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Abstract 
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ID 

The sensitivity for pitch differences in natura! speech is an order of mag
nitude smaller compared with the values for the pitch sensitivity according 
to the psycho-acoustical literature, when measuring the just noticeable pitch 
difference (pitchjnd), or the just noticeable amount offrequency modulation. 
These discrepancies are probably caused by the differences between the used 
stimuli, i.e . between natura! speech and musical tones. These differences can 
consist in three aspects, namely the amplitude of the signa!, its periodicity 
or its spectra! content . Natura! speech is highly dynamic in all these three 
variables, whereas in the psycho-acoustical experiments all or most of these 
variables are kept constant. 

It is interesting to find out to what extent rapid changes in each of these 
variables is able to impair the perception of pitch variations, and to cause 
these low sensitivity for pitch differences in natura! speech. The sensitivity for 
pitch changes in speech and in speech-like signals was measured in dynamic 
conditions of one of these variables, namely the amplitude. 

The threshold values for pitch differences are found to be dependent on 
the amount of amplitude change. Threshold values are found to be about 
1.5 to 2.5 semitones (ST) . 

This means that, at instants of highly dynamic amplitude in natura! 
speech, unnoticeable pitch variations smaller than 2.5 ST can solely be as
cribed to the dynamic amplitude character of natura! speech. Larger ob
scured pitch variations must be due to additional dynamic properties of the 
speech signa!, e.g . the changes in spectra! content. Further research is nec
essary in order to investigate the contribution of changes in timbre to the 
impairment of pitch difference detection in fluent speech in contrast with the 
detection of pitch variations in stationary sounds . 
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1 Introd uction 

The pitch of a speech utterance changes all the time; it can change rapidly 
even within a single vowel. It is known that human speakers can control the 
produced pitch pattern of their utterances in order to lend prominence to 
syllables or indicate prosodie boundaries. 

In genera!, the pitch contour of a speech utterance can be divided into two 
parts: macro-intonation and micro-intonation. Macro-intonation consists of 
the global changes in the course of pitch which are intended by a speaker 
and/or are perceived by a listener. Micro-intona.tion consists of the changes 
in the pitch contour when looking locally on a. smaller time-scale. Micro
intona.tion is thought not to be controlled by the speaker and supposed not 
to be perceptua.lly relevant to the listener. 

In synthesizing speech this distinction between ma.cro-intonation and 
micro-intonation can be very useful. In order to make synthetic speech sound 
natura!, it is important to provide the a.rtificial speech sequence with a appro
priate pitch contour. This can be the original pitch contour, which requires 
a lot of data transmission, hut might as well be a coarse approximation of 
this contour. It would be ideal to reduce the original pitch contour until only 
the information hearing pa.rts remain. We call this a stylized pitch contour. 

In approximating the pitch contour, differences with the original contour 
are introduced. But our interest is not the existence of any differences as 
such hut only the existence of differences that can be hea.rd. When a dif
ference between two speech stimuli cannot be heard, it cannot play any role 
in speech communication, and we can consider the two stimuli, although 
physica.lly different, as perceptually identical. Therefore it can be concluded 
that any pitch variation that cannot be perceived cannot play a role in the 
communication process and contains no perceptual information. 

The differences between two perceptually indistinguishable pitch contours 
represent the micro-intona.tion in the pitch contour. The goal of this study is 
to establish limits to the perceptual ability to hear pitch differences in speech 
signals. At this point I also want to introduce a more appropriate definition 
of the micro-intonation concept in order to relate to the studied phenomenon 
more precisely: micro-intonation is the set of all pitch differences that can 
be stylized away, without creating a perceptually different pitch contour. 

Section 2 starts with the analysis of the occurrence and size of micro
intonation in fluent speech. It shows that the size of micro-intonation in 
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fluent speech is an order of magnitude larger than the just noticeable pitch 
difference and the frequency modulation threshold as found in the psycho
acoustic literature. This discrepancy between thresholds values found with 
fluent speech and with the stimuli used in psycho-acoustic literature can only 
be a.scribed to the dynamic character of fluent speech signals. N atural speech 
is highly dynamic in its amplitude, spectra! content and periodicity. In this 
study the influence of changing of one of these variables, the amplitude, on 
the perception of pitch is investigated. Therefore, two experiments were car
ried out . The first experiment, described in section 3, was devised by J. 
't Hart and tried to mea.sure the ability to hear a pitch rise at the end of 
a word while the amplitude went down. The pitch rise used wa.s a commu
nicatively important pitch movement, so this pitch rise cannot be considered 
as micro-intonation, hut should be considered as macro-intonation. The 
second experiment, described in section 4, tried to measure the detectabil
ity of pitch movements in speech-like signals, while the amplitude changed 
both downward and upward. The pitch movements in this experiment had 
no communicative rele and were more in line with micro-intonational pitch 
movements. In the final section, section 5, the results of these experiments 
are discussed in a genera! manner and the conclusions are summarized. 
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2 Micro-intonation in speech 

In the stylization technique, a first step is constituted by the making of 
so-called close-copy stylizations (De Pijper, 1983). These piecewise-linear 
approximations to pitch curves should meet two conditions: (a) they should 
be built up by the smallest possible number of straight line segments, but 
{b) nevertheless be auditorily indistinguishable from the original course of 
the pitch. A visual comparison of close-copy stylizations and the original 
pitch curves often reveals that there are instances in which the difference 
between the two are large enough to be well above threshold, if presented as 
a continuous sinewave. This implies that there must be a well-founded reason 
( or perhaps more than one) why such differences nonetheless go unnoticed. 
One reason may be that, since the perceptual equality aimed at is evaluated 
while listening to entire (though not very long) utterances, the listener is 
not capable of concentrating on the one or more short stretches in which the 
larger deviations occur. lt may be that the listener is not able to discriminate 
between a close-copy stylization and the original pitch contour due to the 
dynamic properties of the speech utterance. The dynamic character of speech 
is not only manifest in variations of pitch frequency, the intonation contour, 
hut simultaneously also in those of formant frequencies and, possibly more 
important, of amplitude. 

2.1 The size of micro-intonation 

The size of micro-intonation depends on the position in the speech utterance. 
In vowels, micro-intonation is very small, smaller than 1 semitone (ST), but 
in consonants it can be quite large. Typical values for micro-intonation in 
voiced consonants are a few semitones but it can be as large as one octave 
{12 ST). As mentioned, these micro-intonational pitch movements cannot be 
heard, at least not in the context of the complete utterance. But when one 
gates out a small portion of the signal, something between 50 and 100 ms, 
much smaller differences can be heard. When listening locally to a small part 
of a speech utterance, differentiating in pitch is similar to a psychoacoustic 
task to discriminate between two short stimuli. 

And more in general, the difference between a stylized part of a pitch 
contour and an original, pitch varying, part would be analogous to the dif
ference between steady tone and a frequency modulated tone. In many 
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psycho-acoustical studies, just-noticeable pitch differences (pitch jnd) have 
been investigated for various stimuli: e.g. for constant-frequency tones (Weir, 
Jesteadt and Green, 1977), and for frequency modulated tones (Shower and 
Biddulph, 1931; Moore, 1976; Demany and Semal, 1989; Ozimek and S~k, 
1990). 

For steady tones, for instance, the pitch jnd, or frequency difference limen 
(DLF) is about 1 Hz for low frequencies (f < 800 Hz) and increases with 
frequency. Weir et al., (1977) found fora frequency of 200 Hz that the DLF 
is 1 Hz, which is 0.09 ST. 

In fact, the pitch jnd is often supposed to be a certain fraction of the 
critica! bandwidth of the auditory filter centered at the stimulus frequency. 
For frequencies below 1 kHz this is a good assumption, DLF is about one 
percent of the critica! bandwidth, hut for increasing frequencies beyond 1 
kHz pitch jnd increases faster than critica! bandwidth. 

The threshold for frequency modulated tones1 (FMT), also called fre
quency modulation difference limen (FMDL), is still larger, e.g., Demany 
and Semal (1989) measured FMDL = 3.36 Hz (0.23 ST) at a frequency of 
250 Hz and with a modulation frequency of 4 Hz. 

From these results it is clear that, given the size of micro-intonation, its 
perceptual irrelevance is not in agreement with either the DLF for separate 
steady tones nor with the FMDL. 

A more detailed analysis of these discrepancies between speech and psycho
acoustical findings can be found in Van der Horst (1992). 

1The frequency-modulation threshold (FMT) is the value of FM for which modulation 
is just detectable. 

6 



2.2 Speech vs. psychoacoustics 

When studying the differential pitch sensitivity of a human listener for speech 
signals one encounters a difficulty, because the speech signal is, in general, 
a non-stationary signal and has a meaning. When comparing fluent-speech 
signals with stationary signals, often used in psycho-acoustical experiments 
obtaining the DLF, many differences occur: 

• A speech signal is not constant in its pitch. Large-scale suprasegmen
tal pitch movements, e.g. declination, are an important part of fluent 
speech. 

• A speech signal has a changing formant structure, so the timbre of the 
signal changes in time. A steady tone or a frequency modulated tone 
has a stationary timbre. 

• Speech is varying in amplitude, in stop-consonants even extremely 
rapidly. So a speech signal is not stationary in loudness, in contrast 
with steady tones or frequency modulated tones. 

All these dynamic parameters (and maybe more) might be of some influence 
on the differential pitch sensitivity and may account for the difference in 
pitch sensitivity between values found in psycho-acoustical experiments using 
stationary signals and the values found in speech experiments using (highly) 
dynamic speech signals. 

2.2.1 Declination 

Klatt (1973) studied the differential pitch sensitivity using the synthetic vow
els /t/ and /ya/ with linear ramp pitch contours and with a mean pitch of 
120 Hz, and a duration of 250 ms. The /t/ vowel is a syllable with a con
stant formant-structure and a stationary timbre, hut the /ya/ syllable has a 
changing formant-structure and therefore a changing timbre. 

One conclusion of this study was that the pitch discriminability is depen
dant on the rate of change of the linear ramp of the pitch contour. For a flat 
pitch contour the just noticeable difference (jnd) was 0.3 Hz (0.043 ST) for 
the / t / stimulus and 0.5 Hz (0.072 ST) for the /ya/ stimulus. But with a 
pitch decreasing linearly from 135 Hz to 105 Hz ( a change of 4.35 ST) the 
thresholds increased an order of magnitude. The jnd for the / t / stimulus in 
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Figure 1: Sound spectrograms of the synthetic vowel / E: / and the synthetic 
syllable /ya/ as used by Klatt, (1973). The darkness of a point is proportional 
to the energy within a 300-Hz frequency band as averaged over the previous 
few milliseconds. 

this case was 2.0 Hz (0.29 ST) and the jnd for the /ya/ stimulus was 2.5 Hz 
(0.36 ST). 

The author also measured the discriminability between two signals (both 
/ t: / stimuli) with different slopes and found that the just noticeable slope 
difference between two stimuli with shallow slopes ( viz. zero and near zero) 
was considerably smaller than the slope jnd between two signals with a steep 
slope (-120 Hz per second). The first jnd value was 12 Hz/s and the latter 
was 32 Hz/s. 

A study using more realistic speech signals and more concerned with the 
size of the pitch change rather than the rate of change, was the study of 
't Hart (1981). 't Hart tried to measure jnd in size of pitch movements in 
speech in dynamic conditions rather then in statie conditions. He used six 
different four-syllable Dutch number-names provided with a standard pitch 
contour with declination and an accent-lending pitch movement on the third 
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Figure 2: The pitch contours of the stimuli used in the experiments of Klatt 
(1973) are plotted as a function of time. 

syllable (see Fig. 3). 
The mean overall jnd in pitch-movement size was found to be 2 semitones 

(± 1 ST). Another conclusion was that the subjects found it more difficult to 
differentiate between falling pitch movements compared to rising movements. 
This was suggested to originate from the more intensive exposure of Dutch 
subjects to pitch rises due to the preference, in Dutch intonation, to use rises 
for pitch accents. 

't Hart stated that, for speech-communication purposes, the pitch jnd is 
not an effective measure. And the final conclusion was that: 

... differences of an a.mount of at least 3 semitones in two separate 
pitch movements in the sa.me direction may be heard, with any 
certainty, as differently large. 
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Figure 3: (a) Example of stimulus pair (two Dutch number names, 
/en-n'twmt-x/ and /zEz-n'to.xt-x/, i.e. twenty-one and eighty-six) with rising 
pitch movements. The first stimulus, M4, is situated in the midregister and 
contains a rise of 4 semitone s; the second stimulus, 16, with a rise of 6 
semitones in the low register, should be recognized as having the larger pitch 
movement. (b) Example of a stimulus pair with falling pitch movements. 
From 't Hart (1981). 

2.2.2 Amplitude 

From some studies2, not specifically dedicated to pitch discrimination in 
speech, it is known that the ability for FM detection is impaired by superim
posing random amplitude modulation on the frequency modulation. On the 
other hand, from Ozimek and Sçk (1987) we know that mixed modulation 
(MM), i.e., simultaneous amplitude and frequency modulation with a sinu
soidal modulator with a modulation frequency equal for AM and FM, is able 
to improve the detectability of modulation. The authors used simultaneous 

2See Moore and Glasberg (1989) who referred to Maiwald (1967) and Grant (1987). 
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subthreshold AM and FM and found that this mixed modulation was per
ceivable. They found that the sensations of subthreshold FM and AM could 
be summated. This was only the case with a sinusoid modulation signa!. 
With a narrow-band random-modulation signal no mixed-modulation detec
tion improvement was measured. This difference between MM-thresholds for 
the sinusoid and random modulating signa! is surprising since, in the case of 
AM and FM thresholds measured separately, threshold values for both kinds 
of modulating signa!, i.e. sinusoid and random, are very similar. See Ozimek 
and Sc;k (1987). 

Since the amplitude variations in speech are not correlated with any ex
isting frequency modulation, applying random amplitude modulation would 
be more appropriate than sinusoid AM when studying the effect of changes 
in amplitude, like the ones existing in fluent speech, on the detectability of 
frequency changes in speech. 

There are very few studies concerned with the effect of non-sinusoidal 
amplitude change on the detectability of FM in speech. So, at this point it is 
still not clear to what extent and under what conditions changes in amplitude 
do influence the FM detection thresholds in speech. 

2.2.3 Timbre 

It is known from Moore and Glasberg (1990) that a difference in timbre be
tween two complex tones is able to impair the frequency difference limen. In 
this experiment the authors measured the pitch discrimination of complex 
tones, all of which contained the first six harmonies. These lower harmonies 
are believed to be the most important ones for discriminating the pitches of 
complex tones (Ritsma, 1967). The higher harmonies are believed to have 
hardly any influence on the pitch discriminability, hut in this experiment the 
authors found that with different higher harmonies between the two mem
hers of a pair (non-overlapping harmonies), the pitch jnd is impaired, in 
comparison to discriminating a pair of complex tones with the same higher 
harmonies ( overlapping harmonies). In the case of the stimulus pair with 
non-overlapping harmonies a change in timbre is perceived, and the pitch
jnd impairment is ascribed to this change in timbre. But in this study the 
authors used stationary complex tones with overlapping vs. non-overlapping 
harmonies, conditions which are not comparable to those of fluent-speech 
signals. So, from these results it is not possible to predict directly whether 
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a change in timbre, as encountered in fluent-speech stimuli, is able to impair 
the pitch perception in speech in a similar way as with these complex tones, 
hut, if there is any influence, it will be negative. 

There are sofar no ether studies found in psychoacoustic literature which 
could help to explain the pitch-perception impairment in fluent speech. 

2.3 Experimental aim 

In ' t Hart, Collier and Cohen (1990, p. 36) is stated: "In our experience, a 
drop in amplitude of 10 to 20 dB in several tens of rnilliseconds, as can often 
be found in transitions from vowels to consonants, can entirely obscure the 
presence of changes of F0 of up to half an octave". 

The aim of this study is to find experimental support for this observation. 
Two experiments were, therefore, devised in order to measure the sensitivity 
for pitch movements under dynarnic amplitude conditions. 

1. Experiment 1. 
Stimuli were made by means of controlled manipulations in the final 
portion of a naturally spoken monosyllable /ja/ : pitch went up , whereas 
amplitude feil down. This might be considered a special case of simul
taneous frequency and amplitude modulation. 

2. Experiment 2. 
This experiment was devised to generalize the results of the first ex
periment. Stimuli were constructed with pitch movements in both 
directions, up and down, and with amplitude-changing also in both 
directions, up and down. 

In both experiments it was tried to find evidence for the assumption 
that a change in amplitude can impair the perception of pitch variations, 
and more specifically that, with increasing rate of change of amplitude, the 
thresholds for pitch variation detection increases. In order to assure that the 
same perceptual processes would take place that occur in natural speech, the 
stimuli were designed in such a way that they had the dynamic properties of 
natural speech. 
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3 Experiment 1 

3.1 Introduction 

The first experiment was devised by J. 't Hart 3 hut could not be carried 
out by him before his retirement. This experiment is inspired by results 
of research on the so-called glissando threshold, the minimum duration a 
glissando, i.e. a pitch rise or a pitch fall, must have in order to be detected 
as a glissando. In this experiment 't Hart wanted to test whether amplitude 
changes had an adverse effect on the glissando threshold. If this could be 
demonstrated, the low differential pitch sensitivity in speech can, at least 
partly, be attributed to the increased glissando threshold under the rapidly 
changing amplitude conditions as are present in speech. 

't Hart designed the experiment in such a way that the stimuli had all the 
characteristics of natura! speech. Furthermore, he chose a communicatively 
important pitch movement, a rise at the end of a word, as the target. This 
rise is often used in Dutch to indicate a question or a non-:fi.nal pause. By 
changing the rate of the amplitude decrease with which the word ended, 
't Hart wanted to investigate the in:fluence of this amplitude decrease on the 
detectability of such a :fi.nal rise. He measured the minimum duration the 
pitch rise must have in order to be detected. The threshold values obtained 
for the minimal duration to be detected, can be compared with the glissando 
threshold as mentioned in 't Hart, Collier and Cohen, (1990, p.32). 

3.2 Stimuli 

The Dutch word /ja/ (Eng. "yes"), spoken by a male speaker, was recorded 
on tape and sampled into a computer with a sample frequency of 10 kHz. The 
duration of the word was 850 ms. The original pitch contour of the utterance 
contained a rise-fall in the initia! part of the word, a rise from 98 to 116 Hz at 
160 ms, followed by a fall to 80 Hz at 440 ms, followed by a slow declination 
to 75 Hz. Manipulations were executed in the final 250 ms of the utterance, 
the tail, in which the vowel /a/ is produced. In order to be able to control the 
amplitude course of the tail, a full signa! period, at 600 ms, was cut out at 
zero crossings, and repeated as many times as was necessary to make a new, 

3 Most of this section is based on parts of the manuscripts of J. 't Hart. 
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Figure 4: The pitch contour and the amplitude contour plotted schematically. 

monotonous tail of 250 ms. This new tail substituted the original tail. In the 
next phase the pitch contour was manipulated with the pitch-synchronous 
overlap and add (PSOLA) technique (Hamon, Moulines and Charpentier, 
1989). First a declination line was applied and second a pitch rise of 3, 6 or 
12 ST in 120 ms was added, starting at 13 equidistant positions from 600 ms 
to 720 ms after the onset of the utterance. So, the distance between every 
starting position was 10 ms. The resulting 39 stimuli were manipulated in 
amplitude in such a way that the amplitude dropped 66 dB from a certain 
point in time to the end of the stimulus at 850 ms. Starting points were 
taken to be at 640, 680 and 720 ms after the onset of the utterance. So, the 
amplitude decay had durations of 210, 170 and 130 ms, leading to amplitude
decay-rates of 310, 390 and 510 dB/s. These values seem to be very high, hut 
in actual speech, much higher values are found regularly. Each of the three 
starting points was combined with five rise onsets, in such a way that the 
rise onsets coincided with the beginning of the amplitude decay, or preceded 
it by 10, 20, 30, or 40 ms. That is, rise onsets at 600-640 ms were combined 
with the amplitude-decay onset at 640 ms, those at 640-680 ms with the one 
at 680 ms, and those at 680-720 with the one at 720 ms. Stimuli without 

14 



150 
140 
130 

120 

110 

f (Hz) 100 

90 

80 

70 

0 100 200 300 400 500 600 700 800 
---+ time (ms) 

Figure 5: The pitch contour of the speech utterance /ja/. End rises of 3, 6 
and 12 ST are also plotted. 

any pitch rise in the tail were also resynthesized, with a amplitude decay of 
66 dB at the three starting points mentioned above. These stimuli are used 
as the reference stimuli, since they have the same properties as the target 
stimuli, except that the pitch movement in the final part of the stimulus is 
absent. 

All pitch rises had a duration of 120 ms, so they ended before the end 
of the utterance. As a result, all rises were followed by a stretch of high 
declination line. With the latest pitch rise at 720 ms, this stretch is only 10 
ms long, for the earliest rises they could last as long as 130 ms. 

So, there were three different amplitude-decay-rates, viz. 310, 390, 510 
dB/s, three different pitch movement sizes, viz. 3, 6, 12 ST, and five different 
pitch movement timings, viz. 0, -10, -20, -30, -40 ms, leading to 45 different 
target stimuli . In addition there were three different reference stimuli without 
a final rise, three for each amplitude-decay rate. 
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Figure 6: The amplitude contours of the last part of the speech utterance 
/ja/ after manipulations of the amplitude leading to three different amplitude 
decay rates, i .e. 310, 390 and 510 dB/s. The noise floor at -20 dB is also 
plotted. 

3.3 Experimental procedure 

This experiment was subdivided into nine runs. Each run contained stim
uli with only one of the nine possible combinations of excursion size and 
amplitude decay rate. 

The order of the nine runs was deliberately chosen in such a way that the 
-expectedly- least difficult condition came first, and the most difficult one 
carne last . Thus the very first run had the largest pitch movement, 12 ST, 
and the shallowest amplitude decay rate, 310 dB/s; the last run had a rise 
of 3 ST and a decay rate of 510 dB/s. Each run consisted of 100 stimuli, 20 
for each of the five va.lues of the experimental variable, viz. the time elapsed 
between the onset of the rise and that of the decay. 

The experimental procedure used was the 212AFC paradigm, in which the 
subject 's task is to discriminate between the two stimuli. In every trial two 
stimulus intervals were presented with 1100 milliseconds pause in between. 
One of the two stimuli contained a final pitch movement, the target, and the 
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ether one, the reference stimulus, lacked such a pitch movement in the final 
part of the utterance. So, there were two possible orders of presenting a two 
interval trial, one with the target in the first interval, the ether with the target 
in the second interval. lf we denote the two different possible orders with a 
two-letter name, we could label the two possible trials, with something like 
"SN", "NS", where the "S" stands for Signal, the target signal, and the "N" 
stands for Noise, the reference signal. The subjects task was to discriminate 
between the two intervals and pick out the target signal. lf the subject had 
made the decision which of the intervals contained the final pitch movement, 
he or she was instructed to press the key with the number of that interval. 
Feedback about the correctness of the response was presented and after two 
seconds the next trial was initiated. 

The 100 trials were presented in random order. A session, of one or more 
runs, began with an adjustment of the loudness level. The stimulus signal 
was mixed with pink noise in order to mask any background noise. This was 
done because in a try-out experiment J . 't Hart found that , ( a) the task 
was fairly easy and a score of 100 % correct was not impossible, and (b) the 
only errors occurred in correlation with sudden disturbances in the listening 
environment that distracted the subject. For these reasons the experiments 
were held in a quiet room, with pink noise mixed to the signal in order to 
get a fixed background noise level. To this end, the file which contained 
the monotonized tail with a flat amplitude was presented to the subject, 
who was asked to attenuate it so as to make it just inaudible. After that, 
the attenuator was set at 20 dB above this threshold. This resulted in a 
sensation level of 20 dB SL in the vowel / a/ at 600 ms after the start of the 
utterance. 

3.4 Subjects 

Six subjects, all members of the Hearing and Speech group at IPO, took part 
in the experiments, four of which had a large experience in doing intonation 
experiments. Two were unfamiliar with intonation experiments. 
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Il pitch change 
decay rate 100 ST /s 50 ST /s 25 ST /s 

310 dB/s 67 (ms) 76 79 
390 dB/s 61 65 71 
510 dB/s 51 54 59 

Table 1: The threshold durations (in milliseconds) ~T, the experimental 
variable, for the nine different conditions. 

3.5 Results 

The results were calculated in the following way. For each of the five tested 
pitch rises, starting 0, 10, 20, 30 or 40 ms before the onset of the amplitude 
decay, the proportion was calculated for which a subject correctly identified 
the stimulus with the rising pitch movement. When we assume the response 
bias of the subject to be negligible, the values for proportion correct, Pc, can 
be converted to values of the sensitivity d' with the following equation from 
Green and Swets (1966): 

With the following expressions for t/>(z) and <P(z): 

t/>(z) 
1 1 z 2 

= ~exp(-2(~)) 

<P(z) = /_zoo </,( t) dt 

(1) 

(2) 

(3) 

Equation (1) is· tabulated in Swets (1964), and more accurately in Hacker 
and Ratcliff, (1979). 

With the tables of Hacker and Ratcliff, (1979) the curves of proportion 
correct were transformed into curves of the sensitivity d'. With linear inter
polation the threshold values of the experimental variable ~T was calculated 
for every subject . The means of these thresholds are tabulated in table 1. 
In Fig. 7 the duration thresholds are plotted, in a similar way as in 't Hart, 
Collier and Cohen (1990, p. 32). The plotted threshold values represent 
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averaged values over all subjects and, for every data point, the standard er
rors of the mean4 are plotted, too. The threshold values of all subjects were 
mediated, although the performances of the subjects differed; there were no 
consistent differences caused by different levels of experience with intonation 
experiments of the subject that would suggest to split the subjects into two 
or more distinct groups. As can be seen from Fig. 7, the glissando rate, g, 

1000 .--------------.----.-----.-----.-----, 

100 

g (ST/s) 

10 310 dB/s * 
390 dB/s o -
510 dB/s • · 

glissando threshold -

1~----~----------~----~ 
40 50 60 70 80 90 100 

duration (ms) 

Figure 7: Threshold durations for the detection of pitch changes. Means and 
standard errors of the mean over all subjects are plotted for the nine different 
conditions. Also plotted with a solid line is the glissando threshold and with 
dotted lines the allowable deviations of this glissando threshold as proposed 
by 't Hart, Collier and Cohen, (1990). 

has a clear effect on the threshold durations. Threshold durations increase 
with decreasing glissando rate. This is in line with the glissando threshold as 
proposed by 't Hart, Collier and Cohen, (1990). The amplitude decay rate 
also seems to have a strong effect on the threshold durations. The threshold 
durations decrease with increasing amplitude decay rate. 

4The standard error of the mean is the standard deviation divided by the square root 
of the number of subjects. 
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3.6 Discussion 

The audibility of a change in pitch is known to be dependent on both rate
of-change and duration. On the basis of the results of six different authors, 
operating in the range from 20 ms to 5 s for duration, and from about 0.01 
to 400 ST /s for rate-of-change, and frequencies ranging from 125 to 2700 Hz, 
the following equation for the so-called glissando threshold has been proposed 
('t Hart, Collier and Cohen, 1990, p. 32): 

0.16 
9th'f' = T2 ' (4) 

in which 9th,,. is the rate-of-change of the pitch frequency in ST /s, and T is 
the duration in seconds. 
One must expect that in the stimuli that contain a final rise in this exper
iment, not the entire rise of 120 ms can have contributed to its detection, 
since the ve:ry end of the signal is subliminal. 

From Fig. 7 i t is clear that Eq. ( 4) is not applicable for glissandos in 
a dynamic amplitude environment, because the slope of the data. plots for 
one particular amplitude decay rate is not in agreement with the slope of 
the plotted glissando threshold. A strange effect seems to be that, for a 
certain glissando rate g, the derived threshold durations are decreasing with 
an increasing amplitude decay rate. This is in contrast with the assumption 
that a change in amplitude would impair the perception of a pitch movement. 

It looks as if the different data plots are only shifted in duration. This 
shift seems to correlate with the time differences at which the tail of the 
signal reaches its O dB SL level. As mentioned, stimuli were presented at 20 
dB SL. Since the tails had three different decay rates, the time between the 
onset of the amplitude decay and the moment the signal got lost in the noise, 
fl.t', was different for every different amplitude decay rate. For the 310-dB/s 
case the audible duration of the decaying part is: 

, 20dB 
fl.t = 310dB/s = 0.065s, (5) 

for the 390 dB/s condition this duration is 0.051 s, and with the 510 dB/s 
this is 0.039 s. As can also be observed in Fig. 6 the moment at which the 
stimulus level drops below the noise level occurs 12 ms later for the 390 dB/s 
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Figure 8: Corrected threshold durations for the detection of pitch changes. 

stimulus than for the 510 dB/ stimulus, while this time difference is 26 ms 
for the 310 dB/s stimulus. 

In Fig. 8 the same data is plotted but corrected for this time difference. 
The part of the decaying tail that can be heard in every amplitude condition 
is considered to be 39 ms, the duration of the heard tail in the 510 dB/s 
amplitude condition. The result is more in line with the assumption that 
an amplitude change is able to impair the perception of pitch movements: 
subjects need a longer glissando duration in order to detect a pitch move
ment in a. signa.! in which the amplitude decays more ra.pidly. But this effect 
is very small, perhaps negligible. Moreover, this effect, if any, cannot un
a.mbiguously be ascribed to the amplitude change per se, because the signa.! 
energy decrea.ses, too. For it is more difficult to detect a signa.! when the 
signa.! energy is smaller. 

From Fig. 8 it can be concluded that the threshold durations are a.lmost 
independent of the amplitude decay ra.te of the tail. It must be clear that 
the pitch rises cannot be detected without any information from the decaying 
tail. The times before the decay are too small to contribute to the detection 
of a pitch rise, viz. ranging from 3 to 20 ms for the different conditions. As 

21 



final concluding remarks it can be said that 

1. the influence of the speed of the pitch movement is large; 

2. hut this influence is not a.s large as predicted by the glissando threshold; 

3. The influence of the amplitude decay is small, probably not significant; 

4. and this influence cannot be unambiguously ascribed to the decay in 
amplitude, because of the decrease in energy of the signal. 
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4 Experiment 2 

4.1 Introduction 

The conclusions of the first experiment were not unambiguous with respect to 
to the question whether a amplitude change is able to impair the perception 
of pitch variations. Therefore a second experiment was devised to investigate 
more systematically the infiuence of amplitude changes on the audibility of 
pitch changes. In this experiment the aim was to measure the sensitivity for 
pitch variations in speech-like sounds while the amplitude is changing, not 
only decreasing hut also increasing. 

4.2 Stimuli 

The stimuli were synthetic vowels /a/ of 0.5 second in which the gain- and 
pitch contours were manipulated. The vowel /a/ was synthesized with a 
formant synthesizer using the following values for its five formant frequen
cies and bandwidths: (/1 , . • • , / 6 ) = (890, 1360, 2475, 3530, 4830 Hz), and 
(B1 , • •• ,B5 ) = (110,120,160,275,325 Hz) . 

The pitch contour was first provided with an appropriate amount of dec
lination suitable for a speech utterance of this duration. An appropriate 
amount of declination was chosen with the following formula, as described in 
't Hart, Collier and Cohen, (1990) . 

-11 
D = --(ST/s), 

t + 1.5 
(6) 

in which t is the duration of the stimulus. This leads to a begin frequency of 
88 Hz, when we want to end with a typical male end frequency of 75 Hz . 

Second, a pitch-movement was applied to the pitch contour during the 
same middle 100 ms of the stimulus as where the amplitude change took 
place. So the stimuli consisted mainly of three parts , in the first and the last 
part the stimulus did not change in amplitude and the pitch decreased only 
slowly according to the declination. In the second, middle part the amplitude 
and pitch changed simultaneously. 
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Figure 9: The pitch contour of the stimuli containing a pitch movement type 
P. 

There were three different types of pitch contours, 

1. the pointed hat, referred to as pitch movement type P; see Fig. 9 

2. a sudden jump followed by a glissando, (G); Fig. 10 

3. a glissando followed by a sudden jump (L). Fig. 11 

Stimuli were synthesized with pitch movements going in both directions, 
up and down. There were nine values of the pitch rise size, S, nine equidistant 
values between O and 1 ERB. The ERB-rate scale is taken here because this 
scale is considered to be the best scale in which pitch-intonation in speech 
can be expressed. This pitch movement is considered to be the target. 

The gain contour was controlled in such a way that it increased or de
creased with the amount of 10 or of 20 dB during the middle 100 ms of the 
stimulus. 
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Figure 10: The pitch contour of the stimuli containing a pitch movement 
type G. 

4.3 Experimental procedure 

The experimental procedure used here was a regular 3l3AFC paradigm, also 
known as the odd-ball out paradigm, in which the subject's task is to dis
criminate one stimulus from the other two. In every trial three stimulus 
intervals were presented with half a second pause in between. In every in
terval of a three interval trial there was a stimulus as described above, and 
in one of the three intervals the stimulus contained a pitch movement, the 
target, and the stimuli in the other intervals lacked such a pitch movement, 
the reference stimulus. So there were three possible orders of presenting a 
three interval trial, one with the target in the first interval, one with the 
target in the second interval, and one in the third interval. If we denote 
the three different possible orders with a three-letter name, we could label 
the three possible trials, where the only difference between those three is the 
interval order, something like "SNN", "NSN", "NNS"; where the "S" stands 
for Signal, target signal, and the "N" stands for Noise, reference signal. The 
subjects ta.sk was to discriminate between the three intervals and pick out 
the interval containing the target signal. If the subject had decided which 
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Figure 11: The pitch contour of the stimuli containing a pitch movement 
type L. 

of the three intervals was different, he or she was instructed to press the key 
with the number of that interval. Feedback about the correct interval was 
presented and after half a second the next trial was started. 

The experiment was subdivided into five sessions. Each run contained 
stimuli with only one of the five possible amplitude conditions. The order of 
the five runs was deliberately chosen in such a way that the -expectedly
least difficult carne first, and the most difficult condition carne last. Thus 
the very first run had the smallest size of the amplitude change, i.e. 0 dB; 
the second run had the amplitude change upward of 10 dB, the third the 
amplitude change downward of 10 dB, and the fourth and the fifth run had 
the amplitude conditions of +20 dB and -20 dB, respectively. Each run 
consisted of 162 stimuli, one for each of the 162 different stimuli6. So there 
were 18 stimuli for every of the 9 values of the experimental variable, the 
pitch movement size S. 

The 162 trials were presented in random order, and were preceded by 17 

5There are nine pitch movement sizes, the experimental variable, 3 pitch movement 
types, 2 pitch movement directions and 3 possible interval orders 
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Figure 12: The amplitude contours of the stimuli. For explenation see text. 

practice stimuli. The experiments were held in a sound proof booth, with 
the stimuli provided by headphones, and the level was set to a comfortable 
listening level that was kept constant for all sessions. 

4.4 Subjects 

Eight subjects, all members of the Hearing and Speech group at IPO, took 
part in the experiments, three of which had a large experience in doing 
intonation experiments. Three were almost inexperienced in this field and 
the other two had some experience in doing intonation experiments with 
synthetic speech . 

4.5 Results 

The results were calculated in the following way. For each of the nine tested 
pitch movement sizes, the proportion was calculated for which a subject 
correctly identified the stimulus with the pitch movement. When we assume 
the response bias of the subject to be negligible, the values for proportion 
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correct can be converted to values of the sensitivity d' with the following 
equation from Green and Swets {1966): 

Pc= 1-: </>(z - d')4!2{:c)dz 

With the following expressions for </>{z) and ff!{z): 

1 1 :z: 2 
- ~ exp(-2(;) ) 

= 1-•
00 

</>( t) dt 

The expression 7 is tabulated accura.tely in Hacker and Ratcliff, (1979). 

(7) 

(8) 

(9) 

With the tables of Hacker and Ra.tcliff, (1979), the curves of proportion 
correct for every subject were transformed into curves of the sensitivity d'. 
With linea.r interpolation the threshold va.lues of the experimenta.l varia.bie 
tl.S were ca.lculated. 

From this the va.lues of the mean and the standard error of the mea.n 
of the thresholds over all subjects are plotted in Fig. 13. The results of 
all the subjects were a.vera.ged, a.lthough the performances of the subjects 
differed; there were no consistent differences caused by the different levels of 
experience with intonation experiments of the subjects that would suggest 
to split the subjects in two or more distinct groups. The derived threshold 
sizes are plotted in Fig. 13. 

In App. B the threshold va.lues for the three different pitch movement 
types and the two different pitch movement directions are plotted. 

As can be seen from Fig. 13, a change in amplitude is able to impair the 
perception of pitch variations, except for the condition tl.L = -10 dB. The 
threshold va.lues for the 0 dB amplitude condition is 0.30 ERB, which can 
converted to Hz with the formula. of Gla.sberg and Moore, {1990). 

E = 21.4log {0.00437/ + 1) ERB 

f = 229(10E/2
1.4 - 1) Hz 

{10) 
{11) 

This leads to a threshold va.lue of 7.5 Hz pitch movement size, which is 1.5 
ST at 81.5 Hz, the frequency in the middle of the utterance. The threshold 
size for the -10 dB condition is 0.31 ERB, which is 7.8 Hz, or 1.6 ST. The 
threshold size for the +10 dB condition is 0.37 ERB, which is 9.3 Hz, or 1.9 
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Figure 13: The threshold values of pitch change Sthr in ERB plotted a.s a 
function of the size of the amplitude change tl.L dB. 

ST. The threshold size for the -20 dB condition is 0.39 ERB, which is 9.8 
Hz, or 2.0 ST. The threshold size for the +20 dB condition is 0.45 ERB, 
which is 11.4 Hz, or 2.3 ST. 

4.6 Discussion 

These threshold values are not in agreement with the DLF or FMDL values 
found in the psycho-acoustical literature, which are much smaller threshold 
values. These threshold values, in turn, are also not in agreement with the 
results of Klatt (1973), who found a threshold value of 0.29 ST for the stimuli 
with non-varying timbre and a declination rate of -17 ST/s, which is also 
much smaller than the thresholds found in our experiment. Although the 
declination rate used by Klatt is about 3 times the declination rate used in 
experiment 2, the experimental conditions are similar to ours: a synthetic 
vowel with a non-varying timbre and a non-stationary pitch contour. But the 
results of these experiments cannot be compared to each other, because Klatt 
measured the smallest detectable pitch difference on a global scale, i.e. where 
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pitch differences were present during the complete duration of the stimuli, 
and in our experiment the smallest detectable pitch movement within apart 
of the stimulus is measured. The differences between our experiment and the 
results from the psycho-acoustical literature can probably be ascribed to the 
complexity of our stimulus and the declination applied to it. In the ca.se of 
frequency modulated tones, in general multiple pitch movements are present 
in the total duration of the stimulus, as opposed to our stimuli in which only 
one pitch movement is present to be detected. This also may lead to smaller 
threshold values in the case of FM tones, because there is more than one 
opportunity to detect the pitch movements. 

The differences between the experiment by Klatt and ours must be as
cribed to the different measurements, a global pitch difference by Klatt vs. 
a local pitch movement detection in our experiment . It is also possible that 
the large threshold values are due to the fact that the subjects were not 
trained until their sensory threshold was reached, hut our first interest was 
to measure the amount of pitch movement that can be detected in normal 
every day speech communication. 

Our results are in good agreement with the results of the experiment of 
't Hart (1981). The experimental conditions of the experiments of 't Hart 
and ours are similar with respect to the dynamic amplitude conditions, hut 
in 't Harts experiment also timbre was varying. As mentioned on page 8, 
't Hart tried to measure the smallest possible pitch movement that can play 
a role in speech communication. He found that two pitch movements in the 
same direction should differ at least 2 ST to be heard as differently large. 
In this way he found a lower limit for macro-intonational pitch movements. 
With our experiment we found a upper limit for the micro-intonational pitch 
movements of some 2.5 ST. 
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5 Genera! discussion 

As mentioned in section 2.3 one of the guidelines of this research was the 
statement of 't Hart, Collier and Cohen, (1990): 

In our experience, a drop in amplitude of 10 to 20 dB in several 
tens of milliseconds, as often can be found in transitions from 
vowels to consonants, can entirely obscure the presence of changes 
of F0 of up to half an octave. 

This observation is corroborated by the results of this research as far as this 
statement claims that pitch-movement perception is impaired by changes in 
amplitude. As far as the size of the obscured pitch movements is concerned, 
the order of magnitude is still different. Threshold values are found to be 
about 1.5 to 2.5 ST in our experimental conditions. More rapid amplitude 
changes, and amplitude changes combined with changes in timbre might come 
to figures more in the neighbourhood of half an octave. 

As far as the results of the first experiment are concerned, it is not very 
clear what durations should be taken for the portion of the decaying tail that 
is heard by the subject and is a substantial part of the threshold duration. 
These results show, however, that the slope of the so-called glissando thresh
old, as mentioned in 't Hart, Collier and Cohen (1990), is not valid for the 
detection of pitch movements in a dynamic amplitude environment. 

If the results of the second experiment are viewed as threshold values 
of a glissando detection experiment these results can be compared with the 
glissando threshold as proposed by 't Hart, Collier and Cohen, (1990), and 
with the results of the first experiment. The threshold values in the second 
experiment differ between 1.5 ST for the condition with no amplitude change, 
and 2.3 ST for the +20 dB amplitude condition. This is equivalent with 
glissando rates between 15 and 23 ST/s. With Eq. 4 this leads to threshold 
durations between 103 ms for the condition without amplitude change and 
83 ms for the +20 dB amplitude change condition. These durations are 
not fa.r from the actua.l pitch movement duration, which was 100 ms. In 
the flat and -10 dB amplitude conditions the threshold va.lues do agree 
with the glissando threshold equation, and in the other conditions the pitch 
perception is worse, a.lthough differences stay within the a.llowable deviations 
as mentioned by 't Hart, Collier and Cohen, (1990, p. 32). Although the 
threshold value of the stimuli with flat amplitude condition is in line with the 
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glissando threshold equation, it is supprisingly large. This threshold value, 
1.5 ST, is more than a magnitude larger than the values as reported in the 
psycho-acoustic literature. This is probably due to the complexity of the 
stimuli used in this experiment and to the declination of these stimuli, and 
perhaps also to the fact that there was only one pitch movement to detect, 
as opposed to multiple pitch movements in a FM tone. 

From these experiments it can be concluded that any pitch variation 
smaller than 2.5 ST that goes unnoticed in a dynamic, i.e. fluent, speech 
signal can solely be ascribed to the amplitude changes. Larger obscured 
pitch va.riations must also be due to other dynamic properties of the speech 
signal, e.g. the changes in spectra! content. Further research is nessecary in 
order to investigate the contribution of changes in timbre to the impairment 
of pitch movement detection in fluent speech in contrast with the detection 
of pitch variations in stationary sounds. 
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A Derivation of the thresholds for the first 
experiment 

For the derivation of the threshold values of the experimental variable, the 
duration of a glissando Llt, the Pc curves for every subject were converted 
into d' curves using the tables of Hacker and Ratcliff (1979). From these 
curves the threshold was calculated as the point at which d' = 1 using linear 
interpolation. This gives some problems when either one of the data points, 
to be interpolated between, is negative or infinite. In the first case ( d' < 0 )6, 
d' was taken to be zero because a negative sensitivity has no meaning. In the 
second case ( d' = oo ), perfect discriminability, the largest finite value for d' 
was substituted, which is the d' value for Pc = 0.99. In two cases the range 
of the experimental variable was not large enough to be able to calculate 
the thresholds; subject 2 found the easiest task to simple and scored above 
threshold for all values of the experimental variable, and subject 1 scored all 
subliminal values for the most difficult task. In both cases the appropriate 
extrema of the range were taken as the threshold values. In three cases, one 
for each subject 4, 5 and 6, there were two candidates for the threshold, 
because the curve crossed the threshold line twice, in increasing direction. 
In these cases the last crossing of the d' = 1 line was considered to be 
the threshold and the lonely point above threshold was considered to be an 
outlier. 

6 Measured data can give negative sensitivity, because of the stochastic processes 
involved 
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B Derivation of the thresholds for the sec-
ond experiment 

For the derivation of the threshold values of the experimental variable, t::i..S 
the size of the pitch movement, the Pc curves for every subject were converted 
into d' curves using the tables of Hacker and Ratcliff (1979). From these 
curves the threshold were calculated as the points at which d' = 1 using 
linear interpolation. This gives some problems when either one of the data 
points to interpolate between is negative or infinite. In the first case (d' < 0), 
d' was taken to be zero because a negative sensitivity has no meaning. In 
the second case ( d' = oo ), perfect discriminability, the largest fini te value for 
d' was substituted, which is the d' value for Pc = 0.99. 

In all cases the range of the experimental variable was large enough to 
be able to calculate the thresholds. All subjects had thresholds that fell 
in this range. Also in all cases had the subjects a monotonous psychome
trie curve around threshold, so the derivations of the threshold values was 
unambiguous. 
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C The threshold values for the different pitch 
movement types and directions. 

Sth,-

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0 5 

level up · o · · 
level down · • · 

10 15 20 25 
flL (dB) 

Figure 14: Threshold values for pitch movement type P. 
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Figure 15: Threshold values for pitch movement type G. 
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Figure 16: Threshold values for pitch movement type L. 
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Figure 17: Threshold values for pitch movement direction up. 
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Figure 18: Threshold values for pitch movement direction down. 
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