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INTRATRIAL AND INTERTRIAL RETENTION:

NOTES TOWARDS A THEORY OF FREE
RECALL VERBAL LEARNING?®

ENDEL TULVING

University of Toronto

Trial-to-trial analysis of recall of individual items in a multitrial free
recall learning experiment shows that the traditional learning curve
can be expressed as an additive function of intratrial and intertrial
retention. Intertrial retention, measured in terms of number of items
retained from one trial to the next, increases as a logarithmic func-
tion of trials, while intratrial retention, measured in terms of number
of items retained from the input phase of a given trial to the output
phase of that trial, remains practically invariant over trials. Inter-
trial retention is positively correlated with subjective organization,
giving support to the hypothesis that the increase in intertrial reten-
tion as a function of practice reflects the growth in the size, but not
necessarily the number, of subjectivg units of material that the subject

can retrieve from the memory storage.

One of the most universally known
and reliable phenomena of memory lies
in the improvement in recall of verbal
materials under conditions of practice.
Experiments in verbal learning, as in
many other areas of psychological in-
quiry, often yield inconsistent and con-
tradictory data, but no experimenter
has ever reported that his human sub-
jects, appropriately instructed, failed
to increase their recall over trials of
an experiment.

In spite of, or perhaps because of,
the wide generality of the phenomenon,
empirical and conceptual analyses of
it have seldom been reported in the
literature. A great deal of experi-
mental evidence and attendant theo-
retical speculation is available about
conditions and variables that influence
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810. A preliminary version of the paper
was read as an- invited paper at the annual
meeting of the Canadian Psychological As-
sociation in - Montreal, June, 1961. The
writer is indebted to George Mandler for
constructive comments and cogent criticisms.

the rate at which recall changes over
trials, that is, about interaction effects
involving trials as one of the inde-
pendent variables, but systematic at-
tempts to account for the effects of
trials per se have not been popular.

The present paper reports an analy-
sis of the trial-by-trial memorization
of a list of words under the method
of free recall (FR). In a typical FR
experiment with which we are con-
cerned the subject is exposed to a list
of words in the “input” phase of a
trial and is then asked to recall as
many of these words as he can, in
any order he wishes. Then the same
words are presented again, usually in
a different order, and again at the end
of the presentation, in the “output”
phase of the trial, the subject recalls
the words he remembers. This proce-
dure, alternating input and output
phases, can be repeated for any num-
ber of cycles or trials.

The subject’s task in the FR experi-
ment appears to be relatively simple.
Response learning in the sense of re-
sponse integration (Mandler, 1954) is
minimized whenever more or less
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familiar words are used, and associa-
tive learning is not necessary since
the experimenter gives credit to the
subject for words recalled regardless
of their order. Memorization of a list
of words in the FR experiment is
rather reminiscent of that aspect of
response learning that has to do with
strengthening of responses specified by
the input list so that they have “greater
response strength than the many other
responses in the repertoire which are
not in the list the subject is to learn
[Underwood & Schulz, 1960, p. 93].”
If this reasoning is correct, then FR
learning must involve only some of
the processes underlying acquisition in
serial and paired-associated learning
experiments. It thus constitutes a
simpler task for the subject to master
and a simpler situation for the experi-
menter to analyze.

DProbably because of its apparent
simplicity, free-recall learning has
failed to arouse much curiosity among
experimenters. Only a handful of
studies having to do with multitrial
FR learning have been reported in the
literature (Bruner, Miller, & Zimmer-
man, 1955; Horowitz, 1961 ; Murdock,
1960; Waugh, 1961). But it has ap-
pealed to several theorists who have
constructed various stochastic models
to describe its data (Bush & Mosteller,
1955; Miller & McGill, 1952; Waugh
& Smith, 1962). All of these models
have succeeded in providing good or
even excellent mathematical descrip-
tions of certain quantitative aspects of
empirical findings. Yet they have not
been primarily concerned with isola-
tion and identification of processes in-
volved in memorization of verbal ma-
terial. The Waugh and Smith (1962)
model perhaps goes farthest of the
three in that it refers to three hypo-
thetical processes—“labelling,” “select-
ing,” and “fixing”—identified with the
three parameters of the model, but
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these processes are not related to any
“classical psychological functions [p.
1421.”

Another characteristic that the sto-
chastic models have in common lies
in their assumption that individual list
items are memorized independently of
one another. The recall of a given list
item is supposed to have no effect on
the recall or nonrecall of any other
item. The fact that such an assump-
tion is not tenable is well known to
the authors of the statistical models,
although the implications of the cor-
rect assumption of item relatedness
have not yet been fully explored. In
considering the problem briefly, Miller
and McGill (1952) suggested that “as-
sociative clustering should affect the
variability, not the rate, of memoriza-
tion [p. 390],” but this somewhat
startling hypothesis has not been sub-
jected to an empirical test.

Finally, the description of FR learn-
ing provided by the stochastic models
is difficult to reconcile with the funda-
mental fact that an individual list item,
if it has been previously integrated, can
be “learned” by the subject on one
trial of a very short duration, in the
sense that the subject can always recall
it immediately after seeing or hearing
it once. What is it that permits the
single item to be labeled, selected, and
fixed with a probability of unity, to
use Waugh and Smith’s language, if
it is presented alone, but probabilities
much smaller than unity when the item
appears in a list? This particular
criticism, of course, can be directed at
almost any theoretical account of memo-
rization, both formal and informal, that
has ever been proposed, but the com-
monality of an error does not justify it.

Our present analysis of FR learning
takes as its starting point the obser-
vation that a small unit of verbal ma-
terial, such as an individual list word,
is always “learned” at the time of its
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presentation to the subject. It then
proceeds to examine to what extent
these individual items are retained or
forgotten, both within a single trial
and over successive trials. The tradi-
tional learning curve will be described
as a composite of intratrial and inter-
trial retention curves. Finally, inter-
trial retention as the main component
of the subject’s total recall performance
will be shown to be related to the ex-
tent to which subjects organize their
recall. It will be argued that the trial-
by-trial improvement in recall is a
consequence of the development of
higher-order units of material which
mediate the.retrieval of the informa-
tion from the memory storage.

ONE-TrIAL LEARNING AND INTRA-
TRIAL FORGETTING OF INDI-
VIDUAL ITEMS

Let us begin by considering what
happens on the first trial in a typical
FR experiment. Each subject will be
able to recall some but not all words
in the output phase of the first trial.
Such limitation of first-trial recall has
traditionally been ascribed to some
limitation in the learning mechanism,
that is, it has been interpreted as re-
flecting the fact that the subject, for
some reason or other, cannot learn all
words on the first trial. For instance,
in the well-known debate on whether
associations in paired-associate learn-
ing tasks are formed in an all-or-none
or incremental fashion, the partici-
pants, although disagreeing on the
main issue, seem to agree on interpret-
ing nonrecall of some response items
as evidence for absence of, or incom-
plete formation of associations in the
input phase preceding the recall test
(Estes, 1960, 1961; Postman, 1963;
Rock, 1957; Underwood & Keppel,
1962).

Such an interpretation, if taken lit-
erally, may prove somewhat misleading
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in pursuing the problems involved in
verbal learning. Recent evidence shows
clearly that a small unit of well-inte-
grated verbal material, or an associa-
tion between two such units, can prac-
tically always be recalled immediately
following its presentation (Brown,
1958; Murdock, 1961a, 1961b, 1963;
Peterson, Peterson, & Miller, 1961;
Peterson, Saltzman, Hillner, & Land,
1962; Tulving & Arbuckle, 1963).
When we use probability of response
as a measure of learning, therefore,
we must conclude that learning of a
small unit of material is always com-
plete on a single trial. Learning, in
this sense, is neither incremental nor
all-or-none, it is always “all.”?
Whether the small unit is presented
alone or in a series of other units of
the same class is immaterial as far as
its one-trial acquisition is concerned.
If we presented a list of words to the
subject and warned him in advance
that we might stop the presentation at
any time and test him on the word
seen last, we would have every reason
to believe that his recall would be prac-
tically perfect.®

2Rock, in considering the problem of
“why, in multiple-item learning situations,
it is not possible as a rule to learn more
than a few associations on any one trial,”
mentioned the possibility that an association
is always formed and “that the failure to
get all items right on a test following the
entire series is a matter of forgetting of
already formed associations [Rock, 1957, p.
1921, He rejected this interpretation for
reasons that are not entirely clear to this
writer.

8 It is possible, of course, that subjects in
certain types of experiments may in effect
“ignore” some input items at the time of
their presentation and concentrate their at-
tention on a few specific items. One such
selective strategy has been proposed by Fei-
genbaum and Simon (1962) in their account
of the serial position curve. These strate-
gies might indeed explain why the immediate
recall of single items or associations in some
experiments has been somewhat less than
perfect, but their existence cannot change
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This “learning” of an individual
item—whether we call it learning, per-
ception, fixation, registration, or what
not, does not matter, as long as we
know the operational referent of the
term—depends solely upon variables
operating prior to and at the time of
the presentation of the item. It must
be distinguished from the retention of
the item which depends on the condi-
tions prevailing at the time of the
learning as well as on certain variables
operating in the retention interval,
however short. Thus the fact that an
individual item is always “learned”
following a single presentation does
not mean that it might not be forgotten
later. Small amounts of material, well
within the classical memory span of
the individual, often become unavail-
able for recall in a matter of a few
seconds (Brown, 1958; Murdock,
1961a, 1961b, 1963 ; Peterson & Peter-
son, 1959 ; Tulving & Arbuckle, 1963).
Nor does the conception of one-trial
learning in any way preclude the pos-
sibility that additional presentations or
rehearsal of the once learned and re-
called item may change its resistance
to forgetting. Just as overlearning of
larger units of material, such as lists
of nonsense syllables, has been long
known to improve the retention of
material (Ebbinghaus, 1885), smaller
units have also been shown to benefit
from repeated presentation (Peterson
& Peterson, 1959 ; Peterson, Saltzman,
Hillner, & Land, 1962; Waugh,
1962b).

It seems reasonable to argue, in view
of the foregoing considerations, that
limited recall on the first trial does not
necessarily reflect incomplete learning,
but rather, incomplete retention. Al-
though the intratrial retention inter-
vals, between the presentation and the

the argument that one-trial learning can,
and usually does, occur.
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~attempted recall of each individual

item, are short, many learned items
can be forgotten within that interval.
Whether such intratrial forgetting is
interpreted in terms of the decay of
memory traces (Broadbent, 1958;
Brown, 1958; Conrad & Hiile, 1958),
in terms of input and output interfer-
ence (Tulving & Arbuckle, 1963), or
in terms of yet other factors, is not
immediately relevant to our present
purposes. What is important is the
empirical fact that some individual
items, although always recallable im-
mediately following their presentation,
do become unavailable for recall well
within the interval occupied by a single
trial. The recall scores on the first
trial, therefore, reflect the combined
effects of one-trial learning and intra-
trial forgetting, or simply of intratrial
retention.

We may, if we wish, regard the
subject’s recall score on the first trial
as a measure of his “immediate mem-
ory,” provided that we realize that
such “immediate” memory is limited
for the simple reason that it is mnot
immediate. In the FR experiment, it
is only the last item that the subject
could recall immediately after its pres-
entation, but in a learning task in
which the subject has to recall the
items in the order of their presentation,
recall is not immediate for anv single
item.

The notions of one-trial learning and
intratrial forgetting suggest that it is
not the fact of “storage” of list items
that is at issue in the FR experiment,
but rather the form of storage, or ac-
cessibility, of items (cf. Miller, Ga-
lanter, & Pribram, 1960). The list
items have been “stored” in the sub-
ject’s memory a long time before he
appears for the experiment and the
input list serves simply as a set of
instructions as to which of the stored
items the subject has to retrieve. In
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this sense, then, what the subject has
to do in the FR experiment is to in-
crease the accessibility of those items
that are specified by the input list so
that they can be readily retrieved from
the storage.

Be it as it may, there are certain
advantages in thinking of the first-
trial recall as a measure of retention
rather than learning. First, it might
be easier to deal with questions such
as why some items are retained and
others forgotten within a single trial
(e.g., Tulving & Arbuckle, 1963) than
questions such as why some items are
and others are not learned, or why
each item is learned only to a certain
extent and not completely. In terms
of our existing conceptual tools as well
as available empirical evidence we are
probably better equipped to handle
problems of retention and forgetting
than of original acquisition. Second,
and more important for the task at
hand, the concept of intratrial reten-
tion leads naturally to the concept of
intertrial retention and thus suggests
a potentially useful way of looking at
trial-by-trial recall data. The relation
of intratrial and intertrial retention to
the overall recall performance will be-
come clear if we consider the pattern
of recall of individual list items from
trial to trial. This will be done in
the next section.

TriAL-TO-TRIAL ANALYSIS OF RECALL

We have argued that under appro-
priate conditions each list item is al-
ways learned on the first trial and that
the subject’s performance in the output
phase of that trial is to be regarded as
a measure of intratrial retention. The
subject’s performance on the second
trial, and on all succeeding trials, can
similarly be regarded more profitably
as a measure of retention. On these
trials, however, there are two sources
of retained items. Some items could
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be recalled in the output phase of the
second trial, for instance, even without
the benefit of their re-exposure in the
input phase of the second trial: the
subject remembers some of the re-
sponses he made in the output phase
of the first trial. The number of these
responses provides a measure of inter-
trial retention. In addition to these
responses, the subject, in the output
phase of the second trial, also remem-
bers some of the responses he made in
the input phase of the second trial
Their number provides a measure of
intratrial retention. The subject’s
overall recall performance on all trials
except the first, therefore, consists of
two components—intertrial and intra-
trial retention.

The conception of recall perform-
ance in terms of the process of reten-
tion or, looking at the other side of the
coin, of forgetting, is not a novel one.
McGeoch, for instance, more than 20
years ago, pointed out the relations
involved :

The changes in behavior (verbal re-
sponses) acquired during the first trial are
retained, at least in part, until the second
trial. There new ones are added to those
retained; some or all of the results of the
first and second trial are retained until the
third trial, when more are added, and so on,
until practice stops. . . . Not all of the ac-
quisitions at each successive trial are carried
over to the next; some are forgotten and
must be refixated. A curve of learning
represents a progressively greater balance in
favor of retention, so that it is, in part, a
retention curve, . . . Fixation and retention
thus mutually interact in the course of what
we call learning [McGeoch, 1942, pp. 4-5].

A single practice trial, as well as a
series of trials, thus serves at least
two functions. It provides the learner
with the opportunity to study and re-
tain individual items, but certain events
occurring on the trial must also be
responsible for forgetting of some other
items. The traditional procedure used
in verbal learning experiments, in
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which the experimenter assumes some
kind of an equivalence of different list
items and expresses the subject’s per-
formance in terms of the total number
or proportion of items recalled, per-
haps simplifies computations, but it
clouds the two roles played by the
trial.

The traditional method for describ-
ing the subject’s performance in a
verbal learning experiment is based on
what might be called the trial-by-trial
analysis of recall. On every trial, the
experimenter partitions the total set
of L items in the list into two mutually
exclusive subsets, P,and N,. P, (Per-
formance) refers to the number of
items that the subject has recalled on
Trial #, while N, refers to the number
of items that the subject has failed to
recall on that trial. P,+ N,=1L,
hence the specification of P, completely
determines its complement N, and
nothing further can be gained from
measuring N,. The traditional learn-
ing curve is simply the plot of the size
of the subset P, against trials.

The trial-by-trial analysis of recall
is to be contrasted with what will here
be referred to as the trial-to-trial
(TTT) analysis. This analysis is an
extension of that used in Estes’ (1960)
“miniature experiments” to the typical
multitrial experiment, In the TTT
analysis, the Set L is partitioned with
respect to pairs, triplets, etc., of suc-
cessive trials. In the present paper,
however, we shall be concerned with
the TTT analysis as applied only to
successive pairs of trials.

The subject’s recall on two succes-
sive trials, # — 1 and #, defines within
the Set L two subsets, P,; and P,,
thus placing each element of the Set
L. (each word in the list) into one of
four mutually exclusive subsets, These
four subsets are shown in the Venn
diagram in Figure 1. The large circle
represents the Set L, the small circle
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F16. 1. Venn diagram representing four
components of performance derived from the
application of the trial-to-trial analysis to
consecutive pairs of trials.

on the left represents the subset P,,,
consisting of items that the subject re-
called on Trial # — 1 and the small
circle on the right represents subset
P, consisting of items that the subject
recalled on Trial =.

The four mutually exclusive subsets
shown in the diagram are designated
as follows:

Cn_1Cy (or simply CC) is the inter-
section of the subsets P, ; and P,. It
consists of items that occur in the
subject’s recall both on Trial n —1
and on Trial n. The size of this subset
can be regarded as an estimate of
intertrial retention.

NpaCp, (NC), consists of items that
occur in the subject’s recall on Trial n,
but not on Trial » — 1. Its size pro-
vides an estimate of intratrial retention.

Cn-1Nn, (CN), consists of items re-
called on Trial n — 1, but not recalled
(“forgotten”) on Trial #. Its size can
be thought of as an estimate of inter-
trial forgetting.

NayN,, (NN), consists of items
that the subject fails to recall both on
Trial » — 1 and on Trial #. Its size
can be regarded as an estimate of intra-
trial forgetting.

The logical definition of the four
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subsets is straightiorward, but the
identification of the subsets with psy-
chological processes of intratrial and
intertrial retention and forgetting in-
volves assumptions that may not be
quite correct. For instance, referring
to the CC component of performance
as an estimate of intertrial retention
ignores the possibility that an item in
Subset CC was recalled on Trial #,
forgotten by the time it was shown to
the subject again in the input phase of
Trial n + 1, “relearned” then, and re-
tained until the output phase of Trial
n + 1. Thus, both intertrial and intra-
trial retention may contribute items to
the CC component which therefore may
overestimate the amount of material
that the subject can retain from one
trial to the next without any interven-
ing input. For the same reason the
NC component may underestimate in-
tratrial retention. Moreover, the ex-
tent of these errors of estimation may
vary systematically over trials. These
relations clearly constitute problems
for further research. For the time
being, however, it does not seem com-
pletely unreasonable to regard the four
measures—CC, NC, CN, and NN—as
estimates of intertrial and intratrial
retention and forgetting as designated
above.

If the TTT analysis is extended over
all consecutive pairs of trials (Trials
Oand l,l1and 2,2and 3, ... N—1
and N, where N refers to the total
number of trials), and if the size of
each of the four subsets is plotted
against trials, four curves are obtained :
an intertrial retention curve, an intra-
trial retention curve, an intertrial for-
getting curve, and an intratrial for-
getting curve.

These four curves contain all the
information that is available in the
trial-by-trial “learning curve,” but they
also lay bare the anatomy of such a
curve. Any two of the four curves
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can be mathematically derived from
the other two, even though for a given
pair of trials only one of the four meas-
ures is redundant with the other three.
This fact reflects the complementarity
of the definitions of the two processes,
retention and forgetting : whatever the
subject does not retain, he has for-
gotten, and vice versa. It also means
that the traditional learning curve, in
which P is plotted against trials, can
be described in terms of any two of
the four components.

In this paper, we shall be mainly
concerned with the following relation:

Pn = Cn—1cn + Nn—1Cn [1]

Equation 1 is a simple mathematical
statement to the effect that perform-
ance is an additive function of two
components, CC (intertrial retention)
and NC (intratrial retention). Per-
formance, either on a single trial or
over a number of successive trials, can
be analyzed into the CC and NC com-
ponents, and these two components,
again either on a single trial or over
successive trials, can be synthesized
into overall performance.

EwmpiricaL SyYNTHESIS AND MATHE-
MATICAL ANALYSIS OF THE FREE
Recarr LearNing Curve

Let us next examine some data from
a simple FR experiment and demon-
strate, first, how the learning curve
can be derived from the empirically
determined measures of CC and NC,
and second, how the two components
can be estimated from the overall per-
formance data.*

Thirty-two summer school students
served as subjects in the experiment.
Each subject learned a list of 22 words
on 22 trials by the method of FR.
Words were presented to the subject

¢ Thanks are due to Albert S. Bregman
who collected these data and wrote the elec-
tronic computer programs for analyzing them.
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by means of a Gerbrands memory
drum, at the rate of one word per
second. Subjects recalled words by
speaking them out aloud. Their re-
sponses were recorded on tape and
later transcribed. No definite amount
of time was given for recall in the
output phase; when the subject had
been silent for 10 seconds, the input
phase of the next trial was begun.
There were four different, but for-
mally equivalent stimulus lists. Each
list was learned by eight different sub-
jects. The lists are shown in Table 1.
The words were selected from the
Thorndike-Lorge (1944) word book,
according to the following criteria:
(a) All words were two-syllable nouns,
or words that could be used as nouns.
(b) No two words in the same list
began with the same letter. (¢) In
each list, the words were distrib-
uted approximately equally among
four frequency-of-occurrence catego-

ries. These four categories were:
TABLE 1
Lists oF WoRDS USED IN THE EXPERIMENT
1 2 3 4

accent amice action answer
barrack | bridle bandage | buyer
center canard country | cherub
drumlin | daddy dipper despot
entry express | effort ether
finding flower farrow fasces
garden gable gambler | gorget
hoyden | hormone | hamlet hermit
issue impact island journal
jungle juror kitchen | letter
kernel kitty legion mantel
lagoon lactose miser natron
maxim midden | noodle orphan
newell novice octroi person
office ocean pilgrim question
pomade | quarter | quinsy rennin
quillet rumor rennet satin
relique trochee | stamen | tempest
surtout | union trollop umbra
treason | virgin voter vulture
valley wafer waiver windrow
walker zither zenith xylem

Exper Turvineg

words occurring more than 100 times
per million, those occurring 14 to 16
times per million, those occurring 4
times per million, and those occurring
4 times per 18 million. Apart from
these restrictions, the words were as-
signed to different lists in a haphazard
fashion.

The order of words within a given
list varied systematically from trial to
trial. Twenty-two different orders
were constructed according to the
method used in a previous paper (Tul-
ving, 1962a). Each word appeared
in each serial position just once over
the total block of 22 trials, and was
preceded and followed immediately, as
well as by lags of 1, 2, 3, etc., by every
other word in the list just once. This
arrangement provides for complete ab-
sence of second-order sequential con-
straint among items in input lists over
the block of 22 trials, and it mini-
mizes all higher-order redundancies.
The sequence in which different input
orders of a given list were presented
to subjects on successive trials was
also systematically varied. Every sub-
ject received the input orders on suc-
cessive trials in a different sequence.

The sizes of each of the four subsets
defined by the TTT analysis were
determined for all 22 pairs of trials
(TrialsOand 1, 1and 2,2 and 3, . . .
21 and 22), separately for each subject.
The mean sizes of the four subsets,
based on data from all 32 subjects,
were then calculated. In Figure 2,
these mean sizes of the four subsets
are plotted against trials, yielding four
different curves.

The intertrial retention (CC) curve
is the only one that rises systematically
over trials. It is a monotonically in-
creasing negatively accelerated curve.
The intratrial retention (NC) curve
is an approximately linear curve with
a negative slope. The intertrial for-
getting (CN) curve is obviously non-



INTRATRIAL AND INTERTRIAL RETENTION

monotonic: it rises for the first few
trials and then, apart from the pre-
sumably ‘“‘chance” deflection upward
at Trial 8, remains practically parallel
with the abscissa. The intratrial for-
getting (NN) curve is a monotonically
decreasing curve with a negatively ac-
celerated slope.

Both the theoretical and actual val-
ues for CC and CN on Trial 1 are O,
since subjects can mneither retain nor
forget any items from Trial O to Trial
1. These values are not shown in
Figure 2. The value of NC on Trial
1, on the other hand, is determinable,
and so is the value of NN. NyC; cor-
responds to the performance score on
Trial 1: N ()C 1
_ NOC1.

On inspection of the data it appeared
that, as a first approximation, the in-
tertrial retention (CC) curve could be
described as a linear function in log #.
The relation appears in Figure 3. The
ordinate shows the mean number of
items in the CC category in the recall

MEAN SIZE OF SUBSET
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F1c. 2. Mean sizes of subsets correspond-
ing to four different components of per-
formance derived from trial-to-trial analysis
of recall data.
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Fic. 3. Intertrial retention as a function
of trials. (Trials on the abscissa are pre-
sented on the logarithmic scale. The ordi-
nate represents the mean number of words
recalled on two consecutive trials, » — 1 and
n. The straight line was fitted to the data
by the method of least squares.)

of 32 subjects, the abscissa refers to
trials on a logarithmic scale.

The least-squares method yielded the
following equation for CC as a func-
tion of trials:®

CpaCrn=11.29 Iog n — .02 [2]

This equation is represented by the
straight line drawn in Figure 3. The
fit is obviously very good. It is inter-
esting to note that the curve intersects
the ordinate corresponding to » = 1 at
a CC wvalue of 0 as it should, since,
by definition, CoC; must be zero. An

5 All equations fitted to the data can be
considered to hold only within the limits of
the number of trials used in the experiments.
The CC function, for instance, cannot rise
indefinitely, since the length of the list will
impose a limit on the subjects’ recall. This
limit, of course, does not characterize the
subjects’ information-processing ability but
only the experimental conditions under which
this ability is permitted to operate (cf.
Waugh, 1962a).
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important implication of this fact is
that one could, for the data in the
present sample, predict the whole CC
curve rather accurately from a single
point, the CC score on Trial 2, by
drawing a straight line through the
zero intersect and that point.
Intratrial retention (NC) is shown
as a function of trials in Figure 4. As
a first approximation, for the data in
this particular sample, the relation be-
tween mean N(C and trials can be
represented by a linear function with
a slight negative slope. The least-
squares method yielded the following
equation for NC as a function of trials:

Nyp1Cp =487 — 10n [3]

The next step was to add alegbrai-
cally, on the basis of the definition of
performance given in Equation 1, the
intertrial and intratrial retention func-
tiobns ' to - obtain the equation of the
trial-by-trial learning curve. The ex-
pression on the right-hand side in
Equation 4 is the algebraic sum of
corresponding expressions in Equa-
tions 2 and 3:

P=1129 log n — .10n + 4.85 [4]
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the data by the method of least squares.)
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We have now “synthesized” the
learning curve from two empirically
determined components of perform-
ance, intertrial and intratrial retention.
How well does such a curve fit the
performance data? Equation 4 is
graphically depicted in Figure 3, to-
gether with mean performance data on
22 trials.  The fit appears good. The
standard error of estimate, op., was
found to be .246.

Let us now turn to the problem of
the mathematical analysis of the learn-
ing curve into its two component func-
tions, without going through the rela-
tively tedious operation of counting
items in the CC and NC categories in
the subjects’ recall protocols. The
mathematical analysis is, in a sense, a
complementary operation to the syn-
thesis of the learning curve from the
empirically determined CC and NC
functions.

The logarithmic function of the gen-
eral form,

P=gqalogn-+bn+c [5]

suggested by trial-to-trial analysis, is
a statement to the effect that P is a
linear function of two variables, log »
and #. It is identical with the multi-
ple regression equation of the form,
YV =aX, + bXs + c. Its parameters,
a, b, and ¢, can be estimated from the
product-moment correlations among P,
log »n, and » in the same manner as
the constants in the multiple regres-
sion equation.

Such a multiple regression .analysis
of the mean performance data over 22
trials in the experiment, based on the
method of least squares, yielded the
following equation of the learning
curve:

P =1070 log n—.073xn + 5.07 [6]

Equation 6 is to be compared with
Equation 4, in which the parameters
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Fic. 5. The logarithmic learning curve.
(The smooth curve represents the function
obtained by the algebraic addition of the
intertrial and intratrial retention functions
shown in Figures 3 and 4. The data points
represent mean number of words recalled by
32 subjects.)

were estimated from the empirically
determined CC and NC components of
performance. The agreement between
the two sets of values, while not per-
fect, is close enough to suggest that
they represent the same population
parameters and that the differences are
attributable to errors of measurement.
In fact, it can be shown that with in-
finitely large samples in which sam-
pling error is eliminated, the two pro-
cedures, TTT analysis and regression
analysis, would yield identical results,
provided of course that the forms of
the functions correspond to those in
the present sample, linear in log »
for CC and linear in n for NC*

6 While it can be argued that the main
value of equations fitted to learning curves
lies in new insights they generate, rather
than in their ability to describe the data, it
is not without interest that the logarithmic
curves do seem to fit the FR data quite well.
The multiple regression method was used to
generate learning curves, of the form given
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INTRATRIAL RETENTION AND PRACTICE

We have seen that both logically and
empirically performance can be shown
to be an additive function of two com-
ponents, intratrial and intertrial re-
tention. For the data from our dem-
onstration experiment, intratrial reten-
tion decreased as a function of trials,
while intertrial retention increased.
Since the rate of increase in intertrial
retention exceeds the rate of decrease
in intratrial retention, total recall goes
up over trials.

In evaluating the intratrial retention
data we must keep in mind a possible
artifact that might be responsible for
the observed decrements in NC. As
the subject’s intertrial retention in-
creases, there remain fewer and fewer
items in the list that the subject could
retain from the input phase of a given
trial. This would be particularly true
for short lists that are mastered rela-
tively quickly. It is possible, there-
fore, that the negative slope of the
mean NC function, whenever it oc-
curs, 1s attributable to the combined
effects of limited list length and rapid
learning by some subjects, and that it
does not reflect the relation between
practice and intratrial retention faith-
fully.

Three observations bearing on this
issue should be mentioned. The first
concerns the NC functions for “fast”
and “slow” learners in the experiment
described above. The equation of the
NC function for the subgroup of 16

by Equation 5, for five other sets of FR data
collected at Toronto, The goodness of fit of
these curves was then compared with that
provided by exponential functions of the
form, P=a—be" (Murdock, 1960). In
each case, the standard error of estimate was
much lower for the logarithmic than the ex-
ponential curve, the difference being pri-
marily attributable to the superior ability of
the logarithmic curve to describe data from
the first few trials.
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fast learners (those with the mean P
scores above the group median) turned
out to be Np1Cn = 54— .18n, while
for the 16 slow learners it was
N,,C,=44— 03n. Thus for those
subjects whose performance is presum-
ably less affected by the list length, the
NC function is almost flat.

The second source of evidence sup-
porting the hypothesis that the negative
slope of the NC function represents an
artifact lies in the findings of an un-
published experiment conducted at To-
ronto. In this experiment, 24 subjects
learned three successive lists of 52
words each by the method of FR.
The list words covered a wide range
of Thorndike-Lorge (1944) frequen-
cies. They were presented to the sub-
jects on eight trials, at the rate of one
second per word. The subjects had
104 seconds at the end of each input
phase to recall as many words as they
could. Their oral recall was recorded
on tape and later transcribed.

In this experiment, no subject ever
recalled more than 37 items correctly
on any single trial, and mean P on the
last trial, Trial 8, was only 26.2. The
NC data from this experiment, even
when averaged over all subjects, should
thus be relatively free from any arti-
factual constraints. These NC data,
pooled for the 24 subjects over all
three lists, are shown in Figure 6.

The slope of the function is still
negative, but it is smaller than that
in Figure 4, namely —.05. More im-
portant, the negative slope is largely
produced by the mean NC value on the
very first trial. There seems to be
little systematic change in NC over
Trials 2 to 8. The finding that NC
on Trial 1 is higher than on all subse-
quent trials has occurred in all sam-
ples of data that we have examined to
date, and eéventually we will have to
come to grips with the theoretical prob-

Ewxper TuLviNG

12
TS
10}
< 9;'—.—‘—_._;._
Ce 0 °
z 7}
Z sf
w
= 5
al  [Np., Cn=8290-05,
3_
{ ; . et
(o] 1 2 3 4 <} [ 7 8
TRIALS (n)
Fic. 6. Intratrial retention as a function

of trials for the experiment involving lists
of 52 words. (The ordinate represents mean
number of words recalled on Trial » but not
on Trial n — 1. The straight line was fitted
to the data by the method of least squares.)

lems that this finding entails. For the
time being, however, we can conclude
that for long lists intratrial retention
seems to be essentially constant over
trials.

The third observation relevant to
the hypothesis comes {rom an interest-
ing experiment reported by Murdock
and Babick (1961). These investiga-
tors presented a “critical word” (CW)
to the subjects on a number of succes-
sive trials, but always in the context
of different lists. They found that the
probability of recall of CW was not
influenced by the frequency of pre-
vious presentations. This probability
can be regarded as a measure of intra-
trial retention, estimated under condi-
tions where list length does not impose
any artifactual limits on recall. Since
it did not change as a function of trials,
we can conclude that intratrial reten-
tion is independent of practice.

It must be noted that Murdock and
Babick examined only the probability
of initial recall of their critical words
while our NC measure includes both
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initial recalls and re-recalls of pre-
viously recalled and then forgotten
items. The comparability of the two
sets of data, therefore, may seem ques-
tionable. But the fact that the number
of items in the NC category—particu-
larly for longer lists that are mnot
mastered very rapidly—remains nearly
constant over trials suggests that recall
on Trial n of items not recalled on
Trial n — 1 is independent of the fre-
quency of previous recalls of these
items and that in this sense original
recalls are quite comparable to re-
recalls. In a typical FR experiment
the number of initial recalls per trial
usually decreases as practice proceeds,
and the number of re-recalls increases.
The total number of all items in the
NC category, however, remains prac-
tically invariant at all stages of prac-
tice. ‘

At first glance the conclusion that
recalls of items on Trial » following
nonrecall on Trial n — 1 is independent
of frequency of previous recalls may
appear at variance with the well-known
fact that the probability of recall of an
item is a direct function of the number
of times that it has been recalled be-
fore (e.g., Miller & McGill, 1952;
Underwood, 1954). Furthermore,
Waugh and Smith (1962) have shown
that the probability of recall of an
item on Trial # following its nonrecall
on Trial » —1 does depend on the
frequency of previous recalls.

The contradiction, however, may be
more apparent than real. The proba-
bility of occurrence of events of a given
class may increase, but if, at the same
time, the size of that class decreases,
the frequency of occurrence of these
events may not change at all, or even
change in the opposite direction. For
instance, an item that has been re-
called, say, on eight successive trials,
and then forgotten on the ninth trial,
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may be recalied again on the tenth
trial with a very high probability, but
if recall on the ninth trial depends on
the frequency of recall on the previous
eight trials, there will be very few
items that are forgotten on the ninth
trial. In short, the apparent contra-
diction between Waugh and Smith’s
conclusion and the hypothesis that in-
tratrial retention is independent of fre-
quency of previous recalls remains a
contradiction only as long as we con-
fuse relative frequency, that is proba-
bility, with absolute frequency of oc-
currence,

In the light of these observations,
then, it seems reasonable enough to
entertain the hypothesis that in an
ideal FR experiment, in which the
subject’s performance is determined
only by the capacity of his memory,
intratrial retention is independent of
practice. The possibility, mentioned
earlier, that the NC component under-
estimates intratrial retention and that
intratrial retention may in fact in-
crease over trials, however, cannot yet
be completely ruled out.

INTERTRIAL RETENTION AND SuBJEC-
TIVE ORGANIZATION

There is relatively little that needs
to be said about intratrial retention in
this paper. We have argued, in the
light of empirical data, that intratrial
retention remains essentially invariant
over trials, and invariances of nature
do not require explanations in the
same sense as do variances. There
are, however, several implications that
the alleged invariance in intratrial re-
tention has for the theory of FR learn-
ing. One such is provided by the fact
that if intratrial retention is independ-
ent of trials, it must also be independent
of intertrial retention. Regardless of
the number of items that the average
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subjett remembers from his previous
recall, he always remembers the same
number of “new” items from the im-
mediately preceding input, where new
items are those that did not occur in
the immediately preceding output. Re-
call of the “old” does not seem to
interfere with recall of the new. The
exact significance of this and other im-
plications may become clearer when
we understand the processes involved
in intratrial and intertrial retention.
For the present we can only conclude
that the limitation found in immediate
memory (Miller’s magical number
seven, 1956b) also seems to apply to
memory for new items on later trials.
In this last section of the paper we
return to the problem of improvement
in recall over trials. In the light of
the preceding analysis this has now
become the problem of increments in
intertrial retention over trials. Even
though the TTT analysis has contrib-
uted to the conceptual clarification of
the nature of the traditional learning
curve, it cannot illuminate the proc-
esses responsible for various compo-
nents of recall performance. Some
insight into the process of intertrial
retention, however, can be derived
from certain additional findings from
the demonstration experiment described
earlier in this paper. These findings
pertain to subjective organization.
Subjects do not only recall more
and more items from the input list as
practice proceeds in the FR experi-
ment. They also impose an increas-
ingly tighter sequential organization on
the recalled material. It is this or-
ganization, absent in input lists and
present in output lists, that is referred
to as subjective organization (SO).
The concept has been discussed and a
method for its measurement has been
described in a- previous paper (Tul-
ving, 1962a). In that paper it was
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also argued that trial-by-trial incre-
ments in performance are functionally
dependent upon organization.

This argument can now be further
evaluated by examining the relations
between SO on the one hand and the
components of performance that have
emerged from the TTT analysis, intra-
trial and intertrial retention, on the
other hand. In the demonstration ex-
periment, SO (Lag 0) was calculated
for each of 32 subjects on successive
blocks of three trials (Trials 24, 5-7,
... 20-22), as well as on blocks of
seven trials (Trials 2-8, 9-15, 16-22).

Figure 7 shows the mean SO (Blocks
= 3) for seven successive blocks of
trials. It also shows mean SO scores
for 32 statistical subjects, whose per-
formance was matched with that of the
experimental subjects, subject by sub-
ject and trial by trial. It can be read-
ily seen that SO increases lawfully
over trials for the real subjects, but
not for the statistical subjects.

Figure 8 shows two parallel effects
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of practice, increasing intertrial reten-
tion and increasing SO. Mean CC
scores are plotted against blocks of
three trials, together with a logarith-
mic transformation of the mean SO
scores. The correspondence between
the two curves is very good, the
product-moment correlation for the
seven pairs of mean scores being
+.996. The important fact, of course,
is that both variables increase mono-
tonically over trials; the close corre-
spondence between the two curves in
Figure 8 depends on the transforma-

tion of SO scores and on the appro-
priate placing of the values on the
two ordinates.

Does this high degree of correlation
between SO and CC still occur when
trials are held constant and the corre-
lation coefficient is computed for sub-
jects? Two variables that covary for
experimental conditions need not co-
vary for subjects (Mandler, 1959).
To examine the interrelations among
different response variables available
from the experiment, product-moment
correlations of various measures were
calculated for ail 32 subjects. For
each subject, mean P, mean CC, mean
NC, and log SO (Lag Q) were cal-
culated for three successive blocks of
seven trials, omitting Trial 1. These
data are summarized in Table 2.

In interpreting these correlation co-
efficients, we must remember that as
subjects approach the limit of per-
formance determined by the list length
L, their CC scores must necessarily
become higher and NC scores lower.
Thus, the negative correlations be-
tween CC and NC, as well as between
NC and other measures, on Trials 9-15
and 16-22, are probably to a large
extent artifactual. Data from the first
block of trials may be less biased in
reflecting the relations among these
response variables. It should also be

TABLE 2

Propucr-MoMENT CORRELATION COEFFICIENTS

AMONG MEAN P, MEAN CC, MEAN NC, AND

LoG SO (LaG O) oN THREE BLOCKS OF SEVEN TRIALS FOR 32 SUBJECTS

Variables

Blocks of trials

Trials 2-8 Trials 9-15 Trials 16-22
Log SO and mean P +.506 +.722 -4-.843
Log SO and mean CC +.584 -4-.769 +.862
Log SO and mean NC —-.075 —.783 —.839
Mean CC and mean NC —.018 —.881 —.943
Mean CC and mean P +.948 +.986 +.988
Mean NC and mean P -4-.295 —.792 —.882
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remembered that correlations between
P on the one hand and CC and NC on
the other hand are, in a sense, spurious
correlations, since CC and NC are
subscores of P. These correlations, as
well as some others, are included to
complete the table. Since P = (CC
+ NC, multiple correlations among P,
CC, and NC are necessarily unity.

Considering the initial block of trials
only, we note first that the correlation
between CC and NC is essentially zero.
Subjects’ “ability” of retaining items
from one trial to the next does not
seem to be related to their ability of
retaining items within a trial.

The second observation of interest
in Table 2 concerns the positive and
significant correlation between CC and
log SO, and the absence of any notable
correlation between NC and log SO,
in the initial block of seven trials. For
any given subject, therefore, intratrial
retention is independent of the amount
of organization that the subject im-
poses on the material, while intertrial
retention seems to be directly related
to SO.

At the empirical level, SO refers to
the subjects’ tendency to recall certain
items in close temporal contiguity to
one another. At the conceptual level,
this tendency can be thought to repre-
sent the formation and existence of
higher-order memory units. It is as
if the list items—all already in the
memory storage prior to the experi-
ment, as was argued earlier—are re-
arranged in the storage in the course
of trial-by-trial practice. Such rear-
rangement manifests itself and can be
described in a variety of ways—devel-
opment of associations of the type that
define the associative meaning of a
word (Deese, 1962); clustering in
terms of conceptual (Bousfield, 1953;
Cohen, 1963), associative (Jenkins &
Russell, 1952), or synonymic (Cofer,
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1959) categories; chunking, unitiza-
tion, or recoding as envisaged by
Miller (1956a, 1956b) ; construction of
a plan, or creation of a hierarchical
structure (Miller, Galanter, & Pri-
bram, 1960); employment of various
“mnemonic aids” as described, for in-
stance, by Balaban (1910) and Bugel-
ski (1962) ; ordering of items in recall
according to a previously learned code
such as the alphabet {Tulving, 1962b) ;
and probably many others. Subjective
organization is just a general name for
all of these processes. To the extent
that the higher-order memory units
that result from organization are not
specified experimentally and to the ex-
tent that the nature of the units is
determined by the subject’s previous
experience, it might be justifiable to
refer to these units as subjective units
(S units). The functional significance
of the development of these units lies
in the increased accessibility of indi-
vidual items constituting a unit. An
item can be retrieved on its own
merits, or through other items in its
higher-order S unit.

If we accept the assumption that the
measure of SO reflects the extent to
which initially “unrelated” list items
are formed into higher-order S units,
it becomes possible to regard the in-
creasing intertrial retention as reflect-
ing nothing more or less than the
increasing size of S units, and to en-
tertain the hypothesis that the number
of S units mediated by intertrial reten-
tion remains essentially constant over
trials. This hypothesis agrees well
with Miller’s (1956a, 1956b) concep-
tion of memory system that is limited
by the number of units that can be
retrieved in succession without inter-
vening external instructions, but not
by the information content of these
units, There is already some evidence
that large differences in first-trial free
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recall become very much smaller or
even disappear completely when reten-
tion is measured in terms of S units
rather than in terms of grammatically
designated units such as individual
words (Tulving & Patkau, 1962).
The hypothesis proposed here to ac-
count for the observed intertrial reten-
tion simply suggests that handling of
information over successive trials in a
verbal learning experiment is governed
by the same laws of invariance as is
handling of information within a sin-
gle trial.

SUMMARY

1. A subject attempting to memorize
a list of previously integrated items
under the conditions of a multitrial
free recall experiment “learns” every
single item at the time of its presen-
tation. Because of rapid intratrial for-
getting only some items can be re-
called in the output phase of the first
trial. The number of such items rep-
resents a measure of intratrial reten-
tion.

2. Recall on the second trial, as well
as on all subsequent trials, can be
analyzed into two components—intra-
trial and intertrial retention. Intratrial
retention refers to retention of items
from the input phase of the trial, inter-
trial retention refers to retention of
items from the output phase of the
previous trial.

3. The traditional learning curve
can be expressed as an additive func-
tion of intratrial and intertrial reten-
tion curves plotted against trials. For
many samples of data, one of which
was considered in detail in the paper,
intertrial retention increases as a log-
arithmic function of trials, whereas
intratrial retention decreases as a linear
function of trials. The logarithmic
learning curve of the form, P = a log
n — bn + ¢, not only describes the re-
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call performance quite adequately, but
also makes explicit the two components
of performance, ¢ log n representing
intertrial retention and ¢ — bn repre-
senting intratrial retention.

4. Although the intratrial retention
component of performance has been
observed to decrease as a function of
trials, it can be argued, on the basis of
several kinds of evidence, that this
decrease is an artifact attributable to
limited list length used in most experi-
ments, and that in an unconstrained
task involving memorization of a list
of words, intratrial retention is in-
variant at all stages of practice.

5. Supported by the finding that
intertrial retention is positively cor-
related with the amount of organiza-
tion that subjects impose on their re-
call, the hypothesis was advanced that
the increase in intertrial retention re-
flects the increase in the size, but not
the number, of the higher-order sub-
jective units of material which can be
retrieved from storage.
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