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The two experiments described here use a formant-matching task to investigate what abstract
representations of sound are available to listeners. The first experiment examines how veridically
and reliably listeners can adjust the formant frequency of a single-formant sound to match the timbre
of a target single-formant sound that has a different bandwidth and either the same or a different
fundamental frequencyH0). Comparison with previous resultBissard and Darwin, J. Acoust.

Soc. Am.106, 960—9692000 ] shows thati) for sounds on the sanfe0, introducing a difference

in bandwidth increases the variability of matches regardless of whether the harmonics close to the
formant are resolved or unresolved; for sounds on differenEQ'’s, introducing a difference in
bandwidth only increases variability for sounds that have unresolved harmonics close to the
formant. The second experiment shows that match variability for sounds differiR@,ibut with

the same bandwidth and with resolved harmonics near the formant peak, is not influenced by the
harmonic spacing or by the alignment of harmonics with the formant peak. Overall, these results
indicate that match variability increases when the match cannot be made on the basis of the
excitation pattern, but match variability does not appear to depend on whether ideal matching
performance requires simply interpolation of a spectral envelope or also the extraction of the
envelope’s peak frequency. @001 Acoustical Society of AmericdDOI: 10.1121/1.1379085

PACS numbers: 43.66.Jh, 43.71[RVS]

I. INTRODUCTION different, however, the strategies open to listeners differed
depending on whether the harmonics in the formant region

In the experiments reported here, listeners match thevere resolved by the auditory system or unresolved. With
timbre of two single-formant sounds by adjusting the for-unresolved harmonics in the formant region, listeners can
mant frequency of one of the sounds. We ask whether, byhake a reliable and veridical match on the basis of identity
varying the other dimensions along which the sounds differof the auditory excitation pattern. With resolved harmonics,
we can force listeners to make judgments based on differemowever, harmonic ripple in the excitation pattern disrupts
levels of abstraction of sound. formant matches, encouraging listeners to make the match on

In an earlier pape(Expt. 2, Dissard and Darwin, 2000 the basis of a more abstract property such as an interpolated
we examined how reliabljas measured by the standard de-envelope of the excitation pattern, which would smooth out
viation of an individual listener’s match)eﬁsteners could harmonic ripp|e(for excitation patterns, see F|g)1We
match the timbre of a single-formant target sound by adjustfound that giving target and match sounds a different
ing the formant frequency of a secofitinatch”) sound. We  changed the reliability of matches in a way that reflected
showed(unsurprisingly that when the target and the adjust- these two different strategies. For sounds with unresolved
able sound had the same fundamental frequer€9){  harmonics in the formant region, matches were slightly less
matches were more reliable than when they differed in fun're“ab'e than wherr0 was the same on both Soundsy but for
damental frequency. However, we also showed that this difsgynds with resolved harmonics in the formant region,
ference was substantially larger for sounds on If@fs than  matches were much less reliable than whenFBewas the
it was for sounds on lowW0'’s. same on both sounds.

When theF0 of both target and match sounds was the e argued against the possibility that this latter result
same, matches were both veridi¢al that the match formant \ya5 due to listeners trying to match excitation patterns from
frequency was close to the target formant frequgrayd  sounds with differenfF0’s. We modeled performance that
reliable (across trials for a particular listenetisteners here  minimized the rms error between excitation patterns and
are performing a match that is based on making the tWQnowed that this strategy predicted a much larger increase in
sounds identical, and so the match could be made on thgyiapility than we actually found. We concluded that the
basis of_mak!ng either the total neural activi_ty_ from the twocreased variability of matches on differéf®’s for sounds
sounds identical, or some subset of the activity such as thafi, resolved harmonics in the region of their single formant
corresponding to the excitation pattéMoore and Glasberg, (efiected the perceptual cost of interpolating an envelope
1983. across harmonic peaks in the excitation pattern. This claim—

When theF0's of the target and match sounds Were ot matches made at more abstract levels are more
variable—forms the basis for the present paper.
dAuthor to whom correspondence should be addressed. In the present paper we present new experiments in
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which we also manipulate formant bandwidBW). The  shows excitation patterndVloore and Glasberg, 1983or
point of this additional manipulation is that it could force two single-formant sounds differing in bandwidth, with both
listeners to use a more abstract representation than the inteseunds on either a o8B0 Hz) or a high(212 H2 FO. For
polated spectral envelope—such as the formant frequency-sounds on a highr0, the excitation pattern resolves indi-
even in the absence of a differencer.! vidual harmonic components, whereas for sounds on a low
The rationale behind the manipulations made in this and=0 this ripple is absent, indicating that the individual har-
our previous experiments can be understood by reference toonics are not resolved. The third and fourth columns indi-
Table I. Here, we show the stimulus conditions used in thecate whether the two sounds in a trighe target and the
present experiment 1 and in our previous paffexpt. 2, match soung share the same or have differeR0’s and
Dissard and Darwin, 2000The left-hand column provides bandwidths. Finally, the fifth column describes the least ab-
acronyms for the particular stimulus conditions that we will stract property that listeners could use to ensure a reliable
refer to laten(the letters refer to the contents of the next threeand veridical(i.e., same formant frequengcsnatch. The table
columns, that is whether the target and match sounds are tla@ms to provide a hierarchy of abstraction for matches, with-
same or different in harmonic resolutioR0Q and BW, re- out necessarily committing the reader to specific
spectively. The second column indicates whether the har-abstractiong.
monics near to the formant peak is resolved or unresolved by  When target and match sounds have the s&@eand
the normal ear. This property is illustrated in Fig. 1, which bandwidth (USS, RS$ the formant-matching task can be

TABLE I. Conditions used in experiment 1 and in a previous experiment.

Harmonics Oold Expt.
near formant FO BW Match property Expt. 2 1
uss Unresolved Same Same Identity X
RSS Resolved Same Same Identity X
ubs Unresolved Different Same Excitation X
RDS Resolved Different Same Envelope X
usD Unresolved Same Different Excitation peak X
RSD Resolved Same Different Envelope peak X
ubD Unresolved Different Different Excitation peak X
RDD Resolved Different Different Envelope peak X
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performed veridically by listeners making the soundstion that we introduced in Table I, thereby producing percep-

identical—the least abstract level of matching. tual evidence for different levels of abstraction for the pro-
Introducing a difference iffO requires a more abstract cessing of complex sounds.

level of matching which differs depending on the resolution

of the harmonics near to the formant peak. With unresolve

harmonics(UDS), listeners can achieve a veridical match by(lil' EXPERIMENT 1

making the excitation patterns identi¢alhich will not show  A. Stimuli and procedure

any harmonic ripplgin the vicinity of the formant peak. The general procedure for the experiment was similar to
With resolved harmonicéRDYS), this strategy will also fail in that used in our previous paper. Listeners had to adjust, by
general, so that listeners will need to perform a more abStra‘fﬁoving a roller-ball up or down, the formant frequency of a
match that generalizes across different frequencies of haggg_mg periodically excited single-formant complex sound
monic ripple; one such abstraction is the envelope of thg, match the timbre of a similar sound with a formant fre-
excitation pattern. L _ quency of either 1100 or 1200 Hz. The pair of sounds could
If we now consider sounds that differ in bandwidth, the e yepeated as often as necessary on each trial by pressing
level of abstraction of all matches is increased to similarlyine roller-ball’s button. The two sounds could have the same
abstract levels whether the sounds have the same or differegf gifferent F0’s. Three factors were varied orthogonally
FO’s. For sounds with unresolved harmonics near the forycross 8 blocks of 20 trials: whether both sounds in a trial
mant frequencyUSD, UDD), the peak in the excitation pat- \yere from the low(80 and 90.4 Hyor the high(221.2 and
tern provides the least abstract criterion for a veridical matcho5g 1z Fo range, whether the target sound had a narrow
For resolved harmonicéRSD, RDD the match must be (100 H or a wide(200 H2 bandwidth, and whether target
made at a more abstract level, such as by first interpolatingnd match sounds had the same or diffeFedis. TheseF0
an envelope for the excitation pattern and then determiningngnipulations, coupled with the difference in bandwidth, al-
the peak of this envelope. low us to separate direct effects on matching reliability of a
Although a task may theoretically require a particular gifference inFO (such as distracting listeners from making
level of abstraction in order to perform a veridical match,the match from the level of abstraction needed to make the
listeners may adopt a suboptimal strategy that uses a leggatch. In the previous papébissard and Darwin, 2000;
abstract representation. In the previous paper we testeghkperiments 2, 3, and)4natches which were nonidentical
whether listeners were using a strategy of minimizing theajways had a difference iR0. For each pair of sounds, the
rms error between excitation patterns as a matching strate@jrection of pitch was always upwar(e., the target's=0
for sounds on differenEQ’s. A simulation of this strategy as lower than the adjustable soun#®), with a frequency
predicted a much higher variability of subjects’ performanceratio of 1:1.13. Within a block the target formant frequency
in matching sounds on different, high fundamentals than wagas randomly set to either 1100 or 1200 Hz. Each target
actually found in the experiment. We will make similar ar- sound was matched ten times in a quasirandom order. Each
guments in this paper that the strategy of minimizingblock took about 30 min to complete and the order of experi-
excitation-pattern rms error also does not explain subjectsmental blocks was randomized across subjects.
performance in the present experiments. Sounds were synthesized in real time at 22.05 kHz using
While a difference in bandwidth can in principle sub- the parallel branch oSENSYN PPC™ (Sensimetrics, Cam-
stantially alter the criteria that listeners use in a matchingoridge, MA) incorporated into custom software. Voice
experiment, differences in formant bandwidth have generallgource parameters were set to their default values, which are
had rather little effect on listeners’ phonetic judgments ofthe same as described in Kl&i979. Sounds were output
vowel-like speech sounds. Carlsenal. (1979 found that through a Digidesign Protools board and presented through
manipulation of formant bandwidth had less of an influenceSennheiser HD414 headphones in an IAC booth. An Apple
on listeners’ dissimilarity ratings than did changes to formantPower Macintosh 7100 computer controlled the experiment;
frequency. In addition, using similar sounds, Klaii979  overall output level was around 60 dB SPL. At the beginning
showed that when making phonetic comparisons listenersf each trial the formant frequency of the adjustable sound
pay far less attention to changes in formant bandwidths thawas chosen at random from the permitted ra@#® to 1500
they do when making psychophysical judgments. The excepHz). As subjects moved the roller-ball to adjust the formant
tion to this pattern is that a reduction in the prominence offrequency of the comparison sound a screen cursor also
the first formant peak has been proposed as the primary pemoved. The cursor was recentered after each button press so
ceptual correlate of vowel nasaliffHawkins and Stevens, that subjects could not base their adjustment on the cursor’s
1985. However, in the experiments described here singleposition. Moving the cursor by half a screen led to a maxi-
formant sounds are used where the formant frequency is wethum change of about 33 Hdine adjustment, minimum
above the first-formant range, so a percept of changing nashange: 0.1 Hzor 100 Hz (coarse adjustment, minimum
sality is unlikely to influence listeners’ judgments. change: 0.3 Hz Subjects could toggle between the coarse
The first experiment asks how reliably listeners canand fine adjustments. If the formant frequency was adjusted
match single-formant sounds that differ in bandwidttSD,  outside the permitted range, it was reset to a random value
RSD) or in bothFO and bandwidtiUDD, RDD). In particu-  within the range and a warning sound played.
lar, we are interested to discover whether the reliability of  Nine subjectgincluding the first authgrparticipated in
listeners’ matches mirrors the hierarchy of levels of abstracthe experiment. Subjects were university students or staff
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FIG. 2. Mean matched formant frequencies in experiment 1 for target forFIG. 3. Average within-subject standard deviations of matches in experi-
mant frequencies of 1100 and 1200 Hz. Error bars are standard errors of thent 1 with their standard errors over nine subjects. The left panel shows

mean over nine subjects. The left panel shows matches made with stimuli ofatches made with stimuli on differeR0; the right panel shows matches
different FO; the right panel shows matches with stimuli on the s&fie with stimuli on the samé&0.

ar.1d.were paid for their services. All had pure-tone threshold$4teq in Fig. 4 for the eight listeners who took part in both
within the normal range a',[ octave frequgpaes b.etweer? 25gxperiments. For sounds with the saf@ (left-hand panel
Hz and 4 kHz. All the subjects had participated in previous Fig. 4, making the bandwidths different increased the

matching experiments and were experienced in formanty,aich variability equally for sounds with unresolved and re-
matching tasks. solved harmonic§main effect of bandwidthE(1,7)=36.9,
p=0.0005; bandwidtkFO interaction: F(1,7)<1]. But,
when the sounds had a differé®® (right-hand panel of Fig.

1. Mean matches (veridicality) 4), making the bandwidths different increased the match

Mean matches to the 1100- and 1200-Hz targeis. 2) variability more for sounds with unresolved than with re-
are well-separated and the standard errors across listenersSived ~harmonics [bandwidth<FO interaction: F(1,7)
these mean matches are generally small regardless G6f13-4,p=0.008. The three-way interaction reflecting the
whether the sounds differ iBO. different patterns in the two panels of Fig. 4 is marginally

Nevertheless, there are some systematic deviations frofignificant[F(1,7)=4.1,p=0.08.
veridicality. For unresolved harmonics, matches are higherin ~ This pattern of results can be interpreted as follows.
frequency when the target has a narrow bandwidtid the Matches show low variability if they can be made directly
match a wide onethan when it has a wide bandwidtand ~ from the excitation patterfi.e., same-bandwidth matches for
the match a narrow oheregardless of whether the sounds Unresolved harmonics on either the same or diffefedis,
are on the sam&0 or not. The direction of this effect is ©OF Same-bandwidth matches for resolved harmonics provided
equivalent to the narrow bandwidth sound being heard afhat they are on the sanfi®). If listeners are prevented from
having a higher formant frequency, and may be due to thénak_mg a match directly f_rom the excitation pattern §|t_her by
duller sound of a wider-bandwidth adjustable sound beind?utting resolved harmonics on a differe0, or by giving
compensated for by it being adjusted to a higher formanthe sounds a different bandwidth, then variability increases;
frequency(and vice versp The resolved-harmonic sounds
show a similar though weaker tendency. 60 L . s
(_sameFo ) | ( Different Fo )
2. Match variability (reliability) 50 |- T .

The mean within-subject standard deviations of matchesE w0l 4 i
across the different conditions are shown in Fig. 3. }/
The main results from this experiment, where subjectsg 30 T .
made matches across sounds on different bandwidthgi)are +\* 1 % |
that matches are more variable for sounds that have differen
FO’s than for those with the sameO [F(1,8)=9.95, p w0l M + 5 samesw]
<0.02], but (ii) that this difference does not depend on @,
whether the sounds have resolved or unresolved harmonic ° ' : : :
near the formant pea(1,8)=0.1, p>0.5]. TereatFo 500 2213 604 s
If we contrast these present results with those from ex- _ . _ o
periment 2 in Dissard and Darwi{2000), which used similar FIG. 4. Comparlson Qf Wlthln—subject standard deviations betwee_n the
" . resent experiment 1, in which target and match sounds had the different
conditions but with sounds that always had the same bancg‘andwidths and experiment 2 of Dissard and Dar(@®@00, in which they
width, an interesting pattern then emerges which is illus-had the same bandwidth.

B. Results
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TABLE Il. Comparison of experimental matching accuracy in experiment 1 with predictions of a model based
on best-fitting excitation patterns.

Model +1 within-
Match BW/ Match formant subject s.d. Ratio
Condition target BW criterion range(Hz) (Hz) col.4/col.5

usD 100/200 Excit peak 156 56 2.8
uUsD 200/100 Excit peak 163 40 4.1
RSD 100/200 Env peak 84 44 1.9
RSD 200/100 Env peak 146 52 2.8

Average 137 48 2.9
ubD 100/200 Excit peak 145 86 17
ubD 200/100 Excit peak 172 72 24
RDD 100/200 Env peak 182 64 2.8
RDD 200/100 Env peak 313 84 3.7

Average 203 76.5 2.7

Grand Av 170 62 2.8

but having a difference both iRO and in bandwidth gives ers are simply finding the best match of the raw excitation
no further increase in variability over having a difference inpatterns.
either one.

An additional point: sounds which have the saRtebut
differ in bandwidth are matched with about the same reliabil-
ity whether they have resolved or unresolved harmonics near In our previous pape(Dissard and Darwin, 2000we
the formant peak. This similarity is interesting since the sim-showed that the perceptual cgas measured by match vari-
plest way that the matches could be made differs between thebility) of interpolating a spectral envelope in one-formant
resolved and unresolved cases. With unresolved harmonicspmplex sounds was higher for stimuli with resolved har-
the match can be made through the peak in the explicit exmonics than for stimuli with unresolved harmonics.
citation pattern. But, with resolved harmonics the match can  The goal of experiment 2 was to assess whether this
only be made via the peak in the interpolated envelope. difference is in fact a continuous function which decreases

Taken together, these observations suggest that the me&fmoothly as the number of harmonics that sample the for-
ric of match reliability that we have used is not sensitive tomant envelope increases, or a discrete one that reflects the
differences in the level of abstraction of a match beyond thelifference between resolved and unresolved harmonics. We
simple distinction between making a match at the level of theest these two possibilities by increasing the frequendy®f
excitation pattern, and making a match at a more abstragtithin the resolved-harmonic range. If match variability in-
level. creases gradually, then the effect is due simply to the density

Before adopting this somewhat negative conclusion, wexf harmonic sampling. If there is no increase in match vari-
should make sure that listeners are not just making thability within the resolved-harmonic range, then the differ-
matches via the raw excitation pattern. In Dissard and Darence that we obtained previously is likely to be due to the
win (2000 we addressed this problem by simulating a strat-discrete difference between resolved and unresolved harmon-
egy of minimizing the error between the target and the matclics.
excitation patterns. In the earlier paper we found that when A complicating factor in designing the experiment was
listeners were matching identical stimysameFO0, same that formant frequency difference limens are generally
bandwidth the range of formant frequencies, for which the smaller when the formant peak is located symmetrically be-
mean-square error difference between the excitation patterngeen two harmonics than when it lies on a harmonic fre-
was 1 dB above its minimum, was about 1.4 times the exguency(Lyzenga and Horst, 1997We control for any effect
perimentally determined within-subject standard deviationsof the position of harmonics under the formant peak on the
Following this approach we use the same model as in theariability of matches by selecting0 values so that both the
earlier paper to compare the expected variability of theirtarget and the adjustable sound on a particular trial had the
matches from the model with those from the experimentaformant frequency either at a harmonic frequency, or mid-
data. The fourth column of Table Il shows the range of for-way between two harmonic frequencies.
mant frequencies for which the mean-square error differenc
between the excitation patterns of target and matched sounds
was 1 dB above its minimum. The fifth column of Table I As in the previous experiment, subjects matched single-
shows=1 within-subject standard deviation from our experi- formant(1100-H2 sounds that differed ik 0. Within a con-
mental data, and the sixth column shows the ratio of thesdition, the FO of the target and the match sound were con-
two values. The average ratio of the two measures is 2.%tructed so that both sounds either had a harmonic at the
double the expectd ratio of 1.4. Listeners are thus making theormant frequency, or had the formant frequency symmetri-
matches twice as reliably as predicted from a simplecally between the harmonics. Half the stimuli had either the
excitation-pattern-based model. It is thus unlikely that listenthird, fourth, fifth, or sixth harmonic aligned to the formant

lll. EXPERIMENT 2

Stimuli and procedure
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TABLE Ill. FO values used in experiment 2. 1300

6 Ss
Block /]\ Block /\ C) 1250 [ -
Harmonic Harmonic & 1200
number FO (Hz) number FO (Hz) % i 7
35 314 3 367 & 150 |- 1
45 244 4 275 £ } :
55 200 5 220 = 1100 |pmmn-- Jooeedee F S S { ------ §---n- -
6.5 169.2 6 183.3 5
@
= 1050 |- B
. 1000
peak of the target sound|\); the other_ half had a formant O e 20 24 o o s
located halfway between two harmoni@g\). The exact-0 TargetFO  169.2 1833 200 220 244 275

NI ANAN N ANAN N AN

values are given in Table IlI. oA

Because of the impossibility of keeping an exactly con-fig. 5. Mean matched formant frequencies in experiment 2 for a target
stantFO ratio between match and target, we made sure thédbrmant frequency of 1100 Hz. Error bars are standard errors of the mean
the averagd 0 ratio within each of the two groups was very OVer six subjects.
similar (see Table V.

Nine subjectgincluding the first authorparticipated in ~ tween conditions with resolved and unresolved harmonics is
the experiment. Subjects were university students or staffkely to be due to the discrete difference between resolved
and were paid for their services. All had pure-tone threshold@nd unresolved harmonics rather than simply to the density
within the normal range at octave frequencies between 250f harmonic sampling. Our previous conclusion, that
Hz and 4 kHz and were already trained in formant-matchingnatches have lower variability if they can be made directly

tasks. from the excitation pattern rather than requiring the interpo-
lation of a spectral envelope, is therefore justified by the
B. Results results of experiment 2.

The experiment also found no difference in match vari-
ability between conditions where a harmonic coincided with
The mean matched formant frequencies for each condithe formant frequency/|\) and those where the formant fre-
tion across the six subjects are shown in Fig 5. All matchegjuency lay midway between two harmoni@). This result
are relatively accurate; no main effect of tR® factor is contrasts with the genera| f|nd|ng of Lyzenga and Horst
observed F(5,8)=1.15]; in addition, accuracy of matches (1997 that formant frequency difference limens are higher in
is the same for stimuli with a formant peak between twothe former condition than in the latter. The discrepancy,
harmonics and for those with a harmonic at the formant fre'however, is 0n|y apparent since in the Speciﬁc conditions of
quency. their experiment that most closely match the stimuli that we
have usedExpt. 1, Fig. 3, Klatt envelopd;0=200Hz,F,)
2. Match variability (reliability) Lyzenga and Horst also find no reliable difference between
Figure 6 shows the mean within-subject standard deviathe two harmonic alignments.
tion of matches within each block of trials, together with the
standard error of these means across the nine subjects. Vant. GENERAL DISCUSSION
ability of matches does not differ significantly either for the
six FO conditions [F(5,8)=1.84] or between the two
formant-alignment conditiong|\ vs /\), [F(1,8)=1.79].

1. Mean matches (veridicality)

The results of these experiments confirms the conclu-
sions from our previous paper that formant matches that can
be made on the basis of the matched sounds’ excitation pat-
terns are less variable than are matches that require a more
abstract representation of the sound, such as its envelope.

Experiment 2 has found no effect on the accuracy ofThe present experiments have varied the bandwidth as well
formant matches of either the density or the alignment ofas FO across the target and match sounds and have shown
harmonics under the formant envelope. Since there is no irthat a difference in bandwidth between the target and match
crease in match variability within the resolved-harmonicsounds generally increases the variability of the matches.
range, then the difference that we obtained previously beThe exception to this general rule is when the sounds differ

C. Discussion

TABLE IV. FO values and ratios for target and match sounds in experiment 2.

Block /|\ Block /\

Match FO TargetFO Ratio M/T MatchFO TargetFO0 Ratio M/T
200 169.2 1.18 220 183.3 1.2
244 200 122 275 220 1.25
314 244 1.29 366.7 275 1.33
mean=1.23 mearr1.26
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