

















































































































































































































practical purposes this dis true: for large J, wig) will be esgsentially
zerc and it is not important to consider the cutoff which occurs at the

end of the intervening arithmetic,) Hence

5r53 , if i<d-rtl (25)

o)

iy T Ed—i+lgj-i+d+1er , if i >der+land jJ>i-dtr-~1

0 , if i>d-r+1land Jj<i-d+r- L.
Secondly, 5(a) represents the total strength in LTS8 which is now greater
than before (see Eq. 16) because some ibems are in the buffer longer. The

new value for 8{d) is as follows:
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s(d) = {r{a- r)o_ + + r{r-1)8_) ty (26)
xr r
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where the last term in the brackets denctes the mean extra time iltems stay
in the buffer. This means that 8(d) is now an expectation rather than a
fixed value, but the variance of the last term in the brackets 1s gqulte
small compared to the magnitude of 8(d) so that the apbroximation is

fairly accurate., Thirdly, the probability of a hit 1s the same as before:

NE iﬁ;
i3 s5(a) °
It is now time to propose a retrieval scheme o apply to the present ex-
periment., The first requirement thig scheme should satisfy is that the
probability of retrieval depends at least in part upcn the absolute strength
of an item in LTS. The postulate that will be used here 1is as follows:

if a search of LIS is made and the itb tem is found, then the probability
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that the ith item will be correctly reported is

1 - éxp[- K(d)} .

i3

(4)

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

large, and will be zero for kgg) = 0.
The final retrieval postulate hclds thet R searches are made into
wld)
id

becomes

LTS, and on each gearch the probability of picking the ith item is
Each time the ith item is picked the provabllity that the subject is

capable of reporting it is 1 - expt- kgi)}u Thus

R
pii) I hg_i) |:1 - eXP(' ?\.:(Lj'))il »

and, from Eq. 17,

gince it is assumed'that.the guessing probabllity is zerc.

1t has already been stated that we will set «, = 1/r for all i
that ig, & 1is asgumed to be arbitrarily élose to zero. Further, fo
simplify the analysls, we will assume that all of the ej‘s are eqgual.
This assumption meang that the primacy effect 1s not due to a faster rate
of transier of the early iftems in the list, bul due sclely to the longer
time gpent by these items in the buffer. A fuller discussion of this
problem will come later, but 1t is obvicus that the assumptions concerning
the Qj‘s and the assumptions concerning retrieval are interrelated; it
should be kept in mind that & retrieval function which works well given

the equal ej assumption may be gquite diiferent from fhe best retrieval
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function for an unequal Gj agsumpticn.
Under the above simplifying assumpticns, the mathematics of this model

becomes gquite gimple. The results are as follows:

J=-1
%(rgl) » for 1 <d-r+1
d -~ J—i+d—-l"
wij) = < %(r:rlﬁ s for 1 >d-r+1 and J>i-d+r-1
: O s for 1> d-r+1 and Jj<i-d+r-1
\
(a) _ .,
1 .
5(d) = [dr + §r(r+ 1) 1ty
(@) _ 2

o gr o+ %r(r%—l)

iy = 1 - {1 - hgg)[l-ﬂp(-}\(?%)}}}{
o{10] L L)

Thus we have the probability of reporting ltem 1 as a function of three

]

parameters: r, y, and R. The parameter r will be estimated again by
independent means; 1in most of the serilal position curves shown, the primacy
effect extends over three or four items. Hence r 1s set egual 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, occasgsionally subjects will report a very large number
of items. Since the number of items reporied cannot be greater_fhan the

number of searches made, the latter number must be fairly large. We
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therefore set R equal to 30; this value wag selected arbitrarily but as
we shall see, 1t yilelds good fitg. Finally, the parameter 7 was estlimated

on the basis of a besgt it to the 17-item list in the Shiffrin experiment.

The estimate of v, .05, was then used to calculste theoretical ssrial
positicn: curves for all the conditions in the Bhiffrin study and Tthe first
porticns of the Longer Murdock curfeso 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 zo ifems are gtill In the buffer at the

finigh of the list. The results are shown in Fig. 15, where the cbserved

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

The fitting procedure used here 1s gquite crude. Several assumptlons
were made sclely to simplify the mathematics; two of the three parameters
were set somewhat arbitrarily, and the final parameter wag picked on the
bagis of a fit tc only a single curve. Nevertheless, the fit (Which is
surely not optimal} provides a rather good description of the data. Table
b gives the predicted and observed values for the first point in the 1ist
and the asympbote for each of the lists considered. The agymptotic value
was obtained by avefaging all points beyond list pogition 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 nct received in time to calculate theoretical

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

they would be expected to iie on the basis.of our fits to gimilarly sized

lists.
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TABIE 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 Agymptote
Condition Obsgerved Expected Observed Expected

S-6-1 .72 T7 42 A2
S-6-2 .82 .89 6L .53
S-11-1 A8 .62 .38 .32
§-11-2 73 T 45 43
8-17-1 .59 .51 24 .25
8-17-2 .67 .66 A2 .36
M-30-1 .39 ;37 .19 .18

M-L4o-1 .30 .30 .13 L1h
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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;
Firgt, the assumption that the storage process is a function of the time
gpent in the buffer has proved to be quite reasoﬁable in fitting lists in
which the presentation time per item was varied. Secondly, while the precise
retrieval scheme used unddubtedly depends upon.the assumption made conw-
cerning the 93‘5, the'assumption thét the retrieval from LTS depends not
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 quesftion will be presented in the next

section.

SOME GENERALIZATIONS

STRENGTH V8. MULTIPLE-COPIES

Two proposals were made in the first part of this paper concerning
what is stored in LTS: strength, or multiple copies. 4 model embodying
the first proposal has already heen preéented“ We would now like to show
that the multiple copy proposal is an exact counterpart of the strength
notion, First recall Mcdel I where in each unit of fime an item had a
probablility Gj of being copied in LTS, but once in LTS no additional
copies could be made. The mulbtiple-copy correlate of this would let the
item be copied in LTS during one unit of time with probsbility Sjj but
more than one copy could be made in successive units of time. Thus iIf the
items were presented at a one-second rate end item 1 stayed in the buffer
for ten seconds, then the number of copies made would be integrally dis-

tributed with a minimum of O copies toc a maximum of 10. What would happen,
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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 &ne 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 prcbability.

This statement, however, ig no more than a definiticn of the Polsscn
distribution. For this reason the assumption ls made that the number of
coples made of item 1 is a Poisson function of the welghted time that

the ith item spends in the buffér. In the terminology already introduced,

pig) is the weighted time spent in the buffer by the ith item in a 1list
of length' d, given that the ith item stayed in the buffer for J units
of time (ugg) is defined in Eq. 15). Thus the probability that k copies
are made of the ith item in a list of length 4, given that this itenm
stayed in the buffer J units of time, is:
k

[w(.d)] _

Lol

—r—— exp

k! ARy

where 7y dis the same rate parameter introduced earller.

This process 1s now an exacﬁ counterpart, though discontinuous, of
the strength process. If the weighted time an item spends in the buffer
is doubled, the sftrength is doubled and alternagely, so Ltoo 1s the expected
number of coples. Similarly, just as the probability of picking item i
.in one search 1s the ratic of the strength of item i to the total strength,
so the prebability of piéking item 1 in terms of the multiple-copy process
ig the ratio of the number of coples of item 1 $o the total number of

copies. The final indication of the sgimilarity betweeh the two approaches
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is the fact that the expected number of copies made of item 1 is ypgg),
wnich is the same quaniity that defines the strength process.:

" The reason: for developing the strength process rather than the multiple-
copy Pprocess can now be seen; the multiple-copy process is mathematicall&
more complex, having an extra distribution, the Poisson. There is a

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

in the next section.

WHAT IS STORED?

If an item is considered as an array of pleces of infermation, an
albternative to the above schemes suggests itself. For example, the multiple-
copy proposal may be set forth in the fellowing manner. ‘Buppose item 1
consists of bits {in the loose sense) of information. It may then be
asgumed that each copy is a random sample of m of these bitsg. Kach of
these partial coples, 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 LIS is made by picking a single copy; ©This means that
the probakllity of picking a copy cf the ith item is the ratio of the
number of coples of the ith item to the total number of copies Iin LIS,
The infcormation model, on the bther hénd; could be postuiated to act as
follows: what is stored in LTS is bits of information rather than copieg;
these bits are stored nc more than once each. A‘search into LIF is tﬁen
.ﬁade by piéking randomly one blt of infcrmation from.ﬁhe store, The
' pfobability of chdosing a bit of information relevant to item i ﬁould
then be the ratio of the number of stored bits meking up item 1 to the

total number of stored bits.
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This "information” model has a different mathematical form than the
earlier medels. TFor exsmple, if each copy contains a proportion p of
the total number of bits making up an item, then the proportion of bits
)n

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

Y. This can be rewritten

proportion already stored is 1=~ (L-p
1 - expln log(1 - p)l. Consider n to be the mean number of copies made
in jJ units of time. Since the Poisson mean is a linear function of the
welghted time the item spends in the buffer, n = a“§§)° Now let

allog(i- p)] =-y and we can rewrite the proportion bf bits already stored

d)]

as 1 - exp[-yu&i; =1~ exp[-kij , which is the expression used earlier
in the strength model‘for the probability of a recall, given that item 1

is picked. In terms of thése remarks it is now clear that one interpreta-
tion of our earllier assumpticn is that the probabllity of recall is a direct

fufiction of the proportion 5f information stored about the item in guestion.

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 hgg) for the strength model is |
(d)
[V
'7 o ]
a.
(a)
Z i3
i=1
whereas, for the information model hgg) is
(a)
L - exp[-?uij ]
d ‘
(a)
Lo - et
i=]1
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While gtill considering the information model, we will examine a
retrieval éssumption that has been mentioned several times withoubt explana-
tion. fhe assumption holds that an item can be picked during a search ;f
LTS, but nob necessarily reported., This notion 1ls given support if one
imagines that a small portion of the information msking up any item can be
picked on a single search. On any one search this lnformation may be
ingufficlient te actually report the correct answer‘with assurance.  On the
other hand the idea ofla small portion of informatlon being asvailable gives
a natural explanation for the difference between recall and recognition
megsures of retentiong the smaller the choice set the subject is given.
the more likely thét his partial information will be enough tc allow him
to choose the correct answer.

Before the informaticn medel can be further elaborated, it will be
necessary to specify the functionlrelating the number of information bits
to the probability of recélln This question once again returns us to the:
problem of the retrieval process. The next section will consider the problem
in a general fashian and examine some of the assumpbions which have been

uged in earlier parts of the paper.

THE RETRIEVAL PROCESS

In the course of the paper two rebtrieval processes have been suggesbed:
an active disruption of LTS caused by the ongoing search, and an imperfect
search in which items, about which some‘information is present in LIS, are
nct reported. The firs£ of these 1ls conceptually clear and does not need
additional &iscussion here. Thé second process, however, 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 f{ree recall, for example, different
lists of words are presented from trial to trial, and the subject is re-
quired to cutput all the items he can recall after each list. The items
in each list supposedly are copled in LTS, but in our analysis the subject
gearches only through the items of the very last list. It does not strike
the authors as particulafly desirable to assume that LTS i; alsoc nothing
more than a buffer which is wiped clean after each trial. Im 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 fictlonal ideal which is
only approximsted by any gilven subject. The subject ﬁndoubtedly mekes a
non-random search of LIS, but along a dimension unkanown in any one case
to the experimenter. The most likely dimension is & temporal one; thus the
subjects would search among those bits of infermaticn 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 recen® 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 propeosed in terms of the information input
cheracterizing each item, but this will not be done here. The notion that
the subject is always making ordered searches of memory alcong one or several
dimension(s) is similar to the proposals made earlier coﬁcerning changes in
the relbrieval process over repeated trials. Further consideration along
these lineg is unfortunately beyopd the scope of this paper. In any event,

the earlier assumptions regarding random searches should be taken ag an
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approximation which may be accurate, possibly, only on the very first triel
in experiments with repeated ltems.

There 1s one other feature of the retrieval process that requires some
elaboration; mnamely, the assumptions regarding the probability of cdrrectly
recalling the ith item, given thet information relevant to it 1s feund in
a gearch of LT8. The following proposal 1s 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 = L, 8ll of the stored informa=
ticn about item 1 Tbecomeg available the first time item 1  is picked.

If item i 1s not reported after this first pick then it will not be re-
ported on any successive pick. On the other hand, if p approaches O
successive plcks will be almost independent of each other and the probability
of recalling the item will not change from pick to pick. This second assump-
tlon is the one used in the strength model applied to the free vwerbal recall

data, where the probability of retrieval was
R
(a) S(a)y-
1 - {1 - hia. [lwexp()\.ij)l
if R picks, or searches, were made. If the first assumption was used,
however , the probability of retrieval would be

'(d.)

R R
L- (l—hig‘)) - [1 - (1-h§§))_ Wexp(- ns )]

The last problem to consider is when to terminate the search process.
Many possibilities come to mind: stop affer R picks; stop only after

finding item ij stop after the regponse time rung oubt; stop after k
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guccessive searches uncover items already previously picked. It seems
likely that the stopping rule would be highly dependent on the experimental
situation; the amcunt of time given for responding, the motivating instruc-
tions given the subject, the rewards for correct and incorrect answers,

and so on, These same comments apply To a desfructive search, where each

search disrupts LIS in some manner.

CONCLUDING REMARKS

The gimilarities of the model presented here to other theories of
memory should be briefly menticned. Interference theory is represented
in our medel in three separate processes: the buffer, in which succeeding
items knock out previcus itemg; tThe destructive search procegs, where items
in LIS can be modlfied 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 =g siated., The evidence for
a decay process accumulated by Brown, Conrad and Peterson, among others, is
not necessarily explainable by the model in ite present form. WNevertheless,
there is no reason why a decay process camnot be added to the bulfer postu-
lates. If this were done it would be assumed that rehearsal or atbtention
is the mechanism by which a certain number, r, of items.may be kept at one
time in the buffer with none decaying. When ancther item enters, however,
the buffer becomes overloaded and the rehearsal or attention factor camnot
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 iﬁcorporate
the decay notion into the buffer postulates without changing the present

form of the model.
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One final area of research which has not been mentioned explicitly is
the "chunk” hypothesis proposed by Miller (1956) and others. The chunk
hypothesis generally takes two Torms. The first, the reorganizing of
material inbo successive chunks; and the second, chunk constancy, referring
to-a consbancy in the rate of transmission of information over many experi-
ments. Without going into detalils it can be sald that the chunk hypethesis
is related to the Information structure in the buffer, and the organization
of this information in LIS. Although this'paper does not make explicit
use of information-thecretic 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 informatlon content, and the proposals that
the gearch scheme changes and LTS is reorgaﬁized from trial fto trial, are
related to the chunk hypothesis.

The model in this @aper was not applied to geveral areas where 1t
might prove fruitful, For example, latency data can be given a natural
interpretation in terms of the processing time reQuired before outputting
a regponse. 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 quite small,
whereas any other item would have a latency determined by the gearch time.,
Thug, the latenciles should be smallest for the most recent ltems and longest
Tor the oldest ifems, irrespective of the serial position curve.l This pre-
diction hes been borne out in a recent study by Atkinson, Hansen, and
Bernbach (196k4). |

There are other areas in which the model would be-applicable.with the
- addition of a few specific hypotheses. Confidence ratings are an example
that has already been menticonsd. Ancther example is prediction of error
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types and intrusions, such as thbse examinéd by Conrad {1964), Predictions
of this sort would require further delineation of the retrieval prdcess,
Just as would confidence ratings.

Finally, it should be pointed out that of all the agsumpticns and
variafions which have been introduced, three are crucigl to the theory.
Firgt is the set of buffer assumpbions; .i,e., constant size, push-down
list, and so on. Second is the assumption that items can be in the buifer
and LTS simultanecusly. Third is what was called the retrieval process--
the hypothesis that the decrement in recall caused by increasing the list
length occurs as the result of an Imperfect search of LIS at the time of
tést, Within this fremework, we feel that a number of the results in

memory and learning can be described in quantitative detail,
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