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Three experiments used the Coordinated Response Measure task to examine the roles that
differences inFO and differences in vocal-tract length have on the ability to attend to one of two
simultaneous speech signals. The first experiment asked how increases in theRtatiff@rence
between two sentencésriginally spoken by the same taljeaffected listeners’ ability to attend to

one of the sentences. The second experiment used differences in vocal-tract length, and the third
used bothFO and vocal-tract length differences. DifferencesH@ greater than 2 semitones
produced systematic improvements in performance. Differences in vocal-tract length produced
systematic improvements in performance when the ratio of lengths was 1.08 or greater, particularly
when the shorter vocal tract belonged to the target talker. Neither of these manipulations produced
improvements in performance as great as those produced by a different-sex talker. Systematic
changes in botli0 and vocal-tract length that simulated an incremental shift in gender produced
substantially larger improvements in performance than did differenc€&® ior vocal-tract length

alone. In general, shifting one of two utterances spoken by a female voice towards a male voice
produces a greater improvement in performance than shifting male towards female. The increase in
performance varied with the intonation patterns of individual talkers, being smallest for those talkers
who showed most variability in their intonation patterns between different utterance200®
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I. INTRODUCTION by same-sex talkers, and that phrases spoken by two different

same-sex talkers were substantially easier to segregate than
Over the past 50 years, numerous researchers have stutio phrases spoken by the same talker.

ied the ability of human listeners to extract information from To this point, however, little is known about the relative

a target speech signal that is masked by one or more contontributions that different voice characteristics make to the

peting talkers[see Ericson and McKinley(1997) and voice segregation process. Differences in the overall long-

Bronkhorst(2000 for recent reviews of this literatuteThis  term spectra of the competing speech signals do not seem to

“cocktail party” listening task is particularly difficult when have much influence on performance: Festen and Plomp

the target and masking speech signals are mixed togeth€t990 found little difference between the intelligibility of a

into a single channel and then presented monaurally or diotispeech signal masked by speech-shaped noise with the over-

cally over headphones. In this condition, binaural speechll spectrum of a same-sex talker and the intelligibility of a

segregation cues, which are typically available in real-worldspeech signal masked by speech-shaped noise with the over-

listening situations, are absent and listeners must rely oall spectrum of a different-sex talker.

monaural cues to perform the task. Although there is some Two relatively simple physical characteristics can be

evidence that listeners can use differences in the overall levnanipulated to change the apparent gender of a voice: the

els of the two voices to perform the segregation tésgan  fundamental frequency(FO) range, and the vocal-tract

et al, 1954; Brungart, 2001 the most powerful monaural length. Women’s voices are typically a little under an octave

speech segregation cues seem to be related to differenceshigher in FO than men’s, and women’s formant frequencies

the vocal characteristics of the competing talk@segman, are around 16% higher than men’s as a result of male vocal

1990; Darwin and Hukin, 2000; Brungart, 200Brungart,  tracts being longe(Peterson and Barney, 1953/ice indi-

for example, found that phrases spoken by different-sex talkviduality is lost if formants are shifted by 8¥Kuwabara and

ers were substantially easier to segregate than phrases spokeakagi, 199}, but the successful digital transformation of
voice gender normally requires manipulation of b&thand

3Electronic mail: cjd@biols.susx.ac.uk vocal-tract Iengtl‘(AtaI and Hanauer, 1951

PCurrently at Air Force Research Laboratory, Wright-Patterson Air Force Of these two _parameters_, only d|fferer_‘ces in Eeof
Base, Ohio. the talkers and differences in the prosodic features of the
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competing utterances have been shown to produce some inABLE I. EO differences(iq semi_tone}stested in the stimuli of experiment
provement in voice segregatio(Brokx and Nooteboom, 1. Each pair of sentences in a trial was chosen from the same talkeEQThe

. ] . shifts of each talker were selected differently for male and female talkers to
1982’ Scheffe.rs, 1983; Assmann and ) Summerfield, 199Oplace most of thd=0 shift into the range between male and female speech.
Bird and Darwin, 1998; Darwin and Hukin, 2000Ve know  Thus, male talkers were generally shifted up more than down, and female
of no studies that have systematically examined fditand t?'kle? were generally shifted dov;llﬂ ITEOIFG than up. ’\:101?1 ,tmah Onl ?zy given
vocal-tract length while preserving the small temporal anogéam't e target sentence was equally likely to receive the higher or Is@ver
prosodic variations that normally occur in repeated utter-
ances spoken by the same talker. In this series of experi- Male Female
ments, we examine diotic speech segregation when each qf, (Semitones

two phrases is spoken by the same talker, similar to the

Lower FO  HigherFO  LowerFO  HigherFO

“same-talker” (TT) condition examined by Brungaf2001). 0 0 0 0 0
However, here the speech signals were electronically modi- ; 72 ﬁ +2 j
fied to introduce differences RO (experiment 1, vocal-tract 3 0 13 0 _3
length(experiment 2, or bothFO and vocal-tract lengtfex- 4 -1 +3 +1 -3
periment 3 between the two competing phrases. The results 6 -3 +3 +3 -3
provide valuable insights into the roles tHed, vocal-tract 13 72 J*rg +g :g

length, and target and masker gender play in two-talker
speech segregation.

-3, 0, +3, +6, or +9 dB. Finally, as in previous CRM
Il. EXPERIMENT 1: CHANGES IN FO ONLY experiments, the overall output was randomly roved over a
A. Method 6-dB range(in 1-dB incrementps before a D/A converter

(Tucker-Davis Technologies DDyIwas used to present the

The stimuli were derived from the publicly available stimulus to the listener through headphof@snnheiser HD-
Coordinate Response Measure speech cofpadia etal.  540) at a comfortable listening levé60—70 dB SPL
2003). This corpus, which has been used in previous multi-  The experiment was conducted with the listeners seated
talker listening experimeni@rungart, 2001; Brungaet al,  at the CRT of a control computer in a sound-treated listening
in press, consists of sentences of the form “Readsall  room. The listeners’ task in each trial was to identify the
sigr) go to (color) (numbe} now” spoken with all 32 pos-  color and number spoken in the target phrase, which was
sible combinations of four color€red,” “blue,” “white,” identified by the presence of the call sign “Baron.” Re-
and “green”) and eight number€l—-8). The present experi- sponses were made by using the computer mouse to select
ments used all eight talkers available in the corgfeair  the appropriate color—number combination from an array of
male, four femalg but only used four of the eight available 32 colored numbers shown on the CRT. Nine paid volunteer
call signs(*Arrow,” “Tiger,” “Eagle,” and “Baron” ). Thus,  subjectsfour male, five femalgwith normal hearing partici-
a total of 1024 different sentencétalkers<4 call signs<4  pated in the study. All were native English speakers from the
colors<x8 numbers were used to produce the stimuli em- midwestern United States. Each of these listeners completed
ployed in the experiments ten trials for each of the 384 possible stimulus configurations
These 1024 sentences were down-sampled from 40 to 26 the experiment8 talkers<8 FO differencex 6 SNRS, for

kHz, and then processed with the PSOLA algorithma total of 3840 trials per listener. These trials were completed
(Moulines and Charpentier, 199@s implemented in Macin-  in blocks of 192 trials, with separate blocks for the male and
tosh version 3.9.28 of the Praat software packddgersma female talkers in the corpus, and with the trials within each
and Weenink, 1996 to produce six new sets of speech files pjock randomly balanced to have an equal number of trials
with FO contours shifted by various numbers of semitonesfor each value of each of the three independent variables
The sentences spoken by female talkers were shifted®y  (talker, FO difference, and SNR Each block took approxi-
—3,-1,0, 1, or 3 semitones. The sentences spoken by mal@ately 10 min to complete and each listener participated in

talkers were shifted by-3, —1, 0, 1, 3, or 9 semitones. The two to three blocks per day over a 2-week period.
resulting speech quality was excellent for the rangd-0f

shifts that we used in the experiment.

Each stimulus consisted of a diotic mixture of two sen-B- Results
tences spoken by the same talker: one sentétie “tar-
get”) contained the call sign “Baron” and a randomly se-
lected color and number; the other senteftbe “masker”) The overall results averaged across all eight talkers are
was randomly selected from all of the sentences in the corpushown in Fig. 1. The left panel of the figure shows the prob-
with a different call sign, color, and number than the targetability of a correct identification of both the color and num-
sentence. Th&O0 shifts of the two sentences were selectedber in the target sentence as a function of the signal-to-noise
from the combinations shown in Table | to produce one ofratio and the absoluteé0 separation between the two sen-
eight different absolut&0 differences: 0, 1, 2, 3, 4, 6, 9, or tences in semitones.

12 semitones. The masking speech was also scaled to set its The 0-semitone data represent a stimulus condition that
rms power to one of six different signal-to-noise ratiosis very similar to the “same talker{*TT” ) condition pre-
(SNR9 relative to the rms power of the target speeet,  sented in Brungar{200]). The only difference is that the

1. Overall effects of shift in FO
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FIG. 1. The left panel shows the probability of a correct identification of the Signal-to-Noise Ratio (dB)

number and color in the target sentence as a function of SNR for eight
different separations in semitones of th@ contours between the target and FIG. 2. Data as in the left panel of Fig. 1 but from individual talkers with

the masker sentence. The right panel shows performance averaged acros . : )
the lowest four SNR§—6, 3, 0, and 3 dBas a function of the separation Sither zero semitone&pen circles or 12 semitonegshaded squargof

in FO. The data have been averaged over all eight talkers. The error barseparatlon IF0 between target and masker sentences. The upper row gives
) . the results from the four female talkets—4) and the lower row from the
represent the 95% confidence intervals of the mean.
four male talkerg5-9.

speech in this experiment has been analyzed and resynth

ffprovement in performance &0 separations of 3, 4, 6, 9
sized by the PSOLA algorithrtwithout introducing any shift mprov n per separations "

) . . o and 12 semitone§ost hocFisher LSD test on the arcsine-
in FO). This analysis and synthesis did not appear to hav ®

Sransformed individual subject data<0.05), but not afF0
any substantial effects on performance in the CRM task: th maivicuat s s ), bu

i It v identical to th ¢ th . %eparations of 0, 1, or 2 semitones. At separations of 9 or 12
present results are nearly identical o tnose from epreV'Ougemitones, performance declined monotonically from over
experiment, with performance declining as SNR decreas

€§0% at+9 dB SNR to around 65% at6 dB SNR (left
from over 90% at+9 dB to around 40% at O dB and then 0 0 (

. pane). A similar result was seen in the earlier Brungart
Iev_ehng out at SNRS less than 0 dB. The results pbathoc (200)) study, where performance plateaued at negative SNRs
pairwise comparison testFisher LSD performed on the

. in the same-talkefTT) and same-seXTS) masking condi-
arcsine-transformed percentages of correct responses frotriwans but decreased gradually in the different-S@D)
the individual subjects confirmed that this plateauing was a, ' i
o . . asking condition. Thus, the overall shape of the 9- and
significant effect: the 0--3-, and—6-dB conditions did not 'ng . ! v P

differ sianifi | hew—0.05 level. while the 0+3. +6 12-semitone curves is similar to the TD condition of the
! éer s;gm I(é?l:]ty atthep ”' . f?’e V;/ Idefft € ’f ' 7 earlier study. However, despite the fact that the mE@&n

and +9 conditions were all signi |'canty l_erent fom ON€ \ 5lues of the male and female talkers in the CRM corpus

another. The somewhat paradoxical leveling out of perfor-differ by almost exactly 12 semitond&04 Hz versus 206

mance for SNRs Ie_ss ”_“"‘_”_Q d'.?’ was found in early e)_(pe”Hz), the maximum improvement in performance afforded by
ments on speech intelligibility in the presence of a singl

e . e . . .

) . a 12-semitone shift iff0 (28% at 0 dB SNRin this experi-
competing talkefEganet al, 1954; Dirks and Bower, 1969 ¢ v half as | the | tf the TT
and, as discussed in Brung&200)), is likely due to a dif- men’was only hatas ‘arge as te Improvement Irom e

) - ) .. to the TD condition in the earlier experiment. Thus, it is clear
fergnce in level pro"'d”.‘g a cue to sounq source Identlty‘thatdif“ferences if-0 alone cannot account for the difference
which compensateg for .mc.rease.d energetic mgskmg. in performance between the same-talker and different-sex
. The new result in this figure is the gradual mprovementmasking conditions of the earlier two-talker study.
in performance that occurred when target and masker sen- The data were also examined to determine what effect

tﬁgcggorv ere artlfl(;:lally ?ﬁ pellratedt ]:F'O (S‘Fli%;fs'd'f’f pt the relative values oFO0 for the target and masker had on
’ , averaged over the lowest four SNREnis effec performance. There was no consistent difference between

is highlighted in the right panel of Fig. 1, which shows the conditions with a higher-pitched target and those with a

probability of a correct color and number response aVerageﬁigher-pitched masker. In addition, there was no interaction
across the four lowest SNR values9 to +3 dB) as a func- between relativé0 and the sex of :[he talker

tion of the absolutd=0 separation between the two talkers. Nearly all of the incorrect responses in the experiment

(The +6- and+9-dB values were excluded from the average . nsisted of the color and/or number that occurred in the

since performance. was asymptoting, leaving little room formasker sentence. Only 1.8% of the incorrect responses were
FO differences to improve performangélthough the im-

. ) . not such intrusions. This result indicates that the perfor-
provement in p('erforma.ncc'e.from 0- to 1-semitone Sep"’lr""t"‘"ﬂwance benefits that occurred with separatioRrGrwere due
was only marginally S|gn|f|can_tR1Y8: 59 p=<0.05, aver o improvements in the listeners’ ability to allocate the colors
aged over the lowest four SNRs$ncreasing the separation to and numbers in the stimulus to the appropriate call-signs
2 semitones improved performance by 12 percentage point nd not due to an increase in their ability to correctly per-,
and increasing the separation to 12 semitones produced a éive the colors and numbers in the stimulus.
percentage point improvement in overall performance.

Note that, as thé0 separation was increased, the pla- ]
teau in performance that occurred in the O-semitone condié- Differences between talkers
tion at SNRs less than 0 dB gradually disappeared. Statistical The overall results conceal considerable variation be-
support for this observation is provided by the fact that in-tween individual talkers. Figure 2 shows the probability of a
creasing the SNR from-6 to 0 dB produced a significant correct identification separately for each talker. The data
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FIG. 3. Plots of the=0 contours for two male talkers. The upper row is talker 5, the lower row talker 8. Each plot overlay® twntours from all 32
sentences that used a particular call sign. The target call($&garon” ) is no. 7. The extracteBO contours have been smoothed by low-pass filtering at 10
Hz.

from female talkers are shown in the upper row, with maleghroughout the sentence pair. Time slices for which either

in the lower row. As an extreme example of the differencessentence was silent or voiceless did not contribute to the rms

between talkers, compare talkeftottom lefy with talker 8  average. These averages were themselves averaged across

(bottom righ}. For talker 5, ar-0 separation of 12 semitones the 50 random sentence pairs to give the data for each talker

between the target and masker phrases did not improve pegplotted in Fig. 4.

formance over the condition in which there waskF® sepa-

ration; performance to his utterances is already very higlt piscussion

with 0-semitone separation. By contrast talker 8's perfor-

mance is much lower with O-semitone separation than ig- Efféct of FO separation

talker 5’s, and improves dramatically when tR@ separation The main effect ofFO separation is that performance

is increased to 12 semitones. gradually improves aB0 separation increases, with little im-
These striking differences between talkers are at leagirovement at 1-semitone separation, and maximum improve-

partly due to their different intonation patterns. The intona-ment at 12 semitones. It is important to bear in mind that

tion patterns for talkers 5 and 8 are shown in Fig. 3. Talker &hese nominal semitone separation&fhhave been added to

(bottom row spoke all his sentences with a rather flat into-the existing natural variations between utterances of the

nation, which varied very little across the different call signs.same talker. This natural variation is of the order of 5% to

Consequently, listeners were not able to use either instanta0% for seven of the eight talkers and is probably respon-

neous differences IR0 or differences in the overall contour sible for the fact that overall improvement in the 1-semitone

to help them follow the target rather than the masker seneondition was barely detectable. The remaining talkalker

tence. Introducing an artificial overall shift ¥0 between the  5) had an unusually large variation 0 between his target

target and masker sentences, however, would have allowethd masker sentences, and performance remained essentially

listeners to usd=0 differences in this way. Talker 5, on the unchanged as the separatiorFA® varied from 0 to 12 semi-

other hand, used large excursionsFd in his intonation, tones.

which, although similar for sentences with the same call-

sign, differed substantially between call-signs: in particular, 0.30

his intonation for the target call-sign “Baron” is distinctively ‘§ 2 y = -0.0262x + 0.4163
different from the others. Even without any artificial shiftin §-= - ¢ = 09315
FO, this talker’s speech provided substan@l differences £ %5
between the target and masker sentences to help a listener ¢ 2
tracking the target sentence. s 2 0-10
We now provide a quantitative test of whether the im- & %
provement withFO separation is greater for talkers who %,‘E 0.00 1
show less initial difference in the origin&0 between the 3
target and masker sentences. Figure 4 shows a strong inver<E & -o.10 ‘ ‘
correlation ¢2=0.93, d=7, p<0.001) between the im- 0 5 10 15 20
provement between 0 and 12 semitones averaged acros original difference in Fo (%)

SNR for individual talkers, and the average rms instanta-

diff . b d 9 k FIG. 4. The abscissa shows the rms % differencEQrbetween the target
neous direrence ”h_'o_ etween_ target ajn mas er SENteNncegice and the masking voice for a particular talker condition with no alter-
for that talker. We estimated this rms difference with Praat byation toF0. The ordinate shows the average change in performance for that
taking 50 random target-masker pairs for each talker, extractalker across all six S/N ratios betweenRMishift of zero and 12 semitones.
ing their FO contours(with 0.01-s intervals between pOib],tS The figure shows a strong inverse relationship between the iRiialiffer-

. . . (ince between the target voice and the masker voice for a particular talker
SmOOthmg these contours with a Iow-pass 10-Hz filter an nd the improvement in performance obtained by imposing a 12-semitone

then taking the rms difference in Hz f60 at each time slice difference inFO between the two voices.
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The overall improvement in performance w0 sepa- 1
ration of the target and masking sentences that we have
found in this experiment is compatible with previous experi- 08 4
ments that have shown that a difference~ can help lis-
teners segregate a target sentence from competing speech.
Brokx and Nooteboon{1982 asked their listeneréin 5 067
their first experimentto recall semantically anomalous sen- g
tences of fixed syntactic forrff The town swims now in a i;, 041
sheep) that had been resynthesiz&trough a formant syn-
thesizer after LPC-based formant trackiren a monotone ;E}tﬁe:ﬁfﬁ;&:ﬁfgm
FO contour. The sentences were played against a continuous 0.2 7 - -@- -0 semitones Exp 1
background of speech—a short story read by the same :‘E::Z:;’:‘f;:j;ﬁu‘ngan 2001
talker—that had also been reduced to a monotone. The 0 . . . - . : .

signal-to-noise ratio between the sentences and the back- 45 2 8 =% 3 0

ground speech was either 65, —10, or —15 dB. Content Signal-to-Noise ratio (dB)

word identification(allowing a single phoneme alteratjoof _ ' _ _

the sentences was measured as a function oEthdiffer- FIG. 5 Companso‘n_of the date_l fr_om experiment 1 Wlth data from earlier
bet the sentences and the backaround s eeeﬁoenments. Data joined by solid lines are from experiment 2 of Brokx and

ence between the se : g R p fdoteboom(1982 and show the probability of correct recall of content

Brokx and Nooteboom found that word identification im- words from naturally spoken semantically anomalous sentences against a

proved roughly linearly from about 40% to about 60% as thebackground of speech from the same talker in the sésokd circleg or
ifferent (open squarggitch range. Data joined by dashed lines come from

FO dlf.ference increased from (3 to 3 semitones, bUt, then Idergwe same talker conditiofsolid diamondsof Brungart(2002) and from the
tification dropped to about 50% when the separation was 1g. (solid circleg or 9-semitongopen squaresconditions of experiment 1.

semitones.
Two features of our data are different from these results

of Brokx and Nooteboom. First, performance in our experi-ing resynthesized by LPC coding, and differéf@ condi-
ment barely increases overall between the 0- and 1-semitonigyns were obtained by the same talker naturally producing
conditions. Second, in our data the 12-semitone conditiofoyr different types of intonationt1) normal intonation in
giVGS the best performance; in Brokx and Nooteboom'’s it d|Qhe same~0 range as was used for the background passage
not. Both of these differences have similar eXp'anationS(averaging about 110 Hz(Z) normal intonation at a h|gh
which depend on the natural pitch contours used in our exXpitch (averaging about 160 Hiz(3) intended monotone at
periment. about 110 Hz; and4) intended monotone at about 220 Hz.
In the Brokx and Nooteboom experiment, tR® con-  These four intonation conditions were presented at six differ-
tours corresponding to a O-semitone shift were identicalent SNRs from 0 to-15 dB. With normal(rather than mo-
whereas in our experiment they had the variation inherent imotonous$ intonation, performance was considerably better
natural utterances. As can be seen from the abscissa valuesjimen theF0 of the target sentences was in a higher range
Fig. 4 the target and masker sentences had an average inst@lan the background passag@% compared with when it
taneous difference of between about 5% and 17%, respegras in the same rangé5%). However, when the speech
tively (about 1 and 3 semitongsdepending on the talker. was spoken on a monotone, performance improved very little
These instantaneous differences-Mprevent the fusion, and on the higherF0.
corresponding decrease in intelligibilittScheffers, 1983; The FO separation of the first two conditions of Brokx
Assmann and Summerfield, 198¢hat occurs with identical and Nooteboom’s second experiment are similar to our O-
FO values. They also provide some differentidd-contour  and 9-semitone manipulations. Figure 5 compares the results
information to help a listener to track a particular soundfrom these conditions at various SNRs. The figure also
source over time. A small difference O will thus have shows data from the same-talker condition of Brungart
more of an effect on performance with Brokx and Noot- (2001 which was very similar to the present 0-semitone con-
eboom’s monotone sentences than with ours. The reductiadition, but, like the Brokx and Nooteboom experiments, used
in performance with a one-octay&2-semitong FO separa- a wide range of SNRs. Although overall performance in our
tion in the Brokx and Nooteboom experiment has a similardata is lowernperhaps because of the rhythmic and semantic
explanation. The exact octave relationship between the tweimilarity between our target and mask utterancése im-
monotone utterances again causes fusion of the two soungsovement in correct identifications with a differencd=is
into a less-intelligible whole. In our experiments the 12-similar (c. 30%) in both experiments.
semitone separation was imposed on top of the natural varia- Larger changes in intelligibility of speech with differ-
tion in FO and so there was no fusion; moreover, the l&@e ences inFO have been reported by Bird and Darwit998.
difference between the sentences probably allowed listeneiheir listeners had to recall the shorter of two simultaneous
to track a particular sound source effectively. sentences that had been constructed to contain few stop and
Brokx and Nooteboom’$1982 second experiment used fricative consonantge.g., “I only moan in the morniny).
stimuli whoseFO contours were more similar to ours. Al- The sentences were spoken on a monotone and resynthesized
though the content of the utterances was the same as in theaising LPC or PSOLA to have different monotondt® val-
first experiment, the speech remained natural rather than bees. Intelligibility with the lower-quality LPC resynthesis in-

J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Darwin et al.: FO and vocal-tract length changes in audtiory attention 2917



creased from about 20% correct words to 80% asHEhe TABLE Il. Vocal-tract length differences tested in the stimuli of experiment
difference increased from O to 8 semitones. With the higher?, Z0c0 28 2 o o 8 e e and femle talkera to place
quality _PSOLA resynthesi¢and a new talkerthe change most gf the scaled vocal tracts into i/he range between typical malep and
was a little lesgfrom 35% to 75% from O to 10 semitones. female talkers. Thus, male talkers were generally scaled down more than up,
The rather larger effect of a difference KO found in this  and female talkers were generally scaled up more than down. Note that, on
experiment compared with our present experiment is proba given trial, the target talker was equally likely to receive the higher or
ably due to fusion of the strictly monotone sentences afoWervt scaling.

0-semitone separation, together with the greater reliance on
FO to track an individual sentence in the absence of the onset
and offset cues provided by stop and fricative consonants, V! Ratic  Longer VT Shorter VT Longer VT Shorter VT

Male Female

1.0 1.0 1.0 1.0 1.0

1.02 1.0 0.98 1.02 1.0
Il. EXPERIMENT 2: CHANGES IN VOCAL TRACT igg igi 882 18421 832
LENGTH ONLY 113 1.04 0.92 1.08 0.96
The results of experiment 1 clearly show that artificial 1168 1.08 0.92 1.08 0.92

tions in th&0 values of the talkers can produce sub- 1.16A 10 0.84 1.16 1.0
separa P 1.16 0.84 1.16 0.84

stantial performance improvements in a multitalker listening
task. However, even a 12-semitone change~ihdid not

produce as large an improvement in performance as a changg.nt 1. engthening the vocal tract leads to a more male-

in the sex of the masking talker. Thus, it is clear, that_qmer'sounding voicgthough without the usual lower pitgrshort-
ences inFO alone cannot account for a listener’s ability to ening it to a more female-sounding voice.

segregate different-sex talkers. A second experiment was Eight of the nine paid volunteer listeners who were used

conducted to examine the effect of another perceptual propy, the first experiment had also participated in experiment 2.
erty that listeners may be able to use to segregate differenkq - of the listeners were males, and four were females.
sex talkers: the length of the vocal tract. Each completed ten trials for each of the 384 possible stimu-
A. Method lus configurations of the experiment8 talkersx8 vt

. differences<6 SNRg, for a total of 3840 trials. These trials

The primary difference between experiments 2 and 1 ig o completed in blocks of 192 trials, with the trials within
that theFO shifts that were examined in the first experiment,_ .o piock randomly balanced to have an equal number of
){Neretreplgced k?(y ch?r:ges mAthe voc::lhl-tract Ieng:::sﬁgf th?rials for each value of each of the three independent vari-
arget and masking falkers. As was the case wi c ables(talker, vt difference, and SNR Each block took ap-
shifts, these vocal-tract shifts were implemented by proces Sroximately 10 min to complete, and each listener partici-

ing each of the 1024 sentences in the CRM corpus with th fated in two to three blocks per day over a 2-week period.
Praat software package. The apparent vocal-tract length

each talker was changed by a factordffor each utterance
by (1) multiplying FO by vt and duration by It (using B. Results
PSOLA), (2) resampling at the original sampling frequency
multiplied by vt, and then(3) playing the samples at the

original sampling frequency. The end effect of this manipu-

The left panel of Fig. 6 shows the probability of a cor-
rect identification of both the color and number of the target
; ) i < sentence as a function of the signal-to-noise ratio and the
lation was to maintain the same duration &of the origi- ratio of vocal-tract length changes. The baseline condition
nal utterance but to scale the spectral envelopethyScal- i, 44t ratio of 1.0(open circles in Fig. Bproduced results

ing the spectral envelope is not identical to a change ifqry gimilar to those obtained in previous same-talker con-
vocal-tract length since it scales all those factors that are

responsible for the spectral envelope. These factors include
for example the spectral envelope characteristics of the voice
source(such as spectral t)las well as the vocal-tract transfer
function. However, the vocal-tract resonances are the mairs
factor responsible for spectral envelope shape, and for simg | ;
plicity we will refer to the manipulation as a change in vocal- £o4; &
tract length.
The range of vocal-tract ratios that we used is based or*
the average formant-frequency ratio between female anc ° % =% ¢ & 5 1 T i 753
male voices reported by Peterson and Barti&952 (of Signal-to-Noise Ratio (d) VT Ratio
around 16% Each utterance was processed with the fOIIOW'FIG. 6. The left panel shows the probability of a correct identification in
ing values ofvt: 1.16, 1.08, 1.04, 1.02, 1.0, 0.98, 0.96, 0.92, experiment 2 of the number and color in the target sentence as a function of
0.84. Pairs of utterances from the same original talker wer&NR for eight _dif_ferent ratios of vocal-tract Ien_gth between the two sen-
then selected on each trial to produce one of the nine relativsign’;‘ﬁss'pz?g rrr?]t;]'csei‘\’lvg‘rfggkzzrzzsafhfl2@;‘;‘%3:g:\fst\i;‘g‘:;gg’t panel
values ofvt shown in Table Il. These relative values were and 3 dB as a function of thet ratio. The data have been averaged over all
used in an experiment that was otherwise identical to experieight talkers. The error bars represent 95% confidence intervals.
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Female Talkers Male Talkers seven talkers in the experiment. The large natural variations
in FO that occurred in the speech from talker 5 probably
provided sufficient segregation such that no additional ben-

o |
e /q- 3 efit was gained from changing the vocal-tract length of that
W W talker.

As in experiment 1, the vast majority of incorrect re-
sponses contained the color and/or number from the masker
5 D T s | sentence. Only 2.7% of the errors were not such intrusions.
1 108 116 134 1 108 116 134 The improvements that we see withh separation are thus

VT Ratio VT Ratio improvements in the listeners’ ability to allocate correctly

FIG. 7. Data as in the right panel of Fig. 6, except the results have beeP€rceived colors and numbers to the appropriate call-sign

shown separately for female talketeft pane) and male talkergright sentence.
pane), with separate curves representing trials where the target voice had a

shorter vocal tractopen and shaded symbptsr a longer vocal tractblack . )
symbolg than the masking voice. C. Discussion
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This experiment asked whether changes in vocal-tract

] ) ) _ length between the talkers of the target and masker sentences
figurations, with a decrease in performance fre@t0 0 dB  ¢oy1d improve performance. The main result of this experi-

SNR and then a plateau in performance at SNR values les§ent is that although small changé&% or less do not
than 0 dB. _ improve performance, larger changes do. Across the four
The right panel of Fig. 6 shows the percentage of correcfyyest SNRs, a change of 13%a length increases perfor-

responses as a functionof ratio averaged across the lowest j,ance from about 50% to 559p€0.001) and a 38%
four SNR values tested_ in the experiméBNR<+3 dB). At change increased it further to 67%<¢0.0001).

0-dB SNR, detectable improvement only appeared fora- This result is entirely consistent with previous experi-
tios of 1.13 10<0.0001)_or greater. Changes of ratio of 1 ents by Darwin and Hukif2000. They found that small
1.08 or less gave no improvement in performanég 4  gjfferences in vocal-tract lengit<8%) did not help listeners
=1.94, p>0.1). For the largestt ratio (1.38, however, 4 gliocate a target word to the target carrier sentence, but a
there was a substantial improvement in performance coMifference of+17% helped substantially. It may be the case
pared to the baseline condition with equanIength vocaknat small change&*4%) in vocal-tract length are not effec-
tracts: the percentage of correct responses increased frofje in segregation because listeners do not hear them as a
about 50% correct to 70% correct. This improvement is COM¢hange in the identity of the talker. Kuwabara and Takagi
parable to that produced by &0 shift of 9 semitones in  (1997), for example, found that an upward or downward shift
experiment 1 both in the magnitude of the improvement at Qy¢ go4 in the first three formant frequencies was sufficient to
dB SNR and in the overall shape of the curfided squares gy ce individual voice recognition to chance. The smaller,

in left panel of Fig. 6. bi-directional changes that we used may not be sufficient to

The results so far have not distinguished between trialgange the identity of talker’s voices that were familiar to
where the target sentence had the shorter or the longer vocg|; jisteners.

tract. This distinction is made in Fig. 7, which is similar to
the right panel of Fig. 6, but breaks the results down by theD Interim discussion
relative length of the target vocal tratthaded and black
symbols in each paneénd by the sex of the talkéfemales These two experiments have identified two factors
in the left panel, males in the right paheThe main result which are likely to have contributed to the improvement in
shown in the figure is that performance was consistentlyperformance found by Brungat200)) for different sex talk-
higher in trials where the target talker had a shorter vocaérs relative to identical talkers. A difference in talker sex
tract. Indeed, it appears that manipulating theratio had produces a difference in over&D of the target and masker
very little effect on the proportion of correct responses whersentences of a little under an octave and a change in vocal-
the masking talker had the shorter vocal tract. It is interestingract length of about 16%Peterson and Barney, 1952r-
to note that this effect was equally strong for both male andificially manipulating the=0 and the vocal-tract length sepa-
female talkers. Thus, the performance advantage seen for thately also gave substantial increases in performance.
shorter vocal tract does not appear to depend on the initidlowever, it is unlikely that these two factors alone are en-
vocal-tract length of the talker. This result suggests that listirely responsible for the performance differences originally
teners may be biased to focus their attention on the talkeiound. If we look simply at the data gathered with a SNR of
with the shorter vocal-tract length when no other cues ar® dB, and assume that the effectskd and of vocal-tract
available to segregate the two talkers. length are additive, then we find that together they provide
As was the case in the first experiment, talker 5 pro-ess improvement than was found with different-sex talkers.
duced the best performance in the baseline condition an8pecifically, we converted the probability of a correct re-
showed the least improvement with increagedatio. At 0  sponse tal’ values using published tablédacker and Rat-
dB SNR, there was no improvement in performance betweenliff, 1979), assuming a choice between four orthogonal al-
the 1.0 and 1.34t ratios with talker 5, compared to an ternatives(since almost all errors were the color or number
average improvement of 30 percentage points for the othdrom the masker sentenceChanging the sex of the talker
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TABLE Ill. FO ratio (and equivalent semitopeand vt values used to  TABLE IV. FO ratio(and equivalent semitopandvt values used to modify

modify male voices in experiment 3. female voices in experiment 3.
FO Semi FO Semi

Male original ratio tones vt Female original ratio tones vt
Super-male 0.74 -5.2 1.08 Super-male 0.49 -12.4 1.24
Male 1.00 0.0 1.00 Male 0.59 -9.2 1.16
Quarter-female 1.17 2.7 0.96 Almost male 0.66 —-7.2 1.12
Half-female 1.35 5.2 0.92 Half-male 0.74 -5.2 1.08
Almost female 1.53 7.4 0.88 Quarter-male 0.85 —-2.7 1.04
Female 1.70 9.2 0.84 Female 1.00 0.0 1.00
Super-female 2.05 12.4 0.76 Super-female 1.35 5.2 0.92

increasesg’ by about 191, a Change of 12 semitones-th male voices we generated “female” voices wiHD multi-

increasesd’ by 0.97, and a change in vocal-tract length of plied by 1.7 andyt by 0.84. These values correspond to the
1.16 increases!’ by 0.46. We can combine these tvis average female/male ratios for the formant &tdata re-

gorted by Peterson and Barnéy952. Similar, inverse
changes were made to the original female voices to give new
“male” voices. Three intermediate voices were then linearly

added if the underlying noise distribution is the same for, - ) '
both measures, or orthogonally addes the square root of interpolated between each original voice and its changed
counterparfwhich we have arbitrarily labeled as “quarter-,”

the sums of their squared the underlying noise distribu- ' g !
‘half-,” and “almost” shifts to the opposite gender in the

tions are independent. With each of these ways of combina-

tion there is a shortfall attributable to other voice character!@P!®, and two more extreme values were linearly extrapo-

istics, which is between about 0.48ssuming linear lated (the super males and super females of Tables Il and
additivity) and 0.84(assuming orthogonality These voice ] o i
characteristics may also be at least partly responsible for the 1€ €xperimental procedure was similar to the first two
0.67 improvement ind’ that is found in Brungart's data experlmentg..aght pald volgnteer listenéfsur male, four .
(2001 for different talkers of the same séXS) compared ~€male participated in experiment 3. All but two had previ-
with identical talkerdTT). One of the ways in which talkers ©USly participated in the first two experiments. Each listener
differ is in the timing of their speech, but there may also becom_pleteo! ten trials for each_of the 336 possible stimulus
a super-additive effect oF0 and vocal-tract length differ- configurations of the experiment8 talkers<7 gender

ences, when they are combined in a natural way. The r]e)gifferences<6 SNRg, for a total of 3360 trials. These trials

experiment examines improvement on the task when Both Were completed in blocks of 168 trials, with each block ran-
and vocal-tract length co-vary in a natural way. domly balanced to have an equal number of trials for each

value of each of the three independent varialfiatker, gen-

der difference, and SNREach block took approximately 9
IV. EXPERIMENT 3: CHANGE IN BOTH FO AND VOCAL min to complete and each listener participated in two to three
TRACT LENGTH blocks per day over a 2-week period.

measures in one of two ways in order to obtain an expecte
d’ when both cues are present. Ady scores can be linearly

The first two experiments examined the effects that iso-
lated changes iff0 and vocal-tract length have on a listen- B. Results and discussion
er's ability to segregate two talkers. However, neither of

. Once again, the results are shown in terms of the percent-
. _ _ rétge of correct identifications of the color and number in the
FO and in vocal-tre_lct length. Thus,_a third expenment Wastarget sentences as a function of the SNR of the stimulus.
conducted that \.”.i”ed bofR0 andwt in concert to S|.mu|ate The results for the unshifted masking voidepen circles in
a sm_ooth transition between a same-sex and different-sey . figures were once again similar to those from previous
masking voice. experiments, with a rapid decrease in performance figdn
to 0 dB SNR, and a plateau in performance at about 45%
correct responses at SNRs less than 0 dB. However, the re-
Most of the procedures for the third experiment were thesults for the gender-shifted sentences show a systematic in-
same as for the first two, but the stimuli consisted of speeclkrease in performance up to a substantially higher level of
phrases in which both thet ratio and the=0 frequency were  performance than that obtained in either of the first two ex-
manipulated at the same time. The particularandFO val-  periments. At a SNR of 0 dB, overall performance improved
ues that we used are shown in Tables Ill and IV. Anotherapproximately 35 percentage poir(ffsom 45% to 80% at
difference with the first two experiments is that here on eactihe larger gender shifts tested for both the male and female
trial listeners heard one message with #@ andvt un-  talkers. This brought performance up to a level comparable
changed; these unchanged values are referred to as “maléd that measured with different-sex talkers in the earlier ex-
in Table Ill and “female” in Table IV. From the original periment by Brungar(2002).

A. Methods

2920 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Darwin et al.: FO and vocal-tract length changes in audtiory attention



1 — 1.50 (]
- ’ T ol
gos _p= QN & . i ®
2 — P A T 1.00 U.
g 06} A — 4 - - N , = Py
5 Y 7 Super Male %
S O Super Female 1
% 04 > Female ® 0.50 O | Omale
e @ Almost Female
$02 ~)- 1/2 Female ©® female
a A 1/4 Female O Target Shifted T
-O- Unchanged -@- Masker Shifted 0.00 T T
0
-6 -3 0 3 6 9 SM NC QF HF AF F SF 0.00 0.50 1.00 1.50
Signal-to-Noise Ratio (dB) Gender Shift N '
predicted d

FIG. 8. The left panel shows the probability of a correct identification of the

number and color in the target sentence as a function of SNR for the sevel G- 10- The actuad” improvement in experiment 3 at 0 dB SNR when one
different gender shifts introduced into the male voice in experimefseg ~ VOic€ changes in botRO and vocal-tract length versus predicted from

Table Ill). The right panel shows performance averaged across the lowesparate changes in either variable in experiments 1 and 2. Published tables
four SNRs(—6, —3, 0, and 3 dB as a function of the gender shift, with (Hacker and Ratcliff, 1979were used to convert thé’ values from the
separate curves for trials where the target voice was shifieen and probability of a correct color and number identification in each condition
shaded symboJsand trials where the masking voice was shiftéiack with the assumption that each response represented a choice between four
symbolg. The error bars represent the 95% confidence intervals of the?rthogonal alternatives. See text for details.

mean.

The right panels of Figs. 8 and 9 show performancevo'ce fell between the normal ranges of male and female

averaged across the four lowest SNRs tested in the exper\llplces’ there was generally a more rapid improvement in

ment(—6 to +3 dB) as a function of the gender shift intro- performance with gender change for the female talkers than

duced between the two talkers in the stimulus. These data aﬁgr the male- t.alkers. .Thls was especially true for the female-
male condition, which produced performance about 10 per-

lotted separately for trials where the target speech wa$
Shifted in gende(:haded and open symbbtsr?d th()are the Ce”tﬁ_‘ge points highe_r t_han the corre_spondin_g mdtenale
masker was shifted in gendélack symbols The data for cond_ltlon (upward-pointing triangles in the right panels of
both the male and female talkers show that performance wdS€ figures. In both cases, however, nearly 100% of the ben-
generally better when the target was shifted in gender thaffit of separation in gen_d_er was _achleved in the almost male
when the masker was shifted in gender. In part, this may" almost f_emale con_dltlon, which represent the normally
occur because the listener’s attention is drawn to the unusu&FcurTing differences int and FO for a male and female
characteristics of the gender-shifted talker. The difference beZ0ice (squares in the right panels of the figurea larger
tween the target-shifted and masker-shifted configurationdSymmetry between the male and female talkers occurred
was largest when the male target talker was female—shifted’)’he” the voice characteristics were shifted outside the nor-
which may reflect the bias in favor of the talker with the Mally occurring range obt andFO0. Specifically, the perfor-
shorter vocal-tract length found in experiment 2. The differ-mance improvement produced by shifting a female voice to a
ence between the target-shifted and masker-shifted config§uPer-female voicéupside-down triangles in the right panel
rations was substantially smaller for the male-shifted femal®f Fig. 9 was nearly three times as large as the performance
talkers, which may reflect a conflict between the novelty ofimprovement produced by shifting a male voice to a super-
the gender-shifted talker and the bias in favor of the talkefmale voice(upside-down triangles in the right panel of Fig.
with the shorter vocal tract. Overall, the results suggest tha®)- The reason for this differential improvement is seen more
the performance advantages that occurred with the short&fearly in the left panel of Fig. 8, which shows that perfor-
vocal tract in experiment 2 represent a relatively weak effecinance in the super-male condition falls off substantially
that only dominates the results when the vocal-tract length ighore rapidly than performance in any condition except the
changed at a fixed value &0. unshifted condition as the SNR of the stimulus decreased. It

The results of experiment 3 also reveal other asymmeappears that the listeners had extreme difficulty segregating a
tries between the effects of the gender shifts for the male anghale voice from a super-male voice at low SNRs. At this
female talkers. When the voice characteristics of the shifted0int we have no explanation for this result.

To address the question of whether the effects of a shift
in FO and a shift in vocal-tract length are additive, we pre-
dicted the improvements in performance in the 0 dB SNR
conditions of experiment 3, which varied bd&® and vocal-
tract length, from the improvements shown for these two
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parameters separately in experiments 1 and 2. We assumed
that the two factors were orthogonal and so the square of the
predictedd’ was the sum of the squares of the two predicting
d's. The results of this analysis in Fig. 10 show that the
factors behave super-additively—predicted values for perfor-
mance when both variables change are, except for 1 point out

FIG. 9. Identical to Fig. 8 except the data are shown for the female talkeré)Tc 12, lower than the a_CtuaI values Optained irl] gxperiment 3
in experiment 3 with the gender shifts outlined in Table V. Listeners therefore gain more benefit from a joint change in
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