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Abstract

This paper presents the results of an empirical study of short-term
memory. Ss were presented with sequentizal displays which veried in size
(i‘,en5 number of stimulug items) from 3 to 14 items. After fhe display had
been presented Ss were asked to recall one of the items of the display.
Confidence ratings were then obtained for the response made by 5.

Serial position curves for each of the various display sizeg are
presented. These curves show the classical receancy and primacy effects,
with the curves taking on a pronounced S-ghape over The most recent serial
positions. Items in the middle part of the dlsplay and items presented
at the beginning of the display are most affected by display size. In
general, the effect of increasing the display slze is tc decrease the pro-
portion of correct responses for these positions.

A register model is presented which describes memory in terms of an
information processing schema. The model 1s used to generate theoretical
serial position curves which fit the observed data quite adeguately. Esti-
mates of the parameters of the model are given interpretations that appear

to be reasonable, conglidering the role these parameters play in the model.

lSupport for this research was provided by the National Aeronautics
snd Space Administration,
2Now at Michigan State University.
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The Effects of Display Size on Short-Term Memory

Workers in The area of learning theory have become increasingly
interested in the problem of short-term memory as an important and natural
extension of the study of verbal behavior. There have been LTwo somewhat
different thecretical approaches to this problem. Some investigators
(Atkinson and Crothers, 1964; Bernbach, 1965; Calfee and Atkinson,

1965; Greeno, 1965) have developed and tested a number of models for
paired~associate learning that postulate a partition of memory into a
ghort-term component and a long-term component. By and large, these
models have been extremely accurate in thelr ability to predict and de-
scribe the acquisition of peired-assecclate resgponses. A second approach
involves the direct investigation of short-term retentlon and the formu-
lation of models for this specific %task {e.g., Bower, 1964; Broadbent,
1963; Peterson, 1963; and Waugh and Norman, 1965). In this regard, the
work of Broadbent has been particularly significant. He has postulated
that retention may be understood in terms of the flow of infermation
through a limited capacity channrel into a short-term store. This informa-
tion processing concepticn of.short—term memory, examined in conjunction
with the various modelg for paired~éssociate learning, suggested a very
simple empirical study which 1s reported in this paper.

The present experiment was designed to cbtain shori-term memory data
under conditions where the amount of information which § wag reguired to
process before retrieval could be systematically varied over a wilde range.
It was alsc desired to collect a large amount of data on individual EER

Other requirements of the study were that the probability of belng correct
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by guessging be clearly determined, and that response interference be min-
imized. It was decided that the response interference problem cculd be
solved by using responses with which 8 would be quite familiar, and by
requiring only one response for each separate display of information.

The following procedure was considered to meet the above requirements.
On each trisl of the experiment a display of d items was presented
sequentially to 5. A display consisted of a random sequence of playing
cards. The cards varled only in the color of a small patch on one side;
four different colors were used. TFollowing the presentation of the dis-
play, S wes asked to recall the color of one of the cards. The 5 then
gave a confidence rating, and the trial terminated with the experimenter
informing § of the correct answer. The experiment involved a long series
of such trials, and over trials the length of the display and the test
position were systematically varied. Thlg procedure ig similar to that
reported by Atkingon, Hansen, snd Bernbach (1964).

Methed

The 8s in this study were 20 females. They were drawan from a pool
of Stanford Univergity students who had expressed an interest in participaﬁn
ing in psychological experiments, and were pald for their services, Each
S participated in five sessiong, each session lasting approximately one
hour. The first sessicn was a practice session, degigned to familiarigze
8 with the procedure and to eliminate practice effects. Three display
sizes (d = 8, 11, 14) were used in session 1; the next three sessions also
were restficted to these three display sizes. The last session for each

S employed five different display sizes (d = 3, 4, 5, 6, 7).






The experiment involved a long seriesg of discrete trials. On each
trial a display of & items was presented. A display consisted of a geries
of 2 X 3 1/2 in, cards containing a 3/4 X 1 1/2 in. colored patch in the
center. Four ceclors were used: Dblack, white, blue, and green. The cards
were presented to the 5 at a rate of one card every two seconds. The §
named the color of each card as it was presented. A metroncme was used to
maintain a constant rate of presentation for sach display. Once the color
of the card had been named by 8 it was turned face down on a display board
so that the color was no loager vigible, and the next card was pressnted.
After presentation of the last card in a display the cards were in a straight
row on the display board: the card presented Tirst was to Ss left
and the most recently presented card to her right. The trial terminabed
when the experimenter polnted to one of the cards on the display board,
and 8§ attempted to recall the color of that card. The S was instructed to
guess the color if uncertain and to gualify her response with a confidence
rating. The confidence ratings were the numerals 1, 2, 3, and 4., The Ss
were told to say 1 if they were pogitive; 2 1f they were able to eliminate
two of the four possible colors as correct; 3 if one of the four colors
could be eliminated as correct; and 4 if she had nc idea at all as to the
correct response. These confidence ratings will be designated Rl’ REB R33
and RLE Each display, regardless of size, ended at the ;ame place on the
display board. That is, digplays began at different places on the display
board and hence Ss knew, from the position of the first card, how long each
display was to be,

Bach £ was given two complete blocks of displaye in each of the first

four sessicns. A block consisted of one display for each serial position in,
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each display size. Thus there were (8 + 11 + 14) = 33 displays per block,
and & complete session involved the presentation of 66 displays. During

the Fif'th day each S was given [ive complete blocks of displays. A completbe
block in the final sessicn consisted of (3 + 4 + 5+ 6 + 7) = 25 displays.,
and hence the total session inveolved the presentation of 125 digplays. Each
gerial position of each display size was szlected as the test position ex-
actly once per block. The order of presentation of displays (display size
and test position) was randomized within each block; further, the order

of the cards was independently randomized for =zach display.

At the beginning of the second session 5s were told the proportion of
correct responses that they had achieved for each of the four confidence
ratings. They were reminded at that time that the "ideal" proportion correct
was 100% for a confidence rating of R, 50% for R, 33% for 333 and 25%
 for Rhn No further information feedback was given concerning the confi-
dence ratings during subsequent sessions.

Besults

The overall proportion of correct responses fof the first four sessions
ig presented in Fig. 1. Each of the points in Fig., 1 is based on 7920 ob=
gervationg. Most of the improvement in performance cccurred during the
training session and the curve is reasonably stationary for session 2 through
4, Since the purpose of the first session was to eliminate practice effects,
only the data from sessions 2, 3, 4, and 9 are presented in subsequent

analyses. All display sizes used in session 5 were shorter than thoge in

the-first-four--sessionsy—sotheoverall proporticn-correctly recalled in— """

gession 5 cannot be meaningfully compared with those of the first four

sessions, and hence was not plotted in Fig. 1.
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Figure 1. Proportion of items correctiy recalled for each of the
firset four experimental sessions.
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Figure 2. Proportion of items correctly recalled given confidence
‘ rating R, piobtted against the reeciprocal of the
confideres rating. : :
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An interesting aspect of this study was S's use of the confidence
ratings. The instructions asked § to match the confidence ratings to her
estimate of the number of possible correct response alternatives, That is,
if § felt there was only one possible correct alternative (i.e., she was
absolutely certain) she was to use Rl’ If she felt there were two possible
correct alternativeg and was, in effect, guessing from this set of two, then
her appropriate confidence rating was R2° Likewige for RS and RLO it
£s were able to follow these instructions, then the cbserved proportion
of items correctly recalled conditionalirzed upon the confidence rating
should be equal to the reciprocal of the contldence rating. Thét is, over

all items to which S responded R., the observed proportion correct should

l&
be 1.00. For responses rated as RZ’ the observed proportion correct should
be 0.50. For items with R3 and Rh’ the proporticns correct should be
0.33 and 0.25 respectively. Figure 2 presents the relationship between the
proportion correct givea R [denoted Pr(ClRi)], and the reciprocal of the
contfidence rating. It is clear from these aata that 8s were able to use
the confidence rating reagonably accurately, in the sense Implied by the
ingtructions.

Figure 3 presents the proportion of correct responses as a function
of the test position in the display. There is a ssparate curve for each of
the display sizes used in the study. Points on the curves for 4 = 8, 11,
and 14 are based on 120 observations, whereas all other points are based on
100 observations. Serial position 1 degignates a test on The most recently
presented item. These data indicate that for a fixed display size, the
probability of a correct response decreases at an increasing rate Zo scme

minimum value and then increases. Thus, there i1s a very powerful recency
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effect as well as a strong primacy effect over a wide range of display
gizes. Reference To Fig. 3 alao indicstes that the overall proportion
correct lg a decreasing function of display size.

Digcussion

There are a number of models that can be tested against the data re~
ported in this paper, Such a comparison of models, while useful, ls beyond.
the scope of this papsr. Instead, one model will be presented as an aild
ir the interpretaticn of the data; the meodel 1s somewhat like those proposed
oy Bower {1064) and Broadbent {1963).

If the orgenism ls considered to be an information processing system,
then the memory of that system may be conceptualized as a number of distinct
componants. First of all, it is postulated that there 1s a long-term memory
wnlch 1s relatively permansnt and which has a practically unlimited ceapacity.
Becorndly. & short-term memory component or register is postulated. The
capacity of the reglister is comsidered to be limited: more specifically,
there are exactly 1 pesitlons dn the register. One item of information
can be stored in each position.

When the first item of a display {(item number d) is presented to 5
it is placed in the rth pesition of the register, With some probabllity
8, item d is stored in long-term memory. Item d-1 dis then presented
and it displaces ditem & din the rth position of the register, pushing
item d down to position r- L. Elther of thess items may now be stored
in long-term memory. BSince storage occurs with probability € and the iteme
sre equally likely to be stored, the effective probability of storing each
item is 6/2e Thig process continues until the register isg filled., The

probability of an item in the register being stored in long-term memory on
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any presentation, is Q/i where 1 1s the number cof items currently in
the register.

Since the register has a capacity ¢f » Ifems, it is Tfilled on the
presentation of the (4 -~ r + l)St item. That is, items d, d-~1, ...,
d-r+1l occupy pesitions 1, 2, ..., r of the register. Thus, on the
presentation of item d-r, cne of the first r ifems must be dropped
from the register., If thig item has not already been stored in long-term
mémory then 1t ig forgotten.

Ingtead of developing the model further at this time, let us examine
the assumptions which have been made in light of the data reported here.
Since we wisgh to postulate that an item in the register can be recalled
without error,; there must be some critical display size (equal to the
capacity of the register) on which S mekes no errors. Reference to Fig. 3
indicates that there is such a dlisplay size. When d = 3, Ss in this study
exhibited perfect performence. However, Fig. 3 also showg that performance
is nearly perfect for d =4 &and & = 5, In fact, errors occur so in-
frequently for these dispiay glzeg that we are willing to assume they rep-
resent some type of attention failure, rather than memory loss per se.
This being the case the value of r = 5 has been chosen as an estimate
of register size for this study. The model will be developed subsequently
on the assumption of r = 5. Although the eguations derived are thereby
limited in their aspplicability, the mathematical procedures are straightforward
and sufficilently general to be used in the elaboration of the register model
for auy value of r (for a general statement of the model see Atkinson and
Shiffrin, 1965).

It is asgumed that the likelihood of an item dropping out of the
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register is dependent on its position in the register. BSince there is a
correspondence between the time an item has been in the register and its
position, this 1s equivalent to the statement: the probablility of dropping
an item depends on how long that item has been retained in the register,
The preeess which defermines the dropping probability for each position of
the register will now be described. The oldest iftem, which is in position
1 of the register, is dropped with probability &. I that item 1s not
dropped, then the item in position 2 of the reglster 1s dropped with proba-
bility 8., This process continues until an item is dropped. If the itenm
in the fifth position is passed over, then the process recycles through the
register agaln. This iterative process continues until an item is dropped.
As before, the new incoming item pushes fthe remaining items dovn and occuples
positicn 5 1in the register. I we define 61 as the probability that an
item in position 1 of the reglster lg dropped when the register is full

and the next item is presented, then

5, = [5 + 6(1~5)5 + 5(1-5)10 + eee]
8, = [8(1-8) + 5(1-5)6 R Y IS R
&g = [8(1-8)" + 8(1-8)7 + 8(1-8) " + +--] .
Cr, more generally
. _ B(1-8)""
Tyl (1-9)?

In order to facilitabe fthe derivation of expressions for this model,
we define an additional quantity, @(i,j). Given that there are j remain-
ing items in the display to be presented, &(i,j) is the probability that

an item currently stored in the ith position of the register will be forgotien
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(i.ea, will be neither in long-term memory nor in the register) at the
termination of the display. We note that for the first positicn of the
register (i = 1) these expressions are first order difference equations of
the form

2(1.3) = & + (1-2)(1 -8)o(1,3-1) .

For 1 > 2 the expressions are somewhat more formidable:

8(2,3) = &, + (1- %)]:51@(1,3-1) + (8,48, + 85)619(25,]'-1):\
2(3,3) = &5 + (1-%)[(61 +8,)0(2,3-1) + (5“55)@(3,3_1)J
o(h,3) = 8, + (1- -g-)[(af 53)®(35;1_1) + 65®(4,j-l)}

2(5,3) = 85 + (1- D) (1-85)0(,3-1) .

It
o?
+

The initial condition for each of these expressions is @(i,O) = Q.

The probability that the ith item in a display of size d has

been forgotten at the end of the display ig given by the following ex-

pressions:
5
(a) [ (1~ D] o(a-141,a.5) , for i<a-b
F.‘ = j:dm—i,{_l (:]
(1-2)0(5,i-1) cor i>d .k,
5 5
The probabllity of a correct respomse is a function of ng) appropri-

ately corrected for guessing. A fairly natural assumptlon is that the
probablility of guessing correctly is Just the reciprocal of the number of
alternative responses available, which in this case is four. That is, if
S fails to remember a particular item, then she responds by guessing one of

the four cclors used in the study. Thus, the probability of correcily
i2






identifying the i°" item in a display of lengbh d is

pec{] = Gl 4 1159y

i
Since the register size r was assumed to be equal to 5, only the

parameters 9 and & need be egtimated from the data. The ecstimates of

(cld;

these parameters were obtalned by computing Pr N for a grid of valuesg
on both 9 and & [@ = (00.00, 0.01, 0.02, ..., 1.00) and & = {0.00, 0.0L,
0.02, coey 1L.00)]. The values of ¢ and & that minimized the sum of
squared deviations belween observed and predicted wvalues of Pr[ng)] were
selected as the parsmeter estimates. The theoretical curves for fthe var=-
ious display sizes, along with the corresponding cbserved values, are pre=
sented in Fig., 4. It is obvious from this figure that the model provides
an accurate account of the data of this study.

The estimates of the parameters & and ¢, and the sums of squared
deviations are listed in Fig. 4 for each display size. There are a number
of comments %o meke concerning these estimates. To begin with, % does
not exhibit a great deal of variability over the various display sizes.

It is clear that a single estimate of & could have been made over all

display sizes without sericusly disturbing the correspondence between the

thecretical curves and the data,3 Furthermore, within the framework of the

theory presented here, there ils no reason to expect that & should vary

in any systematic fashion with digplay gize, It migh%t, of course, be
3Carrying out a minimization where a single & 1is estimated (and

separate @'s for each display) yields fits about as good as theose pre=-

sented in Fig. k.
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aff'ected by the nature of the experimentél material. One cutstanding
feature of the data of this study was the SB-ghaped curve over the most
recent positions of the disgplay. Other experiments using different experi-
mental materials (c.f. Atkinson, Hansen and Bernbach, 1964) have observed
a more exponentially shaped curve for the more recent ltems. An intereste
ing feature of the register model 1s that it i1s capable of generating
either the expornential cr the S~sghaped curve. As & approaches zero,
the curve over the recent positions of the display changes from S-sghaped
to exponential.

Ag indicated in Fig. 4, the various estimates of the parameter ¢
are clearly related to display size. As d goes from 6 to 14t the estimates
of 6 monotonically decrease from .72 tec .23, 1t should be noted in this
regard that 3 cannot attaln perfect retention for display size In excess
of r even if € 1ig adjusted to ite maximum. Thig is the case becausge
the effective probability of storing an item in long-term memory when the
register is filled is 6/r. Also, with a long list S would undoubtedly
perform near a chance level on The middle items and hence 1t would be
necessary Lo postulate that S/r .Was guite small. In view of these ob~
servations it seemg clear that the model needs tc be generalized to specify
a function relating display size to 6. Several such generalizaticons are
examined and tested in a paper by Atkinson and Shiffrin (1965)5 but they
are too complex to be consldered here,

A finding that contradicts the Inferpretation given to the data by
the register model is the observed relation between confidence ratings and
the likelihood of a correct response. The register model descrlibeg the

recall process as an all-or-none event, An item is either retained (i.e.,
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in long-term memory of in the register) or it has been forgotten. However,
the data in TFlg. 2 cleafly contradicts this assumption. The Ss were able

to order their confidence ratings in a menner consgistent with a response-
gtrength or response-elimination schem&. It may be sufficlent to argﬁe that
a single item of information in this experimental tagk consiste of more

thar a simple assoclation between a color and a position in the display.
Further analyeis of thig discrepancy between the mbdel and the data 1s
beyond the scope of this paper. A detailled discuegsion of this problem is

given in the previously cited paper by Atkinson and Shiffrin.
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Appendix

Supplementary Data

Certain aspects of the data, while not relevant to The analyses
presented in this paper, are of general interest. Table 1 presents the
probabllity of a correct resgponse and the probability of each confldence
rating as a function of the serial position fpr display sizes d = 3, &4,
5, 6, and 7. Table 2 presents the same information for display sizes
d =8 and 1l. These same data for display size d = 14 are pregsented in
Table 3.

Filgure 5 presents the serial position curves for Pr[Rl] over all
digplay sizes. The shape of these curves is quite similsr to the shape of
the serial position curves for the proportion of correct response data
presented in Fig. 3, and can be well fitted by the Fﬁd) functicn derived

earlier.
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Table 1
Proportion of correct responses and properticns of each confidence

rating for the five smallest display sizes,

Display  Serial Y
. P 2
Sime Position Pr(Ci) Pr(Rl) r(PE) Pr(RB) Pr(R

1 1.00 1.00 0.00 0.00 0.00
3 2 1.00 1.00 0.00 0.00 0,00
3 1.0C 1.00 0.0C 0,00 0.00
1 1.C0 1.00 0.00 0.00 0.00
2 1.00 1.00 0,00 0.00 0,00
h 3 0.99 0.98 0.02 0.00 0,00
I 1.00 0.98 0.02 0.00 0.00
1 1.00 1.00 0.00 0.00 0,00
2 0.99 0.99 0.01 0.00 0.00
5 3 0.96 0.95 0.05 0.00 ©.00
L 0.97 0.95 0.05 0.00 0.00
5 0.58 0.98 0.02 0.00 .00
1 1,00 1.00 0.00 0.00 0.00
2 0.98 0.99 0.01 0.00 0,00
3 0.95 0.95 0.05 .00 0.00
6 Ty O,k 0.86 0.14 0,00 0.00
5 0.9% 0.91 0.08 0.01 0.00
& 0.97  0.93 0.06 C.0L 0.00
1 1.00 1.00 0.00 0.00 0.00
2 0.97 0.98 0.02 0.00 0.00
3 0.93 0.93 0.07 0,00 0.00
7 b 0.89 0.83 0.4 0.02 0,01
5 0.83 Q.71 0.27 0.02 0.00
6 0.82 0.81 0.18 0.01 0.00
7 0,95 0.85 0.12 0.02 0,01
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Table 2

Proportion of correct responses and proportions of

each confidence rating for display sizes 8 and 11

Display Serial

Size Position £ (Ci) Pr(Rl) Pr(RQ) PT(R5> Pr{Rh)
1 1.000 0.9%2 0,008 0.000 0,000

2 0.975 0.975 0,025 0.000 0,000

3 0.953 0.908 0.075 0.008 0.008

8 L 0.892 0.733 0.225 0,033 0,008
5 0,817 0.592 0.292 0.127 0.000

6 0.733 0.575 0,342 0,050 0.0%3

7 0.800 0.667 0.258 0.067 0.008

8 0.908 0.733 0.208 0.050 0,008

1 1.0C0 1.000 0,000 0,000 0,000

2 0.967 G.9%3 0,058 0,008 0.000

3 0.953 0,808 0.183 0,008 0.000

L C.767 0.633 0,233 G.108 0,025

11 5 C.63% 0417 0,383 C.150 0,050
6 0.608 0,367 0.450 0,117 0.067

7 0.658 0.325 0,375 0.233 0.067

8 0,592 C.350  0.425 0,133 0,092

9 0.550 0.325 0.4h2 0,175 0.058

10 0,567 C.h25 0.375 0,167 0,0%3

11 0.Th2 0.475 0,433 0.067 0,025
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Table 3
Proportion of correct responses and proportions of each

confidence rating for the display size of 1h.

Serial

Position Pr(Ci) Pr(Rl) Pr(RE) Pr(RB) Pr{Ru)
1 1.000 1.000 0.000 0.000 0,000
2 0.967 0.9542 0.058 0,000 0,000
3 0.892 0.808 0.158 0.033 0.000
L 0.717 0.617 0,342 0.033 0,008
5 0.708 0,417 0.417 0.13% 0,0%3
& 0.617 0.400 0.367 0.158 0.075
7 0.458 0,183 0.375 0.308 0,133
8 0,400 0,192 0.425 0.258 0.125
g C.h33 0.217 0.392 0.233 0,158

10 0.450 0.208 0.433 0.267 0.092
11 0.467 0.192 0.517 0.183 0,108
12 0,508 0,233 0.467 0.267 0.033
13 0.475 0.242 0.500 0.175 0.083
14 0.642 0.392 0.475 0,100 0.033
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