Proceedings of the Institute of Acoustics
ON THE AUDIBILITY OF TRANSIENT PITCII SHIFTS
J A S Angus & C M Barnes

Department of Electronics, Universily of Yok, Heslington, York

1. INTRODUCTION

The audibility of dynamic pitch shifts affects several arcas of sound reproduction from Lhe
transient behaviour of playback systems to the problems of acquiring pitch information for
syithesiser applicalions.

Many rescarchers have investigated the Frequency Difference Limen (FDL) for stationary
toncs and the Frequency Modulation Detection Threshold {(FMD'T) for dyuamic tones. This
paper brielly describes the work of previous authors and details a unified approacl Lo analysis
of their results. The technivues used o normalise FDL and FMDT data to take inlo accound
variations in experimental technique, stimuli and parameters are explained. These include the
developient of thresholds in terms of Pitch, regarded as log frequency. A psychoacoustical
experiment intended to test the hypotheses drawn from analysis of the synihesised dala is
also presented along will its results which are discussed.

2. PITCH DIFFERENCE LIMENS

Many authors have published dala on the threshold [or delection of a frequency difference
between two stationary tones — Frequency Difference Limen (IFDLY, Af = fi— [i. low the
VDL varies with the duration of the tones presented is of particular interest as it relales to a
sampling theory of frequency modulation detection.

2.1 Previous work . ) )
Turnbull)1] observed that the accuracy of pitch discrimination decreased as the Lone duralion
was reduced. More recently Moore{6], investigated FDLs as a function of pure tone [requency
for a widc range of tone durations (D). A discontinuity in the FDL behaviour was obscrved
al about 4KHz. In this report only frequencies below 217 are considereed, for which the
I} increased as Lhe tone -luration decreased, lor short-duration stimuli,

Mark[5] peclormed similar experiments with signals cousisting of single-, double-, & triple-
cycle sinusoids. The FDL of these signals for frequencics in the range 256-20481x was [ound
to be in the order of 1-2 semitones. The FDL increased for fewer cycles of Lhe sinusoid.

2.2 Analysis

2.2.1 Normalisation. Resulis for stimuli at differcat frequencies can be compared if the data
is ‘normalised’. This was accomplished by evaluating thresholds as a fraction of the stimuli
frequency (relative FDL — A f/f), section 2.2.3 shows why this should be a reasonable way
of looking at the data. Instead of plotting the thresholds as a funciion of duration {time) Lhe
abscissa was also normalised by using the number of cycles (N = [/ D) of the stimali,
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Figure 1: Plot of relative FIL for slalionary, pure tones as a lunction of stimli number of cycles (AT} (log scale on
batl axcs). The cracl number of cycles for short-duralion tones depends on the allowance made for the rise/fall Lianes,
indicated by the horizontal bars. Data for & = 1,2,3 Mark[5}; & > 3 Moore[f] subject T.C.. Data Lremds fil two
slraight lines as shown (see text).

2.2.2 Interpretation. Normalised FDL results of Moore[6] below 2W11z and of Mark[5] are
presented in Fig.l. The data can be fitted by two straight lines. Using Lhree Tines! would
improve LLe fit in the middle region, bul is unnccessary for this investigation.

Using logarithmic axes the data for tones shorter than 50 cycles is approxiinated well by
a straight line of gradicnt —1. 'Tlis indicates that the relalive FDL {Af/]) ia mwversely
proporlional o the number of cycles (M) prescuted. The physical fractional handwidih
{BW/]) of a purc tone is also inverscly proportional to the number of cycles (N} of the
signal. This suggests that the thresliold is limited by the shape of the spectral envelope of
the tone pulses (Moore[6]). We can wrile an uncertainly? relationship:

BIII = BIN | ()
where g is a constant.[From Fig.l # == 0.08 £ 0.02)

The relative FDIL data docs not vary significantly with A" above 100 cycles. “This suggests
thal the spectral width of the tone pulses is no longer limiting the frequency resolution and
the “long-duration’ asymptzte of the Lhreshold has been reached.

2.2.3 Pitch as Log(Frequency). Fig.] also indicates that the effect of frequency is largely
removed by using the relative FDL (Af/f). This section aims Lo show that the relative FDL
can be thought of as a Piteh Dillerence Limen, which would be expected Lo be independent of
[requency. Note Lhal il is not inlended Lo validatle a new definition for the Lerm piteh which

already has too-many uscs.

1 Freyman & Nesan[3) used three straight lincs to fit FDL data for norual-heasing subjects. This was for the parposes of
testing n variation of Zwicker's excilativi-pattemn morlel of [requency diserintinativn. )

TMoore(7, pl31-135) explaius the use of Sigoal Detection Theory ti show that a paychoacoustic threshiold can-he related (o
the uncersninty [ varinnce) of the relaled ‘internal’ varialle.
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Pitch is defined as “that allribute of auditory seusation in lerms of which sounds may be
ordered on a musical scale” (American Standards Association, 1960). This musical scale is
clearly not a linear function of fiequency, e.g. the difference belween 100 & 200Hz does not,
sound the same as that between 200 & 300Hz. However, a musical melody composed of notes
whicli have frequencics al fixed ratios Lo cach otlier sounds similar if Lhe reference frequency
is changed. This suggests the idea of using a logarithmie mapping lrom frequency Lo Pitel®.

Pologf

From this the threshold detectable diflerence in Pitch belween Lwo tones -~ the Pikel Differ-
ence Limen (PDL), AP, can be delined as:

AP = P - P . (2)
af
= AP = log(l+ = {n
1
For Af/f <« 1 this approximates to:
AP o Af]f (h

So Lhe relative FDL is equivalent to a PDL independent of {requency, and the uvncertainty
telationship of equalion (1) for A” < 50 becomes:

AP o 1N | (5)

3. TRANSIENT PITCH SHIFT DETECTION

In most PDL experhments two conscculive, stationary tones slightly different in {requency are
played. If these tones arc made conliguous a dynamic stimulus containing a transicnt pitch
shift is formed. The uncertainly relationship equation (5) applicd Lo this simple argument,
indicates thal short-duration transient pitch shilts should be less andible. To confitin this
for dynamic tones, Frequency Modulation Delction Thresholds® (FMIYE), Af,, need (o be
investigated,

3.1 Previous work .

As pitch’ Lransieuts are most likely Lo occur at the starl of a sound, lollowed by a more
stable section of Lone, emphasis was placed on data for stitnali of Lhis form. Many autlhiors
results (e.g., Sergeant & Harris[9); Pollacki8]) showed thal the relative FMDT (Af./f.) for
frequency glides varied with A7 {muuber of cycles of the carrier frequency) in a similar way Lo
the DL for slationary tones. Relative FMDT results from Carlyon & Stubbs[l1} for single-
cycle sinusoidal F.M. of pure tones were also comparable to PI)Ls. This suggesis a sampling
made] for frequency modulation detection, in wlich listeners sample the stimuli as a nreans
of detecting the change in frequency.

Dooley & Moore[2] examined frequency discrimination thresholds for boll stationary and
gliding tones. They compared the data obtained with the prediclions of a sinple sampling
model and cancluded that Lhe simple theory was consistent with the data.

3Thus (all} the notes of & piane keyboard would be equally spaced on this Pitch scale
“Ihe FMDT is the size of carrier freq: y 8hift corresponcing to the threshiold for frequency inordulation detection. 1t witl

be used Lo refer to the thresliold for all Lypes of frequency modulation. (e.g. glides, sinusoidal medulation, ete... }
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Horst{1} used harmonic complex, dynamic stimuli with initial and final fundamental frequen-
cics Lhe same to discourage discrimination on the basis of dilferences in these [requencies,
}'l‘sumura. cl al[10] suggested Lhat the dominantl cue for glide detection was the pilch oil-
erence belween the instial and linal portions of the stimulus). The report indicates that a
sampling model prediciz the right order of magnitude of F'MDT for such stiinuli. Horst{4]
and Carlyon & Stubbs[l] have both shown ihat FMDTs are reduced by introducing more
harmonics of the fundamental frequency.

Freguency Modulation & Ghide Detection Threshilds
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Figure 2: Plot of relative FMDT as a function of the number of cyclen of the carrier frequency (A} (log scale on hotli
axes). Resulls for sinusoidal carrier wavelorms of four authers, Dala trends fit two sbraight lines as shown,

3.2 Analysis
The sampling model predicts that the threshold lor detection is delermined by oplimising:

e ihie depth of frequency modulation between the samples, which is reduced if the samples
are made longer.

s the uncertainty in the frequency of the samples — due Lo the nop-stationary pitch during
sampling® awd the fact that the sample duration inust be linlle, in which case the sample
accuracy st be constrained by the slationary tone PDL.

IMg.2, of dala normalised as in section 2.2.1, indicates thal lor short-duration mordnlations
(AI; < 100} thie threshold has an inverse relationship to A as for the PDL, but is about [0 times
as large. T'his indicates that for shorl-duration modulalions the most significant uncertainty
in the sample lrequency is Lthat due to the finite sample duration. As there must he more
than one sample during the modulation in order to detect il, Lhe sample duralion must be
significantly smaller than the overall duration of the stimulus. ‘Thus it is to be expected that
the relative I'MIYT corresponds to a PDL for a smaller value of A,

For modulations with A" > 100 the relative FMDT is alinost constant, indicating thal Lhe
sample accuracy is no longer Lthe limiting factor.

*Doaley & Moore[2] ignored this contribution to the vneertainty.
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4. EXPERIMENT

4.1 Introduction
The main aim of this experiment was Lo lest the hypotheses formulaled, with stimuli and
under conditions more closely resembling those encountered by audio systems.

Untrained subjects were uscd in order to establish the threshiolds for ‘normal’ conditions, in
which listeners are not highly trained at detecling a very specific event. Under normal circuin-
stances listeners would receive a wide varicty of different slimuli, which would prevent Lliem
from dcvelopmg acuity Lo changes in a parlicular parameler. To prevenl. any improvemenis
due to learning [rom syslematically affecting the results, the order in which cach subject did
the tesis was randomised. .

In music a wide range of notes are usually played and so listeners do not expect each successive
tone to be at Lhe same frequency. Thus Lhe tones used were randomised in frequency by a small
amount. Also the outpul from an electronic synthesiser would contain a range of harmenic
slructuces, nol jusl pure tones, thus harmonic complex tones were used.

4.2 Method

4,2.1 Overview. A lwo-interval, I.wo-alt.ematwe, forced-choice task waa used. Subjects were
presented with pairs of tones, one stationary in frequency and one starting with a downward
lincar frequency glide. The subjects’ task was to identify the tone starting with a frequency
transicnt. The two Lones of cqual amplitude were scparated by a silent interval of 200ms. The
tone pairs were spaced 3s apart and grouped in blocks of ten pairs, each block spaced by 10s.
The {requency transienl was followed by approximately 100 cycles of constanl frequency in all
cases. This scclion of signal had Lhe same fundamental [requency as the stationary loue. The
[reqquency transient duration, added to the time for 100 cycles atl the fundamental lrequency,
determined the duration of both tones in a pair.

lach test sequence, lasting less than ten minutes, consisted of lones of one lundamecoial
frequency and one duration ounly. Signal lundamental frequencies of 100, 400 and 1000Hz
combined witly fuqucu(y transicut durations of 50, 100 and 300ms were uch Thus there
were a Lotal of nine test sequences. To prevent the subjecis from memorising the reflerence
Mrequency and responding Lo any stimulus containing énergy al other frcqucncles evcry Lonc 5
fundamental frequency was randomised by 3% A typical trial is shown in Fig. 3

4.2.2 Stimuli. All siguals were harmonic complexes, conmsl.lng of the first five harmonic
componcnls of Lhe lundamenal frequency, at Lthe same amplitude and initial phase. The data
was generated on an Alari 104081 computer, using the “Composers Desklop Project”, and
dircctly recorded onto Digital Awdio Tape (DAT). The sampling [requency used was 4410011z
amd the frequency and amplitude paramelers were updated every ten sample periods. All
signals starled al positive going axis crossings and used one cycle rise and [all “times! to
nunimise swilching transicnts al the start and end of the signals, The signals were delivered
to subjecls diotically using Beyer Dynamic closed-back DT100 headphones.,

4.2.3 Procedure. A non-adaptive, Lwo-interval, Lwo-alternative, forced-choice procedure
was used. The [requency Lransient occured with equal probability in one of Lhe iwo intervals
of a trial. Tor cach condition (i.e. combination of fundamental frequency and transieni

duration) five values of transicnt depth, &fy were used. These values were chosen following -
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Figure 3: A schemalic representation of the Leat tones used. Tlic Lwo stir
change in the fundamnental

shown or in the reverse order. The [requency \tansient has depth 6fo, mcasured as the
freyuencey fo, and is followed by 100 cycies of slationary ione

informal listening tests by the authors, Lo range from casily audible and to encompass the
75% correct response level. Each value of §fy was used twenty times within the test sequence,
giving a total of 100 trials per scquence which were randowmised in order.

The 75% corrcct response level, which is generally taken as the threshold value, was cstimated
for cach condiliou as follows:
1. 95% conlidence limits were calculated for the correct response level (%CR) corresponding

Lo each transient depth,

2. %CI was plotted against &fp on a ‘probability’ graplh, (with this non-linear scale a
‘normally’ distributed parameter produces a straight line).

3. Af corresponding to T5%CR was determined from a best At Jine through the data points.

4. An estimale of the uncerlainty of this value was made by considering a number of possible
straight lincs that would pass within the 95% conlideuce limits.

4.2.4 Subjects. Threc subjects (CI3, MP and PS) participated in the experiment aud were
tested with all nine scquences. Subjects were not trained in frequency modulation detection
tasks. They were allowed Lo praclice with a demonstration sequence similar to the fest
soquences, bul conlaining some more casily audible [requency glides, until they understoml
the nature of the task. ‘Lhe subjects listened to the nine Lest scquences over a period of a few
days, never performing more than one ten minule session per Lour.

4.3 Results and Discussion
As the results for cach subject were not significantly different from cach other Lhe data was

averaged before calculating the %CR and subscquent Af values. ~

4.3.1 Comparison to previous work. Fig.d shows the FMDT dala obtained in this

experiment and Lhe best i lines to results by other authors from section 3.2.
For N small the relative FMDT resulls are in agrecment will those of other authors, whom

uscid trained subjecls (e.g.. Tsumura(10]; Carlyon & Stubbs|1]), fullowing an inverse propor-
tionality to . This suggests that for small values of A the FMD'T is fimited by a fundamental
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Transient Piteh Shifs Baperiment Results
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Figure 4; Plat of the relative depth of the Frequency Transient {A]/f) at the 75% correct response Jevel as a function
of the Transient duralion as numbe of cycles of the fundamental [requency (V). Data for average of the three subjects.
Dashed line gliows approximate fit to data for A" > 20. Solid line shows the best fit line [rom Fig.2.

constraint for all listeners. For A > 20 ihe relative FMDT is approximatly constant al 4%.
Clearly the lack of training prevented listeners form altaining the minimum threshold.

4.3.2 Transient detection under ‘real’ conditions. In most situations music-is not lis-
tened 1o over licadphones, While performing the experiment it was observed (and confirmed
by testing) that the frequency transients were much easicr to detect for trials using a loud-
speaker in a normal room instead of headphones. A similar decrease in threshold was obscrved
il the Lest tones were digitally processed to add typical room echos and reverberation (by con-
volulion with a roomn impulse response) and then presented over hcadphones. This confirmed
that the effect was at least in- part due Lo the complex frequency response of a lypical room.

Thus under ‘real’ conditions ilie frequency transient is accompanied by potentially large flue-
tualions in level which are nol present for the stationary lone, thus providing additional
joudness cues for identification of the target tone. For harmonically rich tones ecach com-
ponent experiences different changes in amplitude as the fundamental frequency sliifts, thus
there is also a variation in Lhe timbre of the tone. ‘

For applications involving pitch extraction for control of electronic music it is only important
that the lislener does not perceive a change in pitch (as amplitude and timbre variations will
occur naturally as part of most synthesiser sounds). Thus the lower thresholds obtained with
loudspeaker Lrials, in which the listener was not hearing the transicnt pitch shift, per se, but
used other cues Lo detect the larget lone, are nol necessary. llowever, in some applications,
where il is undesirable for any changes to be noticable, lower thresholds would be required,
dependant also on the detectability of amplitude modulation.
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5. CONCLUSIONS

This paper has shown thal- it is the number of cycles of a stimulus, rather than the abso-
lute duration, that is impos .ant for frequency differency and frequency modulation detection
thresholds. Through the usc of this and Pitch, regarded as log frequency, results from several
previous authors have been combined, This data indicales a pitch uncertainty realationship
for stationary tenes, inversely propertional to the stimulus number of cycles and provides
support for a sampling model of frequency modulation detection. Further, the experiinent
has shown that subjecl traiuing and the use of headphones in psychoacousiic thireshold exper-
inents may lead Lo specifications that arc too stringent or too lax respectively Tor particular
acouslic applications. Further experiments with bolli loudspeakers and headphones, for dil-
fcrent shapes of pitel Cransient are required. The ‘fundamental’ nature of the FMDT [lor very
short-duration modulations has also been highlighted.
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