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1. Introduction

More and more attention is paid today to creating
self-learning fire detectors (FD) for the systems of automat-
ed fire-prevention equipment (SAFE), capable of adjusting
to fuzzy and changing operating conditions. For such condi-
tions, it is impossible to design in advance the optimal SAFE
with predetermined parameters [1, 2]. Actual statistics of
loss-causing fires testify to the fact that operating condi-
tions of SAFE on modern sites are varied and unpredictable.
In this regard, designing the SAFE with predetermined
parameters, which would provide their guaranteed fire pro-
tection, is not feasible.

The main information source on the ignition on sites
for SAFE are FD. Contemporary FD generate information
about ignition based on various physical components of
combustion [3]. Great requirements to the ignition detec-
tion are put forward to thermal FD, which are widely used
in various early detection systems when initial dynamics of
growth of ambient temperature is considerably disguised
by random thermal disturbances. That is why it is becom-
ing increasingly important to create self-learning thermal
FD, capable of improving their functioning, providing
guaranteed detection of an ignition source under various
and unpredictable conditions of using diverse flammable
materials.




Relevance of the present work implies the design of ther-
mal FD capable of self-adjusting by ignition of materials,
with guaranteed detection of an ignition source under con-
ditions of application that are unknown in advance.

2. Literature review and problem statement

Existing FD for SAFE do not ensure guaranteed detec-
tion of an ignition source under arbitrary conditions of their
use at real sites. That is why the problem has been examined
lately on designing FD, capable to operate effectively under
uncertain dynamic conditions of ignition at sites, taking into
account a priori information about random disturbances.

Paper [4] proposes to solve this problem within the
framework of designing multi-sensor FD based on the prin-
ciples of fuzzy logic. Fuzzy logic is known to be based on
the representation of uncertainty of operation conditions as
fuzzy magnitudes with the assigned membership functions.
Under actual conditions of ignition, such information is typ-
ically missing. With this approach, the problem of guaran-
teed detection of ignition source under uncertain conditions,
which is important for SAFE, remains unresolved. In addi-
tion, fuzzy logic of ignition detection is a complex process of
generation of fuzzy rules, whose implementation is difficult
for modern microcontrollers and microprocessor-based com-
putational tools.

Article [5] considers one of the methods for ignition
detection under conditions of uncertainty based on neural
technologies. Finding an optimal solution of ignition detec-
tion remains an unsolved problem. In addition, the search
for an optimal solution can be interrupted, even if this is
not determined, for example, in the case of using an unrep-
resentative sample for neural network training, or if there is
no appropriate function for learning. The implementation of
artificial neural networks is complex while learning is rather
lengthy. In this case, guaranteed ignition detection under
conditions of uncertainty is not provided.

Paper [6] examines technologies of multi-criterial igni-
tion detection at a site, taking into account several factors
of a developing fire. The studies were performed for the as-
signed statistics of random disturbances. The tasks of guar-
anteed ignition detection and FD training in the absence of
information about the laws of fire factors distribution remain
the unresolved parts of the problem.

A number of studies [7, 8] focus on the design of new al-
gorithms for ignition detection using fuzzy logic and neural
networks to improve reliability of fire recognition at a site.
The research is limited to the case of the assigned statistics
of observation. In this case, unresolved are the problems of
guaranteed ignition detection and construction of learning
FD under conditions of lacking information on the laws of
distribution of the observed data.

Study [9] examines a principle of group usage of FD at a
site. Results of the research are limited to the known statis-
tics of observations. It is noted that under these conditions,
FD grouping and the use of information on topology of their
location make it possible to improve quality of fire detection.
However, the problem of guaranteed fire detection is not
considered, and its solution remains to be found.

A problem on improving the accuracy of FD under real
ignition conditions at sites is the focus of article [10]. In
this case, the studies are limited to the assigned Gaussian

statistics of background fluctuations, whereas peculiarities
of the implementation of guaranteed fire detection are not
considered.

It has been mentioned recently in promotional mate-
rials that the company SystemSensor (headquartered in
the USA) designed FD of the next generation, the type
of Acclimate 2251TMB (Canada) [11]. According to the
company-developer Mircom (Canada), such FD differs
from the known ones in that it is self-learning. Its intel-
ligent capabilities allow self-adjusting to the application
conditions, unknown in advance. Acclimate 2251TMB is a
combined targeted FD that combines optical and tempera-
ture channels. In this case, the temperature channel has
a fixed threshold while sensitivity of the optical channel
changes automatically. Embedded software analyzes data
from both channels and, based on a specialized algorithm
of self-learning, decides whether there is or there is no ig-
nition at the site.

Official statement of the company Mircom (Canada)
[11] states that the probability of false triggering of such FD
approaches a negligible magnitude. At the same time, the
microprocessor is constantly analyzing the air mix compo-
sition in the premises, adjusting the threshold indicator of
opacity, which allows avoiding false triggering caused by
the effect of dust. However, the intelligent algorithm itself is
not described in promotional materials. It is only stated that
FD starts operation only in the case of a real fire. However,
guaranteed indicators of the quality of fire detection are not
considered and the values are not given.

There is also promotional information from ZAO
“PO “Spetsavtomatika” (Russia) about new FD of the aspi-
ration type for super early fire detection, which are capable
of self-adjusting to unknown conditions at a particular site.
However, the problems of guaranteed ignition detection
and the self-adjustment algorithms of such FD are not
considered.

Paper [2] explores the algorithms and structural circuits
of learning FD for various methods of registration of basic
physical ignition components. In this case, effectiveness of
FD learning and guaranteed fire detection by them depends
essentially on both initial conditions and parameters of
learning algorithms and the type of flammable material of
ignition (type of a fire load at a site).

Thus, unresolved part of the problem is the development
of FD capable of self-adjusting by different kinds of ignition.

3. The aim and objectives of the study

The goal of present study is to design FD capable of
self-adjusting by ignition, which would provide guaranteed
ignition detection of various types of combustible materials
under conditions that are unknown in advance.

To accomplish the goal of research, the following objec-
tives were formulated:

— to formulate a criterion for the guaranteed detection of
ignition of combustible materials;

— to determine algorithms and structural circuits of fire
detectors capable of self-adjusting by ignition;

— to verify fire detectors capable of self-adjusting by igni-
tion on the example of actual dynamics of the mean medium
temperature at ignition and combustion of various flamma-
ble materials in the form of alcohol, paper, wood, and textile.




4. Formulation of criterion for the guaranteed ignition
detection by fire detectors

Any object of fire protection is characterized by a cer-
tain fire load, which is basically determined by the amount
of combustible materials and properties. The dynamics of
development of an ignition source depends not only on a fire
load at a site, but also on the access of oxygenated air, that
is, on air exchange at a site. An ignition source at the initial
stage of its development is usually considered as a source of
basic physical components in the form of heat, smoke, and
carbon monoxide. That is why early ignition detection at a
site can be based on these components.

Next, we shall introduce a general concept of guaranteed
ignition detection by FD. By the guaranteed fire detection
by FD at a site, we shall imply such ignition detection, at
which complete probability of FD triggering P(x€X;) at a
site is equal to the probability P(/#0) of actual ignition or

P(xeX,)=P(f#0), @

where x is the magnitude of the observed ignition component
at a site (heat, smoke, carbon monoxide); X is the region of
values of magnitude of an observed ignition component, rel-
evant to existence of a fire source and FD triggering; / is the
state of an ignition source at a site that may take value /#0 (an
ignition source exists) or /=0 (an ignition source is absent).

Complete probability of FD triggering may be represent-
ed in the form:

P(xeX,)=P(xeX,: f=0)+P(xeX, : f#0). 2)

In this case, a probability of actual ignition at a site will
be determined by magnitude

P(f#0)=P(xeX,: f#0)+P(xeX,: f#0). 3)

Considering relations (1)—(3), we shall obtain
P(xeX,)-P(f £0)=
=P(xeX,: [=0)-P(xeX, : [#0)=0. %)

The resulting equality (4) means that the introduced no-
tion of guaranteed fire detection at a site (1) for any arbitrary
component is equivalent to the equality of probabilities of
false and failed ignition detection, that is,

P(xeX,:f=0)=P(xe X, : [ #0). 5)

Therefore, the criterion of guaranteed ignition detection
of various flammable materials at a site can be formulated
in the form of equation (5) of the probabilities of false and
failed fire detection and for an arbitrary physical component
of a corresponding fire source.

5. Development of algorithms and structure of fire
detectors capable of self-adjusting by ignition

In order to determine the algorithms and structural
circuits of FD capable of self-adjusting by arbitrary physical
components x of ignition, providing guaranteed detection of
ignition sources at a site, we shall consider a characteristic
function of the following form:

0(x,c)=sgn(x—c)= {1’ 1'fx 26

0,ifx<c,
where ¢ is the threshold value. Tt should be noted that math-
ematical expectation of characteristic function M{sgn(x—c)}=
=P(xeX;). Assuming that the occurrence of ignitions at a
site is a rather rare case, it can be argued that probability
P(xe X1:/#0) of missing an ignition in expression (5) is close
to zero. That is why, in this case, the most probable is the
magnitude

M{sgn(x—c)}=0. ©)

Based on equation (6), we can determine discrete and
continuous algorithms of operation of FD capable of self-ad-
justing by arbitrary physical components of x ignitions.
If the registered components of ignition of materials x[i]
arrive discretely, the algorithm of FD self-adjustment can
be represented as a discrete dynamic procedure of threshold
determining

cli]=cli=1]+g[i](sgn(x[i] = c[i=1])), ¢[0]=cO, (7

where g[i] is the parameter, chosen from the condition of
convergence of discrete dynamic procedure; c0 is the orig-
inal threshold value. In a general case, parameter g[i] must
satisfy known general requirements, which are more of the-
oretical than of practical interest, due to the lack of specific
recommendations on its determining. This means that for
this parameter of procedure (7), there is some arbitrariness
of the selection. Thus, the given parameter may be fixed or
depend on the moment and magnitude x[i] of the observed
component of the ignition of material. In this case, the mag-
nitude of parameter g[i] exerts significant impact on the rate
and accuracy of convergence procedure (7). The magnitude
of original value of threshold ¢0 also produces a not less
impact on the convergence of this procedure to the optimum
threshold for various ignition components and materials.

Fig. 1 shows experimental dependences of conditions in
a simulation chamber [2] at ignition and combustion of vari-
ous materials (1 — alcohol, 2 — paper, 3 — wood, 4 — textiles).
Magnitude At determines the interval of sequence of cor-
responding registered ignition components of the specified
material, which was 0.1 sec.

The data shown in Fig. 1 indicate the need to provide
adaptation of original value of FD threshold to current con-
ditions of observation of specific registered ignition compo-
nents for various materials. For this purpose, it is proposed
to use the procedure of median filtering of registered data
and to determine the original threshold value

c0= zs:x[m]/6+ 0.5.

m=0

In this case, as parameter g[i] of the convergence of pro-
cedure (7), it is possible to employ the fixed value of param-
eter g[i]=const, or the parameter, determined

g[i]=(ix2[m]) .

In the latter case, a certain adaptation of the original
convergence of the procedure to the registered components
of ignition of various materials is provided.
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Fig. 1. Dependences of conditions in a simulation chamber:
a — temperature of gas medium; b — smoke density

In the case of continuous time ¢ for arbitrary physical
component of ignition of material x(¢), continuous algorithm
of self-adjustment of FD threshold and guaranteed fire de-
tection with regard to (7) can be represented in the form of
corresponding differential equation

de(t) / dt = g(6)(sgn(x() ~ (1)), ¢(0)=c, ®)

where g(¢) is the function of time, satisfying known general
requirements to convergence for continuous procedures of
similar type; magnitude ¢(0) determines the original thresh-
old value in (8). Magnitude ¢(0) is determined by the mean
value of arbitrary physical component of ignition of material
x(¢) in the initial interval of its observation

c(0)= _T[x(t)dt /T,

where T'is the duration of interval for determining the orig-
inal threshold value in procedure (8).

The block diagram of FD capable of self-learning by igni-
tion of materials and guaranteed detection of ignition sourc-
es regarding procedure (8) is shown in Fig. 2. According to
this diagram, data x(¢) about an arbitrary and observed com-
ponent of materials ignition at a site arrive at the input of FD
capable of self-learning by ignition. Based on data x(¢), orig-
inal threshold value ¢(0) and corresponding parameter of
convergence of self-adjustment procedure (8) are calculated.
At the output of a self-adjusting FD, the assessment forms of
characteristic function 0(x,c) in the form of a corresponding
sequence of zeros and unities that represent current assess-
ments P (x(1)€X1) of non-observed probability P(x€X;) of
the guaranteed detection of an ignition source at a site. In
this case, to determine a probability of guaranteed detection

of an ignition source by the proposed self-adjusting FD, it is
necessary to calculate mathematical expectation of current
assessment M{P (x(t)€X;)}. It is possible to find mathemati-
cal expectation of the current assessment P (x(£)€X)), if we
employ, for example, the current averaging operator Sy{*} or
exponential smoothing E{*}. Such operators are well known
and described in detail in the scientific literature, which is
why they do not need additional consideration.

X(© _ I sency [PeX) | mgx
<© l P(xeX)
«0 | ] o

Fig. 2. Block diagram of FD capable of self-learning by
ignition of materials for guaranteed detection of fire source
at sites

We shall confine ourselves to the information about
structure of the specified operators, which in our case take
the corresponding form:

t

Sylx@)= | x(m) dm/H, ©)

t-H

E{x(t)} =_(i:exp(—t_7m)x(m) dm/H. (10)

In relations (9) and (10), magnitude H determines,
respectively, an interval of averaging and a parameter of
smoothing. Subsequently, in the process of verification of FD
capable of self-adjusting by ignition of materials, both oper-
ators (9) and (10) will be used to calculate M{P (x(1)€X})}.
It should be noted that at approximately equal effectiveness
of operators, the implementation of E{*} in continuous and
discrete time proves to be easier. That is why operator E{*} is
widely used in various measuring systems to decrease errors
in smoothing.

6. Verification of fire detectors capable of self-adjusting
by ignition

Verification of FD capable of self-adjusting by ignitions
was carried out based on the data, obtained during actual
experiment at ignition and combustion of standard flam-
mable materials shown in Fig. 2. Discrete data x; on the
components of ignition of different materials were registered
by appropriate measuring sensors at time moments ¢;, where
i=1,2,..,,3000. As the physical ignition components, we con-
sidered temperature, smoke density and the concentration of
carbon monoxide in the medium, which were recorded using
a personal computer and specialized software, which allows
reading the sensors at various frequency. Measuring sensors
were in the upper part of the chamber and enabled registra-
tion of the above-mentioned physical components of ignition
of various materials.

The main purpose of verification was to check the
claimed ability of the proposed FD, capable of self-adjusting




by ignitions, to execute guaranteed early detection of an
ignition source under conditions unknown in advance. Such
conditions were created in the simulation chamber at actual
ignition and subsequent combustion of various types of flam-
mable materials. An additional aim of verification was to
study the impact of the proposed procedures on the calcula-
tion of probability of guaranteed detection of ignition source
by FD. Such procedures include the ways of determining
a parameter of convergence of the procedures of threshold
self-adjustment, as well as operators of current averaging
Si{*} and exponential smoothing E{*}.

Fig. 3 shows results of verification of the proposed FD
capable of self-adjusting by temperature at ignition of var-
ious combustible materials. In this case, the parameter of
convergence of procedure of self-adjustment of FD threshold
changed according to the magnitude, determined

g[i]=(ix2[m1) .

Dependences, shown in Fig. 3, characterize dynamics of
probability of guaranteed detection of ignition source. The data
were obtained during implementation of operators of current
averaging Sy{*}=cM; (averaging interval is 3.3 s) and exponen-
tial smoothing E{*}=P; (parameter alf2 — 0.02). Verification of
FD, self-adjusting by smoke density at ignition of various ma-
terials, was carried out as well. The most typical of the results
of this verification are shown in Fig. 4 for wood and textiles.

Next, we carried out the verification of FD capable of
self-adjusting by the medium temperature, but at a fixed

0 100 200 300

0 100 200 300
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b

Fig. 4. Results of verification of FD self-adjusting by smoke
density: a — wood; b — textiles

parameter of convergence of procedure of threshold self-ad- L
justment (g[i]=0.05). Results, characteristic to this case, are
shown in Fig. 5 for wood and textiles.
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Fig. 3. Results of verification of FD capable of self-adjusting by the
medium temperature: a — alcohol; b — paper; ¢ — wood; d — textiles

For the same case, we conducted the verification of FD
self-adjusting by smoke density. In this case, results that
are characteristic for this situation are shown in Fig. 6 for
alcohol and wood.

At

b

Fig. 5. Results of verification of FD self-adjusting
by the medium temperature, at fixed parameter
91/1=0.05: a — wood; b — textiles

On the whole, presented results of verification indicate
the capability of the proposed FD, self-adjusting by ignitions,




to provide guaranteed early detection of ignition sources at
sites under conditions that are unknown in advance.
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Fig. 6. Results of verification of FD self-adjusting by smoke
density, at fixed parameter ¢g{/]=0.05: a — alcohol; b — wood

7. Discussion of results of verification of fire detectors
capable of self-adjustment by ignition

According to results of verification shown in Figs 3, 4,
the proposed FD can provide guaranteed early detection of
source of ignition of various materials under conditions that
are unknown in advance. In the case of FD self-adjustment
by smoke density, a guaranteed detection of the ignition
source occurs at later moments after ignition of materials
compared with the case of FD capable of self-adjusting by
temperature. From analysis of the results shown in Fig. 5, it
follows that at a fixed parameter of convergence of procedure
of threshold self-adjustment by temperature under examined
conditions, the time of guaranteed detection of ignition
source increases. In this case, irregularity of original dy-
namics of probability of ignition source detection increases.
It was noticed that the greatest irregularity is inherent to
combustible materials, such as wood and textiles.

Application of the fixed convergence parameter in the
procedure of threshold self-adjustment by smoke density

causes substantial irregularity of dynamics of probability
of ignition source detection. This leads to a decrease in the
implemented magnitude of detection of ignition source.

It was established that if FD is self-adjusted by carbon
monoxide concentration, it is possible to provide guaranteed
early ignition detection. In this case, specified parameters of
convergence of the procedure of threshold self-adjustment
insignificantly affect dynamics of probability of ignition
detection. This is explained by practically simultaneous ig-
nition of material and emission of carbon monoxide. That is
why, a concentration of carbon monoxide is a more preferable
pattern for the guaranteed ignition detection in the explored
types of combustible materials. It should be noted that FD
capable of self-adjusting by ignition make it possible to pro-
vide a guaranteed level of detection of ignition of various
combustible materials at sites under complex conditions that
are unknown in advance.

8. Conclusions

1. We introduced the concept and proposed mathemati-
cal definition of the guaranteed detection of ignition by FD.
Based on this, the criterion of optimization of FD capable
of self-adjusting by ignition was formulated in the form of
equality of probabilities of erroneous solutions, related to
false ignition detection and a failure to register it.

2. Algorithms and structural circuits of FD capable of
self-adjusting by ignition were determined. A characteristic
feature of the algorithms is the implementation of a nonlin-
ear dynamic procedure of data processing from the output
of measuring sensor, arriving in real time, for the self-ad-
justment of threshold of guaranteed ignition detection. A
distinguishing feature of the proposed structural circuit
of FD capable of self-learning by ignition for guaranteed
detection of an ignition source at sites is the presence in its
structure of the units for determining the original value for
guaranteed threshold and the current value of convergence
parameter for a nonlinear dynamic procedure according to
data of observations over the appropriate physical compo-
nent of ignition of combustible material. In addition, the
structural circuit of FD, capable of self-adjusting by igni-
tion, includes the unit of formation of probability of ignition
detection based on data from the output of the nonlinear
processing unit. The indicated features provide invariance of
FD self-adjustment to the observed components of ignition
and the types of combustible materials.

3. Results of verification of the proposed FD indicate
their capability to carry out early guaranteed detection of
ignition sources of various types of combustible materials
under conditions that are unknown in advance. In this case,
it should be noted that for the examined types of combusti-
ble materials the FD, which self-adjust by the carbon mon-
oxide concentration, prove to be more preferable than those
self-adjusting by temperature or smoke.
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Pozensnymo numanus nidsuwenus epexmue-
Hocmi Odiaznocmuxu npauyezoamnocmi asmoma-
MU308AHUX cUCMeM 3a 00NOMO2010 E€KCNEePMHUX
diaznocmuvHux cucmem Ha 0CHO8I Po3podaeH0z0
MemoOy nowyxy diazno3y Ha KOHPAIKMHOT MHONCU-
Hi eéxionux danux. Ilpononyemvcs euxopucmanus
Mamemamuunux memodie pobomu 3i cmpyxmyporo
muny <m-apui KOpmesici Ha 0CHOBI BNOPAOKOEAHUX
MHOJMCUn>. Ompumano mamemamuuni ma pagiu-
Hi 3anexcnocmi Minimizauii wacy nowyxy oiaznosy
015 po3pooaeH020 MeMoOy

Kniouoei cnoea: excnepmua odiaznocmuuna
cucmema, diaznocmuxa 6i0m08, cmpykmypa opaa-
Hizayii 0anux, ouinKa 1acy 6UKOHAHHS AN20PUMMY

[m, u

Paccmompenvt 6onpocvt nosviuenus apdex-
mueHocmu OuazHOCmMuKu padomocnocooHocmu
aA6MOMAMUIUPOBAHHBIX CUCTHEM NPU NOMOUWU IKC-
nepmHbIX OUAZHOCMUMECKUX CUCHEM HA OCHOB8E
paspabomaniozo memooa noucka ouaznosa Ha
KOH@AUKMHOM MHONMCECmEe BX00HbIX OAHHLIX.
IIpednazaemcs ucnonv3osanue mamemamurecKux
Memo008 padomvl co cmpyxmypoi muna <m-ap-
Hble KOpmedcu HA OCHO8e YNOPA0OUEHHBIX MHO-
scecme>. [lonyuenvt mamemamuuecrue u epaduue-
CKUe 3a6UCUMOCU MUHUMUSAUUU 8PEeMEHU NOUCKA
Oduaznosa 0ns paspabomaniozo memooa

Kntouesvte caoea: sxcnepmnas ouaznocmuue-
cKas cucmema, OuazHOCMUKa OMKaA308, CMPYKmy-
pa opzanuzauuu 0AHHLIX, OUEHKA BPEeMEHU UCNOJL-
HeHus anzopumma
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1. Introduction

In recent years, the way people control various kinds of
technology has radically changed. The leading place in this

|DOI: 10.15587/1729-4061.2017.108454|

EVALUATION TO
DETERMINE THE
EFFICIENCY FOR THE
DIAGNOSIS SEARCH
FORMATION METHOD
OF FAILURES IN
AUTOMATED SYSTEMS

O. Syrotkina

Assistant

Department of Software Engineering*
E-mail: syrotkina@hotmail.com

M. Alekseyev

Doctor of Technical Sciences, Professor*
E-mail: 1948keila@gmail.com

O. Aleksieiev

PhD, Associate Professor**

E-mail: aleksey.alekseev@gmail.com
*Department of Software Engineering***
**Department of System Analysis and
Management***

***National Mining University

Dmytra Yavornytskoho ave., 19, Dnipro, Ukraine, 49600

process is taken by automated systems, SCADA (Superviso-
ry Control and Data Acquisition) systems included. Modern
SCADA systems are widely spread all over the world to
control technological processes in different areas such as




