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Published: 29/03/2021 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 intelli-
gence systems. The system presented in the paper is a system for assistance in the de-
cisionmaking 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
DOI: method of weight premise aggregation (ATPP), which allows the formation of a data-
base 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 co-
efficients of the membership functions, and the values of the coefficients were deter-
~ mined using the Full Consistency Method (FUCOM). Results: A user program which en-
bl el R ables the practical application of this model has been created for the developed fuzzy
(Cle[€]s, logic system. Conclusion: The user platform was developed in the Matlab 2008b soft-
ware package.
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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 pos-
sibilities for the development of automatic control systems, route optimization systems, as well as de-
cision 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 arti-
ficial intelligence that solves the problems of hazmat routing. The paper presents a model for the se-
lection of a route for the transport of hazardous materials using fuzzy logic systems, as a type of artifi-
cial 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 environ-
ment, the reaction speed of rescue services, and the probability of a traffic accident. These criteria were
defined after a literature analysis and the interviews 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.
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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 prefer-
ence for a route was obtained in the form of a numerical value and a linguistic descriptor (

). 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 devel-
oped 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 pre-
sents 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 conclud-
ing considerations with further research suggestions moving in several different directions.

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 decisionmaking support. Despite a good basis, due to more frequent transport of hazmat, explo-
sives, propellants, etc., they have not found a wider application in the military system. The most com-
mon methods and criteria used in solving such problems are described below.

According to Starcevi¢ and Gosic¢ ( ), the first step in managing the transport of hazmat is to deter-
mine 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 (phys-
ical 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 destina-
tions. 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 each of the sections separately. The parameters for the
analysis were divided into two groups. The first group includes: road category, geometric characteris-
tics of the road, access control, existence of level crossings, condition of the road, size of the traffic
flow, participation of trucks in the traffic flow, congestion in the traffic flow, and traffic accidents. The
second group of parameters consists of: population density, land use, population response to the inci-
dent situation, environmental impact, road drainage system, response time of rescue services (ambu-
lance, fire and police), speed limit, and climatic influences (weather conditions). Depending on the prob-
ability 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 satisfying, 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. ( ), applied an approach from
the aspect of expected consequences. Risk is defined as a consequence of possible side effects (inju-
ries, diseases, death) and effects on the population. As the risk factor for each section on the network
must be calculated for the transport of hazmat, the use of the GPM (instead of the length of the sec-
tion) 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
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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 ecolog-
ical (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 param-
eter 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 et al. ( ) 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 territo-
ries 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 popu-
lation, 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 prac-
tical 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. ( ), 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: minimi-
zation of travel time, 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, represent-
ing a specific tool for decision-making support.

Using MOMR (Multiple Objective Mathematical Programming), Castillo ( ) estimated different and
conflicting goals in order to calculate the optimal route for the transport of hazmat regarding the opti-
mizing criterion. The optimizing criterion is flexible and depends on who participates in the decision
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making and 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. ( ) combine adaptive neural networks (ANFIS-Adaptive Neuro Fuzzy Inference Sys-
tem) 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 traffic accidents,
consequences of traffic accidents, risk associated with infrastructure facilities, and risk of terrorist at-
tacks. 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
branchin 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¢ ( ), 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 quan-
tification 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 cumu-
lative 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 im-
proves 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, determin-
ing 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 parame-
ters 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 deter-
mine 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 ob-
served 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 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 cri-
teria 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
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Table 1. The most commonly used criteria for selecting a route for the transport ofhazardous materials
Tab/mua 1. Hanbosee 4acTo Ucnosb3yemble KpuTepum Boibopa MapLupyTa nepeBO3KM OMacHbIX FPy30B
Ta6ena 1. Hajuewhe kopuwwheHu KpuTepujymm 3a o4abup onTMmanHe pyTe 3aTpaHCNOPT OMacHOr TepeTa

Criteria
References Time Inpact on . speedof probabil- Problem /
Transporta- Environmen- response . . Method
of . the popula- . ity of an acci-
tion route . tal inpact of rescue
travel tion . dent
services
(Staréevi¢ & Gosi, R . . ek Al
2014)
Adaptive Neural
(Pamudar et al, Networks and
+ + + + + ,
2016) Dykstra’s Algo-
rithm
(Frank et al, . R R Spatial Decision
2000) Support System
(Zografus & Adrout- . N N N Decision Support
sopoulos, 2008) System
74 f Ad t- Aoy
epeiee faley + + Bicriteria Method
sopoulos, 2008)
(Pradhanaga et al, . R R Ant Colony
2010) Method
Routing and Mul-
(Xie et al, 2012) + + timodal Locating
Methods
(Leonelli et al, + + + + + Risk Analysis
2000)
Use of GIS Risk
(zhang et al, + + Assessment Sys-
2000) tems
(Milovanovic et al, N R . Risk Analysis
2012)
Mil "
(lletaicnt + + + Rick Menagment
2012)
Jovanovic & Ziv- .
( V V! v + + + Routing Problem
kovi¢, 2010)
Planning the rout
for the transport
L i,2008
Loy, ) * * of hazardous ma-
terials
Barilla et al . .
(Barilla et al, + + + + Rick analysis
2009)
Optimization of
S . . . . the rout for the
(Castillo, 2004) transport of haz-
ardous materials
Multicriteria Deci-
(Risti¢, 2018) + + sion Making
Method
Environmental
Biocani tefa-
llvsnin b i=e + + Safety of Hazard-

nov, 2011)

ous 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 mod-
els 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 2. Defined criteria for the selection of a route for the transport of hazardousmaterials in the Ministry of De-
fence and Serbian Armed Forces

Tabauua 2. YTBepKAeHHbIe KpUTEpUM BbIGOpa MapLUpyTa A/ MepeBO3KU OMacHbIXIPY30B B MUMHUCTEpPCTBE
0060pOHbI U BOOPYKEHHBIX cu1ax Cepbum

Tabena 2. edpurHucaHu KpUTepujymm 3a U3bop pyTe 3a TPAHCMOPT OnacHortepeTa y MMHUCTApCTBY 04bpaHe U1
Bojcuu Cpbuje

Criterion Description

The distance (expressed in km) that the vehicle travels when transporting

Route length .
1 g hazardous materials

Impact/Exposure of the pop- Degree of the impact of the consequences of incident situations on the pop-
ulation ulation.

Degree of the impact of the consequences of incident situations on the envi-

3 Environmental impact
ronment.

Speed of response of rescue  The time during which city services (fire services, emergency services and po-
4 services (ambulance, fire- lice) react in case of incidents. The average response time is taken as the in-
fighters, police) put parameter.

The impact of road sections on which due to the characteristics of the sec-
tion (terrain configuration, traffic density, railway crossings, traffic quality,
enemy action, etc.) exists an increased risk of a traffic accident.

Probability of a traffic acci-
> dent

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 ( , , ), who in 1973 first spoke about the use of mathemat-
ical 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 member-
ship 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 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
( ). In relations that are not binary (which is often the case), for example: there is a
weak connection, there is a 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 satis-
fied to a certain extent, which is expressed as a number from the interval [0.1].
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One of the basic rules of fuzzy logic is fuzzy composition, where the composition of two fuzzy relations
gives a new 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]

( )-

Fuzzy reasoning does not contradict the rules of logical reasoning, but it cannot use them in their orig-
inal 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 ( ) and it
symbolically reads:

Premise: x is A
Condition: xRy
Conclusion:yis B

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 (

(B =
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.
If xis A, then zis C

If xisAandyisBthenzisC

If xisnotAthenzisCandvisD
The Tagaki-Sugeno rule format:
Unlike the classic format, the Takagi-Sugeno format contains a fuzzy statement only in the IF part of
therule, 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.

If xis A then zis f (x)

If xisAelseyisBthenzisf,(x,y)

If xisnotA thenzisf (x)andvis 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:

(2)R = Uk=1 Ry
where R, 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).

Anumber of rules for defining a fuzzy system in which words describe the solution to a problemis 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 (qualita-
tively) 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 out-
put 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 real-
ized 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 re-
duction 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
( )- The dependence of one output on another one can be shown by a graph of the func-
tion, 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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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.

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.

As previously explained, linguistic variables take values from spoken language or are artificially synthe-
sized and represented by fuzzy sets. It is pointed out that the designed fuzzy system contains five lin-
guistic 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.

Table 3. Intervals of input and uotput linguistic varialbes
Ta6auua 3. MHTepBasibl BBOAA M BbIBOAA /IMHIBUCTUHECKMUX MEPEeMEHHbIX
Ta6ena 3. MHTepBa/u yNa3HUX U U3/1a3HE /IMHIBUCTUYKE MPOMEH/bUBE

Interval
Input linguistic variables
from to
Route length ¢} 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
Output linguistic variable
from to

Route preference o 100
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The values of the input variables include the intervals listed in the

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 lin-
guistic 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.

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
show the mem-

Degree of affiiation of the function

and output variables and allow for satisfactory system sensitivity. and
bership functions of the input and output variables.
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The values of the membership functions of the input variables are shown in , Where the first
number in the interval represents the left and right distributions of the Gaussian curve along the ab-
scissa, and the second number represents the value at which the Gaussian curve reaches the maximum.

Table 4. Values of the mambership functions of the input varables
Tabsuua 4. 3HaveHna GyHKUMIA NPUHAANEKHOCTU BXOAHBIX MepPeMeHHbIX
Tabesna 4. BpegHocTy dyHKLUMja NpUNagHOCTH y/A1a3HUX MPOMEH/bUBMX

Membership function / input value Small Medium Large
Route length (51.2,70.35) (51, 151.2) (51, 281.8)
Exposure of the population (1.66,1.803) (153, 5.09) (1.54, 8.844)
Environmental impact (1.74, 2.301) (1.41,5.348) (1.51, 8.977)
Reaction speed of rescue services (1.53,1.52) (153, 5.447) (1.52,7.335)
Probability of a traffic accident (153, 2.335) (153, 4.977) (153, 9.135)

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 ( ; ). 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
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( ). 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 ( ). 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
arule 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 coefficients of the membership functions, the condition applies:

G Zm,w = gy,

where:

W(X,,)(D - weight coefficient of the membership function, j = 1, ..., m, (m total number of membership
functions),

g, weight coefficient of the input variablei=1, ..., n.

Most often, w(x,,)(i) 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 can be determined by group decision-making and the aggregation of experts. The distribution
of the weight coefficients of the membership functions should reflect reality as much as possible. In
this particular case, W(X,,)(D was determined by interviewing experts and applying the FUCOM (Full Con-
sistency Method) method ( ; ; ;

)
; ’ ; ; )
; ). Three experts were interviewed, and the results of the calculation of the
weight coefficients are shown in

Table 5. Weight coefficients of the input variables
Tabsuua 5. Becosble KO3pPULMEHTLI BXOAHbIX MEPEMEHHbIX
Tabesa 5. TeXKMHCKU KoepULMjEHTU Y/1a3HUX NPOMEH/bUBUX

Criteria Weight coefficient W(X,.)(T) W(xi)(z) W(xi)(S)
K, (route length) 0.1734 0.173 0.1 0.05
K, (exposure of the population) 0.2442 0.244 0.17 0.08
K, (environmental impact) 0.1261 0.126 0.085 0.03
K, (reaction speed of rescue services) 0.1664 0.08 0.1 0.166
K, (probability of a traffic accident) 0.2898 0.289 0.18 0.05

Lingo software was used to solve this problem and for the calculation.
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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 func-
tions. 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(i)). The initial "incomplete" base of the R rule is dis-
played in the form of a matrix as:

X1 X, .. X,
R, xil) xél) x,(ll)
(@) D (2

(7)R = R:Z X, X, R
Rc xim) xém) x,(lm)

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

input pairs are replaced by weighting coefficients (w,,(1)).
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Wl

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

@) w; = Efawe v* ¥yt €y, y*]

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" of the output variable Y

(10)y™ = max(wy n uy(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(i)) of the input variables (X))
is associated with the corresponding membership function (y) of the output variable (Y). After defin-
ing 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 mem-

bership functions of the input / output variables. In this case, what is left is a rule whose sum of weight
coefficients of the membership functions, contained in the rule, is higher.

(1) R = max}, W,EQ ,i=12,...,n

where w (i) 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 (Ais Large) AND (B is Small) AND (Cis Medium) AND (D is Medium) AND (E is Small) THEN (F is Large).
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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 varia-
ble. However, a large number of system simulations have shown that the MIN-MAX method is unsuita-
ble. 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. Figure 3 and Figure 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.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.
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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.

Figure 5 and Figure 6 graphically show a set of possible solutions of the input variables using the PROD-
SUM method.
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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 de-
scribed as High. After obtaining these values, the expert system performs the analysis in accordance
with the previously defined 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 occa-
sion 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:

_ Z?=1 ux)x;
(2)u =00

where
u, -fuzzy set obtained after the accumulation phase;

n - the number of discretization levels of the specified fuzzy set per x;

x,- i-th discrete value; and

u(x)- fuzzyfied value of x.

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
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User form of the developed program for the selection of a route for transport of hazmat
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Pressing the "Pokreni program" (run program) button opens a fuzzy logic model in which the user en-
ters 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.

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.

Table 6. Input values of the selected routes
Tabaunua 6. BxogHble 3Ha4eHNUA BbIOpaHHbIX MapLUPYTOB
Ta6ena 6. Yn1a3He BpeAHOCTU pa3mMaTpaHuUX pyTa

Route length Exposure of the Environmental Reaction speed of rescue Probability of a
(km) population impact services traffic accident
A1 255 8 7 8 7
A2 181 5.5 5 6 6
A3 181 6.4 6 5 3.6

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 shownin

Table 7. Numerical and linguistic values of the selected routes after the calculation
Ta6/mua 7. H1C10BbIe U /IMHIBUCTUYECKME 3Ha4YeHUA pacCMaTpMBaeMbIX MapLUIPYTOB NOC/1e pacyeTa
Ta6esa 7. HymepuuKe 1 IMHrBUCTUYKE BPEAHOCTM Pa3MaTpaHMX pyTa HaKOH NpopayyHa

Route preference

Alternatives

Numerical value Linguistic value
A1 31.25 Very small
A2 60.75 Medium
A3 65.36 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> A1.

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.

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 intelli-
gence 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 litera-
ture, there are various models for the selection and optimization of the route for the transport of dan-
gerous goods, which aim to reduce the risk of occurrence and reduction of the consequences of acci-
dent situations.

After analyzing the literature and interviewing experts from the Ministry of Defense, the authors de-
fined 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 popu-
lation; (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.e. the impact of road sections where due to the characteristics and
conditions on the road there is a probability of a traffic 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.

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 of a certain degree of sensitivity of the system, Gaussian bell functions were used as functions
for the input and 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 inter-
viewed to determine the weighting coefficients of the membership functions, and the values of the
coefficients were determined using the FUCOM method. In order to increase the sensitivity of the



MiloSevi¢, T. et al.

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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MiloSevi¢, T. et al.

Model za izbor rute za transport opasnog tereta primenom
fuzzy logickog sistema

Sazetak:

Uvod/cilj: Predstavljen je model za izbor rute za transport opasnog tereta primenom fuzzy
logickih sistema, kao vrste sistema veStacke inteligencije. Sistem predstavljen u radu
pomaze organu saobracajne sluzbe priizboru jedne od nekoliko mogudih ruta za transport
opasnog tereta. Metode: Procena rute vrsi se na osnovu pet kriterijuma. Svaka ulazna
promenljiva predstavljena je sa tri funkcije pripadnosti, a izlazna promenljiva definisana je
sa pet tih funkcija. Sva pravila u fuzzy logickom sistemu odreduju se primenom metode
agregacije teZina premisa pravila (ATPP), koja omogucava formiranje baze pravila zasno-
vane na iskustvu i intuiciji. Na osnovu broja ulaznih promenljivih i broja njihovih funkcija
pripadnosti definisana je osnovna baza od 243 pravila. Intervjuisana su tri eksperta iz Minis-
tarstva odbrane kako bi se utvrdili ponderisani koeficijenti funkcija pripadnosti, a njihove
vrednosti odredene su metodom potpune konzistentnosti (FUCOM). Rezultati: Za razvi-
jeni fuzzy logicki sistem stvoren je korisnicki program koji omogucava prakti¢nu primenu
ovog modela. Zakljucak: Korisnicka platforma razvijena je u programskom paketu Matlab
2008b.

Kljucne reci: fuzzy logika; fuzzy skup; ATPP; FUCOM; opasne materije; Matlab

Moge/b Bbibopa MapLUpyTa NepeBO3KM OMACHbIX FPY30B
C MCMO/Ib30BaHMEM CUCTEMbI HEYETKOM /10TMKU

Pe3tome:

BBegeHue/uenb: B gaHHON cTaTbe npeacTaB/ieHa Moge/b Bbibopa MapLupyTa nepeBo3Kku
OMaCHbIX FPY30B C UCMO/Ib30BAHNEM CUCTEM HEYETKOW /IOTMKU, KaK PasHOBUAHOCTU CUCT-
€M MCKYCCTBEHHOrO MHTe//1eKTa. lpeAcTaB/ieHHaA B CTaTbe CMCTeMa npe/cTaB/iAeT cob-
OM cuUCTeMy TOAAEPKKU TPaHCMNOPTHO-IOMMCTUYECKUM  OpraHM3auMAM B rpolecce
MPUHATUA peLleHuii Npu BblbOpe O4HOrO M3 HECKO/IbKUX BO3MOMHbIX MApLUPYTOB Mpu
rnepeBo3Ke onacHblXx rpy3os. Metoabl: OueHKa MaplpyTa BbINO/HAETCA MO MNATU
KputepuaM. KaxpgaAa BXOAHaA MNepeMeHHaAa mnpegcTaBaeHa TpemAa  QyHKuMAMM
NMPUHAA/NEKHOCTH, @ BbIXOAHAA TMepeMeHHad ornpegensaeTca MNATbo  PYHKUUAMM
NpUHaANeKHOCTU. Bce npaBuia B cUCTEMe HeYeTKOW /IOTMKM OmnpeaAe/AtoTCa nyTem
NpUMEHEHWUsI MEeToga arpervpoBaHusa BecoBoro tosapa (ATPP), KoTopbiit mo3Bsosser
co3gatb 6a3y AaHHbIX Ha OCHOBE OfMblTa U MHTYMUMU. OCHOBBLIBAACb Ha KO/MYECTBE
BXO/AHbIX MEePeMEHHbIX M KOo/AM4ecTBe MX (QYHKUMI NPUHAANEKHOCTH, onpeaenseTca
OCHOBHas 6a3a, BK/IOYAIOLLLAA 243 NpaBuaa. 1A onpese/ieHus BeCoBbIX KO3 PULMEHTOB
$YHKLMIA MpUHAA/IEeXKHOCTH Bbl/10 ONPOLLEHO TPU KcrepTa U3 MuHMCTepcTBa 060POHDI, a
3HayeHuAa Ko3dPuuMeHTOB Obln  onpegeneHbl C  MOMOLBIO  MeTOAa  MO/HOM
cornacoBaHHocTv (FUCOM). PesysbTaThl: /17 pa3paboTaHHOM CUCTEMbI HEHETKOWM /10TUKK
CO3/,aHa Mo/1b30BaTe/1bCKas NPOrpaMma, No3Bo/IAOLLAA NPAKTUHECKOe NPUMEHeHUe 3TOoM
Mogenu. BeiBogbl: [o/b30BaTe/Ibckan naatpopma paspaboTaHa B paMmKkax nporpaMmMHOro
naketa Matlab 2008b.

Kawoueebie c/10Ba: HeYyeTKaA /I0rMKa, HevyeTKoe MHoOXxectBo, ATPP, FUCOM, onacHble
rpyssl, Matlab.
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