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Abstract. This paper presents a new technique of comprehensive analytical es-
timation of natural and anthropogenic territory safety based on the creation of a
geographically-oriented safety standard and integral assessment of the state of
environment and technosphere objects. The standard presents a normative mod-
el that provides a correct estimation of territory safety taking into account its
individual characteristics. The basic elements and principles of territory safety
standard creation are suggested in this paper. In order to estimate territory safe-
ty, the authors propose an algorithm to calculate the estimate of territory safety
as an integral estimate of the comprehensive indicator based on the multidimen-
sional estimates of the basic indicators using the results of on-line analytical
processing of monitoring data. In contrast to existing methods, the proposed al-
gorithm uses the ranges of the normative values and assesses the significance of
indicators change relative to standard ranges, it allows us to regulate the veloci-
ty of estimates change when the actual values of the indicators deviate from the
normative ranges. Also, the author's technique is oriented at forming the multi-
dimensional estimates in the context of several observation points. Proposed so-
lutions are described through their application to the territories of the Krasno-
yarsk region.
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1 Introduction

Early prevention of natural and anthropogenic emergencies is a major factor for effec-
tive territory safety management [1-5]. To decrease the risk of emergencies one has to
provide comprehensive monitoring of the current processes, adequate assessment of
the state of territory safety and reasonable decision-making process. A lot of studies
show that the management of territory safety should be carried out in two basic direc-
tions: operational and strategic control [6 -7]. The operational control provides per-
manent monitoring of parameters of the state of environment and technosphere ob-
jects, detection of preconditions for occurrence of emergencies; it is aimed at organis-



ing preventive measures to exclude some possible accidents or mitigate their conse-
guences. In contrast, the strategic control is focused on reducing the overall risk in the
territory; it provides collection, storage and comprehensive analysis of safety indica-
tors; it is aimed at planning activities and developing management recommendations
for risk reduction, improving the organisational structure of the subdivisions respon-
sible for elimination of emergencies. To deal with the problems of increasing the
safety of vital activity of the population and territories, the operational control sys-
tems are being actively introduced [8-10]. At present, online observation networks for
potential sources of emergencies are created, weather and seismic stations are unfold-
ed within the territory, different control sensors and video monitoring systems are
being introduced at various facilities. Apart from the on-line monitoring tools, the
theoretical research in the field of strategic control of the territory safety is also de-
veloped actively. In Russia as well as in the world, there are a large number of studies
related to methods of risk analysis, current state assessment and emergency predic-
tion. However, as usual, natural and technogenic processes are considered inde-
pendently that makes it difficult to assess the situation comprehensively taking into
account the influence of many factors [11]. Generally, three principal approaches are
used to assess the state of territory safety. The first one, a probabilistic approach,
makes it possible to calculate an estimate of the emergency risk by applying the
mathematical models that link the presuppositions with a probability of event's occur-
rence. Methods of this type are used to calculate individual, collective and social risks
and, as a rule, they are oriented to specific technical objects. Application of these
methods to the territories requires the improvement of the regulatory base and signifi-
cant adaptation of computational models. The second one, a statistical approach, al-
lows for forming quantitative estimates based on data analysis for certain period of
observation. Advantages of methods of this type include their objectivity, ability to
investigate the dynamic of changes of the observed parameters and form the summary
indicators. However, these methods cannot be used for rarely observed events, they
do not allow to obtain the operational estimates of the current state and, moreover, do
not give the possibility to interpret the quantitative estimates. The third one, a heuris-
tic approach, allows for forming the qualitative assessments when the formal methods
are too complicated and the initial database is insufficient to obtain a univocal analyt-
ical solution. In addition, application of methods of this type without analytical sup-
port leads to some errors of a subjective nature. Thus, the above considered confirms
the topicality and necessity of the hybrid approach that makes it possible to have the
comprehensive assessments of natural and technogenic territory safety taking into
account the specific influence of risk factors on each other and their temporal devel-
opment for the particular territory.

The outline of this paper is as follows: Section 1 contains the introduction. Section
2 describes the author’s method of comprehensive analytical estimation of natural and
anthropogenic territory safety. Creation of the safety standard is described here in
detail using particular examples for Krasnoyarsk territories. Section 3 presents a new
algorithm for calculation of integral estimation of the territory safety. Section 4 dem-
onstrates some results of algorithm application. Conclusion comprises the basic out-
comes and tasks for future research.



2 Comprehensive Estimation of Natural and Anthropogenic
Territory Safety

2.1  The object of study

The Krasnoyarsk region is the second largest federal subject of Russia and the third
largest subnational governing body by area in the world. The Krasnoyarsk region lies
in the middle of Siberia and occupies an area of 2.4 million square kilometres, which
is 13% of the country's total territory. This territory is characterised by a heightened
level of natural and technogenic emergencies which is determined by social-economic
aspects, large resource potential, geographical location and climatic conditions. Ac-
cording to the annual report of the Krasnoyarsk Ministry of Emergency [12, 13], in
the territory there are many accident prone technosphere objects: 2 radiation-related
objects; 45 chemically-dangerous objects; 89 fire-hazardous and dangerously explo-
sive objects; almost 500 hydraulic facilities that have been in operation for more than
30 years; 9 critically important objects, a lot of survival objects including boiler
plants, power plants, pipelines and networks. Moreover, the territory is located in
seven climatic zones. A number of large-scale natural emergencies are recorded each
year, namely: flood, forest fire, gale-strength wind, anomalously low temperature and
snow avalanche.

Therefore, operational and strategic monitoring, as well as the estimation of the
state of environment and technosphere objects, are extremely actual problems for
Krasnoyarsk region. The solution of these issues should be based on a comprehensive
consideration of risk factors taking into account the singularity of the territories and
formation of an integral estimate of the state which can be detailed to identify abnor-
mal situations.

2.2 The technique of comprehensive estimation of natural and anthropogenic
territory safety

The new technique of comprehensive estimation of natural and anthropogenic territo-
ry safety is based on creation of a geographically-oriented safety standard and integral
assessment of the state of environment and technosphere objects [14].

Creation of the natural and anthropogenic territory safety standard — is a process of
developing a geographically-oriented normative model that is required for correct
estimation of the actual state of territory safety and presents the safety target level
based on the individual characteristics of the territory and the real possibilities of its
achievement [15]. The standard is developed by experts using federal, regional nor-
mative specifications and data analysis results [16]. Figure 1 presents the IDEFO dia-
gram of the standard creation process. IDEFO model describes the functions (e.g.
activities, actions, processes or operations); inputs and outputs as the data needed to
perform the function and the data that is produced as a result of the function respec-
tively; controls which constrain or govern the function and mechanisms which can be
thought of as a person or device which performs the function.



Integral estimation of the state of natural and anthropogenic territory safety — is a
process of calculating the integral estimate of the comprehensive indicator based on
the hierarchy of estimates of basic indicators using the results of on-line analytical
processing of monitoring data. This process is performed by OLAP-system in accor-
dance with the created standard and author’s algorithm. Figure 2 presents the IDEF0
diagram of the territory safety estimation process.
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Fig. 2. IDEFO diagram of integral estimation of the state of territory safety.

Creation of the natural and anthropogenic territory safety standard. This process
consists of the following basic stages:

Identification of indicators
Identification of significance coefficients
Identification of aggregation function
Identification of normative values
Identification of sensitivity coefficients




Identification of indicators — is a process of forming the hierarchy of indicators that
characterise the natural and anthropogenic risk factors for emergencies [17]. The hier-
archy contains two types of indicators: the basic indicators — a set of primary statisti-
cal indicators that are formed by OLAP-models and present the lowest level of hierar-
chy, and the comprehensive indicators — a set of aggregation levels of basic indicators
in accordance with monitoring fields that present the intermediate and upper levels of
the hierarchy. Figure 3 shows an example of comprehensive indicators for territory
safety control.

[ Natural and anthropogenic safety |

H Anthropogenic safety |
— Situation on the technosphere objects

— Situation on the transport

— Fire situation

{ Radiation situation

—{ Natural safety |

— Meteorological situation |
— Hydrological situation |
— Geophysical situation |
{ Forest fire conditions |

|
|
— Situation on the municipal facilities |
|
|

Fig. 3. An example of comprehensive indicators for territory safety control.

Identification of significance coefficients — is a process of calculating the relative
weights (u, ) that characterise the contribution of the lower-level indicators of the

hierarchy to the upper-level indicators (u, >0,> u, =1). Significance coefficients

are determined for each territory taking into account its physical, geographical and
socio-economic characteristics. Table 1 presents an example of significance coeffi-
cients for two territories: for the municipal area in the central part of the region as a
metropolis (Krasnoyarsk area) and for the municipal area with intensive mining of
minerals in the northern part of the region (Turukhansky area).

Identification of aggregation function — is a process of determining the functions

( fakgr) that provide a transition from multidimensional estimates (i.e. in the context of

several observation points) to one-dimensional estimates (i.e. in the context of territo-
ry as a whole). The aggregation function (e.g. minimum, maximum, average) is de-
termined by the trend (i.e. the level of safety increases the increase of decrease in the
values of the indicators) and the qualitative features of indicators (i.e. the worst rec-
orded value of indicator has a greater or lesser impact on the estimate of indicator).
For example, the "average™ aggregation function is signed for indicators of radiation
and geophysical situations and the "maximum™ aggregation function is signed for
indicators of the meteorological and hydrological situations.



Table 1. An example of significance coefficients.

Significance coefficients

Indicator Krasnoyarsk area Turukhansky area
Anthropogenic safety 0.8 0.4
Situation on the technosphere objects 0.35 0.2
Situation on the transport 0.3 0.2
Situation on the municipal facilities 0.1 0.3
Fire situation 0.1 0.2
The n_umber of household a_nd indus- 0.4 03
trial fires per 10,000 population
The number of fires with deaths per 03 03
10,000 population
The number of f!res with casualties 03 0.4
per 10000 population
Radiation situation 0.15 0.1
Natural safety 0.2 0.7
Meteorological situation 0.3 0.2
Hydrological situation 0.2 0.3
Geophysical situation 0.3 0.05
Forest fire conditions 0.2 0.45

Identification of normative values — is a process of determining the range of nor-
mative values of indicators taking into account their multidimensionality ([N;‘;Z;‘]).

The normative values of indicators characterise the normal state of safety using statis-
tical data analysis results. The range of normative values is identified by statistical

characteristics such as median (P,-kMe) and standard deviation (g'j‘) as follows [18]:

K21 [0;Pf\e + 051, if Pjje—o <0 "
P[P e~ ot P+ 061, i Py~ >0
For example, for Turukhansky area the normative rages of "Number of events "Ab-
normally cold weather" indicator are the following: [0;4] for such points of observa-
tion as Bor, Vorogovo and lgarka; [1;3] for such points of observation as
Vereshchagino, Kureika and Turukhansk; [1;2] for such points of observation as
Svetlogorsk and Yanov Stan; [0;5] for Soviet Rechka; [0;3] for Verkhneimbatsk; [0;2]
for Kellog.
Identification of sensitivity coefficients — is a process of determining the coeffi-

cients (q, ) that regulate the velocity of estimate change when the actual value of the

indicator deviates from the normative value. The sensitivity coefficient takes the fol-
lowing values: 0<q<21when the velocity of estimate change should increase with



the increase in the deviation of the actual indicator value from the normative; q>1

when the velocity of estimate change should decrease with the increase in the devia-
tion of the actual indicator value from the normative and g =1when the velocity of

estimate change outside the normative should remain constant.
For example, for basic indicators of the fire situation there are the following values
of sensitivity coefficients: q=0.3for "The number of fires with deaths per 10,000

population" indicator; q=0.8for "The number of fires with casualties per 10,000
population™ indicator and g =1for "The number of household and industrial fires per

10,000 population™ indicator.

The process of creating the safety standard is completed by an examination where
experts can check the normative model by applying it to actual data and making the
necessary corrections. The detailed technique of safety standard development, its
principles, rules and normative values for the Krasnoyarsk region territories are pre-
sented in the work [15].

Integral estimation of the state of natural and anthropogenic territory safety.
This process consists of the following basic stages:

e Estimation of the basic indicators
o Estimation of the comprehensive indicators

Estimation of the basic indicators — is a process of calculating the multidimension-
al estimates of the basic indicators in the context of several observation points and
aggregating these estimates across the territory in accordance with the set function.
Estimates of the basic indicators characterise the correspondence of the actual values
to the normative and allow for estimating the significance of indicators change rela-
tive to the standard range taking into account the indicators multidimensionality and
estimates sensitivity. The calculation of multidimensional estimates is performed in
the form of OLAP-models.

Estimation of the comprehensive indicators — is a process of calculating the inte-
gral estimates of the comprehensive indicators using estimates of the basic indicators
and their significance coefficients.

Estimation of the basic and comprehensive indicators is performed by applying the
safety standard in accordance with the proposed algorithm.

3 Algorithm of the Integral Estimation of the State of Natural
and Anthropogenic Territory Safety

The algorithm of the integral estimation of the state of natural and anthropogenic
territory safety presents the development of the author’s method of wellbeing estima-
tion [19, 20] with the addition of OLAP-models to the hierarchy of formation of the
comprehensive indicator: the integral estimates are calculated on the basis of multi-
dimensional estimates of indicators using the multidimensional normative values. In



addition, the proposed algorithm takes into account the velocity of estimate change
when the actual value of the indicator deviates from the normative value.

The integral estimate of the comprehensive indicator is calculated using the esti-
mates of the basic indicators and their significance coefficients as follows:

Iy = iuklk 2
=

where |y — is an integral estimate of the comprehensive indicator; |, — is an estimate
of k-th basic indicator; u, — is a significance coefficient of k-th indicator set in the

standard; n — is a number of indicators at the same level of the hierarchy.
The estimate of the basic indicator is calculated as an aggregation of the multidi-
mensional estimates of the indicator as follows:

e = fage(if' i) (3)

where |'J< j e fl..m} —is a multidimensional estimate k-th basic indicator calculated in

j-th observation point; f;‘gr— is an aggregation function for k-th basic indicator set in

the standard.

The multidimensional estimates of the basic indicator are calculated in the form of
OLAP-model and characterise the compliance of the actual values to the normative in
the context of individual observation points. The multidimensional estimates are cal-
culated as follows:

i =1+AP}sk 4)

where S'j‘ =+1 — is a coefficient which reflects the trend of k-th indicator, S}‘ =1
when the safety state is improving with an increase in the value of the indicator,
S}‘ =—1when the safety state is improving with a decrease in the value of the indica-
tor; APJ-" — is a compliance coefficient of actual values of k-th indicator with norma-

tive in j-th observation point.
Compliance coefficient is calculated by:

0, if Pfe[N};Z}]
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where q, — is a sensitivity coefficient of estimate for k-th indicator set in the standard,;
[N?;Zf]— is a range of normative values for k-th indicator in j-th observation point

set in the standard; N'J-‘ — is a lower limit of the range; Z'J-‘— is an upper limit of the

range; ij —is an actual value of k-th indicator in j-th observation point.

In the case when the actual value of indicator falls within the range, the compliance
coefficient Aij =0 In the case when the actual value of indicator is above the upper

limit of the range, the compliance coefficient has a positive value Aij >0; In case

when the actual value of indicator is below the lower limit of the range, the compli-
ance coefficient has a negative value Aij < 0. The value of the coefficient Aij in

combination with the value of the coefficient Sﬂ-‘ makes it possible to obtain a quanti-

tative estimate of the indicator. As a result, the value of estimate can be identified as
iﬂ-‘ >1 that demonstrates a significant improvement of indicator.

Thus, the generated hierarchy of estimates allows for obtaining comprehensive
quantitative characteristics of the state of territory safety, performing a comparative
analysis with other territories and, if necessary, detailing the estimates for particular
monitoring fields and indicators that give us the opportunity to identify the underlying
causes of the current state. In contrast to the existing approaches, the proposed
solution allows for calculating geographically-oriented estimates. The algorithm
calculates integral estimates based on multi-dimensional estimates of indicators using
the multidimensional normative values and takes into account the velocity of estimate
change when the actual value of the indicator deviates from the normative value.

4 Application of the Algorithm for Integral Estimation of the
State of Natural and Anthropogenic Territory Safety

Let us consider the example of integral estimation of "Fire situation" comprehensive
indicator for the Krasnoyarsk area that consists of two subareas (i.e. two points of
observation): Krasnoyarsk city and Peschanka village (Table 2).

Table 2. Example of integral estimation of “Fire situation™ comprehensive indicator
for Krasnoyarsk area.

Indicators / Signifi- Sensitivity Lower Upper Actual Estimate,
Observation cance coefficient, limit of limit of value,
: coeffi- : - K sy b
points ) Ok normative normative pj ’
cient, range, range, I
Uy k k
Nj Z
Fire situa- 0.12 ) i ) ) 047

tion



1. The num-

ber of

household

and indus- 0.4 - - - - 0.52
trial fires

per 10,000

population

1.1 Krasno-
yarsk city - 1.0 0 2.520 3.721 0.52

1.2
Peschanka - 1.0 1.882 7.540 1.346 1.09
village

2. The num-

ber of fires

with deaths 03 - - - - 0.44
per 10,000

population

2.1 Krasno-
yarsk city - 0.8 0.005 0.041 0.058 0.44

2.2
Peschanka ; 0.8 1.103 1.839 0 2.38
village

3. The num-

ber of fires

with casual-

ties per 0.3 - - - - 0.43
10000 popu-

lation

3.1 Krasno-
yarsk city - 0.3 0.012 0.036 0.039 0.43

3.2

Peschanka - 0.3 0.755 2.115 0 1.84
village

At the first stage, we calculate the estimates of the basic indicators, namely, the
multidimensional estimates in the context of the two observation points (i.e. Krasno-
yarsk city and Peschanka village), and then we aggregate them for the Krasnoyarsk
area as a whole. Previously, we calculated the compliance coefficient according to
Formula 5. As can be seen from Table 2, the actual values of indicators in Krasno-
yarsk city are above the upper limits of the normative ranges, therefore, the compli-
ance coefficient is calculated according to the second condition; the actual values of
indicators in Peschanka village are below the lower limits of the ranges, therefore, the
compliance coefficient is calculated according to the third condition. Thus, for "The
number of household and industrial fires per 10,000 population™ indicator in Krasno-
yarsk city the compliance coefficient is identified as:



AR, = ((3.721-2.52) /(2.52)' =0.48; in Peschanka village the compliance coeffi-

cient is identified as: AR, =((1.882 —1.346) /(7.54 —1.882)" = -0.09 . Taking into

account the indicators trends, the estimate in Krasnoyarsk city is identified as:
iy =1+1.48-(-1)=0.52; the estimate in Peschanka village is identified as:

i, =1+ (-0.09) - (1) =1.09 . Analogically, we calculate the estimates for other indi-
cators as follows: i,; =0.44; i,, =2.38; i;; =0.43 and i3, =1.84 . The aggregation

of the multidimensional estimates for considered indicators is defined by the "mini-
mum" function (i.e. by the worst value recorded in observation points). Thus, the
estimate of "The number of household and industrial fires per 10,000 population™
indicator is i; = min(0.52;1.09) =0.52. The estimates of "The number of fires with

casualties per 10000 population” and "The number of fires with deaths per 10,000
population™ indicators are i, = 0.44 and i; = 0.43 respectively.

At the second stage, we calculate the integral estimate of the "Fire situation™ com-
prehensive indicator for the Krasnoyarsk area based on significance coefficients of
basic indicators as follows: 1, =0.4-0.52+0.3-0.44+0.3-0.43=0.47 .

In accordance with the described algorithm, the integral estimates of all compre-
hensive indicators for the Krasnoyarsk area have been calculated. For anthropogenic
safety indicators we have the following estimates: lyecnopi=1.23, ltransp=1.0,
Imunracii=0.43, 1rag=1.0. For natural safety indicators we have the following estimates:
Imeteo=1.17, l1ygro=1.0, lgeopnys=1.0, lrorestrire=1.05. Integral estimates of the compre-
hensive indicators of higher level are calculated on the basis of significance coeffi-
cients of the comprehensive indicators of lower level as follows: 15=0.97,
Inatur=1.06, Inawrantr=0.99. Estimation results show that the worst situation in Kras-
noyarsk municipal area is observed for such indicators as "Fire situation" with
I rire=0.47 and "Situation on the municipal facilities" with lyyracii=0.43, that require

more careful study, special actions and measures aimed at improving the state of safe-
ty for this territory. However, the remaining indicators demonstrate the very good
level of anthropogenic and natural safety. Moreover, some of them, such as "Situation
on the technosphere objects" with lrcnop=1.23, "Meteorological situation” with
Imeteo=1.17 and "Forest fire conditions™ with lgyestrire=1.05 show the significant im-
provement of safety according to normative values. As a result, we can see high val-
ues of estimates for comprehensive indicators and high level of safety state in general
Krasnoyarsk municipal area.

The integral estimates of comprehensive indicators for all territories of the Krasno-
yarsk region have been calculated similarly. Figure 4 represents the visualization of
the integral estimation results on the geographic map. On this map, the green colour
corresponds to the high values of the integral estimate, the yellow colour corresponds
to the mean values of integral estimate and the red colour corresponds to the low val-
ues of integral estimates.


https://dictionary.cambridge.org/ru/%D1%81%D0%BB%D0%BE%D0%B2%D0%B0%D1%80%D1%8C/%D0%B0%D0%BD%D0%B3%D0%BB%D0%BE-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/lower_1
https://dictionary.cambridge.org/ru/%D1%81%D0%BB%D0%BE%D0%B2%D0%B0%D1%80%D1%8C/%D0%B0%D0%BD%D0%B3%D0%BB%D0%BE-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/level_1

. Taseevskij \

N " _ Enisejskij S»_\M\o;yglnsklj“'
7 f /f\ﬁf N—* ) Boguchanskij
% i LS, l(aucmmyf R .

-~

¢

T

ﬁ Tajmyrskij AO
, © Norilsk

g \

$

N

Evenkijskij AO Zp

Lm\f/

Irbejskij

Idrinskij
Krasnoturanskij

Turuhanskij . Karatuzskij

i Ermakovskij The natural and
anthropogenic
safety level
| [EYRDS
| 0.790 515 < 0,884
0,698 513 < 0,790
0,609 =13 <0698
[ 0511513 <0609
B 0296513 <0511

| 1z <0208

Fig. 4. Visualization of the integral estimation of the state of natural and antropogenic safety
for terriotires of Krasnoyarsk region.

As can be seen, the best state of natural and anthropogenic safety is observed in
central and northern groups of areas, including such cities as Yeniseisk, Lesosibirsk,
Krasnoyarsk, as well as areas of Balakhta, Sukhobuzimsky and Kazachinsky. The
worst state of the territory safety is observed in Nizhneingashsky area and Minusinsk
city. The implementation of the proposed method gives the authority to control the
state of safety of the territories, to detect the risk factors of the municipal areas and to
form the basis for reasonable decision making.

5 Conclusion

This paper presents the method of comprehensive estimation of natural and anthropo-
genic territory safety that includes creation of the geographically-oriented safety
standard and integral assessment of the state of the environment and technosphere
objects. The standard presents a normative model that provides for correct estimation
of the current safety state of the territory. In order to estimate the territory safety, the
authors have proposed an algorithm which provides the calculation of integral esti-



mate of the comprehensive indicator based on the multidimensional estimates of the
basic indicators using the results of on-line analytical processing of monitoring data.
The method allows for obtaining comprehensive quantitative characteristics of the
state of territory safety, performing a comparative analysis and, if necessary, detailing
the estimates for particular monitoring fields and indicators to identify the underlying
causes of the current state. The implementation of the proposed method allows the
decision maker to detect the risk factors and make reasonable control decisions.

The future research will be connected with validation of the normative model for
Krasnoyarsk region territories and formalization of the basic processes of safety
standard creation to will be able to apply proposed methodology to other regions.
Development of estimation scale for semantic interpretation of quantitative estimates
and development of methods for generating control recommendations based on results
of comprehensive estimation and expert knowledge are planned as a future work.
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