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Abstrac t 

Cognitive Science has typically proceeded with two major 

form s o f  research :  model-buildin g an d experimentation . 

Traditiona l  parametri c statistic s ar e normall y use d i n th e 

analysi s o f  experiments ,  ye t  th e assumption s require d fo r 

parametri c test s ar e almos t  neve r  me t  i n Cognitiv e Science . 

The purpos e o f  thi s pape r  i s twofold :  t o presen t  a  viabl e 

alternativ e t o traditiona l  parametri c statistics—th e 

randomizatio n test—an d t o demonstrat e tha t  thi s metho d 

of  statistica l  testin g i s particularl y suite d t o researc h i n 

Cognitiv e Science . 

Introduct io n 

One of the oldest methods of investigating the 

phenomenolog y o f  huma n cognitio n i s th e experiment , 

usuall y conducte d i n th e laboratory .  Experiments ,  however , 

ar e onl y usefu l  t o th e exten t  tha t  the y ca n demonstrat e 

reliabl e results . 

The reliabilit y  o f  experimenta l  result s has ,  fo r  som e 

time ,  bee n assesse d throug h th e us e o f  inferentia l  statistics . 

Whil e thi s i s conceptuall y a  soun d process ,  th e actua l 

method s usuall y employe d t o d o thi s hav e recentl y bee n 

subjecte d t o increasin g scrutin y an d suspicion .  Traditiona l 

statistica l  technique s fo r  th e analysi s o f  experiment s rel y 

on parametri c test s o f  statistica l  reliability .  Thes e test s 

make assumption s abou t  th e underlyin g fon n o f  th e dat a 

and th e metho d use d t o collec t  th e data . 

Probabl y th e mos t  c o m m o n statistica l  metho d use d t o 

analyz e experiment s i s th e analysi s o f  variance ,  o r  A N O V  A . 

I n th e cas e o f  two-sampl e tests ,  a  simple r  equivalent ,  th e t -

test ,  i s  normall y employed .  Th e A N O V A F-tes t  (take n a s 
th e typica l  parametri c test )  make s a  numbe r  o f  assumption s 
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whic h ar e rarel y me t  i n Cognitiv e Scienc e research . 

Followin g i s a  lis t  o f  th e assumption s an d th e natur e o f  th e 

violatio n typicall y encountered . 

A s s u m p t i o n s o f  P a r a m e t r i c Test s 

R a n d o m Sampl in g 

One of the most fundamental assumptions made in 

parametri c inferentia l  statistic s i s tha t  o f  rando m sampling . 

The hypothese s i n parametri c test s concer n populatio n 

parameter s (usuall y  means) ,  wher e estimator s o f  thos e 

parameter s ar e foun d b y randoml y samplin g from  a 
population .  I n essence ,  a  t-tes t  test s a  hypothesi s lik e |i, ,  = 
|ij .  Th e term s |J. ,  an d ji ^  onl y hav e meanin g i n th e contex t 

of  rando m samplin g fro m som e population .  Indeed ,  th e 

mathematic s underlyin g th e t-testi s base d o n th e estimatio n 

of  a  "standar d erro r  o f  th e mean, "  whic h refer s t o th e 

standar d deviatio n o f  th e theoretica l  samplin g distributio n 

of  th e mean .  I f  rando m sampUn g i s no t  employed ,  reference s 

t o thi s distributio n mak e littl e sense . 

I n Cognitiv e Science ,  a s i n almos t  al l  experimenta l 

research ,  rando m samplin g i s no t  onl y no t  done ,  bu t  i s 

almos t  totall y  impractical .  Experimenter s d o no t  generat e 

exhaustiv e list s o f  thei r  population s an d generat e rando m 

number s t o selec t  people—sample s o f  subject s ar e almos t 

alway s convenienc e samples ,  suc h a s "thos e subject s w h o 

sig n u p fo r  th e experiment. "  R a n d o m samplin g i s 

occasionall y carrie d ou t  b y surve y researchers ,  bu t  rarel y 

by experimenters . 

Normal l y Distribute d Da t a 

Parametric methods assume that the distribution from 
whic h th e rando m sampl e i s draw n ha s a  distributio n tha t 

289 

mailto:byme@cc.gatech.edu


is ,  o r  closel y approximates ,  th e "normal "  bell-shaped , 

symmetri c curve .  Th e nul l  probabilit y  distribution s t o 

whic h parametri c tes t  statistic s ar e compare d ar c 

mathematicall y derive d fro m th e norma l  probabilit y 

distribution . 

Fortunately ,  samplin g fro m a  population ,  eve n i f  tha t 

populatio n doe s no t  confor m t o th e norma l  distribution , 

yield s norma l  distribution s fo r  th e paramete r  estimate s a s 

th e numbe r  o f  subject s grow s larger .  Thus ,  larg e rando m 

sample s insur e tha t  eve n i f  th e underlyin g distributio n i n 

th e populatio n i s no t  normal ,  th e samplin g distribution s o f 

th e parameter s wil l  be .  Unfortunately ,  mos t  Cognitiv e 

Scienc e experiment s fai l  t o mee t  thi s criteri a o n severa l 

levels . 

First ,  dat a i n Cognitiv e Scienc e ar e typicall y no t 

distribute d normally .  Reactio n time s an d errc w rates ,  fo r 

example ,  ar e almos t  alway s skewe d distribution s becaus e 

the y b y definitio n canno t  hav e larg e left-han d tail s  (negativ e 

score s ar e no t  possible ,  whil e ther e i s n o uppe r  boun d o n 

positiv e scores) .  Rea l  dat a set s ar e als o pron e t o outliers , 

t o whic h parametri c test s ar e no t  particularl y robust . 

Thi s alon e doe s no t  constitut e a  fundamenta l  proble m 

i f  th e sampl e siz e i s larg e an d i s base d o n rando m sampling . 

Whil e sample s o f  20 0 ot  s o ar e no t  u n c o m m o n i n som e 

branche s o f  behaviora l  research ,  sample s o f  a s man y a s 5 0 

ar e larg e fo r  Cognitiv e Science . 

H o m o g e n e i t y o f  Var ianc e 

Parametric tests on means (such as the ANOVA) assume 

equalit y amon g th e variance s o f  th e group s from  whic h th e 

sample s bein g compare d ar e drawn .  Tha t  is ,  i f  thre e 

group s ar e bein g compared ,  the n th e variance s aroun d al l 

thre e mean s mus t  b e equa l  i n orde r  fo r  th e statistica l  tes t  t o 

be valid .  I n norma l  distributions ,  th e mea n an d th e varianc e 

of  a  distributio n ar e independent ,  bu t  thi s i s no t  tru e i n othe r 

distributions .  I n mos t  rea l  data ,  fcf f  example ,  group s wit h 

highe r  mean s ten d t o hav e highe r  variance s a s well . 

Cognitiv e Scienc e dat a i s n o exception . 

I n repeated-measures  o r  within-subject s experiments , 

a strongC T for m o f  thi s assumption ,  calle d sphericity ,  i s 

required .  Whil e th e detail s o f  th e sphericit y assumptio n 

ar e complex ,  th e basi c concep t  i s tha t  th e repeaied-measure s 

A N O VA make s critica l  assumption s abou t  th e natur e o f 

th e dat a distribution .  Eve n relativel y mino r  violation s o f 

sphaicit y ca n hav e a  seriou s impac t  o n th e validit y o f  th e 

A N O V A.  Unfortunately ,  i t  i s  ofte n difficul t  t o accuratel y 

determin e i f  th e sphericit y assumptio n i s me t  (Hays ,  1988) , 

so an y within-subject s experimen t  analyze d wit h a n 

A N O VA (whic h ar e no t  u n c o m m o n i n Cognitiv e Science ) 

i s a  possibl e caus e fo r  concern . 

R a n d o m Ass ignmen t 

One other assumption that is almost universal in 

experimenta l  wor k i s tha t  o f  rando m assignment .  Tha t  is , 

experimenta l  units ,  typicall y subjects ,  hav e equa l 

probabilit y  o f  bein g assigne d t o eac h leve l  o f  th e 

independen t  variable(s) .  Th e classi c exampl e o f  rando m 

assignmen t  i s i n a  two-grou p desig n wherei n th e 

experimente r  flip s a  coi n fo r  eac h subjec t  t o determin e th e 

grou p int o whic h tha t  subjec t  i s  placed . 

Rando m assignmen t  i s no t  s o muc h a  statistica l 

assumptio n a s i t  i s  a  c o m m o n an d necessar y practic e t o 

insur e th e interna l  validit y o f  a n experimen t  (Campbel l  & 

Stanley ,  1963) .  Tha t  is ,  rando m assignmen t  i s generall y 

necessar y i n orde r  t o hel p insur e tha t  an y difference s tha t 

ar e observe d ca n b e attribute d t o th e experimenta l 

manipulatio n an d no t  t o subjec t  differences .  Meetin g thi s 

assumptio n i s no t  difficult ,  an d i s th e nor m i n laborator y 

work ,  includin g tha t  i n Cognitiv e Science . 

Since it is neariy impossible to guarantee that 

experiment s i n Cognitiv e Scienc e wil l  mee t  an y o f  th e 

assumption s normall y associate d wit h statistica l  testin g 

and experimentatio n sav e fo r  rando m assignment ,  wha t  i s 

clearl y necessar y i s a  metho d fo r  performin g statistica l 

test s tha t  make s n o assumption s abou t  th e dat a othe r  tha n 

rando m assignment .  Fortunately ,  suc h a  metho d exists , 

thoug h i t  i s  onl y recentl y tha t  i t  ha s becom e practical .  Thi s 

metho d i s calle d th e "randomization "  approac h t o statistics . 

R a n d o m i z a t i o n Test s 

While the practical development of randomization tests is 

a relativel y recen t  phenomenon ,  th e basi c principle s wer e 

develope d almos t  6 0 year s ag o (Fisher ,  1935) .  Th e basi c 

tene t  underlyin g randomizatio n testin g i s simpl y this :  if , 

unde r  th e nul l  hypothesi s o f  n o effec t  o f  grouping ,  rando m 

assignmen t  wa s used ,  ever y possibl e arrangemen t  o f  th e 

dat a i s equall y likely .  Thus ,  muc h lik e th e simpl e binomia l 

test ,  i t  i s  possibl e t o empiricall y generat e a  nul l  distributio n 

withou t  makin g an y furthe r  assumption s abou t  th e data . 

An exampl e wil l  hel p illustrate . 

Takin g a  paradig m tha t  shoul d b e familia r  t o al l 

Cognitiv e Scienc e readers ,  conside r  a n experimen t 

comparin g tw o isomorphso f  th e Towe r  o f  Hano i  i n whic h 

th e dependen t  measur e i s th e numbe r  o f  minute s th e 

subject s tak e t o solv e th e proble m the y ar e given .  Grou p 

A receive s th e standar d T O H ,  whil e Grou p B  receive s a 

mor e difficul t  isomorph ,  suc h a s th e "Monste r  Change " 

isomorph .  Th e result s o f  runnin g nin e subject s ar e a s 

follows : 
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Grou p A :  12.7.4. 3 

Grou p B :  8.10.12.15.2 2 

The differenc e betwee n mean s i s 6.9 . 

I f  subject s wer e randoml y assigned ,  ther e ar e 

'9 ^ 

. 4 

9! 

4!  5 ! 
= 12 6 

possibl e uniqu e arrangement s o f  th e data ,  and .  i f  th e nul l 

hypothesi s o f  n o associatio n betwee n th e group s i s true ,  al l 

of  thes e arrangement s ar e equall y likely .  Ye t  som e o f  thes e 

anangement s ar e clearl y mor e "extreme "  i n som e sens e 

tha n others .  Conside r 

Grou p A :  3,4,7, 8 

Grou p B :  10,12,15,2 2 

and 

Grou p A :  3,22.8.1 0 

Grou p B :  4,7,12,15,12 . 

The differenc e betwee n th e mean s i n th e firs t  cas e i s 6. 3 

minutes ,  whil e i n th e secon d i t  i s a  mer e 0.75 .  Ye t  unde r 

th e nul l  hypothesis ,  thes e ar e equall y probabl y outcomes . 

Give n thes e nin e scores ,  wha t  i s th e probabilit y  tha t  the y 

woul d randoml y fal l  int o thi s mos t  extrem e arrangement ? 

I t  i s  1/126 ,  whic h i s approximatel y 0.008 .  Movin g u p a 

leve l  o f  abstraction ,  wha t  i s th e probabilit y  o f  observin g a 

resul t  tha t  i s  a s extrem e o r  mor e tha n th e resul t  tha t  wa s 

actuall y obtained ? Tha t  is .  W h a t  i s th e probabilit y  tha t  th e 

result s observe d coul d hav e bee n observe d b y chanc e i f  th e 

nul l  hypothesi s i s true ? 
As wit h th e binomia l  test ,  on e simpl y figures  ou t  th e 

probabilit y  o f  eac h outcom e tha t  i s a s extrem e o r  mor e tha n 

th e obtaine d data .  Doin g thi s require s permutin g th e dat a 

and obtainin g som e inde x o f  differenc e (i n thi s case ,  th e 

differenc e betwee n th e means )  fo r  ever y uniqu e permutatio n 

of  th e dat a s o tha t  thos e permutation s tha t  ar e a s o r  mor e 

extrem e tha n th e observe d dat e ca n b e identified .  Th e 

number  o f  permutation s tha t  mee t  th e extremit y criteri a i s 

the n divide d b y th e numbe r  o f  possibl e permutations , 

directl y yieldin g a  probabilit y  value .  Thi s ca n the n b e 

compare d t o th e nomina l  alph a leve l  (conventionally ,  .05) , 

and ,  i f  les s tha t  thi s value ,  on e ca n conclud e tha t  th e dat a 

ar e no t  independento f  th e grouping—thatis ,  tha t  ther e wa s 

an effec t  o f  th e manipulation . 

I n th e exampl e presented ,  assumin g a  one-taile d test , 

ther e ar e five  permutation s (includin g th e on e observed ) 

tha t  mee t  th e criteria .  Thus ,  th e p-valu e fo r  thi s experimen t 

woul d b e 5/126 ,  o r  abou t  .04 .  I n thi s case ,  thi s i s almos t 

exactl y th e sam e p-valu e tha t  on e woul d obtai n wit h a 

traditiona l  t-test .  Parametri c test s an d randomizatio n test s 

do no t  alway s agree ,  however .  Fo r  example ,  i f  th e mos t 

extrem e observatio n i n th e dat a (22 )  i s change d i n th e 

directio n o f  greate r  difference ,  a s littl e a s five  minute s (t o 

27) ,  th e t-tes t  i s  n o longe r  significant !  O n th e othe r  hand , 

th e randomizatio n tes t  i s  no t  affecte d a t  al l  b y thi s change . 

H o w i s thi s possible ? A  moment' s reflectio n shoul d 

make thi s clear .  Unde r  randomization ,  th e mor e extrem e 

dat a poin t  wil l  chang e th e siz e o f  th e difference s observe d 

i n eac h permutation ,  bu t  wil l  no t  chang e th e ordering .  I n 

th e cas e o f  th e t-test ,  however ,  eve n thoug h th e differenc e 

i n mean s use d t o comput e th e t  statisti c i s large r  (7. 9 a s 

oppose d t o 6.9) ,  th e estimat e o f  th e standar d erro r  o f  th e 

mean (th e denominato r  o f  th e {statistic )  i s  inflate d a s wel l 

(3.2 9 vs .  4.20) .  an d th e p-valu e o f  thi s tes t  i s  jus t  slightl y 

highe r  tha n .05 ,  an d woul d lea d th e researche r  t o fai l  t o 

rejec t  th e nul l  hypothesis .  Parametri c test s ar e sensitiv e t o 

extrem e dat a points ,  particularl y whe n sampl e size s ar e 

small . 

E v a l u a t i n g R a n d o m i z a t i o n Tes t s 

There are several relevant questions beyond simple 

appropriateness—ther e ar e practica l  considerationsa s well . 

Th e remainde r  o f  thi s pape r  wil l  addres s severa l  issue s 

relevan t  t o th e us e o f  randomizatio n test s i n behaviora l 
research . 

Flexibilit y 

While the logic underlying the randomization test is quite 

straightforwar d fo r  tw o independen t  samples ,  i t  i s no t 

immediatel y obviou s tha t  suc h a  metho d generalize s t o 

mor e comple x designs .  Whil e th e logi c i s somewha t  mor e 

complex ,  th e sam e basi c technique s ca n b e applie d t o 

arbid-aril y  comple x factoria l  designs ,  repeated-measure s 

designs ,  correlations ,  tren d analysi s an d s o o n (Edgington , 

1987) .  Ther e i s stil l  som e disagreemen t  o n h o w t o trea t 

interaction s i n comple x designs ,  bu t  a  seemingl y soun d 

metho d ha s bee n develope d b y te r  Braa k (1992) . 

Mo r e comple x multivariat e statistica l  methods ,  suc h 

as facto r  analysis ,  pat h analysis ,  an d th e like ,  d o no t  ye t 

hav e randomizatio n counterparts .  However ,  th e us e o f 

suc h statistica l  technique s i s rar e i n Cognitiv e Science . 

Acceptabilit y 

Despite  the apparent sensibility of randomization testing, 

on e importan t  consideratio n i s th e genera l  acceptanc e 

leve l  associate d wit h suc h a  technique .  Coul d one ,  fo r 
instance ,  publis h a  pape r  havin g use d suc h a  technique ? 

Whil e randomizatio n test s ar e no t  ye t  a  c o m m o n 

practic e i n behaviora l  research ,  the y ar e discusse d i n suc h 
conservativ e statistica l  reference s a s Siege l  &  Castella n 

(1988) .  Randomizatio n test s ar e beginnin g t o appea r  i n 

introductor y statistic s text s (May ,  Masson ,  &  Hunter , 

1990 )  an d hav e bee n discusse d seriousl y i n statistica l 
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psycholog y journal s fo r  ove r  a  decad e (e.g .  Stil l  &  White , 

1981) . 

A g r e e m e n t 

Certainly, one consideration is whether or not the adoption 

of  a  ne w statistica l  techniqu e wil l  greatl y chang e th e 

expectation s o f  th e researche r  i n term s o f  thing s lik e 

statistica l  power .  Tha t  is ,  wil l  thes e test s generall y behav e 

as wel l  o r  bette r  tha n th e test s currentl y i n use ? 

Th e answe r  t o thi s questio n i s a  qualifie d yes .  W h e n 

th e distributiona l  assumption s o f  th e A N O V A  ar e met ,  th e 

randomizatio n tes t  an d th e A N O V A generall y agre e wit h 

on e anothe r  (e.g .  Bradbury ,  1987) .  Thi s lead s t o th e 

rational e use d b y som e proponent s o f  parametri c tests — 

w hy us e les s standar d randomizatio n test s whe n th e result s 

generall y agree ? 

The critica l  issu e i s tha t  th e result s o f  th e tw o procedure s 

d o no t  alway s agree ,  a s demonsu^te d i n th e exampl e 

above .  I t  i s generall y difficul t  t o predic t  exactl y wha t  th e 

behavio r  o f  bot h parametri c an d randomizatio n method s 

wil l  b e wit h differen t  kind s o f  distributions .  Violatio n o f 

distributiona l  assumption s tend s t o resul t  i n les s powe r 

wit h parametri c statistics ,  particularl y wit h smalle r  sampl e 

sizes .  Randomizatio n test s appea r  l o b e mor e robus t  t o 

suc h violations .  ( F w a n excellen t  taie f  revie w o f  parametri c 

vs .  nonparametri c methods ,  se e Hunte r  &  M a y ,  1993) . 

P e d a g o g y 

Another important issue that arises in the use of any tool is 

th e eas e wit h whic h i t  ca n b e learned/taught .  I t  shoul d b e 

relativel y clea r  tha t  i t  i s  possibl e t o lear n th e basi c concept s 

of  randomizatio n testin g rapidly ,  a s th e exampl e use d 

earlie r  shoul d illustrate .  I t  may ,  i n fact ,  b e easie r  t o lear n 

randomizatio n tests ,  a s on e doe s no t  hav e t o first  maste r 

concept s lik e samplin g distributions ,  varianc e pooling , 

an d th e like ,  whic h ar e typicall y prerequisite s t o 

understandin g eve n simpl e t-tests .  S o m e instructor s (e.g . 

Peterson ,  1991 )  maintai n tha t  instructio n i n randomizatio n 

concept s focuse s students '  attentio n o n issue s o f  statistica l 

inferenc e an d awa y fro m th e mor e mundan e memorizin g 

formula e an d such . 

Availabilit y 

The case for using randomization tests, particularly in the 

kin d o f  experiment s typicall y don e b y Cognitiv e Scientists , 

i s  a  stron g one ,  perhap s "to o goo d t o b e true. "  I f 

randomizatio n test s ar e th e bes t  thin g t o do ,  w h y isn' t 

everyon e alread y usin g them ? 

Ther e ar c severa l  answer s t o thi s question .  First ,  th e 

ful l  developmen t  o f  randomizatio n technique s (especiall y 

fo r  analyzin g interactions )  i s a  relativel y recen t 

phenomenon ,  o f  whic h to o fe w practitioner s ar e aware . 

Peopl e simpl y d o no t  kno w wha t  th e test s ar e o r  h o w the y 

ar e available . 

Second ,  mos t  researcher s us e standar d statistica l 

package s suc h a s S A S ,  SPSS ,  B M D P,  S Y S T A T ,  etc . 

Thes e package s hav e ye t  t o incorporat e randomizatio n 

tests ,  s o performin g suc h test s require s th e us e o f  som e 

othe r  program ,  o r  alternately ,  programmin g th e test s b y 

hand .  Ther e ar e statistic s program s tha t  includ e 

randomizatio n tests ,  suc h a s N P S T A T (May ,  Masson ,  & 

Hunter ,  1989),StatXact(Mehta&Patel ,  1991),RT(ManIy , 

1991) .  an d C A N O CO (te r  Braak ,  1988) . 

Programmin g randomizatio n test s b y han d i s actuall y 

not  al l  tha t  difficult ,  an d som e text s eve n includ e cod e t o 

make thi s easier .  Siege l  &  Castella n (1988 )  include s cod e 

fo r  th e two-sampl e case ,  an d Edgingto n (1987 )  include s 

extensiv e amount s o f  cod e fo r  a  variet y o f  randomizatio n 

tests . 

O ne consideratio n whe n doin g randomizatio n test s i s 

tha t  o f  computationa l  power .  Th e numbe r  o f  permutation s 

grow s explosivel y a s th e numbe r  o f  dat a point s increases . 

For  example ,  ther e ar e ove r  fou r  millio n permutation s i n a 

desig n wit h thre e group s an d nin e case s pe r  group . 

Increasin g th e desig n t o te n case s pe r  grou p raise s thi s 

number  t o ove r  3 0 million .  Obviously ,  computin g al l  th e 

possibl e permutation s woul d b e impractica l  i n suc h cases . 

However ,  randoml y samplin g fro m th e spac e o f  possibl e 

permutation s yield s a n approximat e tes t  tha t  i s stil l  vahd , 

but  fo r  powe r  consideration s th e larges t  possibl e sampl e 

shoul d b e use d (se e Edgington ,  1987 ,  fo r  a  complet e 

explanado n fo r  thi s metho d o f  approximation) .  10,00 0 

permutation s i s typicall y considere d mor e tha n adequate , 

but  thi s  i s stil l  time-consuming. 

Computationa l  consideration s provideanothe r  reaso n 

w hy randomizatio n test s ar e particularl y appropriat e t o 

research,orrather,researcher s i n Cognitiv e Science .  Man y 

Cognitiv e Scienc e researcher s ar e bot h competen t 

programmer s an d hav e acces s t o high-spee d workstations , 

whic h typicall y provid e excellen t  floating-poin t 

performance . 

C o n c l u s i o n s 

Since most empirical research in Cognitive Science is 

base d o n experimentation ,  an d mos t  experiment s violat e 

on e o r  mor e o f  th e assumption s o f  traditiona l  parametri c 

statistica l  tests ,  th e Cognitiv e Scienc e communit y shoul d 

be sensitiv e t o issue s o f  statistica l  methodology . 
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Randomizatio n test s provid e a  viable ,  practica l  alternativ e 

t o parametri c tests ,  an d thu s i t  i s  recommende d Uia t 

Cognitiv e Scienc e researc h adopt ,  o r  a t  leas t  carefull y 

consider ,  th e us e o f  randomizatio n tests . 
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