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Summary

It is shown that Kurrrurr’s “temporal diffussion” A4, being a measure for the number
and the strength of periodic reflections in a room, is a valuable measure too for the per-
ceived coloration of sound (“repetition pitch”) in that room caused by such periodicities
(comb-filter effect).

The thresholds of perception of repetition pitch may be predicted by means of a short-
time autocorrelation model of the hearing organ. A simple relation between the physio-
logical threshold criterion and 4 will prove to be valid.

Wahrnehmungsschwelle der ,, Wiederholungs-Tonhohe“. Ergebnisse zur Klangfarbe in der
Raumakustik und der Korrelation im Gehor

Zusammenfassung

Es wird gezeigt, da} die von Kurrrurr eingefiihrte ,zeitliche Diffusitit* A, die ein MaB
fiir Zahl und Stdrke der periodischen Riickwiirfe eines Raumes ist, auch ein gutes Maf3
fiir die empfundene Klangfarbe in dem Raum (,,Wiederholungs-Tonhshe*) bietet, die durch
solche Riickwiirfe hervorgerufen wird (Kammfiltereffekt).

Die Wahrnehmungsschwelle der ,,Wiederholungs-Tonhéhe“ kann mit einem Kurzzeit-
autokorrelationsmodell des Gehérs vorausgesagt werden. Man erhilt eine einfache Be-
ziehung zwischen dem physiologischen Schwellenkriterium und 4.

Seuils de perception du ton de répétition. Conclusions concernant la coloration en
acoustique de salle et la corrélation avec l'organe d’audition

Sommaire

On montre que la «diffusion temporelle» 4 de Kurrrurr, qui est la mesure du nombre
et de l'intensité des réflexions périodiques dans une salle, est une grandeur précieuse
également pour la perception de la coloration du son (ton de répétition) causée dans cette
salle par de telles périodicités (effet de filtres en «treillis»).

En utilisant un modéle d’autocorrélation & temps court pour 'organe d’audition, il est
possible de prévoir les seuils de perception du ton de répétition.

On prouvera la validité d’une relation simple entre le critére du seuil physiologique

et 4.

1. Introduction

In a room, the original sound (from a source)
will be influenced by the transmission characteristics
of the room. This implies that, in general, a listener
(placed in a certain position) will perceive the ori-
ginal sound as modified or coloured. This colora-
tion may have different origins and is manifest from
the frequency or pulse response of the room in prin-
ciple.

A special kind of coloration occurs when the
direct (original) sound is followed by a strong
reflection (repetition). This effect is perceived easily
under laboratory circumstances, but it may also be
observed under certain conditions in studios and
concert halls. In this connection we refer to the

findings of Kunr [1] and SomErviiLe et al. [2].
The latter reported that in some concert halls with
reflectors, speech and music became coloured. They
suggested that these “distortions” could be ex-
plained as comb-filter effects due to interference be-
tween the direct and the reflected sound.

This monaural interaction of a sound with its
repetition after a certain delay 7, has been studied
in more detail by Fourcin [3] and Biusen [4] in

‘the field of psychoacoustics. Fourcin showed that

the coloration is due to the existence of a subjective
tone with a pitch corresponding to the reciprocal of
7 . Phase changes of the delayed sound were studied
by the present author; he introduced the name “Re-
petition Pitch” or in short “RP”. (The word “Repe-
tition” indicates the necessary correlation between



28 F. A. BILSEN: PERCEPTION OF REPETITION PITCH

original and repeated sound; e.g. RP is absent
when the original sound is passed through a high-
pass filter and the repetition through a low-pass
filter in the absence of a common passband.)

By adding more than one repetition to the origi-
nal sound, the delay between all subsequent repeti-
tions being equal to a constant 7y, the pitch of the
tone in question does not change but the timbre
does. For example, if the pulse response of a trans-
mission system is that of a flutter echo, white noise
at the input will cause a very sharp, metallic timbre
(like the sound of a sawing machine or grinding
wheel).

Because in almost every room periodic reflections
occur, and thus RP may be expected to be per-
ceivable sometimes, it seems worthwhile to look
after a quantity which:

1) can be measured easily in a room and
2) is a proper measure for the perception of RP.

A great part of the present work is based on the
work of AraL, ScaroEper and Kurrrurr [5]. They
determined the thresholds of perception of colora-
tion in comb-filtered white Gaussian noise, and pro-
posed two models for the explanation of their re-
sults. Both models are based on short-time analysis
by the hearing organ, one yielding a criterion in
the frequency domain, the other in the time domain.
In fact their two models are equivalent, differing
only in the threshold criteria.

For that reason we checked the validity of both
criteria. It will be shown that only the criterion
belonging to the short-time autocorrelation model
fits the results of our listening tests.

Furthermore, a simple relation will be derived
between this subjective threshold criterion and
Kurrrure’s [6] “temporal diffusion™ A, this latter
quantity being a measure for the number and
strength of periodic reflections at a certain place in
a room.

2. Autocorrelation in room acoustics
2.1. Kuttruff’s “temporal diffussion” A

The pulse response of a room may be given by

h(t)-: %aka(t—tk). (1)

The autocorrelation function of this response fol-
lows [6] as

@(7) =0(7) % e’ + %ﬂz arad(t+i—1). (2)

In these equations the instants ; may be distributed
arbitrarily along the time axis (at £=1; the k-th re-
flection with strength a;, arrives at the listener’s posi-
tion). Note that the reflections are supposed not to
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be distorted by frequency dependent reflection or
absorption.

The first term of eq. (2) yields a peak at 7=0
with a height > ;2. If the instants #; are distributed
completely aperiodically, the second term yields
peaks with an average height of aja;. In that case
the peak at =0 is much higher than all the others.
If, however, periodic reflections occur, a certain
time interval #;—t; =7, will occur frequently; this
results in an enhanced peak at 7 =7, too.

Now, Kurtrurr proposed the ratio 4 of the peak
at 7=0 to the highest peak of the autocorrelogram
for any non-zero delay as a quantitative measure
for the number and strength of these periodicities;
he called this property “zeitliche Diffusitdt” or

“temporal diffusion”.

2.2. A of an idealized semi-periodic transmission
system

In general, RP is due to periodic reflections (re-
petitions) in a transmission system (like a room, a
reverberation spring etc.). Now the question arises:
is 4 a proper measure for the perception of RP?
To answer this question we have done listening tests
starting from an idealized semi-periodic transmis-
sion system, which will be described mathematically
in this section.

Let us consider a transmission system which pos-
sesses periodic and aperiodic reflections. In fact
such a system is the superposition of a fully aperi-
odic and a fully periodic transmission system with
period 7, . Thus

h(l) = h(t)aperiodic'*‘ h(t)periodie
or  h(t) =2 bpd(t—tn) + 200 —2t)  (3)

with t=r7y(r=0,1,2,3,...;m=0,1,2,3,...).

The autocorrelation function of this semi-periodic
system may be considered to be composed of two
autocorrelation functions, one of the aperiodic (first
and second term of eq. (4)) and one of the periodic
(third and fourth term of eq. (4)) system, and a
cross correlation function of these systems (last
term of eq. (4)):

() = (S{t} Z bp? + 2 me bn‘6{1+tm—tn}+
+0{r} Se2+ ST E (s+ )70} Zererpsial +
+ Z mecré{"':i (tm“tr)}- (4)

mF+1r
Now, let us restrict ourselves to the case where
the periodic system is a flutter echo having the
period 7, and an exponential decay with reverbera-
tion time T’ (see Fig. 1). Then

¢cr=cy g, with g=1073%xT (5)
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Fig. 1. The autocorrelogram of an ideal semi-periodic
system.
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autocorrelation function of the periodic
part,

autocorrelation function of the aperiodic
part,

crosscorrelation function.

Under these conditions and using the formula for
summing geometric series, it may be shown easily
that

Zcrcr+1=gzcr2' (6)
r r
In this special case 4 takes the form
2. bn? + 2 e 1 2,bm? 7
A= —"—=—114 Z— . 7
Z CrCreq g ; c? @

If the signal putted into this idealized semi-
periodic system is white noise, 2 b,> over 2 ¢,? in
eq. (7) represents in fact the ratio of the power of
the “aperiodic part” Py, (wn: white noise) to the
power of the “periodic part” P,, (cn: coloured
noise) of the output signal. Then, we may rewrite
eq. (7) as follows

A=l[1+ (8)

PWD]
2 4

Poy

Realizing that there exists hardly any correlation
between the aperiodic and the periodic part of the
signal and taking into account that white noise
transmitted by an aperiodic system is not perceived
as coloured, we arrived at the following experiment.

We substituted the aperiodic part of the signal by
the white noise from one noise generator and the
periodic part by the coloured noise from another
(uncorrelated) noise generator, in combination
with a comb-filter having the ideal periodic pulse
response. By varying the power ratios Py /P, a
listener will be able to determine the threshold of
coloration, and we shall find the relation between

this threshold and A4 with the aid of eq. (8).
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3. Short-time analysis of comb-filtered white
noise by the hearing organ

Now the question arises: how does the hearing
organ perceive signals of this kind, consisting of an
original sound (like white noise) and one or more
repetitions of that sound? Does the ear make an
analysis in the frequency domain or in the time
domain, or in both?

3.1. Two threshold criteria

Arar, Scuroeper and Kurrrurr [5] proposed
two models for the explanation of thresholds of
coloration, both based on a short-time analysis.
Their starting point was the consideration that the
ear cannot make a real Fourier analysis of a signal,
because the future values of the signal are unknown,
and the past values cannot possibly be integrated all
with the same weight.

Therefore it seems reasonable to modify the
Fourier integral and to define a running spectrum
F(w,t) with time as a real parameter, like [7]

F(o,0)=[f(®)rt—9)ei?dd.  (9)

Here r(t) is thought to be a physically realizable,
real weighting function. If the signal f(z) is con-
tinuous like noise, the time average of the running
power spectrum, to be referred to as the short-time
power spectrum D (w), is a significant quantity:

+7

Dy (w) =|F(w, )= lim flfSF(xw, ) F* (w, t)dt.
Tsoo 2T

-7 (10)

This can be shown to be equal to the convolution
of @ (w) and P(w), D@ (w) being the power spec-
trum F(w)F*(w) of f(¢) and P(w) the energy
spectrum R (w) R* (w) of r(z); thus

+ oo

B, ((w) = ‘2-—1%—845(52)?((” _0)dQ. (10a)

—o0

Arav et al. also defined a short-time autocorrela-
tion function @, (z) being the Fourier transform of
the short-time power spectrum. Then using the con-
volution theorem it follows from eq. (10 a) that

s (7) =@ (7)e(7), (11)

where @ (7) is the autocorrelation function of f()
and ¢(7) the autocorrelation function of r(t).

For the comb-filters tested by AtaL et al. the two
following threshold criteria proved to be valid. In
the frequency domain model coloration will be per-
ceived if the level differences between maxima and
minima of the short-time power spectrum exceed a
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certain threshold 4, . Thus

gbs (‘(fi)_ max

djs (m) min

In the time domain (autocorrelation) model color-
ation will be perceived if the ratio of the maximum
value of the shori-time autocorrelation function for

any non-zero delay to its value at zero delay exceeds
a certain threshold B, . Thus

Ay=10 log (12)

‘ps(T)max(t*o)
By= 8 13
RO (13)

3.2. Calculation of the autocorrelation function
©(t), belonging to the weighting function r(t)
of the hearing organ, from the results of Atal,
Schroeder and Kuttruff

From the results of listening tests with different
comb-filters ArawL et al. calculated the weighting
function r(z) and its energy spectrum P(w) (in
their notation: E(w)), which they presented in gra-
phical form. However, they did not give the auto-
correlation function ¢(7) of r(¢). As o(z) appeared
to us to be of practical importance, we reconstructed
this function from the test results of AraL et al.
Fortunately, in one simple case, when the original
sound is followed by only one repetition (see Fig. 2),

1+g2

olT)

| i
%) 0 +Ty 0
T i
Fig. 2. The autocorrelation function and the power

spectrum for a comb-filter due to one repetition
with strength g.

the calculation is very simple. In that case eq. (4)
takes the form

() = (1+g2)0(7) +g0(rL).
Substituting eq. (14) into eq. (11) we find
2a(1) = (1+g2)0(0)8(x) + go (1) (7). (15)
The Fourier transforming of eq. (15) yields
D (w) = (1+g%)0(0) +2go(ry)cosw 7y .

(14)

(16)

Finally, by substituting eq. (16) into eq. (12) it
follows that

(1+g%e(0) +2 go(z)

Ay=101 17
11008 (1 ge0) —2g0) P
and by substituting eq. (15) into eq. (13)
go(z) (18)

°7 (1+g2e(0)
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As we can easily see, the relation between 4, and
B, is a very “direct” one in this particular case, i. e.

1+2B,
In eq. (19) o(7) does not occur; this means that,
here, the A4, and Bj-criteria are equivalent and,
thus, must lead to the same o(7).

If 7p=0 (o(ry) =0(0)) A, and B, are derived
directly (without knowing ©(7)) from the threshold
value of g at =0, being —24 dB ([5], extrapola-
tion in Fig. 2) ; we find

Ay=1,1dB and By=0,063.

Because, apparently, only the ratio ¢(7,)/0(0) is
important (see eqs. (17) and (18)), we may choose
for ©(0) any constant. Obviously ©(0) should be
taken equal to 1, because then ¢,(0) =@ (0). This
implies that the ear is capable of correlating the
present values of a signal without weighting.

Knowing B, and the threshold values of g for the
time interval 0 <7< 80 ms ([5], Fig.2) we calcu-
lated o(z). The function thus found could be tested
and extended for the values 20 <7, <160 ms, using
the By-criterion, from the resulis of tests with other
comb-filters ([5], Fig. 3). Calculating A, from ¢ (7)
with eq. (12) yielded values equal to 1.11+0.2;
indeed, these results are inconclusive with regard
to the validity of the Ay- and By-criterion. A graph
of o(7) is given in Fig. 3.

(19)

10 1.0
08 \ 1.8
T 06 \ 9.6
olv) 0.4 \ 6.4 4y

0.2 AN 32

T~

0
0 20 40 60 80 100 120 140 ms 160

T—>

Fig. 3. o and 4, as a function of 7.

4. The experiments

In order to test the A4y, and By-criterion once
again and to determine the relation between 4 and
the threshold of RP we undertook the listening tests
described fundamentally in Section 2.

4.1. Experimental apparatus

A block diagram of the apparatus is given in
Fig. 4. The white noise from noise generator NG 1
(General Radio) is comb-filtered by a reverberation
machine (Philips), consisting of an endless tape
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Fig. 4. Block diagram of the experiment.

loop with an erasing and a recording head and eight
playback heads. Only two heads are in use, the
recording head and one playback head. The signal
from the playback head is fed back to the recording
head (factor g); thus used, the machine produces a
real flutter echo.

The output (I) of the playback head is mixed
with the white noise from another, uncorrelated,
noise generator NG 2 (General Radio). The sum
signal (I+1II) is fed through a band-pass filter of
100 Hz to 5600 Hz (Peekel) and an amplifier (omit-
ted in the block diagram) to an electrostatic loud-
speaker (Quad) in the anechoic room. The filtering
proved to be necessary because of the limited band-
width of the reverberation machine. After the
filtering there was no audible difference between
the noise from NG 2 and the noise from NG 1 pas-
sed by the reverberation machine without feedback.
Moreover, the high {frequencies can be omitted be-
cause they are of no importance for the perception

of RP.

Ay=10log [ Pon

P
1+ i} +2g0(30) + 2 g20(60) + 2 g%0(90) +2
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There were two trained subjects. Each subject
made two settings of R for each combination of g
and 7,. In total sixteen different combinations of g
and 7, have been tested, viz 7y being equal to 30,
60, 90 and 120 ms and T being equal to 0.5, 1.0,
1.5 and 2.0s.

The test signal was presented (two-ear mono-
phonically) at a sound pressure level of about
65dB (re 2:1075Nm™2).

After each setting of R the experimenter measured
the critical level difference Lyn—Le, (= Li—Li).

4.3. Results

From our test results we calculated the critical
values of 4, to be noted as 4,, with the aid of
eq. (8). According to the definitions of A and B,
(eq. (13) with eq. (11)) these values must satisfy
the relation

o(7)
By= Ay
Substituting in this eq. (20) the values of 4, with
the corresponding values of ¢(7,) from Fig.3 and
averaging these so found values of By we get By=
0.059, which is in good agreement with By =0.063
from the results of Arav et al.

(20)

In order to compare the Ay-criterion with the By-
criterion we also calculated 4, with the aid of the
following equation

g4

l—g

0
(21)

' 4
[1 +- PW“] —2g0(30) + 2 g20(60) — 2 g%0(90) +2 ii—g o

P,

To enable the subject to make a direct comparison
between the semi-coloured white noise (I+1I) and
white noise at the same sound pressure level, the
signal of NG1 is also fed directly (III) to the
mixing amplifier. The level of signal I is adjusted
equal to the level of signal III by the experimenter.
Thus, I +II and ITI+II are on the same level too.

The apparatus to measure the reverberation time
T of the flutter echo is not shown in the block dia-
gram; g is found from T by eq. (5).

4.2. Task of the subjects

The subject could compare the signal I1+1I with
the signal III +II by means of the switch S. He was
asked to increase the level II, handling the potentio-
meter R, until he could no longer distinguish the
transition from I to III and vice versa. The
threshold of RP, thus found, is a “threshold from
above”.

Eq. (21) was derived from the general expression
eq. (4) in the same manner as eq. (17). Moreover,
use was made of egs. (5) and (8), and 7, was intro-
duced at 30 ms. The last term in the nominator of
eq. (21) is the sum of a geometric series of rest
terms, multiplied by g, this being the assumed
average of the (partly unknown) values of (%)
for 7 == 120 ms; we took §=0.10 (see Fig.3). The
last term in the denominator is the sum of an
alternating geometric series of the same rest terms.

Neglecting the third and subsequent terms in the
nominator and denominator of eq. (21) we find an
Ay’ which in fact obeys the By-criterion, the relation
between A, and B, being the analytic one of
eq. (19). The values of 4, and 4, calculated in
this way from our test results, are given in Fig.5.
Note that there is full agreement between the values
of Ay’ and those found by Arav et al. for 4,,
viz Ay’ = (1.10.2)dB. On the contrary, our values
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Fig. 5. Calculated values of A, and 4,’.
7p= 30 ms,
D To= 60ms,
O 7= 90ms,
A 7y=120 ms.

of A, show an unpermissible deviation from this
value. We may therefore conclude that the Bj-cri-
terion is to be preferred.

5. Discussion

It is not surprising that AraL et al. did not find a
significant deviation in the values of 4,, because
at high values of g there were only few higher order
terms of any magnitude in the calculation ([5],
comb-filter 5). Or, in those cases where higher
order terms of importance were to be found in the
calculation, g proved to be small and consequently
the higher order terms did not have much influence
([5], comb-filter 6).

Summarising, we are inclined to conclude that
the threshold of perception of RP may be explained
by short-time autocorrelation in the hearing organ,
not by short-time frequency analysis.

Secondly, as the Bj-criterion proved to be valid
for two extreme cases of periodicity in room
acoustics, viz 1) the combination of direct sound
with one strong reflection (e.g. due to a reflector
above the sound source) and 2) the ideal flutter
echo, we tend to accept it as a general criterion for
the perception of RP in room acoustics.

The Bj-criterion is based on listening tests with
white noise as input signal. For speech and music
greater periodicities are expected to be tolerable. In
this regard the experiments of SomERvVILLE et al. [2]
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are quite informing. He found the threshold (from
above) of perceptibility of a 10 ms-echo to be equal
to —16.0 dB for random mnoise (with constant
energy per octave band) and —12.1 dB for speech,
etc. The value —16dB for noise is in agreement
with the corresponding value of Arav et al. The
threshold difference for noise and speech, being thus
only 4 dB, we conclude that the By-criterion is not
too severe a criterion, but a safe one. For practical
purposes we added a special scale to Fig. 3, calcu-
lated with the aid of eq. (20), which enables us to
read directly from this figure, for known values
of 4 and 7,, if Repetition Pitch will be perecwed
or not.
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