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The role of absolute and relative amounts of time
in forgetting within immediate memory:
The case of tone-pitch comparisons

NELSON COWAN, J. SCOTT SAULTS, and LARA D. NUGENT
University of Missouri, Columbia, Missourt

Many investigators of auditory sensory memory have assumed that memory loss during a reten-
tion interval of some seconds results from a process (such as decay) that depends on the absolute
amount of time that has elapsed since presentation of the sound. An alternative possibility, brought
to light by studies on immediate verbal memory, is that it is the relative, rather than the absolute,
amount of time that matters. We examine these factors in a tone-comparison study by varying not
only the retention interval between two tones to be compared, but also the interpair interval. Rela-
tive time played a role, but absolute time also appeared to be important. Several concepts of “decay”

are considered in relation to the results.

This study reassesses auditory memory loss in light of
a recent theoretical debate about the nature of forgetting
in immediate memory. At least two kinds of memory
limitation can be proposed. The first is a limit to how
long an item can be held in memory. Some memory rep-
resentations may “decay,” or become weaker or less com-
plete, as a function of the passage of time (e.g., Broad-
bent, 1958). The second is a limit to how many items can
be held in memory at one time (e.g., Miller, 1956). Given
an item limit, loss of an item is attributed to interference
from other items.

The interference principle i1s so well established that
perhaps no theorist denies its existence. Baddeley (1986)
proposed that phonological memory was lost within about
2 sec unless it was rehearsed, with no mention of inter-
ference; but that may have been intended as a simplifying
assumption. We believe that most decay theorists suppose
that both decay and interference take place concurrently.
However, a pure interference theorist holds that no true
decay occurs, only interference. The existence or nonexis-
tence of decay in immediate memory has been debated
for a long time (e.g., Bjork & Whitten, 1974; Broadbent,
1958; Brown & Hulme, 1995; Cowan, 1988, 1995; Cowan
et al., 1992; Cowan, Wood, Nugent, & Treisman, in press;
Crowder, 1976, 1993; Gardiner & Gregg, 1979; Glenberg
& Swanson, 1986; Keppel & Underwood, 1962; Koppe-
naal & Glanzer, 1990; McGeoch, 1932; Melton, 1963;
Nairne, 1992; Neath & Nairne, 1995; Peterson & Peter-
son, 1959; Schweickert & Boruff, 1986).

A related issue is whether mental events (thoughts,
images, etc.) should be counted as mechanisms of inter-
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ference or decay. Theoretical issues of this sort make
it difficult to investigate the question of decay directly.
However, a related, better defined issue that can be
examined is whether the absolute amount of time in the
retention interval makes a difference, as a decay theorist
must believe, or whether only the amount of time relative
to other events in the stimulus matters, as some interfer-
ence theorists have suggested (e.g., Crowder, 1993). For
verbal immediate memory, many investigators have rec-
ognized the precarious status of absolute time as a causal
factor. That realization has come partly because the
recency effect in free recall can be obtained after a long,
list-final distracting task provided that the items are
also separated by distracting tasks, which increase tem-
poral distinctiveness (Bjork & Whitten, 1974). Similarly,
the loss of memory of a consonant triad during a dis-
tracting task occurs only after several trials have been
completed, suggesting that long retention intervals
may lower recall not by allowing decay, but by eliminat-
ing the temporal distinctiveness of the last triad (Keppel
& Underwood, 1962). These findings do not prove
that there is no decay factor operating in such tasks
(e.g., see Cowan, 1995), but they challenge the decay
concept. '

Within the area of auditory sensory memory, many in-
vestigators have assumed that there is a role of absolute
time. (For a review, see Cowan, 1984.) For example,
there have been many studies in which subjects heard
two tones separated by a silent retention interval (RI) on
a particular trial and were to compare the pitches of the
tones. The general finding is that the proportion correct
declines as the duration of the RI increases, even when
there is no task for the subject between the tones other
than to try to remember the first tone. The conventional
conclusion from tone-comparison studies is that the
auditory sensory memory representation of the first
tone in the pair is lost during the RI as a function of the
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passage of time per se, making that representation in-
creasingly unavailable for comparison with the second
tone.

However, there is an oversight in the vast sound-
comparison literature that challenges the above interpre-
tation. To our knowledge, researchers in that area have
attended to only one of two problems with inferences
about absolute time. They have tried to control for effects
of retroactive interference in memory during the retention
interval (e.g., Massaro, 1970). However, they have not
worried about the temporal distinctiveness of the sounds
within the current trial. This distinctiveness theoretically
could play such an important role that it might even ac-
count for all of the memory loss over time, with no role
of decay at all. One reason is as follows.

In two-tone comparison tasks, the time between the
second tone of one trial and the first tone of the next typ-
ically ranges from 2 to 6 sec, long enough for the subject
to make a response. However, performance typically de-
clines until the tones in a pair are separated by an RI of
about 20-30 sec. Notice that when the RI is very long,
the first tone in a pair is closer in time to the tones of the
previous trial than it is to the tone to which it is supposed
to be compared. If the tones are grouped in memory on
the basis of temporal proximity, a long RI could increase
the tendency for the two tones in a pair to be perceived
as being in different groups, making a comparison between
them more difficult.

We carried out an experiment to examine this group-
ing factor in tone comparisons. The silent RIs between
tones to be compared could be 1.5, 3.0, 6.0, or 12.0 sec.
However, unlike previous studies, the silent time be-
tween tone pairs, which we will term the interpair inter-
val (IP1), also was varied independently. The IPI (which
included the response to the previous pair and then a silent
distracting task) could be 3.0, 6.0, 12.0, or 24.0 sec.
There were 16 conditions in the experiment, formed
from each possible combination of length of the prior IPI
and length of the RI. All conditions were presented to all
subjects.

The mechanism of an overall effect of the RI could be
either time-based forgetting or a loss of temporal distinc-
tiveness of the current trial’s tones with increasing Rls.
It is possible to distinguish between these mechanisms
by examining trials with a fixed IPI:RI ratio, for which
temporal distinctiveness is, for all practical purposes,
held constant. (Any remote effect of the durations be-
tween tones two or more trials earlier than the current
one is assumed to be negligible.) The intervals that we
selected provided four data points for which the RI var-
ied over a wide range (1.5-12 sec), but for which the
[PI:RI ratio remained fixed at 2:1. It was also possible to
examine data points for several other IPI:RI ratios. Any
effect of the RI among trials with a common ratio is taken
to indicate a loss of memory due to the absolute amount
of time that elapsed between tones, rather than temporal
distinctiveness.

METHOD

Subjects

Subjects (N = 28; 16 men and 12 women) received course credit for
their participation. Data from two other men were excluded because
their overall performance levels were near ceiling (=97% correct).

Stimuli

The sounds were 200-msec-long sine-wave tones, with on- and off-
ramps of 20 msec, played at approximately 63 dB(A) as measured with
a sound-level meter and earphone coupler. On the basis of pilot data,
tone sets were constructed for frequency differences between tones
(Afs) of 1%, 1.5%, 2%, and 3%. Each of these sets included standard
tones with a frequency of 500, 625, 781, 977, 1221, 1526, 1907, and
2384 Hz. For a particular set of tones with Af'= X%, the second, com-
parison tone was X% lower or X% higher in frequency than the stan-
dard. For example, within the 2% tone set, a standard tone of 500 Hz
could be followed by a comparison tone of either 490 or 510 Hz. Each
of the eight standard tones could be followed by a higher or a lower tone.
The first tone in a trial was preceded by an IPI of 3, 6, 12, or 24 sec,
and the tones were separated by an RI of 1.5, 3, 6, or 12 sec. All 256
combinations of these possible conditions were used for each subject.

Apparatus and Procedure

The experiment was administered to each subject individually in a
sound-attenuated room via a Power Macintosh computer and TDH-49
audiological headphones. Following a brief familiarization, the first
phase of the experiment was a pretest designed to determine the level
of Afthat the subject could discriminate. The resulting level of Afwas
used for that subject throughout a brief practice phase and the main
phase of the experiment.

Familiarization and pretest phases. Subjects learned what the tones
would sound like and learned to use the up and down arrow keys on the
computer to label each tone pair according to whether the second tone
was higher or lower in pitch than the first. To alert the subject on each
trial, a change in the background color of the screen from yellow to
blue occurred 250 msec before the first tone in a pair was to be pre-
sented. Blue was maintained, with no distracting task but with the
word “listen” printed on the screen in large type, until after the second
tone in the pair was presented. Then a response screen appeared, with
a green background. The subject had 2 sec in which to use the arrow
keys to respond “higher” or “lower,” and a response was followed im-
mediately by feedback for 500 msec indicating whether the response
was correct or not. Failure to respond within a 2-sec period resulted in
the response’s being counted as incorrect and in feedback stating that.

In the pretest, subjects received tone sets with 3%, 2%, 1.5%, and
1% AfS, in that order. Within each tone set, each of the 16 possible tone
pairs occurred once (in random order), always with a 1.5-sec RI be-
tween tones in a trial and a 3-sec IPI between the second tone of one
trial and the first tone of the next. The smallest A fat which the subject
was correct on 13 of 16 trials was the one used in the main phase of the
experiment. However, if a subject did not achieve this level of success
for any Af, testing proceeded with a Af of 3%. In pilot testing we had
found that subjects still performed in the testing phase at a level con-
siderably above chance. The lowest individual mean performance level
was 62%.

Practice and test phases. Each subject was tested only at the Afre-
sulting from the pretest. The first three trials were practice trials for
which a silent task was introduced. It was to be carried out repeatedly
during each IPI (immediately after the response to the prior tone pair,
taking up <2 sec of the IPI), but not during the RI. The silent task in-
volved pressing the left or right arrow key to signify the direction of
movement of a small icon on the screen. The purpose of this silent task
was to ensure that the subject remained engaged in the experiment and
facing the screen during these sometimes long IPIs. After each left or
right arrow keypress in the silent task, there was a 250-msec delay until
the icon moved again, 11 to 25 pixels left or right, randomly deter-
mined with the restriction that it could not move off the screen. To illus-
trate to subjects the range of delays, the three practice trials were ran-



domly selected with several restrictions. Three different tone pairs
were used, the longest and shortest RIs and IPIs both were used at least
once, and at least one upward and one downward shift in frequency
were included in the first two practice trials. The procedure was oth-
erwise the same as in the pretest phase.

In the test phase, each of the 256 possible combinations of tones
and timing occurred once. The procedure for these trials was other-
wise identical to that used in the practice phase.

RESULTS

The number of subjects who were tested at each Af
and the overall proportion correct achieved by those sub-
jects in the test phase were as follows: for Af = 1%, N =
5,M=83,SD=_11;forAf = 1.5%: N =5, M= 86,
SD = .06; for Af=2%,N=3,M = 84,SD = .11; and
for Af = 3%, N =15, M = .76, SD = .12.
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The means for all combinations of [PI and RI are shown
in Table 1. An analysis of variance (ANOVA) with 1P and
RI as factors produced main effects of both IPI [F(3,81) =
3.93, MS, = 0.006, p = .011] and RI [F(3,81) = 20.01,
MS, = 0.010, p = .000]. However, there was no interac-
tion between these factors (F < 1). Table 1 shows that
performance was best when the IPI was long and when
the RI was short.

According to the standard signal-detection-theory
analysis of two-interval forced-choice tasks (e.g., Green,
1964), a d’ sensitivity measure can be calculated from
the proportion correct. It is reported within brackets in
Table 1, along with numbers showing the discrepancy
between each mean proportion and the corresponding
proportions for ascending or descending trials only. The
fact that all but one of these numbers are positive indi-
cates that performance was generally a little better in as-
cending-tone trials; this corresponds to a well-known
time—order error in comparison judgments (Hellstrom,

Table 1
Mean Proportion Correct in Each Condition and
Associated Measures

Retention Interval Between Tones in a Pair

Interpair
Interval 1.5 sec 3 sec 6 sec 12 sec
3 sec .81 .82 .79 .70
[1.24,.01] [1.29, .01] [1.14, .03] [0.74, .04]
6 sec .82 83 .80 .76
{1.29, —.01] [1.34,.04] [1.19, .04] {1.00, .06]
12 sec .85 .82 .82 .74
[1.47,.03] [1.29,.02] [1.29,.02] [0.90, .02]
24 sec .86 .82 .82 .76
[1.53,.01] [1.29,.02] [1.29, .05] [1.00, .06]

Note—The first number reported in brackets is d”, a sensitivity mea-
sure, according to Elliott (1964, Table II), calculated from the group
mean. The second number in brackets, when added to (or subtracted
from) the proportion correct, yields the proportion correct for ascend-
ing (or descending) tone trials only. The standard errors of the mean
for individual cells range from .02 to .03. Based on the subjects X
conditions MS, from a one-way ANOVA across all conditions, a
within-subjects 95% confidence interval for each cell (see Loftus &
Masson, 1994) is M + .03. These confidence intervals characterize the
pattern of means by condition. However, the 95% confidence interval
for the grand mean is .80 + .04, and the entire pattern by conditions has
to be shifted up or down within that interval to yield the correct pop-
ulation grand mean.
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Figure 1. Mean performance level for each combination of the in-
terpair interval (IPI) and the retention interval (RI) between tones to
be compared. Means with the same IPI:RI ratio have a common
symbol and are connected by lines, as shown in the legend.

1985). The pattern of responses appeared basically sim-
ilar in ascending and descending trials.

The IPI effect can be attributed to the importance of
maintaining temporal distance from previous trials in
order to limit proactive interference. The effect of the RI
is, however, ambiguous. It could be attributed to the im-
portance of limiting the absolute time between tones or
to the importance of having this time be short relative to
the distance between the present trial and previous ones.

Additional information about the RI effect is obtained
by examining trials with a fixed ratio between the pre-
ceding IPI and the RI. For example, a 2:1 ratio was rep-
resented in our experiment by IPI:RI combinations of
3:1.5, 6:3, 12:6, and 24:12 sec. The other ratios we could
examine (with the number of relevant data means shown
in parentheses) are 16:1-(1), 8:1 (2), 4:1 (3), 2:1 (4), 1:1
(3), 1:2(2), and 1:4 (1). All of these means are shown in
Figure 1, with lined connecting means with the same
IPL:RI ratio. The figure indicates that there was a decline
in performance levels across Rls even with the IPI:RI
ratio held constant. These effects of absolute time were
verified statistically in one-way analyses for data with a
particular fixed IPI:RI ratio, with RI as the independent
variable. Significant effects of RI emerged in the analy-
ses for an IPLRI ratio of 2:1 [F(3,81) = 3.08, MS, =
0.008, p = .032] and of 1:1 [F(2,54) = 4.83, MS, = 0.009,
p = .012]. These are the only two ratios that include at
least three data means and also data for the 12-sec RI,
where the most extreme forgetting appeared to occur. No
significant effect was obtained for the other ratios with
two or more data points (4:1, 8:1, and 1:2). However, only
one of these ratios (1:2) included a condition with a 12-
sec RI.



396 COWAN, SAULTS, AND NUGENT

Inasmuch as a silent distracting task was carried out
during the IPI but not during the RI, the IPI effects may
be attenuated; the alternation between the distracting
task and the tone-memory task could serve as a supple-
mentary, nontemporal basis of distinctiveness separating
the trials. However, we see no way in which this couild
compromise the conclusion that the R had an additional
effect not due to distinctiveness.

DISCUSSION

Of the vast literature on tone frequency, this is, to our knowledge,
the first study to examine effects of time with an attempt to hold dis-
tinctiveness constant. The findings clearly suggest that there was an
effect of the absolute time that elapsed between tones to be compared,
even with the ratio between the IPI (before a trial) and the RI (between
the tones) held constant. In addition, there was an effect of temporal
distinctiveness as reflected by the IPI.

The Rl effects will not surprise those who study event-related, elec-
trical, and magnetoencephalographic brain correlates of memory. Two
relevant components (reviewed by Nédtidnen, 1992) are the “mismatch
negativity” response to discriminable changes in a repeated sound and
habituation of the “N100” response to new acoustic elements. Both of
these phenomena can occur even if the sounds are ignored, but they
occur only if the sounds are presented fairly close together, with inter-
stimulus intervals of about 10 sec or less (Bottcher-Gandor & Ulls-
perger, 1992; Lu, Williamson, & Kaufman, 1992; Samms, Hari, Rif, &
Knuutila, 1993). Thus, there appear to be two processes in the brain
that depend on the vividness of temporary memory traces. What is crit-
ical about these physiological indices is that they are not contaminated
by distinctiveness effects like the behavioral measures because, in most
such studies, the interval between sounds was held constant through-
out a recording session, making the ratio of any two adjacent inter-
sound intervals always 1:1.

The Concept(s) of Memory Decay

The importance of an absolute amount of time in forgetting is usu-
ally stated in terms of the concept of “memory decay.” Unfortunately,
this term is ambiguous enough to be confusing. We will describe three
different definitions of memory decay, each one stronger than the pre-
vious one, and will describe our position on each one.

Decay Definition 1. The first definition of memory decay for a par-
ticular target stimulus is that the ability to recall the target is lost across
acertain retention interval at a certain minimum rate regardless of what
came before the target, and regardless of whether there is a stimulus or
task in the retention interval. Under this definition, however, if decay
occurs, it does not rule out the possibility that interference from a stim-
ulus or task in the retention interval can exacerbate the rate at which
forgetting occurs, in which case the observed rate of forgetting would
overestimate the rate of decay. Under this definition, the present find-
ing of forgetting across Rls that did not contain any task or stimulus,
despite a fixed IPI:RI ratio, appears to serve as evidence of decay of
memory for tone pitch.

One temporal distinctiveness-based theory of immediate recall, that
of Glenberg and Swanson (1986), probably could be adapted to ac-
count for our results, but we wonder whether it might implicitly incor-
porate decay according to the definition offered above, rather than
serving as an alternative to decay. In their model, which was designed
to account for the free recall of verbal lists, there are “search sets” that
become longer in duration as one goes farther back in the list. A search
set must be used to retrieve items, and it is more difficult to do so when
a larger number of items fall into the same search set. The “ratio rule”
emerges from the direct relation between the closeness of an item to the
beginning of the list and the temporal extent of the search set that in-
cludes it. However, there are two parameters in the model that can lead
to a discrepancy between the ratio rule and the predicted results. First,
there is a noise parameter that is proportional to the temporal extent of
the search set, resulting in poorer performance for more extensive
search sets even at constant ratios. Second, there is a temporal param-

eter (termed wl), such that the subject is able to reinstate the temporal
context of the most recent w1 seconds of the list.

Applying Glenberg and Swanson’s (1986) theory to our tone-com-
parison procedure, the relevant “list” would be a series of trials and the
relevant “search set” would be one that included the first tone in a pair
but excluded tones from previous trials. The decline in performance
across Rls with an equal IPI:RI ratio could be accounted for on the
grounds that larger intervals contain more noise. Alternatively, it could
be accounted for on the grounds that the context that can be reinstated
lasts for wl seconds, shorter than the longest (12-sec) Rl in our study.
However, notice that both the noise parameter and the w1 parameter
were said to depend on absolute, rather than relative, amounts of time.
Given that we required no task during the RI between tones, any noise
would be primarily internal, neural noise. The above definition of
decay allows that internal noise could be the cause of decay. Similarly,
why might wi allow a reinstatement of the original context of the ex-
periment? One plausible reason is that subjects can make use of a type
of memory representation that decays after wl seconds.

Thus, our empirical result does reveal a departure from the ratio
rule. That departure would not have been expected according to many
theoretical treatments of the distinctiveness theory (e.g., Bjork &
Whitten, 1974; Crowder, 1976). Although it might be predicted by
Glenberg and Swanson (1986), one could argue that theirs is not purely
a distinctiveness-based theory and may implicitly model decay.

Our finding of decay according to the definition offered above may
apply only to auditory sensory memory. It is not yet clear if it occurs also
in verbal short-term memory. Certain other investigators of verbal short-
term memory have observed memory loss over time by using innovative
procedures to make sure that it was not a result of retroactive interference
during the retention interval (e.g., Reitman, 1974; Wingfield & Byrnes,
1972). However, these studies cannot resolve the issue, because the ratio
of the intertrial interval to the retention interval was not controlled.

Decay Definition 2. The next definition of decay incorporates the
postulates of the first one but further states that the decay is not caused
merely by interference from some controllable mental process during
the retention interval. Any process that can be altered with instructions
(c.g., repeating a word; remembering a melody) is considered control-
lable, as would be particular thoughts that the subject had during the
retention interval but could have avoided if asked to. However, this de-
finition leaves open the possibility that the source of decay is some un-
controllable process, such as corrosion of the temporary memory rep-
resentation through an ambient level of neural noise or depletion of
certain physiological resources used up by the temporary memory pro-
cess. After all, the passage of time logically can have an effect only
through some mediating process.

Obviously, empirical investigation of this definition of decay will be
more difficult. In one relevant tone-comparison study, Keller, Cowan,
and Saults (1995) found that there was a relatively small (about 10%)
effect of requiring performance of a distracting, silent mental activity
(rehearsing a melody or a verbal sequence) during 10-sec Rls, in com-
parison with a condition in which the subject was free to think about
the standard tone during the Rls. This suggests that there was some ef-
fect of controllable mental processes even in the absence of interfering
tone stimuli. However, there was considerable memory loss even with
no distracting task, holding open the possibility that this stronger type
of memory decay exists at least in the sensory domain.

Decay Definition 3. This strongest possible definition of memory
decay states that the loss of information occurs according to a fixed
rate that is in no way altered by intervening stimuli, tasks, or control-
lable mental processes. No theory known to us strictly adheres to this
definition. The description of the phonological loop provided by Bad-
deley (1986) comes close in that it states an approximately 2-sec pe-
riod for phonological memory loss without mentioning potential ef-
fects of interference. However, the account does maintain that rehearsal
can renew the memory trace. Moreover, we suspect that the lack of
emphasis on interference effects was meant as a convenient simplifi-
cation rather than as a complete description of processing. Cowan et al.
(in press) and Neath and Nairne (1995) discuss the potential for inter-
ference factors within the word-length effect.

In sum, an extension of theorization from verbal working memory
to the domain of auditory memory has proved useful in allowing a
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demonstration that both temporal distinctiveness and the passage of
time per se are important in tone memory. It remains to be determined
if delay effects can be observed for verbal stimuli with the temporal
distinctiveness of trials controlled as in the present study for tones.
Questions of the nature of forgetting over time, the existence of mem-
ory decay, and its appropriate definition seem fundamental to an un-
derstanding of various types of immediate memory and should be the
objects of further study in the near future.
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