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Abstract

Cocktail parties pose a difficult yet solvable problem for the auditory system. Previous work
has shown that the cocktail-party problem is considerably easier when all sounds in the target
stream are spoken by the same talker (the voice-continuity benefit). The present study
investigated the contributions of two of the most salient voice features — glottal-pulse rate
(GPR) and vocal-tract length (VTL) — to the voice-continuity benefit. Twenty young, normal-
hearing listeners participated in two experiments. On each trial, listeners heard concurrent
sequences of spoken digits from three different spatial locations and reported the digits
coming from a target location. Critically, across conditions, GPR and VTL either remained
constant or varied across target digits. Additionally, across experiments, the target location
either remained constant (Experiment 1) or varied (Experiment 2) within a trial. In Experiment
1, listeners benefited from continuity in either voice feature, but VTL continuity was more
helpful than GPR continuity. In Experiment 2, spatial discontinuity greatly hindered listeners’
abilities to exploit continuity in GPR and VTL. The present results suggest that selective
attention benefits from continuity in target voice features, and that VTL and GPR play

different roles for perceptual grouping and stream segregation in the cocktail party.

Keywords: cocktail party; perceptual grouping; glottal-pulse rate; vocal-tract length
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l. Introduction

In everyday life, sounds rarely occur in isolation; instead, most of time, the auditory scene
comprises a multitude of sounds heard at once. Consequently, the auditory signal that
reaches the listener’s ears is usually a mixture of sounds elicited by various sources. These
situations are often referred to as cocktail parties (Cherry, 1953) and pose a difficult
conceptual problem for the listener: to ensure comprehension of target speech, listeners
need to attend to the target voice while at the same time ignoring other irrelevant sounds.

Previous work has shown that the cocktail-party problem is made considerably easier
when all target sounds are spoken by the same talker (Best et al., 2008; Bressler et al., 2014;
Kitterick et al., 2010; Larson and Lee, 2013). In the following, we refer to this phenomenon as
the voice-continuity benefit. The voice-continuity benefit occurs because speech sounds from
a single talker are all similar in terms of certain acoustic features, which makes it easier to
perceptually group together these sounds than speech sounds produced by different talkers.
Importantly, previous studies demonstrating the voice-continuity benefit all used natural
speech. It is therefore unclear precisely which features common to speech sounds produced
by the same talker contribute to the voice-continuity benefit.

A separate line of research has investigated which features are important for
distinguishing different talkers and recognizing familiar ones (reviewed by Mathias and von
Kriegstein, 2014). This work has shown that two of the most salient features are glottal-pulse
rate (GPR) and vocal-tract length (VTL). GPR is the oscillation rate of the vocal folds; it
determines the fundamental frequency (f0) of a speech sound and is perceived as vocal pitch.

VTL is correlated with a talker’s perceived height or body size (e.g., Smith et al., 2005); it
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determines the spectral envelope of a speech sound and is perceived as an aspect of vocal
timbre. GPR and VTL appear to be the most important cues for rating the similarity of speech
sounds produced by unfamiliar talkers (e.g., Baumann and Belin, 2010; Gaudrain et al., 2009)
and for identifying personally familiar talkers (e.g., Lavner et al., 2000).

Previous studies indicate that listeners use GPR and VTL information during cocktail-
party listening. Darwin et al. (2003) presented listeners with two concurrent sentences that
differed in GPR and/or VTL and asked them to report key words from a target sentence. Their
results showed that differences in both GPR and VTL helped listeners to segregate target and
masker sentences, and that differences in both GPR and VTL that were large enough to
simulate a shift in the perception of talker sex helped segregation more than differences in
either GPR or VTL alone. In another study, Vestergaard et al. (2009) showed that, when no
other cues are available for stream segregation, smaller differences in GPR than VTL were
necessary to yield the same performance. Thus, their results suggest that GPR is the more
important cue for stream segregation.

Solving the cocktail-party problem requires both segregation (separating sounds from
different sources) and grouping (binding successive sounds from the same source) (Bregman,
1990). While these previous studies provide evidence for the importance of GPR and VTL for
stream segregation, there is, to date, no direct evidence as to whether GPR and VTL are also
important for perceptual grouping in the cocktail party.

The main objective of the present study was therefore to investigate the roles of GPR
and VTL for perceptual grouping by determining their relative contributions to the voice-

continuity benefit. To this end, our experimental manipulations did not concern differences in
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85  GPRand VTL across target and masker streams, as in previous studies (Darwin et al., 2003;
86  Vestergaard et al., 2009), but the continuity of GPR and VTL within the target stream.
87 We conducted two experiments with similar designs, involving the same listeners. In
88  both experiments, listeners heard streams of spoken digits presented simultaneously from
89 different locations and reported the digits from a target location (Fig. 1A). To explore the
90 contributions of GPR and VTL to the voice-continuity benefit, we manipulated continuity in
91 GPRand/or VTL in the target stream (Fig. 1B). This was done by resynthesizing original
92  recordings of spoken digits using vocoder software (Kawahara et al., 2008). If GPR and VTL are
93  used for perceptual grouping, listeners should benefit from continuity in these features; that
94 s, they should report more target digits when GPR and VTL are continuous across target
95 digits than when they are not. To quantify the benefits from continuity in either GPR, VTL, or
96  both, we compared the proportions of correctly reported target digits across conditions.
97  Furthermore, to explore whether continuity in certain voice features helps listeners to “tune
98 into” the target stream, we compared the probabilities of correctly reporting the current
99 target conditioned on whether or not the previous target digit was correctly reported
100 (Bressler et al., 2014).
101 In addition to voice continuity, spatial continuity plays an important role for
102  perceptual grouping in the cocktail party. Previous studies have shown that performance
103  deteriorates drastically when listeners are uncertain about the locations of the target sounds
104  (Best et al., 2008; Brungart and Simpson, 2007; Kidd et al., 2005; Kitterick et al., 2010). In the

105 present study, we sought to extend these findings by comparing the benefits from voice-
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106  feature continuity across two experiments that differed with respect to spatial continuity in
107  thetarget stream (Fig. 1A).

108  Specifically, the comparison between experiments allowed us to investigate whether spatial
109 discontinuity mediates listeners’ abilities to exploit target voice features. Previous work has
110 shown that listeners only benefit from knowledge about the target voice when the cocktail
111  party is challenging enough (Kitterick et al., 2010). If spatial discontinuity made the cocktail
112  party more challenging, one might hypothesize that listeners would attain greater benefits
113 from continuity in GPR and VTL when the target location varies within a trial. On the other
114  hand, it has been suggested that the temporal coherence across perceptual features,

115  including pitch, timbre, and location, is crucial for auditory scene analysis (Shamma et al.,
116  2011). Hence, an alternative possibility is that the lack of spatial continuity would prevent
117  listeners from fully exploiting continuity in GPR and VTL; if true, we would observe smaller

118  benefits from voice-feature continuity when the target location varies.

119 Il. Methods

120 A. Listeners

121 Twenty listeners (12 females, 8 males; age: 18-31 years) participated in two experiments. All
122  listeners were native English speakers and had hearing thresholds of 20 dB hearing level (HL)
123 or lower at octave-spaced frequencies between 0.125 and 8 kHz. None of them had a history
124  of hearing disorder or neurological disease. Written informed consent was obtained from all
125 listeners according to procedures approved by the Research Ethics Committee of the

126 Université de Montréal. Listeners completed each of two sessions within 1.5 h and were

127  compensated C$ 12.50/h for their participation.
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128 B. Stimuli

129  The stimuli were based on the digits one to nine spoken by a native English male talker. Digit
130 seven was excluded from the stimulus set because it was disyllabic. All other digits were

131  resynthesized using vocoder software (TANDEM-STRAIGHT; Kawahara et al., 2008) to simulate
132 nine virtual talkers with different GPRs (79, 150, 285 Hz) and VTLs (8, 12, 18 cm). These values
133 conform to a stepwise increase of approximately 90 % in GPR and 50 % in VTL. Previous work
134  has shown that listeners perceive different talker identities at half of these step sizes

135  (Gaudrain et al., 2009). The loudness of all stimuli was normalized using the Zwicker and Fastl
136  (1999) model as implemented in the Genesis Loudness Toolbox (www.genesis.fr). This

137  procedure also included shifting waveforms in time to ensure that all stimuli were

138  isochronous.

139 Finally, the stimuli were concatenated into four-digit sequences with an inter-digit
140  delay of 50 ms using MATLAB (MathWorks, Natick, MA, USA). The digit sequences were

141  presented through loudspeakers (Orb Audio, New York, NY, USA) via digital-to-analogue

142 conversion hardware (Tucker-Davis Technologies, Alachua, FL, USA) at 65 dB SPL and with a

143 sampling rate of 48.828 kHz.
144 C. Apparatus

145  The study took place in a hemi-anechoic room (2.5 x 5.5 x 2.5 m). Listeners were seated in a
146  comfortable chair, located in the center of a spherical array of 80 loudspeakers with a

147  diameter of 1.8 m. Each loudspeaker was equipped with a light-emitting diode (LED).

148  Listeners were instructed to focus on the central loudspeaker during sound presentation. This

149  was controlled by a laser pointer and an electromagnetic head-tracking sensor that were
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150 attached to the listeners’ forehead via a headband. An Optimus Maximus keyboard (Art.

151  Lebedev Studio, Moscow, Russia) with only the numbers 1 to 9 (excluding 7) lid up on the
152  number pad was placed on the listeners’ lap and served as a response device. Listeners were
153  instructed to look down at the keyboard to make their responses. Following the listeners’
154  response, sound presentation only continued once the listeners re-aligned their head with

155  the central loudspeaker. In case of head misalignment, a 150-Hz tone was played for 200 ms.
156  D.Procedure

157  The study comprised two sessions conducted on two separate days. In the first session,

158 listeners were familiarized with the stimuli and the equipment of the main experiments

159  before performing the two experiments. In the second session, the listeners repeated the two
160 experiments and finally performed an adaptive procedure that estimated just-noticeable

161  differences (JNDs) for GPR and VTL.
162 1. Experiment 1

163  On each trial of Experiment 1, listeners heard three competing digit sequences presented
164  through loudspeakers located at -15° 0°, and 15° on the azimuth (Fig. 1A, upper panel). An
165  LED affixed to the center of each loudspeaker was illuminated during sound presentation to
166 indicate the position of the target digit. There was no delay between sound and light onset.
167  The position of all digits in a target sequence was fixed. The listeners’ task was to report the
168  digits of the target sequence in the order of their presentation. Responses were self-paced
169 and only allowed after the entire sequence was played. No feedback was given.

170 To investigate the contributions of different voice features to the voice-continuity

171  benefit, the experiment employed four conditions that differed in terms of (dis-)continuity in
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172  GPRand VTL in the target sequence (Fig. 1B): the digits in the target sequence were either

173  spoken by the same virtual talker (Fixed voice) or virtual talkers whose voices differed in GPR
174  only (GPR change), in VTL only (VTL change), or in both GPR and VTL (GPR & VTL change). The
175  order of conditions was pseudo-randomized with the restriction that each condition occurred
176  within blocks of four trials. The experiment comprised 36 trials per condition in each session.
177  Figure 1A (upper panel) shows an example trial in Experiment 1. Here, the target sequence
178  was presented through the central loudspeaker. Throughout the experiment, the target

179  sequence in each of the four conditions was presented equally often at each of the three

180 loudspeaker positions. The three concurrently presented digits were always different from
181  one another and spoken by three different virtual talkers. Furthermore, we ensured that in the
182  target sequence as well as in each of the two masker sequences, each individual stimulus (i.e.,
183  each of the eight digits spoken by each of the nine talkers) occurred equally often throughout
184  the experiment. To familiarize the listeners with the procedure of Experiment 1, they first

185  conducted a practice block in each of the two sessions. The practice block comprised two

186 trials of each condition. After completion of Experiment 1, the listeners could take a longer

187  break before continuing with Experiment 2.
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189 Figure 1. (A) Setup of Experiments 1 (upper panel) and 2 (lower panel). Different four-digit sequences were
190 presented simultaneously through three loudspeakers (indicated by full circles on the semi-circle). Time is
191 represented as the distance from the loudspeakers. Bold face indicates target digits. In Exp. 1, all digits within a
192 target sequence were presented at the same location. In Exp. 2, the target locations varied from digit to digit. All
193 three target locations were equiprobable in each condition and each experiment. (B) Experimental conditions.
194 Digits in the target sequence were either spoken by the same talker (Fixed voice), talkers whose voices differed in
195 GPR only (GPR change), in VTL only (VTL change), or in both GPR and VTL (GPR & VTL change). GPR and VTL are
196  shown as black f0 contours and gray bars, respectively.

197
198 2. Experiment2

199  Experiment 2 was designed to investigate the influence of spatial discontinuity on the

200 listeners’ abilities to group sounds based on voice-feature continuity. In Experiment 1, all

201  digits within the target stream were presented at the same location. In Experiment 2, the

202  target location varied from digit to digit (Fig. 1A, lower panel). We ensured that there was
203  always a change in target location between two consecutive digits and that each of the three
204  possible target locations was used at least once per trial. Otherwise, Experiment 2 was

205 identical to Experiment 1. Like in Experiment 1, the listeners first conducted a practice block

206 in each of the two sessions to familiarize themselves with the experimental procedure. All

10
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207 listeners completed both experiments. However, data from one listener in Experiment 2 were

208 not recorded in the first session due to technical issues and were dropped in the data analysis.
209 3. Assessment of JNDs

210 Toassess individual listeners’ sensitivity to changes in GPR and VTL, we measured just-

211  noticeable differences (JNDs). For both GPR- and VTL-JNDs, we used a weighted one-up one-
212 down adaptive procedure that estimates 75 %-correct on the psychometric function

213 (Kaernbach, 1991). On each trial, two versions of the spoken digit nine were played in

214  succession from the central loudspeaker (with an inter-stimulus interval of 200 ms).

215 To assess JNDs for GPR, the two versions of the digit nine differed in voice pitch and
216  the listeners were asked to indicate which nine was spoken by the person with the higher

217  pitch. The first digit always had an f0 that matched one of the GPRs from the main experiment
218  (i.e., 79, 150, 285 Hz). All GPRs from the main experiment were presented in separate

219  staircases. The VTL was fixed at 12 cm in all three staircases. The second digit differed by delta
220  cents from the first digit with an initial difference of 100 cents (i.e., one semitone). The

221  direction of this difference was randomized in each trial. For the first four reversals in the

222 direction of the staircase, the pitch difference was decreased by 10 cents following a correct
223 response and increased by 30 cents following an incorrect response. From the fifth reversal
224  onward, the step sizes were 2 and 6 cents for down- and up-steps, respectively. Each staircase
225  was terminated after the twelfth reversal and the JND for GPR was defined as the arithmetic
226  mean of delta cents visited on all reversal trials after the fifth reversal. Finally, INDs were

227  averaged across all three staircases.

11
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228 For VTL-JNDs, we used a similar procedure. On each trial, two versions of the spoken
229  digit nine were presented that differed in vocal timbre. The first digit always had a spectral
230 envelope that matched one of the VTLs from the main experiment. All VTLs from the main
231  experiment (i.e., 8, 12, 18 cm) were recycled in separate staircases, and the GPR was fixed at
232 150 Hzin all three staircases. The difference in VTL was realized as spectral envelope ratio

233 (SER), and each staircase started with an initial SER of 12 %. The SER was manipulated using
234 up- and down-steps of 3 % and 1 % for the first four reversals, and 0.6 % and 0.2 % from the
235 fifth reversal onward. Since VTL information has been associated with the perception of talker
236  size (Smith et al., 2005), we asked listeners to indicate which nine was spoken by the smaller
237  person (similar to Roswandowitz et al., 2014). The VTL-JND was defined as the arithmetic

238 mean of SERs visited on all second-phase reversal trials.
239 E.Data analysis

240 Raw data were prepared for statistical analysis using MATLAB. We first calculated listeners’
241  accuracies (i.e., proportion of correctly reported target digits) per condition, experiment, and
242  digit position (i.e., the four digits per trial). To investigate the effect of continuity in different
243  target voice features on cocktail-party listening, we calculated separate scores for the benefits
244 from continuity in VTL & GPR, VTL-only continuity, and GPR-only continuity. To do this, we first
245  logit-transformed accuracies separately for each listener, experiment, condition, and digit

246  position. To correct for values of 0 and 1, we used an approach established in signal detection
247  theory (Macmillan and Creelman, 2005), where pcorect = 1 Was set to peorrect = 1-1/(2N), and

248  Pcorect = 0 Was set to peorect = 1/2N (N is the number of responses that entered the average; in

249  this case, N=36) (similar to Hartwigsen et al., 2015). Finally, we calculated the difference of the

12
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250 logit-transformed accuracies in the GPR & VTL change versus each of the other three

251  conditions. For example, the difference between GPR change and GPR & VTL change

252 conditions quantified the benefit from continuity in VTL only, because VTL was fixed in the
253  GPR change condition but varied in the GPR & VTL change condition (Fig. 1B). Similarly, we
254  quantified the benefits from continuity in GPR only (VTL change — GPR & VTL change), and the
255  benefits from continuity in VTL & GPR (Fixed voice — GPR & VTL change).

256 Previous work has shown that the previous-digit-correct benefit (PDCB) is a sensitive
257  measure to capture benefits that arise from perceptual voice continuity (Bressler et al., 2014).
258 The PDCB relates the probabilities of being correct on the current digit conditioned on

259  whether or not the previous digit was correctly reported [P(C;_;) vs. P(NC;_1)]. Like Bressler
260 etal. (2014), we calculated the PDCB as the natural logarithm of the ratio of these conditional
261  probabilities. For the calculation of both types of conditional probabilities, we used the same
262  correction formula that we applied to the proportion-correct values. PDCBs were calculated
263  separately for each listener, experiment, and condition.

264 A PDCB of zero would indicate that being correct on the previous digit had no effect
265  on the probability of being correct on the current digit. The greater the PDCB, the greater the
266  benefit from having been correct on the previous digit. If listeners were better at tracking the
267  target stream with continuity in certain voice features, we should observe a greater PDCB in
268  conditions in which voice features were kept constant in the target stream compared to

269  conditions in which they varied across digits. Hence, investigation of the PDCB allowed us to
270  explore whether the listeners’ abilities to tune into the target stream are modulated by

271  continuity in certain voice features.

13
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272 The statistical analyses were performed in R (R Core Team, 2017) using RStudio

273  (version 1.1.383). Linear mixed-effects models as implemented in the Ime4 package (Bates et
274  al., 2015) were fitted separately to continuity benefits and PDCBs. In all model fits, we

275  followed an iterative procedure: starting with the intercept-only models, we first added fixed-
276  and then random-effects terms in a stepwise fashion. After each step, we fitted the model
277  using maximum-likelihood estimation, and assessed the change in model fit using likelihood-
278  ratio tests.

279 To investigate the potential effects of Continuity type (VTL & GPR, VTL-only, GPR-only
280  continuity) and Experiment (Exp. 1, Exp. 2) on continuity benefits, we modeled these

281  predictors as fixed effects using deviation coding. To investigate the potential effect of Digit
282  position (digit positions 1 to 4), we used backward difference coding; that is, we compared
283  the continuity benefit for a given digit position to the benefit for the prior digit which allowed
284  usto test for a successive increase in continuity benefits over digit positions. For the analysis
285  of PDCBs, we investigated the potential effects of Condition (Fixed voice, GPR change, VTL
286  change, GPR & VTL change) and Experiment using deviation coding. We derived p-values for
287  individual model terms using the Satterthwaite approximation for degrees of freedom (Luke,
288  2017). Post-hoc comparisons were performed using Tukey’s range tests as implemented in
289  the Ismeans package (Lenth, 2016). To provide an estimate of effect size for pairwise

290 comparisons, we report unstandardized coefficients b.

14
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291 lll. Results

292 A.Accuracy

293  Figure 2 shows the proportions of correctly reported target digits, stream confusions

294  (reporting a digit from one of the two masker streams), and random errors (reporting a digit
295 that was not present in the mixture) in each condition of both experiments as well as

296 listeners’ accuracies. All listeners performed well above chance (i.e., 0.125 or 1 out of 8

297  possible response options) in all conditions of both experiments; when errors occurred,

298  stream confusions were much more common than random errors in both Experiment 1 (t;o=
299  9.13;p < 0.001; r = 0.90) (Rosenthal and Rubin, 2003) and Experiment 2 (t;o=9.56; p < 0.001; r =
300 0.91), even though there were more response options related to random errors (5) than

301 stream confusions (2). Taken together, these results suggest that listeners were actively

302 engaged in solving the cocktail-party problem.

Fixed GPR f GPR &VTL Average
voice change change

¢ 6

304 Figure 2. Proportions of correct answers, stream confusions, and random errors shown as separate pie charts for
305 each condition (columns) and experiment (rows). Dots around the pie charts show individual listeners’ accuracies
306 with %-correct increasing counter-clockwise, the line sticking out of each chart marks chance-level performance
307 (i.e., 12.5 %). See legend (right) for details.
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309 B. Continuity benefits

310  The main aim of the present study was to investigate the relative contributions of GPR and
311  VTL to the voice continuity benefit. To quantify and compare the benefits from continuity in
312 certain voice features, we calculated separate benefit scores for VTL & GPR, VTL-only as well as
313  GPR-only continuity (see Data analysis for details).

314 One-sample t-tests revealed that listeners benefited significantly from all three

315  continuity types (VTL & GPR: t;50=9.58; p < 0.001; r = 0.61; VTL-only: t;s0=6.19; p < 0.001; r =
316  0.44; GPR-only: t;so=2.64; p = 0.009; r = 0.20) when the target location was kept constant

317  across digits (Exp. 1) (Fig. 3, top left). When the target location varied from digit to digit (Exp.
318  2), listeners benefited significantly from continuity in VTL & GPR (t;ss = 4.55; p < 0.001; r = 0.34).
319  The benefits from VTL-only and GPR-only continuity were similar in size, but only VTL-only
320 continuity reached significance (t;ss = 2.17; p = 0.031; r = 0.17; GPR-only continuity: t;ss = 1.84;

321 p=0.068; r=0.15) (Fig. 3, bottom left).
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Figure 3. Benefits from continuity in VTL & GPR, VTL-only, and GPR-only in Experiments 1 (top row) and 2 (bottom
row). The left-hand side of the figure shows continuity benefits averaged across digit positions. Light gray lines
show continuity benefits for each individual listener, black lines show the mean across listeners. Significant
benefits are denoted by the asterisks directly above the colored dots. Significant differences across continuity
types are denoted by the asterisks within lines. * p < 0.05, ** p < 0.01, *** p < 0.001. The right-hand side of the
figure shows the continuity benefits as a function of digit position. Symbols show mean continuity benefits; error
bars denote the standard errors of the means.

In addition to these findings, several basic observations can be made by visual
inspection of Figure 3: first, spatial discontinuity in Experiment 2 greatly reduced overall
voice-feature continuity benefits (top vs. bottom row); second, the benefit scores decreased
considerably across the three continuity types in Experiment 1 (top left); third, the continuity
benefits emerged rapidly from the first to the second digit in Experiment 1 (top right).

These observations were confirmed by fitting linear mixed-effects models to the
benefit scores. The best-fitting model included the interaction terms between the factors
Continuity type and Experiment (Fss060 = 8.99; p < 0.001), and between the factors Digit
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339  position and Experiment (F;gs20s = 10.58; p < 0.001) as well as all three main factors Continuity
340  type (F2s6060 = 21.42; p < 0.001), Digit position (F3209. = 6.71; p = 0.002), and Experiment (F;,1020 =
341  23.93; p < 0.001) as fixed effects. The random-effects terms included the subject-specific

342  random intercepts as well as the subject-specific random slopes for the factors Experiment
343  and Digit Position.

344 To explore the Experiment-by-Continuity type interaction, we performed pairwise

345  comparisons between all combinations of continuity types in each experiment. In Experiment
346 1, all pairwise comparisons revealed significant differences across benefit scores (Fig. 3, top
347  left): the listeners benefited more from continuity in VTL & GPR than from continuity in either
348  VTL alone (tssoso =4.77; p < 0.001; b= 0.3462) or GPR alone (tss060 = 7.57; p < 0.001; b = 0.5489).
349  These results suggest that the effects of VTL and GPR continuity were additive and that

350 listeners exploited all of the continuity available in the target stream instead of focusing on a
351 single voice feature. Importantly, however, the results showed greater benefits from VTL-only
352  compared to GPR-only continuity (tss.6 = 2.79; p = 0.015; b= 0.2027), suggesting that

353  perceptual grouping of target digits relied more on continuity in VTL than GPR. In Experiment
354 2, none of the pairwise comparisons between continuity types turned out to be significant (p
355  >0.282) (Fig. 3, bottom left).

356 Next, we explored the Experiment-by-Digit position interaction by performing

357  pairwise comparisons between all combinations of digit positions in each experiment. In

358 Experiment 1, we found significant differences in continuity benefits for the comparisons

359 between digit position 1 and all other digit positions (Digit 1 vs. Digit 2: ts;60 = -5.66; p < 0.001;

360 b= -05648, Dlglt 1vs. Dlglt 3: tins1 = -5.95,' p < 0001, b=-0.61 04, Dlglt 1 vs. Dlglt 4: t3555 =-
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361 4.62; p<0.001; b=-0.5731). None of the other pairwise comparisons yielded significant

362 differences (p = 0.968). In Experiment 2, continuity benefits did not differ significantly for any
363  pairwise comparison between digit positions (p = 0.962). Taken together, these results

364 showed a rapid emergence of continuity benefits (from the first to the second digit) without
365 any further significant increase at later digit positions. This rapid emergence of continuity
366  benefits was evident in Experiment 1 (Fig. 3, top right) but not in Experiment 2 (Fig. 3, bottom
367 right), suggesting that it depended on spatial continuity. The results for the effects of the

368 three main factors Continuity type, Experiment, and Digit position are summarized in Table I.

3?3 Table I. Continuity benefits: results for the effects of Continuity type, Experiment, and Digit
371  position.
372
Effect b t df P
Continuity type
VTL & GPR continuity vs. grand mean 0.3715 6.23 860.70 <0.001
VTL-only continuity vs. grand mean -0.0823 -1.38 860.70 0.168
Experiment
Experiment 1 vs. Experiment 2 0.3055 4.89 19.30 < 0.001
Digit position
Digit 2 vs. Digit 1 0.4316 3.57 23.10 0.002
Digit 3 vs. Digit 2 0.0852 0.53 21.70 0.600
Digit 4 vs. Digit 3 -0.0339 -0.22 19.20 0.829

373 P-values for significant comparisons are marked by bold face.

374
375 C.Previous-digit-correct benefit

376  Toinvestigate whether listeners’ abilities to tune into the target stream are modulated by
377  voice-feature continuity, we calculated the PDCB (similar to Bressler et al., 2014) which relates
378 the probability of being correct on the current digit conditioned on whether or not the

19


https://doi.org/10.1101/379545
http://creativecommons.org/licenses/by-nd/4.0/

379

380

381

382

383

384

385

386

387

388
389
390
391

392
393
394
395

396

bioRxiv preprint doi: https://doi.org/10.1101/379545; this version posted July 30, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

listener was correct on previous digit. One-sample t-tests revealed significant PDCBs in all
conditions of both experiments (p < 0.05). Furthermore, the data shown in Figure 4 suggest
that the PDCBs differed across conditions (especially in Experiment 1) and that listeners
attained greater overall PDCBs in Experiment 1 than Experiment 2. Indeed, the best-fitting
model included the interaction term between the factors Experiment and Condition (F; 11330 =
6.99; p < 0.001) as well as the main factors Experiment (F;,;o= 145.71; p < 0.001) and Condition
(Fs,11330=37.53; p < 0.001) as fixed effects. The random effects were the subject-specific

random intercepts and the subject-specific random slopes for the factor Experiment.

Experiment 1 Experiment 2 Average
Fixed GPR GPR&VTL Fixed GPR GPR&VTL
. R Exp1l Exp2
voice change change voice change change
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Figure 4. Previous-digit-correct benefits (PDCBs) shown for each condition in Experiments 1 (left) and 2 (middle)
as well as averaged across conditions in each experiment (right). Light gray lines show performance for each
individual listener, black lines show the mean across listeners. Significant differences across conditions and
experiments are denoted by asterisks. * p < 0.05, ** p < 0.01, *** p < 0.001.

We explored the Experiment-by-Condition interaction by performing pairwise
comparisons for all combinations of conditions in each experiment. In both experiments, the
PDCBs were greater in the Fixed voice condition compared to all other conditions (Fig. 4,
‘Experiment 1" and ‘Experiment 2’; see Table Il for details), showing that the listeners were less
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397 able to tune into the target stream when the target voices changed in either GPR, VTL, or

398  both. Importantly, in Experiment 1 but not in Experiment 2, we found significantly greater
399 PDCBs when the target voices changed in GPR compared to VTL (Fig. 4, left), showing that VTL
400 changes had a more detrimental effect on the ability to tune into the target stream in

401  Experiment 1.

402
403  Table Il. Previous-digit-correct benefit: results of post-hoc comparisons for the Experiment-
404  by-Condition interaction. Degrees of freedom for all columns df = 11,329.89.
405
Comparison b t P

Experiment 1

Fixed voice vs. GPR change 0.1555 3.70 0.001
Fixed voice vs. VTL change 0.2912 6.92 <0.001
Fixed voice vs. GPR & VTL change 0.4193 9.96 < 0.001
GPR change vs. VTL change 0.1357 3.22 0.007
GPR change vs. GPR & VTL change 0.2638 6.27 < 0.001
VTL change vs. GPR & VTL change 0.1281 3.04 0.013

Experiment 2

Fixed voice vs. GPR change 0.1531 3.59 0.019
Fixed voice vs. VTL change 0.1216 2.85 0.023
Fixed voice vs. GPR & VTL change 0.2040 4.78 <0.001
GPR change vs. VTL change -0.0316 -0.74 0.881
GPR change vs. GPR & VTL change 0.0508 1.19 0.632
VTL change vs. GPR & VTL change 0.0824 1.93 0.214

406  P-values for significant comparisons are marked by bold face.

407
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408 D. Just-noticeable differences

409 The GPR and VTL values used in the present study were chosen to induce the perception of
410 changes in talker identity. They correspond to a minimal difference of 1078 cents and 50 %
411  spectral envelope ratio (SER), respectively. In the literature, about half of these step sizes have
412 been reported to be sufficient to elicit the perception of a talker identity change (Gaudrain et
413  al, 2009). Nevertheless, we checked whether all listeners were sensitive to the GPR and VTL
414  changes in the two main experiments by comparing the minimal differences of our voice-
415 feature manipulations to listeners’ JNDs for GPR and VTL. The JNDs for GPR ranged from 12.33
416  to 87.92 cents and were on average (M = 41.04 cents) significantly smaller than the minimal
417  GPRdifference in the two main experiments (GPR: t;9=-213.33; p < 0.001; r = 1). The same was
418  also true for VTL-JNDs (M = 4.93 % SER; ranging from 1.33 to 17.21 % SER) (t;o=-69.49; p <

419 0.001;r=1).

420 Note that, expressed in average JNDs, the minimal difference between virtual talkers
421  inthe present study was larger for GPR (1078 cents correspond to about 26 JNDs) than VTL
422  differences (50 % SER corresponds to about 10 JNDs). The perceptually larger change in GPR
423  than VTL can therefore not explain our main finding that listeners benefited more from VTL
424  than GPR continuity. Furthermore, individual listeners’ JNDs for GPR and VTL were not

425  correlated with listeners’ benefits from continuity in the respective voice features (GPR: r; =

426  0.05;p=0.836; VTL:r;=0.31; p=0.186).
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427 V. Discussion

428 The present study investigated the effects of (dis-)continuity in two of the most salient voice
429 features, GPR and VTL, on listeners’ abilities to solve the cocktail-party problem. When the
430 target location was fixed within a trial (Exp. 1), listeners showed the greatest benefits from
431  continuity in both voice feature. The most important result, however, was that listeners

432 showed greater benefits from continuity in VTL alone than GPR alone. Our results thus

433  suggest that listeners used all the continuity available in the target stream, but when

434  continuity was only available in one of the two voice features, VTL continuity was more

435  beneficial for perceptual grouping.
436  A. Different roles of VTL and GPR for grouping and segregation

437  Our results might appear unexpected when juxtaposed to previous studies on the

438 involvement of GPR and VTL in stream segregation (Darwin et al., 2003; Vestergaard et al.,
439  2009). Notably, these studies manipulated the dissimilarity of target and masker streams in
440 GPRand VTL and found that less dissimilarity in GPR than VTL was needed to yield

441  comparable performance, suggesting that GPR is the more beneficial feature. A possible
442  explanation for this apparent discrepancy is that the different experimental manipulations
443  tapped into different aspects of cocktail-party listening: while manipulating the dissimilarity
444  of competing streams in previous studies focused on the influence of GPR and VTL on

445  segregation, the manipulation of voice-feature continuity for target speech in the present
446  study allowed us to investigate the influence of GPR and VTL on grouping.

447 Theoretically, both segregation and grouping are important processes for cocktail-

448  party listening as they lend support to the formation and selection of perceptual objects in
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449  the auditory scene (for a recent review, see Shinn-Cunningham et al., 2017). However, GPR
450 and VTL might contribute differently to these processes. For segregation, the listeners’

451  differential sensitivity to GPR and VTL changes might play an important role. Consistent with
452  previous studies (Ives et al., 2005; Smith et al., 2005), we found that a change in VTL had to be
453  about twice as large as a change in GPR to be perceived by the listeners (4.93 % vs. 2.34 %). It
454  is therefore not surprising that listeners are better at segregating two competing streams
455  based on GPR compared to VTL differences, especially when these differences are small and
456  no other perceptual features are available.

457 For grouping, however, listeners might rely on their experience with natural talkers. A
458  natural talker's VTL is relatively fixed with only slight variations due to articulatory

459  movements, whereas GPR varies considerably due to the use of prosodic cues in natural

460 speech (Kania et al., 2006). Consequently, vocal tract features have been found to be more
461 important for the identification of natural talkers than glottal fold features (Lavner et al.,

462  2000). It is thus likely that the listeners in the present study benefited more from continuity in
463  VTL because they have learned that VTL is the more reliable cue for the identification of

464  natural talkers.

465 A potential caveat is that we only observed greater benefits from VTL than GPR

466  continuity because of the specific values of GPR and VTL that were chosen. When GPR

467 changed between consecutive target digits, the difference was at least 90 %. For VTL changes,
468  we used a minimal difference of 50 %. These differences were chosen to elicit the perception
469  of talker identity changes rather than variations within a talker’s voice and were consistent

470  with previous work showing that listeners perceive different talker identities at about half of
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471  these magnitudes (Gaudrain et al., 2009). We did not assess whether the changes were indeed
472 large enough to be perceived as separate talker identities with our specific stimuli, but we did
473  confirm that all listeners were sensitive to these changes. Furthermore, the changes in GPR
474  were perceptually (i.e., expressed in JNDs) larger than the changes in VTL. Also, individual

475  sensitivity to GPR and VTL was not related to how much listeners benefited from continuity in
476  the respective voice feature (i.e., there were no correlations between JNDs and voice-

477  continuity benefits). It is thus unlikely that the specific GPR and VTL values used here can

478  explain the greater benefits from VTL than GPR continuity.

479 Further support for a genuinely stronger contribution of VTL than GPR to perceptual
480  grouping comes from a study on the phonemic restoration effect (Clarke et al., 2014). While
481 phonemic restoration persisted changes in either voice feature, global speech intelligibility
482  suffered more from VTL than GPR changes. Importantly, the GPR and VTL changes were

483  comparable to the changes in the present study and listeners perceived them as a change in

484  talker identity.
485 B. Costs of spatial discontinuity

486 A second aim of the present study was to investigate the effect of spatial discontinuity on

487 listeners’ abilities to group sounds based on voice-feature continuity. Introducing spatial

488  discontinuity drastically reduced the benefits from voice-feature continuity. This finding can
489  be explained in terms of a lack of temporal coherence across acoustic features (Shamma et al.,
490 2011). When attention is allocated to a particular location, all other temporally coherent

491 features (e.g., pitch and timbre) of the source at this location can be perceptually grouped. In

492  Experiment 2, we broke the temporal coherence between location and voice features:
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493 listeners had to divide spatial attention since they had no advance knowledge about the
494  target location, which can explain why they benefited less from voice-feature continuity in
495  Experiment 2.

496 The costs associated with spatial discontinuity were also evident in the evolution of
497  continuity benefits over time. Listeners showed a large increase in continuity benefits from
498 the first to the second target digit when they could maintain attention on one location.
499  However, this rapid emergence of continuity benefits was lost when listeners had to switch

500 spatial attention from one target digit to the next.

501 C.Voice-feature continuity as a perceptually driven bias of selective

502 attention

503  These results shed light on the temporal dynamics of selective attention and support the

504 notion that attention operates on perceptual objects (Shinn-Cunningham, 2008). Obviously,
505 there were no continuity benefits for the first digit within a trial, but as long as listeners could
506 maintain selective attention on the same location, they latched onto whatever voice feature
507  was continuous across subsequent target digits. Such a rapid emergence of continuity

508 benefits is remarkable given that the build-up of selective attention can take up to a couple of
509 seconds (Cusack et al., 2004). It is difficult to imagine that listeners volitionally decided to

510 focus their attention on a specific voice feature, particularly because they did not know in
511 advance which, if any, voice feature would be continuous in the target stream.

512 Our results can be rather interpreted in terms of a perceptually driven bias of selective
513  attention (Bressler et al., 2014): once listeners had encoded certain voice features from the

514 first digit, continuity in any of these features might have biased the listeners to focus on these
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515 features in subsequent digits. This explanation does not rely on a rather slow build-up of

516  selective attention; instead, it is based on the assumption that whatever voice feature is in the
517  attentional foreground of the current digit will be perceptually enhanced in the mixture of
518 subsequent digits.

519 If the above conjecture is true, then listeners should have only benefited from

520 continuity in a certain voice feature once this feature was already in their attentional focus. In
521  other words, listeners should have been more likely to correctly report the current target digit
522  ifthey had correctly reported the previous target digit and this benefit should be greater

523  when voice features were continuous across target digits. Our results on the PDCB showed
524  that this was indeed the case: the benefits from being correct on the previous digit were

525  greater when both GPR and VTL were continuous in the target stream compared to when

526 either one or both voice features changed, showing that continuity in both GPR and VTL

527  helped listeners to direct attention to the next target digits. This finding was independent
528 from spatial (dis-)continuity; however, when listeners knew where the next target would

529 appear, they were generally better at tuning into the target stream. Furthermore, with spatial
530 continuity, listeners were more likely to tune into the target stream based on VTL than GPR
531  continuity. Together with the greater continuity benefit from VTL than GPR continuity, this

532  result provides converging evidence for the importance of VTL for perceptual grouping.
533 D.Implications for cochlear-implant users

534  Our results are not only informative about the use of GPR and VTL for perceptual grouping in
535 normal-hearing listeners, they also have implications for cocktail-party listening in cochlear-

536 implant (Cl) users. Cocktail-party listening is severely impaired in Cl users (e.g., Loizou et al.,
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537  2009). This is likely due to the reduced spectral resolution of the implant which hinders the
538 analysis of voice features (Stickney et al., 2004). Specifically, it has been shown that Cl users
539  benefit much less from talker differences between target and masker speech than normal-
540 hearing listeners and that this is even the case when target and masker talkers differ in sex.
541  Furthermore, while normal-hearing listeners make use of both GPR and VTL differences for
542  talker sex categorization, Cl users seem to rely exclusively on differences in GPR (Fuller et al.,
543  2014; Meister et al., 2016) which has been attributed to their limited access to VTL cues

544  (Gaudrain and Baskent, 2018).

545 It remains an open question to what extent, if at all, Cl users can benefit from

546  continuity in a single voice feature in the cocktail party. However, the relative importance of
547  VTL continuity for perceptual grouping found in the present study together with previous
548 findings suggest that Cl users often fail to solve the cocktail-party problem because of

549  impaired processing of VTL information.

550 E. A potential neural mechanism for dealing with voice-feature changes in

551 the cocktail party

552  Relatively little is known about the neural mechanisms supporting perceptual grouping in the
553  cocktail party. Yet, there is evidence that changes in talker sex (Shomstein and Yantis, 2006)
554  and pitch (Hill and Miller, 2009; Lee et al., 2013) of a target sound are processed in bilateral
555  areas of temporal cortices. Furthermore, activation in parts of these areas (i.e., left mid-

556  posterior superior temporal gyrus) has been found to correlate with the comprehension of
557  speech in noise (Evans et al., 2016), suggesting that it is behaviorally relevant for cocktail-

558  party listening.
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559 Neuroimaging work using clear speech suggests that robust speech comprehension in
560 the context of GPR and VTL changes relies on functional interactions between left- and right-
561 hemispheric areas that are sensitive to glottal-fold and vocal-tract information (Kreitewolf et
562 al., 2014; von Kriegstein et al., 2010). These are areas in left and right Heschl’s gyri that process
563 glottal fold information relevant for the recognition of linguistic prosody and vocal pitch, as
564  well as left and right posterior superior temporal areas that process vocal tract information
565 relevant for the recognition of phonemes and vocal timbre. It is possible that these functional

566 interactions are also at play when dealing with GPR and VTL changes in the cocktail party.

567 V. Conclusion

568 The present findings show that continuity in voice features helps perceptual grouping

569 potentially because target voice features guide selective attention in the cocktail party. Most
570 importantly, however, we found that listeners’ abilities to solve the cocktail-party problem
571  benefit more from continuity in VTL than GPR. This is likely a result of the differential

572  importance of VTL and GPR for the identification of natural talkers: listeners might rely more
573  on VTL continuity for perceptual grouping because they have learned that a natural talker’s
574  VTLis effectively fixed. Furthermore, these results might explain why cochlear-implant users,

575  who have reduced access to VTL cues, particularly struggle in the cocktail party.
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