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ABSTRAT

We present data and argunent to show that in Tetris—a real-tine, interac-
tive vi deo- gane—eertai ncogni tive and perceptual problens are nore qui ckly,
easily, and reliably sol ved by performng actions in the world than by per-
formng conputational actions in the head al one. W have found that sone
of the translations and rotations nade by pl ayers of this video- gane are best
understood as actions that use the worldtoinprove cognition. These actions
are not used to inplenent a plan, or toinpl enent a reaction; they are used
to change the world in order to sinplify the problemsol ving task. Thus,
ve di stinguish pragnatic actions—actions perforned to bring one physically
closer to a goal fromepistemc actions—actions perforned to uncover i
fornation that is hidden or hard to conpute nentally.
Toillustrate the need for epistemc actions, we first devel op a
infornation- processing nodel of Tetris-cognition, and show t
expl ai n perfornance data fromhunan pl ayers of the gane—
rel ax the assunption of fully sequential processing. Sta
regard many actions taken by players because they app
superfluous. However, we describe nany such actions th
by pl ayers that are far fromsuperfluous, and that j
provi ng hunan perfornance. W argue that tradi
because they regard action as having a singl
By recogni zi ng a second function of ac
expl ai n nany of the actions that a tra
argunent is supported by nunerous
outline howthe new category of
theories of action nore gener
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luce the general idea of an epistemic action, and
Tetris, a real-tine, interactive video-gane. Fpistemec
ical actions that nmake nental conputation easier, faster, or
‘abl e—are external actions that an agent perforns to change its own
ational state.
The bi ased bel i ef anong students of behavior is that actions create phys-
cal states which physically advance one towards goals. Through practice,
good design, or by planning, intelligent agents regularly bring about goal -

rel evant physical states quickly or cheaply. It is understandable, then, that

studies of intelligent actiontypicallytfocus onhowan agent chooses physically
useful actions. Yet, as we will show, not all actions perforned by wel | - adapted
agents are best understood as useful physical steps. A tines, an agent ig-
nores a physically advantageous action and chooses instead an action that
seens physi cal l y di sadvant ageous. Wen vi ewed f roma perspecti ve whichin
cludes epistemc goal s—or instance, sinplifying nental conputation—

actions once again appear to be a cost-effective allocation of the ag

and effort.

The notion that external actions are often used to sinplif
putation is commonpl ace in tasks invol ving the nani pul a
synbols. Inal gebra, geonetry, and arithnetic, for ins

di ate resul ts—which could, in principle, be stor
recorded externall y to reduce cogni tive loads

position (Lerdahl & Jackendoff, 1983), na

and a host of expert activities too n

strably worse if agents rely on

putational abilities without
research on representati
lights the need to 1
structures (No

Less wid

sinplifyi

clear]
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the best way to interpret the actions is not as noves intended to inprove
board position, but rather as noves that sinplifythe player’s probl emsol ving
task.
Mre precisely, we use the termepisteme actionto designate a physical
action whose prinary functionis to inprove cognition by:

1. reducing the nenory invol ved i n nental conputation, i.e., space com

plexity;
2. reducing the nunber of steps invol vedinnental conputation, i.e., tine
conpl exi ty;
3. reducing the probability of error of nental conputation, i.e., unrelia-

bility.
Typical epistemc actions found in everyday activities have a
tine- course than those found in Tetris. These include famlia
saving actions suchas remnding, e.g., placing a keyinashoe,
around a finger; tine-saving actions, such as prepari ng
partiallysorting nuts and bol ts before begi nni ng
reduce later search (a simlar formof conpl«
under the rubric “anortized conplexity
gathering activities such as explor
hel p deci de where to canp fo
Let us call actions wh
to its physical goal
actions. A sugge
& Drumond
on decisi
on pra;
i
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broadened to include perceptual as well as pragnatic actions (see for exam
ple, Sitmons et al., 1992). Hwever, these inquiries have tended to focus
on the control of gaze (the orientation and resolution of a sensor), or on the
control of attention (the selectionof el enents withinaninage for future pro-
cessing, Chapnan, 1989), as the neans of selectinginfornation. Our concern
inthis paper is with control of activity. W wish to knowhowan agent can
use ordinary actions-not sensor actions—to unearth val uable infornation
that is currentl y unavailable, hard to detect, or hard to conpute.

(he significant consequence of recognizing epistemc action as
gory of activityis that if we continue to viewpl anni ng as state-

ve nust redefine the state-space in which pl anni ng occurs.
of interpreting the nodes of astate-space graphto be |
to interpret themas representing both physical
this way, we can capture the fact that a se

sane tine, return the physical world to i

al ter the player’s infornational st
who noves a piece to the left «

nal position, perforns

gane unchanged.
sonet hi ng or suc
tine lost by the
us to cont
search
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Figure 1. In Tetris, shapes, which ve call zoids, fall one a time fromthe top
of the screen, eventually landing on the bottomor on top of shapes that have
already l anded. As ashape falls, the pl ayer canrotateit, translateit to the right
or left, or immedi atel y dropit to the bottom When a rowof squares is filled all
the way across the screen, it disappears and all rows above it drop down.

cause Tetris is funto play, it is easy to find advanced subjects willing to play
under observation, and easy to find novice subjects willing to practice until
they becone experts.

P aying Tetris i nvol ves naneuvering fal 11 ng shapes i nto specific arrange-
nents on the screen. ‘There are seven diflerent shapes, which ve call "Bra
zdds, or sinply zdds mm, H, dh, Hh, 4P, ﬁ:, Ho. These zoids fall one at
a tine fromthe top of a screen that is 10 squares wi de and 30 squares high
(see Figure 2). Fach zoid's free-fall continues until it lands on the bottom
edge of the screen or on top of a zoid that has already l anded. Chce a zoid
hits its resting place, another zoid begins falling fromthe top, startir
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next Tetris episode. Wile a zoid is falling, the player can rdateit 90°
counterclockwise with a single keystroke, or translate it to the ngt or to
the left one square with a single keystroke. 1o gain points, the player nust
find ways of placing zoids so that they fill up rows. Wena rowfills upwith
squares all the way across the screen, it disappears and all the rows above
it drop down. A nore rows are filled, the gane speeds up (froman initial
free-fall rate of about 200 ns per square to a naxi numof about 100 ns per
square), and achieving good placenents becones increasingly difficult. A
unfil 1 ed rows becone buried under poorly placed zoids, the squares pile up,
creating an uneven contour along the top of the fallen sqaures. 'The gan
ends when the screen becones clogged with these i nconpl ete rows, and ne
zoi ds cannot begin descendi ng fromthe top.
Inadditionto the rotation and translation actions, the player
afalling zoidinstantly to the bottom effectively placing it in
woul d eventuall y cone to rest inif no nore keys were pr
an optional maneuver, and not all players useit. Iro
to speed up the pace of the gane, creating shorter
the free-fall rate.
There are only four possible actions
right, translate left, rotate, and
so snall, the gane is not -
newconer can play at ai
for experts, becaus
score, |eaving
and execu
cept ual
nu
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3. W have designed and inplenented an expert systemto play Tetris

and have conpared hunan and nachi ne perfornance along a variety
of dinensions.

In what follows, we use these data to argue that standard accounts of
practiced activity are msleading sinplifications of whatever processes actu-
all yunderlie perfornance. For instance, standard accounts of skill acquisition
expl ai n enhanced perfornmance as the result of chunking, caching, or com
piling (Newell, 1990; Newell &Rosenbloom 1981; Reason, 1990; Anderson,
1983). A though our data suggest that Tetris-playingis highlyautonated, ve

cannot properly understand the nature of this autonaticityunless we see how
closel yactionis coupledto cognition. Agents do not sinply cache associa
rul es describing what to do in particul ar circunstances. If cachin

source of inprovenent, effeiency would accrue fromfollow ng
sane cogni tive strategy used before caching, only doing it f.
behavioral routines are conpiled. If chunking vere tl

nent, effeiency woul d accrue fromelimnating inte

sonetines to nmore far-reaching strategies, bu

basic style. Qur observations, however, i

ferent behavioral tricks. Agents

to prine thensel ves to recog

checks or verifications t

such epistemc proce

cedures; they are

to nake the n

Io nz

proc
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on a classical infornation-processing nodel of expertise that supposes Tetris-
cogni tion proceeds in four najor phases:

1. Greate an early, bitnap representation of selected features of the cur-
rent situation.

2. Fncode the bitnap representation in a nore conpact, chunked, sym
bolic representation.

3. (bnpute the best place to put the zoid.

4. (onpute the trajectory of noves to achieve the goal placenent.

Figure 2 graphically depicts this nodel.

Phase (he: Greate B tnap

Li ght caused by the visual displaystrikes the retinal cortexandinitiates e
visual processing. Haborate parallel neural conputation extract
dependent features and represents themin a brief sensory :
called an iconic buffer (Sperling, 1960; Neisser, 1967).
iconic buffer are simlar to naps, in which inportar
as contours, corners, colors, etc., are present
That is, the nenory regions that carry
segnents are not [abelled by synbol
of line segnent, or any other at
Rather, suchinfornationis
to encode it in an ex

_Ph

By attending to st
tracted and e
of Robolétr

cl udes
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Hgure 2. In our classical infornation-processing nodel of Btris-cognition, first
a bitnap-like representation floods the iconic buffer, then attention sel ectivel y
examunes this nap to encode zoi d and contour chunks. These chunks accuml ate
in vorki ng nenory, providing the basis for aninternal search for the best place

to put the zoid. 'This search can be vievwed as a process of generating and

| uating possible placenents. Once a placenent has been chosen, a notor

- reachi ng the target is conputed. The planis then handed off to a notor

r regul ati ng muscl e novenent .
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cancae aures, aniex aatss, and Fjurtias (see F gure 3). Such
present ation has advantages, but our argunent does not rely critically
on this choice. Another set of synbolic features mght serve just as well,
provided that it too can be conputed frompop-out features—such as line
segnents, intersections, and shading (or color)-by selectively directing at-
tention to conjunctions of these (Teisman & Souther, 1985), and that it
facilitates the nmatching process of Phase Three.

A yet, we do not knowif skilled players encode synbolic features nore
quickly in working nenory than less skilled players. Such a question is
vorth asking, but regardl ess of the answer, we expect that absol ute speed of
synbolic encoding is aless significant determnant of perfornance than the
size of the chunks encoded. Chunks are organized or structured collectior
of features whichregularly recur in play. They can be treated as 1al
rapidly retrievabl e clusters of features which better players us
both zoids and contours (see Figure 4). A in classical
that much of expertise consists in refining selectiv
larger chunks of features to be recognized rar

( ven the i nportance of chunking, a ke:

|l anguage—ene provabl y satisfied by our |-
it is expressive enough to uni quel
and to alloweasy expression

determ ni ng whether a part

contour (see Hgure 5).

Ph

(Ghee zoi d and contour &
be conpared in worki
whi ch to place the
ways this natcl
search for f
and to

of



@ Dstirgisling Kistair
12

|_ | | J Convex

|_ I_ _l _I Concave
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Hgure 3. Three general features—concave, convex, T junction-in each of their
orientations create tvel ve distinct, orientation-sensitive features. These features
are extracted by sel ectivel y attending to conjuctions of the nore primtive fea-

tures: lines, intersections, and shading.
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Hgure 4. The greater a player’s expertise, the more skilled the perception. This
is reflected by the size and type of the chunked features which attention-directed
processes are able to extract fromiconic menory. This figure shovws chunks
of different sizes and types. FEach chunk is a structured collection of primtive
features.

13
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Hgure 5. Agood representation must nake it easy to recognize when zoi d and
contour fragnents match. In this figure, a zoi d chunk natches a contour chunk
when concave corners match convex corners and straight edges natch straight
This sinple conplinentarity is probably conputed in the visuo-spatial
of vorki ng nenory (Baddel ey, 1990).



O Iistirgishg Histaic
15
pl acenent i nvol ves nat chi ng chunks to generate candi date locations. o test

the candi dates, actual placenents are sinul ated in an internal nodel of the
Tetris situation.

Phase Tour: (bnpute Mtor Pl an

(hce a target placenent is determned, it is possible to conpute a sequence
of actions (or equivalently, keystrokes) that will maneuver the zoid fromits
current orientation and position to its final orientation and position. 'The

generation of this notor plan occurs in Phase four. W assune that such
a notor plan will be mninal in that it specifies just those rotations and

translations necessary to appropriatel y orient and place the zoi d.
AMter Phase Four, Robolétris carries out the motor plan by
affecting the ongoing Tetris gane, effectively hitting a sequenc

take the planned action.
Thi s conpl etes our brief account of howa cl assi cal i nf
theorist mght try to expl ai n hunan perfornance, and
Robo'letris on these principles.

v Rdisticis ths MIH?

A we have statedit, the nodel is fully sequential: Phase '
before Phase Three begins, and Three is conpl eted befor
cause all processing within Phase Four nust also be
ecution begins, the nuscle control systemcannot
novenents until a conpl ete pl an has been forr
occuring before the processing of Phase Four
unpl anned; they cannot be under rational «
to be no better than randomactions.
This is patent]ly not what ve see
occur in abundance, al nost from
If players actually wait until
nunber of rotations shot
be perforned on the z
each zoid energ
be expected t
Thus

, a
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rotated three tines before repeating an orientation, ought to average out to
1.5 rotations. A can be seen in Hgure 6, each zoid is rotated nore than
half its possible rotations. And as Figure 7 shows, rotations sonetines begin

extrenel y early, well before an agent could fini sh thi nki ng about where to
place the zoid.

If we wishto save the nodel withinthe classical infornation-processing

franevork, one obvious stepis to allow Phase Four to overlap with Phase
Three. Insteadof view ng Tetris-cognitionas proceedingserially, ve can vi
it as a cascading process in which each phase begins its processing be
has been given all the informationit will eventually receive. It
agent will regul arl y nove zoi ds before conpl eting deliber.
way to capture this notionis tosuppose that Phase Th
Phase Four withits best estinate of the final choic
conputing a path to that spot and the agent ini

Phase Four produces its first step.

In the Al planning literature, the
terl eaving ( Anbros- Ingerson & Steel
ecution before they have sett]
orthodox pl anner execut es

subgoal s, and hence

executes 1ts fi

has bui

1s
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Hgure 6. This bar graph shovs the average munber of rotations for each type of
zol d fromthe nonent it energed to the nonent it settledinto place. Zoids such
as ﬁ: are rotated significantl y nore than ﬁj , and both types are rotated nore
an the expected nunber of rotations, shown by the crosshatched portions of the
inilarly, zoids such as hare rotated nore thanmom , and both exceed the
unber requi red for purel y pragnatic reasons. The error bars indi cate
interval s.

17
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Hgure 7. These hi stograns showthe tine- course of rotations for ﬁ: '8, ﬁj s, W s,
and oo ’s. Fach bin contains the total nunber of rotations perforned w thin
its tine-window Note that rotation begins in earnest by 400-600 ns, and on
occasion, at the very outset of an episode. The inplication is that planning
cannot be conpl eted before rotation begins.
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then, presunabl y, he or she ought to start out early toward that location and
nake corrections to zoid orientation as plan revisions are fornul ated. Farly
execution, on average, ought to save tine.
In theory, such an account is plausible. That is, we would expect to
find extra rotations in interleaving pl anners because the earlier an estinate
is nade, the greater the chance it will be wrong, and hence the nore likely
the agent will nake a false start.
In fact, however, given the tine course and frequency of rotations w
observe inletris, particul arly anong skilled pl ayers, anexpl anationi:
of false starts nmakes nosense. First, the theory does not expl ain
mght start executing before having any estinate of the fina
a zoid. W have observed that occasionally a zoidwll |
(before 100 ns), well before we woul d expect an a
idea of where to place the zoid. This is particul
ns, the zoidis not yet conpletelyin view
even reliably guess the zoid s shape.? S
is hardly reasonabl e that Phase Four
ought to act on.
Second, there is a significar
has reasonabl e grounds for ¢
target orientation, the a
nore tines, dependi:
depend on howl oz
bet ween keys
keystrokes
18 ne
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a vell-adapted agent.
Inour view, the failure of classical and interleaving pl anners to explain
the data of extra rotations is a direct consequence of the assunption that
the point of action is al ways pragnatic: that the only reason to act is for
advancenent in the physical world. This creates an undesirable separation
between action and cognition. If one’s theory of the agent assunes that
t hi nki ng precedes action, and that, at best, actioncanleadone tore-eval ue
one’s concl usions, then action can never be undertaken in order to al
way cognition proceeds. ‘The actions controlled by Phase Four can n
for the sake of inproving the decision-naki ng occurring in Phas
for inproving the representation being constructed in Phase
view, cognitionis logicallyprior: cognitionis necessar
but action is never necessary for intelligent
16 correct this one-sided view, we ne
of anactionis to put oneina better
nore qui ckl yidentifythe curre:
information; to nore effe
action of rotating
easier to conpt
suddenl y 1
to perf
t he

Pragnati
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4. nake it easier toidentify a zoid s type,

5. sinplify the process of natching zoid and contour.

Fach of these epistemc actions serves toreduce the space, tine, or unreliabil-
ity of the conputations occurringinone or another phase of Tetris-cognition.
W are not claimng, hovever, that every player exploits the full epistemc
potential of rotation. HKoma nethodol ogical standpoint, it is often hard to
prove that an agent perforns a particular action for epistemc rather
for pragnatic reasons because an action can serve both epistemc a1
natic purposes simul taneously. Rotating a zoidin the directio
final pl acenent nay also hel p the player identify the zoid.
nmakes it diffeul t to quantify the rel ativeinfluence of epi
functions. Nonetheless, the two functions are logi
there are clear cases in which the only ple
choi ce of actionis epistemc.

Edy Rtatias fa

Wen a zoid first enters at the top of the scre
formis visible. X nediumspeed, a zoi
every 150 ns. Therefore, it takes al
instance, to energe. It is c

conpl ete shape as soc

zoidis consisten

i mage coul ¢

( ven

a stra

s
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Kgure 8. This figure shows zoids as they first energe at the top of the screen.
O the left, they are one square in, and to the right, tvo squares in. A the top,
the visible portions of the zoids are identical bothin position and in shape. A
the bottom zoids are identical in shape al one; careful exanmination reveals that
the inages are in diflerent col urms. Players have a much greater tendency to
otate partially hidden zoids anbi guous in both shape and position than they
of rotating partially hidden zoids that are anbi guous in shape al one.

ipe and position produces an early inage such that no natter how
pl ayer knows, it is inpossible to tell which zoidis present solely on
he basis of the early inage.

Qur data showthat a player is nore likely to rotate a partially hidden
zoid that is anbi guous in both shape and position than one anbi guous in
shape al one. Partially hidden zoids anbi guous in shape only are not rotated
nore than conpl et el y unanbi guous ones.
This suggests that players are sensitive to information about col unm
because, in principle, zoids anbi guous in shape al one are distinguishable by
colum. Fence early rotation would add no newinformation. Yt, when
interviewed, no player reported noticing that zoids begin falling in different
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col urms. Thus, al though pl ayers are sensitive to col uim, and are nore likel y
to rotate in those cases where it is truly infornative to do so, they do not
real i ze they have this know edge.
Farly rotation is a clear exanple of an epistemc action. Nonetheless,
one mght try argui ng against this viewby suggesting that thereis pragnatic
value inorienting the zoidearly, andsoits epistemc functionis not decisive.
Such an expl anation, however, fails to explain why partial displays that
anbi guous in shape and position are rotated nore often those that :
anbi guous shape and position. Nor woul d such an expl anati on nake
ve believe that an agent has yet toforml ate a target orientation
this earl ystage. It is certainlypossible that a player beg
set of target spots onthe board where he or she woul d
zoid. Sone players do report having hot spots
begins. Andsone of these players do translate
that whatever shape energes, they are l1ike
But such early intentions expl ai n ear
does not knowthe shape of a :
inthe right orientatior
that the point of
later, and
pot ent

|

In Phase Thre
a useful repi
tatic

fin
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Milod @e The pl ayer identifies the type of the zoid before looking for
possible placenents, using knowl edge of all orientations to search for snug
fits. 'This neans that the pl ayer extracts anabstract, orientation-independent
description of the shape, or chunk, before checking for good pl acenents.
Milod 'Fa The pl ayer does not bother to conpute an orientation-
i ndependent representation of the zoid or chunk. Leaving the representation
inits orientation-sensitiveform the player redirects attentionto the contour,
looking for possible natches with the orientation-specific chunk. In this
second net hod, contour checking can begin earlier than in the first nethod,
but to be conplete, the process of contour checking mist be repeated fo
the sane zoid or chunk in all its different orientations. Needless to:
nmay discover players who use sone of each nethod, possibly with
runni ng concurrently.
Wen we look nore closely at these nethods, we see seve
where epi stemc actions woul d be useful .
(bnsider nethod two first. Sonehowa pl ayer must conpas
of a zoidin all its possible orientations to fragnents o
do this, the player may conpare the zoid in its curr
contour, then use nental inagery to recreate hov
rotated (see Fgure 9).° Another possibility—
tine—is that the player may rotate the zoi
orientation-specific conparison.

The clearest reason to doubt that
nental rotation is that zoids car
ns, whereas we estinate that

ns to nentally rotate a zoi

in Hgure 10.* W obt:

3Possibly, the play
reasoning to ju
1s made ¢

]
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Hgure 9. Achunk extracted fromthe inage of a zoidis nornalized by internal
processes and conpared to a chunk extracted fromthe inage of a contour. A
conputational l y 1ess intensive techni que of conparing zoid and contour woul d
y on physi cal rotationof the zoi d totake the pl ace of the internal nornalization
esSes.
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simlar to the one used by Shepard and Mtzler (1971). In our experinent,
two zoids, either S-shaped (" &) or I-shaped (ﬁj Eﬁ), vere displayed
side-by-side on a conputer screen. 'The zoids in these pairs could differ in
orientation as well as handedness, but in all cases, both itens were of the
sane type. 1o 1ndicate whether the two zoi ds natched or whether they vere
mrror inages, subjects pressed one of two buttons. ‘Three Tetris players
participated: one internediate, one advanced, and one expert. Fach subject
saweil ght presentations of each possible pair of zoids. The results, as graphe
in Fgure 10, show reaction tine as an increasing function of the ai
di flerence between the orientations of the two zoids (from0° to 18

Fven allowi ng an extra 200 ns for subjects to select the
the tine saving benefits of physical over nental rotatior
tineis not all that is saved. There are al so costs asso
and nenory needed to create and sustainnental i

instance, suppose that natchi ng proceeds by c

zoid with chunks of the contour. Fvenif ck

faster than ve expect, there are still si,

a record of the chunks that have al

test process requires repeatedly

newchunk to check. The net r

voul d soon fill up with a

is the target for nat

and d) a narker

from It seens

the extra ste

conpar

accot

In nethod one, play
tion of the zoi
pay the prc
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K gure 10. This graph shows the results of a pilot study on the nental rotation
of Btris shapes by players of diflering skill levels. Reaction tine (in seconds)
is plotted against diflerence in orientation of tvo displayed L-shaped zoi ds (only

di flerences from0° to 180° are plotted). (uly correct “same zoid” ansvers are
included; i.e., conditions in which both zoids vere either of type ﬁ: or of type
Eﬁ . Alinear rel ationship between reaction tine and angle-diflerence is readily

apparent. The error bars represent 95%confidence intervals.
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once they have an orientation-independent representation of azoid, it is not
necessary to rotate the zoid further to test for matches. Nonethel ess, exter-
nal rotationis still epistemcally useful because it is hel pful in constructing
orientation-independent representations in the first place.
Wat does it nean to have an orientation-independent representation?
Foman experinental perspective, it neans that it should take no nor
tine to judge whether two shapes are the sane, however nany degrees apas
the two have been rotated. P ayers’ reaction tines on nental rotation
should be plotted as a horizontal line, rather than the upwarc
line ve see in Fgure 10. Total reaction tine should be t
tine needed to abstractly encode the first shape (present:
abstractly encode the second shape (presentation), a
the abstract encodings. Mreover, ve woul d expe
abstractly encode different presentations, and
encodi ngs shoul d be constant across all tri
W have not observed flat 1ine per
of very experienced players, so we m
players use abstract orientatio:
studies of extrenely prac
fact, the nore expos
closer to flat
expl anatior
acquire

f:[é_
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perspective representations, external rotation could play a valuable role in
speeding up the mul tiple-perspective encoding process. (onsider what it
neans, froma conputational perspective, toactivate (or encode) a nul tiple-
perspective representation. Presumably, the agent enters a state in which
the conpl ete set of orientationspecific representations are active, or at least,
strongly prined. The process by whichthis activationtakes placeis identi
toretrieval. Thus, eachinage of a shape serves as anindex, or retr
for the mul tiple-perspective representation.
Ebwm ght physical rotation hel p such a retrieval pre
ture, whichis ripe for experinental testing, is that r
envi ronnental support there is (Park &Shaw,
ul ate that 1t takes less tine to conplete a
conpl ete a retrieval using n indices
subject a total of 1200 ns to i
when shown a single token
toidentify the type if
ns imediately fol
perspectives of
single pe
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the useful function of speeding up the activation process. Inthis case, tuo
cues are better than one. Because rotation is the neans of generating the
second cue, and rotationis quickenough to save tine inthe settling process,
it can play an epistemcally val uable role.

Rtatirg to HpIdatify Zad

It is an open question whether agents use nul tiple perspective representa-
tions of zoids (or chunks). It is not an open question whether there is a
phase where zoids are first representedintheir current perspective as partic-
ul ar zoi d shapes (or chunks of zoids). Ghour account, the process by which
particul ar zoids are encoded in working nenory has three logical steps. In
the first, sinple features such as lines, corners, and colors are extract
the inmage; in the second, orientation-specific corners and 11 nes-
features of the i nage—are extracted; andinthe thirdstep, s
conj untive features—perceptual chunks—are identified
itly in working nenory. Both steps two and three re
reasonabl e to suppose, then, that fast perceptt
hi ghl y trained attentional system and th
due to inprovenent in the attentional
recogni tion. Thus, ve hypothesize t
chunks and zoids, 1t is because
features represented in the
W can recast this
say that the nore expe
at searching for the
chunks. Accor
is in terns
by ne
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Hgure 11. The iconic bufler is a4 x 4 natrix of cells, each of whi ch nay contain
a primtive feature.

mninal nunber of cells to reliablyextrapolate to the contents of the whole
natrix (see Hgure 11).

(4 ven the shape of tetrazoids, experts nay sonetines rotate zoids be-
cause, 1f encoding operates by a nechani smat all like a decision tree, then
rotating can be an effective uny of reducing the nunber of attentional probes
needed to identify a zoid. Conpare Figures 12 and 13. The decision tree in
Figure 12 assunes the expert identifies the zoid without rotating it. A can
be seen, if the expert first exammnes cell (1,1), then, a decisionwill require

either one, two, or three questions directedat the matrixtoidentifythe zoid

depending, of course, on the zoid present and the contents of (1, 1). Tl

cisiontreein Hgure 13, however, shows that if the agent can alsc

zoi d between its attentional probes of the matrix, an iden

nade in at nost two questions. Thus, rotation can be
the programcontrolling attention. An expert can o
decision-tree if rotationis includedin the set
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Hgure 12. This decision-tree directs a series of questions at specific cells in the
iconic buffer in order to identify what type of zoid is present. 'The tree first

probes cell (1,1). If the buffer is the one in Hgure 11, cell (2,1) is queried next,
leading to the identification of H.
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Hgure 13. If the decision-tree incorporates calls to external rotation operations,

its naxi numdepthis tvo. In addition, attention need not shift fromecell (1,1)
nost of the tine.

Bat this nay be only part of the story. So far, we have argued that
identification invol ves domain-specific control of attention, and that extra
rotations nay be a side effect of a streamined programregul ating this con-
trol. Asecond reason experts may nake superfluous rotations is that, para-
doxically, 1t is the lazy thing to do. A though we do not knowif it takes less
energy on the part of an attention nechani smto consult the sane cell tw ce,
it is possible that alazy attention nechani smmght prefer to re-ask for the
val ue of a cell, rather than focus on a newcell. This is an obvious strate
when newdata has just arrived because change is autonatically inter
to the nervous system 'This idea of finding a strategy that mn
nunber of cells probed nakes sense in a decision-tree account o
long as it costs less to consult the sane cell on successi
case, the decision-tree in H gure 13 woul d be pref
in Figure 12 because probing the sane cell
woul d put less strain on the attention:
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The inplication of both argunents, we believe, is that it is adaptive
to build attentional nechanisns that are closely coupled with actions such
as rotation. ‘The close coupling between attention and saccades is already

accepted, why not extend this coupling to include nore nol ar actions such
as rotation?

Rtztirg to Balitate Mdirg
So far we have assuned that natchingis aprimtive process in worki ng nem
ory: zoid chunk and cont our chunk can be conpared and nat chedonl yif they
are explicitly represented in worki ng nenory. Io nake certain that enough
chunks of different sizes are tested to guarantee findi ng the l argest natchi ng
chunks, a player can rely on either externally rotating a zoid, nentally ro-
tating a zoid, or nentally accessing a nul tiple-perspective representation of
a zoid to generate as nany candi date chunks as tine will allow
Are ve justified in assumng that natchi ng occurs in worki ng nenory?
And that synbolic matching, primtive or not, is really the fastest way «
determning a fit between a zoid fragnent and a contour fragnent?
MAnalternative possibilityis that matching is a perceptual proc
general idea is sinple enough. Mtching requires noting the ce
two structures. If the structures are sinple-suchas lines
inthe sane orientation—it nay be possible to note tl
ing sone attention-directed process such as a vis
applieddirectl yto the early bitnap-1ike rep
ing mght actually be an el enent of Ph:
features of the situation are extract
of Phase Three-the phase in which
vor ki ng nenor y.
External rotation plays a rc
we have to expl ai n how new
Because we are considerir
there muct also be a ne
only certain way to
buffer is through
tions nay
whet he:

rese
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for instance. Second, if nental rotation does nodify the pre-attentiveiconic
buffer—where the bitnaps reside—players woul d probably prefer to create
the relevant bitnaps by external rotation rather than by nental rotation
because, as nentioned earlier, external rotation is faster. And third, it is
likely that physical rotationis less cognitively denandi ng than nental rota-
tion. Iconic nenory needs to be refreshed every 200 ns (Reeves &Sperling,
1986). Thus, if a player uses nental inagery to flood the iconic buffer, he or
she will have to refresh the buffer every 200 ns. It is much easier to gene

tokens by bringi ng themi n through the visual systemthan by i nterne
ating them Therefore, even if natching operates by perceptua
correspondence, we have another reason for preferring exter
to nental rotation and to mul tiple-perspective repres

So ends our account of the epistemc uses
our discussion of the data with a brief desc

transl ation.

BN AONAS ANHSEYC ATON

The pragnatic function of translationis to shift a zoid either
to permt placenent in an arbitrary col umm. Translation us
pragnatic purpose. But we have found at 1east one unank

use of translation: to verify judgenent of the col um

of the cases when a player drops a zoid, the act

a behavioral routine of translating the zoid

See H gure 14. Because the accuracy of j

visually presented stimuli varies

coeur, Ulnan & Mckay, 1991

has a greater chance of la

froma height of three sq

to-wall routine is

zoid to the wa

col umm, a pl

M ey
actio
1T
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Hgure 14. In a small percentage of cases players vill drop certain zoids only
after translating themto the nearest wall and then back again, as if to verify

the columm of placenent. In this figure, Eis transl ated to the outer vall and
back again before it is dropped. TThe expl anation we prefer is that the subject
confirns that the col unm of the zoid is correct, relative to his or her intended
pl acenent, by qui ckl y noving the zoid to the wall and simul taneousl y counting
tappi ng out the munber of squares to the intended col unm.
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Table 1
(G dinary Drop Dstance vs. Transl ate-to- Wl1-then- rop llstance

Internedi ate Advanced Expert
Man Irop D stance 13.18 13.69 15. 65
Man [rop D stance after Transl ate Foutine 19.04 19.33 20. 05

Note. Wthin each skill Tevel, the tvo neans difler significantl y as judged by a ¢
test vith a = .05.

over, 1t cannot sensi bl y be vieved as a mstaken pragnatic action because the
procedure is nore likel y to occur the hi gher the drop. A shown in Table 1,
experts drop a zoid, on average, when it is about 13 squares fromits resting
position. (h those occasions when they also performthe translate-to-wall
routine, the zoid is dropped, on average, fromabout 19 squares above its
resting position, 6 squares higher than usual. The only reasonable account
for this regularity is that the hi gher the zoid, the nore the player needs
verify the columm. Mreover, as shown in Figure 15, the greater the
distance, the nore likel y the drop is verified using the translate--
tine. A great heights above the zoid's resting position,
of noving avay fromthe goal colum is nore than offse
benefit of reducing possible error.



@ Dstirgisling Kistair
38

62
58 -+
54 +
50 -+
46 +
42 +
38 +

Percentage ** T

Dropped ¢ I
22 +
18 +
14 +
10 +
06 —+

02 +

Drop Distance

Hgure 15. This graph plots the percentage of dropped zoids that folloved a
transl ate-to-wall routine agai nst the distance they vere dropped. 'The hi gher the
drop, the nore likel yit followed a verificati on routine.

xpl ain our data on the timng and frequency of rotations and transla-
ions regul arly perforned by Tetris players, we have argued it is necessary
to advert to a newcategory of action: epistemc actions. Such actions are
not perforned to advance a player to a better state in the external task en-
vironnent, but rather to advance the player to a better state in his or her
internal , cognitive environnent. FEpistemc actions are actions designed to
change the i nput to an agent’s i nfornation- processing system 'They are ways
an agent has of nodifying the external environnent to provide crucial bits
of information just when they are needed nost.
The processing nodel this suggests to us is a significant departure from
classical theories of action. Its chief noveltylies in allow ng indi vidual
tional units inside the agent to be inclosed-1oopinteraction wit
vorld. K gure 16 graphically depicts this tighter coupli
and external processes. A in the cascade nodel nen
cessing starts in each phase before it is conpl
inthis case, the output of Phase Two can
Four, activating a motor response directls

of Phase Three can bypass Phase four.
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Hgure 16. In this nodel, calls for rotation fromattentional processes, or from
candi date generation processes, cause changes in the vorl d whi ch feed back into
those very processes. Because of the tight coupling betveen action and what
is perceived, the fastest way to nodify the infornational state of an internal
process nay be to nodifyits next input.
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1o return to an exanpl e al ready di scussed, suppose attention operates
as if driven by a decision-tree. 'The attentional systemnay request rotations
inthe sane way that it requests directing attentionto cell (¢, j) intheiconic
buffer. These requests are not sent to the Phase Three processes operating on
vorki ng nenory, as if to be approved by a hi gher court. They are tenporary,
tine-critical requests whi ch have no bearing on the pragnatic choi ce of where
toultimatel y nove. The point of the request is very specific: to cashinon
the speed at which input can be changed. If a change of input will hel
conpl ete the conputations that constitute selective attention faste
the attention systemcan conpute onits own, it woul d be adaptiv
attention directly to certain sinple notor actions.
The property of Tétris that nakes such a strategy pa
local effects of an action are totally determmnate. There
exogenous 1influences, or other agents to change
rotate key. There is a dependabl e and sinple
the change instimul us. (bnsequently, a vel
m ght incorporate sinple calls tothe vo
Asimlar story can be told
generated and natched or testec
can provide just the i nput 1
anatch. Again, becaus
the agent can cou
the rotate key
on to hel
(he
proce
ce
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temresponsible for saccades. Perhaps there is a simlar connection between
attention and hi ghl y trai ned key pressing responses.
Second, we can create a nore conplicated picture of the interrelations
anong processes invol ved in Tetris-playing than the one presented in Hg-
ure 2. (onsider Figure 17, which displays a highl yinterconnected network of
processes for attention, candi date generation, natching, and rotation. (bvi-
ously, this does not represent a strictly feedforward system there are bac
vard 1inks fromgaeete candi dates and mtdhto dtatian as well as
fromall three to mtar abitrate W have al ready di scussed how rabch
and rdae can benefit fromsending requests back to atatian In the
sane way, candidate generation can benefit fromsendi ng requests back to
attention because the process of generating new candi date placenents re-
quirtes trying out new zoid chunks and new contour chunks, and an easy
way to create such chunks is by looki ng at zoi d and contour anew ‘The one
conplication this connection schene adds to the process is that requests for
motor actions nust be arbi trated, hence the addi tionof the mtar ahitrete
process. This kind of nodel follows the distributed franework proposed by
Munsky (1986).

If this way of thinking has nerit, it suggests that we begin asking ac
ditional questions when studying behavior. For instance, we shoul ¢
confront a task and ask not only, “Hbwdoes an agent thi nk about thi
e.g., categorize elenents init, construct a problemspace repre
11?77 but also, “Wat actions can an agent performthat w
nore manageabl e, easier to conpute?”
This represents a shift fromorthodox cognitivist
thene 1 n cogni tive psychol ogy has been to discover
agents use to structure their environnents. (
properties of the stimuli agents find in
the effects of these changes on such
recogni ze, conplete, and so on
elenents of the stimul us are
better, faster, nore ofte
recall and recognit
subject, in inpc
experi nen
subj e
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Hgure 17. A nore conplicated nodel of the processes occuring in Btris-
cogni tion woul d represent particul ar functional parts as a directed netvwork of
nental processes able to pass nessages between each other. The onl y si gni ficant
devi ation fromthe sketch in K gure 16, is that tvo way 1inks between attention,
ndi date generation, and natching are shown, and a newprocess, called an ar-
or, is introduced tointervene betveen the possible calls to translate, rotate,

op-
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There is, of course, nothing wrong with this approach. It permts con-
trolled study. But it reflects a bias that the type of environnental structur-
ing rel evant to probl emsol ving, planni ng, and choice, as well as torecall and
recogni tion, occurs primarily inside the agent. That is, the environnental
structure that natters to cognitionis the structure the agent represents (or
at least, presupposes in the way it nmanipul ates its representations). No al-
lowance is nade for offloading structure to the world, or for arranging tl
so that the worl d pre-enpts the needfor certainrepresentations, or
the need for naking certaininferences. This leaves the perfo
pre-enpti ve and offloadi ng actions nysterious.
1o take a sinple exanpl e, a novice chess player usu
to physicall y nove a chess piece when t hi nki ng about
Wy is this? Koma problemspace perspecti ve.
superfluous. It cannot materiallyalter the cu
Yet, as we know, by physically alteri:
1 nagl ni ng noving a piece, novices f
replies, and positions. Inl
finds it hel pful to cha
but noving to a
leap into f
way of -
up o
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they have on the agent.
This way of thinking treats the agent as having a nore cooperative and
interactional relation with the world: the agent both adapts to the world as
found, and changes the world, not just pragnatically, whichis a first order
change, but epistemcally, so that the world becones a pl ace that is easier to
adapt to. (bnsequently, we expect that a well-adapted agent ought to know
howto strike a bal ance between i nternal and external conputation. It ought
to achieve an appropriate level of cooperation between internal organizing
processes and external organizing processes so that, in the long run, le
work is perforned.
W conclude with a brief expl anation of howaccepting the categc
epistemc action affects traditional Al planning.

Histaic Atias ad Teaies  Panrg

In the introduction, we suggested that Al pl anners mght acconodate epis-
temc activity by operating in a state space whose nodes were pairs encoding
both physical state andinformnational state. Inthat case, the payoffs a pl.
recei ves froman action have two di nensions: a physical payoff, and ar
nmational or epistemc payoff. 'The clearest exanples of epistemc
those which deliver epi stemc payoffs rather than pragnatic o
nale, presunabl y, is that ineachsuch case, after we have
of tine lost performng the action, the expected ey
benefits still outweigh the expected net benefi
action.
The cost- benefit nodel that seens to aj
used to characterize the tradeoff betvee
since Stigler’s semnal paper “The e
pointed out that for consuner:
price of a canera, narket inf
how nuch one coul d hope tc
assune that prices fit a no
for alover price decr
gain of one nore
In «
NO«
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tions are nost i nfornati ve when what is seenis anbi guous i n both shape and
position. The nodel also fits the translate-to-wall routine. Thus, we explain
why the probability of translating to the wall and back before a drop varies
wi th drop di stance by poi nting out that the greater the drop hei ght, the nore
infornative the verification and the less risky (costly) the action. It also ex-
plains why pl ayers physicallyrotate to save nental rotation: they can attain
the sane knowl edge faster and with less effort than by nentall y conputing
the inage transformation. Fotating to facilitate natching has a favor:
cost- benefit spread because natching via perceptionis tast, reliable
less resources than natchi ng in worki ng nenory.
The virtue of such a cost-benefit account is twofold. Fr
to continue nodel i ng the decision about what to do next
anong accessible actions. Wthout a notion of epis
justify why expert players sonetines choose prag
actions within a rational -agent cal cul us.
The second virtue of a cost- benefit
the superior decision-naki ng of exp
nore expert a player is, the no
the costs of conputation do
performng nore epister
Bat when ve 1 ook
epi stemc payoff of &
and benefits fail
siderable det
dertaki ng
Rai f
I
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vell as on howit generates and tests candidate placenents, and on howit
attends to details of the contour and zoid. This requires understandi ng an
agent’s active cognitive processes to alevel of detail unheard of in standard
pl anni ng and rational decision accounts.
The upshot is that to incorporate epistemc actions into a planner’s
repetoire, we will need to cast aside the assunption that planning can pro-
ceed wthout regard to specific nechani sns of perception, attention, and rea-
soning. This ideais not foreign to the pl anni ng commmnity, but to dat
has been restrictivel y applied. For instance, in discussions of act
where repositioning sensors is a central concern—the decisi
to reposition a sensor is thought to depend on assunpti
sor’s range, field of view, noise tolerance, and so ¢
inner functioning of the sensor. It is our beli
about an agent’s internal nachinery gener
tions, and that once nore is known
selection in particul ar donai n:
preval ent than anyone woul
show ng how, in a gane as
actions that nake it e
candi dates, and -
derstand sone o
vwe claim |
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