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FUZZY MODELS IN PROBLEMS OF COMPLEX SYSTEMS CONTROL

An analytical review of existing models and methods of applied problem solving is per-
formed. The necessity of developing of fuzzy models of mobile objects is shown. A new formal
model of mobile objects control as minimization of the control error is developed. It is shown
that the problem of optimal mobile objects control is to find the optimal (or suboptimal)
function of mobile objects control. Depending on the values of certain external parameters, this
function returns a value that determines the future direction of the mobile object movement.

One of the most perspective approaches to the control function optimization is develop-
ment and adjustment of fuzzy model of mobile object movement. Development of a model
based on fuzzy rules will provide its flexibility. The fuzzy model as a set of production rules
has been further developed. This model, unlike the existing ones, allows minimizing the error of
mobile objects control. The adequacy of the developed models has been confirmed. It was
shown that these models provide good mobile objects control.

Keywords: mobile object, fuzzy model, movement control, production rules, model ade-

quacy, track, trajectory.

INTRODUCTION

Seeing the necessity of exact description of operating
systems and increasing demands for solving the problems
of intelligent control, there is a need to develop the theory
of mathematical modeling. In the framework of the theory of
mathematical modeling the formal procedures are used.
These formal procedures take into account information
heterogeneity, multicriteriality, dynamics of the quality and
efficiency, and also uncertainties, which can be either
stochastic or fuzzy.

Selecting the model type of a complex system and
mathematical modeling tools to use depend largely on
information quality and uncertainty type. Fuzzy approach
is usually used when the system is so complex that it’s
impossible to build its mathematical model in traditional
sense, or when the model exists, but to calculate it,
significant computational resources are needed [1].

Complex system modeling in the form of fuzzy systems
doesn’t usually require knowledge of the system structure.
However, in problems related to quality assessment of
operation of the system consisting of a number of
subsystems, or in problems of evaluating the degree of
achievement of interacting goals, fuzzy model should take
into account the system structure [2].

In this case the modeling tool is fuzzy logics and, in
particular, one of its basic concepts — that is, function of
fuzzy variables. However, existing algorithms for operating
with such functions are not oriented to practical use.

The purpose of this research is increasing the quality of
process control under uncertainty of objects operating. In
this paper we also explore approaches of optimizing the
complex objects control as a criterion for increasing the
control adequacy.
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1 RESEARCH PROBLEM STATEMENT

Let the production area be a rectangular field divided
into unit cells. There are L loads and K mobile objects in this
area. Mobile objects can move the loads.

Because of delivery of L; new loads it is required to
move L, < L loads to other cells, using mobile objects. The
total time to perform this task should not exceed the time
limit:

‘tSr*, 0]

where 1" is the time remaining before new loads arrival. If
the time of moving the loads 1> 1, the task should be
modified to meet the requirement (1).

In paper [3] the model of mobile objects transportation
in the production area is proposed. According to this model,
mobile objects move discretely, from the center of one cell
to the center of another one. To solve a number of practical
problems, we need to modify the model, because mobile
object is usually represented as a physical agent, which has
a certain size and moves continuously.

The problem of optimal mobile objects system control is
to find a certain optimal (or suboptimal) function of mobile
object control. Depending on the values of certain external
parameters, this function takes a value which determines
the further direction of the mobile object [4].

One of the most perspective approaches to the control
function optimization is development and adjustment of
fuzzy model of mobile object movement [5]. Development of
a model based on fuzzy rules will provide its flexibility,
because even under changing environmental parameters
(for example, unforeseen obstacles to the mobile object) the
rules don’t change.
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Thus, our tasks are:

— to analyze existing models and methods for solving
similar problems;

—todevelop the formal model of mobile object movement
along given trajectory;

—to review and analyze different approaches to mobile
objects control optimization;

—to develop and adjust the fuzzy model of mobile object
movement;

— to verify the adequacy of resulting model.

2 ANALYSIS OF EXISTING SOLUTIONS

Recently, the use of automated systems in different areas
of life becomes more and more popular. Therefore,
development of models and methods for mobile objects
movement is a subject of many works. Let’s consider and
analyze the main approaches that offered in these works.

In paper [5] the automaton model of adaptive mobile
objects control based on fuzzy logics is considered. To adjust
the fuzzy control system, it is proposed to use a probabilistic
automaton with training.

The proposed model is rather perspective, it has several
disadvantages. Firstly, in this model it is assumed that the
mobile object always can bypass the obstacle. In our model
being developed, the borders of mobile object trajectory are
always considered as obstacles, and mobile object can never
bypass them. Secondly, proposed model allows the mobile
object only to bypass the obstacles, but not to move to a
fixed point, and, of course, mobile object trajectory isn’t
being optimized. Thereby, we cannot use this model to solve
our problem.

In paper [6] the teaching model of a robot following the
certain mobile object is considered. In this work it is also
proposed to use the system of fuzzy rules. There are also
considered several different methods for the system
adjustment.

The main disadvantage of this approach is that it doesn’t
take into account the possible obstacles the robot may not
bypass, because the trajectory of mobile object does already
define the trajectory of the robot which follows it.

Thus, to solve this problem we need to modify the
existing approaches.

3 FORMAL MODEL DEVELOPMENT

Let r; be a mobile object with defined trajectory

(6,)= [l (40,49

which represents the sequence of cells the object 7

should move to perform the task [3]. Now we develop the
model of mobile object movement along this trajectory.

Let each cell be a square of size sx s, and let mobile
object be a rectangle with length a and width p, where
b<a<s.Let v, and o, be maximum linear velocity
and maximum angular velocity of mobile object, respectively.
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Introduce the following assumptions:

1) mobile object always either moves with maximum
linear velocity v,,,, or doesn’t move at all;

2) velocity v, is small enough to neglect the time of
mobile object acceleration and deceleration;

3) velocity v, is small enough and traction with
surface is big enough to neglect the skid of mobile object

for all possible values of its angular velocity;

4) angular velocity ® = ®(¢) of mobile object can be
changed fast enough to neglect the influence of angular
acceleration on movement of this object;

5) to make the movement safe, distance from the mobile
object to an obstacle or to the trajectory border is needed to
benot lessthan ;... It is also guaranteed that b+ 25, <'s;

6) decision about angular velocity change, acceleration
or deceleration of mobile object is made as a result of
measurements obtained by mobile object vision system.
These measurements are made with the period t,,;,;

7) maximum angular velocity o is small enough not

max
to allow the mobile object to turn safely in the opposite
direction;

8) when mobile object moves, it doesn’t stop and doesn’t
face any obstacles.

Then we have

Statement 1. Position of mobile object at time ¢ can be

©,49). s

uniquely determined by its coordinates (xi > Vi

direction 7¥) and its angular velocity (T)(k) at time
k =t — T, Moreover, mobile object moves along a straight
line if ® = 0, and along a circular arc with radius R = 2L

)
otherwise.

Definition 1. Track 8(t) of the mobile object 7 is a curve
traversed by center O of object during its movement (see
Fig. 1).

Statement 2. Track 6(¢) of the mobile object 7; can be
uniquely determined by its initial coordinates

O, s (O, s} )
X +E,yi +5 , its initial direction ¥;” and sequence

m(ntmin)
*

(0) m(rmin) ®(2rmin) l

of its angular velocities {0)1- > O; > O; >

attime 0, Typin > 2Tmin >+ #Tmin TeSpectively, where nt,;, is

the first moment of time when object would be entirely

9.4),

inside the cell ( > Vi

Consequence 1. Then, using statement 2, we can obtain

0(¢)= O(mgo),mgrm‘“),mgztm‘“ ),...,mgmmi") .Q
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Fig. 1. Example of mobile object movement along its trajectory

Definition 2. Correct track O (t) of the mobile object
r;, corresponding to the trajectory tr(Gr‘), is a track

satisfying the following conditions:
1) at any time of mobile object movement along the

trajectory tr(G,,_ ) distance from the mobile object border to

the nearest obstacle and to the borders of trajectory is not
less than &

min>

(kTmin)

;

2) S Omax forall k=0,1,...,n;

3)at time mg Moin) mobile object is entirely inside the cell

(xl(e) > y,(e) )
Let’s denote as Op (r,- ) the set of correct tracks 0p,
corresponding to the trajectory & ( G,ﬂ,, ) of the mobile object ;.

Definition 3. Length |6 R| of correct track is the distance
passed by mobile object along this track.
Statement 3. If a mobile object moves without stops, the
length of'its correct track can be defined as
|6R| = Vmax “Tmin "7 >

where n is an amount of measurements made during its
movement.

LetL, =L, (G,[ ) be a line equidistant from the borders

of the trajectory tr(Gr’ ) (in Fig. 1 it is dashed). Suppose

also that the measurements made with the period Tmin, define
the following parameters:

— Shift d of mobile object center relative to the line L,,. (if
mobile object is situated to the left of line L, shift is
considered to be negative, otherwise it is positive);

— Rotation angle o, of the mobile object relative to the
line L, (clockwise direction is considered to be positive).
Note that if the object is rotated to the left relative to the line

L., then o > n and we can consider negative angle o — 2.

Consider the regulation function ¢ =(d,a), which,
depending on the shift d and rotation angle o, returns
angular velocity o: |c0| < Wy the mobile object needs to
reach until the next measurement of shift and angular
velocity, or a certain big number /¥ > @®__, which means
that the mobile object needs to stop.

max ?

Definition 4. The regulation function ¢ (d,o) is

correct if for all possible trajectories t’”(Gr,- ) eTl R(Gr[ ) it
returns such a sequence of angular velocities
{®g,0,..., 0, }, that track 0(wg,®),...,0,,) € Og (7).
Denote the family of correct regulation functions by
O =0(d,0).
Definition 5. The track 6 = 6(wg, o, ...,®,, ) is called a

track according to regulation function ¢(d,a.), if
Vi=ln:o; = (P(di—laai—l)=

where d), and o, are the values of mobile object shift and
rotation angle respectively at time £t ;.
Denote such track by eq,. Note that as ¢ is a correct

regulation function, 8, € O (7; ).
Then the formal model of mobile objects control is as
follows:

— min, 3)

where is the length of line equidistant from the

L,(G,)

borders of the trajectory; {r J } , j € J aretime dependencies.

Optimization problem (3) is the task of finding such a
regulation function ¢, that the given initial conditions
provides the mobile object movement along the track which
is the closest to the line Lj,..

4 FUZZY MODEL DEVELOPMENT IN MOBILE
OBJECTS CONTROL OPTIMIZATION PROBLEMS

Note that as family @ (d, o) can correspond to an infinite

number of functions ¢(d,a), and also checking the
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correctness of regulation function is a rather difficult problem
[3], it doesn’t seem possible to find an exact solution of
problem (3). That’s why we propose to search the suboptimal
function ¢ (d,a), thatis, such a function o', for which we
have

‘e*
¢

L,(G,)

L00<  max <1,02, @

tr(G,l_ )eTR(GrI )
{«:_,}

that is, track 9(; is not more than 2 % longer than line

(o)
One of the simplest approaches to solve this problem is
a formal definition of the function ¢ (d,a). Use the fact

that we know the form of the trajectory tr(G,,i ) and, thus,

the form of line L,,.: ifthe assumptions 1) —8) are correct, it
can be represented as a sequence of segments and arcs.
Then after the next measurement of parameters dj u o, the

value @y = (p(dk,ock) can be found using the following
considerations [5]:

—Ifd;, <0 and a, <0, then mobile object is moving to
the left away from line L,,., so we need to turn it to the right
with maximum possible angular speed: ®; | = ®pax;

— Similarly, if d; = 0 and o, > 0, then mobile object is
moving to the right away from line L. and @y, = —®pa4;

—Ifa;, =0, then mobile object is moving parallel to the
line L,. and we don’t need to turn: oy =0;

— If d; <0 and oy 20, then mobile object is
approaching to the line L, from the left, and we need to
choose in such a way that when mobile object reaches the
line L,,., its rotation angle is as close to zero as possible;

—Ifd; >0and o <0, weshould choose ®,_similarly.

As aresult, we receive the regulation function (p*, which
is defined as follows:

Opax f d<0and 0. <0,
~Omax if d20and a.>0,

(1=
min[w,wmax]ifd>0andoc<0,

¢ (d,o) = d

©)

d
0if d=0and o =0.

1-
max[w,—mmaxjy’d <0and a.20,

The experiment showed that the resulting function (p* in
our model provides good mobile objects control.
However, this approach has several disadvantages.
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Firstly, it works only for the given model of mobile object
moving. Ifthe obstacles appear on its path, or traction with
surface is not big enough to neglect its skid, function will
not provide good control any more.

Secondly, this approach requires the exact values of
parameters 4 and o to be measured, and these measurements
requires a rather expensive machine vision system.

Thirdly, to provide the safe mobile object movement, the
parameters measurements should be performed rather often.
This reduces the life of the machine vision system.

We propose another approach — that is, fuzzy model

development to find the function (p*. On the one hand, fuzzy
model is more universal and doesn’t use the assumptions
about mobile object movement. On the other hand, it doesn’t
require the exact values of parameters d and o — we only
need to know the classes they belong to.

In [7] it was proposed to use the models of fuzzy
inference in form

{if xis p(x)then yisp(y)}. ©)

to solve problems on fuzzy variables.

To develop the fuzzy model we propose the method
consisting of the following steps:

Step 1. Define fuzzy terms and their membership
functions for parameters d, a and ©.

It was decided to choose 6 fuzzy terms for each parameter:

Shift d : «Big negative» — ‘?1 , «Medium negative» — Jz,

«Small negative» — 673, «Small positive» — d » «Medium
positivey — ‘?5’ «Big positive» — d~6;

Rotation angle @: «Big negative» — @&, «Medium
negative» — @, , «Small negative» — a3, «Small positivey —
0.4, «Medium positive» — G5, «Big positive» — Gig;

Angular velocity @: «Big negative» — @), «Medium
negative» — @,, «Small negative» — @, «Small positive» —
@4, «Medium positive» — @5, «Big positive» — (.

For all the fuzzy terms it was decided [8] to choose the
membership functions in the form

(a-h)’
p_(x): e 20" 5xe[xmin’xmax]’ (7)

0, x¢ [xmin’xmax ]’

where / is an average value of the membership function;
o is the steepness of the membership function; segment
[ Xmin > Xmax | €quals to [-1,0] for fuzzy terms corresponding

to negative parameters values, and equals to for fuzzy terms
corresponding to positive parameters values.
Step 2. Form the following system of production rules:

Ri; :1f d € d; and o € G ; with weight W then o € G,

where c?i, a Iz ;. are fuzzy terms for parameters d, oo and ®
respectively.
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To do this, we decided to use the formula (5) being
universal for the given control model. To define
approximately, which parameters belong to which fuzzy
terms, we can divide the segment [-1,1] into 6 equal parts.

Step 3. Generate a training sample to adjust the fuzzy
model parameters, that is, fuzzy terms distribution parameters
d., 0, & and rules weights wj;.

It was decided to generate N =50 random pairs of
parameters (d[ , O ), and then use formula (5) to define ;.

Step 4. Adjust the received fuzzy model to make the
errore; — 0.

The problem of optimal adjustment of the model
F = F(P,w) can be formulated as a problem of minimizing the

discrepancy of the function y* (X) on the learning sample:

LN 2 .
R:ﬁ_g(w(Xj)_yF(Xj)) %(pflv}/lileG’ ®

where G is the set of constraints for vectors P and .

To solve the problem (8) it was decided to use the modified
method of very fast annealing.

Thus, we received the fuzzy model F'. To make a decision
ifit can be applied in practice, we need to check its adequacy.

5 MODEL ADEQUACY IN PRACTICAL
APPLICATIONS

After we defined the parameters of fuzzy model F, we

need to check its adequacy. If regulation function ¢(d, o)
corresponding to this model is not correct, then the model
is inadequate and we need to readjust it.

To check the mode adequacy it is proposed to simulate
the process of movement of mobile object #; along the
trajectory according to fuzzy model F with different possible
values of initial parameters d,, and o (that is, initial shift

and rotation angle) and different trajectories tr(G,l_ )

The simulation showed that for the values s =2m,
a=2m, b=12m, Ou,=01m, vy =2m/s,

T
Tmin = 0,055, %max = 5’ Omax = 3 st the model is
adequate — the mobile object moves along the correct track
for all possible dj and a,.

Fig. 2 shows an example of modeling the movement of
mobile object 7 along the trajectory tr(G,‘, ) Here line L,
equidistant from the trajectory borders is dashed, and track
0(r;) of mobile object is a solid line. The initial point of
mobile object is indicated by the circle.

Fig. 2 shows that the error of the trajectory
Ly—L
£ L]
g=——
—, ©)

u

L,(G,)

Ly = |9q,| is the length of actual track, tends to zero, and g > 0.

where L, = isthe length of the estimated track and

Fig. 2. Example of modeling the mobile object movement
according to fuzzy model F'

In the experiment on the length L < 300 m it was obtained
that £ < 0,015, and it meets the suboptimality criterion (4).

CONCLUSIONS

1. An analytical review of existing models and methods
for solving applied problems is made. The necessity of
developing fuzzy models for mobile objects is shown.

2. A new formal model of mobile objects control is
developed. This model represents the minimization of the
ratio of actual and estimated track lengths.

3. Fuzzy model as a set of production rules has been
further developed. This model, unlike the existing ones,
allows minimizing the error of mobile objects control. The
adequacy of the developed models has been confirmed.
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Kyuepenko E. W.!, [Iprok A. J1.?

'II-p TexH. Hayk, npodeccop, XapbKOBCKUIl HAMOHAJIBHBIA YHUBEPCUTET PAJIMOIEKTPOHUKH, YKpauHa

2AcniupanT, XapbKOBCKHI HAIMOHAIBHBIN YHHBEPCUTET PaJHOIEKTPOHUKHI, YKpauHa

HEYETKHWE MOJEJIA B3AJAYAX YITPABJIEHUSA CJIO)KHBIMUA CUCTEMAMHU

BeInosHeH aHaMMTHYECKHi 0030p CyIIECTBYIONINX MOAENEH M METOAOB PELICHUs NPHUKIAAHBIX 3anad. [loka3zaHa HEOOXOAMMOCTb
pa3pabOTKH HEYETKUX MoAelel MOOMIIBHEIX 00beKkTOB. Pa3paboTana HoBast (hopMasibHast MOJIENb YIIPaBICHNs! MOOWIIbHBIMU O0BEKTaMU
KaK MUHUMH3aIMs1 oMOKY ynpasieHus. [lokazaHo, 4To mpo6iaemMa ONTHMAIBHOTO YIIPABICHUS CHCTEMON MOOMIIBHBIX OOBEKTOB 3aKIIIO-
YaeTcs B HAXOXKJEHUU HEKOTOPOH ONTUMAIIBHOI (JI160 cyOONTUMAIIBHOIT) (DYHKIMY yIIpaBlieHHs: MOOMIIBHBIM 00beKTOM. B 3aBucuMocTi
OT 3HAYECHHH OIPE/IeICHHBIX BHEIIHUX [TapaMeTpoB 9Ta (QYHKIHS IPUHUMAET 3HaYeHHe, ONpe/ielIsIolee NanbHeiilee HarpaBIeHNue ABH-
XKEHHs] MOOWIILHOTO OOBEKTA.

OpHuM U3 Hauboee MepCIeKTUBHAIX TOX0/0B K ONTHMM3alNU (QYHKIUN yHPaBICHUS NPEACTaBIsIeTCs pa3paboTka U HACTpolKa
HEYETKOI MOJeNIM JIBHXKEHUSI MOOMIBHOro oObekTa. Pa3paboTka MOze/I Ha OCHOBE HEYETKUX IPABUI 00ECIEUNUT yHUBEPCAILHOCTD
mozenu. [lomyduna nanpHeiilee pa3BUTUE HEUETKas MOZENIb B BUJIE MHOMKECTBA MIPABHII IPOAYKLIUYU, KOTOPasi, B OTIIMYUE OT CYLIECTBY-
IOIIMX MOJIENIeH, II03BOJISICT ONITHMHU3UPOBATh YIIPaBIeHuEe MOOMIbHEIMU oObekTamu. [TonTBeprkeHa aieKkBaTHOCTh Mozeneid. [TokasaHo,
YTO TOJy4EHHAst MOJIe]Ib 00ECIIeYHBaAeT XOPOIIee YIPaBJIeHHEe MOOMIBHEIMH OOBEKTAMU.

KuroueBble ci10Ba: MOOWIbHBII OOBEKT, HEUETKasl MOJIEINb, YIIPABICHUE JIBHXKEHHEM, IIPABUIIA IPOAYKIHH, a1eKBaTHOCTh MOJIENH,
Tpacca, TPaeKTOPHUS.

Kyuepenrko €. 1!, Iprok O. J1.2

'JI-p TexH. Hayk, mpodecop, XapKiBCbKHI HAlliOHATBHUN YHIBEPCUTET PajlioeNeKTPOHIKH, YKpaiHa

?Acmipant, XapKkiBCbKuil HalliOHAIbHUN YHIBEPCHTET pagiOeNeKTpOHIKH, YKpaiHa

HEYITKIMOJEJIY 3AJAYAX KEPYBAHHSA CKIIAJJTHUMU CUHCTEMAMU

BukoHaHO aHANTHYHUI OIVIAN iICHYIOUMX MOJENEH Ta METOIB PO3B’sI3aHHS NPHUKIAAHUX 3a1ad. [lokazaHO HEOOXIIHICTh PO3POOKH
HEYIiTKHX Mojeneil MoOUIbHNX 00’ eKTiB. Po3pobiieHo HOBY (hopManbHy MOJENb KepyBaHHS MOOUIBHUMHU 00’€KTaMH sSK MiHIMi3awiro
MOMUJIKH KepyBaHHs1. [Toka3aHo, 1110 IpobiieMa ONTHMAaNIbHOIO KEPYBAaHHS CHCTEMOIO MOOLUIBHUX 00’ €KTIB MOJISIrae y 3HAXOMKEHHI IesKoi
ONTHMaIILHOI (200 cybonTuManbHOl) QYHKIIT KepyBaHHS MOOUIBHUM 00’ €KTOM. 3aJIeXKHO Bijl 3HAUSHb IEBHUX 30BHIIIHIX TApaMeTpiB s
GyHKIiA npuiiMae 3HAUCHHS, 1[0 BU3HAYAE IMOJANBIIMN HANPSIMOK PyXy MOOUIBHOrO 00’ €KTa.

OpxHUM 3 HalOUTBII MEPCHEKTUBHUX IMIAXOMAIB 10 ONTHMI3amii GyHKIIl KepyBaHHS IPENCTaBISEThCA PO3POOKA Ta HAIATOKEHHS
HeviTKol Mozielti pyxy MoOUIbHOTO 00’ €KkTa. Po3poOka Mozielni Ha OCHOBI HEHITKHX TPaBUII 3a0€3MeUHTh yHIBepcanbHicTh Mopeni. OTpu-
MaJjia MoJABIIHIA PO3B’A30K HEUiTKa MOJEIb Y BUINISII MHOKWHH TIPABIJI TIPOIYKILii, ska, HA BIAMIHY BiJl iICHYFOUMX MOJeJeH, 103BOJISIE
ONTHMI3yBaTH KepyBaHHs MOOUTbHIMHU 00’ ekTamu. ITinTBepIKeHO a/ieKBaTHICTh Mozieseil. ITokasaHo, 1110 OTprMaHa MOJIelb 3a0e3meuye
no0pe yrpaBIIiHHS MOOUIEHHMH 00’ €KTaMH.

KarwouoBi ciioBa: MOOUTEHHI 00’ €KT, HEHITKa MOZENb, KEPYBaHHS PyXOM, TpaBWIia MPOAYKIIl, aAeKBaTHICTb MOJEI, Tpaca, TPaek-
TOpisl.
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