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The multidimensional nature of pathologic vocal quality 
Jody Kreiman, Bruce R. Gerratt, and Gerald S. Berke 
Divi,•ion of Head and Neck Surgery, UCLA School of Medicine, CHS 62-132, Los Angeh, s, California 
90024 and Audiology and Speech Pathology (126), VA Medical Center, West Los Angeles, 
Wilshire & Sawwile Boulevards, Los Angeles. California 90073 

(Received 29 July 1092; revised 14 March 1994; accepted 5 May 1994) 

Although the terms "breathy" and "rough" are frequently applied to pathological voices, widely 
accepted definitions are not available and the relationship between these qualities is not understood. 
To investigate these matters, expert listeners judged the dissimilarity of pathological voices with 
respect to breathiness and roughness. A second group of listeners rated the voices on unidimensional 
scales for the same qualities. Multidimensional scaling analyses suggested that breathiness and 
roughness are related, multidimensional constructs. Unidimensional ratings of both breathiness and 
roughness were necessary to describe patterns of similarity with respect to either quality. Listeners 
differed in the relative importance given to different aspects of voice quality, particularly when 
judging roughness. The presence of roughness in a voice did not appear to influence raters' 
judgments of breathiness; however, judgments of roughness were heavily influenced by the degree 
of breathiness, the particular nature of the influence varying from listener to listener. Differences in 
how listeners focus their attention on the different aspects of multidimensional perceptual qualities 
apparently are a significant source of interrater unreliability (noise) in voice quality ratings. 

PACS numbers: 43.71.Bp, 43.71.Gv, 43.70.Dn 

INTRODUCTION 

"Breathy" and "rough" are among the most familiar 
labels for pathological voice qualities, and have been in com- 
mon use since ancient times (see Laver, 1981, for review). 
Because of their importance for describing a wide variety of 
pathologies (e.g., Darley eta!., 1969; lsshiki et al., 1969). 
these qualities are the subjects of frequent study in the litera- 
ture on voice quality evaluation. For example, many papers 
have examined the correlation between acoustic and aerody- 
namic measures and rated brenthiness and/or roughness (e.g., 
Arerids et aL, 1990; Arnold and Emanuel, 1979; Coleman, 
1969; Fritzell et al., 1986). 

However, despite a long history and extensive literature, 
the perceptual reality of brenthiness, roughness. and related 
qualities (e.g., harshness, hoarseness) has never been system- 
atically examined. In fact, these perceptual qualities have 
never received widely accepted definitions in the clinical lit- 
erature, whether formal or informal. Thus it is difficult to 

determine precisely what a particular author means by 
"hoarsehess," "harshness," "breathiness," "roughness," or 
any other label for vocal quality. The general lack of research 
into the perceptual reality and meaning of important descrip- 
tors of pathological voices is a long-standing problem in 
voice research (Jensen, 1965; Reed, 1980). 

Further, listeners often disagree when they rate vocal 
qualities, suggesting that significant individual differences 
exist in the meaning assigned to such terms in practice. For 
example, Shipp and Huntington (1965) found interrater cor- 
relations (Pearson's r for pairs of raters) ranging from 0.33 to 
0.78 for ratings of brenthiness on an 8-point scale Kreiman 
et al. (1993) reported interrarer correlations ranging from 
0.55 to 0.92 for ratings of vocal roughness on a 7-point scale. 
Thus it appears that listeners may differ considerably from 
one another in the ratings assigned to any one voice, despite 

the fact that most individuals can rate voices consistently 
(see Kreiman et al., 1993, for review). Understanding the 
sources of this listener variability in voice quality ratings 
might lead to the development of more reliable rating proto- 
cols. 

Perhaps because of the lack of systematic research in 
this area, authors also disagree about the relationships among 
breathiness, roughness, and other vocal qualities. Two im- 
plicit views are prominent in the literature on pathological 
voices. In the first, different perceptual qualities are treated 
as independent features of voices which may reasonably be 
assessed individually. This view is implied by the many stud- 
ies where ratings of a single quality are compared to objec- 
tive measurements (e.g., Sansone and Emanuel, 1970; 
Wendahl, 1966; Yanagihara, 1967: Yumoto etal., 1982; 
Yumoto et al., 1984), and occasionally is assumed explicitly 
(e.g., Whitehead and Emanuel, 1974). In the second, brenthi- 
ness and roughness are both treated as subordinate aspects of 
some other quality (a hierarchical view). For example, Fair- 
banks (1960) argued that brcathiness and harshness are both 
components of a superordinate "hoarse" quality. (See also 
Laver, 1980, for discussion of a descriptive phonetic ap- 
proach to similar qualities in normal phonation.) 

Very little experimental evidence is available regarding 
either of the traditional views of vocal quality. The "inde- 
pendent feature" view is supported by studies finding that 
raters agree highly when they rate individual qualities (e.g., 
Klich, 1982; Lively and Emanuel, 1970; Sapir and Aronson, 
1985). However, many other studies have reported low or 
variable levels of interrarer reliability (e.g., Cullirish et al., 
1963; Nieboer et al., 1988: Yumoto et al., 1984; see Kreiman 

et aL, 1993, for review). Other studies provide limited sup- 
port for a hierarchical view. Shipp and Huntington (1965) 
found ratings of brenthiness and hoarsehess were moderately 
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correlated for three of four expert raters, suggesting that 
these qualities are related, but not in any simple way. One 
factor analytic study also suggests that breathiness and 
roughness may be perceptually complex and interrelated: 
Hammarberg et al. (1980) found a "breathy-overtight" di- 
mension (negatively associated with the scales "breathy," 
"wheezing," "lack of timbre," "moments of aphonia," 
"husky," and positively associated with "creaky/vocal fry") 
and a "coarse-light" dimension (positively associated with 
the scales "coarse," "rough," "harsh," and negatively asso- 
ciated with "high pitch," "middle register," and "re- 
strained"). 

Other research has specifically addressed the perceptual 
structure of "hoarseness." Isshiki and Takeuchi (1970) used 
semantic differential techniques and factor analysis to exam- 
ine subclassifications of hoarse voice quality. They found 
four factors, which they labeled "rough," "breathy," "as- 
thenic" (lack of vocal strength), and "near-normal." The 
GRBAS protocol proposed by the Japanese Society of Logo- 
pedics (e.g., Hirano, 1981) maintained this distinction be- 
tween rough, breathy, asthenic, and near-normal (the 
"grade" scale) aspects of hoarse voice, but added a scale for 
"strained" quality. Finally, Takahashi and Koike (1975) 
found that ratings of breathiness and roughness were moder- 
ately but significantly correlated (r=0.47), and concluded 
that the two qualities are not independent factors in a percep- 
tual space. They also described factor analyses that sup- 
ported Isshiki and Takeuchi's (1970) breathy and rough fac- 
tors for the description of hoarseness. 

Previous studies using multidimensional scaling (MDS) 
suggest that breathiness and roughness are important percep- 
tual features of pathological voices, but that listeners differ 
from one another in how they judge these qualities. Kreiman 
et al. (1990) found dimensions correlated with rated breathi- 
ness and roughness in a MDS study of 18 pathological male 
voices. However, "rough" and "breathy" dimensions did not 
consistently emerge from a subsequent study examining in- 
dividual differences in voice perception (Kreiman et al., 
1992), suggesting these dimensions are not perceptually im- 
portant for every listener, even in a fixed perceptual context. 
Other MDS studies have not consistently produced breathi- 
hess and roughness dimensions. Murry et al. (1977) found 
dimensions associated with volume velocity (moderately cor- 
related with breathiness ratings) and presence/absence of pe- 
riodicity (related to rated hoarseness) in a study of pathologi- 
cal male voices. • In contrast, Kempster et al. (1991) found 
dimensions related to intensity, frequency, and perturbation 
in a MDS study of dysphonic female speakers. They did not 
speculate as to how these dimensions might relate to tradi- 
tional labels for voice quality. 

Thus a number of issues remain unresolved, both with 
respect to the perceptual status of breathiness and roughness 
and to the perception of pathological voices in general. In 
particular, the relationship among different labels for vocal 
quality has never been systematically investigated. Thus it is 
unclear whether listeners can rate different (unidimensional) 
voice qualities independently, or whether qualities are better 
viewed as multidimensional constructs whose dimensions 

may influence one another during the rating process. Such 

information is essential for designing valid and reliable pro- 
tocols for clinically evaluating pathological voice quality. 

The present study combined multidimensional scaling 
(MDS) and unidimensional rating approaches to address 
these issues directly. MDS techniques have several advan- 
tages over more commonly used rating methods. They do not 
require a priori assumptions about the dimensionality of a 
quality, and thus allow unbiased investigation into the num- 
ber of dimensions necessary to explain listeners' judgments, 
the nature of such dimensions, and the relationships among 
them. They also permit detailed examination of differences 
among listeners in the criteria used to rate a voice on some 
quality scale. The addition of unidimensional ratings of the 
same voices allowed us to relate multidimensional results to 

traditional impressionistic labels for voice quality, to deter- 
mine how listeners may map multidimensional qualities onto 
unidimensional rating scales. 

I. PERCEPTUAL SPACES FOR BREATHINESS AND 
ROUGHNESS 

A. Method 

1. Listeners (group 1) 

Five native speakers of English participated in this 
study. None had participated in previous studies using these 
stimuli. Two were speech pathologists (listeners 1 and 2), 
two were linguists specializing in voice research (listeners 3 
and 4), and one was trained in both linguistics and speech 
pathology (listener 5). All were trained in the American tra- 
dition of voice quality description, and each had at least three 
years postgraduate experience judging voices. Listeners 
worked with pathological voices on a daily basis, and regu- 
larly applied the terms studied here. Listeners reported no 
history of voice, speech, language, or hearing difficulties. 

2. Stimuli 

The voices of 18 male speakers with voice disorders 
were selected at random from a library of audio recordings 
made as part of a phonatory function evaluation. During this 
evaluation, speakers sustained the vowel /a/ at conversa- 
tional levels of pitch and loudness. Speakers varied widely in 
the overall severity of their voice disorder. Mildly, moder- 
ately, and severely breathy and rough voices were all repre- 
sented, as were a variety of diagnoses. A previous multidi- 
mensional scaling study using these voices (Kreiman et al., 
1990) revealed breathiness and roughness dimensions which 
each accounted for more than 25% of the variance in listen- 

ers' dissimilarity judgments. 2 
Voice samples were low-pass filtered using two 4-pole 

Butterworth filters with cutoff frequencies of 6300 Hz, and 
two with cutoff frequencies of 7500 Hz, for a total reduction 
in amplitude of 3.2 dB at 5.6 kHz and 39.4 dB at 9 kHz. 
They were then sampled at 17.8k samples/second using a 
16-bit A/D converter. A 1.7-s sample was taken from the 
middle portion of each speaker's /a/. The digitized segments 
were normalized for peak voltage, and onsets and offsets 
were multiplied by 10-ms ramps to eliminate click artifacts. 
Stimuli were then output through a 16-bit D/A converter us- 
ing the same filter settings. 
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Two experimental tapes were constructed. Each included 
both orders of all possible pairs of the 18 pathological voices 
(excluding pairs where voices were the same), for a total of 
306 trials per tape. Stimuli were rerandomized for the second 
tape. For both tapes, voice samples Within a.pair were sepa- 
rated by I s, and pairs were separated by 6 s. 

3. Procedure 

Each listener participated in two listening sessions sepa- 
rated by at least one week. Testing took place in a sound- 
treated booth. At one session listeners judged the dissimilar- 
ity of each pair of voices with respect to levels of 
brenthiness; at the other they judged dissimilarity with re- 
spect to roughness. One experimental tape was used for the 
first session, and the other at the second, so each listener 
made two judgments of each quality for each pair of voices. 
Order of task and tape presentation was randomized across 
listeners. 

Listeners rated the dissimilarity of the pairs of voices on 
7-point equal-appearing interval scales, where "1" repre- 
sented identical levels of brenthiness/roughness and "7" rep- 
resented extreme difference in brenthiness/roughness levels. 
Thus a rating of "l" could mean voices were both very 
breathy, not breathy at all, and so on, while a rating of "7" 
meant that one voice was (near-) normal and one was se- 
verely breathy or rough. Formal definitions of breathiness 
and roughness were not offered. Inslead, listeners were asked 
to use whatever standards they normally applied in their 
clinical practice or research. They were instructed to focus 
their attention on the quality being judged and to ignore any 
other qualities the voices might have. They were also asked 
to judge each pair of voices as independently as possible, and 
were discouraged from changing previous responses after 
hearing a new pair of voices. 

Each test session lasted approximately 1.5 h. Listeners 
were encouraged to take brief breaks during this period as 
needed. 

4. Multidimensional scaling analyses 

Previous studies indicate that presentation order has a 
significant effect on listener judgments of vocal quality, be- 
cause the first member of a pair of voices provides a context 
against which the second is judged, highlighting different 
facets of these complex stimuli (Gerratt et al., 1993). To 
avoid losing such information, matrices of dissimilarity judg- 
ments were not symmetrized across the diagonal. Instead, 
each listener's judgments for each task were assembled into 
two half-matrices (upper and lower halves, minus the diago- 
nal). Judgments from all listeners were combined and ana- 
lyzed using the nonmetric individual differences model 
(INDSCAL) of SAS PROC MDS (Kruskal and Wish, 1978; 
SAS Institute, 1992; Schiffman et al., 1981). Separate analy- 
ses were undertaken for breathiness and roughness judg- 
ments. Each analysis included ten half-matrices (two from 
each listener). 

Scaling solutions were found in one to six dimensions 
for each rating task. Based on values of stress, on the amount 
of variance accounted for by each solution (R2; Table 1), and 

TABLE I. R 2 (variance accounted for) and stress for the group multidimen- 
sional scaling solutions. 

No. of 

dimensions 

in solution 

Rating task 

Breathiness judgments Roughness judgments 

R 2 Stress R 2 Stress 

6 0.75 0.17 0.81 0.19 

5 0.73 O. 19 0.81 0.20 

4 0.71 0.23 0.80 0.23 

3 0.68 0.27 0.76 0.26 

2 0.67 0.33 0.75 0.30 

i 0.62 0.42 0.70 0.36 

on interpretability, two-dimensional solutions were selected 
for both the brenthiness and roughness judgments. 

5. Acoustic analyses 

To assist in interpreting the scaling solutions, a number 
of time- and frequency-domain measurements were made on 
the test voices? The fundamental frequency (F0) and the 
frequencies of the first three formants (F1, F2, and F3) 
were measured from spectrographic displays. F0 was mea- 
sured from narrow-band displays with a frequency range of 
0-1 kHz; the center frequencies of the three clearest harmon- 
ics were measured to ensure accuracy. Formants were mea- 
sured with reference to both narrow- and wideband displays 
(with a frequency range of 0-4 kHz), and to displays of line 
spectra of the vowels. Measurements were taken from sec- 
tions of the display where the formants appeared most steady 
and level. 

For jitter and shimmer measurements, a point on each 
waveform cycle that could be identified reliably from cycle 
to cycle was selected interactively. Measurements of mean 
jitter, standard deviation of jitter, and the coefficient of• varia- 
tion for jitter were then calculaled using parabolic interpola- 
tion when' the point marked was a peak and linear interpola- 
tion when a zero crossing was marked (Titze et al., 1987). 
Analogous shimmer measurements were also calculated, us- 
ing the difference in dB between the highest and lowest 
points in each marked cycle as the amplitude. 

Several additional acoustic measures were also obtained. 

The natural logarithm of the standard deviation of the period 
lengths (LNSD; see Wolfe and Steinfatt, 1987) was calcu- 
lated for each voice sample, as were the harmonics-to-noise 
ratio (HNR) (Yumoto et al., 1982) and the ratio of the am- 
plitudes of the first to the second harmonic (H l-H2) (Bick- 
Icy, 1982; Ladefoged, 1981). Finally, we calculated the "par- 
tial period comparison" (PPC), a time-domain comparison of 
the standard deviations of differences between moving vec- 
tors, each about 0.6 times the estimated period length (Lade- 
foged et al., 1988). To generalize this measure to long seg- 
ments of speech, it was applied to a sample approximately 
three glottal cycles long; the next two cycles were skipped, 
the next three measured, continuing in this manner for the 
duration of the vowel sample. The mean of the indices gen- 
erated for the entire voice sample was then calculated for use 
in this study. The PPC is moderately correlated with mea- 
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sures of jitter and shimmer, and may measure variability 
within an utterance in levels of signal unsteadiness. 

6. Unidimensional perceptual measures of vocal 
quality 

To assess the extent to which multidimensional spaces 
capture the information available from traditional unidimen- 
sional ratings of voice qualities, we gathered additional rat- 
ings of the stimulus voices using equal-appearing interval 
(EAI) scales for breathiness and roughness. A second group 
of eight expert listeners (four speech pathologists and four 
otolaryngologists) participated in this experiment. As above, 
listeners were trained in the American tradition of voice 

quality description, and each had a minimum of 3 years ex- 
perience evaluating pathological voices. None had previous 
experience with these stimulus voices, and none participated 
in the study described above. 

Judgments of breathiness and roughness were made at 
separate test sessions at least one week apart. Voices were 
rerandomized for each listener and rating task. Testing took 
place in a sound-treated booth. Stimulus digitization and 
playback were as described above. The rate of stimulus pre- 
sentation was controlled by the listener. 

At each listening session, listeners rated the voices using 
7-point EAI scales. On these scales the value "1" repre- 
sented minimum breathiness or roughness, and "7" repre- 
sented severe breathiness or roughness. Scale endpoints were 
labeled accordingly. Listeners were asked to pay attention 
only to the quality being judged, and to ignore any olher 
qualities the voice might have. No formal definitions of 
brenthiness or roughness were offered. Instead, listeners 
were asked to use whatever standards they usually applied in 
their clinical practices. Listeners were able to replay the 
voices if necessary before making their judgments. 

B. Results 

1. Independence of breathiness and roughness 
ratings 

To determine if dissimilarity judgments of breathiness 
and roughness were independent, we examined the correla- 
ti_on between the two sets of unsealed ratings for each of the 
five listeners in group 1. Values of Pearson's r averaged 0.25 
(standard deviation=0.10). Unidimensional (EAI) ratings of 
brenthiness and roughness for group 2 also were not highly 
correlated (mean Pearson's r=0.27, s.d.=0.17). These val- 
ues are so low as to suggest that judgments of the two quali- 
ties were in fact independent, for both the dissimilarity rat- 
ings and the EAI task. 

2. Rating reliability 

Intrarater (test-retest) reliability for dissimilarity ratings 
of breathiness and roughness was assessed by calculating the 
correlation (Pearson's r) between the first and second rating 
of each pair of voices. Values for breathihess ratings ranged 
from 0.34 to 0.68, with a mean of 0.55. However, across 
listeners 72.5% of repeated ratings differed by one scale 
value or less (range=60.8%-90%; chance=38.8%), suggest- 
ing the low correlation values reflect the limited range of the 

rating scale. Similarly for the roughness ratings, repeated 
dissimilarity ratings were not particularly well correlated 
(mean r=0.62; range=0.37-0.81), but the majority of re- 
peated ratings were within one scale •Jalue (73.3%; range 
=58.8%-85.6%). Note that these values also reflect the ef- 
fects of the different presentation orders used for the first and 
second ratings of the voice pairs. 

For the EAI ratings (listener group 2), values of Pear- 
son's r comparing a listener's first and second ratings of 
brenthiness ranged from 0.63 to 0.93, with a mean of 0.81 
(s.d.=0.11). For roughness, intrarater correlations ranged 
from 0.66 to 0.91, with a mean of 0.78 (s.d.=0.08). For 
interrater reliability, values of Pearson's r comparing all pos- 
sible pairs of listeners indicated that individual listeners did 
not necessarily agree particularly well with one another. For 
breathiness, mean Pearson's r for pairs of raters was 0.69 
(s.d.=O.11, range=0.44-0.86). For roughness, mean Pear- 
son's r=0.54 (s.d.=0.20, range=0.05-0.82). One listener in 
particular rated vocal roughness consistently {intrarater Pear- 
son's r=0.77), but differed considerably from the rest of the 
group (average r=0.35; range=0.05-0.62). When that lis- 
tener was excluded, the mean correlation among raters for 
roughness ratings increased to 0.60 (s.d.=0.17, range=0.22- 
0.82). 

llowever, average EAI ratings were sufficiently reliable 
for our purposes (e.g., Berk, 1979). For breathiness ratings, 
the intraclass correlation=0.93 [model (2,8); e.g., Ebel, 
1951; Shrout and Fleiss, 1979]; for roughness, ICC(2,8) 
=0.86. Accordingly, average EAI ratings were used for in- 
terpreting group perceptual spaces. We will discuss issues 
surrounding the reliability of individual raters in more detail 
in Sec. lII below. 

3. Multidimensional scaling solutions 

As described above, two-dimensional solutions were se- 

lected for both the breathiness and roughness data. Stimuli 
were arranged roughly in a circle in both spaces (Fig. 1). The 
breathiness space accounted for 67% of the variance in the 
underlying dissimilarity ratings of brenthiness; the first di- 
mension (D1) accounted for 52% of the variance, and the 
second dimension (D2) for 15%. 4 The roughness solution 
accounted for 75% of the variance in the underlying dissimi- 
larity ratings, with D1 contributing 55% and D2 contributing 
20% to the explained variance. 

Scaling solutions were interpreted by examining signifi- 
cant correlations between stimulus coordinates on each di- 

mension and the acoustic parameters described above. In 
cases where dimensions were significantly correlated with 
more than one acoustic variable, multiple regression was 
used to determine whether the acoustic variables accounted 

for independent aspects of variance in stimulus coordinates. 
Interpretation• for the two spaces were similar. D1 in the 

breathiness space was correlated with a weighted sum of 
H1-H2 and LNSD (R=0.84); D2 was correlated with a 
weighted sum of mean shimmer and F0 (R=0.82). In the 
roughness space, stimuli on D1 were ordered according to a 
weighted sum of mean shimmer and HI-H2 (R =0.91). D2 
correlated highly with a weighted sum of H1-H2 and F0 
(R =0.81). 

1294 J. Acoust. Soc. Am., Vol. 96, No. 3, September 1994 Kreiman et al.: Multidimensional vocal quality 1294 



Brenthiness Space TABLE II. Results of multiple regressions comparing EAI ratings and 
stimulus coordinates in the group perceptual spaces. 
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FIG. i. Multidimensional scaling solutions for the combined subject group. 
Letters indicalc individual vuices. A: Space derived from dissimilarity rat- 
ings of brenthiness. B: Space derived from dissimilarity ratings of rough- 
ness. 

Stimulus coordinates in the two spaces were signifi- 
cantly correlated. Breathiness D2 corresponded to roughness 
DI 0-=0.74, p<0.01), and brenthiness DI corresponded to 
roughness D2 (r =0.66, p<0.01). These findings suggest that 
similar, multidimensional perceptual structures underlie rat- 
ings of vocal brenthiness and roughness for our listeners. 

4. Unidimensional versus multidimensional ratings 

To examine how adequately unidimensional ratings cap- 
ture this multidimensional information, multiple ]'egression 
was used to compare stimulus coordinates on the dimensions 

Standardized regression 
coefficients 

Brealhiness Roughness 
Dimension ratings ratings F(2,15) a Mulliple R 2 

Breathy space DI 1.03 -0.23 88.99 0.92 
Brealhy space D2 ..- 0.84 25.53 0.77 
Rough space D] -0.26 0.99 39.87 0.84 
Rough space D2 -0.74 0.58 8.26 0.52 

nail F values are significant at p<0.01. 

derived above to average EAI ratings of brenthiness and 
roughness for the same voices. Results are given in Table I1. 

Unidimensional ratings did capture the majority of the 
information in both of the multidimensional spaces. Values 
of multiple R-' ranged from 0.:52 to 0.92 for the four dimen- 
sions. D1 in the brenthiness space was significantly related to 
unidimensional ratings of both brenthiness and roughness; 
D2 in the brenthiness space was related only to rated rough- 
ness. Similarly, both dimensions in the roughness space were 
significantly related to both sets of unidimensional ratings. 
D1 corresponded primarily to rated roughness, while D2 was 
strongly related to both brenthiness and roughness. Thus EAI 
ratings of both brenthiness and roughness were needed to 
describe each single perceptual space. 

5. Individual differences in perceptual strategy 

The R 2 values, squared subject weights, and weirdness 
values for individual subjects in the multidimensional scaling 
analyses are given in Table Ill. Group values are included for 
comparison. The R 2 values in Table Ill represent the amount 
of variance in that subject's ratings that is accounted for by 
the group scaling solution. That is, they measure the overall 
fit of the group solution to an individual's data. Subject 
weights reflect the perceptual importance a given dimension 
has for an individual subject. The weights printed by the 
MDS procedure have been squared, and sum to R 2 for a 
given subject. Weirdness reflects the extent to which an in- 
dividual's weights on the dimensions are proportional to the 
group weights. A subjecl with weights proportional to the 
average weights has a weirdness of 0; a subject with one 
very large weight and one small weight has a weirdness 
near 1. 

As Table IIl shows, subjects differed considerably in the 
extent to which the group solution reflected their perceptual 
slrategies. For the brenthiness space, weirdness values sug- 
gest that listeners 3 and 5 differed substantially (and in dif- 
ferent directions) from average in the relative importance 
given the two dimensions. Listener 3 relied relatively heavily 
on D1 (which was correlated with a weighted sum of H1-H2 
and LNSD). Because this dimension was much more impor- 
tant overall, this subject's R 2 value is high relative to the 
tolal group. In contrast, dimension 2 (correlated with a 
weighted sum of shimmer and F0) was much more impor- 
tant for listener 5 than for the group as a whole. Conse- 
quently, R 2 for this listener is lower than that for the group. 
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TABLE IlL R 2 valueq, squared subject weights, and weirdness values for individual listeners in the group 
scaling solutions. Note: Each value represents Ihe average of Mores for the top and bottom half matrix for that 
listener. See text for discussion. 

Breathiness space Roughness space 

Squared Squared 
subject subject 
weights weights 

Listene•Matrix R 2 {DI/D2} Weirdness R 2 {Di/D2) Weirdness 

1/1 0.56 0.42/0. i 4 0.07 0.59 0.29/0.30 0.34 
1/2 0.63 0.56/0.07 0.26 0.68 0.38/0.30 0.27 
2/1 0.66 0.58/0.08 0.21 0.71 0.53/0.18 0.00 

2/2 0.72 0.61/0.11 0.13 0.72 0.59/t1.13 0.14 

3/1 0.81 0.74/0.07 0.31 0.80 0.52/0.28 0.16 

3/2 0.75 0.68/0.07 0.29 0.85 0.45/0.40 0.31 
4/1 0.78 0.59/0.19 0.05 0.78 0.58/0.20 0.02 

4/2 0.76 0.63/0.13 0.08 0.83 0.72/0.11 0.24 

5/1 0.61 0.26/0.35 0.47 0.80 0.78/0.02 0.66 

5/2 0.45 0.18/0.27 0.49 0.71 0.64/0.07 0.34 

Group 0.67 0.53/0.16 0.75 0.55[0.20 

Listeners 1, 3, and 5 differed from the average in their 
dimension weights for the roughness space. D2 (interpreted 
as a weighted sum of H1-H2 and F0) was more important 
for listeners 1 and 3 than for the group as a whole. D1 (in- 
terpreted as a weighted sum of shimmer and H1-H2) was 
less important for listener 1 than for the group, and more 
important for listeners 4 and 5. R a values are somewhat 
lower only for listener 1, who differed from the group in the 
relative perceptual salience of both dimensions. 

C. Discussion 

These data suggest that breathiness and roughness are 
not independent unidimensional aspects of vocal quality. 
Rather, they appear to be different aspects of a single multi- 
dimensional "quality." Rated bresthiness and roughness 
were both needed to describe each of the MDS spaces. Thus 
it appears that having listeners rate only bresthiness or 
roughness is not adequate to assess the extent to which a 
voice possesses that individual. quality. Our results indicate 
that information about both qualities is needed to measure 
either. 

These data further suggest that consistent perceptual dif- 
ferences may underlie stable group scaling solutions. In par- 
ticular, listener 3 appears to have relied more heavily on 
dimensions correlated with H1-H2 than did the average lis- 
tener; and listener $ apparently judged both breathiness and 
roughness in terms of acoustic signal perturbation. 

To examine listener differences in more detail, we un- 

dertook a second set of multidimensional scaling analyses. 
Each new analysis included data from a single subject for a 
single vocal quality. We hoped such analyses would provide 
insight into the nature and extent of intersubject variability in 
perception of breathiness and roughness. 

II. SCALING SOLUTIONS FOR INDIVIDUAL 
LISTENERS 

A. Method 

Separate breathiness and roughness spaces were calcu- 
lated for each individual listener in group 1 using the IND- 
SCAL model of SAS PROC MDS, as above. Each analysis 
included the top and bottom half matrices of dissimilarity 
judgments produced by that listener. This procedure was 

TABLE IV. Interpretations for individual perceptual spaces: bmathiness ratings. 

R 2 
for R for 

Subject solution Dimension Weight Interpretation interpretation 

I 0.75 1 0.63 HI-H2+HNR 0.83 

2 0.11 shimmer SD 0.59 

2 0.84 ! 0.74 H l-H2 + LNSD + PPC 0.89 
2 0.10 shimmer coeff. of var.+jitter SD 0.73 

3 0.86 I 0.69 shimmer coeff. of var. 0.62 

2 0.16 F0+HI-H2 0.71 

4 0.87 1 0.51 PPC+HI-H2 0.78 

2 0.36 H1-H2+LNSD 0.88 

5 0.66 I 0.39 shimmer coeff. of vat. +F0 0.70 

2 0.27 HNR + H 1 -H2 0.76 
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TABLE V. Interpretations for individual perceptual spaces: roughness ratings. 

R 2 
for R for 

Subject solution Dimension Weight Interpretation interpretation 

I 0.70 1 0.42 mean shimmer+HI-H2 0.87 

2 0.28 F0 + H1-H2 +F3 0.91 

2 0.82 1 0.72 PPC+H1-H2 0.93 

2 0.10 HI-H2 0.58 

3 0.94 I 0.68 PPC+HI -H2 0.90 

2 0.26 F0 0.62 

4 0.94 1 0.76 F0 + H 1 -H2+PPC 0.86 

2 0.18 jitter SD 0.75 

5 0.86 [ 0.53 PPC 0.50 

2 0.33 PPC+F0 0.81 

chosen over the traditional practice of symmetrizing matrices 
by averaging data points across the diagonal, because it pre- 
serves context-dependent information about vocal qualities, 
as argued above. Analyses of symmetrized data confirmed 
that one-dimensional solutions were appropriate for the sym- 
metrized data, while solutions for the unsymmetrized data 
provided both higher overall R 2 values and more masonable 
interpretations. Solutions were calculated in one to four di- 
mensions. Based on values of stress, R •, and interpretability, 
two-dimensional solutions were selected for all ten analyses. 

B. Results 

1. Variance accounted for by the scaling solutions 

R -• values for the individual scaling solutions are given 
in Tables IV and V. In every case, scaling solutions ac- 
counted for the majority of the variance in an individual's 
dissimilarity ratings. For the brenthiness spaces, R 2 values 
ranged from 0.66 to 0.87, with a mean of 0.80 (s.d.=0.09). 
R 2 values for the roughness spaces ranged from 0.82 to 0.94, 
with a mean of 0.85 (s.d.=0.10). 

2. Interpretation of the individual spaces 

Individual perceptual spaces were interpreted using the 
methods described above (Sec. I B 3). Results for the 
brenthiness spaces are included in Table IV, and for the 
roughness spaces in Table V. Stimulus configurations for in- 
dividual brenthiness spaces are shown in Fig. 2, and for 
roughness spaces in Fig. 3. 

For brenthiness, both dimension interpretations and 
stimulus configurations suggest that listeners are differen- 
tially weighing a fairly constant set of acoustic cues. There is 
little evidence of gross differences in perceptual strategy. 
Each listener's first dimension (which accounts for the ma- 
jority of variance in the solutions) is significantly correlated 
with at least one dimension in the space for every other lis- 
tener (r=0.64-0.93). Across solutions only one dimension 
(D2 for listener 2) was not significantly related to any dimen- 
sion in any other spaceil All five spaces are interpretable in 
terms of H1-H2 and perturbation; and all contain two fairly 
continuous dimensions, with no obvious clusters of stimuli. 

Listeners do differ in the relative weight given each di- 
mension. For example, listeners 3 and 5 relied more on shim- 

mer and FO, and less on H1-H2, than did listeners 1, 2, and 
4; and listeners I and 5 attended to spectral noise (as mea- 
sured by the harmonics-to-noise ratio) in addition to spectral 
slope (as measured by H1-H2). Overall, however, listeners 
seem to have used a fairly consistent set of perceptual pa- 
rameters when judging the relative brenthiness of the stimuli. 
This finding is consistent with the relatively high levels of 
interrater reliability for EAI ratings of brenthiness reported 
above for these voices (Sec. I B 2). 

Listeners differed more in their roughness judgments. As 
Table V shows, only listener l's scaling solution matched the 
group solution. Listener 2 apparently did not use F0 when 
judging roughness, while listener 3 relied much more heavily 
on F0 than the average listener. Listener 4 also relied heavily 
on F0, but also apparently referred to levels of vocal jitter 
when judging roughness. Finally, neither dimension in the 
space for listener 5 was significantly correlated with H1-H2, 
although that parameter was important for the other four lis- 
teners. 

Figure 3 further suggests that some listeners judged 
roughness using continuous scales, while others seem to 
have used features that are dichotomous or trichotomous. 

The perceptual spaces for listeners I and 2 suggest these 
subjects judged roughness using two features that varied 
continuously. However, listener 3's perceptual space shows 
three tight clusters of stimuli. The first dimension divides the 
stimuli into those with fairly steady phonation and those with 
a tremulous or unsteady quality. The second dimension is 
well correlated with FO; however, the upper cluster in this 
space includes voices which are simultaneously rough and 
breathy, while those in the lower cluster lack salient brenthi- 
ness. Thus the space for listener 3 reflects a ternary division 
of voices into tremulous, breathy-rough, and other qualities. 
In contrast, the space for listener 4 is divided along the major 
diagonal, with tremulous voices in quadrant IV and others in 
quadrant II. The space for listener 5 also includes a cluster of 
tremulous voices, along with a small group of voices which 
seem to share a vowel quality nearer /a:/ than /o/, and a 
cluster including the remainder of the voice set. Listeners 4 
and 5 apparently treated roughness as a binary feature of 
voices (-+tremulous), as compared to the ternary tremulous/ 
breathy-rough/other distinction used by listener 3. 
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FIG. 2. Multidimensional sealing solutions for individual listeners' dissimi- 
larity ratings of brcathiness. 
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FIG. 3. Multidimensional scaling solutions for individual listeners' dissimi- 
larity ratings of roughness. 
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TABLE VI. Significant correlations between EAI ratings and perceptual 
dimensions in Ihe group MDS spaces. 

EAI breathiness ratings EAI roughness ratings 
Listener correlated with: correlated with: 

I breathiness: DI (r-0.78} roughness: DI (r=0.88) 
roughness: --- breathiness: D2 (r=0.77) 

2 brenthiness: D1 (r=0.80) roughness: --- 
roughness: ß .. brenthiness: D2 (r=0.75) 

3 brenthiness: DI (r=0.80) roughness: ... 
roughness: .-- breathiness: --- 

4 breaihiness: DI (r=0.S1) roughness: DI (r=0.73), D2 (r=0.67) 
roughnos,s: --- breathiness: -.- 

5 breathiness: --- roughness: ... 
roughness: ... breathiness: D2 (r =0.81) 

6 breathincss: D1 {r=0.94) roughness: D] 
roughness: --- brcathiness: --- 

7 breathiness: D1 (r=0.82) roughness: DI (r=0.92} 
roughness: --- breathiness: D2 {r=0.69) 

8 brenthiness: DI (r=0.84) roughnc•: DI (r-0.74) 
roughness: --- brenthiness: D2 (r=0.83) 

III. PERCEPTUAL STRATEGIES AND INTERRATER 
RELIABILITY 

As mentioned above, many researchers have reported 
low or variable levels of interrarer reliability in studies of 
vocal quality, and reliability remains a serious problem in 
designing and using vocal quality rating systems in the 
clinic. The present findings suggest that one source of rating 
unreliability may be the tendency of different listeners to 
focus selectively on one or the other dimension of a given 
vocal quality. To test this hypothesis, we examined the cor- 
relations between the unidimensional (EAI) ratings of 
breathiness and roughness for listeners in group 2, and the 
coordinates of the voice stimuli in the group multidimen- 
sional spaces. Significant correlations (p<.01, adjusted for 
multiple comparisons) are listed in Table VI. 

This table suggests that listeners consistently focused 
their attention on a single dimension of breathiness when 
making EAI ratings. With the exception of listener 5, whose 
perceptual strategy apparently deviated substantially from 
that of other listeners, EAI ratings were well correlated with 
D1 in the breathiness space, and were not correlated with any 
dimensions in the roughness space. This finding is consistent 
with the relatively high levels of interrarer reliability re- 
ported above for breathiness ratings. 

In contrast, listeners differed considerably in the way 
they focused their attention while judging vocal roughness. 
As Table VI shows, across listeners EA! ratings were corre- 
lated with a variety of perceptual dimensions, suggesting lis- 
teners varied considerably in the perceptual strategy they ap- 
plied to the EAI task. Recall that D1 in the roughness space 
and D2 in the breathiness space were both correlated prima- 
rily with vocal shimmer; roughness D1 was also correlated 
with H1-H2, and breathiness D2 with F0. Thus listeners 
whose EAI ratings are correlated with D1 in the roughness 
space apparently attended to simultaneous breathiness when 
judging roughness; those whose ratings correlated primarily 
with D2 in the breathiness space attended to F0 rather than 
to breathiness. 

lnterrater reliability for the roughness ratings varied sig- 
nificantly with apparent perceptual strategy. EAI ratings for 
listeners who apparently shared no inferred perceptual fea- 
tures (e.g., listeners 1 and 3; listeners 2 and 4) were poorly 
correlated (average Pearson's r=0.35; s.d.=0.15). Ratings 
for listeners whose inferred perceptual strategies had one fea- 
ture in common (e.g., listeners 1 and 4; listeners 2 and 7) 
were better correlated (mean Pearson's r=0.64; s.d.=0.12). 
Listeners whose EAI ratings were correlated with two di- 
mensions in the perceptual spaces (e.g., listeners I and 7, 
listeners 7 and 8) had the highest levels of interrater reliabil- 
ity (mean Pearson's r=0.73, s.d.=0.08). A one-way ANOVA 
comparing Pearson's r values for these three groups of sub- 
jects showed a significant effect of inferred perceptual strat- 
egy on interrater agreement [F(2,25)=17.98, p<0.01]. 
Scheft6 post hoc comparisons showed that listeners who 
shared one or two perceptual features agreed significantly 
better than those who shared no features. No difference was 

found between pairs of listeners sharing one or two features, 
possibly because of the small number of listeners in the latter 
group. These findings suggest that differences among listen- 
ers in how they focus attention on the different facets of 
vocal roughness is a significant cause of interrater unreliabil- 
ity. 

IV. GENERAL DISCUSSION 

The limits of multidimensional scaling spaces as percep- 
tual models are well known and have been discussed else- 

where (e.g., Yost, 1989). Further, the present study used a 
relatively small set of male voices and a limited number of 
listeners. The perceptual features of female voices may differ 
significantly from those found for males, and interactions 
between listeners and speaker sex may occur (e.g., Batstone 
and Tuomi, 1981). 

Nevertheless, our findings suggest that breathiness and 
roughness are related, multidimensional constructs. Most of 
the multidimensional information available from dissimilar- 

ity ratings was captured by the two sets of EAI ratings; how- 
ever, EAI ratings of breathiness and roughness were both 
necessary to describe patterns of similarity with respect to 
either quality. Listeners differed in the relative importance 
given to different aspects of vocal quality, particularly when 
judging roughness. Simultaneous roughness did not appear 
to influence raters' judgments of breathiness; however, judg- 
ments of roughness were heavily influenced by degree of 
breathiness, the particular nature of the influence varying 
from listener to listener. Differential attention to different 

aspects of a quality is apparently a significant source of in- 
terrater unreliability in ratings of pathological voices. 

This study indicates how traditional rating methods and 
scales may incorporate unsuspected sources of error. Prob- 
lems of reliability have long plagued ratings of voice quality. 
We have previously argued that a significant portion of this 
unreliability in fact represents regular, predictable variability 
due to context effects, differences among listeners in back- 
ground and perceptual strategy, characteristics of the task 
used to gather ratings, and interactions among these factors 
(Kreiman et al., 1993). The present results confirm the im- 
portance of differences among listeners in modeling voice 
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perception. These differences range from dramatic (e.g.. us- 
ing unrelated perceptual strategies) to subtle (e.g., using con- 
tinuous versus categorical dimensions for similar "fea- 
tures"). kisteners who differ more from one another agree 
less in their ratings; and listeners who differ less agree better. 

Thus it appears that the multidimensional nature of the 
acoustic voice signal greatly influences unidimensional rat- 
ings of voice quality. Our results strongly suggest that a 
given vocal quality cannot be evaluated reliably out of the 
context of other qualities a voice may possess. [towever, it 
may be possible to develop voice rating protocols that con- 
trol this source of variability. A recent study (Gerratt et al., 
1993) used an "anchored" EAI scale for vocal roughness, 
where each scale point was explicilly represented by a voice 
demonstrating that magnitude of vocal roughness. By fixing 
listener attention on a single dimension of roughness, this 
protocol produced significant improvements in interrater re- 
liability relative to unanchored ratings. Such protocols may 
increase the likelihood that listeners will use similar percep- 
tual strategies when judging a particular dimension. 

The present study also highlights the need for more ex- 
tensive, systematic investigation of the perceptual attributes 
of pathological voices and of the relationships among tradi- 
tional terms for voice. The issues of what qualities are per- 
ceptually real and perceptually independent have been too 
long ignored in a field that is founded largely on perception 
(e.g., Jensen, 1965; Kreiman et al., 1993). Rating protocols 
that reflect the natural perceptual categories inherent in the 
population to be rated should be easier to use, more valid, 
and more reliable than those using arbitrary labels and cat- 
egories whose meaning is questionable. Increased attention 
to these matters will benefit both research and clinical prac- 
tice. 
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•Three other dimensions were reported: *_ tumor, F0, and one uninterpmted 
dimension. 

•'The only other dimension to emerge from Ihis analysis accounted for 23% 
of the variance in dissimilarity judgments, and was significantly correlated 
with Fll for the voices. 

'Vfhe voice of one pathological speaker was clearly diplophonic. Thus only 
formant measuremenls were available for him. 

4The variance accounted for by each dimension is reported by the scaling 
program. 

SAlthough Ihis dimension shares acoustic colrelates with D1 flit listeners 3 
and 5, stimuli are arranged differently. Listener 2 emphasized differences 
among mildly-to-moderately pathological voices and compressed those be- 
tween severely disordered voices, leading Io low correlations with other 
listeners' perceptions. 
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