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This paper reports the rationale for the 
modification of Brown’s zero-order model, 
which ensures increased accuracy of the 
short-term fire forecast based on the use 
of the current measure of recurrence in the 
increments of the state of the air environ­
ment in the premises. A special feature of 
the proposed model modification is that 
the a priori model of the dynamics of the 
level of the time series of the measure of the 
current recurrence of increments in the air 
environment states determined by the dan­
gerous factors of the fire has been modified. 
In this case, it is proposed that the new  
a priori model should take into consideration 
additionally the value of the current incre­
ments of the level of the studied time series. 
That makes it possible to negligibly reduce 
errors of the short-term forecast of fire in 
the premises without significantly com­
plicating Brown’s zero-order model while 
retaining all its implementing advantages. 
The provided accuracy of the forecast for 
one step in advance on the basis of a time 
series of measures of the current recur­
rence of increments of the state of the air 
environment, determined from the experi­
mental data during the ignition of alcohol 
and timber in a laboratory chamber, has 
been investigated. The considered quanti­
tative indicators of forecast accuracy are 
the absolute and average errors exponen­
tially smoothed with a parameter of 0.4. 
It has been established that for the pro­
posed modification the value of the aver­
age absolute error does not exceed 0.02 %.  
That means that an error of the short-term 
forecast of a fire in the premises based 
on the proposed modification is an order 
of magnitude less than that in the case of 
using known Brown’s model at the smooth­
ing parameter from an unclustered set.  
The results from the ignition of alcohol 
and timber in the laboratory chamber, in 
general, indicate significant advantages  
of using the proposed modification of 
Brown’s zero-order model for a short-term 
forecast of a fire in the premises
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1. Introduction

Every year, fires in the premises take more than 90 thou-
sand human lives. The fire start is always preceded by the 

ignition of combustible material [1]. Along with fires in 
ecosystems [2] and at production sites [3, 4], the most dan-
gerous are indoor fires (IFs) [5]. First, such fires are the most 
frequent, second, IFs cause a significant threat to human life  



Ecology

53

and health [6]. Third, IFs violate the integrity and stability 
of objects [7], as well as the existing balance in the natural 
environment [8]. In 2019, in the U.S., IF was reported every 
93 seconds. Moreover, every 3 hours there was a death of  
a person. Material damage from IFs is estimated at about 
USD 12.3 billion [9]. Given that the United States pays 
serious attention to protection against IFs, such statistics 
indicate the insufficient effectiveness of existing measures 
and technologies for the prevention of IFs. That indicates 
the special relevance of the task of protecting premises from 
fire. One of the rational directions for resolving this issue at 
present is the implementation of a short-term forecast (STF) 
of IF occurrence. The IF STF would make it possible to time 
detect the onset of ignition of combustible material and pre-
vent the escalation of ignition into uncontrolled fires.

2. Literature review and problem statement

Paper [10] outlines methods of IF forecasting. However, 
known methods to forecast IFs are based on the determinis-
tic models of the dynamics of the main fire hazards (MFHs). 
Issues related to the STF of fires in actual premises are 
neither considered nor resolved. These methods make it 
possible to describe a deterministic change in the param-
eters of the environment, taking into consideration the 
characteristics of premises over time [11]. That means that 
such IF methods are intended only for modeling fires in 
specific premises at the stage of planning fire prevention 
measures and cannot be used for the purpose of operational 
IF STF under actual conditions. At the same time, the real 
conditions for the occurrence of IFs are characterized by 
the rather complex and individual dynamics of the state of 
the air environment in premises (AEPs). That explains the 
impossibility of applying known methods for predicting fires 
in actual premises.

In [12], it is noted that the actual AEP during IF is 
a complex dynamic system that has the properties of dissi-
pative structures, the nonlinearity of the dynamics of states 
with elements of self-organization. It is not possible to iden-
tify complex relationships in such a system based on known 
linear methods. This leads to significant errors in assessing 
the actual dynamics of the state of AEP, which does not al-
low for the STF of IFs [13]. At the same time, [14] notes that 
the nature of the current dynamics of the state of AEP is of 
paramount importance for IF STF. More rational for IF STF 
are the methods of nonlinear dynamics, designed to analyze 
the dynamic properties of various systems [15]. Quanti
tative methods for analyzing the nonlinear dynamics of com-
plex systems under non-stationary conditions are considered 
in [16]. The application of those methods in geophysics is 
described in [17]. However, in [15–17], the methods of IF 
STF based on the analysis of the state of AEP in actual 
premises are not considered and investigated. At the same 
time, a series of works consider experimental studies into 
the ignition of combustible materials in the premises. Thus, 
in [18], the characteristics of the process of IF occurrence 
are experimentally investigated. The results of studying the 
effect of thermal radiation on the rate of heat generation 
for various materials are reported in [19]. An experimental 
study of the combustion mode of various materials under 
the influence of external heat flux was performed in [20].  
A detailed study of the rate of heat generation in AEP 
during a fire is reported in work [21]. It is noted that the 

dynamics of the state of AEP at the initial stage of the occur-
rence of IF are complex and non-stationary. Improving the 
efficiency of IF detection systems based on known methods 
is addressed in [22]. At the same time, new methods of IF 
STF based on the analysis of the dynamics of the state of 
AEP are not considered and investigated [23]. In [24], un-
der non-stationary conditions of AEP, it is proposed to apply 
self-adjusting methods for detecting early fires. The main 
limitation of those methods is that they are based on the ave
rage values of individual parameters of the AEP state. The 
study of the dynamics of temporary autocorrelations and 
pairwise correlations of individual components of the AEP 
state in a model chamber is performed in [25]. It is noted 
that for the reliable detection of fires, the current states of 
AEP should be considered more important, rather than their 
temporal correlations. Methods suitable for detecting indoor 
fires, based on the parameters of the current state of AEP, 
are considered in [26]. However, those methods are valid 
only for stationary AEP states and are based on the averaged 
AEP status indicators. That does not allow them to be used 
for IF STF. The use of temporal and frequency changes in 
AEP states to identify IFs is considered in [27]. It is noted 
that due to complexity the issue of the frequency-time de-
tection of fires based on the dynamics of AEP states remains 
unresolved. At the same time, it is shown that the known 
methods are unsuitable for IF STF. A method to detect igni-
tion under the conditions of non-stationary nature of AEP 
states is proposed in [28]. However, the method is based 
on the Fourier transform to the stationary fragments of the 
non-stationary dynamics of AEP states. In practice, in the 
case of IF, it is difficult to isolate stationary fragments in the 
non-stationary dynamics of AEP states. Paper [29] reports 
the results of an experimental study into the dynamics of 
only the combustion rate of various materials in enclosed 
and ventilated rooms. No features in the dynamics of the 
states of AEP were investigated. It should be noted that the 
main limitation of the methods considered above is the clear 
neglect of the systematic approach in the detection of fires. 
That means that AEP during IF is not considered as some 
single complex nonlinear dynamic system. The dynamics of 
AEP states are not investigated or predicted. The dynamics 
of increments of individual parameters of the state of AEP 
are explored in [30]. It is noted that the dynamics of incre-
ments in the state of AEP can be considered as an effective 
attribute for identifying early fires and implementing the  
IF STF. At the same time, the results of the research are limi
ted to the traditional statistics on increments. The applica-
tion of methods of the frequency-time identification of non-
linear dynamical systems to identify the specified features of 
AEP is considered in [31, 32]. In [33], the possibility of ap-
plying the method of short-term Fourier transform to detect 
IFs is examined. However, the methods in [31–33] are quite 
difficult to implement and cannot be considered as rational 
for the implementation of IF STF under actual conditions. 
The use of a frequency-time method to assess the dynamics 
of the state of AEP during ignition is reported in [34]. The 
method is quite difficult to implement and has insufficient 
efficiency for the implementation of IF STF. Paper [35] pro-
poses a method for operational forecasting of IF under actual 
conditions, which is based on the representation of AEP in 
the form of some complex dynamic system whose state is 
estimated by the vector of MFH. At the same time, for the 
implementation of IF STF, it is proposed to use Brown’s 
zero-order model for a current recurrence measure for the 
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increments of the AEP states. Features of the application  
of a given model for IF STF is that it is valid for time se-
ries (TS) with the random level dynamics without signs of 
short trends. At the same time, the quality of the forecast 
is completely determined by the value of the exponential 
smoothing parameter [36]. In [37], the classical set for the 
value of the smoothing parameter is proposed to be expanded 
to an unclustered set in order to give the exponential smooth-
ing and the corresponding Brown’s model the capability to 
predict TS levels with random short non-stationary trends. 
Paper [38] reports a study into the quality of IF STF based 
on the use of Brown’s zero-order model for the parameter of 
exponential smoothing from the classical and unclustered 
sets. It is confirmed that in the case of an unclustered set, the 
quality of IF STF increases. However, the quality of IF STF 
is limited to the applied Brown’s model with exponential 
smoothing for the simplest predefined series-level model. At 
the same time, no possible modification of Brown’s zero-or-
der model to improve the quality of IF STF was proposed.

Thus, it has been established that the dynamics of the 
AEP states during IFs have a complex nonlinear character, 
depending on the actual conditions of fires and determined 
by a set of unknown and time-dependent MFHs. To detect 
fires, most known methods are quite difficult to implement, 
they have limited sensitivity and efficiency, and their use for 
IF STF is problematic.

More promising and rational are methods based on the 
methods of nonlinear dynamics [36, 38]. Preferred for the 
implementation of IF STF are forecasting methods based 
on Brown’s zero-order model [36] or its modifications.  
In this regard, an important and unresolved part of the task 
to ensure IF STF is the appropriate modification of Brown’s 
zero-order model.

3. The aim and objectives of the study

The aim of this work is to devise a modification of 
Brown’s zero-order model in order to ensure the increased 
accuracy of the short-term fire forecast for a current recur-
rence measure of the increments of the state of the air envi-
ronment in the premises.

To accomplish the aim, the following tasks have been set:
– to substantiate the modification of the Brown’s ze-

ro-order model, which provides for the increased accuracy of 
short-term fire forecast based on the use of a current recur-
rence measure of increments of the state of the air environ-
ment in the premises; 

– to investigate prediction errors one step in advance 
based on the developed modification of Brown’s zero-order 
model when alcohol and timber are ignited in a labora
tory  chamber.

4. The study materials and methods

The object of the study was the IF STF based on the pro-
posed modification of Brown’s zero-order model. The subject 
of the research was the dynamics of STF errors, characterized 
by the exponentially smoothed (a parameter of 0.4) values for 
the current absolute and average STF errors. The materials 
used, the research methods and the procedure are described 
in detail in work [38]. We studied the accuracy of IF STF 
one step in advance using the proposed modification of 

Brown’s zero-order model and exponential smoothing based 
on experimental data. The experiment involved the ignition 
of test materials in the form of alcohol and timber, which 
have different rates of ignition, in a laboratory chamber that 
simulates a non-airtight room. At the same time, the quanti-
tative assessment of STF accuracy involved determining the 
exponentially smoothed current absolute (MAE) and aver-
age (МЕ) forecast errors. The measured data were acquired 
and processed on a PC employing the specialized developed 
software that allows the automatic registration of measured 
data, as well as a software application in the Mathcad 14  
programming environment (USA).

5. The results of modifying Brown’s zero-order model  
for fire prediction 

5. 1. Substantiating the modification of Brown’s zero- 
order model

Various mathematical models are used to predict TS. In 
a general case, these models can be represented as an addi-
tive mixture of some function. Such a function describes the 
combined effect of a set of known or unknown factors on the 
value of the studied TS, and a random uncorrelated process 
with a zero mean and finite. At the same time, these com-
ponents of the mixture differ in the nature of the influence 
on the current TS values. The random component affects 
only the current values of the series synchronous with it. 
The function of influencing factors reflects the influence 
of one, two, or all previous terms of TS. This means that it 
is through this function that TS terms interact up to the 
current point in time. Therefore, this function contains all 
the information necessary for forecasts. However, it should 
be noted that the known concepts of the trend are quite 
contradictory [39]. Each definition typically characterizes  
a particular way of assessing the trend, rather than its nature 
or its essence. Often, a trend is understood only as a deter-
ministic component of TS. That limits the use of a given term 
for non-stationary TS. It should be noted that the above 
additive components of the original TS are unobservable.  
Therefore, the identification of these components is the main 
task of analyzing and forecasting TS. At the same time, the 
tasks of analysis and forecasting are traditionally solved in 
relation to the corresponding models. A predictive model is 
typically some approximation of the TS trend. In this case, 
the forecasts are estimates of future levels of TS, and their 
sequence for different points in time is an assessment of the 
dynamics of the trend of the analyzed BP. Usually, when 
building predictive models, an appropriate hypothesis is 
put forward about the expected dynamics of the TS trend. 
Since the validity of any hypothesis is always relative, adap-
tive predictive models have the greatest capabilities. Such  
models are able to independently correct the initial hypo
thesis, based on the provision of greater forecast accuracy 
for the investigated TS.

Due to the particular risk of IF occurrence, the class of 
adaptive predictive models that provide STF is important.  
It should be borne in mind that the dynamics of the level of 
TS for MFH are random and non-stationary in nature with-
out traditional signs of trend and seasonality.

The simplest TS model for this case is described in the 
following form:

s T ni i i= + , 	 (1)
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where Ti is the time-resolved random TS level of MFH at an 
arbitrary discrete moment i; ni is the value of random noise 
at the discrete moment i having a Gaussian distribution with  
a zero mean at variance σ2.

Taking into consideration representation (1), Brown’s 
model is defined in the following form:

P d Ti i( ) =


, 	 (2)

where Pi(d) is the forecast of the TS level (1) by the value of 
step d forward, at moment i; 



Ti  is the estimation, time-depen-
dent, of the level of TS (1) of MFH at moment i.

In Brown’s model (2), the typically used estimate 


Ti  of 
the series level in (1) is usually the exponentially smoothed 
mean of the current values of TS (1), determined from the 
following recurrent formula [40, 41]:

 

T hs h Ti i i= + −( ) −1 1,	 (3)

where 


Ti  is the exponentially smoothed mean of the current 
values of TS (1) at moment i; h is the value of the exponential 
smoothing parameter; si is the value of the current value of 
TS (1) at moment i; 



Ti−1  is the exponentially smoothed mean 
of the current values of TS (1) at the moment i–1.

The advantage of Brown’s model (2) taking into con-
sideration (3) is simplicity, as well as the ability to adapt 
the model to the uncertain dynamics of the TS level. At the 
same time, a given model is based on the use of only expo-
nentially smoothed average level of the studied TS whose 
characteristic depends on the smoothing parameter h. This 
means that the accuracy (error) of forecast (2) would be 
fully determined by the accuracy (error) in the exponential 
smoothing of TS.

The recurrent formula of exponential smoothing (3) can 
be represented in the equivalent form:

  

T T h s Ti i i i= + −( )− −1 1 . 	 (4)

Expression (4) defines the known recurrent formula 
of the Kalman filter for si observations. The value of the 
parameter h in (4) depends on the discrete moment i of the 
observation time. Therefore, formula (4) generally describes 
a non-stationary Kalman filter. The current value of the h 
parameter. in this case, determines the non-stationary gain of 
filter (4). At the same time, in the class of linear devices, the 
Kalman filter produces the absolute best estimate. However, 
these advantages of the Kalman filter (4) are valid only for 
the observation equation (1), in which the current level of 
the series satisfies the following equation:

T Ti i= −1. 	 (5)

Model (5) means that the value of the current level of 
TS of MFH is random but constant. It is believed that the 
initial value of the random level of the series T0 is distributed 
according to Gauss with a mathematical expectation T0 and  
a predefined variance. The value of the exponential smooth-
ing parameter in (3) determines not only the characteristics 
of Brown’s zero-order model but also the adaptive properties 
of this model [42]. In this regard, a known modification 
of Brown’s zero-order model concerns the procedure of 
exponential smoothing in order to expand its use to non-
stationary TS. This modification is associated with the 
expansion of the classical set for the exponential smoothing 

parameter in (3) in the case of an unclustered set [43]. In line  
with (4), the fixed value h from the classical set would match 
a quasi-optimal Kalman filter with a stationary gain factor 
for the case when the variance of the TS level does not exceed 
the variance of the observation noise in (1). In this case, the 
fixed value of the parameter h from the unclustered set would 
match a quasi-optimal Kalman filter with a stationary gain 
factor corresponding to the case when the variance of the TS 
level exceeds the dispersion of observation noise in (1).

The main limitation of the known Brown’s zero-order 
model for IF STF is that the level of the TS being studied is 
determined by model (5). In this case, it is proposed using, 
as TS, the TS of the current estimates of the recurrence of 
increments of the AEP state vector [35]. The dynamics of the 
level of such TS differs significantly in the case of fires from 
model (5). Modifying the known Brown’s model by applying 
the parameter h from the unclustered set partially solves 
the task of IF STF. However, the model of the dynamics of 
the level of the studied TS remains in the form of (5). Such  
a model is rough enough to reflect the features of the dyna
mics of the TS level of the current estimates of the recurrence 
of increments of the AEP state vector [43, 44]. In some cases, 
a combination of actual factors can cause both an increase 
and a decrease in the value of the current recurrence of in-
crements of AEP state. At the same time, there may be an 
alternation of these situations.

In this regard, it is proposed to modify model (5) in the 
following form:

T T T Ti i i i= + −− − −1 1 2. 	 (6)

Model (6), in contrast to model (5), takes into consid-
eration not only the current level of the series but also their 
increments. Therefore, the recurrent formula of exponential 
smoothing (4), considering (6), would take the following form:

      

T T T T h s T T Ti i i i i i i i= + − + − + −( )− − − − − −1 1 2 1 1 2 . 	 (7)

Ratio (7) would determine the proposed modification 
of the known Brown’s zero-order model. This modification 
concerns the exponential smoothing procedure in the form 
of an appropriate Kalman filter for the model of the dyna
mics of the level of the TS under study (6). In this case, the 
smoothing parameter h for the optimal Kalman filter (7)  
would be determined from the corresponding dynamic equa-
tions for the gain factor of the Kalman filter, allowing it 
to be calculated on the basis of a priori data without using 
measurements. However, in practice, instead of the optimal 
Kalman filter that is difficult to implement, it is easier to use 
its quasi-optimal version for a stationary gain factor value. 
At the same time, the loss in the accuracy of the assessment 
is insignificant. Therefore, the proposed modification of the 
Brown’s zero-order model for IF STF refers only to its expo-
nential smoothing procedure in the form of a quasi-optimal 
Kalman filter.

5. 2. Investigating forecast errors based on the devised 
modification of Brown’s zero-order model

Fig. 1 shows the characteristic dynamics of MAE and 
ME STF for the proposed modification of Brown’s zero- 
order model at h = 0.99 (green plots) for the case of alcohol 
ignition in a laboratory chamber. There are also dependences 
for known modification at h values of 0.2 (red plots) and  
1.2 (blue plots).
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Fig. 1. Dynamics of forecast errors for the case of alcohol 
ignition: a – current absolute errors; b – average errors
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Fig. 2. Dynamics of forecast errors for the case of timber 
ignition: a – current absolute errors; b – average errors

In Fig. 1, 2, black color shows the dynamics of the measure 
of the current recurrence of the air environment states in 
a chamber for the corresponding tested combustible materials.

6. Discussion of results of studying the modification  
of Brown’s zero-order model

The results of our study into the dynamics of STF er-
rors during the ignition of alcohol and timber, illustrated in 
Fig. 1, 2, are explained by the various possibilities of modify-
ing Brown’s zero-order model to carry out IF STF. A known 

modification reported in [38] indicates that the unclustered 
set for the smoothing parameter makes it possible to predict 
non-stationary current measures of recurrence of increments 
of the AEP state vector quite effectively. For example, the 
investigated errors related to STF for materials with different 
rates of ignition are about an order of magnitude smaller for 
the unclustered set of the exponential smoothing parameter 
compared to the classical set. The proposed modification of 
the Brown’s zero-order model, based on a change in the a priori 
model of the dynamics of the series level, makes it possible to 
reduce the errors in STF by an order of magnitude in compa
rison with the case of exponential smoothing with a parameter 
from the unclustered set. At the same time, the obtained STF 
errors for a known modification, determined by MAE and 
ME, indicate their difference for both the same and different 
combustible materials under consideration. Thus, for alcohol, 
the value of MAE and ME in the case of the classical smooth-
ing parameter provides an error in STF within as interval of 
the absence of ignition, not exceeding 20 %. In this case, for 
the smoothing parameter from an unclustered set, an order of 
magnitude smaller STF error is provided within the specified 
interval. This is especially true for moments in time, for which 
the values of the measure of the current recurrence of the 
increments of the state of the medium in a chamber are large. 
Similar patterns are characteristic of the ignition of timber. In 
the case of the proposed modification of the forecast model, 
the values of MAE and ME are an order of magnitude smaller 
compared to the case of the unclustered smoothing parameter. 
This means that the proposed modification makes it possible to 
ensure the accuracy of STF with errors not exceeding 0.02 %.

In the transition zone corresponding to the moment of 
ignition of materials, the value of MAE for alcohol corre-
sponds to the STF error, approximately equal to 2 % for the 
smoothing parameter from the classical set, and 0.2 % for the 
case involving an unclustered set. In addition, the dynamics 
of MAE in the transition zone indicates a higher accuracy of 
STF at the beginning of the transition zone for the case of the 
unclustered parameter in Brown’s model. At the same time, 
for the proposed modification of Brown’s model, the value of 
MAE does not exceed 0.02 %. That means that the error of 
IF STF, in accordance with the proposed modification, is en-
sured to be an order of magnitude less than that in the case of 
using a smoothing parameter from the unclustered set. In this 
case, significantly lower values of STF ME for the ignition of 
alcohol and timber are also provided.

Thus, the experimental data reported here generally indi-
cate a significant advantage of the proposed modernization of 
Brown’s zero-order model while preserving all the practical 
advantages of this model. The limitations of our study include 
the fact that the results were obtained on the basis of experi-
mental data on the state of the air environment in a laboratory 
chamber during the ignition of alcohol and timber. It should 
be noted that the results obtained were influenced by the pa-
rameters of the chamber, the size of the ignition site, and the 
positioning of measuring sensors relative to the site. Therefore, 
for IF STF, in accordance with the proposed modification, it 
is advisable to position the measuring sensors of AEP MFH 
in areas where the probability of fore occurrence is maximal.

Possible ways to advance this study include the expan-
sion of experimental studies for various types of premises 
and fire loads in them. During the extended experimental 
studies, it would be necessary to assess the practical limits 
of applicability and limitations of the proposed modification  
of Brown’s zero-order model for IF STF.
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7. Conclusions

1. We have substantiated the modification of Brown’s 
zero-order model, which provides for the increased accuracy 
of the short-term fire forecast based on the use of the current 
measure of recurrence of increments of the state of the air 
environment in the premises. The proposed modification 
essentially implies the proposal to modify the a priori model 
of the dynamics of the level of the time series of the measure 
of the current recurrence of increments of air environment 
conditions determined by fire hazards. In this case, it is 
proposed that a priori model should take into consideration 
additionally the value of the current increments of the level 
of the studied series. That makes it possible to render the pre-
diction errors negligible without significantly complicating 
Brown’s zero-order model while retaining all its implement-
ing advantages.

2. The predictive accuracy of the forecast one step in ad-
vance on the basis of the time series of the measure of the cur-
rent recurrence of increments of the state of the air environment 
provided by the proposed modification of Brown’s zero-order 
model order has been investigated. To this end, we used the 
experimental data on igniting alcohol and timber in a laboratory 
chamber. As quantitative indicators of forecast accuracy, abso-
lute and average forecast errors exponentially smoothed with  
a parameter of 0.4 have been considered. It was established that 
for the proposed modification the value of the average absolute 
error does not exceed 0.02 %. That means that the prediction er-
ror based on the proposed modification of the model is less by an 
order of magnitude than that in the case of using a known model 
with the smoothing parameter from an unclustered set. Thus, 
the results reported here generally indicate significant advan-
tages of using the proposed modification of Brown’s zero-order 
model for the short-term forecasting of fire in the premises.
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