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a b s t r a c t 

Speech is more intelligible when it is spoken by familiar than unfamiliar people. If this benefit arises be- 

cause key voice characteristics like perceptual correlates of fundamental frequency or vocal tract length 

(VTL) are more accurately represented for familiar voices, listeners may be able to discriminate smaller 

manipulations to such characteristics for familiar than unfamiliar voices. We measured participants’ 

( N = 17) thresholds for discriminating pitch (correlate of fundamental frequency, or glottal pulse rate) 

and formant spacing (correlate of VTL; ‘VTL-timbre’) for voices that were familiar (participants’ friends) 

and unfamiliar (other participants’ friends). As expected, familiar voices were more intelligible. However, 

discrimination thresholds were no smaller for the same familiar voices. The size of the intelligibility ben- 

efit for a familiar over an unfamiliar voice did not relate to the difference in discrimination thresholds for 

the same voices. Also, the familiar-voice intelligibility benefit was just as large following perceptible ma- 

nipulations to pitch and VTL-timbre. These results are more consistent with cognitive accounts of speech 

perception than traditional accounts that predict better discrimination. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

We naturally become familiar with the voices of people we 

ften interact with, such as friends and family. This allows us 

o recognize them by voice. In other words, familiar voices tell 

s about talker identity. Words spoken by familiar people are 

lso much more intelligible than the same words spoken by un- 

amiliar people when other sounds (e.g., competing speech) are 

resent—demonstrating that familiar voices also help us to re- 

rieve linguistic content. A familiar-voice intelligibility benefit has 

een documented for different types of familiar voice (naturally 

amiliar and lab-trained) masked by different types of compet- 

ng sound ( Barker and Newman, 2004 ; Domingo et al., 2020 ; 

olmes et al., 2018 , 2021 ; Johnsrude et al., 2013 ; Kreitewolf et al.,

017 ; Levi et al., 2011 ; Newman and Evers, 2007 ; Nygaard and

isoni, 1998 ; Nygaard et al., 1994 ; Souza et al., 2013 ; Yonan and

ommers, 20 0 0 ). Although, we do not fully understand why this 

amiliar-voice intelligibility benefit arises, and theories of speech 
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erception make different predictions. If the benefit relies on 

coustic representations that are more precise for familiar than 

nfamiliar voices (for example, based on representations of voice 

itch and/or formant positions), we would expect listeners to be 

etter at discriminating relevant acoustic dimensions for familiar 

han unfamiliar voices. Whereas, if the benefit relies on more ef- 

cient cognitive processing, familiar voices could be more intelli- 

ible without better discrimination of voice acoustics for familiar 

han unfamiliar voices. 

Traditional models of speech perception hold that recognition 

f words and phrases requires voice information to be stripped 

way from the acoustic signal to obtain discrete, abstract, lin- 

uistic units, which are the basic perceptual unit. For example, 

hrough a hypothetical process is known as (implicit) “talker nor- 

alization” ( Nearey, 1998 ; Sussman, 1986 ). The finding that fa- 

iliarity with a talker’s voice influences the perception of speech 

ontent (i.e., rendering the words that are spoken more intelli- 

ible), challenges this view (see, for example, Lachs et al. 2003 , 

ygaard et al. 1994 , Pisoni, 1997 , Remez et al. 1997 ). Greater in-

elligibility for familiar voices can be explained under exemplar- 

ased, or ‘episodic’ accounts of speech perception ( Goldinger, 1996 , 

998 ), which posit that specific details about particular instances 
under the CC BY-NC-ND license 
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f speech are stored in memory. Under these accounts, memory 

races for familiar voices might allow participants to better match 

heir acoustic properties. The familiar-voice intelligibility benefit 

an also be explained under the prototype account ( Lavner et al., 

001 ), which assumes that incoming speech is compared to a pro- 

otype (i.e., ‘average’ or common) voice, and different voices are 

epresented as the distance from the prototype in acoustic space. 

nder this account, we may assume that familiar voices contribute 

ore strongly to the prototype representation and—if the proto- 

ype is similar enough to the familiar voice (which could be pos- 

ible for immediate family members known since birth, although 

eems unlikely for lab-trained voices and for most of the voices 

hat become naturally familiar over our lifetimes, given that we be- 

ome familiar with multiple voices that have different acoustics)—

his prototype could allow acoustic properties to be better re- 

overed for familiar than unfamiliar voices. However, specifically 

hich details of familiar voices are stored and subsequently uti- 

ized to benefit speech intelligibility are unclear. 

According to the source-filter model of speech production 

 Chiba and Kajiyama, 1941 ; Fant, 1960 ) voice acoustics are the 

roduct of the vocal source (vocal-fold vibration) filtered through 

he vocal tract. Vocal-fold vibration rate affects the perceived pitch 

f a vocalisation. The length of the vocal tract (including the la- 

yngeal cavity, the pharynx and the oral cavity) determines its res- 

nance characteristics, which manifest as the position of formants 

n frequency space. This is perceived as a specific timbre (hereafter, 

eferred to as VTL-timbre). These two prominent characteristics—

itch and VTL-timbre—determine whether a voice is heard as 

ale or female, adult or child (e.g., Smith and Patterson 2005 ), 

nd are important cues to voice identity ( Holmes et al., 2018 ; 

aRiviere, 1975 ; Lavner et al., 20 0 0 ; Lavner et al., 2001 ; van Dom-

elen, 1987 , 1990 ). Even though voice recognition is possible 

hen speech is converted into sine-wave speech (in which fun- 

amental frequency is absent) ( Remez et al., 2007 ; Sheffert et al., 

012 ), large changes to a voice’s fundamental frequency or formant 

ositions degrade voice recognition compared to when these at- 

ributes are preserved ( Holmes et al., 2018 ). While there is evi- 

ence for a dissociation in how these voice attributes contribute 

o voice recognition and to the familiar-voice intelligibility bene- 

t, large changes to fundamental frequency and formant positions 

lso reduce the magnitude of the familiar-voice intelligibility ben- 

fit ( Holmes et al., 2018 ). Thus, it seems plausible that these char-

cteristics could be critical for the familiar-voice intelligibility ben- 

fit. 

One possible explanation for the familiar-voice benefit is that 

eople are better at predicting attributes (such as pitch and VTL- 

imbre) of a familiar voice than an unfamiliar voice—which may 

llow them to better understand speech spoken by familiar peo- 

le when it is masked by other sounds. For these attributes to 

e useful, they do not necessarily need to carry phonetic infor- 

ation directly. For example, people might utilise precise predic- 

ions about pitch and VTL-timbre for a familiar voice to help them 

ocus their attention on that person’s voice, which would help 

hem to segregate that stream from competing speech or other- 

ise track and comprehend it when other sounds are present. This 

xplanation aligns with several theories of speech recognition: bet- 

er predictions could be underpinned by more stored ‘episodes’ 

or familiar voices ( Goldinger, 1996 , 1998 ), or because a familiar 

oice could be closer to the prototype representation ( Lavner et al., 

001 ). If either of these explanations are correct, then we would 

xpect that precise representations for familiar voices should al- 

ow listeners to discriminate smaller deviations to voice acoustics 

or familiar than unfamiliar voices. In other words, acuity should 

e better for familiar than unfamiliar voices, as demonstrated by 

maller just-noticeable differences (JNDs) for discriminating voice 

ttributes (such as pitch and VTL-timbre). 
2 
An alternative explanation for the familiar-voice benefit—which 

ould not be associated with better discrimination thresholds for 

amiliar voices—is that familiarity reduces the cognitive demands 

mposed by speech perception and comprehension ( Heald and 

usbaum, 2014 ; Holmes and Johnsrude, 2020 ). Familiar voices may 

e processed more efficiently than unfamiliar voices. For exam- 

le, understanding speech in familiar voices may rely on different 

emory systems than unfamiliar voices: long-term memory rep- 

esentations of familiar voices may render speech processing more 

fficient. Under the ideal adaptor framework ( Kleinschmidt and 

aeger, 2015 ), this could involve retrieving the appropriate gener- 

tive model for ‘normalizing’ a particular talker’s speech as soon 

s their identity is recognized from their voice. Unfamiliar voices 

ould not be stored in memory so their mapping to linguistic 

nits would either need to be computed from previous speech 

e.g., via extrinsic normalization: see Nearey 1998 ) which is cog- 

itively demanding, or they would undergo an inappropriate (i.e., 

ess ideal) mapping to a prototype that would be slower to apply. 

r, the acoustic attributes that are phonetically diagnostic for a fa- 

iliar voice may be retrieved when their voice is heard, and this 

ay reduce the range of phonetic hypotheses, reducing working 

emory load ( Heald and Nusbaum, 2014 ). 

Holmes and Johnsrude (2020) presented closed-set sentences 

 Kidd et al., 2008 ) in a familiar voice with different kinds of 

askers that were roughly equivalent in terms of energetic mask- 

ng. They reasoned that, if the familiar-voice benefit was due to 

coustic characteristics of the familiar voice, the benefit should be 

btained regardless of masker type. Instead, they found that the 

enefit depended on the degree to which the masker shared cog- 

itive processes with the target: The more the masker resembled 

he target, cognitively, the greater the masking release. Specifically, 

hey observed a large familiar-voice benefit when the masker was 

 competing talker speaking the same language as the target, a 

ignificantly smaller benefit when the masker was a competing 

alker speaking an language that was unfamiliar to the listener, but 

o benefit when the masker was unintelligible modulated noise. 

hese results imply that voice familiarity may not help listeners 

rocess that voice per se (given that such a benefit would be the 

ame regardless of the content of competing sounds), but helps lis- 

eners to resist interference from the content of a masker—for ex- 

mple, by making speech processing faster or less cognitively de- 

anding. Crucially, under accounts based on cognitive demand, fa- 

iliarity would not be expected to affect JNDs for discriminating 

oice attributes in quiet. 

Previous studies rule out several other explanations for the 

amiliar-voice intelligibility benefit. For example, if participants are 

ore likely to guess at possible words when a voice is famil- 

ar (i.e., a shift in report criterion, or bias), this could inflate in- 

elligibility scores, since some guesses may be correct, whereas 

ords that are not guessed are always incorrect. This potential 

onfound is removed when closed-set materials (i.e., matrix tasks) 

re used: In closed-set tests, participants report the same num- 

er of words on every trial, so they must always guess if they are 

ncertain. A familiar-voice intelligibility benefit is still robustly ob- 

erved even when such closed-set tests are used ( Domingo et al., 

020 ; Domingo et al., 2019 ; Holmes et al., 2018 ; Holmes and

ohnsrude, 2020 ; Holmes et al., 2021 ; Johnsrude et al., 2013 ; 

reitewolf et al., 2017 ). Another advantage of closed-set tests is 

hat transitional probabilities between words in sentences are 

trictly controlled and the materials are identical across famil- 

arity conditions. This, therefore, rules out any explanation based 

n listeners being more able to predict upcoming words in sen- 

ences spoken by familiar people. In other words, context ef- 

ects are strictly controlled. Finally, the fact that sentences (rather 

han words) are scored in some studies ( Holmes et al., 2018 ; 

olmes and Johnsrude, 2020 ; Holmes et al., 2021 ) means that 
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aster guessing cannot help, since guesses are likely to be incorrect, 

o would not improve sentence accuracy. Also, familiar voices do 

ot seem to be more attentionally salient than unfamiliar voices: 

f that were the case, then target speech would be harder to under- 

tand when masked by a familiar talker compared to an unfamil- 

ar talker, and no such pattern has been observed ( Domingo et al., 

020 ; Johnsrude et al., 2013 ). 

In this experiment, we compared perceptual discrimination 

hresholds for pitch and VTL-timbre for familiar and unfamiliar 

oices—to tease apart explanations based on better predictions of 

amiliar-voice attributes compared with more cognitively efficient 

rocessing of familiar voices. We also tested intelligibility of the 

ame voices in the presence of competing speech, using a closed- 

et speech corpus. We measured intelligibility of the voices in their 

riginal form and when their pitch and VTL-timbre had been ma- 

ipulated to match the participant’s discrimination threshold—to 

est whether manipulating these voice characteristics reduces the 

ntelligibility benefit gained from familiar voices. 

. Material and methods 

.1. Participants 

We recruited 10 pairs of participants, who had known each 

ther for 0.5–22.5 years (median = 1.7 years, interquartile 

ange = 3.1) and reported that they usually spoke to each other 

–78 h in person each week (median = 17.0 h, interquartile 

ange = 29.5). Pairs of participants were friends, roommates, or 

iblings. Two participants did not complete the experiment and 

ne participant was excluded due to a technical error during data 

ollection. The remaining 17 participants (3 male) were aged 19–29 

ears (median = 20.8, interquartile range = 1.9) and were Cana- 

ian native English speakers with normal hearing (average pure- 

one thresholds at octave frequencies between 0.5 and 4 kHz of 

0 dB HL or better in each ear). 

A power analysis (GPower 3.1; Faul et al., 2009 ) showed that 

7 participants is sufficient to detect within-subjects effects of size 

 > 0.58 with 0.8 power and correlations of size r > 0.47. In fact,

he effect size of the familiar voice benefit to intelligibility found 

y Johnsrude et al. (2013) was even larger ( d = 1.44), and effects

f this size should be detectable with power ∼1.00 with 17 partic- 

pants. 

The experiment was cleared by Western University’s Health Sci- 

nces Research Ethics Board. Informed consent was obtained from 

ll participants. 

.2. Apparatus 

The experiment was conducted in a single-walled sound- 

ttenuating booth (Eckel Industries of Canada, Ltd.; Model CL-13 

P MR). Participants sat in a comfortable chair facing a 24-inch LCD 

isual display unit (either ViewSonic VG2433SMH or Dell G2410t). 

Acoustic stimuli were recorded using a Sennheiser e845-S mi- 

rophone connected to a Steinberg UR22 sound card (Steinberg 

edia Technologies). 

Acoustic stimuli were presented through a Steinberg UR22 

ound card (Steinberg Media Technologies) connected to Grado 

abs SR225 headphones. 

.3. Stimuli 

Each participant recorded 480 sentences from the Boston Uni- 

ersity Gerald (BUG) corpus ( Kidd et al., 2008 ), which are of the

orm: “〈 Name 〉 〈 verb 〉 〈 number 〉 〈 adjective 〉 〈 noun 〉 ”. An example is

Bob bought three green bags”. To ensure that all sentences were 

poken at similar rates, we played videos ( Holmes, 2018 ) indicating 
3 
he desired pace for each sentence while participants completed 

he recordings. The sentences had an average duration of 2.5 s 

s.d. = 0.3). The levels of the digital recordings of the sentences 

ere normalised to the same root-mean-square power. 

We manipulated fundamental frequency ( f 0 ), corresponding to 

he percept of voice pitch, and formant positions (i.e., formant 

requencies), contributing to the percept of VTL-timbre, using the 

Change Gender’ function in Praat (version 5.4.04; www.fon.hum. 

va.nl/praat ). Using Praat, we shifted the ‘median pitch’ (in Hertz) 

f the sentence upwards, which changes the fundamental fre- 

uency ( f 0 ) of the sentence (and also the frequencies of the har-

onics). We simulated a change to VTL by applying a multiplica- 

ion factor to the formant frequencies (in Hertz), which changes 

he formant spacing and therefore affects the timbre. To ensure 

hat distortions introduced by either manipulation were not cues 

or discrimination, we created new ‘unshifted’ versions of the sen- 

ences by shifting the formants upwards, then applying the inverse 

anipulation (to approximate the VTL of the original sentence), 

hen subsequently shifting median pitch up and then down again. 

Throughout the experiment, each participant heard sentences 

poken by their partner (i.e., their familiar voice) and sentences 

poken by two unfamiliar talkers, who were the partners of other 

articipants in the experiment who were the same sex as the par- 

icipant’s partner. To counterbalance voice acoustics, we aimed to 

resent sentences spoken by each participant as a familiar voice 

o one participant (i.e., their partner) and as an unfamiliar voice to 

wo other participants in the experiment. The only exceptions were 

he partners of the three participants who were not included in the 

nalysis (due to the reasons listed above), who were presented as 

nfamiliar voices but never as familiar. For the same reason, three 

oices were presented once as familiar and only once as unfamil- 

ar. 

.4. Procedure 

First, participants completed the voice discrimination task. On 

ach trial, participants heard three different sentences spoken by 

he same talker, presented sequentially. The three sentences could 

e spoken by the familiar talker or by one of the two unfamil- 

ar talkers. The first sentence was presented in its ‘unshifted’ ver- 

ion. Either the second or third sentence was the manipulated ver- 

ion (i.e., different pitch or VTL-timbre than the original record- 

ng) and the remaining sentence was the ‘unshifted’ version. In 

 two-alternative forced-choice task, participants had to indicate 

hich of the two sentences (second or third) had been manipu- 

ated. We used a weighted up-down (1 up 1 down) adaptive pro- 

edure ( Kaernbach, 1991 ) with a step size of 0.1% to estimate each 

articipant’s 90% JND for discriminating manipulations to pitch and 

TL-timbre. The weighting ratio for the adaptive procedure was 

:9, which means that the feature of interest (i.e., pitch or VTL- 

imbre) increased by 0.9% when the response was incorrect and 

ecreased by 0.1% when the response was correct. The starting 

alue for each run was 1.15% above the original median pitch or 

TL-timbre and the procedure stopped after 8 reversals. For each 

alker, we adapted pitch and VTL-timbre separately, producing 6 

eparate runs (3 talkers x 2 manipulations) that we interleaved. 

Next, participants completed two tasks: a speech intelligibil- 

ty task and an explicit voice recognition task. Half completed the 

peech intelligibility task first and the other half completed the 

xplicit voice recognition task first. For both tasks, we presented 

hree voice manipulation conditions: (1) the original pitch and 

TL-timbre were preserved (‘unshifted’ condition), (2) pitch was 

anipulated to the participant’s pitch discrimination threshold 

‘pitch-manipulated’ condition), and (3) formant spacing (an acous- 

ic correlate of VTL-timbre) was manipulated to the participant’s 

http://www.fon.hum.uva.nl/praat
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Fig. 1. Response screen in the speech intelligibility task. On each trial, participants 

clicked one word from each column of buttons. 
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Fig. 2. Pitch discrimination for familiar and unfamiliar voices ( N = 17). Just- 

noticeable difference (JND), expressed as a Weber fraction, for discriminating pitch 

and acoustic correlates of vocal tract length (VTL-timbre). Error bars show ± 1 stan- 

dard error of the mean. 
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ormant spacing discrimination threshold (‘VTL-manipulated’ con- 

ition). 

In the speech intelligibility task, participants heard two sen- 

ences spoken simultaneously by different talkers. They had to 

dentify the 4 remaining words from the sentence that began 

ith either “Bob” or “Pat” (counterbalanced across participants), 

y clicking buttons on a screen ( Fig. 1 ). We included two familiar-

ty conditions: (1) the target sentence was spoken by the partici- 

ant’s partner and the masker sentence was spoken by an unfamil- 

ar talker (“Familiar Target” condition), or (2) both sentences were 

poken by unfamiliar talkers (“Both Unfamiliar” condition). Both 

he target and masker sentences were always manipulated in the 

ame way (i.e., VTL-manipulated, pitch-manipulated, or unshifted; 

anipulations were applied at each individual’s discrimination 

hresholds for each attribute, separately for each of the three 

oices they heard). Given that Johnsrude et al. (2013) found an 

nteraction between familiarity and target-to-masker ratio (TMR), 

e presented targets and maskers at 4 different TMRs: −6, −3, 0, 

nd + 3 dB. To discourage participants from using absolute sound 

evel as a cue for the target talker, we roved the overall level of 

he combined sentences at four levels between ± 1.5 dB. All trial 

ypes were randomly interleaved. Participants completed 768 tri- 

ls, with a short break every 64 trials and a longer break after 384

rials, after which the target Name word (i.e., “Bob” or “Pat”) was 

witched. 

There were two different versions of the explicit voice recog- 

ition task. The first 6 participants completed a two-alternative 

orced-choice (2AFC) discrimination task. On each trial, they heard 

wo sentences presented sequentially. One sentence was spoken by 

heir partner and the other was spoken by one of the two un- 

amiliar talkers. Participants had to report which of the two sen- 

ences was spoken by their familiar talker (first or second sen- 

ence). Both sentences for the trial were manipulated in the same 

ay (i.e., VTL-manipulated, pitch-manipulated, or unshifted). Par- 

icipants completed 48 trials. 

The remaining 11 participants completed a yes-no version of 

he explicit recognition task. On each trial of the yes-no task, lis- 

eners heard one sentence. The sentence could be spoken by the 

articipant’s familiar voice or by one of the two unfamiliar voices, 

nd was either VTL-manipulated, pitch-manipulated, or unshifted. 

articipants had to report whether each sentence was spoken by 

heir familiar partner or not. Participants completed 63 trials: 21 

n each voice manipulation condition. We used a yes-no proce- 

ure because we thought the 2AFC task might inflate recognition—

ecause the 2AFC task could be performed by identifying which 

f the two talkers was less familiar, rather than by recognizing 
4 
he partner’s voice (which could be particularly useful when the 

oices were manipulated, if none of the voices sounded famil- 

ar). Whereas, by eliminating the direct comparison between two 

oices, the yes-no task assessed familiarity with the partner’s voice 

ndependently from the other voices in the set. 

.5. Analyses 

The JNDs were calculated as the median of the last five rever- 

als in the adaptive procedure. For each participant, we averaged 

NDs across the two unfamiliar voices. We express the 90% JND 

hreshold as a Weber fraction: The Weber fraction is the JND (i.e., 

he difference in VTL-timbre or median pitch at threshold) divided 

y the VTL-timbre or median pitch of the original sentence. 

For the speech intelligibility task, we calculated the percentage 

f sentences in which participants reported all four words (after 

he Name word) correctly. For the 2AFC explicit recognition task, 

e calculated percent correct in each manipulation condition. For 

he yes-no explicit recognition task, we calculated sensitivity (d’) 

ith loglinear correction ( Hautus, 1995 ). The loglinear correction 

eans that chance performance is 0.3 for the yes-no task. 

This study was not preregistered. Analyses were conducted us- 

ng SPSS. Data are available at the following link: https://osf.io/ 

72d5/?view _ only=2250063289014d289c6b4a1c4784d8d7 

. Results 

.1. Discrimination thresholds 

Fig. 2 illustrates the JNDs in each condition. We used a two- 

ay within-subjects analysis of variance (ANOVA) to compare 

NDs across Familiarity (familiar and unfamiliar) and Manipulation 

pitch and VTL-timbre) conditions. Participants had significantly 

reater (i.e., worse) JNDs for detecting manipulations to pitch 

mean = 0.065, s.d. = 0.012) than to VTL-timbre (mean = 0.049, 

.d. = 0.008) [ F (1, 16) = 16.86, p = 0.001, ω p 
2 = 0.47]. 

Overall, there was no evidence for a difference in JNDs be- 

ween familiar (mean = 0.058, s.d. = 0.013) and unfamiliar 

mean = 0.056, s.d. = 0.011) voices [ F (1, 16) = 0.07, p = 0.80,

 p 
2 = −0.05]. Furthermore, t-tests on the simple effects indicated 

o significant difference in JNDs between familiar and unfamiliar 

oices for pitch [ t (16) = 1.48, p = 0.16, d z = 0.36] or VTL-timbre

 t (16) = 1.78, p = 0.10, d z = 0.43]. 

However, there was a significant crossover interaction between 

he Familiarity and Manipulation factors [ F (1, 16) = 8.12, p = 0.011, 

 p 
2 = 0.28] (see Fig. 2 ), with slightly (but not significantly) better 

TL-timbre JNDs for familiar than unfamiliar voices, and slightly 

but not significantly) worse pitch JNDs for familiar than unfamil- 

ar voices. The interaction was explained by a significant difference 

https://osf.io/b72d5/?view_only=2250063289014d289c6b4a1c4784d8d7
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Fig. 3. Explicit voice recognition and speech intelligibility for voices with their original characteristics, voices manipulated in acoustic correlates of vocal tract length (VTL- 

timbre), and voices manipulated in pitch. (a) Percentage of correct responses in the two-alternative forced-choice (2AFC) version of the Explicit Recognition task ( N = 6). (b) 

Sensitivity (d ′ with loglinear correction) in the yes-no version of the Explicit Recognition task ( N = 11). The dashed horizontal line shows chance d ′ (0.3). (c) Percentage of 

trials in which participants reported the words from the target sentence correctly in the Speech Intelligibility task ( N = 17), across Familiar Target (FT; solid lines) and Both 

Unfamiliar (BU; dashed lines) conditions at the four target-to-masker ratios (TMRs). (d) Familiar-voice benefit (i.e. difference in percent correct between Familiar Target and 

Both Unfamiliar conditions), collapsed across target-to-masker ratios, in the Speech Intelligibility task ( N = 17). Error bars in all plots show ± 1 standard error of the mean. 
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etween VTL-timbre and pitch JNDs for familiar [ t (16) = 5.50, p 

 0.001, d z = 1.33], but not unfamiliar [t(16) = 1.30, p = 0.21, 

 z = 0.32], voices. This pattern of results shows that participants 

an discriminate smaller changes to VTL-timbre than pitch for fa- 

iliar voices, but there is no difference in the ability to discrimi- 

ate changes to VTL-timbre and pitch for unfamiliar voices. 

.2. Explicit voice recognition 

Participants were able to identify their partner’s voice with 

igh accuracy in all voice manipulation conditions. Fig. 3 a il- 

ustrates percent correct on the 2AFC explicit recognition task 

range = 87.5–100.0%). The data violated the assumption of nor- 

ality (skewed distributions reflecting very high performance and 

 < 0.05 in Shapiro-Wilk test), so we compared percent cor- 

ect across the three Manipulation conditions using a Friedman 

est. The effect of Manipulation was not significant [ X 

2 (2) = 2.00, 

 = 0.37]. 

Fig. 3 b illustrates d 

′ for the subset of participants who com- 

leted the yes-no version of the explicit recognition task. These 

ata also violated the assumption of normality (skewed distri- 

utions and p < 0.05 in Shapiro-Wilk test), so we compared 

ecognition (d 

′ ) across the three Manipulation conditions using 
5 
 Friedman test. The effect of Manipulation was not significant 

 X 

2 (2) = 0.95, p = 0.62]. 

.3. Speech intelligibility 

As can be seen in Fig. 3 c, intelligibility was better at more 

avourable TMRs. Baseline performance in the Both Unfamiliar con- 

ition was similar across the four Manipulation conditions. There- 

ore, for each manipulation condition we calculated the speech- 

ntelligibility benefit for the familiar voice by subtracting percent 

orrect in the Both Unfamiliar condition from percent correct in 

he Familiar Target condition. A large familiar-voice intelligibility 

enefit, averaging 22%, was observed across all TMRs. 

We compared the magnitude of the familiar-voice benefit across 

anipulation (VTL-manipulated, pitch-manipulated, and unshifted) 

nd TMR ( −6, −3, 0, + 3) conditions using a two-way within- 

ubjects ANOVA. We found no significant main effect of Manip- 

lation [ F (2, 32) = 0.29, p = 0.75, ω p 
2 = −0.04] or TMR [ F (3,

8) = 1.39, p = 0.26, ω p 
2 = 0.02]. The interaction was not sig- 

ificant either [ F (6, 96) = 0.87, p = 0.52, ω p 
2 = −0.01]. 

Fig. 3 d illustrates the speech-intelligibility benefit across the 

our manipulation conditions, collapsed across TMRs. One-sample 

-tests for each Manipulation condition showed that the familiar- 
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Table 1 

Correlations between the extent of familiarity (measured either by the number of years the participant had known the familiar person or the num- 

ber of hours they reported speaking to them each week) and familiar-unfamiliar differences in discrimination (pitch or VTL) or speech intelligibility. 

Familiar-unfamiliar difference in 

JNDs for pitch 

Familiar-unfamiliar difference in 

JNDs for VTL-timbre 

Familiar-unfamiliar difference in 

speech intelligibility 

r p r p r p 

Years known 0.03 ∼ 1.00 0.30 ∼ 1.00 −0.48 0.48 

Hours speak per week −0.43 0.74 −0.43 0.77 −0.09 1.00 
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oice benefit was significantly greater than zero in all four condi- 

ions ( t ≥ 4.61, p < 0.001). 

.4. Correlations between measures 

To examine relationships between measures, we calculated 

pearman’s rank correlation coefficients with Bonferroni correction 

or 9 tests. 

First, we investigated whether participants who showed a 

reater familiar-voice intelligibility benefit (i.e., difference in per- 

ent correct between Familiar Target and Both Unfamiliar in the 

nshifted condition) showed a greater difference in thresholds (i.e., 

ifference in JNDs) between familiar and unfamiliar voices. We 

ound no relationship between the magnitude of the familiar-voice 

ntelligibility benefit and the difference in thresholds—either for 

itch thresholds ( r = 0.11, p ∼ 1.00) or VTL-timbre thresholds 

 r = −0.14, p ∼ 1.00). Second, we investigated whether partic- 

pants who showed a greater familiar-voice intelligibility benefit 

howed a greater difference between pitch and VTL-timbre thresh- 

lds for the familiar voice. We found no relationship between the 

amiliar-voice intelligibility benefit and the difference in thresholds 

etween pitch and VTL-timbre for the familiar voice ( r = −0.28, p 

1.00). 

Finally, we sought to determine whether the extent of familiar- 

ty affected discrimination thresholds or speech intelligibility. We 

ssessed the extent of familiarity using two metrics: the number 

f years the pair had known each other and the number of hours 

hat the pair spoke to each other each week. As can be seen from 

able 1 , neither metric correlated significantly with the difference 

n thresholds between familiar and unfamiliar voices (neither for 

itch or VTL-timbre) or the familiar-voice benefit to intelligibility. 

. Discussion 

We replicated the finding that speech spoken by famil- 

ar people—here, a participant’s friend—is more intelligible than 

peech spoken by unfamiliar people ( Barker and Newman, 2004 ; 

omingo et al., 2020 , 2019 ; Holmes et al., 2018 ; Holmes and

ohnsrude, 2020 ; Johnsrude et al., 2013 ; Kreitewolf et al., 2017 ; 

evi et al., 2011 ; Newman and Evers, 2007 ; Nygaard and 

isoni, 1998 ; Nygaard et al., 1994 ; Souza et al., 2013 ; Yonan and

ommers, 20 0 0 ). The magnitude of the familiar-voice benefit to 

ntelligibility in the current experiment (10–25%) is of a similar 

agnitude to that observed by Johnsrude et al. (2013) (10–20%) 

nd Holmes et al. (2018) (15–20%). Yet, when measuring discrimi- 

ation thresholds, we found no evidence that Weber fractions for 

itch or VTL-timbre were better for familiar than unfamiliar voices. 

e found some evidence that voice familiarity affects acuity, but 

his was a subtle effect: We found a crossover interaction, which 

eflected better Weber fractions (and thus acuity) for VTL-timbre 

han pitch for familiar but not unfamiliar voices. Across partici- 

ants, discrimination thresholds did not co-vary with the intelligi- 

ility benefit or the extent of familiarity with the voice—and when 

e tested intelligibility with voices that were manipulated in pitch 

r VTL-timbre to the extent of the discrimination threshold, these 

anipulations had no significant effect on the speech intelligibility 
6 
enefit within subjects. We conclude that the familiar-voice ben- 

fit to intelligibility is unlikely to be due to better thresholds for 

iscriminating pitch, or VTL-timbre, for familiar than unfamiliar 

oices. 

.1. Discrimination thresholds are not reliably better for familiar 

oices 

For both familiar and unfamiliar voices, thresholds were bet- 

er for discriminating VTL-timbre than pitch—although for unfamil- 

ar voices, this trend was non-significant. These results are broadly 

onsistent with previous results from Zaltz et al. (2018) , who also 

ound a non-significant trend towards better discrimination thresh- 

lds for VTL than pitch when using an unfamiliar voice. To our 

nowledge, these effects have never previously been studied for fa- 

iliar voices. 

The magnitude of the discrimination thresholds reported here 

Weber fraction for pitch of 0.065 and for VTL-timbre of 0.049, 

hich correspond to 1.09 and 0.82 semitones, respectively) dif- 

er from those in previous studies, but this can be explained 

y differences in the design. Here, we measured 90% thresholds, 

hereas previous studies typically report ∼70% thresholds. For 

xample, when measuring 70.7% thresholds for sentence stimuli, 

altz et al. (2018) found a Weber fraction of 0.037 for discrimi- 

ating pitch and 0.034 for discriminating VTL, which are slightly 

ower than the thresholds we report here. Another difference be- 

ween Zaltz et al. (2018) and the current study was they lowered 

itch and VTL compared to original stimuli, whereas we raised 

hem—and thresholds for detecting a higher-than-usual pitch may 

e higher than thresholds for detecting a lower-than-usual pitch 

e.g., see Salzberg 1980 ). Other studies have used shorter speech 

egments, such as syllables, and have found higher thresholds than 

e report here. For example, Gaudrain and Ba ̧s kent (2015) used 

riplets of consonant-vowel syllables and found a Weber fraction 

f 0.167 for discriminating pitch and 0.098 for discriminating VTL. 

he increased content and duration of sentences used in the cur- 

ent study may have contributed to lower thresholds compared to 

hose previously reported for syllables. 

We expected to find better thresholds for familiar than unfa- 

iliar voices, but did not: Discrimination thresholds did not differ 

etween familiar and unfamiliar voices for either pitch or percep- 

ual correlates of VTL. These findings imply that long-term memory 

epresentations for the pitch and for the timbral signature of the 

ormant positions of a familiar voice are not more precise than the 

horter-term representations used to perform the discrimination 

ask with unfamiliar voices. This result cannot be because partici- 

ants had become familiar with the unfamiliar voices throughout 

he experiment, because the discrimination task was run first, and 

o the unfamiliar voices were novel during this task. The lack of a 

ignificant difference also cannot be because the voices were not 

ufficiently familiar to provide perceptual benefits, given we found 

 large intelligibility benefit for the same familiar voices when a 

ompeting talker was present. Instead, these results suggest that 

xperience does not affect auditory acuity. Indeed, musicians—who 

re assumed to be deeply familiar with the pitch ranges and tim- 

res of their instruments—have pitch discrimination thresholds for 
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heir instruments that are no better than their thresholds for other 

nstruments they have not learnt to play, which is consistent with 

his conclusion ( Holmes et al., 2022 ). 

Variability in discrimination thresholds across participants did 

ot relate to the length of time participants had known each other, 

r to the familiar-voice intelligibility benefit—which is consistent 

ith the idea that perceptual discrimination does not relate to the 

ntelligibility benefit. Broadly speaking, this independence between 

iscrimination and intelligibility is consistent with previous work 

howing that, in cochlear implant users, pitch and VTL-timbre JNDs 

o not correlate with the speech intelligibility benefit participants 

ain from separating a target and competing voice in pitch and 

TL-timbre ( Boghdady et al., 2019 ; El Boghdady et al., 2021 ). In ad-

ition, we found that manipulations to pitch or VTL-timbre did not 

ffect speech intelligibility (discussed in more detail in the next 

ection), which is also consistent with the hypothesis that better 

ntelligibility for a familiar voice does not depend on precise rep- 

esentations of acoustic characteristics. 

The use of 90% thresholds in this study ensured that the ma- 

ipulations were clearly noticeable on the vast majority of trials 

if thresholds closer to 50% had been used, these manipulations 

ould have been less extreme). Keeping performance in the dis- 

rimination task off ceiling (100%) also allowed us to equate per- 

eptual discriminability for pitch and VTL-timbre. Even though 90% 

hresholds relate to a flatter part of the psychometric function than 

0% or 70% thresholds, we have no reason to believe that our mea- 

urements were too noisy to detect significant differences between 

amiliar and unfamiliar voices, since we were still able to observe a 

ignificant main effect of the type of manipulation, and a crossover 

nteraction between familiarity and which voice attribute was ma- 

ipulated. 

Although we found no main effect of familiarity on discrimina- 

ion thresholds, the difference in Weber fraction (difference in JND 

hreshold) between VTL-timbre and pitch was significantly larger 

or familiar than for unfamiliar voices. This interaction manifested 

s a crossover interaction, with slightly better VTL-timbre discrim- 

nation thresholds, and slightly worse pitch discrimination thresh- 

lds, for familiar compared to unfamiliar voices. This interaction 

ight reflect a small (but significant) shift in the perceptual weight 

ssigned to the properties of a voice when a voice is familiar, com- 

ared to unfamiliar. Participants might rely more heavily on VTL 

han pitch for familiar voices because vocal tract length is stable 

ithin talkers, whereas pitch varies within talkers: the frequency 

ifference between the first two formants is a cue to the content 

f a phoneme (e.g., /a/ compared to /i/), but the average spacing 

etween formants (which was modified by the manipulations we 

pplied here) is relatively stable across utterances from an individ- 

al voice. Consistent with the idea that VTL-timbre is a more reli- 

ble voice characteristic than pitch, Holmes et al. (2018) found that 

arge changes to VTL-timbre eliminate the ability to recognise fa- 

iliar voices, whereas perceptually equivalent changes to pitch re- 

uce recognition by a significantly smaller amount. Given that VTL 

s more stable within a talker than pitch is, changes in VTL-timbre 

ay be more salient for familiar voices than changes in pitch are. 

his idea is discussed in more detail in Section 4.3 , below. 

Pitch discrimination thresholds were slightly (although not sig- 

ificantly) worse for familiar compared to unfamiliar voices. This 

ffect, if reliable, might be explained by a categorisation attractor 

ffect. In other words, to facilitate generalisation across utterances 

y the same talker, listeners may become less sensitive to pitch 

ariations for familiar voices, which could help them to group dif- 

erent utterances as belonging to the same voice ( Lavan et al., 

019 ). 

Although it is possible that the shift in balance towards bet- 

er VTL-timbre and worse pitch thresholds for familiar voices con- 

ributes to the intelligibility benefit, the effect is small, so is 
7 
nlikely to explain the large intelligibility benefit of 20–25% in 

entence-report accuracy. Also, we found no correlation across par- 

icipants between the magnitude of the threshold difference and 

he magnitude of the intelligibility benefit. 

.2. Perceptually detectable manipulations to pitch and VTL-timbre 

ave no detectable effect on intelligibility or recognition of familiar 

oices 

In this experiment, we replicated the benefit to speech intel- 

igibility from a familiar target voice ( Barker and Newman, 2004 ; 

omingo et al., 2020 ; Holmes et al., 2018 ; Johnsrude et al., 2013 ;

reitewolf et al., 2017 ; Levi et al., 2011 ; Newman and Evers, 2007 ;

ygaard and Pisoni, 1998 ; Nygaard et al., 1994 ; Souza et al., 2013 ;

onan and Sommers, 20 0 0 ). If better perceptual discrimination 

ontributed to the familiar-voice benefit to intelligibility, then we 

ould expect that changing the pitch or VTL-timbre of a voice so 

t is at the 90% discrimination threshold should disrupt the in- 

elligibility benefit for familiar voices. In contrast, even when the 

oice was manipulated in pitch or VTL-timbre to the participant’s 

iscrimination threshold, the intelligibility benefit was preserved, 

nd participants could still reliably recognize their partner’s voice. 

ecause we used each participant’s 90% discrimination threshold, 

hese manipulations were perceptually salient. We conclude that 

epresentations of familiar voices are robust to small, but percep- 

ible, manipulations of pitch and VTL-timbre of 4–10% and 2–6%, 

espectively. 

The robustness of the familiar-voice intelligibility benefit to 

ariations in pitch and VTL-timbre may arise because, in natural 

istening situations, voice characteristics fluctuate over time. For 

xample, when the same talker produces different vowel sounds, 

he shape of their vocal cavity changes due to changes in the 

ositions of the articulators, which causes differences in the lo- 

ations of the formants ( Hillenbrand et al., 1995 ). Pitch fluctu- 

tes throughout the duration of a spoken sentence when a talker 

peaks emotively ( Bänziger and Scherer, 2005 ). Thus, to recognise a 

erson from their voice or to understand the words they are saying 

n everyday listening situations—when pitch and VTL-timbre vary 

aturally—some flexibility is necessary. Although it is desirable for 

isteners to detect such variations in vocal characteristics, it would 

ot be advantageous for natural within-talker variability in pitch 

nd VTL-timbre to remove the intelligibility benefit for familiar 

oices or the ability to recognize a voice as familiar. Larger manip- 

lations to pitch and VTL-timbre have been found to affect intel- 

igibility and recognition ( Holmes et al., 2018 )—but these manip- 

lations were about 5 times bigger than the manipulations here. 

herefore, listeners use information about pitch and VTL-timbre to 

ecognise and understand familiar talkers, but do not seem to rely 

n highly precise representations of pitch and VTL-timbre that are 

lose to the discrimination threshold. 

.3. Implications for accounts of speech processing 

For many years, we have known that talker attributes (termed 

indexical properties’) influence the perception of speech content 

e.g., the words that are spoken) ( Nygaard et al., 1994 ; Remez et al.,

997 ). Speech is never heard outside of a particular (talker) 

ontext—and speech content and talker information are intermin- 

led in the acoustic signal (see, for example, Lachs et al., 2003 ). 

he finding that speech spoken by familiar people is more intelli- 

ible than speech spoken by unfamiliar people suggests that talker 

nformation is not simply stripped away from the acoustic signal, 

ut rather contributes to speech recognition ( Pisoni, 1997 ). Yet, 

ow familiarity with an interlocutor’s voice affects the process of 

peech recognition has remained unclear. 
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Under the episodic account of speech recognition 

 Goldinger, 1996 , 1998 ), words are recognized by comparing the 

coustic signal against stored episodic memories for previously- 

eard words. If the familiar-voice benefit arises because exposure 

o someone’s voice increases the number of their words that are 

tored in memory, then we would expect discrimination of voice 

haracteristics to be better for familiar than unfamiliar voices: 

isteners would have accumulated episodic memories for familiar 

oices, and may have few if any episodic memories that are similar 

o a novel (unfamiliar) voice. Therefore, our results are difficult to 

econcile with the episodic account of speech recognition. 

Our results also speak against the idea that stored representa- 

ions of the pitch or VTL-timbre of a familiar voice assist the per- 

eptual normalization process (e.g., Peterson, 1961 ): if such repre- 

entations were present, it would be surprising if they were not 

sed to facilitate discrimination. 

Under prototype theory ( Lavner et al., 2001 ), we might as- 

ume that the familiar-voice benefit arises because the acous- 

ics of familiar voices contribute more to the prototype represen- 

ation than do unfamiliar voices—because participants have had 

ore exposure to the familiar voice. Given that we become fa- 

iliar with many voices over our lifetimes that each have distinct 

coustics, this explanation seems unlikely to explain the familiar- 

oice benefit to intelligibility, which has been observed for friends 

nd lab-trained voices as well as long-term spouses. Nevertheless, 

ven if this explanation was plausible, it would also predict better 

iscrimination of acoustic properties for familiar than unfamiliar 

oices—if the prototype was more similar in its acoustic properties 

o familiar voices—which is inconsistent with our results. 

Our results suggest that the familiar-voice benefit to intelligibil- 

ty must arise from processes unrelated to better discrimination of 

itch or VTL-timbre. One possibility is that other attributes under- 

ie the familiar-voice benefit to intelligibility. This might include 

redictions related to idiosyncratic phonetics, pitch contour, into- 

ation, harmonic-to-noise ratio, rate, rhythm, or other individual 

oice characteristics. Note that the benefit cannot simply be ex- 

lained by glimpsing, because energetic masking was equivalent 

cross familiar and unfamiliar conditions; listeners may, however, 

se top-down expectations to make better use of glimpses for fa- 

iliar than unfamiliar voices. Predictions about rate and rhythm 

ould be consistent with speech rate effects on vowel percep- 

ion ( Maslowski et al., 2019 ), reported benefits of knowing ‘when’ 

o listen (e.g., Gaudrain and Carlyon 2013 , Holmes et al. 2018 , 

itterick et al. 2010 ) and studies showing that cortical tracking of 

he amplitude envelope of speech contributes to intelligibility (e.g., 

iecke et al. 2018 , Zoefel et al. 2018 ). Pitch and VTL-timbre seemed

ike the most likely characteristics a priori : although they do not 

arry phonetic information directly, they have been shown to con- 

ribute to voice recognition ( Holmes et al., 2018 ; LaRiviere, 1975 ;

avner et al., 20 0 0 , 20 01 ; van Dommelen, 1987 , 1990 ) and could

ontribute to speech intelligibility if they are incorporated into 

honetic representations alongside other characteristics (as would 

e predicted by episodic accounts, described above), if they are 

sed for talker normalization, or if they are used to predict where 

n the acoustic signal to direct attention. However, our results 

peak against this interpretation. Also, Holmes et al. (2018) found 

hat manipulating both pitch and VTL-timbre by a large amount 

approximately 5 times larger than the manipulations of the cur- 

ent study) reduced but did not eliminate the familiar-voice ben- 

fit to intelligibility—consistent with the idea that other voice at- 

ributes could be used to realize the intelligibility benefit. 

Another explanation for our results—which is consistent with 

he results of Holmes and Johnsrude (2020) —is that familiar voices 

re more intelligible because they help listeners resist interfer- 

nce from a competing talker. In other words, familiarity with a 

oice may affect the active cognitive processes engaged in speech 
8

erception (e.g., Friston et al., 2021 ; Heald and Nusbaum, 2014 ; 

olmes and Johnsrude, 2020 ). For example, familiar and unfamil- 

ar voices may undergo similar normalization, but processing may 

e more efficient or use fewer cognitive resources for familiar 

han unfamiliar voices ( Nygaard and Pisoni, 1998 ; Yonan and Som- 

ers, 20 0 0 ). Greater efficiency could enable listeners to better un- 

erstand speech when an interfering masker is present, but would 

ot make familiar voices presented alone more perceptually dis- 

riminable than unfamiliar voices. 

. Conclusions 

We predicted that natural familiarity with voices would lead to 

etter thresholds for discriminating pitch or VTL-timbre, but we 

ound no strong evidence for an advantage. Yet, participants re- 

eived a large (20–25%) intelligibility benefit for the same familiar 

oices when a competing talker was present. Based on our results, 

t seems unlikely that better representations of pitch or VTL-timbre 

nderlie the familiar-voice benefit to intelligibility that has been 

obustly observed: first, we found no significant benefit to auditory 

cuity for familiar voices across the group of participants; second, 

he magnitude of the familiar-voice benefit did not correlate with 

he difference in discrimination thresholds amongst participants; 

nd, third, the benefit to intelligibility for familiar voices manipu- 

ated in pitch and VTL-timbre at the 90% discrimination threshold 

as similar in magnitude to the benefit for voices with the original 

itch and VTL-timbre. We did find a trend towards better acuity 

or VTL-timbre and worse acuity for pitch, for familiar compared to 

nfamiliar voices. This is consistent with a listener placing greater 

eliance on VTL-timbre than pitch when a voice is familiar. 
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