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MATEMATHYHA MOJEJb KOMIIVIEKCHOI MPOTU/III
BE3MNIJIOTHUM JITAJIBHUM AITIAPATAM

Y cmammi npeocmaeneno mamemamuuny mooenv (MM) xomniexcroi npomuodii 6e3ninomuum JimaibHUM
anapamam (bnJIA) na ocnoei meopii maproscokux npoyecie. Modenb nodyooeana 3 GUKOPUCTIAHHAM MOOEE
MaAco6020 00CIy208y8anHs 3 PIZHOPIOHUMU KAHALAMU O0OCIY208Y6AHHS, WO BI000paANCAE PISHOMAHIMHICTb
3acobie susienenns ma ypasicenns bnJlA. Ipoyec npomudii bnJIA posensoacmvcs ax cucmema, wo CKiaoacmvcsi
3 080X niocucmem: niOCUCMeMU BUABTIEHHS. Ma nIOcucmemu ypaxcenns. /s niocucmemu GUsGIEHHS PO32TISIHY MO
6 kawanie 00CIY208Y8AHHS, WO BIONOGIOAIOMb PIsHUM 3acobam esusieienns bnJIA (padiomexwiunuil,
Paodionokayitinull, ONMUKO-e1eKMPOHHUL, AKYCTUYHUL, MeNIo8I3IUHULL ma Gi3yalibHe Cnocmepedcents). /s
niocucmemu YpasiceHus posisiHymo 4 Kauaiu o06cry208y68anis, wo 6i0n0Gioaioms Pi3HUM 3aC00AM YPAdICEeHHs.
bnilA (padioenexmpouna 6Gopomvba, 0Ootiosa nazepua cucmema, Haonomyosicne HBY-eunpominioeanmns ma
6ocHese ypaoicenns). s xooicHoi  niOcucmemu noby0ogano 2pag cmauie ma 3aNUCAHO  CUCHEMU
ouepenyianpHux pigHsHb, WO ONUCYIOMb nepexio cucmemu minc yumu cmamamu. Ompumano eupasu Ois
tiMogipHOCmell nepedysantsa cucmemu y i0N0GIOHUX CMAHAX Y cmanomy (cmayionapromy) pedcumi. Ha ocrosi
yux UmMosipHocmel BU3HAYEHO OCHOBHI XAPAKMEPUCMUKU cucmemu Komniekcrhoi npomuoii bnJIA, maxi ax
Mamemamuyne cnooieanHs eusigneHHs/ypasicenusi bnJlIA  oxpemumu xamanamu ma 6cima  Kawanamu,
timogipnocmi gusienenns/ypaxcents bnjlA okpemumu xananamu. Pospobrena mamemamuuna mooeisb 0ae 3M02y
00Ipynmysamu 6umozu 00 cucmemu KOMniekchoi npomudii bnJIA ma it cknadosux.

Knwwuosi cnosa: 6esninomnuii nimanvHutl anapam, MAamemMamudid MoOeib, KOMNIEKCHA Npomuois,
meopiss. MApKOBCLKUX HPOYeCiq, MOO0elb MAC0B020 00CIY208Y68ANHS, GUAGTEHHS. Oe3NIIOMHUX TIMATbHUX
anapamis, ypaxcents 0e3nilomHux JimaibHux anapamis.

okpemi cnocobou mpotuaii BrJIA. Tlpu uwomy,
BIICYTHI ~ HAyKOBI  mpami 3  pO3pOOJeHHS

Beryn

HocBin  3acrocyBaHHs  3’e¢iHaHb  (YacTHH,

nigposainie) 36poitnux Cun Ykpainu B 00HOBUX JisIX
MoKa3aB, M0 MpodiieMa MPOTUIil  Oe3MiIOTHHX
mitanbHuM anapatam (BmJIA) 3 KOXHMM Yacom
HabyBae Bce OUTBINOI akTyansHOCTI. KpiM TOTO, SKIIO0
mopiBHATH AocBia mpotuxii brJIA, vabytuit y 2014-
2022 poxkax, 3 gocsizom 2022-2024 poxiB, TO YiTKO
MIPOTIIANAETECS. HEOOXIMHICTh pO3pOOICHHS CIOCO0IB
Ta 3aco6iB KomIuIekcHOl mpoTudii BriJTA [1, 8-11].

Ha pmanwmii ac icHYIOTH pi3HiI cmocoOm Ta 3aco0u
npotuaii brJIA. Hanpuknan, 3acobu pamioTexHigHOT
abo pamioNOKaliifHOI PO3BIAKH, 3acO0M aKyCTHYHOI
PO3BLAKH, PamiOCTeKTPOHHOI OOpPOTHOM Ta ONTHKO-
€JIEKTPOHHOTO BILUIUBY TOIIO [2].

Pa3zoMm 3 TuM, aJeKBaTHOI MaTeMaTHYHOI MOJICII,
ska O IaBanma MOXIMBICT BpPaxXyBaTH KOMILICKCHHA
xapakrep mnpotunii bnJIA, Ha gaHWt Yac He
po3pobieHo.

AHami3 HayKOBHX Tpamb [3-6], NpHCBSIYCHUX
mpoOeMHUM TUTaHHAM Tpotuaii brJIA, cBimunth
mpo Te, IO HAa JaHWH dYac po3poOieHi Ta
3aCTOCOBYIOTHCSI MaTeMaTHYHI MOJEN, sIKi OMUCYIOTh

MaTeMaTU4HOTO anapary Ui ONMHCAHHS KOMIUIEKCHOT
npotuaii BriJIA 3 BUKOpPHCTaHHSM  PI3HOPITHHUX
3ac00iB MPOTHIII.
Marepiajaun Ta meToau
Y naHOMy HAOCTIIKEHHI 3aCTOCOBYETBHCS TEOPIisd
MacoBOTO  OOCIyTOBYBaHHS  [UIS  pPO3pOOJICHHS
MaTeMaTH9IHOI MOJIeNi KOMIUIEKCHOI mpoTuii briJIA.

Pesyabrarn

IIpomec mpotunii bmJIA cxmamaerscs 3 OBOX
eTamiB — BHSBICHHA Ta ypakeHHsA. Tak, Ha erami
BUSBIICHHS ~ MOXYTh  3aCTOCOBYBAaTHCS  3acO0M
pamioTexHiYHOI Ta  pamgioNOKaIifHOI  PO3BiOKH,
OIITHKO-ETICKTPOHHI, aKyCTHYHi, TEIUTOBi3iifHI 3aco0u
BusaBlicHHs brnJIA Ta Bi3yaJhHOTO CIIOCTEPEIKCHHS
TOmO, a Ha eTam ypaXeHHS —  CTaHMii
pamioenekTpoHHOI  OopoTeOmM,  OOHOBI  Ja3epHi
CHCTEMH, CUCTEMH HaJIIOTYHOT'O BUCOKOYaCTOTHOT'O
Bunpominens: (HBYU-BunpomiHeHH:), BOTHEBI 3aco0un
TOIIO.

3 mepeniky 3aco0iB BHSBICHHS Ta YypaKeHHS
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BHJHO, IO BOHM MaIOTh PIi3HI TaKTHUKO-TEXHIYHI
XapaKTEpPUCTUKH Ta Qi3UYHUI MPUHINANH Jii.

3a3HayeHi  3acO0M  CTBOPIOIOTH  CHCTEMY
koMmIutekcHOi mpotumii BrJIA, ska ckimamaeTbes 3
JIBOX TICUCTEM — BUSIBIICHHS Ta YPaKEHHSL.

PosrisiHeMo koMIuTekCHY Mozenb potuaii briJIA,
sIka BKJTIOYA€E B ceOe MaTeMaTHYHy MOJAEIb BUSBICHHS
Ta MaTeMaTHYHY MOJIEIb YPa)KeHHSI.

Sx Oymo mokazaHo y pobGorax [3-6], okxpemi
3aco0M BUSBIICHHS Ta YpaX€HHS MOXYTb OYyTH
OTMCaHi MOJIEIISIMU TEOpil MacoBOTO 00CITYrOBYBaHHS.
Tomy mist onmcy Mojenell BUSIBICHHS Ta ypasKeHHS
TAKOXX  3aCTOCYEMO  MOJET  TeOopii  MacoBOTO
00CITyroByBaHHSI.

JocBin 3acTocyBaHHS 3acoOiB BHUSBJICHHS Ta
ypaxenHs bBrJIA cBiguuTh TpPO TE, IO BOHHU
3aCTOCOBYIOTBCS 3 PI3HOK IHTCHCHBHICTIO TiJ dYac
npotuaii brnJIA. Tomy oOciyroByroui kaHamu, sKi
BXOAATh B CHCTEMY MacoBOTO OOCIyroByBaHHS
(CMO) € pi3HOpiTHUMH SK JJIsI MOJEJi BUSBJICHHS,
TaxK 1 ypakeHHsI.

VY 3B’A3Ky 3 1M, MOOYAYEMO MOAENI BHSIBICHHS
Ta ypaXEHHd Ha OCHOBI MOJETl  MacoBOIO
00CIyroByBaHHS 3 Pi3HOPIJHAMU KaHaTamu [7].

Jdnst Moneni BUSIBIECHHS pPO3MIISIHEMO 6 KaHaliB
00CITyroByBaHHsI Ta O3HAYUMO 1X TAKHM YHHOM:

1 — xaHan pagioTEeXHIYHOTO 3aCO0y BHSBICHHS;

2 — KaHaJl paJiooKalifHOro 3aco0y BUSBICHHS;

3 — KaHam  ONTHKO-EJEKTPOHHOTO  3acoly
BUSBIICHHS;

4 — xaHaJI aKyCTHYHOT'O 3200y BHSIBICHHS,

5 — KaHaJ TEerIoBi3iHOTO 3ac00y BHSBICHHS,

6 — KaHaJ BI3yaJIbHOT'O CIIOCTEPEKEHHSI.

Jnst Mozmeni ypaKeHHS pO3IIIIHEMO 4 KaHaIM
00CIIyroByBaHHs Ta O3HAYMMO IX TAKUM YHHOM:

4 — xaHaJl BOTHEBOTO YPAXKCHHSI.

Hexaif Ha BXiI cHCTEMH HAaIXOISTh OpIUHAPHI
3asiBKH Ta Pi3HOIMOBIPHO pO3MOAUIIOTECS MIX
BiTbHUMHU 3acobamu. [Ipu mpomy, yac mepeOyBaHHS
3asMBKM B cHcTeMi oOMexxeHuil. Ueprosa 3asiBKa, Y
BUTIAJIKY, KOJI BC1 KaHAIM 3aiHATI, OTPUMYE BiIMOBY
B 00cimyroByBaHHi. KiJBKICTh 3afBOK B CHCTEMI
CITIBIA/IA€ 3 KUTbKICTIO 3aHHATUX KaHAIB.

Jlns Mozenmi BUSBJICHHS PO3IJISIHEMO HACTYITHI
ctanu (puc. 1):

Ao —Bci KaHAIM BUSABJICHHS BUTbHI, BriJIA BincyTHI;

A1 -bnJIA BusiBiieHo 1-M KaHanoM;

A - bnJIA BusiBIIeHO 2-M KaHaJIOM;

As_bnJIA BusiBIcHO 6-M KaHAJIOM;

A7_Bci brJIA BusBIEHO BCiMa KaHAJIaMHU.

Pucynok 1. I'pa¢ craniB cucremu BusiBieHHs briJIA

Toxi Ha ocHOBI rpady CTaHIB CUCTEMH BHSIBICHHS

1 — xanai 3aco0y pajioesIeKTPOHHOT 0OPOTHOM; MOJHa 3anucaTu HACTYIHY cucTemy
2 — kaHaJ 3aco0y 00HOBOI J1a3epHOl CHCTEMHU; IudepeHIiaJbHUX PiBHHB!
3 — kaHajn ypaxeHHS Haanotyxuum HBY -
BUIIPOMIHIOBAYEM;
o, .
dt = tho PR+ 110 Py + 1130 Py + 1140 Py + 1150 P + 116, B — Ry (ﬂm + Aoy + Aoy + Aoy + Aos +ﬂoe)’
dP,
d_tl = 2P + 1, P, _(;Ulo + A ) R;
dr, )
E—lozpo"'ﬂn%_(ﬂzo"'ﬂm)lgzv (1)
dpP,
d_ts = Ao Fo + 176 P _(/ueo +]'67)P6;
dp,
E = _(/Un + Uy, +/u73"'+/u76) P+ A; B + 4 B + A, B+ A, P, + A, B + A, R
ne Po, ..., P7 - fimoBipHOCTI TIepeOyBaHHS CUCTEMU Y W71, ... , W76 — IHTEHCUBHOCTI ITEPEXOy CHCTEMH 3i
craHax Ay,..., A7 BIIIIOBIIHO; cTany A7y cTaHu Aj ,..., AsBIIIIOBIAHO;
Ao1, Aoz, , Aos — IHTCHCHBHOCTI TepeXomy 3a MOYaTKOBUX YMOB:
CHCTEMH i3 CTaHy Aoy CTaHH Ay, ..., As BiJIIOBITHO;
M7, Azz, , A7 — IHTEHCHBHOCTI IeEpPEXOLY £0)=1 £(0)=r0)=..=F(0)=0
CHCTEMH 31 CTaHIiB Ay, ..., As y CTaH Az, .
. . Ta YMOB HOPMYBaHHSI:
W10, M20, ... , Meo — IHTEHCHBHOCTI IEPEXOay b1 i-07 @)
CHCTEMH 31 CTaHIiB Ay, ..., Asy CTaH Ao BiIIOBIIHO; Z [
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Hdns  Mopmemi  ypaskeHHs
HacTymHi cranu (puc. 2):

BrJIA  posriasHEMO

Pucynoxk 2. I'pad craniB cuctemu ypaxxenss briJIA

Bo — pimenns Ha ypaxensst brnJIA He npuiinsiTo;
B1_BnJIA ypaxaetses 1-M kaHAJIOM;

3 Touku 30py BusiBICHHS BrJIA, iHTEeHCHBHOCTI
Mepexoly CUCTEMH 31 CTaHy Ao y CTaHu Ay, ... , Ag1ie
inTeHcuBHOCTI TosiBM BrJIA B 30HaX BHSBIICHHS
BiMOBIIHUX 3aco0iB. ToMy MOKHa BBa)aTH, IIO I
IHTEHCUBHOCTI OJHAKOBI, TOOTO:

2012202:"'2106220'
Ay =y == = A ®)

MIMOBIPHOCTI 3HAXO/UKEHHSI CHCTEMH Y CTaHaX
A1, ..., As XapaKkTepH3ylOTh HMOBIPHICTH TOTO, IIO
BriJIA  BUSBIAIOTECS  BIOMOBIAHUMH  3aco0aMu
BusiBiIeHHs. ToOTO:

P; — #imoBipHicTs TOTO, MO0 BrJIA BUSBIAETHCS
PpamioTeXHIYHUM 3aC000M;

P, — i#MoBipHicTs TOrO, MmO BrJIA BHUSBIAETHCS
PamioIOKAIIiTHAM 3aCO00M;

P3 — iMoBipHicTs TorO, M0 BrJIA BUSBIAETHCS
ONTHKO-EIIEKTPOHHNUM 3aC000M;

P4 — #iMoBipHicTs ToTO, MO0 BrJIA BHUSBIAETHCS
AKyCTHYHHUM 3aCO00M;

Ps — i#MoBipHicTs Toro, mo0 BrJIA BUSBIAETHCS
TEIUIOBI31IMHUM 3aCO00M;

Ps — #iMoBipHicTh ToTO, MmO BrJIA BUSBISIETHCS
ITOCTOM Bi3yaJIBHOTO CIIOCTEPEKEHHS,

B> _BbnJIA ypaxaeTscs 2-M KaHaJIOM;

B4 _BbnJIA ypaxaeTrscs 4-M KaHaJIOM;

Bs_Bci BriJIA ypaxatoTbes BciMa KaHAJIAMH.
AHanoriyHo, Ha OCHOBI Tpady CTaHiB CHCTEMH

ypaxeHHsa BriJIA MoxkHa 3amucaTy HaCTYIIHY CHCTEMY
nudepeHIiaTbHuX PiBHAHB (3):

ne Lo, ..., Ls - iMoBipHOCTI IepeOyBaHHsI CUCTEMH Y
cranax Bio,..., Bs BiAnoBigHo;

Bot, ... , Po4 — IHTEHCHBHOCTI IEPEXOY CUCTEMH 3i
ctany Bo y cranu By, ..., B4 BigmoBinHo;

Bis, ... , Pas — IHTEHCHUBHOCTI MEPEXOY CUCTEMH 3i
ctaHiB By, ..., B4y cranu Bs BiamoBimHo;

Yst, ... , W54 — IHTCHCUBHOCTI TIEPEXOAY CHCTEMH 31
ctany Bsy cranu B1,..., BaBigmosigHo;

3a MOYaTKOBUX YMOB!

L0)=1 L0O)=L(0)=..=L(0)=0
Ta YMOB HOpPMYBAaHHA:
SL=1,i=05 ()

d

d_l?=_(ﬂ01+ﬁ02+1803+ﬂ4)'—o+710L1+720L2+730L3+740L4;

d

d_Lt1 :_(ﬂ15 +7/10)L1+ﬂ01|-0 +¥s1Ls;

dL, _ .

E_ (ﬁzs"'?/zo)l-z"‘ﬁozl-o"‘?/szl-s’ 3)
dL

d_::_(ﬂ45 +740)L4+ﬁ04|-0 +Vssbs;

d

d_LtS :_(751+752 + Vs3 +754)Ls + Bisky + Bosky, + Bosby + BisLy-

Te o came crocyeThcss ¥ IHTEHCUBHOCTEH
nepexoy 31 CTaHy Bo B CTaHH
By, ..., Bsa Ta3 nux crauiB y cran Bs. To0Oro:

ﬂm :ﬂoz :'--:ﬁo4 :ZO'
Pis =Pos == Pis =4 (6)

IIpu 1pOMy, IHTEHCHBHOCTI MEpexoJy 31 CTaHIB
A4, ..., AsycTan Ap Ta3i cTany A7y CTaH Ay, ..., As
€  IHTEHCHBHOCTSMH  OOCIyrOBYBaHHS  KaHAIy
BusaBlieHHs briJIA. Tomy Mo)kHa 3ammcaTy, IIo:

fog = Mgy = Hys Moy = gy = My,

Mg = Moz = Mgy Mg = Mgy = My,
Heo = Hrs = Hg-

Mg = s = Hs; (7

Tak camM0O MOXEMO 3aImcarH 1 I IHTEHCUBHOCTI
nepexony 3i craHiB By, ... , Bsa y cTan Bg Ta 31 crany
B5 y cran By, ..., Bs. TobTo0:

Vio =Vs1 = V10 Vo =Vs2 =Va2s

Va0 =Vss =V3r Yao =Vsa = Va- (8)

s Bu3HaYeHux npumnyieHs (5)-(8) rpadu craniB
CHCTeM BUSIBIICHHS Ta ypakeHHS BriJIA mMoxyTs OyTtn
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CIPOILIEHI. BIJITOB1/THO.
MonudikoBaHi rpadu CTaHIB CHCTEM BHSBICHHS
Ta ypaxeHHd bnJIA HaBeneno Ha puc. 3 Ta 4

Pucynok 3. MomudikoBanuii rpag craHis Pucynok 4. MomudikoBanuii rpag cTaHiB
cucteMu BUsiBIIeHHS briJTA cucteMu ypaxeHHs briJIA

[lpu npomy cucrema audepeHIiabHAX PIBHSAHb MO BusiBiieHHs (9) Ta st Mojeni ypaxkenHs (10):
TaKOXX CIPOLIYETHCS Ta Mae HACTYNHHUH BUIJIAA, I

dP
= 8P+ R+ Pyt Pyt Pt i+ 1Ry
dP,
d_,[lzﬂﬁpo+ﬂlp7_(ﬂl+ﬂo)Pl
dP
d_;:%Po+ﬂ2P7_(ﬂz+%)P2 (9)
dP
d_tezﬂopo"'ﬂee_(/ue""ﬂo)lp
dr,
Ez_(/”i"'/"z+---+ﬂ650)P7+ﬂvo(P1+P2+P3+---+Pe)+lo7|-o_/17op7
dL,
F:_410L0+71L1+72L2+73L3+74L4
d
d_l?:_(lo"‘?/l)l-l"'lol-o"'%l-s
(10)
dL,
d_tll:_(’in+74)|-4+lo|-0+74|—5
dL,
E:_(71+72+73+74)L5+/10(L1+L2+L3+L3+L4)
MoskHa MOKa3aTH, 1o Ui N 3aco0iB BUSBIICHHS n ai*
pIlICHHSIME CHCTeMY Ju(epeHIianbHuX piBHSHB (9) y Z .

i-1 & P

n+l Ta

CTaJIOMY pexXuMi OyIyTh HACTYITHI BUPA3H: P, =

n-— Zn: o
i=1
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-1

|la
1+Zaa . +Za ,
n->» a
i-1
ae (Xi :i Ta a* :Lx
H ' 1y

a Js M 3aco0iB ypaKeHHsI PIICHHSIMH CHCTCMH
nudepeniiatpHux piBHgHb (10) y cramomy pexkumi
OyIyTh HAaCTYITHI BUPA3H:

. 1
ne Q:ﬁ Ta g =—r-0.
7i 1+4
OCHOBHI XapaKTEPUCTHKUA CHCTEMH KOMIUICKCHOT
npotuaii BriJTA MoxyTh OyTH BH3Ha4YeHI HACTYIHUM
YUHOM:

MaTeMaTH4yHe CHOMiBaHHsA BHABIeHHs bnJIA
N-UM KaHAJIOM BUSBJECHHA MaTUME HACTYIHUI
BUTJIS:

MOn ::un(Pn +Pn+1) = ;tOPBn;

marematuuHe crojiBanHs My kinbkocti BriJIA,
SIKi BUSIBIIFOTBCSI BCiMa KaHAJaMH B OAMHUIIIO Yacy
JIOPiBHIOE:

My ZZ;:MOi Z%Z;:Pm =P,
Z i

“iMoBipHOCTI BusiBiieHHS BriJIA n-Tum kaHamom:

: Z*

ne B,

/= ta +Zy,

-1

.1+Zn: %

o 1+, -
i=1 i n_zai i=1

i=1

MaTeMaTH9IHEe CIOAiBaHHSA ypakeHHS briJIA m-tum
KaHAJIOM YpaKeHHSL:

m :ﬁm(Lm +Iﬁ1‘|+1) :ﬂOLVm;

MaTeMaTHyHe crnofiBaHHA By umcna bnJlA, sxi
ypa)KeHO BciMa KaHaJIlaMU B OJIMHMIIIO Yacy JIOPiBHIOE:

By = ZBOi :ﬁoz
i-1 i1
ne LB = il-yi;
i-1

imoBipHOCTI ypakeHHs BrJIA m-tuM kaHamom
YpaXXeHHS:

LYi ::Bo Ly )

.o
Z(/5‘.

Z/J’ ¢ ———+4 +Zﬁ

-1

Oo0rosopenHs

Takum yrHOM, PO3poOIeHa MaTeMaTHYHA MOJICIb
KOMIUTekcHOI mpotumii brnJIA  gae  MOXIHMBICTH
3MOJICTIFOBATA TIPOIECH BHUSBICHHS Ta YpaKeHHsI
briJIA  BpaxoByrouM pI3HOPIIHICT KaHANIB  ix
oOCITyrOByBaHHS, a TaKOXX 3HalTH aHaJITU4HI
3aJIeXKHOCTI Jy1s1 HMOBIpHOCTEH nepeOyBaHHSA CUCTEMH
y BIJIIOBIHMX CTaHaX y CTaJOMY (CTalioOHApHOMY)
pexumi. Ha ocHOBI 1uX WMOBIpHOCTEH MOXHA
BU3HAYUTH OCHOBHI  XapaKTEPUCTUKH  CUCTEMHU
KoMILIekcHoi npotunii briJIA, Taki sik MaTemaTH4He
CHOJiBaHHs BHUsBJICHHs/ypaxkenHs: briJIA okpemumu
KaHallaMM Ta BCiMa  KaHajlamMH, HMOBIPHOCTI
BUsIBJICHHS/ypaxkeHHs1 BriJIA okpeMuMu KaHanamu.

BucHoBku

Omxe, 3a3HayeHa MOZAENb Ja€ MOJMJIMBICTD
OOIPYHTYBaTH BHMOTH JO CHCTEMH KOMIUIEKCHO{
npotuaii briJIA Ta ii ckiagoBux.

[lepcriekTMBaMK  MOJANBIIMX  JOCHIKEHb €
pO3paxyHKH e(EeKTUBHOCTI KOMILIEKCHOI HpPOTHIT
BrJIA:

e(eKTUBHICTh KOMILICKCHOTO BUsIBIIeHHS BriJIA;

e(heKTUBHICTh KOMIUICKCHOTO ypaxeHHS briJIA.

Jns  ix  BuU3HAYeHHSA  HEOOXigHO  3B’s3aTH
napaMeTpd MaTeMAaTHYHUX MoOJeNed 3 TaKTHKO-
TEXHIYHUMHU XapaKTEPUCTUKAMHU KOHKPETHUX 3ac00IB
BUSIBJICHHS Ta ypaxkeHHs1 briJTA, mio i Oyzae HampsMom
MOAANBIIOTO JOCTIKSHHSL.
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MATHEMATICAL MODEL OF COMPLEX COUNTER-DEFENSE
AGAINST UNMANNED AIRCRAFT

The article presents a mathematical model (MM) for integrated counteraction against unmanned aerial
vehicles (UAVs) based on the theory of Markov processes. The model is constructed using a queuing model with
heterogeneous service channels, reflecting the variety of means for detecting and neutralizing UAVs. The UAV
counteraction process is considered as a system comprising two subsystems: the detection subsystem and the
neutralization subsystem. For the detection subsystem, six service channels corresponding to different means of
UAV detection are considered (radio engineering, radar, optoelectronic, acoustic, thermal imaging, and visual
observation). For the neutralization subsystem, four service channels are considered, representing different
means of UAV neutralization (electronic warfare, combat laser systems, high-power microwave radiation, and
kinetic neutralization). For each subsystem, a state graph is constructed, and systems of differential equations
describing the transition of the system between these states are formulated. Expressions for the steady-state
(stationary) probabilities of the system being in specific states are derived. Based on these probabilities, the
main characteristics of the integrated UAV counteraction system are determined, such as the mathematical
expectation of UAV detection/neutralization by individual channels and all channels combined, as well as the
probabilities of UAV detection/neutralization by individual channels. The developed mathematical model
enables the justification of requirements for the integrated UAV counteraction system and its components.

Keywords: unmanned aerial vehicle, mathematical model, integrated counteraction, Markov process
theory, queuing model, UAV detection, UAV neutralization.
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