










































































































































I, II, and III would predict that the probability of recall would go to

zero for the last item input since that item could not be in LTS. That

formulation, however, assumed that the test occurs immediately following

presentation of the list. The assumption we will make concerning inter-

vening arithmetic is that it clears the buffer in the same fashion and at

the same rate as new incoming stimulus items.* Thus the last item presented

could be expected to stay in the buffer for the same mean time as any other

item which is input to a full buffer. This assumption will be formally

stated in the theory to follow.

It should be noted that in Shiffrin's experiment the subjects did

not know when a list would end. For this reason the observed drop in

probability of recall from list length 6 to list length 17 cannot be ex-

plained by changes in the subjects' motivation from one list length to

another. Furthermore, the fact that the subject does not know when the

list will end is an indication that the 5 parameter should be quite small.

Hence, we shall let 0 ~O, which means that we have one less parameter to

estimate.

The model to be applied here is essentially the strength model dis-

cussed earlier with a few minor changes to accommodate the new experimental

situation. As noted earlier the intervening arithmetic task is assumed to

knock out items from the buffer at the same rate and in the same manner

as additional new items. Thus the quantities and S(d) presented

is no longer cut off at the end of the listation. First of all,

in Eqs. 14 and 16 must be modified to take this extra factor into consider-

(d)
w..
lJ

proper as it was earlier. It is therefore defined for all j. (For all

.)(-

For evidence on this point, see Waugh and Norman (1965).
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will be essentiallyfor large j,
(d)

wij

zero and it is not important to consider the cutoff which occurs at the

practical purposes this is true:

end of the intervening arithmetic.) Hence

~r ,j if i < d - r+ 1 (25)

(d)
= ~ d-i+l, j-i+d+l-r if i > d-r+land j >i-d+r-lw..

lJ

0 , if i > d - r+ 1 and j < i- d+ r- 1.

Secondly, Sed) represents the total strength in LTS which is now greater

than before (see Eq. 16) because some items are in the buffer longer. The

new value for S (d) is as follows:

{c('-
jr I

,c«- 'I',}"Sed) = r)e + IkCiei)1 (26)
r

i l= I,- ~

where the last term in the brackets denotes the mean extra time items stay

in the buffer. This means that Sed) is now an expectation rather than a

fixed value, but the variance of the last term in the brackets is quite

small compared to the magnitude of Sed) so that the approximation is

fairly accurate. Thirdly, the probability of a hit is the same as before:

It is now time to propose a retrieval scheme to apply to the present ex-

periment. The first requirement this scheme should satisfy is that the

probability of retrieval depends at least in part upon the absolute strength

of an item in LTS. The postulate that will be used here is as follows:

if a search of LTS is made and the i th item is found, then the probability
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that the i th item will be correctly reported is

For this equation, the probability of recall will go to 1 as

large, and will be zero for
(d)

1\.. ~ O.
lJ

I\(~)
lJ

becomes

The final retrieval postulate holds that R searches are made into

LTS, and on each search the probability of picking the
.th
l item is

capable of reporting it is

Each time the .th. .
l ltem lS

1 -

and, from Eq. 17,

since it is assumed that the guessing probability is zero.

It has already been stated that we will set K. ~ l/r
l

for all

that is, 5 is assumed to be arbitrarily close to zero. Further, to

simplify the analysis, we will assume that all of the e. j s
J

are equal.

This assumption means that the primacy effect is not due to a faster rate

of transfer of the early items in the list, but due solely to the longer

time spent by these items in the buffer. A fuller discussion of this

problem will come later, but it is obvious that the assumptions concerning

the 8.'s and the assumptions concerning retrieval are interrelated; it
J

should be kept in mind that a retrieval function which works well given

the equal 8.
J

assumption may be quite different from the best retrieval
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function for an unequal e.
J

assumption.

Under the above simplifying assumptions, the mathematics of this model

becomes quite simple. The results are as follows:

, for i < d - r + 1

j-i+d-r
l(r - 1) ,for i > d _ r + 1 and j > i - d + r - 1
r r

o for i > d - r + 1 and j < i - d + r - 1

and

joy

[dr + ~r(r+ 1)] ty

j

Thus we have the probability of reporting item i as a function of three

parameters: r, y, and R. The parameter r will be estimated again by

independent means; in most of the serial position curves shown, the primacy

effect extends over three or four items. Hence r is set equal to 4. The

number of searches, R, also must have certain restrictions placed upon it.

For example, although the mean number of items reported out per list is

generally quite small, occasionally subjects will report a very large number

of items. Since the number of items reported cannot be greater than the

number of searches made, the latter number must be fairly large. We
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therefore set R e~ual to 30; this value was selected arbitrarily but as

we shall see, it yields good fits. Finally, the parameter 1 was estimated

on the basis of a best fit to the 17 -i tem list in the Shiffrin experiment.

The estimate of I, .05, was then used to calculate theoretical serial

position curves for all the conditions in the Shiffrin study and the first

portions of the longer Murdock curves. It should be clear that for Murdock's

30 and 40 word lists, performance on the middle items is that which would

be found even if arithmetic was given at the end, since there is very little

likelihood that the first 15 or so items are still in the buffer at the

finish of the list. The results are shown in Fig, 15, where the observed

*points are the same as the ones presented in Figs. 4 and 13.

The fitting procedure used here is ~uite crude. Several assumptions

were made solely to simplify the mathematics; two of the three parameters

were set somewhat arbitrarily, and the final parameter was picked on the

basis of a fit to only a single curve. Nevertheless, the fit (which is

surely not optimal) provides a rather good descripti.on of the data. Table

4 gives the predicted and observed values for the first point in the list

and the asymptote for each of the lists considered. The asymptotic value

was obtained by averaging all points beyond list position three. The

points for Murdock's 30 and 40 list lengths were recovered from Fig. 15b,

and may be slightly inaccurate. It can be seen that, whatever the

*Postman's curves were not received in time to calculate theoretical

curves for them but it can be seen that they fall approximately where
,

they would be expected to lie on the basis of our fits to similarly sized

lists.
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TABLE: 4

Fit of the Strength Model to the Data of Shiffrin and

Murdock (the condition is specified by the triple:

experimenter, list length, and exposure time)

First Position Asymptote

Condition Observed Expected Observed Expected

S-6-1 .72 .77 .42 .42

S-6-2 .82 .89 .61 .53

S-ll-l .48 .62 .38 .32

S-1l-2 ·73 .77 .45 .43

S-17-1 .55 .51 .24 .25

S-17 -2 .67 .66 .42 .36

M-30-1 .39 .37 .19 .18

M-40-1 .30 .30 .13 .14
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inadequacies of the fitting procedure, the results are quite good and the

viability of two principal features of the model has been demonstrated.

First, the assumption that the storage process is a function of the time

spent in the buffer has proved to be quite reasonable in fitting lists in

which the presentation time per item was varied. Secondly, while the precise

retrieval scheme 'used undoubtedly depends upon the assumption made con-

cerning the e. 's, the assumption that the retrieval from LIS depends not
J

only on relative strength but also on absolute strength has proved to be

workable. A generalization of the model and a further discussion of re-

trieval schemes dealing with this question will be presented in the next

section.

SOME GENERALIZATIONS

STRENGTH VS. ~ULTIPLE-COPIES

Iwo proposals were made in the first part of this paper concerning

what is stored in LIS: strength, or multiple copies. A model embodying

the first proposal has already been presented. We would now like to show

that the multiple copy proposal is an exact counterpart of the strength

notion. First recall Model I where in each unit of time an item had a

probability ej of being copied in LTS, but once in LTS no additional

copies could be made. The multiple-copy correlate of this would let the

item be copied in LTS during one unit of time with probability e
j

, but

more than one copy could be made in successive units of time. Thus if the

items were presented at a one-second rate and item i stayed in the buffer

for ten seconds, then the number of copies made would be integrally dis-

tributed with a minimum of 0 copies to a maximum of 10. What would happen,



however, if the items were presented at two seconds per item? Can one copy

be made each second of the item's stay in the buffer or can one copy be

made during each two-second interval? Considerations like these suggest

that a more general conception of the multiple-copy notion is that in each

small unit of time one copy can be made with some small probability.

This statement, however, is no more than a definition of the Poisson

distribution. For this reason the assumption is made that the number of

copies made of item i is a Poisson function of the weighted time that

the i th item spends in the buffer. In the terminology already introduced,

(d)
et ij is the weighted time spent in the buffer by the

.th
1 item in a list

of length d, given that the i th item stayed in the buffer for j units

of time (et(~) is defined in Eq. 15). Thus the probability that k copies
lJ

are made of the i th item in a list of length d, given that this item

stayed in the buffer j units of time, is:

[
(d )Jk

let ij

k;

where I is the same rate parameter introduced earlier.

This process is now an exact counterpart, though discontinuous, of

the strength process. If the weighted time an item spends in the buffer

is doubled, the strength is doubled and alternately, so too is the expected

number of copies. Similarly, just as the probability of picking item i

in one search is the ratio of the strength of item i to the total strength,

so the probability of picking item i in terms of the Multiple-copy process

is the ratio of the number of copies of item i to the total number of

copies. The final indication of the similarity between the two approaches
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is the fact that the expected number of copies made of item i

which is the same quantity that defines the strength process.

The reason for developing the strength process rather than the multiple-

copy process can now be seen; the multiple-copy process is mathematically

more complex, having an extra distribution, the Poisson. There is a

reasonable alternative to both these processes, however, as will be seen

in the next section.

WHAT IS STORED?

If an item is considered as an array of pieces of information, an

alternative to the above schemes suggests itself. For example, the multiple-

copy proposal may be set forth in the following manner o ·Suppose item i

consists of bits (in the loose sense) of information. It may then be

assumed that each copy is a random sample of m of these bits. Each of

these partial copies, of course, may overlap others that have already been

stored. For this reason, the amount of new information contributed by each

new copy is a decreasing function. Now in the multiple-copy scheme defined

above, a search into LTS is made by picking a single copy; this means that

the probability of picking a copy of the .th
l item is the ratio of the

number of copies of the i
th

item to the total number of copies in LTS.

The information model, on the other hand, could be postulated to act as

follows: what is stored in LTS is bits of information rather than copies;

these bits are stored no more than once each. A search into LTS is then

made by picking randomly one bit of information from the store. The

probability of choosing a bit of information relevant to item i would

then be the ratio of the number of stored bits making up item i to the

total number of stored bits.



This "information" model has a different mathematical form than the

earlier models. For example, if each copy contains a proportion p of

the total number of bits making up an item, then the proportion of bits

left to be stored after n copies have been made is (1- p)n. Thus the

proportion already stored is 1- (;1. _p)n. This can be rewritten

1 - exp[n log(l - p)]. Consider n to be the mean number of copies made

in j units of time. Since the Poisson mean is a linear function of the

weighted time the item spends in the bUffer,
(d)

n ~ all ij . Now let

a[ log(l- p).J ~ -y and we can rewrite the proportion of bits already stored

as 1 - exp[-y~~~)] ~ 1 - exp[-~~~)], which is the expression used earlier

in the strength model for the probability of a recall, given that item i

is picked. In terms of these remarks it is now clear that one interpreta-

tion of our earlier assumption is that the probability of recall is a direct

function of the proportion of information stored about the item in question.

This information model, remember, differs from the earlier one not in the

probability that an item will be recalled once it is picked, but in the

probability of picking the item in the first place. To illustrate this

point, note that for the strength model is

d

\' H ~d)
L lJ
i~l

whereas, for the information model is
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While still considering the information model, we will examine a

retrieval asswnption that has been mentioned several times without explana­

tion. The asswnption holds that an item can be picked during a search of

LTS, but not necessarily reported. This notion is given support if one

imagines that a small portion of the information making up any item can be

picked on a single search. On anyone search this information may be

insufficient to actually report the correct answer with assurance. On the

other hand the idea of a small portion of information being available gives

a natural explanation for the difference between recall and recognition

measures of retention: the smaller the choice set the subject is given,

the more likely that his partIal informati.on will be enough to allow him

to choose the correct answer.

Before the information model can be further elaborated, it will be

necessary to specify the function relating the number of information bits

to the probability of recall. This question once again returns us to the

problem of the retrieval process. The next section will consider the problem

in a general fashipn and examine some of the assumptions which have been

used in earlier parts of the paper.

THE RETRIEVAL PROCESS

In the course of the paper two retrieval processes have been suggested:

an active disruption of LTS caused by the ongoing search, and an imperfect

search in which items, about which some information is present in LTS, are

not reported. The first of these is conceptually clear and does not need

additional discussion here. The second process, hDwever, requires clarifi­

cation.
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The first problem to consider is how successive lists are kept separate

from each other by the subject. In free recall, for example, different

lists of words are presented from trial to trial, and the subject is re­

quired to output all the items he can recall after each list. The items

in each list supposedly are copied in LTS, but in our analysis the subject

searches only through the items of the very last list. It does not strike

the authors as particularly desirable to assume that LTS is also nothing

more than a buffer which is wiped clean after each trial. In addition to

the complexities that this would add to the model, this view gives no easy

explanation of insertions in recall of items from previous lists. Rather

it is our view that a random search process is a fictional ideal which is

only approximated by any given subject. The subject undoubtedly makes a

non-random search of LTS, but along a dimension unk-no'wu in anyone case

to the experimenter. The most likely dimension is a temporal one; thus the

subjects ~uld search among those bits of information which tell him how

long ago the item was presented. Furthermore, the subject would have to

make a selective search along the temporal dimension in order to search only

through the most recent items, and this observation would suggest that LTS

is arranged in a fashion akin to an efficient cross-indexing system. Various

such systems could probably be proposed in terms of the information input

characterizing each item, but this will not be done here. The notion that

the sUbject is always making ordered searches of memory along one or several

dimension(s) is similar to the proposals made earlier concerning changes in

the retrieval process over repeated trials. Further consideration along

these lines is unfortunately beyond the scope of this paper. In any event,

the earlier assumptions regarding random searches should be taken as an
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ap~oximation which may be accurate, possibly, only on the very first trial

in experiments with repeated items.

There is one other feature of the retrieval process that requires some

elaboration; namely, the assumptions regarding the probability of correctly

recalling the item, given that information relevant to it is found in

a search of LTS. The following proposal is made: when an item is picked

a portion p of the total stored information on that item becomes available

for consideration. This proportion p determines the independence of

successive searches for an item. Thus if p = 1, all of the stored informa~

tion about item i becomes available the first time item i is picked.

If item i is not reported after this first pick then it will not be re-

ported on any successive pick. On the other hand, if p approaches 0

successive picks will be almost independent of each other and the probamility

of recalling the item will not change from pick to pick. This second assump-

tion is the one used in the strength model applied to the free verbal recall

data, where the probability of retrieval was

if R picks, or searches, were made. If the first assumption was used,

however, the probability of retrieval would be

1 - - [1 -

The last problem to consider is when to terrrinate the search process.

Many possibilities come to mind: stop after R picks; stop only after

finding item i', stop after the response time runs out;
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successive searches uncover items already previously picked. It seems

likely that the stopping rule would be highly dependent on the experimental

situation; the amount of time given for responding, the motivating instruc­

tions given the subject, the rewards for correct and incorrect answers,

and so on o These same comments apply to a destructive search, where each

search disr¥pts LTS in some manner.

CONCLUDING REMARKS

The similarities of the model presented here to other theories of

memory should be briefly mentionedo Interference theory is represented

in our model in three separate processes: the buffer, in which succeeding

items knock out previous items; the destructive search process, where items

in LTS can be modified by the search operation; and the imperfect retrieval

process, which can produce interference-type effects, Decay theory, on

the other hand,is not represented in the model as stated. The evidence for

a decay process accumulated by Brown, Conrad and Peterson, among others, is

not necessarily explainable by the model in its present form. Nevertheless,

there is no reason why a decay process cannot be added to the buffer postu­

lates. If this were done it would be assumed that rehearsal or attention

is the mechanism by which a certain number, r, of items may be kept at one

time in the buffer with none decaying 0 When another item enters, however,

the buffer becomes overloaded and the rehearsal or attention factor cannot

keep all the items from decaying. One item then decays and the buffer re­

turns to its equilibrium state. A theory of this sort would incorporate

the decay notion into the buffer postulates without changing the present

form of the modelo
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One final area of research which has not been mentioned expLlcitly is

the "chunk" hypothesis proposed by Miller (1956) and others. The chunk

hypothesis generally takes t,ro forms. The first, the reorganizing of

material into successive chunks; and the second, chunJ.\: constancy J! referr:Ln[f,

to [\ CODl3tancy in the rQte of trarl.';mission of information over mRny cxperi-

ments. IHthout going into details it can be said that the clmni, hJTllothesis

is related to the informati.on structure in the buffer, and the organization

of this information in LTS. Although this paper does not make explicit

'use of information-theoretic concepts, nevertheless they underly much of

the development of the model. For example, the hypothesis that the buffer

is of constant size in terms of inforlnation content, and the proposals that

the search scheme changes and LTS is reorganized from trial to trial J arc

related to the chunk hypothesis.

The model in this paper was not applied to several areas where it

might prove fruitful. For example, latency data can be given a natural

interpretation in terms of the processing time re~uired before outputting

a response. The assumption would be that an item in the buffer at the time

of test would have a latency distributed with a mean which was ~uite small,

whereas any other item would have a latency determined by the search time.

Thus, the latencies should be smallest for the most recent items and longest

for the oldest items, irrespective of the seri.al position curve. This pre­

diction has been borne out in a recent study by Atkinson, Hansen, and

Bernbach (1964).

There are other areas in which the mode 1 would be applicable with the

addition of a few specific hypotheses. Confidence ratings are an example

that has a1ready been mentioned. Another example is prediction of error
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types and intrusions, such as those examined by Conrad (1964), Predictions

of this sort would re~uire further delineation of the retrieval process,

just as would confidence ratings.

Finally, it should be pointed out that of all the assumptions and

variations which have been introduced, three are crucial to the theory.

First is the set of buffer assumptions; i.e., constant size, push-down

list, and so on. Second is the assumption that items can be in the buffer

and LTS simultaneously. Third is what was called the retrieval process-­

the h~~othesis that the decrement in recall caused by increasing the list

length occurs as the result of an imperfect search of LTS at the time of

test. Within this framework, we feel that a number of the results in

memory and learning can be described in ~uantitative detail.
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