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ABSTRACT 

How do vocalists coordinate their timing with others in 
choral ensembles? Performers in many musical ensem-
bles take on musical roles, such as a conductor or leader 
of the group; these roles may influence their synchroniza-
tion. Pitch relationships between the singers’ musical 
parts may also influence synchronization, such as the 
comparison between Unison singing (singing the same 
pitches) and musical Rounds (singing the same part, de-
layed in time). We compared the temporal coordination 
of duet performance in Unison and Round performances 
of a familiar melody. Vocalists with experience in en-
semble performance sang the melody in duet perfor-
mances; one participant was assigned the role of Leader 
and one of Follower, in Unison and Round performances. 
The tone onsets of the Leader preceded those of the Fol-
lower by a small but consistent amount. In addition, 
Rounds were performed at a slower rate than Unison per-
formances, suggesting the increased difficulty of main-
taining a different part. Finally, the pattern of correlations 
across the Leader and Follower’s beat durations indicated 
strong similarity in tempo changes between the singers 
within each performance. The correlations were reduced 
in the Rounds relative to Unison performances, but 
Round performances showed similar tempo changes 
when the 2-bar delay between parts was taken into ac-
count.  

INTRODUCTION 
How do vocalists coordinate their timing with others in 
choral ensembles? Performers in many musical ensem-
bles take on musical roles, such as a conductor or leader 
of the group. These roles can influence the temporal co-
ordination between the ensemble members. String en-
semble performers who are in charge of the melody line 
tend to produce tones slightly earlier than other ensemble 
members [1], consistent with other findings that the mel-
ody or primary part tends to be performed earlier even 
when those musical parts are produced within the same 
musical instrument (solo performance) such as piano [2, 
3]. 

In addition to temporal coordination, vocal ensembles 

have other challenges; they must tune their parts within 
the larger group, as well as pronounce words. Tuning is 
part of blending, an ultimate goal of the ensemble, to 
match one’s temporal, pitch, and volume characteristics 
to achieve a perception of a single whole [4, 5]. Blending 
can take time, potentially causing asynchronies among 
the singers’ tone onsets. Singing in unison is a special 
case, because identical pitches must be matched in time. 
In comparison with unison singing, most multi-part music 
requires vocalists to blend in time and in pitch, because 
of the independent rhythmic and pitch contents of the 
parts. It is unknown whether the demands of blending 
yield worse temporal synchronization in unison or in 
multi-part singing, a question we address in this study. 

The temporal coordination of ensemble performance is 
also affected by the specific relationship between the mu-
sical parts. For example, Loehr and Palmer [6] found that 
piano duettists adapted to each other’s tempo changes 
more for homophonic accompaniments than for poly-
phonic accompaniments. Goebl and Palmer [7] found that 
the rhythmic relationships between the parts influenced 
pianists’ adaptations to tempo changes in piano duets. It 
is possible that similarity between musical parts affects 
the ability to synchronize with another performer; some 
evidence from manipulations of auditory feedback sug-
gests that small temporal delays in similar-sounding audi-
tory feedback can augment the asynchronies with which 
ensemble members perform [8]. 

We compared the temporal coordination of vocal duet-
tists as they performed a simple melody in Unison and in 
Round conditions. Musical rounds, in which one vocalist 
sings the same melody at a delayed interval relative to the 
other vocalist, provide an interesting case. Models of 
memory retrieval in music performance have posited that 
performers suppress memory of future and past events 
relative to the current event, in order to produce correct 
performance [9, 10]. Based on these models, we hypothe-
sized that the strong pitch similarity that is shifted in time 
in their partner’s part may make the task more difficult by 
creating interference with the singer’s memory for mate-
rial they just produced, or material they are about to pro-
duce. 

We compared the temporal coordination of duet per-
formance with the vocalists’ Solo performances of the 
same melody. Solo performances can provide a baseline 
for differences across performers’ styles or preferences. 
Some studies have shown that pianists with similar tempi 
in Solo performances synchronize better in duet perfor-
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mance [6]. We also hypothesized that musical roles may 
influence the degree of asynchrony between performers, 
so that Leaders precede Followers. Finally, we hypothe-
sized that type of Performance may influence the simi-
larity of the vocalists’ timing patterns, with greater corre-
spondence in tempo changes between Leaders and Fol-
lowers in Unison than in  Round performances, given the 
expected interference effects of singing in Rounds. 

METHODS 

Participants 

30 adult vocalists (4 male) were recruited from the Mon-
treal area, and matched by vocal range and within gender 
into 15 pairs. All had at least 6 years of experience sing-
ing in a vocal ensemble (mean 12.4 years, SD 4.7) and all 
reported normal hearing. Two reported having absolute 
pitch. Familiarity with the tune Frère Jacques was a pre-
requisite for participating in the study. Members of two 
pairs had sung together prior to the experiment; their re-
sults were similar to the rest of the group. 

Stimulus Materials 

Vocalists were asked to sing Frère Jacques (4/4, 8 
measures long) from memory to the syllable “da”, repeat-
ing the tune four times through without pausing (4 repeti-
tions). No notation was provided. Participants sang the 
tune in a Solo condition at a comfortable vocal range and 
tempo. They also sang together in Unison and Round 
conditions at a mutually agreed upon initial pitch (details 
below) and at a specified tempo of 120 bpm (500 ms 
quarter-note interonset intervals). The same melody was 
sung at the same time by both vocalists in the Unison 
condition, and the melody was sung 8 quarter-notes (2 
bars) later by one vocalist relative to the other in the 
Round condition. 

Equipment 

Participants were invited to sing in an acoustic space that 
was 5.5 m long, 4.85 m wide and 3.4 m high, with wall 
treatments of absorptive acoustic material. The room’s 
frequency characteristics documented the relative dead-
ness of the room. Participants wore directional (cardioid) 
head-mounted microphones (DPA 4088F) which were 
adjusted for the loudness level of each participant. Their 
vocalizations were recorded to a Sound Devices 744T 
digital audio recorder at a sampling rate of 48 kHz. A 
metronome (BOSS Dr. Beat DB-88), connected to Dell 
A215 speakers, sounded 4 quarter-note beats at the be-
ginning of trials, which was recorded by the digital audio 
recorder. 

Signs labelled “Leader” and “Follower” were taped on 
the floor in front of the participants, to remind them of 
their roles. 

Design 

The experiment was a within-subjects design in which 
participants were asked to sing the stimulus in Solo, 
Unison and Round conditions. In addition, each perform-

er was assigned a role as Leader or as Follower in the 
Unison and Round conditions. Halfway through the ex-
periment, vocalists were reassigned to the alternate Lead-
er/Follower role. In addition, the participants faced each 
other on half of the trials, and faced away from each other 
on the other half of trials. We focus here on the 
Unison/Round manipulation. 

Procedure 

Singers were brought into the experimental room and 
head-mounted microphones were placed on each singer 
and adjusted for each person. Each singer was first as-
signed to a “Leader” or “Follower” role. 

Each participant was first recorded singing in the Solo 
condition. The Leader remained in the room while the 
Follower completed a music background questionnaire 
outside the room. The Leader was asked to sing Frère 
Jacques to “da” four times through without stopping, at 
their own pace and at their choice of starting pitch. They 
sang a total of three trials that contained four repetitions 
each. The experimenter noted the last pitch of their final 
trial matching the pitch to a small keyboard (Yamaha 
PSS-270). The Leader was then sent into the hallway to 
complete the music questionnaire while the same proce-
dure was completed with the Follower.  

The Leader and Follower were next recorded in the 
Unison conditions. Each trial was the same as in the solo 
condition, with 2 differences: they heard a four-beat met-
ronome set at 120 bpm (500 ms per quarter-note IOI) at 
the beginning of the trial, and they were given a starting 
pitch on the electronic keyboard that was the average of 
their two final pitches from their Solo performances 
(pitch differences between duettists were small, averag-
ing 2 semitones, as expected for the Duet members who 
were matched according to their preferred vocal range). 
Singers were told that the Leader was responsible for 
determining the tempo, staying near the metronome set-
ting (as is common when performing ensembles practice 
without a conductor). Singers were informed that their 
roles were marked on the floor in front of them and to try 
not to tap their feet. If the experimenter noticed any overt 
tapping, the singers were asked to stop and the trial was 
repeated. After six successful trials the participants were 
then recorded in the Round condition, with the single 
difference being that the Follower was instructed to begin 
8 tones after the Leader began. Again, six trials were rec-
orded. 

After a short break, the Leader/Follower roles were re-
versed between the participants; they switched places and 
sung in Unison and Round conditions in the new Lead-
er/Follower roles. The experiment lasted about an hour. 

RESULTS 

Tone Onsets 

Tone onsets were identified using a windowed autocorre-
lation method which located onsets of periodicity in the 
raw audio waveform. The waveform was first down-
sampled at a rate of 5:1 from 48 kHz to 9.6 kHz, to re-
duce computation demands. The onset detection algo-
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rithm first computed the periodic strength of the signal by 
correlating a small window of the audio signal at each 
time point with the signal at a range of lags, defined by 
the minimum and maximum wavelengths of each singer’s 
frequency range. Within each time sample, the maximum 
correlation value was identified across lags. Local mini-
ma (within 100 samples in either direction) were identi-
fied, and between each pair of minima, the local maxi-
mum was found. Onsets were defined as the point after 
each minimum at which the signal exceeded the mini-
mum by more than 5% of the maximum-minimum differ-
ence. 

Analyses 

All analyses were conducted on each vocalist’s quarter- 
note beat onsets; the four half-note durations in each rep-
etition of the melody were interpolated, and eighth notes 
that occurred between quarter-note beats were excluded. 
All analyses were based on these quarter-note onsets and 
only the second and third repetitions of Frère Jacques in 
each trial were included, to avoid initial temporal disrup-
tions due to removal of the metronome or phrase-final 
lengthening as vocalists reached the end of the trial. 
Comparisons of duet performances (Unison and Round) 
were conducted treating each duet pair as the random 
variable; comparisons with Solo conditions were further 
conducted with each participant as the random variable. 
There were no significant differences across the three 
trials recorded within each condition; therefore, analyses 
are reported on the mean condition values across trials.  

Tempo 

Mean tempo was calculated for Unison, Round and Solo 
conditions, defined as the total duration of the trial divid-
ed by the number of quarter-note beats. A one-way re-
peated measures analysis of variance (ANOVA) on the 
Performance type (Solo, Unison, Round) revealed a sig-
nificant main effect of Performance, F (2, 58) = 3.47, p < 
0.05. As shown in Figure 1, vocalists slowed down in the 
Round condition relative to the Unison condition (repeat-
ed measures ANOVA on Unison and Round conditions 
only by pair: F (1, 14) = 36.3, p < .05). Solo performanc-
es, reflecting preferred tempi in the absence of a metro-
nome cue, fell between the Unison and Round conditions, 
suggesting that the experimental metronome pace was 
close to the vocalists’ mean preferred tempo. 

 
Figure 1. Mean tempo (mean quarter-note interonset 
interval, in s) for Unison, Solo and Round conditions, 
with standard error bars. 

Asynchrony 

The asynchrony between Leader and Follower tone on-
sets was computed in Unison and Round performances by 
subtracting the Follower’s onsets from the Leader’s on-
sets; a negative value means that the Leader preceded the 
Follower. There was a significant difference between the 
mean asynchrony values and zero, F (1, 14) = 27.70, p < 
0.001, indicating that the Leader tended to precede the 
Follower overall. A one-way repeated measures ANOVA 
yielded a significant effect of Performance, F (1, 14) = 
9.32, p < 0.01. As shown in Figure 2, the Leader tended 
to precede the Follower, consistent with the musical roles 
assigned to vocalists, more in the Unison condition than 
in the Round condition.  

 

Figure 2. Mean asynchrony in tone onsets (Leader onset 
minus Follower onset, in ms) for Unison and Round 
conditions, with standard error bars. 

Correlations Between Parts 

The Leader and Follower’s tempo changes across each 
duet performance were compared by correlating the se-
quence of interonset intervals (IOI) for each performer 
within trial. Simple correlations between the Leader’s and 
Follower’s IOI series were first computed. Figure 3 
shows the IOI pattern for a portion of one performance by 
a duet pair in the Unison (top) and Round (bottom) condi-
tions. The Leader’s IOI pattern is depicted by a thick line 
and the Follower’s by a thin line. A repeated measures 
ANOVA on the simple correlations by performance con-
dition indicated significantly higher values for the Unison 
condition (mean r = .24, p < .05) than for the Round con-
dition (mean r = .12, p > .05), F (1, 14) = 6.59, p < .05, 
suggesting that the vocalists slowed down and sped up at 
the same time in the Unison condition more than in the 
Round condition. This finding is consistent with the fact 
that both vocalists were singing the same pitches at the 
same time in the Unison condition. 

We also compared the Leader and Follower’s tempo 
changes across the performance at a lag of 8 quarter-note 
onsets, consistent with the temporal delay between vocal-
ists’ parts in the Round manipulation. A Lag 8 correlation 
shifts the Leader’s part 8 quarter notes relative to the Fol-
lower’s, such that later events in the Follower’s part are 
compared with earlier events in the Leader’s part. The 
thick dashed line in Figure 3 refers to the first four pitch-
es in the melody as sung by the Leader, and the thin 
dashed line refers to the same four pitches in the melody 
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as sung by the Follower. A positive Lag 8 correlation 
thus can be interpreted to indicate the Follower is match-
ing the earlier temporal pattern of the Leader, consistent 
with the Round manipulation of 8 quarter-note beats be-
tween the Leader’s part and the Follower’s part. The 
same repeated measures ANOVA indicated higher values 
of lag 8 correlations in the Round condition (mean r = 
.22, p < .05) than in the Unison condition (mean r = .10, p 
> .05), F (1, 14) = 9.88, p < .01. Thus, performers pro-
duced a timing pattern that remained consistent with the 
musical part, above and beyond the demands of synchro-
nizing with a partner. 

 

 
Figure 3. Interonset intervals (quarter-note intervals, in 
s) for one vocal duet pair (four bars of one melody 
repetition) for Leader (thick line) and Follower (thin 
line) in the Unison (top) and Round (bottom) 
conditions. 

GENERAL DISCUSSION 
We investigated temporal coordination in vocal duets, the 
smallest of vocal ensembles. Three major variables influ-
enced vocalists’ synchronization. First, the musical roles 
assigned to vocalists influenced their timing. Leaders 
always tended to precede the Follower by a small but 
consistent amount. This melody lead may be related to a 
form of conducting or signaling on the Leader’s part of 
the intended timing. 

Second, the tempo at which the vocalists sang changed 
across the type of performances. Rounds were performed 
at a slower rate than Unison performances, perhaps due to 
the increased difficulty of maintaining a different part in 
musical rounds. The preferred tempi exhibited in Solo 
performances indicated that the experimental tempi intro-
duced in the duet performances reflected a comfortable 
tempo for these singers. The fact that the Round perfor-
mances were slowest is consistent with the Leader’s re-
duced asynchronies relative to the Follower, if increased 
difficulty of maintaining a separate part creates interfer-
ence with one’s role as Leader. 

Third, the pattern of correlations across the Leader and 
Follower’s beat durations indicated similarity in small 
amounts of tempo change between the singers within 
each performance. The correlations were reduced in the 
Round relative to Unison performances, but both perfor-
mances showed significant correspondence in tempo 
change. Vocalists’ success in maintaining a pattern of 
tempo change within their parts was evidenced even in 
the more difficult condition of the Musical Round, at the 
8-beat delay between Leader and Follower’s part. This 
finding suggests that, although Rounds are harder to sing 
than Unison performances, vocalists can still maintain 
intended tempo changes in the face of competing parts. 
Some of these temporal coordination findings with vocal 
duets are similar to those found with other duets such as 
piano [2], in which Leaders tend to lead. At the same 
time, some of the findings differ from those of piano duet 
performances of multi-part music [6, 7], such as the 
stronger pattern of correlations in Rounds at a lag of 2 
measures than in Unison conditions, that suggests that the 
musical structure plays a significant role. These findings 
suggest that comparisons among different types of in-
strumental and vocal ensembles are necessary to draw 
conclusions about the full set of factors influencing tem-
poral coordination in group music-making. 

CONCLUSIONS 
We identified several variables that influence vocalists’ 
abilities to coordinate their parts in time in duet perfor-
mance. Musical roles of Leader and Follower influenced 
their timing; Leaders tend to precede the Followers by a 
small but significant amount. Because the experimental 
design assigned the role of Leader to each member of the 
duet in different trials, the asynchrony cannot be attribut-
ed to personality variables alone. It is more likely that 
Leaders preceded Followers as a means of optimizing 
coordination by signaling tempo in the absence of a con-
ductor, typical of behavior in small ensembles where one 
person is designated leader. 

The musical relationships between the parts also influ-
enced synchronization; Leaders preceded Followers more 
in Unison performances than in Rounds. This finding, 
combined with the fact that vocalists sang slower in 
Round than in Unison performances, suggests that musi-
cal rounds are more difficult to perform. Finally, Leaders 
and Followers changed tempo within performances in 
similar ways, and this pattern was more pronounced in 
Unison performances than in Rounds. When the musical 
structure was shifted 8 beats in the Rounds, the pattern of 
tempo change in the Follower’s part shifted correspond-
ingly, indicating that musical structure directly influenced 
the tempo fluctuations typical of duet performance.  

Overall, the synchronization between vocalists was re-
markably tight, with tone onset asynchronies on the order 
of 10-20 ms. This finding is consistent with Rasch’s 
(1979) measurements of asynchrony among trio ensemble 
members. This finding may also have been influenced by 
the room acoustics, which were relatively dead. Further 
measurements are required in a range of architectural 
conditions and for different types of music.  
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