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This paper continues a line of research initiated by Kaernbach and DeaAgoust. Soc. Am.

104, 2298-23061998 ], who employed filtered click sequences to explore the temporal mechanism
involved in the pitch of unresolved harmonics. In a first experiment, the just noticeable difference
(jnd) for the fundamental frequency Q) of high-pass filtered and low-pass masked click trains was
measured, with0 (100 to 250 Hz and the cut frequenc§.5 to 6 kH2 being varied orthogonally.

The data confirm the result of Houtsma and Smurzyhkicoust. Soc. Am37, 304—-310(1990]

that a pitch mechanism working on the temporal structure of the signal is responsible for analyzing
frequencies higher than ten times the fundamental. Using high-pass filtered click trains, however,
the jnd for the temporal analysis is at 1.2% as compared to 2%—3% found in studies using band-pass
filtered stimuli. Two further experiments provide evidence that the pitch of this stimulus can convey
musical information. A fourth experiment replicates the finding of Kaernbach and Demany on first-
and second-order regularities with a cut frequency of 2 kHz and extends the paradigm to binaural
aperiodic click sequences. The result suggests that listeners can detect first-order temporal
regularities in monaural click streams as well as in binaurally fused click stream200@
Acoustical Society of America[DOI: 10.1121/1.1381535

PACS numbers: 43.66.Ba, 43.66.Hg, 43.66.NRY/S]

I. INTRODUCTION backed by Shackleton and Carly6h994 and by Carlyon
and Shackletor{1994. They defined the resolvability of a

A temporal mechanism involved in the perception of harmonic complex in terms of the number of harmonics in-
pitch has been suspected since the days of Ohm and Seebegacting within the same auditory filter as given by its 10-
In 1940, Schouten had suggested the existence of a mechgg-down bandwidth, and they found that pitch matching for
nism which derives the pitch of unresolved harmonicspandpass filtered harmonic complexes is not sensitive to
through an analysis of the periodicity of the waveform ynage relations of the harmonics when fewer than two har-
(Schouten, 1940, 1970In discrimination tasks with band- \qnics interactthese are then said to be resolvablghile
pass filtered pulse trains, Hoeks(979 measured a pitch i sensitive to changes in phase relations when the num-
jnd of below 0.1% for stimuli which contained harmonics ber of interacting harmonics exceeds 3(26., they are not
below the 10th, while obtaining a jnd of 2% for_ _harmonic resolvable. This would support the idea of two different
orders above 20. In between, he found a transition. He abitch mechanisms working on resolvable and unresolvable

gued that these levels reflect two different mechanisms P . . .
. . : LT armonics, respectively. The latter mechanism would have to
pitch analysis, one working for stimuli with spectrally re- o . .
draw upon temporal regularities in the signal, while the

solvable components, and one working entirely on the tem: ;
former could also exploit spectral cues.

poral structure of the stimulus. His results were replicated by Psvchophvsical h he “ P hani
Houtsma and Smurzynski990 who showed that pitch dis- sychophysical research on t.e temporg mechanism
for the pitch of unresolved harmonics has mainly focused on

crimination for complex tones comprising high harmonics , X i
added in sine phase functions on two levels of performancdi€ Proof of its existence and on its dependence on the phase

While the jnd is around 0.5% for complex tones COmaimngrc?lations of the harmonics. Model.ing of the temporal' mecha-
harmonics below the 7th, it rises above 2.5% when the low!iSM generally assumes some kind of autocorrelation algo-
est harmonic in the signal is the 13th or higher. Furthermorg/ithm to be at work. Kaernbach and Dema(®998 have
Houtsma and Smurzynski demonstrated that the two leveldemonstrated that first- and second-order temporal regulari-
of performance differ with regard to their sensitivity to the ties are of quite different perceptual importance. This cannot
phase relations of the harmonics. When the harmonics ar@asily be explained with any mechanism akin to an autocor-
added in Schrder phase, one obtains a stimulus with therelation. However, due to the high cut frequency applied in
same spectral information, but with a temporally less differ-their study(6 kHz), this conclusion may be limited to high-
entiated structure. In this condition, the jnd remains the sam&equency regions. Furthermore, this high cut frequency en-
for stimuli with lower harmonics, but it increases to 4%—-5%tailed a degradation of the stimuli that let Kaernbach and
when only higher harmonics are included. These results werBemany speak of “rattle” pitch rather than “musical” pitch.
This constitutes an important drawback of their study as mu-

@Author to whom correspondence should be addressed. Electronic maiﬁ'ca“ty is often considered a primary feature of pItCh. It was_
christian@kaernbach.de the purpose of the present study to replicate and extend their

J. Acoust. Soc. Am. 110 (2), Aug. 2001 0001-4966/2001/110(2)/1039/10/$18.00 © 2001 Acoustical Society of America 1039



results at a lower cut frequency, and to test these sequenceals constructed with periodic click sequences which are op-
for their musicality. timized with regard to their temporal properties.
Investigations into the temporal aspect of pitch percep-  Finally, a fourth experiment devised aperiodic click se-
tion have made use of a range of different stimuli. Apartquences that were similar to those applied by Kaernbach and
from sinusoid complexege.g., Houtsma and Smurzynski, Demany(1998. While their results could be argued to have
1990, many experiments in psychoacoustiesy., Burns and validity only for frequency regions above 6 kHz, and that
Viemeister, 1981; Cariani and Delgutte, 19963,amd in  different mechanisms might be at work for frequencies
physiology(see, e.g., Langnesat al, 1997 have applied si- which admit phase lockindi.e., below 4 kHz; see Rose
nusoidally amplitude-modulate(SAM) signals. Yostet al. et al, 1967, the present study employs a cut frequency of 2
(1998 investigated the temporal mechanisms involved in thekHz that is well below this border. Once the applicability of
analysis of iterated rippled noigtRN, see also Yost, 1996 their findings for these lower frequency regions was asserted,
Kaernbach and Demar(#998 conducted their experiments further conditions of the experiment using monaural and bin-
with sequences of high-pass filtered clicks that were mixedwrally distributed irregular click sequences were devised to
with low-pass filtered noise. Periodic sequences of filteredearn about the influences of such variations on the pitch
clicks are equivalent to harmonic complexes added in cosingercept.
phase. This yields a temporally well-defined stimulus with a
high peak factor and a low duty cycle. While the envelope ofll. EXPERIMENT 1: TWO LEVELS OF PITCH
a SAM signal is higher than half of the maximum during ANALYSIS

50% of a cycle, the temporal precision of a click train is only The jnd levels for temporal pitch analysis of 2% found

limited by the bandpass filtering done by the cochlea. Deby Hoekstra(1979 and of 2.5% reported by Houtsma and
pending on the fundamental frequency of the train, one Camurzynski(1990 show that the temporal mechanism for
obtain stimuli where, after cochlear filtering, the signal isresolved harmonics is much less accurate than the mecha-
higher than half of the maximum in less than 10% of a cycleism for resolved harmonics. It should be noted that this
Furthermore, the interpretation of this stimulus as a series Oﬁerformance was found for the isolated temporal mechanism,
filtered clicks admits aperiodic extensions of the paradigmyhereas the better performance for lower harmonics could be
where the stimulus conveys certain types of temporal reguqye to the cooperation of spectral and temporal mechanisms.

larities and excludes others. The experiments in the preseffyould nevertheless be highly interesting to find temporally
article make use of these outlined advantages in differenfefined stimuli that admit smaller jnd’s.

ways. _ . o In order to employ a temporally very accurate signal,
_The first experiment reported in the present article is &erjodic sequences of high-pass filtered clicks were devised
variation of experiment Il by Houtsma and Smurzynski\yhich had characteristics similar to the sine-tone stimuli em-
(1990, using sequences of high-pass filtered clicks presentegioyed by Houtsma and Smurzynski or to the filtered click
together with low-pass filtered noise. The jnd’s reported bysequences used by Hoekstra. In contrast to those, however,
Houtsma and Smurzynski for complex tones with unresolvthey were not limited to a restricted frequency region either
able harmonics and by Hoekstf4979 for pulse trains are by a band-pass filtefHoekstra or by taking only a limited
much larger than those they found for resolvable stimulinumber of harmonicg§Houtsma and Smurzynskbut con-
Both studies used stimuli which cover only a small part oftained all temporal information available up to the Nyquist
the cochlea. High-pass filtered clicks can offer more tempofrequency. It was anticipated that this would improve tempo-
ral information, i.e., on a larger part of the cochlea. Furthera| pitch analysis. Furthermore, a different masker was used
more, there is no need to embed the sequences in pink Noigr the power spectrum below the signal. While Houtsma and
which will disturb the signal portion of the stimulus. It Smurzynski had employed pink noise which has a certain
should be sufficient to present low-pass filtered noise maskntensity at the spectral location of the relevant signal com-
ing the region of possible distortion products. The aim of ourponents, in the present study white noise was used which
experiment was to determine whether this optimized stimuwas low-pass filtered such that its spectrum did not interfere

lus would have a lower jnd when containing only unresolv-with the signal, whereby a better signal-to-noise-ratio was
able harmonics, while still exhibiting the two-plateau jnd obtained.

function. We would then be able to identify stimuli contain-
ing a maximum of temporal information but no resolvable
harmonics, and use such stimuli to test further qualities of  Periodic click sequences like those used in this experi-
the elicited temporal pitch. ment have a fundamental frequency equal to the number of
The next two experiments tested the musicality of theselicks per second, and they contain all harmonics of the fun-
optimized temporal click sequences. Kaernbach and Demanyamental frequency with equal amplitude. In order to vary
reported informally that their stimuli did not convey musical the lowest harmonic of the sequence, a high-pass filter was
information. However, this was not tested for systematicallyapplied. The filter transition followed a logistic function con-
One reason for the lack of musical quality might be that thetaining several harmonics to avoid enhanced discriminability
cut frequency applied by Kaernbach and Demé&éykHz) due to the appearance or disappearance of single harmonics
was much higher than necessary to exclude resolvable infoat the cut frequency. The width was setitoctave centered
mation. On the basis of the data found in the first experimentpn the filter frequency, within which the amplitude increased
we test the ability to discriminate and classify musical inter-from 10% to 90%. In order to ensure that the auditory power

A. Stimuli and procedure
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spectrum would not contain resolved lower-order compo- 3 J
nents arising from cochlear nonlinearitiplomp, 1976, the
signal was mixed with white noise. The noise was low-pass { | *Fo=100Hz
filtered at the same filter frequency as the sequence, using th -0-Fo =150 Hz
inverted filter function such that the entire signal had a flat 2 -0-Fo =250 Hz
spectrum.
In the experiments, stimuli with fundamental frequen- 5~ -
cies of 100, 150, and 250 Hz were used. For each of these-S
the jnd was measured in 11 conditions, i.e., at eight different 1 4
filter frequencies for filtered sequences mixed with noise as
described above, at two filter frequencies for sequences with -
out added noise, and for a pure tone of the fundamenta
frequency. The filter frequencies in the noise conditions were 0 T T T T T T
500 Hz and 1, 1.5, 2, 2.5, 3, 4.5, and 6 kHz. In the two 0 2000 4000 6000
no-noise conditions, the sequences were filtered at 1 and 4. cut frequency [Hz]
kHz, yielding signals with harmonics above the 10th and
45th, respectively, for a base frequency of 100 Hz, above theIG. 1. Average jnd for the pitch of periodic click sequences in percent of

6th and 30th for 150 Hz. and above the 4th and the 18th foqhe base frequency as a function of the filter frequency for three different
the base frequency of 2'50 Hz " “fundamental frequencies. The two-plateau type of the jnd functions is

. ; . clearly visible for all three functions, yet the exact position of the transition
The experimental paradigm was an unforced weightedepends on the fundamental frequency.

up—down adaptive procedure as described by Kaernbach

(2003). On each trial, the subject was presented with a paigenteq alternately ordered per block, either in the order
of stimuli A, B, which were presented twice sequentially in «q ook ” “no mask.” “sine.” or vice versa. The order of the
random order, i.e., either ABAB or BABA. The repetition 1o “no mask” conditions as well as of the eight “mask”

aimed at eliminating the influence of previous trials. The task.qngitions was randomized. Ten subjects between 19 and 26
of_ the subject was to indicate vi_a keyboard whether the |a5§/ears of age took part, all of whom were students either
stimulus of the trial was the higher or the lower one, Omajoring in music or having at least amateur musical expe-
whether he/she was not sure. Subjects were allowed to haygnce of some years standing. For all but one, the jnd was
a trial be repeated to them once. The subject had infinite timg,easured six times in each condition; for one subject, the
to answer and was given visual feedback on the correctnegsperiment was run three times. One subject was the second

of his/her response, whereupon the next trial began. author; the other subjects were paid for their participation.
Of the stimuli presented in a trial, one was constructed at

a frequencyf randomized with equal probability withitt 5%
of the base frequencfy, while the other had a frequency o
(1+p)f, wherep was varied adaptively. For convenience, a  Figure 1 shows the resulting mean jnd of the noise con-
logarithmic scale was used for the adaptive procedure. Alitions in percent of the base frequency as a function of the
given difference level ofl dB on this scale translates inpo  filter frequency. Notably, the curves of the three base fre-
according top=10"°. The initial difference levetl, for the  quencies start at a similar jnd of below 0.3%, namely 0.19%
runs was set tay=—12 dB (approx. 6.3% of the base fre- for 250 Hz, 0.25% for 200 Hz, and 0.27% for 100 Hz, with
quency. The initial step size wadd=2 dB. On a correct standard deviations of means between 0.02 and 0.03. The
answer, the difference level was decreased by one step. If tharee functions then climb with different slopes and level off
answer was “unsure,” the difference level was increased byat a similar jnd of just around 1.25%. The 100-Hz function
one step. After a wrong answer, it was increased by thre€oes so at the filter frequency of 1.5 kHz with a jnd of 1.3%,
steps. This leads to the point of 75% correct answi€eern-  the 150-Hz function at a filter frequency of 2 kHz with a jnd
bach, 2001 The maximum difference level admitted was of 1.1%, and the 250-Hz curve levels off at a filter frequency
—6 dB. The step size was halved after the third and after thef 3 kHz with a jnd of 1.15%. Similarly, the standard devia-
fifth reversals. A run continued until the 16th reversal wastions of means rise to values around 0.1 to 0.2, with the
reached, and the 75% threshold was then determined as tle&ception of 0.3 for 100 Hz at a cut frequency of 6 kHz.
mean of all differences after the fourth reversal. When plotting the jnd as a function of the lowest harmonic
The experiment was run in a sound-proof both. Therather than the absolute filter frequency, the jnd rises concur-
stimuli were digitally generated at 44.1 kHz and presentedently for all three base frequencies around the lowest har-
via electrostatic headphones at 60 dB SPL. The stimuli werenonic of 10(see Fig. 2 This verifies the dependence of the
presented diotically, with a length of 700 ms and a gap oftransition on the lowest harmonic contained in the signal.
240 ms between each two. Where it was added, the noise The results for stimuli with resolvable harmonics are
started 240 ms before the first sequence and ended 240 rmempatible with those reported by Houtsman and Smurzyn-
after the fourth, including a linear on- and offset ramp of 150ski, who had found a jnd of 0.4 Hz for the base frequency of
ms. The pure tone stimuli had a ramp of 50 ms. 200 Hz, which equals 0.2%. Also, their jnd function sloped
The experiment was divided into blocks comprising 11between the lowest harmonic of 7 up to 13. A major differ-
runs, one run of each condition. The conditions were preence between the results is the level at which the curves

%]

f B. Results and discussion
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Nyquist frequency were contained in the signal. Conse-
quently, the number of harmonics gradually decreased as the

—@—Fo =100 Hz

o Fo=150 Hz filter frequency went up. However, the jnd cannot merely be
—O—Fo =250 Hz a function of the number of harmonics, as Fig. 1 shows the
_ +"°FTjs1kkHz jnd to depend on the fundamental frequency in exactly the
X —A— Fc=45kHz opposite way, with 100 Hz showing the highest jnd, even
° Lﬂgg_“;';i 200k though the stimulus contains the most harmonics when com-
— : pared to the other two at a fixed filter frequency. Another
------------------- 190z hypothesis is that it could depend on the size of the cochlear
-------------------- 1oz region that is stimulated by the signal. In that case, all three
"""" . curves should feature the same jnd for a fixed filter fre-
quency, independent of the fundamental frequency. This does
' 6'0 ' seem to be the case for 100 and 150 Hz at filter frequencies

from 2 up to 3 kHz, but a separate explanation would have to
be provided for the divergent progression of the jnds above 3
FIG. 2. Average jnd for the pitch of periodic click sequences in percent okaZ-
the base frequency as a function of the lowest harmonic of the stimulus. As  Evidence that the two levels of performance do arise
a function of harmonic number, the three jnd functions coincide. For comfrom two different mechanisms is revealed by examining the
parison: jnd for complex tones of 11 harmonics of 200 Hz in sine phase a . BT .
reported by Houtsma and SmurzyngkH&S” ). Also shown are the aver- Torrelations of |n_d|V|duaI p_erformances within gnd across the
age Jnd for Sing|e pure tones at the base frequer(cmﬂ'e"; from top to |eve|S Of the noise COﬂdItIOI"IS When COI’re|atIng IndIVIdua|
bottom: 100, 150, and 250 hzand the jnd for regular click sequences performances for any two noise conditions which both in-
without masking noisé“no mask”; the three left-hand entries arise from clude harmonics below the 10th. we find an average value of
the cut f f 1 kHz, the right-hand entries from 4.5 kH . . y . . .
© cut frequency o z, the right-hand entries from 4.5 kHz 0.8, with a standard deviation of 0.12. Likewise, we find an
average correlation of 0.69, with a standard deviation of
saturate, as can be seen in Fig. 2. The jnd for the click SeQ.lSd,'tWhen pﬁ'r‘r’]\“Se |(30dfr6|r<’:1tlng Inleldualll pet:form?r?cefoftﬁr
guences is considerably lower, which can be read as a dire%ﬂ? thons whic |nciu < ar,r’nonlcs only above the '
is means that the “rankings” of the subjects are quite con-

indicator for the high temporal quality of the signal. ) L )
Figure 2 also depicts the jnd obtained for the “no mask” sistent within each of the two levels. In contrast, correlating

conditions and for the sine tones. Without masking noise, thgerformances across the transition yields an average correla-

jnd did not exceed 0.5%with standard deviations of means pon of 0.35, with a standard deviation of 0.2, i.e, the rank-

ranging from 0.02 to 0.04 and there is no indication of a !ng.s atr_e n;)r: ?t;ahble bet\r/]vegn thg twol Ie(\jlgls. jt'h;]s IS ? s_tronfg
significant drop in performance between the two filter fre-NAICation that theé mechanisms INVolved in prich analysis o

guencies tested other than can be attributed to the decreaseslii11mUII W'th and of those without spectrally resolvable com-
signal. This emphasizes the importance of masking the lowdponents differ.
part of the spectrum and reinforces the notion that the non-
linear ascent of the curves in the noise condition is not at-
tributable to the degradation of the signal, but to a qualitativg); expERIMENTS 2a AND b: THE MUSICALITY OF
change in processing. Without masking, the spectrally reTepmMPORAL PITCH
solvable distortion products prevent this transition from oc-
curring. Musicality is an important feature of pitch perception.
The jnd for the pure tone conditions are almost uni-Several auditory stimuli convey a perception of “high” and
formly higher than those for the click sequences without‘low” which does, however, not compare to pitch. It is often
noise, and they are also higher than the jnd for the lowessuggested that the identification of musical intervals may
filter frequencies in the noise condition. The lowest pure toneserve as a criterion for pitch perception. We wanted to test
jnd measured was 0.43% for 250 Hz, the others lay at 0.67%ow far the stimuli used in the first experiment can convey
for 150 Hz and 0.89% for 100 Havith a standard deviation musical information. It is obvious that by eliminating the
of means of 0.04, 0.09, and 0.07, respectiyehhis result resolvable harmonic information, one reduces the quality of
comes as no surprise, since pure tones do not contain adtch of the stimuli which are applied. This does not degrade
much information as complex tones and, consequently, athe importance of temporal cues, as with natural stimuli in
click sequences conveying information within the dominantgeneral both spectral and temporal analysis are possible and
region of pitch perceptiofRitsma, 1967. will probably both contribute to the perception of a high-
An important detail to remark about the plateau in Fig. 2quality and musical pitch. It would nevertheless be interest-
is that it does not have a zero slope, but does slowly increasag to see whether to some degree musical quality remains
in a manner not unlike an exponential curve. Cullen andwithin a purely temporal signal, or whether the resulting
Long (1986 had similarly found a rate jnd increment from stimuli convey but a “rattle pitch”(Plomp, 1976, Chap.)7
4.5% up to 15% for a lowest harmonic &§=13 to N Perhaps musicality does not constitute an all-or-none phe-
=100 (equivalent to a cutoff frequency of 10 kHz for a base nomenon but a quality with all kinds of gradations that de-
frequency of 100 Hg Since in experiment 1 the click se- pend on the amount of information left in the stimulus. A
guences were not bandpass filtered, all harmonics up to theritical test for this view would be that those subjects that

cut frequency [multiples of F]
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a)

On each trial, two intervals were sequentially presented

I_i-l |—l—| in random order, the lower tone preceding the higher one in
117 156 96 120 each interval. Each tone was 700 ms Igtige complex tones
—~— s peri P including a linear on-and offset ramp of 50 mwith gaps of
150 ms between each two tones belonging to the same inter-
val and a gap of 300 ms between the two intervals. In the
noise condition, the noise started 100 ms before the first tone
P— I : PE—— — and ended 100 ms after the last, including a linear on- and
100 700 150 700 300 700 150 700 100

offset ramp of 50 ms. Trials were grouped into blocks of 50
which were presented in random order in sets containing one

block of each condition.

The frequency of the higher tone of each interval was
randomized with equal probability within the range from 150
to 200 Hz; the lower tones were then computed accordingly.
In order to guarantee that the signal was only temporally
resolvable, the lowest harmonic was set to 15 in accordance
with the results described in Sec. Il. Given the maximum of
200 Hz for the base frequency, this condition equals a filter
frequency of 3 kHz. Condition was made that the higher and
FIG. 3. (a) Schematic example of an interval discrimination trial. It consists the lower tones of two intervals tested for in one trial had to
of four click sequences embedded in noise. The first two sequences havediffer by 5% to ensure that subjects could not deduce the
frequency ratio of 156 clicks to 117 clicks, equalifgr a fourth, and the  correct interval by comparison of either the higher or lower
following two form a major third.(b) Average performance on musical notes of the intervals.

interval discrimination for complexes comprising low harmonitisw” ), . - . . .

high-pass filtered click sequences without noise magkes mask”) and Six subjects part|.C|pated In th.e experlmer}t, all .Of whom
with noise masket“mask”). For each stimulus, discrimination was tested had also taken part in the experiment described in Sec. Il.
for a Tal(t’r,tth'fd sga]}'”St a fOU_"hvha fourth agamtstfal ft'ftlhtv ,alnd a fourthOne subject accomplished five sets of blocks, all other sub-
against a tritone. Ferformance IS Shown In percent of fotal fnals. jects accomplished six sets. For each subject, the first set was

discarded.

Hlow
no mask
Omask

Fourth Third Tritone
Fifth Fourth  Fifth

show superior pitch processing for unresolvable harmonics
in term.sl of their jnd will also have superior musical interval B. Experiment 2a: Results and discussion
recognition.

Figure 3b) shows the average discrimination rates for
the three conditions and the three discrimination tasks. As

In this experiment, discrimination tasks were run for predicted, performance is best for the fourth/fifth discrimina-
three pairs of intervals: For a major thifffequency ratio of tion, and is lowest for the tritone/fifth discrimination. This
2) versus a fourth(frequency ratio ofy), fourth against fifth  holds for all three conditions. The two conditions without a
(frequency ratio of}), and a tritone(frequency ratio ofs3) noise maskeflow partials versus high partialgractically
versus fifth. The target interval was the smaller one of bottyield the same results, i.e., 99% for the fourth/fifth discrimi-
in all three cases. The discrimination of a fourth against anation (with a standard deviation of means of ).98% for
fifth was assumed to be the easiest. The ratio of the twaliscrimination of a third versus a fourtfwith a standard
frequency ratios i, that is, the difference between the two deviation of means of 0.7 for low partials and 0.4 for high
intervals is one full tone. The other two discrimination taskspartial9, and 96% for the tritone/fifth discriminatiofwith a
are nominally of the same difficulty, since in both cases thestandard deviation of 1)0Although performance degrades
ratio of the frequency ratios i, i.e., the difference between for the noise conditions, performance clearly remains above
the intervals is a semitone in both cases. Yet, the last conehance level. Discrimination is 80% for fourth/fifith a
parison(tritone versus fifthshould be more difficult, for two standard deviation of means of 2.87% for third/fourth
reasons. First, following Weber’s law, it should be easier to(standard deviation of means: 1.&nd 75% for tritone/fifth
judge a certain interval difference for smaller intervals than(standard deviation of means: L.7ntrospection indicates
for larger ones. Second, while the comparison of a majoactual musical interval identification: Some subjects report
third to a fourth comprises intervals that are quite familiar insinging the intervals in order to discriminate between them.
normal musical contexts, the tritone represents an interval As subjects were matched, it was possible to correlate
that will be not equally familiar to the subjects. levels of performance between the jnd of temporal pitch and

Each pair of intervals was tested for in three stimulusthe interval discrimination. Figure 4 shows the interval dis-
conditions: first, for periodic click sequences with low-passcrimination performance for the tritone/fifth discrimination
filtered noise, second, for click sequences without a noisas a function of the corresponding jnd from experiment 1.
masker, and finally, for complex tones comprising the fundaThere is a clear correlation 6f0.75 to the effect that inter-
mental frequency itself as well as the next five harmonicssal discrimination is worse the higher the jnd. This reinforces
(i.e., 1f,...,6§ added in sine phase. FiguréBshows an ex- the view that for our stimuli the musicality of pitch is a
ample trial for click sequences with noise. gradual function of the reliability of recognition.

A. Experiment 2a: Stimuli and procedure
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FIG. 5. Classifications as a function of the actual stimuli frequency ra@o.
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FIG. 4. Performance for musical interval discrimination of individual sub- Sequences in the range from 8 to 16 HPressnitzeet al,
jects(experiment 2 plotted against the jnd of pitch analysexperiment 1L 1999, i.e., containing between eight and 16 evenly spaced
_The_ labels “onv,”_“_no mask,” and “mask‘j refer to Fhe _sa_me‘conditions as Glicks per second.
in Fig. 3. The individual performance on interval discrimination shows to be . .
correlated with the jnd, especially in the “mask” condition. Due to the continuous range of the stimulus frequency
ratios, a “perfect” classification was not possible. The best

classification would map onto each musical interval the
range of frequency ratios closest to this respective interval. It

Even though introspection indicates that in experimeniyas anticipated that, for the first two conditions, subjects
2a judgments were based on the musical identification of theyould get close to this level of performance, while basically
intervals, the decisions could theoretically have merely beeRaving to guess in the third condition.
based on a comparison of the interval sizes. To eliminate this  For each trial, a frequency ratio between 1.0 and 2.0 was
possibility, in the second musicality experiment, subjects hadandomly chosen. The lower frequency was then randomly
to classify intervals directly. On each trial, they were pre-set within the octave of possible frequenci&8 to 160 Hz,
sented with two stimuli, which had an evenly randomizedor 8 to 16 H2 with the restriction that the higher frequency
frequency ratio between 1.0 and 2.0. They had to classify th@ould also lie within the octave. This entailed that a trial
interval realized by the two stimuli by choosing the mostwith a frequency ratio of 2.0 would always be made up of the
adequate musical interval on a labeled computer keyboardewer and the upper boundary of the respective octave.
The task involved having to classify ambiguous intervals, as  For the first two conditions, each stimulus had a length
the actual frequency ratio of the stimuli could lie anywhereof 1 s. In the filtered condition, the actual sequence was just
between two consecutive musical intervals. Consequenthgoo m long with a noise on- and offset of 50 ms each. In
the subjects received no feedback on the accuracy of thejhird condition, the length of the stimuli was randomized to
classification. The stimuli could be replayed at leisure viahave a length between 1 and 1.4 s in order to make sure that
two keys on a computer keyboard, and subjects were encoughe classification would not rely on counting the number of
aged to take as much time as they thought necessary to arri¢ficks in the stimuli. All stimuli had linear on- and offset
at the best possible classification. amplitude ramps of 150 m.

Three conditions were devised: In a “musical” control Three subjects with professional musical background
condition, the stimuli were unfiltered periodic click se- took part in the experiment. Two of them completed 15
quences in the octave from 80 to 160 Hz. These sequencegocks in each condition, one completed 5 blocks. Each

include all harmonics of the base frequency, resolvable aglock comprised 50 trials. The first block of each condition
well as unresolvable. The “temporal” condition used se-and subject was discarded.

guences constructed within the same octave, but containing

only unresolvable harmonics. As in the previous experimentD Experiment 2b: Results
this meant eliminating all spectral components below the™ P '
15th harmonic. Both stimuli of a trial were high-pass filtered As expected, classification was reported to be easy for
at the adequate filter frequency for the higher of the two baséhe musical condition, more difficult, yet readily perform-
frequencies, i.e., between 1.2 and 2.4 kHz, and had low-pasle, for the temporal condition, and impossible for the infra-
filtered white noise added. The “infra-pitch” condition was pitch condition. This qualitative impression was matched by
explicitly designed not to be musical. It used infra-pitch click the data. Figures(8)—(c) plots the classification as a func-

C. Experiment 2b: Stimuli and procedure
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1 = = components is the possibility to construct sequences that are
_ _ J J not periodic but show some more complex kind of temporal

:m;g;zh l._I regularity. Using such aperiodic sequences, Kaernbach and
—musical Demany (1998 demonstrated that the temporal mechanism
involved in the pitch of unresolved harmonics can deal sig-

nificantly better with first-order regularitigs.e., relating to
the distances between a click and its direct succgsban

cumulative probability of "greater”
judgement

with second-order regularitiegelating to the distance be-
tween nonsuccessive clicksA problem of their study was
1 i - I the rather high cut frequency of 6 kHz. Apart from yielding
1 E;‘F_'—J‘_T- =1 conceptually poor stimuli which reportedly contained but a
0 ——T T “rattle pitch,” this frequency is beyond what generally is
0 2 4 6 8 10 12 believed to be the limit to phase locking in auditory nerves
frequency ratio [semitones] (e.g., see Roset al, 1967. It is not certain how far this

. . . . should be an important limit to a temporal mechanism that is
FIG. 6. The cumulative psychometric function for the judgment that the .
frequency ratio is higher than six, seven, and eight semitones, respectivelpUpposed to operate on envelopes rather than on the fine
plotted for all three conditions. While there is a visible transition for the structure of the signal. However, in order to obtain results
control condition as well as the temporal condition, the curve fails to reachthat can be considered to be relevant to all kinds of temporal
50% in the infra-pitch condition. processing, it would be favorable to choose the filter fre-
i ) o quency below 4 kHz.
tion of the actual frequency ratio. Classification for the mu- Therefore, it was the aim of this experiment to replicate
sical condition is nearly ideal, the correlation between actua{he results of f(aernbach and Demany at a cut frequency of 2
frequency ratio and answer being 0.99. The _Cla5_5|f|cat|0_nEHz_ Furthermore, the approach of Kaernbach and Demany
for the temporal condition group around the main diagonal in a5 taken a step further by splitting click sequences onto
a similar manner. Even though there is visibly more scattefy o, oars whereby a dichotic stimulus was obtained which
the correlation '.S still (.)'89' Th|s”|s opwou;ly n co.n.tras_t to had binaurally integrated interclick intervéCl) statistics
the result of the infra-pitch condition, in which Class'f'cat'onsdifferent from the ICI statistics for its two single, monaural

are widely spread. Here, the correlation is as low as 0.4. parts. It was then possible to examine whether subjects

A more accurate picture can be drawn by looking at the\NouId deal with these stimuli mainly according to the mon-

Fransmons.of Jgdgment petween consecutive s.emljrones. Th'é?ural characteristics or whether the statistics of the binaurally
is shown in Fig. 6, which plots the cumulative judgment

. integrated stream would prevail.
transitions from 5th to 6th, from 6th to 7th, and from 7th to 9 P
8th, for all three conditions, as obtained using a pool-A. Stimuli and procedure
adjacent-violators algorithm. While the musical condition as

yvell as the tempora_l conditiqn_ both Sh_OW a clear shift i,nFig. 7(a)], which mainly aimed at verifying the results ob-
judgment, the infra-pitch condition remains below 50% um"tained by Kaernbach and Demany, subjects had to discrimi-
the end of the abscissa. In the musical condition, the trans'hate diotickxx and abxsequences from randonx-) se-
tions were _found to lie almost perfectly i.n. the middle be- , \onces Since it was also the purpose of these control
tweernlssmlto?ei. For the temp(;)ralhcorr:.dnt_:on, there was a@onditions to see whether the results would be confirmed for
overall blas o the mean towards the higher sem|tone_, 1€ filter frequency considerably below 4 kHz, the spacing of
the subject would tend to prefer the lower one. For the mfra-the sequences had to be chosen differeritiyas set to 7.5

pitch condltlon_, transitions as suc_h cannot be observed. ms, anda+b was set to 15 ms. Accordingly,was random-
In conclusion, the three conditions reflect a gradual deg:

dati f the ability of th biects to classify the int | ized within [0, 15] ms. This equals an average of approxi-
radation ot the ability of the subjects to ¢ assp‘y € interva Smately 133 clicks per second, or a fundamental frequency of
in the order musical condition, temporal condition, and infra-

pitch condition. However, the performance for the temporal133 Hz for the sequence, thereby admitting a filter frequency

ndition is noticeably closer to that for the musical condi of 2 kHz. Filtering and masking with filtered white noise
co on 1s noticeably closer 1o that for Ine musical condl=, oo 4one in the same manner as has been described in Sec.
tion than to the performance for the infra-pitch condition.

Il A. The same noise was used in all three conditions. For the
random sequences, a restriction devised by Kaernbach and
. ! . f)emany was adopted which ensured that the maximum of
a quality which can deteriorate gradually, the boundary o . o : -
X ansecutNe intervals either all within the higher or all within

would have to be set between the musical and the temporal : S

. X . . o in the lower half of the interval distribution would be com-
conditions on the one side, and the infra-pitch condition on .
the other parable to the target sequence. Fdxasequence this num-
' ber cannot exceed 2, and fabx the limit is 3 (see Kaern-
bach and Demany, 1998

In the following two conditiong“semi” sequences, see
Fig. 7(b)] the stimuli were generated according to the same
One of the major advantages of using sequences of filrules as before, with the difference that every second click

tered clicks instead of complexes of harmonically relatedvas left out. The semi-sequences show complementary char-

In the first two conditiond“complete” sequences, see

IV. EXPERIMENT 3: FINDING TEMPORAL
REGULARITIES IN APERIODIC CLICK SEQUENCES
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100
[ complete sequences ] -e-diotic complete
- > 5 907 .\ -o- diotic semi
kxx diotic ?Ix X 0I | | g -o-dichotic
' V' A A 8 801
abx diotic | a [b] x | § -
2
X diotic XI | | | 60 -
E 50 L
[ semi sequences ] kxx abx
kxx diotic | | | FIG. 8. Average performance for discrimination kfx and abx against
i : random sequences. The sequences were either presented didticaithy

o plete”), diotically with every second click left out'semi”), or alternated
abx diotic | between both eargdichotic” ). Results are plotted as percentage correct of
] total of trials. While kxx can be discriminated perfectly in the complete
i | condition andabx cannot, an inverse performance pattern at a somewhat
X diotic | : . . o
: lower overall performance level is to be observed for the semi condition. In

the dichotic conditionabx can be discriminated as in the semi condition,
: : while kxx can be discriminated at a level somewhat below the complete
[ dichotic sequences ] condition, but significantly above the semi condition.

left

kxx f”.sehd aa ke B} e “complete” sequencdFig. 7(a)]. So if the discrimination
ght was accomplished by means of the binaurally integrated
len stream, the outcome should resemble the results from the
abx fl:isehc: “complete” conditions. If, on the other hand, the separate
9 monaural streams were the basis for the discrimination, the
% fus'gg results shOl_JId be sjmilar to those of the “semi” conditions.
right Each trial consisted of a target sequence and an adequate

(i.e., complete, semi or dichojicandom sequence, which
FIG. 7. (3 Schematic representation &kx abx and random(x) click were presented sequentially in random order for a duration of
sequences as devised by Kaernbach and Der(0§8. The abscissa de- 750 ms each, with a gap of 250 ms in between. The low-pass
notes course of time, vertical lines represent clicks. kasequence, the . . .
first (“ k") of each three intervals between two clicks is settoaconstanttimJllterEd noise began 250 ms befqre th? first _sequence and
k= 7.5 ms, while the following twa*“ x" ) are randomized withif0, 15| ms. ended 250 ms after the second, including a linear on- and
An abxsequence is constructed such that the first ) of each three inter-  offset of 100 ms. The subject was allowed to have the trial
vals isd taken fa’;)dom'y :0?’]“ a Uﬁiffgg“ distributiq, 115] ms. and thle . repeated once. He/she was to indicate via keyboard whether
second interval“ b”) such thata+b add up to a second-order interval o .
constant time o[f 15 )ms with a click in bethen inserted at a random positiont.he target Sequ?nce,h‘?d, been the first or the second sequence.
The third interval(“x") is randomly chosen frori0, 15 ms. A random  There was no time limit imposed. Upon answer, visual feed-
sequence contains intervals that are randomized withii5] ms. (b) Dia-  back was given. If the answer was incorrect, the subject was

gram of the modified “semi”-click sequences. In these sequences, evergllowed to have the trial played once more. Then the next
second click is left out. These are represented by the dotted lines. As can ?ial began

seen, it is now withabx sequences that first-order intervals occur. If percep- - . . .
tion is based on first-order intervalyx should now be easier to detect than Trials were grouped into blocks of 80, of which the first

kxx (c) Dichotic kxx abx and random click sequences. The clicks are pre-40 were declared to be test trials and were excluded from
sented alternately to the left and to the right ear. Listening to one of theevaluation The blocks for the different conditions were pre-
monaural streams would admit the detection of first-order intervadix ted i ) d d A set of six block block f
while listening to the binaurally fused stream would help to detect the first:-S€NEd In ran om oraer. A Set or SIX blocks, one block tor
order intervals irkxx. each condition, had to be completed before a new set began.
The subjects were given information about which condition
o ) ~the current block belonged to, the conditions being neutrally
acteristics to the complete sequences: While db& semi named “A,” “B” to “F” condition. Five subjects took part
sequences have a distinct first-order ICI pea-abms, the i the experiment, all being students between 20 to 24 years
first-order ICI statistics of théxx semi sequences is compa- of age. None had previous experience with psychoacoustic

rable to that of the random sequences. As a consequencggks. All subjects accomplished 18 sets of blocks of which
exactly the opposite discrimination performance was eXine first 3 were excluded from evaluation.

pected in these conditions.

Finally, in a fifth and sixth conditior“dichotic” se-
guences, see Fig(d], the stimuli were each split into two
complementary semi sequences, which were presented di- The results for the discrimination in the six different
chotically, one to the left ear and one to the right. In otherconditions are shown in Fig. 8. Performance for the complete
words, the clicks are presented to the ears alternately. Loolconditions is comparable to what Kaernbach and Demany
ing at each monaural stream by itself, the stimuli cannot bdad found: Thé&xxsequences were discriminated nearly per-
distinguished from the semi-sequend€sy. 7(b)], whereas fectly, while theabx sequences were discriminated with an
the integrated stream of both ears reveals just an originahverage chance of 64%.

B. Results and discussion
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For the semi sequences, an inverted performance patteperception over the entire region of the spectrum and can be
is observed, as had been anticipated. The overall lower pesounded in isolation only for unresolved harmonics. It is ob-
formance as compared to the complete condition is mosfious that the performance is lower for signals that sound
likely due to the lower number of ICIs in these stimuli, i.e., thjs isolated temporal mechanism than for signals where it

it merely reflects a quantitative difference of the temporalcan pe seconded by spectral cues. The classification of inter-
information contained in the two types of sequences, Not J,is constructed with unresolvable stimuli functions at a

qualll;[gtnﬁa d;ffetrﬁn%e':.h i h Itis twof IcJI_Ievel comparable to that reached for fully musical stimuli
inafly, for the dichotic Sequences, the result 1S twoto "(see experiment 2bSubjects with a low temporal pitch jnd
On the one hand, discrimination abxcan be done withthe .~ " . . .
discriminate musical intervals constructed with spectrally

same performance as for tladx semi sequences. This nec- o . ) ,
essarily implies that the task can be solved by means of thgnresolvable stimuli better than subjects with a higher tem-

monaurally separated streams. It appears that only one @Pralind(experiment 2 This supports the notion of a uni-
these streams was evaluated at each trial, as the performarfé@d Pitch percept that draws from several mechanisms, one
is very close to that of a single semi sequence. On the othélf them being the temporal mechanism under study.

hand, the performance for the dichotixx sequences re- A subject matter of interest is the nonzero slope of the
mains significantly above that for the sekmixsequences and right-hand part of the two-plateau jnd functions, i.e., the jnd
below that for the completkxx sequences. This entails that for the unresolved harmoniogig. 2. It would be highly

the subjects were able to draw upon cues from the binaura@lucidating if one could find a variation of the experiment
stream, but could not to fuse the streams completely andihich would yield really flat plateau functions. Experiment 1
obtain the performance level of the first condition. It would leaves open the question whether this could be achieved at
seem that the mechanism underlying discrimination is Nofeast for a certain range of fundamental frequencies and of

exclu_sively committed to either _binaural or monaural pro-gjier frequencies by covarying the upper limit of bandpass
cessing. However, the degradation of performance for th'ﬁltered clicks with the lower limit. It would be most inter-

dichotic kxx sequences as compared to the compatese- qﬁting to find that with a constant ratio of upper and lower

guences suggests that monaural processing is more robu . . . . . .
than binaural processing. Assuming binaural processing to b%Ut frequency(i.e., with the signal directed to a basilar mem

more robust, one would have expected such a degradation Rgage segment of constant lengtme would f”_qd a constant
occur for the dichoti@bx sequences. Similarly, a prevalence INd independent of the lower cut frequency, i.e., of the spec-
of monaural processing has recently been reported by Cakal region. This would support the idea that the temporal
lyon et al. (2001), who found no binaural processing in Mechanism does operate on the envelope of the excitation of
streams with monaural regularities. Presumably, binaurdihe basilar membrane for specific frequency ranges, as the
processing will only work on streams with very weak or no envelope for unresolvable complex tones does not depend on
monaural cues, as in the present experiment with the dichotithe harmonic number of the carrier frequency.
kxxsequences. It remains to be seen in future studies how far Beside their high temporal definition, filtered click se-
this prevalence might be influenced by attentional mechaguences tackle the temporal mechanism involved in pitch
nisms(e.g., by directing the subject’s attention towards mon-perception in a very direct and straightforward way, as they
aural or binaural listening “speak the language of the auditory nerve.” Therefore, ex-
To control for the possibility of physical interaural periments can be designed that test specific hypotheses about

cross-talk being the cause of the high performance on dig,is mechanism very directly. Experiment 3 is an example of
chotickxxsequences, these sequences were recorded with i flexibility that is inherent to this kind of stimulation. The

artificial head. Cross-talk was found to occur at 24 dB beIowresults for the “complete” sequences replicate those of ex-

presentation level. The monaural halves of the recorded d"eriment 3 of Kaernabach and Demany with a lower cut

chotic kxx sequences could not be discriminated abovefr uency. There seems to be no essential difference of tem-
chance from random sequences. If there had been additionaf 1 Y-

information provided by cross-talk of clicks, this perfor- poral procegsing of first- and second-order _regularities for
mance should have been comparable to that for dichatic spectral regions above and below 4 kHz. This supports the

sequences. idea of an envelope analysis process that does not depend on
the phase locking to the fine structure of the carrier. This
V. CONCLUSIONS mechanism operates more easily on first-order than on

. ' . second-order temporal regularities, a fact that should be con-
High-pass filtered and low-pass masked click sequences . . .

: : .__sidered seriously by theoretical modelers of this temporal
are an excellent tool to investigate the temporal mechanisms

involved in auditory pitch perception. Their high temporal mechanism. The blnaura.l condition of egpenment 3 revgals
definition produces behavioral performances that are supdfi@t oth monaural and binaural processing of temporal pitch
rior to those achieved with other stimiee experiment)l IS Possible. This parallels similar results from spectral pitch
At the same time, the difference between the performance fgccording to which it seems possible to integrate the spectra
low and high harmonics remains sufficiently distinct to tell Of both ears before applying a spectral pattern algorithm
clearly where the domain of purely temporal pitch process{Houtsma and Goldstein, 19} 2rhis could be an indication
ing begins. The latter should not be considered as a separd@ the existence of early interaction between temporal and

phenomenon but as a mechanism that contributes to pitcépectral pitch mechanisms.
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