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Abstract—Reverberation can be considered as a significant interference if the voice control of the
unmanned aerial vehicle is performed by an indoor operator. In this paper, two simplified models of early
sound reflections in a room are considered. The first model is a single reflection at a time interval of
0-50 ms. The second model is a set of reflections randomly distributed over the same time interval. For
both models, speech intelligibility was calculated according to Speech Transmission Index method and
Schroeder’s formula. This made it possible to obtain functional dependences of speech intelligibility on the
early reflections models parameters. The obtained results for the first model are consistent with the results
of earlier studies, which confirm the validity of the method used. An analysis of the statistical properties of
the second model showed that an increase in the number of reflections from 2 to 8 results in a decrease, in
average, of speech intelligibility from “excellent” to “good” for reverberation times 0.4—1 s. Increasing
the reflections number to 18 leads to the reduced speech intelligibility close to the border between “good”
and “‘fair”. Further increasing of the reflections number almost does not improve speech intelligibility. It
was also found that there is a much larger scatter in speech intelligibility values for a small number of
early reflections than for a large number of ones. Analysis of this phenomenon allows one to conclude
about the danger of strong early reflections located near the end of the 0-50 ms interval.

Index terms—Early sound reflections; speech intelligibility; room impulse response model; model

parameters; number of reflections.

I. INTRODUCTION

The performance of voice control systems for
unmanned aerial vehicles (UAVs), which include
automatic speech recognition (ASR) systems,
significantly depends on the type and intensity of
sound interference generated by the surrounding
space. Reverberation can be considered as a
significant interference if the voice control of the
UAV is carried out by an operator located inside the
room. As a result of the multiple sound reflections
from the ceiling, floor, walls and other surfaces, the
speech signal at the microphone output differs from
the pure speech signal which negatively affects
speech intelligibility and, as a result, the performance
of the ASR system. Thus, the problem of the
influence of reverberation on speech intelligibility in
UAYV voice control systems is relevant.

Research of the influence of early sound
reflections on speech intelligibility has been going on
for a long time. It is shown in [1] that the human
auditory system integrates the action of early sound
reflections with the action of direct sound if
reflections arrive at the listener with a delay of no

more than 30—40 ms relative to direct sound. In paper
[2], it was found that early reflections within a delay
of 0-95ms have a positive effect on speech
intelligibility ~while later reflections impair
intelligibility, acting as noise interference. This fact
allowed the C95 parameter to be used as a measure
of speech intelligibility [3]. In paper [4], the C50
clarity index, similar to the C95 parameter, is
considered. It is also noted that C50 is much better
than the reverberation time 7, characterizes the

effect of reverberation on the ASR systems
performance. It was shown in [3] that Speech
Transmission Index (STI) is no less effective
measure of speech intelligibility in comparison
with C50.

Since different parts of the room impulse
response (RIR) affect speech intelligibility in
different ways, researchers often use the technique
of “cutting out” the investigated part of the RIR and
convolving this part with speech signal. This
technique was used, for example, in [5] when
analyzing the effect of early and late reflections on
the ASR systems operation. A similar technique was
used in [6] when analyzing the effect of

©National Aviation University, 2020
http://jrnl.nau.edu.va/index.php/ESU, http://ecs.in.ua



80 ISSN 1990-5548 Electronics and Control Systems 2020. N 3(65): 79-87

reverberation on the auditory system of people with
cochlear implants, and also in [7] when analyzing
the perception of reverberated speech by listeners
with normal hearing.

However, instead of cutting out the desired part
of the RIR, one can synthesize this part using
computer simulation [8], [9], [10]. In this approach
physical [2] or mathematical [11], [12] models of
real rooms are usually used.

At the same time, use of too accurate and
complex models of real rooms can be unproductive
when researchers are forced to deal with the
revealed phenomena without giving convincing
explanations. Unfortunately, the brilliant works [11],
[12] devoted to the early reflections analysis are not
free from this shortcoming.

Therefore, the object of this paper is to analyze
two simplified early reflections models that can help
to explain the effect of early reflections on indoor
speech intelligibility.

II. PROBLEM STATEMENT

The problem to be solved consists in assessing the
intelligibility of speech distorted by early reflections.
The model of RIR in the form of pulse stream

h(t) = {S(t) + ianS(t —tn)}e“’, (1)

where 6(¢) is Dirac delta function, a, and ¢, are
random variables, N is a number of pulses in a time
interval, T,, is a reverberation time, o =In(10*)/7,,

is a parameter that determines the rate of RIR decay,
seems to be adequate. Note that model (1) is part of
a more general RIR model called “Hybrid Energy
Decay Curve” [13].

In box shaped rooms, the pulse stream (1) density
d increases over time according to the quadratic
law [14]:

d(t)=4nc't* V. Q)

In this paper, two mathematical models of early
reflections that are simpler than (1) — (2) model are
presented. The first model is a single reflection, and
the second model is a constant-density pulses
stream.

In this work, the STI is used as a measure of
speech intelligibility distorted by early reflections.
The STI estimates are in good agreement with the
results of subjective speech intelligibility assessment
[3].

Since the situation with a single reflector has been
studied well enough [1], consideration of the first
model will make it possible to judge the correctness

of the chosen method for analyzing early reflections.
As for the model in the form of a constant-density
pulses stream, it can be considered as the first
approximation to the complete model (1) — (2).

III. ORGANIZATION OF STUDIES

According to the modulation method [15], [16],
the STI is estimated as follows:

7 6
STI =Y 0 -MT, =Y B, MT,-MT,.,, ()
k=1 k=1

1 14
MT, =—>»T,.,
k 14; ki

0, E, <-15,
T, ={(E, +15)/30, —15<E, <+15,
1, E, <-15,

E, =10lg—%

l_mki

my =|[ B (O)exp(- j2nFyt)dt
0

/ Th,f(t)dr, 4)

where A, (t) is the result of filtering of A(f) by kth
bandpass filter (7 octave filters with central
frequencies from 125 Hz to 8 kHz are used); F; is a
modulation frequency (in practice, 14 values of F,
are used, in a range from 0.63 Hz to 12.5 Hz); o,
and B,

respectively [15].
Single reflection RIR model can be described by
a simple expression

h(t) = 8(1) + gd(t — 1), )

where ¢, is a time delay, g (0<g<1) is a

reflection level. Plots of function (5) and the
corresponding amplitude frequency response (AFR)

|H(f)| =\/1+g2 +2gcos2nft,,

are shown in Fig. 1 for #,=0.02's, g = 0.9.

Similar plots for the second RIR model,
described by (1), for 7,,= 1 s and a constant density

are weights and redundancy factors

of reflectors d =160 Hz, are shown in Fig. 2.
Amplitude frequency response (AFR) plots
shown in Figs 1 and 2 clearly demonstrate that the
main reason for the speech signal quality
degradation is the significant unevenness of the
room frequency response. Since the concepts of the
speech quality and intelligibility are not



A.M. Prodeus, M.V. Didkovska, K.A. Kukharicheva, D.E. Motorniuk Two Simplified Models of Early Sound ... 81

unambiguously related, the plots in Figs 1 and 2 are
insufficient to explain the reasons for the speech
intelligibility degradation. To compensate this, one

h(t), t, =0.02, g = 0.9
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can use (3) -
computation.
For the first RIR model, one can write

(4) for speech intelligibility
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Fig. 2. RIR (a) and AFR (b) for the second model

/3 Ji2

h(ty="[ H(Ne™™ df + [ H(S)e" df =2 f,,S8(2nf,0) ~ /i, Sa2rfy )]

~fi2 Jii

where f,, and f,, are lower and upper cutoff
frequencies of the kth bandpass filter with the
rectangular shape frequency response H(f),
Sa(x) =sinx/x. Function (6) form for k¥ =1 and
k =4 for ¢, =0.029c and g= 0.9 is shown in
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Fig. 3 with a shift along the time axis by 0.1 s. Such

a shift must be done in calculations using relation (4)
in order for the left tail of the function Sa(x) to be

taken into account.
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Fig. 3. Function (6) form for k=1 (a) and k=4 (b)
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Generalization (6) to the second RIR model case
can be written as:

h (1) = 2[sz Sa(2nf,,0) = f Sa(Zﬂka]t)]

+ 2ian [sz Sa(2nf,,(t —t,))— [, Sa2nf,, (t ¢, ))]
_ ()

As one can notice, STI calculations are easy to
implement using (3), (4), (6), and (7).

IV. SIMULATION RESULTS

A. Single Reflection Model

The results of simulation the dependence of STI
on the direct and reflected sound paths (times) of
arrival difference are shown in Fig. 4 for different
relative levels of reflected sound. As one can see, in
the case of strong reflection (g=0.9), if the

difference in arrival times is close to 30 ms, the STI
rating decreases by 1 point (Table I) from
“excellent” to “good”. A further time difference
increase to 40 ms leads to a decrease of speech
intelligibility by another 1 point, down to the “fair”
rating. At the same time, the STI value is close to 1
if the time difference does not exceed 10—13 ms.

TABLE 1. STI SCORE AND INTELLIGIBILITY

RATING [16]

STI Intelligibility rating

>(0.75 Excellent

0.60-0.75 Good

0.45-0.60 Fair

0.30-0.45 Pour

<0.30 Bad

In the case of reflections of moderate strength
(g=0.5), the intelligibility rating decreases from
“excellent” to “good” if the path difference is close
to 13.6 m (40 ms time difference).

B. Constant Density Pulses Stream Model

Dependences of the mean STI value on the density
of early reflections in the interval 0-50 ms are shown
in Fig. 5. Averaging was performed over 100 STI
estimates for 0.4 s, 0.7 s and 1 s reverberation times.
The ends of the vertical lines correspond to the
boundaries of the 95% confidence interval.

Two cases are considered in Fig. 5. In the first
case (Fig. 5a) the density was set to 40 Hz, 375 Hz,
1030 Hz and 2060 Hz. One observes that the
average intelligibility is minimal at a density close to
375 Hz. Shown in Fig. 5b, a similar graph for a
density from 40 Hz to 320 Hz allows one to
conclude that really the minimum of the average
intelligibility is near d ~375 Hz.
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Fig. 4. STI estimates for the first RIR model
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Fig. 5. STI estimates for the second RIR model

Shown in Fig. 5 graphs can be interpreted also in
terms of the number N of reflections in the time
interval 0-50 ms. Indeed, the rapid intelligibility
decrease with density increase from 40 Hz to 160 Hz
(Fig. 5a) corresponds to an increase in the average
number of reflections from 2 to 8. The slow decline
in intelligibility continues to 360-375 Hz (18-19
reflections). A further increase of N from 18 to 100
even somewhat increases the average intelligibility.
However, this increase is so insignificant that it can
be said that speech intelligibility has stabilized at a
minimum level.

It follows from the graphs in Fig. 5 that T,

increase from 0.4 s to 1 s leads to an insignificant
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speech intelligibility degrade. This result can also be
explained by the properties of the first model.
Indeed, an increase of 7, leads to an increase of the

late reflections influence and, as a consequence,
speech intelligibility degrades.

Summarizing the results obtained for the second

model, one can come to the following conclusions:

e the average number reflections increase from
2 to 8 leads to the rapid average speech
intelligibility degrade from “excellent” to
“good” for a reverberation time from 0.4 s to
ls;

e there is a minimum of average speech
intelligibility which is close to the border
between “good” and “fair” when the average
number of reflections is close to 18;

o the further increasing of average reflections
number to 100 results in a barely noticeable
speech intelligibility enhancement;

o for a small number of early reflections (from 2
to 8), speech intelligibility can vary over a
wide range; this range is noticeably narrowed
with increasing of reflections quantity;

e an increase of 7, from 0.4 s to 1 s leads to an

insignificant speech intelligibility decrease.
V. DISCUSSION

The obtained results for the first model are in
good agreement with the well-known conclusion [1]
that the first strong reflection insignificantly worsens
speech intelligibility provided that the delay of the
reflected sound relative to the direct sound does not
exceed 30-40 ms. In addition, these results are
consistent with the conclusion [17] that the harmful
effect of the first reflection increases with an
increase in its amplitude and delay.

A good agreement is also for the second model in
the case of small (from 2 to 8) number of reflections
in the 0-50 ms interval. This number of reflections
is close to the real situation when a listener in a box
shaped room perceives 6 primary reflections. A
further increase of reflections number is possible by
adding special reflectors, as well as by adding
secondary and tertiary reflections.

Interestingly, there is a much larger scatter in
speech intelligibility values for a small number of
reflections than for a large number of reflections.
This result can be explained using the first model
results (Fig. 4). Indeed, with a small number of
reflections, extreme situations are possible, when
most of the strong reflections are concentrated either
at the beginning of the 0-50 ms interval (Fig. 6a) or
at its end (Fig. 6b). In the first case, the intelligibility
is high, while in the second case, the intelligibility is

low. With a large number of reflections, such
situations are unlikely, so the scatter of the
intelligibility values is relatively small.
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Fig. 6. RIRs for case of small number of reflections: (a)
all reflections are concentrated at the beginning of 0-50
ms time interval; (b), (¢) strong reflections are
concentrated at the end of the time interval

Note that extremely high and low speech
intelligibility values can also be obtained with a
relatively uniform distribution of reflections in the 0-
50 ms interval. In this case, the location of the strong
reflections is important. Plot in Fig. 6¢ shows a case
where the reflections are relatively evenly
distributed, but the strong reflections are
concentrated at the end of the 0-50 ms interval,
resulting in reduced speech intelligibility.
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VI. CONCLUSION

In this paper, two models of early sound
reflections in a room are considered. The analysis of
the properties of the first model, that assumes a
single reflection in the time interval 0—50 ms, made
it possible to obtain STI dependences on the
reflected sound delay and strength. The dependences
are consistent with the results of earlier studies,
which confirm the validity of the method used.

Due to the second model, random reflections are
distributed over the time interval 0-50 ms. Analysis
of the properties of this model showed that for a
small (up to 8) number of reflections the speech
intelligibility varies from an excellent (STI~1) to
fair (STI~0.6). High STI values can be obtained
when the strongest reflections are concentrated at the
beginning of the 0—50 ms interval. Conversely, the
lowest STI wvalues occur when the strongest
reflections are at the end of the interval.

For T, values from 0.4 s to 1 s, an increase of the

number of early reflections from 2 to § leads to an
average intelligibility degradation from “excellent”
(STI=0.85-0.9) to “good” ( STI=0.76-0.8). For
18 reflections, average intelligibility is reduced
(STI=0.75-0.78). Increasing of the reflections
number further to 100 results in a slight speech
intelligibility increase. Note that this increase is
insignificant and does not affect speech
intelligibility in practice.

In the future, it is reasonable to consider more
realistic models of early reflections that assume the
variable density pulses stream and adjustable delay
between the direct sound and the first reflection.
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A. M. IIponeyc, M. B. [linkoBchka, K. A. KyxapiueBa, /I. €. MoTopHiok. /IBi cnipoiueni moaeJii paHHix BigouTrin
3BYKY B IPUMIillleHH]

PeBepOepariiss Moke OyTH 3HAYHOKO IEPEIIKOAOI0, SKIIO TOJIOCOBE KEPyBaHHS OC3MIIOTHUM JIITAIBHUM anapaToM
BHUKOHYE OIEpaTop, IO 3HAXOAWUTHCSA B NMpUMIlleHHI. B naHiii poOOTI po3IiIsigaroThCst ABI CHPOINEHI MOJET paHHIX
BIIOWTTIB 3BYKY B KiMHaTi. Ilepiia mMojens — Iie OAHOpa30BEe BINOWTTA B Mexax iHTepBamy uacy 0-50 mc. [pyra
MOJIeIb — Iie Hallp BUNAJAKOBUX PIBHOMIPHO PO3IMOJIUIEHHX BiIOWTTIB Ha TOMY caMoMy iHTepBaimi dacy. J{ims o0ox
Mojeneil po30ipauBiCTh MOBH po3paxoBaHo 3a MeTonoM Speech Transmission Index Ta i3 BUKOpHCTaHHAM (HOPMYIU
lIpenepa. Lle mo3Bomuiio oTpuMaT QyHKIIOHAIBHI 3aJI€KHOCTI p0o30ipIMBOCTI MOBH BiJl TapaMeTpiB Mojeneil paHHIX
BiOUTTIB. OTpUMaHi pe3yabTaTH Ul MEpUIOi MOJEN Y3TOUKYIOTHCS 3 pe3ylIbTaTaMu MONEepeIHiX JOCIHiIKeHb, 110
MiATBEPXKYE OOIPYHTOBAHICTh BHUKOPHCTOBYBAHOT'O METONy. AHai3 CTAaTUCTUYHHUX BIIACTHBOCTEH Ipyroi MoJei
MOKa3aB, MO 301JbIICHHS KIJIBKOCTI BIAOWTTIB 3 JBOX 1O BOCBMH IIPH3BOAWTH IO 3MEHIIEHHS B CEPEIHBOMY
PO30ipIMBOCTI MOBH Bijl «BIIMIHHO» 10 «100pe» s yacy peBepOepanii 0,4—1 s. 30i1bLIeHHS KUTBKOCTI BiIOUTTIB 10
BiCIMHAJIISATH TPHU3BOAUTH A0 3HWKEHHS pO30ipJIMBOCTI MOBU JI0 MEXI MK TpafallisiMH «Io0pe» Ta «3aI0BLIEHOM.
[Noxanpmie 301IbIIEHHS] KUTBKOCTI BIIOUTTIB Maiike He MOKpalye po30ipiuBicTb MOBHU. Takox Oys10 BUSBIIEHO, IO PU
HEBEJIMKIH KUIBKOCTI BIAOMTTIB PO3KUI OLIHOK pO30IpIMBOCTI € 3HAYHO OULTBIIMM, HDXK MpPU BENUKIH KLTBKOCTI
BiIOWTTIB. AHaJi3 [BOrO SIBHINA JO3BOJISIE 3POOMTH BHCHOBOK TIpO HEOE3NEeKy CHIBHHX pPaHHIX BiJOUTTIB,
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A. H. IIpoaeyc, M. B. Iunkosckas, K. A. Kyxapuuesa, /I. E. MoropHiok. /IBe ynpouieHHbIe MOJeJIU PAHHUX
OTpaskeHMii 3ByKa B MOMeIeHI T

PeBepOepario MOXXHO paccMaTpuBaTh Kak CYHIECTBEHHYIO ITOMEXY, €CIIM T'OJIOCOBOE YIPaBJIEHHE OECIMIOTHBIMHU
JICTATEIbHBIMU ~ alllapaTaMy OCYIIECTRISICTCS OIEPaTOPOM, HAXOMAIIMMCS B TIOMCHICHWHA. B JaHHOW cTaThe
paccMaTpHUBAIOTCS JIBE YIIPOIICHHBIC MOJACIH PaHHUX OTPaXKCHHUI 3ByKa B IMOMeEIICHUU. [lepBas Moienb npeacTaBiseT
co0o¥ OIHOKpaTHOE OTpakeHHEe Ha BpeMeHHOM uHTepBasie 0—-50 mc. Bropas mopmens mpeacraiser coboi Habop
CITydaliHBIX pPABHOMEPHO pACHpEICICHHBIX OTPaKCHHM Ha TOM K¢ HHTepBaje BpeMeHw. J[ns obeux Mopeneit
Ppa3bopUMBOCTh PEYH PACCUUTHIBAJIACh METOJIOM MHAEKCA Nepeaadl peur, ¢ ucronb3oBanueM Gopmyisl llpenepa. Ito
MO3BOJIJIO MONYYUTh (DYHKIMOHAIBHBIE 3aBUCUMOCTH Pa300pYMBOCTH Pedd OT IapaMeTpoB Mojeneil peBepOeparuy.
[onyuennsie pe3ysabTaThl Ul TEPBOM MOJENHM COIJIACYIOTCS C pe3ylbTaraMH 0Ooliee paHHHX HCCIEeJOBaHHUH, YTO
MOJTBEPKIACT MPABOMEPHOCTh HCITOJIB30BAHHOTO METOIA. AHAIN3 CTATHCTHUECKUX CBOMCTB BTOPOM MOCIH MOKa3al,
YTO YBEJIMYCHHE KOJIMYECTBA OTPAXKEHHUH C IBYX O BOCHBMH MPHUBOAUT K CHIKCHHUIO Pa300PUYMBOCTH PEYU B CPEIHEM C
OTJIUYHO» JIO «XOPOIIO» MPH BpeMeHu perepOeparun 0,4—1 ¢. YBearueHne KOINYeCTBa OTPAXKESHUH 10 BOCEMHAIIIATH
MIPUBOIUT K TOHWKEHHOW Pa300pYMBOCTH pPEYM, ONM3KOH K TPAHUIE MEKIY «XOpPOIIO» U «YIOBICTBOPHUTEIHHOY.
JlanbHeliee yBeMYEHHE KOJHMYECTBA OTPAKCHUI INMPAKTHUYSCKH HE YiIydllaeT pa300opuMBOCTh pedd. Takke OBLIO
00HApPY)KEHO, YTO Pa30poc 3HAUCHHUI Pa30OPUYUBOCTH PEUH MPH HEOOJIBIIOM KOJHUYECTBE PAHHUX OTPAKCHUH HAMHOTO
OoJbIlie, YeM TpU OOJBIIOM KOJUYSCTBE OTPAKCHHWW. AHAIM3 JAaHHOTO SIBJICHHS IO3BOJIIET CHETIATh BBIBOI 00
OIMMACHOCTH CHJIbHBIX PaHHHUX OTPa)KCHUH, pacIioIOKCHHBIX BOJIU3U KoHIa mHTepBana 0—50 Mc.
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