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PO3POBKA METOAY IIEHTU®IKAIIL CTAHY KOMIT'FOTEPHUX CUCTEM
HA OCHOBI BEITIHI'-KJIACU®IKATOPIB

AnoTtaunis. [IpeqMeToM IOCIIDKEHHS € METOIU Ta 3aCO0M 11eHTH(DIKAIlIT cTaHy KOMII FOTepHOI cucTeMi. MeTor cTarTi
€ T/IBUIIEHHS SIKOCTI ieHTH]IKaIii cTaHy KOMIT IOTepHOI CHCTEMH 32 PaXyHOK pO3pOOKH METOIy Ha OCHOBI aHCaMOJIEBHX
kiacudikaropi. 3aBaaHHs: JOCTITUTH METOIHM NOOYIOBH OErTiHr KiacudikaTopiB Ha OCHOBI JiepeB pillleHb, BUKOHATH IX
HaJIAIITYBaHHA Ta PO3POOUTH MeTO[ ieHTU(DiKaIli]l cTaHy KOMI IOT€pHOi CHCTeMU. BUKOPHCTOBYBAHUMH METOAAMH €: Me-
TOJM MITYYHOTO iHTENEKTY, MAIIMHHOTO HaBYaHHs, aHcaMOneBi MeToq. OTPUMAHO Taki pe3yJbTaTH: JOCHIiIKEHO BUKOPH-
cTaHHA OerriHr-Kiracu(ikaTtopiB Ha OCHOBI MeTa-aiaroputMiB: Pasting Ensemble, Bootstrap Ensemble, Random Subspace
Ensemble, Random Patches Ensemble Ta Random Forest nns inentndixauii crany KC, BukoHaHO OLiHKY X TouHOCTI. Bu-
KOHAHO JIOCIII/DKCHHS NapaMeTpiB HaJIAIITyBaHHSA OKPEMHUX JIEpEB PillleHb Ta 3HAHJEHO IX ONTHMAIIbHI 3HAYEHHS, a caMe:
MaKCHMaJIbHY KUTBKICTh O3HAK, 110 BUKOPHCTOBYIOTHCS TIPH TTOOYIOBI IepeBa; MiHIMaJIbHY KUIBKICTh pO3Taly)kKeHb MPH 100y~
JIOBi JiepeBa; MiHiMaJTbHY KUTBKICTB JINCTKIB Ta MAKCHMAaJIbHY IIMOMHY AepeBa. Bi3HaueHo onTuMaibHy KUTBKICTB JIepeB pillleHb
aHcamOt0. 3anporoHOBaHO METON ifileHTU(IKALiT CTaHy KOMIT FOTEPHOI CHCTEMH, SIKMH BiZpi3HAEThCS BiJ BiJOMHX BHUOOPOM
MeTa-aIropuTMy Kiacudikarii Ta niadopoM ONTUMAIBHUX NapaMeTpiB Horo HanamryBaHHs. [IpoBeieHO OLiHKY TOYHOCTI po-
3pobneHoro Merony ineHTudikamii crany KoM 1oTepHol cucteMu. Po3po0iieHHit MeTo peati3oBaHUH IPOrpaMHoO 1 JOCITI JKe-
HUH IiJ] yac po3B’A3aHHS 3a/1a4i i1eHTudiKanil aHOMaJIbHOTO CTaHy (DYHKIIOHYBAHHS KOMII IOTEpHOI cCHUCTeMH. BHCHOBKH.
HaykoBa HOBH3HA OTPUMAaHMX PE3YIIbTATIB MOIATAE Yy PO3POOLI METONLY 1IeHTH]IKaLil cTaHy KOMIT' FOTEPHOI CHCTEMH 3a pa-
XyHOK BHOOpY MeTa-alnropurmy Kiacudikaiii Ta BU3HAYCHHs ONTHMAIBHUX ITapaMeTpiB HOro HalaIlTyBaHHS.

Kuro4oBi c1oBa: KoM I0TepHa CHCTeMa; TOJIii oMepalliifHoi cHcTeMu; iepeBa pillieHb; aHcaMONIeBi METOIN; MeTa-aJro-

putM; Oerrinr; Random Forest.

Beryn

Croronni koM’ orepHi cuctemu (KC) Bukopucro-
BYIOTHCS IIPAKTHYHO Y BCIX TaTy3sX HAPOAHOT'O roCIona-
proBaHHS. BHKOpUCTaHHS TakMX CKJIAIHUX TEXHIYHHX
cUCTeM, 3 OfIHIET CTOPOHH, yce OUIBIIOI0 MIpOI0 CTHKA-
€Tbes 3 poOeMaMu 3abe3reueHHs X (YHKIIIOHAIbHOT
Ta iH}opmariitnoi 6e3nexu. Pazom i3 THM 3 iHIIOI CTO-
POHH, piBEeHb PO3BUTKY 32Cc00iB i1eHTH(]IKaIIT Ta AiarHo-
CTYBaHHs JIECTPYKTHMBHUX 3MiH PEXHMIB (yHKIIOHY-
BaHHS 1 BHYTPIIIHIX XapaKTEPUCTHK TAaKUX CHCTEM Ha
CBOTOJIHI HE MOXYTh F'apaHTYBAaTH HEOOX1IHHI PiBEHb 3a-
xucty iHdopmarii. Came TOMY AOCIIIKEHHsI METOIB Ta
3aco0iB igeHTH(IKalli CTaHy KOMIIIOTEPHUX CHCTEM €
aKTyaJbHUM 3aBAaHHM [ 1-3].

O06’exToM JociigeHHs € mporec imeHTH]ikamii
CTaHy KOMIT FOTEpHOI CHCTEMHU.

IIpenMeToM nocaixzkeHHs € MeTOMH imeHTH]iKamii
CTaHy KOMIT FOTEpHOI CHCTEMHU.

IMocTaHoBKa MPo0JIEMH Ta OTJISI HAYKOBHX ITy0-
adikaniii. Komm’rorepHa crctemMa XapakTepu3yeTbes Be-
JUKAM  O0CATOM TIOKa3HUKIB 1i (YHKIIOHYBaHHS

X ={Xi1, Xj2, -, Xim}- OOHUM i3 HAWOLIBII TOIIUPEHUM
MeTOMiB imeHTH(]iKamii cTaHy KOMIT FOTEPHOI CHCTEMH €
METOIIY MAITMHHOT'O HaBYaHHS, SKi MpU3Ha4eHi Oe3moce-
PEAHBO MPAIIOBATH 3 BETMYC3HUMU MAacHBaMH JAHHX, &
camMe: KIacu4Hi Metoau [1, 2], MeTony HaBYaHHS 3 ITiJIK-
pitutenssM [3], Helipomepexki i uOOKe HaBYaHHS [4],
JepeBa pimeHs i aHcamOeBi meronu [5, 6] Ta in. Haii-
OLUITBIN TTOMYNSPHI ANTOPUTMH MAITMHHOTO HABYAHHS Ha-
BezeHO B [7].

Ockinbky nokazuuku ¢yHkiionyBanus KC e piz-
HOPIJJTHUMH, 4acTo NOTPeOYIOTh 3aTpaT, MOB’sI3aHKX 3 iX
MOMePeHbOI0 00POOKOI0, TO HAHOLIBII €PEKTUBHUM st
BUpIlICHHs 3aBIanHHs ineHTudikauii crany KC e Bukopu-
cranus nepe piens (JIP) [8-9]. AP BukopucToBytoTh
MojieNib OLIOro SIIMKA, 3[aTHI MpaloBaTh SK 3 YUCIIO-
BUMH, TaK 1 SIKICHUMH JIAHUMH, TOTPEOyIOTh MaJIoi i
TOTOBKH [JaHUX, HAJalOTh MOMJIUBICTH IIEPEKOHATHUCS B
MPaBUIIBHOCTI MOJIEII 32 IONIOMOT'OK0 CTATUCTUYHUX TEC-
TiB, TOOTO OLIIHUTH TOCTOBIPHICTh Mozelni. Pazom i3 Tum,
TOYHICTh Mozeleii Ha ocHOBI JIP € He H0CTaTHBOIO.

OmHuM 3 HanpsMKIB BIOCKOHAJICHHS 1CHYHOYHX
MoIelieil € BUKOPUCTaHHS aHCaMOJII0 Kiacu(ikaTopiB Ha
ocHoBi JIP. HaiinonyssipHimmuM BUAOM aHcaMOiiB € ci-
MEHCTBO OEITIHr-aITOPUTMIB, 10 0a3yeThes Ha iz1el mo-
€THAHHS HE3AJIeKHHUX CITa0KHX KIacu(pikaTopis, sKi HaB-
YalOThCS TapalelIbHO, BHKOPUCTOBYFOUYH OTHAKOBHUIA ail-
TOpUTM HaBYaHHA. B OCHOBi OITiHTY JIEKHTH Teopema
Konnopce :

N
p=Y cyp'a-pN
i=m
JIe |\ — BIPOTiTHICTh MPUHHATTS BIpHOTO PillICHHS KIacH-
(hikatopom, N — KiTBKiCTh AEpeB pillleHb, M — MiHIMa-
JBHE 3HAUCHHS HEOOXiMHOI OUIBINOCTI BipHUX pIIIeHB
KacudikaTopis, P — BipOTiAHICTh MPUHHATTS BIpHOTO Pi-

IIeHHs KiacugikaTopa, C;\, — uncio noeanaans i3 N 1o i.

EdexTrBHICT OETTIHTY NOCATAETHCS 3aBISKH TOMY,
10 TIOMIIKA 0a30BHX aJTOPUTMIB, HABUCHUX HA PI3HHUX
miABUOIpKaX, B3a€EMHO KOMIICHCYIOTBCS TIPH TOJOCY-
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BaHHI, a TAKOX 32 PaXyHOK TOT'0, 1110 00'€KTH-BUKHIH MO-
KYTh HE MOTPAIUIITH JO JCIKUX HABYATHHUX ITiBUOI-
pok. berrinr chpsMoBaHHil Ha 3MEHIICHHS PO3KHAY
(variance) — pi3HHULI MDXX MOMIJIKOIO Kitacu(ikarii Tpe-
HYBaJILHOI Ta TECTOBOI BUOIPOK. 3a SIKICTIO OfIepKyBaHNX
MIPOTHO3iB, aHCaMOJ 3 JIEKIIBKOX MOJZENEl 4acTo mepe-
BepUIyIOTh iHMI Metoau [10-11] .

VY naniii poOOTi MOCIHIIPKEHO BHUKOPHUCTAHHS Oec-
ITiHr-KJIacu(ikaTopiB Ha OCHOBI MeETa-aJITOPUTMIB!
Pasting  Ensemble, Bootstrap FEnsemble, Random
Subspace Ensemble tTa Random Patches Ensemble mis
inentudikarii crany KC. KoxHuil i3 BUIIEHaBEICHUX
QITOPUTMIB BIJIPI3HSAETBCS aITOPUTMOM (OPMYBaHHS
BUXIJHUX JaHHUX KiacudikaTopy abo miaBuOipok Ta BU-
6opom o3Hak [12].

Mera-anroput™ Pasting (CKIICIOBaHHS) BiJIOMUH SIK
CTBOPCHHS BHUITAJKOBUX BUOIpoK Oe3 3aminu. I1inBuOi-
pxu MicTaTh yei Buxinni o3naku X ={Xi1,Xi2,-.-, Xim} »
(hOPMYIOThCS BHITAJKOBUM YHMHOM, € YHIKAJIBHUMH 1 HE
MOBTOPIOIOTECS. [Ipu 1iboMy Onu3bko 60% BUXiTHUX /1a-
HHUX X BUKOPUCTOBYIOTh y SIKOCTi BUOIPOK [UTsl HABYAHHS,
perurta — TUIBKH Ul TeCTyBaHHS. OCHOBHMM HENOIIKOM
bOTO ITPOLIECY € Te, L0 KOXKHA ITiABUOIpKa HE MOXKe OyTH
MIOBTOPEHOIO 1 1€ CTBOPIOE MPOoOIIeMYy, KO Habip JaHuX
HEIOCTAaTHbO BEIUKUM.

Mera-anroput™m Bootstrapping (II04aTKOBOTO 3aBa-
HTa)XXEHHs) € HailnomwupeHimmM. [TinBuOipku MicCTITH
yci BuxinHi o3HaKH X ={Xi1, Xj2,..., Xim}» OPMYIOTbCS
BUITaJIKOBUM YHHOM 1 MOXYTbh TIOBTOPIOBATHCSI.

BigmoBimHo  mo  Mera-anroput™my — Random
Subspaces (BUNAJKOBUX IiIIPOCTOPIB) MiABUOIPKU
CTBOPIOIOTHCS LIIAXOM BUIIQAKOBOTO BHOOPY O3HAK, a HE
BHUIIaJIKOBUM BHOOPOM i IBUOIPOK, SIK 11e Oyio 3po0ieHo
panie, mpu 1bomMy 61u3bKo 60% BuXimHUX JaHUX X BH-
KOPUCTOBYIOTh y SIKOCTI MiJIBUOIPOK JUIsi HABYAHHS, pe-
LITa — TUIBKY JUIsl TECTYBaHHS.

BianosinHo no mera-anroputMmy Random Patches
(BHITQIKOBUX MATYIB) IMiABUOIPKU CTBOPIOIOTHCS HIISIXOM
BUIIAJIKOBOr0 BUOOPY SIK O3HAK, TaK 1 CIIOCTEPEKEHb
(3paskiB) Oe3 moBToproBaHHs. [Ipu cTBOpeHHI BHOIPOK,
3a3BUYaii, BUKOPUCTOBYEThCA NpuOIm3Ho 40-60% 3pasz-
KiB Ta aTpUOYTiB JJIsl HABYAHHSI.

BiamosinHo no mera-anroputmy Random Forest
(BUIIQIKOBUI JIiC) MiJBUOIPKH CTBOPIOIOTHCS MIISIXOM
BHITQJKOBOTO BHOOPY SK O3HAK, TaK 1 CIIOCTEPEKEHb
(3pa3skiB) 3 MOBTOPIOBaHHIM. BumnaikoBi icu e(eKTuBHI,
KoMK Ha0ip JaHWX Mae JyKe BEIUKHA pO3Mip, MiCTHUTH
BUKHIH, MIPOITYIIEH] 3HaYeHHs a00 KI1ach € He30aIaHco-
BaHUMH. HeomikoM anroputmy € CXWiIbHICTH IO Tepe-
HaBYaHHsA, OCOOJIMBO 3a HAsSBHOCTI BEIHKOI KUIBKOCTI
IIyMiB Y TaHUX.

JKomen i3 BHIEHaBENEHWX METa-aITOPUTMIB Oe-
TTIHTY He MO)KHA arpiopi BBaKaTH Hakpamum abo noc-
koHanuM. [linTBepmKEeHHS MOUITHHOCTI BUKOPHUCTAHHS
KOHKPETHOTO METa-aJITOpPUTMy Mae OyTH TepeBipeHo i
MATBEPIHKEHO eKcliepuMeHToM. KpiM Toro, Ha SIKiCTh
BHUKOPHCTaHHS KOXXHOTO 13 aJlTOPUTMIB BILUTMBAE TpPOIIE-
Iypa HaJAIITyBaHHS K CAMFUX JIEPEB PIIIeHb, TaK 1 KiJIb-
KOCTI JepeB, SKi BXOISITH IO aHCAMOITIO.

IMocTanoBka 3aBAaHHA. MeTo0 poOOTH € JOCTi-
JUKEHHS Ta pOo3poOKa MeTomy ineHTHdikamii cTany

KOMII'IOT€PHOI CHUCTEeMHU Ha OCHOBi aHCaMOJEeBUX KJIacu-
¢ikaropiB. dopmanbHa ITOCTAHOBKA 3aBJAHHS MOXeE
Oyt chopMynTbOBaHa HACTYTHUM YWHOM. Hexall QyHK-
nionyBanHs KC xapakrepu3yeThcst CyKyITHICTIO 11 TIOKa-
3HEKIB X ={Xj1,Xj2,..., Xim}, Ta ICHYIOTb po3MiueHi

napu 00'ekTiB {(X; Y; }i’\il , e x; — noka3uuk crany KC, a

yi — Mitka crany KC (HopmaibHuii a00 aHOMaNbHHMN).
Kpim Toro, icuye BinoOpaxeHnss f: X — ¥ 3HaueHHS sIKO
BiJIOMI JUIIIe Ha 00'€KTaxX KiHIIEBOI HABYAJIHLHOI BHOIPKH
X, V)={(x1,»1), ..., (xm ym)}. HorpiOHO chopmyBaTH
METa-aJITOPUTM f, SIKMH 31aTHUH KiIacu(iKyBaTH JT0B1IIb-
HUI 00'eKT x € X Ta HAJAIITYBAaTH 3HAYEHHs HOTO mapa-
merpi w: F ( f(w, x), y) — opt.

Po3podka ancamoJ/ieBoro
MeToay kiaacudikamii

B pamkax nociimpKeHHS pPO3IISHYTO MOXJIHMBICTH
BUKOPHCTaHHs OEITiHr-KiIacu(ikaTopiB Ha OCHOBI MeTa-
anroputMmiB: Pasting Ensemble, Bootstrap Ensemble,
Random Subspace Ensemble ta Random Patches
Ensemble nns inentudikarii crany KC. ¥V sxocTi BUXij-
HHUX JAHUX BHUKOPHCTAHO IOKAa3HUKH (YHKILIOHYBaHHS
KC (3aBaHTa)KeHHS LIEHTPAJILHOTO HpOLecopa, Mmam'sTi,
o0car Tpadiky, KUIBKICTh ONepaliil 34uTyBaHH:/3aHUCY
Ha JIMCK, CUTHATypH BTOPTHEHb; CTATHCTHYHI JaHi aHa-
T3y CUCTEeMHUX TIOJi# (KBbKiCTh onepaiiii poooTH i3 cu-
CTEMHHM pPEECTpOM, (haijIOBOI0 CHUCTEMOIO, KiJIBKICTh
MPOLIECIB Ta 1H.).

Pe3ynbrat mOCHiKEHHS BUKOPUCTAHHs OerriHr-
Ki1acudikaTopiB HaBeieHO Ha puc. 1.

0,88
0,86
0,84
0,82

0,8
0,78

Auc score

0,76
. N > 2
& & & &
P & \pc,Q & &
(9
&

Anroputmun nobygosu P

Puc. 1. [opiBHsiHHS TOYHOCTI Kiacudikallii 6errinr
MeTa-aJIrOPUTMIB Ha HABYAIbHIH BHOIpII
3a JOIIOMOTOI0 METPHKH Auc_score

OTpumMaHO, 10 32 YMOBH CTaHIApTHOI'O HAJIAIITY-
BaHHSI HAHOIIBIII SKICHIM € KTacu(pikaTop Ha OCHOBI aj-
roputmy Random Forest, ROC AUC sixoro Ha HaBYaJb-
Hilt BuOipui ckmagae §7%, mMpu MbOMY TOYHICTH Ha TeC-
TOBiH BUOipI ckianae 82%.

BukoHaHO mOCHiKEHHS TapaMeTpiB HallAITy-
BaHHs /[P, sIKi BXOIATH /10 aHCAMOJTIO Ha OCHOBI MeTa-aj-
roputMy Random Forest, a came:

— MaKCHMaJIbHa KUTBKICTh O3HAK, 110 BUKOPHCTO-
BYIOTECS TIpH TIOOYNOBI AiepeBa (max features).
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— MiHIMaJIbHA KUIBKICTh PO3Trajy’KeHb IpH 00y~
TOBi fepeBa (min sample split).

— MiHIMambHA KIJTBKICTH JUCTKIB (min sample
leaf).

— MakcuMallbHa ITHOuHA nepesa (max depth).

Pesynberatu qociikeHHs HATTAIITYBAHHS HA TECTO-
BHX BUOIpKax HaBeieHO Ha puc. 2-5.

OTpruMaHo, 10 MPU HACTYITHUX MapaMeTpax Haja-
LITYBAHHS:

'max_depth’ Bin 9; 'max_features'Bin 7 no 12;

'min_samples_leaf” Bin 3 no 15;

'min_samples_split’ Bin 6 mo 12
TOYHICTH KJIacH(iKaTopy Ha OCHOBI JIepeB pillleHb € Haii-
Kparoro.

0,844
0,842
L
S 084
1%}
5 0838
z 0
0,836
3 5 7 9 11 13 15 17 19
KinbkicTb o3Hak AP (max_features)
Puc. 2. 3anexHicTs Tounocti knacudikanii 1P
BiJl KiJIBKOCTi BUXITHMX aTprOyTiB (03HAK)
0,87
0,85
1”1 0[0[%[®0lololol®0l0lel®le
0,83
o bt
o 081 i
@ 4|
g 079 ||/
2 i
0,77 J
0,75
2 5 8 11 14 17 20 23 26 29
MakcumanbHa ranbuna P (max_depth)
Puc.3. 3anexHicTh TOYHOCTI Kiacudikaii
Bi/l MAKCUMAJIbHOI [IMOWHH JiepeBa pillieHb
0,844 =[]
o FV ol \
o 0,842 \OQJ |o{ele|
5 o [ofo o ||
A 0,84 ¥ | [of¢] o
9 | o
< 0838
2 5 8 11 14 17 20 23 26 29
MiniManbHa KiJIbKICTh po3ranyxeHb /1P
(min_samples_split)

Puc. 4. 3anexHicts TouHocTi Knacudikarii JIP
BiJl MiHIMAQJIbHOI KIIBKOCTI PO3TrajIy)KeHb JepeBa PillleHb

0,9
0,85
0,8
0,75
0,7
0,65
0,6
0,55
0,5

Auc score

M 00 o o o o0
~

™M o0 m ™m o0
.F O M 0 & ©,
KinbKicTsnunetkis AP (M

8D X2
lrgsmglesl leaif)

Puc. 5. 3anexnicTs ToUHOCTI Kitacudikarii [P
BIiJI KiJIBKOCTI JIMCTKIB JiepeBa pilieHb

JloCHiIKeHO 3aJIeXKHICTh TOYHOCTI Kiacugikarii
BiJl KUTBKOCTI JIepeB pillieHb aHcaMOmto (puc. 6) Ha Tec-
TOBIiM Ta HABYAJIBHIN BUOIpKaX.

OTpuMaHo, 110 ONTHMaJIbHA KUIBKICTh Kiacuika-
TOpiB y aHcamOm (max_number) cknanae Bim 33 1o
43 J1P.

I[1Ipu 1boMy HasaIITyBaHHS KiIacu]ikaTopiB 103BO-
JIUJI0 301IBIIMTH TOYHICTh Kiacudikamii Ha HaBYANbHIH
BHOIpII 10 97%, TOYHICTh KiTacudikallil Ha TeCTOBIN BU-
oipii — 10 85%.

1,05
1 AMMWWM‘M
0,95
0,9
0,85
0,8
0,75
10 15 20 25 30 35 40 45 50 55

. “"*m‘wﬁo,-.wm.‘m

auc score

KinbKicTb KnacuoikaTopis y Aepesi
(n_estimators)

Puc. 6. 3anexxHOCTi TOYHOCTI Kitacudikariii
BiJI KUTBKOCTI JIepeB pillleHb aHCAMOITIO
(kpyriti Mapkepy 3HH3Y — JJIs TECTOBOI BUOIPKH,
TPUKYTHI MapKepy Bropi — JUisi TpeHyBaJIbHOT BUOIPKH)

BucHoBku

VY naniit poboTi AOCHIIKEHO BUKOpUCTaHHS Oe-
rriHr-KIacu(ikaTtopiB Ha OCHOBI METa-aJIrOpUTMIB:

Pasting Ensemble,

Bootstrap Ensemble,

Random Subspace Ensemble,

Random Patches Ensemble,

Random Forest
JUTA iTeHTUdIKAI] cTaHy KOMII FOTepHI CHCTEMH.

VY AKOCTi BUXIIHHX JaHUX BUKOPHCTaHO MOKa3HUKH
¢dyuakuionyBaaHsa KC.

TouricTh pobOTH KITaCH(]PiKaTOPIB OLMIHEHO 3a AOTIO-
moroto ROC-anami3y.

OTpHMaHO, 110 32 YMOBHU CTaHIAPTHOTO HAJIAIITY-
BaHHS HAHOUTBII SKICHUM € Kiach(ikaToOphd HA OCHOBI
anroputMy Random Forest, ROC AUC sxux ckianae
87% Ha HaBUaNBHIH BHOIpII.
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Bukonano namamryBaHHs KinacudikaropiB. Otpu-
MaHo, 10 NPU HACTYITHHUX MapaMeTpax HaJAIITyBaHHS;
'max_depth’ Binm 9; 'max_features' Bim 7 mo 12;
'min_samples leaf’ Bin 3 mo 15; 'min_samples_split’ Big
6 no 12 ToynicTh KinacudikaTopy Ha OCHOBI JepeB pi-
LIEHb € HalKpallolo.

JocmimKeHo 3aeXHICTh TOYHOCTI Kiacuikarii
BiJl KUTBKOCTI JIepeB pillleHb aHCAMOITIO.

OtpuMaHo, 10 ONTHMaNIbHA KUTBKICTh Kiacudika-
TopiB y aHcamOmi (max_number) cxianmae Bin 33 mo 43
JepeB pitieHb. [Ipu 1boMy, HaJalITYBaHHS JEPEB pi-
IICHb Ta BUOIp KITBKOCTI JIEpEB PIllICHh aHCAMONIO JI0-
3BOJIJIO 30UTBIIMTH TOYHICTH ineHTH(iKalii Ha OCHOBI
Meta-anroputmy Random Forest, ROC AUC knacucdika-
TOpY Ha HaBYAJbHINM BUOIpIN ckiamae 97%, Ha TECTOBIH
BuOip1i — 85%.

3a pesyasraTaMu JOCIiKEHb 3alPOIIOHOBAHO Me-
TOX imeHTUdiKanii cTaHy KOMII'IOTEPHI CHCTEMH, SKUH
BIJIPI3HAETHCS BiJl BIZJOMHX BHOOPOM MeETa-aJrOpUTMY
K1acudikamii Ta migdOpoM ONTUMAIbHHUX MapaMeTpiB
HOro HanaIITyBaHHS.

Po3pobnennii MeTox peanizoBaHMI NPOrpaMHO i
JOCTIDKCHUH TIiJT 4ac po3B’sI3aHHsI 3a/1aui iIeHTH(IKaIi1
CTaHy QYHKIIIOHYBaHHS KOMIT FOTEPHI CHCTEMHU.

[IpoBeneHi ekcriepuMEHTH TiITBEPIUIIH Tpale3aa-
THICTb 3aIIPOITOHOBAHOTO METOY, IO HA/IA€ MOXKIIMBICTh
PEKOMEHIYBaTH MO0 /ISl TPAKTHYHOTO BUKOPUCTAHHS 3
METOI0 MIiJBUINCHHS TOYHOCTI imeHTU(IKAIi CTaHy
KOMIT FOTE€PHOI CHCTEMHU.

[epcriekTHBY MOAAIBIIHX AOCIIIKEHb MOXKYTh 0~
JISITaTH B MIPOBEJICHHI PO3POOKU aHCAMOITIO HEUITKHX Jie-
PEB pillIeHb.
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Pa3zpadorka MeTona naeHTH(PUKAIMI COCTOSTHUSI KOMITBIOTEPHBIX CUCTEM
HA OCHOBE 0eIrTHHI-KJIACCH(PUKATOPOB

C. 1O. I'aBpunienko, A. A. I'opHocranb

AHHOTauHﬂ . npe)IMeTOM nucciieaoBaHus €CTb METOABI U CPEACTBA I/II[eHTI/ICbI/IKaLII/II/I COCTOsSTHU A KOMHLIOTepHOﬁ
CHUCTCMBI. He.]'ll) CTaTbHU — IOBBIIICHHUE Ka4Y€CTBaA I/I)IeHTI/I(i)I/IKaLII/II/I COCTOSHUSA KOMHL}OTepHOﬁ CHCTEMBI 3a CHET paspa-
0OTKH METOZa Ha OCHOBEC aHcaMOJIEBLIX KJ'IaCCH(bHKaTOpOB. 33.}13.HI/I€2 HCCIEN0BATE METOABI TIOCTPOCHUSA OErTvHI KJIacCH-
(bHKaTOpOB Ha OCHOBE JICPEBHEB peH.IeHPIﬁ, BBIITOJIHUTH UX HaCTpOﬁKH u pa3pa60TaTL METOJ I/IlIeHTI/I(bI/IKaL[I/II/I COCTOSAHUA
KC. “CﬂOJ’llﬁyEMlﬂe METOABbI: METOAbI HCKYCCTBEHHOI'O MHTEJIJIEKTA, MALIMHHOT' O o6yqe1-m$[, aHcamOJIeBbIE METOBI. ITo-
JIy4Y€HbI CJIEAYIOIIMeE pe3yjabTaThbl: UCCIICIOBAHO HUCITI0JIb30BaHUC OErruur KJTaCCI/I(I)I/IKaTOPOB Ha OCHOBE ME€Ta-aJIrOpUT-
MmoB: Pasting Ensemble, Bootstrap Ensemble, Random Subspace Ensemble, Random Patches Ensemble u Random Forest
JJIA I/I}leHTI/I(I)I/IKaHHH COCTOSAAHHUA KOMHB}OTepHOﬁ CHUCTEMBI, BBIITOJIHEHA OLICHKA UX TOYHOCTH. BEIoTHEHBI HCCIICAOBAaHUA
napamMeTpoB HaCTpOﬁKH OTICJIBHBIX I€PECBLEB peI_HeHI/Iﬁ u Haﬁ)leHBI UX ONITHUMAJIbHBIC 3HAYCHHA, a UMCHHO: MaKCUMaJlb-
HOE€ KOJIMYECTBO NPU3HAKOB, UCIIOJB3YEMBIX IIPU IMOCTPOCHUU ACpPEBA; MUHUMAJIBHOC KOJINYECTBO BETBJICHUH Ipyu 110-
CTPOCHUU AE€PEBA; MUHUMAJIBHOC KOJIHNYECTBO JIMCTHEB U MAaKCUMAJIbHYIO FJ'Iy6I/IHy JAc€peBa. Onpeneneﬂo OIITUMAJIbHOC
KOJIMYECTBO ACPEBLEB peI.LICHI/Iﬁ aHcamOJIs. Hpezmomeﬂ MECTOO I/I,Z[eHTI/I(l)I/IKaLlI/II/I COCTOsSIHUA KOMHLIOTepHOﬁ CUCTEMBI,
0TJ'II/I'-I3.IOI.LII/IIZC$I OT M3BCCTHBIX BLIGOpOM METa-aJIropuTMa KJ'IaCCI/I(bI/IKaI.II/II/I u HO,E[60p0M ONITUMAJIbHBIX IMapaMETPOB €ro
HaCTpOfIKPI. HpOBeI{eHa OII€CHKAa TOYHOCTHU pa3pa60TaHHOr0 METOAa I/I,E[GHTI/I(bI/IKaLII/II/I COCTOSAHUSA KOMHL}OTepHOﬁ Cu-
CTCMBI. PaSpa60TaHHLII>i METOA pCAJIU30BaH MPOrpaMMHO U UCCIICJOBAH IIPpH PEILICHUHN 3a1a4U I/I,Z[GHTI/I(I)I/IKaL[I/II/I aHoMallb-
HOro COCTOSIHUA (1)yHKLII/IOHI/Ip0BaHI/I$[ KOMHL}OTepHOfI CHUCTCMBI. BLIBOI[LI. Haytn—xasx HOBHM3HA ITOJTYYEHHBIX PE3YJIbTAaTOB
3aKJII04acTCsa B pa3pa60TI<e METOAa I/II[eHTI/Itl)I/IKaL[I/II/I COCTOsSIHUA KOMHLIOTepHOﬁ CHUCTEMBI 3a CUET BLIGOpa METa-aJiropura
KJ'IaCCI/I(bI/IKaI.II/II/I " OnpeaACII€HNS ONITUMAJIBHBIX IMTapaMETPOB €ro HaCTpOﬁKI/I.

KaoueBble CJI0BA: KOMIBIOTEPHAS CHCTEMA; COOBITHSI ONIEPALIMOHHOM CHCTEMBI; IEPEBbs PELICHHUIT; aHCaMOIIeBbIC
METOjIbI; MeTa-anroputyM; 6errunr; Random Forest.

Development of a method for identification of the state of computer systems
based on bagging classifiers

Svitlana Gavrylenko, Oleksii Hornostal

Abstract. The subject of the research is methods and means of identifying the state of a computer system . The
purpose of the article is to improve the quality of computer system state identification by developing a method based on
ensemble classifiers. Task: to investigate methods for constructing bagging classifiers based on decision trees, to config-
ure them and develop a method for identifying the state of the computer system. Methods used: artificial intelligence
methods, machine learning, ensemble methods. The following results were obtained: the use of bagging classifiers based
on meta-algorithms were investigated: Pasting Ensemble, Bootstrap Ensemble, Random Subspace Ensemble, Random
Patches Ensemble and Random Forest methods and their accuracy were assessed to identify the state of the computer
system. The research of tuning parameters of individual decision trees was carried out and their optimal values were
found, including: the maximum number of features used in the construction of the tree; the minimum number of branches
when building a tree; minimum number of leaves and maximum tree depth. The optimal number of trees in the ensemble
has been determined. A method for identifying the state of the computer system is proposed, which differs from the known
ones by the choice of the classification meta-algorithm and the selection of the optimal parameters for its adjustment. An
assessment of the accuracy of the developed method for identifying the state of a computer system is carried out. The
developed method is implemented in software and investigated when solving the problem of identifying the abnormal
state of the computer system functioning. Conclusions. The scientific novelty of the results obtained lies in the develop-
ment of a method for identifying the state of the computer system by choosing a meta-algorithm for classification and
determining the optimal parameters for its configuration.

Keywords: computer system; operating system events; decision trees; ensemble methods; meta-algorithm; bagging;
Random Forest.
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PEAYKLIA OITUCY 30BPAKEHHA Y CKJIAAI MHOKUHU JECKPUIITOPIB HA

OCHOBI METPUYHOT' O KPUTEPIIO IHOOPMATHUBHOCTI

AnoTtanis. [IpenMeroM IoCTimKEHb CTATTI € KJIACH(pIKaTOPH 300paykeHb 32 MHOXHMHOIO JIECKPHUIITOPIB KIFOYOBUX TOUYOK.
MeToro € MiABHIIEHHS NPOIYKTUBHOCTI METOJIB KiacHikalii, 30KpeMa, CKOPOUCHHs OOUYMCIFOBAIBHUX 3aTPaT MULIXOM
BIIPOBA/PKCHHSI Ha MOMIEPEIHBOMY eTarti 00poOIeHHs anapary peayKiii 1S HOJaHHs CTAIOHHUX JaHuX. MeToau, 1o 3acTo-
COBYIOTBCS: METPHUHHMI arapar y BEKTOPHOMY IPOCTOPi, MOJEII TS OLIHIOBAHHS 1H(GOPMATHBHOCTI JaHUX, METOIM MOIIYKY
B MacHBax JaHHX, MOJCHI U1 BU3HAYCHHS PEJICBAHTHOCTI BEKTOPIB Ta MHOKHUH BEKTOPIB, POrpaMHe MOICTIOBaHH. OTpH-
MaHi pe3yJIbTaTH: PO3pOOIEHO METOA PEAYKIIII JaHUX I 3a1a4 Kiacugikariii 300pakeHb Ha OCHOBI BIPOBAKCHHS METPH-
HHUX KPUTEPIiB s OLiHIOBaHHS iHQOPMATHBHOCTI EIEMEHTIB CTPYKTYPHOT'O OITHCY 300payKeHHI, [II0 CKOPOUYE OITHC Ta MPHC-
KOPIOE OOYHCIICHHST; Yac Kiacuikawii A po3rITHYTUX €KCIIEpHMEHTAIBHUX OIHCIB MPOIOPIIIHHO CKOPOYYETHCS 31 3MEH-
LICHHSIM 00’ €My OIUCY; IJII MOJICIIBHOTO €KCIIEPUMEHTY TOCSTHYTO CKOPOUCHHS 4acy Kiacugikaryi y m’sTb pa3iB pH 3MeH-
LIIEHHI 00CSTY ONHCY y JIBa pasy; MPOBEJeHe MOJACIIOBAHHS MiTBEPIUKYE MPaIe3aTHICTh Ta pe3yIbTaTHBHICTD 3alPOIIOHO-
BAHOTO METOAY B ACIEKTi 3a0e3MedeHHs sSKOCTi Kiacu(pikamii 3 BUKOPUCTaHHSIM 3aco0iB pexykuii. [IpakTiyna 3HaUyIIicTh
pobotu — moOymoBa MoOJieNel Ul OLIHIOBAHHS CTYIEHS 1HPOPMATHBHOCTI IS 00pa3iB Bi3yaJIbHUX JAHMX; IiITBEPIKCHHS
Mpale3AaTHOCTI 3aIPOITOHOBAHNX MOM(DiKalliil 3ac00iB aHAI3Y TaHHUX, PO3POOICHHS MTPUKIIATHUX MPOTPAMHUX MOZACIICH st
BIIPOBA/KECHHS 3aIIPOIIOHOBAHUX METO/IB PeIyKLil JaHUX Ta Knacu(ikamii 300pakeHb Y CHCTeMaX KOMIT FOTEPHOTO 30pY.

Kaw4yoBi cmoBa: koMI'IOTepHUil 3ip; CTPYKTypHi MeToqu Kiacudikarii 300pakeHb; pexyKIis onucy; iHpopmaTus-
HICTh JJAHUX, METPUYHUHN KPUTEPil; MBUAKOMIS KIacu(iKaii.

Beryn

CrucHeHHs 00cATy TaHUX IIIIXOM BimOopy cepen
HasiBHOI YHCJICHHOI MHOXXHMHHM aHAJi30BaHHX O3HAK
HaiOUIPII iH(QOPMATHBHOI MiAMHOXUHH € Ba)KIHMBHM
3aBIAaHHSIM PO3POOHMKIB CYyYaCHHX IHTENEKTyaJbHUX
cucrem [1-3]. BupitneHns wi€i 3aaavi 3araioM crpuse
MIBUIIEHHIO €(DEeKTUBHOCTI CHUCTEM pO3ITi3HABAHHS
JIAHUX IIUIIXOM CYTTEBOTO CKOPOYEHHsI OOYMCIIIOBAIIb-
HUX Ta amaparHux 3atpaT. OcoOIMBO aKTyalbHOIO IS
3ajia4a € Uil CHCTEM KOMII'IOTEpHOTO 30py, /e 3aIs
pO3Mi3HABaHHS Bi3yaJlbHUX OO0 €KTIB 4acTO 3aCTOCOBY-
€TbCsl Oararo-napaMeTpuyHe Ta OJHOYACHO JOCHTh
00’€MHE IMOJaHHS aHAIi30BaHUX aaHux [1-7].

IIpu po3pobrneHHi KiacupikaTopiB Ha MATPYHTI
o0pa3y SIK MHOXWHHU JECKPHIITOPIB KIIOYOBUX TOYOK
(KT) 300paxkeHHs] 03HaKaMu O€3M0CEPEeHbO € JECKPH-
MITOPH — YHCIOBi (OiHApHI) BEKTOPH, a y SIKOCTI OCHOB-
HOTO NPHHIMITY ISl BU3HAUYEHHS KJIacy 00’ €KTa 3acTo-
COBYIOTBCSI METPHUHI CITIBBITHOIIEHHS SIK JUI OKPEMHUX
KOMITOHEHTIB OIKCYy, TaK 1 JJs CKiHYEHHUX MHOXXHH
BEKTODIB.

Ha puc. 1 mokazano 300pa’keHHS i KOOpPIMHATH
Buniennx Ha HEOMYy KT (K menTpH Kinenn). Koxkxa
KT xapaxTepusyeTbcs CBOIM JECKPUITOPOM.

MeTpuuHi CITiBBiIHOLIEHHS y IPOCTOPI JIECKPHII-
TOpiB (i3MYHO BifOOpa’karoTh OJIM3BKICTH (€KBIBAJICHT-
HICTB) BIJIOBIHUX (PparMeHTiB 300pakeHHs i3 Bpaxy-
BaHHAM JIONYCTHMHX T'€OMETPUYHUX IEPETBOPEHb
00’€KTiB, 110 BUHUKAIOTH Yy IIPOIECi Bi3yaJIbHOTO CIO-
cTepexeHHs [2].

Kputepii npuifHATTS pimeHs i3 BpaXyBaHHSAM OITi-
HOK 1H(OPMATUBHOCTI JAaHUX 3HAWIIIN BIPOBAKEHHS
y cyuacHux Mertomax data science, Hampukiam, mpu
moOyI0Bi iepeB pileHs y KiracudikaTopax 300pakeHb
Ha OCHOBI KJIACTEPHOTO IOJAHHS MHOXXHH IECKPHIITO-
piB KT [3, 8, 9].

Puc. 1. 306paxkenns Ta koopaunatu KT

V mamiii crarti [3] BUBYAETHCS pe3yNbTaATHBHICT
KJIacu(ikaTopiB i3 BUKOPHUCTAHHSM JiepeBa pillleHb Ha

10

© Topoxosatcekuii B. O., Bracenko H. B., 2021



ISSN 2522-9052

CyuacHi indopmariitai cuctemu. 2021, T. 5, Ne 4

MiJCTaBi 3aCTOCYBAaHHS CTATUCTUYHHX KPHUTEPIiB TpH-
pocty iH(popmariii, 3aCHOBaHMX Ha MMOKa3HUKaX iH(Op-
Mariitaoi enrpomnii lllenHoHa, o-eHTpomii Pen’i Ta Kxoe-
¢imienty JxuHi.

Jnist pemykii onmucy Bi3yaJlbHEX 00 €KTiB y BUTIIAIL
MHO)kuHE neckpunropie KT panime 3acTocoByBammcs
Taki KpuTepii, IK piBeHb CTIMKOCTI BiIHOCHO Aii reoMeT-
PUYHUX TEPETBOPEHb, IOBTOPIOBAHICTh 3HAYEHb HA
MHOKHHI JIECKPHUITOPIB BJIACHOIO Ta PELITH KIAcCiB B
YMOBax II€pPEeTBOPEHb, OOY0Ba CTATUCTUYHHUX MPOLECH-
TUIBHUX BiTHOWIEH Ui ornwmciB [1], B ToMy wmcni Ha
OCHOBI BU3HAUCHHS MEIOIMy [UTSl MHOXKHHH BEKTOPIB [2].

OpmHNM i3 pe3yNIbTATUBHHUX 3aCO0IB pemyKIii TaHUX
€ 3MICHeHHS KIIacTepH3aLil A1 MHOKHHH KOMIIOHEHTIB
OIIUCY i3 TONAJIBIINM BHKOPUCTaHHAM JUTS Kiacupikarii
3HAUeHb BH3HAUCHHWX LEHTPIB MOOYAOBAHUX KIACTEPiB
YM KUTBKICHHX TapaMeTpiB U1 KIIACTEPIB ETaJIOHHHX
300pakens [9, 10]. V Toii e 4yac 3acTocyBaHHSI KpUTEPi-
iB iH(opmaTuBHOCTI MeTpryHOTO THITY [4, 5], 1110 Ge3mo-
CepelHbO IPYHTYIOThCS Ha 3HA4YeHHI MOAIOHOCTI s
CKJIQIOBUX KOMIIOHEHTIB OIHMCY, BUBUCHO 1€ HEAOCTAT-
HBO, XOua MMEPCBaKHA YACTHHA METOIIB Kiacuikaril
0a3yeThCsl BUKJIFOYHO Ha MPUHLUNAX BU3HAYEHHS MOJi0-
HOCTi, TOOTO METpPHYHI CHIiBBiTHONIICHHS Y IIPOCTOPi
O03HAaK € TIepeBaKAIOYMMH Y TIOPIBHSAHHI 3 IHITUMH, B
TOMY uHci cratuctiaanmu [1, 8, 13].

VY mocmimkeHHIX 3 iHTENeKTYaIbHOTO aHali3y Ja-
HUX 3alpOINOHOBAHO CUCTEMY KpuTepiiB [4, 5], me iH-
(OpMaTHBHICTh O3HAK BH3HAYAETHCS BHXOISIUHU i3 MicC-
LIE3HAX0/KEHHSI €K3eMIUIPIB PI3HUX KJIACIB Y MPOCTOPI
o3Hak. Po3pobieHa cucrema KpuTepiiB METPHUYHOTO
TUIy Ha MiACTaBI IHIUBIAYAIbHUX OLIIHOK IS OKPEMHUX
03HaK JIa€ MOXKJIMBICTh OL[IHIOBATH TAaKOX T'ypTOBY iH-
(OpMaTHBHICTD ISl TIIJMHOKUH O3HAK MPU BUPIIICHHI
3aja4 kiaacuikarii i perpecii [4— 7].

BaximBo npu 3acTocyBaHHI METPUYHHUX MOJETEH Yy
TaKUX MeTojax Kiacudikamii sK, HANPHUKIAX, METO.
ONIDKHIX CYCiiB, HIJECTIPSIMOBAHO 3HU3UTH PO3MIPHICT
€TaJOHHUX OIUCIB IIUIIXOM BigOOpy i3 HasBHOI MMOBHOL
MHO)XMHH O3HAaK I PEAyKOBaHOI MiAMHOXWHH 3HAYHO
MEHIIOI HOTYXKHOCTI 3a SIKUMOCh KputepieM. CrpaBa B
TOMY, L0 €TAJIOHHI OMKMCH Oe3MoCepeIHbO, TYPTOM 1 He
OJTHOKpATHO MpPHUIIMalOTh ydYacTh y Mpolecax po3Ii3Ha-
BanHs [8]. ['o00BHA MeTa MpH [IBOMY — 3HHKCHHS BILTH-
BY IIPOKJIATTS PO3MIPHOCTI» TPH BIPOBAIKEHH] KJIACH-
(ikaTopiB y MPUKIAJHUX CHCTEMaxX, /e KiJIbKICTh eTajio-
HIB 9acTO BUMIPIOETBCS JIECATKAMH Ta COTHSIMH.

VY nmocmimkenHi [13] metanbHO BHBYAIOTHCS Biiac-
THUBOCTI Ta Pe3yJbTaTH 3aCTOCYBAHHS METPHYHUX ITiJI-
XO/IiB y 3aJjayax Kiacrepusanii ta knacudikarii 6araro-
BUMIPHHX JIaHUX. 30KpeMa, SIK KpUTepiil sSIKOCTi Kiacte-
pu3alii BHBYAETHCSA MOHATTA QYHKII] CHIIyeTy, IO
Bi0Opakae HOPMOBAHY Pi3HHIIO MiX CepeIHIMH BiJcC-
TaHSIMHU KOXKHOT TOYKM JaHUX JI0 MHOKUHH TOYOK BJIac-
HOTO Ta CYCIZIHBOT'O KilacTepiB. Po3risiaroThCst TaKOX
OIIIHKU CEpeNIHIX 3HAaYeHb CHUIIYETy y OKpEMHUX KJacTe-
pax i y BchoMy Habopi maHux. Po3po0iieHo Takox psif
merozis, Hanpukiaan, Relief [17], mns dopmysanus
e()eKTUBHOI CTHCHEHOI CHCTEMH O3HAaK Ha OCHOBI MeET-
PUYHHMX KPHUTEPIiB Ta CTaTUCTUYHOI'O aHai3y JaHUX.
OpnHak IWBUAKKI PO3BUTOK CHCTEM aHANI3y JaHUX Ta iX
3aCTOCYBaHb HOTpeOye MOAAIBLIOTO YIOCKOHAICHHS

ICHYIOUMX METOJIB 1 MOIIYKY HOBHX MOJEICH pemyKIii
3aIs1 3a0e3neueHHs MOTpiOHOI pPe3yIbTaTHBHOCTI B
yMoBax 0OMe)XKeHHS Ha 9ac 00poOIeHHS.

Ilo0ynoBa METPUYHOIO KpPUTEPil0
iH(OPMATHBHOCTI /151 MHOKMHH IeCKPUIITOPIB
Posrisinemo mesiky 6a3y i3 N eranoHiB y BUrIIsii
MHOXMHM E  ommciB  eTanoHHMX — 300pakeHb:
E={E.E,....En}. E - ue mapuanbma BuGipxa.
Koxnuii eranonnui onuc E, < E y 3amaui xnacudi-
Kamii pempe3eHTye okpemuii kimac. OmHUc OKpeMoro

etalloHy Ey :{ev(k)}\s,zl — e CKiHYeHHa MHOXXHHA
neckpuntopie KT 'y mpocropi B", e,(k)eB",
s=card E, — umncmo meckpumropiB y MHOXHHI [1].

Koxmnwuit neckpuntop €, (k) 6asu E wmae mapamerp k

HOMEpY KJIacy, a 3arajibHe YHCII0 03HAK — JIECKPHUIITOPIB
y 0a3oBiit MHOKUHI E ckmamae card E = SN .

Beenemo y mpoctopi B" neckpunropis BincTaus
p(z1,25), p: B"xB" > R(B"),

R(B") — mpocTip 3HaueHb METPHKH p , IO BCTAHOB-

Vzl,ZZ S Bn ,

JI0€ BETHMYUHY METPUYHOTO BiIHOIICHHS BiJAMIHHOCTI
MiXx BekTopamu i3 B". V Bumanky OiHapHMX HaHUX Bijc-
TaHb p(Z1,25) Moxe OyTH MeTpHKoro Xeminra [1]:

p(z1,27) = Zczll(zl,wzz,v) ' 1)

ne GyHKIis 1(Zl,v'22,v) MOPIBHIOE BIAMOBIAHI OITH 3

HOMEpPOM V JUIi JBOX OiHApPHUX BEKTOPIB i OTPUMYE
3HaueHHs | y BUmaaky ix cmiBmajanus i 0 — y mportu-
JISKHOMY BHIIQJIKY.

Jns noBinpHOTO BekTOpa Z € E y cmcremi kiaciB

SIK CKJIaJIOBOTO eyleMeHTa Z € Ey ¢ikcoBanoro eranon-
Horo onucy E, 3 Homepom K BBememo mowsTTs iH(O-

pmatuHocTi V (2, E) v ckmani 6asu E [4]
V(2,E) = p (2. Ex) ~ pm (2. Ex) @

e Pm (Z,Ek) = min p(z,e,(i)) — minimanbsHa BiACTaHb
i=k

BiJl Z 1O eleMeHTy 0a3u, 10 He HAJIXKHUTh Kiacy Ej ,

Pm(z,Ey) = m_inkp(z,eV (i)) — BimcTamp Bim Z g0 Haii-
i=

v,

Omwk4goro enemeHty i3 xiacy Ep (32 BuKIIOYCHHSIM

p(z,2)=0
z €Ey ). Ilpu BupoBaykeHHI HOPMOBAHUX BigcTaHel i3

HYJIbOBOI  BiJICTaHi camoro jo ce0e,

BemmunHOl0 0 < p <1 owuiHiOBaHI 3HAYEHHS KPHUTEPIKO

(2) smaxomsteess B imTepBami —1<V <1. V wmeromi
Relief BukopuctoByeThCst OUH i3 BapianTiB Mojeni (2),
Je iHHOPMATHUBHICTD OL[IHIOETHCS K PI3HHUIS KBaJpaTiB
BiJICTaHeH, a BiIOIp aHANi30BaHUX O3HAK 3IIHCHIOETHCS
BHITQJIKOBUM drHOM [17].

Bukopucranus dopmynu (2) 1t BU3HAYCHHS iH-
MUBIMyambHOI iHGOPMATUBHOCTI V MO0 €JIeMEHTY
omucy Z€E, 3acHoBaHO Ha mpHITyLIEHHI HpPO Te, MO0

iH(HOPMATHBHICTh 03HAKH € TUM BHUIIIOIO, YUM B OLTBITIi
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Mipi BOHA PO3/ISA€ EK3eMIUIIPH HaBYAIHLHOI BUOIpKH Ha
Kjacu. Buxomsam 3 mporo, MM Jaii BiI eK3eMIUIpa
KJIaCy 3HAaXOIWTHCS HAHOMMKYHMN O HBOTO EK3EMILLIP
IHIIOTO KJIacy, THM BHUIIOKO € iHAMBiXyaidpHa iH(QOpMa-
TUBHICTB. Y TOW JXe Wac, UMM Jalli BiJl eK3eMIULipa ¥y
MPOCTOPi O3HAK 3HAXOAUTHCS HAMONMIKYWN IO HBOTO
€JIEMEHT LIbOTO XK KJIacy, TUM HW)KYOIO € IHAMBIdyallbHa
iHpopMaTHBHICT. TOOTO BIPOBAJDKYETHCS MPHHIUIL
«OIIMKYE 10 CBOIX, MOJAMI BiJ| IHIIIHX)).

Ha mizncraBi BapianTiB Mozeni (2) Moxe OyTH mO-
OynoBaHMIA CIIEKTP CIIOCOOIB OLiHIOBaHHS 1H()OPMATHB-
HOCTI B 3aJIXKHOCTI Bil ()OPMH MONAHHS BXITHHX Ja-
HUX. SIKmo mo MHOXWHHM E TmomepenHbo BIpPOBaanTH
KJIacTepHEe NOAAHHs, A€ eTajoHHI maHi E, OymyTs
NIpe/CTaBIeHI LEHTPIB

HaGOpaMI/I BU3HAUYCHHUX

{c¢ (j)}rjnzl, m — ¢ikcoBaHe YUCIO UEHTPIB YISl KOXKHO-

ro E,, To BU3HaueHHA MiHIMyMy B (2) Moxe OyTH
3aMiHEHO Ha OLIbII MIBUIKICHHUI MOMIYK cepen Habopy

LEHTPIB KJIaCTepiB, HAIPUKIAT SIK

Pn@E)=_ min_ p(z.ci(). )

j=L..m, i

3Baykarouu Ha Te, 0 UeHTpH Cj(j) Kiactepis i3-3a

ix cmocoOy OOYHMCIICHHS B3araji MOXYTh HE Halle)KaTH
MIPOCTOPY IECKPHUINTOPIB, TYT HAICKUTH 3aCTOCOBYBATH
OUTBII YHIBEpCAIBHUI THII METPHUKH, HATIPUKIA, MaH-
XETCHCBKY BiJICTaHb.

VY Bupasi (2) 3aMicTh ILIEHTPIB KJIACTEPIB MOXYTh
OyTH BHKOPHUCTaHI iHII NPEJCTABHUKU OIMKCY, HAIPH-
KJaj, NMPOLCHTHIbHI TOYKM MHOXHUHU Ey , oTpumaHni
[pU MeIiaHHOMY MOJaHHi AaHux el muoxwunu [1, 10].
Jnst mporo Tpeba GopMaTyBaTH CIIMCOK JIECKPHUIITOPIB
i3 Ey , BimcopToBaHuii 3a 3HaUCHHSM CyMapHOi BiAcTaHi

JI0 PEIITH IECKPUIITOPIB, 10 3aCTOCOBYETHCS MPH BH-
3HA4YCHHI MENOiny MHOXWHH, i BHOpATH, HAIPUKIAL,
TPH TPENCTABHUKH 13 HOMEpaMH, INO BIAIMOBITAIOTH
noiapoBuM 3HadeHHsM 0,25, 0,5, 0,75 momo micus po3-
TalllyBaHHS y CIUCKY [2].

3ayBaxuMo, 110 KpuTepii (2) mpoayKTHBHO Oyie
BpaxoOBYBaTH BiIMIHHOCTiI MiX €JIEMEHTaMH CBOTO KJIa-
Cy TUIBKH y BUIAIKY aHaIi3y MHOXXHHHU O3HAK, 1[0 HE €
3HAYYIIe METPUYHO OJIM3bKUMH MIX COOO0 BCEepemuHi
KJIaCy, TaK sIK ISl TAKHUX O3HAK JUIS IPYroi CKIagoBOl B
(2) Bukomyerbcs P (z,Ex)~0. 3amms 3HmKeHHS
BIUIBY 1bOTO (hakTOpy MHOXKHMHH E; o03HaK eTasnoHis
Ha MOMEePEeTHLOMY €Tali MOKHA JI0AaTKOBO 00poOwTH 3
BUKJIIOUYCHHSIM a00 BpaxyBaHHSAM 4YHCIa IOBTOPCHb
o0 OMM3BKUX eeMeHTiB. Hampukiam, monepenHso
MOJKHa CKOPOTHTH onucu E;j 3acrocyBaHHSM soriuHOi

inbTpauii 3 noporom 4, : plz.e, (i) < 6, . 3 iHworo

60Ky, MOXHa OOYHCIIMTH MapaMeTPy O3HAK 3a BHPa30M
(2), a moTiM MPOBECTH MOJATKOBHUIA aHAJi3 OTPHMAHHUX
3Ha4eHb iHPOPMATUBHOCTI.

TakuM 9UHOM, O3HAKH (2) 3 BHCOKAMH 3HAYCHHSI-
Mu V —1 iHguBigyansHOi iH(poOpMaTHBHOCTI Oynemo
BBKATH 3HAYYIIMMH, TOOTO CYTTEBO iHHOPMATHBHUMHU
CTOCOBHO pe3yJbTaTHBHOI Kiacudikamii, O3HaKH 3i
3HaueHHSIMU V — —1 BBaXKAIOTHCA MaJO3HAYYIIUMH,

TOOTO € MPETCHACHTAMH Ha BUKIIIOYEHHS i3 CHCTEMH
O3HaK.

VY BHUINaAKy pO3Mi3HABaHHSI Ha MHOXKHHI 0araThox
KiaciB (OiiblIe JBOX) 3 METOK OUIBII HOITIHOIEHOTO
aHayizy MoXKHa y BHpasi (2) BpaxoByBaTH BiICTaHb HE
TIIBKH 10 HAHOMIDKYOTO €NEMEHTY 3 TPOTIIIC)KHUM
3HAYEHHSIM KJiacy, a, HalpUKJIaJ, SIK CEPeIHIO BiJICTaHb
JI0 MHOXXHHM HalOMIDKYMX EK3EMIULIPIB KOXKHOTO 3
MOXIIMBHX KJIaciB. B mpukiagHOMy 3acTOCYBaHHI Take
yCepeAHEeHHs 1HOMI 3Ba)KyIOTh BaroBUMHU KoedilieHTa-
MU KJaciB y KOHKpeTHiit Bubipui [4, 5]. Toxi BiacTaHb
OOYHUCIIOETHCS 3 YpaxXyBaHHSIM 3BaKYyBaHHS Ha 4acTOTY
KJIaciB y BHOIpIIi.

SIkmo amst piKCOBAaHOTO €IEMEHTY Z CTPYKTYPHO-
O oImucy yxe chopMoBaHO Habip BaroBux Koe(ilieHTiB

{o; }i,\il II0/I0 BiJJHECEHHS HOTO 0 MHOKHHH KJIaciB y
uriizi [8, 18]

N
2> (. 09,...ay), ZeEy, Zi:lai =1, (4)

TO iH(QOpPMATUBHICTH O3HAKM Z Ha HIAIPYHTI Mozei
(4) MOXHa OI[HMUTH BEIMYHMHOIO PIi3HHMIN BIACHOTO Ta
MaKCHMaJIbHOTO KOe(illi€HTIB cepe/] peIlTH KiaciB

V(Z,E):ak—makxai. (5)

3ayBakMoO, M0 OIliHIOBaHHS KputepiiB (4), (5)
3MIACHIOETHCS HA MIICTaBi aHaTi3y METPHYHUX CITiBBiJI-
HOUICHb JUIS 3HAYCHb CIIEMEHTIB OMUCY T4 BU3HAYCHUX
napametpiB Cj(j) neHTpiB eTasoHHMX Kiacis [8, 18].

OuinoBaHHA TYPTOBOi iHPOPMATHUBHOCTI

Ha ocHOBi o04ncCIIeHHS iHANBITyalbHUX KPUTEPIiB
(2)-(5) moxe OyTH BIPOBaHKEHO KPUTEPiIH CYKYMHOI
inpopmatuerocti V(Z) s MOBUIBHOI ITiIMHOKHMHH

*
o03HaK Z < Z , axkuii Oyae BH3HAYATHCS, HAITPHUKIIA, SIK
cepellHe 3HA4YCHHS JUIA HAOOpY IHIUBIIyaNlbHUX Koedi-
tienTis [4]
1

—— >, V(ZE). (6)
card Z

Kpurepiit (6) yHiBepcaibHO MOXKe OyTH BUKOPHC-

V(Z)=

. * .
TaHO JUIg OyJb-SKOT MIMHOXHUHHA Z , B TOMY YHCIi
CTOCOBHO OITMCIB OKpeMuX eTajoHiB Ey , mo macts

3MOTY CKOPOTUTH OOCSATH OMHCIB ISl CKIATHHUKIB Oa3zu
E . Topsin i3 ycepennenusiM nanux y (6) MokHa 3acTo-
CyBaTH iHII crocOOM y3aranbHEHHS IS HabOpy 3Ha-
YeHb 1H(OPMATHBHOCTI €IEMEHTIB, HalpHKIAJ, SK pe-
3ynbTaT BU3HaueHHs Menianu [1, 10]

V(Z)=med {V(z,E)}, zeZ, ©)

ne med — meniaHa mis Habopy 3HaYeHb iHQOpPMATHB-
HOCTI cepe/l KOMIIOHEHTIB Z .

Kpurepii (6), (7) npupoaHiM YMHOM BPaxoBYIOTbH
MOJKJIUBY ITOBTOPIOBAHICTH UM OJIM3bKICTh O3HAK Bcepe-
JIMH1 OTHCY.

Kpurepii (2) — (5) Ge3mocepentubo MOKHA 3aCTO-
CyBaTH 3 METOI0 PEeAyKIii OaraTouucesbHOT MHOKHUHHU
HasBHUX O3HAK IUIIXOM Bigbopy HaiOimbm iHdopma-
THBHOI TiJMHOXXWHU JCCKPHUIITOPIB €TaJOHHUX OIIHCIB
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3aM715  IUTECTIPSIMOBAHOTO CKOPOYEHHS OOYHCITIOBAITb-
HUX 3aTpaT Ha kinacubikamito. Kpurepii (6), (7) moxke
OyTH 3aCTOCOBaHO JJIS OLIHIOBAHHSA i MOPIBHSHHSA pe-
3yJNBTATHBHOCTI MO0 BIIPOBAKEHHS Pi3HUX BapiaHTIB
yke c(hOpMOBAHOTO CTHCHEHOTO KOMILIEKTY O3HAK.
besnocepenHpo penykoBaHa CHCTEMa O3HAK i3 BH-
KOPUCTaHHSM 3Ha4yeHHs 1H(QOpMATUBHOCTI MOXe OyTH
cdopmoBaHa psaoM crnocobis, Hanpukian [2, 14, 15]:

— BinbopoM (ikcoBaHOI KiIBKOCTI iH(OpPMATHB-
HHX O3HaK [2];

— BHM3HAUEHHSAM 4YHCJIA O3HAK i3 iHQOpMaTHBHIC-
TIO BHIIE 33/1aHOTO MOPOTY;

— (opmyBaHHAM iHPOPMATHUBHOI ITiIMHOXHHU
03HaK, 110 3a0e3mnedye HeoOXiIHy Pe3yIbTaTHBHICTS.

3po3ymino, Mo BIPOBAKEHHS MPOLEAYPU CEKBe-
CTPYBaHHS CUCTEMH O3HAK MOTpedye TONATKOBUX 00YH-
cmoBanbHUX BUTpaT. 13 Bupasis (2)—(5) BuaHo, 110 Taki
BHTpATH IMOPIBHAHI i3 BU3HAUCHHSIM BiJCTaHI MiXX MHO-
JKMHaM{ BEKTOPIB. AJle 3arajioM Npoueaypa 3HUKEHH:
MOTYXKHOCTI MHOXHHHU O3HAaK pealli3yeThCcs Ha erari
MOMEPEIHHOTO OOPOOICHHS MaHHUX, IO HISKUM YHHOM
HE BIUTUBA€E HA YacOBI 3aTpaTH y Mporieci kiacudikarrii.

O/HO3HAYHO KJIIOYOBUM 3aBIAaHHSIM CTHCHEHHS
CHCTEMH O3HAaK y CHUCTEMax KOMII'IOTEPHOTO 30py €
3a0e3neueHHs BICOKOI pe3yNIbTaTUBHOCTI Kiacupikamii
Bi3yanpHHX 00pa3iB. BBemeHHA CKOpOUYEHOI CHCTEMH
03HaK TOTpedye TaKoXK MeIKUX Momupikamiit i mist
Metony kiacudikamii. Hampukman, sxmo HeoOXimHO
BUKOHATH BIJNOBIJHE CEKBECTPYBaHHA [UIS OIIKCIB
kinacu(ikoBaHUX 300pakeHb, TO JUII HOBOCTBOPEHOI
CHCTEMHU O3HAaK BapTO MiATBEPAUTH ii KiacudikaniiHy
e(eKTUBHICTh Y MOPIBHSAHHI 13 BUKOPUCTAHHSM IOBHOI
CHUCTEMH.

Jnst oOumcieHHs 3HayeHb 1H(QOpPMATHUBHOCTI K
BapiaHTy Iii 3 MHO)KHHAMHU BEKTOPIB MOXe OyTH ycIIi-
IIHO BHMKOPHCTAaHO METOJM YIOPSAKYBaHHS BHUOIpKH
03HAK-BEKTOPIB 3a 3HAUEHHSM JAEIKOro KpHTepito abo
3ac00iB MPUCKOPEHHsI NoMIyKy aanux [9-11].

Y 00roBOproBaHUX MOJENSX AJISI BU3HAYCHHS 1H-
(OpPMaTHBHOCTI y SKOCTI O3HaK BHKOPHUCTOBYIOTHCS
6esmocepenuro aeckpunropu KT. Bigmitumo, mo mi x
MOJIeJIl MOXXYTh OYyTH BIPOBAKEHI TaKOX 1 Juisi Oy/b-
SIKOT CHCTEMH O3HaK, 0 € (DYHKIIEH BiJ] MHOXHHH
JIECKPHIITOPIB, HAMPHKIA[, JUIS CTATUCTUYHUX LIEHTPIB
MHOXHHH [2].

BuxopuctaHHS 3alpONOHOBAHUX KPHUTEPiiB It
OLIHIOBAHHS CTyIleHS iH(QOPMATHBHOCTI Ta BinOOpy
cucteMrd 1HQOPMAaTHBHUX O3HAaK Ja€ MOXIHBICTH Yy
3a7a4ax po3IMi3HaBaHHS Bi3yalbHUX 00pa3iB 3HIKYBATH
CTPYKTYPHY Ta OOUYHMCITIOBAIBHY CKJIaJIHICTh CHHTE30Ba-
HUX Mojenell kmacudikaiii, miIBHAIIYBaTH iX iHTempe-
TOBaHICTh (PO3YyMIHHS JIOJMHOI0) 1 y3araibHIOBaJIbHI
BJIACTHBOCTI 32 PaXyHOK BHUKJIFOUEHHS MaJIO3HAUYIIHX,
B3a€EMO3AICIKHUX | HA/UTHIIKOBUX O3HaK [18-24].

O1iHIOBaHHA MIpH PEJIEBAHTHOCTI JBOX MHOXHH
A,B 0O1HOTHITHMX BEKTOpIB, B TOMY YHMCII 1 peAyKOBa-
HHUX, MOKHA 3[IHCHUTH TpaJuIiHHIM HIJSIXOM, HAIPH-
KJaja, 3 BHKOpHCTaHHAM MeTpuk [1, 13]. 3actocyemo
JUIS IIbOTO BificTaHb Xaycaopda

X(A,B) = max{ ma'&( p(a,B), rglaé( pO,A} , (8)

ne p(a,B)= mln p@,b), p — merpuka mna BexTopis

(manpukian, Bictanb XeMiHra), Ta Bigcranb TaHIMOTO
(*Kakkapa), sika 03Ha4a€e BiJHOIICHHS YHUCIA CIICMCHTIB
CUMETPUYHOI pI3HMII Ta O00’€MHAHHS aHaJTi30BaHUX
MHOKUH

card (AAB)

TAB)= card (AUB)

©)

Pe3y.]1bTaTI/I MOJCJI0OBAHHA

Jlns mepeBipkH MPUKIATHOI BArOMOCTI TEOPETHU-
HUX BHKJIAJOK HaMH MpPOTrpaMHO 3MOJENbOBaHI JBi
CKIHYEHHI MHOKMHHM OiHapHUX BekTopiB i3 100 enemen-
TiB i3 KOMHOHeHTaMu y 32 Oitu. EnemeHTH MHOXUH
pi3HUIHCS (QIKCOBAaHUMHM HMOBIPHOCTSMH IIOSIBU OJH-
HUIb y Habopi i3 32 OitiB. Iy BU3HAYCHHS MMOIIOHOCTI
MK MHOXHHAMH BEKTOPIB 3acTOCOBaHO MeTpuku (8)
X Xaycmopda Ta (9) T TanimoTO, IIe Y SKOCTi BHYT-
PIIIHBOI METPUKHU MiX eJ1eMeHTaMHu (OiHapHUMHU BEKTO-
paMu) BUKOPHCTAHO BificTanb Xeminra [2].

JIis TBOX MacHBIB BEKTOPIB 3 HMOBIpHOCTSIMH TIO-
sBu 1: p;p=0,5 ta py =0,2 orpumaHO 3HAYCHHS MET-

puk X =12, T =0,85. fIk exBiBaleHTHICTh BEKTOPIB y
(9) 3acrocoBano moBHe ix cmiBmaaiHHig. HopmoBaHa
MeTpuka T JIJIsl HAaIloro MpUKJIAxy NpUAMae 3HAYCHHS
i3 Bigpisky [0,1], a MeTprka X — wini 3Ha4YEHHS i3 Bif-
pizky [0,32]. SIk Oaummo, 3a merpukoro TaHiMOTO 1
MHOXUHH CYTTEBO BiJPI3HSIOTHCS, a 32 METPUKOIO Xa-
ycaopda — pi3HATHCS NPUOIN3HO HAa TPETHHY Jiana3ony
3HAYEHb.

OOuucneHHs 3a BUpa3oM (2) 3HaueHb iHpopMaTu-
BHOCTI TIOKa3aJd, 0 UII 000X MHOXHH iH(QOpMAaTHB-
HICTh €JIEMEHTIB OMHUCY 3MIHIOETHCS MPHUOIM3HO Y OJI-
HAKOBHX Mexax: -11,..,3 ms mepmoi MHOXwMHH 1 -11,..,5

— st ipyroi (puc. 2).

MHoxumHa 1
[-10,-3,0,-1,0,1,0,0,0,1,-11,0,-1,1,0,0,
-8,0,1,-10,-10,-1,1,0,-1,-3,1,0,0,0, 3, -10, ,
0,002-1,-10,2,-10,2,1,-7,-9,1,1,-9,-2,2,-9, -1, -1,
-7,-1,0,-10,1,-9,0,1,-7,0,-1,-2,-3,0, 3, 1,
0,0,0,0,-10,-11,0,-11,0, 2,0, -10, -1, -9, -8
MHoXunHa 2
-3,-1,1,2,0,0,1,0,0,2,-2,1,1, 5,

,-1,13é, -1,0,0,1,0,4,0,2,-1,0,-2,0,0,0,0,
1,1,-1,-1,0,201,0,1,-2,0, 1,0,

0,1,1,2 103 1,1,
1,1,1,0,20,0,-7,-9, -7, -10, -10, -7, -10, -9, -9, -10, -6, -9,
11, -6, -10, -9, -10, -8, -9, -10, -10, -10, -10, -9, -10]

Puc. 2. 3nauenns inpopmatuBHOCTI (2)
UL eKCTIEPUMEHTABHIUX MHOKHH BEKTOPIB

3a oTpuMaHUMH OIliHKaMH Bifibpano mo 50 Haii-
OibII iHGOPMATHBHUX €JIEMEHTIB KOXKHOI 13 MHOYKHH 13
3arajpHOro iX uncna 100. Inst HUX OTpUMaHO Taki 3Ha-
yenHs MeTpuk: X =13, T =1.

BaunmMo, mo 3a pesyapTaTaMu peAyKiii MHOKHUH
(y 2 pa3su 3MEHIIYIOTHhCS OOYHCIIOBaJbHI BUTPATH)
3Ha4eHHA MeTpuku Xaycrmopda 30impmrmiocsk Big 12
JUIsL TIOBHOTO omucy 10 13 s peayKkoBaHOTO (TPOXH
3MeHIIMIack NoAiOHiCTh), a 3HayeHHs MeTpuku TaHi-
MoT0 3pocio Bix 0,85 mo 1 BigmosigHO.
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3po3ymisio, 0 3HAYEHHS OIIHOK HAMpsAMY 3aje-
KaTh B CKJIaay MHOXWH. [ iHIIMX eKCIepUMeHTa-
JBHUX BapiaHTIB BXIAHAX NaHWX, OTPHUMAaHUX 3MIIIy-
BaHHSIM BEKTOPIB i3 JBOX PO3TIAHYTHX MHOXHH, BicC-
TaHb TaHIMOTO 32 Pe3yIbTATOM PeAyKyBaHHS 301TTbIIN-
macst Bix 3HaueHHs 0,70 i moBHOro ommcy mo 1 mms
ckopodeHoro. Sk 6aunmo, B pe3ynbTarti peayKIii JaHux
BiZICTaHi MiX aHaJII30BaHUMHU ONHUCAMH 3POCTAIOTh, IO
3arajoM MO)Ke CHPUSTH MiJCHUICHHIO pe3yIbTaTHBHOCTI
Knacudikarii.

VY To#i ke yac MIBHAKOZiS 00poOIeHHs peayKoBa-
HUX MHOXHH Ma€ CYTT€BE MOKpaIlIeHHA. Y KOHTEKCTi
OOYHCIICHHS BifICTaHI MDX OMHCAaMH I METPUKH Xa-
ycnopda mBuaKoAis obuucieHs ckiana 5,04 mimicexy-
HIM U PeIyKOBaHNX MHOXKUH Y OPIBHSIHHI 3 26 MiJIi-
CeKyHIaMH JUIA IIOBHHUX, TOOTO MOKpAaIlMiIach y I’STh
pasziB! [ms merpuku TaHIMOTO OTpUMaHi pe3yibTaTH
BAMipy MmBHIKOAII cTaHOBIATH 0,294 MmimicekyHIu Ta
1,45 miniceKyHIH JUI PEAYKOBAHOIO i MOBHOTO OIHKCIB
BIiZIOBITHO.

Sk Oaummo, micas penyKyBaHHS MHOXKHH LIBHI-
KOJIist OOYMCIICHHS BiICTAHEH MiX OMKMCaMH 33 OTpPHMa-
HUMHU O3HaKaMH SIK JJIsl MeTpuku TaHiMOTO, Tak 1 s
MeTpukn Xaycmopda y m’ATe pasiB Oumblma, HiX MpH
OOYHCIICHHI BiICTaHEH y BHUMAAKY POOOTH i3 TIOBHUMH
OIHCAMH.

IIpoBenene nmpoOHE MOJETIOBaHHS LITKOBUTO TiJI-
TBEPJUKYE MPAKTHYHY MOXJIHMBICTH e()eKTHBHOTO BIPO-
Ba/DKEHHS METPHYHOTO KpHUTEpPif0 i1H(HOPMATHBHOCTI
3a]J1s1 3HAYUMOT'O CKOPOYEHHSI 00UHCITIOBATLHUX BUTPAT
Ha KJIACH(]IKAIlIO IS OMHUCIB SIK MHOKHUHH JIECKPHUIITO-

piB KT. O0’eM anHamizoBaHUX NaHUX Yy EKCIEPHUMEHTI
CKOpPOYCHO Y 2 pa3u, MBUAKOIS 0OpOOJICHHS MPH IHO-
My 3pOCTa€ y II’SITh pa3iB, a pPiBeHb BIIMIHHOCTEH MiX
OIIMCaMH 3MIHIOETBCS HE3HAYHO, i HaBiTh TPOXH 3POC-
Tae. Yci mi pakropu 3aranoMm CHpUSIOTH 3a0€e3NEUCHHIO
pe3ynpTaTUBHOI Kiacupikarii.

BucHoBku

MetpuuHi kpurepii iHGOPMATHBHOCTI JaHUX, IO
3aCTOCOBYIOTHCS Ha €Talli MOMEPEIHHOTO aHANI3Y, IpH-
HOCATH CYTTE€BUH BUTpall y IIBUAKOII1 00pOOIeHHS IpH
knacuikamii 300pa’keHp 32 MHOXXKHHOIO IECKPUITOPIB
KJIFOYOBUX TOYOK.

HaykoBa HOBHM3HA IOCHIPKEHHSI ITIOJISITAE y BBe-
JICHHI pe3yJbTaTHBHUX 3aC00IB CTHCHEHHS MHOXXHUHH
STAJIOHHUX JaHHX, II0 3HAYHUM UYUHOM IIPUCKOPIOE
Kiacudikanito 300pakeHb 3 BUKOPUCTAHHSIM CTPYKTYp-
HHUX METO/IB.

[MpuknagHa MiHHICTE POOOTH TONATAE y PO3pOO-
JICHHI TIPOTpaMHUX MOJENEH U CTUCHEHHSI MHOXHWHHU
O3HaK, KJIACU(iKaIlil 3 BUKOPHCTAHHIM 3aC00iB peayKy-
BaHH/, a TAKOX y EKCIIEPUMEHTAIILHOMY ITiITBEPKEHHI
PE3YNBTAaTUBHOCTI  BIPOBA/DKEHHS  MOAN(IKOBAHUX
OTIMCIB Y 3aa4i KiIacudikarii.

[TepcriekTHBH JIOCHI/PKEHHSI TOJISITAlOTh Yy 3aCTO-
CYBaHHI 3alpoOINOHOBAHWX INPHHIMIIB aHANI3y JaHUX
Oe3rocepeiHbO JI0 EKCIEePUMEHTATbHUX MHOXHH Jie-
CKPUNTOPIB, OTPHUMAaHMX [UI pEaTbHUX 300pakeHb.
BukopucTanHs MoJeNeli METPHYHOTO KPHUTEPIitO0 TypTO-
Boi 1H(OPMATHBHOCTI TEX MOTPEeOYE MONAIBIIOTO BHU-
BYCHHS.
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Penykuusi onucanusi H300pakeHUsl B COCTaBe MHOKECTBA JeCKPHIITOPOB
HAa OCHOBE METPUYECKOIr0 KpuTepusi HHPOPMATHBHOCTH

B. A. T'opoxosarckuii, H. B. Biacenko

AnHoTanus. [lpenqmer mcciaenoBaHUi CTaTbl — METOJBI KIacCH(MHUKAMHA H300pakKeHHH HAa MHOXKECTBE JECKPUITOPOB
KITIOUEBBIX TOUYEK B CHCTEMaX KOMITBIOTEPHOTO 3peHusL. Llenbio SBIIsIeTcs MOBBIIIEHHE TPOU3BOAUTEIHHOCTH CTPYKTYPHBIX METOIOB
KITacCH(MKAIMU ITyTeM BHEAPEHMS WHICKCHPYEMBIX X3II-CTPYKTYp HA MHOXKECTBE JECKPHIITOPOB 0a3bl STAIOHHBIX 00pa3oB H
COIVIACOBAHHOTO IIEMTHOTO COYETAaHMsI HECKOJIBKHMX JTAllOB aHANIW3a JAHHBIX B Ipolecce kiaccudukanuy. [IpuMeHsemMble METOBL:
nerextop u neckpunropbl BRISK, cpencra Xa1mmipoBaHus JaHHBIX, METO/IBI IOMCKA B OOJIBIIINX MAacCUBAX JAHHBIX, METPUUECKHUI
aInmapar OnpeeNIeHHs] PeleBaHTHOCTH BEKTOPOB, IPOrpaMMHOE MOAEIMpOBaHUe. [loydeHHble pe3ysbTaTsl: pa3paboTan 3¢ddex-
TUBHBIA METOJ| KJIacCH(pHUKAINH H300paKEHNIT Ha OCHOBE BHEAPEHHMSI CKOPOCTHOTO MOMCKA C HCIIOJIb30BAaHUEM MHACKCHPOBAHHBIX
X3MI-CTPYKTYP, YTO YCKOPSIET BBIUMCICHHS B JAECATKH Pa3; BHIUTPHII BO BPEMEHH BBIYHCICHNH YBEIMYMBACTCS TPH BO3PACTAHUH
YHCIIa 3TAJTOHOB M JECKPUNTOPOB B OIHCAHHAX; OCOOCHHOCTh KJIACCH(HUKATOPAa COCTOUT B TOM, UTO OCYIIECTBIISICTCS HE TOYHBIH
TIOHCK, & C y9eTOM JIOIYCTHMOTO OTKJIOHSHUSI JAHHBIX OT TAJIOHA; SKCIIEPUMEHTAIBHO TIPOBEPEHA Pe3yIbTaTHBHOCTD KIIaCCH(HKa-
MM, YTO YKa3bIBAaCT Ha PabOTOCIOCOOHOCTH M 3()(HEKTUBHOCTh MPEMLIOKEHHOTO MeToaa. [IpakTudeckass 3HAYMMOCTh PabOTHI —
MOCTPOSHUE MOJeNell KiaccH(pHKanuy B TpaHCHOPMHUPOBAHHOM IIPOCTPAHCTBE XdII-TPEJICTABICHUS ITaHHBIX, MOITBEpPIKICHUE
PpaboTOCTIOCOOHOCTH TNPEMTOKEHHBIX MOIU(PHKAIUKA KIIAaCCH(PHUKATOPOB Ha INpUMepax H300paKeHHH, pa3paboTka MPHKIAIHBIX
MPOTPaMMHBIX MOJEJIEH TSl BHEAPEHHS PETIOKEHHBIX METOJIOB KJIACCH(HUKAIMHK B CUCTEMaX KOMITBIOTEPHOTO 3pEHHSI.

KnouyeBble cl0Ba: KOMIBIOTEPHOE 3pPEHHE; CTPYKTYPHBIE METOABI KiIaccH(puKanum u300pakeHHil; JAECKPHIITOp
BRISK; xemmpoBanue ¢ yaeToM OJIM30CTH; XeII-KOP3UHA; OBICTPOEHCTBIE KIIaCCH(PHUKAIINIL.

The image description reduction in the set of descriptors on informativeness metric criteria base
Volodymyr Gorokhovatskyi, Nataliia Vlasenko

Annotation. The subject of the research is the methods of image classification on a set of key point descriptors in comput-
er vision systems. The goal is to improve the performance of structural classification methods by introducing indexed hash structures
on the set of the dataset reference images descriptors and a consistent chain combination of several stages of data analysis in the
classification process. Applied methods: BRISK detector and descriptors, data hashing tools, search methods in large data arrays,
metric models for the vector relevance estimation, software modeling. The obtained results: developed an effective method of image
classification based on the introduction of high-speed search using indexed hash structures, that speeds up the calculation dozens of
times; the gain in computing time increases with an increase of the number of reference images and descriptors in descriptions; the
peculiarity of the classifier is that not an exact search is performed, but taking into account the permissible deviation of data from the
reference; experimentally verified the effectiveness of the classification, which indicates the efficiency and effectiveness of the pro-
posed method. The practical significance of the work is the construction of classification models in the transformed space of the hash
data representation, the efficiency confirmation of the proposed classifiers modifications on image examples, development of applied
software models implementing the proposed classification methods in computer vision systems.

Keywords: computer vision; structural methods of image classification; BRISK descriptor; hashing based on proximity;
hash; classification performance.
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TH®OPMAIIMHA CUCTEMA AHAJII3Y TEOJAHUX
JJ1A BIACJIIAKOBYBAHHSA 3MIH POCJIMHHOCTI

AnoTtaunin. [IBuake 3pocTaHHS MOXKIIMBOCTEH reoiHPOpMAIifHUX TEXHOJIOTIH B 001acTi 0OpOOKH Ta aHAIII3y IPOCTOPO-
BHX JIAHWX TIPU3BEJIO JI0 ICTOTHOI'O 3pOCTaHHS POJIi Te0iH(pOPMALIfHIX CHCTEM B Pi3HUX OOJIACTSIX JIFOACHKOI MisUTBHOCTI.
3acTocyBaHHS HOBHX ITiAXOIIB 10 00OpOOKH IPOocTOpoBoi iH(opMamii 3 CymyTHUKIB It OUTBII epeKTUBHOI Ta OIepaTHBHOL
OLIIHKH CTaHy POCIMHHUX MOKPUBIB OOYMOBIIEHO 3pOCTAI0YOI0 TEHCHIIIEI0 JOCTYITHOCTI IO JaHUX JWCTAHIIHHOTO 30H/IY-
BaHHS 3eMiIi. Y CTaTTi 3amponoHOBaHO iH(OpPMAIiifHY cHcTeMY, sIKa JO3BOJISIE IIBUIKO Ta 3pyYHO BIACIIAKYBATH 3MiHH pO-
CIIMHHOTO CBITY. AHaJli3 BUKOHYBaBCs Ha pHKiIan YopHoOminbcekoi 30HM 3a nepion 2000-2020 pokis. YopHOOHMIbChKA Ka-
TacTpoda criBIaa 3 MepiooM iHTEHCUBHOT'O BETeTAIlIIfHOr0 PO3BUTKY POCIUH. Y el Iepiosl BOHU € HAHOUTBII Ty TIINBUMHA
1o pamiamii. Byno BcranoBieHo, 1m0 HaifyacTimre /1 BU3HaYeHHS KUTbKICHOTO CTaHy OioMacH 3acTocoByeThest iHIekc NDVI
y pi3Hi YacoBi iHTepBanH. AJle JaHWH iHIEKC cTae He epEeKTHBHUM B ITEpioAn IOCiabiIeHHsT aKTUBHOI (a3u Bereramii. Y
3B’SI3KY 3 IJM ITPE/ICTABISIETHCS IPAKTHYHMH 1HTEpec IS OLIHKH MOMKJIMBOCTI 3aCTOCYBaHHS MeTonoM K-cepenHix s aHa-
T3y KOCMIYHMX 3HIMKIB POCIIMHHOT'O TIOKPHBY Ha pi3HHX (ha3ax Bererarii. B pe3yaspraTi 10CiiKeHHSI KOPEKTHO iHTEpIpe-
TOBaHO BOJIHY IIOBEPXHIO, 3eMJIi 3 POCIMHHUM ITIOKPUBOM 1 6€3 HbOr'0, 3aBASKH YOMY BH3HAUECHO 3eMJI 3 PO3PiIXKEHOI0 poc-
JIMHHICTIO Ta IIUTBHAM POCIIMHHAM HOKPUBOM. [100y10BaHO KapTH POCIMHHOIO ITOKPUBY 32 HOPMaJIi30BaHMM BeTeTalli HHIM
iHIeKcoM 3a MeTofoM K-cepeHix, 3a SKMM MOXKHA YiTKO ITPOCIIIKyBaTH JUHAMIKY 3MiHH POCIMHHOCTI IpOTSroM 20 pokis.
TouHicTh pe3ynbratiB Oyna nepeBipeHa meronoM baiieca. 3rigHo NpoBeeHNX PO3paxyHKiB BU3HAYEHO, 110 HE3BAXKAFOUH Ha
BCI IPUPOJIHI KaTakiIi3MH (MiABUIEHHS TeMIIEpaTypH, 3acyxa, 3MMOBI aHOMaJii OmaiB Ta Temneparyp, Oypesii, JlicoBi mo-
MKEXKI), @ TAKOXK JIFOJICBKY JIsITbHICTD (CaHITapHI pyOKH, HECAaHKI[IOHOBaHA BUPYOKa JiepeB), POCIMHHICTh B HOpHOOMIBbCHKIN
30HI IPOJIOBXKYE POCTH 1 TXHi IJIOII 3pOCTATUMYTh, X0Ua i HE TaK MBUAKO.

KawuoBi cioBa: nucraHuiiine 30HIyBaHHS 3eMli; aTMOcepHa KOpeKIis KocMIYHHX 3HIMKIB; Quantum GIS; Hopmati-

30BaHUI AU(epeHIiHHni iHeKC pOCIUHHOCTI; anroputM K-Means; pociiHHICTb.

Beryn

B cyuacHomy indopmaiiiiHoMy HpocTopi 0co0-
JIMBE MicIe ociatoTh reoinpopmariiini cucremu (I'IC),
SIKi € YHIKQJIbHUM THCTPYMEHTOM JUIsSl CTBOPEHHSI, YIIPaB-
JIHHS YM aHaji3y TeONpOCTOPOBHX JAaHHX B 0OaraTbox
cdepax IOACHKOI AisUibHOCTI. [eoindopmariiii cuc-
TEMH € IHTErPAIli€l0 EIEeKTPOHHOTO MPOCTOPOBO-OPIEH-
TOBaHOTO 300pa)keHHs (IUIaHH, CXeMH, KapTH) Ta 0a3u
JaHUX B €IUHOMY iH(opMmariiiHoMy cepemoBumt [1, 2-
5]. Bouu € onTUMaibHOIO IaT(OPMOFO TSt pO3POOKH Ta
NPUIHATTS CUCTEMHHUX pillleHb B cepi eKosIorii, B TOMy
YHCII 1 JUTS OLIHKK Ta aHaji3y CTaHy POCIUHHOCTI, IO
3a3HajM HETaTHBHOTO AHTPOIIOI€HHOI'O Ta IMPHPOIHOTO
BIDIHBY. OHI€IO 3 HAWOUIBIINX 3aTPO3, IO CITITKAIHA Y K-
painy, crana aBapis Ha YOpHOOMIBCHKI aTOMHIH €JIeKT-
pocrantii (HAEC) i3 3arpo3or0 Haa3BHYaWHO TSHKKHX
HACITIJKIB, SIKi MA Ma€eMO III€ BiJCTiIKOBYBATH MPOTITOM
TPHUBAJIOTO Yacy. Y 3B’S3Ky 3 IIFM, aHaJi3 eKOIOTIdYHUX
HACIIAKIB T0OIM3y YopHOOMIS Mae BaKJIMBE HAYKOBE
3HA4YCHHS He JIMIIe [UIS YKpaiHu, ane i BChbOTO CBITY, 1,
0co0JIMBO, CYCITHIX IEpKaB, AKi TEX € MOCTPaXKTATHMU.

YopHoOMIIBECHKa KaTacTpoda cIiiBana 3 mepiogom
IHTEHCUBHOTO BETETAIIHHOTO PO3BUTKY POCIWH. Y meit
Tepiofl BOHU € HAWOLNBII YyTIMBUMH A0 pamiamii. Y
1986-1988 pp. B 30- kijomeTpoBiii 30Hi HaBKoI0 YopHO-
ounscpkoi AEC BusBieHO 6araTto (pakTiB pamiariiiHoro
TIOIKO/PKEHHS pociuH. [lichs aBapii MOMIKOIKEH] eKo-
CHCTEMH BiJHOBIIIOBAIUCS NECATHIITTAMH. TakuMm 4u-
HOM, BiOyBalOCh «3aCEJICHHD POCIMHHUX YIPYIIOBAaHb
B KOJIMIIHI MicTa Ta cena, a TaKoX Ha TepUTOpii ciib-

ChKOTOCIIOJaPChKHX yrifib. YopHOOMIbChKA aBapis Ho-
Kazaia, 10 BEJIMKOMACIITA0HI BUKUIU PATiOHYKIIIIB B
HABKOJIMIIIHE CEPEOBHUILE MOXKYTh MaTH CEpHO3HI Hac-
JAKK Jyis O10TH, BKITIOYAIOYH ITOPYILIECHHS B €KOCHCTEMI.

Haii6inbIoro 3a0pyHeHHs pa/iloaKTUBHUMH PEY0-
BUHAMH 3a3HAJIM CaMe MPUPO/IHI EKOCUCTEMH, & OCOOIHBO
Jricy, sIKi HaWBaXkue MiAIaloThes cTabimizamii paiamniitHol
CHTYyallil 1 TTOTEHILIIHO CHPUSIIOTh PO3IOBCIODKEHHIO pa-
JioHykiiaiB. Hacmiikom naHoi TeHIEHIIIT € BACUXaHHSI 3e-
JICHUX HAacaJDKEHb HA TEPUTOPISIX B THCAYl FeKTapiB uepe3
BIUTUB IIKiJJHUKIB, TIOXKEXK1, XBOPOOH, 3MIHHU TiIPOJIOriy-
HOro pexumy. He MeHII pyiHIBHIME Ta 3aTPO3JTUBUMH €
HE3aKOHHI Ta CaMOBUIbHI BUPYOKH. 3MiHA KJIIMaTy, He-
J0ale CTaBIICHHS 1 BIICYTHICTh CHCTEMH OXOpPOHH TIPH3-
BEITH 10 BUHUKHEHHSI HEKOHTPOJILOBAHHX Ta KaTtacTpodi-
YHUX MTOXKEK [6]. 3a ocTaHHE necsTHpivds BiaMidaImcs iH-
TEHCHBHI MPOIIECH 3apOCTaHHS (3aTICHEHH:) JIyK Ta Tiepe-
soriB YopHOOMIECHKOI 30HU BiMIy:KEHHS JEPEBHOIO POC-
muaHICTIO. [IpoTe B kBiTHI 2020 poKy OyI0 3HHUIIEHO I10-
Hax 100 ra micy. [loxkexa 3HMIIMIA POCIMHHICTD, KA B
YopHOOMIBCHKIiT 30HI BUKOHYE BaXITHBY Oap'epHY QyHK-
I1i10, 3aM00Irar0uM epo3ii IPyHTIB.

BuxopucTaHHs CYITyTHUKOBUX CIIOCTEPEKEHb € OJ-
HUM 3 €()eKTHBHHX METOJIB BHUBYEHHS TpaHCGOpMaIlii
pocnuHHOCTI. 3HAYeHHS IHAEKCIB POCIMHHOCTI TiCHO
OB’ s13aHe 3 00CATOM 3eJIeHOI 0i0MacH i CIyXKHUTh OCHO-
BOFO JUTSI OLIIHKY CE30HHO] i 0araTopigHOI THHAMIKH POC-
nuH. TakuM YMHOM, aHalli3 YaCOBHUX PAIIB IPOCTOPOBUX
300pakeHb CTaB OCHOBOIO JJISI CTBOPEHHS iH(OpMaIiii-
HOI CHICTEMH aHali3y T'eOJaHuX IS BiJICIiTKOBYBAHHS
3MiH pOCITUHHOCTI B YOpHOOMIBCHKIN 30Hi.
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AHaJi3 ocTAHHIX A0CTi/ZKeHb | myOikamii. Ana-
J3yI04M HAyKOBO-TEXHIYHI Ta iHIII JKepena iHpopmarii
CTOCOBHO JIOCII/DKEHHS CTaHy JIICOBUX HAca/PKeHb Ha
OCHOBI BUKOpHCTaHHs KapTorpadii, reoindopmamniitanx
CHCTEM, IWCTaHIiiHOro 3oHmyBaHHs 3emumi ([133) ta
KOMIT FOTEpHHX 3ac00iB, BapTO BiI3HAYUTH JIEKIIbKA Me-
TOJIB KJacu(iKallii KOCMiYHUX 3HIMKIB: AeMn(ppyBaHHS
(Bi3yasibHa XapaKTEpUCTHKA) Ta aBTOMAaTH4Ha Kiacui-
Kamis (KOHTpOJbOBaHAa Ta HEKepoBaHa KiacuQikarii).
Haii6inpi nepcriekTHBHUM € HaripsiMok bapranesa O.M.
[7], poboTH sikoro MpUCBsUEHI PO3POOII METOIIB OIliHKH
CTaHy i JMHAMIIII JIiCIB Ha OCHOBI JaHUX KOCMIYHHX CITO-
crepeskeHb. Oco0NMBa yBara NMpHIiiecHa METOAaM KOHT-
POIIO CTaHy TOBKIJUIS 33 TOIOMOT'OI0 CUCTEM JAWCTaHIII K-
HOT'O 30H/yBaHHs, METOJaM PO3IMi3HaBaHHS Ta 0OpoOII
300pa)keHb, MaTEMAaTHYHOI'O MOJIEIIOBAaHHS, aHaJi3y ya-
COBHX Cepiil JaHUX, MaTEMAaTHUYHIH CTATUCTHII, TOiH(O-
PMATHII, CHCTEMHOT0 Ta MPHKJIAJHOTO MPOrpaMyBaHHS.
IIpocTopoBO-4aCcOBI METOIU TOCTIIXKEHB JIICOBUX MaCH-
BiB Ha OCHOBI KopemsiiiiHoro cuntesy /133 BimoOpa-
seHo B poboti TpucHioka B.M. ta Tpucuioka T.B. [8].
Bucoki nocsruenns 3actocyBanss ['IC TexHomorii Bif-
MideHi B rajysi CiJIbcbKOro rocmnojapcrsa. [IporHosy-
BaHHS BpPOXaWHOCTI, MPOBEJCHHS MOHITOPUHTY IOJIB
JUISl BU3HAYEHHS 3arp0O3 CTaJIO JIOCTYITHUM 3aBJSIKH BH-
KOPUCTAHHIO CYIIYTHHKOBUX HJaHUX. ﬂaT‘{I/IKI/I BUIAKOTh
300pa)KeHHsI B PI3HUX CHEKTpPax, 110 A€ MOXKITUBICTh 3a-
CTOCYBaHHSI YHCEIBbHUX CHEKTPaJIbHUX IHAEKCIB, TaKHUX
SK HOpMaJli3oBaHuil qudepeHniioBaHUi BereTarliifHuii
ingexkc (NDVI), inmexc BMicTy xiopodiny B MOKpHBaxX
(CCCI), 1o Bperysap0Bye BHECECHHS IOKMBHUX PEUOBHH,
Hopmaiizosaunii inmekc Red Edge (NDRE) Busnauae
BMICT a30Ty, MOAN(IKOBAaHUH TIPYHTOBO-KEpOBaHHIi Be-
rerauiiauii iHgeke (NSAVI) 3actocoByeTsbest uist MiHi-
Mi3alii BIUIMBY IPYHTOBOro ()OHY Ha paHHiX (azax pos-
BuTKy pociud [9]. Cepen cydacHUX TOCTiIKEHb BapTO
Bigmitutu podotu [lomopuesoi O. €. 3 MoJeIIOBaHHS
pO3TalllyBaHHS €KOJIOTTYHO HeOe3meuHUX 00’ €KTIB 3a J10-
momororo I'IC [10], Kocrrouenko 0.B., siki B cBoix mpa-
IPIX 3a3Ha4yaloTh BHCOKI IEPCHEKTHBU BUKOPHCTaHHS
I'C-texHonoriii B BUBYEHHI HaBKOJHIIHBOI'O CEPEIO-
Buma [11], Bypurruacskoi X., Jonuuceskoi 1. [12], Ko-
xan C.C. [13-14] Ta 3apy6ixuux Buchux Grégoire J-M.,
Pinnock S [15], Jones P.D., Moberg A [16], C. Donald
Ahrens [17] ta iHmux.

B mpormeci poGoTH Hang CHCTEMOIO BiJICITIIKOBY-
BaHHS 3MiH POCIMHHOCTI Oyl0 HOCIIIHKEHO PSII
KOMIT FOTEpHHUX IU1aTdopM JUIs aHallizy Ta Bi3yamizarii
MIPUPOTHUX 3MiH.

Be6-momatok  GIOVANNI, pospobmennii GES
DISC, 3abe3medye npocTuii Ta iHTYiTUBHUH cIIOCiO Bi3y-
amizamii, aHami3y Ta JOCTYIY 10 BEIWYE3HOI KUIBKOCTI
JMAHUX TUCTAHIIIIHOrO 30HAYBaHHA 3emii 6e3 HeoOXina-
HOCTi 3aBaHTaXeHHA NaHWX. CHCTeMa I03BOIISE OTPH-
MaTH JOCTYII IO JaHUX 3 JACKITBKOX BiIaJICHUX CAWTiB,
MATPUMYE KiTbKa GopMaTiB JaHWX, BKIIOUAIOYH i€pap-
xiuHM# QopMmar.

Bueni 3 YriBepcutery Komopamo B CIHIA 3amyc-
THITH TIpoeKT «3eMHuii apxiB» (The Earth Archive). Moro
MeTOI0 € crpoba omuppyBaHHS JaHAMAPTy 3emii 3
BUKOPHCTAHHSM «JIa3epHHUX KapT», OTPUMAHHX 32 JOIO-
MOTOIO JIi/1apiB.

AHai3 cCydacHUX CHCTEM JJISl BIJICTE)KEHHSI 3MiH B
I00ANBHIA EKOCUCTEMI TIHAIIOB BUCHOBKY, 110 BCi BOHU
JIAFOTh HEJAOCTATHIO KUTBKICTh iH(OpMaIii o/10 aHai3y
Ta Bizyasizalii JaHUX PO POCIUHHICTE. bijpmIicTs 3 HUX
Ma€ psJ] HeIOMKiB:

- moBHa abo oOMexeHa (pyHKIIOHAIBHICTD IS
aHaJIi3y Ta Bi3yaslizallii MiCIIeBUX JaHHX;

- HE3BWKAIOYM HAa HASABHICTH IHCTPYKIIN IIOJO
BUKOPHCTAHHS X IHCTPYMEHTIB, iCHYE BUCOKHH MOpIr
BXOJy JIUIsl BUKOPHCTaHHS TIPOrPaMy, 1110 3HAYHO CKOPO-
Yy€e KiJIbKICTh KOPUCTYBaYiB;

- 00MeXeHI MOXJIMBOCTI Oa4eHHsI MiKpOKITIMaTH-
YHHX TTOKa3HHKIB.

TakuM 4MHOM, aKTyaJIbHICTh POOOTH TONISATAE Y Bi-
JICYTHOCTI BEJIMKOI KUJTBKOCTI aHAJIOTIB, SIKi MOXYTb OyTH
BUKOPHCTaHI JUIsi OTPUMAaHHS JOCTaTHBOI iH(popMaryi
PO MOTOYHMH Ta TIONEPEAHIN CTaH JICOBUX HacaJKEHb
1 TIPOBENICHHS MTOPIBHUILHOTO aHAJI3y BiMOBITHHUX I10-
Ka3HUKIB 3 METOI0 MPOrHO3yBaHHS MO/IANIBIIOTO CTaHY.

Meroto nocnipkeHHsT € po3pobOka iHdopmariiiHol
CHCTEMH aHaJli3y reolaHuX JUIS BiJICNIKOBYBaHHS 3MIH
pociuHHOCTI YOpHOOMIIBCHKOI 30HU 13 3aCTOCYBaHHSIM
HOPMaJIi30BaHOTO BEreTaIlifHOTrO 1HAEKCY POCIMHHOCTI
(NDVI) ta merony kinacrepusanii K-cepennix.

Pe3yabTaTu 1ocaimkeHHs

CrpiMKuii po3BUTOK CydacHUX 3aco0iB /133 3HaYHO
PO3IIMPUB MOXKITMBOCTI OTPUMAHHS JIAaHHUX JUIS aHATi3y
3MiH pocnuHHOCTI Ha 3emii. IlepemoBi TexHosoril 10-
3BOJISIIOTh €)EKTHBHO BUPILIYBAaTH 3aBJaHHSI, I1OB’s3aHi
3 OTPUMAaHHSM SIKICHO HOBOI iH(}opMmaliii, sika HeoOXiTHa
JUISl CTaJIOro YMpaBJIiHHS NPUPOJHOI0 POCIMHHICTIO Ta
OXOPOHOIO PHPOAH.

Juis BUpILLIEHHS MTOCTABICHUX 3aBIaHb Y JOCIi-
skeHH1 YopHOOMIIbChKOT 30HH OYyIia 310paHa cepist 3HIMKIB
cymyTHHKOBOI mporpamu Landsat 5 ta 8 mocimimkyBaroi
tepuropii 3a 2000-2020 poku. Jlns 3aBaHTaXeHHs KOC-
MIYHHUX 3HIMKIB 00paHO BiJKPUTHI EIEKTPOHHHI pecypc
http://earthexplorer.usgs.gov/. Crermdikamis mis Bu-
Oopy 3HIMKIB HaBeneHa B Tab. 1.

Tabruys 1 — Cnenudikanisi 1151 BUGopy 3HIMKIB

Kpurepiii Heo0xigni nani

M. YopuoOuisb (51°1624" .

Koopuwari ., 30°1320” ¢. 1)

01.07.2000-08.31.2020

aTta 3HOMKHU
A (MUnIeHb-CEePIICHB )

Bincorok xmapHocTi He Ginpue 10 %

3 MPOBEIEHOI0 T€OMETPHUYHOIO

PiBenb 00poOKu .
KOPEKII €10

GeoTiff

dopmMaT OTpIMaHUX JTaHUX

Crig 3ayBaXXWTH, IO Tl Yac MPOBENICHHS aHali3y
3a JOTMOMOTOI0 CYNYTHHKOBHX 300pa)K€Hb XMapHICTh
Oymma MiHIMaJIbHOIO. YCi CIeHH, 3amlFCaHi A aHaNi3y,
XapaKTepU3YIOTh CTaH POCIUHHOCTI B JIMITHI-CEPITHI KO-
JKHOTO JIOCINI/KYBAHOTO POKY, OCKIJIBKH came B JITHIH
TIepioJ POCIMHHICTh 3HAXOAUTRCS y (a3i Beretamii. s
JIOCITi JKSHHST BUKOPHCTOBYIOTHCS 300pakeHHS 13 cepell-
HBOIO TIPOCTOPOBOIO PO3ILITEHOIO 3/IATHICTIO, aJie TUIoMIa
CIIEHH 3HaYHO OUIbIIIA, Hi’K JOCII/DKYBaHa 0071aCTh, TOMY
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BCi JIoCITiKEeHI 300pakeHHsT OYIyTh «IIPHCTOCOBAHI» /10
noTpiOHOT 00JacTi 3 BiANOBIAHUM TeorpadiuHuM ITOCH-
JIAHHAM JUIS TOAaibIIol poOoTH. TakoX NMpOBOIUTHCS
CHHTE3allis KaHaJiB st (OpPMYBaHHS BiIIIOBiTHOTO
MYJBTHCIIEKTPAILHOTO 300pakeHHs, paJioMeTpuIHa Ta
aTMoc(epHa KopeKis 3HIMKIB B mporpami QGIS 3.

JIJis OIIHKYU KUTBKOCTI POCIMHHOCTI Ha OCHOBI 0a-
raTOCMIEKTPATbHUX KOCMIYHUX 3HIMKIB BHKOPHCTOBY-
10ThCs pi3Hi iHAekcn pocnuHHOCTI: NDVI (Hopmaiizosa-
HUH qudepeHninani iHnexe pocauaHocti), WDVI (3Ba-
KeHui audepeHnianbHuid ingexc Bereranii), PVI (Bep-
TUKaNBHUH iHAekc Bereranii) [18]. B namomy noci-
JDKEHHI MU BHKOPHCTOBYEMO HOpPMaJli30BaHWI 1HIEKC
NDVI, skuil xapakrepusye rycToTy pOCIMHHOIO TOK-
puBy. NDVI — HopmManizoBanuii qudepeHuiiHui mokas-
HUK BereTamii — KUIbKICHUI MMOKa3HUK (OTOCUHTETHY-
HHUX BJIACTHBOCTEH aKTUBHOI OioMacH, IO 3aCTOCOBY-
€THCS IS BUPIIIEHHS 33124l KUTbKICHOT OLIHKH POCIIHH-
HOCTI, TOKa3HUKIB 010JIOTYHOI MPOIYKTUBHOCTI CiJIbCh-
KOTOCIOAAPCHKUX KYJIBTYP Ta KOPMOBUX YTiJlb.

Ob6uucoetbess NDVI 3a hopmynoro

NDVI — NIR -RED ’ )
NIR + RED
ne NIR — ammutiTyna BigOUTTS B OFDKHIH 1HQpauepBOHii
obunacrti cnektpa, RED — ammiiTyna BitOUTTS B UepBOHiii
00J1acTi criekTpa.

3aBAsKM BUKOPHCTaHHIO IpU po3paxyHkax NDVI
HOPMaJIi30BaHOiI Pi3HUII Mi’K MiHIMYMOM 1 MAaKCHMyMOM
BiZIOUTTS 320€311eUyeThCsl 3HMKEHHS Pi3HUX (POPM MYJIb-
TUIUTIKATUBHOTO MyMYy (pIi3HUI B OCBITJICHHI 3HIMKA,
XMapHOCTI, CepIiaHKy, MOrJMHaHHS panianii armocde-
POI0), HasIBHOTO y CHEKTPAJIbHUX KaHAJIaX Pi3HOYACOBHX
3HIMKIB. Y MPOBEJCHOMY JOCIIKEHHI BPaXOBaHO 0CO0-
muBicte NDVI, 10B’s13aHy 3 HOMIpHOIO YYTIHBICTIO JIO
3MiHU IPYHTOBOro (hOHY (32 BUHSATKOM BHIMAJKIB, KOJIH
I'YCTOTA POCIUHHOTO MOKPHUTTS Oyia Hik4oro 3a 30 %).

Pospaxynok NDVI 6a3yerbcsi Ha TBOX HalOUIbII
CTablIbHUX 00JacTsIX (HE3aJIeKHO BiJ IHIINX (HAKTOPIB)
CHEKTPajJbHOI KPHUBOI BIIOWTTS CyIAMHHHX POCIIHH.
NDVI moxHa 004nciuTy i3 300paxeHb BUCOKOI, cepel-
HBOI 200 HHU3BKOI PO3AUIHLHOI 3IATHOCTI 31 CIIEKTpallb-
HUMH KaHaJlaMH B YepBoHOMY aiana3oHi (0,55-0,75 mxm)
Ta iH}ppayepBorum (0,75-1,0 Mxm).

BianosigHo no ¢popmynu (1.1), mineHicTe POCTUH-
Hocti (NDVI) y neBHuit MOMeHT 300pa)keHHS JOPiBHIOE
PI3HHII MiK IHTEHCHBHICTIO BiTOMTOr0 CBIiTIA B iH(]pa-
YEepBOHIH Ta YepBOHiI 30HaX, MOAIJICHOIO HA CYMY iX iH-
TEHCHBHOCTI. MaKkcUMabHe OTTHHAHHS COHSYHOI pajii-
atii x7opohiioM BUIIMX CYTUHHUX POCIHH 3HAXOAUTHCS
B 4epBoHiii 30Hi cnektpy (0,6-0,7 MxM), a o0s1acTh Mak-
CHMAJIBHOTO BIIOWUTTSI CTPYKTYp KIIITHH 3HaXOJHUTHCS B
iH(ppayepBoHiii 30Hi (0,7-1,0 MKM).

VY naniit poOOTi BUKOPHCTOBYIOTHCS 3HIMKHU CYITyT-
HukiB Landsat 5 3 mapamerpamu KaHaJiB:

3 (uepBonwmii, 0.63 — 0.69 MKxMm),

4 (6mwxkHiii iHdpauepBonnid, 0,76-0,90 MxM)
ta Landsat 8 3 mapamerpamu KaHasiB

4 (uepBonuit, 0.64 — 0.67 MKMm),

5 (onmwxHil iHGpadepronwuid, 0,85-0,88 Mxm).

ITig wac pobOTH TOMATKY OOYHMCITIOETHCS 3HAUCHHS
SICKPaBOCTI KOYKHOTO MiKCeJlsl BXIIHMX 300pakeHb y BHU-
JMMOMY YEPBOHOMY Ta OJIKHBOMY iH(pauepBOHOMY
KaHaJIax IUIIXOM KOMOiHaIlii 3HaYeHb YepPBOHOTO, 3eJIe-
HOT'O Ta CHHBOTO KOJIbOPY.

Ha puc. 1 300paxeHo oauH 1 Toi camuii parMeHT
JIISTHKY TTOBEPXHI B pi3Hi poku (2000, 2010, 2020). Ha-
TypaJIbHUM KOJHOPOBUII KOMIIO3UT BUKOPHCTOBYE CMY-
TOBY KOMOIHAIIi}0 YePBOHOTO, 3€JICHOT0 Ta CHHLOTO. BiH
BiITBOPIOETHCS OJIN3BKO 10 TOTO, 0 OAYHTH HAIIIE JIFOI-
CbKe OKO. Y TO¥1 4ac 5K 3/J0poBa POCIMHHICTB 3€JeHa, He-
3710poBa— KOpH4YHEeBa. MichbKi 00’€KTH BHIIIAIAIOTH Oi-
JIMMU Ta CIpHMH, a BOJIa — TEMHO-CHHBOIO 200 YOPHOIO.

Ha puc. 2 300paxkeHi 3HIMKU B 1H(pauepBOHOMY
criektpi. Lls KoMOiHallisi CMYT TaKOXXK HA3WBAETHCS KOM-
MO3UTOM OJMKHBOTO iH(pauepBoHOro. Bin BUKOpHCTO-
Bye OmmkHIKM iH(ppauyepBoHuit Ta 3eneHud. OCKiIbKH
xJyiopodin  BigoOpaxxaeTbesi MoONM3y iH(pavepBOHOTO
CBITJIa, TO LIl CMYTOBa KOMIIO3MIliSI KOpPHUCHA JUIsS aHa-
T3y POCIMHHOCTI. 30KpeMa, YepPBOHI AUISHKA MalOTh
Kpaluii ctad pocinHHOCTI. TeMHi TUIHKY — BoJia, a Mi-
ChbKI1 — OlIi.

UYepes 0coOIMBOCTI BiIOOpaskeHHs B Pi3HUX o0ac-
TSX YEPBOHOTO Ta iH(PPAYEPBOHOTO CIIEKTPIB MPUPOIHI
00’€KTH, HEe TIOB’3aHi 3 POCIMHHICTIO, MAIOTh MOCTiliHE
sgaueHdss NDVI. V ta6n. 2 gaBenena mkaina NDVI, B
SIKIHM 3a3HAYacThCS, 110 KoKHE 3HaueHHss NDVI Biamosi-
Jla€ pi3HUM 00’ €KTaM Ha 3eMJIL.

Puc. 1. 3HiMKH B «HATypaIbHUX» Kolbopax YopHoOuinbcbkoi 30uu 3a 2000, 2010 Ta 2020 poku BiAMOBiAHO
(Fig. 1. Images in the natural colors of the Chornobyl zone for 2000, 2010 and 2020 respectively
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Puc. 2. 3nivMku B indpayeponomy crexrpi HopHOOMIbChKOI 300U 32 2000, 2010 Ta 2020 poku BiANOBIAHO
(Fig. 2. Images in the infrared spectrum of the Chornobyl zone for 2000, 2010 and 2020 respectively)
Tabnuys 2 — Hlkana NDVI

Ton 06’ excra Biuﬁnrm's yepBoHiii | Binourrsa B i'Hq)paqepBOHiii 3navennss NDVI
od1acTi cnekTpa o61acTi cnekTpa

['ycra pocnuHHICTR 0.1 0.5 0.7
Po3pimKeHa pocIUHHICTD 0.1 0.3 0.5
Binkputuii rpyHT 0.25 0.3 0.025
XmMapu 0.25 0.25 0

Cuir 1 g 0.375 0.35 —-0.05

Boma 0.02 0.01 —0.25
Tyyni marepianu (6eToH, acdaybT) 0.3 0.1 -0.5

3a IUMH 3HAYCHHSMH OOYHCIIOETHCS 3HAUYCHHS
NDVI mns koxHOTO mikcens B Mexax Bij -1 go 1, puc. 3:

+ -1.0-0 — Bigmepni pocnuHH, 00’€KTI HEKHUBOL
HPHUPOAH, BOAA,;

* 0-0.16 — BimkpuTH# IPYHT;

* 0.17-0.40 — TpaB’siHa POCIMHHICTb;

* 0.41-0.60 — po3pimxeHa pocIHHHICTS;

* 0.61-0.70 — rycra pocnuHHICTb;

* 0.71-1.0 — myxe rycra pocIMHHICTb.

0.1 0.2 03 04 05 06

0.7 08

0.9

Puc. 3. luckpernsoana mxana NDVI
(Fig. 3. Discretized scale NDVI)

No Vegetation

1.0

[TpoGnema BinoOpaXkeHHs TaHUX PO3B’si3aHa Yepes
HaJlaHHS KO)KHOMY BiJIIIOBITHOMY IMIKCEJIIO BXiJTHOTO 30-
Opa)keHHs Bi/IMOBIAHOIO KOJIBOPY, OTPUMAHOIO 3aBISKH
koHBeprauii 3HayenHss NDVI nmanoro mikcens. OmiHro-
toun moBepxHto NDVI 3a 2020 pik, BcTaHOBIIEHO, 1110 Ya-
CTKa JyXe I'yCTOi POCIIMHHOCTI HabaraTo Ouiblla, Hixk 3a
MoTepeHi POKH, BIAKPUTOro IPYHTY Maibke Hemae. Ha
OCHOBI aHaJi3y IaHUX HOPMAaJIi30BAaHOT'O BEreTaIliHOr0
IH/IEKCY 3a JJOCIIIKeHHH repio]] To0yJ0BaHO KapTH 3MiH
HIIJIBHOCTI pocIuMHHOrO TMokpuBy 3a 2000, 2010, 2020
POKH.

Pe3yaprati MOZENMIOBAaHHS, WO MPHBEACHI Ha
puc. 4, HAOYHO BKa3ylOTh Ha 3MiHH, sIKI BiIOyJHCS Ha
BIJIIOBIIHUX OiISHKAX.

|| I No Vegetation I No Vegetation
Bare Area Bare Area Bare Area
[ Low Vegetation I Low Vegetation 0 Low Vegetation
Bl Moderate Vegetation I Moderate Vegetation Il Moderate Vegetation
Il High Vegetation I High Vegetation Il High Vegetation

Puc. 4. Knacudikaris 3HiMKiB YopHOOMIBECHKOT 30HM BiT4y)KEHHS 3a po3paxoBaHUMH iHIekcamu Beretaii 3a 2000, 2010 ta
2020 poku BigmosiaHo (Fig. 4. Classification of images of the Chornobyl zone according to the calculated vegetation index ac-
cording to 2000, 2010 and 2020 respectively)
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J11st BU3HaYEeHHsI KUTbKICHUX KOJIMBAaHb Y Yaci Tepu-
TOpIiH, Ha SIKMX 3MIHIOETHCSI IIUTBHICTD POCIIMHHOTO TOK-
PHBY, TIOPaxOBaHO KiJbKICTh MIKCEMIB I KOKHOT'O 3 PO-
3paxoBaHUX 3HaueHb NokazHuka NDVI. 3a pesynbra-
Tamu K1acudikarii Ha puc. 5 nmpencTaBiIeHo aiarpamy Ki-
JIBKICHOT'O TIOPiBHSIHHS POCIMHHOCTI.

BukopucranHs MeTony iHOEKCY POCIMHHOCTI Ja€e
3MOT'Yy Ha MiJICTaBi 3MIHEHOT'O CIIEKTPaILHOrO 00pa3y
01 e(heKTUBHO iHTEpHpETYBaTH 00’ €KTH MOBEPXHI B
YopHOOMIIBECHKIH 30Hi.

SIKiCTh POCIMHHOTO MOKPUBY 32 0AaraToCIeKTpatb-
HUMHU KOCMIYHHMH 300pa)K€HHSIMH OLIHIOETHCS 38 BMic-
TOM BaXKJIUBUX JUTS )KUTTENISUTLHOCTI MIrMEHTIB, Ta 6a3y-
€THCS Ha aHAITI31 CIIEKTPAIFHUX XapaKTEePUCTHK BiIOUTTS
YKMBOTO JIUCTSI POCIHMH Yy BUAUMOMY Ta OJIVM>KHBOMY iH(-

padepBOHOMY CIIEKTpalbHUX Aiana3oHax. OLUiHKH, OTpH-
MaHi 3a jgoromororo iHaekcy NDVI, mictsaTe HaiOimbIm
JIeTaJIbHY 1H(OPMAIliI0 PO PO3IOALT 1 PI3HOMAHITHICT
POCIIMHHOTO CBIiTY, BU3HAUCHHS JUISTHOK, Ha SKUX iCHY-
FOTh BiJIXWJICHHS B POCTi 1 pO3BHUTKY pociuH. Ha puc. 6
MM0KA3aHO MPOXOKEHHS 3MiH POCIMHHOTO TOKPUBY 32
MOKa3HUKAaMH BeTeTaIlitHoro inaekcy. JaHi 300paxeHHs
CBiIYaTh, 110 B OCTaHHI POKU Ha TEPHUTOPIi BiAUYKEHHS
TPOXOJIATH CYTTEBI 3MIHH B POCITMHHOMY MOKpHBi. Ve
IHTEHCHBHE 3apOCTaHHsI JIyK Ta nepesioriB YopHOOMIbCh-
KOi 30HH JIEpEBHOIO POCIHMHHICTIO (Bxke Oinbmie 50 %).
IIpore momi JTiciB MOCTYMOBO 3MeHIIYIOThCs. Le BigOy-
BAa€ThCA 3aBIIKU IMATOIUICHHSIM, pamialliiHOMy ypa-
JKeHHIO, TIokexkaM. CyTTeBOI IIKOIH JTiCY TaKOXK 3aBJia-
I0Th MIPUPOJIHI MIKITHUKH Ta XBOPOOH.

3,5
3
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m
i
s 2
]
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o
E 1,5 m2010
=l 2020
1
0,5
0 I I ll - | 1]

BHCOEKA l'IDMipHa

HM3BKA
POCTHHHICTE POCIHHHICTE POCIHHHICTE

T071a 00IaCTh HeMae

POCIIHHHOCTL

Puc. 5. Jliarpama KiJIbKiCHOTO MOPiBHSHHS KJIACiB 332 pO3pax0OBaHUM iHAEKCOM BereTallii 3a poKaMu
(Fig. 5. Diagram of quantitative comparison of classes according to the calculated vegetation index by years)

-)) -, ‘?.‘(! X ‘|
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Puc. 6. BinoOpaxxennsi 3min pocnurnocti Yoprobunbebkoi 30uu 3a 2000, 2010 ta 2020 poku BiAMOBiAHO
(Fig. 6. Reflection of changes in the vegetation of the Chornobyl zone for 2000, 2010 and 2020 respectively)

Krnacugikamis 3a JaHUM 1HIEKCOM BeTeTarlii He Hece
BHYEPITHOI iH(opMAaIIii 1o iHIT 00’ €KTH Ha TOBEPXHI J10-
CITHKyBaHOI 00J1aCTi, HATIPUKIIAM, BOJIA, JIiICH. Takox iH-
nexc NDVI y 3HauHi# Mipi 3aJI€KATH Bif KUTBKOCTI aKTH-
BHOI OioMacu, TOOTO BiH cTac Hee()eKTUBHIM B TIEPiOAH,
KOJIIM POCIHHHICTE € TocTabieHo abo CrocTepiraeTbest
HU3BKHUH piBEHP BeTeTallii. ¥ 3B’s3Ky 3 MM HAHOLIBII 110-
IIMPEHNAM | BUKOPUCTOBYBAaHUM METOIOM JCTITH()PYBAHHS
KOCMIYHHX 3HIMKIB € Bi3yaJbHe JeMM(pyBaHHS 3HIMKA,

TIPH SIKOMY pO3IIH(PPOBKY IPOBOAUTE EKCIIEPT, SIKUH 3HAE
XapaKTEPUCTHKA OOJACTI Ta BIACTHBOCTI 00’ €KTIB, MpeI-
craBiieHuX Ha 300paxkenHi [19]. Ommak meit merox Tpy-
JIOMICTKHH 1 JOCUTB TPUBAIHH, TOMY Ba>KIUBO JOCIITUTH
METOAM aBTOMATHYHOTO JAemmdpyBaHHs (Ki1acudikarii).
ABTOoMaTHYHA KIacH}iKaIlis — IIe MPoIec po30OUTTS ImiKCe-
JiB HEMEPEepPBHOTO PacTPOBOro 300paKeHHS Ha KaTeropii
Ha OCHOBI IX CIIEKTpalbHUX 3HAYCHb, B PE3YIBTATI YOTO
KO>KHOMY ITIKCEITIO TPUCBOIOETHCS] HOBE 3HAYCHHSI.
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Ockinpky anpiopHoi iHpopMarii npo 00’ exT 3io-
MKH y HAC HEeMa€, MH OyIeMO BHKOPUCTOBYBATH HeKe-
posany kaacugixayiro (knacrepuzanis). [lana xknacudi-
Kallis J03BOJISIE BHIUIMTH KOHTYPH 3 HEKOHTPACTHOO
CTPYKTYPOIO TI0 CHEKTPAIBHIH SCKPABOCTI — POCIIHHH,
BOJly, XMapH Ta iHIIIi 00’ €KTH, pO30MBILIH 300paskeHHS Ha
TpyINH MiKCeNiB, HOAIOHMX 32 CHEKTPaJIbHUMH BIIACTUBO-
CTAMH, TOOTO KiIacTepu. 3ayBa)KMMO, IO JAHUH anro-
pHUTM 1oTpedye MiHIMYM BXiIHHX JaHuX. HaiOinbm mo-
OyIAPHAMH METOIOM KiacTepusalii € aaroputmu K-
cepennix [20], sixuii po3ainse N 06’ €xTiB Ha K Kiactepis,
Tak 1100 KOXKHHHM 00’ €KT HaJIeXkaB JI0 KacTepa 3 Halnom-
KYUM JI0 HBOI'O CEpe/IHIM 3HAa4eHHsSM. 3a JIOTOMOTO0
I[bOTO METOY MU BU3HAYAEMO MOPOJHHIA CKIAL IepPeB 3
HAIIIUX 3HIMKIB.

Knacmepusayis memooom K-cepeonix (K-means) —
11e HEKOHTPOJIbOBAHHI ANITOPUTM MAIITMHHOT'O HABYAHHS,
SIKUH BUKOPHCTOBYETBCS JUIsl TOJUTY 33JaHOr0 Habopy
D, mo mictute N 06’€kTiB, Ha K pi3HUX Kiactepis
C,,Cy,...,Cy, mo He mepekpuBaroThes. Jlanuit MeTon
MPOCTHH B peaizamii Ta BiTHOCHO BHIKUH. OO0’ €KTH-
BHa (DYHKIIiS BAKOPUCTOBYETHCS JJIsl OLIIHKH SIKOCTI PO3-
TMOALNTY, 11100 00’ €KTH B Ki1acTepi OyJIM CXOXKUMH OJIMH Ha
OJTHOT0, aJie BiAPI3HSIKCS Bijl 00 €KTIB B IHIIUX KilacTe-
pax. lle o3Hauae, mo winboBa (GyHKIIS cpsMoBaHa Ha
BHCOKY CXOXICTh Y KJIacTepi Ta HU3BKY CXOXICTh MiXK
KJIaCTepaMH.

CrioyaTky BH3HAYa€ThCS KUIBKICTh KJIACTEpiB, L0
HeoOxixHo yrBoputu. [Totim Habip nanux D 3 n 00’ exTiB
po3buBaeThest Ha K KimactepiB Tak, mo6 KOXHHIA 00’ €KT
HAJIeKAaB JI0 KJIacTepy 3 HalOIMKIMM JI0 HBOTO CepeIHIM
3Ha4YEHHSIM Cj — HeHTpoinoM knactepy C; .

Meroj 0a3yeTbcsi Ha MiHIMa3alil CyMU KBaJpaTiB
BiJICTaHE! MiXkK KOXXHUM 00’ €KTOM Ta LIEHTPOM HOro KJia-
crepa. Pisnuig Mix 06’extoM p kmacrepy Cj 1 Cj BUMi-

PIOETBCA 32 JONOMOrow Merpuku d = dist(p,ci), e

dist(X, y) — eBkiI0Ba BiICTAHb Mi JIBOMA TOYKAMH X i

y. LinboBa QyHKIISI 00UMCITIOETHCS 32 (HOPMYJIOKO:

o

Moderate Vegetation

Forest

Water [ Low Vegetation

|
|
Il Forest
|
==

Low Vegetation Il Water

I Moderate Vegetation
No Vegetation I No Vegetation
|

e-Y 3 (r-Gi), 2

i=1 peC;

ne E — cyma moMunku y KBajipaTi sl BCiX 00’€KTIB Yy
Habopi maHux, K — umcno xmacrepiB, C; — orpumani
KJIacTepH, P — TOYKa B MPOCTOPI, HIO MPEACTABISE Ja-
Huif 00’€ekT, Cj — HeHTpoin knacrepy Cj .

O0’€eKT 70 HOro KJIACTEPHOrO IICHTPY PO3MIIILY-
€TBCS B KBajJpaTi, a BiACTaHI miacymMoBYIOThcs. Llg 1mi-
7p0oBa (DYHKIIiS HAMAraeThesl 3pOOUTH OTpUMaHi K Kiac-
TepH MaKCUMaJbHO KOMIAKTHUMH Ta MaKCHMAJIbHO Bi-
JIOKpEMJICHUMH.

Aaroputm K-cepegHix:

1. BusHa4aeTbcsl KUIBKICTD KJIACTEPIB, 1110 HEOOXi-
JIHO YTBOPHTH.

2. BumaakoBuM YHMHOM 00UpaeThes K 06°€KTiB, sKi
Ha [IbOMY KPOIli BBAYKAIOThCS IICHTPAMU KIIACTEPIB.

3. KoxxHuit 00’€KT «IPHUITUCYETHCS 0 OJHOTO 3 N
KJTaCTepiB — TOTO, BiICTAHb JI0 SIKOT'O HAHKOPOTIIA.

4. Po3paxoByeTbCsI HOBHH IIEHTP KOXKHOTO Kilac-
Tepa SIK eIEMEHT, 03HAKH SKOTO PO3PAXOBYIOThCS 5K Ce-
penHe apupMeTHUHE 03HAK 00'€KTIB, 110 BXOIATH Y LIEH
KJacrep.

5. Iteparii mpoIoOBXYOTHCS 10 TOro Yacy (IOBTO-
PIOIOTBCS TIOTEpeHI KPOKH 3-4), MOKK KIIACTEPHI LIEHTPU
CTaHYTh CTIMIKMMH, JUCIIepCisl BCepeIHi Kiactepa Oyne
MiHIMI30BaHa, a MiXK KJIacTepaMHi — MaKCHMI30BaHa.

OOuuncioBanpHa cKiIaaHicTh anroputMmy K-cepen-

nix gopieaioe O(nkt), e N — 3aranbHAaKiTBbKICTB 06'€K-

TiB, K — KiJIBKiCTh KJacTepiB, t — KiNbKiCTh iTepartii. 3a-
3Buuail K << n i t <<n.Tomy MeTon € TIOPIBHAHO Mac-
mraboBaHKM Ta epEeKTHBHUM MpHU 00pOOILIl BEIMKUX Ha-
0opiB HaHUX.

Ha puc.7 300paxeHo knacugikaliiio 3HIMKIB, 3a
SIKUMH MOKHA BUSIBUTH 3MiH B i1 CTpYKTYypi OCIIKyBa-
HOT MMOBEPXHi, a TAKOXK JUTS BIJIOKPEMIICHHSI POCIIMHHOCTI
BiJ] 1HIIIMX 00’ €KTIB Ta BCTAHOBJICHHS MIiKCEINIB BiJIKpHU-

TOTO IPYHTY.

[ Low Vegetation
I Forest

EEl Moderate Vegetation
B No Vegetation

H Water

Puc. 7. Knacudikariist 3HiMKiB YopHOOMIBCHKOT 30HU BiI4yXKEHHS 3a JOMOMOrorw Merony K-cepeanix
3a 2000, 2010 Ta 2020 pokwu Bixnosiguo (Fig. 7. Classification of images of the Chornobyl zone
using the method of K-means for 2000, 2010 and 2020 respectively)
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3a pesynpTaTaMu kinacugikaiii Ha puc. 8 mpeacra-
BJICHO Jiarpamy KiJIbKICHOT'O TTOpiBHSIHHS POCIMHHOCTI
3a 2000, 2010, 2020 poxu 3 BUKOpHUCTaHHAM MeTony K
-CepeIHIX.

3rifHO pe3ynbTaTiB, HABEICHUX Ha puC. 7, 8, Hail-
Oinpiry yacTuHy y YOpHOOWIBCHKIH 30HI CKJIalaroTh
JicH, TIIoma SKUX 3aiimae 62 % Bin yciei mromi. Ha
puc.8 BuaHO, 110 3 2000 poky 1o 2010 pik miorma Jicis

S00000

3pocina npubiamn3Ho Ha 15 %, a B mepiox 3 2010 poky mo
2020 poku HaBIaK! TPOXH 3MEHIIMIIACS — IPUOIN3HO HA
5 %. Lle nosicHIoeTHCS THM, 110 B 2015 pori ta B 2020
poIli TEPUTOPIEI0 BiAUYKCHHS TPOUIIDIN BEJIHKI JICOBI
MOKEXI1, TPUIMHAMHE SKUX CTAIX BHCOKa TEMIeEparypa,
3MEHILICHHS KUIBKOCTI OIa/iiB, CHIIbHI IIOPUBYACTI BITpH,
1, BIAMOBIIHO, MacoBe ypakKeHHs JIepeB LIKiTHUKaMH i
XBOpOOaMH.
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Puc. 8. [liarpama kinbKicHoOro nopiBHaHHS Kiacis 3a 2000, 2010, 2020 poku 3 BUKopucTanuam Metony K-cepennix
(Fig. 8. Diagram of quantitative comparison of classes for 2000, 2010 and 2020 years using the method of K-means)

I1e BCe MPU3BOAUTH IO TOTO, IO JIiC IIIBUIKO BiIHO-
BUTHUCS HE MOXE, TOMY W KUIBKICHI NOKa3HMKH 3ajic-
HEHHS TEpUTOPIT OCTaHHIMH poKaMu Briaiau. YopHOOMIIb-
ChKa 30HA BiguykeHHs Mae oy 260 tuc. ra. Hampu-
knan, B 2015 poui muioma JicoBol MOXexi Jocsiria
maibke 400 ra. B 2020 poti BHac1i 10K KBITHEBOT MOXKEXKI
3aranom 3ropizo 11500 ra micy, mo craHoBUTE 5 % BCiel
TepuTopii, 3 HUX npudIu3HO 35 % — nicu. BHacninok iH-
TEHCUBHOT'O TOpiHHS OYJIU BTpayeHi a00 CUIILHO MOLIKO-
JDKeHI TeBHI pocnuHHI rpynu. [Ipore, He3Baxaroun Ha
BCl MPUPOJIHI KaTakii3Mu (TMiJBHILIEHHS TEMIIEpaTypH,
3acyxa, 3MMOBI aHOMaJIiT OMaiB Ta TeMIeparyp, Oypesii,
JIICOBI OXKEXK1), @ TAKOXK JIFOJICHKY AisUTBHICTD (CaHITapHi
pyOKH, HECAHKIIIOHOBaHA BUPYOKa JIepeB), JIiCH POOB-
XKYIOTh POCTH 1 IX IUIOINII 3pOCTaTHUMYTh, X04a 1 HE TaKk
LIBUJIKO.

[epeBipuMo oTpuMaHi pe3yabTaTH MPO 3aJiCHE-
HicTh TepuTopii YopHOOMIBCHKOI 30HH 3 BUKOPUCTAH-
HsM Bigomoi ¢opmynu batieca:

P(A\B)-P(B)

P(B\A)= P(A)

: 3
ne P(B) —anpiopHa iimosipaicts nogii B, P(A) —iimo-
BipHicTh Hactauns noxii 4, P(A\B) — iimoipicTs Ha-
CTaHHs TOi1 A TPy iCTUHHOCTI TinmoTe3u B (yMoBHa #iMo-
Bipuicts), P (B\ 4) —iiMoBipHicTs rinotesn B 3a ymosu,

10 ToAist 4 BKe HacTana (armocrepiopHa HMOBIPHICTB).
3acrocyemo popmyiy (3) A7Ist HAIIOro BUIAIKY:

P(ﬂic\nowc.) = P(nODiC.\JZiC)'P(Jlic)/P(nO.?iC.) =
P (noarcexci\ nic)- P(ic) 4
P(noofc.\ﬂic)-P(ﬂic)+ P(noofc.\—ﬂic)-P(—fzic) '

ne P (noxc.\nic) — /iMOBIpHICTb HACTaHHS MOXEKi B
Jici, P(no.wc.\—ﬂic) — MOBIpHICTh HACTaHHS TOXKEXKI
3a Mexamu Jiicy, P(—zic) — iimMoBipricT TOrO, MmO Ha
nauiii Tepuropii micy nemae, P(zic\noo.) — iimosip-
HICTB MOSIBY JIICY TIPH YMOBI, IO MOXEXa MPOMIILIA.

[TizpaxyBaBIiIy [LIOLI TEPUTOPIH, 1€ OyaH MOXKexKi
Ta JicoBl moxexi 3a nepiox 2015-2020 pokis, Mu 3a ¢o-
pmysoro (4) otpuMyeMo, 0 3aTicHeHHs TepuTopii Hop-
HOOMIBbCHKOI 30HM Mae craHoBuTH 70 % mpu WMOBIpHO-
cti Heroau 10 % 3a octaHHI POKH.

[NopiBHIOIOYH OTPUMaHI Pe3yabTaTH 3 TUMH, SIKI MU
Maiu 6 OTpUMAaTH TEOPETHYHO, MOXKEMO 3pOOUTH BUCHO-
BOK, IporpaMHe 3a0e3Ne4eHHs] MOXeE IaBaTh MOXHOKY
Yyepe3 HEKOPEKTHY KiacuQikallito Ta HEBIpHi JaHi, aJhke
MU HE MAaEMO MOKJIMBOCTI BUKOPUCTATH 300pakKEeHHs
100 % sixocTi, 0COOIMBO, KOIM TaKi KOCMIiYHI 3HIMKH Ha-
pasi wiaTHi.

BiamoBiHO, SKIIO MOKPAIMTH AITOPUTM Kiacui-
Kallii Ta MmparroBaTH 31 3HIMKaMH{ BUIIIOi SKOCTi, TO TIPO-
rpaMa Oyae JaBaTH OLTBII TOYHINII Pe3yIbTATH.

BucnoBku

VY cratti po3pobieHo iHpopMaLiiHy CHCTEMY aHa-
T3y 9aCOBUX 3MiH POCIHHHOCTI MPOTSTOM JIECSTHIITS.
[IpoanamizoBaHO pe3yNbTaTH BH3HAYCHb HOPMAalli30Ba-
HOTO BereTalliifHoro iHmexcy pocnuaHocTi NDVI Ta 3a
cepieto kocMigHmX 3HIMKIB TM Landsat 5 Ta 8 mpotsrom
niTHROTO TIepiony 3a 2000, 2010, 2020 poxu mis YopHo-
OWMITBCHKOI 30HH BiTIY>KECHHS.

Takox BCTaHOBIICHO €()EeKTHBHICTh BHKOPHCTAHHS
Metony K-cepemHix muis OIiHKK 3MiHH POCIHHHOCTI Ha
JTaHIi TepUTOPIi.
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Jnst mepeBipkd TOYHOCTI OTPHUMaHMX pe3YJbTaTiB
BHUKOpHCTOBYBaBcsi MeTon baiieca, sikuii OBIB Ham, IO
JlaHl METOIH € JIOCUTh e()EeKTUBHUMU JUISI aHATI3Y JAWHA-
MIKHM CTaHy POCIIMHHUX yIPYIOBaHb B 4aci i J103BOJISIIOTH
BUSIBUTH 3arajbHi TEHJCHIi ITO3UTHBHOI-HETaTHBHOI
3MiHH POCIIMHHOTO TIOKPUBY Ha JOCIIPKYBaHi i TEPUTOPIi.

Jlanuit nporpaMHUNA OPOIYKT € TOCUTh THYYKHM Ta
YHIBEpCaJIbHUM, BiH MOe OyTH JIETKO afarTOBaHUM JUIsI
3aCTOCYBaHHS HE TiJIBKH JUISl OLIHKH CTaHy POCIMHHOTO

nokpuBy YopHOOMIBCHKOI 30HU, aJie i YIS 1HITNX TepH-
TOPIi 13 OOMEKEHNM JOCTYIIOM.

[NomanpmM HanpPsSMKOM BIOCKOHAJIEHHS pO3p00-
JIeHOi 1HpOpMaLiHOI CHCTEMH € BIIPOBAUKEHHS IITYd-
HOT'O 1HTENIEKTY, 10 Hajajno O MOXKIIMBOCTI O1IbII edex-
THUBHO Ta TOYHO POOWTH aHaJI3 Ta OLIHKY Kiacupikarii,
a TaKOXX IMOJIaJIbIIe BJIOCKOHAIEHHS i caMOCTiifHa po3po-
Oka anroputMmy Kiacudikaiii 300pakeHb 0e3 T0AaTKO-
BUX IPOrPaMHUX 3aCTOCYHKIB.
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HudopmanuoHHas cHCTeMa aHAJIN3A TeOJAHHBIX ISl HCC/IeI0BAHUA H3MEHEHH PACTUTEILHOCTH
O. B. Bapa6am, E. 1. bannypka, B. B. llInypuk, O. B. CBuHuyK

AHHoOTanus. BeIcTphIil pocT BO3MOXXHOCTEH reOMH(OPMAIIOHHBIX TEXHOIOr Uil B 00J1aCTH 00paOOTKH 1 aHAJIM3a POCTPaH-
CTBEHHBIX JJAaHHBIX IIPUBEI K CYIIIECTBEHHOMY POCTY POJI FeOMH()OPMALIMOHHBIX CHCTEM B Pa3HBIX 00IACTSIX YEIOBEUECKOH esTeNb-
HocTH. [IprMeHeHne HOBBIX MOIX0JI0B K 00paboTKe MPOCTpaHCTBEHHOH HH(OPMAIMH CO CITYTHHKOB 11 Gonee 3(heKTHBHOM 1 ore-
PaTHUBHOI OLIEHKU COCTOSIHUS PACTUTENBHBIX TIOKPOBOB 00YCIIOBICHO PACTYIIEH TEeHAEHIIMEH JOCTYITHOCTH JIAHHBIX IHCTAHIIHOHHOT O
30HMpoBaHus 3eMiu. B cTaThe npe/ioxkeHa MHQOpMaIMOHHAs CHCTEMa, KOTOpas TI03BOISET ObICTPO M yHIOOHO OTCIIEXKHBATh U3Me-
HEHHMS PaCTUTEIBHOrO MUPA. AHaJIN3 IPOBOIIICS Ha puMepe YepHoObUIbCKOM 30HBI 3a ieproz 2000-2020 rozos. YepHOObLIbCKAS
KaracTpoga coBITaza ¢ IepHO0M HHTEHCHBHOIO BEreTallMOHHOI0 Pa3BUTHS pacTeHUH. B 3ToT nepros onu Harbonee 41yBCTBUTEIBHBI
K paauanuy. BbIio ycTaHOBIEHO, UTO HaHOONee YacTo JUIs ONpeeNIeHHs] KOTMUECTBEHHOTO COCTOSIHMS OMOMAcChl IPUMEHSIETCS UH-
nexc NDVI B pazHsle BpeMeHHbIe UHTepBaibl. Ho naHHBIH HHAEKC cTaHOBUTCS HEI(D(hEKTHBHBIM B NIEPHOIBI OCIA0ICHNUS AKTHBHOM
(baspl Bererarmu. B 310 cBS3M Npe/icTaBseTcs NPAKTUYECKHi HHTepeC 11 OLIEHKH BO3MOXKHOCTHY MPUMEHeHUs MeToioM K-cpeHux
IUIs aHaJIM3a KOCMUYECKHX CHUMKOB PAcTHTEIBHOrO IIOKPOBA Ha pasHbIX (hazax Bereranuu. B pesynbrare nccie0BaHus KOPPEKTHO
MHTEPIPETUPOBAHA BOJHAS IIOBEPXHOCTb, 36MIIU C PACTUTENIBHBIM IIOKPOBOM U 0€3 Hero, 6raronaps 4eMy Onpe/elieHbl 3eMIIU C pa3-
PEXEHHON PaCTUTENBHOCTBIO M IUIOTHBIM PACTUTENBHBIM IIOKPOBOM. I10CTpOEHBI KapThl pacTHTEIBHOIO MOKPOBA 110 HOPMAJIM30BAH-
HOMY BEreTallMOHHOMY MHJEKCY MeToioM K-cpeiHuX, 1o KOTOpoMy MOXHO YETKO HPOCIEUTh TMHAMUKY M3MEHEHHUs PACTHTEIIBHO-
cru B TeyeHue 20 jeT. ToyHOCTh pe3yapTaToB OblIa poBepeHa MeTofioM baiteca. CorsiacHO MPOBEIGHHBIM PacyeTaM OINpEENIEHo,
YTO HECMOTPSI Ha BCE IIPUPOAHbIE KATAKIN3MBI (IIOBBIIIEHUE TEMIIEPATYPBI, 3aCyXa, 3UMHHUE aHOMAIIMH OCAJIKOB M TEMIIEpaTyp, ypa-
TaHbl, JIECHBIE TTOXKAPhI), @ TAKKE YEJIOBEUECKYIO NEATEIbHOCTb (CAaHUTapHblE PYOKH, HECAHKIIMOHUPOBAHHAS BBIPYOKa JIEPEBBEB),
pacTuTenbHOCTh B UepHOOBLILCKOH 30HE NPOAOIDKAET PACTH U €€ IIOIan OyayT pacTH, XOTs M He TaK ObICTpO.

KiaouyeBbie cl0Ba: UCTAHIMOHHOE 30HAMPOBAHUE 3eMITH; aTMOChepHast KOPPEKLHsI KOCMUYECKHX CHUMKOB; Quantum
GIS; Hopmanu3oBaHHbI qudPepeHInaTbHBIA HHISKC PACTUTENFHOCTH; anroput™ K-Means; pacTHTEIBHOCTb.

Information system of analysis of geodata for tracking changes of vegetation
Oleg Barabash, Olena Bandurka, Vadim Shpuryk, Olha Svynchuk

Abstract. The rapid growth of geo-information technology capabilities in the field of spatial data processing and analysis
has led to a significant growth of the role of geo-information systems in different areas of human activity. Application of approaches
to spatial information processing from satellites new for more effective and efficient assessment of the state of plant cover is caused
by growing tendency of availability to data of Earth remote sensing. The article offers an information system that allows to quickly
and conveniently track changes in the vegetation. The analysis was carried out on the example of the Chornobyl Area between
2000 and 2020. The Chornobyl Disaster coincides with the period of intensive vegetative plant development. During that period,
they are most sensitive to radiation. It has been established that for defining the quantitative state of biomass the NDV | index at
different time intervals is most often used. But this index becomes ineffective during periods of weakening of active phase of
vegetation. This is therefore of practical interest to assess the possibility of using the K-means clustering for the analysis of space
images of vegetation cover at different phases of vegetation. As a result of the research, water surface, land with and without
vegetation has been correctly interpreted, thus determining the land with a sparse vegetation and dense vegetation cover. The maps
of the vegetation cover according to the normalized vegetative index using the K-medium method were constructed, the method
by which changes in vegetation over 20 years can be clearly observed. The accuracy results were verified with the Common Method
Bias. According to the calculations, despite all natural cataclysms (temperature increase, drought, winter anomalies of precipitations
and temperatures, storms, forest fires), as well as human activity (sanitary clear cuttings, illegal logging), vegetation in the Chor-
nobyl zone continues to grow and its areas will increase, although not so quickly.

Keywords: Remote Earth sensing; atmospheric correction of space images; Quantum GIS; normalized differential vege-
tation index; K-means algorithm; vegetation.

25


mailto:bar64@ukr.net
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
mailto:o.i.bandurka@ukr.net
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
mailto:%20wadimoff@gmail.com
https://orcid.org/0000-0002-3477-5731
https://orcid.org/0000-0002-3477-5731
mailto:bar64@ukr.net
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472
https://orcid.org/0000-0002-7227-9472

Advanced Information Systems. 2021. Vol. 5, No. 4

ISSN 2522-9052

VJIK 004.8:629.7:351.814.343

. T'. Bonomun, B. O. bpeuxo, C. I'. Cemenon

DOI: https://doi.org/10.20998/2522-9052.2021.4.04

HanionansHuii TexHiYHUN yHiBepcHTET “XapKiBCbKUN MOMITEXHIYHUN iHCTUTYT”, XapKiB, YKpaina

METO/I KOMIO3ULIi MAPLLIPYTY
BE3MNIJIOTHOTI'O JITAJIbBHOI'O AIAPATY YV IPOCTOPI

AnoTtanis. Crarrs npucBsdeHa po3poOmi MeToay KOMIO3UIi MapIpyTy O€3MiJIOTHOTO JIITAIBHOTO anapary y TPHBUMi-
pHOMY TIpocTopi. OCHOBHOIO BiJIMiHHICTIO TIPEJICTABICHOIO METOIY € KOMIUICKCHE BpaxyBaHHS OCOOJIMBOCTEH HaBKOJHIII-
HBOT'O CEpEeIOBUIIA, IO BioOpakae MOXKJIIMBI MEPENIKOIH (aKTHBHI a00 IMacuBHI) Ta iHII 0OMeXeHHS 3aaadi Py KOMIIO-
3WIIT MapIpyTy GE3MIOTHOrO JITATEHOTO anapary B TPHBUMIpHOMY IpocTopi. Lle 103BOMMIIO0 HiABUIMTH Oe3MeKy BUKO-
HaHHS 3aBJaHH] Y aBTOHOMHUX YMOBaX IOJIBOTY. Y CTATTi MPOBEJECHO aHaJIi3 OCHOBHHUX IiIXOJIB KOMITO3HIII] MapIIpyTiB
0E3MUIOTHOTO JIITATLHOTO amapary y mpoctopi. 3po0JIeHO BHCHOBOK PO HEJONIKH JBOBHMIPHOTO VSBJICHHS. Y METOII
TIPE/ICTaBIICHO YOTHPH eTany BUKOHAHHS 3aBiaHHs. Lle eTam MonenroBaHHsI HABKOJIMIIHBOTO CEpPeIOBHIIA, 10 BigoOparkae
MOXKJIMBI TIEPETIKOIM (aKTHBHI UM MMACHBHI) Ta iHII 0OMe)XKeHHs 3aBaHHs. Etanm noOynoBu po3mmpeHoro rpady Mapipy-
TIiB TiepecyBaHHsI O€3ITIJIOTHOrO JIITAJILHOTO arapaTy y mpocTopi. BiMiHHICTIO IbOTO €Tally € aganTHBHE BpaxyBaHHS MPOCTO-
POBOTO PO3TAIIyBaHHS aKTUBHUX IEPEIIKO] Y IpocTopi. HacTymmHwmit eTamn ne eran momryKy MapuipyTy, 1o 3'€IHye CTapTOBY
TOYKY 3 KiHIIEBOIO 1 00XOUTH BCi TEPEIIKOIH Ta A€ MOXIIUBICT MOOYIOBH I10YaTKOBOI'O MapIIPYyTy y BUIJISI JIAMAHOI JTi-
Hil, sika ()OPMYETHCSI TTOCIIJOBHICTIO NIJISIXOBUX TOYOK, 1 3'€/THy€ CTapTOBY TOUKY 3 KiHIIEBOIO, MUHAIOUX Nepemkoay. OcraH-
HIM € eTall OTPHMaHHS KiHIIEBOT'O Pe3yiIbTaTy, SIKHi 3a0e3MeuyeThCs 3TI1a/DKyBaHHSIM OTPHMAHOI JJaMaHoi JiiHil. Y miif yacTuHi
METOTy KOMIIO3MILiT /T BUPIIICHHS 3314l 3rJIapKyBaHHS TPAEKTOpIii pyXy O€3MiIOTHOrO JiTaJbHOrO arapary y mpocTopi Ha
00paHOMY MapUIpyTi JOBEIEHO JIONUTEHICTE BUKOPHCTAHHS METOXy HEepiBHOMIpHOro KybdiuHoro B-crmaiiHy. 3a mormomororo
LILOT'O METOY MOCTABJICHO Ta BUPIIICHO 3aBJaHHS BUOOPY Ta ONTHMI3allil mapameTpa 3ri1aPKyBaHHs.

KawuoBi ciroBa: 0e3miioTHHH JiTABHUI amapar; iMiTaliiiHa Mozienb, Oe31eKa; TpaeKTopist HOJBOTY.

Beryn

VY cydacHOMYy CBiTi 0e3Ji4 3aB/iaHb LIMBUILHOTO Ta
BIHCBKOBOI'O TNPH3HAYEHHS BUPILIYIOTHCS 3 OE3Mij0T-
HuMu mitaabHuMu anapatamu (BITJIA). Ile mo3Bosse
MiABUIINTA ePEeKTUBHICTh BUpilIeHHS 3anad. OpuH 3
HAMBaXIUBILIMX 3aBJaHb Y MPAKTHII 3aCTOCYBaHHS
BIUJIA e moOynoBoto mapuipyty nepemimernts. Oco0-
JIMBO aKTYalIbHOIO LIS 3aJla4a CTa€ B yMOBaxX 30BHIMIHIX
JECTPYKTUBHUX [l NpH Iepexoli B aBTOHOMHHUU pe-
JKHM TIOJIBOTY. 3aBJIaHHs YCKIIQJHIOETHCSI HEOOXIIHICTIO
BpaxyBaHHS MHOXUHH (DaKTOPiB, TOB'SI3aHUX 3 aKTUB-
HUMH Ta IIaCHBHHMH II€PElIKOAaMHM, CKJIAJHICTIO
nMaHIAaPTHOI CKIaJ0BOI Ta YKOPCTKUMH BUMOTaMH JIO
4acoBUX Ta HMOBIPHICHMX ITOKa3HUKIB LiJIBOBOTO
Bukopuctanus BIIJIA. Tomy po3poOka MeToay KOMIIO-
sunii mapuipyry BIUJIA y mpocropi 3 ypaxyBaHHAM
0COOJIMBOCTEH HABKOIMIIHBOTO CEpPEe/IOBUINA Ta 30BHi-
IIHIX (DaKTOpIB — aKTyalbHa 3a/1a4a.

AHaJIi3 JiTepaTypHUX JaHHMX. AHAII3 JITEpaTypH
mmokasas, 1o kommo3umii Mapmpyty BITJIA y mpocropi
B CKJIAIHIA €KOJOTiYHiIi OOCTAaHOBII TPHCBSYCHO PSII
po6iT [1-3]. Cepen HUX MOYKHA BHIITATH ITiIX11, 3aCHO-
BaHuii Ha Teopii rpadis [1]. OCHOBHUM JOCTOIHCTBOM
i€l po3pOOKH € MPOCTOTA 1 SICHICTH peaii3alii, OqHaK
e(peKTHBHICTF BUKOPUCTAHHS Ii€1 PO3pOOKHN Ha MPaKTH-
i 3HIKYETbCSA HEOOXiMHICTIO BpaxyBaHHS OaraThox
(bakTopiB BIUIMBY Ta BEIUKMMH YaCOBHMH BHTpPaTaMH
Ha TI0OYIOBY MapIIpYTiB.

Takox icHYe psn po3po0OOK TOB'SI3aHUX 3 BUKOPH-
CTaHHSAM METOMIB INTy4HOro iHTenekry. Cepen HUX
MOXHa BUAIMMTH poboTy [2]. OmHak, BUKOPHUCTaHHS
3aIpONOHOBAHNX Y Iill pOOOTI MiTXOMiB, I BUPIMICH-
HS BCiX 3aBJaHb KOMIIO3UIIIH MapIIpyTiB, TAKOK BHMa-
ra€ BEIUKUX OOYHCITIOBAJILHUX TA YACOBHX BUTPAT.

MoxHa BiI3HAYUTH POOOTH B SKUX JETAIHHO OITH-
CaHi METOAW IUIAHYBaHHS IUIAXY B BOMIpHOMY MpOC-

Topi. Lli MeToau OyayroThCsi Ha OCHOBI TpadiB i JiepeB
[3, 4], Giomoriunoro inTenexty [5, 6], MOTEHIIHHHX
nomiB [7, 8] i 1.i. OgHaK KOMIIO3MIST Mapuipyry y
TPHOXBUMIPHOMY MPOCTOPi € OiibII CKIaJHOI 3aja-
Yelo, 1110 BUMAarae JJOAaTKOBUX JOCIiIKEHb.

1. Po3po0JieHHs1 MEeTOAY KOMIIO3H Ll
mapmpyTy BILJIA y mpocTopi

[TpoBexneHi AOCHIPKEHHS MMOKa3alM, [0 KOMIIO3H-
Iis1 MapUIPYTy € KOMIUIEKCHOO 33j1aueto, B sIKii Mapii-
PYT BiJ{ TIOYaTKOBOI TOYKHM JI0 KIHIIEBOI TOYKH ITPOKJIaa-
€TBCS 3 ypaxyBaHHSIM HH3KH OOMEXeHb, L0 3a0e3reyy-
10Th 00Xia neperikon. Ha BiamiHy Bin kommo3wuiiii map-
HIPYTY y ABOBHMIPHOMY HPOCTOPI, KOMIO3HIISI Y TPHOX
BUMIpax € ckiaiHimow. Lle mos’s3aHo 3 THM, 110 y TPHU-
BUMIpDHOMY BHIIAJKy MOZEIIOBAaHHSI HABKOJIMIIHBOTO
IPOCTOPY, TOLIYK ONTHMAJIBHOTO IUIAXY, a TaKOXK 0e3-
HOCEpEeIHBO KOMITO3UILISL MAapIIpyTy BHKOHYIOTHCS 3
ypaxyBaHHSIM TPUBUMIPHUX MEPEIIKOJ, SKi MOXKYTh OyTH
AKTHBHUMH (HAIPHKIIaJ, 3acO0U MPOTUHOBITPSHOI 000-
poHm), 1 macuBHUMU (enemenTH Janamadry). Lle morpe-
Oye BEIMKHX OOYUCITIOBATIHHUX PECYPCIB.

YV mpomeci po3B'sa3aHHA 3a7adi KOMITO3HI MapI-
PYTY MO>KHA BUIUTUTH YOTUPH STAIIH.

Ha nepmomy erami HE0OXiJHO TPOBECTH MOAEITIO-
BaHHS HaBKOJWIITHBOTO CEPENOBHINA, IO BimoOpaxae
MOJKJIMBI TIEPEIIKOAM (aKTWBHI YW TACHWBHI) Ta iHIII
oOMexxeHHs 3aBHaHHA. Ha nmpyromy erami OynyeTbes
po3mmpenuit Tpad mapmpytiB nepecyBanHs BIUIA y
pocTopi (IOPOXKHSI KapTa MapIIPYTiB).

Ha tperpomy erami, BUXOISYH 3 MOJIENI HABKOIH-
IIHBOI'O CEPEIOBHUINA, MPOBOAMUTHCS IOLNIYK MapLIPyTy,
0 3'€HYE CTAPTOBY TOYKY 3 KiHIIEBOIO i OOXOIHTH BCi
nepemkoan. Lle gae MOXKIHBiCTS TOOYOBH ITOYaTKOBO-
TO MapuIpyTy y BUTIISAL JIaMaHOI JTiHii, sika popMyeThes
TIOCITIIOBHICTIO NUISIXOBHX TOYOK, i 3'€JHYE CTapTOBY
TOYKY 3 KIHIEBOK, MUHAIOYH MEPEIIKOIH.
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Ha verBepToMy erarti, iss OTpAMAaHHS OCTATOYHO-
ro pe3yiabTaTy, BUKOHYETHCS TPOILEC 3TIaKyBaHHSI
OTPUMAaHO] JaMaHOI JIiHii.

1.1 Monesib» HABKOJIHIIIHLOIO CePeI0BHINA

3 mm3ku mkepen [9, 10, 11] Bigomo, 1o B gaHUit
Yac iCHy€ KiJIbka OCHOBHHX TPHHIIMIIB HPEICTaBICHHS
JaHuX Jy1st 30epiranns iHdopmaii po anmadTy.

[epiinii — BAKOPHCTAHHS PErYJSPHOI CITKH BUCOT
(abo inmra Ha3Ba — Kapra Bucot — HeightMap) [9].

Jpyruii — BUKOPUCTAHHS ipperysspHOi CiTKH Be-
pIIMH i 3B'S3KIB, MO iX 3'€qHYIOTH (TOOTO 30epiraHHs
mpocToi TpraHrymizoBaHoi kaptu) [10].

Tperiii — 30epiranns kapTu nanamadTy, ajue B qa-
HOMY BHIAJKy 30€piratoThCsi HE KOHKPETHI BHCOTH, a
iH(opMalist Mpo BUKOpUCTaHUH OJI0K. | TyT CTBOpIOETH-
Cs KUTbKa 3a3/1ajeriib MoOYIOBaHUX CErMEHTIB, ajic B
KapTi BKa3yIOThCS JIMIIE iHASKCH X cerMeHTiB [11].

IpoBeneHi MOCTIPKEHHS MPEICTABICHUX TMPHH-
[WITB JIO3BOJMIWIM BHSBUTH iX OCHOBHI MepeBard Ta
Henoniku. Tak, cepex mepeBar METONIB KapTH BHCOT
MOYKHA BUJIUTUTH TaKe:

— HAO4HICTh, y Oynb-siKili MporpamMi meperjsry
rpadiuHux (aiiyiB MOXXKHa Bijpa3y MoOA4YuMTH BCIO 1H-
¢dopmatiiro;

— MOJJIMBICTH 30€piraHHs BiJIOMOCTEH He JHIe
PO BUCOTY, a ¥ PO iHII 0COOMUBOCTI TaHAIadTY;

— JIETKICTh 3HAXOJPKEHHS KOOPJIMHAT Ta 1H.

VY CBOIO 4epry BUKOPUCTaHHS ipperyyisipHOi CITKH
BEpIIMH Ta 3BS3KIB Yy TOPIBHSHHI 3 METOAMH KapTH
BHCOT BHKOPUCTOBYETBHCSI 3HAYHO MeHIIe iHdopmarii
Juist nodynosu nanamadry. HeoOxigHo 30epiratu 3Ha-
YEeHHSI BUCOT KOXKHOI BEPILIMHH 1 3B'SI3KH, LIO 1[I BEpILH-
HU 3'eqHYI0Th. Lle nae Burpam y mMBHIKOCTI IpH mepe-
Jaui Benuye3HuX macusiB iH(opmaii no AGP, y mpo-
ueci Bizyanizauii JaHmmagTy.

Y TperboMy 3 HaBEJCHHX CIOCOOIB TAKOX BHKO-
PHUCTOBYIOTHCS KapTU BUCOT. TINBKU 3aMICTh BHCOT Y
Hill 30epiraroTbesl iHAEKCH JaHAMA(THUX CErMEHTIB.
Sk Ui CerMeHTH Npe[CTaBieHi, B IMPUHIMII, HE Tpae
poui. BoHr MOXyTh OyTH 1 PEerylIsipHUMH, 1 ipperynsp-
HUMHU (IPUYOMY MOXKHA BHKOPUCTOBYBATH Ti ¥ iHIII
onHovacHo). Lle nae taxi nepeBaru:

— MOJJIUBICTh NPEICTAaBICHHS BEIMYE3HUX BiJK-
PUTHX TPOCTOPIB;

— KpiM caMuX JaHAmaTIB y TAaKKX OJ0KaxX MOXKHA
30epirati ¥ indopMmariio npo OyauHKH, OymiBii, poc-
nmuHY, crienugivHi TaHAmadTHI pilieHHs (HANpHUKIaL,
medepu abo CKedli, 10 HABUCAIOTh OJFH HaJl OJTHHUM);

— MOXIIUBICTh CTBOPEHHS KIIBKOX BapiaHTIB OHO-
TO 1 TOT'0 X CErMEHTa, aJie 3 PI3HUM CTYIEHEM JieTaji3a-
mii. 3a1eXHOo BiJ IMBHUIKOCTI a00 3aBaHTAXEHOCTI KOM-
MoTepa MOXKHA BHOHMpATH OUTBII MEHII AeTalli30BaHi
Bapiantu (tak 3Bani LOD manmmadti — LOD — Level
Of Detail).

Buxonsau i3 3a3Hau€HOr0, MOXKHA 3POOWUTH BH-
CHOBOK TIPO JOIUIBHICTh BUKOPHUCTAHHS METOJIB KapTH
BucoT. [Ipu 11bOMy MOXKITHBI pi3HI BapiaHTH X BUKOPH-
cranHA (abo B perymspHiii ¢opmi a6o y ¢opmi 36epi-
TaHHS 1HAEKCIB JaHIMAa(THAX CEIMEHTIB).

Jdyxe BaXJIMBUM IHTAHHAM IIPH MOJEIFOBaHHI
JIOBKUIIISL € BUOIp MeToy TeHepaii Janamadry.

IIpoBeneHi mocmiKeHHS MOKa3alld, MO B JaHUH
Yyac HamparboBaHO 3HAYHI TeopeTwdHi marepiamn [11-
13] i po3poOHUKH MPOMOHYIOTH O€3JIiY Pi3HUX METOIIB
reHepauii manamadTie (maropbosuii Meron [12], metox
BUcoTHOro ymy [11], dpakranehi metoqu [13] Ta inH.).
OpnHak, psi nepeBar (pakTalbHUX METOAIB (reHepais
naHqmadTiB MiABUINEHOI CKJIaJHOCTI, MPOJOBKEHHS
naHqmadTiB y JOBUIFHOMY HampsIMKy, MOXKJIHBICTB
ypaxyBaHHS OCOOJIMBOCTEH MOBEPXOHb 3a JOTIOMOTrO0
nporenyp GinbTpamii Ta iH.) JTO3BOJHIN 3POOUTH BH-
CHOBOK TPO JOLUIBHICTh BUKOPHUCTAHHS IMX METOIIB
reHepartii.

Po3pobiiena Mozmens JOBKULIA CKIAJA€Tbes 13
TPBOX €TaIliB: TeHepallis KapTH HU3bKOI 4acTOTH, ajall-
Tallist KapTu J0 peajbHUX YMOB JaHAmadTy 3a Jornomo-
ror0 (PpaKTaIBHOTO IIYMY, HAKIIAJCHHS CITKA MOJICII.

Ha mepmomy erami kapra penbedy IpeacTaBis-
€TBCS Y BUTJISIII MHOYKUHU

N=H(i,j).i=12..h, j=12,..w,

e w i h — po3mipu kapti. Ll MHOXXHHA BH3HAYA€E BUCO-
TH penbedy H(i,j) B To4ll 3 KoopauHatamu (j, I).
Kapra penbedy MicTuTh 0a30Bi eneMeHTH, sSKi BHU3HA-
YalOThCS JISSIKUM HAOOpOM mapaMeTpiB: CTENOBHI
nanamadr, jgicopud yaHmmadT, Tipcbkuil daHmmadr,
BoqHMH nanamadr, 3acHixkeHuid nanamadr. Konrypu
[MX EJIEMEHTIB BHU3HAYAIOTHCS 3a JIOMOMOTOK (pak-
TaJbHUX JIiHIM, a BUCOTH B TOYKAaX OTPUMYIOTHCS B
pe3ysibTaTi OOUHCIIEHHS Pi3HUX (YHKINH, IO 3alIeXaTh
BiJl Bi/IaJICHOCTI TOYOK BiJ| KOHTYPHHUX JIiHIH.

Ha npyromy erami BHKOHYEThCsS T'eHepallist i Ha-
KJIaJieHHs (PPaKkTabHOTO HIYMY JUIsl IEPEKPUTTS BiJCY-
THIX 4acToT mpezacTaBiieHHs Janamadry. Ls renepariis
YacTOT, 10 3aNUIIINCS, Bif 1/20 Mt 31ifiCHIOETHCS 3a
Joromororo 1mymoBoi ¢yHkuii. [lpu 1iboMy 1Ba Habopu
YacTOT IIYMY BU3HAYAETHCA 32 JOIOMOTOI0 BUPa3iB:

i-1
fof, =2 (1)
‘ " resol

2]+ni 2
o= ()= oot @

zxe n, =| log,2-resol |, n, = Llogz(pv;lzfn' .resol)J,
Pw — po3Mip (parMeHTy, 1O BUBOIUTHCS, B METPaXx;
i=01...n,j=01...n,.

BHUKOpHCTOBYIOUM HH3KY po3poboK aBTopiB [14]
MO)KHA BU3HAUUTH IIYMOBY (YHKIIIO:

N(X,t):i%P(flIX)(IS(f,xl,xz))+(IR(f,X1,X2)), ©)

i=0 '

min(f,f . )—f Y
s (f.%.%)=|1- % (l—cos(ﬂsw))
— (yHKIIIS BIUIMBY YXWUITY;
min(f,f..)-f. .
Lo (f%, %)= - (0,9RX1,X2+0,1)

— (yHKIIIS BIUIUBY HEPIBHOCTEH;
S i R, — 3HaueHHS, IO OTPUMYIOTHCS 3 KapTh

X% X%z
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YXUITY Sz(S”) 1 KapTu HepiBHOCTEH €R=(Ri’j) 3a

JIOTIOMOT 00 OLTIHIMHOT 1HTEePIOJIAIIIT; Ri,j — CepelHbo-

KBaJ[paTH4YHE BIAXWIEHHS 3HAY€Hb BHCOKOYACTOTHOI
CKJIaJI0BOI BUCOT Ha OKonuIi Touku H; ; posmipom 9 x 9;
2arccos(n;, )

. ;N =(nij’x,nij’y,nij’z) — HOpMaJb JI0

Via
HHU3BKOYACTOTHOI ckiaamoBoi N B Touri (i, j); P(X) —
TpuBuMipHuii  mym  Ilepnuna, X= (X1 Xy, X3) ;

f. . =20x"". Ha TperboMy eTami npu HaK/IajeHHi CiTKH
Mozieni BUKOpHCTOBYeMo kapty pembedy N=H(i,j),
mymoBy QyHkmiro N (X,t) Ta Habip HU3BKUX YACTOT

f,. Ilpu 11bOMY BHU3HAYUMO (DYHKIIiO IIITBHOCTI TTOBEP-
XHi v(X)=x—H,, +N(X,(), me
H'XlXZ oTpuMmaHe 3 N B pe3ynbTari OUTIHIHHOI iHTEepIo-

3HAYCHHS

naii. SIkio v(X) =0 noBepxHs penbedy, M0 TSHEPY-
eTbes, TO y BUmaaky komn v(X)>0 Touka X 3HaX0-
JIMTBCSl HaJ MOBEpXHE JaHmmadry. Ko ampokcu-
MyBaTH moBepxHiO V(X)=0 TPUKYTHHMH TpaHAMH, a
SK QITOPUTM TPUAHTYJSIIT 00paTH alropuT™M Mapiiiu-
pyrounx KyOiB, pe3ylnbTaToM poOOTH LLOTO AITOPUTMY
cTaHe HaOlp BEpIIMH, IO YTBOPIOIOTh TPUKYTHI TpaHi,
SKi aNpPOKCHMYIOTh MOBEPXHIO, IO NIYKAEThCS. B pe-
3y/bTaTi POOOTH AITOPUTMY YTBOPIOIOThCS KilbKa i30-
JIbOBAaHUX TOBEPXOHb. YCI IOBEpXHi, KpiM Ti€l, IO
MICTHUTh HaiOLIbIIIe TPUKYTHUKIB, BUIAISIOTHCS. Takox
IUIsL KO)KHOI BEPIIMHU OOYHMCIIOETHCS HOPMANb 10 IIO-
BepxHi. Jly)e BaXIIMBUMHU €JIEMEHTaMH MOJIeIi HaBKO-
JIMIIHBOIO CEepeloBHIIA € akTUBHI nepemkonu. Lli me-
pewkoau moBuHHI iMiTyBatu 3acodu [0 (akTuBHI 4yn
nacuBHi). Y Mopeni, 10 po3poOiIsieThCs, ENEMEHTH
AKTHBHHUX IIEPEIIKOJ[ Bi3yaJi3ylOThCs 3a JIOMOMOIOIO
mipamij 4epBOHOr0 KOJIbopy. Po3Mip mipamia 3MeHIny-
€ThCS 3 BiIaJICHHSAM 00'€KTIB Ha TPHUBUMIPHIH KapTi.

[Npuknan mMoneni HaBKOMMIIHBOTO CEPEIOBHINA 3
MIACUBHUMU Ta aKTUBHUMH €JIEMEHTaMU NIPEICTaBICHUH
Ha puc. 1.

Puc. 1. Inrocrpartis Mozesnti HAaBKOJIHITHBOTO CEPEIOBHIIA

1.2. llobynoBa po3mupeHoro rpaga MapupyTiB
nepecyBanus BILJIA y npocTopi

Jns moOynoBu po3mmpeHoro rpada MapuipyTiB
nmepecyBanHs BIIJIA y mpocropi (IOpOXHBOI KapTh
MapIIpyTiB) Bi3bMEMO 32 OCHOBY MOIU}IKAII0 METOTY
JIOPOKHBOI KapTH WMOBIPHOCTI, ormcany B pobori [15].
s mommdikamist agantoBaHa OO YMOB TPHCYTHOCTI
AKTUBHHX IIEPEIIKO/ Ha KapTi MiCIIEBOCTI.

VY KIIacH9HOMY METOHiI HMOBIpHICHOI JOpPOXKHBOI
kapTtu [16] mpouec renepariii nUITXOBUX TOYOK BiAOyBa-

€TBCSL B Takuil croci®. Y mpocropi moOymoBH Mozei
HaBKOJIMITHHOTO CEPE/IOBHIA TOYKA BHOWPAETHCS 3
BUKOPHCTAHHSIM DPIBHOMIPHOTO 33aKOHY pO3IOAiTy. SIK-
IO ISl TOYKA IMOTPAIUIAE B aKTUBHY IEPEIIKOy, BOHA
BUKITIOYAETHCS 3 JIOPOXKHBOI KapTH. B iHIIOMY BUMaaKy
BOHA 3aJIMIIAETHCS B IMYJIi MOMJIMBUX TOYOK MapIIpyTy.
B pesynbrarti Takoi npoueaypu Bigdopy MU OTPUMYEMO
BUOIPKY /7151 piIBHOMIPHOT'O pO3MOJLTY Yy BijIbHIN 0o0nac-
Ti HABKOJIUIITHHOT'O CEPEIOBHIIA.

HenomnikoMm Takoro miaxoxay € BiCYTHICTh alallTH-
BHOTO OOJIIKY ITPOCTOPOBOI'O PO3TAIIyBaHHS aKTHBHUX
MepPEnIKOoA 1, TAKMM YMHOM, MOXKJIMBI BTPaTH ITOTEHITIH-
HO pAaIliOHaJIbHOTO MPOCTOPY YCTaHOBKU MIISIXOBUX
TOYOK y mpocTopi. Ile 3HaYHOI0 MipOI0 3HMKYE MOXKITH-
BICTh allTOPUTMIB 3HAXOJDKEHHSI ONTUMAaJIbHOTO Maplil-
PyTY Hazami.

Jnsi ycyHEeHHs 1bOro Hejoniky apropamu [15]
MPOIMOHYEThCS MOAMQIKAIsT METONYy BCTaHOBJICHHS Ta
BUOOPY HIISIXOBHUX TOYOK, 3BaHA METOJOM XBHIJILOBOTO
MOIIUPEHHs. MOXXHa BUIUIUTH HOrO OCHOBHI €Tary.

CyTh YCTaHOBKM Ta BUOOpY LUISIXOBUX TOYOK IO-
Jsirac B HacTynmHoMy. B o0Osacti TOpoXHBOI KapTH Ha
mizictaBi Topu3oHTaNBHOI wionan XOY, Ha sAKill po3-
TaIIOBaHI TEPEeNIKOH, BHKOPUCTOBYETHCS IOJSIpPHA
crcTeMa KOOpAMHAT. [i moyaTKoBa TOUKa — I1e MPOEKILis
crapToBoi Toukd Ha ocHoBy XOY, a HomspHa BiCh
CIpsIMOBaHA BiJi CTAPTOBOI TOYKH JI0 TPOEKIii Ha OCHO-
By XOY KiHIIEBOI TOYKH. SIK IIISIXOBI TOYKU MPOIOHY-
€TBCS BUOpAaTH TOYKM B IIPOCTOPi, MPOEKIi SKUX Ha
ocHoBY XOY 3HaxoAsTbcsA Ha KOHIEHTPUYHHUX KOJaX 3
LEHTPOM y CTapTOBid Toulli. Pajiycu KOHIEHTPUYHUX
Kin Bubupaemo 3 (QikcoBanum kpokom dr=D/ N, ne
D — BigcraHp MK MPOEKLISIMH TTOYATKOBOI 1 KiHIIEBOT
To4oK; N — KiJIbKicTh KiJI. TakuM 4HMHOM, KOJIO 3 HOME-
poM N mae paaiyc I, =dr-n. Takum ke perysipHUM
YMHOM BHOHPAEMO TOYKH Ha KOJaX, IPUUIOMY JOBKHHH
YT MK CYCITHIMU TOYKaMH Ha Pi3HMX KOJax IOBHHHI
Oyrn Onm3pkumu. KoopauHaTh mnpoekiii MUIsIXoBoi
TOYKHU OMHUCYIOTHCS SIK:

27zm

X =Xo +dr-n-C0S ,

, (4)

. 2zm
Yo = Yo +dr-n-sin

n

ge N<N — HOMep KOHIEHTpHUYHOro Koma; M<K, —
HOMEp TOYKH Ha KOJi; K — mapamerp, 110 perysoe Kiib-
KICTh TOYOK Ha KOJIi (Ha KOJII C HOMEPOM N OOUPAIOTHCS
k, To40K).

[TapameTpu i BU3HAYAIOTH UIUTBHICT TOYOK HA TO-
PHM3OHTAJIBHIH IUIONIMHI, SIKi PO3TALIOBaHI PErYISAPHO i
piBHOMipHO. XapaKTepHUMH BiJICTaHAMH Y IIbOMY Ha-
oopi € dr i 2m/k. ITpuknag BUOOPY TOUOK XBUIBOBUM
METOJIOM TIPEACTaBICHNI Ha pHC. 2, a.

BucoTn NDIAX0BHX TOUOK BH3HAYAKOTHCS 3 Ypaxy-
BAaHHAM KapTd BUCOT. SIKio N, — MakcHMaibHa BHCO-
Ta obmacti AopoxHboi Kaptd, a N =h(Xy, Yon)
3HQUCHHS KaPTH BUCOT TOYKH (X, Yy )» TO TPETS KO-
OpIMHATa NUIIXOBOI TOYKH — BHIAJKOBA BEIMYMHA,
piBHOMIpHO po3nozinena Ha Bixpisky [h ]- Buko-
PHCTOBYIOYHM [AaTYHMK IICEBIOBUIAAKOBHX 4mcena rand,

nm? hmax
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110 J1a€ 3HAYEHHS Ha BiJPIi3Ky [0,1], OTPUMAEMO BHUpa3
JUIA PO3paxyHKy BUCOTH.
Hon =hy +rand (ho, —ho)- 5)

a 0
Puc. 2. Inroctparii:
a — IPHUKIIaay BUOOPY TOUYOK XBHIILOBHM METOIOM
0 — posmupenuii rpad MapipyTiB nepecyBanHs BITJIA

Y jesikux Bumagkax, koms ho <max(H,.),

max —
BCTAHOBJICHHSI TOYKMH CTa€ HEMOXIIMBHUM. TaKI TOYKHU
BUKIIFOYAIOTHCS 3 MHOXXHWHU IIIIAXOBHUX.

BinpIicTs anropuTMiB MOIIYKY 3'€HAHb TOUOK Ta
nobyznoBu rpada mnependavaloTh IMEperisy YCix map
LUISIXOBUX TOYOK. lle MoXke aprymMeHTOBaHO BHOpaTH
ONTHUMAaJIbHUN MappyT pyxy. OfHaK, Ha MPaKTHLI, IPH
nepecyBanHi BITJIA Take TpyaoMmicTKe 3aBIaHHS MOXe
3HAYHO 30UIBIINTH Yac KoMIo3uiii Mapuipyry. Tomy B
POOOTI MPOMOHYETHCSI IS KOXKHOI TOYKH B SIKOCTI Mapu
NeperyisiiaTH TUIbKA TOYKM PO3TAIIOBaHI Ha BiJCTaHi
¢</{,, MeHIe BiJ fqomyctuMoro. Bubip 3Hauenns ¢

MOXHa BHKOHATH 3a JOIOMOIOI0 QJITOPUTMY IIOLIYKY
3'eIHAHHS TOYOK, MPEACTABICHOr0 y podoti [17].

[Ipu noOymoBi JOPOKHBOI KApTH YaCTHHA BHUTPAT
yacy iiJie Ha TIepeBIpKY MOXJIMBUX 3ITKHEHb 13 TEpPeIIKo-
namu. [Ipu oMy yHiBepcallbHUM CIIOCOOOM BHSIBIICHHS
KOJT3iil BiJpi3ka NpsIMOi € TepeBipKa JesKoro Habopy
TOYOK BiJIpi3Kka Ha MPUHAIISKHICTB JI0 Tiepemiko1. MoxHa
BUJIUINTH J[BA MiJXOAU JO BUALIEHHS HA0OpY TOYOK, IO
niepeBipsitoThest [17]: 3pocrarounii i GiHapHuil. Y 3poc-
TAIOUOMY IIAXO/AI TOYKH HA BIJPI3Ky PO3TAIIOBYIOTHCS
PETYISPHO BiJi OMHOTO KiHIE A0 iHIIOro. Y OiHapHOMY
MIX0/1i BUKOPUCTOBYIOTH METOJI MOJILTY HABIILT — Tepe-
BIPSIETBCSI MOXJIMBE 3ITKHEHHS 3 IIEpEIIKOfaMu y cepe-
JIMHI BiJIpi3Ka 1 JajIi Mpolec MOBTOPIOETHCS JUTsS OKPEMHX
YaCTHH BifIpi3Ka. 3a BIJICYTHOCTI KOMIi3il MPOIEC MOALTY
HaBILJT 3YNUHIAETHCA, SKIIO BiICTAaHP MDK CYCIOHIMU
TOYKAaMHU CTa€ MEHIIO0 3a 3aJaHe 3Ha4eHH:. Liroctpartis
posmmperoro tpada mapmpyrtiB nepecyBanHs BITJIA
TIpeJcTaBlieHa puc. 2, 0.

don

1.3. ITomryk HAKOPOTLIOro HUIAXY y PO3LIHpe-
Homy rpadi mapupyTiB nepecyBanus BIIJIA

Ile omHuM 3aBHAHHSIM Y 3arajbHI CTPYKTYpi 3a-
BJaHb PO3POOKH KOMIUIEKCY MOJENeH KOMIIO3HIIT MapIi-
pyry BIUIA y npocTtopi € onryk HaifkopOTIIOro IUTAXY Y
po3mmpenomy rpadi Mapmpytis nepecyBanas BIUJIA. Tle
3aB/IaHHS BHUPINIYBAIOCS 3 BHKOPHUCTAHHSAM aJTOPUTMY

A*, sxuii € po3BuTkoM anroputmy Jeiikctpu [18]. 3 6ara-
TBOX JDKEpell BiIOMO, M0 alnroput™ JledkcTpH IoIiib-
HO BUKOPHCTOBYBAaTH IIpM TMONIYKY HaWKOpOTIIOTO
[UISIXY BiJ OHOT'O BUTOKY JI0 MHOXKHHHU CTOKiB. [IpoTe
yac, [0 BUTPAYAETHCS HA JOCIIHKEHHS BCIX HANpsMIB,
30KpeMa 1 Oe3MepCIeKTHBHUX, [IOCHUTH BEIUKHH. Y
CBOIO uepry aiaroputM A*— moaudikaiis aaropurmy
JelikcTpy, onTUMi30BaHa JUIs MOUIYKY [UISXY B 3aJaHy
KIiHIIEBY TOYKY. JlaHWI aqropuT™M NpiopHUTe3ye Mapii-
pPyTH, 1O € HAaHOLIBII pallioHaTbHUMHU PiIlICHHSMH, 32
JIOTIOMOT 00 Tiporneaypy Moaudikamnii GpyHKmii BapTOCTi
rpada. Lle 103BONsIE 3MEHIINTH Yac Ha TOIIYK ONTHMa-
JILHOT'O MapIIpyTy.

Oynknito Mogudikanii ¢yHKIii BapTocTi Tpada

MOYKHA TIPEJICTAaBUTH HACTYIHUM YHHOM:

F(v)=S(v)+e(v), (6)
ne S(v) — GyHKIis BapTOCTi JOCATHEHHS JaHOI BEpIIIH-
HHM 3 T0YaTKOBOI (K B amroputmi [leiikctpu); e(v) —
EBpHUCTHYHA (DYHKI[iS OIIHKY BIJCTaHI BiJ| TAHOI TOYKH
JI0 KIiHIIEBOi TOYKH, 3a3BMYAil MOPIBHIOE BiJCTaHI MiX
JIBOMa TOYKaMH B SKii-HEOYIb HOPMI.

AnroputM  A* mpallfoe aHAJIOTIYHO AINTOPUTMY
Hetixctpu. [Ipote BHOIp 4eproBoi BEpUIMHH IIPOBOANUTH-
cst 3a 3Ha4YeHHsIM (yHKIIT F(V), mpuaoMy IporisaaoThes
HE BCi BEpPIIMHH, JIMIIIE YaCTHHA, 3HAUeHHs (YHKLII Bap-
TOCTI SIKMX MOTPAIUIAIOTHE y JOMYCTUMI Mexi. Takum
YHHOM, B PE3yJIbTaTl BUKOHAHHS TPHOX €TaIliB OTPUMYE-
MO JIaMaHy, 110 3'€AHY€E MOYaTKOBY Ta KiHILIEBY TOUKH I10
TMOCJTIIOBHOCTI NUISIXOBHX TOYOK. L{e momyctimuii nusix,
KM Ma€ BIACTUBICTh BIJHOCHOI ONTUMAJIBHOCTI SIK
HaMKpaIuii X y nooyaoBaHoMy rpadi.

1.4. Monenb 3ri1aKyBaHHS JIAMAHOI
JIiHII B cepe1oBUIL 3 AKTUBHUMH
TA NACHBHUMM TepeLIKoiaMu

[Ticnst Toro, sik moOyA0OBaHa J1aMaHa JiiHisl (Haiiko-
POTIIMIA UISAX), IO 3'€JHYE CTAPTOBY Ta KiHIEBY TOUKH,
HEoOXiHO MPOBECTH NpOLEypy 3IJIaUKyBaHHS, KA B
pe3ynbTati 1 AaCTh MIAAKy KPUBY, B3JIOBXK SKOI JOILIb-
HO BUKOHYBatu nocraBieHe BIIJIA 3aBnanus. OmHiero 3
HAayKOBHX 3aJa4 IIPH IIbOMY € 3a/lada BUKOHAHHS 3IJIa-
JUKYBaHHSI TPAEKTOPIi TAKUM YHHOM, 100 VIS TJIaJKOTO
HUISIXy 30eperiacsi yMoBa BIJICYTHOCTI MEpPETHHY 3 aK-
THUBHHMH Ta IACHBHHUMHU Hepemkogamu. [Ipum mpomy
HEOOXiTHO BpaxyBaTH (akTop pamiycy il aKTHBHUX
nepenko/] (10 MOXe 3MIHUTH KPHUBY 3TJIa/KYBAHHS).

[IpoBeneHi AocmiKeHHs MMOKa3alu, 10 B JaHHUH
4yac BUKOPUCTOBYEThCS PsiJI IMiIXOJIB PO3PAXyHKY Tpae-
KTOpii, 10 3riajxkye. BiTHOCHO MPOCTUM MiIXOIOM €
JIOKaJIbHUH, TIPH SIKOMY TPOILeAypa 3IIIaIKyBaHHS BH-
KOHYETBCA JIMIIE B OKOJHUIIX BY3JiB JaMaHOi JiHii. B
JIAHOMY TIiJIXOJIl MOJKHA KOHTPOJIIOBATH MOMJIMBI Tiepe-
THHH 3 riepemkoaamy. [Ipu 1boMy TOYHICTE PO3paxyH-
KiB 3QJIMIIAETBCA Y JOMYCTUMHUX HopMax. Hampuxman,
JIOCTaTHBO 3HATH BiJICTaHb BiJ BY3Ja JIaMaHOI 10 Haid-
OmmKYOl TIepeIKoar, BOHAa BHU3HAYAE TY OKOJNUIO, B
SIKIH MO’KHa BHUKOHATH 3IJ1a/DKYBaHHS 3 FAPaHTOBAHOKO
BiJICYTHICTIO TICPETHHIB 3 MEPEIIKOAaMHU.

AHami3 niTepaTtypu T03BOJIUB BUIUTHTH HU3KY Me-
TOJIB, IO PEATi3yIOThCS B PaMKaX KOHIICIIIi JIOKab-
HOTO 3mIapKyBaHHsA (Meron Dubins, MeTox moispHUX
GararousneHiB, Ky0iuHi KpuBi be3be, HepiBHOMIpHI KyOi-
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yHi B-cromaiin 1 iH.). Merox Dubins momsirae y 3amini
MIPWIETJIMX O KyTa JIaMaHOi YacTHH BIAPI3KIB TYTOr0
koma (puc. 3), i 3a0e3meuye JUIIe MEPIINA MOPSIOK
TJIQ/IKOCTi, KPUBU3HA KPHUBOI BUSBIIETHCS PO3PUBHOIO,
PO3pHBH BUHUKAIOTh Y TOULIl 3'€JHAHHS.

st BUpimeHHs Mpo0JieMu 3 PO3PUBOM KPHUBU3HH
IUISIXY MOXKHa BUKOPHUCTOBYBATH IHINI KpHBi, Hampu-
KJIaJ, ToJsApHi 6arartowieHu [17] — Garatounenu, 3amu-
caHi B TIOJISIPHUX KOOPJIMHATAX:

2 3 4
r(p)=a,+ap+a,p’ +ap’ +ap’
[opiBHSHHS pe3yNbTATIB 3TIKYBaHHS 3a JOTO-
MOT'OI0 TyT'H KOJIa, MOJISIPHOTO OaraTo4jieHa Ta KycKoBO-
MOJISIPHOTO OaraTodiieHa IpeJcTaBiIeHo Ha puc. 4.
8 Wy 0

= =~ [JOvraEona
L -01

-02

-03

@
Kpwaiana

P2
Pﬁ
5 04

-05

06

[ 0 2 4 6

JIOEAIHA NITAXY

a 0

Puc. 3. 3miajpkyBaHHS 1amMaHoi 3a MeTozioM Dubins:
a — JJaMaHa Ta 3IIaJUKeHa KpuBa; 0 — 3MiHK
KPUBHM3HM B3JI0BX 3IV1aJDKEHOI KPUBOI

06
05
04

P2 03

KpuBnana

Py
02
‘o

4 [ Jyra ez 1% wy
Taseges Bsranoresermn

T —— 0
Wy ) o 05 1 15 2

Puc. 4. 3riajpkyBaHHs IUISIXY METO/IOM IMOJISIPHUX OaraTouIeHiB:

a — 3MJ1aDKEHI KPUBI, OTpUMaHi TphOMa METOIaMU;
0 — MOPIBHSHHS KPUBU3HK TPHOX BUJIIB 3IJIAJKEHOT KPHBOI

IlonapHa cucrema KOOpOUHAT B JAHOMY BHIIAJIKY
3a[1a€ThCA HACTYITHUM YMHOM: IIOYaTOK CHCTEMH KOOp-
JVHAT MICTUTBCS B TOUKY P1 — LEHTpP 3MIaIKYyKUOoro
koma (puc. 4. a), a MOYATKOBA BiCh MOEAHYETHCS 3 pPali-
YCOM 3IVIAJIKYIOUOro Koia, o iWae B Touky. [lonspHuii
OaraTowieH IMOBMHEH BIAMOBIIATH MOJIOKEHHAM IT0YaT-
KOBOI 1 KiHIIEBOI TOYOK (TOYOK TOpPKaHHA JIiHiH 1 Kona,
110 3TIAKYE). YMOBH IS TIIAKOTO 3'€ THAHHS TaKi:

r(0)=d, r(0)=d,k(0)=0,
r(®)=d,r(®)=d,k(®)=0,

ne k(o) — ¢ynkitist kpuBu3HH, @ — KyT MiXK BEKTOpaMH
OPR, i OP,. OmgHrMH 3 HaWOIIBLI MOMYISPHUX Cepex

PO3pOOHUKIB METOMIB 3TJAaDKYBaHHI TpPA€EKTOPi B
maHuil 9ac € KyOiuHi kpmBi besbe (mpocti abo xmacy
C?), a Takox HepiBHOMIipHI KyOiuHi B-crnaiinu. ITpuk-
JMAAW UTIOCTpallii TpadikiB 3riIaKyBaHHS TPAEKTOPIN 3
BHUKOPHCTAHHSM IIMX METO/IB MPE/ICTaBIICH] Ha pHUC. 5.

w, 8
E; E; 7
B e~
2 g
B,/ E 6
Eo
Bo
5
wy 4
Wy 3 Wy
2 3 4 5 6 7 2 3 4 5 6 7
a 6

Puc. 5. Ipukinanu imocTpartii MeToiB
3rJIa/pKyBaHHS: a — KpuBa besne kmacy C?,
0 — HepiBHOMIpHHH KyOiuHMit B-crimaiin

3ayBaxxuMo, 10 y pasi kpusoi beswe knacy C2, me-
pIlia KprBa 3a1a€ThCsl 4 KOHTPOJIBLHUMHU TOYKAMH:

B, =W, —d,, ¢;, B, =B, + 9,4,
B, =B, +hg,, B;=B, +kyu,,

Jpyra xpuBa 3aa€Tbcad YOTHUPMa KOHTPOJIBHUMH
TOYKaMHU, 110 3aTHUIIHIHCS:

E, =W, +d,, 0,, E; =B, — 9.0,
E,= Bl_heql' E;=B, _keud'

nie du — nosxkuHa Bix W, 10 Bo; di — nosxxuna Big Wo 110
Eo; 01 — omuuunwmit Bekrop Big Wi 1o Wo; 2 — ofMHAYHUIA

Bektop Big W> 1o Wa; Ug — onmuanyHuMit BekTop B,E, .
[MpuitHATI BeNUYMHKA TapaMeTpiB:

d,=d,=d,, h=h=0,346d,, 9 =9.=0,58h,
k, =k, =131hcosg [17],B=v/2, y=t—O.

lono B-cruaitnoBoi kpuBoi, 00 BoHa Maja 0e3-
NepepBHY KPUBU3HY, 1i IJ1aKICTh MOBUHHA OyTH HE HIX-
ye C2, TOOTO. MOPSAIOK CIUIaiiHy Mae OyTH He HibKue 4.
[Mopsimok 4 Binmosimae kybiunomy crutaiiny. Ilpu K =4
3arajbHa KUIBKICTh BY3JiB Mae Oytu He meHine 8. lle
MiHIMaJIbHa KUIBKICTb, aJie TIOTPiOHI JOAATKOBI BY3JIH.

I[lpy 9 KOHTPONBHMX TOYKAX MAa€EMO BEKTOp
T ={0,0,0,0,t4,1,1,1,1}, y SKOMY JIMIIE OJWH BiUTbHUN
By3o0n ts. OnHaK y pasi mpuUpoIHOi BUMOTH CHMETPUYHO-
cti t4=0,5 Ta BeKTOp BY3I]IB BHSBISAEThCSA (DIKCOBAHUM
[17]. [leB'sTBMMipHOMY BEKTOpY BY3JiB BiamOBimae
I'SITh KOHTPOJIBHUX TOYOK, SKUX, 3 YPaxyBaHHSIM CHMET-
pii KpWBOI, HENOCTATHHO IS PETYIIOBaHHS B KIiHIIX
KpuBoi. [IporoHyeThCSI BUKOPUCTOBYBATH CUMETPUYHUI
10-mipamit BexTop Bysnis T ={0,0,0,0,t,,t;,1,1,11}, ne

t,<t, t,+t;=1. ﬁOMy BIJIOBiTa€ 6 KOHTPOIBHHUX
Touok R, puc. 6. 6. Po3ranryBaHHs KOHTPOIBHHUX TOYOK:

R=R-k,d,q, R=P -k d,q, P, =W, -d.q,,
B =W, _dsqz’ P=F +k1 dqu' R = Pl+k2 dsqz'

ne By =0, =W, =W, g, =W, -W,.

IMapamerpu K, K,, 0, perymorwoTs Biacrani Bix Bep-
nmHn amaHoi Wo 10 KoHTpomsHHX TO4OK. [IpoBememo
MOpPIBHSUIBHI Jociipkennst. Ha puc. 6 npezcTaBieHo mopi-
BHSIHHSI PE3YNBTATIB 3TVIa/DKyBAaHHS MULIXY Ta KPUBH3HHU
NUIIXY 32 YMOBH, III0 MiHIMATGHAN pasiiyc MOBOPOTY OJI-
HaKOBHH (TOOTO MaKCHMaITbHA KPHBU3HA OTHAKOBA).
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Puc. 6. I'pacixu mopiBHIHHS METOAIB 3TJ1aPKYBaHHS
3a YMOBH, 1[0 MiHIMAJIBHHH pajiyc MOBOPOTY OIHAKOBHUI

[IpoBenenmii aHaii3 Noka3ye, 10 METO/ HEPiBHO-
MipHOrO KyOiuyHOro B-criaiiHy npakTHYHO MOXHA
NOPIiBHATH 3 METOJOM KpuBHX besbe kiacy C2, mpore
BiH € OlnbI npoctuM y peanizanii. Kpim Toro, ontumi-
3ariist mapamerpa O; T03BOJHTH MOKPAIIUTH MOKA3HUKH
3IIIaKYBaHHSI.

TakuM YMHOM, MOXXHA JifTH BUCHOBKY TIPO JOIIi-
JIBHICTh METOAY HEPIBHOMIpHOro KyOiuHOro B-cruaiiny
JUIsl BUPILICHHS 3a7a4l 31718 UKyBaHHS TPAEKTOPIl pyxy
BIUTA B mpoctopi Ha 00paHOMY MapIIpyTi.

Jnist BUpinIeHHs 3a7a4i BHOOpY Ta onTHMi3aril na-
pamerpa 3riamkyBaHHs Or, sKuii OGepe yd4acTh y 3ria-
JDKYBaHHI B OKOIIMINI BY3Jla, PO3TVITHEMO JIBi YMOBH.
[epira ymMoBa mojsrae B TOMy, 1o mapamerp O He
NOBMHEH MEPEBUIIYBATH MTOJOBUHU MiHIMAJILHOI 3 J0B-
JKMH CErMEHTIB, 110 PUJISratoTh 10 By3Jna. e mo3Bomnsie
NPOBOJIUTH TPOLEAYPY 3TJIaKYBaHHS Y Pi3HUX By3Jlax
HE3aJIeKHO OJIMH BiJ ofgHOoro. Jlpyra ymoBa — mapamerp
dy Mae GyTi 0OMeKEHHI YMOBOIO BiJICYTHOCTI TIEPETHHY
KPHBUX 3IJIaJUKYBaHHS 3 HEPEIIKOAAMH.

OOuzBi yMOBHM BHUMAaraloTh 3HW)KEHHS 3HAYCHHS
nmapamerpa O, OnHaK I 3HIKEHHS NPH3BOAUTH MO
IABUIIEHHS 3HAYEHHS KPUBHM3HH, L10 YCKIAIHIOE pea-
mizaniro Micii. ToMy BUHMKaE 3aBlIaHHSI ONTHMAJILHOTO
BHOOpPY mapamerpa .

PosrnstHeMO criowyaTKy 3aBIaHHS BHOOPY MaKcH-
MaJbHO MOXIMBOrO mapamerpa i, 1o 3abesneuye Bu-
KOHAHHS MEPIIOi YMOBH: YaCTHHH CETMEHTIB JIAMaHOI, y
SAKUX BiIOYBA€ThCA 3ITIAJDKYBaHHS, HE NEPETHHAIOTHCS.

IMosnauumo yepes (;, i=1N, noBkuHH cermMeHTIB
namaHoi i Hexait d,, 1=2,N -1, mapamerpu 3riamky-

BaHHS JJIsl BHYTpIIIHIX BY3miB siamanoi. Tomi maroTh
BHUKOHYBATHCS HEPIBHOCTI:

d, <f;d, +d, <0,i=2N-2d, <t ()

SIkmio Bei i 071HAKOBI, PIlIIEHHS BUTJIAIAE TaK:

dt:min{fl,%,%,...%,%}. ®)

Ipwu pisHux mapamerpax

d, =min{€1,%}; d, :min{%’%}’ N )]

3 ypaxyBaHHsM ooMmexeHs (7) chopmyimoeMo 3a-
BIAHHA ONTHMI3arlil B TaKHii CI1ocio.

L(dy,.dy .-y, ) > max; (10)
d, <(y;d +d, <(,i=2,N-2d, </(y.

ne L — minsoBa QyHKIis, QyHKITIOHAT SKOCTI PilIEHHS.

Y MOMEHT XOJIOZHOTO CTapTy Ul BUPIIIEHHS OII-
TUMi3aliiHoOl 3a7a4yi MOXXKHAa BUKOPUCTATH CHTYaIiIo,
omucany ymoBowo (8). YV po3risiHyTii onTHMi3ariiHii
3aJa4yi MOXKHa BpaxyBaTH BiJCTaHb [ BiJ i-ro By3na a0
HalOmmk4d0i mepemkonu. SIKimo dt, <Tr;, TO ICPETHHIB
13 IepenIKOIaMHy ITiCIIsl 3TJIa/PKyBaHHS He Oye.

HapeneHuit minxix M03BOJSE BHPINIMTH 3amady
3rIaKyBaHHs Tpaektopii. Onnak, ymoBu momneni (7)-
(10) maroTh 3aranpHHil XapakTep i MOXKYTh HPH3BECTH
JI0 3aHIDKEHHS MTapaMeTpiB 3TJ1a/DKyBaHHs. binbm pari-
OHAJILHOIO € HACTYITHA CTpaTeris. Sk BuXinHI BUOUpae-
MO 3HAYECHHS dt. , OTpUMaHi 3 PIlICHHS ONTHUMIi3aliiHOT
3anaui. [loOymyBaBImIM KpHUBY 3IJ1a/UKYyBaHHS y BY3Ii,
MepeBipsIEMO, UM MEPETUHAETHCS 1Sl KPHBA 3 TEPEIIKO-
JaMu. SIKIo Tak, 3MEHIIYEMO BiAIIOBiJTHE 3HAYEHHS Y
MiBTOpa pas3M i 3HOBY IEpPEBIpEMO Ha MEPETUH 3 Tepe-
mkonamu. [Ipouenypy st KO)KHOrO By3jia HOBTOPIOE-
MO, JIOKU TIEPETHHU 3 MEepPeIIKoJaMy He 3HUKHYTb.

Crizx 3ayBaXKHTH, 110 Y TPUBUMIPDHOMY BHUIAIKy
NpoleC 3TIIaJPKyBaHHsl TaKUH CaMUii, SIK 1y ABOBHMIp-
HOMY: 3TJIa/UKyBaHHS B TAHOMY BY3JIi CTOCYETHCS JIBOX
JIAHOK JIaMaHoi, sIKi JIeXkaTh B OfHi# miommHi. Ocobnu-
BOCTEH y 3B'S13KY i3 TPUBUMIPHUM IIPOCTOPOM HEMAE.

TakuM YMHOM, JUIsi 3aJ]@aHOr0 HaOOpy MEPelIKOoa
(mOBKIIA) Ta 3aJaHUX CTAPTOBOI Ta KIHIICBOI TOYOK
CHHTE30BaHO MapuIpyT pyxy 3 00XO0J0M MEPEeIIKO]I.

2. JlocaimkeHHs] MeTOXY KOMITO3HITii
mapmpyTy BILJIA y mpocTopi

BukopucroByoun pe3ynbTaTé iIMITaLliHOrO MoJie-
JFOBAHHSI 3 JTOMIOMOTOI0 TpOrpaMHoro komruiekcy [19],
MPOBE/IEMO TEBHHUI aHaJI3 BJIACTUBOCTEH 3aIpOIIOHOBA-
HHUX METOJIB Ta crioco0iB. [IpoaHanizyemo BB KoH(DI-
rypauii TepenIko Ha YCHiLIHICTh IUIaHYBaHHS TPAE€KTO-
pii nomsoty BITJIA, sik xapakrepuctuku KoHpirypaiii
HEPELIKO/ PO3MITHEMO IUIOLLYy OCHOBH, 3aiHATY Heper-
KOJIaMH, 1 BEIMYUHY MIHIMAJIBHOTO 3a30py MiX Iepell-
kogaMu. Y Tabn. 1 mpencraBieHi BHXIiJHI JaHi Tpo Tie-
PEIIKOAN ABOX NPHKIAAIB IIOPiBHAHB. Pe3ynbraTn Mone-
JIOBaHHS mpejcTapieHi B Tabn. 2. Ll pe3ynbratu moka-
3YIOTb, 1[0 3MEHILICHHS 3a30py MK HepelkoamMu y pasi
METOly JOPOXKHBOI KapTh WMOBIPHOCTI MPU3BOAUTH JIO
3MEHIICHHS WMOBIPHOCT] YCIIIIHOTO TMOOYIOBU HUISIXY
npsimyBalHs. 110 cTocyeThcsi METONYy XBHIIBOBOTO IIO-
IIMPEHHS BIUIMB [IbOT0 YMHHHKA He3Ha4yHO. [IpoaHaizy-
€MO BIUTMB HAa YCIIIIHICTh IUIAHYBAaHHS IDIONII, IO 3aif-
MAa€eThC Ha MifcTaBi mepemkon. OOUYNCIIOBaIbHUN eKc-
MIEPUMEHT CIUIAHOBAHO TaK, IO 3a 3MIiHH IUTOMII ITeper-
KOJI BEIMYMHA MiHIMAJIBHOTO 3a30Py MiIX MEPenIkogaMu
Maibke He 3MIHIOEThCA. 3HOBY BHKOPHCTOBYEMO KOH(i-
rypamifo i3 ABoma Tmepemkomamu. llmoma mnepemkon
TIOCTYTIOBO 30UTBIIYETHCA CHOYATKY 338 PAaXyHOK ILIOII
TIEPIIIO] IEPEIIKO/IH, TTIOTIM IPYTOI.

PezynbraTi ONMHUCAHOTO EKCIIEPUMEHTY NPEACTaBIICHI
Tabim. 3. KpiMm Toro, mpoBeneHni eKCIIepUMEHT JO3BOIIHB
OTpUMATH JaHHI ISl pO3PAaXyHKY ITOKA3HIKA HMOBIPHOCTI
nepexaTry BIUUIA B pexwmMi aBTOHOMHOTO IONBOTY.
3’scoBaHO, MO0 BUKOPUCTAHHS 3aIPOIIOHOBAHOT'O METO-
ny kommosuiii Mapmpyry BIUUIA y mpocropi 3HMKYeE
el TIOKa3HUK 10 1,5 pasis.
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Tabnuya 1 — Buxigui nani npo nepemxoan
JIBOX MPHUKJIATIB NOPiBHIHB

Tabnuya 3 — KinbKicTh yeninHuX cnpod niaHyBaHHS LLIAXY
B 3JIeKHOCTI BiJl 1101 OCHOBH, 110 32iiMaIOTh IePeLKOoIN

BucHoBxku

Po3pobneno merox kommosuiii mapmpyry BITJIIA

Homep | Homep Koop- Po3mipu Kyr . L

HpK- Bapi- THHATH (ump., 08., | opien- y npoctopi. OCHOBHOIO BiJMIiHHICTIO TpE/ICTABICHOTO
aagy aHry LEHTDPY BHC.) Tamii METOly € KOMIUIEKCHE BPaxyBaHH: ocobnmmBoCTel Ha-
1 100,200 130,140,140 60 BKOJIMIITHBOI'O Cepe[!OBI/IHIa, 1o .Blz[06.pa>1.<ae MOKIJINBI1
230,80 120,100,190 20 Hepelkoay (aKTUBHI a00 IMacKBHI) Ta iHINI OOMEXeHHS
1 ) 100,200 | 130,140,140 60 3a/1a4i MPU KOMIIO3UILT MapuipyTy 6e3n1anHoro miTa-
230,110 | 120,100,190 -20 JBHOTO arapary B TpuBUMipHOMY mpoctopi. Lle no3Bo-
3 100,200 | 130,140,140 60 JUJIO TiJBUIIUTH TIOKa3HUK HMOBIPHOCTI NepexBary

230,120 120,100,190 -20 BIJIA B pexxuMi aBTOHOMHOTO TTOJIBOTY J10 1,5 pasiB.
1 115,174 60,140,140 60 [Ipn mocmimkeHHI METONy MPOBEAEHO aHali3 Oc-
203,128 60,60,190 —20 HOBHUX TiAXOAiB Kommosumii Mmapmpytis BIUIA vy
2 2 100,200 | 130,140,140 60 MPOCTOPI Ta 3aIPOIIOHOBAHO YOTUPHU €TAIM BUKOHAHHS
203,128 60,60,190 —20 3aBraHHs. lle eramu MonenroBaHHS HaBKOJHUIIHBOTO
3 1203%29000 ggiggigg g% cepeioBHIIa, HOGYL[OBI./I pO3UIMpEHOro rpady mMapupy-
! 1= TiB TIepecyBaHHsI OE€3MIOTHOrO JIITAJLHOIO amnapary y
Tabnuys 2 — KiapkicTh yenminmux cnpodé nianyBaHHS MPOCTOPI, TOIYKY MaPIIPYTY, IO 3CAHYE CTapTOBY
oIl B 30TEAHOCTI Bill 3830y MK ICPOIIKOTAME TOYKY 3 KiHIIEBOIO, @ TAKOX €Tall OTPHUMaHHS KiHIEBOTO

— pe3ynbTary.

o | M | Moot | Gonommn sivimocton pesanrin g
1 19 20 JUKHb Ha IMX €TArax € ypaxyBaHHs TPUBUMIDHHX aK-
5 16 20 TUBHMX Ta TMACHBHHUX MEPEUIKOA ITPH MOJENIOBaHHI
3 17 20 HaBKOJIMIIHBOTO CEPEJIOBUINA, aJANTUBHE BpaxyBaHHS

MPOCTOPOBOr0 PO3TAIllyBaHHS AKTHMBHUX MEPELIKOA Y
MPOCTOpi NpU MOOY0BI PO3IIUPEHOro rpady Mapipy-
TiB nepecyBanHs BI1JIA, a Takoxx BUOip Ta onTuMizalis

Homep | Meton iiMoBipHicHOT | MeTo XBIIE0BOTO napaMmeTpa 3rJI1aJKyBaHHs 3a JIOTOMOTOK0 METONy Hepi-

BapianTy JIOPOKHBOI KapTH PO3MOBCIOHKEHHS BHOMIpHOro KybiuHOro B-crumaiiny, mpu oTpuMaHHi
1 20 20 KIHIIEBOI'O pe3yibTaTy komnosuuii mapupyry BITJIA y
2 20 20 npoctopi. Ile migBunmino Oe3neky BUKOHAHHS 3aBJaH-
3 18 20 Hs Y aBTOHOMHMX YMOBAX ITOJIbOTY.

10.

11

14.
15.

16.

17.
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MeTox KOMNO3WIMH MAPHIPYTa GeCIHIOTHOIO JIETATeJIbHOTO aNNapaTa B MPOCTPAHCTBE
J. I'. Bonomwus, B. O. bpeuko, C. I'. CemenoB

AnnoTtanusa. CraTbs NOCBAIIEHa pa3paboTKe METOa KOMITO3UIIMK MapLIpyTa OECIMIOTHOrO JETaTeNFHOro anmnapara B
TpexMepHOM mpocTpaHcTBe. OCHOBHBIM OTJIMUHEM IIPEJCTaBICHHOIO METONA SIBISIETCS KOMIUIEKCHBIH ydeT 0cOoOeHHOCTeH
OKpYKaroliel cpeibl, OTPaKArOUIUI BO3MOXKHBIE ITOMEXH (aKTHBHBIE WM ACCUBHBIC) U IpyrHe OrpaHNYCHHUS 3a/1auH TIPH KOM-
MO3HUIMU MapLIpyTa OECHMIOTHOrO JICTATENIbHOTO anmapara B TPEXMEPHOM IIPOCTPaHCTBE. DTO MO3BOJIMIIO HOBBICUTH Oe3omac-
HOCTb BBITNOJIHEHHS 33Ja4l B aBTOHOMHBIX YCJIOBMSX ToJIeTa. B cTaThe MpoBeJeH aHAaIM3 OCHOBHBIX MOIXOIOB K KOMIO3ULIUH
MapupyroB OECIMIIOTHOTO JIETATENBHOrO amnapaTa B npocrpaHcrse. CrenaH BBIBOJ O HEJOCTaTKaxX JBYMEPHOrO IPEACTaBlIc-
Hus. B MeTone npencTaBiaeHsl YeThIpe 3Tamna BBIMOIHEHHS 3afaHusd. OTO 3Tal MOAEINPOBAaHMS OKPYKAroLIel Cpeibl, OTpaskaro-
LM BO3MOXKHBIC TIOMEXH (aKTHBHBIC MJIM IACCHBHbIC) U Pyrie OrpaHUueHUs 3a/la4d. OTal IOCTPOSHUS PaCIIMPEHHOro rpada
MapIIpyTOB MEPEIBIKEHNS OSCIMIOTHOrO JICTATEIBHOTO alapara B MpocTpaHcTBe. OTINYMEM 3TOro JTana ABIIeTCs afanTHB-
HBII y4ET MIPOCTPAHCTBEHHOTO PACIONIOKEHHS aKTUBHBIX MOMEX B IpocTpaHcTBe. Claeayromuii 3Tan — MoucK MapHipyTa, Coeiu-
HSIOIMH CTApTOBYIO TOYKY C KOHEUHOW M OOXOMALIMII BCE MPEMATCTBUS M JAIOMIMKH BOSMOKHOCTb IOCTPOCHHS HA4aJILHOTO
Mapupyra B BHAE JIOMAaHOW JHMHUH, (OPMHUPYIOIIEHCS IOCIEIOBATENbHOCTBIO MyTEBBIX TOYEK, M COCIUHSIOIMN CTapTOBYIO
TOYKY C KOHEYHOH, MUHYS npenaTcTBus. [lociaeaHuM SABISETCs 3Tall NOJNy4eHUst KOHEYHOrO pe3yibraTa, KOTOphlii obecrneunBa-
€TCsl CIJIaXKUBaHUEM TOJTy4E€HHOHN JTIOMaHON IMHUU. B 3Tol yacTH MeToAa KOMIO3ULHHY AJIsl PEICHUs 3aJaull CrIaKMBaHUs Tpa-
EKTOPHH JIBIDKEHUS OSCIMIIOTHOrO JICTATENILHOTO anapara B IPOCTPAHCTBE Ha BHIOPAaHHOM MapLIpyTe JI0Ka3aHa Lienecoodpas-
HOCTb HCIIONIB30BaHKs HEPAaBHOMEPHOI0 MeTona Kyouueckoro B-cruiaiiHa. C IOMOILIBIO 3TOr0 METOa HOCTABJIEHA U pelIeHa
3aj1a4a BbIOOpA M ONTUMU3ALMH [TApaMeTpa CIVIAKUBaHUS.

KawueBble caoBa: OSCIUIOTHBIN JIETATENIBHBIN allllapaT; UMUTALOHHAS MOJIEITb; OE30MAaCHOCTh; TPAEKTOPHS HOJIeTa.

Method of an unmanned aerial vehicle composition route in space
Denys Voloshyn, Veronika Brechko, Serhii Semenov

Abstract. The article is devoted to the development of a method of composition of the route of an unmanned aerial
vehicle in three-dimensional space. The main difference of the presented method is the complex consideration of the
features of the environment, which reflects the possible obstacles (active or passive) and other limitations of the problem
when composing the route of the unmanned aerial vehicle in three-dimensional space. This allowed to increase the safety of
the task in autonomous flight conditions. The article analyzes the main approaches to the composition of unmanned aerial
vehicle routes in space. The conclusion about the shortcomings of the two-dimensional representation is made. The method
presents four stages of the task. This is the stage of modeling the environment that reflects possible obstacles (active or
passive) and other limitations of the task. Stage of construction of an extended graph of unmanned aerial vehicle routes in
space. The difference of this stage is the adaptive consideration of the spatial location of active obstacles in space. The next
stage is the route search stage, which connects the starting point with the end and bypasses all obstacles and allows you to
build a starting route in the form of a broken line, which is formed by a sequence of waypoints, and connects the starting
point with the end, bypassing obstacles. The last is the stage of obtaining the final result, which is provided by smoothing
the obtained broken line. In this part of the composition method, to solve the problem of smoothing the trajectory of the
unmanned aerial vehicle in space on the selected route, the expediency of using the method of non-uniform cubic B-spline
is proved. With the help of this method the task of selection and optimization of the smoothing parameter is set and solved.

Keywords: unmanned aerial vehicle; simulation model; safety; flight trajectory.
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METOIHN ®OPMYBAHHSA OIITUMAJIBHUX AKYCTUYHHUX YMOB IIEPEJJAUI

MOBHOI'O KOHTEHTY B [IPUMIINEHHAX MAJIUX OBCAI'IB

AnoTtanis. [IpenMeToM JOCTiIKEHHS y CTATTi € METOAOJIOTIS IPOBEACHHS €KCIEPTU3H MPUMIIICHb MaJIUX OOCSTiB 3 BU-
KOPUCTaHHSM IIEPEBaYKHO MOBHOTO KOHTEHTY. MeToI0 po00TH € aHalli3 YCiX eTamliB NPOBEICHHS aKyCTHYHOI eKCIIEPTH3U
JUIS IPUMIILEHb IEPErOBOPHUX, KOH(EPEHII-3aJIiB, Ipec-1IeHTPiB, BU3HAUCHHS 00CATIB Ta HOCIIiAOBHOCTI IPOBEACHHS €TaIliB
3 ypaxyBaHH;M clienu(igHuX 0OMeXeHb Ta YMOB, 1110 BUHUKAIOTh Y MPUMIIICHHAX MaIKX 00csriB. Y poOOTi po3risiHyTO BCi
€Tany aKyCTUYHOI eKCIePTH3H Ha MPHUKJIaJax pealbHIX NPUMIIICHb IIeperoBOpHIX, KOH(epeH-3aiiB, npec-ueHTpis. [loc-
JIIOBHICTH €TaliB eKCHEepTU3HU NpH il MPOBEAEHHI VI MPUMIIIEHb MaluX OOCSTIB He 3a3Hasa 3HAYHHMX 3MiH MOPIBHSIHO 3
TIOCJIITOBHICTIO, SIKA BUKOPHCTOBYETHCS IJISI TISAABKIX 3aiB. OCHOBHOIO BiIMIHHICTIO, ITPU HPOBEICHHI IIEPIIOTO eTaIry
aKyCTHYHOI €KCIEePTU3H B IPUMILICHHAX MaJHX 00CATIB 3 BHKOPHCTAHHSAM MOBHOTO KOHTEHTY, € aHAJII3 CTPYKTYp peBepOe-
pamuiifHOTO MpoIecy B MiCLAX NPOCIYXOBYBaHHS 3 METOIO BUSBICHHS HEIOMIKIB (popMyBaHHS AU(PY3HOTO MO, 3aMiCTh PO-
0iT 3 IepeBipKU TeOMETPii OrOPOKYBAILHUX MIOBEPXOHD CTIHOBHUX 1 CTEIBOBHX IAHEINEH, 10 MPOBOAUTHCS 3 BUKOPUCTAH-
HSM TeOMeTpU4HOI Teopii. OCOOIMBICTIO APYrOro eTamy € po3podka peKOMEeHIamil ISl IMiABUIIEHHS 3BYKONOTIIMHAIOYAX
BJIACTHBOCTEH OrOpoLKYBaJIbHUX MMOBEPXOHB Ta YCYHEHHS e(heKTy 6araTopa3oBoro nepeBigOUTTs 3ByKOBOI €Heprii Mixk ma-
paJIeTbHIMH TTOBEPXHSMH, 332 PaXyHOK BUKOPHCTAaHHS YaCTKOBOI 3aMiHH IeOMeTpil HOBEpXOHb, POOOTH 3 MiIBICHUMH CTe-
JIHOBHMH KOHCTPYKIISIMU Ta BUKOPHUCTaHHS 3BYKOIOTJIMHAIBHUX IITOP (U1 KOPEKIil BIaCTUBOCTEH CKISTHUX IIOBEPXOHBD).
Tperiit Ta 4eTBepTI eTaIy eKCIIePTH3N 3aTHIIMIINC HE3MIHHUMH.

Kaio4oBi ciioBa: aKycTHYHA EKCIIEPTH3a; €TAllM aKyCTHYHOI eKCIEePTH3HU; CTPYKTypa peBepOepawiiiHoro mporecy; om-

TUMaJIbHI aKyCTHYHI YMOBH.

Beryn

3 ychOro pi3HOMAHITTS NPUMILIEHB, SIKI MOTPeOy-
I0Th CTBOPEHHSI ONTUMAaJbHUX aKyCTUYHUX YMOB, CIIiJ
BUJUIMTH TPYIy NPUMILIEHb CIENialbHOTO IIPH3HA-
YEeHHsI, a caMe: MeperoBOpHi, KOH(epeHI-3aJIH, 3a/I1 3a-
cigaHp, mpec-meHTpu. [TomiOHI MpUMIMEHHS Bixpi3HA-
FOTHCSI HU3KOIO CTIEIU(ITHUX 0CcOOIMBOCTEH, HAIBHICTD
SIKMX BHU3HA4ya€ eTaly MPOBEICHHS aKyCTHYHOI eKcIep-
TH3H, 00CAT POOIT mix Yac i mpoBeIeHHsI, BUKOPUCTAHHS
CIEIiaTbHAX 3aXOMiB IIOJO OMNTHMi3amii 3BYKOBOTO
moJs. Jlo Takux 0coOIMBOCTEH MOYKHA BiJTHECTH:

- MaJjuii 00CsT MPUMIILIEHHS, 110 TPU3BOMTH JI0 ic-
TOTHOT'O BIUIMBY CIIEKTpa BJIACHHX YaCTOT Ha 3BYKOBHI
KOHTEHT, a TaKOX 3MEHIIYEThCS KUIbKICTh MOMJIMBHX
BapiaHTiB KOpeKii reoMeTpii mpodisiB oropoKyBalib-
HHUX KOHCTPYKIiif 3 METOIO ITiABUIIEHHS T1U(y3HOCTI 3BY-
KOBOTO T10JIS;

- OyaiBenbHI Ta 03400TIOBANBHI MaTepiaiy, o 3a-
CTOCOBYIOTbCSI — BHKOPHUCTAHHS y BEJHKIH KIUJIBKOCTI
CKJIIHUX MOBEPXOHb (CTiH, ABEpeH), JErKHX Heperopo-
JIOK, IO TPHU3BOJUTE 0 OOMEKEHb III0JI0 PO3POOKH pe-
KOMEHIAIIA I ONTHUMI3alil YacTOTHOI 3aJIEXKHOCTI
gacy peBepOeparlii Ta (GopMyBaHHS 3aJ1aHOI CTPYKTypH
peBepOeparliitHoro mporecy B KOHTPOIbHUX TOUKAX;

— 3BYKOBHUI1 KOHTEHT — OCHOBHUM 3BYKOBHM KOHTE-
HTOM JIJIs IPUMIIICHb NIePEeroBOPHUX, KOH(PEPEHII-3aJIiB,
Mpec-IIeHTPIB Ta 3alliB 3aciflaHb € MOBJICHHEBUW KOH-
TEHT, a BiJIIIOBI/IHO, TPOBEJCHHS BCIX €TaliB aKyCTHYHOL
eKCIIEPTHU3H CIIPSIMOBAHE Ha 33JJ0BOJICHHS BUMOT SICHOCTI
Ta po30ipIMBOCTI MOBHOT'O MaTepiaiy.

ocranoBka 3aaaun. OCHOBHUM 3aBJaHHSM Y pO-
00Ti € PO3IJIA] METO/IIB KOPEKIIiT aKyCTHYHHUX BIACTHBO-
CTell crieniagbHUX NMPUMIIIEHb MAJMX 00CATIB 3 METOIO
IIBUIICHHS SKOCTI Iepenadi MOBHOTO KOHTEHTY [1-4,
8]. ITix yac mpoBeIeHHs aKyCTUYHOI EKCIIEPTH3H HEOOXI-
JTHO BUPIMIATH HU3KY 3aBJaHb:

1) BU3HAYUTH POJIb Ta TOCITITOBHICTH IPOBEICHHS
€TaIliB aKyCTHYHOI EKCIIEPTU3H 3 YpaXyBaHHAM OCOOIH-
BOCTEH PUMIIICHB;

2) BUSBUTH cnenudiyHi yMoBHU 200 0coOIHMBI 0OMe-
JKCHHS, 1[0 BIUTMHYTh Ha 00CAT, MOPSIOK Ta Pe3yJIbTaTH
NPOBEIEHHS ETAIB aKyCTUYHOI eKcriepTH3u [5-7];

3) o6patu HaibLIBII iIHGOPMATHBHI TOKA3HUKH SIKi-
CHOT OIIIHKU aKyCTHKH MPUMILICHHS MAJIUX 00CSTIB;

4) npoBecTH PO3pOOKY PEKOMEHIAIIIH 151 KOPEKIIii
AKyCTUYHUX YMOB 3 ypaxyBaHHSIM iCHYIOUHX CIICIiab-
HUX OOMEKEHb.

Pe3yabTaTtu gociaixxeHn

AKYCTHYHA €KCHepTH3a IPHUMILICHb BKIIOYAE 4O-
THPH €TaIli: eTall MepeBipKH ICHYIOUMX apXiTeKTYpHO-0y-
JIBETBHUX PIIICHb BHYTPIIITHIX TIOBEPXOHB MPUMIIICHHS;
eTan po3poOKH PEKOMEHAIIH 3 METOI0 KOPEKIii aKyCcTH-
YHUX YMOB Ta 3a0€3MCUeHHI ONTUMAJIBHOI CTPYKTYPH pe-
BepOepaniifHoro MpoLecy; eTan aKyCTHYHOTO MOJEIIO-
BaHHS NPHUMILIEHHS 3 PEKOMEHIOBAHUMH 03100JI0BaIb-
HUMH MaTepiallaMd Ta 3 ypaXyBaHHSIM 3aXO0JIiB 100 KO-
PeKILil aKyCTHYHUX YMOB; €Tall, 110 J03BOJISIE IIPOBECTH
BUMIpIOBaHHS OO0'€KTMBHHX XapaKTEPHCTHK 3BYKOBOTO
TIOJIS1 TiCTIsl BUKOHAHHS BCiX OyIiBENBbHUX 1 037100110BaIb-
HHX poOiT, 1m0 po3pobieni [9-13].

2.1. Mepmumii eTan aKycTH4YHoi ekcnepru3u. Ha
MePIIOMY eTalli aKyCTHYHOI €KCIIEPTH3H MPOBOANTHCS Te-
peBipKa apxiTeKTypHO-Oy/iBeIbHHX pillleHb 1010 KOHQi-
ryparii oropo/KyBaJIbHUX MOBEPXOHb CTiH Ta CTeJI B IIPH-
MIIIEHHAX 3 BUKOPUCTaHHSAM T'€OMETPUYHOI Teopil MoIIH-
PEHHSI 3BYKY B IpuMirieHHi. OCHOBHOIO METOO ITEPEBIpKH
€ BUSIBIICHHS (DOKYCYIOUMX 3BYKOBI NPOMEHI ITOBEPXOHB,
110 MO’KE TPU3BECTH JI0 iICTOTHOTO 3HIKEHHS AU(Y3HOCTI
3BYKOBOTO TIOJISI, @ TAKOXK TIepeBipKa Ha HASBHICTH Mapasre-
JIbHUX TIOBEPXOHB, 10 TpU3Bee 10 (OPMYBaHHS CTIMKUX
iHTepdepEeHITIHIX KapTHH IS PSATY 9acToT 1, TK HACITIOK,
MOSIBI JIYHH, T'YJIKOCTI, 3aiiBOi mpocTopoBocTi [5, 6]. s
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MIPUMIIIEHb (MTEPErOBOPHUX, KOH(EPEHII-3aJ1iB, 3aJIiB 3aci-
JIaHb, TIPEC-LICHTPIB), IO PO3TIINAIOTCS, IS YACTHHA TIep-
IIOTO eTaIy aKyCTHYHOI eKCIICPTH3HU MPOBOIHUTECS HE TaK,
SIK TIPU eKCTIEPTU3i TIANAIBKIX 3aiB. J{1st mpoBeieH s miei
YaCTWHH EKCIEPTH3H B 3ali U TII/IadiB BUKOPHUCTOBY-
IOTBCS TPOTPaMHI MOAYJ, IO JO3BOJLIOTH MOOYIyBaTH
MPOMEHEBl KapTHHM Ha IUIaHaX 1 po3pi3ax HPHUMILIEHHS
3aJ1y, L0 JIa€ MOYKJIMBICTh NEPEBIPUTH T€OMETPII0 CTIHOBUX
KOHCTPYKIIiH Ha BCIX MOBEpXax, TEOMETPII0 CTeN, OrOpoxkK
OakoHiB 1 T.1. [ToniOHa nepeBipka A1 NPUMIIIEHb MaJIMX
00csTiB HE € JOCTaTHRO 1H(POPMATUBHOIO, OCKLIBKH (hopMa
TaKKX MPHUMILIEHb 3a3BUYail Ma€ PSIMOKYTHHI BUIJISAA 1 BC
TIOBEPXHi € TapalelbHAMH OJ[HA OJHIH. Y TaKuX yMOBax
Oyme TpHCYTHE OaraTopa3oBe IEPEBIIOWUTTS 3BYKOBHX
XBUJIb BiJl TapaJIelIbHUX TOBEPXOHB T4 YTBOPEHHS CTOSMUX
XBWJIb, IO TIPHU3BEJIE /IO TIOSIBU JTYHU Ta 30UIBIICHHS Yacy

4
5

Absorption Mean Free Path
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peBepOepariii yepe3 crrabKy TEHICHINIO 0 3HMKSHHS aMII-
JiTYn BimoOpaXkeHb. 3a paxyHOK MaJHX PO3MipiB IpHMi-
[IEHHS IPaKTHYHO HEMAE MOYKIIMBOCTI 3MiHITH T€OMETPII0
TIOBEPXOHb TaK, 00 3HU3UTH KLUTBKICTh HAPAICIFHAX T10-
BEPXOHB. 3a HASIBHOCTI CKIISTHIX MTOBEPXOHb BEJTMKOIO TLIO-
IIeI0 BUHUKAE MpolieMa po3poOKn e(heKTHBHHUX 3aXOJiB
II0JI0 3HWKEHHS aMIUTITYZ BiIOWTTS 32 PaXxyHOK Mayoro
KoedillieHTa 3BYKOIOTJIMHAHHS TAKUX TIOBEPXOHb.

VY nepmmit eram aKyCTU4HOI €KCIEPTH3M TaKOX
BXO/INTh BU3HAYEHHs YaCTOTHOI 3aJIeKHOCTI Yacy peBe-
pOepanii npu 0o0poOIi OropoKyBaJbHUX IMOBEPXOHb
Marepiajgamu, 10 3apONoHoBaHi apxitekTopamu [9-13].
Ha puc. 1, 2 HaBeneHi pe3ynbTaTH BUKOHAHHS IIEPILIOTO
eTalry aKyCTUYHOI eKCIIePTH3U Ul MIPUMIIICHb MaJoro
00csTy Ta YacTOTHA 3aJISKHICTh Yacy peBepoOepartii 3 BU-
X1THUME MaTepianaMi 00pOOKH MTOBEPXOHb.

Absorption Mean Free Path
Avg. Abs. Area: Length: 23m
Avg. Abs. Coeff, 022 || Time 001s
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Room Suface : 175.37 m? 3914m?

VYolume 1046 m?
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Puc. 1. Mogens (a — koHbepeni-3any, 6 — neperopoproi) B EASE 4.3 Ta yactoTHa 3aexHICTh Yacy peBepOepartii.
JlomycTuMi Meski peKOMEeHIOBaHUX 3HAUEHb Yacy pesepOepaltii: moBiTpsHuii 06'eM mpumimenns: a — 110,28 m%; 6 — 104,6 M.
1 — Mexa MaKCUMaJIbHHUX 3HAU€Hb; 2 — MeKa MiHIMAJIIBHUX 3Ha4YeHb; 3 — onTuMalibHa BeanyrHa RT60 (ineansHa TeopeTudHa);
4 — po3paxynkosa BennunHa RT60 y nianazoni wactot 100+10 000 'y, P — st MoBY; M — 1i1st My3UKH.

JUis peTanpHIMIOTO aHami3y HNepBUHHHUX aKyCTHY-
HUX BJIACTHBOCTEH MNPUMILICHHS B paMKax IMepIIoro
€TaIly, a TAKOXK 3 METOIO BUSBJICHHS "TIpo0IeMHUX ", 3 TO-
YKH 30pYy aKyCTHKH, TOBEPXOHb y NPUMIIIEHH]I HEoOXi-
JTHO TIPOBECTH aHaJi3 CTPYKTYp peBepOepaliitHoro mpo-
ecy B KOHTPOJIPHMX TOYKax (MICISIX IIPOCIYXOBY-
BaHHA).

Jnst oTprMaHHS CTPYKTYp peBepOepaniiHoro mnpo-
IIeCcy Ha MICISIX IEPETOBOPIB BHKOPHCTOBYBABCS MOIYJIb
Ray Tracing EASE 4.3. Ha puc. 2 HaBezieHO po3TaIny-
BaHHS KOHTPOJILHHUX TOYOK, a Ha pUC. 3 HaBeIeHi CTPYK-

Typu peBepOepaniifHOTO Mmporecy y KOHTPOIBHUX TOY-
kax Ne 1-4 mpumimmenHs KoH(pepeHI-3ay (a —T) 1 mepe-
TOBOPHOT (11 — 3).

AHaii3 OTpUMaHUX CTPYKTYp peBepOepariiHux
MIPOLECIB y KOHTPOJIBHUX TOYKAX JO3BOJISE MPOBECTH
OILIIHKY BCHOTO peBepOepallifHOro MpoIecy B MPUMi-
IIIEHH], OLIHUTH TEHJEHIIIO cllally 3ByKOBOI eHeprii Ha
MICISIX NPOCIYXOBYBaHHS (KOHTPOJIBHHX TOYKaXx), BHU-
ABUTH "TIPoOIeMHI" 3 TOUKHU 30py aKyCTHKH IPUMIIICHHS
MTOBEPXHI Ta HA HACTYITHOMY €Talli aKyCTHYHOI eKCIIep-
THU3H BPaXOBYBaTH BUCHOBKH IIEPILIOTO STaILy.
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Puc. 2. Po3rantyBaHHsS KOHTPONBHHX po3paxyHKoBHX To4oK (KPT) y npuMimmerHi: a —koH(pepeHn-3aiy; 6 — meperoBopHoi

6—KPT Ne 2

a—KPT Ne 1 B—KPT Ne 3 r—KPT Ne 4
n1—KPT Ne 1 e —KPT Ne 2 K — KPT Ne 3 3—KPT Ne 4

Puc. 3. CtpykTypH peBepOepalliifHoro mporecy B KOHTPOJIbHUX TOUKaX KOH(EPEHII-3ay (a — T) ¥ eperoBopHoi (1 — 3)

OTpuMaHi CTPYKTypHU peBepOepaliifHuX MpoIIeciB
Yy IPUMIIICHHSX, 0 PO3TIISIAI0TECS, MA€E 3arajbHy Te-
HICHIIIFO, BIACTHBY CaMe NMPHUMIIIEHHSIM MajiX 00cs-
IiB, a caMe:

- cmaj 3BYKOBOi eHeprii BifOyBaeThCs JOCUTH PiB-
HOMIpHO JIMIIe Ha TIOYATKOBIiM NUISMHINI peBepOepamiii-
HOT'O MPOILIECY;

— JUIsl 3aBepIIANBHOT JUISTHKY MPaKTUYHO HE BJac-
TUBE 3HIDKCHHS aMIUTITY/] BiIOUTKIB, 1[0 IPU3BOAUTH J10
301IBIICHHS Yacy peBepoepailii, i IK HACJII 0K 3HIDKCHHS
PO30ipIIUBOCTI MOBHOTO KOHTEHTY;

— HAsBHICTH BEJIMKOI KiJIbKOCTI BiIOUTTS B peBep-
OepatifHOMY XBOCTI 0€3 3HIDKEHHS aMILTITY A BiIOUTTS

CBIIYUTPH TPO HASBHICTH 0araTopa3soBHX IEPEBIIOUTTIB
BiJI TIap mapajelbHUX MOBEPXOHb (pHC. 4) 3 MaJlM Koe-
(ilieHTOM 3BYKOIOTJIMHAHHS, IO CYO0'€KTHBHO CHpHUIi-
MAa€eThCS SIK JIyHa,

- JUTA IeSIKMX KOHTPOJIBHUX TOYOK BIACTHBO HPHXi
MIEPIIOTO BIAOUTTS MicCIs MPSAMOTO 3BYKY IPaKTHIHO 03
Oynp-sikoro 3amizHeHHs1 (MeHie 10-15 mc), o npusBo-
JIUTh JI0 CYTTEBHX TEMOpaJbHUX CIIOTBOPEHb MOBHOTO
Mmarepiany.

AHaJIOTi4HI CTPYKTYpH peBepOepaliiiHuX npoueciB
BUXOJATh JJIsI MAIMX TNPUMILIEHHSX CKIagHol ¢opmu,
aJie 3 HasIBHICTIO CKIISTHUX [TOBEPXOHb, 110 XapaKTepU3y-
I0ThCS MaJIMMU KoeilieHTaMH OTIIMHAHHS.
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Puc. 4. Ilpuxnan 6aratopa3oBux nepeBigOUTTIB, [0 IPUXOAATH BiJl ap MapajeJbHUX NOBEPXOHb
y mpuMillleHHi: KoH(epeHI-3aiy (a, 0) Ta meperoBopHoi (B, T)

Ha puc. 5 npeacTaieHo NpUMILIICHHS IEPErOBOPHOT
CKJIQIHOT (hPOPMH 3 IPUKIIATOM OaraTopa3oBHX MEPEBiIONT-
TIB 3a PaxyHOK CKJISIHUX CTIH, 1 CTPYKTypH peBepOepariii-
HHX TPOIIECIB B ICKIIBKOX KOHTPOJIBHUX TOYKax (puc. 6).

AHaJti3 OTpUMaHUX Ha MEepIIOMY eTarll pe3yJbTaTiB
JIOCITIDKEHHS aKYCTHYHUX BJIACTHBOCTEH 3aJ1iB TO3BOJIS-
I0Th TEPEITH 10 PYroro eTany aKyCTUYHOI EKCIEePTU3H
32 YMOBH HEBIATIOBITHOCTI BUMOTaM JI0 TU(DY3HOCTI OIS

y IPUMIILIEHH1, 800 HEBIIIOBITHOCTI YaCTOTHOT 3aJI€)KHO-
CTi yacy peBepOepauii ii onTUMaJbHUM 3HAYEHHSM [9-
12]. TakuM YMHOM, OCHOBHOIO BiJIMIHHICTIO HEPLIOTO
eTany aKyCTHYHOI €KCIepTHU3U B NPUMILICHHIX ManX
00CSTiB 3 BUKOPHCTAHHSM IEPEBAXKHO MOBHOI'O KOHTeE-
HTY, € aHAJII3 CTPYKTYpP peBepOepaIiiiiHoro mporecy B Mi-
CLISIX MPOCITyXOBYBaHHS 3 METOIO BUSIBJICHHS HEJOJIKIB y
(dbopmyBaHHI AH(Y3HOTO OIS

Puc. 5. [nan npuMilieHHs IEPErOBOPHOT 3 NPUKIanaMu 6araTopasoBux MEPEBiIOUTTIB Bijl OBEPXOHD

3 MaJIUM Koe(illieHTOM TIOTTIMHAHHS

a—KPT Ne 1
Puc. 6. Ctpykrypu peBepOepariifHoro npoiecy B KOHTPOJIbHHX Toukax Nel-4 meperoBopHoi ckiaaHoi hopMu

6 —-KPT Ne 2

2.2. lpyruii eran akycTu4Hoi excrnepru3u. Ha
LIOMY €Tarli MPOBOJMUTHLCS pO3poOKa 3aX0/IiB, SIKi CHps-
MOBaHI Ha KOPEKIi0 HEJOMIKIB aKyCTUKH NPUMILIEHHS,
o Oynu BHABJICHI Ha meprioMy erarmi. Po3poOnsioTscs:
peKoMeHAaIlii 3 reOMeTpii OTOPOKYBATBHUX MIOBEPXOHB
JUTS TIABUINEHHS TU(Y3HOCTI 3BYKOBOTO TOJIST, PEKOMeE-
HJAIII1 1010 BUOOPY 3BYKOBIIOMBHUX Ta 3BYKOIOTJIMHA-
IOYMX MaTepialiB, I 0OpOoOKH TOBEPXOHb y MPUMi-
LIIEHH], 3 METOIO ONTHMI3allil YaCTOTHOI 3aJIeXKHOCTI 4acy
peBepOepaii Ta CTpyKTyp peBepOepauiiiHoro npouecy.

B—KPT Ne 3 r— KPT Ne 4

Tak sk IPUMILIICHHS MAIOTh HEBEIUKUI 00'eM, TO 3MiHA
reoMeTpii OropoKYBaIbHUX MOBEPXOHD HE 3aBXKIU MO-
JKHA MIPOBECTHU Yepe3 Psiji IPUIHH:

- TIOBEpXHi BUKOHAHI 31 CKJIa Ta 3MIHUTH (QOpMY He-
MOJKJIMBO;

— TaK sk 00'eM MPUMITIIEHHS MAJIH, TO i pO3MipH OT0-
POIKYBAJIGHUX TTOBEPXOHb 3HAYHO MEHII 32 OBXKHHY
XBHJIi, 0COOJIMBO B HU3bKOYACTOTHOMY Jiamna3oHi, 1o MpH-
3BeJie JI0 TOro, IO 3MiHIOIOYM T'€OMETPIil0 MOBEPXHI, MU
3MOXKEMO BHOCHTH KOPEKIIIFO TUTBKH B OOMEIKCHUIA JTiara-
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30H YacToT, ¢ JIOBXKMHA XBWJI Oye CriBMipHa 3 po3Mi-
pamu oBepxHi. . OHaK Take 0OMEKEHHS He € KPUTHIHIM
4epes3 Te, M0 B JOCTIKYBAHUX MPHUMIMICHHIX OCHOBHUM
3BYKOBHM MaTepialloM € MOBJICHHEBHIA KOHTEHT, a BifIlo-
BiJTHO PO3MipH IIOBEPXOHB BXKe OY/IyTh CIIBMIPHAMH 3 Jac-
TOTaMH, 1110 HAJI)KATh MOBHOMY JIialla30Hy.

Jlns onTuMizalii 4acTOTHOT 3aJIe)KHOCTI Yacy peBep-
Oepalrlii BHKOPUCTOBYIOTHCS 03/100JTFOBAIBHI MaTEpialiH, sSKi
MPAIFOIOTh Y MOBHOMY Jiana3oHi 4acTOT. 3a HasBHOCTI
CKJISTHUX TTOBEPXOHB CTiH MPAKTHYHO BiJICYTHS MOXKJIMBICTh

3MiHH aKyCTHYHIX BIIACTHBOCTEH 32 paXyHOK 3aMiHM MaTe-
piaiy Ha HHX, i TOZIi OZHUM i3 BapiaHTIB ITiABUIICHHS 3BY-
KOTOTTIMHAHHS CKJITHUX ITOBEPXOHb € BUKOPUCTAHHS IITOP.
[ITopy BUTOTOBISIIOTECS i3 CIICIIAIBPHAX "aKyCTHYHHX'
TKaHWH, 1[I0 MAIOTh Pi3HE 3BYKOIOTIIMHAHHS, 200 3 TKAaHWH,
II0 3aCTOCOBYIOTBCS ISl BUTOTOBJICHHS Oy clieHH. Ha
puc. 7 HaBeleHI BapiaHTH KOpPEKLis 3BYKOIOIJIMHAHHS
CKJISIHUX TIOBEPXOHb Y MPUMIILIEHHSX IEPErOBOPHUX 32 pa-
XYHOK BUKOPHCTaHHS IITOP Pi3HOI IUIBHOCTI Ta PI3HUMH
KoedilieHTaM¥ 3BYKOIIOTJIMHAHHSI.

Puc. 7. Hanﬂa}m KOpeKHﬁ 3BYKOINOINIMHAOYUX BJIACTUBOCTEH CKIITHUX TIOBEPXOHb CTiH 3a PaxXyHOK BUKOPUCTAHHS LITOP

Ha puc. 8-11 HaBeneHi npuxiiaay KOpekiii reoMmer-
pii CTIHOBHX TaHelnel y NMPHUMIILEHHIX MaluX 00'€MiB.
OCHOBHOIO NPUYMHOIO BUKOPHCTAHHS Pi3HUX BapiaHTIB
reoMeTpii CTIHOBHX IaHeNeH € crpoba YCyHYTH mapaie-
JIBHICTB MOBEPXOHb, L0 MPU3BEAE 10 3HWKSHHS HMOBIp-
HOCTI BCTAHOBJICHHSI CTOSIYMX XBUJIb, YCYHEHHS HaJAMIpHO
BHCOKHX II0 aMILTITy/li BIIOUTKIB HA CTPYKTYpi peBepoOe-
pamiitHOTO TIporecy (puc. 12), mo BIUIMHE HA 3HAYCHHS
gacy peBepOeparlii, miABAIIUTH PO30ipIUBICTh Ta SCHICTh
MOBHOT'O KOHTEHTY. 3aJIe>KHO Bijl pO3MIpiB MPUMILLIEHHS

1HO/II MOKHA 3MIHHUTH T€OMETPIil0 TOBEPXHi MO BCiX BU-
COTI MOBEPXHI, a IHO/I TOBOJIUTHCSI OOMEXKYBATHCS HEBe-
JIMKMM TIPOMIXKKOM, 10 3HaXOAWUTHCS Ha PIBHI PO3Mi-
IICHHS CIIyXadiB.

Ille omHMM 3 BapiaHTIB, IO 3aCTOCOBYIOTHCS IS
KOPEKLIT aKyCTUYHUX BIACTUBOCTEH NIPUMiLleHb, SKi pO-
3IISIIAKOThCS, € BUKOPHCTAHHS JOJATKOBUX IiABICHHUX
CTENIOBUX KOHCTPYKLIN THITYy "3BYKOIOTJIMHAKOYI CTe-
JBOBI OCTPOBH O3 paMu" Ta BEPTHKAIbHI 3BYKOIOIJIH-
Haroui manen "bagpmu" (puc. 13).

Puc. 9. BapianT kopekuii reoMeTpii CTIHOBUX MaHEeNEH y IPUMINEHH] IeperoBOPHOT
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Puc. 10. Bapiant kopekiii reoMeTpii CTIHOBUX MaHeneil y IpUMIIIEHHIX IePEeroBOPHUX: a — BapiaHT 3MiHKM TeOMeTpil JULTHKA
CTiHH; 0 — BapiaHT 3MiHa T€OMETpil CTiH 110 BCii BHCOTI Ta JOBXKHHI; B — KOHCTPYKIisl IIPOQIIIO CTIHOBHUX MaHeNIeH

BiabwtTa, Wo npuAwnK ein
nNapanensHi NoBEpXOHL

0O

Puc. 11. BapianT kopekuii reomeTpil
MIepEeIHBOI CTIHKU madu y IPUMIIICHH]
npec-LeHTPY

Crensoenii ocTpis 663 pasn

\
g

Puc. 12. [Tpukian BigOUTTS BUCOKOT aMILTITYTH HA CTPYKTYpi peBepOepaliiiHoro
MPOIIECY 3a paxXyHOK 0araTopa3oBHX MEPEBIAOUTTIB MiX MapalieIbHUMU
MOBEPXHIMH 3 MATUMHU KOE(iliEHTOM 3BYKOIIOTIMHAHHS

T T I

Eatmi is HERADESIGINE Micro

Puc. 13. [Ipuknaan akycTHYHOI KOPEKIii 3 BUKOPHCTAHHSAM TOJATKOBHX CTELOBUX KOHCTPYKIIN

Ipu BUOOPI MaTepianiB 03100JEHHS TTOBEPXOHb Y
MIPUMIIICHASX MaJMX 00'EMIB JIOJIATKOBOIO MO>KJIMBICTIO
JUIsL KOPEKIIT aKyCTUYHHUX BJIaCTUBOCTEH € BUKOPUCTAHHS
CIEIiaTbHUX TTOKPUTTIB TS Tiasory. J{imst o6poOku mif-
JIOTH B IIPUMIIIEHHSAX TEPErOBOPHIUX, KOH(PEPEHII-3aJIiB Ta
MIPEC-LICHTPIB BUKOPHCTOBYIOTHCS CIICIIANbHI KUITUMOBI
TIOKPHUTTSI, III0 MAIOTh 3HAYHE 3BYKOIIOTJIMHAHHS Ta BUCOKI
eKCIUTyaTaliiHi XxapakTepiucTku. OTpUMaHi B pe3yJibTaTi
BUKOHAHHS JIPYTOT'0 eTary aKyCTHYHOI eKCIIEPTH3H PEKO-
MeHpalii Mo GopMi NOBEPXOHb, 10 OTOPOKYIOTh, a Ta-
KO 3aXO0JIiB [II0/10 KOPEKLi1 3ByKOTIOTJIMHAIOUUX BIIACTH-
BOCTEH OropOKYBaJbHUX MOBEPXOHb € IIJICTABOIO IJIst
MPOBE/ICHHS] MOJICJIFOBAHHSI aKYCTHKH TPUMILICHHS Ha
TPEThOMY €Tarli aKyCTHYHOI €KCIEPTH3H.

2.3. Tperiii etan aKycTHYHOI e€KCHEPTH3H Ja€
MOJKJIMBICTh: IPOBECTH MEPEBIPKY 3alpPOMOHOBAHUX HA
MEPIIOMY Ta APYTOMY €Tanax aKyCTHYHOI €KCIIEPTH3H
MIPOEKTHHX PILIEHb 11010 TeOMETPii CTIHOBUX Ta CTEIHO-
BUX IIaHEJNICH; MpoaHali3yBaTH YaCTOTHY 3aJIeXKHICTbh

yacy peBepOepallii 3 BUKOPUCTaHHIM MaTepiaiiB 03/100-
JICHHS TIPUMIIICHb, 3alIPOTIOHOBAHUX HA APYTOMY €Tali;
MIPOBECTH aHAI3 CTPYKTYP peBepOepariifHuX IpoueciB y
KOHTPOJIbHUX TOYKaX.

Omiaky eQeKTUBHOCTI PO3pOOJIEHUX PEKOMEHAIliit
II0JI0 KOpEKIii aKyCTUYHMX BJIACTHBOCTEH HPHUMILICHHS
MO>)KHa IIPOBECTH SIK T10 YaCTOTHIN 3aJIKHOCTI Yacy peBep-
Oepaltii, TaK 10 OTPUMaHUX CTPYKTYpax peBepOepariifHux
TIpOIIeCiB B KOHTPOJIbHUX Toukax. Ha puc. 14 HaBeneHi
CTPYKTYpH peBepOepauiiiHuX IpoLeciB Micis 3acTocy-
BaHHS BCIX PEKOMEHJIAII M0N0 3MIHU TeOMETpil moBep-
XOHb Ta BUKOPUCTaHHS CIIEIliaJIbHUX MaTepialliB 00poOKH
OTOPOKYBAJIGHUX TIOBEPXOHb. AHAII3 OTPUMAHHUX CTPYK-
Typ peBepOepallitHuX MPOIIECIB T03BOJISIE 3a3HAYUTH, IO
3arajgbHa TEHJIECHIIiS CTaay MIITLHOCTI €HepTii BiZOUTTS
Mae piBHOMIpHUH BUTIA 0€3 HaJUIUIIKY Ta HecTadi Bij-
OWTKIB Ha BCHOMY IPOMDKKY peBepOepariiifHoro mpo-
Lecy; BiIOMTTS MaroTh TEHJCHLIIO O PiBHOMIPHOTO
Cray aMIUTITY U BiIOMTUX CUTHAIIIB.
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Puc .14. Crpykrypu peBepOepaliiiHoro npoiecy B KOHTposbHUX Toukax Nel-2 (puc. 13): a — meperoBopHoi HasIBHOCTI MITOP
Ha CKJSTHUX MOBEPXHAX; 0 — KOH(EpEHII-3aITy MiCIIs 3aCTOCYBaHHS CTELOBUX OCTPOBIB 0€3 paMu; B — IIEPETOBOPHOT MiCIIs
3MiHH TIPOGITI0 CTIHOBUX KOHCTPYKIiit (puc. 10, 6); r — meperoBopHoi miciist Bukopucrauus "badmis"

Takox mepmri paHHI BiTOOpa)KeHHS MPUXOIATH 13
JOCTaTHIM 3aIli3HEHHSM, 10 HE MPHU3BEZE 0 TeMOpaib-
HOT'O CIIOTBOPEHHSI MOBHOT'O KOHTEHTY; Y peBepOepartiii-
HOMY "XBOCTI" HE CIIOCTEPIraroThCs BIIOUTTS 3 JOCHUTH
BEJIMKOIO aMILTITY/I00, & OTXKE BiJICYTHS JIyHa; — peBep-
OepariiHuil Iporec He MICTHTh OYIb-SIKHX JOJaTKOBUX
TEHJACHIIH I Py BIAOUTTIB, IO HAAXOIATh BiJ| mapa-
JeTbHNX MOBepXOHb. OOCAT Ta anropuTM HPOBEACHHS
TPETHOTO ETAIY aKyCTHYHOT EKCIIEPTU3H IS IPUMIIICHb
Malux OO0CATIB HE 3a3HA€ ICTOTHHX 3MiH IOPIBHSHO 3
AQHAIOTIYHUMHM eTallaMu, 10 HPOBOIATHCS IS MPUMI-
IIEHb 3aJI1B JUTS TUISAIaqiB.

2.4. YerBepTHili eTam aKyCTHYHOI €KCIEPTH3H.
Pe3ynbraTamu 3aBepIIalibHOTO €TaIy aKyCTHYHOT eKCIie-
PTH3HU € XapaKTEPUCTUKU 3BYKOBOTO TIOJISl, 1[0 BUMIpsHI
B KOHTPOJIbHUX TOYKaX MPUMILICHHS IiCIIs 3aBepIICHHS
BCiX OyaiBeIbHHUX Ta 03700/F0BaIbHUX POOiT. [list mipo-
BE€/ICHHS BUMIPIOBaHb aBTOPAaMH BUKOPHCTOBYIOTH aria-
paTHO-TIporpamMHHi KoMIiekc Ha 6a3i Easera 1.1.3 [13].
Otpumani 3Ha49eHHs sicHOCTI (C7, Csg, Cgo), mpocTOpoBO-
cti, po3bipmuBocTi (Alcons, STI, RaSTI), gacy peBepOe-
pamii (T1o0,T20,T30) AaOTH MOXKIIMBICTE aHANI3y Ta Mepe-

BIpKM TPUHHATHX PIMICHb BCIX TPHOX €Tamax IpoBe-
JICHHSI aKyCTHYHOI eKcriepTH3H. J{J1si IpUMIleHHS ManuX
00CATiB 3 BUKOPUCTAHHSM NEPEBAXKHO MOBHOI'O KOHTE-
HTY YETBEPTHUIl eTal He Ma€ I0aTKOBUX 0OMEXeHb abo
crienudivHnx ocobMBOCTel y poBeeHHi [12].

BucnoBku

ABTOpamMH y CTaTTi PO3MIISIHYTO 0cOOIUBOCTI (hop-
MYBaHHS ONTHUMabHUX aKyCTHYHUX YMOB Y TPHUMIIIEH-
HSIX, [0 XapaKTePHU3YIOTHCSI MaIUM 00CSITOM Ta BUKOPH-
CTaHHSAM 3/1€01IbIII MOBHOT'O KOHTEHTY. Po3risiHyTO BCi
YOTHPH €Talu aKyCTHMYHOI eKCIIEPTH3HM Ha NPHUKIaaax
MepEeroBOPHUX TPHUMIlLIEHb, KOH(EpeHI[-3aliB, Ipec-
ueHTpiB. Etanu mpoBemeHHs aKyCTHYHOI KCIIEPTU3H B
IMX JOCIIDKEHHSAX HE 3MIHWJIM CBO€EI ITOCIIIOBHOCTI,
NpOTE 3a3HANM 3MiH B 00CATax JSsIKHX eTalliB, 3a paxy-
HOK iCHYIOUHX OCOOJIMBOCTEH NMPHUMIIICHb, a TAKOXK 3a-
3HAJH 3MiH 1HQOPMATHUBHI KPHUTEPIi, 32 SKIMHU IIPOBOIHU-
BCs aHaNi3 U Y3HOCTI 3BYKOBOTO TTOJIS.

ABTOpamMH BEIyThCs AOCIIIKEHHS METOIB popmy-
BaHHS ONTHMAJBHUX aKyCTHYHHUX YMOB Y CTYIIHHHX
MPUMILICHHIX B MEXaX aKyCTHYHOT EKCIIePTU3H.
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Metoabl popMuUpPOBaHHS ONTUMAJIBHBIX AKYCTHYECKHX yCJIOBHIA
AJIS Ilepelayd peuyeBoro KOHTEHTA B IOMEIeHHAX MaJIbIX 00beMOB

C. M. IlopommH, B. B. Ycuk, U. C. benukos

AnHotanus. IlpenmMerom uccie0BaHNS B CTaThe ABISIETCS METOAOJIOTHS IPOBEACHUS SKCIEPTU3BI IOMELIEHUH MaJbIX
00BEMOB ¢ peodiIagaHreM pedeBoro KoHTeHTa. Lleabio padoThI sSBIsIETCS aHAIN3 BCEX ITAIIOB NMPOBECHHS aKyCTHYECKOH KC-
TIEPTH3BI AT TOMEIIEHHH IIeperoBOPHBIX, KOH(EPEeHI[-3aJI0B, IPECcC-IIEHTPOB, OIpe/ieNIeHre 00bEMOB H OCIIE[0BATEIbHOCTH ITPO-
BE/ICHNS JTAIOB, C YIETOM CIEeNU(HIECKIX OTPAaHUICHUH U YCIOBHH, BO3HUKAIOMINX B TIOMEIIEHUIX MalbIX 00beMoB. B pabote
pPaccMOTpEHBI BCE ITAMbl aKyCTHUECKOHW SKCIIEPTH3HI HA MPUMEpax PealbHBIX MOMEIIEHUH I1eperoBOpHBIX, KOH(EpEHII-3al0B,
npecc-IeHTpoB. [locmenoBaTenbHOCTh 3TANOB 3KCIEPTH3HI, IIPH €€ MPOBEICHHUH JUIs TIOMETEHIH MaJIbIX 00bEeMOB HE TpeTepIiena
HU3MEHEHUI, 110 CPAaBHEHUIO C TOCIIE0BATEIBHOCTD, KOTOpas UCIOJIb3YEeTCs ISl 3pUTENBCKUX 3a510B. OCHOBHOM OTIIMUUTENILHOM 0CO-
OEHHOCTBIO ITPH TIPOBEICHNH MIEPBOTO ITara aKyCTUUECKOH SKCIIEPTU3BI B TIOMEIICHUSIX MAJIBIX 00BEMOB C IIPe00IIalaHieM PeYeBOro
KOHTEHTA SIBJISIETCS aHaIN3 CTPYKTYP peBepOepaioHHOro Mpoliecca B MeCTax HMPOCTYLIMBAHUS C IEJbI0 BBIBICHUS HEJOCTATKOB
(dopmupoBanus 1uddy3HOro Mos, BMECTO paboT MO MPOBEPKE FEOMETPHH OTPAKIAIOIINX TOBEPXHOCTEH CTEHOBBIX M IIOTOJIOYHBIX
TIaHes e, MPOBOANMON ¢ HCTIOIB30BaHIEM TeoMeTpraeckoi Teopri. OCOOSHHOCTBIO BTOPOTO 3Tama SBIsIeTcs: pa3paboTka peKOMEH-
JaIyil JUTs IOBBIIIEHHS 3BYKOIOTTIOMIAIONINX CBOMCTB OTPaykKAAfOMINX MOBEPXHOCTEH M yCTpaHEHHIO 3((eKTa MHOTOKPATHBIX TIe-
peoTpakeHHI 3BYKOBOH SHEPTHH MEXIy IapaliebHBIMI TOBEPXHOCTSMH 3a CYET WCTIONB30BAHMUS YaCTHIHON 3aMEHBI T€OMETPUH
TIOBEPXHOCTEH, pabOTHI C MOABECHBIMH ITOTOJIOYHBIMU KOHCTPYKIMSAMH W HCIIOIB30BAHUH 3BYKOIOTIOMAOMNX MTOP (IS KOp-
PEKIMU CBOICTB CTEKIHHBIX OBepXHOCTel). TpeTuil u ueTBepThie ATalbl 3KCIEPTU3HI OCTAINUCH HEU3MEHHBIMHU.

KniouyeBble c10Ba: aKkyCTHUECKast HKCIIEPTU3A; ATAITBI aKyCTHIECKOH SKCIIEPTH3bI; CTPYKTypa peBepOepaioHHOTO Ipo-
1iecca; ONTUMANIbHBIE aKyCTHUECKHE YCIIOBHSI.

The methods for the formation of optimal acoustic conditions for the transmission of speech content in small rooms
Sergei Poroshin, Victoriya Usik, Ihor Bielikov

Annotation. The subject of research in the article is the methodology for the examination of small-volume premises with a
predominance of speech content. The aim of the work is to analyze all stages of acoustic expertise for meeting rooms, conference
rooms, press centers, to determine the volume and sequence of the stages, taking into account the specific restrictions and conditions
that arise in small rooms. All stages of acoustic expertise are considered in the work on examples of real premises of meeting rooms,
conference halls, press centers. The sequence of stages of the examination, when it was carried out for premises of small volumes, did
not undergo any changes, compared to the sequence that is used for spectator halls. The main distinctive feature of the first stage of acoustic
examination in small rooms with a predominance of speech content is the analysis of the structures of the reverberation process in listening
places in order to identify the drawbacks of the formation of a diffuse field, instead of checking the geometry of the wall and ceiling panel
walls using geometric theory. A feature of the second stage is the development of recommendations for improving the sound-absorbing
properties of enclosing surfaces and eliminating the effect of multiple re-reflections of sound energy between parallel surfaces through the
use of partial replacement of surface geometry, work with suspended ceiling structures and the use of sound-absorbing curtains (to
correct the properties of glass surfaces). The third and fourth stages of the examination remained unchanged.

Keywords: acoustic examination; stages of acoustic examination; the structure of the reverberation process; optimal
acoustic conditions.
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A METHOD FOR CHOOSING A STRATEGY FOR THE BEHAVIOR
OF A CELLULAR AUTOMATON WHEN SOLVING THE PROBLEM
OF FINDING TARGETS BY A GROUP OF MOVING OBJECTS

Abstract. Currently, a large number of different mathematical models and methods aimed at solving problems of
multidimensional optimization and modeling of complex behavioral systems have been developed. One of the areas of
search for solutions is the search for solutions in conditions of incomplete information and the need to take into account
changing external factors. Often such problems are solved by the method of complete search. In some conditions, the
method of complete search can be significantly improved through the implementation and use of behavioral models of
natural formations. Examples of such formations can be group behavior of insects, birds, fish, various flocks, etc. The
idea of copying group activity of a shoal of fishes at the decision of problems of joint activity on extraction of food is
used in work. The reasoning based on the simulation of the behavior of such a natural object allowed to justify the
choice as a mathematical model - cellular automata. The paper examines the key features of such a model. Modeling of
his work is carried out, strategies of behavior of group of mobile objects at search of the purposes are developed, key
characteristics are investigated and the method of adaptive choice of strategy and change of rules of behavior taking into
account features of the solved problem is developed. The search strategy is implemented in the work, which takes into
account the need to solve the optimization problem on two parameters. The obtained results testify to the high
descriptive possibility of such an approach, the possibility of finding the optimal strategy for the behavior of the cellular
automaton and the formalization of the process of selecting the parameters of its operation. A further improvement of
this approach can be the implementation of simulation to study the properties of the developed model, the formation of

the optimal set of rules and parameters of the machine for the whole set of tasks.
Keywords: cellular automaton; path search; optimization problem; random search; model.

Introduction

Solving real problems using some Kkind of
mathematical apparatus often takes a lot of time to select
the optimal parameters. In addition, difficulties arise in
assessing the influence of various factors on the
effectiveness of solving each specific problem. In [16], an
approach to solving the problem of searching for targets
by a group of moving objects was proposed. It was based
on a mathematical model of a cellular automaton.
However, in [16], the issues of optimization of the
solution time and selection of the optimal parameters of
the cellular automaton operation for solving the problem
of finding targets were not investigated.

This makes a more detailed consideration of the
proposed model, the study of its properties and the
search for ways to improve to expand the range of tasks
to be solved, urgent. It is also important to formalize the
process of choosing a strategy for the behavior of a
cellular automaton when solving the problem of
searching for a group of moving objects.

Analysis of recent research and publications. A
significant amount of work has been devoted to the
study of the motion of objects and their interaction. The
author of [2] divides the existing methods of searching
for routes of moving objects into three classes: exact,
classical heuristic and metaheuristic methods.

Exact methods are of interest in the development
and testing of optimal algorithms. But to solve practical
problems are not used due to the rapid growth of
computational complexity with increasing dimension of
the problem.

Heuristic methods are to search in a relatively
limited space of solutions and ensure finding close to

optimal solutions in a reasonable time. Metaheuristic
methods are based on a careful study of the most
promising parts of the solution space [3] on some
grounds. However, they contain a large number of
parameters that must be configured for each specific
task [4]. Therefore, metaheuristic methods form the
basis of modern research in the field of approximate
methods of solution [2]. Metaheuristic methods based
on mechanisms found in wildlife are especially often
used to solve optimization problems, which include the
problem of finding routes. Such methods and models
are called bioalgorithms. Among them are cellular
automata, which due to natural parallelism, simplicity
and universality allow to model the behavior of various
systems, objects and phenomena of any nature [5].

The operation of the apparatus of cellular automata
is described in detail in [5, 7, 8]. Examples of their use to
solve optimization problems prove their effectiveness.
Thus, in the article [9] on the basis of cellular automata
the behavior of the crowd is modeled taking into account
the mental characteristics of pedestrians. In [10] a
cellular-automatic approach to modeling the behavior of
transport and pedestrians is described.

The search for optimal routes of movement using
the apparatus of cellular automata is also carried out in
the article [11]. However, this paper considers the
motion of objects in two-dimensional space for
homogeneous single objects. This does not allow their
use and requires refinement of the developed model. It
is necessary to take into account the limitations and
features of the tasks of forming a search in a given area.

Substantiation of the possibility of applying the
cellular-automatic approach to solving the problem of
the salesman is given in [5].
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In [13], an example of successful use of cellular
automata to solve the problem of finding routes for
moving cars from wholesale bases to outlets is given.
However, this approach can be applied only in the
presence of a road network and a clearly defined task of
a salesman for these conditions. This does not allow to
use such an approach to solving the problem of
determining the route of movement, for example, search
groups.

In [14], the use of routing algorithms for
determining the optimal routes of strike aircraft flights
is proposed. However, this approach is characterized by
high computational complexity and rough partition of
space with different properties.

The analysis shows the successful use of cellular
automata to solve the problem of finding objects in the
area. In [our article], a method for studying the behavior
of a group of moving objects using a cellular automaton
is proposed. However, the article does not consider its
characteristics, does not identify ways to optimize it and
possible sets of rules (strategies) of its behavior. This
requires further research.

The purpose of the article is to develop a method
for selecting a strategy for the behavior of the cellular
automaton in solving the problem of finding targets by a
group of moving objects.

Presenting main material

In continuation of the idea presented in [16], we
will consider as the initial model of a group of moving
objects - a shoal of fish with appropriate properties [15].

In works [11-13] for problems of the considered
class it is offered to use the cellular automaton on the
plane corresponding to the solved problem. Then, a two-
dimensional cellular automaton can be defined as a set
of finite automata on a plane with coordinates that can
be in one of the possible states [7, 8, 11, 13]:

b €5={0,1,23,..k}. @

At each step of the automaton changes the state of
the automaton in accordance with the rule:

6, (t+1) = $(6 1 O] e NG, })) , @

where N(i, j) - automaton environment (£, j ).
In this paper we use the definition of the

environment of the automaton as Moore's environment
[11]:

N (. J) = {k,[li-k| <1, [j-1]<1} . ©)

The number of possible transition rules is
determined by the number of possible states ¢ and the
number of neighbors under consideration m.
Theoretically, the number of such rules can be equal to

‘Pzeem. This allows you to build different sets of
rules for constructing different behavioral strategies of
the cellular automaton.

Analysis of formulas (2), (3) shows that with the
help of rules can be described quite complex cell
behavior. A large number of possible states can also be

considered. Consider the given formal descriptions in
practice.

Define a homogeneous two-dimensional grid with
coordinates on the plane (Fig. 2). This grid is usually
folded into a sphere, ie the "lower" edge of the grid
joins the "upper" and the "left" edge with the "right".
This convolution is usually used for ease of calculation
and to avoid the associated problems [8]. However, in
this example, it is proposed to use a limited lattice with
boundaries (an example is shown in Figure 1).

Given the rules of development of the cellular
automaton, we will use two types of automata for the
search task: search objects and search group (Fig. 3a
and 3b, respectively).

As a basis for finding the rules of behavior of the
cellular automaton, we use the strategy of joint
movement of the group to the goal.

We use the simplest model of behavior: the
machine moves to the goal - the object that is closest to
the group.

5

7

100

Fig. 1. Two-dimensional homogeneous grid for the operation
of the cellular automaton Source: developed by the authors
using the developed model

In Fig. 1, asterisks indicate objects - search targets,
and circles - the composition of a group of search
objects.

Based on the strategy of behavior "movement to
the nearest goal”, we can formulate the following rules
of behavior of the cellular automaton:

Strategy 1.

1. Search objects do not move. Objects are defined

by aset C={c,c,,....ck}, each object has coordinates
(X, Yj) -
2. The search team

Oz{q,oz,...,og},og (X, ¥j)

moves in unison, without changing its structure.

3. At each step of the cellular automaton, the
automaton of the search group changes its position.

4. All calculations are performed relative to the
center of gravity of the group, determined by the
formula:
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where (x;, ¥;) - the coordinates of cellular automata
belonging to the search group.

5. Search group machines can determine the
distance to targets relative to the center of gravity of the
group.

6. The search group machine moves to the nearest
object.

Using this strategy for the operation of the cellular
automaton, the following results were obtained (Fig. 2).

0 10 20 30 40 50 60 70 80 90 100

Fig. 2. The results of the cellular automaton operation
according to the strategy of movement to the nearest purpose.
Source: developed by the authors
using the developed model

Analysis of the results of the machine showed that
the machine coped with the specified work in 342 steps
of the machine.

However, this is not the only possible strategy for
the machine.

As the next strategy we will consider movement to
the most massive (important) purpose. In this case, it is
assumed that for each purpose is assigned a value of
mass or weight. This is a conditional concept and for a
practical task, this concept may have the necessary
meaning and semantic description, characteristic of the
task.

In this case, the system of rules will look like this.

Strategy 2.

Items 1-5 are equivalent to the strategy points of
the machine above.

6. The search engine has information about the
"importance" of the object.

7. The search engine moves to the most
"important" goal.

The implementation of this strategy allowed to
obtain the results shown in Fig. 3.

The machine allowed to get this result in
514 steps.

As you can see from Fig. 3, this machine finds
unsuccessful solutions. They implement an energy-
intensive path with a large number of re-visits to the
same areas.

0 10 20 30 40 50 60 70 80 90 10C

Fig. 3. The results of the cellular automaton operation
according to the strategy of movement towards
the most "important" purpose.

Source: developed by the authors
using the developed model

Then we can conclude that the use of such a
strategy is possible on a limited number of objects or in
the absence of other alternatives.

Consider the following strategy - mixed. It is based
on the idea of moving to the closest and “important”
object.

Formally, this machine can be set by such a system
of rules.

Strategy 3.

Rules 1-5 will be identical to the rules for the first
machine.

6. The function of significance of the object is
calculated, which connects the distance from the object
to the center of the search group and its mass.

Formally, this function can be set as follows:

Loy ) Mg
f(Cij,OCG)= 1—L— +—

max mmax

where LCij - distance from the target c;; to the center of

the search group Ocg ;
Lmax - the maximum distance from all targets
C={cy,cy,...cx} to the center of the search group

Oc :
me, - the "importance" of the target c;; ;

- maximum “importance" of targets

mmax

C= {cl,cz,...,ck} .
7. The machine moves to the target, which has the
maximum value of the function f(c;;,Ocg) .

This system of rules allowed to obtain the
following results of the machine (Fig. 4).

To the surprise of the authors, this machine has
completed its work in 555 steps. Analysis of the results
suggests that the end result is little different from the
machine, which took into account only the
"importance".
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0 10 20 30 40 50 60 70 80 90 100

Fig. 4. The results of the cellular automaton operation
according to the strategy of movement towards
the closest and "important” purpose.

Source: developed by the authors
using the developed model

The path seems less chaotic. However, the
machine often moved in the same areas many times.

Thus, this machine can not be applied to a large
number of purposes and has a limited scope.

Analysis of all the results shows that very often the
machines pass close to the target. But they do not visit it
because of certain behavioral strategies. Expanding the
"vision" of the machine does not significantly improve
the results.

However, field analysis showed that it would be
interesting to visit nearby objects in a limited area of
space and then move to the next area.

This approach can be a dynamic clustering of the
search space associated with the center of the search
group.

Under the cluster we mean the area of space
around the center of mass of the search group radius K.

Then it is possible to imagine a model of this
machine with such a set of rules.

Strategy 4.

Rules 1-5, as in other machines.

6. Define objects that fall into the cluster of radius
R,

7. The function of significance of the object is
calculated, which connects the distance to the object to
the center of the search group and its mass.

8. The machine moves to the target, which has the
maximum value of the function f (c;j,Ocg) .

9. If there are no targets in the cluster, there is a
movement to the next cluster.

Then we obtain the following results of this
machine (Fig. 5).

This result was obtained for R=25. The number
of implemented steps of the machine was 355. This
number of steps can be compared with the machine in
Fig. 1.

However, instead of one parameter - range, it takes
into account 2 interrelated parameters - distance and
"importance".

0 10 20 30 40 50 60 70 80 90 100

Fig. 5. The results of the cellular automaton operation
according to the strategy of movement to the closest
and "important" purpose in the cluster.
Source: developed by the authors
using the developed model

Fig. 6 shows the machine with R=50. The
number of implementation steps was 355.

0 10 20 30 40 50 60 70 80 90 100

Fig. 6. The results of the cellular

automaton operation on clusters.

Source: developed by the authors
using the developed model

As a result of setting the parameters of the

machine, namely the change and selection of values R.
It was possible to reduce the number of steps of the
machine to 338. At the same time R=20. The results
of the machine are presented in Fig. 7.

The results obtained are almost identical to those
shown in Fig. 1. However, formally the number of
steps of the machine was 342 in the first case and 338
in the latter. The optimization was carried out on two
components - "importance™ and distance.

The obtained results indicate the prospects of this
area of research and the great potential. However, the
question of the method of selecting a cellular
automaton that implements a certain strategy remains
unresolved. Studies of the properties of the developed
cellular automaton indicate the need for large-scale
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statistical modeling of this automaton. Its purpose is
an unambiguous choice of parameters of its work.
However, the impact on the results of the number of
goals, their characteristics, search tasks, time and
resource constraints.

100

Based on these considerations, we can propose an
adaptive method for selecting parameters and
behavioral strategies of the cellular automaton in
solving the problem of finding targets by a group of
moving objects, shown in Fig. 8.

0 10 20 30 40

50 60

80 90 100

Fig. 7. Results of the cellular automaton operation on clusters with optimal parameters.

Source: developed by the authors using the developed model

. Determining Determining the
Initial data Ar?a_lyS'S of Constraints and type of problem
initial data Assumptions to be solved

A\ 4

Algorithm of the choice of the cellular automaton operation strategy
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Fig. 8. The structure of the parameter selection method and the proceeding strategy
of the cellular automaton when solving the problem of finding purpose by a group of moving objects
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This approach will allow you to develop a decision
support system for the management of a group of
moving objects.

It is adaptable both to external conditions and to
features of the solved tasks. It can also be used to obtain
results and evaluate a wide range of possible
alternatives.

Conclusions. Studies of the cellular automaton for
finding targets by a group of moving objects suggest
that this problem can be successfully solved. The use of
a cellular automaton allows you to implement a wide
range of search strategies.

Modeling of the machine showed that additional
research is needed on the selection of operating
parameters and rules for changing the state of objects. In

the future it is necessary to simulate his work. Its
purpose is to identify patterns of formation of the
parameters of the machine and adjust the rules of its
operation to increase the speed and accuracy of the task.
Similarly, in the future it is necessary to take into
account the resource of the search group to move and
take into account the dynamic change in the
characteristics of the goals.

The results of modeling the operation of the
cellular automaton and
evaluation of the dynamic
characteristics of the work can
be studied by following the link
provided in the form of a QR-
code.
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Merton BbIOOpa cTpaTeruu MNOBeIeHUs] KJIeTOYHOr0 aBTOMAaTAa
NPH pellleHUH 321241 NOMCKA IPyNIoil NOABM:KHBIX 00HEKTOB

B. U. Yucros, U. B. 3axapuenko, B. M. [1aBnenko, M. A. [TaBienko

AnHoTanmmus. B Hacrosmee Bpemst pa3paboTaHO OOJBIIOE KOJIMYECTBO PA3IMYHBIX MAaTEMaTHYECKHX MO Jeneil u
METOJIOB HAIIPAaBJICHHBIX Ha pEIIeHHE 3agad MHOTOMEPHOW ONTHMH3AIMH M MOJEIMPOBAHUS CIIOKHBIX IOBEICHYECKHX
cucteM. OHUM W3 HANpaBICHUH MOUCKA PEHICHUH ABISAETCS MOMCK PEIICHHH B YCIOBHUSAX HEMOJIHOTH HMH(OpMAIuH U
HEeO0OXOAMMOCTH ydeTa H3MEHSIOMHMXCA BHEIIHHX (PakTopoB. 3a4acTyi0 TakHe 3aaddl PEHIaloTCs METOJOM IIOJHOTO
nepebopa. B HEKOTOPHIX yCIOBHAX METOA IOJHOTO Tepebopa MOXKET OBITh CYIIECTBEHHO YCOBEPIICHCTBOBAH 3a CUET
peanu3aluud W HCIOJNB30BAHUS MOBEACHUYECKHX MOJENeH MpHUPOAHBIX oOpasoBaHuil. IlpuMepamu Takux oOpa3zoBaHUU
MOTYT OBITH TPYNIIOBOE MOBEIEHHE HAaCEKOMBIX, NTHI, PBIO, pa3iuyHBIX cTail u 1np. B paboTe mcmosib3oBaHa wuuest
KOIIMPOBAHMS TPYIIIOBOH IEATEIPHOCTH KOCSKa PBIO NPH pPEHNIeHWH 3aJad COBMECTHOW IESTeIBbHOCTH II0 J00bIue
nponutanus. [1onoXeHHbIE B OCHOBY PAacCyXICHHH O MMHTALUU HOBEJCHHS TAKOTO HMPHPOTHOTO OOBEKTa IMO3BOJHIIO
000CHOBaTh BHIOOp B KauecTBe MaTEeMAaTHYECKOH MOJENN — KJIETOYHBIe aBTOMaThl. B paboTe McciienoBaHBI KIIOYEBEHIC
ocoOeHHOCTH pabOTHl TakoW Mopenu. [IpoBeIeHO MOAENUPOBAHHS €ro padoThHl, pa3pabOTaHBI CTPATETUU TOBEICHUS
TPYNIBI TOJBIDKHBIX OOBEKTOB INPH MOUCKE IeNeH, MCCIEIOBaHBl KIIOYEBBIE XaPAaKTEPUCTHKH M pPa3pabOTaH METOJ
aZalITHBHOTO BHIOOpA CTpAaTeTHH W M3MEHEHHMS MPABHI ITOBEAEHUS C y4eTOM OocoOeHHOCTeH pemaemoit 3amaun. B pabote
peann3oBaHa CTpaTerust MOMCKAa, KOTOpas YYUTHIBAET HEOOXOJMMOCTh DEHICHHS ONTHMH3AIMOHHON 3aJaddl MO IBYM
napaMmerpaM. IloxydeHHBIE Pe3yIbTAaTHl CBHIACTENBCTBYIOT O BBICOKOI ONMHCATEIbHON BO3MOXKHOCTH TaKOTO IOAXOJa,
BO3MOJKHOCTH HAaxOXJEHHs ONTHMAIbHOH CTpAaTernu IOBEACHHUs KJIETOYHOrO aBTOMaTa M (opMaau3aluu mpolecca
moxbopa mapaMeTpoB ero paboThl. JladbHEWIIMM COBEPIICHCTBOBAHHEM TaKOTO MOJXOAa MOXET OBITh NpOBEJCHHE
HMHUTAIMOHHOTO MOJICIMPOBaHUs Ul WCCIEJI0BaHUS CBOWCTB pa3paboTaHHOW Mozend, (GOpPMHUPOBAHHS ONTHUMAIBLHOTO
Habopa mpaBuI pabOTHI M MapaMeTPOB aBTOMATa [l BCEr0 MHOXKECTBA PEIIaeMBbIX 3a/1a4.

KnmoueBble CJa0Ba: KICTOYHBIN aBTOMAT, MOUCK MYTH, 3aJaHUs ONTUMHU3ALIH, CJ'Iy'-IafIHLIfI TMOUCK, MOJICJIb.

Metoa BuGopy crpaTerii noBeAiHKH KJIITHHHOI0 aBTOMAaTA
NpH pillleHHI 3aBJaHHS NOLIYKY IPYIOI0 PYXOBHX 00'€KTiB

B. I. Yucros, 1. B. 3axapuenko, B. M. I1aBnenko, M. A. [1aBnenko

AHoTtaunisi. Ha paHmii dyac po3poOJICHO BeNHWKY KIUIBKICTh PI3HUX MAaTEMAaTHYHHX MoJeneil 1 MeToxiB
CHpPSMOBAHMX Ha BUPILICHHS 3aBJaHb 0araTOBHMIpHOT ONTHMi3alil Ta MOJENIOBAHHS CKJIQAHUX MOBEIIHKOBUX CHCTEM.
OnHUM 3 HamNpSMKiB IOIIYKy pIilIeHb € MOIIyK pilleHb B yMOBaX HEMOBHOTH iHpopmamii i HeoOXimHOCTI 06Ky
3MiHHUX 30BHIiIIHIX (akTopiB. HaliuacTime Taki 3aBIaHHs BUPILIYIOTHCS HUIIXOM MOBHOTO mepedopy. YV AeIKuX yMoBax
METOJl IOBHOTO Hepebopy Moxke OyTH iCTOTHO BIOCKOHAJEHHH 3a paxyHOK peaiizauii Ta BUKOPUCTAHHS MOBEIIHKOBHUX
Mojeseil NpUpOJHUX YTBOPEHb. [IpuKiIagaMu TakuX YTBOPEHb MOXe OyTH IpyHoBe MOBeIiHKa KoMmax, NTaxiB, puo,
pi3HUX 3rpail Tomo. Y pobOTi BUKOPHCTaHa i/1es KOMIIOBaHHS IPYMOBOI AisSIBHOCTI KOCSIKa pUO MpU BUPILICHH] 3aBAaHb
CIUTBHOI MisUTPHOCTI 3 TMOMIYyKYy XapdyBaHHA. [lokiageHHS 3a OCHOBY MIipKyBaHHS IIPO IMITaImil0 TMOBEIIHKH TaKOTO
MIPUPOTHOTO 00'€KTa HO3BOIMIO OOTPYHTYBAaTH BHOIp B SIKOCTI MaTeMaTHYHOI MOJEN — KIITHHHI aBTOMaTH. Y poboTi
JIOCTII)KEHO KIIOYOBI 0COONMBOCTI poOoTu Takoi Moxem. [IpoBegeHo MozenroBaHHS HOTo poOOTH, po3pobIeHO
cTparerii TMOBEOIHKH TPYNH PYXOMHX OO'€KTIB MpH MONIYKY WiJIeH, MOCHIIKEHO KIIOYOBI XapaKTEPHUCTHUKH Ta
po3pobiieHO METON aJanTHBHOTO BHOOPY cTpaTerii Ta 3MiHM MNpaBWJ IMOBENIHKM 3 ypaxyBaHHIM OCOOJIUBOCTEH
po3B's3yBaHOTO 3aBAaHHSA. Y poOOTI peani3oBaHO CTpaTeriro MOIIYKY, sKa BpaxoBye HEOOXiIHICTh BHPIIICHHS
onTuMizaniiiHOl 3axa4i 3a aBoma mapamerpamu. OTpUMaHi pe3yJNbTaTH CBiAYaTh NPO BHCOKY OMHCOBY MOXIIHUBICTbH
TaKOTro MiJAXO1Y, MOXIJIHMBICTh 3HAXO/PKCHHS ONTHMAJIbHOT CTpaTerii MmoBeJiHKH KIITHHHOTO aBTOoMara Ta dopmanizamii
mnporecy migbopy mapamerpiB Horo po6otu. IToganpliuM yAOCKOHAJEHHSIM TAaKOTO MigXOAy MoOXe OYTH NpOBEICHHS
IMITa[iHHOT'0 MOJICIIOBAHHS JJIsL IOCIIKECHHS BIACTHBOCTEH po3po0IieHoT Moieli, JOopMyBaHHS ONTUMAaIBLHOTO HabOpy
npaBwI poOOTH 1 mapaMeTpiB aBToMaTa A Oe31ivi po3B'sI3yBaHHUX 3aB/IaHb.

KawuoBi ciaoBa: xiiTHHHUIT aBTOMAT; NOIIYK [UIAXiB; 3aBJaHHs ONTHMI3allil; BUMIaAKOBHH MOLIYK; MOAEIb.
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PO3POBKA TA JOCIIIZKEHHS CUCTEMU KOHTPOJIIO ITAPAMETPIB CEPEJOBUIIA

IITYYHOI EKOCUCTEMU AITAPATOM FUZZY-LOGIC

AHoTanisi. B po6oTi po3riIsiHyTO BUPIMIEHHS] HAYKOBO-IIPAKTUYHOI 33/1a9i PO3POOKH Ta TOCIIKEHHS CHCTEMH KOHTPO-
JII0 TTapaMeTpiB CepeoBHINA IITYIHOI €KOCHCTEMH, CTBOPEHHS CTPYKTYPHOI Ta IPHUHIMIIOBOI €IeKTPUYHOI CXEMH CHCTe-
MH, CKJIalaHHS alnropuTMy ii podoTu. J{ocmimKeHHs HoJsrae y CTaTUCTHYHIN 00po0Li pe3y/ibTaTiB NpsMUX OaraTopa3oBHX
BHMIpIOBaHb PIBHIO PO3UMHHOTO KHCHIO, pH, Temreparypy y akBapiymi IITy9HOI €KOCHCTEMH, aHawi31 IIOXHOOK Ta cymap-
HOI CTaHJapTHOI HEBH3HAYEHOCTI Pe3yNIbTATiB BHMIpPIOBAaHb, MOOYIOBI CHCTEMH 3 HEYITKOIO JIOTIKOIO JUIS BH3HAYCHHS
BIUTUBY ITapaMeTPiB BOTHOIO CEPEJOBHINA Ha SIKICTh BOAM y akBapiyMi. CucTeMa Jja€ MOXIIMBICTD BHMIpPIOBaTH OCBITIIE-
HicTh 10 45000 JIk, TemnepaTypy noBiTps y mianasosi Bif 12 no 42 0C, temmneparypy Boxu y Aiama3oi Bix 15 mo 28 0C,
piBers pH Bixg 5 10 9, piBeHs pO3UMHEHOr0 KUCHIO Bif 5 10 10 MI/i, Mae gaT4uk HaOIMKEHHS, Ma€ 3MOTY BMUKATH, IPH
HeoOXiHOCTi, 00irpiBatoyy, aepamito BOJH, JOIATKOBI JuKepena cBiTia. [loxnOka BUMIpIOBaHb MO KOXXHOMY 3 KaHANIB HE
niepeBuiye 2,5 %.HeoOXiHICTh CTBOPEHHS CHCTEMH KOHTPOIIO BHHHKIIA Y 3B’SI3Ky 3 THM, IO € moTpeba 3abe3neueHHs
TIPUPOIHBOTO PO3BUTKY POCIHH Ta pUO B yMOBaX HITYYHOI €KOCHCTEMH, sIKa IMITYe CepeIOBHUINE MaKCUMAaIbHO CXOXe 13
nipupoaHiM. s Toro, mob eKocrcTeMa BUKOHYBaa CcBOi (QyHKINT MOTpiOeH CBOeUacHUH KOHTPOJIb BKa3aHUX HMapaMeTpiB
Ta [IBHKA PEaKIisi Ha BHUXiJ MapaMeTpiB 3a KpUTHYHI 3HaueHHs. L[ 3amaya Moxke OyTH BHKOHAHa TiJBKU 3aBISKU CTBO-

PEHHIO CUCTEMHU KOHTPOJIIO.

KawuoBi ciioBa: exocucrema; BUMIPIOBaHHS; IOXHOKA; HEBU3HAUEHICTh; HEWiTKA JIOTIKa.

Beryn

Jliist Toro o0 HAOIM3HUTH JIFOJCH 10 KHUBOI IPUPO-
JIM eK30TUYHUX KpaiH CBITy, MOXHa CTBOPIOBATH KyTOU-
KU KMBOI NPUPOAHU Y IIKOJI, Ha MiAIPUEMCTBI, YCTaHOBI.
[ITy4yna ekocucreMa, 10 € HAOYHUM 1 PI3HOOIYHHUM IpHU-
KJIaZ0M TBapHHHOIO W DPOCIMHHOIO MHpPY, JOIOMOXE
y4HSM y (OpMYyBaHHI HOBOi KYJBTYpH B3a€EMHHAM 13
MIPUPOJIOI0, HABKOJHIIHIM CEPEIOBHUILEM, a POOITHHKAM
JIal0Th 3MOI'y MOpAJIbHO BIAIOYUTH CIIOCTEpIrarouu 3a
JKHUBOIO NpUpoor0. Takuii BiAMOYMHOK IUTiTHA BILUTUBAE
Ha BIJIHOBJICHHS MpaIe3[aTHOCTI JIFOCH.

[TyuHa ekocucTemMa JOMOMArae MpPHIydUTH JiTeH
3 TaJaHTOM J0 HAYKOBO-IOCIIHOI pOOOTH, O MPOEK-
TyBaHHS TPOCKTIB, BUKOHAHHIO POOIT MOB'S3aHHUX 13
TBOpUicTIO. Jlorsiaaroun 3a poCIuHAMU, YUHI Mi3HAIOThH
HE TUIbKHM TXHBOI OCOOJMBOCTI OYHOBH, ajie il BUATHCS
NPaBWIBHO JOTJIAATH 38 HUMU. JIJIs JOOMOTH LIKOJIS-
paMm y OiATPUMIN KYTOYKY YKHMBOi NMPHPOAU Y TapHOMY
CcTaHi MOTpPiOHA aBTOMATH30BaHA CHUCTEMa KOHTPOIIO
OCHOBHHX ITapaMeTpPiB MiKpOKIIIMATY.

BrpoBamkeHHS Takoi CHCTEMH [1O3BOJHUTH IIiIT-
PUMYBaTH KUTTESUTBHICTh POCITUH Ta puO, 3a0e3medy-
BaTH KOM(OPTHI YMOBH iX NPOXKMBAHHS, a TAKOXK MOXK-
JUBICTh CBOEYACHO pearyBaTH Ha BHXOAM IapaMeTpiB,
10 KOHTPOIOIOTHCS 32 MEXI KPUTUIHUX Jiama3oHiB.

3 MeTOI0 BH3HAYEHHS BIUTUBY IapaMeETPiB BOTHOTO
CepeIoBHIA HA SKICTh BOAW B aKBapiyMi IITyYHOI €KO-
CHCTEMH 3alpOIIOHOBAHO MOOYAYBAaTH EBPUCTHYHHI
aHaji3aTop 3a IOMOMOroro iHTepdeiicy KopucTyBaua
cucremn fuzzy-logic, sSKkwWif € mOOATKOM TIPOTPaMU
MatLab.

Jis BU3HAYEHHS KJIACY TOYHOCTI BUMIipIOBATBHUAX
KaHaJiB IITY9HOI €KOCHCTEMH ITOCTaBJICHA 3ajada CTa-
THCTHYIHOI OOpOOKH pe3ynbTaTiB MpsAMUX OaraTopas3o-
BUX BUMIpPIOBaHb 10 TPHOM KaHAJIAM: PIiBHS PO3UYMHHOTO

KUCHIO, piBHA pH Ta Temneparypu Bomu. [TpoBomutbes
OL[IHIOBAHHSI CYMapHOi CTaHAapTHOI HEBU3HAUYEHOCTI
pe3yJIbTaTiB BUMipPIOBaHb.

AHaJi3 OCHOBHHUX JIOCJHizKeHb 1 myOaikaumii. Y
poborti [1] mpoBeneHo PO3pOOKY CHCTEMH KOHTPOIIO
napaMeTpiB cepe/loBHUINA Yy aKBapiyMi, 110 NMpHU3HAYEHA
JUIsl KOHTPOIIO piBHA pH, BMiCTy pO3UMHEHOI0 KHCHIO Y
BOJli, @ TAKOXK TEMIIEPAaTypH BOJU B aKBapiymi, po3poo-
JICHO CTPYKTYPHY CXEMY CHCTEMH KOHTPOJIO HapamMer-
piB cepenoBuia B akBapiymi Ha 6a3i Arduino nano 3.0.
OpnHak, IITy9Ha €KOCHCTEMa CKIAJAEThCS HE TUIBKH 3
akBapiyma, aje i 3 JIUISTHKH CYIIIi, Ha sSIKiii pOCTyTh pocC-
JVMHY. 3aIUIIAEThCS HEe BUPIILEHNM ITHUTaHHS KOHTPOJIIO
Ta CTeXEHHs 3a MIKPOKIIIMAaTOM Yyci€i ekocuctemu. Bu-
3HAQYEHHsS ONTHMAJIBHHUX IapaMeTpiB CepeloBHINA I
KUTTEISUTBHOCTI PO Ta POCIMH TaKOX € He BUpiliie-
HUM Ta aKTyaJbHUM 3aBIaHHsIM. Y po0OoTi [2] 3amporo-
HOBAaHO CTPYKTYpPHY CXEMY CHUCTEMH KOHTpPOJIO Iapa-
METPIiB CepelOBHINA Y IIKUIBHOMY KUBOMY KYTOUKY Ha
6a3i Arduino nano 3.0.

BukopucTraHHS HEUITKOI JIOTIKK IS aHAJI3y Ta J0-
CIIJPKEHHS TEXHOJIOTIYHUX TPOIECIB PO3IIISTHYTO y PO-
00Tax TPOBITHMX CBITOBHX BUeHHX [3 — 5]. Y poOorax
[6, 7] 3ampoItOHOBAaHO BHUKOPHCTAHHS HEYITKOI JIOTiKH
JUTS KOHTPOITIO SIKOCTI TOBapiB Ta MOCIyT. Bukopucraemo
TakoXk cucTeMy fuzzy-logic mis BU3HaYeHHsS BIUIUBY
MapaMeTpiB BOIHOTO CEPEAOBHINA HA SKICTH BOIU Y aK-
BapiyMi, III0 € YACTUHOIO IITYYHOI eKOCHCTEMHU.

OcHoBHui MaTepian

Ha puc. 1 mpeacraBneno BapiaHT MOOYIOBH CTPY-
KTYPHOI cXeMa CHCTEMH KOHTPOIIIO MapaMeTpiB MiKpo-
KITIMaTy ITYYHOI eKOCHCTEMH.

CucreMr KOHTPOJIO TapaMeTpiB KOHTPOIIO Iapa-
METpIB CepelOBUINA INTYYHOI eKOcHCTeMH Ha 0a3i
Arduino nano 3.0 [8] mMae Tpu KaHanM BHMipIOBaHHS
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rapaMeTpiB cepeloBHIIa y akBapiymi. llepmmii xanan
BuMiptoe piBeHs pH Boxu. [Ipyruii kaHajx BEUMipIoe Te-
Mneparypy Boau. TpeTiii kaHalm — piBeHb PO3ZYMHEHOTO
KUCHIO. JIJ1s1 BHMIpIOBaHHS IapaMeTpiB MOBITPSHOTO
CepeloBUIA BHKOPUCTOBYIOTBCS HACTYIHI KaHaJH:
KaHaJl BUMIPIOBaHHS PIiBHIO OCBITJICHOCTi, KaHaJl BUMi-
PIOBaHHSI TEMIIEPAaTypH IOBITPsI Ta KaHAJ BHU3HAYECHHS
HaOIMKEHHS 10 €KOCUCTEMH CIIOCTEpirayis.

Jo cknany CTpyKTYpHOI CX€MH BXOASTH TaKi OJIOKH:
[BII1 — narunk BumiproBanHs piust pH, T1BI12 — matuamk
BUMIpIOBaHHS TemreparypH, [IBII3 — nmatumk BuMmipro-
BaHHS po3dunMHeHoro kucHio y Bomi, [1BI14 — I1BII6 nat-
YUKW BUMIPIOBAHHS DIBHS OCBITJIEHOCTI, TEMIIEpaTypH
TIOBiTps, HaOmmkeHHs 10 ekocucremu. LIBII — nndposunit
BI/UTIKOBUH TNPHUCTPiii BUKOPUCTOBYETHCS ISl TPEJICTaB-
neHHs iHdopmarii oneparopy. Arduino nano 3.0. npargoe
3aBISKA IHTETPOBAHOMY MPOrPaMHOMY CEPEIOBHIILY
(IDE), mo nae 3Mory micat, KOMILTIOBAaTH TPOTrpaMu, a
TaKOX JIa€ 3MOT'y 3aBaHTaXKyBaTH 1X B ariapatypy.

Cucrema xuTTe3a0e3NedeHHs CKIANAEThCA 13 Ha-
rpiBaya i aepatopa BOJAHM, & TAKOXK CHCTEMH OCBITIICHHS
npuMileHHs. biok pene npusHayeHWi Uil BMUKaHHS /
BUMHKaHHS HarpiBaya Ta aeparopa BOAM 1 CHUCTEMH
OCBITJICHHSI MTPUMIIICHHS. BJIOK KHBICHHS — TOMOMIX-
HUW TIPUCTPIl, 1110 3a0e3Meuye KHUBJICHHs YCiX KOMIIO-
HEHTIB BuUMipioBaua. Arduino nano 3.0. 3maTHU# mepe-
JlaBaTH JIaHHI 110 MapamMeTpaM, 110 KOHTPOIIOITHLCS 10
NIEPCOHANBHOI  €JIEKTPOHHO-00UHCITIOBAIBHOT MAaIlIMHU
no USB Mini — B [2, 8].

Brok perne [«
P
|
| o
Harpisau |y —»| IBI1 =
BOJU ! !
| |
| c |
| ——»| [BII2 —»
|
| |
C } mr/n |
ncremMa | »| mBO3 .
aepartii Boau | i o HBt
| | c
! . | s
! AxBapiym ! z
b 1 o
Brok pene [« [
TN 3
| s } -E
| C —»| IBI4 [—— <
! — |
| HaGmmxenns !
! LUuX ——p |
! ° | USB 10 [TIEOM
Cucrema T _>Hﬂ_> MBITS _}> ™| Mini-B [**
OCBITJIEHHS |l !
MPUMIIIEHHS } LUX ——p] |
y i C —»| MBI6 [
| HaGmuxeriin ;
} Tpumimmenss |
_| Lo )
Brok pene [«

Puc. 1. CtpykTypHa cxema CUCTEMH KOHTPOIIIO

[puHIMIIOBa eNeKTpUYHA CXeMa CUCTEMHU KOHTPO-
JIO MapaMeTpiB cepeiOBHINA ITYYHOI eKOCHCTeMH Ha-
BejIeHa Ha pHcC. 2.

JlaT4MKA KOHTPONIO TapaMeTpiB CepeloBHIIA Y
MIPUMIIIEHH], a caMe — PiBHSA OCBITJICHOCTI TPUMIIICHHS,
TEMIepaTypy TOBITpPsl, HAOMIDKEHHS IPEICTABICHI MiK-
pocxemamu DD1 — DD3 (MAX44005EDT). [atumku
pisaro pH CPS31D, piBato pozunHeHOro kucHI0 COS41,
Temneparypu y akBapiymi TEMII-01 migirto9atoTecs 10
po3’emnyBava X2, X3, X4 BiamosigHo. JK¥BNEeHHS 10

CXEMH HAJXOIUTh depe3 po3’enHyBad X5. Buxinni cur-
HaJIM y BUTJISII HATIPYTH 3 JJATYUKA PIBHIO PO3UHHEHOTO
KUCHIO y aHaJoroBiii ¢opmi HagxoaWTh Ha IIHHY
Arduino Nano 3.0 (DD4). DD4 mae y cBoeMy ckiami
MmikpokoHTposiep ATmega328 3 yOynmoBanum 8-
KaHaJTBHAM 10-po3psiqHAM aHaJIOrO-IU(POBUM TIEPET-
BoproBauem (ALIIT).

Curnanmu 3 naT4ukiB piBHIO pH, TemmepaTypu Bo-
o TEMII-01 ta marumkis DD1 — DD3 Hagxomars 1o
Arduino Nano 3.0 (DD4) y Burmnsmi koxy.

Arduino Nano 3.0 (DD3) 3giticHroe 00poOKy pe-
3yIbTaTy BUMIPIOBaHHS 1 Iepefae TOTOBUH pe3ysbTar
BuMiproBanHs Ha [IBIT HD44780 (HG1).

Tpansucropu VT1, VT2 ta VT3 HeoOXimHi mis
yrpagitiHHs podoToro perne SSR-25DA.

Just Toro, mo0 BH3HAYUTH CyMapHY CTaHIapTHY
HEBHM3HAYEHICTh PE3yNIbTAaTiB BUMIPIOBaHb NapaMeTpiB
BOJJHOT'O CEPE/IOBHIIA IITYYHOI €KOCHCTEMH OYyJI0 Ipo-
BEJCHO O0OpOOKY pe3y/lbTaTiB NPSMUX 0araTopasoBUX
BUMIpIOBaHb 3 JATYMKIB KOHTPOJIO PiBHS PO3UYHMHHOIO
KUCHIO, piBHS pH Boau Ta Temnepatypu. s nepeBipku
TiMOTe3W MPO 3aKOH PO3MOJIUTY Pe3yJIbTaTiB BHMipIO-
BaHb OyJI0 BUKOPHCTaHO CKJIaJIeHUi Kputepiil. Pe3yib-
TaTH CHOCTEPEKEHb YBAXKAIOTHCS HE3aJICKHUMH H piB-
HOTOYHHMH (32 yMOBaMH €KCHEPUMEHTY). Y 3arajbHo-
My BHMaJKy BOHH MOXYTh MICTUTH CHCTEMAaTHYHI H
BUIIJIKOBY CKJIQJIOBI MMOXHOKH BUMIpiB. 3a3HAUYUMO JI0-
Bipuy #imMoBipHicTe P = 0,95 (abo piBeHb 3HAYMMOCTI
o = 0,05) pe3ynbTaTiB BUMIpIB.

Ha puc. 3- 5 npezacraBiieHO pe3ynbTaTH CIIOCTeE-
PEXKEHb 33 3MIHOIO PiBHSI PO3UMHHOIO KUCHIO, piBHs pH
BOJIM Ta TEMIIEPATypHU BIAIMIOBIIHO. Y BCIX TPhOX BUIIA]I-
Kax MiATBEPKEHO TiMoTe3y NP0 HOPMAJBHICTh 3aKOHY
PO3MOALTY pe3ynbTaTiB BUMIPIOBaHb.

OCKiTbKM 32 yMOBaMHU €KCIEPHMEHTY JOBipYa
imoBipHicTs P = 0,95, To BUKOpHUCTaEMO 7151 BU3HAYCH-
HsI TPaHMIII IOBIPYOTO iHTEpBay (OpMYITy

M)

ne G, — He3MillleHa OLHKA CEePEeAHbOKBAIPATAIHOTO

[0}
Ay =%26, ,
A

BiIIXI/IJAICHHH PE3yNbTATIB CIOCTEPEIKEHB.

VY TakoMy BUNAJAKy HPOBEIEMO PO3paxyHKU Ipa-
HUII JIOBIPYOTO IHTEpBAJly BHIIAJIKOBHX MOXHOOK, IO
OTpUMaHI MpPU BUMIPIOBAHHS PIBHIO PO3YHUHHOIO KHC-
HI0, pH Ta TemmepaTypu y akBapiyMmi IITy4HOI €KOCHC-
TEMH.

BukoHaeMo po3paxyHOK BiJHOCHO!I MTOXUOKH BHMi-
PIOBaHHSA 110 KOYKHOMY 3 KaHaJIB 3a (popMyInoro

5y =+ 2% .100%; @)
X

0

5o =+ 22.100% =+ 22°.100% = 1,8%;
0 8,13
0

8om =+ ~PH 10006 = + 219 10006 = 2,50

pH 42
0

8, = 21009 = + 22 10096 =1,6% .
t 24,8
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Puc. 3. Pe3ynbratu ciocrepexenb Puc. 5. Pe3ynpraTu cioctepexeHb
3a 3MIHOIO PiBHSI PO3YMHHOTO KHCHIO 3a 3MIHOIO TeMIIepaTypu
7,7 .
3riguo 3 (1) Hanmmemo GopMynH IS BU3HAYCHHS
7 AN TPaHHMIl IOBIPYOTO iIHTEPBATY BHIIAJKOBHX ITOXHOOK
g 75
I NEVAVANIVALY. VA 0
T 74 Ao =126, =%2-0,0716=%0,15 mr/m;
T t * +
2 73 N N/ \ ./ 0 ' ' ’
H \/ 0
8 N
& 72 ApH =i2cspH =+2-0,096 =%0,19 ox. pH;
71
7

Toukwu BimipiB

Puc. 4. PezynbraTi cioctepexeHb
3a 3minoto piBHst pH Boqu

0
At =126,=+2-0,2=+0,4°C.

TakuM 4YHMHOM, JKOAHA 3 BIJHOCHHUX MOXHUOOK II0
KaHallaM BUMIPIOBAHHS HE MEPEBHIIYE BCTAHOBJICHY Y
TEXHIYHOMY 3aBjaHHi 2,5%.
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CrangapTHa HEBH3HAUYEHICTh BUMipIOBaHb THITY A
BXITHOI BEIMYUHHU X; PO3paxoByeThcs 3a (hopmynoro

[9, 10]:

Nj

Z(Xiq —71')2 (n;(n; =),

o=

®)

Je N, — KUIbKICTb CIIOCTEPEKeHb NPOBEJECHUX IPU BU-
MipIOBaHHI X; .

CraHapTHa HEBH3HAYEHICTh BUMipIOBaHb THITY A
BXI/IHMX BEIWYMH — PIBEHb PO3YMHHOI'O KUCHIO, PiBEHb
pH Bomu, Temmepatypa Boau 3a ¢hopmyiior (3)

Uy (6[) =0,014 mr/m.
U, (pﬁi)=0,018 on pH.

u,(t;)=0,037 °C.

CranmapTHa HEBH3HAUYCHICTh TUIY B mpu HOpMma-
JILHOMY 3aKOHI PO3MOiYy OIHIOEThCS 33 (hOPMYIIOH
[9, 10]:

b-a
ug (x)=—,
(="
Je aib— miBa Ta mpaBa Mexi pO3MOIiNTY BiMOBIIHO.
CraHJgapTHa HEBU3HAYEHICTh BUMIPIOBaHb TH-
ny B BXiIHMX BeNMYMH — PiBeHb PO3YMHHOTO KHCHIO,
piBenb pH Bonu, Temmieparypa Bomu 3a hopmysioro (4)

ug (0)=0,025 mr/x.

(4)

ug (pH)=0,032 ox. pH.
g (t) =0,067°C.

CyMapHa cTaHIapTHa HEBH3HAYEHICTh BHXIl-
HOI BEIMYUHM Y MaTuMe Takui Burisz [9,10]

Mi. ¥ SIKOCTi BUXiJHOI BETMYMHI OOUPAEMO SKiCTh BOIH
y akBapiyMi (MakcMMaJIbHO IpUAaTHA Al pub Ta poc-
nuH) (puc. 6).

3amaemMo (pyHKINIT HAJIEKHOCTI IS 0OpaHOi BXif-
HUX 3MiHHUX. /Iy piBHS PO3YMHHOTO KHCHIO BCTaHO-
BHMO JIialla30H y SKOMY 3MIHIOEThCS QYHKIS (Big 5 10
10 mr/m). 3amaemo Tun (yHKIIT HaJEKHOCTI Ta BH3HA-
YyeHWi posmonin [ayca s TpbOX BXiJHHX BEIUYHH.
Just pisers pH Boan BcTaHOBUMO [iamasoH Bif 5 1o 9
on. pH. Insa temneparypa BOAM BCTAaHOBHUMO Jlialla30H
Big 15 no 25 °C. 3amaemo (yHKIiIO HAIEKHOCTI Ui
00paHOi BUXIMHOI 3MiHHOI — sIKiCTh Bomu. Jliama3zoH y
SKOMY 3MIiHIOETbCS (DYHKIIS «SIKICTB» BCTaHOBIIOEMO
Big 1 1o 10 BigHOCHUX OMUHUIG. J[J1s1 3MiHHOT «SIKiCThY
00MpaEMO TPUKYTHHIA 3aKOH PO3MOJLTY. 3a7aeMo Tpa-
BUJIA, 32 SIKUMU Oy/ie i TH MOJIETb.

SIKiCTh XapaKTepu3yeThbcsl TaKMMHU TapaMeTpamu
SK piBEHb PO3UYMHHOIO KHMCHIO, piBeHb pH Ta Temmnepa-
Typa Boau. Y BiKHI «IIpaBWJIa» CKJIaIeMO MpaBuia, sKi
XapaKTepHU3yIOTh SKiCTb.

Hampuknan, sKmo piBeHb PO3YMHHOTO KHCHIO
«miny, piBeHb pH «miny», Ta TemmepaTypa «min», TO
SIKICTH BOJM «IIOTaHa.

[ToBepxHi BIATYKY IPU TPHOX MOMIIUBHX CIIONY-
YEeHHSX MapaMeTpiB, L0 BIUIMBAIOTh Ha SIKICTh BOJAU
300pakeHi Ha puc. 7.

[Tpu BUOOpPi MeToxy abo kommekcy meroais HK
KOHKPETHHX JieTajiell abo BY3JIiB HEOOXiJHO BpaXxoByBa-
TH HACTYITHI OCHOBHI YMHHUKH: Xapakrtep (Bua) nedek-
Ty 1 #oro posrairyBaHHs, YYTJIHBICTh METOIY KOHTDPO-
710, yMOBH pobotu neraneii i TY Ha BupiO, Matepiain
JieTalli, CTaH 1 MOPCTKICTh MOBEPXHi, GOpMy 1 po3Mip
JieTalli, CTaH 1 MOPCTKICTh MOBEPXHi, GOpMy 1 po3Mip
JieTalli, 30HM KOHTPONIO, IOCTYIHICTh JeTaii i 30HH
KOHTPOITI0, yMOBH KoHTpouio [1 —3].

BucHoBku

1. V po0oTi mpencTaBiIeHO CTPYKTYPHY Ta EIIEKT-

Ue (y)= (5) pHYHY NPHHIMIIOBY CXEMH CHCTEMH KOHTPOJIO IIapaMe-
TPIiB CepelOBHIIA IUTYYHOI eKOCHCTEMH.
BrkoHaeMo pO3paxyHOK IO KOXHOMY 3 T, Fuzzy Logic Designer Urtitied S <

BUMIpPIOBAIbHUX KAHAIIB!
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Puc. 7. [loBepxHi BiATyKy IPH TPHOX MOXITUBHX CIIONTYYCHHSX [TapaMeTpiB

2. Ha mincraBi gaHux, OTpUMaHHX 13 pe3ysbTaTiB
HATYPHUX BHMIPIOBaHb TapaMeTpiB BOJHOIO CEpeio-
BUII[A INTYYHOI €KOCHCTEMH BJIaJioCs NPOBECTH pO3pa-
XYHKH CTaHIApPTHUX HEBH3HAYEHOCTEH IO THMaM A Ta
B, Ta cymapHOi cTaHaapTHOI HeBU3HaYeHoCTi. OTpuMa-
Hi 3Ha4YeHHS HEBH3HAYCHOCTI 3aJI0BOJILHAIOTH yMOBaM
TEXHIYHOTO 3aBJAaHHS.

3. [obymoBaHoO cuCTEMY 3 HEUITKOIO JIOTIKOI0, SIKa
HaJaja MOXIIMBICTb BCTAHOBHUTH SIKMH caMe BIUIMB Ha

SKICTh BOJM IITYYHOI E€KOCHCTEMHU OKa3yiOTh piBEHb
PO3YMHHOrO KHCHIO, piBeHb pH Ta Temneparypa. Bera-
HOBJICHO, IO MiATPUMKA MapaMeTpiB TEXHOJIOTIYHOTO
npolecy y cepeArHi pododoro Aiana3zoHy Jae MOXKITH-
BICTh OTPUMATH HAWBHUIILY SKICTh BOJM IITYYHOI €KOCH-
CTEMH.

OnrumanbHa SKICTh BOIM Oyle KOJIH PiBEHb PO3-
YHUHHOTO KHCHIO jopiBHIOE 8,13 mr/m, piBenp pH —
7,42 %, Temneparypa — 24,8 °C.
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Pa3paGoTka 1 ucc/ieloBaHHe CHCTEMbI KOHTPOJISI IAPAMETPOB CPe/Ibl HCKYCCTBEHHOI IKOCHCTEMBI
annaparom fuzzy-logic

. B. I'puropenxko, C. 1. Konapamos, C. H. I'puropenko

AHHoTanus. B pabore paccMOTpeHO peleHHe Hay4HO-TIPAKTHYECKOH 3aJaun pa3paboTKU M UCCIEIOBAHUS CHCTEMbI
KOHTPOJIS ITAPaMETPOB CPEIbl HCKYCCTBEHHON 3KOCHCTEMBI, CO3/IaHNEe CTPYKTYPHON M NPUHLMIHAIIBHOMN 3JIEKTPUYECKOIH CXEMBI
CHCTEMBI, COCTABJICHUE alropuTMa ee paboThl. MccneoBanys 3aKII0YaeTCs B CTATUCTHYECKOH 00paboTKe pe3ysabTaToB IPSAMbIX
MHOT'OKPATHBIX W3MEPCHUI YPOBHS PacTBOPEHHOTO Kuciopona, pH, Temmeparypbl B akBapuyMe MCKYCCTBEHHOH 3KOCHCTEMBI,
aHalu3e MOrPeLIHOCTe U CyMMapHOH CTaHJAPTHOH HEONPEASNICHHOCTH PE3yNbTaTOB W3MEPEHHUH, IOCTPOCHUU CHCTEMBI C He-
YETKOW JIOTMKOW JUIsl ONpe/eNieHHs BIMAHNS apaMeTpoB BOAHOM Cpelibl Ha KayecTBO BOAbI B akBapuyme. Cucrema aér BoO3-
MOYKHOCTb U3MepATh ocBelleHHoCcTh 10 45000 JIk, Temneparypy Bo3nyxa B auana3zone oT 12 no 42 0C, temnepaTypy BOIbI B
nuanasone ot 15 1o 28 0C, yposenb pH ot 5 10 9, ypoBeHb pacTBOPEHHOr0 Kuciopona or 5 no 10 Mr / i1, uMeeT JaT4uK HpH-
OJM)KEHUS U BO3MOXKHOCTb BKJIFOYATh, IPU HEOOXOIMMOCTH, 00OIPEB, a3palifio BOBI, JIOIOIHUTENIbHBIE HCTOUHNKH cBeTa. [1o-
IPEIIHOCTh U3MEPEHHH 10 KayKAO0MY U3 KaHAJIOB He IpeBbImaet 2,5%.

KawueBble c10Ba: 3KOCHCTEMa, U3MEPEHHMS, IOTPEIIHOCTh, HEONPEISIEHHOCTh, KOHTPOJIb, HEUETKAs! JIOTHKA.

Development and research of the parameters control system of the artificial ecosystem environment
by the fuzzy-logic system

Ihor Hryhorenko, Serhii Kondrashov, Svitlana Hryhorenko

Abstract. The paper considers the solution of scientific and practical problem of development and research of control
system of parameters of environment of artificial ecosystem, creation of structural and basic electric scheme of system, drawing
up of algorithm of its work. The study consists of statistical processing of the results of direct repeated measurements of soluble
oxygen level, pH, temperature in the aquarium of the artificial ecosystem, analysis of errors and total standard uncertainty of
measurement results, construction of a system with fuzzy logic to determine the impact of aquatic parameters on aquarium water
quality. The system makes it possible to measure illuminance up to 45,000 lux, air temperature in the range from 12 to 42 0OC,
water temperature in the range from 15 to 28 0C, pH level from 5 to 9, dissolved oxygen level from 5 to 10 mg/ I, has a proximi-
ty sensor , has the ability to turn on, if necessary, heating, water aeration, additional light sources. The measurement error on each
of the channels does not exceed 2.5%. The need to create a control system arose due to the fact that there is a need to ensure the
natural development of plants and fish in an artificial ecosystem that mimics the environment as close as possible to the natural
one. In order for the ecosystem to perform its functions, it is necessary to timely control these parameters and respond quickly to
the parameters exceeding the critical values. This task can be accomplished only by creating a control system. In order to bring
people closer to the wildlife of exotic countries of the world, you can create corners of wildlife at school, enterprise, institution.
An artificial ecosystem, which is a clear and versatile example of wildlife, will help students in the formation of a new culture of
relationships with nature, the environment, and allow workers to relax morally by observing wildlife. Such a fruitful rest affects
the recovery of people. The artificial ecosystem helps to involve children with talent in research work, in designing projects,
performing works related to creativity.

Keywords: ecosystem, measurements, error, uncertainty, fuzzy logic.
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IMPROVEMENT OF SVD ALGORITHM TO INCREASE THE EFFICIENCY
OF RECOMMENDATION SYSTEMS

Abstract. Many existing websites use recommendation systems for their users. They generate various offers for them,
for example, similar products or recommend the people registered on this site with similar interests. Such referral
mechanisms process vast amounts of information to identify potential user preferences. Recommendation systems are
programs that try to determine what users want to find, what might interest them, and recommend it to them. These
mechanisms have improved the interaction between the user and the site. Instead of static information, they provide
dynamic information that changes: recommendations are generated separately for each user, based on his previous activity
on this web resource. Information from other visitors may also be taken into account. The methods of collecting
information provided by the Internet have greatly simplified the use of human thought through collaborative filtering. But,
on the other hand, the large amount of information complicates the implementation of this possibility. For example, the
behavior of some people is quite clearly amenable to modeling, while others behave completely unpredictably. And it is
the latter that affect the shift of the results of the recommendation system and reduce its effectiveness. An analysis of
Internet resources has shown that most of the recommendation systems do not provide recommendations to users, and the
part that does, for example, offers products to the user, selects recommendations manually. Therefore, the task of
developing methods for automated generation of recommendations for a limited set of input data is quite relevant. The
problems of data sparseness, new user problem, scalability of the widely used SVD algorithm for the development of such
recommendation systems are proposed to be eliminated by improving this algorithm by the method of the nearest k-
neighbors. This method will allow you to easily segment and cluster system data, which will save system resources.

Keywords: recommendation system; SVD algorithm; k-nearest neighbors’ method; data sparseness; scalability;

clustering.

Introduction

The problem of choice has always existed. Today
is no exception. However, nowadays this problem is
especially acute, because in many cases the wrong
choice leads to a loss of profit. To solve this problem,
recommendation systems have been created [1]. By
analyzing the similarities of users and their ratings, the
recommendation system can offer similar objects
(books, music, videos, etc.).

However, recommendation systems have a number
of disadvantages, in particular:

- sparse data - recommendation systems operate
with a huge amount of data, and most users do not
participate in the evaluation of objects and, accordingly,
do not evaluate them;

- the problem of a new user - with the advent of
new users or objects of evaluation there is a problem of
similarity due to lack of information. Yes, new users
can't get feedback until they rate certain items
themselves;

- scalability - the next problem is related to the
growing number of users in the system.

There are algorithms that lack some of the above
disadvantages, but the quality of the recommendations
of such algorithms is quite low. To address these and
other shortcomings of recommendation systems, it is
proposed to use the SVD algorithm. It is simple,
incredibly flexible and, importantly, shows good
quality recommendations.

Statement of task

The general principle of operation of
recommendation systems is presented in Fig. 1. Methods
of collecting information by recommendation systems

are divided into two types: explicit data collection and
implicit. When explicitly collecting data, the user
provides all the necessary information for further
processing. This can include both standard personal data
and evaluative judgments of content from various fields.
If a visitor refuses to provide information about himself,
the following method becomes relevant - implicit data
collection. There is a kind of tracking of a person,
during which the user's actions are recorded by a special
program that constantly collects the necessary
information for further analysis and application [2].
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Fig. 1. The principle of operation of recommendation systems

To solve the problem with a new user and a high
sparse matrix, it is recommended to use a regulator.
Regularization solves the problem of retraining. That is,
when the new model works well with test sample data,
but behaves unexpectedly with data samples that did not
participate in the training.

To solve the problem of scalability, it is proposed to
use the method of nearest k-neighbors. This method
allows us to easily segment and cluster system data. This
saves resources, because the system will use only the data

© Krepych S., Spivak I., 2021
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of those users who are with it in the same cluster. An
analysis of Internet resources revealed that most of them
don't provide recommendations to users. The part of the
resources that make this, for example, offers the user
products, goods, etc., selects recommendations manually,
the process is not automated [3]. Therefore, the task of
developing methods and software to create
recommendations interesting materials for user based on
a limited set of input data is actual.

Research result
Suppose we have a matrix R, that consists of
ratings r (in our case, the number of ratings) that users i
have assigned to products a. It turns out a matrix
R=(r,)""™, in which the ratings known to us are

written down. As a rule, one user will not be able to
appreciate a significant proportion of products. Therefore,
it is unlikely that there will be many products that are
ready to appreciate by a significant part of users [4]. This
means that the matrix R is very sparse. We apply to it
the so-called singular decomposition in the form:

R=UDVT, (1)

where the matrix U and V - orthogonal, and D —
diagonal. R — large size matrix N x M, but of small
rank f , that is, it can be decomposed into the product

of the matrix Nxf and matrix f xM, thereby
drastically reducing the number of parameters from
NxM to (N+M)x f. The main property of the

SVD method is that it gives the optimal approximation
if in the matrix D just leave the straight f the first

diagonal elements, and the rest to put equal 0, that is

R=UDV'=
oo 0 .. 0
0 0 o, .. 0
oy 2o LTV O VAR )
0 .. oy
0 0 .. o

In the diagonal matrix D elements are sorted by
the size: oy 20, >2...2 0y, to zeroed the last elements,

it means to zeroed the smallest elements. And f is

selected based on the size of the singular values of the
matrix, the same diagonal elements of the matrix D . It
is desirable to discard as many elements as possible. In
the case of recommendation systems, it turns out that we
represent each user with the vector of f factors U;,

and each product is a vector with f factors V;. Next,

to predict the users i rating of the product j, we take
their scalar product. We have a task: according to the
known evaluations of known products to predict how
well each product will be appreciated by the new user.
Introduce the so-called basic predictors b,
which consist of basic predictors of individual users b;
i and individual products b,, as well as just the overall
component of the average rating on the base 1 :

bi,a:,u"‘bi +bav (3)

where u — of the average rating on the base; b; — basic
predictors of individual users; b, the average rating of

each product a.
To determine only the basic predictors, you need
to find the following 4, b; and b,, for which b; , the

best approximate the available ratings. After obtaining
the basic predictors, the residues will be comparable
with each other and based on them obtained reasonable
values for the factors:

Fia:,u"'bi"'ba"'vlui7 4
where v, — vector of factors representing the product a;

u; — vector of factors representing the user i .

Now we can return to the original problem and
formulate it precisely: we need to find predictors that
minimize the next function:

L(/,l, bi ’ bavva:ui) =Z(i,a)eD (ria - fia)2 - min . (5)

Function L(w,b;,b,,v,,u;) can be minimized
based on the gradient descent method [5]. However,
over time it will be very costly, because we do not know
the location of the vectors we need, and we still need to
minimize the error.

In order to reduce the runtime of the SVD
algorithm and minimize the magnitude of the error, we
use the k-nearest neighbor (KNN) algorithm for large
amounts of data. This will allow us to use it with a very
sparse matrix and with large amounts of data, as well as
save resources, because the system will use the data
only of those users who are with the current user in the
same group. We briefly describe the essence of this
method.

Method KNN — is one of the simplest methods of
classification. Due to its simplicity and scalability, it is
extremely effective for classification. The task of
classification in machine learning means the task of
assigning an object to one of the predefined classes on
the basis of its formalized features. Each of the objects
in this problem is represented as a vector in N -
measuring space, each dimension of which is a
description of one of the features of the object [6].

To classify each of the objects of the test sample,
we must perform the following operations:

¢ calculate the distance to each of the objects of
the training sample;

e select k objects of the training sample, the
distance to which is minimal;

o the class of the object to be classified, — s the
class that most often occurs among k the nearest
neighbors.

So there is a set of objects for each of which a
class is specified.

Now we need to divide this set into two parts: the
training sample and the test sample. This breakdown
describes the code shown in Listing 1.

Not only the Euclidean distance can be used to
determine the distance between objects. Manhattan
distance, cosine measure, Pearson's correlation criterion
and others are also widely used.
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def splitTrainTest (data, testPercentage):
trainDataArray = []
testDataArray = []
for row in data:
if random.random() < testPercentage:
testDataArray.append(row)
else:
trainDataArray.append(row)
return trainDataArray, testDataArray

Listing 1

Now, having a training sample, you can implement
the classification algorithm (Listing 2).

def classifyKNN (trainDataArray, testDataArray,
k, amountOfClasses):
def dist (a, b):

return math.sqrt((a[@] - b[e@])**2 +
(a[1] - b[1])**2)
testLabels = []
for testPoint in testDataArray:
testDistance = [ [dist(testPoint,

trainDataArray[i][@]), trainDataArray[i][1]] for i
in range(len(trainDataArray))]

stat = [0 for i in
range(amountOfClasses)]

for d in sorted(testDistance)[0:k]:

stat[d[1]] += 1

testLabels.append( sorted(zip(stat,

range(amountOfClasses)), reverse=True)[0][1] )
return testLabels

Listing 2

In the Fig. 2 an example of the operation of the
classification algorithm for 40 elements when k =3.
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Fig. 2. The work of the kNN classifier algorithm

For the correct operation of the method with the
new data, the class was modified to the form in Listing 3.
Schematically, the operation of the advanced method is
represented by a UML state diagram in the Fig. 3. The
verification of the effectiveness of the application of the
improved method to increase the efficiency of the
recommendation systems was carried out on the basis of
the calculation of the average absolute error:

10 _
MAE :H_Z‘ﬂria —Tal, (6)
i=

where n —number of users.

class NearestNeighborsStrategy():
def _set_similarity(self, data_model,
similarity, dist, neirhood_size):
if not isinstance(self.similarity,
UserSimilarity) \
or not distance ==
self.similarity.distance:
neirhood_count = neirhood_count if not
neirhood_count else neirhood_count + 1
self.similarity =
UserSimilarity(data_model, distance,
neirhood_count)
def user_neighborhood(self, user, data_model,
similarity="user_similarity', dist=None,
neirhood_count=False, **params):
minimal_similarity =
params.get('minimal_similarity', 0.0)
sampling_rate = params.get('sampling_rate’,
1.0)
data_model = self._sampling(data_model,
sampling_rate)
if dist is None:
dist = euclidean_distances_method
if similarity == ‘'user_similarity':
self._set_similarity(data_model,
similarity, dist)
else:
raise ValueError('wrong similarity
method")
neighborhood = [tmp_user_id for tmp_user_id,
score in self.similarity[user]
if not np.isnan(score) and score >=
minimal_similarity and user != tmp_user_id]
return neighborhood

Listing 3

3anuT oo Gaam faHux Ha
OTPUMAHHA KOPWCTYBaIB

Mowyk Habnmx4wmx cycinie BWKOHEHHA CHHMYNADHOrO

poaknany (SVD)

Mofynosa cnucky
peKoMeHOaLIR

BHaxX0AMEHHA OLIHOK

.@.

Fig. 3. Schematic work of the advanced method

Fig. 4 shows a comparison of the usual
recommendation method and its improvement based on
the KNN method.

The software system of book recommendations for
users was developed based on the improved method [7].
The principle of operation of the system is as follows:
after the user has successfully logged in, a list of books
available in the system is available to him (Fig. 5). Then
the user can give their ratings to books, add new ones if
the book is not available on the site. Through ratings,
reviews and reviews, the system can predict the ratings
that the user could give to other books (Fig. 6).
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Fig. 4. The dependence of the increase in errors
in the system relative to the time of generation of user query results
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Fig. 7. The result of the recommendation module

The image shows that the system recommends the
user to view books with ID 8, 1 and 4 with their
recommendation ratios.

Conclusions

The problem of increase of efficiency of work of
recommendation systems is considered in the work. It is
shown that the most used algorithm for providing
recommendations in such systems is the SVD algorithm.
However, this algorithm has a number of disadvantages,

including sparse data, the problem of a new user and the
problem of scalability. To solve these problems, it was
proposed to improve the SVD algorithm by using the
method of nearest neighbors, which saves a lot of time
and computing resources, because the system to provide
recommendations uses data only from users who are in
the same cluster. The quality of both methods was tested
on the example of book recommendations to the user
and a comparative graph of the error of their
application.
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Ynockonanennst aaroputmy SVD nost migBuimenns e)eKTHBHOCTI peKoMeHIaliifHUX cuCTeM
C. 5. Kperny, L. 5. CniBak

AHoTanisi. Benmka KibKICT Ha CHOTONHI ICHYIOUMX Be0-CaliTiB BUKOPHCTOBYIOTH PEKOMEH IAIiHI CHCTEMH IS CBOIX
KOpHCTYBadiB. BoHM reHepyroTh iM pi3HI Mpono3uiii, HaNpUKIIaa, OAi0HI TOBapH ab0 peKOMEHIYIOTh JIIO/IEH, 3apeecTpOBaHHX
Ha I[bOMY CaTi, 31 CXOKMMH iHTepecaMy. Taki peKOMEHJaliliHi MeXaHi3MH OOpOOJISIOTH BeNMMYe3Hi o0csAru iHpopMamii s
MO3HaYeHHsI OTEHIIHHNX TepeBar KOpUCTyBadiB. PekoMeHAalliiiHi CHCTEMH - Iie POrpaMH, sKi HaMararoThCsl BU3HAYHTH, II0
XOUyTh 3HaWTH KOPHCTYBadi, IO MOXKE 1X 3alliKaBUTH 1 PeKOMEHAYIOTh M me. Lli MexaHi3MH BJOCKOHAIMIM B3a€MOJII0 MiX
KOpHCTYBa4eM i caiiToM. B3aMiH cratuuHoi iHpopMallil BOHM HaJaloTh JUHAMIYHY 1H(OpMAIilo, sIKa 3MIHIOETHCS: PeKOMEHaIi{
TeHEPYIOTHCSI OKPEMO JUIsi KOXKHOI'0 KOPHCTYBada, IPYHTYIOUHMCh Ha HOro IONepeNHii aKTHMBHOCTI Ha JAHOMY BeO-pecypci.
Takox Moxke BpaxoByBaTucs iH(opMmaris, 010 HaJXOAUTH B/ HIIMX BijBixyBadiB. Meroau 300py iHpoOpMarii, 110 HaZalOThCs
IHTEepHETOM, 3HAUHO CIIPOCTWIIM BUKOPHCTAHHS JIFOJICBKOI AYMKH 3a JIOIIOMOTOI0 KOJIaObopaTHBHOI ¢inbTpamii. Ane, 3 iHIIOro
OOKy, BEJMKHUII oOcar iHpopMalii yckiaaHIoe BTUIeHHS Liel MOoXJMBOCTi. Hampukimaz, moBemiHKa OIHHX JFOJEH JOCUTB SICHO
ITiITa€THCSl MOZICIIOBAHHIO, B TOW Yac SIK 1HIIII MOBOASATHCS a0CONIOTHO HenepeadadyBaHo. | came Opyri BIUTMBAIOTH HA 3MillICHHS
pe3ynbTaTiB PeKOMEHJAIIMHOT CHCTEeMH 1 3HIKEHHS 11 eeKTHBHOCTI. AHali3 IHTEpHET-pecypCiB MOKa3aB, LIO0 OULIBLIICTH
PEKOMEHMALIHUX CHCTEM He HaJa€ KOpPHCTYBayaM pPEKOMEHJallild, a Ta YacTWHa, sKa 116 POOHTh, HANpHKIA[ IMPOIOHYE
KOpPHCTYBa4eBi NPOMYKTH, 3ilicHIOE Mmiadip pekoMeHnauiii BpyuHy. OTxe 3amada po3poOKM METONIB aBTOMAaTH30BAHOI'O
CTBOpPEHHSI peKOMeH/IaMiil 32 0OMEeXeHUM HabOpOM BXIJIHUX TAHUX € JOCHTh aKkTyanbHOW. [Ipobrmemu pobotu (po3pimkeHicTh
JaHUX, MpobiieMa HOBOrO KOPUCTYBaya, MacIITa00BaHICTh) MIMPOKO BUKOPUCTOBYBAHOTO anroputMmy SVD i po3poOku Takux
PEKOMEHMIAIIMHUX CHCTEM MpPOINOHYEThCS YCYHYTH LUISIXOM YIOCKOHAJICHHSI JaHOTO JTOPUTMY METOJOM HaWOmmkunx K-
cycini. Jlanuii METoJ T03BOJIUTH JIETKO CETMEHTYBATH 1 KJIACTEPU3YBAaTH JaHi CUCTEMH, 110 36KOHOMUTH PECYPCH CUCTEMHU.

KawuoBi ciaoBa: pekoMmennaniiina cucrema; aaroputm SVD; meron k-HailOnmkunx cycifiB; po3piKeHICTh JaHUX;
MacTaboBaHiCTh; KJIACTEPH3ALLisL.

YcoBepuencTBoBanue aaropurma SVD 1uist noBbieHus 3 (peKTHBHOCTH PeKOMEHAATeIbLHBIX CHCTEM
C. 5. Kpeneiy, W. f. CnuBax

AHHoTaunus. bonpuioe KOIMYECTBO HA CETOJHS CYIIECTBYIOIUX BEO-CATOB HCIONB3YIOT PEKOMEHIATEIbHbIE CUCTEMBI
IUIsL CBOUX Ionb3oBatesied. OHM TeHepUPYIOT UM Pa3jIMyHbIe NPEUIOKEHUS, HallpuMep, MOJ00OHBIE TOBAPBI MIIM PEKOMEHYIOT
JII0JIeH, 3apEerucTPUPOBaHHbBIX HA 3TOM caiiTe, 10 MOXOKUM HHTepecaM. Takue peKOMEeHIaTeNbHble MEXaHU3Mbl 00pPa0aThIBAIOT
OrpoMHble 00BeMbl HMH(pOpPMAUUM I O0O3HAYEHMS IOTEHIHAIBHBIX IPEMMYIIECTB IIOJb30BaTesNeld. PexoMeHIaTenbHble
CHCTEMBI - 3TO IIPOrPaMMBbl, KOTOPBIC MBITAIOTCS OIPEENINTh, YTO XOTAT HANTH HOJIb30BATENH, YTO MOXKET UX 3aUHTEPECOBaTh U
PEKOMEHIYIOT MM 3TO. OTH MEXaHU3Mbl YCOBEPIIEHCTBOBAJIM B3aWMOAEHCTBHE MEXAY IOJIb30BaTeleM M caiitoM. Bzamen
craTH4eckoil MHGOPMAIMM OHHM NPEJOCTABISAIOT JAWHAMHYECKYI0 HMH(OpManMio, KOTOpas MEHSeTCs: pPEeKOMEHIAIMU
TEHEPUPYIOTCS OT/CIBHO AN KXKAO0T0 I0Ib30BaTENsl, OCHOBBIBAsCh HA €ro MpebIAyleil akTHBHOCTH Ha JJaHHOM BeO-pecypce.
Taxke MOXKET Y4uTBIBaTbCS MHQOpManus, IOCTyHalol@as OT ApYyrux mnocerutened. Meroasl cbopa uH(poOpMaLyy,
IPEJIOCTABIIACMBIX UHTEPHETOM, 3HAUHTEIbHO YIIPOCTUIM UCIOJIb30BaHUE YEIOBEUECKOM MBICIH C IIOMOIIBIO KOJIab0paTUBHOM
¢unbrpaimu. Ho, ¢ apyroii cTopoHsl, 60JbIIOH 00beM HH(POPMALMU 3aTPYAHIET BOILIOLICHHE ITOH BO3MOXKHOCTH. Hampumep,
MOBEJICHUE OJJHUX JIIOJIEH JOCTATOYHO SICHO IOJABEPraeTcs MOJEIMPOBAHHUIO, B TO BpEMs KaK ApYrue BeIyT ce0s abCOIHOTHO
HemnpeckasyeMo. [l MMEHHO BTOpble BIMAIOT HAa CMEIICHHE pPEe3yIbTaTOB PEKOMEHIATEeNbHOH CHCTEMbl M CHIDKCHHE e
3¢ dexTUBHOCTH. AHaNNM3 HHTEPHET-PECypCOB I0Ka3aj, YTO OOJIBIIMHCTBO PEKOMEHAATENbHBIX CHCTEM HE IPEIOCTaBIISET
MOJIb30BATEIAM PEKOMEHIAllMi, a Ta 4YacTh, KOTOpas 5TO JeJaeT, HampuMep, MpelaraeT II0Ib30BaTeNl0 POIYKTHI,
OCYLIECTBIIACT MOAOOp peKoMeHJanuii BpyuHyro. Wrak, 3amada pa3paOOTKM METOAOB aBTOMAaTHU3MPOBAHHOTO CO3/IaHUS
PEKOMEH/aMi [0 OrpaHMYCHHBIM HaOopaM BXOIHBIX JaHHBIX SBISETCS BecbMa akTyalbHOH. [IpoOGnembl paboThI
(pa3pexeHHOCTh IaHHBIX, POOIeMa HOBOTO MOJIB30BATENsI, MACIITAOUPYEeMOCTh) IIMPOKO HCmonb3yemMoro aiaroputma SVD ms
pa3paboOTKH TaKMX PEKOMEHJATENbHBIX CHCTEM IIPE/JIaracTcs YCTPaHHUTh ITYTEM YCOBEPLICHCTBOBAHHWS JAHHOIO alrOpUTMa
MetonoM Ommkaiiumx K-cocemeit. JlaHHBINH METOJ MO3BONHT JIETKO CErMEHTHPOBATh M KIACTEPH30BATh JAHHBIE CHCTEMBI, UTO
COKOHOMHT PECYPChI CHCTEMBI.

KawueBbie ciioBa: pekoMeHaatenpHas cucrema; aaroput™ SVD; meron K-Gmmkaiimmx cocemeif; pa3pexeHHOCTH
JIaHHBIX; MACIITAOUPOBAHOCTb; KIIACTEPU3ALIHSL.
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Metoauka aHajii3y pu3HKIB B iHpopManiiHuX cucreMax

AHoTanisi. AkryaabHicTh. Ha choromHi 3anumiaeTscss HEBUPIICHUM 3aBIAHHS YIIPABIIHHS pU3UKaMH B iH(pOpMaiii-
Hill cucTeMi YNpaBJiHHS 3 ypaxyBaHHIM B3a€MO3B'S3KY PI3HHX aJTOPUTMIB Ta MOZIEJeH IS JOCSITHEHHS KOHKPETHHX pe-
3yAbTATIB MO0 YHPaBIIHHSA iHPOpPMALiHHO-TEIEKOMYHIKAI[ITHUIMI KOMIUIEKCAMH YIIPABIiHHS TEXHIYHHUMH 00'€KTaMu.
Mera ctarTi — po3poOKa METOIVKH aHAJi3y Ta YNpaBJiHHSA pH3HKaMH B iH(GOpMamiiHUX cHcTeMax ympasiiHHA. Jlocmi-
JDKYIOTBCS IIUIAXK 3a0e3MedeHHs] e(peKTUBHOCT] (DYHKIIIOHYBaHHS CHCTEM YIPABIiHHSA B yMOBaxX iH(pOpMaIiifHOro mpoTu-
OopcTBa 3 BUKOPHCTAHHSM arapara Teopii irop. Po3po0iseTsess MeTOAMKA OLIHKY CePEeIHbOr0 3HAYEHHS MOKAa3HHUKA SAKOCTI
(YHKIIOHYBaHHS CHCTEMH YIPaBIiHHSA Ta OTPUMAaHI BUPA3H JUIS OLIHKM CEPEJHBOrO 3HAYCHHS ITOKAa3HUKA IIPH Pi3HUX
cTparerisix moBeAiHKH. [TokazaHo, 0 BUpILIEHHS MPOOJIEMH IMiABUIICHHS SKOCTI (YHKI[IOHYBAHHS CHCTEMH YIPaBIIiHHS,
MOXKJIMBE 32 PaxXyHOK 3aCTOCYBaHHS 3MIIIAHOI CTpATeTil MOBEIIHKA CHCTEMH YIIPABIiHHS Ta BUOOPY CTPYKTYPH 1 IapameT-
piB CUCTEMH YIIPaBIIiHHS, 110 30LIBIIYIOTh YaCTKOBI MOKa3HUKHU SIKOCTI 11 yHKIliOHYBaHHSL.

Kaw4yoBi caoBa: aHami3 pu3ukiB; iHQOpMAIiiHI CHCTEMH, CHCTEMH YIPaBIIiHHS, CAMOBITHOBIIIOBaJIbHA CHCTEMa; 3a-

rpo3u iHpopMarii; CHHTE3 CHCTEMH.

Beryn

IToctanoBka mnpo6iaemu. CydacHi cHCTEMH YII-
PaBIiHHSA €, SIK MPaBHIO, CKJIAOBOK iH(OpMAIliTHO
TENEKOMYHIKallilHUX KOMIUIEKCIB YIpaBIiHHSA TEXHid-
HUMHU 00’€KTaMH Ta JIIOAbMH. Taki KOMILUIEKCH HaOylu
PO3BUTKY 3aBJSKH MPOrpecy B 00JacTi KOMIT IOTEPHOT
TEXHIKH, aBTOMATH3allil YHNpaBIiHHA H TEXHOJOTIYHHX
npoueciB. [IparnenHs 3a0e3neYuTH BHCOKY e(eKTHB-
HICTh TaKUX KOMIUIEKCIB YIPaBIiHHS, MIHIMI3yBaTH
(iHaHCOBI 3aTpaTh, 3a0e3MEUUTH  EHEPreTUYHHN Ta
iHpOpMaIHHUN 3aXUCT CHCTEMU YIPABIiHHS, BHCYBA€E
Ha NEpUIMI IUIaH CTBOPEHHS CHCTEMH aHANI3y Ta Y-
paBIiHHS pU3UKaMU B iHGOpMaIiiHUX cucTteMax. Me-
TOAM Ta ANTOPUTMH YIPaBIIiHHSA PU3UKAMH JOCUTb M1OB-
HO OIKCaHi Y MDKHAPOJHUX CTaHAAPTaxX Ta y CIelialib-
Hilt miteparypi[1-5]. Bommouac Hapasi 3anHIIa€THCS
HEBHPILICHUM 3aBJaHHs YNPaBIiHHI pU3MKaMH B 1H)O-
pMariiiHiii cHCTeMi YIpaBIiHHS 3 ypaXyBaHHSM B3ae-
MO3BI3KY PI3HHX aJTOPUTMIB Ta MOJEIEH JUIs JOCAT-
HEeHHS! KOHKPETHUX pe3yJbTaTiB LIOMO YHpPABIiHHS iH-
(bopMariiiHo-TeNeKOMyHIKaAIIHHUMH KOMILIEKCAMH YII-
paBIiHHS TeXHiYHUME 00'ekTamu [6-8].

Meta cratTi — po3poOKa METONMKH aHami3y Ta
YIIPaBJIIHHS PU3UKAaMHU B 1HQOpMALIHHUX CHCTeMaX Y-
PaBIiHHS.

Bukiax ocHOBHOTo Martepiaxy

Jns omiHKE WMOBIpHOCTI BHHHUKHEHHS 3arpo3u
CHOYATKY HABEIEMO 3pPYUHY ISl OAAJBIIOr0 PO3TIIS LY
knacudikaiito 3arpo3 iHpopmariii. OCKUTBKH KiHIIEBOKO
METOIO OIHKH € (B 11eallbHOMY BUIIaKy) BH3HAYCHHS
WMOBIpHOCTI BUHHKHEHHS 3arpo3H, BUALINMO TaKi IKe-
perna 3arpo3: MpUpOIHi — [Ie CTUXiHHI nXa, aBapii, 3001
Ta BiJIMOBH TE€XHIYHHX 3aCO0iB, iHII MMOii, CHPUIWHEHI
00'eKTHBHAMHU (i3MIHUMHU SBUIIAMH, HETIiJKOHTPOIb-
HUMH JIFOJIFHI; IITY9HI — TIOTPO3H, CIPUYINHEH] JisUTbHi-
ctio moauHU. 1li 3arpo3u NMOAISIOTECS Ha HEHAaBMUCHI
(BUITagKOBi), CIIPHYMHEHI TOMWIKAMH y MPOCKTYBaHHI
CHCTEM Ta €IIEMEHTIB, IOMUIIKA y TPOrpaMHOMY 3a0e3-
TIeYeHHI, TOMIUIKA B JIiSIX TIEPCOHAIY TOIIO, Ta HABMHUC-
Hi, TIOB'S13aHi 31 CB1JIOMUM 3aI0/IITHHIM IIIKOIH.

Hexaii F @yHKITiOHAN, OMUCYIOYHIA SKiCTh CHCTEMH
yIpaBJiHHA B yMOBax [ii 3arpo3[9,10]

F(G(h,r), 1(R),S(L),V(r,1),T(t)), (1)

ne G(h,r) — dyHKIis, siKa XapaKTepu3ye eHepreTHUHI
napamerpu cucremu ympasiinas; |(R) — ¢ynkiis, sika
XapakTepu3ye CTIHKICTh Bix 30BHiImHIX BukBiB; S(L)—
(GyHKIIA, sKa XapaKTepu3ye CTPYKTYpHY HaIiHdHOCTI
MpOrpamMHOro 3a0e3MeyYeHHs] CHCTEMHU  YIPaBIiHHS;
V(r,t) — dyHKis, sKa XapaKTepU3ye MBHIAKICHI Xapa-
KTePUCTHKH CUCTeMH yrpaBminast; T (1) — dyHKmis, ska
XapaKTepHU3ye YacoBi MapaMeTpu CUCTEMH YIIPABIIHHSI.
TakuM YMHOM 3a/a4a CHHTE3YBAaTH CaMOBiIHOB-
JIIOBAJIbHY CHUCTEMY YIIPaBJIiHHS TOJSITa€ B PO3poOiLi

METOJIB Ta aJrOPUTMIB, MaKCUMIi3yrouuii (yHKIiOHAI
Buay (1). MaremaTnyHO 1LIe MOXKHA BUpPA3HTU dYepe3

HiTb0BY QyHKIiIO Y (x) , SIKa 3aIUCYETHCS Y BUTIISIL
y(X)=max F(G(h,r),1(R),S(L),V(r,),T®) 2

[pu 11bOMY MOBUHHI BUKOHYBATHUCS TaKi OOMEKEHHSI:
G(h.1) = gy, 1(R) < gy, S(L)2S 3)
v(rnsv, . TO<T

oon’
Je 0o, — MIHIMaNBHO JOIYCTHME 3HAaYEHHS €HEpPIeTU-
YHUX MapaMeTpiB CHCTeMH ympaBimiHes; |,,, — HE0O-

X1JHE 3HAYEHHS CTIMKOCTI  BiJ 3O0BHIIIHIX BIUIMBIB,

S oo " 3AIAHE 3HAUCHHS CTPYKTYpHOI HaIiHHOCTI TpoO-
on

rpaMHOr0 3a0e3MeyYeHHs] CUCTEMH YIpaBiiHHsS, V oo

MiHIMaJIbHO JOIyCTHME 3HaYeHHS MIBUIKICHUX Xapak-
TEPUCTHK CHCTEMH YIIPABIiHHS; To(m - MaKCHMaJIbHO

JOIyCTHMHHU Yac JUTsl BAKOHAHHS KOMAaHJI YIPaBIiHHSL.

Takum uymHOM, BHpa3 (2) 3 ypaxyBaHHIM oOMe-
)KeHb (3), B y3aralbHEHOMY BUTIIAII OMHCYE OCHOBHY
3a/1a4y JOCTiKEHb — CHHTE3 CHCTEMH YIPaBIiHHA,
3a0e3rmeuyroun B KOMIUIEKCI MaKCHUMAalbHY SIKiCTh CHC-
TEMH VIIPaBIiHHSA TPU 33JaHUX HMOBipPHICHO-9aCOBHX
XapaKTEePUCTHK, B YyMOBaxX BIUIMBY MOTYKHHUX 3aco0iB
060poTEOH.
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IpoBeneni qocipkenHs mokaszanu [11], mo 3agaya
CHHTE3Y, 3a0e3Mmeuylounx yMoB (2) mpu OOMEXeHHS iX
(3) sBIsAETHCA EKCTpEMANbHOW 3ajaucio. BapiamiitHuit
XapakTep 3aj1adi MoOyIOBH CaMOBITHOBIIOBAIBLHOI CHC-
TEMH YNpaBJiHHS BOaYae BUKOPHCTAHHS B SIKOCTI MaTe-
MaTHYHOTO NpOrpaMyBaHHS ifel i MeToniB QyHKIIOHA-
JIBHOTO aHali3y, Teopil ONTHMAaJIbHOTO YIPABIIHHSI, YH-
CeNbHI METOMM ONTHMI3allii, anreOpaidHi METOIN CHHTe-
3y Ta aHaJI3y JAWUCKPETHHX CHUCTEM, IO BKIIOYAE TEOpe-
THUKO-YHUCIIOBI Ta KOMOIHOBaHO-MHOKHHHI METOIH.

BaxkicTh 3a7a4i CHHTE3y CUCTEMH YIIPABIIiHHS, 10
3a0e3MEUyIOTh YMOBY (2) TIOSICHIOIOThCS, MO-TIEpIIIE, B3a-
€MHHUM 3B’SI3KOM apTryMEHTIB, II0 BXOAATH B (DYHKIIIO
Bursiay (1), mo-apyre, NMIMPOKAM CHEKTPOM BHXITHUX
00MEXeHb, XapaKTepHU3yUnX OCOOJMBOCTI (DYHKIIIOHY-
BaHHSI CUCTEMH YIPaBIIiHHSL.

OCHOBHHMM BHM3HAUYaJIbHUM JDKEPEJIOM TOSIBH 1H(O-
pMaliiHUX PU3HKIB € iH(MOPMALIHUA aKTHB, IO SKUX
HAJIC)KHUTH Oy/Ib-sKa iH(OPMAIIis, III0 CTAHOBHUTH IIHHICTh
Juis oprasizarii. Pobora 3 Minimizarii IT-pu3ukiB moss-
rae y TONepe/KeHHI HECAHKI[IOHOBAHOTO JIOCTYIY JIO
aKTHBIB, aBapiii Ta 300iB 00JaJHAHHS, 3a0e3TeUeHHi 10c-
TYINHOCTI HEOOXIJIHUX UIsi pOOOTH CEepBICIB Ta JOJATKIB.
[Mpouec MiHiMi3awii iHGOPMALIITHUX PU3MKIB CITiJ PO3T-
JISIIATH KOMIUIEKCHO: CIIOYATKy BUSIBJSIIOTHCS MOXKIIMBI
npo0JieMH, a MOTIM BU3HAYAETHCS, AKUMH CIIOCO0aMM X
MOYKHA BUPILIMTH Y1 MTOTIEPEUTH.

Knacudikanist pusukiB o3Hauae 00'€qHAHHA CYKYII-
HOCTI PHM3MKIB Ha ITiJICTABI MEBHUX O3HAK Ta KPUTEPIIB.
Takumu KpuTepisiMu, MMOKIJIAJICHUMH B OCHOBY Kiacudi-
Kaiii iHpopMaIiifHUX PHU3UKIB, MOXYTh OYTH KpuUTepii,
HaBeJIeHI Ha puc. 1.

Knacudikaris puckis

XapakTep 3arpozu
1H(pOpMAaITiTHOT Ge3rmeKn

OCHOBHI aCIIeKTH
iH(pOpMaIiTHOT 6e3meKn

v ¥

‘ Uac BHHUKHEHHA ‘ | XapakTep HaCIIIKIB ‘
v v

‘ J:xepeno BUHIKHEHHA ‘ | MexaHi3M BILTHBY ‘
v v

‘ TIpupona iHdoOpMAaMiiiHOrO aKTIBY ‘

Puc. 1. Knacudikais inpopmaniiHuX pu3HKiB

s BupimieHHs] ONTHMi3aIliifHUX 3aBIaHb, OB SI-
3aHUX 3 BHOOPOM IMapaMeTpiB CHCTEM YIPABIiHHS Ta
QITOPUTMIB (DYHKIIIOHYBAaHHS CHCTEMH, 3 METOI MiHi-
Mi3amii pU3UKy 3aCTOCOBYETHCS amapat Teopii irop. Ir-
pOBHIi iIXi MPOIOHYE KOKHOMY TpaBIfO Hii, po3pa-
XOBaHI Ha HaWMEHII BUTIOHY AJIS HBOT'O PEAKIII0 Cy-
mpoTuBHHKA. J[0 KITBKOCTI 3aBIOaHb, IO JIETKO TEPEK-
JAAAF0THCS MOBOIO TeOpii irop, BiTHOCHTHCS W CHHTE3
ANTOpUTMIB (PYHKIIIOHYBaHHS CHCTEMHU VIIPABIIHHSI B
YMOBax KOHQIKTY MiXK CHCTEMOIO YIPaBIIHHA 1 TIPO-
THAIFOY0I0 CTOPOHOIO 32 YMOBH 3a0€3NCUeHHS TapaHTO-
BaHUX HMOBiIpHICHO-9YaCOBUX MOKA3HUKIB CHCTEMHU.

VY tepmiHax Teopii irop momiOHa cuTyallis aJgeKBa-
THa BHOOPY ABOMA TPABISIMH HAMKpaIIUX CTpaTerid 3
MHOXXHHH BCiX MOXJIMBHX Ha OCHOBI JESIKOTO Cepel-
HBOT'0 TIOKAa3HHUKA SKOCTI Y.

Hexaif mpomoHyeTbCs 3alaHUM, 3 OIHOTO OOKY,
anpiopHui andaBiT MOXKIMBUX CTAaHIB CUCTEMH YIPaB-
JiHHA A 1 IMOBIPHICTH IXHBOTO CTBOPEHHS

P = p(Poo, Pot, ..., Pom, P12 ..., Pno, Pni, ... Pan),

3 1HIIOro — pi3Hi cTpaTerii MPOTHIIl i THIIM BUKOPUCTO-
BYBaHHX 3arpo3 S 1 HMOBIpHOCTI IXHBOTO CTBOPEHHS

Q=Q(qij)v i=1M,j=17J.

Toni Matpuus rpu onucyeThest Tabm. 1, ae ik —
YaCTKOBUH TMOKA3HUK SKOCTI 3aCTOCYBaHHS allTOPHTMY
(yHKIIIOHYBaHHS CHCTEMH YIPaBIiHHA i BUKOPUCTaHHS
J-TO KIlacy CHTHAJIBHO aJrOPUTMY (DYHKIIIOHYBaHHS MPH
k-it cTparerii npoTuaii i-1 pu3uKy.

Tabnuys 1 — MaTpuus rpu

Crparteril NPOTHBHHKA
AITOpHTM . . & St Sn
dynKio TmoBipHOCTI
D O On
qoo: got, - qor 410, --- a0 qos--- Qigg
<00 <00 <00 <m0 2m0
Poo Gyy,0y5 -0, Gpp -0
00 0 m0 mo
Poy Gy; ,0y; -0, [o S
Ay Py
P, <00 00 <00 <10 <10 6m0 dmﬂ
Om OomsOim--Oim Oom---Obm om *-Cam
0 0 0 ETRRET mimi
Py 045,050 Oy...0,p Opg--Oyg
4 s
ON NN TR N
P O »Cyg -+-Opp O10 +-Oho Yoo +-Ogo
Ay Py
<ON ON <ON <IN <IN mN <miN
£ Opz »0;; -0 Osz =Opz Ooz ---Op

Awnani3 xoHuenuii NpPOTHAIl MPOTUBHHKA MOKa-
3y€, 10 AaHUid KOHQUIIKT € HEpO3B’S3HUM y YHCTHX
KOHIICIIIIAX.

Hexaii cucremMa ynpaBiiiHHS 3aCTOCOBYE 3MillaHi
crparerii, TOOTO 3MiHIOE aNroput™M (YHKI[IOHYBaHHS
abo KJIac BUKOPHCTOBYBAHMX CTpaTerii, 10 3a/aHi Ha
MHOXKUHI {A}. OTXKe, OKa3HUKOM SIKOCTI B I[bOMY BH-
najKy Oyne pe3ylbTaT ycepeOHEHHS 3a BCiMa YacTKO-
BUMH ITOKA3HUKAMH.

[IpoTuBHKMK MOXe 3IiHCHIOBATH BHOIp IEpPEIIKO-
IM SIK 0e3 OLIIHKM pe3y/bTaTiB BIUIMBY HA CUCTEMY YII-
paBIIiHHSA, TaK i 3 OL[IHKOI BIuUBY. CrloYaTky MpUITycC-
THUMO, 1[0 TPOTUBHHK 3/iHCHIOE BUOIp cTparerii mona-
BJICHHSI CHCTEMH YIPaBIiHHA 0e3 ypaxyBaHHA iX BIUTH-
By Ha cUcTeMy. Y LbOMY BHIIAJKy CHCTeMa YIPaBIiHHI
MOJKE pealli3yBaTH TaKi CTpaTerii HOBEMiHKH B KOH(QIIIK-
THi¥ cuTyarii:

— cHCTeMa YIPABIIHHS HE 3MIHIOE aITOPUTM (YH-
KIIOHYBaHHA, aje 3MIHIOE KJIac BHUKOPHUCTOBYBAaHUX
anropuT™MiB (YHKIIIOHYBaHHS TaKUM YHHOM, 10O IO-
CSITH MaKCHMAaJIbHOTO 3HAUEHHS CEpeIHbOr0 ITOKa3HU-
Ka SIKOCTI BHOOpoM iMoBipHOCTI Pjj mpu 3amaHoMy Ha-
0opi cTpaTeriit mpoTHaii;

— CHCTEMa YIPaBIiHHS 3MIHIOE aJTOPUTM (YHKITi-
OHYBaHHS, KJIaC BUKOPHCTOBYBAaHUX AITOPUTMIB (PYHK-
I[IOHYBaHHS 3 METOI0 MAaKCHMi3allii CepeHbOr0 MOKas3-
HHUKa SIKOCTi MpH (HiKCOBAHUX CTPATETisAX MPOTULII;

— CHCTEMa YIPaBIiHHS 3MIHIOE aJTOPUTM (YHKITi-
OHYBaHHSA ¥ KJIAaC BUKOPHCTOBYBAaHHUX aJTOPUTMIB (yH-
KI[IOHYBaHHS 3aJISKHO BiJ| CTpaTerii MPOTHIIl 3 METOIO
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JOCSITHEHHS. MAaKCHMAJGHOTO 3HA4Y€HHS YaCTKOBOTO
TTOKA3HUKA SKOCTI.

Teepmxennst 1. Hexaii y cucremi ympaBiiHHS pe-
anizyeTbest Aj cTpaTerist QyHKIIOHYBaHHS 3 i-M aJropH-
T™MiB QyHKIioHYBaHHA. [IpndoMy crucrema ympaBiiHHS
He 3MiHIOE anroput™M (QyHKuioHyBaHHS. Toxi cepemHe
3HAYEHHs TIOKa3HHUKa SIKOCTI BU3HAYAETHCS BUPA30M

m Rj ,
y= ZZQmNR 4)
j=0z=0
ne R;j 3anexHo Bin j nopisaroe |, b, ..., Q...

Teepmxenns 2. Hexail y cucremi yrpaBiiHHS pe-
anmizyeTbest A crpaterist (yHKOioHyBaHHS. Y TIporieci
(YHKIIIOHYBaHHS, 3alI)KHO BiX CTpaTerii  MpOTHii,
KJIaC BUKOPUCTOBYBaHHUX aJTOPUTMIB (DYHKIiOHYBaHHS
3MiHIOEThCS. TOJl cepeqHe 3HAYEHHS TTOKa3HHUKA SIKOCTI
BH3HAYAETHCSI BUPA30M

Z; m

R
;/= max z ZZQJqJZyFC AR ®)

Pic € Rc=0| j=0r=0

JI€ Zj TOpiBHIOE M, ... Z 3aJIeXKHO Bif i .

Teepmkenns: 3. Hexaii cucrema ynpaBiiHHA 3Mi-
HIOE aJIrOPUTM (DYHKIIIOHYBaHHS 3 METOI0 MaKCHUMi3arlii
cepeHbOro TOKa3HHUKa SIKOCTI MPU (DiIKCOBaHHUX CTpaTe-
risx nporuaii. Tofi cepenHe 3HAYESHHSI TOKa3HUKA KO-
CTi BU3HAYA€ETHCS BUPA3OM:

7= a3 ZZQJq,Ryr. RP L. (6)

i=v | Pic € Rc=0| j=0r=0

TBepmxenns 4. Hexaii cucrema ynpasiliHHS 3Mi-
HIOE aNropuT™ (YHKI[IOHYBaHHS 3aJIEXKHO BiJl CTpaTerii
NpoTUii 3 METOK MakcuMizallii 3Ha4eHHs! YacTKOBOTO
nokaszHuka sikocTi. Toxmi cepenHe 3HaYeHHS MOKa3HHUKA
SIKOCTI BU3HAYAETHCSI BUPA3OM:

R {P.H*C pgﬁ(y£)}+
y=2 > Qjdj c-0 LM
j=02=0 + Y. YRRy
i=0, i#i*czc*

* o *
ne B # P.C
i C- anroput™ (YHKIIOHYBaHHS CHUCTEMH YIpaBIiHHS,
[I0 MAarOTh MAaKCHMAJIbHE 3HAYCHHS YAaCTKOBOTO ITOKa3-

— WMOBIPHOCTI BUKOPUCTAHHS i-cTpaTerii

HuKa Y2 npu Brmsi j-i crpaterii mporunii # I -i anro-
pHUTMY.

[Ipu BuOOpi CYNPOTUBHUKOM CTpaTeTiii mpoTHmIii 3
ypaxyBaHHSM OLIHKH iX BIUIUBY HA CHCTEMY yIpaBIiHHA
32 YMOBU MaKCHUMAJIBHOI'O i1 MOAABIEHHS MOXKYTh BUKO-
PHUCTOBYBATUCS Ti JK CTpaTerii MOBEOIHKH CHCTEMH

VIpaBIiHHA B KOHQUIIKTHIM cHTyamii, 0 1 B Nepumomy
BUINAJKy. Bapro BpaxyBaTy, 110 CYNPOTMBHHK BHOMpAE
CTpaTeTi0 TO/ABIICHHS, 32 SIKOi ITOKa3HHK SIKOCTI (DyHK-
I[IOHYBaHHS Ma€ MiHIMaJIbHE 3HAYCHHS.

3 BUKOpHCTaHHSM arapara Teopii irop mposese-
HUH aHami3 i po3polieHa MeToMKa OLIHKH CepellHbO-
ro 3HaYEHHS MOKa3HUKa SIKOCTI (yHKIIOHYBaHHS CHC-
TEMH 3B’S3Ky IIPH Pi3HUX CTPATETiSIX KOHQIIIKTYIOUHX
CTODIH.

[IpoBeneni noCHmi/KEHHST ITO3BOJIMIIA OTPUMATH
BUPA3H IS OLIIHKK CEPeTHbOr0 3HaYEeHHs SIKOCTI (PyHK-
IIOHYBaHHSI CUCTEMH YIPAaBIIiHHS IPH Pi3HUX CTpaTeri-
SIX TIOBEIIIHKY ¥ OI[IHKH BIUTMBY IPOTHUIII.

Buznaunmo Mexi 3MiHM CepeHbOrO ITOKa3HUKA
SAKOCTI (DYHKIIIOHYBaHHSI CUCTEMH 3B’SI3KYy NpPHU BILUIHMBI

3aBaj. IlosHauaroun uepes Y,,, 3aJaHe 3HAUECHHsS Ce-
PEIHBOrO MOKa3HUKA SKOCTI (DYHKIIIOHYBaHHSI CUCTEMH
3B’A3KY ¥ YNpaBIliHHS B yMOBaX IPOTHIiI, OTPUMYEMO
MEXi 3MIHU Y .

[Mpn nporuzii Oe3 OLiHKK Pe3yNabTaTiB BIUIUBY 3a-
BaJ[ BI/IMOBITHO IO TBEP/UKEHB | i 4:
m Rj

y= ZZQJqu {F’.*C*maX(yr"ci)}
j=02z=0 (8)
N Zj

+ZZPPICyI'C >y3a0>ZZQquryrc '

i=0c=0 =02z=0

ITpu BubOpi crparerii npomzli'f:

V=0idirR oc mi : oyl
y=Qjajr B pic _mm (m])max(N,y*C*)+

ieN
m R
+z ZQ|QJrXZZPHCYrc2y3a()> 9)
j=0r=0 m R
m Rj
JOZ 0

BucHoBku

Taxkum 9UHOM PO3B’sA3aHHS 3aBJAHHA ITiABUILECHHS
SKOCTI (D)YHKI[IOHYBaHHS CUCTEMH YIPABIIHHI MOXIIUBE
3a paXyHOK:

—3aCTOCYBaHHS 3MIIIIAHOI CTpaTerii MOBEIIHKH CH-
CTEMHU YIPaBJIiHHS,;

—BHOOPY CTPYKTYPH 1 MapaMeTpiB CHCTEMH YIIPaB-
JHHS, MO 301TBIIYIOTE YACTKOBI IMOKA3HUKHU SKOCTI il
(hyHKIIIOHYBaHHS,

—301TBIIEHHS WMOBIPHOCTI PO3ITi3HABAHHS IIFOUOL
CTpaTerii MOJaBIICHHS 1 KJacy auropuTMiB (HyHKIIOHY-
BaHHS Ta 3MIHM QJTOPUTMY (PYHKIIIOHYBAHHS CHCTEMHU
YIIpaBITiHHS.
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Mertoauka aHa/IM3a PUCKOB B HH(OPMALUMOHHBIX CHCTEMAX
O. I'. JIebenes, B. O. JIebenen

AHHoTanus. Pa3pabarsiBaeTcss METOAMKA aHAIM3a PUCKOB B MH(OPMALMOHHBIX cucTeMax. Mcenenyrores myru obecrie-
4yeHust 3QPEeKTUBHOCTH (HYHKIIMOHHUPOBAHUS CHCTEM YIPaBIICHUS B YCIOBHSIX MH(POPMALMOHHOTO IIPOTHBOOOPCTBA C UCHIONB30-
BaHMEM armapara Teopun urp. CTpemieHne 00ecreunTb BEICOKYIO 3 QEeKTHBHOCTh COBPEMEHHBIX HH(OPMAIMOHHBIX KOMILIEK-
COB yIIpaBJICHNs,, MUHUIMHU3UPOBATh (PMHAHCOBBIE 3aTPaThl, 00ECIEUNTh SHEPreTHUECKYI0 ¥ NH(POPMAIIMOHHYIO 3alIUTY CHCTEMBI
yIpaBIIeHHs, BbIJBUTracT Ha NEPBbIH IIAH CO3JIaHUE CUCTEMBI aHAIM3a U YNPABJICHUS PUCKaMH B MH(QOPMALMOHHBIX CUCTEMaX.
[pennonaraercs, 4TO CHCTEMa YIPABJICHUS MOXKET PEATM30BaTh CICIYIOIINE CTPATErUH MOBEACHUS B KOH(QIMKTHON CUTYallUH:
CHCTEMa YNpaBJICHUS He U3MEHSAET aropuT™ (DyHKIIMOHUPOBAHMUS, HO H3MEHSET KJIACC UCIOIb3YEMbIX Il OPHUTMOB (DYHKIIMOHUPO-
BaHUs TAaKUM 00pa3oM, YTOOBI JTOOUTHCS MAKCHMAJIBHOIO 3HAYEHUs CPEIHEr0 TTOKa3aTells KauyecTBa BbIOOPOM BeposiTHOCTH Pij mpu
3a/laHHOM Habope CTpaTeryii MPOTHBOACHCTBHUS, CUCTEMA YIPABJICHUS U3MEHSET allrOpUTM (DyHKIIMOHUPOBAHNUS, KJIACC UCIIONb3Ye-
MBIX aJIFOPUTMOB (DYHKIIMOHMPOBAHUS C LIEIbI0 MAKCHMH3ALMU CPEIHEro MOKa3aTelsl KayecTBa IpU (PMKCUPOBAHHBIX CTPATErHsIX
MPOTUBOJICHCTBHS, CUCTEMA YIPABJICHUS U3MEHSAET AITOPUTM (DYHKIIMOHUPOBAHHSA U KJIACC UCHOIB3YEMbIX aIrOpUTMOB (DYHKIIMO-
HHUPOBAHMS B 3aBHCHMOCTH OT CTPaTeruu MPOTUBOJAEHCTBHUS C LETBIO JOCTHKEHHUSI MAaKCHUMAJILHOrO 3HaueHus kauecrBa. C UcHomb-
30BaHUEM allapara TEOPUM WP NPOBEIEH aHAIM3 W pa3paboTaHa METOIMKA OLICHKHM CPEIHEro 3HA4YCHWs IMOKa3aTels KayecTBa
(YHKIIMOHUPOBAHMS CUCTEMbI CBSI3U IIPU Pa3HBIX CTPATErHAX KOH(IMKTYIOMNX CTOPOH. Pa3padarbiBaeTcst METOMKA OLIEHKH CpeJ-
HEro 3HAa4€HHUs 10Ka3aTessd CBOMCTBA (YHKLIMOHUPOBAHMS CHCTEMbI YIIPABJICHHS U MOJTY4EHHbIC BBIPAKEHHS I OLECHKH Cpell-
HETo 3HAYEHHs IOKa3aTellsl MPU pasHbIX CTpaTerusax mnoseneHus. [lokaszaHo, 4TO pellleHHe MpoONeMbl MOBBINICHUS KadecTBa
(GYHKIIMOHUPOBAHUS CHCTEMbI YIPABIEHHS BO3MOXKHO 33 CUET IPUMEHEHUS CMEILIAHHON CTPAaTeryy MOBEJICHHS CUCTEMBI, BbIOO-
pa CTPYKTYPbI U IAPaMETPOB CUCTEMbI YIIPABJICHHUS, YBEINUMBAIOLINX YACTHBIE 10KA3aTENIH Ka4eCTBa €€ (DYHKIMOHUPOBAHHUSL.

KarodeBue ciioBa: aHaIu3 PUCKOB, HHPOPMALMOHHbBIE CHCTEMbI; CHCTEMbI YIPABIECHHS; CAMOBOCCTAHABINBAIOLLASICS
CHCTeMa,; yrpo3bl HHOPMALMHU; CUHTE3 CHCTEMBI.

Analysis of risks methodology in information systems
Oleh Lebediev, Valentyn Lebediev

Abstract. A method of risk analysis in information systems is being developed. The ways of ensuring the efficiency of
control systems in the conditions of information confrontation with the use of the game theory apparatus are investigated. The
desire to ensure high efficiency of modern management information systems, minimize financial costs, provide energy and in-
formation protection of the management system, highlights the creation of a system of analysis and risk management in infor-
mation systems. It is assumed that the control system can implement the following behavioral strategies in a conflict situation:
the control system does not change the algorithm, but changes the class of algorithms used to achieve the maximum value of the
average quality by choosing the probability Pj for a given set of countermeasures, the control system changes the algorithm oper-
ation, the class of operating algorithms used to maximize the average quality of fixed countermeasures, the control system
changes the operating algorithm and the class of operating algorithms used depending on the countermeasure strategy in order to
achieve maximum quality. Using the apparatus of game theory, an analysis was performed and a method for estimating the aver-
age value of the quality of the communication system with different strategies of the conflicting parties was developed. The tech-
nique of estimation of average value of an indicator of quality of functioning of a control system is developed and expressions for
an estimation of average value of an indicator at various strategies of behavior are received. It is shown that the solution to the
problem of improving the quality of the control system is possible through the use of a mixed strategy of system behavior and the
choice of structure and parameters of the control system that increase the partial quality of its operation.

Keywords: risk analysis; information systems; control systems; self-healing system; information threats; synthesis systems.
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STUDY OF INFLUENCE OF QUADROCOPTER DESIGN AND SETTINGS ON
QUALITY OF ITS WORK DURING MONITORING OF GROUND OBJECTS

Abstract. The subject of the article is methods of reducing quadcopter magnetometer crosstalk by changing the design
and settings of the copter to improve the quality of its work during the monitoring of ground objects. The relevance of the
development is determined by the need to increase the physical safety of quadcopters when monitoring ground facilities in
various industries because the magnetometer is the most noise-sensitive sensor, and its failure leads to the fall and loss of the
drone. The purpose of the article is to determine the optimal design and settings of the quadcopter in terms of its physical
safety and quality of work during monitoring of ground facilities in various industries. The research task is to check whether
it is possible to protect the magnetometer placed inside the drone body from the power cables crosstalk by grounding,
shielding and changing the initial settings of the copter, namely by changing the value of the startup power factor of the
motors. Research methods are as follows: theory of automatic control, methods of optimal control and hardware design
methods. Conclusions. The role of the drone magnetometer in the monitoring of ground objects has been studied. The study
has shown that copters at monitoring ground objects must be equipped with a magnetometer and GPS. The magnetometer is
the most sensitive to interference of all sensors. If it does not work properly, the entire drone navigation system stops working.
We have carried out experimental studies of the influence of quadcopter design and settings on the quality of its magnetometer
work, and hence on work of the copter as a whole. In this paper it is proposed to place a magnetometer inside the body of the
drone that will increase its physical safety and simplify the design of the drone, but at the same time it will increase the
coupling from the power cables of motors, so it is necessary to choose effective methods of protection. It has been tested
whether it is possible to protect the magnetometer from interference from power cables when placing it inside the drone body
by grounding, shielding and changing the initial settings of the copter, namely by changing the value of the startup power
factor of the motors. The results of the experiments showed that to protect against the interference for magnetometer placed
inside the drone body, it is necessary to combine shielding of the magnetometer and decreasing of the startup power factor
of the motors.

Keywords: unmanned aerial vehicle; drone, quadcopter; magnetometer; crosstalk; quality of work; monitoring of ground

objects.

Introduction

An essential component of a quadcopter that
monitors ground objects and is not controlled by the
operator but follows a certain route is a magnetometer [1,
2], which allows navigating in the airspace and plays the
role of a compass. At the same time, the magnetometer's
quality and physical safety depend on the design and
settings of the quadcopter. In particular, most often the
magnetometer is placed in a separate module together with
the GPS, which is taken outside the body of the drone and
located on a special rack or top cover of the body [3].
Because of such a location, the probability of damage or
loss of the magnetometer as a result of physical fractures
increases, and the complexity of the design of the
quadcopter rises.

This paper proposes to place a magnetometer inside
the drone's body, which will increase its physical safety
and simplify the drone's design. However, such
placement can negatively affect the quality of the
magnetometer because it is a very sensitive device [4],
and its operation can be negatively affected by
interference (crosstalk) from power cables of quadcopter
engines [1, 4]. Therefore we conducted experimental
studies of the influence of quadcopter design and settings
on the quality of its magnetometer, and hence of the
copter as a whole. It was checked during the experiments
whether it is possible to protect the magnetometer from
interference from the power supply cables by grounding,
shielding and changing the initial settings of the copter.

Analysis of the literature. According to a study of
the following sources [5-10], the use of unmanned aerial

vehicles of the quadcopter type to monitor ground
facilities in various industries is an extremely relevant
task.

Use of drones in industrial monitoring. Unmanned
aerial vehicles use conventional and thermal aerial
photography of industrial objects from a bird's eye view.
The copter transmits video and other received data to
operators in real-time, then the results are sent to control
points where they are analyzed and used by experts in
making important decisions. This helps to react quickly
and correctly in case of any emergencies. Drones
effectively solve the following problems in industry [5-7]:

—operational and comprehensive control of the state
of mining equipment, power lines, oil platforms and
refineries, pipelines, roads and railways, construction
sites and shore structures.

— continuous surveillance in hard-to-reach and
dangerous places, where it is associated with a risk to
human life and health.

— drones equipped with thermal imagers are used
for infrared aerial photography of municipal facilities,
diagnostics of the state of power lines, underground
thermal networks, oil and gas pipelines. Conventional
and thermal infrared aerial photography of industrial
facilities allows timely detect defects and malfunctions
of equipment, leaks, harmful emissions, oil slicks in areas
of oil production and transportation, and other problems
at the initial stage of their occurrence, without stopping
production, as well as carry out search-and-rescue and
security activities.

Use of drones in the monitoring of agricultural
facilities. Drones in agriculture — one of the most
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promising areas, which is actively growing in demand.
Technologically equipped drones in agriculture can
perform various monitoring operations [8-10]:

— Aerial photography is necessary to detect crop
failure and other defects that need to be eliminated in a
timely manner. Aerial photography from a drone is more
detailed than photography from a satellite due to the low
altitude.

— Video recording - the productivity of the aircraft
during video recording reaches 30 km? per 1 hour, which
significantly reduces time and financial costs compared
to the use of ground surveys or piloted aircraft.

— 3D modeling - allows determining wetlands or
arid areas, excavation, allows qualitatively creating plans
and maps of soil humidification or drainage, of sites
recultivation and land melioration.

— Thermal imaging (multispectral) imaging - is
carried out using the full spectrum of infrared radiation:
near, medium and far range. Exploration from the drone
directly affects the yield and preservation of the
productive properties of plants.

— Laser scanning - used to analyze the area in hard-
to-reach or inaccessible areas. It provides an exact model
of high density with detailed display of a relief even when
working in the strong density of plantings.

Modern copters can solve the following tasks of
monitoring agricultural facilities:

— assessment of crop quality and detection of
damage or death of crops;

— determining the exact area of dead crops;

— audit and inventory of lands required for the
implementation of agreements;

— detection of crop defects and problematic areas;

— analysis of the effectiveness of measures aimed at
plant protection;

— monitoring the compliance of the structure and
plans of crop rotation;

— detection of deviations and violations committed
in the process of agro-technical works;

— relief analysis and creation of a map of PVI,
NDVI vegetation indices;

— gathering information for the security service,
e.g., on the fact of illegal cattle grazing in the fields;

— support for the construction of melioration
systems;

— monitoring of root crops storage in clamps.

Copters that monitor ground objects and are not
controlled by the operator, but follow the pre-defined
route, must be equipped with a magnetometer and GPS
[1-3]. Operator-controlled copters must also include a
magnetometer, but GPS is no longer required, in which
case the compass allows for flight stability [3]. Using a
magnetometer, one can determine which side of the
drone is facing north [1-3] and supplement with this
information the data on its location, obtained from GPS.
The drone's navigation system keeps it in place against
gusts of wind, the operation of intelligent modes of the
drone, for example, following a certain route without an
operator, including returning home in case of loss of
communication.

The magnetometer is the most sensitive to
interference sensor [1-4]. In addition to the fact that the

natural magnetic field may be different in different flight
areas, it can also be affected by extraneous magnetic
fields, for example, high-voltage power lines or even
from the onboard electronics of the copter itself. That is
why drone assemblers often try to move the compass
away from the onboard electronics, for example, on a leg
that stands alone above other parts.

If the compass functions incorrectly, the whole
drone navigation system stops working [4]. This means
that the drone will not return home if the signal is lost,
will stop flying the route, and so on.

Therefore, after reviewing the literature, it can be
concluded that the magnetometer is an extremely
important drone sensor, and its use is mandatory when
monitoring ground objects. At the same time, it is the
most noise-sensitive sensor and its placement and
protection against interference is an extremely important
task, the effectiveness of which depends on the quality of
work and physical safety of the drone.

Experiment description

A quadcopter with the following parameters was
used for the experiments: flight controller — matek f405-
se; engine controllers — FVT LittleBee 30A ESC
BLHeli-S; magnetometer + GPS module — RadioLink
TS100 M8N (it has a QMC5883L magnetometer);
enginges T motor 2814; propellers 11/45 (11"
diameter, 4.5" pitch). The appearance of the assembled
drone is shown in Fig. 1.

Fig. 1. Quadcopter assembled for experiments

To perform the experiment, the quadcopter was
rigidly fixed to prevent it from moving when starting and
supplying current to its motors, and was connected to a
computer to record the values of current, interference,
and throttle percentage. The task of the experiment was
to determine the value of interference to the
magnetometer depending on the current level. The gas
was supplied in such a way as to achieve the maximum
possible safe current level, but at the same time with care
to not disable the power part of the drone (engine
controllers and engines).

Several experiments were performed with different
designs and settings of the quadcopter. During the
experiments the values of interference at the quadcopter
magnetometer were compared when placed it either
outside the drone body or inside the body with different
methods of protection against interference. The
measurement results were recorded in mission planner
software. ver 1.3.75 [11] (Fig. 2-6).
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Fig. 2. Experiment No. 1. Magnetometer outside the drone body on the rack behind and without shielding
(screenshot from mission planner ver 1.3.75, colors inverted): blue line — interference, pink — current

In experiment Nel (Fig. 2), the maximum
interference was 40%, and the maximum current was 142
A. As expected, when placing the magnetometer inside
the drone body, the interference is larger — in the
experiment Ne2, (Fig. 3) the maximum interference is
44%, and the maximum current is 142 A, although the
magnetometer was shielded from electronics from the
bottom, which does not shield it completely from the
Earth's magnetic field. Therefore, the next step in the
experiment was to determine how interference can be
reduced. Therefore, experiments were performed with
the grounding of the magnetometer shield (Fig. 4).

It is known that all the wire polygons can also be a
source of the noise. Therefore, it was decided to connect
them to the minus (ground) of the general onboard power
supply. In experiment Ne 3 (Fig. 4), the shielding of the
magnetometer was grounded, and the following results
were obtained: maximum interference — 44%, and
maximum current 75 A. As one can see from the results
of the experiment, grounding did not reduce the
interference. Subsequent experiments were designated to
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reduce the startup power factor of quadcopter motors
from 0.5 to 0.1 (Fig. 5) and to 0.2 (Fig. 6), that gave the
necessary result and solved the interference problem. In
experiment Ne 3 (Fig. 4), the shielding of the
magnetometer was grounded, and the following results
were obtained: maximum interference — 44%, and
maximum current 75 A. As one can see from the results
of the experiment, grounding did not reduce the
interference. Subsequent experiments were designated to
reduce the startup power factor of quadcopter motors
from 0.5 to 0.1 (Fig. 5) and to 0.2 (Fig. 6), that gave the
necessary result and solved the interference problem.

In experiment Ne 3 (Fig. 4), the shielding of the
magnetometer was grounded, and the following results
were obtained: maximum interference — 44%, and
maximum current 75 A. As one can see from the results
of the experiment, grounding did not reduce the
interference. Subsequent experiments were designated to
reduce the startup power factor of quadcopter motors
from 0.5 to 0.1 (Fig. 5) and to 0.2 (Fig. 6), that gave the
necessary result and solved the interference problem.
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Fig. 3. Exp. Ne 2. Magnetometer inside the drone body at the top of the flight controller, shielded
(screenshot from mission planner ver 1.3.75, colors inverted): blue line — interference, pink — current
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startup power factor from 0.5 to 0.1 (screenshot from mission planner ver 1.3.75, inverted colors): blue line — interference, pink — current
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Fig. 6. Exp. Ne 5. Magnetometer inside the drone body, above the flight controller, shielded, grounded shield,
startup power factor 0.2 (screenshot from mission planner ver 1.3.75, inverted colors): blue line — interference, pink — current
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Note that the startup power factor adjusts how
quickly the speed controller responds to rapid changes in
gas supply [12]. Shielding of the magnetometer was
performed using a plate of foil fiberglass with a thin
copper layer. The GPS + magnetometer module itself
was located above the flight controller in the drone body.

The results of experiment Ne4 (Fig. 5) were as
follows: the maximum guidance is 32%, and the
maximum current is 88A.

Although the lowest interference values were
achieved amongst all the experiments, it should be noted
that with this value of the coefficient, the good result for
the interference was achieved, but the smaller the value of
this factor, the worse the dynamics of the engines is, so the
optimum between this parameter and the magnitude of the
interference should be searched. In Fig. 6 the results of
experiment Ne5 are shown, where the startup power factor
is set to 0.2, the value of the interference has increased
slightly, but is practically no worse than when the
magnetometer is removed from the body. Experimental
results here are as follows: the maximum guidance is 41%,
and the maximum current is 149A.

Conclusions

The role of the drone magnetometer during the
monitoring of ground objects has been studied. The research
has shown that copters that monitor ground objects and are
not controlled by the operator but follow the pre-defined
route, must be equipped with a magnetometer and GPS. The
magnetometer is the most sensitive to the interference
sensor. If it does not work correctly, the entire drone

navigation system stops working.

We carried out experimental studies on the influence
of quadcopter design and settings on the quality of its
magnetometer, and hence the copter as a whole. Most
often, the magnetometer is placed in a separate module
together with the GPS, which is placed outside the drone
body and located on a special stand behind the body rack
or top cover of the body. As a result of such placement the
probability of damage or loss of the magnetometer as a
result of physical breakdowns increases as well as
complexity of a quadcopter design. In this paper it is
proposed to place a magnetometer inside the drone body,
which will increase its physical safety and simplify the
design of the drone. It has been tested whether the
magnetometer can be protected when placed inside the
drone body from grounding from the power cable,
shielding from the main electronics and changing the
starting settings of the helicopter, namely by changing the
value of the startup power factor of the motors.

The results of the experiments showed that to
protect the magnetometer from the interference if it is
placed inside the drone body, it is necessary to combine
shielding of the magnetometer and decreasing of the
startup power factor of the motors. Moreover, the
reduction of the startup power factor of the engines from
0.5 to 0.1 for the drone used in the experiment gave the
greatest effect. And the optimal result for the balance
between the amount of guidance and the quality of the
dynamics of the engines was the value of startup power
factor of the engines equals 0.2, for the drone used in the
experiment.
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JlocitiTkeHHs] BINIMBY KOHCTPYKIII Ta HAJTAIITYBAaHb KBAJPOKONTEPa
Ha AKicTb il0ro po0oTH NPU MOHITOPUHIY Ha3eMHHUX 00’ €KTIB

0. O. Maiiganuk, €. B. Menemiko, C. B. Illumko

AnoTtanis. IlpexMeTom BUBUEHHS Y CTAaTTi € METO/IM 3MEHIICHHS HaBeIeHb Ha MarHITOMETpP KBaJPOKONTEPa 332 paXyHOK
3MIHM KOHCTPYKIIi Ta HaJaIITyBaHb KONTepa IJIs MiABUINCHHS SKOCTI HOro poOOTH HPH MOHITOPHHTY Ha3eMHHX 00’ €KTiB.
AKTYyaJbHICTD PO3POOKH BHM3HAYA€THCS HEOOXITHICTIO MiABUIICHHS (i3MYHOI Oe3leKH KBaJPOKONTEPIB IPU MOHITOPHHTY
Ha3eMHUX 00’ €KTIB y pi3HUX rany3six BUpOOHHUITBA, aJKe, MATHITOMETp € HAWOUIBII Yy TJIMBUM JI0 IIYMiB JaTYUKOM, a HOTO BUXIiJ
3 JlaJy NPHU3BOAUTH 10 NaAiHHSA Ta BTPaTd JApoHy. MeTOK € BH3HAUCHHS ONTHMAIBHOI KOHCTPYKLIl Ta HajallTyBaHb
KBaJpOKONTEPa 3 TOUKH 30py HOTO (i3UUHOI Oe3MeKU Ta SKOCTI pOOOTH IMPU MOHITOPUHTY Ha3eMHUX 00 €KTIB Yy Pi3HUX Taly3sax
BUPOOHHUITBA. 3aBJAHHSA: NIEPEBIPUTH YU MOKHA 3aXHUCTUTH MAarHiTOMETp MU PO3MIIIEHHI HOro BcepeIuHi KOPITyCy APOHY Bif
3aBaJ( 3 KaOeJiB eJIeKTPOKUBICHHS 3a3eMJICHHSIM, eKPAaHyBaHHSAM Ta 3MIHOIO CTAPTOBUX HAJIALITYBaHb KOITEpa, a caMe 3MiHOIO
3HaUeHHS KOe(illieHTy MyCKOBOi MOTY>KHOCTI JBUTYHIB. MeTOAM MOCJiIZKeHb: TEOpis aBTOMAaTUYHOTO YHPABIIHHS, METOIH
ONTHMAJIBHOTO YIPABIIHHSA Ta METOIM IPOEKTyBaHHs amapaTHoro 3abesnedeHHs. BucHoBkm. IIpoBeneHo MOCHiuKeHHS poui
MarHiTOMeTpa APOHY IPH MOHITOPHHTY Ha3eMHHX 00’ €KTiB. JI0CiHKEHHS MOKa3ao, Mo KOMTEPH, SKi 3MiCHIOITh MOHITOPHUHT
Ha3eMHHUX 00 €KTiB, 00OB’S3KOBO IOBHHHI OyTH ocHamieHi MaraitomerpoMm Ta GPS. Marnitomep HaWOinbIl YyTIUBHH 10
MEPEeIKO/l JaTuuK. SIKINO BiH INpalloe HEMpaBHJIBHO, TEpecTae MpalfoBaTH BCS HaBiraiiiHa cucrema apoHy. IIpoBeneHo
EKCIEPHUMEHTAIbHI JOCTIKEHHS 10 BIUTUBY KOHCTPYKIIi] Ta HAJIAIITYBAaHb KBaAPOKONTEPa Ha SIKICTh pOOOTH HOTO MarHiTOMETpa,
a oJpKe 1 KomTepa B IijIoMy. Y IaHii poOoTi 3aIpOIOHOBAHO PO3MICTUTH MarHiTOMETP BCEPEANHI KOPITyCy APOHA, IO IMiABUIINUTH
ioro ¢isnyHy Oe3meKy Ta CIPOCTUTh KOHCTPYKIIIO APOHY, ajie pa3oM 3 THM Ha HBOTO 30UIBIIYIOTHCS 3aBaad Bia KaOemiB
CJICKTPOXKUBIICHHS IBUTYHIB, TOMY HEOOXIIHO miniOpatn e(eKTUBHI METOIM 3aXHCTY BiJ Takux 3aBaj. [lepeBipeHO 4nm MOXKHA
3aXUCTUTH MarHiTOMETpP IPH PO3MIillleHH] HOro BcepeiHI KOPITyCy APOHY BiX 3aBaj 3 KabGelliB eIeKTPOKUBICHHS 3a3EMIICHHSIM,
€KpaHyBaHHSM Ta 3MIHOIO CTapTOBUX HANAIITYBaHb KONTEpa, a camMe 3MIHOIO 3HA4YeHHs KOe(illieHTy MYyCKOBOI IOTYXXHOCTI
JBUTYHIB. Pe3ynbTaTi NpoBeileHNX eKCIePUMEHTIB MOKa3ajH, 0 JUIs 3aXUCTY BiJ 3aBaji MarHiTOMETpPa, PO3MIIIEHOr0 BCePEAnHI
KOPITyCy APOHA, HEOOXiTHO OETHATH EKPaHYBaHHS MarHiTOMETpa Ta 3MEHIIEHHS KOe(illieHTy ITyCKOBOT IOTY>KHOCTI MOTOPIB.

KawuoBi cinoBa: Oe3minoTHUIA NiTaTbHUN amapaT; OPOH; KBAJAPOKONTEDP; MAarHITOMETP; HABEACHHS; SKICTh POOOTH;
MOHITOPHHT Ha3eMHHUX 00'€KTIB.

HcciaenoBanue BIMSIHUS KOHCTPYKIUHY H HACTPOEK KBAaJAPOKONTEPA
HA Ka4ecTBO ero padoTbl NP MOHUTOPHHIE HA3eMHBIX 00bEKTOB

A. A. Maiinanuk, E. B. Menemko, C. B. Ilumko

AHHoTanus. IIpeamMeToM H3y4eHNUs B CTAThE SBIISIFOTCS METO/IB YMEHBIICHHUS HABOJJOK HA MATHUTOMETP KBaZAPOKONTEPa
3a CYeT M3MEHEHMs KOHCTPYKIMHM M HAacTPOEK KOITepa s IOBBIIICHHs KayecTBa ero paboThl MPU MOHHTOPWHIEC Ha3eMHBIX
00BEKTOB. AKTYaJIbHOCTh Pa3pabOTKH OIpe/esieTCsl HeOOXOAMMOCTBIO HOBBIIICHHUS (HU3UIECKOI 6€30MaCHOCTH KBaIPOKONTEPOB
IIPU MOHHWTOPHMHTE Ha3eMHBIX OOBEKTOB B PAa3IMYHBIX OTPACIAX IPOU3BOACTBA, BEAb MArHUTOMETp SBISiETCS Hamboiee
YyBCTBUTEJIBHBIM K IIyMaM JaTYUKOM, a €ro BBIXOJA M3 CTPOsl NMPHBOJWUT K MaAeHHIO W moTtepe jApoHa. Lleablo sBisiercs
omnpeeseHue ONTUMAIbHONH KOHCTPYKIIMH M HACTPOEK KBaJJPOKONTEPa C TOUKH 3peHHs ero (PH3nUecKoil 0€30MacHOCTH U KauyecTBa
paboTHI IPY MOHUTOPUHTE HA3eMHBIX 00BEKTOB B PA3IIMIHBIX OTPACIISAX IIPOM3BOACTBA. 3aJa4a: MPOBEPUTH, MOXKHO JIH 3aIIUTHTH
MarHUTOMETpP MpPH pPa3MEIIEHHH €ero BHYTPH KOpIyca JApOHAa OT HAaBOJOK OT KaOellsl SJICKTPONMTAHMS 3a3eMIICHUEM
9KpaHUPOBAaHHEM M H3MCHEHHEM CTapTOBBIX HACTPOEK KONTEpa, a MMEHHO M3MEHEHHeM 3HaueHHs Kod(hduumeHTa mycKoBOit
MOIIHOCTH JBUraTeseil. MeToabl Ncceq0BaHUii: TEOPHUs aBTOMATHIECKOTO YIPABICHHS, METO/IbI ONTUMAIBLHOTO YIPaBICHUS U
METOZbl MPOEKTHPOBAHHs ammapaTtHoro obecredeHns. BuiBoabl. [IpoBeneHo nccienoBaHHE pOJIM MarHUTOMETpa JIPOHA MPU
MOHUTOPUHI'C HA3EMHBIX OG’I)GKTOB. I/ICCJ'ICI(OBaHI/Ie IMoKa3aJjio, 4TO KOIITEPhI, MPOU3BOAAIINE MOHUTOPHUHIT HA3EMHBIX O6’beKTOB,
00513aTeIbHO TOJDKHBI OBITH OCHAIeHsI MarHuToMeTpoM H GPS. Maruutomep Hanbosee YYBCTBUTEJIbHBIA K [TOMEXaM JIaT4HK.
Ecnu paboTtaer HempaBWIBHO, MEpecTacT padoTaTh BCS HABHTAllMOHHAs cUcTeMa JApoHa. [IpoBeIeHbI DKCIEepHUMEHTAbHBIC
HCCIIEJOBAHMS 110 BIMSHUIO KOHCTPYKIHM M HACTPOIKaM KBaJpOKONTEpa Ha KauecTBO PabOThl €ro MarHUTOMETPa, a 3HAYHUT U
KoITepa B LENOM. B naHHO#T paboTe NpemyokKeHO pa3MEeCTUTh MAarHHTOMETP BHYTPH KOpIyca ApOHA, YTO MOBBICHT €ro
(bu3nuecKyro 0€30IacCHOCTh U YIPOCTUT KOHCTPYKLHIO JPOHA, HO BMECTE C TEM Ha HEro YBEIMYMBAKOTCS HABOJAKH OT Kabeneit
9NIEKTPOIUTAHNUS, TI0OITOMY HEOOXOAUMO 10700path 3h(eKTHBHBIE METO/BI 3aIUTHl OT TAKUX HABOJOK. IIpOBEPEHO MOXKHO JIU
3aIIUTUTh MarHUTOMETP MPH Pa3MEIICHUH €ro BHYTPU KOpIyca ApOHA OT HAaBOJOK M3 KaOens 3JIeKTPOIUTAHUS 3a3eMIICHHEM,
9KpaHUPOBaHMEM M MU3MEHEHHEM CTAapTOBBIX HACTPOEK KONTepa, a MMEHHO M3MEHEHHEM 3HaueHUs Kod(hQHIMEHTa MyCKOBON
MOIITHOCTH lIBPIFaTeJ'[el\/'I. Pe3yHbTaTbl MPOBCACHHBIX 3KCIICPUMCHTOB ITIOKa3ajik, 4YTO MJId 3alluTbl OT HAaBOJOK MAarHUTOMETpA,
pa3MeIIEHHOro BHYTPU KOpIyca JpoHa, HEOOXOAMMO OOBEIMHUTH JKPAaHMPOBAHHE MAarHUTOMETpa C YMEHBLICHHEM
K03 dUIIeHTa ITyCKOBOH MOIITHOCTH MOTOPOB.

KnwoueBbie caoBa: GecrIOTHBII JIeTaTeNbHbIN anmapar4 IpoH; KBaJPOKONTEP, MATHUTOMETD; HABOAKH; KauecTBO
paboThl; MOHUTOPUHT Ha3eMHBIX OOBEKTOB.
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ANALYSIS OF MULTI-THREADED MARKOV SYSTEMS

Abstract. Known technologies for analyzing Markov systems use a well-operating mathematical apparatus based on the
computational implementation of the fundamental Markov property. Herewith the resulting systems of linear algebraic
equations are easily solved numerically. Moreover, when solving lots of practical problems, this numerical solution is
insufficient. For instance, both in problems of structural and parametric synthesis of systems, as well as in control
problems. These problems require to obtain analytical relations describing the dependences of probability values of states
of the analyzed system with the numerical values of its parameters. The complexity of the analytical solution of the related
systems of linear algebraic equations increases rapidly along with the increase in the system dimensionality. This very
phenomenon manifests itself especially demonstratively when analyzing multi-threaded queuing systems. Accordingly, the
objective of this paper is to develop an effective computational method for obtaining analytical relations that allow to
analyze high-dimensional Markov systems. To analyze such systems this paper provides for a decomposition method based
on the idea of phase enlargement of system states. The proposed and substantiated method allows to obtain analytical
relations for calculating the distribution of Markov system states. The method can be effectively applied to solve problems
of analysis and management in high-dimensional Markov systems. An example has been considered.

Keywords: multi-threaded queuing systems; high dimensionality; decomposition method of states enlargement.

Introduction

The conventional technology to analyze Markov
systems provides for calculating the limit vector of
probabilities of system states [1-5] using a formula

r=aW\, (1)
w=(m1, 72, ...,mn)— IS the vector of probabilities of states,
W=(P;) - is a matrix of probabilities of transition to the
variety of possible states, dj,w=n-n..

Computational complexity of solving systems of
linear algebraic equations (1) in conjunction with the
normalization condition

2 in=1 7 (2

grows rapidly along with an increase in problem
dimensionality [6, 7].Herewith one should note that
when solving lots of practical problems, their numerical
solution will be insufficient. Problems of economics,
reliability theory, structural and parametric synthesis of
systems, management theory should provide for
analytical relations that determine the dependence of the
probability distribution of system states on the
numerical values of their parameters [8-10]. The issue
of obtaining such relations is particularly significant for
the problems of analyzing multi-threaded systems. The
conventional approach to its solution is to use the
technology of enlarging states of the related Markov
chain [12, 13].

Analyzing known results

The decomposition problem arising from states
enlargement is implemented as follows. The entire set
of possible system states is divided into subsets. At each
iteration of solving problems, one of the subsets is
allocated, but the states of other subsets are enlarged.
The resulting system of states is processed. Let's write
the related formal relations.

The initial set of states E={1,2,...,n} is divided into
m subsets

E={E.E;...En}, Up By =E. By NE, =2. (3)

The states of each subset are renumbered:
Ey = {itg k2o | B2 = {i1si22:12n, |

En = {imllimZv--'imnm}-

Let's enter the related (3) initial distribution of states

,r<o>:(,,_(0) ,,_<o>] [ﬂ_(m ) j

1 1

At the first iteration of the problem solving
procedure let's allocate the firstEiset, and enlarge states
of the remaining subsets by assigning them the related
initial values of stay probabilities. Thus the resulting set
of states probabilities is as follows:

2% :[ﬂi(o),m(o)““'ﬂi(o) j;ﬂ-(o);k =2,3...,m; (4)
o 12 g )k

To analyze the resulting system of states let's
determine the transition probabilities.

The probabilities of transition from states of the
allocated set to those of the same set remain equal to the

original ones, that is Fg s, ,(isl,iSZ )fEl.

The probability of transition from any i;sState of
the Esjallocated subset to any Ei enlarged state is equal
to the sum of probabilities of transitions from this state
to all the states of the enlarged state, that is

Nk
P'ls‘ik:Zplls,lvikszxszzl,z,...,nk_ (5)

S =1

The probability of transition from any Ex enlarged
state to any of the i;s states of the E; allocated subset is
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equal to the sum of productions of probabilities of
transitions from the Ei states of subsets to i1s by the ik
conditional probabilities of the system remaining in
these states, that is

nk —
Rk ks = Z:Ialks'lls ”iksl/zsl:f[iksl!szllnl- (6)

Here the conditional probabilities of remaining in
the Ey states of the subset are assumed to be equal to
ﬂ'ikSl =1/ N .

Finally, the probability of transition from any
enlarged Ey, state to some enlarged is Ey, state equals
to the sum of probabilities of getting into Ekz, each of
which, in turn, is equal to the production of probabilities
of transition from states E, to Ey, by the conditional

probability of remaining in the proper Ek1 state, that is

nky nky |k N
_ ks
Pk, = Z anqsl KaSo i )
_152 =1 sl_ ﬂ-|k151

The transition probabilities calculated using
formulas (5)-(7) make up the W™ matrix, which is used
to calculate probabilities of states within a

1 ) .
ﬂ-( ) :(ﬂ'ill,ﬂ'ilz,..,ﬂ'ilnl, 7Z'i2,7l'i3,...,7l'im> set using a
formula

— 7Ow @ 8)

At the second iteration, the states of the first subset
are enlarged due to a group probability equal to the sum
of probabilities obtained at the first iteration. The
second subset slims down, but all subsequent subsets
remain unchanged. The iteration cycle is repeated m
times. As a result, the first approximation to the desired
set of probabilities of system states shall be obtained.
This iterative cycle of m steps must be repeated a
required number of times. Stop criterion: the maximum
value of the modulus of the probability differences of
the same events within neighboring cycles should
become less than the specified small number.

The given procedure ensures obtaining the desired
probability distribution of the system states, however,
the rate of its convergence is unpredictable and may be
unacceptable for systems with a real number of states.

In this context, an issue of analyzing systems with
a large number of possible states remains relevant,
which initiates the continuation of studies.

Study objective: development of a decomposition
analytical method for the study of multi-threaded
queuing systems.

A feasible direction is the adaptation of the
undoubtedly promising idea of decomposition to the
design features of multi-threaded systems.

Basic material. Decomposition method for
analyzing high-dimensional multi-threaded systems.
Let's consider the technology of generating models of
multi-threaded Markov queuing systems as applied to
systems with failures.

The analysis of the simplest system, whose input
receives a single customer thread, shall be carried out
using a one-dimensional graph of states and transitions.
Unless the intensity of the input thread is equal to 4, and
the intensity of queuing is equal to x, then this graph for
an n-channel system is as follows.

OIONO

Fig. 1 A graph of states and transitions
of a single-threaded system

Unless the queuing system receives two
independent threads with proper values for the
intensities of customer threads and their queuing (A1,u1),
(%2, w2), where the ny channels are used for queuing the
first customer thread and the n, channels for the second
one, then the related two-dimensional transition graph is
as follows

Fig. 2. A graph of states and transitions
of a double-threaded system

The model of a triple-threaded queuing system
with (11, 1, N 1), (A2, w2, N2), (A3, us, N3) parameters is
a three-dimensional graph given in Fig. 3.

The dimensionality of the problem to analyze
multi-threaded systems is growing rapidly with an
increase in the number of m threads. For an r-threaded
system, the total number of its possible states

N, =1_[§:1nS which makes it really difficult to carry

out studies.

Let's note the most important feature of the graph
structure of multi-threaded queuing systems. The
complete graph of a Nmulti-threaded dimensionality
system can be naturally divided into a set of subgraphs
of smaller dimensionality corresponding to different
values of the number of channels engaged in customer
queuing from the related threads. Herewith the
subgraphs within sections for different values of the
number of occupied channels of the selected thread
differ from each other by these values only, which, of
course, simplifies the study of the system.
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Fig. 3. A graph of states and transitions of a triple-threaded system

Let's consider the technology of analyzing high-
dimensional multi-threaded systems using
decomposition procedures. The following three-stage
technology for solving the generated issue is proposed.

The first stage assumes that according to the
general principle of decomposition, the entire set of
system states should be divided into a number of subsets

{E1,Ep.....Epy}. Herewith the W transitions probability
matrix is divided into the same number of submatrices
{W1,W,,...,Wp,}. Each of arising subsets should be
analyzed in a standard way. As a result of solving the

related problems, a set of distributions of conditional
probabilities of states shall be obtained.

The second stage assumes that the probabilities of
transitions between subsets should be calculated, each
of which is treated as an enlarged state. The distribution
of states of the initial system is calculated using the
probability vector of transitions between enlarged states.

The third stage assumes that a calculation of the
desired set of probabilities of the initial analyzed system
states is carried out.

Let's consider the technology of applying the
proposed method to a specific example. Let the triple-
threaded queuing system with the two channels for each
thread be analyzed.

A graph for system states and transitions is given
in Fig. 4.
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L ;\'l : )\'1
(0225—»
B, @ 2p,
Fig. 4. Graph of states and transitions in a triple-threaded
Markov system (A1, w1, N1), (A2, w2, N2), (A3, 13, N3).

Stage 1. The entire set of states of the Einitial
graph is divided into three Eo, E1, E2 subsets by the
number of third thread channels engaged in queuing.
The related subgraphs of states and transitions are
shown in Fig. 5 to Fig. 7.

Fig. 5. A subgraph of states and transitions in a double-threaded
system (A1, u1), (A2, w2) with a fixed number of engaged
channels queuing customer of the third thread equal to zero

Fig. 6. A subgraph of states and transitions in a double-threaded
system (1, 111), (A2, 2) with a fixed number of engaged channels
queuing customer of the third thread equal to figure of one

Fig. 7. A subgraph of states and transitions in a double-threaded
system (11, 11), (A2, i2) with a fixed number of engaged channels
queuing customer of the third thread equal to figure of two

When comparing these figures, it is clear that the
transition system structure in all three subgraphs is
identical. Thus, to search for the distributions of states,
it is enough to solve only a single analysis problem for
any of the subgraphs. Let's analyze the Eq subgraph.
This graph contains nine states {0,0; 1,0; 2,0; 0,1; 1,1;
2,1; 0,2; 1,2; 2;2}. In order to simplify the input, the
third index corresponding to the number of engaged
channels queuing customer of the third thread is omitted
here. The related matrix of So transition intensities for
the Eo subgraph is as follows

o 4 0 4% 0 0 0 0 O
wm 0 4 0O A 0 0 0 O
0 2,4 0 O O A O 0 O
4H 0 0 0 4 0 A 0 O
So={0 u, O x4 O 4 0 A O
0 0 u 0 2,4 0 0 0 X
0o 0 0 @, O O O A4 O
0 0 0 0 wmw 0 wm 0 4
0 0 0 O 0 wum 0 24 O
This matrix of transition intensities is easily
transformed into a matrix of P=(p;) transition

probabilities, using which a system of linear algebraic
equations is formed with respect to the vector of
conditional probabilities of states

0 =(”ooﬂmv”zo?”or”11:”21?7702,”1%”22)-

This system, supplemented by the normalization
condition, is as follows

o :ﬂ'op, (9)

2 2

> 2 iy =1

iy =0i,=0

The numerical solution of this system can be easily

obtained. However, the analytical solution, even for the
resulting simple system, requires tedious
transformations. At the same time, to analyze the
system described by the Eq (or Ei, or E,) subgraph, the
ideas of decomposition can be used once again. The Eg
states subset is divided into three Eqo, Eo1, Eo2 Subsets as
follows:

73



Advanced Information Systems. 2021. Vol. 5, No. 4

ISSN 2522-9052

E00={0,0;1,0;2,0}, En={0,1;1,1;2,1},
E={0,2;1,2;2,2}.
The corresponding sub-subgraphs are of the
following identical form

Fig. 8. A sub-subgraph of the Eo subgraph
of states and transitions

A vector of (g, 719, /y)  conditional

probabilities of states is entered in the Eqsub-subgraph.
Considering the structure of this sub-subgraph the
components of this vector are calculated using the
Erlang formula

fo = (%%%fﬁ?
Zizzo(/ll/ﬂl)l /“

It is clear that the same relations determine the
distributions of states for the Eo; and Eo, sub-subgraphs,
that is

i=0,12. (10)

(ﬂl/ﬂl)i/i? ’
Ziz:o(ﬂi/ﬂl)l /“

The next step is to calculate the probabilities of
transition between the Ego, Eo1, Eo2 Sub-subsets in
accordance with the Eq subgraph structure:

Fy = Fip = i=012 (11

Up{ Usz

Fig. 9. The Eosubgraph structure

The relations for calculating probabilities of
transition are obtained using a detailed structure of the
Eo subgraph (Fig. 5)

Ugy = 7oo A + Tyodp + Z0p =
= 2o (700 + 710 +720) = Ao,

Upp =i dp + 3o + o1 =
= Ao (o + 711 +721) = Ao,

Vg = Tg1Hp + M1y + Mo My =
=ty (Fo1 + 71 +71) =

Vo1 = 7op 21y + Mo 2y + Mpp 2y =
=24y (Figp +71p + 72 ) = 280

Accordingly, the Eostructure, given in Fig. 9,
acquires the following form available for analysis

As Ao o
E Eps Ens

Fig. 10. The Eo subgraph structure

(12)

The obtained (10)-(12) relations allow to
calculate the distribution of the system remaining in the

states of the Ego, Eo, Eoosubgraphs. Let's enter the
corresponding to =(too, to1, to2) wvector, whose
components are determined using the Erlang formulas:

(/12/#2)]/]_!
> (/) /it

Then the distribution of states for the Eg
subgraph is as follows.

0j = ,i=012.  (13)

70 = Zootoos 710 = #10too: 720 = Z20too;
7o1 = Zortor; 711 = Mators 71 = Toator; (14)

702 = 7oplo2: M1 = Mioto1: o0 = 7oolp);

(/) /it Cale) it
S o)) it 5 oal)) it

It is clear that the analysis carried out for the E o
subgraph can be repeated for E; and E, subgraphs as
well. In addition, the same distributions as above can be
obtained when calculating the probabilities of
transitions between Eo, E1, E2. As one can easily see in
Fig. 4 these distributions assume that the subgraph
structure of the initial graph of states and transitions has
the form given in Fig. 11.

ﬂ'ij =

Fig. 11. The subgraph structure of the Egraph
of states and transitions of systems

Let's enter the W = (Wo, Wy, W5) vector  of
probabilities of the system remaining within Eo, E1, E;
subsets. As before, the components of this vector are
determined using the Erlang formulas:

W, = (/1) k!
32 (Ga/us) [kt

Now, considering remarks from above and based
on (15), (16) let's write the final relations determining
the distribution of states of the analyzed triple-threaded
Markov system having two queuing channels for each
thread.

This distribution is as follows:

k=012 (16)

Tijk = %/ﬂ—ly/ll x
Zizzo(ﬂl/#l)l/“
(22/12)" /1 (4s/ 1) J

x _ ,(17)
Z?zo(ﬁz/ﬂz)l/ﬂ Zizo(ﬂe/ﬂs)k/k!
i=012;j=012,k=0,12.

The problem is solved.

It is clear that the proposed technique easily
applies to the case of analyzing a queuing system, the
input of which receives a superposition of m threads
with (4, ), i= 1,2,...m parameters. Customer entering
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input are queued by a system that has n; channels for the
related i-th thread 1=1,2,.m. Let's enter a vector
(i1, i2,..., im), the is component of which determines the
number of channels engaged in customer queuing of the
s-th thread, s=1,2,..,m.

Then, similar to (17), the distribution of states of
the system is determined by the following relations:

Ty, i = M y
o Zizo(il/m)ll/il!

(lZ/ﬂZ)iz/i_Z! (/lm/ﬂm)im/i.m! - (18)
zizzzo(ﬂe/ﬂz)lz /iZ! Zizmzo(lm/ﬂm)lm /im!

u (ﬂvs/ﬂsl)is /is!

Zizo(/ls/ﬂsl)is /is! |

The relative simplicity of the result obtained is due
to the use of a rather hard limiting: a number of
channels for customer queuing of each thread is fixed.
The removal of this customer, which shall occur unless
each channel is adapted to customer queuing from any
thread, complicates the situation to some extent.

Let's consider a method for solving the problem
arising in this case on a concrete example of analyzing a
double-threaded system with 4 1, « 1), A 2 u 2)
parameters and a total number of n queuing channels.
Such graph of states and transitions is given in Fig. 12.

Under the given decomposition technology, let's
divide the entire set of states into Eo, Ey, ..., Ek..., En-1,
E, subsets by the number of channels engaged in
customer queuing of the second thread.

The related graph of states and transitions is given
in Fig. 13.

Let's calculate the conditional distribution of states
for each of the Eo, Ei,...,En subsets using the Erlang
formulas.

Ay

2uz (n-1)uy

Fig. 12. A graph of states and transitions
of a double-threaded system with n queuing channels

Upq Uqz uzs
V10 Vaq Vs

u

1.k Uk ke+1 Un-2n-1 Un-1n
Vic k-1 Vie+1 k Vn-1.n-2 Vin.n-1

Fig. 13. A graph of states and transitions
for a grouped set of states
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The conditional distribution of states for Eq is as
follows.

P (ﬂl/#l)i/” -

i0 = n — ,1=0,1,2,...,n (19)
zizo(ﬂﬂ./ﬂl)l /I!
The conditional distribution of states for Ei:
i .
il
ﬁilz/#/lzo,l,z,...,n—l. (20)
| 0 )“l//ul /Il
The conditional distribution of states for Ex:
(/) [it
ﬁik= 1/ﬂ1 / i=012..n-k (21)
i 0 /11/#1 /"
The conditional distribution of states for En-1:
. () () i
Tin1= 21 T 1s / ,i=0,1. (22)
S o(ajm) it Talm
The conditional distribution of states for Eo:
i =1. (23)

Now let's calculate a set of transition probabilities
between subsets:

UOl = TEOO}\.Z + 7'510}\.2 +...+ nn,1'07»2 =

n-1 (24)
=%y Y Tio,
i=0
n-1
V1o = ToiHo + Mo +...+ g 1M = Ko zﬂiL
i=0
n-2
Upp = TEOJ_?\.Z + TC117\.2 +...+ 7'Cn_1’27\.2 = 7\.2 ZTCiz,
i=0
n-2
Vo1 = tgp 2Mp + iy 2M +...+ g1 225 = 215 D i,
i=0

Ut = Roie—1Ap + Tagqhp +oo o+ ingagk-1ho =
n—-k+1

=Ly D Rk,
i=0
Vi k-1 = TiokKpp + kg +... 4+ Tty g kK =
n—k
=kup > Tk,
i=0
Un_1,n = Tion_1ho + Typahp +...+Tn_g Ao =
n-2
=% ) Min1,
i=0
Vn,n-1 = Tion MMt
The resulting set of transition probabilities

between subsets of states allows to find out the
distribution of related probabilities.

Let's make up a system of Kolmogorov equations
with respect to the PO, P1,..., Pn probabilities of the system
remaining within EOQ, E1, E2,...,En subsets, we have

—Up1 Py +VvoP =0,
Ug1Py +Vo1Po =P (Uip +vi0) =

0
Upp P +V32P3 — Py (Upg +Vo1) =0,

U1k Bt + Vi e —

R (“k,k+1 +Vk,k_1)=0, (25)

Un—2.n-1Ph—2 +VanaPh —
—Fha (Unfl,n "’anl,nfz) =0,
Un—1,nPh1 +Vnn-1Ph =0.

In order to simplify the analytical description of
the system of algebraic equations (25), let's enter
additional variables

Yk = Uk Fo1 —VikaFo k=12,....n
By substituting (26) into (25), we obtain
y1 =0,
y1—Y2 =0,
Y2—-Y3=0,

(26)

@7)

Yk = Yk+1 =0,

Yk = Uk-1,k P2 = Vi k2P = 0.
Equation (28) sets the recurrence relation

(28)

kR k=12..n
Vi k-1

Therefore we obtain

(29)

u
R=—"R,
Vio

P, =12p,

Vo (30)
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Using a sequential system of substitutions of the
subsequent relation from (30) to the previous one, let's
express all the probabilities obtained by means of Po.
We have

_ H:z us—l,s

Now, combining the (19)-(22), (24), (32)
relations, let 's write the unconditional probability of the
Eix state

p, - U2lo1 o 7
VioVa1 Hiz Vs s1
_ Uggthp .- Uk k P —
= =
V1oV21 -+ Vi k-1
Hk ! (31)
A3 e gy 12n K *
Hk Vs,s-1 1+ H SR
s=1'S:S ZK =1
H _1Vs s-1
n i=012,...,n;k=0,12,...,n;i+k <n.
Hszlus—l,s
Ph=—r—h The problem solution is completed.
HS: Vs,s—1 The principal advantage of the proposed method of
N analyzing high-dimensional systems is to reduce the
.T.O s.earch for Po, we use the normalization solutions of initially complex problems to a sequence of
condition: significantly simpler ones. Herewith, the method
ensures an accurate solution of the problem. The further
Z - 1+Z S 1 Us-1.s Ry =1. studies direction: spreading the proposed approach for
k=0 = 1H Vs 1 the analysis of multi-threaded systems with thread
5= priorities, whose relative importance is estimated by the
Therefore pair-wise comparison method [14].
3 1 Conclusions
H _Us—1s 1. A method of analytical solution of the problem
1+Zk =1 of analyzing high-dimensional Markov systems has
H s=1/s,s-1 been proposed. The computational pattern of the method
Then implements the decomposition of the initial problem to
a set of significantly simpler problems, the analytical
H:_ Us_1s solution of which is possible.
Hk‘i 2. The principal advantage of the method is that
_Vs,s-1 the proposed technology can be established
= = k k=012...n (32) hiergrcﬁically. Herewigt]%/, the enlarged sets of states
1+ z H 1 1lg—g"s-1s Us—1s obtained following the first stage of the hierarchy can be
k= 11—[ v divided into sub-subsets once again, unless required by
s=1s:s71 their dimensionality.
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AHaJi3 6araTonoTO4YHMX MapKiBCbKUX CHCTEM
JI. T'. Packin, JI. B. Cyxomuus, JI. O. Caraiinaunwmii, P. O. Kopcyn

AHoTaunisi. Bimomi TexHomorii aHamizy MapKiBCHKHX CHCTEM BHKOPHCTOBYIOTH HOOpe MpAIIOI0YHMi MaTeMaTHIHHN
arapar, 10 CIIUPAEThCs Ha OOYHMCITIOBANIbLHY pealli3allilo OCHOBHOI MapKiBChKOi BIACTHUBOCTI. BHHHKaioui npy 1bOMy CHCTEMH
JHIHHAX anreOpaluHUX PiBHSIHB JIETKO BHUPINIYIOTHCS YHMCETIBbHO. PasoM 3 TuM, mpH BHpILIeHHI 6araTboX MPaKTHYHUX 3aBIaHb
L[LOTO YHCEIBHOTO PillIeHHs] HeA0CTaTHRO. Hanpukiaz, y 3ajaqax CTPYKTYpHOTO Ta MapaMeTPHYHOr0 CHHTE3y CUCTEM, a TAKOX Y
3aBJAHHAX YMOPaBIiHHA. Y I[HUX 3aBJAHHAX HEOOXIiHO OTPUMATH AHATITHYHI CIIBBIHOIICHHS, IO OMHCYIOTh 3aJICKHICTH
3Ha4eHb MMOBIPHOCTEH CTaHIB aHAII30BaHOI CHCTEMH 3 UYHCEIbHUMH 3HAa4eHHSAMH 11 mapaMerpiB. CKIAIHICTh aHAJTITHYHOTO
PO3B'sI3aHHS BIATOBITHUX CHCTEM JiHIHHHX anreOpaiuyHuX piBHSHb MIBHIKO 3pOCTa€ 31 30UIBHICHHSAM PO3MIPHOCTI CHCTEMH.
Came mneil (eHOMEH TPOSBIAETbCS OCOONMMBO JEMOHCTPATHBHO IIifi Yac aHaji3y O0araTolOTOKOBHX CHCTEM MacOBOTO
obciyroByBaHHS. BimmoBimHO 10 mBOro Mera poOOTH — po3poOka e(EeKTHBHOTO OOYMCIIIOBAIFHOTO METOAY OTPUMAaHHS
aQHATITHYHUX CITiBBiZHOLIEHD, SIKi 320€3MEeUyI0Th MOXKIINBICTh aHATI3y MapKiBCBKUX CHCTEM BHCOKOT PO3MIpHOCTI. Y poGOTi st
aHali3y TaKHUX CHUCTEM PO3POOJICHO NEKOMITO3MI[IMHMH METOX, 3aCHOBaHMI Ha ifel ()a30BOr0 YKpYHMHEHHS CTaHIB CHCTEMH.
3anporoHOBaHUIi Ta OOIPYHTOBAHMII METOJ| JO3BOJSAE OTPUMATH AHAJITHYHI CIHIBBIAHOIIECHHS U PO3PAaxyHKY PO3IOALTY
HMOBIpHOCTEH CTaHiB MapKiBCBKHX cucTeM. Meroa Moxe OyTH e(eKTHBHO 3aCTOCOBAHW AJIs BUPIIICHHS 3aBIaHb aHANII3y Ta
YIPaBIiHHS B MAPKiBCHKUX CHCTEMaX BUCOKOI po3MipHOCTi. Po3risiHyTO mpukima.

Knw4oBi caoBa: 0araTomoTokoBi cucTeMH OOCITyrOBYBaHHS; BHCOKa pPO3MIPHICTh, IEKOMIO3ULIHHUII MeTon
YKPYITHEHHS CTaHiB.

AHAJIN3 MHOT'OIMIOTOKOBBIX MAPKOBCKHUX CUCTEM
JI. T'. Packun, JI. B. Cyxommun, [I. O. Caraiinaunsiii, P. O. Kopcyn

AHHOTamus. lI3BecTHBle TEXHOJOTMHM aHaIM3a MApKOBCKHX CHCTEM HCIOJB3YIOT XOPOIIO  pPabOTaIOIIHiA
MaTeMaTHIeCKHH ammapar, ONHPAIOIIUICS Ha BBIYUCIUTENBHYIO PEaM3aIl[Mi0 OCHOBOIOJATAIONIETO MapKOBCKOTO CBOWCTBA.
Bo3Hnkaromue npy 3TOM CHCTEMBI JIMHEHHBIX anreOpanvecKuX ypaBHEHHUH JIETKO pEIIaloTcs YHCIeHHO. Bmecte ¢ Tem, mpu
pelIeHrr 0YeHb MHOTUX MPAKTHYECKUX 33134 9TOTO YHCICHHOTO PelIeHus HelocTaTouHo. Hanpumep, B 3aja4ax CTPYKTYPHOTO
U TIapaMeTPUUECKOro CHHTE3a CHCTEM, a TaKoKe B 3aJayax ymnpasieHUsA. B 3Tux 3a7adyax HE0OXOIUMO MOIYYUTh aHATUTUYECKHUE
COOTHOILICHUS, ONHMCHIBAIOIINE 3aBUCHMOCTH 3HAUCHUH BEPOSITHOCTEH COCTOSHHH aHAIN3UPYEeMOW CHUCTEMBI C YHCICHHBIMH
3HaueHUsIMU e€ mapameTpoB. CIIOKHOCTh aHATUTHYECKOTO PEIICHHS COOTBETCTBYIOLIMX CHCTEM JIMHEHHBIX anreOpandecKux
YpaBHEHHI OBICTPO pPacTeT C yBENMUCHHEM pa3MEPHOCTH CHUCTEMEL. VIMEHHO 3TOT ()eHOMEH IpOSBISIETCS B OCOOCHHOCTH
JIEMOHCTPATHBHO TIPH aHAIN3¢ MHOTOIOTOKOBBIX CHCTEM MAacCOBOTO OOCIYKHBaHHA. B COOTBETCTBHM C 3THM Iielb pabOTHI —
pa3paboTka >(P(EKTHBHOrO BEMHCIUTEIHFHOTO METOAA TONYYEeHHsS aHATNTUYECKUX COOTHOIICHHH, 00ecrednBaromux
BO3MOXKHOCTh aHaIM3a MAapKOBCKHX CHCTEM BBEICOKOHM pa3sMepHOCTH. B pabore [ aHanmm3a TakWX CHCTEM pa3paboTaH
JCKOMIO3UIIMOHHEIH METOJ, OCHOBAaHHBI Ha wmaee (a3oBOro YKPYNHEHUS COCTOSIHHUM CHCTEeMBL. IIpe/utoKeHHBIH WH
00OCHOBAaHHBI METOJ MO3BOJSIET MONYYUTh AHATUTUUECKHE COOTHOIICHHUS [N pacdyeTa paclpeseNieHHs BEepOsITHOCTEH
COCTOSTHUI MAapKOBCKHMX CHCTEM. MeToa MoeT ObITh 3()(EKTHBHO NMPUMEHEH JUI PELICHUs 33a1ad aHajlu3a U YNPaBICHUS B
MapKOBCKHMX CHCTEMax BBICOKOH pasmMepHocTU. PaccMoTpeH npumep.

KnodyeBble ca10Ba: MHOTONIOTOKOBBIE CHCTEMBI OOCITY)KMBAHHMSI; BBICOKasl pa3MEPHOCTh; AEKOMIIO3UIUOHHBIN METOJ
YKPYIHEHHSI COCTOSTHUM.
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LenTpanbHOYKpaiHCHKUI HaLlIOHATBHUHM TEXHIYHUH yHiBepcuTeT, KponuBHUIIbKMMA, Y KpaiHa

XMAPHA CUCTEMA MIATPUMKHA MPUHHATTSA PIIIEHb TEXHOJIOT'TYHOI'O
MMPOLECY BIJHOBJIEHHS IOBEPXOHb KOHCTPYKUIM I JETAJTEU MAIINH

AnoTtanisi. O0’€KTOM HOCTIMKEHHS € MPOLEC IATPUMKI NPUHHATTS pillleHb TeXHonorigHoro npouecy. IIpeamerom
JOCTiTKEeHHSI € CHCTeMa MiATPUMKH IPUHHSTTS PillleHb TEXHOJIOTIYHOTO TIPOLIECY BiTHOBJIICHHS ITOBEPXOHb KOHCTPYKIIIH i
JieTanel MalvH y BUTJISII XMapHOTro cepBicy. MeTa poGoTH mossirae B po3poOIli CHCTEMH MiATPHUMKH IPHAHATTS PillleHb
TEXHOJIOTYHOr0 MPOLIECY BiIHOBJICHHS MOBEPXOHb KOHCTPYKIIiH 1 JeTaneil MallliH y BUTJIAAI XMapHOT'O CEpBICy, 110 J103BO-
JIMTH y TIOAAJIBIIOMY ONTHUMi3yBaTH BUCOKOTEXHOJIOTIYHI IIPOLECH MiIPUEMCTB PI3HOI0 MaciTaly 3 BUKOPUCTAHHSA XMap-
HUX 1HOpPMaifHUX TEXHOIOTIH. ¥ pe3yabTaTi XOCTiIKEeHHs IIPOaHali30BaHO TPYIHOIII aBTOMAaTH3aLlii IPOSKTYBaHHS
TEXHOJIOT{YHHX TIPOLECiB, TIOB'A3aHi TOJIOBHUM YHHOM 3 THM, 1[0 3aBJIaHHS NPOCKTYBAaHHS TEXHOJIOTTYHUX MPOLIECIB HE Ma-
I0Tb B JJaHMi1 yac popManbHUX METO/IB BUpilIeHHs. ToMy Juisl 3/IIHICHEHHS! TEXHOJIOTYHOrO MPOEKTYBAHHS MIPOBEJECHO PO3-
pobKy dopmarizanii TexHomorii (ado ii yacTuHM), TOOTO MPOBEIEHO 3aMiHy (IIEpEeTBOPEHHST) 3MICTOBHHX ITPOIO3UIIH MaTe-
MaTHYHUM araparoM. B pesymprati manoi ¢opmaiizamii 3ampornoHoBaHo cxeMy pyxy iHdopmarii B mporeci ornrumizarii
TEXHOJIOT{YHOT0 MPOIIECy. PO3pOOIEHO MOJIEIb peai3allii CTPYKTYpH TEXHOJIOIYHOr0 MPOIIeCy, Ul IKOI BU3HAYE€HO OCHO-
BHI BXI1JTHI ITapaMeTpH: Iepellik mapaMeTpiB, sKi BIVIMBAIOTh Ha Tpomec. Takoxk Oyia 3aIpoloHOBaHa CTPYKTYpa eKCIHEePTHOT
CHUCTEMH TSI ONITHUMI3aIlii TEXHOJIIOTTYHUX TIPOIIECiB, MPOAHATI30BaHI METOM MPEICTABICHHS 3HaHb Ta BiJIOBIIHO pO3pO0-
JIEHO CXeMY TOTOKIB iH(opMarii mij yac peasnizamnii aHOI eKcriepTHOI cucTeMH. Ha oCHOBI pO3IIISTHYTHX Ta PO3poOIeHIX
METOJIiB Ta MEXaHI3MiB, SIKi BAKOPHCTOBYIOTH JUISl PO3POOKH TEXHOJIOTIYHHUX MPOIIECIB PO3POOICHO CTPYKTYpPY iH(OpMAaITii-
HOI XMapHOi CUCTEeMH MiATPUMKH MPUHHATTS PillleHb [Tl aBTOMATH3alil CTBOPSHHS ONTHMI30BaHUX TEXHOJIOTTYHUX TPOIIe-
ciB. 3a JJOOMOr 00 BUKOPUCTaHHS PO3pOOIEHUX METO/IIB Ta MOJieIel, B pe3ylbTaTi IPOBEAEHHS IIPOLIECy ONTUMI3aLlii Tex-
HOJIOTIYHOT'O MPOLIECy 3a JOIMYCTUMUMH €BPUCTHYHUMH IIPABUJIAM, BIAJIOCS OTPUMATH MHOMKHHY JIAHIFOTiB OKPEMO OINTH-
Mi30BaHHX TEXHOJOTIYHHX MPOLIECIB, 3 SKOI MPOBOJAUTHCS OaraTOKpUTepiabHiil BifOip, 110 BiJNOBiIa€ OCTaBIEHUM BUMO-
ram ontuMizaii. Kopucrysau crcreMu Mo)ke OTpUMYBATH Y BiJIIIOBIJIb SIK 1 OZHY KapTKy TEXHOJIOTIYHOT'O IPOLIECy, TaK i JeKi-
JbKa Haiikpamux. BucnoBku. Po3poOneHi nizxoan onrumizanii TEXHONONYHMX IMpoLeciB OyiIM 3aCTOCOBaHI 10 BUPILICHHS
3aj1a4i onTMMi3anii TEXHOIOTYHOTrO MPOIIECY eNeKTPoayroBoi 00podku. CriouaTky npoBeieHo GopMartizalito TEXHOIOTTHHOro
Tporiecy eNeKkTpoxyroBoi 00pobkw. ITicis 1poro, mposeeHO (OpMyBaHHS EBPUCTHYHNX NPABHII Ta 0a3H 3HAHb CTPYKTYPH Te-
XHOJIOTIYHOr'O TPOLECY EEKTPOYTOBOr0 HAIIWJICHHS Ta BI/OBIIHO PO3POOJICHO CTPYKTYpH 0a3u 3HaHb JAHOrO TEXHOIOI 4-

HOT0 TIPOLIeCy Ta JiarpaMa BUKOPHCTaHH: po3po0ieHoi iHGopMaLiifHOT CHCTEMH y BUTIISIL XMapHOTO CEpBICY.

KawuoBi cioBa: cucrema maTpUMKU NPUAHSTTS PillieHb; TEXHOIOT1UHI MPOLIECH; XMapHi CepBiCH.

Beryn

Cy4acHi BHCOKOTEXHOJIOTIYHI MiANPUEMCTBA MO-
XKYTb CSITATH JIyXKe BEUKUX PO3MIpIB, a 1 BIJIOBITHO Te-
XHOJIOT14YHI TPOIIECH, sIKi Ha HUX 3a0e3MeuylThCs, MO-
JKYTh MaTH Jy)Ke CKIIaJIHI po3rally’KeHi CTpykTypu. B 3a-
JISKHOCTI BiJl TUITy BUPOOHUIITBA, HAsIBHOI 1H(paCTpyK-
TypH, BUKOPUCTOBYBAaHUX METOJIB TOLIO KOMIUIEKCHUH
OITUC, peaizailis Ta MOHITOPHHT TEXHOIOTIYHUX MPOLie-
ciB MOXXe OyTH Iyke CKIAIHOI 3aJauero, s BHpi-
LIIEHHS SIKOT HEOOX1HO 3aCTOCOBYBATH PI3HOMAaHITHI Me-
TOAM JOCTIDKEHHS. 3Ba)Kaloud Ha 1€, MOXXHA BUIIUTUTH
Iy’K€ TIepCIEeKTUBHUHN HAIPSM OO0 ONTHMIi3allii BHUCO-
KOTEXHOJIOTIYHHX MPOIIECiB, a caMe BUKOPUCTAHHSI XMa-
pHEX 1HQOPMALIHHNX TEXHOJOrIN ISl onTUMI3allii BU-
POOHMYHUX TPOLECIB MiAIPUEMCTB PI3HOTO MAacHITa0y.
[IpoTte Bce OAHO 3aMHMIIAETHCS PsI HEBUPIIICHUX IPO-
OneM i Yac BUKOPUCTAHHS XMAapHUX TEXHOJOTIH IS
onTuMi3alii BUPOOHWYHX MPOIIECB, IO OB s13aHi i3 ¢o-
pMaltizamielo caMuX BHUPOOHHYHX IPOIECiB, BHOOPOM
METOJIB OITHMIi3allii, MOHITOPUHTOM BCiX TPOIIECIB, 3a-
XHMCTOM JaHHX 00 BUPOOHUYHUX IPOIIECIB TOIIO.

Tomy MeToI0 1aHOI po00OTH € PO3pOOKa MOJIETIi CH-
CTEeMH MiATPUMKHA TEXHOJOTIYHHUX IPOIECIB 3 BUKOPHC-
TaHHIM XMapHUX TEXHOJIOTIH.

J1s focATHEHHS TIOCTaBIICHOI METH B IaHiil poboTi
BHPINIyBaJ¥Ch TaKi 3a1ad4i:

1. ®opwmamizatis y3araapbHEHOI IIPOOIIEMH i ATPH-
MKH TEXHOJOT19HHX IPOIIECIB.

2. YjockoHalleHHs MOJeli peaiizalii CTpyKTypH
TEXHOJIOTIYHOTO MPOIIECy.

3. YjmockoHalleHHsI CTPYKTYpHOI Mozieni indopma-
[iIfHOI XMapHOi CHCTEMHU MiJTPUMKH TEXHOJOTTYHUX
MPOLIECIB.

4. TloOymoBa CTPYKTYPHOI XMapHOI CUCTEMH ITiJIT-
PUMKHU TPUUAHSTTS PillieHb TEXHOJOTIYHOIO TPOIIECy Ta
il IpUKIIaJHE 3aCTOCYBaHHS.

AHaJi3 ocTaHHIX gocjaimxeHb i myoaikaniii. Cy-
YacHI BUCOKOTEXHOJIOTIYHI IMiJIIPHEMCTBA MOXYTh Csi-
raTu Jy)Ke BEIMKUX PO3MIpIB, U BiJIIOBIIHO TEXHOJIOTI-
YHI TPOIIECH, SIKI Ha HUX 320€3MeUYIOThCS, MOXKYTh MaTH
IyKe CKIamHi posranyxeni crpykrypu [1, 2, 7, 10, 16].
B 3anexHOCTI BiJl THITy BUPOOHHIITBA, HASBHOI iH(pa-
CTPYKTYpH, BUKOPUCTOBYBAaHUX METOIIB TOLIO KOMILIE-
KCHUI OmHc, peani3amis Ta MOHITOPHHT TE€XHOJIOTIYHUX
MPOIIECiB MOXKE OYTH TyKe CKIIaJHO0 3a7a4er0, I BU-
pimeHHs sKOi HEeoOXiOHO 3aCTOCOBYBATH Pi3HOMAaHITHI
METOIM IOCHIHKEHHSI. 3Ba)kKaroud Ha I, MOXKHA BHIII-
JUTH TyXX€ MEePCIEeKTUBHUA HANPSAM IIOAO ONTHMi3arlii
BHCOKOTEXHOJIOT1YHHUX TPOIECIB, & CaMe BUKOPHCTAHHS
XMapHUX 1H(QOpMAIIHUX TEXHONOTIH IS ONTHMI3arii
BUPOOHUYHX TIPOIIECIB MiIIPHUEMCTB Pi3HOTO MacIITady.
[Ipote Bce OAHO 3aNMIIAETHCS PsJ HEBUPIIICHUX MPO-
OmeM i 9ac BUKOPHUCTAHHS XMapHUX TEXHOJOTIH IS
oInTUMi3alii BHPOOHWYHX MIPOIIECB, IO OB’ sA3aHi i3 ¢o-
pMarizamiero caMux BHUPOOHHYHMX IIPOIECiB, BHOOPOM
METOMIiB ONTHUMIi3allil, MOHITOPHHTOM BCiX TIPOIIECIB,
3aXUCTOM JAaHWX MIONO BUPOOHWYHX IPOIECIiB TOIIO. Y
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poborax [1, 6] po3risiHYTO XMapHy aBTOMaTH30BaHy CH-
CTeMy IHTEJEeKTYaJlbHOI MiATPUMKU MPUHHATTS pillIeHb
JUTSl TEXHOJIOTIYHHX ITPOIIECiB, Ta BU3HAYEHO 00IacTh 3a-
CTOCYBaHHS Takux cucteM. Poboru [2, 7, 12, 14, 16] 06-
IPYHTOBYIOTh 3aCTOCYBaHHS CHCTEM MIATPUMKH IIpUHi-
HATTS pillIeHb JUIS peajti3amlii TeXHOIOTiYHUX MPOLECIB.
BukopucranHns y 3a7a4ax JaHOTO KJlacy eKCIIEPTHHX CH-
cTeM o0rpyHTOBaHO y poborax [3, 5, 15, 16]. Omuc Tex-
HOJIOTIYHUX OIepaliif Uil Pi3HUX TEXHOJOTTYHHX IIPO-
HeciB HaBeleHO y pobotax [4, 7, 10, 13]. dopmysanHs
6a3 naHux Ta 0a3 3HaHb VIS BiIIOBIIHIX CUCTEM O0IpY-
HTOBaHi y pobotax [5, 8].

TakuM YMHOM TIPOBENEHWH aHaNi3 MiATBEPIKYE
HEOoOXiTHICTh PO3POOKH CHCTEMH MiATPUMKHU TIPHAHSTTSI
pillIeHb TEXHOJIOTIYHOIO IMPOLECY Yy BUIIISALAI XMapHOTO
CepBicy, sl IPAKTUYHOT'O 3aCTOCYBaHHSI Y PO3pO0ITIOBa-
JIBHUAX Y MOZANBUIOMY CHCTEMax aBTOMAaTH3allil Mpolie-
ciB ()OpMyBaHHS Ta BiJJHOBJICHHS JICTaJICH.

Meta po6oTH: nonsrae B po3poOIli CUCTEMH MiAT-
PUMKH IIPUAHATTSA pillIeHb TEXHOJIOTIYHOT O IPOIECY BiJl-
HOBJICHHSI TIOBEPXOHb KOHCTPYKIH 1 JeTanell MalmH y
BHIJIAZI XMapHOTO CEPBICY, IO JO3BOJHUTH Y TOIAJb-
IIOMY ONTHUMi3yBaTH BUCOKOTEXHOJIOTIYHI IPOLECH IiJ-
NPUEMCTB PI3HOrO MaciiTady 3 BUKOPUCTAHHS XMapHUX
iH(pOpMAaIITHUX TEXHOJIOTIH.

@opMmajizanisa npodjaeMu NiATPUMKH
TEXHOJIOTIYHHU X MPoIleciB

VY mporieci aBTOMaTH3aIlii MPOSKTYBAHHS TEXHOJIO-
TiYHHX TPOLECIB BiIOYBa€ThCs epepoOKa BEIHKUX 00-
cariB  iHdopmanii. EdexTuBHICTH mpolecy MpoeKTy-
BaHHs 0araTo B 4OMY 3aJISKHUTh BiJl PalliOHAILHOTO I10-
JaHHS BUXIIHOI iHQoOpMallii, i B Hepiy 4epry 3 TOUKH
30py 11 moBHOTH 1 HaxMmipHOcTi. BuxigHy iHdopmariiro
JUIsl TIPOCKTYBaHHS TEXHOJIOTTYHHX MPOLECIB MOAIICHO
Ha 0a30BY, KepiBHY i 10BiKoBY. ba3zoBa indopmartist ajist
MIPOCKTYBAHHS TEXHOJIOTTYHHX TPOLIECIB BKIIIOYAE:

— JIaHi, 1I0 MICTAThCS B KOHCTPYKTOPCHKHH JIOKY-
MeHTallii Ha BUpIO;

— IpOrpamy BUITYCKY, BU3HAYAI09y THUIT BUPOOHHILITBA;

— BIJIOMOCTI MPO HAasIBHICTh TEXHOJOTIYHOI'0 OCHa-
LIEHHS, BUPOOHUYMX IUIOMIAX 1 T.M. (PU MPOEKTYBaHHI
TEXHOJIOTIYHUX TPOLECIB IS IIF0YMX 3aBOJIB 1 1IEXiB).

KepiBHa iH(opMallis BKIIIOYAE JaHi, sIKi MiCTIThCS
B TaKUX JDKEpenax:

— BIATIOBIIHUX TaTy3eBUX CTAHAAPTaX 1 CTaHAApPTAX
I IPHIEMCTBA Ha TEXHOJIOT19HI MIPOIECH, METOIU YIIPaB-
JIIHHA HUMH, TEXHOJIOTiYHE OCHAIeHHS (00JagHaHHS,
MIPUCTOCYBAHHS Ta iH.);

— IOKyMEHTalii Ha MEepCIeKTUBHI TEXHOIOTiuHI
TIPOLIECH;

— BUPOOHUYUX IHCTPYKITiSIX.

HoBinkoBa iH(opMallisi BKIIOYAE [aHi, SIKI Mic-
TATHCS B!

— JOKyMEHTalii Ha Jif04i THIIOBI TEXHOJOTidHI
TIPOIIECH IO TAaHOMY BHIY 00pOOKH;

— OIUCax MPOTPECUBHUX METOJIB 00pOOKH;

— KaTajorax, HOMEHKJIATypHHX JOBIJHHKaxX Mpo-
TPECHBHOTO TEXHOJIOTIYHOTO 00JIaTHAHHS | OCHACTKH;

— Marepianax moao BUOOPY TEXHOIOTIYHUX HOpMa-
TUBIB (pEXUMiB OOPOOKH, IPUITYCKIB, HOPM BUTPATH Ma-
TepiamiB i iH.);

— TUTaHaX TIiIBUIICHHS TEXHIYHOTO PiBHSI BUPOOHU-
UTBA;

— METOJJMYHHX MaTepianax Mo KepiBHULTBY po3pa-
XYHKaMH{ TOYHOCTI TIPOIECIB 0OPOOKH;

— Marepiajiax 1 TpyZoBHX HOpMaTHBax (B TOMY 4H-
CJIi MaIMHOOYTIIBHUH 1 TaITy3€BUX HOPMATUBAX Yacy JUIs
HOpPMYBaHHS TEXHOJIOTIYHOI TPYJOMICTKOCTI, TapugpHO-
KBaipiKaliitHUX JOBITHUKAX TOIIO).

TpynHoIi aBTOMAaTH3aMiT TPOSKTYBAHHS TEXHOJO-
riuanx npoueciB (ITTII) moB's3aHi rOJIOBHUM YHHOM 3
TiM, 110 3aBaanHs [1TI] He MaroTh B maHWit yac Gopma-
JBHHUX METOMIB BHUpilleHHs. Tak, 3aBnaHHs BHOOPY Map-
HMIPYTHOT'O TEXHOJIOTIYHOTO MPOLECY MpH ii OMHCOBOMY
BUKIAMI HE MICTHTh JaHHX MPO METOJM MPOSKTYBaHHS
MPOLECIB BUTOTOBJICHHS CKIIQJIHUX JIeTasek, sIKi MOTJIH O
OyTH Ipe/cTaBIIeHI MaTEMaTHYHUMH OIepallisiMu, peajri-
30BaHMMH Y BUIIISAI TIpOrpaMHoro 3adesnedeHHs. Kpim
TOro, BHOIp MOCTIIOBHOCTI Miii 1 3aC00IB I BUTOTOB-
JICHHS IeTalli He MOXe OyTH BUBEJCHHH MaTeMaTHYHUM
YHHOM Ha OCHOBI BUXIJHHUX JaHUX.

Jlnst cygacHHX pO3pOOOK TEXHONOTTYHHUX MPOIECIB
XapaKkTepHO:

— BIICYTHICTB CTPOTHX aHAJITHYHUX 3aJISKHOCTEH;

— CKJIaJIHa JIOTiKa CY/KEeHb, CKJIQJHUH B3a€MO3B'SI-
30K 1 B3a€EMHHI BIUIUB OKPEMHUX 3aBIaHb;

— HasIBHICTb BEIMYE3HUX 1H(OPMAIIITHUX TTOTOKIB 1
BEJIMKOI KUTLKOCTI CKJIAJIOBUX €JICMEHTIB TEXHOJIOTI1 (Be-
pcraTH, NMPUCTOCYBAHHS, IHCTPYMEHT, PEXUMHU 00pOOKH
iim.).

[Mporiec «py4HOr0» MPOSKTYBAHHS TEXHOJOTIYHHX
MPOLIECIB € MOCITIIOBHICTIO JIiii, 32 TOMIOMOTOI0 SIKHX 1HXe-
Hep-TEXHOJIOT BUPOOJIsie BUOIp €JIEMEHTIB 3 PO3TIISIHYTHX
MAacCHBIB Pi3HUX TEXHOJIOTTYHUX MPEMETIB, BCTAHOBIIOE
MDK HUMH BiJIIIOBIZTHOCTI, )OPMYIOUH TEPEXOAN 1 TEXHO-
JorivHi oneparii. Bubip ontumansHOro mnpoiecy npoBo-
JIUTHCS TEXHOJIOIOM IILISIXOM TOPIBHSHHS BapiaHTiB Mpo-
[ECIB ITPY BBE/ICHHI OLIIHOK Ha €JIEMEHTH, HOr0 CKIIaI0BI.

Pimenns Oyp-sKo01 3a/1a4i 32 IOIOMOT'OF0 KOMIT' O~
TEpHOI TEXHIKM BUMara€e HassBHOCTI aHAITUYHUX a00 iH-
IIMX BU/IB 3aJISKHOCTEMH, 1110 BiI0OPAXKAIOTh KUTBKICHUH,
a He SKICHMI OiK Mpolecy MpoeKTyBaHHs. Tomy Juist
3/IIHCHEHHS] TEXHOJIOTIYHOTO MPOEKTYBAHHS HEOOXIIHO
npoBecTH (opmanizaiito TexHonorii (abo il yacTuHM),
TOOTO TPOBECTH 3aMiHy (NIEPETBOPEHHS) 3MIiCTOBHHX
NPOMO3MLII MATEeMaTHYHIM aIlapaToM.

Mertoro dopmarizarii € 3a0e3reueHAST MOKIABOCTI
CTBOPEHHS YHIBEPCAJIbHHUX AJITOPUTMIB 1 IPOTrpam IIoa0
MOYATKOBHUX 1 KIHIIEBUX YMOB, TOOTO 110710 ()OPMH 1 po-
3MipiB JleTajied, XxapakTepy BHPOOHHIITBA, XapaKTEepHC-
THUK YCTATKyBaHHS 1 OCHAIICHHS, MPOSKTYBaHHI Pi3HUX
TEXHOJIOT1YHUX TPOLECIB I AeTalell pi3HUX KJaciB i
Oynmb-sKOi CKIIQJHOCTI.

®dopmamizaliisi 3aBJaHHS MEPETBOPIOE TMPOIEC TeX-
HOJIOTTYHOTO TIPOSKTYBAHHS 3 TIPOIIECy MipKyBaHb 1 T00y-
JIOBH aHAJOTI B TPOIlEC CYBOPOro po3paxyHKy. [lpm
IpoMY (hopMa TTOOYIOBH TEXHOIOTIYHOTO TIPOIIeCy i Horo
CKJIAJIOBUX €JIEMEHTIB MOXke OyTH BHpa)keHa 3a JOMOMO-
TOIO arapaTy MaTeMaTHIHOI JIOT1KH, 3MiCT TEXHOJIOTI9HUX
NPOIIECIB, II0 XapaKTEPU3YETHCS PSIAOM BIACTHUBOCTEH
00'€KTIB TEXHOJIOT11, OITMCAHO 3ac00aMHU TEOPii MHOXWH, a
SIKICHI CITiBBiJTHOIIICHHS TIPEICTABICH] KiTbKiICHUMHU 3ajie-
JKHOCTSIMH 32 JIOTIOMOT'OFO JIOT1YHUX (DyHKITIH.
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Hpunnunu popmanizaunii 3apranHs BUOOPY

[IpoexTyBaHHS i ONTUMI3allisl TEXHOIOTTYHHUX TIPO-
LIeciB € CKJIaJHAM 3aBJIaHHSIM, OCKUIBKM BIMarae Bpaxy-
BaHHS BEJIMKOI KUIBKOCTI (paKkTOpiB, IO BIUTMBAIOTH HA
pe3ynbTaTy mporecy. Bemuike uncio Gpaxkropis He 03BO-
JISi€ OTPUMATH CTPOTi (DYHKI[IOHAJIBHI 3aJI€KHOCTI JUIS
BHOOPY METOAY 1 pO3PaXyHKY ONTUMAIBHUX TEXHOJOT-
yHUX mapamMeTpiB. [le 3aBmaHHS MOXXe OyTH BHPIIICHO
JIBOMa [UISIXaMH.

[Nepmmii mUIIX — 3aCTOCYBaHHS THITIOBHX TEXHOJIO-
riuyHMX pinieHs. Ha npaxruii, 3 MeToro 3a0e3rneueHHs BU-
00py MeTony 00pOOKH KOPUCTYIOTHCS MEPETiKOM METO-
JiB, 3aCTOCOBYBaHUX JUIsl 0OPOOKH THITOBHX MOBEPXOHB
a0 TunoBux aeraneil. [Ipu 11boMy 3BYKY€EThCS KUTBKICTh
Ipyn pPO3MIISTHYTHX METOIB, ajie HeoOXiJHa Mozajblla
KOHKpETHU3allisi KPUTEPIiB Ul MOJAJBIIOr0 3BY)KEHHS
KoJia 00'€KTiB BHOODY.

Jpyruii nnisix — CTBOpEHHsI aBTOMaTH30BaHOro 0Oa-
HKY METOJIIB ONTHMIi3alil AJIsl MOUIYKY i BUOOPY 3 BHKO-
puctaHHsIM nudpoBux TexHonorii. [lig Takum GaHKOM
MAaIOThCsl Ha yBa3i BCi HUQPOBI 0a3M JaHUX — BiIOMI Me-
TOJIM ONTUMI3allii TEXHOJIOTTYHHX TMPOIIECIB 3 Mepepaxy-
BaHHSIM X TEXHOJIOTIYHUX ITapaMeTpiB i TAKOXK CTaHIap-
THI POrpamH, 1110 JIONMYCKAalOTh OHOBJICHHS 1 HEOOXIAHY
00poOKy HasiBHOI iH(popMaIlii.

O0uik po3citoBanHs
KOHCTPYKTOPCHKO-TEXHOJIOTIYHUX MapaMeTpiB

Ha npaxruiii 3a3Buuaii Ha HaiO1TbII BaXKIIMBI Mapa-
METPH BCTAHOBJIIOETHCSI HOMIHAJ B CEPE/IMHI MOJIsI AOITY-
CKy. AJie 1e IHTYITUBHE PILLICHHS € anpiopHO ONTUMAIb-
HMM JIMLIE B TOMY BEJIbMH OKPEMOMY BHUIIAJIKY, KON Of-
HOYaCHO Mae€ MicLe:

a) cUMeTpUYHUI (10 BIIHOIIEHHIO JI0 HOMIHAIY)
3aKOH PO3MOJIITY BiIXWJICHb TApaMeTpa;

0) oqHaKoBa (CUMETPUYHA 110 BiHOIICHHIO JIO LICH-
TPy JONYCKY) LliHa MPUIAATHOI MPOAYKIIi i 0JJHAKOBA Ba-
PTICTh MIPOIYKIIiT, [0 BUXOAUTH 332 MEXI JJOMYCKY.

[IpakTH4HO, B Iy)X€ BENHMKIH KUIBKOCTI peabHUX
BUIAJIKIB Ma€ Miclle HECUMETPUYHUI PO3MOJIUT LIHU pe-
3yabTaTy. Y BCIX IMX BUIAJKAX MiLIATAE JOCHTIPKEHHIO
MTUTAHHS PO JOLUTBHICTH 3MILIEHHS HOMIHATY HIOJO0 Ce-
PEeIUHU JIOMYCKY, TOOTO 3MIllleHHI, 110 CTBOPIOE Hai0i-
JIbIIIE MaTEMATUYHE CIIOIBAHHS LIHU pe3yabTaTy. Meron
oNTUMyYMY HOMiHamy [9] mo3Bomnsie mist OyIab-IKOTo BimO-
MOT0 3aKOHY PO3MOALTY BiAXIICHB 1 33JaHOTO PO3MOALTY
LiH pe3yIbTaTy BU3HAYNTH TaKe 3MIIICHHS HOMiHATY BiJl
CepefrHN TIOJIS JOIMYCKY, SKE Ia€ HAMOUIbIIe 3HAYCHHS
MaTEeMaTHIHOTO OYiKYBaHHS IIHH Pe3yIbTaTy — HalOi-
JIBIITY iHTErpabHy criokuBYy edexrusricts Ui(X).

CyKyIHICTh YCIX METOiB, BUKOPHCTOBYBaHHX IS
TEXHOJIOTIYHUX IPOIECiB, BUPOOHHUOI0 CHCTEMOIO P,
MOXYTh OyTH BUKOpPHUCTaHI Al 00'e€KTiB 00poOkm A.
Sxmio 00'eKT A pO3TIAAAETHCA SIK HECTPYKTYPOBaHHI, TO
#ioro Momenb BKiItogae B cebe Oesmia F(A) KoHTypiB (He-
00XiTHMX BIIACTHBOCTEH) 1 HAOip BiMHOCHH MiXX HHMH,
OI0  ONHUCYIOTbCS ~ OyNeBOi ~ MaTpUIer0  KOHTY-
pie [A x F(A)] o6pobimoBanoro o6'ekra [12].

[Ipu MonenroBaHHI BIDIHBY cricTeMH P Ha 00'eKT A
MaTeMaTHYHa MOJIeNIb CHCTEMH P Ha3MBa€THCS MOJCILITIO
BUPOOHUYOTO CEpeZoBHIIA (CHCTEMH), IO BKIIOYA€E B

cebe 6e3miu F(P) xouTypiB (BractuBocTeit), 1110 gocsra-
IOTBCSI CUCTEMOI0, 1 HAOOpOM BiTHOCHH MiXX HUMH, TIpe/I-
CTaBJICHUX OyJIEBOIO MaTpHIE KoHTYpiB [P x F(P)]
€JIEMEHTIB CHCTeMH 1 OyneBoro matpuieto [P x P] B3ae-
MO3B'si3Ky eneMeHTiB P. Jlns 3mifiCHEHHS TEXHOJOTiY-
HOTro mporecy 00'ekTa A 3i ckiagoM koHTypiB F(A) B cu-
creMi P HeoOXiaHO, 11100:

F(A) = F(P) @
a00 Ha JIOTIYHOMY PiBHI OIHCY:
F(A)=F(P)"F(A). )

Mopnenb BUpOOHHYOro Cepe/IOBUINA y BHUIIISIL aB-
TOMaTH30BaHOTO OaHKY 3HaHb 1 0aHKY JaHUX METOJIB
MO)KHA BUKOPHCTOBYBATH [UTSl BUPILIIEHHS Pi3HUX 3a/1a4,
B TOMY YHCIIi JJIsl BUPILLIEHHS MIPSIMOI 1 3BOPOTHIN 3a1a4i
TEXHOJIOTIYHOTO IPOEKTYBaHHSI.

I[Tpwm BupinIeHHI MpsMOi 3aJa4l Ha BXiJl MOJEINI Ha-
JIXOIIATH JIaHi M0 KOHTypax (HeoOXiHi BIaCTUBOCTI) 00'-
ekta 00poOku F(4i); Ha BHXOMI OTPUMYIOTh Habip KOH-
TypiB F(Pi) i enemeHTiB P; BUpOOHNYOI cHCTEMH, IO Oe-
PYTh y4acTh B 3a0e3ne4eHHi KOHTYpiB (HEOOXiAHUX BIIa-
CTUBOCTEHN) 00'ekTa Aj, Ipu IbOMY Oyze JOCATHYTUH TO-
BHH# cknan KOHTYpiB 060'exkta F(Ai)p < F(Pi). Oueu-
nuo, skimo F(Ai)p = F(Pi), To BUKOHYIOTBCS yMOBH
(1)1 (2), i 06'exT MOXe OyTH BUTOTOBIICHHUH B JaHii BH-
POOHMUIH CHCTEMI.

3BOPOTHE 3aBIAaHHA TEXHOJOIIYHOIO IPOEKTY-
BaHHs, 110 BUPILIYETHCS 32 JOMOMOrOI0 Ti€l X MOjeli
BUPOOHMYOI CUCTEMH; Ha BiIMiHY BiJ NPsAMOI 3a/1a4i T10-
Jsira€ B TOMY, 1110 BXO/IOM € Ha0ip Pj exemeHTiB BUpoO-
HHYOI CHCTEMH, a BUXOJOM — ckiiaj Koutypis F(Pj), o
XapaKTepU3yloTh KOHTYPH BCIX MOXJIMBUX O0'€KTIB A,
SIKi MOXKYTh OyTH pealli3oBaHi B 3aiaHiii BUpOOHUYIN CH-
cremi. Po3risiHyTi TeopetryHi miaxonu [13] cTBOpIOIOTH
MOXITUBICTB JUIsl PO3POOKH aNTOPUTMIB IHTEJICKTYaIbHOI
cucreMu ninTpumku npuitaarTa pimenns (CAIIP) npu
BHUOOpP1 METO/IIB ISl TEXHOJIOTIYHKX MPOIIECIB B IHTETPO-
Banux CAIIP. 3a 1onomMororw Mozys JIOTiYHOTO BUBE-
nennst (MJIB) 1 monynst npuitasatrs pimens (MIIP) npu
B3aemonii 3 CAIIP KI 3niiicHioeThcs BHOIp BUIY Ta Me-
ToAy Juisi 3a0e3nedeHHs BUPOOHUYMX IIPOILECIB, a MpH
B3aemonii 3 CAIIP TTI — BuOip, mpoekTyBaHHs Ta iH}O-
pmaru3ailis BApOOHHYMX rporieciB. [Ipu BupilieHHi 1ux
3aBgans MJIB BukopucroBye 0ank 3HaHb bH3H i GaHK
KOHCTPYKTOpChKO-TexHonoriuanx nannx baKT/. Dop-
MyBaHHS 0aHKY 3HaHB 31HCHIOETHCS eKCIIEpTaMH 32 J0-
moMororo 0510Ky dopmanizamii 3HaHb (bD3H).

TakuM 9MHOM IHTENEKTyallbHA CUCTEM IiATPUMKH
TMPUAHATTS PIIEHHS O3BOJSLE 3pOOUTH BUOIp METOTY
TEXHOJIOTIYHOTO TPOIIecy, 0 Mae HaMeHITy cobiBap-
TICTh PEXHUMIB POOOTH, IO JO3BOIAIOTH 3a0€3MEUUTH
HEOOXIiIHI ITapaMeTpH SKOCTi, a TOJIOBHE TA€ MOYKITUBICTh
BHPIIITYBATH MPAMI i 3BOPOTHI 3aBAAHHS TEXHOJIOT1IHOT'O
NIPOCKTYBAHHSI.

3arajbHa OCTAHOBKA 3a1a4i 3a0e31eYeHH s
npouecy OnTUMizauii TeXHOJIOTiYHUX
npoueciB BUPOOHMITBA

OnTrMizarisi TEXHOJIOTIYHHUX TIPOIECIB IOTIOMAarae
3poOWTH HaMOUTBII eeKTHBHUN BUOIp ONTHMAaIBLHOTO
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BapiaHTa B KOHKpeTHIH curyarmii. ['onmoBHUMHE 3aBnaH-
HSIMH PO3PaXyHKiB MPH [[bOMY BHCTYNAOTh HACTYIIHI:

1. Bubip onTuMansHOro KpUTEpiro.

2. BuzHaueHHs mapameTpa, SKuii Oyie BIUIMBATH Ha
pesynbratuBHicTb TII.

3. Po3pobOka F = F(X) B 3aJ1e)KHOCTI BiJ] iCHYIOUHX
YMOB Mozeni (HapHUKIIa, SKII0 BU3HAYAILHUM MTapaMe-
TPOM CTaja HalMeHIa co0iBapTiCTh, TO B JAHOMY BHIIa-
JIKY WiJIbOBOIO OyJe 3aJIeKHICTh BiJl HassBHHUX Mapamer-
piB).

4. [omyk onTHManbHOTO PillIeHHS 3 OOYHCIICHHSM
eKCTPEMYyMY, 3HaXO/DKEHHSM HaMOUIBII ITiAXOMASIIOro
JUTSl KOHKPETHOI CUTYaIlil TEXHOIOTIYHOTO TIPOIIECY.

[pu bomy, Bumu ontumizarii TTI (TeXHOTOrTYHIX
TMIPOLIECIiB) BKIIIOYAIOTh B ce0e MapaMeTpHyHi 1 CTPYKTY-
pHi poboui meronu. [lepmia rpyna — e 3MiHa HasBHUX
3HAYeHb MPH MEBHIl CTPYKTYpi, HAPUKIIAJ, PO3PAXYHOK
ONTHUMAJIBHOTO CKIIAly P&KUMY BUKOPHCTAHHS YCTATKY-
BaHH4. 11100 BupimmTH Taki 3aBaaHHs, HEOOXiJHO BHKO-
pHUCTaHHS HeliHiiHOrO a00 JNiHIHHONO MaTeMaTHYHOrO
MIporpamMyBaHHsI.

CTpyKTypHa ONTHMI3allisi OPOIECY MPOCKTYBAHHS
NIOB'sI3aHa 3 MiI00POM CTPYKTYPH, BOHA ITPAITIOE 32 TPHH-
[IUIIOM BUKITIOUYEHHS BapiaHTiB 32 PaXyHOK HaCTYITHOTO:

— BTPYYaHHS B yXKe 3/1iHCHEHE MPOEKTYBAHHS 3 Me-
TOIO TOITYKY HAWKPAIIOTro 1 pe3yJIbTaTHBHOTO PIllIeHHS 3
NIEBHOI TOYKHU 30DY 1 BiJINOBIIHO J10 33J]aHUX 3HAYEHB;

— yHi(ikaris oOpaHUX BapiaHTIB.

OnruMizalis mapaMmeTpiB Uil TEXHOJOTTYHOrO
NpolECy BUPINLIYE 3aBJIaHHsI BUOOPY METOMY, MPH SIKOMY
HaMeHII BUTPATH Ha OOYMCIICHHS AayTh OUIBIIUIA iH-
(dopmariitauii 06'eMoM TIPo HEOOXIIHMIT TpoILIEC.

[pouecu 3HAXOMATHCS B HPsIMiil 3alIeKHOCTI Bif
TOTrO, sIKi came MeToAu OyyTh 3aCTOCOBaHI B pOOOTI MpH
TMOLIYKY HAWOUIBII PE3YJIbTATUBHOI'O PIILICHHS sl KOH-
KpETHOI cuTyalii.

Onrumizariis Ui TEXHIYHAX MPOLECIB 3aCTOCOBY-
€TBCS U1l BUOOPY ONTHUMANIBHOTO BapiaHTY 3 HAsBHUX,
TOOTO (paKTHYHO BHKOHYETHCS IOLIYK EKCTPEMYMY IS
F(X) 3a momomoror BapitOBaHHS HAasBHHX MPOEKTHHX
(3amaHuX TMoTepeIHb0) 3HAUEHb IS X B MeXax HaCTYII-
Hol obmacti momymiennst: extr F(X), X € Dy, mpu npomy
BHKOPHCTOBYIOTHCSL HACTYIHI mapamerpu: F(X) — Buko-
pucroByBaHa ¢yHKIis; X — BekTop 3MiHHMX; Dy — momy-
ctuMa poboua obiacte X. Bubopom moxke OyTtu Haii-
MeHIIa co0iBapTiCTh, TOOTO HaWMeHI (iHAHCOBI BU-
TPaTH, MAaKCUMAaJbHO MOXIIMBA IPOJYKTHBHICTD NIPH 3a-
JaHUX YMOBaX 3 HAWMEHIIINM 9YacoM, HEOOXiTHWUM I
BUT'OTOBJIEHHS OHIET OIWHUILII.

Meroau ontuMi3artii TEXHOJIOTIYHUX MIPOIECIB MO-
KyTh BHUKOPHCTOBYBATH OAWH ab0 KiTbKa KPHUTEPIiB,
TOOTO MOKIIMBO 3aCTOCOBYBATH pi3HI MapameTpu, Oara-
TOKpUTEpianbHy onTHMi3aliio. [Ipu poMy CTBOPIOETHCS
OIIMH KOMIIPOMiCHHUI KPHUTEPiid, [0 BPaXOBYeE Ofpa3y Jie-
KiJIbKa BUOpAHUX MapaMeTpiB, TaK 3BaHUX Ej-TIOKAITBHIX
KputepiiB (E1, E2, E3,... Er). 1111 KOXXHOTO TaKOT0 KpHTE-
pit0 MOXKITUBE BUPIIICHHS 3aBJaHb ONTUMI3allii po3po-
OKM TEXHOJOTIYHHX IIPOIECIB, MICIS YOr0 MPOBOJUTHCS
OOYMCIIEHHSI eKCTPEMAaNIbHOTO 3HaueHHs s Ej (mpw i,
1o jopisHioe 1, 2, 3, ..., I).

PiBHAHHS BiIXWJICHHS U KPUTEPI0 MOXKIIUBO 3a-
MIHCATH TAKHM YHHOM:

Q=E-E=*.

OKpeMo [T KOXKHOTO 3 HUX CJTiJl OGYMCITUTH Baro-
Buii koedimient A;j(0<i;j <1 i D A;=1), mo He-

00X1HO 17151 BU3HAUEHHS BaJKJIMBOCTI ITapaMeTpa B paM-
KaxX TEXHOJOTiYHOro mporecy. s 3anucy kommpomic-
HOTO KpPUTEPII0 3aCTOCOBYETHCS aJUTHUBHA (DYHKIIs

Q= ZQiKi . TinbKy Mmicis 1bOTO BUPILTYETHCS ONTUMI-

3arlist mapaMerpiB mpouecy. /st BUpiIeHHS! MOXYTh 3a-
CTOCOBYBATHCS Pi3HI METOAM, BKIIOYAIOUH IMITaIlidHI,
aHaJITHYHI, KOMOIHOBaHi.

AHaANITHYHI METOIW ONTHMI3aIlii TEXHOJIOTIYHOTO
npolecy BUpOOHHIITBA MPUITYCKAIOTh 3aCTOCYBAHHS 3a-
c00iB MaTEMaTHYHOTO ITPOTPAMyBaHHSI.

ImiTamifiHa onTUMI3alis yIpaBIiHHSI TEXHOJIOTIY-
HUMH TIpollecaMH Tepeadadae poOOTy B peabHUX YMO-
BaXx, CTBOPEHHSI IMITallii{HOT MOJIeNTi, OCHOBA SIKOT J1a€ MO-
JKIIMBICTh BHOpaTH Havikpammii Bapiant TII. Ilpu omin-
KaX 3aCTOCOBYIOTBCSI CITOCOOHM BUKIIOUEHHS, BUOOPY Bi-
JIITOB1THOT MOJIEIIi, 1110 I03BOJISIE IOCSTTH 33JaHOT0 KPH-
Tepito. KomOiHOBaHmMii Merox mnepenbadae BHUKOPHC-
TaHHS OKPEMUX 3a3HaYeHUX NPUIOMIB, 00'€IHAHHS aHa-
JIITHYHOTO 1 IMITAL[iiHOr0 METO/IIB B OJIMH, IO JTO3BOISE
JOCATTH ONTHUMANBHOro pe3yibrary. Taxuii croci6 3a-
CTOCOBYETBCS IIPU TIEBHUX YMOBAX 1 HEOOXiJHOCTI OTpH-
MaHHs1 HalO1JIbII TOYHOTO PE3YIIbTATY.

B sikocTi mpuKIany po3IsSgacThes cXeMa pyxy iH-
¢dopmariii B mporieci ontuMizaiii TEXHOJOTIYHOTO HpO-
uecy. st 00paHOi cXeMu € JOLUIBHIM MPOBE/ICHHS OIl-
TUMI3allii JUIs JIAHIIOTIB TEXHOJOTIYHUX Omepaliii, 3 00-
paHHsSIM pe3ysbTary, 0 MaTHMe Kpalluil pe3yJabTaT 3ri-
JiHO Barosii (yHkuii. KoxkHa TexHooriyHa ornepattisi 1mo-

BUHHA BiJJOKPEMHTH TaKi BEKTOPH BENUYUH: X — KOHTPO-
JIbOBAHI BEIMYKMHHU MPOLIECY, A1 LHX BEIUYMH iCHYIOTh

OOMEKEHHS; Xmini < Xi < Xmaxi: V — BiIoMi ane He Ko-

HTPOJILOBAHI BEJIMYMHY Mpoliecy; Z — HEBIJIOMI Ta He KO-
HTPOIIbOBaHI BENUYMHY, R — BHITAAKOBI BEIHMYUHH, IO

BIUIMBAIOTH Ha mporiec; Y — IapamMeTpu, sKi JOCAraloThes
B TIPOILIECi TEXHOIOTTYHOT 00poOKu. J{ist BKkazaHUX Benu-
YHH TEXHOJIOTIYHOTO MPOLIECY € PIBHSHHS, 1€ ApaMeTpr

IpoLecy X e LIYKAHOIO BEIMYUHOIO:
\?:F(Y,\T,Zﬁ), ©)

OpHak [T TEXHOIOTIYHOT O TIPOIIECY, SKUH CKIIaga-
€TBCS 3 JIAHINIOTA TEXHOJIOTTYHMX OTepartii, piBHsHHS (3)
TIEPETBOPIOETHCS B CHCTEMY PiBHSHb:

% = R (X 2Ry,

Vi1 = Fk—l(xk—lvvk—ll Zy g, Rk—l)v

(4)

=R ZR)

JIe pe3yabTaTH MOMePEeaHbOI TEXHOJIOT19HOI OTepartii Mo-
KyTh OyTH 9acTKOBO abO IOBHICTIO BXOIWTH SIK TMapa-
METp HACTYITHOI TEXHOJIOTIYHOI oreparii, TOOTo:

X;iNY;_1 #0.
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Ha mpaxTwili HeBiToMi Ta BHUITAJKOBI TapaMeTpH HE
BpPaXOBYIOTh, 200 JIOITyCKAKOTh iX BUKOPUCTAHHS, SIK BU-
MaJIKOBI BENWYMHM. Y pasi HAsBHOCTI MEpeJiKy TaKHX
BHITAJIKOBUX MapaMeTpiB, BU3HAUYUTH MEXKi 3MiHH Kepo-
BAaHUX BEIUYMH 32 JOMOMOI'OI0 METOJIB a0 aHAITHY-
HOT'0 OIIiHIOBAHHS BiIXUIICHHS PE3YIIbTaTy, 800 BUKOPH-
CTaBIIM TOBHO (DaKTOPHHIA EKCIEPUMEHT, IPU 3MiHIO-

BaHHI JIMIIIE BEJIMYNH, SIKI BXOIITh 10 Z Ta R.

Mogean peanizamii cTpykTypH
TEXHOJIOTIYHOT0 MPOoLECY

CKIIaHICTh TEXHIYHHUX CUCTEM, 1[0 MOJICIIOIOThCS,
3HAYHOIO MipOIO 3aJISKHUTH BiJI PI3HOMAHITTS! HOMEHKJIa-
TypH 00’€KTIB BUMIPIOBaHHS, HassBHUX BUMIpPIOBAIBHHUX
MIPUJIaiB i CHCTEM Ta 0araTthox iHImmMX yMoB. [1pu oMy
3aB)K/I HAMAraroThCsl BUKOPUCTOBYBATH TaKi TEXHOJIOT-
YHI MPOIECH, 32 JOMOMOTOI0 IKUX MOYKHA JOCSTaTH Hail-
OLIBIIOT TPOJYKTHBHOCTI Npalli 3a HalMeHIIol cobiBap-
TOCTI Ta BUCOKOI SKOCTI MPOIYKIIi B YMOBax MEBHOTO
mianpuemcTea. JIo CHCTEMHOTO aHaITi3y BXOMAATD:

1. TlocraHoBKa 3ajadi, sika BKJIIOYAE BHU3HAUCHHSI
KIHIIEBUX IIJICH Ta MUTaHHS, II0 MOTPEOYIOTh BHPI-
IICHHS YMOB, B SIKMX (DyHKIIOHYE cUCTeMa, BU3HAYECHHS
OOMEXeHb, IO HAKJIAJaloThCAd Ha YMOBH (DYHKIIIOHY-
BaHHS CHCTEMH Ta iH.

2. Jlocnmi/pKeHHS: BU3HAUCHHS, aHaNi3 1 y3araib-
HCHHs JaHUX, HEOOXITHUX UIS PO3B’sI3aHHS 3ajadi, BU-
3HAYEHHsI CTPYKTYpHU cucTeMH (Ipo0iaeMu), 1o aHaizy-
€ThCs, YCTAHOBJICHHS! 3B’SI3KiB, BHSIBJICHHS METOJIB Ta
Ji¥ U1 pO3B’sI3aHHS 3a/1a4i.

3. AHauti3, 1110 OXOILTIOE TOOYIOBY Mojieneit, BUOip
KpHTEpiiB epeKTUBHOCTI X BUKOPUCTAHHS JUIsl Tiepeda-
YEeHHsI HACITIZIKIB TOT'O UM 1HILIOTO KypCy JiH, 3iCTaBIeHHS
PI3HUX BapiaHTIB PIllICHb L[O/0 LIUX HACHIKIB.

4. IlonepenHe CyMKEHHS 3BOAUTHCS 1O BUOOPY
HAMONTUMAJIBHIIINX IUISXIB JOCITHEHHS METH, GopMy-
JIIOBaHHS BUCHOBKIB Ta pPO3pOOJICHHS pEKOMEHAaIliit
LIOJI0 MOAABIINX il

5. EkcniepyiMeHTanbHa TepeBipka yXBaJeHHX pi-
LIIeHb, PE3YJIbTATIB aHAII3Y.

6. 3aKiIrouHe Cy/KEHHS — 3aKIIIOYHHIA BHOIp Haiiomn-
TUMAJBHIIIOTO BapiaHTa BUPIIICHHS 3aBJIAHHS HA TIiJIC-
TaBi EKCIIEPHUMEHTAIIHHOI TIEPEBIPKH PE3YJIbTATIB aHAITI3Y.

7. Peanizailisi yXBaJIeHOTO DIILlICHHS, 110 BKJIFOYAE
JIOBEIEHHSI YXBAJICHOIO DILIEHHS 1O KOHKPETHHX pe-
3YJIBTATIB: KPECIeHb, TEXHOIOT1H, OpraHi3aIiifHix 3axo-
B TOIIIO.

B 3aranpHOMY BHIAAKy, BXIZHHUMH HapaMeTpaMH
JI0 MOJIENi peaii3arii CTPYKTYpH TEXHOJOTIYHOTO IPO-
LIeCy €: TIepesIik mapaMeTpiB, SKi BIDIMBAIOTH Ha MPOLIEC;
TIEpeINTiK mapaMeTpiB, sIKi € pe3yIbTaTOM TPOIIeCy; Iepe-
JIiK KEPOBAHUX ITapaMeTpiB; MEpeTiK HEKePOBAaHUX ITapa-
METpiB; TMEepeNTiK HeBIJOMHUX IapaMeTpiB; NeTajli30BaHa
CTPYKTYpa TEXHOJOTIYHOTO TPOIECY 3 PO3ALTICHHSAM Ta-
paMeTpiB Ta pe3yiabTaTiB.

AOcCTpakTHHH TeXHOJIOTIYHUI npouec, Horo
BJIACTHBOCTI Ta METOAU MepPexoay 10
KOHKPETHOI0 TeXHOJIOTIYHOr0 poLecy
TexHOJOTIUHUIA TIPOIEC CKIANAEThCA 3 JIAHIIOTa

OKpEMHUX TEXHOJOTIYHUX OIeparliif, KOXHa 3 SIKUX depes3
pi3HI pUYMHA MOXKe OyTH 3aMiHEHa Ha TEXHOJOTIYHY

olepariiro Ha iHIIiH OCHOBI, ajie aHAJIOTIYHY 332 OTpHMa-
HUM pe3ynbratoM. J{i1st Oyap-skoro eramy oOpoOku xa-
paKkTepHa TEXHOJOTIYHA CIAJKOBICTh, KOJIHM BHKOPHC-
TaHHS 00pOOKH OOMEKYETBCS 32 PaXyHOK YMOB, HaKJIa-
JIeHI TIoTepeHboi BUKOpHCTaHoi omepamiero. [IpoGie-
MOIO € YaCTKOBAa TEXHOJIOTIYHA CIIa/IKOBICTh, KOJIU TaKi
orepariii 4acTKOBO NEpEeKpPHUBAIOTh KibKa MONEpeaHiX,
1110 3HAYHO YCKJIaTHIOE TIOBHUH Tpad) MOXKIIMBUX JIAHITIO-
TiB IPOBEJICHUX OMepaii.

JIyist onTUMi3aIi1 TEXHOJIOTIT 10 JIAHITIOTY TEXHOJIO-
TIYHOTO TPOLECY BUKOPHUCTOBYIOTH €KCIIEPTHI CHCTEMH,
JIe TaKi MMo3HaYeHHS:

— eKcrept — (haxiBelb 3 JAHOI TEXHOJIOTIYHOI Ome-
pauii;

— IHKeHep 3HaHb — (axiBenb, SKUH (QopMamizye
3HaHHA EKCIIepPTIB, BIJIOBIJA€ 3a TPOIEC OTPUMAHHS
3HaHb 1 HaJlaHHA X 0 0a3u 3HaHb EKCIIEPTHOI CUCTEMH;

— 0a3a 3HaHb — MHOXKMHA JIOCTYITHUX 3HaHb IIOJ0
00paHOi TEXHOJIOTIYHOI OTepalii;

— CHCTEMa IHTEJIEKTYaJIbHOrO pIllIeHHS — KITI040-
BUI1 €lIEMEHT eKCIIEPTHOI CUCTEMH, KWl HA OCHOBI Has-
BHUX 3HaHb 1 BXIJHMX IapaMeTpiB ITIOCTaBJIEHOrO 3a-
BIaHH] HaJa€ MapaMeTpu TEXHOJOTIYHOro TMpolecy 3
ONTUMI3AIIEI0 3aJaHUMK KPUTEPIAMH (4ac poOOTH, T10C-
TYIHI MaTepiaju, CyKyIHi TPOILIOBI BUTPATH);

— iHTepeiic KopUcTyBaya BiJIIOBIIAE 32 B3a€EMO-
JII0 MiXK KOMIT'TOTEPHUMH CHCTEMaMH 1 JIFOJIMHOIO.

Indopmaniiina Moaeab TEXHOJIOTIYHOTO

npoirecy i MeToau ii oaep:kaHHs

B mporieci noOynoBr eKCEPTHUX CUCTEM OITHMi-
3amii TEXHOJOTIYHOrO MPOoLeCy HEeoOXIJHO MPOMTH Ha-
CTYIIHI eTarnu:

1. BusHaueHHs BXigHUX / BUXITHUX JAHUX.

2. Po3poOka cioBHHKa aTpuOyTIB, sIKI IpUTAMaHHI
00paHiii TEXHOJIOTYHIN oneparii.

3. BusiBienHs 00'€KTiB 1 TIOHATB.

4. BusiBiieHHs 3B's3KiB MDXK BXIJJHUIMU KEPOBaHUMH 1
HEKEepPOBaHMMU MapaMeTpaMy TEXHOJIOTTYHUX OTepalliii.

5. BusHayenHs wineil ontumizargi.

6. BusHaueHHst cTpateriit BUOOpY mapameTpiB Tex-
HOJIOTYHOT onepalryi Juist JOCSATHEHHS! TOCTABJICHUX OITHU-
Mi3aLiMHUX 3a7a4.

Bunukae notpe6a y G yHKIIIOHAIBHOMY TIOB'SI3yBaHHS
BXI/IHMX JIAHKX 1 IEBHUX HEKEPOBAHMX BEJIMUMH 3 Mapame-
Tpamu, HeOOX1THIMH BiJI TEXHOJIOTIYHOTO TIPOLIECY.

IToGymoBa excriepTHOI CHCTEMH BUMAarae HassBHOCT1
CHIBBiJHOIIEHH /IS 3HAXOMKEHHS MMapaMeTpiB, sKi OIl-
TUMI3YIOTBCS, HAIIPUKJIA, TPOIIOBI BUTPATH, Yac 0Opo-
OKM 1 BUTpaueHNUI BUXITHAN pecypc BiIIOBIIHO:

G(Y), T(Y),E(Y). (5)

Jnst TexHOMOTiYHOrO TIpotiecy (5) Ha OCHOBI MaTe-
MaTHYHOI MOJENi i pO3paxyHKy BHUTpAT Ha HOro BUKO-
HaHHSA HABOAWTHCS €KCIIepPTHA CHCTEMa ONTHMIi3aIlii Tex-
HOJIOT19HOTO TIPOIIECY.

Cxema mepembayae HAsSBHICTH ITEpaIiifHOTO IIO-
[IYKY METOJIOM ITOCTYIIOBOTO MOJMIIIIICHHS PE3YJIbTATY 3
MOYATKOBOI'O JOMYCTUMOTO PEKUMY POOOTH CHCTEMH.
Jist GimbIn HAaAIHHOTO Pe3yIbTaTy, PY HAsIBHOCTI 3HAY-
HOI HENMiHIMHOCTI, TakWil TMporec MOXKHA IPOBOTUTH
3 KUTPKOX TIOYATKOBHX TOUYOK.
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Taxum 4nHOM MOXKHA TIepepaxyBaTy HACTYITHI CKJTa-
JoBi iH(OpManiiiHoro 3a0e3nedeHHs (YHKIIOHYBaHHS
eKCIIepTHOI CHCTEMH Y BUIIISIL XMAPHOT'O CEPBICY.

1. ba3a 3HaHb, sIKa MiCTHTB: JIaHI EKCIIEPUMEHTIB, J10-
ITyCTUMI Jiarna3oHy BXiTHHUX JaHUX, CIIHUCOK BXIJIHHX TIa-
paMeTpiB, CIMCOK BHXIiTHHUX ITapaMeTpiB, METO/AU 1 MaTe-
MaTu4uHe 3a0e3MeueHHs PO3paxyHKiB BUTpAT Ha MPOLIEC.

2. CucteMa OTpUMAaHHS BUMOT JIO PE3yJIbTaTIB BiJl-
HOBJIEHHS 1 KpuTepiit (abo kpuTepii) onTumizarii.

3. Cucrema momryky eKCTpeMyMiB B OaraToBUMip-
HOMY IIPOCTOPi.

4. Cucrema nepeBipKH Ha JIOCSITHEHHSI PE3YJIbTATY.

5. CucreMa BUSBIICHHS «3alUKJICHOCTI» TIOLIYKY
pillIeHb y BUIMAJKaX HEJTOCSHKHOCTI MOCTABICHUX BUMOT.

6. Cucrema BBe/ICHHS! HEKOHTPOJILOBAHUX BXiJTHUX
rapameTpiB.

7. Cucrema 3abesmnedeHHs iH(OpMAIIHOTO ITo-
TOKY MK KOMIIOHEHTaMH1 EKCIIEPTHOI CHCTEMH 3 ypaxy-
BaHHSM CHHXPOHi3alii i B3aEMHUX OJIOKYBaHb.

®opmadnizanisi CTPYKTYPH Ta NPaBUJI
TEXHOJIOTIYHOT0 MPOLECY, 3BeAeHHS 10
YHIBepCAJBLHOI0 TEXHOJIOTIYHOT0 MpoIecy

CrpykTypa ynpasiiHHS BUPOOHHYOI 1H(OPMALIiErO
HOBMHHA MiATPUMYBaTU KOPUCTYBAy4a B IISUIIBHOCTI 3 MO-
JICTFOBaHHS BUPOOHUIITBA 1 [IOCTAYaTH IHCTPYMEHTH TIi/JI-
TPUMKH MPUHAHATTS PillIeHb HEOOX1IHO 1HQOpMAIIi€TO.

B mpoueci gopMyBaHHS CTPYKTYpH TEXHOJIOTiY-
HOT'O MpOLeCy MOTPiOHO BU3HAYMUTH HHU3KY MapameTpiB,
K1 HE PEriIaMEHTYIOThCI BUMOraMu A0 I'OTOBOr'0 BU-
poOy, ane X 3HaUeHHS CYTTEBO BIUIMBAIOTh HA Pe3yIbTaT
IUIaHYBaHHSI TEXHOJIOTTUHMX onepauiid. Takox, He per-
JIAMEHTOBaHI BUMOTH HE MOXYTh OYTH BUpPaXKEHI Hi Ma-
TEMaTUYHO 200 aJrOPUTMIYHO, i BUBOJSTHCS 3 BJIACHOTO
JocBiny ekcneptiB. XMapHa iHdopmaliiiHa cucrema 3a-
Oe3reueHHs] MPOEKTYBAHHS TEXHOJIOTIYHOIO MPOLECY
MIOBMHHA 3a0€3M1eUNTH PABUIBHICTD 3aII0BHEHHS BUMOT
JI0 PE3YNIBTATIB TEXHOJOTIYHOrO Mporecy. TyT cucrema
MOBUHHA 320€3MeYUTH KOHTPOJIb IOBHOTH Ta CYyMiCHOCTI
BX1JHUX JaHUX, IPOBOAUTU KOHTPOJIb HaIBHOCTI BUMOT,
sIKI HE MOYKHA BU3HAYMTH 13 BXKe 3aJ]aHuX KpuTepiis. Ta-
KOX CHCTeMa MOBHHHA 3a0€3IIeYUTH MOXKIIMBICTh 3ajIH-
IIUTH BUMOTY HEBU3HAYEHOIO, SIKIIO 3 BXKE BU3HAYEHHX
BEJIMYMH MOJKIJIUBA OIIHKA I1i€] BUMOTH.

Oco0nuBe 3HAYEHHA Ma€ MOXJIMBICTH UIS He-
000B’A3KOBUX BHMOT BCTAHOBJIOBAaTH KPHUTEPii MaKCH-
MaJbHOCTI 200 MiHIMAJIBHOCTI, TIPH OJHOYACHOMY 370~
BOJICHHI iHIMX KputepiiB. [esxi BXimHI mapaMmeTpu Ta
BUMOTH MAIOTh XapaKTep BU3HAYEHHS ITi IMHOKUHH 3 J10-
CTYImHHX eJeMeHTiB. O4YeBHIHIM KPHUTEPieEM BHUMOT 0
pe3yABTATy TEXHOIOTIYHOTO MIPOIIECY € MOXIIUBICTh 3a-
BIAaHHS TPAaHUYHUX KPHUTEPIiB.

Ha ocHoBi MaTemaTiynoro criBgignomesss (5) i -
arpaMu IOTOKY iH(oOpMarlii B y3araJbHEHIi €KCIIEpTHOL
CHCTEMi TEXHOJIOTIYHOTO TPOIECy MPHUBEICHO IPHKIIA]
(hopmaizamii mIMHOXIHN a0CTPAKTHUX €KCIEPTHUX CHU-
CTeM OITHMI3alli TEXHOJIOTIYHUX mporeciB. s mporo
BHUKOPHCTAHO TaKi IMO3HAYEHHS MHOXWH, sSIKi (POPMYIOTh
0a3y 3HaHb WIS pAOy TEXHOJNOTIYHUX IIPOIECIB:
S=(X,Y,V,M, P,D, G), mo BKmouae omepariro

BHUJUICHHS IIAMHOXWH €JIEMEHTIB, IO CTOCYIOTHCS

OKpeMOi TeXHOJIOTYHOI omepaii K: X — MHOXHHa Kepo-
BaHUX MapaMeTpiB TEXHOIOTIYHOro mporecy K. Y — MHO-
JKMHA TTapaMeTpiB JeTall, SKi KOHTPOIOe abo 3MiHIOE Te-
XHOJIOT YHUM rporiec K. Vi — MHO)KHHA TapaMeTpiB, sIKi He
CIIPAaBIISIIOTHCS, ale SKi HeO0OXiHO BPaxOBYBAaTH IPH BHU-
KOHAHHI TEXHOJNOriYHOro mpouecy K. My — MHOXHHA Me-
TOZIB OTPUMAaHHS MaTEMaTUIHOI MOJIEN TEXHOJIOTTYHOTO
npouecy K. P(m),mc P(My) — obpaunii exsemmusip 3
METOJIIB ONTHMI3allii, SKAH MOXKHA 3aCTOCYBATH JUIA 3a-
3HAYEHNX MaTeMAaTUYHUX Mogeleid, P — oreparisi BHUOOpy
METOIY 3 MHOXHHHU MeromiB. Omepariist BHOOPY MOXKe
MIPOBOJMTHUCS aBTOMAaTUYHO a00 Mo BUOOpPY pO3pOOHMKA
eKcriepTHoi cucreMu. Dy — MHOXMHa (yHKIIH po3paxy-
HKY MaTepiaJIbHHX, B T.4. 1 YaCOBHX, BHTpAT Ha 3.iiic-
HEHHsI TEXHOJIOTYHOro mporiecy K, 3a sKkuMu Moxe mpo-
BOIUTHCS Tiporiec ontumizarii. CIoau * BXOIATH JIHIHHI
abo Okl cKJIaHI KOMOIHAIT /U1 OTPUMaHHS OCTATOY-
HOI Oarato(akTOpHOi BaroBOi ONTHUMI3alidHOI (YHKIIII.
Gk — MHOXXHMHA MaTepiajlbHUX PecypciB, BUKOPHUCTOBYBA-
HUX y TEXHOJIOTIYHOMY Ipolieci. 3HAaKOM BEKTOpa, SIK L&
3p00JIeHO B MOMEPEAHBOMY ITYHKTI, Ha BiJINOBIJHUX I103-
HA4YeHHSIX BH3HAYAJMCSI KOHKPETHHUH KOPTEX peanbHHX
BEJIMYMH, sIKi BiJIIOBIZAIOTH O3/l 0OpaHUX BEJUYMH 1
XapaKTepUCTHK. TOal OTPUMAEMO Taki CIiBBIIHOMICHHS
JUTSL OKPEMOT0 TEXHOIIOTIYHOTO mporiecy K:

Xk = m(\?k,vk,\?k_l,ék); Gk = Dy (Vk,\7k); ©)

|6k| — min; |ék| = 00, AKIUYO Yk-1 ¢ Yk.

CyKyIHICTh TEXHOJOTIYHUX MporeciB S 1 dpopmy-
10Th (hopMasibHE 3aBIaHHs 0e3Jiui TEXHONOTTYHUX MpO-
neciB. JlogaBauus 10 6a3W 3HaHb HOBOT'O TEXHOJIOTIY-
HOT'O MPOLIECY CYMPOBOKYETHCS TAKUMHU OIEPALisIMU:

{8 =S USy Sk = (X Yk Vi, My A Dy, Gi )

ne k—Homep J0MaHOTO 10 CHCTEMH TEXHOJIOTIYHOTO
poIecy.

Ddopmaiizaliisi peKOMEHIANIHHUX CUCTEM JUIs 3a-
Oe3neueHHs] ONTUMI3AIl JTaHIFora TEXHOJIOTIYHUX MPO-
1eciB K HaA0yJOBU eKCIIEPTHOI CUCTEMHU HaJl eKCIepT-
HUMH CHCTEMaMHU OKPEMHUX TEXHOJIOTIYHHUX MpOILIECi BH-
Mara€ BHKOPHCTaHHS MOCIHIJOBHOCTI TEXHOJOTIYHUX
nporteciB. Hanpuknan, nerasp 3 mapamerpamu Y K micst
KOXKHOTO 3 TEXHOJIOTIYHUX MPOLECiB 00pOOKH Ma€e BU-
riAn Yk-1 3TLAHO BBeieHNM rmo3HadeHHAM. Le dpopmye na-
HITFOT TEXHOJIOT1YHUX OIeparii

Y :z(k)\?k : (7)

1e k € exksemruisipoM KoMGiHaTOpHOT KOH(DIrypartii 3 goc-
TYIIHAX TEXHOJOTIYHKUX TIporiecis, a (k-1) mo3Hagae mo-
TIepeHIA TEXHOIOTIYHUIA TPOIIEC.

Ha ocuoBi (7) MOKHa IPOITFOCTPYBATH MK 00PO-
OKM sIK Tpad) JOCTYIHUX MIPOIIECIB.

CTpykTypHa MoaeJb iHpopMaLiiiHOI XMapHOI
CHUCTeMM MiATPUMKM TEXHOJIOTIYHUX NpoLeciB

CrpykTypHO Best iH(popMaliiiiHa cuctema S 1 KoKHA
3 11 migcucTeM MOXKYyTh OyTH OIMMCaHi B TAKOMY BHUTJISAII:

S=1{S;},i=0,1...k, ®)
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ne ¢yHKUis / — MHOXKMHA iHpOpMalii, sika OIUCYye iH-
(dopMariiiHy cucremy SIK LiTICHY CHCTEMY, IO CKiIaja-
€TbCs 13 S; Sj — MHOKMHA ITiICUCTEMH S.

Bynp-sxa migcucrema S, 3HOBY K MOXe OyTH npes-
CTaBJI€Ha 1 BUTJISAI:

S=I{Sij},i=0,1,...,k, 9)

ne: [; — MHO)KMHA iH(OopMallii, IKa OIUCYE MiICHCTEMY S;
SIK IUIICHY CHCTEMY, IO CKIamaeTves i3 Sij; Sij — MHO-
JKMHA IIJICUCTEMU S;.

[e#t mporec cTpyKTypH3allii MTOBUHEH POIOBKY-
BATHUCsI JI0 TUX TIip, TOKK HA JACIKOMY KpPOIli MHO>KHHA ITi-
acuctemu Sij, i = 0,1, ..., K He BUSBHTBCS MYCTOIO.

JlaHy CTpYKTypH3aIlif0 MOKHA YSBUTH Y BHUIJISII
rpady, e By30i1 omucyeThest qBoMa napamerpamu (f;iKy,
SijKk), a 3B’I3KH — MATPHIICIO CYMIXKHOCTI.

VY Bignosigaocti 10 (8), (9), cTpyKTypHY MOJIETH
TexHonoriunoro cepeaosuina (TC) onuiieMo y BUTIIAII:

7c={1T MT},

ne: |7 — MuOKuHA iH(pOpMaIii, sIKa ONKCY€e TEXHOJIOTi-
YHE CEpeNOBHILE SK LUTICHY cucteMy; MT — MHOXHMHA
CKJIaIOBUX TEXHOJIOTIYHOTO CEPEOBHILA.

Muoxuna MT moxe OyTH ommcaHa y BHIVISIL:

MT ={T; < IT}, ne Ti_TepuropiaibHO-TOKaIi30BaHi

CKJIaJIOB1 TEXHOJIOTIYHOTO CEPEIOBHIIIA.

Muoxuna T; Moxe Oyru omnmcaHa y BHIVISL:
Ti = {A;,Pi}, ne: Ai — MHOXWHA amapaTHHUX 3ac00iB, i-0ro
TC; P; — MHOXHHA TIpOrpaMHUX 3aco0iB, i-oro TC.

Muoxuna Aj Moxe OyTu omucaHa y BUIIISII:
Aﬁ :{IiA'{Oi,Pri,Ci,tri,Di }}, ae |iA — MHOXHWHa iH(bOp-
Marrii, sfika omucye amapathi 3acobu i-ro TC sk emuHe
uine; Oj — MHOXHHA 3ac001B CTBOPEHHS 1 00p0o0KH iHpO-
pmauii; Pri — MHOXXHHA 3acO0IB BiIOOpaXkeHHsS 1 OIMUCY
inpopmarii; Cj — MHOXXMHA 3aco0iB ynpasiiHHS iH)Op-
Marier; ti-MHOXXHMHA 3aco0iB mepenadi iH(opMaIli;
Di — MHOXUMHA 3ac00iB 30epexenHst iHpopMmarii. MHo-
xuHa Oj Moxke OyTH IHTEpIPETOBaHA SIK MHOXHHH KOM-
m'torepi qanoro TC.

Muoxuna Py Moxe OyTv omnucaHa y BUIIISIL

P ={Dis;, Din;,Print;, P;}, me Dis; — muHOXuHa auc-
wieiB ganoro TC; Din; — MHOXMHA IHHAMIKIB JaHOTO
TC; TC;

Pl; — muoxuHa mnotepis ganoro TC.

Print; — MHO)XXKMHA TpHHTEpPiB  TaHOTO
Muoxuna C; Moxe OyTH omnucaHa y BHIJISIIL:

Ci ={Pc;,M;,Km;}, ne PC; —MHOXHHA MOXIHUBHX
NYJBTIB YNPaBIiHHA; M —MHOXHHA MapLIpyTH3aTO-
piB; Km; — MHOXXHHa KOMYTaTOpiB.

MuoxkuHa tri Moxe OyTH oOmmcaHa y BHIJISIL:
ti ={Kn;, md;,int;,K1;}, me Knj—mHOoXMHA KaHamiB
3B's3Ky; Mdi — MHO)XKHHA MOfeMiB; iNtj, — MHOXKHHA iH-

tepdeiici; Kj — MHOXHMHA KOHLIEHTPATOPIB.
Muoxkuna Di moxe Oyru ommcaHa y BH:
D; ={d;,bnf;,0p;}, me d; — MHOXHHA HOBrovacHo 3a-

HaM'S[TOByIO‘II/]X HpPICTpOIB; Opi — MHOXHMHa OIICPAaTUBHO

3amaM'sITOBYIOUHX NPUCTPoiB; bnf; —muOXwUHA Oydep-
HHUX HAKOIMYYyBayiB.

[Ipn HeoOXimHOCTI AeTami3alis 3ampONOHOBaHMX
CTPYKTYp MOXKe OyTH MpojioBkeHa. MHOKHHA Mporpam-
HUX 3aco0iB i-ro TC Moxe OyTd omucaHa y BHIJISL
R :{Iip,{Fl,Si, Ni}}, zme Iip — MHOXWHHA iH(opMmarii,
sIKa OIUCYE IporpamHi 3acobu i-oro TC sk 1inicHoOI cu-
cremy; Fj—MHOXMHa (QYHKIIOHAJIBHUX TpOrpam;
Si — cucremHe nporpaMHue 3abe3nedeHus; Nj — MepexHe
nporpamHe 3a0e3MeyeHHs.

Muoxuna Fi Mmoxke OyTn mpesicTaBiieHa y BUTIISL

F={F'.F° Fip, Fig R’} ne Fi' — MHOKHHA (YHKITi-
OHAJILHUX TIpOTrpaM sIKi BUKOHYIOTH iH(opMmaniiii GpyH-
KIIT; FIO — MHOXHHa (QYHKIIOHAJIBHHUX Tporpam, sKi
MOXYTh BHKOHYyBaTd (yHKuii 00poOku iH(opMmarlii;
K P o MHOXHHA (YHKI[OHATBHEX POrpaM, sKi MOXYTb
byHKIii
Fig — MHOXHHa (DyHKIIOHaJILHUX TPOTrPaM, siKi MOXKYTh

BHUKOHYBAaTH NIpe/ICTaBICHHS  iH(pOpMaIi;

06poGusity rpadiuny iHpopmauito; K’ — MHOXHHA Y-
HKI[IOHAJIbHUX TPOrpaM, siKi MOXYTb OOpOOJATH 3BY-
KOBY iH(popMaIlito.

MHuoxuna Si Moxe OyTHM ONHMCaHa y BUIVIAAL

S ={s°",S¢,59,5!3, ne SO — onepauiiini cucremn
APM; Sic —mHoxuHa CYB/] i-oro TC; Sid — MHOKHHA

IPOrpaMHUX 3aco0iB 3axHCTy iH(popMmamii; Sit — MHO-
JKMHA MPOTrPaMHKX 3aC001B CEPBICHOTO 00CIYroByBaHHS

1 TECTYBaHHSL.
Muoxuna Ni, Moxxe OyTH oOmMcaHa y BHIJISAL:

Ni:{Cil,Mip,Bip,dpi,NiE,Nid}, e Cil — MHOHHA

MPOTOKOJIIB  YNPABIIHHS JIHIEIO mepeqadi  JaHHX;

M ip — MHOXHHA MPOTOKOJIIB MapIIpyTH3allii;

Bip — MHO)KHHA MOPOTOKOMIB Oydepuzarii; dp; -MHO-

JKMHA TPOTOKONIB JUCHETYEPCHKOrO yHpaBiiHHS (yI-
paBiiHHA  pexuMamu  (QYHKI[IOHYBaHHS  Mepexi);
NiE — MHOXHMHA TIPOTOKOJIB MIKMEpPEKHOI B3a€MOii,
(IpoTOKOIM B3aEMOIIT Uepe3 IILTI03H Y 3B'SI3KY 3 HECYMi-
CHICTIO JOBIJIBHHX MEpEex); Nid — MDKMEpeXHI IpoTo-
KOITK 3aXHCTY iHpopMarii.

Ilomampmia meramizariisi CKIagOBUX IMPOrPaMHOTO
3a0e3rmedeHHs MOKIINBA TITHKH Y BUTTISAAL OOIIMPHUX Ka-
TaJIOTiB.

KopucryBaiipke cepeoBuiie — CyKymHiCTh OpTaHi-
3aIiif Ta Qi3UYHUX O0Ci0, MiISUTBHICTH SIKHX TIOB’s3aHA 3
(hyHKIIOHYBaHHSIM 1H()OPMAIIIHOTO CepeTOBHIIA.

AHaNOTIYHIM YHHOM MOXYTh OYTH CTPYKTYpOBaHi
iH(OopMaIliifHe, KOPUCTYBaIlbKa Ta podoUe CepeIOBHIIIE.

[HdopmariiiHe cepenoBHIlE — CYKYITHICTh PO3Mi-
MIEHUX Ha PI3HUX HOCIAX iHQOpMAIIHUX pecypciB, SKi
00pOOISAIOTHCS 32 TOTIOMOT OO0 Bi/IITOBITHMX 32C0O0IB TeX-
HOJIOT19HOTO CepPEIOBHIIA.

CkrnazioBi iH(opMaIiifHOro cepeoBuma: B; — 6a3u
nmannx, K; — xatanornu, @; — ¢aimm i-ro piBHSA iepapxii. 3
HaBEJICHNX MipKyBaHb MO)KHa 3pOOWTH BHCHOBOK, IO
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crienianizoBaHa CTpyKTypHa MoJienb iH(opmaniiHoi cu-
CTEMH Y BUTJISIIII XMapHOTO CepBicy MoXe OyTH onvcaHa
B TAKOMY BHTJIS:

s ={IC,TC,KC,PC}=

={B,K,®,0,R,C,t, D, F,S,N, By, By ,Tp K1p}=

={B.K,®,0,Dis, Din, Fyint, B, Fe. M, Ky Koy,
md, int, K1 ,d, bnf,op,F',F°, FP F9 F?,
s s¢ 59 st ¢! MP,BP, dp,NE,NY,
T,A.0y.Con. I1.E,P,B,0;. Ty Trp. [y K, }

(10)

IloOynoBa CTPYKTYPHOI CHCTeMH MiATPUMKH
NPUAHATTS pilleHb TeXHOJOTiYHOro0 Npouecy
Y BUIJISI/Ii XMApHOTO cepBicy

Ha ocHOBi po3risiHyTHX Ta po3pOOJIEHHX METOMIB
Ta MEXaHI3MIB, SIKi BUKOPUCTOBYIOTb JUIsl PO3POOKH TeX-
HOJIOTIYHUX TPOIECIB PO3TIIHYTO CTPYKTYPY iH(opMa-
LiHOT XMapHOI CHCTeMH MiATPUMKH IPUHUHSTTS pillleHb
JUTsl aBTOMATH3Allii CTBOPEHHS ONTHMi30BaHUX TEXHOJO-
riuHux npoueciB. CucTeMy yMOBHO MOXKHA MTOJUINTH Ha
HACTYIIHI eTaIu:

[Mepumii eran npu3HaueHuit ais Gopmaiizanii BU-
MOT JI0 Pe3YJbTaTIB TEXHOJIOTIYHOI'0 MPOLIECY Ta BU3HA-
YeHHs BXIHUX MapaMeTpiB JeTaii, sika Imiyisrae oopo-
6ui. [Tpu 11boMy BHAUISIOTHCSI BAMOTH JIO pE3YNBTaTy 00-
poOKu Ta KpuTepii onTuMizaliii. IIpu HemocTaTHIN KiJlb-
KOCTI KpHUTepiiB a0 BUMOTI, EBPUCTHYHUMH MPABUIIAMH
MIEPIIIO] TPYITH BBOAATHCS OOMEKEHHS a TAKOX KPHUTEPil
OINTHMI3allii HU3bKOIO MPIOPUTETY. 3 MPHUYHMHU MOXKIIHU-
BOCTI iCHYBaHHS KOHQUIIKTIB Y BUMOrax, 10 MOBUHHO Bi-
noOpaxatucs B 0a3i 3HaHb MO BiJHOUICHHSM MiX BUMO-
ramu, MPOBONTHCS 3aMiHa KPUTEPIiB Ha KpUTEPil ONTH-
Mi3alii 3 ImiABUIIEHUM nipiopuTeToM. B pe3ynbTarti He 3a-
JlaHi KpUTepii Ta BUMOI'H IEPEBOJSTHCS B po3psij ciad-
KuX KputepiiB ontumizaii. lllykani Bumoru BimnoBiza-
I0Th 32 TOPSZOK TEXHOJOTIYHHMX ONepalidl MpH BHKO-
HaHHI TEXHOJIOTTYHOTO MPOIIECY Ta apaMeTPIB, PEIKUMIB
MIPOBEICHHS TEXHOJOTIYHUX orepaliiil. B Ginbimocti cu-
Tyaliil mykaHi mapaMeTpH mepexosiTh y (hopMyBaHHS
TEXHOJIOT1YHOI KapTKHU MPOLECy.

Jpyruii eramn € CTpYKTYpHOIO ONTHMI3alli€lo, sKa
Ma€ BH3HAYUTH MONYCTHUMI JIAHIIOTH TEXHOIOTIYHHX
orepaniif. Ane B CKJIQJHUX TEXHOJOTIYHUX MHpoIecax 3
BEJIMKOIO KUTBKICTIO OTIepamii 115 3a1a4a Mae KoMOiHaTO-
PHY CKJIAJHICTB, 1[0 TPU3BOANUTE 0 HEMOMIPHO BETUKOL
KUTBKOCTI MOXITUBHUX PIIlIeHb, SIKi HE MOYKHA PO3TIISTHYTH
3a pO3yMHHUH iHTEpBaj 4Yacy. 3HAYHO CKOPOTUTH KiJlb-
KIiCTh PO3TIIIHYTHX KOMOiHAIII!f MOYKHA 3aBJITKH BUKOPH-
CTaHHIO €BPUCTHYHHX IIPABUI, SKi BPAXOBYIOTh TEXHi-
YHe MpHU3HAYCHHS TEXHONOriyHoi omeparii. Lle Bupa-
XKEeHO B (DOPMYBaHHI €BPUCTHYHMX IMPABWI TPyn 2 Ta
3. Jle apyra rpyna BuU3HAa4yae MpU3HAYEHHS Omeparii, a
TPETS — BiIHOMICHHS TOPAIKY Ta PIBHOCTI MIXK OTIeparti-
ssMHA. BimHOIIEHHS PIBHOCTI 3aCTOCOBHE y BHIIQJIKAX,
KOIIM OJJHAa TEXHOJOTiYHA Omeparlisi MO)Xe BUKOHATH Ki-
JIbKa TIPU3HAYCHb.

B pa3si 00’ erHanHs 200 3MiHU TEXHOJIOTIYHHAX OIIepa-
iff MOXKYTh BUHUKATH TOJJATKOBI MMAapaMeTpy Ta KpHUTepii
00poOKH, 110 BiTOOpakeHO B €BPUCTUYHIX TIPABIIIAX Ye-
TBEpTOi Ipynu. TOMy HACTYIIHUM €TarnoM ONTUMi3amil €

BUKOPHCTaHHS (UIHTPY JOLUIBHOCTI omepartii Ta rmpouecy
JIO/IaBaHHs KPUTEPiiB BUMOT, IO HE 3aBKI1 MOXKHA TTOB-
HicTIo aBToMaTu3yBatH. [Ipore 11e#i eTamn rapaHTye 1o J10-
JIATKOBI MapaMeTpy Ta KpHUTepii He OyayTh BTpadeHi mpu
MOOYIOB1 TEXHOJIOTIYHOTO MPOIIECY.

B pe3ynbTarti npoBeeHHs poliecy onTuMizariii Te-
XHOJIOT1YHOT O TIPOIIECY 3a JAOIMyCTUMUMH €BPUCTUIHUMHU
npaBWiaM, OTPUMYEMO MHOKHMHY JIAHIIFOTIB OKPEMO OTI-
THUMIi30BaHUX TEXHOJIOTIYHHMX TIPOIECIB, 3 SKOi IPOBO-
JTBhCS OaraToKpUTepiaIbHii BilOip, 110 BiAOBiIa€E MO-
CTaBJIeHNM BUMoram ontumisanii. Kopucrysau cucremn
MOK€ OTPUMYBATH Y BIJIIOBIAb 5K 1 OIHY KapTKy TEXHO-
JIOT1YHOTO TIPOIIECY, TaK i AEKiTbKa HAHKpaIInX.

Ipuknan 3acTocyBaHHs 3aIPONOHOBAHOL
Moj1eJIi 10 TEXHOJIOTIYHOT0 Mmpolecy

Cucremu po3poOKH Cy4acHOTO TPAHCIIOPTY, Ma-
[IMHO- 1 MPUIA00YIyBaHHSI, a TAKOXX MEIUYHOI TEXHIKH
i TOBapiB HapOJHOTO CIIOKUBAHHS XapaKTePH3YIOThCS
BCE OUIBII 3pOCTAIOUUM PIBHEM 3aCTOCYBaHHSIM HOBHX
KOHCTPYKIIHHNX MartepialiB 3 MONIMIIEHUMH eKCIlTya-
TallifHUMHU XapakTepuctukamu. [Ipobrmema oOMexeHO-
CT1 IPUPOAHHUX 3aMaciB OLIBIIOCTI XIMIYHUX €JICMEHTIB,
0 CTAHOBJATh OCHOBY LIUX MaTepialiB, BUPILIYETHCSA
[IIIXOM 3aCTOCYBAHHS CKIIQJHUX CTPYKTYD, B SIKHX OC-
HOBa BUKOHAHA 3 «3BUYAaWHHX», JIETKO 00POOIIOBaHUX i
HIMPOKO TOIIMPEHUX KOMIOHEHTIB, a (pyHKIlOHATBHE
HaBaHTa)KEeHHs BUKOHY€E IOKPUTTS 3 MaTepiajiB i3 3aaa-
HHMM KOMILJIEKCOM BllacTUBOCTe#. B nanuii yac HaiiGinbi
e()eKTUBHUMU MeToaMu ()OPMYBaHHS TAKMX TOKPUTTIB
€ MPOLIECH Ta30TEPMIYHOT 0 HAIIMJICHHS, Cepel IKUX ene-
KTPOAYIOBE 1 IJIa3MOBOTO HAIMJICHHS MOXKHA BBaXKaTH
HaO1IIBII YHIBEPCAIBHHUM 1 JIErKoKkepoBaHUM. TexHoIo-
TiYHI MepeBard eIeKTPOAYTOBOro i IIA3MOBOIO HAIH-
JICHHSI, SIKI MOJIATAI0Th B MOXKJIMBOCTI OTPUMAaHHS 3 Pi3-
HHUX, B TOMY YMCJI I KOMIIO3ULIHMX, MaTepiajiB MOK-
PHUTTIB Pi3HOI LIILHOCTI, TOBIMHH 1 TBEPAOCTI, 3 HEOO-
XIJIHUIMHU 3aXMCHUMH, ra3onudy3iiiHuii 1 iHIIMMU Bac-
THUBOCTSIMU 3HOCOCTIHKOro mokpurts. HaBenena pospo-
OKa Ma€ aKTyaJIbHICTh 1 MIEPCHEKTUBY JJIsl 3aCTOCYBAHHS
1 BIPOBQ/XKCHHS B Cy4aCHHX TEXHOJIOTISIX BiHOBIICHHS
MOBEPXOHb PI3HUX KOHCTPYKIIii 1 AeTajell MalluH.

IHocTanoBka 3aga4i onTuMizanii
TeXHOJIOTi9YHOT 0 Mpouecy
€JIEKTPOAYI0BOi 00po0Ku

TexHoIoOrist €NeKTPOIYTrOBOr0 HAIWIICHHS CKJIaa-
€TBCS 3 TPHOX OIEpartiit:

P FARAEALN]

Yo = Fp(Xa UM V2,25, Ry ), (11)

Yi=FR (X102 R),

ne: F1 —matemaTnaHa Momenb abpa3MBHO-CTPYMEHEBOL
00pobkm; F> — MaTemMaTHuHa MOIETh MPOIECY HaHe-
CeHHS Tiamapy; F3 — MaTeMaTHYHA MOJIENb TIPOIIeCy Ha-
HECEeHHsI OCHOBHOT'O IIapy.

3aBASKH PO3MITICHHIO TEXHOJOTIYHUX OIepamii
CHpoIyeThcs MOOynoBa miTkoBoi pyHKii. Okpemo Oy-
IYIOTBCSL QYHKINT 32 HACTYITHIMH TTapaMeTpaMu:

BinmoBimHICTE 70 BUMOT TOTOBOTO BHPOOY:
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G(Ys) = 2 gReLu(Y, ~Ys) (12)

ne Y, —BHUMOTH JI0 BUPOOY, K N-BUMipHHI{ BEKTOp 3HAUEHb;

Yz — pe3ysbTar 00poOKH; | — IHIEKC MapameTpy y BEKTOp;
ReLu(x) — dbyHK1is BiACiKaHHS Bil’€MHHX 3HAYCHD:

X, if (x > 0),

ReLUC) =10, if (x < 0).

(13)

MinimanbHe 3HaueHHs (12) € Hynb, KoM BCl apa-
METpPH BiJIIOBIIAIOTh a00 MEPEBUIYIOTh 3a/IaHi BUMOTH.
Tak MoxHa (hopMyBaTH BUMOTH JI0 PIXKYIHUX KPOMOK 1H-
CTPYMEHTIB, HaIpHUKJIaN, IIyriB. B pa3i norpedu mrpa-
(yBaHHSI CHUCTEMH, KOJIH PEe3ylbTaTh OOpOOKH TaKOXK i
MepEeBUILYIOTh 33/1aHi mapameTpu, MoxkHa ReLu(X) 3ami-
HUTH a0COJIIOTHUM 3HaYSHHSIM a00 KBaPaTU4HOIO QyH-
kiiero. Ie BinOyBaeThCs KOJIM JETalli B3aEMOIIIOTH Tep-
TaM. Toji MOBEpXHI MOBUHHI MAaTH CXOXI1 XapaKTepHC-
TUKH MaTepialliB, TOMY IO TYT € Ba)KIIMBUM 3MEHILICHHSI
caMme BIAXWJICHHS NapaMeTpiB BiJl 3aJaHUX BEJMYMH, i
TIepEBUIICHHS BUMOT JI0 TBEPJIOCTI TaK CaMo MOTaHo SIK i
HejocTaya. YacTto y Takux BUNAAKaX BHKOPHUCTOBYIOTh
JlekapToBy BificTaHb Ha 0araTOBUMipHOMY IPOCTOPI, 1110
BiJIKpUBA€E MOXKIIMBICTh BUKOPUCTOBYBATH IJIsl 6araThox
BUIAJIKIB aHAITUYHI METO/IM ONTUMi3alii METOay Haii-
MEHIIMX KBaJparTiB. B po3risiHyroMy npukiazi pisalib-
HOTO IHCTPYMEHTY TIEpPEBHIIEHHS BUMOI' 10 3HOCOCTIH-
KOCTI, TBEPJIOCTI, 3UCTICHHS MMOKPUTTS 3 OCHOBOIO, 3BE-
pPXy HE PErJIaMeHTYEThCS, TOMY BUKOPHCTaHHS oOMe-
*eHHs 3a Miporo (12) e oGTpyHTOBAHHM.

Jiist BpaxyBaHHS 4acOBHX T Ta MaTepianbHux M Bu-
TpPAT, BiMIOBIJHO BUKOPHCTOBYIOTH 3aiexHOCTI (14):

T = 3T (X X YLV

M = M (T X Y Vi)
Yo =0.

(14)

Jo cucremu 1o1aHo YT) =0, 0o mepa onepariis He

BUMArae pe3ysbTaTiB MOMepeIHboi, TOMY 10 KepOBaHHUX
BEJIMYMH IEPIIOl orepariii JOAAETHCS MyCcTa MHOXKHHA.

Jlo MaTepianbHUX BUTPAT BXOAATH OILIATA MPAIlliB-
HHUKaM, OpeH/Ia PUMILICHHS, Ta 1HIII apaMeTpH, sKi 3a-
JIeXKaTh BiJ Yacy MPOBEJICHHS TEXHONIOTIYHOI oneparrii Ta
BHUIM i 00’ eMH MaTepialiiB i €EHEPTOHOCIIB B TPOIIOBOMY
exBiBasieHTi. [ToBHa ¢yHkuis BTpat G, pe3yibraT sIKOI
MMOBHHEH OyTH IiHiCHUM YHCIIOM, € JIiHIHHOIO KoMOiHa-
miero (12) ta (14):

E 3 3 .
G= Coe(Yg)'FCle:le +C22k:1Tk —> min , (15)

ne Co, C1,Co — OJATHI JiificHI KoedillieHTH, sKi Bi1OUBa-
FOTh TIPIOPUTETHICTD JOCSATHEHHS THX YH IHIIMX ITOKAa3-
HUKIB.

VY Bumagkax HEOOXiTHOCTI JOTPUMAHHSA TEXHITHIX
BUMOT JI0 BUPOOY, 0OMEKEHHI MAaKCUMAaIEHOTO 9acy BUPO-
GumirrBa, (15) Moke mpuiiMatH iHIm GOpMH, HATIPUKIIAT;

G(Y3) =0,

3 3 ) (16)
chklek +Csz=lTk —> min.

Ile cBimuuTh MPO MO BaroBOro BHpa3y HA BH-
MOTH Ta KPHUTEPiil ONTUMANBHOCTI, ¢ BUMOT MOXe OyTH
KiJIbKa, a KPUTepiii ONTUMAaNbHOCTI TIOBHHEH OYTH €1H-
HUM. B pasi BiICYTHOCTI KPUTHYHHUX BHMOT, KPUTEPIfO
ontumaibHocTi (15) moctaTHbO Ui ONTUMI3aLil JiaH-
Ifora TEXHOJIOTIYHUX Olepamii.

B pesynbrati ananizyBaHHs pyxy iH(opmanii npu
TIPOBENICHI ONTHUMI3aIlil TEXHOJIOTIYHOrO MPOIeCy Ha OC-
HOBI JIQHIIIOT@ TEXHOJIOTIYHHUX OIIepaliii BUSBICHO MOT-
peOy B 3abe3reueHHi B iH(pOpMaIiiHiil cucTeMi MOXIIH-
BICTh BHM3HAUEHHS MHOXXHHHM TEXHOJOTIYHHX OIepariii

Fy ; U1 KOXKHOT 3 onepaniii 3a0e3MeunTH Iepellik Kepo-

BaHUX X Ta HeKepoBaHHX V| TapaMeTpiB 3 iX oOMe-
JKEHHSIMU; MO>KJIMBICTH 3aBJIaHHS METOJIIB PO3PaxyHKY
OnM3BKOCTI BUKOHAHHS mocTaBieHux BuMor G(Y ) ; Mo-

JKITHBICTh 3a0€3MEUNTH 3aBJAHHS METOMIB PO3PAXYHKY
YJaCOBHX Ta MaTepPiaIbHUX BUTPAT MO KOXKHIi TEXHOIIOTi-
4Hiit onepariii 3a popmynamu (15) a6o (16) MOKITHBICTD
3a0€3MeUnTH peaisallii METOIiB MOJCIIOBAHHS TEXHO-
goriuaux onepamii (11) tabnuuHo, aHamiTHYHO abo
KOMIT FOTEpPHHM CHMYJIFOBAHHSM.

@opmaiizanisa TeXHOJOTiYHOT0 mpoIecy
eJIEKTPOAYT0BOi 00pOOKHU

TexHONMOriyHUI TPOLEC ENEeKTPOLYrOBOr0 Hallu-
JICHHsI B TMPOLIECi BiJHOBJICHHS a00 3MII[HEHHS MOBEp-
XOHb JICTajIeH, CKJIAaeThCs 3 TIOCTAITHOI 00POOKH:

1) crpymeHeBO-abpa3uBHOT 0OPOOKH;

2) nipu noTpeOi HAHECEHHS ITiIIapy;

3) OCHOBHUII POLIEC HAHECEHHS IOKPUTTS;

4) noBesieHHs YTBOPEHOI MOBEPXHI MeTayopi3aH-
HSM 200 UTi(hyBaHHSIM.

[Mepiumii eTan npu3Ha4YeHUH 11t 30UTBIIICHHS IOpC-
TKOCTI IOBEPXHI JieTali, sika 00pobusitumerbest. Llew mpo-
1ec 30UTBIINTD TUIONLY 3UCTUICHHS IeTalli Ta TOKPUTTSL, 1110
MOKPAIIUTh MIIHICTh YTPUMAaHHsSI YTBOPEHOI IOBEPXHI.
[Tigmap € MakcCUMalTbHO TOHKHIA Iap MaTepiaiy sIKHi Mae
(YHKIIII0 YyCyHEHHSI HECYMICHOCTI OCHOBHOI'O Ta HaHece-
HOT0 Matepiany 3 XIMiYHUX MPUYUH a00 HE 3JTUIAHHS Ma-
TepiamiB. [Homi st 3a0e3neyeHHs] CHIIBHOTO 3YeTUICHHS
BUKOPHCTOBYIOTH MOJIIOICHOBI ITi/IIIApH.

OCHOBHWMIA TIpoLieC HAHECEHHS METAITy TIPOBOJHUTHCS
PO3IUIABICHHAM HOTO EJIEKTPUYHOIO AYToOlo 1 MepeHeceH-
HSIM 32 JOIIOMOTOI0 CTPYMEHSI CTUCHEHOTO TTOBITpS Ha T10-
BepxHIO getami. [ 3amobiraHHs yTBOpEHHS OKHCIIB Ta
peryiIroBaHHS BMICTy BYIJICIIO, B TIOBITPS MOXKHA JT0[a-
BaTH TPOIIAH, 3aBISKH TOPIHHS SKOTO 3MEHIITYETHCS BMICT
KHCHIO B CTPyMEHi, a IIBUIKICTh BUTOKY Ta3y B CTpyMeHi
MOKE CSTATH KiIbKa IIBHAKOCTEH 3BYKY.

JloBeneHHs MOBEPXHIi IO CTAaHAAPTIB AETali, POBO-
JUITh Ha METAIOPI3aIbHUX BEPCTAaTaX Ta IUTi(DyBaHHSM.

VYcTaTtkyBaHHA B MPOIIECi HAMMJIICHHS MOXHA 1mo0a-
yntn Ha puc. 1. B pesynprati ormsamy oOpoOku mosep-
XOHB JieTajiell eNeKTPOIYTOBUM HANMJICHHSAM OTPHMAHO
HACTYITHY CTPYKTYPHY CXEMY JIAHLIFOTa TEXHOJIOI'YHHX
omepartiit (puc. 2). BiImoBigHO MOYaTKOBMM yMOBaM Ta
BAMOTaM JI0 Pe3YJIbTaTy, IepIIi IBi TEXHOJIOTI4HI orepa-
il MOXYTh i HE BHUKOHYBAaTHCS, TOMY KOMOiHAaTOpHA
CKJIAJTHICTh TEXHOJIOTIYHOTO TPOIIECY € YOTUPH MOXKITH-
BUX BapiaHTH. J{J1s1 Takol KUTBKOCTI BapiaHTIB, € JOIUTHHAM
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TIPOBEAEHHS ONTHMi3alii Ul YOTUPHOX JIAHIIOT1B TEXHO-
JIOTIYHUX OTIepalliii, 3 00paHHIM Pe3yIbTaTy, [0 MAaTHUME
Kpalyii pe3yibTar 3riHO BaroBiil GpyHKI.

Puc. 1. YcrarkyBaHHS €1€KTPOAYrOBOTrO HAMMWICHHS B pOOOTI
(Fig. 1. Electric arc spraying equipment in operation)

AbpasueHa . | HaHeceHHs HaHeceHHs
06po6Kka X nigwapy A wapy

Puc. 2. Crpykrypa onepariii enekTpoayroBoi 00pooku
noBepxoHnb (Fig. 2. The structure of operations
of electric arc surface treatment)

MeTom0oM MOBHO(AKTOPHOrO TIAHYBAHHS Ta MPO-
BECACHHS CEKCIECPUMCEHTY, BH3HAYCHO IapaMeETpH, SIKI 3
JIOCTaTHBOIO TOYHICTIO JAI0Th KEPYBAHHS Pe3yibTaTaMu
00poOku. Takox, Uil BU3HAYCHHS MIIIHOCT] 34YeTICHHS
MIPUBEJIEHI IOCTYIHI naHi. [Ipukian excriepuMeHTaaIbHOT
3aJIeKHOCTI 3MIHM MILHOCTI 34ETUICHHS CIUIABY 3 HaHe-
CEHHM ITOPOIIKOM HaBesieHO B Tabu. 1.

Tabnuys 1 — BiuimB cmocody MiATOTOBKH NMOBEPXHi CIUIaBY
BT3-1 Ha miuHicTh 34enJieHHSl 3 MOKPUTTAM

nopomkom BK15 [4]
Cnoci6 migroroBku H]fiocl;f- 3?6?::;;;
nosepxui Rz, MKIYVI MH/m? ’
10 50
TouinHs 14 65
16 120
20 56
. 22 101
Jlerka mickocTpymeHeBa 24 115
00poOKa KOPYHAOM 57 140
3epuucrictio 450-980 MM 36 90
mpu Tucky nositpst 0.45 MIla 38 65
39 35
pobocTpymeHeBa 00pobOKka
craneBuMH Kynbkamu 0.5..1 MM
mpu Tucky nositpst 0.45 MIla 2.3 43.72
npotsiroM 150 cek

B pesymbrarti, [ meprmoi omeparii ApodocTpyme-
HEBOi 00pOOKH MaeMO OCHOBHI TTapaMeTpH: Iy — gac o0po-
OKwM; P1 — THCK TOBITPS B cHcTeMi 00poOkm; P1 — eHepro-
CIOKMBAHHA YCTAaTKYBaHHS ISt APOOOCTPYMEHEBOI 00po-
OKM; ' —Yac aMOpTH3alil yCTaTKyBaHHS; M — BapTiCTh
YCTaTKYBaHHS; Mp1 — BAPTiCTh EHEPTETHIHNX PECYPCIB Ta
MaTepiajiB, SKi BUKOPHCTOBYIOTHCS 32 OIUHHUITIO Yacy B
oOpaHOMy pexuMi poOOTH; G — TBEPHICTh MaTepiaiy,

skuil 00poOnseThes. OmHAK, HE BCl BKazaHI BEIMYUHH
BIUIMBAIOTH HA CIUTY 3UCIUICHHS TIOKPUTTS:
Y1 = H(<ty, p1, o, {XimiuHuit cknag ocHoBu},
{BuAa nokputTa}, {TexHonorig HaHeCeHHs NOKPUTTA}>),

ne t; =Ty(< p,o >) — TyT yac 0OpOOKY 3aJIeXKUTH BiJ] TH-

CKY MOBITPS B CUCTEMi, TOOTO BiJ CHIIM B3aeMOii abpa-
3HMBY 3 MaTepiajoM Ta BiJl TBEPAOCTI 0OPOOIIOBAIEHOTO
MmaTtepiairy. AOpa3uB B IIbOMY IPOLECI BBa)KA€ThCsl He-
3MIHHEM 1 BXOJHTH JI0 BapTOCTi 3HOCHOCTiI YCTaTKy-
Ml = M1(< tl’ n, Pl’ My, Mpq, Py >) — MaTepia—
JIbHI BUTPATH B OCHOBHOMY 3aJIXAaTh BiJl 4acy poOOTH
YCTaTKyBaHHSA Ta WOro 3HococTikocTi. Ili mapamerpu
MO)KHA BHPA3UTH 3 PSKUMY HABAHTAKEHHS Ta 4acy po-
6orn. TakoXk 3aNEXKUTH BiJl PeXUMY POOOTH 1 MOTYX-
HiCTh eHeprocnokuBanus. Lli BeNMYMHN MOXXKHA BHU3HA-
YUTH 3 pOOOYOTrO THCKY IMOBITPS B CUCTEMI Ta 4acy po-
0oTH cucremH, KW MOTpPiOHMH 1O JOCATHEHHS Oaka-
HOTO pe3ynbTaTy. MartepianbHi BUTPATH 3BOIATH JI0 CKa-
JISIPHOI BEJIMUMHY Yepe3 IXHIO BapTiCTh, 200 10 KITBKOCTI
a0o 1o yacy 3a JisiHHSA Y TPOIIEC.

VY BUMajKax HEXTYBaHHS BapTiCTIO MPOIIECY HA KO-
PUCTh 3MEHIIICHHS Yacy BUPOOHHUIITBA, MOBHICTIO (yHK-
Ii€10 BapTOCTI 3HEXTYBAaTH HE MOXHA, 00 yCTaTKyBaHHS
NP NIepeHaBaHTaKEHI MOYKE BUWTH 3 JIa1y, 10 3y[THHUTh
BUpOOHMUMH mporec. ToMy po3paxyHOK pO3IMaaaeThCs
Ha ONTHMI3alliio 10 MiHIMi3allii Yacy 3 0OMeXEeHHSIM Ha
rapaHTOBaHICTh 3aJIMIICHHS YCTAaTKyBaHH: B CTaHI 00po-
OuTH 3a/laHy KIIbKICTh AeTaNeH.

3aJexHICTh BKa3aHUX BEIWYMH MOKHA TO0AYUTH B
Tabi. 2., B sIKii HABEACHO HAa3BH BEJIMYHH, 5IKI BPAXOBY-
I0ThCSl B MPOILIECI ONTHMIi3alil TeXHONOrIYHOI orneparii
JpoOOCTpyMEHEBOI 0OpPOOKHM TTOBEPXHI ISl IMiIBUILICHHSI
aaresii A 10 331aHOTO 3HAYEHHS MPH MIHIMAJIBHUX BU-
TpaTtax pecypcis. Jlesiki BeluuuHU 3 TaOIHILII MaloTh B3a-
€MHY 3aJISKHICTb, 110 CBIJYUTH MPO Te, L0 CUCTEMa
YTBOPIOE CHCTEMY, MOXKJIMBO HENIHIHHUX, PIBHSHB 3 Ki-
JpKOMa HEeBiIOMUMH. B 3aransHoMy Bumaaky Taky cuc-
TEMY PO3B’sI3yBaTH aHANITUYHO € HE JOLUIBHAM 3 MpHU-
YHHU BIJICYTHOCTI CIIOCOOIB aHAITHYHOI'O PO3B’sI3aHHS
a00 3HAYHOI CKJIQJIHOCTI IIUX METO/IIB PO3B’s3aHHSI.

HarowmicTs, 115 BUpa)KeHHs IPYNH MIYKaHUX Iapa-
METpIB Uepe3 BiIOMI MapaMeTpH 3 BUKOHAHHSAM HaKIia/ie-
HHX Ha HUX OOMEXKEHbD Ta JOCATHEHHA MiHIMAJIbHOTO/Ma-
KCHMaJIbHOTO 3HAUYEeHHsS BaroBoi (pyHKIII, sika BUpaXkae
o0CsIT BUTpAT, BUKOPUCTOBYIOTH UYHCENBHI METOIU Ta
AQHAIITHYHI perpeciiiHi MOMIHOMH MO eKCIIePUMEHTANIh-
HUM JaHUM, SIKi a00 TO3BOJISIFOTH OTPUMATH aHANITHY-
HHUHA PO3B’SA30K a00 MPSAMO BHPAKAIOTh MTApaMeTpH IMPo-
Iecy uepes 3a/1aHi pe3ynbTaTH Ta OOMEKESHHSI.

Hactrymni erarmn oOpoOky MpoOBOAATH HA OOHAKO-
BOMY YCTAaTKyBaHHI, JIMIIIE MIPOIECH BiAMiHHI B MaTepia-
JaX, AKi YTBOPIOIOTH IIap Ta IMiJIap, a TAKOX BiApi3HA-
FOTHCS TOBILIHA [IAPy Ta NPOIIAPKY.

[Ipormapok BUKOPHUCTOBYETHCS B TEXHOIIOTIT Ta301l-
JaMEHEBOr0 HAIMJICHHS, KOJU MaTepial HOBEPXHEBOTO
mrapy Ma€ XiMi9Hy HEeCYMiCHICTb 3 OCHOBHHM MaTepia-
J0M, a00 OCHOBHUI IIAp HE MOXXE YTBOPHTH JOCTATHIO
aares3iro 10 OCHOBHOTO MaTepiamy. Tomy martepian mis
YTBOPEHHS MPOMIAPKY Ma€e OYTH XIMIYHO HEUTPAIILHIM JI0
MaTepianxy IeTali Ta OCHOBHOTO IIapy Ta MaTH TOCTATHIO
azre3iro 10 MaTepialiB OCHOBH Ta MOKPUTTS. B ocobmmBo

BaHHs.
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BaXKHMX BHITQJIKAX € BHUIIPABIaHNM BHKOPHUCTAHHSI IPO-
IIapKy 3 MOJiOJIeHY, SIKHi Ma€ BHCOKY aJire3ito 3 OlbIi-
CTIO MaTepiaiiB. BaxxnuBuMm € Te, 1m0 1S aare3ifHoro
MIPOIIAPKy JOCTaTHRO HAHECEHHS Marepialy IIapoM B

JIEKiJTbKa MOJIEKYJ, TOMY BHKOPHCTaHHS MONiOieHy He

MPU3BOJMTH /IO 3HAYHOT'O 3pOCTAHHSI BApPTOCTI MPOLIECY.
B Tabu1. 3 HaBeieHO pe3ynbTaTH EKCIIEPUMEHTIB 110

HAHECEHHIO MTOKPHUTTIB ra3olyiaMeHeBUM METO/IOM.

Tabnuysa 2 — BeauunHy, IKi BpaxXoBYBaTUMYThCSl B IPO0OCTPYMEHEBOMY eTali BiTHOBJIEHHsSI TOBEPXOHb JieTaJIeii

Ne Ha3ssa Ilo3Hauenns 3ajexxHicTh
1 Mac o6podi t LHyKaHe/3§ﬂaHe, p1,0, {BUI TOKPUTTA},
{TexHoOris HAHECEHHsI HOKPHUTTSI }
2 [Tuck noBiTpst B cucrtemi o0poOKu p1 —«—
3 [Eneprocno)xuBaHHs yCTaTKYBaHHS JJISI IPO- P, [Tykare,
boCTpyMEHEBOI 00POOKH p1
4 [Hac amopTu3aiii ycraTKyBaHHs r Banmane, p1
5 [BapricTh ycTaTKyBaHHS ma Bamane
6 [BapTicTh €HEPreTMUHMX PECYPCIB Ta MaTepialiB Mp1 Bamane
7 [TBepmictp Matepiaiy, sikuid 00poOIsIEThCS c Banane
R T T — {ximiynmii cknan oc-[[llykane/3anane, 3 nepemiky JIOCTYIHHX
HOBH } {BUI OKpHUTTsI}, {TEXHONIOTisI HAHECEHHs TOKPUTTS }
9 |Bux mokpHTTA {BHJT TIOKPHTTA)} [Tyxane/3anane, 3 Hepenixy JOCTYIHHX {XiMiYHUH
CKJIaJT OCHOBH }, {TEXHOJIOTisl HAHECEHHS OKPHTTSI }
10  [TeXHOMOTis HAHECCHHS TIOKPHTTS! {TexHomnoris HaHe- LH.yK.aHe/%a/:[aHe, 3 IIepertiKy AOCTYIMHUX
CEeHHsI HOKPUTTs} |{XIMIYHMH CKJIaJ{ OCHOBH }, {BHJI TOKPUTTS}
11 MiI_IHi.CTB 34YEIUICHHS, AL t1, p1, {XiMIYHHI CKJIaJl OCHOBH }, {TEXHOJIOTis HaHE-
Anresist CEHHS1 TOKPHTTS |, { BUJ TIOKPUTTS }

Tabnuya 3 — BeJnynHH, sIKi BpaXOBYBATUMYThCS B APO0OCTPYMEHEBOMY eTali Bi/IHOBJICHHs IOBEPXOHb JleTajei

Ne HasBa Ilo3Hauenns 3aJiexkHicTh

1 | Hampyra gyru ) Illykane, 28..34 B

2 | JlucraHiiis HaMJICHHS L [ykane, 80..200 MM

3 | Hiamerp npory d Hlyxkare, 1,2..2,2 MM

4 ToBIIMHA MpOLIAPKY/TIOK- h [ykane, 0,5..3,0 MM — U1 HOKPUTTS,

pUTTS <0,5 — s mpourapky

5 | Tuck B Kamepi p ykane, 2..10 MIla

6 | IIBuakicTh KOB3aHHS v yxkane, 2,0..2,75 m/c

7 | Hopwucricte p lykane/3amane, <10%

8 | MiuHicTh 34eruieHHs A1 [lykane/3anane, 30..70 MIla

9 | TBepuicth o lykane/3amane, 6900..73000 MIla

10 | 3nococTiliKicTh J Illykane/3anare, 11..15 mxm/km (1071)

11 | XimiuHuii cKJ1al OCHOBU {ximiuHmH ckiag ocHoBH} | 3anaHe, 3 HepeniKy TOCTYITHHUX {BHI MOKPUTTS }
12 | Bug nokpurts {BUI OKPHUTTSI } llykane/3aane, 3 nepeniky {XiMiuHUN CKJIaJ OCHOBH }

Haxxaine, MozientoBaHHs (Pi3MKO-XIMIYHUX MIPOLIECIB
NPU Ta30IUIaAMEHEBOMY HAaHECEHHI MOKPUTTIB € CKJal-
HUM, B Pe3yJIbTAaTi YOTO BIJIOKPEMHTH HE3aJICXKHI IMapa-
METpH Maibke HeMOXJITUBO. ToMy JUIst TOOYIOBH MaTeMa-
THUYHUX 3QJISKHOCTEH JUIs Ta30IUIaMEHEBOT0 HaITMICHHS
Oyll0 BUKOPHCTAaHO METOJI pPErpeciiHoro aHamizy Ha
OTPUMaHHX EKCIIEPUMEHTAIBHO MaHux (Tabi. 4).

BimnosigHO 10 00paHOro MeTomy peamizalii maTe-
MaTHUYHOI MOJENTI Iporecy, KOpucTyBad iH(opMaIiiitHoi
CHCTEMH Y BUIJLSII XMAapHOT'O CEpBiCY IIOBUHEH MaTH MO-
JKJIMBICTh BUKOPUCTOBYBATH aHAIITUYHI MOJEINI, TaOIu-
YHE 3aBJaHHS 3aJIEKHOCTI MiXK BeJIMYMHAMU, a00 aHaJIi-
TU4HI 200 aNTOPUTMIYHI METOJH YHCIOBUX 3aC00iB MO-
JIeIIOBaHHS NIPOLIECY, SIKUH OITUMI3Y€EThCSL.

B pe3yabraTi aHami3y TeXHOJIOTiYHUX onepauii
MiTOTOBKU TOBEPXHI JAeTaieil MeTomoM IpodbocTpyme-
HEeBOi 00pOOKH, 3 METOIO TiIBHIIICHHS aare3ii TOKPHUTTS,
Ta HAHECEHHs Ta30IUIaMEHEBHM METOIOM aJre3iiHOro
HIapy Ta OCHOBHOI'O TOKPHUTTS, BUALIEHO BeJIMYUHH, K]
MOXKYTh BHCTYIIaTH B SIKOCTi XapaKTEPHUCTUK PE3yJIbTATIB
TEXHOJIOTIYHOI Omepariii Ta B IKOCTI KEpOBaHUX IapaMe-
TpiB TEXHOJIOTIYHHUX OTIEpPALLii.

3a3HauyeHo HeoOXigHiCTH MiATPUMKU B iH(OpMa-
LIMHIA cUCcTEMI BU3HAYEHHS 3aJIEKHOCTI MIXK BEIUYU-
HAMH aHAJITUYHHMHU METOJaMH, TaOJIMYHO, allrOPUTMI-
YHO Ta 32 JIONIOMOT' OO IMITalliiiHuX Mojiesiel. Po3risiHyTi
iHpopMaIliiiHi OAMHULI € (PYHKIIOHAIBLHO PI3HUMH, Jie-
SIKi BEJTMYMHU MAIOTh 3[[aTHICTh 3MIHIOBATH (DYHKIIIOHA-
JbHY 3[ATHICTh TEPEXOIOM BiJl HIYKAHUX BEIHYHH JIO
o0MeXeHb Ha TeXHOJIOTIdHY OIepalliro, o HaKJIagae Ha
CHCTEMY KepyBaHHS 3MIHHMMH JOAATKOBI ()YHKI[IOHA-
JBHI MOXIIMBOCTI Ta YHIBEpCAIBHICTH O TpaHchopMartii
MOJICITIOBAHHSI TEXHOJIOTTYHOTO MPOIIECY.

@DopMyBaHHA €BPUCTUYHUX NPABUJI T 0a3u
3HaHb CTPYKTYPH TEXHOJIOTiYHOI0 Npouecy
€J1eKTPOAYTOBOI0 HANMJIEHHS

JIis IpOeKTYBaHHS TEXHOJIOTIYHOTO TIPOIIECY MOTPi-
OHO BM3HAYWTH: TEOMETPUYHI PO3MIPH JIETaIi, IIOBEPXHIO
KOl TOTPIOHO 00poOMTH ab0 BITHOBHUTH, IS BiIHOB-
JICHHS BaJliB KPUTUYHUMH € JOBXKHHA O00pOOIIOBATBHOI
yacTuHH Aetani Ly, miametp Dy yrBOpEeHHS MiHIMaIBHOTO
MUTHAPY TOKPUTTSI IETali, Ilel mapaMeTp Mae BIUIUB Ha
MiHIMaJbHY MOXKJIFIBY TUCTAHITIFO HANWIeHHS L.
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Tabnuys 4 — ExcniepuMeHT 10 BUSIBJICHHIO 3aJ1€:KHOCTI MixK
KEPOBAHMMH Ta UIYKAHUMH BeJHYHHAMH
npouecy ra3onjiaMeHeBoro HamuJieHHs

Takox 3 03HAYECHUX MapamMeTpiB POOUTHCS BUCHO-
BOK PO MOXKJTMBICTH BCTAHOBJICHHS BaJly Ha BEPCTAT aB-
ToMaTH4YHOI moxaaui. JleTai, ski He € BajJaMH, MOBUHHI

= = = = 00po0IIsATHCS BpYUHY. .
=| 8| »| E = z E " BaxnuBy ponb Mae MaTepiai 3 IKOro 3po0JIeHo fe-
= =4 = 5 Z E 2 = § TaJTi, IOBEPXHS SIKOI IMiTae€Thcst 00poO1i. Hampukian, 3a
Sl S| 5| % E £ g | g £ «Valid and invalid contacts of metals in accordance with
g1 2 : £l = = = ” 5 GOST 9.005-72» BU3HAUAIOTHCS MaTepiaid, SKi H -
= | 2| E| | g = 5 2 2 plaju, e 1o
e | E| E § 5 § E S g MYCTUMI B CHIJIbHOMY BUKOPHUCTaHHI 3 TOUYKU 30pY KOpPO-
= E =6 2 = 2 E & 3iifHOI cTiiikocTi. B pasi mpucyTHOCTI y BUMOrax 1o pe-
X = = = 3yJIbTaTy OOpOOKH JeTaii MaTepiany IMOKPUTTS, SKUH €
No P. | Vo | A |7n mxwxy| HECYMICHHM 3 MaTepiajoM OCHOBH, TEXHIYHMH IpoLec
exer| Y BlE mmd, M, MM Mila | weo | MITa ’(10-9) HOBUHEH O00OB’A3KOBO JONOBHIOBATHUCS HAHECEHHAM
1 30 {140 16|15 6 2,3 115 0,014 IpomapkKy 3 MeTally, SIKAHN € C}’MiCHI/IM 3 OCHOBOIO Ta I10-
2 [ 3210|1425 4 [26] 90 | 0013 KPHUTTAM OZHOTACHO.
3riiHO 3a3HaYeHNM OCOOJIMBOCTSIM IJIaHyBaHHS Te-
3 120/180) 2 | 1 8 |215]120] 0013 XHOJIOT1YHOT'O TPOIIECY HAMMIICHHS MOTPiIOHO BU3HAUUTH
4 13412001121 2 8 2 95 0,014 BXiJHI nmaHi (Tadit. 5, co0iBapTICTh Mpolecy A IBOro
5 |3 (|120({18|05| 2 |245| 100 0,012 NPUKIIAAY HEe BpaxoBaHO). 3 3a3Ha4€HHX BUMOT IO JIO
6 | 28 |160| 16| 15| 10 |275| 8o 0,015 BU3HAYCHHS BHMOT TEXHOJIOTTYHOIO IMPOIECY BUHHKA-
7 31 80 2’2 3 4 2’3 110 0’013 I0Th HACTYIHA I'pyrnia CBpUCTUYHUX TIPaBUJI:
8 |29 |160] 12| 3 5 5 80 0.011 Ipasuno 1.1: .ﬂKHIO‘ BHMOTa ~06013 SI3KOBa, BUMa-
raTy 3allOBHCHHS BiIIOBITHHX TTOJIB.
9 | 32110011815 245] 115 0,015 Ilpasuno 1.2: Bumora nepecrae OyTu 00OB’sI3KO-
10 | 31 1200|114 1 26| 70 0,014 BOIO, SIKIIO BU3HAYECHO napamerp(u), 3a SKUM(1) MOXKHA
11| 28 (140 2 | 25 10 |2,15| 90 0,015 MPOBECTH MPOLIEC BU3HAUCHHS I[i€] BUMOTH.
12 | 32 [120] 1,4 1 6 |[215| 105 | 0,013 Ilpasuno 1.3: HaknaganHs yMOB ONTUMI3allii MOX-
13| 29 [180] 2 [25]| 2 26 | 90 0012 JIMBE JIMILE JUIsl HeOOOB’ I3KOBUX TTapaMeTpiB.
143080 | Le] 2 10 |275] 120 | 0,015 Ilpasuno 1.4: HeoOOoB’s13k0B1  IapaMeTpH MOXKHa
3QIMIIUTH HE 3aJ]aHUMHU, ajle aBTOMATHYHO Ha BCl mapa-
1513414012205 4 23| 60 0,013 METpH MOBUHHI HAKJIAJAATHCsl OOMEXKEHHS, SIKi BiJIIIOBI 1~
16 | 29 |120)1,2| 2 6 [215] 75 0,012 10Th (Di3MYHUM BIACTUBOCTSM IIPOLECY.
Tabnuys 5 — Mepenik BXiTHUX MapaMeTPiB Ta BUMOT 10 pPe3yJIbTATIB TeXHOJIOTiYHOIO MpoLecy
Ne HasBa Ilo3HaYeHHs O00B’A3KOBICTH
1 [TepaicTh MaTepianry OCHOBH Uil 0OpPOOKH Oox «Tax»
2 Martepian ocHOBH Max «Tax»
3 Marepian nokpuTTs Maux «Hi», K110 3a1aHi BIaCTHBOCTI MOBEPXHi, iHakme «Tax»
4 MiunicTh 34eIUICHHS MOKPUTTS 10 OCHOBH, aJre3is A1 «Hi»
5 [eomerpu4Hi po3MipH Jijisi HAHECEHHSI HOKPHUTTS Lo, Do, ... «Taky
6 [eomerpuuHi po3Mipu micist HaHeceHHs MOKPUTTA | Leur, Daux, ... | «Hi», sikio 3a1aHa TOBIMHA CIIOK0 HAHECEHHs, iHake «Tak»
7 [ToBuIMHA NOKPUTTS Neux «Hi», aKwo 3axani BuxigHi po3mipu, inakie «Tak»
8 [[MopucricTh NOKPUTTS Peux «Hi»
9 [TBepaicTh NOKPUTTS Ooux «Hi», AK1I0 3a1aHMi MaTepian noBepxHi, inakure «Tak»
10 BHOCOCTIHKICTh IIOKPHUTTS Joux «Hi», K10 3a1aHnii MaTepian noBepxHi, inakime «Tak»
11 [ToBmmHa migmapKy hiio «Hi»

Ilpasuno 1.5. Slkmio BUMora cynepednTsb iHIIIH BH-
MO31, IPOBECTH BHOIp MPIOPHUTETY, 1 MEHII MPIOPUTETHY
BHMOTY IIEPEBECTH B KPHUTEPId ONTHUMIi3allil 3 BUCOKIM
MIPiIOPUTETOM.

Ilpasuno 1.6. SIxuo Bumora abo Kpurtepiii He 3a-
JlaHi, HAKJIACTH Ha BUMOTY KpHUTEpili ONTHMi3arii HU3b-
KOT0 MPIOpPHUTETY Ha MiHIMI3aI[if0 BUTPAT PECYPCiB.

Hactymui eBpucTHYHO BHW3HAuYeHi Mii TOB’s3aHi 3
00paHHSAM TEXHOJIOTIYHUX it

Ipasuno 2.1: SIxiio 3a TeOMETPUYHUMU MApaMET-
paMu Jetaib He MOXKHA BCTAHOBUTH Ha OOJIaJHAHHS aB-
TOMAaTHYHOI 0OPOOKH, TOTPiOHO MEPEUTH 0 PO3PaAXyH-
KiB IPOJYKTUBHOCTI Ta TOYHOCTI PYJHOI TIparli.

Ipasuno 2.2: SIxuio matepianu aetaii Ta MOKPUTTS
€ TAaKUMH 10 BAXXKO MOEIHYBATH 3 TOUYKH 30pY XIMI4HOI

CYMICHOCTI, 3aKPilIUTH OIEPalil0 HAHECEHHS IiAmapKy
SIK 000B’SI3KOBY.

Ilpasuno 2.3: Slkio MaTepian MOKPUTTSI Ma€e HeJo-
CTATHIO a/ire3iio 10 MaTepiay JeTai, 3aKpiluTy orepa-
I[iF0 HAHECeHHS MiAMAapKYy sIK 000B’SI3KOBY.

Ipasuno 2.4 Sdxmo ToBumHa h,, HaHeCEHHS Ma-
Tepially 3HaYHa, 3aIPOIIOHYBATH MOXKIIUBICTh HAHECCHHS
MiAMmapKy 3 OUTBII ACMIEBOTO MaTepiay.

Hactymni mpaBuia mpu3HaveHi s BU3HAYCHHS
(hYHKIIIOHATTFHAUX TIPU3HAYCHb TEXHOJOTIYHNX OMepallii,
0 MOXXE BIUTMHYTH HAa BH3HAYCHHS il B HACTYITHIN
TPYIIi OTIepaIiii:

Ipasuno 3.1: Sxiio matepiany aerasi Ta HOKPUTTS
0 XIMITHOMY CKJIAZly Ta MEXaHIYHAM BIIACTUBOCTSIM Ya-
CTKOBO HE CYMiCHi, TO O3HAYUTH OIEPALiI0 HAHECECHHS
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MAMapKy SK OOOB’SI3KOBY 3 JIOJABaHHSIM aTpUOYyTy
{«cyMicHicTb» } . MOXITHBE BUKOPUCTAHHS KIJTBKOX TPH-
3HauYeHb. Pe3yapTat Moxe OyTH BUBEICHHUI JIOTYHO HPH
BpaxyBaHHI pe3yJbTaTiB 3aCTOCYBaHHS MPaBUI 2 TPYIIH.

Ilpasuno 3.2: SIkmo BiTHOBIIOBAIbHA ITOBEPXHS
Mae KOpo3ifiHi 3a0pyIHEHHS, BU3HAYUTH IPOOOCTpPY-
MiHHY 0OpPOOKY SIK 000B’I3KOBY OIEPAIIito 3 JOAaBaHHAM
aTpUOYTY {«OUMIIIEHHS» }.

Ipasuno 3.3: Slxmo aaresis Mixxk 6a30BUM Marepia-
JIOM Ta HAHECEHHSIM HE JIOCTATHS, Ta 30UIbIICHHS KOHTa-
KTHOI TUTOIIi IUISXOM MiJBUILICHHS IIOPXOCTi TOCTATHE
JUISl IOCSATHEHHS 3a/1aHOl BEJTMYMHH, TO JOJaTH olepa-
it0 IpoOOCTpYMiIHHOT 00pPOOKH SIK 00OB’SI3KOBY 3 aTpH-
OyTroM {«anresis»}.

Ipasuno 3.4: Slxmo aaresis Mixk 6a30BUM Marepia-
JIOM Ta HAHECEHHSIM HE JIOCTATHS, TO3HAYUTH TEXHOJOTi-
YHY OIepallil0 HAaHECEHHsI 3 JI0JIaBaHHsIM aTpHOYTY {«an-
resisam}.

Ilpasuno 3.5: SIKIO0 TOBIIMHA HAHECEHHS ITOK-
pUTTS Ny € 3HAYHOIO (3AJIEKUTH BiJl Marepiany IOK-
PUTTSI), TO JOATH OIepallilo HaHECEHHS MiIMapKy 3 JI0-
JIABaHHSIM aTPHOYTY {«3alIOBHEHHS» }.

IIpasuno 3.5: SIxmo omepailiss HAHECEHHS IMOK-
PUTTS NIPU3HAYEHA Ul IOBEPXHEBOIO LIApY, JOAATH il
aTpUOYT {«ITOBEPXHSI»}.

YerBepTa rpyma eBPUCTHYHUX [TPABUI MPU3HAYCHA
JUISl YTOYHEHHSI TapaMeTpiB Ta BUMOT JI0 TEXHOJIOTTYHUX
orepaiil 3rifHO BUCTABIECHUX aTPHOYTIB:

IIpasuno 4.1: Sxio nepen0avyeHO HAHECEHHS ITiJI-
MIApKy 3 TPHUCYTHIM (YHKIIOHAILHUM TPH3HAYEHHIM
{«3amoBHEHH» }, TPOBECTH MPOLENYPY BU3HAUCHHS
N0 — TOBIMHY T AIIAPKY.

Ipasuno 4.2: Slxmo npoGocTpyMiHHI oneparii 3a-
naHi atpuOyramu {«aaresisi»} ta {«OYMIIECHHS»}, BHE-
CTH KOPEKIiI0 Yacy oOpoOKku Ta 00’ €THATH orepaliii.

Ipasuno 4.3: Slxuio onepariii HaHECEHHS MiIAPKY
MAaloTh aTpUOyTH {«anresis»} Ta {«3alOBHEHHS»} 1 MpH
LIbOMY BUKOPHCTOBYIOTh OJJHAKOBHI MaTepia, TO 00’ e1-
HATU omeparii Ta iX aTpuoyTH.

Ipasuno 4.4: Slxuio onepaiii HAaHECEHHS MiAIIAPKY
MaloTh aTpUOYTU {«3alOBHEHHS»} Ta {«IOBEPXHs»} i
IpH [IbOMY BHKOPHUCTOBYIOTH OJHAKOBHH Matepial, TO
00’eHaTH omnepatii Ta iX aTpuOyTH.

Ipasuno 4.5: Slxuio onepatiisi HeMae aTpudyTy, TO
BIJIYYHTH 11 3 JTAHI[FOTa OTIEpAaIliii.

Po3pobka cTpykTypu 6a3u 3HAHb
TeXHOJIOTIYHOT0 Mpoiecy

3 meroro 3abe3neueHHs iH(popMaIiitHoi cucTeMu y
BUTJIALI XMapHOTO CEpBICY aBTOMAaTH30BAHOTO ILIAHY-
BaHHS TEXHOJOTIYHOIO IIPOIECY € HEOOXiTHINM HAIIOB-
HeHHs 0a3 maHux Ta 0a3 3HaHb. basa 3HaHp «Bumoru ta
BiTHOIIEHHS MK BUMOTaMI» PErJaMeHTYeTbCs TaOIu-
maMu 2 Ta 3. BigmoBigHo [0 1MX TaOJIHIE CKIIaJeHa Ha-
CTyIIHA CTPYKTYypa 6a3u 3HaHb (puc. 3).

[ynxr «[lapamerpu Ta OQUHIII BUMIPIOBAHHDY 3a110-
BHEHMI 3a JaHWUMH HaBeIeHUMH B Ta0i. 3 1a 4. Takox mi
TaOMuIi MIiCTATP MOXJIHBI CTaHW. JlesKi mapaMerpu Mo-
JKYTh MaTH OJIMH 3 KUTPKOX CTaHIB, KO METa OITAMI3aIlii
00poOKH Binpi3HseThes. ToMy Ist 3a0e3redeHHs pO3B’si3-
HOCTI IIOCTaBJIEHOI 3aa41 ONTHMI3allil, HeOOX1HO MaTH Ha-
6ip HeoOXiMHMX MapaMeTpiB, a0o iX JAOMyCTHMI Alarna3oHH;

basa sHaHs |

32 BUKOHAHHS MPABIIIBHOCTI TTOCTAHOBH 3a]1a4i MOOYI0BH
TEXHOJIOTTYHOrO TIPOLeCy BiAnoBizae Onok «EBpucTHKH
3MiHH CTaHiB apameTpiB». EBprUCTHKY BiIOBI1at0Th TIep-
IIii TPy TIepeiKy eBPUCTHYHHX 3HAHB B II. 4.

I'Iapamemu Ta OfvHAL
ix smmpmaauuﬂ

1
1
1
I'Iepenlk MOITMBMX CTaHIB| :
napame J +
Mepenik 3anexHux
napameTplB

I'Iepenm 3anemoc11
Bw. napameTpis

EBpUCTKA 3MiHK
CTaHIB MapameTpis

Bumorw Ta
BiAHOLLEHHS
MiX BUMOTaMK

Jlonycku, npunyckm |

DiznKo-MeXaHiyHi
BIACTMBOCT
maTepianis

Obme#eHHA Ha
napameTpn

XimiyHi
BNACTMBOCT
maTepianie

Puc. 3. baza 30aun 11 BU3HAYEHHS BX1JIHUX JaHUX
Jutst 3a0e3neueHHs MOOYI0BH MPOILECY BiTHOBICHHS
HOBerHi lIeTaJ'Ii METOAOM CJICKTPOAYIOBOI'O HAITMJICHH
(Fig. 3. Knowledge base for determining the input data
to ensure the construction of the process of restoring the
surface of the part by the method of electric arc spraying)

«Buau noBepxoHby», «JOIMyCKH, IPUITYCKM 3aII0B-
HIOETHCS HA OCHOBI TaOJIMYHUX [aHUX HA HABEIEHI B
ACTY 2391-94, T'OCT 26645-85, TI'OCT 7505-89,
I'OCT 7062-74, TOCT 7829-74. Tak camo 3arajbHa Be-
JMYMHA JIONYCKIB NMOBUHHA BIAINOBIZATH BHMOTraM J0
KBaJIITETy ACTalli.

®di3uKo-MexaHiIuHI BIACTHBOCTI MaTepialiB BU3HA-
garothes 3a JJCTY 4219-2003, JICTY 2494-94. YV Buma-
JIKax BIJICYTHOCTI BiJIOMOCTEH Mpo Matepial AeTali, BU-
KOPHCTOBYIOTh 3HaYCHHS SIKI OTpUMaHi 32 METO/IaMH BH-
sHageranmu JJCTY EN 10002-1:2006, JICTY EN 10002-
5:2006, T'OCT 1497-84 — BunpoOyBaHHs METaJiB Ha po-
314r; Ta iHIII. JlomyckaeThess BUIPOOYBaHHS MaTepiatiB
Ha MIIHICTh 3a JIOTOMOTOI0 KalliOpOBaHHUX TepIyTiB abo
HOPTaTHBHUMH TBEPJOMipaMHu.

CyMIiCHICTh BUKOPHUCTAHHS KOHTAKTYIOUMX METaiB
pernamentyetbest 3a [OCT 9.005-72 EC3KC, Ta mMox-
TB1 MaTepianu TTOKPUTTIB periIaMeHTOBaHO
I'OCT 10052-75.

Hacrymna, mpyra 6a3a 3HaHB BigmoBigae 3a Habip
EBPUCTHK, SKi BU3HAYAIOTH JOUIIBHICTH TEXHOJIOTIYHUX
omepartiit i Ma€ HaCTYIIHY CTPYKTYpY (puc. 4):

Brok 3 maHUMH 171 TOBTOPHOT'O BUKOPHCTAaHHS Ha
cxeMi puc.4 TmoKazaHO fAK 0a3y HAaHUX YETBEPTOI
IPYyIH — BUKOPUCTAHHS ApYroi 0a3u 3HaHb NOBHHHE 3a-
0e3MeunTr CHCTEMY TPUB’SI3KHA TEXHOJIOTIYHHUX Orepa-
Ii# 32 iX MpU3HAYEHHSIM B TEXHOJIOTIYHOMY IIPOIIECi BiJl-
HOBJICHHSI TTOBEpXOHb. PerimaMeHTyIoTbcs IIi NpaBHia
JPYTOI0 TPYIOK eBPUCTHYHUX NpaBmil. Ha 1ipoMy erami
TEXHOJIOT19HI omepariii MOKyTh TOIaBaTHCA JI0 JAHIIOTa
nporeciB 00poOkw, HaOyBaTH aTpUOYTIB NMPU3HAUCHHS
Ta MOXKE BiAOyBaTHCS 3aKPITUIEHHS OTIepallii Ik 000B’ 13-
KOBOI, 110 3amo0irae ii BUKITIOYEHHIO Ha HACTYITHUX €Ta-
Max MPOEKTYBaHHS Ta ONTHMi3aii.
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Mepenik NpusHaYeHL
TeXHONOMYHUX onepauii
ATPUBYTH TEXHONOMYHMX

onepaujn

EepUcTM4H
BIAHOLWEHHA

I
I
I
|
MizK TEXHONOMYHAMM I
onepaLisMu »

EepucTirm
LOLABHOCTI
BUKOPUCTAHHA
BUAY onepawyji

Lorycky, Npunyckm

DiznKo-MexaH4Hi
BNacTMBOCTI
maTepianis

XimiqHi
BNacTMBOCTI
MaTepianie

Puc. 4. baza 3HaHb JUIs €BPUCTHK BiIOOPY TEXHOIOTIYHUX
omnepaiii 3a npusnauenusm (Fig. 4. Knowledge base for
heuristics of selection of technological operations by purpose)

Hacrynna Tperst 6aza 3HaHb NpH3HAYeHa JUISl BUPIi-
UICHHST TIPOOJIEMH 3B 513Ky MOCTITOBHUX TEXHOJIOTTIHUX
orepariiii 3a KpUTEpisiMU Ta TapaMeTpamu. € MpUpoaHiM
Te, 1110 Pe3YJIbTaT MONEePEHBOI oneparii BILTMBaTUME Ha
Ppe3yJIbTaT HACTYITHOI, TOMY JJISI TEXHOJIOTTYHOT'O IPOLIECY
MDK TEXHOJIOTTYHUMH OIEpallisIMH € HEBHU3HAYCHICTh B
MHOXHHI TTapaMeTpiB, 3aJIeKHICTh HACTYITHOI ONepallii Bij
3HAYEHHS LIUX TapaMeTpiB Ta BapiaTUBHICTh OTPHUMAaHH:
XapaKTepUCTUK MiCisl MPOMDKHOI TEXHONOTIUHOI orepa-
1ii. ba3a 3HaHb, CTPYKTYpY SIKOI PEICTABIEHO Ha PHC. O,
periiaMeHTye 3B’S30K BXiJHMX Ta BHUXIJIHUX MapameTpiB
TEXHOJIOTTYHOTrO Tporiecy. Takok TyT MiCTHThbCs 1HPOP-
Mallisi PO HasIBHI MaTeMaTH4HI MOJEINi TPOIeciB, MaTe-
MaTHYHUX 3aJIeKHOCTE MK BXIIHUMH Ta BUXiHAMH Ha-
pamerpamu 3 OOMEKEHHSIMHU Ha iX 3Ha4yeHHs. Li 3HaHHs
JI03BOJISIIOTH OPTaHi3yBaTH MaTEMAaTHYHY MOJIEb ONTHMi-
3amii mporiecy Io 3aJaHuM KpurepisiM. OmHak KpuTepil
MIPOMDKHHX OIlepalliii BILIMBAIOTh HA 3arajibHi BEJIUYHHH,
TakKi SIK eHEprOBUTPATH, YaC POOOTH, Ta THILI.

MNepenik KUTepiie, Ak
3anexaThb Bif NOTOYHOT
onepauii

Baza auane Il

MNapameTpu T2
KpuTepil
TEXHONOMMHOT
onepaui

3araneHi KpuTepii
ONTAMI3a LI

MNepenik obMexeHs
PUTEpIIB Ta NapaMeTpi

Puc. 5. baza 3HaHp napameTpiB Ta KPUTEPIiiB TEXHOIOTTYHOT
onepaii (Fig. 5. Knowledge base of parameters
and criteria of technological operation)

Ocranns 6a3a 3HaHb, AKa BiJHOCUTHCS O KOHKPET-
HOI TEXHOJIOTIYHOI omeparii, Mo3Ha4YeHa sIK I1°sITa TpyTa,
MiCTUTb MaTEMaTHIHI MOJEII, SIKi MOXKYTh OyTH BUKOPH-
CTaHi IS 3HAXOKEHHS PEXXUMiB 00pOOKH MPH SKUX BHU-
TpaTH 3a ONTHUMIi3aLiiHIMH TapaMeTpaMH € MiHiMalb-
HUMH. 3 IPUYMH BapiaTHBHOI CBOOOAN y BHOOP1 BXiTHUX
mmapaMeTpiB TEXHOJIOTIYHOI OTeparii 3a paxXyHOK Bapia-
[iff momepenHix omepariii, iHpopMariifHa cHCTeMa Mae
MOJIMBICTH Oy TyBaTH MHOXHHY JOITYCTUMUX BUX1THIX
rmapaMeTpiB, THM CaMHUM MHOXKHHA KiJTBKOCTiI BapiaHTIiB
BHUKOHAHHS HACTYITHUX TEXHOJIOTIYHUX OIEparliid, a 3Ha-
YUTB 1 BUIbHUX 3MIHHHX B TIPOIIECi ONTHMIi3aIlii B ILIIOMY,
3HAaYHO 301TbIIyeTHCS. TOMY IpOBEIEHHS ONTHMI3AIlii B
[IJIOMY € 33/1a4ei0 Ha 3HAYHO OiIBIIOMY MPOCTOPi CTY-
TICHIB BiTBHOCTI.

OcraHHs, mocTa 0a3a 3HaHb BiJAIOBiNAE 3a 30epe-
JKEHHsI YeTBEPTOl TPyIU eBpUCTUYHMX npaBui. Lli mpa-
BIJIA JIO3BOJISTIOTH BUKITFOUUTH 3 TIPOIIECY HE 000B’ I3KOBI
TEXHOJIOTYHI omneparlii abo 00’ eaHATH Pi3Hi 3a MPHU3HA-
YEeHHSIM, ajieé OJHAKOBi 3a MapaMeTpaMy TEXHOJOTiYHi
orepariii B 0JHy. 3aBASKA BUKOPUCTAHHS CTPYKTYPHOI
ONTUMI3allii, CHIBBIJHONICHHS Omepaliii Mo IpU3Ha-
YCHHIO, 3HAYHO 3HIKYETHCS KOMOIHATOpHA CKJIaI0Ba Te-
XHOJIOTIYHOTO MPOIIECY.

Hiarpama BukopuctanHd iHgopmaniiinoi
cucTeMH 3a0e3mevYeHHsI MOOYA0BH Ta
onTuMizalii TeXHOJIOTiYHOT0 Mpouecy
€JIeKTPOAYTOBOI0 HANUJICHHS

PosrnsiHyTi Mozeni, CTpyKTypH Ta 0a3u 3HaHb iH-
(hopmariitHoi cUCTeMU y BUTJIS/II XMapHOT'O CEpBICY TeX-
HOJIOTIYHOTO TIPOLECY ENEKTPOYTOBOr0 HAMMIICHHS 110-
BUHHI TTO€JHYBATHCS B €IMHY CUCTEMY, CTPYKTYpa SIKOT
MOBUHHA BIAIOBIZATH CHEHAPII0 BUKOPHUCTAHHS CHUC-
TemH, 1i 3aa4am i MoxsMBocTsIM. ToOTo, crieHapiii Bu-
KOPHCTaHHS TOBMHEH BIJIOMBAaTH NPOLECH IPOEKTY-
BaHHSI TEXHOJIOTIYHOTO MPOIIECy 1 BiAMOBigaTh Jjoriui ii
BUKOPHUCTAHHSI KOPUCTyBauaMH. BpaxoByBaTu MOXITH-
BICTb OOCITyroBYBaHHS KUIBKOX KOPHCTYBadiB. 3azady
MPE/ICTABIICHHS] MOJIEl BUKOPHCTAHHS CUCTEMH MOXKHa
BUKOHATH BUKOPHCTABILH Jiarpamy YHiBepCcalbHOI MOBH
mozemoBandss UML. [liarpama (puc. 6) MicTUTh YMOBHI
inTepdeiicu 1o iHGopMaLiiHOT cUCTEMH Y BUTIISIL XMa-
pHOTO cepBicy 3a0e3neYeHHs TPOEKTYBaHHS TEXHOJIOTI-
YHOT'O MPOIIECY 3 ONTHMI3alli€l0 32 BKa3aHUMH Mapamer-
pamu. I3 cucteMoro MOBUHHI B3a€MOJIISATH YMOBHI «3aMO-
BHHK» Ta «BUKOHABELIbY.

Brssauensa
BXiTHIX MapaMeTpis

10 pesymsTary

BusHauenss
BignoRiTHOCT
Ta [IOEHOTH

Pose’ asapmHa
xoHDIKTIE

3aMOBHHE

Brssavensa
obmesxens
10 peyIBTaTY

B1IMOBITHOCT.

\

. dnchnde ™ v o o
Moneneit
ormaizyBarma _
-
-

Puc. 6. USE CASE DIAGRAM (npenieieHTiB), CTPYKTYpa
Ta B3aeMo/Iist iHTepdeiiciB iHpopMaIiitHOi cHCTeMHU Y BUTIISIIL
XMapHOT'0 CepBiCy MPOSKTYBAHHS Ta ONTUMI3ALiT
TEXHOJIOrYHOro mporecy Mooro UML
(Fig. 6. USE CASE DIAGRAM (precedents), structure and
interaction of interfaces of information system of design and
optimization of technological process in UML language)
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[epBuHHOIO 3a/1a4€l0 CHCTEMH € Y3TOMKEHHS B3a€e-
MO/IiT 3aMOBHHKA Ta BUKOHABIII [T popMalTi3aliii 3a1adi.
Taxe y3romKkeHHs € HeoOXiTHUM JuTst hopMalTizarii 3a1adi
CTBOPEHHS Ta ONTHMI3allii JaHIFOra TEXHOJIOTIYHHUX OIle-
pamiil. /lo miroroB4Oro erary BiTHOCSTHCS B3a€EMOIII 13
«3aMOBHHKOM», TIPH IIbOMY € OOOB’S3KOBOIO 3BOPOTHIH
3B’SI30K 3 «BHKOHABIIEM», SIKUH ITOCEPEHBO 1HTEP(ENCIB
TIepeBipKH BiAMOBITHOCTI Ta (opmaizamii 3aga4i 3a6e3-
Tieyye 3BOPOTHIN 3B’SI30K iTepalifHOro yrO4HEHHs OCTa-
TOYHOI 3aa4i. ITeparlii yTouHeHHs TPOBOJUTHCS IO OTPH-
MaHHs (hOpMaTi3oBaHOI 3a/1adi, sKka HE MiCTUTh HEBU3HA-
YeHOCTeH, KOH(IIKTIB 1 TIPH IbOMY NOBHHHA IapaHTyBa-
THUCS HassBHICTb KPUTEPIiB onTHMi3anii Ta 0OMeKeHi Ha 3a-
JlaHl Ta ITyKaHi BEIMYMHU. BimoBigHo nmapaurmi mpoex-
TyBaHHs1 UML, «3aMOBHHK» Ta «BHUKOHABELb» € PO SIKi
MOXYTh OYyTH Hpe[CTaBJieHi OHi€I0 abo KiJIbKOMa 0CO-
Oamu abo KoneKkTHBaMU. HeBH3HAaYeHICTh po3TanryBaHHs
aKTopiB Ta iH(GOPMAIIHOI CUCTEMHU y BUIIISAI XMApHOT'O
cepBiCy B 3arajlbHOMY BHIIaJIKy BHUIIPaBIOBYE IIepeHe-
ceHHsl 1H(OPMALIfHOI CHCTEMH y BUIIISII XMapHOTO cep-
BICY y XMapH1 TEXHOJIOT'I1, KOJIK B3aEMO/Iisl CHCTEMH Ta aK-
TOpIB MOXKE€ BiIOyBaTHCS PO3ALIBGHO SIK 1 MO pO3Tally-
BAHHIO TaK i 110 4acy JOCTYILY.

BucHoeku

JlocnmimkeHHsl, MpoBeIeHI B JaHii poOOTi, T03BO-
JIUT TIPOBECTU PO3POOKY MOJIENI CHCTEMH MiATPUMKH
TEXHOJIOTIYHUX ITPOIIECiB 3 BUKOPUCTAHHSIM XMapHUX iH-
¢dopmaniiiHux TexHonorid. OTpuMaHi Taki pe3ynbTaTy.

1. Byno npoaHanizoBaHO TPYIHOII aBTOMATH3AIli i
MPOEKTYBAaHHS TEXHOJOIYHUX IPOLECIB, MOB'A3aHI ro-
JIOBHUM YHMHOM 3 TUM, IO 3aBJAHHS NPOEKTYBaHHS TeX-
HOJIOTIYHHUX IIPOLIECIB HE MAIOTh B JIAHWH Yac Gopmalib-
HUX METONIB BHpileHHs. ToMy st 301HCHEHHS TEXHO-
JIOTIYHOTO TPOEKTYBaHHS OyllO TPOBENEHO PO3POOKY
¢dbopmanizanii TexHouorii (abo i yacTuHM), TOOTO MTpOBe-
CTH 3aMiHy (TIepeTBOPEHHS) 3MiCTOBHUX MPOMO3ULIIN Ma-
TEMaTUYHUM anapatoM. B pesynbrarti gaHoo ¢opmanti-
3amii Oy/no 3amporoHOBaHO cXeMy pyxy iH(opmarii B
MPOLIECi ONTHMI3allil TEXHOJIOTIYHOIO TPOIIECY.

2. Bbyno pozpobneHo Momenb peainizamii CTpyK-
TYpH TEXHOJOTIYHOrO TpoIecy, A sSKoi Oyi10 BH3HA-
YeHO OCHOBHI BXifHI MapaMeTpu: IMepesiiK mapaMerpis,
SIKi BIUTMBAIOTH HA TPOIIEC; TIEPEITiK ITapaMeTpiB, SKi € pe-
3yIBTaTOM TIPOIECY; TEPENiK KEpPOBaHMX IapaMeTpiB;
Mepeslik HEeKepOBaHMX ITapaMeTpiB; MEpeliK HEeBIIOMHUX
napaMeTpiB; JleTali3oBaHa CTPYKTYpa TEXHOJOTI4HOI'O
MPOIIECY 3 PO3MUICHHSIM MMapaMeTpiB Ta pe3yibTaTiB. Ta-
KOX OyJia 3alporlOHOBaHA CTPYKTypa €KCIIEPTHOI CHC-
TEMH JIJIS ONTHMIi3alii TEXHOJOTIYHUX IPOIECiB, MPO-
aHaJI30BaHI METOMM MpE/ACTABJICHHS 3HAaHb Ta BiJIIO-
BIJJTHO pO3pO0OJICHO CXeMy HOTOKiB iH(opmarii mig gac
peaiizarlii JaHOi eKCIIEPTHOI CUCTEMU.

3. Ha ocHOBI po3risiHyTHX Ta po3po0JIEHHX METO-
JIB Ta MEXaHI3MiB, SIKI BUKOPHCTOBYIOTh JUISl PO3POOKH
TEXHOJIOT1YHHUX TPOIIECIB pO3POOICHO CTPYKTYPY iH(pO-
pManiifHol XMapHOI CUCTEMH MiATPUMKH MPUHHATTS pi-
IICHb JUTS ABTOMATHU3AIlil CTBOPCHHS ONTUMIi30BAHUX Te-
XHOJIOT1YHHX TPOLIECIB.

4. 3a JOMOMOrOK BHUKOPHCTaHHS PO3POOJIEHHX
METO/IiB Ta MOJICJICH, B pe3yJIbTaTi MPOBEJCHHS MPOLIECY
ONTHMIi3allil TEXHOJIOTIYHOrO MPOIIECy 3a JOMYyCTUMUMHU
eBPUCTUYHIMH TMPABHJIAM, BJIAETHCS OTPUMATH MHO-
’KHMHY JIAHIIFOT1B OKPEMO ONTHMi30BaHUX TEXHOJIOTIYHUX
MPOIIECIB, 3 AKOT IPOBOAUTHCS OAraTOKpUTEPiaNbHil BiI-
0ip, 1110 BiJINOBIa€ IOCTABJICHUM BUMOI'aM ONTUMI3allil.
KopucryBau cucTeMu MOXKE OTPUMYBATH Y BIANOBIIb K
1 OJJHY KapTKy TEXHOJIOTIYHOr'O IPOLIECY, TakK 1 AEKiTbKa
HalKpalux.

5. Po3pobmeni miaxomd onTuMizamii TEXHOJIOTIY-
HUX TpoleciB OyJiM 3acTOCOBaHI J0 BHpIIIEHHS 3aaadi
ONTHMI3alil TEXHOJOTIYHOrO MPOILECY ENEeKTPOLYTOBOI
00poOku. CriodaTKy OyJ10 IpOBEACHO POpMai3alliio Te-
XHOJIOTTYHOTO TIPOLECY eNeKTPOAYTroBoi 00pooku. ITicis
1bOr0, OyJ10 IpOBeNeHO (GopMyBaHHS EBPUCTHYHUX IIpa-
BUJI Ta a3y 3HaHb CTPYKTYPHU TEXHOJIOI1YHOr0 NPOLEeCy
EJIEKTPOAYTOBOr0 HAIMJICHHS Ta BIAMOBIIHO pPO3p0O0-
JEHO CTPYKTypH 0a3u 3HaHb JAHOTO TEXHOJOTIYHOTO
npolecy Ta JiarpaMa BUKOPHCTaHHs pO3poOJeHOl iH-
(hopMaliiiHoi cCTeMH y BUIIISI/II XMAPHOTO CEPBICY.
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Oo6aauyHas cucTeMa NOAIEP:KKU NPUHATHS PellIeHUH TeXHOJI0rH4ecKOoro npouecca BOCCTAHOBJIEHHS TIOBEPXHOCTeil
KOHCTPYKIUIA U AeTajeil MaluH

T. B. CmupnoBa, K. O. BypaBuenko, C. C. KpaBuenko, B. O. ['op6os, A. A. CMupHOB

AHHoTanusi. OGbeKTOM HCCJIEIOBAHMS SIBJISCTCS MPOLECC MOAACPKKU IPUHATHS PEIICHUI TEXHOIOIHYECKOro Mpo-
necca. [IpeamMeToM ucciieoBaHusI SBISCTCS CHCTEMA MOJICPIKKH IPUHATHS PEIICHHIH TEXHOIOIHYECKOro IPOLEecca BOCCTAHOB-
JICHHsI TIOBEPXHOCTEH KOHCTPYKIMI U JeTajell MaluH B BUe obnauHoro cepeuca. Lleab paGoThl 3akitouaercs B pa3paboTke
CHCTEMBI HOJJICPIKKH TIPUHATHS PEIICHHH TEXHOIOTHYECKOT0 MPOIecca BOCCTAHOBIICHHUS TIOBEPXHOCTEH KOHCTPYKIHI | JieTaneit
MAIIIMH B BH/Ie 00Ja4HOTO CEPBHCA, YTO MO3BOJIUT B AATBHEHIIIEM OMTUMU3HPOBATH BEICOKOTEXHOIOTHYHBIE MPOLIECCHI TIPEAPH-
ATHI pa3HOro MaciTada 1o MCIoIb30BaHHI0 00JTa4YHbIX HH()OPMALIMOHHBIX TEXHOJIOTHIA. B pe3yibTaTe Mcc/e10BaHUs IPOaHa-
JIM3UPOBAHBI TPYAHOCTH aBTOMATH3AIMH POCKTHPOBAHHS TEXHOJIOTHYESCKUX MPOIIECCOB, CBSI3aHHBIE NIABHBIM 00pa30M C TEM, 4TO
3a/1a4¥ TIPOCKTHPOBAHHSI TEXHOJIOIMYECKUX MPOIIECCOB HE MMEIOT B HACTOsIIIee BpeMst YOpMalbHBIX METOJOB perieHus. [Toaromy
JUTSL OCYIIIECTBIICHHS TEXHOJIOIMYECKOr0 POSKTHPOBAHMUSI POBE/ICHa pa3paboTka (hopMatn3aiy TEXHOIOT UK (UITH €€ YacTH), TO
ecTh MPOBe/IeHa 3aMeHa (Tpeobpa3oBaHus) COAEPKATEIBHBIX MPE/UIOKCHUI MaTEeMaTHYECKHM amnapaToM. B pesynbraTe TaHHON
(bopManu3ayu NpeaiokKeHa cxeMa JABIKEeHHsT HHPOPMAIMH B MPOLIECCEe ONTHMH3AIMHA TEXHOIOMHYECKOro Tpolecca. pa3pabo-
TaHa MOJIE/b Pealn3alii CTPYKTYPhl TEXHOIOTHYECKOrO Mpoliecca, s KOTOPOW ONpe/iesieHbl OCHOBHBIC BXOHBIC TapaMeTphl:
nepeveHb napaMeTpoB, KOTOPbIE BIUAIOT Ha Tpotiece. Takxke Obliia Mpe/ioyKeHa CTPYKTYpa IKCIIEPTHON CHCTEMBI TS ONITHMHU3a-
LM TEXHOJIOTHYECKHUX TPOLIECCOB, MPOAHATM3UPOBAHBI METO/IbI TPEICTABICHHS 3HAHUI U COOTBETCTBEHHO pa3paboTaHa cxema
MOTOKOB MH(OPMAIINH TPH PEATH3alMH JAHHOW SKCIIePTHOM cucTeMbl. Ha OCHOBE paccMOTpEHHBIX M pa3paboTaHHBIX METOIOB U
MEXaHH3MOB, HCHOJIB3YeMbIX JUTS pa3pabOTKH TEXHOIOTHUECKHX MPOIIECCOB pa3paboTaHa CTPYKTypa HH(POPMAIIMOHHOH 00IaYHO#
CHCTEMBI TIOJUICPKKH MPUHATHS PELICHUH JUTs aBTOMATH3AIMK CO3JaHUsI ONTHMH3MPOBAHHBIX TEXHOIOTHYECKUX mporieccoB. C
MOMOIIIBIO UCIIONI30BaHHS pa3pabOTaHHBIX METOIOB M MOJIENICH, B pe3y/bTaTe MPOBEICHHS MPOLecca ONTHMH3AIMH TEXHOIOTU-
YECKOro MPOLecca 1Mo A0MYCTHMBIM 3BPHCTUYESCKHX TIPABHI, YIAIOCh MOIYIHTh MHOKECTBO LeTIeH OTIeIbHO ONTHMH3HPOBAHHBIX
TEXHOJOTMYECKUX IPOLECCOB, C KOTOPOH MPOBOAUTCS MHOTOKPUTEPHAIILHOH OTOOp, COOTBETCTBYET HPEABSBIAEMBIM TpeOOBa-
HUAM ONTHMM3auuH. [Tonb30BaTeb CUCTEMbl MOXKET MOJIY4aTh B OTBET KaK OZIHY KapTOUKY TEXHOJIOTHYECKOro Mpolecca, TaK U
HECKOJIBKO JTy4IIuX. BeiBoabl. PazpaboTaHHbIe TOAXOIbI ONTHMH3ALMU TEXHOJIOTMYECKHX MPOLIECCOB ObLIM NPUMEHEHBI K pellie-
HMIO 33141 ONTHMH3ALUH TEXHOJIOIMYECKOro IpoLiecca IEKTpoayroBoii o0paborku. CHavana npoBeseHo GopMaIu3aluio Tex-
HOJIOTMUYECKOTr0 TPOoLecca 3EeKTPOyroBoi oopadorku. Ilocie atoro, nposeneHo GopMUPOBaHUE IBPUCTUUESCKUX MPABUI U 6a3bl
3HAHUH CTPYKTYPBI TEXHOJIOTMYECKOT0 MPOLecca MEKTPOAYTOBOH HANBUIGHHUS! U COOTBETCTBEHHO Pa3paboTaHbl CTPYKTYPHI Oa3bl
3HAHUH JAHHOTO TEXHOJIOTMYECKOTO MPOLecca U IMarpaMMbl AByMs CIIOJNB30BAHUS pa3padoTaHHONW MH(OPMALIMOHHOH CHCTEMBI
B BHJE 00JIAYHOT'O CEpBHCa.

KnawuyeBble ciioBa: cucrema TIOAACPIKKU IIPUHATUA pemeﬂm‘?l; TEXHOJIOI'MYECKUE ITPOLECCHI; o0JIauHbIC CEPBUCHI.

Cloud system for decision supporting of technological process of restoration of surfaces of structures and machine parts
Tetiana Smirnova, Kostiantyn Buravchenko, Serhii Kravchenko, Vitalii Horbov, Oleksii Smirnov

Abstract. The object of research is the process of decision support of the technological process. The subject of the
research is the decision support system of the technological process of restoration of surfaces of structures and machine parts in
the form of cloud service. The purpose of the work is to develop a decision support system for the technological process of
restoration of surfaces of structures and machine parts in the form of cloud service, which will further optimize high-tech processes
of enterprises of various scales using cloud information technology. As a result of the research, the difficulties of automating the
design of technological processes are analyzed, mainly due to the fact that the tasks of technological process design do not currently
have formal methods of solution. Therefore, for the implementation of technological design, the development of formalization of
technology (or part of it), ie the replacement (transformation) of meaningful proposals by the mathematical apparatus. As a result
of this formalization, a scheme of information flow in the process of process optimization is proposed. the model of realization of
structure of technological process for which the basic input parameters are defined is developed: the list of parameters influencing
process. The structure of the expert system for optimization of technological processes was also proposed, the methods of
knowledge presentation were analyzed and the scheme of information flows during the implementation of this expert system was
developed accordingly. Based on the considered and developed methods and mechanisms used for the development of technolog-
ical processes, the structure of the information cloud decision support system for automation of the creation of optimized techno-
logical processes has been developed. Using the developed methods and models, as a result of the process of process optimization
according to acceptable heuristic rules, it was possible to obtain a set of chains of separately optimized technological processes,
from which multicriteria selection that meets the optimization requirements. The user of the system can receive in return both one
card of technological process, and some best. Conclusions. The developed approaches to the optimization of technological pro-
cesses were applied to solve the problem of optimization of the technological process of electric arc processing. First, the techno-
logical process of electric arc processing was formalized. After that, the formation of heuristic rules and knowledge base of the
structure of the technological process of electric arc spraying and accordingly developed the structure of the knowledge base of
this technological process and a diagram of the use of the developed information system in the form of cloud service.

Keywords: decision support system; technological processes; cloud services.
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INTELLIGENT APPROACHES TO ORGANIZING REMOTE QUALITY CONTROL
OF STORAGE OF GRAIN PRODUCTS

Abstract. Cereals are an essential part of the diet of Homo sapiens. Since late Neolithic times, with the transition to
sedentary farming, working with grain (growing, storing, processing, cooking food) has become a traditional type of
professional human activity. As part of the accumulated historical experience, numerous technological processes have been
developed and optimized for this type of activity. The relevant technologies evolved in close correlation with the changing
conditions of life, literally under the pressure of Darwinian natural selection, because they were directly related to the
survival of the Homo sapiens. Further development of grain-processing technologies remains invariably urgent today, as
evidenced by the report [1] presented by the UN on the state of food security and nutrition in the world - with horrifying
figures depicting the need and misery of the wide masses of the population of the planet. An important component of grain
processing is the technology associated with the storage of grain products. Part of the stored grain products is used as seed
stock for a new cycle of grain sales, the other - a significant part - for processing into food products. At the same time, new
developed (optimized, improved) grain storage technologies must be safe, low-cost, maximally compatible with previously
developed (available) equipment, and scalable to large volumes of stored material. Of course, the technology must ensure
proper efficiency, an indicator of which should be a reduction in the percentage of grain product losses. In this regard,
management methods used in the technological processes of grain products storage are substantially important, as well as
methods of control over the current state of grain products for the correct organization of the technological processes. In
particular, methods using elements of artificial intelligence are of high interest. Among them, neural networks are
promising, especially those capable of learning "without a teacher” - Kohonen Maps (KK). Modified KK algorithm [2]
implements reduced learning time[3], which is relevant in the implementation of adaptive procedures for processing the
results of measurements of controlled parameters. The purpose of this paper is to consider the principles of using modified

Kohonen maps to classify situations with applicability to remote quality control of grain products storage.
Keywords: Grain; Kohonen Maps; Conditions Identification System; Energy Saving.

Introduction

Briefly consider the elements of the subject area -
methodology, equipment and storage conditions of grain
products - in relation to the formulation of a general
model representation for the organization of quality
control systems of grain products storage.

At the moment, the main type of granaries are
tower-type structures. They are built with the same
standardized shape and unified design. The convenience
of this approach is that the project - a typical and done
once. Also the technology of erection is typical. No new
technical technological solutions are required every
time. The equipment that each tower is equipped with is
also typical, i.e. it is produced in series and therefore
has an increased repairability, interchangeability and
completeness of spare parts. In the end, all this makes
construction and subsequent operation cheaper.

Grain storage (towers) are built in groups of, for
example, 6-8 structures. Grouping simplifies the
construction process, including planning, financing,
land acquisition (legal issues), supplying electricity to
one site, providing roads to bring materials. Also, the
deployment of labor (builders) for the construction of
the complex, etc. is solved once.

Grouping facilitates the process of further
organizational and technical operation of the complex,
including: protection of the territory, maintenance of
electrical power supply equipment, regulatory
maintenance and running repairs of equipment and

machinery, etc. Grouping of granaries (towers) into
complexes solves (simplifies) also many issues of the
following target operation of granaries: delivery - pre-
processing - storage - export of grain, organization of
control of the stored grain material, preventive and
remedial measures to maintain the stored material in
condition, etc.

In organizational-operational terms, in the aspect
of  digitalization of the operation process
(implementation and maintenance of appropriate
software), including the drafting of this sketch model,
the grouping of individual granaries (towers) is
convenient as follows.

1. Erection of granaries (towers) is carried out
simultaneously or in close time. This is due to the need
to concentrate labor and construction equipment. But at
the same time, the towers themselves and all the
equipment are in approximately the same state of
readiness (operational deterioration). The component
equipment of the towers is also delivered and installed
simultaneously or at close dates and mostly by the same
specialists (builders, installers of equipment). Therefore,
it is just as uniform and equally worn.

2. The area of placement of granaries is usually
compact, because it is associated with problems of land
acquisition, economical use of resources, etc., including
the protection of the territory. Therefore, individual
granary towers are not far from each other. Therefore,
we can assume that all buildings are in the same natural
environment: illumination (heating) by the sun, blowing
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(cooling) by winds, exposure to precipitation, the risk of
power supply failures due to natural disasters, etc.

3. In the process of target operation (actually,
work with grain), the entire granary complex in terms of
organization and in terms of software (computer
support), can be under unified management. Hence, we
can speak of the unity (identity) of the approaches to the
problem of grain storage for each tower.

In view of the above-mentioned, when compiling
the model, it is possible (perhaps with certain
reservations) to speak about the identity of granaries
(towers) and the equivalence (similarity) of the
condition and storage conditions of grain in them.

Quality model description

Creating a model involves formalizing the
description. The basis of formalization can be
configuration concepts of the modelled object, the
characteristics of the object itself, as well as external
influencing factors. According to the totality of these
attributes of the description, the processes occurring in
the object are considered (studied, conceptually
assumed). It is assumed that the model should take into
account (describe, cover) the course (mutual influence)
of these processes, taking into account the interaction of

configuration and external influencing factors (Fig. 1).

The purpose of the model is to organize and
consolidate knowledge about the object, also ( ideally)
to implement predictive and instructive functions.

Knowledge Arrangement. It should be based on the
incompleteness of the available information about the
object. A model (the existence of a model) implies the
possibility of replenishing, supplementing and
modifying knowledge (perceptions) about the object
being modeled. The model should be adaptable
(configurable, reconfigurable, adjustable) in relation to
the object, and ideally learning and self-learning.

Predictive functions. With the use of the model, it
should be possible to describe the behavior of the object
(the course of processes in the object) in some (defined,
specified) future.

Instructional Function. With the use of predictive
functions (foresight functions) of the model, it should be
possible to produce recommendations to actively change
the processes taking place, in order to maintain the
simulated object in a particular defined state. We are
talking about using the model as the basis for an expert
system (decision support system) to control the object.
Consider the following factors affecting the
organization of remote control (Fig. 2).

Quality model description
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Fig. 2. Factors influencing the organization of remote control

These include: formalization of the configuration
factor, self-heating of the grain mass, convection
currents, cyclicality of the dew point passage.

Formalization of the configuration factor

The currently accepted (widespread) form of
building a granary is a straight circular cylinder. Filling
and extraction of grit material is done from above, in the
direction of the cylinder axis. The construction
advantage of this solution is the minimum material cost:
the maximum volume for a given amount of used
building material (sheet metal). The technological

advantage is the use of sheet material (metal sheet), bent
along the cylindrical formation. Of course,
geometrically, the spherical shape of the granary would
be even more profitable in terms of material/volume
ratio. Sphere - limits the maximum volume for a given
fixed surface area. But the non-planarity (non-
reducibility to a flat sheet material) of the structural
elements - sphere segments - significantly increases the
cost of such a design solution.

The operational advantage of the cylindrical shape
of the granary is the absence of corners (axisymmetry).
This ensures uniform distribution of stored material
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(grain) in all directions during axial loading
(backfilling). Consequently, there are no "special
places" that create difficulties in the removal of stored
material (grain).

Since the shape of the tower is a straight circular
cylinder, it is natural to use a cylindrical coordinate
system to describe the inner volume: (H, R, a ) - height,
radius, angle of rotation of the plane (H, R). It is
reasonable to consider (in a model approximation) the
product storage conditions in the storage volume as
axisymmetric. According to the conditions of filling the
product in the storage, there is no fundamental reason to
single out any of the directions in terms of o angle. In
this regard, in the future, only two parameters can be
used in the model to indicate a point of space inside the
volume: (H, R) - height and radius. The two-parameter
description (H, R) means that the layout (filling) of the
material (grain) inside the storage can be characterized
by two factors: layering (belonging to some layer along
the height of the cylinder) and the radius distance from
the central axis. This means that some point (a small
volume of stored product or a place where the i-th
sensor of the measuring equipment system can be
placed) is characterized by a pair of coordinates (hi, ri)
according to its location inside the cylinder.

This also means that various sensors located in
different places in the thickness of the stored product
and generally control the state of the product through
the volume of the storage, within the model can be
correlated with the coordinates on the plane (H, R), and
with a quarter of the plane with positive values of the
coordinates: hi, € (0, Ho), ri € (0, Ro), where Ho and Ry
are the height and half-diameter of the storage tower,
respectively.

Besides, in view of initially assumed (postulated
within the model) identity of towers and identity of grain
storage conditions in them (see above), coordinates of
sensors in all granaries of this group of towers can be
correlated with the same model plane (H, R).

Cyclicality of the dew point passage

The most important factors influencing the stored
grain  product and, accordingly, the factors
characterizing the state of the stored grain product are
temperature T and humidity P. The complexity consists
in the fact that these factors are interrelated and
significantly produced by the external environment.

There is some H,0 in the air all the time. The air
can be "wet" or "dry". There is a limit value for the
concentration of H-O in the air for a given temperature
value. When this concentration is exceeded, H.O is
released from the air in the form of fog or dew fall.
There is a concept of "dew point" - the temperature to at
which some concentration po of H,O in the air is the
limit. When po is fixed, at t < to the dew falls out -
excess moisture is released from the air and settles on
objects. At t > to the dew dries out - is absorbed by the
air. The process looks like it is reversible. But in the
case of loose substances, including grain in the granary,
the reversibility is not complete. The dew that falls at
t <to is partially absorbed by the grain. Consequently,
at t > t0, moisture enters the air mass inside the granary

(absorbed by the air inside the granary) partially from
outside, from the external atmospheric air, from the
environment. Result: With cyclic temperature changes
around the dew point, the grain mass accumulates
moisture. This phenomenon is really observed. The
cyclicity of temperature changes is ensured by the
change of day and night, and the presence of excess
moisture in the outer atmospheric air by meteorological
phenomena and seasonal climatic changes, (“rainy
weather™). At the same time, the humidity of the grain
mass  increases  (accumulates).  Exceeding the
permissible norms has a negative impact on the quality
of the stored product.

Convection currents

Another important factor (feature) of grain storage
is the emergence of convection currents. Due to the
radial temperature gradient of the grain mass,
convergent and divergent air flows through the grain
mass take place (automatically occur)[4]. The formation
and directionality of air currents is determined by
seasonality. Grain is usually stored in the late summer to
early fall season. Grain storage is done in fast time.
Therefore, initially the temperature of the grain mass
over the volume of the granary is homogeneous. Then,
during storage, the temperature change goes from the
periphery to the center.

When cold weather arrives, the walls of the
granary are cooled. First, the peripheral part of the grain
mass is cooled - along the walls of the cylinder. Then
the temperature decrease gradually spreads to the center
- to the axis of the cylinder. In general, the average
temperature of the grain mass (all the grain in the
storage) - decreases. But the central (axial) part of the
stored cools down more slowly. The result - the
emergence of convection heat air flows inside the grain
mass. Cold air flows down into the area along the walls
of the cylinder; warm air rises up along the axis of the
cylinder. The volume is confined and closed, so the
flows are closed. The warm air comes in contact with
the dome of the granary, cools and flows down into the
area along the walls of the cylinder etc. Warm air along
the central axial direction carries moisture to the upper
layers. There the air is cooled, the moisture condenses,
and the upper layers are humidified. Thus, in the upper
part of the granary a zone of high humidity of the stored
product is formed.

Further, during warming, the grain mass is heated
from the periphery to the center. In this case, the
direction of the general convection flow (circulation of
the air mass through the thickness of the stored product)
is inverted. The upward convection warm air flow at the
walls of the storage is generated. The central axial flow
inside the grain mass is cooler and directed downward.
The average temperature of the grain mass slowly rises.
But the cold air along the central axial flow transports
moisture to the lower layers. There, the moisture
condenses, and the lower layers become moist. In this
case, now in the lower part of the granary is formed
zone of increased humidity of the stored product.

Additionally, the seasonal processes of the
formation of convective air currents are superimposed
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on the diurnal processes of temperature fluctuations
near the "dew point". The result is a layered structure in
the distribution of moisture in the grain mass.

Self-heating of the grain mass

Another point related to grain storage is self-
heating of grain [5]. Grain (each grain individually) is a
biological object. Consequently, metabolic processes
inherent to the entire living environment take place in
grains. Metabolism is activated under some (not always
reliably diagnosed) combination of temperature and
humidity factors. The process initially develops slowly,
but then goes at an increasing rate, about 0.05 °C / day.
The result is self-heating of the thickness of the grain
mass up to +35°C. Thus, the effect of self-heating can
be commensurate in importance with the effects of
external (seasonal and daily) temperature and humidity
influencing factors.

Conceptual view of the dependencies
T(h,r)and P(h, r)

Daily and seasonal temperature-humidity changes
with the imposition of self-heating mode of grain mass
create a complex time-varying pattern of temperature
and humidity distribution, in the thickness of the grain
mass. Within the axisymmetric model under
consideration, the description of the current state is
reduced to a pair of surfaces - graphs of dependencies
on two variables: T(h, r) and P(h, ).

In qualitative terms, the temperature dependences
T(h, r) look like planes of complex shape with
decreasing in the radial direction from the axis to the
cylinder form. In the case of predominance of the
seasonal component of temperature changes - the
surface looks monotonically along the axis H (along the
height of the cylinder). When the component related to
self-heating dominates, a smoothly decreasing
maximum is localized near the H-axis (i.e., a local
heating area is seen in the center of the mass volume of
the stored product).

The moisture dependences P(h, r), in qualitative
terms, look the same with a smooth decrease in the
radial direction (from the axis to the cylinder walls), but
less uniform in the height of the cylinder (along the axis
H). This is due to the preferential axial centering of the
moistening area of the product and the above described
transfer of the moistening area in accordance with the
seasonal and diurnal temperature changes near the "dew
point". The result is a "wave" on the surface P(h, r) at
the top during the seasonal temperature drop; and a
similar "wave" at the bottom during the seasonal storage
temperature rise phase.

The specific type of surface graphs is determined
by the specific initial conditions: it depends both on the
geometrical parameters of a particular granary and on
the storage object and the adopted storage mode. In
addition, the specific phase of storage is essential. Grain
mass, of course, "“shows different behavior"
immediately after filling, after some time, when the
internal temperature-humidity balance is established, or
at the end of the storage period, with already formed
and possibly shifted areas of local moisture and (or)

warming.  Moreover, under certain  external
(atmospheric) temperature-humidity conditions, the
factors of self-heating and the area of local
humidification can mutually influence and, accordingly,
deform (modify) the configuration of the graph surfaces
T(h, r) and P(h, r). As follows from the consideration,
the dependences T(h, r) and P(h, r), taken separately,
mostly do not characterize the overall picture of grain
storage. But T(h, r) and P(h, r) together can be more
unambiguous in interpretation and can be applied to
adjusting, calibrating, and training models up to the
realization of predictive and recommender functions.

For the qualitative construction of the profiles T(h,
r) and P(h, r) actually corresponding to specific
situations of grain storage, there are (by now
accumulated) extensive data, because, as noted, grain
handling techniques have been an essential element of
traditional common human culture since the late
Neolithic. At the same time, technology and equipment
are constantly being improved, in this regard, applied
research is constantly carried out. As a result, in relation
to the considered cylindrical tower-type granaries, there
are generalized qualitative ideas about the nature of the
distribution of values of key parameters. On a constant
basis systems of sensors are used, which are located in
the thickness of the grain layer. Thus, in the system
described in [5], a bundle of 6 sensors in the vertical
direction with a spacing of 5 m is used in 30-meter
tower-type storages.

Sensors allow current control of distribution
profiles T(h, r) and P(h, r). And the totality of the results
for the whole cycle of product storage is an objective
time profile of the whole storage process.

Thus, with respect to the developed model, in
principle, a set of distribution profiles T(h, r) and P(h, r)
can be obtained, which can be used for calibration,
training or learning (depending on the direction of
development) of the software part of the system.

Modified Kohonen Maps

The model described at the qualitative level allows
us to follow the development of the situation up to the
prediction of possible next states and decision making.
It is of interest to study the elements of the intellectual
part of the system - prediction of the situation
development and decision making. To achieve this, it is
necessary to propose (consider) options for organizing
the actual remote control in terms of processing
algorithms, i.e., consider possible adaptive procedures
for information processing.

The situation under consideration is quite complex.
The data are known in fragments. In particular, only
individual irregularly located points are available for the
construction of surfaces. It can be about approximation,
probabilistic interpretation, a problem like pattern
recognition, identification of situations. An acceptable
variant of the solution is the Kohonen maps. Moreover,
the modified version [2, 3] is interesting, as it is more
economical in calculations.

This version of the neural network is based on the
principle of "learning without a teacher".

The network is trained to identify elements (states)
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by evaluating the degree of proximity or finding
differences between them. After a period of training, the
network will be able to classify states and assign a
particular realization to one of its distinguishable
classes.

The presented implementation can be a set of
parameter values, and the recognized class can be a
recommended solution variant for a given set of
parameters.

The main advantage of this toolkit is the ability to
significantly reduce the dimensionality of the system.

The input set of parameters can be
multidimensional, and the chosen solution can be one of
a linear series of values.

Three-level conditions identification system

In the subject area under consideration -
observation and making decisions on the process of
grain storage - at least three levels of informativeness of
observation of states can be distinguished. Each of the
levels is characterized by its structure and importance
for decision-making (Fig. 3).

| Three-level conditions identification system

The parameter values taken from an individual

specific parameter sensor

Individual time sections of parameter values,

taken from the sets of parameter sensors

© O

Full data sets taken from parameter sets of

Sensors

Fig. 3. Three-level conditions identification system

The first level is the parameter values taken from
an individual specific parameter sensor. Grain storage
assumes that there are sets of parameter sensors T and
P. Each of the sensors gives out individual values of
parameters in the corresponding point of the volume of
the granary. Information from this individual sensor - by
itself - is not very informative to describe the state of
the granary. But it is interesting for evaluation of
individual features of the sensor. A sharp difference
between the readings of this sensor and the others
suggests sensor failure. Further it can be excluded from
consideration. A slight systematic difference in the
sensor readings from several neighboring sensors may
indicate a calibration failure. A correction for such a
sensor can be introduced in the future. Of course, there
should not be too many sensors that are out of
calibration and/or out of order, and this should be
certified for a given sensor system before the grain store
is loaded.

The second level - individual time sections of
parameter values, taken from the sets of parameter
sensors. We are talking about synchronously taken data
sets over the entire granary. The time sections give a
view of the current state. This view may not be very
informative from the point of view of long-term storage.
But this view can be important in extreme cases.
Example. A sudden, localized increase in humidity at
the top of a grain store can be a signal that the roof is
leaking and needs to be repaired urgently.

The third level is full data sets taken from
parameter sets of sensors. Change of values of

parameters T and P occurs in time. The set of time
sections gives a picture of gradation of states for a
certain period of time, i.e. demonstrates the dynamics of
change of states. This information is complete and
comprehensive for a given cycle of grain storage, from
loading to unloading. It can reflect, in particular, the
entire cyclicity of the emergence and movement of local
areas of grain moisture. It can also be used to trace and
independently assess the conditionality of grain -
compliance with the required standards throughout the
storage cycle. But most importantly, this information of
the third level is a complete protocol of this storage
cycle, which is valuable in the aspect of accumulation of
experience for subsequent storage cycles.

Discussion

1. Obviously, there is a theoretical-multiple
relation of nesting between the information sets of these
three levels of awareness. The second level is the time
sections of the third level, and the first level is the
section of the second level by individual sensors. Thus,
all information must be captured, and the level of its
subsequent processing is a matter of processing
procedure. l.e., the division into three levels is just a
methodological approach for singling out the individual
components of the processing of the total unified array
of information, convenient in the lan of analysis of the
organization of the structure of subsequent processing.

2. For each of the three levels of awareness
considered, a separate processing procedure can be
performed using the Kohonen map toolkit [2]. For this
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purpose, a training sample can be organized for each of
the levels, on which the neural network will be trained.
Certainly, for these three levels, each next level works
with sample volumes at least an order of magnitude
larger than the previous one. Accordingly, the volumes
of training samples and the times (duration of
procedures) of training must differ by at least two orders
of magnitude.

3. Another option (perhaps more interesting) is to
use the "output product” of each next level as "input
data" for the next. Example. Individual numerical values
- individual sensor readings on the first level can be
recognized as "normal”, "dangerous" or “critically
dangerous". Individual combinations of sensor readings
taken from the first level results can be evaluated at the
second level as "normal”, "moisture formation from
above", "..in the center”, etc. Similarly, separate
combinations of indicators taken from the identified
situations of the second level can be recognized on the
third level as "movement of moistening area upwards",
"...downwards", "expansion of moistening area",
"reduction...", etc. Probably, in this case the volumes of
training samples and training procedures will be
correspondingly reduced. But perhaps the whole
procedure for building such a system will become more
complicated, due to the introduction of interconnections
between the relatively autonomous procedures of the
first, second and third levels separately.

4. The above (items 2 and 3) refers only to the
procedures of using the Kohonen Maps toolkit, which
provides pattern recognition and state identification.
Recommendations on  decision-making are the
competence of specialists in the applied field - grain

storage. Therefore, transforming the work of the
Kohonen map toolkit into meaningful recommendations
- the development and operation of an appropriate
expert system  may be a subject for separate
consideration.

5. The fourth level of information - generalization
(consolidation) of information of the third level -
combining the experience of several consecutive cycles
(several years) of using the granary of this type was
outlined above, but not specified. This fourth level may
include (take into account) the effect of wear and tear of
individual elements of granary equipment, individual
facts of repair and modernization of equipment,
individual facts of violation of the mode of operation,
etc. The "output product” of this fourth level of
awareness can be the development of recommendations
for the modernization of equipment and methods of
organizing the storage of grain material.

Conclusion

1. A schematic qualitative description of the
typical stages and basic processes of grain products
storage is presented.

2. A variant of formalization of the model for the
two-parameter case of information description of the
state of the stored grain product is considered.

3. The concept of a model three-level system of
organization of information processes in relation to the
remote quality control of the preservation of grain
products is considered.

4. The variants of realization of basic elements of
information quality control of grain products storage
were discussed.
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InTesiexkTyaabHi mixxoau 10 opraxizanii BUIa1eHOro KOHTPOJIIO AKOCTi 30epiraHHs 3epHOBHX NPOAYKTIB
B. O. Isuenxo, O. C. JIsmenko, O. I1. Mixans, M. C. YMaHenpb

AHoTanisi. 3epHOBI - 3HaAYHA YaCTHHA MOXXMBHOTO palioHy Ty Homo sapiens. 3 4aciB Mi3HBOTO HEOJITY, 3
MepexoJioM Ha OCiJIe 3emMiiepoOCTBO, poboTa i3 3epHOM (BHpOILYBaHHS, 30epiraHHs, nepepoOKa, MPUTOTYBaHHS
XapuoBUX NPOJYKTIB) CTaja TPaAWLIMHUM BUAOM mpodeciiiHoi JroachKoi AisibHOCTI. B pamMkax HakomudeHOro
ICTOPHYHOTO [MIOCBiMy, 3a IIMM BHUAOM IiSUIBHOCTI OyJO pO3pOoOJICHO Ta ONTHMI30BaHO YHCICHHI TEXHOJOTIUHI
mporiecd. BiamoBigHI TEXHONOTIi PO3BHBANMCS Yy 3B'SI3KY 31 3MIHOIO XKHTTEBHX NOTPeO, OYKBAIBHO IIiJ THCKOM
JapBiHIBCHKOTO TPUPOTHOTO BiIOOPY, OCKIIBKK Oynum Oe3lmocepelHBO TOB'A3aHi 3 BIKHBaHHAM Buay Homo
sapiens. Ilogampmmii PO3BUTOK TEXHOJIOTIH 3epHOOOPOOKH 3aJMIIAETHCS HE3MIHHO aKTyalbHHUM 1 IOHHWHI, Ha
MiATBEPIKEHHS 90r0 — nomoBiab [1], mogana OOH, mpo craH mpomoBONBEYO0i Oe3MmeKkr Ta Xap4yyBaHHS Yy CBITI — 3
KaxXJIMBUMH IUdpamu, 0o 300paxyroTh NOTPeOy Ta JHXa IMUPOKUX HAPOJHUX Mac HaceJCHHs IUTaHEeTH. BaxinBoo
CKJIaJTIOBOIO 3€PHOOOPOOKH € TEXHOJIOTII, MOB'sI3aHi i3 30epiraHHsIM 3epHONPOAYKTIB. YacTHHA 3epPHONMPOIYKTIB, 110
30epiraroThCsi, BAKOPHUCTOBYETHCS SIK HACIHHEBHIA (DOHI IS HOBOTO LUKJIY peaitizallii 3epHo3a0e3neueHHs, 1HIa —
iCTOTHA — JUIsL IepepoOKu B Xap4oBi NpoaykTH. [Ipu 1iboMy HOBI TEXHOJIOTIi 3epHO30epiraHHs, O PO3POOISIIOTHCS
(ONTUMI3YIOTBCS, YAOCKOHAIIOIOTHCS), MIOBUHHI OyTH O€3NEYHUMH, MaJOBUTPATHUMH, MAKCUMAJIBHO CYMICHUMH 3
PO3p0o0JICHUM paHilie 001aJHAHHAM, MacIITA00BAHUMH Ha BEJIHKI 00CATH MaTepiaiy, 110 30epiraeTbes. 3po3ymiso,
IO TEXHOJIOTii OBUHHI 3a0e3neuyBaTH HaJe)KHY €(eKTUBHICTh, MOKa3HUKOM HOT0 Mae OyTH 3HIDKEHHS BIJICOTKA
BTpAT 3¢PHOIPOAYKTY. Y bOMY BiIHOIICHHI CyTTEBO BAXKJINBI METOIM YIPABIiHHA, SKI 3aCTOCOBYIOTECS B paMKax
TEXHOJIOTTYHUX MpoLeciB 30epiraHHs 3epHONPOAYKTIB, a TAKOXK METOIM KOHTPOJIO 32 IOTOYHHM CTaHOM
3epHOMPOAYKTIB TSI KOPEKTHOI opraHizamii poOOTH TEXHONOTIYHHX mporeciB. l{ikaBuMu, 30kpemMa, € METOAU 3
BHKOPHCTAHHSAM CIIEMEHTIB IITYYHOTO 1HTEIEKTY. Y TOMY YHCII, IIEPCIIEKTUBHI HEHPOHHI Mepexi, 0cOOIMBO 3aTHI
110 HaBYaHHA «0e3 BunTers» - kaptu Koxonena (KK). MomndikoBanmii anroputm KK [2] pearnizye ckopoueHwmii gac
HaBYaHHA [3], mI0 € aKTyaJdhbHHM TIPH peaji3alii aZalTHBHUX IPOLEeAyp OOpOOKH pe3yNbTaTiB BHUMIpIOBaHb
KOHTPOJILOBAaHMX MNapaMeTpiB. Mera mi€i poGoTH — pO3MIIsA NPUHLMUIIB BUKOPHCTAHHS MOJU(IKOBAHUX KapT
Koxonena nnsi kiacudikamii cuTyariif CTOCOBHO IUCTaHIIHHOTO KOHTPOJIIO SIKOCTI 30epiraHHs 3epHOBHX
MIPOAYKTIB.

Kawuosi caosa: 3epHO, kKapt KoxoHeHa, cucteMa ineHTHdikamii yMoB, eHepro30epeskeHHs.

HHTeneKkTyalbHbIe MOAXOABI K OPraHU3AIMH YAATeHHOT0 KOHTPOIS Ka4ecTBA XPaHEeHHUsI 3ePHOBLIX MPOAYKTOB

B. A. [Isuenko, A. C. JIsmenko, O. ®. Muxans, M. C. YMmanen

AHHOTanusA. 3epHOBBIE — CYIIECTBEHHAs 4acTh MHUTATEJLHOrO paruoHa Bupa Homo sapiens. Co BpeMEH mo3mHero
HEOJITa, C TePeX0JIOM Ha OcelyIioe 3eMilesieNine, paboTa ¢ 3epHOM (BBIpallMBaHKHE, XpaHEHHE, IepepaboTka, MPUTOTOBICHUE
MIUIIEBBIX MPOIYKTOB) CTajla TPaJUINOHHBIM BUAOM IMPO(GECCHOHANBHON YeI0BEYECKOH AesSTeNbHOCTH. B paMKkax HaKOIIIEHHOTO
HCTOPHYECKOTO OMBITAa, MO MAaHHOMY BHAY JAEATENFHOCTH OBUIM pa3pabOTaHBl M ONTHMH3HUPOBAHB MHOTOYHCIEHHBIE
TEXHOJIOTHYIECKHe Tporiecchl. COOTBETCTBYIOIINE TEXHOJOTUH pPa3BHBAINCh B TECHOW CBA3M C W3MEHEHHEM J>KM3HEHHBIX
notpebHOCTeH, OyKBAIBHO IOJ JaBleHHEM JIapBHHOBCKOTO €CTECTBEHHOTO OTOOpa, IMOCKOIBKY OBUIM HEIOCPEICTBEHHO
CBsA3aHBl C BBDKHMBaHMeM BHma Homo sapiens. JlanpHeiiliiee pa3BUTHE TEXHOJOTHH 3€pHOOOPAOOTKH OCTAETCS HEH3MEHHO
aKTyaJbHBIM M IO Cei NeHb, B MOATBep)KAeHUE yero — poknan [1], npeacrasnennslii OOH, o cocTosiHHEe NPOJOBOJILCTBEHHON
0€30MacHOCTH 1 MHUTAHUSI B MUpPE — C YKacalolMMH HuppaMu, H300paxkarolMMi HYXK1y U OSICTBHS UIMPOKUX HAPOJHBIX Macc
HaceJeHHUs IUTaHEThl. BaXHOH COCTaBIAIOIICH 3epHOOOPAOOTKU SIBISIOTCS TEXHOJOTWH, CBSI3aHHBIE C XpaHEHHEM
3epHONPOAYKTOB. YacTh XpaHHMBIX 3EPHOIPOIYKTOB HCIIOJIB3yeTCs B KauyeCTBE CEMEHHOro (oHga Uil HOBOTO IIHMKIA
peanmm3anuu 3epHOOOECHIEUEHHs, Apyras — CYINIECTBEHHAs — I INepepaOOTKH B NHINEBBIE NMPOXyKTHL. [Ipm 3TOM, BHOBBL
pa3pabaTsiBaeMble (ONTHMHU3HPYEMBIE, COBEPIICHCTBYEMBIE) TEXHOJIOTHM 3€PHOXPAHEHUS JODKHBI OBITH OE30IacHBIMH,
MaJ03aTpaTHBIMH, MaKCHMalbHO COBMECTUMBIMH C pa3pabOTaHHBEIM paHee (MMEIOIUMCS B HaIMINM) 00OpyIOBaHHUEM,
MaclmTabUpyeMbIMH Ha Oosibiie OOBEMBI XPAaHMMOTO MaTepHana. Pa3ymeercsi, TEXHOJOTMH JOJDKHBI 00ecIednBaTh
HaJJIexaIlyo 3GpQeKTHBHOCTD, MOKa3aTelieM Yero JOJDKHO SIBISITHCS CHIDKCHHE MPOLCHTAa MOTeph 3epHONpoayKTa. B sToM
OTHOLLICHUHU CYLIECTBEHHO Ba)KHBI METOJbl YIPABJIEHUs, NMPUMEHsEMble B PaMKaX TEXHOJOTHYECKHX IPOLIECCOB XPaHEHMS
3epHOIPOIYKTOB, & TAK)KE METO/bI KOHTPOJIS 3a TEKYIUM COCTOSHUEM 3€PHONPOAYKTOB I KOPPEKTHON OpraHU3alud padoThI
TEXHOJIOTHYECKHX MporeccoB. MHTEpecHBI, B YaCTHOCTH, METO/BI C HCIOJIB30BAHUEM 3JIEMEHTOB HCKYCCTBEHHOTO MHTEIUIEKTA.
Cpenu HUX, NEPCIICKTUBHEI HEHPOHHBIE CETH, B 0COOEHHOCTH CIOCOOHBIE K 00yueHuIo «0e3 yuntemnss» - kapTel Koxonena (KK).
Mopndurmposanssii anroputm KK [2] peamusyer cokpaménHoe Bpemst oOydeHHs [3], 4TO akTyaJlbHO IpU pean3aluy
aJaNTUBHBIX TpoLeayp 00pabOoTKM pe3ylbTaTOB HM3MEPEHHH KOHTPOJIMpYeMBIX mapamerpoB. Ilenns HacTosimeli padoTnr —
paccMOTpeHHe IPHHIMIOB HCIOJb30BAaHMS MOAU(MUIUPOBAHHBIX KapT KoxoHeHa Ui KIAacCH(HKAIMK CHTyamui
MIPUMEHHUTETBHO K JUCTAHIIMOHHOMY KOHTPOJIIO Ka4eCTBa XpPaHEHHs 36PHOBBIX MPOTYKTOB.

KarwueBsie caoBa: 3epHO, KapThl KoxoHeHa, cucteMa MIeHTH()UKALINH YCIIOBHIA, SHEProcOepekeHNE.
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HIERARCHICAL REPRESENTATION OF CAUSAL RELATIONSHIPS
TO DETAIL EXPLANATIONS IN INTELLIGENT SYSTEMS

Abstract. The subject of research in the article is the processes of constructing explanations in intelligent systems
based on the use of causal dependencies. The aim is to develop a hierarchical representation of causal relationships
between the actions of an intelligent system to form an explanation of the process of the system's operation with a given
degree of generalization or detailing. Representation of the hierarchy of cause-and-effect relationships allows you to form
an explanation at a given level of detail using the input data in the form of a temporally ordered sequence of events
reflecting the known actions of an intelligent system. Tasks: structuring the hierarchy of cause-and-effect relationships
for known variants of the decision-making process in an intelligent information system, considering the temporal ordering
of the corresponding actions; development of a model of a multi-level representation of causal dependencies for
description for explanations in an intelligent system. The approaches used are: counterfactual analysis of causality, used
to describe alternative dependencies for possible decision-making options; linear temporal logic to reflect the temporal
aspect of causation. The following results were obtained. A generalized hierarchy of cause-and-effect relationships is
highlighted for the known variants of the process of obtaining recommendations in an intelligent information system based
on the temporal ordering of the corresponding decision-making actions. A model of hierarchical representation of causal
dependencies has been developed to describe explanations in an intellectual system with a given degree of detail.
Conclusions. The scientific novelty of the results obtained is as follows. A model of hierarchical representation of time-
ordered causal relationships is proposed to describe the explanations of the operation of an intelligent system with a given
degree of detail. At the top level of the hierarchy, the model defines a generalized causal relationship between the event
of using the input data and the event of the result of the system's operation. This connection describes the current task that
the intelligent information system solves. At the lower level, cause-and-effect relationships are set between events
sequential in time, between which there are no other events. At intermediate levels of the hierarchical representation, the
causal dependencies of pairs of events are determined, between which there are other events. The developed model creates
conditions for constructing explanations with a given degree of detailing of the actions of the decision-making process in
an intelligent system. The model also provides the ability to describe early and late anticipation of alternative sequences
of the decision-making process by describing causal dependencies for events between which there are other events.

Keywords: intellectual system, explanation, counterfactual analysis, causality, causation, temporal logic.

Introduction

The effectiveness of practical application of
solutions that form intelligent systems is determined by
the confidence of users in the results. The analysis of the
mechanisms of perception of such results presented in [1]
reflected the importance of developing explanations for
the decision-making process, as modern intelligent
systems have the form of a black box for the user [2]. The
use of explanations provides greater trust of users, as well
as the successful application of the recommendations [3].

To date, there are two alternative approaches to
constructing explanations. The first involves the
integration of the mechanism of explanations directly in
the design of intelligent information system [1]. In this
case, the principle of the white box is implemented, i.e.
the process of obtaining a solution is interpreted directly
within the intelligent system. The disadvantage of this
approach is that the system must be designed with
explanatory possibilities.

An alternative black box approach assumes that
explanations are constructed on the basis of external
causal relationships. Such dependencies are formed on
the basis of known sequences of events that reflect the
process of the intelligent system. Events are considered
information about the actions performed by the
intelligent system, user actions, and so on. The second
approach is more flexible because it can be used to
construct explanations for existing intelligent systems.
For example, this approach provides complementary

explanations to existing recommendation systems [4].
This indicates the relevance of the formalization of causal
relationships to build explanations for the process of the
intelligent system.

Existing approaches to constructing cause-and-
effect relationships for constructing explanations are
based primarily on work on counterfactual analysis [5-7].
This approach considers causality for the realized
sequence of events in comparison with potentially
possible but not realized sequences.

The counterfactual approach to the definition of
causality is characterized by temporal asymmetry [4],
which makes it possible to consider the temporal aspect
and use the operators of temporal modal logic to formally
describe the determined causal relationships [8]. Such
dependencies play the role of constraints in the decision-
making process. That is, they must be performed for all
possible options for obtaining recommendations in the
intelligent system [9].

In [10] it was shown that the causal relationship
between events according to the counterfactual approach
should consider the context of the decision-making
process. This means that dependencies can be established
with different levels of detail. This possibility of
describing cause-and-effect relationships provides the
creation of multilevel explanations, with details
depending on the needs of the user [11].

However, existing approaches to the construction of
the representation of causal relationships do not pay
enough attention to the multilevel description of such
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dependencies. Therefore, building a hierarchy of causal
relationships considering the temporal aspect is an
important task, the solution of which makes it possible to
adapt the explanation to the current requirements of the
user.

The aim of the article is to develop a hierarchical
representation of causal relationships between the actions
of the intelligent system to form an explanation of the
description of the process of the system with a given
degree of generalization or detail.

Representation of the hierarchy of causation makes
it possible to form an explanation at a given level of detail
using input data in the form of a temporally ordered
sequence of events that reflect the known actions of the
intelligent system.

To achieve this goal the following tasks are solved:

— structuring the hierarchy of causal relationships
for known variants of the decision-making process in an
intelligent information system, considering the temporal
ordering of relevant actions;

—development of a model of multilevel
representation of causal dependences for description for
explanations in the intelligent system.

Structuring of the hierarchy
of causal dependencies

Counterfactual analysis of causal relationships
requires the identification of actual events, as well as
alternative events that cannot occur in this
implementation of the decision-making process in the
intelligent system. Since the decision-making process
can be performed repeatedly, for each current
implementation, alternative sequences of actions are such
that "cannot occur"” [7, 12, 13].

In fact, for each sequence of actions D; :{di'j}

there is an alternative sequence Dy,i =k, which was

implemented in the intelligent system. Therefore, when
constructing causal relationships, it is necessary to

consider all known options D ={D;} for the decision-

making process. These sequences may contain different
(or identical) causal relationships. Dependencies that are
performed in all decision-making processes, form the
basic sequence of actions common to all options for
solving the problem in the intelligent system. Different
dependencies form alternative sequences of actions. That
is, on the set of sequences of actions D there are
common fragments that form the "skeleton" of the
decision-making process. There are also different
sequences of actions that form a variable part of the
decision-making process.

— causal relationships that define explanations for
typical sequences of actions for all variants of the
decision-making process;

— dependencies that determine the differences
between the options of the decision-making process.

The set of these dependencies forms a hierarchy,
which makes it possible to gradually identify differences
in the overall scheme of the decision-making process in
the intelligent system. The most common causal
relationship is the causal relationship between the first

and last actions of the decision-making process. If the
system solves different variants of the same problem,
then the first and last action are similar or the same. For
example, the first step is to process the input data, and the
last is to present the solution to the user.

The most detailed causal relationships link actions
di,j and d; ., between which there are no other
actions. That is, a detailed explanation of the decision-
making process in the intelligent system can be formed

on the basis of pairs of actions (d; j,d; j.; ), between

which there is a causal connection. Such dependencies
may differ for different implementation options of the
decision-making process. For example, in the
recommendation subsystem of the e-commerce system,
additional steps can be taken when building
recommendations if the user has installed filters on items
of interest.

Intermediate levels of the description of causal
dependencies can connect mainly sequences of actions
between which other actions are carried out. In this first
case, the key actions that are essential for constructing an
explanation are highlighted. A causal link is established
between these actions, which implicitly takes into
account the intermediate causal links between the
intermediate actions of the decision-making process.

Additionally, sequences can be used (di,j,di’jﬂ) .

The hierarchy of causal dependencies, reflecting
their presented details, is presented in the table. In
general, this hierarchy contains causal dependencies,
which are restrictions on the allowable sequence of
actions for variants of the decision-making process, as
well as dependencies that are performed for a subset of
variants of this process.

Probabilistic model of causation for
counterfactual explanations
in intelligent systems

A counterfactual approach to the description of
causality involves the selection of both the current causal
relationship and alternatives to such relationships. Each
current implementation of causal dependencies is
reflected in the facts of the occurrence of individual pairs
of events or sequences of such events that correspond to
the actions of the decision-making process in the
intelligent system [14].

That is, the description of the determined causal
relationship within the counterfactual approach is given
for the set E of all known sequences of events E; that

occurred during the formation of the solution in the
intelligent system:
eilo,ei‘l,...,ei’j ,ei’jﬂ,...,ei,‘Ei‘ .

. : 1)
W(V|Vj)t|’1 <ti,j+l

where ¢ ; — events that reflect the decision-making

process in the intelligent system; each event has
properties that reflect the state of the elements of such a
system; t; ; —the time of occurrence of the event ¢; ; .
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Table 1 — Hierarchy of causal dependencies

Actions

Level

Properties

Relationship between the first and last action
of the decision-making process (for example,
between the processing of input data and the
presentation of the result to the user)

The top level of the hierarchy,
without detailing the decision-
making process

Limits the class of tasks that the
intelligent system solves

Relationship ~ between  actions  with
intermediate actions (i.e. minor actions are
skipped) making process

Intermediate levels, highlighting
the key steps of the decision-

Specifies a causal relationship that
displays the result of a sequence of
intermediate actions

The relationship between actions between | Lower

which there are no other actions

Specifies a clear causal link between all
actions of the decision-making process

The sequence E; of events g; ; has the following

properties:
—the order of events g; ; in time is determined by

timestamps t; ;;

— the initial event of the sequence E; reflects the
execution of the operation or procedure of data entry for
decision-making in the intelligent system;

— the final event ei"Ei‘ reflects the fact of displaying

the resulting decision of the intelligent system;

—event information is available directly when the
user interacts with the intelligent system;

—event information can be obtained from logs or
intelligent system databases.

Examples of such sequences are knowledge-
intensive business process logs, records of user
interaction with the referral system, and more.

Then deterministic causal relationships cﬁ”lz
between events e; ; and e; ; arise if, after the first event
in any sequence E;, asecond event always occurs due to
nintermediate events. If the first event e; ; is absent in

at least one sequence, then the second event never occurs
in this sequence.
According to (1), each event ¢ ; has a timestamp

t ;. This property makes it possible to display a
deterministic causal relationship c%”@ using the modal
temporal logic operators X (NeXt) and F (Future) as
follows:

Cg?lz = fi,j Xfi,k’ (2)

where f; ;, fj . — facts of occurrence of events ¢; ; and

N
accordingly €\ ; n —the number of facts of occurrence
of intermediate events between events ¢ ; and &y .

Every fact f; ; of occurrence of an event ¢ ; is

true if the time of occurrence of this event is known t; ; :

fi,j =true, IffE“EU :ti,j #0. (4)

The availability of information about the time of
occurrence of events confirms the facts of their
implementation.

Therefore, the use of this information is a necessary
condition for determining the causal relationships
according to the factual approach.

In expressions (2) and (3) logical variables of the
facts f; j, fj . of occurrence of events are used as events
g,j and e are described by set of values of their
properties directly. Each property of an event has a finite
set of values. All possible property values can be
obtained from logs or from the database of the intelligent
system.

The number n of intermediate event facts for
expression (2) is 0, because the temporal operator
“NeXt” specifies a pair of consecutive facts.

That is, the event ¢; , occurs immediately after the

ei’j event.

The maximum number of facts of intermediate
events when using the operator "Future™ is determined by
the length of the minimum sequence of events E; . This

limitation is due to the fact that the determined causal
relationship must be performed on all sequences E; .

That is, the number of facts of intermediate events should
be the same for everyone E; .

Combining expressions (2) and (3) makes it
possible to determine the existence of a causal
relationship between events ¢; ; and e so:

(vi)3c :3( i g fig)n=k=j-1. ()

Deterministic dependence (5) has the following
properties:

— performed on all sequences of events E; ;

—the number of facts of intermediate events
between f; ;, fj  is the same for all sequences E; .

The latter characteristic is an additional limitation
for the traditional counterfactual definition of causality
[5]. However, it makes it possible to consider the choice
of alternatives in the decision-making process, as well as
cycles of actions to build such a decision. In particular,
when choosing an alternative in the “If-Then” construct,
the same events may occur sequentially, but the number
of intermediate events will differ. This situation occurs

after the event ¢ ; when choosing one of the
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alternatives, ancillary actions are performed that do not
affect the final event &; .

The causal relationship (5) between pairs of events
makes it possible to determine the causal relationship of
the species “The sequence of actions of the intelligent
system -> resulting recommendation”. The sequence of
actions is displayed by a sequence of events E;.

Selecting a subset of the main events from this sequence
makes it possible to describe causal dependencies with
different degrees of detail by combining temporal
operators X and F for temporal dependences (2) and (3).
That is, the decision-making process can be represented
as a hierarchy of subprocesses. Each of these
subprocesses contains a subset of events at a given level
of generalization.

The top-level dependence c(()+f)in describes the

causal relationship between the input data and the result
obtained. Let the initial event e; o reflects the execution

of the procedure of data entry into the intelligent system,
and the latter & g, — the output of the system. Then the

dependence ¢t looks like:

0, fin
C(()T?in (Vi) £ oFfi fin- (6)

where f; o, fi fin. —the facts of the initial and final event
of the sequence E; ; the “+” index specifies any number

of intermediate facts f; ;, as each sequence can have a

NE
different number of events.

For example, for a recommendation system in an e-
commerce system, the top-level dependency that
explains the recommendation may look like “For items
with user-defined properties, the most popular products
are < Product List >”. For example, for a
recommendation system in an e-commerce system, the
top-level dependency that explains the recommendation
may look like “For items with user-defined properties,
the most popular products are <Product List>".

The causal relationship (6) describes all possible
alternative sequences of the intelligent system, which
lead to similar recommendations. Therefore, such
dependence should be considered as a global constraint
that specifies a typical subset of input parameters and the
corresponding recommendation. For the above example
of causal dependence in the e-commerce system, the user
can select products of a certain category with a given set
of properties (brand, price, etc.). The result is also
products with a certain set of properties (in this example
- the most popular products).

Then the causal relationship (6) will be executed
only for the initial and final events of the given subsets
Eo and E¢,, accordingly:

Eo ={i0} Efin = {&,fin} : (Vi) 3E; € E.

Dependence c(()+f)in is a constraint, i. e. it must be

satisfied for all sequences from the set E :

(VE; € E)3c{ D, ™

According to (7), the causal relationship (6) is
determined only for a finite set of sequences E . Each
sequence in this set uses similar input and solves the same
problem. This approach makes it possible to generalize
the actual sequence of events and construct causal

relationships cgnlz. That is, we obtain deterministic

dependences for all known options for forming a solution
to a specific problem in an intelligent system. At the
upper level of generalization, all these processes are one

dependence ct) Dependencies are used at more

0, fin"
detailed levels c§+k) CE“IZ , cg?lz _

Dependency c%”@ actually sets implicit links

between events that reflect identical sequences of actions
for alternatives to the decision-making process:

S =?02f‘k’- ®)

Dependence c(-olz used at the level of maximum

I
detail of the description of causal relationships, as it
determines the explicit causal relationship for a pair of
events that have occurred consistently in time:

0 0 0
cgnlz =c§,}+1/\cg+)1’j+2/\.../\cﬁ_)lyk. 9)

Accordingly, the upper level dependence can be

represented as a sequence of detailed causal
relationships:
0 0 0
C(()Tf)in = Cl(,Z) Acg,e), /\"'/\C(firzfl, fin" (10)

Thus, the model of the hierarchy of causal
relationships contains causal relationshipscgnlz with

varying degrees of detail in the decision-making process:

.k
M = [
j =0, max(|E;|)-Lk =1, max(|E;]),

¢ n= +,0,l,...,min(|Ei|)—1 ,
i . (11)

Relationship between dependencies cgnlz is given

by expressions (8)-(10).

An important feature of this model is that it allows
you to describe the early and late advance of events [4].
The essence of anticipation is to interrupt the main
implementation of the decision-making process
depending on the occurrence of events in the alternative
implementation. Or an alternative implementation
depending on the events in the main process. The
description of the advance of events is carried out using
the middle level of the hierarchy. To do this,

dependencies cgnlz are set for different alternatives,

which in one case contain the main event, and in
another — the overlapping event.
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Conclusions

A generalized hierarchy of causal relationships for
known variants of the process of obtaining
recommendations in the intelligent information system
based on the temporal ordering of relevant decision-
making actions is highlighted.

At the top level of this hierarchy is determined by
the class of tasks that solve the intelligent information
system. At the lower level, the causal relationships
between the elementary actions of the decision-making
process in such a system are set.

A model of multilevel representation of time-
ordered causal dependences is proposed to describe
explanations of the operation of an intelligent system
with a given degree of detail. The model considers the
relationships between events that reflect the actions of the
intelligent system. At the top level of the hierarchy, the

model defines a generalized causal relationship between
the event of the use of input data and the event of
obtaining the result of the system. Top-level causal
communication is a constraint that determines the task
that an intelligent information system solves. The lower
level describes the causal relationships between
successive events over time, between which there are no
other events. At intermediate levels of the hierarchical
representation, causal relationships are determined for
pairs of events, among which there are other events.

The developed model provides conditions for
construction of explanations with the set degree of
detailing of actions of process of decision-making in
intelligent system.

The model also provides the ability to describe
early and late anticipation for alternative sequences of the
decision-making process by describing causal
relationships for events that include other events.
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Iepapxiuna Moaenb kKay3aabHUX 3B'A3KIB
JJIA leTaJlizanii NosCHEeHb B iHTeIeKTyaIbHHX CHCTeMAaX

C. ®@. Yanuii, B. A. JlemuHcbkuii

AnoTtanis. [IpexmeTroM BUBYCHHS B CTATTIi € MpouecH MOOYAOBH MOSICHEHb B IHTENEKTYyalIbHUX CHCTEMAaX Ha OCHOBI
BHKOPHCTAHHS Kay3albHHUX 3aJeKHOCTE. MeTol0 € po3poOKa iepapXidyHOTo MpeACTaBICHHS Kay3albHHUX 3B'A3KiB MK JisIMH
IHTENEeKTyalIbHOT CHCTEMH JUId (HOPMYBAaHHS IMOSCHEHHS IOJIO ONMHUCY IIPOLlecy poOOTH CHCTEMH i3 3aJaHUM CTYIEHEM
y3aranpHeHHs abo neramizauii. [IpencraBieHHs iepapXii NPUYMHHO-HACIIOKOBUX 3B'A3KIB /a€ MOXIHUBICTH CPOpPMYyBATH
MOSICHEHHSI Ha 3aJaHOMY PiBHI JeTaiizamii 3 BUKOPHUCTaHHSAM BXIiAHMUX NaHUX y BHUIVIAJI TEMIIOPAJIbHO YIIOPSIKOBAHOI
MIOCIIAOBHOCTI MOJIH, IO BinoOpaXkaroTh BifoMi Iii iHTeNEKTyanbHOI cCHCTeMH. 3aBAAHHS: CTPYKTypH3alis iepapxii
MIPUYUHHO-HACTIAKOBAX 3aJIe)KHOCTEH JUIS BIIOMHX BapiaHTIB IpoIleCy NPHUIHATTSA pIilIeHHs B IHTEIEKTyaJlbHIH
iHpopMamiifHi# cHUcTeMi 3 ypaxyBaHHSM TEMIIOPAIBHOI YIOPSAJKOBAaHOCTI BIANMOBIAHMX Hiif; po3poOka Mozmeni
0araTopiBHEBOTO IPEJICTABICHHS Kay3aJbHHX 3aJeXHOCTEH I ONMHUCY Uil MHOSCHEHb B IHTENEKTYalbHIH CHCTEMI.
BukopucTtoByBaHMMH MNiAX0AaMHU €: KOHTP(QAKTUYHHHA aHai3 Kay3aJbHOCTI, SKHH 3aCTOCOBYETbCA ISl OIUCY
aJbTEPHATHBHUX 3AJIECKHOCTEH A1 MOXKIMBUX BapiaHTIB mpoliecy NPUNHHATTSA pillieHHS; JiHiIiHAa TeMIIOpaJbHA JIOTiKa, sSKa
A€ MOJKJIMBICTH BigOOpa3suUTH TEMIOPAJIbHUN acmekT Kay3aidbHocTi. OTpuMmaHi HacTynHi pe3yabTaTH. Bunineno
y3arajipHEHY i€papxilo MIPUYMHHO-HACTIAKOBHUX 3aJIKHOCTEN JUIsl BIJOMHUX BapiaHTiB Mpolecy OTPUMaHHSI PEKOMEHIALIN B
IHTeJIeKTyabHii iHQOpMaNiliHIA CcHCTEMi Ha OCHOBI TEMIIOPANBHOI YIOPSIKOBAHOCTI BIANOBITHHMX MAiH 3 TPUHHATTI
pimenHs. Po3po6iieHO Mojnenab 0araTopiBHEBOTO MPEICTABICHHS Kay3aJlbHHX 3allC)KHOCTEH I OMHCY JUIsS IO SCHCHb B
IHTeJIeKTyaJbHIH cHcTeMI i3 3aJaHUM CTyNeHeM aertanizanii. BucHoBknu. HaykoBa HOBH3HA OTpUMaHMX Pe3yiIbTATIB IIOJIATAE
B HACTYNHOMY. 3alpONOHOBAaHO MOJENb 1€papXiYHOTO NPEICTAaBICHHS YHOPSAKOBAHUX Yy Yaci HNPUYMHHO -HACHiIKOBUX
3aJIeKHOCTEH ANl ONMUCY NOSCHEHb HION0 POOOTH I1HTENEKTyalbHOI CHUCTEMH 13 3aJaHUM CTymeHeMm pAeTamizamii. Ha
BEpXHBOMY PiBHI iepapxii Mozenp BU3HAYAE y3araJbHEHUI Kay3adbHUH 3B'SI30K MK MMOAI€I0 BUKOPUCTAHHS BXIIHUX JaHHUX
Ta MOJIi€10 OTPUMAaHHS Pe3yJIbTaTy poOOTH cucTeMu. JlaHuii 3B'130K BU3HAYA€E IO TOUHY 3a/1ady, Ky BUPIIIye iHTEIEKTyalbHa
iHpopmamniiina cuctema. Ha HIDKHBOMY PiBHI 3aaf0ThCS MPHYUHHO-HACTIAKOBI 3ale)KHOCTI MK HOCIHiIJOBHHUMH B 4Yaci
MOMISIMU, MIX SIKUMH He iCHYIOTH iHIIi moaii. Ha mpoMi>kHEX piBHSX i€papXidyHOTO NpeACTaBICHHS BU3HAYAIOTHCS Kay3aJbH i
3aJIe)KHOCTI ISl Tap MOAIH, MK SKHUMH € iHmi moxii. Po3poGnena Moxens cTBOproe yMOBH JUIsl OOYJOBH IOSICHEHb i3
3aJlaHUM CTYIICHEeM JeTani3auii Aiif nmpouecy NpUHHATTS PilleHHS B IHTEIEKTyaslbHiH cucTemi. Takox Monens 3abe3nedye
MOJKJIMBICTh ONHUCY PAaHHBOTO Ta IMi3HHOTO BHUIIEPEDKEHHS JUIS AIbTEPHATUBHHUX ITOCIITOBHOCTEH BHKOHAHHS IIPOLECY
MPUAHATTS PilIEHHS NUIIXOM OMHUCY Kay3aJbHUX 3aJIC)KHOCTEH AJIs MOMii, MK IKUMH € 1HII TOJii.

Kno4oBi ciaoBa: iHTeldekTyalpHa cHCTeMa, IOSCHEHHS; KOHTP(GAKTUYHUI aHali3,; Kay3aJbHICTh, HPUYMHHO-
HACJIIIKOBUI1 3B'130K; TEMIOpaJbHa JIOTIKa.

Hepapxuyeckasi MoJeb Kay3albHbIX CBf3ei
A5 1eTAJU3alHH MOSICHEHHI B MHTeJIIeKTYaJbHBIX CHCTeMaX

C. @. Yansnii, B. A. JlemuHckuin

AnHoranus. IIpenmMerom wuccieqoBaHMS B CTaTbe SBISIOTCS TPOIECCHl TMOCTPOCHHUS OOBSICHEHUiH B
MHTEJUICKTYallbHBIX CHUCTeMaxX Ha 0a3e HCIOJBb30BaHUS Kay3albHbIX 3aBucumocteil. Ileablo sBiserca paszpaboTka
HepapXU4ecKOro MpeICTaBICHUS Kay3albHBIX CBA3eH MEXIY NeHCTBUAMU MHTEUIEKTYaIbHON CUCTEMBI I (POPMHUPOBAHUS
00BsICHEHHUS Ipoliecca PaboThl CUCTEMBI C 3aJJaHHOH CTeNneHblo 00001menHns uiy aeranusauuu. [IpencTaBieHue uepapxuu
MPUYUHHO-CIICACTBEHHBIX CBs3eil mo3BoisieT cdopMupoBaTh OOBSICHEHHWE Ha 3aJaHHOM YpPOBHE JeTajlM3alHd C
UCTIOJIB30BAHUEM BXOJHBIX JAQHHBIX B BHJE TEMIIOPAJBHO YIOPSALOUYECHHOH MOCIENOBATEIBHOCTH COOBITHI, OTpaXaIOMNX
W3BECTHBIC [CHCTBHS WHTEIUICKTYalbHOHl CHCTEMBbl. 3agaHMsl: CTPYKTYypH3alMs HEPapXUU HPHYMHHO-CIEICTBEHHBIX
3aBHCHMOCTEH /U M3BECTHBIX BapUAHTOB MpOIecca MPUHATHS PEIICHHs B HHTEIUICKTYalbHONH HHGOPMAMOHHON cucTeMe
C YYEeTOM TEMIOpPANbHON YMOPAZOYEHHOCTH COOTBETCTBYIOIIMX JeiCTBHUii; pa3paboTka MOJENIH MHOI'OYPOBHEBOTO
MPeJICTaBICHNs Kay3aJbHbIX 3aBUCUMOCTEH JUIsl ONTMCAHMs AJIS MOSICHEHNWH B MHTEIUIEKTYaJIbHOM cucTeMe. Mcnons3yeMbIiMu
TMOAXO0AAMH SIBIAIOTCSA: KOHTP(QAKTUUECKUH aHalnM3 Kay3aJbHOCTH, NPHMEHSIEMBIH Ui ONHCaHHWs aJbTePHATHBHBIX
3aBHCHMOCTEH JJIs1 BO3MOXHBIX BapDHAHTOB NPUHSITHS PEIICHUS; IMHEeHHAs TeMIIOpaibHas JIOTHKA, TI03BOJISIONIAst OTPa3UTh
TEMIIOpaJIbHBIN acleKT Kay3anbHOCTHU. [lomydeHsl cieayomne pe3yJbTaThl. Boienena 0600meHHas nepapxus MpHIUHHO-
CJICACTBCHHBIX 3aBHUCUMOCTEMN JUIA HU3BECTHBIX BApPUAHTOB IIpoLEccCa IMOJYyUYCHUSA peKOMeH}laLIl/Iﬁ B HHTeJ’[J’IeKTyaJ’leOf/i
HHGOPMAIIMOHHON CHUCTEME Ha OCHOBE TEMIIOPAIBHON YMOPSJIOYCHHOCTH COOTBETCTBYIOLIMX MCHCTBHH MO HPUHATHIO
pemenusi. Pazpaborana MoJienb HEPapXUUECKOr0O MPEACTaBICHHS Kay3albHBIX 3aBUCUMOCTEH /I ONHMCaHUs OOBsICHEHHH B
MHTEJUICKTYalbHOH CHCTeMe ¢ 3a/laHHOM CTENeHbI0 JeTann3anui. BeiBoabl. HaydHas HOBH3HA MOJYYEHHBIX PE3yJIbTaTOB
COCTOUT B ciedytomeM. IIpeiokeHa MOIeab HepapXUuecKOro MpeICTaBICHUs YIOPAIOYEHHBIX 110 BPEMEHU MPHYHHHO-
CJICACTBCHHBIX 3aBUCUMOCTEH JUIs1 OIMHCAaHUA 00BsICHEHUH paGOTbI HHTCJ’IJ’[CKTyaJ’leOﬁ CHUCTEMBI C 3a11a1-n-lof/'1 CTCIICHBIO
aeranu3anuu. Ha BepxHeM ypoBHE HepapXHHM MOJENb OnpeneseT 00OOLICHHYI0 Kay3albHYIO CBSI3b MEXIy COOBITHEM
HCITIOJIB30BaHU BXOIHBIX JAaHHBIX U COGI)ITI/IBM pe3yiabTara paGOTbl CHCTEMBI. ﬂaHHaﬂ CBsI3b OIMUCHIBACT TEKYLIYIO 3aJa4Ky,
KOTOPYIO peIIacT UHTCIIJICKTYaJIbHasA HH(bOpMaL[I/IOHHaﬂ cucreMa. Ha HumkHem YpOBHE 3a1at0TCA NMPUIUHHO -CJIEACTBEHHBIC
3aBHCHMOCTH MEXAY MOCIEI0BATEIbHBIMH BO BPEMEHH COOBITHSMH, MKy KOTOPBIMH HE CYIIECTBYIOT JPYrue COOBITHS.
Ha npoMexyTOYHBIX YpPOBHSIX HEPApXMYECKOrO MPEJCTABICHHS ONPEACNAIOTCS Kay3albHble 3aBHCHMOCTH IMap COOBITHH,
MEXKAY KOTOPBIMH €CTh Apyrue coObITrs. PaspaboTaHHas MOJENIb CO3/1aeT YCIOBHS AJIsL TOCTPOCHHS MOSCHEHHH C 3aaHHO
CTENEeHbI0 JeTANN3alMU JCHCTBUI Ipolecca NPHUHATHS pELICHHS B HWHTEIUIEKTYalbHOW cucTeMe. Takke MoJelb
O6eCl’le'—[I/lBaeT BO3MOXXHOCTb OIIMCAaHUA PAHHETO U TIO3JHET0 ONEPEKCHUA aJTbTCPHATUBHBIX HOCHC}IOBaTCHbHOCTCﬁ
BBIITOJIHEHUS NIpoLEcCa NMPUHATHSA PCIICHU MMYTEM ONMCAaHUA Kay3aJlbHbIX 3aBHUCHUMOCTEMN JIIA CO6bITHﬁ, MEXAY KOTOPBIMH
€CTh OpYrue COOBITUS.

KawoueBsie cioBa: MHTCIJICKTYyalbHAasl CUCTEMA, O6T>$[CH€HI/IC; KOHTp(i)aKTI/I‘{eCKI/Iﬁ aHaIu3; Kay3aJbHOCTh, IPUYUHHO-
CJIICACTBCHHAsA CBA3b; TEMIOPAIbHAS JOTHUKA.
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MOJEJIb PO3PAXYHKY KIJIbKICHOI'O KPUTEPIIO OHIHIOBAHHA
JAXUIIEHOCTI IHOOPMAIIMHO-TEJEKOMYHIKAIOIMHUX
CUCTEM KPUTUYHOI IH®PACTPYKTYPU NEPKABU

AnoTtaunis. Ilpenmer cTaTTi — METOAM Ta MOJENI OLIHKKA KPUTUYHOCTI Taly3eBUX 1H(POPMALiHO-TEIEeKOMYHIKALITHUX
cucrem (ITC). Mera gaHoi cTaTTi — IPOBECTH aHANI3 ICHYIOUMX METO/IB Ta MOJENCH OL[IHKH KPUTHYHOCTI Ta BHKOPHUCTO-
BYIOUH HOT0 pe3yNbTaTH 3alpONOHYBaTH (QYHKIIOHAIBHY MOJIETb PO3PaxXyHKY KiJIbKICHOTO KPHTEPIIO OLiHKH 3aXUIEHOCTI
ITC. PesyapTaTn. Ha ocHOBI BitoMOro MeToxy aHalli3y iepapxiif 3alpornoHoBaHO (GYHKIIOHAIBHY MOJEIb PO3PaxyHKY Ki-
JIBKICHOTO KpHTepito omiHkyu 3axumeHocti ITC, ska 3a paXyHOK 0OpOOKH eKCIIEpTHUX OIIHOK, JJO3BOJISIE OTPHMATH KUIBKi-
cHuil nokasHuk 3axuieHocti [TC. Le nae MOXKIMBICTH CIIPOCTUTH MPOLENYPY Mi00PY €KCIepTIiB, YHUKHYTH CIIeHU(iKK
00pOOKH eKCIepPTHUX JaHMX, a TakoXk 3aiicanTH ouiHioBaHHA ITC B ymMoBax 0OMeXeHUX OOCATIB CTaTHCTHKH. BuCHOBKH.
[IpoBenene mocmimKeHHS MOKa3ao, Mo po3pobieHa MOAeNb PO3PaXyHKY KUTBKICHOTO KpUTEpiro omiHkyu 3axumenocti [TC,
BHKOPHUCTOBYIOUHU TTOIAPHI MOPIBHAHHS, 03BOJISIE EKCIIEpTaM CKOHLIEHTPYBATH yBary Ha mpobiemi. KpiM toro, 3amporo-
HOBaHa MOJIEJIb Ma€ BOYIOBaHHUI KPHUTEPill IKOCTI poOOTH eKCIiepTa Ta Ja€ MOMKIIUBICTh NEPEHTH Bi AKICHOI OIIIHKH y BH-
TISA1 YIOPAIKOBAHOTO PALY OYKBEHO-UYMCIOBUX KOMOIHAIIN, O KUTBKICHOI OIIIHKK y BHIJISAAI BiTHOUIEHHS 0a30BOTO MPO-
(biITI0 3aXUIIEHOCTI 10 MPO]LTIO 3aXHUIIEHOCTI BU3HAYEHOTO EKCIIEPTOM.

KurouoBi ciioBa: iHpopMaIiiiHO-TeIeKOMYHIKaIliiiHI CHCTEMH; KPUTHYHA 1HQPACTPYKTYpa; KPUTEPil OIIIHKA 3aXHILEHOC-

Ti; GYHKIIOHATBHAHN MPOQiIb 3aXUIIEHOCTI.

Beryn

CBiTOBI TeHAEHIIT 10 30UIbIIEHHS KIJBKOCTI Ta
MiABUINEHHS CKIIAJHOCTI KibepaTak 3yMOBWJIH aKTyalli-
3aIifo MuTaHHs 3axucTy ranxysesux [TC, 3o0kpema, ramy-
3€BUX, SIKI € KpUTHYHO BRXXIMBUMHM JUI (PyHKIIOHYBaH-
HS CYCIIJBCTBA, COLIAIIbHO-€KOHOMIYHOTO PO3BHUTKY
JepKaBH Ta 3a0e3medyeHHs iH(OpPMAIifHOI CKIIaJZ0BOL
HalllOHAJBbHOI OE3IEKH.

3 ypaxyBaHHSM MOTPeO HAI[lOHAIBHOI OE3IMeKHu i
HEOOXITHOCTI 3aIpOBaPKEHHsI CUCTEMHOTO MIIX01y 10
PO3B’sI3aHHS MPOOJIEMH 3aXUCTy KPUTHYHOI iHDpacTpy-
KTYpH, Ha 3arajibHOJIepP>KaBHOMY PiBHI, CTBOPEHHS CHC-
TEMH 3aXUCTy TaKoi iHPPaCTPYKTYpH € OJHHUM i3 Tpio-
puTeTiB y pedopMyBaHHI CEKTOpY OOOpPOHH i Oe3nexu
Vkpainu [1]. TIpu 1poMy, OCHOBHHMH TPOOIIEMaMHU, sIKi
NOTpeOyIOTh PO3B’SI3aHHS, €: BIJCYTHICTb €IMHHUX KpH-
TepiiB Ta Metoxoiorii Binnecenust ITC 06’exriB iH(pa-
CTPYKTYPH JI0 KPUTHYHOI iHYPACTPYKTYPH; BIICYTHICTH
ennHOT MeToJoioTii ouiHioBaHHA 3arpo3 Oesmneni ITC
00’€KTiB KpUTHYHOI iHPPACTPYKTYpH.

HeoOxigHo 3a3HaunmTH, 1O 3aKOHOM YKpaiHU
«IIpo ocHOBHI 3acanu 3a0e3nedeHHs Kibepoe3nekn Yk-
paiamy» [2] BU3HAYEHO HEOOXIAHICTH (POPMYBAHHS Iepe-
JiKy 00’€KTiB KpHUTHYHOI iHpOpManiiHOi iH(ppacTpyK-
Typu Ta HEOOXiTHICTH pO3POOKH KPHUTEPIiB 1 MOPSIKY
BiZJHECEHHSI 00’€KTiB 1O 00’€KTiB KpUTHYHOI iH(]pa-
CcTpyKTYpH, a YKa3oM Ilpesunenta Ykpainu Ne96/2016
«IIpo pimenns Pagu HanioHansHOT Oe3neku i 000pOHK
VYxpainu Big 27 ciunsa 2016 poky «IIpo Crpateriro Ki-
OepOesrekn Ykpainm» [3] mepenbadeHo, mo kibepsa-
XHUCT KPUTHYHOI IH(PACTPYKTYpU Mae NOJSAraTH, Ha-
caMIiepell, y BU3HaYCHHI KpUTEPiiB BigHECEHHS iHPOP-
MaliiHuX (aBTOMAaTU30BaHMX), TEJICKOMYHIKaIiiHUX,

iHpOpMaLiHHO-TENICKOMYHIKAIIIHHAX CUCTEM J0 KPHUTH-
4yHOI iH(opMaIiitHoi iHppacTpyKTypH.

TakuM YUHOM, HOPMATHUBHO-NIPABOBUMH aKTaMH
VYkpaiHu 3a7ekiapoBaHO HEOOXiJHICTh PO3POOKH €/1H-
HUX KpuTepiiB i Meromosorii BigneceHus ITC 00’exriB
iH}pacTpyKTypu 0 KpUTHUUHOI iHppacTpykTypu. [Ipn
[bOMY JIOLIBHO 3a3HAYUTH, 1110 BUKOPHCTAHHS SIKICHUX
OILIIHOK ITOB’s3aHE 31 CKIIQJHICTIO IX MOPIBHIOBAHHS Ta
BiATBOpIOBaHHS. Hacammepen, e oOyMOBIE€HO cKiaj-
HICTIO MI00PY €KCHEpTiB i crernudikoro oOpoOKu eKc-
MEPTHUX NAaHUX. 3a3Ha4eHi OOMEXEHHs CBiaYaTh IPO
HasIBHICTh BaXXJIMBOTO HAYKOBOTO 3aBJIaHHS IIIOJIO BHU-
3Ha4YeHHs KputepiiB BimHecenHs ITC mo kpuTH4HOI iH-
¢dopmaniitHoi iHpacTpyKTypH.

Mema oanoi cmammi — NIPOBECTH aHAJI3 ICHYIO-
YHX METOIB Ta MOJIEJICH OMIHKA KPUTHYHOCTI Ta BHKO-
PHUCTOBYIOUYH HOTO pe3yNbTaTH 3alPOIIOHYBATH (YHKIIi-
OHAJBHY MOJIETbh PO3PaXyHKY KiJTBKICHOTO KpPHUTEPIIo
ouinku 3axumienocti ITC.

1. AnaJi3 icHyI0UMX X0CTiI:KeHb

3 MeTo10 BHOOPY ONTUMAIEHOTO METO/TY PO3PAXYHKY
KUTBKICHOTO KpHUTepito orfiHku 3axwumieHocti [TC 3xaificHu-
MO aHaJli3 iICHyIOYHX METO/IB MPUIHATTS PillleHb.

MeTtoau Teopii IPUHHATTS pilIeHh 3aCTOCOBYIOTh-
sl TIpH BiJICYTHOCTI MOBHOI iH(op™mariii mpo 00’€ekT 110-
cimmpkennss (ITC). B 3arampHOMY BHIIQJKy METOAM
MIPUIHATTS PillIeHb MOXKHA KJIaCH(IKyBaTH 10 3MICTY Ta
THITy OTPHUMYBaHOI eKcrepTHOi iHpopmaii [4-6]. Taka
ki1acugikauis HaBeaeHa B Tabu. 1 [5].

3 HaBeJEHMX YOTHPHOX TPyN HEpuIi TPU BiTHO-
CSITHCSL 10 METOAIB MPUHHSTTS PillleHh B YMOBaxX BU3Ha-
YEHOCTI 1 TUIBKW YETBEPTAa 0 METOMIB MPUHHATTS Pi-
IIEHb B yMOBaX HEBU3HAUEHOCTI.
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Tabnuya 1 — Knacudikanis MeToAiB NpUifHATTS pillieHb O 3MicTy Ta TUIY eKcriepTHOI iHdopmaii

Ne s . . .
A/ 3micT inpopmanii Tun indgopmanii Metoa npuitHATTA pilleHb
1 ExcneprtHa indopmaris 1. Merox nomiHyBaHHS
HE BUMAaraeTbest 2. Meroj Ha OCHOBI IMIOOANBHUX KPUTEPIiB
2 Iadopmaris npo mepe- | 1. fxicHa indopmaris 1. Jlexcukorpadidne yrmopsaKyBaHHS
Bary Ha MHOXHHI kpu- | 2. KinbkicHa ominka 2. TlopiBHSHHS Pi3HUIB KPUTEPIATEHUX OI[IHOK
TepiiB nepeBaru KpuTepiia 3. Meroau 3ropTKH Ha iepapXii KpUTEpiiB
3. KinbkicHa indopma- | 4. Meroau «edeKTHBHICTH-BapTICTE»
i mpo 3aMilIeHHs 5. Meroau «moporis»
6. Meroau ineanbHOT TOUKH
7. Meroau KpuBHX OaliLyKOCTi
8. Meroau Teopii HiHHOCTI
3 Indopmaris npo mepe- | Ominka nepeBard mapaux | 1. Meroau MaTeMaTHYHOTO IIPOTPaMyBaHHS
Bary ajgbTepHaTIB HOPiBHIHB 2. JliniitHa Ta HemiHIITHA 3TOPTKY IIPH iIHTEPAaKTHBHOMY CIIO-
co0i BU3HaueHH ii mapameTpiB
4 Iudopmartis npo mepe- | 1. BiacyrHicts iHpop- 1. Meroau 3 AUCKpETH3aMLi€I0 HEBU3HAYCHOCTI
Barv Ha MHOXKHHI KpH- | Maii Ipo nmepeBaru 2. CroxacTu4He TOMiHYBaHHSI
TepiiB Ta mpo Hacmiaku | 2. KinekicHa inpopma- | 3. MeToau NpUHHSTTS pillleHh B YMOBaX PU3HKY Ta HEBU3HA-
alTbTepHATUB ISl PO HACTIAKH YEHOCTI Ha OCHOBI TTI00aTbHUX KPUTEPiiB
3. SlkicHa iHdopmaris 3. Meron aHanizy iepapxiit
Ipo TepeBary Ta Kutbkic- | 4. Mero/ BUpiIaTbHAX MaTPHIh
Ha PO HACIIIKH 5. Meromau Teopii HEUITKMX MHOMKHH
6. Mertoa MpaKTUYHOTO MPUHHATTS PillleHb
4. Metonu KpuBUX OalayKOCTI JUIsl IPUHHATTS PillleHb B
YMOBaxX PU3HKY Ta HEBU3HAYCHOCTI
7. Meromu nepeB pilieHb
8. JIekoMIO3uIiliHI METOIM TeOpii O4iKyBaHOT KOPUCHOCTI

3 4eTBepTOl IpyITH HAHOITBII IEPCICKTHBHAMM [ 5]
€ Taki METOAM: Teopii OUiKyBaHOI KOPHUCHOCTI; aHAJi3y
iepapxiif; Teopil HEYITKIX MHOYKHH.

Memoou meopii ouikysanoi kopucnocmi 1ois-
raloTh B TOMY, III0 KO>KHA MOXKJIBA [Iisl, TOPOXKY€E HAC-
JIKK, SKI XapaKTepH3yIThcs BH3HAYEHHMM HaOOpOM
BJIACTUBOCTEH, (hakTOpiB ab0 moka3HuKiB. OOUpaEThCs
Ta aJbTEPHATUBA, HACIIAKH SIKOT € HAWOUIBII KPAIMMHU.
TakuM 4MHOM, NPH 3aCTOCYBaHHI IIbOTO METOAY HEO0O-
XIIHO OTpPUMATH KIJBKICHI OIlIHKH BCIX MOXIIMBUX pe-
3yJIBTATIB, SKI € HACJTiJKaM{ NPOLECIB MPUHHATTS pi-
LIEHb Ta B TO/IANIBIIOMY, Ha IiJICTaBi IUX OLIHOK, 00Opa-
TH HaWKpamiiii pe3ynbraT. B 3aranpHOMY BHIAJKy Me-
TOJI CKJIAJA€ThCS 3 I1’ATH eTarriB [6]:

1. Tomepenwiii anani3z. Ha mpomy erami Bu3Haua-
FOTHCSI MOXKITUBI BapiaHTH i, IKi MOKJIMBO BUKOHATH B
MIpOIIeCi PillICHHSI.

2. Crpykrypuuii aHami3. CTpykTypusaris mpooiie-
MH Ha SKiCHOMY piBHi. BymyeTtscst nepeBo pimeHs. Jlepeo
pilIeHs Mae 1Ba TWUIH BEPIIMH: BEPIIMHU — PIIICHHS Ta
BEpIIMHN — BUMAIKU. B BepmImHax-pileHHsAX BHOIp 3aje-
JKUTh BiJl eKCIEPTa, a B BEpIIMHAX-BUIIA/IKaX SKCIIEPT MO-
e Tepe1oadaTy BUOIp 3 JESIKO0 HIMOBIPHICTIO.

3. Amnamiz HeBu3HaueHocTedl. Ha mpomy erami
NIPUIMAETHCS PillICHHS! BCTAaHOBJICHHS! 3HAYEHb MMOBIp-
HOCTI ISl THX TUTOK Ha JIEPeBi PIllIeHb, SIKi TOYHHAIOTh-
cs 3 BepmMHU-BUNaaky. [Ipn npoMy Bci oTprMaHi 3Ha-
YeHHsI WMOBIPHOCTEH Mi/UITaloTh NepeBipli Ha HasB-
HICTh Y3TOKCHOCTI.

4. Amnamni3 xopucHocTi. Ha nmpomy erari HeoOXia-
HO OTPHUMATH KiJIbKiCHI OI[IHKH KOPHUCHOCTEH HACIIiJIKiB
PE3YJIbTATIB MOB’A3aHUX 3 Pealli3alli€lo TOrO M iHIIIOTO
[UIAXY Ha JAepeBi PillleHb.

5. Tlpomnenypu ontumizamii. OnTuManbHa cTpare-
rist it Moxke OyTH HaleHa 3a IOTIOMOTOI0 PO3paxyH-

KiB MakcuMi3amii O4iKyBaHOI KOPHUCHOCTI Ha BCHOMY
MIPOCTOPi MOKIIUBUX PE3YIIbTATIB.

[lepeBaroto MeToxy € MOXIHMBICTH HaXOMKCHHS
OINITUMAJILHOTO PILIEHHS B YMOBAaX PU3HUKY.

B Toif jxe yac HeoOXiIHO 3a3HAuYaTH, M0 METOIH
Teopil O4iKyBaHOI KOPUCHOCTI MalOTh HEIOIIKH, a CaMe:

- BellMKa TPYJIOMICTKICTh MOB’si3aHa 31 300poM
iHpopmanii npo mepeBaru Ta WMOBIPHICHI PO3NOALIH,
110 BiIHOCATHCS JI0 HACIIAKIB [7];

- HEOOXiJHICTh 3alyueHHs aHANITHKIB;

- BIJICYTHICTh MEXaHI3MIB TEPEBIPKH CYy/KEHb
eKcrepTiB (0cib npuitMarYnx pilleHHs).

Takosk, 10 HemouikiB 3riguo [8, 9] HeoOXigHO Bij-
HECTH T€, I10:

- JII0JIMHA HE CTPYKTYPYE NMPOOIEMH XOIICTHIHO,
SIK TIe Tiependadae Teopis 09iKyBaHOI KOPUCHOCT;

- TmoaWHa He 00poOiste iH(opMaliro, 0codIBO
HMOBIPHOCTI, y BIAMOBIAHOCTI A0 NMPHHLIMUIIB OYiKyBa-
HO{ KOPHUCHOCTI;

- Teopis OdYiKyBaHOI KOPHCHOCTI IOTAaHO Mepes-
0adae MOBEIHKY JIOACH, KOJH iX CTaBJSITH MEpel BHU-
60pomM B X011 1a00paTOPHUX BUIIPOOYBaHb.

Memoo ananizy iepapxiii (MAI) € mMaTeMaTHIHUM
IHCTPYMEHTOM CHCTEMHOTO IiJXOLy JIO0 CKJIQJHHX IIpO-
0J1eM NPUHHATTS PIlIeHb Ta peajli3ye NPOLeRypy CUHTE3Y
TNIpiOpHTETIB, 10 0OPaXOBYIOTHCS Ha MiJICTaBi CyO €KTHB-
HUX Cy/KeHb ekcrniepTiB. MAI 103Bostsie ekcriepTy 3HaiuTH
TaKWi BapiaHT pilIeHHS 3aBJaHHS (AIbTEPHATUBY), SIKUI
HaWKpaluM YHHOM Y3TOJDKYETBCS 3 HOro PO3yMIHHSM
CyTi ipoOJieMu Ta BUMOTaMH JI0 ii pinreHHs. B 3aranpHO-
My Bunagky MAI cknamaersest 3 m'situ eramis [10]:

1) mobymoBa sKicHOI Mozeni mHpobieMH , MIO
BKIIIOYa€ METY, albTEPHATHUBHI BapiaHTH AOCATHEHHS
METH Ta KpUTEpii IJIs OIIHKHU SIKOCTI aJlbTepHATHB. Mo-
JIeNTb BUKJIATAETHCS Y BUTIISAI i€papXifi;
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2) BU3HAYEHHS MPIOPUTETIB BCIX eJEMEHTIB iepa-
pXii 3 BUKOPUCTAaHHIM METOAY IMapHHUX MOpiBHSIHB. Do-
PMY€ETBCSI MATPHILA NTONIAPHUX MTOPiBHSAHB;

3) cuHTE3 TIOOATBHUX TIPIOPHUTETIB aTbTCPHATHR
Ta OTPUMaHHSI BEKTOPY MPiOPUTETIB;

4) mepeBipka Cy/DKEHb EKCIIEPTIB Ha Y3TOJKeE-
HICTh IUISIXOM OLIHKH CTYIEHIO y3TOJPKEHOCTI MaTpHIIi
MIOTIApHUX MOPIBHSHb;

5) oTpumaHHs 3HAYCHHS HAWKpAIIOi anbTepHATH-
BU Ta MPUUAHSTTS PilICHHS.

IepeBaramu metony € [11]:

- BUKOPUCTaHHs TONAPHUX IMOPIBHSIHb, LIO JO-
3BOJISIE EKCTIEPTY CKOHIICHTPYBATH yBary Ha mpooiiemi;

- JOJATKOBICTh BHXiJIHOI MaTpPHIL;

- HasgBHICTH BepOAIIbHO-YHCIOBOT IIIKAIIH;

- BOymoBaHHWII KpHTEpiii AKOCTI poOOTH eKcTiepTa —
IHIEKCY Y3TODKEHOCTI, KU Hamae iHpopMaIliio mpo mo-
PYLICHHS YHCENBHOI Ta TPAaH3WTWBHOI Y3TOKEHOCTI Cy-
JKEHb.

Cnig 3a3Haunty, 1o MAI He mo30aBieHul HEHO-
nikiB [12-14], a came:

- OIIHKK Ta NOpiBHAHHA Oinbrre naeB’situ [13]
abo necsatu [14] 00’exTiB (KpuTepiiB, anbTepHaTHB). 3i
30UTBIIICHHSAM KUTBKOCTI 00’€KTIB 301IBIIYETHCS CKIIA[I-
HICTh MOOYIyBaTH OJHOPITHOI MATPHIlI MOMAPHUX II0-
piBHsAHB. Takok, OOMEXEHHS BUKIHMKaHI ICHXOJOTid-
HUMH MOXJIMBOCTSIMH JIIOJMHHU INOJO IOPIBHSIHHS Ta
PaHKUpPYBaHHS BEJIHUKOI KUTBKOCTI 00 €KTIB;

- BUHUKHEHHS SIBUIAa PEBEPCY paHTiB, TOOTO
3MIHM MOPSAKY paHillle MOPIBHSHHUX ajbTepHATHB IPH
JI0ZIaBaHHI HOBHMX YM BUJIAJICH] ICHYIOUHNX;

- BUKOPHCTaHHS LIKaJIU BiJHOUICHb SIKA € PAHTO-
BOIO IIKAJIOK KPATHO OTUHHMIII.

Memoou meopii HewimKux MHOMICUH TIOJISATAIOTH
y dopmarizauii BXiTHUX MapaMeTpiB y BUIIISII BEKTOPY
IHTepBAJILHUX 3HAYCHb (HEYITKOTO iHTEpBAIy), a MOma-
JaHHS B KOXKEH IHTEpBAI XapaKTePH3YEThCS JESKUM
CTyIEeHEeM HEBM3HAa4YeHOCTi. MeXi MOMJIMBUX 3HauCHb
mapaMeTpiB Ta 007acTi IX HAOLTBII MOKIIMBHX 3HAYCHD
BU3HAYAIOTHCSI HA OCHOBI BHXIIHHX JaHMX, JIOCBily Ta
iHTYy{nii. TakuM YMHOM OCHOBHOIO XapaKTEPHCTHKOIO
TOTO YM IHIIOTO METOAY € (YHKIiS MPHHAIEKHOCTI
napametpy iHtepBany [15]. IcHye GaraTto merojiB Bu-
3HaueHHs1 QYHKILIH NPUHATIEKHOCTI, HAIPUKIIAJ - METO-
I TIApDHUX HOPIiBHSIHB, EKCIEPTHUX OIIHOK, JIIHTBICTH-
YHUX TEPMIB 3 BHUKOPHUCTAHHSM CTATHCTHYHHMX JAHHX,
napaMeTpuYHi, iHTepBanbHOl ouiHku [16].

MoykHa BUIITUTH JABI TPYIH METOMIB: MpPSMi Ta
HerpsiMi [17]. Tlpsimi MeToan MONATAIOTH y TOMY, IO
Oe3rocepelHbO EKCIEPT 3aJa€ TMpaBHiIa BHU3HAYCHHS
(GyHKIIT TpUHATIEKHOCTI, HAITPUKIAJ — METOJU 3aCHO-
BaHi Ha WMOBIPHICHIH TpakTOBILI (DYHKIIT IPUHAJIEKHO-
cti. HempsMi MeTou, mMoNATaoTh y TOMY, IO 3HAYCHHS
¢yHKIii TPHHAIEKHOCTI OOMPAIOTHCS TAKUM YHHOM,
00 3aJOBOJIFHUTH 3a37ajierifp c(hOpMyIbOBAaHIM BHU-
MOTaM, HaIPUKJIa] — METOJ] HAOIIbIINX KBAJPATiB.

IepeBaramMu METOIiB HETITKMX MHOXHH € [18-21]:

- MOXJIMBICTh JOCTATHHO OO €KTHBHO MPOBOJIH-
TH OLIIHKY aJIbTEPHATHB 32 OKPEMUMH KPUTEPIsIMU;

- MOXJIMBICTH BKJIIOYATH B aHATI3 SIKICHI 3MiHHI,
OIepyBaTH HEYITKMMU BXiJHUMH TaHUMH Ta JIHIBICTH-
YHUMH KPUTEPISIMH.

B T0i1 e gac 3a3HadeHi METOAM MArOTH 1 HEMOII-
KH, a came [17; 22-23]:

- icHye cyO’eKTHBHICTh B BHOOpPi (DyHKIiH MpH-
HAJIEXKHOCTI Ta (GOPMyBaHHI MPABHI HEYITKOTO BBOIY i
TOMY BHI (PYHKIII CyTTEBO 3aJIC)KHUTH BiJl HAasIBHUX Bi-
JIOMOCTEH Ta XapakTepy 3az1aui;

- HeoOXigHICTh TpeAcTaBieHHS iH(OpMAIlT mpo
B33a€MO3B’SI30K KPUTEPIiB;

- KOXXCH METOJI Ma€ cBOI OOMEXEHHs Ta 0CcO0JIH-
BOCTi 1 KOPUCTYyBau MOBHHHUU 3HATH cdepy 3acTocy-
BaHHSI KOXKHOTO 3 METO/IIB;

- OUIBIIICTh METOIIB HEUITKMX MHOXHH IOKa3y€e
ciabKy CTIMKICTh Pe3yNbTaTiB BiTHOCHO BUXITHUX JaHUX.

Haiibinpury cTiiikicTe MalOTh METOIH OCHOBaHI Ha
NpaBHJIax.

3 ypaxyBaHHSIM 3a3HaUCHOTO BOAYAETHCS 3a JOIi-
JMBHE UIA PO3PAXYHKY KIUTBKICHOTO KPHUTEPI0 OIIHKH
3aXHIIEHOCTI 3aCTOCYBATH METO/I aHAJII3Y i€papXii.

2. OCHOBHA YacTHHA JOCIKeHHS

Mopenb po3paxyHKY KUIBKICHOIO KpHUTepilo
OLIIHIOBAHHSA 3axuieHocTi. Monens po3paxyHKy KiJlb-
KicHOTO KpuTepito ouinku 3axumierocti [TC 3 Bukopuc-
TaHHAM METOAY aHaJi3y i€papXiil JO3BOIISE IEPEUTH Bij
SIKICHOT OITIHKHM y BHUTJISI YIOPSIKOBAHOTO PSIy OYK-
BEHO-YHMCIOBUX KOMOiHaIlii [24], 1110 MO03HaYal0Th piBHI
pealti3oBaHMX TOCIYT, A0 KiTBKICHOT OIIHKH y BHIJISAIL
BITHOIICHHS 0a30BOr0 MPOQUII0 3aXMIICHOCTI 0 MPO-
(1ITI0 3aXUIEHOCTI BU3HAUYEHOT'O EKCIIEPTOM.

Bxiguumu masuMu mig moxeni € 0asosuit OII3
[25] Ta BigkopuroBauwuii excrieprom ®I13. Tlpu pomy,
HJ T3I 2.5-005-99, o Bu3navae cranpaptHi PI13 06-
pobmroBanoi iHpopmanii Bim HCJ, onmepye BuMoramu
00 3aXHCTy MEeBHOI iH(poOpMarii Bii MEBHUX 3arpo3 i
BiJOMHX HAa CHOTOHIIIHIA JeHb (DYHKIIOHAIEHUX MOC-
JIYT, IO JIO3BOJISIIOTH MPOTUCTOSITH JIAaHUM 3arpo3am i
3a0e3nedyBaTH BUKOHAHHS BUMOT, SIKI TIpeJ1’ IBJISIFOTCS.
BpaxoByloun OOMEXEeHHS METOIy aHalizy iepapxii
[IOI0 OLIHKK Ta MOPIBHSHHS HE Oiblie JeB’sTH a0
JIECATH KPUTEPIiB CPOPMYEMO TPYIH KPHUTEPIIB OLIHKH
3axuiieHocTi iHdopmauii (puc. 1). Sk BugHo 3 puc. 1
HaliOUIbIIa Tpyma KPHUTEPiiB APYroro piBHS, KpHUTEPii
CTIIOCTEPEXKHOCTI, MOXE HalidyBaTH IO 9 KpHTeEpiiB.
[Hmi rpymu, KpuTepiiB BCixX IHIMUX pIiBHIB, HANIYYIOTH
BiJl YOTHUPBOX A0 II’ATH KpuTepiiB. Takum 4nmHOM, I
aHai3y BU3HAYEHUX KPHUTEPIiB MOXHA 3aCTOCOBYBAaTH
METOJl aHAJIi3y iepapXil.

Bnok-cxema Mozeni po3paxyHKy KiIbKiCHOTO KpH-
Tepito omiHky 3axumenocti [TC Ha ocHOBI MeToTy aHa-
Ji3y iepapxiif HaBeZeHa Ha puc. 2. Meroj aHami3y iepap-
Xii A7 BHU3HAUEHHS CITiBBIJHOIIECHHS AalbTEPHATHB
(®II3b Ta ®IT3E) BinOyBa€eThCs B Takiid MOCIiTOBHOCTI:

1. Byoyromuca mampuyi nonaprux nopieHaH 01
KoJicHOo20 piens Kpumepiig (Kputepii 3axuimeHocti — 1
piBeHb, KpHTepii mociayr Oe3rneku — 2 piBeHb, KpHUTepii
piBHIB mocutyr Oe3neku — 3 piBeHs):

A=y . 1)

nxn
— «Bara» | -ro kputepito, [Ipu 1po-

ij
ne & =W, /W, W,
My, a; :1/ 3;, a a; =1. Tobro, MaTPHIIA € MO3UTUBHOIO

3BOPOTHO CHUMETPUYHOIO.
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Puc. 1. 'pynu KpuTepiiB OMIHKH 3aXUMIEHOCTI iH(popMAaIIil

of o[

. oh

oo

Jns Bu3HauyeHHS Bark OyJeMO BHKOPHCTOBYBATH
TaOI. 2 BITHOCHOI Ba)JIMBOCTI: J{JIs1 KpUTEPiiB 3aXHIIICHO-
CTi MaTpHUIA HOPIBHAHD Oy/e MaTW BHIJII, HABEACHHUH Y
Tabm. 3: JIyis KpuTepiiB mOCIyr Oe3MeKd CKIAmarThCs
CBO1 MaTpHIli MOMApHUX HOPiBHSIHL. Beboro mo 4 mar-
punb. s xputepiiB piBHIB Oe3Mekn MakcHMalbHa Ki-
JIbKICTh MaTPHIlh MOXE CKIIACTH 22.

2. 30iiicnioemobca o6uuCIenHA MHONCUHU 61aC-
HUX 6eKmopie mampuyi, i 4Oro JUIl KOXKHOI CTPOKHU
MaTpHILi OOYHCITIOETHCS CEPEHE TEOMETPHUYHE:

=X/ 8, Q5 = \'Hrj]:laij : ©)

Je N — pO3MIpHICTh MaTPHILIi.
3. 3Boiiicnioemubcsa Hopmanizauin pesyibmamis, pe-
3YJILTATOM SIKOi € HOpMaJTi30BaHH BEKTOP MPIOPUTETIB:

ai = I , (3)

4. 3oiiicniocmuca nepegipka y3zo0xycenocmi no-
Kanbhux npiopumemis: Po3paxyHOK HaHOUTBIIOTO
BJIACHOTO 3HAYEHHA MATPUIIl 3IICHIOETBCS TaKUM YH-
HOM:

A=g%. (@)

A =Aay, ®)

= A, ©)
Po3paxyHOK iHIEKCY y3roIKEHOCTI:

Je M — KUTBKICTh €IIEMEHTIB IO MOPIBHIOIOTHCA (pO3-
Mip MaTpHi).

IlepeBipka KOPEKTHOCTI 1HAEKCY Y3TOKCHOCTI
3IICHIOETBCS IIUIIXOM PO3PaxyHKy BIJIHOIIGHHS Y3ro-
mxenocti AC 3a hopmyioro:

_JP 8
AE_R_C' @)

ne R, — Tabnnune 3Ha4eHHs (Tabu. 4).
VY pasi, sxmo A, > 0,10, To mani B MaTpumi mopi-

BHSIHBb HiHHﬂFaIOTI) Neperigay Ta YTOYHCHHIO.

Tabauys 2 — llkana BiTHOCHOT BaXKJIMBOCTI KpUTepiiB

Bep6anbHa oninka exkcrepra 3HavyeHHd aij
Wi aOCOJTIOTHO Kpariliif 3a Wj 9
Wi HabaraTo Kpamimit 3a Wj 8
Wi 3Ha4HO Kpalui 3a Wj 7
Wi Kpaiuii 3a Wj 6
Wi CyTTEBO MEpeBaXkae Wj 5
Wi mepeBakae Wi 4
Wi JIeriio nepeBaxae Wi 3
Wi HECYTTEBO MEpeBaKaE Wi 2
KpUTepii piBHOLIHHI 1
Wj HECYTTEBO MepeBaxae Wi 1/2
Wj JIeTIo mepeBaxae Wi 1/3
Wj mepeBakae Wi 1/4
Wj CyTTEBO IepeBakae Wi 1/5
Wj Kpariii 3a Wi 1/6
Wj 3HAYHO Kpamuit 3a Wi 1/7
Wj HabaraTo Kpanui 3a Wi 1/8
Wj a0COITIOTHO KpaIuii 3a Wi 1/9
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Tabnuya 3 — MaTpunst HOPiBHSIHB JJIsl KPUTEPIiB 3aXUIIEHOCTi

Konginenuiiinicte | Wigicuicts | doctynnicts | Cnocrepe:keHicTh
KondinenmiitHicth a1 a2 ais a4
HimicHicTh az ax az a4
JloctymHicTh ast as2 as3 az4
CrocTepexHiCTh auL as2 a3 au

Tabruys 4 — BunagkoBi y3romkeHocTi 1Js1 MATPHIb MOPSAKY 2-9

Po3zmip matpui (n)

2 3 4 5 6

7 8

Bumnanxosa y3romkeHicTs (Rc)

0|05 | 09 | 112 1,24

1,32 1,41

1,45

O6upaerses OI13 skuit
HEOOXIJIHO peanizyBaTH juis S

Excnieprom pospodnserses OI13
KU JIOIUTBHO peasni3yBaTh st S;

FPZ,\ 7 '

FPZg

Y

Y

3a 1mKa010 BiTHOCHOT BasK/JIHBOCTI 00'CKTIB 3a
Caari S; 3/(i/iCHIOETHCS 11011APHE NOPIBHAHHSI
piBHiB nocayr Gesnekn

3a mKanoio BiIHOCHOT BaKIHBOCTI 00'CKTIB 3a
Caarti S; 3/1HCHIOETHCS 110IIAPHE 1OPIBHAHHS
nocnyr Oesneku

3a 1mIKano BiZIHOCHO!
3a Caari S; 31iHCHIOETHCS 110NIApHE
TOPIBHSHHS KPHTEPIIB 3aXHILEHOCTI

I BaKIHBOCTI 00'cKTIB

L 4 a’/ i

4 Qij

A

| ij

CK1a/IeHHS MaTpHILh ONAPHHUX TOPIBHSHb
piBHIB nocayr 6e3nekH (22 MaTpuii)

CK1aJIeHHsA MaTpHLLb NOMAPHUX MOPIBHSAHD
nocayr desnekn (4 marpuiti)

CKIaJieHHA MaTpuLi

TONAPHHX [OPiBHAHb

KPHTEPITB 3aXHICHOCTI

AHI'“ n']ln.‘

\ 4

(2x2)

4, =la
y gl iy ( mxm)

4, =|a
A 4

Ury (4x4)

OO0uMCACHHS BEKTOPY BIIHOCHHX IIHHOCTEH Ta
HOpMaJli3aulis pesybrary

o
—_ -y
A
Z,-=,\I(’11~“‘71n.

JIe 11 — HOMEp PiBHS MOCiyTH Oe3neKH;
1 — JI0piBHIOE 2
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Puc. 2. biok-cxema MeToly po3paxyHKy KUIBKICHOTO KpHTEpito oniHkH 3axumeHocti [TC

5. Pospaxynok 2106anbHo20 npiopumemy 0
Kpumepiig 6epxnbozo piens. HopmaizoBaHuii BEKTOp TIpi-
OpUTETIB 32 KO>)KHUM KPHUTEPIEM HMXKYOTO PIBHS MIEPEMHO-
KY€ETHCS Ha HOPMai30BaHU BEKTOP IPIOPUTETIB BUILIOTO
PIBHSL
6. JoOyTKH HiJICYyMOBYIOTBCSI HA BUILIOMY DiBHI.
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7. Busnauenns cniggionoweHHns aivmepHamue
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MIPIOPUTET 32 KaTeropisMu KOHQIIEHIIHHOCTI, LilicCHOC-
Ti, JIOCTYITHOCTI Ta CHOCTEpEeXHOCT. BimHomeHHs mux
IJI00AIBHUX TIPIOPHUTETIB, IO XapaKTEepU3YIOTh KUIbKic-
HUM KpUTEpiil, MOXKHA MIPEACTABUTH Y BUTIISII BUPA3Y:
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ne Ggp,, — € Tabmrannm suadennsav OI13 it ramysesoi
ITC, a Gy, — € @II3 oTpuManmii €KCIepToM 3a A0TOMO-

TOI0  CTPYKTYPHO-JIOTIYHOI ~MOJEN Ta  CTPyKTypHO-
¢yHKIiIOHABEHOTO MeToxy (opmyBanHs OI13 ramysesoi [TC.

Peanizaris miei Mosiei T03BOJISIE IEPSHTH BiJl SIKi-
CHHMX IMOKa3HHKIB 3aXMILEHOCTI 10 KUIBKICHUX.

BucHoBxku

VY mpencraBneHiit poboTi, 3 METOIO BHOOpPY ONTHMA-
JBHOTO CIIOCO0Y PO3PAaxyHKY KiIBKICHOTO KPHUTEPIrO OIli-
HroBanHs 3axuieHocti ITC, Oyno npoBeneHo aHami3 ic-
HYIOUHMX METOJ(iB IPUHHSTTS PillICHB.

HocnipkeHi MeTou Teopii O4iKyBaHOT KOPHCHOCTI,
METO/IM aHaN3y i€papxii Ta METONM Teopii HEUITKHX
MHOXHH.

BusHaueHo, 110 3 ypaxyBaHHSAM OCHOBHHUX IlepeBar
Ta HENOJIKIB 3a3HAUYCHNX METOMIB, Ul PO3PAXyHKY Killb-
KICHOTO KPHUTEPI0 OLIHIOBAHHS 3aXHINCHOCTI JOULUTEHAM

Po3pobnerno Momenb po3paxyHKy —KiIBKICHOTO
Kputepito omniHtoBaHHs 3axumeHocti ITC, mo 6a3yeTs-
cs Ha BUKOPHCTAaHHI METOXy aHaJi3y iepapxidl. 3a3Ha-
YeHa MOJICNb BUKOPHCTOBYE TIOMApPHI MOPIBHAHHS, IO B
CBOIO Yepry DO3BOJISIE EKCIIEPTY CKOHLICHTPYBATH yBary
Ha TIpooIemi.

Takoxk, 3a3HaueHa MoJellb Mae BOYJIOBaHUH Kpu-
Tepiil IKOCTI poOOTH eKcrepTa — IHJEKC y3rOJKEHOCT,
SIKMH Hajae iH(pOpMaIiio PO MOPYIISHHS YHCEeJIFHOT Ta
TPaH3UTUBHOI Y3T0JKEHOCTI CY/)KEHb.

Kpim Toro, po3podiieHa MoJenb JO3BOJISIE IEPEHTH
BiJl SIKICHOT OI[IHKH y BHUTJISAL YIOPSIKOBAHOTO PSIITy
OYKBEHO-YHCIIOBHAX KOMOiHAIIN, IO MMO3HAYAIOTh PiBHI
peali3oBaHUX TOCIYT, A0 KUTBKICHOI OLIHKH y BHTIIAIL
BiTHOMIEHHS 0a30BOTO MPOQUII0 3aXHIIEHOCTI 10 TPO-
(LITFO 3aXUIIEHOCTI BU3HAYCHOTO EKCIIEPTOM.

Y mojanpmuX poOOTax IUIaHYETbCS HPOBECTH
eKCIIEPHUMEHTAJIbHE JOCIIDKEHHS pO3po0ieHol Mozeni
PO3paxyHKy KiIbKICHOIO KPHUTEPIil0 OIIHIOBAHHS 3aXH-

BOAYaETHCS BUKOPHICTAHHS METOLY aHAJII3Y iepapXii.

menocri ITC.
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Mopesb pacyeTa KOJUYECTBEHHOT0 KPUTEPHs OLIEHKH 3aIUIIEHHOCTH HH()OPMAIIMOHHO-
TeJIEKOMMYHUKAIIMOHHBIX CHCTEM KPUTHYECKOIi HHPPACTPYKTYpHI rocy1apcTBa

A. 10. FOmun, B. H. Cunopenko, C. A. I'nariok, A. C. Bepxosen

Annortanus. Ilpenmer cTraTbMm — METOABI M MOJEIM OLEHKH KPUTUYHOCTH OTPACIEBHIX HH(OPMAIMOHHO-
TenekoMMyHUKAIMOHHBIX cucteM (MTC). Lledb qaHHO# CTATBH — IPOBECTH aHAIN3 CYNIECTBYIOIINX METOIOB M MOJICTICH OLICH-
KA KPUTHYHOCTH U MCIOJIB3Ysl €ro pe3ylbTaThl, IPEIUIOKHUTh (DYHKIMOHAIBHYIO MOJIEIb pacdyeTa KOJHMYECTBEHHOTO KPHUTEPHs
onenku 3amuiieHHocTd UTC. Pe3yabTaTel. Ha 0CHOBE M3BECTHOTO METOJa aHAIN3A HEpapXuil MpeiokeHa PyHKIHOHATbHAS
MOJIENb pacdyeTa KOJMYECTBEHHOTO KpHuTepHs oneHku 3ammieHHocTH UTC, koTopas 3a cueT 0O0paboTKH SKCIEPTHHIX OIEHOK
MI03BOJISIET MONTYYUTh KOJMIECTBEHHBIN MoKa3arens 3amuimeHHocTn UTC. OTo maeT BO3MOXKHOCT YIPOCTHTH MPOLEXYPY HOA-
00pa dKCIepToB, M30exaTh crieudukn 00padOTKH IKCIEPTHHIX JaHHBIX, a TaKkke ocyniecTBUTh oneHky MTC B ycnoBusax orpa-
HUYECHHBIX 00BbEMOB CTATUCTUKH. BhIBoABI. [IpoBeieHHOE McclienoBaHNe T0Ka3ajo, YTO pa3paboTaHHasi MOJeNb pacyeTa KOJIH-
YECTBEHHOI'0 KpuTepust oueHkH 3amuieHHoctd UTC, ucnone3ys NOMapHOCTh CPAaBHEHUH, MO3BOJIAET HKCIEPTaM CKOHIIEHTPUPO-
BaTh BHHUMaHHe Ha mpobiieme. Kpome Toro, mpemiokeHHass MOJEIb MMEET BCTPOCHHBIH KpUTEpHH KadecTBa paboTHI SKCIiepTa U
TO3BOJISIET MEPEITH OT KaueCTBEHHOM OLICHKH B BUJIE YIIOPSI0YEHHOTO Psijia OYKBEHHO-YHCIIOBBIX KOMOMHALINH, K KOJINYECTBEHHOM
OIIEHKE B BHJIE€ OTHOIICHMS 0a30BOTO MPOGIIIS 3aIIUIIEHHOCTH K MPOQIITIO 3aIIUIIEHHOCTH OIIPEASICHHOTO YKCIEPTOM.

KnoueBbie ciaoBa: nHOOPMAIMOHHO-TEICKOMMYHHUKAIIMOHHBIE CHCTEMBI, KpUTHYECKas HH(pacTpyKTypa; KpUTepuit
OLICHKH 3aLIMIIEHHOCTH; (QYHKIHOHAIBHBIA NMPOQHIb 3alUIIIEHHOCTH.

Model of the quantitative criterion calculation for security assessment
of the information and telecommunications systems in the critical infrastructure of the state

Oleksii Yudin, Viktoriia Sydorenko, Sergiy Gnatyuk, Oleksii Verkhovets

Abstract. The subject of the article is methods and models for assessing the criticality of industry information and tel-
ecommunications systems (ITS). The purpose of this article is to analyze the existing methods and models of criticality assess-
ment and use its results to propose a functional model for calculating the quantitative criterion for assessing the security of ITS.
Results. Based on the known method of hierarchy analysis, a functional model for calculating the quantitative criterion for as-
sessing ITS security is proposed, which, through the processing of expert assessments, allows to obtain a quantitative indicator of
ITS security. This makes it possible to simplify the procedure for selecting experts, to avoid the specifics of processing expert
data, as well as to assess ITS in a limited amount of statistics. Conclusions. The study showed that the developed model for cal-
culating the quantitative criterion for assessing the security of ITS, using pairwise comparisons, allows experts to focus on the
problem. In addition, the proposed model has a built-in quality criterion of the expert and allows to move from a qualitative as-
sessment in the form of an ordered series of alphanumeric combinations, to a quantitative assessment in the form of the ratio of
the basic security profile to the security profile defined by the expert.

Keywords: information and telecommunication systems; critical infrastructure; security assessment criterion; functional
security profile.
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LHHI “Kapasincekuii 6ankiBcbkuii inctutyr” XHY imeni B. H. Kapasina, Xapkis, Ykpaina
2 XapKiBChKHIl HALLIOHAIBHUI YHIBEPCHUTET PaJioeNeKTPOHiKH, XapKiB, YKpaiHa
% XapkiBchbkuii HamionanbHuii ynisepcutet IoiTpsnux Cu imeni IBana Koxkeny6a, Xapkis, Ykpaina

EXCEL - OPIEHTOBAHA IPOLEAYPA JJIs1 OBYUCJIEHHS 3HAYEHD CITELI-

AJIBHUX ®YHKIIN 3 IHTEPBAJIbBHUM API'YMEHTOM,
3AJAHUM B I'lIEPBOJITYHIN ®OPMI

Anoranisi. Mera podorn. 3anpornonyBati ocHoBHI monoxeHHss EXCEL — opieHTOBaHHMX Hpouenyp AJsi OOYHCICHHS
3HA4YeHb EIEMEHTApHUX 1 CreliabHuX (QYHKLIH 3 IHTEpBaJbHUM apryMEHTOM, 3aJJaHUM B TinepOomiynid ¢popmi. Pe3ynn-
TaTUH PodoTH. PO3TIsIHYTO crIOCOOH MOIaHHS iHTEPBAJIBHUX YHCEIN B TiepOoiyHii (opMi 1 MpaBuiIa BUKOHAHHS OIepanii
J0/1aBaHHA, BITHIMAHHSA, MHOXKEHHS Ta IUICHHS IUX dncen. ONHCaHO MPOIeIypH BH3HAUCHHS YHCEIBHUX 3HAUYCHb (yHK-
i}, apTyMEHTH SIKHX MOXKYTh OyTH BUPOKCHUMH 1 IHTEpPBAIFHUMHE YHCIIAMH, & caMe: MPSIMUX 1 00epHEeHNX (QYHKIIN TpsiMO-
JIHIHHOT TPUTOHOMETPIi, IPSIMHX 1 00epHeHNX (QYHKILIH rinepOoNTidHOT TPUTOHOMETPIi, eKCIIOHEHIiAJIBHOI, JOBUIBHOIT MOKa3-
HHKOBOI 1 creneHeBoi ¢yHkuii, ['aMmma - yHkuil, HenoBHoi ['amma — dyHKuil, giramMa — yHKIil, TpuramMmma — GyHKIIi, TeT-
paramma — ¢yHKuii, neHtaraMmma — Qynkuii, bera — gyHKuii i Il YaCTHHHUX TOXIJHUX, IHTErPajIbHOI OKa3HUKOBOI (DYHKIIIT,
iHTerpanpHoOro Jorapudma, inorapudma, inrerpanis Openens, IHTErPAITLHOIO CHHYCA, IHTErPAIBHOIO KOCHHYCA, IHTErpallb-
HOTO TiepOoIIiYHOTO CHHYCA, IHTErPaIbHOrO TilepOoIiYHOr0 KOCHHYca. 3anponoHoBaHo ocHOBHI nonoxkeHHs EXCEL — opi-
€HTOBAHUX MPOLEAYP Al OOUYKCIEHHS 3HA4YeHb CJIEMEHTAPHUX 1 ClICHiabHUX (PYHKIIH 3 IHTEpBAIILHUM apryMEHTOM, SIKHA
3amaHuii B rinepOomivHiil popmi HaBeneHo uncensHi IpUKIIaIm, M0 UTFOCTPYIOTh BUKOPUCTAHHS 3alIPOIIOHOBAHMX METOIIB.

KnouoBi caoBa: iHrepBambHa apupMerHka, rinepOonidHa GopMma iHTEPBAIEHOTO YHCIA; CHEIianbHi (QyHKIT; 4u-

CeJIbHI METOIN.

Beryn

3amavi 00YHCIICHHS 3HAYCHb CIIEMCHTapHUX 1 Clie-
iaTbHUX QYHKIIH iICTOPHYHO OYIIM OMHUMH 3 TIEPIIHX
3ajia4, po3B’si3aHuX Ha Komm'orepax [1]. 3 Tiel mopw i
JI0 CHOTOJHIIIHBOTO JHS BOHM 3QJIMINAIOTHCS aKTyallb-
HUMHU TOMY, II0 METOJH X PO3B’s3aHHS iCTOTHO 3aJe-
KaTh BiJi Oe3repepBHOI 3MIHM apXITEKTYpH KOMII'IOTe-
piB. JleTanbHO I1i METOIU PO3IJITHYTO B poboTax [2, 6,
8, 9, 17]. T'onoBHa ocobNUBICTE LUX POOIT, 3 MOIIALY
aBTOPIB JIaHOTO TIOBiJIOMJIEHHS, B TOMY, III0 B HHUX JUIS
MIPOBEJCHHS. 00YMCIICHb 3aCTOCOBaHA TpaJuIiliHA €BK-
migoBa apudmernka. BUKopucTaHHS IHTEpBAIBHO BHU-
3HAYEHMX YHUCEN Y BKa3aHUX poOOTax HE PO3IiIsiHyTO. B
po0oTi [7] po3risiHyTO pO3B’sI3aHHS 337a4i BUSHAYCHHS
3HA4YCHb €JIEMEHTAPHUX 1 JESKUX CIEIiabHIX (QYHKIIIH
y pasi iHTepBaIbHO 33/IaHOTO APTYMEHTY, BU3HAYEHOTO
B cuctemi [IEHTP — PAZITYC. B po6orti [10] HaBeaeHO
BIIOMOCTI TIPO CHCTEMY KOMIT'IOTepHOI anredpu Math
Partner, npu3HadeHoi U1 BUKOHAHHS Iii 3 iHTEpBaJb-
HUMHU YHCIIaMU, SIKi BU3HAY€HI BiAMOBIJHO JO TPaBHII
KJIaCUYHOI 1 HECTaHJAPTHOI IHTEPBAJILHOT apU(METHKH.
JertanpHime 15 cucTemMa ornucana B poooti [11].

Crorozni o0YHMCIIEHHS 3HadyeHb 0araTboX BHJIIB
cneniagbHUX (YHKLIH, apryMEHTH SKHMX BH3HAYEHO Y
TpaJuLiiHIi ¢popMi, BXOIUTH y BCi MaTeMaTH4Hi Ia-
KeTu. B Toii ke yac HOMeHKIaTypa crenianabHuX QyH-
ki, axi BkimoueHi B cuctemy EXCEL, oOmexeHa
004YHCIIEHHSIM 3HaYeHb Jorapupma ['amma — QyHKIIT 1
¢yukniit beccenst. Ockineku EXCEL € oauu 3 Haii-
OLNBIII IOMUPEHNX MMAKETIB, TO 3aBJAHHS PO3IIHPCHHS
HOT0 OO0YHCITIOBAIBLHUX MOXKIUBOCTEH, HA IYMKY aB-

TOpIB JAaHOTO TMOBIJIOMJICHHS, MOX€E OYTH BaXKIHMBUM 1
akTyanbHuM. lle 0oOyMOBIEHO THM, LIO aBTOpaM He
BIIAJIOCS 3HAWTH B JIOCTYITHIN TS HUX JITepaTypi OMu-
cy cnoco6iB 3actocyBanns cucremu EXCEL misa 06-
YUCIIEHHS 3HAa4YeHb cherianpHuX ¢yHKOiH. Ilepenik
GyHKIiH, OOYMCICHHS 3HAa4YeHb SKUX PO3TISHYTE B
naHiii pobori, 6arato B yomy cyO'ekTuBHHUA. Bin OyB
BU3HAYEHHWM B pe3yibTari aHamizy pobit [2, 3, 16],
3pY4YHOCTI NPOrpamMHOi peaiizaiii BUOpaHUX airopur-
MiB obuuncnenns ¢yukuiii B cucremi EXCEL, nayko-
BUMH IHTEpecamMH aBTOpiB 1 iX JOCBiJqy, OTPUMaHOIO
IpU BUKOHaHHI poboTH [7].

Amnaui3 giteparypu. JlaHuii po3nin cknaiaeTbes
3 JIBOX YacTHH. Y MNepIIili YacTHHI PO3TISTHYTO BUKOPH-
CTaHI B JTaHOMY IOBIOMIICHHI CIIOCOOM OOYHUCIICHHS
3HAYEHb ClielianbHUX (QYHKIIH, sIKi ONMCcaHo B poOoTax
[2,17,18,19]. Jaui 1ro o6cTaBuHy Oyl BUKOPUCTaHA 3a
yMoBYaHHsAM. [Ipu omuci cmocoOiB oOYMCIICHHS 3Ha-
4yeHb (DyHKIIH 3acTocoBaHa iX Kiacuikaris, Ky HaBe-
JieHOo B po0oTi [4]. ¥V apyriit yacTHHI pO3TIITHYTO 0CO0-
JIUBOCTI OTepamii 3 iHTepBaJFHUMH YUCJIAMH B TiIlep-
6omiuHiH hopmi.

Pe3yabTaTu gocaixxeHn

Cnocodu oouucnenna 3naueny cneyianbHux gy-
nxuyiin. Obuucnennss NOKA3HUKOBOI i cmenenegoi ghyHx-
yii. 1o cxirany BOynoBanux pynkuiid cucremu EXCEL
x0Tk (yakmii CTEITEHD i EXP. Iepma ¢ynkis
TOBEPTAE pe3ybTaT i JHECEHHS YUCIa B CTEMiHb, APY-
ra HOBEPTA€ 3HAYCHHS EKCIIOHCHTH. Y TOAANBIIOMY
BHKJIaJi OyAyTh BUKOPHUCTAHI HACTYITHI BapiaHTH BHKO-
PUCTAHHS IUX (PYHKIIIMH:
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y=exp(x); a*=exp(xlna); x* =exp(alnx).

Obuucnenus 3HAYeHb OCHOBHUX (DYHKYIU NPAMOTi-
HiliHOI mpueoHomempii. Y Tiepenik BOymoBaHHX (pyHK-
uiti cuctemun EXCEL Brmoueno ¢ynknii COS, SIN,
TAN. [JIns oGuucnenns GyHKii Yy = ctgx ciig obumc-

JIIOBATU 3HaueHHs QyHKIiT ctgX = 1/tgx .

s o6uuciieHHs 3Ha4eHb 00CPHEHNX TPUTOHOME-
TpUYHUX (YHKIH CIiJ BUKOPHCTOBYBAaTH BOYIOBaHI
¢ynkuii ACOS, ASIN, ATAN. 3nHaueHHs QyHKIIN
arccosX arcCtgx BU3HAYAIOTH 3TiJHO 3 BUpPa3aMu:

arccos x = /2 —arcsin x, arcctgx = /2 —arctgx . (1)

Obuucnenus 3HaueHb OCHOBHUX DYHKYIU 2inepbo-
JYHOI mpueoromempii. 3BeICHHA TPO BIACTUBOCTI Ti-
nepOoMiYHUX (YHKIIN, SKi BUKOPUCTaHI B Hi poOOTi
nasezeHo B [20].

VY mepenik BOymoBaHux QyHkmii cucremu EXCEL
BkimoueHo ¢ynkmii COSH, SINH, TANH. 3nagueHHs

byHkii y = cthX BH3HaYarOTh, BUKOPHCTOBYIOYH BHPa3
cthx =1/thx . )

Jnst oGuncnenHs 3HaueHb 00epHEHUX rinepoodiy-
HUX (QYHKIIA ciig BUKOpHCTOBYBaTH BOyMOBaHI (DyHK-
uii ACOSH, ASINH, ATANH.

3uaveHns QyHkiii Y = Arcthx Bu3Ha4alOTh MO 3a

CIIIBBIJHOIICHHSIM:
Arcthx = Arth(1/x) . 3

Obuucnenns 3navens Tamma — @yuryii i cnopione-
HUX 3 Heto pynkyiu. Y Tiepertik BOyZOBaHUX (QYHKIIIH cHC-
temrn EXCEL Bxmouena ¢ynakmis TAMMAHIIOL, ska
JI03BOJISIE OOYMCITIOBATH 3HAYCHHS HATYPAIBHOTO JIOTapH-
¢ma 'amma — QyHKIIT, sTka BU3HAYAETHCST BUPA3OM:

I(z) = jgotz_le_tdt , 2>0. (@)

Tabauysa 1 — OfunciienHsi 3Ha4eHb HenmoBHOI ["amMma — GyHkuii

Ormke, ISl BU3HAYCHHS YHCEIHHOTO 3HAYCHHS
I'(z) HeoOXimHO OOYUCIUTH HACTYMHE 3HAUYCHHS |

I'(z) =exp[InI'(2)]. (5)

Obuucnenus 3uauensv Henosnoi Iamma - @yuxyii.
OCHOBHI BH3HaU€HHS HENMOBHOI ['aMma — ¢QyHKIIT, 3B's-
3KH MK HEMU 1 CIIOCOOM 1X OOYMCIICHHS MPECTABICHO
B Tabxn. 1. Bukopucrana B naniii podoti npoueaypa ais
o0uucneHHsT HenoBHOI ['aMma — QyHKUii Bigpi3HSIETHCS
BiJl BHKOPUCTAHOI JJIs Li€l XK METH NPOLEOYpH, IO
omucana B [7]. Lls 3amina 0OyMOBIeHA THM, 1110 3aCTO-
COBaHA B HAIIOMY BHIIAJKy HpOIeaypa Jae iHTepBal
MEHIIOI IMUPWHU B MOPIBHSHHI 3 [7] 1 3pydHima mis
nporpamyBaHHs obuucnenp B cucreMi EXCEL, oco6-

MBO TIpH oGumcIenHi GpyHkmii v (a, X) .

Obuucnenns 3nauens bema — ¢ynkyii. bera — ¢y-
HKiiro B(z,W) BH3HAYarOTh 3a CIiBBiIHOIIECHHSM:

1
e _T(@)rw)
B(z,w) = .([t e dt= B(w,2) Twiz) | (6)
3 cmiBBigHOIIEHS : (5,6 ) OTpUMaeMo, IIO:
B(z,w) = exp[InT'(z) + InT"(w)] . %

exp[InT(z +w)]

Obuucnenus 3uauenv nonieamma — Qynxyit. Pos-
paxyHKOBI ()OpMYJIH JUIsi BU3HAYEHHS 3HAUCHb MOJIUTa-
Ma — (yHKLIH HaBeIeHO B Taldu. 2.

Croci6 po3paxyHKy YHCENIbHUX 3HAa4€Hb YaCTHH-
HUX moxinHux bera — ¢ynkuii HaBenenuit B Tabia. 3.
OGuncienns 3uaueHb QyHkmii B(zZ,W) BHKOHYIOTH

BIAMOBIAHO 3a cmiBBigHOIIEHHAM: (7), croci® oOuwmc-
nenss [1ci — pyHKIii HaBeneHMA B Ta0I. 2.
Iumeepanvha noxaznuxoea i cnopioneni 3 neio Qy-
nryii. Jlo iHTerpanbHOl MOKA3HUKOBOI 1 CIIOPIAHEHUX 3
Heto GYHKIIH y BIAMOBIAHOCTI 3 poGoToto [4] BiHOCATH

Burasig HemoHoi 'amma - ¢pyHkuii

y(a,x) I'(a,x) v*(a,x)
B X [ee] —a X
HpHae y(a,x) = [e”t* dt I(a,x) = [e~t*dt v (a,x) = X—Je_tta_ldt
0 X F(a) 0
_awe (D" _ B * _a_ v(@x)
OO0unCcIeHH y(a,x) =X ngom I'(a,x) =exp[inT'(a)] - v(a,x) v (@x)=x exp[InT"(a)]

Tabnuya 2 — O6uUncIeHHs 3HAYEHDb MoJiraMmma — GpyHKii

HaiimenyBanus ¢pyHKii Busnauenns pyHkuii

Po3paxyunkoBa popmyaa

Jiramma —¢yHKIUS

d
(Tci-dynxis) y(z2) = EIn I'(z)

w(z)—lnz—i— ! + t 1
2z 1272 1207* 25278

2
Tpuramma- GyHKILis y'(2) = :—Zln I'(z)
z

\V'(Z)_E‘Fi"’i— 1 + 1 — 1
z 623 30z° 42z 307°

3
Terparamma - GpyHKIIis y" (2) = c?—Sln I'(z)
z

22 274 6% 68 6712
_ dz @ 2 1 4 3 10

IlenTaramma - GyHKIIis ®(z)=="InT(z v ) =—+—F+—— —9 11
dy v (2) & (2) B B | R
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Tabauys 3 — O6YMCIeHHs 3HAYe€Hb YACTHHHUX MOXiTHUX
Bera — gpynkuii

Bu3HaueHHs YaCTHHHUX MOXITHHX
Ta po3paxyHKoBi Gopmyu

2 B(z.w) = Bz W) [w(D) - vz + W]

2 Bz.w) = B(z W) [w(w) - y(z-+ W]

IHTETpaJbHy TMOKa3HUKOBY (YHKIIIIO, 1HTErpaTbHIHA
morapudm, gimorapudm, interpamn DpeHens, iHTErpa-
JMBPHUA CHHYC 1 KOCHHYC, IHTETpalibHi TimepOoiivaHuit
CHHYC 1 KOCHHYC.

Obuucnenus 3HaueHb THMe2PANbHOI NOKAZHUKOBOT

@ynkyii. THTErpaNBbHOI0 MOKA3HUKOBOIW (DYHKII€I0 Ha-
3MBalOTh (DYHKIIIIO BUAY:

. _ Xt
E'(X)_I_we /t dx , x<0. 8)
Jlis o6uncneHHs ii 3Ha4eHb BUKOPUCTOBYETHCSL:
6 Xk
Ei()=C+In|x|+ > ——, x#0 9)
 K-k!

VY mpomy Bupasi C — crama Eitnepa, C = 0,57721.
3HayYeHHs BEMYMHU (k-k!)_1 HaBejieHo B Tabm.4. O6-
ME)XEHHS Ha BenmnuuHy X B (9) oOymoBiieHO (hi3ndyHUM

3MICTOM 3aJia4, sIKi pO3IJISIaIN aBTOPH.

Tabmuys 4 — 3navenns koediuientis (k -k !)7l

-1
3HaueHHs BEIUYHH [kz (k +1)2J HaBEJEHO B

TabmI. 5.

-1
Tabnuys 5 — 3HavenHs: koedinieHTin [kz (k+ 1)2J

3HaYeHHS KO- 3HaYeHHS KO-
3.H AHCHH edimieHTiB 3.H aHCHI ediuieHTiB
IHAEKCY 1 1H7EKCY .
k [kz(k +1)2} k [kz(k +1)2}
1 0,25 5 0,00111
2 0,02777 6 0,00056
3 0,00694 7 0,00032
4 0,0025 8 0,00029

Obuyucnenns snauenv inmeepanie ®Openens. Inter-
panamu DpeHens HA3UBAIOThH IHTETPAIN BUIY:

cost Sll’lt
C()j dt, S()j dt.  (14)
CreneHeBe po3KiIafaHHs UX QYHKIINA Ma€ BUTIISI:
k 2k
2x & (-1) x
C(x)=
) z (2k)I 4k +1)
(15)
2X 1)k 2k+1
S(x) = z

(2k+)' (4k +3)

Y nanii poOOTI AJsl BHKOHaHHS pPO3PaxyHKIB
MIPUIHATI HACTYIIHI CITiBBIAHOLICHHS:

3Ha4yeHHs 3Ha4YeHHs
3HadyeHHs | xoedimientis | 3HAYCHHS | koedimieHTin
ingexcy Kk (k-k I)_l ingexcy Kk (k-K ')_1
1 1 4 0,01046
2 0,25 5 0,00166
3 0,05555 6 0,00231

Obuucients 3HaueHb HMeSPanbHO20 102apugma.
[HTerpansHUM MOorapupmMoM HA3HUBAIOTH PYHKINIO:

Ii(x):j%:Ei(lnx), 0<x<1, x>1. (10
0

Hns obuuncieHHs ii 3HAYeHb BUKOPHUCTOBYETHCS
CIIIBBIIHOIIEHHS:
, 0<x<l, x>1.

6 k
Ii(x)=C+In|Inx|+ZkX—k (11)

k=1

.. . -1
3HaueHHS Koe]ilieHTIB (k -k !) HaBeJIeHO B Ta0II. 4.

Obuucnennsn 3nauenv Oinocapugma. Jinorapid-
MOM Ha3WBaIOTh (YYHKIIIIO:

Liy (X) = — x<1.

Iln(l—t) it 12

0

3Ha4yeHHs 1i€l QyHKIi{ BU3HAYaI0Th TAKUM YHHOM:
8 k
. X X
Lib(X)=—|3+ ) — |-
Hl{ kzzi k? (k +1)2 }
-2((x-1)/(x+1))Int-x), x<L1.

(13)

3
C(x)=0,79888v/x - > g x*

e (16)
S(x) =0,79888\/x - > b x?*1,
k=0
3navenns koedinientiB 3y , b, HaBeneHo B Tabi. 6.
Tabnuys 6 — 3HaveHHs KoeilieHTIB 1151 BH3HAYEHHS
3navens pyukuiii C(x) i S(X)

Koediuientn ay Koediuientu by
3HayeHHS 3HayeHHS 3HaueHHs 3HaucHHS
innexcy k | xoediuientis | ingekcy k Koe]imieHTiB

0 1 0 0,33333

1 -0,1 1 -0,02381

2 0,00463 2 0,00075

3 -0,00011 3 -1,32275-10-5

Obuucnenns 3HauUeHb IHMeSPAIbHO20 CUHYCA | iH-
mezpanvHo2o KocuHyca. BusHadeHHS X (QYHKIOIA Ta
iX CTeTIeHeBEe PO3KIIaJaHHs HaBEICHO B Ta0IMI. 7.

Obyucnennsi 3Hauenb HMeSPAIbLHOZO 2inepOoniu-
HO2O CUHYCA | IHMeSpanbHO20 2inepOoNiuH020 KOCUHYCA.
BusnaueHHs nux QYHKIIH Ta IX cTeneHeBe pO3KIIaaaH-
HS HaBeleHO B TaOJs. 8. 3HAa4YeHHsS MEepIIUX YOTHPHOX
Koe(illiEHTIB CTETIEHEBOTO PO3KIAJaHHS LUX (QYHKIIH
HaBeleHo B Tabu. 9 ta 10.

Cnocoou nooannsn inmepeanvHux yucen. Buzna-
YeHHs iHTEpBAILHOIO YKCia HaaaHo B poborax [12,16].
VY pobotax [12,14] onmcaHo nii 3 iHTEpBAILHUMH YHC-
JIaMU B KJIaCW4HIH GopMi.
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Tabnuya 7 — CTeneHeBe po3KJIaAaHHs iHTEIPATBLHOr0 CHHYCA i iHTerpajJbHOr0 KOCHHYCA

HajimenyBanns pyHKuUil

Busnauenns pyHkuii

CreneHeBe PO3KJIaJaHHHA

InTerpansuuil cunyc

Si(x) = J

InTerpansHuil KOcHHyC

© _ k 2k+1
18t g sipg=3 X
o (2k+1)-(2k +1)!
) k 2k

roost Ci(x) = C+Inx+z( Y x

Ci(x) = j

k-(2K)!

Tabnuysa 8 — CTeneneBe po3KIafaHHs iHTErPATLHOIO Tinep6oIivHOro cMHyca i iHTerpajJbHOro rinep6oJaitHOro KocuHyca

HaiimenyBanns ¢pyHkuii Busnauennst pyHkuii CreneHeBe poO3KJIaJaHHS
o 0 2k+1
R shi(x) = j einnt g shi(=> —
rinepOoIiYHuA CHHYC s (2k +1) . (2k + 1)!
[nTerpanbuuit cosht 2k
_ : Chi(x) = j Chi(x) =C +Inx+ 27
rinep6onivHuil KOCHHYC 12k - (2k)!

Tabruys 9 - 3HayeHHs KoedilieHTIB cTeneHeBOro po3KJIaJaHHs iHTErpajbHOr0 CHHYCY i iHTerpajJbHOr0 KOCHHYCY

3HAYCHHS 3HaueHHS KOe(ili€HTIB CTENEHEBOrO PO3KIIaJaHHs 3HaueHHs] KOe(illi€HTIB CTEIICHEBOTO PO3KJIaJaHHS
innexcy K IHTErpaNbHOro CHHYCY, (—1)k[(2k +1)- 2k +)1t IHTErpaJIbHOTO KOCHHYCY, (—1)k [2k-(2k)nt

1 -0,05555 -0,25

2 0,00166 0,01041

3 2,83446-10°6 -0,00041

4 - 3106

Tabruys 10 — 3HavyeHHs Koedili€HTIB CTeNeHeBOro po3KJIagaHHs iHTErpajbHOro rimepooJivHOro CHHyCY

i iHTerpajabHOro rinepooivHOro KOCHHYCY

3HavyeHHs KOe(DilliEHTIB CTEMICHEBOTO PO3KIIAIaHHS 3Ha4yeHHS KOe(Dilli€HTIB CTENCHEBOTO PO3KIIATaHHS
3uaveHns inrerpansHoro cunycy [(2k +1) - (2k +1)!]7l iHTErpansHoro Kocuuycy [2K - (2k)!]7l
ingexcy Kk
1 0,05555 0,25
2 0,00166 0,01041
3 2,83446.10°° 0,00041
4 - 310

VY pob6ori [15] onmcano aii 3 iHTEpBaJIHLHUMH YHC-
namu npenctasiennmu B LIEHTP - PAJITYC, B poGori
[16] BukmameHO BIACTHUBOCTI IHTEPBAIBHUX YHCENT B
rinepbomniuniii popmi. B poborti [7] HaBeneHO BimomocCTi
IOJI0 CIeNiali30BaHOTO TMPOTPAMHOTO KaJbKYJIATOPA,
AKWA BHKOPHCTOBYE IHTEpPBANbHI 4YHCIAa B CHCTEMI
HEHTP - PAJIYC. V¥ po6ori [10] Hagano omuc mpo-
IPaMHOTO HPOJYKTY, SIKMH BHUKOPHCTOBYE IIpEJICTAB-
JICHHSl IHTEpBAILHMX YHUCEN B HECTaHIApTHIH (opmi.
OcobmumBocTi 11bOT0 criocody HaBeneHo B poboTi [13].
BukopucranHsl iHTEpBaJbHUX YHCEN IS PO3B’SI3aHHS
IHKEHepHUX 337184 HaBeIeHo B poboTi [21].

B xnacnuniit popmi intepsanbue uncno |[A]su-

3HAYaIOTh HA MHOXHWHI JiCHUX dncen R y Burmsimi 3a-
MKHYTOTO iHTepBany. 3TiIHO 3 Ii€l0 poOOTOI0 BH3HA-

YHMO iHTE€pBAJIBHE YHCIIO A y BUIJISAI 3aMKHYTOTO iH-
TepBaly:

[A]=(a.a7),

Sxmo @ =a, Take iHTEpBaJbHE YMCIIO Ha3MBa-

ay<ay. a7)

IOTh BUPOJKCHUM. [IpuKIiag BHPOIKEHOTO iHTEpBalb-
HOTO YKclia — CTaja BeuuuHa. Y po0orti [15] onmcanmii
CHOCIO TpE/ICTaBIICHHS IHTEPBAILHUX YUCEN B CHCTEMI
HEHTP - PAAIYC. VYV wiit cucteMi iHTepBaJIbHE YUCIIO

<A> MAa€ HACTYIHUI BUIJISI

A=(ar, ), (18)

a1+a2 a2—a1
e a=—+—=% rp=—t—1=, 19
A > a 2 (19)
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B [16] 3anpormonoBana rinep6osigna GpopmMa mpe-
CTaBJICHHS 1HTEPBAJIBHOTO YKCIa. Y il poOOTi 3ampo-
MIOHOBAHO iHTEepBaJbHE YUCIO X 3alMCYBaTH y BUIJIAAL

X = p(chd+6-sho) . (20)

V crmieeignomtenHi (20) npuitHsaTo, mo 0 — crei-

ambHUH CHUMBOJ. 3a YMOBYAQHHSIM BBaXaroTh, IO

02 =1. MopyseM TimepOoIiYHOTO 1HTEPBAaIHHOTO YHC-
11a Ha3UBAIOTh BEJTHMYHHY:

u(x) = a’-r2. (21)

B naHiii po6oTi npuiiHATO, IO Iy < |a| . Benuunny
p Ha3WBAIOTh TiNEPMOAYJIEM, BEIMYHHY ¢ - apryMeH-

TOM TinepOONiYHOTO IHTEPBAIBHOTO YWCIA. BennmunHu
p 1 ¢ BU3HAYAIOTH 3a CITiBBIAHOIICHHIMH:

a+ry _1|na2
a-r, 2 a

P09 . o=>1In

Buxopucrosytoun crissigaonienss (18) i (19)
OTPUMAEMO:

2 2
ua>=[%+a{]—[%‘afj::%%. 23)

(22)

2 2

Otrxe, IHTEpBaJIbHE YHCIO X MOXHA BU3HAYUTH SIK
x=f(p,¢). 3813k Mix pi3HUMH (GopMaMH MOTAHHS
IHTepBAIIFHUX YHCEN, SIKi PO3MIIAHYTI B JaHill poOoTi,

HaBeneHo B Ta0Ou. 11.
PosrnsHeMO YncenbHUH MPUKIIAN: IEPEUTH Bif iH-

TepBAJILHOTO YMCIa B KJIaCH4HIH (opmi [A] =(a,ap) =

=(7,11) no ioro nopaHHs B rinepOoiuHIi PopMi.

Tabnuya 11 - 3B'A3KkN Mizk pisHEME opMaMu npeAcTABIeHHS iHTePBAJbHAX YHCET

@®opmu ojaHHS iIHTEPBATBHUX YHCEI

PopMu NOAAHHS

IHTepBAIBHUX YHCEI Knacuuna, [ A] _ ( a1|a2)

Cucrema HEHTP-PAJIIYC,

Iinep6omivHa,

(A)=(ar) x=1f(p,¢)

Knacuuna,

<A>:<a1+az a2—a1>
2 2

(A)=(ar)

[A] =(ay.;) [A] =(ay,87) [Al=(a-r;.a+1,) [A] =(p[chd —shd] , p[chd+ she])
Cucrema HEHTP-
PAJIIYC, (A)=(ar) (A)=(p-chd,p-she)

[A] = (Vagazen(@)./aaosh())
¢o=In(ay/a)/2

linepbomiuHa,

x=f(p,9)

(A)= a2 —r2 - (chd +0-chp)

¢=In((a+r,)/(a—ry))/2

X = p(chd + 0 - shd)

IMocnimoBHO BHKOpHCTOBYIOUH BHpasu (23), (22)
OTPHMAEMO:

p=+/7-11=8,77496 —

o=t Z 020509
2 7

VY rinepOostiyHiii GopMi 11e YUCIIO TIPHHME BUTIISII
X =8,77496-(ch(0,22599) + 6-sh(0,22599)) .

[IpenacraBUMO OTpHIMaHE YHCIIO [A] y ¢opmi uucna,
Bu3HaueHoro B cucteMi LIEHTP —PAJINYC:

(A)=(p-chg,p-sho) =
8, 77496 ch(0,22599);\
8,77496-5h(0,22509) | ~ %)

Otxe, 0AEepPIKUMO MOYATKOBE YUCIIO [A] =(7,11).

Hami, st ckopodeHHs, OyAeMo BXKHBAaTH TepMiH
«rinepOoliyHe YUCII0» MalOYd Ha yBa3i MiJ| UM «iHTe-
pBaJIbHE YUCIIO, BU3HAUCHE B rinepOoIiuHii popMi».

IMocranoBka 3aBnanHs. Po3poOka 0CHOBHUX HO-
noxenb EXCEL — opieHTOBaHMX mpouenyp uis od4uc-
JICHHSI 3Ha4€Hb €JIEMEHTapHUX 1 creliabHUX (QyHKIIH 3
IHTEpPBAJBHUM apryMEHTOM, 3aJlaHUM B TinepOosiuHii

(dopmi.

OTtpumani pe3yibTaTu

Cnmparounch Ha pe3ysbTaTH poOOTH [16] Ta pe-

3yIbTaTH, OTPHMAaHI aBTOpaMM OIEpallil J0JaBaHHS,
BiTHIMAHHS, AUJICHHS i MHOXKEHHS TiEpOOTIYHIX THCEI
CITi/I BUAKOHYBATH HACTYITHUM YHHOM.

Omnepariiro cKkJIaJaHHs rinepOooIiYHUX YHCEI:

X = p(chd+6-sho) ;
y =8(chy +0-shy)
CITiJ] BUKOHYBATH 3a MPABHIIOM:

X+y=(p-cho+3-chy)+0(p-shd+3-shy). (24)

Y pobori [16] nokasano, mwo s KOKHOTO rinep-

6omiunoro uucna Burisiny X =p(chd+0-shd) icuye

MPOTHJIEKHE THUCIIO BUTIISIIY
—X=p((~ch¢) +06-(=sh¢)) .

Takum 9uHOM, Omepariro BigHIMaHHS rinepooid-
HUX YHCEJ CITiJ] BAKOHYBATH 32 IPABIJIOM:

X—y=Xx+(-y)= 25)
=(p-chd—3-chy)+6(p-shd—5-shy).

Omnepariiro MHOXKEHHS JIBOX TiMepOOTIIHUAX YHCel
CJTiJI BAKOHYBAaTH TaKUM YHHOM.
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x-y =p(chd+0-shd)-8(chy+06-shy). (26)

PoskpuBaroun y Bupasi (26) 1yKKH 1 BUKOPHCTO-
Bytoun popmynu [20, C.18], orpumaemo, 1110:
X-y=
=p(chd+0-shd)-d(chy +6-shy) =
=pd((ch(¢+y) +6-sh(¢+)).

Y pobori [16] mokasano, mwo A KOXKHOTO rinep-

(@7)

0oJiYHOTO YKCia
X = p(chd+ 6 -sho)
icHye 0OepHEHe YHCIIO:

X"t = (p(chd+6-shg)) ™ =

28
=%(ch(—¢)+e-sh(—¢». =

Otxe, onepaltito JiJIEHHs ABOX TilMepOOoiuHUX YH-
cen, BUKOpPHUCTOBYrouH Bupasu (27), (28) neobxigHO
BUKOHYBATH TaKHM YHHOM:

X~ plchp+0-shg)-  (ch(-y) +sh(-y) =
Y ° (29)
=2(ch(-v)+0-(sh(-v))

VY pobori [22, C.215] npuBeneHuii Takuii BUpas:

(chd £ shd)" = ch(nd) £ sh(ng) . (30)
OT1xe OTpHUMAEMO:

x" = (p(chd+0-sh))" = p" (ch(nd) +0-sh(ng)). (31)

PosrimsiHemo crany Benmuunby C. Y (opmi kiacuu-

HOro iHTepBanbHOro yucna enmuuuHa [C] = (Cp,Cp).
BianmosigHo 1o (20...22) otpumMaemo:

p=ve? =c, 9=~ -0,
c

Junst jonaBaHHs (BiJHIMAHHS) CTAJIO BEJIMYHMHHU C 1
rimepOoTiYHOrO YMciaa X 3a CriBBimHOuIeHHSIM: (24),
(25), otpumaemo:

¢+ x=c(ch(0)+6-sh(0)) + p(ch¢ + 6- shd) = 33
=(ctp-chd)+0-sh(d). (33)

(32)

Jlnst MHOXEHHSI CTaJloi BEJIMYMHM ¢ Ha TinepOouti-
YHE YHCJIO X 3a CHIBBIAHOIICHHSIM (27) OTpHMAaEMO:

cx = c(ch(0) +0-sh(0))-p(ch + 8- shp) =
=cp-(ch(0+¢)+6-sh(0+¢)) =
=cp(chd+0-sho).

(34)

Jnst omeparii JiNieHHsT pO3IIISTHEMO JBa BapiaHTH
ormepanii. ¥ mepmomy BapiaHTy, 3a CIiBBiJHOIICHHIM
(29) orpumaemo:

X p(ch¢+06-chd

¢ c-(ch-(0)+6-sh(0)

(35)
= %(Ch(¢—o)+e- sh(¢—0)) = %(ch¢+6~sh¢).

VY nmpyromy BapiaHTy, 3a criBBigHOmEHHM (26)
MaeMo:

¢ _c-(ch(0)+6-sh(0) _
X p(chg+0-shg)
c

== (ch(0—¢)+6-sh(0—o)).
p

(36)

3Baxkatoun Ha Te, o Chd byukuis napua, a shd
HeMapHa, OTPHUMAEMO:

c_ 3(ch(—¢) +0-sh(—9)) = £ (cho—0-shp). (37)
X p P

[opiBHsiHHS neskuX (GOpM MOAaHHS iHTEPBAIBLHUX
4uces MK cOO0I0 aBTOPU YaCTKOBO BUKOHAIIU B pOOOTax
[7, 23]. ¥ uux poboTtax aBTOpH MOPIBHIOBAIN PE3yIbTaTH
OOYHNCIICHHS, B SIKUX IHTEPBaJbHI YHCIa OYyJ0 TpecTaB-
JIEHO B KJIACHYHINA (popMi, HeCTaHAAPTHIN 1 B cucTeMi
HEHTP-PAJIYC. IopiBHAHHS IUX CHOCOOIB MOJAaHHS
IHTEpBaJIbHUX YHCE i3 3aIPOIIOHOBAHUM B IAHOMY IOBI-
JIOMJIEHHI CITOCOOOM  J103BOJIsIE 3pOOMTH BHCHOBOK IIPO
Te, 1[0 BMU3HAUEHHS IHTEPBAJILHOIO YHCIA B Tinepoosiy-
Hiii popMi Mae nepeBard y NOpiBHAHHI 3 BUIIEBKa3aHUMH
criocobamu. [TogaHHs IHTEPBAJIBHOTO YKCIA B TinepOoti-
yHiil (opMi crpollye nporpamyBaHHs orepaiiii MHO-
JKEHHs1, JJICHHS 1 MIHECeHHs! A0 IIJIOYUCENBHOTO CTY-
neHs. OcoOnMBO 11 IepeBard BHSBISIOTHCS TP il 3
IHTepBaJEHUMH YHCIAMH, MEXI IHTEpBAIIIB SKHX PO3Ta-
IIOBaHi IO Pi3HY CTOPOHY BiJl IIOYATKY YHCIOBOI OC1

VY pobori [7] mpoBeneHa OIiHKA TOYHOCTI Pe3yib-
TaTiB OOYMCIIEHHS 3HAY€Hb OCHOBHHX €JIEMEHTAPHUX
GYHKLIH 1 fesKuX criemiadbHuX QyHKIIH. Y Tadm 11
HaBeJIeH] pe3yJbTaTH OOYMCIICHHS 3HAYCHD 1HTETPalb-
HOTO KOCHWHYCa, IHTerpaibHill MOKa30Biil GpyHKIIT 1 TpH
raMMa-QyHKII.

Tabauys 11. Tadnuywi i iHTepBaJbHI 3HAYEHHS IHTErpajJbHOTO CHHYCY iHTErpajbHOI MOKA3HHKOBOI (PpyHKIIT

Ta TpUramMmma - QyHKuii

Bun ¢yHkuii Ta 3HaUeHHs Ta0auune 3HAYECHHS 3HavyeHHs InTepBaibHe
il aprymenTy bynkuii IHTEpBAILHOT0 apryMeHTy 3HaYeHHs QyHKIIT
Si(0.54) 0.53132 (0,53; 0,55) (0,51911;0,54454)
Ei(0,61) 0,59752 (0,6; 062) (0,58614: 0,60691)
y'(1,045) 0,97594 (1,040; 1,050) (0,97615; 0,97280)

[TopiBHIOIOUM TAOMW4YHI 3HAYEHHS (YHKINH, OTpH-
MaHHUX MPHU BUKOPHCTAHHI BUPOKEHHUX apryMEHTIB 3 iX

3HAYCHHSAMH, HaBEICHUMH B POOOTI [2] i OoTpUMaHUMH
MIPY BUKOPHWCTaHHI apryMEHTIB, 110 BU3HAUEHI B iHTEp-
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BaJIbHOMY BHWIJISAJIi, MOXHA 3pOOUTH BHUCHOBOK TIPO T€,
0 3aCTOCYBaHHS IHTEPBAIBHHUX OOUYMCIICHB [I03BOJISIE
HaOyBaTH HE TUTHKY 3HaueHb (PYHKIIIH 3 TOCTATHBOIO IJIS
MIPAaKTHYHOTO 3aCTOCYBAaHHSA TOYHICTIO, Al i OJHOYACHO
OIIHIOBAaTH TOXHOKY OTPUMAaHUX pe3yilbTaTiB 00dUHC-
nenb. OcTtaHHS OOCTaBMHA, HAa IyMKy aBTOpPIiB JaHOTO
MOBIJIOMJICHHSI, POOWThH X 3aCTOCYBaHHS MIOIUIBHUM B
TUX BHIIAJIKaX, KOJH apryMeHTH (QyHKIIH OTPUMYIOTh B
Ppe3yJbTaTi eKCIePUMEHTAIBHHUX CIIOCTEPEKEHb

Peanizauis 3anpornoHoBaHKX y AaHii poboTi 004un-
CIIIOBANIEHUX METO/IIB BUKOHAaHA Ha MOBI IpOrpaMyBaH-
Hs1 VBA (Visual Basic for Applications) B cepenoBuii
MS Excel 2017 3 po3poOKo0 MakpociB Ui
PO3B’A3aHHSA BiAMOBIAHUX 3aBaaHb.. OOUYNCICHHS MOX-
Ha BUKOHYBATH y TPhOX BapiaHTax.

[Nepmmmii BapiaHT BUKOPHUCTOBYE KIIACHYHY iHTEp-
BabHY MaTeMaTuky [12,14].

Jpyruii BapiaHT BHKOPHCTOBY€ IHTEpBAJIbHY Ma-
TEMaTHKY, B sIKii IHTEpBaJIM NpPEICTaBICHO B CUCTEMI
LIEHTP - PAOIVC [7,15].

Tperiii BapiaHT BUKOPHCTOBY€ IHTEpBaJIbHI YuCia
B rinepOoivHii Gpopmi.

Jlnst BUKOHAaHHs YHapHUX OIepalliii, siki BOymoBa-
HO B cucteMmy EXCEL, peKOMEHJ0OBaHO BUKOPHUCTOBY-
BaTH KJIACHYHY IHTEPBaIbHY MaTeMaTWKy. s BHKO-
HaHHA OIHApHUX omepauniii peKOMEHIOBAHO BUKOPHCTO-
BYBATH iHTEPBaJIbHI YKCIIA B TinepOomiuHiil popmi.

BucHoBku

1. 3ampomnonoBano ocHoBHi moniokeHHs EXCEL
— OpIEHTOBAaHHUX TPOLENYp Ui OOYHMCIEHHS 3HAYCHb
eJIEMEHTApHUX 1 CreliadbHuX (QYHKLIH 3 IHTEpBAILHUM
apryMeHTOM, 33/IaHKUM B rinepOonivyHiil Gpopmi.

2. PosrisHyTO CrnocoOu MOAaHHS IHTEPBaJbHUX
grcea B rimepOomivniid (opmi i mpaBmia BUKOHAHHS
orepamniii AoJaBaHHS, BIAHIMAHHS Ta MHOXCHHSA LUX
YHCeL.

3. OTpumaHO TpPaBWIO BUKOHAHHS Omeparii mi-
JICHHS IIAX YUCelI.

4. OmnwucaHo npoueaypy BU3HAYCHHS 3HAUYCHb YH-
CllaMH: TPSIMHUX 1 0OepHeHHMX (YHKLIH NPsSMOJIHIHHOT
TPUTOHOMETPII, PsIMUX 1 0OepHeHnX (QyHKUiH Tinepoo-
JIYHOI TPHUTOHOMETPIi, EKCIOHCHIIANBHOI, JOBIIBHOT
MOKa3HUKOBOT i creneneBoi ¢pyHkuil, [1ci- pynkuii, Tpu-
ramma — QyHkuii, TeTparaMma — (yHKIIIi, IeHTaraMma —
¢yukmii, bera — ¢yakmii 1 1l YacTHHHUX TOXIAHUX, 1H-
TErpaybHOi MOKAa3HUKOBOI (PYHKII, iIHTETpaIbHOTO JIO-
rapudma, ninorapudma, inrerpanis Openens, iHTErpa-
JBHOTO CHHYCA, IHTErPaJbHOI0 KOCHHYCa, iHTerpabHO-
rO TimepOOoNIIYHOTO CHHYCA, IHTETPAIBHOTO TinepOoITid-
HOT'0 KOCHHYCA.

5. HaBemeHo 4wmceNnbHI TPUKIAIU, IO UIOCTPY-
FOTh 3aIPOMOHOBAHI METOAM | BUKOHAHHH aHAJI3 1X TO-
YHOCTI.
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EXCEL — opuentupoBanHasi mpoueaypa Ajs BbIYHCJIEHHs 3HAYeHUH cnennaJbHbIX QyHKIUN
¢ HHTEPBAJIBLHBIM apryMeHTOM, 3aIaHHBIM B THIepOoniecKkoii popme

B. 10. Ayonunkwuii, A. M. Ko6mmua, O. A. Koowus, 0. Y. Kymnaepyx

AnHotanus. Lean padorsl. [Ipeanoxuts ocHoBHbie mosoxennss EXCEL — opreHTHpOBaHHBIX MPOLEAYP IS BBIUUC-
JICHVsI 3HaYEHMI DJIEMEHTAPHBIX M CHELUATIbHBIX QYHKIHMH C MHTEPBAJIbHBIM apryMEHTOM, 33/laHHBIM B runepOonnyieckoii dop-
Me. Pe3yabTaTsl padoThl. PaccMOTpeHBI cTOCOOBI peICTaBICHNUSI HHTEPBAIBHBIX YHCEN B rHIepOoInIecKkoii ¢popme u mpasmia
BBIMIOJTHEHUE OTIEPalli CIIOKEHUsSI, BBIYUTAHHS, YMHOXKEHHS U JIeNICHUs 9TUX dncel. ONucaHbl MPOIEAyps! ONpeaeTIeH s THCII0-
BBIX 3HAU€HMI (PyHKIHHA, apTyMEHTHI KOTOPBIX MOTYT OBITH BEIPO’KACHHBIMH W MHTEPBATbHBIMH YHCIIAMHU, 3 UMEHHO: NIPSMBIX U
00paTHBIX QYHKIWI TPIMOJIMHEHHON TPUTOHOMETPUH, MPSIMBIX U 00paTHBIX (QYHKIWI THIEpOOINIECKOW TPUTOHOMETPHH, HKC-
MOHEHIMAILHOM, (YHKINY, NMPOM3BOJBHON MOKa3aTeNbHOW (YHKIMM M cTemeHHoW ¢yHKImHu, ['amMMma- (yHKIHH, HEOJIHOM
lamma — dyskimu, auramma—¢yHKii, TpuramMmma — QyHKIMY, TeTparaMma— QyHKIMH, NeHTaraMma — QyHkiud, bera — GyHKuuu
U ee YacTHBIX NTPOM3BOJHBIX, HHTETPaJbHON MOKa3aTebHOW (PyHKIMH, HHTETPAILHOTO Jlorapudma, aunorapupma, HHTErpaioB
OpeHensi, HHTErpaJbHOr0 CHHYCa, HHTErPAIBHOTO KOCHHYCA, HHTETPAIBHOTO THIIEPOOIMYECKOr0 CHHYCa, UHTETPAbHOTO TH-
nepOonmdeckoro kocuHyca. Ilpemnoxkensl ocHoBHBIe TonokeHHs EXCEL — opueHTHpOBaHHBIX MPOLENYp UIA BBIYUCICHUS
3HAUCHUH SJIEMEHTapHbIX U CIIEHANBHBIX (QYHKINHA C HHTEPBAIBHBIM apI'yMEHTOM, 33aHHBIM B runepoodeckoit popme IIpu-
BEJ/ICHBI YHCIICHHBIE TIPHIMEPHI, KOTOPbIE MILTIOCTPUPYIOT HCHONB30BaHHE MPEAT0KECHHBIX METOIOB

KnwuyeBble cioBa: HHTepBaIbHas apudMeTHka; runepboimdeckas (opmMa HHTEPBAILHOTO YHCIHA; CHCHHATLHBIC
(YHKUINY; YUCIICHHBIC METOMBI.

EXCEL-orientated procedure for calculating the values of special functions
with interval argument assigned on the hyperbolic form

Valeriy Dubnitskiy, Anatolii Kobylin, Oleg Kobylin, Yuriy Kushneruk

Abstract. Aim of the work is to propose the main terms of the EXCEL-orientated procedures for calculating the values
of elementary and special functions with interval argument that is assigned on the hyperbolic form. The results of the work. The
methods of presenting the interval values in the hyperbolic form and the rules of addition, subtraction, multiplication, and divi-
sion of this values were considered. The procedures of calculating the function values, whose arguments can be degenerate or
interval values were described. Namely, the direct and the reverse functions of the linear trigonometry, the direct and the reverse
functions of the hyperbolic trigonometry, exponential function, arbitrary exponential function and power function, Gamma-
function, incomplete Gamma-function, digamma-function, trigamma-function, tetragamma-function, pentagamma-function, Be-
ta-function and its partial derivatives, integral exponential function, integral logarithm, dilogarithm, Frenel integrals, sine inte-
gral, cosine integral, hyperbolic sine integral, hyperbolic cosine integral. The basic terms of the EXCEL-orientated procedures
for calculating the values of elementary and special functions with interval argument that is assigned on the hyperbolic form were
proposed. The numerical examples were provided, that illustrate the application of the proposed methods.

Keywords: interval arithmetic; hyperbolic form of the interval value; special functions; numerical methods.
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OCOBJIMBOCTI HUUIENOKJIATAHHSA ITPU 3ABE3NEYEHHI IH®@OPMAIIHHOT

CTIMKOCTI PEKUMIB 30H1YBAHHA OI'JISII0OBOI PJIC
B NIPOLECT IX PAAIOEJIEKTPOHHOI'O NTPUAYIIEHHA

AHoTanisi. PosrisgaioTsest 0cOOMMBOCTI YIpaBTiHHS IIISTIOKIaTaHHAM P 3a0e3nedyeHHi iHpopMariifHoi cTiiikocTi pe-
KUMIB 30H1yBaHHs oryrsinoBoi PJIC npw if mpuaynieHHi akTHBHEMHE 3aBaJjaMH Ta iHGOpManiifHIMH BIIMBaMH, IO 3aBaka-
10Tb. [To/T0MaHHs CKITQHOCTI IIPOIIECIB IINIETIOKIagaHHs, 00IPYHTOBAHOCTI Ta ONIEPATHUBHOCTI IPHHHATTS pillleHs pu nedi-
IUTI 9acy Ha HOTO MPUHHSATTS ITOB’sI3aHi i3 3a0e3MeYeHHsIM CHCTEMHOCTI IIPOIIECIB IIJIENOKIAIaHHs, ITiJBUIICHHSIM PiBHIB
iX iHTeNneKTyanm3amii Ta popmanizamii. Lle cnpusitume HafaHHIO O2)KAHUX BIACTUBOCTEH 0AaraToOLiTbOBUM CTPATETisIM Ta CH-
TyaluilfHOMY 3aKOHY ympaBiiHHA mporecamu PE3 Ta xoopanHauii Aiif, o cuHTe3yr0ThCS B X041 KOHMIiKTY. OcobmmBocTi
MOJIOJIAHHS CKJIaJHOCTI BUPIIIYBaHOI MPOOJIeMH MOB'sI3aHi 3 CHCTEMHICTIO MIPOIIECiB LIJICTIOKIaAaHHS, TTIBUILICHHAM X piB-
HIB iHTeNeKTyami3anii Ta popmamizarii.. [ligBuineHHs piBHS 1HTENEKTyai3allii MpoIeciB HiNeNOKIaJaHHs 3a0€31eTy€eThCS:
JICKOMIIO3HII€I0 3arajbHOl 3a/]a4i IJICTIOKIIAIaHHS Ha OKpeMi OiIbII MPOCTi Mi3anadi 3 epeKTHBHUMU PIillICHHSIMHU, SKi pe-
anizyloThes y BignoBigHux migcucremax CAVYycr (abo 6a3oBux 00'eqHaHHsAX 11 QyHKIIOHANEHUX €JIEMEHTIB) Ha eTarax iH-
(opmaniiiHoro 3abe3redeHHs, MiroTOBKY, IPUHHATTS Ta peali3auii pillleHb Ha iepapXidYHNX PIBHSAX YHPABIiHHS, KOTHITH-
BHHM aHaJIi30M ILijeil Ta peIeKCHBHIM CHHTE30M IPOIIECIB IIJTENOKIAIaHH 3 3aIy4eHHIM MOKIIMBOCTEH clieniai3oBaHol
IHTEJIEKTyaNbHOI CHCTEMH MIATPUMKH MPUHHATTS PillleHb JUIS MOCHICHHS KpeaTUBHO-pe(IeKCHBHUX 31i0HOCTEl Cy0'ekTa
YIpaBIiHHSA Ta MiABUIIEHHS PiBHA HOTO MpodeciiiHX KOMITETEHIIi; TOEIHAHHSAM YHIBEPCAIbHOCTI €TaliB pallioHaIbHUX
YIpaBIiHHS CHHTE30M CTparerii ynpasiinas npouecamu PE3 31 cnenndikoro KOH(IIKTHUX CUTYalil, Cy0'€eKTHICTIO, KOTHI-
THBHUM Ta Pe(ICKCUBHUM XapaKTEPOM IHTEJICKTYalbHOTO yrpaBiiHHA. [Ipeacraieni cocodu Ta 3acooun 4acTKoBoi (hop-
MaJtizamii mpoIeciB HiJIeOKIaJaHHsA, KO CTPYKTYPYBAaHHS TOJOBHOI METH IMPOBOAUTHCA 3 ypaxXyBaHHIM HaJCKHOCTI 10
cTpareriif BHyTPIIIHBOTO Ta 30BHIIHLOTO yrpaBiiHb PE3, nexommosuiii 2-XcTOpOHHBOT IMHAMIYHOT MOJIeN KOH(IIKTY MiX
cucremamu komrutekcy PEIT i PJIC, iepapxii piBHIB ynpaBitiHHSI, 3aCTOCOBAHHX PI3HMX MiJXOAIB O HUICIIOKJIAAHHSI 1 KpH-
3MCHOTO YIPABIIHHSA B IIJIOMY, @ TAKOK METO/(iB OOTPYHTYBAHHSI IiJIeH, BUTPAT PECYPCIB Ta | KOHTPOJIIO SIKOCTI TOCSTHEHHS
nocTtaBlieHUX 1iei. 1{i 0co0IMBOCTI T03BOJISIOTH ICTOTHO 3HU3UTH CTYIHb CY0'€KTHBHOCTI KEPYIOUUX PIllICHb IIOJIO IIiJie-
MOKJIaIaHHA, 1 TOMOTTHCS 1X OOTPYHTOBAHOCTI, TOBHOTH, HECYIIEPEYHOCTI Ta y3TOHKEHOCTI.

Kaw4uoBi cmoBa: cucrema ynpapiiHHS; KOHQIIKTHA CUTYAIlisl; HEBU3HAUCHICTh; CTIMKICTh; IIICMOKIAIaHHs; IPUHHSTTS

pillIeHb, Pa/IiOCNEeKTPOHHUH 3aXHCT.

Beryn

Posrsnaiotees 0COOIMBOCTI KPH30BOTO yIpaB-
THHS 1HPOPMAIIITHOO CTIHKICTIO PeXKIMIB 30HIYBaHHSI
orsioBoi PJIC B ymoBax iX pazioe’IeKTpOHHOTO TPUY-
menHs (PEIT) moBiTpstarM xomiutekcom PEII i3 3actocy-
BaHHSAM KEpPOBaHMX aKTHBHMX 3aBaj Ta iH(OpMaliitHuX
BIUIMBIB, 110 3aBa)KalOTh. 3aBaJJ03aXUIIEHICTh PEXUMIB
souayBanHs PJI3 mpu 1[bOMYy ICTOTHO 3aJIC)KUTh HE
TIIBKU BIJI SIKOCTI 3aCTOCOBYBaHMX KOHKPETHUX CIOCO-
0iB 1 3aco0iB pamioenekTponnoro 3axucry (PE3), ymos
iX 3aCTOCYBaHHS, a W BiJl BIaCTUBOCTEH yHpaBIiHHA X
3actocyBaHHIM. OCKIJIBKH 3 YaCOM CKJIAJ] Ta 3MIiCT KOH-
¢mixtHEX cutyaniii (KC) 3MiHIOETBCS, YTOYHIOETHCA
3HaHHS 1po cTparerito komiutekcy PEII B pamkax nBox-
CTOPOHHBOI MOZENI JUHAMIYHOTO KOH(IIKTY MiX KOM-
rrexcoM PETI ta PJIC, To 11e poOuTh HE0OXiTHUM CHHTE3
3aKOHY yrpaBiiHHs nporecamu PE3 ta xoopaunamii mii
y xomi KoHQuikTy. OCOONUBICTIO AMHAMIYHOT MOJEINI
KOH(ITIIKTHOT B3aEMOJIIi € Te, IO CTPATETii MPUIYIICHHS
PJIC axtmBHmMu 3aBamamm Ta ii PE3 Bim 3arpo3 ix
BIUIMBY CYHPOBODKYIOTBCS iH(OPMAmiHHUM MPOTHOOP-
CTBOM, a TaKOX MOJJIMBICTIO 3MiHH JTUHAMIYHOTO CTaHy
KC BHyTpimHiM Ta 30BHIiMIHIM KepyBanHsM [1-7, 13].

AHani3 ocTaHHix AocaimxkeHb i myOmikauiii. IH-
¢dopmariiina crilikicte € o0'ekrom ynpasninasa (OY) y
CTPYKTYPI CIIeIiaai30BaHOT CUCTEMH aBTOMATH30BaHOTO
ympasininasi CAVY¢ [5-7]. Ha npaktuui omuc crparerii
PE3 00MeXyroThCSI MOXKIMBOCTSIMUA KOHTYDY CTpaTerii

BHYTPIIIHBOT'O PEaKTUBHOI'O yrpaniiHHs 3acobamu PE3
BiJI 3arpo3 BIUIMBY akTHUBHUX 3aBan [2, 8]. Lli crparerii
XapaKTepU3YyIOThCS K Pecypc BUTPATHI, KOJH KOXHIH
3arpo3i mpoructaBisierbes 3aci6 PE3 um ix Habip.
YrpaBniHHS 311CHIOETBCS CY0'€KTOM YNpaBIIiHHS 32 J1a-
HMMH CHCTEMH aHaJli3y JIMIIe CHUIHaIbHO-3aBa/I0BOT 00-
CTaHOBKH, BUKOPHUCTOBYIOUH NPABMIIO <GIKIIO. .., TO...)».
VY npoMy yIpaBIiHHI JOMIHYIOTh iHQOpMaLiiiHi JaHi, 30-
KpeMa iHpopManiiiHi BIDIMBH, 110 3aBaxarTh. [1oTpiOHO
BJIOCKOHAJICHHS 1 CTPYKTypH, MO0 BOHa MOTJia CHH-
TE3yBaTH B AHWHAMIII KOH(QIIIKTY aJeKBaTHI 3arpo3am
cTpaterii ynpasiiHHs 3acobamu PE3 i3 6akannmu Bia-
CTHUBOCTSIMH, BUPOOJISITH Oi7bIII OOTPYHTOBAHI Ta orepa-
THUBHI Kepyrodi pimieHHs npu AedimuTi gacy Ha yxBa-
JICHHA PIlIEHHS Ta Cy0'€KTHOCTI KPU30BOTO YIIPABIIiHHSA.

Indopmaniiini BIIMBY, sSKi MOB'A3aHi 3 MPHUXOBa-
HOIO Ta aKTHUBHOIO 3MiHOIO nuHaMigHoro crany KC mus
OTpUMaHHS KOH(IIKTHOI epeBary, peaji3yeTbest B KOH-
TYpi CTpaTeriii 30BHIIIHBOTO YIPaBIIiHHS MPOIIOHOBAHO]
crpykrypu CAVYycr. Bonu crnpsiMoBaHi Ha NMOPYIICHHS
(YHKI[IOHYBaHHSI CHUCTEM PaJiOTEXHIYHOi PO3BIIKH Ta
ynpasiiaHs (CPTP — CAVYpen), ynpasiiHHS Ta paiio-
enektpoHHoro npunymenHs (CAVYpen — CPEII) xom-
miekcy PEIL Ile mocsiraeThcsi BBeIEGHHSM CyO'ekTa iX
YIPaBIiHHS, AITOPUTMIB IPUHHATTSA PIlICHHS HA OMaHy
TTIOMWJIKOBUMH 1H(QOPMAI[iHHIMK BIUIMBAMH Ta TICHXO-
JIOTIYHUM THUCKOM, HaB's3yBaHHSM CHCTEMaM MOBETiHKH,
HeoOximHoi st migBumIeHHS eekTuBHOCTI CAVY.
Tobto, cnenmdika cTpaTeriii 30BHIITHBOTO YIPaBIiHHS
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MOJISITa€ y TIOCTAHOBIN HECTAHNAPTHUX MiJIeH IMeBHOL
CIPSAMOBAHOCTI Ta BUIICHHI BiIIOBITHOTO pecypey I
ix gocsrHeHHs. Lle BMMarae CHCTEMHO-ITPOLIECHOTO, KO-
THITUBHOTO IiXOIy 10 YIIPaBIiHHS Ta 3aCTOCYBaHHS pe-
¢ekcuBHOI (HOPMHU YHIpABIIHHA, IO CIHPAETHCS HA
3HaHHA 1po crparterii ynpasniaast PEII ta PE3, Bucoxwmii
piBeHb TpodeciiHMX KOMIIeTeHLill cy0'ekra ymnpas-
JIHHS, a TaKOX HasBHOCTI B CTpyKTypi CAY¢r KOHTYPY
IHTEJIEKTyaJbHOTO YIPaBIIHHA Yy CKJIaAi KOHTYpIB
BHYTPIIIHBOTO Ta BHYTPILIHEOTO yIPABIiHb.
3ayBa)XUMO, 110 KPU30BE YMPaBIiHHS iHQOpMaLiii-
HOIO CTIMKICTIO pe)XUMIB 30HAYBaHHS XapaKTePH3y€EThCS

- 00poTEO0I0 3 HEOE3MEUHUMH 3arpo3aMH CTpa-
terii PEII, sixka 31e011pIIOT0 CITUpAEThCS Ha TOCBif 3a-
crocyBaHHS crocobiB i 3aco6iB PE3 Ta fioro y3arams-
HEHHS [IPU BHYTpimrHbOMY yripaBiiHHi y CAY;

- MOXJIMBICTIO OTpHMaHHA KOH(QIIIKTHOI Iepe-
Baru 3a paxyHOK CTBOPEHHS YMOB HE TUIBKHU JUI1 HOpMa-
npHOT pobotu pexumis PJIC, ane i amst Oibin eheKkTrB-
HOi po0OTH 3acO0IB pPajioeNeKTPOHHOTO MAacCKyBaHHS
(PEM), PE3, inopmaniitHoro npoTnbopcTBa Ta HecTaH-
JapTHUX MPOLENYp KEPyBaHHS HUMH.

ToOT0, 01HNM 13 BOYKJIMBHX HANPSIMIB YJOCKOHAJICHHST
CAY ¢ € ynpaBiHHA 1iIenoKIafaHas mporieciB PE3 3 miHi-
Mi3aliero Horo MoMmIoK. [IpopaxyHKW MiNeTOKIIaTaHHs,
0 BUSIBJSTIOTHCS. HA €Tarll peai3alii yrmpaBTiHCEKUX pi-
IeHb, He 103BOJLTOTE [10,11] MOCATTH BUCYHYTHX IILICH,
BUPIIINTH [TOCTABIICHI 3aBJIaHHS YIIPABIIHHS, TATHYTH 1071~
TKOBI BUTPATH PECypPCiB Ha JOCSITHEHHS! HECBOEYACHO YCBI-
JIOMJTIOBaHUX MOMMUJIKOBHX I(iJ1eit. [IpH4nHOI0 € CKIIaHICTh
KOHQUTIKTHHX TIPOIIECiB, YacTKoBa (hopMaIizallis Mmporecy
LJIETIOKNIAIAHHS, PSIJT €TalliB SIKOTO IPYHTYEThCS Ha Cy0'eK-
THBHUX MOJIEJISIX, IHTYITHBHUX METOJIaX Ta 3/10pOBOMY IITy-
371 cy0'exta ynpasitinHs. OparMeHTapHICTh 1 aBTOHOMHICTh
(dbopmartizaliiii Py CUCTEMHOMY XapaKTepi MpPOIIECIB Iiijie-
TIOKJIaIaHHS, ICTOTHA Bara Cy0'€KTHBHOTO KOMITOHEHTA € T1e-
peayMOBaMH HEIOCTaTHBOI OOIPYHTOBAHOCTI Ta Y3TOJDKe-
HOCTI pe3yJIbTaTiB OKPEMUX STaIliB IUICTIOKIIIaHHs, SIKi TT0-
3HAYAIOIOTHBCS HA SIKOCTI MIPUHHATHX HA TX OCHOBI PillICHb.
Tomy BakIHBO Ut TMiBHIIEHHS epeKTHBHOCTI CAY ¢ pO3-
TJSTHYTH OCOOJIMBOCTI MPOIIECIB aHAITI3Y ITOKJIAIAHHS i CHH-
T3y JOCSATHEHHSI ITiJIeH, a TAKOXK JIOTIKK MOCTIZOBHOCTI iX
3aCTOCYBaHHSI 1111 4ac o0yI0BH CTpaTerii yIpaBiiHH Ipo-
necamu PE3.

[MuTanHsM gacTKOBOI opMalizariii Ta iHTeIeKTya-
JTi3amii mporieciB ynpaBIiHHS, 30KpeMa IiIeTTOKIaIaHHs
JUTS T IBUILEHHSI OOTPYHTOBAHOCTI Ta OTIEPATUBHOCTI Ke-
PYIOUHX pillleHb, 3HWKEHHS BIUIMBY CyO0'€KTHOCTI Iiijie-
TIOKJIaJaHHS! TIPUCBSIUCHO PsiJl pOOIT y Pi3HUX MpeaMeT-
HUX 00OmacTsx, Hampukiaz [10, 11, 18, 20]. Pazom 3 Tum,
icHye noTpeba B pe3yJibTaTax CUCTEMHOTO aHaJli3y 0c00-
JIUBOCTEH MPOIIECIB IUICTIOKIIAAaHHS TP 3a0e3eueHH1
iHpOpManifHOI CTIMKOCTI peXUMiB 30HIYBaHHS OTJISAIO0-
Boi PJIC y 3a3Hauennx ymonax ii PEII.

Bce 11e poOHTh aKTyaJbHUM YAOCKOHAJICHHS CTPYK-
Typu CAVY,r, MOAenelt Ta 3aco0iB MpoIieciB IiJICMOKIa-
JaHHS TpU BUPOOJICHHI PillleHb KPU30BOTO YHPAaBIiHHA
Ta OLIHII iX pe3yJIbTAaTIB, IO € BAYKIMBUM HE JIAIIE HAYy-
KOBHM, a i NPaKTHYHNUM 3aBJaHHSIM.

MeTo10 cTaTTi € BUSBUTH OCHOBHI 0COOJIMBOCTI
cnoco0iB Ta 3aco0iB yIpaBIIiHHS IPOLECaMHU IIJIeTIOKIIa-
JaHHs B crerianizoBaniii cuctemi ynpasniaas (CAYcr),

10 CIIPUSIFOTH TTiIBHINEHHIO Ta 3a0e3neueHHIo iHhopma-
LifHOI CTifIKOCTI peKuMiB 30HIyBaHHS orisinoBoi PJIC B
yMoBax ii IPUIYIICHHS KEPOBAHMMH aKTHBHUMH 3aBa-
JTAMH Ta 3aBaKAIOYNMH iH(QOpMAIiitTHIMHU BITHBAMH, SIKi
JO3BOJIIIOTH HAJIATH CHHTE30BAHHUM i 9ac KOHDIIKTY
CTpAaTerisM 1 3aKOHY ympaBiiHHS npouecamu PO3 Ta ko-
OpAMHAIIIT [Ti¥i Oa)kKaHUX BIACTUBOCTEH.

Bukaan ocHoBHOT0 MaTepiaay

MocTanoBka 3axaui. [Tix indopmarniitaoro criiiki-
cTro pexuMiB 30HAyBaHH: PJIC y mpobneMHHIX 001acTsIX
(cextopax cmocrepeskeHHs) 30HU ormsiay PJIC s pis-
HUX €TalliB paJioIoKaIliifHOT pPO3BiIKH MOBITPSIHUX LiJICH
po3ymietbes [2,8,9] ix BIacTUBICTH 37iiicHIOBaTH HEOO-
XiJIHI ICPETBOPCHHS €XOCHTHAJIIB, PaioOKaIliitHOT 1H-
¢dopmanii (PJII) npu BBl ¢axropiB HecTaOLILHOCTI,
30epiraTv BUXiJHI peakiii y MexaX JOMyCKiB, BCTAHOB-
JICHUX TAKTUKO-TEXHIYHUMH BUMOTaMH.

[IpoGnemui obnacti - e ob6aacTi y 30HI orysimy
PJIC, xoTpum XapakTepHi CTiiKi 0COOIMBOCTI Hepeodiry
KOH(QIIIKTHOI B3a€MOJIi, sKa IMOB’s3aHa 3 KOHKPETHUM
PESKMMOM 30HIyBAaHHS Ha €Talax PO3BiJKH ITOBITPSIHOL
MeTtH 1 quHaMigyanm crasoM KC.

UWHHUKA HECTaOIIFHOCTI MOPOKYIOTHCS: KOM-
mwiekcom PEIT; 3MmiHOIO: mpobieMHuX oOracTeil 30HH
ormsany PJIC, mo Bimpi3HAIOTHCS AWHAMIYHAM CTaHOM
KC, pizHOMaHITHICTIO BH/IB 1 apaMeTpiB BIUIMBIB, IO
3aBaxaroTh; KC; pexumiB 3ouayBannas PJIC Ha eramax
PO3BIIKH HOBITPSHUX LIUJIEH; 1iIel 1 KpuTepiiB eeKTuB-
HOCTI YIpPaBJIiHHS; OPUIHATTAM CY0'€KTOM YHpaBIiHHS
HENpaBWIBHUX KepYyO4HX pilieHb. [Ipu 3MiHI pexuMiB
30HyBaHHS MOTPiIOHO, 11100 Yac MepexiHOTO MPOoIecy,
BUKJIMKAHOTO KEepYI0YoI0 Ji€l0, OyJI0 3HAYHO MEHIINM,
HiDK IHTepBaN CTaOLIEHOI POOOTH MOTOYHOTO 30HAY-
BaHHJ. Lle 103BOJIA€ HE HAaKIIaaTH OOMEXXEHHS Ha MOX-
JIMBICTh 3MIHHU PEXHUMY 30HIYBaHHS.

[Ipouec minenokiagaHHs MPEICTABIAETHCS K Cy-
KYTHICTh IMKIIYHUX MOCTYMANbHUX MiH, MOB'A3aHUX 3
BUSIBJIGHHSAM TIpoOJieM, TIONIYKOM pillleHb Ta Op-
raHi3ali€ero IX BUKOHAHHs y MEBHUX YMOBAX 3a HasBHUX
pecypciB. CeHe IieNOoKIaAaH s IPU IIbOMY TOJISTAE B
OOTpYHTYBaHHI Ta TMOCTAHOBIN IJIEH I TOHOJAHHS
npo6eMu, 10 BUHMKIIA, a TAKOXK B BUOOPI HIIAXIB J0-
CSITHEHHSI TIOCTABJICHUX IIUJIEH 3 KOHTPOJIEM BiJXMIICHHS
(haKTUYHUX IUTHOBUX MOKA3HHKIB BiJ HeoOXimHUX [14-
16]. ®ikcyBaHHS IBOTO CEHCY, IO JIOTIOBHCHE BUMOT OO
MiHIMaJIBHUX PECYpPCHHX BUTpAT 3a JIOIyCTHMHI Hac,
BH3HAYa€ 3aKOH CHUTYAliHHOTO YIPaBIIHHS NPOIECaMH
PE3 i xoopauHanmii mii.

LlinenoknaganHss €  OCHOBHOK  KJIFOUOBOIO
(YHKII€I0 YIpaBIiHHSA, SIKA HE TIIBKH B OCHOBHOMY
BH3HAYa€ 3MICT Ta e(QEeKTUBHICTb YNPaBIiHHA, a W
MOEHY€E Ta BU3HAYAE 3MICT YCiX IHMMX QyHKIIH ympas-
minus [14-16].

Merta - e 00pa3 0axaHOTO CTaHy CTIHKOCTI pe-
xumy 3oHayBaHHS PJIC y KOH(QIIKTHIX yMOBax Ta 3 oc-
HOBOIO JUUISI TIITOTOBKH, MIPUHHATTS Ta peaiizauii kepy-
I0YHX PIllIEHb.

[pouec ynpaBiiHHS - L€ i€papXiYHUA MPOLEC BH-
KOHaHHS (YHKIIH yrnpaBiiHb, B PE3yJbTaTi SKHX KEpo-
BaHHMH O0'€KT MPUBOIUTHCS B OakaHWH cTaH. SIKiCTIO
LIETIOKIaAaHHsI, CBOEK YEProlo, 3yMOBJIEHO T€,
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HACKUTBKH Y TTOCTABJICHUX MINAX (OTepaTUBHUX, TAKTHY-
HHUX, CTPATEriyHMX) TOYHO 1 IMOBHO BimoOpaskeHa Ipo-
6mema, mo Bigokpemutoe nmotouHy KC Bixm OakaHoi.
LinemoxiaganHs 3aJa€THCS CHCTEMOIO IUIeH, KPUTEPiiB
Ta iX MOKa3HUKIB e()eKTUBHOCTI ISl iepapXiyHUX PiBHIB
ynpaBiiaHA. Llinenoknaganas Mae OyTH ageKBaTHO 3a-
rpo3aM KOH(IIIKTHAX CUTYallii, PONOpLiHO 10 HeOe3-
MeK iX CKJIaJ0BHMX, a TAaKOX BIiANOBIZATH HEOOXIIHHM
LIOBUM IOKa3HUKAM.

[inemoxyiagaHHs 3aJIeKUTh Bl 0araThox GakTopiB,
BHM3HAYaJbHUMHU 3 SKUX € [3-7, 13]: ckIaaHicTh ABOCTO-
POHHBOI AMHAMIYHOI MOAENi aHaMi3yeMoi KOH(IIKTHOT
B3aeMogii, crmerudika moOynoBH Ta (YHKIIOHYBaHHS
ctpykrypu CAVY. Ta ydacTe cyO'ekTa yNpaBIiHHS -
Cy0'€KTHICTB YIIPaBIiHHS.

BmmB cKIIaZHOCTI HiJETIOKIAaNaHHA XapaKTepH-
3y€eThCs

- o0'ektaMmu Ta (akTopaMH 3OBHIIIHROTO Ta
BHYTPIIIHBOTO YIPABIIHHS: CTPYKTYPOIO, CTpaTerielo Ta
taktukamu komiuiekcy PEIT; KC; cykymuictio iHdOp-
Mariitaux pexxumis 3ouayBanHs PJIC ta 3aco6iB ix PE3;
JOCITIDKSHHSIMH TX pe3yJIbTaTUBHOCTI Ta CTIMKOCTI, a Ta-
KO CTPYKTYPOIO Ta JMHAMIKOIO (pyHKIIOHYyBaHHS caMoi
CAVY [1'8,13],

- HCBH3HAYCHICTIO iH(OpMAIIii Mpo MOXKIMBHUA PO-
3BUTOK IIOJiH MPHU JOCSATHEHHI MOCTABIECHOI METH, sKa
XapaKTEPU3YEThCS PO3LIMPEHHSIM CIEKTpa MOXKIHBHX
KOH(QIIIKTHUX CHTYaIlill, KO CTa€ BCEe BAXKYHUM 3a3Ja-
JIeTiah TepeadavYnTH Ta 3aKJIACTH JaHi y MPOIECH ITire-
MOKJIaJaHHs, aJIeKBaTHICTIO pe3yJbTaTiB  MPOLECIB
aHai3y cTaHy Ta JuHaMiku notouHoi KC;

— PI3HOMAHITTSAM Ta MIHJIMBICTIO (CTPHOKOMOIi0-
HOIO JMHAMIYHOCTIO) CIIOCOOIB MOCTAHOBKH, BH/IIB Mac-
KYIOUUX Ta IMITYIOUMX aKTHBHHX 3aBajl 3 IIUPOKHMH
Jliaria30HaMH 3MiHH X MapameTpiB, sKi B KoMOiHamii Mo-
KYTh BUKJIHUKATH PI3HOTO POy BPA3JIUBICTh CTIHKOCTI
PEKUMIB 30HyBaHHS;

- TEH/ICHIIIE€I0 MTePEeXOy BiJ pi3HOMAaHITTS BUMIIB Ta
rapaMeTpiB aKTUBHHUX 3aBajl CHIJIOBOTO XapakTepy
BIUIMBY JIO HU3bKO MOTY)KHUX «CUTHAJIONOI0HIX> 3aBajt
3 IMITyFOUUMH e()eKTaM¥ BIUTHMBY Ha CHCTEMH OOpOOKH
indopmanii B PJIC, mo ycknaaHioe iX BUIUICHHS Ta 10-
JAJTBIITY HEHTpaTi3alliio iX BILIHBIB,;

- HasBHICTIO TNPHXOBAHOTO OOMaHHOTO iH(OP-
MalliiHOTO BIUIMBY MPOTHBHHKA, MPOBOKAIiHHOTO 200
iMiTanmifHOTO XapakTepy 3 MeToro nesiHdopmarii Ta
CHPSIMOBAHOTO HA CIIOTBOPEHHS ATOPUTMIB YIPaBIIiHHS
iHpoOpManiHOIO CTIMKICTIO PEKUMIB 30HAYBaHHS; PyH-
HYBaHHSM CTPYKTYpHHMX 3B'A3KiB IX CHCTEMH YIpaB-
JHHS, @ TaKOXX 3 METOI0 ICHUXO(]I3MYHOrO THUCKY Ha
cy0'eKT ynpaBIiHHS;

— KOMOIHYBaHHSIM «CHTHAJIONIOMIOHUX»3aBaJ| 1 iH-
(hopMamifHUX BILUTMUBIB, IO 3aBAYKAIOTh;

- PO3MIMPEHHSAM Pi3HOMAHITHOCTI CIIOCOOIB Ta 3a-
co0iB PE3 sk anexBaTHOI peakiii Ha pi3HOMaHITTS CIIO-
co0iB TIOCTAaHOBKHM aKTUBHUX 3aBaf [2, 8], iHpopmariii-
HUX BIUIMBIB Ta 1X BUAIB 3 MIMPOKUM Jialla30HOM 3MiHU
iX mapameTpiB, SKICTIO Ta KUTBKICTIO KOMOIHAII Tpn iX
KOMIUIEKCYBaHHI y xoami mportunii crparerii PEIT Ta
HeHTpaizanii 11X BIUIUBIB;

- TpyaHomamu (opmaizamii MpoIeciB IiICIOKIIA-
JIAHHS Ta OLIHKHM MOKA3HUKIB iX €(peKTUBHOCTI JUIS PI3HIX

muHaMigaux ctadiB KC, mo nmorpebye 3acTocyBaHHS JI0-
JATKJIBJI 10 JIOTiKO-ONTHMAJIbHOTO METOJIB Ul CHHTE3a
IIYKAHOTO 3aKOHY yIpasiinHs nmponecamu PE3 [10-12].

Iadopmaniitne nporudoperso [3,4,13] anst npuxo-
BAHOT'O IPOHUKHEHHS B aBTOMAaTU30BaHUI IpOLEC IPUIA-
HATTS. IPOTHBHUKOM pimeHHst Ha npoBeneHHs PEII 3a
JIOTIOMOTOI0 00MaHy Ta pediekcuBHOi GopMu ympas-
JIHHS BUKOHYETHCS HIIIXOM: a) TEXHIKO-iHpopMmamii-
nux BnBiB Ha CPTP-CAVpgn, CAYpen-CPEII Ta cu-
creMy HaBeneHHs y CPEII nng yTpyaHeHHS 4M 3pHBY
mporeciB  ymnpasiinHsa komiuiekcom PEIT; 6) mcuxo-
(i3UYHOrO TUCKY Ha CBiZOMICTh Ta (i3MYHHN cTaH
cy0'exriB ynpasmiaasa komiuiekcy PEIL. Buxopucranss
croco0iB iHQOPMAIIITHOTO TPOTHUCTOSHHS TaiTh y coOi
MOJKJIMBOCTI OTpUMaHHS KOH(QIIIKTHOI IIepeBaru, He3Ba-
JKAIOUW Ha 3HAYHI IHTENEKTYyaJ bHI 3yCHIUISI UL MacKy-
BaHHS CBOIX /il (BUIPOMIHIOBaHHS 30HIYBaJIbHOTO CHT-
HaIy Ta 3actocyBaHHs 3aco6iB PE3); mpumycy npoTtus-
Huka 110 HeoOximuux PJIC miii BemeHHsIM HOro B OMaHy
Je3indopmaltieto, iMiTaniero, MaHimyJIsiero iHpopmarii
Ta iH EexTHBHICTD iHPOPMAILIHOTO IPOTHCTOSHHS 3a-
JISKHUTH Bifl 37110HOCTEH 1HTENEKTY CHCTEMH YIPaBIIiHHS
MOBHO BpaxOBYBaTH MLiJi Ta MOBEAIHKY NPOTHBHHKA.
CropoHa, sika Ma€ BULIUH paHT pediekcii, oTpuMae KoH-
(GIIKTHY TepeBary BHACIIIOK iHQOpMamifHOTO MPOTH-
6opcTBa.

i moOymoBH IIPOLIECiB MIICTTOKIIATaHHS Ta 3a0¢e3-
Ne4eHHs €()eKTUBHOCTI HOTO PillIeHb BHKOPHUCTOBYETHCS
CYKYITHICTh CHCTEMHO-TIPOIIECHOTO, LIIbOBOTO, CHTY-
alifiHOrO Ta IHTEpIpeTaliiHO-eKCIIePUMEHTAIBHOTO
(eBpHCTHYHOTO) iIX0/iB 110 ypasiiHas [ 14-16]. Otpu-
MaHHU TPH [IHOMY Pe3yJIbTaT GopmMartizarii mporecis Iii-
JIeTIoNIaraHHs J03BOJIsie 0auNTH ITOBHUIT CIIMCOK 3aBaHb,
3MIICHIOBATH KOHTPOJIb BUPILIEHHSI KOXKHOTO 3aBJIaHHS 3
MOYaTKy 1 70 KIiHIISL, MOXIIHUBICTh OaYUTH Micle TPy-
HOIIIB i 3pUBY MPOIIECiB Iienonarans. Take ysBIeHHSI
Jornomarae coKycyBaTHCS Ha IJTHOBOI Ta 3HAYYIO] iH-
(dopmarii s po3B'sI3aHHS 33729 ONTHMIi3allii MPoIeciB
niteroknagandsa.  dopmamizamis  crpuse  po3poOii
pimens, ananTamnii iHTepdeiciB Cy0'eKTiB KepyBaHHS Y
CXeMax KepyBaHHS CTPYKTYpHUMH eiieMeHTaMu CAY
abo 11 6a30BUMHU 00'eIHAHHSAMH (DYHKI[IOHAIBHUX elie-
MEHTIB.

Tomy momonaHHs CKJIAIHOCTI MPOLECIB LiIenona-
raHHs MOXJIMBE MPU BUKOPHCTAHHI aJleKBaTHOI CTPYK-
Typu CAY 1, 320€3M1€UCHHI B Hill CHCTEMHOCTI MTPOIIECIB,
MiABUINCHHS  piBHIB  Qopmamizamii Ta  IHTEIeK-
Tyamizamiiuux mporeciB. Lle 103BONKTH CYTTEBO 3HU-
3UTH CTYMiHb BIUIMBY CyO'€KTHBHOCTI Ha BUpPOOIJEHi B
CAVY¢ pilllcHHA 3 IUICTOKIANAHHS 1 JOMOTTHCS IX
OOTPYHTOBAHOCTI, TIOBHOTH, HECYIIEPEYHOCTI Ta y3rof-
KEHOCTI.

Hwkde HaBOIUTHCS PO3MIIs BIUIMBY 3a3HAueHHX
(hakTOpiB HA MPOIIECH ITITCTIOKIIATaHHS.

Oco0eHHOCTH NMOCTPOeHHs M (PYHKIMOHMPOBa-
HUsI CAVYyer, BIUSIIONIHAE HA CTPYKTYPHU3AIUIO0, HHTEJI-
JIEKTYaJM3aIUI0 MPOLECCOB IeJeNno/Iaranms, MmoBbl-
HIeHNe 000CHOBAHHOCTH W ONEPATUBHOCTH pelIeHuii
B yCJIOBHSX AeHIINTA BpeMEeHH HA MPUHSITHE pelle-
Husi. OcoOnmBocti NOOynOBM Ta (DYyHKLUIOHYBaHHS
CAVY.r, IO BIUIMBAIOTH Ha CTPYKTYpHU3allilo, IHTEIEK-
Tyaji3allif0 MpPOIECiB UICTOKIANAHHS, iIBUIICHHS
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OOTPYHTOBAHOCTI Ta OTEPATUBHOCTI PIllIEeHh B YMOBax
nedinuTy 4acy Ha IPUHHATTS PilICHHS

[MigBumeHAs KOHQIIIKTHOI CTIHKOCTI PeXUMIB 30H-
nysauHs PJIC GaraTo B 4oMy BH3HAYaIOTHCS MOKIIHBO-
ctsima CAVY.,, 00TpyHTOBaHa CTPYKTYypa SKOI IpeacTaB-
JICHa BHACTIIOK 0aratoakTOpPHOTO aHaJi3y B poboTax
[5-7]. B3aemonis ctpyktypHHX enemeHTiB CAVY,, 1o
MOCNIZIOBHO peaiizye Oe3nepepBHI IMKIM YHpPaBIiHHS
LICTIOKJIaAaHHsIM, BAKOHYETHCS Ha 3-X i€papXiuyHHX piB-
HSIX YIPaBIiHHS KOHTYPiB BHYTPIIIHHOTO Ta 30BHIIIHB-
Oro YIpaBJIiHHA 3 PO3MOJMUICHHMH Ha HUX (DYHKLISIMH
ynpasiiHHs. Tak, IiIeToKIaiaHHs HANpaBisie X BHKO-
HaHHS Ha PiBHAX:

- BEPXHBOMY (CTpaTerigyHoMy), ne 3MiHCHIOETHCS
aHaji3 pe3ynbTaTiB OIIHKN AuHaMigHOro cTany KC ta
HMOBIpHICHHX MPOTHO3IB HOTO PO3BHUTKY, 3 BUSBICHHIM
mpoOJIeMH; TTOCTAHOBKOIO Ta Y3TO/KCHHSIM LIeH Ha
iepapxiuaux piBHAX ynpaBmiHHI CAYcm, mobymosa Oa-
rarouineoBoi crparerii ynpasninas PE3 Ha BbIITHOCHO
BiJlIaJICHy MEPCIEKTUBY;

- cepeAHbOMY (TaKTUYHOMY), /1€ BHU3HAUYAIOTHCA
Croco0u CHUTYaliiHOTO YIPABIIHHS JAJIS: JOCSITHCHHS
MOCTAaBJICHUX MLiJed Ta mnepeOynoBH (QYHKIIOHAIBHOT
ctpykTypu CAY ¢ Ha ONMKHIO CUTYaliiHy TIEPCIIEKTUBY
BiINOBiTHO A0 oOpaHoro HanpsMmy PE3; oOrpyHTyBaHHS
nepeOyJOBH SIK €TaliB MPOIECiB CHHTE3Y LIYKAaHOTO 3a-
KOHY CHTyaIlifHOro ympaBimiHHA mporiecamu PE3, mio
3MIACHIOIOTh TMPaKTUYHUKA po3mofin pecypciB PE3 3a-
JISKHO Bifl TOCTaBICHOI METH, CTYIECHSI HEBU3HAYEHOCTI
nuHamigaoro ctany KC ta dopmarizarii 3aBaans ynpas-
JIHHS, TaK 1 TakTHYHOT cTpyKTYpH 3acobiB PEM, PE3 ta
iH}popMaNifHOTO MPOTUCTOSIHHSI;

- HIDKHBOMY (OIIEpaTUBHOMY), Ji€ BHUKOHYETHCS:
TexHoJoriuHa nepedymosa ctpykrypu CAY . i3 peryio-
BaHHSM PESKHUMIB Ta MapameTpiB 3aisHUX 3ac00iB Mpo-
tuaii crparerii PEIl Ha moTownHuii mepion dacy; KOH-
TPOJIb Ha BIATIOBIAHICTH AKTHYHOTO PE3YIBTATY JOCST-
HEHHS 00paHO{ CTpaTeridYHOI METH OYiKyBaHOMY 3 TIO-
JIATTBIIINAM iHILIFOBaHHAIM YCYHCHHS BiIXHUJICHHS Ta KOPH-
ryBaHHAM cTpYKTypu CAVYr y CeHCI HamaHHA 1i moxart-
KoBHX pecypciB PE3 ta yacy st 1ocsirHeHHS cTpaTerid-
HOT METH 4H ii 3MiHHU.

JvHaMika TepeOyZoBH i€papXidyHOI CTPYKTypH
CAVYycr BH3HAuaeThCs IJIETIOKIIAIAaHHSAM, IO BUPO-
OnseTbes Cy0'€eKTOM YIPaBIiHHSA Ta KOHTYPOM iHTEJEK-
TyansHOTO yrpaBiiHes y pisHEX KC 3 ypaxyBaHHSIM pe-
CYpCHHX MOXJHMBOCTEH Ta oOMexeHb. JluHamika
¢ynkiionyBanns CAVY¢ peani3yeTbcsi 3a JIOMOMOTOIO
o0'eqHaHHS CTPYKTYPHO-(QYHKIIOHAJIbHOI Ta CeTi-IeH-
TPUYHOI CXEM CHCTEMHO-IIPOIIECHOTO, KOTHITUBHOTO Ta
pednexkcuBHOTrO ynpasiinHsA. CHHTE3 cTparterii Ta 3a-
KOHY CHTyalil{HOTo ympaBiiHHS mnpouecamu PE3 Oy-
IyeTbCsl Ha OajaHCI OJHOYACHOTO 3aCTOCYBAHHS LHX
CXEM YIPAaBJiHHS 3 ypaxyBaHHSM IIOTOYHHUX YMOB CIIO-
CTepe)XEHHS, yXBAJICHHS DINICHb Ta PE3yNbTaTiB KOH-
TPOJIO iX BUKOHAHHS.

OO0'emHaHHS CTPYKTYpHO-(QYHKI[IOHAJIBHOI Ta CETi-
LEHTPUYHOI CXeM YHpaBmiHHS (YHKIIOHYBaHHAM CAY ¢,
POOUTH MOXKJIMBHM IIPOLIEC CHUHTE3Y €TalliB LIICTIOKIIa-
JlaHHs, 3 HaOOpy OLIBII MPOCTUX IPOLECIB, 110 BUKOHY-
I0TbCSl CTPYKTypHUMH enemeHTamu CAYVY.: Ha iepapxiu-
HUX PIBHSX YNPaBIiHHS 3 YpaxyBaHHSM LUKIIB yIpaBil-

IHHS 471 JalbHBO1, OJIVKHBOT MEPCTIEKTUB Ta MOTOYHOTO
riepioy Jacy, a Takox mBuakocTi 3MiH KC.

CrpykTypHO-QYHKIIIOHATbHA cXeMa oOyaoBaHa 3
ypaxyBaHHIM aKCiOM Ta €TaIliB paIlioHAJBFHOTO i€papXi-
yHOTO ynpaBiiHHA [14-16]. Llg cxema GaraTokaHaibHa.
Umcno kaHalliB CXeMHU BU3HAYAETHCS YHCIIOM BUPILTyBa-
HUX OKPEMHX 3aBJIaHb BEPXHBOTO PiBHS ynpasiinus Ko-
JKEeH KaHaJl CXeMH pealtizye eran iHdopmauiitHoro 3abes-
nedeHHs nporecis ynpasininag (Ilincucremy mporecis
iHpopmaniiiHoro 3abesmeueHHst ymnpasiinas PE3) Ta
eTamny MiIrOTOBKH, IPUHHATTS Ta peajizauii pilleHHs Ha
iepapxiuHux piBHAX ynpasiinuaa (ITincucremy nponecis
MiATOTOBKH, IPUHHSTTS Ta peajti3alii KoH(IIKTHO- CTiH-
KHX pilreHs 6e3 cy0'ekTa yrpaBiiHHS, ajie i Horo KOH-
Tposiem). Ix po6GoTa GasyeThcs Ha 3aCTOCYBAaHHI JIOTIiKO-
ONITUMAJIHUX METO/IiB aHAJII3y Ta CHHTE3Y B yMOBaX BH-
3HaveHocTi Ta pu3ukiB KC. Llst cxema ynpaBiniHHS pearye
HA TIOPiBHSHO MOBUTRHI 3MiHK cTany KC.

BaratokoHTypHa CeTi-IIeHTpUYHA cXeMa 3a0e3mneuye
MPIOPUTETHY y4acTh Cy0'eKTa YIpaBIiHHA y Ipolecax wi-
JICTIOKJIaAaHHs Ta CKIIAJIA€ 3 YpaXyBaHHIM MPSMHX Ta 3BO-
POTHUX 3B's13KIB y cTpYKTYpi CAY:r OCHOBY KOHTYpY 1H-
TeNeKTyanbHOro ynpaimiHas CAY¢ B yMOBaX CKIIaIHHX
Ta HenepenOauyBanux KC 3 BUCOKMM piBHEM HEBH3HAye-
HOCTI pizHOTO poxy. CyOKOHTYpH yIIpaBIIiHHSI B KOHTYpax
30BHIIIHBOTO Ta BHYTPIIIHBOTO YNPABIiHHSI BHKOHYIOTbH
yrpaBiiHASA (yHKIIOHATEHAMHA MOAYIISIME Y CTPYKTYPHO-
(yHKITIOHATBHINA CXeMi Ha PIBHIX Ta eTarax yIpaBJIiHHS.
CTpyKTypH IMX CYOKOHTYPIB YIIPaBIiHHS BKIIOYAIOTH JI0
CBOTO CKJIay crieniajizoBaHi iHpopMauiiiti, kepyroui Ta
BUKOHABUYI 3aCO0H, 1110 PEATi3YIOTHCS CTPYKTYPHHUMHU €Jie-
meHnTamu CAY.;. Cxema QyHKILIOHY€E B pealibHOMY 4aci i
opieHToBaHa Ha mBHAKI 3MiHM craHy KC. Bona
BiZIPI3HAETHCS TiIBUIICHOI YYTIHBICTIO IO 3MiH CTaHy
KC, mBumkictio peakiii Ha i 3MiHA B YMOBaX HEBH3Ha-
YEHOCTI PI3HOTO pOAYy Ta JIONOBHIOE CTPYKTYPHO-
(YHKIIOHATIBHY CXEMY MOXKIIMBICTIO OTIEPaTHBHOTO BTPY-
YaHHS Cy0'eKTa yIIPaBIiHHS HA 1i eTamnax.

InrenexryansHa tuatrdopma iepapxiuyHoi CTpyK-
TYPH CETI-LIEHTPUYHOI CXEMH YIPABIIIHHS CKIIQIAETHCS 3
BUKOPUCTAHHS KOTHITUBHHUX Ta KPeaTHBHO-pPe(ICKCUB-
HUX 31i0HOCTell cy0'ekTa ynpaBiiHHS, Horo nmpodeciii-
HUX KOMIIETEHIIi Ta MOXJIMBOCTEH CcClIeliaai30BaHol
IHTEJIEKTYaIbHOI ~ CUCTEMH  HIATPUMKH  TPUHHATTS
piwens (ICIIBP). [urenexryanbHe ynpasiiHHS — 1€ TeX-
HOJIOTisl YIpaBJIiHHS 3HAHHSAMH, SIKa BIJIrpa€ OCHOBHY
POJIb IPH IPUAHATTI pillleHb. BOHO J1a€ MOKIUBICTS, TIO-
psan i3 pimeHHsM abo Iij 4Yac OTPUMAaHHS pillICHHS,
3IIICHIOBATH MOIIYK HOBUX 3HAHb Ta HAKOIIMYEHHSI iHTe-
JIeKTyanbHuX pecypeis [18].

CyO'ext ympaBiuiHHA Oepe ydacTb y OHAEIIX
BHpIIICHHS 3aBIaHb HA PIBHAX Ta €Tanax yMpaBIiHHS y
CTPYKTYpHO-(PYHKITIOHATBHIN CXeMi CHHTe3y CTpareriit
Ta 3aKOHY CHTYyalilHOTO ympaBiiHHA mpouecamu PE3,
peamizamii HU3KM IHMHUX QYHKOIA YOpaBIiHHA Ha
iepapXi4HUX pIBHSAX ympaBiiHHA. Bin Bene crocrepe-
YKEHHsI 32 X0/I0M IPOIIECiB LiJIETIOKIIaIaHHs, BUKOPHUCTO-
BYIOUM TIPSIMi Ta 3BOPOTHI 3B'3KH Yy CTPYKTYpi CAVY;
JUIS. HABYAHHS Ta HaKOIMMYEHHsS 3HaHb Ha BCIX DIBHAX
iepapxii ynpasiinas B eauHomy 3 ICIITIP noxi ynpas-
JIHHS, 31HCHIOE KOOPIMHAIIIO il IS OTPUMAaHHS CH-
HepTii MiJeToKIaIaHHs.
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ICIIITP Ha OCHOBIi €KCIIEPTHUX CUCTEM IHTETPOBAHA
B 00'eTHAHHS CTPYKTYPHO-(DYHKITIOHAIBHOI Ta CeTi-1IeH-
TPUYHOI cXeM ympaBiiHHA. Lle cTBoproe emuHe cepeno-
BHIIIE iHTENEKTYAILHOTO YIIPABIIIHHS 13 3aCTOCYBaHHIM
¢opmabHOTO Ta HEQOPMAIBHOTO 3HAHHA IPO KOH-
KkpeTHi crtocobu Ta 3acodou PEIT i PE3, ymoBwH ix 3actocy-
BaHHS Ta BJIACTHBOCTI YNpAaBIiHHS 1X 3aCTOCYBaHHSMH,
3ocepemkeHoro B ux cxemax ta ICIIIIP. ICIIIIP Takox
HaKOMHMYYE pe3yJIbTaTH aHadi3y iHpopmauii mpo crtpa-
terii PEIT i PE3, mo 3actocoByrothes. [lum camum cu-
cTeMa TIOCWIIOE KpeaTHBHO-pe(DIEKCUBHI 310HOCTI
cy0'ekTa ympaBiiHHS Ta MiJBHUILYE PiBEHb HOr0 MpoO-
(eciifHIX KOMIICTEHIIH, PO3IINPIOE MOXKIMBOCTI ITO-
mIyKy e(peKTHBHUX pillleHb Ha eTarax MpoIleciB aHali3y,
HMOBIpHICHOTO TIPOTHO3Y Ta cuHTe3y uiner PE3 Ha ga-
COBHX iHTEpBalaX, IO BiAMOBINAIOTH PIBHAM YIIpaB-
minns y CAY, [17, 18].

3acrocyBanns [CIIIIP 3miliCHIOETBCS 3aJI€KHO Bif
crynens: HeuzHaueHocTi KC Ta iX 3MiHH, a TaKOX CTY-
nieHst hopMaltizalii mpoIeciB CHHTE3y Ha OCHOBI BUKOPH-
CTaHHS 3HAaHb NPO CWIBHI Ta cllabKi CTOPOHM aHTa-
TOHICTUYHHX CTpaTeriii cTopiH koH(uiKTY. Lle ocobnuBo
BaXJIUBO TPH: BUCOKIi# aunHamiri 3miau KC ta 3Ha4eHs 11
mapaMeTpiB; TMEPiOAWYHIA BiICYTHOCTI MparMaTHIHOL
cBo€yacHOi iH(popMamii, HeoOXimHOI AN NPUHHATTA
pillleHB; MparHeHHI MPOTHBHHUKA C(HOPMYBATH CBiOMO
XuOHI ySIBIICHHS PO CIpPaBXHI 3HAYCHHS ITapaMeTpiB
KC; >xopcTKuX TUMYacoBHX OOMEXEHHSX, [0 HaKJIa/1a-
I0ThCS Ha IPUHHATTS PillICHb.

ICIIIIP migTpuMye TNPUHHATTS pIlIEHHS JIOTiKO-
JIHTBICTUYHHUM, €KCIIEPTHUM ab0 eBPUCTUYHHMH METO-
JaMd B 00'€JIHAHHI IMPEICTABICHUX CXEM YIpaBIiHHS
LIIETOKIIaJaHHIM.

HeoOxinnuii 00Jik BIUIMBY (hakTopiB CyO'€KTHB-
HOCTI YIpaBJIIHHSA IUICHIOKIAaHHSIM Ha S(PEKTUBHICTH
TMIPOLIECIB KPU30BOTO YIPABIIHHIA B YMOBAaxX ITiJBHUIIECHOT
HAaIpy>KEHOCTI y ITO3aIITaTHUX PEKUMax Ta B yMOBaX Je-
¢imuty gacy. Tomy kputepii, IX MOKa3HUKU OLIHKH CTY-
TICHS BiIOBITHOCTI MPpOoeciiHIX KOMITETEHIIN Ccy0'ekTa
YIpaBIiHAA HEOOXITHOI MOJENI TOBEIIHKH, 10 3a0e31e-
Yye YCIIIIHE JIOCSATHEHHS CTPAaTeTiYHMX Ta TaKTUYHHUX
mineii PE3, MOBUMHHI BXOAUTH JO CKJIaJa ITOKA3HHKIB
eextuBHOCTI yrpaBmiHHsI CAY . J[/1s OIiHKHM IHTEIEKTY-
QILHOTO PIiBHS 3aCTOCOBYETHCS KOMITETCHTHICHHMA ITiIXi]1
Ta BUMIp TpodeciiHnx KoMreTeHitii [19-24].

3ayBaXUMO, 1110 MPH IIICTIOKIIATaHHI TAKOXK MOXK-
JIMB1 aBTOMATHYHI pillIeHHs Y pa3i BIUIMBY aKTHBHUX 3a-
Baj y npoctux i neBHux KC.

Oco0smmBocTi eramiB misienokjaaganus. OCHOB-
HUMH IHCTPYMEHTaMH 4acTKOBOI (popmMatizariii mporecis
LUICITOKIANAHHs, 3aldIIaloud I0Je MisUIBHOCTI ISt
cy0'ekTa ynpaBiiHHS, €:

- MOCTAHOBKA 3aJ1a4i CHHTE3y CTPATETii palioHaIb-
HOTO 0araTOIITEOBOTO YIPABIiHHS Ta CUTYaIHOTO 3a-
KoHy ympasiiHag nponecamu PE3 munamiunoi iHbOp-
MariiHoi cTikocTi pexxumiB 30HAYBaHHs PJIC y mpo-
omeMHuX o6macTsax 3o0Hu oy PJIC;

- BUUJICHHS KOHTYPiB 30BHIITHBOTO T2 BHYTPIlTHb-
Or0 YIpPAaBIIiHHS, 110 BIIPI3HAIOTHCS LUIIMH YIPaBIIiHHS;

- i, Kpurtepii Ta X NMOKAa3HUKU e(EeKTHBHOCTI
LUICAOCATHEHHS U1l HaAaHHs Oa’kaHWX BJIACTHBOCTEH
ctpyktypi CAVYycr Ta iuHamini ii pyHKIIOHYBaHHS;

- CTBOpPEHHS YMOB 3a0e3ledyeHHs IIIbOBOTO pe-
3yNbTaTy 3 ypaxXyBaHHSAM IMPIOPUTETHOCTI Aiif B yMOBaxX
obmesxeHs pecypey PE3;

- MOPSIIOK BUPIIIICHHS 3aBIaHb HA I€EpapXidHUX PIBHAX
y Ilincucremax mporeciB iH(popMariiifHoro 3a0e3nedeHHs
Ta IHTENIEKTYaIFHOTO YIPABIiHHS UICIOKIATaHHM;

- 6a3oBa MoeNb 0araToIILOBOI CTpATETi MPOTHO-
3yrouoro ynpasiiHHas npouecamu PE3;

- BUKOPHCTAaHHS 3BOPOTHOTO 3B'SI3KY JUISl HAJaHHS
0e3mepepBHOCTI MpoIecaM IUICIOKIIAaHHS 33 Pe3yiib-
TaTaMH KOHTPOJIIO Ta aHaJi3y HEBIJNOBIIHOCTI pe3yJib-
TaTy MOCTaBJIEHOI METH, a TaKOX YpaxyBaHHS Pe3yJib-
TaTiB aHANi3y HakomudeHoi iHQopmarii mpo cTparterii
PEIT i PE3, mo 3acTocoBYIOThCS. 3BOPOTHIM 3B'SI30K A€
3MOTY BUSIBUTH O3HAKH IPHXOBAaHOTO 30BHILIHBOTO YII-
paBIiHHSA TPOTUBHUKOM ()YHKIIOHYBaHHS OO€KTa YII-
paBminas Ta CAVY.,.

Etan indopmaniiinoro 3ade3meuenns. Llimemno-
KJIaJaHHs Ma€ BPaxOBYBaTH BiJCTEXKyBaHI Ha LOMY
eTani B X0/l KOH(JIIKTY KOHKPETHI MOXKJIMBOCTI CTpaTe-
rii PEII mio10; 3MiH mapaMeTpiB OKOJIHIb TOUOK Oi-1oTi-
¢ypxauii npoueca PEII, HeOe3neyHHX ITOCTAHOBOK aKTH-
BHUX 3aBaJl, IX BUJIB 1 HapaMeTpiB, a TAKOXK XapaKTepu-
CTHK iH(pOpPMaNifHUX BIUIHBIB, IO 3aBaXKAIOTh; KIIACH]i-
kanii KC; #MOBipHICHUX MPOTHO3IB IWHAMIK PO3BUTKY
KC nmns wacoBHX IUKIIB PIBHIB YIPaBIiHHA Ta OI[IHOK
Hebe3Iek 3arpos.

[igcucrema mporeciB iHGopMariiftHoro 3abe3re-
yeHHsA CAY¢r 9aCTKOBO (hopMaltizye I1i IpoIecH B peallb-
HOMY uaci. BoHa BU3Ha4ae Ta po3noAiisie 3a PiBHAMH
YIPaBIiHHS YMOBH CIIOCTEPEKEHHS Ta HNPUHHATTS
pimenb: craH BusHaueHocti KC; HasBHICTH PH3HKIB
YIPaBJIiHHS, KOJIH BiIOMi HMOBIPHOCTI MOA1iH Ta pO3MipH
BTpar ckiaay Ta sikocti PJII; cran neBusnaueHocti KC.

Iudopmaris, mo mg00yBaeThbCsl HPO 3arpo3d Ta
BIUIMBH 3aBaJl, BUKOPUCTOBYETHCS /UL ONTHMI3allil mpo-
IIeciB BUpIMICHHS iHQOPMAIIIHHUX 3aBIaHb PEXKIMIB 30H-
JyBaHHS B YMOBax BIUIMBY Pi3HUX BHJIIB 3aBaj Ta ixX ma-
pameTpiB 3 ogHOTO OOKY, a 3 IHINIOTO — JUIS 3HUKCHHS
MosximBoctelt komruiekcy PEI 3 po3Biaku pexkxuMiB 30H-
nyBauHs PJIC Ta ix npunymeHHas. AHami3 3M1HCHIOETBCS
Ha OCHOBI 3HAaHHS JIBOCTOPOHHBOI JMHAMIYHOT MOJeli
KOHQIIIKTHOI B3a€MOJIT CKJIaJJOBUX YACTUH KOMILIEKCY
PEII Ta ormsosoi PJIC [6, 7], a Takok TOTIEPEAHBO MPO-
BezeHoi kinacudikamii KC 3 BUKOpHCTaHHAM NMpUHOMIB
SOFT-ananizy [22], KOTHITUBHUX KapTOK [23] st cTpy-
KTypyBaHHs iHQOPMaLIHHNAX JaHUX.

[ToBHOTa (HacHYEHICTh 3HAHHIMH, pe3yJbTaTaMH
KPUTUYHOTO iX aHaNi3y Ta 3iCTaBJICHH:), JTOCTOBIPHICTb
Ta CBOEYACHICTH PO3IMOJIUTY OTPUMAaHOI iH(pOpMAaIii Mix
yciMa pIBHSAMHM Ta IX €TarmamH YIpaBJiHHS, 3acobamu
PE3 mns tpancdopmanii pesynbrariB iHhopmaliitHoro
3a0e3meueHHs] y MPOIECH IUIENOKIaJaHHs Ta Y3ro-
JOKSHHS 3B'SI3KIB MDK HUIMH € HEOOXiJHOI0 yMOBOIO JIJIst
e(eKTUBHOTO I[UICTIOKTIAIaHHsA. Y3araJlbHEeHUM TOKa3-
HUKOM e(eKTHBHOCTI iH(pOpMAaIiifHOro 3a0e3neueHHs
Moke OyTu i WMOBIpHICTH Yepe3 HMOBIPHICTH BHKO-
HaHHS IepepaxoBaHuX (PYHKIIOHAIFHUX 3aB/IaHb 32 Jac,
110 HE MEPEBHIIYE JOIMYCTUME 3HAUCHHSI.

HinenoxknaganHss HAa BepXHbLOMY PiBHI ympas-
ginng. [lizcucrema mpoleciB iHTENEKTYyalbHOTO yIpaB-
JIHHS €TallaMHU UICTIOKIIaJaHHS Ha [IbOMY PiBHI YaCTKOBO
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(hopMalTizye MOCTAaHOBKY i€papXidyHO TMOB'SI3aHUX IIICH 3
ypaxyBaHHM iX 3IiiCHEHHOCTI 1 psy CTpaTerivyHUX 3aB-
JTaHb LTENOKIaTaHHs B JeAKil TpoOIeMHOi 001acTi 30HU
ormsiny PJIC 3 KOHKpETHUM peXUMOM 30HAYBAHHS 1 JH-
HamigHIM cTaHoM KC.

Dopmaizaris TIpoIIeCiB LIUIETTOKIIaTaHHS
3IIMCHIOETBCS 3 MIPIOPUTETOM LIICH Ta IX JOCSTHEHHIM
HaJl iH(QOpMaLiTHUM OMCOM KOH(IIIKTHUX CUTYAIIH.

Ilocmanoska 3a0au cunmesy cmpameziii payio-
HanbHo20 ynpaeninua npoyecamu PE3 ounamiunoi in-
dopmauiiinoi cmiitkocmi pexcumie 3ondysannusn PJIC.
BinmpaBHOI0 TOUYKOIO MOOYAOBHU cTpaterii € hopmyIro-
BaHHS NPOOJIEMH, KA 3HWKY€E HEBU3HAYCHICTD, OTPUMY-
I09H YSIBIICHHS NIPO T€, YOTO MOXKHA JOCSTTH YIPaBIIiH-
HAM. Iy TIpOTO 3AIHCHIOETBCS OOTPYHTOBAHUH BHOIp:
METH, III0 BimoOpa)kae IEBHHUN PE3yNbTaT, KOTO Oakae
nmocartd CAVY¢r; METOMIB Ta 3aCO0IB TOCSITHEHHS LIJIEH;
HaOUTPII e()EeKTUBHOTO TOPSIKY IX 3aCTOCYBAHHS i
4ac JIOCATHEHHS FOJIOBHOT CTPATETIYHOT METH.

Crparerii, sIK MOCTIJOBHOCTI PO3B'sI3yBaHUX OKpe-
MHX CTpaTeriyHux 3aBaaHb (1) 3 ypaxyBaHHSM JIOTiKH
B33a€MO3B'SI3Ky MK HUMH, CUHTE3YIOThCS B IIMKJI CTpa-
TETiYHOTO YNPABIIHHS TAKUM YHHOM, 1100 KOXKEH 4epro-
Buit n-it BekTop U mpu 3miHi KC Halikparme BifmoBigas
JOCSITHEHHIO TOJIOBHOI METH YIPaBIiHHSA IPOIECAMH
PE3 3 ypaxyBaHHAM iHAMBITyaTbHUX OCOOIMBOCTEH 1MO-
TouHOTrO pexxuMmy 30HayBaHHs Ta KC (mpobiemHOi 00-
JIacTi 30HU OTJIAAY). PillleHHS mpy HBOMY CTpaTeTidHUX
3aBJIaHb IIOBUHHI MaTH B3a€EMHO ITOCHITIOIOYHNIT XapakTep,
a 3arajbHa KUIbKiCTh BeKTOpiB U 3aJIe)KUTh Bl TUHAMIKH
crparerii PEIl Ta cTyneHs HeBU3HAU€HOCTI OMHCY -
HamiyHoro crany KC.

{‘SU g7 F[Z,R,I,L(u),K,KC(n)]} R

KC(n) (1)
— const VvKC(n),n=1,2,3,...

s ~8%|=F[Z,R,1,L(u),K] - min,
R — min,T <T 0

O]

Bupas (2) Bimobpakae yMOBY 3HAXO)KEHHS 3aKOHY
ynpasiinHs nporiecamu PE3 y nunHamiii 3MiHH JEsIKOT
KC (y cutyauiiHOMy LMK yIIpaBiIiHHS):

V¥ Bupazax (1), (2) BUKOPUCTOBYIOTHCSI BEKTOPH Tia-
pamMeTpiB Mozeni 00'ckTa kepyBanHs: SY - BexTOp ommCy
0a)xaHOro cTaHy iH(pOpMaLiitHOl CTIHKOCTI PeXXUMY 30H-
nysanus (abo KC y pasi aktuBHOi 3Minu curyarii); S? -
BEKTOp ONHCY (PaKTUYHO JOCSATHYTOTO Ha JaHUH MOMEHT
Yacy cTaHy IpH BUOOPI MOTOYHOTO KEPYyIO4Oro eJIeMEeHTa
(KE) i3 3a3HaYeHHAM KiTbKiCHUX XapaKTePUCTHK CTYTICHS
nocsirHeHHsT Metn PE3 Ha OCHOBI KOHTpOITIO pe3yibTaTy
VIPaBIiHHA Ta YMOB CIIOCTEPEKEHHS Ta MPUHHATTS
pimenHs; [ - BEKTOp iHAWBITyaIbHUX XapaKTEPUCTHK pe-
xuMy 30HayBaHHA (a60 KC); R - BekTop, sikmii xapakre-
pU3y€e BUAM BUTPAT PECYPCiB, IO € B PO3MOPSIKEHHI
CAYecr Ha nanuii MOMEHT 4acy; F - cTpykTypa 3akoHy y1I-
pasninas nporecamu PE3, 1o MoB's3ye BUXIJ peKUMY 30-
H/IyBaHHS 3 BIUIMBaMH, III0 3aBaXKalOTh, 1 3ac00aMH IiAT-
pumKH critikocti, L(U) — oneparop U — S?, mio BioGpa-
xae eneMeHTH CAY ¢ Ha CyKYITHICTb ITOKa3HHKIB (haKThy-
HOT'O cTaHy pexxumy 3oH1yBanHs a6o KC, U — nocmigos-
Hicth 3 KE, o npu3BoauTh 10 mocraBieHoi metn PE3;
Z — 6a3za 3HaHb, K - BekTop 0OMiKy mepeBar cy0'ekTa

VTIpaBITiHHS, SIK OIliIHKA KOPUCHOCTI a00 SIKOCTI alibTepHa-
THBH, IO PO3TIINA€ThCA. BiH Moke OyTH 3amaHuil iHTe-
rpasibHO 0€3 BUAUICHHS 03HAK, SKUMH BiH BUPOOJIIETHCS,
a TaKOX 3a Pi3HUMH O3HAKaMHU.

3akoH ympasiiaHS nponecamu PE3 B muHamini ne-
skoi KC momsarae y Tomy, mo0 cdopmyBaTH TaKy
nociinoBHicth 3 KE, ska HaliedexTHBHILIEe MPU3BOANUTH
no noctaienoi metu PE3. Tlpu ¢opmyBaHHI KOXXHOTO
YIPABIISIOYOro BIUIMBY OLiHIO€ThCs pisHums |SX— S|,
MiHIMaJbHE 3HAYCHHS SKOI BINIOBIZa€ ONTUMAIHHOMY
JUISL JaHOT CUTYallii yIPaBiIsSi0uOMY BIUIHBY.

ba3zoea bazamouinvoea cmpamezisa npozno3youozo
ynpaeninnsa npoyecamu PE3. 115 cTpareris, 1110 MICTHTh
i 3aragpHUX cTparerivanx Hanpsimis PE3 PEIT y pam-
Kax 2-XCTOPOHHBOI JMHAMIYHOI MOJIEIIi aHATI3yeMOi KOH-
¢mikTHOI B3aemoxii [5-7] Ta mOTiKM iX 3aCTOCYBaHHS.
Bona ¢ikcye cTpateriude OadeHHS Ta BU3HAYAE CHCTEMY
KOOPIMHAT, B SKUX 3MIHCHIOETHCA MPOTHIIS CTpaTeri
PEITi. Ti norikm npoueciB HpHifHATTS yHpaBIiHCHKUX
pillieHb BpaxOBYIOTh HEBH3HAa4yeHICTh BHHUKHEHHS KC,
ocobymBoCTI (hyHKIiOHYBaHHs orisifoBoi PJIC y mocty-
MOBiil JUHaMIll KOHQUIIKTY Ta mependavyaroTh THYYKHUid
MOPSIIOK 3MIHH ITUTEH 32 JOMIOMOT0r0 (PAKTHYHKX PE3yIib-
TaTiB NPOLECIB IIJISIOCATHEHHS Ta MPOrHO31B KOH(IIIKT-
HOro B3aeMofii. bazoBa crparerisi BUKOPUCTOBYETBCS SIK
JDKEepeIto anpiopHoi iHGopMarii moAo CHCTeMH HiTeH Ta
sieHOTO pecypcy PE3 y crpykrypi CAVY.r, HEOOXigHOTO
JUTSL peaizamii KoKHOi 0OpaHoi MeTH, a TaK0XK MOYaTKO-
BOTO iforo posnoziny. Bona € kepiBHUIITBOM /1151 BCTAHOB-
JICHHS LiNeH, 3abe3nedye OCHOBY UISl iX Y3TOIKEHHS Y
IPOrHO30BaHUX YMOBaxX KOH(IIIKTHOI B3a€MOII.

OCHOBHUMH TIPUHIMIIAMH 11 TOOYIOBH €: IO/ABINHE
po3yminnst KC - npaBuiibHOTO y cede i XuOHOro y mpo-
THUBHUKA; JISITH MIPH CIIPUATIMBOMY JUIS JIOCSATHEHHS T10-
CTaBJIEHOI MeTH 30iry 00CTaBHH; 3aCTOCOBYBATH MOX-
JIUBI TAKTUKHU YIPaBIiHHSA cTaHOM Ta nuHaMikoro KC i3
BUKOPHCTaHHIM «HECHJIOBUX» Ta «CHIOBHX» TEXHIYHUX
pilIeHb 3a HalMEHIIMX BUTpAT pecypciB. [loBuHHa Ta-
KO’ BUKOHYBATHCS HEOOXiTHAa YMOBA - MiHiIMi3aIlis Jacy,
BiJIBEICHOTO MPUHHATTS CTPATETIYHOTO PIillICHHS.

MeToMYHOI0 OCHOBOIO IIUTLOBOTO TIJIXOLY €
BU3HAUCHHS TOJIOBHOT MeTH Ta 1i mudepenmiamii 3a
iepapXiYHUMH PIBHSMH YIpaBIiHHA Ta IpollecaMu
YIpaBIiHHS HUICTTOKIATaHHAM Ha HUX (@ TaKOX 3a ele-
MeHTaMu cTpyKTypu CAY ;) A7 3aBIaHHS ONTHMAIBHOT
TIOCITITOBHOCTI il TIpU JOCATHEHHI MOCTaBIEHOI METH.
Tlonosny metry PE3 moxna ¢dopmymoBaTH HACTYITHUM
YMHOM: 3a0e3Me4YnTH 3ahaHi HWMOBIPHOCTI CTIHKOTO
¢yHKIiOHYBaHHS pexumiB 3ouayBaHHs PJIC ta CAY,;
LIISIXOM CTBOPEHHS YMOB Ul O€3IepepBHOTO Ta HOp-
MaJIHOTO (PYHKIIOHYBaHHSI PEKHMIB 30H/JyBaHHS OTJIsI-
noBoi PJIC y xoHdmikTHIH B3aeMofii 3 KOMIIIEKCOM
PEII, a Takos peaizaris epeKTUBHHX IIPOLECIB IIiIeTo-
KinagaHHs. [HIIMMU cloBaMHu, MeTa (YHKLIOHYBaHHs
CAY.; nonsirae B ToMy, o0 MOKa3HUKH CTIHKOCTI pe-
JKUMIB 30HJIYBaHHS 3HAXOJWIACsi B MeXax 3aJaHoi
uinboBoi o6mnacti | SY—S?| a6o minimisyBanu Bixcrami
JI0 IThOBOT TOYKH 3a1anoi obiacti (1), (2).

Ha puc. 1 npencraBnennii WMOBIpHICHUI BapiaHT
6a30B0i cTpaTerii MPOrHO3yHUOro YHpaBJIiHHS IpOLe-
camu PE3 B xoxHil npo6iemHiiii obacri.
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JlokanbHa ctparerisa PE3
JU1S1 YMOB 13 BHCOKHM
CTYTMEHEM HeBH3HAYEHOCTI

Crparerii BusBnexus ta PE
NpOTHAIT MPUXOBAHOMY
yNpaBIiHHIO NPOTHBHUKOM
(pyHkuioHyBaHHsAM PJIC

CTpaTeria CKpUTHOI aKTUBHOI
3MIHU NMHAMIYHOIO CTAHY
KOH(UIMKTHOT cUTYyallii

A

3aBiaHHA IOYaTKOBHX YMOB
HeJTiHIf{HOTO NepeTBOPeHH
npouecy PE3

A 4

OI1P u onepatopu
PIC

[HTEnekTYaNBHA CHCTEMA
MiATPHMKM NPHITHATTA
pimens (ICIIITP)

A

|

LinenoknananHs, KOHTPOJb Ta KOOPAWHALIS 3aCTOCYBaHHS cTpateriii Ta TakTk PE3 PJIC y npobneMHnx 00macTsix
30HH OIJISLLY, @ TAKOXK peIeKCHBHOT, CHTYALIHHO-a1anTUBHOT Ta NPOrpamMHoi (JopM yrpasitiHHs

|

JlokaneHa cTpateris NiATPUMKHA CKPUTHOTO
BunpomiHoBanHa PJIC, wo peanizyeTbes
KoHTYpoMm 1 ynipaeninHs PE3

|

TakTHka BUKOPUCTAHHS 3amacy CKpUTHOCTI
BUIPOMiHIOBaHHs 0a30BoT cTpykTypH PJIC

|

Taktuku yxunenus sin sarpos CPTP

(MaHeBp eHepreTHYHHM, POCTOPOBHM,

THMYACOBHM Ta YAaCTOTHUM PECYPCOM NpOTHAIT
CPTP ans nopyiieHHs ymoB 306iry

BianoBinHux napamerpie CPTP Ta PJIC)

|

Taktuku onopy 3arposzam CPTP Ha ocHoBi
KOMIUIEKCHOTO PajlioMacKyBaHHA 3
CUTYaUiiiHO-a1anTHBHOIO (OPMOIO YTIpaBNiHHS
(BianoBiaHO 10 3MiH cuTyauiit Beaenus PTP
BunpomintoaHe PJIC

|

Taxriku onopy 3arposam CPTP i3
pediekcuBHOWO (OPMOIO YNpaBaiHHS
cuTyauismMu BeieHHs PTP BunpomiHOBaHb
PJIC
(BUKOpHCTaHHA 1e3iHPOPMYIOUNX Ta
MacKylouMX BUIPOMiHIOBAHbL; YUacTh
oriepaTtopa 3 BUKOpHCTaHHAM 3HaHb [CIITTP
rpo B3aemoito CPTP - CAY sy Ta PJIC)

|

JlokanbHa cTpareris miaTpUMKH
3aBaflocTiiikoro 3oHayBanHs PJIC, wo
peanizyeThes KOHTYpoM 2 yrpaBniHHsg PE3

|

TakTtuku onopy 3arpo3am Ta BruuBam CPEIT 3
pednexkcuBHOO (GOPMOIO YTIPaBIiHHSA
cnocofamu NocTaHOBKA Ta BUJAMH aKTHBHHX
3aBajl
(MacKyrUMX BUIIPOMiHIOBAHB, [IPOBOKALLIH Ta
(OKEPTBM»; Y4acTk Ooneparopa 3
BUKOpHCcTaHHAM 3Hanb ICTITIP mpo B3aemomito
CAY¥pgn - CPEIT ta PJIC)

|

TakTuka BU KOPHUCTAHHA 3anacy

3aBajo3axuieHocti 6asopoi crpyktypu PJIC

v

TakTHkH yxuneHHs Bin eniaueis CPEIL

(MaHeBp eHepreTHYHHM, POCTOPOBHM,
TUMYACOBUM Ta YACTOTHUM PECYPCOM NPOTHAIT
CPEIT anst nopylieHHs yMOB 30iry

BinmosinHux napamerpie CPEII ta PJIC)

Taktuku npoTtuaii cuctemi nasenenns CPEIL
(30L1b1eHHA noMusiok HaBeneHHs CPETT Ha

PIIC)

v
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Puc. 1. BapianT 6a30Boi 6araToriiboBoi cTparerii nmporao3yrodoro ympasiinas npounecamu PE3 ormsinosoi PJIC
B YMOBaX HaBMHUCHUX aKTHBHHX 3aBaJl 1 iHGOpMaIiifHIX BILIUBIB, 10 3aBAKAIOTh, y IPOOIEMHUX 00IACTSX i1 30HH OTIIALY

Takruku onopy eruineam CPETT na ocHoBi
KOMIUIEKCHOIO 3aCTOCYBAHHA «PO3YMHHX»
abo/i cunoeux 3aco6iB PE3 i3 curyauiiino-

a1anTHBHOK (POPMOIO yrpaBIiHH: <

(BiAMOBIAHO 0 3MiH TAKTHYHHX Ta 3aBAJIOBHX
CUTYaLLi

'

TaxTuka nacuBHoro pexumy podotu PJIC
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Bin mepenbadae mis MOCATHEHHS TOJIOBHOT METH
YOpaBIiHHSA KiUIbKa HAmpaBiIeHb Ta JIOTIK IIPOIECIB
MIPUHHATTS YNPaBIIHCHKUX PIlICHb 3aJIE)KHO BiI pe-
3yJNbTaTy IMpPOTHO3a YMOB CHOCTEPEXKEHHS Ta IpHil-
HSTTS PilICHb.

J1o HUX BIIHOCATHCS:

1) komGOiHyBaHHS wLiTeH OKPEMHX CTpaTeriit
BHYTPIIIHHOTO Ta 30BHILNIHHOTO YNPaBIiHHI B HACTYI-
HINMOCIIAOBHOCTI IS

- CTBOPEHHS IepelyMOB Ta YMOB CTIHKOCTI Oe31e-
PepBHOTO Ta HOPMAaJbHOTO (DYHKIIOHYBAaHHS IIOTOY-
HOTO pexkuMy 30HAYBaHHS PJIC nuisxoM cTBOpeHHS 3a-
acy 3aBaJjioI03aXHIIEHOCTI B HOTO allTOPUTMI 3aCTOCY-
BaHHSIM MOJEJI 30HIYBaJbHOTO CHUTHATy 3 IIi/IBHIIE-
HOIO CKPUTHICTIO BHIIPOMIHIOBaHHS 1 CTIMKICTIO 10 3a-
BaJl y3TOXKEHOT 0OPOOKHU CHTHAIIIB, 1[0 MPUIMAIOTHCH;

- CTBOPEHHS YMOB JIJIsl 3a1100iraHHs BTPATH CKPUT-
HOCT1 BHIPOMIHIOBAHHS NUIIXOM 3aCTOCYBaHHs CTpa-
Terii peIeKCHBHOT MiITPUMKHU €HEPTeTHYHOT Ta CTPYK-
TypHOi ckpuTHOCTI BunpomintoBanHs PJIC i3 3actocy-
BaHHIM 3ac006iB PEM,;

- CTBOpPEHHS YMOB I 3a1100iraHHs BIUTUBY HeOe3-
MICYHUX aKTHBHUX 3aBaJ IMICJIsI BTPATH CKPUTHOCTI BH-
MIPOMIHIOBaHHS IUIAXOM 3aCTOCYBAaHHs CTpaTerii pe-
(ekcnBHOI MIATPUMKH 3aBaJOCTIHKOTO 30HIYBaHHS
aKTUBHUM iH(QOpMAIIfHIM BIUTHBOM Ha TUHAMIYHUH
crad KC Ta Bukopucransasam 3acobiB PE3;

- HaJIaHHs ONOpPY BIUIMBaM aKTHBHUX 3aBaj| LIS
XOM 3aCTOCYBaHHsI pEaKTHBHOI CTpaTerii BHYTPILIHb-
OT0 CUTYaTHBHOTO YINpPaBIliHHS, BUKOPUCTOBYIOUYHU 3a-
cobu PE3 s ix koMneHcanii un npuyneHHs;

- BUSIBJICHHSI IIPUXOBAHOTO YIIPABIIHHS IPOTUBHH-
KOM iH(OpMAIifHOT CTIHKICTIO PEXUMIB 30HIYBaHHS
PJIC i CAY., 3a pe3ynpTaTaMu OIiHOK IICHXOJIOTIYHOTO
TUCKY Ha cy0'eKTa ynpaBiiHHA, TOPYLIEHb AITOPUTMIB
MIPUAHATTS KEPYIOUNX PillleHb Ta HEY3rO/PKEHOCTI (hak-
TUYHO JOCSATHYTHUX ILiJIeHl 3 OYiKyBaHUMHM, a TaKOX
Ha/aHHs M omopy;

2) BHKOPHCTaHHS CTpaTeril MiATPUMKH 3aBanoc-
Tilikoro 3oHayBaHHs PJIC B yMOBax BIUIMBY aKTHBHHUX
3aBaJ] IUIIXOM 3aCTOCYBaHHS TaKTHK:

- 3 pedICKCUBHOIO (DOPMOIO YIPaBIIHHS CIIOCO-
0aMu TIOCTaHOBKH Ta BUJaMU aKTHMBHHUX 3aBaJ| y CHCTe-
Max CAypEn — CPEH;

- BUKOPHCTaHHS 3amacy 3aBafocTiiyocTi 6a3oBoi
ctpykrypu PJIC;

- mpotuii cucremi HaBeneHHs1 CPEIT;

- HajaHHA onopys miuBaM CPEIL; Bukopucranus
acuBHOTO pexxumy podotu PJIC;

3) BUKOpHUCTaHHS cupaTeril MoTaiHoi 3uiHN TUHA-
migHoTO cTany KC miisixoM TexHiko-iHGopMaIiiHoro
Ta ncuxodizuyHoro BmuBy Ha cucteMiCPTP — CAY-
pen, CAYpen — CPEIT xommexcy PEIT;

4) suxopuctanus crpaterii PE3 mist ymoB BuCO-
Koro cryneHto HeBu3HaueHocTi KC Ha ocHOBI 3acTocy-
BaHHs JIOTIKO-JIIHTBICTUYHOTO Ta/ab0 €KCIEPTHOTO YU
€BPUCTHYHOTO METOJIIB YIIPABIIHHS LIICNOKIIa aHHIM
3a HENPSMUMH O3HAKaMU IOPYIIEHHS CTIHKOCTI; oep-
KaHUX 32 JOIOMOTOIO IHTEJIEKTYaIbHUX METOMIB Ta 3a-
co0iB ynpaBiiHHS.

[Tpu nocraHoBLi LiNel TakoX BHU3HAYAETHCS TE,
4OTO HE MOYKHA pOOHTH 3a OYIb-IKUX OOCTaBUH.

HisienokjiagaHHA Ha cepeAHLOMY PiBHI ynpas-
ainna. [ligcucrema mporeciB iHTENEKTyalbHOTO YII-
PaBIiHHS eTanamMy LiJeTOKIa aHHs Ha IbOMY PiBHI 4a-
CTKOBO (popmaizye:

BHU3HAYEHHS, OOIPYHTYBaHHS CIOCOOIB JOCST-
HEHHS OCTAaBJICHUX CTPATEriuHUX IiJei;

OTPUMaHHs KEpYIOUUX pilleHb Juisi nepeGynoBu
ctpykrypu CAVYycT, noB'si3aHol 3 palioHaJIbHUM PO3-
noaiom pecypciB PEM, PE3 ta/abo 3aco06iB iHdpopma-
LiHOTO MPOTUOOPCTBA, HEOOXITHUX NOCATHEHHS IOC-
TaBIICHUX IIICH.

KepyrounMu mapameTpamu IpH HbOMY € TaKTHKH
Ta HOro pecypcH.

OCHOBHI  TaKTHYHI
PpIIICHD MMONATAIOTH Y:

- 3a100iraHHs pU3UKY 3aBASKH pe3yJbTaTaM Hpo-
rHO3y AuHaMiyHoro crany KC;

- YHUKHEHHS PU3UKY - YXWISHHS BiJ] BILUTUBIB, 110-
B'SI3aHUX 3 PU3UKOM;

- 3HWKEHHS CTYICHS PU3UKY - 3MEHIICHHS
HWMOBIPHOCTI BTpaT i CKOpPOYEHHs OYiKyBaHOTro iX 00-
cary;

- YTPUMaHHS JOIIyCTHMOTO PiBHS PH3HKY B yMO-
BaxX HEBHU3HAYEHOCTI PI3HOTO POAY HUIAXOM ii MOJIO-
JIAaHHS Ta OIOpY JAECTPYKTHBHUM BIIIMBAM 32 JIOTIOMO-
roro BOyZoBaHUX Ta noxaTtkoBux 3acobiB PEM, PE3 ta
Kibep3axucTy, OpieHTYIOUNCH Ha IHHOBAIIiifHI 3aco0u Ta
X KOMIUIEKCYBaHHS Uil KOHICHTpaLii 3yCHIIb /ISl BU-
koHaHHs1 PE3 BUMOT 10 TMHAMIYHOT CTIHKOCTI peXKHUMIB
3ounyBanHus PJIC;

- TONIYKY CYO0'€KTOM YIpaBIiHHA MOKIUBHUX
pillieHb 32 yMaMu HEBU3HAYEHOCTI BUCOKOTO PiBHSI, BU-
KOPHCTOBYIOUM HaKOINMYEHI 3HAHHs, NOCBiJ Ta CBOI
KpeaTUBHO-PEIICKCHBHI 3MiI0HOCTI.

[Ipu npomy OepeThCs I0 yBaru BiAMIHHOCTI CIO-
co0iB  IIeOCATHEHHS Ui  BHYTPIIIHBOTO  Ta
30BHIITHBOTO YIPAaBIiHb, a TAKOK:

- 0COONMBOCTI 3aCTOCYBaHHS: JIOTIKO-OIITHMAJb-
HOT'O JUIl YMOB BU3HaueHoCTi y pasi npoctux KC Ta pu-
3HKIB; JIOTIKO-JIIHIBICTHYHOTO Ta/ab0 EKCIIEPTHOIrO Ta
€BPUCTHYHOI'O METO/IIB TOIIYKY PILlIEHHS I yMOB He-
BU3HAYEHOCTI y pa3i ckiagHux Ta Herependauennx KC,
a TaKOXK CKJIaIHO (hOpMai30BaHUX 3aBAaHb LiJIETIOKIIa-
nauus [10-12];

- IHTerpyBaHHsS METOJIiB BUPILICHHS YIPaBIiHCh-
KHX 3aBJaHb [bOTO DPIBHS YIPABIIHHA 3aJICKHO Bij
YMOB CIIOCTEPEKCHHS.

Po3nozin oOMexxeHUX pecypciB 3/iHCHIOETbCS 3a
cxeMmoro "MeTa - aii - HeoOXigHMH pecypc” 3 BUKOHAH-
HAIM BHMOTM  MiHIMi3amii pecypcHHX  BHTpaT.
BupileHHs pecypcHHUX 3aBJaHb MOB'sI3aHe 3 JIBOMa OC-
HOBHHMH aclieKTaMd BHUOOPOM TAaKTHK, iXHBOTO pe-
CypCy ISl BHYTPIITHHOTO 200 30BHINIHBOTO yMPAaBIiHb
3 ypaxyBaHHAM cTaHy, tuHamiku KC ta po3nosiizom pe-
cypcis PE3.

[Ipobnema pinieHHs MOB'sI3aHa 3 TUM, 110 Ha IPaK-
TUII JUTSE JOCATHCHHsI MOCTABIICHUX IIIed MOTpiOHI
pi3HI pecypcH, KiJbKICTh SIKMX oOMexeHa. He moxHa
JOMYCTUTH HEeBiAMOBigHOCTI MiX 1insiMu CAYcem Ta ii
pecypcamu, HeOOXiaHI ISl IX JOCSATHCHHS.

[Hakime BHHHMKae noTpeda MOIIYKY PECYpCHOro
kommpomicy. JlocsAarTd 3HMKEHHST 00csITy HEOoOXiTHUX

NPUHAOMH  yNIPaBIiHCBKUX

131



Advanced Information Systems. 2021. Vol. 5, No. 4

ISSN 2522-9052

pPECYpCiB MOXUIMBO BiZOOpOM HaWOinbII €deKTUBHUX
OKpeMHX cTpaTeriyHux 3aBganb PE3, iX TakTuk i KOM-
IUICKCYBaHHA HaiOImbIm e(eKTHBHUX pecypciB 3
ypaxyBaHHAM MOXIIMBOTO 3aCTOCYBaHHS THX CaMHX
TaKTHK.

Criertugika TpoIEeciB IBOTO PIiBHSA TaKOXK 3alie-
KHUTH BiJI IPOIIECIB PalliOHAIBHOTO BUOOPY Ha OJIKHIO
MEPCIEeKTHBY TAaKTHK Ta PO3IMOJULY IX pecypciB Bif
BuAy oOpaHOI METH Ha BEpXHbOMY DiBHI, CTaHy Ta IH-
Hamiku notounoi KC.

HinenokyafaHHd HA HUKHLOMY pPiBHI ynmpas-
JinHg. OcoOSHHOCTH LieJernoiaraHusi Ha TOM YpOBHE
CBs3aHBI ¢ OOeclieueHNneM KpaTKo BpPEMEHHOU HH)Op-
MAaIOHHOH CTAaOMIBHOCTH PEXHMOB 30HIUPOBAHUS
PJIC: mepectpoiikoir cTpykTypsl CAVYyer, Ha TEKYIIHHA
MIepUoJT BPEMEHH, pPeann3yromieil BBIOpaHHBIX TAKTHK C
peTyIUpOBaHNE PEKUMOB U APaMETPOB HA3HAUEHHBIX
cpencts POM u P33, cpencts nHpOpMaIHOHHOTO TIPO-
TUBOJICHCTBHUS; KOHTPOJIEM M aHAJIM30M pe3yJbTaToB
YIPABJSIIONIUX BO3JEUCTBUIM, a TAKXKEe MHULUATU3ALUN
yCTpaHEHHsI OTKIIOHEHUH OT BHIOpAHHOI Lenu ImyTeM
KOPPEKTHUPOBKH METO/I0B BEIOOpA U paclpe/ieieHus pe-
CypCOB, 3aTpaT PECYpCOB U BPEMEHH HPUHSITHUS perie-
HUSI UM CTPATETUYECKOM LEeIH.

Ocobyto posib Ha 3TOM 3Tame UrpaeT KOHTPOJb
(haKTHYECKOTO COCTOSHHS YCTOHYHMBOCTH OOBEKTa
YIOpaBICHUSI B PE3yJbTaTe BBHINOJIHEHUS BHEUIHUX H
BHYTPECHHHUX YNPABIAIOMNX BO3JEHCTBUHA B MEPECTpPO-
eHHOU CAVycr.

Crenyer OTMETHUTH CIeUU(HUKY MPOIECCOB Mepe-
crpoiiku cTpykTypsl PO3 B CAYycT u KOHTpomis pe-
3yJNbTAaTOB ILeJNieNolaranksi OT BHJA BBHIOpaHHOI Ha
BEPXHEM ypPOBHE IIEIIH.

Oco06IMBOCTI LIJIENOKIIaIaHHS HA LIbOMY PiBHI I10-
B's3aHi 13 3a0e3meueHHSIM KOpPOTKOYacHOI iH(Op-
MaliiHoi cTaOLIBHOCTI pexumiB 30HayBaHHS PJIC:

nepeOynoBoro cTpykTypu CAVYer, Ha MOTOYHUHA
mepion 9acy, o peainizye oOpaHi TaKTHKHU 3 PEryIro-
BaHHS PESKUMIB Ta MapaMeTpPiB MPU3HAYCHHUX 3ac00iB
PEM, PE3 Ta indpopmamniitaoi npoTumii,

KOHTPOJIEM Ta aHaJli30M pPEe3yJIbTaTiB KePYIUnX
BIUIMBIB, a TAaKOX iHiIianmi3amil yCyHeHHs iX BIAXHUIICHb
BiJ 00OpaHOi METH HIJISIXOM KOPHUTYBaHHSI METOJIB BH-
00py Ta pO3MOJIiIYy PEeCypcCiB, BUTPAT PECYpPCiB Ta 4acy
MPUHHATTS PIilIEHHS 9M 3MiHU CTpATETivHOI METH.

Oco0nuBY poJb IIBOMY €TaIli rpae KOHTPOJb (ak-
TUYHOTO CTaHy CTIHKOCTI 00'€KTa yNpaBIliHHS B PE3yJib-
TaTi BUKOHAHHS 30BHIIIHIX 1 BHYTPIIIHIX YIPaBIsSIOUNX
BILIMBIB y nepedynoBaniit CAY . Ciix 3a3Ha4nTH CcIie-
mudiky npoueciB nepedynosu ctpykrypu PE3 B CAVY
Ta KOHTPOJIIO PE3yNbTaTiB BU3HAUCHHS METH BiJ BUIY
00paHOT Ha BEpXHbOMY piBHI METH.

3a pesyibTaTaMH MOCTIIOBHHUX OIEPATHBHUX
MOPIBHAHD HEY3TOJPKEHOCTEeH (aKTUYHHX CTaHiB
00'exTa ynpaBiliHHS 3 IJILOBUMH | st 52|, pecypc-
HUX BHUTpAT, PE3yJIbTATIB aHAII3y HAKOIMYEHHUX JaHUX
po 3actocoByBaHy ctparerito PEII Ta mporHo3iB 3mMiH
KC 3niiicHIOIOTBCS 3MiHM CTpaTeTivuHUX IIijeit i Oyay-
IOThCSL TPAEKTOPii BHYTPIIIHHOTO Ta 30BHINIHHOTO
ynpasiliHHS cTaHOM Ta AnHamikoro KC juis nocsirHeHHs
rongoBHoi Metu PE3.

BaxmnBoro 0COOJMBICTIO OIIHKK BiXIIOBIZHOCTI
(aKTHYHUX TTOKA3HHUKIB e(EeKTHBHOCTI yHpaBIiHHA
OUiKyBaHUM IIPHU LIJICTIOKJIAAaHHI € 3aCTOCYBAaHHS IIH-
POKO TIOIIMPEHWX Ha MPAKTHII XapaKTepHHUX iHIHMKa-
TopiB edektuBHOCTI poboTm 3acobiB PEM i PE3
[2,8,16]. ImgmkaTopHI  TOKa3HUKH  JTO3BOJIAIOTH
BHUMIPSTH BHECOK IIMX 3ac00iBB (y 3B'A3KYy 3 IOKa3HU-
KaMu e(eKTUBHOCTI yNpaBiiHHS I[JICHIOJAaraHHsAIM Ha
iepapxiYHUX PIBHIX) y JIOCATHEHHS IWIed crparterii
ynpasiinas PE3.

BucHoBku

Jnst migBumeHHs Ta 3abesmnedeHHs iHQopMa-
HiiHOI CTIHKOCTI peXKUMIB 30HAYyBaHHS orysanoBoi PJIC
B yMoBax ii NpuaylIeHHs: KEPOBaHUMH aKTHBHUMH 3a-
BaJaMM Ta iHQOpPMAaLiiHUMHU BIUIMBAMH, IO 3aBaXka-
}0Th, CHCTEMHO TPOaHaJi30BaHi 0COOIHUBOCTI CIOCO0IB
i 3ac00iB yIpaBIiHHSA MPOLIECAMH I[JICTIOKIAAHHS B
CTPYKTYpi cIlieliajli3oBaHOi CHUCTEMH aBTOMAaTH30Ba-
HOTO YIpaBIiHHA 1 Ha eTanax ii pyHKIioHyBaHHs. BoHU
pI3HOMAaHITHI 1 MOB'I3aHi 3 MiIABHUIICHHIM PiBHIB (op-
Majizamii Ta iHTeleKTyami3almii ii KOHTYpiB BHYTpIMI-
HBOTO Ta 30BHIIIHBOTO YIIPABIIiHb JUHAMIYHIM CTAHOM
KOH(IIKTHUX CHUTYaIliH.

Ile, y cBoro uepry, I03BOJIMTH OTpUMaTH Oi-
JBITY OOTPYHTOBAHICTH 1 OIEPATHBHICTh MPUHHATHX
KEpYIOUHX pillieHb IpH Ae(iLUTI Yacy Ha X MPUHHATTS,
3MEHIICHHS HOMWJIOK LICTTOKJIAAaHHs ISl PI3HUX KOH-
(GIKTHUX cuTyaliil. Y 1IbOMY BpaxOBYEThCS BiIIOBiA-
HICTh ILIJIEH ynpaBiiHHsA iHQOpPMAIiHOIO CTIHKICTIO
HOTOYHOTO PEXUMY 30HAYBaHHS KOHKPETHHM KOH(III-
KTHUM CHUTYallisiM, 5IKi BAHUKAIOTh y TIPOOJIeMHHX 00J1a-
ctsx 30uu orysiny PJIC. TlpencraBneni cocobu Ta 3a-
COOM CHIPHUATUMYTh IOAAHHIO CHHTE30BaHMM I 4ac
KOH(IIKTy 0araTomiJibOBUM CTpaTeTisiM 1 CHTY-
arifHOMy 3aKkoHy ympaBiiHHs mpouecamu PE3 i koop-
IUHAIT Iii 0a)kaHUX BIIACTUBOCTEM.

BaxuimBuM  iHCTpyMeHTOM  4acTkoBoi  (op-
MaJtizalii ynpasiiHHS [IIENOKIIAaHHs € 3aIIPOIIOHOBA-
HU# BapiaHT 6a30BO1 6araTomiibOBOI CTpaTerii MPOrHO-
3ytodoro ympaiiHHs mporecamu PE3, Oepyuu 1o
yBard BiIMIHHOCTI LiJIeH 1 IPOLIECIB yIpaBIiHHS Liie-
NOKJIAaJaHHSIM JUIsi BHYTPIIIHBOTO 1 30BHIIIHBOTO
yrnpaBiiHb. ba3zoBa cTpaTeris MiCTUTh 3araibHi Ha-
npsmMu PE3 3 pi3HuMH soTiKaMu npoueciB MpUHHATTS
KEpiBHUX pIllleHb 1 JOCSATHEHHS nocTtaBieHoi Metu PE3
3aJIe)KHO BIJI BJIACTUBOCTEN IMHAMIYHHMX CTaHIB KOH-
¢aikTHUX cuTyaniii. BoHa € Takox mKepenoM ampiop-
Hoi iHpopMarii oOrpyHTyBaHHSI BUOOPY LiJeH, TAKTHK
Ta iX pecypcis.

s moBHOTO BU3HAYCHHA KPUTEPIiB SKOCTI yII-
paBIIiHHS I[JIETIOKJIaIAHHSIM TOTPiOHO 3aBAaHHS i€pap-
XI4YHO TOB'A3aHOI CHCTEMH BIAMOBIZHUX IMOKA3HHUKIB
e(eKTUBHOCTI Ta METOIWKH IXHBOTO pO3PAXyHKY.
OTpuMaHi pe3yJIbTaTH IpU IIbOMY BXOJAUTHMYTb JI0 OC-
HOBHHX IOJIOXKEHb TaKOi METOANKH 3 ypaxyBaHHIM BH-
3HAa4YeHHS 30H JOMYCTHMHUX BTpaT AMHAMIYHOI CTiHKO-
CT1 00'€KTa yIpaBIiHHS, a TAKOX MONEPEPKYIOUNX BH-
HUKHEHHS] KPUTHYHHX 1 KATacTPOQi4HUX HEY3T0JHKEHO-
cTell (akTHYHMX 3HAYCHb IOKAa3HHMKIB €()EeKTUBHOCTI
YIPaBIiHHS 3 TIOTPiOHUMHU.
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Oco0eHHOCTH LIeJIeN0IATaHusl NPH o0ecnedeHNH HH(POPMALIMOHHOI yCTOHYMBOCTH
pexuMoB 30HaupoBaHus 0063opHoii PJIC B nponecce X paguo03JIeKTPOHHOIO IIOJABJICHUSA

B. M. Kannenan, A. A. Moruia

AHHoTanus. PaccMaTpuBarOTCs 0COOCHHOCTH YIPABIICHUS IICNICMOIAraHUEM MPU 00ecTeyeHUH HHHOPMAIIMOHHOM
YCTOHYHBOCTH PEIKUMOB 30HIUpOBanus 0630pHO# PJIC mpu ee moaBJICHUN aKTUBHBIMU TIOMEXaMH U MEUIAIOIUMHI HHPOP-
MAIHOHHBIMH BO3[IeiCTBUAMU. [IpeooIeH s CII0KHOCTH MPOLECCOB IieNienoaranus, 000CHOBAHHOCTH U OTIEPATHBHOCTH
MPUHATHS PEUICHU pu AeQUIUTe BpEeMeHH Ha ero MPUHITHE CBA3aHbI ¢ 00ecledeHneM CHCTEMHOCTH MPOLECCOB LENeIo-
JaraHus, NOBBIIIEHHEM YPOBHEH UX MHTEIUICKTyanu3auud u GpopMaiusanuu. ITo OyaeT cnocoOCTBOBATh NMPUIAHUIO, CHH-
TE3UPYEMBIM B XOJ¢ KOH(IMKTAa MHOTOIICICBBIM CTPATEIUsIM M CUTYallHOHHOMY 3aKOHY ympaBlieHus mnpoueccamu PD3 u
KOOPJIMHAIUU JCHCTBUIl JKEeNaTeNbHBIX CBOWCTB. IIOBBINICHHE YPOBHS HMHTEIUICKTYalW3allMH MPOILECCOB IEJeHoIaranus
obecreuynBaeTcs: NEKOMITO3UIIMEH OOIIeH 3a/1a4uu IieNienoyiaraHis Ha OTAeNIbHbBIC 0oJiee MPOCThIe Moa3aaaun ¢ 3pPpexTus-
HBIMH PCHICHHUSIMH, pealn3yeMble B cOOTBeTCTByOMUX noacucteMax CAVYyer (Mu 6a30BBIX 00BEIUHCHUAX €€ (PYHKIIHO-
HAJIBHBIX JJIEMEHTOB) Ha 3TamaXx WHPOPMALHMOHHOTO OoOecIeuYeHwus, MOArOTOBKH, MPHUHSATHS H pealu3aldd pelleHHi Ha
HepapXU4ecKUX YPOBHSIX YIPAaBICHHUsS; KOTHUTHBHBIM aHAIN30M Ieliedl U pedIeKCUBHBIM CHHTE30M IPOLIECCOB I[eNenoa-
raHus C MPUBICYCHUEM BO3MOKHOCTEH CIIEeHATN3UPOBAHHON HHTEIICKTYAIbHOM CHCTEMBI TOAEPKKU MPUHSATHS PEIICHUN
IUTSI yCUJICHUST KPeaTUBHO-PE(IICKCUBHBIX CIIOCOOHOCTEH CyOheKTa yIpaBIeHUs U MOBBIIICHHS YPOBHS ero mpogeccHoHalb-
HBIX KOMIICTCHIIN; COBMEIICHUEM YHUBEPCAIBHOCTH 3TANOB PAI[HOHANBHBIX YIIPABICHHS CUHTE30M CTPATETHH YIPABICHUS
nporneccamu PO3 co cnenupukoil KOHPIUKTHBIX CUTYAIlHi, CYObEKTHOCThIO, KOTHUTUBHOCTBIO U PE(PIICKCHBHBIM XapaKTe-
POM MHTEIUICKTYaIbHOTO yIpaBieHus. [IpencTaBiaeHbl CIOCOOBI M CPEACTBA YaCTUIHOW (HOPMATU3AIMU MTPOIECCOB IIEJIEIO-
JaraHus, KOTJa CTPYKTYpHPOBAHUE TJIABHOM 1IeJIM MPOU3BOJUTCS C YUYETOM MPUHAMICKHOCTH K CTPATETUSAM BHYTPEHHETO U
BHEIIHEro ympasienuii PO3, nexoMmo3uiuu 2-XCTOPOHHEH ANHAMHYECKOW MOJAENH KOHGIMKTa MEXKIy CHCTEMaMH KOM-
mnekca POIT u PJIC, nepapxuu ypoBHe! yrpaBieHUs, IPUMEHIEMBIX Pa3IMYHBIX MMOAXO0A0B K I[EJIETIONaraHnuio B KpU3UCHOM
VIPaBICHUH, a TAKKE METOJ0B 0OOCHOBaHUS IIeJieil, 3aTpaT pecypcoB W KOHTPOJS KaueCTBa MJOCTHIKECHHUS MOCTABICHHBIX
meneid. ITH 0COOEHHOCTH TO3BOJISIOT CYNECTBEHHO CHU3HUTh CTEINeHb CYyOBEKTUBHOCTH YIPABISIOMIUX PEIICHHUH IS 11elie-
MOJIAraHus ¥ TOOUTHCS UX 0OOCHOBAHHOCTH, MOJHOTHI, HEPOTHBOPEYMBOCTH U COTIACOBAHHOCTH.

KnioueBble ciloBa: cucTeMa ympaBieHHs; KOH(QINKTHAS CHTyalus; HEONPEIEIeHHOCTh; YCTOWIMBOCTS; IeJIeroara-
HUE; IPUHIATHE PEIICHUH, PaJHO3TeKTPOHHAS 3aIIUTa.

Peculiarities of purpose in providing the information stability of surveillance radar sensing modes
in the process of their radio electronic suppression

Valery Kantsedal, Anatoly Mogyla

Abstract. Itis possible to look at the special features of the goal setting while ensuring information stability of radar
sounding modes when they are suppressed by the active interferences and interfering information influences. Overcoming
the complexity of goal-setting processes, the validity and prompt decision-making with a shortage of time for its adoption
is associated with insuring the consistency of goal-setting the levels of their intellectualization and formalization. This will
contribute to imparting the desired properties, synthesized during the conflict, to the multipurpose strategies and the situa-
tional law of the control of the REP processes and the coordination of actions. An increase in the level of intellectualization
of goal-setting processes is ensured by: decomposition of the general goal-setting problem into separate, simpler subtasks
with effective solutions, implemented in the corresponding subsystems of the ACSstab (0or basic associations of its functional
elements) at stages of information support, preparation, adoption and implementation of the decision at the stages of hier-
archical levels of management; cognitive analysis of goals and reflexive synthesis of goal-setting processes using the capa-
bilities of a specialized intelligent decision support system to enhance the creative-reflexive abilities of the subject of man-
agement and increase the level of his professional competencies; combining the universality of the stages of rational man-
agement of the synthesis of the strategy for managing the REP processes with the specifics of conflict situations, subjectivity,
cognition and reflexivity nature of intellectual control. Methods and means of partial formalization of goal-setting processes
are presented, when the structuring of the main goal is carried out taking into account belonging to the strategies of internal
and external control of the REP, the decomposition of the two-sided dynamic model of the conflict between the systems of
the RES complex and the radar, the hierarchy of management levels, various approaches applied to goal-setting in a crisis
management, as well as methods of justifying goals, resource costs and control of achieving the goals. These features can
significantly reduce the degree of subjectivity of management for goal-setting and achieve their validity, completeness,
consistency.

Keywords: control system; conflict situation; uncertainty; stability; goal setting; decision making. electronic protection.
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MATHEMATICAL AND PHYSICAL BASIS FOR DEVELOPING A SIMULATOR
FOR TOWING AND PULLING OF WHEELED AND TRACKED MACHINES

Abstract. The subject matter of the article is the towing and pulling of wheeled and tracked vehicles with the use
of cable ropes and dynamic slings. The goal of the study is to determine the mathematical and physical basis for the
development of a simulator for towing and pulling wheeled and tracked vehicles for researching to study the
possibility of using aramid fibers of cable-ropes and dynamic slings. The tasks to be solved are: based on the analysis
of the main roads and ground characteristics to formalize the list of calculated parameters and physical quantities determine
the amount of evacuation work when pulling, towing and transporting wheeled and tracked vehicles; to develop a
mathematical model that describes the process of pulling and towing wheeled and tracked vehicles using cable ropes and
dynamic slings. General scientific and special methods of scientific knowledge are used. The following results are
obtained. By analyzing the main characteristics of roads and ground, a formalized list of design parameters and physical
quantities that determine the volume of evacuation work during the towing and pulling of wheeled and tracked vehicles was
obtained. Mathematical model, describes the process of pulling and towing wheeled and tracked machines using cable
ropes and dynamic slings have been compiled as a system of equations with different order. analyzed existing technology
for the production of aramid fibers, their strengths and weaknesses, and formed a research polygon with regard to the
peculiarities of the operation of wheeled and tracked vehicles. Existing technology for the production of aramid fibers, their
strengths and weaknesses, and formed a research polygon with regard to the peculiarities of the operation of wheeled and
tracked vehicles have been analyzed. Conclusions. The main roads and ground characteristics that determine the vehicles.
evacuation conditions are the following: the type of road or ground, their possibility depending on the season and
precipitation, the presence of ascents and descents, as well as the nature of road (ground) interaction with caterpillars
determined by resistance coefficients. movement and traction. The mathematical model of pulling a wheeled and tracked
vehicle using cable ropes and dynamic can be presented as a system of equations: the jerk carried out by the machine in
time reflected third-order differential equation, assuming that all the energy accumulated by the cable is numerically equal
to the work of moving stuck machine, corresponds to the equality of the corresponding integrals; the properties of aramid
fibers that affect the strength and performance characteristics of cable ropes can be formally expressed through the
elongation of the cable. Analysis of strength and service properties of aramid fibers opens the way to improvement of
manufacturing technology of cable ropes and dynamic slings for pulling and towing of wheeled and tracked vehicles.

Keywords: towing and pulling of wheeled and tracked vehicles; cable ropes and dynamic slings; strength and

performance characteristics of aramid fibers; the mathematical model of pulling a wheeled and tracked vehicle.

Introduction

Formulation of the problem and research tasks.
It is well known that the immediate evacuation of
wheeled and tracked vehicles (WTV), in particular
armored weapons and military equipment (AMWE),
facilitates the rapid return of the equipment to action
and, in the time of combat, also prevents it from being
destroyed or captured by the enemy. Vehicle recovery is
a complex technical task which is often hindered by the
use of towing cables with their lack of strength and
serviceability. Traditionally, steel cables left over from
the Soviet Army are used to evacuate vehicles. The
appropriate method of AMWE evacuation relevanted at
that time and designed for low-skilled personnel, is not
only time- and resource-intensive and non-ergonomic,
but also very dangerous. At the same time, the
emergence of new technologies in the production of tow
ropes and dynamic slings has expanded the possibilities
of use for the manufacture of the last fibers with more
attractive performance and strength properties.

Modern aramid fibers have the highest tensile
strength and modulus of elasticity, if we consider the
ratio of these indicators to their density. They are
resistant to most conventional organic solvents,
combustibles and lubricants. Under the action of very

strong acids and alkalis, its strength decreases, but it is
more resistant to corrosion factors, such as salt water.
Therefore, the possibility of using cable-ropes made of
modern aramid fibers for pulling and towing AMWE
require additional research. It is clear that the cost of
field experiments due to their destructive nature is too
high. Physical modeling is also not a suitable method of
analyzing the effectiveness of hostilities due to the
difficulty of finding an adequate physical analogue to
the processes that take place during hostilities.

Thus, the actual is problem to develop new
methods of evaluation of the wuse of existing
technologies both to assess the feasibility and to identify
methods of using aramid fibers cable-ropes and
dynamic slings for the towing and pulling the coils.

Analysis of recent research and publications on
the above issues shows the relevance of the study. The
order of organization of evacuation of tanks,
methodology of calculation of tractive forces for
different types of jams; order of loading of tanks on
vehicles are presented almost without changes in
textbooks that have been published during the last ten
years [1, 2]. The material submitted in the style of
advice and instructions, of course, is easy to digest, but
does not reveal the mathematical and physical principles
of towing and hauling of wheeled and tracked machines
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and, The design is not intended to be used as a basis for
investigating the feasibility of using aramid fiber cable
ties and dynamical slings.

The methodology for calculating the forces acting
on the towing objects from the side of the towing link
used in the modeling of the towing process, has been
considered quite thoroughly for marine objects [3], but
its use for WTV samples requires some refinement due
to the specific conditions of the application.

The goal of the study is to determine the
mathematical and physical basis for the development of a
simulator for towing and pulling wheeled and tracked
vehicles for researching to study the possibility of using
aramid fibers of cable-ropes and dynamic slings. To
achieve this goal the following research tasks are solved:

— based on the analysis of the main roads and
ground characteristics to formalize the list of calculated
parameters and physical quantities determine the
amount of evacuation work when pulling, towing and
transporting wheeled and tracked vehicles;

— to develop a mathematical model that describes
the process of pulling and towing wheeled and tracked
vehicles using cable ropes and dynamic slings;

— to analyze the existing technologies for the

production of aramid fibers, their advantages and

disadvantages, and to draw conclusions about the
feasibility of additional processing of aramid fibers,
given the peculiarities of the operation of wheeled and
tracked vehicles.

Main material

1. Roads and ground characteristics and a list
of calculated parameters and physical quantities that
determine the evacuation work amount during the
towing and pulling WTV samples. The nature and
scope of evacuation work during the towing and pulling
of WTV samples largely depend on the condition of
roads and ground. The main roads and ground
characteristics that determine the vehicles. evacuation
conditions are the following: the type of road or ground,
their possibility depending on the season and
precipitation, the presence of ascents and descents, as
well as the nature of road (ground) interaction with
caterpillars determined by resistance coefficients.
movement and traction.

To compile the differential equations of the
process of pulling and towing wheeled and tracked
machines, we will use the following provisions. The
possibility of machines on all ground is determined by
the coefficients of adhesion and drag.

The resistance to movement resulting from the
interaction of the tracked vehicle with the ground and
ground deformation is characterized by the drag
coefficient f. The resistance of the WTV caterpillar
depends on the design parameters of the caterpillar, the
cost of friction in the chassis and some transmission
units, ground quality and speed.

The greatest force with which the ground keeps the
tracks from slipping is called the traction force by
traction, which is characterized by the track-to-gravel
coefficient ¢. The traction coefficient depends on the
quality of the ground, the specific pressure of the

crawler and the design of the tracks. The drag and
traction coefficients for the tracked vehicles for the most
typical road conditions obtained by experiment [1, 2, 4].

2. Mathematical model for the evacuation of
wheeled and tracked vehicles using cable ropes and
dynamic slings.

2.1. To successfully carry out evacuation work, it is
necessary to correctly determine the traction forces
required for the towing and pulling of the WTV and the
evacuation capabilities of the available traction means. Let
a vehicle of mass M get stuck, having gone deep into the
ground with certain characteristics to a depth h, having an
angle of inclination o and an divergence angle of the
tractive effort with the direction of movement £ (Fig. 1).

—

Fig. 1. Forces acting
on the WTV sample during towing and pulling

When towing and pulling the machine, it is
necessary to overcome the resistance force R, which
depends on many reasons - technical condition of the
machine, ground conditions, depth of the jam, angle of
inclination, etc. According to [1], the value of R is
calculated as the sum of the main resistance (the so-
called ground drag) R1 and the additional resistance R2

R=R1+R2, (1)

where R; takes into account the takes into account
sliding friction on the ground f, the ground tilt angle o
and the depth h.

R2 takes into account the difference between the
tractive force strength and the angle deviation machine's
displacement strength [, the additional length at
continuous stalling or at hardening or shrinking of the
ground; the coefficient of aggregation with the ground
in case of jamming of the running gear of the machine.

For example (Fig. 1), will consider for the car with
a serviceable running gear:

Ry =Mg(f cosa+sina). 2

When jamming the running gear Ry is determined
by the formula:

Ry = Mg(¢cosa+sina), 3)

here M — mass of the vehicle; f and ¢ — the coefficients
of resistance to motion and adhesion, respectively.

2.2. Assume that the machine is pulled and towed
by a tractor, the traction capabilities of which allow you
to create traction on the hook of the tractor in these road
conditions. This force is transmitted by a cable whose
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pulling force T acts on the machine. When pulling and
towing, the machine will move with acceleration a .

Based on this, according to Newton's second law,
we can write:

T+Mg+R=Md 4)

Expression (4) neglects the mass of the cable itself. Taking
into account the mass of the cable m, it will look like

T+(M+m)g+R=Ma,

Here T — cable pulling force; R — resistance force; a —
machine acceleration; M — vehicle’s mass; m — cable’s
mass; g — acceleration of gravity.

If we assume that the cable has length | and is
made of a material with density p, then the expression ()
will have the form

T+(M+pl)g+R=Ma. (5)

Pulling and towing can be done jerkily. This
means the volatility of the acceleration can over time.
From time to time the machine will pass the distance S,
changing its position x(t). Given that

dv(t)  d2x(t
a(y - 20 -0 ®)
dt
the (5) can be designed and written in scalar form:

d2x

T —((M +pIS)gsinp+ Rcosp) =Md—2, )
t

here f — sliding friction on the ground; a — the ground
tilt angle; p — angle deviation machine's displacement
strength; 7' — cable pulling force; R — resistance force;
| — cable’s length; p — cable’s density. S — rope diameter.

In these calculations it is assumed that the rope
consists of one strand. If a cable is stranded with n, then
the tension is multiplied by n.

At the same time, the force T is also not constant,
because the cable has damping properties. We will
assume that all the energy accumulated by the cable-cable
is numerically equal to the work of moving the stuck
vehicle. In analytical form, this equality will look like

1+Al Xf d X
j Tdl = j (M —)d (8)
I Xin

here xin — initial position of the vehicle; x; — final
position of the vehicle; M — mass of the vehicle; T —
cable pulling force.

After transforming the formula, we get

1+Al Xin Liin d2x
[ = [ (m —)dx— [ M=—v()dt =
I VlOlt tnO‘t dt
tg 2 It ty tf 3
= ax @dt—J'J'Md—dt: 9)
dt? 7 dt dt®
tin tin tin tin
ty tf
=M [ [ i@,
tin tin

3
here j(t) = d—: —a jerk made by the vehicle in time [5, 6].
dt

2.3. In general, the cable pulling force T is defined
T=cS, (10)

here o— is the mechanical tensile stress of the cable
material, N/mm?.

The value o is determined by the characteristic of
the material forming the research set.

The expression (10) can be written taking into
account the relative elongation of the cable:

T=EeS = ETIS

(11)
Here E — Jung's module; ¢ — the relative elongation of
the cable.

2.4. If a cable with a length | has an absolute

elongation Al , then its relative elongation is equal to
e=Al/l (12)
A cable made of synthetic material, when
deformed, has an elongation
|
Al=1| [ — a , (13)
aTb aTb

here | — cable-rope length; 7 — the maximum allowable
tension in the cable-rope; T — the working load of the
cable-rope; T, — breaking strength of the cable rope; a —
dimensionless coefficient depending on the material and
construction of the rope [3, 7, 8].

Aramid fibers have different trade names. The
values of the coefficient a are presented in table 1

Table 1 — Values of coefficient a

Type of rope Polymer name Coefficient
value a
: Polyamide 35
Braided Polypropylene 11
eight stranded YPropy
Polyester 11
Twisted Poﬁ?/:){zg];?:ne 2é8
eight-strand Polyester 7E

3. Use of aramid fibers in the production of
cable ropes and dynamic slings for towing and
pulling of vehicles. In the authors’ opinion, researches
of various technologies of aramid fibers additional
treatment with usage of high-molecular hydrocarbons
can be considered perspective.

Thus, analysis of strength and service properties of
aramid fibers opens the way to improvement of
manufacturing technology of cable ropes and dynamic
slings for pulling and towing of WTVs.

Aramid fibers form a completely new and separate
category of organic fibers. Fibers in this category have
the highest tensile strength and modulus of elasticity as
measured by their ratio of strength to density. They are
resistant to most common organic solvents,
combustibles and lubricants.

When exposed to very strong acids and alkalis, its
strength decreases, but it has greater resistance to
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corrosive factors like salt water. The authors analyzed
existing technology for the production of aramid fibers,
their strengths and weaknesses, and formed a research
polygon with regard to the peculiarities of the operation
of wheeled and tracked vehicles.

Particular attention should be paid to the harmful
effects of ultraviolet light, atmospheric phenomena and
lubricating contaminants. It is found out that necessary
breaking force of aramid cable-rope is provided by less
number of threads in accordance with high tensile
strength. Moreover, the weight of a cable made of
aramid fiber is estimated to be 5 to 6 times less than the
weight of steel fiber, which is crucial for the actions of
the vehicle crew.

However, for aramid fibers, the most aggressive
substances are those in contaminated air. It follows that
active ultraviolet light and atmospheric precipitation
will have a negative effect on the performance
characteristics of the cable ropes. To mitigate such
impact, cable-rope production technology requires
improvements in terms of acquisition of certain
properties of chemical fibers or additional treatment of
fibers produced by existing technologies. For this
purpose the authors have analyzed physicochemical
peculiarities and mechanism of formation of web fibers.

The main differences in the process of their
formation include enzymatic biosynthesis by matrix
block-copolypeptide with a given sequence of amino acid

residues; the formation of fibroin filaments occurs at high
speed by crystallization oriented in the axial mechanical
field; the process of polypeptide synthesis and filament
formation can be considered as isothermal [9-13].

Conclusions

The main roads and ground characteristics that
determine the vehicles. evacuation conditions are the
following: the type of road or ground, their possibility
depending on the season and precipitation, the presence
of ascents and descents, as well as the nature of road
(ground) interaction with caterpillars determined by
resistance coefficients. movement and traction.

The mathematical model of pulling a wheeled and
tracked vehicle using cable ropes and dynamic can be
presented as a system of equations: the jerk carried out
by the machine in time reflected third-order differential
equation, assuming that all the energy accumulated by
the cable is numerically equal to the work of moving
stuck machine, corresponds to the equality of the
corresponding integrals; the properties of aramid fibers
that affect the strength and performance characteristics
of cable ropes can be formally expressed through the
elongation of the cable.

Analysis of strength and service properties of
aramid fibers opens the way to improvement of
manufacturing technology of cable ropes and dynamic
slings for pulling and towing of WTVs.
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MartemaTnuHne Ta QiudHe MATPYHTS IS PO3POGJIEHHS CHMYJ/ISITOPA BUTSATYBAHHS
i OykcyBaHHSI KOJIICHHUX Ta IyCeHMYHUX MALIUH

O. C. Ceprees, A. 1. Kpupomarnka, O. B. Icakos, B. O. Jlucenko, B. I. Mockanenko, C. B. bypain

Axorauis. [IpeaMeToM BHUBYEHHSI CTAaTTi € BHTATYBAaHHS i OYKCYBaHHA KOJICHHMX Ta T'yCEHWYHMX MAIIHMH i3 3aCTOCYBaHHIM
Ka0eb-TPOCIB Ta JUHAMIYHHX CTpOI. MeToI JAOCTiIZKeHHsI € BU3HAYCHHS MATEMATAYHOTO Ta (Hi3MYHOTO MiAIPYHTS JIsi PO3POOICHHS
CHMYyJATOpa OYKCHPYBaHHS 1 BUTATYBAHHS KOJNICHUX Ta TYCCHHYHHMX MAIIWH JUIS JOCIIDKCHHS MOYKITMBOCTI BUKOPHCTAHHS apamiTHIX
BOJIOKOH KaOeJb-TPOCIB Ta JIMHAMIYHHX CTPOIL. 3aBIaHHA JOCTiKeHHs: Ha OCHOBI aHasli3y OCHOBHMX XapaKTEPHUCTUK JIOPIT i IPYHTIB
(hopMati3yBaTH Mepertik PO3paxyHKOBHX MapaMeTpiB Ta (DI3UUHUX BEIMUKH, 1110 BU3HAYAIOTH OOCAT €BAKyalliHHIX pOOIT NP BUTSATYBAHHI,
OyKCHpYBaHHI 1 TPaHCTIOPTYBaHHI KOJIICHUX Ta TyCEHNYHUX ManH. CKIacTH MaTeMaTHYHy MOJIENb, IO OIMUCYE MPOLIEC BUTATYBAHHS Ta
OyKCHpYBaHHS KOJIICHUX Ta TYCEHHYHUX MAILMH 13 3aCTOCYBaHHAM KaOeJb-TPOCiB Ta AMHAMIYHHX cTporl. OTpuMaHi Taki pe3yJbTaTu.
[ImsixoM  aHaMi3y OCHOBHHX XapaKTEPHUCTHK JOPIT 1 IPYHTIB OTpUMaHUK (opMami3oBaHMi IEepelik pO3paxyHKOBHX MapaMeTpiB Ta
(IBUYHUX BENIMYWH, IO BH3HAYAIOTH OOCAT €BaKyalliiHMX poOIT MpH BUTATYBAaHHI, OYKCHPYBaHHI 1 TPaHCTIOPTYBaHHI KONICHHX Ta
T'YCeHMYHHX MalMH. MareMaTnyHa MOJeNb, ONMCYE IPOLEC BHUTATYBAHHS Ta OYKCHPYBaHHs KOJNICHMX Ta TYCEHMYHHX MaIlMH i3
3aCTOCYBAaHHSIM Ka0eNb-TPOCIB Ta IMHAMIYHHUX CTPOII CKJIaJieHa SIK cUcTeMa piBHsHB. [IpoaHaii3oBaHi iCHyIOYi TEXHOJOTI] BUPOOHHIITBA
apaMiIHIX BOJIOKOH, 1X MepeBary Ta HeIOMiKH, Ta C(hOPMOBAHHIA MOJIITOH JIOCTIHKEHD 3 OTJISIY Ha OCOOIMBOCTI KOJIICHUX Ta TYCCHUYHHX
MarvH. BucHoBkr. OCHOBHMMH XapaKTEpUCTUKAMH JIOPIT 1 IPYHTIB, sIKi BU3HAYAIOTh YMOBH €BaKyallii MalllvH, € BUJ] IOPOTH a00 IPYHTY,
X MPOXIHICT B 3aJI&KHOCTI BiJl IOPH POKY i aTMOC(HEPHHX OMafiB, HAsBHICTH ITiIHOMIB 1 CITYCKiB, a TAKOXK XapakTep B3a€MOZIl TOpOTH
(TpyHTY) 3 TYCEHMIIMH MAIlIFHH, 10 BU3HAYAETHCS Koe(illieHTaMH Ormopy pyxXy 1 34eruieHHs. MareMaThdHa MOZENb BUTATYBaHHS
KOJIICHAX Ta TYCEHMYHHMX MAIIVH i3 3aCTOCYBaHHSAM KaOelb-TPOCIB Ta AMHAMIYHHX MO)Ke OyTH TMOJaHa SK CHCTeMa piBHSHb. AHami3
MIITHOCTHUX Ta €KCIUTyaTaIlliiHIX BJIACTHBOCTEH apaMigHIX BOJOKOH BiIKPHBA€ IUIIX /IO YAOCKOHAJICHHS TEXHOJIOTil BHIOTOBJICHHI
Ka0eb-TPOCIB Ta IMHAMIYHHUX CTPOII Il OYKCYBaHHS 1 BUTSTYBaHHS KOJNICHUX Ta TYCEHUYHUX MAIIHH.

Kaw4yoBi cioBa: BuTAryBaHHS Ta OyKCYBaHHS KOJIICHOI Ta T'yCEHHMYHOI TEXHIKH; KaOelb-TPOCH Ta JUHAMIUHI CTPOIIH;
eKCIUTyaTamiiHI XapaKTepUCTHKH apaMiJTHUX BOJIOKOH; MaTeMaTHIHA MOJICNTb BUTATYBAHHS KOJICHOI Ta T'YCEHUYHOI TEXHIKH.

MatemaTn4yeckne U pu3nyecKHe 0CHOBBI IIs1 Pa3padoTKH CUMYJISITOpPa
BBITSITMBAHUS U OYKCHPOBAHUS KOJECHBIX H I'YCEHHYECKMX MalluH

A. C. Ceprees, A. 1. KpuBomarnka, A. B. Hcakos, B. O. JIpicenko, B. . Mockanenko, C. B. Bypaun

Annoranus. IlpeqveroM m3ydeHHsl B CTaTbe SIBISICTCS M3BJICYEHHE M OYKCOBAHHE KOJIECHBIX M I'yCEHMYHBIX MAIIMH C
NpUMEHEHNeM Kabenel-TpocoB M auHamuueckux crpor. Lleqblo mccaenoBaHusi SBISIETCS ONpPEZeTICHHE MAaTeMaTHUecKOH U
(u3IIecKoil OCHOBBI TS Pa3pabOTKN CHMYISATOpa OYKCHPOBKH M M3BJICUEHMS KOJECHBIX M TYCEHHMUIHBIX MAIIMH I MCCIISOBAHHS
BO3MOKHOCTH HCIIOJIF30BAHMS apaMHAHBIX BOJIOKOH KaOeMb-TPOCOB M AMHAMHYECKHX CTPOIL. 3agadyM HCCJIEJOBAHUS. HAa OCHOBE
aHaJM3a OCHOBHBIX XapaKTEPUCTHK IOPOT M TPYHTOB (POPMATM30BAaTh IIEPEUCHb PACUECTHBIX MapaMETPOB M (PM3MUECKUX BEIIMYHH,
OTIPEAEIIONNX 00BEM 3BAKyallIOHHBIX PaboT MpH M3BIEUCHHUH, OYKCHPOBKE M TPAHCIIOPTHPOBKE KOJECHBIX M I'yCEHUYHBIX MAIIIHH.
CocTaBUTh MaTE€MaTHYECKYI0 MOJENb, OIMMCBHIBAIOILYIO MPOLIECC H3BJIEYEHHS M OYKCHPOBKM KOJECHBIX M T'yCEHWUYHBIX MAIUH C
NpPUMEHEHHEM KaOeNnb-TPOCOB W JUHaMUYecKux CTpor. IlosrydeHbI cllefyione pe3yabTaThl. [lyreM aHamn3a OCHOBHBIX
XapakTEepUCTHK TIOPOr M TPYHTOB TOMy4deH (HOpPMalM30BaHHBIA IepeyeHb pPACUCTHBIX MapaMeTPOB U (PU3MUECKHX BEIIMYHH,
OMPEEISIONIMX 00BEM IBAKYallMOHHBIX PA0OT MPH M3BJICUCHHH, OYKCHPOBKE W TPAHCIIOPTUPOBKE KOJNECHBIX U I'yCEHHYHBIX MAIIIH.
Maremarrdeckasi MOJIENb, ONICHIBAIOIIAs MIPOIECC M3BJICUEHMSI M OYKCHPOBKH KOJIECHBIX M T'YCEHHYHBIX MAIIWH C NPHMEHEHHEM
Kabenp-TpOCOB M AWHAMHYECKHX CTPOI, COCTaBJIeHa KaK CHCTeMa ypaBHEeHHiL. [IpoaHanmM3MpoBaHBI CYyIMIECTBYIONINE TEXHOJIOTHH
MIPOM3BOJICTBA aPAMHIHBIX BOJIOKOH, MX IPEHMYINECTBA M HENOCTaTKH M C(HOPMUPOBAH MOJMIOH HCCIECIOBAHUI C y4eTOM
0COOEHHOCTEH KOJIECHBIX M T'YCEHWYHBIX MamvH. BbIBOABI. OCHOBHBIMH XapaKTEPHCTHKAMH JOPOT M TPYHTOB, OIPEENISIOIINX
YCIIOBUSI 9BAKyaIMM MAILIMH, SIBJISFOTCS BUJI IOPOTH WM TPYHTA, UX MPOXOAUMOCTD B 3aBHCHMOCTH OT BPEMEHH rofia U aTMOC(EpHBIX
0CaJIKOB, HATMYHE MOABEMOB U CIIYCKOB, a TAKOKe XapakTep B3aUMOEHCTBUS JOPOTH (II0YBBI) ¢ T'YCEHHUI[AMH MAILIMHBI, ONPeesieMbli
K03(}HUILIHEHTaMU CONPOTHBICHNMS IBIKEHHUS M CLCTUICHNsI. MaTemaTidyeckass MOJeIb BBITSTHBAHHUS KOJIECHBIX M TYCEHUYHBIX MAIIH
C MPUMEHEHHEM KaOeNb-TPOCOB M JAMHAMHUYECKMX MOXKET ObITh MPEACTaBlIeHAa KaK CHUCTEMa ypaBHEHHIl. AHAIM3 MPOYHOCTHBIX H
9KCIUTyaTalMOHHBIX CBOMCTB apaMHIHBIX BOJOKOH OTKPHIBAET IIYTh K YCOBEPIICHCTBOBAHWIO TEXHOJIOTHMH H3TOTOBJICHHS KaOelb-
TPOCOB U ANHAMHYECKHX CTPOII 11 OYKCOBAHUS 1 U3BJICUECHNSI KOJIECHBIX Y T'YCEHUIHBIX MAIIHH.

KawueBble cJ0Ba: BHTATHBAaHIE U OYKCOBAHME KOJIECHOH M TYCCHUYHOH TEXHHKH; KaOeMb-TPOCH M JMHAMIYECKUE CTPOIIBT,
9KCIUTyaTalIOHHBIC XapaKTEPUCTHKY apaMUIHBIX BOJIOKOH; MaTeMaTHYECKasl MOJEIIb M3BIICUCHHS KOJIECHOM U I'YCCHMYHOM TEXHUKH.
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