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D o e s M e m o r y Reflec t  Statistica l  Regularit y i n th e E n v i r o n m e n t ? 

Lael J. Schooler John R. Anderson 

Department of Psychology 
Carnegi e Mello n Universit y 

Pittsburg h P A 1521 3 

Abstrac t 
Anderso n an d Milso n (1989 )  derive d optima l  performanc e 
function s fo r  memor y base d o n assumption s abou t  th e 
goal s o f  memory ,  th e computationa l  cost s o f  achievin g 
thos e goals ,  an d th e statistica l  structur e o f  th e 
environment .  Base d o n thes e assumptions ,  an d a  goo d 
deal  o f  Bayesia n analysis ,  the y accounte d fo r  a  substantia l 
number  o f  empirica l  findings.  Her e w e starte d wit h th e 
same assumption s abou t  th e goal s o f  memory ,  bu t  instea d 
of  simulatin g th e statistica l  structur e o f  th e environment , 
we analyze d i t  directly .  I t  wa s foun d tha t  th e factor s tha t 
gover n memor y performanc e als o predic t  th e probabilit y 
wit h whic h word s ar e spoke n i n children' s linguisti c 
enviroiunents .  Thes e factor s includ e frequency ,  recency , 
and spacin g betwee n exposures .  Th e abilit y o f  thes e 
factor s t o predic t  wor d us e wa s analyze d i n th e contex t  o f 
fou r  laborator y memor y phenomena :  1 )  th e powe r  la w o f 
practice ;  2 )  th e powe r  la w o f  forgetting ;  3 )  th e interactio n 
betwee n stud y spacin g an d retentio n interva l  an d 4 )  th e 
combine d effect s o f  practic e an d retention .  Thes e factor s 
predic t  informatio n deman d an d len d stron g suppor t  t o 
Anderso n an d Milson' s clai m tha t  memor y behavio r  ca n 
be understoo d i n term s o f  th e statistica l  structur e o f  th e 
environment . 

Introduction 

The environmen t  constantl y make s demand s o n memory . 
For  instance ,  w e m a y nee d t o remembe r  a  particula r  friend' s 
telephon e numbe r  2 3 time s durin g th e pas t  semeste r  an d 
onl y onc e i n th e curren t  semester ,  whil e w e hav e ha d t o 
recal l  anothe r  friend' s numbe r  thre e time s durin g th e pas t 
semeste r  an d thre e time s durin g th e curren t  semester .  Wha t 
do thes e tw o pattern s predic t  abou t  th e probabilit y o f 
havin g t o recal l  eithe r  friend' s numbe r  today ? Anderso n & 
Milso n (1989 )  propose d tha t  th e phenomen a o f  huma n 
memory coul d b e understoo d a s memory' s respons e t o 
question s lik e this .  The y argue d tha t  h u m a n m e m o r y 
behave s a s i f  i t  i s  performin g a  Bayesia n inferenc e t o 
determin e th e probabilit y  tha t  a  give n m e m o r y wil l  b e 
neede d now .  The y conten d tha t  thi s probabilit y  i s base d o n 
1)  th e patter n o f  prio r  us e o f  th e m e m o r y (i.e. ,  it s  history ) 
and 2 )  th e similarit y o f  th e curren t  contex t  t o th e previou s 
context s i n whic h i t  ha d occuired . 

Lackin g an y direc t  dat a abou t  pattern s o f  huma n memor y 
use ,  Anderso n an d Milso n adapte d statistica l  model s 
develope d t o describ e pattern s o f  us e i n othe r  informatio n 
retrieva l  systems ,  suc h a s librar y borrowing s (Burrelll , 
1985 )  an d compute r  file  acces s (StriUer ,  1977) ,  t o creat e a 
model  o f  th e demand s tha t  th e environmen t  migh t  mak e o n 
human m e m o r y .  B y applyin g Bayesia n inferenc e 
mechanism s t o thi s mode l  o f  th e environment ,  the y 
accounte d fo r  a  numbe r  o f  m e m o r y phenomen a includin g 
th e effect s o f  practice ,  retentio n interval ,  an d stud y spacin g 
on memor y performance . 

T h e mode l  propose d b y Anderso n an d Milso n ha s 
basicall y tw o assumptions : 

(1 )  Memorie s var y i n thei r  rat e o f  use .  Thu s on e o f 
memory' s goal s i s t o estimat e a  particula r  memory' s tru e 
rat e o f  use ,  base d o n informatio n abou t  h o w ofte n i t  ha s 
bee n neede d i n th e pas t 

(2 )  Memorie s underg o fluctuation s i n thei r  rat e o f  us e an d 
some memorie s ar e mor e volatil e tha n others .  Thus , 
memory mus t  infe r  change s i n a  particula r  memory' s rat e o f 
use . 

Assumptio n (1 )  helpe d t o accoun t  fo r  practic e an d 
forgettin g effects .  Memorie s whic h hav e bee n use d ofte n an d 
recentl y woul d b e identifie d a s havin g hig h rate s o f  use . 
Assumptio n (2 )  helpe d t o accoun t  fo r  th e forgettin g an d 
spacin g effects .  Memorie s tha t  hav e no t  bee n use d recentl y 
woul d b e identifie d a s havin g undergon e a  los s i n thei r  rat e 
of  us e an d memorie s tha t  occurre d i n masse d pattern s wit h 
lon g period s o f  disus e woul d b e identifie d a s undergoin g 
rapi d fluctuations  i n thei r  rat e o f  use .  I t  shoul d b e 
emphasize d tha t  th e Anderso n an d Milso n mode l  di d mor e 
tha n jus t  predic t  thes e effects ;  i t  generate d th e parametri c 
for m o f  th e practic e an d forgettin g function s an d th e exac t 
interaction s tha t  occurre d i n spacin g experiments . 

Ther e are ,  however ,  a  numbe r  o f  problem s wit h th e 
Anderso n an d Milso n analysis .  First ,  on e ca n questio n 
whethe r  th e statistic s o f  librar y usag e an d file  access ,  th e 
basi s o f  thei r  environmenta l  model ,  ar e representativ e o f 
thos e face d b y people .  Second ,  th e publishe d analyse s o f 
thes e non-huma n system s onl y justif y assumptio n 1 .  Whil e 
Anderso n an d Milso n argue d tha t  assumptio n 2  plausibl y 
held ,  the y coul d no t  provid e har d evidenc e fo r  it .  Th e ra w 
dat a fro m thes e source s i s unavailabl e an d thi s i s neede d t o 
determin e whethe r  massin g an d spacin g occurred .  Third , 
th e prediction s wer e derive d fro m a n interactio n betwee n 
Bayesia n inferenc e procedure s an d a  mathematica l  mode l  o f 
th e environment .  Replacin g thi s mode l  wit h actua l  statistic s 
fro m th e environmen t  woul d hel p t o remov e a n entir e laye r 
of  assumption s fro m th e theory . 

Thes e problem s ca n b e addresse d b y undertakin g a n 
analysi s o f  th e statistica l  propertie s o f  th e environment ;  w e 
nee d t o ge t  detaile d record s o f  informationa l  demand s bein g 
place d o n huma n memory .  W e hav e analyze d thre e suc h 
source s o f  informationa l  demand :  speec h t o children ,  wor d 
usag e i n newspape r  headlines ,  an d electroni c mai l  messages . 
For  eac h o f  thes e source s w e hav e conducte d analyse s tha t 
revea l  stron g similaritie s betwee n a  numbe r  o f  m e m o r y 
phenomen a an d statistica l  propertie s share d b y eac h o f  thes e 
sources .  T o illustrat e ou r  methods ,  w e repor t  th e result s w e 
hav e obtaine d fro m ou r  analyse s o f  speec h t o children . 
Eac h wor d a  chil d hear s i s anothe r  deman d t o retriev e th e 
meanin g o f  tha t  particula r  word .  Hal l  &  Tirr e (1979 ) 
collecte d nearl y 10 0 hour s o f  preschoo l  children' s verba l 
interactions .  Thes e hav e bee n assemble d an d standardize d i n 
a large r  databas e (MacWh inne y &  S n o w ,  1985) .  W e 
analyze d roughl y a  quarte r  o f  Hal l  &  Tirre' s data ,  th e 
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transcript s o f  9  whit e middle-clas s children .  W e exclude d th e 
children' s o w n utterance s fro m th e analysis ,  becaus e w e ar e 
intereste d i n th e m e m o r y demand s m a d e b y thei r 
environment s an d no t  o n thos e demand s resultin g fro m 
production . 

Buildin g a  cas e fo r  eac h analysi s require s first , 
characterizin g th e relevan t  result s fro m th e experimenta l 
literature ;  second ,  specifyin g th e metho d fo r  analyzin g th e 
environment ;  an d third ,  comparin g th e result s o f  th e 
environmenta l  analysi s t o it s experimenta l  counterpart .  I n 
particular ,  w e wil l  discus s fou r  laborator y m e m o r y 
phenomena :  1 )  th e powe r  la w o f  practic e 2 )  th e powe r  la w 
of  forgettin g 3 )  th e interactio n betwee n stud y spacin g an d 
retentio n interva l  an d 4 )  th e effect s o f  practic e an d retention. 

Power Law of Practice 

Any memor y experimen t  ca n b e though t  o f  a s presentin g 
some item s t o memor y som e numbe r  o f  lime s an d the n 
testin g fo r  recal l  a t  som e late r  lime .  I n th e Anderso n & 
Milso n model ,  a n experimen t  wa s encode d a s a  se t  o f  time s 
tha t  describe d th e patter n o f  presentatio n an d test . 
Presentatio n o f  informatio n i n th e environmen t  ca n b e 
characterize d similarly .  A  singl e exposur e t o a  piec e o f 
informatio n i n th e la b map s ont o th e occurrenc e o f  a n ite m 
i n th e environment .  Th e probabilit y  o f  recal l  o r  recognitio n 
i n th e la b map s ont o th e probabilit y  tha t  a n ite m i n th e 
environmen t  wil l  b e use d i n th e nex t  tim e unit .  Thi s i s 
what  Anderso n &  Milso n cal l  "nee d probability" . 

Withi n thi s framework ,  th e mapping s betwee n nee d 
probabilit y  an d performanc e measures ,  suc h a s probabilit y 
of  recal l  an d recognition ,  i s  somewha t  mor e comple x the n 
the y migh t  initiall y  appear .  O n e migh t  expec t  tha t  nee d 
probabilit y  an d performanc e woul d simpl y b ^  proportiona l 
t o eac h other ,  bu t  thi s i s no t  so .  Tak e fo r  exampl e th e 
relationshi p betwee n nee d probabilit y  an d latenc y o f  recall . 
The mode l  assume s tha t  memorie s ar e considere d i n th e 
orde r  o f  thei r  nee d probabilities .  Thus ,  estimatin g th e tim e 
i t  woul d tak e t o retriev e a  give n memor y require s a n 
estimat e o f  th e numbe r  o f  memorie s wit h nee d probabilitie s 
greate r  tha n th e give n memory .  Anderso n an d Milso n 
argu e tha t  thi s implie s tha t  latenc y o f  recal l  shoul d b e a 
power  functio n o f  nee d probability .  The y argu e fo r  a 
simila r  powe r  functio n relatin g practic e an d probabilit y  o f 
recall .  Suc h powe r  function s wil l  preserv e ordina l 
relationship s betwee n nee d probabilit y  an d som e parametri c 
relationships . 

Result s fro m th e empirica l  literatur e furthe r  constrai n ou r 
expectation s abou t  th e for m o f  th e relationshi p betwee n 
frequenc y an d nee d probability .  Th e relevan t  experiment s 
ar e thos e tha t  examin e th e relationshi p betwee n practic e an d 
m e m o ry performance .  Thi s relationshi p i s ofte n 
characterize d a s takin g a  powe r  o r  exponentia l  form .  A 
power  relationship ,  i n it s simples t  form ,  mean s tha t 
performance ,  P ,  equal s th e amoun t  o f  practice ,  L ,  raise d t o 
an exponen t  r ,  th e learnin g rate : 

P =  k L r 

Thi s ca n b e convenientl y transforme d int o a  linea r 
relationshi p b y takin g th e natura l  log s o f  eac h side : 

lo g P  =  lo g k  +  r  lo g L 
I n contrast ,  a n exponentia l  functio n take s th e form : 

P =  k  e^ L 

Takin g th e natura l  lo g o f  thi s yields : 

l n P = l n K +  b L 

Thes e transformation s allo w th e us e o f  linea r  regressio n 
t o determin e whethe r  powe r  o r  exponentia l  relationship s 
bes t  captur e th e relationshi p betwee n practic e an d 
performance .  Th e transforme d powe r  equatio n implie s tha t  i f 
performanc e an d practic e ar e m a  powe r  relationshi p wit h 
eac h other ,  the n whe n lo g performanc e i s plotte d agains t  lo g 
practic e th e resul t  shoul d b e a  straigh t  line .  I n contrast ,  th e 
transforme d exponentia l  equatio n wil l  b e curve d whe n 
plotte d i n lo g log ,  bu t  straigh t  whe n lo g performanc e i s 
plotte d agains t  practice . 

Usin g linea r  regressio n i n combinatio n wit h thes e 
transformations ,  w e hav e analyze d th e result s o f  severa l 
learnin g experiment s an d i n genera l  th e powe r  relationshi p 
account s fo r  mor e varianc e tha n doe s th e exponentia l  form . 
Thes e result s ar e als o consisten t  wit h Newe l  an d 
Rosenbloom' s (1981 )  detaile d analyse s o f  man y othe r 
learnin g experiments .  Base d purel y o n thes e experimenta l 
result s w e ca n expec t  a  powe r  la w relationshi p betwee n 
wor d frequency ,  th e environmenta l  analo g o f  practice ,  an d 
th e analo g o f  performance ,  nee d probability . 

We ar e no t  to o concerne d wit h whethe r  th e memor y o r 
environmenta l  function s ar e trul y powe r  function s o r  jus t 
goo d approximations .  Rather ,  th e goa l  i s  t o establis h tha t 
th e functiona l  form s o f  statistica l  regularitie s i n th e 
environmen t  ar e th e sam e a s th e functiona l  form s o f  huma n 
memory performance . 

Method 

The analo g o f  th e practic e curv e amount s t o calculatin g 
th e conditiona l  probabilit y  tha t  a  wor d wil l  occu r  i n a n 
utteranc e give n tha t  i t  ha s occurre d n  time s i n th e previou s 
k utterances .  W e calculat e thi s probabilit y  b y lookin g a t 
example s o f  word s tha t  occu r  n  time s i n som e period ,  say , 
th e first  10 0 utterance s an d determinin g ho w ofte n the y 
occu r  i n th e lOl's t  utterance .  Ou r  analysi s progra m first 
made a  lis t  o f  th e word s tha t  occurre d exactl y onc e i n th e 
first  10 0 utterances .  T o stor e th e partia l  result s o f  th e 
analysi s th e progra m create d a  variable ,  o r  bin ,  labelle d 
occurred-]-time .  Eac h tim e a  wor d wa s foun d tha t  occurre d 
jus t  onc e th e instance s field  o f  th e bi n labele d occurred-! -
tim e wa s incremente d b y 1 .  I f  th e wor d occurre d i n th e 
critica l  (101'st )  utterance ,  th e use s field  o f  \h t  occurred -
1-tim e bi n wa s incremente d b y 1 .  Dividin g th e numbe r  o f 
use s b y th e numbe r  o f  instances ,  yield s th e nee d probabilit y 
fo r  item s use d exactl y once .  Th e analogou s proces s wa s 
repeate d t o calculat e th e probabilitie s fo r  word s occurrin g 
exactl y 2,3,4. .  10 0 times . 

The focu s o f  th e analysi s the n shifte d ont o utterance s 2 
throug h 102 ,  wit h utteranc e 10 2 becomin g th e critica l 
utterance .  Again ,  th e progra m mad e a  lis t  o f  al l  th e word s 
occurrin g exactl y onc e betwee n utteranc e 2  an d utteranc e 
101 ,  incrementin g th e appropriat e fields  o f  th e occurred-1 -
tim e bin .  A s before ,  th e proces s wa s repeate d fo r  thos e 
word s tha t  occurre d exactl y 2,3,4. .  10 0 times .  Th e focus ,  o r 
window ,  the n covere d utterance s 3  throug h 103 ,  wit h 
utteranc e 10 3 actin g a s th e critica l  utterance .  Th e proces s 
repeate d unti l  al l  utterance s betwee n utteranc e 10 1 an d th e 
las t  ha d playe d th e rol e o f  th e critica l  utterance . 

Results 

Th e Hal l  corpu s containe d ove r  1850 0 utterance s tha t 
wer e o n averag e 7.8 8 word s long .  Th e siz e o f  th e corpu s 
resulte d i n man y instance s o f  infrequentl y occurrin g words ; 
ther e wer e wel l  ove r  1. 6 millio n instance s o f  word s 
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occurrin g 1  tim e i n a  10 0 utteranc e window ,  an d 525,00 0 
word s occurrin g 2  times .  I n figur e 1  w e hav e plotte d th e 
probabilit y  tha t  a  wor d wil l  b e use d i n th e critic d utteranc e 
agains t  th e numbe r  o f  time s i t  ha s bee n mentione d i n th e 
previou s 10 0 utterances .  A s th e sampl e wa s insufficien t  t o 
generat e adequat e number s o f  hig h frequenc y instances , 
some cell s correspondin g t o frequencie s greate r  tha n 1 0 wer e 
collapse d togethe r  i n block s o f  five  t o achiev e reasonabl e 
level s o f  accuracy .  Fo r  example ,  on e cel l  correspond s t o 
word s tha t  wer e use d betwee n 1 1 an d 1 5 times ,  anothe r  t o 
word s use d betwee n 1 6 an d 2 0 times ,  etc . 

Practic e Analo g 

Number  o f  Menlioning s 

Figur e 1 .  Nee d Probabilit y  (i.e. ,  probabilit y o f  a  wor d 
occurin g i n th e critica l  utterance )  a s a  functio n o f 
"practice "  (i.e. ,  frequency) . 

Consistent with the empirical and theoretical results the 
exponentia l  (R ^  =  .78 )  for m faire d poorly .  However ,  ther e 
i s nearl y a  perfec t  liî ea r  relationshi p betwee n frequenc y an d 
need probability ,  (R ^  =  .98) .  A  linea r  functio n i s a  specia l 
cas e o f  a  powe r  function ,  an d s o i s  consisten t  wit h th e 
theory .  I t  i s  wort h notin g tha t  th e Anderso n &  Milso n 
model  predict s exactl y suc h a  linea r  relationshi p betwee n 
frequenc y an d nee d probability . 

We hav e identifie d thre e powe r  relationship s relatin g th e 
Anderso n &  Milso n model ,  th e practic e effec t  an d children' s 
linguisti c environmen t 

1)  Theoretically ,  Anderso n &  Milso n predic t  tha t 
performance ,  P ,  shoul d b e relate d t o nee d probability ,  N ,  b y 

a powe r  function :  P = a  N ^ 
2)  Empirically ,  ther e i s a  powe r  functio n relating  practice , 

or  frequency ,  L ,  t o nee d probabilit y  i n children' s linguisti c 

environments :  N = c  L ^ 
3)  Empirically ,  ther e i s a  powe r  functio n relatin g 

memory performanc e t o practice :  P= f  L* * 
Composin g th e powe r  function s i n (1 )  an d (2 )  lead s t o a 

predictio n o f  th e powe r  functio n i n 3 :  P = a(cL") ^  =  a  c* *  L*^ ^ 
I n conyast ,  i f  w e ha d foun d tha t  nee d probabilit y  wa s i n 

an exponentia l  relationshi p wit h frequenc y i n th e 
environment ,  N = ke""^ ,  the n thi s woul d impl y tha t 
memory performanc e shoul d b e i n a n exponentia l 

relationshi p wit h practice :  P = aCke"" ^  )*' = a  k* '  e"^^ ^ 

P o w er  L a w o f  Forgettin g 

Anothe r  classi c memor y phenomeno n i s th e retentio n 
function-th e effec t  o f  th e interva l  sinc e th e las t  exposur e l o 
a memor y ite m o n memor y performance .  Typically ,  thi s i s 
studie d b y givin g subject s a  constan t  experienc e wit h on e o r 
mor e studie s o f  a n item ,  an d the n varyin g th e retentio n 
interval .  W e fit  a  numbe r  o f  experiment s tha t  manipulate d 
retention .  Agai n i t  turn s ou t  tha t  ther e i s a  powe r 
relationshi p betwee n th e independen t  measur e o f  retentio n 
interva l  an d a  numbe r  o f  performanc e measures .  Th e sam e 
for m hold s i n tim e scale s fro m second s al l  th e wa y u p t o 
years .  Thi s i s agai n despit e th e frequen t  clai m (e.g. ,  Loftu s 
1975 )  tha t  th e forgettin g functio n i s exponentia l  i n nauire . 

As w e hav e observe d i n th e analysi s o f  th e practic e 
function ,  a  powe r  functio n wit h respec t  t o nee d probabilit y 
implie s a  powe r  functio n wit h respec t  t o performance . 
Thus ,  th e critica l  questio n i s  whethe r  ther e i s a  powe r 
functio n i n th e environment .  Tha t  is ,  i f  w e loo k a t  th e 
probabilit y  o f  a n ite m bein g use d a s a  functio n o f  h o w lon g 
i t  ha s bee n sinc e i t  wa s las t  used ,  d o w e ge t  a  powe r 
function ? 

Method 

We ar e intereste d i n calculatin g th e conditiona l 
probabilit y  tha t  a  wor d wil l  occu r  i n th e critica l  utteranc e 
give n tha t  i t  ha s no t  bee n mentione d i n th e las t  k 
utterances .  Eac h tim e a  wor d wa s foun d tha t  ha d las t 
occurre d i n th e first  utterance ,  th e instance s field  o f  th e bi n 
labele d last-seen-in-utterance- 1 wa s incremente d b y 1 .  I f  th e 
wor d occurre d i n th e critica l  utterance ,  th e use s field  o f  th e 
last-seen-in-utterance- 1 bi n wa s incremente d b y 1 .  Thi s 
)roces s wa s repeated ,  i n turn ,  fo r  al l  item s tha t  ha d no t 
)ee n mentione d sinc e th e 2 ,  3,4...10 0 utterance .  A s i n th e 

practic e analysis ,  th e windo w shifte d t o cove r  utterance s 2 
throug h 102 . 

u 

I 

<l 
.0 
s 
M 
0 

Retentio n Analo g 

Log Utterance s Sinc e Las t  Mentionin g 
Figur e 2 .  Lo g Nee d Probabilit y a s a  functio n o f  lo g 
"retention "  interva l  (i.e. ,  th e numbe r  o f  utterance s sinc e 
th e wor d wa s las t  mentioned) .  Straigh t  lin e indicate s 
power  function . 

229 



R e s u l t s 

Figur e 2  plot s th e powe r  for m o f  th e data .  Her e th e dat a 
i s bes t  capture d b y a  powe r  (r ^  =.98 )  relationshi p a s 
compare d t o th e exponentia l  (r ^  =  .88 )  an d linea r  {x ^  =.55 ) 
forms .  Not e tha t  here ,  unlik e th e practic e function ,  th e 
dat a i s  onl y Ti t  b y a  powe r  functio n an d no t  b y a  linea r 
function . 

S p a c i n g Ef fec t 

Up t o thi s poin t  w e hav e considere d independentl y th e 
contributio n tha t  retentio n an d practic e m a k e o n 
performance .  N o w w e wil l  loo k a t  h o w thes e interac t  i n th e 
spacin g effect .  Th e spacin g effec t  result s fro m manipulatin g 
th e spacin g betwee n stud y presentations .  Glenber g (1976 ) 
illustrate d th e natur e o f  thi s interactio n b y orthogonall y 
manipulatin g th e la g betwee n tw o stud y presentation s an d 
th e la g betwee n th e secon d exposur e an d tes t  (Figur e 3) . 
Th e siz e o f  th e retentio n interva l  produce s th e larges t 
effects ;  shor t  tes t  lag s ar e alway s belte r  tha n lon g ones , 
indicate d b y th e separatio n betwee n th e variou s curves .  I t  i s 
apparent ,  however ,  tha t  th e la g betwee n th e tw o studie s 
interact s wit h retentio n interval .  I f  th e tes t  i s  goin g t o b e 
give n afte r  a  lon g dela y i t  i s bes t  t o hav e a  lon g & g betwee n 
studies .  I n contrast ,  whe n testin g occur s afte r  shor t  delay s 
i t  i s  bes t  t o hav e shor t  lag s betwee n studies .  Apparentl y a s 
th e lengt h o f  th e retentio n interva l  increase s bette r 
performanc e i s obtaine d wit h longe r  stud y lags . 

Method 

The paralle l  t o th e effec t  o f  stud y spacin g i s th e 
probabilit y  tha t  a n ite m wil l  occu r  i n th e critica l  utterance , 
give n a  particula r  combinatio n o f  spacing s betwee n 
previou s occurrences .  T o start ,  th e progra m collecte d al l 
th e item s use d exactl y twic e i n th e firs t  10 0 utterances . 
Th e interva l  betwee n th e firs t  occurrenc e an d secon d 
occurrenc e correspond s t o th e "study "  la g an d th e interva l 
betwee n th e secon d occurrenc e an d th e critica l  (10 1 st ) 
utteranc e th e "test "  lag .  Fo r  exampl e a n ite m tha t  firs t 
occurre d i n utteranc e 3 0 an d the n agai n i n utteranc e 60 , 
woul d hav e a  stud y la g o f  3 0 an d a  les t  la g o f  41 .  A s thi s 
i s a n exampl e o f  a  study-30-test-41 ,  th e instance s field 
woul d b e incremente d b y 1 .  I n addition ,  i f  th e wor d occur s 
i n th e critica l  utterance ,  th e use s field  woul d b e incremente d 
by 1 .  Thi s proces s wa s repeate d fo r  eac h wor d tha t  occurre d 
twice .  A s i n th e previou s analyse s th e focu s nex t  shift s t o 
utterance s 2  throug h 102 . 

Results 

Compare d t o th e retentio n an d practic e analyse s ther e wer e 
relativel y fe w instance s fo r  eac h combinatio n o f  stud y an d 
tes t  lag .  Fo r  example ,  i n th e practic e analysi s ther e wer e 
ove r  1. 6 millio n instance s o f  item s use d exactl y once ,  an d 
i n th e retentio n analysi s ther e wer e ove r  2 6 thousan d 
instance s o f  word s tha t  las t  occurre d i n th e previou s 
utterance .  I n contrast ,  ther e wer e onl y 60 7 instance s o f 
item s wit h stud y an d test s lag s respectivel y o f  1  an d 5 ,  th e 
most  c o m m o n combinatio n i n th e spacin g analysis .  T o 
gai n adequat e statistica l  powe r  w e ha d t o aggregat e th e 
data ,  collapsin g i t  int o a  thre e b y thre e mauix .  Thi s matri x 
consist s o f  shor t  (1- 9 utterances) ,  mediu m (10-30) ,  an d lon g 
(31-99 )  tes t  an d suid y lags . 

Th e interactio n betwee n stud y an d tes t  la g tha t  wa s 
apparen t  i n th e Glenber g experimen t  i s eviden t  i n th e chil d 
languag e dat a (Figur e 4) .  Th e shorte r  th e interva l  betwee n 
th e secon d occurenc e an d th e targe t  utteranc e th e highe r  th e 
probabilit y  tha t  th e wor d wil l  b e mentioned .  Thi s 
correspond s t o Glenberg' s genera l  resul t  tha t  th e shorte r 
test s la g lea d t o bette r  performance .  Wha t  i s strikin g i s th e 
interactio n betwee n th e spacin g betwee n th e occurenc e o f 
th e word s an d th e lengt h o f  th e interva l  betwee n th e secon d 
exposur e an d th e critica l  utterance .  W h e n th e interva l 
betwee n th e secon d exposur e an d th e critica l  utteranc e i s 
long ,  th e probabilit y  tha t  th e wor d wil l  b e include d i n th e 
critica l  utteranc e increase s wit h th e spacin g betwee n 
occurences .  I n contrast ,  whe n th e interva l  betwee n th e 
secon d exposur e an d th e critica l  utteranc e i s  short ,  th e 
probabilit y  tha t  th e wor d wil l  b e include d i n th e critica l 
utteranc e decrease s wit h th e spacin g betwee n occurences . 
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Figure 3. Proportion recalled as a function of the number 
o f  event s be twee n presentation s an d th e n u m b e r  o f  event s 
(2,8,32,64 )  be twee n th e secon d presentatio n an d test . 

Spacin g Analo g 
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5 
0 2 0 4 0 6 0 8 0 

Number of Utterances between Mentionings 

Figur e 4 .  Nee d Prob .  a s a  functio n o f  th e num .  o f 
utterance s betwee n occurrence s an d th e num .  o f  utterance s 
(1-10,11-30,31-100 )  betwee n th e 2n d occurrenc e an d th e 
critica l  utterance . 
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C o m b i n d e d Ef fect s o f  P rac t i c e & 

R e t e n t i o n 

Recently ,  ther e ha s bee n considerabl e interes t  i n ho w 
differen t  degree s o f  initia l  stud y affec t  th e for m o f  th e 
retentio n function(Loftus ,  1985) .  I f  a  retentio n curv e take s 
th e for m o f  a  powe r  relationshi p i n standar d coordinates , 
the n ther e wil l  b e a  linea r  relationshi p betwee n lo g 
performanc e an d lo g time .  Further ,  w e ca n interpre t  th e 
slop e o f  thi s lin e a s a  deca y rate .  Paralle l  slope s indicat e 
tha t  th e retentio n function s associate d wit h variou s level s o f 
practic e shar e th e sam e deca y rate . 

A numbe r  o f  experiment s bea r  directl y o n thi s question . 
For  example ,  Kniege r  (1929 )  ha d subject s lear n wor d list s 
t o variou s degree s o f  ove r  learning .  Subject s wer e the n 
aske d t o recal l  th e list s afte r  retentio n interval s tha t  laste d 
betwee n 1  an d 2 8 days .  Mo r e recently ,  Hellye r  (1962 ) 
looke d a t  simila r  issue s bu t  o n a  muc h shorte r  tim e scale . 
I n thi s experimen t  subject s wer e presente d wit h "syllables " 
compose d o f  3  consonants .  Thes e wer e presente d fro m 1  t o 
8 time s a t  a  rat e o f  1  pe r  second .  Subject s wer e the n require d 
t o recal l  th e consonant s afte r  retentio n interval s rangin g 
fro m betwee n 3  an d 2 7 seconds . 

Subject s i n th e Hellye r  experimen t  demonstrate d nearl y 
perfec t  recal l  a t  th e thre e secon d retentio n interval .  W h e n 
measure d i n term s o f  th e probabilit y o f  recall ,  suc h nea r 
perfec t  performanc e approache s th e limit s o f  th e measur e 
(i.e. ,  approache s 1) .  I n contrast ,  a  powe r  functio n i s 
unbounde d above .  Therefor e a  bounde d performanc e 
measure ,  suc h a s probabilit y o f  recall ,  ca n obscur e wha t 
coul d bes t  b e describe d i n term s o f  a  powe r  relationship . 
Thi s proble m ca n b e easil y overcom e b y usin g a n 
unbounde d measure .  Here ,  w e use d th e odd s o f  recall , 
anothe r  standar d performanc e measure .  I f  p  i s probabilit y o f 
recall ,  the n o  =  p /  (1-p )  wil l  b e th e odd s o f  recall . 

The transforme d result s o f  bot h experiment s ar e plotte d 
i n lo g lo g coordinate s t o tes t  th e degre e t o whic h the y 
exhibi t  powe r  la w forgettin g (Figure s 5  &  6) .  I n addition , 
we hav e estimate d th e deca y parameter s fo r  th e variou s 
retentio n curves .  I n thes e experiment s th e interactio n 
betwee n th e degre e o f  initia l  learnin g an d th e rat e o f 
forgettin g i s no t  statisticall y significan t  (Table s 1  &  2) . 
Thoug h perhap s a  hin t  o f  a n interactio n ca n b e see n i n th e 
Kruege r  data .  I n short ,  th e effect s o f  practic e an d retentio n 
appea r  t o b e essentiall y  additive . 

Hellyer' s Dat a 

Degre e o f 
Learnin g 
100 % 
150 % 
200 % 

Decay 
Paramete r 
-1.3 7 
-1.0 2 
-1.0 2 

9 5 % Confidenc e 
Interva l 
(-1.88.-.87 ) 
(-1.20,-.88 ) 
(-1.22,-.82 ) 

R2 

.9 6 

.9 8 

.9 8 
Tabl e 1 .  Deca y paramete r  estimate s (i.e. ,  regressio n 
coefficients )  fo r  th e variou s level s o f  ove r  learnin g i n 
Kruege r  (1929) . 

Degree of 
Leamin g 
1 
2 
4 
8 
Tabl e 2 .  Deca y paramete r  estimate s (i.e. ,  regressio n 
coefficients )  fo r  th e variou s number s o f  stimulu s 
presentation s i n Hellye r  (1962 ) 

Decay 
Paramete r 
-1.7 8 

-1.7 0 
-1.3 3 
-1.8 2 

9 5 % Confidenc e 
Interva l 
(-2.72,-.85 ) 
(-2.35,-1.05 ) 
(-1.78.-.88 ) 
(-2.66,-.98 ) 

R̂  

.9 9 

.9 8 

.9 9 

.9 8 
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Figur e 5 .  Retentio n curve s a t  4  practic e levels . 

Krueger' s Dat a 
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Figure 6. Retention curves at 3 practice levels. 

Method 

Thi s analysi s involve s calculatin g differen t  retentio n 
function s fo r  variou s level s o f  practice .  Th e progra m 
gathere d al l  th e word s tha t  occurre d exactl y onc e i n th e 
first  10 0 utterances .  Fro m thes e i t  selecte d thos e word s tha t 
las t  occurre d i n th e first  utterance .  Fo r  eac h wor d i n thi s 
lis t  th e instance s field  o f  th e bi n labele d occurred-1-lasl -
seen- 1 wa s incremente d b y 1 .  I n addition ,  i f  th e wor d 
occurre d i n th e critica l  (101'st )  utterance ,  th e use s field 
was incremente d b y 1 .  Thi s proces s wa s repeate d fo r  al l 
thos e word s tha t  ha d occurre d 1  tim e an d ha d no t  bee n see n 
sinc e th e 2 ,  3,4.. .  10 0 utterance .  Th e analogou s proces s 
was repeate d t o calculat e simila r  probabilitie s fo r  word s 
occurrin g exactl y 2,3,4..10 0 times .  A s i n al l  th e analyse s 
th e windo w shifte d t o utterance s 2  throug h 10 2 an d s o on . 
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As wit h th e previou s analyses ,  th e dat a wa s aggregate d t o 
obtai n reliabl e statistics .  Th e dat a wa s collapse d int o cell s 
by th e degre e o f  practic e an d th e lengt h o f  th e retentio n 
interval .  Eac h cel l  ha d a  rang e o f  5  mcntioning s an d 5 
utterances .  Fo r  example ,  on e ce U represente d al l  instance s o f 
word s tha t  ha d bee n mentione d fro m 6  t o 1 0 lime s an d ha d 
not  bee n mentione d fo r  fro m 2 1 t o 2 5 utterances ,  wherea s 
anothe r  cel l  consiste d o f  example s o f  word s tha t  ha d bee n 
mentione d fro m 1 6 t o 2 0 time s an d wer e unmentione d fo r 
fro m 1  t o 5  utterances .  Eac h curv e plot s successivel y 
highe r  range s o f  practic e (Figur e 7) .  Th e botto m curv e 
represent s word s use d fro m 1  t o 5  times ,  th e secon d fro m 6 
t o 10 ,  etc .  Th e plot s us e lo g retentio n fo r  th e absciss a an d 
lo g odd s o f  nee d probabilit y a s th e ordinate .  Certai n 
combination s o f  practic e an d retentio n range s wer e rare .  Fo r 
instance ,  ther e wer e onl y 5  instance s o f  word s tha t  wer e 
use d 2 1 t o 2 5 time s an d ha d las t  bee n mentione d fo r 
betwee n 4 6 an d 5 0 utterances .  S o th e grap h contain s onl y 
thos e point s fo r  whic h ove r  50 0 instance s hav e bee n 
reccrded . 

Plottin g th e dat a i n lo g lo g coordinate s enable s u s t o 
us e regressio n t o estimat e th e deca y rates .  Thes e result s 
indicat e tha t  th e deca y parameter s associate d wit h lo w 
frequenc y word s ar e approximatel y th e sam e a s thos e 
associate d wit h th e hig h frequenc y word s (Tabl e 3) .  But ,  a s 
wit h th e Kruege r  results ,  ther e i s a  hin t  o f  a n interactio n 
betwee n frequenc y an d retentio n interval ,  wit h th e lowe r 

-̂ "̂ •"̂ - J ""• ' 

Degre e o f 
Learnin g 
1-5 
6-1 0 
11-1 5 
16-2 0 
21-2 5 

Decay 
Paramete r 
-.6 3 
-.5 7 
-.3 9 
-.4 1 
-.4 6 

•  •̂ "̂ ..v /  ,.̂ ^ .  »-..w». ^ 

9 5 % Confidenc e 
Interva l 
(-.67.-.59 ) 
(-.70,-.45 ) 
(-.49.-.28 ) 
(-.52.-.30 ) 
(-.67,-.25 ) 

R2 

.9 8 

.8 7 

.9 2 

.9 8 

.9 8 

Tabl e 3 .  Deca y paramete r  estimate s (i.e. ,  regressio n 
coefficients )  fo r  th e variou s practiceÂ etentio n curves . 

Conclusion 

Anderso n an d Milso n derive d optimal ,  rational ,  behavio r 
function s base d o n 1 )  assumption s abou t  th e goal s o f 
memory,  2 )  th e computationa l  cost s o f  achievin g thos e 
goals ,  an d 3 )  th e structur e o f  th e environment .  Base d o n 
thes e thre e set s o f  assumptions ,  an d a  goo d dea l  o f  Bayesia n 
analysis ,  the y accounte d fo r  man y empirica l  findings.  Her e 
we starte d wit h th e sam e assumption s abou t  th e goal s o f 
memory,  bu t  instea d o f  simulatin g th e statistica l  structur e 
of  th e environmen t  base d o n plausibl e assumptions ,  w e 
analyze d th e pattern s i n th e environmen t  directly .  I n thi s 
analysi s w e foun d statistica l  analog s t o som e o f  th e mos t 
robus t  memor y phenomena .  No t  onl y di d w e find  analog s 
t o singl e variabl e functions ,  suc h a s practic e an d retentio n 
curves ,  w e foun d a n analo g t o th e interactio n tha t  underlie s 
th e spacin g effect .  Tha t  thes e analog s ca n b e foun d i n tw o 
distinc t  linguisti c domain s an d on e interpersona l  on e lend s 
soun d suppor t  t o th e framewor k tha t  Anderso n an d Milso n 
developed .  I n short ,  m e m o r y appear s t o b e exquisitel y 
tune d t o regularitie s i n th e statistica l  structur e o f  th e 
environment . 
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Figure 7. Retention curves at 4 frequency levels. 
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