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Abstract. The rapid development of society is associated with two key areas of science and technology: methods
of working with Big Data and Artificial Intelligence. There is a common belief that up to 80% of the data
analysis process is the time spent on data preparation. One aspect of preparing data for analysis is structuring
and organizing data sets (also known as data tidying). Order relations are ubiquitous, we meet them when we
consider numbers, Boolean algebras, partitions, multisets, graphs, logical formulas, and many other mathematical
entities. On the one hand, order relations are used for representing data and knowledge, on the other hand, they
serve as important tools for describing models and methods of data analysis, such as decision trees, random
forests, version spaces, association rules, and so on. Since a serious limitation of many methods of pattern mining
is computational complexity, it is important to have an efficient algorithm for ordering data. In this paper, we
consider deterministic automata without output signals and investigate the problem of linear ordering of such
automata, which consists of building a linear order on the set of states of an automaton, that will be consistent
with the action of each input signal of the automaton. To solve this problem, we consider heuristic methods of
global optimization: simulated annealing method and artificial bee colony algorithm. For both methods, we made
a software implementation and performed testing on a special kind of automata.
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Ansoranus. CtpeMuTe/bHOE Pa3BUTHE OOIIECTBA CBSI3aHO C ABYM: KJIIOUEBBLIMU HAIIPABICHUSIMU HAYKU U TEX-
HOJIOrMi: MeTosamu paborsl ¢ Gosbmmmu ganabivMu (Big Data) u nckyccrsenabiv naresuiekrom (Artificial Intelli-
gence). Ectp pacnpocrpanennoe muenue, 1ro 10 80% mnporecca aHaan3a JaHHBIX — 9TO BPeMs, IOTPAUYEHHOE HA
ux noaroTosKy. OJHUM U3 aCIEeKTOB IOJAIOTOBKHU JAHHBIX K AHAJIN3Y SABJISETCS CTPYKTYPHPOBAHUE U IIDUBEIECHUE
B HOPsIZIOK HAOOPOB JTaHHBIX, TaK Ha3biBaeMoe data tidying. OTHoIeHns OPsi/iKa BCTPEYIAIOTCS IOBCEMECTHO: MBI
BCTpeYaeM HX, KOTJa PacCMaTpPHBaeM 4HCIa, OyJeBbl ajreOphl, pa3bueHus, MyJIbTUMHOXKECTBA, Ipadbl, JOrHde-
ckue HOpMyJIbI U MHOTHE Apyrue MareMarudeckue o0beKTbl. C OZHONH CTOPOHBI, OTHOIIEHUS IIOPSIIKA HCIIOJIb-
3yIOTCsI JUUIsl IPEICTABICHIS] TAaHHBIX ¥ 3HAHUIL, C JPYTrOil CTOPOHBI, OHM CJIY?KAT Ba’KHBIMU MHCTPYMEHTaMH JIJIsI
ONMCAHUST MOJIEJIel U METOJIOB aHAJIN3a JIAHHBIX, TAKUX KaK JI€PEBbs DEIIeHH, CIydaiiHble Jieca, IIPOCTPAHCTBA
Bepcuit, IpaBua accoruanuu u T. 1. IIocko/IbKy cepbe3HbIM OrpaHuYeHneM MHOIHMX METO/0B aHa/IN3a MIabJI0HOB
SIBJISIETCSI BBIYHUCINTEIbHASI CJIO?KHOCTD, BA2KHO UMETh 3 (MEKTUBHBIN aJITOPUTM YIIOPSI0UNBAHUS TaHHBIX. B 1aH-
HOIl paboTe pacCMaTPHUBAIOTCH JI€TEPMUHUPOBAHHBIE aBTOMATHI 0€3 BBIXOJHBIX CUTHAJIOB M HCCJIE/LyeTCs 3a/1a49a
JIMHEWHOTO yIOPSIOYEHNs] TAKUX aBTOMATOB, 3aK/II0YAIONIAsICS B IOCTPOCHUH Ha MHOXKECTBE COCTOSIHUI aBTOMAaTAa
JAHHOTO JIMHEHHOT'O MOPsiIKa, KOTOPLIN OyIeT COTJIACOBAH C JEHCTBAEM KarK0r0 BXOIHOTO CUrHAJIA aBToMaTa. s
PeIleH s 9TON 3a/a91 Mbl PACCMATPUBAEM IBPUCTUYECKHE METO/IBbI IVIOOAJBHON ONTUMHU3AIMNA: METOJ, NMUTAIIUH
OT?KWTa M AJTOPUTM ITYeJIMHON KOJIOHNH. [Ij1st 060MX METOJI0B HAIFCAHa IPOrPAMMHAS PeaJIn3alisl U IPOBEIECHO
TECTHPOBAaHKE HAa aBTOMATaX CIEIUAILHOIO BHIA.
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Introduction

Big data are large volume structured or unstructured data sets. They are processed using
special dedicated tools to be used for statistics, analysis, forecasts, and decision-making. Simply
stated, work with big data occurs according to the following schema:

1) information is collected from various sources;

2) the data is stored in databases and repositories;

3) the data is processed and analyzed,

4) the processed data is output using visualization tools or used for machine learning.

When analyzing big data, it is important to be able to organize data for more efficient and
convenient use. The process of data sorting involves arranging the data into some meaningful
order to make it easier to understand, analyze, or visualize. When working with research data,
sorting is a common method used for visualizing data in a form that makes it easier to comprehend
the story the data is telling. In this case, the ordering of data must be consistent with the
action of their special transformations, such as reducing information to canonical form, encoding,
encryption, and so on. In this regard, data can be considered as the set of states of the automaton
and various special transformations can be considered as input signals of the automaton [1].
That is why for the ordering of data we consider the problem of linear ordering of deterministic
automata without output signals. This problem lies in the fact that it is necessary to build
such a linear order on the set of states of an automaton, which will be consistent with all input
signals of this automaton. By this means, solving the problem of linear ordering of automata
will make it possible to develop more efficient algorithms for studying various theoretical and
applied problems, related to the development of effective algorithms and methods for analyzing
structured and unstructured data of large volumes and diversity.
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In [2], to solve the problem of linear ordering of automata, the authors considered a search
algorithm with backtracking and cutting. Test results showed the effectiveness of this algorithm
compared to the brute force algorithm. However, the complexity of this algorithm is still factorial.
In this regard, interest naturally arises in heuristic algorithms for global optimization. In this
paper, we consider two such algorithms: The simulated annealing method and the artificial bee
colony algorithm.

1. Simulated annealing method

A simulated annealing algorithm is a method for solving various optimization problems. The
exotic name of this algorithm is associated with simulation methods in statistical physics [3] based
on the Monte Carlo technique. In 1953, N. Metropolis developed an algorithm for simulating the
establishment of equilibrium in a system with many degrees of freedom at a given temperature [4].
The study of the crystal lattice and the behavior of atoms during the slow cooling of a body
led to the emergence of probabilistic algorithms that turned out to be extremely effective in
combinatorial optimization. This was first noticed in 1983 by S. Kirkpatrick [5]. Today, this
algorithm is popular both among practitioners due to its simplicity, flexibility, and efficiency,
and among theorists, since for this algorithm, it is possible to analytically study its properties
and prove asymptotic convergence (see, for example, [6,7]).

One of the main advantages of the annealing method is its ability to avoid getting stuck in a
local minimum while continuing to search for a global minimum. This is achieved by accepting
not only changes in parameters that lead to a decrease in the value of the function but also some
changes that increase its value depending on the so-called temperature.

The simulated annealing algorithm belongs to the class of threshold algorithms and is used to
search for the global minimum of some function f(x) defined for values x from some space S. The
elements of the set S represent the states of a conditional physical system (its energy levels), and
the value of the function f at these points is interpreted as the energy of the system E = f(x).
At each moment of time, the system has a temperature T', which decreases. After generating a
new state z’, the system moves to the next step to state 2’ with probability h(AE,T). By AE
we mean the increment of the energy function f(a')-f(z), and the value h(AE,T) is called the
probability of accepting a new state [8].

In general, the simulated annealing algorithm looks like this.

1. Randomly select a starting point xg, xg € S.
2. Set x := xg, calculate E := f(x).
3. At the ith iteration of the main loop, the following steps are performed:

a) generate a new point z; := G(z,T(7)), where G(x, T (7)) is a random element from S,
which is selected according to the given generating family of probability distributions
((x,T). Calculate E; := f(x;);

b) compare the energy of the system F; in state x; with the currently found global
minimum FE. If F; < F, then set the global minimum equal to F := E; and set the
state x := x;. Go to the next iteration of the loop;

c¢) otherwise, generate a random number « € [0; 1];

d) if « < h(E' — E,T(i)), then put z := z;, E := E; and go to the next iteration of the
loop;

e) exit the loop if the system has reached the global minimum.

There are various schemes for choosing the parameters of the annealing method: Boltzmann
annealing, Cauchy annealing (fast annealing), ultrafast annealing, Xin Yao algorithm, and others.
A detailed description of each scheme, as well as its advantages and disadvantages, can be found
in [8].
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2. Linear ordering of automata using simulated annealing method

Let X be a non-empty set. A binary relation w € X x X is called an order on the set X if it
is reflexive, antisymmetric, and transitive. An order w is called linear if for any z,y € X either
(x,y) €wor (y,z) € w [9).

An ordered set is an algebraic system (X, <), where X is some non-empty set, < is an order
on it. An ordered set with a linear order is called a linearly ordered set.

By automaton we mean an algebraic system A = (X, S,6), where X is a finite non-empty set
of states, S is a finite non-empty set of input signals, § : X x S — X is a transition function.

The problem of linear ordering of a finite automaton A = (X, S, ¢) is as follows: it is necessary
to construct on the set of states X a linear order <x, for which for any s € S from the condition
x1 <x o follows 6(x1,s) <x d(x2,s) (x1,22 € X).

Criteria for linear orderability of automata were investigated in [10]. Beyond that, the problem
of linear ordering of automata relates to the problem of orderability of different kinds
of algebras [11]. Apart from that, the problem arises in the theory of formal languages [12,13].

Let us apply the simulated annealing method to solve the problem of linear ordering of finite
automata. Let the input to the algorithm be a finite automaton A = (X, S, J) with a set of states
X ={x1,x9,...,z,}. The algorithm consists of the following steps.

1. Randomly generate a chain wp := [z, < xo, < -+ < 2, ] on the set of states X.
Calculate the initial energy Ep := f(wp).

If Ey =0, then return wy as a positive result (linear order).
Set F:= FEy, T := Thae, W := wy.
While T > T and E > 0, do the following steps:
a) calculate W’ := reverse(w,i1,i2), where reverse is a function that reverses elements
in the chain w between two randomly selected indices i1 and is;
b) calculate E' := f(w');
¢) if E' < E, then set w := w’ and F := F’, otherwise:
— generate random number « € [0;1];
— if « < h(AE,T), then set w :=w’ and E := F’;
d) decrease temperature: T := (7).

6. If E =0, then return w as a positive result (global minimum, i.e. linear order), otherwise

return w as a negative result (local minimum).

The value of the target function f(w) for a chain w = [z;, < =, < -+ < m;,] in the
automaton A = (X, S, ) with n states is calculated using the following algorithm:

1) set res:=0;

2) in a loop for each input signal s € S:
a) calculate orbit Og(w) := (8(x4,, 5), 0(Tiy, S), ..., 0(zi,, S));
6) in the orbit Os(w) find a number of elements ks inconsistent with the chain w;
B) res :=res + kg;

3) return the result res.

It is worth noting that this procedure for calculating the target function allows parallelization
across input signals, since for each input signal the calculation of the orbit and the counting of
inconsistent elements in it do not depend on other input signals.

The temperature of the system changes according to the law ¢(T") =
randomly selected coefficient from the interval [0;1].

AN

T .
Tfar: Where a is a

3. Artificial bee colony algorithm

Among optimization methods, swarm intelligence algorithms are widely used, which imitate
the collective behavior of complex self-organizing living systems. Bioinspired algorithms include
the bee colony algorithm, which is based on modeling the behavior of a colony of honey bees
when collecting nectar in nature. This algorithm was proposed in 2005 by D. Karaboga [14]. The
main activity of a bee swarm is a two-stage search for optimal solutions in a certain space. For
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this purpose, there are different types of bees in a bee swarm: scout bees and forager bees. In
the first stage, scout bees explore the area surrounding the hive and provide other bees with
information about promising places where the largest amount of nectar was found. In the second
stage, forager bees fly to the vicinity of the places reported by scout bees and carry out local
exploration in order to find a place richer in nectar, and scout bees continue to search for other
areas.

The bee colony algorithm can be used to solve discrete (combinatorial) and continuous global
optimization problems. Compared to other algorithms, the bee colony algorithm has a simpler
structure, fewer control parameters, and more powerful search capabilities. In this regard, the
algorithm has found wide application in different optimization problems [15-17].

In general, the bee colony algorithm consists of four phases: the initialization phase, the work
phase of scout bees, the information exchange phase, and the work phase of forager bees. The
bees can change their roles until the termination condition is reached.

The algorithm uses the following control parameters:

— a number of scout bees 717, a number of forager bees T5;

— L is a limit on the number of iterations when a forager bee does not improve the solution;

— M is the maximum number of iterations.

Main steps of the algorithm:

1) generation of a swarm of bees numbering 7' = T + T5;

2) exploration of space by scout bees from initial positions. Each scout bee generates a random
solution for which the value of the target function is calculated;

3) local exploration of the vicinity of the solutions found by scout bees in order to improve
them;

4) if the forager bee has improved the solution, then she communicates it to the entire swarm
of bees;

5) if the forager bee has not improved the solution in L iterations, then it turns into a scout
bee for one iteration in order to find a new solution, after which it returns to its role as a
forager;

6) the algorithm terminates if any bee has found an optimal solution or when the maximum
number of iterations M has been reached.

It should be noted that the time and complexity of executing the described algorithm directly
depends on the number of iterations, the size of the bee colony, and the complexity of calculating
the target function.

4. Linear ordering of automata using artificial bee colony algorithm

Let us apply the artificial bee colony algorithm to solve the problem of linear ordering of
finite automata. Let the input to the algorithm be a finite automaton A = (X, S,6) with a set
of states X = {z1,x9,...,x,}. Let’s define algorithm parameters:

T{ =k x n (k € N) — the initial number of scout bees;

T{" — the number of scout bees after the initialization phase;

Ty — the number of forager bees;

M — the maximum number of cycles.

The algorithm consists of the following steps.

1. For each state x € X of the automaton A, randomly generate k different chains

wi = [Ti;, < Tip < < T,
on the set of states X (1 < i < k). This step simulates a flight of scout bees from the initial
states.
/

2. Calculate the target function value E,, := f(w;) for each chain w;, where 1 <17 < 7T7.
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3. For each state x € X of the automaton A, find a chain w, with the best (i.e. minimum)
value of the target function. Store this information in an associative array B with the key,
being state x, and the value, being the best chain w,.

4. Define a queue @ of all states of the automaton, which will be used by forager bees.

5. While the solution is not found and the number of iterations is less than M, do:

5.1. For each forager bee fb;, 1 < i < T5:

a) poll a state from the queue Q. Let it be z;

b) find the currently best chain w, for the state = in the array B;

c¢) randomly shuffle the tail of w,, where the tail is the last 20% of states in the chain
wy. Let’s denote the result chain as w!;

d) calculate the target function value E,; = f(w});

e) if E,; < E,,, then update the array B with new chain w!, by the key x;

f) push the state z back to queue Q.

5.2. For each scout bee sb;, 1 <i < T7:

a) randomly select some state x € X of the automaton;

) randomly generate a chain w), on the set of states X;

c) calculate the target function value E,; = f(w});

) compare the target function value E, of new chain w) with the target function
value E,,, of the best chain w, for the state x in the array B. If £, < E,,, then
update the array B with new chain w!, by the key z.

6. If E,, = 0 of some state x, then return w, as a positive result (global minimum, i.e. linear
order), otherwise return a chain with the lowest target function value.

Let us note that the value of the target function f(w) for a chain w = [z;; < x4, < -+ < 2,
in the automaton A = (X, S,d) with n states is calculated in the same way as it is described in
the Section 2.

It is worth noting that the artificial bee colony algorithm allows parallelization across bees
since each bee can fly independently, only a safe update of the global array B with the best
chains per state is required.

o,

5. Test results

For both considered algorithms, we implemented programs in the Java programming language.
Programs were tested on automata A = (X,S,d) with a set of states X = {1,2,...,n} and
transition functions U;, 1 < ¢ < n—1, Vi, 2 < k < n, which are determined by the following
formulas:

i+ 1 for j =1, k—1for j =k,
U) { j otherwise, k) { j otherwise.

It is known [18] that the transformations U;, Vj, generate the entire semigroup of endomorphisms
of a linearly ordered set. Consequently, such automata are automata with the most complex
semigroup of input signals, moreover, they definitely have a linear order on the set states (for
example, natural order on the set {1,2,...,n}).

The program of the linear ordering of automata using the simulated annealing method runs
at Tinae = 100, T = 0,0000001. To measure the minimum execution time for each number
of states of the automaton, the program was launched simultaneously on all available logical
Processors.

The program of the linear ordering of automata using the artificial bee colony algorithm run
with parameters k = 50 (i.e. T{ =50 x n), Ty’ = 0.3 x P, T = 0.7 x P, where P is a number of
logical processors, M = 232, For this algorithm, we used parallel implementation, which allows
the execution of flights of different kinds of bees independently, based on the number of available
logical processors P.
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Testing was carried out using an Intel Core i7-6500U 2.50 GHz processor. The test results
are presented in the Table.

Table. Test results of different programs of linear ordering of automata

Amount Backtracking Average execution Minimum execution Execution time

of states algorithm time of simulated time of simulated of artificial
execution time, annealing annealing algorithm, bee colony

sec algorithm, sec sec algorithm, sec

10 0.9 0.918 0.007 0.162

20 444 3.173 0.117 2.137

30 387.7 7.319 0.150 4.538

40 1883.9 10.848 0.654 9.855

50 6016.6 25.606 1.693 8.146

60 9654.8 104.745 4.159 13.56

70 32510.4 436.278 9.558 84.951

80 58627.9 561.394 20.526 71.325

90 79478.2 867.496 27.269 544.047

100 90176.4 3857.963 53.977 1297.260

150 — 11452.712 410.033 7859.972

200 — 14859.536 1837.811 11635.203

300 — 18769.451 13817.571 21851.645

The test results show a significant superiority of considered heuristic optimization methods
compared to the brute-force algorithm with backtracking and cutting. It is easy to see, that
parallel implementation of the simulated annealing method is more efficient than the parallel
implementation of the artificial bee colony algorithm. Thus, the heuristic optimization methods
considered are effective ways to solve the problem of linear ordering of finite automata.

10.
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