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ABSTRACT

THE PERCEPTION OF PATTERN REGULARITY
IN TONAL SEQUENCES

By

Thomas Henry Simpson

Wood (1980) developed a calculus for the quantification of temporal
redundancy in tonal sequential stimuli. His Index of Relative Redundancy
(IRR) described a monotonic relationship between ascending IRR magnitudes
and percent-correct ABX discrimination of rhythm.

The present study was designed to extend the range of knowledge
regarding IRR as an a priori predictor of perceived pattern regutlarity
in tonal sequences. Magnitude estimates of pattern regularity (REMEs)
were gathered from 20 normal hearing listeners. REMEs were examined as a
function of 7 IRR magnitudes in 4 accent modes to determine: (1) the
nature of IRR-REME relationships, and (2) whether differences in
perceived pattern regularity occurred as a function of accent mode.

Prior to the REME experiment, subjects were screened and then
trained to: (1) discriminate sequence pairs exhibiting gross levels of
IRR (2) produce reliable magnitude estimates in a simple visual task, and
(3) differentiate between "regular® and "irregular" tonal patterns. REME
stimuli were eight-element tonal sequences exhibiting binary accents in
(1) frequency, (2) amplitude, (3) duration, and (4) combination frequency
and amplitude accent modes. Seven IRR accent patterns were held constant

across the 4 accent modes.



Thomas Henry Simpson

Dependent variables for the REME experiment included (1) log.
geometric mean REMEs across trials for 7 IRR magnitudes in 4 accent
modes, and (2) slopes of the least squares lines of be;t fit.describing
log IRR-10g REME functions. Results of the REME experiment indicated:
(1) high reliability for both derived dependent variables, (2)
nonmonotonic 1og IRR-1og REME relationships, and (3) nonsignificant
differences in estimated pattern regularity as a function of accent mode.

These results suggest IRR is flawed as an a priori predictor of
pattern regularity. The analysis of accent mode effects was judged to be
inconclusive, however. Real differences in the relative resolvability of
the tonal stimuli as a function of accent type may not have been detected
by the magnitude estimation experiment. Results were judged to be
sufficiently encouraging, however, to warrant additional research for the
purposes of (1) refining the IRR calculus, and (2) establishing normative
data for eventual clinical application of tonal sequential stimuli in the

assessment of central auditory processing problems.
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CHAPTER 1

INTRODUCTION

Man extracts information from temporally transient
acoustic signals. Little is known, however, about how
temporal factors of acoustic stimuli are perceptually
processed. This study examined the perceptual processing

of temporal structure in tonal sequences.

Backqround

Experimental examination of auditory temporality has
developed along two major avenues: an atomistic approach
to the study of the ear’s absolute resolving power; and a
more wholistic approach taken up in studies of auditory
pattern perception.

Absolute resolving power refers to minimum detectable
durations of stimuli and inter—-stimulus intervals.
Experimental evidence suggests that the ability of the
human ear to resolve time varies both as a function of
stimulus type and psychophysical paradigm (Hirsh, 1939;
Divenyi and Hirsh, 1975; Patterson and Green, 1970). It is
generally accepted that "over-learned" stimuli such as
speech and music are more readily resolved than unfamiliar
classes of stimuli (Cutting, 19733 Neisser and Hirst, 1974;

Thomas and Fitzgibbons, 1971; Warren, et al. , 1969).
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Studies of auditory pattern perception have observed
temporal phenomena from a more wholistic, Gestalt approach.
Typically, subjects have been asked to name the elements of
an auditory sequence or to tell their serial order of
occurrence. AQain, learned classes of stimuli such as
speech and music give subjects a better opportunity to make
correct serial judgments (Broadbent and Ladefoged, 1959;
Deutsch, 1975; Hirsh, 1967; Warren et al. , 1969; Peters,
1973). Researchers interested in speech perception have
suggested that temporal cues involved in both the
production and reception of speech may be governed by some
higher—order neural mechanisms sensitive to the
characteristic rhythms in the speech signal (Lashley, 1931
Hirsh, 1947; Liberman, et al. , 1967; Martin, 1972).

Other researchers in the field of music have generated
experimental data suggesting that rhythm in the form of
musical accents is categorically perceived (Deutsch, 1975;
Raz and Brandt, 1977). Indeed, much of the psychophyrsical
literature reflects systematic attempts to isolate and
identify relevant temporal features of auditory sequences
as they influence perception.

But simple identification of temporally salient
features of auditory sequences falls short of the ultimate
goal of psychophysical examination of auditory pattern
perception: the description of isomorphous relationships

be tween the temporal characteristics of auditory stimuli



and the temporal processes involved in the resolution of
these stimuli. Peters (1973) sums up the major issues
facing the problem of quantifying temporal factors in
audi tory perception:
Measurement is thus the link between data and
concept fields. Within this framework, the
temporal properties of acoustic signals need to
be controlled in ways that seem to relate to
audi tory perception. Also the consequences of
these systematic controls and variations on
behavioral responses need to be measured, and
the results need to be related to general

theories of temporal auditory perception. (p.
140)

Goals

The goal of this study was to extend the range of
Knowledge of a mathematical index that purportedly
quantifies relative temporal redundancy in tonal sequences
(Wood, 1980). This index of relative redundancy (IRR)
evolves from a more general model developed by R. W. Wood
and M. R. Chial that attempts to describe how "redundancy
reduction® influences the perception of temporal sequences
(Wood, 1980).

The definltions, assumptions, and features of this
model provided a lexical, conceptual, and practical
framework for the examination, interpretation, and
discussion of the complex issues involving temporal
audi tory perception. The ultimate goal of this study was

to suggest specific research strategies for the examination



of IRR within the more general conceptual framework of the

Wood-Chial model.

REVIEW OF THE LITERATURE

Many complex variables impinge upon the study of
temporal factors in auditory perception. Auditory stimuli
which vary in time are difficult to classify and measure,
and behavioral responses to these stimuli are difficult to
interpret. 1In general, the interaction of psychological
variables inherent to the study of perceptual processes far
exceeds that usually associated with studies of sensation.

Two classes of temporal auditory stimuli which have
probably received the most attention in the literature are
speech and music. Consequently, many general hypotheses of
audi tory temporality emanate directly from theories of
speech and music perception. The following discussion
represents an attempt to avoid direct reference to theories
of either speech or music perception. Rather, the
commonalities in the literature will be discussed from the
more general standpoint of psychoacoustics. This narrower
focus will more directly identify information pertinent to
this study.

First, discussion will be devoted to significant
factors affecting the study of temporal auditory

perception. These factors include:



1. Stimulus variables
2. Behavioral variables

3. Psychological variables

Next, relevant theoretical constructs of auditory
temporal perception will be discussed in order to establish
a conceptual groundwork for the presentation of the
Wood-Chial model. These contructs have been organized into

the following general categories:

1. Gestalt theory
2. Associative chain theory

3. Concatenation versus temporal order

Finally, the Wood-Chial model will be presented.
Underlying definitions and assumptions will be explained,

and relevant features of the model will be discussed.

Stimulus variables

One commonality of all auditory temporal stimuli is
that certain tonal patterns and certain speech sounds are
more easily identified or repeated than other patterns of
sounds. A unifying concept pertaining to this perceptual
phenomenon is that of redundancy (Shannon and Weaver,
1949>. When considered as being a property of an acoustic

stimulus, redundancy describes that portion of the stimulus



which is structured. Highly resolvable (i.e., identifiable
or repeatable) acoustic sequences tend to be highly
structured and are therefore considered to be highly
redundant. Unstructured acoustic sequences exhibit low
levels of redundancy and are therefore difficult to
resolve.

Two general strategies have emerged by which
experimenters tend to identify redundant features of
audi tory sequences: (1) the a posteriori approach, which
seeks to discover stimulus—-response (cause-effect)
relations in a largely descriptive manner, and (2) the a
priori approach, a more prescriptive technique, which
attempts to discover stimulus-response relations through
application of a theory or model.

Because the 3 posteriori approach need not
presuppose theory, it is relatively free from the
conceptual and experimental limitations of particular
paradigms. Nor are there any of the definitional problems
posed by formal theoretical constructs. The teriori
strategy is flawed, however, because progress in
identifying significant effects requires exhaustive
enumeration of potential causes. Consequently, the
approach suffers in precision and efficiency.

An advantage of the a priori approach is efficiency,
particularly in the specification of stimulus variables and
particular values for those variables. In addition, the 23

priori approach is better suited to experimental study of



"latent” relational issues such as equivalency, ordinality,
additivity, extensiveness, and strength. The central
difficulties of this approach are those associated with
paradigmatic specificity: any particular theory or model
will establish a conceptual map which may or may not be an
adequate representation of the phenomenological territory.

The majority of auditory temporal order studies have
employed a posteriorj techniques. These studies have
identified several systematic relationships between
stimulus features and perceptual effects.

Warren, _et al. , (1969) reported that resolution of
nonspeech sounds was more difficult than speech sounds. In
a series of experiments, subjects were asked to correctly
name the order of both speech and nonspeech stimuli. All
audi tory sequences were 800 msec in total duration, each
consisting of four contiguous 200 msec elements. The four
nonspeech elements consisted of: (1) a 1000 Hz tone, (2) a
2000 Hz octave band noise, (3) a 796 Hz tone, and (4) a
square wave buzz. Speech elements were the spoken digits:
one, three, eight, and two. Subjects were not able to
correctly name the temporal order of the nonspeech stimuli
but could easily identify the order of the spoken digits,
despite the fact that more than four phonemic elements were
probably perceived in the pattern. Element durations for
nonspeech stimull in the order of 700 msec were necessary
for correct-order judgments.

Thomas, et al. , (1970) conducted a study very



similar in form to Warren’s. Subjects were asked to name
the correct order of four continuous speech sounds: /i/,
/e/, /a/, and /u/. Care was taken to asssure that the
fundamental frequency of each vowel was 125 Hz plus or
minus 2 Hz and that the intensity of each vowel was plus or
minus § dB. Untrained subjects could correctly name the
order of these four speech sounds when individual vowels
were 1235 msec in duration. The authors suggested that
these vowels, although lacking semantic cues, represent a
"learned” class of stimuli—-that because vowels are highly
familiar sounds subjects should be expected to resolve them
at shorter durations than other nonspeech sounds (i.e.,
tones or buzzes). Cutting (1973) showed that resolution of
both speech and nonspeech sounds was enhanced wheq
formant-like transitions were inserted between elements of
an audi tory sequence.

Other a pogterigri studies have identified stimulus
response relationships which distinguish between different
types of nonspeech stimuli. These studies have
systematically avoided linguistic content in auditory
sequences and have focused primarily on the measurable
physical characteristics of nonspeech sequence elements.

Watson t al. , (1975) investigated the
discriminability of "temporally complex” ten-tone
sequences. Each sequence element was 40 msec in duration,
and the ten tonal elements ranged from 256 to 900 Hz ("low"

patterns) or from S00 to 1500 Hz (*high" patterns) in



equi-log intervals. Subjects were asked to detect changes
in the frequency of a single tonal element in a
same—-di fferent task. These just detectable differences
were much smaller for higher frequency sequence elements
occurring later in the pattern than for lower frequency,
earlier occurring tones. Also, discriminability of earlier
component tones was increased by the occurrence of a brief
silent interval (80 to 120 msec) after the tone in the
sequence. In an interpretation of these results, the
authors stated:
if we were to consider these results in

designing a communication system, we might

apply them in three ways. First, major

information would be encoded in the high

frequency components of the sounds forming the

primary meaning-units of the system. Second,

if we wanted to produce a slight change in the

meaning of one of these units (as to vary

number or tense) by adding a small amount of

acoustic energy, the most easily identifiable

addi tion would be placed at the end of the

sound. Finally, if we wanted to make an early

component particularly clear, we would add a

brief silent period immediately after it (p.

1184).

Royer and Garner (19644) used eight-element sequences
exhibiting two levels of physical accent in the form of
different pitched buzzes. They used all possible
permutations and combinations of the two accent levels, and
hence drew from a pool of 256 sequential stimuli. The
audi tory sequences were presented in a cyclic, continuous

fashion, and the subjects were asked to "mimic" the

patterns by tapping two telegraph keys. Only a small
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portion of the 2356 different patterns were easily resolved
by the normal hearing subjects. 8Sequences with
concatenations of like accents were more easily resolved,
and subjects tended to organize these concatenations (as
measured by the point at which they began tapping) at
either the beginning or the end of each eight—-element
cycle. The presentation rate of these sequences was two
elements per second. In a later study (Garner and
Gottwald, 1968) it was found that the small number of
“preferred” paterns did not change significantly over a
range of presentation rates from 0.8 to 8 elements per
second.

Studies of the a posteriori type have identified
spectral and temporal characteristics of auditory sequences
relating to how easily particular sequences are resolved by
human subjects. Fewer of the 3 priorji type studies
exist, however, for it is suggested here that experimental
questions for these studies were generated from hypotheses
assumed to reflect theories of auditory pattern perception,
and as Peters (1973) stated:

there are no systematic, overall bodies of
knowledge or theories that treat temporal
properties of perception at acoustic,
physiological, or behavioral levels. (p. 1357)
A priori determination of sequence type comes
primarily from the work of Martin (1972) and his

‘associates. Their work is founded upon precepts originally
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stated by Lashley (1951) that all serial behavior is
manifested in an hierarchical temporal order in the nervous
system. That is, evaluation of any type of behavior cannot
only consider serial order but some higher level of
organization contributing to that order. Martin (1972)
developed the concepts of "relative accent®™ and "relative
timing® to formulate rules for the generation of tonal
sequences of varying temporal redundancy. These tonal
sequences were later used to provide preliminary evidence
that auditory patterns could be ordered in terms of their
relative temporal redundancy (Sturges and Martin, 1974).
Martin’s concepts of relative accent and relative
timing, however, provided only gross descriptions of
temporal redundancy in tonal sequences. A calculus was
later developed by Wood (1980) allowing for a more precise
quantification of relative temporal redundancy in tonal
sequences. Wood found that for the 1imited range of
calculated redundancy levels used in his experiment, his
Index of Relative Redundancy (IRR) corresponded
monotonically with percent-correct judgments in an ABX
matching paradigm. Furthermore, Wood noted that the
temporal characteristics of his highly redundant patterns
(high IRR) were similar in nature to the highly
concatenated (“preferred") patterns subjectively described

by Garner and his associates (Wood, 1980, pp. 21-22).
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vior r le

Several identifiable issues emerge from the literature
regarding difficulties with the interpretation of
behavioral data in studies of temporal auditory perception.
Fundamental questions arise about the specific behavioral
task: does it reflect lower-order sensory processes, or
higher-order perceptual processes? Other questions address
issues of task—-subject interaction: are data confounded by
the differential listening abilities subjects may bring to
the specific behavioral task?

A study by Ptacek and Pinheiro (1971) addressed the
first of these questions. Their behavioral task required
subjects to correctly name the order of three-element
temporal sequences in a method of limits paradigm. Two
“loud” bursts of white noise and one "soft®" burst of white
noise were in each sequence, and all permutations of
elements were presented. The intensity level of the soft
burst was systematically controlled by the experimenter.
Subjects were able to correctly name the order of the
bursts 50 percent of the time when the intensity difference
be tween soft and loud bursts was 10 dB. The authors
concluded that because the jnd for intensity of white noise
in only 0.3 dB, that pattern recognition is a higher order
task than simple discrimination of intensity differences.
Thus perceptual rather than sensory processes were

‘implicated in the judgment of serial order.
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Similar interpretations were made by Hirsh and
Sherrick (1961) in a cross-modality study in which subjects
were required to judge the correct temporal order of
visual, auditory, and tactile stimuli. These authors were
interested in the difference between: (1) minimum
detectable interstimulus intervals necessary for correct
Judgment of the occurrence of two stimulus events, and (2)
minimum interstimulus intervals necessary for correct
Judgment of the temporal order of two stimuli. Stimulus
pairs were either: (1) an auditory tone and a visual
flash, (2) a tone and a tactile vibration, or (3> a flash
and a vibration. Subjects were able to name which stimulus
occurred first (73 correct-order judgment criterion) when
interstimulus intervals were approximately 20 msec. These
interstimulus intervals were similar to those of previous
experiments conducted by Hirsh and Sherrick (also reported
in the 19461 publicaton) in which subjects were asked to
Judge the correct temporal order of stimulus pairs
occurring in the same sensory modality. The authors
suggested that the interstimulus intervals necessary for
correct temporal order judgments (both within and between
modalities) were so much larger than those describing the
“temporal two-point limen® for audition, taction, and
vision, that a "time organizing system...independent of and
central to the sensory mechanisms..." mediated judgments of
temporal order (p. 431).

Examination of studies employing longer temporal
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sequences (more than four elements) suggests that
perceptual inferences of a specific behavioral task may be
confounded with another factor: differential listening
abilities among subjects.

Neisser and Hirst (1974) were interested in practice
effects on the task of pattern perception. Subjects were
asked to report the order of occurrence of four sounds:
(1> a high tone (3400 Hz), (2) a low tone (3500 Hz), (3) a
hiss (broad-band white noise), and (4) a "scratch"
(filtered noise peaks). The four-element sequences were
presented in spaced, cyclic, and "one-shot" fashion.
Durations of individual sounds was gradually decremented
from 340 to 20 msec over the course of six experiments
lasting a total of four weeks. Significant practice
effects were found for all subjects across all presentation
modes; however, performance of one subject (who reported
musical training and experience) was markedly superior
throughout the series of experiments. The authors
suggested that overall performance on the pattern
recognition task varied not so much as a function of
stimulus variables as it did with individual abilities of
the listener.

Watson et al. , (1973) used highly trained subjects
in a same—-different procedure. Stimuli were auditory
sequences consisting of ten tonal elements ranging in
frequency from 236 to 1500 Hz in equi-log intervals. Each

tonal element was 40 msec in duration, and the frequency of
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only one sequence element was varied during the
presentation of each "stimulus event" (i.e., standard
sequence and comparison sequence). Although subjects were
not selected because of musical abilities, some reported
instrumental or vocal training. The authors reported a
*weak direct” relation between musical training and subject
performance in the listening experiments, although "no
systematic attempt was made to investigate the role of such
training” (p. 1176).

Wood (1980) was more directly concerned with the
effects of musical training on auditory pattern
recognition. He used an ABX matching paradigm.
Experimental stimuli were eight-element tonal sequences
exhibiting two levels of physical accent in one of two
accent modes. High and low levels of frequency accents
were 200 msec tonal elements of 3000 Hz and 1000 Hz,
respectively; sequence elements receiving high and low
levels of durational accent were 1040 Hz tones of 80 msec
duration, which were temporally "isolated" by inter—-element
intervals of 160 and 40 msec, respectively. Significant
performance differences were found between groups of
subjects as a function of musical training.

Percent-correct discrimination scores were systematically
higher for subjects reporting higher levels of formal
musical training.

An experiment by Royer and Garner (19648) may have been

confounded not only by subject differences in musical
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aptitiude, but by subject differences in motoric ability as
well. Experimental stimuli were auditory sequences (eight
elements each) exhibiting two levels of frequency accent.
Sequence elements exhibiting these binary accent levels
were generated by two doorbell buzzers shown to have
“perceptually resolvable®” spectral characteristics. The
subjects’ task was to mimic the cyclically presented
sequences by tapping two telegraph keys (each Key
represented one accent level). The authors, however,
reported no systematic assessment of either musical
abilities or motoric abilities in their subject sample.

In designing a study of auditory temporal perception,
the experimenter must first assure that his behavioral task
“"fits" the particular perceptual process to be studied and
must then allow for the differential listening abilities

subjects may bring to the specific task.

Psrchological variables

Watson et al, , (1975) suggested that such
psychological variables as "... stimulus and response
uncertainty, attention, motivation, and memory..." play an
important role in the processing of temporally complex
audi tory stimuli (p. 1175).

Effects of stimulus and response uncertainty have been
examined indirectly by several studies. Peters (1964,
1967) examined perceptual distortions that occurred when

frequency components of tonal elements in a sequence
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extended beyond certain limits. He suggested that
misjudgments might have been caused at frequency extremes
because subjects were trying to resolve two "distinct
perceptual sets®". Several other studies have reported
effects of stimulus and response uncertainty when auditory
sequences were presented in a cyclic or repeating fashion
(Royer and Garner, 19663 Neisser and Hirst, 19743 Watson,
et al. , 1975).

The psychological effects of memory and attention have
also been reported in the literature. Neisser and Hirst
identified what they called a "backward masking" effect
when extraneous signals were introduced after the target
sequence but before the subject response. These irrelevant
signals, which the subjects were told to ignore,
significantly lowered performance scores, whereas several
seconds of silence introduced before a response did not
lower performance. Divenyi and Hirsh (1973) noted a
similar effect by adding a fourth tone to three-tone
sequences. They preferred to call the effect "memory
blanking", however, and suggested that "blanking®" affected
memory processes more than sensory processes (p. 251).
Watson, et al., , (1975) noted a "recency” effect on the
perceptual resolution of ten-tone sequences wherein later
occurring tones were more easily resolved. He noted no
“primacy" effect, however.

The distinction between pattern "learning® and pattern

“perception® was made by Garner and Gottwald (1968>. They
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varied presentation rate for nonspeech (buzzes) auditory
sequences from 0.8 to 8.0 elements—-per—-second and found
that "preferred” patterns (i.e., easily resolvable patterns
with like—accent, concatenated elements) did not
significantly change as a function of presentation rate.
They did note, however, that slower presentation rates
(below 2 sequence elements—-per—-second) caused subjects to
exhibit "active®, "intellectualized” response behaviors; at
presentation rates above 2 elements-per-second, subjects
were more passive in their response behavior (a key—tapping
procedure). Garner and Gottwald characterized the former
behavior as "pattern learning®™ and the latter behavior as
"pattern perception® and suggested that presentation rates
above 2 elements—per—second were necessary to facilitate
the perception of temporal patterns in auditory sequences

(p. 97).

The following discussion is devoted to several
theories of auditory pattern perception which emerge from
more general theories of perception. They differ from the
“psychological variables® just discussed primarily by
matter of degree: the authors here have attempted in
greater detail to describe perceptual strategies that might
be taking place in the resolution of temporal sequences.

Al though falling short of what could be called full-fledged
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temporal—-perceptual models, these theories are generally
well-developed. Some are accomodated by the Wood-Chial

model, which will be discussed shortly.

Gestalt theory

Hirsh (1947) drew parallels between auditory pattern
perception and the Gestalt concept in visual figure—ground
perception, and several others have since borrowed quite
heavily from Hirsh‘’s analogy. Studies making reference to
audi tory figure—-ground concepts are significant in that
they typically have examined longer acoustic sequences.
These experimenters have chosen to 1ook at larger "chunks”
of data, and hence their generalizations are broader in
scope.

Garner (1974) developed a theory based upon his
previous work (Royer and Garner, 1966, 1970) using seven
and eight-element temporal sequences of buzzing sounds.
Two levels of physical accent were used (high and low
pitch), and subjects were asked to listen to the sequences
as they were presented, one pattern at a time, in a
continuous cycle. Subjects were asked to "trace®" the
pattern motorically by a key—tapping procedure and could
begin tapping whenever they felt comfortable with the task.

Subjects tended to adopt one of two Key—tapping
strategies. Garner suggested that auditory figure-ground
concepts were implicated by these strategies, as tapping

behavior tended to organize the sequences so that (1)
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either the most number of concatenated "figure" elements
occurred first, or (2) the most number of concatenated
“ground" elements occurred last. Figure-ground
relationships thus depended upon concatenation of similar
physical accent levels, and subjects became more unsure of
themselves when two accent levels tended to alternate or
occur randomly within the seven and eight-element
sequences. Thus performance dropped when subjects could
not separate the sequences into identifiable auditory
figure and ground. Longer response latencies were also
noted when similar accents were not concatenated (Garner,

1974).

ve i

Associative chain theories of temporal auditory
perception evolve from ideas that all serial behavior can
be thought of as a string of concatenated events. These
theories imply that perceptual processing of incoming
stimuli takes place serially in time—-that the meaning
extracted from a temporal sequence is governed by the order
of occurrence of elements within that sequence (Lashley,
1931). These theories, when applied directly to the
perception of temporal order, suggest that distinct
concatenations of sequence elements provide distinct
perceptual meanings to the overall sequence-that
information is stored and processed in serial fashion

similar to the way in which computers manage serial strings
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of data.

Many studies emploring subjective strategies of
sequence description (discussed earlier in this text)
ascribe either directly or indirectly to associative chain
theories in that the authors were attempting to identify
which specific orderings of temporal sequence elements were
most easily resolved. In particular,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>