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Abstract

This paper describes a method for analysing the perceptual relevance of parameter variations of the Liljencrants–

Fant (LF) model for the glottal pulse. A perceptual distance measure based on excitation patterns was developed and

evaluated in order to predict audibility discrimination thresholds for small changes to the R-parameters of the LF

model. For a number of R-parameter sets, taken from real source data, an approximation Q of the distance measure was

used to compute the directions of maximal and minimal perceptual sensitivity. In addition, we show that the inverse of

Q can be used to calculate the amount of variation of the R-parameters to reach a just noticeable difference (JND). The

results were evaluated in a listening test in which JNDs for R-parameter changes were measured. Discrimination

thresholds were fairly constant across all tested conditions and corresponded on average to an excitation pattern

distance of 4.3 dB. An additional error analysis demonstrated that Q is a fair approximation of the perceptual distance

measure for small variations of the R-parameters up to one just noticeable difference.

� 2003 Elsevier B.V. All rights reserved.

Zusammenfassung
In dieser Arbeit wird eine Methode beschrieben, die es erlaubt, die perzeptive Relevanz von Parametervariationen

des Liljencrants–Fant (LF) Modells f€ur den glottalen Puls zu bestimmen. Hierzu wurde ein perzeptives Abstandsmaß

entwickelt, das auf Erregungspegelmustern aufbaut. Die Qualit€at dieses Maßes wurde mit Hilfe von experimentellen

Daten zur Wahrnehmbarkeit kleiner Ver€anderungen in den R Parametern des LF Modells getestet. F€ur eine Anzahl von

R-Parameter Vektoren, die aus Sprach€außerungen berechnet waren, wurde eine Approximation Q des Abstandsmaßes

verwendet, um die Richtungen gr€oßter sowie kleinster perzeptiver Empfindlichkeit zu bestimmen. Dar€uberhinaus wird

gezeigt, dass die Inverse von Q benutzt werden kann, um die Ver€anderung in den R Parametern berechnen zu k€onnen,
die zu einer gerade wahrnehmbaren €Anderung (JND) f€uhrt. Diese Ergebnisse wurden anhand von Experimenten
€uberpr€uft, in denen direkt die JND Werte f€ur Ver€anderungen in den verschiedenen R Parametern gemessen wurden. Die

Unterschiedsschwellen waren in allen getesteten Situationen relativ konstant und der Mittelwert entsprach einem
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Unterschied im Erregungspegelmuster von 4.3 dB. Eine Fehleranalyse zeigte, dass Q eine gute N€aherung des perzep-

tiven Abstandsmaßes darstellt, zumindest f€ur kleine Unterschiede bis zur Gr€oße des gerade wahrnehmbaren Unter-

schiedes.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many studies in speech synthesis are concerned
with the parameterisation of the voice source. A

considerable amount of work has been done to

derive glottal-flow characteristics by methods such

as inverse filtering and analysis in the frequency

domain. These methods have provided insight into

human speech production and various ways to

quantify the glottal-flow by suitable parametric

systems. In voiced speech the glottal-flow is (quasi)
periodic. One period is called the glottal pulse. One

of the most widely used models to quantify the

glottal-pulse is the Liljencrants–Fant (LF) model

(Fant et al., 1985). In this model the shape of the

glottal-pulse is characterised by three parameters,

here called the R-parameters. The R-parameters,

together with the fundamental frequency and an

amplitude parameter, completely determine the
glottal-pulse.

The relation between glottal-pulse parameters

and voice quality has been investigated in a num-

ber of studies (Gobl, 1989; Karlsson, 1990; Chil-

ders and Lee, 1991; Gobl and N�ı Chasaide, 1992;

Karlsson and Liljencrants, 1996). However, little

attention has so far been paid to the perceptual

relevance of glottal-pulse parameter variations.
Experimental assessment of the perceptual rele-

vance of glottal-pulse parameters would require a

very extensive experiment: one would have to in-

clude a number of vowel conditions, a number of

glottal-pulse parameter sets and one would have to

vary these parameters systematically along various

directions in the parameter space. An approach

like this has been followed by Doval and d�Aless-
andro (1997), Doval et al. (1997), Scherer et al.

(1998) and Henrich et al. (in press).

Such extensive experimental research can be

circumvented by combining two results from ear-

lier studies. First, Veldhuis (1998) investigated the
spectral relevance of the R-parameters of the LF

model. His study showed that the spectrum is

hardly affected by certain variations of the R-pa-
rameters. Second, in (Rao et al., 2001) it was

shown that the representation of an auditory

stimulus in a perceptual domain allows one to

predict discrimination thresholds between similar

acoustic stimuli. In particular, the difference be-

tween excitation patterns (excitation pattern dis-

tance, EPD) or, alternatively, the partial loudness

measure which is derived from a more advanced
stage of the loudness model of Moore et al. (1997),

can be used for this purpose. Excitation patterns

approximate the representations of stationary

sounds in the inner ear. Applying the analysis

proposed by Veldhuis to a representation given in

(Rao et al., 2001) opens up the possibility of

computing the perceptual relevance of glottal-

pulse parameter changes based on a validated
perceptual model. In this way, extensive experi-

ments can be avoided, although some calibration

experiments may still be needed.

Following this line of thought, we present a new

method of analysis which can be used to quantify

the perceptual relevance of the parameters of the

LF model at points in the parameter space. Al-

though the analysis is general and can be presented
for the parameters of various glottal-pulse models,

we restrict ourselves to the R-parameters of the LF

model.

We describe a mapping which allows us to

compute the excitation pattern for each R-param-

eter set. Here the R-parameter sets are interpreted

as points in a three-dimensional space. The per-

ceptual distance between two R-parameter sets is
based on the difference between the two excitation

patterns corresponding to the two parameter sets.

A local second-order approximation of this per-

ceptual distance measure is used to compute the

directions of maximum and minimum sensitivity
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Fig. 1. Time derivative of one period of the glottal-flow and

definition of glottal-pulse parameters.
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to R-parameter changes in this three-dimensional

space for a number of R-parameter sets taken from

real glottal-source data. The results are evaluated

in a listening test in which the just noticeable dif-
ferences (JNDs) for the R-parameter changes are

determined.

Earlier work on the determination of JNDs for

glottal-pulse parameter changes for both synthes-

ised signals of the glottal-flow alone and vowel

waveforms was done by Scherer et al. (1998) and

Henrich et al. (in press). In these two studies JNDs

were obtained for the parameters open quotient
(Oq), speed quotient (Sq) and an asymmetry coef-

ficient (am), which are closely related to the R-
parameters. In the discussion of the experiments of

the present study, we will compare the JNDs ob-

tained in these studies to our JNDs and express

them in terms of our EPD.

The structure of this article is as follows. Sec-

tion 2 briefly discusses the LF model. In the fol-
lowing section the developed perceptual distance

measure is described. The perceptual distance

measure is examined by measuring the perceptual

sensitivity in the experiments presented in Section

4 to changes of the three R-parameters. In Section

5 an approximation of D is introduced for the

calculation of directions of maximum, intermedi-

ate and minimum perceptual sensitivity. A second
listening experiment (Section 6) is used to evaluate

D for variations to the R-parameters in these di-

rections. In Section 7, the results of the experi-

ments are discussed and are used to obtain

estimates of the size of one JND. Section 8 pre-

sents conclusions.
2. The Liljencrants–Fant model

The LF model has become a reference model
for glottal-pulse analysis. Fig. 1 shows as example

one period of the glottal-pulse time derivative

g0ðtÞ, which is commonly used to model the source

signal in a source-filter model of speech (Fant et

al., 1985; Klatt and Klatt, 1990).

The duration of a glottal cycle is T0 ¼ 1=F0, with

F0 the fundamental frequency. The maximum air-

flow, often denoted as U0 of the glottal-pulse oc-
curs at Tp and the maximum excitation with
amplitude Ee occurs at Te, which corresponds to

the instant of collision of the vocal cords. The in-

terval before Te is called the open phase. The in-

terval with approximate length Ta ¼ Ee=g00ðTeÞ just
after the instant of maximum excitation is called

the return phase. The interval between Te þ Ta and

the end of the glottal cycle is called the closed

phase. During this phase the vocal folds reach

maximum closure and the airflow is reduced to its

minimum. The minimum airflow is often referred

to as leakage. Here we assume that there is no

leakage, therefore gð0Þ ¼ gðT0Þ ¼ 0. The airflow in
the return phase is generally considered to be of

perceptual importance, because it determines the

spectral slope of the corresponding vowel. The

parameters T0, Tp, Te and Ta are called the T -
parameters. In this paper we will use the related set

of R-parameters, which are defined as Ro ¼ Te=T0,

Rk ¼ ðTe � TpÞ=Tp and Ra ¼ Ta=T0: The parameters

Ro and Ra denote the relative duration of the open
phase and the return phase, respectively. The pa-

rameter Rk quantifies the symmetry of the glottal-

pulse in the open phase. The mathematical relation

between these R-parameters, the fundamental fre-

quency, maximum airflow U0 and maximum exci-

tation Ee is given in (Fant et al., 1985). The shape

of the glottal-pulse according to the LF model is

fully specified by the parameters Ra, Rk and Ro. In
this paper we will only study the effects of these

shape parameters, which will be presented as
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vectors in the following way: r :¼
½Ra;Rk;Ro�T 2 R3. The set of points r will be de-

noted as the R-parameter space.
1 L2ð0; 40Þ is the Banach space of Lebesgue integrable

functions on the interval (0, 40).
2 In (Rao et al., 2001) this numerical approximation of the

distance between two excitation patterns was defined as the

‘‘Euclidean distance between the excitation patterns’’, which

suggests that the distance was taken between two vectors, where

it was actually the distance between two densities.
3 The software in Matlab for the computation of excitation

patterns can be obtained from the first author.
3. Mapping from the R-parameters into a perceptual

space

In order to quantify R-parameter variations in a

perceptual space, distance measures derived from a

model for the auditory system are used. In (Rao

et al., 2001), perceptual distance measures were
developed and tested for changes in harmonic

spectra. The measures are based on an auditory

model presented in (Moore et al., 1997). It was

shown in (Rao et al., 2001) that the partial loud-

ness measure and the EPD are equally appropriate

for predicting audibility discrimination thresholds.

A mathematical difference between these two

measures consists in the observation that the EPD
is a smoother function of the harmonic amplitude

spectrum than the partial loudness measure.

Therefore, it can be better approximated by a

quadratic functional and this is the reason why, in

this paper, we use the EPD rather than partial

loudness.

3.1. The perceptual distance measure D

The EPD described in (Rao et al., 2001) is based

on a 5-stage model for computing loudness
(Moore et al., 1997) which we adapted for repre-

senting amplitude changes in harmonic spectra.

For the calculation of excitation patterns, only the

first three stages of the loudness model are needed.

The first two stages model transfer functions from

the free field to the eardrum and through the

middle ear. In the third stage, the excitation pat-

tern of a given sound is calculated from the effec-
tive spectrum reaching the cochlea. According to

Moore (1986), excitation patterns can be thought

of as the distribution of ‘‘excitation’’ evoked by a

particular sound in the inner ear along a frequency

axis. In terms of a filter analogy, the excitation

pattern represents the output levels of successive

auditory filters as a function of their centre fre-

quencies. Each auditory filter represents the fre-
quency selectivity of the inner ear at a particular
frequency, where the filter shape varies with the

input level. The excitation pattern is generally

presented as a function of the ERB-rate rather

than as a function of frequency. ERB stands for
Equivalent Rectangular Bandwidth and is a mea-

sure for the bandwidth of the inner ear filters. The

ERB scale is conceptually related to the Bark scale

(Zwicker and Scharf, 1965; Moore, 1986). The

ERB-rate is a value on the ERB scale, on which

the auditory filters are uniformly spaced. The ex-

citation patterns are continuous functions on an

interval in R. In this paper, the excitation patterns
are calculated for ERB-rate values between 0 and

40. The ERB-rate has the following relation with

the frequency scale:

number of ERBs :¼ 9:26 logð4:37F þ 1Þ; ð1Þ

where F is the frequency in kHz. Thus the range of

0–40 on the ERB scale corresponds to a frequency
range of about 0–15 kHz. Because we want to

measure the difference between two excitation

patterns which are continuous functions on the

interval (0, 40), we consider the excitation patterns

as elements of the infinite-dimensional vector

space L2ð0; 40Þ. 1 The excitation pattern distance

(EPD) between two excitation patterns e1 and e2,
where the patterns are represented in dB, is
quantified by

ke1 � e2k2 :¼
Z 40

0

je1ðxÞ
�

� e2ðxÞj2dx
�1=2

: ð2Þ

In this work, the integral is numerically approxi-

mated by a sum with je1 � e2j2 sampled at steps of

0.1 ERB. 2;3

The perceptual distance between two sounds

will be denoted as the quantity dB EPD. The EPD

will be used to determine the perceptual effect of

small changes to the R-parameters. For a point r in
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the R-parameter space the excitation pattern can

be calculated from the power spectrum resulting

from a combination of a glottal-pulse derivative

according to the LF model and a filter modelling
vowel formats. If necessary, the particular vowel

used for the calculated excitation pattern will be

indicated. We will denote the excitation pattern for

a parameter vector r as eðrÞ. The perceptual dif-

ference between the two parameter sets rþ h and r
is then quantified by the distance

DrðhÞ :¼ keðrþ hÞ � eðrÞk2 ð3Þ

with h 2 R3. For convenience, whenever we refer

to the distance measure in general, we will drop the

index r of Dr.
Fig. 2. Waveforms of the glottal-pulse time derivative for the 5

points r1 :¼ ½0:025; 0:310; 0:560�T, r2 :¼ ½0:010; 0:330; 0:680�T,
r3 :¼ ½0:092; 0:463; 0:791�T, r4 :¼ ½0:028; 0:420; 0:660�T and r5 :¼
½0:012; 0:374; 0:545�T in the R-parameter space used in the ex-

periments. Each waveform is characterised by its corresponding

voice quality.

Table 1

Parameter conditions of Experiment I showing the directions of

modifications to the R-parameters r1 :¼ ½0:025; 0:310; 0:560�T
and r2 :¼ ½0:010; 0:330; 0:680�T, and the two different vowels

Direction Conditions and corresponding modifications

/a/, r1 /a/, r2 /i/, r1

Ro ) (conditions

3, 4)

+ (conditions

11,12)

Ra + (conditions

1, 2)

) (conditions

5, 6)

Rk + (conditions

7, 8)

) (conditions

9, 10)
4. Experiment I: Evaluation of the distance measure

D

This section describes Experiment I which was

performed to evaluate whether D, as defined in

Section 3, can be used to estimate audibility dis-

crimination thresholds for small changes to the R-
parameters. If so, the measure D can be used for

our goal: the quantification of the perceptual rel-

evance of the R-parameters.
In Experiment I the Ra, Rk and Ro are modified

individually and, therefore, in orthogonal direc-

tions aligned with the primary axes of the R-
parameter space. In the second experiment which

will be presented in Section 6, the R-parameters are

varied in other directions selected for their per-

ceptual relevance. The waveforms of the glottal-

pulse derivative corresponding to the five different
R-parameter vectors used in the two experiments

are shown in Fig. 2. Above each panel voice

qualities corresponding to the glottal-pulses are

given. The time axis covers a little more than one

period of the glottal pulse.

4.1. Experiment I: Stimuli

The stationary vowels /a/ and /i/ were synthes-

ised with a source-filter model. The number of

harmonics was N ¼ 36. The fundamental fre-

quency of the vowels was F0 ¼ 110 Hz and the
sampling frequency 8 kHz. Two parameter sets
r1 :¼ ½Ra;Rk;Ro�T ¼ ½0:025; 0:310; 0:560�T and r2 :¼
½0:010; 0:330; 0:680�T were varied in three direc-

tions, corresponding to the principal axes of the

R-parameter space, i.e. in the Ra, Rk and Ro di-

rections. The flow amplitude U0, the maximum

excitation Ee and the overall gain were allowed to

vary with the R parameters. In Table 1, a scheme

of the parameter conditions is presented. The

symbols +/) indicate whether the specific R-
parameter was increased (+) or decreased ()).

It is generally accepted that amplitude changes

in the spectrum of harmonic sounds are more



Fig. 3. Data obtained from Experiment I of the measured

JNDs in the R-parameter space for each condition for points

r1 :¼ ½0:025; 0:310; 0:560�T, r2 :¼ ½0:010; 0:330; 0:680�T. The dia-

monds indicate the predicted JND values si;JND calculated with

the inverse of D. The + signs indicate the predicted JND values

~si;JND calculated with the inverse of Q. On the y-axes a loga-

rithmic scale is used.
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detectable than phase changes. For complex tones

with a fundamental frequency beyond 150 Hz, the

maximal effect of phase on timbre is smaller than

the effect of changing the slope of the amplitude
pattern by 2 dB/oct (Plomp and Steeneken, 1969).

In the experiment we tested whether phase changes

could be ignored for complex tones with a fun-

damental frequency of 110 Hz. For that purpose,

two signal conditions were introduced. In one

signal condition the phase was regular, i.e. the

phase was allowed to change with the R-parame-

ters. In the other signal condition the phase was
fixed, i.e. after modifying the signal the phases

were adjusted to those of the reference signal. In

total there were 2 (signal conditions) · 6 (parame-

ter conditions)¼ 12 conditions. In the odd-num-

bered conditions the signals had regular phase.

4.2. Experiment I: Method

For each condition we computed the EPD be-

tween the excitation pattern of the reference sound

and the excitation pattern of the modified sound
for which the subjects were just able to discrimi-

nate between the two sounds. Four subjects (S1,

S2, S3 and S4) participated in the experiments. All

were young adults with normal hearing and

no reported history of hearing impairment. The

stimuli were presented diotically over headphones

at a level of approximately 55 dB SPL. A 3-inter-

val forced-choice adaptive procedure (Levitt,
1971) was used to obtain the thresholds. In this

procedure each trial consisted of three stimuli, two

stimuli representing the reference sound and one

the modified sound. The assignment of the odd

stimulus to one of the three intervals was rando-

mised. The subject�s task was to indicate the odd

interval. Immediately after each response, feed-

back was given indicating whether the response
was correct or incorrect. The interval after the

response of the subject and the next trial was 300

ms. The inter-stimulus interval was 400 ms. After

two correct responses the amount of modification

of the R-parameters was reduced by one step. After

one incorrect response it was increased by one

step.

The R-parameter modifications of a stimulus
were divided into 37 steps reaching from about 25
to 1.4 dB EPD for the modified sound. A run

began with a modification of the R-parameters that

produced a clearly discriminable change. A test

run was completed after 12 up–down reversals. A
single-run estimate of the EPD at threshold was

obtained by taking the median of the EPDs cor-

responding to the steps within the last eight up–

down reversals of the run. In this way the 71%

correct detection threshold is measured. For each

experimental condition the mean of four single-run

estimates was taken as the final estimate of the

distance for each subject.

4.3. Experiment I: Results

In Fig. 3 the actual JNDs in the R-parameter

space of the subjects S1, S2, S3 and S4 are shown.
On the y-axis a logarithmic scale is used. The di-

amonds and plus signs in the figures are the pre-

dicted JND values, calculated by the distance

measures D and Q, which will be discussed in

Section 7.

One can observe a division of the data into

three groups according to the order of magnitude.

These groups comprise the conditions 1, 2, 5 and 6;
7, 8, 9 and 10; and 3, 4, 11 and 12. The three dif-
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ferent orders of magnitude as listed above corre-

spond to variations along the three parameter axes

Ra;Rk and Ro, respectively. Comparing the condi-

tions with regular and fixed phases (odd- and even-
numbered conditions), it can be stated that there

are no systematic phase effects. The figure also

shows that variations in positive (e.g. conditions 1,

2) and negative directions (e.g. conditions 5, 6)

give the same JND values. Finally, one can ob-

serve by comparing conditions 7, 8, 9 and 10 that

the differences between the vowels /a/ and /i/ are

negligible.
Fig. 4 shows the same data expressed in terms

of the perceptual distance measure. The data of S1,

S2, S3 and S4 are indicated with a square, a circle,

an upward triangle and an asterisk, respectively.

Ideally the curves in the figure would be flat if the

measure was a perfect predictor and if subjects

would have no variability in their responses.

The data presented in Fig. 4 show that the
thresholds of the subjects lie between 1.5 and 10

dB EPD. The grand mean of the thresholds is 4.4

dB EPD. The threshold values are higher than the

results presented in Fig. 6 of Rao et al. (2001),

where they were on average 2.3 dB EPD. It could

be possible that this difference in threshold is

caused by a different amount of training. In the

present experiment the subject with the longest
training (S4) reached a mean threshold of 2.4 dB
Fig. 4. Thresholds for the 12 conditions of Experiment I in

terms of the excitation pattern distance. The results of the four

subjects are indicated by the four different symbols.
EPD, which comes close to the grand mean found

in (Rao et al., 2001). The thresholds of the other

subjects might also be lower after a longer training

period.
The overall differences between the subjects

contribute to the variation in thresholds. For each

individual subject, thresholds vary no more than

about a factor 2 across conditions, indicating that

the distance measure gives a reasonable indication

of the subjects� sensitivity.
The next section presents a method to quantify

the perceptual relevance of R-parameter changes,
which is used to calculate directions of maximum,

intermediate and minimum perceptual sensitivity.

A second listening experiment, described in Sec-

tion 6, is used to evaluate D for variations to the R-
parameters in these directions.
5. Perceptual relevance of R-parameter changes

5.1. Quadratic approximation of the distance mea-

sure D

In this section an approximation of D is de-
rived, which allows one to predict the directions of

maximum and minimum perceptual relevance of a

variation about the point r. In addition this

method gives a measure for the minimum param-

eter change needed to produce a just noticeable

difference (JND). This value will be called the

perceptual relevance of the point r.
In order to quantify the perceptual relevance of

R-parameter variations, the measure D will be

approximated. In fact, we will approximate D2

rather than D because we can assume that the

partial derivatives of order two of D2 exist and are

continuous on a subset of R3 for all R-parameter

vectors r. We can then express the Taylor expan-

sion, consisting of a sum of relatively simple

functions, of D2
r about a point r in terms of the

gradient gr, the Hessian Hr and the remainder term

(or truncation error) oðkhk2Þ:

D2
r ðhÞ ¼ D2

r ð0Þ þ gT
r hþ

1

2
hTHrhþ oðkhk2Þ: ð4Þ

The Hessian Hr is a 3 · 3 matrix with ele-
ments hij :¼ o2D2

r=oriorj. Because Drð0Þ ¼ 0 and



Fig. 5. Example of a two-dimensional plot showing contour

lines of the quadratic functional Q2
r ðhÞ for a point r in the R-

parameter space for small variations h. The eigenvector v1
shows the direction of maximum sensitivity and v2 the direction

of minimum sensitivity.
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D2
r ðhÞP 0 for all h 2 R3, D2

r ð0Þ is a local minimum,

thus the gradient gT
r has to be zero. This reduces

Eq. (4) to

D2
r ðhÞ ¼

1

2
hTHrhþ oðkhk2Þ: ð5Þ

Eq. (5) is approximated by omitting the remainder

term oðkhk2Þ. The measure D is then approximated

by the square root of a quadratic functional

QrðhÞ :¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
hTHrh

r
: ð6Þ

Because the symmetric matrix H is positive defi-

nite, i.e. hTHh > 0 for all h 2 R3 n f0g, the square

root exists. Quadratic functionals are mathemati-

cally simple and therefore used in many applica-

tions of numerical analysis.
5.2. Quantifying the perceptual relevance

In order to quantify the perceptual relevance,

we need to compute the eigenvalues and eigen-

vectors of the matrix Hr, where k1 P k2 P k3 > 0

denote the eigenvalues of Hr and v1; v2; v3 the cor-

responding orthonormal eigenvectors. The square
root of the eigenvalue k1 determines the perceptual

effect for a variation of r in the direction of v1. Ifffiffiffiffiffi
k1

p
is small for a specific point r, then a variation

of r in the direction v1 will only have a small per-

ceptual effect, and since k1 is the largest eigenvalue,

all variations of r will have a small perceptual ef-

fect. Thus,
ffiffiffiffiffi
k1

p
can be used to determine the

overall perceptual sensitivity of parameter varia-
tions about a point r. The corresponding eigen-

vector v1 then determines the direction of the

maximum perceptual sensitivity for a variation of

r. Likewise, the eigenvector v3 determines the di-

rection of the minimum perceptual sensitivity.

Fig. 5 shows an example of a two-dimensional

plot with axes R1 and R2 showing (hypothetical)

contour lines of the quadratic functional Q2
r ðhÞ for

a specific point r in the R-parameter space. 4
4 In the mathematical analysis, the problem is of course

three-dimensional. For ease of visualisation, we have projected

it to a two-dimensional subspace.
For all points rþ h on a contour line, the values

of Q2
r ðhÞ are constant and thus the perceptual

distance from r is the same. The directions of

maximum and minimum perceptual sensitivity, v1
and v2, are displayed in the figure.

To obtain one JND in the R-parameter space

for a threshold change in the perceptual space, the

inverse functions D�1 and Q�1 are used. The value
of one JND in the R-parameter space can only be

calculated when the direction in which the pa-

rameters are varied is known, because D and Q are

mappings from R3 into R. The following defini-

tions will be used to calculate the inverse for a

given direction in the R-parameter space. We will

use the vector u 2 R3 with kuk ¼ 1 to indicate the

direction of change and the nonnegative scalar s to
indicate the amount of change. For a given point r
we express the perceptual distance to a point rþ su
by defining the functions Dr;uðsÞ :¼ DrðsuÞ and

Qr;uðsÞ :¼ QrðsuÞ. For changes along the three ei-

genvectors vi, i.e. u ¼ vi, Qr;vi can be expressed by

the eigenvalues ki:

Qr;viðsÞ ¼ QrðsviÞ ¼
ki

2

� �1=2

s: ð7Þ

Since we need to compute the inverse functions

D�1 and Q�1, we have to check whether the func-
tions D and Q are strictly increasing, at least in the
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range of changes used in the experiments. This is

indeed true for the measure D for all points r and

directions u used in the first experiment. The value

of s corresponding to an EPD value of m can be
obtained implicitly by determining s in the equa-

tion m ¼ Dr;uðsÞ. The function is strictly increasing

up to a value smax, thus the value s is unique. Be-

cause the equation is implicit, the calculation of s
may be tedious.

The inverse of Q, however, can be expressed

explicitly. Because the function Qr;u is strictly in-

creasing on ½0;1Þ, the inverse function Q�1
r;u is de-

fined on ½0;1Þ. The values Q�1
r;u ðmÞ can be obtained

by

Q�1
r;u ðmÞ :¼

2

uTHru

� �1=2

m: ð8Þ

If we define the threshold in the perceptual space

as m0, then differences mP m0 are audible and dif-

ferences m < m0 are inaudible. The size of one JND

in the direction of maximum perceptual sensitivity

is
ffiffiffiffiffiffiffiffiffi
2=k1

p
� m0. One JND in the R-parameter space

for an arbitrary direction u is given by

sJND :¼ D�1
r;u ðm0Þ. In the same way we can compute

one JND with respect to the functional Q:
~sJND :¼ Q�1

r;u ðm0Þ. Because a good approximation of

D by Q will not immediately imply a good ap-

proximation of D�1
r;u by Q�1

r;u , we examined the error

between the inverse functions as well. For the

computation of JNDs in the R-parameter space

with the inverse of Q it is desired that the values

sJND and ~sJND are close. In Section 7.2 we will see

that Q�1
r;u approximates actual JNDs rather well.

In the next section D is evaluated by means of a

listening test for R-parameter variations in direc-

tions in maximum, intermediate and minimum

perceptual sensitivity.
Table 2

Parameter conditions of Experiment II showing the directions of

r4 :¼ ½0:028; 0:420; 0:660�T and r5 :¼ ½0:012; 0:374; 0:545�T

Direction Conditions and corresponding modificatio

/a/, r3 /a/, r4

v1 Condition 15 Condi

v2 Condition 14 Condi

v3 Condition 13 Condi
6. Experiment II: Parameter variations in directions

chosen for perceptual relevance

In the second experiment, the R-parameters
were varied in orthogonal directions v1, v2 and v3
corresponding to the maximum, intermediate and

minimum perceptual sensitivity, respectively, cal-

culated with the method described in Section 5.

This additional experiment was conducted to test

the distance measure for these directions and to

compare the results with Experiment I. The setup

of the second experiment was similar to that of
Experiment I. The variations were performed for

three parameter sets r3 :¼ ½0:092; 0:463; 0:791�T,
r4 :¼ ½0:028; 0:420; 0:660�T and r5 :¼ ½0:012; 0:374;
0:545�T for the vowel /a/. The sets were chosen

from a large collection of realistic data, and cor-

responded to small, intermediate and large values

of k1. The corresponding eigenvectors in directions

of maximum perceptual relevance in which the
three points were varied are ½�0:78;�0:57; 0:25�T,
½0:98; 0:18;�0:03�T and ½�0:99;�0:13; 0:005�T, re-

spectively. The entries of the vectors show the

contributions of Ra, Rk and Ro, respectively.

As in Experiment I, the fundamental frequency

was 110 Hz and the stimuli comprised the first 36

harmonics. Again, U0 and Ee were allowed to vary

with the R-parameters. In this experiment the sig-
nals always had regular phase. In total there were

9 conditions. In Table 2 the conditions of this

experiment, numbered 13–21, are presented.

Four subjects (S2, S4, S5 and S6) participated in

the experiments. All were young adults with nor-

mal hearing and no reported history of hearing

impairment. Subjects S2 and S4 had participated

in Experiment I. Subjects S5 and S6 were newly
recruited because subjects S1 and S3 were no

longer available. The stimuli were again presented
modifications to the R-parameters r3 :¼ ½0:092; 0:463; 0:791�T,

ns

/a/, r5

tion 18 Condition 21

tion 17 Condition 20

tion 16 Condition 19
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diotically over headphones at a level ranging from

approximately 48–61 dB SPL.
6.1. Experiment II: Results

In Fig. 6 the JNDs of the subjects S2, S4, S5

and S6 are shown. On the y-axis a logarithmic

scale is used. The diamonds and plus signs in the
figures are the predicted JND values, calculated by

the distance measures D and Q, which will be

discussed in Section 7.1.

At first glance Fig. 6 shows different results than

Fig. 3 in Section 4.2. A division into three mag-

nitudes is not immediately evident. The data of the

conditions corresponding to point r3 are not as

divergent as the data corresponding to the two
other points r4 and r5. In general one can see an

ordering from left to right, where the parameter

variations per point ri become increasingly diver-

gent.

This divergency can be related to the different

locations of points in the R-parameter space at

which the JNDs were measured. The Ra and Ro

values of point r3 :¼ ½0:092; 0:463; 0:791�T are
much larger than the Ra and Ro values of the point
Fig. 6. Data obtained from Experiment II of the measured

JNDs in the R-parameter space for each condition for points

r3 :¼ ½0:092; 0:463; 0:791�T, r4 :¼ ½0:028; 0:420; 0:660�T and

r5 :¼ ½0:012; 0:374; 0:545�T. The diamonds indicate the predicted

JND values si;JND calculated with the inverse of D. The + signs

indicate the predicted JND values ~si;JND calculated with the

inverse of Q. On the y-axes a logarithmic scale is used.
r5 :¼ ½0:012; 0:374; 0:545�T. The values of point

r4 :¼ ½0:028; 0:420; 0:660�T lie between the two

points. As mentioned earlier, the points r3, r4 and

r5 of Experiment II were chosen in such a way that
the value of

ffiffiffiffiffi
k1

p
was small (536), intermediate

(1960) and large (3338), resulting in a low, inter-

mediate and high overall perceptual sensitivity to

parameter variations about the points. This is re-

flected in the obtained data, where the ordering offfiffiffiffiffi
k1

p
of points r3, r4 and r5 corresponds to the or-

dering of the divergency of the JNDs per point in

Fig. 6. The overall perceptual sensitivities of points
r1 and r2 are 2390 and 3267, respectively, and are

thus in the range of the overall perceptual sensitiv-

ity of points r4 and r5. A comparison of Figs. 3 and

6 shows that the divergency of the points r1 and

r2 corresponds to the divergency of points r4
and r5.

In Fig. 7 the data from Fig. 6 are expressed in

terms of the perceptual distance measure. The data
of S2, S4, S5 and S6 are indicated with a circle, an

asterisk, a star, and a downward triangle, respec-

tively. It can be observed that the thresholds of the

subjects for the R parameter changes lie between 2

and 7 dB EPD. The grand mean of the thresholds

is 4.2 dB EPD. The data show that the ranges of

the thresholds are somewhat closer than the ranges

of the data from Experiment I, due to the fact that
Fig. 7. Thresholds for the 9 conditions of Experiment II in

terms of the excitation pattern distance. The results of the four

subjects are indicated by the four different symbols.
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in Experiment II the overall differences between

subjects are smaller. In general, the results of this

experiment are in terms of the EPD similar to the

results of Experiment I.
7. Discussion of Experiments I and II

In this section the results of the two experiments

are discussed and compared. We observe that the

thresholds differ per subject. We can handle this

observation in two ways. We can either look at the
range of perceptual thresholds and JNDs in the R-
parameter space across subjects or take one

threshold and JND, by using the grand mean of

the data. It is often desirable to maintain a single

threshold value in the perceptual domain. The use

of a single threshold value opens more possibilities

for general, subject-independent research. If a

single representative is not desired, the distance
measure can be calibrated for each subject sepa-

rately.

7.1. The choice of threshold and the size of one JND

To obtain a single threshold value, the grand

mean of the thresholds is a reasonable choice. The

grand means of Experiment I and II are 4.4 and

4.2 dB EPD, respectively. Because the grand

means are rather close, we will take the total grand

mean 4.3 dB EPD as the representative value.
With the inverse function of Dr;u obtained in

Section 5 we can determine the size of one JND by

sJND :¼ D�1
r;u ð4:3Þ. The size of one JND in terms of

the functional Q is denoted by ~sJND :¼ Q�1
r;u ð4:3Þ.

Thus the symbols sJND and ~sJND represent predic-

tions of the JNDs obtained from the inverse

functions D and Q, respectively. In Section 7.2,

sJND and ~sJND will be compared for the directions
used in the two experiments.

For the 21 conditions i 2 f1; . . . ; 21g and 6

subjects j 2 f1; . . . ; 6g across the two experiments,

a total of 84 thresholds mi;j in dB EPD (48 and 36

conditions for Experiment I and II, respectively) is

available for this analysis. The individual JND

values si;j in the R-parameter space are shown in

Figs. 3 and 6. The diamonds in the figures are the
calculated values si;JND for the conditions
i 2 f1; . . . ; 21g obtained for the mean threshold of

4.3 dB EPD. The calculated values ~si;JND are in-

dicated with a plus sign in the figures. It can be

observed that the values si;JND are within the value
range of the individual subjects. Thus, apparently

JNDs can be estimated well by D�1.

In the next subsection the results of Experi-

ments I and II are used to quantify the error in the

approximation of D by Q. If Q approximates D
well, we can use this Q for the quantification of the

perceptual relevance of the R-parameters.

7.2. Analysis of the accuracy of the quantification of

the perceptual relevance

In this section the accuracy of the quantification

of the perceptual relevance of the R-parameters is

analysed. This accuracy depends on the error of

the functional Q in representing the perceptual

distance measure D. In this study it is desired that

the functional Q approximates D well up to at least

one JND in the R-parameter space. In addition, we

will also investigate whether the inverse function
Q�1 approximates D�1 well up to at least one JND,

which is the case if ~si;JND is close to si;JND for

i 2 f1; . . . ; 21g.
The functions D and Q were analysed using the

results of the experiments in the perceptual space.

The mean and standard deviation (std) of the

subjects� thresholds mi;j in dB EPD calculated with

the function D and the mean and std of the
thresholds calculated with the function Q, denoted

as ~mi;j :¼ Qrðsi;jÞÞ where si;j are the measured JNDs,

are compared. We found that the grand mean of

mi;j is 4.3 and the std is 1.6 whereas the mean of ~mi;j
is 4.4 and the std is 1.9. This outcome indicates

that Q approximates D well. An additional t-test

with a level of significance a ¼ 0:05 showed that

the confidence interval for the mean for ~mi;j is (4.0,
4.8), thus including the selected mean value of 4.3

dB EPD.

We analysed the inverse functions with the re-

sults of the experiments in the R-parameter space.

From Figs. 3 and 6 it can be observed that the

values si;JND and ~si;JND are close to each other and

almost for every condition within the range of the

values si;j, except for condition 3 and 13 where
~s3;JND and ~s13;JND are just above the range of



Fig. 8. Data of the obtained thresholds in terms of the distance

between the points in the R-parameter space calculated with the

inverse of D and Q. The values si;j are plotted as function of

~si;JND for the conditions of both experiments. On both axes

logarithmic scales are used.
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experimentally obtained JNDs. In Fig. 8 the values
~si;JND (x-axis) are plotted against the values si;j (y-
axis) for all conditions and measured thresholds

mi;j in dB EPD. The figure shows that the values lie

around the 45� line. From this observation and

from Figs. 3 and 6 one can conclude that the in-

verse Q�1
r;u behaves relatively well up to at least one

JND in the R-parameter space.
7.3. Comparison with other results

Scherer et al. (1998) measured JNDs for varia-

tions of the parameters Sq and Oq for one specific

parameter setting (Sq ¼ 2 and Oq ¼ 0:6) of the

glottal-pulse. The JNDs were measured for the

signals of the glottal-flow alone and for the vowel

waveforms at an overall level of 74 dB(A) for all

stimuli. In contrast to our experiments, the flow
amplitude U0 of the glottal-flow was held constant

for all the realised glottal-pulses. The parameters

Sq and Oq are closely related to the R-parameters,

with Rk :¼ 1=Sq and Ro :¼ Oq. For comparison we

expressed the parameters and JNDs of Scherer

et al. in terms of the R parameters. The average

JND for a variation of the parameter Ro was

0.0344, the average JND for a variation in the
direction Rk was 0.0688 for synthesised signals of
vowel waveforms. In Experiment I of this paper

the JNDs obtained for Ro were 0.085 (average

JNDs of conditions 3, 4, 11 and 12) and for Rk,

they were 0.012 (average JNDs of conditions 7, 8,
9 and 10). The JNDs for Ro obtained by Scherer et

al. are a little bit below the range of the JNDs

obtain from our experiment, while the JNDs for Rk

are almost a factor 6 higher than the average of the

JNDs from our experiment. The reason for this

discrepancy lies in the fact that variations of the

parameter Rk have a strong effect on the flow

amplitude of the signal as well as on the maximum
excitation Ee and thus on the overall level of the

signal. In the experiment of Scherer et al. with

constant flow amplitude of the stimuli, the Rk-

parameter had to be varied much more to reach an

audible difference compared with our experiments

where the flow amplitude was not held constant.

Because the Ra values for Scherer�s data were

unknown, we computed the EPDs for the mea-
sured JNDs at different values of Ra ranging from

0 to 0.15. For JNDs measured in the direction of

Rk the EPDs lie between 5.8 and 8.9 dB EPD, and

in the direction of Ro between 3.2 and 14.7 dB

EPD.

Another way of looking at Scherer�s results is

by computing EPDs from the spectra shown in

Figs. 4 and 9 in (Scherer et al., 1998). We calcu-
lated the EPDs between the spectra of the standard

and of the stimuli corresponding to the measured

JNDs for Ro and Rk. For variations of Ro and Rk

the values were 8.2 and 9.0 dB EPD, respectively.

The calculated EPDs are higher than the obtained

thresholds in our experiments. Apart from the

higher thresholds, it can be observed that the cal-

culated EPDs vary no more than a factor 1.1. This
shows that the thresholds are rather constant over

the two varied directions Ro and Rk. If we compute

the EPDs for the JNDs measured by Scherer with

an Ra value of 0.072 then the EPDs correspond to

the values 8.2 and 9.0 dB EPD measured from the

spectra. Campbell et al. (1998) also examined the

relation between glottal-pulse parameters and

spectral and perceptual distance measures for the
data of Scherer et al. (1998). They found that

spectral distance measures and perceptual distance

measures performed equally well for these data.

We compared the Euclidean distance between ex-
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citation patterns used by Campbell et al. with our

EPD. It appears that another type of distance

measure was used by these authors, for the

thresholds for variations of Ro and Rk differed
about a factor 2, while with the EPD they differ

only by a factor 1.1.

Henrich et al. (in press) measured JNDs for

three values of the Oq (0.4, 0.6 and 0.8) and for two

values of the asymmetry coefficient am (2/3 and

0.8). The values of am can be transformed into

values of Rk by using the following relation:

Rk :¼ ð1� amÞ=am. The time interval of the return
phase was chosen to be zero, hence Ra ¼ 0. In all

but one of their conditions, the flow amplitude U0

was held constant. In the remaining condition the

parameter Ee was held constant. The JNDs were

measured for the vowels /a/ and /i/ and the fun-

damental frequencies 130 and 196 Hz. The effect of

vibrato was also tested. It was found that when

the amplitude parameter Ee was held constant the
measured JNDs increased significantly. Also the

location from which a parameter setting was var-

ied affected the measured JNDs. The vibrato did

have a slight effect on the JNDs, while funda-
Table 3

Average JNDs of Henrich et al. (in press) for untrained and trained

Var. Ro Rk F0 [Hz] Vowel

Ro 0.40 0.50 196 /a/
�Ro 0.60 0.50 196 /a/

Ro 0.60 0.50 196 /a/

Ro 0.60 0.50 130 /a/

Ro 0.80 0.50 196 /a/

Rk 0.60 0.50 196 /a/

Rk 0.60 0.25 196 /a/

Ro 0.60 0.50 196 /i/

Ro 0.40 0.50 196 /a/
�Ro 0.60 0.50 196 /a/

Ro 0.60 0.50 196 /a/

Ro 0.60 0.50 130 /a/

Ro 0.80 0.50 196 /a/

Rk 0.60 0.50 196 /a/

Rk 0.60 0.25 196 /a/

Ro 0.60 0.50 196 /i/

The first five columns indicate the parameters of the experiment in ter

and Rk for the reference stimulus (columns 2 and 3) and F0 and the cho

here in terms of Ro and Rk. The top half shows the results of the un

subjects. For the conditions marked with a star, no vibrato was used
mental frequency and choice of vowel did not have

any influence on the measured JNDs.

A group of 20 untrained subjects and a group

of 10 trained subjects participated in their exper-
iments. The JNDs for the three Ro values, aver-

aged across the results of the untrained subjects,

were between 0.058 and 0.106 for untrained sub-

jects and between 0.037 and 0.079 for the trained

subjects. The JNDs for the parameter am, ex-

pressed in terms of Rk were between 0.041 and

0.071 for untrained subjects and between 0.034

and 0.058 for trained subjects. When the ampli-
tude parameter Ee was held constant the JNDs

were larger (see Table 3). By using the measured

JND values of Henrich et al., we computed the

distances in the perceptual domain to compare

their results with ours. The JND data of Henrich

et al. are shown in Table 3 together with the

EPDs computed with our distance measure. In

the computation of the EPDs we did not add
vibrato to the stimuli.

We see that the ranges of the computed EPDs

of both groups are very narrow. The thresholds of

the untrained subjects are somewhat higher than
subjects with corresponding computed EPDs

U0 constant Ee constant

JNDs EPDs JNDs EPDs

0.058 6.9

0.068 6.6

0.087 8.0 0.173 7.6

0.092 7.5

0.106 7.2

0.071 7.9

0.041 6.7

0.080 7.0

0.037 4.7

0.041 4.1

0.063 6.1 0.099 5.0

0.071 6.0

0.079 5.6

0.058 6.5

0.034 5.5

0.053 4.8

ms of which parameter was varied (column 1), the values of Ro

sen vowel (columns 4 and 5). The measured JNDs are expressed

trained subjects and the bottom half the results of the trained

in the experiment.
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the thresholds of the trained subjects, but this

learning effect reduces the EPD value only by 2 dB.

In the table we see that the JNDs can vary largely,

but the EPDs stay in a very close range. It can be
stated that these results are in good agreement

with the results from our own study. The EPDs are

just slightly higher than 4.3 dB EPD, probably due

to the presence of vibrato which can be observed

from the table, and lie in the range of the measured

EPDs from our experiments. The outcome of this

analysis supports the value and applicability of the

proposed perceptual distance measure.
8. Conclusions

A method for the analysis of the perceptual

relevance of glottal-pulse parameter variations was

developed. The perceptual distance measure D
based on excitation patterns was evaluated in or-

der to predict audibility discrimination thresholds

for small changes to the R parameters of the LF

model. Listening tests were performed to validate
the distance measure D and to determine the size

of one just noticeable difference in the R-parameter

space. The distance measure D was approximated

by the square root of a quadratic functional. The

properties of the quadratic functional were used to

determine the directions of maximum/minimum

sensitivity. From our experiments and model

analysis we observed that the measured JNDs
strongly depend on the values of the parameters in

the R-parameter space from where the R parame-

ters are varied. The overall perceptual effect of

variations of R-parameters can be expressed by the

perceptual parameter
ffiffiffiffiffi
k1

p
, which is the square root

of the largest eigenvalue obtained from the ap-

proximation Q.

It was shown that the quadratic functional is a
good approximation of D2 for distances up to one

JND, implying that the method can be used to

quantify the perceptual relevance of the R-
parameters. Next, the inverse functions of D and Q
were compared in the R-parameter space at

threshold levels of the subjects. The threshold

values ~si;JND in dB EPD calculated with the func-

tion Q are close to si;JND in dB EPD calculated with
the function D and lie almost everywhere within
the ranges of the subjects� measured JNDs si;j. It
can be concluded that the inverse function of Q
can be used to determine JNDs in the R-parameter

space.
There are a number of applications of the

method developed in this paper. One example is

the possibility to divide the R-parameter space into

cells within which sets of R-parameters are per-

ceptually indistinguishable, which can be used in

speech synthesis. The method also provides a way

to quantify systematically the relation between

glottal-pulse parameters and voice quality. The
application of our method to R-parameter vectors

taken from literature will give a better under-

standing of the R-parameter space. In (van Dinther

et al., 2001) it was already found that the R-
parameter vectors can be ordered along a trajec-

tory which is a function of the overall perceptual

relevance
ffiffiffiffiffi
k1

p
. This interesting result will be pre-

sented and discussed in an extended follow-up
paper.
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