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GLOSSARY 

This glossary is intended as a guide 
to the terminology used in this thesis. 
It does not aim to give generally appli"" 
cable definitions of concepts which are 
also used elsewhere, in view of the 
highly specialized nature of this in
vestigation. 

adaptation 
a decrease in sensitivity due to a pre
vious stimulus 

adjustment method 
a psychophysical measurement method in 
which the observer himself adjusts a 
given parameter of the stimulus until a 
certain criterion is satisfied 

a z.ternation 
repetition of two elements in turn 

ambiguous figures 
figures which can be perceived in 
several different ways 

attention 
see selective attention 

attentional set 
direction of the obersver's attention 
towards a particular percept 

backward masking 
masking where the masker occurs just 
after the masked stimulus in time 

central 
the part of the perceptual processing 
system not located in the cochlea 

cochlea 
the part of the auditory system in which 
mechanical excitation is converted into 
neural excitation 

complex tone 
a periodic sound vibration consisting of 
several components 

component 
a pure tone forming part of a complex 
tone 

compound melodic line 
tone sequence intended to be heard as a 
polyphonic fragment of music (cf.pseudo
polyphonic) 

comprehensive listening 
a form of listening where the observer's 
attention is directed towards hearing 
all the tones of a tone sequence in a 
single string 

contiguous 
neighbouring but not necessarily 
coherent 

continuity effect 
the phenomena that one of the tones in 
an alternating tone sequence is observed 
as continuous. This effect is not 
restricted to tones 

continuous tone sequence 
a succession of (discrete) tone bursts 
of practically infinite length 

counterpoint 
the body of directions for the composi
tion of several melodies intended to be 



played together, with the intention of 
leaving the individual melodies as 
independent as possible while still 
retaining the harmony. The content of 
counterpoint theory is different in the 
different styles of music 

dichotic 
a different signal applied to each ear 

diotic 
the same signal applied simultaneously 
to both ears 

envelope 
amplitude contour of a tone burst 

fission 
the phenomenon that temporal coherence 
is not heard between all tones of a 
tone sequence 

fission boundary 
the boundary between the regions of 
temporal coherence and fission in selec
tive listening 

foruJard masking 
masking where the masker occurs before 
the masked stimulus in time 

frequency sweep 
gradual change in time of the frequency 

fundamental 
a pure tone the frequence of which is 
the highest common factor of the fre
quencies of the components of a harmonic 
complex tone 

fusion of tones 
the phenomenon that a tone sequence is 
perceptually indistinguishable from a 
long continuous tone with small fre
quency and/or amplitude modulation 

iambic 
foot of verse consisting of two elements, 
the second of which is accentuated 

gaUop 
the characteristic rhythm of the tone 
sequence AAA AAA ... 

gate 
a device used to shape tone bursts in 
time with respect to their duration and 
envelope 

Gestalt psychology 
a branch of psychology concerned with 
observation, the central thesis of which 
is that the observation of the whole is 
more than the sum of the parts 

harmonic 
components of a complex tone are harmon
ics if their frequencies are integral 
multiples of that of the fundamental 

interleaved melodies 
artificial tone sequence in which the 
successive tones are alternately taken 
from two different melodies 

isochronous tone sequence 
tone sequence with constant tone dura
tion and tone repetition time 

level 
the (relative) intensity of sound, 



expressed in dB 

loudness 
the subjective characteristic of sound 
that is mainly determined by its inten
sity 

masking 
the effect in which a weak stimulus 
(the masked stimulus) is no longer per
ceived because of the occurr~nce of a 
strong stimulus (the masker) 

modulation 
the periodical variation of a stimulus 
parameter 

motion detector 
a mechanism which is specific for the 
detection of motion 

parameter 
one of the variables characterizing a 
stimulus 

percept 
(subjective content of) entity in the 
subjective world of perception 

peripheral 
the part of the perceptual processing 
system located in the cochlea 

persistence 
continued existence of excitation after 
the stimulus has vanished 

pitch 
the subjective attribute of tonal sounds 
permitting the observer to order them on 
the "high-low" scale 

polyphony 
the musical style in which counterpoint 
plays an important role 

pseudo-polyphony 
erroneous name for the principle on 
which the compound melodic line is based 

psychophysics 
the discipline in which physical methods 
are used to investigate perception 
phenomena 

pulsation threshold 
the smallest level difference between 
two alternating tones at which the 
continuity effect occurs 

pure tone 
tone consisting of a single component 

random sequence 
a tone sequence in which the tone inter
vals between successive tones are chosen 
at random from a (limited) number of 
possibilities 

residue pitch 
the lowest pitch of a complex tone 

roU effect 
doubling of the tempo of the soft tones 
in a fast monotonic tone sequence with 
alternately loud and soft tones 

selective listening 
listening in which the observer directs 
his attention to certain tones in a tone 
sequence, with the object of hearing 
them separately 



semi tone 
unit of tone interval; the tone interval 
between fA and fs is 12 log 2 (fA/f8 ) 
semi tones 

string 
a perceived tone sequence having tempo
ral coherence 

tempo 
the number of tones per second 

temporal coherence 
the perceived relation between succes
sive tones of a sequence, characterized 
by the fact that the observer has the 
impression that the sequence in question 
forms a whole which is ordered in time 

temporal coherence boundary 
the boundary between the regions of 
temporal coherence and fission in com
prehensive listening 

timbre 
the ensemble of subjective attributes of 
tones apart from pitch, loudness, direc
tion and duration 

tone (burst) 
a sound limited in time, which is per
ceived as having pitch 

tone interval 
the frequency difference between two 
tone bursts, expressed in semitones 

tone-interval distribution 
the probability distribution of the 
occurrence of tone intervals in tone 
sequences 

tone repetition time 
the time interval between the start of 
successive tones (which are not neces
sarily of the same pitch) 

tone sequence 
physical succession of tone bursts 

tracking method 
a psychophysical method of measurement 
in which one parameter of a stimulus 
automatically varies between change
over points determined by the observer 
with the aid of perceptual criteria 

trochaic 
foot of verse of two elements, the first 
of which is accentuated 



1. INTRODUCTION 

1. 0 Introduction 

The perception of isolated tones has 
been studied extensively in psychophys
ics. Relations have been established 
between objective variables such as fre
quency spectrum, intensity and duration 
on the one hand and subjective variables 
such as pitch, timbre, loudness and sub
jective duration on the other (see e;g. 
Tobias, 1970). Much less attention has 
been paid to the perception of tone se
quences. 

Study of the perception of sequences 
of tones teaches us nothing new if we 
consider it as a sequence of perceptions 
of tones - which is only the case if 
there is a long time between successive 
tones. In sequences where the tones fol
low one another in quick succession, ef
fects are observed which indicate that 
the tones are not processed individually 
by the perception system. On the one 
hand we find various types of mutual in
teraction between successive tones, such 
as forward and backward masking, loud
ness interactions and duration interac
tions. On the other hand, a kind of con
nection is found between the successive 
perceived tones. It is this coherence 
which will be the main subject of this 
investigation. 

It may be regarded as one of the ba
sic tenets of musical theory that a con
nection can exist between successive 
tones. Melody is defined as "a connected 

and ordered succession of tones 
Two types of connection may be distin
guished: connection in time, which we 
call rhythm, and connection between the 
pitches, which we call melos". (Willem
ze, 1971). 

There are a large number of factors 
which determine the relations in a me
lody. For example, in the melos we dis
tinguish tonality, pitch, position of 
the tonic (keynote) and the magnitude 
of the tone interval between successive 
tones. The first three factors involve 
relatively large fragments of the melo
dy, and therefore depend on memory pro
cesses of fairly great extension. It 
may be assumed, however, that the 
fourth factor is more directly deter
mined by the perception process. It is 
thus an obvious idea to start our psy
chophysical studies with this fourth 
factor. 

In musical theory, different values 
are assigned to different tone inter
vals, in accordance with the degree to 
which they make for melodic coherence. 
Small tone intervals (1 to 3 semi
tones) give strong melodic coherence, 
while larger intervals give more 
"tension". This finds particularly 
striking expression in polyphonic 
music: when one part makes a skip in 
pitch, the other parts must move in 
small steps if the music is to be 
easy to follow (Helmholtz~ 1862). 
Small intervals occur much more often 
than large ones in music - apart from 
some modern styles of music (Fucks, 
1962). 

In the investigation described in 
this thesis, I have tried to discover 



to what extent this melodic coherence 
can be understood on the basis of 
perception. Use has been made of tone 
sequences in which only the intervals 
between successive tones have been 
altered without paying attention to 
higher-order structures such as to
nality. Moreover, the rhythmic co
herence has been eliminated as far as 
possible by keeping the tone duration 
and the time between successive tones 
constant. 

In chapter 7, the results of this 
investigation will be brought back in
to a musical context. 

So far, we have made use of musical 
terminology to indicate the field of 
investigation. However, when describing 
the investigation itself, we will find 
that musical terminology is no longer 
useful. One reason for this is that 
there is no generally accepted defini
tion of melody in the literature on 
music. Some authors call every succes
sion of notes a melody, while others 
impose definite restrictions. 

A still more important reason for 
dropping the use of musical termino
logy is however, that in music we 
generally make no distinction between 
the objective (physical) and the 
subjective (perceptual) aspects of sound 
patterns. Since perception theory is 
precisely interested in the relation 
between physical stimuli and their 
subjective perception, we need to de
velop a terminology which makes a clear 
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distinction between the phenomena in 
the external and internal worlds. 

One example of fields of investiga
tion where this distinction is properly 
made is that of pitch perception. We 
have here on the one hand purely phys
ical concepts such as frequency, and 
on the other the perceptual concepts of 
pitch. The great advantage of making 
this distinction is that there is prac
tically never a one-one correspondence 
between the perceptual phenomena and 
the physical variables. For example, 
frequency and amplitude both influence 
the pitch. 

In order to permit the making of a 
clear distinction between the external 
and internal world in the investigation 
of tone sequences, I shall define the 
following concepts: (in the external 
world) succession of tone bursts: tone 
sequence; (in the internal world) tempo
ral coherence of tones: string. 

A tone sequence is thus a physical 
succession of tone bursts. Tone bursts 
are sounds of limited duration, to which· 
a pitch can be assigned when they are 
perceived. Temporal coherence is the 
connection observed in the perception of 
a tone sequence, characterized by the 
fact that the observer has the im
pression that the tone sequence is a 
connected series of tone bursts, 
ordered in time. I call a tone sequence 
which is perceived as having temporal 
coherence a string of tones. 

It is important to make a clear 
distinction between the concepts of 
tone sequence and string, since ex
perience shows that not all tone se
quences are perceived as a single 



string. Sometimes only part of the 
tones are connected in the mind to form 
a string; this phenomenon will be 
called fission here. 

For example, if we listen to a 
rapidly alternating sequence of two 
tones ABAB ..... , it depends on the tone 
interval between A and B whether we can 
perceive the temporal coherence of the 
tone sequence or not. With small inter
vals, we hear temporal coherence of the 
whole sequence, while if the tone 
interval is large we hear the two sub
sequences A.A ... and B.B ... separately. 
In the latter case we can direct our 
attention to one or other of the sub
sequences. If we direct our attention 
to the sub-sequence A, we will perceive 
the string of tones A, with the tones B 
in the background. This is thus a case 
of fission. Whenever the string of 
tones A is formed this implies, by 
definition, temporal coherence between 
tones A. However, when we talk of the 
temporal coherence of a tone sequence 
from now on, we mean the temporal 
coherence of all tones in the sequence; 
see Fig. 1.1. 

G 
z 
UJ 
:::> 
0 
UJ 
0: 
I.L 

TEMPORAL COHERENCE 

B B B _ .. -\_,:_\_, .. - ... _ 
A A A A 

FISSION 

B B B 

A A A A 

TIME 

Fig. 1.1. In the tone sequence ABAB .. , the observer can 
perceive the string ABAB when the tone interval is 
small (left), and the string A A orB B when the tone 
interval is large (right). 

At first sight, it would seem that 
we have now made a clear distinction 
between the physical and perceptual 
categories involved. On closer inspec
tion, however, we will note that the 
definitions of the perceptive phenomena 
are very vague, making use e.g. of 
intuitive concepts such as "ordered in 
time" and "string". 

This vagueness is a general problem 
in the definition on phenomena in the 
interval world. In order to make it 
clear to other observers what we mean, 
we have to appeal to common experience. 
The best thing we can do is to define 
the phenomena of the internal world 
with reference to concepts from the 
external world. For example, we can 
give the name of "red" to the sense 
impression we receive when we look at a 
light source of wavelength 650 nm. In a 
similar vein pitch can be connected 
with the frequency of a sinusoidal 
vibration. In this sense, a "string" 
of tones is what we hear when we listen 
to certain tone sequences. 

One result of the close connection 
between the internal and external 
worlds is that it is easy to confuse 
concepts from the two; indeed, it would 
be very difficult to maintain a clear 
distinction at all times. In colloquial 
speech, therefore, we often telescope 
concepts from the two worlds together, 
as in the expression "red light". 
Similarly, the concept of melody in 
music does not belong entirely to 
either the inner or the outer world. It 
may well happen that we will use the 
term "string" in this thesis sometimes 
when we really mean "tone sequence", 
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and vice versa; but the main thing is 
that we can make the distinction if we 
want to. 

1.3 Fission effects described in the --------------------------------literature 

Relatively little has been written in 
the literature on loss of temporal co
herence in tone sequences. The various 
contributions which have been made can 
be classified under three heads: a) the 
occurrence of fission in music, b) psy
chophysical description of fission ef
fects and investigation of the circum
stances under which fission occurs and 
c) investigation of the perception of 
order. 

a) Fission as a musical phenomenon. 
It has often been remarked that tone 

sequences which give rise to fission 
occur in music (see e.g. Ortman, 1926; 
Piston, 1947; Dowling, 1967; Warren and 
Obusek, 1972). In classical music, this 
was the basis of the technique of "pseu
dopolyphony'' (compound melodic line), 
which was mainly used in the times of 
the polyphonists (Bach, Telemann) to 
make it possible to play multi-part 
music on a solo instrument. The use of 
this technique in the various styles of 
music has been -studied by Dowling (1967). 

b) Fission as a perceptual phenomenon. 
Miller and Heise (1950) determined 

the tone interval in regular alterna
tions of two pure tones ABAB .. at which 
fission occurs. They called this tone 
interval the "trill threshold", and 
found it to be between 2 and 3 semi-
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tones over a wide frequency range, at a 
tempo of 10 tones per second. 

The loss of temporal coherence is 
not restricted to such simple alterna
tions. Heise and Miller (1951) have stu
died continuously repeated sequences of 
11 tones with a tempo of 8 tones per 
second. The tone sequences differed in 
form (rising, falling or V-shaped) and 
in the tone interval between the tones. 
The 6th tone was adjustable in frequency. 
Heise and Miller describe the fission as 
follows: "The single-tone figure is 
heard as an isolated "pop" that recurs 
once every 1.375 sec., with the onrush
ing stream of the melodic pattern in 
the background. This effect is quite 
marked, as if the isolated tone came 
from a separate sound source completely 
independent of the background pattern. 
If the frequency of the variable tone is 
now gradually changed so as to bring 
this tone back into the pattern, the 
"pop" becomes progressively less dis
tinct until the tone finally merges into 
the pattern, losing its separate iden
tity". 

They found that the form of the tone 
sequence and the tone interval between 
the "single-tone figure" loses its 
connection with the other tones. 

Sch.outen (1962) studied the influence 
of the tempo on the perception of tem
poral coherence in a tone sequence 
consisting of a continual repetition of 
the pure tones of a major scale. When 
the tones are arranged in ascending 
order of pitch, it is possible to hear 
the temporal coherence up to a tempo of 
at least 20 tones per second. When the 
tones of the scale are arranged at 



random, the tempo must be reduced to 
5 - 10 tones per second if the temporal 
coherence is still to be heard. Schouten 
described the effect observed when one 
of the tones is placed an octave higher 
as follows: "Let us remove the g' in the 
middle and replace it by its higher 
oct11ve g". You will notice that the 
remaining 7 tones run their particular 
melody, but that it is very hard to tell 
where in time this high tone g" fits 
within the lower melody. If we. 
raise the rate, it is curious to note 
how much this high tone seems to beat 
its own rhythm quite apart from the 
collective rumble of the lower tones 
underneath". 

Dowling (1967, 1973) has studied in 
an elegant experiment under what con
ditions test subjects can recognize two 
well known melodies when these are 
mixed together in such a way that one 
note of the one melody is followed by a 
note of the other. The tempo of this 
tone sequence was 8 tones per second. 
When the test subjects do not know 
which melodies are being presented, 
they only recognize them when the pitch 
ranges of the two melodies no longer 
overlap at all (rhythmic or melodic 
fission). Complex tones were used in 
this experiment. Dowling pointed out 
that stereophonic and loudness differ
ences can also be used to permit the 
two melodies to be heard separately. 

c) Fission and the perception of order. 
As follows from the statement of 

Schouten quoted above, the loss of tem
poral coherence not only means that the 
tone split off no longer seems to be-

long to the others (or, as Heise and 
Miller (1951) put it, that it seems to 
come from another source), but also 
that it is difficult to observe the or
der of the tones. 

Norman (1967) came to the same 
conclusion after an experiment with an 
alternating tone sequence ABAB ... with 
a small tone-interval. When a test tone 
is placed somewhere between these tone~ 
it is only possible to tell whether it 
comes after tone A or tone B when the 
frequency of the test tone does not 
differ too much from that of A or B. He 
also stated that fission effects could 
not be observed in 2-tone sequences. 

Bregman and Campbell (1971) per
formed a similar experiment with a 
"one-shot" sequence of 6 tones with·a 
tempo of 10 tones per second, with half 
of the tones in a markedly different 
frequency range. It was found that the 
order of the tones in a given frequency 
range could be perceived well, while 
that of tones from different frequency 
ranges was much more difficult to per
ceive. They called this PASS (primary 
auditory stream segregation). 

So far, discussion has been restric
ted to fission effects in tone se
quences. Similar effects have been 
observed in sequences of different 
sounds (tone, scratch, hiss, buzz; 
Broadbent and Ladefoged, 1959; Warren et 
at., 1969; Neisser, 1972) and in con
nection with speech. 

Summarizing, we may state that 
fission effects have been observed in a 
number of different tone sequences. The 
tempo of the tone sequences investigated 
was always about 8 - 10 tones per second 
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and they were generally continuous 
sequences. The loss of temporal coher
ence is associated with increasing 
difficulty in the perception of order. 

As we mentioned above, the investiga
tion of temporal coherence in the per
ception of tone sequences described in 
this thesis is mainly aimed at obtaining 
a better understanding of man's per
ceptual mechanism for auditory time 
patterns. However, it will be clear that 
study of such specific phenomena as tem
poral coherence and fission in tone 
sequences can only throw light on cer
tain aspects of perception. 

From the scientific point of view, an 
investigation is most fruitful when the 
new properties discovered can be related 
to known properties, so that the body of 
scientific knowledge in question forms a 
closed, consistent whole. At present,our 
knowledge of auditory perception is very 
fragmentary. On the one hand, we have a 
fairly good picture of the operation of 
the peripheral auditory system; on the 
other hand, it has not yet been possible 
to arrive at clearly defined ideas about 
higher processes such as pattern recog
nition, attention and memory. The in
vestigator in this field has the feeling 
that he is faced by a vast expanse of 
unknown terrain. 

Two approaches could be taken in this 
investigation: 1) to start from a region 
which is more or less well known, and 
try to explain the phenomenon of tempo
ral coherence from this starting point; 
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2) to start from the phenomenon, and try 
in a more or less intuitive way to look 
for links with regions about which we 
have some know~edge. 

The second approach was chosen here. 
One of the main reasons for this was 
that we do not know a priori which of 
the known auditory or psychological 
points of view is best suited for deal
ing with the phenomenon of temporal 
coherence. 

The main emphasis in this investiga
tion is thus on study of the phenomenon 
of temporal coherence as such. We are 
aware that this approach is open to the 
objection that the links with known 
regions can only be dealt with super
ficially. In a later phase of the in
vestigation (which will however not be 
discussed in this thesis),it may be 
possible to establish these links in 
greater depth. 

In chapter 2, 3 and 4 we describe 
experiments on alternating tone se
quences of the type already used by 
Miller and Heise (1950), but modified by 
varying the tone repetition time (chapter 
2 and 4), presenting the alternating 
tones to different ears (chapter 3), re
placing the pure tones by complex ones 
(chapter 3) and introducing amplitude 
differences between the tones (chapter 
4). 

The phenomena observed are des
cribed, and new concepts are defined. 
Thanks to the choice of the tones stud
ied, the possibility of comparison with 
peripheral auditory phenomena remains 
open. This proves to be especially use
ful in the case of fast tone sequences 
(chapter 3 and 4). 



In slow tone sequences, the influence 
of the observer's attentional set proves 
to be very important. This makes it 
desirable to find links between our 
findings and existing ideas about 
subjects like attention and memory 
(chapter 2 and 4). 

In chapter 5, we investigate the tem
poral coherence in random tone sequences 
in order to investigate whether knowledge 
of the sequence has influence on the re
sults. 

In chapter 6, we describe experi
ments dealing with the question of 
whether loss of temporal coherence 
entails loss of the ability to dis
tinguish the relative temporal position 
of tones. 

In chapter 7, finally, we try to 
translate the results of this investiga
tion (which is mainly concerned with 
understanding certain aspects of percep
tion) into terms which will be more un
derstandable by people like musicians 
and phoneticians, who are mainly con
cerned with the production of per
ceptible auditory patterns. 

2. EXPLORATORY INVESTIGATION OF THE IN
FLUENCE OF THE TEMPO; THE IMPORTANCE 
OF THE OBSERVER'S ATTENTIONAL SET 

2.0 Introduction 

The alternating tone sequence ABAB ..• , 
for which Miller and Heise (1950) had 
determined the trill threshold, was 
chosen as the starting point for this 
investigation, since this is the most 
elementary stimulus with which the phe
nomenon of temporal coherence can be 
studied. As has already been mentioned, 
the loss of temporal coherence in this 
sequence can be observed at a tempo of 
about 10 tones per second. When the tone 
interval is large, two simultaneous 
strings of tones A.A. and B.B. are then 
heard, while with small frequency jumps 
we hear the single string ABAB ... 

In the course of the experiments, 
stimuli were discovered which demonstra
ted the difference between fission and 
temporal coherence in an even more 
striking manner. One of the&e stimuli, 
which is still fairly simple, is the 
sequence obtained from the above
mentioned one by omission of every 
other tone B: ABA ABA ... (see Fig. 2.1). 
In the case of fission we then hear two 
strings which differ in tempo as well as 
in pitch, the one being twice as fast as 
the other. In the case of temporal co
herence, we get a very characteristic 
rhythm which may be called a "gallop". 

A number of observations and measure
ments have been performed with the 
sequences ABA ABA .•. and ABAB .• , with 
the object of extending the measure-
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TEMPORAL COHERENCE FISSION 

"GALLOP" .! ............... .! 

A A A A 

TIME 
Fig. 2.1. In the tone sequence ABA ABA, the observer 
can perceive the string ABA ABA when the tone inter
val is small (left) (we call the rhythm perceived 
in this case the "gallop") and the string A.A or 
.B •. B. (where string A has twice the tempo of 
string B) when the tone interval is large (right). 

ments of Miller and Heise (op.cit.) by 
studying the influence of the tempo of 
the sequence. Miller and Heise (op.cit.) 
observed that fission disappears in slow 
sequences. Similarly, Schouten (1962) 
demonstrated that when his tone sequence 
with one split-off tone was played slow
ly (2 tones per second), the position 
of this tone could again be located 
among the other tones. 

From now on, we shall represent the 
tempo of the tone sequence by the tone 
repetition time T. The relation between 
these two variables is given by: 
tempo = 1/T. 

On the basis of general considera
tions, we may state that for perception 
of coherence T is bounded both above 
and below. The lower limit of T is de
termined by the fact that we restrict 
our consideration to sequences of non
overlapping tone bursts. The tone 
duration has a minimum value of about 
40 ms, determined by the spectral 
broadening occurring with short tones 
(van Noorden,1971b). The upper limit of 
T is given by the time beyond which no 
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coherence is produced between the tones. 
It is trivial that for example if only 
one tone is presented every hour, no 
coherence can be observed. The position 
of this transition is difficult to de
termine exactly. Studies on the per
ception of rhythm mention times of the 
order of 1-2 seconds (Fraisse, 1957; 
Garner and Gottwald, 1968; Vos, 1973) at 
which the rhythmic pattern can still be 
heard. 

In order to make it possible to vary 
T as much as possible while still keep
ing the tone duration constant, I used 
tones with a duration of 40 ms (see Fig. 
2.2) instead of tones filling the entire 
interval between the neighbouring tones, 
as used by Miller and Heise (op.cit.). 

~----T-----1~----T----~ 

TIME 

Fig. 2.2. Definition of the tone repetition time T 
and the tone duration D. The tone envelope is tra
pezoidal, with onset and decay times of 5 ms. 

2.1 The observer's attentional set 

In my attempts to make the difference 
between temporal coherence and fission 
as easily perceptible as possible, I 
found it useful to present tone se
quences with temporal coherence and fis
sion with only a short time i.nterval 



fission temporal coherence fission 

ABA ABA ... 

Fig. 2.3. In experiment 2.3.2 the frequency of the 
tones A of the tone sequence ABA ABA ... is swept 
across the constant frequency of the tones B. The 
sweep range is about two octaves and the sweep 
period about 80 seconds. 

between the two. For this purpose, the • frequency of the tones A in the sequence 
ABA ABA ..• was automatically varied so 
as to cross the frequency fB (which was 
kept constant at 1kHz); see Fig. 2.3. 
When an observer listens to this stimu
lus he hears gallop and fission alter
nately, the string A being particularly 
prominent because its pitch varies. This 
may be heard in part 2 on the gramo
phone record which accompanies this 
thesis. 

A kind of tracking measurement can 
easily be developed with the aid of 
this stimulus, by giving the observer a 
push-button with which he can indicate . 
whether he hears gallop or fission. 
However, application of this method soon 
showed that gallop is sometimes heard 
with much larger tone intervals than at 
other times, especially with slow tone 
sequences. As we shall see below, what 
the observer hears depends to a large 
extent on the observer himself. 

While fission is always heard with 

large tone intervals and gallop with 
small ones, there is an intermediate 
range where a choice is possible. In 
other words, in this intermediate range 
the observer can make up his own mind 
whether he is going to listen to the 
strings A or B, or to the string ABA. 
The directing of the observer's atten
tion to a certain percept is called 
his attentional set. We distinguish 
the following two attentional sets: 
1. selective listening, where the ob
server tries to hear the strings A or 
B, and 2. comprehensive listening, 
where he tries to hear all tones to
gether in the string ABA. It would seem 
as if the percepts are mutually exclu
sive in the perception. When one listens 
without special attention, one hears 
first the one percept and then the 
other. The change-over is then sponta
neous, and appears to occur at random 
moments. 

Selective and comprehensive listening 
are consciously chosen attentional sets. 
When such a conscious choise is made, 
the boundaries between temporal coher
ence and fission can be defined more 
accurately. 
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The fact that the perception of stim
uli depends on the observer's attentio~ 
al set is quite generally known. For 
example, Helmholtz (1862) described how 

· one can hear the components of a complex 
tone by directing one's attention to
wards them. There are also many examples 
of visually ambiguous figures (e.g. 
Necker cubes) where the observer can 
within certain limits influence what he 
observes. Katz (1943) called this 
"aktive Umgestaltung von Gestalten" 
(active transformation of gestalts). 

2.2 ~~!!~!!!~~-~!-~~~-~~~E~!~!-~~~~!~~~~ 
boundary and the fission boundary ---- -----------------""'\----------"'!""-

In order to make meaningful measure
ments in this field of investigation, we 
have to include the observer's atten
tional set as one of the variables. This 
leads us to the following definitions of 
the boundaries between temporal coher
·ence and fission: 
The temporal aoherenae boundaryx>(TCB) 
is the boundary between temporal coher
ence and fission when the observer is 
trying to hear temporal coherence. 
The fission boundary (FB) is the bounda~ 
ry between temporal coherence and 
fission when the observer is trying to 
hear fission. 

Each of these two boundaries speci
fies the value of a stimulus parameter, 
viz the tone interval: the temporal 
coherence boundary is situated at the 
tone interval Ic, and the fission 
boundary at the tone interval IF. These 
boundaries and the regions which they 
separate are illustrated in Fig. 2.4. 
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observer set to hear observer set to hear 
tempo_ral.coherence fission 

·--·~ 

FISSION 
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TEM='ORAL COHER:N:E FISSION 

l 
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TEMPORAL COHERENCE 
0 

Fig .. 2.4. The attentional set of the observer has an 
appreciable influence on the boundary between temporal 
coherence and fission. In fact, two boundaries can be 
distinguished: the temporal coherence boundary and the 
fission boundary, as indicated in this diagram. 

At tone intervals above the temporal 
coh~rence boundary fission is observed 
no matter what the observer's atten
tional set, and at tone intervals below 
the fission foundary there is always 
temporal coherence; we may thus speak 
here of inevitable fission and inevita
ble temporal coherence respectively. 

(It should not be thought that no 
interaction at all can be observed be-

x) In the previous publications on this 
investigation (van Noorden, 1971c, 1974) 
the temporal coherence boundary and the 
fission boundary were called the "outer" 
and "inner fusion boundaries" respective 
tively. 

The term "fusion" is now reserved for 
the phenomenon of the perceptual "merg
ing" of the successive tones into one 
uninterrupted tone with frequency modu
lation. Fusion occurs in very fast tone 
sequences with small tone intervals~ 
See chapter 5. 



tween the tones A and B in the region 
beyond the temporal coherence boundary, 
i.e. in the region of inevitable 
fission. In fact, an effect similar to 
temporal coherence can be observed 
here. In the tone sequence ABA, for 
example, a very weak connection can be 
heard between tha tones A and B in the 
region. However, the tone B is still 
heard separately in the background, so 
that this is definitely a case of 
fission. At very large frequency jumps, 
this effect is no longer heard. We will 
not discuss it any further here.) 

Two experiments will now be des
cribed where the observer's attentional 
set was directed by means of instruc
tions. These measurements have a de
cidedly exploratory character. 

In these measurements, the tone se
quence with the above-mentioned automat
ic sweep of the frequency fA was used. 
The experimental set-up is sketched in 
Fig. 2.5. The sinusoidal signals of 
frequency fA and fB were produced by a 
sweep generator (Philips PM 5162) and 
a tone generator (Philips PM 5160) re
spectively. Vario-S gates (IPO) and 
envelope generators (IPO) were used to 
form tone bursts with slanting edges 
(rise and fall times about 5 ms) from 
these, in order to prevent clicks. A 
modular timer (MTG, IPO) determines 
the starting point and the duration of 
the tone bursts with a precision 
better than 1 ms~ The signals from the 
gates are fed via attenuators (General 

~OUNO PROOF BOoiH - i 
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Fig. 2'.5, Set-up for the frequency sweep experiment. 
MTG: Modular timer. 

Radio 1450 TA) to a pair of Sennheiser 
HD 414 headphones. The stimulus is 
diotically presented at a level of 35 
dB SL. The frequency fA is swept so 
that the tone interval log fA/fB 
varies linearly with time. The sweep 
period is about 80 .seconds. The tone 
repetition time is chosen at random 
from the sequence 60, 70, 80, ...•. 150 
ms. 

The observer is first instructed to 
hold on to the gallop rhythm as long as 
possible and indicates with the aid of 
the response button when he hears the 
gallop during 8 sweeps with a given 
value ofT (comprehensive listening). 

He is now instructed to follow the 
string of tones A as long as possible, 
and the experiment is repeated with this 
attentional set for another 8 sweeps 
with the same value of T as above (se
lective listening). The measurements are 
then repeated for other values of T 
(chosen in a random order), spread over 
two sessions. The whole cycle is then 
repeated with another order of the T 
settings. 
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Fig. 2.6 shows the results for three 
observers. Each experimental point is 
the median of 16 determinations of the 
change-over point between temporal 
coherence and fission. For all observers, 
the fission boundary is practically 
horizontal (i.e. IF is practically in
dependent of T) in the range under in
vestigation. The temporal coherence 
boundary, on the other hand, shows 
considerable slope: the value of lc in
creases with T. This means that temporal 
coherence can be observed over larger 
tone intervals in slow tone sequences 
than in fast ones. 

The difference between the test 
persons is reflected in the width of the 
region of inevitable temporal coherence 
and in the slope of the temporal coher
ence boundary. For observer LvN (the 
author), the value of the fission 
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0 

0 
Fig. 2.6. Results of the frequency sweep ex
periment. Three observers determined the tem
poral coherence boundary (o) and the fission 
boundary (x). Each experimental point is the 

100 150 mean of 16 determinations. It can be seen 
that Ic increases with T while Ip does not. 

boundary is about half that for the 
other two observers; the slope of the 
temporal coherence boundary, on the 
other hand, is greater for this observer 
than for the other two. It seems reason
able to. conclude that this is because 
LvN has had the most experience with 
these phenomena, and has therefore de
veloped a sharper criterion. Another 
argument for this is the greater regula
rity of his experimental points. Howeve~ 
it was not one of the object! ves of these 
exploratory investigations to study the 
difference between observers. The quali
tative agreement between the results for 
the different observers is clear enough. 

A further point of agreement between 
the results for the different observers 
is that the boundaries are symmetrical 
about 1 kHz when plotted on a 
Logarithmia frequency scale. This means 
that the occurrence of temporal coher
ence and fission is determined by the 



musical interval between the tones. 
Because of this symmetry, it seems 
permissible to take the average of the 
results for fA< fa and fA> fa, as is 
done in Fig. 2.7. The results for the 
different test persons have also been 
averaged in this figure. 

Fig .. 2. 7. Temporal coherence boundary (o) and fission 
boundary (x). Mean of the results of figure 2.6 for 
fA< fa and fA> fa (three observers). 

It may be seen from Fig. 2.7 that 
there is a knee in the temporal coher
ence boundary somewhere around 
T = 100 ms. Above this value, the region 
in which temporal coherence can be 
observed becomes wider with increasing 
T, while below 100 ms the temporal co
herence boundary tends to be horizontal, 
and is situated only a small tone inter
val above the fission boundary. 

These measurements show clearly that 
the observer's attentional set has a 
great influence on what he perceives in 
the region from 60 to 150 ms. By telling 
the observer what kind of attentional 
set he should have, we can unambiguously 
define the boundaries between the dif
ferent percepts. 

The frequency-sweep method is a good 
way to get to know the phenomena in
volved in this field of investigation, 
since situations with temporal coherence 
are continually contrasted with those 
involving fission. However, this method 
does have its drawbacks. 

One big disadvantage is that it is 
difficult to make measurements on slow 
tone sequences with this method. When 
large frequency jumps are required be
tween successive tone bursts A, the 
sweep period must be adapted to the tone 
repetition time T. For large values of 
T, this leads to unacceptably large 
sweep periods. In order to get round 
this difficulty, measurements were 
carried out by an adjustment method, 
in which the observer has to adjust the 
frequency fA himself until he can just 
perceive temporal coherence or fission. 

A further advantage is that the 
adjustment method provides independent 
results which can be compared with 
those of the previous method. This is 
desirable, partly because a number of 
factors whose effects we do not know 
play a role in the sweep method. Because 
of the automatic frequency sweeps, the 
observer is forced to make quick de
cisions. Especially because the change
over from temporal coherence t.o fission 
and vice versa occurs instantaneously, 
a momentary lapse of the observer•s 
attention can lead to considerable er
rors. On the other hand, as a result of 
the regular sweep the observer can anti
cipate what is going to happen. The 
adjustment method gives the observer 
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more chance of listening whether he can 
hear temporal coherence or fission. 

The adjustment method is also 
suitable for exploratory investigations. 
A routined observer can use it almost 
as quickly as the sweep method. 

The following measures were taken to 
guarantee reasonable objectivity for 
the adjustment method: 1. the observer 
operates the adjustment knob "blind" 
(i.e. a screen is placed so that he 
cannot see the position of the knob); 
2. the results are not fed back to the 
observer immediately; 3. the measuring 
series is always repeated a few 
times with other orders of the parame
ters. We feel we can have confidence in 
the results of this method because 
1. they are reproducible, 2. the re
sults obtained with different observ
ers agree well, and 3. the results are 
consistent with those obtained from 
other measurements of the same phenome
non in which another parameter is 
adjusted. 

Both the sweep method and the tone 
sequence ABA ABA ... were used to sim
plify our preliminary observations. The 
characteristic rhythm in the case of 
temporal coherence made the distinction 
between temporal coherence and fission 
very striking with this set-up. However, 
the asymmetry between A and B made the 
situation more complicated. In order to 
avoid these complications, we will al
ways use the regular alternation ABAB •• 
from now on. 

The range of values of T was extended 
so that the temporal coherence boundary 
was measured in the range 
48 ms ~ T ~ 200 ms. The lower limit; 48 ms, 
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is about the smallest tone repetition 
time that can be generated in the exper
imental set-up with a tone duration of 
40 ms and rise and fall times of about 5 
ms. When T was chosen longer than 200 ms 
it was found in preliminary experiments 
that the frequency fA had to be set so 
high that we felt we were no longer in 
the region of musical pitch 
(fA= 4kHz). The fission boundary was 
measured at values of T up to 800 ms. At 
these long tone repetition times it is 
difficult to adjust the fission bounda
ry. The observer has a tendency to beat 
time in himself; if he does not do this, 
the frequency jump must be made very 
large if the tones B are to be heard as 
a separate string. At smaller frequency 
jumps, one inevitably hears the tones A 
and B in succession. 

Since, as we saw from the previous 
experiment, the results are symmetrical 
about 1 kHz, measurements were only 
made with fA> fB· The frequency fB was 
kept constant at 1 kHz. Unlike the case 
in the previous experiment, the observ
er was directed to turn his attention 

r;:----- ---, 
1
souNO PROOF BOOTH 

I,....-----, 

MTG 

Fig. 2.8. Set-up for the adjustment experiment (MTG: 
Modular timer). 
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Fig; 2.9. Results of the adjustment experiment. Two 
observers determined the temporal coherence boundary 
(TCB) and the fission boundary (FB). The experimental 
points are the mean of 15 adjustments of fA; 
(fa= 1kHz, LA Ls = 35 dB SL) .. The results for 
T < 150 ms agree qualitatively with those of figure 
2.7. Moreover, it can be seen that at values ofT 
larger than 400 ms IF also increases with T. 

to the string B when determining the 
fission boundary. 

The equipment used was largely the 
same as for the previous experiment. 
The sweep generator was replaced by a 
tone generator (General Radio 1309 A) 
which could be adjusted by the observer, 
and the X-Y recorder was replaced by a 
digital printer (see Fig. 2.8). 

The fission boundary and the temporal 
coherence boundary were determined in 
separate series. In each series, all 
values ofT are taken in a·random order, 
three settings being made one after the 
other for each value of T. Each series 
was repeated five times on different 
days. The measurements were carried out 
with two observers, one of whom had also 
taken part in the previous experiment. 

Results and discussion 

The results of these measurements are 
plotted in Fig. 2.9. Here again, we see 
that the observers could indicate the 
position of the fission boundary and the 
temporal coherence boundary with a 
reasonably small spread and with quali
tative agreement between one another. 
Since the fission boundary was now de
termined over a wider range of values 
of T, we can now distinguish three sub
ranges: short, medium and long tone
repetition times. The transitions be
tween these sub-ranges are situated at 
about 0.1 and 0.4 second. In the medium 
range the fission boundary is practical
ly independent of T at about 1 semitone. 
At very short values of T the fission 
boundary shifts to slightly larger tone 
intervals; we shall be returning to 
this point in chapter 4. The fission 
boundary also shifts to larger tone in
tervals at long tone repetition times, 
and moreover the spread of the measure..,. 
ments increases. This means that it is 
difficult to hear tones B in a string. 
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We shall be discussing also this point 
further in chapter 4. 

The temporal coherence boundary also 
shows a knee at about T = 0.1 s. At 
sho~t tone repetition times the temporal 
coherence boundary is more or less hori
zontal, while at medium tone repetition 
times the boundary slopes sharply up
wards towards large tone intervals. This 
part of the temporal coherence boundary 
can be approximated to by the equation 
Ic = 0.15 {T-100), where the tone inter
val is expressed in semitones and T in 
ms. The slope is thus roughly 15 semi
tones per 0.1 second. 

Comparison of these results with 
those of the previous experiment shows 
qualitative agreement. The fission 
boundary and the temporal coherence 
boundary have more or less the same form 
in both cases. However, there are 
appreciable quantitative differences. 
Since the measuring methods and,the tone 

2 u . __ .,. __ 
lv~ 0------

0 - - -

0 

5 

0 
0 50 100 150 200 

TONE REPETITION TIME T lmsl 

Fig. 2.10. Comparison of the temporal coherence boun
dary (TCB) and the fission boundary (FB) as deter
mined by the sweep method (Fig. 2.6) and by the 
adjustment method (Fig. 2.9), by a single observer. 
Note also the difference between the tone sequences 
used. 
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sequences used, and most of the observ
ers, differed in the two cases, there 
is little point in comparing the results 
in detail. Nevertheless, the results of 
observer LvN for the two experiments are 
plotted together in Fig. 2.10. 

2.5 Conclusion 

If we compare our results with the 
boundaries determined by Miller and 
Heise (1950), we see that we have added: 
1. data on the influence of the observ
er's attentional set, 2. data on the 
influence of T. 
1. The influence of the observer's 

attentional set is particularly 
marked at times above 0.1 s. Since the 
fission boundary and the temporal co
herence boundary are so close together 
at T = 0.1 s, it is hardly surprising 
that Miller and Heise (op.cit.) did not 
notice the influence of the attentional 
set. On the other hand, it might be 
concluded from our results that they 
chose T = 0.1 s. precisely because at 
this tempo the phenomena are relatively 
insensitive to the observer's attention
a! set. It may be noted that the aver
age of our fission foundary and temporal 
coherence boundary is in agreement with 
the trill threshold they determined. 
2. The influence ofT. It follows from 
our measurements that three T ranges 
may be distinguished, viz T<0.1 s., 
0.1 s. < T < 0. 4 s. and 0. 4 s. < T. 

In the region of short tone repeti
tion times. T, the temporal coherence and 
fission boundaries are quite close to
gether. In the medium·range, it is 



easiest to listen to the different per
cepts. The temporal coherence boundary 
shifts quite rapidly to larger tone 
intervals with increasing T, while the 
fission boundary remains fairly hori
zontal (IF more or less independent of 
T). In the high-T range it is difficult 
to hear fission, and the fission bound
ary is displaced to larger tone inter
vals. 

In the following chapters we will 
study the fission foundary (chapter 4) 
and the temporal coherence boundary 
(chapter 5) in greater detail, but 
first of all chapter 3 provides an 
intermezzo in which we will study whe
ther temporal coherence in fast tone 
sequences is brought about by conti
guity in pitch or in frequency between 
the alternating tones. 

3. EXPLORATORY INVESTIGATION OF THE CON
DITIONS FOR TEMPORAL COHERENCE IN 
RAPIDLY ALTERNATING TONE SEQUENCES 

3.0 Introduction 

Before going deeper into the question 
of temporal coherence and fission in 
alternating sequences of pure tones, it 
would seem to be worth while to carry 
out a number of investigations in dif
ferent directions to pinpoint the 
position of temporal coherence and re
lated effects with relation to other 
auditory phenomena which have been known 
for longer. In particular, we want to 
discover what properties tone bursts 
should have, or how far they may differ, 
if we are to be able to hear temporal 
coherence in a rapidly alternating tone 
sequence. The choice of the experiments 
described in this chapter was guided by 
a number of landmarks in the field of 
auditory phenomena which are of impor
tance for the theory of hearing. 

The questions we shall examine here 
concern: 1. frequency and pitch, 2. di
otic and dichotic presentation, and 3. 
amplitude. Most of the experiments in
volved are qualitative, since a quanti
tative approach would add little to our 
insight. 

We shall restrict our attention here 
to fast tone sequences, i.e. T < 100 ms, 
since forT >100 ms, the results become 
less unequivocal. 
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As mentioned in section 1.2, pitch 
is a subjective quality we assign to a 
perceived (tonal) sound. As far as pure 
tones are concerned, there is.a one-to
one relationship between the physical " 
frequency and the subjective pitch (if 
we neglect secondary effects). It goes 
without saying that there cannot be such 
a one-to-one correspondence for sounds 
with a complex spectrum. 

The case of sounds composed of a 
number of harmonic components is inter
esting. Such sounds have a pitch corres
ponding to the fundamental component -
even if this fundamental is not actually 
present. In the latter case, the percep
tion of this low pitch is brought about 
by a number of components of higher fre
quency. This low pitch is known under 
various names in the literature, e.g. 
residue pitch (Schouten, 1940), periodi
city pitch (Licklider, 1954), musical 
pitch (Houtsma and Goldstein, 1972), 
virtual pitch (Terhardt, 1972) and low 
pitch (Plomp, 1975). 

This distinction between frequency 
and pitch makes it possible to investi
gate whether the temporal coherence in 
rapidly alternating tone sequences de
pends on the frequency or on the pitch. 
We have seen in chapter 2 that temporal
coherence can be perceived in a rapidly 
alternating sequence of pure tones if 
the frequency difference is not too 
great. In order to determine whether 
this temporal coherence is due to the 
contiguity in frequency or in pitch, 
we will have to listen to alternating 
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sequences of tones with contiguous 
pitches but not contiguous frequen
cies, and vice versa. 

We can realize a sequence of alter
nating tone bursts with the same pitch 
but non-overlapping frequency ranges in 
two different ways: 1. by the alterna
tion of a pure tone A and a complex 
tone C the lowest component(s) of which 
have been suppressed, or 2. by the al
ternation of two complex tones C and C', 
the components of which lie in non
overlapping frequency ranges (see Fig. 
3.1 and 3.2). Both cases have to be in
vestigated, since it is not known whe
ther the pitch of a pure tone is pro
duced in the same way as that of a 
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Fig. 3.1. Alternation of a pure tone (A) ~nd a com
plex tone (C) of equal fundamental frequency fc, but 
without contiguous frequency components. The complex 
tone contains the harmonics 3fc, 4fc ..... lOfc· 

Fig. 3.2. Alternation of two complex tones C and C' 
of equal fundamental frequency fc, but without con
tiguous frequency components. C contains 3fc, 4fc 
and 5fc, and c• contains Sfc, 9fc and lOfc· 



complex tone. The effects observed with 
these two sequences (which can also be 
heard on the accompanying gramophone 
record) will now be described. 

Tone sequence ACAC, equipment and 
stimulus 

The equipment for the generation of 
the alternating sequence ACAC .. is 
basically the same as that described in 
section 2.4 ; see Fig. 2.8. However, 
for the generation of the tones C the 
tone generator B is replaced by the 
PANPIPES (Admiraal, 1969). This unit can 
generate ten harmonic components C1- C1o 
of frequency fc, 2fc, ... 10fc, the am
plitude and phase of each component be
ing independently variable. The frequen
cy fc is also variable. In the sequence 
ACAC .. , Cis formed by the components 
C3 - C10• all having the same amplitude 
and phase (¢ = 900), The frequencies fA 
and fc are both 200 Hz. The level of 
the complex tone is about 40 dB SL, and 
the loudness of the tones A is made 
subjectively equal to that of C. The 
level LA is thus higher than that of 
the individual components of C (Lc>· The 
envelope of the tones A and C is the 
same as that used in the experiments of 
chapter 2, T = 100 ms, D = 40 ms. 

Observations 

If we listen to the sequence ACAC .. 
(Example 3.1 on the gramophone record) 
we find that only fission can be heard: 

we can direct our attention either to 
the string of pure tones A or to the 
string of complex tones C; the two 
strings appear to proceed simultaneously. 
Since the hearing of temporal coherence 
is such a question of attention, where 
changes in the stimulus can sometimes 
lend increased emphasis to certain as
pects, attempts were made to produce 
temporal coherence by varying fA and LA. 
However, these attempts had no success. 
The only way to produce temporal coher
ence between A and C is to increase the 
tone repetition time T from 100 ms to 
about 150 ms. 

The tone sequence CC'CC' .. ; 
equipment and stimulus 

In the experimental set-up of Fig. 
2.8 we replace the tone generator A by 
a series combination of a pulse genera
tor (Philips PM5711)and a band filter 
covering the tone interval of the third 
of an octave (Bruel and Kjaer, 2112) 
for the generation of C'. The band filter 
was adjusted so that the frequencies 
8fc•• 9fc•• and 10fc• (where fc• = 140 
Hz) were passed with roughly equal am
plitudes (the components 8fc• and 10fc•. 
were in fact about 3 dB down compared 
with 9fc•; 7fc• and 11fc•• were about 20 
dB down, and 6fc• and 12fc•• about 40 
dB down). For C, we now used the complex 
tone consisting of the three components 
3fc, 4fc, and 5fc of equal amplitude, 
where the fundamental was again fc = 140 
Hz. The level of C was about 40 dB SL, 
and that of C' was made subjectively 
equal to this. T = 100 ms and D = 40 ms. 
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Observations 

When we listen to this stimulus 
(Example 3.2) we again hear fission very 
clearly, just as in the case of the se
quence ACAC .•. Once again, the only way 
of hearing temporal coherence is to make 
the tone repetition time T longer; how
ever, it seems to be unnecessary to make 
T as large in this case as for ACAC .. 

Discussion 

Both with the sequence ACAC •• and 
with CC'CC' .• , it is found to be very 
difficult to hear temporal coherence 
with a tone repetition time T of 100 ms. 
The effect is the same as with an alter
nating sequence of two pure tones ABAB .. 
with an appreciable frequency differ
ence between A and B. However, unlike 
the sequence ABAB .. , the two sequences 
ACAC .. and cc•cc• .. both consist of 
tones of equal pitch. The contiguity of 
pitch between A and C (or C and C') is 
thus not sufficient to give temporal 
coherence. 

So far, we have been considering of 
complex tones in which the pitches were 
contiguous but the frequencies were not. 
For the sake of completeness, we shall 
now describe an experiment also using 
the reverse situation, in which the 
pitches are not contiguous, but the fre
quencies are. We shall then continue 
our discussion of these effects in terms 
of auditory theory. 
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Further observations 

In the alternating sequence CC'CC' .. 
we can have four possible combinations 
of contiguous or qon-contiguous pitch or 
frequency; see Fig. 3.3. We will listen 
to all four cases (Examples 3.3- 3.5 on 
the gramophone record). In order to get 
maximum flexibility with the equipment 
we are using, we start with fc and fc•, 
both equal to 140 Hz. The band filter 
is tuned to the 1250 Hz band, and we 
take the 8th, 9th and lOth components of 
the PANPIPES. The level is again about 

Fig. 3.3. In the alternation of two complex tones, 
temporal coherence can be heard if the two tones have 
components which are contiguous in frequency. In this 
experiment, one tone consists of the 8th, 9th and lOth 
harmonic of 140 Hz (3 circles) and the other is formed 
by filtering a periodic pulse with a 1/3 octave filte~ 
When the filter has a central frequency of !.25kHz, 
temporal coherence can be heard (dotted area). When 
the filter passes other bands, temporal coherence is 
much more difficult to perceive. The frequency of the 
harmonics of a given fundamental frequency can be read 
off on the appropriate oblique lines (e.g. the fre
quency of the 5th harmonic (n = 5) of 100 Hz is 500 
Hz). The area enclosed by the oblique lines shown in 
the figure corresponds roughly to the existence region 
of the 3-component residue (Ritsma, 1962). 



40 dB SL, T = 100 ms and D = 40 ms. In 
this starting position, the frequency 
and the pitch are both contiguous, so we 
get inevitable temporal coherence. 

We now vary fc• which has the result 
of keeping the frequencies contiguous 
while the jump in pitch increases. Under 
these conditions temporal coherence can 
be clearly heard over a pitch difference 
of at least an octave, which is.greater 
than that at which temporal coherence 
can be heard with pure tones. At larger 
frequency differences, fission can be 
heard. When we return fc• to 140 Hz and 
move the band-pass filter to the next 
step, it is at once more difficult to 
hear temporal coherence. If we change 
the pulse repetition frequency fc• at 
this setting of the band filter, only 
fission can be heard. 

The results of this reconnaissance 
are summarized in the next diagram. 

pitch 
contiguity no 

frequency 
contiguity 

yes no 

TC F 

TC/F F 

TC: temporal coherence 
F : fission 

Discussion 

It follows from all the experiments 
described in this section that temporal 
coherence can only be heard in rapidly 
alternating tone sequences when the fre
quencies involved are contiguous. We can 

attempt to fit this into the framework 
of present-day auditory theory as fol
lows. The operation of man's auditory 
system is regarded as being split up in
to a number of phases, the first of 
which is a rough frequency analysis of 
the sound, taking place in the cochlea. 
High frequencies activate hair cells 
near the oval window (where the sound 
enters the cochlea), while low frequen
cies activate hair cells situated 
further from this window. Little is 
known with certainty about the further 
action of the acoustic pathway. 

In terms of this cochlear frequency 
analysis, contiguity in frequency means 
that successive tone bursts activate 
neighbouring or partially overlapping 
groups of hair cells. It would thus seem 
that in rapidly alternating tone se
quences, overlapping groups of hair 
cells have to be excited if temporal co
herence is to be heard. 

In order to investigate whether this 
is a necessary and sufficient condition 
for the occurrence of temporal coherence 
we shall perform a few more experiments. 
In order to test whether it is a neces
sary condition, we shall determine 
whether temporal coherence can be heard 
in a rapidly alternating dichotic tone 
sequence (section 3.2), while to test 
whether it is a sufficient condition we 
shall study diotic monotonic sequences 
with amplitude differences (chapter 4). 

So far, we have presented the tone 
sequences diotically, i.e. the same 
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signal to both ears. We might ask whe
ther the temporal coherence in the al
ternating tone sequence ABAB .. can also 
be beard when the sequence is presented 
dichotically (tone A to one ear and tone 
B to the other). This w~uld mean that we 
present a tone sequence in which the 
successive tones are contiguous in fre-. 
quency but not contiguous at the level 
of the hair cells. 

Dichotic presentation of ABAB; 
equipment and stimulus 

The equipment of Fig. 2.8 was used 
again, but was now so rearranged that 
the two sides of the headphones received 
different signals. The frequency fa is 
1 kHz, while fA is adjustable. The le
vels LA and LB are about 40 dB, T = 100 
ms and D = 40 ms. 

Observations 

When we listen to this stimulus, it 
is easy to hear fission, no matter what 
the tone interval. We can easily direct 
our attention to the string A in one 
ear or the string B in the other. 

When we try to hear temporal co
herence, the situation is more compli
cated. When the tone interval I is large 
it is clear that no temporal coherence 
can be heard; but as we reduce the tone 
interval I the situation changes. We 
hear a ~ind of interaction between the 
tones A and B, which is, however, diffi
cult to describe. The "sound image" 
seems to get "wider", more "spacious". 
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However, it would be wrong to say that 
we can really follow the string ABAB •• 
in its rapid alternation from one ear 
to the other. This becomes clearer when 
we switch over to diotic presentation of 
ABAB. The tempo then seems to rise sud
denly, and we hear the tones hammering 
clearly one after the other. We may 
thus conclude that there is no real tem
poral coherence in the dichotic case. 

Discussion 

Other authors have already observed 
that tones presented alternately to the 
two ears cannot be heard as a single 
string. Axelrod et al. (1968) found 
that the tempo of a sequence of clicks 
presented alternately to tne two ears 
was estimated as lower than that of the 
same sequence presented diotically. 
Blauert (1970) observed that the alter
nation of sound pulses left and right 
can be followed down to a repetition 
time of about 150 ms; this is in accor
dance with our own observations. 

These observations confirm the con
clusion that it is necessary for the 
hearing of temporal coherence in rapid
ly alternating tone sequences that the 
alternating tones should stimulate 
overlapping groups of hair cells. 

Before examining in chapter 4 whether 
contiguity at the level of the hair 
cells is a sufficient condition for 
temporal coherence, we will first dis
cuss in the following section an effect 
we discovered in the alternating tone 
sequence ACAC .. , which indicates that 
the relative levels of the alternating 
tones also play a role. 



During the experiments with the al
ternation of a pure tone and a complex 
tone ACAC .. (where Cis a complex tone 
with the first ten harmonics), we found 
that it is possible to observe temporal 
coherence between A and the individual 
components of C, if the level of A is 
adjusted accordingly. 

If fA = fc and the loudness of A is 
equal to that of C, then as in the ex
periment of section 3.1 we hear only 
fission. It appears to make no differ
ence in this situation whether the lower 
harmonics are present or not. However, 
if we lower the level LA until it is 
roughly equal to the level Lc of the 
components of C and direct our attention 
to the tones A, we can hear a string of 
tones with twice the tempo of A, just as 
if there were temporal coherence in a 
sequence of pure tones ABAB ..• Apart 
from this, the string of the complex 
tones C can also be heard. 

It seems reasonable to assume that 
the string of pure tones ~th double 
the tempo of the tones A is formed by 
the pure tones A and the lowest compo
nent of C. This assumption is confirmed 
by the fact that if we suppress cl all 
we can hear is the string of tones A 
with its proper tempo (plus the string 
din the background). 

If we vary the frequency of the tones 
A, we find just as with the alternating 
sequence of pure tones ABAB .• that tem
poral coherence between A and ~l can on-
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Fig. 3.4. Alternation of a complex tone (A) containing 
the first 10 harmonics and a pure tone (C). If the 
frequency of C is contiguous to that of a component of 
A and its level is properly adjusted a string of tones 
A can be heard with a tempo .twice that of the original 
tone sequence A. 

ly be heard in a limited range of tone 
intervals. Similarly, temporal coherence 
between A and C2 , c 3 or C4 can be heard 
when fA is contiguous to 2fc, 3fc or 4fc 
respectively, see Fig. 3.4 (Example 3.6 
on the record). However, as the order of. 
the harmonic rises, it becomes more and 
more difficult to he.ar the temporal co
herence. Further, it is found that the 
level LA must be lowered more and more 
to hear temporal coherence with the 
higher harmonics. In Appendix A we des
cribe an adjustment measurement which 
gives a rough impression of how LA for 
the best temporal coherence between A 
and Ci depends on T, and on the inter
action of the components of C. Once a 
firm foundation has been gained for the 
concept of temporal coherence, this 
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might prove to give an interesting ex
perimental method for measuring the 
relative loudness of the components of 
a complex tone. 

It thus seems most likely that by 
concentrating our attention on the tones 
A, we are able to hear the individual 
components of the complex tone, if they 
are contiguous to A in frequency. This 
approach is similar to the method re
commended by Helmholtz (1862) for learn
ing to hear the components of a complex 
tone. For example, if you want to hear 
the second harmonic of a complex (piano) 
tone, then before playing the tone in 
question you should play the octave 
above it gently; this helps you to 
direct your attention to the component 
in question. 

The remarkable aspect of the situa
tion with the tone sequence ACAC .. is 
that the complex tones are too short in 
duration for the observer to concentrate 
on the components of the complex tones 
without special aids; tone bursts a 
couple of seconds long seem to be needed 
for this purpose. However, the pure 
tones in between make it- easier to hear 
the components effortlessly. 

3.4 Conclusion 

It appears from the experiments de
scribed in this chapter that the tones in 
rapidly alternating tone sequences must 
satisfy a number of conditions if tempo
ral coherence is to be heard between 
them. They have to be contiguous in fre
quency, and to be presented to the same 
ear. These conditions imply that a 
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necessary condition for temporal coher
ence is that the tones in question 
should be contiguous at the level of 
the cochlear hair cells. If this were 
also a sufficient condition, it might be 
concluded that the temporal coherence 
is produced at the level of the hair 
cells. This would imply that temporal 
coherence would always be heard between 
tones of the same frequency presented 
to the same ear, even if they differ in 
sound level. However, our experiments 
with the alternation of a pure tone 
and a complex tone have shown that this 
is probably not the case. In order to 
hear the temporal coherence between the 
pure tone and a component of the com
plex tone, we have to adjust the level 
accordingly too. In order to come to a 
definite conclusion about this question 
we will have to investigate an alternat
ing tone sequence in which the tones 
are alike in everything but their level; 
this investigation is described in 
chapter 4. If contiguity in frequency 
between tones presented to the same ear 
proves not to be a sufficient condition 
for temporal coherence, we will have to 
look for the site of temporal coherence 
and fission at a higher level, which 
means that at the present s~ate of audi
tory theory we can only talk about tem
poral coherence in general terms. 



4. FISSION AND RELATED EFFECTS 

4.0 Introduction 

In this chapter we return to the al
ternating sequence of pure tones, with 
special reference to the fission boun
dary. This chapter consists of three 
parts. In the first part (section 4.1) 
we shall investigate whether fission 
can also be observed in monotonic se
quences with amplitude differences be
tween the tones. It will be shown that 
a fission boundary can indeed be deter
mined in this case too. 

In the determination of the fission 
boundary we shall come across several 
old and new effects which do not strict
ly speaking have anything to do with 
temporal coherence. However, we shall 
devote a number of experiments to these 
effects too, since they clarify the 
relationship between the various pheno
mena in this field (sections 4.2 - 4.4). 

In the third part (section 4.5) we 
return to the fission boundary in tone 
sequences with frequency differences, 
and compare this with the frequency re
solution and the just noticeable differ
ence in frequency. 

We observed in chapter 3 that a level 
difference can prevent perception of 
temporal coherence between a pure tone 
and a component of a complex tone. We 
will now investigate the effect of a 

level difference further, in a sequence 
of pure tones. 

Observations 

In order to investigate whether we 
can hear fission in a monotonic alter
nating sequence with level differences 
between the tones, we make use of the 
stimulus ABAB .. , with the level L8 of 
the tones B set to about 35 dB SL and 
fA = fa. The level LA of the tones A 
can be varied from about -10 to 80 dB 
SL. The tone duration and frequency of 
both tones are 40 ms and 1 kHz respecti
vely, and T is 100 ms. 

When LA = L8 we hear a string of 
identical tones. It goes without saying 
that there is temporal coherence in 
this case. When LA is below the audito
ry threshold, we hear the string of 
tones B, whose tempo is half that of 
the string ABAB ..• It is thus always 
possible to find a maximum value of LA 
at which the string B can still be 
perceived. However, this result is only 
really interesting if the value of LA 
in question is above the auditory 
threshold. We find in fact that fission 
can still be heard at a level difference 
6 L (= LA - L8 ) of about -5 dB. 

When L is increased still further, 
we get a situation in which although A 
and B are not equally loud, the string 
B cannot be heard separately. No matter 
what our attentional set, we hear a 
tone sequence with a tempo twice that 
of the string B. This inevitable tempo
ral coherence is observed as long as 
6 L is small, also in the case of LA> L8 . 
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Finally, the string B is heard again 
if the level of A rises far enough: we 
hear clearly a string of tones B which 
are softer than the tones A. It sounds 
as if the tones B come from further 
away, or as if they are the echo of the 
tones A. We thus see that we can direct 
our attention to the softer tones just 
as well as to the loud ones. 

If LA is made much higher than LB 
(1::. L :::! 40 dB) , we can no longer hear the 
tones B separately. Instead, we hear a 
fairly soft continuous tone. This is a 
known effect, which has been given the 
names "auditory figure-ground effect" 
(Thurlow, 1957), "continuity effect" 
(Houtgast, 1971, 1972, 1973) and "audi
tory induction" (Warren et al., 1972) in 
the literature. 

When I::.L is made even larger, a level 
is reached at which the tones B are 
completely masked by the tones A. How
ever, with the equipment we were using 
this limit could not be reached with the 
test stimulus (T = 100 ms, D = 40 ms). 

So far, we have always tried to hear 
the string B. However, we can also di
rect our attention to the string AB 
(temporal coherence). We then find that 
there is a range of medium values of I::.L 
at which we can hear either the string A 
(or B) or the string AB. (Some of these 
phenomena are demonstrated in part 4 of 
the gramophone record). 

Just as in the case of alternating 
tone sequences with frequency differen
ces between the tones, here too we can 
determine the boundaries between tem
poral coherence and fission depending 
on the observer 1 s .attentional set. We 
shall continue to use the terms "tempo-
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Fig. 4.1. In the perception of monotone sequences 
with a level difference between the alternating 
tones, the attentional set of the observer has an 
influence on the boundary between temporal coherence 
and fission comparable with that in the case of mo
nolevel sequences with a tone interval between the 
alternating tones (cf. Fig. 2.4). 

ral coherence boundary" and "fission 
boundary" for the case where level dif
ferences are involved; see Fig. 4.1. 

Although the temporal coherence 
boundary in the case where level dif
ferences are involved raises important 
questions, we shall not go further into 
these here. The investigation of the 
temporal coherence boundary discussed 
in chapter 5 is restricted to tone se
quences with frequency differences. We 
shall now describe a measurement of the 
fission boundary for level differences. 

Measurements 

For the determination of the fission 
boundary of monotonic tone sequences 
with level differences as a function of 
T we made use of the alternating tone 
sequence ABAB •. with fA= fB =1kHz 
and La = 35 dB SL. For the rest, the 



stimulus was the same as that described 
in section 2.4. The values of T used 
varied between 48 and 800 ms. Presenta
tion was diotic. LA was adjusted by the 
observer with the aid of an attenuator 
with a range of 20 dB in steps of 1 dB. 
This attenuator was designed to give as 
few audible and tangible clicks as 
possible, and the knob was not gradua
ted. The position of the att.enuator was 
read out digitally when the observer 
depressed a push button. 

The observer was instructed to make 
~L so small that he could still just 
hear the string B. After three 
adjustments with ~L > 0, three adjust
ments were made with ~L < 0, or viae 
versa. These six adjustments were all 
made with the same value of T. All 
values of T were used at a single ses
sion, in a random order. The two ob
servers completed five sessions in three 
days, each one with another random order 
for the values of T. 

Results 

The results are presented in Fig. 
4.2. It was found that the observers 
were all able to adjust the fission 
boundary. The spreads are relatively 
small, and the two observers reacted in 
much the same way. Just as with the 
adjustment measurements of section 2.4, 
we may distinguish three ranges of T as 
far as the form of the fission boundary 
is concerned: short (T less than about 
0.1 s), medium (T between about 0.1 and 
0.4 s) and long (T larger than about 
0.4 s). We shall first give an overall 

survey of the findings, and then dis
cuss the complicated phenomena in the 
range T < 0.1 s in greater detail. 

The smallest values of I~LFI were 
found in the medium range of T values. 
In this range, where the fission boun
dary is more or less horizontal, I~LFI 
has a value of about 2-4 dB. There is 
no difference between the situations 
for ~L > 0 and ~L < 0. 

When T is greater than about 0.4 s, 
the minimum level difference for fission 
~~~~ increases with increasing T. 

Below about T = 0.1 s, we find that 
I ~LF 1. increases with decreasing T. How
ever, the situation is no longer symmet
rical for L':.L > 0 and L':.L < 0. When L':.L < 0, 
we can hear the string B down to the 
shortest value of T employed i.e. 48 ms. 
A maximum of about 5 dB is found in 
~~~~ at about T = 80 ms. 

When ~L > 0, on the other hand, 
~~~~ increases continually with de
creasing T; but it is found to be no 
longer possible to adjust the fission 
boundary at the measuring points T = 62 
ms and T = 48 ms. An unexpected and 
striking effect is found in this range. 
When we increase L':.L in this tone se
quence and try to hear the string B, 
then we always hear a string with twice 
the tempo we would expect, until L':.L is 
so large that the continuity effect be
comes operative. We shall be returning 
to this effect, which we call the roll 
effect, in section 4.2. 

Discussion 

a) Small and medium values of T. 
When an observer is trying to hear 
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Fig. 4.2. The fission boundary as determined by the 
adjustment method by two observers in alternating tone 
sequences with a level difference between the tones. 
The level of the tones A was adjustable. 
La = 35 dB SL, fA = fa = 1 kHz. Each experimental point 
is the mean of 15 determinations. 

fission, he listens selectively; 
according to our instructions, he 
listens for the tones B and avoids the 
tones A. There are a number of conceiv
able physiological mechanisms by which 
this selection process could be real
ized. One simple model of the auditory 
system is that it contains a number of 
filters in parallel, one of which can 
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be selected at will by the attention. 
In the case of fission in sequences of 
pure tones with only frequency differ
ences, we may ask whether these filters 
are identical with the frequency fil
ters in the peripheral auditory system, 
and whether one can direct one's at
tention directly to the output of one 
of these filters. 

However, these frequency filters 
will not do for the explanation of the 
fission in monotonic sequences, since 
the tones in question will all be 
passed by the same frequency filter, no 



matter what their level. In order to be 
able to select the tones of a certain 
level, we need another kind of selec
tion mechanism which certainly does not 
exist in the peripheral auditory system; 
it must therefore be regarded as a 
central process. It follows that con
tiguity at the level of the hair cells 
is not a sufficient condition for ob
servation of temporal coherence. 

b) Large values ofT. 
Just as the case of the tone se

quences with frequency differences 
(chapter 2), it becomes difficult to 
hear successive tones B as coherent at 
these long times; the observer has a 
strong tendency to beat time internally 
to select the tones B. But this is not 
the normal mode of listening. It seems 
reasonable to suppose that this loss of 
temporal coherence at large values of T 
is determined by the capacity of a 
short memory. The time between two suc
cessive tones A or B then becomes so 
long that one as it were no longer 
"hears" the previous tone when the new 
one is presented. We have found that the 
difficulties occur gradually in the 
range 800 - 1600 ms (NB: 2T). This range 
corresponds roughly with the decay time 
of the "echoic memory" (Neisser, 1967; 
Guttman and Julesz, 1963) and the 
longest time interval at which rhythmic 
organisation of pulses can be per
ceived (Fraisse, 1956, 1966; Vos, 1973). 

That the fission boundary gradually 
shifts to larger values of I or ~L might 
indicate that there is some form of in
terference in the memory that increases 

the more the tones are more similar (cf. 
Deutsch, 1972). We will not follow this 
train of thoughts further, however, it 
does not mean that we think the under
standing of this memory is not of impor-
tance to understand the perception of 
tone sequences. 

Recapitulation 

The various percepts which can arise 
when we try to hear the string of tones B 
in the monotonic alternating sequence 
ABAB .. with level differences between A 
and B are sketched in Fig. 4.3. We may 
distinguish the following effects (the 
numbers given below are the same as in 
the figure): 
1. tones B inaudible because of complete 

masking by A. 
2. only string B audible; A below audi

tory threshold. 
3. tone B is heard continuously as a re-

sult of the continuity effect. 
4. roll effect (see section 4.2). 
5. string Bean be heard as softer than 

string A. 
6. string B can be heard as louder than 

string A. 
7. inevitable temporal coherence. 

The data from chapter 2 on the ef
fects found when we try to hear the 
tones B in the alternating tone se
quence ABAB •• with frequency differences 
between successive tones are summarized 
in a similar way in Fig. 4.4. The ef
fects in question are: 

4. roll effect (see section 4.2). 
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Fig. 4.3. Schematic survey of the phenomena that can 
be perceived in the monotone tone sequence ABAB .. at 
various level differences ~L and various tone repeti
tion times T if one directs one's attention towards 
the string of tones B. 
1. tones B inaudible because of complet6 

masking by A. 
2. only string B audible; A below audi

tory threshold. 
3. tone B is heard continuously as a re

sult of the continuity effect. 
4. roll effect (see section 4.2). 
5. string B can be heard as softer than 

string A. 
6. string B can be heard as louder than 

string A. 
7. inevitable temporal coherence. 

5. string B can be heard as lower than 
string A. 

6. string B can be heard as higher than 
string A. 

7. inevitable temporal coherence. 

We can now combine these two planes, 
~L - T and I - T, to a three-dimensaonal 
space with the three perpendicular axes 
~L, I and T. 

One might ask what would be the form 
of the fission boundary in the ~L - I 
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Fig. 4.4. Schematic survey of the phenomena that can 
be perceived in the monolevel tone sequence ABAB .. 
at various tone intervals I and tone repetition times 
T if one directs one's attention towards the string 
of tones B. 
4. roll effect (see section 4.2). 
5. string B can be heard as lower than 

string A. 
6. string B can be heard as higher than 

string A. 
7. inevitable temporal coherence. 

planes at right angles to the T axis, 
i.e. in tone sequences with combined 
level and frequency differences. We have 
already determined four points in these 
planes for tone repetition times greater 
than about 80 ms, viz the intersections 
of the fission boundary with the four 
axes; see Fig. 4.5 left part. It seems 
probable that the fission boundary forms 
a closed curve passing through these 
points. 

Because of the roll effect, however. 
we were unable to determine the fission 
boundary for tone repetition times of 
less than about 80 ms at ~L > 0 (and 
fA= fB). Therefore, the fission bounda-



TOt£ INTERVAL I 
Fig. 4.5. Expected course of the fission boundary 
(FB) in the 6L - I plane for T > TR and T < TR. In 
the latter case the fission boundary is an "open" 
curve because of the roll effect. 

ry at these small tone repetition times 
is an open curve in the ~L - I plane; 
see Fig. 4.5 right part. 

We shall now discuss the phenomena 
at small tone repetition times in 
greater detail. 

4.2 The roll effect 

As mentioned in section 4.1, it is 
not possible to hear the string of 
tones B sep~rately at the tone repeti
tion times T = 48 and 62 ms and a level 
difference ~L > 0. When ~L is increased 
at these values of T, we continue to 
hear a string of tones with twice the 
tempo of the string B, until ~L is so 
large that the separate tones B sound 
as one long tone as a result of the 
continuity effect. 

The particularity of the situation 
is the asymmetry. The st~ing of the 
louder tones A can be perceived but not 
that of the weaker tones B. The normal 
case of fission occurring at larger 
values of T is symmetrical. Whenever one 
can hear the string of the louder tones 
one can also hear that of the weaker 
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Fig. 4.6. The difference between fission and roll. 
In the case of fission in monotonic sequences with 
a level difference between the alternating tones 
the observer is able to hear either the string of 
loud tones A or the string of weak tones B, at 
will. In the case of roll the observer is able to 
hear the string of loud tones A but not the string 
of weak tones B. When he directs his attention to 
the latter he perceives a string of weak tones 
with twice the tempo of string B. 

tones; see Fig. 4.6. 
It is as if the tones A is split up 

into two parts, one that can be heard 
separately as the string A and one that 
combines with the tones B to give the 
string with the double tempo. We call 
this effect the ro~~ effeat, because 
the double-tempo string sounds like a 
roll on the drums. It appears from our 
measurements that the roll effect only 
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occurs at values of T below about 80 ms. 
We indicate this threshold by the symbol 
TR, and consider the effect to be a spe
cial form of inevitable temporal co
herence. 

In order to investigate the roll ef
fect further, we shall determine the 
boundaries of the region in which the 
roll effect occurs in the ~L - I planes. 
We call the boundary between the fission 
and roll regions the roll threshoLd. 

Before describing the experiments, 
however, I would like to point out the 
possible connection between the roll 
effect and the continuity effect. The 
roll effect closely resembles the con
tinuity effect; both occur under suit
able conditions in alternating tone 
sequences with level differences be
tween the tones. The continuity effect 
means that the soft tones seem to 
sound like one long tone, as if the 
loud tones fill in the gaps between the 
soft ones. The roll effect means that 
the soft tone can be heard with twice 
the expected tempo; here again, the 
loud tones fill in the gaps between the 
soft ones to a certain &xtent. The 
existence regions of these phenomena 
are adjoining (forT< TR). 

The boundary of the continuity re
gion is the pulsation threshold. The 
course of this threshold in the ~L - I 
plane has been determined (Houtgast, 
1973; Verschuure et al., 1974). This is 
another reason for determining the roll 
threshold in the ~L - I plane. In order 
to facilitate comparison of the roll 
threshold as determined in the following 
section with the pulsation threshold, we 
have also determined the latter in the 
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same tone sequence (section 4.4). 

4.3 Measurement of the roll threshold ---------------------------------!~~-!!:~_!!~~!~~-~~~~~!!~. 

We will determine the roll threshold 
and the fission boundary in the ~L - I 
plane as a function of T for fast tone 
sequences, to provide information on the 
transition from the "open" roll thresh
old curve to the "closed" fission boun
dary curve. 

Experimental set-up 

The equipment used is the same as 
described in section 2.4. The level 
La = 35 dB SL, fB = 1 kHz, and the tone 
duration is 40 ms. The value of LA is 

. varied between La - 5 dB and La + 30 dB, 
and fA is adjusted by the observer. 
T = 100 ms. The observer is instructed 
to adjust the frequency ·of the tones A 
until he can still just hear the string 
of tones B. At a given value of LA, the 
observer makes three adjustments with 
fA > fB, and three with fA < fB. All 
values of LA are dealt with in a random 
order at a constant value of T in a 
single session. Each observer performed 
four sessions for each value of T (48, 
621 72 1 81 and 100 ms respectively). 

Results 

It may be seen from the results (Fig. 
4.7) that there is a basic difference 
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Fig. 4.7. The roll threshold and fission 
boundary for the alternating sequence ABAB .. 
with frequency and level differences betweenA 
and B. The observers adjusted fA so that they 
could just hear the string of tones B sepa
rately. Each experimental point is the mean 
of the results for two observers, who made 12 
adjustments each. As can be seen, the roll 
threshold curves are V-shaped and the fission 
boundary is a closed 0-shaped curve. As T in
creases the V-shaped curves fold up to form 
the 0-sh~ped curve when T equals 100 ms. fA (kHz) 

between the setting at T = 48 ms and 
T = 100 ms. There is a gradual transi
tion from the "open" V-shaped curve in 
the fast tone sequences to the "closed" 
0-shaped curve at 100 ms. At the levels 
~L = 10 dB and ~L = -5 dB at T = 100 ms, 
both observers state that they can hear 
the string of tones B at all values of 
the frequency fA· 

There is over-all agreement between 
the results of section 2.4 and those of 
sections 4.2 and 4.3. However, the 
comparability of the results of 4.2 and 
4.3 is reduced by the fact that in the 
one set of experiments the amplitude is 
adjusted, and in the other the frequen
cy. Thus in 4.2 the fission boundary 
could be determined at T = 81 ms, while 
in 4.3 no value could be found for the 
roll threshold at this value of T. 

In order to be able to compare the 
roll threshold with the pulsation 
threshold, we have made a number of 
determinations of the latter with the 
same tone sequence as that used for the 
determination of the roll threshold. 
The observer is instructed when deter
mining the pulsation threshold to adjust 
fA as close as possible to fB, so that 
he still just hears the tone B as con
tinuous. The equipment and the expe
rimental conditions are further as 
described in section 4.3. The two ob
servers are also the same. Since the 
pulsation threshold depends strongly on 
the silent interval between the tones, 
it was found that with this experimen-
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Fig. 4.8. The pulsation threshold for the alterna
ting sequence ABAB; ® : T "' 48 ms; <$) : T 62 ms. The 
observers adjusted fA so that they could just bear 
the tones B as a weak continuous tone. The roll 
threshold curves for the corresponding values of T, 
taken from figure 4.7, are included for the sake of 
comparison. As can be seen, the roll threshold and 
pulsation threshold are parallel to each other; but 
the pulsation threshold rises to larger level differ
ences when T increases while the roll threshold does 
not. 

tal set-'Up the pulsation threshold 
could only be determined at T = 48 and 
62 ms. 

The results are plotted in Fig. 4.8 
together with the roll thresholds at 
the same values ofT. The measured 
pulsation thresholds are in agreement 
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with the measurements of Houtgast (1973) 
as regards the asymmetry of the slopes 
and with those of Verschuure (1974), who 
has shown that the pulsation threshold 
shifts "upwards" when there are small 
silent intervals; in other words, the 
larger the silent interval between the 
tones, the lower must the level of the 
soft tone be made in order to produce 
the continuity effect. It may be seen 
from Fig. 4.8 that the pulsation thresh
old shifts upwards by about 20 dB as T 
increases from 48 to 62 ms. 

When we compare the roll threshold 
and the pulsation threshold with one 



another, it is clear that they are pa
rallel at these values of T; they both 
have the same asymmetry in the slopes. 
However, the influence of T on the pul
sation threshold is much greater. At 
T = 48 ms the pulsation threshold and 
the roll threshold are still quite close 
together, while at T = 62 ms the differ
ence is already appreciable. The pul
sation threshold and the roll threshold 
probably behave differently at higher 
values of T. The pulsation threshold 
probably continues to rise until it is 
no longer measurable as a result of the 
limitation of the available level 
differences. The roll threshold, on the 
other hand, gradually changes into the 
0-shaped fission boundary, as we have 
seen in Fig. 4.7. The pulsation thresh
old is determined by.the silent inter
val between the tones, and can thus also 
be determined in slow tone sequences. 
However, this is certainly not the case 
with the roll effect: at values of T 
above 80 ms, this effect never occurs, 
no matter what the tone duration. Helow 
this value of T, the roll threshold may 
depend on the tone duration, but we 
have not investigated this point. 

The existence regions of all the 
various effects we have been discussing 
and their boundaries, are sketched in 
Fig. 4.9. This figure is only intended 
to indicate the relation between the 
various effects; quantitative conclu
sions may not be drawn from it. A 
"masking" region is also indicated. In 
this region, the tones B cannot be 
heard at all because of forward or 
backward masking. For the connection 
between pulsation thresholds and mask-

ing thresholds, the reader is referred 
to Houtgast (1974). 

Discussion 

The relation between the pulsation 
threshold and the roll threshold may 
throw some light on the nature of the 
roll effect. Houtgast (1974) considers 
that the pulsation threshold reflects a 
neural excitation pattern. The fact 
that the continuity effect can also be 
observed when there are short pauses .be
tween the tone bursts may be explained 
on the assumption that this excitation 
does not cease immediately after the 
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Fig. 4.9. Schematic survey of the phenomena that 
can be perceived in the tone sequence ABAB .. at 
various tone intervals I, level differences ~L and 
tone repetition times T if one directs one's 
attention to the string of tones B.(The temporal 
coherence boundary is not indicated since it can only 
be determined with another attentional set.) 
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tone stops, but decays gradually; this 
is not a new assumption (Bekesy, 1933; 
Plomp,1964b). As so long as the excita
tion at the start of the soft tone in 
an alternating sequence does not rise 
above the decaying excitation of the 
loud tone, the soft tone will sound 
continuous (Verschuure, 1974). 

The form of the roll threshold sug
gests that this threshold is also a 
reflection of the same neural excita
tion pattern; the relative positions of 
the roll threshold and the pulsation 
threshold indicate that the roll effect 
is produced when the excitation at the 
start of the soft tone is sufficiently 
far above the decaying excitation of 
the loud tone. 

So far, this seems to be a plausible 
line of argument, but we still have to 
explain why we cannot perceive the 
soft tones as a separate string as soon 
as the excitation of the soft tone 
exceeds the decaying excitation from 
the loud tone, which is the case with 
somewhat longer time intervals between 
the tones. There are a number of possi
ble explanations for this. For example, 
the roll effect could be considered as 
due to a continuous tone produced by 
the continuity effect, with a fast 
amplitude variation superimposed on it 
as in an ampl~tude-modulated tone. 

In amplitude modulation, the ampli
tude variation can be followed as long 
as the modulation frequency .is not too 
high. Above a certain modulation fre
quency, separate tone bursts are heard, 
while at a still higher modulation 
frequency we hear a raucous rattling 
tone (called "Rauhigkeit" by Zwicker, 
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1952 and Terhardt, 1968). The modulation 
frequency at which this occurs is compa
rable with the repetition frequency of 
the tone bursts in the sequences which 
give the roll effect. 

It also seems quite likely that the 
level-analysis process mentioned in the 
discussion of section 4.1 requires a 
certain time, so that when fast tone 
sequences are presented the representa
tion of the tones in an L - f space 
somewhere in the brain is not yet com
pleted by th~ time we want to direct 
our attention towards them (cf.Weston, 
.1974). Further investigation is re
quired before a fully satisfactory ex
planation can be given. 

The previous sections provided in
dications that peripheral processes 
play a role in fast tone sequences; it 
would therefore seem worth while to 
compare accurately the minimum tone in
terval required for the perception of 
fission with the available data on the 
peripheral frequency resolution and 
the just noticeable difference in fre
quency. These two quantities indicate 
the hearer's ability to distinguish 
two tones presented simultaneously or 
non-simultaneously respectively. 
Roughly speaking, we may state that two 
simultaneous pure tones with frequen
cies of about 1 kHz must differ in fre
quency by 80 Hz if they are to be 
distinguished (Plomp,1964a) while the 



corresponding frequency difference for 
non-simultaneous tones (also of about 
1kHz) is about 1Hz (Cardozo, 1962). 

If we assume that the peripheral 
frequency filter is required for per
ception of fission in rapidly alternat
ing tone sequences ABAB .. , then we may 
expect the fission boundary to lie at a 
frequency difference comparable with 
the frequency resolution, while if the 
two tones are differentiated at a more 
central level we may expect the fission 
boundary to lie closer to the just 
noticeable frequency difference. 

In order to test this, we have made 
a number of determinations of the 
fission boundary at short tone repe
tition times. In order to give as close 
an approximation as possible to the 
situation with simultaneous tones, we 
varied the tone duration so that under 
some measuring conditions the tone 
duration was longer than the tone repe
tition time, so that the tones were in 
fact partially simultaneous. 

Measurements 

The alternating tone sequence ABAB .• 
was used as stimulus, the level of 
both tones being about 35 dB SL 
(LA= LB>· The frequency of the tones 
A was adjustable, while that of the 
tones B was fixed at 1 kHz. The tone 
duration D was varied from 20 to 100 ms, 
and the tone repetition time from 25 to 
180 ms. The same two observers parti
cipated as in the other experiments of 
this chapter. 

The observers were instructed to 

adjust the frequency fA to give the 
smallest possible frequency difference 
fifF at which the string of tones B 
could just be heard separately. The ob
server performed 3 settings for a given 
value of D and of the tone repetition 
time T, and then varied the values of 
T according to a predetermined random 
sequence. One session covered a number 
of values of T with a given value of 
D, and lasted about half an hour. Four 
sessions were devoted to each tone 
duration, within a total period of five 
days. 
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Fig. 4.10. The fission boundary for small values of 
the tone repetition time T, with the tone duration 
D as a parameter. Each point is the mean of the 
results for two observers, who made 12 adjustments 
of fA each. The vertical bars indicate the spread 
of the .measurements (::':.standard deviation). The 
fission boundary shifts to larger tone intervals at 
small values ofT, independent of the tone duration. 

Results 

The results are plotted in Fig. 4.10. 
The results of the measurements of 
chapter 2 with D = 40 ms are included 
for comparison. 

It will be seen that the observers 
had adjusted the smallest frequency 
difference in the range from 80 to 140 
ms. In faster tone sequences, the fre-
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quency difference selected is decidedly 
larger. Overlapping of tones was also 
found not to have a clear influence. It 
is true that the largest values of ~fF 
were found with values of T less than 
or equal to 60 ms and tone sequences 
with partial overlapping but on the 
other hand the sequences with tone dura
tions of 100 ms and T = 80 ms showed no 
increase in ~fF compared with the tone 
sequences with overlapping tones. More
over, both observers found that IF de
creased with increasing T for a tone 
duration of 20 ms, where there was no 
overlapping at all. 

Discussion 

The value of the frequency difference 
~fF found in the fastest tone sequences 
is about 70-80 Hz. This agrees well 
with the value found by Plomp (1964a) 
for the minimum distance between the, 
frequencies of two simultaneously pre
sented tones if they are both to be re
cognized. We regard this as an indica
tion that for fast tone sequences 
(T < 70 ms) we are really dealing with 
peripheral frequency filters. At large 
tone repetition times, on the other 
hand, the fission boundary determined 
by the observers shifts to appreciably 
smaller frequency differences, which 
suggests that the selection mechanism 
involved is more centrally situated. 
However, the ~fF never fell to such a 
low value as the just noticeable fre
quency difference, but remained at 
least one order of magnitude above this. 

The measurements of section 4.1 show 
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that the fission boundary for tone se
quences with level differences is also 
appreciably above the just noticeable 
level difference. When we compare the 
fission boundary for frequency differ
ences and level differences with the 
just noticeable frequency/level differ
ence (e.g. those measured by Zwicker, 
(1952) with FM and AM), we find that 
in both cases the fission boundary is 
roughly the same factor above the just 
noticeable difference. 

The only way we can explain the 
fission boundary for times greater 
than T = 100 ms at the moment is on the 
basis of Gestalt psychology, by assum
ing that the fission boundary arises 
as it were as an equilibrium between 
two tendencies. The one tendency is 
that elements are perceived more as a 
whole the more they resemble one ano
ther; and the other is that of selec
tive attention, enabling certain ele
ments to be perceived separately. 

It has been remarked that the obser...: 
vation of alternating tone sequence 
bears a great similarity to the obser
vation of ambiguous visual figures 
such as the Necker cube, which have 
two or more stable. percepts. In general, 
one only observes one of these percepts 
at a time. Although the observer's 
attentional set does have some influ
ence on which percept is seen, neverthe
less there is occasionally a sponta
neous switch to the other form(s). In 
general, the different forms will not 
have the same chance of being perceived. 
Similarly, in the case of alternating 
tone sequences we may state that it de
pends on the magnitude of the differ-



ence between the tones whether there is 
more chance of perceiving temporal co
herence or fission.The fission boundary 
is then the boundary at which the ob
server considers that he still perceives 
fission sufficiently often, as judged by 
a subjective criterion. This agrees with 
the introspective findings: you cannot 
hear fission indefinitely at the fission 
boundary. 

However, I would not like to exclude 
the possibility of other processes play
ing a role here. The observers sometimes 
remarked that a change in the loudness 
of the tones B can be heard, when the 
frequency difference is varied: it is as 
if the tones B sound louder when the 
difference between B and A is larger. 
This effect is only noticed over a 
limited range. 

4.6 Conclusion 

In this chapter we have shown that 
fission can be observed in an alter
nating sequence of pure tones if the 
tones differ sufficiently in frequency 
and/or level. We conclu~ed from this 
that the process to select the odd or 
even tones does not seize upon a peri
pheral auditory level. 

Fission can be observed most clearly 
in sequences with a tone repetition 
time between 0.1 en 0.4 s. At longer 
tone repetition ti~es the temporal co
herence tends to be lost because the 
time between the odd or even tones is. 
too long. At shorter tone repetition 
times, certain effects (probably of pe
ripheral origin) make it impossible to 

hear fission under certain conditions. 
These effects include masking, the 
continuity effect and the roll effect 
(which is a new effect, discovered in 
the course of this investigation). 
Further investigation is required before 
a full explanation of these effects can 
be given. 

Further, we have compared the minimum 
frequency difference required for fis
sion with the frequency resolution and 
the just noticeable frequency differ
ence. It was found that in fast tone se
quences the minimum frequency differ
ence required for fission is comparable 
with the frequency resolution. In the 
range of medium tone repetition times 
a smaller frequency difference (which 
is however still larger than the just 
noticeable frequency difference) is re
quired. The latter finding also applies, 
mutatis mutandis, to fission due to 
level differences. 

In the experiments described in this 
chapter, the observers were always in
structed to listen selectively. In 
general, however, one tries to hear 
temporal coherence when listening to 
auditory signals. The following chapter 
is therefore mainly devoted to this 
subject. 
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5. THE TEMPORAL COHERENCE BOUNDARY 

5.0 Introduction 

In this chapter we will investigate 
in greater detail the nature of the 
temporal coherence boundary in tone se
quences with frequency differences be
tween successive tones. 

As we explained in chapter 2, the 
observer has to listen with different 
attentional sets when determining the 
temporal cohrence and fission boundaries. 
In the latter case he listens selective
ly. It might be said that the observer 
has a filter that he can tune to various 
frequencies. The tones which fall within 
the passband of this filter are per
ceived better than those which fall out
side.1> 

Now if we assume that the tones also 
have to pass this filter in succession 
for the perception of temporal coherence, 
then we can understand the observer's 
change of attentional set from listen
ing for fission to listening for tempo-

1) We saw in the previous chapter that 
this "filter" can separate amplitude or 
loudness as well as frequency. However, 
this effect plays no role in chapter 5 
because the tones all have the same 
amplitude. It may be mentioned in this 
connection, however, that experiments by 
Greenb.erg and Larkin (1968) show that 
when the tones have a level very near 
the auditory threshold, one does get 
something like a filter characteristic 
with a bandwidth of 1-2 semitones. 
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ral coherence in two different ways: 
either a) he increases the bandwidth of 
the filter or b) he lets the tuning 
frequency of the filter follow the 
tones. 

However, possibility a) can be re
jected on the basis of the consideration 
that if this were so, all successive 
tones should be perceived as temporally 
coherent; but we saw in chapter 2 that 
the temporal coherence boundary depends 
on the tone repetition time. This is 
thus incompatible with the assumption of 
the wideband filter. 

The form found for the temporal co
herence boundary can most plausibly be 
explained on the basis of possibility b), 
when we further assume that the filter 
can only follow the tones with a limited 
velocity. In this case, the frequency 
jump over which temporal coherence can 
be observed should increase with increas
ing tone repetition time. This is exact
ly what we found in our experiments. 

We know from everyday life that the 
attention can be directed in two differ
ent ways. We can direct our attention 
consciously towards something, or some
thing can attract our attention (cf. 
visual conspicuity; Engel (1971)). When 
the attention is represented as a 
selective mechanism passing information 
from the outside world to the more 
centrally located parts of the brain, we 
can formulate the above as follows: the 
attention can be controlled in two dif
ferent ways, on the one hand from the 
more centrally located parts of the ob
.server' s brain and on the other by 
conspicuous stimuli in the outside worl~ 
From the observer's point of view, the 



first manner of control may be regarded 
as active, and the second as passive or 
automatic. It might be imagined that the 
automatic direction of the attention is 
controlled by fairly peripheral parts of 
the perception system. 

If the following of a tone sequence 
is an active process, we would expect 
an observer to be able to follow tone 
sequences better when he knows them; in 
other words, he should be able to hear 
temporal coherence over larger tone 
intervals under these conditions. 

If the following of tone sequences is 
an automatic process, on the other hand, 
it should make no difference whether the 
tone sequence is known or not. The tem
poral coherence boundary would then be 
determined by failure of the automatic 
control mechanism to keep the attention 
following the stimulus when successive 
tones differ too much in frequency. 

Although the line of reasoning given 
above is speculative and not very pre
cise, it led us to determine the tempo
ral coherence boundary for random tone 
sequences, i.e. for sequences where the 
observer does not know beforehand what 
is coming, as he does with alternating 
tone sequences. 

In this chapter we will describe 
these experiments and compare their re
sults with those for alternating tone 
sequences. We will then describe the 
phenomena observed in 2-tone and 3-tone 
sequences. The effects found with 2-tone 
sequences led us to investigate the re
lationship betw,een these and the visual 
phenomenon of apparent movement. Finally 
we will determine the temporal coherence 
boundary for random sequences in which 

the tone duration is varied as a para
meter. 

X The random sequences 

In the experiments with random se
quences, the object is to determine the 
maximum tone interval between successive 
tones at which the observer can still 
hear the whole sequence as a single 
string with a given value of the tone 
repetition time, under conditions where 
the observer does not know what the 
next tone will be, or even in which 
direction it is to be expected. Such se
quences can be made starting from a 
certain initial tone A1 and a certain 
tone interval I; the next tone A2 is 
then selected at random from A2 = A1 + I 
and A2 = A1 - I, the third tone from 
A3 = A2 + I and A2- I, and so on. In 
principle, the temporal coherence boun
dary can be found in this case by get
ting the observer to adjust either the 
tone interval I at a given value of T, 
or the tone repetition time T at a 
given value of I. In connection with the 
equipment used, we chose the latter aJ
ternative. The tone intervals I used 
were always a whole number of semitones. 

x As explained in section 5.1, random 
sequences are constructed by choosing 
the tone intervals, not the tones at 
random. Thus "random sequence" is used as 
an abbreviation for "random tone interval 
sequence" throughout this thesis. 
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Since sequences constructed with the aid 
of one single tone interval I are too 
rigid and regular, we also permitted 
tone intervals of.:!:. (I+ 1) and .:!:,(I- 1) 
as well as of + I in the sequence. These 
tone intervals were chosen at random, 
with an equal probability for each ton~ 
interval (see Fig. 5.1). Table 5.1 shows 
which tone intervals were used in the 
tone sequences employed for the follow
ing experiments. Note that the choice 
was more limited in sequenc.es with smal
ler tone intervals. 

Frequency limits were built in to 
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Fig. 5.1. Illustration of the principle used for the 
generation of random tone sequences. Starting from a 
given tone, the next tone is generated by choosing 
one of the permitted tone intervals at random and 
adding this to the first tone. This process is 
repeated indefinitely. We used ten different combi
nations of permitted tone intervals (see Table 5.1) 
to generate random sequences with different mean 
tone intervals. If the tone generated exceeds the 
upper or lower frequency boundary, the random 
generator goes ~n choosing other tones until an 
acceptable tone is feund. 
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ensure that the frequencies of the tones 
did not get too high or too low. When a 
tone would otherwise fall outside these 
limits, another random choice is made 
until a permitted tone is found. This 
means that the distribution of the in
tervals in the tone sequence is not 
completely in accordance with the proba
bility distribution; as indicated in 
table 5.1; but only in tone sequences 
with the largest intervals do relatively 
more segments of alternating tone 
sequences occur. The limits were taken 
at 185 and 5920 Hz. The tone duration 
was fixed at 40 ms, and the level of the 
tones was such as to give about 35 dB SL 
in the neighbourhood of 1 kHz. 

The equipment 

The experimental set-up is sketched 
in Fig. 5.2. The random sequences were 
generated with the aid of a computer 
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I L.-----------..;..!"' adjustment ready I I Fig. 5.2. Set-up for the experiments with random 
: tone sequences, with MARIE interfacing facility (see 

L-----------J text) between computer and experiment. 

(P 9202) and a digitally controlled tone 
geaerator (HP 3320B, Freq. Synthesizer). 
Trapezium-shaped tone bursts with rise 
and fall time of 5 ms were formed with 
the aid of an envelope generator (IPO) 
and a signal gate (IPO Vario-S). The 
signal was presented diotically to a 
pair of Sennheiser HD414 headphones via 
a digitally controlled attenuator (IPO) 
and a manually adjustable attenuator 
(General Radio 1450 TA). The tone repe
tition time of the sequence could be 
adjusted by the observer with the aid 
of a ten-turn potentiometer. 

The main functions of the computer 
are the generation of random numbers 
and the timing of the tone bursts. It 
is also used for semi-automatic level 
setting at the start of each measuring 
series, recording the results and cal
culating the means and standard devia
tions of the values of T found. This 
experimental set-up was made possible 
by the development of MARIE (Modulaire 
Aanpassing Rekenmachine Interface en 
Experiment = modular matching of 
computer interface and experiment) 
(Moonen, de Jong, 1973). 

Observations 

Among the tone sequences generated 

with this set-up, two characteristic 
extremes can be distinguised: 
1. Tone sequences with intervals all 
equal to one semitone. If such a 
sequence is given a high tempo (about 
20 tones per second), it sounds like a 
ripply continuous tone moving up and 
down in an irregular manner. FusionH 
occurs between the tones. When such a 
sequence is played more slowly (T = 
about 80 ms), the separate tone bursts 
can be heard. This gives a more staccato 
effect. 
2. Tone sequences with intervals of 25 
semitones. When such sequences are pre
sented at the maximum tempo, no temporal 
coherence can be heard, except between a 
couple of tones here and there that 
happen to have contiguous frequencies. 
In order to hear temporal coherence be
tween all tones, we must make the 
sequence slower. There is no sharply 
defined point at which coherence can be 
heard, but a gradual transition. Some 
observers state that they make use of 

x)Fusion means the merging of successive 
tone bursts. In previous publications 
(van Noorden, 1971, 1974), the term 
fusion was used to mean temporal coher
enc·e; see footnote on page 10 
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criteria such as: I have to imagine that 
I could play the tone sequence with one 
finger on the piano, or that someone 
could sing it. Some observers have great 
difficulty with this experiment, because 
they cannot conceive that tones with 
such widely differing pitches and/or 
timbres could form a single string. 
Some of these phenomena are illustrated 
in part 5 (examples 5.1 and 5.2)on the 
record. 

Experimental procedure 

The computer programme was construc
ted so that after an observer had set 
the value of T for a random tone se
quence with a certain interval distribu
tion, the next tone sequence (with 
another interval distribution) appeared 
automatically. The order of the tone 
sequences was a series of permutations 
of the ten interval distributions. It 
was found that this experimental set-up 
made it possible to work with a somewhat 
larger number of (inexperienced) obser
vers. Twelve observers determined the 
temporal coherence boundary in accor
dance with the instructions given below. 
Each observer determined the value of T 
5 times for each tone sequence. In 
addition, the author performed 25 deter
minations for each tone sequence himself. 

Instructions to the observers 

"You will hear a number of tone se
quences in the following experiment. The 
object is to turn the control knob so as 
to give each sequence such a high tempo 
that you can just hear the successive 
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tones as forming a connected string. 
When a tone sequence is too fast, you 
may hear a few tones detach themselves 
from the rest, or you may hear two 
strings of tones at the same time. You 
need not be surprised if certain tone 
sequences still seem to be connected 
when the tempo has been set to its 
maximum value. When you think that the 
tempo satisfies the above criterion, 
depress the push-button marked "setting 
completed" so that the computer can 
record the value you have chosen. A new 
sequence will be presented when you de
press the button "continue". Try to work 
steadily so that you get through 30 
stimuli in about 20 minutes, but take 
enough time for each sequence. There are 
some sequences which sound all right at 
first but suddenly lose their coherence; 
this is a sign that the tempo is too 
high. When you have got to the end of the 
series, the lamp marked "end of experi
ment" will light up. During the experi
ment, the red numbers outside the cabin 
show you how far you have got. If you 
feel overloaded, just wait for a moment 
between the depression of the buttons 
"setting completed" and "continue"." 

Results 

The results are plotted in Fig. 5.3 
and 5.4; the results obtained by the 
inexperienced observers and the author 
are presented separately. It may be 
clearly seen that longer times are set 
for tone sequences with larger tone in
tervals than in sequences with small 
tone intervals. The smallest possible 
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Fig. 5.3. The temporal coherence boundary in random 
tone sequences as determined by 11 untrained ob
servers. The breaks in the lines represent the mean 
of 5 adjustments ofT. 

value of the tone repetition time T was 
quite often chosen with tone sequences 
having an average tone interval of 3 
semitones or less. It was found by 
questioning that the three observers 
who had chosen longer tone repetition 
times for the sequences with small 
tone intervals had made use of the 
criterion that each tone burst should 
be able to be heard separately. It will 
be seen that the values of T chosen by 
the author were slightly larger than 
those chosen by other observers. This 
indicates that more training does not 
necessarily help the observer to hear 
temporal coherence with larger tone 
intervals. In fact, it may be that his 
experience in the measurement of 
fission boundaries made the author 
more liable to pick out tones which 
detach themselves from the rest. 
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Fig. 5.4. The temporal coherence boundary in random 
tone sequences as determined by one trained obser
ver. Each experimental point· is the mean of 25 
adjustments of T. The horizontal bars indicate the 
spread of the measurements(~ standard deviation). 

Discussion 

In order to investigate whether lack 
of knowledge what tones are coming is 
of influence on the position of the 
temporal coherence boundary, we must 
compare the results found here with 
those for the alternating tone se
quences. For this purpose, we have 
plotted the results obtained by the 
author for the tone sequences ABA ABA 
ABAB .. and the random tone sequences 
together in Fig. 5.5. It will be seen 
that the boundaries found for the dif
ferent sequences are surprisingly close 
together - especially if we take the 
differences between the experimental 
set-ups in the different cases into 
account. However, in view of the differ
ences in experimental method, we cannot 
attach too much weight to this agreement. 
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Fig, 5.5. Comparison of the temporal coherence 
boundaries determined by the frequency-sweep 
method in tone sequence ABA ABA (Fig. 2.10), the 
frequency-adjustment method in tone sequence 
ABAB .. and the tone repetition timeT adjustment 
method in random sequences (Fig. 5.1) by the same 
observer. 

In order to get more comparable re
sults, we have carried out a number of 
experiments on alternating random tone 
sequences, i.e. sequences with the tone 
interval distribution shown in Fig. 5.1, 
except that the tone intervals between 
successive tones are in turn positive 
and negative. These sequences thus 
resemble the alternating sequence ABAB .. 
except that the difference between 
successive tones may be either~ 1 or + 
2 semitones. This means that the observ
er is, within limits, capable of anti
cipating where the following tone will 
come - certainly better than in the 
random sequences. 

The results obtained by the author 
with this experimental set-up are pre
sented in Fig. 5.6. It will be seen 
that tnese tone sequences have the same 
temporal coherence boundary (within the 
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Fig. 5.6. The temporal coherence boundary in random 
tone sequences in which the sign of the tone inter
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rimental point is the mean of 9 adjustments. The ho
rizontal bars indicate the spread of the measure
ments (~standard deviation). 

experimental error) as those mentioned 
above. It may thus be concluded that 
previous knowledge what tones are coming 
does not influence the temporal coher
ence boundary, and that listening for 
temporal coherence is probably not a 
question of moving the attentional 
"filter" to and fro actively, but of 
following the tone sequence passively. 

We shall now analyse this process of 
following the tone sequence in greater 
detail by investigating how temporal 
coherence is produced in 2-tone and 
3-tone sequences. 

5.2 !~~E~!!!_~~~~!~~~~-~~-~=~~~~-~~g~~e: 
ces 

The experimental set-up of section 
5.1 for the generation of random tone 



sequences was also used for study of tem
poral coherence in sequences consisting 
of two tones only. A one-second pause 
was left between each pair of tones. 
Since random generation is used, each 
tone pair is different. The fact that 
the observer does not know precisely 
which tone pair is coming forces him to 
listen with the same open attentional 
set as when listening for temporal 
coherence in random sequences. The tone 
duration was 40 ms, Twas adjustable and 
the level was 35 dB SL at 1 kHz. 

The following temporal-coherence ef
fects could now be observed: With small 
tone intervals and small tone repetition 
times, the two tone bursts fuse to a 
single tone burst whose pitch varies 
with time. When the tone repetition time 
is increased the two tone bursts are 
heard quite separate, but one gets the 
clear impression of a jump in pitch 
between them. When T is made even longer 
the impression of a jump in pitch is 
gradually ~ost and the two tones appear 
to be more independent. The jump in 
pitch is as it were postponed until the 
arrival of the second tone burst; until 
then, the first tone burst "stays in 
your mind". 

When the tone interval is larger, a 
clear transition between "simultaneity" 
and a jump in pitch is heard as T is 
varied. The "simultaneity" at short tone 
repetition times is characterized not so 
much by the fact that the two tones are 
heard to coincide as by the fact that 
the observer has no impression of move
ment: the direction of the jump in pitch 
cannot be distinguished. At large tone 
repetition times, the phenomena are more 

or less the same as with small tone in
tervals at the same value of T. The 
various cases are illustrated in part 5 
(examples 5.3 and 5.4) on the record. 

In order to get a more quantitative 
impression of these phenomena,the author 
made a number of adjustments of the tone 
repetition time to satisfy the following 
criteria: 1) the shortest tone repeti
tion time at which the direction of the 
jump in pitch can just be heard; 2) the 
tone repetition time giving the best 
impression of a jump in pitch; 3) the 
shortest tone repetition time at which 
the tones can be heard "separate" (with 
a very brief period of silence between 
them). 

For each criterion, the value of T 
for the ten different tone interval 
distributions was determined in three 
sessions, with a different order for the 
tone interval distributions in the three 
cases. 

Results 

The results are plotted in Fig. 5.7. 
With criterion 1 and the small tone 
intervals (up to I= 7 semitones), the 
right setting appeared to lie below the 
minimum value of T = 45 ms which could 
be set on the equipment; here we thus 
have no valid experimental points. It is 
clear from the figure, however, that a 
larger tone repetition time is required 
for observing the jump in pitch with 
larger tone intervals. 

Discussion 

It follows from the findings of this 
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section that in 2-tone. sequences there 
is a limit to the rate of the jump in 
pitch at which temporal coherence can be 
heard. When the pitch changes too fast, 
the temporal coherence changes to an 
impression of simultaneity of the two 
tones. This simultaneity can be compared 
with fission in longer tone sequences. 

If ~e compare the limi~ing rate of 
the jump in pitch in 2-tone sequences 
with the temporal coherence boundary in 
continuous sequences, we find that 
temporal coherence can be heard over 
much wider tone intervals in the 2-tone 
sequences than in the longer ones. Be
fore carrying our investigations one 
step further (to 3-tone sequences) we 
would like to pay some consideration to 
the visual analogue of this effect. 

5.3 !~~~~~~!-~~~~~=~~=L-~~~~!~=~=~ 
as observation of movement 

The idea that listening to a melody 
can be compared with following an object 
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adjustments. 

(the voice) moving in the pitch space 
has often been put forward in the liter
ature (e.g. Helmholtz, 1862; Koffka, 
1935 p. 435; Zuckerkandl, 1956), and the 
term "melodic movement" is widely used 
in musical literature. Perceived move
ment is primarily a visual entity, and 
concepts like melodic movement indicate 
an analogy between the observation of 
tone sequences and the seeing of move
ment. This analogy is reinforced by the 
fact that phenomena like temporal coher
ence and fission can also be observed in 
visual perception. Kolers (1970, p. 152) 
describes his findings during the ob
servation of two lamps which were 
switched alternately on an off in rapid 
succession (cf. our tone sequence ABAB .• ) 
as follows.: "The perception of motion is 
replaced by two lights flickering in 
place, but then as with other ambiguous 
figures the first perception returns on
ly to lapse again; flicker and motion 
thereafter alternate in perception"(cf. 
the discussion of section 4.5). Bregman 
and Achim (1973) also mentioned this 



similarity between visual and auditory 
phenomena. 

It is important to note in this con
nection that when as in the above 
example we perceive motion between two 
lamps, we have the idea that there is 
one object jumping to and fro (the 
object may or may not be visible during 
the jump), while in the case of flicker 
we have the idea that there are two 
objects (which light up alternately). 

Similarly, when temporal coherence is 
observed between the tones of a sequence 
one has the idea that there is one 
object, while in the case of fission two 
or more objects appear to be moving in 
"pitch space". Temporal coherence in a 
tone sequence thus implies that one can 
imagine the whole sequence being pro
duced by a single voice or instrument 
(see also the comments of the observers 
in section 5.1). The observation of tem
poral coherence in a tone sequence can 
thus be described as following a voice 
on its path through "pitch space". The 
problem of observing temporal coherence 
thus becomes the problem of following a 
voice. 

Now it is generally assumed that in 
visual perception, motion is a primary 
perceptual quality which is observed 
with special motion detectors. Arguments 
for the existence of such detectors are 
on the one hand psychophysical phenomena 
such as (direction-dependent) speed 
adaptation, motion after-effects and 
subjective stroboscopy (Schouten, 1967) 
and on the other hand physiological data 
concerning the existence of brain cells 
which only react to stimuli that are 
moving (in a certain direction) (Hubel 

and Wiesel, 1959). 
Now we may assume that the motion 

detectors are of assistance in following 
an object. The signals produced by these 
detectors help to identify the object in 
successive moments of observation. More
over, these signals could be used to 
direct the observer's attention so that 
he can follow the object automatically 
or passively. Since this picture agrees 
well with our conclusion that previous 
knowledge plays no role in the percep
tion of temporal coherence (section 5.1), 
it is tempting to consider whether pitch
movement detectors could play a similar 
role in the following of a voice in 
"pitch space". 

It has been shown on the basis of 
physiological evidence that there are 
cells in the cortex which are sensitive 
to frequency shifts (both direction
dependent and direction-independent) 
(Whitfield and Evans, 1965). From the 
psychophysical viewpoint, on the other 
hand, there are not so many phenomena 
known that are comparable with speed 
adaptation, motion after-effects and 
subjective stroboscopy. However, Kay and 
Matthews (1972) did find an effect 
involving adaptation to frequency modu
lation which is specific for the modula
tion frequency. 

Although the importance of pitch
movement detectors has thus not been 
clearly demonstrated, this possible ana-

_ logy seemed a good reason for making a 
closer comparison between the available 
data on visual motion and the data on 
temporal coherence that we have collect
ed. The data on temporal coherence in 
2-tone sequences are particularly suit-
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able for this purpose, since a large 
number of experiments on the visual 
observation of movement have been 
carried out with two light sources 
situated a certain distance apart, which 
flash on for a brief instant with a 
certain flash onset disparity. The 
following phenomena can be observed in 
such a set-up, depending on the flash 
duration, the distance between the 
lamps and the flash onset disparity 
(Kolers, 1972; Graham, 1965): 
1) (partial) simultaneity of the two 
light flashes, 2) apparent continuous 
motion of one light source (beta motion), 
3) an impression of motion, although the 
light source cannot be seen moving con
tinuously between beginning and end 
point (phi motion) and 4) succession of 
two images (without motion). These four 
effects correspond quite closely to the 
four effects observed in section 5.2 
with two-tone sequences, viz. 1) simul
taneity of two tone bursts, 2) fusion of 
the two tone bursts (cf. beta motion), 
3) jump in pitch (cf. phi motion) and 
4) succession without the impression of 
a jump in pitch. 

Just as it is difficult to indicate 
precisely the point where fusion of two. 
tones changes into a jump in pitch, so 
is it difficult on the basis of the 
published data to determine the precise 
transition between beta and phi motion. 
The transition between phi motion and 
succession (without motion) is also 
vague. Many authors do not state clear
ly whether the type of motion they 
observe is beta-type or phi-type. More
over the term "phi motion" is often 
used to indicate "beta motion". 
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In order to permit more quantitative 
comparison, a number of data on the 
observation of movement between two 
flashes of light, in particular concern
ing the range of flash onset disparity T 
in which movement can be observed, and 
the boundary between simultaneity and 
motion in the plane in which the angle 
of vision subtended by the two lights 
is plotted against T, are collected in 
Fig. 5.8. This graph contains data from 
the following sources: l. Neuhaus (1930) 
according to Kolers (1972), who deter
mined the boundaries between the regions 
of 1) simultaneity, 2) motion and 3) 
succession, with a flash duration of 45 
ms. Neuhaus does not state clearly 
whether the motion in region 2 is beta
type or phi-type. II. DeSilva (1929), 
who investigated how well discontinuous 
(apparent) motion could be distinguished 
from continuous (real) movement. It was 
found that these two types of motion 
could be distinguished to a certain ex
tent under all conditions. However, the 
highest chance of error was found in 
the range of speeds from 1oo;s to 210/s, 
when the angle of vision was less than 
about 30. With speeds of less than 30/s, 
no more confusion was found. III. Sgro 
(1063), IV. Kahneman (1967), V. Kolers 
(1972) who determined the region in 
which beta motion could be most clearly 
observed, VI. Levovian (1962) who de
termined how a large a difference is 
permitted between successive frames of a 
film if the projected image is to show 
smooth movement (cf. our fusion) and 
finally VII. Lee (1972) who measured the 
onset disparity at which unidirectional 
motion can be seen in a continuous 
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Fig. 5.8. Survey of data from the literature concern
ing visual perception of apparent movement between 
two (or more) light flashes. For explanation see 
text. 

alternation of two images. 
On the basis of these data we may 

state that apparent motion is observed 
most clearly in the range of T between 
50 and 300 ms. The form of the boundary 
between simultaneity and motion is such 
that a longer time is needed to observe 
the motion when the jump is larger.(This 
is one of "Korte's laws", as stated e.g. 
by Graham (1965).) 

If we compare these data with those 
on temporal coherence between two tone 
bursts, we see that the time range in 
which we can observe temporal coherence 
(jump in pitch) roughly coincides with 
that in which apparent motion can be 
observed. Moreover, the form of the 
boundary between simultaneity and tempo
ral coherence is similar to that between 
simultaneity and motion: the larger the 
jump, the longer the time needed to 
avoid simultaneity. 

This correspondence between the 
visual and auditory effects is such that 
we may assume that when visual percep
tion of motion is realized with the aid 
of special movement detectors, it is 
also possible that temporal coherence 
is observed with the aid of pitch-motion 
detectors. This would seem to justify 
further investigation of the similarity 
between the perception of visual motion 
and temporal coherence. 

Temporal coherence could now be ex
plained as follows on the basis of 
pitch-motion detectors: as soon as the 
motion detectors deliver a sufficiently 
large signal between two successive tone 
bursts, temporal coherence can be ob
served. For very fast jumps the motion 
detectors are less sensitive, or there 
are none; temporal coherence can then no 
longer be observed. 

If we assume that discontinuous 
motion gives a rather meagre stimulation 
of the motion detectors, and that tone 
bursts with gradual frequency changes 
give better stimulation, this offers an 
better stimulation, this offers an 
explanation of the finding of Bregman 
and Dannenbring (1973) that temporal 
coherence can also be observed better in 
the latter case. 

Although the assumption of the exis
tence of pitch-motion detectors thus 
offers a plausible explanation for seve~ 
al effects in this field, a great deal 
more evidence is required before the 
existence of these detectors can be re
garded as definitely proved. 
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5.4 !~~~~~!!_~~~~~~~~~-!~-~=!~~~-~~9~~~= 
ces 

In order to investigate why temporal 
coherence could be observed over much 
faster jumps in two-tone sequences than 
in longer tone sequences (as we saw in 
section 5.2), we could try determining 
the temporal coherence boundary in 
sequences of 3, 4, 5 tones etc. However, 
we do not have to follow this path for 
long before discovering an important 
reason for this effect. Under certain 
conditions, even in 3-tone sequences, 
the speed of the jumps has to be con
siderably reduced if temporal coherence 
is to be heard. 

Three-tone sequences with roughly 
equal tone intervals between successive 
tones can be divided into two classes: 
l)"linear" sequences in which both tone 
intervals are in the same direction, 
and 2) "angular" sequences, in which 
the two tone intervals are in opposite 
directions. By consequence in the 
latter case the first and third tone 
are contiguous in frequency. Now as we 
shall see below, temporal coherence is 
lost more readily in the angular se
quences than in the linear ones. In the 
experiment described below, the temporal 
coherence boundary for both types of 
sequences was determined. 

Experiment 

The temporal coherence boundary was 
determined with the same equipment and 
by the same method as in section 5.1. 
A pause of 1 second is now realized in 
the random sequences after every third 
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tone. The programme for the experiment 
was modified so as to make it possible 
to produce only linear or only angular 
sequences if desired. For the linear 
sequences, the programme for the first 
of each set of three tones checked 
whether two tone intervals could be ad
ded in the sume direction without exceed
ing the frequency limits. When the tone 
chosen does not meet this requirement, a 
new tone is chosen at random which does 
meet it. We make use of the same inter
val distribution as in 5.1. 

Results 

The results for the 3-tone sequences 
are plotted in Fig. 5.9, together with 
those for the 2-tone and continuous 
sequences for the sake of comparison. It 
will be seen that in the linear 3-tone 
sequences, temporal coherence can be 
observed at rates of pitch change which 
are equal to or even slightly higher 
than those in 2-tone sequences. In the 
angular 3-tone sequences, on the other 
hand, the rate of pitch change must be 
set much lower before coherence can be 
perceived - but not as low as in long 
tone sequences. 

Discussion 

It follows from the results that the 
presence of a third tone prevents the 
perception of temporal coherence between 
the first two tones when the third tone 
is close to the first in frequency. When 
the pitch changes are too fast, we hear 
fission in this case, the second tone 
"coming loose" from the other two, which 
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Fig. 5.9. The temporal coherence boundary in linear 
(1) and angular (2) three-tone sequences. Each expe
rimental point is the mean of 9 adjustments. The ho
rizontal bars indicate the spread of the measurements 
(~standard deviation). The temporal coherence boun
dary in two-tone (3) and continuous (4) tone sequen
ces are also indicated, for the sake of comparison. 
As can be seen, frequency contiguity of the first and 
third tones considerally reduces the rate of pitch 
change at which temporal coherence can be perceived. 

are heard as coherent. In terms of 
motion detectors, we might explain this 
by saying that the detector which de
tects the jump from 1 t.o 3 delivers a 
stronger signal than those which detect 
the jumps from 1 to 2 and from 2 to 3, 
because the sensitivity for small jumps 
is greater than that for large ones. 

Further investigation is required 
before we can know whether this explana
tion is correct. Moreover, we still need 
to explain why temporal coherence in 
angular 3-tone sequences can still be 
heard over faster pitch changes than in 
long sequences. This may be due to the 
fact that 1) the "separate" second tone 
can also become part of a string in the 
long sequences, thus reinforcing the 

fission, 2) the motion detectors may be 
subject to fatigue, or 3) in short tone 
sequences the temporal coherence may be 
perceived with the aid of a short memory, 
while in long sequences this is no 
longer possible. 

Now if, as we have seen in 5.4, the 
temporal coherence in tone sequences is 
determined not so much by the tone inter
val between the tones N and N + 1 as by 
the presence of a third tone which is 
contiguous in frequency with N, then it 
seems reasonable to assume that the 
duration of the gap between tone N and 
the start of the next tone that can be 
contiguous in frequency, N + 2, largely 
determines the temporal coherence 
boundary. This gap duration is equal to 
2T - D. Since the gap duration can be 
varied by varying the tone duration D, 
the temporal coherence boundary has been 
determined in random sequences for a 
number of values of D. 

Experimental procedure 

The experimental set-up and procedure 
are exactly the same as described in 5.1. 
The determinations were again made only 
by the author. The tone duration took 
the values 80, 160, 240, 320 and 400 ms. 
Five series of measurements were made at 
each value of D, in a random order. Each 
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experimental point thus represents the 
mean of 15 determinations. 

Results 

400 

The results are plotted in Fig. 5.10 
By way of comparison, the temporal co
herence boundary for a tone duration of 
40 ms, as determined previously, is also 
plotted in this graph. 

It will be seen that the temporal 
coherence boundary shifts to larger tone 
repetition times with increasing tone 
duration. This shift, however, is less 
than the increase in tone duration. In 
tone sequences with long tone duration 
and small tone intervals, the tone re
petition time has therefore often been 
made equal to the tone duration, since 
the experimental set-up did not permit 
T to be made smaller than D. 

Discussion 

In order to investigate to what ex-
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tent the gap duration between the Nth 
and (N + 2)th tone determinates the 
temporal coherence boundary we have 
plotted the measured values of Fig. 5.10 
against 2T - D in Fig. 5.11. As can be 
seen in this graph the experimental 
points seem to lie more or less on one 
curve. 

In order to gather evidence that 
this is a useful representation of the 
results, we have calculated the total 
"horizontal" variance ofthe experimental 
points 2(T - cD) as a function of c. For 
c = 0 we get Fig. 5.10, while when c = 1 
we regard the results as a function of 
the silent interval between successive 
tones (Nand N + 1). In Fig. 5.12 the 
square root of this total variance S is 
plotted against c. The curve has a 
minimum in the region of c = 0,5, which 
indicates that our choice of 2T - D as 
the independent variable was a good one, 
and that the gap duration between the 
Nth and (N + 2)th tone indeed determines 
the temporal coherence boundary. 
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Fig. 5.11. The results of Fig. 5.10, replot
ted with the abscissa transformed from the 
tone repetition time T to the duration of the 
gap 2T-D between the nearest tone pairs that 
are contiguous in frequency. The part 
of the curve near 2T-D = 0 is an extrapola
tion explained in the text. 

350 

The curve of Fig. 5.11 is independent 
of the tone duration D for non-over
lapping tones. This curve is probably 
also applicable to partially overlapping 
tones, but we could not investigate this 
with the equipment available. 

In any case, it is reasonable that 
the curve determined passes more or less 
through the origin, since when the time 
interval between the end of the Nth and 
the start of the (N + 2)th tone is zero, 
there can be no temporal coherence 
between these two tones and the (N+l)th 
tone when the latter has a frequency 
different from that of the Nth tone; 
there will always be simultaneity. 

Since the temporal coherence boundary 
shifts more and more towards larger tone 
intervals as the tone duration increases, 
it is probable that temporal coherence 

· coherenc 
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Fig. 5.12. When the values of I from Figure 5.10 
are plotted against 2(T - cD) instead of against T, 
the "horizontal" standard deviation S of tl:)e experi
mental points varies as a ·function of the variable c 
as is indicated in this graph. The minimum near 
c = 0.5 indicates that the abscissa used in Figure 
5.11 is a good one. 

can always be observed in tone sequences 
where the tone duration is longer than 
half a second. 

5.6 Conclusion 

We have shown in this chapter that 
previous knowledge of the tone sequence 
does not influence the perception of 
temporal coherence. The temporal coher
ence boundary for random sequences is 
found at roughly the same tone inter
vals as that for regularly alternating 
sequences. Further analysis of the fac
tors determining the temporal coherence 
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boundary showed that this boundary could 
not be explained on the basis of the 
temporal coherence boundary between pairs 
of successive tones, for temporal coher
ence can be observed over much faster 
jumps in pitch in two-tone sequences than 
in long tone sequences. Measurements 
with 3-tone sequences showed that fre
quency contiguity of the Nth and 
(N + 2)th tones has a large influence on 
the temporal coherence boundary. This 
conclusion could be confirmed by 
measurements on continuous random se
quences at different tone durations. The 
temporal coherence boundary was found in 
the first instance to be determined by 
the quantity 2T - D, the duration of the 
interval between the end of the Nth and 
the start of the (N + 2)th tone. 

It is suggested that temporal coher
ence may be brought about by pitch
motion detectors. 
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6. TEMPORAL COHERENCE AND THE PERCEPTION 
OF TEMPORAL POSITION IN TONE SEQUENCES 

6.0 Introduction 

So far, we have been investigating 
the temporal coherence of tone sequences 
from one point of view: we have deter
mined under what conditions the observer 
considers that the tones in the se
quences belong together, i.e. that there 
is coherence between them. We will now 
look at things from a completely differ
ent point of view. When temporal coher
ence is lost in a tone sequence, the 
observer often mentions that he can no 
longer perceive the order or precise 
relative temporal position of succes
sive tones (see chapter 1). In this 
chapter, we will try to determine to 
what extent this idea of the observer is 
correct. 

We will do this for continuous diotic 
and dichotic alternating tone sequences, 
and for short tone sequences. 

We used a tracking method to measure 
how precisely the temporal position of 
the tones B with respect to the tones A 
can be observed in the tone sequence 
ABAB ... Starting with the continuous 
tone sequence ABAB •. described in chap
ter 2, we made the tone repetition time 
of the tones B (T8 ) about 1% smaller or 
1% larger than that of tones A (TA); as a 
result, the tones B will gradually shift 
from the midpoint between the tones A. 



The observer is now asked to depress a 
push-button as soon as he perceives that 
the tones B are no longer precisely 
half-way between the tones A. At this 
moment the relative position of tones A 
and B is recorded and T8 is changed from 
TA + 1% to TA - 1% or from TA - 1% to 
TA + 1%, so that the tones B move back 
through the middle and so on. In other 
words, the tones B oscillate continuous
ly about the midpoint between the tones 
A during the experiment (see Fig. 6 .1). 

The distance 2~T = ~T'+ ~T" between 
the reversal points on the two sides of 
the half-way position can be taken as a 
measure of the accuracy with thich the 
observer can perceive the position of 
tones B with respect to tones A. The 
measuring set-up is shown in Fig. 6.2. 

This measuring method resembles that 
used by Von Bekesy for the semi-automat
ic tracking of the auditory threshold, 
but the criterion that the observer has 
to use in our experiments is more diffi-
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Fig. 6.1. Form of the stimulus used for investiga
tion of the perception of the temporal position of 
the tones Bin the continuous tone sequence ABAB .. 
by a tracking method. The repetition time of the 
tones A, (TA), is ~qual to 2T. The repetition time 
of the tones B, (T8), is equal to 2T- 1% or 2T + 1%. 
The sign changes after each response of the observer. 
&T' and ~T'' represent the just noticeable displace
ment of the tones B from the midpoints between the 
tones A. 

Fig. 6.2. Set-up for the tracking experiment. 

cult than the criterion of whether or 
not one can hear a tone. Moreover,in the 
auditory threshold measurements the mean 
of the two reversal points is taken as a 
measure of the threshold, while in our 
measurements we are interested in the 
distance between the reversal points. 
For these reasons, among others, com
pletely unbiased results cannot be ex
pected from these measurements; however, 
the speed and directness of this method 
counted as advantages in this explorato
ry investigation. 

Observations 

Before discussing the measurements, 
we shall describe what the observer can 
hear when he listens to the tone se
quence in which the tones B are shifted 
with respect to the tones A. As in chap
ter 2, we used a tone duration of 40 ms, 
trapezoidal burst envelopes and a level 
of about 35 dB SL, fs = 1000 Hz, fA and 
T variable. 

In slow tone sequences (T = 400 ms) 
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in which the temporal coherence of the 
tones A and B can always be heard, we 
hear a rhythmic change in the tone 
sequence (comparable with the structure 
of iambic or trochaic verse). The size 
of the tone interval between A and B 
does not change this effect essentially. 
The situation .is different with slightly 
faster tone sequences (T about 160 ms). 
Fission now occurs when the tone inter
val is large enough. In this case it is 
more difficult to perceive the position 
of the tones B, but with large shifts 
away from the half-way position we per
ceive a sequence of groups AB AB in
stead of two separate strings A.A. and 
B.B •• The separation by pitch is as it 
were replaced by temporal separation 
into groups of two tones. When the tone 
interval is smaller, the transition from 
isochronous sequence to trochee or iamb 
can still be clearly heard. 

In very fast tone sequences (T about 
100 ms), we he.ar that B is no longer in 
the half-way position not so much on the 
basis of temporal differences but rather 
as a consequence of subtle differences in 
the tone bursts themselves: the starts 
of the tones seem to be more or less 
gradual or staccato, as the case may be, 
or the .tones seem to differ in level. 
These differences are more marked at 
small tone .intervals. At large tone in
tervals, the phenomenon of separation 
into groups AB AB can be observed. Some 
of these phenome.na are demonstrated in 
part 6 of the gramophone record. 

Measurements 
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We used the above mentioned tracking 
method to measure the just perceptible 
displacement of the tones B from half
way between the tones A in the contin
uous tone sequences ABAB •• , for a 
number of values of the tone interval I 
and the tone repetition timeT. The tone 
duration was always 40 ms and the tone 
bursts had trapezoidal envelopes with 
rise and fall times of 5 ms; fs was 
1 kHz and fA was variable. The level of 
both tones was the same, and was chosen 
so as to give about 35 dB SL for the 
isochronous tone sequence with T = 100 
ms, D = 40 ms and fA = fs = 1 kHz. 
Values of 62, 82, 101, 120, 158, 202, 
278 and 398 ms were taken for the tone 
repetition time, and of 0, 1, 2, 3, 5, 7, 
10, 14, 19 and 25 semitones for the tone 
interval I. About 8 reversal points on 
each side of the middle position were 
determined in succession for each tone 
sequence with given values of T and I. 
With a given value of T, all values of 
I were dealt with in a random order; 
this took about 20 minutes. The various 
v.alues of T were also dealt with in a 
random order. In order to test the re
producibility, this whole set of 
measurements was repeated once again. 
In total, about 5000 reversal points 
were determined in the course of a week. 
All these measurements were performed 
by one observer, the author. However, 
pilot experiments indicated that differ
ent observers get comparable results. 

Results 

The results of the measurements are 
presented in Fig. 6.3. The difference 
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between the first and second sets of 
measurements were slight; we therefore 
used their average. 

It may be seen from Fig. 6. 3 that th.e 
distance between the reversal points 2/J.T 
increases with increasing frequency in
terval I; however, the extent of this 
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tions of the tone interval I with tone repe
tition time T as parameter. The experimen ta·l 
points are the mean of 15 determinations. At 
I = 0 and I = 25 semitones the spread of the 
observations (!. standard deviation) is indi
cated by horizontal bars. The lines through 
the experimental points correspond to the re
gression data of Table 6.1. As can be seen, 
at large values of T the values of 6T' and 
6T'' do not depend on I, .as they do at smal
ler values of T. ForT < 120 ms, there is 
considerable asymlljetry between /}T' and b.T''. 

T 

F 
ms 

62.4 .;.,95 
81.6 -.99 

100.8 .99 
120.0 -.97 
158.4 .96 
201.6 -.94 
278.4 -.64 
398.4 -.54 

1 2 

B F B 
ms ms 

.96 56 66 

.96 70 90 

.97 89 112 

.94 105 135 

.87 145 171 

.94 188 216 

.91 260 295 

.50 379 421 

1) correlation coefficient 

3 
F B 

-1.39 0.86 
-1.70 0.79 
-1.92 0.71 
-2.50 1.26 
-1.98 1. 45 
-1.43 1.65 
-0.37 0.73 
-0.29 0.21 

2) intersect of regression line (I=O) 
3) slope of regression line 

F: < T B: T1 > T 

Table 6.1 

increase depends strongly on the value 
of T. Regre~sion lines have been drawn 
through the mean reversal points as 
functions of the tone interval. The 
intercepts of these lines on the T axis 
and their slopes, together with the 
corresponding correlation coefficients, 
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are given in Table 6.1. In most cases, 
the correlation coefficient is greater 
than 0.9. 

The strongest dependence of the value 
of 2~T on the tone interval was found at 
T = 120 ms, the weakest at T = 398 ms.It 
is further striking that when T is less 
than or equal to 120 ms, a systematic 
difference is found between the just 
observable shifts forward and backward 
from the middle. The spread in the mea
sured values increases slightly with 2~T 
and varies roughly between 2 and 15 ms. 

Discussion 

In order to compare these results 
with those obtained for the temporal co
herence boundary, we have presented them 
in a different way in Fig. 6.4. In this 
figure the reLative just perceptible 
shift ~T/T, is plotted as a function of 
T with the frequency interval I as para-

meter. The mean of the forward and back
ward shifts from the middle 
(~T = (~T + ~T'')/2) is taken. 

We can read this graph as follows. 
The longest time intervals give the 
sharpest perception of shifts from the 
middle, which does not depend much on 
the tone interval. As T is reduced ~T/T 
increases, the more so as I is larger. 
This increase in ~T/T continues until 
T = 120 ms, when a constant value is 
reached. The results for T < 120 ms can 
be approximated to by the expression 
~T/T = a+ b.I, where a= 0.11 and 
b = 0.016 per semitone. These values 
were found with the aid of a chi sq~are 
grid method. With these values the 
linear correlation coefficient of the 
measured points and the predicted points 
amounts 0.969, which means that 94% of 
the variation in the experimental points 
can be explained with this model. 

In order to show the connection with 
the temporal coherence boundary, we have 
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knr---r:---,....---..,.---r-----:---=:-......,,....---, Fig. 6.4. The mean relative just noticeable displace

c 19 
• 14 
' 10 . 7 
17 5 
• 3 
t:. 2 

~ " 1 
!!... 

0 0 
1--1-
<l 

TOllE REPETITION TIME T (ms) 

60 

LvN 
ment ~T/T = (~T' + ~T'')/2T of the tones Bin the 
tone sequence ABAB .. as a function of the tone repe

----.--1 tition time T with I as a parameter. These data are 
derived from those of Figure 6.3. The set of curves 
is constructed by using the formula ~T/T = a + bi 
with a 0.11 and b 0.016 semitone-1 forT~ 120 ms, 
and by drawing the best smooth curve through the ex
perimental points by eye for larger values of T. The 
dotted area indicates the values ofT (from Fig. 5.4) 
where at a certain value of I the temporal coherence 
boundary is found. As can be seen, ~T/T increases at 
the temporal coherence boundary when we follow the 
curve of a certain value of I from large to small 
values ofT. 



indicated in Fig. 6.4 the value ofT 
(from Fig. 5.4) at which the temporal 
coherence boundary is found at the value 
of I in question. It will be seen that 
for frequency intervals of greater than 
or equal to 3 semitones, ~T/T increases 
passing the temporal coherence boundary. 
At the coherence boundary ~T/T has a 
value of about 20%; this is roughly 
three-to four-fold compared with the 
smallest values found (5 to 7% at T = 
400 ms). The gradual manner in which 
~T/T increases as T decreases is in 
agreement with the gradual nature of the 
temporal coherence boundary. 

We saw in chapter 3 that fission 
occurs in dichotic tone sequences with 
fA = fa and T less than about 150 ms. 
The experiments described below were 
performed in order to see whether the 
perception of the relative temporal po
sition also deteriorated under these 
conditions. We used the tracking method 
of section 6.1, except that only the 
forward shift from the middle was 
determined. The direction of shift of 
the tones B with respect to tones A was 
reversed automatically as soon as the 
middle was reached. The experiments were 
performed on the tone sequences ABAB .. 
and ABA ABA ... 

The results are plotted in Figure 6.5. 
The experimental points are the medians 
of ten reversal points. It will be seen 
that the perception of relative temporal 
position is less accurate with dichotic 
presentation than with diotic. However, 
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Fig. 6.5. The just noticeable relative forward dis
placement ~T/T of the tone B in the tone sequences 
ABAB .. and ABA ABA ... in dichotic and diotic pre
sentation. The dotted area indicates the values of 
T at which temporal coherence is lost in dichotic 
sequences. 

this difference is less at large T than 
at small T. The results with dichotic 
presentation deteriorate compared with 
those for diotic presentation between 
160 and 140 ms. This is in good agree
ment with the value of 150 ms we found 
(chapter 3) for the loss of temporal 
coherence with dichotic presentation, 
and with the minimum repetition time of 
172 + 25 ms for being able to follow 
apparent movement of sounds from left 
to right and vice versa found by Blauert 
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(1970). Here again, loss of temporal 
coherence is accompanied by deteriora
tion in the accuracy of perception of 
relative temporal position. It may 
further be noted that perception of the 
relative temporal position is more 
difficult in the tone sequence ABA ABA 
than in the sequence ABAB •.. 

In the initial phase of our investi
gation many of the measurements (van 
Noorden, 1971a, 1971b; Linssen, 1973; 
Augustus and Nederhand, 1973) were de
voted to the perception of the relative 
temporal position of the tones in short 
tone sequences. 

It seemed at first as if the results 
of the measurements were hardly compat
ible with the observer's impression 
that he could not perceive the relative 
temporal position of the tones well in 
cases of fission. 

However, later experiments (described 
in chapter 5) showed that temporal 
coherence can be perceived over faster 
tone intervals in short tone sequences 
than in continuous ones. We shall now 
discuss briefly a couple of these 
measurements. 

The just noticeable displacement of 
the second tone in a two-tone sequence 
with a tone interval between the tones 
was determined with the aid of a binary
choice method. The observer was pre
sented with two tone pairs. In the 
second pair, the time interval between 
the tones was either the same as that 
for the first pair (T), or shorter 
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(T- ~T) (see Fig. 6.6). The observer 
now had to say whether there was a dis
placement in the second pair. We deter
mined the value of ~T at which 75% of 
the responses were correct with a 
sequential up-and-down method such as 
can be performed with the aid of the 
!PO threshold tester (Cardozo and de 
Jong, 1971). 

We chose T = 100 ms, D = 50 ms, 
fB = 500, 1000 or 2000 Hz, while fA was 
given various values between fB/4 and 
4fB. The threshold was determined in 
duplicate for a number of different 
rat"ios fAifB, by trained observers. In 
the successive threshold determinations 
at a given value of fB, the values of fA 
were varied throughout the range of 
interest, once upwards and once down
wards. The level of the tone bursts was 
35 dB SL at 1 kHz. 

The results of the measurements for 
fB = 1000Hz are plotted in Fig. 6.7; 
the results for fB = 500 Hz and f 8 = 2000 
Hz were basically the same. 

A B 

I i4---500 ms 

TIME 

AB 
-..J.r:..-.... ~ 

I I 
I I 

: !Sfl 
1-+ ~ 
I~ 

Fig. 6.6. Form of the stimulus of the forced-choice 
experiment for measuring the just noticeable dis
placement in time of the second tone in a two-tone 
sequence. In the second pair the forward displace
ment with respect to the first pair is zero or ~T, 
both with equal probability. 
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Fig. 6.7. The just noticeable displacement ~T/T of 
the second tone of a two-tone sequence as a func
tion of the tone interval I. The mean of the cases 
fA < f 8 and fA > f 8 has been taken. The results 
for the just noticeable displacement of the tones 
B in a continuous tone sequence ABAB at T 100 ms 
taken from Figure 6.4, a~ included for the sake 
of comparison. As can be seen in the two-tone se
quence the displacement can be perceived more rea
dily than in a continuous tone sequence. 

It follows from these measurements 
that the accuracy with which the rela
tive temporal position can be determined 
depends on the tone interval. The best 
results are obtained when fA = fa; the 
just noticeable displacement is then 5 
ms. As the tone interval increases, the 
just noticeable difference increases 
gradually to about 15 ms at a tone 
interval of 2 octaves. These results 
seem to agree with the findings of 
section 5.2, that temporal coherence 
can be observed over a much greater tone 
interval in two-tone sequences than in 
continuous sequences. The value of 15 ms 
mentioned above is much smaller than the 

50 ms found for the same values of T and 
I in continuous tone sequences; however, 
we cannot place too much reliance on the 
difference because of the differences in 
the measuring methods used in the two 
cases. 

In order to permit better comparison 
of the accuracy of observation in short 
and continuous tone sequences, we have 
determined both with the tracking method 
of section 6 .1. 

It was convenient to perform these 
measurements with the tone sequence 
ABA ABA ... The just noticeable shift 
of the tones B with respect to the 
tones A in this sequence can then be 
compared with that found in the tone se
quence obtained by omitting every other 
group ABA. The remaining ABA groups are 
then so far apart that they are per
ceived as separate short tone sequences. 

The advantage of this method is that 
we can now use the same measuring con
ditions for both tone sequences. If we 

t 

:..r..;..r .. :..-2r
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..... i'*- ~ ~ 
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Fig. 6.8. Form of the stimulus used to measure the 
just noticeable displacement of the tones B in three
tone sequences and continuous sequences. The time 
intervals are so dimensioned that in both cases an 
equal length of time is needed to reach a certain 
displacement from the middle. 
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only shift the tone B in every other 
group ABA in the continuous sequence, 
this means that the tone B takes just as 
long to move a given distance from the 
middle in the two sequences; see Fig.6.8. 
We only measured the just noticeable 
shift of B in the forward direction. 

Another point in which these measure
ments differ from those of section 6.1 
is that in these measurements fA is 
slowly swept from a frequency lower than 
fa to one higher than f 8 . The disadvan
tage of this method is that the range of 
frequencies covered must be limited in 
order not to make the whole cycle of 
measurements too long, which would tire 
the observer. Further, T = 100 ms, 
D = 40 ms, fa = 1 kHz and LA = L8 = 35 
dB SL at 1 kHz. 

The results of the measurements per
formed by the author are plotted in 
Fig. 6.9. 

It appears clearly from this graph 
that the just noticeable shift of B from 
the half-way point between the tones A 

40 
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in the continuous sequence depends much 
more strongly on the frequency interval 
than in the 3-tone sequences. As we have 
seen in section 5.4 that temporal co
herence can be perceived over larger 
frequency intervals in short tone se
quences, these observations provide fur
ther support for the view that the tem
poral position can only be perceived 
properly when there is temporal coher
ence. 

6.4 Discussion I: ------------Perception of displacement compared 
~~E~=~~!£~~E!~~=~!:~!~~~-----------

Summarizing, we may state that we have 
shown that the accuracy with which the 
temporal position can be determined de
teriorates when there is no temporal 
coherence between the tones whose tempo
ral position is to be studied. We have 
shown this in both dichotically and dio
tically presented continuous tone se
quences. 

Fig. 6.9. Just noticeable displacement ~T of the 
tones B in a three-tone (o) and a continuous (x) 
tone sequence. The experimental points indicate 
individual reversal points in the tracking 
experiment. 



The question is now to what extent 
these results can be compared with 
those of investigators who have shown 
that the order in tone sequences or 
other auditory patterns can no longer be 
observed if elements which differ too 
much from one another are presented in 
close succession in these sequences 
(Schouten, 1962; Norman, 1967; Bregman 
and Campbell, 1971, Neisser et al. ,1974; 
Warren, 1974; Thomas and Fitzgibbons, 
1971). There is certainly qualitative 
agreement. Most of the investigators as
cribe the failure to observe the order 
to the loss of temporal coherence.(Breg
man (1971) uses the concept "streams" 
and Thomas and Fitzgibbons that of "per
ceptual classes".) Some of them also 
observed that the order can be perceived 
better in short tone sequences.than in 
continuous ones (Warren et al., 1969). 

It should be possible to derive a 
measure of the inaccuracy of the rela
tive temporal position from these order
perception experiments. If we assume that 
the interch~nge of two successive ele
ments is the most common error here, we 
might conclude that the inaccuracy is of 
the same order of magnitude as the tone 
repetition time. The tone repetition 
times at which difficulties arise in the 
perception of order are of the order of 
250-500 ms. These values are several 
times larger than the largest inaccura
cies observed in our experiments. The 
following facts should be taken into 
consideration when assessing this dis
crepancy: 
1. The tone sequences used in the order 
experiments were more complex, being 
composed of more than two different 

tones. 
2. In these order experiments, there was 
generally no silent interval at all 
between successive tones. As we saw in 
chapter 5, fission is more likely to 
occur under these conditions. 
3. In point of fact, the shift experi
ments are concerned with the detection 
of differences. Wilcox et al. (1972) and 
Warren (1974) have shown that differ
ences in order can be detected in tone 
sequences which are so fast that the 
order itself can no longer be identified. 
4. In our experiments, the shift from 
the middle causes a change from fission 
on the basis of pitch to a grouping in 
time: in fact, we get a rapid succession 
of two-tone sequences, where the percep
tion of temporal position is easier than 
in a continuous sequence. 

Although the loss of the ability to 
perceive order can lead to more spectac
ular resu~ts, we preferred to use shift 
measurements because this made it possi
ble to use the same tone sequences as 
for the determination of the temporal 
coherence boundary; the results of the 
two investigations are thus directly 
comparable. Moreover, this shift method 
as such gives interesting results which 
throw light on the question of the 
timing required in playing music. 

6.5 Discussion II: The discrimination 
of time intervals 

So far, we have only shown that the 
perception of temporal position and that 
of temporal coherence are closely related 
However, the results of our experiments 
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can also be compared with published data 
on the discrimination of time intervals. 
The measurements described in the litera
ture were all performed with different 
methods and stimuli, so that the values 
found for the just noticeable difference 
in time interval show quite a consider
able spread; this naturally makes 
comparison difficult. 

The oldest measurements were con
cerned with the discrimination of the 
duration of tones or noise bursts; they 
generally gave a ~T of 10-20 ms at a 
reference time interval of 100 ms 
(Burghardt, 1971; Creelman, 1962; Chis
tovich, 1959; Henry, 1948; Stott, 1935; 
Small and Campbell, 1962). However, our 
experiments were concerned with the 
discrimination of time intervals between 
two tone bursts. Abel (1972) has shown 
that the time interval between two noise 
or tone bursts cannot be discriminated 
as well as the duration of a tone burst. 
She found a just noticeable difference 
for the interval between two pulses, ~T. 
of about 40 ms at a reference time inter
val of about 100 ms. There is a big 
discrepancy between this value and that 
of 5 ms we found in our experiments with 
two-tone sequences with fA = fa at 100 
ms (see section 6.3). One possible 
explanation for this difference is that 
the reference value of the interval from 
presentation to presentation varied over 
a wide range (0.63 < T < 630 ms) in 
Abel's experiments, while in our experi
ment we always worked at T = 100 ms, 
permitting much better training for this 
specific interval. 

The experiments with the sweep method 
on continuous sequences ABAB ... can 
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best be compared with measurements on 
tempo or rhythm discrimination. Michon 
(1964) has shown that the tempo of a 
sequence of clicks where the interval 
between successive clicks is 100 ms can 
be distinguished from that of a sequence 
where the interval between the clicks is 
0.8% longer or shorter. The difference 
between his experiments and ours is that 
he studied the discrimination between 
sequences with different tempos, while 
our observers had to compare temporal 
intervals within one sequence. Lunney 
(1974) recently described an experiment 
which was more comparable with ours. 
His observers had to adjust the temporal 
position of every fourth pulse in a 
sequence of isochronous metronome pulses 
so that they could just detect an irreg
ularity in the rhythm. At a pulse repe
tition time of 100 ms, the shift set 
amounted to 3-4 ms. Bearing in mind the 
difference in stimulus and measuring 
method, we may consider this result to 
be in fair agreement with the value of 
8 ms we found at T = 100 ms in example 
6.1. The T dependence of ~T in his 
experiments also agreed well with ours. 

So far, we have only compared our 
results for I = 0 with published data. 
little is known about how the discrimi
nation of time intervals depends on the 
frequency interval between the two tone 
bursts defining the time interval. How
ever, we may conclude from the results 
of Williams and Perrott (1971), Perrott 
and Williams (1970) and Divenyi and 
Hirsch (1972) that the time discrimina
tion deteriorates with increasing fre
quency interval. There is little point 
in carrying the comparison further, in 



view of the large differences in mea
suring method and stimulus involved. 

It would be nice to be able to form a 
picture of the mechanism by which time 
intervals are discriminated in the per
ception. It might be thought that up to 
tone repetition times of about 200 ms, 
peripheral processes such as masking or 
adaptation could provide the information . 
needed for discrimination of the rela
tive temporal position (see Appendix B). 
A coupling with the peripheral excita
tion pattern could also offer an expla
nation of the deterioration in time dis
crimination with increasing frequency 
interval, and perhaps also of the 
asymmetry found in the sweep experiments 
with the tone sequence ABAB .• at T < 120 
ms. However, since we still have to find 
an explanation for the fact that timP 
intervals can be distinguished better in 
short tone sequences than in lane contin-

uous ones, and since we can only guess at 
the mechanism responsible for subjective 
timemeasurements at longer time inter
vals, it would seem to be better to 
gather more experimental data before 
trying to come to definite conclusions. 

6.6 Conclusion 

We have shown in this chapter that 
when temporal coherence is lost, tempo
ral position cannot be perceived either. 
This holds for diotically and dicho
tically presented continuous tone se
quences and for short tone sequences. 
There is qualitative agreement betwee~ 
these results and those on loss of order 
perception published by other authors. 
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7. TEMPORAL COHERENCE IN MUSIC AND 
SPEECH 

7.0 Introduction 

In this chapter we will return to the 
remarks made in chapter 1 about coher
ence in melodies; the object here (in 
sections 7.1- 7.4) is to compare the 
definitions and results arrived at in 
this investigation with a number of mu
sical concepts. In the second part of 
chapter 7 (sections 7.4- 7.7) we indi
cate a number of points where compari
son of this investigation and the 
perception of temporal coherence in 
musical tone sequences indicates the 
need for further investigation; a 
number of possible topics for further 
study are described. In the third part 
of the chapter (section 7.8), the 
connection between perception of tempo
ral coherence in tone sequences and in 
speech is discussed. 

The existence of coherence in a 
melody was mentioned in section 1.1. 
However, we thought it better to forget 
musical terms temporarily at the start 
of this investigation, as the great 
variety of different meanings attached 
to these terms in the course of time 
would most probably cause confusion. 
Moreover, when investigating perceptual 
phenomena it is necessary to make a 
clear distinction between objective 
physical data and the phenomena ob-
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served. 
This distinction cannot well be made 

when dealing with the concept of melody, 
which has three more or less independent 
meanings: a row of notes on paper, the 
sound of a succession of musical tones 
and the melody one can have in one's 
head. This triple meaning of melody is 
not at all confusing for anyone who is 
occupied in musical activities: it is 
clear that the musical notation is meant 
to be played and to form a coherent 
whole in the perception. In fact, it is 
difficult to write an arbitrary sequence 
of notes on paper and not to conceive of 
them as forming a coherent whole. Howev
er, it has been found (especially with 
the aid of electronic techniques) that 
it is quite possible to compose tone 
sequences in which temporal coherence 
cannot be heard. 

The investigation described in this 
thesis started with a study of the con
ditions to be fulfilled by a sequence of 
tones if temporal coherence is to be 
heard between them. This might be re
garded as an attempt to define the char
acteristics of a tone sequence which 
make it capable in principle of carrying 
a melody. 

In a sense, this approach is opposed 
to that used in traditional melody 
theory (see e.g. Smits van Waesberghe, 
1950). The starting point here is in 
primitive forms of melody such as the 
recitative (a song at a single pitch) 
and songs with a limited pitch range. As 
music developed, wider and wider inter
vals were usedbetween the tones (see 
e.g. Fucks 1962). Various reasons can be 
given for this, e.g. the use of musical 



instruments instead of the human voice, 
increases in the pitch range of these 
instruments, advances in playing tech
niques and in style (homophony vs. po
lyphony) and last but not least curios
ity about new possibilities (v.d. Veen 
1968). Finally, the idea arose of making 
"melodies" with other means than pitch; 
cf. for example Schonberg's "Klangfarben 
melodie". At this point, one may well 
ask whether we are really still dealing 
with melodies. 

It is stated above that a tone se
quence in which temporal coherence can be 
observed is in princip~e suitable for 
carrying a melody. This restriction is 
made because not every tone sequence in 
which temporal coherence can be heard 
makes a (good) melody. Although temporal 
coherence is a necessary condition for 
melody, it is not only one of the fac
tors determining melodic connection. 
For example, it is very difficult for 
musicians not to "hear" the (real or 
latent) harmonic connection in a melody 
directly (Smits van Waesberghe 1950, 
Ortmann,l926). Some successions of tones, 
such as broken chords, are therefore not 
called melodies. We have not considered 
this form of coherence, nor that due to 
rhythmic ordering nor that due to the 
musical form structure. 

In our investigation, we have re
stricted our attention to tone sequences 
without higher ordering, in which the 
tones only differ from one another in 
one respect (e.g. frequency, amplitude). 
The difference in frequency received 
most attention. Although we must be 
cautious in applying the results of our 
experiments, performed with pure tones, 

to music (we shall be returning to this 
point in section 7.5), we would like to 
point out a number of interesting paral
lels. 

It follows from the experiments with 
the alternating (chapters 2 and 6) and 
random (chapter 5) tone sequences that 
sequences in which the tone intervals 
are small exhibit strong temporal coher
ence. When the tone interval is not more 
than 2 or 3 semitones, the tempo of the 
tone sequence can be made very high 
without losing the temporal coherence, 
while with larger tone intervals this is 
not the case. 

This finding agrees well with the 
experience of musicians; for example, 
Piston (1947) states that "steps are 
for unity, wide skips tend to break the 
continuity.of the line". (Steps are 
melodic intervals of 1 to 2 semitones, 
while skips are larger intervals. Note 
that we equate tone intervals here with 
melodic intervals in music.) It has been 
observed that small melodic intervals 
occur most frequently in music (Ortmann 
1926, Fucks,l962, Dowling 1967). Fur
ther, two melodic "skips" in the same 
direction are rarely found together: a 
large skip up is generally followed by 
steps down, to balance it as it were. 

However, it appears from our investi
gations that the strength of the tempo
ral coherence depends on the time inter
val between the start of successive tones 
(which we call the tone repetition time 
T) and on the tone duration: temporal 
coherence can be observed over larger 
tone intervals in slow sequences than in 
fast ones. No corresponding rule has 
been formulated in musical theory. It 
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would therefore be interesting to see 
whether it is followed in practice in 
composing and performing works of music 
(see also 7.6). 

Musicians have sometimes asked us 
whether temporal coherence is observed 
more easily over some ("consonant) 
melodic intervals than over others 
("dissonant") (cf. septime vs. octave). 
However, we have found no evidence for 
this at all in our experiments with pure 
tones. As far as we can see from the 
temporal coherence boundary (see e.g. 
Fig. 5.5), the degree of temporal coher
ence appears to decrease monotonically 
with increasing tone interval. The use 
of a monotonic proximity function by 
Hiller and Isaacson (1959) in their com
puter programs for melody generation 
would seem to be a good choice in the 
light of our results. Some effects of 
the type mentioned above may perhaps be 
found with complex tones, but we have 
not given this matter sufficient atten
tion to draw any concrete conclusions. 

In the alternating tone sequences, 
the tones which split off from the one 
string form another string, so that two 
"voices" can be heard together. In most 
of our experiments these two voices had 
very simple melodic structures, being 
simply repetitions of the same tone. 
However, the demonstration by Dowling 
(1973) (see example 7.2 on the gramo-

;phone record) indicates that the two 
voices can carry more complicated melo
dies. Moreover, as we mentioned in 
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chapter 1, fission has been used regu
larly in music for the composition of 
polyphonic musical fragments for a 
single instrument (compound melodic 
line: e.g. the example worked out by 
Piston (1947, p. 23) as two-part coun
terpoint). 

We showed in chapter 2 that the at
tentional set of the observer has a 
great effect on whether or not fission 
is heard. By telling the observer what 
he had to listen for, we were able to 
determine two definitely different 
boundaries between temporal coherence 
and fission. When listening to music, 
however, one does not normally choose 
one's attentional set so consciously. 
There are a number of factors that deter
mine whether a passage that is intented 
as a compound melodic line is actually 
heard as such. On the basis of our ex
periments, we may expect that the chance 
of this occurring is greater when the 
pitch interval between the two parts 
is greater, and when the passage is 
played faster. Further, the musician 
playing the passage could perhaps accen
tuate the difference between the two 
parts by playing the notes of the one in 
a different manner. But when the combi
nation of melodic interval and tempo is 
such that both temporal coherence of 
all notes and fission could be heard, 
(probably) a lot depends on how the two 
parts are composed with respect to one 
another. Independence of the two parts 
can more or less direct the listener's 
attention to the two-part nature of the 
passage. 

A number of rules are given in coun
terpoint theory for the composition of 



a two- or more-part work so that the 
different parts retain their indepen
dence in the perception. For example, 
the melodic climaxes should not co.in
cide, and the melodic lines of the two 
parts should not move in parallel but 
rather in opposition to one another. 

Another means which is recommended 
for making the two parts independent is 
to give them different rhythms (this 
effect can be observed in the tone se
quence ABA ABA .•• of our first experi
ment). 

However, when the two parts only 
differ in pitch, the two melodies must 
satisfy more stringent requirements. For 
example, when the one makes a skip, the 
other should at most make a step. More
over, the use of crossings and over
lappings of voices (see Fig. 7.1) should 

Fig. 7.1. An example of overlapping in two-part 
counterpoint. The second note of the lower part is 
higher than the first note of the upper part. 

be avoided in order to avoid confusion; 
see section 7.7 for further discussion 
of this point. The fact that the use of 
steps makes for better coherence is also 
demonstrated by the counterpoint rule 
that dissonant harmonic intervals (which 
are generally forbidden) may be used if 
a) the dissonant harmonic interval is 
reached by a step in the consonant tone 
while the dissonant tone remained un
changed, and b) the dissonant tone 
passes via a downward step to a conso-

nant tone; see Fig. 7.la. 

-I consonant mterval 
li dissonant mterval 
ill consonant interval 
" dissonant tone 

Fig. 7.2. Construction in two-part counterpoint in 
which a dissonant interval is tolerated. 

In polyphony, there are a number of 
rules concerning the harmonic relation
ship between the parts. We may enquire 
whether these rules also apply to com
pound melodic lines, where there are 
strictly speaking no harmonic intervals 
(as long as there is no overlapping due 
e.g. to rE;~verberation). However, it may 
be noted in this connection that the 
compound melodic line is generally com
posed on the basis of polyphonic con
struction, in which the latent harmonic 
basis of all parts should coincide (in 
non-polytonal music). As a result, the 
various requirements concerning harmonic 
consonance and dissonance in the com
pound melodic line will automatically be 
satisfied. On the other hand, these har
monic relations may provide the back
ground needed for "simultaneous" percep
tion of the two voices, each taking its 
own course but in mutual relation. That 
this is necessary seems obvious from 
listening to interleaved tunes such as 
in example 7.2 on the record. In these 
tone sequences, which were not composed 
to form a piece of music, it is very 
difficult to follow both melodies at the 
same time. 
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7.3 Fusion 

Fusion is the phenomenon that a fast 
sequence of tones with small tone inter
vals between successive tones tends to be 
perceived as one continuous tone albeit 
with a certain frequency and amplitud~ 
modulation (see chapter 5). We have ob
served this phenomenon in tone sequences 
with tone repetition times of less than 
about 80 ms. 

When we consider the distribution of 
the tone durations (here taken to a 
first approximation as equal to the tone 
repetition timeT), it appears that such 
fast tone- sequences are indeed found in 
works of music. For example, when we 
study the tone-duration distribution in 
Bach's 6 cello suites on the basis of 
the metronome indications (as given in 
the scores edited by Hugo Becker, edi
tion Peters No. 338, New York) (see Fig. 
7.3), we find that a number of the tone 
durations are about 80 ms. Determination 
of the distribution of the melodic in
tervals in the fastest tone sequences 
(see Fig. 7.4) shows that most of these 
fast tone sequences consist of scale-

N=14000 

Fig. 7.3. Histogram of the tone durations (D ~ T) 
in Bach's 6 suites for cello, as calculated from 
the metronome indication of Hugo Becker (ed. Peters 
No. 338, New York). 
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Fig. 7.4. Histogram of the melodic intervals in the 
fastest fragment of Bach's 6 cello suites (courante 
6th suite). The time between the onsets of the 
successive tones is 81 ms. 

like "runs". Runs are probably the 
fastest tone sequences that can be 
played on a number of instruments. We 
expect on the basis of our experiments 
that fusion will occur between the tones 
in these sequences. That this is also 
sensed by musicians appears from the 
fact that in certain types of old music 
(e.g. English virginal music from the 
period 1550 - 1650) little attention is 
paid to the inflection of notes (the use 
of sharps and flats) in such fast se
quences as long as they do not occur in 
conspicuous places such as the first, 
last or highest tone of the sequence. 

Fusion probably also plays a role in 
glissandi on instruments where continu
ous change of pitch is not possible, and 
in trills. 

However, the existence of fusion in 
fast tone sequences should not lead us 
to conclude that such sequences are 
exactly equivalent to real glissandi on 
e.g. string instruments: the stepwise 
changes of pitch lead to fluctuation of 
pitch around the mean frequency trend 



and probably also to small amplitude 
variations, which are not found in real 
glissandi; cf. Bekesy (1931). 

As appears from the previous section, 
a number of experiments having a more, 
direct bearing on temporal coherence'in 
music could be performed, e.g. 1) com
parison of complex and pure tones, 
2) statistical measurements on music as 
written and as played, and 3) "poly
phonic observations" on regular tone 
sequences. We shall discuss these points 
in the next three sections, with refer
ence to published data and the results 
of a few pilot experiments we have per
formed ourselves. 

The experiments described in chapters 
2,4,5 and 6 were performed with pure 
tones, because these are well estab
lished psychophysical stimuli. However, 
since pure tones behave differently from 
complex tones in certain respects and 
since musical tones are nearly always 
complex, it is interesting to perform a 
few measurements on complex tones. The 
fact that fission due to pitch differ
ences can occur in sequences of complex 
tones appears e.g. from the existence of 
'the compound melodic line, from the ex
periments of Dowling (1973) and from 
certain observations described in chap
ter 3. 

However, it is also possible to vary 
the timbre (spectral composition) of 
complex tones independent of their pitc~ 
That this can also lead to fission has 
been shown in chapter 3 and in a recent 
publication by Dorman et al. (1974). 
There are also a number of publications 
dealing with temporal coherence in tone 
sequences involving both timbre and 
pitch differences (Warren et al. 1969, 
Neisser 1972 and Erickson 1975). 

From a musical point of view, it is 
interesting to determine the temporal 
coherence boundary in sequences of 
complex tones in which the timbre is 
kept as constant as possible while the 
pitch is varied, as in melodies played 
on a single instrument. As a first step 
in this direction, I have determined the 
temporal coherence boundary in a random 
sequence of complex tones, by the method 
described in chapter 5. The pure tones 
used in chapter 5 were replaced by com
plex tones containing all harmonics in 
the audible range with equal amplitude. 
The tone duration was 40 ms, and the 
level about 35 dB above the auditory 
threshold at 1 kHz. The results of this 
measurement are compared with those of 
the corresponding experiment on pure 
tones in Fig. 7.5. It may be seen that 
temporal coherence can be heard in 
faster sequences when complex tones are 
used, especially for intervals above 7 
semitones or valnes of T above 100 ms. 
For a given value of I, the setting for 
T was about 60 ms shorter on the average. 

The observer had the impression that 
for a given value of I the successive 
tones in a complex-tone sequence did not 
differ as much from one another as in 
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Fig. 7.5. Temporal coherence boundary in a random 
sequence of complex tones compared with that in a 
random sequence of pure tones. The experimental 
points for the complex tones are the mean of 9 
adjustments. 

the corresponding pure-tone sequence. One 
might perhaps say that the timbres of 
two pure tones with a given frequency 
ratio differ more than the timbres of 
two complex tones with a flat spectrum 
with the same frequency ratio. 

It would be interesting in this con
nection te investigate whether the tem
poral coherence boundary in a sequence 
of two alternating tones of different 
timbre can be related to the distance 
between these tones in a multidimension
al timbe space (cf. Plomp 1970). This 
would seem to offer a quantitative ap
proach to the explanation of the fact 
that in tone-colour melodies some instru
ments can more easily form a coherent 
whole (Erickson 1973), and that in a 
succession of vowels some temporal or
ders can be perceived better than others 
(Dorman et al. 1974). 
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7.6 Measurements on music as written and ------------------------------------!?!~~~~ 

Our experiments have revealed a num
ber of effects that depend on the tone 
duration D and the tone repetition time 
T. Statistical measurements on music 
would be useful in determining whether 
these effects can play a role in 
music. The best method would naturally 
be to perform these measurements on 
music as played; however, such measure
ments entail considerable technical dif
ficulties. A first step in this direc
tion could be provided by statistical 
counts on written music. The information 
on the time structure of the music is 
provided here by the values of the notes 
and the metronome indications. However, 
it is precisely in the matter of time 
structure that the greatest divergences 
are found between music as written and 
as played; this is one of the points 
where the performing musician has most 
liberty. Moreover, when considering the 
tone duration one must take into account 
prolongation of the notes produced by 
the resonance of the instrument and to 
reverberation in the concert hall. 

In order to compare the effects we 
found in our tone sequences with those 
in musical tone sequences, we need in
formation on the combination of tone 
durations and melodic intervals. Now it 
appears that some data for written music 
are available on these two points sepa
rately, viz.the shortest tone durations 
(Kussev 1971) and melodic intervals (see 
e.g. Fucks 1962; Ortmann, 1926; Dowling, 
1967), but not on the combination of 
both. 



One point we would like to check in 
this connection is whether the average 
melodic interval in tone sequences which 
are not intended to form a compound me
lodic line is less in fast sequences 
than in slow ones. A step in this direc
tion is provided by the limited count 
described in 7.3; however, this cannot 
be regarded as a representative sample. 

Another point which needs investiga
tion is when fission is observed in 
music, as a function of the tempo and 
the size of the melodic intervals. Exact 
data are not available here either, but 
a rough analysis has been made by 
Dowling (1967). We will now consider 
this in somewhat greater detail and 
compare Dowling's results with ours; it 
should be realized, however, that any 
conclusions drawn are very provisional. 

Dowling determined the tempo of pas
sages with "rhythmic fission" in twenty 
pieces played by different musicians; 
see Appendix C. The presence of rhythmic 
fission was determined by ear by two 
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Fig. 7.6. Ranking of the works cited by Dowling (see 
App. C ) with respect to the tone repetition time 
T = tempo-1. The full line represents the predicted 
line from our experiments. 

observers. We have ordered these pas
sages as a function of the tone repeti
tion timeT; in Fig. 7.6, the serial 
number of the passages is plotted as a 
function of T. We regard this graph as 
representing a cumulative distribution, 
i.e. we can read off from it how many of 
the passages in which fission was ob
served have T less than or equal to .a 
given value. 

We will now compare this result with 
the cumulative distribution derived from 
our own measurements. In order to do 
this, we have to make a number of as
sumptions concerning: 
1) the duration of the tones in the 
music played. Formally, the tone 'dura
tion in this music is equal to the tone 
repetition time. However, the playing 
technique ~robably tends to make the 
tone duration somewhat shorter than 
this (e.g. by alternation of up and down 
bowing). On the other hand, the reso
nance of the instrument and reverbera
tion in the concert hall will tend to 
make the tones longer. We shall there
fore stick to our assumption of D = T. 
2) the distribution of the tone inter
vals. Dowling shows that in the fission 
passages, as in the rest of the music, 
most of the intervals do not exceed one 
octave. We therefore assume a homogene
ous distribution with equal probability 
for all tone intervals between 0 and 12 
semi tones. 
3) the distribution of the tone repeti
tion time. We assume that no tone du
rations of less than 100 ms occur, and 
that higher values occur with equal 
probability up to about 300 ms. 

We can now arrive at an estimate of 
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the desired cumulative distribution on 
the basis of the data of Fig. 5.11. The 
fission occurring in music lies to the 
right of the line for T = 100 ms in this 
figure, below the line for I = 12 semi
tones and above the temporal coherence 
boundary. The cumulative probability of 
the occurrence of fission as a function 
of T is given by the area enclosed by 
the lines T = 100 ms, T = T, the tempo
ral coherence boundary and the line 
I = 12 semitones. This function is 
plotted as the full line in Fig. 7.6. It 
will be seen that this rough estimate 
appears to permit very reasonable pre
diction of the chance of observing 
fission in music. This agreement indi
cates that the information gained from 
our experiments is indeed relevant for 
the consideration of musical problems. 

In order to permit more precise com
parison with musical data, we would need 
to determine the distribution of the 
frequency intervals for the various tone 
durations. 

Moreover, 'it should be remembered 
that we are comparing musical data in
volving complex tones with the results 
of pure-tone measurements. 

We will conclude the musical part of 
this chapter with a description of a few 
more observations on tone sequences. 

Crossing o.f voices 

We remarked in section 7.2 that the 
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Fig. 7.7. Example of "crossing voices" in an alter
nating tone sequence. The dashed line is a schematic 
representation of the string which one perceives if 
one tries to follow a "voice" through the crossing. 

rules of counterpoint apply to the 
compound melodic line. One of these 
rules is that crossing of different 
parts should be avoided. This rule 
should be observed with greater dili
gence when the two parts resemble one 
another mere closely. The importance of 
this rule can be brought out by listen
ing to the alternating tone sequence 
ABAB .. in which the tones A make steps 
down and the tones B steps up, starting 
from a position with A above B. After 
some time the tones A will cross the 
tones B (see Fig. 7.7). Now, with a 
tone duration of 40 ms and a tone repe
tition time of 100 ms it is very diffi
cult to follow the string A or B through 
the crossing. 

I repeatedly found that when I 
started to listen to e.g. the low tones 
before the crossing, my attention tended 
to be held by the low tones just after 
the crossing too; however, these low 
tones belong to the other part. Only 
when I become aware of this fact can I 
jump to the higher string (see Fig. 7.7). 



This finding was confirmed by a number 
of other observers; it can be observed 
in part 7 of the gramophone record. 

The experiment can also be performed 
in such a way that the tones of the two 
parts really cross one time, and just 
touch and double back the next time. At 
a tempo of 10 tones per second, it is 
then impossible to tell which is the 
real crossing. 
, This finding indicates that the 

observer can only direct his attention 
with a certain inertia. Before the 
crossing the attention is directed 
towards the lower of the two parts, 
during the crossing there is only one 
part, and when the two parts are 
distinguishable again the attention is 
found to be still directed towards the 
lower one. 

With slower tone sequences, it was 
found to be possible to follow the 
parts through the crossing. However, 
this was never easy: you had e.g. to 
count or "sing" with the part in your 
head, and not allow yourself to be 
confused by the apparent changes in 
rhythm during the crossing. However, 
this is by no means the normal way of 
listening to a melody. 

As we have seen in chapter 5, know
ledge of the tones coming plays no role 
in fast tone sequences. The mental 
activities for anticipation apparently 
take more time than is available between 
the tones in fast sequences. It may thus 
be concluded that the temporal coherence 
of a melody arises as it were spontane
ously in the perception. 

"Polyphonic variations" in continuously 
repeated tone sequences 

When short tone sequences with a tempo 
of about 10 tones per second are 
continuously repeated, a number of dif
ferent strings can often be detected in 
the tonal pattern after listening to it 
for some time. Which strings are heard 
depends on the form of the tone sequen
ces but also on the width of the tone 
intervals used. 

We will illustrate this here with 
reference to a number of tone sequences 
obtained by continuous repetition of 
sequences consisting of 8 tones. Each 
tone in the basic sequence can be one 
of the tones of the scale of C major. 
The tone duration is 40 ms, the tone 
repetition time 100 ms, and the tones 
are pure tones. 
1. Depending on the form of the tone 
sequence, certain tones were or were 
not included in the string. In Fig. 
7.8.1 and 7.8.2, the high c' in the 
4th place is just as far from the e's 
in the 3rd and 5th places. However, in 
the case of 7.8.2 it is easier to hear 
this c' together with the c, d and e. 
In both cases, the c' in the eighth 
place remains detached. 
2. Whether a given tone belongs to one 
string or the other depends on the 
relative distances between the various 
tones involved. The tone sequences in 
Fig. 7.8.3 and 7.8.4 have the same form; 
only the relative distances differ. The 
tones in the 2nd and 6th places 
belong to either the one or the other 
string. In Fig. 7.8.5 and 7.8.6, the 
same effect is achieved simply by 
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raising the tone in the 5th place by a 
semi tone. 
3. Observations of the tone sequence of 
Fig. 7.8.7, shows that differences in 
rhythm may make crossings of voices 
possible. In this tone sequence we hear 
clearly the alternation of the two low 
tones and the two high tones; the inter
mediate g's do not form part of this 
pattern. In the case of Fig. 7.8.8, on 
the other hand, they do. Three hori
zontal strings can also be heard in this 
sequence (3-part counterpoint). 
4. Sequences in which there are not 
frequent changes in sign of the tone 
interval are always followed; see Fig. 
7.8.9 and 7.8.10. 

There are indications that there is a 
relation between the complexity of the 
tone sequence and which string is 
observed most easily, or observed first 
(Leeuwenberg, personal communication). 

Temporal coherence plays an important 
role in the perception of speech as well 
as in the perception of tone sequences 
and melodies. Under normal conditions, 
what a person says is experienced as a 
coherent whole in which the individual 
speech sounds can be ordered in time, 
and one has the impression that it all 
comes from the same speaker. Perception 
of the order of phonemes may form a 
problem in certain cases, as evidenced 
by the phenomenon of metathesis 
(clasp+ elapse). 
However, really marked loss of tempo-
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Fig. 7.8. Some examples of S-tone patterns and the 
strings that can be perceived when the patterns are 
repeated continually. For explanation see text. 

ral coherence in speech is only observed 
if certain technical aids are used. For 
example, words spoken individually can 
be recorded with a tape recorder and the 
various pieces of magnetic tape spliced 
together so that the separate words form 
a sentence. This technique is called 
word concatenation. Slis (1969) has 



composed a number of such sentences, and 
presented them to a number of observers. 
It was found that some of these senten
ces were difficult to understand. 
Further the following reactions were 
heard from the observers: "It sounds as 
if there is more than one speaker" 
(which was not the case); "The sentence 
sounds as if it is spoken at different 
places in the room";"The words seem to 
overlap partially" and "Some words are 
partially masked". It was further found 
that the sentences can be understood 
well if short pauses are introduced 
between the words. In another experiment 
in which the sentences were composed of 
syllables which were pronounced sepa
rately and then "stuck together", the 
order of the syllables was sometimes 
difficult to determine. 

In particular the first few remarks 
given above closely resemble those made 
by Heise and Miller (1951) and Schouten 
(1962) on the loss of temporal coherence 
in tone sequences, which we quoted in 
section 1.3. However, when comparing 
these effects in speech with similar 
effects in tone sequences, we should 
remember that the speech signal is much 
more complex, involving variations in 
pitch, spectral composition and ampli
tude. Our experiments with tone sequen
ces showed that large differences in 
each of these three variables tend to 
lead to loss of temporal coherence. This 
finding agrees fairly well with the rules 
given by Olive (1974) for making fluent 
speech with word concatenation:give the 
different words the same amplitude, use 
coarticulation (i.e. ensure that the 
transitions between the formants are 

smoot~ and make the pitch variation 
continuous. Further, Dorman et al. (1974) 
showed that the temporal order in a 
concatenation of synthetic vowels can be · 
observed better when the formants in 
successive vowels are connected than 
when there are discontinuous transitions. 

It has been suggested that detectors 
for specific speech characteristics are 
employed in the perception of speech 
(Stevens, 1973). The loss of temporal 
coherence in word or vowel concatena
tions can be "explained" by assuming 
that the special detectors for transi
tions do not get the information they 
need; in other words, we assume that the 
detection of transitions is used in or
dering speech in time. Support for this 
line of argument is provided by the 
results of Dorman et al. (1974), who 
showed that it is not sufficient to 
ensure smooth transitions between the 
various formants: if this is done in a 
way which is not articulatorily possible, 
perception of the temporal order is even 
worse than when no transitions are 
filled in at all. 

In chapter 5, we postulated the exis
tence of a pitch-movement detector for 
the perception of tone sequences. In our 
opinion, this is nothing but a possible 
form of transition detector. 

Another technical method which can be 
used to destroy the temporal coherence 
in speech is "variable speech control", 
in which speech is speeded up without 
changing the pitch variation (see e.g. 
Schiffman, 1974). This is done by 
suppressing short fragments of speech 
at regular intervals, and joining up the 
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rema1n1ng fragments. When speech is 
speeded up by a factor of 2.5 or more in 
this way, I observed that it becomes 
incomprehensible as a result of fission: 
two "layers" appear in the signal which 
cannot be brought into relation with one 
another. 

The phenomena known under the 
collective name of residual speech have 
less serious effects on the temporal 
coherence of speech. Residual speech can 
be observed in speech signals transmit
ted by an imperfect communication system 
such as a poorly tuned radi.o receiver. 
Strong sibilants, for example, are 
greatly overmodulated in such systems, 
and are difficult to bring into relation 
with the rest of the speech signal 
(which can for the rest be understood 
quite well). This effect closely re
sembles the inability to place click 
sounds in sentences (Broadbent and 
Ladefoged, 1952), and the inability to 
place the noise bursts wh~ch replaced 
certain phonemes in the experiments of 
Warren et al. (1971). 

Finally, a few words about fusion. 
As we saw e.g. in chapter 5, fusion 
occurs in very fast tone sequences with 
short frequency intervals between the 
tones. Since this appears to us to be a 
mainly peripheral auditory effect, we 
would expect it also to play a role in 
speech. Phonemes are often shorter than 
100 ms, so we could expect them to fuse 
with one another. It could be observed 
that such fusion does occur, since in 
particular consonants and vowels are 
linked in speech with perfectly smooth 
transitions. However, this cannot be 
regarded as a good example of fusion in 
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perception, since these phonemes are 
already fused when produced. 

It might be thought in this connec
tion that successive syllables may not 
be much shorter than 100 ms, as other
wise fusion would make them unrecog
nizable as independent units. However, 
measurements of syllable durations in 
fast speech have shown that many of 
these syllables are shorter than 100 ms. 
Especially articles and unimportant 
syllabfes are short and fused to a 
single unit with the following syllable, 
without loss of comprehensibility. 
However, the more important syllables 
do remain longer than 100 ms, and it is 
possible that these provide a sort of 
framework which guarantees comprehen
sibility. It follows that perceptual 
fusion cannot be shown to play a role 
in natural speech. However, a good 
example of an artificial case in which 
fusion does play a role is in our 
opinion the above-mentioned technique 
of variable speech control. When the 
speech is speeded up in this way, small 
discontinuities are in fact produced in 
the signal. However, when the signal is 
not speeded up too much, the resulting 
speech sounds perfectly fluent (cf. the 
smooth visual movements in film projec
tion).· An example of fusion in synthet
ic speech is given by Cohen and 't Hart 
(1962) who synthesized diphtongs with 
unvarying formants in the two segments. 

7.9 Conclusion 

We have shown in this chapter that 
temporal coherence is an important 



property of music and speech. While 
speech becomes incomprehensible when 
temporal coherence is lost, the loss of 
temporal coherence in music can actual
ly be made use of by permitting 
"polyphonic" music to be played with a 
single instrument. 

The fact that steps of 1 or 2 semi
tones are recommended in musical theory 
as being conducive to coherence is 
supported by our perceptual experiments. 
The fact that temporal coherence depends 
not only on the tone interval but also 
on the tempo, as may be concluded from 
our experiments, is not explicitly 
stated in musical theory. It would be 
interesting to perform a statistical 
experiment on music as played to see 
whether this fact is taken into account 
in practice. 

It is likely that the temporal coher
ence boundary also plays a role in the 
perception of fission in music, as we 
showed with reference to a small exam
ple. However, this subject has not been 
investigated fully, especially the 
effect of complex tones deserves more 
attention. 

Fusion experiments performed by us 
indicate that there is probably a 
gradual transition, from the perceptual 
viewpoint, from fast runs played on a 
key instrument to a real glissando on 
on string instruments. 

In the perception of speech, the 
loss of temporal coherence can give 
comprehension problems, especially 

when speech is subjected to technical 
processes such as concatenation and 
variable speech control. 
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8. RETROSPECT 

Tone sequences can be listened to in 
various ways, and can give rise to 
various auditory phenomena in the per
ception. In this study we have tried to 
analyse and systematize some of these 
auditory phenomena and where possible 
to relate them to existing areas of 
knowledge in the fields of hearing, 
music and speech. 

The title of this thesis lays partic
ular stress on one of these phenomena, 
temporal coherence. This is a deliber
ate choice. Temporal coherence, i.e. the 
phenomenon that a sequence of successive 
tones can be heard as a coherent whole, 
ordered in time, is such an everyday 
experience that it has received hardly 
any attention in the literature. One is 
indeed very well acquainted with this 
perceptive fact, which plays a vital 
role in the perception of e.g. melodies 
and speech. We, however, did not accept 
the fact of temporal coherence without 
question and started to investigate 
under which conditions it occurs. 

The definition of temporal coherence 
is given in chapter 2, after we des
cribed in chapter 1 the observations of 
a number of investigators which indica
ted that a sequence of tones cannot 
always be heard as a coherent whole, and 
cannot always be ordered in time. The 
stress in chapter 1 was placed on the 
phenomenon of fission, which may be 
regarded as the complement of temporal 
coherence. 

In order to arrive at a proper under-
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standing of the concept of temporal co
herence, we should note here that this 
phenomenon should not be confused with 
that of fusion. Fusion occurs in very 
fast tone sequences with small tone 
intervals between successive tones and 
which involves "melting" of the succes-· 
sive tones to give an impression of one 
continuous tone, modulated in pitch or 
amplitude. In the case of temporal co
herence, we should be able to hear some 
kind of connection between successive 
tones, and there may be or may not be 
perceptible pauses between the tones. 

We also defined the concept of the 
string of tones, i.e. the coherent tone 
sequence as manifested in the observer's 
perception. 

The first experiments described in 
this study were aimed at determining the 
tone repetition times T and the tone 
intervals I between the pure tones A and 
B of an alternating tone sequence such 
as ABAB .. at which the string ABAB .. 
(temporal coherence) or the string of 
the tones A or B separately (fission) 
can be heard. Beside the regions of I 
and T in which there is inevitable tem
poral coherence and inevitable fission, 
it was found that there is a large 
intermediate region in which the tone 
sequence is an ambiguous stimulus. 

It proved possible to determine a 
clearly defined boundary between tempo
ral coherence and fission by taking the 
observer's attentional set into account. 
When the observer's attention is direct
ed towards hearing the string ABAB .. , 
this boundary is found at much larger 
tone intervals than when his attention 



is directed towards hearing the string 
~ A or B B. 
The former boundary is called the 
temporal coherence boundary, and the 
latter the fission boundary. 

As may be seen e.g. from Fig. 2.9, 
the value of the fission boundary does 
not depend upon T over quite a wide 
range; the temporal coherence boundary, 
on the other hand, shows an appreciable 
slope. This means that temporal coher
ence can be heard over wider tone inter
vals when the tone repetition time is 
longer. A number of the effects investi
~ated in this chapter can be heard in 
parts 1 and 2 of the gramophone record 
accompanying this thesis. 

In chapter 3 we investigated the 
conditions under which temporal coher-

' ence can be observed in fast alternating 
sequences (T% 0.1 s). Starting from the 
fact that the perceived pitch is not 
always directly coupled with a (funda
mental) frequency occurring in the 
acoustic signal presented, we decided 
to investigate whether the relations 
found for pure tones were based either 
on the pitch or the frequency of the 
tones. For this purpose, we performed a 
number of qualitative experiments with 
tones whose pitch and frequency could 
be varied independently of one another 
(see part 3 of the gramophone record). 
It was found that contiguity in pitch 
is not a necessary condition for tempo
ral coherence, but that contiguity in 
frequency is. 

Since no temporal coherence is heard 
in fast tone sequences when the elements 
are presented dichotically (alternate 

elements to opposite ears) it seems 
likely that a necessary condition for 
temporal coherence is that the tones 
should affect the same place on the 
basilar membrane. However, there were 
also clear indications that this is not a 
sufficient condition. For example, itwas 
found in experiments in which a pure 
tone alternated with a complex tone that 
temporal coherence could only be 
observed between the pure tone and one 
of the harmonics of the complex tone if 
the amplitudes of the two were suitably 
adjusted. This is discussed in further 
detail in Appendix A. 

The finding that temporal coherence 
also depends on the loudness level of 
the tones makes it clear that contiguity 
on the basilar membrane is not a suf~ 
ficient condition for temporal coherence. 

The role of loudness differences in 
alternating tone sequences is investi
gated further in chapter 4 (see Fig.4.3). 
This investigation also unearthed a 
previously undiscovered effect, the 
roZZ effect, which we will return to 
shortly. A. number of the effects dis
cussed in chapter 4 are illustrated in 
part 4 of the gramophone record. 

Determinin~ the fission boundary the 
observer directs his attention towards 
tones of a certain pitch. However, when 
determining the temporal coherence 
boundary the observer has to try and 
follow the tones as they rise and fall 
in pitch. The form of the temporal co
herence boundary suggests that this 
pitch variation can only be followed up 
to a certain rate. It might be asked 
whether this following of pitch varia-
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tions is an active or a passive process. 
If the observer were to control his 
attention actively, it might be thought 
that knowledge of the form of the tone 
sequence would be useful to him in this 
respect, so that we would expect him to 
hear temporal coherence over a wider 
tone interval in tone sequences he knows 
than in unkpown ones. If the following 
of the pitch changes is a passive pro
cess, we would not expect to find this 
effect. 

Comparison of the results of measure
ments of the temporal coherence boundary 
in random tone sequences and in alter
nating tone sequences showed that know
ledge of the tone sequence has little 
effect on the position of the temporal 
coherence boundary. It may be concluded 
from this that the temporal coherence 
boundary is mainly determined directly 
b¥ the stimulus. In this phase of the 
i~vestigation, we got the idea that the 
he~ring system may use pitch-motion 
det~tors to determine the relation 
betw~en successive tones. 

The, form of the temporal coherence 
boundaty implies that these hypothetical 
pitch-~otion detectors are more sensi
tive tp small tone intervals than to 
large bnes (chapter 5). We have tried to 
investf~ate this point in greater detail 
by study'o£~2-tone and 3-tone sequences. 
These investigations showed that the 
tone repetition time must be chosen 
longer in order to hear temporal coher
ence between the 3 tones when the first 
and third tones in the sequence are 
contiguous in frequency than in 2-tone 
sequences and in 3-tone sequences where 
the change in pitch is linear (see 
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chapter 5 again). The temporal coher
ence boundary is thus reached when the 
temporal coherence between the first 
and third tones is stronger than that 
between the first and second tones (and 
hence also stronger than that between 
the second and third tones). This can 
be heard in part 5 of the gramophone 
record. 

A similar effect is found when we 
measure the temporal coherence boundary 
as a function of the tone duration; the 
results obtained here can be explained 
on the assumption that the temporal 
coherence is here determined by the 
duration of the "gap" between successive 
tones which are adntiguous in frequency 
(tones N and N+2 in general in an alter
nating sequence); see Fig. 5.10 and 5.11. 

In chapter 6 we investigated whether 
loss of temporal coherence in the alter
nating tone sequence ABAB .. also means 
loss of the ability to perceive the 
relative temporal position of the to~es. 
For this purpose, we shifted the tones 
B in time with respect to the tones A. 
It was found that in slow tone sequences, 
the position of the tones B with respect 
to the tones A could be perceived clear
ly, no matter what the tone interval 
between A and B. In fast tone sequences, 
on the other hand, the inaccuracy of our 
perception of time intervals increases 
with increasing tone intervals. This 
increase can be related to the temporal 
coherence boundary (Fig. 6.4). The same 
effect is found in a dichotically pre
sented sequence. 

It is further found that the temporal 
position can be perceived better in 



2-tone sequences with a given tone 
interval than in continuous tone sequen
ces with the same tone interval. This is 
in agreement with the finding mentioned 
in chapter 5 that temporal coherence 
can be observed over faster pitch jumps 
in 2-tone sequences than in continuous 
sequences (part 6 of the record). 

We shall now briefly interrupt the 
main line of our argument, devoted to 
temporal coherence and its complement 
fission, to discuss a couple of related 
effects. 

Ro~~. In tone sequences with short 
tone repetition times (T < 100 ms), 
effects are observed which seem to be 
due to interactions at a fairly peri
pheral level. In chapter 4 we studied 
some of these effects in sequences with 
amplitude and frequency differences 
between the alternating tones. Apart 
from the continuity effect, which has 
already been described in the litera
ture, we discovered what we term the 
roll effect. The existence region of 
the roll effect can be related to the 
pulsation threshold, among other 
things (see Fig. 4. 8 ) . 

Frequency reso~ution. Further, it 
was found that the fission boundary in 
very fast tone sequences can be 
related to the frequency resolution of 
the ear (Fig. 4.10). In Appendix B we 
have investigated whether the discrim
ination of the temporal position of 
the tones A and B in the tone sequence 
ABAB .. can be based on effects such as 
forward masking and loudness integra
tion, and whether deterioration of the 
discrimination can be connected with 

reduction in the peripheral overlapping 
of the excitation patterns. 

Apparent partia~ ~oudness. There are 
indications that the hearing of temporal 
coherence between a pure tone and a 
component of a complex tone can be re
lated to the apparent loudness of that 
component (Appendix A). 

Echoic memory. When the time inter
val between successive tones becomes 
too long, we can hardly speak of tempo
ral coherence: we just seem to hear a 
succession of isolated tones. In our 
experiments, this effect was chiefly 
observed during the determination of 
the fission boundary. At large values 
of T in an alternating tone sequence, 
it becomes increasingly difficult to 
hear the string of tones A or B as T 
increases. At even larger values of T 
than those used in our experiments, it 
will also be difficult to hear the 
connection between the tones A and B. 
This suggests that the perception of 
temporal coherence is based on some kind 
of "echoic memory". In order to make it 
possible for a listener to hear temporal 
coherence .between successive tones, the 
first tone must as it were continue to 
echo in the memory until the second tone 
is presented. The times T at which 
difficulties began to be felt in our 
experiments agree with estimates of the 
duration of the echoic memory from other 
investigations (chapter 4). 

We now return to the main line of our 
argument, with a discussion of temporal 
coherence in music and speech. 

We have argued in chapter 7 that the 
phenomena of temporal coherence and 
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fission also play a role in music and 
speech. It is well known in musical 
theory that small t.one intervals give a 
strong melodic connection. This is in 
agreement with our results. Our finding 
that temporal coherence can be observed 
over wider tone intervals in slower 
tone sequences does not have an expli
cit counterpart in musical theory. 

A number of composers have made use of 
the phenomenon of fission in composing 
polyphonic music that can be played on 
a solo instrument (compound melodic 
line). We have shown that the percep
tion of the compound melodic line as 
polyphonic music can be brought in line 
with our experimental results, with the 
aid of certain simplifying assumptions. 
We have also brought out the relation
ship between our experiments and 
certain rules of counterpoint; this is 
illustrated with a number of examples 
in part 7 of the gramophone record. 
There are to be made, however, more 
investigations concerning complex tones. 

We finally pointed out that loss of 
temporal coherence can be observed in 
certai:p forms of speech processing. 

In conclusion, by placing the main 
stress on temporal coherence, we have 
in fact carried out a kind of study in 
auditory Gestalt-psychology, in which 
our investigations were largely based 
on a psychoacoustic approach. With the 
aid of simple stimuli, we have deter
mined the existence regions of a 
number of phenomena such as the roll 
effect and inevitable temporal coherence. 
In order to explain the temporal coher
ence boundary, we introduced the concept 
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of pitch-motion detectors. Although 
other arguments can be adduced for the 
existence of these detectors, it is 
highly desirable to test the utility 
of this concept by further experimen
tal work. 



APPENDIX A 

The audibility of the components of a 
complex tone 

As we saw in section 3.3, it is 
possible in the tone sequence ACAC .. 
(where A is a pure tone and C is a 
complex tone) to hear temporal coher
ence between the pure tone and a 
contiguous component of the complex 
tone. I would now like to describe a few 
more observations in this connection. 

When the frequency fA in the tone 
sequence ACAC .. is made equal to the 
frequency nfc of the nth harmonic of C, 
and the level LA is suitably adjusted, 
it is possible to hear a string whose 
tempo is twice that of the string 
A A • The higher n is, the lower must 
LA be made to achieve this result. It 
follows from the experiment we shall now 
describe that LA also depends on the 
tone repetition time T. 
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Fig. A.l. The level of the pure tones A at which the 
double-tempo string can best be heard in the tone 
sequence ACAC ... The frequency fA is made succes-
sively equal to fc, 2fc, 3fc ... nfc, where : 333 
Hz. All components of C have the same level. 
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Fig. A.2. The results of Fig. A.l plotted as a func
tion of T. 

In the tone sequence ACAC .. , I 
determined the value of LA at which I 
could hear the double-tempo string best 
for a number of low harmonics of C and 
for three values of T. The tones C had 
a flat frequency spectrum (periodic 
pulse). The components had the level of 
a pure tone of 44 dB SL at 1 kHz, and 
fc = 333 Hz. ~he tone duration was 40 
ms. The results of this experiment are 
plotted in figures A.1 and A.2. It will 
be seen that LA decreases gradually 
with increasing T for the first 7 to 8 
harmonics. This decrease is stronger as 
n is larger. 

In order to investigate whether it 
is easier to hear the double-tempo 
string when the components of the com
plex tone are further apart, I 
repeated the above experiment with the 
tone sequence ACAC .. , where the 
complex tone C only contained the odd 
components (square wave). The level of 
the lowest component of C was the same 
as in the previous experiment, the 
level of the other lower components 
are resp. 3rd: 9.5; 5th: 14; 7th: 17; 
9th: 19; and 11th: 21 dB down, and 
T = 91 ms. The results of this experi-
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Fig. A.3. The level of the pure tones A at which the 
double-tempo string can best be heard in the tone 
se~uence ACAC. The tones C now only contain the odd 
harmonics, the level of which is indicated by the 
upper broken line. The black squares indicate the 
level at which the pulsation threshold was reached 
at the place of the (absent) even harmonics. The 
results forT= 91 ms taken from Fig. A.l are in
cluded for the sake of comparison, 

ment are plotted in Fig. A.3. 
It will be seen that LA for the 

3rd, 5th and 7th harmonics (which are 
still present) is about 10 dB higher 
than when all harmonics are present 
(at T = 91 ms), even though the level 
of the components in the square wave 
case are lower. If one tunes to the 
even harmonics (which are absent in C) 
the double-tempo string is not heard. 
When LA is gradually lowered further, 
just before the string of tones A 
becomes inaudible one hears something 
which sounds more like one long tone 
than a string with twice the original 
tempo. The value of LA at which this 
occurs is also given in Fig. A.3. 

The following experiment also shows 
that neighbouring components of the 
complex tone C influence LA. In the 
tone sequence ACAC •. , where C con
tained the first ten harmonics, the 
fundamental and the first, second and 
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third harmonic were removed from C one 
after the other. For the rest, fc = 200 
Hz, T = 77 ms and Lc was as in the 
first experiment. In each case, I 
determined LA at fc, 2fc ..... 10 fc· 
The results are plotted in Fig. A.4. It 
will be seen that the lowest harmonic 
left gives a higher value of LA than in 
the case that this harmonic still has a 
lower neighbour. Further, when one 
listens at the corresponding frequency 
one can still hear something like a 
string with twice the original tempo, at 
a level which depends on which compo
nents are still left. This can be seen 
best with 2fc· 

The results of the last two experi
ments are not inconsistent with the 
hypothesis that LA reflects the 
strength of the component in question 
in a neural representation of the 
spectrum. The rise in level of LA when 
the components are further apart or when 
there are no lower components could 
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Fig. A.4. The influence 0f omitting components of 
the complex tone C on the level of the pure tones A 
at which the double-tempo string can best be heard 
in the tone sequence ACAC. The complex tones ini
tially contained the first 10 harmonics, and from 
one to four of the lowest harmonics were succes
sively removed in later experiments. The remaining 
components all have the same level. 



indicate a reduction in the lateral 
suppression which the components of C 
exert on one another (Houtgast, 1974). 

The T dependence found in the first 
experiment makes it difficult to relate 
LA directly to the subjective loudness 
of the components of a complex tone as 
determined by Schouten (1940), or to the 
"height" of the peaks of the components 
in the pulsation-threshold diagram 
(Houtgast, 1974). However, the trend is 
the same: higher-frequency components 
are more difficult to hear than lower
frequency ones. 

APPENDIX B 

A simple model for the discrimination of 
the relative temporal position of the 
tones A and B in the tone sequence ABAB .. 

The phenomena of forward masking and 
loudness integration indicate that the 
perception of a tone lasts longer than 
the physical tone burst itself. The tone 
is as it were spread out in time in the 
hearing. As a result, interaction can be 
produced between successive tones, and 
will be stronger when the tones are 
closer together in time. A keen observer 
will pay attention to this interaction 
if it enables him to discriminate 
between successive tones more accu
rately than would be possible with his 
time interval measuring mechanism alone. 

In order to gain insight into how 
this temporal "blurring" could permit 
better discrimination of the time 
interval between successive tones, we 
have worked out a simple model for this 
mechanism. For the sake of concreteness 
let us consider an electrical circuit. 
The input voltage of this circuit can 
be compared to the amplitude of the 
tone bursts, while the output voltage 
is comparable to the temporally 
blurred excitation produced by the tone 
bursts somewhere in the auditory syste~ 
For the sake of simplicity, we will 
assume that the incoming tone bursts 
have the form of a square-wave. The 
simplest circuit which can produce the 
kind of temporal spread we are inter
ested in is a first-order RC integrator 
circuit (leaky integration), which is 
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characterized by its time constant T; 
see Fig. B.l. As long as the time 
between two successive voltage pulses 
is large compared with T, the maximum 
output voltage at the end of both 
pulses will be the same. However, as 
soon as the time interval becomes 
small compared with T, the maximum 
output voltage at the end of pulse B 
will be higher than that at the end 
of pulse A. 

We now assume that it is possible to 
compare the maximum output voltage at 
the end of the successive pulses; the 
relative temporal position of the two 
pulses can then be derived from the 
result of this comparison (see Fig. 
B.2). 

Let us now consider a continuous 
sequence of pulses analogous with the 
tone sequence ABAB .. used in section 
6.3. It will be clear that, apart from 
transient effects, the output voltage 
at the end of the pulses B (UB) will 
not be equal to that at the end of the 
pulses A (UA) when B is not situated 
half-way between the two A's. 

It follows from the differential 
equation for this circuit, with the 
boundary condition that the situation 
is stationary in time (Vt = Vt+2T), 
that: 

= 

T - /:::,T) 1 + exp (- -=--T-=.;;;.. 

T + /:::,T) 1 + exp (- -=--T-=.;;;.. 

(1) 

where 6T is the displacement of B from 
the midpoint between the two A's. It 
will be noticed that the tone duration 
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does not appear in 1<1), as long as it is 
the same for the tones A and B, and the 
pulses do not overlap at the input. 

Now what we want to do is to detect 
whether 6T 'I 0, i.e. whether UA/UB 'I 1. 
We assume that U = lua/UA - 11 must 
exceed a certain value (the detection 
threshold) for this to be possible. When 
we know the height of the detection 
threshold, the just noticeable value /:::,T 
follows from (1): 

6Tlf = T + T In i<V + V V2 + 4(V+1)exp - 2T) 
T 

(2) 

We have ngw found a relation between /:::,T 
and T in which two parameters (the time 
constant T and the detection threshold U) 
play a role. 

This model can be compared with the 
tone sequence with I = 0. However, we 
saw in section 6 .. 3 that T increases 
with increasing I. This is not un
expected on the basis of the assumption 
that the discrimination of the temporal 
position is realized with the aid of an 
interaction such as forward masking or 
loudness summation, since interactions 
of this type decrease when the tone 
interval between the successive tones 
increases. This will clearly make the 
discrimination of temporal position 
more difficult in some way or another. 
We can simulate this effect in our mo
del by letting the detection threshold 
rise with increasing I. To a first 
approximation, we may write: 

u = a + bi (3) 

By doing this, we have added one pa-



rameter ~o the description of the 
system. 

Although equation (2) was derived on 
the basis of a very simple model, we 
have investigated how well (2) and (3) 

are capable of describing the measured 
values of ~T found in 6.3. The relation 
between ~T and T in (2) is such that the 
former increases with increasing T. This 
is the case for the measured values of 
~T in the range T < 120 ms. We there
fore determined the values of the para
meters T, a and b giving the smallest 
differences between the measured values 
and those calculated from (2) and (3), 
for the experimental points for 60, 80, 
100 and 120 ms and values of I from 0 to 
25 semitones. 

Using the minimum value of chi
squared as criterion in a grid method, 
we found T = 63 ms, a = 0.0585 and 
b = 0.0105 per semitone. The linear 
correlation coefficient between the 
measured values and the values calcu
lated with these parameter values was 
0.9765, which means that 95% of the 
variation in the experimental points 
can be explained on the basis of this 
simple model. This is about the same 
explained variation as we found in 
section 6.3 with the model 

~T/T = c + di (4) 

While equation (4) has one parameter 
less, the derivation via equation (2) 
has the advantage that it provides 
physical insight into the probable 
operative mechanism, while (4) is 
merely a simple empirical expression. 

The fact that equations (2) and 
(3) allow reasonable prediction of the 
measured values does not necessarily 
mean, of course, that this simple model 
provides an adequate description of the 
processes occurring in the auditory 
system. In particular, we do not yet 
know whether the amplitude of the 
voltage pulses at the input of the RC 
network should be regarded as a func
tion of the amplitude of the tone 
bursts. It is possible that the pulses 
are first standardized (as Burghardt 
(1972) supposed in a similar model 
which he used to predict the subjective 
duration of tone bursts), thus making 
the time-interval discrimination inde
pendent of the amplitude. 

If there is a monotonic relation 
between the amplitudes of the tone 
bursts and the voltage pulses, the 
values found for T could perhaps be 
related to the long time constant found 
for forward masking (75 ms; Duifhuis, 
1972) and the just noticeable differ
ence in loudness! dB; Domburg, 1966). 
However, before we can form an opinion 
about this we would have to repeat the 
measurements of section 6.3 with am
plitude differences between the tones. 

INPUT OUTPUT 

_n_ ~ 

Fig. B.l. (top) and B.2. (bottom). 
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APPENDIX C 

Table of some musical fragments with compound melodic line 
according to Dowling (1967). 
Cf. section 7. 6. 

Composer Selection Index 

J.S. Bach Partita 3, Preludio BWV 1006 
Sonata 3, Fuga BWV 1005 
Partita 2, C!acconna BWV 1004 

P.A. Locatelli l'Arte del violino XII, 1 
l'Arte del violino XII, 2 

H.F. Biber Passacaglia in g 

J.S. Bach Partita, Corrente BWV 1013 
Sonata in E, Allegro BWV 1035 
Sonata in b, Andante BWV 1030 
Partita, Corrente BWV 1013 

G.Ph. Telemann Fantasia 6, Allegro 

C.P.E. Bach Sonata, Allegro I 

G.Ph. Telemann Fantasia 6, Allegro 

A. Vivaldi Sonata in a, Allegro 
Concerto in C,Allegro p 79 
Concerto in C, Allegro p 79 
Concerto in C,Allegro mol to p 79 

J.S. Bach Goldberg variations, no. 8 BWV 988 
Wohltemp. Klavier, Fuga 10 BWV 855 
Wohltemp. Klavier, Prel. 3 BWV 848 

column Index: BWV 
p 

Bachs Werken Verzeichnis 
Pincherle-index 

column Instruments: accompaniment in 
parentheses 
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Artist Instrument 

Heifetz violin 

Lautenbacher violin 

Bobzien flute .. (cembalo) 

" (cembalo) 
Rampal flute 

Baron flute 

" (continuo) 
piccolo flute (strings) 

Linde piccolo recorder 

·Kirkpatrick keyboard 

Recording Tempo T Rank 
ms no 

Victor LM-6105 8.8 114 2 
5.9 169 12 
4.6 218 16 

Vox VBX-41 8.0 125 7 
8.5 118 3 

Vox VBX 52 3:1 322 20 
Archiv-3226 8.2 124 5 

7.2 139 8 
4.0 250 18 

Epic LC3899 8.5 118 4 
4.9 204 15 
6.4 156 10 

Washington 402 4.0 250 19 
Odyssey 5.0 200 14 

36160012 6.2 162 11 
Archiv-3218 4.0 250 17 

7.0 143 9 
Archiv-3138 8.2 124 6 
Archiv-8211/2 5.3 189 13 

9.1 110 1 
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SUMMARY 

Whether a tone sequence is perceived 
as temporally coherent (like a melody) 
or rather as split up in paPts (a phe
nomenon which we call fission here) 
depends to a certain extent on the phys
ical properties of the sequence. This is 
the main theme of the present explorato
ry study, introduced in chapter 1 along 
with literature in this field (that can 
be characterized as a branch of auditory 
pattern recognition or as auditory Ge
stalt psychology). 

Chapter 2 is devoted mainly to the 
effect of the pitch interval I between 
successive. tones and the tone repetition 
time T (the reciprocal of the tempo) in 
sequences with a simple structure, like 
ABAB .• or ABA.ABA ..• Different psycho
acoustic methods are used to determine 
the domain of existence of temporal 
coherence and its boundaries in the 
I - T plane. With small pitch intervals 
I, there is always temporal coherence. 
When I is increased at a given value ofT 
the fission boundary will be reached at 
a given moment. Beyond this boundary, 
there is a large region in which the way 
the listener directs his attention 
determines whether he will hear fission 
or temporal coherence. When I is in
creased further, the temporal coherence 
boundary is eventually crossed and the 
observer perceives fission irrespective 
of his attentional set. The temporal 
coherence boundary for fast tone se
quences is situated at smaller tone 
intervals than for slow sequences. 

Chapter 3 describes qualitative ex
periments showing contiguity of the ex-
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citation sites on t~e basilar membrane 
to be a necessary condition for temporal 
coherence. However, this condition is 
nota sufficient one, as evidenced bythe 
loss of temporal coherence in monotone 
sequences with sufficiently large loud
ness differences between successive 
tones. Qualitative experiments also make 
it clear that temporal coherence may 
exist between pure tones and one of the 
components of a complex tone. This 
effect might be used to form the basis 
for investigation of auditory frequency 
resolution; however, this falls outside 
the scope of the present investigation 
Appendix A shows the feasibility of 
determining the subjective partial 
loudness of a component of a complex 
tone. 

The effect of alternating loudness of 
consecutive tones is further explored in 
chapter 4, dealing with such problems as 
the relation between temporal coherence 
and the continuity effect. In this con
text we hit upon a phenomenon that, to 
our knowledge, has not been mentioned in 
the literature before: when listening to 
the weak tones in fast sequences of 
tones with alternating loudness, the 
observer hears these weak tones with 
twice their actual tempo. This phenome
non is called the "roll effect" 

Chapter 5 deals with less simple tone 
sequences in which the pitch intervals 
were chosen at random from a certain set 
of intervals. The results suggest that 
anticipation has little or no influence 
on the ability to hear temporal coher
ence in fast sequences.The hypothesis is 
advanced that pitch tracking - which 
seems to be controlled by the stimulus 



rather than by the observer - is per
formed by the auditory system by means 
of pitch motion detectors. There is no 
way to test this hypothesis experimen
tally at present, but results from the 
study of the analogous field of visual 
movement which are presented and dis
cussed do make it plausible. 

Before returning to the starting 
points, music and speech, a number of 
experiments are described in chapter 6 
showing that the temporal structure of 
a tone sequence gets more blurred as 
the temporal coherence becomes less 
marked. A possible relation with for
ward masking is sketched in Appendix B 

In chapter 7 we have tried to fit 
the present findings into the frame
work of musical theory, with particular 
reference to counterpoint rules. 
Phenomena related to fission tha.t are 
found to occur in technical speech 
processing are also briefly discussed. 

A retrospect '(chapter 8), a glossary 
and a gramophone record with explana
tory comment complete the present study. 

SAMENVATTING 

Toonreeksen worden afhankelijk van 
hun samenstelling als temporeel samen
hangend waargenomen (vgl. melodie) of 
als niet samenhangend maar gesplitst in 
deelreeksen. Dit is het hoofdthema van 
deze studie dat in hoofdstuk 1 wordt 
geintroduceerd samen met literatuur op 
dit gebied, dat men zou kunnen rekenen 
tot de auditieve patroonherkenning of 
de auditieve Gestaltpsychologie. 

In hoofdstuk 2 wordt voornamelijk de 
rol onderzocht van het tooninterval I 
tussen de opeenvolgende tonen en van de 
toonherhalingstijd T (de reciproke van 
het tempo) in reeksen van een simpele 
structuur (ABAB .. en ABA ABA ..• ) . Ver
schillende psycho-akoestische methoden 
worden aangewend om de verschillende 
vormen van temporele samenhang en hun 
g.renzen in het I-T vlak te bepalen. 
Bij kleine toonintervallen I is er 
steeds temporele samenhang. Wordt bij 
een g~geven T, I groter gemaakt, dan 
bereikt men de splitsingsgrens waar 
voorbij ook splitsing waargenomen kan 
worden. Het blijkt, dat er een groot 
gebied i!il waarin de waarneming geken
merkt wordt door ambiguiteit. Het 
waarnemen van temporele samenhang of 
splitsing hangt er vanaf waar de waar
nemer zijn aandacht op richt.Bij nog 
verder vergroten .van I wordt de grens 
voor temporele samenhang bereikt. 
Voorbij deze grens kan men alleen nog 
splitsing waarnemen. De grens voor 
temporele samenhang ligt in snelle 
toonreeksen bij kleinere tooninter
vallen dan in langzame reeksen. 

In hoofdstuk3 worden qualitatieve 
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proeven behandeld, waaruit'blijkt dat 
een nodige voorwaarde voor temporele 
samenhang is, dat opeenvolgende tonen 
contigue plaatsen van het basilair 
membraan exciteren. Deze voorwaarde 
is evenwel niet voldoende, getuige 
het feit, dat verschillen in het ge
luidniveau van opeenvolgende tonen 
de temporele samenhang teniet kunnen 
doen. Deze qualitatieve proeven to
nen ook nog aan, dat temporele samen
hang mogelijk is tussen een zuivere 
toon en een enkele component van een 
toon met samengesteld spectrum. Een 
nieuwe toegangsweg naar het probleem 
van het "uithoren" van deeltonen uit 
complexe tonen wordt hiermee aange
geven, maar niet betreden. In Appen
dix A wordt aangegeven, hoe men in 
principe de subjectieve deelluidheid 
van een deeltoon zou kunnen bepalen 
met een psychofysische instelmethode. 

De rol van luidheidsverschillen tus
sen opeenvolgende tonen in een reeks 
wordt verder onderzocht in hoofdstuk 4, 
waarbij o.a. de relatie tussen tempo
rele samenhang en het continuiteitsef
fect aan de orde komt. Hierbij is een 
verschijnsel waargenomen, dat nog niet 
eerder is vermeld in ons bekende lite
ratuur: de roffel, di.e zich voordoet 
in snelle reeksen met alternerend 
zwakke en luide tonen. Concentreert 
men zich op de zwakke tonen, dan hoort 
men deze in het dubbele tempo. 

In hoofdstuk 5 worden proeven met 
minder eenvoudige toonreeksen beschreven, 
waarin de toonintervallen door een gege
ven toevalsrecept worden bepaald. De re
sultaten doen vermoeden, dat anticipatie 
bij het volgen van snelle toonreeksen 
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een verwaarloosbare rol speelt. Het idee 
dat het auditieve systeem voor het 
- blijkbaar passief - volgen gebruik zou 
kunnen maken van toonhoogtebewegingsde
tectoren wordt in dit hoofdstuk als een 
vooralsnog moeilijk te toetsen hypothese 
naar voren gebracht en besproken aan de 
hand van literatuur over een verwant 
concept in de studie van het zien. 

Alvorens terug te keren tot de uit
gangspunten, muziek ert spraak, worden in 
hoofdstuk 6 nog enkele proeven besproken 
die aantonen, dat inderdaad de temporele 
structuur van een waargenomen toonreeks 
"waziger" wordt, naarmate de frequentie
sprongen toenemen. Een mogelijke samen
hang met namaskering wordt kort ge
schetst in Appendix B. 

Vervolgens wordt in hoofdstuk 7 ge
tracht de verworven inzichten in te pas
sen in de muziektheorie, met name de 
contrapuntleer. Ook wordt in het kort 
melding gemaakt van aan splitsing ver
wante verschijnselen, die blijken op te 
treden bij bepaalde vormen van electro
nische spraakverwerking. 

Een evaluerende terugblik (hoofdstuk 
8), glossarium en grammofoonplaat met 
toelichting completeren deze studie. 



Selon leur composition les sequences 
tonalea sont aper~ues ou bien comme tem
porellement coherentes (cf. melodies) ou 
bien comme divisees en sequences par
tielles (une perception caracterisee par 
fission). Voila le theme principal de 
cette etude. Il est introduit dans le 
premier chapitre suivant les rares 
publications qui existent sur ce theme. 
Il pourrait appartenir au domaine de la 
"Gestaltpsychologie auditive". 

Le chapitre 2 examine principalement 
le role des intervalles tonals I, aussi 
bien que des temps T entre les tons suc
cessifs dans les sequences d'une struc
ture simple (ABAB., et ABA ABA.,,), Des 
differentes methodes psychoacoustiques 
sont appliquees pour decrire les diffe
rentes formes de coherente temporelle et 
definir leur limites dans le plan I - T. 
Dans les sequences tonalea a petits 
intervalles on aper~oit toujours une 
coherence temporelle. Si l'on augmente 
l'intervalle I selon un T donne on at
teindra la "limite de fission" au-dela 
de laquelle la fission se fait egalement 
apercevoir. II se trouve y avoir une 
grande region ou la perception est 
marquee par une ambiguite. L'auditeur 
peut percevoir ou bien une coherence 
temporelle ou bien une fission, selon la 
direction de son attention. Si l'on 
augmente davantage plus l'intervalle 
tonal, on finira par atteindre la 
"limite de coherence temporelle" au-dela 
de laquelle on pourra seulement 
percevoir la fission. Dans les sequences 
tonalea rapides la limite de coherence 
temporelle se trouve aux intervalles 

plus petits qu'aux sequences plus lente&. 
Le chapitre 3 traite d'experiences 

qualitatives qui demontrent qu'une cohe
rence temporelle se produit si les tons 
successifs excitant des endroits 
contigues de la membrane basilaire. 
Cependant, cette condition n'est pas une 
condition suffisante: des differences de 
niveau des tons successifs peuvent 
annuler la coherence temporelle. Ces 
experiences qualitatives demontrent en 

~ outre qu'une coherence temporelle est 
possible entre un ton pur et une seule 
composante d'un ton a spectre compose. 
Une nouvelle voie qui donne acces au 
probleme de la resolution de la frequen
ce par l'ouie est indiquee, non pas 
engagee. L'appendice A indiqtie la 
maniere dont, en pricipe, l'intensite 
partielle subjective d'un ton partie! 
pourrait etre mesuree a l'aide d'une 
methode psychophysique de mise au point. 

Le role de differences d'intensite 
entre des tons successifs dans une 
sequence est examine dans le chapitre 4. 
La relation entre la coherence 
temporelle et l'effet de continuite y 
est abordee. Pendant nos recherches un 
phenomena, pas encore mentionne dans les 
publications que nous connaissons, a ete 
remarque: le roulement qui survient dans 
des sequences rapides composees de tons 
alternativement faibles et forts. Si 
l'on se concentre sur les tons faible, 
ils se font percevoir a temps redouble. 

Dans le chapitre 5 ont ete decrites 
des experiences de sequences tonalea de 
moindre simplicite ou les intervalles 
sont determinees par le hasard. Nous 
pouvons supposer par les resultats que 
dans la perception de sequences tonalea 
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rapides, !'anticipation joue un r8le 
negligable. L'idee que l'ouie - appara
ment passive - pourrait utiliser des 
detecteurs du mouvement de hauteurs 
tonales est avancee comme une hypothese 
jusqu'a present difficilement examinable 
et est traitee suivant les publications 
sur une conception analogue dans l'etude 
sur la vue. 

Avant de revenir aux points de depart, 
la musique et la parole, nous commentons, 
dans le chapitre 6, quelques experiences , 
qui demontrent qu'en effet la structure 
temporelle d'une sequence tonale per9ue 
devient plus indecise dans la mesure ou 
la coherence temporelle se perd. Tiappen
dice B depeint brievement la possibilite 
d'une relation avec masquage non-simul
tane. 

Dans le chapitre 7 nous essayons de 
comparer les notion obtenues avec la 
theorie musicale, nommement avec la 
theorie du contrepoint. Sont mention
nees egalement, des phenomenes qui sont 
analogues a la fission et qui se 
trouvent survenir dans certains cas de 
manipulation electronique de la parole. 

Une evaluation retrospective, un 
glossaire et un disque completent cette 
etude. 
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Text and illustrations to the gramophone record 

TEMPORAL 
COHERENCE IN THE PERCEPTION OF 
TONE SEQUENCES 

by Leon van Noorden 
Institute for Perception Research 
Eindhoven, lnsulindelaan 2, The Netherlands. 6804 014 

clear from common experience in listening to melodies, sequences of tones can 
form coherent wholes in the perception. There are, however, tone sequences in which the 
successive tones are not perceived as coherent. This phenomenon we call fission. Since 
fission is not .a generally known effect, examples of it and its counterpart temporal 
coherence are presented on this record. 

As will appear, there are numerous possible ways of composing tone sequences that 
are not perceived as coherent. Fission can be observed in tone sequences in which the 
successive tones differ too much in frequency, spectrum, amplitude and so on. But a 
characteristic of these phenomena is that the occurrence of a certain percept does not 
depend only on theseobjective features of the tone sequence. There are large inter
mediate ranges of the objective features of the tone sequence in which the observer 
himself can influence his percepts. It follows that it is sometimes difficult to make 
the demonstrations unambiguous. The listener is therefore encouraged to listen in as 
many ways as he can. 

The successive parts of this record are intended to illustrate various aspects of 
temporal coherence and fission and do not form a logical whole. They generally run 
parallel to the chapters of the thesis "Temporal Coherence in the Perception of Tone 
Sequences". 

Text of the record 
This record gives a number of examples 

of temporal coherence and related phenom
ena in the perception of tone sequences. 

The right volume for playing it is that 
at which the following tone sequence can 
just be heard (but quite clearly!). 
(calibrating tone sequence -40 dB) 

List of symbols 
f frequency 
I frequency interval in semitones 
t time 
T tone repetition time 
D ~ tone duration 
a amplitude 



PART 1 

In an alternating tone sequence of ten tones per 
second with tone intervals of 1 semitone, the tones 
form a coherent whole. 
ex 1.1 
This was an example of temporal coherence 

In an alternating tone sequence of ten tones per 
second with tone intervals of e.g. 20 semitones, it is 
more difficult to perceive the sequence as a coherent 
whole. On the other hand, you can direct your atten
tion to the string of high tones; the low tones then 
form a kind of background. You can also direct your 
attention to the string of low tones. 
ex 1.2 
This was an example of fission. 

Especially with slow tone sequences, there is an 
intermediate range of tone intervals where either tem
poral coherence or fission can be heaTd at will. The 
following example is a tone sequence of 7 semitones. 
First, see whether you can hear the sequence as a 
coherent whole; then try to hear the string of high 
tones, and finally the string of low tones. 
ex 1.3 
The observer can thus direct his attention towards 
various percepts. 

Apart from the phenomena of temporal coherence and 
fission, there is the phenomenon of fusion. Fast tone 
sequences with small tone intervals sound like continu
ous tones with frequency modulation. 
ex 1.4 

In sequences with tone repetition times of more than 
2 seconds, we can hardly speak of temporal coherence 
any more. The various tones seem to be isolated. 
ex 1.5 

TEMPORAL COHERENCE 
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PART 2 

Temporal coherence and fission will now be demonstrated in the tone sequence ABA 
ABA ABA. The tempo of the tones B in this sequence is half that of the tones A. The 
pitch of the tones B is fixed, while that of the tones A starts about an octave above 
B, gradually moves down to about an octave below B and then moves up again. The 
string of tones A thus crosses the string B twice. The temporal coherence near the 
cross-over points, gives rise to the characteristic "gallop" rhythm. At larger tone 
intervals, fission can be heard: 
you can direct your attention to 
the tones B, with their low 
tempo, and to the tones A, with 
their high tempo. 
ex 2.1 

PART 3 

In a fast alternating sequence 
of a pure tone and a complex tone 
of the same pitch but without any 
contiguous frequency components, 
we hear not temporal coherence 
but fission. 
ex 3.1 

In a fast sequence of two com
plex tones with the same pitch 
but with non-contiguous frequency 
components, we hear fission, and 
not temporal coherence. 
ex 3.2 

2 kHz -

5kHz 

T=10Cms,D•50 ms --t 

tfr---------------------.---~------~--~--~ 2000 
1Hz) 

pitch 

1000 

600 

280 j J J j J J J J J 
A C A C A 

-t 

tf 
2008 !!t1V E3 8 E3 
iHzl 
1008 

5. 

B 8 a r 8 co:: 0 
3 

p:tch 

200 J J J J J J J J J 
c· c c· c c· c c· c 

hssmn 

T :::100ms. 0 ::;65:-ns -t 



But temporal coherence is 
heard when the frequency compo
nents are contiguous. First, you 
hear a sequence of tones with 
frequency contiguity and the 
same pitch. Temporal coherence 
is inevitable. Then we shift the 
spectrum of the odd tones, as 
you will notice from the change 
in timbre. Now, coherence is 
lost again like the previous 
example. 
ex 3.3 

We now change the pitch of 
the odd tones by an octave; 
fission can still be heard. 
Half-way through this example 
we restore the frequency conti
guity. Temporal coherence can 
then be heard again, even though 
the tone interval is still an 
octave. 
ex 3.4 

Now we make the pitch of the 
tones equal again. The temporal 
coherence can still be heard. 
ex 3.5 
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Listen again to a tone sequence of a pure and a complex tone alternately. 
With the proper amplitude of the pure tone, you will hear temporal coher
ence between the pure tone and 
one component of the complex 
tone, when they are contiguous. 
This effect seems to double the 
tempo of the pure tones. We make 
the pure tone successively con
tiguous to the fundamental, to 
the second and third harmonic of 
the complex tone and back to the 
second and fundamental again. 
ex 3.6 

PART 4 

tf 
2000 
IHzl 

1000 

b·200 ~ ~-~-~ 
A C A C 

fA non~cont1guous tc fen 

T •100 ms. J • 65 ms 

This part can be heard best with head-phones. 
First you hear a monotonic tone sequence of ten 

tones per second. When the level of the tones A is 
lowered below the auditory threshold, you hear a se
quence with half the tempo. 
ex 4.1 
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The level of the tones A is now raised gradually. 
You can still hear the string of loud tones B, but you 
can also direct your attention to the string of soft 
tones A, sounding like an echo of the tones B. 
ex 4.2 
This was an example of fission. 
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When the level difference is less, it is also possi
ble to hear the temporal coherence between the loud 
and soft tones. 
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ex 4.3 



PART 5 

In the following example you hear 
a random tone sequence with intervals 
of one semitone. The tempo is gradu
ally raised to about 20 tones per 
second. You only hear temporal coher
ence, not fission; at the highest 

TEMPORAL COHERENCE 

tempo even fusion can be heard. TdOOms 

ex 5.1 
A random tone sequence with tone 

intervals of about 20 semitones and a 
tempo of 20 tones per second cannot .be 
heard as a coherent whole, though a 
cluster of tones can be heard·here 
and there. These clusters often seem 
not to be isochronous. When the tempo 

FISSION 

is lowered, you can. follow the tone T=45ms 

sequence; which is now experienced as 
isochronous. 
ex 5.2 

We now present shor.t sequences of only two tones. When 
the tone interval is only 1 semitone, you always hear 
whether .the pitch goes up or down, even at a tempo of cor
responding to more than 20 tones per second. At these high 
tempos, fusion is heard: the tone pair appears in the per
ception as a single tone burst, with rising or falling 
pitch. 
ex 5.3 

In two-tone sequences with a tone interval .. of about 20 
semitones and a tempo corresponding to more than 20 tones 
per ~econd, it is very difficult to hear the direction in 
which the. pitch moves; the two tones seem to be more or 
less simultaneous. At lower tempos, however, the direction 
in which the pitch moves can be heard clearly. 
ex 5.4 

When now a third tone is added, contiguous in frequency 
to the. first tone, the temporal coherence between the first 
two .tones is lost and . temporal coherence is now heard be
tween the first and th,ird tones. The middle tone seems to 
be.separate from the other two. For comparison we will pre
sent two-tone and·· three-tone sequences alternately. 
ex 5.5 · 
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PART 6 

In the tone sequence ABAB ••• 
etc. we are going to shift the 
position in time of the tones B. 
In slow tone sequences this can 
easily be heard as a change of 
rhythm. 
ex 6.1 

Now we increase the tone inter
val. In this slow sequence, the 
hobbling rhythm can also be heard 
at large tone intervals. 
ex 6.2 

We now raise the tempo, while 
keeping the relative shift of the 
tones B from the middle the same. 
It is now difficult to hear the 
temporal position of the tones B. 
ex 6.3 

Without changing the timing of 
the tone sequence, we reduce the 
tone interval again. This makes 
it possible to hear the hobbling 
rhythm. 
ex 6.4 

Finally, we move B back to the 
middle, and you can hear the 
smooth isochronous sequence 
again. 
ex 6.5 
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PART 7 

Counterpoint theory advises against crossing voices. 
Indeed it is difficult to follow a tone sequence 
through a cross-over, as is demonstrated next. 
ex 7.1 
(Mostly two voices are perceived that touch each other 
as is indicated by the arrows in the figure.) 

"CROSS:NG VOCES" 
~~~~=-~~~---~__, 

t ;;. • '---------· -- . 

B 

We now present two interleaved tunes forming a tone sequence of ten tones per 
second. In the beginning you will not recognize the tunes, since they cross each other 
several times. At each repetition 
we raise the pitch of every other 
tone by two semitones, so that 
finally fission enables you to 
recognize the two tunes. 
ex 7.2 (after Dowling) 
(In the figure the notes of the 
melodies can be recognized by the 
direction of their tails.) 

Colophon 

INTERLEAVED MELODIES 

h120ms. D ~40 ms 

The examples were recorded with the aid .of Mr. H. van Leeuwen at the IPO. The com
mentary of this record was spoken by Mr. J. 't Hart (IPO) at the studio of the Centrale 
Technische Dienst of the Eindhoven University of Technology. Here also the tapes were 
spliced together. The records were produced by N.Y. Phonodisk, Baarn, The Netherlands. 



STELLINGEN bij het proefschrift 
TEMPORAL COHERENCE IN THE PERCEPTION OF TONE SEQUENCES 

1. Bij strijkinstrumenten vormt de onvolkomenheid van de periodiciteit van de snaar
beweging, die met name bij het begin van de streek optreedt, een essentiele factor 
van het timbre. 

B.L. Cardozo &: L.P.A.S. van Noorden, "Imperfect Periodicity in the Bowed 
String"; IPO Ann. Progr. Rep. !• 1968, 23-28. 

2. Bij elektronspinresonantiemetingen kan met pulsmodulatie van het ingestraalde 
microgolfvermogen theoretisch een minstens even grote gevoe1igheid verkregen wor
den als met de algemeen gebruikte magneetveldmodulatie. Problemen met de stabili
satie op de trilholten staan het met vrucht toepassen van deze modulatiemethode 
in de weg. 

L.P.A.S. van Noorden, Afstudeerverslag T.H. Eindhoven 1970. 

3. De argumenten voor de bewering: "It is evident that temporal limitations of vowel 
recognition mechanism are much more severe than those of segmentation mechanism." 
(Chistovich et at.), zijn aanvechtbaar. . 

L.A. Chistovich, N.A. Fyodorova, D.M.Lissenko &: M.G. Zhukova, "Auditory 
Segmentation of Acoustic Flow and its Possible Role in Speech Processing"; 
paper of the Symposium on Auditory Analysis and Perception of Speech,, 
Leningrad 1973. 

4. Improviserend musiceren verdient meer de aandacht van de samenspelende. musicus. 
Het kan zijn spelen verheffen van synchroniseren tot communiceren. 

5. Bij de beroepsopleidin~ van beeldende kunstenaars, componisten en musici dient 
aandacht te worden geschonken aan de verworvenheden van het perceptie-onderzoek. 

6. Het lezen van vakliteratuur in een vroegtijdig stadium van het onderzoek kan een 
originele aanpak ervan in de weg staan. 

7. Inspanning en kosten verbonden aan het volgen van een snelleescursus dienen niet 
te worden afgewogen tegen de uitslag van de eindtest.van de cursus, maar tegen 
een eventueel blijvende verhoging van de leesvaardigheden in dagelijkse leessitu
aties en tegen de mogelijkheid om buiten de cursus eenzelfde resultaat te bereiken. 

L.P.A.S. van Noorden 28 februari 1975. 




