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ABSTRACT

Current views of auditory memory are examined. The sensory buffer hypothesis is
critically reviewed, and it is argued instead that auditory memory is the function of
a system whose various subdivisions differ considerably in the persistence with which
they retain information. It is further argued that, rather than being susceptible to
general influences such as capacity limitation, acoustic memory is subject to highly
specific interactive effects which vary systematically as a function of the relationships
between the elements involved.

PsyCHOACOUSTICAL RESEARCH has accumulated a large body of evidence
concerning the characteristics of the system that processes incoming audi-
tory information. In contrast, very little is known about the system which
retains such information once it has arrived. It i« generally supposed that
non-verbal information is held only transiently in a buffer store, while it
awaits verbal encoding. The form in which this hypothesized buffer store
is organized has received very little attention; the assumption usually
being made that information is here subject to gencral influences such as
decay (Broadbent, 1958), displacement on a simple first-in, first-out basis
(Crowder & Morton, 1969 ), or channel capacity limitation ( Posner, 1967).

This article is concerned with models of memory for non-verbal audi-
tory information. The argument is made that, although some acoustic
attributes may be retained only transiently, others are held for very long
periods in the absence of verbal encoding. Furtlier, it is argued that pre-
vious models made use of notions of categorical or precategorical informa-
tion storage that are quite ambiguous. The more specific hypothesis is
advanced that memory for an acoustic attribute is the function of an
array whose elements are activated by specific values of this attribute.
Interactions take place along this array which vary systematically as a
function of the relationships between the interacting elements.

THE SENSORY BUFFER HYPOTHESIS AND THE
DurarioN oF AubITORY MEMORY

“The first detailed version of the sensory buffer hypothesis was suggested
by Broadbent (1958), who proposed that information is first stored in a
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large capacity sensory system (the S-systen) where it decays very rapidly.
The material is saved from obliteration only by verbal encoding, which
allows it to enter short term memory (the P-system). Broadbent did not
proposc that independent systems exist for the storage of information ar-
riving via different sensory modalities. Tlewever, later theorists (Sperling,
1963, 1967; Atkinson & Shiflrin, 1968; Crowder & Morton, 1969) amended
Broadbent's general scheme to assume the existence of modality-specific
stores. .

Arguments for the sensory buffer hypcthesis are based both on intro-
spective and experimental evidence. Sub ectively, there is a clear quali-
tative distinction between memory for evznts that occurred within a few
seconds and for those that occired less recently. The auditory image
particularly possesses an initial richnes: and specificity which is lost
rapidly, and memory for an acoustic stimulus appears relatively schematic
after some time has elapsed. Neisscr (1967 ) has aptly described the period
of a few seconds following auditory stimu'us presentation as the period of
“echoic memory.” Proponents of the sensory buffer hypothesis argue that
auditory information is retained in a sepa-ate, large capacity store during
this period; and that the residue which 1emains later has been verbally
encoded and resides in a limited capacit: short-term memory store. But
this is not a necessary conclusion. One m:ght alternatively suggest that a
complex acoustic stimulus is represented in memory as a set of features,
which differ in their decay characteristics and susceptibility to interfer-
ence. The subjective richness of acoustic memory during the first few
seconds following stimulus presentation 1eflects the presence of features
that deteriorate rapidly, leaving a smaller set of more enduring features
to represent the stimulus over a longer time span. The advantage of this
alternative hypothesis is that it does not require the assumption that infor-
mation is transferred from one store to another.

Experimental cvidence for a rapidly deteriorating acoustic trace has
been provided in various types of study. One group has been concerned
with memory for acoustically presented verbal materials. For instance,
when memory is tested for a list of verbal items presented either acoustic-
ally or visually, substauntially fewer errors occur for items at the end of the
list with acoustic than with visual presentation (Corballis, 1966; Murdock,
1967). Similarly, when a list of items is presented visually, vocalization at
presentation favours recall, but again at the later serial positions (Murray,
1966; Conrad & Hull, 1968; Crowder, 1970). Other experiments confirm
the superiority of acoustic over visual input modality during the first few
seconds following stimulus presentation (Cooley & McNulty, 1967; Craik,
1969; Murdock & Walker, 1969; Morton, 1970; Morton, Crowder, & Prussin,
1971; Crowder, 1970, 1971, 1972 ). When a list of verbal items is presented
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acoustically, recall is disrupted if the eaperimenter emits a single extra
item at the end of the list, even though this item is redundant. The disrup-
tive eflect of the suflix is greatest al the teeminal portions of the serial
position curve and only occars if the suffix is presented within one or two
sceonds following the memory list. Crowder and Morton interpret these
results in terms of a rapidly decaying acoustic trace which is also subject
to displacement by subsequent acoustic events.

Crowder and Morton (1969) have proposed that the precategorical
components of acoustically presented speech av: retained in a Precate-
gorical Acoustic Store (vas) where they decay within two scconds. How-
ever, other findings are at a variance with this vicw. Murdock and Walker
(1969), Murdock (1971), and Murdock (1972} have shown in various
studies that non-verbal spcech componerits are preserved for at least five
to ten seconds following stimulus presentation. Cole, Coltheart, and Al-
lard (1974) found that recognition judgments for spoken letters are facili-
tated when the letters to be compared are spoken in the same voice rather
than different voices, even with an eight-second nterval between presen-
tations. Indeed, Craik and Kirsner (1974) found that this same voice
facilitation did not decline over a two-minute retention interval. Such
results argue strongly that the acoustic properties of speech survive in
memory for substantially longer periods than or:ginally proposed for the
PAS.

Other studics have demonstrated a rapidly deteriorating memory for
certain non-verhal acoustic attributes. Guttman and Julesz (1963) showed
that the repetition of a segment of white noise becomes difficult to detect
when the segment is more than a sccond in ler.gth. Pollack (1972) has
demonstrated that recognition of a sequence of interval-pnlse coded stimuli
is optimal with a gap ot .5 seconds between sequences, and deteriorates
when this gap is lengthened. Treisman and Rostron (1972) presented two
sets of tonal stimuli in rapid succession, and required subjects to judge
for cach set independently whether a probe tone presented after a delay
had Dheen included in the set. They found that performance deteriorated
to an asymplote within two scconds (though it is unclear whether this
deterioration was due to a loss of item or order information). Further,
although memory for the pitch of a single tone decays only slowly with
time (Ilarris, 1952), the interpolation of a sct of tones during a retention
interval of only a few seconds will produce severe memory deterioration
(Deutsch, 1970).

These experiments all demonstrate that certain acoustic attributes de-
teriorate rapidly in memory, and may be cited in support of the scnsory
buffer model. However, they are also consistent with the alternative hy-
pothesis that acoustic attributes vary in their rates of decay or suscepti-
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bility to interference. On this view. the above studies are simply demon-
strations of the transience in memory of certain speciﬁ(‘, acoustic attri-
butes. The example of music may be cited in further support of this argu-
ment. It is clear from general considerations that music must involve a
heterogencous memory system, whose subdivisions vary considerably in
the persistence with which they retain information. For instance, the
system that stores abstracted tonal relationships (forming the basis for
melody and harmony recognition) must be capable of retaining highly
specific information over long periods of time (Attneave & Olson, 1971).
This is not true, however, of the system that stores absolute pitch values,
since only rare individuals are able to reproduce or recognize a tone in
the musical scale, in spite of our daily exposure to a multitude of such
tones. We can, therefore, conclude that some non-verbal acoustic attributes
are retained in transitory fashion, and yet others are held very securely
in memory. Paivio (1969) and Shepard (1967) also argue from visual
studies that we must be capable of long-term non-verbal information
storage.

THE FORM OF AUDITORY INFORMATION STORACE

Most discussions concerning the form of auditory information storage
have centred on the categorical status of the retained material. This
emphasis is also due to the sensory buffer hypothesis, which assumes that
information, after traversing the sensory pathways, is first stored transi-
ently in “raw, uncategorized” form; and later, more durably, in “cate-
gorized” form. Various arguments have becn advanced to support this
hypothesis. However, the meaning of the term “categorization” has not
been clearly spelled out in these arguments; rather, they have relied on
indirect evidence, and so have neither confirmed nor refuted the hypothe-
sis in a satisfactory way.

Onc argument that has been made for the existence of a transient un-
categorized acoustie store involves memory for unattended input. Such
memory has been shown to deteriorate more rapidly than memory for
attended materials (Erickson & Johnson, 1964; Treisman, 1964a, 19645 ).
Some have reasoned here that since these materials had not been attended
to, they could not have been categorized by the listener (Neisser, 1967,
Treisman, 1964a, 1964b). However, this argument rests on a specific
theory of selective attention, which maintains that categorization does
not occur prior to the attention process (Broadbent, 1958; Treisman,
1964a, 1964b). This theory has been challenged on experimental grounds
by Deutsch and Deutsch (1963), who proposed instead that all incoming
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information, whether attended to or not, is categorized; and that selective
attention results from such categorization. Since this alternative theory
was presented, further strong evidence has accumulated that unattended
materials are indeed categorized at high cognitive levels (Lewis, 1970;
Corteen & Wood, 1972). Studies of mcmory for unattended input cannot
therefore be taken as de facto evidence for uncategorized acoustic mem-
ory storage.

"A further attempt to infer the existence of a transient preperceptual
acoustic store was made by Massaro (1970, 1972). The argument used
here was rather complicated. Massaro presented subjects with one of two
tones, of 20 msec duration, which they had alrcady learned to classify as
“high” or “low” (though these were actually close in pitch). He then pre-
sented a second tone of 500 msce duration which followed the first after a
varying time interval. Massaro reports that judgment of the first tone was
disrupted by the sccond as a function of their temporal proximity, and
that this interference cffect was not reduced when the second tone was
presented to a different ear. The disruptive effcct of the second tone de-
clined with increasing inter-tone interval, and no disruptive effect oc-
curred when the two toncs were 250 msec apart. Thus, during this 250
msec period, classification of the first tone became increasingly resistent
to interference. :

Massaro infers from thesc observations that, during the first 250 msec
following its presentation, auditory information is retained in a preper-
ceptual acoustic store where it decays during this period. Information is
fed from this store into a perceptual store at a rate determined by its
amount in the preperceptual store. However, this is by no means a neces-
sary conclusion. Memory consolidation, as manifest by increased resis-
tance to disruption, has been shown to occur over very long time periods
(Deutsch & Deutsch, 1973); and in such cases we would certainly not
want to infer the existence of a slowly decaying preperceptual store which
gradually transfers its contents into a categorical store. Although it could
still be argued that short-term consolidation is due to such a process, there
are no good reasons for accepting this theoretical formulation in prefer-
ence to a morc simple and direct explanation in terms of a single time-
dependent consolidation process.

Further, Massaro’s experimental observations have been challenged by
Leshowitz and Cudahy (1973) in a careful parametric study. They found
that the interference tone significantly degraded performance only with
a 10 msce signal delivered to the same ear. In conflict with Massaro’s
claim, they found no performance decrement when the second tone was
presented to the contralateral ear. This is in accordance with other studies
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on contralateral masking (Zwislocki, 1972). Leshowitz and Cudahy there-
fore conclude against an interpretation of this interference cffect in terms
of perceptual or mnemonic processes.

Another approach to the study of very short-term acoustic storage has
been to use materials which are in essence uncategorized at the level of
stimulus generation. This was achieved by Guttman and fulesz (1963)
who juxtapesed segments of random noisc where these segments were
either identical or generated independently Listeners were able to detect
an iteration of the same scgment with ease when it was less than a second
in length, but found this task more difficu t with longer segments. This
study has been quoted as providing an estimate of the duration of uncate-
gorized acoustic memory. However, the basis for this inference has never
been elearly stated and is rather obscure. Perhaps it is reasoned that since
the stimulus to be recognized was here geaerated by a random process,
some tape recorder form of memory would be needed to store it success-
fully. However, this is not a necessary conclasion. The fact that a stimualus
consists of randomly generated components shows nothing about the
organization of the system which retains it The results of Guttman and
Julesz (1963) are therefore consistent with a variety of models of very
short-term acoustic storage.

All the above lines of argument suffer from a lack of clear statement as
to what constitutes “categorization” of a sensory stimulus, and so from a
lack of clear procedure for determining whether or not this has taken
place. Two definitions of categorization may here be advanced. The first
is the placement of the information in its .ppropriate position along an
appropriate stimulus dimension. Evidence for such categorization may
then be obtained by finding specific interactive cffects between this and
other information as a function of their proximity along this dimension.
The second proposed definition involves the partitioning of such a sensory
dimension into discrete segments such that stimuli falling within a seg-
ment are discriminated with difficulty, but stimuli falling on either side of
a boundary between adjacent segments are discriminated more easily.
This type of categorization has been demonstrated in perception of pho-
nemes  (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967,
Studdert-Kennedy, Liberman, Harris, & Cooper, 1970). It has also been
shown to occur in perception of musical intervals by trained musicians
(Burns & Ward, 1973; Siegel, Siegel, Harris, & Sopo, 1974) and of pitch
stimuli by a few such individuals, especiaily those with absolute pitch
(Siegel, Sicgel, Harris, & Sopo, 1974).

Fxperimental evidence is here advanced that. over time periods of a
few seconds, acoustic information is stored categorically according to the
first of the two above definitions. These expe-iments show that pitch mem-
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ory is subject to highly specific interactive effects, which vary systematic-
ally as a function of the pitch velationships besween the interacting ele-
ments; and so argue that it is the function of a specifically and systematic-
ally organized continuum. These experiments are not addressed to the
question of categorization according to the second of the above two defi-
nitions, i.c., the partitioning of the continuum into discrete segments as
manifest in identification and discrimination tasks.

The first experiment explored the effect on recognition performance
produced by a tonc forming part of a sequence interpolated between a
standard and comparison tone, as a function ¢f its pitch relationship to
the standard tone (Deutsch, 1972a). Subjects were instructed to judge
whether two tones were the same or different in pitch when these were
sceparated by a five-sec retention interval during which six other tones
werc played. The standard and comparison tenes were either identical
in pitch, or they differed by a scemitone. All ton s were 200 msee in dura-
tion, and were separated by 300 msec pauscs, lewing a 2-sec pause before
the comparison tone. In all conditions but one, there was placed in the
second serial position of the intervening sequence a tone whose pitch bore
a critical relationship to the pitch of the stand:rd tone. This relationship
varied in % tone steps from identity to a who'e tone separation on the
equal-tempered scale. The other tones in the intervening sequence were
all at least 1% tones removed from the standard tone. In the final condition,
the pitch of the tone in the sccond scrial position of the intervening se-
quence was chosen in the same way «s were the other intervening tones.
This condition thus provided a baseline for estimating the effects of the
critical intervening tones. The entire group of sequences was presented in
random order, with no separation by condition. Twelve subjects were
selected for this experiment, on the basis of obtaining a score of at least
90 per cent correct on a short tape designed as i the baseline condition.

The results of this experiment are shown on J7igure 1, which plots per-
centage errors in pitch comparison as a function Hf the pitch separation he-
tween the standard tone and the critical intervening tone. It can be scen
that the crror rate did indeed vary svstematically as a function of the pitch
relationship between the standard tone and the critical interpoluated tone.
When these two tones were identical in pitch. memory facilitation was
produced. Errors rosc progressively as the pitch of the critical interpolated
tone moved away from the pitch of the standard tone, peaked at a separa-
tion of % tone, and returned roughly to baseline at a whole tone separation.
The error rate in the condition where the criti:al interpolated tone was
identical in pitch with the standard tone was significantly lower than base-
line (p < .02, two-tailed, on a Wilcoxon test) Further, the error rates
were significantly higher than baseline in the conditions where the critical
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Ficure 1. Percentage errors in pitch compari-
sons plotted as a function of the pitch separation
between the standard tone and the critical inter-
vening tone. The line labelled Null shows per-
centage errors in the baseline :ondition where
no tone closer in pitch to the standard tone than

% tones was included in the intervening se-
quence.

intervening tones were % tone, % tone, % tone, or ¥ tone removed from the
standard tone (p < .01, two-tailed, on Wilcoxon tests, for all comparisons).

One must conclude that the pitch memory system is precisely and sys-
tematically organized. Further, the function shown on Figure 1 was ob-
tained by superimposing plots derived from sequences where the standard
and comparison tones were placed at different points along the pitch con-
tinuum, ranging from C,(259 Hz) to B,(483 Hz). Since the musical scale
is a logarithmic function of waveform frequency, an identical pitch rela-
tionship on this scale is based on an increasing difference in waveform
frequency as the scale is ascended; this difference doubling over an octave.
Thus, if the pitch memory system were arranged in some way other than
logarithmic, the peak of crrors should shift systematically with a shift in
the standard tone pitch. However, no such peak shift could be discerned
in this experiment, which indicates strongly that this system is the function
of an array along which elements are tonotopically organized on a log
frequency dimension. Attneave and Olson (1971) have also argued from
general considerations of music that pitch interactions must occur along
a log frequency continuum.
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Given that specific disruptive interactions take place within the pitch
‘memory system, the question arises as to their underlying basis. A further
experiment explored systematically the effects on pitch recognition of in-
cluding in an interpolated sequence a tone which was a semitone removed
from the standard tone (Deutsch, 1973). This experiment demonstrated
the presence of at least two separable disruptive effects, First, interpolating
a tone that is cither a semitone higher or lower than the standard tone pro-
duces a significant disruptive cffect which cumulates in size when two such
tones, one a semitone higher and the other a semitone lower, are both inter-
polated. Second, a significantly and substantially larger disruptive effect
occurs when the critical interpolated tone is identical in pitch with the
comparison tone, and the standard and comparison tones differ in pitch.

It was theorized that the second of the two above effects is due to a
deterioration of information along a temporal or order continuum
(Decutsch, 1972D). Errors would then be due to the subject recognizing
correctly that a tone of the same pitch as the comparison tone had occurred,
but assuming incorrectly that this had been the standard tone. If this hypo-
thesis were correct, then the amount of memory disruption produced by a
tone of identical pitch with the comparison tone should vary as a function
of its position in the intervening sequence. The closer the position of this
tone relative to the standard tone, the more difficult it should be to dis-
criminate their two positions, and so the greater should be the number of
false recognition judgments.

This prediction was tested in the following experiment. Subjects were
instructed to compare two tones for pitch when these were separated by
a sequence of six intervening tones. The temporal parameters were identi-
cal with those in Deutsch (1972a). In half of the scquences the standard and
comparison tones differed in pitch by a semitone. A tone of the same pitch
as the comparison tone was interpolated either in the second serial position
of the intervening sequence, or in the fitth serial position, or not at all. In
the other half of the sequences the standard and comparison tones were
identical in pitch. And analogously, a tune which was a semitone removed
from this pitch was interpolated either in the second serial position of the
intervening sequence, or in the fifth serial position, or not at all. The entire
group of sequences was presented in random order, with no separation by
condition. Subjects were selected for obtaining a score of at least 85 per
cent correct on a small tape containing sequences in which no tone a semi-
tone removed from the standard tone was included among the interpolated
tones. Sixtcen subjects were selected for this experiment, the selection rate
being about onc in four.

It was found that, in sequences where the standard and comparison tones
differed in piteh, the critical interpolated tone produced substantially more
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errors when it was positioned close to the st: ndard tone than when it was
positioned farther away. The error rates at each serial position differed sig-
nificantly from baseline, and they also diflered significantly from each
other (p < .01, two-tailed, on Wilcoxon tests for all comparisons). This
finding is in accordance with the hypothesis that errors result from a de-
terioration of t(*mpoml or order informaticn. In contrast, in sequences
where the standard and comparison tones were identical in pitch, the dis-
ruptive effect of the critical interpolated tone did not vary as a function of
its serial position. Tlowever, the error rates at each serial position still dif-
fered signilicantly from baseline (p - .01, two-tailed, on Wilcoxon tests,
for hoth comparisons). This difference in sevial position effect points to a
separate source of memory disruption.

A Farther study was performed to evalnate the hypothesis that errors in
pitch comparison may be based on a deter,oration of temporal or order
information. IHere the comparison tone pitct was varied systematically in
terms of its relationship to the standard tone pitch. Within any given ex-
perimental session the standard and comparison tones were either identical
in pitch, or they were separated by a constant amount, i.e., by either % tone,
% tone, or % tone; and subjects received the.e three conditions in strictly
counterbalanced order. Errors were plotted 1s a function of the pitch of a
critical interpolated tone, placed in the second serial positior of the inter-
vening scquenre, whose relationship to the standard tone pitch varied
systematically. Whenever the standard and comparison tones differed, the
critical 1nt(>1p0]at0d tone was placed on the same side of the pitch con-
tinuum relative to the standard tone, as was the comparison tone; and it
was therefore identical in pitch with the combarison tone whenever it bore
the same relationship to the standard tone.

The temporal parameters were the same as in the previous experiments.
Eightcen subjects were here sclected, on the basis of obtaining a score of
at least 95 per cent correct on a small tape in which the standard and com-
parison tones were separated by a semitone, ind no tone that was less than

% tones removed from the standard tone wus included in the intervening
sequence.

It was found that, hoth where the standard and (‘omparison tones were
separated by & tone, and also where they were separated by % tone, errors
peaked when the eritical inte rpolated tone was identical in piteh to the
comparison tene (Fig. 2). Indeed, for both the % tone and % tone plots,
the error rate was significantly greater where the standard tone and the
eritical inte 1p0|at( d tone were separated by % tone than when they were
separated by tone. And in contrast, for the % tone plot, the error rate was
signific mtlv greater where the standard tone and the critical int(*rpolated
tone were s(])‘uat(‘d by % tone than where thev were separated by % tone
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Ficure 2. Percentage errors in pitch comparisons in .
sequences where the standard and comparison tones
differed in pitch, plotted as a function of the pitch
separation between the standard and comparison tones,
and also between the standard and critical interpolated
tones. Circles plot error rates where the standard and
comparison tones were separated by % tone; squares
where they were separated by % tone; and triangles
where they were separated by % tone. (The separate
circle, square and triangle at right display error rates in
baseline conditions where no tone was interpolated in
the critical range under study. )

(p < .01, two-tailed, on Wilcoxon tests, in all cases ). This is in accordance
with the hypothesis that errors here were based on the correct recognition
that a tone of identical or similar pitch to the comparison tone had been
presented, but the incorrect assumption that this had been the standard
tone.

It will also be noted that in sequences where the standard and com-
parison tones were separated by % tone, crrors peaked at a pitch separation
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between the standard tone and critical intervening tone not of % tone, but
of % tone. Though this diffcrence is not statistically significant, it indicates
that some fixed source of disruption which peaks at % tone might be super-
imposed on the shiftable source of disruption manifest in the other two
plots.

In considering the possible basis for this fixed source of disruption, two
points of interest may be noted. IFirst, the relative frequency range over
which this effect occurs corresponds well with that found for centrally
acting lateral inhibition in single units of the central auditory pathway
(Klinke, Boerger, & Gruber, 1969, 1970). Second, this disruptive effect
cumulates when instead of one tone in the disruptive range two are
presented, placed on either side of the standard tone along with the pitch
continuum (Deutsch, 1973). Analogously, in lateral inhibitory networks,
cumulation of inhibition occurs from stimul placed on either side of the
test stimulus (Ratliff, 1965). Psychophysical evidence for lateral inhibition
has been found in the system that processes incoming acoustic information
(Carterette, Friedman, & Lovell, 1969; Zwislocki, Buining, & Glantz,
1968; Houtgast, 1972). It was therefore proposed as a working hypo-
thesis that the e¢lements of the pitch memcry system are arranged as a
recurrent lateral inhibitory network, analogous to those in sensory systems.
Elements of this system are activated by tenes of specific pitch, and are
organized tonotopically on a log frequency —ontinuum (Deutsch & Feroe,
1975).

One prediction from the proposed model is that the pitch memory
system should exhibit not only inhibition but also disinhibition. Thus in
sequences where the standard and comparison tones are identical in pitch,
if there were interpolated two critical tones, one % tone removed from the
standard tonc pitch, and the other further 1emoved along the pitch con-
tinuum, then errors should be a function of the pitch relationship between
these two tones. The error rate shonld be greatest when these two tones
are identical in pitch, decline as the second tone moves away from the
first, dip maximally at a % tone scparation, «nd then return to baseline at
around a whole tone separation.

This prediction was put to experimental test using sequences where a
tone which was % tone removed from the standard tone was placed in the
second serial position of the intervening sequence, and the second critical
interpolated tone was placed in the fourth serial position. The temporal
parameters were the same as in the previous experiments. Subjects were
selected for obtaining a score at least 95 per cent correct on a tape con-
taining scquences in which no tones were interpolated in the critical range
under study. As before, the sequences were presented in random order.
with no separation by condition. Twenty-one subjects were emploved for
this experiment, the sclection ratio being about one in six.’
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Frcure 3. Percentage errors in pitch recognition ob-
tained experimentally and predicted theoretically. Tri-
angles display percentage errors in the baseline experi-
ment which varics the pitch relationship between the
standard tone and a critical interpolated ione. (Triangle
at right shows percentage errors where no tones were
interpolated within the critical range under study.)
Filled circles display percentage errors in the experi-
ment where a tone that is % tone removed from the
standard tone is always interpolated. Eriors are plotted
as a function of the pitch relationship between this tone
and a second critical interpolated tone which is further
removed along the pitch continuum. Open circles dis-
play percentage errors for the same experimental con-
ditions predicted theoretically from the lateral inhibi-
tion model. (Filled and open circles at right show
percentage errors obtained experimentally and assumed
theoretically where no further critical tone is inter-

polated.)

The closed cireles on Figure 3 plot error rate as a function of the pitch
r(:lati()nship between the two eritical int(‘r\'cning tones. in sequences where
the standard and comparison tones were identical in pitch. It can be seen
that the predicted disinhibition function was indeed obtained. The error
rate in sequences where the second critical interpolated tone was identical
in pitch with the first was significantly higher than baseline (p < .003, one-
tailed, on a Wilcoxon test). Further, the error rate where the two critical
interpolated tones were separated by % tone was significantly lower than
baseline (p < .01, one-tailed, on a Wilcoxon test ).
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In order to make quantitative compariion between the disinhibition
function obtained experimentally and the function predicted on the lateral
inhibition hypothesis, the following modul was advanced (Deutsch &
Feroe, 1975). It was proposed that a set of n tones activates a cor-
responding set of n clements along the memory array. Then let k; be the
inhibitory coefficient betwcen clements underlying two tones separated
by a distance of s tones; let r, be the signal strength of the element under-
lying the pth tone; and let ¢ be the signal sirength of an element when its
corresponding tone is at least a wholc tone removed from the other tones
in the set. The interaction between the n elements may then be described
by the n simultaneous linear equations

n

v, = € — > koot forg =1,2,...,m,
q=1
P#q

where s(p,q) is the distance between the pth and gth tones. By solving
these equations we can predict the net influence on the strength of the
signal emitted by the clement underlying 2 test tonc exerted by the ele-
ments underlying the rest of the tones in the set.

A baseline function for the first-order inhibitory effect was obtained
using subjccts selected on the same criterioa as for the present study. This
function was used to compute values of e and ki, assuming that error rate
was a function of the signal strength of the element underlying the test
tone. These parameters were then used to compute the predicted dis-
inhibition function. Twenty-five subjects were used to obtain this baseline
curve, which is plotted by the triangles on Figure 3. The predicted dis-
inhibition function, computed {rom these parameters, is plotted by the
open circles. It can be seen that the theoretically derived disinhibition
function corresponds well with the function obtained experimentally.
This experiment strongly supports the hypothesis that the elements of the
pitch memory system arc arranged as a recurrent lateral inhibitory net-
work, analogous to those found in sensory systems.

DiscussioN

From the above experiments it seems plausible to believe that the system
which retains auditory information, at least over time periods charac-
teristic of short-term memory, is very similar in structure to the system
which processes this information at the incoming level. These experiments
show the presence of specific interactive cffects in pitch memory which
vary as a systematic function of the log frequency difference between the
interacting tones. This leads to the hypothesis that pitch information is
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retained on an array where elements arc activated by tones of specific
pitch; and that elements activated by tones separated by the same differ-
ence in log frequency units are spaced the same distance apart. Such
arrays have been demonstrated by uweurophysiological methods in the
anditory projection arcas of the central nervous system (Deatseh &
Deutseh, 1973). Further, interactions appear to take place along this
memory array which are remarkably similar to lateral inhibitory inter-
actions in scnsory systems, and which even occur over the same relative
frequency range as centrally acting lateral inhibition in audition.

It is not here argued that there is an identity of structure between a
sensory system and its memory counterpart. For instance, a memory system
must retain the order in which different stimuli arrive, and this is not
required of a sensory system. However, the present evidence leads to the
hypothesis that the system that retains auditory information is a direct
projection from the system that handles this information as it arrives. If
this were so, then the concept of a fast-deteriorating preperceptual buffer
which initially retains auditory information in nncategorized form (such
as envisaged by Massaro, 1972) would appear 1edundant; we would then
have to assume that information is first categorized in a particular manner
by the sensory receiving areas of the nervous system, then translated into
uncategorized form, and finally translated back into the form in which it
had originally been categorized. How such recategorization could take
place after it had been lost remains a mystery. On the other hand, the idea
of a direct projection from a sensory array into a memory array, which
preserves the initial form of stimulus calegorization, is simple to envisage.

It further seems plausible to suppose that the form of organization
shown here in the case of memory for a first-order acoustic attribute exists
in memory for higher-order attributes also. As an example, we may con-
sider the case of memory for tonal relationships. When two tones are
presented simultancously or in succession, a musical interval is perceived;
and when the waveform frequencies of two tone pairs are related by the
same ratio, the pairs form intervals of the same apparent size (Deutsch,
1969). We may therefore speculate that there exists a memory continuum
whose individual elements are activated by the simultaneous or successive
presentation of pairs of tones. Tone pairs standing in the same ratio project
onto the same point along this continuum; adjacent ratios project onto
adjacent points; and so on, to form a monotonic continuum of interval
size. We may further speculate that systematic interactions occur along
this continuum, analogous to those found in the case of memory for
absolute pitch values. \

We may thus envisage that systems retaining higher-order acoustic
attributes are similar in principle to systems retaining basic attributes such
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as pitch. Complex acoustic stimuli would then be represented on a number
of memory arrays simultancously. However, the persistence of memory
along these various arrays would be expected to differ (as is clear when
we compare memory for tonal relationships with memory for absolute
_ pitch values ). This would have the cdnscquoncv that when memory for
a complex acoustic stimulus is measured after varying time intervals have
clapsed, there would be an apparent difference in its form of encoding. A
similar argument has been made in a more general setting by Craik and

Lockhart (1972).

ConNcrLusion

In this article, a conceptual framework for auditory memory has been
suggested which is very different from that generally assumed by memory
theorists. It is proposed that auditory information is first subjected to a
set of analyses, which provide input to various subdivisions of the auditory
memory system. Information in these subdivisions is retained in parallel;
however, the time constants of storage in the different subdivisions vary
considerably. Finally, it is proposed that systematic interactions take
place within these subdivisions, which aie similar to effects in systems
handling information at the perceptual level. At present this view is
speculative, but it is hoped that it will provide a useful framework for
futare research.

RESUME

Etude des modeéles courants de la mémoire auditive. Aprés une analyse critique de
I'hypothése de Taffaiblissement sensoriel, il est proposé plutdt que la mémorisation
auditive est la fonction dun systéme dont les diverses subdivisions différent con-
sidérablement dans leur persistance & retenir "nformation. Il est proposé de plus
que, au licw d’étre sensible & des influences genérales telles qu'une limitation de
capacité, la mémoire acoustique est sujette d des effets d'interaction hautement spé-
ciliques, qui varient systématiquement selon les rapports existant entre les éléments
impliqués.
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