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Perceived Pitch of Synthesized Voice with Alternate Cycles
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Summary: Both in normal speech voice and in some types of pathological voice,
adjacent vocal cycles may alternate in amplitude or period, or both. When this
occurs, the determination of voice fundamental frequency (defined as number of
vocal cycles per second) becomes difficult. The present study attempts to address
this issue by investigating how human listeners perceive the pitch of alternate cy-
cles. As stimuli, vowels /a/ and /i/ were synthesized with fundamental frequen-
cies at 140 Hz and 220 Hz, and the effect of alternate cycles was simulated with
both amplitude- and frequency-modulation of the glottal volume velocity wave-
form. Subjects were asked to judge the pitch of the modulated vowels in refer-
ence to vowels without modulation. The results showed that (a) perceived pitch
became lower as the amount of modulation increased, and the effect seems to be
more dramatic than would be predicted by existing hypotheses, (b) perceived
pitch differed across vowels, fundamental frequencies, and modulation types,
that is, amplitude versus frequency modulation, and (c) the prediction of per-
ceived pitch was best made in the frequency domain in terms of subharmonic-to-
harmonic ratio. These findings provide useful information on how we should as-
sess the pitch of alternate cycles. They may also be helpful in developing more
robust pitch determination algorithnm€ey Words: Pitch—Alternate cycles—
Subharmonics—Modulation—Subharmonic-to-harmonic ratio.

INTRODUCTION systematic, turning the signal into alternate ampli-
tude cycles or alternate period cycles. As described
by Klatt and Klat2z “normal voicing suddenly

changes to a vibration model where the first of a pair
of periods is delayed and reduced in amplitude and
the first pulse may disappear entirely” (p. 840). This

amplitude) can often be seen in normal speech.type of voice can occur both in normal voice and in

: -1 . i @4 i )
Sometimes, the variations are more substantial and@thelogical voicé-4When such voice patterns oc
cur, the determination of voice fundamental frequen-

cy () becomes difficult because it is uncertain

Because of the complex nature of speech produc
tion, the voicing part of human speech is not purely
periodic. Rather, it often contains a variety of irregu-
larities! For example, jitter (small random variation
in period) and shimmer (small random variation in
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problem. To our knowledge, to date, no satisfactory known that the perceived pitch of a tone with appro-
solutions have been found. The determinationgf F priate intensity level can be measured linearly in
is important as §-carries important speech informa- hertz when the fis below 1000 Hz. In our work, we
tion, such as voice quality, intonation, and emotion, are dealing with speech signals, the pitch of which is
and so forth. For §~to function in speech, presum- well below this limit. Hence, we describe perceived
ably, it should be perceivable as pitch. It is therefore pitch on the hertz scale in this study, which, we be-
important to understand how the pitch of alternate lieve, does not limit the applicability of current re-
cycles is perceived by human listeners. This under-sults in general.

standing will be valuable for describing voice quali- According to Titze,:8 alternate cycles in speech
ty, studying tone and intonation in speech, and devel-waveform primarily reflect the vibratory patterns of
oping effective pitch determination algorithms. Note the vocal folds. The glottal pulse signals generated
that another significant perceptual property of alter- by the vibration of the vocal folds can be classified
nate cycles is the roughness sensa&tibrlowever, into three types, as shown in Figuré8iType 1 is a
we only focus on the perceived pitch in the presentnearly-periodic signal, which presumably occurs
study and leave the investigation of roughness to fu-most commonly in normal speech. This pattern of
ture studies. Also note that the term “pitch” usually signal remains stable in the long term, although there
refers to a perceptual quality, whereas “fundamentalare small random variations from cycle to cycle both
frequency” () is a physical property. Therefore, the in period and in amplitude, known as jitter and shim-
unit hertz for fundamental frequency may not be the mer. A type 2 signal is characterized tynspicu-
best choice for describing pitch. However, it is ouslyalternating high and low amplitude pulses or
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FIGURE 1. Schematic representations of three types of glottal signal in the time domain. The
classification scheme follows Titze (1994, 1995): (A) type 1 signal—nearly-periodic vibration
pattern; (B) type 3 signal—vibrations without any apparent periodic structures; (C) type 2 sig-
nal with amplitude alternation; (D) type 2 signal with period alternation.
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alternating long and short periods. A type 3 signal ure 2 shows three waveforms of synthetic vowel /a/
does not have any apparent periodic structures. Aswith amplitude modulation with different glottal
suming the basic shape of the voiced sounds inmodulation indices.
speech is determined by the glottal source signal, we The alternate cycles observed in the output speech
regard alternate cycles in speech as the result of typevaveform are the combined effects of vocal tract fil-
2 glottal source signal. tering and vibration pattern of the source signal,
In Figures 1C and 1D, the signals can be viewed asvhich can be measured by a modulation index on the
the result of amplitude modulation (AM) and fre- radiated speech waveform directly. To ease our de-
guency modulation (FM), respectively. That is, the scription, we term it as “signal modulation index”
slowly varying component modulates the faster com- (SMI). The variation of signal modulation index
ponent. In this case, the ratio between the two com-could be caused by different glottal modulation in-
ponents is one-half. The low frequency component isdices or different formant structures. Since two cy-
often called subharmonic. The subharmonic can becles that are different in period receive different res-
any integer fraction of the fundamental frequency onant contributions from the vocal tract, most likely
(e.g., 1/2,1/3, 1/4, ..., 1/n). According to Titzeub- their amplitudes in speech waveform would be dif-
harmonic generation can occur when there is left-ferent. This has been observed in the present study
right asymmetry in the mechanical or geometric using a Klatt-style formant synthesiZe3imilar phe-
properties of the vocal folds. Svec étaffered anal- nomena have been found in jitter and shimmer by
ternative explanation that the subharmonic vibratory Murphy® who stated that “it is interesting to note that
pattern of vocal folds could result from a combina- jitter cannot exist independently of shimmer for the
tion of two vibrational modes whose frequency ratio radiated speech waveform” (p. 2870). The compli-
is 3:2. The effect of subharmonics on speech can becated interaction between the source and the vocal
either amplitude modulation or frequency modula- tract often makes it difficult to judge from the speech
tion. As a result, adjacent cycles in speech can havevaveform whether we have amplitude or frequency
alternate amplitudes and/or alternate periods. modulation at the source, and what is the level of
The amount of amplitude modulation can be de- modulation, although we could infer this by employ-
fined as a percentage in the form of the following: ing the glottal inverse filtering technique.
The modulation index, either GMI or SMI, de-
A-A, scribes the behavior of alternate cycles in the time
A 100 (1) d in. In the fr ncy domain, the manifestation
A+ AL omain. In the frequency :
of amplitude modulation or frequency modulation is
whereA, andA;,; are the amplitudes of consecutive the presence of subharmonics, as can be seen in Fig-
pulses (see Figure 1C), ahtlis the modulation in-  ure 3. In Figure 3A, for a signal without modulation,
dex which can vary from 0 to 100%. Similarly, in fre- the distance between the harmonics is 140 Hz. For a
guency modulation, we may have signal with modulation (Figures 3B and 3C), where
the subharmonic frequency is 70 Hz, some spectral
components with lower amplitude appear on the
spectra, reducing the distance between adjacent spec-
tral lines to 70 Hz. The amplitude of the subharmon-
whereT; andT;,, are the periods of consecutive puls- ics reflects the level of modulation: the greater the
es (see Figure 1D), amd is the amount of frequen- amplitude, the higher the level of modulation.
cy modulation in percentage. As mentioned earlier, voice with alternate cycles
The modulation index indicates the amount of dif- often occurs in normal speech and the determination
ference between two adjacent cycles in terms of am-of their fundamental frequency is critical for voice
plitude or period. We shall call this modulation index and speech research. With the current lack of solid
“glottal modulation index” (GMI) since it describes acoustic and physiological theory to guide us in this
the glottal volume velocity waveform. Modulated regard, studying the perceived pitch of such voice
glottal volume velocity waveform presumably results can provide us important information necessary for
in alternate cycles in radiated speech waveform. Fig-analyzing its fundamental frequency. To our knowl-
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FIGURE 2. Synthetic vowel /a/ showing different amount of alternate
cycles at three different modulation levels: (A) without modulation; (B)
amplitude modulation with glottal modulation index = 50%, and (C) am-
plitude modulation with glottal modulation index = 90%.
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FIGURE 3. Spectra of synthetic vowel /a/ showing the effect of different
amount of amplitude modulation on the magnitude of subharmonics: (A)
without modulation; (B) amplitude modulation with glottal modulation index
=50%; and (C) amplitude modulation with glottal modulation index = 90%.
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edge, there has been only one systematic investigasubharmonics probably have no effect on pitch per-
tion of perceived pitch of voice with alternate cycles, ception. When the amplitude ratio is sufficiently
which was done very recently by Bergan and Titze. high, pitch may be perceived as one octave lower.
Their study tried to find the relationship of subhar- The effect of amplitude ratio on pitch may also be ex-
monics and the modulation index with perceived plored from the perspective of masking, which has
pitch and roughness of vocal signals. In the study,been studied extensively in psychoacousfieghere
vowel /a/ was synthesized with various degrees ofthe amplitude ratio between signal and masker signal
amplitude modulation and frequency modulation. (signal-to-masker ratio) determines whether the sig-
The subharmonic being considered was g.F nal is detectable. In our case, if viewing harmonic
Three conditions of fundamental frequencies, that is,components as the masker and subharmonic compo-
100 Hz, 200 Hz, and 300 Hz, were used. It was foundnents as the signal, we may say that as the signal-to-
that the crossover point to the lower pitch (i.e., that masker ratio increases, the harmonics have fewer and

associated with subharmonic) occurred between 109dewer masking effects and the subharmonics become
and 30% of modulation, which varied according to more and more audible. When the ratio becomes suf-
the modulation type and,FThe study also found ficiently large, listeners perceive a new signal whose

that the crossover point for FM usually came earlier Pitch corresponds to the subharmonic frequency.
than that for AM. Thus, to summarize, it seems possible that we could

From what we could tell, the modulation thresh- Use the amplitude ratio between subharmonics and

olds obtained by Bergan and Titaeere in terms of harmonics as our f_requency domain parameter f_or al-
glottal modulation index rather than signal modula- ternate cycles, which we refer to as subharmonic-to-
tion index. It is known that during speech production harmonic ratio (SHR). MurpRy has also postulated
the vocal tract exerts nonlinear filter effects on glot- the possible use of amplitude variation of harmonics
tal source signakHence, the radiated speech wave- and subharmonics on predicting perceived pitch.
form may deviate from the glottal signal even though

the primary pattern is retained. Since it is the radiat- RESEARCH QUESTIONS

ed waveform that we hear to perceive pitch in speech,
it is important to also understand the relationship be-
tween signal modulation index and perceived pitch. . . : . .
Titze8 suggests that, for alternate amplitude cycles, a,[tlcular, we would like to examine the relationship be-

10% modulation, pitch may not be different from that MWeen perceived pitch, modulation index, and subhar-
of unmodulated signals, whereas in the vicinity of monic-to-harmonic ratio. The design of the study was

50% modulation, a significant pitch change should based on three basic assumptions: (a) the observed al-

occur in pitch perception. This hypothesis appears tolernate cycles in speech waveform are primarily the re-

refer to signal modulation index rather than glottal SUlt of type 2 signals; (b) type 2 signals can be modeled
modulation index. by either amplitude modulation or frequency modula-
Both glottal modulation index and signal modula- tion as defined in Equations (1) and (2); and (c) in the
tion index are based on observations in the time do-frequency domain, type 2 signals are manifested by the
main. Recall that the manifestation of both amplitude @Ppearance of subharmonics, the frequency of which
modulation and frequency modulation in the fre- is at an integer ratio of the fundamental frequency.
quency domain is the presence of subharmonics. Five specific questions are asked in the present
This means that we may be able to use one paramestudy:
ter to describe both amplitude modulation and fre- 1. What is the relationship between glottal modu-

The goal of the present study is, therefore, to assess
the perceived pitch of voice with alternate cycles. In par-

quency modulation. Inspecting Figure 3 again, we lation index and perceived pitch?

can see clearly that along with the increase of glottal 2. What is the relationship between signal modu-
modulation index, the magnitude of the subharmon- lation index and perceived pitch, and between
ic components increases with respect to harmonic glottal modulation index and signal modulation
components. When the amplitude of the subharmon- index?

ics is low, or more exactly, when the amplitude ratio 3. Given the amount of amplitude or frequency
between the subharmonics and harmonics is low, the modulation, will perceived pitch differ across
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different fundamental frequencies and different 1.
vowels?
Do amplitude modulation and frequency modu-
lation have different effects on perceived pitch?
5. Finally, how does subharmonic-to-harmonic ra-
tio change with glottal modulation index, and
how well can it be used to predict perceived
pitch of alternate cycles?

Questions 1 and 4 and part of question 3 above 2.

XUEJING SUN AND YI XU

For amplitude modulation, we first assume the
amplitude of the first cyclé\ as 1, then for a
given modulation index, the amplitude of the
second cyclé\,; can be derived from Eq. (1)
as:

100 —M
i+l:100 +MAI (3)

Similarly, for frequency modulation, from Eq.

were already investigated by Bergan and Titze. (2) we can have:
Thus, it will be interesting to see how closely we can

replicate their findings in the present study. The rest
of the questions have not been asked before. Their
answers may help us further understand the per-

ceived pitch of voice with alternate cycles.

_ 100 -M

Ti+l_ 100 +M i

“4)
To simulate a real-life case, we further put a

constraint orT;,; andT;. Supposing the funda-
mental period is §, we requireT;,, + T; = 2T,

METHODS Then we have:
Subjects
Thirteen native speakers of American English (6 T.. = 100 —M T )
males and 7 females) between the ages of 18 and 36 w17 100 °
participated in the experiment. All reported having
normal hearing, vision, and language ability, and T, :1OfOBM T, ©)

none reported any formal musical training. Prior to
the experiment, subjects were asked to sign an in-
formed consent form. Subjects were paid for their
participation.

The modulated synthetic vowels were generated at
two fundamental frequencies, 140 and 220 Hz. For
each fundamental frequency, 10 amplitude modulat-
ed and 10 frequency modulated vowels were synthe-
sized by increasing the value of glottal modulation
index from 0 to 90% at steps of 10, that i4Q), . .,

n90. Each modulated signal was to be presented three
times during the experiment. In total, there were 240

Stimuli/apparatus
Synthetic vowels were used as stimuli in the pres-

ent study. An in-house formant synthesizer based o

the framework of KLSYN88 synthesiZaand the LF

(Iilljendcrtants—Fan:) V(.)'ng_? urce rr:r?dt(_el werel em- (2 fundamental frequencies 2 vowelsXx 2 modula-
ployed 1o generate Signais.Iwo Syntnetic VOWEIS, - 4, typesx 10 modulation levels< 3 repetitions)

/il and /a/, with alternate cycles were generated. Thestimuli used in the experiment.

procedure was as follows: (a) using the LF voice g hiects were asked to determine the pitch of each
source model to produce glottal pulse waveform; (b) giimyjus by matching it to a series of reference sig-

modulating the glottal wave by varying the amplitude 515 Synthetic vowels without modulation were used
or period of every other glottal pulse based on Equa-as the reference signals. Two series of reference vow-
tions (1) and (2); (c) synthesizing different vowels by | signals (/i/ and /a/) were synthesized with funda-
varying the formant frequencies; and (d) saving the mental frequencies ranging from 70 Hz to 140 Hz
output to individual files. and from 110 Hz to 220 Hz, respectively. The under-
Similar to Bergan and Titzein the present study, lying assumption of this range is, according to previ-
we examined only subharmonic/abf Fy, which re-  ous discussion, perceived pitch of alternate cycles
sulted from the simplest pattern of modulation. More should be in the range from the origingl|té one-
complex cases, that i%, /4, can be investigated by half. The resolution of the fundamental frequencies
extending the current work. The specific steps of pro- of the reference signals, that is, the smallest frequen-
ducing type 2 signals are as follows: cy differences between any two test signals, was 1
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Hz. The sampling rate of the signals was 8 kHz and Before the real trials, the subject was asked to go
the duration of each signal was 400 ms. through several practice trials until he/she became fa-
In Bergan and TitzZ&riangular waves were used as miliar with the task. There were three sessions, and
the reference signals. They admit that ideally the within each the 80 modulated synthetic vowels were
same synthesizer that generates the modulated sigaresented in a random order. Subjects could take a
nals should be used, but it was not adopted becausbreak after each session at will. When the experiment
real-time control over theyfvas not available. In the was completed, all pitch values determined by the
current study, we presynthesized the reference sigsubject were written into a file for later analysis.
nals. The disadvantage is that the accuracy is fixed at
1 Hz. Nevertheless, we think that this resolution is Analysis
sufficient as psychoacoustic studies have shown that For statistical analysis and calculation of glottal
the frequency difference limen (DL) of human ear is modulat_lon index, S|gnal modulatlon mde_:x, and sub-
approximate in the range of (0.5, 1) Hz for frequen- harmonlc-to-harmon_lc ratio, the foIIov_\/l_ng proce-
cy from 125 to 250 H23 durgs were @aken. First, thc_a three repetitions for each
The sound level was in the range of (60, 65) dB subject within each condition were averaged. In or-
der to compare the results of different fundamental

SPL for all the signals. The duration of the whole ex- frequencies, normalization was applied to the data
eriment was about 90 minutes on average. The sig- ' ) :
P d 9IFor R, at 140 Hz, 140 Hz would be 1 while 70 Hz

nals were presented to the subjects via a set of bin- ]
aural headphones. Calibration of the equipment wasWO.UId be 0.5 for frat 220 Hz, 220 Hz would be 1

while 110 Hz would be 0.5. Then a four-way repeat-
performed to ensure accurate sound level. A program

fitten in Java on a Macintosh computer controlled ed measure analysis of variance (ANOVA) was per-
written | va ¢ ! pu formed. The four factors were fundamental frequen-
the entire experiment procedure.

cy, vowel, modulation type, and glottal modulation
index. The alpha level was set to 0.05. For glottal

Design S . - ‘
A repeated measure desian was emoloved. The in modulation index, we were interested in its main ef-
¥ ; 9 empoyed. fect, that is, whether perceived pitch was affected sig-
dependent variables were vowel (/i/, /a/), fundamen-

: nificantly by varying glottal modulation index. For
tal frequency (140 Hz, 220 Hz), modulation type ,,qlation type, vowel, and fundamental frequency,
(frequency and amplitude), and glottal modulation \ye \yanted to examine their interaction with glottal

index (from 0% to 90% with step size 10). The de- yoqyation index. A Sheffe’'s post hoc test was fol-

ject, there were 80 (2 vowels 2 fundamental fre-  jngjices there was a significant pitch change.

quenciesX 2 modulation types< 10 modulation As mentioned in the Introduction, Titze’s hypothe-
indiceS) experimental Conditions, and each StimU|USSi33 about perceived p|tch of alternate Cyc|es consid-
had three repetitions. ers the equivalent of our signal modulation index
rather than glottal modulation index. On the other
Procedure hand, in Bergan and TitZethe crossover point was

All tests were conducted in a sound-treated boothyheasured in terms of glottal modulation index. It is,

in the Speech Perception Laboratory at Northwestermerefore, interesting to calculate the signal modula-
University. The subject was seated comfortably in thetion index and examine its relation with perceived
booth facing a computer monitor with headphones pjtch for comparison. This calculation was done by
on. In each trial, the subject was asked to select a reffocating the major peak or valley of two adjacent cy-
erence vowel that had pitch most similar to the mod- cles using the corresponding stimulus without modu-
ulated vowel. The pitch of the reference vowel could |ation as reference and computing the values follow-
be changed by moving a scrolling bar on the screening Equations (1) and (2). However, for quite a few
There was also a number indicating the current pitchstimuli we could not reliably locate the major peaks
of the reference vowel in hertz. Before the decision or valleys, especially for frequency modulated sig-
was made, the subject could listen to the stimulus anchals. As a result, only signal modulation index for
the reference vowel as many times as necessary. amplitude modulated signals was reported. As only
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the threshold for amplitude modulation was men- viding the two summation values, we obtain the sub-
tioned in Titze8 we were still able to compare the re- harmonic-to-harmonic ratio.

lation between signal modulation index and per-

cgived pitch ob_tained .in the. present study with RESULTS

Titze’s hypothesis, as will be discussed later.

For subharmonic-to-harmonic ratio, we first calcu-  1he three factors (fundamental frequency, vowel,
lated its value for all stimuli (see the description be- Modulation type) result in a total of2 2 X 2 = 8
low), and compared subharmonic-to-harmonic ratio conditions. For each condition, the mean values of
with pitch change at each modulation level. A re- Perceived pitch is plotted against glottal modulation
gression analysis was also performed on pitchindex (see Figure 4). The title of each figure indicates
how the two are related. Here we only briefly de- in general, (1) perceived pitch becomes lower as the
scribe the major steps for calculating subharmonic-modulation level increases; and (2) pitch drops more
to-harmonic ratio. A more detailed description can be GUickly with frequency modulation. _
found in Suri4 Figure 4 shows that perceived pitch is affected sig-

A speech signal is first split into 40 ms short Nificantly by varying the level of modulation, and
frames, on which a fast Fourier transform (FFT) is that the relationship is nonlinear. In Figure 4, the

applied. A logarithmic transformation is then taken Shape of the function curve is nearly flat at the vicin-

he Ii £ le, h It . JW of 0 and 90% of modulation, with a sharp_ transi-
fenr;;[o;tclar:jeg/ tﬁ;‘gﬁgi?:pﬁ;g n? gflh];d?hflséjg ?rs_re "tion in the middle. It should be noted that in Figure 4,

quency scaled spectrum is shifted leftward at odd or.Ve can see that the average highest perceived pitch
ders, that is, log (1), log,, (3), log., (5) These corresponding to 0% of modulation is always lower
’ ’ ’ 2 ’ 2 gy o=

. . S . than rather than equal to 140 Hz (or 220 Hz). This is
shifted versions are added together, which is equiva- ossibly because: (1) pitch matching is a difficult

lent to compressing the spectrum at odd orders. ThaFaSk. (2) as the highest value provided was 140 Hz
is, harmonics at f, 3f, 5f, ... are added together. Sim- ’

. . (or 220 Hz), whenever the subject made an error, it
llarly, the spectra shifted at even ordersj@®), 109, \yoyid make the perceived pitch lower; (3) subjects

(4), . .. are also added together. The amount of shiftyeng to be conservative, that is, they do not want to
ing is determined by the ratio between the upper cut-chgose the highest value all the time.

off frequency and half the fundamental frequency. In The ANOVA results are presented in Table 1,
the present study, the two fundamental frequenciesyhich show the effects of fundamental frequency,
are 140 and 220 Hz. The cutoff frequency is 4000 owel, modulation type, and glottal modulation in-
Hz. Then, the local maximum value is found within dex. As pointed out earlier, we are only interested in
a half-octave range centered at 70 and 110 Hz, resome of the ANOVA results. Thus, in Table 1, we list
spectively, on the spectrum, which is the sum of thethe results of main effect of glottal modulation index,
shifted spectral at even orders. After locating the po-the interaction between glottal modulation index, and
sition of the local maximum, we identify the value of three other factors, namely, fundamental frequency
this particular position on the spectrum, which is the (140 Hz and 220 Hz), modulation type (amplitude
sum of shifted spectra at odd orders. The assumptiormodulation and frequency modulation), and vowel
is that by shifting the spectrum at even orders, we ob-(/i/ and /a/). The main effect of glottal modulation in-
tain the sum of all harmonics below the cutoff fre- dex is significant, namely, a significant interaction
quency of 70 Hz (or 110 Hz), which ideally should between modulation type and glottal modulation in-
be the maximum value. In practice, however, becausedex. The interaction between fundamental frequency
of the resolution of FFT, numerical interpolation, and and glottal modulation index is also significant,
rounding, we usually can only get a local maximum which indicates that the effect of glottal modulation
value around 70 Hz (or 110 Hz). Similarly, we can index on pitch perception is different at different fre-
get the sum of subharmonics at 70 Hz by locating aquencies. The interaction between vowel and glottal
local maximum on the spectrum, which is the sum- modulation index is significant, but to a lesser extent.
mation of shifted spectra at odd orders. Finally, by di- This means that although the vocal tract has an effect
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FIGURE 4. Variation of perceived pitch with glottal modulation index. The x-axis is glottal modulation

index from 0 to 90%, whereas the y-axis is the frequency corresponding to perceived pitch from 0 to 140
Hz or 220 Hz. The eight graphs correspond to eight experimental conditions, which are combinations of
fundamental frequency (140 Hz and 220 Hz), vowel (/fa/ and /i/), and modulation type (amplitude modu-
lation and frequency modulation).

on pitch perception, it is not as significant as other stantial change in pitch perception. This is similar to
factors. In terms of the difference between two adja-the results obtained by Bergan and Titxehere the
cent modulation indices, Sheffe’s post hoc tests showcrossover points usually occurred between 10% and
that there is a significant difference between 20 and30% modulation.
30% of modulation, but not elsewhere. This indicates Table 2 shows signal modulation indices for all
that around 20 to 30% of modulation, there is a sub-eight conditions at different modulation levels. From
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TABLE 1. ANOVA Results for the Effects of Glottal Modulation
Index, Modulation Type, Fundamental Frequency, and Vowel on
Perceived Pitch

F-value P-value

Glottal modulation index 87.725 < 0.0001
Fo X glottal modulation index 5.230 < 0.0001
Modulation typex glottal modulation index 9.713 < 0.0001
Vowel X glottal modulation index 2.055 0.0399

TABLE 2. Signal Modulation Indices (SMI) and Corresponding Pitch at Different
Levels of Glottal Modulation (Amplitude Modulation)

140 Hz 220 Hz

Glottal IEY hil lal lil

modulation

index (%) SMI Pitch SMI Pitch SMi Pitch SMI Pitch

0 0.000 0.889 0.000 0.912 0.000 0.947 0.000 0.957

10 0.033 0.897 0.069 0.907 0.018 0.947 0.057 0.903
20 0.068 0.863 0.121 0.809 0.037 0.888 0.121 0.806
30 0.106 0.822 0.198 0.823 0.056 0.772 0.279 0.703
40 0.146 0.747 0.264 0.716 0.097 0.684 0.369 0.578
50 0.197 0.661 0.311 0.657 0.141 0.593 0.369 0.582
60 0.300 0.598 0.363 0.709 0.214 0.566 0.377 0.569
70 0.381 0.537 0.411 0.610 0.305 0.566 0.306 0.577
80 0.519 0.559 0.487 0.574 0.419 0.546 0.689 0.610
90 0.626 0.524 0.607 0.585 0.534 0.516 0.793 0.586

Table 2, we can see that signal modulation index isFigure 5) increases. When glottal modulation index
usually smaller than the corresponding glottal modu- equals zero, subharmonic-to-harmonic ratio is the
lation index. Subjects perceived a significant pitch lowest across all conditions, while at 90% of modu-
change with a much smaller modulation index than lation, subharmonic-to-harmonic ratio approaches 1.
50% as suggested by Titzé&lote that except for the  Moreover, frequency modulation generally has high-
220 Hz-/il-AM group, all other groups show very er subharmonic-to-harmonic ratio than amplitude
consistent patterns, that is, as glottal modulation in-modulation, which may explain why frequency mod-
dex varied from 0 to 90%, signal modulation index ulation has more dramatic effect on pitch perception.
monotonically increased from 0 to 0.5 or 0.6, and It should be note that with 0% of modulation, theo-
perceived pitch decreased monotonically. For 220retically subharmonic-to-harmonic ratio should be
Hz-/il-AM, we were unable to compute signal mod- zero as there are no subharmonics in our synthetic
ulation index reliably. speech. However, because we process the signals
Table 3 shows subharmonic-to-harmonic ratios for digitally, roundoff errors or the like are inevitable.
all eight conditions at different modulation levels. It Thus, we usually can only obtain a small value rather
can be seen clearly that subharmonic-to-harmonic rathan zero. Also, note that in some cases SHR can be
tio increases as glottal modulation index (also seegreater than 1. Besides the aforementioned reason
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TABLE 3. Subharmonic-to-Harmonic Ratios (SHR) at Different Levels of Glottal
Modulation (Amplitude Modulation [AM] and Frequency Modulation [FM])

140 Hz 220 Hz

Glottal lal fil lal fil

modulation

index (%) AM FM AM FM AM FM AM FM

0 0.093 0.082 0.160 0.150 0.088 0.077 0.053 0.075

10 0.113 0.352 0.178 0.195 0.134 0.367 0.191 0.422
20 0.154 0.719 0.245 0.255 0.192 0.614 0.306 0.453
30 0.194 1.022 0.326 0.303 0.254 0.906 0.302 0.568
40 0.235 1.101 0.404 0.424 0.316 1.026 0.298 0.672
50 0.283 0.997 0.474 0.502 0.383 1.041 0.294 0.751
60 0.347 0.918 0.539 0.624 0.462 1.009 0.385 0.881
70 0.438 0.932 0.593 0.783 0.552 1.020 0.519 0.913
80 0.564 0.951 0.646 0.904 0.659 1.048 0.685 0.948
90 0.734 1.002 0.695 0.989 0.792 1.076 0.849 0.940

from calculation, it could also be caused by the non-hand, for glottal modulation index and pitch change,
linear filtering effect of the vocal tract which makes ther2 values are much lower in general, with mini-
some spectral components more prominent than othmumr2 = 0.462 (Table 5).
ers. When the modulation level is deep enough, the
subharmonic is no longer “_subharmonic,” ins_tead, it DISCUSSION
becomes the real harmonic. As a result, pitch be-
comes one octave lower and is no longer ambiguous. The relationship between perceived pitch and mod-
Thus, in this case, computing subharmonic-to-har- ulation index in all conditions shows similar trends.
monic ratio is equivalent to computing the ratio be- That is, when modulation index increases, perceived
tween the sum of the harmonics at odd orders and th@itch becomes lower, eventually changing into ap-
sum of the harmonics at even orders. This ratio canproximately one-half the original value. This indi-
be a bit smaller or greater than 1 depending on thecates that the presence of subharmonics in speech has
particular spectral structure. a pitch-lowering effect, and perceived pitch is deter-
In order to relate pitch changes to variations in sub-mined by the energy contained in the subharnfonic.
harmonic-to-harmonic ratio, we further performed It is interesting to note that the relationship be-
the following procedures: (1) for normalized pitch tween glottal modulation index and perceived pitch is
values, subtracting them from 1 to obtain the amountnot linear (Figures 4 and 6). For example, for fre-
of pitch change (see Figure 6); (2) performing re- quency modulated signals, the general pattern is that,
gression analyses for subharmonic-to-harmonic ratiowhen glottal modulation index is less than 20%, there
versus pitch change values, and glottal modulationare no significant pitch changes, whereas when glot-
index versus pitch changes values (see Tables 4 anthl modulation index is greater than 50%, pitch be-
5). Figures 5 and 6 show that the general trends oftomes one-half the original value. For amplitude
pitch change and subharmonic-to-harmonic ratio aremodulated signals, the threshold for perceiving one
quite similar to each other. Table 4 and Figure 7 fur- half the original pitch is greater than 50%. In gener-
ther show that across all conditions subharmonic-to-al, frequency modulation seems to have greater ef-
harmonic ratios are highly correlated with pitch fects on perceived pitch than amplitude modulation,
changes with minimum?2 = 0.7329. On the other which is consistent with Bergan and Titze.
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FIGURE 5. Subharmonic-to-harmonic ratio (SHR) versus glottal modulation index. The x-axis is glot-

tal modulation index from 0 to 90%, and the y-axis is subharmonic-to-harmonic ratio. The eight graphs
correspond to eight experimental conditions, which are combinations of fundamental frequency (140 Hz
and 220 Hz), vowel (/a/ and /i/), and modulation type (amplitude modulation and frequency modulation).
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amount of pitch change is obtained by subtracting the normalized pitch values from 1. The eight graphs
correspond to eight experimental conditions, which are combinations of fundamental frequency (140 Hz
and 220 Hz), vowel (/a/ and /i/), and modulation type (amplitude modulation and frequency modulation).
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TABLE 4. r2and Probability Values of Regression of

Subharmonic-to-Harmonic Ratio over Perceived Pitch

Change at Ten Glottal Modulation Levels for All Eight
Experimental Conditions

XUEJING SUN AND YI XU

see that the critical value at which there is a signifi-

cant pitch change varies across conditions. In other
words, there may not be a fixed percentage because
other factors, such as fundamental frequency and

Experimental conditions vowel, could have influences on perceived pitch as

(Fo X vowel X modulation type) r2 Probability well.
This suggests that time domain parameters, that is,

140 Hz-/al-AM 0.8189 00003 glottal modulation index and signal modulation in-
140 Hz-/al-FM 0.9629 <0.0001 dex, may not be ideal indicators of pitch change. This
140 Hz-/il-AM 0.9379 < 0.0001 is because (1) they are only surface measures of al-
140 Hz-/il-EM 0.758 0.001 ternate cycles and do not give us an in-depth expla-
220 Hz-/a/-AM 0.8359 0.0002 nation of the perceived pitch; (2) they behave quite
220 Hz-fa/-FM 0.9401 < 0.0001 differently across modulation type, vowel, and fun-

_ damental frequency; and (3) in practice, obtaining
220 Hz-il-AM 0.913 < 0.0001 modulation index either manually or automatically
220 Hz-/il-FM 0.7329 0.0016

from real voice or speech is a difficult task.

In contrast to modulation index, subharmonic-to-
harmonic ratio seems to provide us a more direct in-
dication of perceived pitch. First, by comparing Fig-
ures 5 and 6, we see that with the increase of glottal
modulation index, both the amount of pitch change
and subharmonic-to-harmonic ratio increase in a
similar manner. Table 3 reveals that subharmonic-to-

TABLE 5. r2zand Probability Values of Regression of
Glottal Modulation Index over Perceived Pitch Change
at Ten Glottal Modulation Levels for All Eight

Experimental Conditions

Experimental conditions

(Fo X vowel X modulation type) r Probability harmonic ratio usually increases faster for frequency
SNy 0.9413 < 0.0001 modulatt_ad signals than_ for amplitude modulated Sig-

nals, which could explain why frequency modulation
140 Hz-/a/-FM 0.462 00183 has a more dramatic effect on perceived pitch than
140 Hz-/iI-AM 0.9203 < 0.0001 amplitude modulation. In Table 4, thevalues are
140 Hz-/il-FM 0.8513 < 0.0001 fairly high at all conditions between pitch change and
220 Hz-/al-AM 0.9074 < 0.0001 subharmonic-to-harmonic ratio, with only two below
220 Hz-/a/-EM 05979 0.0053 8.8. As can kt;ﬁ obser\_/ed |r;] Flgure_ 7, thg rela(tjlon_shlhp
220 Ha-fil-AM 0.6981 0.0016 etween subharmonic-to-harmonic ratio and pitch

. change seems more linear, and the general trend is

220 Hz-/il-FM 0.606 0.0049

quite similar in all eight graphs. The above results are
encouraging because (1) subharmonic-to-harmonic
ratio provides us a unified yet direct way to describe
From Table 2, similar patterns for signal modula- hoth alternate amplitude cycles and alternate period
tion index can be observed, although they are not agycles; (2) the relationship between subharmonic-to-
consistent as those of glottal modulation index. This harmonic ratio seems to be robust under various con-
shows that the nonlinear relationships between signaditions, which means subharmnic-to-harmonic ratio
modulation index and perceived pitch exist as im- could potentially predict perceived pitch well; and
plied in Titze$ except for the threshold values for (3) subharmonic-to-harmonic ratio can be obtained
pitch change. Instead of 50% of amplitude modula- automaticallyt4
tion as suggested by Titgestarting from 20%, sub- Subharmonic-to-harmonic ratio and its calculation
jects begin to perceive a significant pitch change. At method with some modifications have been applied
50% of signal modulation index for amplitude mod- to pitch determination task4.n this algorithm, sub-
ulation, the stimuli are perceived as one octave low-harmonic-to-harmonic ratio is computed and evaluat-
er than the reference signals. Also, from Figure 4, weed to determine whether the subharmonic is strong
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enough to be angfeandidate. The evaluation results the overall subharmonic-to-harmonic ratio can pre-
have shown that it substantially outperforms other dict perceived pitch quite well.
state-of-the-art pitch determination algorithms being Second, in our calculation of subharmonic-to-har-
compared. monic ratio, we treat all harmonics and subharmon-
Although not intended in this study, it would be in- ics equally in the range up to half of the sampling
teresting to relate subharmonic-to-harmonic ratio to rate, that is, 4 kHz in the present study. It has been
pitch perception theories (e.g., Terhardt’s virtual shown that there are dominant harmonic regions for
pitch concep®) and roughness phenomen@it.In pitch perceptiod? For example, HerméSuses fre-
Terhardt's pitch perception theory, each harmonic quencies lower than 1250 Hz in his pitch determina-
component produces a series of subharmonics whichion algorithm. In our experiment, we felt that har-
are potential pitch candidates, and the overall per-monics higher than 1250 Hz might still contribute to
ceived pitch corresponds to the frequency that has theyitch perception, although their contribution might
largest number of coincidences by counting all the he much less than that of the lower harmonics. We
candidates. In our case, when SUbharmOﬂiC-tO-har-[ried to compute subharmonic-to-harmonic ratio by
monic ratio is small, the subharmonic components multiplying the frequencies higher than 1500 Hz by
have low probability to be resolved by the auditory an exponential decay coefficient to reduce the contri-
system, thus contributing less to the counting pytion of higher harmonics. However, the selection
process. On the other hand, a larger subharmonic-topf the coefficient becomes a problem, for there is no
harmonic ratio implies that those subharmonic com- theoretical foundation available. Besides, the design
ponents are more likely to be resolved making the uf the current study is not really appropriate for this
overall pitch one octave lower. Subharmonic-to-har- purpose. Thus, we only report the results using our
monic ratio could also potentially be used as a pPara-griginal method, which seems to be sufficient to il-
meter to quantitatively describe voice qua'lities, such,strate the relationship between subharmonic-to-
as roughness. For example, a rough voice may b& ,rmonic ratio and perceived pitch. Even with these
characterized by a medium ratio value, whereas a raggyeats in mind, nonetheless, subharmonic-to-har-
tio value close to either 0 or 1 may indicate a more e ratio still seems to be a better predictor of per-

‘regular” voice. _ ceived pitch than glottal modulation index or signal
Despite the advantages of SHR discussed abovemodulation index

some caveats need to be mentioned. First, when glot- Finally, 400-ms signals used in the present study
tal modulation index ranges from 20 to 40%, the cor- 4y he an overly optimistic choice. In reality, alter-
responding subharmonic-to-harmonic ratio is rough- nate cycles in normal speech may not last that long.
ly in the range of 0.2 to 0.4. In this region, relatively Thys, further studies are needed to examine the dura-
large individual differences are observed, as indicat-tjon effect, if any. Note that in Bergan and Titady-

ed by the large standard deviations in Figure 4.ration of the stimuli was not provided. Therefore, we

Bergan and Titzehave also found extensive inter-  could not compare our data with theirs in this respect.
and intrasubject variability. This uncertainty is prob-

ably b_ecause subjects can Iist_en either holistically or CONCLUSIONS

analytically when presented with complex tohéls

our case, when subharmonic-to-harmonic ratio is N the present study, we modulated the glottal vol-
within the medium range, subharmonic componentsume velocity signal in amplitude and in frequency,
are competing with harmonics, which could elicit respectively, and used the modulated glottal signal to
different perceptions. Thus, the average pitch valuesynthesize vowels /a/ and /i/ at 140 Hz and 220 Hz.
in the figure may not represent the real perceived\We asked subjects to judge the pitch of these synthe-
pitch in a strict sense. We would rather regard it as asized vowels. We found that as the modulation index
region of less certainty. In order to not let the large in- increased, perceived pitch became lower, ranging
dividual differences in the ambiguous region smear from the original pitch to that one octave lower. We
the overall trend, we ran regression analyses on thdurther found that with the same amount of glottal
mean values rather than on the raw data. In this waymodulation index, the variation of the perceived pitch
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differed across vowels, fundamental frequencies, and
modulation types. Specifically, there was a signifi-
cant pitch change when glottal modulation index was
increased from 20 to 30%. With the same glottal
modulation index, frequency modulation had a
greater pitch lowering effect than amplitude modula-
tion. As glottal modulation index increased, signal
modulation index also increased but with lower mag-
nitude. Particularly for amplitude modulated signals,
starting from 10% of signal modulation index, a sig-
nificant pitch change was usually perceived. With
signal modulation index at 50% or higher, most like-
ly pitch was perceived as one octave lower. We also
found that subharmonic-to-harmonic ratio, as a fre-
quency domain parameter, seemed to be a better in-o
dicator of perceived pitch than modulation index. It
correlated highly with pitch changes in all eight ex-

4.

perimental conditions, and provided a unified way to 10.

describe both amplitude and frequency modulation
in alternate cycles. The current results have importan
implications for the development of more effective
pitch determination algorithms.
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