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A generalized variogram is used to track vocal 
dysperiodicities in connected speech, which are 
summarized by means of a signal-to-dysperiodicity 
marker. To evaluate the variogram-based analysis, 
signal-to-dysperiodicity estimates are correlated with 
scores obtained by means of perceptual ratings of the 
degree of hoarseness, which are based on comparative 
judgments of pairs of speech samples.  The corpora 
comprise four French sentences as well as vowels [a] 
produced by 22 male and female normophonic and 
dysphonic speakers.   
 

I.  INTRODUCTION 
 
Many voice disorders cause voiced speech to deviate 
from perfect cyclicity. Dysperiodicities may be caused by 
additive noise owing to turbulence and modulation noise 
owing to external perturbations of the glottal excitation 
signal, as well as irregular dynamics of the vocal folds 
and involuntary transients between different dynamic 
regimes.  

Techniques that have been proposed to estimate 
vocal dysperiodicities have been applied to sustained 
vowels, mainly. Indeed, many techniques lack robustness 
and accuracy when they are used  to estimate vocal 
dysperiodicities in continuous speech or vowels including 
onsets and offsets spoken by severely hoarse speakers. 
The lack of robustness is a consequence of the 
assumptions of local stationarity and periodicity that are 
at the base of many speech analysis methods, and which 
are not valid in the case of speech produced by hoarse 
speakers. Up to date, there exists a comparatively small 
number of studies devoted to vocal dysperiodicities in 
continuous speech [2, 3]. 

In [4], we have proposed a generalized form of the 
variogram, as an alternative to the long-term prediction-
based approach proposed in [5], to estimate speech signal 
dysperiodicities due to vocal disorders.  The generalized 
variogram is derived from the conventional one. It 
enables tracking cycle length and cycle shape 
dysperiodicities and is unaffected by waveform changes 
that are segmental or suprasegmental in origin. In [4], 
synthetic vowels have been used to investigate the 

performance of the generalized variogram while 
measuring dysperiodicities caused by jitter, shimmer and 
additive noise.  

In the framework of this presentation, the variogram-
based approach is evaluated by correlating signal-to-
dysperiodicity estimates (SDR) with scores obtained by 
means of a perceptual rating of the degree of hoarseness, 
which is based on comparative judgments of pairs of 
speech samples.  
 

II.  METHODS 
 
A
 

. Corpora 

Speech data comprise sustained vowels [a], including 
onsets and offsets, and four French sentences produced 
by 22 normophonic  or dysphonic speakers (10 male and 
12 female speakers). The corpus includes 20 adults (from 
20 to 79 years), one boy aged 14 and one girl aged 10. 
Five speakers are normophonic, the other are dysphonic.  

The sentences are the following: “Le garde a endigué 
l’abbé”, “Bob m’avait guidé vers les digues”, “Une poule 
a picoré ton cake” and “Ta tante a appâté une carpe”. 
Hereafter, they are referred to as S1, S2, S3 and S4, 
respectively. They have the same grammatical structure, 
the same number of syllables and roughly the same 
number of resonants and plosives. Sentences S1 and S2 
are voiced by default, whereas S3 and S4 include voiced 
and unvoiced segments. 

Speech signals have been recorded at a sampling 
frequency of 48 kHz. The recordings were made in an 
isolated booth by means of a digital audio tape recorder 
(Sony TCD D8) and a head-mounted microphone (AKG 
C41WL) at the laryngology department of a university 
hospital in Brussels, Belgium. The recordings have been 
transferred from the DAT recorder to computer hard disk 
via a digital-to-digital interface. Silent intervals before 
and after each recording have been removed. 
 
B
 

. Generalized Variogram 

For a periodic signal x(n) of period T0, one can write: 
 
       x(n) = x( n + kT0),    k = . . .- 2, - 1, 0, 1, 2, . . .       (1) 
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A measure of the departure from periodicity over an 
interval of length N is an indication of the amount of 
signal irregularity. For stationary signals, the 
dysperiodicity energy may be estimated via the minimum 
of the following expression. The expression between 
accolades is known as the variogram of the speech signal.  
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Formally, the bracketed expression in (2) is equivalent to 
the difference between the contents of the current and a 
lagged analysis frame of length N. Index n positions 
speech samples within the analysis frame. When lag T is 
positive, the lagged frame is positioned to the right of the 
current frame, otherwise it is positioned to the left. Note 
that lag T is not requested to be equal to the glottal cycle 
length. Expression (2) is defined irrespective of whether 
the signal is voiced or unvoiced, regular or irregular.  

Boundaries Tmin and Tmax are, in number of samples, 
the shortest and longest acceptable glottal cycle lengths. 
They are fixed to 2.5 ms and 20 ms, respectively (i.e. 50 
Hz ≤ F0 ≤ 400 Hz). 
The search for the minimum of (2) is performed to the 
left and right of the current window position, because 
comparing speech frames across phonetic boundaries is 
meaningless. In the case of cross-boundary comparisons, 
deviations from periodicity are due to differences in 
segment identity rather than dysperiodicity. The analysis 
frame length is fixed to 2.5 ms to include one cycle at 
most. Another reason, for choosing a short frame, is that 
cycle lengths are expected to evolve owing to intonation 
and segment-typical phonatory frequencies.     

Speech signals are expected to be locally stationary 
at best. The signal amplitude evolves from one speech 
frame to the next owing to onsets and offsets, segment-
typical intensity, as well as accentuation and loudness. 
Introducing a weighting coefficient to account for these 
slow changes in signal amplitude, definition (1) becomes: 

 
                     x(n)= ax(n + T 0),  0 ≤ n ≤ N – 1.               (3)                                                                                                   
Accordingly, the generalized empirical variogram may be 
written as follows. 
                                                                                                                                                                                                                     

The perceptual assessment exploits the ability of listeners 
to compare two stimuli in terms of grade, i.e., perceived 
overall degree of deviance of the voice. The aim is to 
hierarchize a set of recordings from the least to the most 
anomalous via comparative judgments of all possible 
sample pairs within the set. The procedure is the 
following. 

  
 
 
 
 
Definition (4) is interpreted as the local energy of the 
signal dysperiodicities in a frame of length N. Weight a is 
constrained to be  positive. It is defined to equalize the 

signal energies in the current and shifted analysis 
windows: 
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T are the signal energies of the current 

and lagged frames,     
                                                                                                              

 
                                                                                  
                                                                                                              

The analysis is carried out frame by frame. The analysis 
frame is shifted by 2.5 ms. Together with the choice of 
the analysis frame length, this guarantees that each signal 
fragment is included exactly once. The instantaneous 
value of the dysperiodicity is estimated as follows, with 
Topt equal to the lag that minimizes generalized variogram 
(4) for the current frame position. Lag Topt may be 
positive or negative. 
 
               e(n )= x(n) - ax(n + Topt),  0≤ n ≤N – 1            (6) 
 
C. Signal-to-Dysperiodicity Ratio 
 
The marker that summarizes the amount of dysperiodicity 
within an utterance is defined as follows [7]. 
 
                                                                                                               
 
 
 
 
 
where L is the number of samples in the analysis interval 
and  = x(n) – e(n) is an estimate of the clean signal.  )n(x̂
The approximation of the optimal lag by an integer 
number of the sampling period introduces quantization 
noise, which has been reduced by over-sampling the 
signal by a factor of 8 and analysing the over-sampled 
signal. 
 
D. Perceptual Ratings by Comparative Judgment of 
Speech Samples    
 

  
1. The list of all possible different pairs of items is 
formed. An item is a recording belonging to a set of 
identical stimuli.  
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2.  All scores are initialized to zero. 
 
3. A randomly selected pair of speech recordings is 
presented to the listener, who is asked to point out the 
recording with the highest perceived hoarseness. The 
listener has also the option to label both recordings of a 
pair as equally hoarse. 
 
4. The total score of the recording labeled as the most 
hoarse is increased by one. If both items of the pair are 
judged to be equally hoarse, the score of both recordings 
is increased by 0.5. 
 
5. Steps 3 and 4 are repeated until all possible pairs that 
belong to a same session have been presented. 
 
6. The samples are hierarchized on the base of their 
scores. 

Sound samples have been presented via a digital-to-
analog audio interface (Digidesign Mbox) and dynamic 
stereo headphones (Sony MDR-7506). Loudness has 
been fixed at a comfortable level by the listener. 
Listening sessions have been held in a quiet room.  Each 
session has taken about one hour. At half-time, listeners 
have taken a rest of about five minutes. 
 
The group of judges has been comprised of six naive 
listeners (one female, five males), i.e. listeners without 
training in speech therapy or laryngology. All reported 
normal hearing. Their ages ranged from 24 to 57. One 
listening session was devoted to a set of 22 stimuli. The 
total number  of  sessions   has   therefore   been   equal  
to 6 listeners x 5 stimuli = 30. The same experiment has 
been repeated by three listeners after a period of a day at 
least to gauge intra-judge reliability. The total number of 
retest sessions has therefore been equal to 3 x 5 = 15. 
 

III.  RESULTS 
 
A
 

. Scores of Perceived Hoarseness 

Concordance between judges has been expressed by 
means of Pearson’s product moment correlation (ρP) 
between listener scores. The scores of the four sentences 
have been arranged for a given judge into a single series 
by stacking the sentence scores. Correlation coefficients 
have been calculated by means of the score series of each 
listener. The values for sustained vowel [a] and sentences 
S1 to S4 are given below and above the diagonal of Table 
1, respectively. While testing for the statistical 
significance of the Pearson product moment correlations, 
the method of Bonferroni has been used to account for 
multiple comparisons [6]. The number of independent 
measures involved in the test has been set equal to 22. 
The null hypothesis (ρP = 0) has been rejected for all 
table entries (one-tailed test, ρcrit = 0.56, p < 0.05).    

Table 1: Pearson’s product moment correlation values between 
scores obtained via comparative judgments by six listeners for 
sustained vowel [a] (below the diagonal) and sentences S1 to S4 
(above the diagonal). 
 

  J1 J2 J3 J4 J5 J6 

J1  ⎯ 0.91 0.83 0.86 0.76 0.86 

J2 0.87   ⎯ 0.86 0.90 0.82 0.91 

J3 0.90 0.87   ⎯ 0.83 0.74 0.84 

J4 0.96 0.80 0.91   ⎯ 0.90 0.94 

J5 0.84 0.69 0.80 0.89 ⎯  0.92 

J6 0.91 0.90 0.94 0.92 0.85   ⎯ 
 
 
Intra-judge agreement has been examined by calculating 
Pearson’s product moment correlation between the scores 
obtained during the test and retest sessions of three 
judges. For each judge, the scores of the four sentences 
have been stacked into a single series. The results are 
listed in Table 2. To account for multiple comparisons, 
Bonferroni’s method has been used. The number of 
independent realizations involved in the test has been set 
equal to 22. The null hypothesis (ρP = 0) has been 
rejected for all table entries (one-tailed test, ρcrit = 0.46,  p 
< 0.05).  
 
Table 2: Pearson’s product moment correlation values between 
scores obtained via comparative judgments during test and 
retest sessions for three listeners. 
 

  J1 J2 J3 
[a]  0.96 0.98 0.90 

S1 to S4  0.92 0.95 0.95 
      
B
 

. Measured Signal-to-Dysperiodicity Ratios 

The SDR values of the speech signals corresponding to 
vowel [a] and four sentences have been computed for 
corpora comprising 22 speakers. The quartiles of the SDR 
values are given in Table 3. Fig. 1(a) shows as an 
example phonetic segments [lœ] of French sentence S1 
that has been assigned a median hoarseness score of 20 
and a SDR value of 8.9 dB. Fig. 1(b) shows the 
corresponding sample-by-sample dysperiodicity (6).  
 
C. Correlation Between Scores of Perceived Hoarseness 
and Measured Signal-to-Dysperiodicity Ratios 
 
Pearson’s product moment correlation values between 
SDR estimates and listener scores are given in Table 4 for 
sustained vowels [a] as well as sentences S1 to S4. 
Bonferroni’s method has been applied to account for 
multiple comparisons (one-tailed test, ρcrit = 0.60,  p < 
0.05). The number of independent realizations involved 
in the statistical test has been set equal to 22.  



 
 
 
 
 
 
 
 

 
 

(a) 
 
 
 
 
 
 
 
 

 
     

 (b) 
 

Fig. 1: Segments [lœ] of sentence S1 spoken by a hoarse 
speaker (SDR = 8.9 dB) (a) and its sample-by-sample 
dysperiodicity (b). 
 
 
Table 3: Quartiles  of  SDRs  estimates in dB obtained 
via generalized variogram  analyses of vowel [a] and 
sentences S1-S4    produced by 22 speakers. 
 

 [a] S1 S2 S3 S4 
Min (dB) 5.61 8.3 7.1 8.6 7 

Quartile 1 (dB) 18 15.7 17.2 16.4 13.9 
Median (dB) 20 17.3 18 18 15.7 

Quartile 3 (dB) 22.6 18.2 19.5 18.9 17.1 
Max (dB) 26.3 20.6 22.6 22.4 19.4 

 
 
Table 4: Pearson’s product moment correlation between 
SDR values and hoarseness scores assigned by six judges 
for sustained vowel [a] and sentences S1 to S4. Median 
correlations are given in the last column. 
 

  J1 J2 J3 J4 J5 J6  Med. 
[a] 0.75 0.61 0.67 0.76 0.76 0.67 0.72 
S1 0.74 0.71 0.79 0.66 0.53 0.65 0.69 
S2 0.72 0.67 0.71 0.64 0.61 0.6 0.66 
S3 0.66 0.66 0.73 0.62 0.55 0.59 0.64 
S4 0.58 0.66 0.66 0.64 0.61 0.63 0.64 

 
 
 

IV.  DISCUSSION AND CONCLUSION 
 

0 1 2 3 4 5 6 7

x  1 0 4

Experiments demonstrate the validity of perceptual rating 
of hoarseness based on comparative judgments of pairs of 
speech samples. Inter-listener and intra-listener agreement 
is well above statistical significance for both sustained 
vowel [a] and sentences S1 to S4 (Tables 1 and 2).  

Correlation analyses show that the generalized 
variogram obtains SDR estimates that are statistically 
significantly correlated with the hoarseness scores 
assigned perceptually for vowel [a], as well as sentences 
S1 to S4. One sees in Table 4 that the highest correlation 
values are associated with sentences S1 and S2 as well as 
vowel [a], which are voiced throughout.  Smallest 
correlations are observed for sentences S3 and S4 which 
include voiced and unvoiced segments. This observation 
agrees with the report of the listeners who designated 
sentences S3 and S4 as more difficult to assess than 
sentences S1 and S2. A possible explanation is that SDR 
values are determined by the vocalic segments in 
connected speech [5]. SDR values are therefore expected 
to correlate better with perceived hoarseness of all-voiced 
speech fragments, which are perceptually more prominent 
and more relevant to perceived hoarseness. The 
interquartile ranges of the correlation values between 
hoarseness scores and signal-to-dysperiodicity ratios are 
0.66 – 0.76 for vowel [a] and 0.61 – 0.71 for sentences S1 
to S4. These compare favourably with published values 
which are in the range 0.4 – 0.7 for typical phonatory 
features extracted from sustained vowels [a] [1]. 
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