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Orde r  Informatio n an d Distr ibute d Memor y Model s 

Roger Ratcllff 

Psychology Department 
Northwester n Universit y 

Evanston ,  X L 6020 1 

Abstract 

Current versions of distributed models have difficulty in 
accountin g fo r  th e representatio n o f  orde r  informatio n i n 
matchin g tasks .  I n thi s art ic le ,  experiment s ar e presente d 
tha t  al lo w discriminatio n betwee n physica l  an d ordina l 
representat ion s o f  ordina l  information ,  discriminatio n betwee n 
posit ion-dependen t  code s an d context-sensit iv e codes ,  an d 
general izat io n o f  th e result s o f  matchin g task s fro m string s o f 
letter s t o long-ter m memor y fo r  tr iple s o f  words .  Dat a fro m 
thes e experiment s constrai n th e kind s o f  model s tha t  ca n b e 
develope d t o accoun t  fo r  matchin g an d order ,  an d presen t 
problem s fo r  severa l  curren t  memor y models .  Includin g 
connectionis t  models .  Suggestion s ar e mad e fo r  modification s 
of  thes e model s t o accoun t  fo r  th e result s fro m matchin g tasks . 

The representation of order information is important to normal 
functionin g i n man y cognitiv e domains .  I n speech ,  bot h perceptio n an d 
product io n involv e th e processin g o f  a  continuou s tempora l  strea m o f 
informatio n tha t  require s th e maintenanc e o f  orde r  information .  I n 
th e perceptio n o f  visua l  patterns ,  th e processin g syste m i s usuall y 
require d t o maintai n eithe r  th e absolut e o r  relativ e position s o f 
object s i n th e visua l  scene .  Th e stud y o f  th e representatio n o f  orde r 
informatio n wa s o f  importanc e ove r  1 0 year s ag o a s a  topi c i n it s ow n 
righ t  (Le e &  Estes ,  1977 ;  Murdock ,  1974 ,  pp .  157-174) .  bu t  mor e 
recentl y i t  ha s becom e a  subtopi c withi n differen t  processin g domains . 
The domai n studie d i n thi s pape r  concern s th e maintenanc e o f  orde r 
wi th i n a  simultaneousl y presente d strin g o f  letter s o r  words . 

The task used in the experiments of this article is a matching 
tas k i n whic h subject s stud y a  strin g o f  item s (letter s i n Experiment s 
1 an d 2 .  word s i n Experiment s 3  an d 4 )  an d the n mus t  decid e whethe r  a 
tes t  str in g matche s th e stud y strin g (se e Murdock ,  1984 .  fo r  a  relate d 
recal l  t a s k ) .  Whe n string s o f  letter s ar e th e studie d items ,  a  tes t 
str in g i s presente d immediatel y afte r  eac h stud y string .  Whe n word s 
ar e used ,  th e tes t  i s  delaye d b y presentin g stud y string s i n blocks , 
an d the n presentin g tes t  string s fo r  al l  th e stud y string s i n th e tes t 
block .  Th e primar y experimenta l  manipulat io n considere d i n thi s pape r 
i s on e i n whic h th e orde r  o f  th e studie d item s i s rearrange d a t  tes t 
(Angiolillio-Ben t  &  Rips .  1982 :  Procto r  &  Healy ,  1985 :  Ratcllff ,  1981 : 
Ratcl l f f  &  Hacker ,  1981) .  Whe n item s adjacen t  i n a  stud y strin g ar e 
interchange d i n th e tes t  str ing ,  subject s fin d i t  difficul t  t o respon d 
tha t  th e tes t  strin g i s "different: "  accurac y i s poo r  an d reactio n 
tim e slo w relativ e t o "different "  condit ion s i n whic h ne w item s i n th e 
tes t  str in g replac e ol d item s i n th e stud y string .  Result s als o sho w 
tha t  th e greate r  th e displacemen t  i n th e switc h (e.g. ,  adjacen t 
letter s switche d versu s remot e letter s swi tched) ,  th e easie r  i t  i s  fo r 
subject s t o respon d "different. "  Ratcllf f  (1981 )  develope d a  mode l  t o 
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accoun t  fo r  thes e effect s tha t  assume s tha t  th e representation s o f 
item s ar e distribute d acros s positio n s o tha t  whe n Item s ar e inter -
change d i n th e tes t  string ,  ther e i s a  contributio n fro m clos e posi -
tion s t o th e matc h betwee n stud y an d tes t  strings . 

This article continues this work with three major aims. First, 
new experimenta l  result s o n matchin g task s ar e presente d tha t  tes t 
some specifi c  hypothese s abou t  th e natur e o f  th e representatio n o f 
orde r  an d als o generaliz e th e result s fro m lette r  string s t o wor d 
strings .  Second ,  th e result s allo w discriminatio n betwee n tw o mai n 
hypothese s abou t  th e representatio n o f  order ,  posit io n dependen t  code s 
versu s contex t  sensitiv e o r  associativ e codes .  Third ,  i t  i s  argue d 
tha t  memor y model s designe d t o accoun t  fo r  memor y fo r  singl e words , 
pair s o f  words ,  an d s o on ,  shoul d b e capabl e o f  representin g order , 
and I n th e las t  par t  o f  th e paper ,  som e o f  thes e model s ar e evaluated . 
Specifically ,  ther e ar e importan t  implication s o f  th e experimenta l 
dat a fo r  distribute d memor y model s an d connectionis t  models .  Th e 
argumen t  i s simple :  model s i n whic h item s ar e represente d a s vector s 
of  feature s assum e tha t  element s withi n th e vector s ar e Independent . 
Thus,i n thei r  presen t  form ,  the y ar e incapabl e o f  dealin g wit h th e 
transpositio n dat a presente d her e an d i n Ratclif f  (1981) . 

The empirical part of the paper will present four new experi-
ments .  Th e firs t  demonstrate s tha t  manipulation s o f  th e orde r  o f  th e 
item s i n th e stud y strin g ar e no t  sensitiv e t o exac t  physica l  pos i -
tion .  Th e secon d experimen t  examine s performanc e o n differen t  permu -
tation s o f  th e stud y strin g t o contras t  th e hypothese s o f  posit io n 
dependen t  versu s contex t  sensitiv e memor y codes .  Th e thir d experimen t 
replicate s th e lette r  matchin g tas k I n th e memor y domai n usin g triple s 
of  words ,  an d Experimen t  4  use s a  respons e signa l  procedur e t o examin e 
th e tim e cours e o f  processin g i n thi s memor y task . 

Experiment 1 

The letter matching task has been traditionally called the "per-
ceptual "  matchin g task .  Thi s labe l  come s fro m anothe r  clas s o f  per -
ceptua l  lette r  recognitio n tasks ,  i n whic h letter s ar e displaye d 
briefl y fo r  Identification ,  an d physica l  variable s suc h a s th e spacin g 
of  letter s i n th e strin g t o b e identifie d affec t  performanc e (e.g. , 
Bjor k &  Murray ,  1979 ;  Estes ,  1982) .  A  simila r  effec t  i n th e matchin g 
tas k woul d poin t  t o a  menta l  representatio n base d closel y o n physica l 
feature s o f  th e st imuli . 

Method 

To exeunlne whether performance in matching depends on physical 
location ,  th e spacin g o f  th e letter s i n a  strin g wa s altere d betwee n 
stud y an d test .  Subject s studie d thre e letter s presente d I n th e 
cente r  o f  th e displa y fo r  50 0 m s (e.g. ,  _ A B C _ ) .  Ther e wer e tw o mani -
pulation s a t  test .  Spacin g wa s teste d b y alterin g th e posit ion s o f 
th e letter s i n 5  slot s e.g. ,  AB C ,  AB_C_ ,  A B C ,  A_BC_ ,  (al l  thes e 
woul d requir e a  posit iv e response )  an d s o on .  Spacin g wa s crosse d 
wit h positiv e an d negativ e condit ions :  On e thir d o f  th e tr ial s wer e 
positiv e trial s i n whic h th e thre e stud y letter s wer e presente d a t 
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tes t  I n th e sam e orde r  a s a t  study .  Fo r  negativ e tr ials ,  ther e wer e 5 
permutat io n condi t ions ,  an d thre e condit ion s i n whic h a  singl e lette r 
was replace d b y a  ne w letter .  Th e tes t  str in g wa s displaye d immedi -
atel y afte r  th e stud y strin g fo r  20 0 m s an d the n remove d t o eliminat e 
possib l e ey e movemen t  ef fects .  Subject s wer e presente d wit h 1 0 block s 
of  12 0 t r ia ls .  Eightee n Northwester n undergraduat e subject s partici -
pate d i n a  one-hou r  sessio n fo r  cours e credit .  (Se e Ratcl i f f ,  1981 , 
fo r  furthe r  detai l s o f  th e experimenta l  procedure. ) 

Results 

Results are shown in Tables 1 and 2. Table 1 shows accuracy and 
react io n t im e fo r  th e posit iv e condit ion s a s a  functio n o f  spacing . 
The effec t  o f  spacin g i s signif ican t  (reactio n t ime :  F(9,153)=3.82 , 
p< .05 ,  mse=1720 ;  erro r  rate :  F(9,153)=2.45 ,  p<.05 ,  mse=.00226 )  ,  bu t 
inspect io n o f  Tabl e 1  show s tha t  th e effect s ar e quit e small .  Tukey' s 
HSD =  4 5 m s ,  s o tha t  di f ference s betwee n pair s o f  reactio n time s i n 
Tabl e 1  large r  tha n 4 5 m s ar e signif icant .  Fo r  erro r  rates ,  Tukey' s 
HSD i s 0.051 .  Inspectio n o f  Tabl e 1  show s tha t  onl y conditio n 6  (tes t 
A BC )  di f fer s fro m som e o f  th e othe r  condit ion s i n accuracy ,  an d onl y 
condit ion s 3  an d 6  i n reactio n t ime .  Th e powe r  o f  thes e contrast s I s 
h ig h becaus e ther e ar e aroun d 60 0 observation s pe r  condition . 

For negative conditions, there was no effect of spacing but large 
ef fect s o f  permutat ion ,  repl icatin g Ratclif f  an d Hacke r  (1981 )  an d 
Ratcl i f f  (1981 )  (se e Tabl e 2 ) .  Fo r  reactio n t ime :  spacin g effect , 
F(9,153)=1.3 .  no t  signif icant ,  negativ e condit ion ,  F(7,119)=31.5 , 
p< .05 .  an d th e interactio n betwee n spacin g an d negativ e condition , 
F(63,1071)=1.02 ,  no t  signif icant .  Fo r  accuracy :  spacing , 
F(9,153)=1.7 ,  no t  signif icant ,  negativ e condit ion ,  F(7,119)=26.6 , 
p< .05 ,  an d th e interaction ,  F(63,1071)=1.02 ,  no t  significant . 

Table 1 
Reactio n Tim e an d Accurac y fo r  Sam e Condit ion s i n Experimen t  4 

Condit io n 

1 AB C 
2 A B C 
3 A B C 
4 A  B C 
5 A  B  C 
6 A  B C 
7 AB C 
8 A B C 
9 A  B C 

10 AB C 

Number 

6 0 7 
60 9 
60 3 
59 9 
61 1 
57 6 
62 6 
60 3 
60 5 
61 2 

Accurac y 

.91 6 

.91 7 

.91 0 

.90 3 

.91 9 

.86 9 

.93 9 

.90 4 

.91 7 

.91 1 

Reactio n 
Tim e (ms ) 

624. 2 
645. 3 
674. 3 
627. 1 
629. 2 
670. 8 
612. 7 
657. 2 
635. 8 
629. 5 

Note .  Th e stud y strin g wa s presente d a s _ABC _ wher e th e symbo l  _ 
refer s t o a  blank . 
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Tab l e 2 
Reac t io n T i m e an d A c c u r a c y fo r  D i f f e r e n t  C o n d i t i o n s i n 

Negat iv e 
Condi t io n 

ACB 
BAG 
EGA 
CAB 
CBA 
XBC 
AXC 
ABX 

E x p e r i m e n t  4  a v e r a g e d 

N u m b er  o f 
R e s p o n s e s 

128 9 
157 4 
160 2 
160 8 
162 7 
162 7 
158 9 
156 7 

ove r  S p a c i n g 

A c c u r a c y 

.77 7 

.95 2 

.96 5 

.97 2 

.97 8 

.97 3 

.95 8 

.94 3 

R e a c t i o n 
T i m e (ms ) 

766 . 9 
666 . 6 
630 . 8 
619 . 1 
6 1 0 . 4 
597 . 0 
645 . 3 
666 . 2 

Note .  Th e s tud y s t r i n g i s d e n o t e d A B C an d X  i s a  le t te r  o t h e r  t ha n A , 

B,  o r  C . 

We ca n c o n c l u d e tha t  s p a c i n g d i f f e r e n c e s o f  t h e l e t t e r s b e t w e e n 
stud y an d tes t  h a v e sma l l  e f f e c t s tha t  a r e d e t e c t a b l e o n l y w i t h e x p e r -
iment s w i t h h i g h p o w e r .  T h u s ,  i t  i s  w i s e t o v i e w th e w o r d " p e r c e p -
tual "  i n th e te r m p e r c e p t u a l  m a t c h i n g a s a  n a m e fo r  th e tas k an d no t 
as a  desc r ip t i o n o f  w h a t  k i n d s o f  v a r i a b l e s a r e l i ke l y t o a f f ec t  p e r -
formanc e . 

Experiment 2 

The second experiment was designed to provide data to distinguish 
betwee n mode l s i n w h i c h a n i te m i s encode d i n t e r m s o f  i t s  a b s o l u t e 
posit io n an d m o d e l s i n w h i c h r e l a t i v e p o s i t i o n i s encoded .  T h e ide a 
i s tha t  ce r ta i n tes t  c o n d i t i o n s a l l o w thes e m o d e l s t o b e c o n t r a s t e d . 
I f  th e s t r in g A B C DE i s s t ud ied ,  the n a  tes t  s t r i n g B C D EA h a s fou r 
letter s i n the i r  co r rec t  ad j acen t  o rde r  (BCDE )  an d n o n e i n the i r 
correc t  abso lu t e p o s i t i o n .  I n c o n t r a s t ,  th e tes t  s t r i n g A E C DB h a s 
thre e le t te r s i n the i r  co r rec t  a b s o l u t e p o s i t i o n s bu t  on l y on e pa i r  i n 
th e correc t  ad jacen t  o rde r  ( C D ) .  T h e re l a t i v e d i f f i c u l t i e s o f  suc h 
tes t  s t r ing s ca n b e u s e d t o d i s c r i m i n a t e th e tw o k i n d s o f  m o d e l s . 

To perform this experiment, all permutations of the final four 
letter s w e r e th e m a i n c o n d i t i o n s s tud ie d (Ratc l i f f ,  1 9 8 1 ,  foun d tha t 
performanc e w h e n th e f i rs t  l e t te r  w a s change d w a s nea r  c e i l i n g ) . 
Ther e wer e a ls o c o n d i t i o n s i n w h i c h on e le t te r  w a s rep lace d b y a  n e w 
lette r  an d som e f i l l e r s i n w h i c h th e f i rs t  l e t te r  w a s p e r m u t e d . 

Method 

The method was similar to that of Experiment 1. except 5 Dart-
mout h unde rg radua te s w e r e vo lun tee r  sub jec t s (pai d a t  $3 /h r )  fo r  7 
one-hou r  s e s s i o n s .  Th e s tud y s t r i n g w a s p r e s e n t e d fo r  1. 2 s  an d th e 
tes t  s t r in g w a s p resen te d fo r  25 0 m s . 
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Resul t s 

Results are shown in Table 3. To compare the various negative 
condi t ions ,  Tukey' s HS D tes t  wa s used ,  an d difference s i n accurac y 
greate r  tha n .0 5 an d i n reactio n tim e greate r  tha n 4 1 m s ar e signifi -
can t  . 

Table 3 
React io n Tim e an d Accurac y fo r  th e Lette r  Matchin g Experimen t  2 

Condit io n 

Same 
ABC E D 
ABDCE 
ABDEC 
ABECD 
ABEDC 
ACBDE 
ACBED 
ACDBE 
ACDEB 
ACEBD 
ACEDB 
ADBCE 
ADBEC 
ADCBE 
ADCEB 
ADEBC 
ADECB 
AEBCD 
AEBDC 
AECBD 
AECDB 
AEDBC 
AEDCB 
AXCDE 
ABXDE 
ABCXE 
ABCDX 
BACDE 
CBADE 
DBCAE 
EBCDA 
XBCDE 
CABDE 
BCADE 

Number  o f 
Observat ion s 

652 0 
19 7 
28 2 
35 3 
34 9 
3 6 0 
31 1 
3 6 0 
34 7 
38 8 
39 3 
39 6 
34 7 
3 9 7 
35 1 
39 1 
40 4 
40 8 
39 2 
39 0 
39 7 
36 9 
40 2 
40 1 
35 1 
36 9 
30 7 
28 6 
40 9 
42 7 
42 3 
42 6 
39 7 
42 5 
41 9 

Accur a 

.92 6 

.43 0 

.60 9 

.76 2 

.74 6 

.76 3 

.67 0 

.77 6 

.73 2 

.82 2 

.83 6 

.84 3 

.73 7 

.83 8 

.75 6 

.82 7 

.86 1 

.86 3 

.83 8 

.82 6 

.84 1 

.79 0 

.84 3 

.85 1 

.75 0 

.78 2 

.66 7 

.62 0 

.88 7 

.91 0 

.91 0 

.90 8 

.87 1 

.90 0 

.89 5 

Reactio n 
Tim e (ms ) 

650 
73 4 
66 7 
64 5 
65 9 
64 3 
65 6 
63 2 
60 9 
60 6 
59 0 
59 6 
62 6 
60 3 
61 8 
58 2 
58 8 
59 1 
60 4 
60 8 
62 5 
59 7 
58 9 
58 4 
61 4 
60 7 
69 1 
72 2 
60 7 
57 8 
58 1 
595 
60 1 
57 4 
57 9 

Note .  I t  i s  assume d tha t  th e stud y strin g i s ABODE an d X 
othe r  tha n A ,  B ,  C ,  D ,  o r  E . 

i s a  lette r 
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Several comparisons can be made that address the issue of rela-
tiv e orde r  versu s absolut e location .  Assumin g tha t  ABODE i s th e stu -
die d string ,  th e strin g AEBCD wit h item s BC D i n correc t  orde r  bu t  fou r 
item s i n incorrec t  locatio n ca n b e compare d wit h ACEBD an d ADBEC whic h 
als o hav e 4  item s i n incorrec t  locatio n bu t  n o pair s i n correc t  re la -
tiv e positions .  Result s i n Tabl e 3  sho w tha t  thes e condit ion s produc e 
th e sam e value s o f  reactio n tim e an d accuracy .  Thus ,  th e posit io n o f 
an ite m wit h respec t  t o othe r  studie d item s i s no t  a  dimensio n tha t  i s 
of  importanc e i n matching .  I n contras t  t o thi s tes t  o f  pairwis e 
order ,  correc t  locatio n o f  a n ite m i n th e strin g doe s hav e a  larg e 
effect .  Fo r  example ,  ABCED.  ABDCE,  an d ACBDE ar e har d t o rejec t 
(accurac y les s tha n 0. 7 an d reactio n tim e greate r  tha n 68 0 m s ) . 

These results argue for a model with a position dependent code 
(Ratcliff ,  1981 )  o r  a  positio n dependen t  retrieva l  proces s (Procto r  & 
Healy .  1985) .  Thi s doe s no t  mea n tha t  a  positio n dependen t  cod e i s 
alway s use d o r  tha t  a  contex t  dependen t  cod e i s neve r  used ,  onl y tha t 
i n matchin g procedures ,  a  positio n dependen t  cod e i s used .  Bu t  i t 
doe s mea n tha t  model s mus t  hav e th e capabilit y  o f  usin g a  posit io n 
dependen t  cod e (se e McNico l  &  Heathcote .  1986 ,  fo r  simila r  argument s 
and experimenta l  suppor t ) . 

Experiment 3 

Ratcliff (1981) presented two perceptual matching experiments 
tha t  use d letter s string s a s stimuli .  Th e mode l  develope d t o accoun t 
fo r  th e result s assume d tha t  th e difficult y i n respondin g differen t 
t o a  reordere d lette r  strin g wa s locate d i n th e distribute d represen -
tatio n o f  letter s i n memory .  I f  thi s i s correct ,  the n th e result s 
shoul d generaliz e acros s paradigm s an d material s an d provid e contac t 
wit h bot h theoretica l  an d empirica l  wor k i n memor y researc h (e.g. , 
Gillun d &  Shiffr in ,  1984 ;  Murdock ,  1982) .  Experiment s 3  an d 4  ar e 
analog s o f  Experiment s 1  an d 2  i n Ratclif f  (1981 )  usin g wor d triple s 
instea d o f  5-lette r  str ings ,  an d a  study-tes t  procedur e i n whic h 8 
triple s ar e studie d an d the n tested .  Also ,  a  larg e poo l  o f  differen t 
word s wa s use d instea d o f  repetit ion s o f  th e sam e se t  o f  letters . 

Method 

Subjects were 17 Northwestern University Undergraduates partici-
patin g fo r  cours e credit .  Thirty-tw o list s wer e presented ,  eac h mad e 
up o f  8  stud y triple s ( 6 second s pe r  triple )  followe d b y 8  tes t  t r i -
ples .  Subject s wer e encourage d t o b e fas t  an d accurate ;  feedbac k 
("TO O SLOW!!" )  wa s give n fo r  response s slowe r  tha n 250 0 ms . 

Results 

Results are shown in Table 4. The results are similar to those 
foun d i n lette r  matchin g (Ratcliff ,  1981) :  adjacen t  switche s (tes t 
string s AC B an d BA G fo r  th e stud y strin g ABC .  wher e eac h lette r 
represent s a  word )  ar e difficul t  wit h lo w accuracy ,  othe r  permutation s 
ar e les s diff icult ,  an d sing^* *  replac e condition s (ABX ,  AXC .  an d XBC ) 
ar e leas t  diff icult .  Angiolillio-Ben t  an d Rip s (1982 )  define d d is -
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placement count as a measure of the size of the permutation, so ACB 
ha s a  displacemen t  coun t  o f  2  an d BC A ha s a  displacemen t  coun t  o f  4 . 
Displacemen t  coun t  seem s t o b e th e mai n determine r  o f  accurac y fo r  th e 
permutat ion s i n thi s study .  React io n t im e result s diffe r  fro m th e 
norma l  pat ter n (whic h i s lo w accuracy ,  slo w responses )  becaus e accu -
rac y an d react io n t im e ar e correlate d onl y whe n accurac y score s ar e 
al l  abov e (o r  below )  accurac y . 5 wi l l  b e slowest .  I n general ,  th e 
resul t s ar e qual i tat ivel y simila r  t o thos e foun d i n Ratclif f  (1981) , 
naunely .  th e smalle r  th e displacement ,  th e mor e diff icul t  i s  a  negativ e 
response . 

Table 4 
React io n Tim e an d Accurac y fo r  Wor d Tripl e Matchin g Experimen t  3 

Condi t io n 

Same 
ACB 
BAC 
BCA 
CAB 
CBA 
ABX 
AXC 
XBC 

Number  o f 
Observat ion s 

146 4 
11 9 
10 9 
14 7 
15 4 
14 6 
18 0 
17 8 
19 7 

Accurac y 

0.71 7 
0.46 5 
0.42 7 
0.57 6 
0.60 9 
0.57 5 
0.71 1 
0.69 8 
0.77 0 

Reactio n 
Tim e (ms ) 

134 6 
149 9 
148 9 
151 1 
150 5 
147 9 
142 4 
148 6 
140 1 

Note .  Th e studie d wor d tripl e wa s AB C an d X  refer s t o a  wor d othe r 
tha n A ,  B ,  o r  C . 

Experiment 4 

This experiment uses a response signal procedure to examine the 
growt h o f  accurac y i n th e sam e experimenta l  condit ion s i n Experimen t 
3.  Th e experimen t  i s  designe d t o provid e th e kin d o f  evidenc e 
obtaine d i n Experimen t  2  i n Ratclif f  (1981 )  whic h examine d th e growt h 
of  accurac y i n th e lette r  matchin g task .  I n tha t  procedure ,  subject s 
werc ^  require d t o respon d whe n a  signa l  t o respon d wa s presented . 
Resul t s showe d tha t  accurac y gre w rapidly ,  a t  th e sam e rat e fo r  eac h 
of  th e differen t  negativ e condit ions .  Thi s provide d stron g evidenc e 
fo r  a  paral le l  hol ist i c matchin g process . 

Method 

The method was the same as that of Experiment 3 except for one 
mai n di f ference :  Subject s wer e require d t o respon d upo n presentatio n 
of  a  signa l  (withi n 20 0 t o 30 0 ms )  an d th e signa l  wa s presente d a t 
lag s o f  150 ,  300 .  600 ,  900 .  an d 200 0 m s afte r  th e tes t  string .  Th e 
signa l  wa s a  ro w o f  asterisk s presente d directl y unde r  th e tes t  tri -
p le .  Eigh t  Northwester n undergraduate s serve d a s subject s fo r  cours e 
credi t  an d part icipate d i n 5  experimenta l  session s precede d b y on e 
pract ic e session . 
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Figur e 1 
Growt h o f  accurac y a s a  functio n o f  tim e fo r  Experimen t  4 .  Th e con -

tinuou s curve s ar e fit s  o f  th e diffusio n mode l  (Ratcliff ,  1978 :  1981 ) 
t o th e data .  Pareuneter s o f  th e mode l  ar e T  =501 ,  v=2910 ,  an d d ' 
fo r  th e thre e condition s (to p t o bottom)=l. i4 .  1.12 ,  0.88 .  Th e diffu -
sio n equatio n is :  d'(t)=d '  /sqrt( l+v/( t-T^^)) . 

Result s 

The main results are shown in Figure 1. The two test conditions 
ACB an d BA G ar e collapse d t o giv e th e "adjacen t  permutation " 
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condi t ion ,  th e othe r  permutat ion s ar e col lapse d t o giv e th e "non -
adjacen t  permutat ion "  condi t ion ,  an d th e thre e singl e replac e condi -
t ion s ar e col lapsed .  Accurac y grow s fo r  al l  th e condit ion s essen -
t ial l y  i n paral le l  t o dif feren t  asymptotes .  Thi s mean s tha t  informa -
t io n abou t  goodness-of-matc h i s avai labl e fo r  th e thre e differen t 
c lasse s o f  negat ive s a t  th e sam e rate .  Thu s an y mode l  tha t  explain s 
orde r  ef fect s b y a  systematic ,  ser ia l ,  element-by-elemen t  compariso n 
proces s i s no t  supporte d b y thi s data . 

The results of this experiment are qualitatively similar to those 
foun d i n Experimen t  2 ,  Ratcl i f f  (1981) .  Al l  th e function s begi n a t 
th e sam e poin t  i n tim e an d gro w i n paral le l .  Fi t s o f  th e diffusio n 
retr ieva l  mode l  (Ratcliff ,  1978 :  1981 )  t o th e respons e signa l  result s 
ar e show n i n Figur e 1 .  Th e fit s ar e excellen t  an d suppor t  th e clai m 
fo r  paral le l  growt h o f  thes e funct ions ,  s o tha t  informatio n abou t  al l 
th e differen t  k ind s o f  negativ e condit ion s i s availabl e t o th e ssun e 
exten t  a t  an y tim e durin g th e cours e o f  matching .  Thes e result s sho w 
tha t  th e memor y procedur e provide s equivalen t  result s t o th e lette r 
matchin g procedure ,  an d s o suggest s tha t  w e shoul d giv e specia l  atten -
t io n t o model s tha t  accoun t  fo r  bot h set s o f  phenomen a wit h simila r 
representat ion s and/o r  processes . 

Theory 

In this section, several memory models are considered with 
respec t  t o thei r  abi l i t ie s t o accoun t  fo r  posit io n dependen t  effect s 
(Experimen t  2 ) ,  an d th e immediat e availabi l i t y  o f  posit io n code s fo r 
us e i n letter-matchin g an d wor d tripl e matchin g i n long-ter m memor y 
(Experimen t  4 ) . 

Vector models. This class of models includes both distributed 
memory model s (e.g. ,  Anderson ,  1972 ;  1973 ;  Murdock ,  1982 )  an d connec -
tionis t  model s (Ackle y e t  a l ,  1985 ;  McClellan d &  Rumelhart ,  1985) . 
The firs t  poin t  t o not e abou t  curren t  theorie s i s tha t  man y hav e n o 
bui l t - i n capabil i t y  fo r  dealin g wit h posit io n code s an d distanc e 
ef fects .  I n vecto r  models ,  th e firs t  assumptio n tha t  migh t  b e mad e i s 
tha t  group s o f  element s withi n a  vecto r  represen t  letter s withi n a 
lette r  str ing .  Thu s th e memor y vecto r  fo r  a  fiv e lette r  strin g con -
sist s o f  5  group s o f  n  elements .  Th e mai n proble m wit h thi s ide a i s 
tha t  eac h elemen t  i s assume d t o b e independen t  o f  eac h othe r  elemen t 
s o switchin g element s withi n th e vector ,  th e analo g o f  studyin g ABCDE 
an d testin g ABDCE,  woul d produc e result s identica l  t o testin g ABXYE. 
The dat a i n Ratclif f  (1981 )  an d Experiment s 1- 4 her e sho w tha t  th e 
forme r  i s muc h mor e dif f icult ,  s o thi s approac h wil l  no t  work . 

One way of implementing position dependence in the framework of a 
vecto r  mode l  i s t o assum e tha t  eac h lette r  strin g i s a  vecto r  (wit h 
letter s bein g sub-vector s withi n tha t  vector )  an d tha t  th e lette r 
strin g vecto r  i s adde d t o a  longe r  memor y vecto r  man y time s a t  ran -
doml y varyin g posit ions .  I  hav e implemente d thi s mode l  an d foun d tha t 
10 0 presentat ion s o f  th e lette r  vecto r  ar e neede d wit h a  memor y vecto r 
of  lengt h 200 ,  a  lette r  vecto r  o f  lengt h 10 ,  an d storag e positio n nor -
mall y distr ibute d wit h standar d deviatio n 15 .  Fo r  thi s mode l  t o pro -
duc e th e correc t  distanc e ef fects ,  mor e copie s o f  th e lette r  strin g 
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vector must be stored In the central position (position at which the 
tes t  vecto r  matched )  an d th e numbe r  o f  copie s store d a t  mor e distan t 
position s mus t  decreas e wit h distanc e fro m th e cente r  (thi s i s wh y th e 
norma l  distributio n o f  storag e position s i s  u s e d ) .  T o Il lustrat e 
this ,  suppos e tha t  ABCDE i s store d an d ABDCE i s tested .  Durin g encod -
ing ,  som e copie s o f  ABCDE ar e store d i n posit ion s BCDE_,  i.e. ,  th e 
strin g i s shifte d on e lette r  positio n t o th e right ,  s o tha t  th e C  i n 
th e tes t  strin g matche s th e store d C  i n positio n D . 

Another possibility for Implementing position dependence is to 
assume tha t  a t  tes t  t ime ,  a  cros s correlatio n i s compute d betwee n th e 
stud y an d tes t  str ings .  Fo r  a  vecto r  model ,  thi s mean s tha t  no t  onl y 
th e matc h betwee n th e tw o string s i s assesse d (e.g. ,  i f  f  an d g  ar e 
th e stud y an d tes t  vectors ,  the n th e correlatio n i s  S I f . * g . ) ,  bu t 
als o th e matc h betwee n th e stud y an d tes t  string s wit h th e vecto r 
shifte d i n positio n (SIf^*g .  j ^  wher e k  varie s fro m 1  t o n-k ;  not e 
some weightin g ma y b e needeaj *  Thus ,  i f  tw o item s wer e interchanged , 
ther e woul d b e a  componen t  o f  matc h fro m th e cross-correlation . 

I have implemented both these schemes and they both mimic the 
model  presente d i n Ratclif f  (1981 )  tha t  assume d tha t  letter s ar e d i s -
tribute d acros s posit ion .  Th e firs t  vecto r  mode l  i s a  specifi c  imple -
mentatio n o f  th e distribute d memor y schem e an d th e cross-correlatio n 
model  i s a  retrieva l  implementation .  Th e critica l  issu e fo r  thi s 
clas s o f  model s i s no t  whethe r  a  mode l  ca n b e developed ,  bu t  whethe r  a 
unifie d mode l  wit h thi s kin d o f  mechanis m coul d als o accoun t  fo r  th e 
same rang e o f  dat a a s a  mor e traditiona l  model . 

Context sensitive models. Instead of the vector scheme out-
line d above ,  a  differen t  representatio n coul d b e use d i n whic h a n ite m 
i s encode d wit h respec t  t o it s neighborin g item s ( a contex t  sensitiv e 
code) .  Severa l  suc h model s hav e bee n develope d (e.g. ,  Cohe n & 
Grossberg ,  1986 ;  Rumelhar t  &  McClelland ,  1986 ;  Wickelgren ,  1969) .  Fo r 
th e domai n o f  speec h processing ,  th e contex t  sensitiv e representatio n 
i s appropriate ,  bu t  th e result s fro m Experiment s 2  an d 3  demonstrat e 
tha t  a  contex t  sensitiv e cod e wil l  no t  wor k fo r  th e matchin g task . 

Another representation that might be used is one in which both 
ite m an d positio n Informatio n ar e represented .  However ,  extr a assump -
tion s woul d b e necessar y t o accoun t  fo r  distanc e effect s whe n letter s 
or  word s wer e switche d i n position .  Th e mode l  o f  Ratclif f  (1981 )  an d 
th e cross-correlatio n schem e note d abov e woul d bot h provid e tha t 
metric . 

Gillund and Shiffrln (1984) model. This model assumes an asso-
ciativ e cod e fo r  th e representatio n o f  information .  A t  tes t  tim e i n 
recognition ,  th e familiarit y o f  th e tes t  prob e i s assesse d fro m pair -
wis e association s betwee n th e tes t  prob e an d memory .  Ther e i s n o 
positio n dependenc e i n thi s code .  I n recal l ,  th e associativ e cod e i s 
use d i n a  samplin g schem e fo r  recall .  Again ,  th e associativ e cod e 
wil l  no t  explai n th e result s o f  Experiment s 2  sai d 3 .  Thu s som e kin d 
of  positio n dependen t  cod e i s require d fo r  thi s mode l  t o accoun t  fo r 
th e experimenta l  result s presente d above . 
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Distr ibute d memor y models .  Fo r  Anderson' s (1973 )  an d Murdock' s 
(1982 )  vecto r  mode l ,  w e coul d assum e tha t  eac h lette r  (o r  word )  I s 
represente d a s a  subvecto r  wi th i n th e vecto r  representin g th e whol e 
Ite m str in g an d the n str ing s ar e entere d Int o th e memor y vecto r  a t 
di f feren t  posi t ions .  Th e Issu e I s whethe r  mult ipl e representation s 
wi l l  affec t  th e signa l  t o nois e rati o an d thu s mak e recognitio n per -
formanc e to o low .  Th e Anderso n an d Murdoc k model s als o hav e a n asso -
ciat iv e componen t  tha t  store s palrwls e associat ion s (Anderson ,  1972 .  a 
matr ix :  Murdock ,  a  convo lu t ion) .  Thi s associativ e componen t  woul d no t 
accoun t  fo r  posi t io n dependen t  'Effect s becaus e a n associativ e cod e I s 
contex t  sensit iv e an d s o woul d uo t  dea l  wi t h th e result s fro m Experi -
ment  2 . 

There are two connectlonlst models that are relevant here. The 
auto-assoclat lv e distr ibute d memor y mode l  o f  McClel lan d an d Rumelhar t 
(1985 )  assume s a  vecto r  representatio n an d assume s tha t  memor y I s 
represente d I n a  matr i x o f  connection s betwee n eac h elemen t  an d eac h 
othe r  element .  Th e mult i laye r  connectlonls t  mode l  (e.g. ,  Ackley ,  e t 
a l .  1985 )  assume s tha t  ther e ar e thre e layer s o f  uni ts ,  e.g. ,  a n Inpu t 
layer ,  a  hidde n layer ,  an d a n outpu t  layer .  Fo r  th e encode r  proble m 
(essentiall y  learnin g t o produc e a n outpu t  patter n tha t  i s th e sam e a s 
th e inpu t  pattern )  ,  memor y fo r  th e patter n reside s i n th e tw o matrice s 
of  connect ion s betwee n th e inpu t  an d hidde n laye r  an d hidde n an d out -
pu t  layers .  Bot h thes e model s a s the y stan d d o no t  allo w fo r  distanc e 
effect s a s note d earl ie r  becaus e the y assum e tha t  element s o f  th e vec -
tor s ar e Independen t  s o tha t  switche s o f  item s withi n th e strin g woul d 
b e th e sam e a s replacement s o f  ne w letters .  On e migh t  thin k tha t  on e 
of  th e scheme s note d abov e coul d b e use d t o encod e positio n dependen t 
information ,  i.e. ,  mult ip l e copie s o r  cross-correlatio n a t  retrieval . 
But  mult ipl e copie s o f  th e studie d material s shifte d i n positio n woul d 
no t  hel p becaus e pattern s ar e store d a s unit s (partl y a s a  resul t  o f 
nonl inea r  processing )  an d permutation s o f  letter s acros s positio n 
woul d no t  produc e th e require d crosstalk .  Cross-correlatio n a t  tes t 
t im e ma y b e a  bette r  candidate ,  bu t  i f  cross-correlatio n wer e use d 
rout inel y i n al l  retrieva l  processes ,  th e signa l  t o nois e rati o a t 
tes t  woul d b e severel y reduce d (becaus e o f  al l  th e contribution s fro m 
nonmatchin g cross-corre lat ions) .  Perhap s som e o f  th e notion s o f 
Zipse r  (1986 )  coul d b e incorporate d int o thes e schemes .  Th e mai n 
issu e fo r  thes e distr ibute d model s i s t o com e u p wit h a  consisten t  an d 
coheren t  accoun t  tha t  appl ie s acros s a  rang e o f  paradigm s includin g 
test s o f  orde r  informatio n a s wel l  a s othe r  phenomen a (e.g. ,  thos e i n 
Gil lun d &  Shiffr in ,  1984) . 

The final issue to be considered is whether positional informa-
t io n i s routinel y encode d int o memor y o r  whethe r  i t  i s  onl y encode d 
when i t  i s  needed .  McNlco l  an d Heathcot e (1986 )  argu e tha t  withi n th e 
domai n o f  short-ter m memory ,  thei r  result s ar e mos t  compatibl e wit h a 
theor y tha t  al low s differen t  subsystem s i n short-ter m memor y eac h wit h 
it s ow n forma t  fo r  preservin g orde r  (se e Ratcllf f  &  McKoon ,  198 7 fo r 
dat a showin g n o posi t io n dependen t  cod e an d availabil i t y  o f  orde r 
informatio n lat e i n process ing) .  I  endors e thi s an d argu e tha t  th e 
result s o f  Experiment s 3  an d 4  exten d th e us e o f  a  posit io n dependen t 
cod e int o th e domai n o f  long-ter m memory .  However ,  th e critica l  poin t 
i s  tha t  a  mode l  mus t  hav e th e capabil i t y  o f  representin g positio n 
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dependent codes without the Invocation of a completely new model Just 
fo r  tha t  task . 
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