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1. Introduction

World statistics shows that considerable part of fires 
occurs at premises. In this case, the number of fatalities at 
such fires is more than 80 % of the total. That is why one 
of the world’s main and priority problems is to prevent ig-
nitions and fires at premises. It is known that the solution 
to this problem involves safe and timely identification of 
ignitions when it is relatively easy to eliminate ignition and 
prevent the development of a large-scale fire. However, the 
initial stage of a fire is characterized by a diversity of actual 
processes and minor changes in dangerous factors of gaseous 
medium at premises, making early fire detection difficult. 
That is why the development of new methods of representa-
tion and analysis of hazardous factors of an early ignition at 
premises is a relevant task.

2. Literature review and problem statement

Paper [1] reports experimental study of the processes 
of starting a fire at premises. The results of studying the 

processes of combustion of materials under external ther-
mal influence are presented in articles [2, 3]. Experimental 
analysis of the rate of heat release of combustible materials 
in case of a fire is carried out in [4]. In papers [1–4], it was 
noted that the processes of fire development at premises in 
general have undefined and essentially non-stationary nature. 
In this case, the studies are limited to temporal dynamics of 
basic parameters of the gaseous medium. Studies [5, 6] focus 
on the development of temporal methods for representing 
and determining the temperature of the gaseous medium at 
premises in case of a fire. Papers [7, 8] explore fire sensors 
that are self-tuning in time. However, these papers are limited 
to temporal unpredictability and non-stationary changes 
in hazardous factors of the gaseous medium in time. In this 
case, fluctuations of hazardous factors of the gaseous medium 
are not considered. Article [9] explores temporal autocor-
relations and paired correlations of hazardous factors of the 
gaseous medium in the region of a near- ceiling jet, simulated 
in a special chamber. However, correlations of fluctuations of 
dynamics of hazardous factors of the gaseous medium, which 
are essential for detection of early ignitions, are not studied. 
The methods of frequency-temporal representation of these 
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fluctuations are not considered. In this case, known statistical 
representations of hazardous factors of the gaseous medium, 
applied for stationary processes, are currently used for fire 
detection at premises [10, 11]. It is known that the statistical 
approach to representation of autocorrelations and the energy 
spectrum in stationary approximation yields only an averaged 
idea of energy distribution on lags and frequencies. Such views 
do not take into account the phase structure of processes. In 
this regard, it is necessary to use modern frequency-temporal 
representations, specifically the methods of frequency-tempo-
ral distribution, for analysis of a subtle structure of early igni-
tion factors at premises [12, 13]. The research into dynamics 
of major actual [14, 15] and model hazardous fires [9] indicate 
that ignitions violate equilibrium state of the gaseous medium 
in premises. Ignitions also result in random fluctuations of the 
basic parameters of the gaseous medium, localized in space 
and time.

Due to the local nature of fluctuations, the use of well-
known statistical methods of frequency-temporal representa-
tion in practice turns out to be quite limited. The methods of 
frequency-temporal representation [16], based on the concepts 
of current and instantaneous spectrum [17, 18], should be con-
sidered more constructive. Among a number of such represen-
tations, the Wigner distribution [19, 20] plays an important 
role in theory and practice of analysis of non-stationary 
processes. This distribution has some properties that make it 
a unique tool for studying the frequency-temporal structure 
of various non-stationary processes [21, 22]. However, despite 
the known merits, a certain complexity of this distribution 
makes it difficult to use it directly for frequency-temporal 
representation of hazardous factors of the gaseous medium at 
earlier ignitions. That is why provision of operative frequen-
cy-temporal representation of fluctuations of parameters of 
gaseous medium for detection of fires at premises at an early 
stage is a relevant and unresolved part of the problem.

3. The aim and objectives of the study

The aim of present research is to study frequency-tem-
poral representation of fluctuations of hazardous factors of 
the gaseous medium, which are recorded in real time by the 
appropriate fire sensors.

To accomplish the aim, the following tasks were set:
– to state basic assumptions about the features of dy-

namics of gaseous medium parameters at an early ignition of 
materials in premises; 

– to substantiate the theoretical basis for development 
of the method of frequency-temporal representation of the 
major hazardous factors of the gaseous medium;

– to devise the method of frequency-temporal repre-
sentation of fluctuations of the major hazardous factors of 
gaseous medium in real time of observation; 

– to verify the method on the basis of experimental data 
of registration of gaseous medium parameters at an early 
ignition of alcohol, paper, wood and textiles in a simulation 
chamber.

4. Basic assumptions about the features of dynamics of 
gaseous medium parameters in case of a fire

It is common to regard temperature of gaseous medium 
and concentration of products of ignition of fire load mate-

rials as hazardous factors of gaseous medium in premises. 
At early ignition, they usually include concentrations of smoke 
and carbon monoxide. Following the results of the experimen-
tal [14, 15] and experimental-computational studies [9, 23],  
it is possible to state a number of assumptions about the 
features of dynamics of the registered hazardous factors of 
gaseous medium at an early ignition of materials at premises.

Assumption 1. In the absence of an ignition, hazardous 
factors of gaseous medium at premises correspond to its 
equilibrium state [9]. Dynamics of hazardous factors in this 
state is mainly determined by the chaotic motion of mole-
cules and particles of the gaseous medium. In this case, the 
dynamics is characterized by current average and fluctua-
tions of the corresponding parameters of gaseous medium. 
By virtue of the chaotic nature of motion of molecules and 
particles of gaseous medium, fluctuations are mostly station-
ary and weakly correlated random processes.

Assumption 2. Occurrence of ignitions leads to disrup-
tion of the equilibrium state of the gaseous medium. The 
moment when an ignition occurs is random. Violation of the 
equilibrium state is accompanied by fluctuations of param-
eters of gaseous medium. Gaseous medium of premises as a 
macrosystem, in this case tries to deter a disruption of its 
equilibrium state. That is why mean values of parameters of 
gaseous medium change little and are not quite informative 
for early detection of ignition in premises. In this case, ig-
nition-induced fluctuations of parameters are translated by 
the gaseous medium to the area of location of fire sensors (of 
temperature, concentration of smoke and carbon monoxide).

Assumption 3. For early detection of ignitions in prem-
ises, it is possible to use the information, contained in 
fluctuations of gaseous medium parameters, registered by 
correspondent fire sensors. These fluctuations contain infor-
mation about the time and the rate of process of disruption 
of equilibrium state of the gaseous medium.

Assumption 4. Actual fluctuations of gaseous medium 
parameters during ignitions are non-stationary processes, 
the study of which does not fit in the methodology for repre-
sentation of stationary processes. That is why it is necessary 
to develop special methods for representation of fluctuations 
of gaseous medium parameters at an early ignition of materi-
als in premises. In this case, fluctuations of parameters at an 
initial stage of ignition have a complex local non-stationary 
in time nature. This means that for representation of fluctu-
ations, it is necessary to consider their temporal and spectral 
characteristics.

5. Theoretical basis for the development of a method 
of frequency-temporal fluctuations of gaseous medium 

parameters 

In the general case, if there is a violation of the equilib-
rium state of gaseous medium, its parameters will be char-
acterized by non-stationary current average deviations. The 
parameters, registered by the sensors, are a response of the 
gaseous medium to disturbances, caused by an early hotbed 
of a fire. In this case, the hotbed of fire is a moving source of 
disturbances, which may occur at random moments and at 
any arbitrary point of premises. This means that registered 
data about the state of gaseous medium will carry informa-
tion about temporal and frequency shifts of its parameters.

That is why we will assume that registered data x about 
an arbitrary parameter of hazardous factors of gaseous me-
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dium at an early ignition have a temporal and a frequency 
shifts at the same time. Let operator Tτ describe a temporal 
data shift by value τ, and operator Tφ – their frequency shift 
by value φ. Then for data x, 

.T T x T T xφ t t φ=     

will hold. 
In this case, the standard deviation between x and 

Tφ◦Tτ◦x will be determined by magnitude

2 2 2|| | –| 2 , ,x xT x xT T Tϕ tt φε = +      

where ||x ||2 represents energy Ex of registered data x. If tem-
poral τ and frequency φ shifts are small, ||x ||2+||Tφ◦Tτ◦x ||2=Ex. 
Hence, we will obtain that magnitude 

2 – ,2 2x x T xE Tφ tε =   . 

Scalar product 2 ,x T T xφ t   in this expression will 
determine the known uncertainty function 

)ş( , .,xx x T T xφ tχ t ϕ =    

In case of continuous data x(t) and temporal consideration, 
uncertainty function 

2( , ) ( ) ( ) d .j t
xx x t x t e t

¥
πφ

-¥

χ t φ = - t∫ 	  (1)

From expression (1) it follows that χxx(τ, 0)=Cxx(τ), 
and χxx(0, φ)=Гxx(φ), where Cxx(τ) and Гxx(φ) represent 
respectively the data correlation functions in temporal and 
frequency regions. Function Гxx(φ), unlike Cxx(τ), charac-
terizes correlation between frequency components in data 
spectrum. Therefore, consideration of uncertainty function 
for the registered data generalizes the concept of correla-
tion function for the data in case of their shift by time and 
frequency. Uncertainty function (1) has a number of useful 
properties. For example, the value of uncertainty function 
at origin χxx(0, 0)=Еx is maximum and equal to energy of the 
observed data. It is also known that two-dimensional Fou-
rier transformation of uncertainty function TF[χxx(τ, φ)]= 
=Kxx(f, t), where f and t characterize the values of frequen-
cy and time for data x(t). In this case, function Kxx(f, t)= 
=x(t)X*(f)e–j2πft determines instantaneous spectrum or 
frequency-temporal energy density for considered data x(t) 
on the plain in coordinates of time t and frequency f, where 
X*(f) is the complex conjugate Fourier transformation of 
x(t). It can be shown that squared modulus of uncertainty 
function is an invariant with respect to the double Fourier 
transformation

2 2
( , ) ( , ) .xx xx

f
K f t

t
t

χ t φ
φ

	  (2)

Property (2) indicates a new approach to determining 
squared modulus of instant spectrum or squared modulus of 
frequency-temporal energy density for arbitrary data x(t) in 
plane (t,f) of uncertainty function. That is why the proposed 
approach is based on a chain (2) of transformations from 
squared modulus of uncertainty function to squared modu-
lus of frequency-temporal energy density.

6. Development of the method of frequency-temporal 
representation of fluctuations of gaseous medium 

parameters

The object of research is fluctuations of parameters of 
gaseous medium, characterizing violation of its equilibri-
um state at early occurrence of ignitions. In this regard, 
it is necessary to develop an appropriate method for their 
frequency-temporal representation. In this case, one of the 
important implementation requirements is the possibility of 
operation of the method in real time.

We will assume that the registered parameters of 
gaseous medium on the observation interval represent im-
plementations of complex of non-stationary processes. Usu-
ally, the left boundary of the data registration interval is 
fixed and determined by the initial moment of observation. 
In this case, the right boundary of the interval is not fixed 
and is determined by current time of data registration. 
Let an arbitrary parameter of the state of gaseous medi-
um be registered at discrete moments j with a small pitch 
of Δt seconds. For convenience of further consideration, 
moments j will be enumerated from 0 (beginning of data 
registration) to Tj, where Tj determines a discrete moment, 
corresponding to current time T of data registration by the 
given sensor. During discrete data registration, in order to 
determine current fluctuations, the observed parameters 
x(t) of the gaseous medium on the interval of observa-
tion [0, T] will be transformed into current increments 
yj=xj+1–xj for discrete moments j=0, 1,…, Tj. The values of 
the observed parameter xj+1 and xj correspond to discrete 
moments, characterized by a small pitch of discreteness Δt. 
That is why it is possible to argue that at early ignition their 
mean values will differ slightly. This means that magnitude 
yj=xj+1–xj will determine current increment of the corre-
spondent parameter at moment j. Due to the random char-
acter of the state of gaseous medium, increments yj=xj+1–xj 
will determine current fluctuations of the parameter, 
caused by violation of equilibrium state of gaseous medium 
by the hot bed of ignition. 

The proposed method is based on application of the 
ratio (2) to the data, obtained before a specified discrete 
moment k. For k, current frequency-temporal representation 

( , , )yTF j f k  of fluctuations yj for moment i=j, following (2), 
will be determined by the expression

1

0

( , , )

, 0, exp{2 / } ,

y

k

j j a
a

TF j f k

if j k y y i a f k
-

-
=

=

 
= < π 

 
∑  	 (3)

where a is the summation variable; j, f are the discrete val-
ues of time and frequency. Magnitude k in (3) determines 
the volume of temporal sample of data, used for operative 
frequency-temporal representation of fluctuations at mo-
ment j=k of observation time. In this case, magnitude 
k will determine the widow size at operative frequen-
cy-temporal representation of fluctuations at subsequent 
moments j>k of data registration time. It should be noted 
that the method (3) makes it possible to estimate frequen-
cy-temporal representation of fluctuations of parameters 
of gaseous medium based on registration of current data, 
obtained by correspondent sensors in premises. In this 
case, (3) uses a rectangular window, the width k of which 
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can be selected based on the requirements for frequen-
cy-temporal representation of fluctuations, determined 
by the problem solved. That is why (3) has all the known 
advantages and disadvantages of the rectangular trans-
formation window. For subsequent smoothing of current 
estimations (3) and obtaining correspondent smoothed 
frequency-temporal representation (TFD –time frequency 
distribution), it is proposed to use the current average 
operator, such as implementation of transformation of the 
following form

1

0

( , , , )

( , , )
, ( , , ), ,

k
y

y
r

TFD j f wcp k

TF j r f k
if j w TF j f k

w

-

=

=
- 

= < 
 

∑  	 (4)

where r is the summation variable; w is the width of the 
window of current average operator. The expression (4) 
determines development of the method (3) of smoothed 
operative estimation of discrete frequency-temporal 
representation of fluctuations of gaseous medium pa-
rameters at premises based on application of the current 
average operator to current representation TFy( j, f, k). If 
modular values of frequency-temporal representations 
are of most interest for applications, correspondent 
representations |TFy( j, f, k)| и |TFD( j, f, w, k)| can be de-
termined based on expressions (3) and (4). 

Thus, ratios (3) and (4) determine the proposed 
methods of current and current smoothed estimation 
of discrete frequency-temporal representation of fluc-
tuations of gaseous medium parameters, registered by 
correspondent sensors in premises.

7. Verification of the method of frequency-temporal 
fluctuations of gaseous medium parameters

Verification of the method was carried out based of 
the experimental data of registration of non-stationary 
fluctuations of gaseous medium parameters in a simu-
lation chamber at ignition of combustible materials in 
the form of alcohol, paper, wood and textiles [24]. Fig. 
1 shows the results of operative frequency-temporal 
fluctuations of gaseous medium temperature in the 
chamber at ignition of correspondent materials. In co-
ordinates: discrete counting t by time, discrete count f 
by frequency.

In order to verify the proposed method for different 
parameters of gaseous medium, the chamber was natu-
rally ventilated for 5‒7 minutes between each ignition 
of tested materials. Similar results of frequency-tem-
poral representation for fluctuations of concentrations 
of carbon monoxide and smoke in the gaseous medium 
of the chamber at ignition of test materials are shown, 
respectively, in Fig. 2, 3. It should be noted that the 
results in Fig. 1–3 are obtained at frequency resolution 
of 0.05 Hz, window width of k=10 counts for current 
estimation of representations and window width w of 
smoothing operator that is equal to 20 counts.

The results in Fig. 1–3 are obtained based on 
actual measurement errors in the chamber, as well 
as errors of data digitization. In this case, digitiza-
tion errors are negligible compared to measurement 

errors. That is why within a methodological error of the 
proposed method, the obtained frequency-temporal rep-
resentations allow making a reliable assessment of their 
differences for the studied combustible materials taking 
into consideration sensory measurement errors. It should 
be noted that the used sensors are applied in actual fire 
detectors. That is why the obtained frequency-temporal 
representations correspond to ignitions in the chamber, 
taking into account measurement errors. This indicates 
adequacy of representation to actual conditions of the 
experiment and reliability of the results of verification of 
the proposed method.

a                                                        b 

 
 
 
 
 
 
 
 

c                                                        d  

Fig. 2. Frequency-temporal representation of fluctuations of 
carbon monoxide concentration in gaseous medium in the 
chamber: a – alcohol; b – paper; c – wood; d – textiles
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Fig 1. Frequency-temporal representation of fluctuations of 
gaseous medium temperature in the chamber:  
a – alcohol; b – paper; c – wood; d – textiles
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а                                                 b 
 
 
 
 
 
 
 
 
 

c                                                 d  
Fig. 3. Frequency-temporal representation of smoke 

concentration fluctuations in a gaseous medium of the 
chamber at ignitions: a – alcohol; b – paper; c – wood;  

d –textiles

8. Discussion of results of development of the method 
of frequency-temporal representations of fluctuations of 

gaseous medium parameters

The illustrations in Fig. 1–3 indicate possibilities of 
the use of the proposed method for analysis of violations of 
equilibrium state of gaseous medium at the stage of early 
ignition of various materials. Important features of the 
proposed method of operative frequency-temporal repre-
sentation are its relative simplicity, as well as the use of data 
of observation in real time. In this case, frequency-temporal 
representation is formed operatively upon arrival of the 
data of actual observation, i.e. in current time. The results 
of the method operation depend on two parameters: the 
width of the window for current frequency-temporal repre-
sentation and the width of the smoothing window. The val-
ues for these parameters are selected based on the require-
ments for fast response and quality of frequency-temporal 
representation. For the presented results, the width of the 
window for the current frequency-temporal representation 
k=10 counts, and the width of the window for smoothing 
w=20 counts.

Frequency-temporal representations, shown in Fig. 1–3, 
indicate efficiency of the proposed method, as well as prove 
reliability of the stated assumptions about the features of 
dynamics of gaseous medium parameters at early ignitions 
in premises. The obtained results show that in the absence 
of ignitions, fluctuations of hazardous factors represent 
stationary and weakly correlated stochastic processes, 
characterized by small enough energy (less than 0.1 units) 
and a relatively wide frequency spectrum of fluctuations 
(over 0.5 Hz) for most of the studied materials. The above 
features of the studied fluctuations are explained by the 
chaotic nature of the motion of molecules and particles 
of gaseous medium. The emergence of ignitions causes a 
local violation of equilibrium state of gaseous medium and 
appearance of characteristic fluctuations of the studied 

parameters, translated by gaseous medium to registration 
sensors. The fluctuations contain information about the 
time and the rate of processes of violations of equilibrium 
state of gaseous medium. This information is reflected in 
an increase in the values of the represented functions of 
frequency-temporal representation (from 0.5 to 60 units. 
depending on the test material and the registered parame-
ter of gaseous medium), as well as in a decrease in the width 
of the spectrum of fluctuations (less than 0.2 Hz). Thus, for 
example, in Fig. 1–3, the regions of violation of equilibrium 
state of gaseous medium correspond to discrete time val-
ues, approximately equal to the 200th count – the ignition 
time of the simulation chamber of the correspondent test 
combustible material. In this case, following Fig. 1–3, fluc-
tuations of the registered parameters of gaseous medium at 
the initial ignition stage are really of complex non-station-
ary nature. In this regard, it should be considered that it is 
a true assumption that in order to detect early ignitions by 
fluctuations, it is necessary to study their combined tempo-
ral and spectral characteristics.

9. Conclusions

1. The obtained frequency-temporal representations in 
the absence of ignitions qualitatively characterize an in-
significant level (modular value does not exceed 0.1 unit) 
and a relatively wide (over 0.5 Hz) spectrum of fluctuations 
compared to the interval of ignition start, which proves their 
weak correlation. The occurrence of ignition leads to an in-
crease of the modular value by one order and concentration 
of the spectrum in the narrow region of zero frequencies, 
characterized by less than 0.2 Hz. The nature of frequency- 
temporal representations for different combustibles qualita-
tively proves a complex nature of the studied parameters of 
gaseous medium.

2. Theoretical basis for development of the method of 
frequency-temporal parameters of gaseous medium is based 
on the ability of the medium to translate violation of its 
equilibrium state from the ignition source to the periphery 
in premises. In this case, the ignition source is considered 
a moving source of disturbances and parameters of the 
medium carry information about temporal and frequency 
shifts of disturbances. Following the obtained frequen-
cy-temporal representations, they are localized in time and 
frequency. In addition, localization time coincides with 
the beginning of ignition of material (in the vicinity of the 
200th count), and frequency localization describes the rate 
of disturbance propagation in the medium. It was shown 
that these shifts of disturbances are characterized by the 
correspondent uncertainty function that is an invariant 
with respect to the double Fourier transformation, deter-
mined by a squared modulus of frequency-temporal energy 
density of the parameter.

3. The method of frequency-temporal representation of 
fluctuations of hazardous parameters of gaseous medium in 
real time of their observations was developed. The method 
is based on implementation of the equivalence of transfor-
mation of Fourier uncertainty function to the instantaneous 
spectrum or frequency-temporal energy density of the con-
sidered parameters of the state of gaseous medium. The 
merits of the proposed method include its relative simplicity 
compared with the known frequency-temporal representa-
tions and the use of data in real time.
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4. Verification of the method was carried out based of 
experimental data of registration of basic gaseous medium 
parameters at an early ignition of alcohol, paper, wood, 
and textiles in the simulation chamber. Obtained operative 
frequency-temporal representations of fluctuations of gas-

eous medium parameters allow using it as a new method for 
detection of early ignitions at premises based of qualitative 
and quantitative differences of frequency-temporal repre-
sentations for fluctuations of gaseous medium parameters at 
ignitions of different materials.
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