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The purpose of this study was to examine the effect of reduced vowel working space on dysarthric
talkers’ speech intelligibility using both acoustic and perceptual approaches. In experiment 1, the
acoustic—perceptual relationship between vowel working space area and speech intelligibility was
examined in Mandarin-speaking young adults with cerebral palsy. Subjects read aloud 18 bisyllabic
words containing the vowels// /a/, and 1/ using their normal speaking rate. Each talker’s words
were identified by three normal listeners. The percentage of correct vowel and word identification
were calculated as vowel intelligibility and word intelligibility, respectively. Results revealed that
talkers with cerebral palsy exhibited smaller vowel working space areas compared to ten
age-matched controls. The vowel working space area was significantly correlated with vowel
intelligibility (r=0.632, p<<0.005) and with word intelligibility (=0.684, p<<0.005).
Experiment 2 examined whether tokens of expanded vowel working spaces were perceived as better
vowel exemplars and represented with greater perceptual spaces than tokens of reduced vowel
working spaces. The results of the perceptual experiment support this prediction. The distorted
vowels of talkers with cerebral palsy compose a smaller acoustic space that results in shrunken
intervowel perceptual distances for listeners. 2805 Acoustical Society of America.
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I. INTRODUCTION distorted physiologic mechanisms of speech appear to ad-
o _ versely affect intelligibility.

A combination of both perceptual and acoustic analyses  perceptual studies using minimal phonetic contrasts to
has revealed that using phonetic contrasts to explore dysagssess the relative contributions of individual phonetic cues
thric speech is a valid, sensitive, and reliable method to ideng overall speech intelligibility have shown that vowel clarity
tify the critical acoustic-phonetic distortions that contribute can pe a very potent predictor of speech intelligibility for
to SpeeCh |nte”|g|b|||ty def|C|tS(Kent et a.l., 1989, Kent dysarthric Speecre_g_, Kentet a|_, 1989, Weismer and Mar-
et al, 1997; Weismer and .Martm, 1992; Yorkston, Dowden, tjn. 1992. For example, the clarity of high—low, front—back,
and Beukelman, 1992 This acoustic-perceptual approach angd long—short vowel contrasts are highly correlated with
not only assesses overall communicative efficiency but alsg,qrg intelligibility (Ansel and Kent, 1992; Liu, Tseng, and
analyzes the characteristics of dysarthric speech to point otts59. 2000: Whitehill and Ciocca, 2000"hough vowel er-
underlying speech-motor movement restrictions that are nQjrs can decrease speech intelligibility, they seem less severe
easily identified from perceptual judgments. This studyyhen compared to more problematic consonant contrasts
aimed to analyze the effect of restricted vowel acoustic SPacgpatt, Andrews, and Howie, 1980: Plat al, 1980.
on speech intelligibility. _ _ Furthermore, the important acoustic cues for distinguish-

Cerebral palsy, a nonprogressive neuromuscular disofng minimal contrasts among vowels, such as duration, first
der, is usually associated with a variety of motor speechymant (F1), second formantR2), and F2—F1 differ-
problems classified in a generic category, dysartiiardy,  gnces were also shown to account for much of the variance
1983; McDonald, 1987 Approximately 30%-90% of talk- i, \yord intelligibility (Bunton and Weismer, 2001; Turner,
ers with cerebral palsy have some dysarthric speech and '§jaden, and Weismer, 1995: Weisnegral, 2003, This sug-
duced speech intelligibilityYorkston, Beukelman, and Bell, gosteq that distorted acoustic features for vowels, such as
1988. D|sturbz_ances in artlcula'_cory coordln_atlon of the lips, extremely long duration, distorted formant location, and
tongue, mandible, and velum in talkers with cerebral palsyatypical formant slope, were highly associated with the
have been reportetkent, Netsell, and Abbs, 19Y8These  gpaech intelligibility deficits in speakers with dysarthria.
Other studies analyzing dysarthric speech have also
dElectronic mail: liumei@cc.ntnu.edu.tw found that distorted vowels adversely affect intelligibility
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(Ansel and Kent, 1992; Liet al,, 2000; Whitehill and Cio- compared to conservational speech, while speaking rate re-
cca, 2000. Ansel and Kent(1992 investigated the speech mained similafKrause and Braida, 2004Moreover, recent
intelligibility of 16 male adults diagnosed with mixed-type acoustic-phonetic work on assessing vowel exaggeration in
cerebral palsy, showing that the acoustic correlates of altaregivers’ speech directed to infants demonstrated that the
vowel contrasts tested.e., high—low, front—back, and lax— vowel working space was significantly larger in infant-
tense significantly contributed to overall speech intelligibil- directed speech than in adult-directed speé€hhl et al,

ity. Liu and colleague$2000 assessed the weightings of six 1997; Burnham, Kitamura, and Vollmer-Conna, 2002; Liu,
minimal phonetic contrasts on speech intelligibility of Kuhl, and Tsao, 2003 Thus, the area of vowel working
Mandarin-speaking young adults with cerebral palsy. Theyspace may affect perceived speech intelligibility and could
found that the segmental intelligibility of a front—back vowel serve as a measure of talker variability. In other words,
contrast and its acoustic correldie., the formant frequency vowel working space area may indicate speech intelligibility
difference betweefr1 andF2) contributed greatly to over- and the overall severity of speech impairment for talkers
all speech intelligibility. In addition, Whitehill and Ciocca With dysarthria.

(2000 used principal component analysis and found that ~ Although many studies have assessed vowel working
vowel contrasts were combined as an important componerfpace area for American English-speaking adults with dysar-
accounting for the total variance of intelligibility. These thria, there is a paucity of literature on Mandarin talkers with
acoustic and perceptual findings on speech intelligibility ofdysarthria. Mandarin Chinese is a tonal language in which
talkers with cerebral palsy have consistently demonstrate@very syllable must carry a lexical tone, a suprasegmental

that imprecise vowel articulation greatly reduced intelligibil- €lement that serves to signify meaning. The primary acoustic
ity. correlate of tones is fundamental frequen&{. Compared

to 14 vowels of American English, there are 8 different vow-
els of Mandarin Chinese. Although the numbers of vowels
Vowels are quasiperiodic sounds, and the formant patvary between languages, the vowel system of Mandarin Chi-
tern of a given vowel determines its phonetic quality andnese, similar to most of the vowel systems in the world,
reflects the articulatory configuration that produced itincludes high and low, front and back, and rounded and un-
(Stevens, 1998 Generally,F1 varies mostly with tongue rounded contrastgHowie, 1976; Tseng, 1990To test the
height such that the higher the tongue position, the lower th&iniversality of restricted vowel working space on speech in-
F1 frequency, whilec2 varies mostly with tongue advance- telligibility, the systematic investigation of acoustic-
ment; the more anterior the tongue position, the higher th@erceptual association in dysarthric speech must be extended
F2 and largef2 to F1 difference(Kent, Dembowski, and t0 more languages. The target language of this study, Man-
Lass, 1995; Stevens, 1998 darin Chinese, is currently spoken by more than one billion
Vowel working space area can be seen as an index of theeople. Despite the widespread use of Mandarin Chinese,
accuracy of vowel articulation, which signifies gross motorthere has been a very limited amount of work of segmental
control ability of the tongue and jaw coordination. To exam-acoustics in adults with cerebral palsy in this languége
ine the vowel working spaces of individual talkers, the “cor- et al, 2000.
ner” vowels, such asi/, /a/, and 4/, are frequently selected The first experiment of this study examined the relation-
because these vowels are the most common in human laghip between vowel working space area and overall speech
guagesLadefoged and Maddieson, 1996 addition, these intelligibility in Mandarin talkers wi.th cerebral palsy, to ex-
vowels are perceptually and acoustically exceptional becaus@mine how well the data from English talkers with dysarthria
they represent the extreme positions in a talker’s articulatorgeneralize to another language population.
vowel working space, and hence extreme formant frequency
values in acoustic spac¢eindblom, 1990. B. Vowe_l work!ng_ space, perceptual organization, and
Restricted size of the vowel working space enclosed byPeech intelligibility
the first two formants of three or four corner vowels has been  The acoustic-perceptual analysis of the relationship be-
shown in dysarthric speech for talkers with amyotrophic lat-tween vowel working space area and speech intelligibility
eral sclerosigALS) (Weismeret al, 1992; 200}, traumatic  sheds light on how an individual talker’s reduced vowel
brain injury (Ziegler and von Cramon, 1983, 198@nd even  working space can affect listeners’ identification of speech
for children with dysarthria(Hodge, 1999; Higgins and sounds. However, correlational analyses may not be able to
Hodge, 2001 Moreover, studies have reported a positivefully determine the effect of reduced vowel working space
relationship between speech intelligibility and the area ofon speech intelligibility. Additional speech features, such as
vowel working space formed by the corner vowels /e/,  breathy voice, inconsistent vocal intensity, and unstable
/al, and 4/ on theF1/F2 coordinates for English-speaking speaking rate of vowele.g., Kentet al, 197§ common in
adults with dysarthric speedffurneret al, 1995; Weismer dysarthric speech can combine with restricted vowel working
et al, 2000. space to reduce speech intelligibility. Besides, the perceptual
In addition to atypical talkers, normal American talkers organization of listeners perceiving distorted acoustic signals
who produced larger vowel working spaces were generallyith reduced vowel working space is unclear. The perceptual
judged to be more intelligible than talkers with smaller organization of speech sounds is an essential element of pho-
spacegBradlow, Torretta, and Pisoni, 199&Relatively ex-  netic representation and crucial to the processing of acoustic
panded vowel working space was observed for clear speedhput (Eimas and Miller, 1992; Remez, 2008Studies have

A. Vowel working space and vowel intelligibility
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shown that the perception of phonetic category goodness afRg task based on health records and experimenter’s obser-

fects internal phonetic organization when listeners were envation. In addition, data were collected from ten age-

gaged in speech judgments. For example, perceptual distanogtched neurologically intact controls who participated in

shrinks around good exemplars but expands around poor eie same speech recording task.

emplars when physical distances are kept constant among

tokens(lverson and Kuhl, 1996; Iversoet al., 2003. It is 2. Speech materials

reasonable to hypothesize that the distorted vowels in dysar- Atotal of 18 (3 vowels< 6 words) high-frequency bisyl-

thri_c speech may occupy less dispersed perceptual space th%%ic words was chosen from a Chinese word databidae

ty_rt)rl]cal (;/owzls. In (I)therkyvords, speech ks)ounds ffotm dta"f[ir%nd Liu, 1987 for speech recording and acoustic analysis.

Wi ”re uce V(:Wel working spaliz_e may be asst(_)ua_e Wlt he frequencies of these Mandarin Chinese bisyllabic words

tsr?;g %r Egg?gfu: esepcicer;t;ﬁ'sqb!lr?? N a negative IMpact oY ..o controlled. They contained the target voweis, /4/,
Judg SP INteNgrontty. . and 4/, in the first syllable. The bisyllabic target words were
Few acoustic-phonetic studies on dysarthric speech haVé:"onstructed as ZCV(V), in which the syllable-final vowel

attempted to assess the effect of reduced vowel Workm(?ould be a monophthong or a diphthong and the tone nu-
space on listeners’ perceptual organization of speech soun Sieral was attached to the end of each syllable, such as

Determining the specific features that contribute to decrease[qi Ataud] vs. [tadtaud]. These 18 target words can be

?pﬁjec? mte"'ﬁ'b'“ty hétl.s no; ?nlly thheoretll_cgl \fa_lluel_fort_the grouped into to three minimal-phonemic word pairs for each
1eld of speech perception, but aiso has clinical IMPLCations, , , o contrast,i/—/a/, lu/-/al, and i/-/u/, to better control

The combination of both acoustic and perceptual analy3|§Or neighboring phonemic environment. The point vow), /

should provide a better understanding of the causes of 'S4/, or ul, in the first syllable of each word was the target

sggggnsspfoem '?ct)i"é%:)tg'ﬁ/ i)r:l?t C?rl:lt?]ifsc'gtalj?agg?:ci)'?;ir' vowel for acoustic analysis. These 18 vowel-contrast words
P gibiiity Pop ' ere taken from a Mandarin word intelligibility test used in

ther evaluate the role of vowel working space area on speecg . .
intelligibility, this study also systematically manipulated the previous studyLiu et al, 2000.
vowel working space area to assess its effect on the percep- .
tual organization of speech sounds. 3. Recording procedures

The goal of the present study was to examine the effect  During the recording, talkers were seated in a quiet re-
of reduced vowel working space on dysarthric talkers’cording room. Each of the 18 words was printed individually
speech intelligibility using both acoustic-phonetic and per-on a card. Before the recording, subjects were instructed to
ceptual approaches. Two related experiments were corgo through the 18 words to make sure that they knew the
ducted. In experiment 1, the relationship between the area ofords. The presentation sequences of words were block ran-
vowel acoustic space and speech intelligibility was examinedlomized across talkers to decrease the talker’'s awareness of
in 20 Mandarin-speaking young adults with cerebral palsy. Aphonemic contrasts during speech recording. Talkers were
positive relationship between the enclosed area of cornetsked to read each word aloud using a normal speaking rate
vowels in theF1/F2 space and speech intelligibility should in a comfortable situation. To control the speaking rate of
support a generalization of the findings of previous studiesndividual talkers, an experimenter turned over each printed
on English-speaking talkers with dysarthria to other lan-card for the talker, inducing an interword interval of about
guages. In experiment 2, vowel working space area was sy$- S. Speech samples were tape recorded on a cassette re-
tematically manipulated to further examine the impact of re-corder(Nakamichi 550. These speech samples were used as
duced vowel working space area on overall speecistimuli for both intelligibility judgments and acoustic analy-
intelligibility. To support the hypothesis that reduced vowelsis.
working space negatively affects the speech intelligibility,
poor vowel exemplargi.e., tokens of a relatively reduced 4. Speech intelligibility measures
vowel working spaceare expected to be represented with
smaller perceptual spaces than those of good exem(plers
tokens of a relatively larger vowel working space

An item identification task was employed for measuring
speech intelligibility. Sixty listeners used Chinese characters
to orthographically transcribe speech samples produced by
20 talkers with cerebral palsy. To control for the influence of
Il. EXPERIMENT 1: THE RELATIONSHIP BETWEEN familiarity with dysarthric speech on intelligibility judg-
VOWEL WORKING SPACE AND SPEECH ments, none of the listeners was familiar with dysarthric
INTELLIGIBILITY speech. Three listeners simultaneously transcribed speech
A. Methods samples of one talker and none of these listeners heard more
than one talker. In total, 60 (820) undergraduate students
with normal hearing served as judges for the subjects with

The talkers were 20 male young adults referred bycerebral palsy. For the ten normal speakers, 38 18) un-
school speech-language pathologists and diagnosed with cdergraduate students with normal hearing served as judges.
rebral palsy and various degrees of speech deficits. Their Two intelligibility scores were calculated based on the
ages ranged from 17 vyears to 22 years ol ( correct identification of the phonemes within 18 bisyllabic
=18.5 years). Each talker was judged as having adequateords for individual talkers. The percentage of correct vowel
intelligence and hearing ability to perform the speech recordidentifications was used as a measure of vowel intelligibility.

1. Participants
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Likewise, the percent correct of the word identifications, i.e. judge reliability of this acoustic analysis procedure was 0.94.
correct identification of all phonemes of the bisyllabic word, The average differences between judges were 254620
was calculated as word intelligibility. The intelligibility and 84 Hz(4.1% for F1 andF2, respectively. Second, 10%
scores, including the vowel intelligibility and word intelligi- of the measurements of the dysarthric vowel samples were
bility, for each talker were averaged from the scores of thaised to calculate the interjudge reliability. The interjudge
three judges. Given that two intelligibility scores were col- reliability of this acoustic analysis procedure was 0.91. The
lected, the word intelligibility score was used to representaverage differences between judges were 41(%2% and
individual talkers’ speech intelligibility in this study. 103 Hz(5.1% for F1 andF2, respectively.

In addition to identifying the percentage of correct pho-
nemes for one individual talker, all 60 listeners also tran-B. Results and discussions
scribed a subset of the same three words randomly selected . o
from one talker with cerebral palsy whose word intelligibil- 1- SPeech intelligibility scores
ity was about 50%. This was done to assess interjudge reli- Intelligibility scores of talkers with cerebral palsy are
ability, which was relatively high, Cronbach=0.95. The reported in Table I. The intelligibility scores of 20 talkers
same interjudge reliability procedure was utilized to asseswith cerebral palsy obtained from the item-identification task
the reliability for normal speakers. The reliability was alsovaried greatly across individual€or word intelligibility,

relatively high, Cronbaclx=0.997. ranged from 24% to 88%\1 =56%, SD=20.75; for vowel
intelligibility, ranged from 35% to 100%M =78%, SD
5. Acoustic analysis procedures =17.87). This result indicates that talkers in this study rep-

resent a wide-range severity of speech impairment. Com-
of corner vowels(/i/, /a/, and /) contained in 18 target pared to the great variation among individuals with cerebral

words produced by talkers with cerebral-palsy and normaPalsy, normal speake_rs' in_te_lli_gibility scores were in a nar-
talkers were measured. All formant measurements were coi®/€" rangelfor word intelligibility, M :95'6%’ .S.[.):Z'OZ'
ducted using a 486 DX2-66 PC with a speech analyzer, thEAN9e 92.2%-99.3%; for vowel intelligibility, M
Kay Elemetrics’ Computerized Speech Laborat@ySL) =99.8%, SB-=0.59, range 98.1%-100%). In ad(_jmon_, .
SoftwarecsL-43008 The target words were low-pass filtered across all 20 talker§ with cerebral pal_sy, the VPWG'."'.“‘?'.“Q"
at 8 kHz and sampled at a rate of 20 kHz. Both the lineaPility scores were highly correlated with word intelligibility
prediction codingLPC) spectra and wideband spectrograms(rzo'ge' p<0.0001).
were used to determine the locations of first two formants.
The onset of each vowel segment was marked whenBbth 2. Vowel working space characteristics
andF2 became visible on the spectrogram. Vowel offset was  Results of the vowel working space area encompassing
marked at a point wherE2 and/orF1 were no longer vis- i/, /a/, and 1/ of individual talkers show that 20 talkers with
ible. A third marker was placed at the durational center ofcerebral palsy exhibited significantly smaller vowel working
each vowel segment. Vowel formant frequencies were measpace areas when compared to ten age-matched controls,
sured at the cursor that marked the central position of #&(1,28)=13.025,p<0.001, Hedges'g=1.36. Figure 1 dis-
vowel segment. If the LPC method did not clearly locate theplays more centralized vowel dispersions for talkers with ce-
vowel formants(because of vocal irregularitigsthe fast rebral palsy compared to those in the normal control group.
Fourier transform(FFT) spectra were derived as a supple- The reduced vowel working space area represents a restric-
mentary analysis of vowel spectra. tion of tongue elevation and front—back movement for talk-
After obtaining the formant frequencies of the three cor-ers with cerebral palsy. Statistical analyses on vowel for-
ner vowels ¥/, /a/, and 0/, averageF1 andF2 values for mants provide further support.
each vowel were plotted on &nl/F2 plane to provide quan- For the talkers with cerebral palsy, the low vowel /
titative indices of “acoustic vowel working space area” of exhibited significantly lower F1 frequency M
individual talkers. The=1 andF2 pairs of each vowel were =729 Hz,SB=109 Hz) than was found for normal talkers
viewed as coordinates in the-y plane and the area was [M =803 Hz, SB=55 HzF(1,28)=3.98,p<0.01, Hedges’s
calculated using the following equation: g=0.75]. Conversely, the averagel value of the high
Vowel triangle area ABS{[F1i* (F2a—F2u) vowel A/ in ta!kers_ with gerebral palsyM =313 H,SD
=31 Hz) was significantly higher than that of normal talkers
+Fla (F2u—F2i)+F1lu*(F2i [M=277 Hz, SB=24 HzF(1,28)=8.85,p<0.01, Hedges’s
g=1.12]. F1 variation is primarily associated with tongue
—F2aJiz, height during vowel productiofPeterson and Barney, 1952;
where “ABS” is absolute value, F1i” symbolizes theF1 Hillenbrandet al, 1995. The narrower range df1 values
value of vowel i/, “ F2a” symbolizes thé=2 value of vowel for the high-low vowel contrast/i/—/a/), F(1,28)=8.11,p
/al,..., and so on. <0.01, Hedges'yg=1.07, implies that talkers with cerebral
Interjudge reliability of acoustic analysis was controlled palsy have more limited jaw/tongue vertical movement com-
in two ways. First, before analyzing the dysarthric speectpared to normal talkers.
samples, reliability between the experimenter and another In vowels from talkers with cerebral palsy, th —F1
person who was proficient in acoustic analysis was calcudifference was 1844 Hz (SB190) for the high-front vowel
lated on 10% of a normal talker’s vowel samples. The inter/i/ and it was 569 Hz (SB 93) for the high-back voweld/.

The first and second formant frequenci€sl(andF2)
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TABLE I. Descriptive data for 20 male cerebral-palsied subjects.

Word Vowel Vowel
Severity of intelligibility intelligibility space area
Subject Age Classification  impairment (%) (%) (HZ?)
CP1 19 Athetoid Moderate 59 69 205539
CP2 19 Spastic Moderate 24 35 164 606
CP3 19 Spastic Moderate 36 57 238559
CP4 17 Ataxic Moderate 74 85 348575
CP5 18 Tremor Moderate 32 76 291 836
CP6 19 Mixed Moderate 26 54 115 005
CP7 22 Mixed Severe 35 63 111 157
CP8 18 Spastic Moderate 83 93 376 995
CP9 20 Spastic Moderate 84 98 353263
CP 10 18 Spastic Mild 55 81 125 456
CP 11 17 Spastic Mild 88 100 296 440
CP 12 18 Athetoid Moderate 53 91 269073
CP 13 18 Athetoid Mild 50 83 129 092
CP 14 19 Athetoid Moderate 56 65 193 306
CP 15 18 Spastic Moderate 44 78 280635
CP 16 20 Spastic Severe 74 96 362 846
CP 17 18 Athetoid Severe 44 67 145937
CP 18 18 Tremor Moderate 84 96 396 053
CP 19 18 Athetoid Severe 45 69 287 416
CP 20 17 Spastic Moderate 75 100 228411

When compared to normal talkeksi/, M=2075Hz, SD Dembowski, and Lass, 1995; Stevens, 1998ken together,
=132; and &/, M=478 Hz, SD-=39), talkers with cerebral the smaller vowel working space and more centralized ar-
palsy demonstrated a significantly narrower rangeé®£F1  ticulation reflect more restricted vertical and horizontal
values for the front—back vowel contra@i/—/u/), F(1,28) tongue movements in talkers with cerebral palsy compared
=15.18, p<0.001, Hedges'sy=1.47. Given thatF2 or to normal talkers during vowel production.

F2-F1 difference varies mostly with tongue advancement,

the more anterior the tongue position, the higherF2eand

largerF2—F1 difference; the reduced range B2—-F1 in-

dicates more restricted front—back tongue moventkent,

3. The relationship between vowel working space

area and speech intelligibility

3000
W 2::2:32// To generalize the previous findings on the relationship

2500 [ o O] W vowel /u/ between articulation space and speech intelligibility, the cor-
relational analysis for Mandarin talkers with cerebral palsy
was expected to demonstrate positive correlations between

2000 vowel working space area and speech intelligibility. The re-
sults of the analysis support this prediction. Vowel working

E 1500 space area was significantly correlated with the vowel intel-
o ligibility (r=0.632, p<0.005) and with word intelligibility
(r=0.684, p<0.005).

1000 In experiment 1, talkers with relatively larger vowel
working spaces were judged to be more intelligible than talk-
ers with reduced vowel working spaces. Therefore, vowel

308 working space area could be a general indicator of speech
intelligibility. Larger vowel working spaces have been shown

0 : : : : to correlate with better speech intelligibility in typical talkers
0 200 400 600 800 1000 (Bradlow et al., 1996. Also, smaller vowel working space

F1 (Hz) area is commonly found in English speakers with dysarthria,

FIG. 1. Vowel working spaces of Mandarin talkers with normal speech andsecondary to disorders such 6}8 amyotrophlc lateral sclerosis
cerebral palsy. Vowel working spaces formed by the average df thand (ALS) (Turneret al, 1995; Weismeet al,, 2001 and trau-

F2 values for the vowelsi// /a/, and &i/. Data points represent the mean Mmatic brain injury(Ziegler and von Cramon, 1983, 1986
coordinate of the first two formant frequencies of the vowi|dd/, and 41/ These results of acoustic analysis on Mandarin talkers with

produced by normal talkeréclosed versus talkers with cerebral palsy ; PR
(open. Each data point represents the average of one talker’s vowel produc(-:erebral palsy suggest that vowel Worklng Space area Is im

tions. A decrease of the vowel working space is observed in talkers Witrportant in th_e prediction of intelligibility in talkers with dys-
cerebral palsydashed ling arthria of this type.
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I1l. EXPERIMENT 2: EFFECTS OF REDUCED VOWEL A. Methods
WORKING SPACE ON LISTENERS’' PERCEPTUAL -
ORGANIZATION 1. Participants
Twenty-two undergraduatégten women at universities

Speech intelligibility is a global measure, reflecting thein Taiwan were recruited from a solicitation posted on the
cumulative effects of various acoustic-phonetic features ornternet. A language background questionnaire was adminis-
listeners’ perceptual judgments. In experiment 1, results ofrated before the experiment to ensure that Mandarin Chinese
the acoustic analysis showed that vowel working space are&as the native or the dominant language for all participants.
is strongly associated with speech intelligibility for talkers Participants reported no history of communication disorders
with cerebral palsy. Experiment 2 was designed to examin@nd received $15 for their participation in this 1-h experi-
the effects of reduced acoustic vowel working space on nornent.
mal listeners’ perceptual organization through the manipula-
tion of vowel working space area, while controlling for other 2. Stimuli

speech characteristics across vowel tokens. The stimuli were 18 vowel tokenghree corner vowels
The stimulus set for this experiment consisted of synthesj; /a/, and i/ x six variant$ created uSiNEHLSYN speech
sized i/, /al, and &/ vowels varying inF1 andF2 frequen-  synthesizer 2.21996 and sampled at 11025 Hz. Vowel
cies. Six vowel triangles were generated with similar shapariants were synthesized by manipulating the values of the
but different areas. The largest of these variants createfirst and second formants; the third, fourth, and fifth formants
vowel working spaces that corresponded to actual vowetemained constant for the same phonetic category. Figure 2
working spaces of the most intelligible dysarthric speech irshows the spatial relationship of point vowel variants on
experiment 1. The smallest vowel working space was evel®1/F2 space. The psychoacoustic distances between neigh-
smaller than that of the least intelligible talker in the previ- boring tokens were equalized at 30 melsFd/F2 vowel
ous experiment. During the experimental session, particiworking space. The mel scale is essentially linear at low
pants identified each token ai, /a/, or fu/, and rated the frequencies and logarithmic at high frequencies, and corre-
category goodness of each token on a 7-point scale. Subjectponds well to excitation patterns of the ear’s basilar mem-
then completed an AX discrimination task in which they brane. Fant1973 argued that the mel scale was appropriate
judged whether the tokens in each pair were the same dpr vowels because the minimum perceptible differences
different. were similar for the first three formants when measured in
Reaction times in the discrimination task were analyzednels. Thus, vowel variants among neighboring tokens were
by multidimensional scalingMDS) to map the perceptual Scaled in this common metric. S
organization underlying these stimuli and illustrate the cor-  1he F1 andF2 values of the most intelligible talker
respondence between discrimination and goodness with findfith cerebral palsy(subject: CP11, vowel intelligibility
detail. MDS is repeatedly shown to be effective at modeling~ 100%. word intelligibility=88%) in experiment 1 were
perceptual similarity of vowelgSingh and Woods, 1971: utilized as the starting point to generate vowel variants in

Shepard, 1972; Fox, 1983; Kewley-Port and Atal, 1989 38_—mfldstéeps.dThert1r,] thel alndFi_ values were gre_lrdhually I
Various measures can be utilized to estimate raw similarity>2]USt€d 0 reduce the vowel working space areas. 1he smafl-

. . SR . . yést vowel triangle of the synthesized vowel (85 19GHz
including similarity judgments of sound pairs on a numerical . .

. e . was smaller than the smallest vowel triangle of a talker with
scale, identification-confusion percentagmore frequent . ! 2

. S . : the cerebral palsy in experiment (subject: CP7, area
confusions for similar vowe)s and reaction time measures . . "
( tion ti f il nAMDS =111157 H2). The spatial relationship on tHel/F2 plane

onger reaction imes for more simar sou as of these synthesized vowel triangles was similar to that of

signs stimuli tq a ggometnc space where d|§tancgs n _thﬁwe vowel triangles of normal talkers and talkers with cere-
Euclidean configuration correspond to perceived similarity, ., palsy shown in Fig. 1 of experiment 1

(Borg and Groenen, 1997In the MDS configuration, Table Il lists theF1 andF2 values of vowel variants in
stimuli are constructed along major ax@smensions that  ais For #/, F1 values increased from 298 to 367 Hz and
are perpendicular to each other. Stimuli perceived as similagy \41ues decreased from 2232 to 1954 Hz: fat F1
are close to each other in MDS space and stimuli perceivegecreased from 794 to 623 Hz aR@ decreased from 1355
as dissimilar are further apart. Modeling similarity using s 1292 Hz: for fi/, F1 increased from 370 to 443 Hz and
MDS analysis uncovers relationships among stimuli that ar¢=o increased from 910 to 1090 Hz. TES andF4 values
difficult to observe solely from raw similarity ratings. were 3186 and 3755 Hz for thé/ Mariants, respectively;
To support the prediction that restricted vowel working 2633 and 3648 Hz for the/ variants; and 2449 and 3518 Hz
space area would affect speech intelligibility, the vowels offor the A1/ variants. TheF0 of all tokens was 120 Hz and
the largest vowel triangle were expected to be judged agach vowel was 450 ms long. Mandarin Chinese is a tonal
more intelligible and rated as having higher “goodness” thanjanguage, meaning that changes of pitch contours sign dif-
those of the smallest vowel triangle. Moreover, the MDS wagerent lexical meanings for syllables. TH® of vowel to-
expected to show that perceptual distances between vowelkens did not change over time, so that the lexical tone pattern
of smaller triangles would be smaller than those of largewas similar to the high-level tone in Mandarin Chinese. The
vowel triangles in the perceptual organization of normal lis-stimuli were equalized in rms power and played to subjects
teners. at a comfortable level of approximately 70 dB SPL.
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TABLE Il. F1 andF2 values(in mel9 of synthetic vowel variants in experiment 2. The psychoacoustic
distances between tokens were equalized at 30 métdfR2 vowel working space-1 andF2 values of the
most intelligible vowels in experiment 1 were utilized as the starting point to generate vowel variants.

fil fal ha/
Psychoacoustic distancéa ! 4 "

mels from the clearest vowel F1 F2 F1 F2 F1 F2
0 376 1692 843 1236 454 934
30 391 1666 814 1228 469 960
60 406 1640 785 1220 484 985
90 421 1614 756 1212 499 1011
120 436 1588 727 1205 514 1037
150 451 1563 698 1197 529 1063
3. Apparatus B. Results and discussion

The stimuli were presented and controlled by an Intel1. Phonetic identification and goodness ratings
Pentium Il laptop computeDell Inspiron 4100. The vow- Figure 2 displays the results of phonetic identification
els were played bilaterally to subjects using noise-reduction goodness ratings. There is high intersubject agreement
headphone_sBose_QwetComfer’F Ac_oust|c Noise Canceling on goodness ratingCronbacha=0.95) and phonetic iden-
headsetwhile subjects were sitting in a sound-treated roOM.ic-ation for each vowel token(average identification

Subjects’ responses were entered and recorded using the .oniage 96.3%). Tokens with formant frequencies simi-
computer that controlled the presentation of stimuli. lar to the most intelligible vowels in experiment 1 were rated
as better exemplars of vowel categories. Moreover, goodness
judgments varied with vowel area in tHel/F2 space. As
shown in Fig. 2, tokens composing larger vowel working
4. Procedure spaces were generally judged as the better vowel exemplars.
The tokens comprising the largest vowel triangle were
L . . . judged to be the best exemplars fardnd A/, and second
participants were asked to identify each tokenias/d], or best for &1/. In contrast, tokens composing the smallest vowel

ul. After identification, they were asked to rate each tOker}riangle were judged to be the poorest exemplars for each

on a scale from 1pooy to 7 (900@ regarding its goodness vowel category. Goodness ratings varied significantly within
as a member of that phonetic category. At the start of the L :
experiment, participants completed a practice session of 1%ach vowel at the significance level of 0.001 in one-way

P P P b P repeated measure analyses of variari@dNOVAs), /i/,

trials with each of the tokens presented once in a rando$(5,95)= 39.22: b/, F(5,95)=22.97: 4, F(5,95)=13.47.
order. After the practice, participants completed an experi-

mental session of 36 trial® blocks of 18 tokenswith the Alt.hough-there are equal psychophysical @fferences between
. : o neighboring tokens, tokens close to typical vowels in the
order of trials randomized within each block.

b. Phonetic similarity judgmentParticipants heard all F1/F2 space receive similar goodness ratingspdsthoc

possible pairs of the 18 tokens in an AX discrimination task.!‘SD analysis ap=0.05 demonstrat_es tha_t the goodness rat-
On each trial, the participant heard two tokens separated by 9° of better.exe‘mplars did not differ S|gr?|f|cantly for the
550 ms and were asked to decide whether the vowels in each . bestof six) /il tokens, the four begbf six) /a tokens,

) N . ; and the two bestof six) /u/ tokens. The finding that vowels
pair of stimuli were the same or different. Their response for

each trial(same or differentand reaction timgRT) were

a. Phonetic identification and goodness ratingigenty

recorded. RTs on different trials were utilized as similarity 1250

scores and submitted to the multidimensional scalMBS)

solution to create a perceptual map where the distance be- 17501

tween any two tokens corresponded to perceived similarity. 3 1550 | Ja/
Prior to the test, participants completed a short practice £ Y

session. There were 12 “same” trials and 24 “different” tri- S 1350 | N\,g%@é’”f«?’

als chosen randomly from the trials used in the experimental é =

session. The practice trials were the same as in the experi- 5 1150 - {’_’g’o)%

mental session except that participants received feedback on * @” 92 95 93 9895 93

their responses. During the test stage, 378 test pai306 950 o5

different trials and 72 same trialsvere presented with no o/ =70

feedback. The same trials consisted of four trials of each of 750 ‘ ‘ , ‘ .

the 18 tokens. The 306 different trials consisted of each pos- 300 400 500 600 700 800 900

sible pair of the 18 tokens and the probability of presentation Formant 1 (mel)

order, i.e., A-B and B—A, was equa|_ Participants were a|_FIG. 2. Identification and goodness ratings for Mandarin vowels. For eaeh
| k h K aft ials: th . token, the upper number lists goodness rating and the bottom number dis-
Owe_d to take a short br_ea after every 40 trials; the entlr%Iays percent-correct identification. Circle size corresponds to perceived
session took 30 to 40 min to complete. goodness.
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composing larger acoustic space were judged to be better
exemplars than vowels of smaller vowel triangles provides
support for the prediction that vowel working space area
greatly affects vowel intelligibility and goodness ratings.
Token goodness varies with acoustic vowel area. How-
ever, the shrunken acoustic space of synthesized tokens does
not greatly affect the percentage of vowel identificatibiy.
2). The relatively stable identification percentages across to-
kens could reveal the categorical aspect of phonetic identifi-
cation(e.g., Libermaret al,, 1961). However, the high iden-
tification percentage X90%) of tokens of the smallest
vowel triangle could also be a result of the forced-choice
identification task. The identification for tokens in the mostriG. 3. A two-dimensional MDS solution shows the perceptual organization
restricted vowel space might be less consistent if participant®r perceiving Mandarin vowels. The solid lines connect the best vowel
were allowed to free-identify tokens as any one of the Man_exemplars and dotted lines connect the poorest vowel exemplars.
darin vowels because their formant patterns were located at
the adjacent area of different vowels on th&/F2 space, than poor exemplars. The space formed by the best vowels

e.g., thei/ and #/. (3.033 MDS distanc® is 34% larger than that of the poorest
vowels (2.2653 MDS distan&@. The shrunken perceptual
2. Similarity judgments and perceptual organization space for vowels with reduced acoustic space further sug-

Each subject's responses were put into the form of fests that the reduced acoustic vowel working space of talk-

lower triangular matrix composed of the log RT for each pairers with cerebral palsy decreases the intervowel perceptual

of tokens averaged across the presentation order. Respongégance a.n.d adversely.a.ff ects speech intelligibility. .
In addition to examining the effects of reduced acoustic

to “same” trials were not considered in the analyses. Overall ; i

subject accuracy was 85.01%. Subjects correctly detected the wel ”'?‘”9'65 on vowel pergeptual space, th's study ex-

stimulus pairs that were different on 87.2% of the trials anop_ored _Wlthln-vowel orggnlzanon. As shown in the tvyo-

had false alarms on 17.2% of the trials of same sound pairéj.'mens'fmaI MDS solution of _per(_:eptual vowel working
ace(Fig. 3), perceptual clustering is more apparent for the

Intersubject reliability was done to assess the consistency )
RTs across all pairs of tokens. There was high agreement f est exemplars, but extended perceptual spacing occurs for
e poorest exemplafgxcept for the poorest/). To further

response latencies on judging differences across all pai X thi | ati th I tri |
(Cronbacha=0.98). examine within-vowel organization, three lower triangular

The lower triangular matrix of log RTs was submitted to matrices of log RTs, one for each vowel, were analyzed sepa-

the ALSCAL (Takane, Young, and de Leeuw, 197VIDS rgtely in a one-dimensional MDS.sqution. The MDS solu-
algorithm implemented bysPss 10.0(statistical softwarg tions modeled the respzonses with a stress of 0'252% (
The MDS solution used Kruskal’s stress formuléKtuskal, =0.757) for 1/, 0'2_36 R 20_'790) for 4/, and 0'.239 R.
1964, a Euclidean distance metric, and a monotonic regres-_ 0.771) f(_)r bj. Figure 4 displays these one-dimensional
sion function. This MDS solution placed the tokens in a two-'vIDS SOIUt'On_S‘ . . . .
dimensional space where the distances between tokens were The relgtwe p93|t|0ns of tokens in th? qne-d|men5|qnal
fit into a monotonic function of the log RT. Preliminary MDS MDS ;olutloqs (Fig. 4 cgrresponded S|m|IarIy.to_ their
analyses demonstrated that the patterns of results was simi@poustic locations on the single vector, and, for within-vowel

when RT and log RT were used, but analyses using log R1;rganization, better exemplars were clustered more tightly

accounted for more variance. Furthermore, a previous studg1an the poorer exemplars for the three corner vowel catego-

has successfully used log RT in the MDS analysis to examin€€S: The perceptual clustering andnspacing shown in Figs. 3
the perceptual organization of voweltverson and Kuhl, and 4 can l_)e associated with the “perceptual magnet effect
1995. Figure 3 illustrates a two-dimensional MDS solution (PME)” (Grieser and Kuhl, 1989; Kuhl, 1991; Iverson and

modeling the perceptual organization of point vowels with aggl’ ?ﬁS’PﬁSG; Iv_ers?]ret alr; 2093; Miller af‘d Eima;,
stress of 0.241R?=0.801). 6. The posits that phonetic prototypé®., goo

The results of the MDS solution showed a larger percepgxemplari; functio_n as percc_aptual m"?‘gnets in the pgrceptua!
tual triangle for vowels rated as good exemplars and space for phonetic categories; that is, percep;ual distance is
smaller triangle for vowels rated as poor exemplars, thusc‘hrunken around good exemplars, demonstrating greater per-

providing support for the prediction that reduced acoustic

vowel working space results in shrunken perceptual space fil () O_O
and adversely affects speech intelligibility. As shown in Fig. CK:)_O ~

3, the configuration of perceptual vowel organization is simi- Ja CD_O'O M\ o
lar to the vowel acoustic triangle in thel/F2 space. The -
perceptual configuration shown in Fig. 3 is consistent with a ol O @ O O ')

previous study that employed the MDS solution to examine

vowel perceptual SPadSingh and Woods, 19‘]_'I.MOI‘EOV(.=,'I‘, FIG. 4. One-dimensional MDS solutions show the internal organization of
better vowel exemplars composed larger perceptual triangl@dandarin corner vowels. Circle size corresponds to perceived goodness.
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ceptual similarity; it is extended around poor exemplarsguages. Similar findings among English and Mandarin talk-
demonstrating less perceptual similarity. The PME mighters with dysarthria support the argument that vowel working
mediate the perceptual distortion shown in Fig. 4, whichspace has predictive power for speech intelligibility. More-

shows that acoustically equal spacing among vowel variantsver, this could be independent of both language and type of

is unequally mapped onto the perceptual space. dysarthria.
However, in addition to vowel formant distortion, addi-
IV. GENERAL DISCUSSION tional speech features that are common in the dysarthric

. . speech secondary to cerebral palsy, such as breathy voice
The goal of this study was to examine whether the re- P y pasy y

tricti f articulat O ated with the i quality, varied vocal intensity, and unstable speaking rate,
striction ot articulatory movement IS associated wi € N"could also reduce the speech intelligibility of atypical talkers
telligibility of speech produced by Mandarin-speaking youngé

dults with bral palsv. Th its of i s e.g., Kentet al, 1978. It is possible that an individual's
.adL.J StWIth tcfrﬁ( ra p{::hsy. s rlesuls 0 a(;:ousdlc anay”5| peaking rate might be associated with format variations in
Indicate that talkers with cerebral paisy produced a smalle xperiment 1. Speaking rate was shown to be related to the
vowel working space area than normal talkers. The reduce

I Ki flects th derlvi erceived intelligibility of talkers with dysarthrigTurner
VOWE! working space area refiects the underlying speec t al, 1995. For example, ALS talkers’ sentences were less
problem associated with the speech intelligibility deficit.

That is. th wicted t p levai jntelligible when using their fast speaking rate compared to
at 1, the more restricted tongue/jaw —€elevation anGpqi- norma) rate. Could speaking rate mediate the relation-

anterior—posterior movements contract the vowel workmgShip between vowel working space area and speech intelligi-
space area. Mpreover, for talkers V\_llth_(_:erebral pal_sy,_ COrret')ility shown in this study? When typical talkers and talkers
lational analysis demonstrates a significant association b%\’/ith dysarthria secondary to multiple sclerosis and Parkin-
tween the vowel working space areas and speech intelligibiléon,S disease used various speaking rates to read a passage
?ty, further sugges.ting thaF redyced VOW?' yvorkin_g Space areg e working space area for their slow speaking rate was '
IS str.or?gly associated with listeners’ difficulty in correctly significantly larger than that of their normal or fast speaking
|dent|fy|ng.vowels. rate (Turneret al, 1995; Tjaden and Wilding, 2004In ad-

. What is thg perceptual effect of a redgce_d vowel Work'_dition, infant-directed speech is characterized by a slower
ing space on listeners’ perceptual organization? In eXpe”épeaking rate and exaggerated pitch variation when com-
ment 2, we systematically manipulatied vowel working ared with adult-directed speedFernald and Simon, 1984;
space area. The results of the speech per_ception ex_perim hl et al, 1997; Liuet al,, 2003. Mothers of differe,nt na-,
Yive languages consistently utilize a larger vowel working

ciated with a reduced perceptual space. Furthermore, the re; ace area when addressing their infants as opposed to adults
sults of the MDS analyses reve_al that the categqry goodneaﬁuhl et al, 1997; Liuet al, 2003. For typical talkers, how-

of VOV\;?I tokens affec(:jts the nor:lln:aar transfo\;\r/r;]anon betwee ver, even though infant-directed speech exhibits larger
acoustic space and perceptual Space. en  examining,, ve| working space areas than adult-directed speech, an

yvithin-vowel perceptual organization, perceptual CILISteringindividual’s speaking rate, as measured in vowel duration, is
is apparent for better vowel exemplars but not poorer EX€MAot associated with that individual's vowel working space

plars. area (Liu, 2002. Results of this study cannot determine
A. Relationship between vowel working space area whether the individual’'s speaking rate mediates the associa-
and speech intelligibility tion between vowel working space and speech intelligibility

The present study demonstrates a strong relationship pecause this study did not assess the relative contribution of
g@eaking rate and vowel space to speech intelligibility.

tween vowel acoustic space area encompassed by the thr
corner vowels, and speech intelligibility measured with ) , o
words produced by Mandarin talkers with cerebral palsyB: LiSteners’ perceptual organization for reduced
Therefore, vowel working space area can serve as a gener\élcfweI working space

indicator of speech intelligibility. The likelihood of reduced Perceptual characteristics of vowels from a reduced
vowel space probably depends on the severity of dysarthriazowel working space are further examined in experiment 2,
Measures of vowel working space area have rarely, if eveiwhere the vowel working space areas were systematically
been reported for talkers with cerebral palsy. The presenteduced through manipulation &1 andF2. As predicted
study increases our understanding of specific aspects of déom the acoustic analysis on the vowel working space, typi-
creased speech intelligibility in this group of talkers. Largercal listeners rated tokens from smaller vowel working spaces
vowel working spaces were reported to correlate with betteas poorer exemplars of vowels. In contrast, listeners judged
speech intelligibility in some talkers without speech disor-tokens from larger vowel working spaces as better exem-
ders(Bradlow et al, 1996, and, some studies have shown plars. Using token-pair similarity judgments, reaction time,
reduced vowel working space in English talkers with variousand multidimensional scaling to examine the effect of re-
types of dysarthridTurneret al,, 1995; Weismeet al,, 2001, stricted vowel working space on perceptual organization, the
Ziegler and von Cramon, 1983The results of the present poor vowel exemplars or less intelligible tokens were repre-
study are consistent with previous findings on English talkersented with smaller perceptual space areas than good exem-
with similar diagnoses of motor speech impairment, suggestplars or more intelligible tokens. In other words, the inter-
ing that the extent of vowel working space could be helpfulvowel perceptual distances of less intelligible vowels were
for representing the level of speech intelligibility across lan-reduced compared to those of more intelligible vowels.
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