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ABSTRACT:

Introduction/purpose: The paper presents a model for the selection of a route for the transport of hazardous materials using fuzzy
logic systems, as a type of artificial intelligence systems. The system presented in the paper is a system for assistance in the decision-
making process of the traffic service authorities when choosing one of several possible routes on a particular path when transporting
hazardous materials.

Methods: The route evaluation is performed on the basis of five criteria. Each input variable is represented by three membership
functions, and the output variable is defined by five membership functions. All rules in a fuzzy logic system are determined by
applying the method of weight premise aggregation (ATPP), which allows the formation of a database based on experience and
intuition. Based on the number of input variables and the number of their membership functions, the basic base of 243 rules is
defined. Three experts from the Ministry of Defense were interviewed to determine the weighting coefhicients of the membership
functions, and the values of the coefficients were determined using the Full Consistency Method (FUCOM).

Results: A user program which enables the practical application of this model has been created for the developed fuzzy logic system.
Conclusion: The user platform was developed in the Matlab 2008b software package.

KEYWORDS: Fuzzy logic, Fuzzy set, ATPP, FUCOM, hazardous materials, Matlab.
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BseacHue/ueab: B AaHHOM cTaThe MpeACTaBACHA MOAEAb BHIOOpA MapLIpyTa IEPEBOSKH OIMACHEBIX IPY30B C HCIIOAB3OBaHHEM
CHCTEM HEYETKOH AOTHKH, KaK PasHOBHAHOCTH CHCTEM HCKYCCTBEHHOIO HHTEAACKTA. IIpeACTaBAGHHAsL B CTaThe CHCTEMa
IPEACTABASCT COBOM CHCTEMY MOAACP)KKH TPAHCIOPTHO-AOTUCTHICCKUM OPraHU3ALMSM B IIPOLEcce IPUHATUS PEIICHUH IPH
BBIOOpE OAHOTO U3 HECKOABKUX BO3MOXKHBIX MApIIPYTOB IIPU NIEPEBO3KE OIACHBIX IPY30B.

Metoppr: OjeHKa MapIIpyTa BEIIOAHSETCS 1O IATH KputepusiM. Kaskaast BXoaHas IIepeMeHHas IPEACTABACHA TPeMsI PYHKIIHAMU
IPHHAAACKHOCTH, a BBIXOAHAS IIEPEMEHHASI ONPEACASCTCS IIATHIO PYHKUMSMH MPHHAAA©KHOCTU. Bce mpaBuaa B cucTeMme
HEYCTKON AOTHKHU OIPEACASIOTCS IyTEM IPHUMEHCHHUS METOAA arPErMPOBAHHUS BECOBOTO TOBapa (ATPP), KOTOPBIH ITO3BOASIET
CO3AaTh a3y AAQHHBIX HA OCHOBE ONbITA M MHTYHIMH. OCHOBBIBAICh HAa KOAMYECTBE BXOAHBIX IIEPEMCHHBIX U KOAMYECTBE
uxX QYHKLUHMI [PUHAAACKHOCTH, ONPEACASICTCS OCHOBHas 6asa, BKAouaiomas 243 mpaBuaa. AASL OIPEACACHHS BECOBBIX
K09QPUUUCHTOB (YHKIMI IPUHAAACKHOCTH OBIAO ONPOLICHO TPU SKcrepra us MuHucTepcTBa OGOpPOHBI, 2 3HAYCHMS
K03 PUIIEeHTOB ObIAU OITPEACAEHEI C IIOMOIIIBIO METOAA ITOAHOH COTAQCOBAHHOCTH (FUCOM).

Pesyabratsi: AAst paspabOTaHHOII CHCTEMbl HEYETKOH AOIMKHM CO3AAHA IIOAB30BATCABCKAsl IIPOIPAMMa, IO3BOASIONAS
IPAKTUYECKOE TPUMEHEHUE STOH MOACAH.

Brisoppr: IToarsoBareanckas maarpopma paspaGOTaHa B pPaMKaxX IPOrPaMMHOTO IMAaKeTa Matlab 2008b.

RnmodYe BB € CJ 0B a: HedeTKas AOrUKa, HedeTkoe MHOXKecTBO, ATPP, FUCOM, omacHsle rpyss, Matlab.

ABSTRACT:

YBoa/uun: IpeacTaBmeH je Moaea 3a H360p pyTe 3a TPAHCIIOPT OIACHOT TEPETa IPUMEHOM fUzzy AOTHYKHX CHCTEMA, KA0 BPCTE
cucreMa BemTauke uHTeAUreHnuje. CHCTEM NPEACTABACH y paAy IMoMaxe oprany caobpahajue cayxbe npu usbopy jeaHe op
HEKOAMKO MOryhux pyTa 3a TpaHCIIOpPT OmacHOr Tepera.

Meroae: Ilponena pyre Bpmu ce Ha ocHOBY ner Kpurepujyma. Cpaka yaasHa IIPOMEHAHBA MIPEACTABACHA je ca TpU PpyHKIHje
IPHUIIAAHOCTH, 2 H3AA3HA IIPOMEHAHBA AcUHMCaHA je ca meT TuX ¢pyHkuuja. Ca mpasuaa y fuzzy aormaxom cucremy oapebyjy
Ce IIPUMCHOM METOAE arperauuje TexuHa npemuca npasuaa (ATTIIT), xoja omoryhasa ¢popmupame 6ase npasuaa sacHoBaHe
Ha UCKYCTBY ¥ MHTYHILIUjH. Ha OCHOBY 6poja YAQ3HHX MPOMEH/ASUBUX H 6poja BHUXOBUX cl)yHKqua NPUIAAHOCTH Ae(l)I/IHI/IcaHa je
OCHOBHa 6a3a oA 243 npasuaa. MHrepsjyucana cy Tpu excriepra u3 Musncrapcra oAbpaHe Kako 61 ce yTBPAHAH IOHACPHCAHN
KoeduuujeHTH GyHKIIMja IPUIAAHOCTH, 2 BBUXOBE BPEAHOCTH oapeheHe cy METOAOM NOTITyHE KOHSMCTEHTHOCTH (FUCOM).
PCsyATaTI/I: 3a PaSBI/IjeHI/I fuZZy AOTUYKHU CUCTEM CTBOPCH jC KOPI/ICHI/IHKI/I HPOFPaM KOjI/I OMOFyhaBa HpaKTI/I‘IHy HPI/IMeHy OBOT'
MOA€EAQ.

3aknyuak: Kopucnuuka naardpopma passujena je y nporpamckom makery Matlab 2008b.

KEYWORDS: fuzzy aoruxa, fuzzy ckyn, ATPP, FUCOM, onacre matepuje, Matlab.

INTRODUCTION

When managing the transport of hazardous materials (hazmat), special attention is paid to mitigate
the negative consequences of transport, especially those that affect the safety of the population and the
environment. One of the main problems of transport management is the selection of a route for the transport
of hazmat, due to the harmfulness and possible consequences of accidental situations. With the development
of technology, there is an increasing application of modern software systems based on artificial intelligence
in solving the problem of transporting hazmat. Artificial intelligence offers possibilities for the development
of automatic control systems, route optimization systems, as well as decision support systems. Although this
technology has been present for some time, the possibility of its application in the transport of hazmat has
not been fully researched.

The Ministry of Defense and the Serbian Armed Forces have not yet developed a model based on artificial
intelligence that solves the problems of hazmat routing. The paper presents a model for the selection of a route
for the transport of hazardous materials using fuzzy logic systems, as a type of artificial intelligence systems.
The system presented in the paper is a system for assistance in the decision-making process of the traffic service
authorities when choosing one of several possible routes on a particular path when transporting hazmat.
The evaluation of the route is performed on the basis of five criteria, which are: the length of the route,
the exposure of the population, the impact on the environment, the reaction speed of rescue services, and
the probability of a traffic accident. These criteria were defined after a literature analysis and the interviews
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with experts from the Ministry of Defense. After entering the value of the input criteria in the user form,
calculation and evaluation are performed. A preference to the entered route is given as an output from the
fuzzy system.

The presented model was tested during the selection of a route for the transport of motor fuel. Three routes
were considered for a given distance. After the calculation and evaluation of individual routes, the values of
the output variables of the fuzzy system were obtained in the user form and the preference for a route was
obtained in the form of a numerical value and a linguistic descriptor (Kayapinar Kaya, 2020). Based on the
system output values for each route, the ranking and selection of the route with the highest preference value
was performed. A user program has been created for the developed fuzzy logic system, which enables the
practical application of this model. The user platform was developed in the Matlab 2008b software package.

The rest of the paper is structured throughout several other sections. In the second section, there is a review
of the literature related to the problems of hazmat transport and routing. The third section presents the
development of a new fuzzy logic system for hazmat routing. The fourth section is a case study presenting
the problem in detail and the fuzzy logic system to solve it. Finally, there are concluding considerations with
further research suggestions moving in several different directions.

LITERATURE REVIEW

A large number of authors deal with the problems of transport and routing of hazmat. Solutions to these
problems are widely used in civilian structures, using modern software and information systems as decision-
making support. Despite a good basis, due to more frequent transport of hazmat, explosives, propellants, etc.,
they have not found a wider application in the military system. The most common methods and criteria used
in solving such problems are described below.

According to Starcevi¢ and Gosi¢ (2014), the first step in managing the transport of hazmat is to
determine the dangerous substance being transported and the consequences it has on the population and the
environment. Then, it is important to determine the amount of dangerous goods transported, as well as the
flows of dangerous goods between its source and destination, based on which the load of dangerous goods can
be carried out and restrictions that may affect the choice of transport route (physical restrictions, ecological
zones, restrictions within the framework of legal regulations, etc.). In the next phase, alternatives and criteria
for route selection are defined, on the basis of which those that meet all previously set requirements are
selected from the set of roads that serve sources and destinations. After defining the potential route and
sections within it for the transport of oil and oil derivatives, the risk assessment process is carried out for
cach of the sections separately. The parameters for the analysis were divided into two groups. The first group
includes: road category, geometric characteristics of the road, access control, existence of level crossings,
condition of the road, size of the traffic flow, participation of trucks in the trafhc flow, congestion in the
trafhc flow, and trafhc accidents. The second group of parameters consists of: population density, land use,
population response to the incident situation, environmental impact, road drainage system, response time
of rescue services (ambulance, fire and police), speed limit, and climatic influences (weather conditions).
Depending on the probability of occurrence and the consequences of incident situations, risk assessment is
performed by forming a risk matrix for each section and comparing the risk with the allowed values. If the
risk degree on all sections is satistying, the transport can be performed by the chosen route.

In order to establish a more precise method for determining possible risks on certain sections, various
dispersive models are used. The concentration level can be calculated as a function of distance and the
measured weather (climate change) parameters can be used in the GPM (Gausian plume model) and the
GIS (Geographic Information System). In their paper, Zhang et al. (2000) applied an approach from the
aspect of expected consequences. Risk is defined as a consequence of possible side effects (injuries, diseases,
death) and effects on the population. As the risk factor for each section on the network must be calculated
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for the transport of hazmat, the use of the GPM (instead of the length of the section) as a factor is used
to determine the point and degree of pollution spreading. In order to simplify the method, rasterization
is performed using a GIS system where a certain space is transformed into a mosaic network of rectangles,
or pixels. The network is organized in the form of layers (maps), where each of them represents a certain
characteristic so that each pixel on each layer represents the same location. Each pixel has its own number
of rows and columns, transferred to the Cartesian coordinate system, x = column X cell size (pixels) and y =
row X cell size. Using the coordinate system, the distance and the direction are calculated.

According to Milovanovi¢ et al. (2012), the method for determining the optimal route for the transport
of hazmat consists of eleven steps and can be applied to all groups of hazardous substances except for the
substances from the seventh group (radioactive substances). The first step involves defining the type of
hazardous substance, the characteristics of the hazard, and the zone of influence of hazardous substances.
Then, the total amount of hazardous material being transported is defined as well as the amount at the source.
The third step includes determining the source and the destination, followed by the formation of the initial-
final matrix of vehicle movement and then determining the load of roads with hazmat. The next step includes
the analysis of the established restrictions, both legal and ecological (ecological zones, sensitive natural areas),
after which alternatives, acceptable routes, continuity of routes, alternative routes and slowdowns that may
occur on the selected routes are defined. The seventh step of the method is to define the criteria for choosing
the optimal route. The basic criteria used was the existing source and destination locations, the roads most
commonly used to transport hazmat, the use of roads reserved for the movement of trucks, the minimization
of the transport route between the source and the destination, and the reduction of potentially endangered
areas. The next step is to define the parameters for the risk analysis which include the parameters of the impact
of the possibility of the occurrence of an incident situation and the parameters of the impact of the extent
of the consequences of the incident situation. The last three steps are to define the impact of each parameter
on the basis of expert monitoring, to implement a method for determining the optimal route as well as to
identify, correct, and approve the route.

Frank etal. (2000) presented risk mitigation by selecting specific routes and elimination by using the SDSS
(Spatial Decision Support System). The cycling system is the coverage of real roads on the territories of the
target countries, as well as a multitude of loading and unloading points (laid and civilian points). The system
is designed for route selection over long distances. In order to minimize costs and travel time, long-distance
transportation should be done by highways, which means passing through populated areas and high exposure
of the population to risk. Settlements can be avoided by using slower and bypass roads. Using the SDSS,
several alternative transport routes are generated based on one optimizing criterion. The most commonly
used approach is a combination of several criteria and their transformation into one criterion. This criterion is
usually a linear function of the risk to the population, distance, travel time and the probability of an incident
situation. Another approach is the choice of routes with multiple goals, where by minimizing travel time
and exposing the population to risk, a larger number of routes are obtained, which include a large number
of bypass routes suitable for practical application. Nevertheless, this approach is considered impractical.
Another approach is to minimize one cost attribute while limiting the sum of other cost attributes. For
example, travel time, as a direct cause of final costs, is minimized while other attributes - population exposure,
distance, possibility, and consequences of the incident - are constant.

In their paper, Barilla et al. (2009) discussed the problem of integration of different sources of risk,
different hazards and different elements exposed to risk and their sensitivity. The method is based on the
application of a multi-criteria and multi-attribute analysis. Factors related to the economic problems of
hazmat transport are considered to ensure the economic sustainability of transport, while human factors
and natural hazards are taken as risk factors, and the population and facilities will be considered as elements
exposed to risk. The applied model determines a possible risk on each route and, based on the set criteria,
it selects a route with minimal risk. The criteria considered in this method are: minimization of travel time,
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transport route, risk to the population, risk to the urban environment, and risks related to natural hazards.
As a product of this methodology, various solutions are obtained, representing a specific tool for decision-
making support.

Using MOMR (Multiple Objective Mathematical Programming), Castillo (2004) estimated differentand
conflicting goals in order to calculate the optimal route for the transport of hazmat regarding the optimizing
criterion. The optimizing criterion is flexible and depends on who participates in the decision makingand its
requirements. The objectives used as route optimization criteria are to minimize travel time, transport route,
population risk, urban risk, and natural hazards.

Pamucar et al. (2016) combine adaptive neural networks (ANFIS - Adaptive Neuro Fuzzy Inference
System) and the Dijkstra's algorithm as a method for calculating the optimal route for the transport of
hazmat through urban areas. In the first phase of the ANFIS-D method, a transport network is formed in
the urban area and the input criteria are defined on the basis of which the values of branches in the network
are determined. The criteria taken to define the value of branches in the network are: speed of response
of emergency services, risk associated with environmental impact, risk of trafhic accidents, consequences
of traffic accidents, risk associated with infrastructure facilities, and risk of terrorist attacks. To define the
values of the branches in the network, an adaptive neural network is formed where the input data are the
previously listed criteria. In the second phase, the initial fuzzy logic system is constructed and the adaptive
neural network is trained using the Artificial Bee Colony (ABC), where the value of a specific branch in the
network is obtained as an output. The algorithm is repeated until each branch in the network is assigned a
value. After determining the value of the branches using the Dijkstra algorithm, the optimal route for the
transport of dangerous goods is determined.

In his paper, Milovanovi¢ (2012) considers the problems in the selection of routes for the transport of
hazmat from the aspect of the analysis of individual and social risk, as well as the levels of absolute and specific
risks. A specific risk is derived quantity that estimates the percentage of damage of a certain element exposed
to risk that can be expected in an incident situation, while an absolute risk is a quantification of a specific risk
expressed as the product of the specific risk value and the element exposed to risk. The individual risk degree
means the rate of suffering of an individual, as a member of the social community, who is constantly exposed
to hazmat on an annual basis. Social risk is defined as the cumulative value of the probability of an accident
with several casualties in the zone of hazmat influence. Based on the research and the methods applied in
Italy, the USA and the Netherlands, the author improves these methods through 11 steps. The first five steps
include the first phase of risk management, hazard identification, and consequence analysis. They include
determining the hazmat type, determining the hazmat quantity, determining the source and the destination
points, and forming a matrix of original target movements of vehicles, determining the load on the road
network restrictions. The sixth and seventh steps include defining alternatives for the analysis (which are
acceptable routes, continuity of the route, alternative routes, possible delays during transport) and defining
the criteria for route selection. After these two steps, routes are obtained that meet all the requirements
and needs for the transport of hazmat. However, the obtained routes must be checked from the aspect of
the allowed degree of risk. Risk assessment is performed by defining the parameters for risk analysis (the
parameters that affect the probability of an incident situation and the parameters related to the size of the
consequences) and then it is necessary to connect each parameter with the size of the risk and determine
its weighting factor. The size of weight factors was determined by surveying experts in the field of transport
of hazmat, who stated the degree of the influence of the parameters on the choice of a route for transport
of dangerous goods on a scale from 0 to 4, where 0 represents a value where a parameter has no influence
on route selection and 4 represents a parameter that has a critical impact. After the above, a risk assessment
is performed for each of the sections of the selected routes, where by comparing the obtained values with
the allowed level of risk, a decision is made whether the observed section is suitable for transport of hazmat
or not. This comparison of values for each section on a particular route leaves the possibility of defining
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alternative sections that would connect the previous and the next section between which there was a section
that is not acceptable in terms of risk level or mitigate the consequences or reduce the posibility of incident
in order to reduce risk. Thus, the section will re-enter the process of considering eligibility for the transport
of hazmat. Based on the previous review of the literature that considers different methods for selection and
optimization of the route for transport of hazmat, it was determined that the authors used different criteria.
Based on that, the criteria used in this research were defined. The most commonly used criteria in selecting
the optimal route for the transport of dangerous goods are shown in Table 1.
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The most commonly used criteria for selecting a route for the transport of hazardous materials
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In this research, a fuzzy logic system was used to create a model for the selection of a route for the
transport of hazmat in the Ministry of Defense and the Serbian Armed Forces (SAF), as one of the models
of artificial intelligence, because it is the basis for decision making in a dynamic environment. The analysis
of the literature showed that there is no software based on artificial intelligence that is used to select a route
for the transport of dangerous goods in the Ministry of Defense and the SAF. Based on the analysis of the
literature and the interviewing of experts from the Ministry of Defense, the criteria that represent the input
variables in the software based on artificial intelligence are defined. The criteria and their descriptions are
presented in Table 2a b.

TABLE 2A
Defined criteria for the selection of a route for the transport of hazardous

materials in the Ministry of Defence and Serbian Armed Forces

Criterion Description
The distance (expressed in k) that the
1 | Route length wehicle travels when transporting

hazardous materials
5 Impact [Exposure of | Degree of the impact of the consequences
the population of incident situations on the population.

TABLE 2B
Defined criteria for the selection of a route for the transport of hazardous

materials in the Ministry of Defence and Serbian Armed Forces

Criterion Description
2 Environmental Degree of the impact of the consequences
Irnpact of incident situations on the environment.
Speed of response The Fime during which ci_ty services (fire
of Tescue services SErvices, emergency Services and police)
4 @mbulance, react in case of incidents. The_ average
firefighters, police) response time 15 taken as the input
parameter.
The impact of road sections on which due
to the characteristics of the section {terrain
c Probability of a configuration, traffic density, railway
traffic accident crossings, traffic quality, enemy action,
etc) exists an increased risk of a traffic
accident.

Fuzzy LOGIC SYSTEM

Fuzzy logic is used to model complex systems in which it is difficult to determine the interdependence
between individual elements of the system by applying other methods. The creator of fuzzy logic is considered
to be Lotfi Zadeh (Zadeh, 1975a, 1975b, 1975¢), who in 1973 first spoke about the use of mathematical
tools to represent spoken language and human knowledge by introducing the terms fuzzy rule and linguistic
variable into the theory of automatic control. Fuzzy logic itself is based on the theory of fuzzy sets that were
introduced with the basic goal of representing and modeling uncertainty in linguistics in a mathematically
formalized way. Unlike classical sets where an element either belongs or does not belong to a defined set, a
fuzzy set is a set of elements with similar characteristics, where the membership of an element can be any real
number in the interval [0.1]. The main difference between these two types of sets is that classical sets always
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have a unique membership function, while for a fuzzy set there are infinitely many different membership
functions by which it can be described.

Fuzzy relations are used to represent the conection between elements that are valid to some degree. In the
case of binary relations, e.g. "<" (Less), two elements can either satisfy or not satisfy the relation (Precup et al,
2020). In relations that are not binary (which is often the case), for example: there is a weak connection, there
isa middle connection, there is a close connection, the strength of the relation is expressed by expressions that
show gradualness. The fuzzy relation between the elements is satisfied to a certain extent, which is expressed
as a number from the interval [0.1].

One of the basic rules of fuzzy logic is fuzzy composition, where the composition of two fuzzy relations
givesanew relation. The composition must satisfy transitivity, associativity, and symmetry. A fuzzy statement
contains linguistic values, and the truth of the statement is a number from the interval [0.1] (Veskovi¢ et
al, 2020).

Fuzzy reasoning does not contradict the rules of logical reasoning, but it cannot use them in their original
form, because the result of logical reasoning is only a part of possible conclusions when using fuzzy sets and
fuzzy variables. The complex rule of reasoning was proposed by Zadeh (Zadeh, 1965) and it symbolically
reads:

Premise: x is A

Condition: xRy

x Ry means that x and y are connected by a fuzzy relation R (x, y). If we denote "x is A" by the fuzzy set A,
then the meaning of "y is B" can be calculated as (Kushwaha et al, 2020):

= Ao
B=AR )
which represents the composition of the fuzzy set and a fuzzy relation.

The rules used in the fuzzy system, obtained on the basis of expert knowledge, can be expressed using a
certain number of linguistic rules in spoken or artificial language words and serve as a link between the inputs
and outputs of the fuzzy system. All rules consist of two parts: the IF part which represents the input state
and the fuzzy proposition represents the premise, and the THEN part which represents the output state and
the fuzzy proposition represents the conclusion. The if-then rules are interrelated with the expression else.
In addition to this conjunction, they also can be connected by the conjunction and. There are two ways to
define the rules that differ in that part. The first way is the classic rule format proposed by Zadeh, and the
second rule format was proposed by Takagi and Sugeno.

The classic rule format:

Rule: IF <fuzzy statement>THEN<fuzzy statement

where the fuzzy statement may be an atomic statement or a complex statement, e.g.

Ifxis A, thenzis C

Ifxis A andyis Bthen zis C

If xisnot Athenzis CandvisD

The Tagaki-Sugeno rule format:

Unlike the classic format, the Takagi-Sugeno format contains a fuzzy statement only in the IF part of the
rule, and the THEN part is defined by a function whose arguments are input fuzzy variables. A special case
is when a constant is used instead of a function, e.g

Ifxis A then z is f1(x)

Ifx is A else y is B then z is 5(x,y)

Ifx is not A then z is f1(x) and v is 12
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More than one rule needs to be defined to describe a particular fuzzy system. These rules are executed in
parallel, connected by an operator else (union), so the execution of n parallel rules can be expressed using
the fuzzy relation:

n
R = Ug=1Rk @)
where Ry, refers to the k-th rule.

When the classical implication fuzzy system is used, only true variables are considered, while untruths
are not considered. In the case of using the Takagi-Sugeno format, the implication is already defined in the
THEN part (function or constant).

A number of rules for defining a fuzzy system in which words describe the solution to a problem is called
a rule base or expert rules. In reality, the input variables are usually represented by a number, and the output
value is obtained in the numerical form. Since the given system is described verbally (qualitatively) through
production rules, first, numerical values are converted (fuzzyfied) by applying a fuzzy logical operation. After
that, they are processed by the mechanism of approximate reasoning in the fuzzy system through the phases
of aggregation, activation, and accumulation, and the numerical output value is obtained by the process of
defuzzyfication.

Aggregation is a phase in which certain values of the membership function are added to the measured
numerical value, i.e. it is a process by which it is determined with which degree of confidence (truth level)
an input numerical value belongs to a given fuzzy set. In the case where there is only one input, aggregation
is equivalent to fuzzyfication.

Activation is the conclusion drawn in the THEN part of the rule. There are two methods of activation,
MIN (minimum) and PROD (product) methods. The MIN method performs truncation, while the PROD
method performs scaling, proportional reduction of the conclusion.

In the process of accumulation, all activated conclusions are accumulated. Accumulation is usually realized
through two methods: MAX and SUM. By applying the MAX method, the final shape is obtained as the
union of two fuzzy sets, while by applying the SUM method the final contours are obtained as the algebraic
sum of the contours obtained by the activation process. If the obtained sum is greater than one, then it is
normalized to the value of one. When the type of approximate reasoning mechanism is specified, then it is
the MIN-MAX or PROD-SUM method.

Defuzzyfication is the operation of converting the resulting fuzzy set into a real number. Just as fuzzy
systems can be divided into two groups, so can defuzzyfication methods be divided into Mamdani and
Sugeno (or Takagi-Sugeno). Since mathematical defuzzyfication is represented as mapping a vector (value of
a linguistic variable) into a real number, there is a reduction of information. Information reduction occurs
because different values of a linguistic variable can be mapped to the same converted real number. Therefore,
it is necessary to be very careful when choosing a method for defuzzyfication, because there is no method
that is optimal for all cases.

The analysis of input-output mappings is performed in order to notice the influence of the choice of
membership functions and their arrangement on the shape of the output, the set of possible solutions (Badi
et al, 2019). The dependence of one output on another one can be shown by a graph of the function, and its
analysis helps in selecting the membership function and forming rules. The shape of the curve on the graph
can be controlled to some extent by manipulating the membership functions.
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MODELING A FUZZY LOGIC SYSTEM FOR ROUTE SELECTION FOR TRANSPORT OF DANGEROUS
GOODS

Based on the described concept, the basis is created to model the system of interdependence of input criteria
as a complex fuzzy system for the selection of a route for the transport of hazardous materials. It goes through
several phases in order to reach the final solution, which in general modeling represents system design,
optimization and application. In the fuzzy model, the stages gone through to reach a final solution can be
defined as:

- Problem analysis,

- Defining linguistic variables,

- Selection of membership functions,

- Forming a database of rules,

- Selection of inference and defasing methods, and

- Application of a fuzzy model.

Problem analysis

A detailed analysis of the problem, when modeling a fuzzy logic system, is performed to determine the
number of variables and their interdependence. In case the problem is complex, the system can be divided
into several smaller subsystems, the goal and purpose of each subsystem is determined, after which the way
of connecting these subsystems and the priorities between them are determined.

Defining liguistic variables

As previously explained, linguistic variables take values from spoken language or are artificially synthesized
and represented by fuzzy sets. It is pointed out that the designed fuzzy system contains five linguistic variables,
as follows:

- Route length,

- Exposure of the population,

- Environmental impact,

- Response speed of rescue services, and

- Probability of a traffic accident,

including the output linguistic variable Route preference.

The values of the input variables include the intervals listed in the Table 3.

TABLE 3
Intervals of input and uotput linguistic varialbes

. _ . Interval
Input linguistic variables from o
Eoute length 0 300
Exposure of the population 1 10
Environmental impact 1 10
Response speed of rescue services 1 10
Probability of a traffic accident 1 10

. _ . Interval

Cutput linguistic variable rom o
Route preference 0 100
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Once the linguistic variables have been defined, the number and type of membership functions need to be
determined for all input and output variables. The higher the number of membership functions, the higher is
the number of rules, which can make it difficult to set up the system, so it is advisable to start with the smallest
number of functions, in accordance with the nature of the variable. Reducing the number of functions must
not be done to the harm of the quality of the description of the variable. Based on that, it was decided that in
the model each input variable (route length, population exposure, environmental impact, speed of response
of rescue services and probability of an accident) has three membership functions, and the output variable
(route preference) five membership functions. The linguistic values of all input variables are Small, Medium
and Large, while the values of the output linguistic variable are Very Small, Small, Medium, Large, and Very
Large.

A larger number of linguistic values were not needed since it is a decision support system, so it does not
require enormous precision. With three linguistic values, a satisfactory gradual change in output values was
achieved, which limits the number of rules to 243 and enters the domain that the expert can control.

Selection of a membership functions

An important phase in modeling a fuzzy logic system is the choice of membership functions and their
arrangement on the membership interval. In the initial phase of system design, triangular functions were
chosen as membership functions. However, their adjustment does not provide sufficient system sensitivity.
Therefore, Gaussian bells functions were used in the system as they well describe the input and output
variables and allow for satisfactory system sensitivity. Figures 1 and 2 show the membership functions of the
input and output variables.

The values of the membership functions of the input variables are shown in Table 4, where the first number
in the interval represents the left and right distributions of the Gaussian curve along the abscissa, and the
second number represents the value at which the Gaussian curve reaches the maximum.

366



TEODORA D. MILOSEVI#, ET AL. MODEL FOR SELECTING A ROUTE FOR THE TRANSPORT OF HAZARDOUS MATERIALS ...

i " small medium ! ' large 1 smarJI ’ " medum i " lage
% o8 % 0.8
= =
g 05K % 0.8
k]
P ¥
g 5
g a3 g o2
2 &
] [
P L - 1 n A i A
0 0 100 130 200 30 300 1 2 3 4 3 L] 7 ] k-] 10
Routh lenght Exposure of the population
: small T k| I " large i small ; ' medium  large
=2 3
.‘E a.5) E
‘g k=]
[
8 o 5
s g
; 0.2 g
 § &
1 2 Iz :1 I5 Iﬁ I? 8 Is 10 1 2 3 &4 5 L] I'.‘ IE IS b
Environmental impact Response speed of rescue services
FIGURE 1
Membership functions of the input variables
Y T T T T T T T T
Jverysmal small medium large  very large)

0.8

05

04

0.2

Degree of affiliation of the function

o 10 20 0 40 50 60 70 80 o0 100
Route preference

FIGURE 2
Membership functions of the output variable

367



VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2021, VOL. 69, NO. 2, APRIL-JUNE, ISSN: 0042-8469...

TABLE 4
Values of the mambership functions of the input varables

Membership
function/ Srmall Medium Large
input value

Route length (1.2, 70.35) |i(51,151.2) =1, 281.8)

Exposure of
the (166, 1.803) |(1.52,509 (1.54, 3.844)
population
Environmental
impact
Reaction
spead of
rescue
Services
Frobability of
a traffic (1.53, 2335 |(1.52,4977 [(153, 92135
accidernt

(1.74,2.301) |(1.41,65348) [(1.51,8977)

(1.53, 1.52) (1.52, 5447 [(1.52,7.335)

Forming a database of rules

Linguistic rules are constructed as a link between inputs and outputs. In complex systems, one of the major
problems is the lack of a standard and systematic method for transforming expert knowledge or experience
into fuzzy rules (Cirovi¢ & Pamuéar, 2013), (Jovanovi¢ et al, 2014). Another problem is the lack of a
universal method for determining the optimal number of rules, given that many factors influence such a
decision, and this is important for the speed of the system.

The expert domain is primarily entered through production rules. Initially, it is important that for each
combination of input values of linguistic variables, the expert suggests an appropriate output value (Cirovi¢
ct al, 2014). As the system has five input linguistic variables (n=5) with three linguistic values each (M=3),
they can be combined in the database with a total of M™ = 3> = 243 rules.

All rules for the fuzzy logic system are determined by applying the aggregation weight premise rules
method (ATPP), Bozani¢ and Pamucar (2014). There are many methods for constructing a rule base of a
fuzzy logic system from a known set of numerical values, but the ATPP method allows the creation of a rule
base based on experience and intuition. The steps of the ATPP methods are as folows:

Step 1: Determination of the weight coefficients of the membership functions of the input variables.

For the weight coefhcients of the membership functions, the condition applies:

m J) _
j =1 Wxi - g X i 6)
where:
W (xi) 0 - weight coefficient of the membership function, j = 1, ..., m, (m total number of membership
functions),
g.i- weight coefficient of the input variable i = 1, ..., n.
Most often, w) () is determined based on the subjective assessment of the expert modeling a fuzzy logic
system. However, in addition to subjective assessment, the weight coefficient of the membership function
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can be determined by group decision-making and the aggregation of experts. The distribution of the weight
coeﬂicicnts of the membership functions should reflect reality as much as possible. In this particular case,
W (i ) was determined by interviewing experts and applying the FUCOM (Full Consistency Method)
method (Pamudar et al, 2018), (Bozanic et al, 2019), (Fazlollahtabar et al, 2019), (Pugka et al, 2019),
(Erceg & Mularifovi¢, 2019), (Durmi¢, 2019), (Nenadi¢, 2019), (Zizovi¢ & Pamucar, 2019), (Bozanic et al,
2020), (Durmi¢ et al, 2020). Three experts were interviewed, and the results of the calculation of the weight
coeflicients are shown in Table 5. Lingo software was used to solve this problem and for the calculation.

Expert 1- min &

w w w
(122 2‘--:5 2 _15|<e|—=-133l<¢
W WS W3
W3 Wy
——1.25 ££,——3| ——2 <e£
Wy W3
4 |W
|—5—1.6T <¢
Wiy
5
j=1
Expert 2- min ¢
(122 13| < g |t —1| <6, =2 -1
wy W3 W3
W3 Wsg w
——1.6 {E,——1.3|{E, <e¢
Wy W W3
1122 16| <&
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Expert 3- min ¢
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TABLE 5
Weight coeflicients of the input variables

Criteria WEigm.

coefficient
Ky froute length) | p 1734 0.173 |01 0.05
K, (exposure of

} 0.2442 0244 |0.17 0.08

the population)
LS
(enwironmental 01261 0126 |0.08% (003
irnpact)
Criteria W’ﬂgm.

coefficient
K, (reaction
speed of rescue 0.1664 0.08 011 0166
SErvICes)
K¢ (probability of
a traffic 0.2898 0289 |0.18 Q.05
accident)

Step 2: Generate an initial "incomplete” rule base with the maximum number of combinations

N input (X;) variables and the output variable (Y) are described with different numbers of the membership
functions. Starting from that, it is necessary to determine the maximum number of rules, i.e. the maximum
number of combinations (c) by which the membership functions can be combined. The initial rule base
contains only the premises (the IF part of the rule) or the combinations of all membership functions of the

input variables of the fuzzy logical system (x; (). The initial "incomplete” base of the R rule is displayed in
the form of a matrix as:

370



TEoDORA D. MILOSEVI#, ET AL. MODEL FOR SELECTING A ROUTE FOR THE TRANSPORT OF HAZARDOUS MATERIALS ...

X, X, .. X

n

(0 i1 i1
R(x™ X ... x")

2 1 2

R R x7 X3 ... x¥
(m) (m) (m)

R\ x X5 X,

(4)

Step 3: Generating a "complete” rule base by assigning appropriate conclusions (y; ) to premises (x; )
Generating a complete rule base begins with the formation of a matrix R 'in which combinations of input

pairs are replaced by weighting coefhcients (w.) )

1) 1) 1 1

(W' wi! w_i O

21 2 2

w W w® LW

R' = u-‘_{: b wl w[” e W
Jm) ,[m: Jmt) Am)
(oW w W™

After forming the matrix R', the elements of the matrix are summed in rows:

_ ) +
wj =Yjcawy, ¥y €y y7] o
where y* represents the upper limit of the confidence interval [y, y*] of the output variable Y. After this,

it is necessary to determine the degree of belonging of the real number w; to the membership function y(r)
of the output variable Y.

) = max(w,, N
y ( y H},(r}} )
Step 4: Optimization of the number of rules, elimination of redundant rules.
When generating the rule base, each pair of the membership functions (x; @) of the input variables (X;)

is associated with the corresponding membership function () of the output variable (Y). After defining
the rule base, redundant rules that unnecessarily burden the system are eliminated. Elimination is performed
when there are two or more rules that have similar or the same combination of the membership functions
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of the input / output variables. In this case, what is left is a rule whose sum of weight coefhicients of the
membership functions, contained in the rule, is higher.

R = max ) W;EE ,i=12,...,n .

where w.z represents the weight coefficient of the membership functions contained in the rule R.
If we mark:

A - route length,

B — exsposure of the population,

C - environmental inpact,

D - response speed of rescue services,

E — probability of a traffic accident, and

F — route preference,

then the role example is:

IF (A is Large) AND (B is Small) AND (C is Medium) AND (D is Medium) AND (E is Small) THEN
(Fis Large).

Selection of inference and defasing methods

The most commonly used methods for direct inference are MIN-MAX and PROD-SUM (Mamdani
method). In the initial phase of system development, the MIN-MAX method was used. This method is a
common choice when it is not important to manage the entire confidence interval of the output variable.
However, a large number of system simulations have shown that the MIN-MAX method is unsuitable.
One of the basic requirements was to achieve a satisfactory level of system sensitivity, which means that
with certain small changes in the input, the output from the fuzzy system must also have small changes,
which could not be achieved by applying the MIN-MAX method. Figures 3 and 4 show the graphical
representations of the solution according to the MIN-MAX method in the form of the interdependence of
the solution and two input variables.
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Interdependence of the solution and two input variables by the MIN-MAX method

The Matlab 2008b software package was used to construct the fuzzy logic system.
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FIGURE 4
Interdependence of the solution and two input variables by the MIN-MAX method

It can be seen from the figure that the system obtained using the MIN-MAX method is very insensitive.

The insensitivity of the system is represented by the plateaus on the figures.
The settings could not achieve the desired shape, and even if the desired shape was obtained, it would be

valid only for certain values of the input variables.
By changing the parameters, the surface would look even less acceptable, and thus the system would be even
less sensitive. In order to increase the sensitivity of the system, the PROD-SUM method of direct inference

was used, as the best offered by the Matlab software package.
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Figures 5 and 6 graphically show a set of possible solutions of the input variables using the PROD-SUM
method.

2 =

Route preference
Route preference

o 19 population

Route preference

Route preference

L]
4 .
Routs lenght x0 2 Reaction speed of Route lenght 0 _ =
TescUe Services L traffic accident

FIGURE 5
Interdependence of the solution and two input variables by the PROD-SUM method
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FIGURE 6
Interdependence of the solution and two input variables by the PROD-SUM method

The reasoning process in a fuzzy logic system takes place by the fuzzyfication of the values of the input
variables at the very beginning. In the fuzzyfication process, the membership functions defined for the input
variables are applied to the actual value of the input variable to determine the degree of affiliation for the
premise of each of the rules in the database. For example, if the Route Length is described by the linguistic
descriptor Low, Exposure of the Population described as Medium, Environmental Impact as Medium,
Response Speed of Rescue Services as Medium, and Probability of a Traffic Accident described as High. After
obtaining these values, the expert system performs the analysis in accordance with the previously defined
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limits, which represent the membership functions of individual variables. Each variable consists of several
fuzzy sets and the purpose of fazzyfication is to determine which fuzzy set "belongs" to each input variable
and to represent this affiliation with numerical values in the interval [0,1].

After the fuzzyfication of the input values, the analysis of these values is performed as well as their
comparison with the sets of values of the premise of the rule from the rule base. In the case of this system,
all rules were activated when entering values. By activating the rules, intermediate solutions are obtained.
The union of fuzzy sets is applied to the obtained intermediate results, and on that occasion the resulting
fuzzy set is obtained.

The method of the center of gravity (COG) was chosen for the method of defuzzyfication. In the case of
a discrete confidence interval, defuzzyfication is calculated according to:

=1 u(xx;
?=1 p(xi) 9)

u =

where

i -fuzzy set obtained after the accumulation phase;

7 - the number of discretization levels of the specified fuzzy set per x;
x; -i-th discrete value; and

u(x;)- fuzzyfied value of x;
APPLICATION OF THE FUZZY SYSTEM

The application of the system is one of the components in the system life cycle. The model should be applied
and, if necessary, certain corrections, changes and improvements should be made again, which is relatively
easy in a fuzzy system.

A user program has been created for the developed fuzzy logic system, which enables the practical
application of this model. The user platform was developed in the Matlab 2008b software package. Entering
"PP" in the command line of the Matlab software package starts the program for selecting the route for the
transport of hazardous materials. The user form is shown in Figure 7.
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FIGURE 7
User form of the developed program for the selection of a route for transport of hazmat

Pressing the "Pokreni program” (run program) button opens a fuzzy logic model in which the user enters
the desired values of the input variables. The value of the criterion "Route length" has an interval [0,300],
while the values of other criteria can be selected from the interval [1,10]. The values can be entered by
typing or moving the slider keys. By pressing the “Pokreni” (Run) button, the calculation is performed. The
output from the fuzzy system is shown in the lower part as a numerical and linguistic value of the preference
according to the entered route.
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Fuzzy logic model for enetering the input values and displaying the output value

The designed model was tested during the selection of a route for the transport of fuel. Three transport
routes were considered and they represent alternatives.

Table 6 shows the values of the input variables in the fuzzy logic system for each route. The values were
determined based on a subjective assessment of the model designer.
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After entering the input parameters into the fuzzy logic system, the calculation and evaluation of the
mentioned alternatives is performed. The results of the calculation, i.e. the output values of the fuzzy logic
system are shown in Table 7.

TABLE 6
Input values of the selected routes

Route Exposure Ervironmmental SSZSS%I; Probability
length of the . impact reseLe of a traffic
ey population services accident

A1 | 255 5 7 5 7

AZ 1181 ) s & 5

A3 181 6.4 5 5 3.6

TABLE 7
Numerical and linguistic values of the selected routes after the calculation

. Route preference
Alternatives - - —
Hurnerical valug Linguistic value
A1 31.25 Wery Small
A2 £0.75 Medium
A £5.36 Large

After evaluating the alternatives, it was found that the highest preference was given to alternative 3. The
ranking of the alternatives can be displayed as A3> A2> Al.

This model expands the theoretical framework of knowledge in the field of choosing the route for the
transport of hazmat. The existing problem is considered with a new methodology, which creates a basis for
further theoretical and practical upgrades.

CONCLUSION

The paper presents a new model for the selection of a route for the transport of hazardous materials using
fuzzy logic systems. Fuzzy logic systems belong to a group of models based on artificial intelligence which
can be applied as a decision support in the decision-making process of the traffic service authorities in the
Ministry of Defense and the Serbian Armed Forces. In the research listed in the literature, there are various
models for the selection and optimization of the route for the transport of dangerous goods, which aim to
reduce the risk of occurrence and reduction of the consequences of accident situations.

After analyzing the literature and interviewing experts from the Ministry of Defense, the authors defined
five criteria which represented the input values of the fuzzy system. The selected criteria are: (1) The length of
the route, which represents the distance the vehicle travels carrying hazmat; (2) Exposure of the population,
i.e. the degree of impact of the consequences of the incident situation on the population; (3) Impact on the
environment, which represents the degree of impact of the consequences of the incident situation on the
environment; (4) Speed of response of rescue services, i.e. average time for which city services (fire service,
ambulance service, and police) react in case of an incident, and (5) Probability of a traffic accident, i.c. the
impact of road sections where due to the characteristics and conditions on the road there is a probability of a
trafhic accident. In addition to the mentioned criteria that represent the input variables, the output variable
of the fuzzy system is defined and presented as the Route Preference.
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Each input variable is represented by three membership functions, and the output variable is defined by
five membership functions. Since one of the basic requirements when modeling the system was the existence
ofacertain degree of sensitivity of the system, Gaussian bell functions were used as functions for the inputand
output variables. All rules in a fuzzy logic system are determined by applying the method of weight premise
aggregation (ATPP), which allows the formation of a database based on experience and intuition. Based on
the number of input variables and the number of their membership functions, the basic base of 243 rules is
defined. Three experts from the Ministry of Defense were interviewed to determine the weighting coefhicients
of the membership functions, and the values of the coefhicients were determined using the FUCOM method.
In order to increase the sensitivity of the system, the PROD-SUM method of direct inference was used. The
system itself was tested on the choice of route for the transport of motor fuel. One of the advantages of using
this system is that the system is adaptive, which is reflected in the ability to configure the base of fuzzy rules.
Fuzzy inference rules are essential for managing the transport of hazmat, due to the descriptive approach
and the heuristic solution of the problem. Due to the application of the fuzzy logic model, the limitations
of conventional evaluation methods are overcome. The solution obtained by applying the fuzzy logic model
is obtained on the basis of simple aggregation of criteria values. Also, this system is implemented as a user
program within the Matlab software package. As such, it is suitable for application in a dynamic environment
and real-time decision making. The described system leaves room for further research that should move in
the direction of identifying additional parameters that may affect the choice of a route for the transport of
dangerous goods and the implementation of additional decision criteria in the presented model.
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