Effects of differences in fundamental frequency on acrossformant grouping in speech perception
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ABSTRACT
In an isolated syllable, a formant will tend to be segregated perceptually if its
fundamental frequency (F0) differs from that of the other formants. This study explored
whether similar results are found for sentences, and specifically whether differences in F0
(ΔF0) also influence across-formant grouping in circumstances where the exclusion or
inclusion of the manipulated formant critically determines speech intelligibility. Threeformant (F1+F2+F3) analogues of almost continuously voiced natural sentences were
synthesized using a monotonous glottal source (F0=150 Hz). Perceptual organization was
probed by presenting stimuli dichotically (F1+F2C+F3; F2), where F2C is a competitor for
F2 that listeners must resist to optimize recognition. Competitors were created using timereversed frequency and amplitude contours of F2, and F0 was manipulated (ΔF0 = ±8, ±2, or
0 semitones relative to the other formants). Adding F2C typically reduced intelligibility, and
this reduction was greatest when ΔF0=0. There was an additional effect of absolute F0 for
F2C, such that competitor efficacy was greater for higher F0s. However, competitor efficacy
was not due to energetic masking of F3 by F2C. The results are consistent with the proposal
that a grouping “primitive” based on common F0 influences the fusion and segregation of
concurrent formants in sentence perception.
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I. INTRODUCTION
The ability to listen selectively to one talker in the presence of other talkers has
received considerable attention since the pioneering studies of Broadbent (1952a, b) and
Cherry (1953). Several factors have been shown to influence this ability (see, e.g., Darwin,
2008); our focus here is primarily on the role of voice pitch. Grouping by common
fundamental frequency (F0) has long been considered to be an important means by which the
speech of competing talkers can be separated. This approach has been integrated into models
ranging from early attempts to separate concurrent voices automatically (e.g., Parsons, 1976;
Stubbs and Summerfield, 1990; Denbigh and Zhao, 1992) to more recent and comprehensive
attempts at computational auditory scene analysis (e.g., Cooke and Ellis, 2001; Wang and
Brown, 2006; Hu and Wang, 2010). For human listeners, the identification of keywords in a
target sentence accompanied by an interfering sentence improves when the sentences differ in
F0 (Brokx and Nooteboom, 1982), particularly when the speech is almost continuously
voiced (Bird and Darwin, 1998). Although the effect on intelligibility of ∆F0 up to about 1
semitone results primarily from peripheral cues arising from low-frequency beating (Culling
and Darwin 1994), the additional improvement found for larger ∆F0s indicates a role in
speech perception for harmonic relations as a primitive grouping cue (Bregman, 1990).
Most studies of the effects of differences in F0 on the perception of speech in the
presence of other speech have involved mixtures of stimuli for which there is extensive
spectral overlap in the auditory periphery (e.g., Brokx and Nooteboom, 1982; Scheffers,
1983; Chalikia and Bregman, 1989; Summerfield and Assmann, 1991). In contrast, relatively
few studies have focused specifically on the role of harmonic relations in across-formant
grouping within a speech stimulus, in circumstances where such spectral overlap is limited or
absent. Early examples typically used dichotic presentation of the individual formants of
synthetic speech stimuli (vowels, syllables, or sentences) and compared the effect of applying
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the same or different F0s to the two ears (Broadbent and Ladefoged, 1957; Cutting, 1976).
Listeners usually reported hearing a single voice when the F0s were the same and two voices
when they were different, but there was little if any effect of this change on intelligibility.
Although this might initially be interpreted as evidence that the phonetic coherence of speech
is not influenced by harmonic relations, these studies did not engender the competitive
conditions most likely to reveal the factors governing the perceptual organization of speech.
Two experiments reported by Darwin (1981) and Gardner et al. (1989) used stimulus
configurations which allowed the possibility of competition between alternative groupings of
formants. To our knowledge, Darwin (1981, experiment 4) was the first to demonstrate that
the phonetic coherence of isolated syllables can be influenced by whether or not their
formants share a common F0. Listeners heard synthetic four-formant stimuli under diotic
presentation and were asked to report which syllable they heard. When presented in isolation,
formants 1, 2, and 3 elicited /ru/ percepts and formants 1, 3, and 4 elicited /li/ percepts. When
all four formants were presented together on the same F0 (either 110 Hz or 170 Hz) almost
all responses indicated /ru/ percepts, but when formant 2 was on a different F0 from that of
the other formants (ΔF0 = 7.5 semitones), many of the responses indicated /li/ percepts.
Gardner et al. (1989, experiment 1) used the /ru/-/li/ paradigm to explore more
systematically the phonetic effects of across-formant differences in F0. Their results for
syllable identification are summarized in Fig. 1. They showed that increasing the ΔF0 applied
to the second of four diotically presented formants reduced its perceptual contribution to a
syllable by about a third for a ΔF0 of 2 semitones, and the reduction approached asymptote
(roughly half) for ΔF0s above about 5 semitones. Although a ΔF0 of about 5 semitones was
required for maximum exclusion of formant 2 from the phonetic percept, for ΔF0s above 2
semitones listeners almost always reported hearing two sources; this is a variant of the
phenomenon known as duplex perception (Rand, 1974; see also Cutting, 1976).
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The experiments of Darwin (1981) and Gardner et al. (1989) involved a relatively
fine-grained phonetic analysis of a single isolated syllable, which was intelligible whether or
not the manipulated formant was excluded perceptually. It remains to be established whether
ΔF0 influences across-formant grouping to the same extent for sentence-length utterances in
cases where the perceptual exclusion or inclusion of the manipulated formant critically
determines whether or not the sentence is intelligible. The study reported here addressed
these issues using the second-formant competitor (F2C) paradigm (Remez et al., 1994;
Remez, 1996, 2001; Roberts et al., 2010) applied to synthetic-formant analogues of natural
sentence-length speech. The crux of the F2C paradigm is the dichotic presentation of two
possible candidates for F2; intelligibility would be enhanced by the phonetic integration of
one version (the true F2) with the other formants but impaired by the integration of the other
(the F2 competitor). Hence, the listener must resist competition to optimize recognition of the
utterance. The benefits of using the F2C paradigm as a technique for exploring the perceptual
organization of speech have been considered in detail by Roberts et al. (2010).
II. EXPERIMENT 1
This experiment extended the use of the F2 competitor paradigm (Remez et al., 1994)
from sine-wave analogues of speech (Bailey et al., 1977; Remez et al., 1981) to syntheticformant analogues, to our knowledge for the first time. Competitor formants were generated
using the time-reversed frequency and amplitude contours of the true F2; F2Cs with these
dynamic properties have previously been shown to be very effective at reducing intelligibility
in the context of sine-wave speech (Remez et al., 1994; Remez, 1996, 2001; Roberts et al.,
2010). The main purpose of this experiment was to measure the extent to which the impact of
the competitor on intelligibility was dependent on the difference in F0 between F2C and the
other formants.
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A. Method
1. Listeners
Volunteers were tested initially using a screening audiometer (Interacoustics AS208)
to ensure that their audiometric thresholds at 0.5, 1, 2, and 4 kHz did not exceed 20 dB
hearing level. All volunteers who passed the audiometric screening took part in a training
session designed to improve the intelligibility of our synthetic-formant speech analogues (see
Procedure). Most listeners completed the training successfully and took part in the main
experiment. Two of them were subsequently replaced owing to below criterion performance
in a follow-up test of intelligibility (see below). Overall, about 75% of the volunteers who
passed the audiometric screening were included in the final dataset. 32 listeners (five males)
successfully completed the experiment (mean age = 22.2 years, range = 18.0 – 45.4). All
listeners were native speakers of British English. To our knowledge, none of the listeners had
heard any of the sentences used in the main part of the experiment in any previous study or
assessment of their speech perception.
2. Stimuli and conditions
The stimuli for the main experiment were derived from recordings of 64 sentences
comprising almost continuously voiced speech, as spoken by a British male talker of
“Received Pronunciation” English. Speech with almost continuous voicing was used in order
to optimize the measurement of the effect of ΔF0 on across-formant grouping (Bird and
Darwin, 1998). The sentences used were taken from two sources (Binns and Culling, 2007;
Bird and Darwin, 1998). A set of keywords was designated for each sentence; these are listed
in the Appendix. There is no generally agreed definition of what constitutes a keyword and so
the choice is somewhat arbitrary; most designated keywords were content words. The stimuli
for the training session were derived from 40 sentences taken from commercially available
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recordings of the IEEE sentence lists (IEEE, 1969), and selected to contain 25% or fewer
phonemes involving closures or unvoiced frication.
For each sentence, the pitch contour and the frequency contours of the first three
formants were estimated from the waveform automatically every 1 ms by Praat (Boersma and
Weenink, 2008) using a 25-ms-long Gaussian window. In practice, the third-formant contour
often corresponded to the fricative formant rather than F3 during phonetic segments with
frication. Gross errors in estimates of formant frequency were hand-corrected using a
graphics tablet; amplitude contours corresponding to the corrected formant frequencies were
extracted automatically from the spectrograms for each sentence. Synthetic-formant
analogues of each sentence were created using these frequency and amplitude contours to
control three parallel second-order resonators whose outputs were summed. The excitation
source for the resonators was a periodic train of simple excitation pulses modeled on the
glottal waveform, shown by Rosenberg (1971) to be capable of producing synthetic speech of
good quality. The 3-dB bandwidths of the resonators corresponding to F1, F2, and F3 were
set to constant values of 50, 70, and 90 Hz, respectively. Each training stimulus was
generated using the pitch contour extracted from the original recording. In the main
experiment, the excitation source was monotonous (F0 = 150 Hz) and the speech analogues
were presented in a dichotic configuration (left ear = F1+F3; right ear = F2). An example
stimulus is illustrated in Fig. 2.
For each sentence in the main experiment, F2 competitors were generated using the
time-reversed frequency and amplitude contours of the corresponding true F2, and the same
3-dB bandwidth (70 Hz). Five variants of each F2C were created by setting the F0 of the
excitation source to one of the following values: 94.5, 133.6, 150.0, 168.4, and 238.1 Hz.
These values were chosen to create a set of ΔF0s for F2C relative to the other formants of -8,
-2, 0, 2, and 8 semitones, respectively. Note that the waveform of the excitation source for
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F2C was not time reversed. Stimuli were selected such that the center frequency of F2C was
always ≥80 Hz from the center frequencies of F1 and F3 at any moment in time. Hence, there
were no crossovers of formant tracks or approaches close enough to cause audible
interactions between corresponding harmonics exciting different formants.
There were eight conditions in the main experiment (see Table I). Two conditions
(C1-C2) were controls, for which the true F2 was absent. The stimuli for C1 comprised F1
and F3 only; the stimuli for C2 also contained the F2C for the case where ΔF0 = 0. Five
conditions (C3-C7) were experimental, for which the stimuli contained the true F2 and an
F2C on one of the five F0s specified above. The final condition (C8) was the dichotic
reference case, for which F2C was absent. For each listener, the sentences were divided
equally across conditions (i.e., eight per condition) using an allocation that was
counterbalanced by rotation across each set of eight listeners tested. The follow-up session
comprised all 64 sentences presented diotically and without competitors.
All speech analogues were synthesized using MITSYN (Henke, 2005) at a sample
rate of 22.05 kHz and with 10-ms raised-cosine onset and offset ramps. They were played at
16-bit resolution over Sennheiser HD 480-13II earphones via a sound card, programmable
attenuators (Tucker-Davis Technologies PA5), and a headphone buffer (TDT HB7). Output
levels were calibrated using a sound-level meter (Brüel and Kjaer, type 2209) coupled to the
earphones by an artificial ear (type 4153). Stimuli were presented at a reference level (long
term average) of 75 dB SPL; this describes the case when the left ear receives F1 (the most
intense formant) and F3. For a given sentence, F1 and F3 were presented at the reference
level in all conditions; hence there was some variation in the overall level and loudness of the
stimuli across conditions depending on the presence or absence of F2 and F2C. All sentences
were presented at 72 dB SPL in the diotic follow-up (F1+F2+F3). In the training session,
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both the original recordings (44.1 kHz sample rate) and the speech analogues were presented
diotically at 72 dB SPL.
3. Procedure
Listeners were seated in front of a computer screen and a keyboard in a soundattenuating booth. There were three phases to the study – training, the main experiment, and
the diotic follow-up. Listeners were free to take a break whenever they wished; the study
typically took about two hours to complete and consisted of one testing session (occasionally
two testing sessions – first = training and main, second = diotic follow-up after brief refresher
training). In all phases of the study, stimuli were presented in a new quasi-random order for
each listener.
On each of the 40 trials in the training session, participants were able to listen to one
of the stimuli up to a maximum of six times before typing in their transcription of the
sentence. After each transcription was entered, feedback to the listener was provided by
playing the original recording followed by a repeat of the speech analogue. Davis et al.
(2005) found this “degraded-clear-degraded” presentation strategy to be an efficient way of
enhancing the perceptual learning of speech-like stimuli with unusual surface structures. We
set a mean criterion of ≥60% keywords correct across the second half of the training trials for
a listener to be included in the main experiment.
In the main experiment, each listener only heard any particular sentence during one
trial in the experiment. As in the training, participants were able to listen to each stimulus up
to six times before typing in their transcription, and the time available to respond was not
limited. However, in the main experiment listeners did not receive feedback of any kind on
their responses. Owing to the rotation of sentence allocations across conditions, the total
number of listeners needed to produce a balanced dataset for the experiment was a multiple
of eight. Afterwards, using the same procedure, the listeners heard all 64 sentences used in
9

the main experiment again but under diotic presentation and without competitors. Listeners
were replaced in the main experiment if their performance in the diotic follow-up did not
meet the mean criterion of ≥50% keywords correct.
4. Data analysis
For each listener, the intelligibility of each sentence was quantified in terms of the
percentage of keywords identified correctly; homonyms were accepted. The stimuli for each
condition comprised eight sentences. Given the variable number of keywords per sentence
(2–7), the mean score for each listener in each condition was computed as the percentage of
keywords reported correctly giving equal weight to all the keywords used (always 39 or 40
per set of eight sentences). Following the procedure of Roberts et al. (2010), we classified
responses using tight scoring, in which a response is scored as correct only if it matches the
keyword exactly (see Foster et al., 1993). For the dichotic and diotic reference conditions, the
responses were also converted automatically into phonetic representations using eSpeak
(Duddington, 2008) for comparison with stored phonetic representations of the original
sentences. In both cases, the mean percentage of phonetic segments correctly identified
across all words in the sentences was computed using HResults, part of the HTK software
(Young et al., 2006). HResults finds an optimal alignment between the phonetic segments of
the original sentence and its transcription by inserting and removing segments in the
transcription. The mean percentage of phonetic segments correctly identified is defined as
100*(number of correctly aligned phonemes)/(number of phonemes in the original sentence).
In effect, tight scoring and phonetic scoring represent the lower and upper limits of the
intelligibility measures that can be computed for the test sentences used.
B. Results
Figure 3 shows the mean percentage scores (and inter-subject standard errors) across
conditions in terms of keywords identified correctly. The white, gray, and black bars indicate
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the results for the control, experimental, and dichotic reference conditions, respectively. Light
gray bars correspond to experimental conditions for which there was a difference in F0
between F2C and the other formants; the dark gray bar corresponds to the case where there
was not (i.e., ΔF0 = 0). A one-way within-subjects analysis of variance (ANOVA) showed a
significant effect of condition on intelligibility [F(7,217)=61.066, p<0.001]. Moreover, an
ANOVA restricted to the five experimental conditions (C3–C7) showed that the modulating
influence of ΔF0 on the effect of F2C on intelligibility was also significant [F(4,124)=2.816,
p=0.028].
Adding a competitor with time-reversed frequency and amplitude contours typically
reduced intelligibility. This reduction was greatest overall when ΔF0 = 0, for which mean
performance fell by 10.0 percentage points from that for the dichotic reference condition.
Paired-samples comparisons (two-tailed) were computed using the restricted least-significantdifference test (Snedecor and Cochran, 1967). Among the experimental conditions, the
difference between the scores when ΔF0 = 0 and those for the other cases was significant
when ΔF0 = -8 or +2 semitones [t(31)=3.10, p=0.004; t(31)=2.16, p=0.039], but not when
ΔF0 = -2 or +8 semitones [t(31)=1.54, p=0.134; t(31)=1.25, p=0.221]. Pairwise comparisons
between each experimental condition and the dichotic reference condition indicated that the
reduction in performance associated with the addition of F2C was significant when ΔF0 = -2,
0, or +8 semitones [t(31)=2.60, p=0.014; t(31)=4.30, p<0.001; t(31)=2.74, p=0.010], but not
when ΔF0 = -8 or +2 semitones [t(31)=0.8033, p=0.428; t(31)=1.83, p=0.077]. There was an
additional effect of absolute F0 for F2C, such that competitor efficacy was greater for higher
F0s. This effect can best be assessed by comparing the conditions where ΔF0 = -8 and +8
semitones, for which the corresponding F0s were 94.5 Hz and 238.1 Hz, respectively. The
difference in scores between these conditions was significant [t(31)=2.21, p=0.035].
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Following Roberts et al. (2010), competitor efficacy was defined as the impact on
intelligibility of adding F2C in relation to performance for the dichotic reference condition
(corresponding to 0% efficacy) and for the F1+F2C+F3 control condition (corresponding to
100% efficacy). The mean efficacy of F2C when ΔF0 = 0 was 27.4%, which is lower than the
efficacy of competitors with time-varying frequency contours in the context of sine-wave
speech (Remez et al., 1994; Remez, 1996, 2001; Roberts et al., 2010). The most comparable
data come from Roberts et al. (2010, experiment 1), for which the sine-wave analogues were
derived from speech with almost continuous voicing. For that experiment, the reported
efficacy of competitors with time-varying frequency contours was 67.5%.
The control conditions indicated that intelligibility was relatively low for F1+F3
alone, and near floor when a competitor with time-reversed frequency and amplitude
contours was added to F1+F3 in the absence of the true F2. Pairwise comparisons indicated
that the scores for the two control conditions differed from those for all other conditions,
including each other (p<0.001, in all cases). The difference between the two control
conditions indicates that the addition of F2C tends to reduce further the limited intelligibility
that can be supported by F1+F3 alone. Clearly, F2C was not a good surrogate for the true F2
in supporting intelligibility. There was a non-significant trend in the same direction evident
for sine-wave speech (Roberts et al., 2010, experiment 2); presumably this difference
between the two studies reflects the greater baseline intelligibility in the F1+F3 condition
when the speech analogues are composed of synthetic formants.
The mean diotic follow-up score for the 64 sentences used in the main experiment
was 64.1%. This was higher than the mean dichotic reference score of 43.9%, albeit with the
caveat that listeners had been exposed to degraded versions of these sentences during the
main session. However, the apparent performance cost of dichotic presentation for syntheticformant analogues of speech with almost continuous voicing (20.2 percentage points) is less
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than for comparable sine-wave analogues (32.6 percentage points; Roberts et al., 2010,
experiment 1). This may reflect better across-ear fusion of more realistic synthetic formants
than of abstract sine-wave representations of the formant tracks, which would support
improved dichotic intelligibility. The corresponding mean phonetic scores for diotic and
dichotic performance without competitors were 75.1% and 59.5%, respectively.
To explore whether the effect of the competitors was greater for sentences with higher
intelligibility, the data from the main experiment were divided using a median split by rank
order of the mean diotic follow-up scores for all 64 sentences. ANOVA was not applied to
the partitioned data, because the median split resulted in variable patterns of contribution by
individual listeners across conditions. Figure 3 also shows the mean percentage scores
separately for the upper and lower rank orders across conditions (upward and downward
pointing triangles, respectively). Owing to the nature of the rank ordering, these scores were
weighted equally per sentence rather than per keyword. It would appear that the impact on
performance of ΔF0 on F2C evident in the complete dataset arises primarily from the more
intelligible half of the sentences. The average fall in performance arising from the addition of
a competitor when ΔF0 = 0 was 15.1 percentage points for the more intelligible sentences (cf.
10.0 percentage points for all sentences), but note that the corresponding efficacy of 30.1%
was very similar to that for all sentences (27.4%).
C. Discussion
Although there was clear evidence of an F2C effect in our results, its magnitude was
smaller than that found in the context of sine-wave speech (Roberts et al., 2010), both in
terms of the absolute impact on intelligibility and our measure of competitor efficacy.
Nonetheless, the modulating effect of ΔF0 on competitor efficacy observed here was
substantial. This modulating effect can be defined in relation to performance for the dichotic
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reference condition (C8, corresponding to an index of 0) and for the experimental condition
where ΔF0 = 0 (C5, corresponding to an index of 1), such that:

modulating effect of ΔF0 =

score(C8) − score( x)
,
score(C8) − score(C5)

where x corresponds to C3, C4, C6, or C7. For the cases where ΔF0 was -8, -2, 2, and 8
semitones, the corresponding indices were 0.21, 0.63, 0.45, and 0.70, respectively. The
equivalent indices for the more intelligible sentences (i.e., the upper half of the median split)
showed a very similar pattern; the values were 0.25, 0.56, 0.42, and 0.60, respectively. If we
consider only the range of ΔF0s for which the effect of the change in absolute F0 was likely
to be small, we can conclude that even a modest change in ΔF0 (±2 semitones) was enough to
reduce the impact of F2C on intelligibility by about a half.
In addition to the modulating effect of ΔF0 on competitor efficacy, there was also a
tendency for F2C to become more efficacious as its F0 was increased. A similar trend can be
seen in Darwin’s (1981) results – there was a greater proportion of /li/ responses, indicating a
greater perceptual exclusion of formant 2 from the syllable, when formant 2 was on the lower
F0 and the other formants were on the higher F0 than vice versa. In relation to our results, the
variation in RMS power of F2C across the range of ΔF0s tested was too small to account for
the observed effect of absolute F0 (differences per sentence across all 64 sentences, -8 vs. +8
semitone cases: max = 2.65 dB, mean = 1.57 dB). A more likely explanation is that the effect
of absolute F0 was due primarily to the progressive change in the excitation of the competitor
formant towards fewer, more intense, and better-resolved harmonics as F0 was increased.
Another possible account, related to unresolved harmonics, is considered in the General
Discussion.
One issue that merits consideration is the extent to which our results may have been
influenced by energetic masking, particularly the upward spread of masking from F2C to the
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less intense F3. Roberts et al. (2010) addressed this issue in the context of sine-wave speech
by comparing the impact of F2C in two dichotic configurations, the standard case in which its
addition places F2C in the same ear as F3 (F1+F2C+F3; F2) and an alternative case in which
it does not (F1+F2C; F2+F3). The latter configuration was based on the findings of Rand
(1974), who showed that synthetic consonant-vowel (CV) syllables which were intelligible
under diotic presentation were also intelligible under dichotic presentation of the form (F1;
F2+F3). Roberts et al. (2010) found that competitor efficacy was almost equal in the two
contexts. However, synthetic formants have considerably broader bandwidths than sine-wave
analogues of formants, and so the possibility of appreciable masking of F3 by F2C is greater
here than in the study of Roberts et al. (2010). While it is hard to see how the observed
dependence of competitor efficacy on ΔF0 could be explained in terms of changes in
energetic masking, the observed effect of absolute F0 might plausibly reflect changes in
masking associated with changes in the intensity of individual harmonics.
There are circumstances in which the perception of speech sounds shows a right-ear
advantage (REA) in most listeners, such that they are reported more accurately than when
presented to the left ear (e.g., Bryden, 1963; Shankweiler and Studdert-Kennedy, 1967). Two
conditions have been found to promote the REA for speech – dichotic competition (e.g.,
Berlin et al., 1973) and the use of stimuli with dynamic spectro-temporal properties (e.g.,
Shankweiler and Studdert-Kennedy, 1967; Darwin, 1971). Both of these conditions pertain to
our experiment; in particular the F2C and the true F2 were always presented to left and right
ears, respectively. Nonetheless, the few studies that allow an assessment of ear advantages for
the processing of specific formants (e.g., Rand, 1974; Cutting, 1974) suggest that there may
well be no significant ear dominance effects associated with the F2 competitor paradigm.
This has been confirmed in the context of sine-wave speech by Roberts et al. (2010), but has
not yet been tested in the context of synthetic-formant speech.
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III. EXPERIMENT 2

The extent to which the effects of competitor formants seen in experiment 1 might be
attributable to masking, rather than to genuine competition between F2C and the true F2, was
explored by including conditions in which F3 was presented to the opposite ear to that
receiving F2C. A common F0 was used for F2C and the other formants. Possible effects of
ear dominance were evaluated using additional controls in which the assignment of formants
to ears was counterbalanced.
A. Method

The synthetic-formant stimuli used here were derived from speech involving closures
and unvoiced fricatives, spoken by the same talker as for experiment 1. The sentences were
taken from the BKB sentence lists (Bench et al., 1979), and so were semantically simpler and
more predictable than the almost continuously voiced sentences used in experiment 1 (see
Appendix). The speech analogues used were selected specifically to have relatively high
intelligibility, on the basis of pre-testing with other listeners using the standard dichotic
configuration. All stimuli were generated as described for experiment 1. However, the
standard configuration (F1±F2C+F3; F2), where ± indicates the presence or absence of the
competitor, was supplemented by one based on Rand’s (1974) study, in which F3 was
presented in the opposite ear to F1 (i.e., F1±F2C; F2+F3). The Rand configuration eliminated
the possibility that F2C efficacy might have been influenced through masking of F3 by the
more intense F2C. In experiment 1, F2C and the true F2 were always presented to the left and
right ears, respectively, but here half of the listeners were instead tested using a reversal by
ear of the stimulus configurations [i.e., standard case = (F2; F1±F2C+F3); Rand case =
(F2+F3; F1±F2C)].
There were four conditions in the main experiment, two with the standard dichotic
configuration and two with the Rand configuration. For each configuration, the speech
16

analogues were presented either alone or in the presence of an F2C created using the timereversed frequency and amplitude contours of the true F2 and an F0 of 150 Hz (i.e., ΔF0 = 0).
There were 16 sentences in total (4 conditions x 4 sentences per condition). Every sentence
contained either three or four keywords; each sentence group contained either 12 or 13
keywords. Competitor efficacy was balanced approximately across sentence groups based on
the outcome of the pre-testing. Multiples of eight listeners were required to produce a
balanced dataset in this experiment. For each set of listeners, there were two complete
rotations of the four sentence allocations across conditions; the ear receiving F1 was the left
ear in the first set of rotations and the right ear in the second set. 16 listeners (four males)
successfully completed the experiment (mean age = 20.6 years, range = 18.7 – 24.1). None of
the listeners had taken part in experiment 1. All three phases of the experiment (training,
main, diotic follow-up) were run in the same way as their counterparts in experiment 1; the
data were also scored in the same way.
B. Results

Figure 4 shows the mean percentage scores (and inter-subject standard errors) across
conditions. For each condition, the means for the cases where the ear receiving F1 was the
left or the right are indicated by leftward- and rightward-pointing triangles, respectively. The
results were assessed using a three-way mixed ANOVA, with two within-subjects factors
(F2C inclusion status – absent vs. present; stimulus configuration – standard vs. Rand) and
one between-subjects factor (ear receiving F1 – left vs. right). The main effect of F2C
inclusion status on intelligibility was highly significant [F(1,14)=30.35, p<0.001], but there
were no other significant main effects [stimulus configuration: F(1,14)=3.296, p=0.091; ear
receiving F1: F(1,14)=0.020, p=0.890] or interactions (p>0.25 in all cases).
A competitor with time-reversed frequency and amplitude contours that shared a
common F0 with the other formants was clearly effective in the standard context, as before,
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and was equally effective in the Rand context. The absolute impact of F2C on performance
observed here (average fall in intelligibility = 24.6 percentage points; standard and Rand =
22.8 and 26.3 percentage points, respectively) was even greater than for the upper half of the
median split data from experiment 1, for which intelligibility was broadly similar to that of
the full set of sentences used here. Note, however, that different listeners took part and that
the stimuli used here were derived from speech including closures and unvoiced fricatives,
rather than from speech with almost continuous voicing. In terms of competitor efficacy, the
absence of F1+F2C+F3 control conditions means that these changes in performance can only
be used to compute minimum estimates (standard = 42.9%, Rand = 42.5%). In practice, these
values would have been higher, as the score for the (missing) F1+F2C+F3 control cases
would have been non-zero. Again, differences in listeners and stimulus materials may
account for the greater competitor efficacy observed here compared with experiment 1.
The intelligibility cost for the standard configuration of presenting the stimuli
dichotically rather than diotically (53.3% vs. 63.8%, cost = 10.5 percentage points) was only
about half that observed in experiment 1. However, this is perhaps unsurprising given that the
stimuli used here were selected specifically on the grounds of their high dichotic
intelligibility in pilot testing. Indeed, the reduced intelligibility cost has arisen from a rise in
the dichotic scores, not a fall in the diotic scores. The corresponding mean phonetic scores for
diotic and (standard) dichotic performance without competitors were 76.4% and 65.2%,
respectively.
C. Discussion

The results indicate that an F2C with time-reversed frequency and amplitude contours
had a similar impact on intelligibility whether F3 was present in the same ear or was moved
to the opposite ear. This outcome has also been found in the context of sine-wave speech
(Roberts et al., 2010), and provides clear evidence that the effect of the extra competitor
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formant was not related primarily to energetic masking of F3 by F2C. Given that F2C would
have had little or no masking effects on the more intense and lower-frequency F1, we can
conclude that the impact of the competitor probably depends primarily on the extent of its
integration into the speech percept. This conclusion is consistent with recent evidence that the
energetic masking of one utterance by another is relatively small even when there is extensive
spectral overlap between them (e.g., Brungart et al., 2006). While it is not possible to prove
the null hypothesis, the absence of any reliable differences in outcome between the two sets
of assignments of formants to ears suggests that any effects of ear dominance in the context
of the F2C paradigm are negligible or absent. Again, a similar outcome has been found in the
context of sine-wave speech (Roberts et al., 2010).
IV. GENERAL DISCUSSION

Sentence intelligibility is typically reduced when the F2 competitor, generated using
the time-reversed frequency and amplitude contours of the true F2, shares a common F0 with
the other formants. The impact of the competitor on keyword recognition cannot be explained
in terms of the upward spread of masking from F2C to F3, because competitor efficacy was
equally great when F3 was moved to the opposite ear. Hence, as for previous studies using
sine-wave speech, we can conclude that the effect of the competitor arises because it provides
an alternative to the true F2 in the perceptual organization of the sentences (Remez et al.,
1994; Remez, 1996, 2001; Roberts et al., 2010). Nonetheless, two differences between the
results for synthetic-formant and sine-wave analogues of speech merit comment. First, the
intelligibility cost of dichotic presentation was smaller for synthetic-formant than for sinewave speech; second, competitor efficacy was lower for synthetic-formant than for sine-wave
speech, even in the absence of a ΔF0 (cf. Remez et al., 1994; Roberts et al., 2010).
The reduced dichotic cost for synthetic-formant speech probably reflects the richer set
of acoustic cues for across-formant binding available in this more complete simulation of
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natural speech, which act to offset the effect of the spatial cue favoring segregation.
Nonetheless, the dichotic cost is still considerable (about 10-20%) in relation to that reported
previously for synthetic formants (e.g., Rand, 1974; Carlson et al., 1975; Ainsworth, 1978). A
comprehensive review concluded that dichotic presentation reduces consonant recognition by
about 4-6% and does not significantly reduce vowel recognition (Ainsworth, 1978). The
discrepancy probably reflects the use of a limited set of isolated vowels and CV syllables
rather than the sentences used in the current study. The basis for the difference in competitor
efficacy between synthetic-formant and sine-wave speech is unclear, but it is possible that
hypothetical speech-specific grouping constraints have a greater influence on more realistic
approximations to natural speech. Whatever the cause, the relatively modest effect of F2C on
the intelligibility of synthetic-formant speech indicates that the cost of dichotic presentation
does not arise from the absence of a complete representation of spectral shape in the auditory
periphery. If this were the case, the competitor formant would be highly successful at
reducing or eliminating the contribution of F2 in the standard configuration, where F2C is
presented in the same ear as F1 and F3, and so would have a major impact on intelligibility.
Although the competitor efficacy observed here for synthetic-formant speech was less
than that previously reported for sine-wave speech, the effect on sentence intelligibility of
introducing a ΔF0 on F2C in relation to the other formants is consistent with earlier findings
based on the perception of isolated CV syllables (Darwin, 1981; Gardner et al., 1989). The
effect of ΔF0 on keyword recognition was asymmetric; lowering the F0 of F2C led to a nearcomplete perceptual exclusion of the competitor formant, but raising the F0 only led to a
partial exclusion. In the context of the /ru/-/li/ paradigm, the perceptual exclusion of the
second formant was always partial, but nonetheless it was greater when the F0 of formant 2
was below rather than above that of the other formants (Darwin, 1981). In contrast, for
concurrent sentences, the effect of ΔF0 on the intelligibility of the target sentence is broadly
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symmetrical for monotonized speech (Brokx and Nooteboom, 1982; Bird and Darwin, 1998)
and for speech with natural pitch contours (Darwin et al., 2003).
Given that F2C and the true F2 were presented to opposite ears, the effect of ΔF0
observed here cannot be accounted for by an improvement in the resolution of the harmonics
defining these two formants. Therefore, it is interesting to compare our results with those of
studies of the effect of ΔF0 on the perception of pairs of concurrent sentences, for which
there is extensive spectral overlap between the stimuli (Brokx and Nooteboom, 1982; Bird
and Darwin, 1998). Pairs of sentences were tested for a range of constant ΔF0s, created using
monotonized and resynthesized natural speech. Both of these studies found that intelligibility
continued to improve when ΔF0 was increased beyond 1-2 semitones, after which the
contribution of peripheral factors such as the greater resolution of individual components
effectively saturates. This suggests that central factors, particularly across-formant grouping
by common F0 and tracking of voice pitch over time, govern the additional increase in
sentence intelligibility for larger ΔF0s.
Evidence of a role for grouping formants by common F0 is provided by Bird and
Darwin’s (1998) second experiment, which included cases where a cut-off frequency of 800
Hz was used to filter the sentences into low- and high-frequency regions, in effect separating
F1 from the higher formants. In the swapped-F0 condition, filtered stimuli were recombined
so that the low-pass region of the target sentence shared the same F0 as the high-pass region
of the interfering sentence, and the high-pass region of the target shared the same F0 as the
low-pass region of the interferer (cf. Culling and Darwin, 1993). This manipulation should
not affect mechanisms local to a specific frequency region, but should impair acrossfrequency grouping mechanisms by cueing inappropriate pairings of the F1 region with the
region encompassing the higher formants. No difference was found between the standard and
swapped-F0 conditions for ΔF0s of 1 and 2 semitones, but there was an adverse impact on
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intelligibility for the larger F0s tested in the swapped-F0 condition (5 and 10 semitones), such
that performance did not differ from the 0-semitone case. Bird and Darwin (1998) concluded
that across-frequency grouping is important only for ΔF0s above 2 semitones. In contrast, our
results indicate that across-formant grouping in sentence perception can be influenced by a
difference in F0 of only 2 semitones, at least in a context where the difference in F0 is
restricted to F2 and where there was is no overlap in excitation between F2 and F2C.
The asymmetric effect of introducing a ΔF0 by lowering or raising the F0 of F2C
found in experiment 1 indicates that F2C efficacy tends to increase as F0 rises. We proposed
that this effect of absolute F0 may arise from a progressive change in the excitation of the
competitor formant towards fewer, more intense, and better-resolved harmonics. However,
the findings of Deeks and Carlyon (2004) suggest an alternative explanation. They simulated
cochlear-implant listening using stimuli generated by filtering sentences into six bands and
using the band envelopes to modulate a carrier composed of unresolved harmonics at rates of
80 or 140 pulses per second (pps), rather than the more usual noise carrier (cf. Shannon et al.,
1995). Listeners heard concurrent target sentences and maskers (time-reversed concatenated
sentences) processed to have the same rate or different rates (ΔF0 = 9.7 semitones). Deeks
and Carlyon (2004) found that processing the masker and target on different rates improved
intelligibility only when the target rate was 140 pps and the masker rate was 80 pps (i.e.,
when the masker had the lower F0). This asymmetry was found whether the target and
masker were each processed on all six channels or separately (on the odd and even channels,
respectively); a situation more analogous to the stimulus configuration used in experiment 1.
This suggests an explanation for the asymmetry in our data in terms of the temporal coding of
pitch. On average, the most intense harmonic exciting F2C would have varied from around
the 6th when F0 = 238.1 Hz (ΔF0 = 8 semitones) to around the 16th when F0 = 94.5 Hz (ΔF0
= -8 semitones). Hence, experiment 1 included some conditions where F2C was excited
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primarily by resolved harmonics and others where the harmonics were unresolved (see, e.g.,
Plomp and Mimpen, 1968), and so both resolved and unresolved harmonics may be involved
in the asymmetry.
In conclusion, the effect of ΔF0 on competitor efficacy is consistent with the notion
that a grouping “primitive” based on common F0 influences the fusion and segregation of
concurrent formants in sentence perception (e.g., Darwin, 2008). Two issues that may merit
further investigation are as follows. First, we have explored the effect of across-formant ΔF0
on sentence perception in a context where the ΔF0 was applied only to the competitor
formant. Although they are likely to be closely related, this context is not necessarily the
same as one in which the ΔF0 is applied to one of the formants constituting the intelligible
sentence. Second, Gardner et al. (1989) used the /ru/-/li/ paradigm to test the effect of
dynamic as well as static ΔF0s and found no evidence that the coherence of the motion of F0
had any independent effect on the perceptual grouping of the formants. However, isolated
syllables may be too short for such dynamic effects to become apparent. It remains to be
established whether or not a dynamic difference in F0 can influence sentence perception over
and above the effect of a static ΔF0, particularly in the case where all but one of the formants
share the same pitch contour.
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APPENDIX

Part 1. Inventory of the almost continuously voiced sentences used in the main and follow-up
phases of experiment 1; the designated keywords are shown in bold. Sentences 1-57
correspond to a subset of those used by Binns and Culling (2007). Sentences 58-64
correspond to a subset of the (unpublished) list used by Bird and Darwin (1998).
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

The yellow lion wore an iron muzzle.
The mean army won every war.
A lovely well is near the wool mill.
Allow the loyal animal a warm lair.
Warm rain ran over the ivory mirror.
Warn our men of the early alarm.
None of them ran via the marina.
Even the lively earl was away ill.
Nearly all the navy was wary of the mayor.
The even waves will overwhelm the lonely mariner.
An array of raw melon is always on the menu.
Women rarely marry in a yellow veil.
The raven rose over the rim of the ravine.
The rare rhythm was the enemy of all reason.
Lazy limbs lay over the weir.
The willows wave over the leisurely lake.
Raise the alarm whenever the level rises.
A normal male loses nine enamel molars.
In the arena Romans earn many enemies.
We move away the revellers in the mauve room.
Small marine mammals were everywhere in the museum.
We knew of the animal’s low eyes and ears.
Mother was never in the villa with other women.
Mineral erosion remains the main worry.
My memoirs are venomous in every line or word.
Measles are mainly a malaise of the very young.
Anyone who is early will view the mare.
The new movie reveals our only error.
Lonely men roam every realm.
Even a minimal win alarms many.
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31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

Every volume varies in a novel way.
All who own navy are normal.
Normally the lean rowers wear leather.
Raw liver as a meal worries me.
My moral lover is unaware of the miner’s name.
The nerve in your arm never annoys you.
Rely on the wary eye of the vain alien.
You value your revolver more than me.
Moreover the irony of the novel was very minimal.
Raise the olive lever near you.
These roses line the avenue evenly.
No-one knows the nun is really a liar.
We will lose you in the zoo’s narrow maze.
The new royals reign evilly over the realm.
Zoom in anywhere on the new moon now.
The men’s morale was never a worry of mine.
Have the annual reunion in lovely Vienna.
They will moan if you remove their leisure hour.
Earlier the leaves were on the really worn lane.
They will mourn the loss of one as merry as you.
The weather is usually very rainy in Rome.
The will of my mum amuses many.
I run more miles on a meal of muesli.
Renew your vows of love in early May.
The ravenous llama mauls all in view.
Layers of oil ooze over the new road.
The men yell as the ram ruins the mine.
The ruling will worry many men.
They will mull my ale in the inn.
A royal memorial will remain.
I own the mural.
Your oil levels are lower.
Will you overrule the royal envoy?
Moles are lowly rural vermin.
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Part 2. Inventory of the sentences involving closures and unvoiced fricatives used in the main
and follow-up phases of experiment 2; the designated keywords are shown in bold. All items
are from the BKB sentence lists (Bench et al., 1979).
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

They’re watching the train.
They’re kneeling down.
The lorry drove up the road.
Bananas are yellow fruit.
The car engine’s running.
The lady wore a coat.
The shoes were very dirty.
The policeman knows the way.
Lemons grow on trees.
The oven door was open.
A girl ran along.
The milkman drives a small van.
They had a lovely day.
The clever girls are reading.
The five men are working.
A girl came into the room.
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TABLE I

Stimulus properties for the conditions used in experiment 1 (main session). The F0 frequency
for F1, F2, and F3 was always 150 Hz. The ΔF0 on F2C, when present, is relative to 150 Hz.
Condition

Stimulus configuration

ΔF0 on F2C (semitones)

(left ear; right ear)

1

(F1+F3; –)

2

(F1+F2C+F3; –)

0

3

(F1+F2C+F3; F2)

-8

4

(F1+F2C+F3; F2)

-2

5

(F1+F2C+F3; F2)

0

6

(F1+F2C+F3; F2)

2

7

(F1+F2C+F3; F2)

8

8

(F1+F3; F2)
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FIGURE CAPTIONS

FIG. 1. Replotted results from Gardner et al. (1989, experiment 1), showing the dependence
of /ru/ and /li/ responses (%) on the ΔF0 (semitones) applied to formant 2 of a four-formant
stimulus, irrespective of the number of sources heard. From “Perceptual grouping of formants
with static and dynamic differences in fundamental frequency,” by R.B. Gardner, S.A.
Gaskill, and C.J. Darwin (1989). J. Acoust. Soc. Am. 85, 1329-1337. Copyright 1989 by the
Acoustical Society of America. Adapted with permission.
FIG. 2. Stimuli for experiment 1 – standard dichotic stimulus configuration, illustrated using
a synthetic-formant analogue of the sentence “The yellow lion wore an iron muzzle.” The left
ear receives F1 and F3; the right ear receives F2. The upper panels show the amplitude
envelopes of the signals presented to each ear, normalized to the maximum value in the left
ear. The lower panels show the corresponding spectrograms; narrow-band frequency analysis
was used to illustrate clearly the harmonic structure of the stimuli (F0 = 150 Hz). The dashed
line in the spectrogram for the left ear depicts the frequency contour of the second-formant
competitor (F2C), when present, which corresponds to the time-reversed frequency contour
for F2. The F0 of F2C can be set either to match or to differ from that of the other formants.
FIG. 3. Results for experiment 1 – influence of ΔF0 on the effect of competitors (F2Cs) on
the intelligibility of synthetic-formant analogues of sentences spoken with almost continuous
voicing. Mean scores and inter-subject standard errors (n=32) are shown for the control
conditions (white bars), experimental conditions (gray bars), and the dichotic reference
condition (black bar). The experimental conditions are subdivided into the case where the F0
for F2C matches that of the other formants (ΔF0 = 0, dark gray bar) and the cases where it
does not (ΔF0 ≠ 0, light gray bars). The top axis indicates which formants were presented to
each ear; the bottom axis indicates the ΔF0 for F2C (when present). Also shown are the mean
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scores following a median split of the data by rank order of the diotic scores for all 64
sentences. The results for the more and less intelligible sentences are indicated by upwardand downward-pointing triangles, respectively (see inset).
FIG. 4. Results for experiment 2 – effect of a competitor (F2C) with time-reversed frequency
and amplitude contours on the intelligibility of synthetic-formant speech in two dichotic
configurations, for which ΔF0 = 0. Mean scores and inter-subject standard errors (n=16) are
shown in the absence (black bars) and presence (gray bars) of F2C. The paired columns on
the left- and right-hand sides correspond to the results for the standard and Rand
configurations, respectively (see top axis). For each condition, the leftward- and rightwardpointing triangles indicate the mean scores when the ear receiving F1 was left or right,
respectively (see inset).
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