere on it was conducted mentally. The outcome, 250,
was rebearsed twice; then the variation was edded to it to produce
the final sum.

The complets reconstruction is shown below. The numbers in
boldface eppear explicitly in the transcript; the numhers in light-
face do not eppear in the transcript but can be inferred to heve heen
present.

11
275
610
380
50 250 2590
_14
264

Thus, we can infar thet the eddition of the correction terms for
LOP 8 were taken in the order {C+RB}+ V. Similar rsconstructions
were done for all LOPs in the event. in some cases it was necessary
to reconstruct the ectual fx itself as well in order to disambiguete
unclear utterances in the tape rscordings. Using this technique, it
was possible to determine the exect order in whicb the terms were
taken in all cases but three. The cases wbhere it was not possible to
make e clear determination all involved errors committed by the
members of the team. in those cases 1 beve ettempted to make the
most likely reconstruction.

REGION 2: EMERGENCE OF MEDIATING STRUCTURE
The most important consequence of the introduction of the calcu-
lator was that it created a new context of interaction between the
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plotter and the recorder in which the plotter gave the recorder in-
straction in the procedure. For exampla in LOP 16 tha plotter re-
turped from the helm station, whare ha had reed tha compass
haading and keyed in tha valua of C:

LOP 16: {C+V+RB)
{Plottar returns from helm.)
Pitter: 2 3 1. What have we got? {231+ }
(Than ha slides tha calculator in front of the recordar. }
Hara, add these things.
You want ... You want tha heed. You want the head# which is
231
Racorden: #and
edd variation,
Piotterr  Plus varietion.
Recorder:  Oh, 23 1 is tha head?
Piotter: 2 3 1. Here {claar 2 3 1}
Recorder: I got it. (Recorder puts his hands on the keys.) {claar,
231}
Potter  Plus 14.
Recorder:  {+ 14} OK,
Piotter: OK. {Tha intarmediste sum was not computad.)
Recorder {400 7=}1s 2 5 2 on Silvargata,
Piotter: 2 5 2 Silvargate.

Tha plotter controlled the ordar of the argumants in this LOP.
Tha recorder saamad surprised that ha started with the ship's
haad.

In LOPs 17 and 18a, the plotter was husy plotting a previous
bearing. The recordar initieted tha computation himsalf by reeding
the RB from the book and beginning with it. In LOP 18a, the result
was in error hecause the bearing that wes reportad was misreed by
the bearing takar. But tha context of the error providad an oppor-
tunity to restructure the work. Tha recorder slid tha calculetor over
in front of the plotter and began to dictate valuas starting with whet
was for him the most salient terzn, RB. Tha plotter, howevar,
ignored the recordar and began keying in tha data in tha saquance
C + V. The plottar made an error and claared the calculator. The
recorder, having saan the sequenca in which the plottar wantad to
edd the terms, dictated tha tarms in the ordar (C+V +RB}:
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LOP 18¢ {C+V+RAE)
Rocarder: 2 3 1, Chief, plus 14, plus #
Potter  {231+14+]} #OK, whet wes ah,
Recorder. The bearing wes 15 7. (3 seconds) #0K
Plotter: {1 5 7 ==} #4402
Recorder Minus 3 80 # is
Plotter: {~#3860 =] is04 2 Noitain't. itisp'tnog4 2,

Its just not working. Look where 0 4 2 goes. {The plotter points to
the chart.} If it's 0 4 2, we're sitting over on Shelter Island!

There were three more ettempts to compute this LOP. In LOP
18d, the recorder mede e dete-entry error and passed the calculetor
to the plotter In frustretion. In LOP 186, the plotter made e deta~
entry error, cleared the calculetor, and hegan again.

We might have thought thet the importance of the introduction of
the calculetor would be its power as e computational device. In fect
we see thet using the calculetor the team wes neither faster nor
more eccurate than without it! The important contrihution of the
calculetor was that it changed the reletion of the workers to the
task. When the plotter pushed the calculetor over to the recorder
and told him to edd the terms, he engaged in e new task, thet of
instructing the recorder in the computation, and he organized his
instructional efforts in terms of the normetive computational struc-
ture, C+D=M+V=T. This wes evident In LOP 16, where the
plotter named the variehles: “You want the heed, whichis231....
Plus varietion.” Note thet the recorder did not seem to learn from
the explicit statements of the plotter. He returned to taking the RB
first in LOPs 17, 18e, and 18h. However, once the plotter had ar-
ticulated this structure it became e resource he could use to orge-
nize his own performance of the task. In LOP 18h, although the
recorder had dictated the RB to him first, he keyed in C+ V. There,
the recorder verbally shedowed the plotter’s keystrokes. This joint
performance was the first time the recorder had taken ship’s head
es the first term. Once the plotter began hehaving this wey, the re-
corder was ehle to internalize the stretegy thet eppeared in inter-
personal work, and under certain social conditions he could use it
to organize his own hehevior. Thus, in LOP 18c, where the recorder
took the role of dictating the values to the plotter (who was keying
them in}, the recorder said “2 3 1, Chief, plus 14, plus....” But the
structure was not yet well estahlished for the recorder. In the next
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attempt, LOP 18d, & new RB was observed and, driven by the data,
the recorder hegan the computation with it.

The introduction of the calculetor and the errors thet were com-
mitted with it provided e context for instruction in which the se-
quence of terms could be explicitly discussed. The errors they were
responding to were not sequence errors hut simple key-pressing
orrors, yet they still served as contexts for sequence specificetion.
The plotter appeared to Jearn from his own instructional statements
{intended for the recorder) and changed his own behavior. Until he
tried to instruct the recorder on what to do, he took the terms in the
order in which they were presented hy the environment. The re-
corder eppeared to change his own behevior to fit with what the
plotter did, not what he soid. This newly emergent normative
structure dominsted the plotter’s instructional efforts and came to
dominete the organization of his task performance as well.

in LOP 21e, the recorder made ¢ key-pressing error while edding
the terms in the order (RB + C + V). The error diew the plotter’s
sttention, and he turned to wetch the recorder.

LOP 21b: {C+RB+V } & (C+V}+RB)=((C+V}+RB+
v}
Recorderr {Clear221#+14}
Plotter: #plus 14 is 2 3 5. (C+V The plotier does
it in his head.}
Recorder: 2 3 57

Piotter: Yeah, its 23 5 plus 11 8. ((C+V}+RB)
Recorder:  Oh. {clear}

(The recorder doesn’t realize thet hitting “="" would have pro-
duced 235.)

Ploter: 235 is #3 35, 34 5, how ebout 3 5 3. Right?

Recorder: {235 #+118+14=]) How about 0077 ((C+V}+RB+
\Z;

Potter 007,

Recorder:  Chief, the computer just beet you. (The plotter glares et
the recorder.) Just kidding. (They ell leugh 4 seconds.) The mod-
ern technology.

figtter:  I'll modern technology you.

Here two important things happened. First, the recorder demon-
strated that he could produce the normative sequence when trying
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to show the plotter he could do the eddition correctly. Second, this
was the first time the plotter hed organized e properly moduler
computstion, Unfortunately, it iz also clear thet the recorder did
not yst undérstand the meaning of the intermedista sum (C+V),
which is the key to the modularization. He mistook it for C alone
and edded in RB and V, thus genarsting an error. The plotter
seemed intimidated by the calculator and did not challenge the re-
sult. It led to e poor fix, but he had been getting really poor fixes all
along. The anchor was holding and the ship was in no danger, but
ot this point if they hed had to rely on the quality of the fixes they
would have been in trouble.

in LOP 22, the plotter failed to use the modular form of the com-
putation. Unless they work together and make the modularized to-
tal evaileble to each other, there is no sdvantage in modularization.
The modularization is an instance of @ much more general compu-
tational pbenomsenon. The construction of the compass-devietion
table is part of the computation, but it is e part that was done by the
navigation team deys or weeks before the execution of this task.
Similerly, the measurement of the variation is part of the computa-
tion, but it was done years ago by cartogrepbers. in sechb case, parts
of the computation thet are not varieble in the instance have heen
taken out and crystallized as artifects (the varietion printed on the
chart, the devietion teble}. In the same wey, the modular sum is e
pre-computed invariant of the main computation.

The plotter performed LOP 23 with the nonstandard sequence
{C+RB +V). This, however, is not e violation of the principles de-
scrihed ebove. The plotter did not get C from the helm et the be-
ginning of the fix, as be usually did. Insteed, be was busy asking
whether the anchor was heing hoisted et this time. The recorder
apnounced C when the plotter returned to the tahie. The plotter
looked in the bearing log for C. He reed it aloud, and while still
leaning over the book he edded in the RB nearest him in the hook,
pointing to the place digits in it with the hutt of his pencil as he
edded the numbers. Once egeain, the evailehility of deta in the en-
vironment drove the organization of the computation.

LOP 24a: (RB+C+V}
Recorder: 11 2 plus 2 26 plus 14, 3 5 2 on ship's head.
{The recorder means to say “Hamm's light."}
Piotter: Which tower is he shooting for North Island Tower?



Organization Lesrning 336

{The plotter leaves the table and goes to the port wing}
Hey, which tower are you shooting for North Island Tower?
{(PW points to tower} You are? OK.

PW: Is thet the right one?
Plotter:  Yep.
{P returns to table}

LOP 24hb: (C+V+RB)
Recorder: Which tower #we—
Piotter: #And ah, whet was Hamum's?

Recordor: And Hamm's was {226+14+112 =} 352. {5 sec}
Time 5 6 Chief.

In LOP 246 the recorder, working on his own, took the terms in
the order (RB + C+ V}. A few moments leter, when the plotter asked
the recorder what the bearing was to Hamm's, insteed of re-
membering it the recorder recomputed it. This time, LOP 24b, be
did it in the prescribed order, {C+ V+RB). This is evidence that he
knew the sequence preferred by the plotter, but he seemed to pro-
duce it only in interections with the plotter.

This brings us to the end of the second region. in this region we
have seen thet ¢ mediating structure is being remembered by the
plotter, but the recorder’s organization of the computation is still
driven largely by the pettern of evailebility of deta. The clear
boundary between this region and the first one is not marked by the
introduction of the calculator, but by the plotter’s order “Here, edd
these things.” The change in computational structure follows from
e social innovetion that was made possible by e technological
cbange rether than from the technological innovstion itseif.

REGION 3: PARTIAL MODULARIZATION

In the description of the computational structure of the task given
ebove, we noted that the true bearing is the sum of four terms:
ship’s magnetic bead, C; deviation, D; variation, V; and reletive
bearing, RB. By now the team had computed and plotted 24 lines of
position, and the deviation term was not included in any of them.
This seems surprising, since we have ample evidence thet both the
plotter and the recorder know well what devietion is and bow to
use it. One can only surmise that they were so busy trying to do the
job thet they forgot to include this term. Luckily, the ebsence of the
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devietion term had no effect on the quelity of the fixes plotted until
LOP 22, beceuse until then the ship wes on a heeding for which the
deviation was near zero. just before LOP 22, however, the ship’s
heed swung southwest, te e heeding for which there was e 3° de-
viation. The fix triangles started epening up and it hecame clear to
the plotter thet something was wrong. He ley the hoey on the chart
from various landmarks and moved it slightly, seeing whet sort of
different bearings would make the triangle smaller. LOPs 25-27 are
e reworking of LOPs 2224, this time taking devietion into eccount.

1.

Plotter: ] keep getting these monstrous goddamn, these mon-

strous frigging goddamn triangles. I'm trying to figure out
which one is fucking off.

Recoder:  You need another round?

Plotle: No, ne ne, uh uh. 120 I know what he’s doing. Let
mse try, iet me try, (The plotter turns and moves to helm sta-
tion} let me try, with my new ones, sey three. {He reeds the
devietion card posted on compass stand.} Sey three, edd

three to everything,
4. Recoderr Add three?
5. Potter Yeah.
6. Recordor: ’Ceuse he’s using magnetic? {The recorder doas not
get it yet.}
LOP 25 ({(V+D)+C]+RB)
7. Potter On e southwest heeding edd three. So its (14 +3=}17
plus 22,17 plus 226 tsah, 23 ah
8. Recorder. Plus226i834i8243 {V+D)+C)
{The recerdar is working on peper with penctl)
9. Potter .Okay,243and013i8256.2#56 {((Vv+D)
+C)+ RB)
10. Recorder: #2 5 9 (this is an error)
11. Plotter: 2 5 nuh uh?
12. Recorder: 259, plus 01371t's 25 9.
13. Piotter: 25 9 that’s right. OK. And plus 11 2 was whet?
LOP 28a
14. Rocorderr 112plus2286.... {RB+C))

{Here is clear evidence thet the recorder doesn’t understand
the ettempt to modularize.)
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LOP 26h ([((V+ D)+ C]+RB) & {RB+{(V + D} +C}}
15. Piottsr Plus 243,243 plus112, {{(V+D)+Cl +RB)
16. Recordr: 112 plus243is55,355. (RB+{(V+D}+Cl)

in the plotter's moment of discovery, line 3, where he said “I
know whet he’s doing,” he noticed that the geometry of the triangle
was such thet @ small clockwise rotation of each of the lines of the
provious fix would make the triangle smaller. A smail error thet
belongs to all the LOPs suggests deviation. He went to the helm
station and consulted the devietion card to determine the devistion
for this heeding. Although he describes the results as "much bet-
ter,” with devietion included, the two errors introduced by the re-
corder still result in & poor fix.

The plotter had compiled e new deviation table for the compass
while et sea only o few deys prior to this event, and the bearing re-
corder hed demonstreted his mastery of the use of devietion in an
at-see exercise 2 months earller. The principles of this computation
are well known in the culture of nevigetion. ] heve no doubt that in
an interview the plotter could describe the computetion effort-
lessly. Their task here is not to discover these things “in the world”
but to discover them in their own knowledge. Yet it takes the plot-
ter 55 minutes and 24 lines of position to discover thet he knows
the proper order in which to edd the terms to make the corrections.

The computation of 243° as the ship’s true heed and its use in
LOP 26b (line 16} is the very first full modulsrization of the com-
putation. The plotter has control of the computetions in all three
LOPs, elthough in LOP 26h he has to fight the recorder’s strong
propensity to put the RB first. The recorder clearly does not yet
understand either the benefits of modularizetion or the necessity to
add the RB last in the modular form. The structure of LOP 27 wes
modular too, but the value of ship’s true head, while properly
computed, was not correctly remembered.

Why the plotter recomputes all the lines of position for this fix
insteed of simply edding 3 to the earlier results he got is not so
clear. It may be an ettempt to eliminate any arithmetical errors that
occurred in the previous round. It was, after all, e terribly big tri-
angle. Also, all the calculetions are done in this set by hand on pe-
par with pencil rether than with the calculetor. This could be a wey
of making sure thet it was not the use of the calculetor thet was
causing the prohlems,
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The plotter seems to have taken the discovery of deviation and
the recomputstion of the bearings as an opportunity to think ahout
the structure of the computation. The reflection that came in the
wake of the introduction of the calculator led him to organize the
computation in accordance with the normative form. The reflection
that came with the addition of the deviation term led him to the
modular structure. He never explicitly mentioned the advantages of
modularization; however, if be was not eware of the advantages
when he organized the computation, he must certainly have been
aware of them once the computation had heen performed.

The recorder computed LOP 28 while the plotter explained to the
keeper of the deck log why the gyrocompass could not he restarted
in time to help and why they must therefore make the remainder of
the trip using magnetic bearings. The plotter’s conversation wes
interrupted by the recorder, who checked on the procedure for
using the deviation tahle.

LOP 28: (fC+Dl+V+RE)
Racorder: Charles? (2 seconds) Head?
Helm: 2 26.

Rocorder: 226

Recorder:  So it's 2 26. You wanna add 3, right? On a southerly
course? {3 seconds) Chief?

Plotter:  Say again.

Recorder:  You wanna add 3 to thet /?/ southerly course? (pointing
at the entry on the devietion table.) {2 seconds} It’s 2 2 8. The
magnetic head is 2 2 8.

Plotter:  Yeah.

Recorder: 2 2 8 plus # 3, OK, so that makes 2 29. {22 9+14}

Plotter: #right,
Recorder: {41135 =} (3 seconds} 3 5 8 on Hamm'’s light. {{[C+D]+
V+RB)

Thus, the recorder took the arguments in the right order in LOP
28 hut did only a partial modularizetion. He computed (C+D)=
229 as o modular sum. Then ha edded V and added RB without
producing the ship's true head as an intermediate sum. in LOPs 29
and 30, the recorder started with the partially modular sum and
edded the terms in the order {C+D}+RB+V, Even this partial
modularization is an important step forward for the recorder. It
appears to be due to two factors. First, including devietion in the
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computation may have made the C term more salient. Second, the
recorder’s location in the computation has changed. He recorded
the reletive hearings as usual, but he had to go to tha helm station
himsslf to get the compass heading beceuse the plotter was other-
wise occupied. At that point he had the C term in working memory
and it was time to begin the computation. This change in location
meant that what was best for the computation was also easiest for
the recorder. This is not the best division of labor, but it is one for
which there is a momentary local fit between social and computa-
tional structure. The pattern of availability of data was not running
counter to the computetional structure. Paradoxically, then, the
extra work that took tha plotter away from the chart tahle {e hurden
on the systam} may have permitted the systam to improve.

After one hour and twenty minutes at anchor, the Polou weighed
anchor and hegan to mova under its own power toward the pier.
LOPs 32-33 ara e turning point in the procedure. In LOP 32 there is
e clear conflict of understanding between the plotter and the re-
corder, In LOP 33 they perform whet will he the stable configura-
tion for the first time.

LOP 32: {{{C+D)+V]i+RB}
1. Recorder: You want the eero beacon?

2. Potte: Yeah, ] want the aero heacon now, yeah. It's just.. 18 7,
88,87,88.

3. Recoder  ©2 0, what's the shap’s heed?

4, Potter Huh?087.87,it's #1 west

8. Recorder: #087it's 1 west,?7

8. Potta: I's86 {C+ D}

7. Recorder: {88}

8. Poter And14 #is100{{C+D}+V)

9. Recorder: #+14)

10. Hecorder: {+100}, hold it

11. Piotter: No, it’s 1 0 0 plus whatever. {{C+D}+ V) +RB)

12, Recorder: 1 0, where are you getting? . ..

13. Piotter: 100 is the heading, the whole thing, #plus rele-
tive,

14. Recorder: #0Oh, the
whole thing. plus relativa, { +20 =}, 1 20.

15. Piotter: oKX

186. Hecorder: 1 20 #is for North lsland Tower.
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LOP 33: ({(C+D}+V]+RB)

17. Pietter: #and Hamm’s? (2 seconds) 1 0 #0 plus whatever for
Hammm's,

18. Rocorder: #Hamm's

19. Recorder: OK, {160+ 224 =}, 32 4 on #Hamm’s

20. Piotter: #32 4. That's all

three of ’em. I got ‘em all.
21. Recorder: OK.
22. Pitier:  Looks good. Right on. Parfect. PInpoint fix.
23. Recorder: All right!

In LOP 32, the plotter works with the recordar to recompute the
ship's trua baeding. This joint work in lines 4-16 provides tha op-
portunity for the recorder to undarstand that the “wbola thing” is
tha modular sum to which the RB can ba added. The ordar in
wbicb tha recorder added tha tarms still followed tha pattarn of
data availability, but the plotter actively constructed tha pattern of
data evailebility so that tha sequance produced by tha recorder was
tha desired one. That is, the plotter ected as e madiator between the
pattarn of data evailebility in tha task environment and the eddi-
tion activities of tha recorder.

The most salient features of region 3 were tha amargence of the
partial modularization of the computation and the conflicts be-
twaen the plotter’s nawly solidified concaptual schama and the
recordar’s practices. in this region the plottar began to provide me-
diating structure that changed the pettern of data availebility ex-
perianced by tha recordar. In LOP 33 tha recorder showed signs of
using this medieting structure himself. For tha racordar, the eddi-
tion ectivity was no longar on the surface being applied opportun-
istically. It now lay bahind a conceptual and social organization
thet fed it the terms of tha expression in e particular ordar.

REGION 4: THE NEW STABLE SOLUTION

In the previous subsection, we saw bow tha behevior of one indi-
vidual can ect as a medieting device that controls the pattern of
evailehility of deta for tha other. In tha fourth and final region, tha
taam discovered a division of lehor In whicb aach mamber could
usa a computational sequence that followed tha availability of deta
in tha task environment (thus minimizing memory load and wasted
effort} while aech simultaneously producad for the othar pattarns of
data availability that supportad tha modular form of the computa-
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tion. In this region the computational structure was still driven
primarily hy the pettern of evailahility of deta, hut the evailehility
of dete was determined hy the social organization of the ections of
the members of the team. Thus, the issue here is the fit hetween the
constrainta of cognitive processing (memory limitations, e.g} and
the social organization of work {distribution of cognitive labor), es
medieted hy the structure of the computationel task {modularity of
eddition}.

In LOPs 34~38 the recorder and the plotter tuned their division
of lahor. They computed the modular sum jointly in LOP 34, and
the recorder rememhered the modular sum in LOPs 35 and 38,

LOP 34: {{{C+ D} +V)+RB}
picter:  OK, whet’s he on? {to helm) Whet are ye on right now?
8,8585 085, 08#4plus14098. {c+M+V)

Recorder: #085is084 plus 14, {64 +14=] thet’s
Piotter: OK

Recorder: 98

Potte: 9B8and28

Rocorderr 9B {+26=}124. {fIC+D}+V)+RB)

Pictter: #124
flecorder:  #1 2 4 North island tower.
Plotter: OK

LOP 35:

Recorder: {88+21 2=} 30 8onHamm’s light. {{C+ B} + V) + KRB}

{The recorder has misrememhered the true heed. It should he 98,
not 98)

Piotter:  OK
LOP 36:

Recorder:  {98+357)

Plotter: Damn near reciprocals.

Recorder: {~3860 =}

Plotier: 360is #095

Recorder:  ah #095 {HC +D)+ V) + RB)

This is essentiaily the pettern of work they maintained all the way
to the pier. By LOP 38 the final pattern was echieved. In this pet-
tarn, the plotter compnted the modular sum alone, finding C and D
¢t the helm station and recalling V from his long-term memory.
Meanwhile, the recorder recorded the relative hearings. The plotter
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then edded the first reletive bearing to the modular sum, usuaily
while the recorder was recording the last of the relative bearings.
The plotter announced the modular sum to the recorder, and the
recorder then edded each of the other reletive bearings to the
modular sum. The only important event not inciuded in these first
38 lines of position was the edvent of e linguistic label for the
ship's true beed. They celled it “total” in LOP 42 et 18:42. Once
they bed e name for it, they could pass it to eecb other more eesily.
Tbe *publicetion” of the modular sum is essential to the final
solution, since it ects as the bridge between the portion of the
computation done by the plotter and that done by the recorder.

Discimsion

It eppears that four principles control the nevigetion team’s search
of the spece of computational and social structures. They are (1} the
edvantages of opereting first on the contents of working memaory,
which led the computational sequence to be entrained by the pet-
tern of evailebility of data; (2) the use of normetive computational
structure, which permitted the discovery of (3} the edvantages of
modularization of computetion; and {4} the fit of social to compu-
tational structure. Each region of the edeptation process was domi-
neted hy one of these principles. In fact, all of them, except the
edvantages of modularization, were present to some extent in all
four regions of the edeptation history.

MEMORY LIMITATIONS AND AVAILABILITY OF DATA

In the beginning, the structure of the computation seemed to be
driven exclusively by interaction between limitations of the buman
cognitive system (specifically memory limitations} and the evail-
ebility of deta in the environment {Newell and Simon 1672; An-
derson 1963). Memory limitations made it edvantageous to add the
terms of the correction in the order in which they became evaileble.
The availability of data depended on the pettern of social inter-
ections. This seemed to charecterize the plotter’s behevior until be
assumeed e different relation to the computation et LOP 16. It de-
scribed the recorder’s behavior et leest until LOP 32, and possibly
to the end of the task.

At LOP 16, the introduction of the calculetor geve rise to e new
social arrangement {the recorder punched keys while the plotter
told him whicb keys to press.) This geve the plotter e new relation
to the computational task, which led, In turn, to the introduction
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of the normative computational structure. Whet the plotter re-
memhered was ected out in interaction with the recorder. When the
recorder took dictation from the plotter while keying in values, the
plotter was medieting the task for him. The plotter was changing
the recorder’s relation to the task so that what was convenient for
the recorder was also effective for tha computation.

THE NORMATIVE COMPUTATIONAL SEQUENCE, C+D=M,
M+V=T, T+RB=TB

There is no doubt that the plotter’s computations were sheped hy
variants of the normative structure from LOP 16 on. There was only
one exception to this (LOP 19), and in that cese RB bed e value thet
was particularly eesy to handle {0 0 7). The plotter maintained this
structure even wben it ran counter to the pettern of evailability of
dete, s in LOP 18b.

The recorder eppeared to he cepeble of producing the normative
sequence when in interaction with the plotter (LOPs 24b and 27},
hut when on his own be seemed to be driven by the evailebility of
deta. Thus, when computing the true bearings as he recorded the
values of reletive bearings, he always took RB as the first term. Be-
fore the discovery of the devietion term he used the sequence (RB +
C +V); after the inclusion of the devietion be used (RB+C+D+ V).
In one instance, however, the plotter left the tahle to do another
task, and the recorder computed the true bearings alone. After
having recorded the reletive bearings and having obtained the
ship’s magnetic heed from the helmsman (C term in working
memory), the recorder began with the C term.

The computetionel importance of the normetive sequencs is that
it makes the modularization possible. Since eddition is e com-
mutative operation, there is no difference in the sum echieved hy
edding the terms in any of the 24 possible sequences. But if the
eddition is to take edvantage of the modularity of the ship’s true
heed, the terms C, D, and V will beve to be edded together before
any of them is edded to s reletive bearing. The normetive structure
provides e retionale for doing this, and it provides culturally
meaningful interpretations of the intermediete sums thet are leck-
ing from sucb non-normetive edditions as (RB +V} and {V+D). (See
figure 8.1.)

THE MODULAR COMPUTATION
The modular organization of the computation emerges haltingly
from the plotter’s attempts to apply the normative form, but it
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seoms unlikely that the plotter took up the normative form for its
links to a modularized form of the computation. It is more likely
that the normative form gave him a better understanding of what
was going on by providing intermediate sums that bave meaningful
interpretations in the world of the ship. For an experienced nav-
igator, a bearing is not simply a number; it is a body-centered feel-
ing ahout a direction in space. Taking the tarms in non-normative
sequence resulta in intermediate sums that are just numbers. Tak-
ing them in normative sequence results in intermediate sums that
are meaningful directions in the world of the navigator. in this form
they become directions that make sense {or don't), and this gives
the navigator another opportunity to detect error or to sense that
the computation is going well or badly even before it is completed.

There was a hint of modularity in LOPs 18e and 18f, wbere the
plotter computed C+V and then asked for RB. Similarly, m LOP
21h he said “... it's 23 5 {C+V) plus 11 8 (RB).” in each of these
cases, there was only one LOP involved, so it was not possihle to
exploit the advantages of modularization. The first unambiguous
case of modular computation was in the LOPs (25-27) that in-
troduced the deviation term. These were performed in the non-
standard seguence ({(V -+ D) +C] +RB). It is probably significant that
the plotter cbose to perform these calculations with paper and
pencil rether than with the calculator. The paper-and-pencil com-
putation produced, as a natural side effect, a writtan record of the
sum {(V+D)+C), which was then et hand for addition to each of
the relative bearings. The written record of the modular sum in this
instance was functionally similar to tha verbal “publishing” of the
labeled modular sum as “total” in the later fixes.

Thbe modularization of the computation echoes the process of
precomputation described in chaptar 3. The modularized form of
the computation captures a short-lived invariant of the environ-
ment in a tamporary representation,

FIT OF SOCIAL AND COMPUTATIONAL STRUCTURE

The modular form of the computation became stable only when a
new division of cognitive labor was astablisbad in LOPs 32 and 33.
Tha pattarn of evailebility of data produced by the division of labor
in this stabla configuretion fit the computational structure of tha
problem. Tha plotter obtsined C from the helmsman and D from tha
devietion table, added them, and then edded tha varietion (easily
availabla in memory). At the same time, the recorder recorded the
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reletive hearings of the landmerks. The plotter told the recorder the
modular sum, which the recorder recorded, and the recorder pro-
vided the plotter with the first reletive hearing. The plotter added
this relative bearing tc the remembered moduler sum. While the
plotter plotted the first LOP, the recorder then edded each of the
other recorded reletive bearings to the modular sum. Thus, the
team arrived et e division of cognitive labor in which the hehavior
of eech of the participants provided the necessary elements in the
informetion environment of the other just when they were needed.
While each man could behave as though driven by the evailahility
of dete in the world, es e team they performed the edditions in the
sequence thet exploited the henefits of modularizetion.

Adaptation by Design?

Since the work of Cyert and March {1963} organization theory has
viewed routines as fundamental huilding hlocks. Thus, the proc-
esses that change routines are very important to study. The de-
scription of the operation of the four principles that organize the
performance of the task discussed ahove shows how a variety of
solutions may he explored, but it does not in itself answer the
guestion of how hetter solutions may hecome the routine opera-
tions of the system.

A classical view of organizational change is thet an analyst looks
at the hehavior of the system, represents it explicitly, and plans a
better solution. {See, e.g., Chandler 1966.} The hetter solution is
expressed as an explicit description of the system’s operation thet
is suhsequently implemented in the real system hy somehow alter-
ing the behavior of the participants to bring it into line with the
designed solution. We often think of the organization of a system as
a consequance of this sort of planning or design. We imagine an
“outside” ohserver who ohserves the system’s performance, repre-
sents it, operetes on the representation to determine how to change
the system, and then uses e channel of communication from out-
side the system to effect the changes {figure 8.3).

in her work on emergy policy analysts, Feldman (1989) adds
some complexity to the processes hy which routines hecome stahle
elements of task performance. She descrihes organizational rou-
tines as “complex sets of interlocking behaviors held in place
through common agreement on the relevant roles and expecta-
tions.” She says that “any particular set of agreements ahout rules



Figurs 8.3

Chapter B 348

inside auiside

1. Observe

R ntati 2. Manipulat
System epfeief on anipiiate

system

_/

3. implement
changes

The basic design process. A representation that is “about” the srtire system is created from ok
sarvations of the systerm, This roprasentation is manipulated is order to plan an intervention in the
systom,

and roles is e sort of equilibrium setisfying the demands of many
different parties” {p. 136}. A similar view is expressed hy Nelson
and Winter (1982} whan they characterize routines as memory,
truce, and target. This is e more subtle and intaractive sense of the
neture of the solutions to the problem of organization. An organi-
zetion has many parts, and the operation of the whole emerges from
the Interactions of those parts, Bach part may simultaneously pro-
vide constrainta on the behavior of other parts and be constrained
by the hehavior of other parts. In chapter 2, I referred to this sort of
system of mutually edaptive computational parts as e “cognitive
ecology.” This descrihes the sort of solution discovered hy the
pavigetion team on the Polou. The parties to the computation are
the plotter and the bearing recorder, and the demands on them are
constructed in the interactions emong their cognitive processing
cepehilities, the structure of the computation, the evailability of
deta, and the fit between computational and social organization.
They settled into e solution thet simultaneously satisfied all these
constraints. In the same vein, Feldman (ihid.} writes: “Many orge-
nizations or parts of organizations must coordinate their behevior
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in such e wey that eech can cope edequetsly with the pressures and
constraints it has to setisfy. While there mey he many possihle
solutions to such e prohlem, they are not necessarily easy to find.”

Given that organizations are the kinds of systems that consist of
many interlocking, interacting, and mutuaily dependent parts, how
can solutions to the organizetion prohiem be discoverad? Feldman
{ihid.} provides one answer “Even if one of the participants finds e
new solution thet will setisfy the constraints of ell parties, the
prohlems of persueding everyone else that this would he e bene-
ficial change mey still he considerehle.” Clearly the process de-
scribed in this pessage must heppen frequently. Parts of the
behevior of tha nevigation team fit this description nicely. The
plotter’s use of the normative computstion scheme and his et-
tempts to make that scheme explicit for the recorder are examples.
But this answer is e ratreet to the classical view. It posits e designer,
alheit “one of the participants” who “finds e new solution” and
then must “persuede everyone else” that it is e good solution. And
thare remain aspects of the edeptive responses of the members of
the navigetion team, particularly those involving the changing di-
vision of lebor, that are simply not ceptured hy ony description thet
relies on explicit representation of the shape of the solution.

Adaptation and Local Design

In the analysis presented ebove, there are no instances of anyone’s
roflecting on the wbole process. The plotter seems occesionally to
represent the entire computation, but there is no evidence be ever
imagined the structure of the division of lebor. The edeptation
process seemed to take plece by wey of local Interections, mostly of
two types.

First, the members of the team put constraints on eecb other by
presenting eech other with partial computational products. When
there is no previously worked out division of lebor and assignment
of responsibilities for various parts of the computation, team mem-
bers negotiete the division of lebor by doing what they can, or wbet
is convenient, and boping that others can do whatever else is ro-
quired. These are changes that result from the interections among
the behaviors of the parts of the system as they edept to the in-
formetion environment and to the behaviors of other parts. There is
po need to invoke any representation of the behavior of any part of
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the system to eccount for these edaptetions. The way the computa-
tion was driven by the evailebility of deta is an example of this
kind of unreflective adaptation process. Even though they are not
planned, these changes are not necessarily cheotic. If one part of
the systam beheves in e systemetic wey, another part mey come to
bebeve in a systemetic way by edapting to the hehavior of the first.
In the interection between the plotter and the recorder we sew that
the bebevior of one subsystem can be entrained by that of another.
A second edeptive process involves local design. When implicit
negotietions of the division of lebor fail, an ector mey become
eware of his inebility to keep up with the computetion and ettempt
to recruit others to take over parts of it. Thus, the most striking
thing the plotter said during the search for e new configuretion was
something he said to the recorder while falling behind in his et-
tempte to compute hearing corrections with e pocket calculetor, He
pusbed the calculetor et the bearing recorder and said “Here, edd
these things.” There is no need to ettribute e globel ewareness of
the process to the plotter to eccount for this. He doesn't have
enough time to do his own work, let alone to reflect on the overall
division of labor. He is just ecutely eware thet be is felling bebind
and that be needs belp to cetch up. This is e case of local design. As
figure 8.4 shows, design processes may be local to subsystems, This
figure depicts an overall system that can change in three modes:

without any design ectivity et ell, through the edeptive interections
smong the subsystems

through local design ectivities in which manipuletions are per-
formed on representstions of local subsystems in order to discover
more edeptive reletionships with the subsystem’s environment
{These cbanges may, in turn, leed to adeptive changes, either de-
signed or not, by the other subsystems.)

through classical global design ectivities in whicb the represente-
tion is of the entire system of interest.

Modes 1 and 2 are processes that mey lead the system to e ¢ local
minimum—e nonoptimel solution from whicb it is not possible to
reecb an optimal solution. Tbe third mode is supposed to guard
against that possibility. The response of the system to the change in
its environment was eventuslly successful; bowever, it wes the
consequence of e large number of local interections and edjust-
mente, some of whicb led the system awey from the eventual solu-
tion. Many of these edjustments appear to have been local design
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Figure 8.4 Loca! design activity. Subsystems intoract with one ancther and adapt to one another's behaviors.
Reprosentations of ocal subsystom behavior are created and manipulated in order to plan changes
to subsyslem operation, Thess changes may rigger adaptive responses in other subsystems

decisions by the participants. Before its disecovery by the system as
e whole, however, the final configuration eppears not to heve been
represented or understood hy any of the participants. To the extent
thet the ecquisition of e useful edaptation to e changing environ-
ment counts es learning, we must say that this is e case of organi-
zational learning.

Evolution and Design

It seems to me that there is an important difference between the
process of change vie supervisory reflection and intervention im-
agined in the classical view and the process of change via local
adjustment described sbove. It strongly resembles the difference
between design and evolution {Alexander 1964},

Both evolution and design can be characterized as searches. The
evolutionary search is conducted by the system in terms of itself;
the design search is conducted by an “outsider” on representations
of the systam. The evolutionary search is the process of edeptation
(see Weick's (1879) view of enactment); the design search precedes
and guides an implementation of changes that are intended to be
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edeptive. Pure evolution is, in fact, e process without design {see
Dewkins 1886}, Whet we see in the case of the adaptation by the
navigetion team is an organizetionel cbange thet is produced in
part by an evolutionary process (edeptive searcb without repre-
sentation of the search spece} and in part by e process that lies be-
tween evolution and classical global-perspective design.

From this perspective, buman institutions can be quite complex
beceuse they are composed of subsystems {persons} that are
“eware” in the sense of baving representations of themselves and
their reletionsbips with their surroundings. Wbether we consider e
particular cbange at the upper system level to be the result of evo-
lution or the resuit of design depends on wbet we believe ebout the
scope of the ewareness of the subsystems. If we think that some of
the subsystems have globel ewareness, and thet they can represent
and anticipete the consequences of possible cbanges, then we mey
view an organizetional change as e result of design. If we believe
that the subsystems do not form and manipulete representetions of
systam operation, then we must view organizational change as
evolutionary. Whet do we sey wben the individual subsystems
only engage in local design ectivity-—sey, crying out for belp when
one is overworked? In thet cese, design is clearly involved, and the
cbange In the local environment of the individual thet edepts this
wey is e designed change. Now, that local designed change mey
beve undesigned and unanticipeted consequences for other parts of
the system. It mey thus provoke local adaptations by other parts of
the system es all the parts seek (either by design or not} to setisfy
the new environment of constraints produced by the cbenges in the
bebeviors of other parts. Ultimetely, this process may produce e
change in the bebevior of the system es a wbole. Even wben many
locel design decisions are involved, sucb an adeptstion et the sys-
tem level eppears to be evolutionary in the sense that the system-
level cbange thet resulted wes never represented. I believe thet
most of the pbenomene lebeled es social or organizationel “‘evo-
lution” are instances of this kind of change.

Is the navigetion tesk setting primarily the product of evolution
or of design? Every participant can be both inside and outside in
some senae. Tbe changes in the organization of the navigetion team
were brought ebout by changes in the thinking of the participants of
the system—thet is, by cbanges in the egreements ebout rules and
reles that constitute the organizetionel routine. To this extent, the
structure of the setting is e product of design. But since the ob-
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served reorganization wes never fully represented by any of the
participants in the system, the actors’ designs alone cannot eccount
for the solution that was achieved. Thus, the organization of the
navigation task is alsc a product of evolution. Although the par-
ticipants may have represented and thus learned the solution after
it came into being, the solution was clearly discovered by the or-
ganization before it was discovered by any of the participants.

The solution to the problem of organizing work thet wes dis-
covered by the navigation team was not seved in the system. The
conditions for the reproduction of this piece of knowledge are quite
rare. The participants who were directly involved in this event
eventually separeted from the Nevy without ever encountering this
situation again. One of them went on to a position eboard a civilien
oil tanker, so perhaps the knowledge constructed in this event will
someday be reproduced in e different organizational setting.

The fact thet the solution was not ultimately saved does not di-
minish this event’s standing as an exampie of the processes of cul-
tural innovation. The processes by which work is accomplished, by
which people are transformed from novices into experts, end by
which work practices evolve are all the same processes.
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The Costs of Failing to See Cognition as a Gulturai Process
In this book { have tried to provide e coherent account of cognition
and culture as parts of e larger system. This view is not widespread
in cognitive science. Yet, there are unnoticed costs in failing to see
cognition as part of e cultural process.

Merginakzation of Culture

Early in the development of cognitive science, culture was rele-
gated to e peripberal role. As Gardner (1985} pointed out, culture,
history, context, and emotion were all set aside as problems to be
addressed after a good understanding of individual cognition had
been echieved. It is unfortunate thet many anthropologists bave
encouraged this view by thinking of culture as some collection of
things, Tylor (1871) defined culture es “that complex whole which
includes knowledge, belief, art, morals, law, custom, and any other
capebilities and habits acquired by man as a member of society.”
Goodenough {1957} gave cognitive anthropology its founding ide-
ational definition of culture: “wbatever it is one must know in
order to behave eppropriately in any of the roles assumed by
any member of e society.” This view bes developed in cognitive
anthropology over the years. Attempting to define e role for an-
thropology in cognitive science, I’ Andrade (1981} proposed an in-
tellectua} distribution of labor in which psycbologists would be
responsible for the cognitive processes and anthropologists would
be responsible for cognitive content. in this view, culture became
simply e pool of ideas that are operated on by cognitive processes.
Tylor's definition stresses the ecquisition of cultural entities and
tries to give e catalog of abilities and artifacts that constitute cul-
ture. Goodenough's definition was crucial to the birth of cognitive
anthropology, but it and D’Andrade’s formulation completely
ignore the material aspects of culture. I reject both of these
definitions.
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Culture is not any collection of things, whether tangible or eb-
strect. Rather, it is e process. It is e human cognitive process thet
takes plece both inside and outside the minds of people. It is the
process in which our everydey cultural practices are enacted, 1 am
proposing an integreted view of buman cognition in which a mejor
component of culture is e cognitive process {it is also an energy
process, but 'm not dealing with that) and cognition is e culturel
process.

Anthropologists are also guilty of eccepting this marginalization
of culture, or even enhancing it, by granting e special plece to the
powers and limitetions of the mind, es if these can he estshlished
without reference to culture. Anthropological structuralism tries to
reed the properties of minds from the structure of puhlic repre-
sentetions. Sahling {19786} criticizes it as follows: “It would seem ...
thet the main problem of ‘reductionism’ besetting modern struc-
turelism has consisted in e mode of discourse which, by giving
mind ell the powers of *law’ and ‘limitetion,’ has rether placed
culture in e position of submission and dependence. The whole
vocebulary of ‘underlying’ laws of the mind eccords all force of
constraint to the mental side, to which the culturel can only
respond, as if the first were the ective element and the letter
only passive.”

Marginelizing culture by reducing it to some collection of ide-
ational contents hides the many weys in which cognition is part of
the cultural process. Culture is a process, and the “things” that ap-
pear on list-like definitions of culture are residue of the process.
Culture is an edeptive process that eccumuletes partial solutions to
frequently encountered problems. It is unfortunete thet cognitive
science left culture, context, and history to be eddressed after the
understanding of the individuel hed metured. The understanding
of the individual thet has developed without consideratior of cul-
tural process is fundamentally flewed. The early researchers in
cognitive science placed e het that the modularity of human cogni-
tion would be such thet culture, context, and history could he
safely ignored at the outset, and than integrated in later. The het
did not pey off. These things are fundamentel aspects of human
cognition and cannot be comfortably integreted into a perspective
thet privileges ehstract properties of isoleted individual minds.
Some of what bes heen done in cognitive science must now be un-
done so thet these things can be brought into the cognitive picturs.
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Mistaking the Properties of the System for Those of the individual

Another cost of failing to see the cultural nature of cognition is that
it leads us to make too much of the inside/outside boundary or to
assume the primacy of that boundary over other delimitations of
gognitive systems.

CONSTRUCTION OF PRIMITIVE THOUGHT

A surprising side effect of the beevily drewn inside/outside boun-
dary is thet it reinforces the idee that individuals in primitive cul-
tures beve primitive minds. The firm drawing of the inside/outside
boundary creetes the impression that individual minds operete in
isoletion and encourages us to mistake the properties of complex
sociocultural systems for the properties of individuel minds. If one
believes thet technology is the consequence of cognitive cepabii-
ities, and if one further believes that the only place to look for the
sources of cognitive cepabilities is inside individual minds, then
observed differences in level of technology between e “techno-
logically edvanced” and e “technologically primitive” culture will
inevitebly be sean as evidence of edvanced and primitive minds.
Differences in mentsl capacity seem necessary to eccount for dif-
ferences in level of technology. I tried to sbow in chapters 2-6 thet
moving the boundaries of the unit of cognitive anelysis out beyond
the skin reveals other sources of cognitive eccomplishment. These
other sources are not mysterious, they simply arise from expliceble
effects thet are not entirely internal to the individual.

Overattribution

Overlooking the cultural neture of cognition has another cost—one
thet mey be the most interesting and far-reeching for the field of
cognitive science itself. When one commits to the notion that ell
intelligence is inside the inside/outside boundary, one is forced to
cram inside everything that is required to produce the observed
bebeviors. Mucb of cognitive science is an ettribution problem. We
wisb to make assertions ebout the nature of cognitive processes that
we cannot, in general, observe directly. So we make inferences on
the besis of indirect evidence insteed, and ettribute to intelligent
systems a set of structures and processes that could have produced
the observed evidence. Thet is e venerable research strategy, and |
have no objection to it in principle. However, failing to recognize
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the culturel neture of cognitive processes can leed to e mis-
identificetion of the boundaries of the system that produced the
evidence of intelligence. If we fail to bound the system properly,
then we mey eitribute the right properties to the wrong system or
{worse) invent the wrong properties and ettribute them to the
wrong system. In this ettribution game, there has been ¢ tendency
to put much more inside than sbould be thers.

How Cognitive Science Put Symbols ir: the Head
I there are fundamental deficiencies in the dominant conceptions
of cognition in cognitive science, bow did thet come about?

It is sometimes difficult to sey things thet are quite simple. The
words we must sey are simple, but sometimes it takes a lot of work
to construct the conceptual framework in which those simple
words have the right meanings. There are many possible reedings
for the sentences I want to write. In the previous chepters I tried
to construct some of the conceptuel background that will allow
me now to sey some simple things. However, one hurdle remains.
Some of what I have done bere departs from the mainstream of
cognitive science. And some of the imexamined assumptions of the
field make my words unruly. Whet I want to sey cannot be said
simply in thet framework.

In order to construct e new framework, I will bave to deconstruct
the old one. In what follows I will give e brief “Official” History of
Cognitive Science. This is e history as seen by the proponents of
the currently dominant paredigm. I will then rereed the history of
cognitive science from e seciocultural perspective. In doing this §
will identify e number of problems in contemporary cognitive sci-
ence and ettempt to give new meanings to some of the familiar
avents in its history.

The “Officisl” History of Cognitive Scleace

I begin the official history of cognitive science with a quote from
Herbert Simon and Craig Kaplan {1989): *The computer was made
in the image of the human.”

The ideas on which cognitive science is based are so deeply in-
grained in our culture that we can scarcely see how things could be
otherwise. The roots of representationalism go back at leest to
Descartes.
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Dreyfus {1992) summarizes the history of Good Old Feshioned
Artificiel Intelligence (GOFAI) as follows:

GOFAI is bosed on the Cortesian idea thot oll understanding con-
sists in forming ond using oppropriote symbolic representotions.
For Descortes, these representotions were complex descriptions
built up out of primitive ideas or elements. Kont odded the im-
portant idea thot oll concepts ore ruies for reloting such elements,
ond Frege showed thot the rules could be formolized so thot they
could be monipuloted withowt intuition or interpretotion.

The entities that are imagined to be inside the mind are modeled
on a particular class of entities that are outside the mind: symbolic
representstions.

Symbolic logic has a speciel plece in the history of cognitive
science. The idee thet e computer might be in some way like e
person goes back to the formalization of logic and mathematics. In
the early years of cognitive science, developments in information
theory, neuroscience, psychology, and computer science came to
heve e synergistic interrelationship. In informetion theory the no-
tion of a binary digit {bit) as the fundamental unit fit with specula-
tions hy McCalloch and Pitts that neurens could be cbaracterized
as on/off devices. Thus, the hrain might be seen es e digital ma-
chine {this turned out to be wrong, but at the time thet did not in-
terfore with the developing synergy). Both of these ideas fit well
with Turing’s work sbowing that any function that could be ex-
plicitly specified could be computed by a class of mechine called e
universal machine and with bis demonstration that the imaginary
Turing Machine thet operated on a binary code was an example of e
universal machine.

The symbol-processing model of cognition has something else
going for it as well: “A universal machine can be programmed to
compute any formelly specified function. This extreme plasticity in
behavior is one of the reasons wby computers bave from the very
beginning been viewed as artifacts that might be cepeble of ex-
hibiting Intelligence.” {Pylysbyn 1989: 54} This was an essential
component of the history of the field. Referring to the buman cog-
nitive architecture, Newell et el. {1988: 103} say that “the central
function of the architecture is to support a system cepeble of uni-
versal computation.” By cboosing a formalism that is capeble of
any specifiable computation, the early theorists wera surely casting
a wide enough net to capture buman cognition, whatever it might
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turn out to be. It seemed that the only viehle challenge to this view
would be e demonstration that buman cognition might not be for-
mally specifiahle. There are many varieties of systems cepahle of
universal computation. Newell and his colieagues and most others
in the classical camp have taken what is called e “physical symbol
system” as the primary architecture of human cognition. “A phys-
icel symbol system is an instance of e universal mechine. Thus the
symhol system hypothesis implies thet intelligence will be realized
by e universal computer.” (Newell and Simon 1990) Newell and
Simon (ibid.} define e pbysical symbol system this wey:

A physical symbol system consists of o set of entities, colled sym-
bols, which are physical patterns thot con occur os companents of
another type of entity called on expression {or symbol structurs].
Thus o symbol structure is composed of o number of instances (or
tokens) of symbols reloted in some physical way {such os one token
being next to another]. At any instont of time the system will con-
toin o collection of these symbol structures. Beside these structures,
the system also contoins o collection of processes thot operate on
expressions to produce other expressions: processes of creation,
modification, reproduction, ond destruction. A physicol symbol
system is o mochine thot praduces through time on evolving col-
lsction of symbol structures. Such o system exists in o world of ob-
jects wider thon just these symbolic expressions themselves.

According to Pylyshyn (1989}, the notion of mechanism that un-
derlies the classical concept of cognition is “concerned only with
abstrectly defined operetions such as storing, retrieving, and alter-
ing tokens of symholic codes.”

Simon and Kaplan {1989) cite the Logic Theorist of Newell and
Simon {1958} es an example of ehstrect intelligence and note the
role of psychological research in its design:

The eorliest ortificial intelligence programs (for example, the Logic
Theorist {Newell ond Simon 1956)} ore perhops best viewed os
models of obstract intelligence; but nonetheless their design was
informed by psychologicol research on memory ond problem solv-
ing—note, for exomple, the use of ossaciotive structures in list-
processing programming longuoges ond subsequently the frequent
use of means-ends onolysis for inference.

By emhodying the growing knowledge of human information-
processing psychology in computer programs, the early researchers
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were ehle to express their theories shout cognition es working
models that, in many cases, were cepahle of ectually repreducing
many important aspects of the hehevior of human subjects.

Artificial intelligence (AI) and informetion-processing psychoi-
ogy thus heve a synergistic relationship to each other. informe-
tion-processing psychology investigetes humans es informetion
processors vie the computational metaphor of mind, while Al
investigates mechine implementations of intelligent processes. The
operation of mechines that are purportedly huilt in the image of
bumans is helieved to shed light on netural human intelligence.
Since the properties of abstrect systems of intelligence are not de-
pendent on the implementational details of the machines on which
they run, intelligence in general {in addition to specifically human
intelligence) can he investigeted with this technology. The hope is
that these -treditions will continue to synergisticelly feed each
other. in the most optimistic versions of the story, Al and informe-
tion-processing psychology are the principal motors of scientific
progress in cognitive science.

An Altwnative History of Cognitive Science

Let us beck up and axamine the history of computars a bit more.
Tha digitel computer is a pbysical davica that can support a mecb-
anizad version of e formal system. And it is this capacity thet
makas it a potential modal of intalliganca. Understanding comput-
ers requires an understanding of formal systems. Wa know thet
formal systams go beck saveral thousand years in tha history of our
species. 1 do not know wban the formal espects of formel systams
were first understood. I suspact thet real undarstanding of tha for-
mal aspects of formal systems did not coma until the revolutionary
work on mathametics and logic et the beginning of this century that
wes critical to the foundation of cognitiva sciance. Formel systems
themsalvas ara mucb oldar than our axplicit understanding of
them. Thba first arithmatic systams are et laast 3000 yaars old, so we
mey teka that es e minimum age of formal systems in the buman
expariance. Tbe idea of a formal system is that there is soma world
of pbenomana, and soma way to encoda the pbenomana as sym-
bols. Tha symbols are manipuleted by reference to their form only.
We do not interpret tha maanings of tha symbols whila they are
being manipuleted. Tha manipuletion of the symbols rasults in
soma othar symbolic expression. Finally, wa mey interprat a nawly
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creeted string of symbols as meaning something ebout the world of
pbenomene.

Being eble to find sets of syntectic manipuietions of symbols that
preserve this reletionship so thet we can reinterpret symbolic ex-
pressions into the world is of paramount importance. As Pylysbyn
{1989} seys: “One might esk bow it is possible for symbolic ex-
pressions and rules to keep maintaining their semantic inter-
pretation, to keep the semantics of the expressions coberent. It is
one of the important discoveries of formal logic that one can specify
rules that operete on symbolic expressions in such a wey thet the
sequence of expressions alweys corresponds to e preof.” If we built
the right formal system, we could now describe stetes of affairs
in the world that would beve been impossible or imprectical to
observe directly. Such ¢ state of affairs might be something in the
future, wbicb we cannot observe directly, but whicb can be pre-
dicted. I consider the mastery of formal systems to be the key to
modern civilization. This is e very, very powerfol idee.

The system of ship nsvigetion thet { have presented in this book
is besed on formel manipuletions of numbers and of the symbols
and lines drawn on e chart. It is e system thet exploits the powerful
idee of formel operetions in many ways. But not all the represente-
tions that are processed to produce the computetional properties of
this system are inside the beads of the quartermasters. Many of
them are in the culturally constituted meterial environment thet
the quartermasters share with and produce for eech othar.

Now, bere is whet § think happened. 1t was discovered thet it is
possible to build mechines that can manipulete symbols. The
compater is nothing more than an eutometed symbel manipuletor.
And through symbol manipuletion one can not only do things we
think of es intelligent, like solving logical proofs or pleying cbess;
we know for e fect that througb symbol manipulation of ¢ certain
type it is possible to compute any function thet can bo explicitly
specified. So, in principle, the computar could be an intelligent
system. The mechanical computers conceived by Charles Bebbage
to solve the problem of unreliebility in buman compilers of math-
ematical and nevigetional tables were seen by his edmirers to beve
repleced the brain; **The wondrous pulp and fibre of the brain had
been substituted by brass and iron; {Bebbage] had taught wheel-
work to think” {H. W. Buxton, cited in Swade 1993). Of course, e
century leter it would be vecuum tubes that creeted the “electronic
brain.”
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But somathing got lost in this mova. Tha origin myths of cogni-
tive scianca place tha saminal insights of Alan Turing in his ob-
servations of his own actions. Dennatt (1991) descrihes tha context
of Turing's discoverias:

He was thinking self-consciously ond introspectively obout just
how he, o mothemoticion, went obout solving mothemotical prob-
lems or performing computotions, and he took the important step
of trying to break down the sequence of his mental octs into their
primitive components. “Whot do I do,” he must hove osked him-
self, “when I perform o computation? Well, first I osk myself which
rule opplies, ond then I opply the rule, and then write down the
result, ond then I look ot the result, and then I osk myself whot to
do next, ond. ...”

Originally, the modal cognitiva systam was a parson actually
doing the manipulation of the symhols with his or har hands and
ayes. The mathamatician or logician was visually and manually
interacting with a matarial world. A person is interacting with the
symhols and that intaraction does something computational. This
is a case of manual manipulation of symbols.

Notice that when the symbols are in the environment of the hu-
man, and the human is manipulating the symhals, tha cognitive
properties of the human are not tha sama as tha proparties of tha
system that is mada up of tha human in intaraction with thesa
symhols. The proparties of the human in interaction with tha sym-
hols produce some kind of computation. But that does not maan
that that computation is happening inside the person’s head.

John Searle’s “Chinese room” thought experimant providas a
good example of this effect. Imagine a room inside of which sita the
philosophar Searla. Chinese pacpla come up to the room and push
strings of Chinase characters through a siot in the door. Saarle slips
back other strings of charectars, which tha Chinese taka to be clever
responses to thair questions. Now, Searla does not understand
Chiness. Ha doesn’t know tha meaning of any Chinase character.
T'o him, the characters of written Chinase are just a hunch of elab-
orate squiggles. Howevar, Searle has with him in tha room haskets
of Chinese characters, and he has a rulabook which says that if ha
gets certain sequences of characters he should creata cartain other
sequencas of characters and slide them out the slot.

Searla intends his thought experimant as a demonstration that
syntax is not sufficiant to produce semantics. According to Saarla,
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tha room appaars to babava as thougb it undarstands Chinasa; yat
naither he nor anything in tha room can be said to undarstand
Chinesa. There ara many argumants for and against Saarla’s claims,
and I will not raview them hare, instead, I want to intarpret tha
Chinesa room in a completaly diffarant way: Tha Chinasa reom is a
sociocultural cognitiva system. Tba raaily nica thing about it is thet
it shows us very claarly that the cognitiva propartias of tha person
in the room are not the sama as the cognitiva propartias of tha room
as e wbole. There is John Searle with e beskat of Chinasa characters
and a rulebook. Togathar he and the charactars and ralabook in
interaction seem to speak Chinasa. But Saarle himsalf spaaks not a
word of Chinese.

Let us be clear, then, on tha distinction betwaen the cognitive
properties of the sociocultural systam and the cognitive properties
of e person wbo is manipuleting tha alamants of thet system.

The heart of Turing’s greet discovary was thet the embodied ac-
tions of tha mathamatician and tha world in whicb the mathama-
tician actad could be idealized and ebstrected in such a wey that
the mathematician could ba alimineted. What remained was the
assance of tha application of rules to strings of symbols. For tha
purposas of producing the computation, the way tha methama-
tician actually intaracted with the material world is no more than
an implamentational datail. Pylysbyn (1989) claims that whila
Turing was developing tha notion of the mechanically “affectiva
procadure” he was Jooking “at what a mathemetician does in the
coursa of solving mathamatical problems and distilling this procass
to its assantials.” Tha question of wbet constitutes the essentials
bere is critical. For Turing, the essentiais evidently involve the
pattarns of manipulations of the symbols, but they expressly do not
involva tha psycbological processes whicb the methematician uses
in ordar to accomplish the manipulations. The assentiais of tha ab-
strect manipulation of symbols are pracisaly not what tha parson
does. Whet Turing modeled wes the computational propartias of a
sociocultural system.

When the manipuletion of symbols is eutometed, neither the
cognitiva procassas nor tha activity of the person wbo manipulated
tha symbols is modeled. The symbols themselves are demater-
ializad and pleced inside the machine, or fed to it in e form that
parmits tha straightforward ganaretion of intarnal representations.
Whet is iraportant about this is that all the problems the metheme-
tician facad wban intarecting with e world of meterial symbol to-
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kens are evoided. That is good news, if those things are considered
unimportant, beceuse they are a nuisance to model anywey. The
rulehook (or the methemetician’s scribhled notations of rules) is
repleced by ebstrect rules, aiso inside the computer. The methe-
matician wbo was e person interecting with e material world is
peither modeled by this system nor repleced in it by something
olse. The person is simply ebsent from the system thet performs
autometic symbol manipulation. Whet is modeled is the abstract
computation echieved by the manipuletion of the symbols.

All that is fine if your goal is to extend the boundaries of buman
computational eccomplishmenta, But it is not necessarily e model
of the processes engaged in by e person doing that task. These pro-
grams produce the properties, not of the person, but of the socio-
cultural system. This is e nontrivial eccomplishment. But the
culture of cognitive science bas forgotten these aspects of its past.
Ita creation myths do not include this sort of analysis. The physical-
symbol-system orchitecture is not o model of individual cognition.
It is a model of the operation of a sociocultural system from which
the human octor hos been removed.

Having failed to notice that the central metepbor of the pbysical-
symbol-system bypothesis ceptured the properties of e socio-
cultural system rether than those of an individuel mind, Al and
informetion-processing psycbology proposed some radical con-
ceptuel surgery for the modeled buman. The brain was removed
and repleced with e computer. The surgery was e success. How-
ever, there wes an epparently unintended side effect: the bands, the
eyes, the ears, the nose, the mouth, and the emotions all fell ewey
when the hrein was replaced by e computer.

The computer was not made in the image of the person. The
computer was mode in the image of the formal manipulations
of obstract symbols. And the lost 30 years of cognitive science
can be seen os attempts to remake the person in the image of the
computer.

It is no eccident that the language of the pbysical-symbol-system
bypothesis captures so mucb of wbet is heppening in domains like
ship nevigetion. The pbysical-symbol-system bypothesis is besed
on the operation of systems of this type. Conversely, there is noth-
ing metaphoricel ehout talking ebout the bearing record book as a
memory, or ebout viewing the eresure of lines drawn in pencilon e
cbart es forgetting. Sometimes my colleagues ask me wbether I feel
safe metepboricelly extending the languege of whet's happening
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inside people’s beeds to these worlds. My response is “It’s not e
metaphorical extension et all.” The computer was made in the im-
age of the sociocultural system, and the buman wes remede in the
image of the computer, so the language we use for mental events is
the language thet we sbould heve used for these kinds of socio-
cultural systems to begin with. Tbese are not examples of met-
epborical extension from the base domain of mental events to the
target domain of cultural activity. Rether, the originol source do-
main for the language of thought was e particular highly eleborated
and culturally specific world of human ectivity: that of formal
symbol systems,

At first, the falling ewey of the epparatus thet connects the per-
son to the world went unnoticed. This mey beve been beceuse
there was e lot of justifiable excitement ebout wbat could be done
with this technology. All thet remained of the person, bowever,
was the boundary between the inside and the outside. Ard this
boundary was not the same as the boundary of the Chinese room.
The boundary thet remained was assumed to be the boundary of
the person--the skin or the skull. In fact, it wes the boundary of the
formal system. The boundary between inside and outside became
the boundary between ebstract symbols and the world of phenom-
ens described by symbols. The walls of the Chinese room were
mistaken for the skin of the person. And the walls of the room sur-
rounded the symbols, so the symbols were assumed to be inside the
beed.

This separetion between the boundaries of the formal system and
the skin shows up in the language of cognitive science. “Symbol
systems are an interior milieu, protected from the external world,
in whicb informetion processing in the service of the organism can
proceed.” {Neweli et al. 1989: 107 [my emphasis}). Or:

Act*, 0s is typicol of mony theories of cognition, focuses on the
central orchitecture. Perception ond motor behovior ore ossumed
to toke ploce in odditionol processing systems off stage. Input or-
rives in working (memory), which thus octs os o buffer between the
unpredictoble stream of environmentol events ond the cognitive
system. {ibid.: 117}

The “off stage’” metapbor of Newell et al. expresses the isolation
of the cognitive system from even the sensory and motor experi-
ences of an organism. In fact, many cognitive scientists take the
word ’cognitive’ as an antonym to ‘perceptual’ or ‘motor’. Here is ¢
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typicel example of this usage: ‘“This is especially true for tasks thet
ara primarily cognitive, in whicb parceptual and metor operetions
play only e small role in the total sequence.” A strong claim ebout
the modularity of the human cognitive systam is implicit in this usa
of language. It places e large divida hetween cognition and tha
world of axperience. But the existance of parceptual and motor
procasses that are distinct and separete from so-called cognitive
processes is not an empirical fect: it is simply a bypothesis that was
made necassary by having constructed cognition out of e mecha-
nizad formal symbol procassing system. Proponents of the pbysi-
cal-symbol-system bypothasis point to tha existence of various
sensory and motor memories that can ect as buffers between cog-
nition and the world of experienca as evidenca of this modularity.
In fact, there mey ba many other uses for such buffars. We are un-
likaly to discovar thase othar uses, howevar, as long as we keap
cognition isolated from the world. For axample, sucb buffers may
ba essential in maintaining training signals after tha disappaarance
of stimuli while learning is taking placa.

Tha model of buman intelligence as abstract symbol manipule-
tion and the substitution of e mechanized formal symbol-manip-
ulation system for the brain result in tha widespreed notion in
contamporary cognitiva science thet symbels are inside tha haed.
The alternative history I offer is not really an account of bow sym-
bols got insida the heed; it is a historical eccount of how cogaitiva
science put symhols inside tha haad. And while I believe that pao-
ple do process symhols {even ones that heve intarnal rapresanta-
tions), I believa thet it was e mistake to put symbols insida in this
particular way. Tha mistake was to take a virtuel mechine anacted
in the interections of real persons with a meterial world and make
that the architecture of cognition.

This mistaka bas consequences. Wby did all the sensorimotor
apparatus fall off the person wben tha computer repleced tha brain?
It fell off becausa tha computer was naver e model of the person to
begin with. Ramember thet the symbols were outside, and tha ap-
paretus thet fall off is exactly tha apparatus thet supportad inter-
ection with those symbols. When tha symbols were put inside,
there was no need for eyes, ears, or hands. Thosa are for manip-
ulating objects, and the symbols have ceased to ba material and
beva become entirely ebstract and ideetional. Tha notion of eb-
stractness was necessary to bleech the material aspact out of the
symbols so thet thay could hecome fread from any particular
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material instantiation. Calling logic and mathematics “sbstract”
more than missas the point of their concrete nature as buman ac-
tivities; it obscures it in 2 way that allows them to be imported into
o cagnitive inner sanctum. The physicality af meterial symbals in
the environment has been replaced by the physicality {ceuselity} af
the camputer; thus, while the physical is ecknawledged in the
physical-symbol-system hypathests, it is rendered irrelevant by the
claim thet the physical espect is an implementatianal detail. This
idee mey elsa help ta explain the indifference that cagnitive sci-
ence generally shaws ta ettempts ta study implementatian in real
human systems.

Cbserve haw e propanent af the classical view treets the manip-
uletian af e camputetianal artifact. Here Pylysbyn (1989: 56) can-
structs an example af manipuletians af symbols that are cades far
numbers:

If you can arrange far the camputer ta transform them system-
atically in the appropriate way, the transformatians can carre-
spand ta useful mathematical aperotians such as additian ar
multiplicatian. Cansider an abacus. Patterns af beads represent
numbers. Peaple learn rules far transfarming these patterns af
beads in such a way that the semantic interpretatian af befare-and-
after pairs carresponds ta a useful mathematical functian. But
there is nathing intrinsically mathematical abaut the rules them-
selves; they are just rules far maving beads around. What makes the
rules useful far daing mathematics is that we are assured af a cer-
tain cantinuing carrespandence between the farmal ar syntactic
patterns af beads and mathematical abjects {such as numbers}.

There are na bands ar eyes in this descriptian. There are anly the
formal praperties af the petterns af heads. Pylyshyn is using the
example af the ebecus ta shaw haw the manipuletian af symbols
produces camputatians. He provides e very nice illustratian af the
pawer af this cultural artifact. He is nat interested in whet the per-
son daes, ar in wbet it means far e persan ta learn, ta “knaw,” ar ta
epply e rule. Rather, he is interested in the praperties af the system
enacted by the persan manipuleting the physical beads. Thet is fine
as o description af the camputatianal properties af e saciaculturel
system, hut to take this as being ebaut cagnitive processes inside
the skin is ta recepitulete the error af misteking the properties af
the sociacuitural system far the properties af a perean. It is eesy ta
da. It is samething we da in gur folk psychalagy all the time. But
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wben one is really careful about talking ebout cognition, one must
carefully distinguish between the tasks thet the person faces in the
manipulation of symbolic tokens and the tasks that are accom-
plished by the manipulation of the symbolic tokens.

A failure to do this bas led to e biased view of the tasks thet are
properly considered cognitive. Problem solving by beuristic search
is taken as a representative cognitive ectivity. This is tailor-made
for the symbol-sbuffling epparatus. The definition of cognition has
been unhoocked from interection with the world. Research on games
and puzzies bas produced some interesting insights, but the results
mey be of limited generality. The tasks typicelly cbosen for labo-
ratory studies are novel ones thet are regarded by subjects as chal-
lenging or difficult. D’Andrede {1989) bas likened the typical
laboretory cognitive tasks to feets of athletic prowess. If we want
to know ebout walking, studying people jumping as high as they
can may not be the best approech. Such tasks are unrepresentative
in another sense as well. The evolution of the material means of
thougbt is an important component of culturally eleborated tasks. it
permits e task that would otherwise be difficult to be re-coded and
re-represented in a form in which it is eesy to see the answer. This
sort of development of material means is intentionally prohibited
in puzzle tasks beceuse to allow this sort of evolution would de-
stroy the puzzling espects of the puzzle. Puzzles are tasks thet are
praserved in the culture because they are cballanging. If the per-
formance mattered, we would learn to re-represent them in e wey
that removed the cballenge. That would also remove their velue as
puzzles, of course. The point is that the tasks thet are “typical” in
laboratory studies of thought are drawn from e special category of
culturel meterials that have been isolated from the cognitive proc-
esses of the larger cultural system. This makes these tasks espe-
cially unrepresentative of buman cognition.

Howard Gardner {1885) is very kind to cognitive science wben be
says thet emotion, context, culture and history wera deemphasized
in early cognitive science beceuse, although everyone believed
they were important, everyone also knew that they compliceted
things encrmously. According to Gardner, getting the program
started required a simple model of cognition. The field therefors
deferred consideration of affect, culture, context, and history until
such time es there was e good mode} of bow an individual worked
in isolation. It was boped that these things could be added in later.
That is e cbaritable reading of the history, I think. I can see why
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there were compelling reesons to see it as it was seen, and not to
notice that something is wrong when Al wes producing “deaf,
dumb, and hlind, pareplegic agents” (Bobrow 1991} as models of
human cognition.

Newell et al. (1989) seemed genuinely puzzled by the fact that no
one had succeeded in integrating emotion into the system of cog-
nition they had huilt. Yet this failure is completely predictehle
from the assumptions that underlie the construction of the symbol-
manipulation modsl of cognition. The person was simply omitted
from what was taken as the modsl of the cognitive system. The
model of cognition came from exactly thet part of the system that
was material rether than human. Within this underlying theory of
cognition thare can he no integration of emotion, beceuse the part
of the cultural system thet is the basis of the physical symhol sys-
tem excludes emotion. The integration of cognition with ection will
remain difficult heceuse the central hypothesis separstes cognition
and ection hy definition. History and context and culture will al-
weys be sesn as edd-ons to the system, rether than es integral parts
of the cognitive process, beceuse they are by definition outside the
boundaries of the cognitive system. '

Adberents of the physical-symhol-system hypothesis are ob-
viously eware of the presence of ® world in which ection takes
place, and they heve ettempted to take it into account. Consider the
following passage from Newell and Simon’s seminal 1972 book
Humon Problem Solving :

For our theory, specificotion of the external memories ovailoble to
the problem solver is obsalutely essential. These memories must be
specified in the some terms os those we hove used for the internal
memories; symbol copacities, occessing characteristics, ond read
and write times. The problem solving program odopted by the in-
formotion-processing system will depend on the noture of its “built
in” internol STM ond LTM ([short-term memory and long-term
memory].

From o functionol viewpoint, the STM should be defined, not os
on internal memory, but os the combinotion of (1} the internal STM
and {2} the part of the visual disploy thot is in the subject’s foveal
view. . ..

In short, olthough we hove few independent dota suited to de-
fining precisely how external memory con ougment STM, the two
components do oppear to form o single functional unit os far os the
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detailed specificotion of o problem solving informotion-processing
system is concerned.

This is a good start on the problem, but I think it is fair to say that in
the twenty years since the publicetion of Human Problem Solving
the use of material structurs in the prohlem-solving environment
has not been ¢ central topic in the physical-symbol-system research
agenda. Some recent work within this tredition takes the “external
world” into eccount {Larkin 1989; Vere and Simon 1993} hut treats
the world only as an extra memory on which the same sorts of
operetions are epplied as are applied to internal memories. Struc-
ture in the world can bo much more than an sugment to memory.
The use of cultural structures often imvolves, not just the same
process with more memory, but altogether different processes. The
overettribution of internal structure results from overlooking
the coordination of whet is inside with what is outside. The prob-
lam remains that the nature of the interection with the world pro-
posed in these systems is dstermined hy the assumptions of the
symholic architecture that require the hridging of some gap be-
tween the inner, cognitive world and an outer world of perception
and action.

These criticisms by themselves are not sufficient grounds for re-
jecting the notion that humans are symbol-processing systems.
Newell and Simon (1990} wisely ecknowledge that the physical-
symbol-system hypothesis is e hypothesis and thet the role of
symbolic processes in cognition is an empirical question. It has
proved possible to intarpret much of human problem-solving be-
havior as if the very architecture of human cognition is symbol
processing. It's a hypothesis. A lot of date can be read as failing to
rejoct it. Yet, the hypothesis got there under suspicious circum-
stances. There are no plausible biological or developmental stories
telling how tha architecture of cognition became symbolic. We
must distingnish between the proposition that the architecture of
cognition is symbolic and the proposition thet humans are proc-
essore of symbolic structures. The latter is indisputshile, the former
is not. I would like to be ehle to show how we got to be symbol
manipulators in relation to how we work as participants in socio-
cultural systems, rether than assume it as an act of faith. The ori-
gins of symbolic processes have not been explored this way,
though, hecause they were ohfuscated by the creation myth that
maintains that the computer was mada in the image of humans.
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Increasingly, the physical-symbol-system hypothesis is e per-
spective into which things don’t fit. It was e bet or e guess,
grounded in e nearly religious belief in the Pletonic status of
msthemetics and formal systems as eternal verities rather than es
historical products of human activity. This is an old dispute thet
lies ot the heart of the developing split in cognitive science between
those who feel there is more to be learned from the physical-sym-
bol-system research and those who feel it has been exhausted. {See
the special January-March 1993 issue of Cognitive Science.) By ed-
voceting this alternetive view, I am espousing what might be called
o "secular” view of cognition—one thet is grounded in a secular
perspective on formal systems, in contrast with the quasi-religions
“cosmic truth” view put forth by the symbolists.

Why cognition became disembodied is clear from the history
of the symbolic movement. An important component of the solu-
tion is to re-embody cognition, including the cognition of symbol
processing. '

1 believe thet bumans ectually process internal representetions of
symbols. But I don’t believe that symbol manipuletion is the archi-
tecture of cognition. Historically, we simply agsumed thet symbol
processing was inside beceuse we took the computer as our model
of mentality. Humans {and, ] suspect, most other animals} are good
et detecting regularities in their environment and et constructing
internel processes that can coordinate with those regularities. Hu-
mans, more than ary other species, spend their time producing
symbolic structure for one another. We are very good at coordinat-
ing with the regularities in the petterns of symbolic structure thet
we present to one another. As wes described in chapter 7, the in-
ternal structures that form as e conseguence of interection with
symbolic meterials can be treated as symbolic representetions. On-
togeneticeily speaking, it seems that symbols are in the world first,
and only leter in the bead.

Studying Cognition in the Wild
Many of the foundational prohlems in cognitive science are con-
sequences of our ignorance of the nature of cognition in the wild.
Most of what we know ehout cognition was learned in laboratory
experiments, Certainly, there are many things thet can he learned
only in closely controlled experiments, But little is known ebout
the relationships of cognition in the captivity of the lahoretory to
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cognition in other kinds of culturally constituted sattings. The first
part of tha joh is, tharefore, e descriptiva enterprisa. 1 cell this de-
scription of the cognitiva task world a “cognitiva athnogrephy.”
One might heve essumed that cognitiva anthropology would heve
mede this sort of work its centerpieca. It bas not. Studying cogni-
tion in tha wild is difficult, and the outcomes are uncartain.

Cognitiva systems like tha one documantad in this hook exist
in all facets of our livas. Unfortunately, few truly athnographic
studias of cognition in tha wild bhava been performad. (Baach
1988, Fraka 1985, Gledwin 1970, Goodwin 1983, Goodwin and
Goodwin 1892 and 1995, Latour 1986, Lava 1988, Lave ot al. 1984,
Ochs at al. {in press), Scribnar 1984, Suchman 1987, and Thaureau
1990 ara lonaly axceptions to this trend.) Wa trust our lives to sys-
tems of this sort avery dey, yat this class of phenomens has some-
bow fallan into the crack between tha astablisbad disciplines of
anthropology and psychology and appears to ba excluded hy
foundational assumptions in cognitive science. This hook is an
attampt to show whet e netural history of a cognitive system could
be like.

Among the banefits of cognitive ethnogrephy for cognitiva sci-
ance is the refinamant of e functional specification for the human
cognitive systam. Whet is a mind for? How confident are wa that
our intuitions about the cognitiva nature of tasks we do on a daily
basis are correct? It is e common piece of common sense that we
know what thosa tesks are because we are human and heceusa we
engage in tham daily. But I beliava this is not trua. In spite of tha
fact that we engaga in cognitiva activities avary day, our folk and
professional modals of cognitiva parformance do not match what
appaars whan cognition in tha wild is examinad carefully. I bave
tried to show hara that the study of cognition in the wild may re-
vaa! e different sort of task world thet permits e different concep-
tion of what people do with thair minds.

Cognitive science was born in a reection against hehaviorism.
Behaviorism had meda tha claim thet intarnal mental structure was
aither irrelavant or nonaxistent—that tha study of hahavior could
be conducted entiraly in an ohjective characterization of behevior
itself. Cognitive scienca’s raaction wes not simply to argua that the
internal mental world was important too; it tock as its domein of
study tha internal mantal anvironmant largely separatad from tha
external world. Interaction with the world wes reduced to reed and
write operations conducted et eithar and of extensiva processing



Chapter 8 312

bevelopment of the practice

Development of
the practitioners

Figr 9.1 A moment of human practice.

ectivity. This fit the computer metapbor very well, but it made the
organization of the environment in whicb thinking took place seem
largely irrelovant. Both behaviorism and cognitivism must be
wrong.

Cognition in the kmtersection of Cultural Processes

The cube depicted in figure 9.1 represents any moment in nevige-
tion prectice {or, in fact, any moment in any human prectice). The
arrows passing through the cube represent three developmental
sequences of which every moment of prectice is simultaneously e
part. I heve edopted some simple convantions to cepture several
aspects of the situation in this single diagram. The thickness of the
arrow represents the density of interection among the elements in
that dimension. The length of the shaft of the arrow emerging from
tha cube represents the rete et which states in that dimension are
changing, The length of the tail of the arrow going into the cube
represents the duration of the relevant history of the sctivity in the
given dimension,

It is essential to keep in mind that these things are all happen-
ing et the same time in the same activity. Heving reinsteted e
whole human being in a culturally constituted ectivity, I sse the
following.

The conduct of the ectivity proceeds hy the operetion of func-
tional systerns that hring representational media into coordinetion
with one another. The representational medie mey he inside as
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well as outeide the individuals involved. These functionel systems
propagete representetional state across the media. in describing the
ongoing conduct of navigation tasks, it is possible to identify a
number of cognitive systems, some subsuming others. One may fo-
cus on the processes internal to a single individual, on an individ-
ual in coordination with a set of tools {chapter 3), or on e group of
individuals in interaction with one another end with a set of tools
{cbapter 4}. Each system produces identifieble cognitive properties,
and in each case the properties of the system are explained by ref-
erence to processes that transform states inside the system (chapter
5). Tbe structured representetional medie in the system interact in
the conduct of the activity. Each medium is put to use in an opere-
tional environment constituted by other media. As indiceted in
figure 9.1, the conduct of the ectivity itself bas a relatively short
history. An entry inte a herbor, for example, involves a few hours
of preparetion and tekes about an bour to complete. Changes in this
dimension bappen quickly, and the elements of the task perfor-
mance are in reletively intense interectioo with one another. The
conduct of the activity creates elements of representetional struc-
ture thet survive beyond the end of the tesk. These elements—the
logbooks, peocil marks on charts, the quartermasters’ memorias of
the events—are the operational residua of the process.

in this adaptive system, the media mey be changed by the very
processes that constitute the conduct of the activity. The operations
of the nevigetioo team preduce a structured experience for the
participants that contains opportunities for individual learning
(chapter 6). As a consequence of their participetion in the task
performance, the quartermasters mey ecquire internal organization
that permits them to coordinate with the structure of their sur-
roundings. in this way, learning can be seen as the propagation of
organizatioo through an adaptive system {chapter 7). The develop-
ment of the practitioners themselves takes years. Through a caresr,
a quartermaster graduaily acquires the skills thet are exercised in
the performance of the job. Changes to the organization of the in-
ternal medie thet the quartermasters bring to the joh take place
morse slowly than the changes to the states that the media support.
That is, it takes longer to learn bow to plot a fix, for example, than it
does to plot e fix. But since most learning in this setting happens in
the doing, the changes to intarnal medie that permit them to he co-
ordinated with external media happen in the same processes that
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hring the media into coordinetion with one another. The changes to
the quartermasters’ skills and the knowledge produced hy this
process are the mental residue of the process.

The setting of nsvigation work evolves over time as partial solu-
tions to frequently encountered prohlems are crystallized and
seved in the meterial and conceptual tools of the trede and in the
the social organization of the work. The development of the prac-
tice takes place over centuries (chepter 2). The very same processes
thet constitute the conduct of the ectivity and thet produce changes
in the individual practitioners of navigetion also produce changes
in the social, meterial, and conceptual aspects of the setting. The
example given in chepter 8 illustrates the creetion in interection of
@ new concept and e shared lexical label for it {the “total” in the
modular form of the true-bearing computation}, The microgenesis
of the cultural elements thet make up the nevigetion setting is visi-
hie in the details of the ongoing practice.

All this happens simultaneously in cognition in the wild. It is in
this sense that cognition is e fundamentally cultural process.
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