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Abstract

Within psychology, atleast two research communities study spatial
cognition. One community studiessystematicerrors inspatial memory and
judgement,accounting for them as a consequence afid clue tonormal
perceptual and cognitive processing. The other community studies
navigation in real spacesolating the contributions ofvarious sensorycues
and sensori-motor systems teuccessfulnavigation. The former group
emphasizeserror, the latter, selective mechanismsenvironmental or
evolutionary, that produce fine-tuned correct responses.

How can theseapproaches besconciledandintegrated? First, by showing
why errorsareimpervious to selective pressuresThe schematizationthat
leads to errors is matural consequence oformal perceptuahnd cognitive
processes; its inherentto the construction ofmental spacesnd to using
them to make judgments in limitezhpacity working memory. Selection can
act on particulainstances orrors, yet it is notlearthat selectioncan act
on the general mechanisms tibducethem. Next, inthe wild, thereare a
variety of correctives.Finally, closerexamination ofnavigation inthe wild
shows systematic errors, for example, over-shooting in dead reckoning
across species. Here, too, environments may provide correctives,
specifically, landmarks. General cognitive mechanismsgenerategeneral
solutions. The errorsinevitably producedmay bereduced bylocal specific
sensori-motor couplings asell as local environmental cues. Navigation,
and other behaviors as well, are a consequence of both.

1. Two Research Communities in Psychology

Yes, the titleevokes themind-body problem. However one regardsthe venerable
monumentalmind-bodyproblemin philosophy,there is a contemporampinor mind-
body problem in the psychologicaksearch orspatial cognition. While the major
problem is how tdntegratethe mind and the body, anadditional minor problem in
spatial cognition is howo integratethe approaches—anthe researchers—othe mind
and onthe body. Thecommunity studying spatial judgmentand that studying
wayfinding rarely interact. Grave rarelyinteracted. Theseconferences ofinds may
be a meeting point and a turning point.




The twocommunities, themind community, andthe body conmunity, differ in their
agendas andiffer in the tools tocarry out them out. Thenind comnunity studies
spatial judgments: what is thiirection betweersan Diegoand Reno? Howfar is
Manchester from Glasgow? Manchester from Liverpool? The Hitfeler to Jacque’s
house? How do get to San Mrco? The questionsare cleverly chosen. They are
designed to yielarrors. The designworks becausdhe errorsare a consequence of the
way spatial information is represented and udadact, onegoal ofthis approach is to
reveal those cognitive representations and mechanisms, many of appieAmot only

in spatial judgments, but in othelomains aswell (e. g., Tversky, 1993;2000g;
2000b).

In contrast, thebody community studies thecues, visual, auditory, kinesthetic,
vestibular, thapeopleand animals use tarrive attheir destinations. Thessearch
reduces the sensory inparid dininishes the environmental richnessarder toisolate
the role of a particular cue or systenginding the organism. Imany caseshe goal
is to reveathe eleganfine-tuning ofa particularcue orsets ofcues or sensory-motor
systems tospecific aspect®f environments (see, for examplésallistel, 1990 and
papers inthe volume edited by Golledge, 1999, especiallythe paper by Berthqz
Amorim, Glassauer,Grasso, Takeiand Viaud-Del,mon and Loomis, Klatzky,
Golledge, and Philbrick).

To caricaturethe approachesthe emphasis of the mind community is reveal the
systemsgeneratingerror and the emphasis of thbody community is toreveal the
systems generating precision.

No wonder the community of mincdand the community ofbody passeachother by
like the proverbialships in thenight. They differ in the tasks they give, in the
responses they collect, in the processes they propose to account for the responses to the
tasks. And, perhapsmost significantly, theydiffer philosophically, in their
fundamentalattitudestoward human nature. For the mind group, being human is
fundamentallyabout limitations, limitations inrepresentationsind in processing, in
capacityand in computation. Thoselimitations can berevealed inerrors. Theerrors
provide clues to normal operations. For the body group, being hunfandamentally
about evolution and learning, about selectiorand adaptation, pressuregward
perfection. Again, thesare caricaturesf the positions, hencenot attributed toany of

the fine reasonable people in the fields, daricatures that are close enough to the truth
to warrant furtherdiscussion. And perhapsrapprochement, eveimtegration, of the
approaches.

Neither evolution nor adaptation afteubted. Both communitidselieve thatorganisms
have evolved irand continue to livein environmentsandthat the environmentsave
selectedsuccessful behaviors acrod® millennia through evolutiorand across the
lifespan througHearning. So theeal puzzle isnot why somespatial behaviors are
exquisitely precise and fine-tuned, but rather why systereaticspersist. Beforethat
question can be addressed, a review of sontheoflocumentecerrors is in order. Then



theseerrors must beaccountedfor by an analysis of thegeneralmechanisms that
produce and maintain them

2. Systematic Distortions of Distance and Direction

2.1 Errors of Distance.

First, what errors do we mean? Errors of distance estimates, for one.aréhéfgcted
by irrelevant factors, such asierarchical organization. Eleents, like cities or
buildings, within the same group aperceived agloserthan those indifferentgroups.
The groups might be states or countries. The groepdnot begeographicthey can
be functional or conceptual. Distances between a pair of academic buildings or a pair of
commercial buildings in Ann Arbor are perceived as shorter relative to distagivesen
an academic and aommercialbuilding (Hirtle and Jonides, 1981). Arabs perceive
distances betwegpairs of Arab settlements to be smaller thaistances between an
Arab and aJewish settlementsimilarly, Jews perceive distancebetween Jewish
settlements tdbe shorterthan distances between an Araind a Jewish settlement
(Portugali, 1993). Grouping is reflected in reaction times to ndigtanceestimates as
well; people ardaster to verifydistances betweegeographicentities such as states or
countries tharwithin the same entity (eg., Maki, 1981;Wilton, 1979). Anocther
factor distorting distanceestimates is the amount of information along the route.
Distance judgment®r routesare judgedonger when the route hasany turns (e. g.,
Sadalla and Magel, 1980) or landmarksgg.Thorndyke,1981) or intersectione. g.,
Sadallaand Staplin, 1980). Similarly, thepresence obarriersalso increasedistance
estimates (eg., NewcombeandLiben, 1982). Mostremarkably,distance judgements
are not necessarily symmetric. Distances andmark ar@udged shortethan distances
from a landmark to an ordinarpuilding (Sadalla, Burroughs, and Staplin, 1980;
McNamaraand Diwadker, 1997). Similarerrors occurfor prototypes insimilarity
judgments: people judge atypical magenta to be more similar to prototgittan red
to magentalRosch, 1975). Landmarksseem todefine neighborhoodsand prototypes
categorieswhereas ordinarybuildings and atypical examples domot.  Ordinary
buildings in thevicinity of a landmarkmay beincluded in the neighborhood the
landmark defines.

2.2 Errors of Direction.

Systematic errors occur for judgments of direction as wdiktrarchicalorganization is
again a factor.For examplethe overalldirection betweenmpairs of statesppears to be
used to judge the direction between pairs of cities contained in the statesxafipe
so famous that it hasecome alrivia Pursuit question is thedirection between San
Diego and Reno. Students in San Diegmneouslyindicatedthat San Diego isvest
of Reno (Stevens and Coupe, 1978hat is,the overalldirection ofthe states isised
to infer thedirections betweenities within those states. Batrors of directioroccur
within groups as wellfor example,informantsincorrectly reporthat Berkeley is east
of Stanford(Tversky, 1981). Thiserror seems to bealue to mentally rotating the
general direction of the surrounding geographic entity, in this case, theBayuftiea
to the overall direction of the frame mfference, in this casaprth-south. In actuality,
the south Bay Area runs nearly diagonally with respect to the overall frarefeiice,



that is, northwest tosoutheast. Geographicentities createtheir own setof axes,
typically around an elongated axis or an axisedrsymmetry. Theaxesinduced by
the region may differ from the axesitsf external reference frameOther familiarcases
include South America,Long Island,Japan,and Italy. In this error of rotation, the
natural axes othe regionandthose of thereferenceframe arementally broughtinto
greater correspondenceDirections also gestraightened in emory. Forexample,
asked tosketch maps ofheir city, Parisiansdrewthe Seine aa curve,but straighter
than it actually is (Milgramand Jodelet,1976). Evenexperienced taxi drivers
straighten the routes they ply each day in the maps they sketch (Chase and Chi, 1981).

2.3 Other Errors.

Thesearenot the only systematierrors of spatial memoryand judgment that have

been documented; there are others, notably, errors of quantity, shape, and size, as well as
errors due to perspectie. g., Tversky, 1992;Poulton,1989). Analogoudbiases are

found in other kinds of judgementfor example, people exaggeratethe differences
between their own groups, socialpmiitical, and other group$iist as theyexaggerate

the distances betweeslements indifferent geographicentities relative to elements in

the samegeographic entity. Theerrors are not random ordue solely to ignorance;

rather they appear to be a consequence of ordinary perceptual and cognitive processes.

3. Why do Errors Exist?

3.1 Schematization Forms Mental Representations.

A number of perceptualand cognitive processesre involved in establishingmental
representations of scenes or depictions, agahaps.Isolating figures fromgrounds
is one of themfigures may bebuildings orroads,cities or countriesdepending on
what is represented. Figures are then related to one another afrdrte @f reference
from a particular perspective (e. §versky, 1981; 1992; 2000a)Natural asthey are,
essential as thegre, theseerceptualorganizing principles are guaranteed tproduce
error. They simplify, approximate,omit, and otherwise schematizethe geographic
information. Schematization thereby produces error.

How doesthis happen? Considahese examples. Relatirfqgures to oneanother
drawsthem closer inalignment in memory thathey actually are. Evidencecomes
from a task where students were asked to selectotinectmap of the Amaricas from
a pair of maps in which one wasrrectandthe otherhadbeenaltered sothat South
Americawas morealignedwith North America. A najority of studentsselected the
more aligned map as tlmrrectone (Tversky,1981). The samerror was obtained for
maps ofthe world,where amajority preferred arincorrect map inwhich theU.S. and
Europe were more aligned. Alignment occurredfor estimatesof directions between
cities, for artificial maps, and for blobs. Relating a figure to a reference frame yields the
rotation errors described the section orerrors ofdirection. Like alignnent, rotation
occurs for directions between cities, for artificial maps, and for blobs.

3.2 Schematization Allows Integration.



Many environments that we know, navigate, and answer questions about are too large to
be perceived from a single poinAcquiring themrequiresintegratingdifferent views as

the environment isexplored. Even perceiving anenvironment from asingle point
requires integration of information, from separate eye fixations, for example. How can
the different views beintegrated? The obvious solutions through commorelements

and a commomeference frame. And these, elementand referencérames,are exactly

the schematizindgactorsused in scen@erception. To make matters more complex,
knowledgeabout environments comes rjast from exploration, but from maps and
descriptions as well, so the integration often occurs across modalities. Again, the way
to link different modalities is the saras integrating differentiews, through common
elements and frames of reference.

3.3 Schematization Reduces Working Memory Load. A third reason for
schematization ighat the judgmentsare performed inworking memory, which is
limited in capacity (eg., Baddeley,1990). Providing thelirection or distance or route
between Aand B entails retrieving therelevantinformation from memory. This is
unlikely to be in the form of @restored, coherent memy representatiorywhat has
beentraditionally regarded as aognitive map. Mre likely it entails retrieving
scatterednformation and organizingit. Moreover,whatever isstored in merary has
alreadybeen schematized All this, andthe judgmentas well, is accomplished in
working memory. Likemental multiplication, this isburdensome. Anything that
reduces load is useful, and schematizatioroesjust that. This is similar teeducing
bandwidth bycompression, but in thease ofconstructingrepresentations in working
memory, the compression &complished bychematization, by selecting tfeatures
and relations that best capture the information

3.4 Spatial Judgments are Typically Decontextualized. Unlike
navigation by the body, navigation in the miisdwithout support of context. This is
in sharp contrast to thepatial behaviorsthat are precise,accurate,and finely-tuned,
such as catching balls, playing tielin, wendingone’s waythrough acrowd, finding
the library or thesubwaystation. Contexprovidessupport inseveralways. First it
provides constraints. #xcludes manyehaviorsand encouragesthers. Thestructure
of a violin constrains where the hands, fingers, aain beplaced ancdhow theycan be
moved. The structure of the environment constraiftere onecanturn, where one
can enterand exit. Theworld doesnot allow manybehaviorsthat the minddoes.
Second, naturatontextsaretypically rich in cues tomemory and performance. For
memory, contexts, like menus @oemputerscreensturn recall tasks intorecognition
tasks. A navigatordoesn't need torememberexactly where the highway exit or
subway entrance is as the environment will mark them. pfésence otontextmeans
that an overall placan leaveout detail such asexactlocation, direction, and distance.
In fact, routedirectionsand sketch mapseaveout that levelof detail, yethaveled to
successfuhavigationacrossculturesand across tine (e. g., Tversky and Lee, 1998,
1999). For performancecontext facilitateghe specificactionsthat need to beaken.
In the case of playing the violithis includes timeand motion, the changingpositions
of thefingers ofeachhand. Inthe case ofwayfinding, this alsoincludestime and
motion of various parts of the body, legs in walking, arms, hands, and feet in driving.



4. Why do Errors Persist?

4.1 Rarely Repeated.

Contextand contextual cuesprovide onereasonwhy spatialbehaviors by thebody
may be highlyaccurateand spatialbehaviors bythe mindbiased. Contexts constrain
behaviors and cue behaviors. Contexts areth&ssettings fopractice. As any violin
player orcity dweller knows, the precise accuratespatial behaviorsbecome so by
extensivepractice. The efforts of beginnerat eitherarefull of falsestarts,error, and
confusion. Practice,and even more so, practice in arich context supporting the
behavior, is the exception, not the rufer navigation bythe mind, for judgements
from memory. Indeed,for the judgnents that weare calledupon to make numerous
times, we do eventually learn to respond correcthynow know that Rome is north of
Philadelphia and that Berkeley is west of Stanford.

4.2 Learning is Specific, not General.

But knowing the correcanswer ta particularcase correctenly thatcase, itdoes not
correctthe general perceptuand cognitive mechanisms thatroduceschematizations
that producethe errors. Knowing that Rome isiorth of Philadelphiadoesn’ttell me
whether Rome is north of New York City or Boston. Knowing that Rome is north of
Philadelphia doesn’t inform me about the direction from Boston to Rio eltbaming

is local and specific, not general and abstract. Immediately after hearing ateenine

on systemati@rrors inspatial judgments, alassroom ofstudentsmadeexactly the
same errors.

The mechanisms thairoducethe errors are multi-purpose mechanisms, usefior a
wide range of behaviors. As noted, the mechanismsptbdticeerrorsderive from the
mechanismsused to perceiveand conprehendscenes, theworld aroundus. The
schematizations theyproduce seem essential to integrating informati@nd to
manipulating information in working memory. In otheords, the mechanisms that
produce error are effective and functional in a multitude of ways.

4.3 Correctives in Context.

Another reason why errors persist is that they may never be confronted. Unless | am a
participant in somebstrusestudy, | maynever beaskedthe direction betweerRome
and Philadelphia, from Berkeley to Stanford. Even if | am asked, | may rinfobmed
of my error, so lhave noopportunity tocorrect it. And if | am driving to Berkeley,
my misconception causes me no probleimave to follow thehighways. Similarly, if

I think a particular intersection is a right-anglen when in fact itis much sharper, or
if 1 think a road is straighter than itis, the road will correct myerrors, so | can
maintain my misconception ipeace. In additiortheseerrorsare independent afach
other and not integrated intacaherent and cophete cognitivemap, sothere is always
the possibility that errors will conflict and cancel ¢e, Baird, 1979; Baird, Merril, and
Tannenbaum, 1979). Finally, in real contexts, éRktra cuesiot available to working
memory become available, both cues from the environment|alikinarksand signs,
and also cues fromthe body, kinesthetictiming, and other information that may



facilitate accuracy and overcome errbr.short,schematic knowledgeflawed as it is,
is often adequate for successful navigation.

5. Systematic Errors in the Wild

Now the caricature ofthe communities that haleen presented needsefinement.
Despite millennia ofselection by evolution and days of selection by learning,
navigation in thewild is repletewith systematicerrors. One studiedexample is path
integration. Path integration meangdating one’sposition and orientation while
navigatingaccording tothe changes irheadinganddistances traveledhe information
about one’srecent movements inspace (Golledgel999, p. 122). Ablindfolded
navigator traverses a path, turns, continues for a wdnilgthen headsback tothe start
point. How accurate is the turn to home? Aarspretty good, sarebees, hamsters,
and even people. But allmake systematierrors. Bees andhamstersovershoot
(Etienne, Maurer, Georgakapoulusand Griffin, 1999). People overshoosmall
distancesandsmall turnsandundershoot largenes (Loomis,Klatzky, Golledge, and
Philbeck, 1999), avidespreackrror of judgment (Poulton, 1989). But the situation
that induced the errors isn't complet&hild; critical cues in the environmehtavebeen
removed byblindfolding or some other means. In the wild, environmeats replete
with cues, notably, landmarks, that may serve to correct errors.

6. Implications

How do peoplearrive attheir destinations? One wawyould be tohave alow-level,
finely-detailed sequence afctions. Buthis would only work for well-learnedroutes

in unchanging environments; it wouldn’t work for new routes or vaguely krroutes

or routes that encounter difficulties, such as detours. For those, having a global plan as
well as local actions seem usefullheseareglobal andlocal in at leasthreesenses.
Plans are global in the senseeotompassing a largenvironment tharactions,which

are local. Plansarealso global in thesense of beingeneraland schematic, obeing
incompletelyspecified, incontrast toactions, whichare specificand specified. Plans

are global in thesense of beingamodal, in contrasto actions, whichare precise
movements of particular parts of the body in response to spstiifiali. A route map

is a global plan for finding a particular destination, much as a musical score is a global
plan for playing agparticular piece orthe violin. Neither specifieshe exactmotions,
actions to be taken.

Several approaches toobot navigatiorhave recommendedhe incorporationof both
global andlocal levels ofknowledge (e. g., ChownKaplan,and Kortenkamp, 1995;
Kuipers, 1978,1982; Kuipersand Levitt, 1988). Thecurrentanalysis suggests that
global andlocal levelsdiffer qualitatively. The global level is aabstractschematic
plan, whereas the local level is specffansori-motor actiogouplings. Integrating the
two is not trivial.

The gap between the mind navigators and the body navigators no longer sdamgs.so
True, the focus of the mind researchers is on judgnamtthe challenge isto account



for error and while the focus of the bodysearchers is obehaviorandthe challenge is
to account for success. Yet, bdihd successes asell as systematierrors. And in
the wild, the correctives to the errors are similar, local cues from the environment.

Systematicerrorspersistbecausghe systems thagtroducethem are general: they are
useful forother tasksand they are too remote to beaffected byrealization oflocal,
specific errors. Spatialjudgmentand navigationare not the onlydomains in which
humans make systematic errof3ther accounthave beenmadefor other examples (e.
g., TverskyandKahneman,1983). It make®ne thinktwice aboutdebatesabout the
rationality of behavior. Howzan weunderstandvhat it means to be rational uihder
one analysishehaviorseemsrepletewith intractableerror but under anotheranalysis,
the mechanisms producing the error seem reasonable and adaptive.

Note: | am grateful to Christian Freksa for helpful comments and encouragement and
to two anonymouseviewersfor critiques ofan earlier version of this manuscript.
Preparation ofthe manuscript wasupported byOffice of Naval Research,Grants
Number NOOO14-PP-1-0649 and N000140110717 to Stanford University
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