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Abstract. In modern telecommunication systems and networks, causal relationships in the
gnoseological (cognitive) plan are not clearly traceable, which leads to uncertainty when choosing or building
a mathematical model due to incompleteness of the source data (knowledge). It gives rise to multicriterial
uncertainty, which, in turn, makes it impossible to solve the problem of a telecommunications network
optimal control properly. In such conditions it is difficult to build an adequate model of a telecommunication
network based on deterministic and probabilistic-statistical mathematics, since there are no objects that can
accurately display information vagueness. Therefore, it is of interest to develop and research
telecommunication systems and networks models using the apparatus of fuzzy sets theory and their
influence on decision-making processes on network element state. The paper shows that the use of fuzzy
logic to control the resources of a telecommunications network made it possible to create an easily scalable
management system, the logic of which allows the easy build and change of its structure on a systematic
basis by expanding (changing) the rule base. To adjust the membership functions to the nature of the traffic,
you can apply special operations on fuzzy sets: concentrating and stretching.

Key words: traffic, fuzzy regulators, fuzzy adaptive controller, linguistic variables, membership
function, concentration operation, stretching operation.

AHoTauif. Y cyyacHUX TeneKkoMyHikauiiHUX cucTtemMax i Mepexax MpUYUHHO-HACNIAKOBI 3B'A3KU B
FHOCEOMOri4YHOMY (KOTHITMBHOMY) MiaHi He YiTKO NPOCTEXYKTbCS, WO NPM3BOAUTL A0 HEBM3HAYEeHOCTi Mpu
BMOOpi abo nobyaoBi mMaremaTuuyHOi MoAeni Yepe3 HEMoBHOTY BMXiAHUX AaHuX (3HaHb). Lle nopogxye
GaraTokpuTepianbHy HEBU3HAYEeHICTb, WO, Y CBOK 4epry, pobuTb HEMOXIMBMM MPaBWUilbHE BUPILLEHHS
npobrnemMn onTMManbHOro KepyBaHHA TeNeKOMyHiKaLiiHO Mepexeto. 3a Takux yMOB ckrnagHo nobyaysaTwu
agekBaTHy Mofenb TeneKOMYyHiKaliiHOi Mepexi, Lo 6a3yeTbCA Ha [AeTepMiHOBaHi Ta WMOBIPHOCHO-
CTaTUCTUYHI MaTemaTtuui, OCKiNlbkM He iCHye 06'ekTiB, Aki Mornu 6 TOYHO BiZOOPa3nTM HeBM3HAYEHICTb
iHdopMauii. Tomy NpeacTaBnsie iHTepec po3pobka Ta JOCTiMKEHHA MogeNen TENEKOMYHIKaLiNHUX CUCTEM i
MepexX 3 BMKOPUCTaAHHAM anapaTy Teopil HEeYiTKUX MHOXMH Ta iX BAAMBY Ha NpoLEecU MPUAHATTA pilleHb
LLoao CTaHy ernemeHTiB Mepexi. B poboTi mokasaHo, WO 3aCTOCYBaHHA HEYITKOI NOrikyM AN KepyBaHHS
pecypcamu TenekoMyHikauinHOT Mepexi A03BONUNIO CTBOPWUTM NErko MaclwTaboBaHy CUCTEMY KepyBaHHS,
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norika poboTn AKOI O03BOMSE NErko HapoLlyBaTW i 3MiHIOBaTW ii CTPYKTYpYy Ha CUCTEMaTU4HI OCHOBI,
LUMAXOM PO3LUMPEHHS (3MiHM) 6a3n npaBun. Ona HanawTyBaHHS OYHKLIN HAaNeXHOoCTi Nig xapakrep Tpadika
MOXHa 3acTocyBaTu cneujianbHi onepadii Hag HeYiITKUMU MHOXUHAMW: KOHLEHTPYBAHHS | pO3TAryBaHHS.

KnroyoBi crnoBa: HaBaHTaXeHHS Mepexi, HeuiTKi perynaropu, HeudiTkuin ajanTUBHUIA KOHTponep,
NIHrBICTMYHI 3MiHHI, (DYHKLIS HANEXHOCTI, onepaLis KOHUEeHTpaLil, onepauis po3TaryBaHHs.

AHHOTauusA. B coBpeMeHHbIX TeNeKOMMYHUKALUOHHBIX CUCTEMAX U CETAX MPUYNHHO-CNEACTBEHHbIE
CBSI3M B T[HOCEONOMMYECKOM (KOTHUTMBHOM) Mri@aHE YeTKO He [MpOCIEeXUBaKTCHa, YTO MPUBOAMT K
HeonpeaeneHHOCTH Npy BbIOOPE MU MOCTPOEHMU MaTEMaTUYECKOW MOLENWN M3-32 HEMOJSTHOTbl MCXOAHbIX
OaHHbIX (3HaHMIN). DTO NOPOXAAET MHOTOKpUTEPMAbHYKO HEONPEAENEHHOCTb, YTO, B CBOK oYepenb, AenaeT
HEBO3MOXHbIM NPaBUSIbHOE peLleHre Mpobnembl ONTUMArNbHOrO YNpaBfeHUs TeNnekoMMYHUKaLMOHHON
ceTbto. B Takux ycnoBusx TPYOHO MNOCTPOUTb afeKBaTHYKD MoAenb TEeNeKOMMYHUKALMOHHOW CeTH,
OCHOBAHHYI0 Ha [OEeTepMUHUCTUMYECKOW U BEPOATHOCTHO-CTAaTUCTUYECKOM MaTemaTtuke, MOCKOMbKY HeT
00BbeKTOB, KOTOpble MOMMM Obl TOYHO oOTOOpaxaTb HeonpedeneHHocTb MHdopmauuun. [MosTomy
npeacTaBnsieT MHTepec pas3paboTka U uccrefoBaHne MoAernen TeneKOMMYHUKALUMOHHBIX CUCTEM N CETEN C
ncnonb3oBaHWEM annapaTta TEOPUN HEYETKUX MHOXECTB U UX BIMSHUSA Ha NPOLIECChl NMPUHATUS peLLEeHU O
COCTOSIHMM 3nemMeHToB ceTu. B paboTe nokasaHo, YTO MPUMMEHEHWE HEYETKOW FOMMKM ONS yrnpaBreHus
pecypcamn TeNEeKOMMYHMKALMOHHOMW CEeTM MO3BOMMIIO CO34aTb JIErKO MacluTabvpyemyr cuctemy
yrnpaBneHus, norvka paboTbl KOTOPOW MO3BOMSET JIErko HapawuBaTb W U3MEHATb €€ CTPYKTypy Ha
CUCTEMATUYECKOM OCHOBE, MyTEM paclmpeHuss (n3ameHeHnust) 6asbl npaBwn. [Ons HACTPOMKM (OYHKUMNA
NPUHAANEXHOCTN NoA XapakTep Tpaduka MOXHO MPUMEHUTb CheluarnbHble onepauun Hag HeyeTKuMn
MHOXXECTBaMW: KOHLIEHTPUPOBAaHUS U PACTXKEHWS.

KnroueBble crnoBa: Harpyska CeTWu, HevyeTKue perynstopbl, HeYeTKUN afanTUMBHbIA KOHTpOrnep,
NUHIBUCTUYECKNE NEepeMeEHHble, (PYHKUMA MpPUHAONEXHOCTW, onepauus KOHUeHTpauun, onepaums
pacTsXeHus.

Ensuring service quality of increasing traffic flows requires appropriate analyzing methods
and network monitoring that constantly address incomplete and increasing telecommunication
systems needs.

Transmission path models and information distribution systems are multidimensional and
usually are based on the theory of mass service systems and Markov process. Such problem solution
is approximate, even with several assumptions and availability of basic statistical information.
When monitoring and managing complex processes and telecommunications network elements in
real time, the above-mentioned apparatus can be ineffective in cases when the source information is
statistically unstable, incomplete or absolutely absent.

Telecommunications network traffic is not uniform, and it changes over time. When using a
rigid logic loading control system, excessive requirement increases for the telecommunications
network limited resources by one or several users can degrade service quality for other network
users.

Telecommunications network resources control is carried out in a network with indistinctly
specified parameters, since the parameters of switching nodes and transmission system paths may
vary.

The main reasons are the constant impact of internal and external factors of
telecommunications network (variation in the parameters of telecommunication systems equipment,
changes in operating conditions, etc.).

In modern telecommunication systems and networks, causal relationships in the gnoseo-
logical (cognitive) plan are not clearly traceable, which leads to uncertainty when choosing or
building a mathematical model due to incompleteness of the source data (knowledge) [1]. It gives
rise to multicriterial uncertainty, which, in turn, makes it impossible to solve the problem of a
telecommunications network optimal control properly.

In such conditions it is difficult to build an adequate model of a telecommunication network
based on deterministic and probabilistic-statistical mathematics, since there are no objects that can
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accurately display information vagueness. Therefore, it is of interest to develop and research
telecommunication systems and networks models using the apparatus of fuzzy sets theory and their
influence on decision-making processes on network element state.

The use of fuzzy regulators to control various (in particular, non-stationary and nonlinear)
objects shows their high efficiency and, in some cases, significant advantages compared to linear
digital regulators.

The main difficulty in creating fuzzy regulators is that changing the parameters of tele-
communications network (control object) causes the necessity of control rules modification with
their subsequent, time-consuming iterative adjustment.

For dynamic control of load flows in a telecommunications network special technical means
are needed to adapt to the constantly changing conditions of automatic and automated network
management, i.e. adaptive telecommunications network resource management systems. The main
goal of adaptation or adaptive control of telecommunications network parameters is to improve
service quality in operation-changing conditions.

When managing the resources of telecommunications network, a fuzzy adaptive controller,
based on the prediction of state information distribution devices and transmission paths, determines
the parameters values necessary to stabilize the service quality at a given level.

Figure 1 is a diagram of a system with a fuzzy adaptive regulator (Fig. BLR - a set of
linguistic rules).
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Figure 1 — Functional diagram of a system with a fuzzy adaptive regulator

The fuzzy adaptive controller is based on the linguistic variables table (productive rules) of
the main control loop describing the packet movement dynamics with possible changes in the
network operation conditions (load, throughput). The fuzzy adaptive controller knowledge base
model incorporates parametric uncertainty and expert knowledge when describing a
telecommunications network and provides flexible routing and transmission rate control in order to
ensure given service quality.

The control adaptation procedure consists in the correction of some fuzzy production rule
from the table of linguistic variables of fuzzy controller main circuit, which caused current
undesirable reaction of the control object. Consider this procedure in more detail. Suppose that
some fuzzy production rule taken from the table of linguistic variables of the fuzzy controller main
circuit was the reason for the current output of the control object being inadequate (from the point
of view of the table of linguistic variables of fuzzy adaptation circuit). The description of this fuzzy
production rule creates a matrix:
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Ri,=E xE ,xU_,, )

where n is the index of current polling time of the object; k - determined from the dynamics of the
object; F-operator transition from a clear variable to a fuzzy one.

Current inadequate response of the control object is established by some fuzzy production
rule from the table of linguistic variables of the adaptation contour, fuzzy description of which also
constitutes a matrix:

R:=E xE xU:.. (2)
Obviously, unsatisfactory fuzzy production rule must be replaced with the corrected one:
R’ = En—k X En—k X UH s (3)

Thus, a new fuzzy production rule will be entered the table of linguistic variables of the
basic circuit, which for current parameters of the control object is preferable to the remote one. And
for the adaptation control corresponding to unsatisfactory fuzzy production rule, it seems
appropriate to use a clear value in accordance with the following algorithm:

u,=D{U,};
ul = DU}, @)

The use of fast inference algorithm [2] provides the total execution time of fuzzy adaptation
procedure to the control output generation no more than the control output generation time in the
fuzzy controller using Zadeh method based on the compositional inference rule.

If control object parameters are stationary, it is possible to apply fuzzy adaptation contour
for the governing rules initial generation of the linguistic variables table of the main contour [3].
Software simulation of the control system is used in this case and the table of linguistic variables of
the main circuit does not contain rules until beginning the training. Fuzzy logic control system
training is performed until the algorithm is fully developed and the fuzzy production rules
correction is stopped. After training has completed, the main circuit table contains the necessary
number of rules for outputting the control object to the set task with desired quality of transition
process.

When the nature of traffic changes, it is necessary to change the form of membership
functions of fuzzy sets [4]. To adjust the membership functions to the nature of traffic, you can
apply special operations on fuzzy sets, concentrating and stretching [p(u)]°.

Concentration operation

CON(A)=4°¢ c>1, (5)
and the membership function is
M () = (u, ()€ (6)
Stretching operation
DIL(4)=4¢ 0<c<l, (7)

the membership function describes the expression
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The degree of change in the shape of the membership function is determined by the
exponent ¢, which is called the coefficient of relative importance. Operation of concentration and
stretching can be applied to each segment of the membership function (Fig. 2).

>
u
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Figure 2 — Improving membership functions using concentration and stretching operations

Let the universal set U = [0, 1] where two fuzzy subsets are given, whose membership
functions for each linguistic quantity are determined by the formulas

w @) =A-u)", uel0,1]; )
u2(u):uca HE[O, 1]

When the values of the input variables with the quantization step h are received by the fuzzy
controller, the input variables are variable into the universal set and the membership function is
calculated for these variables. Possible values of variables for the current time point in the figure are
marked by dots on the universal set.

We take ranges of input signals change symmetrical, which will simplify the normalization
(recalculation of signal values into the values of elements of a single universal set)

Y =-Y Y =-Y Y =-Y

max min 5 max min ; max min * (1 O)
The expression for the normalization will be written in the form

ul* :_(Y*_Ymin)/zymin
uy ==(V" =Y,.)/ 2, (1)
u; :_(Y* _Ymin)/zymin

The linguistic rules for managing the controller on fuzzy logic are formulated as follows:

If (Y =a/)and(Y" =af) and (¥* =af),then(m" =a’), j=12, (12)
wherea/,a] anda] are the linguistic estimates of the error, the first derivative of the error and the

second derivative of the error, which are considered as fuzzy term-sets defined on the universal

setj = 12; a! — linguistic assessments of the control action on an object, which are chosen from the
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term set m. Linguistic estimates are chosen from the term-sets of linguistic variablesY™, Y'Y
andm”:
al e {negative (1), positive (2)}. (13)

The membership function of the control action to a fuzzy term set “negative”, in accordance
with linguistic rules, is limited from above by the value:

A= min[“l (ul*)a Y, (u;), My (u;)] (14)

The membership function of the control action to a fuzzy term set “positive” is limited from
above by the value:

B =min[p, (u; ), 1, (u3), 1, (u3)]. (15)
The resulting membership function for the resultant impact is determined by the expression

B () =p, (@) vy, (), (16)

maximum formation
u, (u) = max[u, (), 1, ()] (17)

For fuzzy regulators using membership functions with two terms, it is possible to simplify
the comparison of the values of A(¢) and B(¢) and the calculation of u..

If instead of entire area of resultant figure bounded by “resultant membership function”, the
areas of the rectangles are defined under the straight lines designated A and B, which restrict the
membership functions of the input linguistic variables, then instead of integration, the products are
calculated

Axx,, Bx(1-x,) and gxxf,%x(l—xi). (18)

Where x1 and x; are the abscissa of the intersection points of the straight lines 4 and B with
the corresponding membership functions.
If A<B (Fig.3)
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Figure 3 — Squares of rectangles under lines that limit the membership functions
of input linguistic variables from above
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Then the abscissa of the center of gravity of the resulting figure is determined by the expression

2 2
E_’.l Acl_Bcl
2 2
= at AL B.

: — 19)

If 4> B (Fig.4)
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Figure 4 — Squares of rectangles under lines that limit the membership functions

of input linguistic variables from above, with4 2> B

then the abscissa of the center of gravity of the resulting figure is determined by the expression

2 2 ]
u = at A> B.

c 1 1

—+1 —+1
A—Ac +B¢

A L L 1 £ £
——A° +B° +2[AC - Bc

(20)

If we take 4 =0,01; B=0,4 and ¢ = 2; then For 4 = 0,4 and B= 0,01 and C = 2.
The model of comparison unit of quantities and calculations is shown in Fig. 5.

B U/2-1/2°0(2/c+1)
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Figure 5 — Functional diagram of comparison of quantities
and calculations
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In the process of adaptation, the parameters of fuzzy controller are optimized for the selected
quality criterion.

If it is necessary to ensure the accuracy of tracking the buffer loading of the router or the
utilization rate of the transmission paths of the transmission systems (minimize the current error),
then one of the quadratic quality criteria is used, for example

J=

N =

T-1
DY = min, (21)
i=0

where the error Y, is calculated with the quantization step/,, and the number 7" determines the

observation interval.

If a fuzzy controller is implemented in the interactive system MATLAB, then the value of
the root-mean-square error is calculated (DRMS block) and the quality criterion is described by the
expression

T-1
J= \/%z)ff — min. (22)
i=0

With the explosive nature of the traffic, it is necessary to ensure the speed of the resource
management system and, as a quality criterion; we take the control time determined from the
transition curve

J =t,= min. (23)

It is necessary to introduce restrictions on the curve describing the response of system, for
example, on the magnitude of the overshoot, the number of oscillations in the process oscillatory by
transition.

To adapt the resource management system of telecommunications network, various
conditional and unconditional optimization algorithms can be applied. Minimizing the quality
criteria automatically leads to optimal parameters of a fuzzy controller.

Because of the simulation, the minimum value of the quality criterion J is obtained with the
following parameters ¢ = 7,32;

(6,

m

in 2 gmax] = [_13 1]5 [9min s emax] = [_1’449 1’44]’ [émin ’ emax]
m,. 1=[-0,3,0,3].
Quadratic quality criterion of the control system before optimization is J = 0,0856, after
optimization J = 0,0462.
Fig. 6 a shows the dependence of the control system error on fuzzy logic before
optimization, after optimization Fig. 6 b.
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Figure 6 — The dependence of the control system error on fuzzy logic

The use of fuzzy inference system allowed us to create an easily scalable system for
managing the resources of telecommunications network, the logic of which allows us to easily
increase and change its structure on a systematic basis by expanding (changing) the rule base.

The conducted studies show that the use of adaptive control systems based on fuzzy logic in
the tasks of managing resources of telecommunication network opens up new management
possibilities based on simple heuristic rules and adaptation to the conditions of non-stationary and
extreme traffic in the network.
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