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A model for short-term memory is described and evaluated. A variety
of experimental data are shown to be consistent with the following
statements.  a! Unrehearsed verbal stimuli tend to be quickly for-
gotten because they ar e inter fered with by later i tems in a ser ies and
not because their traces decay in time.  b! Rehearsal may transfer an
item from a very limited pr imary memory store to a larger and more
stable secondary store.  c! A recently perceived item may be re-
tained in both stores at the same time. The properties of these 2
independent memory systems can be separated by experimental and
analyt ical methods.
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I t i s a w el l -est abl i shed fact t hat the
longest series of unrelated digits, let-
ters, or words that a person can recall
verbatim after one presentation seldom
ex ceeds 10 i tems. I t is al so t rue, how-
ever, that one can nearly always recall
the most recent i tem in a series, no
matter how long the series � but only
if this item may be recalled immedi-
ately, or if it may be rehearsed during
the interval between its presentation
and recall . Otherwise it is very likely
to be lost . I f we may assume that
attending to a current item precludes
reviewing a prior one, we can say that
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Research Grants N o. M H 05120-02 and M H
08119-01 f rom the N ati onal I nstitutes of
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Studies and to H arvard M edical School ,
respectively. T he second author was sup-
por ted by a N ational Science F oundation
Postdoctoral F el lowship at the Center for
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the span of immediate memory must
be limited in large part by our inability
to rehease, and hence retain, the early
items in a sequence while attempting to
st or e t he l at er ones. O u r l im i t ed m em -
ory span would then be but one mani-
festation of our general inability to
think about two things at the same
t im e.

W hy should an unrehearsed item
in a list be forgotten so swiftly ? I s its
physiological trace in some sense writ-
ten over by the traces of the items
t hat f ol l ow i t ? O r does t h i s t r ace sim -

ply decay within a brief interval , re-
gardless of how that interval is filled ?
T radition, in the guise of interference
theory, favors the first explanation
 McGeoch, 1932 ; Postman, 1961! , al-
though some psychologists now think
that new memory traces must fade
autonomously in t ime  Brown, 1958 ;
Conrad, 1957 ; H ebb, 1949! . Until
now, no one has reported any data
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which clearly contradict either of these
ideas. I n fact, when we first consid-
ered the problem of the instability of
recent memory traces, we thought it
entirely possible that both decay and
interference operate over brief reten-
tion intervals to produce forgetting,
and we therefore designed an experi-
ment to weigh their respective effects.
The results of this experiment were un-
expectedly straightforward � and seem-
ingly inconsistent with certain other
existing data on immediate retention.
W e have been able, however, to for-
mulate a simple quantitative model .
which r elates our resul ts to those r e-
ported by other investigators. What
began as an attempt to evaluate two
very general hypotheses about the for-
getting of recent events has therefore
resulted in a specific theory of short -
t er m m em or y .

W e shall describe our experiment in
Section I below. A maj or portion
of this paper, Section I I , will be con-
cerned with the description and appli-
cat ion of our model . I n Sect ion I I I we
shall di scuss this model in relat ion to
the general question of whether short-
and long-term retention represent
distinguishably different psychological
p r ocesses.

I . P ROBE-D I GIT E XPERI MENT

Our experiment was designed to meas-
ure the recall of a minimal ly rehearsed
verbal item as a j oint function of the num-
ber of seconds and the number of other items
following its presentation. The general pro-
cedure was as follows. Lists of 16 single
digits were prepared with the aid of a
standard table of random numbers, under the
const raint that no digi t should appear more
than twice in a row. T he last digit in every
l ist was one that had occur red exact ly once
before, in Position 3, 5, 7, 9, 10, 11, 12, 13, or
14. On its second appearance, this "probe-
digit" was a cue for the recall of the digit
that had fol lowed i t init ial ly .

T he l ists were recorded on two magnet ic
tapes; they were read in a monotone voice
by a male speaker at a constant rate of

either one or. four digits per second, Each
of the nine possible probe-digit positions
was tested 10 times. T he two tapes ac-
cordingly contained 90 test lists  plus 8 prac-
t ice l ists! apiece, all read at the same rate.
The last digit in every list, the probe-digit,
was accompanied by a high-f requency tone
to aid the subj ect in detecting the end of
the list . T he posit ion of the init ial presenta-
tion of the probe varied randomly from list
to li st on each of the two tapes.

The subj ect's task was to write down the
digit that had followed the probe digit in
the list, guessing if he did not know. Since
the probe-digit was unique in Positions 1
through 15, there was only one possible cor-
rect answer on any uriah Every subject
l istened to the list through earphones f or a
total of 12 experimental sessions, 6 with each
tape, alternating between fast and slow l ists.
T he fi rst session under each condition and
the first eight lists listened to in each ses-
sion were considered to be pract ice and, un-
known to the subj ect , were not scored.

The subj ects received explicit instructions
to control rehearsal by "thinking only of
the last digit .you have heard and never of
any of the earlier one." These instructions
were repeated before the second session, and
occasional reminder s were given throughout
the course of the experiment. Thus, the sub-
jects were to rehearse every item during the
inter item interval immediately fol lowing it .
Our inst ructions were not designed to el imi -
nate the rehear sal of single i tems as such,
but rather to el iminate the rehear sal of
groups of digits. The experiment actually
tested the retent ion of a digit pair , the
probe-digit and its successor. The reten-
tion of this pair should be independent of the
interitem interval, if the instructions to avoid
grouping were followed faithfully. We
hoped, in effect, to test the retention of
unrehearsed pai rs of digits under two r ates
of presentation.

The subj ects were four Harvard under-
graduates, three males and one female.

The responses were scored and analyzed to
yield a serial position curve for each rate of
presentation, relating the relative frequency
of an item's cor rect recal l to i ts distance
f rom the end of the l ist . A comparison of
the two functions al lows us to assess the rela-
t ive eff ects of decay and interference on
short-term forgetting, according to the fol-
lowing line of reasoning. Consider the recall
of I tem i f rom the end of the l ine. I f the
list was read at the rate of one item per
second, then i items would have intervened,
and i seconds would have elapsed between
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the t ime the subj ect heard the item and the
time he attempted to recall it.  We count
the second appearance of the probe-digit as
an intervening event.! I f the items were
read at the rate of four per second, on the
other hand, then only I/ 4, rather than i,
seconds would have elapsed between the oc-
currence of I tem i and the subj ect's attempt
to recall it. A total of i other items would,
of course, st i l l have intervened between. these
two events. Therefore, if the probability of
recal l ing I tem i f rom the end of a slow list
were identical with the probability of recall-
mg I tem 4i f rom a fast list, we could con-
clude that recent memory traces decay in
t ime, independently of one another . Con-
versely, if the probability of recalling I tem
i were invariant with rate of presentation, we
could conclude that rapid forgetting is caused
pr imar i ly by ret roact ive interference.

The results of the experiment are
shown in Figure 1. T he scores for
the individual subjects are presented
in Figures 1A and 1B. The pooled
data, corrected for guessing, are shown
in Figure 1C.' Each point in Figures
1A and 1B is based on 50 observations;
each point in Figure 1C, on 200. I t
is evident that there are consistent dif-
ferences among subjects but little in-
teraction between subj ects and serial
positions. Furthermore, although there
appears to be a slight interaction be-
tween relative frequency of recall , or
R 3! , and rate of presentation, it is
clear that the effect of rate is relatively
small compared to the eRect of serial '
posi t ion. T he main source of for -
getting in our experiment was inter-
fer ence.

T he di ff erences between the two sets
of points shown in Figure 1C are not
statistically reliable, according to an
analysis of var iance performed on the
number of items recalled by each sub-

9 The response set � the 10 digits � was
known to the subjects, and they knew that
the probe would not be the same as the test
digi t. Thus the probability of correctly guess-
ing the answer, g, was 1/ 9. A standard nor-
malizing technique was used to eliminate the
eifects of guessing from the data, namely,
p recall ! = [p correct! � q]/  I � g! .
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Fm. 1. Results of the probe-digit experi-
ment.  Figures 1A and 1B represent re-
tention functions for individual subjects
under two rates of presentation ; in Figure
1C these data have been pooled.!

j ect at each value of i under the two
rates of presentation  I   1 for the
mean square between rates tested
against the interaction between sub-
j ects and rates! . T his conclusion is
borne out by the results of nine K ol-
mogorov-Smirnov two-sample tests,
one for each value of i, performed
on the distr ibutions of number of items
recalled per subj ect per session under
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the two rates of presentation. W e
have therefore fitted the points shown
in Figure 1C with a function that
represents the probability of recalling
I tem i f rom the end of a series, est i -
mated across rates of presentation.
This function decreases monotonically
with i, attaining a value of about .07
at i = 12 .

I I . M ODEL FOR P RI MARY M EMORY

W hen we compared the foregoing
results with the typical outcome of the
first trial in a standard list-learning
experiment, we found ourselves facing
two dilemmas. I n the fi rst place, it
often happens that an item in a long
l ist i s recalled after 10 or 20, or even
more, i tems have fol lowed it . But in
our experiment, probability of recall
was el ectively zero for the eleventh
i tem in f r om t he end of a l i st . I n t he
second place, var ious investigators have
shown that probability of recall in-
creases with presentation t ime  see
Posner, 1963! , yet in our experiment
this probability, for all practical pur-
poses, was independent of the rate at
which the digits were read.

I n seeking for a way to account for
these discrepancies, i t occurred to us
t hat one d i f f er ence bet w een ou r ex -
periment and previous ones in this area
is that we instructed our subj ects not
to think about any item in a list once
the next had been presented. This
inst ruct ion to avoid rehear sal i s, to be
sure, rather unorthodox , although not
completely without precedent  U nder-
wood k K eppel , 1962! . I n order to
minimize rehearsal, many experiment-
ers try to keep the subj ect so busy that
he does not have t ime to rehear se ; but
we think it highly l ikely that a well-
motivated subj ect who is trying to learn
a list will rehearse unless specifically
enj oined from doing so. The typical
subj ect's account of how he learns a list
 Bugelski, 1962 ; Clark, Lansford, I

Dallenbach, 1960! bears us out on this
point. I n fact, it is probably very
diff icult not to r ehear se mater ial that
one is trying to memorize.

W e shal l assume here that rehearsal
simply denotes the recall of a verbal
item � either immediate or delayed, si-
lent or overt, deliberate or involuntary.
The init ial perception of a stimulus
probably must also qual ify as a re-
hearsal , Obviously a very conspicu-
ous item or one that relates easily to
what we have already learned can be
r et ai ned w i t h a m i n i m um of conscious
e Bort . W e assume that relatively
homogeneous or unfamiliar material
must , on the other hand, be deliberately
r ehear sed if i t i s t o be r etai ned . A c-
tually, we shall not be concerned here
w i t h t he ex act r ole of r ehear sal in the

memorization process. We are simply
noting that, in the usual verbal-learn-
ing experiment, the likelihood that an
item in a homogeneous list will be re-
.cal l ed t ends t o i ncr ease w i t h t he am ount
of t im e avai l abl e f or i t s r ehear sal . T he
probe-digit experiment has shown, con-
versely, that mater ial which is not re-
hearsed is rapidly lost, regardless of
the rate at which it is presented. I t is
as though rehearsal transferred a re-
cently perceived verbal item f rom one
memory store of very limited capacity
to anot her m or e com m od iou s st or e
f r om w h ich i t can be r et r iev ed at a
m uch lat er t im e.

W e shall follow James  1890! in
using the terms pri mary and secondary
memory  PM and SM ! to denote the
two stores. James defined these terms
introspectively : an event in PM has
never left consciousness and is part of
the psychological present, while an
event r ecal l ed f r om SM has been ab-
sent from consciousness and belongs to
the psychological past. PM is a faith-
ful record of events j ust perceived ; SM
is full of gaps and distortions. James
bel i ev ed t hat P M ex t ends ov er a fi x ed
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period of time. W e propose instead
that it encompasses a certain number
of events regardless of the t ime they
take to occur . Our goal is to distin-
guish operationally between PM and
SM on the basi s of the m odel that w e
shal l now descr ibe.

Consider the general scheme illus-
trated in Figure 2. Every verbal item
t hat is at t ended t o ent er s P M . A s w e
have seen, the capacity of this system
is sharply limited. New items dis-
place old ones; displaced items are
permanently lost . W hen an item is
rehearsed, however , it remains in PM ,
and it may enter into SM . W e should
l ike to assume, for the sake of sim-
plicity, that the probability of its en-
tering SM is independent of its posi-
t i on i n a ser ies and of t he t im e at w h ich
i t is rehearsed. T hus, i t would not
m att er w hether t he it em w as r ehear sed
immediately on entering PM or sev-
eral seconds later : as long as it was
in PM , it would make the t ransit ion
into SM with fixed probability.  Our
PM is similar to Broadbent's, 1958, P
system. One difference between our
two systems is that ours relates re-
hearsal to longer term storage, whereas
his does not .!

Finally, we shall assume that re-
sponse-produced interference has the
sam e ef f ect on an i t em i n P M as does
stimulus-produced interference. That
is, the probability that an item in PM
will be recalled depends upon  a!
how many new items have been per-
ceived plus  b! how many old ones
have been recalled between its presen-
tation and attempted recall . Thus, if
an item appears in Position is from
the end of a list and the subj ect at-
tempts to recall it after recalling sir
other items, i t i s as if the item had
appeared in posit ion i = n + w, in the
list, and recall was attempted at the
end of the list . T his assumption is
rather strong, but recent studies by

ONDARY
EMORY

F zo. 2. T he pr imary and secondary mem-
ory system.  A 11 verbal items enter PM ,
wher e they ar e either reheased or forgotten.
Rehear sed i tems may enter SM .!

Murdock  1963! and by Tulving and
A rbuckle  1963! have, in fact, failed
to reveal any consistent differences be-
tween stimulus- and response-induced
interference in the retention of paired
associates. I t may not be unreasonable
to suppose, therefore, that the two
sources of interference exert equivalent
eff ect s on f r ee and ser ial r ecal l .

According to our hypothesis, then,
the probability of recalling an item
which has been followed by i subse-
quent items is given by the probability
that i t is in PM , in SM , or in both.
A ssuming that these probabil ities com-
bine independently,

R  i ! = P  i ! + S i ! � P  i ! S  i ! [ l l

where R  i ! is the probability that I tem
i will be recalled, P  i ! is the probabil-
ity that it is in PM , and S i ! the
probability that it is in SM . The
probability that this item is in PM
is then given by

P  i ! = [R  i !
� S  i ! 1/ [ 1 � S i ! ] [2l

W e assume that P  i ! is a monotonic
decreasing function of i and that

lim p  i ! = 0.

W'e should like specifically to test the
hypothesis that P  i ! is independent
of the value of S  i ! and, in fact, varies
with i in the manner of the probe-digit
data.  T his hypothesis is stated more
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formally in the Appendix .} I n order
to do so, we need data on verbal re-
tention that meet the following re-
quirements.

1. They should come from an ex-
perimental situation where at least
som e of t he i tem s ar e r et r iev ed f r om
P M .

2. The subj ect should have been al-
lowed to rehearse, so that S {s! > 0.

3. The value of S  s! should prefer-
ably be constant and independent of i .

4. The experimental lists should be
long enough to let us estimate S{ i !
f or i ! 12 .

5. W e shoul d k now t he locat ion of a
given item in the stimulus l ist  n! and
in the recall list  re! , so as to be able
t o est im at e t he t ot al num ber of i n t er -
fering items {i = n + ris! .

F r ee R ecal l

The free-recall experiment is well
suited to our purposes. Subjects can
 and usually do! recall the last few
items in a list right away, and the
middle portion of the serial position
curve  after the first three and before
the last seven items! is effectively flat ,
thereby providing a convenient esti-
mate of S i !  Deese 8z K aufman,
1957 ; Murdock, 1962 ; W augh, 1962! .

T esting our hypothesis against data
collected in a free-recall experiment
therefore involves the following steps :

1, First, we estimate S i ! from the
average proportion of items recal led
from the middle of a long list.

2. W e then estimate P  s} for each
of the last seven items in the list by
Equation 2.

3. W e plot this estimate against
ri + m = i and compare the resulting
function with that shown in Figure 1.

Fortunately, we did not have to per-
form a free-recall experiment especially
for this purpose: several such studies

have been carried out and reported
in sufFicient detail to enable us to test
our hypothesis against their results.
W e have chosen to analyze four sets of
data collected by three different in-
vestigators: Deese and K aufman
 1957! , Murdock { 1962! , and two as
yet unpublished experiments conducted
by Waugh. The two principal vari-
ables that aff ect S i ! in free recall
appear to be length of list  the amount
of material that is to be retained! and
presentation t ime { the amount of time
available for the rehearsal of a given
item! . Manipulating these variables
results in orderly changes in the value
of S i ! , so that our estimates range
from .08 to .45 across the four experi-
m en t s.

1. In Deese and Kaufman's study,
the subj ects listened to lists of 32 un-
related English words read at a rate
of one per second, and began recalling
them immediately after the last had
been spoken. Deese and K aufman
have presented a serial position curve
based on these data and have also re-
ported the relation between an item's
serial position in recall and its posi-
tion in the original l ist . W e can
thereby estimate i for each item in
their lists, letting an item's average
position in recall be our estimator of
the amount of response interference
 m} .' We estimated S i ! by the pro-
portion of items recalled after the fi rst
th r ee and bef or e the last sev en ser i al
positions in the original list.4  This

s I t is not really correct to use the average
of the ser ial posit ions in recal l as an estimate
of m + I : the total eRect of response inter -
ference should depend on the var iance of this
distr ibution as well as on its mean or me-
dian. I t is the only al ternative open to us,
however, since our cor rect ion for asymptote
must be appl ied to the average propor t ion
of items retained, estimated across ser ial
posit ion in recal l

4 I n estimating S  i ! , we ignored the re-
call of the fi rst three items on a l ist because
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T A BL E 1

PROPORTION OF I TEMS F REELY RECALLED AS A F UNCTION
OF SERIAL POSITION AND T OTAL T IME PER LIST

Number of List length X seconds per item
intervening

items 32 X l 40 X l 20 X 2 30 X 1 15 X 2 20 X l 10 X 2

.72

.67

.60

.42

.32
,27
.22
.17

.97 .97 .96 .95

.89 .88 .84 .83

.74 .80 .76 .71

.52 .62 .62 .67

.39 .58 .39 .5S

.33 .49 .30 .45

.24 ,42 .26 .45

.19 .38 .15 .45

.95
,88
.75
.57
.43
.38
.38
.27

.96

.85

.71

.51

.40

.27

.22

.12

0 1

2 3 5 6
6+ 4

Note.� Deese and Kaufman  1957! , Column 1; Murdock  1961! . Columns 2- 6,
a Entries in this row represent the asymptotic value of R n!. .

same general procedure will be fol-
lowed in our subsequent analyses.!

The last seven points of Deese and
Kaufman's serial position curve, taken
from their Figure 1 and corrected for
asymptote according to Equation 2,
are plotted as a function of 3 in Figure
3. T he dashed lines in Figure 3 rep-
resent the 99/o confidence limits for
the probe-digit function : a standard
error for each point was estimated
across subjects and experimental ses-
sions. T he uncor rected data are shown
in T abl e 1.

2. W augh's exper iments were con-
cerned with determining the number
of items freely recalled from long lists
as a function of presentation time. I n
her first experiment, 24, 30, 40, 60, or
120 different monosyllabic English
words were read to the subj ects at a
rate of one per second. The propor-
tion of items recalled varied inversely
with list length, so that for each length
of list there is a dif erent ser ial posi-
tion function. T he asymptotes of
these functions r'ange from approxi-
mately .08 to .20. Median serial posi-
tion in recall  fft + 1! was calculated
for each of the last six i tems in a h st ;

they invariably show a primacy effect, per-
haps the result of selective attention and
rehearsal .

FIG. 3. F ree-recal l data f rom Deese and
K aufman  1957! , cor rected for asymptote
and response inter ference.

Figure 4 shows S t! as a function of
i f or each of t hese i t em s. T he uncor -

rected data appear in Table 2.
I n W augh's second experiment , the

subjects listened to 30 different words
presented at a rate of 1, 2, 3, 4, or 6
seconds per word. In each case the
presentations were either massed � that
i s, each word was read one, two, or
three t imes in a row , at a rate of one
word per second or of one word every
two seconds � or they were distributed
� each word was read once at one, two,
three, four , or six different places in
a list , at a rate of one word per second.
The results of this experiment indicate
that whether the repetit ions are massed
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F ic. 4. F r ee-recal l data f rom W augh
cor rected f or asymptote and response inter -
ference.

T A BI .F 2

PROPORTION OF I TEMS F REELY RECALLED AS
A FUNCTION OF STIMULUS I NTERFERENCE

AND N UMBER OF ITFMS PER L IST

List lengthNumber of
intervening

items 24 30 40 60 120

.95 .97 1.00

.85 .85 90

.92 .69 .81

.42 .46 .51

.47 .35 .31

.21 .17 .22

.15 .17 .16

0 1
2
3
4.
5
 + a

.95 1.00
93 .95
.86 .92
.53 .57
.32 .57
.14 .14
.12 .08

. Entries in this row represent the asymptotic value
of R 7I!.

or distributed is of no importance;
the probability that a word will be re-
called is determined simply by the total
num ber of seconds f or w h ich i t i s
presented. Since this probability in-
creases as a negatively accelerated func-
tion of presentation time, the asymp-
totic values of the serial position
function obtained in this experiment
ranged from approximately .14 {for
30 words each read once! to .45 {for
30 words each read six t imes! . Aver-
age serial posit ion in recall was again
calculat ed f or each of t he last si x it em s
i n a l i st . T he r et ent ion f unct ions f or
massed and distributed repetitions, cor-

rected for asymptote and response in-
terference, are shown in Figures 5 and
6, respectively, along with the PM
function obtained in our probe-digit ex-
periment . The uncorrected data are
show n i n T able 2 .

3. In Murdock's experiment, the
subj ects listened to lists of 20, 30, or
40 words read at a rate of 1 word
per second and to lists of 10, 15, and
20 w or ds r ead at a r at e of 1 w or d
every 2 seconds. Murdock found, as
has Waugh  1963! , that the probabil-
ity of recall ing a word that has been

WAUGH
Lo
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0 I 3 3 7 9 I I 13
NUMBER OF INTERFERING ITEMS i i !

F IG. 5. F ree-recall data f rom W augh cor -
rected for asymptote and response inter fer -
ence  1-6 distr ibuted presentations per
word! .

l i stened t o f or 2 seconds i s alm ost
exactly twice the probability of re-
calling a word that has been listened to
f or 1 second . M u r dock ' s data can

therefore be grouped into three pairs of
serial position curves : 10 words read
at a rate of 1 every 2 seconds versus
20 words read at a rate of 1 per sec-
ond ; 15 words read at a rate of 1 every
2 seconds v er su s 30 r ead at a r at e of
1 per second ; and 20 words read at a
rate of 1 every 2 seconds versus 40
read at a rate of 1 per second. W ithin
each pair , there are two asymptotes,
one of which is approximately twice the
val ue of t he other ,
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W e hav e cor r ected M ur dock 's cu r v es
for asymptote � that is, for S i ! � and
since he did not calculate serial posi-
t ion in recal l for his wor ds, w e have
plotted these corrected values of P  i !
against the average values of i cal-
culated by Waugh for words recalled
under similar conditions in the experi-
ment j ust described {see Figures S
and 6! .' Murdock's uncorrected data
ar e show n i n T abl e 1.

I t is clear that an appreciable num-
ber of the points displayed in Figures
3 through 7 fall outside the confidence
l imits we have set for the probe-digit
function. In general, the discrepancies
between theoret ical and observed values
of P i ! appear to be unsystematic.
They may have resulted from either
of two possible sources which would
not be r efl ected in the var iance of the
probe-digit function.

In the first place, we assume that
S i ! is constant for all i . While S i !
does not in fact seem to vary system-
atically with i in the middle of a list,
individual words do diRer greatly in
their susceptibility of storage in sec-
ondary memory : the serial position
function for free recall is haphazardly
jagged rather than perfectly flat. Thus,
even one anomalously easy word in
L ocation n7 for instance, can greatly
inflate our estimate of R  n! and hence
P  n! . The probe-digit data would
presumably not be subject to this kind
of var iability.

A second source of errors may lie in
our estimation of i , or Sn + n. W e
have used average position in recall�
cal l i t Tn + 1 � as our est imate of ns
+ 1. Even a small er ror in thi s est i -
mate can lead to a sizable discrepancy
between a theoret ical and an observed
value of P{i ! , especially around the
steep early portion of the function.

5 T he asymptotes f or M urdock's curves
were obtained by complementing his tabu-
lated values for EI  shown in his Table 2! .

WAUGH
1.0

0.8

0.8

0.4

0.2

0
3 5 7 9 II l3

NUMBER OF INTERFERING ITEMS  ,I !

F m. 6. F ree-recall data f rom W augh
cor rected for asymptote and response inter -
ference  2- 6 massed presentations per
word! .

E r r o r s of t h i s sor t w oul d be r efl ect ed
in Figures 4 � 7, where i and P  i ! are
derived from either pa'rtially or com-
pletely independent sets of data  in
Figures 4-6 and Figure 7, respec-
tively! . Furthermore, we should in
any case expect some discrepancy on
purely mathematical grounds between
P  i ! , where  i ! is the mean of a point
distribution, as in the probe-digit ex-
periment, and P n~ + n! , where ns
can assume any of a number of values,
as in the f ree-recall data we have
analyzed. U nfortunately, we are un-

MURDOCK
LIST SEG/ I T EM1.0

0.8

0.5

0.4

0.2

0 I 3 5 7 9 I I I 3
NUMBER OF INTERFERING ITEMS   I !

F m. 7. F ree-recall data f rom M urdock
 1961! , corrected for asymptote and response
inter ference.



98 N ANCY C. W AUGH AND D ONALD A . N ORMAN

able to specify the magnitude of this
expected discrepancy.

I n view, therefore, of the likelihood
of the errors we have j ust described,
we bel ieve that the 6t between the
probe-digit function and the free-recall
data is fairly good and is, in fact ,
probably too close to attribute to
chance. Actual ly, in one respect it is
surprising that the probe-digit func-
t i on shoul d descr ibe t he f r ee- r ecal l data
as well as it does. The probe-digit
experiment tested the retention of
digit pairs, whereas the free-recall ex-
periments tested the retention of in-
dividual items. H ow are we j ust i f i ed
in equating the two? One possibility
is to assume that in the probe-digit
experiment the subjects perceived and
stored the digits as a series of over-
lapping pairs, ' rather than as single
digits. In this case, the measure of
interference would be given by the
number of digit-pairs that follow any
given pair, which is, of course, equal to
the number of single digits that follow
it . I n the free-recall experiment , on the
other hand, the subj ects may have per-
ceived the words as independent units,
and the eff ect ive interference would
then consist of single words, as we have
in fact been assuming. The problem,
then, can be restated as follows: why
do pairs of digits and single words
exert equal amounts of retroactive in-
terference on like items in primary
memory? There is little in the exist-
ing literature that sheds much light on
this point .

P ai r ed A ssoci ates

Our model should, of course, be able
to descr ibe or der ed as w el l as f r ee r e-
call . W e face ser ious problems, how-
ever, in attempting to apply it to
serial learning : if a l ist is long enough
to furnish a stable estimate of S  i ! ,
the probability that a given item will
be in PM at the time of testing is negli-

gible, since serial items are custom-
ar ily tested in the order in which they
were presented. W e must therefore
turn to paired associates. I n a recent
study, Tulving and Arbuckle  1963!
systematical ly varied the positions of
the i tems on the recal l l ist , and we
have therefore applied our hypothesis
t o thei r data i n t he m anner descr ibed
abov e.

Tulving and Arbuckle presented
number-word pairs to their subj ects
and t hen t est ed f or t he r ecal l of each
word by presenting only the number
with which it had been paired. They
were interested in measur ing probabil-
ity of recall after one trial as a function
of an item's serial position in both the
original list and the test l ist . W e have
estimated S  i ! by averaging the recall
probabilit ies for i > 13, excluding
I tem s 1 and 2 . T he value of t hei r
serial position curve is fortunately con-
stant in this region, as it was for free
recal l . N ote that in this task , each
pair presented after a given number
and before the cue for its recall actually
consists of two interfering items: a
word plus a number. W e have counted
all items occurring between the test
item and its recall � including the test
number � as interfering items. W e
have analyzed the proportion of items
presented in Positions 1 through 6
f r om the end of t he st i m ulu s l i st and
tested in Positions 1 through 6 of the
response list . These proportions are
shown in Tulving and Arbuckle's
Tables 2 and 4 ; we have pooled those
that correspond to a given value of i .
Thus i , or n + m  where n = j and
m = i � j ! , ranges from 1 to 11.
These data are presented in Figure 8,
along with our own estimate of P  i ! .
Again, considering the var iability of
S i ! that is not taken into account by
our model, the fi t between data and
theory appears to be reasonably good.

I n sum, then, we believe we can say
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that the similarity between our probe-
digit function and the various other,
initially disparate, ser ial position curves
shown in Figures 3 � 8 is consistent with
the hypothesis that there is a primary
memory store that is independent of
any longer term store. The capacity
of the primary store appears to be
invariant under a wide variety of ex-
per imental conditions which do, how-
ever, affect the properties of the longer
t er m st or e.

Si ngle-I tem Retenti on

Much of the experimental work on
memory in the past 5 years has fo-
cused on measuring the retention of a
single verbal item � or of a brief list
of i t em s � ov er shor t i n t er val s. A
widely used procedure which was in-
troduced by Peterson and Peterson
{ 1959! is to expose an item {for
example, a meaningless three-letter se-
quence! to a subj ect ; have him per-
form some task that presumably mo-
nopolizes his attention  such as count-
ing backwards by three's! for a
specified number of . seconds; and,
finally, at the end of this interval, have
him attempt to recall the critical item.
The universal finding has been that
retention decreases monotonically with
the length of the retention interval . I t
has generally been assumed that the
subj ect does not rehearse during the
retention interval, that a number spoken
by him does not interfere with a
trigram previously spoken by the ex-
perimenter, and that therefore the ob-
ser v ed decl i ne ov er t im e i n t he r et en -
t ion of such an item reflects the pure
decay of its memory trace. This gen-
eral conclusion is clearly inconsistent
with our resul ts, since w e have found
that the length of the retention interval
as such � within the l imit s we tested,
naturally � is of relatively little im-
portance in determining retention loss.

I n seeking for a way to account for

this discrepancy, it occurred to us to
question the assumption that , in an
experiment of the sort described above,
the numbers spoken by the subj ect dur-
ing the retention interval do not inter-
fere with the memory trace of the item
he is supposed to retain. Some ex-
perimenters have, after all , reported
t hat d issi m i lar i t em s seem t o i nt er f er e
with one another j ust as much as do
si m i lar ones in t he i m m ediat e r ecal l
of very short lists  Brown, 1958 ; Pills-
bury 5 Sylvester, 1940! . W hat would
happen, therefore, if we were to define a
three-digit number uttered by a subj ect
in the course of a simple ar ithmetic cal-
culation � counting backwards � as one
un i t of m nem onic in t er f er ence ? Coul d
our model then describe the forgett ing
of single items over brief intervals?
W e have attempted to fit the data of
two experimenters, L oess  in press!
and Murdock  1961! , by converting
the r et ent ion i n t er val in to a cor r e-
sponding number of interfering items.
Murdock's subj ects were trained to
count at a steady rate of one number
per second, so the number of inter-
fering items in his experiment is equal
t o t he r et ent ion i n ter val i n seconds.
L oess' subj ects counted at a rate of
one number every 1.5 seconds; we have
therefore multiplied the length of his

l.o

as

0.6

0.4 0 I
3 6 7 6 II l3

NUMBER OF INTERFERING ITEMS   I i

F To. 8. Paired-associate data f rom T ul-
v ing and A rbuckle  1963! cor rected for
asymptote and response interference.
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NUMBER OF INTERFERING ITEMS ii!

Fm. 9, T he retention of three-item lists
compared with the probe-digit function,
 L oess' data denote the propor tion of con-
sonant t r igrams recal led af ter var ious reten-
t ion intervals ; M urdock's data represent
the average propor tion of t r igrams and
word tr iads retained af ter a given interval. }

retention intervals by as in order to ob-
tain the equivalent number of inter-
fering items. W e estimate S i ! in
both cases by the relative f requency of
r ecal l at s = 18 .'

T he two sets of data, cor rected for
asymptote, are shown in Figure 9,
along with the probe-digit function.
The correspondence between them is
reasonably d ose. I t is possible, of
course, that this agreement between
theory and fact is simply a matter of
luck, depending, as it does, on the
arbitrary assumption that a three-digit
number generated by the subj ect him-
self is psychologically equivalent to a
one-digit number presented by the ex-
perimenter during the retention inter-
val  as in the probe-digit study} .
Obviously we cannot draw any firm
conclusions about the effect of inter -
ference on the retention of single items
until this assumption is j ustified em-
pirically. We can only point out that

0 W e have also t r ied to analyze the results
of Peterson and Peterson  1959} but w ith-
out success. Par t of the difficulty may result
f rom the fact that thei r subj ect s may not
have adhered st r ict ly to a prescr ibed rate
of counting during the retention interval  L.
Peterson, personal communication, 1964} ,

the resul ts of M urdock and L oess do
not necessarily contradict our model .

W e should at this point like to con-
sider the general question of whether
al l v er bal i n f or m at i on i s st or ed i n t he
same system or whether, as we have as-
sumed here, there are two independent
mnemonic processes that contr ibute to
retention even over very short inter-
vals. The proponents of a unitary the-
ory of' memory, eloquently led by
Melton  1963! , have argued that re-
cal l af t er a f ew seconds i s aff ect ed i n

very similar ways by the variables
that govern recall over much longer in-
tervals ; and that therefore the dist inc-
t ion between a shor t-term memory
mechanism, on the one hand, and a
longer term mechanism, on the other ,
is purely arbitrary. The following facts
have been c'ited in support of this argu-
m ent :

1. Short-term retention improves,
j ust as does long-term retention, when
the material to be recalled is repeated
before a test of retent ion, or when it i s
repeated between successive tests
 H ebb, 1961; H ellyer, 1962! .

2. Retention after a br ief delay is
subj ect to proactive interference, as is
retention after a long delay  Keppel
8; U nderwood, 1962 ; I oess, in press} .
W hy, asks the unitary theorist , should
we distinguish between short- and
long-term retention if we cannot find
any quantitative and experimentally ma-
nipulatable differences between them!
This question might well be disturbing
if one took the position that the two
processes have sharply defined non-
overlapping temporal boundaries such
that it em s r ecal l ed w it h in som e cr i t ical
i nt er v al af t er t hei r in i t i al occu r r ence
must have been ret r ieved from one sys-
tem, whereas items recalled beyond
thi s interval must have been r etr ieved
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T A BI.F 3

PRopoRTION or ITr Ms I REEDY REcALLED As A FDNcTfoN or
STtMuhus I NTEREERENcE AND I REsENTATIDN '11ME

Seconds per itemNumber of
intervening

items MassedDistributed
2 33 41 2

.98 .97

.82 .96

.75 .63

.51 .58

.40 .31

.27 .36

.25 .31

1.00 1.00
.87 .91
.76 .63
.58 .50
.51 .44
45 44.
.38 .42

.97

.89

.87

.65

.60
,48
.45

1.00
.86
.82
,76
.57
.49
.38

0 .96 .99 .97
1 .82 .90 .91
2 .76 .81 .86
3 ,54 .64 . 73
4 .38 .40 .50
5 .21 .36 .36
5+ a 14 26 32

. Entries in this row represent the asymptotic value of R a!.

from another .  Such a view would im-
ply, interestingly enough, that an item
w oul d hav e t o r em ai n i n a shor t -t er m
storage for some specified number of
seconds before passing into longer
term storage, if it did so at all .!

But what if we do not require that
the two systems be mutually exclusive!
Then the probability that an item will
be recalled will depend on both the
probability that it is still in PM and
the probability that it has entered into
SM in the interval between its presen-
tation and the start of the interfering
sequence  or even dur ing this sequence,
if the subj ect is able to rehearse! . A ll
those variables that determine S t'! for
a given item � such as its position in a
closely spaced series of tests, or the
number of times it has been repeated
� w i l l t hen det er m ine the obser v ed
proportion recalled after a brief inter-
val . W e bel ieve we have shown, how-
ever, that P  i ! depends only on t' and
remains invariant with changes in
S 4! ; and we submit that most of the
published data on short-term retention
actually r& ect the properties of both
memory systems.'

W e w oul d l ik e t o m ak e one fi nal
point : the existence of some rather
compelling introspective evidence in
favor of two distinct mnemonic sys-

tems. PM , as we have defi ned it here,
is best illustrated by a person's ability
t o r ecal l v er bat im the m ost r ecent f ew
words in a sentence that he is hearing
or speaking, even when he is barely
paying attention to what is being said,
or to what he is saying. Given that
the flow of speech is intelligible, failures
i n the i m m ediat e r ecal l of w or ds w e
have j ust heard � errors of either omis-
sion, transposition, or substitution-
are probably so rare as to be abnormal .
I ndeed, we bel ieve that it would be im-
possible to understand or to generate
a grammatical utterance if we lacked
th i s r at her r em ar k abl e m nem on ic ca-

pacity. I n order to recall a sentence
verbat im at a lat er t ime, however , we
usually have to rehearse it while i t is
st i l l avai l abl e i n P M .

T he same effect holds for meaning-
less arrangements of verbal items. I f
we present a subj ect with a random
string of words, letters, or digits, and
ask him to reproduce them in any order
he chooses, he can maximize the num-
ber he recalls by "unloading" the last
few items immediately. Most sub-
j ects in free-recall experiments report
that these very late items tend to be
lost if they are not recalled immediately,
whereas items that came earl ier in the
l ist can be retrieved at leisure, if they
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can be r ecal led at al l , I n t he color fu l

terminology of one such subj ect
 W augh, 1961! , the most recent items
in a verbal series reside temporarily
in a k ind of " echo box ," f rom which
they can be effortlessly parroted back.
W hen an experienced subj ect is trying
to memor ize a l ist of ser ial i tems, more-
over , he " fills up" successive echo
box es as the l ist i s r ead t o h im and
attempts to rehearse the contents of
each. H e will invariably lose some
items if rehearsal is delayed too long
or if he attempts to load his echo box
w ith m or e i t em s than i t can hol d . W e
think it very likely that the PM func-
tion describes the {variable! capacity
of t h i s m echan i sm . W e w oul d r em ind
you in this connection that, within
very broad limits, the rate at which
someone is speaking does not affect
your ability to follow his words � j ust
as d i ff er ences i n the r ate at w hich
meaningless lists of digits are presented
do not exert any profound effect on the
P M f unct ion .

W e have t r ied t o dem onst r at e t he ex -
istence of a short-term or PM system
that is independent of any longer term
or secondary store by showing that one
function relating probability of recall
to number of intervening items can de-
scribe a number of seemingly disparate
sets of exper imental results. I n doing
so, we have deliberately avoided dis-
cussing a number of problems raised in
our analyses. Foremost in our list of
problems is the definition of an item.

A for mal discussion of the i nteract ion
between PM and SM can be provided by
a simple three-state Markov process.
The assumptions of the model are :

1. There are three states of memory : S,
P, and the nul l state, t" .

Certainly the idea of a discrete verbal
unit is crucial to our theory. The in-
terference eff ect that we have studied
seem s t o be invar ian t ov er a b r oad
class of u ni t s and com bi nat i ons of
units � single digits, nonsense trigrams,
and meaningful words. H ow long a
string of such primitive units can we
com bi ne an d st i l l hav e one it em ? I s

an item determined by our grammatical
habits? I s it determined by the dura-
t i on of t he v er bal st i m ul us ? I s i t de-
termined by both ? W e do not know.

We have also avoided discussing the
possible rules whereby items now in
PM are displaced by later items. A re
items lost independently of one another,
or do they hang and fall together ? I t
may perhaps prove difficult to answer
this question experimentally, but it
should not be impossible.

Finally, at what stage in the proc-
essing of incoming information does
our PM reside? I s it in the peripheral
sensory mechanism? Probably not .
The work of Sperling { 1960! indi-
cates that " sensory memory" � to use
Peterson's  1963! phrase � decays
within a matter of mill iseconds,
whereas we have dealt in our analysis
w it h r et en t ion in t er v al s on t he or der
of seconds. Does storage in PM pre-
cede the attachment of meaning to dis-
cr ete v er bal st im u l i ? M u st a v er bal
st im ul us be t r ansf or m ed int o an audi -
tory image in order to be stored in
PM, even if it was presented visually ?
W e refer the reader to a recent paper
by Sperling  1963! for some thoughts
on the latter question.

2. The probability of recall ing an item
f rom either State S or State P is unity :
i tems cannot be r ecall ed f r om the nul l
state, but they may be guessed with
Probabil ity g.

3. I tems can only pass into State S
when they are rehearsed and, for the ex-
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periments discussed in this paper, we as-
sume that items are rehearsed only when
they are presented. The probabil ity that
an item is stored in S, given that i t was
successfully rehearsed, is n.

4. I tems in P are interfered with by
later presentat ion of di fferent items : the
probability that an item returns to the
null state on the presentation of the i th
interfer ing item is 3;.

The following equivalents hold between
the terms defi ned f or the M arkov model
and the terms defined in the body of the
paper :

1. P;  S! is equivalent to S  i ! .
2. P,  P ! is equivalent to P  i ! t I �

S i ! ] .
3. 8, is equivalent to 1 � P  i ! .

Now, define the random variable
with Value I if the test item is presented,
and with Value 0 if some other  inter -
fer ing! item is presented.  W e can also
let u be a probabil ity � namely, the prob-
abil ity that the test item is presented.
T he f or mal statement of the model does
not change with this redefinit ion.!

The transit ion probabil ities for any
given stimulus item  the test i tem! are
speci fied by the matr ix

S P G

S 1 0 0
P nor  1 � a!  1 � 6t! + Ir  1 � n!  1 � u!bt
G nu  1 � n! ir 1 � 7r

Unfortunately, i t is difficult to work with
transition matr ices of this form  with
time-varying parameters! . One approxi-
mation would be to let 8t � � 8, independent
of i . This approx imation yields an ex -
ponential decay function of the form
P< P! =  I � n!  I � 8!+I. This is
clearly not correct for the resul ts of our
exper iment  F igure 1! ; hut, for some
purposes, it may not be a bad approx ima-
t ion. A model very similar mathemati-
cally to that produced by this simple ap-
prox imation for 8, has been studied by
A tkinson and Crothers  1964! , who
found it to be quite good for certain types
of paired-associates experiments. Their
model, however, is der ived from quite
di ff erent consi derat ions.

For any exper iments with controlled
rehearsals, the probabil ity that an item
reaches State S  or SM ! is completely
independent of the properties of the short-
term state  P or PM ! . This is t rue be-
cause, as far as State S is concerned, the
general t ransi t i on mat r i x can be reduced
by combining States P and G to form the
" lumped" State P'. The new matr ix is

S P '

P ' nu. 1 � nu

This is a simple one-element Markov
model. This means that although the
complete description of the verbal learn-
ing process requires a description of the
short-term state, a study of only the long-
term retent ion of items can ignore the
short-term memory.
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