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Epistemi c Actio n Increase s Wi t h Skil l 

Paul  P .  Magli o 
EBM Almade n Researc h Cente r 

650 Harr y Road .  K54D-B 2 
San Jose .  C A 9512 0 

pinaglio@alinaden .  ibm .  co m 

Davi d Kirs h 
Departmen t  o f  Cognitiv e Science .  051 5 

Universit y  o f  California ,  Sa n Dieg o 
La Jolla .  C A 9209 3 

k i r s h @ c o g s c i . u c s d . e d u 

Abstrac t 

On most accounts of expertise, as agents increase their skill, 
the y ar e assume d t o m a k e fewe r  mistake s an d t o tak e fewe r 
redundan t  o r  backtrackin g actions .  Contrar y t o suc h accounts , 
i n thi s pape r  w e presen t  dat a collecte d fro m peopl e learnin g t o 
pla y th e videogam e Tetri s whic h sho w tha t  a s skil l  increases ,  th e 
proportio n o f  g a m e action s tha t  ar e late r  undon e b y backtrack -
in g als o increases .  Nevertheless ,  w e als o foun d tha t  a s g a m e 
skil l  increases ,  player s spee d u p a s predicte d b y th e powe r  la w 
of  practice .  W e explai n th e observe d increas e i n backtrackin g 
as th e resul t  o f  a n interactiv e searc h proces s i n whic h agent -
intema l  an d agent-externa l  action s ar e interleaved ,  makin g th e 
cognitiv e computatio n mor e efficien t  (i.e. ,  faster) .  W e refe r 
t o extema i  action s whic h simplif y a n agent' s computatio n a s 
epistemi c actions . 

Introductio n 

I n thi s paper ,  w e presen t  experimenta l  dat a whic h run s counte r 
t o a n assumptio n tha t  underlie s mos t  theorie s o f  skil l  learning : 
tha t  mor e skille d agent s tak e fewe r  redundan t  o r  backtrackin g 
action s tha n les s skille d agent s (e.g. .  Anderson ,  1982 ;  Lo -
gan,  1988 ;  Newel l  &  Rosenbloom ,  1981) .  Intuitively ,  skille d 
agent s ough t  t o mak e fewe r  mistake s tha n unskille d agent s 
and therefor e ough t  t o backtrac k les s an d tak e fewe r  redun -
dant  actions .  However ,  ou r  studie s o f  ho w peopl e improv e 
at  playin g th e videogam e Tetri s revea l  tha t  sometime s gettin g 
bette r  mean s backtrackin g more .  Bette r  player s us e th e worl d 
better ,  eve n i n th e limite d worl d o f  a  Tetri s board .  Conse -
quently ,  w e explai n th e observe d increas e i n backtrackin g a s 
th e resul t  o f  interactiv e searc h i n whic h agent s reduc e cogni -
tiv e loa d b y interleavin g interna l  an d extema i  actions . 

Previously ,  w e introduce d th e ter m epistemi c actio n t o de -
scrib e extema i  action s tha t  ca n b e use d t o reduc e th e memory , 
time ,  an d probabilit y  o f  erro r  o f  agent-interna l  computatio n 
(Kirs h &  Maglio ,  1994) .  W e justifie d ou r  vie w b y presentin g 
dat a collecte d fro m Tetri s player s a t  al l  skil l  level s i n whic h 
many example s o f  recurrin g backtrackin g behavior s coul d b e 
found .  W e coul d not ,  however ,  prov e tha t  bette r  player s per -
forme d mor e epistemi c actions .  Her e w e presen t  longitudina l 
dat a o n th e acquistio n o f  Tetri s skil l  whic h sho w that :  (a ) 
Certai n sort s o f  backtrackin g increas e a s skil l  develops ;  an d 
(b )  despit e thi s increase ,  Tetri s skil l  resemble s othe r  skill s  i n 
followin g th e powe r  la w o f  practic e (Newel l  &  Rosenbloom , 
1981) .  Take n together ,  thes e result s suppor t  ou r  clai m tha t 
epistemi c action s pla y a  substantia l  rol e i n skille d behavior . 

I n wha t  follows ,  w e first  briefl y describ e Tetris ,  an d the n 
presen t  analysi s an d discussio n o f  ou r  behaviora l  data . 

i: : 

Tclrj s Scen e Drop 

New 
-  Shap e 

Descend s 

Unfille d Rows Mov e Down 

Figur e 1 :  I n Tetris ,  shape s fal l  on e a  tim e f ro m th e to p o f  th e 
screen ,  eventuall y landin g o n th e bot to m o r  o n to p o f  shape s 
tha t  hav e alread y landed .  A s a  shap e falls ,  i t  ca n b e rotated , 
an d m o v e d t o th e righ t  o r  left .  T h e objectiv e i s fill  r ow s o f 
square s al l  th e w a y acros s th e screen .  Complete l y filled  row s 
dissolv e an d al l  partiall y filled  r o w s abov e m o v e d o w n . 

H o w t o Pla y Tetri s 

Tetris is a popular videogame in which players maneuver 
fallin g shape s int o specifi c  arrangement s o n th e compute r 

screen .  Ther e ar e seve n shape s (whic h w e cal l  zoids) :  i  ,  ffl  , 

cBd ,'- & ,  cE P ,  m ,  m .  Thes e fal l  on e a t  a  tim e fro m th e to p 
of  a  scree n tha t  i s 1 0 square s wid e an d 3 0 square s hig h (se e 
Figur e 1) .  Eac h zoi d freel y fall s  unti l  i t  land s o n th e botto m 
edge o f  th e scree n o r  o n to p o f  th e square s o f  a  zoi d tha t  ha s 
alread y landed .  Onc e a  zoi d come s t o rest ,  anothe r  begin s 
fallin g firom  th e top ,  startin g th e nex t  Tetri s episode .  Whil e 
a zoi d falls ,  th e playe r  ca n contro l  it ,  eithe r  rotatin g i t  90 ° 
counterclockwis e wit h a  singl e keystroke ,  o r  translatin g i t  t o 
th e righ t  o r  t o th e lef t  on e squar e wit h a  singl e keystroke .  T o 
gai n points ,  th e playe r  mus t  carefull y lan d zoid s s o tha t  row s 
fill  u p wit h square s al l  th e wa y acros s th e screen .  Fille d row s 
the n disappea r  an d al l  filled  square s abov e i t  dro p down .  Thi s 
proces s i s calle d clearin g rows .  A s mor e row s ar e cleared , 
th e gam e speed s up ,  an d controllin g ho w zoid s lan d become s 
more difficult .  Fille d square s pil e u p a s unfilled ,  uncleare d 
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row s becom e burie d unde r  poorl y place d zoids .  Th e gam e 
end s whe n th e scree n become s clogge d wit h incomplet e row s 
and ne w zoid s canno t  descend .  Thus ,  clearin g row s serve s th e 
purpose s bot h o f  scorin g point s an d o f  delayin g th e game' s 
end. ' 

We recorde d dat a fro m tw o player s w h o practice d Tetri s 
fo r  abou t  2 0 hour s each ,  encompassin g approximatel y 40,00 0 
keystrok e interaction s wit h th e game .  Neithe r  participan t  ha d 
playe d th e gam e before ,  an d bot h agree d no t  t o pla y excep t 
unde r  compute r  observatio n durin g th e cours e o f  th e study.W e 
n o w tur n t o thes e data . 

How Players Improve With Practice 

As player s practic e more ,  th e numbe r  o f  row s the y clear — 
thei r  gam e score—increases .  A s Tetri s player s know ,  th e rat e 
of  improvemen t  i s misleading ,  fo r  th e gam e speed s u p a s row s 
ar e cleared .  Hence ,  player s encounte r  differen t  tas k demand s 
durin g th e cours e o f  a  singl e game . 

To ensur e tha t  w e di d no t  compar e expert s i n hig h spee d 
games wit h novice s i n slo w spee d game s i n ou r  study ,  w e 
controlle d fo r  th e effect s o f  gam e spee d durin g analysi s b y 
separatin g episode s int o thre e speeds ,  slow ,  medium ,  an d fast , 
a divisio n roughl y followin g skill :  everyon e play s a t  slo w 
speeds ,  bette r  player s attai n med iu m speeds ,  an d onl y th e bes t 
player s achiev e fas t  speeds .  Becaus e bot h participant s alway s 
playe d par t  o f  thei r  game s a t  slo w speeds ,  w e wil l  compar e 
behavio r  base d solel y o n dat a gathere d fro m th e slo w portion s 
of  th e games . 

Speed-ups Follow the Power Law of Practice 

Typically ,  practic e improve s performan e i n accordanc e wit h 
a powe r  functio n o f  practic e tim e o r  practic e trial s (Newel l 
& Rosenbloom ,  1981 )  eithe r  b y decreasin g th e tim e t o reac t 
t o stimul i  b y takin g a  singl e actio n (Seibel ,  1963) ,  o r  b y 
decreasin g th e overal l  tim e i t  take s t o perfor m a  tas k tha t 
require s a  sequenc e o f  action s (Grossman ,  1959) .  I n Tetris ,  th e 
tim e t o perfor m a  sequenc e o f  action s ca n b e measure d withi n 
an individua l  episod e a s th e interva l  betwee n th e tim e th e 
fallin g zoi d firs t  become s visibl e an d th e tim e o f  th e las t  actio n 
tha t  th e playe r  take s (se e Figur e 2) .  Th e tim e t o tak e a  singl e 
actio n ca n b e measure d a s th e interva l  betwee n consecutiv e 
keypresse s i n episode s i n whic h mor e tha n on e actio n wa s 
take n (se e Figur e 3) .  I n addition ,  anothe r  componen t  o f  th e 
overal l  tim e t o plac e a  zoi d i s th e latenc y o f  th e player' s firs t 
action ,  tha t  is ,  th e interva l  betwee n th e tim e th e fallin g zoi d 
becomes visibl e i n a n episod e an d th e tim e o f  th e player' s first 
keypres s (se e Figur e 4) . 

I n al l  thre e cases ,  ou r  dat a indicat e tha t  performanc e speed s 
up accordin g t o th e powe r  la w o f  practice .  Figur e 5  show s 
on e example :  whe n plotte d o n a  log-lo g scale ,  th e tim e be -
twee n keypresse s follow s a  straigh t  line .  T o se e tha t  al l  ou r 
dat a ar e bette r  fi t  b y powe r  curve s tha n b y othe r  curves ,  con -
side r  Tabl e 1 .  Followin g Newel l  an d Rosenbloo m (I98I) , 
we compare d th e correlation s o f  th e best-fi t  regression s fo r 

'I n additio n t o rotatio n an d u-anslation ,  th e playe r  ca n d m p a 
fallin g zoi d instantl y t o th e bottom ,  effectivel y placin g i t  i n th e po -
sitio n i t  woul d eventuall y lan d i n i f  n o additiona l  key s wer e pressed . 
Droppin g i s a n optiona l  maneuver ,  an d no t  al l  player s us e it .  Drop -
pin g speed s u p th e pac e o f  th e game ,  creatin g shorte r  episode s with -
out  affectin g th e free-fal l  rate .  W e wi U no t  discus s dropping . 

LL w Ro 
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tat e 

± 1 

inslat e 

"fl r 
. . . 1 

Drop X 

i 

Zoi d Appear s Serie s o f  Action s Fina l  Actio n 

'I ^ • '2 
Time t o Plac e th e Zoi d 

Figure  2: The time to place a zoid is defined as the interval 
betwee n th e tim e th e zoi d firs t  appear s o n th e boar d an d th e 
tim e o f  th e las t  actio n tha t  th e playe r  take s t o maneuve r  it . 
I n thi s case ,  th e zoi d appear s a t  tim e i \  an d th e las t  actio n i s 
take n a t  tim e tz -  T h e overal l  time ,  then ,  i s  th e interva l  t i - U . 

Rotat e Translat e 

i 

Dfop j 

Firs t  Actio n Second Actio n 

—•12-4-

Thir d Actio n 

-• '3 
Time Betwee n Action s 

Figur e 3 :  T h e tim e betwee n action s i s define d a s th e interva l 
betwee n consecutiv e keypresses .  Thi s figure  illustrate s tw o 
intervals :  < 2 -  ^ i  an d t j  -  t2 . 

¥ Rotat e 

^ W 

Zoi d Appear s 

'1 -4— 

Firs t  Actio n 

—• '2 
Tim e o f  Firs t  Actio n 

Figur e 4 :  T h e tim e o f  th e first  actio n i n a n episod e i s measure d 
fro m w h e n th e zoi d first  appear s o n th e board .  I n thi s figure, 
th e zoi d first  appear s a t  tim e t \  an d th e firs t  actio n occur s a t 
tim e t2 .  T h e tim e o f  th e first  action ,  then ,  i s t 2 -  ti . 
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Figur e 5 :  Th e tim e betwee n consecutiv e action s decrease s followin g a  powe r  functio n o f  practice .  Th e dat a plotte d o n thi s grap h 
ar e draw n fro m slo w episode s only .  Th e line s ar e th e best-fi t  linea r  regression s o f  th e dat a i n log-lo g space . 

Tim e t o Plac e 
a Zoi d (s ) 

L A 
TM 

Time Betwee n 
Action s (ms ) 

LA 
TM 

Tim e o f  Firs t 
Actio n (ms ) 

L A 

TM 

r  = 
A 

4.08 7 
5.19 5 

370. 2 
392. 6 

936. 8 
1117 

Linea r 

--A-B N 
B 

47.7 8 
53.8 2 

4.69 3 
4.74 3 

12.2 3 
12.2 7 

r ' 

.771 1 

.678 1 

.772 1 

.811 7 

.723 4 

.533 2 

Exponentia l 

B 

5.01 9 
5.20 1 

374. 2 
396. 6 

975. 2 
1106 

a 

0.01 2 
0.01 2 

0.01 6 
0.01 5 

0.01 6 
0.01 3 

r ' 

.802 0 

.716 2 

.843 9 

.878 9 

.742 4 

.522 4 

Power  La w 
T =  BAT- " 

B 

6.01 0 
6.50 8 

488. 1 
510. 0 

1253 
1436 

a 

0.14 9 .830 6 
0.17 1 .848 1 

0.21 4 .910 8 
0.20 2 .955 7 

0.21 0 .751 5 
0.18 9 .690 6 

Tabl e 1 :  Powe r  curve s fit  th e dat a bette r  tha n line s o r  exponentials .  T o determin e tha t  th e player s spee d u p accordin g t o th e powe r 
law ,  w e followe d Newel l  an d Rosenbloom' s (1981 )  metho d o f  comparin g variou s regressions— a straigh t  line ,  a n exponential , 
and a  simpl e powe r  function—o n th e data .  Fo r  th e equation s show n i n th e table ,  T  i s th e performanc e measur e (time) ,  N  i s 
practic e bloc k (30-minut e intervals) ,  a  i s th e rat e o f  decreas e determine d b y th e regression ,  an d B  i s a  constan t  als o determine d 
by th e regression .  Fo r  bot h participant s an d fo r  eac h measure ,  a  powe r  functio n fits  th e dat a bette r  tha n a  lin e o r  a n exponential . 
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lines ,  exponentials ,  an d simpl e powe r  functions. ^  A s th e 
tabl e shows ,  i n eac h case ,  th e dat a ar e fit  bes t  b y a  powe r 
functio n o f  practice .  Thi s mean s tha t  Tetri s skil l  i s  lik e mos t 
othe r  skill s  becaus e power-la w improvemen t  i s universa l  (se e 
Newel l  &  Rosenbloom ,  1981) . 

Becaus e player s becom e faste r  wit h practice ,  on e migh t 
expec t  tha t  players '  action s als o becom e mor e precise .  Tha t 
is ,  Tetri s expert s shoul d no t  onl y tak e actio n faste r  tha n be -
ginners ,  bu t  the y shoul d tak e onl y th e action s necessar y t o 
maneuve r  th e fallin g zoi d t o it s final  positio n an d orienta -
tio n becaus e expert s mak e fewe r  mistakes ,  backtrac k less ,  o r 
simpl y se e th e solutio n soone r  tha n beginner s do .  A s w e 
wil l  show ,  ou r  dat a indicat e jus t  th e opposite :  th e numbe r  o f 
apparentl y extraneou s action s increase s wit h practice .  Thi s 
resul t  i s  surprisin g becaus e theorie s tha t  explai n power-la w 
improvement ,  fo r  instance ,  b y accumulatin g chunk s (Newel l 
& R o s e n b l o o m ,  1981 )  o r  case s (Logan ,  1988) ,  assum e tha t  be -
havio r  become s mor e efficien t  an d economica l  wit h practic e 
(Grossman ,  1959) . 

Backtracking Increases With Skill 

As stated ,  w e foun d tha t  sometime s mor e skille d Tetri s player s 
actuall y tak e mor e extr a actions—tha t  is ,  action s tha t  ar e late r 
undon e b y backtracking—tha n les s skille d players .  T o se e tha t 
backtrackin g increase s wit h skill ,  le t  u s defin e backtrackin g 
or  extr a action s i n Tetri s t o b e action s tha t  d o no t  li e o n 
th e shortes t  pat h fro m th e fallin g zoid' s initia l  locatio n an d 
orientatio n t o it s final  locatio n an d orientatio n (se e Figur e 6) . 

Usin g thi s definitio n o f  backtracking ,  w e calculate d th e 
m e an numbe r  o f  extr a rotations .  Fo r  analysis ,  w e groupe d 
th e dat a int o thre e consecutiv e six-hou r  intervals .  W e first 
calculate d th e mea n numbe r  o f  extr a rotation s pe r  episod e fo r 
eac h game ,  an d the n use d thes e average s a s th e ra w score s fo r 
analysis .  Figur e 7  illustrate s th e result s fo r  LA. ^  A s shown , 
th e averag e numbe r  o f  extr a rotation s pe r  episod e i s signif -
icantl y greate r  i n exper t  game s tha n i n intermediat e games . 
Backb-ackin g increase s wit h practice . 

N o w i t  m a y b e objecte d tha t  becaus e th e averag e numbe r 
of  extr a rotation s fo r  L A i s onl y aroun d 0. 2 pe r  epsiode ,  extr a 
rotation s mus t  occu r  relativel y infrequently .  Extr a rotation s 
occu r  i n 7 % o f  th e episode s i n whic h L A wa s a n expert ,  i n 5 % 
of  th e episode s i n whic h h e wa s a n intermediate ,  an d i n 4 % o f 
th e episode s i n whic h h e wa s a  beginner .  Thes e frequencie s 
diffe r  significantl y ( p <  .01) ,  bu t  extr a rotation s ar e clearl y th e 
exceptio n rathe r  tha n rule ,  an d therefor e i t  migh t  b e illustrativ e 
t o investigat e th e context s i n whic h the y occur . 

Figur e 8  reveal s tha t  th e percentag e o f  episode s containin g 
extr a rotation s varie s b y zoi d type ,  an d tha t  th e numbe r  o f 

^Newel l  an d Rosenbloo m (1981 )  als o discus s fitting  dat a t o gen -
eralize d curve s b y addin g a n additiona l  paramete r  t o accoun t  fo r 
prio r  experience .  I n particular ,  the y conside r  fitting  exponential s 
of  th e fom i  T  =  Be~''' ^  +  E ,  an d powe r  function s o f  th e for m 
T =  B N ' "  +  E ,  wher e E  i s th e additiona l  constan t  use d t o rep -
resen t  prio r  experience .  B y incorporatin g additiona l  parameters , 
bette r  fitting  regression s ca n alway s b e found .  Bu t  becaus e ou r  dat a 
contai n onl y 3 8 point s fo r  eac h participant ,  ther e i s th e dange r  o f 
overfittin g th e points .  Therefore ,  w e use d th e simples t  function s i n 
eac h case ,  tha t  is ,  th e function s containin g tw o (rathe r  tha n three ) 
fre e parameters . 

^Becaus e o f  spac e limitations ,  th e res t  o f  th e discussio n wil l  focu s 
on LA' s data .  Se e Magli o (1995 )  fo r  discussio n o f  TM' s data . 

Initia l 

Fin.i l 
\ 

^ 

r 

Rotat e 

Translat e 

la ) 

5 Rotate s 

Translat e 

6 ^ 1 

1 1 

Rotat e 

4 Translates 
(right ) 

3 Translates 
(left ) 

(c ) (d) 

Figur e 6 :  Backtrackin g action s d o no t  li e o n th e shortes t  pat h 
betwee n a  zoid' s initia l  locatio n an d orientatio n an d it s final 
position .  T h e trajector y s h o w n i n (b )  i s a  shortes t  path .  Th e 
trajectorie s s h o w n i n (c )  an d (d )  contai n backtracking . 
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Figure 7: Extra rotations increase with expertise for LA. More 
precisely ,  th e m e a n n u m b e r  o f  extr a rotation s wa s greate r 
w h en L A playe d a t  th e exper t  leve l  tha n w h e n h e playe d a t 
th e beginne r  level . 
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ainin g 
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Inlerraediate X N 

Beginne r A 
ffl 

Zoi d Typ e 

Figur e 8 :  Th e percentag e o f  episode s containin g extr a rota -
tion s varie s bot h b y skil l  an d b y zoi d type .  Th e dat a plotte d 
i n thi s grap h sho w tha t  th e extr a rotation s occu r  mor e fre -

quentl y  fo r  B d an d cf i  tha n fo r  othe r  zoid s a t  al l  skil l  levels ,  bu t 
especiall y a t  th e exper t  level .  Althoug h th e numbe r  o f  extr a 
rotation s increase s wit h skil l  fo r  al l  zoi d type s excep t  ffl,  th e 

number  o f  extr a rotation s increase s mos t  f o r m an d cfl . 

extr a rotation s increase s mos t  fo r  o d an d m .  Thes e dat a 
sugges t  tha t  althoug h extr a rotation s occu r  infrequently ,  the y 
canno t  b e th e resul t  o f  simpl e moto r  errors .  Thi s follow s 
becaus e moto r  mistake s ough t  t o affec t  eac h typ e o f  zoi d 
equally .  I f  extr a rotation s resul t  from a  baselin e erro r  i n moto r 
contro l  processe s (i.e. ,  expert s ca n recove r  from  overshootin g 
th e desire d orientatio n bu t  beginner s cannot) ,  ther e i s n o a 

prior i  reaso n t o suppos e tha t  th e frequenc y o f  error s fo r  i 
woul d b e les s tha n th e th e frequency  o f  error s fo r  "ft .  Error s 
shoul d b e distribute d randomly .  Becaus e th e percentag e o f 
extr a rotation s differ s a m o n g zoi d types ,  th e conjectur e tha t 
extr a rotation s ar e th e resul t  o f  recoverin g fro m simpl e moto r 
mistake s mus t  b e rule d out . 

Perhaps ,  however ,  extraneou s rotation s resul t  from  percep -
tua l  errors .  Fo r  example ,  perceptua l  confusio n migh t  resul t 

when th e fallin g zoi d i s cf l  bu t  ther e i s a  natura l  plac e t o pu t 

B:  an d no t  m .  M o r e precisely ,  le t  u s defin e a  mirro r  episod e 
t o b e a  boar d configuratio n i n whic h an y placemen t  o f  th e 
fallin g zoi d wil l  creat e a  hole ,  bu t  i n whic h som e placemen t 
of  th e fallin g zoid' s mirro r  imag e doe s no t  (se e Figur e 9) . 
Obviously ,  mirro r  episode s ca n onl y occu r  fo r  th e zoid s wit h 

mirro r  images :  "ftcf f  an d ftm.  I n thi s case ,  th e percentag e 
of  exu- a rotation s i n mirro r  episode s doe s no t  diffe r  from  th e 
percentag e o f  extr a rotation s i n non-mirro r  episode s fo r  th e 
relevan t  type s o f  zoid s (se e Figur e 10) .  Thus ,  backtrackin g 
rotation s ar e no t  th e resul t  o f  thi s typ e o f  perceptua l  error . 

Early Rotations Aid Decision Making 

We conjectur e tha t  rathe r  tha n bein g th e resul t  o f  moto r  o r 
perceptua l  errors ,  extr a rotation s ar e computationall y efificien t 
epistemi c actions .  Fo r  instance ,  extr a rotation s migh t  hel p th e 
playe r  decid e wher e t o plac e th e fallin g zoid .  I f  thi s i s  th e case . 

n 
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] 

/ 

-J 

y' / 

Mirro f  Imii e 

Figur e 9 :  I n mirro r  episodes ,  ther e i s a  g o o d plac e t o pu t  th e 
fallin g zoid' s mirro r  imag e bu t  n o g o o d plac e t o pu t  th e fallin g 
zoi d itself .  I f  player s backtrac k m o r e becaus e the y m a k e 
perceptua l  mistakes ,  extr a rotations  migh t  b e m o r e frequen t 
i n mirro r  episodes . 
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Non-  mirro r 
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Extr a 
Rotation s 

Beginne r Intermediat e 
Skil l  Leve l 

Exper t 

Figur e 10 :  T h e frequenc y o f  extr a rotation s doe s no t  depen d o n 
mirro r  episode s fo r  L A .  Withi n eac h skil l  level ,  th e percentag e 
o f  extr a rotation s doe s no t  diffe r  significantl y betwee n th e 
mirro r  an d non-mirro r  condition s (x ^  <  1  i n al l  cases) . 

w e w o u l d expec t  extr a rotation s generall y t o occu r  befor e th e 
playe r  ha s decide d wher e t o pu t  th e zoid .  I n particular ,  i f  a 
zoi d i s  rotate d int o it s  fina l  orientatio n befor e a  playe r  ha s 
m a de a  final  decisio n abou t  orientation ,  the n th e playe r  m igh t 
continu e t o rotat e th e zoi d t o assis t  decisio n mak ing .  Thi s 
implie s tha t  extr a rotation s shoul d occu r  m o s t  ofte n w h e n th e 
zoi d i s i n it s  final  orientatio n befor e th e playe r  i s  read y t o 
judg e whethe r  th e orientatio n i s  correct .  Thi s m igh t  happe n 
i n t w o w a y s :  eithe r  becaus e th e playe r  rotate s th e zoi d ver y 
rapidl y soo n afte r  i t  appears ,  o r  becaus e th e zoi d appear s o n 
th e boar d clos e t o it s final  orientation .  A n d i n fact ,  th e dat a 
fo r  L A s h o w tha t  extr a rotation s d o occu r  primaril y w h e n th e 
zoi d i s i n it s  final  orientatio n earl y i n th e decision-makin g 
proces s (se e Figur e 11) .  I n general ,  th e final  decisio n abou t 
orientatio n i s no t  m a d e m u c h befor e 1 1 3 0 milliseconds .  Fo r 
cfi] ,  th e m e a n tim e t o pu t  th e zoi d int o it s final  orientatio n i s 

112 7 m s ( S D =  9 9 m s ) ,  an d fori ]  an d c§th e mea n i s 112 2 
ms ( S D =  7 1 ms) .  A s Figur e I I  shows ,  however ,  th e mea n 
tim e tha t  thes e zoid s ar e rotate d int o thei r  final  orientatio n 
an d the n late r  unnecessaril y  rotate d i s 4(X)-50 0 millisecond s 
earlier .  Fo r  cfti ,  th e mea n tim e i s 67 6 m s ( S D =  14 9 m s ) , 

an d fo r  E :  an d cf i  th e mea n tim e i s 75 4 m s ( S D — 29 6 m s ) .  I f 
extr a rotation s wer e th e resul t  o f  moto r  o r  perceptua l  mistakes , 
however ,  ther e i s n o reaso n t o suppos e tha t  the y woul d occu r 
most  ofte n earl y i n a n episode .  Thus ,  i t  seem s tha t  externa l 
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Figur e 11 :  Th e mea n tim e a t  whic h th e fallin g zoi d i s first 
rotate d int o it s targe t  orientatio n i s les s whe n ther e ar e extr a 
rotation s tha n whe n ther e ar e n o extr a rotations .  Th e dat a 
shown ar e fro m slo w episode s i n whic h L A wa s a n expert . 
The mea n tim e wit h extr a rotation s differ s significantl y fro m 
th e mea n tim e withou t  i n bot h cases :  fo r  cfi :  ,  <(198 )  = 

2.82,p < .005 ;  fori :  [fi,t(293 )  =  2.24,p < .026 . 

rotatio n i s bein g use d t o hel p mak e a  placemen t  decision . 
To summarize ,  th e numbe r  o f  extraneou s rotation s per -

forme d b y L A increase d wit h skill .  Thi s finding  i s coun -
terintuitiv e becaus e skille d player s woul d b e expecte d t o hea d 
mor e precisel y towar d thei r  goals .  Ye t  becaus e Tetri s perfor -
mance improve s accordin g t o a  powe r  functio n o f  practice , 
Tetri s skil l  mus t  b e lik e mos t  othe r  skills .  Take n together , 
we believ e thes e result s suppor t  ou r  hypothesi s tha t  redundan t 
action s ar e epistemi c action s whic h bot h simplif y perceptua l 
computatio n an d pla y a  natura l  rol e i n skille d behavio r  (Kirs h 
& Maglio ,  1994) .  W e conclud e wit h a  brie f  discussio n o f 
some implication s o f  thi s view . 

Epistemic Actions Simplify Perception 

I t  i s n o surprise ,  o f  course ,  tha t  peopl e offloa d symboli c com -
putatio n (e.g. ,  preferrin g pape r  an d penci l  t o menta l  arith -
metic ;  Hitch ,  1978) ,  bu t  i t  i s a  surpris e t o discove r  tha t  peopl e 
offloa d perceptua l  computatio n a s well .  I n Tetris ,  w e conjec -
tur e tha t  extr a rotation s ar e use d t o simplif y th e searc h fo r  th e 
best  zoi d placemen t  b y cuein g retrieva l  fro m a n orientation -
specifi c  inde x o f  zoid s an d boar d configuration s (Maglio , 
1995) .  I n thi s way ,  w e believ e Tetri s player s se t  u p thei r 
externa l  environment s t o facilitat e perceptua l  processing — 
much a s gi n r u m m y player s physicall y organiz e th e card s 
the y hav e bee n deal t  (Kirsh ,  1995) ,  an d muc h a s airlin e pilot s 
plac e externa l  marker s t o hel p kee p trac k o f  appropriat e spee d 
and flap  setting s (Hutchins ,  1995) . 

Ther e i s empirica l  evidenc e tha t  peopl e minimiz e thei r  us e 
of  perceptua l  computationa l  resources .  Fo r  example ,  Ballard , 
Hayho e an d Pel z (1995 )  foun d tha t  peopl e performin g a  block -
arrangin g tas k organize d thei r  action s an d ey e movement s s o 
as t o minimiz e thei r  workin g memor y load .  Rathe r  tha n usin g 
memory o f  th e visua l  scen e t o guid e thei r  actions ,  participant s 
tende d instea d t o mov e thei r  eye s t o gai n jus t  th e informatio n 
neede d fo r  thei r  nex t  action .  Thes e findings  sugges t  tha t  th e 

cos t  o f  movin g th e eye s t o gathe r  informatio n i s lo w relativ e 
t o th e cos t  o f  usin g short-ter m memory .  I t  follow s tha t  seria l 
processin g (i.e. ,  interposin g ey e movement s betwee n interna l 
computations )  i s mor e computationall y efficien t  tha n paralle l 
processin g (takin g i n al l  th e informatio n a t  onc e an d calculat -
in g a  plan )  becaus e o f  th e hig h cos t  o f  internall y holdin g an d 
usin g partia l  results . 

But  w e believ e th e ide a tha t  agent s ca n rel y o n th e worl d 
t o provid e a n externa l  memor y whic h substitute s fo r  inter -
nal  memor y (e.g. ,  O'Regan ,  1992 )  i s onl y par t  o f  th e story . 
Whereas ey e movement s ar e activ e fro m th e poin t  o f  vie w o f 
th e visua l  system—the y serv e t o chang e th e focus ,  an d there -
for e t o ac t  o n th e agent' s perceptua l  input—the y ar e passsiv e 
fro m th e poin t  o f  vie w o f  th e tas k environment .  B y contrast , 
skille d Tetri s players '  extr a rotation s ar e activ e i n th e tas k en -
vironmen t  ye t  chang e th e perceptua l  inpu t  i n muc h th e sam e 
way tha t  ey e movement s do .  Externa l  rotation s d o mor e wor k 
tha n ey e movement s becaus e rotatio n i s a  domai n action .  Ro -
tatin g th e zoi d actuall y change s th e stimulus ,  wherea s movin g 
th e eye s doe s not .  TTius ,  whe n physicall y rotatin g th e zoi d 
fo r  it s computationa l  effect ,  th e externa l  wori d function s no t 
as a  passiv e memor y buffer ,  simpl y holdin g informatio n t o b e 
picke d u p b y looking ,  bu t  th e worl d i n interactio n wit h th e 
agen t  function s mor e lik e a  workin g memor y system ,  tha t  is , 
lik e a n interactiv e visuo-spatia l  sketchpad . 
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