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4 Stefka Fidanova

1 Introduction

Relevance and motivation of the topic

Optimization is a key topic in informatics, artificial intelligence, opera-
tional research, and related fields. The goal of combinatorial optimization
is to find an optimal object according to some criterion, from a finite set of
objects. It refers to those optimization problems for which the set of valid
solutions is discrete or reducible to discrete and the goal is to find the best
possible solution. Examples of combinatorial optimization problems are the
traveling salesman problem [I14], vehicle routing [125], minimum spanning
tree [104], constraint satisfaction [86], the knapsack problem [29] and others.
These are NP (non-polynomial) problems, and in order to find near-optimal
solutions, metaheuristic methods are usually used. One of them is the Ant
Colony Optimization (ACO) [25]. It is well suited for solving discrete prob-
lems with tight constraints because it is a constructive method.

Purpose and tasks of the dissertation

The main goal of the dissertation is the development of algorithms, based
on the ACO, for solving problems from real life and industry.

To achieve this goal, the following five tasks have been formulated:

e Development of an algorithm for solving the knapsack problem;
e Development of GPS network inspection algorithm;

e Development of an algorithm for building a wireless sensor network
according to two criteria, minimum number of sensors and minimum
energy used;

e Development of an algorithm for workforce planing;

e Development of an algorithm for modeling passenger flow according to
two criteria, travel time and cost of travel.

Methodology

One of the most successful metaheuristic methods for solving combinato-
rial optimization problems is ACO. The idea for it comes from the behavior
of ants in nature. When foraging, ants in nature mark their path by leaving a
chemical substance called a pheromone. If isolated, an ant moves essentially
randomly. If there is a pre-set pheromone, the ant registers it and decides
to follow it with high probability and thus reinforces it with a new amount
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ANT COLONY OPTIMIZATION FOR SOLVING ...5

of pheromone. The repetition of the above mechanism by ants in nature re-
sults in the fact that the more ants have traveled a trail, the more desirable
it becomes for subsequent ants. On the other hand, the pheromone of the
less used paths gradually decreases due to evaporation. This is how nature
prevents ants from following old and unprofitable tracks.

Presentation of results

Algorithms were developed in accordance with the tasks, solving specific
classes of problems. A software implementation of each of the developed
algorithms was made. The programs are written in the C language. A study
was made for the values of the control parameters.

Publications

The author of the dissertation has more than 200 publications, most
of which are in the field of combinatorial optimization and application of
stochastic methods. The results of the dissertation have been published in
19 publications including: 1 monograph published in the prestigious scien-
tific publishing house Springer, 1 with an impact factor in a journal in the
top 10% of Q1, 11 with an impact rank, 5 referenced in the world referenc-
ing and indexing system and one published in an international journal. All
publications are after 2016, when the doctoral student acquired the title of
professor, and did not participate in previous procedures.

Citations

The author of the dissertation has over 1250 citations. The publications
on which this dissertation is based have been cited 51 times. The publications
and citations used are after obtaining previous degrees and titles and have
not been used in other procedures. The author’s Hirsch index, relative to
her known citations, is h=18.

2 Ant Colony Optimization

Ants, having limited individual capabilities, working as a collective are able
to find the shortest path between their nest and the food source. This is
called group intelligence. They work as follows:

e The first ant finds the food source, somehow, then returns to the nest,
leaving a pheromone trail along the way;
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6 Stefka Fidanova

e Ants follow possible paths by monitoring pheromone concentration and
thus make shorter paths more attractive.;

e Ants prefer shorter paths, thus much of the longer paths lose their
pheromone.

Marco Dorigo first applied ideas from ant behavior to solve combinatorial
optimization problems [21, 25 27]. The first ant algorithm was introduced
in 1992 by him in his PhD thesis [24] which he defended at the Politecnico
di Milano, Italy.

Ant Colony Optimization (ACO) is part of the metaheuristic optimization
methods. A metaheuristic is a high-level procedure designed to find, con-
struct, or choosing a low-level procedure that can guarantee finding enough
a good solution to the optimization problem, especially when information
is incomplete or computer resources are limited. The method is iterative.
Briefly, the algorithm can be presented as follows:

e At each iteration, each ant starts building its solution from a random
vertex in the graph. The random start is a way to diversify the search
in the set of solutions;

e The ant chooses the next vertex to include in the solution using a
function called transition probability. This function is the product of
the amount of pheromone corresponding to the transition (of the arc
connecting the two vertices or of the selected vertex) and heuristic
information;

e The ant stops adding new vertices when the probability of adding a
new vertex becomes 0;

e At the end of each iteration, the pheromone is renewed;

e The algorithm stops when the termination condition is reached.
The ant moves from vertex ¢ to vertex j of the task graph with probability:

a,B
Tii M5

a,B
Zall possible k TikTlik

(1)

Dij =

Where:
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ANT COLONY OPTIMIZATION FOR SOLVING ...7

e 7,; is the amount of pheromone corresponding to the transition from
vertex ¢ to vertex j;

e « is a parameter controlling the influence of 7;;;
e 7);; is the heuristic information;

e (3 is a parameter controlled the influence of 7;;

Before the first iteration, an initial pheromone 7y is placed, which has a
small positive value. The rule for pheromone exchange is as follows:

Tij = (1 — p)mij + AT, (2)
Where 7;; is the amount of pheromone corresponding to the transition
from vertex i to vertex j , p is the pheromone evaporation rate.

3 ACQO for the knapsack task

The results of this chapter are published in the following articles : [45, 48]
51, 56, 611, [62].

The multidimensional knapsack problem (MKP) is a complex combinato-
rial optimization problem with wide application. Tasks from different areas
of industry can be presented as MKP including financial and other man-
agement. We can think of the knapsack problem as a resource allocation
problem. There are m resources (backpacks) and n objects, with object j
bringing profit p;. Each resource has its own budget ¢; (knapsack volume),
and object j consumes an amount r;; of resource ¢ . We are interested in
maximizing the total profit while staying within the limited budget. The
MKP can be formalized as follows:

max Z;‘:lpjmj
subject to 37 1z <¢ 1=1,...,m (3)
z; €{0,1} j=1,...,n

x; is 1 if object j is selected and 0 otherwise. Let I = {1,...,m} and
J = {1,...,n}, such that ¢; > 0 for each i € I. The well-defined MKP
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8 Stefka Fidanova

implies that p; > 0 and r;; < ¢ < Z?Zl ri; for all i € I and j € J. We note
that the matrix [r;;]mx» and the vector [¢;],, are non negative.

3.1 ACO algorithm for MKP

We define the graph corresponding to MKP as follows: vertices correspond
to objects and every two vertices are connected by edges. Fully connected
graph means that after object i object j can be selected if there is enough
resource and if object j is not yet selected. The algorithm is iterative. At
each iteration, each ant constructs a solution. The starting object (vertex in
the graph) is chosen randomly. New objects are then added without violating
resource constraints. After all ants have built their solutions, the pheromone
values are updated.

Using Intuitionistic Fuzzy Pheromone

In this section, we will apply intuitionistic fuzziness to pheromone re-
newal. At the beginning, the same pheromone is placed on all edges, which
has a small positive value 19, 79 € (0,1). At the end of each iteration, the
pheromone is updated according to the solutions built by the ants. Let p be
the evaporation rate. The pheromone renewal rule is:

Tij < (1—p)le—|—Ale. (4)

In most applications of ACO to MKP, A7;; = pF', where F' is the value of
the objective function for the corresponding solution [32]. In the traditional
ACO, the evaporation parameter p is an input parameter and remains un-
changed until the end of the algorithm execution. [6I] proposed the use of
intuitionistic fuzzy pheromone. In the case of intuitionistic fuzzy pheromone,
we have proposed the following pheromone update formula [61]:

mj < (1= p)7ij + aF, (5)

where (1 —p)+a <1, a€ (0,1).

In the intuitionistic fuzzy pheromone case, we generate the parameter p
as a random number in the interval (0, 1); then the parameter « is generated
as a random number in the interval (0, p). We have proposed two variants
of the implementation of intuitionistic fuzzy pheromone updating. In the
first variant, the parameters p and « are generated at the beginning of the
execution of the algorithm even before the first iteration. Thus, they remain
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ANT COLONY OPTIMIZATION FOR SOLVING ...9

unchanged until the end of the algorithm execution, but are different for
different algorithm executions. In the second variant, the parameters p and
a are generated at the beginning of each iteration. Thus, their values are
different for each iteration of one execution of the algorithm.

The two proposed pheromone renewal options were tested on 10 MKR test
samples from Operational Research Library “OR-Library” , http://people.brunel.ac.uk/ mas-
tjjb/jeb/orlib/mknapinfo.html (21 Jun 2021).

Each test case consists of 100 objects and 10 knapsacks/constraints. For
all tests, the ACO algorithm has the same parameters. The parameters
are fixed experimentally. The algorithm was run 30 times with each of the
variants for each of the test examples. An ANOVA test was applied to
ensure the statistical difference between the averaged results obtained. We
can conclude that intuitionistically the fuzzy pheromone update improves
the performance of the algorithm and the results achieved by increasing the
search diversity and hence the probability of finding a good solution. This
diversification is more balanced when the coefficients are calculated once at
the beginning of the algorithm than at each iteration.

3.2 Hybrid ACO

Sometimes the algorithm used is not enough to achieve good solutions. Then
a combination of several methodologies is made so that their good qualities
can be combined. Most often, one basic method is used and the solutions
found by it are improved by applying local optimization (local search). MKP
solutions are represented as a binary string, with 1 corresponding to selected
objects and 0 to those not selected. In our local search procedure, we ran-
domly select two positions in the solution constructed by the ant. If one of
the selected items has a value of 0, we replace it with 1, and if their value is 1,
we replace it with 0. We check whether the newly obtained solution is valid.
If the solution is valid, we compare it with the current (initial) solution. If
the newly generated solution is better than the current one, we replace it with
it. We can conclude that the proposed local search procedure is effective and
efficient. The performance of the algorithm has been improved without sig-
nificantly increasing the time for its execution. Four variants of intercriteria
analysis were applied to compare the two algorithms. The conclusion that
the hybrid ACO algorithm performs better is unequivocally confirmed by the
four different intercriteria analysis algorithms.
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10 Stefka Fidanova

3.3 Startup Strategies

To better manage the solution building process, we have included a semi-
random start of the ants. Our goal is to use the ants’ experience and make
the algorithm more efficient. We divide the set of vertices of the task graph
into several subsets. We introduce an estimate of how good and how bad it
is for the ant to start building a solution from a vertex belonging to a given
set, according to the number of good and bad solutions started from vertices
belonging to the corresponding set [45] [51].

Several starting strategies and combinations of them are proposed. For
each set j , D;(i) is the estimate of how good the starting vertex of the
solution is from this set, and the estimate E;(7) indicates how bad the initial
vertex of the solution is from this set , where i is the current iteration number.
We define a bound D for whether the estimate is good and a bound E below
which the estimate is bad. The following [39] startup strategies are suggested:

1) If lb;j_ 8 > F then for the current iteration subset j is forbidden. The
J

starting vertex is chosen randomly from {j |j is not forbidden};

2) If g? ((g > F then by the end of the algorithm subset j is forbidden. The
J
starting vertex is randomly selected from a set {7 |7 is not forbidden};

3) If g; 8)) > E then for K; consecutive iterations subset j is forbidden.

The starting vertex is chosen randomly from {j | is not forbidden};

4) Let r; € [%,1) and 7o € [0,1] be random numbers. If o > 7 we
randomly select a vertex from a subset {j |D;(i) > D}, otherwise a
vertex from a non-forbidden subset is selected. r; is selected and fixed
at the beginning of the algorithm.

5) Letr € {%, 1) and ry € [0, 1] be random numbers. If 5 > r; we choose
a random vertex from a subset {j |D;(i) > D}, otherwise a vertex from
a non-forbidden subset is selected. r; is chosen at the beginning of the
algorithm and is incremented by r3 at each iteration.

K, K; € [0, number of iterations] is a parameter.

We apply an intercriteria analysis to the results achieved by ASO with
the application of various startup strategies [39]. An intercriteria analysis
was applied to show the relationship between the strategies. From it we can
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conclude that when the selection is banning subsets of vertices, the algorithm
works quite differently from the random selection variant (supervised or not).

4 Inspect GPS Network

The Global Positioning System (GPS) needs periodic tracking, consisting
of placing GPS receivers successively at certain points. The results of this
chapter are published in [63]. A GPS network can be defined as a set of sta-
tions (ay, as, ..., a,) that are coordinated by placing receivers (X1, X2,...)
on them to determine the sessions (ajas, ajas, asas, . ..) between them. The
task is to find the best order in which these sessions can be arranged to give
the best schedule. Thus, the schedule can be defined as a series of sessions to
be observed consecutively. The solution is represented by a line graph with
weighted edges. The nodes represent the stations and the edges represent
the moving costs. The goal of the task is to reduce the cost of the solution,
which is the sum of the costs (time) of moving from one point to another.
Two variants of the ACO algorithm are applied to solve the problem, MMAS
and ACS. The test cases used ranged from 100 to 443 sessions.

A comparison is made between the two algorithms. The obtained results
show that MMAS achieves better results than ACS. A comparison is also
made with the algorithms used by other authors to solve this problem [110].
The results show that both proposed ACO algorithms outperform other au-
thors’ algorithms. To improve the behavior of the algorithm and the achieved
results, 6 local search procedures are proposed: sequential exchange of nodes;
exchange in to randomly selected nodes; delete a random rib; deletion of the
longest rib; delete 2 random edges; deleting the two longest ribs. The local
search procedure is applied only to the best solution of the current iteration.
In this way, there is an improvement in the solutions found, without a signif-
icant increase in the execution time of the algorithm. After the tests, it was
found that the fifth variant of the local search procedure with the removal of
two randomly selected edges gives the best results.

An ant method with a change in environment has also been proposed.
Added an additional change to the ant environment by adding an extra
shuffle to the pheromone exchange. A change in environment has been shown
to improve the results obtained.

An intercriteria analysis was applied to the ACO algorithm applied to the
average results of 5, 10, 20 and 30 runs. Through the intercriteria analysis,
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12 Stefka Fidanova

the correctness of the algorithm and the similarities in the structure of the
individual GPS networks can be examined.

5 Wireless Sensor Network Positioning

Spatially distributed sensors that communicate wirelessly form a wireless
sensor network (WSN). Each sensor node collects data from an area around
it, called the observation area. The observation radius defines the size of the
area observed by the sensor. The communication radius determines how far
a node can send the collected data. A special, more powerful node called the
High Energy Communication Node (HECN) collects the data from all the
sensors and sends it to the central computer where it is processed. As few
sensors and energy as possible should be used, provided that the monitored
terrain has full coverage. The task is multi-purpose. An algorithm based on
the ant method is proposed for solving the problem as a multi-objective and
two ACO algorithms for solving it as a single-objective. The results of this
chapter are published in [50, 53, 57, 107, 63].

One of the most important points of ACO algorithms is the construction
of the task graph. We need to choose which elements of the task will corre-
spond to the nodes and the meaning of the arcs, where it is more appropriate
to deposit the pheromone - on the nodes or on the arcs. In our WSN imple-
mentation, the task is represented by two graphs, which is one of our contri-
butions. The terrain is modeled by a rectangular grid G = {g;; }nxnm , Where
M and N are the dimensions of the observed area. Through the graph G, the
coverage of the area is calculated. We use another graph G1y1xa1, in the
vertices of which we place the sensors, N1 < N and M1 < M. The param-
eters N1 < N and M1 < M depend on the observation and communication
radii. In this way, we reduce the number of calculations that the algorithm
performs, the execution time is reduced accordingly. The pheromone binds
to the placement site Ph = {ph;;} N1xan , the initial pheromone has a small
value, for example, 1/ngs . The place where the HECN is located is the
first position in the solution (zero position).

Our proposed heuristic information is a product of three parameters as
follows:

i (t) = sijli (1 — by), (6)

where s;; is the number of uncovered points that the new sensor will cover,
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(7)

b is the decision matrix and the matrix element b;; = 1 when there is a
sensor placed on node (i,j) of graph G1, otherwise b;; = 0. By s;; we try
to increase the locally covered points, more newly covered points can lead
to less number of sensors. With [;; we guarantee the connectivity of the
network. Sensor placement starts from the HECN to the periphery. Each
new sensor is placed so that it can transmit the collected information to the
HECN. The expression (1 — b;;) guarantees that at most one sensor will be
placed on one node of graph G1, i.e. there will not be two or more sensors
in the same position. When the transition probability p;; = 0 for all values
of 7 and 7 , the search for new sensor placement positions stops. Thus, the
construction of the solution stops if there are no more free positions, or all
points are covered, or new communication is impossible.

Two approaches were used to convert the task from multi-objective to
single-objective. In one approach, the objective function is a product of the
two objective functions of the task. In the other approach, the two objective
functions are summed, having previously been normalized by dividing by the
best value from the first iteration. There are two sub-options here: simple
sum and weighted sum.

A comparison is made between the different approaches and the results
obtained by other authors. For this purpose, the concept of extended Pareto
front was introduced. The influence of the algorithm parameters is investi-
gated.

Various variants of intercriteria analysis were applied. The influence of
the number of ants on the behavior of the algorithm was evaluated using
the intercriteria analysis. Again, with the help of the intercriteria analy-
sis, the similarity between the individual variants of the applied algorithm
was examined. There is more similarity between the behavior of the two
single-objective variants than between some of the single-objective and multi-
objective variants.

L 1 if comunication exists
K 0 no communication

6 Workforce planning

Human resource management is one of the main parts of production organi-
zation. Given a set of jobs J = {1,...,m} that must be completed in a fixed
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14 Stefka Fidanova

period of time. Each job j takes d; hours to complete. I = {1,...,n} is the
set of available workers. Each worker must work on each of their assigned
tasks for a minimum of h,,; hours to work efficiently. Worker ¢ is avail-
able s; hours. The maximum number of jobs assigned to one worker is s;
hours. Workers have different skills, the set A; indicates which tasks worker
1 is qualified for. The maximum number of workers that can be assigned in
the schedule period is t or at most ¢t workers can be selected from the set I
of available workers, and the assigned workers must be able to complete all
jobs. The goal is to find a valid solution that has a minimum assignment
cost. In this work, an algorithm based on the ACO is proposed to solve the
Workforce planning problem [46], 106, [63], [T08].

In the considered case, the task is represented by a three-dimensional
graph, where vertex (i, j,z) means that worker ¢ is hired to work on task
j for time z. At the beginning of each iteration, each ant starts building
a solution from a random vertex of the task graph. Three random num-
bers are generated for each of the ants. The first random number is in the
interval [0,...,n] and corresponds to the worker being hired. The second
random number is in the interval [0, ..., m] and corresponds to the job on
which this worker should work. The third random number is in the interval
[Pmins - - ., min{d;, s;}] and corresponds to the number of hours worker i is
employed to work on job j . Heuristic information is calculated using the
following formula:

otherwise

ZCZ" l:ZZ"
Niji :{ 0/ J J (8)

With this heuristic information, we encourage hiring the cheaper workers
for as long as possible. The set of test examples includes ten structured and
ten unstructured tasks. A task is structured when the time to complete the
task is proportional to the minimum time that must be worked on that task.
A comparison of the proposed ACO algorithm with algorithms proposed by
other authors is made and it is shown that the ACO algorithm outperforms
others for this task.

The task has strict constraints and some of the ants fail to find a valid
solution. A local search procedure is proposed to improve the algorithm.
It is applied to the invalid solutions found in the iteration. The procedure
is one-time, regardless of whether the solution after a local search is valid
or not. In this way, the execution time of the algorithm does not increase
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significantly. A decrease in the number of invalid solutions found by the ants
is observed even after the first iteration. In this way, the time (number of
iterations) to find the best solution decreases. Three variants of the local
search procedure are proposed: removing 25% of the assigned workers and
adding new ones using the ant method. Remove half the assigned workers
and add new ones by applying the ant method and delete the invalid solution
and build a new solution in its place. The procedure in which half of the
appointed workers are removed is the most effective. Removed workers are
randomly selected.

The influence of the parameters of the ACO algorithm on the quality of
the solutions found has been studied. Various numbers of ants (5, 10, 20 and
40) were used, and it was found that the best results were obtained when the
number of ants was 5.

An intercriteria analysis was applied to gain some additional knowledge
about the considered four variants of the ACO algorithm. It shows that at
5 and 10 ants we have a similar behavior of the algorithm as at 20 and 40.
On the other hand, ICrA confirms the conclusion that for this task the best
performance of the algorithm, i.e. using less computing resources, is with the
use of five ants.

7 Passenger Flow Modeling

Rail transport is the oldest form of public transport still in use today. Nowa-
days, bus transport competes with rail, especially where there are highways.
Analytical models are therefore very important for further planning and
decision-making in transport development. The results of this chapter are
published in [42] 58, 64].

In our case, there is a destination from stop A to stop B. There are several
types of vehicles, a variety of trains and buses that travel between stop A and
stop B. Each vehicle has a plurality of intermediate stops at which it stops
between the two final stops. Some of the intermediate stops may be shared
by some of the vehicles. Let the set of all stops be S = {s1,...,s,} and at
each stop s;, 7 = 1,...,n—1, nis the number of stops, in each time slot, there
is a number of passengers who want to travel to station s;, 7 =i+ 1,...,n.
Each vehicle may have a different speed and cost to travel from stop s; to
stop s;. We have defined two objective functions, the sum of the prices of all
tickets sold and the total travel time of the passengers. If any of the vehicles
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does not stop at any of the stops, then we set the travel time and price to
that stop to be 0.

When applying the ACO to the passenger flow modeling task, the time
is divided into time slots/slots ( N x 24 time slots corresponding to 60/N
minutes. The ants start building the solution from the first stop. They
choose randomly how many passengers will board each of the vehicles The
upper limit of passengers that can board the vehicle is the minimum of the
difference between the capacity of the vehicle and the passengers already in
it and the number of passengers who want to ride If there is only one vehicle
at a given stop at a given time, then as many passengers as possible board
it.

The developed algorithm is first applied to a small example and then to a
real example. The initial stop is Sofia, the capital of Bulgaria, and the final
stop is Varna, the maritime capital of Bulgaria. This is one of the longest
railway routes in Bulgaria, with a length of about 450 kilometers. There are 5
trains and 23 buses per day on this route. They run at different speeds, fares
for getting from one stop to another are different, and have differences in
intermediate stops. We do not have exact data on the number of passengers
traveling from one stop to another on the Sofia-Varna line. For this reason,
we have made an estimate of the number of passengers, taking into account
the number of inhabitants of the settlements where the vehicles stop.

8 Conclusion

Combinatorial optimization is extremely difficult from a computational point
of view. Usually, the application of a given method for solving such type of
tasks depends on the task itself and may be different for different variants
of the same task. The focus of this dissertation is on the application of
the ant method. This method is among the best for solving combinatorial
optimization problems. The ant method differs from other methods in that
it is a constructive method and outperforms most of the other methods in
a large number of applications. In the present dissertation, the results of
the author, in the field of the ant method and its applications, achieved
in the last 7 years are collected. At the beginning, a description of the
method and its varieties is given. Individual chapters present the application
of the ant method to various tasks. These are the backpack task, GPS
network inspection task, wireless sensor network construction task, workforce
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recruitment task, passenger flow modeling. The influence of the parameters
of the developed algorithms was investigated. An intercriteria analysis was
applied. A program implementation of the developed algorithms was made.
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8.3 Contributions

The contributions in this dissertation can be divided into scientific and ap-
plied science. Scientific contributions concern the development of algorithms
based on the ant method. The scientific and applied contributions refer to
the program implementation of the developed algorithms.

The scientific contributions are:

e A hybrid algorithm for solving the knapsack problem is developed as
a combination between applying the ant method and a suitable lo-
cal search procedure. The use of two variants of intuitionistic fuzzy
pheromone is introduced. With the help of intercriteria analysis, a
comparison was made between the variants of the algorithms used, as
well as the use of starting strategies.

e A GPS network inspection algorithm based on the ant method has
been developed. Added changes to the search environment. The cor-
rectness of the algorithm and the similarity between the networks were
investigated using intercriteria analysis.

e Algorithms have been developed to solve the task of building a wireless
sensor network based on the ant method. A sensitivity analysis was
performed against the number of ants used. The similarities and dif-
ferences of the individual algorithms were analyzed using intercriteria
analysis.

e An algorithm has been developed for solving the labor recruitment task
based on the ant method. Several variants of local search procedures
have been developed in order to improve the performance of the algo-
rithm. An analysis of the sensitivity of the algorithm to its parameters
was made. An intercriteria analysis was applied.

e An algorithm has been developed for modeling passenger flow in the
presence of various types of transport in one direction. The algorithm
is based on the ant method.

The scientific and applied contributions are:
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A software implementation of the hybrid algorithm for solving MKP
was made;

A software implementation of the GPS surveying network algorithm
was made with changes to the search environment;

A software implementation of the algorithm for solving the work force
planning problem was made;

A software implementation of a passenger flow modeling algorithm was
made.

The results of this dissertation can be used in various fields of science,
industry and practice. The developed algorithms and their program imple-
mentation refer to practical tasks and can be implemented in various branches
of the economy.

Declaration of originality of the results

I declare that this dissertation contains original results obtained during
scientific research carried out by me. Results that have been obtained, de-
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1 VYBoxg

AKTyaJIHOCT 1 MOTUBMPOBKA Ha TeMarTa

OnruMusanusaTa e KJIo4oBa TeMa B nH(pOPMATHKATa, N3KYCTBEHNs NHTe-
JIEKT, U3CJIeBAHETO Ha ONEpaIMnTe U CBbp3aHuTe ¢ Tax objgacru. Llenra na
KOMOMHATOpHATA ONTUMU3AIMA € J1a HaMePH ONTHMAJICH OOEKT 110 HAKAKbB
KPHUTepuil, OT KpailHO MHOXKECTBO OT 00EKTH. 15 ce OTHACA 3a Te3U OITHMHU-
3aIlMOHHH 3a/1a41, 38 KOUTO MHOYKECTBOTO OT BAJINJHH PeIlleHHd € JJUCKPETHO
WM MOXKe J1a Objie PeyIupaHo JI0 JUCKPETHO U IIEITa € Ja Obe HaMepeHo
BBH3MOKHO Haii-7106poTo pemenue. IIpumepn 3a KOMOMHATOPHN OITUMU3AIIM-
OHHU 3aJIa9K Ca 3aja4daTa 3a Thproekus nbTauk [114], maprpyrusanus na
upeBosHu cpejcrsa [125], murnmanto obxsamario aupso [104], ymosiaerso-
psiBare Ha orpannmuenus [86], 3amauara 3a panunara [29] u npyru. Tosa ca
NP (menmosmmHomua sm) 3aja49u U 3a Ja ObJaT HAMEPEHU pellleHust OJIN3Ku
JIO ONITHMAJIHUTE, OOMKHOBEHO Ce M3I0JI3BAT METACBPUCTUYHU METOIN. EuH
or Tax e MeToabT Ha Mpaskure [25]. Toit e MHOrO TOIXOSIN 3a penaBaHe
Ha JINCKPETHHU 33189l ChC CTPOI'M OIPAHMYEHMH, 3aII0TO ¢ KOHCTPYKTHBEH
METO/I.

Ilesn n 3agaum HaA AUCEpPTALMOHHUA TPY/I,

OcHoBHaTa 1eJI Ha AMCEPTAIMOHHUS TPYH € pa3spaboTBAHETO Ha aJro-
pPUTMH, Ha OCHOBATa HA METOJA Ha MPABKUTE, 33 PEHIaBAHETO Ha 3aJadd OT
peasiHUs KUBOT U UHYCTPHUATA.

3a nocTuraneTo Ha Ta3u Hesl ca POPMYJIUPAHU CJICIHUTE HeT 3a atdu:

e PazpaborBane Ha aJITOPUTHM 3a pelllaBaHe Ha 3aJavdaTa 3a PAHUIATA;
e Paspaborsane Ha ajropurTbM 3a nHCcHeKTupane Ha GPS Mmpexa;

e PazpaborBane Ha aJITOPUTDHM 3a MIOCTPOsIBaHe Ha OE3:KUYHA CEH30PHA
MpezKa 10 J[Ba KPpUTepus, MUHUMAJICH OPOil CeH30pU U MUHUMAJIHA, 13-
IIOJI3BaHa CHEPTUd;

[ Pa3pa60TBaHe Ha aJI'OPUTDHM 3a Ha€eMaHeE Ha pa60THa CHJIa;

® Pa3pa60TBaHe Ha aJI'OPUTBHM 3a MOJCINPaHe Ha II'bTHUKOIIOTOK IIO JBa
KpuTepud, BpeMe 3a IPpUJIABU2KBaHE U Il€Ha 3a IIPUABU2KBaHE.

Meroauka Ha u3cjieaBaHETO
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Eaun or Hali-ycnenHuTe METaeBPUCTUYHNA METO/IU 3a PellaBaHe Ha KOM-
6I/IHaTOpHI/I OIITUMH3aIlMOHHU 3aJa91 € METObT Ha MPaBKHTC. I/I,Z[eﬂTa 3a HE-
ro WjBa OT MOBEJICHUETO Ha MPaBKUTE B Ipupojata. Koraro Tbpedar xpaHa,
MPaBKHUTE B IIPUPOIATa MAPKUPAT CBOS IIbT OCTABANKN XMUMUUIecKa cyOcTaH-
st HapedeHa (GepoMoH. AKO e M30/IMpaHa, eIHa MpaBKa ce JIBUKU OCHOBHO
[0 Cay4aeH HaduH. AKO mMa IpeIBapUTeHO ITocTaBeH (epOMOH, MpaBKa-
Ta O PETUCTPUPA W PEMIaBa Ja I'O CJIEJIBA C TOJIAMa BEPOATHOCT U TIO TO3M
Ha4YMH TO 3aCUJIBa C HOBO KoJyimduecTBO ¢epomoH. IloBTapsinero Ha ropHus
MEXaHU3bM OT MPABKUTE B IPUPOJATa BOIU JO TOBA, Y€ aKO IO €JIHA CJIeJIa
ca IpeMUHAJIU [I0BeYe MPABKHU, TOJKOBA I0-’KeJIaHa CTaBa Ts 3a CJjleBallli-
te MpaBku. OT apyra crpana, (PepoOMOHDBT Ha CJ1a00 M3MOJI3BAHUTE II'HTUIIA
IIOCTEIIEHHO HaMaJIsBa 3apa/in usliapenue. Taka mpupogara mpejna3Ba MpaB-
KHUTE JIa CJeJIBAT CTapyd U HEU3TOJHU CJIEIN.

IIpeacraBsHe Ha pe3yJITaTUTE

B cporBeTcTBHE ¢ TIOCTaBEeHHUTE 3aja49i ca pa3pabOTEHU aJrOPUTMHU, pe-
IaBaly KOHKpeTHU KJacoBe mpobsiemu. HalpaBena e nporpamua peaJinsa-
1T Ha BCEKHM OT paszpaborenurte ajnroputmu. IIporpamure ca manucanu Ha
esuka C. Hampaseno e mscieqsane 3a CTOMHOCTUTE HA YIPABJISIBAIIATE TIa-
paMeTpu.

IIybankamun

ABTOp®HT Ha JucepranuaTa uMa Ha L 200 myOmKaImm, KaTo IOBeYeTo ca B
obJtacTTa Ha KOMOMHATOPHATA OINTUMU3AINS U IPUIATaHeTO HA CTOXACTUIHN
Metoan. Pesysnrarure or mucepranuaTa ca myOoJuKyBaHEH B 19 myOuKaimum
cbrbpkaliy: 1 MoHorpadus nsgajieHa B IPECTUKHOTO HAYIHO U3/1aTEICTBO
Springer, 1 ¢ umnakT dakrop B cumcanue B Torn 10% ma Q1, 11 ¢ uMmaxr
paHr, b pedepupaHn B CBeTOBHaTa cucTeMa 3a pedepupaHe U HWHIEKCHPaHe
u ejHa MyOJUKyBaHa B MEXKIYHAPOJIHO crucanue. Bewmdku myOJmKanum ca
caen 2016, KoraTto gucepTaHTKaTa € IpUI001Ia 3BAHHETO IPpodecop, 1 He ca
ydJacTBaJU B IPEJIXOIHU TIPOIE/LYPH.

HuTupanus

ABTopbT Ha muceprarusaTa uMma HaJl 1250 murupanns. Ilybaukanumnre, Ha
OCHOBaTa Ha KOUTO € HalllCaHa Ta3W JucepTallus, ca murupann b1 mbru. 13-
[IOJI3BAHUTE ITYOJUKAIIMU U [TUTUPAHUASA Ca CJIEJI IPUI00MBaHe Ha IIPEJIXO/IHH
CTeNeHN U 3BaHUs W He ca M3MOJI3BaHM B JIpyru mporeaypu. ngexkcbr Ha
Xupii Ha aBTOpa, CIPIMO U3BECTHHUTE i IuTUpanusd, ¢ h=18.
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2 Metoa Ha MpaBKUTe

MpaBkuTe, nMailku OrpaHMYeHU WHIUBUIYAJHH BH3MOXKHOCTH, PabOTENKN
KaTO KOJIEKTHUB Ca B ChCTOdAHUE Jla HAMEPAT Hal-KpaTKNASA M'bT MEXKJY CBOETO
IHE3/10 U U3TOYHUKA Ha XpaHa. ToBa ce Hapuda I'pynoBa WHTEJMTE€HTHOCT. Te
JeicTBAT 10 CJAETHUSA HAYUH:

e [InpBara MpaBKa HaMUpa M3TOYHHMKA Ha XpaHa, 110 HIKaKbB HA4YMH,
CJIeJT KOETO Ce BPbINAa B T'HE3/I0TO, OCTABANKU IO II'bTA Cjaefa oT dhepo-
MOH;

[ MpaBKI/ITe cJaeaBaT BBb3MOXKHUTE II'bTHUIIA CHeI[‘eIU/IKI/I KOHIIEeHTpaluATa
Ha CbepOMOH 1 TaKa IIPpaBAT IIO-K'bCUTE II'bTHUIIA ITO-IIPUBJICKATC/IHH.

® MpaBKI/ITe npearnounuTaT IIO-KbCUTE II'bTUullla, II0 TO3M Ha4YMH I'OJIdMa
qacT OT IIO-AbJI'MTE II'bTUIIla FY6HT OT CBO«A CbepOMOH.

[Ipbe Marco Dorigo npuiiara mjien OT TOBEJICHHETO Ha MPaBKH 3a pe-
masaHe Ha KOMOMHATOPHHU onTuMmusarmonan 3agaqu |21, 25 27]. TI'spsusar
aJITOPUTHM Ha MpaBKHUTE € BbBejeH Ipe3 1992 or Hero B JOKTOPCKATA MY
mucepranust [24], kosito Toit 3amurasa B [losmrexankara nHa Mumano, Vra-
JIUSI.

Meroanbr na mpaskute (Ant Colony Optimization - ACO) e gact or Mmerta-
E€BPUCTUIHHUTE METO/IM 3a onTuMmusarus. MeraeBpuctukara e mporeypa ot
BHCOKO HUBO, IIpe/IHA3HAYCHA 38 HAMHUPaHe, U3rparkKIaHe Win u300p Ha Ipo-
1e/lypa Ha HICKO HUBO, KOATO MOXKe Jla TapaHTUpa HAMUPAHETO HA JIOCTAT Y-
HO J00pO pellieHre Ha ONTUMHU3AIMOHHATA 3ajada, 0COOEHO Koraro mHMOp-
MallUsTa € HelI'bJIHA WJIU KOMITIOTbPHHUTE pecypcu ca orpannderu. Meroabr e
nrepaTuBeH. HakpaTko ajropuTbMbT MOXKeE J1a O'bJie MIPeJICTaBeH 110 CJIEIHIS
HaYHIH:

e Ha Bcska nTeparus, BcsKa MpaBKa 3all09Ba JIa CTPOU CBOETO PEIeHHe
OT ciiydaeH BpbX B rpada. CiaydaitHudaT ctapT e HauuH 3a pa3sHooOpa-
3dBaHe Ha ThPCEHETO B MHOXKECTBOTO OT PEIIeHUs;

e MpaskaTa n3dmpa CJIe/IBAIMUAT BPbX, KOWTO J1a BKJIIOYN B PEIICHUETO C
oMoIITa Ha (PYHKIU, HApeYeHA BEPOATHOCT Ha Mpexoja. 1a3u ¢pyH-
KIS € MMPOU3BeJIeHNe OT KOJUYECTBOTO (DEPOMOH CHOTBETCTBAIIO Ha
npexo/ia (Ha Jrbrata CBbp3Ballia jiBaTa BbpXa WA Ha nu30paHus BPbX),
U eBpucTUYIHa UHMOPMAIUS;

Asmopegpepamu na oucepmayus 2023 (8) 37-71



METO/l HA MPABKUTE 3A PEIIIABAHE HA KOMBUHATOPHU OIITUMU3AIIMOHHHU 3AJ[AYH 40

e Mpagkata crupa Jia npubaBsi HOBH BbPXOBE KOTAaTO BEPOSITHOCTTA 34
JiobaBsHe Ha HOB BPDLX crane (;

e Hakpas na Bcsika ureparus (hbepoOMOHBLT ce OOHOBSIBA;
e AJITOPUTHMBT CIUPA KOTATO € JIOCTUTHATO YCJIOBHETO 3a KpPai.

Mpagkata ce MpuJIBUXKBa OT BPbX ¢ JIO BPbX J OT rpada Ha 3ajadara C
BEPOSTHOCT:

a,B
Tiij

a,B
Zall possible k Tit ik

(1)

Pij =
Ksbjero:

® 7;; € KOJIMIeCTBOTO (hePOMOH CHOTBETCTBAINO Ha IIPEX0/ia OT BPDBX ¢ JI0
BPBX J;

e ( e IapaMeTbp, KOHTPOIMPAI] BIMAHUETO Ha, T;j;
® 7);; € eBpUCTUYHATa HHMOPMAIH;
e (3 e mapameTbp, KOHTPOJIUPAII BJIUSHAETO Ha 1);;

[Ipeau nmbpBaTa uTepalysa ce MocTaBsd HadajeH (hepoMOH Ty, KOWTO UMa,
MaJIKa ToJIOKUTeTHa cToitHoCT. [IpaBuioro 3a oOMsaHa Ha (hepoMOHA € eI
HOTO:

75 = (1 = p)7ij + ATy, (2)

Kbaero 7;; e xommdecTBOoTO (hepPOMOH, CHOTBETCTBAINO Ha IPEXoJa OT
BPBX ¢ JIO BPBX J, p € CKOPOCTTa Ha M3NapeHue Ha (pepoMoHa.

3 Metoa Ha MpaBKuTe 3a 3aJavaTa 3a paHulla-
Ta

Pesyarature or Tasu riasa ca nybaukysanu B ciegnute cratun [45) 48] 51
56, 611, [62].

MHuoromepHara 3asa4a 3a panunara (MKP) e cioxkaa kombuaaTopHa or1-
TUMU3AIMOHHA 33/1a4a C MUPOKO IPHUJIOZKEHIE. 3a/1a91 OT PA3JINIHU 001aCTH
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Ha UHyCTpusATa Morar ja Obaar npeiacraBenn kato MKP Bxiounrenso du-
HAHCOBO U JIPYT BUJI yIIPABJICHUE.

3a 3a/avaTa 3a paHUIATa MOXKEM Jla CH MECJIUM KaTo 3ajada 3a pas-
npejiesierne Ha pecypen. Vma m pecypea (panunum) u n 0o6eKTa, Karo 06eKT
J Hocu medasba pj. Beexn pecype mma cBoit cobcTBeH 610/pKeT ¢; (0beM Ha
paHunara) u 00eKT j KOHCyMHPa KOJIUIECTBO 75; OT pecypc i. Hue ce umnre-
pecyBamMe OT MaKCHUMH3UPAHETO Ha O0IaTa Iedagda u B CHIOTO BpeMe Jia
ocTaHeM B paMKuTe Ha orpanudenus Oroker. MKP moxe na ce dopmasu-
3Upa 10 CJACTHUS HAUUH:

max >0 pil;
subject to 37 1y <c¢ i1=1,...,m (3)

z; €{0,1} j=1,...,n

x; e 1 ako obekr j e u3bpan u 0 B apyrus ciy4ait. Heka [ = {1,...,m}
uJ ={l,...,n}, kKaro ¢; > 0 3a Besiko i € I. JTobpe nedunupanara MKP
npejanogara, 4e p; > 0 m ry; < ¢ < Z?Zl Ti; 3a BCuuku 1 € [ u g € J.
Or6ensazBame, 4€ MATPUIATA [T |mxn B BEKTOPBT [¢;l,, Ca HE OTPHUIIATEIHH.

3.1 ACO aaropurbm 3a MKP

Omnpenensame rpada cvorBercrBain Ha MKP 1o cieanns HaunH: BbpxoBere
CbOTBETCTBAT Ha ODEKTUTE U BCEKHU JIBAa Bbpxa ca CcBbp3aHu ¢ pedbpa. IIb-
HOTO CBbP3BaHe Ha rpada o3Hadana, 1ue cjiej; 00eKT ¢ 00eKT j MOXKe Jia Ob/ie
n30paH aKo UMa, JOCTATHIHO PECYPC U aKo 0OEKT j Bce ole He e u3bpaH. AJl-
TOPpUTBHMDBT € UTepaTUuBEH. Ha BCdKa HUTepalusd BCAKa MpPaBKa KOHCTDYHUDPa
perierne. Hauamaust o6ekT (BpbX B rpada) ce uzbupa 1o ciiydaeH HAYUH.
Cien ToBa ce j100aBAT HOBH 00EKTH O€3 Jia ce HapyIllaBaT OrpaHUICHUATA HA
pecypca. Cirelr KAaTo BCHIKI MPABKH IIOCTPOSIT CBOUTE PEIIEHUsI, CTOMHOCTUTE
Ha epomMoHa ce OOHOBSIBAT.

H3non3BaHe Ha MHTYUIIMOHUCTKU Pa3MUT PEPOMOH

B rasu cexius 1me npusioXKuM WHTYUIMOHUCTKA PA3MUATOCT K'bM OOHOBSI-
BaHeTO Ha (epomona. B HauamoTo ce mocraBs eaHakbB (PEPOMOH Ha BCHUY-
kuTe pebpa, KOMTO MMa MaJiKa IOJIOKHUTeIHa cToiHoCT Ty, o € (0,1). Ha
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Kpas Ha BCsAKa ureparus (GepoMOHBT ce 0OHOBSIBA CbOOPA3HO IIOCTPOEHUTE,
oT MpaBkute, pertenusi. Heka p e ckopoctta Ha msnapenue. [Ipasumoro 3a
obHoBsiBaHe Ha (PEPOMOHA €:

mj < (1= p)7; + A7y (4)

B noseuero npunoxkenns na ACO kbm MKP, A7; = pF, xbuero F' e
CTOHHOCTTa Ha IeeBaTa (DYHKINS 38 CHOTBETHOTO perrenue [32].

B TpamunmoHHust MeTO/I Ha MpaBKHUTE, apaMeTbpbT Ha U3MapeHue p e
BXOJIEH IlapaMeTbp U OCTaBa HEIIPOMEHEH JI0 Kpasi Ha U3II'bJIHEHUETO Ha ajIro-
purbMma. B [6I] e npeniozkeHo U3M0I3BAHETO HA UHMYUYUOHUCTIVKY DA3MUM
pepomon. B caydas Ha MHTYUIMOHUCTKU PasMUT (DEPOMOH CMe IIPEIIOKIIIH
caenHaTa (opmysa 3a obHOBsiBaHe Ha dhepomona [61]:

mj < (1= p)7i; + aF, (5)

kbaero (1 —p)+a <1, ae(0,1).

B ciaydast Ha MHTYUIMOHUCTKE Pa3sMHUT (DEPOMOH MeHEepUpaMe MapaMeTb-
pa p Kato ciaydvaitno ducyo B uarepsasa (0, 1); cies ToBa mapaMeTbpbT (v ce
reHeprpa Karo ciaydaiino wmcso B uaTepBasa (0, p). [Ipemroxumm cvme asa
BapuaHTa Ha IIpUJIaraHeTO Ha MHTYUHUOHUCTKU PA3SMUTO O6HOBHB&H€ Ha (1)6—
pomoHa. B mbpBus BapmaHT, TapaMeTpuTe p U (v Ce TeHepupaT B HAYATIOTO
Ha U3I'bJIHEHMETO Ha aJrOpuThbMa OIlle Ipedd I'bpBaTa mTepanus. Taka Te
ocTaBaT HEIIPOMEHEHH JI0 Kpas Ha U3I'bJIHEHUETO Ha aJrOpUTbMa, HO ca pas-
JIMYHU 3a Pa3/IM9YHUTE U3II'bJIHCHHA Ha aJl'OPpHUTbMa. BT)B BTOpUA BapHUaHT,
napaMeTpuTe p U (¢ Cé PeHepUpAT B HAYAJI0TO Ha BCsIKa ureparms. Taka Tex-
HUTE CTOMHOCTH ca Pa3/JWIHM 3a BCIKa UTepalus Ha eJHO M3IIbJIHEeHHEe Ha
AJITOPUTHMA.

JlBaTa mpejjoykeHr BapuaHTa 3a OOHOBsSBaHE Ha (PEepPOMOHA Ca TeCTBa-
uu Bbpxy 10 MKP tecroBu mpumepa or Operational Research Library “OR-
Library” , http://people.brunel.ac.uk/ mastjjb/jeb/orlib/mknapinfo.html (21
Jun 2021).

Bceeku tecroBu pumep ce eberon ot 100 obexTa n 10 panuiy/orpaHnaeHns.
Ba Bcuuku Tectope ACO aymopuTbMbT € ¢ €IHU W Cbinu napamerpu. [la-
pamerpure ca (PUKCUPAHU €KCIIEePUMEHTAJHO. AJITopuThbMbT € npuaarad 30
II'bTU CbC BCEKU €IUH OT BapHaHTUTE 3a BCECKH €JUMH OT TECTOBUTE IIPUMEPHU.
[Ipumnozkern e ANOVA Tect 3a 1a ce rapaHTHpa CTATUCTHYECKATA Pa3INKA
MesK/Iy TOJIyIeHUTe Ocpe HeHn pe3yararn. MoxKeM [1a 3aKII0IIM, 9€ HHTYH-
[IMOHMCTKHU Pa3MUTOTO OOHOBsIBaHe Ha (pepOMOHa MOA00PsiBa AeiiCTBUETO Ha
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AJITOPUTHbMA U MOCTUTHATUTE PE3yJITaTh, KAaTO yBeIndaBa Pa3sHOOOPA3UETO
Ha TbpCeHe M OT TaM BEPOATHOCTTA 3a HaAMHUpaHe Ha JI00po perrenue. Toa
paszHooOpa3siBaHe e Mo-OaJlaHCHPAaHO, KOTaToO MPecMATaHeTO Ha KoeUITneH-
THTE Ce M3BBLPIIBA eTHOKPATHO B HAYATOTO HA aJrOPUThbMa, OTKOJKOTO Ha
BCSIKA, UTEPAIINs.

3.2 Xwubpuaen ACO

[Tonsikora M3MOI3BAHUSAT AJTOPUTHM HE € JOCTaThieH 3a IIOCTUTaHeTO Ha
J100pu pemnierns. ToraBa ce mpaBu KOMOUHAIINS OT HIKOJIKO METOJIOJIOIMH, 38
Jla Morar ja ce KoMOmHupar Jo0puTe UM KadecTBa. Haif-decTo ce m3mosssa
eJIMH OCHOBEH METO/I 1 HaMEPEHUTE OT HErO PEIeHUsl ce TIOA00PSIBAT C TPUIa-
raHeTo Ha JIOKAJIHA ONTHMu3anus (JIokasaHo Thpceene). Pemenngra na MKP
ce MpeJICTaBsAT KaTo JBOUYEH HU3, KaTO 1 ChOTBETCTBA Ha M30paHUTEe 0OEKTH,
a 0 Ha Te3m, KOUTO He ca m3dbpaHnu. B Hamrara mporeaypa 3a JOKAJIHO Thp-
ceHe m3bupame 10 CaIydaeH HaYMH JIBe HMO3UIINNA B IOCTPOEHOTO OT MpaBKaTa
permrerne. AKo e/iHa OT nu3bpaHuTe MO3UIUU uMa cToitrocT 0, st 3aMeHsMe ¢ 1,
a ako uM croitnoct 1 s 3amensive ¢ (. IIpoBepsiBaMe Ja/im HOBOIIOJIY 9€HOTO
pelleHne e BaJauHo. AKO PElIeHreTo € BaJUIHO IO CPaBHsIBAME C TEKYIIIOTO
(I'bPBOHAYAIHOTO) pellleHre. AKO HOBOTEHEPUPAHOTO DeIleHne e Mo-100po
OT TEKYIIOTO, TO IO 3aMeHsiMe ¢ Hero. MoxkeM a 3aK/II0unM, 1e IIpejjioxKe-
HaTa POIe/Iypa 3a JIOKAJTHO ThpceHe e edekTuBHa U edukacua. leiicrBuero
Ha aJrOpUThMa € MOJA0OpeHO 6e3 ChINECTBEHO yBeMvIaBaHe Ha BPEMETO 3a
U3IbIHEHEeTO My. [IpuioxkeHn ca 4eTupu BapuaHTa Ha WHTEPKPHUTEPHAJIEH
aHaJIM3 3a CpaBHEHHUe Ha JiBaTa ajropurbMa. V3Bomabt, de xubpuaauat ACO
aJIrOpUTbM paboTH MO-I00pe ce MOTBbPIKIaBa HEIBYCMUCIEHO OT YeTUPUTE
Pa3JIMYHK AJITOPUTHMa 3& UHTEPKPUTEPHAICH aHAJINS.

3.3 CrapToBu cTparerumu

3a 1o-7100po ynpaBJ/ieHIe Ha IIPOIleca Ha TOCTPOsIBaHe Ha PEIeHre, CMe BKJTIO-
YNJIN II0JIy-CJIy4daeH cTapT Ha MpaBkuTe. Harmrara 1es1 e J1a n3nossBamMe onuTa
Ha MPaBKUTE U Jia HAIPABUM aJropuTbMma Io-edekTuseH. Pazjesnsave MHO-
JKECTBOTO OT BBbpPXOBe Ha rpada Ha 3ajadara Ha HIKOIKO IOJMHOXKECTBA.
BbBexkiame oreHka 3a TOBa KOJIKO € JIoOpe M KOJIKO He e JIoOpe MpaBKaTa
Jla 3aIl0YHe MTOCTPOsIBAHETO Ha peIeHre OT BPbX MPUHAJJIEYKAI Ha J1aeHO
MHOZKeCTBO, ChoOpa3HO Opos Ha JI0OpPUTE U Ha JIOIIUTE PEIeHUs CTapTUPAJIN
OT BbPXOBE, IPUHAJJICIKAIIN Ha CHOTBETHOTO MHOXKecTBO [45] [51].
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IIpeioykenn ca HKOJIKO CTAPTOBU CTPATErHN U KOMOUHAIIUN OT TSAX. 38
BCSKO MHOXKeCTBO j, D;(i) e oreHkara JIOKOJIKO € 100pe HATaIHIAT BPDX Ha
PEIIeHneTo Jia € OT TOBA MHOXKECTBO, a OleHKaTa [;(4) moKa3Ba JOKOJIKO He
e 1100pe HAYAIHUAT BPbX HA PEIICHHETO Ja € OT TOBA MHOXKECTBO, K'bJIETO i
e HOMepbT Ha TeKyinara urepaius. OmnpeeisiMe rpanuiia D 3a ToBa JajIu
omeHKaTa e Jo0pa u rpanuna F mojx KosTo oneHkara e Jjoma. lIpenioxenn
ca cieamure crapToBu crparerun [39):

1) Ako D’EZZ,)) > F ToraBa 3a TEeKyIaTa UTEPaIs TOJMHOXKECTBO j e 3abpa-
J
HeHo. Havasuuar BpbX ce m3bupa 1o ciaydaeH Hadud or {j |j He e
3a0paHEHo } ;

E; (i) :
2) Axo D; o E ToraBa 1o Kpas Ha aJrOpUTbMa IOIMHOXKECTBO j €

3abpaneno. HagagHusar BpbX ce n3bupa 1o cIydaeH Ha4lH OT MHOXKEC-
TBO {j |j He e 3abpaneHo};

3) Ako D;((g > FE Torasa 3a K mopeaHu uUTeparuud MOJIMHOXKECTBO | €
3abpaneno. HauamuusT BpbX ce n3bmpa 1o cirydaeH HaIuH oT {j |j He

e 3abpaHeHo };

4) Hekar, € [%, 1) ury € [0, 1] ca caygaiinu uncia. Ako 1o > 11 u3bupame
IO CJIy9aeH HaduH BPbX OT IoAMHOKecTBO {j |D;(i) > D}, B mporusen
caydail ce u3bupa BpbX OT He3abpaHEHO MOIMHOXKECTBO. T'1 € U30paHo
1 pUKCUPAHO B HAYAJIOTO Ha aJrOPUTHMA.

5) Hekar € B, 1) ury € [0, 1] ca cayuaiinm aucia. Ako ro > 11 uzbupame
CJIydaeH BPbX OT HoAMHOKecTBO {j |D;(7) > D}, B mporusen ciydaii ce
n301pa BPpbX OT He3aOpaHEeHO IOJIMHOXKECTBO. T Ce U30upa B HAYaJI0TO
Ha aJropuThMa U HAPACTBA C I'3 HA BCAKA UTEPAI.

K, K, € |0, 6poti umepayuu] e napamersbp.

[Ipurarame waTEpKpPUTEPUATICH aHAJINSZ K'bM PE3yJITATUTE, IIOCTUTHATH OT
ACO c¢ npumaranero #a pazHoobpasuu craprosu craprerun [39]. [Iprmroxen
e WHTePKPUTEPUAJIEH aHaJ i3, KOUTO IMOKa3Ba BPb3KaTa MEXK]y CTPATernu-
Te. OT HEro MOXKeM Jla 3aK/II0YNM, Ye KOrato m300pbT € ¢bC 3abpaHsiBaHe
HA IOJIMHOXKECTBA OT BbPXOBE, aJTOPUTHMBT PADOTH JIOCTA ITO-PA3IUIHO OT
BapuaHTa Ha CjIydaeH u300p (KOHTPOJUpPAH WIH He).
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4 Hucnektupane Ha GPS mpexka

[nobamnara cucrema 3a nosurponupane (GPS) mMa HyK/1a 0T HEepPHOIMIHO
pocye/igBaHe, ChCTOAINO ce oT noctaane Ha GPS npuemuunu mocsesoBa-
TEJHO Ha OIpeJeJIeHn TOYKH. Pe3ynraTure OT Ta3W IyaBa ca IyOJIMKyBa-
uu B [63]. GPS mpexkara moxke Ja 6bje onpenesena Karo HaGOp OT CTaH-
mn (ay,as, ..., a,), KOUTO Ce KOODJWHUPAT Ype3 MOCTABsSHE Ha [IPUEMHI-
mr (X1, X2, ...) BbpXy THX, 3a Jla onpeesar cecuute (ajas, aias, asas, .. .)
MEXKIy TAX. 3ajadara e ja ce HaMepHu Hall-J100pusdT pejl, B KOWTO Te3u ce-
cuy MoTraT Jia ObJaT OpraHu3upaHu, 3a Ja ce Jaje Hail-1o6pusar rpadux. I1o
TO3W HAYUH I'PapUKBT MOXKE Jla Ce ONpeJe/Id KaTo PeJIuia OT CEeCUH, KOH-
TO JIa Ce CIIa3BaT IOC/Ie0BaTeTHO. PelleHneTo e mpejicTaBeHo upe3 JINHEeeH
rpad c nperersienn pedpa. Bb3imuTe mpejicTaBigBaT craHIunTe, a pedpara
MIPEJICTAaBIABAT pa3XoanuTe 3a npemecTtBane. llenra Ha 3amadara e HamasIs-
BaHe Ha I[eHATa HA PEIIEHNeTOo, KOATO e cyMaTa OT pa3xojure (BpeMeTo) 3a
peMUHaBaHe OT eHa TOUKa B Japyra. [Ipumoxkenn ca jpa Bapuanta na ACO
aJropuTbMa 3a periaane Ha 3aadata, MMAS u ACS. M3snonzsanure Tec-
ToBUTe mpuMepu Bapupat oT 100 ;10 443 cecun.

Hamnpagseno e cpaBHenme Mexx 1y jBaTa ajaropurbma. [losydennre pesyi-
tatn nmokassat, ue MMAS noctura mo-m1o6pu pesynraru or ACS. Hanpaserno
€ U CpaBHEHUE C aJITOPUTMUTE U3IOJI3BAHU OT JPYTH ABTOPH 34 pelllaBaHe Ha
tasu 3axada [110]. Pesynrarure nokassar, de u gsata npemaoxkenn ACO aj-
FOPUTHMa, IIPEBB3X0KIAT AJATOPUTMUATE Ha JIPYTUTE aBTOPHU. 3a IOA00PsIBaHEe
[IOBEJIEHUETO Ha AJTOPUTHMA U IMOCTUTHATUTE PE3YJITATH Ca MpeJIoKeHn 6
IIPOTIE/IY P 38 JIOKAJIHO T'hbPCEHe: TOCIeI0BaTeIHa PAa3MsIiHa Ha Bb3JIN; Pa3Msi-
Ha Ha B J1a CJIy9ailHO m30paHu Bb3esa; U3TpuBaHe Ha CJIyUIaiiHo pebpo; u3Tpu-
BaHe Ha Hali-IbJITOTO pebpPo; U3TPUBaHE Ha 2 IMPOU3BOJIHKA pedpa; N3TPUBAHE
Ha JiBeTe Hail-rbiaru pedpa. Ilporemsypara 3a J0KaJIHO ThbpPCeHE € IPUIoKe-
Ha caMO K'bM Hail-706pOTO pellenne Ha TeKylnara urepamus. 11o To3u HaunH
nMa TTo00psiBaHe Ha HAMEPEHNTE pellleHns, 0e3 ChbIeCTBEHO yBeInIaBaHe Ha
BpPEMETO 3a U3II'bJIHeHne Ha ajaropuTbma. Ciiel HAllpaBEeHUTE TECTOBE € yCTa-
HOBEHO, 1€ MeTUsIT BAPUAHT Ha IIPOIE/yPa 3a JJOKATHO ThbPCEHE ¢ IIpeMaxBaHe
Ha JiBe ciIydaitHo n3bpaHu pebpa jiaBa Hail-100pu pe3y/aTarTu.

[Ipemtoxken e m MeTol Ha MpaBKUTE ¢ IpoMsiHa B cpejara. JlobaBeHo e
JIOIIbJIHATETHA TIPOMAHA B CpejlaTa Ha MpaBKUTe, Upe3 ;100aBsHe Ha, JIOIbJI-
HUTEJIHO pa3bbpKBaHe B oOMsIHaTa Ha dpepomona. [lokazano e, ge npomsiHaTa
B cpejiaTa 1mojio0psiBa MOy 9€HUTE PE3Y/ITATH.

[Ipunoxken e narepkpurepuasex anamms KbM ACO ajmropurbma Mpuio-
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JKeH 3a cpegnute pesyararu ot o, 10, 20 u 30 nmyckanuga. Ype3 mHTEpKpU-
TepUaJHAS aHAJIM3 MOXKE Jia Ce U3CJeqBa KOPEKTHOCTTA Ha aJrOpUTbMa U
cxoJicTBaTa B CTpyKTypara Ha oraenanTe GPS mpexn.

5 IlocTtposiBaHe Ha 0e32KMYHA CEH30pPHA MPexKa

[TpocTpancTBEHO pa3ipeieieHn CeH30PU, KOUTO KOMYHUKUAPAT O€3:KIUIHO, 00-
pasyBat Ge3xkuvHa cenzopHa Mpexka (WSN). Beekn censopen Bb3en chbupa
JTaHH OT obJyiacT OKOJIO cebe cu, HapedeHa obJjacT Ha HaboaeHnne. Pamian-
yCBT Ha HaOJIIOJIEHE OIpeJieid ToJIeMIHATa Ha 00/acTTa, HabJI0aBaHa OT
cersopa. PajanychT Ha KOMYyHUKAIUST OIIPeIeis KOJIKO Jajiede Bb3eIbT MOXKE
Jia u3npatu cbopanute jpanau. CreruasieH, mo-MOIIEH Bb3esl, HapedeH BUCO-
ko enepruen komynukanuonen sn3en (HECN) cnbupa ganmmre or BCmukm
CEeH30pH U T'M U3Ipalia J0 MeHTPaJHUA KOMITIOTHD, KbIETO ce 00paboTBAT.
TpssbBa j1a ce n3M0A3BAT BH3MOXKHO ITO-MAJIKO CEH30PH U €HEPIusi, IIPH YCJIO-
BHeE, Ye HaOJIIOJaBaHUSIT TEPEH MMa II'bJIHO HOKPHUTHE. 3ajadaTa € MHOIOIe-
nesa. IIpenoxken e ajropuTbMm, Ha OCHOBATa Ha METOJ/la HAa MPABKHUTE, 3a
peraBage Ha 3ajadara Karo MHOroresnesa u apa ACO aaropurbMma 3a perra-
BaHETO M KaTO €JIHooIe/eBa. Pe3yaraTure oT Ta3u ryiaBa ca MyOJuKyBaHU B
[50, B3, (57, 107, 63].

Exnn or mai-Baxkaure moMmenT Ha ACO ajropurMure e u3rpazkIaHeTo
Ha rpada Ha 3amadara. TpsadBa j1a m3depeM Kou eJIeMeHTU OT 3a/iadaTa Ie
OTrOBaApAT Ha BH3JIUTE W 3HAYEHHETO Ha IbIUTE, KbIE € IO-TOIXOISIIO0 JIa
nenosupamMe (pepoMOHa - BbPXY Bb3JINTE WIN BbPXY Ibrure. B Hammara pea-
muzanusa WSN 3aadara e mpejcraBena ¢ JiBa rpada, KoeTo € eJInH 0T ITPUHO-
cure Hu. Tepensr e Mozenupan Upe3 npaBobrbiHa pemerka G = {g;; } N,
kbgaero M u N ca pa3zmepure Ha Hab/omaBaHaTa obsact. Upes rpad G ce
U3YNCIABA TOKPUTHETO Ha obsacTTa. M3mnoassame apyr rpad G1yixar1, BbB
BbpxoBeTe Ha KoiTo rocraBsame cenzopure, N1 < N u M1 < M. Ilapa-
Mmerpure N1 < N u M1 < M 3aBucdT OT paJiiycuTe Ha HAOJIOJECHUE U
komyHuKanug. [lo To3n HaunH HamassgsBaMe OPOST Ha U3UUC/IEHUATA, KOUTO
AJITOPUTHMBT U3BBPIIBA, ChOTBETHO Ce HaMAaJ/IsIBa BPEMETO 3a U3II'bJIHEHNE.
DepomonbT ce CBBP3Ba ¢ MscTOTO Ha nocrassue Ph = {ph;;} N1xan, Hadam-
HUAT (PEPOMOH MMa, MaJjiKa, CTOWHOCT, HAampuMmep 1/Mgus. MscToro, Kbiaero
ce namupa HECN, e mbpBara nosurust B pereHreTo (HyJeBa MO3UIUs).

[IpennoxkenaTa oT HaC €BPUCTUIHA HHMOPMaIUs € IPOU3BEIeHAE OT TPU
rmapaMeTbpa KakTo Cjie/Ba:
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i () = sijliz(1 — byj), (6)

KbIAETO Sij [§ 6pOﬂT Ha HEIIOKPUTHUTE TOYKMN, KOUTO HOBUAT CEH30D IIIe ITIOKPUe,

1 ako mMa KOMYHHUKAIUS
0 ako HAMa KOMYHUKAITUS

(7)

b e MaTpHuIaTa Ha pEIIeHHATa & MATPUIHUAT ejleMeHT b;; = 1, KoraTo mMma
IIOCTABEH CEeH30p Ha BL3ea (4, j) or rpad G1, B mporusen ciydait b;; = 0.
Upes s;; ce onuTBaMe Jla YBEJINUINM JIOKAJIHO MOKPUTHTE TOYKH, IIOBede HO-
BOIOKPHUTH TOYKH MOKE Ja JOBeJIe J10 Mo-MaiabK Opoit cenzopu. C [;; rapan-
THpaMe CBbP3aHOCTTAa Ha MpexkaTa. [locTtaBsgHeTo Ha ceH30pW 3amo4YBa OT
HECN k1M nepudepusra. Bceku HOB ceH30p ce MmocTaBs Taka, de jia MOKe
na npegase cwbopanara nadopmarms 10 HECN. Upes uspaswr (1 — b;;) ce
rapanTupa, de Ha eJIuH Bb3ea oT rpad G1 1me ce mocTtaBu Hali-MHOTO €JIUH
CeH30p, T.e. B €JHA W CbIla MO3UIUS HsIMa Jla UMa JIBa WM MOBEYe CeH30-
pa. Koraro BepoaTnocTTa 3a 1npexon p;; = 0 3a BCHMYKH CTOMHOCTH Ha I 1
J, ThPCEHETO HA HOBU IIO3UIMH 3a MOCTaBsHe Ha CeH30pu crupa. Taka u3-

lij —

rpakKJIaHeTo Ha PEIIeHNeTO CIIPa, aKO HIMa IoBede CBOOOIHU O3UIUN, MK
BCHUYIKHU TOYKHU Ca IIOKPUTHU MJIX HOBa KOMYHHKaIlUA € HEBBH3MO2KHA.

WsnomsBanu ca JBa moIxo1a 3a mpeobpa3yBaHe Ha 3ajavdaTa OT MHOTOIle-
JeBa B enHoreneBa. [Ipu enuans mogxo/r neseBata OYHKIMS IIPEJICTABIISIBA
[IPOM3BEJIEHNE OT JiBeTe IesieBr (byHKIMKU Ha 3aadaTta. [Ipu apyrus momxos
JBeTe 1esieBun (BYHKIMKA Ce CyMUPAT, KATO IPEJId TOBA Ca HOPMUPAHU, KATO
ca pazjleJieHd Ha Hail-7100paTa CTOWHOCT OT I'bpBaTa uTeparus. TyK uMma JiBa
[I0/I-BapranTa: OOMKHOBEHA CyMa U IIpPeTerjieHa cyMa.

Hanpaeno e cpaBHeHne MeXK 1y pa3IMIHUTE IMOIXO/IN W PEIYATATUTE TI0-
JIy9eHU OT JIPYTH aBTOPH. 3a IeJITa € BbBeJIeHO NoHATHeTo pasmupen [lapero
dpont. Nzcnensano e BIusgHeTo HA apaMETPUTE HA AJTOPUTHMA.

[Ipunoxkenu ca pa3jinydHu BapuanTu Ha HHTepKpuTepuaseH anams. C mo-
MOIIITa Ha THTEPKPUTEPpUAJIHIA aHaJIU3 € HallpaBeHa OIICHKA Ha BJIMAHHUETO Ha
O6posi Ha MpaBKUTE BHPXY MOBEJICHUETO Ha ajaropuTbma. OTHOBO ¢ TOMOIITA
Ha MHTEPKPUTECPUAJHUA aHAJIU3 € N3CJCIBAHO CXOJICTBOTO MEXKJY OTICJIHU-
Te BApMAHTHU HA MPUJIOKEHUS aJrOpUTHM. VMa Mo-rojgaMo CXOJCTBO MEXKITy
IIOBEJICHNETO Ha JIBATa €JHOIEC/IEBU BapUaHTAa, OTKOJIKOTO MEXKJy HIKOU OT
€IHOIICJICBUTE W MHOTOIIECJICBUTE BAPUAHTH.
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6 Haemane na paborHa cmia

YIpaBIeHneTo Ha JOBEIIKUTEe PECYPCH € ejHa OT OCHOBHUTE YacTH IIPHU Op-
raHu3alusTa Ha I[IPOU3BOJCTBOTO. [lajieno e MHOXKecTBO oT 3ajanud J =
{1,...,m}, xouro Tps6Ba Jia GbJAT U3I'bIHEHN 38 (DUKCUPAH TIEPUOJ OT Bpe-
Me. Besiko 3aanue j usucksa d; daca 3a ga 0bue 3asbprreno. [ = {1,...,n}
€ MHO>KECTBOTO OT HaJndHu paborHuin. Becekn paboTHUK TpsiOBa j1a paboTh
BbPXY BCIKO €JIHO OT HA3HAYEHHUTE MY 3aJlaHus MUHUMYM ., daca, 3a Ja
paboru edekTuBHO. PaboTHUK 7 € Hajm4eH s; daca. Makcumaanugar Opoii 3a-
JIaHUs, HA3HAUEH! Ha eJINH pabOTHHK € §; Yaca. PabOTHUIINTE IMAT PA3JIMIHI
yMeHHUsI, MHOYKECTBOTO A; MOKa3Ba 3a KOW 3aJilaHus PAOOTHUK i € KBaJipu-
nupan. MakcumayiaugaT 6poit paboTHUIM, KOHTO MOXKe J1a O'bjle Ha3HAYEH 34
IJTAHUPAHU IIePUOJT € ¢ Win Hali-MHOro ¢ paboTHUKa Morar Jia Obj1aT u3bpa-
HU OT MHOYXKECTBOTO [ Ha HaJUYHUTE PAOOTHUIM W HA3HAYECHHUTE PAOOTHUIIH
TpAOBa Jia ObJAT CIIOCOOHU Jla MPUKJ/IoYAT BCUIKK 3ajanusd. enrra e ja ce
HaMepHU BaJIMIHO PeIleHre, KOeTo Jla UMa MUHUMAJIHA IeHa 38 Ha3HauaBaHe.
B Tazu pabora e mpejiioykeH aJropuTbM Ha OaszaTa Ha MeTOjla Ha MPaBKUTE
3a pelaBaHe Ha 3aJadara 3a HaeMaHe Ha paborHa cuia [46, [106] 63 108].

B pazriexnanus ciaydail 3ajadarta e mpejacTaBeHa upe3 TpuMeper rpad,
KbJIETO BPBX (1, J, 2) 03HAUYaBa pabOTHUK ¢ ja ObJie HAeT Ja paboTu 1o 3a1a-
HUe j 3a Bpeme z. B Ha1a10To Ha BCsiKa UTepallisi, BCsiKa MpaBKa 3all09Ba, J1a
CTpPOM peIlieHne OT CIydaeH BPpbX Ha rpada Ha 3ajadara. 3a BeIKa eIHa OT
MpAaBKHUTE Ceé PeHEePUPAT TPU caydaiinu dncia. [I'bpBoTo cay4aiiHo duciio e B
uarepBasa [0, ...,n| 1 ChOTBETCTBA HA PaDOTHUKA, KOWTO ce Haema. Bropo-
TO cirydaiitno 4ucsio e B uarepsasa [0, ..., m| U ChOTBETCTBA Ha 3aJlaHUETO,
BbPXY KOETO TO3M pabOTHHK TpsiOBa Ja paboru. Tperoro caydaitHO YUC/IO
e B uHTePBAIA [Rpip, . .., min{d;, s;}] u cborBeTcTBa Ha GO YacOBE, KOUTO
paboTHHK ¢ € HaeT Jia paboTu BbPXY 3ajanue j. EBpuctuanara nndopmarims
ce M3UUC/ISBA 10 CIeHaTa (opMyIa;

o Z/Cij l = Zz'j
it =9 0 otherwise

(8)

C Tasu eBpuctuvna uHdOpPMaIdsd HaChpUaBaMe HA3HAYABAHETO HA I10-
eBTUHUTE PAbOTHUIN 32 BB3MOXKHO IO-IbJIr0 Bpeme. MHOXKeCTBOTO OT Tec-
TOBU TMPUMEPH BKJIIOUBA JIECET CTPYKTYPUPAHW W JIeceT HEeCTPYKTYpHUpaH!
3aiaan. EaHa 3aada e cTpyKTyprupaHa, KOraTo BpeMEeTO 3a M3ITbJIHEHUe Ha
3a/IAHUETO € MPOIOPIIMOHAIHO HAa MUHUMAJHOTO BpeMe, KOeTo TpsbBa Jia ce
paboru BbpXy ToBa 3ajanue. Hamnpaseno e cpapaenne Ha npeioxkenus ACO
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AJTOPUTHM C AJTOPUTMU IPEJJIOKEHN OT JIPYT'U aBTOPU U € IOKA3aHO, |e
ACO aaropuTbMbT IPEBB3X0K/Ia APYTUTE 38 Ta3HW 3a/a4a.

BajiataTa € ¢hC CTPOrU OTPAHUYEHHS U 9aCT OT MPABKHUTE HE YCIIIBAT JIa
HaMepsT BaJUIHO perrenne. 3a mo1o0psIBaHe Ha ajJrOpUTbMa € TIpeIoKeHa
HIPOIIE/Iypa 3a JOKaJIHO ThpceHe. T ce npuiara BbpXy HAMEPEeHUTE HEBAJIHI-
HU pellleHus B ureparusaTa. [Iponeaypara e eqHOKpaTHa, HE3ABUCHMO JAJIH
PeIIeHneTo e/ JIOKAJHO ThpceHe e Baau o uin He. [lo To3m naunn BpemeTo
3a U3I'bJIHEHUE HA aJITOPUTHhMa He ce yBeJimdaBa cbhiecTBeno. Habmoasa ce
HaMaJIgBaHe Ha Oposi Ha HAMEPEHUTE OT MPABKUTE HEBAJIUIHUA PEIICHUS OIIe
cJiel rbpBaTa urepaiys. 1o To3u HauuH BpemeTo (6posAT urepanum) 3a Ha-
MHpaHe Ha Hail-I100poTo pelrenre HamassgBa. [Ipeioxkenn ca Tpu BapuaHTa
Ha LPOLEAypa 3a JOKAIHO ThpPCeHe: ¢ IpeMaxBaHe Ha 25% OT Ha3HadeHU-
Te pabOTHUIM U J00aBsdHE HA HOBU C IpUJIaraHe Ha METO/a HAa MPABKUTE.
[IpemaxBane Ha IOJIOBUHATA Ha3HAUYeHW PAOOTHHUIM W JI0OABAHE Ha HOBH C
Ipujiaraine Ha MeTOJ@ Ha MpPaBKHUTe U 3a/MYaBaHe Ha HEBAJUIIHOTO pelre-
HUEe W TIOCTPOsiBaHe Ha HOBO peleHne Ha Heroo msicto. Hait edpexkTuBHa ce
OKa3Ba IpoIlejlypaTa MpHu KOATO Ce MPpeMaxBaT IOJIOBHHATA OT HA3HAYEHUTE
pabotruuru. [Ipemaxunarture paboTHUIM ce U30UPAT 10 CJIyIaeH HAYUNUH.

Nzcnensano e Bausgamero Ha napamerpute Ha ACO anropurbma BbpPXY
KavYecTBOTO Ha HaMepeHuTe perreHus. V3mossan e pasnoobpas3eH Opoit MpaB-
ku (5, 10, 20 u 40), u e ycraHOBEHO, Ye Haii-100pU PE3yJITaTH Ce IOy YaBaT
KOraTo OposIT Ha MpPaBKUTE € 5.

[Ipunoxken e UHTEPKpPUTEPUAJICH aHAJINS 34 JIa ITOJIyIUM HAKOU JION'bJTHU-
TeJIHU TIO3HAHUS 3a pasryiexanure dernpn Bapuanta Ha ACO ajaropurbma.
Toit mokazsa, 1e ipu 5 u 10 MpaBKu BMaMe CXOJIHO IOBeJeHUE Ha, aJrOPUTb-
Mma, KakTo u upu 20 u 40. Ot apyra crpana, ICrA morsbp:kaaBa 3akKjiove-
HUETO, Ye 3a Ta3u 3ajada Haii-100para IPOU3BOJIUTE/THOCT Ha aJrOpUTHMA,
T.€., U3MOJI3BAIKHN TIO-MaJIKO M3YHCIUTEIHN PECYPCH, € C U3IMOJI3BAHETO Ha
I1eT MPaBKU.

7 MogeanpaHe HAa IbTHUKOIIOTOK

2Kesie30rbTHUAT TPAHCIOPT € Hafl-cTapudaT OOIIeCTBEH TPAHCIIOPT, KOUTO ce
M3II0JI3Ba U JI0 JiHec. B HentHo BpeMe aBTOOYCHUAT TPAHCIOPT KOHKYPHUPA
JKeJIE30I'BTHUSAT, 0OCOOEHO TaM K'bJIETO UMa MArUCTPAJIU. 3a TOBA AHAJIHUTUI-
HUTE MOJE/JM Ca MHOTO BayKHH 3a TO-HATATDBIIHOTO IJIaHUpPAHEe U B3eMaHe
Ha pelleHns IPU Pa3BUTHUETO Ha TpaHcropTa. Pe3ystarure or Ta3u riasa ca

Asmopegpepamu na oucepmayus 2023 (8) 37-71



METO/l HA MPABKUTE 3A PEIIIABAHE HA KOMBUHATOPHU OIITUMU3AIIMOHHHU 3AJ[AYH 50

ny6smkysanu B [42], 58, 64].

B nmammus crygait uma gectunaius ot cuupka A o crmmpka B. Vma #Hs1KOI-
KO BUJIa IIPEBO3HU CPeJCTBa, Pa3HOOOpa3HU BJIAKOBE U aBTOOYCHU, KOUTO II'b-
TyBaT Mex 1y crupka A u ciimpka B. Besiko TpeBo3HO ¢pejicTBO MMa MHOZKEC-
TBO OT MEXKJIMHHU CIUPKH, HA KOUTO CIHPa, MEXKJY JBeTe KPailHu CIUPKH.
Hsakon or MeXIMHHUTE CIUPKKA MOTaT Ja ca OOIIN 3a HAKOU OT IIPEBO3HUTE
cpescrBa. Heka MHOXKECTBOTO OT BCUUKH CHUDKH Ja Obie S = {S1,...,8,}
U Ha BCdKA CIUPKaA S;, ¢ = 1,...,n — 1, n e OPoAT Ha CIUPKUTE, BbB BCE-
K BPEMEBHU CJIOT UMa Opoii I'bTHHUIM, KOUTO MCKaT Jia I'bTyBaT JIO rapa Sj,
j=1+1,...,n. Bcako npeBo3HO CpPeACTBO MOXKE Jla UMa PA3IUIHA CKOPOCT
U IleHa 33 IPUJBUZKBaHe OT CHHUPKa §; JI0 clupka s;. [dedunupann cme nse
1ejieBu (pYHKIHH, CyMaTa OT IIEHUTEe Ha BCUYIKU IIPOJIaJ eHu O1IeTn u 00IoTo
BpeMe 3a [IPeBO3BaHe Ha IIbTHHUIUTE. AKO HSIKOE OT IIPEBO3HUTE CPEICTBA He
CIUpa Ha HAKOA OT CIUPKUTE, TO MOCTABAME BPEMETO 3a I'bTyBaHe U IeHaTa
J10 Ta3u cuupka ja obaar 0.

[Ipu nmpunarane Ha MeTOJla Ha MPaBKHUTE 3a 3ajladara 3a MOJe/TUpaHe Ha
I'LTHUKOIIOTOK BPEMETO ce pa3fie/is Ha BpeMeBu uHTepBaJm/ ciaorose (N X 24
BpeMeBH uHTepBasu, cborBercTBamy Ha 60/N munyTu. Mpaskure 3anousar
Jla CTPOAT PEIIeHHEeTO OT I'bpBaTa ciupKa. Te m3dupar 1o cjaydaeH HadIuH
KOJIKO ITbTHHUKA IIe e KadaT BbB BCAKO OT MPEBO3HUTE cpejicTBa. lopHaTta
rpaHulla Ha IIbTHUIUTE, KOUTO MOTaT Ja e KadaT B IPEBO3HOTO CPEJICTBO
€ MUHAMYMBT OT pasjiuKaTa MeXKIy KallalliTeTbT Ha IPEBO3HOTO CPEICTBO
U I'bTHUIUTE, KOUTO Bede Ca B HEro m Opod Ha IIbTHUIUTE, KOUTO HCKAT
Ja wbTyBaT. AKO Ha JaJieHa CIUpKa B JaJeH MOMEHT BpeMe MMa CaMO €IHO
IIPEBO3HO CPEJICTBO, TO B HETO €€ KAYBAT MAKCHUMAJHO Bb3MOXKHO II'bTHHIIH.

PaspaborenHuaT ajaropuTbM I'bPBO € HMPUJIOKEH KbM MaJIbK IIPUMEpP, a
ce]1 ToBa KbM peaJieH npumep. Hagannara ciimpka e Codust, cTounara Ha
bbarapus, a kpaiinara e Bapna, Mopckara crosuiia Ha Bbiarapus. Tosa e
€JIHO OT Hall-IbJITUTE >KeJIE30I'bTHU HallpaBJeHns B Bbirapus, ¢ JIb/IKIHA
okoJso 450 kuomerpa. [lo ToBa Hampasenue umMa 5 Bjaaka u 23 aBrodyca 3a
eJIHO JieHoHomue. Te ce ABMXKAT ¢ pa3/indHa CKOPOCT, IEHUTE 3a ITPHUIBUK-
BaHe OT eJHa CIIUPKa JI0 JIPYTra ca Pa3JudHi U UMAT PA3JIUKUA B MEXKIUHHUTE
cuupku. Hamame TouHn gaHHE 38 OpOsl HA I'bTHUIMTE, KOUTO II'bTYBAT OT
eqHa crupka 70 jpyra rno juaugTta Codus Bapnua. Ilo Tasm npuunza cme
HaIIpaBUJIN OIleHKa Ha OPOosl Ha IIbTHUIUTE, UMANKN B IIPEJIBUL OPOsi Ha YKU-
TeJIUTE Ha HaCeJCHUTE MeCTa B KOUTO CIUpAT IPEBO3HUTE CPEJICTBA.
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8 3akJjiroueHue

KOM6HH&TOpHaTa OIITUMU3allUA € USKJIIOYUTE/THO TPpyAHa OT U3YHCIUTE/IHa
ryeHa TodKa. He cblmecTByBa yHHBEpCAJEH METOJ 3a TSIXHOTO pelllaBaHe.
OOUKHOBEHO TIpUJIAraHeTO Ha JIaJIeH METOJ 3a PeIlaBaHeTO Ha TaK'bB THII 3a-
JIady 3aBUCH OT CaMaTa 3a/1ava U MOKe J1a € PA3JINYIeH 3a Pa3/IMIHI BAPUAHTU
Ha €JIHA U ChINa 3a/1a4a.

(DOKYC']DT B Ta3u JucepTaliid € KbM IIpuJjaraHeTo Ha MeETO/1a Ha MpaB-
kute. To3m mMeTos e u3Mexk, 1y Hail-1o00puTe 3a periaBane Ha KOMOMHATOPHH
ONTUMU3AIMOHHN 3a/ladi. MeTorbT Ha MpPaBKUTE Ce pasjmdyaBa OT OCTaHa-
JINTE METOJH II0 TOBa, 9e € KOHCTPYKTUBEH METOJI U IPEBb3X0K/1a IIOBEIETO
OT OCTaHaJIUTE METOAU B I'OJidMa 9acCT OT IIPUJIOZKEHUATA.

B macrosiimara jaucepraliusi ca chOpaHH pe3y/TaTuTe Ha aBTopa, B 00-
JIacTTa Ha MeTOJla Ha MPABKUTE U HETOBUTE MPUJIOXKEHUsI, TOCTUTHATH MTPe3
nocjeHuTe 7 TOJANHU. B HAYAI0TO € JIaJeHO OIucaHue Ha MeTO/Ia U HErOBUTE
Pa3HOBUIHOCTH.

OT,ILe.HHI/ITe IVIaBU IIpEJCTaBJIABaT IIPUJIO2ZKCHHETO Ha MeETO/Ja Ha MpPaB-
KNTe KbM pa3/InIHU 337a9u. 10Ba ca 3ajadara 3a PaHUIATA, 3aadaTa 3a
nncnexktupane Ha GPS mpexa, mocrposiBane Ha 0e3KWTHA CEH30pPHA Mpe-
JKa, 3aJladaTa 3a HaeMaHe Ha pabOTHAa CHja, MOJeIupaHe Ha IIbTHIKOIOTOK.
Bceuuku te ca ca0:KHE KOMOMHATOPHHU OINTUMHU3AIIMOHHN 331891 U3UCKBAIIN
HeImoJInHOMuaIeH O6poit n3unciaerust. 3ciieBaHo € BIUSHUETO Ha IapaMeT-
puTe Ha paspadboreHuTe ajropurMmu. [IpuioykeH e MHTepKpUTEepUaIeH aHa-
mu3. HampaBena e mporpamua peaju3aiinisi Ha pa3pabOTeHUTe aJrOpUTMHA.
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8.3 Ilpunocu

[IpunocuTe B Ta3u jgucepTaliis MoraT Jia ObjaT pas/ie/ieHn Ha HaydIHU U Ha-
yanonpuioKuu. Hayaraure npurocn kacadaT pa3pabOTBaHETO HA aJrOPUTME
Ha Oa3ara Ha MeTojla Ha MpaBKuTe. HaydHOo-IIpHIOXKHATE TPUHOCH CE€ OTHA-
CAT K'bM IIPOrpaMHaTa peasu3aliis Ha pa3spabOTeHUTe aJrOPUTMU.

Hayunure npunocu ca:

e Paspaboren e xubpujieH aJrOpuThbM 3a peliaBaHe Ha 3ajadara 3a pa-
HUIATA KATO KOMOWHAIIUS MEXK/Iy IIpHUIaraHe Ha MeTOa HA MPaBKUTE
U TIOJIXOJIAIIA TIPOTIeIypa 3a JIOKAJHO TbpceHe. BbBesieHo e n3nossa-
HETO Ha JIBa BapWaHTa Ha WHTYHUIIMOHUCTKNA pasMuT depomor. C 1mo-
MOIITa Ha WHTEPKPUTEPHUAJIEH aHAJIN3 € HAIPABEHO CPABHEHUE MEXKLY
BapUAHTUATE HA W3IOJ3BAHUTE AJTOPUTMH, KAKTO W Ha U3MOJI3BAHETO
Ha CTapTOBU CTPATErUU.

e Paspaboren e ajnropurbM 3a mHcHekTupane Ha GPS mpexka Ha ocHo-
BaTa Ha MeTojJa Ha MpaBkure. /lobaBeHH ca IIpOMEHH B cpelaTa Ha
Tbpcene. V3cmeaBann ca KOPEKTHOCTTA Ha AJTOPUTHMa U CXOJICTBOTO
ME2KYy MpPEKHUTE C IIOMOIITa Ha UHTEPKPpUTEpUaJICH aHaJIU3.

e Pazpaborenu ca ajropuT™Mu 3a pelaBaHe Ha 3a/la9aTa 3a MOCTPOSBAHE
Ha Oe3’KMYHA CeH30pHAa Mperka Ha OCHOBaTa Ha METOJla Ha MPaBKHTE.
Hamnpasen e anaJyin3 Ha 1yBCTBUTE/THOCTTA CIIPAMO OpOsT Ha U3ITOI3BAHNU-
Te MpaBKW. AHAJN3UPAHU Ca CXOJCTBATA U PA3JIMIUATA HA OTJICTHUTE
aJICOPUTMU C IIOMOIITa Ha MHTEPKPUTEPUAJICH aHAINAS.

e Pazpaboren e ajaropuTbM 3a pelllaBaHe Ha 3ajadaTa 3a HaeMaHe Ha
paboTHa cmjia Ha OCHOBaTa Ha METOJa Ha MpaBKure. Paspaborenn ca
H{KOJIKO BapuaHTa Ha IPOIEIYPH 3a JOKAJHO ThPCEHe C IeJT 0100~
psiBaHe paborara Ha ajropuThbMa. HampapeH e aHain3 Ha IyBCTBH-
TEJTHOCTTa Ha aJI'OPpUTbMa CIIPAMO HEIrOBUTE ITapaMETPH. HpI/I.HO}KeH (§
MHTEPKpUATEPUAICH aHAII3.

e Paspaboren e aJiropuTbM 3a MOJIeIMPaHe Ha IMbTHUKOIIOTOK IIPYU HAJIU-
qre Ha Pa3HOOOpA3HM BUJIOBE TPAHCIIOPT B €HO HalpaBjeHue. AJro-
PUTHMBT € OCHOBAH Ha METOJIa Ha MPABKHTE.
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Hay4gno-nipmyioykHUTE MPUHOCH CA:

e Hampasena e codryepHa peasinsalius Ha XUOPUHUS aJIrOPUTHM 3a Pe-
IaBaHe Ha 3a/a9aTa 3a PAHUIATa;

e Hampagsena e codpryepra peajinsaiiys Ha aJropuTbMa 38 HHCIIEKTUPAHE
na GPS mpexka ¢ mpomenu B cpejata Ha ThpPCEHE;

e Hampasena e codryepna peasmzarus Ha aJlOPUTHMa 3a pelllaBaHe Ha,
3a/lavaTa 3a HaeMaHe Ha paboTHA CUTIA;

e Hampasena e codTyepHa peanu3alns Ha aITOPUTHM 3a MOJEINPaHe Ha
II'bTHUKOIIOTOK.

Pesynararure or HacTodmara aucepTalys MoraT Jia ce M3M0JI3BaT B Hali-
pa3uYdHu 00/1aCTH Ha HAayKaTa, MHYCTPUITA U IIpakTuKara. Pa3zpaborenure
AJITOPUTMU W TAXHATA IMPOI'PAMHA PEAIN3AINA Ce OTHACAT 33 MPAKTUIECKH
3aJIa9M U MOTaT Jia Ob/IaT BHEJIPEHU B PA3JINIHU OTPAC/IH Ha MKOHOMUKATA.
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8.4 Jleksapalius 3a OpUTMHAJJIHOCT

,Z[eKJ'IapaIII/IH 3a OPUTHMHAJIHOCT Ha pe3yJiTaTurTe

lexapupam, e HACTOAIIATA JIUCEPTAINSA CbIbPyKa OPUTMHAHEI Pe3YJI-
TaTH, MOJIyYeHN TIPU MIPOBEJIEHN OT MeH Hay4YHM W3CJe/iBanus. Pesynarature,
KOWTO Ca [OJIyYeHU, OMUCAHU U /WK IyOJUKYBAHE OT JIDYTU yUeHH, ca Hajl-
JIEZKHO ¥ TIOJIpOOHO MUTUpaHu B Oubsmorpadusra.

Hacrosmmara jucepranusg He e IpujaraHa 3a HpuoOMBaHe Ha HaydHa
CTEIEH B JIPYTO BUCIE YUUJIUIIE, YHUBEPCUTET WJIM HAY9IeH WHCTUTYT.

ITogmmuc:
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8.5 DBiaromapaocTn

Nckam 1a n3kazka MouTe Hail-mCKpeHn OJIaroJJapHOCT HAa BCUIKN MOU KOJIETH
ot Nucturyra no Undopmanmonnu n Komynukanuonnn Texmosmornn KakTo
u Ha akaJl. Kpacumup Artanacos, npod. Ommvmus Poesa u mor. Baca Arana-
coBa oT Uncruryra no Buodusuka u buomeaunnncko VHxKeHepeTBO ¢ KOUTO
c¢bM paboTU/Ia U 3aeHO CMe ITOCTUTHAJIN T€3U PE3yJITaTH.

Baaromapst Ha koserure or cexius Ilapasesran Asnropurmu 3a mobpara
pabotHa armocdepa, 3a IMPOEKTUTE KOUTO PabOTUXME 3aeHO, 3a IeHHUTEe
JINCKYCUU B KOUTO C€ POJIUXa OPUTMHAJHU UJIEH, 38 IOCTUTHATUTE PE3yJITaTh
B CJIEJICTBHE Ha KOJIEKTHBHATA HU paboTa.

Brarogapst u Ha 4ykjaecTpaHHuTe ydueHu, ¢ KouTo cbM pabormia. [lle
cuomena Enpuke Anba u ['abpuesn Jltok or Wcenanus; Mapunn Ilampkurkn
n Mapwus [amxka ot [lomma; Mapko opuro ot Benrus, Aarorno Mydepuro
ot OpanIus.

N nakpasi, HO He Ha ITOCJEIHO MSCTO UCKaM ja OJarogapsi Ha MOETO ce-
MEICTBO, KOUTO BHHAIU €& Me IOJAKPEIIIN, U CIEIUaIHO Ha CbIpPyra MH,
KOWTO BUHATM € HAChPUYABAJI U CTUMYJINPAJ BCUIKUTE MU HAYIHU U3C/IE/IBA-
HUS.
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