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AHOTALISA

JIi XaosH. EdekTuBHICTh 3aCTOCYBaHHS JIPOHIB B yMOBax HEMOBHOTHU 1HopMarii i
0araTo3B’A3HOCTI MHOXHHHU OOMEXKEeHb I MoJboTiB. — KBamidikaliiiHa HayKoBa
mpars Ha TIpaBax PyKOIHCY.

Huceprariss Ha 3100yTTS HAyKOBOTO CTymneHs JokTopa ¢urocodii 3a
cremianbHicTIO J6 — ABiaIliitHUi TpaHCHIOPT, criemiaizaiis — ABlalliiHUN TPaHCIOPT —
«epxaBauii yHiBepcuteT «KuiBChKMiA aBialliifHuil 1HCTUTYT» MIiHICTEpCTBa OCBITH 1

HayKu Ykpainu, M. KuiB, 2026p.

VY nuceprauii npencTaBieHO KOMIUIEKCHE JAOCIIIKEHHS 1epapXidHO MOB’A3aHUX
3a7a4 OIIHKU edekTuBHOCTI Oe3minoTHUX aBiamioHHUX cucteM (BAC). Ilentpanbhe
MICLIE B AMCEpTAllii 3aiiMae BUBYECHHS POJIl, SIKy JPOHM BIAIrParOTh y MIJBUILIEHHI
€(eKTUBHOCTI BaHTA)XHUX II€PEBE3€Hb. 30KpEMa, SIK JIPOHU MOXYTb BHpIIIyBaTH
JOTICTUYHI TMPOOJEMU MpHU JIOCTaBIl TOBApIB B YMOBax HEMOBHOI 1H(pOpMaIli,
NOBSI3aHUX AK 3 HOPMAaTMBHUMU , TaK 1 CHUCTEMHUMU OOMEXEHHSIMH. 3aBISKH
JIETaIbHOMY aHalli3y Ta 3aCTOCYBAHHIO PO3POOJICHUX aJTOPUTMIB, JOCIHIIKESHHS
JEMOHCTPYE, SIK MOXKHA 3HAYHO MOKPAIIUTH ONTUMI3AIII0 MAPUIPYTIB Ta YNPaBIIHHS
aBiallifHUM TIApPKOM , THM CaMUM 3MEHIIUBIIM €KCIUTyaTalliiiHi BUTpaTH Ta BIUIMB Ha
HABKOJIMILIHE CEPEIOBUIIIE.

Kpim Toro, B nmucepraiiii peTeabHO TOCHIIKYIOTHCS METOJOJIOTIYHI aCleKTH
OIIIHKM €(EKTUBHOCTI OE3MIJOTHUKIB 3 BHUKOPHUCTAHHSAM CTaTUCTUYHHUX MOJICIICH,
aJIrOpUTMIB MAIIMHHOTO HaBYaHHS Ta MOJETIOBaHHS 3a MertonoMm Monte-Kaprno. i
IHCTPYMEHTHU JIOTIOMararoTh 3pO3yMITH 1 CIIPOTHO3YBaTH €(EKTUBHICTH OE3MIJIOTHUKIB
y PI3HOMAHITHUX 1 HEBHU3HAYEHUX YMOBAX, CIPHUSAIOYM KpalloMy IUIaHYBaHHIO Ta
MPUIHATTIO PILIEHb.

KinmeBowo MeTol0 mbOTO MOCHIDKEHHS € BHUCBITICHHS TpaHC(HOPMAIIfHOTO
notexiiany texnosorii BIIJIA B cyuyacHiil norictuill Ta HaJlaHHs €(EKTUBHUX PILIEHBb
JUTSL BUPIIICHHS TpoOJieM, TOB'S3aHUX 13 3aCTOCYBaHHSM JPOHIB Y KOMEPIIMHHUX

omeparisx. [IponoHyroun neTaabHI TEMaTW4HI TOCHI/DKEHHS Ta EMIIPUYHI JaHi,



JMcepTallisl He TIIBKH MAKPECTIOE TPAKTUYHI IepeBaru Oe3MiIOTHUKIB, aje i poOUTH
CBIlf BHECOK y MOTOYHI AMCKYCIi MO0 iXHBOI HOPMATUBHO-TIPABOBOI Ta OMEpPaIiiHOT
0a3u, TPOKIAJAIOYM HUIAX JJIs1 MaHOyTHIX JOCSTHEHb Yy Taily3i Oe3miJOTHUX
TEXHOJIOT1H.

VY BCcTymi OOTPYHTOBYETHCSI aKTyalbHICTh qucCepTarlii, GopMyIIO€TECI MeTa Ta
OCHOBHI 3aBJaHHS JOCJIKEHHS, JA€ThCA 1H(OpPMAIlis PO 3B'A30K JOCTIIHKCHHS 3
HAyKOBUMH TIporpamMamMu Ta TemMamu. KpiM TOro, BUAICHO HAyKOBY HOBH3HY Ta
MPaKTUYHY 3HAYYIIICTh TOCTIIKCHHS, BII3HAYEHO BHECOK MPETEHJEHTA y CIUIBHHUX
myOJTiKaIisx, BUKIAAEHO ampoOalliio pe3yabTariB JIucepTaliiHoi poOOTH, HABEIECHO
CTPYKTYpy Ta oOCST JucepTallii.

Y nepuiomy DOSI[iJIi IMpCaCTaBIICHO aHaJi3 PO3BUTKY Ta 34aCTOCYBAHHA

0e3nuoTHUX JiTanbHuX anapariB (BIIJIA abo apoHiB), BUCBITIEHO MOTpeda y BUCOKIN
MOOUIBHOCTI Ta aBTOHOMHOCTI. TakoX MIAKPECTIOEThCS BAXKIUBICTh PO3YMIHHS Ta
JOTPUMaHHS HOPMATUBHO-TIPaBoBOi 0a3u 1moa0 BIIJIA takux opranizamiii, sk [CAO,
FAA, EASA, ta CAAC, a Takox AETaJIbHO JOCIIKYIOTHCS BIAMIHHOCTI B KPUTEPIAX
kiacudikaii BITJIA B pi3HuX aBiallifHUX OpraHi3aIlisx.

Opniero 3 cyTTeBuX BiAMiHHOCTeW € minxig FAA, sxuii B mepury depry
30CepeKeHn Ha KJiacudikailii JpoHIB Ha OCHOBI 1XHBOI1 Barv, 3 YITKUM MOAIJIOM Ha
MaJji ApoHU Baroro A0 55 ¢dyHTIB 1 6wk, Baroto moHan 55 ¢yntiB. Kpim Toro, FAA
BpPaxOBYy€ METy BUKOPUCTAaHHS JPOHIB, PO3PI3HAIOUM KOMEpUIWHI, JOCIIIHMUIIBbKI Ta
pekpeartiiini nporpamu. Ha Biaminy Bix Hux, EASA, ICAO ta CAAC 3acTOCOBYIOTh
OUTBIII KOMIUIEKCHHM MiJX1J], BPaXOBYIOYHM, OKpPIM Baru, €KCIUTyaTallliHI €JIEeMEHTH.
BoHu BpaxoByHOTh BUCOTY NOJIBOTY, OOMEXEHHS IIBUAKOCTI, POOOTYy 3a MeKaMu
npsAMOi BUIUMOCTI, PIBE€Hb JIIOICHKOTO HAMIsAy Ta reorpadivyHi OOMEKEHHS s
BU3HAYCHHS BIAMOBITHUX Kacu]ikairiil.

[Is po30DKHICTE 3HAYHOIO MIPOIO €  BIJOOpaXXeHHSIM  PErioHaJbHUX
BIIMIHHOCTEH, 30KpeMa, TYCTOHACEICHOTO 1 CKJIAHOTO TIOBITPSTHOTO TIPOCTOPY PI3HHUX
KOHTHUHEHTIB cBITYy. Taki hakTopH, K MIUIbHICTh HACEICHHS, KOH(IIKTHUN MOBITPSHUN
PYX 1 CKJIaJHI TPAHCHOPTHI MOTOKH, BUMAraroTh CIEIIAIbHUX MPABUII BUKOPUCTAHHS

0e3mioTHUKIB B €Bpori Ta A3ii, 1mo0 3MEHIIUTH PHU3UKH 31TKHEHb, SKI MEHII



MOIIMPEH] B OIBII BIAKPUTHX MPOCTOPAX AMEPHUKH.

SAx macminok, cucrtema knacudikamii EASA € HalCKIIamHIMIOW 1 OXOIUTIOE CiM
KOHKPETHHUX KaTeropi, ski 3a0e3NeuyloTh TOYHI XapaKTepUCTUKH, (QYHKIT Ta
eKCIUTyaTallliiHi BUMOTH, MPUCTOCOBaHI J0 PI3HMX BaroBuUx Kareropiit aponiB. L1
KaTeropii JO3BOJSIOTh MPOBOJUTH 1HAUBIAYaJbHY cepTU(]IKAIlIIO THITY BIAIOBIIHO JI0
CTaHJapTiB Oe3reyHoi 1HTerpanii Oe3MUIOTHUKIB, IO OXOIUIIOIOTh IOJILOTH Haj
HACeJICHUMH IMyHKTaMH, CKyITYCHHSIM JIFONICH, omeparlii 3a MexaMu MPsSMO1 BHIUMOCTI,
TPAHCIIOPTYBaHHS BA)KKOTO BAHTAXKY Ta BUCOTHI MiCii.

Y npyromy posmiii AeTanbHO JOCHIKYETHCS TpaHChHOPMAIIHII BIIMB JPOHIB

Ha JIOTICTUKY 1 CHCTEMU JIOCTABKH, 3 0COOJMBUM aKI[EHTOM Ha aJrOPUTMHU 1 TEXHOJIOTI],
Kl JIOTOBHIOIOTH Il OMepallii, BHU3HAYAETHCA pOJIb JAPOHIB Yy JIOCTaBIl 1
TPAHCIIOPTYBaHHI TOBapiB, poOOTa HaJ ONTUMI3AIIEID JAHIIOTa TIOCTaBOK 1
3HIDKEHHSIM BHUTPAT, 30KpeMa, SIK MPUKIIaJ, BUKOPUCTAHO PO3MOLT HMOBIPHOCTEH, IO
MoOke OyTH 3aCTOCOBAaHO JI0 CHCTEM 3 BEIMKHUM UYHCJIOM MOXIIMBHUX MOAIM, KOXKHE 3
AKUX PIOKO 3YCTpIYaeThCsl . BUKOPHUCTAHHS Takoro po3nOAUT WMOBIPHOCTEH JUIs
BUPIIIEHHSI TPAHCIOPTHUX MPOOJIEM, a TaKOX aJITOPUTMH, IO 3aCTOCOBYIOTHCS IS
BHUPIIICHHS CKJIAIHUX 3aBlaHb OIIHKH €()EKTUBHOCTI OOTPYHTOBYETHCS THM, IO
TPAHCIOPTHI 3a7a4i MPAKTUYHO HE MOXKYTh OyTH BHUpIIIEH] TPAAUIIHHUMU METOIaAMH,
OCOOJIMBO B JUHAMIYHOMY 1 HEBU3HAYEHOMY CEPEIOBHUII, BPAXOBYIOUH JTOTPUMAHHS
HE0OX1AHOTO PiBHA O€3MEeKU MOJIbOTIB.

JoBeneHo, 1o po3B’si3aHHS 0araTOBUMIPHUX 3aja4, MOB’S3aHUX 3 OI[IHKOIO
e(heTUBHOCTI, 3a JIOMOMOIOI0 TPOCTOTO METOMy Nepebopy Ha PIBHOMIpPHIM CITII
BHMAarae 3HayHOI KUIBKOCTI iTepamiil 1, (pakTUYHO, MOKIIMBO JIUIIE MPU HEBEITUKHUX
3HaYeHHSAX /N Ta HU3bKIHA TOYHOCTI pilieHHs. 3aCTOCYBaHHS €KOHOMHHMX IOCIIIOBHUX
METO[IIB, SIKI CTBOPIOIOTH HEPIBHOMIPHY CITKY, BHMAara€ po3B’s3aHHS Ha KOXKHIN
iTepallii JoJaTKOBOI OararoekcTpeMaibHOI 3ajayl, IKy TaKoX MOTPIOHO pO3B’sA3yBaTU
[UISIXOM METOIB TOIIYKYy (HANpuKIan, METoJ IMepedopy), M0 pi3ko 30LIbIIyE
0OYHMCITIOBAIBHY CKJIAIHICTh 1TEpallii.

TyT ananmizyeTbcs BIUTMB JPOHIB HA JIOTICTUKY 1 TPAHCIOPT, BUCBITIIOETHCS

iXHA ponb y 3MiHI JAWHAMIKHA JIAHIIOTIB TIOCTaBOK. 3agada (GOPMYIIOEThCS  SIK



JIBOETAIHA 3 YMOBAMHU CTOXaCTUYHOI HEBU3HaueHOocTl. Ha nmepuiomy erarii, 10 TOro, SIK
OyayTb BiJIoMi 3asiBKH Ha crienianbHi peiicu, BIUIA (Hanpuknan, MyasTUpoTOpHi 260 3
(IKCOBAaHUM KPHJIOM) KOXXHOTO THITYy PO3MOAUIMIOTBCS MDK MapumpyTaMud |
BU3HAYAETHCS KUIBKICTh MOJBOTIB KOKHOTO TUITY IO KOXKHOMY MapuipyTy. Ha npyromy
eTam Ticlisg BCTAaHOBJCHHsS peaiizailii BUNAJAKOBUX TapaMeTpiB yMOB 3ajadi
3IIMCHIOETHCS TIEpENPU3HAYEHHS JIITAIbHUX araparis (JIA) 3 MapmipyTy Ha MapuIpyT.

B manomy pozaim 3po0neHo Haroioc Ha omepauiidHy e(eKTHBHICTb, SKYy
3a0e3MeuyoTh OE3MUIOTHUKH, OCOOMMBO 3 MOIISIY CKOPOYEHHS BHUTpAT 1 4acy Ha
JIOCTaBKY «OCTaHHBOI MHJI». TeMaTu4Hi HOCHIKEHHS PI3HUX KOMIAHIN, MOKa3yIOTh,
110 IHTETpallisl IPOHIB y JOTICTUYHI CUCTEMU MOXKE 3HU3UTH BUTPATHU HA JOCTABKY J0
50% 1 CKOpOTHTH Yac JIOCTaBKM B cepelHboMy Ha 25%. Y 1boMy pO3ALII TaKOXK
TOCIIKYETHCS BIUTUB TOCTABKH JPOHAMHU Ha HAaBKOJHIIHE CEPEIOBHUIIE 1 HABOJSATHCS
JaH1 PO Te, K APOHU MOXKYTh JOTIOMOTTH CKOPOTHUTH BHKHUIHN BYTJICKHCIIOTO Ta3y MpHU
nocTtagili B mictax Ha 40%, 3MEHIIMBIIMN 3aJICKHICTh B1Jl TPAIULIMHUX TPAHCTIOPTHUX
3ac001B TOCTaBKH.

Y TperboMy pO3MiIl pO3TISIAIOTECS METOAM 1 MaTeMaThyHi MOoJewi, SKi

BUKOPHUCTOBYIOTHCS JUIsl OLIIHKY 1 TMIJIBUIIEHHS €(PEKTUBHOCTI BAaHTAXXKHUX MEPEBE3CHb
3a ponomororo BITJIA, ocobmuBo B cuTyauisx, Kojau iH(OpMallisl € HEMOBHOW. Y
HBOMY JIOCIIIJDKYIOTBCSI CTAaTHCTUYHI METOAW KUIBKICHOI OINIHKK €(eKTUBHOCTI
OC3MUIOTHUKIB 3 aKIICHTOM Ha TaKWX KIIOYOBHUX IMOKAa3HHMKAX, K HAAIMHICTH JOCTABKH,
€KOHOMIYHA €()EeKTUBHICTb Ta ONepaliiiHa THYyUYKICTb.

Konmnenirist ominku edextuBHocti UAS 6a3yeTbest Ha BpaxyBaHHI COLIATIBHOTO,
€KOHOMIYHOTO Ta (PYHKIIOHAJIBHOTO BUIIB €(ekTy. 3amponoHOBaHO Ta PO3POOJICHO
7Ba TIaXomu N0 OmiHKKA edekTuBHOCTI UAS: mpu HESIBHUX Ta SBHUX CHUCTEMHHX
3B’s13KaX 3aC001B 3 CUCTEMOIO OUIbII BUCOKOrO NopsanKy. OiiHka e€(heKTUBHOCTI Mpu
HEeSIBHUX 3B’s3Kkax 3ac00iB UAS 6asyeTbcs Ha (OpMyBaHHI pe3ysbTyIOYOTO MTOKa3HUKA
AKOCTI Ta 3BEACHHI OararoKpuTepiaJibHOI 3ajadi J0 CKajasapHoi. Po3pobnenuit
aJIropuT™M BHOOPY MPIOPUTETHOTO BapiaHTa 3aco0y.

CucremMarri3oBaHO MANPOOIEMH, SKI BUHUKAIOTH TPU (DOPMYITIOBAHHI ITiJIEH,

KpUTEPiiB Ta OIIHKK €(PEKTUBHOCTI MPHU SBHUX CUCTEMHUX 3B’s3kax. JloBemeHo, 110



ominka edextuBHocTi cuctemMu UAS moB’s3aHa 3 MpoOJIEeMOIO  yIpaBIiHHS
e(eKTUBHICTIO, fKa 3aJIeXKUTh, B CBOIO YEPry, B KEPOBAHOCTI CHUTYaIlii.
CdopmynboBaHO TPUHIMIIA BU3HAUYCHHS (DYHKIIIOHAJIBHOTO e(eKTy IpHu yIpaBiIiHHI
TUHAMIYHUMH 00’ekTamMu.  Po3po0JieHO OCHOBHM Teopli CHUTyaIlifHOTO aHali3y
MOBITPSIHOT OOCTAaHOBKH.

VYIOCKOHAJIGHI  CTaTUCTUYHI  MOJEJIl  BUKOPUCTOBYIOTBCS — JJIA  IMiTallii
OlepaliiHuX CIeHapiiB, IOMOMaralodyd B TMOAAJBIIOMY KOMIAHISIM  3pO3YyMITH
MNOTEHIIWHI MOXJIMBI pe3ylbTaTH 1 MIATOTYBaTUCA JO HHUX OLIbIl e(EeKTUBHO.
Hampuknazn, monentoBanHs 3a MeTogoM MonTe-Kapiio crnporHo3yBajio BIUIMB PI3HHX
MOTOJIHUX YMOB Ha PoOOTy OE3MIJOTHUKIB, MOKA3aBIIW, 0 HAJEXKHE IJIaHyBaHHS
MOXKe TTOM'AKIITATH 10 30 BIACOTKIB HETAaTUBHUX HACIIIIKIB.

VY upoMy po3aull TaKOXK IMPOMOHYETHCS I1HTErpalis ajJropuTMa MAallMHHOIO
HaB4yaHHsS B onepaiii BIIJIA 3 BUKOpUCTaHHSM JiepeB pilleHb 1 0alECIBCBKUX MEpPEK
JUIsl TIPUWHATTSA ONEpPAaTUBHUX pIllleHb B pexumi peanbHoro uacy. Lli momeni
JIOTIOMArarTh BIOpPATHCS 31 CKJIAIHICTIO JIUHAMIYHUX CEPEIOBHUIL, HaJAAl0uH
WMOBIPHICHI PE3yJbTaTU PI3HUX PIIlIEHb, 10 € BAXKIUBUM JJIS MIATPUMKH BHUCOKOTO
PIBHSI HaIIMHOCTI MOCTYT B yMOBaX HEeBU3Ha4YeHOCTI. [IpencraBieHo mpukiam, B sKii
0ailecOBCHbKINA Mepeki OyJau BUKOPUCTAHI JIJIsl IMHAMIYHOTO KOPUTYBaHHS MapIIPyTIB 1
KOPUCHOTO HAaBaHTXEHHsSI OE3MUIOTHUKIB, IO JO3BOJWJIO TMiABUIIUTH 3arajbHy
onepauiiiny edektuBHiCTh Ha 35%. PeanbHuil nmpukiajg mokasye, sSiK Il MPOrHO3HI
MOJIeJII MOXYTh MIABUIIUTU EKCIUTyaTaliiHy HaiiHicTe BIIJIA B koMepuitHUX
ciryx0ax JI0CTaBKH, 3MEHIIIYIOYH Yac MPOCTOIO 1 MIABUIIYIOYN MIBUJKICTh pearyBaHHs
Ha 3MiHU HAaBKOJIUIIIHBOTO CEPEIOBHUIIIA.

Y derBeproMy po3didi  BH3HAUCHI MaTEMAaTHYHI METOIU PO3B’SI3aHHS

chopMyIbOBaHUX 3aj7ad HaBITaIliiHOTO 3a0e3MedYeHHs] BaHTAXKHUX JAPOHIB. CTBOPEHO
Moau(diKallio UX METOIB 3 ypaxyBaHHAM crenudiuHOi 0COOIMBOCTI 3a/1a4 BEJIUKOL
PO3MIPHOCTI 3 CYTTEBOIO HENHIMHICTIO 3MIHHUX Ta CKJIQJHUM XapakTEPOM OOMEKEHb

Ha (ha3oBi KoopauHATH. P0o3po06sieHO 00UMCIIOBANIbHI aTOPUTMH PO3B’sI3aHHA 3a/1au:



— pO3paxyHKYy CUCTEMHUX OOMEKEHb CUCTEMU MOCATKU, SIKI BHOCATHCA JITAKOM
AK KEpPOBAaHUM JHHAMIYHHM 00’€KTOM (TIOIIYK TJ00aJbHOTO EKCTPEMyMy 3
BpaxyBaHHSIM 0OMEXEHb Ha 3MIHHI Y BUTJISIII PIBHOCTEH Ta HEPIBHOCTEH);

— INPOTHO3YIOYOI  OIIIHKM  CTOXaCTHUYHOI  IOCJIJJOBHOCTI  Pe3yJbTaTiB
(MMOBIpHICHUI aHaIi3 JepeBa CEKBEHIIIT MHOKUHU MPEAUKATIB MOJIbOTHOI CUTYaIlii Ta
il OLIIHKHN);

— noOynoBu oOnacTell JOMyCTMMHX 3HA4Y€Hb MapaMeTpiB HaBIiramiiHoro
3a0e3neyeHHs (BIACIIIKOBYBaHHS MeEX 3aMKHEHMX MHOXXHH METOJOM TPOTHO3-
KOPEKIIii, 3 KOPUTYBAaHHSM 3a TPAJAIEHTOM MOPYIICHHS MEX1);

— KOMOIHOBAHOTO JOCHIIPKEHHS XapaKTEpPHUCTUK HABITallifHOrO 3a0e3nedyeHHs
(ciyibHE BHKOPUCTAHHS PE3YJbTATIB AHAIITUYHOTO PO3B’SI3aHHS CIPOLIECHUX 3a/1ad
HaBiraIli Ta MOJICIIOBaHHS 3a METOJOM IMITallITHOTO MOJICIIIOBAHHS).

JloBenneHa HEOOXIAHICTh 3a0€3MEeUEHHs HAIIMHOIO NPSIMOro 3B 3Ky MIXK
JIpPOHAMH, SKI JITalOTh aBTOHOMHO, MO0 3amo0IrTH 3ITKHEHHSM 1 3a0e3NeUUuTH
B3a€EMOJIII0 BCiX KOMIOHEHTIB IHTerpoBanoi  Mepexi Kocmoc-IloBiTps-3emis
(IMKII3). HenoctatHs MIBUAKICTH IMepeAadl JHaHuX B Oydb-SKOMY 3 KaHalllB MOXeE
ICTOTHO TOTIPIIUTA TPOAYKTUBHICTh BCI€I 1HTErPOBAHOI MEpPEXi 1 HEraTUBHO
BIUTMHYTH Ha epekTuBHICTh BAC.

[IpomonenboBaHa cucTeMa IMITYYHOTO 1HTENEKTy Al 3 XMapHOIO CTPYKTYpOIO Ta
MOJKJIMBICTIO 3MIHIOBaTH 3aTPUMKY Ta MMOBIPHICTh BTpaTH MakeTiB AaHuX. OTpumaHi
3aJIEKHOCTI BTpaT BiJl pO3Mipy MOBIIOMJIEHB 1 IIBUAKOCTI MIepeaadl JaHUX, 3aJIeKHOCTI
CEPEeHbOTO HAaBAaHTAKEHHS JIJIS1 BUCX1THOTO KaHATy Ta 4acy MPOXO/KEHHS MakeTa Bif
pO3Mipy TpaH3akiliid, a Takox 3ajexHocTi BER Bim cepegHboro HaBaHTaKEHHS
JI03BOJISIFOTh 3pOOHMTH TPAKTHUYHI PEKOMEHMAIIT 00 BUOOPY HEOOXITHUX PEKHUMIB
nepeadl JaHUX B KaHajax 3B’s13Ky BaHTaxHUX BAC.

[IpoBeneHo neranbHe AOCHIKEHHS] BUKOPUCTAHHS AJITOPUTMIB JIJIsE ONITUMI3AIlil
CKJIQJIHUX JIOTICTUYHHUX 3aJlad, TaKWX SK YIPaBIiHHS aBlamapkoM 1 TJIaHyBaHHS
MapuipyTiB. Lli anropuTMu gomoMararoTh 3HaXOAUTH ONTUMAJIbHI PIIICHHS, IMITYIOUH
MPUPOJAHUM EBONIOMIAHUNA TIpollec, IO OCOOJMBO €(EeKTMBHO B YMOBax, KOJHU

omepariifHi mapamMeTpu 4YacTo 3MIHIOIOThCS. JloBeIeHO, IO 3aCTOCYyBaHHS TaKUX



aJIropyuTMIB 30UIBILIY€E MIBUAKICTH JTOCTaBKU HAa 20% 1 3MEHIIye omnepariiiiHi BUTpaTu
Ha 15%.

Takok OCTIKY€EThCS 3aCTOCYBaHHS JUHAMIYHOTO TIPOTpaMyBaHHS IS
onTUMI3aIlli MOCIIOBHOTO Mpoliecy MPUUHATTS pimieHb B omnepaiiisx BIIJIA. Meron
BUKOPHUCTOBYETHCS IS BU3HAYCHHS HAWKPAIIOTO CIIOCOOY i ISl KOKHOTO €TaIry
MapIIpyTy OCTaBKH, BPAaXOBYIOUM IMOTOYHMN CTaH 1 NPUAMAIOYM pIillleHHS, SKi
NPU3BEAYTh 10 HAWKPAIIOrO 3arajbHOTO pe3ynbTary. Takui Miaxia Ja€ MOXKIHBICTD
KOMITaH1i 301BIIMNTH MPOIMYCKHY CIIPOMOXKHICTh Ha 25% mpu 30epexeHHI BHCOKOTO

piBHSI O€3MEKHU MOJIbOTIB.

HaykoBa HOBM3HA pe3ynbTaTiB, OTPUMAHUX Yy XOA1 JOCIHIJKEHHS, MOJSTrae y
HACTYITHOMY:

1. 3ampomnoHoBaHa MOJENb YIIPABIIHHS Ta IUIAHYBAHHS ITOJIBOTY

Po3po0rnieHo 1HHOBaIIiHY MOJENIb YIPaBIIHHS Ta IUIAHYBaHHS TMOJIBOTY,
0COOJIMBO B KOHTEKCTI 1HTErpallii MUJIOTOBAHUX Ta OE3MUJIOTHUX JIITAJIBHUX aIaparis,
10 TPAIIOIOTh Pa30M B €JMHOMY MOBITPSIHOMY MPOCTOP1, HA BIIMIHY BiJ THYYKOTO Ta
cerperoBaHoro moBiTpstHoro mpoctopy (B Tepminax ICAQO) . Mogenb BpaxoBye
YUCJICHHI BHUMAJKOBl BEJIWYWHU, SKI BIUIMBAIOTH Ha SIKICTh MOJBOTY, Taki SIK 4ac
nepeOyBaHHs JTAILHOTO arnapary B KOHKPETHIN PO3paxyHKOBINA TOUIll Ta TIOMUJIKUA Y
BUKOHAHHI KOMaHJ, Ha SKI BIUIMBAIOTh 30BHIIIHI 30ypeHHs. B pesynbraTi Mojaenb
34aTHa OUIBII TOYHO MNPOTHO3YBaTH MapUIPyTH 1 4ac mNosboTy. g onTumizamii
3aTPUMOK TIOJIbOTIB 1 3a0e3reueHHs Oe3NeKH B MOJIel BHUKOPHUCTOBYETHCS IIiIXiJ
JIHIAHOTO MPOTpaMyBaHHs, SIKU BUPILIY€E 3a/1ady ONTHUMI3alli BUMIAJKOBUX 3aTPUMOK
1 iHTepBaIiB Oe3meku. Y 1iil Mozen yac mocaaku (abo 371p0Ty) KOKHOTO MOBITPSHOTO
Cy/IHA MIPOTHO3YETHCS SIK BUIAJKOBA BEJIMYMHA 3 BIIOMOIO (DYHKIIIEIO PO3IMOALTY, SIKa, B
CBOIO 4Yepry, pO3paxoBy€ dYac 3aTpUMKH KOXXHOTO TMOBITPSHOTO CyAHa B
KOHTPOJIbOBAaHIM 30HI JUIsi 3a0€3MEeYeHHs] WMOBIPHOCTI JOTPUMaHHS O€3MEeYHOro
1HTEpBaYy.

2. Po3BHUHYTI KOHIIENITyaJibHI 3acaaud 1 3ampoloHOBaHA METOAW OIIHKHU

edextuBHOCTI BAC



B yacTuHi BuMiproBaHHs €(PEKTUBHOCTI B AUCEPTAallii 3apOINOHOBAHO HOB1 METOIN
ouinku edexruBHOCcTi BAC B yMOBax HEMOBHOTH iH(oOpMaLlii Ta HASBHOCTI HEIBHHX 1
ABHUX 3B'A3KiB cucTeMu. lle mnependayae mnoOymoOBYy y3arajibHEHOI METPUKU
e(DEeKTUBHOCTI, sIKa TIOEJHYE B cO01 MHOXKMHY (PaKTOPiB, Ta BPaXOBY€ CTaH MOBITPSHOI
00CTaHOBKH, SKICTh €KcIuTyaramii Ta eQeKTHBHICTh, 3 METOI BCEOIYHOI OIlIHKU
edextuBHocti  BITJIA. 3okpema, B poOOTI poO3pOOJIEHO METOIMKY OLIHKH
epextuBHOCTI BAC B aepoHaBirauiiHUX CHCTEMaXx, Sika HE TUIbKH OXOIUIIOE OIIHKY
MOKa3HUKIB €()EeKTUBHOCTI, aje i BKIIOYA€ MOPIBHSUIBHUNA aHali3 3MOJECIbOBAHUX 1
BUMIpSIHUX JaHuX. Kpim TOro, aBTOp NMpOroHy€e HOBUU MIAX1A 10 OLIHKK HESBHHUX Ta
ABHUX 3B'A3KIB CHCTEMH, fKa 37arHa 3a0e3MeYnuTH JOCTOBIPHE BHMIPIOBAaHHS
e(eKTUBHOCTI B PI3HUX YMOBax eKcrulyararii. Po3poOieHuii MeToJ OILIHKU
edextuBHOCTI BAC mnpexacraBieHHil Kareropi€ro Jii NMpU JISTIBHOCTI CUCTEMH Ha
MIEBHOMY IHTEpBaJll 4Yacy, fKa BlAoOpa)kae BIAMOBIJHICTb OTPUMAHOIO PE3YJIbTaTy
BKJIAJICHUM pecypcam.

3anporoHOBaHO Ta pO3po0JIeHO ABa Miaxoau 10 ouiHku edexruBHOCTI UAS: mpu
HESBHUX Ta SBHUX CUCTEMHHMX 3B’s13KaX 3aC001B 3 CUCTEMOIO OUIBII BUCOKOTO MOPSAKY.
Orinka e(heKTUBHOCTI NMPU HESIBHUX 3B’si3kax 3aco0iB UAS GasyeThcst Ha hopMyBaHHI
PE3YJIBTYIOUOTO TIOKa3HHWKAa SKOCTI Ta 3BEACHHI OararokpuTepiajlbHOI 3a1adi [0
ckassipHoi. Po3po0OsieHo opuriHajgbHUN anrOpUTM BUOOpPY TPIOPUTETHOTO BapiaHTa
3aco0y.

CucremMarn3oBaHO MiANPOOIEMH, AKI BUHUKAIOTh NpH (HOPMYIIOBAHHI IIUICH,
KpUTEPIiB Ta OLIHKK €(EeKTUBHOCTI MPHU SIBHUX CHUCTEMHHUX 3B’si3kax. JloBemeHo, 110
omiHka edextuBHocTi cuctemMd UAS mnoB’s3aHa 3  1OpoOIeMOI0  YNpaBIiHHS
e(eKTUBHICTIO, SIKa 3aJICKHUTh, B CBOIO Yepry, BiJ KEpOBAaHOCTI cuTyairiii. Konmemnis
ouinku edextuBHOoCcTi UAS 0a3yeTbcs Ha BpaxyBaHHI COLIAIbHOTO, €KOHOMIYHOTO Ta
¢dbyHkIioHanpHOTO BUJIB edekTy. Tak, Hampukiaag, IPOHU MOXYTh JIONIOMOTTH
CKOPOTUTH BUKUIU BYIJIEKUCIIOTO a3y MpH jaocTasli B micTax Ha 40%, 3MEHIIUBIIN
3QJICKHICTD BiJl TPAIULINHUX TPAHCIOPTHUX 3aCO0IB JOCTABKH.

3. Po3pob6ka ontumizamiitnoi moaeni BAC B naHIiory noctaBok

3 MeTOr0 onTUMI3allli oneparii JaHIora NoOCTaBOK Ta 3MEHIIICHHS] BUTPAT Y CTaTTi



JeTalIbHO TPOAHATI30BaHO POJIb JPOHIB Y TPAHCIOPTYBAaHHI BaHTAX1B HAa «OCTaHHIM
muii». [IpomoHyeTbess MOAENs ONTHMI3AIlli JIAHIIOTa MOCTaBOK, SKa BPAaXOBY€ Taki
(dhaxTopH, SIK MBUIAKICTh TPAHCIIOPTYBaHHS, BUOIp MapUIpyTy 1 TPAHCIOPTHI BUTPATH
IPOHIB ISl JOCSTHEHHS 3arajbHOi OINTHMI3allii JaHLIora IOCTAaBOK. 3aBIsIKU
ontuMizamiiHiii  mMozeni BAC MOXyTh 3HAa4YHO CKOPOTHUTH dYac 1 BapTICTh
TPaHCIOPTYBaHHs Ta MIJBULIUTH €(EKTUBHICTh NEPEBE3ECHb BaHTAXIB. Bukopucrano
aHaii3 BUTpaT 1 BUTOA JJsl OIHKKA eKOHOMIYHOi edektuBHOCTI BAC B pi3HuX
TPaHCIOPTHUX clieHapisax. Lleit aHani3 momomMarae BU3SHAYUTHU ONTUMAJbHY CTPATErito
BukopuctanHs BIIJIA, sika mMakcuMi3ye €KOHOMIUHI BUTOJM, a TakoX 3a0e3nedye
e(deKTUBHE BHKOHAHHS TPAHCIOPTHUX 3aBAaHb MPU JOTPUMAaHI JOMYCTUMOTO PiBHS
0e3MeKu MOIbOTIB.

4. ApantoBaHa MOJI€Nb CTOXAaCTHUYHOTIO IUIaHyBaHHA 1oybOTiB BAC

3amporoHoBaHa B JuUCEpTallli JBOETAlHa MOJEIh CTOXaCTHYHOTO IJIaHyBaHHS
CHpsSIMOBaHa Ha BUPILIEHHS MpPOOJEeMHU NEpepo3NOAUTy MOBITPSHUX CYIEH B yMOBax
HEBHM3HAUEHOCTI Ta peAJIbHOTO Yacy AJid cneniaibHux norped Bukopuctanis BAC. Ha
NEPLIOMY €Tarll MOJENIb BU3HAYA€ KUIBKICTh JIbOTHUX TOJWH, BUJIIJICHUX JJIS1 KO)KHOTO
THUITY JIITaKiB HA KOXKHOMY MapIipyTi, 1 111 po3MOAiian 0a3yt0ThCs Ha BiJOMOMY IOIHUTI
Ta JILOTHUX pecypcax. Ha npyromy erari, Kojau GakKTUUHO BUHUKAE OCOOJMBUNA TOMUT
Ha TIepeBe3eHHs, Monenb nepeposnoniisie bITJIA 3 ogHoro MapmipyTy Ha 1HIIWNA Ha
OCHOBI peasizailli CTOXaCTUYHHMX MapameTpiB, 1M00 3aJO0BOJLHUTH HOBUM TMOMUT Ha
NepeBe3eHHs. AJlanToBaHa MOZEIb BUKOPUCTOBYE MIJIXiJ LUIOUUCEIBHOTO JIIHIMHOTO
mporpamMyBaHHs, II00 TrapaHTyBaTH, IO 4Yac MOJBOTY 1 moTrpeba y MepeBe3eHH]
BaHTaXy 33JI0BOJIbHSIOTHCS Ha KOXKHOMY MapIIpyTi, MiHIMI3YIOUH TIPH [IbOMY 3arajibHi
TPAHCIOPTHI BUTpATU. TakuM UYMHOM, MOJAENb 3/aTHa THYYKO pearyBaTH Ha 3MiHU
MOMUTY HA IEPEBE3CHHS Ta MIATPUMYBATH €(PEKTUBHY POOOTY TPAHCIIOPTHOI CUCTEMH.

5. AunroputMmizaiis 3a7a4 iHGOpMaIiitHOT M ATPUMKH

B po6oTi Takok MOCATHYTO BaKJIMBHMX HOBOBBEACHBH B aJITOpUTMI3aIlli 3ajad
iHpopMmariitHoro  3a0e3neueHHs.  3amporlOHOBAHO  AJTOPUTM  OIIHIOBAHHS
MOCJIITOBHOCTEN pe3yabTaTiB MOAIN y AMHAMIUHINA cUCTEeMI1 KepyBaHHs 00'€KTOM, SIKUI

JI03BOJISIE KUTHKICHO OIIIHUTH BIUIMB P13HUX MOCIITOBHOCTEHN MO HA IPOAYKTHBHICTh



CUCTEMH, 1, TAKUM YHMHOM, JOTOMAra€ ONTHUMI3yBaTU PIIIEHHS CUCTEMU KepyBaHHS.
KpiMm Toro, B poOOTi 3ampomoHOBaHO KUIBKICHMA METOJ TOOyI0BH oOnacTeit
JOMYCTUMUX 3HA4Y€Hb MapaMeTpiB iHPopMaliitHOTo 3a0e3NeUeHHS.

Po3pobiieno oGurcitoBaibH1 aIrOPUTMH PO3B’A3aHHS 33/1ay:

— pO3paxyHKy CUCTEMHUX OOMEKEHb CUCTEMU MOCATKH, SIKi BHOCSATHCS JIITAKOM
AK KEpOBaHUM JUHAMIYHMUM O00’€KTOM (MOIIYK TJ00ajJbHOTO EKCTPEMyMYy 3
BpaxyBaHHSIM 0OMEXEeHb Ha 3MIHHI y BUTJISIII pIBHOCTEH Ta HEPIBHOCTEH);

— MPOTHO3YIOYOi  OIIHKM  CTOXaCTUYHOI  TOCTIOBHOCTI  PE3yJbTaTiB
(MMOBIpHICHUI aHaji3 epeBa CEKBEHIIIT MHOKUHU MPEANKATIB MOJbOTHOI CUTYyaIlii Ta
il OLIIHKHN);

— noOyz0BM 0O0JacTel JOMyCTUMHUX 3HAYEHb MapaMeTpiB HaBIraI[ifHOTO
3a0e3neueHHs (BIAC/IAKOBYBAaHHS MEX 3aMKHEHHX MHOXHH METOJOM MPOTHO3-
KOPEKIIii, 3 KOPUTYBAaHHAM 3a IPaJl€HTOM MOPYLIECHHS MEX1);

— KOMOIHOBAHOTO JIOCHIPKEHHS XapaKTEpUCTUK HAaBITAIITHOTO 3a0e3medyeHHs
(ciibHE BHKOPHUCTAHHS PE3YJIbTATIB AHAIITUYHOTO PO3B’A3aHHS CHPOUICHUX 3a]1a4
HaBirarli Ta MOJICIIOBaHHS 32 METOJOM IMITallITHOTO MOJICITFOBaHHS ).

Takuil miaxia MiABUILYE €KCIUTyaTalliiiHy CTIMKICTh Ta amantuBHicTh BIIJIA B
YyMOBax HEBHM3HAYEHOCTI 3a pPaXyHOK BHM3HAYEHHs O0O0JIACTI JOMYCTUMHUX 3HA4YCHb
napameTpiB iHQopMaIiiHoro 3a0e3meueHHs 3a PI3HUX yMOB ekcruryatarii. L1
aJIrOPUTMHU Ta METOJIM HE JIMILIE MOKPAILYIOTh TpaHcnopTHI MoxiuBocTl BITJIA, ane i
MiBUIIYOTH HOTO aJaTUBHICTH Y CKJIQJHIUX YMOBaX BUKOHAHHS 3aB/IaHb.

IIpakTyHa HIHHICTH pe3yJbTATIB, OTPUMAHUX Yy AMCEPTALii, MOJArae y
HACTYIHOMY:

1. IligBuIeHHs orepaiitHoi ¢()eKTUBHOCTI B JIOTICTHII 3 BUKopucTaHHsM BAC:

JlocniipKeHHsT oKa3ano, o po3po0ieH] nepeioBl alfOPUTMHU MaplIpyTH3allli,
3HAYHO MIJIBUILYIOTH onepaiiiiny eextuBHicTh BITJIA B noricTui.

3aBasKM afanTaiii MapupyTiB MOJILOTY B PEKUMI pPeajbHOTO Yacy y BIANOBIIb
Ha 3MiHUA HaBKOJIMIITHHOTO CEPEIOBUINA, I1i aJTOPUTMHU CKOPOUYIOTh Yac JOCTaBKH Ta
MIBUIYIOTh TOYHICTH MOCTAaBOK. [IpakTwdni BUTIpOOYBaHHS, MPOBEIEHI B paMKax

JOCJTIJDKEHHS, TIPOJAEMOHCTPYBAIM CKOPOYCHHS CEPEeIHBOTO Yacy noctaBku 10 30% B



MICBKUX YMOBax, M0 JOBOJAUTh €(EKTUBHICTh QJITOPUTMIB Yy MiJABUIICHHI
OTIEPATUBHOCTI CUCTEM JOCTABKU APOHIB.

2. YopaBiiHHs pu3ukaMu npu excruryararii BITJIA:

[IpakTyHEe 3aCTOCYBaHHS METOAY CTaTMCTHUYHOTO MOJCIIOBAaHHS IJIS OI[IHKU
pusukiB B omepauisix BAC mpomnoHye 3HayHI TepeBard 3 TOUKH 30py O€3meKu Ta
HagiiHOCTI. JlochimkeHHsT MATBEPAWIO €(GEeKTUBHICTh TAKOTO MOJICIIOBAHHS IS
MPOTHO3YBaHHS 1 MOM'SIKIIICHHS MOTEHIIMHUX 3001B a00 omepaiiiHuxX 3aTpuMok. s
JOTICTUYHUX KOMITAHIM 1€ O3Haya€ IMiJBHUINCHHS HAAIMHOCTI Ta 3HWKCHHS
OMepaliifHUX PHU3MKIB: JOCHIKEHHS I[I0Ka3ajao, M0 3aTPUMKH, TMOB'sI3aHI 3
IHIMJICHTaMH1, 3MEHIIWIMCS Ha 25% TOpIBHAHO 3 TPaguLIMHUMU METOJaMU
yIPaBIIiHHS PU3UKAMHU.

3. JloTpuMaHHAd HOpPMAaTMBHUX BUMOT Ta IHTErpaulis B CUCTEMHU YHIPABIIHHS
MOBITPSIHUM PYXOM:

VY nucepraiii 3ampornoHoBaHO HOBI Mexi 1isi iHTerpamii BIIJIA B icHyroui
CUCTEMH YNPABIIIHHS MOBITPSHUM PYyXOM, SIK1 MalOTh BUPIIIAJIbHE 3HAYEHHS U1 OLTbII
IMPOKOTo BIpoBaKeHHs1 TexHoiorii BAC B komepuiitHomy mpoctopi. L1 mMexi
MOKJIMKaHI 3a0e3MeUruTH BIAMOBIIHICTh MDKHAPOAHUM aBilallliHUM CTaHAapTaMm 1
MICLIEBUM HOpMaM, CIpUsitouu Oe3nepediitHoMy (DyHKLIOHYBAaHHIO Ta MPUCKOPEHHIO
MPOIIECIB OTPUMAHHSI JI03BOJIIB BiJl PEryISATOpHUX opraHiB. [IpakTuuHe 3acTocyBaHHS
X PaMOK KIJbKOMA JIOTICTUYHHMH KOMMaHissMA KuTaro mpu3Beno 10 MPUCKOPEHHS
OTpUMaHHs J03BOJIB Ha MoJaLOTH BIIJIA B oOMexeHOMy MOBITPSHOMY IPOCTOpI Ha
20%.

4. ExoJioriuyHa CTIMKICTh:

JlocmipKeHHsI, TPUCBSIYCHE BIUIMBY JOCTaBKH JPOHAMU Ha HAaBKOJMIIIHE
CEepeOBHUINlE, MIAKPECIIOE 3HAYHE CKOPOYCHHS BHKHUIIB BYIIICKHCIIOTO Tasy,
MIPOTIOHYIOUH CTIHKY aJIbTepHATUBY TPAIUIIMHUM METOAaM JO0CTaBKU. EMmipuyHi JaHi,
MIPENCTaBIICHI B IUCEpTallii, BKa3ylOTh Ha T€, M0 JOCTAaBKa JPOHAMU MOXKE CKOPOTUTH
BUKUIM Bymienr 10 50% Ha KOXHOMY MapHIpyTi JOCTaBKM B TOPIBHSHHI 31
3BUYAMHUM Ha3eMHUM TpaHcropTtoMm. Ll exonoriyHa BuUTONAa € TIEPEKOHIMBUM

apryMEHTOM Ha KOPHUCTh BUKOPUCTAHHS JIPOHIB KOMIIAHISMH, SIK1 IPArHyTh 3MEHIITUTH



CBI ByIJICLIEBUH CJIiJl TA TOKPAIIMTH CBOIO MPAKTUKY CTAJIOTO PO3BUTKY.

5. 3HKEHHSI BUTPAT B YIPABIiHHI JJAHLIOTaMHU TIOCTABOK:

BropoBajkeHHsT Mojeled NpUMHATTA pIlIeHb 1 METOMAIB JAHUHAMIYHOIO
IpPOrpaMyBaHHs, PO3POOJICHUX Yy JAOCHIKEHHI, JO3BOJIMJIO 3HU3UTU 3arajbHi
omepalliifHi BUTpaTH B YMPaBJIiHHI JIAHIFOTAaMH TOCTaBOK. LI mMomem omTuMmi3yroTh
PO3MOJIIJT KOPUCHOTO HAaBAaHTAXXEHHS Ta IJIAHYBaHHS MapIIpyTiB, IO MPU3BOAUTH IO
OUTbII €(EeKTUBHOTO BUKOPHUCTAHHS PECYpCiB, 3MEHILIEHHS CHOXHBaHHS IMajluBa Ta
eKCIuTyaTaliiHoro 3Hocy. llpakThka BHpoBagwiIM Il cTparerii, MNPU3BOAUTH [0
CKOPOYEHHSI JIOTICTUYHUX BUTparT mnpubau3Ho Ha 15%, a Takok MABUILYE
€()eKTUBHICTh BUKOPUCTAHHS! KOPUCHOTO HABAHTAXKEHHSI 1 MPOITYCKHOI CIIPOMOYKHOCTI.

[{i mpakTU4H1 3aCTOCYBaHHS JEMOHCTPYIOTh BIIUYTHI MEepeBaru JAOCIHIKEHHS 1
€ BarOMHM apryMEHTOM Ha KOPHUCTh OUIbII IIMPOKOTO BIPOBAIKEHHS TEXHOJOTIT
BIIVJIA Tta BAC B norictuiil Ta iHmMX cekTopax. OTpuMaHi pe3yabTaTH HE JIMIIE
MIATPUMYIOTh OTepalliiiHi MOKpAIEHHs, aje i BIAMOBIJAIOTh MIUPIIUM IIUISIM, TAKUM
AK JOTPUMaHHS HOPMAaTHMBHUX BHMOI, €KOJIOTIYHA CTIMKICTh 1 €KOHOMIYHA
e(DEeKTHUBHICTb.

KuarouoBi caoBa: besninornuit mitansHuit  amapar (BIIJIA), O6e3minoTHa
apiamiiina cucremMa (BAC), HenoBHa iHQopMalig, HaOlp OOMEXeHb, IUIaHyBaHHS
MOJIbOTIB, ONTHUMI3aIlisl JIAHIIFOTa TTIOCTABOK , CTOXaCTUYHE Ta JIIHIMHE IPOrpaMyBaHHs,
OlliHKa e€(EeKTUBHOCTI, YMOBHM €KCIUlyaTallli, eKCIUTyaTaliiiHa e(eKTUBHICTD,
aNrOpUTMU  MOJEIIOBAHHS, MOJICTIOBAHHS JaHUX, 1H(oOpMaliiiHa MIATpUMKA,
iHQopMaliiHi TexXHOJIOTil, CUCTeMHi 3B'A3KH, YHPABIIHHS IMOJHOTAMHU, JOTICTHUKA
OCTaHHBO1 MHJII, aHAJI13 BUTPAT 1 BUTOJl, YIIPABIiHHS MOBITPSIHUM PYXOM, ONTUMI3ALis
MepeBe3CHb, JMHAMIYHE YIIPaBIiHHS 00'€KTaMU, TPUIHATTS PIllIEHb B peaIbHOMY 4aci,
Oesreka MmoyiboTiB, aBTOHOMHHMI TOJIIT, HESIBHI Ta SIBHI CUCTEMHI 3B'SI3KH, y3arajlbHCHUI
MOKa3HUK €(EeKTUBHOCTI, OI[IHKA MOBITPSHOI 0OCTAHOBKH, PO3MO/LI MOJLOTHOIO Yacy,
OLIIHKA TMOCJIIOBHOCTI MOJIN, CUTyalllHUN aHali3, Jlalma3oHd JOMYCTUMHUX 3HAYCHb

napameTpiB, ONTUMI3aLiiHI MOZEII.



ABSTRACTS

Li Haoyang. The effectiveness of drone use under conditions of incomplete
information and multiconnectivity of constraints set for flights.

Dissertation for the degree of PhD in specialty J6 - Air Transport, specialization
- Air Transport - Kyiv Aviation Institute State University of the Ministry of Education
and Science of Ukraine, Kyiv, 2026.

This thesis presents a comprehensive study of hierarchically related tasks of
evaluating the efficiency of unmanned aerial systems (UAS). The centerpiece of the
thesis is the study of the role that drones play in improving the efficiency of cargo
transportation. In particular, how drones can solve logistical problems in the delivery
of goods under conditions of incomplete information due to both regulatory and
system constraints. Through a detailed analysis and application of the developed
algorithms, the study demonstrates how route optimization and fleet management can
be significantly improved, thereby reducing operating costs and environmental impact.

In addition, the thesis thoroughly explores the methodological aspects of
evaluating drone performance using statistical models, machine learning algorithms,
and Monte Carlo simulations. These tools help to understand and predict drone
performance in diverse and uncertain environments, contributing to better planning
and decision-making.

The ultimate goal of this study is to highlight the transformative potential of
UAV technology in modern logistics and provide effective solutions to address the
challenges associated with the use of drones in commercial operations. By offering
detailed case studies and empirical data, the thesis not only emphasizes the practical
benefits of drones, but also contributes to the ongoing debate on their regulatory and
operational framework, paving the way for future advances in drone technology.

The introduction substantiates the relevance of the thesis, formulates the purpose
and main objectives of the research, and provides information on the relationship of

the research to scientific programs and topics. In addition, the scientific novelty and



practical significance of the research are highlighted, the applicant's contribution to
joint publications is noted, the approbation of the results of the dissertation is
described, and the structure and scope of the dissertation are presented.

The first chapter presents an analysis of the development and application of

unmanned aerial vehicles (UAVs or drones), highlighting the need for high mobility
and autonomy. It also emphasizes the importance of understanding and complying
with the regulatory framework for UAVs of organizations such as ICAO, FAA, EASA,
and CAAC, and examines in detail the differences in the criteria for classifying UAVs
in different aviation organizations.

One significant difference is the FAA's approach, which primarily focuses on
classifying drones based on their weight, with a clear division between small drones
weighing up to 55 pounds and larger drones weighing more than 55 pounds. In
addition, the FAA considers the purpose of drone use, distinguishing between
commercial, research, and recreational applications. In contrast, EASA, ICAO, and
CAAC take a more comprehensive approach, considering operational elements in
addition to weight. They consider altitude, speed limits, non-line-of-sight operations,
level of human supervision, and geographic restrictions to determine the appropriate
classifications.

This discrepancy is largely a reflection of regional differences, the densely
populated and complex airspace over Europe and Asia compared to the wider and less
congested airspace of the United States. Factors such as population density, conflicting
air traffic, and complex traffic flows require special rules for drone operations in
Europe and Asia to mitigate collision risks that are less prevalent in the more open
spaces of the Americas.

As a result, EASA's classification system is the most complex, covering seven
specific categories that provide precise specifications, functions, and operational
requirements tailored to different drone weight classes. These categories allow for
individualized type certification in accordance with safe drone integration standards
covering flights over people, beyond line-of-sight operations, heavy payload

transportation, and high-altitude missions.



The second chapter explores in detail the transformational impact of drones on

logistics and delivery systems, with a particular focus on algorithms and technologies
that complement these operations, defining the role of drones in the delivery and
transportation of goods, work on supply chain optimization and cost reduction, in
particular, as an example, using a probability distribution that can be applied to
systems with a large number of possible events, each of which is rarely encountered.
The use of such a probability distribution for solving transportation problems, as well
as algorithms used to solve complex performance evaluation problems, is justified by
the fact that transportation problems cannot be solved by traditional methods,
especially in a dynamic and uncertain environment, given the required level of flight
safety.

It is proved that solving multidimensional problems related to performance
evaluation using a simple search method on a uniform grid requires a significant
number of iterations and, in fact, is possible only with small values of N and low
solution accuracy. The use of parsimonious sequential methods that create a non-
uniform grid requires solving an additional multi-extreme problem at each iteration,
which also needs to be solved by search methods (e.g., brute force), which
dramatically increases the computational complexity of the iteration.

This paper analyzes the impact of drones on logistics and transportation,
highlighting their role in changing the dynamics of supply chains. The problem is
formulated as a two-stage problem with stochastic uncertainty. At the first stage,
before the requests for special flights are known, UAVs (e.g., multi-rotor or fixed-
wing) of each type are distributed among the routes and the number of flights of each
type along each route is determined. At the second stage, after establishing the
realization of the random parameters of the problem conditions, the aircraft are
reassigned from route to route.

This section emphasizes the operational efficiency provided by drones,
especially in terms of reducing costs and time for last-mile delivery. Case studies from
various companies show that integrating drones into logistics systems can reduce

delivery costs by up to 50 % and shorten delivery times by an average of 25 %. This



section also explores the environmental impact of drone delivery and provides data on
how drones can help reduce carbon dioxide emissions from urban delivery by 40%,
reducing reliance on traditional delivery vehicles.

The third chapter discusses the methods and mathematical models used to

evaluate and improve the efficiency of cargo transportation using UAVs, especially in
situations where information is incomplete. It explores statistical methods for
quantifying drone performance with a focus on key indicators such as delivery
reliability, cost-effectiveness, and operational flexibility.

The concept of UAS efficiency assessment is based on the consideration of
social, economic and functional types of effect. Two approaches to assessing the
effectiveness of UAS are proposed and developed: with implicit and explicit systemic
links of the means with a higher-order system. Evaluation of efficiency in the case of
implicit links of UAS means is based on the formation of the resulting quality
indicator and the reduction of a multicriteria problem to a scalar one. An algorithm for
selecting the priority option of the means is developed.

The subproblems that arise when formulating goals, criteria, and performance
evaluation with explicit systemic links are systematized. It is proved that the
evaluation of the effectiveness of the UAS system is associated with the problem of
performance management, which depends, in turn, on the controllability of situations.
The principles of determining the functional effect in the management of dynamic
objects are formulated. The basics of the theory of situational analysis of the air
situation are developed.

Advanced statistical models are used to simulate operational scenarios, helping
companies to understand potential outcomes and prepare for them more effectively.
For example, Monte Carlo simulations predicted the impact of different weather
conditions on drone operations, showing that proper planning can mitigate up to 30%
of the negative effects.

This section also discusses the integration of machine learning algorithms into
UAV operations, using decision trees and Bayesian networks to make real-time

operational decisions. These models help to cope with the complexity of dynamic



environments by providing probabilistic outcomes of different decisions, which is
important for maintaining a high level of service reliability under uncertainty. The
paper presents an example in which Bayesian networks were used to dynamically
adjust the routes and payloads of drones, which increased overall operational
efficiency by 35%. A real-world example shows how these predictive models can
improve the operational reliability of UAVs in commercial delivery services by
reducing downtime and increasing the speed of response to environmental changes.

The fourth chapter defines mathematical methods for solving the formulated

problems of navigation support for cargo drones. A modification of these methods was
created to consider the specific features of large-dimensional problems with significant
nonlinearity of variables and the complex nature of constraints on phase coordinates.
The computational algorithms for solving the problems were developed:

- Calculation of system constraints of the landing system introduced by the
aircraft as a controlled dynamic object (search for a global extremum, considering the
constraints on variables in the form of equations and inequalities);

- predictive evaluation of a stochastic sequence of results (probabilistic analysis
of the sequence tree of the set of flight situation predicates and its evaluation);

- construction of areas of permissible values of navigation support parameters
(tracking the boundaries of closed sets by the method of forecast-correction, with
correction by the gradient of boundary violation);

- combined study of the characteristics of navigation support (joint use of the
results of analytical solution of simplified navigation problems and modeling by the
method of simulation modeling).

The need to ensure reliable direct communication between drones flying
autonomously to prevent collisions and ensure the interaction of all components of the
Integrated Space-Air-Ground Network (ISGN) 1s proved. Insufficient data
transmission rate in any of the channels can significantly degrade the performance of
the entire integrated network and negatively affect the efficiency of the UAS.

We modeled an Al artificial intelligence system with a cloud structure and the

ability to change the delay and probability of data packet loss. The obtained



dependencies of losses on message size and data rate, the dependence of the average
load for the uplink and the packet transit time on the size of transactions, as well as the
dependence of BER on the average load allow us to make practical recommendations
for choosing the necessary data transmission modes in the communication channels of
freight UAS.

A detailed study of the use of algorithms to optimize complex logistics tasks,
such as fleet management and route planning, was conducted. These algorithms help to
find optimal solutions by imitating a natural evolutionary process, which is especially
effective in conditions where operational parameters change frequently. It has been
proven that the use of such algorithms increases delivery speed by 20% and reduces
operating costs by 15%.

The application of dynamic programming to optimize the sequential decision-
making process in UAV operations is also discussed. The method is used to determine
the best course of action for each stage of the delivery route, considering the current
state and making decisions that will lead to the best overall result. This approach
allowed the company to increase throughput by 25% while maintaining a high level of
customer satisfaction.

The scientific novelty of the primary results obtained during the study is as
follows:

1. The proposed model of flight control and planning

An innovative model of flight control and planning has been developed,
especially in the context of integration of manned and unmanned aircraft operating
together in a single airspace, as opposed to flexible and segregated airspace (in ICAO
terms). The model considers numerous random variables that affect flight quality, such
as the time spent by the aircraft at a particular calculation point and errors in command
execution affected by external disturbances. As a result, the model can more accurately
predict flight routes and times. To optimize flight delays and ensure safety, the model
uses a linear programming approach that solves the problem of optimizing random
delays and safety intervals. In this model, the landing (or take-off) time of each aircraft

is predicted as a random variable with a known distribution function, which in turn



calculates the delay time of each aircraft in the controlled area to ensure the probability
of maintaining a safe interval.

2. The conceptual foundations are developed and methods for assessing the

effectiveness of the UAS are proposed

In terms of efficiency measurement, the thesis proposes new methods for
assessing the efficiency of UAS in conditions of incomplete information and the
presence of implicit and explicit system links. This involves the construction of a
generalized performance metric that combines several factors and considers the air
situation, quality of operation and efficiency, to comprehensively assess the
effectiveness of UAS. In particular, the paper develops a methodology for assessing
the effectiveness of UAS in air navigation systems, which not only covers the
assessment of performance indicators, but also includes a comparative analysis of
modelled and measured data. In addition, the author proposes a new approach to
assessing the implicit and explicit links of the system, which can provide a reliable
measurement of efficiency in different operating conditions. The developed method for
assessing the efficiency of the UAS is represented by the category of action during the
system's operation at a certain time interval, which reflects the correspondence of the
result obtained to the invested resources.

Two approaches to assessing the effectiveness of UAS are proposed and
developed: with implicit and explicit system links of the means with a higher-order
system. Evaluation of efficiency in the case of implicit links of UAS means is based on
the formation of the resulting quality indicator and reduction of a multi-criteria
problem to a scalar one. An original algorithm for selecting the priority option of a
vehicle has been developed.

The subproblems that arise in the formulation of goals, criteria and performance
evaluation with explicit systemic links are systematized. It is proved that evaluating
the effectiveness of the UAS system is associated with the problem of performance
management, which depends, in turn, on the controllability of situations. The concept
of evaluating the effectiveness of UAS is based on considering social, economic and

functional types of effect. For example, drones can help reduce carbon dioxide



emissions from urban deliveries by 40%, reducing dependence on traditional delivery
vehicles.

3. Development of an optimization model of UAS in the supply chain

With the aim of optimizing supply chain operations and reducing costs, the
article analyses in detail the role of drones in the last mile transport of goods. The
article proposes a supply chain optimization model that considers factors such as
transport speed, route selection and transport costs of drones to achieve overall supply
chain optimization. Thanks to the optimization model, UAVs can significantly reduce
the time and cost of transportation and increase the efficiency of cargo transportation.
A cost-benefit analysis is used to assess the cost-effectiveness of UAS in various
transport scenarios. This analysis helps to determine the optimal strategy for using
UAVs, which maximizes economic benefits and ensures the efficient performance of
transport tasks while maintaining an acceptable level of flight safety.

4. Adapted model of stochastic flight planning for UAVs

The two-stage stochastic scheduling model proposed in this thesis is aimed at
solving the problem of redistributing aircraft under conditions of uncertainty and real-
time for special needs of the use of the UAS. At the first stage, the model determines
the number of flight hours allocated to each type of aircraft on each route, and these
allocations are based on known demand and flight resources. In the second stage, when
a special demand for transportation arises, the model reallocates UAVs from one route
to another based on the implementation of stochastic parameters to meet the new
demand for transportation. The adapted model uses an integer linear programming
approach to ensure that flight time and cargo demand are met on each route while
minimizing overall transportation costs. Thus, the model can flexibly respond to
changes in transportation demand and maintain an efficient transportation system.

5. Algorithmizing of information support tasks

The work also achieves important innovations in the algorithmizing of
information support tasks. An algorithm for evaluating sequences of event outcomes in
a dynamic object control system is proposed, which allows quantifying the impact of

different sequences of events on system performance, and thus helps to optimize the



control system solution. In addition, the paper proposes a quantitative method for
constructing regions of acceptable values of information support parameters.

The computational algorithms for solving the problems were developed:

- calculation of system constraints of the landing system, which are introduced
by the aircraft as a controlled dynamic object (search for a global extremum,
considering the constraints on variables in the form of equations and inequalities)

- predictive evaluation of a stochastic sequence of results (probabilistic analysis
of the sequence tree of the set of flight situation predicates and its evaluation);

- construction of areas of permissible values of navigation support parameters
(tracking the boundaries of closed sets by the method of forecast-correction, with
correction by the gradient of boundary violation);

- combined study of navigation support characteristics (joint use of the results of
analytical solution of simplified navigation problems and simulation modeling).

This approach increases the operational stability and adaptability of UAVs under
conditions of uncertainty by determining the range of acceptable values of information
support parameters under different operating conditions. These algorithms and
methods not only improve the transportation capabilities of the UAV, but also increase
its adaptability in difficult task conditions.

The practical value of the results obtained in this thesis is as follows:

1. Improving operational efficiency in logistics using UAS:

The study showed that the developed advanced routing algorithms significantly
increase the operational efficiency of UAVs in logistics.

By adapting flight routes in real time in response to environmental changes,
these algorithms reduce delivery times and improve delivery accuracy. Practical tests
conducted as part of the study demonstrated a reduction in average delivery time of up
to 30% in urban environments, which proves the effectiveness of the algorithms in
improving the efficiency of drone delivery systems.

2. Risk management in the operation of UAVs:

The practical application of statistical modeling for risk assessment in UAS

operations offers significant safety and reliability benefits. The study confirmed the



effectiveness of such modeling in predicting and mitigating potential disruptions or
operational delays. For logistics companies, this means increased reliability and
reduced operational risks: the study showed that incident-related delays were reduced
by 25% compared to traditional risk management methods.

3. Regulatory compliance and integration into air traffic control systems:

This thesis proposes new boundaries for the integration of UAVs into existing
air traffic control systems, which are crucial for the wider adoption of UAS technology
in the commercial space. These boundaries are designed to ensure compliance with
international aviation standards and local regulations, facilitating smooth operation and
accelerating regulatory approval processes. The practical application of this framework
by several logistics companies in China has resulted in a 20% speed-up in obtaining
permits for UAV flights in restricted airspace.

4. Environmental sustainability:

A study on the environmental impact of drone delivery highlights the significant
reduction in carbon dioxide emissions, offering a sustainable alternative to traditional
delivery methods. The empirical data presented in the thesis indicates that drone
delivery can reduce carbon emissions by up to 50% on each delivery route compared
to conventional ground transportation. This environmental benefit is a compelling
argument in favor of the use of drones by companies looking to reduce their carbon
footprint and improve their sustainability practices.

5. Reduced costs in supply chain management:

The implementation of decision-making models and dynamic programming
methods developed in the study has reduced overall operating costs in supply chain
management. These models optimize payload distribution and route planning, leading
to more efficient use of resources, reduced fuel consumption, and operational wear and
tear. Companies that have implemented these strategies have reported a reduction in
logistics costs of approximately 15%, as well as increased payload utilization and
throughput.

These practical applications demonstrate the tangible benefits of the research

and provide a strong argument in favor of wider adoption of UAV technology in



logistics and other sectors. The findings not only support operational improvements,
but also meet broader goals such as regulatory compliance, environmental
sustainability, and cost-effectiveness.

Keywords: Unmanned aerial vehicle (UAV), unmanned aerial system (UAS),
incomplete information, set of constraints, flight planning, supply chain optimization,
stochastic and linear programming, performance evaluation, operating conditions,
operational efficiency, modeling algorithms, data modeling, information support,
information technology, system communications, flight management, last mile
logistics, cost-benefit analysis, air traffic control, transportation optimization, dynamic
object management, real-time decision making, flight safety, autonomous flight,
implicit and explicit system links, generalized performance indicator, air situation
assessment, flight time allocation, event sequence assessment, situational analysis,

ranges of acceptable parameter values, optimization models.
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INTRODUCTION

Relevance of the thesis topic. In recent years, the range of applications of
drones in various fields has significantly expanded and their advantages have been
realized, especially in the logistics sector. Drones can provide effective services in
agriculture, entertainment, tourism and other areas, and have demonstrated great
advantages in cargo transportation. The emergence of cargo drones/UAVs is expected
to revolutionize the logistics industry, especially in last-mile delivery, where drones
can effectively reduce transportation time and costs and improve service quality.

Cargo drones/UAVs operate under conditions of incomplete information,
including weather conditions, airspace congestion, and potential hazards along the
flight path. UAV operators must face difficulties in navigation, communication, and
decision-making in the absence of reliable information, which creates new challenges
for research and practical applications. Therefore, the research is aimed at developing
methods and strategies for adapting to these uncertain conditions to improve the
autonomous decision-making capabilities and increase the operational efficiency of
UAVs.

UAVs are subject to numerous restrictions. UAVs are subject to various rules
and regulations, and have performance limitations that are intended to ensure safe
operation. For example, many countries have strict rules on the altitude at which
UAVs can fly, while certain missions require permission from aviation authorities.
Numerous restrictions add to the complexity of UAV operations, requiring researchers
to carefully evaluate and plan flights to meet regulatory requirements while still
achieving scientific goals.

Research goal and objectives. The purpose of this thesis is to evaluate and
improve the operational efficiency of cargo UAVs under conditions of incomplete
information and multiple constraints. The research focuses on the architecture and
functionality of UAVs, exploring their unique advantages over traditional manned
aircraft, particularly their potential for use in complex environments. By analyzing the

various constraints affecting cargo UAV flights, including regulations, weather
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conditions, and geographical obstacles, the research aims to identify and address these
issues, thereby improving UAV autonomous decision-making and adaptability in
challenging environments.

To achieve this goal, the thesis begins by addressing several key challenges. The
study delves into the navigation, communication, and decision-making difficulties
faced by UAV operations in an incomplete information environment. Due to the lack
of reliable information, operators often encounter unpredictable obstacles during UAV
flights, which poses a serious threat to the safety and efficiency of flights. By
collecting and analyzing relevant data, research has led to the development of new
methods and strategies that allow UAVs to make informed decisions under uncertainty,
thus improving their autonomous operational capabilities.

Object of research: The object of research is cargo drones, in particular, their
operational efficiency under conditions of incomplete information and numerous
constraints.

Subject of research: The research topic focuses on the use of cargo UAVs in
complex environments, including their architecture, functionality, benefits, and
challenges they face. By analyzing these factors, the thesis aims to improve the
autonomous decision-making capabilities and operational efficiency of UAVs in
difficult environments.

Research methods. Using predictive analytics, the task is solved with the help
of regression models, probability distribution, which can be applied to systems with
many possible events, each of which is rare, mathematical reliability theory,
probability theory, machine learning, numerical analysis, and statistical simulation
modeling.

Scientific novelty of the results.

Scientific novelty includes the originality of the development of the following
areas:

1. Model of flight control and planning

An innovative model of flight control and planning has been developed,

especially in the context of the integration of manned and unmanned aircraft working
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together. The model considers numerous random variables that affect flight quality,
such as the time spent by the aircraft at a particular design point and errors in
command execution affected by external disturbances. As a result, the model can more
accurately predict flight routes and times. To optimize flight delays and ensure safety,
the model uses a linear programming approach that solves the problem of optimizing
random delays and safety intervals. In this model, the landing (or takeoff) time of each
cargo UAV is predicted as a random variable with a known distribution function,
which, in turn, calculates the delay time of each aircraft in the controlled area to ensure
the probability of maintaining a safe interval.

2. Methods of efficiency evaluation

In terms of performance evaluation, the thesis proposes a new methodology for
determining the effectiveness of UAVs in conditions of incomplete information and the
presence of implicit and explicit system links. This involves the construction of a
generalized performance metric that combines a set of factors that considers the air
situation, quality of operation, and efficiency to comprehensively assess the
effectiveness of UAVs. In particular, the paper develops a methodology for evaluating
the effectiveness of UAVs in air navigation systems, which not only covers the
evaluation of performance indicators, but also includes a comparative analysis of
modeled and measured data. In addition, the author proposes a new methodology for
assessing implicit and explicit system links, which can provide a reliable measurement
of efficiency in different operating conditions.

3. Optimization methods

To optimize supply chain operations and reduce costs, the article analyzes in
detail the role of drones in the transportation of goods at the “last mile”. The author
proposes a UAV supply chain optimization model that considers factors such as
transportation speed, route selection, and drone transportation costs to achieve overall
supply chain optimization. Thanks to the optimization model, UAVs can significantly
reduce transportation time and cost and improve logistics efficiency. The thesis also
uses a cost-benefit analysis to evaluate the cost-effectiveness of UAVs in various

transportation scenarios. This analysis helps to determine the optimal strategy for using
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UAVs that maximizes economic benefits and ensures the efficient fulfillment of
transportation tasks.

4. Stochastic planning model

The two-stage stochastic scheduling model proposed in this thesis is aimed at
solving the problem of redistributing aircraft under conditions of uncertainty and real
time for special transportation needs. At the first stage, the model determines the
number of flight hours allocated to each type of aircraft on each route, and these
allocations are based on known demand and flight resources. In the second stage, when
special transportation demand occurs, the model reallocates aircraft from one route to
another based on the implementation of stochastic parameters to meet the new
transportation demand. The model uses an integer linear programming approach to
ensure that flight time and cargo demand are met on each route while minimizing
overall transportation costs. Thus, the model can flexibly respond to changes in
transportation demand and support the efficient operation of the transport logistics
system.

5. Algorithmizing of information support tasks

The work also achieves important innovations in the algorithmizing of
information support tasks. The author proposes an algorithm for evaluating sequences
of event outcomes in a dynamic object control system, which allows quantifying the
impact of different sequences of events on system performance and thus helps to
optimize the control system solution. In addition, the paper proposes a quantitative
method for constructing regions of acceptable values of information support
parameters. This approach increases the operational stability and adaptability of UAV's
under uncertainty by determining the range of acceptable values of information
support parameters under different operating conditions. These algorithms and
methods not only improve the development of UAVs, but also increase their
adaptability in difficult task conditions.

The validity and reliability of the research results are confirmed by the full
and correct application of mathematical tools, such as regression models, law of rare

phenomena (Poisson), mathematical reliability theory, probability theory, machine
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learning, numerical analysis, and statistical simulation modeling.

Practical significance of the results.

1. Improving operational efficiency in logistics using UAVs:

The research showed that the developed advanced routing algorithms
significantly increase the operational efficiency of UAVs in logistics. By adapting
flight routes in real time in response to environmental changes, these algorithms
reduce delivery times and improve delivery accuracy. Practical tests conducted as part
of the study demonstrated, for example, a reduction in the average delivery time of up
to 30% in urban areas, which proves the effectiveness of algorithms in improving the
efficiency of drone delivery systems.

2. Risk management in the operation of UAVs:

The practical application of Monte Carlo simulation for risk assessment in UAV
operations offers significant benefits in terms of safety and reliability. The study
confirmed the effectiveness of such modeling in predicting and mitigating potential
failures or operational delays. For logistics companies, this means increased reliability
and reduced operational risks: the study showed that incident-related delays were
reduced by 25% compared to traditional risk management methods.

3. Regulatory compliance and integration into air traffic control systems:

This thesis proposes new boundaries for the integration of UAVs into existing
air traffic management (ATM) systems, which are crucial for the wider adoption of
UAV technology in the commercial space. These boundaries are designed to ensure
compliance with international aviation standards and local regulations, facilitating
smooth operation and speeding up regulatory approval processes. The practical
application of these boundaries by several logistics companies has resulted in a 20%
speed-up in obtaining permits for UAV flights in restricted airspace.

4. Environmental sustainability:

The research on the environmental impact of drone delivery highlights the
significant reduction in carbon dioxide emissions, offering a sustainable alternative to
traditional delivery methods. The empirical evidence presented in the thesis indicates

that drone delivery can reduce carbon emissions by up to 50% on each delivery route
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compared to conventional ground transportation. This environmental benefit is a
compelling argument in favor of the use of drones by companies looking to reduce
their carbon footprint and improve their sustainability practices.

5. Reduced costs in supply chain management:

The implementation of decision-making models and dynamic programming
methods developed in this study can reduce overall operating costs in supply chain
management. These models optimize payload distribution and route planning, resulting
in more efficient use of resources, reduced fuel consumption, and reduced operational
wear and tear. Companies that have implemented these strategies have reported a
reduction in logistics costs of approximately 15%, as well as increased payload
utilization and throughput.

Personal contribution of the candidate:

Testing the results of the dissertation. Research results were discussed at 14
international congresses, symposia and conferences: 1) “XV International Scientific
and Technical Conference “AVIA-2021" of the National Aviation University. (Kyiv,
Ukraine, 2021); 2) “Aviation in the XXI century - Aviation safety and space
technologies™”, (Kyiv, Ukraine, 2022); 3) “Sustainable Development of the Global
Communication, Navigation, Surveillance and Air Traffic Management System
CNS/ATM - 2021”. (Kyiv, Ukraine, 2021); 4) “XVI International Scientific and
Technical Conference ABIA-2023” (Kyiv, Ukraine, 2023); 5) “2023 IEEE
International Conference on Information and Telecommunication Technologies and
Radio Electronics (UkrMiCo)”, (Kyiv, Ukraine, 2023); 6) “Science-Based
Technologies™, No. 3 (59), (Kyiv, Ukraine, 2023); 7) “Science-Based Technologies”,
No. 4 (60), (Kyiv, Ukraine, 2023); 8) “2023 IEEE 7th International Conference on
Methods and Systems of Navigation and Motion Control (MSNMC) (Kyiv, Ukraine,
2023); 9) “Sustainable Development of the Global Communication, Navigation,
Surveillance and Air Traffic Management System CNS/ATM— 2023” (Kyiv, Ukraine,
2023); 10) “Proceedings of the 2nd International Workshop on Advances in Civil
Aviation Systems Development,” Lecture Notes in Networks and Systems”, (Kyiv,

Ukraine, 2024); 11) “Electronics and Control Systems™ Ne 4(78) (Kyiv, Ukraine, 2023);
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12) “Electronics and Control Systems” ISSN 1990-5548 , Neo 1(79) (Kyiv, Ukraine,
2024); 13) “Electronics and Control Systems” ISSN 1990-5548 , Ne 3(81) (Kyiv,
Ukraine, 2024); 14) “AVIATION IN THE XXI-st CENTURY - Safety in aviation and
space technology” (Kyiv, Ukraine, 2024); 15) “Cranuii po3BUTOK TI100aIbHOI CUCTEMHU

3B’sI3Ky, HaBirailii, CriocTepeXeHHs Ta opraHizarii moBiTpsiHoro pyxy CNS/ATM -2025”

(Kyiv, Ukraine, 2025);

Publications. The main findings and results of the dissertation research are
presented in 15 scientific publications, including 5 publications in Ukrainian academic
journals, 1 publication in a scientific journal indexed in the Scopus database, and 9
publications in proceedings of international and national scientific and technical
conferences.

Structure and content of the dissertation. The thesis consists of an
introduction, four chapters, conclusions, list of used references represented after each
chapter, and three appendices. The total number of pages is 212. In the thesis, there are

34 figures, 19 tables, 208 references on 33 pages and 7 pages of appendices.
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CHAPTER 1. SCOPE OF APPLICATION OF UNMANNED AERIAL
VEHICLES (UAVS)

1.1. Mission objectives of unmanned air transport. Advantages of using

unmanned aircraft compared to manned aircraft

Unmanned aerial vehicle, abbreviated as "UAV". A UAV is an unmanned aerial
vehicle that is controlled by remotely piloted equipment and autonomous software
devices, or fully or intermittently autonomously controlled by an on-board computer.

UAVs are widely used in the military, primarily for tactical and strategic aerial
reconnaissance. Micro" and "small" UAVs are increasingly used in platoon and
detachment combat operations, i.e. to address military intelligence missions. UAVs can
also be used to coordinate fires and strikes against ground targets.

In addition, non-military drones are used for a variety of tasks, but their
performance is not feasible for manned aircraft for various reasons. diagram shown Fig

1.1.

monitoring of airspace, land and
water

environmental control ‘

air traffic control ‘

Objectives control of maritime trafﬁc‘

development of communication
systems

on-site logistics (transfer of spare parts,
ammunition, batteries, medicines, etc.)

B T I I R N

artistic photography ‘

Fig 1.1 - non-military drones are used for a variety of tasks
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Compared to manned aircraft, it has advantages such as small size, low cost,
ease of use, low requirements for the combat environment, and high survivability on
the battlefield. Drones are now widely used to capture footage that can do the same job
as very expensive helicopters and cranes [1,6,7]. Large e-commerce giants such as
Amazon, Alibaba, DHL, and some other major e-commerce companies are advocating
the use of drones [2, 36]. UAVs can save a lot of time and are not affected by any
traffic conditions. In addition, they can also be used for short distances [3]. UAV
technologies are now also enabling farmers and are radically changing the agriculture
industry Agriculture with modern farming technologies [8, 9].

Compared to conventional manned aircraft, unmanned aerial systems (UAS)
offer a number of performance and capability advantages. It can perform tasks that are
too dangerous or complex for manned aircraft. UAVs can also fly at lower altitudes
and slower speeds, allowing for more accurate data collection and processing. In
addition, UAVs can be equipped with a variety of sensors and cameras, allowing for
more accurate and detailed data collection. UAVs can also be used for search and
rescue missions, as they are able to fly slowly and at low altitudes, which increases the
effectiveness of search efforts. To summarize, UAVs are a vital tool in a variety of

industries due to their performance and capabilities [19].

1.2. The challenges of the unmanned aerial vehicle (UAV) market

The global market for unmanned aerial vehicles by type (fixed-wing and
multicopter), components (airframe, payload, navigation, control system and
propulsion system), and application (military and commercial UAVs), as shown in Fig.

1.2.
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W South America ® Middle East and Africa

Fig 1.2 - Diagram of the global UAV market in 2021-2028

The Unmanned Aerial Vehicles Market is expected to grow at a CAGR of 30.76%
during the forecast period of 2021 to 2028. Various industries are currently exploring
the use of UAVs for commercial and military purposes. Increasing adoption of drones
in various industries such as mining, oil & gas, telecommunication, and retail is
expected to drive the growth of the drone market size.

The drone market is segmented on the basis of type, component, and application.
The growth among the segments helps in analyzing the growth niches and market
strategies and identifying the key applications and target market differentiators:

- On the basis of type, the unmanned aerial vehicle market is segmented into
fixed-wing and multi-engine rotary-wing versions;

- on the basis of components, the unmanned aerial vehicle market is segmented
into airframe, payload, navigation guidance system, control system, and propulsion
system,;

- on the basis of application, the unmanned aerial vehicle market is divided into
military and commercial UAVs.

The competitive landscape of the UAV market provides detailed information on
competitors, which includes company overview, company financials, revenue
generation, market potential, R&D investments, new market initiatives, regional
distribution, company strengths and weaknesses, product launches, product breadth

and depth, and application benefits. This data only covers the company's focus on the



unmanned aerial vehicle market.

1.3. A general approach to the classification of unmanned aircraft

An unmanned aerial system (UAS) should be understood as a complex of

16

unmanned aerial vehicle (UAV) systems with remote control points on the ground and

managers to ensure its proper operation, as well as control and communication

channels to transmit the results of UAS operation to consumers.

The functional purpose, organizational and technical parameters of UAVs and

are UAS classified in Table 1.1 [21-29].

Table 1

General classification of unmanned aircraft

A

Classification

Purpose

Scope of UAS application

- tactical
- operational;
- strategic.

UAV takeoff weight

- UAS with micro-UAV (mo < 1.0 kg);

- UAS with a small UAV (1.0 < mo< 100 kg);

- UAS with light UAV (100 < mo< 500 kg);

- UAS with medium UAV (500 < mo< 5000 kg);
- UAS with heavy UAV (5000 < mo< 15000kg);
- UAS with super-heavy UAV (mo> 15000kg).

Flight duration

- UAS with UAV of short flight duration (t < 1 hour);
- UAS with UAV of medium flight duration (1 <t < 6 hours);
- UAS with UAV of long flight duration (t > 6 hours).

Execution UAV

- UAS with UAVs of non-airfield launch (catapult type as a variant), which are
launched by hand;
- UAS with UAVs of airfield launch from a runway (platform).

Landing

- UAVs with "airplane-like" landing (with a run);
- UAVs with a point landing of the UAV (parachute descent, catching by various
devices).

Functional purposes of UAS

- supervisory

- intelligence; and
- transportation;

- multi-purpose.

Dimensions and weight characteristics

- miniature
- ultra-small
- small

- medium

- large.

Range for reusable UAVs

- short-range with a range of less than 80 km and a flight duration of 1 to 6 hours
- short-range with a range of 300-700 km and barrage time from 2 to 8 hours;

- medium-range with a range of 300-700 km and a barrage time of 2 to 8 hours;
- long-range with an unlimited range and a duration of more than 24 hours.

IIpoodosocenns madauyi 1

i

Height of application

- ultra-low-altitude

|
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- low-altitude

- medium-height;

- used at high altitudes.
- airfield

Basing of the UAV - mobile

- stationary.

- radio-controlled (controlled by the operator via control lines (channels));
Flight control - automatic (controlled automatically by a program);
- combined (with a combined control system).

- photo and video reconnaissance in the visible part of the spectrum;
- radar reconnaissance;

L. . . - thermal imaging reconnaissance;

Application of intelligence . . . . .
- radio and radio engineering intelligence;

- radiation, chemical and biological intelligence;

- weather intelligence (meteorological intelligence).

. .. - in real time;
Time of receiving the collected L o .
- periodically during communication sessions;

f .

{ormation - after landing.
- ground-based

Launcher basing - airborne

- sea-based.

1.4. Classification by ICAO, EUROCONTROL, FAA USA, CHINA

1.4.1. ICAO classification of drones

The ICAO classification system is used to classify aviation incidents based on
their severity and potential impact on aviation safety. This system determines the
organizational sequence of work to prevent aviation incidents, the tasks and functions
of management agencies, management agencies, management objects and subjects.

ICAQ's Model UAS Regulations provide a framework that member states can
adopt or use to supplement their existing drone regulations. The regulations are
divided into multiple parts, with highlights including:

Part 101: Focusing on unmanned aircraft weighing 25 kg or less and operating
in standard conditions, emphasizing registration requirements and inspections for
heavier drones.

Part 102: Addressing operations using drones that weigh more than 25 kg or
those not adhering to Part 101 requirements, and facilitating ongoing operations
through certification.

Part 149: Promoting the use of Approved Aviation Organizations to assist with
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tasks like remote pilot licensing and drone inspection.
This framework allows for a level of flexibility and adaptability for ICAO
member states, accommodating the evolving landscape of drone technology and usage.

As shown in Table 1.2.

Table 1.2
ICAO classification of drones
Maximum Flight Altitude
Remarks
Cat Takeoff Rules Range Primarv Pur
egory Weight imary Purpose
<25 General Low to Recreational and Basic small
Unmanned kilograms Aviation Medium Small Commercial unmanned aircraft
Aircraft Rules Altitudes Use
Small <25 General Low to Various Small unmanned
Unmanned kilograms Aviation Medium Applications aircraft categorized
Aircraft Rules Altitudes based on specific
rules
Large >25 Special Medium to Commercial and Typically require
Unmanned kilograms Aviation High Altitudes Professional Use specialized permits
Aircraft Rules
Unmanned N/A N/A N/A Various, including Includes drones,
Aircraft Research and ground stations, and
System Military other equipment
UAS N/A N/A N/A Drone Operation Individual or entity
Operator and Management responsible for flight
compliance

1.4.2. EUROCONTROL classification of drones

EUROCONTROL is a pan-European organization that supports European
aviation. Its mission is to provide safe and efficient air traffic management services to
its member states and to ensure the smooth flow of air traffic in Europe. As a result,
EUROCONTROL plays a vital role in the aviation industry, working closely with
various stakeholders to ensure the safety and efficiency of air travel in Europe.

One of EUROCONTROL's key initiatives is its classification system, which is
designed to standardize the classification of airspace and air traffic services in Europe.
The aim of this system is to provide a consistent and comprehensible classification of
all airspace and air traffic services, making it easier for pilots, air traffic controllers and

other aviation stakeholders to understand and navigate the complex European airspace.
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Standardization is critical in aviation as it helps reduce the risk of error and improve
safety.

Remotely piloted aircraft (RPAS) are difficult to classify due to their wide
variety of shapes, sizes, and characteristics. Category m traffic is a set of flight rules,
operating procedures and system functions applicable to RPAS and operators operating
RPAS in selected airspace. EUROCONTROL's RPAS traffic classification consists of
four categories for very low altitudes (less than 500 feet) and three categories for

flights above FL600, as summarized in Table 1.3.

Table 1.3
EUROCONTROL classification of drones
Class Description EASA VLOS or Operational Requirements
Category BVLOS
I Buy and Fly Open VLOS Low-risk environments; 3D self-separation;
avoidance of geo-zones without drone areas;
mandatory declarations
I Free Flight Specificor | VLOS Free flight trajectory; up to 500 feet above sea
Certified and level; 3D self-separation; observation possibility;
BVLOS barometric equipment for BVLOS; mandatory
authorization
1T Free Flight or Route Specific or | BVLOS Free flight or within route structure; up to 500
Structure for Certified feet; observation possibility; barometric
Medium/Long equipment; mandatory authorization; mainly for
Distance medium/long-haul transport
v Special Operation Specificor | VLOS Designed for specialized operations; up to 500
Certified and feet; tracking capability might be required; special
BVLOS permit for each case; could be civil, state, or
military operations
\Y Development outside | - VLOS Beyond route network of air traffic control; up to
ATS network under and 600 feet; no additional performance requirements
IFR/VFR BVLOS compared to manned aircraft; two-way RPAS
communication with ATC if needed; DSA; flight
plan required
VI Operation under [FR - BVLOS Includes ATS route network, terminals, and
including in the airports; up to 600 feet or unmanned aircraft
network capable of piloted flight; two-way RPAS
communication with ATC; DSA; flight plan
required
VII IFR at Very High - VLOS Above 600 feet, mostly uncontrolled airspace;
Altitude and transition through separated or unseparated
BVLOS airspace; prior agreement; special procedures;
flight plan required

1.4.3. FAA classification of drones

Recent drone legislation in the U.S. reflects this: a distinction is made between

small drones, model airplanes, and micro aerial vehicles, and different rules apply.In
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2016, the FAA established rules specific to small drones as part of Federal Rule 107.
Under Part 107, a "small drone" is defined as a drone that weighs less than 55 pounds
(25 kg) including all cargo. Part 107 also provides more detailed regulations on
registration, pilot control, and operational restrictions for small UAVs. This is shown
in Table 1.4.

Overall, U.S. drone legislation imposes relatively few legal restrictions on small,
model, and microbial drones and is decreasing, primarily because these types of drones
are generally lighter and slower. The security threat is relatively low. In addition, on
top of the distribution of drones primarily by weight, different rules have been
considered based on the use of the drones, reflecting a further refinement of the rules

governing the categorization of drones in the United States.

Table 1.4
FAA classification of drones
Purpose Classification Size Classification Flight Altitude Activity Radius

Small (< 55 Ibs) Below 400 feet (Low) Local
Commercial Medium 400 - 1200 feet Regional
Large (> 55 lbs) Above 1200 feet (High) National

Small (< 55 Ibs) Below 400 feet (Low) Local
Research Medium 400 - 1200 feet Regional
Large (> 55 Ibs) Above 1200 feet (High) National

Small (< 55 1bs) Below 400 feet (Low) Local

Recreational

Medium 400 - 1200 feet Regional
Large (> 55 lbs) Above 1200 feet (High) National

1.4.4. CAAC (China) classification of drones

The Civil Aviation Administration of China (CAAC) is the governing body
responsible for regulating civil aviation in China. The CAAC was formed in 1949 after
the founding of the People's Republic of China and is headquartered in Beijing. CAAC
is responsible for overseeing all aspects of civil aviation, including air traffic control,
airport management and airline security.

The Civil Aviation Administration of China (CAAC) Provisional Regulations for

the Operation of Light and Small Unmanned Aircraft and the Piloting Regulations for
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Civil Unmanned Aircraft provide a classification of unmanned aircraft as summarized

in Table 1.5 This classification takes into account the weight of the aircraft and

operational characteristics. It provides a relatively simple framework for defining

operating and pilot license requirements. The CAAC regulations for temporary light

and small unmanned aerial vehicles apply to the categories of unmanned aerial

vehicles listed in Table 1.5, but they do not apply to model aircraft unless they are

equipped with an autopilot, command and control data links or autonomous flight

equipment, and also do not apply to indoor operations [48-50].

Table 1.5

CAAC (China) classification of drones

Category

Empty weight
(kg)

Takeoff weight
(kg)

Requirements for operation

Remote pilot

I

IA

1.5

II

>15<4

>15<7

III

>4<15

>7<25

v

>15<116

>25<150

Agriculture, W < 5700

; <120m

KM
h

VLOS; CAS <100

AGL < 500 m from the pilot/observer

Pilot safety

Geofencing and
ground station.
Cloud connection at
60 seconds if over
or around important

facilities or airports

No license required

Flight data is stored
for 3 months, geo-
zoning; UAS cloud
connection with a
reporting speed of 1
second (densely
populated areas) or

30 seconds.

Passive

surveillance.

Geofencing and
ground station
Cloud connection
with a speed of 60
seconds if over or
around important

facilities or airports.

VI

The volume of the airship <

4600 M3

BVLOS

<15m

Flight data is stored
for 3 months; geo-

zoning; UAS cloud

A remote pilot license administered
by a national professional
organization.

No license is required for indoor
operation.

No license is required for

experimental operation in rural areas.
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connection at 1 s

densely populated
VII BVLOS categories I Ta II ( v pop

BVLOS

areas) Speed

reporting at 30 s.

1.4.5. Differences in drone classification methods among FAA, EASA, ICAO
and CAAC

Aviation regulators globally, including the United States' Federal Aviation
Administration (FAA), the European Union Aviation Safety Agency (EASA), the
International Civil Aviation Organization (ICAO), and China's Civil Aviation
Administration (CAAC), have developed distinct drone classifications that mirror their
unique regional conditions and priorities. A notable distinction is the FAA's
methodology, which primarily categorizes drones by their weight, drawing a line
between small drones under 55 pounds and larger ones above this threshold. Moreover,
the FAA differentiates based on the purpose of drone use, such as commercial, research,
and recreational activities. In contrast, EASA, ICAO, and CAAC adopt a more
nuanced approach that includes operational aspects alongside weight, considering
factors like altitude, speed restrictions, operations beyond the visual line of sight,
levels of human supervision, and geographic limitations to determine their
classifications.

This variation largely reflects the regional differences, particularly the dense
population and complex airspace in Europe and Asia versus the more open and less
congested airspace in the United States. The higher population density, conflicting air
traffic, and intricate traffic flows in Europe and Asia necessitate more detailed drone
regulations to minimize collision risks, which are less of a concern in the expansive
spaces of America.

EASA's classification system is notably detailed, introducing seven specific
categories that define precise performance, features, and operational requirements for
various drone weight classes. This system facilitates customized type certifications to

ensure safe drone integration, accommodating flights over people, beyond visual line
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of sight operations, heavy payload transport, and high-altitude missions.

ICAO provides a robust yet flexible framework, encouraging member countries
to adapt and enhance it according to their specific needs. Meanwhile, CAAC integrates
additional considerations unique to China's market, which encompasses both extensive
urbanization and vast rural areas with differing agricultural needs, distinct from those
in Western regions.

While the United States has been at the forefront of implementing simpler and
more entrepreneur-friendly drone regulations with nationwide consistency, it faces
challenges related to effectively enforcing safety limits as drone usage increases.
Conversely, the stricter classifications in Europe and Asia are designed to proactively
address potential risks.

In summary, the FAA's drone classification significantly differs from the more
complex approaches of EASA, ICAO, and CAAC. These differences stem from
technical characteristics, intended drone roles, and geographic complexities, setting the
stage for potential global harmonization in the commercial drone industry. While the
FAA focuses on industry growth, other regulators prioritize localized risk mitigation
and constraints. Over time, the identification and incorporation of best practices from

various conditions may unify and refine drone classifications worldwide.

1.5. Regulatory framework

1.5.1. ICAO?’s laws, regulations and regulatory framework for drones

The International Civil Aviation Organization (ICAO) plays a pivotal role in
shaping the regulatory framework for drones and unmanned aircraft systems (UAS)
globally. ICAQO's approach to drone regulations focuses on the harmonization and
standardization of rules and procedures to ensure safe, secure, and sustainable
development in the field of unmanned aviation. ICAO's involvement in drone

regulation can be highlighted in several key areas. As shown in table 1.6.
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Table 1.6
ICAO regulations and supervision on drones
Aspect Details
DRONE ENABLE Symposiums Organizing international symposiums (like

DRONE ENABLE 2023) for stakeholders to
discuss innovation and developments in unmanned
aviation.

Harmonization of Regulations Developing a comprehensive, harmonized
regulatory framework in collaboration with civil
aviation authorities and industry stakeholders.

Safety and Security Standards Setting safety and security standards, including
guidelines and best practices for drone operations.
International Collaboration Facilitating international collaboration for the

development of UAS regulations, sharing research,
best practices, and lessons learned.

Education and Awareness Raising awareness and educating stakeholders
through webinars, reports, and knowledge
exchange platforms.

In summary, ICAO's role in drone regulation is centered around creating a
unified global framework that addresses the complexities and challenges of integrating
unmanned aircraft systems into the existing aviation infrastructure. Through
symposiums, standardization efforts, and international collaboration, ICAO aims to
foster an environment where drones can be used safely and efficiently for a variety of

purposes, contributing positively to the global aviation ecosystem.

1.5.2. EUROCONTROL and EASA’s legal, regulatory and regulatory

framework for drones

EUROCONTROL, as an intergovernmental organization dedicated to ensuring
efficient and safe air traffic management across Europe, contributes to the regulatory
framework, particularly with regard to Unmanned Aerial Vehicle Traffic Management
(UTM). Key aspects include:

1) Network Manager Role: EUROCONTROL plays a role in the management

and coordination of the European airspace network, including the integration
of drone operations.

2) UTM Development: EUROCONTROL is involved in the development and
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implementation of UTM systems necessary to manage drone flights,
especially in controlled airspace.

3) Research and Innovation: EUROCONTROL participates in research
programs exploring new technologies and procedures for the safe integration
of drones into the airspace.

4) Stakeholder Engagement: Work with various stakeholders including air
navigation service providers, drone operators and regulators to develop
comprehensive UTM solutions.

The European Commission has adopted a series of U-space regulations that
introduce new services for drone operators, allowing them to perform more complex
and longer-range operations, especially in congested low-altitude airspace (below 120
meters ) and beyond visual range flight. The development route is divided into four

stages, as shown in Table 1.7.

Table 1.7
U-Space development route
U-Space development route
U1 Possess the capabilities of e-Registration, e-Identification, and
Foundation Services | Pre-tactical Geofencing.
U2 Possess the capabilities of Procedural Interface with ATC,
Initial Services Monitoring, Tactical Geofencing, Flight-Planning Management

and Tracking, and Weather Information.

U3 The initial service capability improvement stage.
Advanced Services

U4 The stage of improvement of advanced service capabilities.
Full Services

In the DREAMS project serving U-Space, the designed U-Space data
interaction platform needs to collect, process and distribute meteorological data,
airspace data, air navigation notification data, terrain obstacle data, population density
data and communication, navigation and monitoring facilities data. , aircraft flight data

and various dynamic and static data, as shown in Figure 1.3.
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Civil Aviation
Administration

| Local government |
- Static and dynamic
- I - \ Military /
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[ e |

| Communication and navigation monitoring data |

Fig.1.3 DREAMS diagram

The European Union Aviation Safety Agency’s (EASA) “Proposed Revision
Notice 2017-05(A)” puts forth a regulatory framework for unmanned aerial vehicle
(UAV) operations -- operation of open and specific UAV systems, targets the operation
of open UAV systems (low-altitude, VLOS, one-person only). capable of controlling a
UA at the same time), and put forward traffic management regulations focusing on
three aspects: operational restrictions, remote pilot qualification requirements, and
aircraft system technical requirements. See Table 1.8 for details; For charter drone
operations, traffic management regulations based on risk assessment and risk
mitigation are proposed. It is recommended that the Joint Agency for Unmanned
Systems Rulemaking (JARUS) SORA approach be used to develop management
regulations, risk assessment methods and risk mitigation measures. See Figure 1.4 for

details. For charter drone operations, operators can conduct risk assessments using
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standard scenarios endorsed by EASA. If the assessment is low risk, the operator can

submit a "declaration" to the regulator to obtain a license. If the assessment results in a

high risk, the operator can obtain a license by submitting a "declaration" to the

regulatory authority. Obtain a charter from a regulatory agency in the form of an

"authorization"; holders of a Light UAV Operator Certificate (LUC) can also obtain

self-"authorization" on preferential terms.

Table 1.8

EASA Open Class UAS Traffic Management Regulations

EASA Open Class UAS Traffic Management Regulations

Main Electronic
Maximum Maximum [ Remote Remote
UAS Crowd technical UAS Identification,
UAS level takeoff flight control pilot | control
category distance requirements | registration El and
weight/Joule altitude capabilities | driver age
(CE mark) Geofencing, G
Private |Unnecessary
manufacturing Toy
regulatory
requirements,
<250g User's Guide | Unlimited [Unnecessary [Unnecessary
<50m no sharp
€0 edges,
instructions
Flying over
for use
Al unrelated
If it is equipped
Flying crowds (not  [<120m, Kinetic
with a lens or
over the over or no energy
audio sensor
crowd catherings of higher requirements,
Instructions larger than
people) than 50 Aged 14 or [no sharp
for use and SMP, El is
<80J or Imeters above or  [edges,
C1 online Operator required; if the
900g above the with optional
training and operating
building at supervision [height
testing airspace is
the request restrictions,
required, EI
of the instruction
and G are
owner manual

require
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Intention to

Instructions

manufacturing

from cities,
crowded areas
and airport

Iborders

approach
<120m, |for use and
lunrelated Mechanical
or no certificate of
[people but strength, loss
higher conformity
A2 keep a safe Over 16 [of connection
than 50 m [(with
Flying distance (rotor years old or[management, |[Operators
C2 <4kg above the [theoretical Requirement
close to drone is with optional and drones
building at[qualifications
people greater than 20| supervision fheight limit,
the requestfand passed
meters; fixed- instruction
of the testing by an
wing drone is manual
owner approved
greater than 50|
center)
meters)
Lost
Fly to an area
connection
where
management,
irrelevant
C3 optional
Ipeople are
<120m, height limit,
generally not
or no instruction
[present
higher [nstructions manual
Over 16 If required for
A3 Fly [n addition to [than 50 m [for use and [nstructions
C4 years old or Operators  |operational
away the above above the lonline for Use
<25kg with and drones |airspace, EI and|
from requirements, |building at training and
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1.5.3. FAA’s laws, regulations and regulatory framework regarding drones

The FAA in the United States has established a comprehensive set of laws,

regulations, and a regulatory framework for the operation of drones, officially known

as unmanned aircraft systems (UAS). Here's an overview:

y)
°

2)

Laws & Regulations

The current regulations and rules governing drones/unmanned aircraft
systems (UAS) are contained in the Federal Aviation Regulations (FAR) Part
107 which covers operational limitations, remote pilot certification, aircraft
requirements, etc.

Part 107 builds on the FAA Modernization and Reform Act of 2012 which
mandated the FAA to integrate UAS operations safely into national airspace.
Key categories defined in FAA rules are Model Aircraft (recreational users
operating under community guidelines), Recreational Flyers, and
Commercial Operators.

Regulatory System:

At the federal level, the FAA has primary regulatory authority over drones in
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US airspace. State and local governments have limited regulatory powers.

® Commercial users must obtain Remote Pilot Airman Certificate by passing
an aeronautical exam from FAA. Recreational users simply need to register
drones and follow community standards.

® The FAA approvals required include aircraft registration, airworthiness

certification, remote pilot licensing, obtaining operational waivers, facilities
maps filing, night operation, external load approval etc.

® FAA rules cover restrictions pertaining to altitude, airspace, time of day,

visual line of sight operations, critical infrastructure, flying over people,
carriage of hazardous materials etc. to ensure safety and public interest.

In summary, EASA’s framework enables scaled regulations, assessments, and
certifications depending on the scope and risk profiles of UAV operations - open
category low-risk versus specialized commercial activities. The focus is on
pragmatically easing adoption of routine drones while ensuring adequate oversight for

advanced operations through centralized as well as operator-driven evaluations.

1.5.4. CAAC’s laws, regulations and regulatory framework regarding

drones

In recent years, China's drones have frequently flown illegally and interfered
with navigation. The supervision of civilian drone flight activities has been put on the
agenda by the Civil Aviation Administration of China (CAAC), and has been in the air
traffic management, airworthiness management, pilot A series of normative documents
have been promulgated in terms of management and operation management. In 2015,
the Civil Aviation Administration of China issued an advisory notice on the operation
and management of civilian UAVs, "Regulations on the Operation and Management of
Light and Small UAVs (Trial)", which proposed seven categories of UAVs suitable for
operation management and stipulated operational requirements. The "Management
Regulations for Trial Operation of Specific Categories of UAVs (Interim)" released in

2019 combines China's national conditions with SORA and proposes the application
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and approval process and requirements for the qualification review of specific
categories of UAVs. It is a step forward in the supervision of civilian UAV operations.
This is an important step, and it can be seen that China has adopted the classification

management supervision idea based on operational risks. Refer Table 1.9 for specifics.

lable 1.9
CAAC Drone Regulations in China
Regulation Category Details
Drone Registration Drones over 250 grams must be registered with

the CAAC. Requires personal information,
drone details, and possibly a Chinese mobile
phone number.

Commercial Use Licensing License required for drones between 7 and 116
kg. Drones over 116 kg require a pilot's license
and UAV certification.

General Flying Rules Maintain visual line of sight, avoid flying above
120 meters and in densely populated areas. No
flying near airports, military installations, and
sensitive areas. Adhere to No-Fly Zones.

Travel Considerations Drones are allowed on airplanes, trains, buses.
Batteries must be in carry-on luggage.
Local Awareness Be cautious and respectful of local sentiments,
especially outside major cities.
No-Fly Zones Beijing and other specified areas are no-fly

zones. Check specific maps for details.

1.5.5. The differences between the laws, regulations and regulatory
frameworks of FAA, EASA, EUROCONTROL,ICAO and CAAC

regarding drones

The differences in legal regulations and regulatory frameworks for drones
between the Civil Aviation Administration of China (CAAC) and four international
organizations, the Federal Aviation Administration (FAA), the European Union
Aviation Safety Agency (EASA), EUROCONTROL, and the International Civil
Aviation Organization (ICAQ), can be analyzed as follows:

1) Geographic Scope:

® CAAUC: The regulatory authority of the CAAC is limited to drone operations

within China, and its regulations and standards apply exclusively to

operations within China's borders.
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3)

4)
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FAA: The FAA's regulations apply within the United States, but it also has
some international influence and requires compliance with certain globally
recognized safety standards for commercial drone operators registered in the
United States.

EASA: EASA's regulations cover drone operations within Europe.
EUROCONTROL: EUROCONTROL primarily focuses on air traffic
management coordination and support, regarding drones, especially
concerning airspace management and integration in Europe.

Regulatory Development:

CAAC, FAA, and EASA each develop their own drone regulations and
standards tailored to their respective countries or regions.

EUROCONTROL does not develop regulations but assists in coordinating
safety and management aspects of drones in European countries.

ICAO, as an international organization, sets some global drone safety
standards, but specific regulations are usually developed by individual
countries.

Registration and Licensing:

CAAC, FAA, and EASA all require drone operators to register and issue
specific levels of licenses or certificates, with requirements varying based on
the type and purpose of the drone.

EUROCONTROL does not issue licenses but aids in the coordination of
safety and operations regarding air traffic management.

ICAO encourages countries to establish registration and licensing
procedures, but it does not directly issue licenses.

Flight Rules and Airspace Management:

CAAC, FAA, EASA, and EUROCONTROL have all established relevant
flight rules, including altitude restrictions, no-fly zones, and operational
regulations.

ICAO provides global guidance on drone flight principles, but individual

countries have the flexibility to adjust and implement them according to
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their specific needs.
In summary, these organizations differ in their drone laws, regulations and
regulatory frameworks, depending primarily on their respective geographical scope,
legal systems, flight safety needs and regulatory approaches. Drone operators are

required to comply with regulations specific to their region.

Conclusions of chapter 1

The chapter provides a detailed overview of the development and application of
unmanned aerial vehicles (UAVs/drones) in academia and industry, with a focus on the
growing concern of researchers and the need for high mobility and autonomy. It also
emphasizes the importance of understanding and complying with the regulatory
frameworks for drones from organizations such as ICAO, FAA, EASA, Eurocontrol
and CAAC, and analyzes the differences in the way these organizations approach
drones. The drone taxonomy is used to more fully understand how drones are used in
real life to ensure aviation and human safety. It also presents the regulatory framework
for the use of airspace as a key step towards the safe integration of drones into the
airspace. Finally, this section emphasizes the importance of regulation, safety, and

ongoing research in the field of drones in accordance with international norms.
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CHAPTER 2. THE ROLE OF DRONES IN THE DELIVERY AND
TRANSPORTATION OF GOODS TO IMPROVE THE EFFICIENCY OF
SUPPLY CHAINS

2.1. Air traffic control and flight planning for cargo UAVs in a single

airspace

Consider the important management and planning tasks that occur in the
practice of civil aviation. Some of the first publications in this area are articles [1] and
[2]. Thus, one of the first works was an individual model of automation of air traffic
control at the controller level [1], which is still relevant today, but with significant
complications in the organization of air traffic at the current level and the development
of GATM (Global Air Traffic Management). Such complications are caused primarily
by the need to allow UAVs with large payloads to enter the single airspace. Today,
drones can transport small loads without any problems, but a problem arises in the case
of large and heavy cargo.

Cargo drones can fly in the same airspace as manned aircraft in accordance with
the requirements of the EASA Certified category. Then the flight phases of cargo

drones can be presented as shown in Fig 2.1.
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Figure 2.1. Phases of flight

Let's consider a modified model of flight control and planning, when both the
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air traffic controller and the remote pilot, who control a set of aircraft taking off or
landing, must take into account the random nature of a number of parameters that
determine the quality of the task. These include, in particular, the moment when the
aircraft appears at the calculated point and the errors in the execution of commands by
individual aircraft, which are also affected by external disturbances.

Suppose that there is a certain set of aircraft in the control area. For each i-th
aircraft from this set, the moment of landing (take off) z; is predicted. The moments of
two consecutive landings (take offs) 7;,4 and t; (7;;1 > 7;) must be separated in time
by at least AS; — the safety interval, which is limited by the echeloning standards. If
the safety conditions are not met, it is necessary to change the trajectory or flight mode
and delay the aircraft in the control area for a certain time interval ¢;. The delay is
performed in buffer zones and is also regulated by ATFM (Air Traffic Flow
Management). The choice of the interval t; must guarantee a given probability of
compliance with the safety interval:

P{tjp; +tim,—1—t; 24053} =2, i=1,...,n. (2.1)
Here 7; is a random variable whose distribution is known.

The pilot, as a rule, cannot realize the delay exactly. Therefore, in inequalities
(1), the variables should be considered random variables whose mathematical
expectations coincide with the aircraft delay intervals in the control area, which are
subject to determination and transmission to the board. It is assumed that the
distribution function is known to the exact value of that is sought.

Of course, the random variables t;, 7,41, t;, ;41 are independent of each other.
In this case, knowing the distribution functions of 7; and t;, it is easy to calculate the
distribution functions of the random variable:

§i= (Tt tiyr — T —Giyd) — (T + 6 — T — 8.
We denote it by F;(z) = P(§; < z).
The quality of management will be evaluated by the average value of the

weighted sum of delays:
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Mzn:ﬂifi = zn:ﬂifi )
i=1 i=1

where the weighting coefficients 8; are assumed to be given. The control conditions
and technical constraints on the choice oft;are specified by inequalities:
Yi<ti<Vi, i=1,..,n
Thus, the individual task of automating takeoff and landing control under
consideration is reduced to the following stochastic model.
It is necessary to calculate the value of t; delays that are transferred to the of the

i-th aircraft, for which:
n
Z Bit; > min
i=1

P{Ti+1 + ti+1 —T; — ti = Al} > a;, [ = 1, ey, N (22)

under the conditions:

isti<y,i=1.,n (2.3)
To get the deterministic equivalent of the problem, let's rewrite the conditions
(2.1) in the form:
P <A —Tipq — iyt T+ 6} <1—-a;, i=1,..,n,
or the same thing,
A —Tigg — b+ T +E<F'(1-a), i=1,..,7n).

We have come to the next linear programming problem:

n
z Bit; — min, (2.4)

i=1
=t S FT' (U= a) + T — T — A, (2.5)
Visti<y, i=1.,n (2.6)

Model (2.4)-(2.6) is simpler than the model presented in [1] and, unlike it, does
not require assumptions about the nature of the distribution of random parameters of
the problem conditions, which allows the use of machine learning technologies.

In the process of air cargo transportation, it is necessary to consider a flight
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planning system [2] that serves two types of flights: regular and special. Scheduled
flights are operated between fixed points and are planned in advance. However, plans
can be changed within a certain period of time. Special flights occur irregularly, and
the time and points of transportation are not fixed in advance. Special flights can be
carried out by UAVs operating on regular routes, thereby diverting them from those
routes.

Different types of aircraft, both manned and unmanned, differ in payload, flight
time, and costs on different routes. Flights are planned with incomplete information.
The demand for special transportation is not known in advance. The amount of cargo
that arrives over time is based on uncertain parameters of the task conditions. There is
a need to reassign aircraft from routes that serve transportation for which the demand
is higher than expected. Reassignment may, in particular, be made at intermediate
stops. The objective is to minimize the average expected costs over the entire planning
period.

The problem is formulated as a two-stage problem with stochastic uncertainty.
At the first stage, before the requests for special flights are known, aircraft of each type
are allocated to routes and the number of flights of each type on each line is
determined. At the second stage, after establishing the realization of the random
parameters of the problem conditions, aircraft are reassigned from route to route.

Fixed conditions (conditions of the first stage) limit the total number of flight
hours for each type of aircraft distributed over all routes. The restrictions are also
related to the existing flight resources for the planned period.

The second stage constraints can be divided into two groups. The restrictions of
the first group record the fact that for each type of aircraft, the total number of flight
hours transferred from a given route to other lines does not exceed the number of flight
hours originally assigned to that route and the ratio of payload to UAV flight range.

The development of the latest technologies optimizes the payload to range ratio
of UAVs. The payload-to-range ratio (PRR) for UAS is a metric used to evaluate the
efficiency and capabilities of a drone in terms of how much payload it can carry in

relation to the distance it can travel. It provides an indication of a drone's ability to
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transport a specific payload over a certain distance, which is especially important for
applications such as cargo delivery, surveillance, scientific research, etc.

The formula for calculating the PRR as follows:

Payload Capacit
PRR = 2 pRery

Range (2.7)

Payload Capacity - is the maximum weight of the payload that a drone can
carry.

Range - is the maximum distance a drone can cover on a single battery charge
or fuel tank.

A higher PRR value indicates that the drone can carry more payload over a
given distance, which can be useful for applications where payload capacity is a
critical factor. However, it i1s important to note that maximizing PRR is not always the
primary goal, as other factors such as endurance, maneuverability, or specific payload
requirements may be prioritized for different applications.

When considering payload to range ratios, it is also important to consider factors
such as wind conditions, operating altitude, battery life, and propulsion efficiency.
These factors can affect the actual performance of the drone and its ability to achieve
the specified payload and range.

Therefore, the constraints of the second group, which are common in two-stage
problems, such as stochastic programming, are balancing ratios for each route.

We introduce the following notation:

x;j — is the number of flights during a certain period of time of aircraft of type i,
initially assigned to route j;

Xijk — 18 the number of flights of aircraft type i withdrawn from route j and
reassigned to route k;

y;’ — 1is the unrealized requests (in tons of cargo) for transportation on route j;
y; — is the unloaded capacity of aircraft (in tons of cargo) on the j-th route;

a;; — is the number of hours required for an aircraft of type i to cover route j if

ij
the aircraft was originally assigned to this route;

aij, — is the number of hours required for an aircraft of type i, originally
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assigned to route j, to cover route k. Obviously, a;j>a;y;

b;; — is the number of tons of cargo transported per flight by an aircraft of type i

ij
on route j;

a; — is the permissible number of flight hours of an aircraft of type i during a
month;

d; — is the requests for transportation (in tons of cargo) on route j;

c;j — is the cost of a flight of an aircraft of type i on route j, provided that the

aircraft was originally assigned to this route;

Cijk — 18 the cost of a flight of an aircraft of type i on route k if it was

withdrawn from route j. Obviously,, €, = Cy;

q](.+) — 1s a penalty for failure to fulfill an application for the transportation of a
ton of cargo on route j;
q](._) — 1s the penalty for underloading by one ton of aircraft on route j.

Let's write the formal model of the problem in the above notation.
The conditions of the first stage, which constrain the total number of flight hours
on all routes for each type of aircraft, are as follows:
Yiaixij < a; V. (2.8)
To formalize the constraints of the second stage, the following remark should be

taken into account. The flight time of an aircraft of type i assigned to route j is a;j
hours. If this aircraft is reassigned to route k, then it will take a;j; hours to overcome
this route. Thus, this flight on route k causes the cancellation of a;j/a;; flights on

route j.
The conditions of the second stage of the first group, which mean that it is
impossible to cancel more flights of aircraft type i on route j than were originally

scheduled for this route, are written in the form:

aijk
Ykj l;_ Xijk < Xij» Vi (2.9)

a

The conditions of the second group of the second stage are as follows:
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a;j _
Yibijxij + Xi Ykwj biXikj — Xi Xkxj (bij ﬁ) Xijik Y —y; =dj, V. (2.10)
These are the balance conditions that determine transportation requests and their
fulfillment.
The target functionality of the two-stage flight planning problem is expressed as

follows:
2i,j Cijxij + M{xi,j,:;?,yj_ [ZiZkij (Cijk — Cij ljk) X + 25(q) v+ q y] )]}
(2.11)

Thus, the flight planning problem 1is reduced to a two-stage stochastic
programming model, in which it is necessary to calculate the nonnegative parameters
Xij) Xijk» y] y; that minimize the objective function (2.11) under the conditions (2.8) -
(2.10). The variables x;; and x;j; are also subject to an additional requirement of
integer integrity.

Representing flight planning as a two-stage model is a certain idealization of the
problem. A more natural description of the situation can be presented by means of a
multi-stage stochastic programming problem, which would consistently take into
account daily changes in transportation requests. However, solving a multi-stage flight
planning problem is associated with significant computational difficulties. We propose
the following way to simplify the problem.

We divide the planning horizon into n periods and represent the situation as a
sequence of two-stage stochastic programming models. The solution obtained for a
sequence of two-stage problems can be considered as an approximate solution to a
multi-stage flight planning problem.

The optimal plan of the problem for period & determines the initial information

for the next period:
xl](t + 1) - xl](t) Zki] xl]k (t) + Zk;t] xlk](t) (2 12)

To the uncertain transportation requests to be received in period t are added
requests for cargoes that were received but not transported in previous periods. A

penalty is introduced for the delay of cargo by [ periods.
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The problem of the t-th period minimizes the total costs associated with
reassigning flights, losses due to late cargo, fines for unfulfilled transportation requests,
and underutilization of aircraft.

The problem domain is described by constraints on the available aircraft fleet
and on the cargo capacity of each type of aircraft on each route. In addition, the model
conditions include the usual balance relations for a two-stage problem and inequalities
of the form (2.9) typical for reassignment problems.

It can be assumed that the outlined sequence of two-stage problems allows us to
obtain a fairly good approximation to optimal flight planning with significantly less
computational complexity than a multi-stage stochastic programming problem.

Consider how drones affect the efficiency of «last-mile logistics». While first-
mile delivery is the beginning of the supply chain, last-mile delivery is the end of the
supply chain. The introduction of drones into the last-mile logistics industry has
revolutionized the process of delivering goods to customers. First-mile operations
ensure the delivery of goods from the manufacturer through the courier to the carrier.
Last mile operations are completed when the order is delivered.

In the context of transportation, supply chain, manufacturing, and retail, the last
mile is used to describe the delivery of products as the last stage of transportation, the
performance of which is determined:

a) Faster delivery and greater convenience attract consumers.

B) Increased sales and revenues: deliveries to remote and rural areas, their sales
and profits can increase due to better access to new customers.

c) Increased efficiency: Last-mile delivery can help businesses optimize their
operations by reducing the time and resources required for delivery. Using automation
and digital technology, manual labor and administrative tasks can be eliminated,
leading to more efficient and profitable delivery operations.

In this case, drones can reduce the time and costs associated with last-mile
delivery, as well as improve the quality of customer service and thus increase the
efficiency of goods logistics. This means maximizing the ratio of the beneficial effect

to the cost of obtaining it. In this respect, drones have become a powerful asset in the
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last-mile logistics industry, allowing for shorter delivery times and, as a result,
increased efficiency in this industry. This is due to the fact that:

1) Drones can travel faster than traditional delivery vehicles because they don't
need roads or traffic;

2) They can deliver goods directly to the customer's location;

3) Drones can be programmed to fly autonomously, which reduces the need for
manual labor and shortens delivery times;

4) Drones can be used to access previously inaccessible areas. For example,
drones can be used in rural areas that are difficult to reach by road. This makes it easier
for companies to deliver goods to these areas and provides customers with a more
efficient delivery service;

5) The ability to track and control the delivery process in real time. Companies
can use drones to track the location of a parcel as well as to determine the status of
delivery. This provides customers with greater visibility into the delivery process and
helps companies better manage their operations;

6) Due to the ability to cover large areas regardless of terrain, drones can
approach dangerous areas, such as high voltage zones, without endangering people and
allowing for more informed decisions during adverse incidents;

7) Drones are used to improve the safety of last-mile logistics. Drones can be
used to monitor the areas around a delivery location, ensuring that the delivery is made
safely and the customer's property is protected. In addition, drones can be used to
detect intruders and, if necessary, alert the appropriate personnel.

All of this enables companies to reduce delivery costs and increase customer
satisfaction by providing faster delivery services. Therefore, the problem of urgent
delivery of goods can be viewed as an automated system with queuing objects with
events that occur at random moments in time. Such events form a stochastic sequence,

usually called an event stream.
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2.2. Drones as objects of mass service with events occurring at random

moments in time

We will assume that the flow of events associated with a request for delivery of
goods by a service object satisfies the following conditions:

1) for any two non-intersecting time intervals, the probability of occurrence of
any given number of events during one of them does not depend on the number of
events that appear during the other;

2) the probability of occurrence of one event during an infinitesimal time
interval (¢, ¢ + A¢) is an infinitesimal value of order 4¢

3) the probability of occurrence of more than one event during the time interval
(¢, t + 4¢) 1s infinitesimal of the highest order compared to Az.

Let P, (t;, t;) denote the probability of occurrence of m events in the time
interval (¢#;, ;). Then conditions 2) and 3) will be written in the form:

Pi(t, t+At)=A(¢) + o (AY), (2.13)
Y= Pr(t + At) = 0o(4t), (2.14)

where A(?) is some nonnegative function.

The equation that the event will not happen.

The task is to find the probabilities that m events (m = 0, 1, 2, ...) will appear in
a given time interval (¢, f) for a stream of events that satisfies the conditions (2.13,
2.14, and 2.15).

Considering the moment t0 fixed, we denote the probabilities P, (¢) (m = 0, 1,

To calculate Py (), we note that P, (¢+4t) is the probability of intersection of two
events: no event in the interval (#), ) and no event in the interval (¢, ¢ + A4¢). According
to condition 1), these events are independent. Therefore:

Po(t+At) =Py (¢t) Po(t, t + Af). (2.15)

Based on (2.13) and (2.14):

Po(t,t +A4t) =1 =Y px (t, t +4t) =1 — A(t) At + o(At). (2.16)

Substituting this into expression (2.15), we obtain:
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Py(t+ A1) = Py(t) — Py(£) A (f) At + o (A1),
Whence

o(At)

Po(t+4t)—po (1) — _A(t)po (t) +
At

At

As At —0, the right-hand side of this equality tends to a certain limit, A(z) Py (2).

Consequently, there is a limit to the left-hand side. Thus, the probability Py(z) is
differentiable for any t, and in the limit at At —0 we obtain the differential equation:
Po(@®)=—L(t) Py (2). (2.17)
To find the initial value of the probability Py (¢), it is enough to set = ¢y in (2.16)

and move to the limit when 4¢ — (. Then we get Py (¢)) = 1.

Equations for the probabilities of different numbers of events.

To derive the equations for the probabilities P,(¢), Px(¢), ..note that m events
can appear in the time interval (¢, #+ 4¢) in one of the following m+1 incompatible
ways: all m events appear in the interval (¢, ) and none in the interval (¢, ¢+ A4t), m-1
events appear in the interval (7, ¢) and one in the interval (z, 1+ A¢), etc., all m events
appear in the interval (¢, 1+ A¢). Therefore, based on the axiom of probability addition
and the theorem of multiplication of probabilities of independent events P (4,4,...4,) =
P(4;) P(A4)) ... P(4n), we have:

P (t +4) =P (£) Py (t, t + A) + Py () Pr(t, t + AD) + ... + Py (£) Pn (2, t + A0).
Hence, in accordance with (1), (2), (4), we obtain:
P (t +48) = Py () + [Pis () — P ()] A () At + 0 (A¥).
OTxe,

Pr(t + 4t) — pr(®) o(4t)
- = AO[Pr-1(8) = Pu (O] +——

Reasoning further in the same way as in the derivation of equation (2.17), we

obtain the differential equation:
Pn()=A@) [Pni1 (O)—Pn(®)] (m=12 ...). (2.17)
The initial probability values P; (¢), P2 (¢), ... are all zero because, Py (¢y) = 1, Py
(t)=0m=1,2,...).
Solving equations

Taking the following as the independent variable
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u= ft";,l (t)dr, (2.18)

Let's rewrite equations (2.16) and (2.17) as follows

2 — _p, ‘%: —Pp APy (m=1,2,..)  (2.19)

dy n
The initial conditions will be Py = 1, P,, = 0, (m =1, 2, ...) with u=0. It is easy to
verify by direct substitution that the integrals of equations (8) satisfying the initial

conditions are defined by the formula:
Py =" m=0,1,2,..) (2.20)

Thus, for a given time interval (#, ¢), we have an even set of elementary events:
no event in this interval, one, two, etc., and the probabilities of these events are
determined by formula (2.20). Thus, formula (2.20) defines the probability distribution.
Therefore, a stream of events satisfying conditions 2.13), 2.14) and 2.15) is called a
Poisson stream. The parameter u of the Poisson distribution represents the average
number of events occurring in each time interval (¢, ). The function u(¥) 1s called the
intensity of the Poisson flow.

EXAMPLE. Estimating the probability of receiving requests for delivery of goods

There are m = 100 control UAVs of service points (SPs) in the service area that
can request service. The probability that within ¢ - minutes the service point will
contact is equal to P, =0.01.

It is necessary to estimate the probability that within t - minutes they will contact
you:

1) three software programs;

2) less than three LAs;

3) more than three LAs;

4) at least one LA.

According to the condition m = 100, P.= 0.01 and considering that the
occurrence of software is independent with a large number of them and a low

probability of this event (P, =0.01), we can use the Poisson formula (2.20):

Py =" e m=0,1,2,..)
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where L is the parameter of Poisson's law.
In this case, the value of X is distributed according to the Poisson law and its
probability takes the value m.
1) Find the value of the parameter p:
p=m-P,=100-0,01=1.
The probability that three software programs will communicate simultaneously

(m=23):

e 1 0,367879
Pm(g): 31 = 6

2) Find the probability that less than three software programs will communicate:

= 0,0613.

e—l

P (<3) = Pup (0) + Py (1) + Py ) = &’ + ! + - = 271 =2-0,367879 =
0,9197.

3) The probability that more than three software will communicate (P (> 3)) will
have the following value.

Since the events "more than 3 software will communicate" and "no more than
3-LAs"P=P (> 3),and Q =P (< 3) - are opposite events, so P+ Q=1

1.e:
P>3)=1-P(<3)=1—-[P100 (0)+ P1oo (1) + P1oo (2) + P1oo (3)].

Then P (>3)=1-[0,9197 + 0,0613] = 0,019.

4) The probability that at least one PO (we denote the probability of this event
by P).

The events "at least one aircraft will communicate" and "no aircraft will
communicate" (denoted by the probability of this event by Q) are opposite. Therefore,
P+Q0=1.

Hence, the probability that at least one UA will get in touch is equal to:

P=1-0=1-Piy(0)=1-¢'=1-0,36788 = 0,632.
Other transportation problems are solved in a similar way if the flow of events

can be described by Poisson's law.
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2.3. Advantages and disadvantages of drones for last-mile cargo

transportation

Drones offer a number of advantages for last-mile transportation, especially in
the context of logistics and delivery. The key advantages of using cargo drones are

shown in Fig. 2.2.

Speed and Efficiency

Cost Savings

Route optimization

Reduced Environmental
Impact

Accessibility

24/7 Operation

Reduced Traffic
Congestion

Improved Safety

Innovative Delivery
Solutions

The benefits of drones for last-mile transport of goods

Flexibility

Enhanced Customer
Experience

Fig 2.2 Advantages of cargo drones for last-mile freight transport

Despite these advantages, challenges such as regulatory frameworks, airspace
management, safety issues, and public perception must be considered and addressed to

ensure the successful integration of drones into last-mile delivery systems.

Disadvantages of drones for last-mile cargo transportation.

While drones have several advantages for last-mile cargo transportation, they
also currently face several significant disadvantages and challenges (Fig. 2.3).
Nevertheless, given the rapid development of UAV technology, most of them will be

overcome.
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Fig 2.3. Disadvantage of drones for last-mile transport of goods

Balancing the advantages and disadvantages of drone technology requires
careful consideration of these challenges and the development of effective strategies to
overcome them. Of course, with the development of technology and legislation, some
of these limitations may be eliminated or mitigated over time.

Drones have effectively revolutionized the last-mile logistics industry by
enabling faster delivery, increased efficiency, and improved safety and security. The
use of drones in this industry is expected to continue to grow as companies look to
capitalize on their many benefits. Thus, it is clear that drones are transforming the

delivery process and making last-mile logistics more efficient.

2.4. Optimization of supply chain operations and cost reduction

Companies are looking to optimize their supply chains and reduce costs. Drone
delivery has a number of advantages over traditional delivery methods, including
shorter delivery times, greater efficiency, and lower overhead costs.

In terms of speed, drones have the potential to significantly reduce delivery

times. Drones can fly directly from point A to point B without the need to navigate
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traffic or stop at different locations. This not only reduces delivery times, but also
increases efficiency as it eliminates the need for multiple drivers. In addition, drones
require less energy than traditional vehicles, resulting in lower fuel costs and reduced
emissions.

Optimizing supply chain operations and reducing costs depends on fuel
efficiency . The fuel efficiency of an aircraft is determined by the amount of fuel it
uses to cover a certain distance under certain conditions. This indicator is a fuel
efficiency metric (FEM). Fuel efficiency is the distance traveled per unit of fuel used;
for example, kilometers per liter (km/l) or miles per gallon (MPG), where 1 MPG
(imperial) =~ 0.354006 km/l. J= kg-m2-s—2. The higher the value, the more fuel-

efficient the vehicle is (the greater the distance it can travel on a given amount of fuel).
Energy efficiency is similar to fuel efficiency, but consumption is usually measured in
units of energy such as mega joules (MJ), kilowatt hours (kWh), kilocalories (kcal), or
British thermal units (BTU). The inverse of "energy efficiency" is "energy intensity,"
or the amount of input energy required to produce a unit of output, such as
MlJ/passenger-kilometer (for passenger transport), BTU/ton-mile or klJ/t-km (for
freight transport), GJ/t (for steel and other materials), Btu/(kWh) (for electricity), or
liters/100 km. Liters per 100 km is also a measure of "energy intensity," where the
input is measured by the amount of fuel and the output by the distance traveled.

The results show that to achieve the best fuel efficiency, a cargo drone based on
the very light class of general aviation aircraft (VLA) with a traditional aircraft layout
should have a composite structure and a wing aspect ratio of about 10-12. Assessment
of fuel efficiency at distances from 500 to 2500 km shows that such a UAV will be
competitive with the current generation of large manned commercial cargo aircraft,
achieving energy efficiency of about 7-8 MJ/(t.km). This is much better than the 14-24
MJ/(t.km) of utility turboprops. To a certain extent and in some cases, such a UCA will
be competitive with road transport, whose energy intensity is estimated at 4-5
MJ/(t.km). This study should be considered as a preliminary step towards a
comprehensive assessment and optimization of the transport systems of the UAS,

including the aircraft itself, ground infrastructure, operation, etc.


https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Metre
https://en.wikipedia.org/wiki/Second
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The use of drones also provides cost savings. By optimizing the supply chain,
companies can reduce inventory costs as well as labor costs. Drones can also transport
goods directly from the supplier to the customer, eliminating the need for
intermediaries. This results in lower costs for the customer as well as increased profits
for the business. In addition to cost savings, drone delivery also provides greater
accuracy and improved customer service. By using GPS tracking technology,
companies can ensure that the package arrives on time and in the right place. This
helps reduce customer complaints and increase customer satisfaction. In addition,
drones can be used to monitor inventory levels, allowing companies to better manage
inventory and reduce wastage.

The task of optimizing deliveries by drones can be solved in different ways. The
author believes that the following approach is a rational way.

Problems of minimizing (or maximizing) functions under various additional
conditions are typical mathematical models of decision-making processes in the
computer-aided design of technical devices and systems, in vehicle control, in
updating dependencies based on the analysis of experimental data and evaluating the
efficiency of complex systems, including unmanned systems and complexes.

The simplest type of such a problem assumes that the choice of a variant of the
unmanned object being designed (i.e., the optimization problem will be interpreted as
the choice of a solution in design) is characterized by the choice of the value of the
vector of design parameters y = (yq, ..., Yy ). At the same time, the conditions for the
creation and operation of the vehicle impose some restrictions on the permissible
values of the vector y. These are formally described as the requirement that the vector
y belongs to some valid region Q in the N -dimensional parameter space RV .The
effectiveness of an object variant that corresponds to a given value of the vector y is
described by the indicator ¢ (y), which can be calculated based on the analysis of the
mathematical model of this object. Such calculations will be called experiments. If we
assume that a decrease in @(y) corresponds to an improvement of the project, then the
choice of the value of y*, which determines the best option, is reduced to an

approximate solution of the minimization problem:
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y* =argmin{p(y):y € Q} (2.21)

Based on the results Z¢ = (p(yi), 1 < i < k of a finite number of experiments
at points y* € Q.

The selection of experimental points can be carried out sequentially, i.e., when
selecting the next point y**1, the already known results Z1, ..., Z'of the experiments at
the previous points y1, ..., y* can be used. It is assumed that some selected points may
not belong to the region Q. The mathematical model of the object should contain a test
to detect such cases (with a negative test result taken as the result of the experiment).
Thus, the procedure for selecting points from region Q can be determined indirectly -
through the test for belonging to this region. It is also possible that the admissible
region is empty, which corresponds to the incompatibility of the requirements for the
object. Establishing this fact is also considered a solution to problem (2.21).

The accuracy of the approximate solution of problem (2.21), which has
coordinate y, and value ¢, = @(y,),can be characterized by some accepted (for
meaningful reasons) notion of proximity to the exact solution, for example, by the
estimate ||y* — y.|| or the estimate |@* — @.|, where @* = (@)y".

Limited Differences in the Estimation of the Optimum. Any possibility of a
reliable estimate of the global optimum in a multi-extreme problem is fundamentally
based on the availability of certain a priori information that allows us to relate possible
values of the minimization function to known values at points where measurements
have already been made.

Let's assume that the admissible region Q in problem (1) coincides with the
search region D (i.e., there are no restrictions).

We will use the fact that in many applied problems, a change in the parameter
vector y leads to a change in the characteristics of the object, limited to a certain
degree of change in y. This fact can be interpreted as a reflection of the capacity
constraint that generates changes. Of course, there are situations when opposite
phenomena occur (shock effects, resonance phenomena, etc.), which should be

modeled as discontinuities in characteristics.
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A formal model that describes the above property of boundedness of changes for
the considered problem with one characteristic @(y) can be, for example, the
following system of inequalities:

(V) — ("I Kp(y',y"), ¥, y" €D,  (2.22)

Where p(y’,y"") is some distance function in the parameter space, and K is a
given constant. In the case when in (2.21).

PGy =y = ¥y"IDYN (2.23)

Where the function || - || corresponds to the Euclidean metric, we say that the
function ¢ satisfies the uniform condition with exponent 1/N and coefficient K.

When N = 1, this condition is called the Lipschitz condition with constant K.
We will consider this case to explain the main ideas, and for the sake of clarity, we
assume that the problem is one-dimensional, and, therefore, the search domain D is
some segment [a, b] of the real y-axis.

So, let the function @(y),y € [a, b] satisfy the condition with a given constant
K. ie:

[ — eI Kly' = y"|.y",y" € la,b], (2.24)

And, let the experiments be carried out at points y?, ..., y* in the interval [a, b].

Renumber the points y! using the lower indices in ascending order of coordinate

values, 1.¢:

@) Tk

Fig. 2.4. Search For the Global Optimum
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a<y;< ...<y; < ..<yr<bh
And denote the function values calculated in them as z; = @(y;),1 < i < k.
Fig.1 illustrates the above. Let's introduce the functions:
oi(y)=z—Kly—-yillyeD, 1<si<k, (2.25)
for which, in accordance with (2.24), the following applies:
e) =2y (y),yeED1<i<k
or
() Z2yY(y) =max{y;(y):1<i<k}, yeD, (2.26)
that is, the experimental results and condition (2.24) allow us to construct the minorant
P(y) from (2.26) of the minimized function ¢@(y) in the search domain. At the same
time, the desired minimum value of @ (y*) is estimated:
P < 0(y") < 9k, (2.27)
ae
@ = min{y(y):y € D},
pr =minf{z;:1<i <k}, (2.28)
and the upper estimate of ¢}, corresponds to the point y;, at which it is reached, i.e.,
@;. = @(¥}). The lower bound ¢}, can be calculated quite simply. If we denote:
Pri = min{P(y):y € [Viey, b 1< i<k +1, (2.29)
where y, = a and y; ., = b, then according to (2.28),

Pr = e =minf{p i1 <i<k+1} (2.30)

in accordance with (2.24), (2.25), (2.29):
Oni = (zi +zi_1 —K8)/2, 1<i<Kk, (2.31)
Pr1 = 21 — K&y, <P;<,k+1 = 2z — KOp+1, (2.32)

where 6; = y; —yi_1, 1 <i <k + 1.
The search method. It follows from (2.29), (2.31), (2.32) that:
8; =min(zi_1,2) — @ < K8)/2, 1<i <k, (2.33)
8i = 21— Pr1 = K81, Sppr = 21 — 90;c,k+1 = Kbk+1- (2.34)
Since, at the same time:

go,’;—go,o(min{&-: 1<i<k+ 1}
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Then the uniform location of the test points y;,1 < i < k, at which A;=
26/K,1 <i < k,6; =841 =08/K, provides an estimate of (2.27) with an
accuracy of 8, since, according to (2.33) - (2.34):

Oy — @p < 6. (2.35)

This method of finding an optimal solution is called the uniform grid search
method.

Search on an Uneven Grid. To obtain an estimate of (2.35) To obtain an
estimate of by the brute force method, we need to perform k = K(b —a)/26
experiments. This estimate can be achieved with a much smaller number of
experiments, given that the desired solution y* can only belong to a set:

Dy ={y € D:y(y)} < ¢y (2.36)

(In Fig. 2.4 the corresponding set Dy, is indicated by shading). Thus, it is possible to
perform the search on a coarse grid, which corresponds to an accuracy of 6’ > & and
requires a small number of experiments k’. At the next stage of the search, the search
is performed only in a subset of D, for a higher accuracy 6"’ < &', and so on (until the
required accuracy & is reached). By increasing the number of stages and decreasing the
number of experiments at each stage, it is possible to build a fully sequential method in
which exactly one experiment is performed at each stage.

One such method, which consistently generates a non-uniform mesh, is that each
subsequent k + 1 iteration (next experiment) is performed at a point:

Y= + ¥e-1)/2 = (2 + 21)/2K,

In which the minimum of the minorant ¥ (y) is achieved, i.e., the lower estimate
of ¢, from (2.28), (2.30) is achieved.

Expediency of conducting the next experiment at the point of minimum of the
minorant Y can be (informally) motivated by the fact that obtaining a small value of
the minimized function ¢ at this point will lead to an improvement in the upper
estimate (@41 < @}), and obtaining a large value will lead to an improvement in the
lower estimate ((pk > (p;c), if the latter was achieved at a single point. In this case,

each experiment improves the estimate (2.27). The starting points for the experiments
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can be, for example, y! = a, y* = b.

Estimation of the constant and stochastic model. The previous discussion was
based on the assumption that the constant K in conditions (2.22) or (2.24) is given. A
rough upper estimate that can be obtained in applied problems leads, as can be seen
from (2.35), to the need to use significantly denser networks (uniform or non-uniform),
the nodes of which are used for experiments. With an underestimation of the value of
the constant, inequalities (2.24) and the entire scheme for estimating the optimum
based on them lose their validity.

A possible solution is as follows. Instead of condition (2.24), which implies
reliable boundedness of the differences of the function, we assume that the differences
o(y') — @(y") are interpreted as random variables with an absolute value of the
mathematical expected value equal to L/y’ — y''/, if the minimum point y* does not
lie between the points y’, y". In this case, it is possible to build current estimates of the
unknown constant L based on the results of the experiments, i.e., based on the
observed values of the relative differences of the function.

This approach leads to the fact that the estimates of the desired optimum based
on the results of experiments are also stochastic in nature. At the same time, both
estimates using probability distributions and precise estimates, such as maximum
likelihood estimates for the global minimum point, can be entered, which allows you
to build a sequential search method, according to which each subsequent experiment is
carried out at the current point of maximum likelihood.

Maximum likelihood algorithm. The first experiment is performed at an
arbitrary point y! € (a,b).  The point of any subsequent k + 1 experiment is
determined by the expression:

k+1 — YetYe—1 {(Zt - Zt_l)/zrﬂ, 1<t < k,
y 2 0't=1,t=k+1’

where the number t 1s determined from the condition:
R(t) =max{R(i):1<i < k+1} (2.38)
whereforl < i < k

R(i) = 6; + (z; — 2i-1)*/1?8; — 2(z; + zi—1) [t (2.39)

(2.37)
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R(1) =26, — 4z, /riu, R(k + 1) = 26341 — 4z, /T (2.40)
u=max{|lz; —z;_1|/6;: 1< i < k}. (2.41)

If expression (2.41) s equal to zero, as well as when k = 1, it is assumed that
u = 1. The number r from (2.37), (2.39), (2.40) is a parameter of the method, and the
inequality r > 1 must be satisfied.

Convergence conditions. Methods (2.37) - (2.41), as already mentioned,
sequentially perform iterations at the points that are most likely to contain the global
minimum, estimating their location by means of an appropriate interpretation of the
experimental results within a certain stochastic model. However, the rules (2.37) —
(2.41) for selecting iterations can be investigated beyond the initial assumptions. If this
algorithm is used to minimize (with a constant k) the function ¢, then for any
boundary point y*', the sequence {y*} generated by it is valid:

1) the point y' is at least a locally optimal point of the function ¢ if this function
has a finite number of local minima;

2)if there is another boundary point y"’ of the sequence {y*}, then @ (y"") =
@ (y"), which means that simultaneous convergence to different values of the function
is impossible, and, therefore, the method generates an uneven mesh when minimizing
functions other than a constan;

3)zk = (p(yk) >@(y'),k=1,2,.., ie., the algorithm cannot generate
convergence to points where the function value exceeds the result of any experiment;

4) if at some stage the condition.

ru > 2K, (2.42)
then y’ is the point of global minimum of the function ¢, and, moreover, the set of all
boundary points of the sequence {y*} coincides with the set of points of global
minimum of the function ¢.

It is important to note that this algorithm, which does not require an a priori
setting of the Lipschitz constant, has proven to be effective in solving many specific
applied problems.

The influence of dimensionality. The considered scheme for estimating the
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global optimum based on the test results and the a priori assumption (2.22), which
characterizes the limitation of the differences in the values of the minimized function
to a certain extent of the differences in the corresponding argument values, remains
true in multidimensional problems, i.e., when N > 1. However, the computational
complexity of the evaluation increases significantly.

Exponential growth of the search complexity. Let us assume that the
minimized function ¢ satisfies the condition (with constant K) in the admissible
domain Q = D of (2.25). Similarly, to (2.25), we introduce a family of minorants ¥;,
1.e:

,YED,

e 2 iz — K|y -y’
1<i<k, (2.43)
where y* and z¢ = (p(yi) denote the points and experimental results, respectively. It
follows from (2.43) that in the closed € -neighborhood U(y*) of the point y*, there is
an estimate:
z'—min{p(y):y € D n U(yi)} < 6,
If € = §/K. By selecting the test points so that they form an & -network in the search
area D, we obtain an estimate of the desired solution:
P —9(y*) <6, (2.44)
where
pr=min{z': 1< i < k}, (2.45)
since, for the solution point y*and the coverage of the domain D by the neighborhoods
of U(yi), it is true that:
(") = min(min{p(y): y € D n Uy} (2.46)
the way in which the admissible region Q is set determines the search area for the
global extremum D = {y € RN:a; < y; < b;, 1 <i < N}, which describes the range
of possible parameter changes, and additional constraints such as inequalities
describing the conditions for the normal functioning of the object, which can be
reduced to a single form g;(y) <0, 1 <i <m:
Q={yeD:g;(y) <0, 1 <i<m} (2.47)
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A uniform & -network in a multidimensional domain D from Equation (2.47) can
be effectively constructed in various ways. In this case, the total number of nodes in
such a uniform network exceeds ( by — @y *..-(by — ay)/e¥ , ie., grows
exponentially with increasing dimension N.

Difficulty in consistently constructing non-uniform grids. Similarly to the
one-dimensional case, it is possible to reduce the number of measurements required to
obtain an estimate of (2.44) using the brute force method by first performing a low-
fidelity search on a coarse mesh containing k nodes and, based on the measurement
results, constructing the set D, from (2.36), where Y (y) is the upper bending (2.26)
minor of ¥; from (2.43) and ¢}, from (2.25). The set Dy, should contain the desired
solution y*, and further search (with greater accuracy) should be performed in this set,
and so on.

When N = 1, the set (2.36) is a set of segments on the real number axis (see
shading in Fig. 2.5). When N > 1, the constructive task of this set becomes much
more complicated. To illustrate the difficulties, let us consider a specific example for
the case of N = 2 and k = 4 shown in Fig. 2.5, where in the rectangular region D the
points of the four measurements are marked (by small black circles) and the values of
the minimized function at these points are indicated, as well as the lines of a constant
level of the minorant ¥ (y). The outline of the non-contour region D, is highlighted
(shading).



59

Fig. 2.5. Unlinked search area for parameters

The difficulty of determining the region D, which should include a uniform
grid corresponding to a higher accuracy, is removed if we switch to a fully sequential
search scheme, when at each k + 1 step in the corresponding region D, exactly one
measurement is performed, as discussed for the one-dimensional case. In this case, the

k+1 of the next measurement that improves the estimate of (2.27), can, for

point y
example, be used as the point at which the minorant ¥ (y) reaches the absolute
minimum of (2.28). This point, of course, belongs to the domain D, but it can be
determined by minimizing ¥ in a simpler domain D.

In the one-dimensional case, according to (2.29) - (2.32) minimizing ¥ is quite
simple and reduces to choosing the minimum of k + 1 values (2.30), each of which is
the minimum value of (2.29) of the minor of ¥ in the corresponding subinterval
[¥i-1 i, 1< i < k + 1. This simplicity follows from the fact that for N = 1,
each measurement point y; falls into at most two intervals [y;—1 ¥; ], [ ¥i,¥i+1 |, and

the minimum value of ¥ in each such interval does not depend on the results of

measurements in other intervals (and can be found analytically as a function of the
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coordinates of the endpoints of the interval and the values of the minimized function at
these endpoints). When N > 1, the relationship between the measurement results and

the minimum point is minor:

y**1 = arg min{y (y; ¥4, .., y%; z%, ..., z%):y € D} (2.48)

Indeed, the rule (2.48) for selecting the next measurement point itself includes a
minimization problem similar to the original problem (2.22). The values of the
function ¥ from (2.26), (2.43) are usually much simpler to calculate than the values of
the object characteristic ¢ from (2.22), which must be minimized, obtained by
analyzing a complex mathematical model of this optimization object. However,
problem (2.46) has to be solved at each iteration of problem (2.22). Note that this
difficulty remains unchanged for approaches according to which the next iteration is
carried out not at the point of minimum of the minority 3, but at the point of
maximum likelihood or at the point of minimum of the expected value of the function
¢ (both of these rules are based on probabilistic analogues of model (2.22), imilar to
the model for the case N = 1 discussed above), or by using another rule that ensures
consistent improvement of the estimates (2.27) at each (or almost each) step by
performing iterations at the point (2.46), that provides an extremum to some current

estimate ¢ of the desired solution.

Conclusions of chapter 2

Any possibility of a reliable estimate of the global optimum in a multi-extreme
problem is fundamentally based on the availability of certain a priori information that
allows us to relate possible values of the minimization function to known values at
points where measurements have already been made. It is proved that solving
multidimensional problems using a simple search method on a uniform grid requires a
significant number of iterations and, in fact, is possible only for small values of N and
low solution accuracy. The use of economical sequential methods that create an
uneven grid requires solving an additional multi-extreme problem of the type (2.46) at

each iteration, which also needs to be solved by search methods (for example, the
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brute force method), which dramatically increases the computational complexity of the
iteration.

On the other hand, when N = 1, simple sequential search methods can be
constructed for a multi-extreme problem based either on a given value of the constant
or on estimates calculated during the solution process, which create an economical
non-uniform grid whose nodes are used for measurements. In this regard, it is worth
considering the possibility of reducing multidimensional, multi-extreme problems to
some equivalent one-dimensional problems.

In conclusion, it should be noted that a targeted search for solutions to multi-
extreme problems based on a priori assumptions of type (2.22) bout the boundedness
of differences generally requires more measurements than a local search for solutions
to unimodal problems, since in the first case measurements are made at the nodes of a
(non-uniform) grid in the multidimensional search area, and in the second case - at the
nodes located on some one-dimensional descent path. This ratio can change under
certain conditions, complementing model (2.22).

In general, drone delivery is an effective option for companies seeking to
optimize their supply chains and reduce costs. By reducing delivery times, increasing
efficiency, and saving costs, drone delivery can help businesses stay competitive in the

marketplace.
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CHAPTER 3. METHODOLOGY FOR ASSESSING THE EFFICIENCY
OF CARGO TRANSPORTATION BY DRONES IN CONDITIONS OF
INCOMPLETE INFORMATION

3.1. Methods for evaluating the efficiency of complex systems

Determination of system efficiency by an analytically determined efficiency
indicator.

The purpose of determining the efficiency of a system is to optimize the system
in the process of development and modernization or to select the closest variant of the
system for implementation to the optimal one according to the selected efficiency
indicator [11, 13, 95, 173, 178,184].

The peculiarity of complex systems is the need to evaluate them by many
individual quality indicators: accuracy, reliability, cost, etc. In accordance with the
principle of unambiguity (3.1), the performance indicator of the system as a whole as a
criterion of optimality should be presented in the form of one general indicator that
includes all the individual indicators taken into account. In general, the effectiveness
of the system implementation or modernization is assessed by means of an indicator:

E=D/C, 3.1
where
D —is the effect, i.e. the value that shows what the application of a new system or
modernization of an existing one gives;
C — is the cost of developing, implementing and operating or modernizing the system.

Hereafter, we will assume that the modernization of an existing system is
equivalent (in terms of efficiency assessment) to the introduction of a new system.

Theoretically, the efficiency indicator of the new system E takes into account
all the costs and benefits of its introduction: the costs of social labor, satisfaction of
qualitatively new needs, improvement of product quality, etc. However, not all of
these indicators can be directly measured. If the effect of the system implementation

can be determined in monetary terms, then the absolute value of economic efficiency,
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for example, the annual economic effect, is estimated as a difference:
€ = €piyn — &nC, (3.2)
where
€piys — 18 the annual increase in profit as a result of the new system implementation;

&, —1s the normative coefficient of capital investments in this industry. In this case,
the effectiveness of the system implementation is determined by the economic
efficiency indicator:

€ = €piun/C. (3.3)
The introduction of a new system (or the modernization of an existing one) will be
expedient if the actual indicator of its economic efficiency € is higher than the
normative coefficient of capital investments in this industry, which is ensured when
using capital investments for the introduction of systems already mastered in this
industry:

£> &, (3.4)
At the same time, the system variant for which the economic efficiency indicator ¢ is
the highest compared to all other developed system variants is preferred for
implementation.

If the full effect of the introduction of a new system cannot be presented in
monetary terms, then the concept of technical and economic efficiency is used, which,
in addition to saving public labor costs, takes into account the measurable technical
indicators of the new system:

e=FWu,y2 y,0), (3.5)
where
Y1, Y2, ...,y — measurable technical indicators, which are called individual quality
indicators;
l — the number of individual quality indicators taken into account.

Costs C for the development, implementation and operation of new equipment

can be considered as one of the individual quality indicators, so formula (3.5) can be

written in a general form::
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€ =F(Y1, Y2 ) Yn) (3.6)

where
n — is the total number of individual quality indicators taken into account, including
costs C = y,.
Individual quality indicators depend on structural and design parameters that can be
changed during the development and implementation of the system:
Vi = @0i(%1, X2, 0, X)), L = (L,n), (3.7)
where
X1, X3, ..., Xy — structural and design parameters of the system and its elements.

If the functions ¢; and F are known, i.e., expressed analytically, then it is easy
to determine the performance indicator &€, since the parameters xq, X3, ..., X, are
known for each system variant.

If the function F is unknown, it is sometimes limited to assessing the system's
effectiveness by one of the most important individual indicators (e.g., y4), and
imposing restrictions on the others to ensure that they do not exceed certain limits:

€=V
Vui S Vi < Veiyl = 2,3,...,1,
where
Y. and y;; — are the lower and upper limits of the i-th individual quality indicator.
Depending on the individual quality indicator, one of the limits (upper or lower) may
not be limited.

Evaluating the system efficiency by one individual indicator while limiting other
individual indicators has the disadvantage that solving the optimization problem or
choosing the practically optimal system variant for implementation will be ambiguous.

Many variants of systems can be obtained with the same or approximately the
same main individual quality indicator y; with other individual indicators (which
differ significantly) that satisfy the constraints. In this case, it is impossible to
determine with certainty which system variant will be close to the optimal one.

One method of determining the near-optimal variant of a complex system is to
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replace the performance indicator function (3.6), when its analytical expression is
unknown, with a linear function that includes all the main individual quality indicators:
€ = biy1 + by, + -+ bpyy, (3.9)
where
b, + b, + --- + b,, — weighting coefficients. If there are restrictions.
Yui < Vi < Vsi- (3.10)

The linear form of the indicator (criterion) of the effectiveness of complex
systems is the simplest function that takes into account all the main individual quality
indicators. It is used to identify the practically optimal (from competing) option
without any difficulty.

The main individual indicators (criteria) of the quality of autopilot systems of
modern UAVs include the following.

1) Quality of the control process. This indicator consists of a number of
assessments, such as steady-state error, overshoot, transient time, independence of the
controlled variable from disturbances, etc. simultaneously ensuring high control
quality indicators for all indicators in practice is often difficult. For example, the desire
to ensure high accuracy in the steady-state mode mixes with the implementation of
astatic systems, in which the control error tends to zero regardless of the size of the
action, if the latter acquires a stable constant value. However, this increases the
transient time.

The theory of invariance provides a method for synthesizing systems in which
the controlled variable is invariant to disturbing influences and covariant to control
influences. As a generalized absolute criterion for assessing the quality of the control
process, when determining the effectiveness of UAVs in the automatic flight mode, a
certain functional y; = J(x41, X3, ..., X,) 1s acquired. The best system will be the one in
which the value of the functional is y; minimal.

2) Reliability y,. Not only UAVs, but any system must be reliable in operation.
The reliability of a system can be assessed by the failure rate over a certain period of
operation. The best system will be the one with the lowest failure rate y, and the

highest probability of failure-free operation. The maximum permissible failure rate is
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determined based on the specific operating conditions of the system in question.

3) Mass y3; and dimensions y,. They are one of the main indicators of system
quality. As a rule, in all cases, they should be minimal. The maximum allowable
weight and dimensions are set based on specific conditions. It is known that
particularly stringent requirements are imposed on control systems located on
unmanned aerial vehicles.

4) Ease of maintenance ys. The assessment of this indicator is closely related
to the assessment of operational reliability. The purpose of maintenance is to bring the
system to an operating state where the probability of failure is minimized.
Maintenance includes work on preliminary adjustment and adjustment of the system,
control inspections, routine maintenance, preflight preparation, etc.

The ease of maintenance of a UAV can be assessed by the average time spent on
bringing the system into working order over a certain period of the system's operation.
The quality of such a system will be higher, the less time it takes to maintain it.

5) Ergonomics of the system y,. Human-machine systems belong to the
number of organic systems in which a human operator or a group of operators is a
necessary link (3.2 - 3.5). In organic systems, a machine is any technical device
designed to convert information, energy, or matter. Thus, any technical product, since
it is operated by a human, should be considered as a machine of a human-machine
system. Automatic systems should also be considered as machines of an organic
system, since they are operated by humans, even though humans are not part of their
closed loop.

In an ergonomic system, human-machine compatibility must be ensured, i.e., the
characteristics of the machine must be consistent with the psychophysiological
characteristics of the person. There are five types of compatibility:

* information — matching the characteristics of the Z; machine (e.g., the
speed of information output, forms of presentation of the original
information, etc.) with the characteristics of a person in terms of receiving,
storing, processing, and transmitting information;

* energy — matching the strength and power characteristics of the Z, machine
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(for example, the force on the control handles) with the strength and power
characteristics of a person;
* spatial and anthropometric - matching the spatial location of the controls and
the Z3 operator's workstation with the anthropometric characteristics of a
person;
* biophysical — matching the parameters of the microclimate created by the Z,
with the physiological characteristics of a person;
* technical and aesthetic — providing artistic and aesthetic decoration of the Zg
car and workplace in accordance with the high artistic taste of a person.
Each of the machine characteristics Z; — Z5 is determined by a set of variables
(continuous or discrete parameters). For example, the information characteristic Z4 is
determined by the speed of information output z44, sound z4,, type of coding z43,
method of displaying the original information z4, etc.:
Zy = ¥1(Z11, 212, ) Z1m); (3.11)
where
m — is the number of parameters to be taken into account.
Machine-human compatibility in an ergonomic system means that the machine's
performance parameters must lie within certain limits:
Zuki < Zki < Zpki» (3.12)
where
k — number of the characteristic by type of compatibility;
i — number of the parameter of the characteristic;
Z.ki» Zski — lower and upper limits of change in the parameter zy;, which are
determined by the permissible values of the parameters of the corresponding human
characteristics. In an optimal ergonomic system, the parameters of machine
characteristics that are taken into account when ensuring compatibility must be equal
to the optimal parameters of the corresponding human characteristics:
Zi = Ziionr k = (1'_5)»1' = (1, my), (3.13)
Where
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m,;, — is the number of parameters considered in the k-th characteristic;
Zyionr — 18 the optimal value of the i-th parameter of the k-th human characteristic.
It should be noted that the optimal human parameters zy;,,, re defined as average
based on the processing of the results of a study of many operators working with this
class of UAVs.
The ergonomics of the machine as the degree of fulfillment of ergonomic

requirements is evaluated using the rati:

H=W/Wp, (3.14)
where Wp — s the potential ergonomic function that is obtained when the machine's
characteristics fully match the optimal human characteristics. The ergonomic function
W is quite complex and for most types of machines is not yet sufficiently studied.
Therefore, in practice, the ergonomics of a machine is assessed by individual
ergonomic characteristics:

R = Zyi /[ Zyionr- (3.15)
The standard deviation of the actual parameters of the system or product from the
optimal ones is used as an individual quality indicator of an automatic system or

technical product in terms of ergonomics, which is used to assess the system efficiency

’ n N2 -
yB — Zl:ll({AnZkl) ,k — 1, 5, (316)

(Zicions = Zic)
Azki — kionT ki .

indicator E:

Where

ZkionT
The best system in terms of individual ergonomic quality indicator will be the one for
which y; is minimal.
The issue of ergonomic design of Unmanned Aerial Vehicles (UAVs) has been
introduced and discussed in [3.2, 3.3, 3.4, 3.5].
6) Cost y-. It is one of the main indicators that influences the choice of a system
option for implementation, since complex technical products such as UAVs are quite

expensive. Many of the individual quality indicators y; — y- are not very related to
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each other and can be considered independently of each other with small changes, but
none of them can be considered independently of cost. Therefore, in those cases where
it is necessary to emphasize the role of cost as an individual indicator of system quality,
we will denote it not by y5, but by C, as in formulas (3.1) — (3.3), (3.5).

In addition to the considered individual quality indicators of systems, other
indicators specific to a given system and the task at hand may be considered when
developing and modernizing them. If these indicators are measurable, then they are
considered as the main ones and are included in the linear function of the overall
system efficiency E as components with their own weighting coefficients and
limitations.

For example, in the serial production of UAVs (especially in the case of multi-
series production), the labor intensity of setting up the system's units and channels is of
great importance. The labor intensity of the setup is estimated using the setup time of a
unit or the entire system after modernization yg. As a limit, you can take the specified
maximum setup time Ygnaqx Or the time that was required for setup before the upgrade.
The best system is one for which yg has a minimum value.

To apply quantitative methods of UAV research, mathematical models are
always required. There are no general ways to build mathematical models: in each case,
the model is created based on the targeted focus of operations and research objectives,
taking into account the required solution accuracy and the reliability of the source data
used. Building a model is a crucial part of operations research.

In work (3.1), the efficiency of self-tuning automatic control systems is
considered by single criteria and then by a general (complex) indicator that takes into
account their totality.

For example, single criteria are taken into account: Eq = r./1 — is the system's
sustainability performance indicator.
where  — is the radius of a circle characterizing the stability margin for a system
without self-tuning;

r. — for a self-adjusting system

and E, = A./A — is the system efficiency indicator in terms of reliability, etc
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The complex performance indicator E is a linear combination of the individual
criteria E;:

Ex = Xi-1 biE;, (3.17)
Where n — is the number of individual criteria taken into account.

However, the paper does not provide data on the determination of the b;
coefficients, which makes it impossible to use formula (3.17) for a practical
assessment of system efficiency. In addition, the complex performance indicator Eg
does not take into account the purpose of the system and therefore cannot serve to
confidently select the best option for self-tuning, since the self-tuning system itself is
part of a larger system. Therefore, obtaining optimal results from self-adjustment may
not mean obtaining optimal results for the entire system. For example, self-adjustment
will require the introduction of a number of structural elements that will affect the
weight, size, reliability, ease of maintenance, etc. of the entire complex, which may
ultimately reduce efficiency.

It is possible to determine the efficiency of an automatic control system using
the equation:

P =Q + AR, (3.18)
where
Q — is a function that is an indicator of system quality;
R — is a reliability indicator (probability of system failure);
A — is a weighting factor.

The function Q depends on the measure of control quality, which is determined

using the extremum of a certain functional - an indicator of the control goal:
E(X,Y,F,t) = extr. (3.19)

The main task of control is to ensure that the control system approximates as closely as

possible to the conditions corresponding to (3.19). This implies that the entire system

consists of the control object and the control part of the system itself. All available

information about the control object's behavior over time is contained in n variables

x;(t),i =1,2,..,n, where x; — are the components of an n- dimensional vector X
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called thestate vector of the controlled object:
X1
x) = 2. (3.20)
X,
The change of X (and its derivatives) is usually subject to certain restrictions.
The state of the object described by the vector X changes under the influence of
external conditions and signals from the control system. The external conditions are
exhaustively described by the external influence vector:
fi
F(t) = ff : (3.21)
fm

The effect of the control system signals on the object is described using the object

control vector:

V1
Y2

Y(t) = (3.22)

Yk

The control of an object is always purposeful and subject to certain constraints. To
ensure optimal control, it is necessary to form such a functional dependence of the
control vector Y (t) on the vector X(t) and the vector of external influences F(t) that
achieves the best approximation of the system to the requirements defined by
condition (3.19). This should take into account both the constraints imposed on the
vectors X, Y and F, and the real possibilities of obtaining the necessary information.
Suppose that the dependence that realizes the optimal control vector Yy (t) is as
follows:
Yo(t) =Yy (X,F,t). (3.23)

The system that implements the optimal control algorithm (3.22) has the optimal value
of the control objective Ey(t), which is determined in accordance with (3.19). In a real
system, taking into account the constraints imposed on the technical means, we can
only talk about the approximation of the control vector ¥(t) o the optimal control

vector Yo (¢). Therefore, the real system corresponds to the control metric E,,, which
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differs from the optimal Ey(t). (3.24)
The difference between E(t) is an indicator of control accuracy (a measure of control
quality) A= E¢(t) — E,(t) or more generally:

Q= ¢(d) = @[Ey(t) — Ep(1)]. (3.25)
To improve the quality of control, it is necessary to minimize the functionality (3.25).
The technical measures associated with meeting this requirement lead to a change in
the reliability index R. The task is to find a reasonable compromise between the values
of Q@ and R, which ensures the highest system efficiency, i.e., at which the value of P,
determined in accordance with (3.18), would be minimal, taking into account all the
constraints.

The advantage of the proposed criterion is that it takes into account the quality
of control and reliability of the entire system. It is used to evaluate automatic control
systems that do not have special requirements in terms of weight, size, cost, etc. The
disadvantage of this criterion is that it requires knowledge of the weighting factor 4 ,
which 1s an independent and rather complicated task. In addition, it should be recalled
that the control system is usually part of a complex technical product, and the choice
of a system variant with the minimum P value should provide for an increase in the
efficiency of the entire product.

Therefore, this criterion should be considered as a certain total individual
indicator of the quality of a technical product, which, in combination with other
indicators, affects the efficiency of a complex technical product.

A number of authors propose to evaluate the efficiency of a system by the
efficiency of a benchmark system. In this case, the comparison criterion is the quality
indicator or management goal, which depends on the state of the management object,
external influences, and other parameters.

Since the system operates under the influence of random variables, the

mathematical expectation of the criterion functional Q, which has the form:

Q = J, G[x(®), u(t)] dt + @, [x(T)], (3.26)

where
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x(t) — coordinates of the control object;

u(t) — a certain sequence of controls minimizing the value of Q;

T — fixed time;

@1[x(T)] — is a function that characterizes the movement of the object.

The proposed criterion applies mainly to automatic control systems and evaluates
a modernized or newly designed system in comparison with a system already tested in
practice, which is currently the best.

The disadvantage of this criterion is that it is not related to the design, operational
and economic characteristics of the system, as well as to the indicator characterizing
the purpose of the product of which the system under consideration is an integral part.
It should be noted that the selection of a reference system, i.e. the best of the
functioning systems, is often a difficult task.

In cases where the objective function is difficult to define or exists, but the large
dimensionality of the parameter space requires more computational work, an effective
solution is considered to be a satisfactory (from a practical point of view) one found
using other parameters and a design reference that has been tested in practice. In this
case, the optimal design problem may consist in achieving an extremum of the
objective function (e.g., minimum mass, dimensions, cost, etc.) for the existing set of
parameters while imposing constraints on the parameters in the form::

Bimin < Bi < Bimax; (3.27)
where
B; — quantitative value of the parameter;
B min» Bimax — the constraints on this parameter from below and above, respectively.

However, it is not always possible to find a single, consistent objective function
that links the entire set of parameters. The best domestic and foreign models of devices
of this type can serve as reference devices. Numerous parameters of these devices are
usually related to each other. However, these relationships are not analytical in nature.
These are so-called associative relationships, for which only the type of relationship
and an approximate qualitative assessment of the degree of relationship (weak, strong)

are known. The only way to determine the coefficients of associative relationships is to



74

use benchmarks. In this case, determining an unknown parameter x4 from a set of n

random is equivalent to finding a conditional mathematical expectation:

M[(xy), f({x1})iza] = f(xq, x5, 0, %), (3.28)

Jj#i
where

f({x1)it1 — regression equation for x; on other parameters.
Jj#i

This problem is successfully solved by sequential training based on the machine
learning algorithm proposed in Section 4 of this paper. The advantage of this criterion
is that it takes into account the whole variety of individual quality indicators that
characterize the design and operational properties of the system and is a criterion of
practical optimality. It should be noted that, as in the previous cases, there are not
always device standards and not all fields of technology can evaluate the efficiency of
devices by standards and other parameters. In addition, the determination x4 itself
involves time-consuming computational operations. However, in cases where other
methods are unacceptable and where a reference can be found, the method under
consideration is sufficiently effective.

The effectiveness of a UAV can be more fully assessed by the probability of
accomplishing its task. If P is the probability that the system will accomplish its task,
provided that the set of its elements is in state s with probability H, then the function
F will characterize the total probability of the system accomplishing its task:

F = Yeq PsHs, (3.29)
where G — is a set of states.
If Pg has a dimension (e.g., transported cargo), then the function F is a mathematical
expectation of the system's output effect. For a system with a number (quantity) of z
normally functioning elements, F = M{P(z)}, where P(z) — s an indicator that
characterizes the effect of the system on the output in the case of normal functioning of
exactly z elements.

The effectiveness of automatic and autonomous UAV flights can be assessed by

the probability that the system will meet the specified technical task (TT) and control
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quality criteria under given operating conditions during its service life. Then the
following approach is possible.

It should be noted that the technical requirements for UAVs in terms of reliability,
accuracy, cost, etc. are contradictory. Therefore, before designing or modernizing a
UAYV, it is necessary to set a condition in advance to find a compromise solution in
which the quality indicators are not clearly optimal and may lie within certain
confidence intervals. At the same time, it is necessary to ensure that the values of the
system parameters do not exceed the permissible limits defined by the technical
specifications.

Mathematically, this criterion is represented as an event probability:

p(" 22;1) =B, i=(T,m), (3.30)

where
1; — 1s the criterion of the i-th quality;
g; — 1s the threshold value of the i-th quality;
m — number of criteria taken into account;
T — is the time of reliable operation of the system. It is assumed that the quality
indicator 7; is better the higher its value.

The system at each moment of time can be characterized by an n- dimensional
vector of parameters a;, i.e. A = (a4, a,, ...,a,). (3.31)

To meet the technical specifications for the system quality criterion n; , it is
necessary to ensure that the vector 4 is within a certain region B,,. Going beyond this
area is considered an unfavorable event. Then the condition (3.31) is written in the

form:

p (‘i EZBTn) — B (3.32)

When parameters are varied, the efficiency of B can be determined through probability

densities:

T
B =Jy [l payaz ..,an )dasda, ..daydt,  (3.33)

where
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p(aq, a,, ..., a,,t) — is the probability density of the m-dimensional random state
vector A of the system.
As can be seen from (3.33), B is determined, on the one hand, by integration in the
time domain, the result of which characterizes the ability of the system to serve
reliably over a certain period of time, and on the other hand, by integration in the
domain of system parameters, the result of which determines the ability of the system
to ensure a given quality value. When choosing the region B,,, it is necessary to
proceed from the conditions of the worst combination of impacts on the system, which
corresponds to the lower boundary of the quality criterion. The region B,, is obtained
by solving the following system of equations:
m = fi(apxe)m = &, (3.34)

i=@,m)sa€cdj=0Qn);x€Xk=(11), (3.35)

where

a; — value of the j-th parameter;

n — number of parameters under consideration;

A — the set of possible values of element parameters;

x) — k-th impact on the system;

l — number of impacts;

X — the set of possible impacts;

g; — limit values of the assessment for the i-th quality criterion;
m — number of assessments.

The system of these equations is solved not in a strictly mathematical sense, but
as a choice of quantitative values of parameters that satisfy a group of requirements. In
general, when n parameters are varied, the region B,, s limited to a complex surface in
n- dimensional space. 3he task of the designer is to determine this region in which the
requirements for the quality of the system specified by the tutor are satisfied. The
advantage of this criterion is that it takes into account all the technical requirements of
the system. But there is a big problem in assessing the effectiveness of the UAV, given

the nature of the B,, domain, since it:
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a) it may have a complex shape rather than a simple one, which is not described
by simple geometric shapes;

b) it can be not only single-connected, but also multi-connected, which will not
allow for orthodromy flights.

These features make it impossible to solve model (3.33) by analytical methods.
Great difficulties also arise when trying to apply numerical methods, since it is
necessary to divide the region B,, into a set of simple geometric shapes.

The method and algorithm for solving this problem are proposed in chapter 4 of
this paper.

The selection of new UAV devices and means is possible when the system
efficiency and optimization is assessed on the basis of a generalized criterion - the
maximum probability that the system meets all specified technical requirements. In
this case, the following criteria are accepted as optimization criteria:

— minimum time of one control cycle t;

— minimum total weight of the device P;

— minimum total weight of the device V;

— minimum power consumption W;

— maximum reliability H;

— maximum cost of development, manufacturing, implementation and operation
of the system C.

The specific choice of a system is based on a qualitative analysis. Let J; —
denote the amount of information received in time T1. he speed of receiving this
amount of information is nq. Accordingly, the amount of information transmitted,
processed and used to influence the object is denoted by J,, J3, J4, time by T3, T3, T4,
and the speed of transmission, processing and influence by n,, nz, ny. Then the

control cycle time will be equal to:

T=1(T1,T2, T3, T4) =T (]—1 L2 Js ]—4). (3.36)

nl’nz’ng’n4
Let's define::
aiq =]1/7_11, Xi1 = nl/ﬁl,i = 1,2,3,4, (337)
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where
n, — performance parameters of the old system. Then, based on (3.36) and (3.37), we

obtain

T= r(& 21 231 “—) (3.38)

X11 ’ X21 ’ X31 ’ X41
If there is no information about the intended organization of the functioning (on
which the analytical form of expression (3.38) depends), then the form of the function
T can be determined from the condition of consistent organization of the work of

various technical means, which corresponds to the worst case:

p="2y 2y Ty B (3.39)

X11 X21 X31 X421

We'll get the same result:

p=p(fefe e te) (4

) ) )
X12 X22 X32 Xa2

or

p =%z %22 4 %32 | Qa2 (3.41)

X12 X22 X32 X42

where

a;; = P; mass of old technical means of the i-th class;

V= V(% %23 933 %) (3.42)

) ) )
X13 X23 X33 X343

or

V=228 Zes gy Jos g Jes (3.43)

X13 X23 X33 X43
where

a;; = V; — the volume of old technical means of the i-th class;

a a a a
sz(ﬁlﬁlﬂ,ﬂ) (3.44)
X14 X24 X34 Xg4
or
a a a a
W=—"424 242, (3.45)
X14 X24 X34 X44
where

a;; = V; — the power consumption of old equipment of the i-th class.

If reliability is viewed as the probability of failure-free operation, then:
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H(t) = H[H,(7), H,(7), H3(7), Ha(7)], (3.46)
where
H;(t) — probability of failure of technical means of the i-th class, i = 1, 2, 3, 4.
If there are no studies on the reliability of the old system, then as a simple hypothesis,
it is believed that the failures of technical means of a given class (i = 1,2,3,4) If
there are no studies on the reliability of the old system, then as a simple hypothesis, it
is believed that the failures of technical means of a given class 4;, these streams are

independent and have a Poisson distribution. Then:

4

_Tzi=1i.
H(t) =e A or

- @ - Z?:1 Z_Zz )
where a;s = 1/4;; x5 = A;/4;,i=1,2,3,4.

The expression In H(t)T — is a monotonically decreasing function of its
arguments x;5 > 0.

If the functions of different technical means are not combined, then:

C=Yi1GC,
where C; — ost of development and implementation of technical means of the i- th
class.

In general, the cost of C; is a function of the main parameters:

Ci = Ci(Xi1, Xi2) X3, Xigy Xi5). (3.48)

When defining the structure of a function, the following conditions must be met:

D) C;=C; i=1—4,ifx;; = x5 = Xj3 = Xjg = X5 = 1;

2) C;=0forx; =0; 1<j<5,ie, the cost is zero if at least one of the

parameters reaches zero;

3) Ci(tx;;) = P(O)Ci(x;),i=1-4; j=1-5.

Condition 3 means that if all parameters are increased by t times, the cost
increases by ¥ (t) times, where P (t) — ome differentiated increasing function that
takes on the value Y(t) =1 att = 1;

4) the function C; is nonnegative and strictly monotonically increasing in all its

arguments.
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Condition 3 implies that C; s a solution to a partial differential equation:

aC;
?:1@dxij = pC;, (3.49)
where
L
p=- - growth rate.

The simplest solutions to equation (3.49) that satisfy conditions 1, 2, and 4 will

be:

C; = CiXi1 XipXi3XiaXis
for the case of linear function growth and C; = C;x% x%x%x2% x% — for quadratic
growth.

The statistical materials of the conducted studies show that the quadratic growth
law has the widest scope. If we take, for example, T,,;, as an optimization criterion,
assuming P,V, W, H, C are given, then, in addition to (3.38), (3.39), and (3.42), (3.44),
(3.46) can be written on the basis of (3.44):

p(H) = (52,52 %0 fus) (3.50)

X15 X5 X35 Xa5
C = Yi1 C (X, Xz, Xi3, Xias Xi5) , - (3.51)
where P,V,W,H,C pare some given constant numbers, and ¢@(H) — some
monotonically decreasing function at x;5 > 0.

The solution to the optimization problem in this case is to find the values of
Xi1,Xi2, Xi3, Xis,» Xis (i = 1 —4), hat satisfy the conditions (3.50). By its nature, this
is a problem of finding a conditional extremum for a function of many variables,
which can be solved using analytical or quantitative methods. We are looking for a
similar solution for P = P,,;, when x;; > 0 , etc. By applying the method of
indefinite Lagrange multipliers, after some transformations, we can obtain the optimal
values of the parameters x;;.

The advantage of the criterion under consideration is the ability to assess the
best satisfaction of the technical requirements for the system and to take into account

the main individual criteria that characterize its technical and economic properties. The

disadvantages of the criterion include the lack of its connection with the main purpose
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of the system, as well as the complexity of its application, since the optimization
problem in this case belongs to the class of variational problems, the solution of which
requires more time even when using a computer program.

For industrial systems of continuous or long-term operation, an efficiency
criterion has been developed [3.1] that takes into account the quality of system
operation Q during time t, reliability R, cost C, ease of maintenance, availability of
reserves, losses incurred in case of system failure, etc:

e =f(Q,R,C,t,..). (3.52)
The economic efficiency of the system is visually determined by the expression:

_ Be—Cp—Ce—Cy
i — (3.53)
Where:

B, — system performance in UAH/hour;

C, — cost of system development and manufacturing costs;

p

C. — cost of operation and repair;
C, — cost of damage caused by system failure.

Determining the values on which economic efficiency (3.53) depends is an

independent task. As a rule, a certain part of the costs €, is connected by some

p

functional or statistical dependence with the probability of failure (time between
failures).
Tables 3.1 and 3.2 summarize the methods for assessing the effectiveness of
complex systems and devices based on selected criteria.
Table 3.1

Criteria for evaluating efficiently sophisticated systems and devices

N":' (ff Performance evaluation
criteria
1 Comparing this system with an optimally and perfectly functioning system (a quality criterion or
control goal that depends on the state of the object, controls, external influences, and other
parameters)
2 The extremum of some functionality, which is called the indicator of the management goal
3 Weapons (weapon control systems) - by the ratio of damage caused (prevented) to the cost of the
weapon
4 Weapons - probability of hitting the target
5 Weapon systems are one of the individual criteria:
- the average cost of missiles to hit a target;
- the average amount of time spent on hitting one target, etc.
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6 Enemy defense - by minimizing the function that links the system parameters

7 System performance, reliability, ease of maintenance, availability of reserves, amount of damage
caused by system failure

8 Self-adjusting systems - according to single criteria and a comprehensive indicator, whether the
effectiveness of introducing self-adjustment (modernization) is determined

9 Systems - the probability of the system performing its task

10 Weapons - a function of the time of its operation, the weight of failure in the formula is
introduced as a function of the time when the failure occurred

11 Systems - as an individual case of the most general criterion for the quality of dynamic systems -
loss functions (error functions)

12 Integral assessment of the probability of performing a task at the required level in a certain time

13 Probability that the system will meet the specified technical conditions and quality criteria under
the given operating conditions for the required period of time

14 When it is difficult to define the objective function or when the large dimensionality of the space

requires a lot of computational work, efficiency is considered as a satisfying solution (from a
practical point of view) found by other parameters and a design standard that has been tested in

practice

15 The effectiveness of the system, its optimality is assessed on the basis of a generalized criterion -
the "maximum probability" that the system meets all specified technical requirements

16 The efficiency of the system is calculated on the basis of the practical optimality of the system,

which is an integral criterion that takes into account the operational, structural and economic
qualities of the system

17 The efficiency of the ACS(Auto Control System) of the individual criteria (root mean square
error, speed, etc.), which can be calculated (computed) on the basis of the latest theory of
optimal processes

18 The system's efficiency is assessed using a vector indicator - a set of quality indicators.

Table 3. 2
Classification criteria for evaluating the effectiveness of complex systems

and devices

Ne Evaluation of efficiency Ne of criteria according to Table
3.1
1 Performance evaluation 1,14
2 | By the extremum of the objective function 2,10, 11
3 | By the probability of completing the task without taking into 4,6,9,12
account economic factors
4 | The probability of completing the task, taking into account 3,7
economic factors
5 | To maximize the likelihood that the system meets all specified 13,15
technical requirements
6 | According to individual criteria 5,8, 17
7 | Based on a combination of design, operational and economic 16, 18
factors

CONCLUSIONS. The main point of efficiency assessment is the selection of an
efficiency criterion for its quantitative assessment and the development of an
efficiency model of the system being designed or modernized. In the most general case,
the system efficiency model includes the output effect and costs. The output effect of
the system is determined using operations research methods that allow analyzing the

system's performance and determining the place of each quality indicator in achieving
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the required result. When developing the efficiency model, the costs at the design,
production, and operation stages of the system should be reflected.

Comparison of various performance criteria with implicit system links leads to
the conclusion that the most acceptable criteria are those that allow, given known
weighting coefficients of individual system quality indicators (such as accuracy, cost,
reliability, weight, dimensions, etc.), to determine a practically optimal system. A
practically optimal system is defined as a system that has the highest performance
among the systems under consideration, even if none of the individual quality
indicators (IQIs) of the technical system reaches an extreme value. Knowing the
weighting coefficients transforms the optimization problem into an algebraic one,
which greatly simplifies its solution.

In order to evaluate the option of creating or modernizing the system under
consideration according to the selected criterion, taking into account all quality
indicators, it is necessary to have initial objective data and optimization methods that
can be used to make an assessment. At the same time, it is obvious that the options

under consideration must meet the specified quality criteria.

3.2. Methods for measuring the efficiency of UAVs in an air navigation

system

The measurement of inputs and outputs is based on the general principles of
evaluating system solutions, as well as on the specific methods for determining the
efficiency of various complex systems discussed in the previous section. The category
of efficiency is of great theoretical and applied importance.

The concept of efficiency for the implementation of the method of its
measurement can be formulated as follows.

Definition 3.1. Efficiency is a category of action or activity of a system at a
certain time interval, which reflects the correspondence of the result obtained to
the resources invested.

The above definition of efficiency implies the following properties:
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1) efficiency has a quantitative measure and is represented by functionality;

2) the efficiency metric is external to the system, i.e., the description of the
system does not provide a basis for introducing such a measure;

3) efficiency is characteristic of purposeful systems;

4) efficiency assessment takes into account certain properties and
interconnection of the supersystem with the system under evaluation;

5) system efficiency management is associated with the variation of its
resources in order to change the result of the subsystem's influence and actions.

The concepts of effect and efficiency are usually distinguished. The effect is
usually understood as the result of certain actions, and efficiency is the ability to create
an effect and obtain a result..

Different approaches are used to assess efficiency, which to some extent take
into account the specifics of the system, as discussed in paragraph 3.1.

The fundamentals of efficiency theory are based on the methodology of
operations research and decision-making. They include a wide range of mathematical
models built using the methods of probability theory, mathematical statistics, game
theory, information theory, schedules, fuzzy sets, machine learning technologies, etc.

The results of the performance measurement allow us to solve the following
practical tests of UAVs in general and cargo drones in particular:

1) comparison of similar systems;

2) selection of similar systems from the group of systems;

3) operational evaluation of the systems;

4) checking the system's compliance with its purpose;

5) identifying the presence or absence of targeting;

6) determination of the level of compliance of the system with the

purposefulness;

7) determining the technical level, prospects and feasibility of new system

developments;

8) optimization of tactical and technical requirements;

9) establishing the conditions for acceptable and most effective use of systems;
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10) determining the feasibility of replacing systems in operation with more

promising ones.

To solve this kind of problem, a conceptual approach based on different types of
effect is required. Technical and economic assessments can be obtained by linking
functional and economic assessments. These types of effects are in a certain
relationship, which leads to their mutual influence.

The social effect is manifested primarily in ensuring the safety and regularity of
aircraft flights. To measure the social effect, methods based on its direct assessment are
used. For example, the regularity of flights can be assessed by the average duration of
flight delays, the accuracy of flight schedules, economic losses, etc.

Flight safety is characterized by the level of flight security and is a characteristic
of the aviation transport system, which is determined by the probability that a
catastrophic situation will not occur during the flight. To quantify flight safety,
statistical and probabilistic indicators are used, which can be general and specific,
absolute and relative. General indicators characterize flight safety in general for all
reasons, while specific indicators characterize flight safety for individual reasons or
their group.

Common absolute statistical indicators of flight safety include: the number of
aviation accidents, the number of fatalities in aviation accidents over a certain period
of time. Individual absolute indicators include the number of accidents caused by any
i-cause, the number of accidents at the j-th stage of the flight, etc. Absolute statistical
indicators allow to identify a general trend in the state of flight safety for a certain
period, but they do not reflect the level of flight safety.

More generalized indicators are those that correlate the number of aircraft
accidents with the amount of work performed or work in progress. These indicators
allow us to assess the level of flight safety and take into account all factors and causes
of aviation accidents.

The main advantage of statistical indicators is their objectivity, as they
characterize the events that have occurred. At the same time, such indicators also have

a number of disadvantages: they cannot be used in long-term planning of the level of
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flight safety, since they do not take into account the features of new equipment,
changes in its operating conditions; they do not allow determining the degree of danger
of adverse factors and their impact on flight safety, and, as a result, cannot be used in
finding effective ways to prevent aviation accidents before their practical
implementation.

The probability of completing a flight without an accident, the probability of a
precondition for an accident, and a number of others can serve as an analytical
indicator that determines the safety of UAV flights. In the general form of probabilities,
the flight safety indicator can be represented as follows.

Let the state of the system be determined by a vector:

Z() = {Z,(1), ., Z,(t)} € RY, (3.54)

where t — time, R™ — state space. In the space R™, a region Q s distinguished such that
Z(t)eQattel, = [ty,t; + 7] is acceptable, satisfying the functional purpose of the
system. On the contrary, Z(t) € Q orresponds to a deviation from normal functioning,
for example, an aviation event or its precondition. It depends on the level of
consideration of the formulated task. Thus, the requirement for flight safety is to keep
the phase point of the system, which is represented by the vector 7(t), within the
region . Note that the region Q depends in general on time t, and the boundary of the
region g is the surface in the space of m + 1 measurements of the variables
{Z,,Z,,..,Z,,t}.

If the probability distribution of the components of the state vector
F{Z{,Z,,...,Z,, t}is known, provided that the boundary has not been violated until
time t + t. The density of this probability is usually determined as a solution to the
second Kolmogorov equation. Let's denote by Q a certain safety criterion. Then Q an

be represented as follows:
Q= fowm f(Z2)dr(Z,7). (3.55)
Here f (7) — weighting function that determines the content of the criterion

Q; Q(t) — the region of permissible values of the vector Z. As can be seen from (3.55),

to quantify the level of flight safety, it is necessary to know or be able to construct the
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area Q(7).

The problem of solving (3.55), as well as (3.33), is that the domains for random
events f (3.33) and random processes Q(T) (3.54) in general can be not only single-
connected, but also multi-connected.

The set MCRn is called connected if any two of its points can be connected by a
broken (or piecewise smooth) curve, all points belonging to this set.

If MCER" - an open connected set, then any two points from M can be connected
by a curve completely located in M (Fig. 3.1).

Example. The ring M = {(x,x,)|0 < a < x? + x < b c R?¢ is a connected
set. An open connected point set is called a domain. A domain G is called one-
connected if its boundary is a connected set. Otherwise, G is called a multi-connected
domain. The union of a domain G and its boundary is called a closed domain. If a
domain G is one-connected, then any closed curve without self-intersections lying in G
can be contracted to a point by continuous deformation inside G.
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Fig. 3.1. Areas of connectivity of sets of parameters.

The simplest case of flight safety analysis is to maintain a binary criterion that
takes on only two values {0, 1}.

The economic effect has a multifaceted expression due to the large number of
different indicators. The economic effect of using a UAS system can be represented,
on the one hand, in terms of resource costs associated with development, production,
and operation, and, on the other hand, in terms of the additional effect obtained by
improving air traffic performance.

Along with the generalized ones, individual performance indicators can be used.
They are used to assess certain important aspects of production efficiency, analyze the
factors that generate economic effect, and verify the initial assumptions to form a set
of acceptable options for implementing the measure.

Despite the difference between the forms of expression of the economic effect,
the methods of their calculation are identical. The national economic and self-
supporting forms of the effect are defined in the same way — as the difference between
the results and the costs of achieving them. In other words, the economic effect is a
difference indicator. This indicator can be presented in one of the following forms:

max €’
J , .
max(Py — e)

tr J te
m]ax(ztztn Py -ar X, & ay)
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mﬁxzﬁjg(af — &) (1 + Eptet, (3.56)
where P’}, Pi, E;., 81 — respectively, the full results and costs for the entire period of the
measure implementation in the t-th year; a; = (1 + Ep)"~t — the coefficient of
bringing the results and costs of the t-th year to one point in time (the calculation year

t,); Ey = 0.1 — the standard capital investment efficiency ratio; ty, ) — espectively,

the initial year (the year of the start of financing the work related to the measure
implementation) and the final year of the calculation period; j — the index of the
option under consideration.

One case of implementing a measure is when the choice must be made among
options that differ only in the dynamics and magnitude of the cost components (one-
time and recurrent). In this case, the economic criterion of maximum effect (3.56) is

transformed into another, simpler one — minimum total costs:

max Zi’;tn e% (1 + Ep)trt, max €1, (3.57)

However, the absence of a change in the results does not eliminate the need to
evaluate these results in cost terms. This is because the reduction in costs in the
production of final products using the new technique compared to the use of the basic
technique is not a reason to use the new technique if the products are ultimately
unprofitable.

In this regard, and for measures of the type under consideration, the economic
effect is calculated using the formula:

er =% (Pe—g&) -(A+E)P ™ (3.58)

The fundamental point of this methodology is the need to value the production,
social, economic and other results achieved, even if they are identical in the compared
options.

The complexity of assessing the economic effect of the UAS system lies in the
lack of methods for calculating components (3.55) — (3.58) and the need to take into
account component (3.55).

It is obvious that, when calculating €7, it is necessary to take into account the

savings due to the reduction of non-productive costs associated with aircraft waste to
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the alternate airfield, erroneous change of echelons, unnecessary waste to the second
circle; to take into account the savings to reduce the consumption of fuels and
lubricants as a result of streamlining the flow of aircraft and optimizing flight paths,
reducing non-productive maneuvers of aircraft, etc.

To solve problems (3.55) — (3.58), a formalized linkage of air navigation system
parameters with cost indicators is required. Until recently, this problem has not been
solved and requires an assessment of the functional effect.

The functional effect is manifested in the influence of the characteristics of the
means of a complex system on the indicators of its functioning.

If a system G performs N functions @4, ®,, ..., d)g, ..., @y, which depend on n

processes or quality indicators F (11),F§1), v, F gl), ...,F,11, the efficiency of the g-th

function is equal:

ep = €4 (KO B, EO) = ¢, ({F9)),i=Tmg=TN. (359

Estimating this effect is one of the problems of ANO that needs to be addressed.
Its complexity lies in the fact that:

a) it is necessary to take into account a large number of quality indicators

(endogenous variables);

b) there is uncertainty in the conditions of functioning and use of UAS at the

stage of operation.

The overall effectiveness of the system, which includes the considered types of
effect, is, as will be shown below, a vector-function.

It is obvious that the assessment of obviousness will be more accurate the more
indicators that influence it are taken into account. In this case, we have to overcome
the problem of solving multi-criteria problems and use one of the following two
approaches.

The first approach is associated with the formation of a resulting (complex)
quality indicator, which simplifies the solution of the efficiency measurement problem
and has the form (3.17). This task will be called the task with the convolution of

indicators or the task of the first type.
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The second approach is associated with the explicit expression of the
determining factors and represents one of the central problematic tasks. The solution of
such problems is necessary to manage the efficiency of a complex system of the
problem type (3.33). The essence of this problem lies in the multidimensionality and
multiconnectivity of a weakly structured system.

A rational way to formalize such a system is to use a multi-level hierarchy of
descriptions, whereby the formalization of a higher level will depend on the
generalized and factorized variables of a lower level. The hierarchy is created by
multilevel factorization of processes {F;} using generalized parameters {4;}, which are
functionalities of {F;}.

This approach allows us to link the properties of the elements (lower-level
subsystems) interacting with the environment to the efficiency of the system. This is
the second type of task.

It should also be noted that, depending on the degree of uncertainty in the
conditions of UAS application, which is caused in many cases by unpredictable or
poorly predictable situations of the operation process, a certain efficiency model
should be applied. The complexity of such a model is due to the presence of explicit
(allowed in the analytical form) or implicit (informal) relationships between the
parameters of hierarchically related systems. Explicit relationships are taken into
account at the macro- or microsystem levels. The microsystem level of description
refers to the stage of measuring the functional effect. Different types of effects are
determined by the functioning of the entire UAS system, the characteristics of the
controlling and controlled subsystems, and the control and management circuits. It is
clear that under such conditions, efficiency measurement can be carried out only by
solving the problem of formalizing the problem of UAS system efficiency and building

appropriate models.

3.3. Setting the task of measuring efficiency and methods for its solution

Performance measurement involves solving a set of individual tasks. Among
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these tasks, the main one is related to the formalization of different types of effects and
their interconnection.
The task of measuring efficiency in general can be formulated as follows. Let

the ANS system be characterized by g;- a measured vector A’ = {47,4;,..., A5}

144

controlled variables and g,- a measured vector A" {1}, 1', ...,A’:qz} of uncontrolled

variables, and its quality — g- a measured vector function:

F{X, 2y ={FQ,2),iel,}1l, =1g4.

The system efficiency is represented as a vector functional:
€c={¢,jel}l; =14, (3.60)
where €; — indicator of the j-th effect. For example:
€ = € [F(A',A")].

A set of 1 vectors of type €;,j = 1,1 describes the components of different types
of effect of the system under consideration. Then their composition, which has
dimension L = {1}, describes the integral efficiency of the ANO system.

When determining the integral efficiency (hereinafter simply the efficiency of
the system), two cases can be distinguished.

Case 1. The joint (integral) criterion has the following structure:

€ =F(e, €y, ..,60),) = 1,1,
where €; — value of the criterion for the j-th type of effect (j- th separate criterion).

Case 2. The resulting criterion is represented as a function of the coordinates of
the new operation. However, it is not a function of the individual criteria as in the first
case. This means that the new combined operation has its own objective that is not
related to the individual objectives of the individual operations. The combined
operation is based only on the assets of the individual operations and does not use the
process of deriving a common criterion from the individual ones. Nevertheless, the
result is a type diagram:

€ = F[E1(€2(E1))],
that is, there is a "dimensional absorption" due to the corresponding transformations.

This means that when we talk about a combined operation and obtaining a common
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criterion, only the first case is meant. Both of these cases are studied below.

Measuring efficiency is reduced to selecting a strategy F(A',4") from the
domain QF of its acceptable values. The domain Q 3is defined by a set of constraints
on individual quality indicators:

F(A,2")€Qri=1g

The vector-functional Ec is associated with the strategy F(A',A"") through the
mapping R. In this case, the mathematical model of the efficiency evaluation problem
is as follows:

€Ec=[FA,A’)]= sup R[FA,A)]. (3.61)
F(A",A"HeQr

In a number of practical cases, the vector of uncontrollable variables A" is a

random variable. Then the model (3.61) takes the form:
€c = [F(A,A")] = sup M {R[F(A',A")]}. (3.62)

FEeQF
under probabilistic constraints P{g;(4"") < b;},i=1,g.
It is clear that a system will be effective if it meets the set of criteria to the

fullest extent possible. Then you can write it down:

I, RIFQLAN] = (RFQ, AL, RIFQL AT} (3.63)

Qr = {FQ', A)1g[F(A, 2] < 0,j =1,m,F(A,2") € E"}, (3.64)
where g;(...) — the constraint function of the j- th index of F(4,4"); E" — r-
dimensional Euclidean space.

In (3.63) F;(x) epresents the maximized values or their mathematical
expectations, if the maximized values themselves depend on random parameters A"’
An essential feature of the problem (3.63), (3.64) is that the components of the target
vector R[F(A’,A'")] re measured in different physical quantities, and their maximum
values are achieved at the coincident points F¥(4',4") € Qp,i =1,g. The usual
approach to solving it with convex objective functions R;(4’,A'") and a valid domain
Qr is to replace the original problem (3.63), (3.64) by a parameterized one:

F(A;’r/_{%(EQFﬁ[a,F(A', AN =X aR[FQ, A, a; =0,%7, a; = 1.(3.65)
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By solving problem (3.65) for a set of parameters («;, ..., ag)T, we obtain a set

of Pareto (effective) solutions Ilg.
Mp = {Fo (X, A")|Fy(A,27) € Qp, F(A, 2") € Qr},
Ri[F(X, X)) = R;[Fo(X,A’")] at R[a, F(X', A'")] = R[a, Fy (X', A')].

An alternative Fo(4',A"") € Qf is Pareto-optimal if there is no alternative
H(A',A"") € Qp that satisfies each criterion to a lesser extent as well as Fy(4',4"") and
that is strictly better than Fy(A', A'") with respect to at least one criterion.

If Q is convex and R; is a real function defined ona Qp, then R; is a quasi-
concave function, provided that the sets are bounded from above:

(Fo(V, A|R[F(X, 2] = B)
are convex for every real number.

Accordingly, R; is quasi-concave if:

Rila- FL(X,A") + (1 — @) - K (X', A")] 2 min{R;[FL (X', A")], Ri[F (4, 2")]}
(3.66)
whenever F{(A',1"),F»(A',1"") € Qr and 0 < a < 1. The function R;[F(A’,A"")] is
strictly quasi-concave if:
Rifa - F(M, A" + (1 — @) - K (X', A")] > min{R[Fy (X', A")], Ri[F> (2, 4]}
(3.67)
always for F{(4',A"),F,(A,A") € Qr and 0 < a¢ < 1. Of course, he concept of
quasi-concavity includes the concept of concavity.

The resulting finite set of points from the domain Il in accordance with (3.66)
is presented to the expert, who selects one that is preferred over the others.

If the conditions (3.65), (3.67) are not met, then it is advisable to analyze only
inefficient solutions that are located in the zone of global extremes of the maximized
functions.

The process of solving the problem (3.65) can be represented geometrically as a
movement in the space of hyperplane criteria:

G =30, RIFQ, 2] (3.68)

in the direction opposite to the parameter vector (e, ...,ag)E. The maximum is
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reached when the hyperplane G becomes tangent to the valid region of the objective
function ®. The region of target values:

@ = {R[F, (X', A)]IF(X,2") € QF)
i1s a mapping of the set Q in the criteria space. To calculate the required number of
effective points, it is necessary to find for each set of parameters (a, ...,ag)E the
global extremum of expression (3.65).

The Pareto principle does not single out a single solution Ec[F(4',4"")], it only
narrows the set of alternatives F(4', A'"). The construction of the set (3.65) facilitates
the procedure for selecting UAV indicators, takes into account their impact on system
efficiency, and reduces the set of initial options.

Another approach to solving the problem (3.60) or (3.61) is to form a resulting
quality indicator in order to ensure the comparability of system options. One of the
options for such formation is a linear reconciliation of indicators, i.e., instead of g
different indicators, one resulting indicator of the form is formed:

E[FV, 2] =X aR[F(, 2], (3.69)
where a; —a positive number, and in the case of a dimensionless one.
Ri[F(A, 2] ‘i.q=1 a; = 1.

This method of convolution is equivalent to ranking indicators, since the value

of a; shows how much the objective function E changes when the indicator with the

number i changes by one:

a; = (f—z =T,9.  (3.70)

[1]

o))

One of the challenges in measuring the effectiveness of ANS is to take into
account the level of flight safety as one of the components (3.60). In this case, two
fundamentally different approaches are possible. The first is to convert the level of
flight safety into monetary terms, which is notoriously difficult and fraught with moral
and social implications. Another approach is based on the conversion of flight safety
indicators into the category of restrictions. The restriction is based on a guaranteed
level. The complexity of measuring performance in this way is determined by the

possibility of obtaining guaranteed estimates. The meaning of the guaranteed result
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principle is as follows.

Since for any F(A', A" )R[F(1,1")] < &1a/1>,(, R[F(A',A'"], then for A".

R*[F(A',A")] = F(r/rl%),(,)krlpég R[FIV,AN] < (r/rl1ax RIF(X',AN]. (3.71)

Here, R*[F(A',1"")] is called a guaranteed estimate (a guaranteeing strategy) in
the sense that 34"’ it guarantees a choice of F(A4',4") = F*(A',A"") such that the value
of the objective function is not less than R*. guaranteeing strategy can be obtained by
solving optimization problems of the following form.

a) min R[F(A,2")]V F(A',1").
AIIEQ}L

which leads to estimates A" = 2" and R*[F(A’,A")] = R[F(1',1")].
Hereafter, the V symbol means "for all",
6) max R[F(A',1"")] and we get the result:
FQAU, X)) =FQ', A"y ta R*[F(A, A')].
The guaranteed assessment can be significantly improved if the values of the
parameter A" are known in advance. Thus, the problem of assessing the effectiveness

of the ANS, taking into account the guaranteed level of flight safety, given (3.60),
(3.62), (3.71), takes the form:

EC[F(X, 1] = {F(ﬁ% MIRIFQ, 2D i = 1, .1 — 1}, (3.72)

! 14 < ’ r
Fgll%g,) /1r,r,1€1(r21 R,[F(A',A")] (r}llax R, [F(A',A")] (3.73)

P{gi(A") <b;}j=1g. (3.74)

Solving the problem (3.72) - (3.74) allows us to obtain an estimate of the real
efficiency, taking into account the operating conditions of the UAS..

Depending on the conditions of use of UAS, an implicit or explicit link can be
established between their performance and that of the system being serviced.
Replacing one vehicle with another that has higher quality indicators does not always
lead to a gain in terms of improving higher-order system parameters. For example,
ensuring a potential increase in the capacity of zones, regularity and efficiency of

flights by improving the quality of radar, communication, and radio navigation support
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is not always realized under normal operating conditions. Nevertheless, the effect can
be obtained in special (extreme) situations, especially in terms of improving flight
safety. Thus, when solving the problems of evaluating the effectiveness of the first
type with implicit system linkages, as mentioned above, it is necessary to bring the
compared options into a comparable form in terms of F(A',1") indicators or
functional tasks. This is based on the use of additional information about the types
of system links and operating conditions. In this case, a step-by-step multi-step
decision-making procedure is performed, which is characterized by a transformation
string:
{O[FA, A IE, A, A, y)}, (3.75)

where I(F,A’, A", y) — is additional information about the system and the conditions
of y.

Thus, for example, with implicit system linkages, applying informal procedures
at the first stage and transformations of the type (3.75), in particular (3.69), at the
following stages it is possible to formulate the resulting quality indicator b of the
applied tool. This indicator can be used to adjust the given costs of production of a unit
of the basic system, the associated capital investment and operating costs of the basic
option.

In the case of explicit systemic relationships, the transformation of the type
(3.75) is used to assess the impact of quality indicators F(A', A'") on the components of
efficiency (3.60).

The magnitude of the effect is estimated using this approach when the
components are expressed as a function of many variables:

— performance P [F(4',1")],
— operating costs EB [F(A',1"")],
—reduced costs TIB[F(4',1"")].

In accordance with the considered formula (3.58), it is necessary to build an
efficiency  model in  which the  variables are  expressed  as
P, F(A',A")],lIB,F(A',A")] and EB,[F(A’,A")]. It is obvious here that it is possible

to estimate the actual efficiency of a UAS or an air navigation system (ANS) as a
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whole.

Since systems of this class are used to support flights, special attention should be
paid to measuring performance with regard to extreme situations that arise in the
operating environment. However, such a measurement can only be made for specific
types of systems, taking into account their specific functioning and structure. A
prerequisite is also the presence of microsystem links between the object under study
and a higher-order system, such as CNS/ATM tools. The basis of the efficiency model

for this case 1s the functional effect model.

3.4. Evaluation of UAYV efficiency with implicit system links

Methods for measuring the effectiveness of air navigation tools with implicit
system links can be used in the following cases:

1) uncertainty of functional relationships between UAV quality indicators and
air navigation system indicators;

2) impossibility or difficulty in assessing the impact of individual UAV quality
indicators on the value of the system;

3) lack of knowledge at the design and development stages about specific
operating conditions;

4) the need to take into account non-quantitative quality indicators;

5) the requirement to take into account subjective factors.

One of the ways to solve problems (3.61), (3.62) in the above cases is to form
the resulting quality indicator and use it to adjust economic indicators in order to
ensure the comparability of options in the first type of problems. The formation of the
resulting quality indicator is based on the theory of decision making. In this case, the
preference of different quality indicators is determined in terms of the usefulness of
certain results. To make a decision on a given preference, it is necessary to overcome
certain computational difficulties. Calculations are much easier if the preference is
measurable and replaced by a quantitative quality indicator. The issue of representing

preferences in the form of quantitative functions is related to the mathematical theory
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of utility.

Let's divide the set of components of the vector of quality indicators of the ANO
into groups that reflect a certain set of object properties and place them in a series of
advantages according to their usefulness. In the theory of utility, it is proved that if a
decision maker (DM) bases his actions on a number of assumptions, then a
quantitative utility function can be determined on the set R of expected outcomes of
possible decisions. In other words, for each expected outcome of a possible decision
F(A',A") there is a certain number u [F(A',4"")], which is called the utility of the
decision. According to the theory of utility, a decision maker prefers one solution to
another when the utility of one is greater than the utility of the other. Thus, the choice
of the most preferred solution is considered in this case as a problem of maximizing its
utility.

Thus, if the utility function exists, then to find the optimal solution (the
alternative that is maximal according to the given priority), it is enough to find the
maximum of the function u [F(A4',4"") on R, or which you can use traditional
mathematical analysis or optimization methods. Accordingly, the conditions for
achieving the maximum become clearer.

To solve the problem of forming the resulting quality indicator, we will apply
the theory of additive utility. Its practical application is based on the following axioms:

1) The outcome F(A',A") is more prioritized than F;j(4’,4") only if
u[Fi(A,A")] =2 u[F;j(4,A")], where u [F;(4,A"")] and u [F;(4', 4"')] are the utility
of the outcomes F;(4',4") and F;(4',1"), respectively.

2) Transitivity: if F;(4',4") > F;(4',2"), and F;j(4',4") > F,(4',2"), then
u [Fi(A,2")] > u [F;, 2]

3) Linearity: if some outcome F(4',4"") is represented in the form: F(4',4"") =
1-a) - F{(A,A")+a-F,(A',A"), where 0 < a < 1, then:

ul[FA,A)]=0A—-a) ul[FAA,A)]+a- -u[F,A,A")].

4) Additivity: if u[F{(4',4""),F5(4',4"")] is the utility of achieving both
outcomes F1(4',4") and F,(A4',A""), then the additivity property is as follows:
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ulFEALAD),E(AA)] =u [FLA ") + E,(A, A7),
Similarly, forg the outcomes F1(4',4""),F,(4",4"), ..., F4(4',A"), which are
achieved simultaneously, can be written down:
u[F1(A,2"),F,(X,1"), ., F;(X, A" =u [F1(A,2") + F, (X', 1) + -+ +
Fg(l’,l”)] = Z‘iqzlu [Fi(4',A")]. (3.76)
Expression (3.76) is conveniently represented in the form:
u[FQU, AN =YL a; - F(A, 2.

Based on the above axiomatics, after splitting the original set R of components

of the vector F(A', A"") into r groups:

FQ, ") = {F;A,2"); i=1,9:}
the usefulness of each j- th group of indicators is assessed. Within each j-th group, the
coefficients of relative utility of the i- th indicators F;;(4, 4").

As a result, a certain order of priority is established among the components of
the vector F(A',A""), which is called mixed priority. The mixed priority among the
components of the vector F(A',A4") can be mutually unambiguously accepted by the
ordered partitioning I4, 15, v lg 91 <9, the set of indices I = {1, 2, ..., g} and the
numbers C;; > 0,i = 1,p;, g = 1, g4 such that:

Yicln, Diely, Cij = Lmy =1,p,my = 1,91

By ordering the partitioning of the original set F into g, groups with p4
indicators, we obtain a certain quality matrix of dimension K for the product G under
consideration:

K = |F;, 2| =1Lpi; g =1,91)

The matrix K can be viewed as a multidimensional alternative decision.
Denoting the value of the utility function of the S-ro th alternative decision G by
u(Gy) and taking into account the basic provisions of the theory of additive utility, we
obtain:

w(Gs) =Xj1 X, vy - F(L A7), (3.77)

where
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Y — weight coefficient of the j-th group of quality indicators;
a; — weighting factor of the i-th indicator of the j-th group;
S — number of system variants.

The following original methodology can be used to determine the usefulness of
groups and indicators.

Suppose there are p; possible outcomes F{(4',4""),Fy(4',1"), ..., F, a,4")
with a priority relation between them:

FL (A7) > F,(A, A7) > F;(A, A7) > - > F, (A", 1").

From the condition ety - u [F;(4',A")] = u [F,(4',A"")] we determine the value

of ;. In the same way, we define:
ay u R, A)] =u[F@,1")],
Apq - U[Fp, 1 (X, 2)] = u[E, (X, 2]

Assuming the utility of the lowest-priority outcome F,, (4',4") is equal to one,

we find:

u[B, (X, 2] =1 u[Fy_y(V,AM)] = ——; u [FL(X,1")] = ==

p1-1_ -
Api-1 Hizl a;

System quality indicators are usually measured on different scales. Therefore,
they need to be normalized. For this purpose, in each j-th group of indicators, we
distinguish maximized and minimized indicators, i.e., indicators whose increase or
decrease leads to a corresponding increase or decrease in the quality level of the tool G
and, accordingly, to a change in its effectiveness.

Enter the notation:

F{ —indicator that can be maximized, (i = 1,p);

F; — indicator that can be minimized, i = p +1,91);P < g1;

F? — reference value of the i-th indicator (i = 1, g;);

F; — the permissible minimum value of the maximized indicator, F{ € Qp;

F; — the permissible maximum value of the maximized indicator, F; € Qp.

We normalize the indicators F;(4’,A"") according to the rule:
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to maximize performance:

+

@=L i=T,pF’#0; (3.78)

0
F;

for minimized performance:

P, —— ~ A
b= j=p+Lgnfy #0 F 2 F F <F.G.79
Tables 3.3 and 3.4 show the main indicators that affect the efficiency of drone

use.
Table 3.3: Weighting coefficients y; of groups of local quality indicators of

primary radar stations of different classes.

Table 3.3
Weighting factors y of groups of local quality indicators
of primary radar stations of different classes
e Names of groups of local quality Landing Highway Airfield stations RES
B indicators RES ORL-T ORL-TA B, B, B3
1 | Indicators of the reliability of 0.31 0.2534 0.2649 0.2689 0.2558 0.2686
information issuance
2 | Operational performance 0.29 0.2409 0.2421 0.2293 0.2388 0.2354
indicators
3 | Interference immunity indicators 0.21 0.2398 0.2468 0.2404 0.2446 0.2393
4 | Informational indicators 019 0.2659 0.2463 0.2608 0.2608 0.2567

Table 3.4: Weighting coefficients y; f groups of local quality indicators of
secondary radar stations of different classes
Table 3.4
Weighting factors y of groups of local quality indicators
for secondary radar stations

Ne Name of quality indicator groups Weight coefficient
1 | Information indicators 0.3572

2 | Functional indicators 0.3279

3 | Operational indicators 0.3149

Table 3.5. Weight coefficients and reference values of radar landing systems

Table 3.5
Weighting coefficients and reference values
of quality indicators of landing radar stations
ight
Groups of local o Welg. Reference
L Name of indicators Index coefficient "
quality indicators @ value F
ij
Indicators of the 1. Measurement error along the glide path (angle of - 0.1297 5
reliability of place), min
information issuance | 2. Measurement error by course, min - 0.2095 7
3. Range measurement error at the decision-making - 0.1984 30
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height, m
4. Probability of correct detection + 0.1912 1
5. Speed measurement error at the decision-making - 0.1812 2
height, m/sec
Performance 1. Time between failures, hours + 0.5299 1000
indicators 2. Average repair time, min - 0.4701 30
Interference 1. Coefficient of interference visibility + 0.5689 23
resistance indicators | 2. Reflections suppression factor from weather + 0.4311 18
formations
Informational 1. Resolution by the angle of the place, ° - 0.1259 0.6
indicators 2. Number of simultaneously tracked targets + 0.1239 6
3. Azimuth resolution, ° - 0.1211 1.2
4. Limits of work by azimuth, ° + 0.1149 20
5. Maximum range, km + 0.1107 17
6. Rate of information update, sec - 0.1050 1
7. The minimum angle of the place, °© - 0.1014 -1
8. Maximum space angle, ° 0.0992 9
9. Range resolution, m - 0.0970 120

Table 3.6. Weighting coefficients and reference values of quality indicators of

primary radar systems

Table 3.6

Weighting coefficients and reference values of quality indicators

of primary radar stations

roupsof | Nameof | Inde | ORL-T ORL-TA ORL-A
ocal quality o B, B> B3
L indicators X Py o ° o o
indicators a;; F a;; F a;; F a;; F a;; F
Indicators of | Detection + 0333 | 09 | 0330 | 09 | 0294 | 09 | 0291 | 09 | 0274 | 09
the reliability | probability 5 2 2 6 9
of Probability - 0.215 | 10° | 0.221 | 10 | 0233 | 10° | 0.234 | 10° | 0.274 | 10°
information | of false 4 5 7 8 9
issuance alarms
Mean
square error - 0.228 | 100 | 0.228 | 100 | 0.237 | 100 | 0.241 | 100 | 0.237 | 100
- by range, 6 0 2 0 7 0 7 0 7 0
m - 0.222 1 0.220 1 0.235 1 0.231 1 0.239 2
- by 5 1 4 9 5
azimuth, °
Informationa | Maximum + 0.168 | 400 | 0.160 | 250 | 0.162 | 160 | 0.162 | 100 | 0.148 46
lindicators | range, km 4 7 7 1 5
Minimum - 0.095 5 0.130 5 0.109 | 1.5 | 0.117 | 1.5 | 0.122 1.5
range, km 9 2 9 9 1
Maximum + 133 20 | 0.086 | 20 | 0.099 12 0.095 7 0.104 | 24
detection 8 6 0 3
height, km
The + 0.100 | 45 0.110 | 45 0.093 45 0.118 45 0.098 30
maximum 2 3 9 5 3
angle of the
place,®
Resolution 350
capacity - 0.146 | 100 | 0.148 | 100 | 0.145 | 100 | 0.138 | 350 | 0.143
- by range, 5 0 4 0 0 0 9 9
m - 0.145 1.3 | 0.149 | 1.5 | 0.144 | 1.5 | 0.137 | 1.5 | 0.142 4
- by 9 9 5 1 5
azimuth, °
Rate of - 0.117 12 0.126 12 0.125 4 0.105 4 0.114 2
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information 4 6 1 2 0
detection, s
Interference | Background 0.554 35 0.561 35 0.564 30 0.563 30 0.563 30
resistance visibility 3 2 9 9 4
indicators coefficient,
dB
Suppression 0.445 33 0.438 23 0.435 23 0.436 18 0.436 18
coefficient 7 8 1 1 6
Performance | Mean time 0.544 | 100 | 0.527 | 100 | 0.538 | 100 | 0.520 | 100 | 0.521 | 100
indicators between 4 0 2 0 1 0 4 0 6 0
failures,
hours
Average 0455 | 05 | 0472 | 0.5 | 0461 | 05 | 0479 | 05 | 0478 | 0.5
time to 6 8 9 6 4
eliminate
deficiencies
, hours
Table 3.7
Weighting coefficients and reference values of quality indicators
of secondary radar stations
Groups of local — Weight Reference
R Name of indicators Index coefficient value
quality indicators a; Fo
1. Amount of information transmitted, bits + 0.1587 112
2. Azimuth resolution,® - 0.1295 4
3. Range resolution, m - 0.1275 1000
4. The maximum number of targets in the radar beam + 0.1205 63
. located in the same azimuth from which information is
Informational .
o processed simultaneously
indicators 5. The maximum angle of the place, ° + 0.1041 45
6. Detection resolution, km + 0.09357 370
7. The minimum angle of the place, ° - 0.08916 0.5
8. Inspection rate, s - 0.08880 10
9. Minimum detection range, km - 0.08817 2
Functional 1. Probability of obtaining reliable information + 0.2855 0.9
indicators 2. Azimuth measurement error, ° - 0.2459 1
3. Number of false targets - 0.2428 40
4. Range measurement error - 0.2258 800
Operational 1. Time between failures, hours + 0.5166 1000
performance 2. Average time for troubleshooting, min - 0.4834 30
indicators
Table. 3.8
The main flight and technical characteristics of the UAV
Ne Characteristic Parameter Marking Dimension Reference Comparative
score value option
F1 | Maximum flight duration 9 Tnax h >7
F2 | Maximum flight range 9 Liax km >1000
F3 | Combat radius 8 R. km >80
F4 | Takeoff mass 7 Mmax kg <200
F5 | Economic speed 6 Ve km/h 150
F6 | Maximum speed 6 Vinax km/h >250
F7 | Static ceiling 6 Hy m 6000
F8 | The maximum power of the 6 No h.p. >50
power plant
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F9 | Maximum operating load 6 N7 max unit >4
F10 | Crosswind takeoff and landing 5 Vymax m/sec 15
F11 | Run length 5 L m <200
F12 | Mileage length 5 Ly m <200
F13 | Maximum mass of fuel 4 M Timas kg <30
F14 | Minimum speed 4 Vinin km/h <100
F15 | Specific fuel consumption at the 4 Co kg/h.p.h <0.2

start
F16 | The mass of the target load 1 My kg <50

Remedy G is effective provided that:
F={F,(A,X") €Fla; € Qr,and QrVi=1,g},
where Qp, and QF, — the regions of existence of variable relative indicators that
provide an effect not lower than a given value.

Splitting the vector of quality indicators of the j-th groups into maximized and
minimized indicators transforms the quality matrix K into a Then the resulting quality
indicator, taking into account (3.77), (3.78), the block structure of the matrix K and the
matrix of weighting coefficients of individual indicators F;(A4’,A'") in matrix form for
the §- th variant, can be written:

Bs(G) = (AL.E)TT,S =1,m, (3.80)

where
Ay = (ai]-, ki]-),i =1,p1, j =1,91P1X9g2 = g — the original quality matrix for the

weighting matrix A = (ai]-),i =1,p1, j=1,9, and the matrix of normalized

indicators (k,-]-),i =1,p, J=1,91;
E — unit matrix of dimension g4 x 1;
I' — a matrix of weighting coefficients of the j- th groups. The dimension of this matrix
is ppx1.

Expression (3.80) was used to estimate the comparative technical and economic
efficiency in the case when the improvement in the quality of the new product G is not
reflected in a reduction in operating costs. In this case, the present value costs [1B4,

capital investment K4, and operating costs EB; of the basic asset are adjusted by the

Bs(G)
Bs-1(G)

the reduced costs for S options indicates that the improvement of consumer properties

relation . The meaning of this adjustment is as follows. A positive difference in
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of the new product was achieved with a lower cost increase than for previously
released analogues.

Thus, the solution to the problem of measuring the effectiveness of UAS
means with implicit system links can be represented as the following algorithm
for evaluating UAVs with implicit system links.

Step 1. S block matrices K of values of quality indicators of the considered
variants of the product G are compared.

Step 2. Based on the estimates (e.g., expert estimates) of the matrix K the
utility matrix of indicators F;(4',A"") is matched.

Step 3. Determine the matrix of weighting coefficients of groups of quality
indicators T' = |y, V2, .., ¥p, |-

Step 4.  Determine the weighting matrix:

A= (a;)i=1p1j=17;.

Step 5.  Calculate the elements of the original matrix A.

Step 6. Jlng xoHOTO 3 § BapiaHTIB BU3HAYAETHCS PE3YJIBTYIOUMNA TMOKA3HUK
saKrocTi 3a popmyoro (3.80).

Step 7. The quality level of pairs of compared options is determined as the ratio
of the resulting quality indicators.

Kpox 8. Economic indicators are adjusted for the level of quality.

Kpox 9. The economic effect is estimated.

As an example, Fig. 3.2 shows the dependence of the normalized value of the

annual economic effect on the level of quality:

Bs(G)
Bs-1(G)

at different operating costs, specific capital investments, and present value costs. Here,

B — is a complex indicator of the equipment being evaluated, and B, — is the basic

equipment.

TABLES OF UAV INDICATORS
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Fig. 3.2. Dependence of the normalized value of the annual economic effect
on the quality level of UAS equipment

As can be seen from the figure, the economic effect of UAS implementation

increases in proportion to the increase in equipment quality I;—Q. Based on the graph, it

[

is possible to determine at what value of the quality level a positive economic effect
can be obtained, which allows us to reasonably reject inefficient options.

A more complex assessment of effectiveness is one based on quantitative
and non-quantitative indicators that reflect both objective and subjective factors.
Subjective factors need to be taken into account because the effectiveness of such
systems depends to a large extent on the people who operate the system and use its
information. In this case, the ideal method would be one that allows objective factors
to be expressed using quantitative values, and subjective factors to be expressed using
the simplest language that does not require artificial translation into quantitative values.
In this case, it would be possible not to pay much attention to the issues of
measurement and its accuracy.

One method of assessing the subjective factor is to use the theory of fuzzy sets

and fuzzy logic, which allows you to assign quantitative values to words that are not
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available for mathematical processing.

We would like to make a few remarks about the method of performance
evaluation with implicit systemic linkages. The advantage of this approach is that a set
of system quality indicators is taken into account. In addition, there is no need for an
explicit formalized link between the quality indicators of the means and the quality
indicators of the air navigation system. It is sufficient to use the relationship
established when determining the usefulness of the indicators. Nevertheless, this
approach is characterized by the conditional nature of the efficiency assessment caused
by the lack of consideration of the UAS system's response to the improvement of the
quality of assets and subjectivity in determining the significance of the quality

indicators of ANO assets.

Mill.
UAH
/f
13 UpS|LL
8 /| o
/'/ o
Z A | UAsR
2 /.- ,./
4 ,/ ///
.J/
3 "
2 s o
1 pdyd UASB3 | +—T
3 [ . N Thous.
X 10 po L~71-50 _-__&g]_,.-—-"“" 120 150 200 R20
-3

Fig.3.3. Dependence of the efficiency of cargo drones on their carrying
capacity
As an example, for given operating conditions, Fig. 3.3 shows the dependence of
the annual effect on the number of aircraft landing approaches when using standard
navigation aids in the form of an autonomous landing aid.
A real assessment of UAV performance is possible only when explicit links
between the indicators of CNS/ATM and the air navigation system are established and

used.
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3.5. Method for evaluating the effectiveness of cargo drones with explicit

system links

3.5.1. General provisions

This method of performance evaluation is based on taking into account all three
types of effect: functional, economic and social. The choice of a system of indicators
for this purpose is made after defining the goals and objectives of a complex system.

A number of sub-problems arise when formulating the goal, criteria, and
performance evaluation:

1. The first of them refers to the definition of the goal, which should be
unambiguous despite the initial uncertainty.

2. The second subproblem is related to the estimation of resource costs.
Rigorous quantitative analysis of resource estimates, their receipt, realization, renewal
and expenditure in all details 1s not always available.

3. The third subproblem is related to the estimation of time. The analysis cannot
go beyond the initial data, and they largely depend on the estimation of time.

4. The fourth subproblem is the choice of criteria. The adequacy of the criteria
and the goal in terms of content and commonality determines the reliability of the
result.

Let's consider one of the most difficult tasks of formalizing practical goals that
have areas of incomplete achievement.

In general, the goal can be set in some m- dimensional space of essential
parameters Zq,Zo,...,Z,. It has external "dangerous" borders I'(Zor) , which
distinguish the zone of orderliness in which the goal is fully achieved with an
acceptable accuracye or probability P, (puc. 2.3) boundaries is the area of partial
achievement of the D(Zyr). The entire goal area can be divided into a set of different
elements A.

The difference of elements will be considered potential if it is determined based



110

on the limitations of physical measurements and existing interference, and real if it is
determined by the requirements of the problem being solved and the capabilities of the

equipment used.

Having divided the goal area into elements, we will assume that if the vector Z,

hich characterizes the functioning of the system, belongs to the set D(Zor), that is,

Ze D(Zyr), hen the functioning will be optimal in some sense. And if the vector is
inside the area of partial achievement of the goal, ie:

Z €A, c D(Zyp), (3.81)
then the functioning of the system will be somewhat worse than optimal due to a
certain loss in the quality of the system's functioning. In this case, of course, there is a
decrease in its efficiency.

The amount of damage will be determined using a weight that depends on the
position of the i- th element in the target area and the duration of the vector Z in the
element A;.

The damage can be:

a) a deterministic amount of damage (loss I k; Within a unit of time);

0) a probabilistic amount of damage (risk) llel_ = II;P;, where P; — the
probability of an event that causes a loss II;;

B) probability of failure to perform certain functions.

The degree of goal achievement is related to situations that arise in the process
of system functioning. Let us introduce the concept of the situation space {S}. It is
formed using the parameters s;(i = I, ). Each point of this space defines a specific
situation that has developed as a result of the system's functioning and is characterized
by target variables Z = (z4, Z,, ..., Z,). Each target variable z; is uniquely determined
by the situation S, i.e. z; = P;(S),i = 1,n, and the function ¥;(-) determines the
relationship between the situation S and the target parameter z;. In vector form, this
relationship is represented as follows:

Z =9Y(S), (3.82)
where Y (-) = (1/11(-), P, (-), ...,ll)n(')) — a vector function is defined that relates the
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state of the environment and the target variables.
The target variables may be of a different nature. However, the form of their

representation should be unified and look like this:

Z; = a;, i=l,...,k1
zi=9(S) =4 z2b, J=L. k (3.83)
zy > extr, =1, .., ks

So, for the given goals, you need to determine, first of all, their structure, that is,

belonging to one of the three forms, and then set the numbers a; and b;, for the

number of goals of the first k; and second k; kind. For the first goal, we are looking
for an extremum, i.e., depending on its nature, a maximum or minimum. In this case,
the number of extreme goal requirements can be k3. SIf any goals are not reduced to
the forms (3.83), then we cannot talk about the formal creation of a management
system to achieve the goals.

The target point or region S* that satisfies all the requirements simultaneously is
the state that is achieved as a result of UAS operation. However, this can only be
accomplished if there is an opportunity to influence the situation, i.e., if the situation is
controllable:

SW) = [s,(U), ..., s, (U)] (3.84)
and the sufficiency of available management resources R.

Here U = (uy, ..., Ugq) is the control with controlled parameters uy, ..., u,. Resource

constraints lead to the fact that the control U of the system is limited:

U € {U}g,
where {U}r — the set of controls limited by resources R. Such resources are
determined by the energy, material, professional and other capabilities of the
polyergistic ANO system.

In the process of UAS operation, under the influence of external factors, the
trajectory S(t) — the drift of situations in the target area {S*}, which in turn affects the
conditional target vector:

72" =(Zy, ., Zy), (3.85)

where Z* — are no longer numbers, but requirements for the state S.
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If the trajectory S(t) passes through the target region {S*}, i.e.
$(t) c {87}, then no control is needed. In this case z; € D(Zgr) (Fig. 3.4).

F

Sz

i

/ S
Fig. 3.4. Interaction of drift of UAV trajectory motion S(t) and control S(U,t)
with the terminal target area {S*}.

In order to keep the controlled object in this state under external influences, you
need to manage the situation:

S=85U,¢t) (3.86)
in such a way that:
S(U,t) e {S*} and € D(Zgy).

Management U should be considered, firstly, as a means of achieving the set
goals, and secondly, as a means of compensating for unfavorable changes in the
environment that impede this.

In the following, UAS controllability will be understood as the probability of
achieving the set goals in different situations. At the same time, the situation that has
developed in the control process, in the most general case, should be understood as
three:

S=<X,E,Z" >, (3.87)
which determines the state of uncontrolled inputs of the system (observed input X,and
disturbance E (unobserved) and the goal Z* to be achieved. All situations encountered
in the process of control can be divided into two subsets of situations - controllable, in

which the given goal Z* is always achieved, and uncontrollable, when this goal Z* is
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not achieved.

Let us denote by {S} the set of all possible situations § that occur in the process
of system operation. Let {I¢} — be a subset of situations where the object is
controllable, i.e., the goals from {Z*} are achieved, and {I2} be a subset of situations
{S} where the object is uncontrollable, i.e., not all goals from {Z*} are achieved. It is
obvious that:

{s}={3u{Is}. (3.88)

Each element of the set {S}, i.e., each situation S, is associated with a number
p = p(S), which would determine the probability of occurrence of this situation S.
This 1s a discrete case, and:

NI (3.89)
where n — the total number of situations.
If the number of elements of the set {S} is infinite, then p(8) should usually be

understood as the density of this probability. Then in the continuous case, we can write:
Iis; P(S) (3.90)

where the integral is taken over the entire set {S}. This expression characterizes the
fact that real situations S cannot occur outside the domain §.

Now we can clarify the concept of controllability. The controllability of an
object is the probability that a randomly selected situation S from the set {S} is
controllable. This probability is equal to:

P =f,,p(S)ds. (3.91)

Uncontrollability is defined similarly as an integral over the set {I2} of uncontrollable

situations:
P = f{lg}p(S)dS. (3.92)
The probabilities P and P form a complete group of events.
Attention should be paid to the problem of defining the sets {I} and {I2}, as well

as the function p(S), due to the lack of a formal description of the ANO system. How

to get out of this situation will be shown below. Let us consider different forms of
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controllability and uncontrollability of the object of study. The object is absolutely
controllable (P = 1)if every situation in {S} is controllable, then the goal is always
achieved. This means that for any controlled state of the environment X € {X}, any
uncontrolled input E € {E} and any goal Z* € {Z*}, 3there will always be a control
U* € {U}g, that will bring the object to the required state, i.e:
Z=Z(X,U"E)=®[F°(X,U*,E) =Z*, (3.93)

where
®(-) — the transformation of the object's state space {Y} into the goal space {Z},
presented in (3.92);
Z — the state of the object in the goal space;
Z(.,.,.,) — a function that characterizes the dependence of Z on X, U, E. The absolute
controllability of an object can be written more compactly:

VX e{X},VEe€{E},\VZ*" €{Z*},3U" € {U"}g : Z(X,U",E) = Z".

It is known that absolute controllability (P = 1) is rarely found in the control of
complex objects [58]. This is due to the need to narrow the set of goals, or to fulfill the
requirement of state constancy (X = const), or to allocate very large resources R for
control.

In this regard, the concept of partial or relative controllability is introduced. In
this case, one should distinguish the unmanageability of situations, which can be
represented by X- unmanageability:

Iy: 3X e {X}:VE € {E},\VZ* € {Z*},3U € {U}x: Z,U,E) = Z*).

E — unmanageability is also possible, which means that there are uncontrollable
states of the environment in which, for any valid X, He Bnaerscs nocartu Oynb-gKoi
JOTTYCTUMOT ITiJTi:

I;: @E € {E}:vX € {X},VZ* € {Z*},3U € {U}: Z(X,U,E) = Z*).

Z" — unmanageability, which is characterized by the presence of such

admissible goals that are never achieved under other admissible conditions:
I;:(3Z* € {Z}:vX € {X},VE € {E},3U € (U)z: Z(X,U,E) = Z*).

This implies that there are goals that are not achievable in all states of the
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environment.

The uncontrollability of situations {Is} can be associated not only with one of
the factors X,E,Z" separately, but also with several factors simultaneously. In
particular, we should distinguish between XE, XZ*,Z*E, X, E, Z* — uncontrollability.

XE — unmanageability is defined as the simultaneous existence of such X and E
that not every goal is achievable:

Ixg: @(X,E): VX € {X},VE € {E},VZ* € {Z},VU € {U}x,3U € {U}s: Z(X,U,E)
=7);

Iz (A(XZ*): VX € {X},VE € {E},VZ* € {Z*},VU € {U}¢,3U:Z(X,U,E) = Z*);
I=5: (A(Z¥E): VX € {X},VE € {E},VZ* € {Z*},VU € {U}¢,3U:Z(X,U,E) = Z*);
g7 Q(X,E,Z*): VX € {X},VE € {E},VZ* € {Z*},VU
€ {U}s,AU:Z(X,U,E) = Z*).

The above expressions define cases of uncontrollability in the space of situations
{S} ={X,E,Z"}.In [58], it is proposed to evaluate the occurrence of these types of
controllability by the expert method. In the author's works [88, 89, 99, 101, 143, 149],
his problem was solved by numerical methods.

Thus, it can be argued that the controllability of situations makes it possible to
manage the efficiency of a complex system. This is because the situations that arise in
the system characterize the quality of its functioning.

Thus, the assessment of UAS performance is related to the problem of
performance management. To solve it, it is necessary to decompose this problem, i.e.,
to present it as a series of simpler tasks. Their solution involves the following steps:

1. Management objectives are defined, i.e., the set of management objectives
{Z"} to be realized in the system is described sufficiently.

2. The available resources R allocated for the creation of the system and its
operation are estimated.

3. The object FO.

4. The set {X} of controlled states that can be used to synthesize control and

assess situations is described.
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5. The set of controls {U}y allowed by resources R is estimated.

6. The set of uncontrollable factors of the environment and the object {E} is
estimated.

7. A spectrum of situations is built.

In general, the controllability of an object is presented as follows:

P =<{Z*},R,F° {X},{U}x,E >. (3.94)

As noted above, the controllability of an object is assessed based on the
controllability of situations {S} which characterize the achievability of goals, and thus
determine the effectiveness of a complex system. Since a range of situations is used,
including catastrophic ones, this approach makes it possible to evaluate the system's
efficiency taking into account the main types of effect: functional, economic, and

social.

3.5.2. Principles of determining the functional effect when controlling

dynamic objects

For many technical control systems of dynamic objects, in our case UAS, the
purpose of functioning is to achieve a given final state, for example, a terminal set,
from some initial state under the constraints on control resources and the phase state of
the object, under the influence of external disturbing factors.

The degree to which the system reaches a given end state and the timing of
achievement can serve as generalized indicators of the functional effect [149].

Let us consider a fairly wide class of dynamic object control systems that allow
for an initial division into Information-Management (IM) and Control (C)
subsystems, i.e., a ground control station of a remote pilot with a C2 line (IM) and
UAV (C). We denote UAS by G = G1X G, where G; — IM, G, — C. The state of the
system G can be represented by a mapping vector ¥ € R™ ,n- imensional Euclidean
space: ¥ = (x,4), where x — the phase state vector of the UAS, A — its parameter
vector. In turn: x = (x4, x3), 4 = (44, 4;), where x;A; — respectively, the phase state

vector and the parameter vector of the UAS subsystems. By introducing an ordered set



117

of real numbers I, which reflect the time parameter t, we define a complete event in
the UAS as a pair of elements: (Y,t) € R™ xI. Due to the fact that the parameter
vector A contains both constant (or weakly dependent on the phase state of the control
object) and time-varying values, the concepts of phase (x,t) and parametric (4,t)
events are similarly introduced. For the sake of completeness, it is necessary to
introduce the disturbing event (§,t) € R™x I, where § — the disturbance vector, and
the control event (u, t) € Rx I, where u — as before — the control vector.

If the UAS is functioning normally, then the structure of event connectivity must
also be valid: two events (Y4,t1) and (Y5, t;) t; < t, € are connected if V& € E there
is a sequence of control events (u,t),t; <t < t, such that (Y4,t;) and (Y, t;) are
the initial and final events for the UAS, respectively.

Similarly, connectivity is determined by phase and parametric events. For UAS,
as a purposefully functioning system, the connectivity of events is used to determine
the controllability of events: event (Y4, t1) s controllable relative to event (Yo, t,) if
this pair of events is connected; event (¥, t,) is achievable from event (¥4, t;) if this
pair of events is connected due to the action of system G.

Let us define the set of initial events Q(ty) for the UAS as a valid set of
subsystem states at the initial time ¢, and the set of final events w (&), which reflects
the purpose of the UAS action.

Then the process of functioning of the control system of a dynamic object is
determined by the sequence of events (Y, t), controlled with respect to w(&y).

If the event w(t;) is controllable with respect to w(t;), then we say that it
generates a situation $"P1 — a prerequisite for continuing the control process, if not, it
generates a situation $"P2 — a prerequisite for interrupting the control process. And
depending on the situation, the decision maker must choose a certain strategy of action.
Let's call the strategy of continuing the management process strategy A;, which
realizes the expected outcome of the situation $"P1, and the strategy of interrupting the
management process - strategy A, , which realizes the expected outcome of the

situation $"Pz,
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Since the task of event identification is solved in UAS on the basis of
information about ¥ received by the information and control system, the
incompleteness of this information caused by the inevitable errors of the latter gives
rise to additional situations. If the event (¥, t) is controlled with respect to w (&), and
the event (Y, t), where Y* = (x*, 1%); x*, A" — the observed phase state vector and the
UAS parameter vector, is uncontrollable, then the situation $"P3 — a prerequisite for
the false continuation of the control process- arises. The concept of IR strategy A, in
situation $"P3 and strategy A4 in situation $"P4 is an erroneous action, and strategy A4
n some cases can lead to catastrophic consequences.

The fact of the controllability of events (Y*, t) or (¥, t) is established by the fact
that these events belong to the set of admissible current events Q(t) controlled with
respect to w(&y).

The possibility of the occurrence of situations $"P1 and $"P2 in the process of
SUDO functioning requires that the choice of the IM action strategy be made
according to a rule that guarantees the quality of the decisions made.

The degree of objective possibility of occurrence of any of the situations
S™i j = 1,4 will be evaluated using the probabilities P(S™,t), which are defined as
follows:

P(S™1,t) = UmoBip{(Y*,t) € Q)|(Y,t) € Q(t) }
P(S™2,t) = UmoBip{(Y*,t) & Q)|(Y,t) & Q(t)} (3.95)
P(S"s,t) = UmoBip{(Y*,t) & Q(t)|(Y,t) € Q(t) }
P(S™+,t) = UmoBip{(Y*,t) & Q(t)|(Y,t) & Q(t)}.

A given level of quality, the level of acceptance, will be ensured by a proper
partitioning of the entire set of events Q(t). To specify the development rule, several
definitions are necessary [89, 149].

Definition 2.2. The reflexive resource of a UAS action of order S is the set:

Li(t, B) ={Y,DIP(S1,t) > B1},  (3.96)
where B, — the selected level of P(S4,t).
The convexity of the set Q(t) and the concavity of the function P(Sq,t) in
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(Y,t), as well as the definition (3.96), gives rise to the inclusion Ly (t, ) < Q(t).
3This makes clear the meaning of the name of the specified set, which is nothing more
than the set of current events, from the point of view of IM, controlled relative to the
terminal set w(t) with probability not lower than f;. In this case Q(t) can be
considered the initial current resource of the system.

Hexaii u(-) — be a measure on the set of events {Q(t)}.

Definition 2.3. The coefficient of permissible use of the resource of a SUDO is

a ratio:

_ u(L1(@.BY)
R(t) = o (3.97)

From the definitions (2.2) and (2.3) , it follows that 0 < R(t) < 1. This
coefficient can serve as one of the generalized indicators of UAS quality.

Such events belonging to Q(t) are uncontrollable with respect to w(t;). To
ensure that the system can recognize the relevant situations, it is necessary to
distinguish the following action element.

Definition 2.4. The set of UAS goal failure of order B, is called the set of
failure to achieve the goal:

Lyt B2) = {(Y, )|P(S2, ) > Ba, (3.98)
where 85, = P(S,,t) — the selected level of P(S5,, t).

L,(t,B;) c Q(t). Using this set, the UAS recognizes the situation S, with a
probability not lower than f8,.

Let L denote the set of different events (Y, t). It is obvious that L = Q(t) U Q(¢).
Then, for completeness, we define it as follows.

Definition 2.5. The set of uncertainty in the estimation of the connectivity of
events (¥, t) is a set:

L3(t, b1, B2) = L|(L1(t; f1) U L, (¢, ,32))- (3.99)
If the current event assessment belongs to this set, the system cannot recognize

any of the situations §1 and S, with levels not lower than the specified 81 and f85.
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Fig. 3.5. To the task of formalizing the goal and achieving it.

Fig. 3.5 shows the relations between the considered sets for some fixed
moment t in the space R?. The dotted line is the limit of the set Q(t). Inside it, the
solid line shows the boundary of the set L,(t, 81) = D(Zgr) — the reflexive resource
of UAS action, and the solid line outside highlights the set of failure to achieve the
goal of the SUDO L, (t, B82).

Now let's write down the formal relations that express the rule for adopting
action strategies A, and A,:

(Y",t) € Li(t,B1) » Ay (Y5, 1) € Ly(E, B2) - A4;. (3.100)

The degree of fidelity of strategies A; and A, s guaranteed by the value of the
chosen levels — B4 and B, respectively. As can be seen, rule (3.100) does not cover
the case (Y*,t) € L3(t, B4, B2). This is a special case. Belonging of the current event
estimate to the uncertainty set in the event connectivity estimate (or simply the
uncertainty set) does not allow us to guarantee the choice of one of the action
strategies A;,i = 1,2. In order to increase the level of safety for some systems, a rule

can be recommended:
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(Y*,t) € L3(t, B1, B2) = Az. (3.101)

However, due to the presence of the situation $"P3, additional losses may occur,
caused, for example, by the interruption of the control process. These losses reduce the
performance of the UAS. In order to indicate ways to reduce these losses and increase
system efficiency, the following definitions are necessary.

Definition 2.6. The critical moment in the functioning of the UAS is the time
t. € [to, t;] at which the action resource utilization rate is R(t,).

The set of critical moments is denoted by T, T, € [ty, L]

Definition 2.7. The boundary of a UAS is a moment in time:

t; = infT, . (3.102)

At t > t,, none of the estimates of current events in the system can be correlated
with any situation with the selected levels of assurance. The critical moment in the
functioning and the limit of action can be correlated with the critical phase state x,. and
the parameter vector 4., the limit phase state x, and the parameter vector 4.

The possibility of using the above concepts for UAS characteristics will be
considered on the example of analyzing the side channel of the aircraft landing system.
As an information and control subsystem, two navigation options were considered,
with lines for transmitting control signals (telemetry) to the board, which differ from
each other in terms of accuracy.

The first option: accuracy of measuring the lateral deviation from the specified
descent trajectory (in sensi, a circular radar station) in angular units 6 = 3'; accuracy

of measuring the direction of the ground speed vector o, = 0.37°.

The second option: 6 = 4'. For both variants, #; = 8, = 0.99.

As a controlled subsystem, we considered two types of aircraft, LA1 ta LA2,
which differ significantly in the rate of descent on the glide path and in maneuvering
characteristics (LA2 - a maneuverable aircraft, has a higher rate of descent). As the
final events of the set, w(t) the sets of permissible phase states for each type of
aircraft at the ILS reference point were selected, taking into account the selected value

of the runway width (60 m). For each type of aircraft, sets of permissible current
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events Q(t) at coordinates z, 0, controlled relative to the initial w(t) , were further

constructed.

1 Qm 7
L;(t,B1,B2) /|

—

Fig. 3.6. UAS resource and UAYV target failure sets..

In Fig. 3.6, the dotted line shows the characteristic form of the set Q(t) for an
airplane. The coordinates z and @ are normalized. In the same figure, the solid line
inside Q(t) denotes the set Ly (t, B1) — the reflexive resource of the SP action at time t,
constructed for 1 = 0.97, and the solid line outside highlights the set of failure to
achieve the SP goal L, (t, B,) for B,.

In Fig. 3.7, for the selected types of control and controlled subsystems, the
intersection of the sets L,(t, 1) and L,(t, B,) by the plane ® = 0 is presented for
different moments of time £. Comparison of these results shows that for both PRLS
variants, the transition to a lower-speed aircraft reduced the limit of the instrument
landing system (ILS) by about 1.5 times. For each type of aircraft, the use of a more
accurate PRLS can reduce the range by about 2 times. With increasing requirements
for the quality of decisions made, the ILS limit of action increases, as illustrated by the

effect of the level of £1(0.97 and 0.99) on the size of L,(t, 81).
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Fig. 3.7. Changes in the current and reflexive resources of UAS action

depending on the parameters of th

e controlling and controlled subsystems and

the moment of time (T=¢;, —t, )

Ha Fig. 3.8. similarly shows the

impact on the UAS service life utilization factor

of the parameters of the information management and controlled subsystems. It is easy

to see that this coefficient is quite sensitive to the characteristics of both subsystems.
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Fig. 3.8. Influence of the parameters of the controlling and controlled subsystems
on the UAS service life utilization factor

Let's characterize the degree of achievement of the UAS goal with the following
concept.

Definition 2.8. The minimum of the control system of a dynamic object is the
distance in the space of phase events between the boundary phase event and the set of
final phase events w(t).

d[(x,t}), w(t)] = mi n{||(x, ty) — Z|| € a)(tk)}. (3.103)

The introduced concept of minimum is applicable to a wide class of technical
control systems and can serve as a quality indicator that determines the functional
effect.

To evaluate the functional effect, it is necessary to be able to build and evaluate a
range of situations that characterizes the functionality of a complex system. For an air

navigation service system, it is necessary to consider air situation situations for this
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purpose.

3.6. Air situation situations that determine the quality of operation and

efficiency of UAS

Situations in the air navigation system (ANS) are formed as a result of direct
influences on its subsystems and their operating conditions. Based on the structure and
connections of the ANS, these influences can be determined by individual subsystems,
which are characterized by: internal properties of the crew-aircraft system related to
the functional efficiency of the crew and the functional efficiency of the LA; efficiency
of the air traffic system, in particular, the efficiency of the ATC system circuit and the
efficiency of radio navigation systems; the level of influence of non-system factors
(external conditions); parameters of movement and position of the LA in space, as well
as a number of restrictions.

During operation, there are certain deviations from the optimal values of the
system parameters, which leads to a range of situations. Moreover, the complexity of
situations is determined by the sequence of events. The previous event is considered as
a cause in relation to the subsequent event caused by it. In the process of development
of a negative phenomenon, in general, there may be several causes that consistently
complicate the situation and eventually lead to an aviation accident.

The trajectories of aircraft movement are uniquely defined at some point in time

t by three position coordinates and three velocity components:

52 . . . . dxi .
X = (xq, x5, X3, X, Xy, X3}, {xi =1

=43} (3.104)

Let's select a pair of aircraft from the flow of aircraft, the position of each of
which will be characterized by the longitudinal coordinate x = x4, height H = x, and
lateral component or deviation y = x3. Let us assume that at some point in time t there
are true values of the observation coordinates (xq,yq, H1) of the position of the first

aircraft and (x5, y,, Hy) — of the second aircraft. In this case, we assume that there is a

d|xy—x1|

r < 0, 1.e., the distance between the

convergence of aircraft along the O0X:
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aircraft along the OX axis decreases.

It is in this case that it is necessary to analyze situations, since with a decrease in
the value |x, — x4|, aircraft can threaten each other with a collision. Therefore, in
order to assess the degree of danger of situations that arise when aircraft approach at a
particular coordinate, it is necessary to introduce a measure that would allow
characterizing these situations. As such a measure, we will introduce a metric in the

three-dimensional Cartesian coordinate space that describes the distance of the aircraft

(Fig. 3.9).
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Fig. 3.9. Toward a justification of the UAV air situation metric

After entering the situation metric, a spectrum of situations is built (Fig. 3.10).

NS

l

- >
0 d AU AU+ne nv Us - U
2

Fig.3.10. Development of situations along one coordinate: NS- normal
situation (HC - nopmaabHa curyanisi), CFC - complicated flight conditions (YYII

- YCKJIAJIHEHHSI YMOB 10Jb0TYy), DS - difficult situation (CC - ckiagna curyauis),
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ES - emergency situation (AC - aBapiiina curtyanisi), CS - catastrophic situation

(KC — karacTpodivna curyauisi).

The principle of their construction is as follows. Consider the range of situations
for two airplanes (Figure 3.11):

a) Two airplanes are flying in neighboring corridors. One is searching, the other
maintains a given flight path along the x-axis. Situations are generated for the

coordinates X, — X1,y2, H;. We have three situations (S,,,,S,,Sy). The global

X12’

situation is described by the metric (3.104).
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Fig 3.11.The global situation is described by the metric

b) Two airplanes are flying in neighboring corridors and both are searching. The
situations are worked out for the coordinates x, — x4,y — ¥1, H» — H. In this case,

the three situations are as follows: (Sy,,,Sy,,,Su,,) and the global situation is

described by the metric (3.104).
c) Two airplanes are flying in the same air corridor along the X -axis. The

situations are developed for the difference x, — x4 and have the form (S,,,,0,0).

Let's consider a range of situations for two oncoming streams. The danger of
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mutual collision exists for pairs of aircraft (L;, /l;),i = 1,n, as well as for pairs of
aircraft (L;, (Li1); (Mp Miv), i = Ln — 1

a) For the pairs (L;/l;),i=1,n we have a spectrum of situations
Sx(Li, 1), 8y (L, 1), Sy (L, [1;), i = 1,n. Here, the situation S, (L;, /1;) is determined
by the difference of the observed coordinates x(L;) — x(/l;). As for the situations S,

and Sy, there are two possibilities for them:

— develop situations based on the differences y(L;) — y(/1;) or, respectively, on
the differences H(L;) — H(/1;);

— to develop situations S,,(L;), S, ([;) and Sy(L;),Sy([;) for each aircraft
separately, respectively. In this case, we alternately assume that one of the aircraft
(L; ;) is at risk, and the other is flying along a given trajectory. This approach to
situations corresponds to n-a for two aircratft.

b) For pairs (L;, L;11) we have a spectrum of situations {S,(L; L;;1), i =
1,n — 1}. Here, S, € {Sy, ..., Sg}, S; is the, S, — the UUP, etc., and Sg is the CS at the
X. The situations here are resolved by the difference of the observed coordinates
x(L;y) — x(Liyq)-

For the pairs ([; d;41) , we also have a spectrum of situations
{S,(1;, [iz1), i =1,n— 1}, which are resolved by the difference x(/I;) — x(J;11).

Thus, the observed flows are described by the following number of situations:

n—1)+Mm—-1)+n-2nkK, = (3n—-2) = 2nk,.

Here
(n — 1) — the number of situations along the x -coordinate for aircraft of the same
stream,

n — the number of situations along the x -coordinate for pairs of aircraft of both
streams flying towards each other;
2nK, — the number of the same situations in the y and H coordinate. K,, = 1, if the

situations 8., (L;, [;), Sy (L;, [1;) are worked out by coordinate differences;
K, =0, if situations S, (L; [l;) are split into two situations §,,(L;),S,([;), and

situations Sy (L;, ;) are also split into two situations Sg(L;),Sy([;), and the
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processing is carried out as described for the second case.
The considered spectrum of situations fully characterizes the quality of UAS
functioning in ANS and determines their effectiveness. To assess this efficiency, it is

necessary to develop an appropriate generalized criterion.

3.7. Construction and justification of a generalized indicator of UAV

efficiency

In accordance with the formulations of the performance measurement tasks (2.6)
and (2.7) given in clause (2.2), it is advisable to use appropriate measures, taking into
account the situational state (Fig. 3.12).

Since the system is affected at different times by various random factors and
operating conditions can change randomly over time, it is natural to use probabilistic

metrics. Such metrics have a structure:

uX,Y) = ?‘é}? IMf(x) — Mf(y)l (3.105)

and differ from each other in the kind of set F from which SUP is taken. Their
properties are given in mathematics reference books [41].

Using the structure and its well-known mathematical properties [41], we will
present the efficiency criterion also in the form of a difference. We will use the

following initial data.

A
o(|Ur-Us))

|
|
|
|
| |
N |
0 d AU AU+ne nv
Fig. 3.12. A piecewise linear function aligned with the spectrum of situations

U, - U
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The structure of the airspace must be such that the specified values P(S;) of the
probability of occurrence of situations S;, i = 1, 5are maintained. Thus, P(S;) is the a
priori probability of the situation. These probabilities form a complete group of
probabilities (i.e., the appropriate normalization has been performed):

?:1 P(S) = 1.

Let us denote by €4 the value of the air navigation fee rate for flying a section of
the route in the normal situation S;, and by C,,...,C5 — losses due to the
corresponding situation S,,...,S5. The value of C; also depends on the correct
classification of the situation S;.

Hexaii, EB' — be the cost of resources associated with the use of ANO. This
includes capital investments and operating costs. The value of the air navigation charge
rate €4 depends on the duration of the service provided, the weight of the aircraft, and
the basic tariff Cy, which in turn depends on the amount of ANS costs and flight
intensity. The amount of air navigation charges in EURO CONTROL countries is

calculated by the formula:

S M
C, = CO-E-\/%, (3.106)

where
C, — basic tariff;
S — he length of the section in kilometers where the ANO is presented;
M —mass of the aircraft in tons.
The value of Cj s different in different countries. Then the effectiveness of the ANO
system for a mixed flow of manned and unmanned aircraft can be estimated by the
formula:
€=C -P(S)-N—[NY;_, C,-P(S;))+EB'], (3.107)
If it is difficult to translate a catastrophic situation into a value expression, an

expression should be used:

€=C -P(S) N—[NY!,Ci-P(S)+EB'], (3.108)
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As can be seen from expression (3.108), the catastrophic situation is transferred
to the category of limitation. According to the ICAO recommendations, the risk of

collision that causes a catastrophe in the air traffic system is limited to P o5 = 0.2 -

10~7 for each of the three echeloning standards. The accepted level of safety in
relation to the total risk associated with all causes is 6.3 aircraft accidents per 10
million hours of aircraft flight [21].

UAS types should be chosen in such a way as to maximize expressions (3.107)
or (3.108).

Let there be a situation §;. As a result of using ANO tools in the process of
classifying situations, situation S;; an be accepted. This happens with a conditional
probability B;;. A penalty is imposed for a recognition error. When i = 1, in the case
of j = 1, we get a profit C; we get a profit N aircraft, and when j # 1, the profit will
decrease and will be €; — A4j. When i # 1, in the case of i = j, we have losses from

one aircraft €y, and when i # j, the losses increase and amount to Cq + A;;. Here

{Ai]-, 1<i#j< 5} — an additional penalty for misclassification of situations. Then

the functional (2.69) is refined and takes the following form:
€= (C1 '.311 ’ P(S1) +Zj¢1(c - A1j) -,81]- 'P(51)) N — [NZ?=2 P(51) ’

. (Ci - Bij + Xigjes(Ci - Byj) - Bij + EB,>] -

Jj#i
=P(S)) N-(C1XjosPij = Xiu1DajBrj) = [N - X1 P(S) - (G- X3o1 Bij +
+ X2, A;B:;) + EB'].
Since

2B =1,
Then we have:

€=C-P(S) N—|N-3_, C-P(S)+NIL Y514 Bij - P(S) +EB’

J#i

Amount

5 5
R=ZZAij‘ﬁij'P(5i)= Z Aij - Bij - P(Sy)
i=1j=1 1<i,j<5
J#i JET
There is an average risk function that is used to select the thresholds of the
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sequential rule. Then:
€= N[C, - P(S;) — X7, Cy - P(S))] — [NR+EB'].  (3.109)

Let us consider the features of the proposed criterion.

1. The developed efficiency criterion has an understandable physical meaning —
he excess of the mathematical expectation of the ANO cost estimate over the cost
estimate of the total resource costs for the period of time under consideration.

Indeed, the path per unit of time along a given section of the route is flown by N
aircraft, of which N; are in a state of repair:

S1,i=15%_,N;=N.

Then the economic effect per unit of time is the difference between the cost

estimate of the result of the ANO and the cost estimate of the costs:
€= C N — (X}, C,- Ny + EB’). (3.110)

However, according to the content of the probability P(S;), the mathematical
expectation of the ratio N;/N is equal: M{N;/N} = P(S;), or M{N;} = P(S;). Then
from (3.110) we have that the average effect is equal to:

M{€} = C; - M{N;} — (Z-, €  M{N} +EB') = C, - P(S) - N —
—[N- %3, C; - P(S)] + EB’], (3.111)
which coincides with (3.107).

2. In expressions (3.107), (3.108), and (3.109), all parameters C;, P(S;),N,EB’
enter linearly. This leads to convexity for each argument and even for their
set:{ P(S;),i =1,5, {C;,i = 1,5 }. Note that such convexity may be absent for other
criterion structures.

Convexity gives uniqueness to the solution of optimization procedures. For
convex optimization, robust, efficient quantitative methods have been developed to
deal with the "rawness", i.e., poor conditionality of the optimization problem. In
parameter estimation based on the optimization of convex functionalities, it is possible
to prove the validity of the estimates, i.e., the convergence in probability or near
convergence of the estimate to the true value of the parameter.

Regarding the functional (3.107), linearity in C; leads to the fact that, since C; is
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linearly expressed in terms of individual classification errors B;, the criterion is
linearly dependent on B;j, i.e., there is a convex dependence of the criterion E on
individual errors B;;. This greatly simplifies the optimization of the efficiency based

on these individual errors.

3. The structure of the E functional is such that it is expressed through the risk

functional:
R =Y3< jesbij - Bij - P(S). (3.112)
Jj#i
Here, Ayj, i # j — n additional penalty for misclassifying a situation, for example,

S; instead of S;; B;j, i # j — the probability of making a decision about situation S;
when in fact the situation §; occurs. The linearity of the entry of the risk functional
(3.112) into the efficiency functional allows the application of multi-alternative
sequential analysis methods. Thus, the structure of the criterion (3.107) and its
modifications (3.108), (3.109) is consistent with the risk function. This makes it
convenient to use criterion (3.107) in practice when solving problems of analysis and
synthesis of ANO and the air navigation system as a whole.

At the same time, an attempt to apply the second variant of the criterion
structure in the form of a relative value, for example:

Q=7

CiP(S1)
N-Y CiP(Sl)+EB’]

(3.113)

has a number of drawbacks. This includes a less clear physical meaning. The
functional (3.113) is not expressed in terms of a risk function. Optimization of (3.113)
requires fundamentally different procedures for distinguishing between multiple
alternative hypotheses that are not based on the risk function. In this case, it is
necessary to develop new procedures that are the subject of relevant research.

4. The application of the difference criterion allows the following.

a) First, this method is based on a direct comparison of options without any
recalculations or adjustments. In this case, the value of the effect reflects both resource
savings in one of the options compared to the other and the growth of results.

b) Secondly, the conditionality that was allowed in the calculation of the effect
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by the criteria of relative efficiency is eliminated. Using this criterion, the number of
options under consideration should include all possible options, including those that
provide the same result, but with the mandatory consideration of the specifics of each
option when determining the corresponding costs. In this case, a direct recalculation of
resources in proportion to the increase in results is not used.

c) Third, it becomes possible to compare options not only with different inputs,
but also with different outputs, i.e. to reflect the difference between options in terms of
the degree of satisfaction of needs.

d) Fourth, it is possible to explicitly assess the response of the system to changes
in the quality of individual subsystems.

Unlike relative criteria, it does not require special restrictions on its application,
and therefore is valid for all cases of implementation of ANO improvement measures,
i.e. with different volumes and quality of information support, social, environmental

and other factors, implementation timeframes etc.

Conclusions of chapter 3

1. A method for evaluating the effectiveness of UAS in an air navigation
system has been developed. Efficiency is represented by a category of action
in the operation of the system at a certain time interval, which reflects the
correspondence of the result obtained to the resources invested.

2. The concept of UAS efficiency evaluation is based on the consideration of
social, economic and functional types of effect.

3. Two approaches to evaluating the effectiveness of UAS are proposed and
developed: with implicit and explicit systemic links of the means with a
higher order system.

4. Evaluation of efficiency in the case of implicit links of UAS means is based
on the formation of the resulting quality indicator and the reduction of a
multicriteria problem to a scalar one. An algorithm for selecting the priority

option of the means is developed.
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The subproblems that arise when formulating goals, criteria and
performance evaluation with explicit systemic links are systematized.

It is proved that the evaluation of the effectiveness of the UAS system is
related to the problem of performance management, which depends, in turn,
on the controllability of situations.

The principles of determining the functional effect in the management of
dynamic objects are formulated.

The basics of the theory of situational analysis of the air situation are
developed, including:

principles of situation formation in ANS;

construction of a metric as a measure of situations;

selection of a function that characterizes the danger of flight situations by
the corresponding coordinates;

construction of a priori probability densities of the measured parameter;
construction of a priori probabilities of situations;

construction of conditional probability densities by zones;

building a spectrum of situations.

A generalized criterion for UAS efficiency is developed and substantiated.
For the first time, it is possible to assess the real efficiency of UAS in the air

navigation system of ANO.
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CHAPTER 4. ALGORITHMIZATION AND MODELING OF TASKS OF
INFORMATION SUPPORT FOR THE EFFICIENCY OF FREIGHT BPL

Many problems in decision theory are reduced to choosing the best options from
a set of options that are allowed for comparison. The complexity of solving such
problems in relation to the tasks of assessing performance under risk is primarily due
to the large dimensionality, significant nonlinearity of variables, and the complex
nature of the constraints on phase coordinates. In this regard, the practical results of
UAV flight research can be obtained mainly by means of quantitative methods with
the use of appropriate efficient machine learning algorithms.

This chapter proposes methods and algorithms for solving the problems

formulated in the previous chapters of this thesis.

4.1. Algorithm for calculating system constraints

Most methods that allow solving multi-extreme problems are associated to some
extent with random search [45, 51, 59, 78, 103, 106, 113, 151, 158]. With increased
requirements for the extremum estimation algorithm, it is advisable to use random
search methods in combination with other machine learning-based methods.

The first task to be solved when developing an algorithm is the formation of a
basic ensemble of control realizations randomly distributed in a given region of the
admissible set. This problem belongs to the class of random variable modeling
problems and is considered in the relevant literature, and, depending on the conditions
of the problem, this issue can be solved in different ways:

a) a random point is uniformly distributed in a n-dimensional parallelepiped.
Then:

F(xqy,%9,0,%,) = F(xy) - F(xy) -, ..., F(x;,), 4.1)
where F;(x4) — distribution function of the coordinate X}.
In this case, each coordinate can be modeled independently and as a result, we get a

simple formula for calculating coordinates:
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xp=a;+§(b;—q), i=1n, (4.2)
where
a; and b; are the coordinates of the vertices of the n-dimensional parallelepiped;
¢; — independent random numbers;

0) a random point obeys an m-dimensional normal law with mathematical

expectation:
M(xy) = q; (4.3)

and other issues:
M[(x; — a)(xj — ;)] = by (4.4)

In this case, we also get a simple formula for calculating the coordinates:
x=A¢ +aq, (4.5)

where
¢ — independent random variables in the interval (0, 1) that follow the normal law;
A — transformation matrix, which is determined from the condition:
AAT = B, (4.6)
where B = |b,-]-|, T — transportation index.

The calculation of system constraints imposed by dynamic objects includes the
task of determining a random control implementation that satisfies the constraints on
the phase coordinates. Finding the optimal control is reduced to determining the
coordinates of a random point in an n- dimensional parallelepiped.

The second problem that needs to be solved when developing an algorithm is the
choice of a condition for stopping the computational process due to the achievement of
a given accuracy of solving the problem or due to the end of available computing
resources. The stopping condition can be described by introducing an appropriate

sequence of functions ®y:

f¥=dplwy), k=1,2,.. (4.7)
such that if for some wy, it is true that f¥ = 0, then f**Y = 0,y = 1,2, ..., regardless
of the values of wy, i.e. (x**1,Z**1), ., (xk*¥,Z**7) Here:

Z'=d(x)+€', 1<i<k, (4.8)
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where & is the error of the i- th trial.

In this case, the final estimate of the extremum 1s considered to be the estimate
[120] e”, which corresponds to the stopping step T. Then the £ — optimal solution is
obtained:

P[x.] < infd[x] + ¢, 4.9)
where € > 0.

Thus, it is practically necessary to set an acceptable degree of accuracy in terms
of the deviation of the value of the functional obtained as a result of solving the
problem from the minimum possible value and the number of steps to obtain it.

Let's take the best of the base points as the required solution of ®[x,] at the
moment when, within a given number of iterations, the radius of the set of base points
does not exceed a predetermined small value:

rad H<g¢, x. €EH. (4.10)
Now we can fully describe the algorithm for finding the optimal solution to the

extreme problem 2.2.
Q= [f(Z) ar(%.). 2.2)
Q(7)
The task is to find a vector u* that reports the largest (smallest) value of the
functional ®[u, x, t]:

d[u*] =sup @ [u,x,t]. (4.11)

ueu

At the first step, a zero approximation is chosen for the control vector u in such
a way that all the constraints imposed on this dynamic system are satisfied. The control
function approximation system is chosen and the number of approximation nodes is
determined for a given flight interval J, = [t,, t;] (the number and coordinates of the
nodes can be chosen from the condition of optimal compensation of the approximation
error at the ends of the intervals [£g, t;] and in the inter-node subintervals for the
expected classes of functions).

Let H(x, t) — be the upper bound of the admissible set U, abe the lower bound

of this set. Then the values of the control function at the approximation nodes to obtain
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an ensemble of random control realizations of a dynamic system will be determined by
the following formula:
wij = GQx, t) + & [HO, t) — G(xg, ty)], (4.12)
where
i =1, L — index of the approximation node;
Jj =1,k — 1 — index of the realization from the ensemble of basic controls;
¢ij — random numbers §;; € I = [0, 1].

For each realization from the ensemble of basic controls u; € {u},i = 1, k, the
value of the functional ®; € {®},i =1,k is calculated. At the same time, the
constraints imposed on the phase variables (x € X), as well as implicit type constraints,
are checked.

If implicit constraints are violated for some realization u; , then a correction of
this control is introduced. The new control u; is obtained as follows.

1. First of all, the reflection is performed [151], which results in the vertex of the
polyhedron:
u' = 1+n)A- i, (4.13)
where
A — the coordinate matrix of the center of the simplex excluding the worst vertex;
u,. — ontrol, which corresponds to @, = max {®};
11 — reflection coefficient (n = 1).
If, as a result of reflection, ®[u,] < ®[u*] < ® < ®[u,], then u, is changed
to u*. The resulting new simplex is used as the initial one for the first stage.
If ®[u*] < P[u,], the stretching takes place, transforming the vector u* to u*
3a using the ratio:
T =nu” + (1 —ny)A, (4.14)
where 1, — the stretching factor (n, = 2).
If ®[u*] > P;, V;#1r, ie. u* corresponds to the point that provides the
maximum of ®, then a new vector u r is determined, which is equal to the previous

vector u,. or equal to the control u*, which provides a smaller value of the functional
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®. Then, compression is performed, transforming the vector u into ** according to the
formula:
" =nzu+ (1 —n3)4, (4.15)
where 173 — compression ratio, 0 <m3 <1, (93 =0,5).
The vector u is changed to #* and the first stage is repeated, provided that the
vertex of the compression does not lead to a worse result than max {®[u], P[u*]}, i.e.,
uj+ug .

if ®[u*] > min{®[u], P[u*]}. In the latter case, all vectors u; are changed by — |

and returned to the first stage.
In this case, it corresponds to the u;:
®y; ] = min{P[y;]} (4.16)

If an extreme value of the functional ®[u*] exists, then the algorithm ensures

that the condition is met:

|max{CI>[xj]} —min {®[x;]}| <& i,j=1Lk  (4.17)
where € — a small value that defines the accuracy of the solution. The counting
process stops if the inequality (4.17) is true for several iterations.

Based on the proposed algorithm, a program for calculating system constraints,
which are determined using the dynamic characteristics of the aircraft as a controlled
object, was developed.

The implementation of the considered algorithm allows us to construct the
domain D, which is used below to predict the sequence of event outcomes in the

control system of such dynamic objects as UAVs.

4.2. Method for evaluating the sequence of event outcomes in the control

system of dynamic objects

The method for evaluating the aircraft control system as a dynamic object can be
built on the basis of assessing the states of the control and controlled subsystems.
To determine the effectiveness of FPV modes of drones, automatic or

autonomous support, for example, at the landing stage, it is first necessary to consider
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the emerging flight situations (Fig. 2.10, 2.11), which lead to the following estimates
of the results.

In subsection 2.1, we considered the spaces of initial and final events and the
vector of strategies (Rq, R,,, R,,) in the process of system operation and the transition
to visual flight by landmarks or cartography. Let us now distinguish three stages in the
system's operation:

I - the beginning of work;

IT - the period of the landing system (ILS) operation;

IIT — the end of LS operation (transition to visual flight by ground reference
points).

For the first stage, we take as determinative the event of belonging of the true
and estimated by the indicators of the control subsystem G4 position of the aircraft to
the area of permissible localization A;: {Y,Y", t,} € Q.

For the second stage, the main events are the ratio of the ILS connectivity area
(D;) and the possible ILS operation area (Dy) (possible maneuvering area of the
controlled object) according to the current state and the control subsystem indicators
A,:D. N Dy # @; A3: D, N Dy = @; Dy- = {Y*/VY € Dy}.

The third period of ILS operation is characterized by the target terminal - the
output of the ILS, so the event of terminal reachability w(t;) according to the ILS
estimate, the true ratio) can be called a significant event:

Ay DN w(ty) #0; Ag: Dy N wy«(t,) # 0. (4.18)

In this case, a prerequisite is the fulfillment of the admissibility of the terminal
value w(t;) € Dy. Thus, during the operation of the landing system, the leading
events that determine the decision-making strategy are the following set:

A{Y, Y56, €Q, Ap{Y, Y%t} € Q;

A,:D.NDy += @, A,:D, N Dy = @;

A3:D, N Dy =@, A3:D, N Dy = @; (4.19)
Ay D Nw(ty) #0, Ay:D,Nw(ty) = 0;

As:D; Nwy(t,) # @, As: D, N wy+(t,) = @.
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For a landing system, the situations determined by the triggering events will
differ when the ILS is operating in control mode and in monitoring mode. Thus, in the
control mode, ILS errors such as "false alarm" and others can lead to the termination of
the landing process, while in the control mode, this event is accepted only as additional
information, i.e. information with a lower weighting function. When recording events
from the specified set, it is possible to determine the following flight situations (in the

control mode):

SitAL NA; NA3 NAL N As;
Syt Ay NAy NAs NAL A Ac;
S3:Aj NAy NA3 NAL A As;
Sy:Aj NAy NA3 NAL A A
Ss: A1 NAy; NAg;

Se: Ay NAy NA3 NAL A Ag;
S;iALNA, NAs NAL N As;
SgiA; NAy NA3 ANA, A Ag;
SotA; NAy NA3 NA, A Ag;
S10: A1 ANA; A As;

Si1:A; NAy NA3 NAL A As;
Si2:A; NAy NAs NA, A As;
Si3:A; NAy NA3 ANA, A As;
SiatA; NAy NA3 NAL A A
515:141 ANA, /\/B;

Si6: A NAy NA3 NAL A As;
Si7:A; NAy NA3 NA, N A
Sigi A NAy, NA3 NA, A As;
Si9:A; NAy NA3 NAy N As;
Sy0: A1 ANAy A As.

(4.20)

The probability of occurrence of each of the possible flight situations is
determined according to the structure and compatibility of the selected key events.

If we represent the probability for each assessment of the selected events
P[n'(Si,Sj)*], i =1,20;j = 1,5 as a component of the composite vector P(f*),S =
{§;}, i = 1,5 see Section 3), then the result of the probability assessment for each

component can be obtained as follows. The probability of occurrence of each situation

S; 1s a row matrix:

B = |P(S;)| [ =1,20. (4.21)
The determinant matrix based on the selected estimates S;(i = 1,5) of the
emerging situations §;, i = 1,20, is a block matrix by columns:

¢ = |P(a;,51) i P(a,S2)| j =1,20. (4.22)




For the selected events, you can determine their reliability, and the matrix €

takes the form:

P(ay,S7) 0 0 0 0
0 0 P(a,,S3) 0 P(a,, S:)
0 0 0 P(as,S;) P(as, S:)
0 P(ay,S;) 0 0 P(ay, S:)
0 P(as,S;) 0 0 P(as, S2)

C= P(asST) 0 0 0 0 (4.23)

0 P(a;,S3) 0 0 P(a;, S3)
0 0 0 P(ag,S;)  P(ag, S:)
0 P(a,,S;) 0 0 P(aq,S2)
0 P(a10,52) 0 0 P(a10,Ss)

P(ay1,S7) 0 0 0 0
0 0 P(ay3,53) 0 P(ay2,Ss)
0 0 0 P(ay3,83) P(ai3,Ss)
0 P(ai4,53) 0 0 P(ay4,Ss)
0 P(ass,S3) 0 0 P(ays, Ss)

P(aye,S7) 0 0 0 0
0 0 P(ay7,53) 0 P(ay7,Ss)
0 0 0 P(aqs,Ss) P(aqs Ss)
0 P(a19,57) 0 0 P(a19,S3)
0 P(az,S3) 0 0 P(az, Ss)

where P(a]-, S;)i=1,5, j =1,20 can be a value:

a) the probability of determining the action parameter e; in case of perfect
execution of the control algorithm;

b) the probability of maintaining the adopted control algorithm I € L for the
adopted action parameter a;;

¢) the total probability of the action parameter a; for its adoption and execution.

The desired probabilities of situation assessments are obtained by multiplying
the initial probability matrix of situations B and the defining matrix of selected
assessments C:

P(§)=B-C. (4.24)

The initial probabilities of the matrix B (elements corresponding to different

flight situations) are determined by the rule of combining compatible events that
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define the situation. The probability of each event A; or 4; is calculated by the
following formulas:

P(4)) = ffDTW(Y, to) W(Y*/Y)dYydy*;

P(A) = [f, W, to)) W(Y"/Y)dYdY™;

P(A,) = fDYnDT Jy W, t)ay,dt;
P(4,)) = 5D, J, W, t)ay,dt;

P(A3) = [, o S W t/)dY", dt; Dy ={V"/y¥ € Dy};
P(43) = fﬁy*nET Jp W, t/Y)dY*, dt; (4.25)
P(A,) = fDTnDyW(Y' ty)dY;

P(Ay) = [5 5, W (Y, ti)dY;

P(As) = fy op W /Y)Y Dy = {Y'/y ¥ eDy};

P(A;) = W(Y* t,/Y)dy.

fﬁfnﬁy*

For the case of the landing system operation in the control mode, as mentioned
above, the information is accepted with a lower weighting, so ILS errors of the first
and second kind have less influence on the ILS action result. In the control mode, the

following flight situations may occur for the ILS:

St =A NAZANA3 NALANAs; | S, = A ANAy NAg AAg N As A 4;
Sy =A; NA, NAz AN A, A A; Se =A; NAy; NA3 ANAy N As;
Ss=A NA;NAs NALNAg; | So=A; ANAy NAs NA, N As;
S, = A NAZNA3 NALNAg; | Syo = Ay ANAy NAs N A As;
Ss = A NA;NA; NAZNAg; | Sy, = Ay ANAy, NAz NAL A A
Se = A NA, NA; NA NG | Sy = Ay AAy A Ay AA, A A (4.26)
Siz=A  NAy;NA3 NALNAg; | Sjo = A  NA, ANAs NA, A As;
Sia=A NAZNA3 NALNAg; | Syo = A, ANAy NAg ANAg A Ag;
Sis = Ay NA, NAsNALNAs; | Sy = A NAy NAs NA, N A
Sie = AL NA, NAsNALNAs; | Sy, = A NAy NAs NA, N A
Si7 = A NA, NAZNALNAs; | Sy = AL ANAy ANAs NA, N As;
Sig =A NA, NAZNALNAs; | Sy = A NAy, NAs NA, A A
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The determinant matrix for estimates §;(i = 1,5), merging situations S$;(j =

1,24), in the control mode is also a block matrix by columns:

C =|P(a;,5;) # P(a;,St)|, j =124, (4.27)

where P(ai, S}“) has the same meaning as in the previous case.

The considered stochastic sequence of resultsP(f*) characterizes the quality of
the closed-loop ILS functioning in the control and monitoring modes.

If an aircraft that has deviated from a given trajectory crosses the flight path of
another aircraft, a catastrophic situation occurs (Ss).

Let's consider an example of UAV location detection by different navigation
systems: DME/DME, VOR/DME, VOR/VOR.

Let's assume that the behavior of the aircraft is described by a distribution
density f{x) with a mathematical expectation t and a standard deviation o.

The five situations introduced in Chapter 1 are assigned a priori probabilities
p;, i = 1,5. The situations are numbered from top to bottom and the catastrophic
situation is the last [80].

With the chosen probability density f{x) of situations, the a priori probability of

finding an aircraft in the i- th zone is calculated by the formula:

pi =, f00) dx, (4.28)
where L — the value of the deviation corresponding to the i- th situation.

The sub-integral function (4.28) is a defined density [39].
1

1/bq
Zalr(b1) ) +

_\1/b
(x M)l 1)’ (4.29)
1

a

(x—u)

ay

fO=0-a)

exp (—

+a 2ab,T ) EXP (—
where the gamma function I'(b) is defined as:
I(b) = [~ e ttPtdt.
The probabilities of finding a PC in one of the five defined situations are written

as follows:

— probability that the PC is in a normal situation:
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= [ fOOdx [ () dx, (4.30)
where f(x) — a priori distribution function, with parameters m, and o4; @(x) — a
posteriori distribution function, with parameters m, and g,; Ay — the beginning of the
reference, Ay = 0; +1 — the width of the corridor, +1 = 1,85 kM (RNP1); § — the
distance between the corridors; £k — the wingspan of the aircraft, +k = 0,025 kM.

— the likelihood that the aircraft is in a difficult situation:
Ag—1
p, = [f 0" s f(x)dx +fA f(x)dx] [f Ao s(p(x)dx+fA L <p(x)dx], (4.31)
- probability of aircraft location in a difficult situation:

[p3 A 5+lf(x)dx+f 6+lf(x)dx] [p3 ;14 5+l<p(x)dx+ f °+5 l(p(x)dx] ,

(4.32)

- probability of PC location in an emergency situation:

fA0—8+l Ag+8—k —5+1 Ag+5—k

[Pa = [ g FOOdx [ rF podx| [ [ e Fydx [0 Fdx| .+ (4.33)

- the probability that the PC is in a catastrophic situation:
Ap—O8+k Ap+S+k -6+k Ag+o+k
[Ps = [t F@dx [0 peodx| | [0 FGodx [0 Fydx| . (4.34)

The sum of the first four probabilities is less than one and equal to one:

_ 4
Pz = Li=1Di-
Let's assign probabilities to the first four situations:
~ _ bi
ops

Then situations one through four will form a complete group of events, i.e:

?:1 p; = 1.

Calculation of the spectrum of probability characteristics for different PC
location systems
1. The components of the spectrum of probability characteristics are the

following probabilities:
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1) the probability of being in a normal situation:

Ag+8

N B 1 N [CD)
P51 - fA0+6 <(1 a) Zalblr(bl) exp(

a

1/b,
)+

(x—p)
a;

1/b; Ag+6
s & (— )) dx on+5 @ (x)dx

2) the likelihood of getting into complicated flight conditions or a difficult

1/b,
)+

sz)) dx x [ff;_e;(p(x)dx + fA°:+6<p(x)dx]

situation:

Ag+S

_ PR S &=
P(SzUSg) - fA0_5 ((1 6() 2a,b,T(by) exp(
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(x—p)

az

1
+a m exp (—
3) the likelihood of identifying an emergency situation:

(x—p)
a

1/b,
)+

Ag+6 An—6 1
PS4 = fA00+5 go(x)dx [f_o(; <(1 - a)m exp (—

1
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4) the likelihood of returning to a normal situation:

1
_ | r40—6 _ 1 | &= b1
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) 1
1 &= b2
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1
(x—p) b2> dx| x

az

1
Tty P (‘

[ff;_s o (x)dx + on:+5 <p(x)dx]

Let's calculate the spectrum of probability characteristics for the following
systems: VOR/DME, DME/DME, VOR/VOR, GNSS, radar station (RS) depending on
the distance (R, km) to the PC. Further, for the calculation, we take into account the
compliance with ICAO documents and technical characteristics of the systems, take
into account the fact that all navigation aids have limited accuracy, and also take into
account the accuracy tolerances of display systems.

It follows that we will not use the probability ps This is reasonable, since its
value 1s small compared to other a priori probabilities.

As the a priori data for the calculation, we will use the data obtained during the
flight tests of the VAe-111 aircraft at the British Royal Air Force Center in Beckford.

The a priori data are shown in Table 4.1.

Table 4.1
Flight Data
Mathematical expectation SCM, a4
DME/DME/INS 0,09 0,35
DME/DME/ Air data 0,07 0,45
VOR/DME/INC 0,1 0,98
VOR/DME/Air data 0,36 1,41
VOR, moefHAHWM 3 aBTOMIJIOTOM 0,2 2,26

4.3. Quantitative method for constructing areas of acceptable values of

information support parameters

On the basis of predicting the sequence of results in the system, it is possible to
determine the quality of its functioning. This, in turn, makes it possible to formulate
requirements for the parameters {F} of information support (see Section ). Such
requirements can be represented in the form of parameter domains constructed using

quantitative methods.
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Consider the set Q, which defines the points of the boundary of the desired area.
Let us denote each point of the boundary of this domain by A. If there exists a bounded
region of admissible states of the system belonging to the Euclidean space R™, then
there exists a set , that gives a closure of the set A, that defines the region of
admissible states of the system:

VAeEQ A A={1/fi(A) <0, i=12,..,N}, (435
where f;(4) < 0 — constraints imposed on the system.

Suppose that each point 4 of the boundary of the domain Q is a control vector-
parameter of the given system (as well as each point of the domain itself):

A={A, 45 ., 4} m=1, (4.36)
and the set of these points determines the limitations of controlling a given system
when it still performs the functional tasks assigned to it.

If we move along the boundary of the region of permissible values of 4, fixing
the passing points-vectors, then we will get a certain sequence of vector-parameters
{An}:

Mefreq/f(1)<0,i=12,..,N}, n=0,12,... (4.37)

Let's parameterize the resulting sequence{d,},n =0,1,2,... with the help of
some real parameter T = 0. For parameterization, it will be enough to specify the
values of the parameter t,, that correspond to the points 4,, of the boundary, that is, the
sequence of real numbers {t,}, n=0,1,2,..., which corresponds to the sequence
{A}, n=0,1,2,.... Then the boundary of the region of admissible values of the

vector-parameter A can be considered as a vector function A(7) in such a way that:

/ . AT +AT)-A(Th
f(Ay) = lim 2= (4.38)

and the number of points at which the function A(7) is undifferentiated is bounded.
Now, at all points of the boundary, except, as mentioned above, a limited number of
points where the derivative cannot be calculated, we have the value of the vector-

parameter and the direction of motion for traversing along the boundary of the
permissible region of motion along f'(4(z,)). A similar picture is obtained when

solving extreme problems using gradient-type methods.
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Since, when quantitatively solving such a problem, the equation has to be

replaced with a corresponding finite-difference approximation:
(n+1) — , (M) (m)
p(n-:cl) — p(n)x_|_ a;fcfd CD(x)} ’ (4.39)
then an iterative process similar to (4.39) with a finite step length leads to a deviation
from the boundary line. Therefore, it is necessary to specify an g-band instead of the
boundary line, which will make up the set Q. and the exit from which should be
interpreted as a departure from the boundary line. Since the movement along the
boundary essentially leads to the fact that the constraints of the form f;(41) <0, i =
1,2,...,N are replaced at the corresponding points by constraints in the form of
equality:
fi(A)=0,i=12,..,N (4.40)
or for quantitative methods:
6 <fil)y<o0, 46;,<0, i=12..,N, (4.41)

then the €- band requested earlier will be determined using expression (3.34), and the
deviation from the boundary line and the location relative to the boundary of the point
that has left the boundary will be determined using the value and sign of the violation
of the constraint (4.40), i.e., the value of the function f;(4).

Since the quantitative method uses the magnitude of the violation for correction,
it is necessary to apply the information function U(4), swhich can be built according
to the following rule:

1, VAE€Eint A
} (4.42)

UL = { 0, V1EQ,
1,  VigA

If you additionally use the value of the area boundary violation, then the

correction can be performed according to the selected gradient law:
xM+D) = x (" L oM 1 =0,1,2, ...
p+D" = o 4 ¥ Ly ()™ grad f(x™).  (4.43)
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In the absence of prior information about the nature of the trajectory when
departing from the boundary, then it will be necessary to initially use the adjustment
4.43,1.e.,forn=0:

XM = D) e —
p™) =0, n* = 0. (4.44)

In Expression 4.36, the «*» in the adjustment number is omitted to avoid
cluttering the entry.

For more accurate movement along the boundary, higher order gradient methods
can be used by performing similar transformations. However, it is obviously
inappropriate to go above the second or third order, since the introduction of a
sufficiently wide &-band significantly reduces the number of necessary corrections.

The parameterization of the boundary set also allows us to use the methods of
classical quantitative analysis to more accurately solve the problem of finding the
boundary of the admissible region.

Here, the problem is reduced to an approximate calculation of the value of the
function A(7) at the nodes. The choice of nodes can be made using statistical methods,
as 1s done in the problem of planning an experiment. However, the nodes can also be
specified as a set of equidistant points or be free. In the latter case, the problem of
finding nodes is reduced to a Gaussian quadrature with nodal polynomials:

1O —x) = TR0 Ce(0)*,  (4.45)
whose rays are the desired nodes. Given a known grid, the task of finding the weight
of each node is not very complicated and can be solved depending on the nature of the
available information and the desired accuracy.

Let L — a linear operator, and m;, — k- th moment of the operator:

my = L(x"). (4.46)
Then you can record it:

my :W1+W2+"'+Wn,
my = W1x1 + W2x2 + -+ ann,
m, = W1x12 + W2x22 + -+ anrzl' s (447)

mn_1=W1x11 1+W2x51 1+"'+ann
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where
W ; — weight of the i-th node;
x; — coordinate of the i-th node.
The determinant of this system is the Vandermonde determinant and is different
from zero if x; # x;. Now let's introduce the fundamental polynomials:
@i(x) = (0 = x)(x = x2) oo (x = 2x-1) (0 = X4q) o (X — Xp)
i=12,..,n (4.48)
for which the following conditions are met:
@i(x)=0 mma i #j 1a @;(x;) #0. (4.49)
Note that the polynomial (4.41) can be written in the form:
0;(x) = ¥R 3 Cux®, i=12,..,n. (4.50)
Then, for the matrix of unknowns X = (x¥) , the m- th row of the inverse matrix

will be written as follows:

Cmk
o) (4.51)

If the resulting matrix is multiplied on the right by the column of the moment
vector, then the resultant vector-column gives the weights of the selected nodes. The
result obtained refers to the solution of the problem of the function passing through the
given points. However, this result is valid if the condition of passing through some of
the points is replaced by the condition that the derivative values exist at the remaining
points. Then we get the coefficients at the values of the function and its derivatives in
the formula for calculating the value of the function at the node of interest. In our case,

we can consider the value of its finite-difference approximation as a derivative:

AD = O - AGDy/Ar,  i=12,.., (4.52)
for the second and higher derivatives, respectively:
e AD_3G-D)
i0=t=— i=123.., (4.53)

Here, due to the absence of external constraints on the law of parameterization
of the boundary VA € Q. , we have assumed an equidistant placement of nodes with a

step equal to one. If only the two previous points are used to construct the next point of
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the boundary of the region, then it is advisable to use a formula taking into account the
first and second derivatives of the boundary function obtained by the above method:
A+ = gAm) — 7= _ 43 _ 2 (41D 4 2] g n > 2. (4.54)

The areas of limit values of radar support parameters presented in the next
section were calculated using the method described above, with the first acceleration
point determined by the Monte Carlo method (Section 3.1), and the second, as well as
the correction, determined by the formulas of the gradient method (4.43 - 4.44).

Thus, it is quite obvious that the use of most of the known gradient methods for
solving extreme problems gives a trajectory that is a rougher approximation to the
desired boundary line, since any gradient method will be an individual, simplified
version of formula (4.54). Consequently, more frequent adjustments will be applied
and more time will be spent calculating the boundary of the area. But gradient methods
also have advantages - simplicity of calculations and low sensitivity to the location of
the initial points 4g, A1, 43, 43, ... in the &- band. For the adopted method (4.54), it is
desirable to accurately determine the acceleration points on the boundary of the
domain. This greatly affects the accuracy of the move along the boundary, i.e., it
dramatically reduces the number of corrections.

The developed modeling system for determining quality indicators consists of
three independent branches, each of which is designed to calculate the probabilistic
characteristics of the system through one of the three channels. This system is based on
unsupervised learning with general tasks that include clustering (grouping similar data
points) and dimensionality reduction (reducing the number of features while
preserving important information). In the case of information provision, these channels
are the channels of azimuth (model @), location angle (model ¢) , and range (model r).
The algorithm of the modeling system is shown in Fig 4.1. The figure shows the ¢,
model in detail, while the ¢ and » models are not disclosed, as they are similar to the
¢model. All three models are independent and are combined only at the output, where,
based on the data obtained for each branch, the overall values of the objective function
and the probability characteristics necessary to determine the decision point are

calculated.
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Let's consider the functioning of the model on the example of the azimuth
channel. The model operates cyclically. The outer loop along j is designed to run the
model at different specified values of the boundaries (b4, by) of the domain D, such
that:

by(G+1) =b.(j)+hy,
b,(j + 1) = b(j) + hy,
where hy, h, — discrete steps, j = 1, J3.

The step discreteness is chosen based on the required accuracy of reproducing
the change in the quality indicator P[H;;(t)], i = 0,1; j = 0,1, which is of great
importance when determining the height of decision making. The discreteness of the
step can be increased if we have the results of the study of the quality function of the
simplified model, i.e., if we have a priori information about the behavior of this
function at a certain interval. Such a priori information can be analytical estimates of
quality indicators obtained from simplified models. Reducing the step increases the

time of computer modeling.

| = o ------———-—-——— === === === e
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Fig. 4.1. Block diagram of modeling the probabilistic characteristics of aircraft

landing by unsupervised machine learning with dimensionality reduction.

Table 4.2

List of steps of the structural scheme for modeling the probabilistic

characteristics of aircraft in the air navigation service system

Entering input data

j=1

Setting the output for the j-th case

Calculation of systematic components

Printing systematic components

l=1

K=1

Preparing the model for operation

n=1

i=1

Setting the parameters of the i- th block

Is the i- th unit to be tested?

Generation of R o

Conversion to the expression R

[Ny VRIS VNN VRN VRN VNN U U U U
NS N b S I = R I N = IV N N T N -4

R>by?
R>by?
n,=n,+1
i=i+1
K=17

20 |[R<X;+h—i

21 | p<i ?

22 il = il +1

23 i (i) =i, () +1

24 |X{>R?

25 | X, <R?

26 | X1 =R

27 | X, =R

28 |i>i ?

29 In=n+1

30 |i=i+1

31 [ n=n3

32 |[K=1?

33 |[K=K+1

34 |h=(x;—x1)/m

35 | Calculation of p

36 | Print P,X{,X,,h

37 | Calculation of probability characteristics

38 | Print model characteristic ¢

(98]
\O

l:l37
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40 [j<jz?
41 [j=j+1
2 [1=1+1

43 | Calculating the probabilistic characteristics of the system
44 | Print system characteristics
I'l | Generating R,

I'2 | Conversion to the expression R
I'3 | Defining the boundaries b4, b,

Some of the sources of navigation errors are systematic and should be taken into
account when studying the system, especially when these errors are self-measured or
smaller than the random components. This is because in this case they cannot be
compensated for. The calculation of the systematic components is carried out in block
4.

Next are nested cycles for [, K and n. The [ cycle is intended to test the model
with a different number of involved sources of system errors. When I = 1, the system
is studied "as a whole", when 1 <[ <3, the system is studied with individual
sources of measurement errors turned off, which allows to evaluate their impact on the
system characteristics. To do this, the simulation model of each source provides the
possibility of bypassing it (turning it off and not being involved in this modeling cycle)
depending on the value of I (block 12). The cycle by K works as follows. At the first
pass (k = 1), the number of random number occurrences and the interval (b4, bs),
which are determined by the boundaries of the area of permissible deviations D, are
calculated, and preparatory operations are performed to build a histogram of the
distribution of these numbers. The cycle of n (n = 1,n3) sis the modeling part. The
number of model realizations ng is chosen depending on the required accuracy of the
result and is limited by the simulation time.

Due to the fact that the connectivity domain D, generally has random
boundaries, it was necessary to develop an algorithm that takes into account the
fluctuation of the boundaries (bq, b;) according to an arbitrary law. This algorithm
differs from the algorithm with deterministic boundaries only by the presence of
blocks I'y, ', I'5. 1s used to generate a random number distributed according to a

uniform law in the interval (0,1). In block I',, we get a number distributed according to
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the law of change in the boundaries of the region D,. Block TI'; calculates the
boundaries (b4, b,) taking into account the presence of both systematic and disturbing
factors. The model includes a sequential chain of i(i = 1, 1k) blocks, each of which
simulates a real source of information loss in the studied ergatic system in accordance
with a given distribution law and its parameters. The output data for each block is
determined on the basis of physical processes that generate measurement errors. At
each model implementation, the entire chain of simulated sources is sequentially
passed. The sequence of operations for each source is as follows. First, a random

number R, is generated (block 13), distributed according to a uniform law in the

interval (0,1), which is then converted into a random number R in accordance with the
law of distributions and parameters of the source in question (block 14). Then, it is
determined whether this random value R falls within the interval of the area of
permissible deviations (b4, by). If so, then the counter of the number of hits II,, is
increased by one (blocks 15 - 17). After P3, the number of model realizations, the
calculated number of random numbers falling inside the area of permissible deviations
D, is set in accordance with the total number of tests, which subsequently determines
the probability of the aircraft entering the investigated area of the observation zone
(block 35).

The set of quality indicators in the & and r models is determined in a similar way.
By combining the obtained characteristics in block 43, we obtain generalized
probabilistic characteristics of the entire system and its quality indicator. The
developed model has been tested using problems based on known statistical criteria,

which confirmed the possibility of using it to study real systems.

4.3.1. Initial data

Currently, various CNS/ATM tools are used to support flights. To improve their
performance, information fusion is used in various combinations of these tools. The

following tools can be used as such:
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a) means of navigation: DME, VOR, HHC, CBC, satellite system;

b) surveillance equipment: airfield and route radars of various classes.

Usually, the following means are combined:

a) DME/DME/INS;

b) DME/DME/Air data;

c) VOR/DME/INS;

d) VOR/DME/Air data;

¢)VOR/VOR connected to the autopilot.

The listed surveillance and navigation aids were taken as the objects of study.

As a result of statistical modeling of navigation and surveillance tools, data on
lateral deviations of aircraft along air routes and in the airfield area were obtained. The
obtained statistical distributions were approximated by a normal distribution function
based on the Kolmogorov-Smirnov criterion [65]. For the considered means in Figs.
4.2 and 4.3 show the approximated distribution density functions with their
mathematical expectations m and variances for air routes and in the airfield area,
respectively. The results of statistical modeling are almost reliably confirmed by
experimental data obtained by a number of foreign countries [169,170].

The a priori probabilities specified in clause 2.5 of air situation situations when
using any of the above navigation and surveillance systems were selected from the
following conditions.

The routes were chosen in such a way that the probability of a catastrophe,
according to ICAO standards, is equal to 2-10, and the probability of a normal
situation is equal to 0.954. Based on this, other a priori probabilities of situations were
obtained, which are equal to = 0.334, = 0.0094, = 0.0026. In addition, we considered
the case of an equally probable position of the aircraft in any of the situations under

consideration, i.e. =0.2; k= .

4.3.2. Modeling of options for combining ANO means
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The functional efficiency of the systems under consideration was studied by
statistical tests on an IBM 386DX PC.The simulation of the lateral deviation of the
aircraft was carried out using random number sensors built on the basis of
approximation of the distribution laws.

The modeling results are presented in the form of histograms of probabilities of
correct classification and false decisions in Fig. 4.2-4.5.

In Fig. 4.2 shows a comparison of the probabilities of correct and incorrect
decisions generated by different ANS systems. The probability histograms show that
the satellite system, YOR/DME/CBC, airfield radar, and the assurance system provide
classification according to the instrument flight rules with a probability of at least 0.6.
All other means of flight support considered do not meet ICAO requirements for
preventing catastrophic situations. In this case, a guaranteeing system is understood as
a system that allows a given situation to be classified with a probability of at least 0.5.
VOR/VOR, track radar and VOR have the largest probabilistic errors in ascending
order. In this case, they classify a normal situation instead of ATC with a probability
of more than 0.5.

In Fig. 4.3 shows histograms of probabilities of correct classification of the NPP
and erroneous decisions by the spectrum of situations for different systems, which
more clearly show the distribution of errors in the classification of the NPP situation
for each system separately.

The error analysis shows that there is an increase in the probability of correct
classification with an increase in the precise characteristics of the systems. In addition,
Fig. 4.3 shows that the combination of VOR/VOR and VOR/DME/CBC information
compared to VOR leads to an increase in the probability of correct classification and a
decrease in the probability of confusion errors.

The results of the study showed that only the satellite system provides
classification of the disaster mode with a probability of at least 0.5, while the
classification of the disaster mode with a given probability by all other systems is very

difficult.
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However, in this case, the probability of an emergency increases, i.e., the
emergency is classified with greater reliability. It should be emphasized that due to the
large dispersion of lateral deviations of the aircraft caused by its dynamic
characteristics, control system and characteristics of the measuring systems, the
classification of ATC, CC and CS situations is greatly complicated by the navigation

and radar means used.
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Fig. 4.2. Density of distribution of probabilities of lateral deviations of aircraft

during flights in the airfield area using navigation or surveillance means
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Fig. 4.3. Probability distribution density of lateral deviations of aircraft during
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4.3.3. Study Of Data Traffic In The Control And Communication Channels
Of Bpl

The Integrated Space-Air-Ground Network (ISGN), including the Internet of
Things and the stratospheric remotely piloted air system with artificial intelligence, is a
powerful tool for next-generation communications. systems. Artificial intelligence
systems are capable of processing huge amounts of information and demonstrate great
potential in terms of cognition and decision-making. In this sense, Al systems can
revolutionize the way we build ICT systems. The scope of artificial intelligence is
rapidly expanding as computing performance increases and utilizes machine learning
algorithms. There is a combination of networks and artificial intelligence algorithms to
solve the problem of optimization based on big data and integration with blockchain.

In the actual process of training and testing, problems arise due to large amounts
of data and, as a result, the loss of data packets in artificial intelligence systems. Even
if training data is already available, it is difficult to test it in real networks. This is
because hardware devices used in real networks are incompatible with artificial

intelligence models. In addition, it is important to develop methods for assessing data
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loss when using artificial intelligence algorithms. It is important to study the impact of

additional Al hardware on traffic losses.
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Fig.4.6. Architecture of SAGIN

The contribution of our work is as follows. The research is based on the
paradigm of using stratospheric UAVs as high-altitude platforms with onboard
artificial intelligence equipment to transmit data from ground-based Base Stations (BS)
to cellular network users via low-orbit satellites and low-altitude UAVs. Reliable
operation of the IMCS means minimal packet loss. However, there is currently no
research in the field of packet loss estimation in Al augmentation, and there is no data
in the literature on traffic and data loss during information exchange. We studied the
centralized two-way communication channel of the IMCS. Data transmission and loss
estimation were investigated with the help of an original model using NetCracker
software. The influence of the main factors - data rate, transaction size, bit error rate
(BER), bandwidth, packet error probability (PFC) in the Al system - was studied.

The literature does not address data loss in Al-enabled ICH systems and does
not consider the necessary hardware requirements to minimize losses. At the same time,
working with big data of artificial intelligence inevitably leads to data loss on

hardware devices of real networks. To develop and test artificial intelligence
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algorithms, simulating their performance becomes important for further
implementation in real networks.

When creating an Al-enabled IPCS and choosing data transmission modes, it is
important to know when a critical situation may arise in terms of the number of bit
errors and quality of service. When communication becomes unreliable or is
completely interrupted, the transmission of useful data, especially commands and
controls, can lead to the loss of drones and the failure of the mission objective.
Therefore, when creating artificial intelligence-enabled IMCS, it is necessary to
develop the theoretical foundations of such communication channels that are necessary
to predict their behavior. This problem is relevant because it is associated with the
inclusion of ground, air, and space networks in communication channels and the
creation of integrated communication systems involving UAVs.

The aim of our study is to evaluate the dependence of packet loss on the
transaction size (TS) and data rate for different PFCs in the system. In addition, it is
important to obtain the dependence of the average BS uplink load and packet transit
time on TS, as well as the dependence of BER on the average BS uplink load for
different PFCs in an Al system. Quantitative information on the loss of two-way traffic
for Al-enabled ICT communication channels is currently not available in the literature.
In this paper, such information was obtained using the model in Fig. 4.2, and the

calculated traffic characteristics are shown in Figures 4.2-4.5.

4.3.4. Model architecture

Since there are no studies of traffic in the IMCS with artificial intelligence
systems, it 1s of interest to study this issue at least on the simplest models to
understand the necessary hardware requirements for such systems. As the simplest
model, we consider BS-SRPAS-AI-Sat-RPAS-CU (Fig. 4.7), which contains a BS, a
stratospheric RPAS, an artificial intelligence system, a low-orbit satellite, a low-
altitude RPAS, and a cellular user, developed using Professional NetCracker 4.1

software. The stratospheric RPAS is located at an altitude of 15 km and has a
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bandwidth of 1 Gbps. The low-orbit satellite is located at an altitude of 1000 km and
has only two parameters that can be changed - packet delay and PFC, which are equal
to zero. The low-altitude RPAS is located at an altitude of 500 meters and has a
bandwidth of 1 Gbps. The base station and cellular network user servers have a
bandwidth of 10 Mbps.

For simplicity, the artificial intelligence system is modeled as a cloud structure
with the ability to change packet delay and PFC. The delay time was not taken into
account, and the PFC was varied from zero to 0.08 in the simulation. All
communication channels in the original models had a T1 data rate (1.544 Mbps) and
BER=0.
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Fig.4.7. The IMPACT model BS-SRPAS-AI-Sat-RPAS-CU
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Fig. 4.8. Artificial intelligence system in the BS-SRPAS-AI-Sat-RPAS-CU model

A possible architecture of a mobile Al network was proposed earlier and consists
of the processes of perception, cognition, and decision-making that form a control
system (Fig. 4.8). In our model (Fig. 4.7), the artificial intelligence system is located in
the stratospheric computing unit of the RPAS, which reduces the delay and load on the
backbone network. This provides the necessary computing resources for processing
big data and creates opportunities for developing analytical solutions in real time. The

latter, in turn, leads to better customer service and lower operating costs.

4.3.5. Results

The results are shown in Figures 4.9-4.13 and contain the information necessary
for network operators to ensure optimal operation of the IMCPC. During the
simulation, we used TBT = 1 s and a peer-to-peer local area network protocol.

With intensive traffic in the IMCS, channel congestion may occur, and

preventing it is one of the key tasks. To control network congestion, it is necessary to
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know the dependence of the average channel load on the transaction parameters. Here,
the average load refers to the average traffic on a particular channel as a percentage of

the total channel capacity..
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Fig.4.9. Dependence of average channel load on TS

Figure 4.9 shows the dependence of the average BS link load on the TS
parameter. The graphs show that for TS values from 10 bits to 10 Kbit, the uplink load
is almost zero for the considered packet loss probabilities, starting to increase only
when TS > 10 Kbit. At the same time, increasing the transaction size to 100 Kbits leads
to a sharp increase in network load. At TS > 100 Kbits, the channel closes and data
transmission becomes impossible for the selected model parameters (data rate and

server bandwidth).
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Fig.4.10. Dependencies of lost packets on TS

Figure 4.10 shows the dependence of lost packets on TS for the BS-SRPAS-AI-
Sat-RPAS-CU model with different packet failure probabilities. It can be seen from the
graphs that for TS values from 10 bits to 1 Kbit, the percentage of lost packets is zero
and increases only for TS > 1 Kbit. This increase in loss is greater the larger the PFC
parameter. When TS > 100 Kbps, the channel is closed.

The result seems to be trivial, namely that as the transaction size increases, the
traffic increases and the number of lost packets increases. It is important to note that
the graphs allow you to quantify the relative amount of losses and help you choose the

right data transmission mode.
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Here, we study the impact of traffic parameters, namely transaction size and
packet loss probability, on the time it takes for data packets to travel through the
channel to the consumer. Calculations have shown (Fig. 4.11) that increasing the
transaction size from 10 bits to 100 Kbit leads to an increase in message transit time by
almost an order of magnitude, with slightly different values for all graphs. Knowledge

of such dependencies is necessary when using real-time applications.
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Fig.4.12. Packet dependencies on the BS-SRPAS channel bandwidth
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It is necessary to ensure reliable direct communication between drones flying
autonomously to prevent collisions and ensure the interaction of all components of the
IMCS. Insufficient data rates in any of the channels can significantly degrade the
performance of the entire integrated network. Figure 4.12 answers the question of how
packet loss depends on the data rate in the uplink, which varies from T1 = 1.544 Mbps
to T3 = 44.736 Mbps. The data from all graphs show that the percentage of lost
packets increases with decreasing data rate and at T1 reaches = 3.8% for PFC = 0.03, =

7.5% for PFC = 0.05, and = 10% for PFC = 0.08, respectively.
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Fig.4.13. BER dependence on the average load of the BS channel

The relative distances between all the components in an IMCS are constantly
changing, making it difficult to maintain quality of service. Data flow parameters are
also constantly changing, which leads to an increase in the bit error rate. The BER
parameter is used to evaluate the quality of service and noise immunity of the IMCS.
Figure 4.13 shows the dependence of BER on the average load for an uplink BS with
different packet loss probabilities. The results demonstrate the significant impact of bit

errors on the quality of data transmission.
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The practical value of these results lies in the fact that the obtained dependencies
can be used to predict the behavior of the IMCPS when the length of transactions
changes, to understand the effect of reducing bandwidth, as well as different levels of
bit errors and packet loss probability. Knowing this information allows us to
understand how data transmission modes affect channel utilization and quality of
service.

This is the first study by the IMCI to calculate data packet loss in Al hardware.
The communication channel includes a BS, a stratospheric Al-enabled UAS, a low-
orbit satellite, a low-altitude UAS, and a terrestrial cellular network user. Traffic
characteristics were calculated using NetCracker Professional 4.2 software. The Al
system was modeled by a cloud structure with the ability to change the delay and
probability of data packet loss. The obtained dependencies of losses on message size
and data rate, the dependence of the average load for the uplink and packet transit time
on the size of transactions, and the dependence of BER on the average load allow us to

make practical recommendations for choosing the necessary data transmission modes.

Conclusions of Chapter 4

1. Mathematical methods for solving the formulated problems of navigation
support for cargo drones are determined. A modification of these methods was created
taking into account the specific features of large-dimensional problems with
significant nonlinearity of variables and the complex nature of constraints on phase
coordinates.

2. The computational algorithms for solving the problems are developed:

- calculation of system constraints of the landing system introduced by the
aircraft as a controlled dynamic object (search for a global extremum taking into
account constraints on variables in the form of equations and inequalities);

- predictive evaluation of a stochastic sequence of results (probabilistic analysis

of the sequence tree of the set of flight situation predicates and its evaluation);
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- construction of areas of permissible values of navigation support parameters
(tracking the boundaries of closed sets by the method of forecast-correction, with
correction by the gradient of boundary violation);

- combined study of the characteristics of navigation support (joint use of the
results of analytical solution of simplified navigation problems and modeling by the
method of simulation modeling).

3. Programs for quantitative studies of navigation support problems have been
developed.

4. The need to provide reliable direct communication between drones flying
autonomously to prevent collisions and ensure the interaction of all components of the
Integrated Space-Air-Ground Network (ISGN) has been proven. Insufficient data
transmission speed in any of the channels can significantly degrade the performance of
the entire integrated network.

5. We modeled an Al artificial intelligence system with a cloud structure and the
ability to change the delay and probability of data packet loss. The obtained
dependencies of losses on message size and data rate, the dependence of the average
load for the uplink and the packet transit time on the size of transactions, as well as the
dependence of BER on the average load allow us to make practical recommendations
for choosing the necessary data transmission modes in the communication channels of

freight UAS.
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CONCLUSIONS

This thesis presents a comprehensive study of the integration and optimization
of unmanned aerial vehicle procedures in various application sectors, with a particular
focus on logistics and supply chains, including a detailed review of the development
and application of unmanned aerial vehicles (UAVs/drones) with regard to the needs
for high mobility and autonomy. It also focuses on the importance of understanding
and complying with the regulatory framework for drones in organizations such as
ICAO, FAA, EASA, Eurocontrol and CAAC, and analyzes the differences in the
approaches of these organizations to drones. The drone taxonomy is used to more fully
understand how drones are used in real life to ensure aviation and human safety.

Any possibility of a reliable estimate of the global optimum in a multi-extreme
problem is fundamentally based on the availability of certain a priori information that
allows us to relate possible values of the minimization function to known values at
points where measurements have already been made. It is proved that solving
multidimensional problems using a simple search method on a uniform grid requires a
significant number of iterations and, in fact, is possible only for small values of N and
low solution accuracy.

The use of parsimonious sequential methods that create a non-uniform grid
requires solving an additional multi-extreme problem at each iteration, which must
also be solved using search methods (e.g., the brute force method), which dramatically
increases the computational complexity of the iteration.

On the other hand, it is possible to build simple sequential search methods for a
multi-extreme problem based either on a given value of a constant or on estimates
calculated during the solution process, which create an economical non-uniform grid
whose nodes are used for measurements. In this regard, it is worth considering the
possibility of reducing multidimensional, multi-extreme problems to some equivalent
one-dimensional problems.

It is proved that a targeted search for solutions to multi-extreme problems based

on a priori assumptions about the boundedness of differences generally requires more
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measurements than a local search for solutions to unimodal problems, since in the first
case measurements are made at the nodes of a (non-uniform) grid in a
multidimensional search area, and in the second case - at nodes located on a certain
one-dimensional descent path.

In general, the implementation of mathematical models for the delivery of goods
by drones is an effective option for companies seeking to optimize their supply chains
and reduce costs. By reducing delivery times, increasing efficiency, and saving costs,
drone delivery can help businesses stay competitive in the market. It has been proven
that the use of such algorithms increases delivery speed by 20% and reduces operating
costs by 15%. Dynamic programming is used to optimize the sequential decision-
making process in UAV operations for each stage of the delivery route, taking into
account the current state and making decisions that will lead to the best overall result.
This approach allows the company to increase throughput by 25% while maintaining
an acceptable level of safety.

The developed method for evaluating the UAS efficiency is represented by the
category of action during the system's operation at a certain time interval, which
reflects the correspondence of the result obtained to the resources invested. The
concept of evaluating the effectiveness of UAS is based on taking into account the
social, economic and functional types of effect. For example, drones can help reduce
carbon dioxide emissions from urban delivery by 40%, reducing dependence on
traditional delivery vehicles.

Two approaches to assessing the effectiveness of UAS have been proposed and
developed: with implicit and explicit systemic links between the means and a higher-
order system. Evaluation of efficiency in the case of implicit links of UAS vehicles is
based on the formation of the resulting quality indicator and the reduction of a
multicriteria problem to a scalar one. An original algorithm for selecting the priority
variant of the means is developed.

The subproblems that arise in the formulation of goals, criteria and performance
evaluation with explicit systemic links are systematized. It is proved that evaluating

the effectiveness of the UAS system is associated with the problem of performance
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management, which depends, in turn, on the controllability of situations.

The principles of determining the functional effect in the management of
dynamic objects are formulated, based on the modified foundations of the theory of
situational analysis of the air situation, which includes:

- principles of situation formation in the ANS;

- construction of a metric as a measure of situations;

- selection of a function that characterizes the danger of flight situations by the
relevant coordinates;

- construction of a priori probability densities of the measured parameter;

- construction of a priori probabilities of situations;

- construction of conditional probability densities by zones;

- building a spectrum of situations.

This made it possible to develop and substantiate a generalized criterion for
UAS efficiency. For the first time, it is possible to assess the real effectiveness of UAS
in the air navigation system of ANO.

The mathematical methods for solving the formulated problems of navigation
support for cargo drones are determined. A modification of these methods was created
taking into account the specific features of large-dimensional problems with significant
nonlinearity of variables and the complex nature of constraints on phase coordinates,
and computational algorithms for solving problems were developed:

- calculation of system constraints of the landing system introduced by the
aircraft as a controlled dynamic object (search for a global extremum taking into
account constraints on variables in the form of equations and inequalities);

- predictive evaluation of a stochastic sequence of results (probabilistic analysis
of the sequence tree of the set of flight situation predicates and its evaluation);

- construction of areas of permissible values of navigation support parameters
(tracking the boundaries of closed sets by the method of forecast-correction, with
correction by the gradient of boundary violation);

- combined study of navigation support characteristics (joint use of the results of

analytical solution of simplified navigation problems and modeling based on
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simulation modeling);

- programs for quantitative research of navigation support problems were
developed.

The need to ensure reliable direct communication between drones flying
autonomously to prevent collisions and ensure the interaction of all components of the
Integrated Space-Air-Ground Network (ISGN) has been proved. Insufficient data
transmission speed in any of the channels can significantly degrade the performance of
the entire integrated network.

We modeled an Al artificial intelligence system with a cloud structure and the
ability to change the delay and probability of data packet loss, obtained the
dependence of losses on the size of messages and data rate, the dependence of the
average load for the uplink and the packet transit time on the size of transactions.
Parametric dependencies on the average load were constructed, which allow us to
make practical recommendations for choosing the necessary data transmission modes
in the communication channels of freight UAS and to evaluate the unmanned system
as a whole.

All modeling results are supported by graphical and tabular material.
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VYkpaina, Jlep>kaBHa aBialfiiina ciyx6a Ykpaiau. [Ipo 3aTBepmkxeHHs ABiaiiiHux
npaBus Ykpainu "TexHiuHI BUMOTH Ta aAMIHICTPATUBHI MPOIEIypU A JIbOTHUX
eKkinmaxiB nuBUIbHOT aBiamii'. Haka3 [lepxaBHoi aBiamliiiHOl ciyxOu YKpainw,

Ne 565, 20 mun. 2017, zakon.rada.gov.ua/laws/show/z1056-17#Text.

Vkpaina, JlepkaBHa ciayk0a YkpaiHu 3 Harjsiay 3a 3a0e3nedeHHsSIM Oe3neku
apiamii. [Ipo 3arBepmxenHs I[lpaBun opranizaiii 1 NpoBEJACHHS HA3eMHHUX Ta
JHOTHHUX TEPEBIPOK HA3€MHHUX 3aCO01B PaiOTEXHIYHOTO 3a0€3MeUYeHHs MOJIbOTIB,
aBIaIlIfHOTO EJICKTPO3B'SI3Ky Ta CBITJIOCUTHAJIBHOTO OOJaAHAHHS aepoJpOMIB
IMBUIBHOT aBiamii Ykpainu. Haka3z JlepxaBHoi ciyx0u YKpaiHu 3 Harjasay 3a
3a0e3neUYeHHIM Oe3IeKku aBiarii, Ne 210, 23 oepes. 2005,

zakon.rada.gov.ua/laws/show/z0374-05#Text.
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aBiamiitHoMy TpaHcnoptTi. Haka3 [lepkaBHoi ciy:xOu YkpaiHu 3 Harisgy 3a
3a0e3reyeHHsaIM ~ Oe3mexku  asiamii, — Ne 895, 25 JINCTOTI. 2005,

zakon.rada.gov.ua/laws/show/z1503-05#Text.

VYkpaina, Kabiner MinictpiB Ykpainu. Ilpo cxBaneHHss OCHOBHHUX HaIpsiMiB
PO3BUTKY O30pO€HHSI Ta BIMCHKOBOI TEXHIKM Ha JIOBFOCTPOKOBUU TMEPIOJ.
Posmopsmxkennst Kabinetry MinictpiB Ykpainu, Ne 398-p, 14 weps. 2017,

zakon.rada.gov.ua/laws/show/398-2017-p#Text.
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[Ipo ytBOpeHHs Jlep>kaBHOTO HAyKOBO-TOCHIAHOTO IHCTUTYTY BHUIPOOYBaHb i
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Appendix
ALGORITHM FOR CALCULATING SYSTEM CONSTRAINTS

Most methods that allow solving multi-extreme problems are associated to some
extent with random search [45, 51, 59, 78, 103, 106, 113, 151, 158]. With increased
requirements for the extremum estimation algorithm, it is advisable to use random
search methods in combination with other machine learning-based methods.

The first task to be solved when developing an algorithm is the formation of a
basic ensemble of control realizations randomly distributed in a given region of the
admissible set. This problem belongs to the class of random variable modeling
problems and is considered in the relevant literature, and, depending on the conditions
of the problem, this issue can be solved in different ways:

a) a random point is uniformly distributed in a n-dimensional parallelepiped.
Then:

F(xqy,%9,0,%,) = F(xy) - F(xy) -, ..., F(xy,), 4.1
where F;(x,) — distribution function of the coordinate X .
In this case, each coordinate can be modeled independently and as a result, we get a
simple formula for calculating coordinates:

x1=a;+&b;—a;), i=1,n, (4.2)

where
a; and b; are the coordinates of the vertices of the n-dimensional parallelepiped;
&; — independent random numbers;

0) a random point obeys an m-dimensional normal law with mathematical

expectation:
M(x,) = q; (4.3)
and other issues:
M[(x1 — ai)(xj — aj)] = by;. (4.4)
In this case, we also get a simple formula for calculating the coordinates:

x =Af +a, (4.5)
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where
¢ — independent random variables in the interval (0, 1) that follow the normal law;
A — transformation matrix, which 1s determined from the condition:
AAT = B, (4.6)
where B = |bl-j|, T — transportation index.

The calculation of system constraints imposed by dynamic objects includes the
task of determining a random control implementation that satisfies the constraints on
the phase coordinates. Finding the optimal control is reduced to determining the
coordinates of a random point in an n- dimensional parallelepiped.

The second problem that needs to be solved when developing an algorithm is the
choice of a condition for stopping the computational process due to the achievement of
a given accuracy of solving the problem or due to the end of available computing
resources. The stopping condition can be described by introducing an appropriate

sequence of functions ®y:

fk=d,(wy,), k=1,2,.. (4.7)
such that if for some wy, it is true that f* = 0, then f**Y = 0,y = 1,2, ..., regardless
of the values of wy, i.e. (x**1,ZK+1) . (xk*¥, ZK47). Here:

Z'=d(x) + €, 1<i<k, (4.8)

where & is the error of the i- th trial.

In this case, the final estimate of the extremum is considered to be the estimate
[120] e”, which corresponds to the stopping step T. Then the £ — optimal solution is
obtained:

P[x.] < infd[x] + ¢, (4.9)

where € > 0.

Thus, it is practically necessary to set an acceptable degree of accuracy in terms
of the deviation of the value of the functional obtained as a result of solving the

problem from the minimum possible value and the number of steps to obtain it.
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Let's take the best of the base points as the required solution of ®[x,] at the
moment when, within a given number of iterations, the radius of the set of base points
does not exceed a predetermined small value:

rad H<¢ x. €EH. (4.10)
Now we can fully describe the algorithm for finding the optimal solution to the

extreme problem 2.2.
Q= [1(Z) ar(%.x). 2.2)
Q(1)
The task is to find a vector u” that reports the largest (smallest) value of the
functional ®[u, x, t]:

d[u*] =sup @ [u,x, t]. (4.11)

ueu

At the first step, a zero approximation is chosen for the control vector u in such
a way that all the constraints imposed on this dynamic system are satisfied. The control
function approximation system is chosen and the number of approximation nodes is
determined for a given flight interval J, = [t,, ;] (the number and coordinates of the
nodes can be chosen from the condition of optimal compensation of the approximation
error at the ends of the intervals [tg, £;] and in the inter-node subintervals for the
expected classes of functions).

Let H(x, t) — be the upper bound of the admissible set U, abe the lower bound
of this set. Then the values of the control function at the approximation nodes to obtain
an ensemble of random control realizations of a dynamic system will be determined by
the following formula:

wij = G(x, t) + & [HQ, t) — G(xg, ty)], (4.12)

where

i = 1, L — index of the approximation node;
J =1,k — 1 — index of the realization from the ensemble of basic controls;

§ij — random numbers §;; € I = [0, 1].

For each realization from the ensemble of basic controls u; € {u},i = 1, k, the

value of the functional ®; € {®},i = 1,k is calculated. At the same time, the
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constraints imposed on the phase variables (x € X), as well as implicit type constraints,
are checked.

If implicit constraints are violated for some realization u; , then a correction of
this control is introduced. The new control u; is obtained as follows.

1. First of all, the reflection is performed [151], which results in the vertex of the
polyhedron:
U= (1+n)A—n,, (4.13)
where
A — the coordinate matrix of the center of the simplex excluding the worst vertex;
u,. — ontrol, which corresponds to @, = max {®};
11 — reflection coefficient (n = 1).

If, as a result of reflection, ®[u4] < ®P[u’] < ® < P[u,], then u, is changed
to u*. The resulting new simplex is used as the initial one for the first stage.

If ®[u*] < P[u,], the stretching takes place, transforming the vector u* to u*
3a using the ratio:

" =nu" + (1 —ny)A4, (4.14)
where 1, — the stretching factor (n, = 2).

If ®[u’] > ®;, V;#1r, ie. u* corresponds to the point that provides the
maximum of ®, then a new vector u r is determined, which is equal to the previous
vector u,. or equal to the control u*, which provides a smaller value of the functional
®. Then, compression is performed, transforming the vector u into #* according to the
formula:

" =nsu+ (1 —n3)A4, (4.15)
where 173 — compression ratio, 0 <nm3 <1, (13 =0,5).

The vector u is changed to u* and the first stage is repeated, provided that the
vertex of the compression does not lead to a worse result than max {®[u], P[u*]}, i.e.,

ujtuy

if ®[u*] > min{®[u], P[u’]}. In the latter case, all vectors u; are changed by 5 1

and returned to the first stage.

In this case, it corresponds to the u;:
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®[u;] = min{d[u;]}. (4.16)

If an extreme value of the functional ®[u”] exists, then the algorithm ensures

that the condition is met:

| max{cb[xj]} —min {®[x;]}| <& i,j =1k, (4.17)
where € — a small value that defines the accuracy of the solution. The counting
process stops if the inequality (4.17) is true for several iterations.

Based on the proposed algorithm, a program for calculating system constraints,
which are determined using the dynamic characteristics of the aircraft as a controlled
object, was developed.

The implementation of the considered algorithm allows us to construct the
domain D, which is used below to predict the sequence of event outcomes in the

control system of such dynamic objects as UAVs.
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