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Abstract 1.1 Perception of vibrato

Perceptual knowledge provides a tool for making sound syn- Vibrato is created by the motion of the player’s finger
thesis more efficient. Also for the parametric representationdack and forth on the finger board. The variable string length
of sound, it is necessary to understand the perception of indieauses a constant frequency modulation. Vibrato is used be-
vidual features. This paper reports four listening experimentause it gives the sound more depth and sustain. Another ob-
exploring the perception of vibrato, aiming at guidelines for jective is to make the vibrato sounds stand out from the rest
the control of vibrato parameters in string instrument synthe-of the sound space.
sis. The results suggest that accurate control of the vibrato Figure 1 presents the frequency modulation patterns ana-
rate is much more important than control of vibrato extent.lyzed from recorded classical guitar tones played by a profes-
JND’s for vibrato rate were found to be around 6 %, while sional guitar player (Erkut et al. 2000). The pitch of the tones
for the extent the perceptual tolerances were much wider. Adis estimated by the autocorrelation method. It is seen from
ditional experiments on the perception of pitch and musicathe analysis of these and two other tones that the modulation
consonance of vibrato tones did not support the importanceate is typically around 5 Hz, while the total variation of pitch
of vibrato extent either. is between 0.7 Hz ... 3 Hz.
Although the player creates mainly frequency modula-
. tion, it results in changes in amplitude that are crucial for
1 Introduction the perception of vibrato (Mellody and Wakefield 2000). The
i , ) i .moving harmonics are boosted and depressed according to
,W'th the developmen't of the Trans.m|t less, receive more the resonances of the instrument body. This poses problems
phllqsophy, communication technologies face new chgllengeﬁ]r the systematic study of the perception of vibrato, since
For_lnstar!ce, the structured methods for repre_sentmg SYRhe body resonance characteristics vary from instrument to
thetic audio (ISO/IEC 1999) allow transmitting high-quality jns4rment, and the amplitude modulation changes for each
content in a low-bitrate channel. However, if the transmis- Jia as a function of the depth of the frequency modulation.

sion consists of .parametric models and con_trol data instea‘gle"ody and Wakefield (2000) found that even though trig-
of the sampled signal waveform, the conventional data redu jered by the sinusoidal frequency modulation, the amplitude

tion methods_(ISO/IEC 1993), (Vercoe, Gardner, and Scheire hanges were more complex in nature and the amplitude en-
1998), (Scheirer and Yang 2000) become useless. For mo{gy|nes of individual harmonics had little or no correlation

efficigncy in transmission and synthesis, we should be able Between each other. They also found that the absence of fre-
simplify the models gnd reduce the amount of con_trol daFa. guency modulation had little effect on the perceptual quality
Studying perception offers tools for both. Knowing which of synthesized vibrato sounds, whereas the absence of the am-
are the perc_eptually prominent features of the_ soun_d, WE Calitude modulation caused significant effects in sound quality.
skip synthesizing the others that would remain inaudible. Know- Fig. 2 presents the pitch variation as well as the amplitude
ledge of the perceptual e_ffects O_f changes in the control paénvelopes of the three lowest harmonics of a synthetic guitar
rameters can help us design codlng—sghemes for them. sound, where the amplitude modulations were produced us-
The current study on the perception of vibrato is con-jy o fijter representing the resonances of the instrument body
hected to (.)the.rs exploring the p,,erceP,“O” of different fea'(Penttinen et al. 2001). The amplitude modulation varies sig-
tures of string instrument soundsa(Jeginen et al. 2001), nificantly between harmonics, being strongest for the second

(Jarvekinen and Tolonen 2001). It aims at perceptual-baseg . onic which exhibits coherent modulations with the pitch
rules for synthesizing high-quality vibrato sounds and adjust-

) ) contour.
ing the synthesis parameters.



1994), (Prame 1997), (Gleiser and Friberg 2000). Research
into the perception of vibrato concerns mainly emotional ex-
pression (Jansens et al. 1997) or the pitch center of vibrato
tones, which is still subject to ongoing discussion (d’Alessandro
and Castellengo 1994), (Brown and Vaughn 1996), (Yoo et al.

D5

Level

: Lo 1998)
592 ; ; ; ; ‘ ‘ Because of the complex relations of the frequency and
amplitude modulation in vibrato, it is obvious that the theoret-
s90r I ical knowledge on the perception and detection of FM or AM

(Plack and Carlyon 1997), (Hartmann 1997) is hard to apply
to musical sounds. However, from the synthesis viewpoint
s - — the main interest is exactly this — to gain quantitative knowl-
Time (s) edge of our ability to discriminate different vibrato patterns,
‘ and to find the criteria for high-quality synthesis of vibrato.
G3 1 Two questions are addressed in this paper:

e How accurately should the original vibrato pattern be
captured so that the difference would remain inaudible
1 15 in synthesized sounds?

19 ‘ ‘ ‘ ‘ ‘ ‘ e Can the presence of vibrato "mask” the effects of some
other features, such as consonance or intonation prob-
lems caused by inharmonicity?

These questions were studied in four listening experiments.
5 e os o8 - — The first one was a similarity rating test for different vibrato

Time (s) patterns, which were generated by varying both the vibrato

rate and extent of synthetic guitar sounds. The results are re-

Figure 1: Waveform of a single vibrato tone played on theported in section 2.2. The second test (section 2.3) explored
classicalguitar (top), and a pitch estimate showing a typicamore thoroughly the thresholds for detecting changes in vi-
frequency modulation pattern (bottom) — (a) D5, (b) G3.  prato rate, which was found to be the primary factor of per-
ceived similarity. The other two experiments studied the im-
portance of vibrato extent and are discussed in sections 2.4
and 2.5. The third test concerned the accuracy of pitch per-
ception of vibrato sounds, and the last one concerned the ef-
fect of vibrato on the perceived consonance of a musical in-
2 terval.

] 2 Listening tests

2.1 Synthesis of test tones

Even though the amplitude modulations are considered
perceptually more prominent than the frequency modulations
in vibrato sounds, in many synthesis techniques all vibrato ef-
fects are controlled by frequency modulation. This is the case

: . . : . for instance in physical modeling (Jaffe and Smith 1983),
Figure 2: Top to bottom: Signal waveform, pitch estimate Karjalainen, \&limaki, and Janosy 1993), where the con-

and amplitude envelopes of the lowest three harmonics off

' ) ) . rolled variations of pitch automatically cause the AM effect
synthesized guitar vibrato sound with center frequency 262 , . . . .
Hz which is due to the resonances of the instrument body. This

is the reason for using the control parameters for frequency
modulation as independent variables throughout the study.
The test tones were created by additive synthesis, gen-
The origin and nature of vibrato in instrument sounds ancerating all harmonics up to the Nyquist frequency at 11.025
especially voice is well-known (Dejonckere et al. 1995), (Prark|z. Realistic decay characteristics and initial amplitudes,

.8 1 1.
Time (s)



presented in (¥limaki and Tolonen 1998) and (Erkutalimaki,
Karjalainen, and Laurson 2000), were used along with a gui-
tar body filter, obtained by modeling the body response of
an acoustic guitar (Penttinen et al. 2001). The frequency re-
sponse of the body filter is presented in Fig. 3.

Since sinusoidal modulation is close enough to the real
vibrato pattern (see Fig. 1 and (Erkut et al. 2000)), the fre-
guency modulation of the tones was controlled by two pa-
rameters — vibrato ratg,,,q; and vibrato extenAf. The
harmonic relations of the partials were maintained so that
the extent of the modulation was greater for the higher par-
tials. Reference values for the parameters were approximated
from the recorded tones, and they represent thus an individ-
ual player’s typical vibrato, not an average of several players.
Fig. 4 presents the synthesized reference tones corresponding
to the real tones in Fig. 1. The duration of each tone is 2.0 s.
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Figure 3: Frequency response of the guitar body filter used to
generate the AM effect for the test tones.
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Figure 4: Waveform of a single synthetic vibrato tone (top),
and a pitch estimate showing its frequency modulation pattern
(bottom) — (a) D5, (b) G3.

2.2 Similarity rating experiment

The first experiment studied the perceived similarity of

All combinations of the parameter values were tested, in-
cluding the standard-standard pairs, resulting in 25 tone pairs
to judge for eachfy. The subjects were asked, how similar
the vibrato pattern of the test tone sounded compared to the
standard tone. The tones were rated on a scale from O for
'Very different’ to 10 for "Very similar’. Before the test there

two vibrato patterns as a function of vibrato rate and vibratovas a rehearse cycle presenting part of the material, including
extent. The objective was to find out, how much inaccuratéhe most similar and most different cases, to give the subjects
control of the vibrato parameters degrades the perceived nagchance to decide on their criteria and preferences.

uralness of vibrato, and which of the synthesis parameters is
more crucial in this sense. Four tones were studied, spanning Jo

a major part of the pitch range of the guitar: D5, A4, C4, and
G3.

Five subjects with normal hearing and former experience
in psychoacoustic testing participated in the experiment. The

AfIHz fmoa | HZ
D5 (587 Hz)| [0.5...1.5...2.5] [34567]
A4 (440 Hz) | [0.3...1.0...2.0] [34567]
C4 (262 Hz)| [0.3...1.0...2.0] [34567]
G3 (196 Hz)| [0.1...0.5...1.3]| [1.5634.56 7.5]

task was to compare the standard tone whose vibrato parame-

ters were fixed close to the measured references to a test to
whose parameters were varied. A variation range was dete
mined on both sides of the reference values, such that the di

ferences were clearly audible for the tones with the greatest

deviation from the reference parameter values. The paramet
values are summarized in Table 1.

Jlable 1: Modulation parameter values in the similarity rating
gxperiment. Reference values are marked bold.

f-

; All similarity rating results are presented in Fig. 8 for D5,
3\4, C4, and G3 from top to bottom. The left column presents



the similarity ratings as a function of vibrato extehf with  were measured for four fundamental frequencies. The vibrato
vibrato rate as parameter. The five valuesfgfy, given in  rate of the standard tone was fixed to 5.0 Hz in each case, and
Table 1, are presented as square, circle, solid line (referender the stimuli the rate was varied in steps of 0.2 Hz on both
value) , star, and triangle. The right column presents the ratsides of this reference. The vibrato depth was fixed to cor-
ings as a function of vibrato ratg,,q with vibrato extentA f respond to the measured reference value for each note, being
as parameter. The symbols fArf are the same as fqf,,,q 1.5 Hz for D5 and A4, 1.0 Hz for C4, and 0.8 Hz for G3. The
in the left column. value for G3 was slightly increased from the measured refer-
The figures show that vibrato rate is more crucial for per-ence (A f = 0.5 Hz), which produced only a weak vibrato in
ceived similarity than vibrato extent. Whenewgr,, is sim-  the first experiment.
ilar to that of the reference tone, both tones are perceived Six subjects participated in the experiment. It was made
rather similar regardless of vibrato extent. But when the modusing the same-different procedure, i.e. the task was to detect
ulation is either too slow or too fast, the similarity ratings geta difference between two sounds in a trial. Since 50 % of the
significantly worse even if the vibrato extent is identical to trials were standard-standard pairs, a detected difference was
the reference. The trend is seen clearly in both left and righeither a hit or a false alarm, depending on whether a stimulus
columns. In the left column figures, the solid line shows thatwas present or not. Each stimulus was presented four times.
the best ratings were obtained using the reference value & measure of sensitivity’ was estimated from the data and
fmoda. In the right column, all ratings follow the same trend a threshold was computed, expressed as the difference in vi-
as a function off,,,,q regardless ofA f. brato rate required for 75 % area under the ROC curve (Green
The results for G3 are unclear for the lowest two values ofand Swets 1988).
A f, shown by squares and circles in the right column, which  The results are shown in Fig. 5. The mean upper and
show better perceived similarity than the reference value itlower thresholds are presented relative to the reference vi-
self, shown by solid line. These can be explained by badhprato rate 5.0 Hz that corresponds to 1.0 on the vertical axis.
chosen reference values. The vibrato in the recorded refefrhe whiskers show one standard deviation upwards and down-
ence tone was very weak, almost inaudible, so that the testards.
tones with even less vibrato fall in the same category. The upper and lower thresholds are symmetrical about the
The two-way analysis of variance (ANOVA) was performedeference and rather independent of fundamental frequency.
on the data to find out significant differences and possible inHowever, for C4, the thresholds are very close to the refer-
teractions in the ratings. The results were significant in allence. This may be due to nonmonotonous data: since the
cases for both vibrato rate and vibrato extent, as well as themumber of repetitions was low, it is probable that some of the
interaction, i.e., it is likely that both parameters individually subjects have correctly detected a very small difference once
as well as their combinations have an effect on the resultor twice even though they were not able to detect a greater dif-
The note D5 was exceptional in this respect, because a signiference. But because the lowering of thresholds is symmetri-
icant interaction was observed only for vibrato rateq{B.01  cal, it is possible that some detail in the test sounds makes it
for fi.0q; P=0.0583 forAf and P=0.2483 for interaction). easier to distinguish between the standard and the stimuli for
The interaction was also insignificant for G3 (P=0.0579).  C4. However, none of the subjects reported anything excep-
The results for the tones with eithér,,; or Af fixedto  tional.
the reference were analyzed further to find, how much de- The significance of the differences was again evaluated
viation is allowed for both parameters individually until the by ANOVA, even though equal variance could hardly be as-
similarity ratings fall by 25 %. Whem\ f was fixed to the sumed. The differences between the upper thresholds were
reference value, the range within 25 % was between 70 %nsignificant (P = 0.16), while for the lower thresholds a true
and 115 % of the reference fg¥,.,q. Whenf,,,q was fixed difference in means seemed more probable. However, when
to the reference and the -25 % range was estimatedh\for  C4 was excluded from the analysis, the differences between
it was typically between 45 % and 167 % of the referencebetween G3, A4, and D5 were clearly insignificant for both
However, an estimate could only be obtained for some of théhresholds. a mean over G3, A4, and D5 gave 6.5 % for the
tones; for D5 the ratings were always better than 75 % ofower and 6.1 % for the upper thresholds. When the prob-
the reference, and for C4 and G3 the -25 % point was nevdematic C4 was included, the mean became 5.3 % for both
reached at least on one side of the reference. This is a fusides.
ther indication of the perceptually wide tolerances for vibrato

extent. 2.4 Pitch matching experiment

2.3 JND's for vibrato rate The previous expgrlmer)ts shqwed that vibrato rate_doml—
nates the perceived similarity of vibrato patterns. But vibrato

To gain more specific knowledge about the perception ofmight have indirect effects which depend on vibrato extent.
changes in the vibrato rate, the just noticeable differencemtuitively the effects of vibrato on pitch perception and mu-



1.2

adjusted in steps of 0.5 Hz.

The experiment revealed no effect of either vibrato rate or
vibrato depth on pitch perception. Furthermore, the synthesis
method (with or without body filtering) made no difference.
For both synthesis methods and vibrato rates, the ANOVA
was insignificant forA f. The results from different synthesis

1.1

Relative vibrato rate at threshold
=

0.9} 1 methods and modulation rates were tested against each other,
but no significant differences were found. Furthermore, the
o8 S A4 bS5 pitch judgments for non-vibrato toned ¢ = 0 Hz) did not

200 300 400 500 600 700

10 [Hz] differ from the other tones significantly.

The data was collapsed over vibrato rate and synthesis

Figure 5: Upper and lower JND's for detecting a differenceMethod. The mean judgments for allf were practically
in vibrato rate for G3, C4, A4, and D5. The results are givendual. However, for some reason they were more than 1 Hz

relative to the reference vibrato rate of 5 Hz corresponding td/at the nominal fundamental frequency of the test tones was
1in the figure. 440 Hz, which was verified by estimating the pitch of the

test tones by the autocorrelation method. It was found that

two of the subjects had judged all pitches clearly flat. When

their judgments were removed from the total results, the mean
sical consonance, if any, should also depend on the extent Qidgments were closer to 440 Hz in all cases. The resulting
the pitch variation and not only rate. box plot is seen in Fig. 6.

It is an interesting question, whether the presence of vi- A conclusion of the pitch matching test is that the pres-
brato affects our ability to judge the actual pitch of the soundence of vibrato was not found to interfere with pitch percep-
If the accuracy of pitch perception decreases as a result of viion. The perceived pitch did not vary with increasing vibrato
brato, many features of string instrument sounds with minOHepth, which suggests that the p|tch of vibrato sounds corre-
effects on pitch could be left unimplemented. sponds to the mean accross the vibrato cycle. The variabil-

The pitch center of vibrato sounds has been subject t@y of the judgments was not significantly greater for vibrato
many studies previously. A recent study along with a sumspunds than non-vibrato sounds. This indicates that the ac-
mary on the previous ones is presented by Brown and Vaughguracy of the pitch judgments was not impaired by vibrato.
(1996). Acommon resultis that the perceived pitch of vibratoThe results are consistent with the previous studies of Brown
sounds is the mean over the vibrato cycle, although some pegnd Vaughn (1996) and d’Alessandro and Castellengo (1994).
formers are convinced that either the sharp or the flat eXtremﬁowever' the fundamental frequency was exacﬂy same for
of the vibrato cycle is perceived as the overall pitch. Yoo etalg| test tones. It would be worthwhile to rerun the test with
(1998) observed that more time is required for determininundamental frequency randomized over a small range. This

the pitch relationship of successive sounds when vibrato igould prevent the subjects from memorizing the actfial
present. However, many of the previous studies were madghich might affect the results.

using tones that are unlike any real instrument. Brown and

Vaughn used recorded viola tones played by a virtuoso vio- 450

list, but they had no way of adjusting the rate or depth of the

vibrato pattern. i =
In the current study, the perceived pitch of vibrato sounds

with variable vibrato rate and depth was measured by a lis-

tening experiment. The rate was either 5 Hz, corresponding

to a typical vibrato pattern, or 8 Hz, which is clearly faster.

The vibrato depth was varied in five linear steps between 0

Hz and 8 Hz. A4 (440 Hz) was chosen as the fundamental

frequency. The vibrato sounds were synthesized both with 425 5 s

and without the body filter that produces the amplitude mod- Modulation depth / Hz

ulation. The combinations of these parameters resulted in 20

different vibrato sounds to judge. Figure 6: Results of the pitch matching test.
The task was to adjust the pitch of a pure tone until it

matched the pitch of the vibrato sound. Six listeners partici-

pated in the experiment. They were allowed to switch freely

between the vibrato tone and the adjustable pure tone, until

they were satisfied with the pitches. The pure tone could be
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2.5 Vibrato and musical consonance extent had only a minor effect on the results. However, the

. . joint effect of both parameters can not be totally neglected.
Another effect, which could reveal the importanceZof The thresholds for detecting changes in vibrato rate were

after all, is the perception of musical consonance. This Wag easured more carefully in the second experiment. This was

studied by an experiment, where the pitch of the lower ton ; . : NN :
Db4 and the vibrato depth of the higher tone F4 of a majo?done in order to gain practical quantitative information for

third were adjusted. There was no vibrato in the lower tonesynthesis applications. Deviations smaller than about 6 % at
: L . ._both sides of the reference value were generally inaudible in
The vibrato rate of the higher tone was fixed to 5.0 Hz, while g y

the vibrato depth was either 0, 1, or 2 Hz. The pitch of theth|s experiment, even though the thresholds for one of the

| i ied in 8 b st thimd s of tested pitches, C4, were lower. Otherwise, no systematic ef-
ower tone was varied In c-cent steps wi CENIS O fact of fundamental frequency was detected.
equal temperament tuning. The subjects graded the conso- The other two experiments studied effects were vibrato

nance of each condition on a scale from O for "Very dlssonant§><tent might have some importance. If the accuracy of pitch

to 10 for *Very consonant'. The measurements were repeate erception or the perceived consonance of an interval were

threTehtlmes. i h i Fia. 7. A affected by vibrato extent, it would indicate that accuracy is
€ mean consonance ratings areé Snown In F1g. 1. ASWaga o qaq in the control of vibrato extent as well as rate. How-

expected, the best general grades were given when the IOWS{}er, the results showed no significant effects of vibrato on
tone was tuned 16 cents sharp, because itis closest to the PWeher pitch or consonance

major third whose frequency ratio is 5:4. However, the pres- The main implication on digital sound synthesis is that vi-

ence of V|b.rato cau;ed very little variation in the resullts. Theorato in string instruments can essentially be controlled through
intervals without vibrato (marked with a star) were JlJOIgedthe rate parameter. However, this should be captured quite ac-

gegeArallyi aQSHconsonant a_T_hthoseI lkly :t 1 Hz (cwcle(zj) b curately, with less than 6 % deviation from the target value.
andAf = Nz (sguare). € only EXCEPLONS are made Dy, ipar point is that vibrato does not interfere with the per-
the pure major third (+16 cents), where the interval Wlthoutception of pitch or musical consonance. Thus the pitch or
vibrato was judged more consonant than the others, and tq

finbre effects of inharmonicity, for instance, should not be
equal major third (O cents), which was judged slightly moreignored in the presence of VibI)’/éltO '
consonant when vibrato was present. All other differences The perceptual guidelines for vibrato as well as other fea-

were insignificant. tures of musical sounds share the practical aim of making
10— ‘ ‘ ‘ ‘ ‘ ‘ sound synthesis more efficient. Even though it seems an im-

possible task to model the perception of musical sounds com-
o 8f pletely, these kind of perceptual models are likely to find
£ many applications in future. With the development of para-
% 6l metric coding schemes and object-based representations of
g sound, the perception-based control of individual features will
g 4 become even more attractive.
8 4l
o
O 2f

0 i i i i i i

-24  -16 -8 0 8 16 24
Mistuning of lower tone [cents]

Figure 7: Results of the consonance rating taskfor no
vibrato, o forAf =1 Hz,o for Af =2 Hz

3 Conclusions

Different aspects of vibrato perception were studied in
four listening experiments. The first experiment concerned
the similarity of vibrato patterns with variable vibrato rate
and extent. It was found that accurate control of vibrato rate
is more crucial to the quality of synthetic vibrato, while the
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Figure 8: Top to bottom: Average results of the similarity rating test for D5, A4, C4, and G3. Left column: Similarity ratings
as a function of vibrato extenk f with vibrato rate as parameter. The five valuesQfq, given in Table 1, are presented as
square, circle, solid line (reference value), star, and triangle. Right column: Similarity ratings as a function of vibrétgate
with vibrato extentA f as parameter. Symbols faxf values same as in the left column.
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