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ABSTRACT

We present data and argument to show that i n Tetri s|a real - t i me, i nterac-

t i ve vi deo- game|certai n cogni t i ve and perceptual probl ems are more qui ckl y,

easi l y, and rel i abl y sol ved by perf ormi ng acti ons i n the worl d than by per-

f ormi ng computati onal acti ons i n the head al one. We have f ound that some

of the transl ati ons and rotati ons made by pl ayers of thi s vi deo- game are best

understood as acti ons that use the worl d to i mprove cogni ti on. These acti ons

are not used to i mpl ement a pl an, or to i mpl ement a reacti on; they are used

to change the worl d i n order to si mpl i f y the probl em- sol vi ng task. Thus,

we di st i ngui sh pragmati c acti ons|acti ons perf ormed to bri ng one physi cal l y

cl oser to a goal|f romepi stemi c acti ons|acti ons perf ormed to uncover i n

f ormati on that i s hi dden or hard to compute mental l y.

To i l l ustrate the need f or epi stemi c acti ons, we �rst devel op a

i nf ormati on- processi ng model of Tetri s- cogni t i on, and show t

expl ai n perf ormance data f romhuman pl ayers of the game|e

rel ax the assumpti on of f ul l y sequenti al processi ng. Stan

regard many acti ons taken by pl ayers because they app

superuous. However, we descri be many such acti ons th

by pl ayers that are f ar f romsuperuous, and that p

provi ng human perf ormance. We argue that tradi

because they regard acti on as havi ng a si ngl

By recogni zi ng a second f uncti on of act

expl ai n many of the acti ons that a tra

argument i s supported by numerous

outl i ne how the new category of e

theori es of acti on more gener
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ON DISTINGUISHINGEPISTEMICFROM

PRAGMATICACTION

duce the general i dea of an epistemi c act i on, and

n Tetri s , a real - t i me, i nteracti ve vi deo- game. Epi stemi c

i cal acti ons that make mental computati on easi er, f aster, or

i abl e|are external acti ons that an agent perf orms to change i ts own

ati onal state.

The bi ased bel i ef among students of behavi or i s that acti ons create phys-

i cal states whi ch physi cal l y advance one towards goal s . Through practi ce,

good desi gn, or by pl anni ng, i ntel l i gent agents regul arl y bri ng about goal -

rel evant physi cal states qui ckl y or cheapl y. I t i s understandabl e, then, that

studi es of i ntel l i gent acti on typi cal l y f ocus on howan agent chooses physi cal l y

usef ul acti ons. Yet, as we wi l l show, not al l acti ons perf ormedbywel l - adapted

agents are best understood as usef ul physi cal steps. At ti mes, an agent i g-

nores a physi cal l y advantageous acti on and chooses i nstead an acti on that

seems physi cal l y di sadvantageous. When vi ewed f roma perspecti ve whi ch i n

cl udes epi stemi c goal s|f or i nstance, s i mpl i f yi ng mental computati on|s

acti ons once agai n appear to be a cost- e�ecti ve al l ocati on of the age

and e�ort.

The noti on that external acti ons are of ten used to si mpl i f

putati on i s commonpl ace i n tasks i nvol vi ng the mani pul a

symbol s. In al gebra, geometry, and ari thmeti c, f or i nst

di ate resul ts|whi ch coul d, i n pri nci pl e, be stor

recorded external l y to reduce cogni t i ve l oads (

posi t i on (Lerdahl & Jackendo�, 1983), mar

and a host of expert acti vi t i es too nu

strabl y worse i f agents rel y on t

putati onal abi l i t i es wi thout

research on representati

l i ghts the need to u

structures (Nor

Less wi de

si mpl i f yi

cl earl

h
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the best way to i nterpret the acti ons i s not as moves i ntended to i mprove

board posi t i on, but rather as moves that si mpl i f y the pl ayer' s probl em- sol vi ng

task.

More preci sel y, we use the termepi st emi c act i on to desi gnate a physi cal

acti on whose pri mary f uncti on i s to i mprove cogni ti on by:

1. reduci ng the memory i nvol ved i n mental computati on, i . e. , space com-

pl exi ty;

2. reduci ng the number of steps i nvol ved i nmental computati on, i . e. , t i me

compl exi ty;

3. reduci ng the probabi l i ty of error of mental computati on, i . e. , unrel i a-

bi l i ty.

Typi cal epi stemi c acti ons f ound i n everyday acti vi t i es have a

ti me- course than those f ound i n Tetri s . These i ncl ude f ami l i a

savi ng acti ons such as remi ndi ng, e. g. , pl aci ng a key i na shoe,

around a �nger; t i me- savi ng acti ons, such as prepari ng

parti al l y sorti ng nuts and bol ts bef ore begi nni ng

reduce l ater search (a si mi l ar f ormof compl e

under the rubri c \amorti zed compl exi ty

gatheri ng acti vi t i es such as expl or

hel p deci de where to camp f or

Let us cal l acti ons wh

to i ts physi cal goal

acti ons. As sugge

&Drummond

on deci s i

on prag

i n
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broadened to i ncl ude perceptual as wel l as pragmati c acti ons (see f or exam-

pl e, Si mmons et al . , 1992). However, these i nqui ri es have tended to f ocus

on the control of gaze (the ori entati on and resol uti on of a sensor), or on the

control of attenti on (the sel ecti on of el ements wi thi n an i mage f or f uture pro-

cessi ng, Chapman, 1989), as the means of sel ecti ng i nf ormati on. Our concern

i n thi s paper i s wi th control of act i vi ty. We wi sh to knowhowan agent can

use ordi nary acti ons|not sensor acti ons|to unearth val uabl e i nf ormati on

that i s currentl y unavai l abl e, hard to detect, or hard to compute.

One si gni �cant consequence of recogni zi ng epi stemi c acti on as

gory of acti vi ty i s that i f we conti nue to vi ewpl anni ng as state-

we must rede�ne the state- space i n whi ch pl anni ng occurs.

of i nterpreti ng the nodes of a state- space graph to be p

to i nterpret themas representi ng both physi cal a

thi s way, we can capture the f act that a seq

same ti me, return the physi cal worl d to i

al ter the pl ayer' s i nf ormati onal st

who moves a pi ece to the l ef t o

nal posi t i on, perf orms

game unchanged.

somethi ng or suc

ti me l ost by the

us to cont

search
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Rotate
Translate

Drop

Filled
Row

Dissolves

Figure 1. In Tetri s, shapes, whi ch we call zoi ds, fal l one a time f romthe top

of the screen, eventual l y l andi ng on the bottomor on top of shapes that have

al ready l anded. As a shape fal l s, the pl ayer can rotate i t, transl ate i t to the ri ght

or l ef t, or immedi atel y drop i t to the bottom. When a rowof squares i s �l l ed al l

the way across the screen, i t di sappears and al l rows above i t drop down.

cause Tetri s i s f un to pl ay, i t i s easy to �nd advanced subj ects wi l l i ng to pl ay

under observati on, and easy to �nd novi ce subj ects wi l l i ng to practi ce unti l

they become experts.

Pl ayi ng Tetri s i nvol ves maneuveri ng f al l i ng shapes i nto speci �c arrange-

ments on the screen. There are seven di �erent shapes, whi ch we cal l Tetra-

zoids, or s i mpl y zoids: , , , , , , . These zoi ds f al l one at

a ti me f romthe top of a screen that i s 10 squares wi de and 30 squares hi gh

(see Fi gure 2). Each zoi d' s f ree- f al l conti nues unti l i t l ands on the bottom

edge of the screen or on top of a zoi d that has al ready l anded. Once a zoi d

hi ts i ts resti ng pl ace, another zoi d begi ns f al l i ng f romthe top, starti n
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next Tetri s epi sode. Whi l e a zoi d i s f al l i ng, the pl ayer can rotate i t 90�

countercl ockwi se wi th a si ngl e keystroke, or transl ate i t to the right or to

the left one square wi th a si ngl e keystroke. To gai n poi nts, the pl ayer must

�nd ways of pl aci ng zoi ds so that they �l l up rows. When a row�l l s up wi th

squares al l the way across the screen, i t di sappears and al l the rows above

i t drop down. As more rows are �l l ed, the game speeds up (f roman i ni t i al

f ree- f al l rate of about 200 ms per square to a maxi mumof about 100 ms per

square), and achi evi ng good pl acements becomes i ncreasi ngl y di �cul t. As

un�l l ed rows become buri ed under poorl y pl aced zoi ds, the squares pi l e up,

creati ng an uneven contour al ong the top of the f al l en sqaures. The game

ends when the screen becomes cl ogged wi th these i ncompl ete rows, and ne

zoi ds cannot begi n descendi ng f romthe top.

In addi ti on to the rotati on and transl ati on acti ons, the pl ayer

a f al l i ng zoi d i nstantl y to the bottom, e�ecti vel y pl aci ng i t i n

woul d eventual l y come to rest i n i f no more keys were pre

an opti onal maneuver, and not al l pl ayers use i t . Drop

to speed up the pace of the game, creati ng shorter

the f ree- f al l rate.

There are onl y f our possi bl e acti ons

ri ght, transl ate l ef t , rotate, and

so smal l , the game i s not v

newcomer can pl ay at an

f or experts, becaus

score, l eavi ng

and execut

ceptual

mus
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3. We have desi gned and i mpl emented an expert systemto pl ay Tetri s

and have compared human and machi ne perf ormance al ong a vari ety

of di mensi ons.

In what f ol l ows, we use these data to argue that standard accounts of

practi ced acti vi ty are mi sl eadi ng si mpl i �cati ons of whatever processes actu-

al l y underl i e perf ormance. For i nstance, standard accounts of ski l l acqui s i t i on

expl ai n enhanced perf ormance as the resul t of chunki ng, cachi ng, or com-

pi l i ng (Newel l , 1990; Newel l &Rosenbl oom, 1981; Reason, 1990; Anderson,

1983). Al though our data suggest that Tetri s- pl ayi ng i s hi ghl y automated, we

cannot properl y understand the nature of thi s automati ci ty unl ess we see how

cl osel y acti on i s coupl ed to cogni t i on. Agents do not si mpl y cache associ at

rul es descri bi ng what to do i n parti cul ar ci rcumstances. I f cachi ng

source of i mprovement, e�ci ency woul d accrue f romf ol l owi ng r

same cogni ti ve strategy used bef ore cachi ng, onl y doi ng i t f a

behavi oral routi nes are compi l ed. I f chunki ng were th

ment, e�ci ency woul d accrue f romel i mi nati ng i nte

someti mes to more f ar- reachi ng strategi es, bu

basi c styl e. Our observati ons, however, i

f erent behavi oral tr i cks. Agents

to pri me themsel ves to recogn

checks or veri �cati ons to

such epi stemi c proce

cedures; they are p

to make the mo

To ma

proce
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on a cl assi cal i nf ormati on- processi ng model of experti se that supposes Tetri s-

cogni t i on proceeds i n f our maj or phases:

1. Create an earl y, bi tmap representati on of sel ected f eatures of the cur-

rent si tuati on.

2. Encode the bi tmap representati on i n a more compact, chunked, sym-

bol i c representati on.

3. Compute the best pl ace to put the zoi d.

4. Compute the traj ectory of moves to achi eve the goal pl acement.

Fi gure 2 graphi cal l y depi cts thi s model .

Phase One: Create Bi tmap

Li ght caused by the vi sual di spl ay stri kes the reti nal cortex and i ni t i ates e

vi sual processi ng. El aborate paral l el neural computati on extract

dependent f eatures and represents themi n a bri ef sensory m

cal l ed an i coni c bu�er (Sperl i ng, 1960; Nei sser, 1967). T

i coni c bu�er are si mi l ar to maps, i n whi ch i mportan

as contours, corners, col ors, etc. , are present

That i s , the memory regi ons that carry

segments are not l abel l ed by symbol

of l i ne segment, or any other at

Rather, such i nf ormati on i s

to encode i t i n an exp

Pha

By attendi ng to su

tracted and e

of RoboTetri

cl udes
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Early Vision

Attention-Directed
Encoding

Generate Test& Motor
Planning & Control

Iconic
Buffer

Working Memory

Fi gure 2. In our cl assi cal i nf ormati on-processi ng model of Tetri s-cogni ti on, �rst

a bi tmap- l i ke representati on oods the i coni c bu�er, then attenti on sel ecti vel y

exami nes thi s map to encode zoi d and contour chunks. These chunks accumul ate

i n worki ng memory, provi di ng the basi s f or an i nternal search for the best pl ace

to put the zoi d. Thi s search can be vi ewed as a process of generati ng and

al uati ng possi bl e pl acements. Once a pl acement has been chosen, a motor

r reachi ng the target i s computed. The pl an i s then handed o�to a motor

or regul ati ng muscl e movement.
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concavecorners, convex corners, and T-junctions (see Fi gure 3). Such

presentati on has advantages, but our argument does not rel y cri t i cal l y

on thi s choi ce. Another set of symbol i c f eatures mi ght serve j ust as wel l ,

provi ded that i t too can be computed f rompop- out f eatures|such as l i ne

segments, i ntersecti ons, and shadi ng (or col or)|by sel ecti vel y di recti ng at-

tenti on to conj uncti ons of these (Trei sman &Souther, 1985), and that i t

f aci l i tates the matchi ng process of Phase Three.

As yet, we do not knowi f ski l l ed pl ayers encode symbol i c f eatures more

qui ckl y i n worki ng memory than l ess ski l l ed pl ayers. Such a questi on i s

worth aski ng, but regardl ess of the answer, we expect that absol ute speed of

symbol i c encodi ng i s a l ess s i gni �cant determi nant of perf ormance than the

si ze of the chunks encoded. Chunks are organi zed or structured col l ecti on

of f eatures whi ch regul arl y recur i n pl ay. They can be treated as l ab

rapi dl y retri evabl e cl usters of f eatures whi ch better pl ayers us

both zoi ds and contours (see Fi gure 4). As i n cl assi cal

that much of experti se consi sts i n re�ni ng sel ecti v

l arger chunks of f eatures to be recogni zed rap

Gi ven the i mportance of chunki ng, a key

l anguage|one provabl y sati s�ed by our l i

i t i s expressi ve enough to uni quel

and to al l oweasy expressi on

determi ni ng whether a part

contour (see Fi gure 5).

Ph

Once zoi d and contour a

be compared i n worki n

whi ch to pl ace the z

ways thi s match

search f or t

and to w

of
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Convex

Concave

T-junction

Fi gure 3. Three general f eatures|concave, convex, T-juncti on|in each of thei r

ori entati ons create twel ve di sti nct, ori entati on-sensi ti ve f eatures. These f eatures

are extracted by sel ecti vel y attendi ng to conjucti ons of the more primi ti ve f ea-

tures: l i nes, i ntersecti ons, and shadi ng.
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Fi gure 4. The greater a pl ayer's experti se, the more ski l l ed the percepti on. Thi s

i s reected by the si ze and type of the chunked f eatures whi ch attenti on-di rected

processes are abl e to extract f romi coni c memory. Thi s �gure shows chunks

of di �erent si zes and types. Each chunk i s a structured col l ecti on of primi ti ve

f eatures.
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Iconic Buffer Working Memory

Matching

Fi gure 5. Agood representati on must make i t easy to recogni ze when zoi d and

contour f ragments match. In thi s �gure, a zoi d chunk matches a contour chunk

when concave corners match convex corners and strai ght edges match strai ght

. Thi s simpl e compl imentari ty i s probabl y computed i n the vi suo-spati al

of worki ng memory (Baddel ey, 1990).
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pl acement i nvol ves matchi ng chunks to generate candi date l ocati ons. To test

the candi dates, actual pl acements are si mul ated i n an i nternal model of the

Tetri s s i tuati on.

Phase Four: Compute Motor Pl an

Once a target pl acement i s determi ned, i t i s possi bl e to compute a sequence

of acti ons (or equi val entl y, keystrokes) that wi l l maneuver the zoi d f romi ts

current ori entati on and posi t i on to i ts �nal ori entati on and posi t i on. The

generati on of thi s motor pl an occurs i n Phase Four. We assume that such

a motor pl an wi l l be mi ni mal i n that i t speci �es j ust those rotati ons and

transl ati ons necessary to appropri atel y ori ent and pl ace the zoi d.

Af ter Phase Four, RoboTetri s carri es out the motor pl an by d

a�ecti ng the ongoi ng Tetri s game, e�ecti vel y hi tt i ng a sequenc

take the pl anned acti on.

Thi s compl etes our bri ef account of howa cl assi cal i nf

theori st mi ght try to expl ai n human perf ormance, and

RoboTetri s on these pri nci pl es.

How Realistic is this Model?

As we have stated i t , the model i s f ul l y sequenti al : Phase T

bef ore Phase Three begi ns, and Three i s compl eted bef or

cause al l processi ng wi thi n Phase Four must al so be

ecuti on begi ns, the muscl e control systemcannot

movements unti l a compl ete pl an has been f orm

occuri ng bef ore the processi ng of Phase Four

unpl anned; they cannot be under rat i onal c

to be no better than randomacti ons.

Thi s i s patentl y not what we see

occur i n abundance, al most f romt

I f pl ayers actual l y wai t unti l

number of rotati ons shou

be perf ormed on the z

each zoi d emerge

be expected to

Thus, a
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rotated three ti mes bef ore repeati ng an ori entati on, ought to average out to

1. 5 rotati ons. As can be seen i n Fi gure 6, each zoi d i s rotated more than

hal f i ts possi bl e rotati ons. And as Fi gure 7 shows, rotati ons someti mes begi n

extremel y earl y, wel l bef ore an agent coul d �ni sh thi nki ng about where to

pl ace the zoi d.

I f we wi sh to save the model wi thi n the cl assi cal i nf ormati on- processi ng

f ramework, one obvi ous step i s to al l owPhase Four to overl ap wi th Phase

Three. Instead of vi ewi ng Tetri s- cogni t i on as proceedi ng seri al l y, we can vi e

i t as a cascadi ng process i n whi ch each phase begi ns i ts processi ng bef

has been gi ven al l the i nf ormati on i t wi l l eventual l y recei ve. In

agent wi l l regul arl y move zoi ds bef ore compl eti ng del i bera

way to capture thi s noti on i s to suppose that Phase Thr

Phase Four wi th i ts best est imate of the �nal choi c

computi ng a path to that spot and the agent i ni

Phase Four produces i ts �rst step.

In the AI pl anni ng l i terature, the

t erl eavi ng (Ambros- Ingerson &Steel

ecuti on bef ore they have settl

orthodox pl anner executes

subgoal s , and hence

executes i ts �

has bui

i s
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Fi gure 6. Thi s bar graph shows the average number of rotati ons for each type of

zoi d f romthe moment i t emerged to the moment i t settl ed i nto pl ace. Zoi ds such

as are rotated si gni �cantl y more than , and both types are rotated more

hanthe expectednumber of rotati ons, shownby the crosshatchedporti ons of the

Simi l arl y, zoi ds such as are rotatedmore than , and both exceed the

number requi red for purel y pragmati c reasons. The error bars i ndi cate

i nterval s.
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Fi gure 7. These hi stograms showthe time-course of rotati ons for ' s, ' s, ' s,

and ' s. Each bi n contai ns the total number of rotati ons perf ormed wi thi n

i ts time-wi ndow. Note that rotati on begi ns i n earnest by 400-600 ms, and on

occasi on, at the very outset of an epi sode. The impl i cati on i s that pl anni ng

cannot be compl eted before rotati on begi ns.
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then, presumabl y, he or she ought to start out earl y toward that l ocati on and

make correcti ons to zoi d ori entati on as pl an revi s i ons are f ormul ated. Earl y

executi on, on average, ought to save ti me.

In theory, such an account i s pl ausi bl e. That i s , we woul d expect to

�nd extra rotati ons i n i nterl eavi ng pl anners because the earl i er an esti mate

i s made, the greater the chance i t wi l l be wrong, and hence the more l i kel y

the agent wi l l make a f al se start .

In f act, however, gi ven the ti me course and f requency of rotati ons we

observe i n Tetri s , parti cul arl y among ski l l ed pl ayers, an expl anati on i n

of f al se starts makes no sense. Fi rst , the theory does not expl ai n

mi ght start executi ng bef ore havi ng any esti mate of the �nal

a zoi d. We have observed that occasi onal l y a zoi d wi l l b

(bef ore 100 ms), wel l bef ore we woul d expect an a

i dea of where to pl ace the zoi d. Thi s i s parti cul

ms, the zoi d i s not yet compl etel y i n vi ew,

even rel i abl y guess the zoi d' s shape. 2 Si

i s hardl y reasonabl e that Phase Four

ought to act on.

Second, there i s a si gni �can

has reasonabl e grounds f or a

target ori entati on, the ag

more ti mes, dependi n

depend on howl on

between keyst

keystrokes

i s ne
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a wel l - adapted agent.

In our vi ew, the f ai l ure of cl assi cal and i nterl eavi ng pl anners to expl ai n

the data of extra rotati ons i s a di rect consequence of the assumpti on that

the poi nt of acti on i s al ways pragmati c: that the onl y reason to act i s f or

advancement i n the physi cal worl d. Thi s creates an undesi rabl e separati on

between acti on and cogni ti on. I f one' s theory of the agent assumes that

thi nki ng precedes acti on, and that, at best, acti on can l ead one to re- eval ua

one' s concl usi ons, then acti on can never be undertaken i n order to al t

way cogni t i on proceeds. The acti ons control l ed by Phase Four can n

f or the sake of i mprovi ng the deci s i on-maki ng occurri ng i n Phase

f or i mprovi ng the representati on bei ng constructed i n Phase

vi ew, cogni t i on i s l ogi cal l y pri or: cogni t i on i s necessary

but acti on i s never necessary f or i ntel l i gent c

To correct thi s one- s i ded vi ew, we ne

of an acti on i s to put one i n a better

more qui ckl y i denti f y the curren

i nf ormati on; to more e�e

acti on of rotati ng

easi er to compu

suddenl y m

to perf

the

Pragmati

tha
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4. make i t easi er to i denti f y a zoi d' s type,

5. s i mpl i f y the process of matchi ng zoi d and contour.

Each of these epi stemi c acti ons serves to reduce the space, t i me, or unrel i abi l -

i ty of the computati ons occurri ng i n one or another phase of Tetri s- cogni t i on.

We are not cl ai mi ng, however, that every pl ayer expl oi ts the f ul l epi stemi c

potenti al of rotati on. Froma methodol ogi cal standpoi nt, i t i s of ten hard to

prove that an agent perf orms a parti cul ar acti on f or epi stemi c rather

f or pragmati c reasons because an acti on can serve both epi stemi c an

mati c purposes si mul taneousl y. Rotati ng a zoi d i n the di recti o

�nal pl acement may al so hel p the pl ayer i denti f y the zoi d.

makes i t di �cul t to quanti f y the rel ati ve i nuence of epi

f uncti ons. Nonethel ess , the two f uncti ons are l ogi

there are cl ear cases i n whi ch the onl y pl a

choi ce of acti on i s epi stemi c.

EarlyRotations for

When a zoi d �rst enters at the top of the scre

f ormi s vi s i bl e. At medi umspeed, a zoi

every 150 ms. Theref ore, i t takes ab

i nstance, to emerge. I t i s c

compl ete shape as soo

zoi d i s consi sten

i mage coul d

Gi ven

a stra

st
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in
Shape
Only

Identical

Position

and
Shape

in
Identical

One Square of Zoid Visible Two Squares of Zoid Visible

1 2 3 4 5

1 2 3 4 5 1 2 3 4 5
1 2 3 4 5 1 2 3 4 5

1 2 3 4 51 2 3 4 5
1 2 3 4 5

Fi gure 8. Thi s �gure shows zoi ds as they �rst emerge at the top of the screen.

To the l ef t, they are one square i n, and to the ri ght, two squares i n. At the top,

the vi si bl e porti ons of the zoi ds are i denti cal both i n posi ti on and i n shape. At

the bottom, zoi ds are i denti cal i n shape al one; careful exami nati on reveal s that

the images are i n di �erent col umns. Pl ayers have a much greater tendency to

otate parti al l y hi dden zoi ds ambi guous i n both shape and posi ti on than they

of rotating parti al l y hi dden zoi ds that are ambi guous i n shape al one.

ape and posi t i on produces an earl y i mage such that no matter how

pl ayer knows, i t i s i mpossi bl e to tel l whi ch zoi d i s present sol el y on

he basi s of the earl y i mage.

Our data showthat a pl ayer i s more l i kel y to rotate a parti al l y hi dden

zoi d that i s ambi guous i n both shape and posi t i on than one ambi guous i n

shape al one. Parti al l y hi dden zoi ds ambi guous i n shape onl y are not rotated

more than compl etel y unambi guous ones.

Thi s suggests that pl ayers are sensi t i ve to i nf ormati on about col umn

because, i n pri nci pl e, zoi ds ambi guous i n shape al one are di st i ngui shabl e by

col umn. Hence earl y rotati on woul d add no new i nf ormati on. Yet, when

i ntervi ewed, no pl ayer reported noti ci ng that zoi ds begi n f al l i ng i n di �erent
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col umns. Thus, al though pl ayers are sensi t i ve to col umn, and are more l i kel y

to rotate i n those cases where i t i s trul y i nf ormati ve to do so, they do not

real i ze they have thi s knowl edge.

Earl y rotati on i s a cl ear exampl e of an epi stemi c acti on. Nonethel ess ,

one mi ght try argui ng agai nst thi s vi ewby suggesti ng that there i s pragmati c

val ue i n ori enti ng the zoi d earl y, and so i ts epi stemi c f uncti on i s not deci s i ve.

Such an expl anati on, however, f ai l s to expl ai n why parti al di spl ays that

ambi guous i n shape and posi t i on are rotated more of ten those that a

ambi guous shape and posi t i on. Nor woul d such an expl anati on make

we bel i eve that an agent has yet to f ormul ate a target ori entat i on

thi s earl y stage. I t i s certai nl y possi bl e that a pl ayer begi

set of target spots on the board where he or she woul d

zoi d. Some pl ayers do report havi ng hot spots

begi ns. And some of these pl ayers do t ransl ate

that whatever shape emerges, they are l i ke

But such earl y i ntenti ons expl ai n ear

does not knowthe shape of a z

i n the ri ght ori entati on

that the poi nt of

l ater, and

potent

p

In Phase Thre

a usef ul repr

tati o

�nd
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MethodOne: The pl ayer i denti �es the type of the zoi d bef ore l ooki ng f or

possi bl e pl acements, usi ng knowl edge of al l ori entati ons to search f or snug

�ts. Thi s means that the pl ayer extracts an abstract, ori entat i on-i ndependent

descri pti on of the shape, or chunk, bef ore checki ng f or good pl acements.

MethodTwo: The pl ayer does not bother to compute an ori entati on-

i ndependent representati on of the zoi d or chunk. Leavi ng the representati on

i n i ts ori entati on- sensi t i ve f orm, the pl ayer redi rects attenti on to the contour,

l ooki ng f or possi bl e matches wi th the ori entati on- speci �c chunk. In thi s

second method, contour checki ng can begi n earl i er than i n the �rst method,

but to be compl ete, the process of contour checki ng must be repeated f o

the same zoi d or chunk i n al l i ts di �erent ori entati ons. Needl ess to s

may di scover pl ayers who use some of each method, possi bl y wi th

runni ng concurrentl y.

When we l ook more cl osel y at these methods, we see seve

where epi stemi c acti ons woul d be usef ul .

Consi der method two �rst. Somehowa pl ayer must compar

of a zoi d i n al l i ts possi bl e ori entati ons to f ragments o

do thi s , the pl ayer may compare the zoi d i n i ts curr

contour, then use mental imagery to recreate how

rotated (see Fi gure 9). 3 Another possi bi l i ty|f

ti me|i s that the pl ayer may rotate the zoi

ori entati on- speci �c compari son.

The cl earest reason to doubt that

mental rotati on i s that zoi ds can

ms, whereas we esti mate that

ms to mental l y rotate a zoi

i n Fi gure 10. 4 We obta

3Poss i bl y, the pl ay

reasoni ng to jud

i s made o

k
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Iconic Buffer Working Memory

Encode
Mentally
Rotate

Encoded 
Chunks

Matching
Chunks

Fi gure 9. Achunk extracted f romthe image of a zoi d i s normal i zed by i nternal

processes and compared to a chunk extracted f romthe image of a contour. A

computati onal l y l ess i ntensi ve techni que of compari ng zoi d and contour woul d

y onphysi cal rotati onof the zoi d to take the pl ace of the i nternal normal i zati on

esses.
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si mi l ar to the one used by Shepard and Metzl er (1971). In our experi ment,

two zoi ds, ei ther S- shaped ( ) or L- shaped ( ), were di spl ayed

si de- by- si de on a computer screen. The zoi ds i n these pai rs coul d di �er i n

ori entati on as wel l as handedness, but i n al l cases, both i tems were of the

same type. To i ndi cate whether the two zoi ds matched or whether they were

mi rror i mages, subj ects pressed one of two buttons. Three Tetri s pl ayers

parti ci pated: one i ntermedi ate, one advanced, and one expert. Each subj ect

sawei ght presentati ons of each possi bl e pai r of zoi ds. The resul ts , as graphe

i n Fi gure 10, show reacti on ti me as an i ncreasi ng f uncti on of the an

di �erence between the ori entati ons of the two zoi ds (f rom0� to 18

Even al l owi ng an extra 200 ms f or subj ects to sel ect the r

the ti me savi ng bene�ts of physi cal over mental rotati on

ti me i s not al l that i s saved. There are al so costs asso

andmemory needed to create and sustai nmental i m

i nstance, suppose that matchi ng proceeds by c

zoi d wi th chunks of the contour. Even i f ch

f aster than we expect, there are sti l l s i g

a record of the chunks that have al

test process requi res repeatedl y

newchunk to check. The net r

woul d soon �l l up wi th a)

i s the target f or mat

and d) a marker

f rom. I t seems f

the extra step

compare

accou

In method one, pl aye

ti on of the zoi

pay the pro
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Fi gure 10. Thi s graph shows the resul ts of a pi l ot study on the mental rotati on

of Tetri s shapes by pl ayers of di �eri ng ski l l l evel s. Reacti on time (i n seconds)

i s pl otted agai nst di �erence i n ori entati on of two di spl ayed L-shaped zoi ds (onl y

di �erences f rom0� to 180� are pl otted). Onl y correct \same zoi d" answers are

i ncl uded; i . e. , condi ti ons i n whi ch both zoi ds were ei ther of type or of type

. Al i near rel ati onshi p between reacti on time and angl e-di �erence i s readi l y

apparent. The error bars represent 95%con�dence i nterval s.
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once they have an ori entati on- i ndependent representati on of a zoi d, i t i s not

necessary to rotate the zoi d f urther to test f or matches. Nonethel ess , exter-

nal rotati on i s st i l l epi stemi cal l y usef ul because i t i s hel pf ul i n constructi ng

ori entati on- i ndependent representati ons i n the �rst pl ace.

What does i t mean to have an ori entati on- i ndependent representati on?

Froman experi mental perspecti ve, i t means that i t shoul d take no mor

ti me to j udge whether two shapes are the same, however many degrees apar

the two have been rotated. Pl ayers' reacti on ti mes on mental rotati on

shoul d be pl otted as a hori zontal l i ne, rather than the upward

l i ne we see i n Fi gure 10. Total reacti on ti me shoul d be t

ti me needed to abstractl y encode the �rst shape (presenta

abstractl y encode the second shape (presentati on), a

the abstract encodi ngs. Moreover, we woul d expec

abstractl y encode di �erent presentati ons, and t

encodi ngs shoul d be constant across al l tr i

We have not observed at l i ne per

of very experi enced pl ayers, so we mu

pl ayers use abstract ori entati on

studi es of extremel y pract

f act, the more expos

cl oser to at

expl anati on

acqui re

Tet



OnDistinguishingEpistemic

29

perspecti ve representati ons, external rotati on coul d pl ay a val uabl e rol e i n

speedi ng up the mul ti pl e- perspecti ve encodi ng process. Consi der what i t

means, f roma computati onal perspecti ve, to acti vate (or encode) a mul ti pl e-

perspecti ve representati on. Presumabl y, the agent enters a state i n whi ch

the compl ete set of ori entati on speci �c representati ons are acti ve, or at l east,

strongl y pri med. The process by whi ch thi s acti vati on takes pl ace i s i denti

to retri eval . Thus, each i mage of a shape serves as an i ndex, or retr

f or the mul ti pl e- perspecti ve representati on.

Howmi ght physi cal rotati on hel p such a retri eval pro

ture, whi ch i s r i pe f or experi mental testi ng, i s that r

envi ronmental support there i s (Park &Shaw,

ul ate that i t takes l ess t i me to compl ete a

compl ete a retri eval usi ng n i ndi ces

subj ect a total of 1200 ms to i

when shown a si ngl e token

to i denti f y the type i f

ms i mmedi atel y f ol

perspecti ves of

s i ngl e pe

In

mac

ta
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the usef ul f uncti on of speedi ng up the acti vati on process. In thi s case, two

cues are bet t er than one. Because rotati on i s the means of generati ng the

second cue, and rotati on i s qui ck enough to save ti me i n the settl i ng process,

i t can pl ay an epi stemi cal l y val uabl e rol e.

RotatingtoHelpIdentifyZoids

I t i s an open questi on whether agents use mul ti pl e perspecti ve representa-

t i ons of zoi ds (or chunks). I t i s not an open questi on whether there i s a

phase where zoi ds are �rst represented i n thei r current perspecti ve as parti c-

ul ar zoi d shapes (or chunks of zoi ds). On our account, the process by whi ch

parti cul ar zoi ds are encoded i n worki ng memory has three l ogi cal steps. In

the �rst, s i mpl e f eatures such as l i nes, corners, and col ors are extract

the i mage; i n the second, ori entati on- speci �c corners and l i nes|

f eatures of the i mage|are extracted; and i n the thi rd step, s

conj unti ve f eatures|perceptual chunks|are i denti �ed

i t l y i n worki ng memory. Both steps two and three re

reasonabl e to suppose, then, that f ast perceptu

hi ghl y trai ned attenti onal system, and th

due to i mprovement i n the attenti onal

recogni t i on. Thus, we hypothesi ze t

chunks and zoi ds, i t i s because

f eatures represented i n the

We can recast thi s

say that the more expe

at searchi ng f or the

chunks. Accord

i s i n terms

by me
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0

0 1 2 3

1

2

3

Fi gure 11. The i coni c bu�er i s a 4� 4 matri x of cel l s, each of whi chmay contai n

a primi ti ve f eature.

mi ni mal number of cel l s to rel i abl y extrapol ate to the contents of the whol e

matri x (see Fi gure 11).

Gi ven the shape of tetrazoi ds, experts may someti mes rotate zoi ds be-

cause, i f encodi ng operates by a mechani smat al l l i ke a deci s i on tree, then

rotat i ng can be an e�ect i ve way of reduci ng the number of at t ent i onal probes

needed to i dent i f y a zoi d. Compare Fi gures 12 and 13. The deci s i on tree i n

Fi gure 12 assumes the expert i denti �es the zoi d wi thout rotati ng i t . As can

be seen, i f the expert �rst exami nes cel l (1; 1), then, a deci s i on wi l l requi re

ei ther one, two, or three questi ons di rected at the matri x to i denti f y the zoi d,

dependi ng, of course, on the zoi d present and the contents of (1; 1). Th

ci s i on tree i n Fi gure 13, however, shows that i f the agent can al so

zoi d between i ts attenti onal probes of the matri x, an i dent

made i n at most two questi ons. Thus, rotati on can be u

the programcontrol l i ng attenti on. An expert can o

deci s i on- tree i f rotati on i s i ncl uded i n the set o
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(1,1)

(2,1) (2,1) (2,1) (2,1) (2,1)

(2,2) (2,3)

Fi gure 12. Thi s deci si on-tree di rects a seri es of questi ons at speci �c cel l s i n the

i coni c bu�er i n order to i denti f y what type of zoi d i s present. The tree �rst

probes cel l (1; 1). If the bu�er i s the one i n Fi gure 11, cel l (2; 1) i s queri ed next,

l eadi ng to the i denti �cati on of .
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Rotate Rotate Rotate

(1,1)

(1,1) (1,1) (1,1)(2,1) (2,1)

Fi gure 13. If the deci si on-tree i ncorporates cal l s to external rotati on operati ons,

i ts maximumdepth i s two. In addi ti on, attenti on need not shi f t f romcel l (1; 1)

most of the time.

But thi s may be onl y part of the story. So f ar, we have argued that

i denti �cati on i nvol ves domai n- speci �c control of attenti on, and that extra

rotati ons may be a si de e�ect of a streaml i ned programregul ati ng thi s con-

trol . Asecond reason experts may make superuous rotati ons i s that, para-

doxi cal l y, i t i s the l azy thi ng to do. Al though we do not knowi f i t takes l ess

energy on the part of an attenti on mechani smto consul t the same cel l twi ce,

i t i s possi bl e that a l azy attenti on mechani smmi ght pref er to re- ask f or the

val ue of a cel l , rather than f ocus on a newcel l . Thi s i s an obvi ous strate

when newdata has j ust arri ved because change i s automati cal l y i nter

to the nervous system. Thi s i dea of �ndi ng a strategy that mi ni

number of cel l s probed makes sense i n a deci s i on- tree account of

l ong as i t costs l ess to consul t the same cel l on successi

case, the deci s i on- tree i n Fi gure 13 woul d be pref

i n Fi gure 12 because probi ng the same cel l o

woul d put l ess strai n on the attenti ona
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The i mpl i cati on of both arguments, we bel i eve, i s that i t i s adapti ve

to bui l d attenti onal mechani sms that are cl osel y coupl ed wi th acti ons such

as rotati on. The cl ose coupl i ng between attenti on and saccades i s al ready

accepted, why not extend thi s coupl i ng to i ncl ude more mol ar acti ons such

as rotati on?

RotatingtoFacilitateMatching

So f ar we have assumed that matchi ng i s a pri mi ti ve process i n worki ng mem-

ory: zoi d chunk and contour chunk can be compared andmatchedonl y i f they

are expl i ci t l y represented i n worki ng memory. To make certai n that enough

chunks of di �erent si zes are tested to guarantee �ndi ng the l argest matchi ng

chunks, a pl ayer can rel y on ei ther external l y rotati ng a zoi d, mental l y ro-

tati ng a zoi d, or mental l y accessi ng a mul ti pl e- perspecti ve representati on of

a zoi d to generate as many candi date chunks as ti me wi l l al l ow.

Are we j usti �ed i n assumi ng that matchi ng occurs i n worki ng memory?

And that symbol i c matchi ng, pri mi ti ve or not, i s real l y the f astest way o

determi ni ng a �t between a zoi d f ragment and a contour f ragment?

An al ternati ve possi bi l i ty i s that matchi ng i s a perceptual proce

general i dea i s s i mpl e enough. Matchi ng requi res noti ng the co

two structures. I f the structures are si mpl e|such as l i nes o

i n the same ori entati on|i t may be possi bl e to note th

i ng some attenti on- di rected process such as a vi su

appl i ed di rectl y to the earl y bi tmap- l i ke repr

i ng mi ght actual l y be an el ement of Pha

f eatures of the si tuati on are extract

of Phase Three|the phase i n whi ch

worki ng memory.

External rotati on pl ays a ro

we have to expl ai n hownew

Because we are consi deri n

there muct al so be a me

onl y certai n way to

bu�er i s through

ti ons may

whether

rese
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f or i nstance. Second, i f mental rotati on does modi f y the pre- attenti ve i coni c

bu�er|where the bi tmaps resi de|pl ayers woul d probabl y pref er to create

the rel evant bi tmaps by external rotati on rather than by mental rotati on

because, as menti oned earl i er , external rotati on i s f aster. And thi rd, i t i s

l i kel y that physi cal rotati on i s l ess cogni t i vel y demandi ng than mental rota-

t i on. Iconi c memory needs to be ref reshed every 200 ms (Reeves &Sperl i ng,

1986). Thus, i f a pl ayer uses mental i magery to ood the i coni c bu�er, he or

she wi l l have to ref resh the bu�er every 200 ms. I t i s much easi er to gene

tokens by bri ngi ng themi n through the vi sual systemthan by i nterna

ati ng them. Theref ore, even i f matchi ng operates by perceptua

correspondence, we have another reason f or pref err i ng exter

to mental rotati on and to mul ti pl e- perspecti ve repres

So ends our account of the epi stemi c uses

our di scussi on of the data wi th a bri ef descr

transl ati on.

TRANSLATIONASANEPISTEMICACTION

The pragmati c f uncti on of transl ati on i s to shi f t a zoi d ei ther r

to permi t pl acement i n an arbi trary col umn. Transl ati on us

pragmati c purpose. But we have f ound at l east one unamb

use of transl ati on: to veri f y j udgement of the col umn

of the cases when a pl ayer drops a zoi d, the act

a behavi oral routi ne of transl ati ng the zoi d

See Fi gure 14. Because the accuracy of j

vi sual l y presented sti mul i vari es w

coeur, Ul l man &Mackay, 1991

has a greater chance of l an

f roma hei ght of three squ

to-wal l routi ne i s

zoi d to the wa

col umn, a pl

As ep

acti on

i n
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Is Piece
Lined Up?

Move to Wall

Move Back 
Three
Squares

Fi gure 14. In a smal l percentage of cases pl ayers wi l l drop certai n zoi ds onl y

af ter transl ati ng themto the nearest wal l and then back agai n, as i f to veri f y

the col umn of pl acement. In thi s �gure, i s transl ated to the outer wal l and

back agai n before i t i s dropped. The expl anati on we pref er i s that the subj ect

con�rms that the col umn of the zoi d i s correct, rel ati ve to hi s or her i ntended

pl acement, by qui ckl y movi ng the zoi d to the wal l and simul taneousl y counti ng

tappi ng out the number of squares to the i ntended col umn.
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Tabl e 1

Ordi nary Drop Di stance vs. Transl ate- to-Wal l - then-Drop Di stance

Intermedi ate Advanced Expert

Mean Drop Di stance 13. 18 13. 69 15. 65

Mean Drop Di stance af ter Transl ate Routi ne 19. 04 19. 33 20. 05

Note. Wi thi n each ski l l l evel , the two means di �er si gni �cantl y as judged by a t

test wi th � = :05.

over, i t cannot sensi bl y be vi ewed as a mi staken pragmati c acti on because the

procedure i s more l i kel y to occur the hi gher the drop. As shown i n Tabl e 1,

experts drop a zoi d, on average, when i t i s about 13 squares f romi ts resti ng

posi t i on. On those occasi ons when they al so perf ormthe transl ate- to-wal l

routi ne, the zoi d i s dropped, on average, f romabout 19 squares above i ts

resti ng posi t i on, 6 squares hi gher than usual . The onl y reasonabl e account

f or thi s regul ari ty i s that the hi gher the zoi d, the more the pl ayer needs t

veri f y the col umn. Moreover, as shown i n Fi gure 15, the greater the

di stance, the more l i kel y the drop i s veri �ed usi ng the transl ate- t

t i ne. At great hei ghts above the zoi d' s resti ng posi t i on,

of movi ng away f romthe goal col umn i s more than o�se

bene�t of reduci ng possi bl e error.
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Fi gure 15. Thi s graph pl ots the percentage of dropped zoi ds that fol l owed a

transl ate-to-wal l routi ne agai nst the di stance they were dropped. The hi gher the

drop, the more l i kel y i t f ol l owed a veri �cati on routi ne.

DISCUSSION

xpl ai n our data on the ti mi ng and f requency of rotati ons and transl a-

t i ons regul arl y perf ormed by Tetri s pl ayers, we have argued i t i s necessary

to advert to a new category of acti on: epi stemi c acti ons. Such acti ons are

not perf ormed to advance a pl ayer to a better state i n the external task en-

vi ronment, but rather to advance the pl ayer to a better state i n hi s or her

i nternal , cogni t i ve envi ronment. Epi stemi c acti ons are acti ons desi gned to

change the i nput to an agent' s i nf ormati on- processi ng system. They are ways

an agent has of modi f yi ng the external envi ronment to provi de cruci al bi ts

of i nf ormati on j ust when they are needed most.

The processi ng model thi s suggests to us i s a si gni �cant departure f rom

cl assi cal theori es of acti on. I ts chi ef novel ty l i es i n al l owi ng i ndi vi dual

t i onal uni ts i nsi de the agent to be i n cl osed- l oop i nteracti on wi t

worl d. Fi gure 16 graphi cal l y depi cts thi s t i ghter coupl i

and external processes. As i n the cascade model ment

cessi ng starts i n each phase bef ore i t i s compl

i n thi s case, the output of Phase Two can

Four, acti vati ng a motor response di rectl y

of Phase Three can bypass Phase Four.
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Match

Early rotation used 
by decision-tree

Rotation to generate 
candidates

Rotation to help match

¥

¥

¥

External World

Generate

Attention

Iconic
Buffer

Fi gure 16. In thi s model , cal l s f or rotati on f romattenti onal processes, or f rom

candi date generati on processes, cause changes i n the worl d whi ch f eed back i nto

those very processes. Because of the ti ght coupl i ng between acti on and what

i s percei ved, the fastest way to modi fy the i nformati onal state of an i nternal

process may be to modi fy i ts next i nput.
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To return to an exampl e al ready di scussed, suppose attenti on operates

as i f dri ven by a deci s i on- tree. The attenti onal systemmay request rotati ons

i n the same way that i t requests di recti ng attenti on to cel l (i; j) i n the i coni c

bu�er. These requests are not sent to the Phase Three processes operati ng on

worki ng memory, as i f to be approved by a hi gher court. They are temporary,

t i me- cri t i cal requests whi ch have no beari ng on the pragmati c choi ce of where

to ul t i matel y move. The poi nt of the request i s very speci �c: to cash i n on

the speed at whi ch i nput can be changed. I f a change of i nput wi l l hel p

compl ete the computati ons that consti tute sel ecti ve attenti on f aste

the attenti on systemcan compute on i ts own, i t woul d be adapti ve

attenti on di rectl y to certai n si mpl e motor acti ons.

The property of Tetri s that makes such a strategy pay

l ocal e�ects of an acti on are total l y determi nate. There

exogenous i nuences, or other agents to change

rotate key. There i s a dependabl e and si mpl e

the change i n sti mul us. Consequentl y, a wel

mi ght i ncorporate si mpl e cal l s to the wor

Asi mi l ar story can be tol d

generated and matched or tested

can provi de j ust the i nput n

a match. Agai n, becaus

the agent can coun

the rotate key

on to hel

One

proce

ce
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temresponsi bl e f or saccades. Perhaps there i s a si mi l ar connecti on between

attenti on and hi ghl y trai ned key pressi ng responses.

Second, we can create a more compl i cated pi cture of the i nterrel ati ons

among processes i nvol ved i n Tetri s- pl ayi ng than the one presented i n Fi g-

ure 2. Consi der Fi gure 17, whi ch di spl ays a hi ghl y i nterconnected network of

processes f or attenti on, candi date generati on, matchi ng, and rotati on. Obvi -

ousl y, thi s does not represent a stri ct l y f eedf orward system: there are bac

ward l i nks f romgenerate candi dates and matchto attention, as wel l as

f romal l three to motor arbitrate. We have al ready di scussed howmatch

and rotate can bene�t f romsendi ng requests back to attention. In the

same way, candi date generati on can bene�t f romsendi ng requests back to

attenti on because the process of generati ng new candi date pl acements re-

qui res tryi ng out new zoi d chunks and new contour chunks, and an easy

way to create such chunks i s by l ooki ng at zoi d and contour anew. The one

compl i cati on thi s connecti on scheme adds to the process i s that requests f or

motor acti ons must be arbi trated, hence the addi ti on of themotorarbitrate

process. Thi s ki nd of model f ol l ows the di str i buted f ramework proposed by

Mi nsky (1986).

I f thi s way of thi nki ng has meri t , i t suggests that we begi n aski ng ad

di ti onal questi ons when studyi ng behavi or. For i nstance, we shoul d

conf ront a task and ask not onl y, \Howdoes an agent thi nk about thi

e. g. , categori ze el ements i n i t , construct a probl emspace repre

i t?" but al so, \What acti ons can an agent perf ormthat wi

more manageabl e, easi er to compute?"

Thi s represents a shi f t f romorthodox cogni ti vi st a

theme i n cogni ti ve psychol ogy has been to di scover

agents use to structure thei r envi ronments. O

properti es of the sti mul i agents �nd i n

the e�ects of these changes on such

recogni ze, compl ete, and so on

el ements of the sti mul us are

better, f aster, more of te

recal l and recogni t i

subj ect, i n i mpo

experi ment

subj e
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Iconic
Buffer

Attention

Match

Generate
Motor

Arbitrate

Motor
Plan

Motor
Control

Rotate

Translate

Drop

Input

Output

Fi gure 17. A more compl i cated model of the processes occuri ng i n Tetri s-

cogni ti on woul d represent parti cul ar functi onal parts as a di rected network of

mental processes abl e to pass messages between each other. The onl y si gni �cant

devi ati on f romthe sketch i n Fi gure 16, i s that two way l i nks between attenti on,

andi date generati on, and matchi ng are shown, and a newprocess, cal l ed an ar-

or, i s i ntroduced to i ntervene between the possi bl e cal l s to transl ate, rotate,

op.
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There i s , of course, nothi ng wrong wi th thi s approach. I t permi ts con-

trol l ed study. But i t reects a bi as that the type of envi ronmental structur-

i ng rel evant to probl emsol vi ng, pl anni ng, and choi ce, as wel l as to recal l and

recogni t i on, occurs primari l y i nsi de the agent . That i s , the envi ronmental

structure that matters to cogni t i on i s the structure the agent represents (or

at l east, presupposes i n the way i t mani pul ates i ts representati ons). No al -

l owance i s made f or o�oading structure to the worl d, or f or arrangi ng th

so that the worl d pre- empts the need f or certai n representati ons, or

the need f or maki ng certai n i nf erences. Thi s l eaves the perf o

pre- empti ve and o�oadi ng acti ons mysteri ous.

To take a si mpl e exampl e, a novi ce chess pl ayer usu

to physi cal l y move a chess pi ece when thi nki ng about

Why i s thi s? Froma probl em- space perspecti ve,

superuous. I t cannot materi al l y al ter the cur

Yet, as we know, by physi cal l y al teri n

i magi ni ng movi ng a pi ece, novi ces �

repl i es , and posi t i ons. In l

�nds i t hel pf ul to chan

but movi ng to a n

l eap i nto f o

way of v

up o
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they have on the agent .

Thi s way of thi nki ng treats the agent as havi ng a more cooperat i ve and

i nteracti onal rel ati on wi th the worl d: the agent both adapts to the worl d as

f ound, and changes the worl d, not j ust pragmati cal l y, whi ch i s a �rst order

change, but epi stemi cal l y, so that the worl d becomes a pl ace that i s easi er to

adapt to. Consequentl y, we expect that a wel l - adapted agent ought to know

howto stri ke a bal ance between i nternal and external computati on. I t ought

to achi eve an appropri ate l evel of cooperati on between i nternal organi zi ng

processes and external organi zi ng processes so that, i n the l ong run, l e

work i s perf ormed.

We concl ude wi th a bri ef expl anati on of howaccepti ng the catego

epi stemi c acti on a�ects tradi t i onal AI pl anni ng.

EpistemicActions andTheories of Planning

In the i ntroducti on, we suggested that AI pl anners mi ght accomodate epi s-

temi c acti vi ty by operati ng i n a state space whose nodes were pai rs encodi ng

both physi cal state and i nf ormati onal state. In that case, the payo�s a pl a

recei ves f roman acti on have two di mensi ons: a physi cal payo�, and an

mati onal or epi stemi c payo�. The cl earest exampl es of epi stemi c

those whi ch del i ver epi stemi c payo�s rather than pragmati c o

nal e, presumabl y, i s that i n each such case, af ter we have

of t i me l ost perf ormi ng the acti on, the expected ep

bene�ts sti l l outwei gh the expected net bene�t

acti on.

The cost- bene�t model that seems to ap

used to characteri ze the tradeo� betwee

si nce Sti gl er' s semi nal paper \The e

poi nted out that f or consumers

pri ce of a camera, market i nf o

howmuch one coul d hope to

assume that pri ces �t a no

f or a l ower pri ce decr

gai n of one more

In c

mod
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ti ons are most i nf ormati ve when what i s seen i s ambi guous i n both shape and

posi t i on. The model al so �ts the transl ate- to-wal l routi ne. Thus, we expl ai n

why the probabi l i ty of transl ati ng to the wal l and back bef ore a drop vari es

wi th drop di stance by poi nti ng out that the greater the drop hei ght, the more

i nf ormati ve the veri �cati on and the l ess r i sky (costl y) the acti on. I t al so ex-

pl ai ns why pl ayers physi cal l y rotate to save mental rotati on: they can attai n

the same knowl edge f aster and wi th l ess e�ort than by mental l y computi ng

the i mage transf ormati on. Rotati ng to f aci l i tate matchi ng has a f avora

cost- bene�t spread because matchi ng vi a percepti on i s f ast, rel i abl e

l ess resources than matchi ng i n worki ng memory.

The vi rtue of such a cost- bene�t account i s twof ol d. Fi r

to conti nue model i ng the deci s i on about what to do next

among accessi bl e acti ons. Wi thout a noti on of epi s

j usti f y why expert pl ayers someti mes choose prag

acti ons wi thi n a rati onal - agent cal cul us.

The second vi rtue of a cost- bene�t

the superi or deci s i on-maki ng of expe

more expert a pl ayer i s , the mor

the costs of computati on do

perf ormi ng more epi stem

But when we l ook

epi stemi c payo� of a

and bene�ts f ai l

s i derabl e det

dertaki ng

Rai �

p
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wel l as on how i t generates and tests candi date pl acements, and on how i t

attends to detai l s of the contour and zoi d. Thi s requi res understandi ng an

agent' s acti ve cogni t i ve processes to a l evel of detai l unheard of i n standard

pl anni ng and rati onal deci s i on accounts.

The upshot i s that to i ncorporate epi stemi c acti ons i nto a pl anner' s

repetoi re, we wi l l need to cast asi de the assumpti on that pl anni ng can pro-

ceed wi thout regard to speci �c mechani sms of percepti on, attenti on, and rea-

soni ng. Thi s i dea i s not f orei gn to the pl anni ng communi ty, but to date

has been restri ct i vel y appl i ed. For i nstance, i n di scussi ons of acti

where reposi t i oni ng sensors i s a central concern|the deci s i

to reposi t i on a sensor i s thought to depend on assumpti

sor' s range, �el d of vi ew, noi se tol erance, and so o

i nner f uncti oni ng of the sensor. I t i s our bel i

about an agent' s i nternal machi nery gener

ti ons, and that once more i s known

sel ecti on i n parti cul ar domai ns

preval ent than anyone woul

showi ng how, i n a game as

acti ons that make i t ea

candi dates, and i

derstand some o

we cl ai m, h
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