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Abstract: In previous work, the authors examined the tendency of changes in the Speech
Transmission Index (STI) using several modeled sound fields. The results showed that energy
concentration due to strong reflections at any delay time, short or long, increases the STI. This means
that the STI evaluates only the degree of energy concentration or dispersion in the time domain
regardless of the delay time. As such, the STI fundamentally contradicts the generally accepted
concept that early reflection is important in speech intelligibility. However, it has not yet been clarified
as to whether such a property of the STI corresponds to intelligibility or merely reveals a defect in the
STIL To examine the validity of the STI, speech intelligibility tests were conducted using sound fields
with different energy concentration points. The results show that energy concentration at shorter delay
times increases intelligibility, thus reconfirming the concept of importance of early energy, and
indicates clear disagreement with the STI. The STI cannot be considered to correspond to
intelligibility because it does not distinguish useful early energy from non-early energy, which does
not contribute to intelligibility.
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into how the STI changes under varying sound field
conditions.

In the authors’ previous work [6], the tendency of
changes in the STI were examined using several modeled
sound fields. The results showed that energy concentration
due to strong reflections at any delay time, short or long,
increases the STI. This means that the STI evaluates only
the degree of energy concentration or dispersion in the time
domain, regardless of the delay time. As such, the STI
fundamentally contradicts the concept of the importance of
early energy. It presents the possibility of significant
changes to room acoustic design. However, until now, it
has not been clarified as to whether such a property of the
STI corresponds to intelligibility or merely reveals a defect
in the STI.

The purpose of this study is to examine whether STI is

1. INTRODUCTION

In 1951 Haas [1] showed that a reflection with a short
delay time is integrated into direct sound and reinforces it.
Based on this, Thiele [2] proposed the Deutlichkeit, in
which reflections within delay time of 50 ms are
considered as useful for speech intelligibility. Since then,
it has been commonly accepted in the field of architectural
acoustics that early reflection contributes to speech
intelligibility, and the Deutlichkeit has been used as a
valid measure for room acoustics.

Houtgast and Steeneken proposed the speech transmis-
sion index (STI) as a physical measure for predicting
speech-transmission quality in rooms [3,4]. At the present
time, the STI and its simplified version RASTT are widely
accepted as the IEC standard [5]. However, there is often a

poor correlation between the STI and subjective measures
such as speech intelligibility, indicating that they are not
linked. However, there have been no theoretical studies

an appropriate measure of intelligibility. Intelligibility tests
were conducted using sound fields with different energy
concentration points. Although the STI simultaneously
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evaiuales noise and distortion in the time domain
(reverberation, echoes), only the latter is examined in this
paper.

The authors’ previous paper, in which the tendency of
change in the STI was evaluated with modeled sound
fields, was written in Japanese, so the main points from that
study are described in chapters 2 and 3 for the convenience

of readers.
2. STI IN SINGLE REFLECTION FIELDS

Results of STI Calculations
The STI was calculated in the simplest fieid consisting
of direct sound and single reflection (Fig. 1) over a wide
range of delay time #; and relative level L of single
reflection. The calculation process for the ST1 is shown in
the appendix.

The calculated STT is shown in Fig. 2 as a function of
the delay time of a single reflection. The parameter in the
figure is the relative level of reflection. From the STI
curves, we can see that the STI for positive and negative
delay times are equivalent. Similarly, we also see that the
STI takes the same value for both positive and negative
levels of reflection.

The change in the STI is shown in Fig. 3 as a function
of reflection level relative to direct sound. The parameter in
the figure is the delay time of refiection. The STI takes the
lowest value when the reflection level is O dB, and both
increasing and decreasing the reflection level from 0 dB
causes the STI to rise.

The STI for a delay time of up to 2 s is shown in Fig. 4.
The STI drops rapidly up to 0.05 s, and slowly from this
point f0 0.2 s. The STT hardly drops at all after a delay of
0.3 s, and exhibits irregular fluctuation. A similar tendency
is observed for every relative reflection level.
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Theoretical Examination
The features of the STI mentioned above are due to the
characteristics of Eg. (A-2); the definition of MTF (see the
appendix). The impulse response of single refiection fields
can be expressed by the following equation using Dirac’s
delta function,
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Fig. 1 Impulse response of single reflection field.
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Fig.3 STI as a function of single reflection level
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K2 (1) = 8(6) +m - 8(t — 11) (D

In this equation, n; represents the power ratio of reflection
relative to direct sound. The modulation index m(F) of a
single reflection field is derived by substituting Eq. (1) for
(A-2), written as

V14 2n; cosQrFty) + 1i?
1+

The variables in Eq. (2) are F, n; and ¢;, so we express the
modulation index as m(F, nq, f1). Then, the following
relations hold:

1
m(Fv ni, tl):’n<F7 > tl) (3)
m

m(F) = 2

m(F, N1, t1)=m(Fa n, "tl) (4)

In other words, in single reflection fields, MTF has the
same value for the power ratio n; and 1/7,, and for delay
times #; and —t;. The inverted arrival order of direct and
reflected sound causes no change in the MTF value. These
properties of MTF are common to the STI, because the STI
is calculated from MTF.

The MTF for single reflection fields, represented by
Eq. (2), is a periodic function that does not converge.
Therefore, the features are the same for the transmission
index TIg; (see the appendix). MTI is derived by averaging
the TIg; over 14 modulation frequencies, and the fluctua-
tion of STI (= MTI in the presented paper) is due to
overlapping peaks and troughs of each Tlp;.

2.3. Discussion on Disagreement between STI and
Intelligibility

When the delay is greater than 0.1 s, reflections can be
audibly isolated from direct sound, resulting in echo
disturbance, although the STI does not necessarily become
lower. In the case where the reflection level is 0 dB, the
STI varies from 0.49 (at 044 s) to 0.79 (at 1.60 s).
Expressed by the quality classification known as the IEC
scale, the former STI value of 0.49 is ranked FAIR, and the
latter value of 0.79 is ranked EXCELLENT. When the
reflection level is higher than 3 dB or lower than —3 dB,
the STI maintains a value greater than 0.6. These values are
ranked GOOD or EXELLENT. The STI of a single
reflection field maintains a high value even when there is
an extremely long delay time, which we consider the range
of echo-disturbance.

Lochner and Burger [7] carried out articulation tests
with single reflection levels of 0, —5, and +5 dB, and
examined the effect of integration of reflection energy to
direct sound. In the case of a reflection level of —5 dB,
100% of the reflection energy is integrated up to a delay
time of 40 ms. However, in the case of +5 dB, the
percentage of integrated energy immediately decreases

after a delay time of 0 ms, and becomes about 60% at
40 ms. The contribution of reflection to articulation clearly
differs between these two conditions of reflection level; —5
and +5 dB.

Mochimaru ef al. [8] examined the STI and tri-syllable
word-articulation for single reflection sound fields. The
articulation tests were carried out using two intensity ratios
of primary to secondary sound; 1:0.5 and 0.5 : 1, with a
delay time of 50, 100, and 200 ms. The results show that
higher articulation is observed for the first intensity ratio,
i.e. stronger primary sound. These articulation test results
clearly contradict the tendency of the STL

In the case of single reflection fields, the points
indicating that the STI does not correspond to speech
intelligibility are as follows:

(1) The STI takes the same value for positive and
negative reflection levels relative to direct sound,
and also for positive and negative delay times.

(2) The lowest value of the STI occurs when the reflection
level is O dB, and both increasing and decreasing the
reflection level from 0 dB causes the STI to rise.

(3) The STI does not decrease monotonously with delay
time, instead exhibiting irregular fluctuation. It
maintains a high value even in the extremely long
delay time region.

3. EFFECT OF ENERGY DISTRIBUTION IN
THE TIME DOMAIN

3.1. Calculation and Results

In this chapter the STI is examined in relation to energy
concentration or dispersion in the time domain. The
modeled sound fields calculated here are series of constant
level reflections of 1 ms interval, with durations of 50, 100,
and 250 ms. Each series is divided into five equal portions
in the time domain (A1, A2, A3, A4, and A5, respectively),
and the reflections of one of the five portions are amplified
by L dB (Fig.5). The model is not assumed as an
approximation of specific actual sound field, but is used as
the typical condition suitable for testing the hypothesis.
The hypothesis to be tested is that energy concentration due
to strong reflections at any delay time increases the STI. It
was verified through the calculated results shown in Fig. 6.

The calculated STI curves are plotted in Fig. 6 as a
function of relative amplitude and show that enhanced
reflections cause an increase in the STI regardless of the
delay time. We also see that the STI takes the same value
whether the enhanced area is Al or A5, or likewise A2 or
Ad.

3.2. Theoretical Examination

It has already been shown that the arrival order of direct
sound and reflection causes no change in MTF in the case
of single reflection fields (see section 2.2). This also holds
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Fig.5 Impulse response of modeled sound field for
examination of relationship between STI and energy
concentraticn in the fime domain. A series of
constant level reflections at 1 ms intervals (duration
time 50, 100, and 250 ms) is divided inte five equal
portions in the time domain, and the reflections of
one of the five portions are amplified by L dB.

true for sound fieids consisting of many reflections, i.e. a
series of reflections with inverted arrival order has the same
MTF wvalue as the original. Let /(z) denote the impulse
response of a sound field, then its inversion in the time axis
is expressed by h(s. — ¢). It is clear from the definition of
MTF; Eq. (A-2), that the MTF of A(z, — #) is equal to that
of A1), 1.e.
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If A(r) has stronger ‘early’ reflection energy, then h(f. —
7} has stronger ‘late’ reflection energy. Equation (§) shows
that MTF equally evaluates ‘early energy’ and ‘late
energy’. The STI has the same property, which explains
the symmetry irn the time axis shown in Fig. 6, ie. the
effect on the STT of area Al (AZ) is equal to that of A5
(A4

N

3.3. Discussion

The D value (Deutlichkeit) by Thiele [2] considers the
energy within a delay time of 50 ms to be useful for
intelligibility. However, the STI takes a high value if
energy concentration occurs at any delay time, short or
tong. The STI contradicts the concept of the importance of
early energy for speech intelligibility. Moreover, this
attribute of the STI has serious consequences for room
acoustic design concepts by considering that energy
concentration is essential regardless of the delay time.
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Fig. 6 STI as a function of relative amplitude of each area.

However, it has yet to be examined whether the STI is a
more suitable measure for speech intelligibility than the
carly energy related indices such as Deutlichkeit (D) or
Clarity (C), because no experiments have been conducted
under conditions in which changes in the STI contradict
changes in early energy related indices. In cases where the
energy concentration points have a late or intermediate
delay time, it has yet to be confirmed whether speech
intelligibility indeed stays high, as is indicated by the STl
To confirm this, intelligibility tests were conducted with
sound fields with energy concentration poings varied over a
wide range of delay times.
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4. INTELLIGIBILITY TEST

4.1. Experimental Method

The speech source material was an anechoic recording
of a male speaker (4.9 mora/s speech rate). The material
used was the 4-mora Japanese word lists composed by
Sakamoto et al. [9] based on familiarity and phonetic
balance. Ten lists of familiarity 7.0-5.5 were used.

Sound fields were synthesized using a digital delay
machine and a digital reverberator. The test sounds were
produced through only one loudspeaker in an anechoic
room to avoid any effects except those of time structure.
The loudspeaker was located in front of the subject at a
distance of 2.1 m from the center of the subject’s head.

The impulse responses of the sound fields are shown in
Fig. 7, and the values of the physical measures, STI, D and
C, are listed in Table 1. Each sound field has the same
direct sound and reverberation, however a series of 5 strong
reflections (—3 dB relative to direct sound and at intervals
of approximately 10 ms) was initiated at different delay
times. Although the early energy related indices D and C
decrease monotonously as the sound field condition
changes from C1 to C5, the trend in the STI is different.
The STI takes the lowest value (0.510) in C2, the highest
value (0.537) in C4, and maintains the same value (0.535)
in C1 and C5.

The subjects were 28 elderly (aged 56-79 years) and 9
young (aged 18-22 years) persons. All of them had no
abnormal hearing loss but they did have normal loss due to

Cs

Fig.7 Impulse responses of sound fields for intelligibility test.

Table 1 Physical indices of tested sound files.

Sound field STI D50 C50 Cgo
C1 0.535 68.4 33 6.1
C2 0.510 47.3 -0.5 6.1
C3 0.525 26.3 —4.5 1.7
C4 0.537 26.0 —4.5 -1.9
Cs 0.535 26.4 —~4.5 —4.1

aging. The test words were presented at a A-weighted
sound pressure level of 70 dB(A) (Lacq Over the duration of
each word). The subjects were instructed to listen to the
words and repeat them.

4.2. Resuits and Discussion

The mean and standard deviation of the word
intelligibility scores (percentage of correctly heard words)
for each group (elderly and young) are listed in Table 2. A
paired-sample ¢ test was conducted in order to understand
the significance of the mean intelligibility differences
between each paired condition, and the results are listed in
Table 3. _

The mean intelligibility score for each sound field is
shown in Fig. 8. As the sound field condition changes from
Cl to C5, the delay time of the series of reflections
increases monotonically, and thus the early energy related
indices monotonically decrease. For the elderly group,
mean intelligibility monotonically decreases from C1 to
C5, showing a clear relation between intelligibility and the
delay time of a series of reflections or early energy related
indices, i.e. a longer delay time or smaller early energy
causes lower intelligibility. The mean intelligibility
differences between conditions are significant in most
pairs (see Table 3).

The trend in mean intelligibility for the young group is
not as clear as for the elderly group. Although the

Table2 Mean and standard deviation of word

intelligibility.
Elderly group Young group
Sound field
Mean Std. dev. Mean Std. dev.
C1 - 87.79 7.45 97.56 2.60
Cc2 83.57 10.50 94.89 4.14
C3 78.79 9.64 92.00 5.20
C4 75.64 13.08 92.44 5.27
C5 72.14 9.81 93.56 5.08

Table 3 Significance level of difference in mean
word intelligibility.

Sound field c2 C3 C4 C5
C1 *% % Kok ok
Elderly g * - o
Cc4 —

C1 — * - #
Young S§ - : -
c4 —_

+k: Significant at a level of 1%, *: Significnt at a level of 5%,
—: Not significant
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Fig. 8 Mean word intelligibility (left vertical axis)
and STI (right vertical axis) of each sound field.

inteiiigibility score of this group does not show a clear drop
between condition C3 to C5, one can see a tendency that
conditions with short delayed reflections (C1 and C2) lead
to higher intelligibility than conditions with long delayed
reflections (C3, C4 and CS5). For this group, C3, C4 and C5
show a significant drop compared to C1 (see Table 3).

To summarize the results for the elderly and young
group, a tendency can be observed for longer delay times or
weaker early energy to cause lower intelligibility. This is in
agreement with the concept of the importance of early
energy for intelligibility.

The mean intelligibility is shown in Fig. 9 as a function
of the STI. The figure shows that intelligibility is not a
menotonic function of the STL. An increase in the STI does
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Fig. 9 Word intelligibility as a function of STL
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not necessarily result in an increase in intelligibility. Let us
compare CI with C4. Although the STI of C4 is slightly
greater than that of Cl, the intelligibility of C4 is
significantly Jower than Cl. This demonstrates that the
STl does not correspond to intelligibility because it
evaluates energy concentration
regardless of delay time.
However, the early energy related indices C and D also
do not necessarily correspond to intelligibility results. For
the sound fields used in the present examination, Dsg and
Csp take almost same value for conditions C3, C4 and C5,
because all of the strong added reflections occur after a
delay time of 50 ms in these conditions. Also, Cg takes the
same value for conditions C1 and C2 because all of the
added reflections occur within 80 ms in these conditions.
The limitation of C and D may be due to their definition, in
which energy evaluated within a certain delay time is
considered 100% useful and energy occurring after this is
considered 100% detrimental. R, as proposed by Lochner
and Burger [10], may be a more accurate early energy
index, in which a gradually decreasing weighting factor as

in the time domain

a function of delay time is employed to evaluate useful
energy.

5. CONCLUSION

The STI evaluates the energy concentration or disper-
sion in the time domain regardless of the delay time, which
contradicts the generally accepted concept of the impor-
tance of early reflection for speech intelligibility. For single
reflection fields, we pointed out that the tendency of change
in the STI conflicts with previous experimental results for
intelligibility. To examine the validity of the STI for
multiple reflection fields, speech intelligibility tests were
conducted using sound fields with energy concentration
points varied over a wide range of delay times. The test
results reconfirm the importance of early energy, and
indicate clear disagreement between the STI and intellig-
ibility. In conclusion, the STI cannot be considered to
correspond to intelligibility because it does not distinguish
useful early energy from non-early energy that does not
contribute to inteliigibility.
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APPENDIX

Schroeder [11] showed that when the complex
modulation transfer function (CMTF) is defined as
Eq. (A-1), the modulation transfer function (MTF) is the
absolute value of the CMTF. The CMTF is the Fourier
transform of the squared impulse response h2(¢) divided by
its total energy.

00 Iy
/- hZ(t)e—tQJrFtdl,

CMTF(F)y = *% (A-1)
/ KA (r)dt
0
MTF(F) = |CMTF(F)|
/OO ]’lz(l) . e—iZHFtdt
=0 (A-2)

/ - A (t)dt
0

where F represents the modulation frequency.

Strictly speaking, Eq. (A-1) only holds true when the
carrier signal is white noise. However, we can assume that
the equation is a good approximation when the carrier
signal is octave band noise. In the present study, we assume
that modulation index m, i.e. MTF, takes the same value for
each carrier signal frequency band, so the value calculated
from Eq. (A-2) was applied for all bands.

The process of calculating the STI from MTF follows
Steeneken and Houtgast [4]. The calculation of the STI
from MTF is as follows: The symbol my r, represents the
MTF of carrier frequency band k and the modulation
frequency F; (1/3-octave step 14 frequencies from 0.63 to
12.5 Hz). After taking into account auditory masking of a
lower frequency band on a higher frequency band, which
occurs in the hearing organ, a corrected modulation index
m’ is obtained. The signal-to-noise-ratio becomes

m), .
SNRr, = 10 - log —=F1

A3
1—m§c’F'_ ( )

Next, the SNR is transformed into the 77 (Transmission
Index) using a range (R = 30 dB) and shift (§ = —15 dB),
as follows:

SNRy.p, — S

0<Thp <1 (A-4)

For each octave band, the average 71 over a specified
modulation-frequency range gives the M71, as given by

1 n
Ml = — > Thr, (A-5)
i=1
Finally, the speech transmission index S77 is obtained as a
weighted mean of the MTI over seven octave bands, and is
written

7
STI, = Z W, - MTI,
k=1

(A-6)

The sum of these weighting factors Wy is 1.
In the present study, we ignored the effect of auditory
masking and assumed that m . = my f,. Therefore, every

MTT, for octave band k has an identical value, which gives
STI = MTI,.
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