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Abstract— In the first part of the paper, the intelligibility of 

speech in the presence of ambient disturbances (reflection 

Ar, diffusion noise DN and siren noise SN) was analysed. 

The second part of the paper describes an experiment in 

which speech intelligibility was tested using sentences from 

the Serbian Matrix Sentence Test (SMST) in the presence of 

early reflections, diffuse and siren noise. The results of the 

experiment are presented in tabular and graphical. In the 

end, a comparative analysis of intelligibility was performed 

with the results of similar tests, and the classification of 

intelligibility was determined in relation to the standard 

IEC 60268-16: 2011. 
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I. INTRODUCTION  

An important characteristic of speech is intelligibility. 

Acoustic ambient conditions can lead to the degradation 

of the speech signal, and, therefore, to a decrease in 

intelligibility. Degradations of the speech signal can lead 

to partial or complete not understanding of words and/or 

entire sentences. In closed acoustic spaces (rooms, 

classrooms, sports halls, theatres, etc.), intelligibility is 

affected by the acoustic characteristics of the space: 

multiple reflections in the form of early reflections [1] [2], 

reverberation time [3], etc. Other acoustic sources further 

degrade intelligibility: a) noise from a large number of 

people (Babble [4], cocktail party [5]), b) musical 

disturbances [6], industrial noise [7], etc. In open spaces 

(streets, squares, sports stadiums, outdoor amphitheaters), 

the degradation of intelligibility is realized by ambient 

acoustic noise (wind [8], rain [9]), traffic and industrial 

noise, etc. In order to assess intelligibility, various testing 

methods are carried out, where special words and 

sentences are used to test speech or people with hearing 

problems are tested.  

Testing methods can be classified into: a) subjective 

and b) objective testing methods. Subjective method 

implies testing by a large number of respondents, who 

pronounce the sentence aloud as they heard it. In this way, 

it is possible to statistically determine the factor of 

intelligibility. In the case of a large test group, mean 

intelligibility scores are calculated using the MOS test 

(Mean Opinion Score). Objective testing methods implies, 

specially designed programs are used, where the 

intelligibility index is estimated based on the statistical 

parameters of the speech signal. Matrix databases were 

created for Swedish [11], Spanish [12], Russian [13], 

Polish [14], Danish [15], Dutch [16]. The authors created 

the SMST (Serbian Matrix Sentence Test) base [7]. 

Sentences are generated according to a random law, up to 

100000 sentences, with a defined syntactic structure.  

The authors of this paper used the STOI (Short-Time 

Objective Intelligibility measure) algorithm described in 

[10] for objective testing of matrix test sentences (SMST 

Matrix base in the Serbian language). Intelligibility is 

expressed as a percentage in the range of 0 - 100%, and 

the intelligibility classification is based on the standard 

IEC 60268-16: 2011 [17]. The effect of acoustic 

interference caused by sirens (Siren Noise, SN) was 

analysed. Siren sounds seriously degrade the 

intelligibility of voice communication in the nearness of 

the siren (ambulance, police fire trucks...) [18]. The 

reduction of the SN effect is often done by filtering with a 

Notch filter [19]. An experiment was performed in which 

a complex acoustic environment was simulated where a 

reflected speech signal was superimposed on the speech 

signal x, then SN was superimposed for various SNR 

values. After that, diffuse noise was added. An objective 

intelligibility test was performed on the degraded signal 

using the binaural STOI algorithm. The result of the test 

is the factor of intelligibility for the left and right ear. The 

results are presented in tabular and graphical. After that, a 

comparative analysis of the results with the intelligibility 

of degradation by some other acoustic signals was 

performed. The intelligibility classification was 

performed by comparing the obtained results with the 

IEC 60268-16: 2011 standard. 

The organization of the paper is as follows. In section 

II, the experiment is described, and presented results, and 
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a  comparative analysis performed was performed. 

Section III is the conclusion. 

II. EXPERIMENTAL RESULTS AND ANALYSIS 

A. Experiment 

An experiment was conducted in which the 

intelligibility of Test sentences in Serbian was tested in 

ambient conditions: a) early reflections of the speech 

signal (AR), b) acoustic noise caused by the police siren 

(SN) and c) diffuse background noise (DN). 

B. Testing algorithm 

The algorithm for realizing the experiment and 

creating the test signal was implemented in the following 

steps: 

 

Input: Test sentence in the Serbian language created 

from SMST matrix base x, Time delay t, SNR, 

Output: Intelligibility coefficient dSTOI for left 

(dSTOIL) and right (dSTOIR) ear. 

 

Step 1: Creating a reflected signal with early 

reflections. 

( )r rx A x t t=  −   

Step 2: The speech signal x is superimposed on the 

siren signal SN with the projected SNR: . 

Step 3: Superimposing diffuse noise. 

Step 4: Forming the final test signal. 

Step 5: Intelligibility testing using the binaural STOI 

algorithm (dSTOI intelligibility coefficient for left and 

right ear). 

 

Intelligibility was tested for: a) t = (0, 10, 25, 50) ms, 

b) SNR = (0, -2, -5) dB; b) excitation angle of the speech 

signal x = 0o; c) excitation angle of the reflected signal 

r = 0; d) diffuse noise angle DN = 0 : 5 : 360o, e) 

reflection amplitude Ar = 1. 

An example of applying the algorithm. On Fig. 1 

shows the time form of the speech signal x for the 

sentence "Dragoslav keeps ten clean armchairs", while its 

spectrogram is shown in Fig. 6. The spectrogram of the 

created reflected speech signal with early reflections 

explained in step 1 is shown in Fig.7. The temporal shape 

of the SN siren noise signal is shown in Fig. 2 and Fig.3, 

while its spectrum/spectrogram is shown in Fig.5, Fig.8 

and Fig.9 (Step 2). Fig. 3 shows the time form, and Fig. 

10 shows the spectrogram of the intelligibility test signal 

Z, obtained by reflecting the speech signal and 

superimposing diffuse noise and siren noise (Step 4). 

C. SMST matrix sentence base 

SMST the Serbian sentence matrix database is formed 

from isolated words of the type: name, verb, adjective, 

number and noun. Ten words were recorded for each type. 

The words are spoken by a professional female 

announcer. The recording was done in the "Banker 

Radio" studio in Niš. Recording was done with fs = 44100 

Hz and 16 bps. The recordings are archived on the hard 

disk in wav format. The generation of test sentences with 

the structure name, verb, adjective, number, and noun is 

created programmatically based on a random selection of 

individual words. In this way, 100000 sentences can be 

formed. An example of one of the sentences "Dragoslav 

keeps ten clean armchairs", is shown in Fig. 1 in time 

form, while its spectrogram is shown in Fig. 7. 

 

Fig. 1 The time form of the speech signal "Dragoslav keeps ten clean 

armchairs". 

 

Fig. 2 Time shape of SN type noise. 

 

Fig. 3 Time form of the test signal Z. 

 

Fig. 4 Detail SN in time form. 
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Fig. 5 SN spectrum. 

 

Fig. 6 Spectrogram of the speech signal. 

 

Fig. 7 Spectrogram of the speech signal. 

 

Fig. 8 Spectrogram of SN. 

 

Fig. 9 Detail of SN in spectral form. 

 

Fig. 10 Spectrogram of the generated test signal Z. 

D. The Results 

Table I shows the intelligibility of sentences in the 

presence of early reflections, diffuse noise and siren noise, 

for the condition that SNRSN = SNRDN, while Table II 

shows the results for the condition that SNRSN ≠ SNRDN. 

The intelligibility at the left ear for SNRSN = SNRDN is 

shown in Fig. 11, and for SNRSN ≠ SNRDN it is shown in 

Fig. 13. The intelligibility in the right ear for 

SNRSN=SNRDN is shown in Fig.12, while for the 

condition SNRSN≠SNRDN it is shown in Fig.14. 

 

TABLE I INTELLIGIBILITY THE OF SENTENCE IN THE PRESENCE OF SIREN 

NOISE AND DIFFUSE NOISE  (SNRSN = SNRDN) 

Intelligibility 

SNR 

(dB) 

dSTOI 

 

 t  (ms) 

0 10 25 50 µ 

0 

dSTOIL 70,70 59,68 59,21 52,48 60,52 

dSTOIR 71,00 59,54 59,70 52,49 60,67 

-2 

dSTOIL 66,02 56,65 55,07 51,89 57,41 

dSTOIR 66,42 57,15 54,55 52,02 57,53 

-5 

dSTOIL 61,44 54,13 52,66 50,50 54,68 

dSTOIR 62,02 53,47 52,70 50,06 54,56 
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TABLE III INTELLIGIBILITY OF THE  SENTENCE IN THE PRESENCE OF 

SIREN NOISE AND DIFFUSE NOISE  (SNRSN ≠ SNRDN) 

Intelligibility 

SNR 

(dB) 

dSTOI 

 

 t  (ms) 

0 10 25 50 µ 

-2 

dSTOIL 69,33 60,29 60,70 55,22 61,39 

dSTOIR 69,49 60,37 60,66 55,19 61,43 

-5 

dSTOIL 68,66 61,51 57,73 52,59 60,13 

dSTOIR 68,75 61,12 57,67 52,40 59,98 

 

Fig. 11 Intelligibility of left ear for SNRSN = SNRDN. 

 

Fig. 12 Intelligibility of right ear for SNRSN = SNRDN. 

 

Fig. 13 Intelligibility of right ear for SNRSN ≠ SNRDN 

 

Fig. 14 Intelligibility of left ear for SNRSN ≠ SNRDN 

 

E. Analysis of results 

Analyzing the results presented in Tables I-II and Fig. 

11-14 it can be concluded that (depending on the delay 

time ∆t = {0, 10, 25, 50} ms) the limit of intelligibility of 

sentences ranges in values: 

a) 55.22 - 69.33% for the left and 55.19 - 69.49% for 

the right ear (SNRSN ≠ SNRDN), for SNR=-2dB; 

b) 52.59 - 68.66% for the left and 52.40 - 68.75% for 

the right ear (SNRSN ≠ SNRDN), for SNR=-5dB; 

c) 52.48 - 70.70% for the left and 52.49 -71.00% for 

the right ear (SNRSN = SNRDN), for SNR=0dB; 

d) 51.89 - 66.02% for the left and 52.02-66.42% for 

the right ear (SNRSN = SNRDN), for SNR=-2dB; 

e) 50.50-61.44% for the left and 50.06-62.02% for the 

right ear (SNRSN = SNRDN), for SNR=-5dB. 

Analyzing the results shown for the mean value in 

tables I and II for SNR = {-5, -2, 0} dB, without taking 

into account the delay time, it is concluded that the 

intelligibility of sentences is: 

a) 60.52% for the left ear and 60.67% for the right ear 

(SNRSN = SNRDN), for SNR=0dB; 

b) 57.41% for the left ear and 57.53% for the right ear 

(SNRSN = SNRDN), for SNR=-2dB; 

c) 54.68% for the left ear and 54.56% for the right ear 

(SNRSN = SNRDN), for SNR=-5dB; 

d) 61.39% for the left ear and 61.43% for the right ear 

(SNRSN ≠ SNRDN), for SNR=-2dB; 

e) 60.13% for the left ear and 59.98% for the right ear 

(SNRSN ≠ SNRDN), for SNR=-5dB. 

By comparing the obtained results with the standard 

IEC 60268-16: 2011, it is concluded that intelligibility 

belongs to the classification of poor intelligibility (0 ÷ 

89 %). By comparison with the results of the paper in 

which the influence of early reflection, diffuse noise in 

combination with pink [20], Gaussian noise [21], i.e. 

applause type noise [22], circuits [23] and the results of 

this paper led to the conclusion that the results obtained 

were within the same limits as the results of previous 

tests (from 44.08 - 63.77%, observing the mean value). 

Also here, better intelligibility can be observed on the 

right ear compared to the left, in most of the obtained 

results. 

III. CONCLUSION 

In this paper, speech intelligibility was tested in the 

presence of early reflections in a combination of SN and 
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diffuse noise, for values SNR = {-5, -2, 0} dB, using 

matrix sentences from the SMST database. The results 

were compared with results where an experiment was 

performed with a combination of early reflections, diffuse 

noise and pink noise [20], Gaussian noise [21], noise type 

applause [22], and noise type car [23]. The comparative 

analysis showed that the least intelligibility of the speech 

signal in the presence of noise of the applause type is 

explained by the energy distribution in the spectrum. 

Through the comparative analysis of the obtained 

experimental results and the classification from the 

standard IEC 60268-16: 2011, it is concluded that the 

intelligibility belongs to the class of poor intelligibility (0 

÷ 89%), but also that there is better intelligibility for the 

right ear. 
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