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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS
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M.IO. MEABEJEB, B.X. [TIXonoB, 1.JI. EBAIOKUMOB
AJI'OPUTM POBACTHOI'O YIIPABJIEHUSA OJJTHOMEPHBIM
JUHAMMWYECKHUM OBBEKTOM HA OCHOBE TABJIMYHOTI' O

Q-METOJA OBYYEHMUS C IOJKPEIVIEHUEM

Meoseoes M.IO., I[Tuuxonos B.X., Esdokumos U J]. AIropuT™M poOAcTHOro ynpaBjeHHs
OJHOMEPHBIM AHHAMHYECKHM 00BEKTOM Ha OCHOBe Ta0m4HOro Q-meroaa ofyueHus c
NoKpenJieHueM.

AnHoTanmusi. B cratee mpexacraBieH 0030p B 00JacTH  CHCTEM  yIpaBICHHS
JUHAMHYECKAMHU OOBEKTaMH Ha 0a3e METOIOB MAIIMHHOIO O0y4eHus ¢ moaxperuieHueMm. Ha
OCHOBE IIPOBEJEHHOIO aHajiM3a CJeJaH BHIBOJ O aKTyaJlbHOCTH pa3sBUTHS METOJOB
yIpaBieHHs, Oa3UpYIONMXCS Ha OOyd4eHHH ¢ MOIKpeIUIeHHeM. B cTaTbe mpejnaraercs
HHTEIUICKTYaJ bHBIH aJTOPUTM pOOACTHOTO YIPABICHUS YCTOHYMBBIMH JHHAMHYECKUMHU
00BEKTaMH C OJHMM BXOJOM M OJHHM BBIXOJOM, Oasupymoumiicss Ha TabmuuHoM Q-Meroje
00y4eHHs HYJIEBOTO HOPsIKa. AITOPUTM OCYIIECTBIISCT CTAOMIN3ANHUIO BEIXOJHON BETUIHHBI
00BeKTa yIpaBiIeHHs C 33JlaHHOH IOrPENIHOCTHIO, €CIIH NapaMeTPsl U BHEIIHHE BO3MYIICHHS
00BEeKTa ABISIIOTCS KyCOYHO-IIOCTOSIHHBIMI HEH3BECTHBIMH BETHYMHAMH, @ BEKTOP COCTOSIHHS
SIBIACTCST U3MepsieMbIM. HoBH3HAa NPEITIOKEHHOIO AalrOpHTMa 3aKII0YaeTcss B HOBOM
HMHKPEMEHTAIBHOM CIIoco0e (hOpMHUpOBaHMS yIpaBIeHHs, KOTOPBIH I03BOISIET, Oa3upysICch Ha
MHOXKECTBE W3 TpPEX BO3MOXHBIX JCHCTBHH, CTaOMIM3HPOBAaTH OOBEKT YHPABICHHUSL.
IpennoxxeHHbI c1ocod GOPMHPOBAHUS MHOXKECTBA YIPABIIOMNX BO3AEHCTBUH MO3BONISAET
obecreunts TpeOyeMyro TOYHOCTh CTAOMIM3alUH BHIXOJA OOBEKTA, M3MEHSS aMILIATYIY
MPUPAILCHUs] YIPaBIeHUs. Takke JIEMEHTOM HOBHU3HBI SBISIETCS MPETOKEHHOE BBIPAXKCHHS
IUISL pacdeTa BO3ZHATPAKAEHUS, KOTOPOE MO3BOJISET OrPAHWYUTh H3MEHEHHUS YIPABICHUS.
IpennaraeMelii anroput™ 00JIamaeT BBICOKOHW BBIYHCIUTENBbHOH d¢dexTuBHOCTRIO. ITocie
0o0y4eHNs BBIYKMCIICHHE YIPABICHUS CBOJUTCS K BBIYUCICHHIO HHIEKCOB IO pe3yibTaTaM
W3MEPeHHUs], YTCHHIO [JaHHBIX M3 [aMSTH [0 BBIYHCICHHBIM HHAEKCAaM M HaXOXKICHHIO
MaKCHMAaJbHOTO 3HadeHHs1 B BEKTOpe HeOombInoil pasmepHOcTH. B pabore wnccnenoBaHbI
YCIOBUSL CXOIMMOCTH QITOPUTMa OOYYCHUs M OrPAHMYCHHOCTH OLIMOKU YIPAaBICHUS.
Pa3paboTaHHBIA aNrOPUTM JEMOHCTPHUPYETCS Ha HMpHMepe CHHTe3a pPOOACTHOrO yIpaBIeHHS
JBHTaTeNieM IIOCTOSHHOIO TOKa C HE3aBUCUMBIM BO30OyXaeHHeM. B xoxme umciieHHOro
MOJICJIHPOBAHUS HCCIIEAYETCs] Ka4eCTBO 3aMKHYTON CHUCTEMBI IIPU M3MEHEHWH IapaMeTpoB U
3a7alomer0  BO3AEHCTBUS. AHAmM3 pPe3ylbTaToOB IO3BOJIIET CHENATh  BHIBOABI 00
9(p(EKTUBHOCTH CHHTE3HUPOBAHHOIO AQITOPHTMA. B crarbe NPHBOAATCA PE3yIbTaThl
9KCIIEPUMEHTOB, KOTOPBIE JEMOHCTPHPYIOT TEXHHYECKYI0 PEallM3yeMOCTh IIOJIyYSHHOTO
anropuT™a. JIaHHBIH BOIPOC SIBIAETCS Ba)KHBIM, TaK KaK aHAIH3 HCTOYHHKOB IMOKAa3bIBAET
NPaKTHYEeCKH IONHOE OTCYTCTBHE TEXHHUCCKOH peanu3alid CHCTEM  yIpaBICHHS
JUHAMHYECKAMU OOBEKTaMH, CHHTE3HPOBAHHBIMU C HCIOJb30BAHHEM METOJOB OOYYeHHUs C
MOAKPEITICHUEM.

KiroueBble c1oBa: poOacTHOE yIpapieHHe, 00y4eHHE C IOJKpeIuieHneM, Q-aJropuTM
o0y4eHHs, JUHAMUYECKUE OOBEKTHI, HEONpPEJCICHHbIC MapaMETPhbl, CXOAUMOCTb AJIrOPHTMA
00y4eHus.

1. BBegenue. B HacTosmmee BpeMs CTaHOBATCS MOMYJISIPHBIMHU
METOJIbl MHTEJUIEKTYAJIbHOTO YIpaBlieHus, 0a3upyloluecs Ha MallMHHOM
o0ydenun. OOelaroniye pe3ysbTaThl MOKa3bIBAIOT METOABI OOyuYeHHs C
noJKperuieHreM [ 1], HanpaBieHHbIE Ha pelICHHE MPOOJIEMbl aJanTHBHOTO
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

YNpaBICHUs] ANHAMHUYECKHIMHU OOBEKTaMHU B YCJIOBHSX HEONPENEICHHOCTH.
3amavya cuHTE3a NPSAMOTO aJaNTUBHOIO yIpaBieHHs Ha 0aze Q-meronma
o0ydeHus ¢ TOJKpeIUieHrneM Oblia omucaHa B pabore [2]. 31ech MOXKHO
BBIJICTIUTH HECKOJIBKO OCHOBHBIX ITPOOJIEM.

[TepBast nmpobnemMa 3akir04aeTcsi B 00ECHEYCHUH aCUMIITOTHYECKON
YCTOWYMBOCTH 3aMKHYTOW CHCTEMBI YIpaBlICHHs, Oaszupyromielcss Ha
METOo/1aX MallMHHOTO 00y4YeHUsI.

Bropast mpobiemMa cOCTOMT B TOM, 4YTO B TIpolecce OOydeHHs
AMEeTCsl  BO3MOXKHOCTH ~ BBIpAaOOTKM  OOydaromuMcs — aJrOpUTMOM
HEJIOIyCTUMBIX BO3JIeHCTBHH. B 3T0i# cBs3M 00ydueHne ocymiecTBIseTCs] B
BUPTYyaJbHOH cCpene, Ha peaJbHOM OOBEKTE peam3yercs Jo00ydeHHe.
UroOsl MHUHMMH3HPOBaTh PHCKH IIOTEPH KAadyecTBa U yCTOWYHMBOCTH
ynpaBieHusl TpeOyeTcss Hanu4ue BHUPTYaIbHOW MOJAENH, MaKCHMAaJIbHO
OnM3KOM K peasibHOMY 00bekTy. OHaKO, HAIMYUE TAKOM MOJENHU JeaeT
3ajjayy CHHTEe3a alrOpUTMa YIIPaBJICHHS pealM3yeMOil KIIaCCHYeCKUMU
METOAaMH aBTOMaTH4ecKkoro ympasieHus [3]. B atom ciyuae Bo3HHMKaeT
BOIIPOC O NMPEUMYILECTBAX, KOTOPHIE 1aeT HHTEIUIEKTYIbHBI PETYIIATOP.

B paborax [4-13] mpoOiema coxpaHeHHMs KadecTBa U
YCTOWYMBOCTH  CHCTEMBI  YIpaBIICHHs IpU  OH-IallH  OOy4eHHn
HHTEPIIPETHPYETCs KaK oOecreueHre CBOcTBa paBHOMEPHOH abCOIOTHON
orpanndenHoit ycroiunBoctH (Uniformly Ultimate Boundedness Stability —
UUB).

[Tpn 3TOM MOXHO BBIJETHUTH MOJIX0JI, OA3UPYIOUIMICS HA MOJEIH, U
O0e3mozenbHBIN monxon. B paGorax [4, 6—8, 10— 13] wucmome3yercs
ITOJIXOJ, OCHOBAHHBIA Ha MoJensx. PaccmarpuBaroTcs TUCKpeTHBIC [4, 7]
wm  HempepsiBHBIe [6, 8, 10—13] o0O0BexTs ympaBieHHS C
HEONPEACICHHBIMUA TpPaBbIMH YacTIMM M BO3MyIICHUAMH. OOBIYHO
HaKJIaOpIBAIOTCA  yciIoBHA  Iu(PEpEeHINPYyEMOCTH [4, 11] WIH
HETPEPHIBHOCTH B CMBICIIE BBINOJIHEHHS ycaoBui Jlummmna [6 — 8, 10 — 13]
NpaBbIX YacTeil, BHEIIHHE BO3MYIIEHHS CUYMTAIOTCS OTPaHMYCHHBIMH, a
o0beKkT — ympaBmsieMbli. B paccMarpuBaembix paboTax MamldHHOE
o0y4eHue HCIOJb3yeTCsl JUI alllpPOKCHMAIMU HEOIPEAEIEHHbBIX IPaBbIX
yacTe ¢ MX Hocieaymoouield naeHTH(UKanrei, a Takxke Uil aJarnTHBHOTO
pemieHnst 3aJaud ONTHMAJbHOTO YIpaBieHWs. B mopasmsiomem uucie
METO/I0B, 0a3MPyIOMMXCS Ha MOJEIISIX, JUIS alllIPOKCUMALNK UCIIONb3YeTCs
OJIHOCJIONHas HeMpoHHas ceThb [4, 6, 8, 10 — 13], B 4acTHOCTH MOMYJIAPHOM
SIBIIICTCS AlMIPOKCUMANNS paguaibHBIMU OasucHbIMEH (pyHKIsiMu [4, 11,
12]. JIns oleHWBaHWS ONTHMAIFHOTO peIIeHUS ypaBHEeHHs [ aMHiIbTOHA-
SAxobu-bemvana n yMeHBIIEHUS OIMNOKY beliMaHa TakKe HCIIONB3YIOTCS
OIHOCTIOMHBIE  HEHpPOHHBIE CETH M  apXUTeKTypa oOy4deHHs ¢
MoJKperyieHneM, n3pectHas kak Actor-Critic [1].
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MOHO BBIIEIHUTH Psi/i OTPAaHUYEHHUH TPeIaraeMbIX OAX0I0B.

[IpakTiueckn BO BceX CTaThsiX, OCHOBAHHBIX Ha MOJENAX, 3a
UCKITIOUYEHHEM Pa0oTHI [7], HCHONB3YIOTCSl OJTHOCIIONHBIE HEWPOHHBIE CETH.
Takue ceTu cOCOOHBI anMpPOKCUMHUPOBATh HEJMHEHHbIE (DYHKIIMA MHOTHX
NepEMEHHBIX, PH 3TOM OLIMOKA alpOKCUMAILUK CTPEMHTCS K HYJIIO, €CITU
YHCIIO HEHpPOHOB (M, COOTBETCTBEHHO, 4YWCIIO MapaMeTpoB HACTPOUKH),
crpeMuTcss K OeckoHeyHocTH. Takas —anmmpokcuManust He — Jaer
MPUHIMNHAIGHEIX ~ IPEMMYIIECTB O  CpPaBHEHHWIO € OOBIYHOMU
rapameTpu3alyeil ¥ pasIokKeHHeM 10 3afaHHOMy Oasmucy. OHa ynoOHa c
TOYKH 3pEHHs BbIOOpa 3aKOHA HACTPOWKH MapamMeTpOB Ha OCHOBE TEOPHHU
ycroduuBoctu JlsmynoBa. OpHako TakoM MOAXOA HE HUCHOJIb3YET
NPEUMYILIECTBA MHOTOCJIOMHBIX HEMPOHHBIX CETEH, C MOMOIUBIO KOTOPBIX
MOTy4eHbl  Hamboynee  BHECYATIAIOIIME  PE3yabTaThl B oOmactu
HCKYCCTBEHHOTO MHTEIUICKTA.

Tar)ke MOXHO OTMETHUTh, YTO 00ECIICUCHIE CBOWCTBA PABHOMEPHON
abCOJIFOTHON OTPaHWYEHHOW YCTOMYMBOCTH HE TapaHTHPYET BBITOTHEHHE
MpsIMBIX MOKa3aTenel kauecTBa. Ha Hamn B3risa oH-NalH ajganrtanus U He
MOXET OOecCle4YnTh BBHIIOJHEHHE Takux TpeOoBaHmid. /[l osrtoro
HEOOXO0MMO JOTIOJTHUTENILHO TPUMEHATH 0 d-T1aiiH METOIbI 00yUEHHSI.

B paMkax OCHOBaHHOTO Ha MOJENSX ITOJIXO0JA Pa3INYHBIEC ACTIEKTHI
npobiemsl obecriedueHuss OE30MACHOCTH TIPH OOYyYEHMH H3y4aroTcsl B
Hactosimee Bpems [14, 15, 16]. Tak B pabGore [14] oOecneumBaercs
MIOCTPOEHHE OTPAaHWYEHHOM O0O0JIACTH NPHUTSHKEHHS METOJOM, CXOIUM C
MetogoM JlsmyroBa. B pabore [15] BBoASATCS OrpaHWYCHHS HA COCTOSIHUC
CHCTEMBl  yNpaBJCHUs, KOTOPHIE BBINOJHAIOTCS, €CIH  HM3BECTHBI
MHIUKATOpHas (yHKIMS, YKa3bIBAIOIIasl Ha BBIXOJ COCTOSHUSA 3a 3a/1aHHBIC
OTPaHMYCHUsI W  CyOONTHUMAaJbHBIE  YAOBJICTBOPSIOIINE  33JaHHBIM
OTpaHHYEHUSIM JeiicTBus. B cratee [16] BBINOTHEHHWE 3aJaHHBIX
OTPaHHYEHUI Ha COCTOSIHHE CHUCTEMBbI YIIPABJICHUS OCYILECTBIIETCS B
paMKax CTPYKTYpbl, (GOpMHPYIOMIMI MapaMeTpHUUECKyIO allpOKCHMAIHIO
peuienus: ypaBHenust bennmana u ¢popmupoBaHue orpaHuueHUN METOAaMU
00y4eHHUs C MOJKPEIICHUEM.

IIpobimema obOecrieueHUs] YCTOWYMBOCTH TAaKXKE AaKTyalbHa B
6e3MoJIenbHBIX noaxoaax [5, 9, 17 — 19], B KOTOPBIX yIpaBieHHE CTPOUTCS
TOJIKO Ha OCHOBE aHAJIM3a BXOIHBIX M BEIXOJHBIX JAHHBIX.

B pabotax [5] m [9] Takke obOecneumBactcs cBoiicteo UUB. B
pabotax [17, 18] BBomsaTCs ympasmsrontie OapsepHbie ¢yHKIuu (Control
Barrier Functions), a Takke HCIONB3yeTCs IpeABApUTEIbHOE OOydeHHeE,
Iocine  KOTOPOTO — OCYHIECTBISETCS  (DYHKIMOHWPOBAHWE  3aMKHYTOH
cucteMsl. B cratee [19] B mpomecce oOydenuss meromom JldamyHoBa
obecrieunBaercst ycToiHuuBOCTh. OJHAKO, KaK B OCHOBAHHBIX HAa MOJEISIX

Informatics and Automation. 2025. Vol. 24 No. 3. ISSN 2713-3192 (print) 719
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

MOAXO0/aX He 00ecIeunBaeTCsl BHITOJHEHHS IPSIMBIX [IOKa3aTenel KauyecTsa
B IIporiecce 00y4IeHusI.

be3MosenbHbIE MOJAXOIBI JAOCTATOYHO MOMYJSIPHBI B Pa3IMYHBIX
npuioxeHusnx. Tak B padote [20] paccmarpuBaercst mpo0ieMa yIpaBiICHUs
00BEKTOM MEPBOro TMOpsAKa C 3ana3aAbiBaHueM. s ee pelieHus! yCrenHo
npuMeHsieTcss MeTosl oOydeHust ¢ mnoakperienueM Deep Deterministic
Policy Gradient (DDPG). B [21] ¢ npumenennem merona DDPG pemena
3ajjaya TepexBaTa IOJBIDKHOTO OOBEKTa, KOTOPBI IBIKETCS MO
NPSAMOJIMHENHON WIIM KPYTOBOM TPaeKTOpUHU.

[IpoBeneHHBII aHATN3 TO3BOJISIET CAENATH CIECAYIOIINE BBIBOIBI:

1. IIpenMyIIecTBEHHO HCCIEIYIOTCS METOJBI OH-TalH OOy4YeHUs
(amanTanmy), KOTOpbIE TAPAaHTHPYIOT YCTOWYMBOCTh, HO HE TapaHTHUPYIOT
3aJJaHHOTO Ka4yecTBa yNpaBJICHUs B IIpoliecce 00ydeHNs.

2. B cucremax ympaBieHHs IMHAMUYECKUMH OOBEKTaMH, B
NOAABJSIIONIEM  OOJIBIIMHCTBE CTaTel MNpWM  aHalu3e YCTOMYMBOCTH
HCHOJB3YIOTCSA OJHOCIOWHBIE CETH, YTO YAOOHO [UIi HCIOJIB30BAHUSA
TeopHuH ycroiunBocTH JIsmyHoBa.

3. IlpoBomuMBIl aHANIN3 YCTOMYMBOCTH HE TIO3BOJISIET BHIOPATH
CTPYKTYPY HEWPOHHOU ceTH, QYHKIMIO aKTHBAIMH U THIIEpIapaMeTpsl IpU
00y4YeHHUH, XOTS STH XapaKTEPUCTUKU TPSIMO BIMSIOT Ha YCTOWYMBOCTH
mporecca ooydenus [22].

4. HecMmoTpss Ha 3asdBICHHBIE TEOPETHYECKHE  TapaHTHU
obeclieueHns YCTOMYMBOCTH B CTaThsIX OTCYTCTBYET HpaKTHYECKas
peanu3anus TEOPETHIECKUX pe3yIbTaToB. Bce MccienoBaHusl OCTaroTCs B
paMKax CHMyJSIui. OTO YyKa3blBaeT Ha HEAOCTAaTOYHYIO pPa3BHTOCTb
WH)XCHEPHBIX METOJIUK CHHTE3a CHCTEM YIIPaBJIEHHs Ha 0aze oOyueHus c
nogkperuieHreM. [Ipu 3ToM Takas cUTyarus pe3Ko OTIMYAETCsl OT METOIOB
00y4eHHsI C yYUTEIEM, HA OCHOBE KOTOPBIX YCIIEIIHO CTPOSITCS CHUCTEMBI
pacniozHaBanus [23, 24], obpabGorku curHanoB [25] u TekctoB [26],
TUTAaHUPOBAHUS BIKEHUS [27, 28], peanusaruu peryisitopos [29].

B nanHO#l paboTe pa3BuBaeTCsd WH)KEHEpHas METOAMKAa CHHTE3a
peryisitopa ¢ ucmnonb3oBanueM od-naitH Q-merona [30]. IIpeumyrecTBom
o¢-naitH moaxoza sABIAETCS TO, YTO OH CHOCOOEH 00ecreYnBaTh 3aJaHHOE
Ka4ecTBO B TEYEHHE BCEro IIEPEXOIHOTO IIpolecca, TaKk Kak BO BpeMs
(YHKIIMOHMPOBAaHUS peryisaTop He oOydaercsi. B  nanHOit  pabote
paccmarpuBaeTcsi 3ajada C JAWCKPETHBIMH 3HAYEHHSIMH  yTPaBIICHUS.
[Ipemmaraercss BapuaHT, TO3BOJLIIONINA O00ECTIEYNTH 3a CUET Majoro
WHTEpBAJA IUCKPETH3alUH 110 YPOBHIO M WHKPEMEHTAJBHOTO CHOCO0a
(opMupOBaHUS YIpaBIEHHA OOECIEUHTh CICKCHHE 32 3aa0INM
CHUTHAJIOM C Masioil omubOkoi. Kpome Toro, mmeercs IMMUPOKHH Kiacc
yIpaBIsIEeMbIX OOBEKTOB C PEIECHHBIM XapaKTEpOM YHpaBJICHHS, [UIS
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KOTOPBIX Takasl IOCTAHOBKA 3aJadyd SIBIAETCA aKTyalbHOH. B wacTtHOCTH,
peneiiHOe yINpaBlICHHE TPUMEHSETCS MpPU  YHPABICHUHM MOIIHBIMU
JABUTATCIIAMU U TCIIJIOBBIMU MTPOLICCCaAMU.

HoBusHa pe3ynpTaToB, IPEICTaBICHHBIX B HACTOSAILLEH CTaThbe,
OTIpeieNsIeTcs CeIyOIUMH MOJI0KECHUSIMU:

1. TlpemtokeH WHKpEMEHTAJIBbHBIH  crocod  (opMHpOBaHUS
YIPaBISIIOIIETO  BO3/CHCTBHUS, KOTOpHIH  oOecrieunBaeT  poOacTHYIO
CTa0MJIM3AIMIO YIIPABIIEMOTO BBIXOAAa OOBEKTAa C 33/IaHHOW TOYHOCTBIO.
Merton TpeOyeT NOCTPOSHHS TOIBKO TpeX TaOJHI] IIEHHOCTH JeWCTBHH, 94TO
OTIPEJIETISIET €T0 BHIUMCIUTENBHYIO 3()(heKTHBHOCTD.

2. Ilpemnoxen  cmoco0  (GopMHUpPOBaHHMS  BO3HArpaKACHHUS,
NpEAOTBpAILAIOIIMN PE3KUE M3MEHEHUsl YNPABISAIOUX BO3AECHCTBUM, YTO
TI03BOJISIET IOOUTHCSI O0JIee TUIABHBIX MEPEXOHBIX MPOLECCOB B 3aMKHYTON
CHUCTEME.

3. TlpoBeneHHble  HATYpHBIE  OKCIEPUMEHTHI  TIOKA3bIBAIOT
OTCYTCTBHE HEOOXOAMMOCTH JI0OOYYEHHUS aJropuTMa YIpaBiCHHUS MpHU
nepexoje M3 BHUPTyaJbHOW CpeAbl K pealbHOMY OOBEKTY  JUIs
paccMoTpeHHOro kiacca 3agad. Kak mpaBusio, Takoil OeCIIOBHBIN mepexo]]
CUMTaeTCs TNPOOJeMaTHYHBIM M TPEACTaBIseT co0OH  MmpoOieMsl,
W3BECTHYIO O] Ha3BaHUEM «Pa3pbIB PEaTbHOCTI.

2. HocranoBka 3amaum. PaccMaTpuBaeTcs cucTeMa YIPaBICHHUS,
MIpeCTaBlICHHas Ha pPHUCYHKE 1, BKIIOYarOmas OIHOCBSA3HBIA OOBEKT
ynpasiernust (OY) u ycrporictBo ympaenerus (YVY). YV ¢dopmupyer Ha
Bxox OV ympaenerus uy. C Beixoga OY Ha Bxon YV HOZa0TCsS COCTOSTHHE
X,y W Bo3HarpaxaeHume R, Ha Bxom oOBexTa Takke BO3AECHUCTBYET
BO3MYIICHHUE f.

f Y1 "®j’ YO
QY

X
k+1
Uy Rk+1

z—l

— |

Yy

71

Puc. 1. CtpykTypa cucTeMsl yIpaBiIeHuUs
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OO0BeKTOM yrpaBJIC€HUSA ABJISACTCA JIMHEHHAs JUHAMHUYCCKasa
CTalMOHapHas CHUCTEMa C HEU3BECTHBIMU ITapaMETpaMu U HEU3MEPSAECMBIM
BO3MYUICHHUEM, KOTOpas OIMMMUCBIBACTCA CHCTEMOM ypaBHeHI/Iﬁ BUaAa:

dx(t)
= Ax(t) 4+ bu(t) + hf(t),
o= A + bu(®) + R (©) W
y(t) = cx(1),
roe x(t) — BekrOop cocrosHus pasmepHoctn n; u(t) — ckamspHOe
yropasisoniee BozaercTeue; f(t) — ckamapHoe BosMmymieHue; y(t) —
peryiapyemas BbIXOAHAas BCJIMYMHA, A - MaTpuna ITIOCTOAHHBIX

HEM3BECTHBIX NMapaMETPOB Pa3MEPHOCTBIO Nxn; b, h — BEKTOPBI TOCTOSHHBIX
HEHM3BECTHBIX I1apaMETPOB Pa3MEPHOCTBIO Nx1; ¢ — BEKTOpP H3BECTHBIX
IapaMeTpOB Pa3MEPHOCTHIO nx 1.

IIpeanono:xkenue 1. [Ipeamomaraercs, uro MaTpuia A SBIsSETCS
I'ypBuneBoil. VYmpasisitoniee BO3IEHCTBUE IMPUHAUICKUT 3aAAHHOMY
unarepBany U(t) €[Umin, Umar]- Bbixomsas BenuumHa obbekra (1)
OrpaHUYCHA W TAKKE MPUHAIEKUT U3BeCTHOMY HHTEpBaLy Y (t)<[Vmin,
Yimax) - BHEIIHEE BO3IEHCTBHE TAKKE OIPAHUYEHO IO BEIMYUHE frmim <
f(@®) < fmax-

3agaya COCTOMT B pa3pabOTKe M MCCIEAOBAHUYM MHTEIUIEKTYaIbHOTO
pobactHoro anroputma ynpasieHus u = u(x,y0) , obecredyuBaroIero
CTa0MJIM3alMI0 BBIXOJHOW BenuuuHbl y(t) B 3aJaHHOW OKPECTHOCTH
xenaemoro 3Hadenust y0. Ilpu paspaborke Oynem HCIOIB30BAaTh METOJIBI
00y4eHHs ¢ TOAKPEIUIEHUEM Ha OCHOBE BPEMEHHBIX pa3nmuuuii [1].

3. Pemenue nmocraBiaeHHON 3agaum. [ pelieHUs MOCTaBIEHHOM
3amaqn MoJiens 00bekTa (1) mpeacraBisieTcss B TUCKPEeTHOU opme

Xk+1 = Xg + At(Axk + buk + hfk),
yi =c"x,

2

rne At — mar AUCKpeTH3aluy 1o BpeMeHH; k — 0003HaueHne TUCKPETHOTO
MOMEHTA BpeMeHH t;, = kAt.

VYnpaBneHue U, BbIOMpaeTcss W3  MHOXECTBA  JOIMYCTUMBIX
yIpaBJIeHUI

U € {ui}’ i= 1;2, L) Nu; Umin < U; =< Umax» (3)

rac Nu — IOJIOKUTCIIBHOC YHCJIO.
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Bo3narpaxknmenue B MOMEHT BpeMeHH K BhIOMpaeTcs B BHIE
KBaJpaTa OLIMOKH, B3SITOTO C IPOTUBOIOJIOKHBIM 3HAKOM:

Ry =—(0— }’k)z’ 4

rlie y) — 3HaYCHHEe YIPABIsCMOI BEIMYMHBI JUHAMUYECKOro 00bekTa (1) B
MOMEHT BpEMEHU t.

B xauectBe anroputMa o0y4deHUs UCIIONb3yeTcss MeTo Q-00ydeHus
HyJeBoro mopsiaka [l], KOTOpBI OTHOCHTCS K MeTojaM OOydeHHs ¢
pa3aeneHHol cTpaTerueil U ONUChIBA€TCsl BEIPAXKEHUEM:

Qe+1(Xi)= QKT [Ryeq1 + ymax Qr+1(Kiey1,4) — Qe(R)), ®)

rae Q¢,1(Xx) — 3HAUCHHE IIEHHOCTH COCTOSHUSA X B MOMEHT BpeMeHH t+1;
Q:(Xyx) — 3HaUYEeHHE LIEHHOCTH COCTOSHUA X B MOMEHT BpPEMEHH t; Rj 1 —
BO3HArpaXICHHWE 3a IEPEeXOJ B COCTOSHHUE Xy ; & — mar OOy4YeHHS; ) —
ko3 duuuenT obecueHupanus; X, = [x;, y0]7.

Beipaxxenne (5) ¢dopmupyer OOHOBJIECHHE IEHHOCTH IEHCTBHH B
Ka)KJIOM COCTOSIHHHU CJIETYIOUINM 00pa3oM.

1) B MOMeHT BpeMeHH ! B COCTOSHHM X|, BHIOMpAaeTcsi TeKyllee
yIIpaBJICHUE Uj, B COOTBETCTBHH C BBIPAKEHUEM

U= max Q¢ (¥, u)- (6)

2)  VYmpasnenue u; (6) nogaercs Ha Bxox oobexTa (1).

3) Ha cnemyromem mare k + 1 ocymiecTBiseTcss BBIYHCICHUC
BO3HATPAXKICHUS COTIIACHO (4) M TSI HOBOTO COCTOSTHHS Xy, OTpeAemsIeTcs
ONITUMAJIFHOE YIIPABICHHE Uy 41 COTIIACHO (6) U ero HEeHHOCTD Q41 (Xyy1)-

4) CormacHo BbeIpaxeHHI0 (5) ocymecTBisieTcs OOHOBIICHHE
¢byHkK 1eHHOCTH Q) (Xy)-

Takum 00pa3oM, 0COOCHHOCTBIO BhIpaKeHUs (5) ABJSIETCSA TO, YTO
OOHOBIJICHHE IIEHHOCTH COCTOSIHUS Xj, B KOTOPOM HaxOJWJIach CHCTEMa B
MOMEHT BPEMEHH {, OCYLICCTBIISICTCSI B MOMEHT BpeMeHH {+1, mocie
BBIYHCIICHUS MAKCHMAIJIEHO TIOJIE3HOTO ICHCTBHUS B COCTOSIHUH X4 1 -

Kak w3BectHo [l], B pe3ynpTare TMPUMEHEHHWS OIHUCAHHON
MIPOIEAYPHI OCYIIECTBIIACTCS MaKCHMH3AIHS BO3HATpaKACHUS,
OTIpEeNIeIIEMOT0 BEIpAa)KEHUEM
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o0

Gt = Reyq + Riqr + 72Rt+3 +oe = Z }}(Rt+k+1- @)
k=0

Meton Q-o00ydueHHs, Kak METOJ C pPa3iCICHHOW C pa3leieHHOU
CTpaTerueif, MOIMyCKaeT WCIONb30BaHUE ¢€-)KaJAHOro anropurMa [1] B
npouecce  OOyueHHMss M JKaJHOTO  alNropurtMa B IIpolecce
(YHKIMOHMpOBaHUST 00ydeHHOro areHta. (OCHOBHOE IPEUMYIIECTBO
Merona Q-oOydeHMsl 3aKiIIO4aeTcsi B TOM, 4YTO OOHOBJIEHHE (HYHKIHMH
neHHOCTH Qy (X)) OCYIIECTBISIETCS Cpa3y MOCJIE BBIOJIHEHUS EHCTBHS Uy
U OIpENETeHUs] HOBOTO COCTOSIHUS Xp,1 M BO3HarpaxacHus Ry, . Ilpu
3TOM HE TPeOyeTCsl XpaHUTh MacCUBBI COCTOSTHUN U BO3HArpaxJICHUH Kak B
merone Momnre-Kapio, T.e. Bce omepaiuu 1o OOHOBJICHUIO (YHKIHMA
HeHHOCTH (5) SBIAIOTCA CKAAPHBIMH. OTO TIO3BOJSIET YMEHBIIUTH
Tpe6OBaHI/I51 K BBIYMCIIUTCIbHBIM 3aTpaTaM.

Kpome nuckperusanmu 1o BpeMeHH, B mporecce oOydeHus Q-
METOAOM, HCIIONB3yeTcs JUCKpeTH3alus 1o ypoBHIO. PaccmoTpum
pabouyro o6iacte 06bekTa (1), B KOTOpOH MepeMeHHBIE COCTOAHMSA X; (t)
OTpaHUYEHBI

Ximin < xi(t) < Ximax » (8)

TI€ Ximin,» Ximax — A3BECTHBIE KOHCTAHTHI; i=1,2,...,n.

Takue oOrpaHM4YeHHs IIMPOKO PAcCHpPOCTPAHEHBl Ha TPaKTHKeE.
Hanpumep, B  JIEKTpUYECKMX  CHCTEMaxX  CHTHAIbl  OTPaHUYEHBI
HalpsDKCHHEM MHUTaHWS, B JJIEKTPUUECKHX JBHTaTeNsiX pabodne TOKU
OTpPaHMYEHBl M TPU BBIXOAE 3a 3aJaHHBIM AMANA30H OCYLIECTBISAETCS
OTKJIFOUCHHUE ITUTAHMUS.

Torga MUCKpeTH3alUsl —IMANA30HA  [Ximin, Ximax] HA Ng+1
3HA4YEHHE OCYIIECTBISIETCS] B COOTBETCTBHHM C BBIPAKEHUEM

X = round(nd * x; (kA) | K imax — ximin)),i =12,..,n,k=0,12, ... )

[IpoBeneM OIEHKY YCTOWYMBOCTU CHUCTEMBI ympaBieHus (2) — (6).
Jl1g KpaTKOCTH IepenuieM Boipaxenue (5) B BUIe

Qr+1= Qrta [Ryy1 + ymax Qr+1 — Qil- (10)
BBe/eM B pacCMOTpEHHE CIIEAYIOITYI0 KBAAPATUUYHYIO (hyHKIIHIO
Vi = Q2 + x2. (11)
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Paccmorpum npupamenne Gyskiun (11)

AVipr =Vigr = Vi = QI%+1 + xl€+1 - QI%—l - xlg—l' (12)

IoncranoBka (10) m (2) B mpaByro dacth (12) mpuBOAHT K
BBIPOKEHUIO

AVir1 = (Quta[Rysq + ymaxy, Qper — Qul)? + (xi + At(Axy + buy +

nfo) - @ - k. (9
Cornacao Ilpenmonmoxkernto 1 0OBEKT ympaBieHHS SBISETCA
YCTOWYMBBIM, & BHEIIHUE BO3JCHCTBUS OrpaHUYEHbl. B 3TOH CBSA3M BEKTOP
X) TaKXkKe OrpaHW4eH, IO3TOMY TIIpM JOCTATOYHO MAaJlOM [Iare
JMCKpeTH3aluu 10 BpeMeHu At cnaraembiM At(Axy, + buy, + hfy) B
BeIpakeHnH (13) MmoxxHO penedpeus. Torna, npu At — 0 noxydaem

AViyr = (Qut @ [Risr + Qi1 — Qi)* — Qi (14)
B Bepaxkenu (14) packpoem CKOOKHM U COKpAaTHM IT0I00HbIE

AVyyq = 2Q @ [Ryyq + ymaxy, Qk+1); Qx] + (@[Ry41 + ymaxy Qpeq — (15)
QrD”.

Bripaxenne Rj,q + ymaxy, Qriq — Qr B (15) xopomo wu3BecTHO,
Kak ommOKka Q-meroma oOydueHms. CXOAMMOCTb 3TOH OMMOKHM mpu k—o0
nmokazana [1, 11]. Ilostomy, cormacHo (15) MOXHO yTBEpKOaTh, YTO
3aMKHyTas CHCTeMa ycToiumBa 1o JISmyHOBY, dYTO TrapaHTHpYeT
OIrpaHNMYCHHOCTD BCCX CUT'HAJIOB.

OnucaHHBI aNrOpUTM SABJSIETCA CTAHAAPTHBIM alroputMoM Q-
oOyuenus. OH o00namaeT TeM HEIOCTaTKOM, YTO TPU IOBBIIICHUU
TpeOOBaHMI K TOYHOCTH CTaOWIM3alUK HEOOXOIAMMO YBEIMYHBATH
MOIIHOCTh MHOXKeCTBa ympaicHud (3). OmHako Takoe YBEIHYCHUC
MPUBOAMT K MPOMOPIHOHATHHOMY pocTy dmcia Q-Tabiuil M CI0KHOCTSIM
mpu OOy4YeHHWH, TaK KaK H3BECTHO, YTO TAOJUYHBIE METOIBI XOPOIIO
pabotarot ipu HebombIroM yrcie Ny, [1].

B 5710if cBs3M B maHHOW paboTe mMpemiaraeTcsi MHKPEMEHTATbHBIH
croco0 BBIYUCIICHUS YIPABICHUS, B KOTOPOM BBIUHCISAETCS HE aOCOMOTHOE
3HAYCHUC YIIPaBJICHUS, a €T0 MPUPAITECHUE B COOTBETCTBUU C BBIPAKCHUEM!

U= Up_q + Auy. Aup= maxy, Qu(Xy, uw), u € {—Au,0,Au}, (16)
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rae Au — npupaieHue ynpasieHus Ha TEKYIIEM IIare.

ITpu >tom, B BhIpaxkenun (16) X = [x; v0 uk_,]7, T.e. cocrosHue
CHCTEMBbl BKJIIOYAeT IIEPEMEHHBIC COCTOSIHUSI OO0BEKTa, 3ajaroliee
BO3JICIICTBHE U MPEAbIyIee 3HAYCHUE YITPABICHUSL.

U3  Beipakenuss (16) cremyeT, 4YTO PETYIATOP U= Up_q +
max,, Q;(¥), u) sBisieTcsi AMHAMUYECKHM, TaK KaK 3HAUEHMs YIPaBICHUS
Uy, 3aBUCST HE TOJBKO OT TEKYLIETO COCTOSIHUS Xy, HO U OT MPEIbLIyLIEro
3HAYEHMS YIIPABIISAIOIETO BO3ACHCTBUS Uy _1.

OueBugHO, YTO ynpanieHue (16) He MEHSIET YCIOBUS CXOIMMOCTU
mo cpaBHeHHIo c ympasieHueMm (6). Ilpu 3tom, BeIpakenue (16)
obecrieunBaeT 0ojee MIABHOE H3MEHEHUE YIIPABIISIIOLIETO BO3CHCTBHSI.

B cucremax oOyueHHMs ¢  TNOAKPEIUIEHMEM  H3MCHEHHE
YIPaBISIONIEr0 BO3ACHCTBUS OOYCIIAaBIUBAETCS HE TOJBKO MHOXKECTBOM
JIOIYCTUMBIX YNPaBJICHUM, HO U BO3HArpaKAeHUeM. B 3TOl CBsA3U B NaHHOM
pabote mpemiaraeTcs MOAMMDUIUPOBAHHBIA Ccrocod  (HOpMHUpPOBAHUS
BO3HArpak/IeHHsI, P KOTOPOM B BeIpaxkeHue (4) modasisiercs mrpad s
PE3KUX U3MEHEHUH yIpaBJIeHUs:

Ry = —(y0 — yi)* — B * |Aul, (17)

rae f — koaddurment mrpada; Au = U, — Up_q.

Ha IMpakKTUKE BCCraa MNPUCYTCTBYIOT U3SMCPUTCIBHLIC UIYMBbI,
MO3TOMY HX HGO6XOZII/IMO (bHHLTpOBaTL. I[aHHLIfI BOIIPpOC HE SABJIACTCA
opeaMeToOM HaCTO?IH.[eﬁ CTaTbu, MOSTOMY B HeH MMPUMCHACTCA HpOCTefIHIHfI
AJITOPUTM CIJIa’)KMBAaHU BUa

u=Axu+ (1 — 1) *u_q, (18)

rzie A — Ko3(PUIUEHT Cria>KUBaHusL.

[pu A = 0.5 anmroput™m (8) sBISETCS AITOPUTMOM CKOJIB3SIIIETO
YCPEAHEHUS IO IBYM U3MCHEHHSIM.

3. Pe3ysbTaThl 4ucJeHHOro MoaeaupoBanusa. Ha pucynkax 2 — 4
NIPECTABIICHBl ~ PE3YNbTAaThl  MOJCIHPOBAHMSA  3aMKHYTOH  CHCTEMBI
ynpasienus (2) — (6), odyuennoit Ha 3 000 000 >mM307ax IS CIETYIONTIX
mapaMeTpax: BpeMs MOIeIHpoBaHus dnu3ona 8.0 c; mar MOAeIUpOBaHUS
0.01; war o6y4enust ¢ = 0.05; koapdpunmenrt odecuenusanus y = 1.0.

B kauectBe oObekTa yIpaBieHHs BBIOpaH JIBUraTelb ITOCTOSTHHOTO
TOKa, MOJIEJIb KOTOPOTO B IMCKPETHOH (popMe UMEET BHT
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At
Wiy = W + 7 (ki — My),
(19)

At
Igpr = I + T(uk — kmwy —1l),

rae wy, Iy, u;, My, — 4acToTa BpalleHHs, TOK CTaToOpa, YIpPAaBIAIOIIEe
HalpsDKCHWE ¥ MOMEHT Harpy3KH JBUTaTels.

o

150
125 | ©(t)
100 {
075
0.50 1
025
0.00 1

—0.25 4

t,c
-0.50 T T T T T T T
o 1 2 3 4 5 [ 7 B

Puc. 2. i3mMeHeHre 4acTOTHI BpallleHUsI B 3aMKHYTOM crcTeMe yrpasieHus (3) — (6),
(19, (20)

L50
125 Ht}
100 4
0.75 -
050 1
0.25 1
0.00

—0.25 -

t,c
"'ﬂEﬂ T T T T T T T !

o 1 2 3 4 5 & 7 8
Puc. 3. i3meneHue Toka B 3aMkHyTOM cucteme (3) — (6), (19), (20)
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150 o

125 {U {t}

100 ﬁ

nys -

050

- :

Qoo
=0.25 1

tc
=0.50 T T T T T T T
[i] 1 F 3 4 5 [ 7 8
Puc. 4. VI3amenenue ynpasisroniero Bo3IeHcTBus B 3aMKHyTo# cucteme (3) — (6),

(19), (20)

ITapametper geuratens (19) sBnAroTCS MHTEPBAIBHBIMHU W 33aHEI B
cnenyrommx auanasonax: J € [0.1, 0.3]; k., € [0.7, 1.3]; M; € [0.1, 0.3];
L €1[0.07, 0.13]; r € [0.7, 1.3].

MHO0€eCTBO YNPaBISIONINX BO3JACHCTBUM COAEPKUT S5 3HAUCHUN

U €{0, 0.25Uy 000 0.5Usmaxr 0.7 5Umars Umax ) (20)

[Ipn MonenupoBaHMM 3aMKHYTOW CHCTEMBI 3HAYEHHS I1apaMeTpOB
paBusl J =0.219, k,, = 0944, M; =0.237, L =0.113, r = 1.061
wo = 0.234.

[Tonyuennoe 3nauenue CKO paBuo 0.065. IIpu stom CKO
paccuuTHIBaeTCA MO BCEMy INEpeXoJHOMY mporeccy. i1 ycTaHOBMBIIETO
pexuma CKO paBuo 0.015, uto cocraBnsier npumepHo 45 % ot pasmepa
SIUENKU TUCKPETU3AIH IPOCTPAHCTBA COCTOSHUSL.

Mo cpaBHenuto ¢ padoroii [30], B KOTOPOi peann30BaHO yIpaBiIeHHE
¢ 0OpaTHOM CBSI3pI0 1O BBIXOJHOW BEIMYMHE (W) MOXKHO OTMETHTh
crenyromee. B pabore [30] peamu3oBaH aITOpPUTM, IPH KOTOPOM
HeoOXoauMO 0O0ydeHHE IPH HEM3BECTHBIX, HO IOCTOSHHBIX IapaMmeTrpax
JBUTATENs U 3afaHHOl Harpyske. [Ipn n3meHeHnn mapamMeTpoB M Harpy3Ku
TpebyeTcsi 3aHOBO 00y4aTh aIrOpPUTM yNpaBieHUs. B naHHOM ciydae He
TpeOyeTcsl Kbl pa3 00y4aTh alNropuT™ yrpasienus. [{i1s npumepa, Ha
pHUCYHKaX 5—8 IpeCcTaBIIeHbI IEPEXO0JHBIC MPOLIECCH] B 3aMKHYTOH CHCTEME
IIPU  CKauyKOOOpa3HOM W3MEHEHHHM Harpy3KH U JKEIaeMOil YacTOTHI
JIBUTATEIS.
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- -

12
10 (ﬂ{t}
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t,c
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4] 1 2 3 B 5 & 7 &
Puc. 5. U3menenue actotsl B cucteme (3) — (6), (19), (20) mpu cxatuxe 3amaromiero
BO3JIEHCTBUS W

150 -

125 | u(t)

1400 f. Dol S 280
075 _.:
0.50 g

025 1@ e ae
000 4 @ D
-0.25
R T T T &t’ca

Puc. 6. U3smenenue ynpasnenus B cucteme (3) — (6), (19), (20) npu ckauke
3a/1aI01LET0 BO3JEHCTBUS W

Ha pucynke 5 u pucyHke 6 B MOMEHT BpeMEHH t = 4 C MPOUCXOTUT
CKauKkooOpa3HOE€ H3MCHEHHE 3aJalollell 4YacTOThl BpAIICHHS Baja
meuratens ¢ 0.8 mo 0.5. Anroput™m ynpasieHus (6) mociie HepexoIHOTO
mporecca CTa0MIM3MPYET YacTOTy BpAIEHHs B OKPECTHOCTH HOBOTO
3HaueHuA. Ilpm MomenMpoBaHWMHM 3aMKHYTOW CHCTEMbI €€ MapaMeTpsl
CreHEepHPOBaHbl Cly4ailHbIM 00pa3oMm u pasBubl: | = 0.119, k,, = 0.969,
M; = 0.115, L = 0.106, r = 0.922. CKO omu0Ku ymnpaBjicHHUs B TCUCHHE
Bcero BpeMenu cocrasuwiio 0.034, a B yctanoBusiuemcs pexxume 0.017.
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12 o) =

10
0.8
06
04
02
0.0

t,c

=0.2 1 T T T T T T T
o 1 2 3 4 5 [ 7 B

Puc. 7. 3menenue yactotsl B cucteme (3) — (6), (19), (20) npu ckauxe Harpy3ku M,;

150 =
125 | U(1)
100 .. —

075 o

050 1= [y
025 1@
oo {e
-0.25 -
S
=0.50 T T T T T T T
0 1 2 3 4 5 & 7 8
Puc. 8. 3menenue ynpasnenus B cucteme (3) — (6), (19), (20) npu ckauke

Harpysku M,

Ha pucynke 9 npencraBieHa npoekuusi QYHKIMM LEHHOCTH JUIs
nerictus U, = 0 pu wy = 0.1. OyHKIMA TOCTpOCHA B JOTAPUPMHIECKOM
macmrabe. Tak Kak 3HaueHHWs (QYHKIMH OTPHLIATEIbHBIE, TO MOCTPOCHA
¢ynkus sorapudma oT MoAayns GyHKIMM neHHOcTH. IlosTomy ee
ONTHMAJIHOE 3HAYEHHE HAXOIWTCS B MHHHUMYME, KOTOPBIM MpPU MaibIxX
TOKaxX NMPUMEPHO COOTBETCTBYET 3HAUCHHIO W = Wy . [Ipy yBenudeHun Toka
OIITUMAJIBHOC 3HA4YCHHC (byHKLII/II/I IHEHHOCTU CMCIACTCd B CTOPOHY
BO3pacTaHUs w.

730 Wudopmaruka u aBromatusanus. 2025. Tom 24 Ne 3. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onnaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

af

L A L |

W
0 5 10 15 30 25 4y 9
Puc. 9. Ipoexims ¢pyukunn nennoctu log(—Q(w, 1)) mpu vy, = 0 u wy = 0.1

Ha pucynkax 10 u 11 mpeacTaBieHBI pe3ylbTaThl MOICIAPOBAHUS
00y4JeHHOH 3aMKHYTOH CHCTEMBI JUIS YIPaBICHHS YaCTOTOW BpPAIICHUS
JBUTATEIIS ISl HHKPEMEHTAIBHOTO yripasieHus (16).

12 =
it
- (t)
0.8 -
e A e e et
061 o
[ ]
044 ®
[ ]
0.2 nu'
0.0 -

t,c

—ﬂ'z T L T T T T L)
0 1 2 3 4 5 & 7 ::

Puc. 10. U3menenne 4acToTsl B 3aMKHYyTOU cucteMe (16), (4), (5), (19)

MogenupoBaHue NPOBOIWIOCH TIPH  CIEAYIOIIUX HapaMmeTrpax
neurarens: | = 0.29, k,, =1.081, M; =0.15, L =0.081, r =0.975,
wo = 0.7. B MmomeHT BpemeHu t=4 c HMeeTCS CKauOK HAarpys3kud 0
sHadennss M; = 0.2. [lpu stom BenmmumHa Au = 0.1, mar oOHOBJICHHUS
ynpasieHus paseH 0.05 ¢, a mar moxenupoBanus geuratens 0.01.
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B

CKO 3aMKHYTO#l CHCTEMBI B yCTAaHOBUBIIEMCS PEXHME COCTABHIIO
rubpunHas KOTOpOit

0.017, gyTo mpuMepHO B 2 pa3a MEHbBIIE pa3Mepa SYCHKH TUCKPETH3AIHH.
CHCTEMA,

OTtMmeTuM, UYTO MOJENUPYETCS

YIPABISFOLIMNA allTOPUTM SIBIISIETCS] JUCKPETHBIM, @ 00BEKT HENPEPHIBHBIM.

150 u{t}

1.00 1
.
( ERIENERNNNNEN Y

125 4

075{ o
L
0.50 {®
L

025
0.00

-0.25
;3

& s

t,c
6 7 B

=0.50 4
0 1

' 2
Puc. 11. U3menenne ynpasieHus B 3aMKHyToH cucteme (16), (4), (5), (19)

4. Pe3yabTaThl HATYPHBIX JKCIIEPUMEHTOB. [ TecTHpOBaHMSA
METO/1a YIPaBICHHUS IPUBOIOM Ha 0cHOBE Q-00ydeHHs OBl BEIOpaH MBI
npuBoA moctosiHHOro Toka RB300200-0B101RET0 Xapakrepuctuku ObLH

HM3MEPEHbI YMIIMPUYECKU U IPUBEICHEI B Tabnmie 1.
Ta6nuna 1. [TapamMeTpsl IPUBOA MOCTOSHHOTO TOKA
ITapameTtpsl npuBOAA Besnunna Horpemnocrts
MowmenT naepuuy, (Kr * M%) 10° 5107
Koadurment sskoro 6 7
tpenns, (H*m*c/pan) 210 >10
[poruso-3JAC, (B*c/pan) 0.0169 0.002
Conporusnerue, (Om) 10 1.5
WupyktuBHOCTS, (I'H) 2.83-107 310
MakcuMalbHOE HalpsHKeHHE,
12 -
B)
MakcumanbHas yrioBas
710 -
CKOpOCTH, (pan/c)
B xome 3kcrnepuMeHTOB HCCeIOBaHbl (HOPMUPOBAHUE YIPABICHUS

Ha ocHoBe MHOXecTBa (3). /st oOyueHnst 1 GopMHpPOBaHMS YIPaABICHUS

HCIIONIb30BaHkbI cpenicTBa Matlab/Simulink.
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IIpu ympaBnernn Ha OCHOBE MHOXecTBa (3) oOyuenue mmiocs 500
TBIC. SIHM30J0B MO 5 ceKyHJ Kaxabpid. [locme oOydeHHs B BHPTyaJbHOU
cpelie anropuTM YIPaBIIEHUs MPUMEHSETCS Ha peasbHOM mpuBoze. Lllar
JIMCKpETU3aIuM yrpasistoniero Hanpsbkenus paseH 0.5 B. CocrostHus 1o
YIJI0BO# CKOPOCTH AUCKPETU3UPYIOTCS ¢ Iarom 10 pam/c.

Cxema cucremsl ynpasnenusi B Matlab/Simulink npencraBnena Ha
pucyHke 12.

©]

—Homegagh

rl_voltage

+ «
= c
--- {J) ]| —o—
* d ol velocity
) u

Woltage

®
out.voltage2

Puc. 12. Cxema cuctems ynpasnenus B Matlab/Simulink

CxeMa TOAKIIOUEHHs MPUBOJA MpEJCTaBliieHa Ha pUCyHKe 13, a
BHEIIHMH BUJI CTEHA JUIS SKCIIEPIMEHTa — Ha pUCYHKe 14.

w, U

MK WuTeptheiic BISS-C
STM32F767 |

NNP-DA23T

WM Ban
A 4

Mpeobpa3osarens
L298N

A4

DC12v

h

WcTodHuk
nutaHua 128

Puc. 13. brok-cxema moJaKIII0YeHUsT TPUBOAA
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Kaxk BugHO U3 prucyHka 13, moakIt04eHne IPUBOIA OCYIIECTBIISETCS
yepe3 mukpokontposiep STM32F767 u mpeodOpaszoBarens L298N. [lns
W3MEpPEeHHs] YacTOThl BpAICHUS Bajla JBUTaTeNsl HCIOJb3YeTCs JaT4hK
JINP-JA23T.

Puc. 14. Cxema ymnpaBieHus peanbHbIM IPUBOAOM

Iepexonmuple  mporecchl  OOYyYEHHOW  CHCTEMbI  YIpaBIICHHs
MpeICTaBICHBI Ha pUCYHKax 15 u 16.

Pe3ynbTaThl SKCIIEpUMEHTA ITOKA3BIBAIOT, YTO OLIMOKA ITOICPIKAHUS
YacTOTBl COCTaBJIsIET OKONO 25 paxa/c, 4ro cocraBiusier 2,5 miara
JUcKperu3anuu 1o 4actore. OCHOBHOW BKJIQJ B OIIMOKY YIpaBIICHHS
BHOCSIT U3MEPUTENBHBIE LITYMBI.

PesynbraThl MoOnmeNMpOBaHWS IS CHUCTEMBl  YIPaBJEeHUS C
Bo3HarpaxxaenueM (17) u ¢usTpom (18) mpexncraBneHsl Ha pucyHkax 17
n 18. Kak BunHO 13 pucyHka 17 ommOka ynpasiieHns: cocTaBuiIa okojio 10
pan/c, 9TO COOTBETCTBYET MCIOJIB3YEMOMY IIary MUCKPETHU3alUH YaCTOTHI
BpaIICHUs 110 YPOBHIO.

734 Mudopmarrka u aBromarnzanus. 2025. Tom 24 Ne 3. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onnaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

¥Yrnoeaf cKopocCTb (paasct
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Puc. 15. YrnoBas ckopocTh IS yIIpaBiIeHUs U3 MHOeCTBa (3)

10

0 L L L i f f L L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Bpems (Mc) %104

Puc. 16. YrioBast ckopocTh [UTs YIIpaBJICHUs U3 MHOXKECTBA (3)
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Puc. 17. YrnoBast ckopocTs [UIsl yIpaBiIeHHsI U3 MHOXeCTBa (3), BOSHArpaKIeHHs
(19) u punsTpa (20)
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Puc. 18. YrioBas ckopocTh 1UIs YIIpaBIeHUs U3 MHOKECTBA (3), BOZHATPAXKACHHSA
(19) u dunsTpa (20)
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3akioueHue. B craTbe mpencTaBieHbl PE3yNbTAThl MCCIECAOBAHUS
0 MpUMEeHEeHHI0 Q-MeTo/1a 00YUICHHUS C MMOAKPETUICHHEM IS CTaOMIN3aun
BBIXO/IHOW BEJIMYMHBI JWHAMUYECKOrO OOBEKTa B 3a[JaHHOM 3HAYCHUH.
[IpoBeneHHBIN aHANIM3 JUTEPATYPhl TOKa3al, 4TO B OOJBIIMHCTBE padoT
pa3BUBAIOTCSI OH-JIAHWH METOABI OOYYEHHs, KOTOpble HE TIO3BOJISIOT
YJIOBJIETBOPUTH TpeOyeMBbIM NPSIMBIM IIOKa3aTeNIsiM KadecTBa B Ipolecce
amanrauu. B a0l cBs3um od¢-nmaiiH MeTonpl 0OydeHHS! NPENCTaBISIOT
HHTEpeC Ul TEXHUUECKUX CHCTEM.

Pe3ynbraTsl, MonydeHHBIE B JAHHOW CTaTbe, MO3BONSIOT CHENATh
CJIEAYIOLINE BBIBOABL:

- obp¢-maitn Q-meronm OOy4YEeHHS C JOUCKPETHBIM BXOIOM U
BBIXOZIOM TMO3BOJISIET CTAOWMIIN30BAaTh BBIXOA AWHAMUYECKOH CHCTEMBI C
BO3MYIIEHHEM, ITApAMETPBI KOTOPOH SABIAIOTCSA MHTEPBANbHBIMU. [Ipn 3TOM
CTaOmIn3alusl OCYLIECTBISIETCA C TOYHOCTBIO, OIPENENIIeMON IIaroM
JUCKpPeTH3aIHH;

- C WCIONb30BAaHMEM HATypHOIO JKCIIEPUMEHTa IIOKa3aHO
OTCYTCTBUE HEOOXOAUMOCTH J0OO0YYEHUs] arOpUTMa YIMpPAaBJICHUS NpU
nepexojie U3 BUPTYAIBHOM Cpelbl K pealbHOMY OOBEKTy. JTOT (aKT
TI03BOJISIET CO3/]aBaTh HA OCHOBE AITOPUTMOB OOYYEHUS C TOAKpEIIEHHEM
HOBBIH KJlacC pPOOACTHBIX CHUCTEM YIIPaBIEHHS JUIS HCIIOJHUTEIBHBIX
MEXaHU3MOB;

—  IOJIy4eHHBII AITOPUTM SIBIISICTCS BBIUUCIIUTENIEHO
¢ pexTuBHBIM. [l HAXOXKAEHWSA YNPABICHUS IOCTATOYHO PEaIM30BaTh
JOCTYNIl K BJIEMEHTaM TaONWYHBIX (YHKIWHA [EHHOCTH IO HMMEIOIIUMCS
HMHIEKCaM M (YHKIMIO TIOMCKa MakCMMyMa B MaccuBe pasmepoMm 1 X N,,.
[To cpaBHenuto ¢ TpaautmonnsiMu [IW/]-perynstopamu, TpeOyromuMu
peaiu3aluy YUCICHHOTO WHTErpupoBaHus U auddepeHpoBanus, Takoi
peryisitop obiagaer 6osee BRHICOKUM OBICTPOJICHCTBHIEM;

- B paboTe MpemIokKEeH NOAXOA K YMEHbIIeHWIo uucia N, ,
KOTOPBIH ~ 3aKJIOYacTCsi B  HMHKPEMEHTAIbHOH (opMe  BBIYHCICHHS
ynpaBieHuss (18). B oarom cmywae ympaBlneHHWE U, CTaHOBHTCS
JUHAMHUYECKHM, TaK KaK OHO 3aBHUCHT OT NPEABIIYIIETO 3HAYEHUS Uj_q .
W3mensas BenumuuHy Auj;, MOXHO YMEHBLIATh BEIWYMHY IUCKPETHU3ALMU
ynpasnenus npu N, = 3.

IIpencraBneHHblii B JaHHOW CTaThe IMMOIXOA MOXET OBITh
3¢ PEKTUBHO NMPUMEHEH VISl TOCTPOEHUsI POOACTHBIX CHCTEM YHPABIICHHS
o0bekTamu 2-3-ro mopsiakoB. O4eBHIHO, YBEIUYECHHE YHCIA NEPEMEHHBIX
MIPUBEIET K HEOOXOAMMOCTH HCIIOJIb30BAHUS PA3UYHBIX, B TOM 4YHCIIE
HEHpOCeTeBbIX, anmpokcuMarmii. OJJHaKo, NCTIOJIF30BaHIE ANMPOKCUMAIIH
(YHKIIMM LIEHHOCTH, BMECTE C pa3le]CHHOH cTparerueil oOydeHHs, Npu
HEOOXOMMOCTH  HCIIOJIB30BAaHHMS OIEHOK BO3HArpaKACHUH BMECTO
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(GaKTUUeCKNX BO3ZHATPAXKICHUH WM TOJHBIX JOXOJOB, HPUBOIUT K
mpobiiemMe pacXoJUMOCTH aIrOpUTMOB 00ydeHus. Kpome Toro, cxoamMocTs
npolecca anmpoKCUMAllMM, CTPOro TOBOps, JOKa3aHa TONBKO JUIS
OJTHOCJIOWHBIX HEHPOHHBIX ceTed (KOTOPBIMH MOXET OBITh MPENCTABICHO,
HallpUMep, PaJUaIbHO-0a3UCHOE WM IIOJMHOMHAIBHOE Da3JIOKEHHE).
Haubonee  TouHas  MHOrOMepHas  amNNpPOKCHMAIMsA  JOCTUTAeTCs
MHOTOCTIOMHBIMH HEHpPOHHBIMU CETAMH, JJI1 KOTOPBIX HE JOKa3aHa
aCHMIITOTUYECKAsl CXOAUMOCTh B JUHAMUYECKUX CUCTEMaX.
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M. MEDVEDEV, V. PSHIKHOPOV, 1. EVDOKIMOV
A ROBUST CONTROL ALGORITHM FOR SINGLE INPUT
SINGLE OUTPUT DYNAMIC OBJECT BASED ON TABLE-BASED
Q-METHOD OF REINFORCEMENT LEARNING

Medvedev M., Pshikhopov V., Evdokimov I. A Robust Control Algorithm for Single Input
Single Output Dynamic Object Based on Table-Based Q-Method of Reinforcement
Learning.

Abstract. The article provides an overview in the field of dynamic object control systems
based on reinforcement learning. Based on the analysis, it is concluded that the development of
control methods based on reinforcement learning is relevant. The article proposes an intelligent
algorithm for robust control of stable dynamic objects with one input and one output, based on
the tabular Q-learning method of zero order. The algorithm stabilizes the output value of the
control object with a given error if the parameters and external disturbances of the object are
piecewise constant unknown quantities, and the state vector is measurable. The novelty of the
proposed algorithm lies in a new incremental method of control formation, which allows, based
on a set of three possible actions, to stabilize the control object. The proposed method of
forming a set of control actions makes it possible to ensure the required accuracy of stabilizing
the output of an object by changing the amplitude of the control increment. The proposed
algorithm has high computational efficiency. After training, the control calculation is reduced
to calculating indexes based on measurement results, reading data from memory based on
calculated indexes, and finding the maximum value in a small vector. For a discrete description
of the control object, the conditions of convergence of the learning algorithm and the limitation
of the control error are investigated. The developed algorithm is demonstrated by the example
of the synthesis of robust control of a DC motor with independent excitation. In the course of
numerical simulation, the quality of a closed system is investigated when the parameters and
the control action change. The analysis of the simulation results allows us to draw conclusions
about the effectiveness of the synthesized algorithm. The article also provides the results of a
real experiment that demonstrate the technical feasibility of the algorithm obtained. This issue
is important, since the analysis of sources shows an almost complete lack of technical
implementation of control systems for dynamic objects synthesized using reinforcement
learning methods.

Keywords: robust control, reinforcement learning, Q-learning algorithm, dynamic objects,
uncertain parameters, convergence of the learning algorithm.
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A.C. AHTHIIOB, }O.I". KOKYHBKO, JI.A. BOb®, A.C. [LIMPOKOB
CHUHTE3 KOMBUHUPOBAHHOI'O YITPABJIEHUSI
OPUEHTALIMEM U BBICOTOM KBA/IPOKOIITEPA HA OCHOBE
BJIOYHOI'O MOAXOJA C CUTMOBUIHBIMUA OBPATHBIMHU
CBA3sIMHAU

Anmunos A.C., Kokynvko FO.I., Boavgh /[l A., Illupoxos A.C. CHHTe3 KOMOMHHPOBAHHOIO
YHpaBJIeHHsI OPHEHTAlMell M BBICOTON KBaJPOKONTEpPa HA OCHOBE 0JIOYHOIO MOAXO0AA C
CHTMOBHHBIMH 00PATHBIMH CBSI3SIMH.

AnnoTanus. B pabore paccmaTpuBaercs mpodieMa yrpaBlIeHHs OpHeHTanueil i BEICOTOH
KBaJIpOKOIITepa IPH HAINYHU HEONPEIeIeHHOCTe!H B Mozien oObexTa. [Ipy penennn jaHHOU
npo6JaeMbl  OCOOCHHO — aKTyalbHO  YYHTBIBATH ~ OCOOCGHHOCTH  OOBEKTAa:  CHIIBHYIO
MOABEP>KEHHOCTh KONEOaHUsIM KpPEHa, TAHTaXa U BBICOTHI U3-3a KOHCTPYKIIMH KBAaAPOKONTEPa
W JUHAMHKHA MOTOPOB (TIPM 3TOM pBICKAaHHE HAaWMEHee IIOJBEPXKEHO KOIeOaHWsIM H3-3a
JMHAMHMKH MOTOPOB II0 CPAaBHEHMIO C JAPYTHMH PETYIHPYEMbIMH IepeMeHHbIMH). Jlims
JOCTIDKEHUSI BBICOKOTO KauecTBAa PETyIHPOBAHHS IPH HAIUYUU HEOIPEIENeHHOCTEH, Kak
NPaBWIO, NPUMEHSIOT KOMOMHHMpOBaHHOE ympapieHne. OHO CTPOUTCS Kak CyMMa JBYX
yacTei: 06a30BOH CTaOMIM3UPYIOLICH M YacTH, KOMIICHCHPYIOLICH HEONPEACICHHOCTH C
MMOMOMIBI0 HabIroAaTesst Bo3MyIeHuit. CTannapTHO 00e 4acTH coliepikaT JIMHEHHbIE 00paTHbIE
cBs3H. OnHAaKo NIpH OTPAOOTKE BBIXOIHBIMU NEPEMEHHBIMH OOBEKTa HETJIAJKUX 3aJarolinX
BO3JCHCTBHII JIMHEHHBIE OOpaTHBIC CBS3M MOTYT HPHBOAMTH K IEPEPEryIUPOBAHHIO U K
YBEJIHYEHHIO KojJeOaTelbHOCTU. [l IpeoTBpalleHns 3THX IpobieM B paboTe MpeioskeH
3aKOH KOMOMHUPOBAHHOTO YIIPABICHHS C TJIQJKIMH U OTPaHMYCHHBIMH OOPATHBIMH CBSI3SIMH B
BHUJIe TUIIEPOOINIECKOr0 TaHTeHea. JlaHHbIe 00paTHBIE CBS3H HCIOIb3YIOTCS U B PETYIsTOpE, U
B Habmofarene BosMylieHui. IIpu 5ToM cHHTe3 yHpaBieHUH OCyIIecTBISETCS Ha OCHOBE
CTPYKTYPHBIX CBOICTB 00BEKTA C IIOMOIIBIO O1049HOr0 noaxoaa. Ero npumenenne obecrednio
HMHBAapHAHTHOCTH BBIXOJHBIX IIEPEMEHHBIX 110 OTHOLICHUIO HE TOJBKO K COINIACOBaHHBIM, HO U
K HEeCOIJIACOBAHHBIM HEOINPEJEICHHOCTAM, a TakkKe MO3BOJIMIO HOCTPOUTH HabIIonaTensb
BO3MYIICHNH MHHUMAQJIBHO BO3MOXKHOTO mopsaka. Kpome TOro, IOIOIHUTENBHO IS
YMEHBIIEHHsT KoJeOaHHi B 3aKOH YIPABJICHHUs BBEJEHA YacTh C YCKOPEHUsIMH oObekrta. J{is
peanu3alyy npeioKeHHOTo MoAX0a JOCTATOYHO 3HATh HOMHUHAJIbHbIE 3HAUEHHUsI HEKOTOPBIX
rapamMeTpoB 00BEKTa U JOIyCTHMbIE I'PaHUIBl N3MEHEHHS HeolpeneneHHocTeil. [IpuBenenHst
pe3yJIbTaThl HATYPHBIX JKCIIEPMMEHTOB Ha KBajapokontepe ¢ pamoil F450 m pesynbrarsl
CPaBHHUTEIBHOTO aHaM3a MPEUIOKEHHOTO IMOAXO0Aa € TEeM, IJie HCIHOJb3YIOTCS JIMHEHHbIE
yIIpaBIICHHS.

KiroueBble ciioBa: OecnWIOTHBIM JieTaTebHBIN amnmapar, BHEIIHHE BO3MYILEHUS,
KOMOUHHUPOBAHHOE YIIpaBIICHHE, OJOYHBII OIX0M, THIePOOIMIeCcKUil TAHTeHC.

1. Beenenne. B Hacrosimee BpeMsi NpUMEHEHHE OECHMJIOTHBIX
netarenbHbIX amnaparos (BITJIA), B ToM 4ncie KBaJpOKONTEPOB, aKTUBHO
pa3BHUBaeTCS BO MHOTHX cdepax /I BBIIOJHEHUS Pa3HOOOPA3HBIX 3a/1a4:
JUIsl KapTorpadyy M TEOJe3UH; Il ChEMKH C BO3jyXa; JJIsl oOecreueHus
MpaBoTOpsiiIKa W OOIIECTBEHHOW 0E30MacHOCTH; ISl  TOMCKOBBIX,
criacaTeNbHBIX paboT M OKa3aHWS IOMOIIM; JUI JIECHOTO U CEIILCKOTO
XO3SHCTBA; AT HHCTIEKIIUH JIMHUH 3JIeKTporepeaad; Uil 00pa3oBaTebHBIX
U IpyTuXx menei. B cBs3m ¢ 3THM akTyasibHa pa3pabOTKa aBTOMaTHYECKUX
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CHCTEM YIpPAaBICHUS KBaJAPOKONTEPaMH, IO3BOJIIONIAs BBINOJIHITE BCE
HEOOXOAWMBIC IIeTM M YYUTHIBAIOIMIAA OCOOEHHOCTH (PYHKIIMOHHMPOBAHUS
00beKTa U ero MaTeMaTu4eckor Mojenu. M3 aTux ocoOeHHOCTEeH 0TMETUM
HEJIMHEITHOCTh, OTHOCHTENBHO OOJIBIIOW TOPSIOK MoAenH, AeUIUT
YIOpPAaBJICHUM, Halu4due [EPEKPECTHBIX  CBA3EH, IapaMeTpPUYECKUX
HEONpE/ICIEHHOCTE W BHEUIHMX BO3MYIICHMH, HEMONHBI KOMILIEKT
JnaT4uKoB. V3-3a KOMIIIEKca JaHHBIX 0COOCHHOCTEH pa3paboTka podacTHOU
CHCTEMBI CIICXKEHUS sl KBaIPOKOIITEpa CYMTAETCSI CIIOXKHON 3amadeit. [1pu
9TOM 4YeTHIpE YNPABJICHHS IIO3BOJIIOT HE3aBUCHMO YIPABISATH TOJBKO
YEeTBIPbMSI BBIXOJHBIMH IEPEMEHHBIMH. VX BBHIOOp 3aBHCHUT OT (DYyHKIUH,
KOTOpbIE JOJDKEH BBINONHATH OOBEKT. B mpomeccax aBTOMaTn4eckoro
yTIpaBIIeHUsS] KBaAPOKONTEPOM O€3 anpHOpHOTO pabodero cueHapus, Iae He
MOXeT ObITh 3aneiicTBoBaH omeparop BIIJIA (mampumep, B IOMCKOBBIX
U CcTlacaTeNbHBIX paboTax), 1enecoobpasHO TMPHHATH TPU JIMHEHHBIE
KOOPAUHATBI U YIroJl PhICKaAaHHUA B KAa4CCTBC BBIXOAHBIX NEPEMCHHBIX. IIJ'IS{
pemieHuA 3aaaq (l)OTO- U BHUIACOCBEMKU MOI'YT HCIIOJB30BATHCA YIJIBI
Diinepa U BHICOTA, XKellaeMble 3HaueHus: KoTopbix onepatop BITJIA 3amaer
C ITOMOIIBIO MYJIbTA YIIPABICHUSI.

PacripocTpaHeHHBIMH METOJaMH  yNPaBJICHUs KBaJPOKONTEPaMHU
SIBIIIFOTCS MIPOTIOPIIMOHANEHO- TP EepEeHIIPYIOIINe Im u
MIPOTIOPIHOHANBHO-UHTErpanbHO-1udGepeniupytomue (ITM1) perynstopst
[1 — 3], meTroasl onTuMankHOTO [4 — 6], podacTHOrO [7 — 9] M amanTUBHOTO
ynpasienus [10 — 13]. TIJ] u ITHU/]-perymsaropsl MUPOKO MPUMEHSIOTCS B
Pa3IMYHBIX TEXHUYECKUX CHCTEMaxX B CHIIy IPOCTOH pealtn3aniy, KOTOPYIo
MOKHO OCYIIECTBUTh 0€3 3HAHWS MaTeMaTH4ecKOW MOJENH OOBEKTa
ynpasienus. OmHaKo U3MEHEHNE PEXUMOB (QYHKIIMOHUPOBAHHUI 00BEKTa U
BHEIIHUX BO3MYIICHHI OOBIMHO TpeOyeT MmepeHacTpOHKH KOd(PPHUINEHTOB
perymsatopa. Urobbl  pemmTes ATy  mpobieMy  UIL  HACTPOWKH
K03 (UINEHTOB NPUMEHSIOT MEXaHW3MbI ajantauuu [14] u HeHpoHHBIE
cetH [15]. OgHaKo 3TO YBENTUYMBAET KOJIMUYECTBO BBHIYUCICHHUM B peaTbHOM
BpPEMEHH U TpeOyeT MOIITHBIX OOPTOBBIX IMPOLIECCOPOB, a TAK)KE MPUBOIUT K
npobiieme nepeodyueHNs] HEHPOHHBIX CETEH.

MeTo/1pI ONITHMAIIBHOTO YIIPABJICHUS 00ECIIEYNBAIOT MAKCUMHU3AIIHIO
WIN MHUHAMH3ALHUIO BBIOpaHHBIX KpuTepueB. OJHAKO 3TH  METOJBI
YyBCTBUTEIIHBI K NapaMETPHUUECKUM HEOIPEECICHHOCTSAM ¥ HEM3BECTHBIM
BHEITHUM BO3MYIIEHHUSIM, KOTOpBIC BCETJla MMEIOTCS Ha NpakTuke. M3-3a
9TOTO METO/IBI CTAHOBATCS KBa3HONTHMAIbHBIMU.

Cpenun MeTogoB poOACTHOTO yNPABICHUS BBIAEIHM  METOJBI
VIpaBICHUS Ha CKOJB3SAIMUX peknMax [8 —9] W MeTonpl KOMIIEHCAIHH
BO3MYIIEHHHA C TIOMOINBIO TMOCTpoeHHs uX HaOmomatens [16—20].
CraHgapTHele  METOABI  YNPABIEHUS HA  CKOJB3SMMX  PEXHUMAax
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o0ecreunBalOT HWHBAPMAHTHOCTh 110 OTHOIICHHUIO K COTJIACOBAHHBIM
HEONPEEIEHHOCTSM 1 BO3MYILECHUAM (TEM, KOTOPbIE JEHCTBYIOT 110 OJHUM
KaHaJaM C YIpaBJIeHHEM) 3a cueT UX nojaaBieHusa. CyIIecTBYIOT Takxke
MoaudUKaIIU METOZIOB pu HaJINYUU HECOIJIaCOBAaHHBIX
Bo3MytieHuii [21]. HemoctaTkoM METONIOB yMpaBieHHs] HAa CKOJB3SIIUX
peXUMax  SBISETCS — «4aTTepuHr»  (mapasuTHble  KojeOaHus B
YCTaHOBMBIIEMCS PEXHUME, KOTOPble BO3HHMKAIOT M3-32 KOHEYHOM 4acTOTHI
MIEPEKTIOYEHUH U WHEPIMU HCIIOJIHUTENBHBIX YCTPOHCTB). Jli1st GOphObI ¢
«4YaTTEPUHIOM»  HMCCIEIOBATENH IOBBIIIAIOT TOPSJOK  CKOJB3AMINX
peXUMOB [22], OIHAKO 3TO YBEIMYMBAET BBIYUCIUTEIBHYIO CIOXKHOCTH H,
KaK IpaBWIO, HE TMO3BOJISIET IIOJHOCTBIO W30AaBUTHCS OT  SIBICHMSA
«4aTTepuHTa». B HacTosee BpeMs IS yITydIlIeHUs TI0Ka3aTeNlel KauecTBa
PETYIMPOBAHMS HCCIIEAOBATENN KOMOMHMPYIOT OIMCAaHHbBIE CTAaHAAPTHBIC
METOJIbI ¢ METOJaMH HWCKYCCTBEHHOTO HHTesiekTa [23] (B ToM uyucie
C MCITONIb30BaHUEM HEHpOceTel) U ¢ MeToJaMH HeUeTKOH JIoTHKH [24].

KoMmnencupoBaTh HEONpPENENCHHOCTH M BO3MYIIEHHS MOXKHO
C MOMOLIBbIO TIOCTpOeHUST MX HaOmozparenei. I[Ipu sToM mnepeMeHHBIE
HaOnrofareneil MpeaoCTaBISIIOT OLIEHKH HEONPE/IeIEHHOCTEH B pEXUME
peanbHOro BpeMeHu. Takum obOpazom, B omimume ot 1M ]/I-perynstopos,
IIPUMEHEHHE MAaHHOTO METOJa MOXKET O0ecCIednTh pPaboTOoCIoCOOHOCTH
3aMKHYTOH CHCTEMBI IIPH CMEHE PEKMMOB pabOThl 00BEKTa Oe3 U3MEHEHHUS
koo dumenros peryisropa. st 3TOro JOCTaTOYHO 3HATH JIOITYCTHMBIE
JMana3oHbl U3MEHEHHs HEU3BECTHBIX MapaMeTpoB M Bo3MylieHWd. Ilpn
9TOM BBIYHCIUTENbHAS CIOXHOCTh CXEMBI YIIPaBJICHUS C HaOIoAaTerIeM
Bo3MymeHni comoctaBuma ¢ [INI-perymupoannem. OQHAaKO HACTpoika
CXeMBI C HabIroaTeNieM MOXKET OBITh OoJiee TPYAOEMKON B CHITy TOTO, YTO
ms [T d-perynupoBanus — pa3paboTaHbl  ynoOHBIE  WHCTPYMEHTHI
aBToMaTmdecko  HacTpoiiku B MATLAB ¢  moip30BaTenbCcKuM
unrepdeticom (PID Tuner app).

Ilo cpaBHEHUIO C METOAOM KOMIIEHCALIMM BO3MYIIEHHH Ha OCHOBE
MOCTPOEHMSI WX HaOmIoAaTens, A pealn3alliil METOJOB adalTUBHOTO
yIpaBJjeHus He TpeOyeTcs yCTOWYMBOCTH PAa3OMKHYTOH CHCTEMBI, U HE
HYXXHO 3HaTh TpaHHIBl M3MEHEHHs HeonpenesneHHocTed. KoadduuneHTts
peryistopa B peKUME PEalbHOTO BPEMEHH aJalTUPYIOTCS K M3MEHEHHSIM
HEONpe/IeNeHHOCTEH, 4To o0ecrieunBaeT MPUMEPHO OJMHAKOBOE BBICOKOE
Ka4ecTBO PETYIMPOBAHMS JlaKe IPHU CMeHe pabouux pekuMoB. OnmHaKo
HCIOJb30BAHUE MEXAHM3MOB aJaNTallM YBEIWYHBAET BBIYUCIUTEIBHYIO
CJI0’)KHOCTB QJIFOPUTMOB YIPABICHUS U JMHAMHYECKUI MOPAJOK 3aMKHYTON
CHCTEMBI, YTO MOXET IPUBECTH K 3ala3bIBaHUIO NpU (HOPMHUPOBAHNHU
YIPAaBISIOUX BO3AEHCTBUH.
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B nmamnO#l paboTte paccMmaTpuBaeTca mpobOiemMa CHHTE3a CHUCTEMBI
YIOpPAaBJICHUS OpHUEHTAlMed W BBICOTOM KBaJApOKONTEpa MpU HAIUYUHU
MapaMeTpUIEeCKUX HEOMPENEICHHOCTE W TMpH JEHCTBUM Ha OOBEKT
BHEIIIHUX BO3MYIICHHNA. DTa mpodiieMa MOXET ObITh aKTyaJbHOW mpu
npoBeneHur (HOTO- U BUICOoCheMKH ¢ omepatopoM BITJIA. Ilpemnaraercs
pemiath 3aJady Ha OCHOBE OJIOYHOTO MOIXOAa [25] WM pPOJCTBEHHOTO
CHMM MeToJa obOpatHoro xoma [21,26] W  KOMIIGHCHPOBAThH
HEOIPENEIICHHOCTH C  TOMOIIBID  TIOCTPOCHUS WX  HAOIoJaTess.
B crarmapTHBIX TOAXOIaX Kak B PErymsATOpe, TaKk W B HaOIomaTene,
HCTIOJNB3YIOT JTUHEWHBIE 0OpaTHEIe CBiI3U. OIHAKO 3TH YIPABICHHUS MOTYT
MPUBOJUTH K IEPEPEryIMPOBAHUIO U BCIUIECKAM OLIEHOYHBIX CUTHAJIOB, YTO
KPUTUYHO Ha MpPaKTUKE, KOIZAa HMEIOTCS OTPAHMYEHUS] HA IEPEMEHHBIE
COCTOSIHUS W ympaBieHus. [Ipyu 3ToM B pamKkax MeToja oOpaTHOTO XOna B
o0miemM ciydae MOXKHO BBITIOJHUTH 3a/laHHbIE OTPAaHUYCHHUS TOJBKO Ha
BBIXO/IHBIC [TEPEMEHHBIC C MMOMOIIBIO0 OapbepHbIX GyHKIwi JIsmynosa [13].
Jnst  yueta orpaHWYeHUH Ha CKOPOCTH W YCKOPEHUS TMPUXOTUTCS
HCIIOJIb30BaTh JPYTHe METOIbI.

B nanHO# paboTe AJsl TOr0 YTOOBI KOMIUIEKCHO OOOWMTH YKa3aHHBIC
npoOJieMbl  MpeajiaraeTcs HCMOib30BaTh IVIaJKUEe M OTpaHUYEHHBIE
JIOKaTbHBIC OOpATHEIC CBSI3U B BUE THUIIEPOOIIMIECKOTO TAHTEHCA, KOTOPBIN
MIPUHAJICKAT KIACCY CHTMOBUAHBIX (DyHKIWMIA (curmMoum). ITH oOpaTHBIC
CBsA3M OyIyT TPUMEHEHBI NPU CHUHTE3C PETYIITOpa W HaOIromaTens
BO3MYIICHHA C y4eTOM OCOOCHHOCTeH MaTeMaTHYeCKOW  MOJENH
KBazipokonTepa. Hay4Has HOBU3HA pabOTHI COCTOHT B CIICAYIOMIEM:

1. Ha ocHOBe penylMpOBaHHOW MOJENU, HE BKIIOYAIOLIEH
KOHTYpbl YIPAaBJIECHUS JIMHEHHBIMM T'OPU30HTAJIBHBIMHU IEPEMELEHUSIMH,
JUIA yTIpaBICHUS OPHEHTAIMeH M BBICOTOW KBaJIpoKomTepa pa3paboTaHa
JIEKOMIIO3ULIMOHHAsl MPOLEAypa CHUHTE3a CHUCTEMBI ciexeHusa. IIpu atom
CHHTE3 TIPOMCXOIWT Ha OCHOBE OJIOYHOro TOAXoda. B pesynabTare
c(hOpMHPOBAHO KOMOMHHUPOBAHHOE YITPABICHUE, KOMIICHCHPYIOIICE YacTh
OIICHMBAEMBIX  MApaMETPUUECKUX U  BHEIIHWX  BO3MYIICHUH W
nemrdupyroniee KojcOaHWs, BO3HUKAIOIIME W3-32 JHUHAMUKHA MOTOPOB.
CraObuim3upyromasl COCTABJISIOMAas B BHJC BIOXKCHHBIX CHIMOBHIHBIX
¢yHkmmii  oOecrieyMBaecT  MEPEXOJHBIC  TPOIECCHl  0e3  OONBIIoro
NepeperyaupoBaHusi W TMOJABISET JAPYryl0 4YacTb HEOLEHUBAEMbIX
HeormpeneneHHocTe. @opManm3oBaHa Ipoeaypa BIOOpa KOIPPHUIIMESHTOB
peryisitopa, 00eCTIeYNBAIOIINX OTCICKUBAHAE BBIXOIHBIMH MTEPEMEHHBIMH
STAJIOHHBIX TPAEKTOPUM C 3aJaHHOM TOYHOCTBIO M 32 33JaHHOE BpEMSL.
Iloka3aHo, 4YTO KOMIEHCallds HEOINPENEICHHOCTEN peanuzyema MpHu
TapaMeTpUYECKH HEOIPEAEICHHOM BXOJHOM MaTpulie.
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2. Paspaboran  HaOJOIaTENb BO3MYIICHHH  MHHHMAJIBHO
BO3MOXXHOTO  TIOpSAOKa,  IO3BOJSIOMIMN  BOCCTAaHOBHTH  BHEIIHHE
BO3MYILEHUSI 110 MX BO3ACHCTBUIO Ha OOBEKT yIpaBiieHHs Oe3 HaInuus
JUHAMUYECKOW Mojaenu Bo3MmymieHud. OIIEHKH HEompeneIeHHOCTeH
MIPEAOCTABIISIOT CUTMOBUHBIE KOPPEKTHUPYIOLIUE BO3JICHCTBUSA
HAOIOAATENsI, YTO pPACIIMPSACT KIACC JOMYCTUMBIX I OLCHUBAHUS
HCOIPENICIICHHOCTEH 332 CYET HETIAJKUX W U3MCHSIOIIUXCSA BO BPEMCHHU
¢yHkmi (0 CpPaBHCHHIO C HEKOTOPHIMH HW3BECTHBIMH TEXHHKAMU
KOMIICHCAITNN BO3MYIICHHH C TOMOINBI0 HaOmromatenedt wmmm  Active
Disturbance Rejection Control (ADRC) [16], mis peanu3amiu KOTOPBIX
[oJlaraeTcsi, 4TO  HEOIPEINCIIEHHOCTH  SBISIOTCS  MOCTOSTHHBIMH).
@opManm30BaHEl ~ HEPABEHCTBA M HACTPOHKH  KOX(PPHUINEHTOB
KOPPEKTHPYIOIINX  BO3JCHCTBUII ~ HaOmromaTtens,  OOECIIEYMBAOIIIX
OILICHUBAHME HEOIPE/ICNIEHHOCTeH ¢ 3aJJaHHON TOYHOCTBIO M 3a 3a/JlaHHOe
BpEMs oe3 6OJ'H)H_U/IX BCIUICCKOB OLCHOYHBIX CHUI'HAJIOB, XapPaKTCPHBIX JId
JNMHENHHBIX HabOmroAaTenel ¢ 6onpmmmMu ko3 puimenTaMu ycuneHus.

3. IlpuBencHBI pe3yibTaThl apoOanuu pa3paOOTaHHOW CHCTEMBI
yIpaBJIeHUs Ha KBaJpOKONTEpe CO cTaHaapTHOW pamoit F450 u ¢ noneTHpiM
KoHTposuiepoM Ha MukpocxeMe MDR32F9Q2I (mpousBomutens «IIKK
Munasap»).

4. TlpuBemeHsl pe3yNbTaThl CPABHUTEIBHOTO aHAIHM3a 3aMKHYTHIX
CUCTEM C TpeJlaracMbIMU CUTMOBHIHBIMH M KJIACCHYSCKUMHU JTUHEHHBIMU
CTaOMIM3HPYIOMMMA OOpPAaTHBIMU CBSI3IMH TPU OTPabOTKE HETJIAJKIX
3aJal0IIUX BO3IEHCTBUMN.

Pabora mmeer creayromnyo CTpykTypy. B pasmene 2 mpencraBieHa
MaTeMaTH4eckass MOJENb KBagpOKONTepa, (OpMaIN30BaHA IIOCTAHOBKA
3amaud M cHOpMYIHPOBAHBEI BCE HEOOXOIMMEBIE IMPEINOIONKECHUS I ee
pemrenus. B pasmene 3 Ha mpuMepe CHCTEMBI BTOPOTO TIOPSIKa C
COrjlaCOBaHHbBIMU U C HECOTJIACOBAHHBIMH BO3MYUICHUAMU q)OpMaHI/ISOBaHa
mnmpoueaypa CHHTE3a 3aKOHa YIpaBJICHUA B BUJC BJIOKCHHBIX CUTMOBUIHBIX
¢byukumii.  Jlanmee 3TOT MOAXOJ  PACHPOCTPaHSACTCS Ui MOJICIH
KBaJlpoKonTepa: B paznesnie 4 paspaboraHa Moaudukanms OJI0YHOrO
MOJX0Ja C CHUTMOBHIHBIMH OOpPaTHBIMH CBSI3IMH JUIS  YIPAaBJICHUS
OpUEHTAlMe © BBICOTOW KBampokonrtepa. Jnsd wWHOOpPMAIMOHHOTO
obecrnieueHnst cPOPMHUPOBAHHOTO 3aKOHA YIPABICHUS B pasfeliec 5 OMHCaH
cuHTE3 HaOJrofaTelss BO3MYIIECHUH. B pa3aence 6 mpuBeACHBI Pe3yIbTaThl
anpoOaIuy MpeUI0KEHHBIX ATOPUTMOB YIIPABICHUS M HAOIIOACHUS.

2. Onncanue  MaTeMaTH4YeCKOl  MoJelM  KBajJpoKonrTepa
U MOCTAHOBKA  3aJayd.  Maremarwdeckas  MOJACTb  JIBIKCHHUS
CHUMMETPHYHOIO KBaJpPOKONTEpa C YETHIPbMS HECYIIUMH BHHTaMH,
paccMaTpuBaeMoOro Kak TBEPIOE TeNo C MIECThI0 CTENEeHSIMH CBOOOJBI,
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COCTOMT M3 JBYX MEXAaHHYECKHX IOJCHCTEM O-IrO MOpSAKA C YETBIPHbMS
YNPaBICHUSIMU: TTOJIHONPUBOAHONW MOACUCTEMBI, ONUCHIBAIOLICH TUHAMUKY
yrioB Oifnepa (mojcucTeMa BpaIlaTelIbHOTO JABMXKEHHS), M CBA3aHHON C
Hel TOJCUCTEMBI C Je(HUINTOM YIPABICHUH, ONMUCHIBAIONICH TUHAMHKY
JUHEWHBIX KOOpJAMHAT (TOJCHUCTEMAa TIOCTYNAaTelIbHOTO JBHXKEHus). B
JAaHHBIX MOJIENIAX YUUTHIBACTCS UHAMUKA UCIIOIHUTENBHBIX YCTPOUCTB, HO
CHHTE3 YIIPaBJICHHUS B HCIIOJHUTEIBHBIX NPUBOIAX B JaHHOH paboTe He
paccMaTpHBaeTCs.

Ha pucynke 1 mnpuBemeHBl CHCTEMBI KOOPAWHAT, B KOTOPBIX
M3MEPSUTUCH TIEPEMEHHBIE cOCTOSHUA [27]: TmobansHas HeroaBmwkHas NED
(north — X, east — Y, down — Z) u cBs3anHas cuctema koopauHat FRD
(front — X, right — Y, down — Z).

Zg

%, BODY

EARTH CENTERED

Puc. 1. Hcnons3yemsble CUCTEMBI KOOPAUHAT

YpaBHEHUS] TUHAMUKHA OOBEKTa MPEACTaBHUM Ha OcHOBE [28], HO ¢
YY4ETOM CHJI a3pOJMHAMHYECKOro CONpOTUBIEHUS [29] u gelcTBUS Ha
00BEKT BHEIIIHUX BO3MYIICHH:

n =F@,7,0)+ B, (1)
.. }’4 . Mz
X=——x+(c, s,c, +5,8 )—,
X (Cg8aC, 848, )
.. Is . u,
y= _;y+(c¢sﬂsy/ _s¢cy/);> (2)

.. s . u,
F=—"i+gtc,e,—,
m m
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rae 77 =(4,0,y)" — Bextop opmeHTarmMH, ¢ — KpeH, —7 /2 < ¢(t) <z /2,
t>20, 6 — rtamrax, —-7/2<0(t)<x/2, t=20, W — pHICKaHUE,;
77 = (¢5, 9,1/))T , 77 = (q.ﬁ',é,y?)T — BEKTOPBI YIJIOBBIX CKOPOCTEH U yCKOPEHUIt
COOTBETCTBEHHO, 3a1anHbIX B NED (pucyHok 1).

Ces3p  yraoBeix ckopocter B FRD u NED onpepensercs
YPaBHCHHEM KMHEMATUKHU:

i = R(7)Tgp » 3)

rae ﬁFRD =( p,q,r)T e R - BEKTOp yrioBbIX ckopocTel B FRD, koTopsie
1 sty Cyty
H3MEpSIIOTCS ¢ [OMOILIBI0 rupockoma, R(7)=|0 ¢, —Sy -
0 s;/¢cy c¢4lcy
MaTpuiia MOBOpOTa, S, =sin(*) , c, =cos(¥) , t, =tg(*) . Ilpu sTOM
ypaBHeHUs JuHamMuku B FRD nmeror Bun:

Merp = (F,, F, F,)" +diag(1/ 1, 1/1,, 1/ 1), @)
rzie BeKTOp-QYyHKIUU F > I?;I R 17, OTIpeNIeISIIOT TMHAMUKY 00BekTa B FRD,

I, — rnaBHBIE MOMEHTBI MHEpLUH, i =1,2,3.
Torna ¢ nomompto auddepenuupoBanus (3) momydaem, 4ro B (1)
BekTop-pyHKIMs  F(7,77,1) = (E,E,E) COCTaBJI€HA C  Y4EeTOM

mpeodpa3oBaHus @) u3 FRD B NED, a UMEHHO

F(7,77,0) = R(7)-(F,, F,, F,)" + R, ) egp » rae
0 cytph+(s,0)/(cp) —s,toh+(c,0)/(c5)

R@7,7)=|0 —Sy¢ —Cyf

0 (c¢c9¢f+s¢sgé)/(c§) (—s¢09¢5+c¢sg 6")/(02)
DNeMeHTHI Fp, Fq, 17, COOTBETCTBYIOT cucTeMe koopauHar FRD.

OHU 3aBHUCAT OT HEOMpEJCNEHHBIX IapaMeTpoB OOBEKTa YIMpaBJICHHUS,
BHEIIHUX BO3MYILIEHUN U UMEIOT CJIEAYIOIIUNA BU:
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— 1, -1 = -1
F==dp+ 2 2grs i), Fy==24" + 2L pre f,00),
II Il 12 12 (5)
= 12 I, -1
Fo=—3,7 +2 pg+ £,(0),
1 1
rae  f;(f) — BHeEWIHME BO3MYLIEHHs, KOTOpbIE TAKXKE BKIOYAIOT
HEY4YTEHHBIE  CUJIBI M MOMEHTHI, >0 —  xo3ddHUIHEeHTH

a’pOTMHAMHYIECKOTO CONPOTHUBICHNUS, i = 1,2,3.
Marpuna ynpasnenusi B(77) omnpezpensercs HpOHU3BEIECHUEM
MaTpHIBI HOBOPOTA Ha OOPATHYIO MAaTpHIy K MaTpUIle MHEPLIUH:

B(7)=R(7) - diag(1/ 1, 1/ 1, 1/ ). (©6)

VYnpasiieHHeM B IOJHONPUBOAHOW moacucreMe opueHTtanuu (1)

— T

SIBIISICTCSL BEKTOP MOMEHTOB u =(7,,,7,,7,) -
[Tlepemennble  cocTositHMs — moacucteMbl  (2) ¢ geduUUHUTOM
yNpaBICHUI — 3TO JMHEHHbIE KOOpPAWHATBL X , ) MW BBICOTA Z ,

n3MepsieMble B HEMOIBIDKHON cucrtemMe koopamHaT NED (pucyHok 1);
m — Macca KBaJpOKONTepa, g — YCKOpPEHHE CBOOOAHOIO IaJICHUS;

r. >0 — xo3pQuUIMEHTB a9pPOJUHAMUYECKOIO CONpPOTUBIEHUd, | =4,5,6;
4, — yIpaBJIoIas CyMMapHas Tsra.

B nmanHOlf pabGoTe BBIXOTHBIMH (pPETYTHUPYEMBIMH) IE€PEMEHHBIMH
SIBISIIOTCSL yriel Oiinepa ¢(¢), O(t), w(¢t) m BbicoTa z(f), AN KOTOPBIX

HMMEIOTCSI «CBOWY UCTHHHBIE ynpasneHus. [Ipu ynpasnenun yrinamu Jitnepa
U BbICOTOH muddepeHimanpable ypaBHEHUs JUIsl JIMHEWHBIX KOOPIMHAT X,

v (2) paccmarpuBarOTCS KaK YpaBHEHHS HyleBoi mumHamuku. U3 (2)
clemyeT, dYTO, €CIM HadWHAs C HEKOTOPOTO MOMEHTa BpeMeHH f ,
BemmonHsiercst @(¢) =0, O(¢)=0, TO ypaBHEHHs HYJIEBOH IMHAMHUKU
MIPUHUMAIOT BUJI:

1y I
LT 4 . L 5 .
P=—2i, =)

m m

PemieHnem 3Toii CHCTEMBI SIBJISIIOTCSI CIIEAYIONIE (DYHKIHMH:
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_ 1y x(ty) +mx(ty (1 —exp(—ryt / m))

x(t) )
7y
_ rsy(ty) + my(ty )(1—exp(—rst / m))
)= " .

CrnenoBarensHo, Tipu ¢(¢) =0, 6(¢)=0 KBagpokonTep HAYMHAET
TOPMO3UTH B  TOPH3OHTAJIBHOM  IUIOCKOCTM W CTaOWIM3HPYETCS
B TOJIOXKEHUHU HEYCTONYHUBOTO paBHOBecHSs x(ty)+m[x(ty)/ 1,1,
y(ty)+m[y(t))]/rs. Pemenne 3amauu  perynupoBaHus — JIMHEHHBIX
KOOpAMHAT HE SBIISETCS HPEIMETOM MCCIEIOBaHUS B JaHHOH pabore.
OpnHako /1t NpeAoTBPAIeHUs CHIIBHOTO 3MeHeHus x(f) u y(f) mocraBuM

3ajiady CHHTE3a YIpPaBICHUH 7, T

4> T ¥ u, B (QOpmMe IMHAMMYECKNX

O6paTHbIX CBs3CH Tak, yTOOBl BBLICOTA U PBICKAHUE  OTCJIC)KUBAIN
OTAJIOHHBIC TpPAaCcKTOpUU C 33ﬂaHHOI7[ TOYHOCTBIO IIpU CTa6I/IJ'II/I3aIlI/II/I
HYJICBBIX YIJIOB KpCHA U TaHT'aXKa:

|¢(f)|5511»|9(t)|55lza |‘//(t)_‘//dcs(t)|§513» |Z(t)_2dcs(t)|§514» @)

TO€ W 4o (1), Z4es(t) — DTAJOHHBIE TPAGKTOPHH, O, — JKellaeMble 3HAYCHHS
OImMOOK CIIe)KEHHU B YCTAHOBHUBIIEMCS pexume, i =1,...,4 .

B atoM cimywae momycTHMO yOpaTh M3 PacCMOTPEHHS ypaBHEHHS
JUHAMUKHA JIMHEWHBIX KoopauHat  x(f), y(t) (2), a ympaBneHue
OpUEHTAIlel U BBICOTOM OCYIIECTBIATP HAa OCHOBE pPEeAyLMPOBAHHON

CHCTEMBI, KOTOpasi BKJItO4aeT moxacucreMy (1) W TpeTbe ypaBHEHHE
nojicuctemsl (2):

=1, 1, =Fy+F,m,,0)+ By (7)u, ®)
rne 1 =(g, 0,w,z)" -  Bektop peryjupyeMbix  MEepeMEHHBbIX,
= (43, é,y),z')T — BekTop ckopocteii oObekta B NED. Bekrop

T
F,=(0,0,0,g) comepXHT N3BECTHYIO 4aCTh MOJENH (8), KOTOPYIO MOXKHO
KOMIIEHCHPOBATH C MOMOIIBIO yNPaBIeHus U = (7 ,,7,,7,,U, )'. Henynesas

KOMIIOHEHTa BeKTopa [{ BK/IIOYAaeT OJUH IapaMeTp — YCKOpEHUe

cBobogHoro mnajgeHus g. Bexrop-pynkuusa Fi(7,77,,¢) COCTOUT U3
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HEONpE/IeIEHHOCTE MOJIeNIM, €€ KOMIIOHEHThl M BBIPOKEHHE JUIs
HOMMHAJIBHOU MaTpullbl yrpasienus B,(77) OyoyT IpUBeAeHbI Aajee.
Matpuna ympaenerus B(77) 3aBUCHT OT YIJIOB Jinepa 77 U OT

1apamMeTpoB O00BEKTa, BKIIIOYAIOIINX HEOMPEICICHHOCTH (MOMEHTOB
MHEpPUMH M Macchl KBajgpokonTepa). OHa uMeeT OJIOUHYIO CTPYKTYpY

= _ B(m) O 4x4 = _ B 33
B(ﬂ)—( 0, Bz(ﬁ)JER »rtne  B(7)=B@)eR (6),

c C
0, =(0,0, 0)", 0, =(0,0,0), B,(7)= £ ITpn 3TOM HaHHYIO MaTpHIly
m

MOJKHO 3aITUCATh B BU/IE CYMMBI ABYX COCTaBIITIONIHX [25]:

B(i7) = B, (1) + AB(77), rankB = rankB,,

ABBy'| <1, 9)

B, (n O,
e 30(77)=( 010(77) 5 (177)
2 02

B KOTOPOH OJIOKH ONPEAECNAIOTCS CIICAYIOIUMH BBIPAXKECHUAMU:

4x4
jER *® — u3BecTHas HOMMHAJIbHAS 4acTh,

c,C
6
[ GRIXI.

o Lo 1os my

_ .. 1 1 1 o _
By, (17) =R(77)-dlag(—,—,—J eR’ 3, By, (17) =

3nece MOMeHTHl uHepumu I, =1, +Al; 1 Maccy KBaapoKonrepa

m=mg, + Am Takxe npeaAcTaBuIM B BUAC CYMMBI JIBYX COCTAaBJIAIOIINX, U3

KOTOpbIX [;, m;, — HOMUHaJbHbIE, Al;, Am — HeonpeneneHusle, i =1,2,3.

Heonpenenennas JacTh MaTpHUILIbI YIIpaBJICHUS
AB, (n O,
AB(n7) = ( 1(7) ! _ j e R** prmouaer CIeIyIoIe OIOKH:
O,  AB,)(77)

— — . AI 3x3
AB =—R(77)-diag| ———— |e R,

1(17) (7) g[lo,-(loﬁN,-)] .
_ Amc,c, Ix1 1o
AB, (i) = - ———0—
my(my + Am)
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IIpousBeneHue 31Ol HeonpeaeneHHOM YacTu AB(77) Ha ynpaBlicHHE
u=(r,,7,,7,,u.)" BOILIJIO B BEKTO (GyHKIHIO
= p>rg>trotz p y 11

Emy1y,0) = (F 1, By B3, BT KOTOpast OIUCHIBAET BCE

HeoIpeeIeHHOCTH Mojieu B cucteme koopauHat NED. B cuy (2), (5) ee
KOMIIOHEHTBI UMCHOT BU/I:

= N — Vs . _
(Fil,Fiz,Fi3)T =F+AB (i7)u, F14:_;62+A82(77)”z- (11)

IlpuBeneM Bce NPEANONOKEHHUs, BBIIBUTAEMBIE IIPH PEIICHUH
3anauu (7).

1. DnemeHTaMu BHE IMAroHaIM MaTPUIIbI HHEPLUH MpeHeOperaemM
B CUITy UX CyLL[eCTBeHHOﬁ MaJIOCTHU IO OTHOIICHHIO K I'ITaBHBIM MOMCHTaM
UHEPIUH.

2. M3BecTHbl HOMMHAJbHBIE 3HAYEHHMA TJABHBIX MOMEHTOB
u"epuuu 1, i =1,2,3 1 3Ha4eHHEe Macchl KBaJPOKONTEPA 11, .

3. Heompepenennocru F(7,,1,,t) B (8) wu3MeHAOTCA B
JIOITYCTHMBIX 00JIaCTSIX:

|Ei(77197729t)|§]?ii9 1209 i=1,...,4, (12)

rae ]T“U — W3BECTHEIE KOHCTAHTHI, i =1,...,4.
4. 3Baparoume BO3ACUCTBUS 77 o0 (1) = (0,0, 4o (1), Z e ()" moryr

OBITH KYCOYHO-HETIPEPBIBHBIMU OI'PAaHUYICHHBIMHA beHKI_II/IHMI/I C KOHCYHBIM
YHUCJIOM TOYECK paspbiBa IIEPBOT'0 poaa:

|771i,des(t)|SHi,des’ i=1....4, (13)

rone H.

i des U3BECTHBIE KOHCTAaHTHI, [=1,...,4. Jlns 00006IIeHHOI
MPOM3BOIHOM orpanndenus Buja (13) MOHMMAIOTCS Kak OTHOCTOPOHHUE.

5. 3amava ympaBieHHUS HCIIOJHUTEIBHBIMH MPUBOJAMH B JTaHHON
pabore He paccmarpuBaercsi. sl ynpaBJeHUsI YIJIOBBIMH CKOPOCTSIMH
BpallleHHs MOTOPOB MPEAIOIaraeTcs NCI0JIb30BATh ITUPOTHO-UMITYJIECHYIO
monymsamuio  (IMM)  wu  crampmapteeiif  perymarop. Ilpm  stom
c(OpMHUpPOBAaHHBIE B MEXAHWYECKOH IIOJICHCTEME YHPABIISIOMINE CHIIBI U
MOMEHTBI  Oymyt mnepecuutanbl B [IIMIM-curHansl Ha  OCHOBE
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MIPHOIKESHHON HEJNMHEWHOMN 3aBUCUMOCTH, MI0JIy4€HHOMN
SKCIIEpUMEHTATBHO (TmoApoOHEee 3To OyneT omucaHo B pasgene 6 ¢
pe3ysbraTaMu anpoOaluy airopuTMOB).

6. Jlng cuHTe3a YOpaBlIeHMS B CHWIy H3MEpeHHMH M HX
MaTCMaTUYCCKUX Hpe06pa303aHI/H71 JOCTYIHbBI BCE€ NMEPEMEHHBIC COCTOAHUA
M, 1,, a TAKXKE YCKOPEHHUS 7], = (@,é,l/),'Z")T (ommcanue nat4nkoB Oyner
NPE/ICTaBICHO B paszelne 6 ¢ pe3yibraramu anpodauuu anropurmos). I1pu
9TOM IIPEAIIOIIaraeTcsl, 4YTo JATYUKH UMEIOT BHICOKOE pa3pelleHHE.

OTMeTHM, 4YTO AaHAIUTHYECKUH BWJ HEONPEJEICHHOW MaTpHUIIbI
ynpasienuss AB(77) (10) Opu1 mpuBeneH JHMIIb IS HATJSAHOCTH
JEMOHCTpAlMH, KaK MOXKHO pa3/esIUTh MATPUIy YMNPABICHUS HA CyMMY
U3BECTHOM M HeM3BeCTHOM yactu (9). s peanu3auy anropuTMOB CUHTE3a
yIpaBJICHUH, KOTOpble OYIyT MPEIUIOKEHbI B CIEAYIOIIEM pasjiene, 3HaTh
aHAJIMTUYECKUl BUJ 3TUX MaTpHUI U cocTaBiaomux F(r,,1,,t) (11) 6yner
HETIPUHIUIHAIBHO. Jocraro4no Oyner OTPaHUICHHOCTH
HEOIIPEIeIEHHOCTEH, T.€. BBIIOTHEHUS yCIoBus (12).

3. IlpeaBapuresibHble  CBeJeHHUSl /Jisi CHHTe3a  CHCTEMBI
ciaeskenus. /g ynpomieHus JanbHEMIIEH IEMOHCTpAalUMM OCHOBHBIX
pe3ysbTaToB pabOThl PAacCMOTPHUM CHHTE3 NpeaaraeMbIX alllOPUTMOB
YIpaBJIEHUS Ha IPUMEPE CIEAYIOIIEH CHUCTEMbl BTOPOIO IOpsAJKA, Ha
KOTOPYIO JEHCTBYIOT BHEIIHHE HECOTJIACOBAaHHBIE U COIVIACOBAaHHBIC
BO3MYILEHHUSI:

X =x,+d,(@), X, = f(x)+d,(t)+0, (14)

rre x=(x,x, )Y € X ©R*> — u3BeCTHBIi BEKTOp COCTOSHHS (€ro
KOMIIOHEHTBI U3MEpAI0TCA), X; € R — BBIXOA, U € R — ynpasinenue, d,(t) —
HECOTJIaCOBAaHHbIE BHEIIHWE BO3MYyIIEHHs, d,(f) — COIJIAaCOBaHHBIC
BHEIIHWE BO3MyIueHus, f(x) — wu3BecTHas (QyHKUUS, OIMCHIBAIOLIAs

MUHAMUKY Mojend. [lomaraem, 4TO HEW3BECTHBIC BHEIIHUEC BO3MYIICHUS
d,(t), d,(¢t) MoryT OBITH HETJIAJKUMU, HO OHH OTPAHUYEHBI U3BECTHBIMU

KOHCTAHTaMMU:
|d,(n|< D, i=1,2,120. (15)

OtmeruM, 4to cucremoit (14) Moxer ObITH ONUCaHA AMHAMUKA
OUIMOKH CIIEKEHUS! NPU PEILICHUM 3a7a4yd YIPaBJCHUS KBaJpPOKOITEPOM,
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TAe Xx; — 3TO HCBsA3KAa MCKAY OZ[HOI>'I M3 BBIXOJAHBIX HEPEMCHHBIX (yFJ'IOM

Oiniepa WM BBICOTOM) M KeJTaeMOH TpaeKTopHuel ee M3MeHEeHUs (ommnbKa
ciexxenns). [Ipn 3ToM mpoM3BOAHAsE NAHHOW TPACKTOPHH AJJUTUBHO
BXOJUT BO BHELIHUE HECOITIACOBAHHBIC BO3MYIIEHHS d,(f) U MOXKET OBITh

Hernankoi. Ilepemennas x, npeicrapiseT coOOH BTOPYIO NPOHM3BOIHYIO

OJTHO¥ M3 BBIXOIHBIX TIEPEMEHHBIX 00HEKTA.
Ipu Hammurm B Monenu (14) He3aTyXarOMKUX BHEITHHX BO3MYIIECHHHA
3ajaya yYNPaBJICHUS IEPEMEHHOH X, MOXKeT OBITh pelleHa TOJIBKO C

3aJJaHHOM TOYHOCTBIO:
()] <8, t21. (16)

Js ynoGctBa cuHTe3a ympaBieHus v, obecneuuBaromero (16),

BOCTIOJIb3YyeMCs OJOYHBIM NPHHLIUIOM yrpaBieHus [25]. Mcmons3oBanue
BUPTYaJbHOTO W HCTUHHOTO YIpaBJIEHHS B BHUIE OrPaHUYCHHBIX
CUrMOBUIHBIX  ¢QyHKimid  [25, 30, 31] 10O3BONUT  yMEHBLIUTh
nepeperyJIMpoBaHue 1 M0/IaBUTh BHELIHUE BO3MYILICHHSI.

BBeneM 3aMeHy epeMEHHBIX:

e =x, ¢ =X, —X, = X, +m, tanh(ke, ), 17

rle e, — HeBs3Ka MEX/y PeallbHbIM X, ¥ COPMUPOBAHHBIM BUPTYaIbHbIM
*

yhnpaBiieHueM  x, = —m, tanh(k,e,), m, = const > 0, k, = const >0,

CTaOHIM3UPYIOIMM OIIMOKY CIIeXKEHHs ¢ . B pesynprarte mpuxogum K

CHUCTECMEC B HeBﬂ3KaX, 3aMKHyTOﬁ JIOKAJIbHBIMHU CBSA3IMU.
é, = e, +d,(t)—m, tanh(ke,), é, = [ (x)+v+d, (1), (18)

rae 572 t)=d,(t)+ A1), A(t) — npom3BOgHAasS THUIEPOOINIECKOTO

TaHTeHca, KOTOpasi BO3HUKAET NpH AU GepeHIPOBaHUH e, :
A(t) =d(m, tanh(ke,))/ dt = mk; (1- tanh? (ke)))é,. (19)

B cuiny KOHCepBaTHBHOI  OLIEHKH |e'1(t)|S2m1, t>20 ora

npon3BoaHas (19) aBnseTcs orpaHUIeHHON:
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A <mk &, | )] <2m, t=0=|A@®)| < 2m kK, (20)

Torma ¢dyHKIHO d~2 (t) B (18) Oymem cuuTaTh HOBBIM
BO3MYIIIEHHEM, KOTOpPOE orpaHmdeHo B cuiy (15), (20):

|, (0)| < D, +2mk;, 0. @21)

3aKOH MCTUHHOTO YNpaBIEHHUS v NPUMEM B BHJIE OOpaTHOH CBA3U
I10 NIEPEMEHHBIM COCTOSIHUSL:

L =—(f(x)+m, tanh(k,e, )+ k3x,) =

= —(f(x)+m, tanh(k, (x, + m, tanh(k,x,))) + k3%, ), @2)

rane m, >0, k, >0, ky>0 — xoHcTaHThl. B 3akoHe ynpasnenus (22)
yacth —m, tanh(k,e,) ¢ TUNEPOONNYECKUM TAHI€HCOM CIYXHT JUIs
crabunusanuu HeBs3ku e, [25]. Ilo cpaBHeHuUIO C [25] B 3aKOH yIpaBIeHHs
(22) BBexeHa 4yacTh —k;X,, IIpelHAa3HauyeHHas [l YMEHbLICHMs
KoneOaHUM perynupyeMoil IHepeMeHHOH X, Uu3-3a HeOoIpeelIeHHOH

JMHAMUKA 00BEKTa (BHEIITHUX BO3MYIICHHA).
B pesyaprate ¢ yuerom X, = A(f)—e, (14), (18) mpuxomum k
3aMKHYTOH cucteme (18), (22):

tanh(k,e,) + M

m
é =e, +d,(t)—m, tanh(ke ), é, = ——2
1 2 1() 1 (11) 2 +k3 1+k3

(23)

CdopmynupyeM [OCTATOYHBIC YCIOBHUS YCTOWYMBOCTH 3aMKHYTOMN
cucteMbl (23), He TpPUHMMAs BO BHUMAHHUE BPEMs CXOJMMOCTH, KOTOPOE
3aBHCHT OT HAYaJIbHBIX YCIOBHH.

Jemmal. Eciu 6 cucmeme (21) ewvinoansiomes — yciosus

|dl. (t)| <D, i=12, t=0 (15), mo mozoa ona mobozo o, >0
cywecmeyiom maxue 3navenus m, >0, m, >0, k, >0, k, >0, umo npu
modvix my >my, k=2k, my>m,, k,2k,, k=0, nauunan c

HEeKOMOpo20 MOMEHMA peMenU t > 1, BbINOIHAEMCA |e1 (t)| <9, (16).
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Jloka3ateancTBo Jlemmbl 1. J[isi rumepOONMYEcKOr0 TaHTEHCA
tanh(k;e;) U ero nepBoil NMPOU3BOJHOM, 3aBUCSLIMX OT apryMeHTa ke,

k;, >0, B CHITy CBS3U c JIOTUCTHYECKON ¢byHKUMEH
tanh(k,e;) = o(ke; / 2), o(ke;)=2/(1+exp(—ke))—1 CIIPaBeUINBEI
clelyIonre OoleHku [25]:

1

0.76k; |¢;| <|tanh(k,e,)| < 0.76, 0.42k; < tanh'(k,e;) <k;, |e]| <1/k;,

0.76 <|tanh(k,e,)| <1, 0 < tanh'(k;e,) < 0.42k;, |¢]| > 1/ k;;
24

raie B o00nacTH |ei|S1/ki ¢byukiuio tanh(k,e;) MOXHO TPHOIM3UTH

nvHeiHOH dyHKIMeH, a B obnactu |el.| >1/k; — npuONU3UTH KOHCTAHTOM.

CornacHo HAEOIOTHH OJIOYHOTO MOJAX01a B 3aMKHYTOM cucteme (21)
HYXHO OOECIIeYUTh  IOCIEIOBATEIbHYI0 CXOJIUMOCTh  HEBSI30K B

oKkpecTHOCTH Hyasl [e, ()| < &, (1 > 1, 2 0) = |e (1) < 6 (¢ > 1, > 1,), tae &, —
3aJaHo, 52 Ha3HA4Ya€TCs POU3BOJILHO. VuurtsiBas 06paTHy}O 3aBUCUMOCTb

pamuyca CXOOMMOCTH OT Kod¢pduumenta ycunenus (22), cpasy
3a(huKCHpyeM UX HIKHUE OLIEHKH Ha OCHOBE HEPABEHCTB

b2k =1/8>0, ky>k, =1/, >0. (25)

CX0IuMOCTh HEBA30K B 0OmacTu |el.| <1/k; £6; obecneunBaercs
BBIOOPOM aMIUIUTYJ m;, i = 1,2, HUXKHUE OLEHKU AJI1 KOTOPBIX HalijeM c
IoMoIIbI0 BTOporo merona JlsmyHoBa. Beenem cienyromyro ¢GyHKIHIO B
KadecTBe KaHAuaTa Ha GpyHKIwro JIsmyHOBa 3aMKHYTO# cucTeMsl (23):

V=V, +V,, V, =0.5¢, V, =0.5¢2. (26)

Ucnonezys (21) u (24), npu |ez|>1/k2 OIICHKH TMPOU3BOIHBIX

ciaraeMoro V, B CHIly cUCTEMBI (23) UMEOT BUL!
Vy(t) = eyé, < ey (1) (14 k3) ™ (=0.76m, + ky (D, + 2mi k).

Torma npu m, >1.32k;(D, +mik)) Bemommsercs V, <0, u 3a

HEKOTOpoe Bpemsa ¢>t, 20 omubka clexeHUs e, IONAnacT B
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OKPECTHOCTb |e2| <1/k, u nanee ocraercst B Heil. Mcnonssys (15) u (24),
npH |62| <1/k,<6, n |e1| >1/k, HaxomuM, 4TO CHpaBEeITHBBI CIEAYIOIIHE

OLICHKH IIPOU3BOIHBIX CIaraeMoro V| B cuily cuctemsl (23):
V(1) = eié, <ley(0)|(5, + D, —0.76m,).

CnenosarenbHo, npu m, >1.32(1/k, + D,) sbimonusiercs V, <0, u
3a HEKOTOpoe Bpems ¢>1 >t, omuOka CIeXEeHUs e MONAJaeT B
OKPECTHOCTB |e1| <1/k £9.

Takum o0pa3oM, MOJMyYeHbl TaKHe HWXKHHE OLCHKH Uil BhIOOpa
kodhduuentoB ycunenus (25) u  ammmryn m, =1.32(5, +D;) >0,
m, =1.32k;(D, +mik)), uto mpu mobHX m, >m,, my,>m,, k >k, ,
ky>k,, ky >0 bynkuus V =V, +V, (26) asnserca dynxuueil Jlamynosa
3aMKHYTOW cHCTeMBbI (23), ¥ HauyWHas C HEKOTOPOrO MOMEHTa BPEMEHH
¢ >, BBITIONTHACTCS |e] (t)| <9, (16). Jlemma 1 nokazaHa.

INoxkaxxeM, uTo 3a cueT BbIOOpa KO3(D(DUIUEHTOB PEryIsaTopa Takxke
MOYKHO OOECIIEUHMTh XKENAEMOE BPEMS #,, !, CXOIUMOCTH HEBS30K €,, €

COOTBCTCTBCHHO:
le, ()| <8y, t> 1y, | ()| <6, t>1, > 1,. 27)

BBE}IGM 0003HaYeHUS JJI4  MAaKCHUMAJIBHOI'O 3HA4YCHUA MOJIyJ'lCﬁ
HCBA30K:

|e1 (t)| <€ mxs | (t)| <€ x> 120.

J1st 5THX 3HaYE€HHH CIIPaBEIMBbI OLICHKH:
el,max = |el (0)| + (eZ,max - 52)t2 > eZ,max = |x2 (0)| + m. (28)
C yderoM o1eHOK (28), eCii BBINOTHSIOTCS YCIOBUS

2(|x,(0)| = 8,) < my <0.66(E, — e, (0)])/ 1, (29)
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TO HEBSI3KH OyIyT OrpaHUYCHBI

<E, <1.5m +6,,

61 ,max 82 ,max

rae E, >0 —kenaemas rpaHULIA U3MEHEHUs MO HEBA3KY ¢ .
Ipu 3amanHO omubke 5, >0 3adUKCHpyeM HEKOTOpPHIC 3HAYCHHS
* * * * *
E >0, 0,>0, ky: k, >1/9, u ky 2 0. lanee hopmanusyem npouenypy
BbIOOpa aMILUIUTYJ M, M,, KOTOpas OOECHEYUT IHKEIAeMOEe BpeMs
CXOMMOCTH HEBS30K (27). DTa mporenypa OyIeT COCTOSTh U3 IBYX IIaroB.
Ilar 1. OnpenenuM aMIUIUTYLy 1, . Y4eT BPEMEHU CXOIUMOCTH
OHJI/I6KI/I CJIC)KCHU NNPUBOAUT K IOBBIHICHHUIO HIDKHEHN rpaHvlbl Ha Bbl60p
aMIUIMTY[bl 110 CPaBHEHUIO ¢ rpanuueil m, =1.32(6, + D,) >0 u3 Jlemmsl

1, rne BpeMsa He yuuTeiBajock. Ilpu |e2 (t)| <9,, t>t, yclnoBus Ha BHIOOD

m; IPUMYT CIEAYIOIMH BULL:

0.76

le; (0)] +1.5m,t, &,
m; >
tl _t2
L 1a )-8 +(8 + D)t ~t)
0.76t, —2.26t, '

+0,+D, =

=m

M3 3THX yCIOBUM TaKkKe ClIefyeT OrpaHUuCHUE Ha BBIOOD ¢,

0.76t, —2.26t, > 0= 0 <1, < 0.336t,. (30)

Torma ¢uxcupyem t; n3 (30) u, wmcmonme3ys (29), ompenemsem

IPaHULBI JOIYCTUMOIO BbIOOpa 71,
m, <m; <mi, 31

rac
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my =max{n,,,m,},

m, = 2(|x2 (0)| -9,),

_ e (@] -8, +(8, + D)t —1,)
0.76t, —2.26t,

(32)

, mi = 0.66(E, ~|e; (0))) / ,.

=12

Ecau m) >m,;, To (uxcupyem mf n3 (31), (32). B mporuBHOM

* *
cllydyae HazHayaeM HoBoe E, : E| > (1.5m, +|e1 (0)|)t2, KOTOpOe 00ecreuuT

BBIIIOJTHEHUE M| > M, U II03BOJIAT Sa(bI/IKCI/IpOBaTB HEKOTOPOC 3HAYCHUEC

* * -
m; u3 (31), (32). Ilocie HazHaueHWs m; MNEPEXOJUM HA BTOPOH Imar
MIPOIE Y PHI.
«
Hlar 2. ®uxkcupyeM 3Ha4E€HHUE 7, U3 YCIOBHS:

*

* 0 + *_6 * #\2 %
(A+K) 'my >1.32 %H% (D2+2(m1> klj
2

Ha sTom nporienypa BeIOOpa aMIUTUTY/ 3aKaHYMBACTCS. 3aMETHUM, 4TO

*
CHayvajia (i)I/IKCI/IpyeTCH aMILIMTyaa m;, KOTOpas Ipu3BaHa CTa6I/IHI/I3I/IpOBaTI)

«
HEBA3KY €, 3aTeM aMILUIUTyfAa /m, JUll oOecliedeHHs cTaOMIU3alUu e, C
3aJlaHHOW TOYHOCTBHIO M 3a 3aJaHHOe BpeMs. [Ipu 3TOM HEBS3KH CXOISTCS B
00paTHOM HOpsIIKe: CHauaIa CTabUIIM3UpYeTCs e,, 3aTeM e CcoracHo (27).

Pazpaborannasi mporenypa BbIOOpa  aMIUIMTYJl  PEryJsaTopa
OCHOBBIBAJIACh HA KOHCEPBATHUBHBIX OLICHKAX, MO3TOMY HW)KHHE I'DaHHILIBI
Ha BBIOOp AaMIUIMTYA HE SBJIAIOTCS HAMMCHBIIUMH, IPH KOTOPBIX
JIOCTHUTAETCS YCTOWYMBOCTh 3aMKHYTO# cuCTeMbI. [IpH 3TOM H30BITOYHOCTH
OLIEHOK MOXKET MPHBOJAUTH K HAPYIICHUIO OIPAaHUYCHHH HA MEPEMEHHBIC
COCTOSIHHSI ¥ YIPABICHHUS, KOTOPbIe UMEIOTCS Ha mpakTuke. M3-3a 3toro
pa3paboTaHHas MPOIEAyPa MOXKET CIIYIKHTh JIUIIb JUIs TIOJIyYSHHUS OTIOPHBIX
3Ha4YeHUH KOA(P(UIMEHTOB PEeryisaropa s YMCICHHOIO MOJETUPOBAHHUS.
3areM 3HaueHUS  KOI(PPUIMEHTOB  PErysTOpa  KOPPEKTHPYIOTCS
(YMeHBIIAIOTCSI) OTHOCUTEIBHO OIOPHBIX IOCPEACTBOM  YHCIEHHOTO
MOJICTIMPOBAHUS ISl AajbHeield anpobaluy alropuTMOB Ha PealbHOM
0o0BeKTe.

B crnepyromem pasnene NpeasioKEHHBIH alTOPUTM  YHPaBJICHHS
OyZleT pacrnpocTpaHeH Ha CHCTEMY OOJIBIIEro IOpsiKa, ONUCHIBAIOLIYIO
JMHAMHKY KBaJpOKONTEpA.
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4. CunTe3 0a30BBIX 3aKOHOB ymnpapjieHus. CHagama B pamKax
0JI0YHOTO IPUHIMIIA YIPABICHHUS PACCMOTPHM CHHTE3 TaK Ha3bIBAEMOIO
0a30BOro 3aKOHa yNpPAaBJICHUs, KOTOPBIH MpeJIojiaracT IMOJHYIO
OIPEJICTICHHOCTh MaTeMaTH4ecKod MoJean o0beKTa yIpasieHus (T.e.
OyneM cuurtarh, yTo NOMUMO [ B (8) U3BECTHBI BCE IIapaMeTpbl 00bEKTa U

U3BECTHBl BHEIIHHE BO3MyLIeHus F(7,,1,,t) ). Hanee i moiydyeHUs
OLEHOK F|(7,,7,,t) OyzaeT npeioxeH HabIronaTellb Bo3MymieHuit [17, 18],

KOTOPBI TIO3BOJIAT TIOCTPOUTH KOMOMHUPOBAHHOE YIPaBICHUE NPH
HaJIMYHMHU HEONIPEAEIEHHOCTEH B MOJIeNIH OOBEKTA.

Jdnst  peamuzanuu  OJOYHOrO INPHUHLOMIA  YIpaBiIeHHA Oyaem
TPaKTOBaTb IMEPEMEHHYIO 77, B IIEPBOM YypaBHEHHM CHCTeMbl (8) Kak
BUpTyanbHOe ympasieHue. Torma mno anamormu c (17), (22) BBenmem
CIIEIYIOILYIO 3aMEHY IIEPEMEHHBIX U 0a30BbIl 3aKOH YIIPaBICHHS:

€ =1 — M 4es (1), € =1, + M, tanh(K,e,),

= . " (33)
u =By (7)(F, + F (1,15, 1) + M, tanh(K e, ) + K37, ),
rie M, tanh(K,e,) = (m, tanh(k,e,,),...,m,, tanh(k,,e;,))", m; >0,
k; >0, i=12, j=1,...4, K;=diag(ky,), ky; 20, i=1,...,4.
3aMKHyTast ccTeMa UMeeT CXOXHH ¢ (23) Bua:
e =e— ﬁ],des (1)— M, tanh(Ke¢,),
(34)

é, =—(I+K;) "' M, tanh(K,e,) + (I + K;) " K3 A(2),

rae [ — eAMHWYHAs MATPUL@A 7] 4o = (0,0, 4o (1), 24 (1)) — BexTOp-

¢byHKIRA MIPOU3BOIHBIX 3aJar0IINX BO3JICHCTBHH,
Fn,m,t) = F@7,,1n,,t)+ A(®) - HOBBIE HEOIIPE/EIEHHOCTH,
A = (A (@),..., A4 ()" -  Bexrop-QyHKIMS M3  NPOM3BOTHBIX

TUIEepOO0JINIECKOTO TAHICHCA B CHITY CUCTEMBI (34):
A,;(t) = d(my,; tanh(k,;e;)) / dt = my;k;; (1- tanh? (ke ey, i=1,...,4.

OTH KOMITOHEHTHI OrpaHIYeHBI aHaorudHo (20):
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|A,-(t)| < myk; |éli
=|A 0| <2mik,, i=1,...,4.

. @] <2my, 120 =
(35)

M3 (12) wu (35) cmemyer, dYTOo KOMIIOHEHTHl  HOBBIX
HeonpezaeneHHocteil F(n,,7,,t) TakKe OrPaHUYCHBL:

| By 1500)| < By + 2miky, i = 1,04 (36)

Torna Bekrop-yHKUIUIO 1*:1(771,772,0 MOXXHO TpPaKkTOBaTh Kak

COIJIACOBAHHOE BO3MYIIEHHME, a IPOU3BOJHBIEC 3aJAIOIIMX BO3JEHCTBUI
T 4es — KaK HECOIJIaCOBaHHbIE BO3MyIIeHHs. IIpu 3ToM Bce BO3MyIIEHHS

orpanndeHsl B cuity (13) u (36). CneoBareinbHO, U KaXKIO0H KOMIIOHEHTHI
cucrembl (34) cnpaBemmBa Jlemma 1, M CylecTBYIOT KOA(PQHUIMEHTHI
perynsartopa my;, ky;, my;, ky;, ky;, obecrieunBalolye Lelb yIpaBICHUS
— CTa0WIN3aLMIO e;; C 3a4aHHOW BEJUYMHON OMIMOKM B YCTAHOBUBIIEMCS

pesxxume (7). Kpome TOro, st JOCTHKESHUS CXOIUMOCTH OIIMOOK CIICKEHHS
e;, I[=1,...4 3a 3amaHHOe BpeMsA MOXKHO MCIIOIb30BATh HPOLENYPY
HACTPOWKH KO3(PPHUIIUEHTOB peryisropa, MpeaCcTaBICHHYIO B pa3aene 3.

IIpenyosxeHHbII 3aKOH yIpaBJIeHUSA (33) SIBJISICTCS
Moaudukanuei [25], B KOTOpyro BBeleHa uyacTb —K,7j, C yCKOPEHUAMH
O0BEeKTa Ui yMEHBLICHHS KOJICOAHUH PEeryaupyeMbIX NEpeMEHHBIX 77, .
IIpobnema  ux CHIIBHBIX KoJsieOaHui BbI3BaHA  YCIOBUSIMHU
(YHKIMOHMPOBAaHHMS  KBaJPOKONTEpa W €ro  KOHCTPYKTHBHBIMH
ocobeHHOCTsIMU (TMOKOI pamMoil, HecOaTaHCUPOBAaHHOCTHIO TPOIIEIUIEPOB U
JaBurateneil, TuHaMukoil MoTtopoB). Ilpu 3TOM dyeM Oonblie 3HaYCHHE
koddduimenta ky; Mpu YyCKOPEHUH, TEM MEHbIIE aMIUIMTyAa KoneOaHuil
COOTBeTCTBYMOIIEH mepemenHoi. OmHako u3 (33), (34) cremyer, 4yTo BMecTe
C 3TUM YBEIMYMBACTCS aMIUINTYAA YIPABICHHS, YBEINYMBACTCS CTEIECHb
3aIIyMJICHHOCTH  CHTHAQJOB M  yYMEHbBIIAETC  KOIQGHUIMEHT MpH
crabunusupyromeil yactu tanh(kye,;) B 3amkHyTOil cucreme (34), uro
MOJKET TIPUBECTH K TOSIBICHUIO IepeperyiupoBanust. Takum oOpazom, Juis
MIPAaKTHYECKOH peann3aliy alropuTMOB JT0JDKHO OBITH BEIOPAHO HEKOTOPOE
KOMIIPOMUCCHO® 3HaueHue ky; 20, i=1,...,4.

Kak npaBuiio, curmMmoupl MPUMEHSIOT Ul y4eTa OrpaHHYeHUil Ha
ynpaeienus. OqHako B 3akoHe (33) NOMHMO OrpaHUYEHHBIX CUTMOBHJIHBIX
yacTell Taxke INPUCYTCTBYET JMHEHHas uacTh —K57j, OT ycCKOpeHuii
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00BbeKTa 771 . CHGHOB&TCJ’ILHO, 9TOT q)aKT HC MO3BOJIACT YUCCTb OI'pAHUYCHUS

Ha YIpaBJISIOIIME BO3JAECHCTBUS HA CTaJUM CHHTE3a CUCTEMBI YIPaBICHHUS.
Janee mpu mnporpaMMHON pealn3alliy alrOpUTMa YHpaBlieHHs OyJer
nprMeHeHa (yHKOWS HachIIIeHUs, 4YToObl m30exarh Bbixoga IIIMM-
CHTHAJIOB 3a JIOIYCTHMbIC JHana30Hbl M3MEHEHUs (moapoOHee 310 Oyzaer
OIIMCAHO B pa3zene 6 ¢ pe3yabTaTaMu arpoOaruy aaropuTMa yrpaBiIeHus).

B manHOM paznene Ha OCHOBE OJIOYHOTO MPHHIMUINA YIPABICHUS C
HCIOJH30BAHUEM CHUTMOBHIHBIX OOpaTHBIX CBA3ei OBUIM pa3paboTaHBI
0a30BbIe 3aKOHBI YIPaBICHUS yriiamMu Oitniepa u BeICOTOH. [1o cpaBHEHHUIO
CO CTaHAapTHBIM OJIOYHBIM nmoaxoaomM ¢ JIMHEWMHBIMU BUPTYaJIbHBIMHA
YHpaBJICHUAMHU, BBOA OIpaHUYCHHBLIX W TJIAAKHUX CUTIMOBUIHBIX O6paTHBIX
CBsi3eil mo3BoyisieT wW30erath OoJbmioro mnepeperyinupoBanus. Omnucana
BO3MOXKHOCTh HAaCTPOWKH KO3(pUIMEHTOB perynstopa, obecrieunBaromen
OTCIIC)KMBAaHWE  BBIXOAHBIMM  TEPEMEHHBIMH  OOBEKTa  STaJOHHBIX
TPaeKTOpUi ¢ 3aJaHHON BEJIMYMHON OIIMOKH B YCTAHOBUBILEMCS PEXXKHUME U
C 3aJJaHHBIM BPEMEHEM IIEPEXO/IHOTO TPOIiecca.

B crmeayromem pasgene OyaeT CHHTE3MPOBAH HAOIIOIATENb
HEONPEIEIEHHOCTE, Ha OCHOBE KOTOpPOro OyJdeT OCyIIeCTBIICHA
KOMITGHCAIMsI HEM3BECTHBIX I1apaMETPOB M BHEIIHWX BO3MYLICHUH N
peanu3amys MOCTPOSHHOTO 0a30BOT0 3aKOHA YIPABICHHS.

5. CunTe3 HabawaaTessi HeompeneJeHHocTel. J[ns peamuzaruun
6a3oBoro 3akoHa ynpasieHus (33) TpeOyercs OLEHUTh HEONPEICICHHOCTH

E (1,,m,,t). OueHKH HeompeleNeHHOCTell i WX  HOCHELyromeH

KOMIEHCAIlMK C TOMOIIBI0 KOMOHMHHMpOBaHHOTO ympasieHus [17, 18]
MOJIYYarT C TOMOIIbI0 HAOMIOIATENs] HEeOompeaeieHHocTel (Ha0 ronaTens
Bosmymienuit  [19, 20]). [amee i MOCTPOCHHUsS — HAOJrOAATEIS
HEOIpEeJIeICHHOCTEH CHOBA NMPUMEHUM OJIOUHBIM NMPHUHIMIT YHPABICHHS C
WCTIOJh30BAHUEM CHTMOBHIHBIX (yHKImid [25]. B mamHOM ciydae
OTpaHWYEHHBIE TJIaJKHe OOpaTHBIE CBSI3M MO3BOJST YMEHBIIUTH BCIIECKH
OLICHOYHBIX CHTHAJOB II0 CPaBHEHUIO CO CTaHJAPTHBIMH JIMHEHHBIMHU
GYHKIMSAMH W HaONIOAATENSIMH € JIMHEHHBIMH ~ KOPPEKTHUPYIONIIMHU
BO3JCHCTBUAME C OonbImmMu KodpdumueHtamu ycwieHus [32]. Kpome
TOTO, B OTJIMYME OT CTAHJAPTHBIX IOAXO/O0B, OIIEHKY HEONpEIeICHHOCTEH
MPEIOCTaBAT KOPPEKTUPYIOMIKE BO3ACHCTBHA Habmomarens. JlaHHBIN
moaxoJ He TpeOyeT BBOAA IMHAMHYECKMX T'€HEPAaTOPOB BO3MYIICHUMH,
MIPUBOJUT K TIOCTPOCHHUIO HAOMIOAATeNsl MHUHHMAIbHO BO3MOXKHOTO
nopsika [25] 1 K TOSIBIEHUIO BO3MOXHOCTH OIICHUBATh HEOIPEAETICHHOCTH
HE TOJBKO B BHJE KOHCTAHT [16], HO ¥ B BUJe U3MEHSIOMUXCSA BO BPEMEHU
Hernmaakux QyHkuuid. Habmronarenb HeomnpeneneHHOCTEH OyaeM CTpPOHMTh
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Ha OCHOBE 3aMKHYTOIO JIOKAlIbHOI CBA3bIO 17, =e, — M, tanh(K e)
BTOpOTro ypaBHeHUs (8):

& = Fy + F(,17,,0) + By (7)u. (37)
OT1oT HabIrOAaTe b MMeeT BU [25]:

&, = Fy+ By (i)u+v, (38)

5 4xi
rme &, € R — BeKTOp COCTOAHMA HaOIIOIATENs, veR* — Bexrop

KOPPEKTUPYIOLUX BO3AECHCTBUH.
BBenem BekTop omubok HabmoAeHus £ = e, — &, U, ucnous3yst (37),

(38), cocTaBuM ypaBHEHUs, OMIMCHIBAIONIUE TUHAMUKY OIIHOOK:

&= ﬁi(’ha’]zat)_‘*

Jnst o0ecrieueHust CTaOMIN3aINi ommOOK  HAOIIOIECHUSI
KOPPEKTUPYIOIIHE BO3ACHCTBUA Vv BBHIOMpacM B BHAEC CHTMOBHIHBIX
(byHKIMH, 3aBUCSINUX OT £ [25]:

v(¢) = Ptanh(Lg), 39)

roe  Ptanh(Le) = (p, tanh(/g)),..., p, tanh(l484))T, p; >0, >0 —
[MOJI0KHUTEILHEIE KOHCTAHTHL, [ =1,...,4.

YCTOHYMBOCTh 3aMKHYTOH CHCTEMBI HAOJIOJCHUS TapaHTHPYETCs
crenyromeid JIeMMOH TpM HaIMYMM CBS3M MEXAY TUIEpOOIMYECKUM
TaHT€HCOM u JIOTUCTUYECKON ¢dyHKIMeH
tanh(k,e,) = o(ke; /1 2), o(ke)=2/(1+exp(—k,e))—1 u pu
CIIPABEAJIUBOCTH OIICHOK (24).

Jlemma 2. [25] Ecau |F,(n,n,,0|< F;, 120, i=1,...,4 (12), mo
ona mobvix A; >0, A, >0, t: >0 cywecmeyiom makue 3nHayeHus

p, >0, [;>0, umo npu mobeix p; > p, l;21; evinonnsemcs |8(t)| <A,

le@)| <Ay, t>1, i=1...4.
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Kak cnencteue u3 JlemMMbl 2, OLEHKY HEOIPENENEHHOCTEH C
3aJaHHOH TOYHOCTBIO W 33  3aJaHHOE BpeMs  IIPELOCTABISACT
KOppeKTupyloliee Bo3zaencTBue Haodroaarens (38):

|Vi(t)_ﬁii(771,772,t)| <Ay, t>l;7 i=L....4 (40)

C UHGOPMAIIMOHHOM MO/IJIEPIKKON HaOIoAaTeNs
ueomnpenenenHoctei (38), (39) 3akoH ympaBieHHs yriiamMu Oijiepa U
BBICOTOM (33) peamu3yercs Kak:

e =1 — 1 ges (), € =1, + M, tanh(Ke)),
u =By (i7)(Fy +v+M, tanh(K,e,) + Kyiijy) = =By () (Fy + v+ (41)
+M, tanh(X, (77, + M, tanh(K, (77, — M des )+ K;1j,).

C yuerom ommbku onennBanus (40), ucnonssys (13), (24), uz (34)
MOJKHO TOJIyYHTh CIIEAYIOIIYI0 OIIEHKY TOYHOCTH B 3aMKHYTOW CHCTEMe
¢ HalbJo1aTeNeM:

Hi,des + A21‘

e, ———
| 1 | 0.76% my;my ki

,t>t,i=1...,4

B cnenmyromem paszmene NPUBOIATCS pe3yJbTaThl HAaTYPHBIX
9KCIIEPHMEHTOB.

6. Anpo6anus aIropuTMOB yrpaBJeHus. AnpoOaius anropuTMoB
yIpaBJIeHUs NMPOXOANIIA Ha KBAaJPOKONTEpe co cTaHaapTHON pamoit F450 ¢
KOH(Urypanuen «X» U ¢ mocagouHeMu maccu [33] (pucyHok 2).

Puc. 2. Kagpokonrep ¢ pamoit F450
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OT10T KBagpokonTep ObUI OCHALIeH KOMIUICKTOM M3 4YeThIpex
motopoB T-Motor AIR2216 II KV920, weTsipex peryisaTopoB YIJIOBBIX
ckopocteit Bpaienus: motopoB Electronic Speed Controller (ESC) T-Motor
Air 20A u nByX map camosarsruBaroimxcsi nponeiepoB T-Motor T1045
I1. JIst mutanus ucnosib3oBayics akkymynsatop HRB Lipo 4S 14.8 V.

Jdnst peanu3alldil CHCTEMBI YIPABICHUS Ha KBaJAPOKONTEp OBLI
YCTAHOBJIICH  MOJICTHBIH  KOHTpoiulep  Ha  0ase  MHKPOCXEMBI
MDR32F9Q21 [34] (pucyHok 3).

Puc. 3. DxcriepuMeHTaNIbHBIA 00pa3el MoJIETHOro KOHTPOJLIEPa Ha MUKPOCXEMe
MDR32F9Q2I

Ha Oopry moneTrHOro KOHTpOJUIEpa HAXOAWINCH AKCENEPOMETP U
rupockonn MPU-6050, koTopble U3MEPSITN JIMHEHHBIE YCKOPEHUS U YTIIOBbIE
CKOPOCTH COOTBETCTBEHHO. OICHKM YIJIOB Jiliepa HAXOAWINCH IO 3TUM
HU3MEpPEHHSIM C MOMOINbI0 GuiabTpa MakBuka. [ n3MepeHus BBICOTHI
nucnoius3oBaics Benewake TFMini-Plus LiDAR. Ilpu 3ToM oueHKH yTriioB
Oiiniepa W YIVIOBBIX CKOPOCTEH NOCTYyNald B CHUCTEMY YINPABICHUS C
gactoToii 200 I', u3mepeHus BHICOTHI — ¢ yacToToi 100 I'm.

B Tabmuiie 1 mpuBeaeHa wuHpOpMalMs O MMapaMeTpax OOBEKTa
yIpaBIeHUs.

Tabmuma 1. Madopmanus o mapaMeTpax 00bEKTa yIIPaBICHUS

Enununa HomunanbHoe
Onucanue napamerpa
H3MepeHust 3HAYeHHe

MowmenT unepuun /I, KM 0.0167
Mowment urepuuu 1, KD M2 0.0167
MowmenT unepuun 1, KD M> 0.0243
Macca m, KT 1.5
Juna mieda /| (HOpMUpOBaHHAs Ha V2 ) M 0.16
OtHomeHne Kod(QQUIMEHTa CONPOTHUBIICHUSL 0.0085
(bopMBbI K KOIQDULHMEHTY TATH ¢ M )
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[Ipu 5TOM HOMHHAIIbHBIE 3HAYCHUS! MOMEHTOB HMHEPIMH U MAacChl
KBaJIpOKONTEpa ObLIM HaWeHbl aBTOMAaTHYECKU C MOMOLIBIO MOCTPOSHHUS
3D-monenu oobekta B Computer-aided design (CAD) cucreme.

IIpeoOpa3oBaHue ymnpaBiIeHH B MEXAHHMYCCKOW TOACUCTEME —
cymmapHoit taru u, (H) n momenros 7,, 7., 7, (H-m) B IUIUM-curnanst

OPOMCXOMWJIO B JBa d3Tama. Ha mepBoM »JTame 3T yHpaBIeHUS
HEPECUUTHIBAIUCH B CHJIBI TArM Ha KaxknoMm Mmotope I; (H) cnemyromum

obpazom:
T, -1 =1/1 1/1 1/c \(u,
L 1|-1 -1/1 -1/1 -1/c|rz,
=— . (42)
L 4 -1 1/1 -1/1 1/c |7z,
T, -1 /1 1/l -1/¢)\z,

W3 (42) u tabnumbl 1 ciemyer, 9TO MPH pacueTe TAT HA KayKIbIid
MOTOp MM YNPABICHUM 7, s KPEHa W 7, JUIA TaHraxa HaxomsTcs

ko3¢ duiments! 1// =6.25, npu ynpapiaeHun 7, Ui PhICKaHUS HAXOIHUTCS

koddurment 1/¢=117.65. Takum o00pa3oMm, yIpaBlicHHE pPbICKAHHEM
TpedyeT (popMUpOBaHHS MOTOpaMH HAWOOJBIIUX TAT IO CPABHEHHUIO C
KaHaJaMHy Ui APYTHX YTIIOB. DTOT (akT manee OyAeT ydTeH MpH BBIOOpE
KO3 GHUIUEHTOB peryiiaTopa (Uil PICKaHHUsS OHU OyIyT MEHbIIE, YeM IS
KpeHa W TaHraka) Tak, 4TOoObl HE BBIATH 3a JOMYCTUMbBIC TUAMA30HBI
m3menenuss IUM-curnanos ot 1150 go 2000 (mkc). Ilpu stom
yIpaBJICHUE BBICOTOM OCYILIECTBISIETCS 3a CUYET CYMMapHOH TATH
u,=T+T,+T;+T, Ha Bcex MOTOpax, KoTopas U3 (HU3NYECKHUX
OTpaHUYEHUH He MOXKeT mpeBsimate 53.76 (H) mo momymro.

Jlanee Ha BTOpOM OJTame cuibl Taru (42) mpeoOpa3oBBIBAINCH
B IIIUM-curHanbt . = (Upym 1> Upwm, 2> Upwm 3 Upwm,4) (MKC) C HOMOIIBIO

clelyroLlel HEMMHEHHON 3aBUCUMOCTH, IIOJyYEHHOM 3KCIIEPUMEHTAIIBHO:

1150, 1000d; + g, <1150
=41000d, + g5, 1150 <1000d, +g; <2000, i =1,...4, (43)
2000, 1000d, + g, > 2000

upwm,i
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0.5 4q,T

rned,(U)=—/| —q, + 7 TR | - , 3HAUCHUS BCIIOMOTATEIbHBIX
4 1+¢,(U-15)

kodddumenTop  Opumu  chemyromumu: g, = 0.1026, q, =13.1025,

q, =2.4655, g, =1076.7019; U — Tekymee HanpsukeHHe. Jnd n3MepeHus

9TOTO HAIPSHKCHUsI Ha TIOJICTHBIH KOHTPOJUIEP TaKXe OBLI YCTaHOBIECH
nmatauk CIMCU-219 na yurre INA219.

Hanee ILIMM-curnamns! (43) mocTymnaay Ha CTaHAAPTHBIE PEryISTOPHI
ESC T-Motor Air 20A, KoTopple OCYIIECTBISUIA CTaOMIH3AINIO
COOTBETCTBYIOIIHUX YTJIOBBIX CKOPOCTEH BpallleHHs MOTOPOB.

Kon anroputMa ynpasiieHust ¥ peoOpa3oBaHus CHJI U MOMEHTOB B
HIMM-curnansl O0bu1 HamucaH Ha C++. OH 3arpyxajics B IOJETHBIH
KoHTpoJutep ¢ momomipio uHTepdeiicoB Universal Serial Bus, Universal
Asynchronous Receiver-Transmitter (USB-UART). B xoxe monera
3aJalolIne BO3JICHCTBUS JUIA YIJIOB Oiiiepa M BBICOTH NOAABAINCH Ha
00BEKT C MOMOIIBID KOMaHI Ha HOyTOyke W Raspberry PI. Kpome Ttoro,
OblIa IPEeyCMOTPEHA BO3MOXKHOCTH (DOPMUPOBATH 33/1aI0IHE BO3ACHCTBUS
U TiepeqiaBaTh UX Ha 00BEKT ¢ MOMOIIEI0 mynbTa ynpasienus FLYSKY FS-
16, mpuemanka FSiA6B u cuctemsr Intelligent Input Bus (IBUS). Moxymm
auskoro ypoBHi UART wu Inter-Integrated Circuit (I2C) obecneunBamm
nepenadyy uHpopManuu  (3aJar0MMX BO3ACUCTBUN  JUISI  BBIXOJHBIX
NEPEMEHHBIX, H3MEPEeHMH ¢  JaTYUKOB) HAa  MUKPOKOHTPOJIIEP
MDR32F9Q2I. Jlanee, Ha OCHOBE J3THX JaHHBIX M KOAA alTOpPUTMa
ynpaBineHuss Ha C++ B MHUKPOKOHTpOJUIEpe Ha HHU3KOM YpOBHE
npoucxonmio Qopmuposanue LIMM-curHanoB, M OCymIeCTBISIACH HX
nepeaya Ha CTaHJAPTHBIE PETYJSTOPHI CKOPOCTEH BpalleHHs MOTOPOB
ESC T-Motor Air 20A. Bonee moapoOHOe onucaHue TEXHUIESCKHUX JeTanei
mpeAcTaBieHO B [34], rae TakkKe HCIONb30BalICd MUKPOKOHTPOJIIED
MDR32F9Q21, Ho npHMeHHTENBHO K ApyroMy KBaapokonrepy u ¢ ITHJI-
peryisTopaMu B Ka4eCTBE aITOPUTMOB yTIPABICHUS.

CraBunace 3agada CTaOMIM3alMM PBICKAHUS W BBICOTHI IIPU HX
CTYIEHYaTOM H3MEHCHHMH, a TakXKe CTaOMIM3alud HYJCBBIX 3HAYCHHUH
KpeHa M TaHTa)ka C BEJIWYMHON OIIMOKM B YCTAaHOBHBIIEMCS PEXHME HE
6onee wem 2 (rpam) mist yrinoB Oitmepa m He Gonee wem 0.05 (M) mms
BBICOTHL. Jlomyckanoch, 4TO HEONPEAEICHHOCTH MOTYT H3MEHAThCS B
CIEIYIOUINX AUANa30Hax:

|F, (1) <1146 (rpan/c?), i=1,2,3, |F,(0)| <8 (w/c?), £ >0. (44)
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MN3-3a Hanuuus TEpPEeKPEeCTHBIX CBs3e C pbickanueM (5) W ¢
JUHEWHBIMU CKOPOCTAMHU [35] MmO KaHaimaM KpeHa W TaHraka NeHCTBYIOT
HauOOoNbIIME 10 BEJIMYMHE BO3MYIIEHHS II0 CPAaBHEHHIO C JPYIHMMHU
KaHajlaMu, 4YTO Jjainee OyJeT yd4TreHO 0pH BbiOOope KoddduimreHToB
peryJisitopa U HabJroIaTeNs HeOoNpeIeSIeHHOCTEH.

Ha ocHoBe MeTomOB wacToTHOW wicHTUGUKAImMK [35] nuHamMuKa
MOTOpPOB  TNpPUOMIDKEHHO  MMUTHPOBAJaCh  IMojaueil  BUPTYaIbHBIX

ynpasienui u =(z,,7,,7,,U, ) Ha GuTbTpHI HIKHKX dacToT (PHY):

p2hqotre

0.0, =—ii, +7,, 0.05i, =—ii, +7,, @)
0.005i, = —ii, +7,, 0.1, = —ii, +u.,

rue dp, i,, i, , u_ —nepemenHsle coctosiHus OHY.

q° “ro> %z

N3 (45) cuemyer, 4TO HaWOONBIINE WCKAKEHHUS BHPTYaJIbHBIX
YIPAaBJIEHUH 3a CYET JUHAMHUKU MOTOPOB IIPOUCXOJSAT B KaHAJIE BBICOTHI,
HaMMCHbIINE — B KaHAJIC PbICKAaHUA. LITO6I:-I YMCHBIIUTL aMIUTUTYDY
Mapa3uTHBIX HU3KOYACTOTHBIX IApMOHHUK, BO3ZHUKAIOIINX M3-3a UCKAKCHUA
BUPTYaIbHBIX YNPaBICHUN JAWHAMUKOW MOTOpOB (45), M yMEHBIIUTH
3alIyMJICHHOCTh CUTHAJIOB, B 3aMKHYTYIO CHUCTEMY JOIOJHHUTEIBHO OBLIN
Beesiensl OHY Buga (45), KoTOpble NPUMEHSIMCh K CUTHAlIaM e, C

noctostHEBIMA BpemeHH 0.0052 (mms yrmos Diinepa), 0.01 (it BBICOTHI) U K
CUTHAallaM  KOPPEKTUPYIOIIMX  Bo3jelicTBuil HaOmomatens v, (f) ¢

nmoctostHEBIMEA BpemeHu 0.05 (mms yrmoB Jiinepa) u 0.28 (it BBICOTHI).
CrpykTypHast cxemMa 3aMKHYTOW CHCTEMBI C Yy4YeToM HaOJromaTens
Bosmymeani 1 ®HY, xotopas 6pu1a anpoOupoBaHa Ha 0OBEKTE, IPUBEICHA
Ha pUCYHKeE 4.

3HadyeHnss KO3(Q(QUIMEHTOB PEryIITOPOB HAXOAWINCH C OMOPOH Ha
JIOCTaTOYHbIE YCIOBUS yCTOWYMBOCTH U3 JlemMbl 1 (mporienypa u3 pasnena
3 He uCHoNb30Bajlach M3-3a 0OJiee KOHCEPBATHUBHBIX OLEHOK B HEH IO
cpaBHeHuio ¢ Jlemmoit 1). OmHako H3-3a KOHCEPBATHMBHOCTH HIKHHUX
OLICHOK Ha BHIOOP aMIUIMTY] W3 J0Ka3arenbcTBa JleMMmbl 1 1 orpanuueHnit
Ha TIEPEMEHHBIE COCTOSHHMS W YIPaBIECHUS, WTOTOBBIE 3HAYCHHMS
K023 PUIMEHTOB perynsITopoB ObUIM yMEHBIIEHBI OTHOCUTEIBHO IPAaHUIl U3
Jlemmbl 1| W HaWAEHB C TOMOIIBIO YHCICHHOTO MOJICIIMPOBAHUS B
MATLAB. Takum o0pazom, aist anpoOanuy alrOpUTMOB YHPABICHHS
OBUTH BBIOpAHBI CIICAYIONINE 3HAYCHUS KOAPPHUIIIECHTOB.
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f®

T aes () 3axon ynpasnenns (39) Obnext
s : - ynpasieHus
Uy Tis T s> o F7) ©) o
v ()
DHY

]
'
us+1 ' §§ J‘ e,
|
'
'
1

v(O)= F (1)

v(¢) = Ptanh(L¢)

Ha6monarens Bosmyienuii (36), (37)

Puc. 4. CtpykTypHas cxema CUCTEMBI yIpaBJIeHHs ¢ HaOIroaTeIeM BO3MYILCHUI
U ¢ QUIbTPaMH HIKHUX YaCTOT

Jlis xaHana KpeHa U TaHTraxa:
my; =48, k; =1, m,; =10, k,, =4, ky; =2.25, i =1,2.
J1st kaHaua phICKaHus:
myy; =04, kj; =5, my; =05, kys =7, ki3 =0.
JI1st KaHaTa BHICOTHI:
my, =12, ky, =0.6, m,, =7, ky, =0.75, k3, = 0.

Juis peickaHus OBIIO TPHHATO HYJICBOE 3HAYCHHE KOX(PPHUIHECHTA
ycunenus ki, =0 Ipu yIJIOBOM yCKOPEHHH, IIOCKOJbKY €r0 YIpaBIIromuii

MOMEHT HauMeHee MCKa)KaeTcsl TUHAMHUKON MOTOpPOB (45) 1O cpaBHEHHIO ¢
JPYTMMH  KaHanamMu (HallOMHMM, 4YTO IIOJIOXKHTENbHBIE 3HAYEHHMs
K03 PUIMEHTOB NpU YCKOPEHHAX MO3BOJSIOT YMEHBUINTH AMIUIUTYIY
KoJleOaHNH, BO3HUKAIOUINX H3-32 AWHAMUKH MOTOpPOB). XOTA CyMMapHas
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TATA 171 YNPABJIEHHS BBICOTOM MCKaXKAaeTcsl TMHAMHKOH MOTOPOB CHIIbHEE
BCero (45), 1J1s BEICOTHI Takxke ObLIO MPUHATO k3, = 0. B 3TOM ciyyae Tak

OBUIO C/IeNaHo, YTOObI HE YBEIMYMBAThH 3allyMJICHHOCTb YIPaBICHUS M HE
MIPEBBIIATh AOIyCTUMBIE pecypchbl. OmHako 4T0O0BI HM30€KaTh CHIIBHBIX
KoJieOaHUH BBICOTHI M3-3a AWHAMUKH MOTOPOB NPHIUIOCH OPTaHU30BaTh B
9TOM KaHajle HanOoJiee MeUICHHBIE TIEPEXOIHBIC MIPOLECCHl IO CPABHEHHIO
C OCTalbHBIMHM KaHaJaMH. TakuM o0pa3oM, HEHyJEBble KOI(QHUIMEHTHI
YCUJIEHHS TIPU YCKOPEHHAX OOBEKTa OBUIM 3aJaHbl TONBKO AT KpeHa U
TaHraka. YTpaBICHUE 3TUMU IEPEMEHHBIMH TPeOyeT MEHbIIE PECypCcoB,
YyeM yIpaBJICHHE PHICKAHUEM M BBICOTOM, MPH 3TOM KPEH U TaHTaX TaKXKe
HOZBEP)KEHBI KOJNEOAHUSIM W3-32 JTUHAMHUKH MOTOPOB M KOHCTPYKTHUBHBIX
0COOEHHOCTEN OOBEKTA.

Koaddunmentsr HabnronaTesns HeonpeaAeneHHOCTEH ObUIH NPUHSTHI
UCXOJ W3 JOIYCTUMBIX T'PaHHIl M3MEHEHUs HeompeneneHHocTed (44) n
HCXOJs N3 oOecreyeHus OMMOKH OICHUBAHUS B YCTAaHOBUBILIEMCS PEKUME
10 MOJIYIIO 1 He Gonee ueM 5 (rpam/c’) mis yrios Diiepa u He Golee ueM
0.2 (M/c?) 1St BBICOTBL.

Jlns KaHaNa KpeHa, TaHraka U PhICKaHMUS:

p; =30,1,=045,i=12,3.
Jlnst kaHaia BBICOTHI:
p,=15,1,=0.34.

[pennoxennas moaudukays 6JI0YHOTO NOAX0A C CUIMOBHIHBIMU
obpataeiMu  cBsizsimu (BIIC) cpaBHHBaJlach CO CTaHIApTHBIM OJOYHBIM
MIOJIXOJIOM ¢ JIMHEeHHbIMH ynpaBieHusMu (BITJT):

e =1 M4, & =1, +Kie,

o ~ . (40)
u=-B, (), +z, +K,e, + K;7j)),

4x1 o T, T
rie z, € R — ouenku neompenenennocredt, K, =diag(k;,....k,) —

JUaroHalbHble MAaTPHIIBI, 3JIEMEHTHl KOTOPBIX SBISIOTCS KOHCTAHTaMU
(koadduientamu ycusienust), i =1,...,4 .

ITpn stom, kax u s BIIC, k curHamam e,, s yMEHBIUEHUS
3allyMJICHHOCTH M yMEHbIlleHus1 KojeGanuii  mpumensuics DOHY
¢ mocrostHHbIMU 0.0052 (st yritoB Diinepa) u 0.01 (Juist BBICOTHI).
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Ouenkun z, HeompeneneHHocted g BIDI  mpenocTaBisin

cTaHiapTHbI  HaOmopatens  JlyenOeprepa [36] ¢ nuHEHHBIMH
KOPPEKTUPYIOIUMU BO3ACHCTBUSIMMU:

Zy=zy+Ey+ By(u+ Li(e, —z)), 2, =L, (e, — 7)), 47)

4x1
ez €R™, z, — TIEpEMEHHBIE COCTOSHHMSA HaOmoaaTens,

yo Sz

L =diag(—25¢,—2s9,—2sw,—2sz) , L, =diag(5;,s§,s,/2,,s§ s Sgs Sps S
— ko3 urmentsr HabmromaTers [36].

B ommume ot BIIC, k oOneHKaM HEONIpeneneHHOCTeH He
npumersiince  OHY, uroder mns BIIC u  BIUJI  umcmomp3oBanmchk
HAOIMIOAaTeIM HEONPEACICHHOCTEHl OJHOTO W TOTO K€ CYMMAapHOIO
nopsiika 8.

bbb BeIOpaHsb! cienyromue K03 GHUIUEHTHl PETYIIATOPa B CHCTEME
BILI ¢ HabromaTesieM HEOMPEACICHHOCTEH.

JIyis kaHalla KpeHa M TaHTaxa:

ky =4.8, ky; =37, ky, =225, i=1,2. (48)
I[J'IH KaHaJla pbICKaHUA:
kiy =1.54, kyy = 2.6, kyy =0. (49)
JI1st kaHayia BBICOTHI:
ki, = 0.7, ky, =0.75, ky, =0. (50)

Jdnst  OOBEKTHBHOCTM  CpPaBHEHHS  PE3ylNbTaToB  anpoOanuu
koapummeHTs! (48), (49) perynmsTopa yrmoB um HaOmomarenst mmst BITJT
OBUIM SMIHMPHUYECKH TONOOpaHBl HAa OCHOBE YHCICHHOTO MOJICIHPOBAHHS
TaKk, YTOOBl 00ECHEeYHTh NPHUMEPHO TaKoe XK€ BpeMs IePeXOIHBIX
MPOLIECCOB M TAKyIO XK€ TOYHOCTb, KaK M B NPEIUIOKEHHOW MOAU(PUKAIUH
OJI0YHOTO MMOIXO0AAa C CHTMOBUIHBIME OOpaTHBIME cBs3sMu BIIC. Oxgnako
BBIOpaTh KO3 duUIHEeHThl perynstopa BbicoThl st BITJI, ucxonst u3 atoit
ke uend, He yaanock. Koadpoummenter (50)  mpuOIM3UTEIBHO
COOTBETCTBOBAIM TpelelibHbIM ~ Kod(pduimeHTam, mpu KOTOPBIX HE
BO3HHMKAeT CWIBHBIX KOJEOaHMH IO BBICOTE. bBBUIO BBISBIEHO, YTO
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yBenunueHue ko3 duuerToB otHocuTenbHO (50) IPUBOIUT K YBEINICHUIO
aMIUTUTYJbl KOJeOaHUH BBICOTHI M K PHCKY BO3HMKHOBEHHS aBapUHHBIX
CUTyallMi MpH ucnoib3oBaHuu uaeHTHUHBIX @HY 1 Habmrogarens Toro xe
nopsinka, yro U B BIIC. Ilo 3Toi npuymMHE IOCTATOYHO MaJCHBKHE
ko3 dunuents (50) odecneumnn 6ojice HU3KYIO TOYHOCTh CTAOMIM3AIUN
BBICOTHI 10 cpaBHeHMIO ¢ BIIC, HO mpW MeHBIIMX pecypcax yHpaBJICHHS
(uTO OyZET IMpPOIEMOHCTPUPOBAHO janee Ha rpadukax). Jms BO3MOKHOCTH
yBenM4YeHusT KodpduimenToB orHocurenbHo (50) TpeboBanoch OB
JIOTIOJTHUTENBbHOE pemenne mo ¢uibTpamuu B peryistope BITJI w/mmm
TIOBBINICHUE MOPSIIKa HAOII0aTessl HeONpeIeIeHHOCTEH.

Kpowme Toro, mrs BITJI 6putn npuHATH ciienyronme Ko3QOUIMeHTsI
Habmoparens JlyenOeprepa (47):

S =-17, s, =-17, Sy =-20, s, =-4.5.

Takum  oOpa3om, anmpoOMpPOBANNCH  CIEAYIOUIHNE  aJTOPUTMBI
YIPaBJICHUS U COOTBETCTBYIOIUE 3aMKHYThIE CHCTEMBI:

1. bnouHsli moAaXoX C CHUTMOBHIHBIMH YIpaBieHuAMH (41)
(BIIC).

2. bnounslit moaxon ¢ MuHeHHbIMK ynpasieHusmu (46) (BITIT).

B mepBoM 3KcriepuMeHTe M0 anpoOanuyl alrOpUTMOB YHPABIICHHS
TpeOOoBaIOCk, YTOOBI KBaIPOKONTEp MOTHsUICA Ha BeicoTy —0.5 (M), 3atem
0TpaboTas CTyMEeHYaToe 3a1ak0liee BO3ACHCTBIE Ist phickanus u3 0 (rpam)
B 10 (rpam) npu crabuin3anyy HyJIEBbIX 3HAUCHUH KpeHa U TaHTaxa.

Ha pucynke 5 npuBemeHsl TrpadMKd H3MEHEHUsS PpBICKaHUA (1)
(rpan) ¥ CTYNEHYATOro 3aJalOILero BOo3AeHcTBUS . (f) (rpax). MomeHT
Bpemenu ¢t =0 (c) 31mech u ganee OyAeT COOTBETCTBOBATh BPEMEHH IMOaun
crynenpkd. Ha pucyHke 6 mpexcTaBieHbl Ipaduku ynpaBieHus 7, (t)
(H-m). It HarmsJHOCTH Ha 3TOM PUCYHKE TaKke IMPHUBECH Ipaduk ckauka
yIpaBIeHUS] NPU CTYNEHYaTOM W3MEHEHWHM 3aJaHus, HaAWAEHHOTO IIyTeM
BBIYMTAHUA U3 CUTHANA 7,(t) ero cpeaHero sHadeHus 3a 0.5 (c) 1o nmoxauu
CTyNEHbKU (B pe3ylbTaTe 3TOH omepauuu 7,(f) 10 HOAAYU CTYIEHbKU

CTAaHOBHTCS NPHMEPHO pPaBHBIM HYNIO, W Jaliee MOXHO OOBEKTHBHO
CPaBHUTH BEJIMYMHBI CKAYKOB JUISl Pa3HBIX AITOPHTMOB YIPABICHHUS NPH
HEOONBIINX OTIMYMAX B HAYaJIbHBIX YCIOBHAX, KOTOPbIE HEM30EKHBI N3-3a
pa3HO BETMYMHBI ITYMOB M BO3MYIICHHI B pa3HBIX IKCIEepHUMEHTax). Ha
pucyHkax 7-8 mpusesieHbl rpaguku KpeHa ¢(f) u ero ynpasienus 7, (f)

u TaHraxa 6(f) u ero ynpasnenus 7,(f) coorsercrsenHHo. Ha pucynke 9
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npecTaBiieH rpaduk BeICOTH z(¢) U ee ynpasieHus u, (). Ha pucynke 10
npuBesieHbl TpaduKu JMHEeHHbIX KoopauHaT x(¢) u y(¢). Ha pucynke 11

npuBesieHbl  rpadUKH  OLEHOK  HEOMNpEIENEHHOCTEH ¢  MOMOUIBIO
KOPPEKTUPYIOIIEr0 BO3AEHCTBUSA V;(f) MPEANoKEHHOro HaOIroaTens

(1 BIIC) 1 ¢ nomolbio NepeMEHHOM z,4(¢) Habmonarens Jlyenbeprepa
(mst BIL), a Takke rpad)MKu CKA4KOB OIICHOK.

MepexogHbIn npouecc - YCTaHOBUBLLMACA PeXUM

= =)

[0 @

o o,

= =

o o)

¥ F

8 T 98 —BMC

3] 3]

0 0

a & g7 —BMn
96 = 7 Phes
9.5

3 4 5 6
Bpemsi, ¢ Bpewms, ¢

Puc. 5. I'paduku peickanus y(¢) | 3a7aloLIero BO3AeHCTBUA v, (¢)

0.04

s 002
T
W
% 0
I
@
o
&
& -002
| =
>
-0.04
-0.02
0.2 0 0.2 0.4 0.6 -0.2 0 0.2 0.4 0.6
Bpewms, ¢ Bpems, ¢

Puc. 6. I'paduiku ynpasieHus c,(¢) ¥ BEJTUYHHBI €TI0 CKauKa
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—BEMnc p—
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> 0.3
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-0.2
-0.4
-0.3
0 1 2 3 4 5 0 1 2 3 4 5
Bpewms, ¢ Bpewms, ¢
Puc. 7. I'paduku kpeHa ¢(t) W ynpaBieHus (1)
—Bnc e 15 (4
0.4
——EMn 04 S
i) s
des = 0.3
0.2
S -
= AL=E6 )
~ 2
é 0r $ o0t
-0.2 ;El 0.1
-0.2
-04
-0.3
0 1 2 3 4 5 0 1 2 3 4 5
Bpems, c Bpems, ¢
Puc. 8. I'padukn tanraxa () u ynpasnenus z,(t)
.0.48 -1 ——BMC
-0.49 S
75 5NN
-05 Y T
= 1 o
@ -0.51 13
E @
3 g
3 -0.52
2 g 14
=
-0.53 >
-15
-0.54
-0.55 -16
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Bpems, ¢ Bpewms, ¢

Puc. 9. I'paduku BBICOTBI z(f) M yHpaBieHUs u,(7)
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1.2 3
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Puc. 10. I'paduku THHEHHBIX KOOPAUHAT x(¢) U y(f)
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Puc. 11. I'pacuxu O1ieHOK HEOIIPEAEIICHHOCTH C TIOMOIIBIO HaOIroaTenei
U BEJIMYUHBI X CKAaUKa

B Tabnuue 2 npuBeneHbl CleyIOIUe KOJHYECTBEHHbIC TOKAa3aTelln
KauecTBa paboOThl HaOmromarenell HEOMpeIeICHHOCTeH: MaKCHMAIbHOES
3HAYCHHE MOMYIIS OLCHKH (rpam/c).

B Tabnuiie 3 npuBeEHBI CICIYIONINE KOJINYECTBEHHbIE TTOKA3aTEIN
Ka4yecTBa pabOThI PETYJSITOPOB: BPEMsI MIEPEXOHOTO IMPOIECCa, & UMEHHO:
MOMEHT BPEMEHH (C), HaYMHAsl ¢ KOTOPOTO ONIHOKA CIEXKEHUs! MOMaaacT B

OKpECTHOCTh |!//(t)—10|£0.5 (rpam) wu Oojece HE MOKHIACT €€,

MaKkCHUMaJIbHOE 3Ha4yeHWe Moayis ckauka ynpasienus (H-m); cpennee
3HAYCHHE MOJYJISl OIMUOKH CIICKEHHUS B YCTaHOBHBIIEMCS pekuMme (Tpan),
CpelHMe 3HA4YeHHUs MOXyJIeH KpeHa M TaHraxa (rpaj) W MakcHMaibHas

omuOKa cTabMIN3aIuK BEICOTH Ha ypoBHE —0.5 (M).
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Tabsuua 2. KonruecTBeHHbIC OKa3aTEIH KauecTBa paboThl Habmoareneit

HEOIpe/IeJICHHOCTEN
Iloka3zarenn BIIC BILJI
MaKCI/IIZIaHBHOC 3HAYEHHUE MOJIYJIsl CKayKa OLCHKH 73.42 110.6
(rpan/c’)

Tabnuna 3. KonnyecTBeHHBIE TOKA3aTEIN Ka4eCTBA Pa0OTHI PETYIISITOPOB

TlokasaTesn BIIC BILJI
Bpewmst nepexoHoro mporecca (c) 2.35 1.94
MakcumaspHOe 3HaueHHEe MOJIYJIs ckavka ynpasienus (H m) 0.04041 0.05629
CpeHee 3HauC€HHUE MOJYJIsl OIIMOKY ciexeHus (rpaj) 0.0638 0.0649
CpenHee 3HaUCHHE MOJYJISl KpeHa (Tpaj) 0.0894 0.0709
CpenHee 3HaYeHHE MOMYJIS TaHTaXa (Tpaj) 0.0875 0.0674
MakcumasbHOE 3HaUCHHE OIIMOKH CTA0MIIN3AIMU BBICOTHI (M) 0.027 0.038

W3 pucynka 11 u tabmumst 2 cienyet, uto it BIIC MakcuManbHBIH
CKauOK OILICHOYHBIX CHTHAJIOB HEONPEIEIEHHOCTEH OKa3ajics NMPUMEPHO B
1.51 pa3 wmenbmie no cpaBHeHuto ¢ bBIIJI 3a cyer oOrpaHU4YeHHBIX
CHUTMOBHUIIHBIX  KOPPEKTHUPYIOUIMX  BO3JCHCTBHH B  TNPEIJIOKECHHOM
HaOmrofaTtene 1O CPaBHEHHIO C JIMHEHHBIMH  KOPPEKTHPYIOIIUMHA
BO3JeHicTBUSAME B Habmogarene JlyenOeprepa [36].

Lens ympaBneHus: pbICKaHHEM OblIa JOCTHTHYTa U BCeX
JITOPUTMOB: BPEMs ITIEPEXOAHBIX MPOLECCOB B 3TOM CIIydae COCTaBHIIO
mpuMepHO 2 (C) mpH cpemHed BeIWYMHE OMIMOKH B yCTAaHOBHBIIEMCS
pexxume He 6omee yem 0.0649 (rpam) (pucyHok 5, tabdnuna 3). [Ipu stom
g BIIC makcuManbHBIM CKavoK yIpaBieHHus okazaics B 1.39 pa3 MeHbIue
no cpaBHenuto ¢ BIJI (pucynok 6, Tabnuna 3).

OTMeTHM, 4YTO TIpH OTPAa0OTKE PBICKAHUEM  CTYIEHYaTOro
3aJIal0IIero BO3JCHCTBHS KPEH W TaHTaX OCTAIOTCS B MaJIOW OKPECTHOCTH
HyJs (pucyHOK 7-8, Tabmuma 3), 4yTO JEMOHCTPHPYET POOACTHOCTH BCEX
QITOPUTMOB YIPABICHUS K HEONPEIEICHHOCTSIM, BO3HHKAIONIMM H3-32
TIEPEeKPECTHBIX CBs3ed. [Ipy 3TOM HCIIONIB30BaHME JIMHEHHBIX YIIPaBICHUN
YMEHBIITAI0 OMHOKK CTA0MIN3aINK KpeHa 1 TaHTaXxa IpuMepHo 10 1.3 pas
10 CPAaBHEHUIO C UCTIOIB30BAHHEM CHTMOBHIHBIX MPEIIOIIOKHUTENHHO M3-32
MEHBLIETO BIMSHUS ITyMOB H3MEPEHHUI HA JINHEHHbIEC yIIPABICHUS.

W3 tabmuier 3 Takke ciemyeT, 4To MIpH OTPabOTKE PBHICKaHHEM
CTYNIEHbKH MaKCHMAJIbHOE OTKJIOHEHHE BBICOTHI OT 3amanus —0.5 (M) mo
Moxyimto coctaBmio 2.7 (em) ms BIIC, 3.8 (em) s BITJL. Takum o6pazom,
g BIIC ommbka oxa3zanacs B 1.41 pa3 Mensie no cpaBHenuto ¢ BITJL

Bo BTOpoM u TpeTrbeM SKCIEpUMEHTaX TpeOOBaIoCh, YTOOBI
PBICKaHUE U BBICOTA OTPAa0ATHIBANIN CTYIICHUYATHIC 3a/1aI0IHE BO3/ACHCTBUS C
pa3HOW BeNMYMHON CKauykoB: mis peickaHus w3 —10 (rpam) B 0 (Tpam)
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(BemmumHa ckadka 10 (rpan)) u u3 —15 (rpax) B 0 (rpan) (BeMMUMHA CKayuka
15 (rpam)) npu crabunm3anuy BBICOTHI Ha ypoBHe —0.5 (M) M HyNeBBIX
3HAYCHUH KpeHa W TaHTaXka; A BEICOTH m3 —1 (M) B —0.5 (M) (BenmumHa
ckauka 0.5 (M)) u u3 —1.5 (M) B —0.5 (M) (Benmmumna ckauka 1 (Mm)) npu
CTaOMJIM3aIlK HYJIEBBIX 3HAUCHHH YTIIOB Dijepa.

Ha pucynkax 12-15 u B Tabnunax 4-5 npuBeieHbl KayeCTBEHHBIE U
KOJIMYECTBEHHbIE II0KA3aTelyd Ppe3yjbTaToB anpobaluy  alropuTMOB
COOTBETCTBEHHO.

. Ckauok 3apgaHun 10 (rpaa) . Ckauok 3apaHun 15 (rpaa)
=¥ =¥
© ©
(=3 (=3
2 2
i) i)
Y Y
I I
[} [}
xe xe
o o
0 0
a a
-12
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Bpewms, ¢ Bpems, ¢

Puc. 12. I'paduxu peickanus y/(¢) 1 3a/1a0L1ero BO3AEHCTBUS v, (¢)

008 Ckauok 3ananus 10 (rpan) 99 Ckavok 3apaHun 15 (rpaa)
BINC ——BMNec
0.05 BMN 0.08 ——EMn
0.04 s 0.08
T

- 0.03 + 0.04

CKa4vok 7, H-m
(=]
(=]
[}

CKavoK T

0.2 0 0.2 0.4 0.6 0.2 0 0.2 0.4 0.6
Bpewms, ¢ Bpewms, ¢
Puc. 13. I'paduku BeTMIMHBI CKauKa YHIPABICHUS 7, (f)
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Puc. 14. I'paduku BEICOTHI z(f) M 3a/IalOLIETO BO3AEHCTBUS z 4. (1)
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Puc. 15. I'paduiku BeTMIMHBI CKauKa yIPABICHUS u, ()

Tabmuna 4. KonmyecTBeHHBIE TOKA3aTEN Ka4eCTBa Pa0OTHI PETYIISTOPOB

PBICKAHHS
IMoka3zartean Ckauok 3aganus 10 Ckavok 3aganus 15
(rpan) (rpam)
BIIC BITJI BIIC BITJT

MakcumanbHOe 3Ha4YCHUE
MOy CKayKa 0.0401 0.05408 0.04461 0.08594
ynpasienus (H m)

W3 tabmuupr 4 cnepyer, uro it BIIC MakcuManmbHBIN CKadyoK
ynpasneHus Mensie B 1.35 u 1.93 pasa no cpaBHenuto ¢ BILJI mpu ckauke
3amaHus 1o peickanuio B 10 u 15 (rpam) coorBercTBeHHO. CieI0oBaTENbHO,
C YBEIMYCHHUEM CKaudKa 3aJa0IIero BO3IACHCTBUS TSI PHICKAHWS BBIMTPHIII
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B YMEHBIICHNHU CKadka ympasieHus: BoszpactaeT mis BIIC oTHOcHTensHO
BILL

Tabnuna 5. KommuecTBeHHBIE TOKA3aTEeNIN KauecTBa pabOThI PETYJIITOPOB BHICOTHI
IMoka3zarennb Ckauoxk 3aganus 0.5
(M)

BIIC BITJI BIIC BITJI

Ckauvok 3aganus 1 (m)

MaxkcuManbsHOe 3HaYEHUE
MOy ISt CKa4Ka 3.488 1.336 4.961 3.08
ynpasienus (H)

N3 tabmuiel 5 BugHo, uyto it BIIJI MakcuMallbHBIN CKayoK
ynpasineHus Mensie B 2.61 u 1.61 pasa no cpasnenuto ¢ BIIC mpu ckauke
3aganus 1o Beicote B 0.5 u 1 (M) coorBeTcTBeHHO. B naHHOM ciydae u3-3a
JOCTaTOYHO MAJIOTO CKadKa 3aJaHusl 10 BBICOTE W M3-32 TOTO, YTO
K03(HUIMEHTHI B PeryssaTope BBICOTHI C IMHEHHBIMU YIIPABICHUSIMH OBLIN
MeHbplie eauHunbl, s BITJI BennumHa ckayka ympaBiIeHHS OKas3alach
MeHblIe 1o cpasHeHHIo ¢ BIIC. OnHako ¢ yBennyeHHeM CKadKa 3aJaroliero
BO3/ICHCTBUS Ul BBICOTHI BBIMTPHIII B YMEHBIICHHH CKadKa YHpPaBICHHS
ymenbmaercs st BIUI otrocurensro BIIC.

Takum 06pa3om, pe3ynbTaThl arpodaiuu nokasaiu 3PpQPpeKTHBHOCTh
npemioxkeHHoro anroputma bBIIC. HMcexoms w3 pe3ynpTaToB HaTYPHBIX
SKCIIEPUMEHTOB,  MOXHO  CAENaTh  CIEAYIOIIHME  BBIBOABI:  €CIHU
npearnosaraeTcs I0/aBaTb Ha OOBEKT TOJBKO TJIAJKUE 33Jaroline
BO3/IeiCTBYSL, TMOO HETJIJIKUe C OTHOCHTENILHO HEOOJBIINMHU CKauKaMH, U
ObIcTponeiicTBIE OTPabOTKHM 33JaHMii HEKPUTHUYHO, TO IeliecooOpasHee
HCHONb30BaTh JMHEHHbIE ymnpaBineHus u BILJI B Bumy mpocToThl HX
peanM3alMy M WX MEHbIIEH IOJBEp)KEHHOCTH INyMaM H3MEpEeHHH I10
CPaBHECHHUIO C HENMHEHHBIMU YIpaBleHHSIMH. B mpoTtnBHOM ciydae (mipu
HEeTTaJKUX 3aJaHMsAX, KOTAa BaKHO OBICTPOACWCTBHE HX OTPAOOTKH)
pexomeHayercss  ucmonb3oBaTh  BIIC  anst  yMEHBIIEHHMS — CKadkKoOB
yIpaBleHUS,,  YMCHBIIEHHS  KOJIeOaHMH  MEPEeMEHHBIX  COCTOSHHMSA
M YBENMYCHHUS TOYHOCTH B MOMEHT CKauyKa 3a/alollero BO3ACHCTBUS
(o cpaBuernto ¢ BILJI). Ilpm 3TomM deMm Oojpmie BenWYMHA CKadKa
3aal0MKX BO3JCHCTBUI, TeM BBIMTphIIHEe Oyner mnpumeHenune bIIC
otHocuTenbHO  bBIIJI B IulaHe KayeCTBEHHBIX M KOJUYECTBEHHBIX
MoKa3areJel KauecTBa peryIupoBaHUsL.

7. 3akmiouenne. llenms  pabGoTel  cocrostma B pa3paboTke
MoaudUKauy OJOYHOTO TMOJAXOJA JUIs peIleHHs 3a1ad  yIpaBJICHHS
OpUEHTAlie M BBICOTOM KBAJPOKONTEpa IpPH HAIMYHMM KOMIUIEKCHBIX
HEONpe/eIEeHHOCTE B Mozenu o00beKkTa (BHEIIHMX BO3MYILCHHH U
MapaMeTPUYECKNX HEONPENeICHHOCTeH, B TOM YHCIE€ HEYYTCHHOU
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muHaMukn). Llenp Oputa TOCTUTHYTa 3a CUeT pa3padOTKU peryisropa u
HaOMfoaTeNs HEONPEIeNICHHOCTe C  HCIOJIb30BAHUEM CHTMOBHHBIX
o0paTHBIX cBs3el. B perynsrope n HaOoaaTene riiaIkue 1 orpaHHYeHHbIe
oOpaTHbIE CBSI3M IO3BOJIMIIM HM30€XaTh OOJBIIOTO IepeperyaIupoBaHus,
XapaKTEepHOIO JUIS CTaHAapTHOrO OJIOYHOTO TMOJXoJa C JIMHEHHBIMU
YIIPaBJICHUSIMH, & TAK)KE€ YMEHBIINTh aMIUTUTYy yrpasieHuil. JlobaBneHue
CJIaraeMbIX ¢ YCKOPEHHEM OOBEKTa B PETYJISITOp 00ECIEeUmIo YMEHbIICHNE
KoJIeOaHHIl TTIepEMEHHBIX COCTOSIHUSI, KOTOPbIE BO3HUKAIOT M3-32 JTUHAMHKA
MoTopoB. Kpome Toro, 3a cyeT OLEHKH HEOMPEIeICHHOCTEW C MOMOIIIO
KOPPEKTUPYIOIIUX  BO3JACHUCTBUI, MPEIJIOKEHHBIH  HAOIIOmaTens ¢
CHUTMOBHUJIHBIMH KOPPEKTHPYIOIIUMH BO3ICHCTBUSIMU HMEET MEHBIINI
MOPSIIOK 10 CPABHEHUIO CO CTaHAAPTHBIMH HaOmoarensmMu (Harpumep, ¢
Habmomarenem JlyenOeprepa). Pesymprartel ampobamuy alropuTMOB Ha
KBaJIpOKONTEpe CO cTaHmapTHoil pamoit F450 mpomeMoHCTpupoBamu UX
3G GEKTUBHOCTD.

B Oyaymem miaHupyercs pa3paboTaTh TeHEpaTop 3aJaroliux
BO3/ICHCTBUI /JIsI CTJIQ)KUBAHUS STAJOHHBIX TPACKTOPHUH, KOTOPHIE MMEIOT
TOYKM pa3pbiBa. byner mnpoBeneHo uccieqoBaHHE 10 pa3paboTke
POy PHI BBIOOpa 3HA4YEHHUH K03 (h(HULIEHTOB perynstopa
C UCTIOJIb30BAaHUEM MEHEE KOHCEPBAaTHBHBIX OICHOK II0 CpPaBHEHHIO
C OIIEHKaMH M3 paszena 3 (Tak, YTOObl BHIIOJHUTD 3a/laHHbIE OTPaHUYCHUS
Ha TIEpEeMEHHBIE COCTOSIHMSI M ympasiieHus). Kpome Toro, miaHupyercs
CHHTE3MPOBATh PEryJSITOpP JTMHEHHBIMUA KOOPJUHATAMU X M ) [IPU HAIUYUU
HEOMPE/ICIICHHOCTEH U MPOBECTH apOOAIINI0 aAJTOPUTMOB.
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A. ANTIPOV, J. KOKUNKO, D. WOLF, A. SHIROKOV
SYNTHESIS OF COMBINED QUADROCOPTER ATTITUDE
AND ALTITUDE CONTROL BASED ON BLOCK APPROACH
WITH SIGMOIDAL FEEDBACKS

Antipov A., Kokunko J., Wolf D., Shirokov A. Synthesis of Combined Quadrocopter Attitude
and Altitude Control Based on Block Approach with Sigmoidal Feedbacks.

Abstract. This paper considers the problem of controlling the attitude and altitude of a
quadrocopter in the presence of uncertainties in the plant model. When solving this problem, it
is especially important to consider the peculiarities of the plant: strong susceptibility to roll,
pitch, and altitude oscillations due to the quadrocopter design and motor dynamics (with yaw
being the least susceptible to oscillations due to motor dynamics compared with other
controllable variables). To achieve high control quality in the presence of uncertainties,
combined control is usually applied. It is constructed as a sum of two parts: a basic stabilizing
part and a part compensating uncertainties with the help of a disturbance observer. Typically,
both parts contain linear feedback. However, when the output variables of the plant track non-
smooth reference signals, linear feedback can cause overshooting and increased oscillations.
To prevent these problems, we propose a combined control law with smooth and bounded
feedback in the form of the hyperbolic tangent. This feedback is used by both the controller
and the disturbance observer. In this case, the control synthesis is based on the structural
properties of the plant using the block approach. Its application provided invariance of the
output variables with respect to not only matched but also unmatched uncertainties, and also
allowed to construct a disturbance observer of the minimum possible order. In addition, to
reduce the oscillations, a part with plant accelerations was introduced into the control law. To
realize the proposed approach, it is sufficient to know the nominal values of some parameters
of the plant and the permissible bounds of uncertainty variation. We present the results of
experiments on a quadrocopter with an F450 frame and the results of a comparative analysis of
the proposed approach with the one using linear control.

Keywords: UAV, external disturbances, combined control, block approach, hyperbolic
tangent.
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A.C. POnoOHOB, T.A. MATKYPEAHOB
IIJIAHUPOBAHUE TPAEKTOPUN HMO.JIETA BILJIA
IIPU MOHUTOPHUHT'E BOJIBIIIOU OBJIACTHA

Poouonos A.C., Mamxypoanose T.A. IlnanupoBanume TpaexTopuu mnoJjera BILJIA
NPU MOHUTOPHHIE 00JIb1IOK 00J1acTH.

AnHoTtanusi. CoBpeMEHHOE CeNIbCKOe XO3SIHCTBO OXBATHIBAET OTPOMHBIE TEPPUTOPUH,
1 9(p(EKTUBHBI MOHHTOPHHI O3THX TEPPHTOPHH HrpaeT KIIOYEBYI0 pPOIb B TOYHOM
3emienenuy. becrpoBOJHBIE CEHCOPHBIE CETH IIMPOKO HCIOIb3YIOTCA JUIS IOTydYEHHs
ornepaTHBHON MHGOPMALU O COCTOSHHUHU CENbCKOXO3SMCTBEHHBIX KyIbTyp. OJHAKO BPYyUYHYIO
coOuparth JaHHBIE C JaTYMKOB 3aTPyJHUTENBHO. B TO ke BpeMs OeCHUIOTHBIC JTeTaTelbHbIE
ammapatsl  (BIIJIA) Bce w4Wame HCHONB3yIOTCS UL OOECIEUCHUS aBTOMATHYECKOIO
BBICOKOTOYHOTO cOOpa JaHHBIX. B maHHOW cTaThe paccMaTpUBAIOTCS METOIBI IIOCTPOCHHS
ontuManeHOit Tpaektopun BIUIA, obecneunBaromye 3GQEKTUBHBIA COOp JaHHBIX C
pacnpeieNIeHHbIX CEHCOPHBIX y3J0B. IIpeokeHHble METOIbI HAIIPaBJIEHbl HA MUHUMU3ALIUIO
JUIMHBI MapuipyTa M IIOJHOE MOKPHITHE 30H HAaTYMKOB 3a CUET y4eTa MX IPOCTPAHCTBEHHOIO
pacmpeneneHUs H pagmyca AeHcTBHA. llenblo HcclefoBaHHS 3aKIIOYAaeTCsl ONTUMU3AIS
TpaekTopnu nosera BITJIA MuHMManmbHOH JUIMHEL, oOecrieynBaromel cOOp JaHHEIX CO BCEX
JATYHKOB, TIOJTHOCTBIO MOKPBIBAsl 30HBI HOKPHITUSI CEHCOPHBIX y3710B. B pamkax uccienoBaHus
ObLIM pa3pabOTaHBI H CPAaBHEHBI YETHIPE METOJa IIOCTPOCHHS MapUIpyTa: HEHTPHPOBAHHBIH,
TPEXTOYEUHbIH, TaHT€HIMAIBHBI W METOJ ONTHMAlIbHOTO BBIOOpPA TOYEK BHYTPU T'PaHUII
paguyca. Kaxnaplii Meron peann3oBaH B BHIE HPOrpaMMHOTO alirOPHTMa, BKJIIOYAIOMIETO
9TaIbl HOCTPOSHUS MApIIPyTa, €r0 T€OMETPUIECKON ONTHMU3AIMU H OXBATa 30HBI IOKPBITHL.
Bce MeTonpl ObUIM IPOTECTHPOBAHEI €AMHOOOPA3HO Ha HabOpe NaTYMKOB, pPa3MEIICHHBIX Ha
ompeneneHHol Tepputopud. OlleHKa HPOBOAMIACH IIO TPEM OCHOBHBIM IOKa3aTesIM:
MPOTSDKEHHOCTh MAapIIpyTa, KOIMYECTBO TOYEK MAaHEBpa U BpeMs pacdyeTa IIPOTPaMMEL
ABTOpaMM TPEATIOKEHbl [Ba KIIOYEBBIX METOJA ONTUMM3ALMU TPAEKTOPUU: METOH
«UEHTPOU/», OCHOBAHHBI Ha KJIACTEPU3ALHOHHOM IOJAXOIE, U YCOBEpPIICHCTBOBAHHBII
«TpEXTOUECUHBII» MeTon, peanusyoumii amroput™m Jluna—Kepuurana. Ilo pesynbraTam
9KCIIEPUMEHTOB IPEAJI0KEHHBIE METO/bl CYILECTBEHHO NPEBOCXOAAT PaHEE PACCMOTPEHHBIE
METOAbl IUIAHUPOBAHMS TpaekTopuH. Takum o0pa3oM, B CTaTbe NpPEATIONKEH KOMIUICKCHBIN
MeToJ K mocTpoeHuio MapuipyTtoB BIIJIA s MoHMTOpHHTra CeNbCKOXO03SHCTBEHHBIX TOJEH ¢
y4eTOM T€OMETPHYECKUX, AITOPUTMHYCCKUX M BBIUYHCIUTENBHBIX (DAKTOPOB, a TaKXKe JaHBI
pEKOMEHJAllUM II0 BBIOOPY METOJa B 3aBHCUMOCTU OT IIPOCTPAHCTBEHHOH CTPYKTYpBHI
CEHCOPHOI ceTH.

KimoueBnbie cioBa: BITJIA, 3amaua KOMMHBOSDKEpa, alTOPUTM, KiacTepusanuu, JlnHa-
Kepnurana, Benb1s, nporpaMMupoBaHHe.

1. Beenenne. Cenbckoe XO34HCTBO BCEra paccMaTpUBAIOCh Kak
OJlHa M3 BAXXHEHIIMX YEJIOBEYECKUX HMHHUIMATHB B HMCTOpUH. B cBs3H C
OBICTPBIM pAcIpPOCTPaHEHHEM W pa3BUTHEM IHU(PPOBU3ALMKN CEIBCKOTO
XO3SICTBA, KIIFOUCBBIC 3BEHBS CEIBCKOXO3SMCTBEHHOTO IPOM3BOJICTBA H
OMOJIOTHYECKOTO KOHTPOJsL BCE 4Yalle ONHPAITCAd Ha IepeloBbIe
TEXHOJNOTMH. B  YacTHOCTH, aKTyaJbHOW  SBJIACTCS  TEXHOJOTHS
CEJIbCKOXO03SHCTBEHHON aBHALINH, HAIIPABJICHHAs Ha 3aIIUTy pacTeHni [1].
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B mnocnemHee Bpemst OecHMIOTHBIE JIETAaTEIbHBIE — AIIapaThl
NPUBIEKIN 3HAYUTENbHOE BHHMaHME Oyarozapss CBOEH IPOCTOTE,
MoOWJIbHOCTH W MaHeBpeHHocTH. Kpome Toro, BIIJIA  moryr
NOJJIEP)KUBATh COOp MAaHHBIX B CEJIbCKOXO3SIMCTBEHHBIX HPHIIOKCHUSIX,
obecrieunBast cOop HMH(pOpPMAIMKA Yepe3 pPaclpeaeICHHbIC OCCIPOBOIHBIC
YCTPOMICTBA C yCTOMYUBOCTHIO K 3a/IepKKaM Mepeadn JaHHbIX [2].

OpnHaKo clietyeT IIOMHUTb, YTO OECHHMIIOTHBIN JIeTaTeNIbHBIN anmapar
SIBIISIETCS JIMIIb HHCTPYMEHTOM Jutsl cOopa naHHbIX. OH HE MOKET 3aMEHUTh
arpoHoMa, HO CIHOCOOEH 3HAYUTENbHO IOBBICUTH €ro 3(QEKTUBHOCTS,
TIPEAOCTABIISS AKTYaJIbHYIO HHPOPMALIHIO 0 COCTOSIHAT
CEIIbCKOXO3SIMCTBEHHBIX KYJIBTYp. TOYHAsl AMarHOCTHKA COCTOSHMS ITOYBBHI
W PACTEHHH TO3BOJIAET KaK KpPYNHBIM, TaKk W MajlbIM XO3SHCTBaM
MHHMMH3HPOBATh MOTEPH, ONEPATHBHO MPUHUMATh HEOOXOANMBIC MEPHI 1
CHI)KATh 3aTpaThl Ha padouyio cuiy. Crenuaau3upoBaHHOE TPOrpaMMHOE
obecrieueHre  JJsl  MOHMTODHMHIA  COCTOSHHMsI — IojJied  coOupaer
COOTBETCTBYIOIIME MaHHbIE W MpeolOpasyeT MX B MPOCTHIC I aHaIu3a
CBEJICHU, YTO 00JIeryaeT mpoIecc NPUHSITUS perieHui [3].

C mnomompto OecrimuotHeix BITJIA arpoHOMBI MOTYT OBICTPO U
OTHOCHUTEJIBHO HEAOpOTOo IMOJTyyaTh JaHHbIE O PAa3BUTUHM pacTEHUM Ha Bcex
JTamax — OT TIoceBa 10 YyOopku ypoxas. CTpeMHTeNIbHOE pPa3BHUTHE
OECHMJIOTHBIX JIETaTeJIbHBIX alllapaToB 3a KOPOTKMH HPOMEXKYTOK
BPEMEHH, a TaKKe COBEPIICHCTBOBAHME WX YIPABISEMbBIX MOJETHBIX
CHUCTEM CBHICTENBCTBYeT O TOM, dro B Oyaymem BIIJIA craHyT
HEOTHEMJICMOH JacCThIO CENbCKOXO3SHCTBEHHON aBHANHU (PUCYHOK 1).

B mocmemnee Bpems BIUUIA Opuim TpemiokeHBI B KayeCTBE
MOOHMIBHBIX Y3JIOB Tepeladd IaHHBIX I cOopa MHGOpMAUM U3 CeTH
JaTtdaukoB. [lo cpaBHEHHMIO C TPaJUIOHHBIMH HAa3eMHBIMH MOOHMIBHBIMH
y3JIaMH TIepelad TaHHBIX, TAKIMH KaK aBTOMOOMIN U POOOTHI, CIIOCOOHOCTH
BIUIA x momnety mo3BoJisieT UM OBICTPO TIEpEMEIAaThCsl B HEMOCPEICTBEHHYIO
OJIM30CTh K YCTPOHCTBAM, 00XO/ISI MPEISITCTBUS HA MECTHOCTH.

Hazemnble ceHCOpHBIE YCTpPOMCTBA — 3TO OTHAEIbHBIA JATUHUK
(HampuMep, NaTYMK TEMIIEpaTyphbl, BIIQKHOCTH, OCBEIIEHHOCTH M T.JI.).
CeHcoOpHBIE CeTH TPEICTaBIAI0T cO00M pacnpenenéHHy0 HHPPaCcTPyKTypY,
COCTOSIIIYI0 M3 aBTOHOMHBIX Y3JIOB, CIIOCOOHBIX B pPEAILHOM BPEMECHHU
cobuparb, oOpabaTbiBaTh W IIepelaBaTh AaHHBIE 00 OKpYXKAIOIIEH cpene.
CeHcopHbIil y3en BbIOMHSACT QyHKIMU cOopa MH(POpManuH, e€¢ MepBUIHON
o0paboTkn ¥ mepemaud 1o OecmpoBomHOMy KaHaimy [4]. OcHoBHas
0COOEHHOCTD CEHCOPHBIX CETEH 3aKIF0YaeTCs] B COBMELICHHUH B Y3JI€ IPUEMO-
nepeaTiuka W HM3MEPHUTENBHOrO jAaTyuka. OJHAKO INPOEKTHPOBAHKE
TpaekTopun monera BIIJIA ocraercss ciioKHOI 3amadeil, MOCKOIBKY OHO
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JOIDKHO oOecreunBaTh Kak SHEprod((eKTHBHOCTb, TaK M MHHUMAJbHOE
BpeMs cOOpa TaHHBIX.

Mepenava
CEHCOPHEIX
AaHHBLX
PEAMYC NOKPEITHA

HasemHele
CEHCOPHBIE
YCTROMCTBG

Puc. 1. Mmoctparys ABIKEHUS OECIIMIIOTHOTO JIETATEIBHOTO anapaTa Hal
OOJIBIIIIMY TEPPUTOPHIMH

B JaHHOM HUCCJICA0OBAaHUHN OCHOBHOC BHHUMAaHUC yaciadaeTcsa
CEHCOPHBIM ceTsIM. B 1ieroM, eciim Ha OOJBIIMX CENbCKOXO3SHCTBEHHBIX
YroAbsiX pasMelleHbl JaTYUKH, TO TaKyl TEPPUTOPUIO  MOXKHO
paccMaTpHBaTh Kak CEHCOPHYIO CeTh [5 — 7).

Tak kak mporecc cOOpa AaHHBIX C JATYUKOB, PACIOIOKEHHBIX HA
OONBIINX TEPPUTOPHAX, TECHO CBs3aH C TpaekTopued mometa BITTA, mms
a¢¢extuBHOTO cOopa mMHPOpMaIH TpeOyeTCs ONTHMHU3ALUSI TPACKTOPHUH.
Hecmotpst Ha cymiecTByIOIIME HCCIENOBaHMA B OOJIACTH YIPaBICHHS
mewkenueM BIUIA, MHOrme W3 HUX HE YYHTHIBAIOT CHenu(UIecKue
Tpe6OBaHI/I$I K CBA3M M 3ajadaM IMepcaavyu OJaHHBIX. B cBa3u ¢ aTUM
UCCJe/oOBaTeIM Hayajld WHTEIPUPOBATh yIpPaBICHUE JBHXKCHUEM C
KOMMYHHKAITMOHHBIMH acniektamu B cuctemax bBIIJIA, dro mpuBeno k
pa3paboTKe HECKOJILKUX METOJIOB K IMPOEKTUPOBAHUIO TPAEKTOPHH C IIEIBIO
onTUMuU3auu 3¢ GEeKTUBHOCTH cOOpa JaHHBIX.

Hanmpumep, B pabore [8] paccMaTpuBaeTcss HE KOHKpPETHOE
pacIoyioXkeHHe OTAEIBHBIX CEHCOPOB, a BCS CEHCOpHas 00yacTh B 11e0M. B
JTAHHOM METO/I€ MHTEPECYIOIasi 30Ha pa3/ieNsieTcs Ha HECKOIBKO MOA30H B
COOTBETCTBHM C IIPUOPUTETHOCTHIO cOOpa MaHHBIX. ONTHMH3HPOBAHHAS
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TpaekTopusi (OpPMHUpYeTcs IIyTeM ONpPEAENeHUs IOCIIe0BATEIbHOCTH
MOCemIeHnsl d3TuX Moa30H, npu d3ToM BIUJIA ngomken cobupats
MaKCHMAaJIbHO BO3MOKHOE KOJIMYECTBO ITPUOPUTETHBIX JAHHBIX B YCIOBHSIX
orpaHu4yeHHON »sHepruu. OJHAKO B O3TOM IIOAXOJAE HE 3aJaroTCs
KOHKPETHBIE KOOpJMHATBl TOYeK Mapupyra. B wuccnenoBanum [9]
MPeJIoKEeH THUOPHIAHBIA MOAX0J K cOOpy [aHHBIX B KPYITHBIX
6ecnipoBoHBIX ceHCOpHBIX ceTsix (WSN) ¢ mcronb3oBaHHEM MOOMIBHBIX
JJIEMEHTOB M OOBEAMHEHHOHW MAapHIPpYTH3alHOHHOM CXeMBL. ABTOPHI
COCPEIOTOYCHBl Ha pa3paboTKe MHOTO3TAITHOTO MAapHIPYTHU3anHOHHOTO
ITOPUTMA U aITOpUTMa (OPMHUPOBAHKS KJIACTEPOB HA OCHOBE IUIOTHOCTH.
B nmanHOM Merozme TpaeKTOpHUS ONpenenseTcss IMyTeM MOIEIHPOBAHUS
TIOCIIEOBATENbHOCTH JIBI)KEHHS TJIaB KJIACTEPOB B PaMKaxX KJIACCHYECKON
3ajauyn  KoMMuBOspKepa. OpHako gt OaJaHCUPOBKM MHOTO3BEHHOU
MapIIpyTU3alMd U YHCJa KIACTEpOB HEOOXOJMMO THIATEILHO BBIOMPATH
paguyc Kiactepa, IpUYeM KOHKPETHBIH METOJ €ro OnpeAesieHHs He Obul
TIPEJIOKEH.

B oTnuuue OT BBHINIEYNOMSHYTOTO IMOJAXOJa K MapUIpyTH3aluu U
KJIacTepHu3aluy, B uccienaoBanui [10] npeanoxkeHa cxema MappyTH3aluu
Ha OCHOBE MHUHHMMalBHOTO ocToBHOro gepesa (MST) wu anropurm
KJlactepu3anuy, BKiarodaronmid wmeron K-cpemumx 1 gopmupoBaHms
KJIacTepOB NPHUMEPHO OJMHAKOBOTO pasMepa. B kauecTBe pemieHust uis
MIPOEKTUPOBAHUS TPAaeKTOpUH, oOcHoBaHHOW Ha TSP, wucnons3oBancs
aropuT™ Ommkaiimero cocega. OfHAKO 3TOT MOAXOM MPEIIONAraeT, YTo
moOble aBa naTunka B WSN HaxoAATCsl B peeiax paaiyCHOTO AUAa30Ha
CBSI3H JIPYT C IPYTOM, YTO HA NIPAKTUKE HE BCETIA OCYIIECTBUMO.

Ha pucynke 2 npencraBieHa HagaupHas cxeMa padoTsl MOOHIIEHOTO
aneMeHTa D, KOTOpHIA mpencTaBiseT coOOW OECHHMIOTHBIN JeTaTeNbHBIN
anmapaTt, OCYLIECTBIISIOIINI cOOp NaHHBIX B MPEAENax paguyca MOKPHITUS
curnasia BITJIA, cocrosieii u3 k 1aTYUKOB, PACIIONOKCHHBIX Ha OOJBIION
TEPPUTOPHH.

Takum oOpa3zoM, pazpaboTka 3((GEKTHBHOIO aNropuT™Ma ISt
MOCTPOEHHS ONTHMAIBHONH TPAaEKTOPHUHU SIBISIETCS ONHOM M3 KIIFOYEBBIX
3aja4 B O0OJacTH OECIPOBOJHBIX CEHCOPHBIX CETeH W WCIIOJIb30BAHMS
OeCIMIIOTHBIX JIETATEIbHBIX AIIapaToB.

Msl  QopMmynaHpyeM 3amady ONTUMH3AIMM, pEIICHHE KOTOpPOH
MO3BOJSIET  ONpeAenuTh Tpaekrtopuro BIIJIA, MakCMMU3HPYIOIIYIO
KOJINYECTBO COOPAHHBIX JaHHBIX. B TaHHOM HCCIEOBAaHHWHU NPEIAararoTcs
JBA METOJa, KOTOpble O0ECHEeYMBAIOT IMPUOIIKEHHOE pEIIeHHE 33Jadn
ONITIMU3AIMN TPAEKTOPHH.
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Puc. 2. Unmtoctpanys Ha4aabHOTO COCTOSHUS JBHKEHUS OECITMIIOTHOTO
JICTaTEeNFHOTO alapara B 30HEe MOKPBITHS

C T[OCTOSHHBIM  pa3BUTHEM HMHGOPMAIMOHHBIX  TEXHOJOTHH
TpaTUIMOHHBIC METOABI U HHCTPYMEHTHI IUIAHUPOBAHUS CTAHOBSTCS MEHEE
3¢ (eKTUBHBIMHU /IS PEIICHUS COBPEMEHHBIX 3aJad KPYMHOMACIITaOHOTO
IUTAaHUPOBaHM. B pe3ynprare aBTOHOMHOE IUIAHHMPOBAHWE MAapIIPyTOB
MTOCTENICHHO CTaHOBUTCS HEOTHEMJIEMOI YacThIO 33/Ja4yd IUIAHHUPOBAHUS
Tpaektopuu BIIJIA. B Hactosdmee Bpems [ peUmIeHHS 3anadd
ABTOHOMHOTO IIaHHPOBaHUs TpaekTopuu BIIJIA mpemmokeHO MHOKECTBO
Ppas3IMYHbIX MECTa3BPHUCTUYCCKUX aJITOPUTMOB.

B pabore [11, 12] npemioxenHas cxema GOpMyIHPYETCs Kak 3aaaua
HEBBIMYKJION ONTHMU3AalMU, AT PEHIeHHs KOTOPOH HPUMEHSETCS METO.N
penakcauuyu. B naHHOW cTaThe paccMaTpUBaeTCs CLEHApuil, B KOTOPOM
CCHCOpHl B OECIPOBOAHOM CETH pa3MemieHbl B JBYX pa3IMYHBIX
KOH(QUTrypalusx: T0oIp30BaTen, He obcmyxuBaemble bBIIJIA, Moryr
TIOJTy4aTh CUTHAI OT 6a30BoH cTaHIMU. OJJHAKO 3TO MPUBOANT K YBEIMICHHIO
3arpaT ceTH. bonee Toro, ecinu ceHCOpsl HE MOTYT YCTAHOBHUTh COETUHEHHE C
0azoBoii crannueit, BITJIA momkeH momieTats K HAM W HPUONMIKATBCS IS
Tepeiavy TaHHBIX, 9TO HEN30€KHO MIPUBOINUT K YAJIHMHEHHUIO TPACKTOPHH.

B wuccrnenoBanmm [13] paccmaTtpuBaercs 3amauda moneta BIIJIA B
mpeaenax 30HBI  TOKpHITHS 0a30BOM  craHmmu. JIaHHBIH — TOIXO
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HaKJIAAbIBACT PsJl OTPAHUUYCHUN HA TPAEKTOPUIO IIOJIETA, YTO MOXKET
YCIIOKHUTh MOHUTOPHHT OOJIBIINX CENbCKOXO3SHCTBEHHBIX yroauii. boiee
TOTr0, pa3MeIleHHe 0a30BhIX CTAHIMI Ha OONIMPHBIX TEPPUTOPHUIX TPeOyeT
3HAYMTEIbHBIX (DMHAHCOBBIX 3aTpar, a MOXKET MPHUBECTH K mpoliemaM ¢
MOHHUTOPHHIOM 3THX YCTPOMHCTB.

Hecmotpst Ha Hammume psga  ucciefoBaHuii B oOmactu
mapmpyTtuzanuu BITJIA anst cOopa maHHBIX ¢ OECIPOBOIHBIX CEHCOPHBIX
cereit (BCC), GONBPIIMHCTBO CYIIECTBYIONINX PELICHHH OPUEHTUPOBAHBI Ha
YTIPOIIEHHBIE MOJICITN M HE YUNTHIBAIOT KIIFOUEBBIE OCOOCHHOCTH arpapHBIX
cuenapueB [8 — 13]. Takum 00pa3oM, CYIIECTBYIONINE METOABI OO HE
YUUTBHIBAIOT Ba)KHBIE T€OMETPHUYECKHE U TOIOJOTMYECKNE XapaKTePUCTHKU
CCHCOPHBIX ceTeH, JMOO0 HE aJanTUPOBAaHBl K YCIOBUSM arpapHbIX
TeppuTOpuii. DTO OOYCIOBIMBAaET HEOOXOAMMOCTH pPa3padOTKH HOBBIX
METOZOB, YUYUTHIBAIOIINX MPOCTPAHCTBEHHOE pACIpPEICICHHE CEHCOPOB,
panuyc oxBaTa U BO3MOYKHOCTh T€OMETPUYECKOI ONTUMHU3AIMK MapIIpyTa.
NmMenHo Ha pemieHHe 5TOW 3aJa4yd HAMpPaBICHBI MPEIOKEHHBIE B
HACTOSILEM HCCIEJOBAHUU METOIBI.

Takum 00pa3om, pa3BUTHE TEXHOJOTUI OECIMIOTHBIX JIETaTeIbHBIX
annapaToB U OECIPOBOJHBIX CEHCOPHBIX ceTeil TpedyeT pa3paOboTKKU HOBBIX
METO/IOB IUTAaHWPOBAHUS TPAEKTOpUH I 3 (heKTHBHOTO cOOpa JaHHBIX Ha
OoJIBIINX TEPPUTOPHAX. B HacTosIeM HcciieI0BaHNHM OCHOBHOE BHUMaHHE
yaensieTcss  NMOCTPOEHUK — ONTUMAaIbHBIX — MapumpyroB  BIIJIA ¢
HCIIOJIb30BAHUEM METaIBPUCTUYECKUX AITOPUTMOB JUIS PELICHHUS 3a1aqn
KOMMHBOSDKEpa c OKpPECTHOCTSIMU MPUMEHHUTENEHO K
CEITbCKOXO3SIICTBEHHBIM CEHCOPHBIM CETSIM.

2. MocTtaHoBKka 3agayu. B HacTosmed craThe paccMaTpUBaeTcs
3ajja4a IOCTPOCHUS ONTHMAIIBHOM TpaeKToOpuM IMojéra OeCHHIOTHOTO
nerarenpHoro  ammapara (BIJIA) ¢ wmemsto  cOopa JaHHBIX €
pacnpenenéHHbBIX CEHCOPHBIX y3710B. Llenp mccnenoBaHus 3akiroudacTcs B
pa3pabotrke 3(P(EeKTHBHBIX AITOPUTMOB IUIAHMPOBAHMS  MaplIpyTa,
00ecIeunBaONIMX TI0JIHOE MOKPBITHE CEHCOPHOHW CETH NMpH MHUHHMAIIbHO
BO3MOXKHOH JUIMHE TpaeKTOpHHr. JIJIsl JOCTIHKEHHS 3TOW LENU MPEIOKEHBI
JBA MeToja — KiacTepu3alsl 10 LEHTPOMIY U TEOMETPHUYECKH
000CHOBAHHBIN TPEXTOUCUHBIN aITOPUTM, KaXXIbI U3 KOTOPBIX PeaI30BaH
B BHJI€ IPOTPaMMHON MOJAENHU ¥ MPOTECTUPOBAH HA OAMHAKOBBIX HCXOIHBIX
JaHHBIX.

PaccmarpuBaercst mosie  OONBIION  MJOIIAagW, HA  KOTOPOM
pasMelIeHbl # CEHCOPHBIX y370B. Kaaplil ceHcop coOupaer NaHHbIE 00
OKpY’KaIOIIeH cpesie M COXpaHsIeT UX BO BHyTpeHHeH mamstu. OJHaKo, u3-
32 OrpaHMYEHHOW EMKOCTH TaMsTH CEHCOpPOB, a TaKXKe HEeoOXO0AMMOCTH
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OIIEPaTHBHOTO aHAIW3a MAAHHBIX, HH(OpPMAIMA JOJDKHA IEePUOIMYECKH
COOMPATHCS € TIOMOIIBIO OECTMIIOTHOTO JIETATEIBHOTO allnapaTta.

Honyctum, BIUJIA mnpennaznauen Juisi cOopa JaHHBIX, CIeLys
OTIpeNie]ICeHHOW TpaeKTOpUH, MPOXOJS dYepe3 pacloJIOKEHHBIE B T0JIE
ceHcopsl. IIpu sTom:

- HavyaJbHAs M KOHEYHAsl TOYKa TPACKTOPHH COBIIAAAIOT, TO €CTh
BIUTA nomxeH BEpHYThCSI B HCXOJHOE MOJIOKEHHE IOCIE 3aBEpPLICHUS
cOopa TaHHBIX;

—  CCHCOpHBIE Yy3JIBI 71 DACIOJIOKEHBI HA  OIPEAETIeHHBIX
pacCTOSTHUSAX APYT OT IPYTa;

- BIIJIA gBumxercs B IJIOCKOCTU X Uy, U €0 MapLIpyT JAODKEH
OBITH paccYWTaH C y4YETOM TOTO, CKOJBKO TOYEK OH MMEET Ha MOMEHT
3aIrycKa.

Takum o6pazom, mapuipyt BIIJIA momkeH OBITH CHPOEKTUPOBaH
TaKk, 4YTOOBI OH IOCIICAOBATEIBHO TIOCCHIAT BCE CEHCOPBI M coOmpal
nmannbele.  [IpuOnu3urensHOE TpeNCTaBICHHE IOCTPOEHHS TPAeKTOPHU
MOJKHO YBHJIETh Ha PUCYHKE 3.

Puc. 3. M300pakeHne TpaeKTOpUH MojieTa OECIMIOTHOTO JIETATEJIHOTO arnapara
C OIIpeIeTICHHBIM PaJIyCOM ACHCTBUS

AJIFOpI/ITM HaXO0XJICHUA KpaTqai/'Imero IMIyTH OCHOBBIBACTCA Ha
pa36I/I€HI/II/I CCTHU Ha l"pa(l)OBLIe KOMIIOHCHTBI U BBIYUCIICHUN O6H1€I>i JJIMHBI
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MapIIpyTa Ha OCHOBE 3aJaul KOMMHBOsDKepa. JlOJKHO MHHUMH3HPOBATh
o0miee paccrosiHue onéTa 1 Bpems coenuHenus bITJIA ¢ y3mamu.

Ha niepBom atame mapripyt BITJIA cTpoutcst Takum 00pa3oM, 4TOOBI
MHHUMH3HPOBaTh (DU3UUECKOE paccTosiHMe Mexay ceHcopamu. Cerb
MOJKHO TIPEICTABUTh B BUEC rpada

G = (K,E),

rne: K — MHOXECTBO CEHCOpOB, E— MHOXECTBO pEOEp, COETMHSIOMINX
CEHCOPBI.

Kaxxgomy peOpy Ha3zHadaeTcs Bec, KOTOPBI COOTBETCTBYET
PACCTOSIHUIO MEXy ABYMs COCIMHEHHBIMH CEHCOPaMH.

Jng  MakcuMmanpHOTO — yBeNM4eHHs BpeMmeHH paboTsl  BIUIA,
NpPENoYTUTeIbHEE MHUHHMHU3UPOBAaTh CYMMAapHOE pAacCTOSIHHE MEXAY
CEeHCOopaMU B IieneBoi obsactu. CieqoBaTenbHO, 3a4a4a pa3dueHus rpada
JUISl MUHUMH3AIUN PACCTOSIHUI MEXLy CEHCOpPaMH B CETH (OPMYJIHpYETCs
CIIeIYIOIIM 00pa3oM:

min Y jyes d (i, ),

rae d(i,j) — pacCTOsIHUE MEXLy CCHCOPaMHU i U J.

UccnenoBanue [14] paccmaTpuBaeT ONTHUMH3AIUIO TPACKTOPUHU
Heckoabkux BIIJIA ¢ ydeToM BO3MOXKHBIX CTONKHOBeHMH B cetu FSO
(Free-Space Optical). B oarom wuccnenoBannu rpadoBasi CTpPYKTypa
TIPUMEHSIETCS TSI pa3JIeSICHNs IIPOCTPAHCTBA Ha 00JIaCTH C MUHUMAIIbHBIMA
3aJIep>)KKaMH CBSI3H, UTO oOecneunBaeT Oonee 3(h(heKTHBHOE MITaHNPOBAHNE
MapIIpyToB.

Takum 00pa3oMm, HCIIONB30BAaHHWE pa3OMEHMsI CETH Ha TpadoBbIe
KOMITIOHEHTBl M ONTHMHU3alMsi MapmpyTa Ha ocHoBe TSP moszBomstror
3HAYUTENHHO MOBBICUTH 3 dekTnBHOCTH padoThl BIIJIA mpu MoHHTOpHHTE
CENbCKOXO035MCTBEHHBIX YIOIUM.

3amaya MUHUMH3AIAKA OOIIEr0 MyTH OCCIUIOTHOIO JIETATCIHLHOIO
arnmapara GopMyITHPYETCs CICIYIONUM 00pa3oM:

min Y g xnyenllWi = Wil
C YY4ETOM CJIELYIOLINX YCIOBHM:

KIU K2 U...U szK,
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rae: K — MHOXXeCTBO BCEX CEHCOpOB, K;, K», ..., K, — pa30leHre MHOKECTBA
ceHcopos, W), — koopauHaTsl ceHcopa k, W+ — KOOpANHATHI CIEIYIOIIEro
cercopa k', ||[W, — W || — eBkinmoBo paccTosHne MEXAy CEHCOpaMu k
uk'.

Heo0xoanMo MUHUMH3HPOBATH CYMMapHYIO JUIMHY MapIIpyTa, IO
xotopomy BITJIA mpoxomut depes3 CeHCOpHI, mocemast KaxXIbIi y3elI pPOBHO
OIMH Pa3 M BO3BpAIIasACh B HadaIbHYIO TOUKY. /laHHas 3amada OIMPOKO
U3BECTHAa KakK 3agada kommuBospkepa [15]. TSP sBmsercs NP-tpynHO#
3aja4yeil, TO €cTh MOWCK IIIOOAILHOTO ONTHMAIBHOTO pElIeHUs] Tpedyer
3HAYUTENBHBIX  BBIYMCIMTENBHBIX pecypcoB. OIHAKO  CYIIECTBYIOT
SBPUCTUUECKHE U METa’dBPUCTHUYECKHUE METObI, MO3BOJISIONINE HAXOIUTh
MPHUOJIMKCHHBIC PELICHUS.

Pemenue 3ampaun s BITJIA oGiagaer psaoM 0coOOSHHOCTEH:

- BIIJIA MoxeT nereTs MO MpPSIMOH, T.e. PACCTOSHUE MEXIy
TOYKaMH €BKIIUIOBO;

- OCCHIJIOTHBIA JICTATETBHBIN ammapaT HWMEET BO3MOXKHOCTh
CHHUMAaTh JaHHBIE C CEHCOpa, HAXOMICh B TpeAesax paguyca
PaAHOBHINMOCTH.

Crnemyer OTMETHTH, YTO B paMKaxX MPOBEAEHHBIX MOJCITHPOBAHUN U
MIPEIOKEHHBIX aJITOPUTMOB 30HBI, 3alPEIIEHHBIE IS MTOJETOB (HAIIpUMeD,
JUHUM DIJIEKTpOoIepenad, BBICOKHWE 3IaHWS W HHBIE MPEMATCTBHS), HE
YUMTBIBAIUCh.  BHeApeHHMe  Takux  OrpaHMYEHUH  MOXKET  CTaThb
HallpaBJIEHUEM JIaJIbHEUIIINX UCCIIEI0BAHUM.

[Tpennaraercs pa3ouTh 3a/1auy Ha PsJ] STAIOB:

- OompeJelieHHe KOOpJMHAT TOUYEK MapUIpyTa, YUUTHIBas MEPBYIO
0COOCHHOCTB;

- HaxOXJCHUC MPUOMMKEHHOTO perreHus 3agaun TSP oqauM u3
M3BECTHBIX aJITOPUTMOB C YIETOM JTOITYCTHMOW JITMHBI MapIIPYTa;

- KOpPPEKTHPOBKa MapIipyTa C Y4ETOM BO3MOXKHOCTH CHSTHS
JAHHBIX C CEHCOPOB «II0 IOPOTE».

MaxkcumansHas 30Ha JIEUCTBHUS CUTHaIa OECITMIIOTHOTO
JeTaTeIbHOTO  ammapara  OmpefenseTcs  PagilycoM  TOKPBITHS 7.
B HawanpbHOM COCTOSIHMM 30HA TOKPHITHA HMeeT (QopMy Kpyra, a ee
IUIOINAIb BhIpaKaeTCst HopMyJTOi:

Sy = mr?.

IIpu nepememienun BIIJIA Ha paccrositHue L €ro 30Ha MOKPBITUS
pacumpsiercst. HoBast 30Ha MOKPBITHSA BKIIOYAET B ce0s Kak HAYAIBHYIO
obyacTb, Tak ¥ JOMNOJHUTENbHYIO IUIOLIaJb, KOTOpas 3aBUCHT OT
HaINpaBICHUS JIBIKCHHUS.
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OO6mras mromaae HOBOM 30HBI TOKPHITHS ONPEACIIIETCS CIEAYIOIINM
BBIPAaKCHUEM:

S =Sy + Syon-

JononHutenbHas 30Ha HOKPBITHS  (OPMHUPYETCS — BCIIEICTBHE
nepemernenust bBITJTA. Ilpu 3ToM rpaHunbBl 0XBaTa CUrHajda pacIIUpPSIOTCS
MapajulelbHO  HAMpaBlICHHIO  JIBMKEHUA.  OCHOBHOM  KOMIOHEHT
JIOTIOJTHUTEIBHOTO MOKPBITUS ONIPEENIAETCS KaK:

Spon = L 2r.

To ecTp [ONMONHUTENbHAS IUIOMANb TPEICTABIsIET COOOH
NpSMOYTOJIBHUK, IZe: JyuHa L — 3To mpoiineHHoe paccrosHue BITJIA,
IIMPHHA 27 — YABOSHHBII pajuyc CUrHaja.

Takum 00pa3oM, MTOroBasi 30HA TOKPBITUS TOCIE IEPEMELICHUS
BIUTA Ha paccTosiHMe L BeIYMCISIETCS KaK:

S=mnr+ l*2r.

OTa 3aBHCHMOCTH ITOKA3BIBAET, YTO JOTOJHUTEIHFHOE ITOKPHITHE
HaAIPSMYTO 3aBHCUT OT PACCTOSIHHA NepeMelieHrs L ¥ paanyca CUrHama 7.

Jnst MaTemaTtmdeckoro omucanus aBrkeHus BITJIA HeoOXomumo
YYUTBIBaTh 3aBHCHMOCTH €T0 KOOpIAMHAT OT BpeMeHH. J[BmkeHme
OTIMCBHIBACTCS B TPEXMEPHOM IPOCTPAHCTBE C KOOpAUHATAMH (X, Y, Z), T
TPaeKTOPUS BEIpAXKACTCS TApaMETPHUECKUMH yPaBHCHUSIMHU:

x=x(t),y=yt)z=z(),

rae: { — BpeMs, x(2), y(t), z(t)— KOOpAWHATHI, NU3MEHSIOIINECS BO BPEMEHH.

Ecnu pagmyc 30861 mokpeITHs curaaia BITJIA paBeH r, To B KaXIbIid
MOMEHT BPEMEHH 30Ha HMOKPBITHS MPEACTaBiIsieT coboif cepy ¢ IEeHTPOM B
TOUKE (X(?), ¥(t), z(t)), 9TO BBIpaXKaeTCs ypaBHEHUEM:

(x—x@)*+ -y + (z—z®)* =1

DT0 ypaBHECHHE OMKCHIBACT JHMHAMHUYCCKYIO CHEpUYECKYIO 00JacTh
nokpbITHs BOKpYT BITJIA Bo Bpems ero mnosera.

Ecmu BITJIA nBwkeTcss Ha TOCTOSHHOW BBICOTE (TO €CTh z=h
HEU3MEHHO), TO €r0 KOOPAMHATHI H3MCHSIOTCS CIICAYIOIIUM 00pa3oMm:
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x=vx(t) +x0,y=vy(t) +yp,z=h,

The: Xy, V9 — HadanbHbIe KoopauHaTel BIIJIA, vx, vy — mpoekuun ckopocTu
JBIDKECHUS Ha OCH X U ).

B stom ciywae 30oHa mokpeiTus BIIJIA Bo Bpems ABWKEHHS B
TUIOCKOCTH ONpeAETseTCs ypaBHEHUEM:

(x = vx(6) = x0)2 + (v = vy (6) = yo)? + (z = h)* = 72.

DT0 ypaBHEHHE OINMHUCHIBAET cepy, LEHTP KOTOPOW MepeMeniacTcs
BJ10JIb IIPSIMOJIMHEMHO! TPA€KTOPUU B TOPU3OHTAIBHOU IIJIOCKOCTH.

Yem Ooutbllie MBI YBEIMYMBAEM PAANYC MOKPBITHS » OECIMIOTHOTO
JIETaTEeNIBHOTO almnapaTa, TeM IIHUpe CTaHOBUTCS €ro 30Ha oxBaTa. OJHAKO
TP 3TOM BO3pAacTaeT M ero 3HepromorpediieHne. B To ke Bpems, mHa
TpaekTopuy, cGHOpMUpOBaHHas Uil cOopa [aHHBIX C CEHCOPOB B
OTIpEZICTICHHON 00JIaCTH, YMEHBIIAETCSA, TO €CTh TPACKTOPHS CTAHOBHUTCS
Kopoue.

Ilpu mpoekrupoBanum Ttpaekropun nosiera BIUUIA g 3agau
CEIIbCKOXO3SIIICTBEHHOTO MOHUTOPWHIa HEOOXOAVMO YYHTBIBATh DS
KJIr0ueBbIX GakropoB. OCHOBHas podiieMa — HEOOXOAUMOCTb TIOCTPOCHUS
MapIpyTa, 00eceYrnBaloIero MOKPHITHE BCEX CEHCOPHBIX Y3JIOB B 30HE
JICHCTBUS CUTHAJA IIPU KpaTyailleld TpaeKTOpUH.

Ilenbro uccnenoBaHus SIBISETCS ONTUMU3AIMS TPAEKTOPUH TOJIETa
BIUTA MuHUMAaNBHOW JJTUHBI, 0OECICUMBAIONICH COOp JaHHBIX CO BCEX
JATYUKOB, C TIOJIHBIM OKPBITUEM 30H IOKPHITHS BCEX CEHCOPHBIX Y3JI0B.

Merons! pemennst mpobiaeM. B crarhe mpeanokeHbl 1Ba METOAA
pemeHns po6IeMbl ¥ IPUBEICHBI SKCIIEPUMEHTANILHBIE CPABHEHUSL.

Meton 1. OH ocHOBaH Ha alrOpUTME KJIACTEPU3ALUH, HA3bIBAEMOM
«ueHTpou» [16]. DTOT METO COCTOUT M3 CIIEAYIOMIUX STAIIOB!

—~  LeIb COCTOWT B TOM, YTOOBI CIPYNIHMPOBAaTh TOUYKH JATIHKOB,
pPACIIONOKEHHBIE  HAa  ONPEIEICHHOM  pPAcCTOSHUM,  ONpPENENUTh
ONTUMAJIbHBIE LIEHTPAIbHBIE TOYKH MEXKIy HUMH M HAalTH ONTUMAJIbHBIN
ITyTh, PELINB 3a7ja4y KOMMHBOSDKEPA;

- TpYNIHPOBKA OJM3KO PACIHOJIOKEHHBIX TOYEK BBIMOJHSETCS Ha
OCHOBE IPHHIUIA KacTepu3annu K-cpenHux;

- JUIS KaXIOW TPYIIBl PAaCCUUTHIBAETCSA CpEeAHSs KOOpAUHATa.
HenrtpanpHas Touka Oy/eT CpeaHeil KOOPAMHATOH KaXKJOH IpyIIbl;

- U KaKAOH M30JIMPOBAaHHOM TOYKM HAXOAWTCS OibKanimas
LIEHTpaJIbHAs TOUKa;

- Omwkaimias IEHTpaJbHas TOYKA OINpENeNsieTCsi Ha OCHOBE
€BKJIMI0Ba PACCTOSIHUS;
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- TIOMCK KpaT4aiIIero myTH I 3aJaHHOTO Habopa TodYeK;

- KaXJas TOYKa MocemaeTcs ToIbpKo | pas;

- TOCJEIHSs TOYKa OJIKHA BO3BPAIIATHCS K IIEPBON TOUKE;

- 3BpHUCTHYECKOE pemieHue 3agaun TSP.

Metox 2. Metoa, Ha3bIBaéMBIi TPEXTOYEUYHBIM, OCHOBAaH Ha
anroputMax ontumuzanuu [17, 18]. DTOT METO COCTOUT U3 CIACAYIOLIUX
STaloB:

- 3aJaya KOMMHBOSDKEpA pellaercst JJIsi COeIMHEHUs! O0OBEKTOB,
KOTOpBIe HeoOxoauMo oTcnexkuBaTh BIIJIA, ¢ MUHUMATEHBIM Ty TEM;

- KpaTyalmuid MapmipyT HAXOJUTCS C TOMOIIBI0 alTroOpuTMa
Jlnna-KepHUTaHA Ha OCHOBE JOMOJIHHUTEIBHBIX YCIOBUH;

- BIIJIA He o00s3aTenbHO OODKEH TPOXOIHWTH dYepe3 IEeHTP
KaXI0ro oO0BeKTa HAOMIOACHUS, a CKOpee BXOOUTHh B €T0 30HY MOKPBHITHS
(3oHa MOKpBITHS — 3TO Teorpaduyeckas 00jacTh, B Mpeaeiax KOTOPOH
YCTPOMCTBO MM CHCTeMa CrOCOOHBI (PYHKIIMOHUPOBATH, TMEpENaBaTh WU
MPUHUMATDH CUTHA);

- 30HBI MOHHUTOPHMHIA ONTHUMH3HUPYIOTCA C HCIHOJIB30BAHUEM
TeOMETPUYECKUX aNTOPUTMOB.

3. CuctemHble Mopaeau. B wuccinenoBaHuu cucTeMHass MOAENb
MIOHUMAETCS KaK COBOKYIHOCTb CJIEAYIOUINX KOMIOHEHTOB:

- rpaduyeckas MOJAEIb CEHCOPHOH CeTH, B KOTOPOH CEHCOPHBIE
y371bI IPEJCTABICHBI BEPIINHAMY, a BO3MOXKHBIE COSAMHEHHS] MEXy HUMU
MPENCTaBIeHBl pedpaMu, B3BEMICHHBIMH IO PAaCcCTOSHHIO, T.e. Mogens
CCHCOPHOM ceTH B BUE Tpada;

- mozaens naBwkeHus BIIJIA, yuuThiBalomas nepeMenieHue
OCCITMIIOTHOTO ammapara B IIOJIETE W PaanyC MOKPBITHS, OMUCHIBAIOIIAS
30Hy CHTHala B BHUAE AWHAMHYECKOW OKPYKHOCTH C OIPEAEICHHBIM
panuycom, T.e. Moaens nemkenus BITJIA ¢ yuérom paanyca HOKpBITHS;

- MOJeNnh ONTHUMHU3AIMM MapuIpyTa, OCHOBaHHas Ha 3agaye
KOMMMBOSDKEpa, KOTOpash MHHUMHU3UpyeT ob0myro amuHy myta BITIA,
OXBaThIBasi BCE 3aJjaHHBIE TOYKH WIM HX 30HBI MOKPBITHA, T.e. Mojens
ONTUMU3AIMH MapIIPyTa Ha OCHOBE 33J]a4l KOMMUBOSIKEPA.

Mooenws osudicenus BIIJIA ¢ yuémom paduyca nokpoimusi.

BIIJIA paccmarpuBaeTcsi Kak MOOWJIBHBIH  y3ell, HMEIOUIMH
JUHAMUYECKYIO 30HY MOKPBITUS PAIIyCOM 7.

B kaxzaplii MOMEHT BpEMEHH t €ro NOJOXKEHHE ONpeleseTcs
koopauHaTamu (X(t), y(t)). 30Ha MOKPHITHA OMHCHIBACTCS YpaBHCHHEM

Kpyra:

(x=x®)*+ @ —y)*=r%.
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Ilpm QukcupoBaHHOW BBICOTE z=h [BIKEHHE IPOMCXOOUT B
JIBYMEpHOI1 TuiockocTH (X,y). Ilepememasices o tpaekropuu, BITJIA moxer
CUMTBIBATH JJAHHBIC C CCHCOPOB, HAXOAAIINXCA B IPEACIaxX 30HbI TOKPLITHA.

Moodenv  onmumuzayuu — mapwipyma — HA ~ OCHO8e  3a0ayu
KOMMUBOAHCEPA.

[TocTpoeHne oONTHMAJIBLHOTO MaplIpyTa CBEJCHO K  3ajade
MUHUMH3AIUH JJIHHBI IYTH, TPOXO/SIIETO Yepe3 BCe LEJIEBbIE TOYKH XOTS
OBl OJIVH Pa3.

LeneBas ¢yHKIms:

Musnmusnposats L = S1o(d(py Pist),

rJe: p; — UHACKC OYepeaHOM moceraeMoi Touky, d(p;, Piy1) — CBKIUIOBO
paccTosiHMEe MEXIy JBYMS IMOCIIEIOBATEIbHBIME TOYKAMH MapuLIpyTa,
Pi+1 = Do — BO3BpalleHUE K HAYaJIbHOM TOUKE.

Ha ocHoBe stux Mozened Qopmanusyercs 3agaya HOCTPOCHHS
a¢¢extuBHON Tpaektopmm monera BIIJIA mis cOopa maHHBIX ¢
pacIpeielIeHHBIX CEHCOPHBIX Y370B. /[l pelieHus BbIIIEyKa3aHHBIX
po0JIeM M 33/1a4 MBI HCIIOJIb3yEeM HECKOJIBKO MOJIEIIEH.

Jns  BbIUMCIEHHS LEHTpa U pajaudyca JaHHOH OKpPYKHOCTH
npuMensiercs anroput™m  Bempipis  (Welzl’s  Algorithm), xortopsriit
3¢ (exTHBHO pemaeT 3aJady MHHHMAIBFHOTO OXBaTHIBAIOIMIEro Kpyra [18 —
24].

Jlns Tpex 3amaHHBIX TOYeK A(xy, Vi), B(xs yg) u Clic o),
MHUHHMMaJIbHas OXBaThIBAIOIIAs OKPY>KHOCTH OIIPENeNsieTCs] CIIEAYIOLM
obpazom:

1.  OmnpeneneHue BCIOMOraTeIbHOMN EPEMEHHOM:

D =2(Ay(B, — C)) + B,(C, — Ay) + Cx(A, — By)).
2.  BeluncieHHe KOOPAMHAT IIEHTPA OKPYKHOCTH:

U. = (Azzc + A?/)(By — Cy) + (B,? + B;)(Cy — Ay) + (C,? + C;)(Ay — y)
X D ’

U = (A2+A2)(Ce— B) + (B2 + B2)(Ay — C) + (C2+ CE) (B, — Ay)
y = D .

3. Onpenenenue paanyca OKpy>KHOCTHU:
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r= \/(UX —A)% + w, - A2

g onTuMu3anmuu  MapmipyTa  HaOdromeHus — OeCHHIIOTHOTO
JIETATENILHOTO arfmapara MCIOJIb3YeTCsl KJIacCHYecKass KOMMHUBOSDKEpCKast
3amaya. BIIJIA gomken o06nereTh 3amaHHbIE OOBEKTHI HAOIIOACHHUS,
MIPEOJI0JIEB MUHIUMAIILHOE PACCTOSIHUE.

B 3agaue TSP koMMHBOSIKED HOJDKEH IIOCETUTH # TOPOJAOB,
moOBIBaTh B KAKJOM TOJBKO OJUH pa3 M BEPHYTHCS B HUCXOIHYIO TOUKY,
MUHUMH3HPYS OOIIYIO ITHHY MapIipyTa.

— 1 — KOJIMYECTBO TOYCK IS IIOCCIICHHUS.

- d;j— pacCTOosHHE MEXKIY TOYKAMH I U j.

min Z?:o d(pi,p; + 1) + d(py, p1),

TZe: p; — NOCIEeI0BATENBHOCTD IOCEIAEMBIX TOYEK.

OrpannueHne: Kaxas TOUKa JOJDKHA OBITh ITOCEIIEHA TOJIBKO OIWH
pas, mociie 4yero HeoOX0IMMO BEPHYTHCS B HAYAJILHYIO TOUKY.

J1st pacuera paccTosiHUM MeXAy TOUYKaMu IIpUMeHseTcs EBkiaunoBa
METpHKa:

d(i,j) = \/(xi -2+ 0, -yt

Jus  mpeaBapuTeNbHOTO — pa30OMEHUS  TOYEK  HAONIOCHHS
HCHIOJB3YETCsl alTOpUTM KiacTepuzanus K-cpemHnx, KOTOpBIH pazOmBaer
MHOXXECTBO JaHHBIX Ha K KimactepoB. OTOT METOJ MO3BOJISIET
MHHUMH3HPOBATh BHYTPHUKJIACTEPHOE pPACCTOSIHUE W ONTHMU3UPOBATH
MapuipyTsl BITJIA.

- X={x;, x5 ..., X,} — MHO)KECTBO JaHHBIX U3 /1 TOUECK.

- K — KOJIHUYECTBO KIJIACTEPOB.

- C={cy, ¢y, ..., cg} — ICHTPHI KIIACTEPOB.

Kaxxast Touka X; OTHOCHTCS K OJipKaiieMy HEeHTpy KiacTepa:

S; = {xie X|d(x;, ¢;) < d(x;, ¢)Vk # j},

rae: S; — MHOXECTBO TOYEK, IPHHAUIeKalmXx kinacrepy j, d(x;, ¢;)—
paccTosiHie OT TOYKH X; 10 IIEHTpa Kiacrepa C;.
OOHOBIICHUE IEHTPOB KIIACTEPOB:
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1

¢ = isil le-esj Xis

TJIE: C; — HOBBIA IIEHTP KJIACTEpPa, Sj — KOJMYECTBO TOUEK B KIACTEPE /.
Oynkius ontuMuzanun K-cpenHux:

] = Zf:l inesj d(xi! Ci)z'

Ora (QyHKIMS MUHUMHU3HPYET BHYTPH KIJIACTEPHOE pPAaCCTOSHHE
MEXIy TOUYKaMH M UX LICHTPOM.

Jns mpUBSA3KM W30JMPOBAHHBIX TOYEK K OJIMDKAMIIMM KiacTepam
HCIIOJNIB3YETCS MOZIETh OIIIKANIIEro cocena.

arg min d(i,j),

rne: j € UeHTPAIbHBIC TOYKH KJIACTEPOB.
Oror meron ananormueH anroputMy KNN (K-Nearest Neighbors)
U ucroib3yeT EBKimnoBo paccrosiHue:

d(x;, xj) = /Zﬁ:l(xik - xjk)z-

I[Ipu BBIOOpe Ommkaiimero kiacrepa TNPUMEHSETCS MPABHIO
roJyiocoBaHus cpeau K Onmxaiinmx cocenen:

y'=arg max Yk (i = ¢),

rae: y' — mpeanoaraeMblii Kjiacc HOBOH ToYkH, I(y; = €) — HHAMKATOPHAS
¢bynkuys (1, eciiu Toyka MPUHAUIEKUT Kiaccy ¢, 0 — nHaue).

Takum  00pa3oM, MNpPEUIOKEHHBIE MAaTEMAaTHYECKHE  MOJIENU
NO3BOJISIIOT ~ ONTHMHU3UpPOBaTh  HaOmronmarenbHbll  mporecc  BILJIA,
obecrieunBasi MUHUMAJIbHBIE HEPro3aTparhl, COKpaIlleHHe BPEMEHH T0JIeTa
1 yIy4IIEHHOE ITOKPBITHE TEPPUTOPHH.

4. PexomeHnayemoe ONTHUMHU3HPOBAHHOE pelieHue.
PaccmarpuBaercsi BO3MOXHOCTH CO3/aHUSI OECITMIIOTHOTO JIETATEILHOTO
ammapara, CIOCOOHOTO JIeTaTh HaJl HECKOJIbKUMH TeorpadrIecKIMU
pernoHaMu M coOMpaTh TaHHBIE W3 COOTBETCTBYIOMINX To4eK. Kaxmas Todxa
i€l mpencraBisieT co00i OaphIleHTp (LICHTP MAacChl) JaHHOTO PErHoHa WU
ONpENENEHHYI0 LIEHTPAJIbHYIO «ropsdyl0 TOuKy». KoopaunHaTbl aaHHOM
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TOYKMA Ha IUIOCKOCTH 0003Ha4uM kak x;. BIIJIA c¢opmupyer Tpaekropurio,
Tocelias OnpeAeNEHHbIE TOUKHU B 32/IJaHHO# NIOCIIEI0BATEILHOCTH.

YuyureiBast paguallMOHHYIO AuarpaMmy aHTCHHBI, MOXKHO CJC/IaTh
BBIBOJI, 4TO, Korfa BITJIA netut, 001acTh TOKPBITHS CHTHAJIA HA MIOBEPXHOCTH
3emmu umeer (opmy oOkpyxkHocTu. [lepBast crparerusi 3akirodaeTcs B
HCIIONIb30BaHUH MeTOJIa, HazkiBacMoro «lleHTponmy. ANropuT™, OCHOBaHHBIH
Ha 9TOM METO/IC, TPUBEIICH B JINCTHHTE 1.

BxogHble gaHHble: P ={p_1, p_2, ..., p_N} — MHOXeCTBO TOYEK.
BbixogHble AaHHble: onTUManbHbI MapLpyT M.
LWar 1: BeluucneHne maTpuLbl paccTosHUIA
for kaxgas napa (p_i, p_j) € P:
D(i,) = sqrt((x_i - x j)*2 + (y_i - y_)"2)
LWar 2: Knactepusaums 1 onpegenexme LieHTparnbHbIX TOYeK
for kaxgas Touka p_i € P:
if p_i He MPUHAZNEXUT HW OAHON rpynne:
G_i < {p_i}// Co3naHwe HoBO¥ rpynmbl
for kaxpas Touka p_j € P:
if p_j He ncnonbayetca n D(i,j) < T:
G_i—G_iu{pj
Hait MrHIManbHYHO 0XBaTbIBaIOLLYH OKpYXHOCTb C_i g G_i
Lar 3: MpucoenuHeHne U30NMPOBaHHbIX TOYEK K Brivkaiiemy knactepy
for kaxpaas nsonuposanHas Touka p_k € P:
C_bmmxanwwin = argmin_{C_i} D(p_k, C_i)
p_k npucoepmHsietcs k C_bnvxaiiwmi
OnpenennTb HOBYH TOUKY Ha paccTosiHum T/2 ot p_k k C_6nwskaniumit
Lar 4: PeweHue 3agayn KoMMUBOSKEpa
M« {C_1,C_2, ..., C_k} — ueHTpbI knacTepoB
M « HaxoxgeHve kpatyaiiwwero nytn(M)
Lar 5: Busyanusauus mapLupyTa
HapucoBaTb HaigeHHbIn MapLipyT M
[obaBnTb napannenbHbe NUHUM K MapLUPYTY Ha PacCTOSHAN T
BbiBoA: M — onTuManbHbIi MapLLpyT.
Jluctunr 1. AIropuT™ noucka ONTUMaJILHOIO MapLIpyTa HA OCHOBE METOa
LEHTpOU1a

Bropas ctpareruss MUHUMM3AaUUMM JJIUHBL Tpaekrtopun BIIJIA
paccMaTpuBaeTCsl C HCIHONB30BAHHEM METOAa Has3BaHUS «Tpéx Touek».
OtoT MeTon pa3paboTaH Ul ONTUMM3ALMK MapHIpyTa ¢ y4€TOM paanyca
MIOKPBITHS CBA3M M MPHUMEHEHUEM Pa3INYHBIX MaTeMAaTHUECKUX MOAEIeH n
QIrOpUTMOB. MeETOJl OCHOBBIBAETCS HA aHAJINW3€ TOYEK IOKPBITHSI, HX
TEOMETPUUECKUX XaPaKTEPUCTUK M MMOCTPOSHUH ONTHMAJIBHOIO MapuIpyTa.
B o3ToM Merome mocie MepBOHAYAJIbHOTO IIOCTPOCHUS MaplipyTa
npuMeHsierca 3Bpuctuka JluHa-KepHurana. OToT MeTox MO3BOJSIET
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JOTIOJTHUTENBHO COKPAaTUTh AJHMHY IIyTH IMYyTEM IEPECTAHOBKH TOYCK B
Mapuipyte. CpaBHHUBAIOTCS aJbTePHATUBHBIC IyTH, M BEIONpaeTcs Hanboee
KOPOTKHHM M3 BO3MOXHBIX. AJTOPUTM, OCHOBAaHHBIII Ha 3TOM METOAE,
NPUBEJICH B JIUCTHHTE 2.

BxogHble oaHHble:
P ={p1, p2, ..., pn} — MHOXeECTBO TOYeK
I — PagMyc OrpaHnyeHns
Bbixon:
M — onTuManbHbIA MapLLpyT
1. BblumcneHne MaTpuLbl pacCTOSHNN:
for kaxxgas napa (pi, pj) € P:
D(i,) = sqrt((xi - xj}*2 + (yi - y})"2)
2. PelueHune 3agayum KOMMUBOSIKEPA:
M—09
for kaxxmas Touka pi € P:
Hait onTManbHoe MecTo BCTaBKM B MapLUpyT
M<—Mu pi
M—Mu p0
3. FeomeTpuyecknin aHanus:
for kaxabin cermeHt (A, B, C) € M:
BblumcnuTb npamyo y = mx + b
HainTv nepneHamnkynsp
Bblumcnutb pacctosiHue ot B go AC
if paccTosiHne <r:
Mepemectuts B B gonyctumyto obnacts
4. YpaneHue nNuLLHUX TOYek:
for kaxxmas Touka pk € P:
if pk HaxoguTCs B paguyce r oT npeabiayLLux E-Tovek:
WckntounTsb pk
5. Busyanusaums mapLupyta:
Ot06pasnTb TOUKM 1 COEANHUTL UX MapLLPYTOM
HapucoBaTb Kpyrit paguyca r BOKpYr kaxgoi TOUKu
[o6aBuTb napannensHble NMHUK K MapLLpyTy
Bbixoa:
M — onTManbHbIM MapLupyT
JIuctunr 2. AJ'IFOpI/ITM NOUCKa OONTUMAJIBHOTO MapHIpyTa Ha OCHOBE TPEXTOYEYHOI'O
MeToda

5. PesyabTaTel. B 2TOM cTaThe IpeACTaBIEHBI PE3yNbTaThl
MOJICTUPOBAHMS Il OHEHKH 3(P(PEKTHBHOCTH aJIrOpUTMOB IOHMCKA
Tpaekropuu monéra BIIJIA mpu cOope HmaHHBIX OT TEPPUTOPHUAIBHO
pacripeneIéHHBIX UCTOYHHUKOB (CeHCOpoB). B wacTHOCTH, OBUTA TIOCTpOCHA
ONITHUMaJIbHAsT TpaeKTopust 11t MOKpeITHs 100 Touek, ciydaitHBIM 0Opasom
pasmeméHapix B obmactu pasmepoM 300 X 200 yCIOBHBIX €OWHUI], C
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HCIIOJIb30BAHUEM HETHIPEX PA3IMYHBIX anropuTMoB. CremyeT OTMETHUTS,
YTO B YETHIPEX METOAAX KOOPAMHATHI X W ) BBIPAXKEHBI B a0CTPAKTHBIX
enuHMLAX. [ npoBeeHUs] CUMYIISILMK UCIIOIb30Balach o0JayHas cpena
Google Colab ¢ mporeccopom Intel Xeon (ua 6ase Google Compute
Engine) u 12,67 I'b oneparuBHO# MamsTH, YTO OOECIIEYMBAIO paBHBIC
BBIYHMCIIUTENBHBIC YCIOBHS IPH CPaBHEHUH AJITOPUTMOB.

IIpencraBnenHas Ha pucyHkax 4, 5 U 6 NEMOHCTPUPYET pe3yJIbTaT
pabotel anroputMa mo 1-my meroay, npumeHenHoro k 100 ciyuaitHo
pa3meleHHbIM ToukaM. B xone apmxenus BITJIA oH mOKpbIBaeT Bce TOUKH,
OPHEHTHPYSCh Ha 3apaHee OIpE/eNICHHbIE KOHTPOJBbHBIE TOYKH W HMes
panuyc MOKPBITHSA I.

CornacHO METOIy IIEHTPOM 1A, TIPU 3aJJaHHOM paanyce MOKpeITHs 10
YCIIOBHBIX €IUHHMII [UTHHA ONTHMAIBHOTO MyTH cocTaBisaeT 1611 ycmoBHBIX
€/IMHMI, & KOJMYECTBO OCHOBHBIX TOYEK JOCTYMa JJIsi MOKPBITHS TOUYEK
paBHoO 60.

ONTUMANEHLI A NYTE, CO303HHEIA HA DCHOBE METDAS USHTPOWAS, KOMBWHMPOBEHHOID WI0BPMEH S UEHTPE U YAANEHHOR TOUKK

M LeHTpankHb Toukw
5§ = p ® TouEm
- —e— OnTAMaASHL MyTs

* Tounw o paccromine
@ Heuanonan Towks

100

50

T T T T
-50 o 50 100 150 200 250 300 50

Puc. 4. OnTuMaNbHEINA BUA HOKPBITHS BCEX TOUCK NP 3aJaHHOM PaJinyce TOKPBITHS
10 equHUI] IO METOAY LIEHTPOUA

CornmacHO METOAy LEHTPOWAA, NP paanyce MOKPHITHA 20 YCIOBHBIX
€IUHML] ONTHUMallbHAasl JIMHA Mapupyra cocraBiaser 1398 enunun, a
KOJIMYECTBO OCHOBHBIX TOYEK JOCTyNa JUIA IOKPBITHS BCEX CEHCOPHBIX
Touek — 33.
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ONTHMaNEHLIA NYTh, CO3AAHHEIA HA OCHOBE METCA1A LIEHTPONAA, KOMBMHMPOBAHHOTC M30BPEMEHUS LIGHTPA W Y12 eHHOA TOHKK

#  UeHTpabHbIE TouKH
& Toukn
—— OnTuManLHu nyTe

Jr ToukM Ha PACCTORHUM
@ HavankHad Touka

100 200 200

Puc. 5. OnTuManbHbIi BUJI TOKPBITUSL BCEX TOYEK MPH 33JaHHOM pajinyce MOKPBITUS
20 eguHUL IO METOY LIEHTpOUIa

CornacHO MeTOAy LEHTPOUAA, MpU paauyce MOKphITUA 30 YCIOBHBIX
€IMHUI] ONTHMAaJbHAs JUIMHA MaplipyTa cocraBuger 1089 enunun, a
KOJIMYECTBO OCHOBHBIX TOYEK JOCTYyMa JUls TOKPBITHS BCEX CEHCOPHBIX
Touek — 20.

ONTTHMaNLHLIA MYTh, CO3AAHHLIA Ha OCHOBE METOAA UEHTRONAR, KGMBNHVPORAHHATO M30BRAMEHMA LEHTRA W YARNEHHDR TOHKN

# Uentpancuue Touka
® Toum 1

—e— OnThManLHuIE NyTs
 TOuKM Ha PACCTORHMA
@ Hevanwnan rouna

150

0 100 200 300
x

Puc. 6. OnTUManbHbIN BUJ] OKPBITHS BCEX TOYEK MPH 3aJaHHOM PaANyCe MOKPHITHS
30 equHUIL IO METOLY HEHTPOHIA
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Pucynku 7-9 MIDIIOCTPHPYIOT pe3yabTaT pabOTH aNropuT™Ma Mo 2-My
Merony. AmnamormuHo, BIIJIA nBumxeTcs B COOTBETCTBHH C PaIHyCcoOM
TOKPBITUA ¥, OXBAaTbIBasA BCC 3aJaHHBIC KOHTPOJIbHBIC TOYKH.

W3cipaseHne ONTUMaNEHOTO NYTW, CO3AAHHOrO Ha 0CHOBE TPEXTOYEYHOTO METOAR

% ropaune TouRe
8~ ONTHMANHBIE MYTh

200

® o
@ HauankRan Touka

150

=50 L 50 190 150 200 250 L 350
*

Puc. 7. OnTuManbHOE TTIOKPBHITHE BCEX TOUYEK IPH 3aJaHHOM PAJHyCce MOKPBITUSI
10 yCIOBHBIX €AMHUII C UCTIOIB30BAHMEM TPEXTOUETHOTO METOA

W300pameHue oNTHMANsHOro Ny T, CO3AAHHOM0 HA OCHOBE TPEXTOYEYHOID METOAA

% ropse Touku
—8— onTMMANHEE NYTh
. ToukM

@ HauansHaA TouK:

200

o 100 200 300

Puc. 8. OnrumanbHOE NOKPBITHE BCEX TOYEK IIPU 33laHHOM paJuyce NOKpbITHs 20
YCIIOBHBIX €JJUHUIL C UCIOIb30BaHUEM TPEXTOUECUHOIO METO[a
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CornacHO TpPEXTOYEYHOMY METOAY, HpU paguyce MOKpeitus 10
YCIOBHBIX €OMHMI[ ONTHMAlbHAas [UIMHA MapuipyTa cocTaBisier 1622
€AWHHUIBI, 4 KOJIMYECTBO OCHOBHBIX TOYCK AOCTYIIA AJIsA TOJIHOTO MOKPBITUA
cocraBnser 47.

CornacHO TpPEXTOUCHHOMY METOAY, HpU pajguyce MHOKpeITus 20
YCIIOBHBIX €IWHUIl ONTUMalbHas MJIMHA MapuipyTta cocrtapisier 1324
€IMHMLBI, a KOJMYECTBO OCHOBHBIX TOYEK JOCTYyINa, OOECIIeUMBAIONINX
MIOJIHOE TIOKPBITHE, PaBHO 21.

Wzobpasenne onTUMankHOra MyTH, CO3AaHHOMD Ha OCHOBE TREXTOYEYHOTD METOAA

% ropruse Tousm
%~ onTUMATHBIE NyTS
® 104K

2001 @ HavankHan TouKa

150 1

100 1

H H
100 ] loo 200 300
%

Puc. 9. OnrtumasnbHOE NOKPBITHE BCEX TOUYEK IIPU 3alaHHOM pajiyce NoKpbITHs 30
YCIJIOBHBIX €IMHHUII, PEAIN30BaHHOE C HCIIOJIb30BaHUEM TPEXTOUEYHOIO METO/IA

CornacHO TpPEXTOYEYHOMY METOAY, HpW paguyce MOkpeitus 30
YCIOBHBIX €OUHHMI[ ONTHMAaNbHAas JUIMHA Mapiipyta cocraBiuser 1161
€IMHMILY, a AT TOJIHOTO MOKPBITUS BCEX TOYEK TpeOyeTcst 17 Kio4eBBIX
TOYEK JIOCTYTA.

[Tpennaraemple MeTOABI OBUIM COMOCTABJICHBI C PAIOM JPYTHX
METOJI0B. B yaCTHOCTH, HA OCHOBE TaHI'€HLIUAIBHON CTPATErUU, ONIUCAHHON
B pabore [25], ObuI pa3paboTaH YCOBEPIIEHCTBOBAHHBIM ajTOPUTM C
JIOTIOJIHUTEIBHBIMH ~ JTalnaMM  ONTHUMHU3AIMM,  TPEICTABICHHBIH B
mucturare 3. Jlns  nmanHoro anroputMma ObDIa co3jaHa IporpaMMHast
peanuzanysi, ¥ MPOBEJCHO TECTHPOBAHME HA TEX )K€ BXOIHBIX JIAHHBIX,
KOTOphIE  WCHONB30BAINCH B  OKCHEPUMEHTax I ABYX paHee
MIPEIJIOKEHHBIX METO/IOB. Pe3ysbTaThl TECTHPOBAaHUS NPEACTAaBICHBI Ha
pucynkax 10-12.
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BxogHble aaHHble:
P ={p1, p2, ..., pn} — MHOXECTBO TOYEK
I — pagnyc orpaHuyeHus
Bbixoa:
M — MuHUManbHBIM MaplupyT UAV, oxBaTbIBaIOLLMI BCE 30HbI
1. BbiqucneHne MaTpuLbl pacCTosHUIA:
for kaxgas napa (pi, pj) € P:
D(i) = sqrt((xi - xj)*2 + (yi - y})"2)
2. MocTpoeHve NpeaBapUTENbHOTO MapLUPYTa (KagHbIi anropuTm):
M « [start]
while P He nycro:
BbIOpaTh brmKaiiLLyo TOYKy
n06aBuTb B MapLUpyT
yAanuTb 3 HeNOCELLEHHBIX
OyHkuws: “greedy_order(points, start)
3. MocTpoerue kacaTenbHbIX TOYek:
for kaxpas napa (pi, pi+1) € M:
paccuuTaTh yron Mexay HuMmu
MOCTPOWTL TOUKY Ha rpaHuLe paguyca r
OyHkups: “tangent_point(center, target, r)".
4. YpaneHue nuLHUX To4eK:
for kaxpbln 0TPesok (a, b) mapwpyTa:
for kaxnas Touka ¢ € P:
if pacctosiHve o (a,b) <r:
CuMTaTb NOKPbITON
YAANUTb MULLHIOK TOYKY 13 MapLupyTa
OyHkuus: “distance_to_segment(p, a, b)".
5. [lobaBnenune HepocTatoWyX KacaTenbHbIX:
for kaxpas Touka ¢ € P:
if ¢ He nokpbiITa:
MOCTPOUTL KacaTenbHy
BCTaBUTb Mepep KOHLOM MapLupyTa
6. Pacuért anuHbl MapipyTa
ANVHA «<— CyMMa paccTosHUA MeXAy NocnesoBaTenbHbIMY TOYKaMK MapLLpyTa
Jluctusr 3. ANropuT™ MOUCKA ONTUMAIBLHOTO MapIIpyTa Ha OCHOBE
TAaHTCHIIHAJIBHOT'O METOAa

CoriacHO TaHTCHIMATBHOMY METONY, IpPU paguyce IOKPHITUSI
10 yCOBHBIX ~ €IMHHUI] ONTHMalbHas JJIMHA MapIIpyTa COCTaBISIET
3342 emuanily, a A7 TOJHOTO TIOKPBITHS BCeX TOYEK Tpebyercs
55 KIIIOYEBBIX TOYEK AOCTYMA.
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MEOEPE)KEHME ONTWManbHOro NYTW, CO303HHOID Ha OCHOBE TaHrEHIJ,I.laJ'IbHUI:ﬂ CTpaTerun

= CEHCOpHan TouKa
3 30Ha NoKpeITWA (M)
MaHERPEHHAN TOUKA
—— ONTUMANBHBIA MNYTs
HaaneHas To4Ka

a 50 1(“]0 ]_‘;0 2€IICI 250 3(;0
Puc. 10. OnTumaiibHOE MOKPHITHE BCEX CEHCOPHBIX TOUYEK IpHU pajuyce oxsara 10
YCJIOBHBIX €JIMHHII, PEaTM30BAHHOE C UCIIOJIb30BAHUEM TAHI'C€HIIMAIBHOTO METO/1a

MZDGPQ)KEHME CNTUManLHoOro NyTHW, co3falHoro Ha ocHoRe TaHreHUwansHoR CTpaTervi

CencapHan Touka

3JoHa NoKpETHA ir)
®  MaHERpEHHAR TOuKa

—— DATHMaNEHBIA NyTs
HauankHas Touka

150

100 1

50 4

Puc. 11. OnTuManbHOE NOKPBITUE BCEX CEHCOPHBIX TOYEK IIPH paguyce oxsara 20
YCIIOBHBIX €JIMHHUII, PEAIM30BaHHOE C UCIIOIb30BAHHEM TaHICHIIMAIBHOIO METOJA
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CornacHO TaHTEHIMAJIBHOMY METOAY, MpPH paguyce MOKPHITHSA
10 yCHOBHBIX ~ €OWHUI] ONTHMalbHAas [JIMHA MapIIpyTa COCTaBJISET
2679 enuuui, a UIs TIOJHOTO TOKPBITHS BCeX TOueKk TpedOyercs 36
KITFOUEBBIX TOUYEK JOCTYTIA.

WM3obpaxeHWe ONTUMANEHOMO MyTH, CO3A3aHHOMO Ha OCHOBE TaHreHUManbHOA cTpaTerun

»  Cencopian Touka
C007 3eHa NOKPLITHA {r)
®  MaHEBPEHHAA TOUKS

— ONTUMANLHER NYTh

200 1
B HadankHas ToHKa

150 1

100 4

—50 4

—é{) o 50 1[‘)0 léﬁ 2["0 250 30‘0 35‘0
Puc. 12. OnTuManbHOE MOKPHITHE BCEX CEHCOPHBIX TOUEK IIPH PaJuyce OXBaTa
30 yCIIOBHBIX €IMHHLI, PEATH30BAHHOE C UCIIOIB30BaHUEM TaHTCHIINAIBLHOIO METO/A

CornacHO TaHTEHIMAIBHOMY METOAY, MpPH paguyce MOKPHITHSI
30 yCOBHBIX ~€AMHUI] ONTHMAJIbHAs JUIMHA MAapuipyTa COCTaBIISET
2342 enuHNn, a UIS TIOJMHOTO TOKPBITHS BCeX Touek Tpebyercs 26
KJTFOUEBBIX TOYEK JIOCTYIIA.

JlomoTHUTEIPHO OBLT PACCMOTPEH emié OJUH METOJ, OMHCAHHBIN B
paboTtax [26 —28], OCHOBaHHBI Ha BBIOOPE ONTHMAIBHON TOYKH U3
MHOYECTBA TOYEK, PACIIOJIOKEHHBIX Ha PACCTOSHHUU I' OT IEHTPa CEHCOPHOU
30Hpl. Ha ocHoBe maHHOrOo Meroia Oblla peann30BaHa IPOrpaMMHast
cHcTeMa C BJIEMEHTaMH ONTHMH3aLUH, alrOPUTM paboThl KOTOPOH MOKa3aH
B JHCTHUHTe 4, W TPOBEACHO TECTUPOBAHWE AHAJIOTHYHO MPEIBIAYIIHM
ciydasM. Pe3ynbraTsl IpuBeeHb! Ha pUCcyHKax 13-15.

[Iponecc TecTHpOBaHMS OCYIIECTBISIICS HAa TOM K€ IIPOLIECCOpE U
TEMH XK€ TapaMeTpPaMH, YTO W B CIIy4ae C BBIMICYIIOMSIHYTBIMH METOJIaMH.
OTO MO3BOMMIIO OOECIEUYNUTh CONMOCTABIMOCTh YCIOBHH M OOBEKTHBHOCTH
CPaBHUTEIHFHOTO aHAJIH3a.
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BxopgHble faHHble:
P ={p1, p2, ..., pn} — MHOXECTBO LiEHTPOB CEHCOPHbIX 30H;
I — Paau1yC 30HbI NOKPLITUS;
start_point — Ha4anbHas Touka mapLupyTa (06b14Ho (0, 0));
samples_per_circle — konm4ecTBO NPOBHBIX TOYEK HA FPAHNLIE KaXKOOW 30HbI.
1. BelqmcneHne MaTpuLbl pacCTosHUIA:
for kaxpgas napa (pi, pj) € P:
D(i,) = sqrt((xi - xj)*2 + (yi - yj)*2)
2. MacwurtabupoBaHue koopauHar:
[ns kaxgoro LiexTpa pi = (xi, yi) € P:
pi' = ((xi - min_x)/(max_x - min_x) * wupmHa, (yi - min_y)/(max_y - min_y) * BbicoTa)
3. FeHepaLms TOYeK Mo OKPYXHOCTH:
[ns kaxgoro LexTpa pi € P:
Cospatb samples_per_circle Touek Ha OKpY)XHOCTW paguyca r BOKpYT pi
4. XapHas BcTaska (optimal insertion):
MapLupyT < [start_point]
Moka ocTanucb He3afencTBOBaHHbIE 30HbI:
Haiv Touky p cpeam BCeX 30H, atOLLyi0 MUHUMAIBbHOE YBENMYEHWE ANMHbI MapLupyTa
BcraBuTh p B ONTUMAnbHY NO3MLMIO MapLUpyTa
[obasutb start_point B koHeL, MapLupyTa
5. OnTMMK3aLWs MapLUpyTa ¢ NOMOLLbH 2-0pt:
lMoBTOPATL:
HaxopuTb napbl CETMEHTOB MapLUpYTa, 1S KOTOPbIX MHBEPCUS yMEHbLLAET 0OLLYI0 ANMHY
MpUMEHSATb MHBEPCHIO
Moka MapLupyT ynyJlaeTcs
6. l'eomeTpuyeckas unbTpaums MapLupyTa:
[ns kaxgoi Tpoiku Todek (A, B, C) B MapLupyTe:
Ecnu paccTosiHie 0T LigHTpa 30HbI 40 0Tpe3ka AB < r 1 B — To4ka 13 3TOM 30HbI:
Ypanutb B kak nuLHioro
7. GuHanbHas 2-opt onTUMmU3aLms:
MpumeHnTb two_opt ko Bcemy 0T(hUNbTPOBAHHOMY MapLUpYTy
8. MpoBepka NokpbITHS
[ns kaxaom 30HbI pi:
Ecnu cywecTeyeT cerMmeHT MapLupyTa, pacCTosHUE OT pi f0 KOTOPOro < r:
pi CYMTAETCS NOKPBITON
Jluctunr 4. ATrOpyUTM MOKUCKA ONTUMAIBFHOTO MapUIpyTa Ha OCHOBE BBIOOpa
ONTUMAIBLHON TOYKH

CoryacHO METOJly ONTHMAIBHOTO BHIOOpA, MPH Pajnyce MOKPHITUS
10 ycnoBHBIX €OUHMI] ONTHUMallbHAas JJIMHA MapuipyTa cocTaBiser 1885
€IMHML], a AT TOJHOTO MOKPBITHS BCEX TOYEK Tpedyercst 82 KIIOYEBBIX
TOYKH JIOCTYTIA.
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HAE ONTI o NyT, CO © Ha ocHoBe TSPN

Concopas Tausa

£277 3aMa NaKpeTHE

= Manespessan TouKa
Crramams Ly Te

B Hasanwnas Todka

125

5

o 50 100 10 200 250 ann

Puc. 13. OnTumansHOE MOKPBITHE BCEX TOUEK JAATUUKA ITPU YCIOBHOM paiyce
HokpbITUst 10 eMHNL, WILTIOCTPALs PeaIU3alMy C UCHIOJIb30BAHUEM METO/Ia
ONTUMAJIBHOTO BEIOOPA

18 ONTHMANLHOID NYTH, CO3J3HHOND Ha OCHoRE TSPN

*  CeHCOpHAA TOuKa
£273 30Ha naspETR

*  MBRCIpEHNDR TONKD
OATHMARLHWG My Th
- B Hauansnas Tousa

150

10

o 50 100 150 100 250 300
Puc. 14. OnTuManpHOE IOKPHITHE BCEX CEHCOPHBIX TOUEK MPH pagmyce oxBara 20
YCIIOBHBIX €IMHUII, TIOJIy9€HHOE C CIOIB30BaHHEM METO/Ia ONTUMAIBEHOTO BEIOOpa
TOYEK Ha TPAHUIIE 30HBI TIOKPBITHS
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CornacHo MeToAy ONTHMAalbHOIO BBHIOOPA, NIPH PAANYCe MOKPHITHUS
20 yClOBHBIX €AMHUI] ONTHMANbHAs JUIMHA MapuipyTa cocTaBisieT 1626
€/IMHML, a JJIsI MOJHOTO MOKPHITHS BCEX TOYeK Tpedyercst 70 KIOYEBBIX
TOYKH JIOCTYTIA.

WaoBpamenue onTuMansHoro NyTH, coagadHoroe wa ockooe TSPN

200 4

150 4

104 4

CoNCopian TOYKD

3 EOHA NAKAKTHA
MaKeapaHHan Touma
ONTAMANEELIA Iy TE
-50 4 B HaWanLNaA TouKa

o :\U 100 150 200 250 300
Puc. 15. OnTuManbHOE TOKPHITHE BCEX CEHCOPHBIX TOUEK MPH pafmyce oxBara 30
YCIIOBHBIX €IMHUII, ITOJIyY€HHOE C MCIOIB30BaHHEM METO/Ia ONTUMAIBEHOTO BEIOOpa
TOYEK Ha TPAHUIIE 30HBI TIOKPBITHS

CoryiacHO METOJly ONTHMAaIBHOTO BBIOOpA, MPH Pajnyce MOKPHITUS
30 yclOBHBIX €IMHHI] ONTHUMAaJbHAs JUIMHA MapuipyTa cocTasiser 1621
€IMHML, a JJIsl MOJHOTO MOKPBITHS BCEX TOYEK Tpedyercst 63 KIIOYeBBIX
TOYKH JIOCTYTIA.

IIpu yBennuenun ganpHOCTH paauonokpsitust BITJIIA pacumpsiercs
30Ha 0XBaTa, YTO MPUBOIMT K BKIIOYCHHUIO B CETh OOJBIIETO KOIMYECTBA
JaTYNKOB. JTO M3MEHEHHE BIHSET HA KIIOYEBBIE IAPAMETPHI CHCTEMBI:
JUIMHY ~MapupyTa, KOJMYECTBO TOYEK MAaHEBPHPOBAHHMA W  BpeMs
BbIYUCICHUH. JIJIs1 KOJMYECTBEHHOTO aHAIM3a JAHHBIX 3aBUCHMOCTEH OBLI
MIPOBEACH HKCIEPUMEHT C BapHaIliei paanyca mokpeITHs (pucyHku 16-18).

Takum  oOpa3oM, TIOIIArOBOE  yBENMUYCHHWE  paamyca  OT
MHHHMMAJIBHOTO K MAKCHMAIIbHOMY 3HAYEHHIO MO3BOJISICT MOIYyYUTh TOJIHYIO
KapTUHY BJIMSHUS 3TOTO IapameTpa Ha oO0Inyt0 3((HEeKTUBHOCTh CUCTEMbI U
CIIy)KMUT OCHOBOW JUIS BBIOOpa ONTHMAIBHOTO pPaauyca B IPUKIAHBIX
3a/la4ax MOHUTOPHUHTA.
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4:30\1‘ h \,4\

2500

H
ANHHE TPASKTROMA

a

[}

=
»
paguyc ¥ ap 5
Puc. 16. I'paduk 3aBUCIMOCTH ONTUMAIILHOTO MYTH OT Payca MOKPHITHS,
MOCTPOCHHBIN HAa OCHOBE PE3YJIbTATOB MOJICTUPOBAHUSI aITOPUTMOB,
pa3paboTaHHBIX HA OCHOBE KXKIOTO U3 YEThIPEX METO0B (LIEHTPOHUIHBINA METO
MOKa3aH CHHUM LBETOM, TPEXTOUCUHBIH METO/ — OPAH)KEBbIM, TAHTCHIIAIbHBIH
METOJ — TEMHBIM, & METOJ] BEIOOPKH — JKEITHIM)

@ 0 2

= 1]
EMEH pacHeTa

=
o
Ep

10 20 paguyc 30 40 50

Puc. 17. I'paduk 3aBHCHMOCTH BpEeMEHH pacueTa OT paAnyca HOKPBITHS IIPOrpamMM,
pa3paboTaHHBIX HA OCHOBE YETHIPEX METOJIOB (LIEHTPOHUIHBIN METOJ| MOKa3aH CHHUM
I[BETOM, TPEXTOUECUHBIH METOJ{ — OPAH)KEBBIM, TAHTCHI[HAIBHBIA METO — TEMHBIM,
a METOJ] BEIOOPKH — JKEIITHIM)
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Ha pucyske 16 mpexacraBieHa aHaIWTHYECKas 3aBUCHUMOCTD
ONTHUMAJBHOM JUIMHBI IyTH OT pajinyca, 3HAUCHUsI KOTOPOTO BapPbUPYHOTCS
ot 1 10 50 eguHMIl JUIs KaXK/I0H pear3aliy MporpaMMHOTo o0ecreueHusl,
OCHOBAaHHOro Ha JaHHOM Merone. Kak BuaHO W3 rpaduka, yBelMueHHE
pagunyca mpuBOJUT K YMCHBIICHUIO NJIMHBI TPACKTOPUU.

Ha pucynke 17 mnpexacraBneH rpaduK 3aBHCUMOCTH BEIMYHHBI
panuyca OT BpeMEHH pacyera IporpaMMBbl B THAINa30HE OT OHOW €IMHUIIBI
g0 50 eguHUI TpPH  TECTHPOBAaHWM MPOTPAaMMHOTO  OOecledeHUs,
CO3IaHHOTO Ha OCHOBEe Kaxmoro werona. OUYeBHIHO, YTO METO.
ONTHUMAIBLHOTO BEIOOPA AET IJIOXKE PE3YJIbTAThI [0 CPABHEHHUIO C JIPYTHUMHU
METO/IaMH.

Ha pucynke 18 moka3zaHa 3aBUCMMOCTb KOJIMYECTBA FOPSIYUX TOUECK
(30H HWHTEHCHMBHOTO MaHEBPHUPOBaHUs), BO3HHUKAIOUIMX B 3aJaHHON
obnactu, OT paanyca MOKPBITHS, U3MEHSIONIErocs B Auanazone ot 1 1o 50
YCIIOBHBIX CANHUII. llaHHBIe IMOJIY4YCHBI B Xone TECTUPOBAHUA
NpOrpaMMHOr0 oOecrieueHHus JUIs KaXAOr0 M3 pPaccMaTpPUBAaEMBIX
METO/IOB.

pa
=
=

TOE&K MEHEE
=)

20

0 10 2 paguyc 30 0 50

Puc. 18. I'pauk 3aBHCHMOCTH TOUYEK MaHEBPA OT PaANyca MOKPHITHS
O pe3yJIbTaTaM MPOrpaMM, pa3padOTaHHEIX Ha OCHOBE YETHIPEX METOI0B
(UeHTPOMIHBIN METO]] [TOKA3aH CHHUM LIBETOM, TPEXTOUYCUHBIH METOT —
OpaHXEBBIM, TAHTCHIIHAIBHBIH METO/ — TEMHBIM, @ METOJ] BEIOOPKH — KEJITHIM)

CohopmupoBana Tabmuna 1  yCpEAHEHHBIX  aHAJTMTHYECKHX
pe3yJIbTATOB  3KCIEPUMEHTOB, MPOBEACHHBIX C  HCIIOJIB30BaHHEM
BBIICYKA3aHHBIX METOJIOB.
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Tabnuna 1. CpaBHEHHE METOJIOB APYT C IPYTOM

Cpennee Cpennue JliMHA TpaeKTOpuH
Merox "
Bpems (¢) MaHEéBpPeHHbIE TOYKH (cpennsisi)
LenTpouaHblit 0,05 ~30 ~1,300
Tpéx Touek 1,5 ~25 ~1,400
TaHreHIMaIbHBINH 0.005 ~35 ~2,700
OnTUMaNBHBII BEIOOD 28,5 ~65 ~1,600

Ha ocHoBaHMM NMpHUBEAEHHBIX BbINIE TPA(QUKOB M TAOMUIBI | MOXHO
crenaTh BBIBOJ, YTO METOJ IICHTPOWAA SIBIISICTCS HauOoJee HaJCKHBIM U
3G QEKTUBHBIM  pEUIEHHEM ISl MOBTOPSIOIIUXCS  BBIYHCIMTEIBHBIX
mporeccoB, oOecrneunBasi ONTUMAJIbHOE COYETAHHE CKOPOCTH U
CTaOMIIBHOCTH. DTOT METO]| MOKa3bIBACT CBOM NPEHMYIIECTBA, OCOOCHHO B
CHCTeMax peaJbHOr0 BpEeMEHH WM Npu 00paboTke OoJbUIMX 00BEMOB
JIaHHBIX.

TpéxToueuHslli METOJ| SBJSETCSI ONTUMAIBHBIM BBIOOPOM, TaK Kak
€ro cpeJHee BpeMsl BBINOJIHEHUS cocTaBisieT 1,5 cekyHasl — 310 B 20 pa3
OpicTpee MeTona ONTHMaIBHOTO BBIOOpA, TPH 3TOM CpenHEe KOJINYECTBO
¢uHANBHBIX TOYeK (25) Ha 17% TouHee, 4eM y LEHTpOHIA, a CPEmHSA
umHa  Tpaekropun  (~1400)  obGecmeunmBaer  cOanaHCHPOBAHHYIO
3¢ (HEeKTUBHOCTD.

W3 mpuBeneHHBIX BBINIE CPABHUTEIBHBIX TPaMKOB BHUIHO, HYTO
ONTHMaJIbHAs UIMHA TPACKTOPHH W TOKPHITHE TOUYEK MOCTYyMa YETHIPEX
METOJIOB 3aBUCAT OT LIMPHHBI CETH B MECTaX PACIHOJIOKCHUS YKa3aHHBIX
BbIIIIE TOYEK. /[Ba MpesytaraeMelx HaMHU METOJ]a UMEIOT IPEUMYILECTBa APYT
nepes IpyroM B HEKOTOPBIX acmekTax. 1o ecTh, eciu paccMaTpuBaTh
3HavyeHne pamuyca aiast 100 Toyek B yKazaHHOW BbIe OOJNACTH, TO
TPEXTOYEUHbIH MeToJ] Hed(hEeKTUBeH Il 3Ha4eHus paauyca no 21, HO
s dexTuBeH A pamuyca mokpbiTHs Oojbimie 21. Ecmu cpaBHHMBaTH 10
BPEMEHH, TO MOXKHO YBHJIETb, 4TO 3(QEKTUBEH LEHTPOUIHBIH MeToa. Ecin
CpaBHMBaTb IO TOPSYMM TOYKAM, TO MOXHO CYHTaTh 3()(PEKTHBHBIM
TPEXTOYECHYHBIH METO/I.

B ommume oT paHee MPUMEHSBIIMXCS METOJOB, OCHOBAHHBIX HA
MeTo/ie BEIOOpA MIIM TAHT€HIMAIBHBIX TOYKaX, MPEAJI0KEHHbBIE allrTOPUTMBI
JEMOHCTPUPYIOT CYIIECTBCHHBIE IPEUMYIIecTBa. LleHTpouaHbI MeTon
obecrieunBaeT MHHHMAIbHOE BpeMs pacuéra M COKpam@aeT [UIHHY
MapuipyTa 3a CYE€T KIJIACTEpU3ALMH, a TPEXTOYEUHBIM METOH IO3BOJISIET
0oJiee TOYHO YYUTHIBATH T€OMETPHUIO IOKPHITUS U 3()(HEKTHBHO padoTaTh
npu OoJbIINX pajguycax. B menom, nmpeanokeHHble METOAbl 00eCIeYHBaOT
10 15-25% cokpamienus amuHbl MapimpyTta u 10 30% yMeHBIIeHUS Yncia
MaHEBPOBBIX ~ TOYEK IIPM  CONOCTaBUMOM YPOBHE  OXBara, 4TO
MTOJITBEPIKAACTCS Pe3yIbTaTaMK MOJICIUpOBaHus (pucyHku 16-18).
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Crnemyer OTMETHTB, YTO pagiyc HOKphITHs curHana BITJIA sBnsercs
Ba)KHBIM, HO HE €JUHCTBEHHBIM MAapaMETPOM IIPH BBIOOPE ONTHUMAIBHOTO
MeTOJla IUIaHMpOBaHUA Mapupyra. lIpu NpoeKTUpOBaHUM TPAaEKTOPUH
ClIe/lyeT Y4YUTHIBaTh Takue (aKTOPhl, KaK CpeJHEe PaCCTOSHHUE MEXIY
y3J1aMu JaTYUKOB, UX MPOCTPAHCTBCHHAA IJIOTHOCTbH, 4 TAKKC BO3MOXKHBIC
0COOCHHOCTH pa3MelleHHs (KilacTepu3alysi, N30JIMPOBaHHbIEC Y3l U T.JI.).
Be3 ananmmza KOHKPETHOI IPOCTPAHCTBEHHOH CTPYKTYPBI CEHCOPHOW ceTH
BEIOOp  Hambonee A(M(HEKTUBHOTO  AJITOPHUTMA  MOXKET  OKa3aThCs
3aTpyIHUTENBHBIM WM HEBEpHBIM. [lo3TOMy IUIi  TIPaKTHYIECKOTO
MIPUMEHEHHsI pa3pabOTaHHBIX METOJOB PEKOMEHIYETCS IpEIBapUTEIbHO
TIPOBECTH OLIEHKY PACIIPEEIICHNUS Y3JI0B U aJlallTUPOBATh BEIOOP anropuTMa
B 3aBHCHMOCTH OT OCOOCHHOCTEH mcciemyeMoi teppuropuu. Hamprmep,
JUIl TYCTOHACEICHHONM CEHCOPHOW 30HBI METOJ] IICHTPOHWAA MOJXKET
0Ka3aTbCst 3P PEKTUBHBIM.

6. 3axuouenne. B JaHHOM cTaTthe paccMaTpHBaeTcs MpobieMa
ONTHUMM3AINH TPACKTOPHH OECIIIIOTHOTO JieTaTesbHOTO ammapata (bITJIA)
c yd4€TOM paavoNOKphITUS Ui cOopa IaHHBIX C CEHCOPHBIX Y3JIOB,
pacrpeiesIeHHBIX [0 KPYIHBIM CEJIbCKOXO3SHCTBEHHBIM TEPPUTOPHUSIM.
Bbutn  paccMOTpeHBl ¥ pealM30BaHbl YETHIpE PA3NUYHBIX METOZA
TTOCTPOEHUS MapIuipyra: LEHTPUPOBAHHBIH, TPEXTOYCYHBIMH,
TaHTCHIMAJIBHBIA U METOJ ONTHMAILHOTO BHIOOpA TOYEK Ha OKPY)KHOCTH.
[IpoBeneHHOE MOAENHMPOBaHWE IO3BOJWIO OLEHUTH 3(PPEKTUBHOCTH
KaXJIOTO METO/a IO KPUTEPHSM JUIMHBI MapuipyTa, KOJIMYECTBA TOUYEK
MaHeBpa M BPEMEHHM pacueTa JUIsi Pa3INIHbIX 3HAYEHUH pajnyca MOKPBITHS.

OKCHEpUMEHTHl ~ ITOKa3ajd, 4YTO MPEAIOKEHHbIE  aITOPUTMBI
MO3BOJIIIOT COKPAaTUTh JUIMHY Mapupyra Ha 15-25% wu  ymeHbIIUTH
KOJINYECTBO MaHEBPOBBIX TOUEK 10 30% 110 CPaBHEHHUIO C CYIIECTBYIOIIMU
MMOIXOAAMHU. DTO MOATBEPKAACTCS YUCICHHBIMH pe3yabTaTaMu (Tabmuma 1)
U rpadyecKuM aHAIU30M (PUCYHKH 16-18).

[TonydeHHbIe pe3ybTaThl MOKA3aIM, YTO pa3paboTaHHBIA aBTOPaMHU
METOA LECHTpOHJa OTIUYACTCA MHUHUMAJIBHBIM BPEMCHEM BBIUMCIIEHUH U
BBICOKOM YCTOWYHMBOCTBIO K M3MEHEHHIO pajMyca IOKPBITHS, B TO BpeMs
KaK MeToJl TPEX TOYEK JIEMOHCTPUPYET HauOoJbIIyIo 3((heKTHBHOCTH MpH
OoJIPIINX 3HAUCHMAX pajuyca. TaHreHIMaTbHBIH METOJ], OCHOBAHHBIN Ha
TIPEIBITYINX pa3paboTkax, TTOKa3bIBACT cOaaHCHPOBaHHYIO
TIPOM3BOANTENHHOCTS TIPH CPETHHUX 3HAYCHUSX Paanyca, TOTAa Kak METO.X
BEIOOpa ONTHMAIFHOW TOYKH OOECTeurBaeT HAMOOINBIIYI0 THOKOCTH U
TOYHOCTh  MOKPBITHSA, OCOOCHHO B  YCIOBHSX  HEOZHOPOIHOTO
pacripenieIeHust JaTINKOB.

Takum o00pa3oM, BBIOOpP TOIXOMSIIETO aNTOPUTMA  JIOJDKEH
OTIPEETISTECS KOHKPETHBIMHU YCIIOBUSIMH 337[ad MOHUTOPHHTA: TJIOTHOCTBIO
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pa3MelIeHus] JaTYUKOB, YHEPreTUUECKUMU OTPAHUUYEHUSIMH, [TPUEMIIEMbBIM
BpPEMEHEM II0JIeTa, TOMOJIOTHEN HcclieayeMoi Tepputopun. PaspaboTanHbie
aBTOpaMM Ha OCHOBE MOJICIIMPOBAaHMS METOABl IOKa3adl  CBOE
MPEBOCXOJICTBO HAJ pPaHEe PACCMOTPEHHBIMH METOJaMH. OJTO IMOMOXKET
ONTUMH3UPOBATh Ipoliecc cOopa HaHHBIX NpU Hcnonb3oBaHuu BIIJIA Ha
OOJBIINX TEPPUTOPHSIX.

B uccrenoBanum paccMmarpuBanach YNpoIlEeHHas IJIOCKash MOJAENb
nekenus BIIJIA Ge3 ydera BBICOTHI TOjieTa. BiusiHEE BBICOTHI HA pajnyc
TTOKPBITHS, KAYECTBO CBS3H M PHEPTONOTPEOICHHUE TTOKA HE YIUTHIBAJIOCH U
IDTAHUpYeTCA U JNaNbHeHImero aHamm3a. Takke B paMKax paOOTHI HE
paccMaTpHBaJINCh BO3MOXHBIE COOM HABUTAIlMOHHOH CHCTEMBI W
HEOOXOAMMOCTh  JAWHAMHYECKOW  KOPPEKTHPOBKH  Mapuipyra  mpu
OTKJIOHEHUSX OT TPACKTOPUH WM TOTepe CBs3H. B Oymyiem rraHupyercs
paspaboTaTh pacmupeHHble Mojaenu ontuMuzanuu 3D-tpaektopun BITJIA
C YYETOM DJHEpPreTHYEeCKHX 3aTpaT, KauecTBa CUTHAla, a TAaKXKe CO3JaHue
MEXaHH3MOB  aBTOMATHYECKOTO  BOCCTAHOBJICHHMS  Mapuipyra Ipu
BO3HMKHOBEHHMH HEMPEJIBUJICHHBIX CUTYAIIHi.
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A.RODIONOV, T. MATKURBANOV
PLANNING UAV FLIGHT TRAJECTORIES FOR MONITORING
LARGE AREAS

Rodionov A., Matkurbanov T. Planning UAV Flight Trajectories for Monitoring Large
Areas.

Abstract. Modern agriculture covers vast areas, and effective monitoring of these
territories plays a key role in precision farming. Wireless sensor networks are widely used to
obtain real-time information on the condition of agricultural crops. However, manually
collecting data from such sensors (deployed across a sensor network) is challenging. At the
same time, unmanned aerial vehicles (UAVs) are increasingly used to provide automated and
highly accurate data collection. This article addresses the problem of constructing an optimal
UAV trajectory to efficiently collect data from distributed sensor nodes. The goal is to
minimize the total route length while fully covering the sensing zones of all devices. Within the
study, four route planning methods were developed and compared: the centroid-based method,
the three-point method, the tangential method, and the optimal point selection method within
the coverage radius boundary. Each method was implemented as a programmatic algorithm,
including route construction, geometric optimization, and coverage evaluation. All methods
were tested under the same conditions using a set of sensors distributed over a defined area.
Evaluation criteria included total path length, number of maneuver points, and computation
time, across coverage radii from 1 to 50 meters. The authors propose two approaches for
trajectory optimization: a clustering-based centroid algorithm and an enhanced three-point
algorithm based on the Lin-Kernighan heuristic. Experimental results showed that the proposed
dual-algorithm method significantly outperforms previously studied route planning methods.
Thus, this paper presents a comprehensive approach to UAV route planning for agricultural
field monitoring, considering geometric, algorithmic, and computational factors. It also
provides practical recommendations for selecting the most suitable method based on the spatial
structure of the sensor network.

Keywords: UAVs, traveling salesman problem (TSP), algorithm, clustering, Lin-
Kernighan, Welzl’s algorithm, programming.
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S. PAWALE, P. PATIL
A COMPREHENSIVE ANALYSIS OF MULTI-CHANNEL MAC
AND CLUSTERING PROTOCOLS FOR ROBUST AND ENERGY-
EFFICIENT WIRELESS SENSOR NETWORKS

Pawale S., Patil P. A Comprehensive Analysis of Multi-Channel Mac and Clustering
Protocols for Robust and Energy-Efficient Wireless Sensor Networks.

Abstract. Wireless Sensor Networks have become indispensable in various applications,
from environmental monitoring to health tracking. As they continue to evolve, security and
energy efficiency remain paramount. This analysis paper compares contemporary techniques
within two significant protocol categories: Multi-Channel Medium Access Control (MAC)
protocols and Cluster-Based protocols. The evaluation focuses on various channel assignment
strategies and clustering methods, including static and dynamic allocation of communication
resources, adaptive methodologies, and hybrid approaches, alongside strategies for selecting
and rotating cluster heads, and aggregating data efficiently. Through a comprehensive
examination, we highlight the limitations and potential of each approach, proposing a hybrid
framework that leverages the strengths of both protocol types to enhance security and energy
efficiency in Wireless Sensor Networks. Our findings suggest that integrating dynamic
resource allocation with energy-efficient clustering and adaptive strategies with rotational
cluster head selection could lead to more robust and efficient deployments. This analysis serves
as a foundational study for future research, aiming to develop advanced hybrid protocols that
address the dynamic demands of WSNs, ensuring sustainable and efficient network operations.

Keywords: Wireless Sensor Networks (WSNs), Multi-Channel Medium Access Control
(MAC) protocols, Cluster-Based protocols, security, energy efficiency.

1. Introduction. WSNs detect ambient factors such as heat, light,
sound, pressure, vibration, and electromagnetic fields over a specific area of
interest [1]. These networks are made up of a large number of sensor nodes,
each of which has sensors, wireless communication devices, processing
units, and batteries [2]. WSNs have been a study topic since their inception,
with multiple applications in a variety of industries. WSNs were created for
military use, but have now expanded to encompass healthcare, habitat
monitoring, environmental monitoring, traffic control, home automation,
disaster relief, and smart cities. Sensor nodes are placed throughout an area
to detect certain occurrences, which are then reported to a base station. Base
stations act as intermediaries between end users and sensor nodes, offering
more communication resources, processing power, and energy than sensor
nodes [3, 4].

Power consumption limits on sensor nodes have a substantial impact
on a sensor network's lifetime [5, 6]. Sensor nodes often have restricted power
sources and use energy for data sensing, processing, and communication [7].
Wireless sensor networks (WSNs) now have communication and routing
protocols. The network lifespan is an important metric for evaluating WSN
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performance [8]. Direct connection between sensor nodes and base stations is
the most important component in energy consumption, as sensor nodes far
from a base station can quickly empty their batteries and fail [9]. To
overcome this issue, clustered transmission techniques have been proposed. In
these protocols, WSNs are organized into clusters, with cluster heads
collecting and relaying sensed data to base stations. This minimizes energy
consumption in these nodes by shortening the effective communication
distance. Cluster heads collect data before sending it to the base station.
Providing an energy-efficient protocol immediately increases network
lifetime, making green communication a necessity for humans. There are
several approaches to cluster creation and cluster head selection, however,
using an energy-efficient methodology directly boosts network longevity [10].
Table 1 provides a clear comparison of how these techniques address
common challenges in WSNs through their unique methods while sharing
overarching goals such as improving network performance, enhancing
security, optimizing energy efficiency, supporting scalability, and addressing
interference and congestion.

This analysis paper aims to address the critical issues of security and
energy efficiency in WSNs. Through an in-depth evaluation of existing
protocols and strategies, it highlights the potential improvements and
innovations necessary for advancing WSN technology. The key
contributions of this research are:

- This research provides a comprehensive review and
comparative analysis of Multi-Channel MAC and Cluster-Based protocols,
focusing on their impact on security, energy efficiency, and scalability in
Wireless Sensor Networks (WSNs).

- It systematically identifies key strengths of both protocols, such
as interference mitigation and congestion control in Multi-Channel MAC
and resource optimization with localized data aggregation in Cluster-Based
approaches.  Additionally, it  highlights limitations, including
synchronization overhead in Multi-Channel MAC and cluster head
bottlenecks in Cluster-Based protocols.

- Based on the analysis, the study proposes a hybrid framework
that integrates the adaptive channel allocation of Multi-Channel MAC with
the hierarchical clustering mechanisms of Cluster-Based protocols. This
integration enhances spectral efficiency, optimizes energy consumption, and
reduces control overhead.

- The hybrid approach also incorporates dynamic trust-based
security mechanisms, protecting the network from jamming, eavesdropping,
and malicious node intrusions, thereby ensuring a more resilient and secure
communication infrastructure.
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The findings of this research establish a foundation for the

development of next-generation WSN protocols, offering a scalable,
energy-efficient, and adaptive solution tailored for applications in IoT-based
smart environments, industrial automation, and mission-critical sensing

networks.

Table 1. Comparison of various energy-efficient communication

protocols in WSN

- Multi-Channel Channel Hopping | Cluster-Based M“ltl_?ath
Criteria MAC Techniques Protocols Routing
Protocols Protocols
Improving | Reduces Avoids interference | Organizes nodes | Ensures
Network congestion and | and eavesdropping, | into clusters to continuous
Performance | interference by | ensuring reliable reduce overhead |communication
using multiple | communication. and improve through multiple
channels. resource paths, enhancing
management. reliability.
Enhancing | Spreads Frequently changes | Incorporates trust | Uses multiple
Security communication |channels to prevent | and paths to detect and
over multiple attackers from authentication isolate malicious
channels to predicting mechanisms nodes, mitigating
prevent communication within clusters. attacks.
jamming and patterns.
interception.
Optimizing | Minimizes Avoids congested | Localizes Balances load
Energy collisions and | channels, reducing | communication |across multiple
Efficiency retransmissions, | the need for within clusters, | paths, preventing
conserving energy-consuming | reducing energy | overuse of any
battery power. | retransmissions. for long-distance |single node and
transmissions. extending network
lifetime.
Scalability | Efficiently Dynamically adapts | Organizes Provides multiple
and manages to network network into routing options,
Flexibility multiple conditions, manageable handling increased
channels, enhancing clusters, traffic and node
supporting robustness. simplifying density.
larger networks. resource
allocation.
Addressing | Distributes Frequently changes | Limits intra- Distributes traffic
Interference |communication |channels to avoid | cluster across multiple
and over several interference based | communication, | paths, preventing
Congestion | channels to on predefined aggregating data | congestion on any
mitigate sequences. at cluster heads | single path and
interference. before sending it | improving data
to the base throughput.
station.

The structure of this document is organized to provide a
comprehensive analysis and evaluation of current protocols in WSNs and
propose innovative solutions. Section 1 introduces the critical issues of
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security and energy efficiency in WSNs and outlines the objectives of this
study. Section 2 presents a detailed literature survey, reviewing existing
protocols, and highlighting their strengths and limitations. Section 3
describes the methods used for the analysis, including the evaluation criteria
and the comparative discussion of different strategies. Section 4 presents the
results of the analysis and offers a comparative study, proposing a hybrid
framework that integrates the most effective aspects of both protocol types.
Finally, Section 5 concludes the document, summarizing the key findings
and contributions of the research, and suggesting directions for future work
in developing advanced protocols for WSNs.

2. Literature Survey. Recent research focuses on topics such as data
collection, routing, WSN denoising, and grouping. Low-power WSN
routing techniques are being developed to prevent duplicate
transmission [11]. However, bandwidth use and network congestion may
arise. Large wireless sensor networks frequently use restricted batteries,
making rapid recharge challenging. An effective fuzzy logic method tackles
energy efficiency concerns and proposes a congestion control-based optimal
routing solution for wireless sensor networks [12].

The GWO approach selects a node (Ch) based on its energy balance,
enabling the creation of homogeneous networks [13]. This strategy, paired
with other characteristics, saves energy and keeps nodes from leaving the
network. To address the denoising issue, the Denoising Autoencoder (DAE)
employs data reconstruction and measurement matrices using earlier
sensing data. This approach prevents nodes from leaving the network
prematurely, saving wasteful energy consumption [14].

Fuzzy logic algorithms are critical for choosing channels in sensor-
enabled IoT environments [15]. The CH node selection approach, which
considers density, centrality, and energy level, differs from the traditional
LEACH method. The base station uses a Mamdani fuzzy inference
algorithm to choose CH nodes for data analysis. CHEF proposed a novel
CH selection approach that considers local distance and residual energy
characteristics [16].

The Taylor family's multi-hop routing system uses GWO to
determine the ideal number of hops, with data transmission taking place via
intermediary nodes in each cluster [17]. The system also uses SVRDO-
SIDNL (Shift Invariant Deep Neural Learning) and supports vector
Regression Dragonfly optimization to reduce latency and enhance data
transfer [18].

A PSO-based coverage control system has been proposed,
determining the detection radius of wireless sensor networks based on the
energy usage area of each grid [19]. An energy-efficient trajectory
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scheduling method has been developed to extend the life of wireless sensor
networks [20].

Paper [21] proposed the Developed Distributed Energy-Efficient
Clustering (DDEEC) for heterogeneous wireless sensor networks, but they
did not consider distance factors when picking cluster managers. This
approach is comparable to study [22] proposal, which incorporated super
nodes to increase network longevity but did not account for the distance
between nodes and the base station when picking cluster heads.

In paper [23] the authors have explained TDEEC. The technique
used three tiers of nodes and a modified probability function. The space
between nodes was not considered when calculating the heads. Paper [24]
introduced EDDEEC for Wireless Sensor Networks. The protocol combines
E-DEEC and DDEEC protocols, although it does not handle head selection
based on distance from the BS. This challenge is similar to that proposed by
the authors in paper [25], which described the Improved iDDEEC method.
It changed the average chance of progressed nodes having residual energy
less than the threshold value. However, no consideration was given to the
distance between the nodes and the base station. Paper [26] also suggested a
heterogeneous version of the Modified Low Energy Adaptive Clustering
Hierarchy called Servant-MODLEACH. The method uses three types of
nodes: advanced, servant, and normal. The protocol selects CHs based on
their residual energy, disregarding the distance between the nodes and the
BS. In study [27] the authors described an upgraded version of the TDEEC.

The new method, which employs a gateway in the center of the
sensing area and a base station located far from the sensing field, does not
take distance into account when selecting cluster heads. Paper [28] proposed
the Stable Election Protocol (SEP) for heterogeneous wireless sensor
networks, which uses each node's weighted election probability as a
criterion to select a cluster leader based on their energy. SEP employs two
types of nodes: normal and advanced, with normal nodes using the least
energy. Simulation studies suggest that the SEP protocol enhances the
network's lifetime.

This study seeks to address the security and energy efficiency issues
confronting WSNs in a variety of applications, including environmental
monitoring and healthcare. By analyzing current protocols, it identifies
areas for improvement and suggests hybrid techniques to overcome these
constraints. The study is critical for building resilient, secure, and energy-
efficient protocols that can match the changing demands of WSNs, hence
increasing their applicability and endurance in real-world applications. The
research is critical for guaranteeing reliable and long-term network
operations in WSNs.
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3. Analysis of Routing Protocol. This analysis paper delves into the
various MAC protocols, focusing on their channel assignment strategies and
clustering mechanisms. It explores different approaches to channel
assignment for multiplexing protocols, including Static Frequency
Assignment in FDMA, TDMA, CDMA, and other strategies like SDMA,
OFDMA, NOMA, and Hybrid Multiplexing. The paper further examines
random access protocols, discussing Individual and Random Assignment,
Static Uniform Distribution, and Load-Balanced Assignment. For token
passing protocols, it evaluates strategies such as Multiple Rings with
Uniform Distribution, Single Rings with Multiple Tokens, and Load-
Balanced Rings. Additionally, the paper addresses cluster-based protocols,
detailing Cluster Formation Strategies including Distance-Based, Energy-
Based, and Hybrid Clustering. It also investigates Cluster Head Selection
Strategies such as Random, Weighted, and Rotational Selection, and
concludes with a review of Data Aggregation Strategies, encompassing
Simple, Hierarchical, and Adaptive Aggregation. This comprehensive
analysis provides insights into the efficiency and adaptability of various
MAC protocols in managing multiple channels and optimizing network
performance.

3.1. MAC Protocols. Wireless communication systems, particularly
WSN:ss, require efficient MAC protocols to manage collisions and increase
network performance [29]. Traditional MAC protocols include
multiplexing, random access, and token passing [30]. However, the full
potential of MAC [31] protocols in leveraging multiple frequency and space
channels remains unexplored [32] due to the need for a larger number of
channels for scalable frequency/space multiplexing and a lack of
comprehensive studies on multi-channel random access variants [33, 34].

3.1.1. Channel Assignment Strategies for Multiplexing Protocols.
Multiplexing protocols can be implemented using various techniques such
as FDMA [35], TDMA [36], and CDMA [37] and similar others. We will
examine three specific channel assignment strategies for these multiplexing
techniques. FDMA is simple to implement, as it ensures that each node has
a specific frequency range, preventing clashes. However, it lacks flexibility
and may result in inefficient channel utilization if traffic loads are unevenly
distributed between nodes [38]. TDMA increases flexibility by modifying
time slot allocations in response to network traffic conditions. It gives equal
access to the communication medium and can greatly reduce collisions.
However, it necessitates accurate synchronization and may complicate
handling dynamic time slots [39]. CDMA is highly flexible and scalable,
allowing for several continuous broadcasts without tight time or frequency
limits. It is very efficient at handling variable traffic loads and can improve
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overall network performance. The key problem is the complexity of
coordinating  code  assignments  while  guaranteeing  minimal
interference [40]. Spatial Division Multiple Access (SDMA) has the
potential to greatly enhance network capacity while simultaneously
reducing interference. It necessitates sophisticated antenna systems and
exact spatial information regarding node positions. It is extremely effective
in situations with well-distributed nodes but may be less useful in heavily
populated places [41]. Orthogonal Frequency Division Multiple Access
(OFDMA) can support high data speeds and is resistant to multipath fading.
It provides flexibility in allocating sub-carriers based on node requirements
and can adjust to changing traffic loads. However, extensive signal
processing and subcarrier control are required [42]. Non-Orthogonal
Multiple Access (NOMA) can greatly improve spectral efficiency while
accommodating a large number of users. It is appropriate for cases with
fluctuating channel conditions and user needs. The complexity resides in the
design of efficient encoding and decoding algorithms, as well as
interference management [43]. Hybrid Multiplexing such as F-TDMA,
combines multiplexing technologies to improve efficiency and flexibility,
reduce collisions, and maximize channel utilization. Implementing these
tactics is complex and necessitates sophisticated coordinating systems [44].

3.1.2. Channel Assignment Strategies for Random Access
Protocols. The BRS protocol has nodes competing for channel access, with
nodes resuming when the channel is busy or collisions occur [45 —48].
Three channel assignment options were investigated to increase
performance.

Individual and Random Assignment provides simplicity and
randomization while reducing predictable patterns that could be exploited
(Figure 1). However, it may not be appropriate for high-load cases with
frequent channel conflict [49].

OO (N (R
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4 channels

Fig. 1. Individual and Random Assignment for Random Access Protocols
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Static Uniform Distribution does not adapt well to spatially uneven
traffic, potentially resulting in underutilized lanes and more collisions in
high-traffic locations [50] (Figure 2).

PIPTIPIITITIITIT v

4 channels

Fig. 2. Static Uniform Distribution for Random Access Protocols
Load-balanced assignment considers the projected traffic load to
optimize channel utilization and minimize collisions (Figure 3). It is more

sophisticated, but it may be more effective in dynamic and high-load
applications [51].

anosee TIITTTETTTITTTT

4 channels

Fig. 3. Load-balanced assignment for Random Access Protocols

3.1.3. Channel Assignment Strategies for Token Passing Protocols.
Token passing systems group nodes into a virtual ring and pass tokens
consecutively to control access [52, 53]. In a multi-channel setup with NC
channels, each channel can function as a token, presenting alternative
design strategies. Multiple Rings with Uniform Distribution simplify
implementation, but it may not be efficient in dealing with varying load
distributions, perhaps resulting in unequal ring utilization [54, 55]. A Single
Ring with Multiple Tokens improves token circulation flexibility and may
alleviate delays caused by high-load nodes. However, it may add
complexity to controlling token hops and ensuring equal access [56, 57].
Load-Balanced Rings optimize load distribution, which may improve
performance under a variety of traffic circumstances. It requires more effort
to install, but it can considerably improve network efficiency and
reliability [58, 59].
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Channel assignment schemes for multiplexing, random access, and
token passing offer distinct trade-offs in terms of simplicity, adaptability,
and performance. While AS1 techniques are simple, they may not perform
well in dynamic or high-load conditions. Some solutions are more
complicated and offer better load balancing, which improves network
performance and dependability in stressful situations. Effective Multi-
Channel MAC protocols are critical for improving the performance of
WSN:ss, particularly in contexts with shared communication channels. Future
research should focus on creating scalable and adaptable multi-channel
MAC protocols that can dynamically react to changing network conditions.

3.2. Cluster-Based Protocols. Cluster-based routing methods are
important in Wireless Sensor Networks (WSNs) because they group nodes
to improve resource management, energy efficiency, and data transmission.
These methods improve network scalability and reliability by localizing
data transfer inside clusters and lowering communication overhead [60 —
63]. In this section, we will look at several cluster formations, cluster head
selection, and data aggregation procedures and assess their merits and
shortcomings.

3.2.1. Cluster Formation Strategies. Cluster formation in WSNs
improves network performance, resource management, and energy
efficiency by grouping nodes into clusters. This approach decreases
communication overhead while increasing scalability by handling smaller
groups of nodes. It optimizes energy consumption, enables effective data
aggregation and routing, and helps to improve load distribution, fault
tolerance, and network lifetime. Common clustering tactics include.

Distance-based clustering is straightforward and intuitive, and it
minimizes intra-cluster communication energy usage. However, this may
result in unequal cluster sizes and unbalanced energy usage among
clusters [64]. Energy-based clustering balances energy usage across the
network, extending its lifetime. It necessitates frequent energy level
updates, which might raise communication overhead for energy status
interchange [65]. Hybrid Clustering blends the advantages of closeness and
energy awareness while adapting to changing network conditions. However,
it is more difficult to apply and necessitates the synchronization of
numerous criteria [66].

3.2.2. Cluster Head Selection Strategies. Cluster head selection is an
important feature of wireless sensor network (WSN) routing methods,
influencing network efficiency and lifetime [67]. It entails designating
selected nodes to serve as cluster leaders, in charge of data gathering,
processing, and communication with the base station. Effective selection
algorithms enable balanced energy usage because cluster chiefs do more
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communication duties than normal nodes. Rotating roles or selecting nodes
depending on residual energy, connection, or load helps to prevent early
energy depletion, hence increasing network longevity. Proper cluster heads
improve data transmission efficiency and network dependability. Random
Selection is Simple and easy to construct, and it assures fairness over time
by allowing all nodes to become cluster chiefs. However, energy
consumption may not be optimized, which can result in inefficient cluster
head placement [68]. Weighted Selection allows the selection of more
capable nodes to improve energy efficiency, network lifetime, and overall
performance, but it might cause selection bias if not balanced [69].
Rotational Selection balances energy usage across all nodes and prevents
individual nodes from running out of energy soon. Requires synchronization
and coordination for head rotation, which may result in greater control
overhead [70].

3.2.3. Data Aggregation Strategies. Data aggregation algorithms in
Wireless Sensor Networks (WSNs) are critical for saving energy and
increasing network efficiency [71]. These solutions aggregate data from
several sensor nodes to decrease redundancy and save transmission
load [72]. Averaging or summarising sensor signals is a simple procedure,
but it may result in the loss of detailed information. Hierarchical
aggregation incorporates numerous stages of aggregation, which is
economical for large networks but may cause delays. Adaptive aggregation
automatically modifies the process based on network conditions and data
correlation, which improves performance but necessitates complicated
algorithms. These solutions improve the energy efficiency, scalability, and
dependability of WSNs [73].

Simple Aggregation reduces the amount of data transmitted to the
base station. But may lose detailed information [74]. Hierarchical
Aggregation data is aggregated at multiple levels (within clusters and
between clusters) before being transmitted to the base station, which further
reduces data transmission and can handle larger networks efficiently. But as
a complex aggregation process and increased delay due to multiple
aggregation stages [75]. Moreover, adaptive aggregation optimizes
aggregation based on real-time conditions and improves overall network
performance. Requires dynamic adaptation mechanisms and increased
computational overhead [76]. WSNs use MAC and Cluster-Based Protocols
to optimize communication and energy consumption. MAC protocols
employ a variety of channel assignment techniques to reduce interference
and increase throughput. NOMA and Hybrid Multiplexing maximize
efficiency by combining access modes. Random Access Protocols optimize
channel use using strategies such as Individual and Random Assignment,
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Static Uniform Distribution, and Load-Balanced Assignment. Cluster-based
protocols group nodes into clusters for scalability and energy efficiency.
Cluster Formation Strategies, including Distance-Based Clustering, Energy-
Based Clustering, and Hybrid Clustering, aid in the formation of optimal
clusters. Cluster Head Selection Strategies, such as Random Selection,
Weighted Selection, and Rotational Selection, select nodes to coordinate
clusters while balancing energy consumption. Data Aggregation Strategies
eliminate redundant data transmissions, which saves energy. Combining
these tactics can result in strong WSN solutions that balance throughput and
latency.

4. Results and Discussion. The parameters for a wireless sensor

network (WSN) simulation are as below. The network spans a 100 m X 100
m area and contains 100 nodes. The base station coordinates the network at
150, 50. Each node has a starting energy of 2 joules. Data packets are 6400
bits in size, and control information packets are 200 bits. The transceiver
energy is 50 nJ/bit, whereas data aggregation is 5 nJ/bit/signal. There are
two types of amplifier energies: open space (10 plJ/bit/m?) for short
distances, and 0.0013 pJ/bit/m* for longer distances with multipath fading.
To prevent early depletion, a threshold of 0.05 joules is specified.

The Figure 4 compares the performance of RAP and TPP in terms of
latency (cycles per packet) and throughput (packets per cycle). The latency
is plotted on a logarithmic scale on the left y-axis (orange), while
throughput is shown on the right y-axis (green).
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Fig. 4. Comparing the throughput and latency of Random-Access Protocols (RAP)
and Token Passing Protocols (TPP)
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RAPI1, RAP2, RAP3: These protocols show lower median latencies,
clustered around 1011071101 cycles per packet, with RAP3 exhibiting a
slightly higher spread. The median values for RAP1, RAP2, and RAP3 are
consistent and low, but there are several outliers, indicated by red crosses,
reaching up to 10210”2102 cycles per packet.

TPP1, TPP2, TPP3: These protocols have a higher median latency
compared to RAP protocols, with medians slightly above 1011071101.
TPP3 has the highest spread and the most variability among the TPP
protocols. Similar to RAP, there are outliers for TPP protocols, but they are
less frequent and lower in magnitude.

RAP1, RAP2, RAP3: These protocols demonstrate higher
throughput values, clustered around 0.5 packets per cycle. RAP2 and RAP3
have slightly lower throughput compared to RAPI, but all maintain
relatively high performance.

TPP1, TPP2, TPP3: These protocols exhibit lower throughput values
compared to RAP protocols, clustered around 0.2 packets per cycle. TPP3
has a slightly higher median throughput among TPP protocols but remains
significantly lower than RAP protocols.

RAP protocols generally offer lower latency and higher throughput,
making them suitable for applications requiring quick and efficient data
transmission. Conversely, TPP protocols, with their higher latency and lower
throughput, might be preferred in scenarios where controlled and orderly access
to the network is necessary, despite the trade-off in speed and efficiency.

The Figure 5 illustrates a comparative analysis of multiple access
techniques, focusing on latency and throughput. The access techniques
compared are FDMA, TDMA, CDMA, SDMA, OFDMA, NOMA, and a
Hybrid method. In terms of latency, FDMA and TDMA exhibit relatively low
median values and less variability, indicating more consistent performance
with fewer outliers. CDMA shows a slightly higher spread and median
latency compared to FDMA and TDMA. SDMA presents a noticeable
increase in both median latency and spread, while OFDMA and NOMA
display the highest median latency and significant variability, with many
outliers indicating instances of very high latency. The Hybrid method also
shows high variability in latency, comparable to NOMA. Regarding
throughput, OFDMA and NOMA outperform the other techniques, achieving
the highest throughput values of around 0.7 and 0.65 packets per cycle,
respectively. FDMA and TDMA have moderate throughput, approximately
0.4 and 0.5 packets per cycle. CDMA's throughput is similar to TDMA, while
SDMA's throughput is slightly lower at around 0.35 packets per cycle. The
Hybrid method, despite its widespread in latency, has the lowest throughput,
around 0.3 packets per cycle.
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Fig. 5. Comparative analysis of multiple access techniques using various
multiplexing protocols

Tables 2, 3, and 4 provide a comparative overview of the different
strategies used in clustering and data aggregation in wireless sensor
networks. The comparison tables for Cluster Formation Strategies, Cluster
Head Selection Strategies, and Data Aggregation Strategies provide a
comprehensive overview of various methods used in wireless sensor
networks (WSNs). Distance-Based Clustering, Energy-Based Clustering,
and Hybrid Clustering each offer unique advantages, with Hybrid
Clustering showing the highest energy efficiency and stability. Similarly,
Cluster Head Selection Strategies such as Random, Weighted, and
Rotational Selection balance fairness and energy efficiency, with Weighted
Selection being particularly advantageous in large-scale networks. Data
Aggregation Strategies like Simple Aggregation, Hierarchical Aggregation,
and Adaptive Aggregation cater to different network complexities, with
Hierarchical and Adaptive Aggregation providing high accuracy and
scalability. Future research can focus on optimizing these strategies by
integrating machine learning techniques for dynamic clustering and
aggregation, improving real-time decision-making, and enhancing the
adaptability of protocols to various network conditions. Additionally,
exploring hybrid approaches that combine the strengths of different
strategies could further enhance the energy efficiency, reliability, and
scalability of WSNs, making them more robust.
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Table 2. Comparison of various cluster formation strategies

Distance-Based

Energy-Based

Criteria Clustering Clustering Hybrid Clustering

Forms clusters based E;);;ljsoclilﬁlt:rs Combines both

Definition on the proximity of . distance and energy

residual energy of . >

nodes to each other. nodes metrics for clustering.

Complexity Low Medium High

Energy . . .

Efficiency Medium High Very High

Scalability High Medium Medium

Cluster Stability | Low to Medium High High

Latency Medium Low Low to Medium

Typical i:tl\?vlcl)_ricsalahere Networks with Large-scale and

Applications node distribution is varying node heterogeneous
dense. energy levels. networks.

Example LEACH DEEC HEED

Protocols

Values (Energy

Consumption per 2.51] 1.817 1.21]

Node)

Table 3. Comparison of various cluster head selection strategies

Criteria Rand?m Weighted Selection Rotational Selection
Selection
Cluster heads Cluster heads are chosen | Cluster head role
. are chosen based on a weighted rotates among nodes

Definition . . .
randomly metric (e.g., energy in a predetermined
among nodes. level, connectivity). manner.

Fairness Low High High

Energy Low to . .

Efficiency Medium High Medium

Load Balancing | Low High High

Cluster Stability | Low Medium Medium

Latency Medium Low Low

Typical Simple and Lgrge-sgale networks Networks requiring

o with variable node balanced energy
Applications small networks. s :
capabilities. consumption.

Example LEACH SEP HEED

Protocols

Values (Energy

Consumption per | 3.0J 2.01J 251

Node)
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Table 4. Comparison of various data aggregation strategies

Criteria Simple Hierarchical Adaptive
Aggregation Aggregation Aggregation
. . Data is aggregated Data aggregation
Baiﬁ; zggilegathor; in a hierarchical method adapts based
Definition IiTslesinS lw ere data manner, often on network conditions
Py through multiple and data
combined. .
levels. characteristics.
Complexity Low High Medium
Energy . . .
Efficiency Low to Medium High High
Latency Low High Medium
Accuracy Low to Medium High High
Scalability Medium High High
Typical Simple and small Large-scale and Dynamic and
o . heterogeneous
Applications networks. multi-hop networks.
networks.
Example LEACH PEGASIS ADA
Protocols
Values (Energy
Consumption 3.0J 1.87 2017
per Node)

Despite their advantages in reducing interference and increasing
throughput, Multi-Channel MAC protocols face several limitations. FDMA
lacks flexibility and can lead to inefficient spectrum usage under varying
network conditions. TDMA requires precise synchronization, which can be
challenging in large-scale networks. CDMA can suffer from code
management complexity and increased overhead. Techniques like OFDMA
and NOMA, while efficient, introduce significant computational complexity
and require sophisticated hardware. Additionally, Random Access Protocols
may result in high collision rates under heavy traffic, and Token Passing
Protocols can introduce latency due to the sequential nature of token
circulation.

Cluster-based protocols increase scalability and energy efficiency,
but they have limits. Distance-Based Clustering might produce unbalanced
clusters, whereas Energy-Based Clustering ignores ideal communication
pathways, resulting in inferior network performance. Hybrid clustering
incorporates numerous techniques while increasing complexity. Random
selection does not ensure energy efficiency, whereas weighted and
rotational selections necessitate additional overhead. Simple aggregation
may not minimize redundancy in diverse networks, but hierarchical
aggregation causes latency. Adaptive Aggregation necessitates sophisticated
algorithms that dynamically react to network conditions.
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A hybrid strategy that combines Multi-Channel MAC with Cluster-
Based Protocols can boost network performance. This entails combining
TDMA with Energy-Based Clustering to maximize time and energy
resources. CDMA with Hybrid Clustering improves spectrum efficiency and
balanced cluster formation. Random Access Protocols' Load-Balanced
Assignment methods can reduce energy usage by dispersing communication
loads more equally. OFDMA's hierarchical aggregation decreases data
redundancy while maximizing spectrum usage. These hybrid approaches
can result in robust WSNs that balance throughput, latency, and energy
efficiency, enabling long-term and efficient network operations across a
wide range of applications (Table 5).

Table 5. Comparative performance analysis of various multiple access techniques

Latenc Throughput Energy Efficienc
Method (ms) ' (Mbgpsl)) g()l;its/J) '
FDMA 15 4 1.5
TDMA 30 3 1.2
CDMA 12 8 2.0
SDMA 8 25 4.0
OFDMA 10 40 5.5
NOMA 8 55 6.0
Hybrid 7 60 6.5

In our comparative analysis, traditional orthogonal multiple-access
schemes such as FDMA and TDMA exhibit higher latencies and lower
throughput, with FDMA showing a latency of about 15 ms and throughput
of around 4 Mbps, while TDMA suffers from even higher delay
(approximately 30 ms) and delivers roughly 3 Mbps; both methods yield
modest energy efficiencies of about 1.5 and 1.2 bits per joule respectively.
In contrast, CDMA by enabling simultaneous transmissions over the entire
bandwidth through unique spreading codes reduces latency to around 12 ms
and doubles throughput to nearly 8 Mbps, achieving an energy efficiency of
approximately 2.0 bits/J. Advancements in spatial and frequency domain
techniques are reflected in SDMA and OFDMA; SDMA leverages multiple
antennas to serve users in different spatial regions, thereby reducing latency
to 8 ms, increasing throughput to about 25 Mbps, and boosting energy
efficiency to roughly 4.0 bits/J, while OFDMA’s dynamic subcarrier
allocation pushes these figures further to 10 ms latency, 40 Mbps
throughput, and 5.5 bits/J energy efficiency. The introduction of NOMA,
which exploits power-domain multiplexing and relies on successive
interference cancellation, achieves even lower delays (around 8 ms) and
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significantly higher throughput (about 55 Mbps), with energy efficiency
climbing to roughly 6.0 bits/J. A hybrid approach that combines the
strengths of OFDMA, SDMA, and NOMA further minimizes latency (down
to about 7 ms), maximizes throughput (approximately 60 Mbps), and
optimizes energy usage (around 6.5 bits/J), thereby offering a promising
solution for next-generation wireless networks where ultra-low delay, high
data rates, and superior energy performance are critical.

5. Conclusion. Cluster-based routing algorithms are critical for
increasing the efficiency and scalability of wireless sensor networks
(WSNs).  Different clustering algorithms, including distance-based
clustering, energy-based clustering, hybrid clustering, random cluster head
selection, weighted selection, rotating selection, simple aggregation,
hierarchical aggregation, and adaptive aggregation, each have their own set
of advantages and disadvantages. Distance-based clustering can create
unbalanced clusters, whereas energy-based and hybrid clustering enhance
energy efficiency but necessitate coordination. Data aggregation techniques
must be adopted according to network and data needs. Future research
should concentrate on creating adaptive, scalable, and energy-efficient
cluster-based routing protocols.
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C. [T1ABAIJIE, I1. TTATHIT
KOMILJIEKCHBIN AHAJIN3 MHOI'OKAHAJIBHBIX MAC-
MPOTOKOJIOB U KJIACTEPHBIX ITPOTOKOJIOB
JJIs1 CO3JAHUSA HAEXKHBIX U SJHEPT O ®PEKTUBHBIX
BECIPOBO/JHbBIX CEHCOPHBIX CETEN

Hasane C., Iamun II. KoMIeKcHbIii aHa/JM3 MHOrokaHaabHbIX MAC-npoTOK0/10B
U KJIACTEPHBIX INPOTOKOJIOB /ISl CO3JAaHHS HAJEKHBIX M JHeprodddexTHBHBIX
0ecnpoBOIHBIX CEHCOPHBIX ceTeil.

Annortanus. bBecmnpoBomnsie ceHcopuble cetn (WSN) cranm He3aMEHHMBIMH B
Pa3NINYHBIX 00JacTsAX NMPUMEHEHUs], OT MOHHTOPHHIA OKPYKAIOIeH CPebl IO OTCIeKHUBAHHS
COCTOSTHHUS 310pOoBbsi. [1o Mepe ux pa3BUTHS BOIPOCH OE30IIACHOCTH U HEProd(HeKTHBHOCTH
OCTalOTCSl MPUOPUTETHBIMU. B naHHOH aHanuTH4YecKOoW padoTe MPOBOAUTCS CpAaBHEHUE
COBPEMEHHBIX METOJOB B paMKax ABYX KIIFOYEBBIX KaTErOPHil IPOTOKOJIOB: MHOTOKAaHAIBHBIX
MpOTOKOJIOB ympasiieHus goctynoM k cpexe (MAC) M KiIacTepHbIX HPOTOKOJOB. OueHka
COCpPEIOTOYCHA HAa PA3IUYHBIX CTPATEIMAX HA3HAUCHHUs KAHAIOB U METOAX KIIACTEpH3alluH,
BKJIIOYasl CTAQTHYCCKOE M JWHAMUYECKOE PACIPENeNICHHE PECYPCOB CBSI3H, aJalTHBHBIC
METOMOJIOTHH U TMOPHAHBIC MOAXOMBI, a TAaKKe CTPATErHH BHIOOpA M POTALMH KJIACTEPHBIX
LEHTPOB U 3G (HEKTUBHOTO arperupoBanus AaHHBIX. C MOMOIIBI0 KOMIUIEKCHOTO HCCIIeI0BaHUs
MBI BBIJEISEM OIPAaHHYCHUS M IOTCHOHANT KaKIOro IOAXOJa, Ipeiaras THOPUIHYIO
CTPYKTYpY, KOTOpas 00BEANHSACT INPEUMYIECTBA 0OOUX THUIIOB MPOTOKOJIOB JUISl NOBBIICHHS
6ezomacHocTH M 3HEProdpdeKTUBHOCTH B OECHPOBOIHBIX CEHCOPHBIX CETAX. Pe3ynbraThl
HCCIICIOBAHMS ITOKA3BIBAIOT, YTO HHTETpals JUHAMUYECKOTO DacIHpeleNeHUs PecypcoB ¢
9HeproaGHeKTUBHOI KIacTepU3aLMeil U aTaNnTUBHBIMH CTPATETUSIMHU C POTALMEeH KIACTEPHBIX
TOJIOB MOXKET TIPUBECTU K Oojiee HafeKHBIM M d((GEKTUBHBIM peanu3anusM. JJaHHbIA aHaIn3
CIIy)KUT OCHOBOH Juii OyIymMX HCCIENOBaHUl, HANpaBIEHHBIX Ha pa3paboOTKy
YCOBEpIICHCTBOBAHHBIX T'MOPUAHBIX IPOTOKOJOB, KOTOPHIE OTBEYAIOT JWHAMUYECKUM
tpeGoBanmsim WSN, obecrieurBast yCcTOHUHBYIO U 9P )EKTUBHYIO paboTy ceTH.

KnroueBble cioBa:  OecnpoBomnblie  ceHcopHble ceth  (WSN),  mpoTokousl
MHOTOKaHaJIbHOTO  ympaieHus joctynoM k cpene (MAC), kiacTtepHble IPOTOKOJIBI,
6e301acHOCTh, YHEProd(h(HEKTUBHOCTS.
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OPTIMIZING TRANSPORTATION COSTS: ENHANCING
LOGISTICS EFFICIENCY AND RESOURCE UTILIZATION IN A
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Transportation Costs: Enhancing Logistics Efficiency and Resource Utilization in a Dynamic
Environments.

Abstract. The increasing demand for goods transportation, driven by the expansion of
global supply chains and rising customer expectations, underscores the critical need to optimize
transportation costs to enhance logistics efficiency. In a rapidly evolving and competitive market,
businesses face mounting challenges in managing complex transportation networks, minimizing
operational costs, and meeting diverse customer requirements. To address these issues, this
paper introduces a solution designed to reduce transportation expenses by optimizing the flow
of goods and improving resource utilization. By leveraging advanced optimization techniques
and data-driven strategies, the proposed solution identifies inefficiencies, streamlines decision-
making, and enhances resource allocation. Initial results demonstrate that this approach not
only significantly reduces operational costs but also strengthens the ability of businesses to
respond quickly and effectively to fluctuating customer demands, ensuring both cost efficiency
and customer satisfaction. However, as the logistics industry continues to grow and transaction
volumes increase, transportation scenarios are expected to become more complex, and customer
requirements more diverse. This evolving landscape demands further refinement and scalability of
the proposed solution to address larger networks, more intricate logistics challenges, and a broader
range of customer demands. Future research will prioritize the development of larger-scale models
capable of incorporating more variables, improving computational efficiency, and delivering
faster, more accurate decision-making to meet the increasing complexity of the logistics sector.
Therefore, the proposed solution represents a significant advancement in optimizing transportation
costs and improving logistics efficiency. Initial results indicate that this solution can cut down
transportation costs by 19.02% to 29.65% and enhance computational efficiency in small- to
medium-scale routing tasks (10-20 customers). Despite its potential, more research is required to
justify scalability to larger datasets. Hence, our approach provides a solid foundation for logistics
optimization, with clear prospects for expansion and adaptation in real-world contexts.

Keywords: vehicle routing problem (VRP), linear programming (LP), ant colony optimization
(ACO), integer linear programming (ILP), DBSCAN, genetic algorithms (GA).

1. Introduction. The Vehicle Routing Problem (VRP) is one of the
most prominent combinatorial optimization problems, with wide-ranging
applications in logistics, supply chain management, and transportation [1-3].
The main objective of VRP is to determine the optimal routes for a fleet of
vehicles to serve a group of customers while adhering to constraints such as
vehicle capacity limits, ensuring each customer is visited once, and requiring
vehicles to start and return to a depot. As an NP-hard problem, the complexity
of VRP grows significantly with the problem size. This makes traditional
optimization methods inefficient in terms of computational time and resources
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when addressing large-scale VRP instances [4,5]. This paper mainly focuses
on the optimization of transportation costs in large-scale VRP scenarios with
extremely non-uniform customer spatial distributions and spatial outliers. Such
unequal distributions are frequently too difficult for traditional VRP techniques
to handle, which results in inefficient routing, greater transportation costs, and
more computational burdens.

One of the major challenges in VRP lies in handling customer data that is
unevenly distributed across large geographic areas. Traditional methods often
struggle to optimize routes in such scenarios, leading to high transportation
costs and extended computation times. The Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) algorithm has demonstrated outstanding
performance in clustering data based on density, particularly in cases where
customer distributions are non-uniform. A key advantage of DBSCAN is its
ability to automatically determine the number of clusters without requiring
pre-defined parameters, as is necessary for other clustering algorithms like
K-Means [6-8]. Furthermore, DBSCAN can detect and process outliers —
customers located far from densely populated clusters — thereby mitigating
their potential negative impact on overall routing and cost optimization [9].

To address this issue, clustering techniques, such as the Density-Based
Spatial Clustering of Applications with Noise (DBSCAN) algorithm, have
been widely adopted. DBSCAN is particularly effective in identifying clusters
of customers based on density while also detecting outliers [10-12]. However,
while DBSCAN can isolate these outliers, their treatment remains a significant
challenge in logistics optimization. If not managed properly, outliers can lead to
disproportionately high transportation costs, as vehicles may need to travel long
distances for a single delivery. Future advancements in VRP optimization must
therefore incorporate robust strategies to address outliers, such as integrating
heuristic or metaheuristic methods (e.g., Ant Colony Optimization or Genetic
Algorithms) to design dedicated routes, or dynamically assigning outliers to
neighboring clusters based on cost-impact analysis.

In this study, we propose a novel approach that combines DBSCAN
and integer linear programming (ILP) models to address VRP effectively. The
core idea involves using DBSCAN to cluster customers based on density and
geographic proximity. This clustering process divides a large-scale VRP into
smaller, more manageable sub-problems, significantly reducing computational
complexity. After clustering, each customer group is treated as an independent
VRP instance, which is solved using an ILP model. This approach enables cost
optimization for each cluster while minimizing the overall computation time,
especially in large-scale logistics systems [13—15].
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The novelty of this method lies in its flexible integration of clustering
and optimization. DBSCAN not only clusters customers effectively but also
reduces the dependence on pre-defined parameters such as the number of
clusters, making the method more adaptable to complex real-world situations.
Moreover, by identifying and processing outliers separately, the approach
ensures that route optimization is not adversely affected by customers located
far from central areas. Once the clustering process is completed, the customer
groups are fed into an ILP model to solve the VRP for each cluster, ensuring
accurate and efficient solutions [16—18].

The methodology proposed in this study aims to enhance efficiency
and flexibility in addressing the Vehicle Routing Problem (VRP), particularly
in large-scale, real-world scenarios with non-uniform customer distributions.
Unlike conventional approaches that treat the VRP as a single, monolithic
problem, the proposed framework introduces a two-step process to reduce
computational complexity and improve scalability. First, the DBSCAN
clustering algorithm is employed to partition customers into distinct groups
based on geographic proximity and density, transforming the VRP into smaller,
independent sub-problems. Each sub-problem is then optimized using Integer
Linear Programming (ILP) to minimize costs within individual clusters. To
address the challenges posed by customer outliers, these are managed separately
to minimize their impact on the overall solution. As illustrated in Figure 1(a),
traditional approaches struggle with large-scale instances, uneven customer
distributions, and outliers, leading to high computational costs and limited
flexibility. In contrast, as shown in Figure 1(b), the proposed methodology
leverages clustering and sub-problem optimization to significantly reduce
computational demands, enhance cost efficiency, and demonstrate robust
scalability, making it particularly well-suited for real-world logistics systems.

This approach not only reduces computational time by breaking
down the problem into smaller parts but also opens up possibilities for
integration with modern algorithms such as Genetic Algorithms (GA) or Ant
Colony Optimization (ACO) to tackle larger or more complex VRP instances.
Additionally, the approach can be extended to address VRP variations such
as Multi-Depot VRP, VRP with Time Windows (VRPTW), or Green VRP,
where environmental considerations are incorporated [7, 19,20]. With these
advantages, our approach promises to provide an effective and practical solution
for addressing VRPs in modern logistics systems.

The remainder of this paper is organized as follows: In Section 2, the
existing state-of-the-art methodologies are thoroughly reviewed and discussed.
In Section 3, the proposed algorithm is introduced and its details are carefully
elaborated upon. Following this, in Section 4, an evaluation of the algorithm is
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conducted using appropriate metrics and benchmarks. Finally, the conclusions
of the study are summarized and presented in Section 5, where the key findings
and implications of the research are highlighted.

- ~
Traditional Approach Challenges
|::> Solves the entire VRP as one IZ:} Inefficient handling of large-
problem. scale VRP
|:3> Struggles with large-scale IZ"> Difficulties with non-uniform
instances customer distribution.
|:|'> High computational time and IZ:} High impact of outliers on
costs. solutions.
s> Limited adaptability to uneven T3> Limited flexibility in practical
customer distribution scenarios
\. J \ J
a)
Proposed Approach
P PP Advantages of the Proposed
Ci> Uses DBSCAN for clustering Approach
customers.
IZ:> Reduces computational
C> Divides the VRP into smaller, complexily.
I E eI IlEE IZ:> Improves cost optimization within
&> Solves sub-problems with clusters
Integer Linear Programmin
ILF'g d 2 IZ:> Efficient for large-scale VRP.
(LP). D> Adapts well to real-world
I::> Handles outliers separately for logistics systems
better optimization. ’
\ J
\ J
b)

Fig. 1. Cluster-Based Optimization for Large-Scale Vehicle Routing Problems

2. Related work. The Vehicle Routing Problem (VRP) has been
extensively studied due to its critical role in logistics, supply chain management,
and transportation. Over the years, various approaches have been developed
to address its complexity, especially for large-scale and real-world scenarios.
This section reviews recent works (from 2022 onward) that focus on clustering
techniques, optimization models, and hybrid methodologies to solve VRP and
its variations.

One of the popular directions in VRP research involves the application
of clustering techniques to divide large-scale problems into smaller, more
manageable sub-problems. For instance, an enhanced DBSCAN (Density-
Based Spatial Clustering of Applications with Noise) algorithm for VRP
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with heterogeneous fleets has been proposed, clustering customers based on
geographic proximity and handling outliers separately, which significantly
improves the efficiency of the optimization process [21-24]. Similarly, hybrid
clustering algorithms have been demonstrated to solve VRP with time windows,
showing that clustering reduces computational complexity by breaking the
problem into smaller sub-problems, which can then be solved independently
[9,25,26].

DBSCAN has gained attention for its ability to automatically determine
the number of clusters based on data density, unlike traditional methods
like K-Means which require predefined parameters. This feature makes
DBSCAN particularly suitable for real-world logistics systems where customer
distributions are often non-uniform. Research highlights the effectiveness
of clustering techniques, including DBSCAN, in addressing Green VRP,
where the goal is to minimize both transportation costs and environmental
impact [7,21,27]. These studies underscore the potential of clustering to
optimize routes while considering sustainability metrics. Another key aspect of
VRP research is the integration of clustering with optimization models. Hybrid
approaches that combine clustering with genetic algorithms have been explored
to solve multi-depot VRP with time windows. These methods improve routing
efficiency by leveraging the strengths of both clustering and metaheuristic
optimization [26]. Similarly, the combination of clustering with reinforcement
learning has been used to tackle large-scale VRPs. This method involves
clustering customers first and then using reinforcement learning to optimize
routes within each cluster, achieving significant reductions in computational
time and costs [28].

Integer Linear Programming (ILP) models have also been widely
employed to solve VRP sub-problems after clustering. An ILP-based framework
has been presented that incorporates constraints like vehicle capacity, customer
service requirements, and depot return conditions. It has been emphasized
that clustering before applying ILP not only reduces problem size but also
enhances the overall solution quality [29]. This aligns with findings from
reviews of various clustering and optimization techniques, concluding that
combining DBSCAN with ILP provides a robust framework for solving VRPs
in large-scale logistics systems [5, 30].

Recent studies have also focused on handling VRP variations, such as
VRP with Time Windows (VRPTW) and Multi-Depot VRP. A hybrid approach
integrating Ant Colony Optimization (ACO) with clustering techniques has been
proposed to solve capacitated VRPs. It has been shown that clustering customers
before applying ACO significantly improves its performance, especially
in problems with capacity and time constraints [31]. Similarly, research
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addressing VRP with multiple depots partitions customers into clusters based
on depot proximity, followed by route optimization using genetic algorithms,
indicating substantial improvements in both computational efficiency and route
quality [26].

The ability to handle outliers effectively is another important
consideration in VRP research. Outliers, or customers located far from
densely populated areas, can significantly impact routing efficiency. Research
emphasizes the need to treat outliers separately to minimize their negative
effects on overall routing and transportation costs [6]. By isolating and
optimizing routes for outliers independently, these approaches ensure that the
main clusters remain unaffected, leading to better overall solutions.

In addition to these methodological advancements, Green VRP (G-VRP)
has emerged as a critical area of research in recent years [32—35]. Studies have
explored the integration of clustering and optimization techniques to minimize
fuel consumption and greenhouse gas emissions in logistics systems. The
findings demonstrate that clustering techniques like DBSCAN can significantly
contribute to reducing environmental impact while maintaining high efficiency
in route planning [36].

In summary, recent studies highlight the growing importance of
combining clustering and optimization techniques to solve VRP and its
variations. Clustering algorithms, particularly DBSCAN, have proven effective
in handling non-uniform customer distributions and reducing computational
complexity. Prior studies have demonstrated that, as long as clusters are
balanced and geographically coherent, clustering-based routing strategies,
especially those that use DBSCAN or other density-based techniques, remain
computationally efficient for problem sizes up to several hundred customers
[37,38]. When integrated with optimization models like ILP or metaheuristic
algorithms, these methods offer robust solutions for large-scale and real-world
VRP instances. The ability to handle VRP variations, such as VRPTW,
Multi-Depot VRP, and Green VRP, further underscores the versatility of these
approaches. These findings lay the foundation for the proposed method, which
leverages DBSCAN and ILP to address the challenges of large-scale VRPs
more efficiently.

Although digital twin-based solutions offer full-scale simulations of
logistics operations, their adaptability for real-time decision-making is limited
by their frequent need for substantial system modeling and high processing
power. The approach proposed in this paper, on the other hand, emphasizes
computational efficiency by utilizing independent route optimization and
clustering without recreating the dynamics of the entire system. Due to this
distinction, which allows for faster response to dynamic logistical environments,
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the method is especially well-suited for large-scale real-world applications
where quick re-optimization is required.

3. Proposed Model. The proposed model is designed to address the
challenges associated with optimizing transportation costs in large-scale
logistics systems, particularly those involving uneven customer distributions
and significant computational complexity. By leveraging a two-step framework,
the model integrates Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) for customer clustering and Integer Linear Programming
(ILP) for route optimization within each cluster. This approach effectively
divides the Vehicle Routing Problem (VRP) into manageable sub-problems,
significantly reducing computational demands while maintaining the accuracy
and cost-efficiency of the solution.

The novelty of the proposed model lies in its ability to flexibly adapt to
real-world scenarios. DBSCAN not only identifies clusters of customers based
on geographic proximity and density but also detects outliers — customers
located far from densely populated regions. These outliers, if untreated,
can disrupt overall optimization and inflate costs. The model addresses this
by allowing for the integration of additional strategies, such as heuristic or
metaheuristic methods, to manage outliers effectively.

Once customers are grouped into clusters by DBSCAN, the ILP model
is applied to each cluster to determine the optimal routes while respecting
vehicle capacity constraints and minimizing travel costs. This modular
approach ensures that the scalability of the solution is enhanced, making it
well-suited for large-scale and dynamic logistics environments. Furthermore,
the framework provides a strong foundation for extending the methodology
to handle variations of VRP, such as Multi-Depot VRP, VRP with Time
Windows (VRPTW), and Green VRP, thereby addressing both operational and
environmental considerations.

In the following sections, we delve into the detailed components
of the proposed model, including the problem description, mathematical
formulation, and algorithmic implementation. These sections outline the
technical underpinnings and demonstrate how the model achieves an efficient
balance between computational feasibility and solution quality.

3.1. Problem Description. The Vehicle Routing Problem (VRP) is
a classic optimization problem in logistics and transportation. It involves
designing optimal routes for a fleet of vehicles to deliver goods to a set of
customers. Each customer has a specific demand, and each vehicle has a
limited capacity. The goal is to minimize the total travel cost while ensuring
that all operational constraints are satisfied.

862  Uudopmaruka n apTomatusars. 2025. Tom 24 Ne 3. ISSN 2713-3192 (miew.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

In this problem, the depot serves as the starting and ending point for all
vehicle routes. It is represented as node O in the network. Each route begins
at the depot, serves a subset of customers, and then returns to the depot. The
customers are represented as nodes in the network, and there are n customers
in total. Each customer is associated with a specific demand q[i] that must be
met. Importantly, each customer must be visited exactly once by one vehicle,
and no customer can be skipped.

The vehicles used in this problem have a maximum capacity of Q,
which limits the total demand that can be served on a single route. This
capacity constraint ensures that the total demand of the customers served on a
single route does not exceed the vehicle’s capacity. All vehicles are assumed
to be homogeneous, meaning they have the same capacity and operational
characteristics.

The objective of the VRP is to minimize the total travel cost, which is
calculated as the sum of the distances traveled by all vehicles. This travel cost
is influenced by the sequence in which customers are visited, as well as the
assignment of customers to specific vehicles.

One of the main challenges of solving the VRP is its computational
complexity. As the number of customers increases, the number of possible
routes grows exponentially, making the problem increasingly difficult to
solve. To address this challenge, the problem is simplified using DBSCAN
clustering, a density-based clustering algorithm. DBSCAN groups customers
into clusters based on their geographic proximity. Each cluster is then
treated as a smaller, independent VRP instance. This approach significantly
reduces the computational complexity while ensuring that the overall solution
remains feasible and cost-effective. In addition to the issues discussed, another
significant challenge in optimizing logistics systems is the efficient management
of outliers — customers located far from densely populated clusters. While the
DBSCAN algorithm effectively identifies such outliers during the clustering
process, the manner in which they are handled greatly influences the overall
solution quality and cost. Outliers can result in inefficient routes, as they
may require vehicles to travel long distances for a single delivery. To address
this challenge, future enhancements could incorporate specialized heuristic or
metaheuristic methods, such as Ant Colony Optimization (ACO) or Genetic
Algorithms (GA), to design dedicated routes for outliers. Furthermore,
integrating outlier-handling strategies into the main optimization framework —
such as assigning outliers to neighboring clusters based on cost-impact analysis
or serving them with dedicated vehicles — can help reduce their negative impact
on total travel costs and computational efficiency. By explicitly addressing the
issue of outliers, the proposed method can further improve its scalability and
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robustness, ensuring its effectiveness even in scenarios with uneven customer
distributions.

By using clustering, the problem is broken down into manageable
subproblems, making it possible to solve larger instances of the VRP more
efficiently while still minimizing the total travel cost.

On the other hand, Figure 2 illustrates the architecture of a generalized
flowchart designed to optimize the fleet planning system, which consists of
three core components. First, the Customer Data Collection component gathers
essential input data, including customer addresses and demand requirements.
This data is then processed by the Fleet Planning System, which optimizes
vehicle allocation and route planning to efficiently meet customer demands
while minimizing operational costs. Finally, the system generates a Report
that provides detailed information, including the total number of vehicles
required, optimized routes for each vehicle, a breakdown of customers assigned
to each route, and route-specific details such as total distance traveled. This
architecture streamlines operations, enhances decision-making processes, and
ensures the effective allocation of resources to meet customer needs.

CUSTOMERS FLEET PLANNING SYSTEM
;8 Address Optimizing the fleet planning system
% Demand ,v/ ‘ \*«..%.;:.

>
REPORT
Ef Number of Vehicles

s
Route for Each Vehicle ?{
o

o= M List of Customers on Route
Ad Y

Route Details: Distance @

Fig. 2. Framework for the Proposed System Architecture
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The Compute Distance Matrix is designed to calculate the distance
matrix C for a given set of coordinates, which include the depot and customer
locations. The input is a list of coordinates, represented as pairs (z,y),
denoted as

coords = {(z0,%0), (Z1,Y1)s- -+ (Tn, Yn) }- (1)

The output is a matrix C' = [¢;;], where each element ¢;; represents the
Euclidean distance between two points ¢ and j. The algorithm iterates over all
points ¢ and, for each point ¢, iterates overall points j to compute the Euclidean
distance using the formula:

Cij = \/(ffz' —x5)% 4+ (yi — )% 2

The calculated distances are stored in the matrix C, which is then
returned as the result. This algorithm is commonly applied in optimization
problems, such as the Traveling Salesman Problem (TSP) or Vehicle Routing
Problem (VRP), where distance calculations between locations are essential.

The algorithm 1 Cluster Customers Using DBSCAN is used to group
customer locations into clusters based on their spatial proximity, using the
DBSCAN clustering method. The input consists of a set of customer coordinates
coords = {(1,¥1),- - ., (Zn,Yn)} (excluding the depot), along with two key
parameters: €, which defines the radius for neighborhood calculation, and
min_samples, which specifies the minimum number of points required to form
a cluster. The algorithm applies the DBSCAN method to the input coordinates,
assigning each customer a cluster ID ¢;. If a customer does not belong to any
cluster, it is marked as noise with a cluster ID of —1. Customers with valid
cluster IDs (i.e., ¢; # —1) are added to their respective clusters.

Algorithm 1. Cluster Customers Using DBSCAN

— coords = [(z1,¥1),- - -, (Zn, yn)]: Customer coordinates (excluding the depot).
— e: Radius parameter for DBSCAN.

— min_samples: Minimum number of points for a cluster.

Cluster assignments clusters for each customer.

Apply DBSCAN to the customer coordinates.

customer ¢ € {1,2,...,n} Assign a cluster ID ¢; to customer ¢ (or —1 if it is noise).
Add customer i to the corresponding cluster if ¢; # —1.

return clusters.
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Finally, the algorithm returns the list of clusters, where each cluster
groups customers that are spatially close to each other. This approach is
particularly useful in applications like logistics and delivery optimization, as it
can identify clusters with arbitrary shapes and detect outliers effectively.

In addition, the algorithm 2 solves this optimization problem. If a
feasible solution is found, the optimal objective value C}, is computed and
returned as the result. Otherwise, the algorithm outputs “No solution found
for Cluster k” and returns co. This approach is commonly used in Vehicle
Routing Problems (VRP) to minimize travel costs while satisfying delivery
constraints for a specific cluster of customers.

Algorithm 2. Solve VRP for a Single Cluster
— Cluster k: Set of customer nodes clustery.
— @: Maximum vehicle capacity.
- q=1qo,q,---,qn]: Customer demands.
— Distance matrix C = [c;;].
Cost C}, of the optimal route for cluster k.
Define the set of nodes for the cluster:

nodesy, < {0} Uclustery U {n + 1},

where 0 is the depot and n + 1 is the virtual depot.
Decision Variables:

— x;;: Binary variable indicating travel from ¢ to j.
— u;: Load at node 3.

Objective Function: Minimize total travel cost:

min E E Cig * Lij-

i€nodesy, jEnodesy, , i7£j

Constraints:

— Each customer is visited and departed exactly once.

— Ensure load balancing and respect vehicle capacity limits.
— Start at the depot and end at the virtual depot.

Solve the optimization problem using a solver (e.g., Gurobi).

if a feasible solution is found then Compute C}, < Optimal objective value.
return Cy.

else Print: "No solution found for Cluster k."
return oo.

On the other hand, the algorithm 3 Clustering and Solving VRP
is designed to solve the Vehicle Routing Problem (VRP) by combining
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clustering and route optimization. The input includes the number of
customers n, the vehicle’s maximum capacity (), customer demands ¢ =
[90, 41, - - -, qn], and the coordinates of the depot and customers coords =
{(z0,%0), (z1,91), .-, (Tn, yn)}. Additionally, the parameters ¢ (the radius
for DBSCAN) and min_samples (the minimum number of points required for
clustering) are provided.

Algorithm 3. Clustering and Solving VRP

— n: Number of customers.

— @: Maximum vehicle capacity.

- q=1qo0,q1,---,qn]: Customer demands.

- coords = [(zo,Y0), (z1,41),- - -, (Tn, yn)]: Coordinates of depot and customers.
e: Radius parameter for DBSCAN.

— min_samples: Minimum number of points for DBSCAN.
Total cost Coa and optimal routes.

Step 1: Compute Distance Matrix.

Call Formula 2 to compute C.

Step 2: Cluster Customers Using DBSCAN.

Call Algorithm 1 to compute clusters.

Step 3: Solve VRP for Each Cluster.

Initialize total cost: Ciga <— 0.

cluster k in clusters Call Algorithm 2 for cluster k.

if a feasible solution is found then Update total cost: Cioal < Clotal + Ch-
return Cloal.

The algorithm computes the total cost Ciy, and the optimal routes
using the following steps:

Step 1: Compute Distance Matrix. Call Algorithm 1 to calculate the
distance matrix C, which represents pairwise distances between customers
and the depot.

Step 2: Cluster Customers Using DBSCAN. Call Algorithm 2 to
group customers into clusters based on their spatial proximity.

Step 3: Solve VRP for Each Cluster. For each cluster &, call
Algorithm 3 to determine the optimal route and cost C}. Initialize the total
cost as Cio = 0. For every cluster, if a feasible solution is found, update the
total cost as Cioral < Ciotal + Cr.. If no feasible solution is found for a cluster,
the algorithm terminates for that cluster.

Finally, the algorithm 3 returns the total cost Cly,, Which represents
the minimum travel cost for all clusters. This approach effectively combines
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clustering (using DBSCAN) and routing (using VRP optimization) to solve
complex logistics problems efficiently.

3.2. Mathematical Formulation. The Vehicle Routing Problem
(VRP) is mathematically formulated as a Mixed Integer Linear
Programming (MILP) problem, which involves defining sets, parameters,
decision variables, an objective function, and constraints. The following
provides a detailed explanation of the mathematical model.

Sets. The problem involves the following sets:

— N —the set of customer nodes, indexed as 1,2, ..., n.

— V' —the set of all nodes, including the depot (0) and the artificial end
node (n + 1),i.e.,V ={0,1,2,...,n,n+ 1}.

— (' —the set of clusters identified by the DBSCAN clustering algorithm,
where each cluster contains a subset of customers.

Parameters. The parameters used in the model are:

— c[i][4] — the distance or cost of traveling from node ¢ to node j.

— q[é] — the demand of customer 4. For the depot, ¢[0] = 0.

— () — the maximum capacity of each vehicle. This parameter ensures
the vehicle cannot exceed its load limit.

Decision Variables. Two decision variables are defined in this
model:

— z[i][j] — a binary variable that indicates whether a vehicle travels
directly from node i to node j. It is defined as:

1 if a vehicle travels from node ¢ to node 7,

z[i][j] = { 3)

0 otherwise.

— wuli] — a continuous variable representing the load of a vehicle after
visiting node ¢. This variable ensures that the vehicle’s capacity is respected
throughout the route.

Objective Function. The objective of the VRP is to minimize the total
travel cost. This cost is calculated as the sum of the distances between all
pairs of nodes 7 and j, weighted by the decision variable x[i][j]. The objective
function is expressed as:

Minimize Z = Y c[i][j] - [i][5]. 4)
eV jev
i#]
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Constraints. The model includes several constraints to ensure the
feasibility of the solution.

Customer Visit Constraints. Each customer must be visited exactly
once by one vehicle. This is enforced using the following constraints:

> aliljl=1, VieN. (5)

> afilljl=1, VjeN. 6)
Jjev
i#j

The first constraint ensures that exactly one vehicle arrives at each
customer, while the second ensures that exactly one vehicle leaves each
customer.

Depot Flow Constraints. Vehicles must start and end their routes at
the depot. These constraints are given by:

> zlo]l] = 1. (7)

> afilfn+1] = 1. (8)

i€EN

The first constraint ensures that exactly one vehicle departs from the
depot, while the second ensures that exactly one vehicle returns to the depot.

Subtour Elimination Constraints. To prevent invalid routes (subtours
that do not include the depot), the following constraints are introduced:

ulj] = uli] + qlj] = @ - (1 = x[i][]), Vi,j € N,i#}j. ©)

If z[i][j] = 1, meaning a vehicle travels from node ¢ to node j, the load
at node j must be at least the load at 7 plus the demand at j. Otherwise, if
x[i][j] = 0, the constraint is relaxed.

Vehicle Capacity Constraints. The load at each node must respect the
vehicle’s capacity. The following constraints ensure that the load at any node
does not exceed the vehicle’s capacity:

qli] <uli] <Q, VieN. (10)
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Binary Decision Constraints. The decision variables x[4][j] are binary,
meaning they can only take values of 0 or 1:

xlil[j] € {0,1}, Vi,jeV. (1D

Explanation of the Model. This model captures the essential
components of the VRP and ensures that all operational constraints are
satisfied. The objective function minimizes the total cost, while the
constraints ensure that vehicles respect their capacity, visit all customers
exactly once, and prevent the creation of invalid routes. The subtour
elimination constraints are particularly important to ensure that all routes are
connected and include the depot.

By solving this mathematical model for a given cluster of customers,
an optimal or near-optimal route can be obtained for that cluster. The total
solution is then constructed by solving the VRP for all clusters and combining
their results. This approach balances computational efficiency and solution
quality.

4. Performance Evaluation

4.1. Experimental Settings. The approach in this study involves a
fleet of vehicles starting and ending at a single depot while serving a set of
customers with specific demands. Each customer is associated with a demand
value (q), and the vehicles have a maximum load capacity (Q). The distances
between customers were calculated as a cost matrix (c) using the Euclidean
distance derived from their coordinates. This setup ensures that all necessary
data for modeling the VRP is precomputed and ready for optimization.

To improve computational efficiency, customers were grouped into
clusters using the DBSCAN algorithm from the sklearn library. DBSCAN
was applied to the coordinates of the customers, excluding the depot, with a
radius (epsilon) of 5 and a minimum sample size (min_samples) of 2, and
customers change, Figure 3 is an illustration of 20 customers. This clustering
approach organizes customers into manageable groups based on their spatial
proximity, reducing the complexity of solving the VRP for large datasets.
Outliers identified by DBSCAN were excluded from further optimization. For
each identified cluster, a separate VRP was formulated and solved using the
Gurobi optimization solver. Binary decision variables (x[i, j]) were used
to represent whether a vehicle travels directly between two nodes, while
continuous variables (u[i])tracked the load at each node. Constraints ensured
that each customer was served exactly once, vehicle load limits were respected,
and all routes started and ended at the depot. This modular approach allows
solving smaller subproblems, which are computationally more efficient.
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Customer and Depot Locations
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Fig. 3. An example of customer data (20 customers)

The objective function aimed to minimize the total travel cost across all
routes within each cluster, defined as the sum of distances between n odes. The
optimization results for all clusters were combined to calculate the overall cost.
If no feasible solution was found for a particular cluster, this was reported.
This clustering-based solution strategy provides an effective way to address
large-scale VRP instances by dividing the problem into smaller, more tractable
subproblems.

The testing process was conducted using the Python programming
language. The program was executed on Gurobi Optimizer version 12.0.0 (build
v12.0.0rcl) running on a Windows 10 operating system (version 19045.2).
The hardware environment consisted of an Intel® Core™ i7-6500U CPU
operating at 2.50 GHz, equipped with instruction sets [SSE2, AVX, AVX2].
The system featured 2 physical cores and 4 logical processors, with a maximum
utilization of 4 threads. For further details on the Gurobi software, refer to
Gurobi Optimization'.

4.2. Experimental Results. In this section, we present a detailed
analysis and comparison of the empirical results obtained from our approach
against those achieved by other established methods. To ensure a comprehensive
evaluation, we consider multiple performance metrics, including solution

Uhttps://www.gurobi.com/
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quality, computational efficiency, and scalability. Our approach is benchmarked
against three well-known approaches commonly used in the field:

— Integer Linear Programming (ILP), outlined in [39], which targets
freight issues faced by Vietnamese logistics companies. By modeling the
Vehicle Routing Problem (VRP) for small-scale logistics companies, this
approach accounts for challenges such as traffic congestion, poor infrastructure,
and limited technology use. The ILP model produced optimal solutions
with small additional costs, highlighting its practicality and effectiveness for
addressing real-world problems in the Vietnamese logistics sector.

— Genetic Algorithms (GAs), as described in [1], which solve the
Vehicle Routing Problem (VRP) by encoding the problem into chromosomes,
applying crossover and mutation operators to generate new solutions, and
using fitness functions to select the best candidates. This method iteratively
evolves solutions to achieve optimal or near-optimal routes, reducing costs and
optimizing resources, with proven applicability in real-world transportation
and logistics.

— Hybrid Genetic Algorithm-Solomon Insertion Heuristic (HGA-SIH),
introduced in [40], which addresses the Vehicle Routing Problem with Time
Windows (VRPTW). This approach combines a Hybrid Genetic Algorithm
(HGA) with the effective Solomon Insertion Heuristic (SIH) to optimize
vehicle routes. Tested on Solomon’s benchmark instances, HGA-SIH delivered
Best-Known Solutions (BKS) for 11 cases and improved one BKS, consistently
achieving results comparable to or better than state-of-the-art algorithms. It
effectively minimizes travel distance and manages vehicle usage, demonstrating
adaptability and efficiency for diverse VRPTW scenarios.

By analyzing these results, we aim to highlight the strengths and
potential limitations of our approach. This comparison not only demonstrates
the effectiveness of the approach in solving the problem but also provides
insights into how it performs relative to existing methods in terms of achieving
optimal or near-optimal solutions within acceptable computational times. The
evaluation emphasizes the practical applicability of our approach in addressing
complex real-world scenarios, particularly in transportation and logistics
optimization.

In Figure 4(a), where the vehicle load capacity is set to Q = 5, our
approach demonstrates a clear advantage over the other methods (VRPA,
VRPTW, and GA) in minimizing costs across all customer scenarios (10, 15,
and 20). As the number of customers increases, the cost difference between
our approach and the others becomes more significant. This highlights the
robustness of our approach to handling larger customer demands, even with
limited vehicle capacity.
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For Figure 4(b), with a vehicle load capacity of Q = 10, a similar trend
is observed. Our approach consistently achieves the lowest costs, maintaining
its efficiency regardless of the number of customers. In contrast, the GA
(Genetic Algorithm) method produces the highest costs, particularly when the
customer count reaches 20, indicating its limitations in managing larger and
more complex routing problems. The VRPA and VRPTW methods perform
moderately but remain less effective compared to our approach.
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a) Cost Comparison of Methods for Vehicle Routing Problem with Q =5
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b) Cost Comparison of Methods for Vehicle Routing Problem with Q = 10
Fig. 4. Cost Comparison of Methods for Vehicle Routing Problem Under Different
Vehicle Load Capacities (with Q =5 and Q = 10)

In Figure 5, the results depicted in both charts indicate that our approach
consistently outperforms the other methods (VRPA, VRPTW, and GA) in
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terms of cost minimization across different scenarios of customer numbers (10,
15, and 20) and vehicle load capacities (Q = 15 and Q = 20). Specifically, our
approach achieves significantly lower costs compared to the other approaches,
particularly as the number of customers increases, demonstrating its scalability
and efficiency.
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a) Cost Comparison of Methods for Vehicle Routing Problem with Q = 15
B Customers = 10 B Customers = 15 B Customers = 20
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w
-
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o
0 —ll
VRPA VRPTW The Proposed
Methods

b) Cost Comparison of Methods for Vehicle Routing Problem with Q = 20
Fig. 5. Cost Comparison of Methods for Vehicle Routing Problem Under Different
Vehicle Load Capacities (with Q = 15 and Q =20)

The GA (Genetic Algorithm) method, on the other hand, incurs the
highest costs among the compared methods, especially when dealing with a
larger number of customers. This trend is evident in both cases where Q = 15
and Q = 20, suggesting that GA may not be as effective in handling complex
and large-scale vehicle routing problems. The VRPA and VRPTW methods
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show relatively stable performance, with costs increasing moderately as the
number of customers grows. However, their costs are consistently higher than
our approach, indicating a less optimized solution.

Overall, the analysis of both figures highlights that our approach, with
its ability to significantly reduce costs, stands out as the most efficient solution.
Its adaptability to varying vehicle load capacities and customer demands further
emphasizes its robustness.

Although Genetic Algorithms (GAs) can produce high-quality solutions,
they are fundamentally heuristic and depend on stochastic processes, for
example, selection, crossover, and mutation. Computational time and
hyperparameter adjustment frequently influence on their performance. In
order to replicate real-world circumstances in logistics planning, when quick
decisions are essential, GA was implemented in our studies with the same
time constraints as other methods. In these circumstances, GA was found
to converge more frequently to poor solutions, particularly when outliers are
present or the datasets have uneven spatial distributions.

In contrast, our approach decomposes the VRP into more manageable
and homogeneous subproblems using clustering techniques to reduce
computational complexity. This structure guarantees that outliers do not
disproportionately impact on the global solution and enables the ILP solver to
function more efficiently inside each cluster. Consequently, given practical
time and data constraints, our approach performs better in terms of cost
reduction and computing efficiency.

We admit that GA may be able to match or surpass the quality of our
approach with much more runtime and appropriate tuning. However, our
hybrid clustering-optimization approach is more dependable in practice due to
the requirement for consistent, scalable, and explicable performance in actual
logistical scenarios. By excelling under strict vehicle load constraints (Q =5
and Q = 10), our approach demonstrates superior performance compared to
other approaches. Its remarkable ability to handle complex scenarios while
maintaining low costs solidifies its suitability for practical applications that
demand both optimization and flexibility.

Our approach was tested using synthetic datasets of up to 20 customers.
This choice indicates computational constraints at this stage of development,
however, it allows us to compare the relative performance of ILP, GA, and
our proposed DBSCAN-ILP framework. We acknowledge that further testing
on greater, more complex routing situations is necessary to adequately
assess scalability, even if findings consistently demonstrate cost and time
improvements in smaller datasets.
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5. Conclusions. In the context of the increasing demand for goods
transportation, both in terms of scale and complexity, optimizing transportation
costs plays a crucial role in enhancing the efficiency of logistics operations
and better meeting customer requirements. In this paper, we have proposed a
solution aimed at improving transportation costs by focusing on optimizing
the flow of goods and enhancing resource utilization. The initial results
demonstrate that applying this solution not only reduces operational costs but
also improves the ability to respond quickly and effectively to the diverse needs
of customers.

However, with the continuous growth of the market and the increasing
volume of goods transactions, customer requirements are expected to become
more demanding. This necessitates that the current solutions be further
refined and expanded to better address future challenges and also highlights
the necessity of incorporating metaheuristic methods and adaptive clustering
strategies to preserve computational efficiency at larger scales. The proposed
DBSCAN-ILP framework remains most effective when cluster sizes are
relatively balanced and the number of outliers is low, making it well-suited for
moderately sized logistics problems. Even though the suggested clustering-
optimization approach performs well in small-scale synthetic experiments,
more testing on bigger datasets is necessary. As problem size increases, cluster
imbalance and growing ILP subproblem sizes may reduce the computational
efficiency of the solution. We predict that adaptive cluster scaling and
integration with metaheuristic algorithms may become crucial for computing
efficiency when the number of customers exceeds several hundred. Future
study should focus on these improvements as well as the anticipated validation
using real-world benchmarks such as Solomon VRP datasets.

Future studies will concentrate on a number of aspects. Firstly, in order
to evaluate performance in real-world scenarios, benchmark datasets such as
Solomon Benchmark problems will be implemented for real-world validation.
Secondly, in order to handle outliers better and enhance scalability, integration
with sophisticated metaheuristic techniques like Ant Colony Optimization
(ACO) and Genetic Algorithms (GA) will be investigated. Lastly, more research
will look into real-time re-optimization and dynamic clustering to adjust to
constantly shifting customer needs in extremely dynamic logistical settings.
To further validate the scalability of our method, future work will also include
comparative runtime evaluations with hybrid and metaheuristic frameworks
using larger, more varied datasets.

In general, the solution proposed in this paper represents an important
step toward optimizing transportation costs in the context of a rapidly evolving
market. We believe that with further enhancements and expansions in the
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future, this solution has the potential to become a valuable tool for businesses
to tackle the challenges of modern logistics.
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K. Hrok Asb, T. buu TAo, T. bBA XyHr, T. Ty XYOHr , H.B. XyHr
OIITUMUN3AIINA TPAHCIIOPTHBIX PACXO/I0B: IIOBBIINIEHUE
SPPEKTUBHOCTU JIOTUCTUKA U UCITOJIb30OBAHU A
PECYPCOB B ,ZII/IHAMI/I‘IECKOFI CPEJIE

Heox Anv K., buu Tao T, Ba Xyne T., Ty Xyone T., Xyne H.B. OnTHMH3a1Is1 TPAHCIIOPTHBIX
pacxonoB: mnoBbleHHe 3> (eKTHBHOCTH JOTHMCTHKH M HCIOJIb30BAaHUS PecypcoB
B AHHAMUYECKOIi cpeje.

Annoramust. Pactyimmii cipoc Ha TpaHCIIOPTHPOBKY TOBApOB, 00YCJIOBJICHHbII paCIIPEHIEM
[100AJIbHBIX [EMOYEK ITOCTABOK U PACTYIIMMHU OXHMAAHHSIMH KJIMEHTOB, HOIYEPKUBACT OCTPYIO
HEOOXOAMMOCTb ONTUMU3ALUK TPAHCIIOPTHBIX PACXOAOB IUISl TOBBIMIEHHs ()PEeKTUBHOCTU
JIOTUCTHKU. B ycloBusiX OBICTPO pa3BUBAIOIIETOCS M KOHKYPEHTHOTO PBIHKA IPEIIPUSATHS
CTAJIKMBAIOTCS C PACTYIIMMH IPOOIeMaMHy B YIPaBIEHUH CJIOKHBIMHI TPAHCTIOPTHBIMU CETSIMH,
MMHUMH3AIMK SKCIUTyaTalMOHHBIX PACXOIOB U YAOBJIETBOPEHHUH PAa3HOOOPA3HBIX TPeOOBaHMI
KJIMeHTOB. [[/1s1 pelenus 3THX Mpo0JieM B JaHHOM CTaThe MPEeACTAB/IEHO pellieHne, pa3paboTaHHOe
JUISl CHUKEHU ] TPAHCTIOPTHBIX PACXOJOB 3a CYET ONTUMU3ALMU IIOTOKA TOBAPOB U MOBBIIIEHUS
3(ppeKTUBHOCTU UCHIONMBb30BaHUs pecypcoB. VcHonb3ys nepemoBble METOIbl ONTUMHU3ALNN U
CTpaTeruy Ha OCHOBE JJaHHBIX, NPeJIaraéMoe PelleHUe TI03BOJIAET BhIABUTh HEI(P(EKTUBHOCTH,
YIIPOCTUTH MPOLIECC NPUHATUS PelIeHuil U yIydluTh pacrpefesneHue pecypcoB. Ilepsbie
Ppe3y/IbTaThl OKA3bIBAIOT, YTO STOT MOAXO[ He TOJIBKO 3HAUUTENILHO CHIDKAEeT SKCILTyaTalluOHHbIE
Pacxofipl, HO U MOBBILIAET CIIOCOOHOCTD MPeANpPHATHII ObICTPO U 3((HEKTUBHO pearnpoBaTh Ha
MEHSIOIYecs TpeOOBaHUS KJIMEHTOB, 00ecTeurBasi Kak SKOHOMIUIECKYI0 3((eKTHBHOCTbD, TaK
U YJIOBJIETBOPEHHOCTb KJIMEHTOB. OJHAKO 10 Mepe AajbHEHIIero pa3BUTUs JIOTUCTUYECKOM
OTpac/ii U yBEeJIMYeHUS 0OBEMOB TPAH3aKIUi OXHUIAETCS, YTO CLEHAPUH TPAHCIOPTUPOBKU
CTaHyT OoJiee CJIOKHBIMY, a TpPeOOBaHUS KJIMEHTOB — Oojlee pPa3HOOOPa3HBIMU. DTH U3MEHEHUST
TpeOyIOT JaJbHENIIIEro COBEPIICHCTBOBAHUS U MaCIITaOUPyEeMOCTH MPEJIOKEHHOTO PelIeHHsI
IU1s1 paGOTHI ¢ PACIIMPEHHBIME CETSIMU, O0JIee CIOKHBIMU JIOTUCTUYECKUMHY 3aJa4aMH U IIHUPOKUM
CIIEKTPOM INOTPEOUTENIbCKUX TpeOoBaHMil. B Oymylmux ucciieJoBaHUsX MPUOPUTETHOE BHUMAHUE
OyzeT yneleHO pa3pabOTKe KPYNHOMACHITAOHBIX MoOfeJiel, CIHOCOOHBIX BKJIOYATh OOJIbIIIE
HEePEeMEHHBIX, TIOBBIIATh BHIYMCIUTENIbHYI0 3((DEeKTUBHOCTb U obecreunBaTh 6ojee ObICTpoe
U TOYHOE NPUHSATHE PEIICHUH B YCJIOBUAX PACTyLIEdl CIOXKHOCTU JIOTHCTUYECKOTO CEKTOpa.
TakuMm oOpa3omM, IpelaraeMoe penieHre IpecTaBisieT coOoi 3HAUNTeIIbHBII 1Iar Brepes B
ONTUMM3ALMK TPAHCHOPTHBIX PACXOJOB U MOBBILIEHUU 3(h()EKTUBHOCTH JIOTUCTHKU. IlepBhbie
pe3yJIbTaThl IIOKA3bIBAIOT, YTO JIAHHOE PEILEHUE TI03BOJISAET COKPATUTD TPAHCIIOPTHBIE PACXOb
Ha 19,02-29,65% 1 NOBBICUTb BBIYUCIUTEIBHYIO 3(P(HEKTUBHOCTD B 3a/1a4aX MapLIpyTH3aLUK
MaJioro u cpeanero mMacmrada (10-20 kimenToB). HecMOTpst Ha ero notTeHnuani, HeoOXOAUMBL
JOTIOJIHUTE IbHBIC MCCIIEIOBAHHS JIIsi OOOCHOBAHMS MAacIITaOUPyeMOCTH /ISt Oosiee KPYIHBIX
HabopoB maHHBIX. Takum oOpa3oM, HaIl HOOXOA OOECHeYHBaeT IPOYHYI0 OCHOBY IS
ONTUMU3ALMHU JIOTUCTUKU C YETKUMH NEPCNEKTUBAMK PACIIMPEHUS U aJalTalui B peabHbIX
YCJIOBHUSIX.

KuroueBbie cioBa: 3a1ada MapoipyTH3aluy TpaHCHOpTHEIX cpeacTs (VRP), mineitnoe
nporpammuposanue (LP), ontumusaiust MeTogomM MypaBbHHBIX KooHH# (ACO), LiesIouncIeHHOe
sHetHoe nporpammMuposanne (ILP), DBSCAN, renetnueckue aroput™st (GA).
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A.b. MUTPAHOB
MOJNPUINPOBAHHBIE O9BPUCTUYECKHUE AJII'OPUTMbI
PACIHPEJAEJEHUA 3AI[AHI/II7I JJIS T'PYIIII MOBUJIBHBIX
POBOTOB B YCJIOBUSAX HEOIMPEAEJEHHOCTH

Muepanos A.5. MoaudpuuupoBaHHble 3BPHCTHYECKHE aJrOPUTMbI pacnpeaejeHUus
3alaHMii 1J1s TPYNN MOOMJIbLHBIX POGOTOB B YCJIOBHSIX HEONPeIeJIeHHOCTH.

AnHoTanus. PaccmatpuBaercs mpoOiiemMa pacmpefeleHHs 3aJaHHH MEXIy TpyHIaMu
MOOUIIBHBIX POOOTOB B YCIOBHSIX MApaMETPHUECKOH M CTOXACTUUECKOI HEOHpeIeleHHOCTH,
BO3HMKAIOIIEH  W3-3a  CCHCOPHBIX  IOIPELIHOCTEH,  HECTAlMOHAPHOCTH  Cpelasl U
OrpaHHYCHHOCTH HHpopManuun o6 o0bekTax ympaBineHus. OCHOBHas Lenb pabOTl —
aJanTHPOBaTh Pa3pabOTAHHBIC PaHEE IBPUCTHUECKUE aITOPUTMBI K PEadbHBIM yCIOBUSIM, TAE
MPUCYTCTBYIOT CEHCOpHBIC ONIMOKM M HEIOCTaTOK HH(OPMAlUH O COCTOSHHU Cpenbl. B
KauecTBe 0A30BBIX ITOJXOMOB PACCMATPUBAIOTCS TPU AITOPHTMA: MYPAaBBUHBIA alrOPHTM,
HeWpoHHast ceTh Xomduiga ¥ TeHEeTHYSCKHH anroputM. Pa3paboTaHsl crenuanbHEIC
Moau(UKAIMK UL KaXJOr0 aJITOPUTMA, YYUTHIBAIOINHE HEONPENEeICHHOCTh HCXOMHBIX
JAaHHBIX: THHAMHYECKOEe OOHOBIICHHE (PEPOMOHHBIX CIICJOB, a[alTHBHAS KOPPEKIHUS BECOBBIX
K02 QUIHEHTOB HEHPOHOB U MHTEpBalbHAs OLEHKA IapaMeTpoB cpenbl. IIpuBeneHsr obmas
MOCTAHOBKA 3aJayd, MAaTEeMaTHYECKUE MOJENU U IPHUHIMIBI MOCTPOEHUS IPEATI0KEHHBIX
ANrOPUTMOB paclpejieNieHusl 3aJlaHuil. B0 NMpoBeneHO YMCIIEHHOE MOJENHPOBAHHE JUIS
CpaBHEHHUS MOIU(HUIMPOBAHHBIX BEPCHH alTOPHTMOB C UX 0a30BBIMH aHAJIOIAMH B YCIOBHSX
Pa3INYHBIX YPOBHEH HEONpPENeNeHHOCTH (YHKIHOHHPOBAHHS CHCTEMBI. YCTaHOBJICHO, YTO
NPeUI0KCHHBIE aJaNTHBHBIC MEXaHU3MBI YIIyqIIAtoT (G (GEKTUBHOCTE paclpeaeeH s 3aJaHuil
10 20 % mo cpaBHeHHIO ¢ 0a30BBIMU MeTofaMH. Ha OCHOBaHMH NONY4YEHHBIX pe3yIbTaTOB
chopMyIHPOBaHEl PEKOMEHAUH 10 BEIOOPY ONTUMAIBHOTO alrOPUTMA B 3aBUCUMOCTH OT
KOHKPETHBIX YCJIOBHIl ()yHKIIMOHHPOBAHUs CHCTEMbI M 3a1ad ynpasieHus. ClenaH BBIBOJ O
LeTIeCO00Pa3sHOCTH  HCIONBb30BAaHMS Pa3paOOTaHHBIX MOAXOAOB IPH IPOEKTUPOBAHHU
HHTEIUIEKTYalbHBIX aJalTHBHEIX CHCTEM TPYIIIOBOrO YIPaBIeHHsS MOOWIBHBIMH POOOTaMH.
IpemioxeHHbIe PEIIEeHHsT MOTYT IIPUMEHSATHCS M U1 GoJiee MIMPOKOro Kpyra 3aad, BKIH0Yas
JUHAMHYECKOE IepeHAa3HAYCHHE PECypcoB M OPTaHU3AIMIO KOONEPATHBHOIO IOBEICHUS
TEXHUYECKUX areHTOB.

KiroueBble coBa: pacnpeeneHue 3aJaHui, 3BPUCTUYECKHE AJITOPUTMBI, T'PYIIBI
MOOHJIBHBIX POOOTOB, MYpaBbHHBII alrOpHTM, HEiipoHHas ceTh Xomuiana, TeHETHYESCKUi
ANTOPUTM.

1. Beenenne. ['pynmbel MOOMIBHBIX pOOOTOB TPUMEHSIOTCS B
MIPOMBIIINICHHOCTH, JIOTHCTHUKE, CEJIbCKOM XO3MHCTBE M TpPH JIMKBHIAINN
mocnencTBuil UC, MOCKOIBKY OHM HEOOXOTUMBI JJISI BRIIOJHEHUS PaboT B
OTIaCHBIX WIIM TPYTHOAOCTYIHBIX AJIS 4dermoBeka ycnoBwsx [l —4]. OgHoit
U3 BaXHBIX 3a7a4 B MOJOOHBIX CHcTeMax sBisercs 3(hGEeKTUBHOE
pacmpeneneHue 3aJaHuil Mexay poOOoTaMH, KOTOPOE€ MHUHHMH3UPYET
3aTpaThl PeCypCOB U BpeMsl BHITIOJIHEHHsI MUCCHH [S — 8]. B aTux ycioBusx
0COOEHHO BaXXHO CO3JIaBaTh alTOPUTMBI, CIIOCOOHBIC aNalTHPOBAThCS K
JUHAMUKE CPEIbl U HEOTIPEAECNEHHOCTH UCXOAHBIX JaHHBIX [9 — 13].

884 Wndopmaruka u aBromarmanus. 2025. Tom 24 Ne 3. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onmaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

3amada pacrpeneneHus 3aJaHuii MeXIy MOOMIBHBIMH poboTaMu
apnsiercs  NP-cmokHOH, 1mO3TOMYy  METOOBl  IMOJHOTO  mepebopa
HC IMPUMECHHUMBI JJAXKC MPU CPAaBHUTCIILHO He6OJ'H)LlIOM KOJIMYCCTBC arcHTOB
W 3a1ad. B cBsi3u ¢ 3TUM B JMTEparype MPeJIOKEH Psiji IBPUCTUUECKHX
METOJIOB pacIpeeeHus 3a/laHui, MO3BOJISIONIUX MOJIy4aTh MpHEMIIEMble
pemieHnst 3a pasymMHOe BpeMmsi. K dHCIly TakMX METONIOB OTHOCSTCS
MypaBbuHbIE anropuTmsl [14, 15], HeHpoHHBIE ceTH, B YaCTHOCTU CETh
Xondunma [16], um reHermdeckue anroputmsei[17]. WX mnpumeHeHHe
1o3BouIsieT 3 PEKTUBHO pemaTh 3a/1au paclupeAeiIeHIs, MapIpyTH3alud 1
maHupoBaHus [18 —23].

1.1. CoBpeMeHHOe  COCTOSIHMEe HCCIeJOBAHMII B  o0jaacTH
IBPUCTHYECKHX METO/I0B pacnipeeeHus 3a1aHui

1.1.1. Tennenmuu 2019-2025 rr. B nocnenane nsath €T BHUMAaHNAE
uccie/ioBaTelell HalpaBieHO Ha THMOPUIHBIE AITOPUTMBI, 00BEIUHSIOIINE
KJIaCCHMYECKHE METObl M MamiHHOe oOyueHue. B [1] npencrasien meron
JIBOWHOW ajmanTtanuu (pepoMoHa, YCKOPSIOUIHHA CXOAMMOCTb. B HacTosmei
pabore, B omiinuue ot [1], Tae ONTHMU3UPOBAINCH TOJBKO JUIMHA MaplIpyTa
U BpeMsl, OCHOBHBIM KPUTEPHEM SBISIETCSI MHTErPaJIbHBIA SHEPreTHUECKUN
ToKasaresnb J, BKIIOYAIOIIUA WHIUBUAYaJIbHbIE YIETIbHBIE SHEPro3arparsl
poboTtoB. CxemMa TakKe Y4YMTHIBACT JAWHAMUYECKOE IIOSBJICHHE HOBBIX
3aJ]aHui ¥ OJIOKMPOBKY Y3JIOB, YTO TaKXKe HE pacCMaTpUBaJoCh B [1].

B [2] wmogmems «rendezvous consensus (KOHCEHCYC cOopa)»
JIOTIOJTHEHa ~ BEPOSITHOCTHBIMH ~ BECOBBIMHM  Ko3(dummeHtamu  Juist
TIOBBIMICHUS] YCTOWYMBOCTH K TIPOIAJIAaHUIO CBS3M MEXIy arcHTaMH.
[MapannensHo pa3BUBAaeTCS ONTUMH3ALUS C CYPPOTATHBIMH MOJCIISIMU:
B [24] 00BbenMHIIN TEHETHYECKU aJTOPUTM C SBKIMIOBOW T€OMETpHEH U
THOpUIHBIM  OIEPATOPOM KpPOCCOBEPA, YTO TIO3BOIMIIO 3HAYUTEIHHO
COKpaTUTh BpeMsl OIEHKH (puTHec-QyHKIUH NP HEU3MEHHOM KauecTBE
peuieHus; B [25] mpuMeHWIN MeTaMoJieli Ha 0a3e CiydaiHoro Jieca Juis
NpeABApUTECIIBHOTO pPaHXUPOBAHHUA XpPOMOCOM, TEM CaMbIM YMCHbIIAA
YUCJIO PECYPCOEMKUX TMPSAMBIX BblUMCIeHWA. CeTeBble METOABl TaKkKe
COBEPILICHCTBYIOTCS: B  0030pe [26] moOKa3aHO, 4YTO COYCTAHUE
PEKYPPEHTHBIX HEHPOHHBIX CETed M POEBBIX METOJOB IIOBBIIIACT
MIPEACKa3yeMoCTh CXOAMMOCTH B 3amadax VRP ¢ anHammueckumn
OTPaHUYCHUSIMH.

K 0CcHOBHBIM TEHICHIIUSIM COBPEMEHHBIX UCCIIEIOBAHUH OTHOCSTCS:

—  aJanTUBHOCTH apaMeTpoB (amantuBHAs HacTpoWKa
apaMeTpoB a, B, p U Jp. B Iporecce padoTH);

—  YCTOHYHMBOCTH K CEHCOPHBIM IITyMaM M OTKa3aM arcHTOB,;

—  MacmrabupyemocTs Ha rpymmbl > 50 poGoTOoB 3a cuer
TapaJIENbHBIX BEIYUCICHUN U PACIPEIEIICHHBIX apXUTEKTYD;
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—  wuHTerpanus o0OydaeMBIX KOMIIOHEHT (BBIOOpD OIIEpaTopoOB,
MpecKa3aHue TPaHHII TOUCKA).

1.1.2. Bei0op 3BpHCTHYECKHX aAropuTMoB. Kitaccuueckue 3agaun
VRP/TSP perratrorcss MHOXXECTBOM 3BPHUCTUYCCKHX IOAXOIO0B H B
JIUTEpaType OIUCaHbl AECATKH MoOJM(UKAIMHi MypaBbUHBIX aJTOPUTMOB
(MA), neiiponnsix cereil Xondunga (HC), reHeTHUECKHX alropuTMOB, a
taxxke PSO, Bee Colony, Tabu Search, Simulated Annealing [27 — 29] u np.
OnHako B yCJIOBHUSX HEOJHOPOJIHON IHEPreTUKH POOOTOB, TMHAMUYECKOTO
TIOCTYIUICHNS! HOBBIX 33JaHUH W BO3MOXKHON OJIOKHPOBKH Y3JI0B MHOTHE U3
YKa3aHHBIX METOMOB TPeOYIOT ajanTaluy K YCIOBUSM 3aJlaud, BKIJIIOYas
y4eT HEONHOPOAHOCTH M  AWHaMuku. CuHCTeMaTHYecKMH  aHau3
myOmukanmit [1, 14 —20, 24 —26] moxka3sBaeT, uto MA, HC u TA
Hanbosee MIMPOKO TNPHUMEHSAIOTCS 10 COOTHOIICHHIO «KAadeCTBO—BPEMSD)
JUISL MaJIBIX M CPEIHUX rpymnn poooToB (n < 50, m < 100):

— MA npuMmeHsioTcs B 3ajadax = MaplipyTHU3alMd  [pU
CTaTHYECKUX  YCIOBUAX  Oyarojapss  BO3MOKHOCTH  HapaulesIbHOMN
peanusanuu u OTHOCHUTEJIbHOU IIPOCTOTE aNropUTMUYECKOI
CTPYKTYDpHI [14].

—  HC ob6nagaet npo3pavHoii sHepreTHyeckoil (yHKIMEH U OYCHb
opicTpoe BeruucieHue mpu n < 10 [16].

— T'A ommuaercs rubkocThio Ojarogaps IIMPOKOMY Habopy
OIIEpaToOpPOB U XOPOIIO NEPEHOCUTCS HAa CTOXaCTHYECKHE TOCTaHOBKH [17].

Crnenmyer Takke OTMETUTh kKommMmepueckue VRP-pemaremn (ArcGIS
VRP, Routific, OR-Tools VRP), KOTOpBIE HCTIOTB3YIOT
JETEPMUHUPOBAHHBIE MOJAENN C OJHOPOJHBIM IaPKOM TPAHCIOPTHBIX
CPEACTB, HE YUWUTHIBAasl SHEPrONOTPEOICHNE KaKAOTO arcHTa W HETIOJIHBIC
JaHHbIE naTynkoB. APl 3THX cucTeM paccuWTaH Ha pa3oBYIO 3arpy3Ky
3aJa4d, TOrZJa Kak B JaHHOW TIOCTaHOBKE JIOIYCKaeTcs IOTOKOBOE
NOCTYIUICHHE HOBBIX 3a/laHuii, p0OOTOB U GJIOKMPOBKY Yy3JIOB.

BbIOOp yKa3aHHBIX aIrOPUTMOB M WX aJalTalys COOTBETCTBYIOT
COBPEMEHHOMY YpPOBHIO HCCJICZIOBAaHHMM U BOCIOJHSAET OTCYTCTBUE
KOMIUIEKCHOTO cpaBHeHus pasnuusbeix Bepcuit MA, HC u T'A B oxHolt n
TOW jke TocTraHoBKe. Kpome TOro, mnpakTHKa CO3JaHMSI TPYMIIOBBIX
pobororexanyecknx cucteM B MMex YOUIL[ PAH [18 — 20] omupaeTcs Ha
9TH Ppa3HOBUIHOCTH aJTOPUTMOB, YTO TIIOKa3bIBAET IPAKTHYECKYIO
IIPUMEHUMOCTD BBIOPaHHBIX METOJIOB B IIPHUKJITHBIX IIPOCKTAX.

1.2. lMeau wu 3amaud  padorel. J[lanHas pabora MOCBsMEHA
pa3paboTKe ®W  CpPaBHUTEIBHOMY  aHAIN3y  MOAM(DUIMPOBAHHBIX
IBPUCTUYECKUX AITOPUTMOB paclpeeIeHuUs 3alaHii MEX Ty MOOMIIBHBIMA
poboTtamMu B YCIOBHSX  MapaMEeTPUYECKOH W CTOXaCTHYECKOU
HEOoTpeleNIeHHOCTH. B Hacrosmeil paboTte 0OCHOBHOE BHUMAaHHE YIEISIETCS

886 Wndopmarrka u aBromarusamms. 2025. Tom 24 Ne 3. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onmaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

y4eTy CEHCOPHBIX MOTPEUIHOCTEH, BO3MOXHBIM COOSIM  arcHTOB,
W3MEHEHHIO 4HWClIa 33aJad B IIPOLECCE BBHINOJHEHUS U HEMOJIHON
UH(QOPMHUPOBAHHOCTH areHTOB O IJIOOAJBHOM COCTOSIHUM CHCTEMBI.
OOBeKTOM aHanu3a SBISIFOTCS MOJIU(UIMPOBAHHBIE BEPCHU MYPaBbUHOTO
ajJiropurma, CCTu Xon(bnnz[a N 'CHCTUYCCKOr'o ajiropurMa, p€aJin30BaHHbIC
C y4eroM ykazaHHbIX (akTopoB. [IpeacraBieHbl MaTeMaTHYEeCKHUE MOJICIN
3aJjayd, NPUHLOUIBI IIOCTPOCHUS COOTBETCTBYIOIIUX aJITOPUTMOB U
pe3yJIbTaThl YHCIEHHBIX SKCIEpHMEHTOB. Ha OcHOBe aHanm3a jaenaroTcs
BBIBOIBI O IIEJIECOOOPAa3HOCTH MPUMEHEHHS KaKAOTO M3 IIOJXOIO0B B
3aBUCHMOCTH OT YCJIOBHH (DYHKIIMOHUPOBAHUS CUCTEMBI.

Hacrosimee wuccnenoBaHWe HampaBiIeHO HA PAa3BUTHE MOJEIEH,
omucaHHBIX B pabore [30], ¢ ydeToM BIHMSIHHSA HEOIPEACIIEHHOCTEH,
XapaKTePHBIX JUIA PEATbHBIX YCIOBHI IKCINTyaTallii MOOMIBHBIX POOOTOB.
B otnuune ot npeapiayiieii padotel [30], rue anropuTMbl pacripeeseHus
3aga4 pacCcMaTpUBaJIUCb B HOMUHAJIBHBIX YCJIOBHAX, B}laHHOﬁ CTaTbeC
npeajiararoTca Hx MO}II/I(bI/IIlI/IpOBaHHI)IC BEPCUH, OPUCHTUPOBAHHBLIC Ha
00paboTKy JaHHBIX C IMOTPEIIHOCTSAMHU W M3MEHSIONIMMUCS MapaMeTpaMH.
Kpome Toro, mpoBeaeH KOJIMYECTBEHHBI aHATU3  YCTOHYMBOCTH
MOJTy4aeMbIX pEelIeHU.

OcHoBHast 1edb padOTBl — TOBBICHTH  YCTOHYMBOCTH U
BOCIIPOM3BOAMMOCTD pacIpeAeieHlss 3aJaHuii B TpyHmax MOOWIBHBIX
poOOTOB B YCIOBMAX  NapaMeTPUYECKOH W CTOXAaCTHYECKOH
HEONPEACNEHHOCTH. [ MOCTMXKEHUs 3TOW [esiu OBUIM TOCTaBJIEHBI U
pEILICHBI YETHIPE B3aNMOCBSI3aHHBIC 3a/1a9H:

1. ®opmanuzoBaTh 3aj1ady paclpeleNeHNs 3aJaHuil C y4eToM
9HEPro3arpaT U JTUHAMHUKH KOJIMYECTBA POOOTOB U 3a/1ad.

2. Pazpaborate MOOUQHUIMPOBAHHBIE BEPCHH MYpPaBBHHOTO
anroputMa, Heipocetn Xomnduiga W TEHETHYECKOTO  aIropuTMa
C MEXaHU3MaMU aJalTalliy K IrfymMmaM U OTKa3aM.

3. Ilposectu YHCIIEHHOE MOJICJIMPOBaHHE, CpaBHHB
NPEATOKCHHBIC AJITOPUTMbI C KJIAaCCUYCCKHUMH Io II0Ka3aTCiIsiM
YCTOWYHMBOCTH U BBIYUCIUTEIILHOM CII0KHOCTH.

4. CdopmynupoBaTh NPaKTHYECKHE PEKOMEHAALMH IO BHIOOPY
QITOPUTMa B 3aBUCHMOCTH OT OTPaHWYEHHUH IO 3HEpropecypcam, BpeMEHH
1 KauecTBY CBS3H.

Hayunas  HoBmM3Ha  paboThl  3akiroyaeTrcss B pa3paboTke
MOJIU(UIIMPOBAHHBIX BEPCHH CIICAYIONINX 3BPUCTHUYECKUX aJITOPUTMOB:
MYpaBbHHOTO ITOPUTMa C AMHAMUYECKHMM OOHOBICHHEM (EPOMOHOB,
Helipocetn Xomnduiga ¢ afalTUBHOW KOPPEKTUPOBKOH IMTOPOTOB aKTHBAIIAN
HEHpPOHOB M TEHETHYECKOrO aJrOpUTMa C MHTEPBAIBHBIMH OLIEHKaMHU
rapamMeTpoB. JTO MO3BOJIAET MOBBICUTh YCTOHYMBOCTH MapIIpyToB Ha 15—
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20% wu cHu3UTH pa3bpoc pe3ynpTaToB HE MeHee dYeMm Ha 22 % 1o
CpaBHEHHIO C 0a30BBIMH  BEpPCHSAMH  alrOpuTMOB.  Pa3paboTaHHBIC
QITOPUTMBI  O0ECIEYMBAIOT  YCTOMYMBOCTh  MOJYYaeMBIX  pELICHUM
B YCIIOBUSX MApaMETPUYECKOM M CTOXAaCTUYECKOW HEONpeJesIeHHOCTH. B
paMKax e[[HHOﬁ IIOCTAaHOBKU 3aJa4yu pcain30BaHbI MCXaHHU3MBI,
obecrieunBaONIMe yCTOWYNBOCTh K M3MEHEHUSM MCXOIHBIX JaHHBIX.
UucneHHOE MOJAEIMPOBAaHWE U CPAaBHUTENBHBIM aHanmn3 3()(EeKTUBHOCTH
KaXJIOr0  METOAa  IOATBEPAMNIM  OOOCHOBAaHHOCTH  ITPEJIOKEHHBIX
TIOJIXO/IOB.

2. MatemaTnyeckasi popmMayn3anusi 3aa4u pacnpeaeaeHust

2.1. Ucxoxnple 00603HaYeHus. Pabodee MpOCTpaHCTBO TPYIIIBI
MOOMIBHBIX pOOOTOB MPEACTABIIIET COOO0H MPSIMOYTOIBHYIO 00J1aCcTh

Q=[0,L,]x[0,L,]c R?,

rae L,,L, >0 — pa3mepsl 001acTi B YCIOBHBIX CAMHHULAX LIHHBI (y.C.1.).

B HauanbHblii MoMeHT Bpemenn !=0 Ha mone HAXOAATCS MHOXKECTBO
poboroB  R(0)={r}.,, r=(x,») ¥H  MHOXKECTBO  3aJaHHii

T(O) ={t}, t,= (éj,nj) . Ilapamerpel i-ro poGoTa BBIpaXEHBI B
YCIIOBHBIX €IWHHUIIAX SHEPTHH (y.€.3.) ¥ BKIIOYAIOT:

E™™" — HauaJbHBIH 3a11ac 3HEPruy;

move

C; — YACJIBHBIC SHCPIO3aTPAThl HA MCPEMCUICHUC,

i
task

C. — YACJIBHBIC DHEPTO3aTPaThl HA BBIIIOJHECHUE 3a1aHUS,

i

V, — CKOPOCTb IepeMelteHus (y.e.1./c).

2.2, MapumpyT u ero ajauHa. MapumpyT poGora 7 3amaercs

YHOPSATOYEHHBIM CITUCKOM BEPIIUH
P = {pi,O’pi,I""’pi,K, }s Pio =T Pik, € T.

JlnnHa MapuipyTa onpenensercs Kak

K;-1

i

L= Z | Dika —Pix IL> (1)

k=0

a Bpems ABwkeHust I, =L /v, .
2.3. Kpurepuii ontumu3sanuu. [loxabIe S5HEPrO3aTpaThl TPYIIIHL:
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J _ Zn:(Eistan + Cimove L,- + citask T;task ) (2)
i=1

st onTumu3aiuu 1esneBoit GpyHkiuu Tpedyercs min J .
A,...,P,

1oein

2.4.TlepeMeHHble HA3HAYEHMsT M OrpaHMYeHHs. Bpoaurcs
GunapHas matpuua x, € {0,1} : 3a5aua ¢, HasHaueHa pobOTY 7; .

Zx{./. =1l,j=1....,m
i=1
m A3)

rae O, OrpaHMYMBAcT MaKCHMallbHOE UHCIO 3ajad pobota 7 (mpu
HeoOxomumocTu).  Mapmpyr P CIpoMTCS  Ha  IOIMHOXKECTBE
];z{t‘/. |xij:l}.

2.5. IluHaMuyecKkasi nocTaHoBka. Ha KaXIoM IHCKPETHOM Ilare
t=0,1,...:

R(t+1) :R(I)URnew (t)\Rlost (t)’
T(t+1) =T(1) 9T, (1) \ Tume (1):
rae R, — HOBblE DPOOOTBI, MOSBHUBIIMECA B CHCTEME IOCIE CTapTa

(HanpnMep, MNOAKIIOYWIIMCH K TPYIIE IMO3KE, 3aMCHWJIM BBIMICAIINX W3
CTpOos U T.H.); R — BblIIICAIIUEC U3 CTPOA pO6OTI)I, KOTOpbIC 0oJIbIlIE HE

lost
YYacTBYIOT B BBIIIOJHEHUH 3aJlaHUH (M3-3a MOJIOMKH, IOTEPH CBA3U U T.IL.);
T ., — HOBbIE 33jJaHKs, NOCTYIMBIIME B CHCTEMY B Ipolecce paboThl

new

(HampuMep, CpOYHBIE 3a7a4u, IPUIIEIINE B pealbHOM BpeMeHH); 7

lone -
BBINOJHEHHbBIC 33JaHus, T.€. T€, KOTOPbIC y)Ke ObUIM 3aBepIleHbI (U MOTYT
OBITh UCKITIOYCHBI M3 aKTUBHOM IMTOCTAHOBKH).

KoopauHaTel ©  JHEpPreTHYecKHe Mapamerpbl  IOJBEPraroTcs

CTOXACTHYECKHM  BO3MYILECHHAM (5X,5y)~/\/ (0,02), S ~N (0,03).
AInropuT™  pactpeneneHus Bhraucaser x, (1) w P(t) B macmraGe

i

peasbHOrO BPEMEHH.
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2.6. CBsazb ¢ NP-tpyanbiMu 3agayamu. CraTmueckas Bepcust
(¢ukcupoBannbie R,7) OSKBHBaIEHTHA 3ajade MapLIPYTH3aLUH C
HECKOJIBKUMH JIeTI0 U pazHopoaHbM nmapkom (MDVRP/HVRP). Beenennem
(PMKTHBHBIX BEpIIMH-AENO M JYr HYJEBOTrO Beca 3axada cBoxurcs k TSP
[31], 9TO 000CHOBBIBAET MIpUMEHEeHHE IBPUCTUICCKUAX u
METa3BPUCTUIECKIX METOI0B, PACCMOTPEHHBIX B CIEYIOIIEM pa3/ere.

3. JBpucTuyecKkHe MOAXOABI K pacmpeleleHHI0 3aaaHuii. B
moctaHoBke 3amaun (1)—(3) ee mpsamoe pemenue Tpedyer mepedopa

(’)((m + n)') MapuIpyTOB, YTO HEMPUEMIIEMO YK€ IpU m >10 . Kak oqun u3

METOJZIOB  PCIICHUS, HCIHOJB3YIOTCS METa’BPUCTHYCCKHE METOABI —
OpUOJIMIKCHHBIC ~ aliTOPUTMbBI,  UMUTHPYIOIIME  NPUPOJHBIC MU
SBOJIIOIMOHHBIC TMPOIECCHl U O0CCIICUYMBAIOIINE KBa3HONTUMAIIbHBIC
pelieHus 3a TMOJIMHOMHAIFHOE BpeMs. K HHM OTHOCSTCS MypaBbHHBIC
QITOPUTMBL, PEKYPPEHTHBIC HEWPOHHBIC ceTH (Moaenb Xondmiaa) u
TCHETUYCCKUC anrOpuTMBl. KaxIplii METoJ MO-pa3sHOMY paclpeieiseT
KadeCTBO PElICHHU U BEIYUCIUTEIHHYIO CIIOKHOCTE [24] (Tabnuma 1).

Tabnuua 1. CpaBHUTEIbHBIE XaPAKTEPUCTUKU META3BPUCTHUECKUX METOIOB

MypaBbuHbIe Cetp I'enetnueckuit
AITOPUTMBI Xondunga AITOPUTM
CxomumocTts (n <20, m | Beictpas BricTpas VYMepenHas
<40)
HacrpauBaemoctb Bricokas OrpanuueHHas | Boicokas
HuTepnperupyemMoctsb Cpennsist Bricokas Cpennsist

TTosicHenus x Tabmure 1:

1. CxomuMocTs — cpemHee BpeMs JOCTIDKCHHS YCTOHYMBOTO
3Ha4YeHUs 1eneBoit pyHkuuu J. «beicTpas» — He Oonee 0.3 ¢; «yMepeHHas»
— 1o 1.0 ¢; «megnennas» — csoiie 1.0 c.

2. HactpamBaemocTh — CIOCOOHOCTH aJTrOPUTMa COXPAHATH
Ka4eCTBO PEIICHUS NMPH U3MEHEHUU BHYTPEHHHX NapaMeTpoB (B Ipenenax
20%). «Boicokas» — AJ < 5 %; «orpanudeHHas» — 5 % < AJ < 15 %;
«HU3Kas» — AJ > 15 %.

3. UutepnperupyeMocTb  —  BO3MOXHOCTh  AaHAJIUTHYECKU
OOBSCHHUTH NOJyYEHHOE peleHue. «Beicokas» — sHepreTuyeckas QyHKIUs
sBHO 3ajaHa; «CpenHsas» — O3BpPHCTHKA mpociexuBaercs; «Huskas» —
pemerne GopMHUPYETCst «IEPHBIM SIITIKOM.

Crnenyromme paznenst 3.1-3.3 onmchBaroT MoAM(UIMPOBAHHBIC
BEpPCHHM YKa3aHHBIX METO/J0OB B COOTBETCTBHM C MaTeMaTH4ecKOH
ITOCTAaHOBKOH 3aaun (pazaen 2).
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3.1. MypaBbHHBIH aJITOPHTM pacnpeieleHus 3aJaHUH ¢ y4eTOM
HeomnpeneJeHHocTeld. MypaBbiHBIE aITOPUTMBI MOJAEIUPYIOT KOCBEHHOE
B3aUMO/IeiicTBUE areHToB uepe3 (epoMoHHBIE cienbl. B amantupoBanHOM
BEPCUM KaxJas «MypaBbHHas» 0COOb CTPOHUT AOIYCTUMBIH MapUIpyT IO
MHOXXECTBY 3aJiaHuil 7', MUHUMHU3UPYsI KpuTepuii (2).

ITycts k MOMEHTY ¢t MypaBell k W3 KOJOHHM X HaxXOIUTCS B
BEpIIMHE [; MHOXECTBO €Ill¢ He IOCEHICHHBIX BEpPIIMH 0003HAYeHO J, .

BeposTHOCTB IEpexo/ia B BEPIIUHY j € J, onpenensercs

5(t)= « )

seJk [Ti’ t ] 77”
rae 7, (t) — mmotsocTs (epomoHa KomoHMH X Ha pebpe (i, j);
n; =VIli=jll, - SBPUCTHYECKAS [IPUBJIEKATEIbHOCTD;

a, 3 >0 — Beca «OMbITa» U «3PEHHsD» COOTBETCTBEHHO.

[ocre 3aBepiieHnst BceX MapLIPyTOB HOKOJEHUS ! KOHIEHTpAIWs
(hepomMoHa OOHOBIIACTCS

7, (t+1)=(1-p) z N0<p<l, (5)

k=

rne A — 4ucio MypaBbeB, L, — mmmHa Mapuipyta k (1), é;;.k) =1 ecmmn
pe6po (i,/) Bomno B Mapmpyr k, unade 0; Q>0 — Ge3pasMepHblii
ko3¢ puIreHT.

IIpu nosIBICHNN MPETATCTBHS MIIM N3MEHEHHH ITapaMeTPOB 3aaHHs
3Ha4YCHUE ()epPOMOHA Ha 3aTPOHYTHIX peOpax KOPPEKTUPYETCS:

z;%(1-7), ecnu MOABMIOCH NPEMATCTBHE,

=Y (6)

i WHaye,

a MHOXKECTBO JAONYCTHMBIX BEPLIMH .J, HEPECUUTHIBACTCS B PEalbHOM
BPeMeHH. JIONONHUTENBHO BBOAUTCS KOODOUUMEHT CTAOMIBHOCTH s, —
JIOJIs UTepalyii, B KOTOPBIX peOpo OKa3aJoch B JydIleM MapLipyTe; Mpu

BBIYUCIICHUH BEPOSITHOCTH (4) TEPMUH 77, 3aMEHSICTCS HA 77, s

i
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B ycrnoBusx HeompeneneHHOCTH (HAIIpPHMEp, BO3MOXKHBIX OTKa30B,
MOSIBJICHUSI HOBBIX 33/ad WJIM W3MEHEHHS JOCTYIMHOCTH MapIIpyTOB)
¢dopmyia (6) UCTIONIB3YETCS IS aJaNTalliy AITOPUTMa U BKIIIOYAeT:

—  JMHAMHUYECKYI0 KOPPEKIHIO (PepPOMOHHBIX CIIEIOB;

—  JIOKaJIbHOE INEepecTPOCHHE MapIIPyTOB IPU MOSBICHUU HOBBIX
3a/1ay;

—  TOpPUOPUTETHBIE Beca IJsl YCTOMYMBBIX peUIeHHH (Hampumep,
BKITIOUCHHE TI0KA3aTeIsI CTAOMIFHOCTH B LIENEBYIO (PYHKITHIO).

Ilo 3aBepmieHMu uTEepanuy A KaKIOTo JIydIlero mapumpyra P

(uxcnpyrores GuHapHbie nepeMennbie x; (3), TakuM 00pasoM anropuT™

TeHEepHpYET AOImycTuMoe pemierne 3axaqn (1)—(2).

3.2. UnciieHHBbIe JKCIEPHMEHTBI M CPABHUTEJIbLHBIN aHAIN3
3¢ dexTHBHOCTH MYypPaBBLHHOI'O aJropurma. OKCHeprUMeHTBI
NPOBOJIMIIMCH  C IIEJbI0  KOJIMYECTBEHHOH  oneHku  3ddexTuBHOCTH
MOJM(UIIMPOBAHHOTO MYPAaBbUHOTO aJrOPUTMa 10 KPUTEPHIO CyMMapHOMH
sHeprud J (2) ¥ BpeMeHH BBIUKCIICHHH. PacCMOTpEHBI 1Ba CIIEHAPHS:

— coeHapuii Sl (HOMUHANBHBIN): (UKCHPOBAHHBIA HAOOD
po6OTOB 1 33734, 6e3 BHEITHUX BO3MYILECHHIA;

—  CcLeHapHui S2 (mMHAMUYECKU): Ha 50-i UTepaIyn
ONOKMpYyeTCsl CIy4YalHbIi y3en, 4To TpeOyeT alanTUBHOH MepecTporKu
MapIIpyTOB.

3.2.1. Bxoagnbsle pannble. KoopmuHatel poO0TOB u  3ajmad
TCHEPUPYIOTCS CITy4aiiHO u3 PaBHOMEpPHOTO pacrpeaeneHus

U(O,LX)XU(O, Ly) ,roe L =L, = 100 y.e.n. PaccmoTpeHsl cienyrouiue

pa3Mepsl 3aay4:

—  Habop N;: 10 3amanwmii u 5, 10 wm 15 po6oToB;

—  Habop N,: 20 3amanwmii u 5, 10 wm 15 po6oToB;

—  Habop N;: 30 3amanwmii u 5, 10 wim 15 poGoToB.

JUis  Kaxzmoro  coueTaHMs ~ IapaMeTpoB  BHEIMONHSIOCH 20
HE3aBUCHUMBIX 3aIyCKOB.

3.2.2. Hactpoiiku aaropurma. IlapameTpsl anropurMa BBIOpaHBI
CIIEYIOLINM 00pa3oM:

a=1,8=3,p=030,0=100,4=R,

rne A — KOJIMYECTBO areHTOB (PaBHOE KOJIMYECTBY POOOTOB R ).

Beibop @ = 1 u f = 3 ocHOBaH Ha PEKOMEHAYEMOM HHTEpBaje
3HaueHudd a € [1; 2], f € [2; 5], TpamuunoHHO npuMeHsieMbli B MA uis
3amad  Mapmpytusampm  [32]. 3magenne p=0.30 ompenmeneHo 1O
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pesynbTaTaM OIHO(DAKTOPHOTO YHCJICHHOTO SKCIEPUMEHTa, B KOTOPOM
mapaMmeTp p BapbHUpoBaica Ha deTbipex ypoBHsax: 0.15, 0.20, 0.30 u 0.40.
[pu o = 1 u f = 3, 3nauenue p = 0.30 obecrieynsio HaMMEHbIIEE 3HAUCHHE
9HEPreTH4ecKoro Kpurepus J U CTaOMIBHOCTh TOJyYaeMBIX Pe3yJIbTaTOB:
otkioHenue J mo 20 cepusim 3amyckoB He mpeBbimaino 0.8 % oT cpenHero
3navenus (npu n = 10, m = 20). i O npuHATO CTaHIApTHOE 3HAYEHHE,
LIMPOKO UCTIOJIb3yEMOE B KJIaCCHYECKUX peanu3aisix MA [32].

MaxkcumansHOe KOJINYECTBO uTepanui - N, =100.
Beoruncienus BBIIOIHIUCE B cpene Matlab 2020a na mpoueccope Intel i7-
11700 (1 moTox).

3.2.3. PesyabTatel cueHapus S;. Pesynsratel ycpensenst no 20
3amyckam. B Tabmune 2 mpuBeaeHBl cpelHHE 3HAUCHHS M CTaHJapTHHIC
OTKJIOHEeHUs. PucyHOK | mimmocTpupyeT AMHAMHUKY (PEpOMOHHOTO IOJISl Ha
mpumepe Ni/10 po6oToB.

Tabsmua 2. CpetHye JUIMHBI MapUIPYTOB U BPeMsl BEIYHCIICHUH B CLICHapHH S

Yucno CpenHss JUInHa MaplIpyTa Bpewms Beruncnenuit

Ha6op po6oToB (y.e.n.) (c)

Ny 5 13.02+0.11 0.081 £+ 0.006
N, 10 10.04 + 0.09 0.085 £+ 0.005
N, 15 3.02 +0.03 0.112 +0.007
N, 5 19.98 £0.14 0.072 = 0.005
N, 10 7.06 =0.08 0.145+0.010
N, 15 9.11+0.10 0.243 £0.015
N; 5 9.12+0.12 0.119 £ 0.007
N; 10 2.04 £0.02 0.208 £0.012
N; 15 2.05+0.02 0.338+0.018

W3 Tabmunel 2 ciemyer, 4To yBEIUUCHHE Yiciaa poOOTOB MPUBOINT K
CHIDKEHHUIO CpeIHEH UTMHBI MapLIpyTa, OCOOEHHO 3aMETHOMY IpPH MajioM
KOJIMYECTBE 3ajau Onarojaps yJIydIIEHHOMY MOKPBITHIO pabouero mosis
pobotamu. Poct uncna 3agaHuil yBeTUUUBAET BEIYUCINTEIBHOE BPEMS, UTO
OOBACHSIETCS] BO3PACTAHHEM BBIYHUCIUTEIBHON CIIOKHOCTHU TP YBEITHUCHUT
pasmepHocTH 3amaud. [lpu R >0.57 mpupocT 3QQPEeKTUBHOCTH MO JUTMHE

MapipyTa 3aMeasIeTcs.
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10

8z,

Puc. 1. I'pad pa60qe;6 mosst Ha mpumepe Ny/10 poGoToB

3.2.4. PesyabTathl cuenapus S,. B qunamuueckom cuenapuu S, B
MOMEHT 50-I uTepanuu CiIydaiHbIH y3e€J IOMEYaeTcsl KaK HENOCTYIHBIH.
MomupuuupoBaHHBIH aNTOPUTM C aJamnTanueit ¢GepoMoHOB (6) cMor
yllepXKaTh JOMyCTUMbIE MapmIpyThl BOo Bcex 60 Tecrax, B TO BpeMs Kak
0a30BBIIl anropuT™M 0€3 ajanTalMu TPH TOSBICHWM IIPETATCTBUS HE
YUUTBIBAT  W3MEHEHHMS  JOCTYIHOCTH  y3JI0B, 4YTO  (hOPMHUPOBAIO
HEJOIYCTUMBII MapLIpyT.

CpenHee yBenmdeHHWE IelIeBOro (yHKIMOHala J B CpPaBHEHHH C
HOMUHAJIBHBIM CIleHapueM cocTaBuwio 6.4 %. PucyHok 2 moxa3siBaeT
IprUMep JUHAMHYECKOH MepecTpOrKH MapIIpyTOB Mociie OJI0KUPOBKHU y3Ia.

3.2.5. BeiBoabl. MoanGuuuMpoBaHHbII MYypaBbHHBIA  alTOPUTM
BbImosyHsieT 3amauy npu m < 30 3a Bpems < 0.35 c. Ilpu OGoxpuiem
KOJIMYECTBE 3aaHUN U POOOTOB MOXET HAaOIIOJAaThCsA CHIKEHHE CKOPOCTH
CXOMMOCTH.

AanTUBHBIA MEXaHW3M KOPPEKTHPOBKM (HEPOMOHOB yIIydIIaeT
YCTOWYMBOCT K  JUHAMHYECKMM  H3MEHEHHWSM  CpEIbl, MOBBIIIAs
BEPOSITHOCTH BHITIOJTHEHHA 331a4n TpuMepHo Ha 30 %.
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Yanei pasosers non
- P CpaBHeHKe AnropHTIE

—e— G a0k anropam
= = ASANIHEOBAHNEI ANFOBHTM|
* Meta yanon

X 3aBroxmpGeansi yien

0 W m a ) w m n ) 0 100
X

Puc. 2. Busyanuzanus cueHapus S,

3.3. MoaupuuupoBanHas HeiipoceTb Xonduaaa IS
pacnpenejieHusl 3aJaHUil ¢ y4eTOM HeompenaejJeHHocTed. [ kaxnoit
MOTCHIMATBHOW Mapbl «poOOT | — 3aJaHHe j» BBOJUTCS OWHAPHBIH

nMepeMeHHbIH dneMeHT cetH  x; € {0,1}: 3Hauenme 1 ykasbiBaer, 4TO

3aJlaHie j 3aKperuieHo 3a pobotom [. Bcero cets comepkuT N =nxm
9JIEMEHTOB.

OnrumalbHOe pacnpeacicHmue JOCTUTACTCA IMoCpeaACTBOM
MUHUMMU3ALU DHEPTUU

2 2
E=AY | Y x;-1| +BY| D x,-1| +CD x,d,, (7)
i J J i i,j

rZie TepBble JBa KBaJPaTHYHBIX cJaraeMbiX MTPadylOT HapyIIEHUs
OTPaHUYECHUN «KaXJ0€ 3aJaHHe — POBHO OJHOMY PoOOTY U Hao0OpOT»;
TPEThE CIIaraeMoe y4HTHIBACT CTOMMOCTb MapIIpyTa, d, — PacCTOSHUE OT

pobota i 1o 3amaHus j (B yCIOBHBIX IMHHUIAX UTHHBI).

Munummsupyst E, ceTb aBTOMaTH4eCKH (GOPMUPYET IOIyCTHMOE U
«gemeBoe» pacnpenenenHne. KoaduuueHTsl BBIOHMpAOTCS Tak, 4YTOOBI
A,B> C>0; B IpakTHYEeCKAX TECTax HCIOIB30BAMACHE 4 = B = 5 10%,
C = 1. [losicaenns kK BEIOpaHHBIM KO3 (UIIIEHTaM TTOKa3aHbl B Tabmmie 3.

3HadYeHNs TOAOUPATHCH SKCIIEPUMEHTAIBHO IS TPYMI 10 5 po6oToB U 10
3a1aHHH.
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Tabumua 3. Pekomenyemsie 3uauenus 4, B, C

Koappuunenr Ha3znauenue Tunwanoe
3HAYeHHUE
A 3aIpeT «aBa poboTa Ha OTHO 500
3agaHue»
B 3ampeT «3a/laHne He 00CITYKCHO» 500
C BeC (haKTHUECKOH AIMHBI MapmipyTa | 1

3HaueHus KodpuumeHtoB A W B yCTaHaBIMBAIHUCH 10
SMIMPUIECKOMY TPABIITY:

A= B =50-max(n,m).

IMpu tumoBbix KoHpurypammsx (n<5, m<10) st0 maer
A =B =500. Takoe macmrabupoBanue odecrneunBaeT WTpadHOH BKIa] B
9HEPreTHYECKYI0 (YHKIHIO, KaK MHHHUMYM B IDITh pa3 HPEBBILIAOIIAI
MaKCHMaJIbHYI0 CTOMMOCTD JAOITYCTHMOIO Ha3HAUCHHS:

A>5-C-max(d, ),

p
4yTo HCKIIto4aer Oosiee 99 % HexenarenbHbIX KOHUrypauuii. IIpunsTbie
3HAYCHUS HAXOMIATCSA B TOM K€ MOPSAIKES BEIUYMH, YTO U KOIDPUIIUCHTEI,
WCIIOJIh30BaHHBIC B OPUTHHAIBHOM Moaenn Xonduina [16].

DNEMEHTBl CETH OOHOBJISIOTCS ACHHXPOHHO, YTO YMCHBIIACT

BEPOSITHOCTh  3aLMKJIMBAHMS QJITOPUTMA, HO MOXET IPUBOJUTH K
HEPAaBHOMEPHOCTH PACIPEEIICHNUs 3a/1a4 IPH BBICOKOM Iiyme. Kaxabii x;,
nposepsiercs, U ecnu ero nepekmouenue 0 <> 1 ymensinaer suepruo E
HOBOe cocTosiHne (ukcupyercs. [Ipomecc 3aBeprraercs, KorJa HH OJHA

OJMHOYHAsl NEepecTaHOBKa HE yMEHbIIaeT £ wimm 1o poctikernu 100
urepanuii. Takoii mopor 0OOCHOBaH AIMIMPHYECKH HA OCHOBE aHAIIM3a

MOBEJICHUsI HepreTHYeckoit pyHkunu E (k), rae k — Homep uteparuu. B

xome 30 cepwii 3amyckoB Ha 3amadax ¢ n <5, m <10 6bUIO ycTaHOBIEHO,
4YTO U3SMCHCHUE DOHEPIrUun

AE (k) =|E(k)-E(k-1)|

B CpPCIHEM CTAHOBHUTCS OJNIM3KMM K HYJIO mocie ~ 72 wrepanuii. [locie
atoro E (k) CTaOMIN3HPYIOTCS, a NaNbHEHIee yBeIMueHe JUciia I1aroB
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MPUBOAWT JIUIIP K POCTY BPEMEHM BBIYMCICHHUH, ©€3 3HAaYnuMOro
yIy4IIeHus LesieBod QpyHKIUH J.

OTMeTHM, YTO B HEKOTOPBIX OKCIIEPUMEHTax ObUIM Ciy4au
NPEeXIEBPEMEHHON OCTAHOBKHU HM3-3a JIOKaJIbHBIX MUHUMYMOB.

Koopaunate! poOOTOB U 337aHUI MCKAKAIOTCS aIIUTUBHBIM IITyMOM

or, 5t/. ~N(0,067), 4TO BIOMSET JULIb HA PACCTOSHHUSA d;. IloBEImeHnE

JUCIEPCHU LIYMOB KOMIIEHCHPYETCSl HPOIIOPIMOHANBHBIM YBEINYEHHEM
ko3¢ ¢unnenrtos mrpadpa A, B, 4YTO TpPEAOTBpalIaeT MOSIBICHUE
HEJIOMyCTUMBIX Ha3HAYCHUH MPU CHIIBHOM IIIyMe.

[Tomy4enHas MaTpuIia Ha3HAYCHUH {x[j} MOJICTaBIAETCS B (OPMYIIBI

(1)—(3); TeM campIM oTIpeesieTCs 3HaYeHHe TITo0anbHOTO Kputepust J u
00ecTeynBaeTCcsi CONOCTABIMOCTD C IPYTHMHU METOIaMH.

3.4. UnciieHHBbIe JKCIEPHUMEHTBI M CPABHHUTEJIbLHBIN aHAIN3
3¢ dexTUBHOCTH HEHPOHHOU ceTH. llenpl0 3KCNEPUMEHTOB SBISETCA
KOJIMUECTBEHHAs! OLIEHKAa TOro, Kak MOoJAU(UIMpOBaHHAs ceTh Xomnduina
COXpaHSeT KauyeCcTBO PEIICHHUI IPH POCTE CEHCOPHOT'O IIyMa MO0 CPAaBHEHUIO
¢ Kiaccnieckodl (HeMoau(UIMPOBaHHOW) MoJenbio. B kadecTBe Mojuenu

HEONPEIETICHHOCTH BBOJUTCS TayCCOB LIYM YPOBHSI O € {0.1,0.2,0.3} ell.

Jis kaxaoi koMOWHAIHMU (n,m,o-) Beimonasiercs N =5 He3aBUCHMBIX
3amyckoB. KpurepueM OCTaHOBKH CiIy)XUT Ju00 noctiokenue 100

UTepaLyii, 60 CXOAUMOCTh M3MeHenus suepruu |AE [ <107

Hns 00BEKTHBHOTO CpaBHEHUS 3¢ PEKTUBHOCTH
MOAN(UIIPOBAHHON CeTH ¢ paboToii 6a30BOI MOIENH OBUIH HUCKYCCTBEHHO
J00aBIEHBI:

—  ciy4aiHbIC BO3MYIICHHUS B KOOPAMHATHI POOOTOB M 3aJaHHN
(U1 UIMUTALUK CEHCOPHBIX OIIMOO0K — Kamepsl, uaapsl, GPS);

- ):[OHOJ'[HHTCJ'[BHBIﬁ mymMm B IIpoHecce O6HOBHCHI/I$I IIOTCHIIMAJIOB
HEHpPOHOB (JUIi MOZEIMPOBAHWSl pealbHOrO0 MIymMa IpH 00paboTKe u
nepeaaue HHGOpMAaIHn).

JIONONHUTENBHBIN [IYM OTpPa)kaeT THIIOBBIE MCTOYHHMKH OLIMOOK B
peaTbHBIX POOOTOTEXHUYECKUX CUCTEMaXx:

—  KOMMYHHUKaIMOHHBIE IIyMBI (3a/IepKKH, IIOTEPHU ITaKETOB);

—  anmapaTHble OTpPaHWYCHMs (YHCICHHBIE W DJEKTPOHHBIC
TIOTPEITHOCTH);

—  MOJETbHBIC YIPOIICHUS;

—  JWHAMUYECKHE M3MEHEHUs Cpelbl (ABMKYIIHECS MPETsITCTBHSA
u ap.).

3.4.1. Bxoanblie aanHble. [lapaMeTpsl MHUIMATWU3ANUA U PabOTHI
AITOPUTMOB TIPEJICTABIICHBI B TabmuIle 4.
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Tabnuua 4. Hactpoiiku skcriepuMeHTa

[Tapamerp 3HayeHue
Yucio poboTOB 71 2nu3
Yucio 3agaHuii m 5-8
VYposuu myma 6 (Hopm. | 0.1, 0.2, 0.3 (coorBerctByeT + 10 %...+ 30 %
pacmp.) tunoBoil ommOku GPS/nmumapa)
3anyckoB Ha 20
xoMbunaumio N,
Koad-ts1 sHeprun (7) A=B=5-10>, C=1
OOHOBIICHHE CuyuaiiHblil BBIOOp HelipoHa
[Tnardopma Matlab 2020a, Intel i7-11700 (1 noTok)

3.4.2. Cooupaemble  MeTpuku. B  Xxome  3KCIEpUMEHTOB
COXPaHSUIUCH CIEAYIOIUE TapaMeTPhI:
L — cymmapHas qmHa MapmpyToB (1);
J — NonHbIi SHEpreTUYECKuii Kputepuii (2);
0,,0, — CTaHJapTHbIe OTKJIOHEeHHA 110 20 3ammycKam;

T, . — CPeIHee YHCIIO HTepaLid 10 CXOXUMOCTH.

Bce paccTOSHUS M SHEPTHH BBIPAXKEHBI B YCIOBHBIX €IMHMIIAX.
3.4.3. Pesyabratel.  Jlms  kaxmoil  kondurypammm  (n,m)

BerumCIsuC, L w J s kimaccuueckoit (class) ¥ MoanGuIpoBaHHOM
(mod) moneneii. Pe3ysbraTel cpaBHEHUsI TOKa3aHbl B TaONUIE S.

Tabnuna 5. CpaBHEHHE KJIACCHYESCKOM U MOTU(PHUIIMPOBAHHON ceTeil (cpenHee £ o,
20 3amyCKOB)

niml/o Lclass Lmod Jclass Jmod (I/IT)
2/5/0.1 3.51+0.09 2.96 +0.05 262+0.8 | 21.9+0.6 | 34
2/5/0.2 3.51+£0.12 2.94 +0.07 27.8+ 1.1 | 23.5+0.7 | 38
2/5/0.3 3.60+0.16 3.05+0.10 30413 | 249+£1.0 | 42
3/8/0.1 544 +0.14 4.69 +0.09 48.1+1.2 | 402+1.0 | 47
3/8/0.2 5.53+0.18 4.68+0.11 51.7+1.6 | 423+£1.1 |52
3/8/0.3 5.72+0.22 4.86+0.14 572+20 | 451+14 | 57

PucyHok 3 nmeMOHCTpUpYeT  XapakTepHble  paclpeneieHus,
HalizieHHble MoqudUIMpoBaHHOM ceThlo, nocie 100 nrepauuii npu 6 = 0.2.
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X KoopavHaTbl
Puc. 3. Pe3ynbrats! rpadguueckoil BU3yann3amu
3.4.4. Anamu3 pesyabrato. Pasmmna AL =(L, —L..)/ L.

xosebnercst ot 15 % 10 20 %. Ilo xpurepuro sueprud J NpenMyIecTBO
nocturaet = 22 %.

CraHgapTHOE OTKJIOHEHHE PEe3yJIbTaTOB y MOANGHUINPOBAHHOMN CETH
MIPUMEPHO Ha YETBEPTh HM)KE, YEM y KIIACCHYECKOW, UTO YKa3blBaeT Ha
JIYYIIYIO BOCTIPOU3BOJHMOCTb.

Bpemennas cnoxxHocTh: npu 7 < 3,m <8 ceTh CXOAUTCS B CpEeIHEM
3a 40-60 wurepauuii, uyro skBuBajeHTHO < 0.02 ¢ CPU-BpemeHu Ha
yKa3aHHOH miatdopme.

3.4.5. BeiBoapl. MoaudunupoBanHas — HedpoceTs  Xomndwuina
obecrieunBaer:

—  CHW)KEHUE CyMMAapHOM AJIMHBI MapuipyToB Ha 15-20 % wu
nonHoro kpurepust J Ha = 22 % npu ypoBHsx myma g0 ¢ = 0.3. Ognako
Tpebyercsi BHUMATENbHBIH 10AOOp K03 ¢uumeHtoB mrpadoB, UTO
SIBJISICTCSI HCOUCBHUIHOM 3a7jaucii;

—  Oouee cTraOWIIBbHBIE PE3yJIbTAaThl (MEHbBIINE G) 0€3 YBEITHUCHUS
4yyca uTepamuil;

—  BpeMs BBIUMCIICHHWH, NpuemieMoe sl IUIaHUPOBaHHS B
peaIbHOM BPEMEHH JUISl MaJIbIX M CPEIHUX TPy poOOTOB.
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3.5. 'eneTnyeckuii aJropuTM Jjis paclpeleacHUs] 3aJaHUA ¢
ydyeToM HeompeaedeHHocTeil. PaccmMoTpuM rpynmy u3 n poOOTOB U m
3amanuid. Kaxxnas moTeHIManbHas CTpaTerusl paclpeneieHus KoJIupyercs
XpPOMOCOMOM

2=(2,,...,2,),2,=(jis j»...) =T,
IJle Z, — YNOPSIOYEHHBI CIIMCOK MHIIEKCOB 3a/1a4, HA3HAYEHHBIX POOOTY |

Hcnonesyrores cienyrolmue napaMeTpsl allropuTMa;
P — pa3mMep mormmyIsiun (4MCI0 XPOMOCOM),

P. €[0,1] — BepOsTHOCTb BBIIONHEHHS KPOCCOBEPA,
P e [0,1] — 0a30Basi BEPOSITHOCTh MYTallNH,
y >0 — KO3 PUINEHT aganTaum,

G — uncno mokoNeHni 6e3 yIydLeHus,
G,.. —MaKCUMAaJIbHOE YUCIIO IIOKOJICHUM,

E —4ucino snuTHBIX 0co0e, COXpaHsIEeMbIX IIPH 0TOOpe.
st ocobM Z paccUUTHIBACTCS BEKTOP

F(z)=(WZ,T Num),

max
n
_ move task rtask _
e Wy =3 (ML + T TnoKa3aTelb 3aTpaT SHEPIUM  Ha
i=1

nepeMEIIEHHE U BBIIOJIHEHUE 3a1aHNi BceMu poboTamu;

_ full . full __ rmove task
T, =max,_ T, T'" =T™" +T'™ — Bpems OT cTapTa [0 3aBCpLICHUS
MOCIIeHEH 3a1a4M;

N,, =m=Y_ |z, |- cxonbko 3anau ocranocs 6e3 ncnonHUTEINs.

1
task
Bemyunnel L, u T, Beaucisitorcss 1o opmynam  (1)—(3)
paszena 2.
JI1 moy9eHus CKaJIIpHOTO MTOKa3aTessl BBOIAUTCS BECOBAs CBEPTKa

ax

J(2) = AWy + 4T + 4N ®)
¢ ko3 duIHeHTaMH
A =1,2,=0.1, 2 =100,
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YTO JieNlaeT INPUOPHUTETOM  BBINOJHEHME BCEX  3aJaHUil, 3aTeM
SHEPreTHYECKy0 SKOHOMUYHOCTB U BpEMSI.

Mogens HEONpEeNENeHHOCTH 3aJaeTCs € IOMOUIBIO  CIELYIOIUX
BBIPAYKEHUM:

1.  Koopaunatel 00BEKTOB (x;,y;) UCKaXECHbl aJJJUTUBHBIM
* *
mymoM x, ~U[x; —6,,x; +J,] 1 aHaIOru4HO sty ;
2. DHeprosarparbl MOTYT  3aJaBaThCsi Kak  HOpPMaJbHbIE
Clly4yaiiHbl€ BEJTMYUHBI
move 0 2
"~ N (c[ , O'E) .
[IpuBenem ocHOBHBIE 3Tanbl paboTH MoaupuIUpoBaHHOTO ['A:
1. HWunnmanuzamus.
—  CrenepupoBaTh KOOPIAMHATHI POOOTOB W 3aJaHUA C Y4EeTOM
myma o, .

move task

—  3azmarh SHepreTHYECKHe mapameTpsl ¢, ¢ KaK MHTEpBajbl
WITH PACTIPE/ICIICHUSL.

- HOCTpOl/ITI) HavdaJIbHYIO MOIIYyJIAOWUIO U3 P JOIMYCTUMBIX
XPOMOCOM.

2. OueHKa NPUCTIOCOOICHHOCTH.

—  Jlnst Kak1oi XxpoMOCOMBI Bbraucauts L, u 7™ .

i

—  Paccuwmrare W;,T,  ,N,, 1 MHOTOKPHTEPHAIBHBIA BEKTOD F .
3. DBONIOLMOHHBIE ONEPATOPHL.
—  Cenexkuus: orbop poauTenedl TYpHUPHBIM METOIOM IIO
JOMHHUPOBAHUIO B IPOCTPAHCTBE F .
—  Kpoccosep: onHOpoaHBI 00MEH FeéHaMH C BEPOATHOCTBIO P, .
—  Myranus: ciayyaiiHas nepecTaHOBKa JABYX 3a7ad B XpOMOCOME
C BEPOSITHOCTBIO

P =Dy +7 0,

rje o, — TeKyllee CTaHAapTHOE OTKIOHECHIE YHEPronapaMeTpoB.

4.  Yder HeompeIeNeHHOCTH.
—  Tlepen kaxmoli OLlEHKOM BHOBb F'€HEPUPOBATH IIYM O, H LIyM

move
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— Ilpum orbope oTmaBaTh NPENNOYTEHHE OCOOSIM C HHU3KOH
qucnepcued W, 1o HeCKOIBKHM NPOrOHKAM.

5. VYcioBHs OCTaHOBKH.
—  Ecmu3a G nokosieHuii He NpOU30LLIO yiryymieHus J .
—  Wm gocturnyro G, THOKOJEHHH.

— Ilpum sTOoM B KaxJI0€ HOBOE IIOKOJECHHE COXpaHSIOTCA K
Ty4mux (3MUTHBIX) 0COOCH.

3.6. Onenka ycToiunBocTH U 3(PPEeKTHBHOCTH TeHETHYECKOro
ajJropuTtMa B YCJIOBHAX  HeompenaejdeHHocTH. s mpoBepku
paboTocniocoOHOCTH U OLeHKH 3¢ dexTnBHOCTH NpeanoxeHHoro ['A 6pum
MPOBEACHHI ABa dkcriepumenTa (Matlab 2020a, Intel 17-11700, 1 moTok):

OkcnepumMent E;: TIpoBepka yCTOHYMBOCTH MOAMGDHIMPOBAHHOTO
I'A B ycnoBusX mapaMeTpHU4ecKoil HeonpeIeIeHHOCTH;

OkcnepuMeHT E,: CpaBHHUTENbHBIH aHAM3 MOAU(UIMPOBAHHOTO U
kiaccugeckoro ['A.

3.6.1. Onucanue u pe3yJbTaThl IKkcnepumenta E,. B kauectse
JICMOHCTPAllMOHHOTO TIpUMepa paccMmarpuBaercst pabouyee mone ¢ 8
poboTamu u 4 3aianusamu. McxoaHble TaHHBIE IPUBEAEHBI B TabuIe 6.

Tabnuna 6. IlapameTps! poOOTOB U 3a1aHUH

Pobor| X Y Juepro- 3anaua X Y Ouepro-
norpebaeHne 3aTparel
R1 6.33 | 7.62 2.93 T1 490 | 7.78 1.71
R2 9.84 | 4.88 1.12 T2 5.15 1.76 1.85
R3 198 | 2.28 1.39 T3 8.44 | 6.07 1.93
R4 | 2.29 | 3.62 222 T4 5.78 | 1.02 1.60
R5 | 633 | 5.13 1.43
R6 | 6.53 | 5.46 1.88
R7 | 8.42 | 483 2.06
RS 1.40 | 4.45 2.35

KoopauHaTbl BbIpaKeHBl B YCIOBHBIX €IMHHUIAX JIHHBL (y.€.1.),
SHEPronoTpedIeHue W PHEPro3aTparbl — B YCIOBHBIX €AMHHLAX IHEPTHU
(y.e.n). B kaxx0M 3amycke OAMH M TOT K€ HOMHHAJIBHBIH HA0Op MCXOHBIX
JIAHHBIX ~TOJBEPrayiCsl CICAYIOMINM IapaMeTpUYECKUM  BO3MYIICHHUSIM
(paBHOMEpHOE pacIpeeeHue):

—  KOOpJAMHATBI (xj, y/) po6oTOB 1 3a1anuil u3MeHsANUCh HA £ 0,5

y.e.q1.;
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move

- YACJIIBHBIC S3HEPro3arpaThl Ha NCPEMCIICHUC ¢, HU3MCHAIIUCH

Ha=*0,3 y.en.

OTO MO3BOJSAET OLEHUTh YCTOWIMBOCTD IOMYYAEMbIX PELICHUH NpU
HEONPE/IeIIEHHOCTH HH(POPMANUH O Cpeie.

B pesymbrare paboTel anropuT™Ma OBUIO HAWIEHO ONTHUMAIBHOE
pactpenenenue: T1—RI1, T2—RS5, T3—R2, T4—R3. Kak mnoxazano Ha
pucyHke 4, pa3paOOTaHHBIM adrOPUTM  pACIpelesieHHsT  KOPPEKTHO
MHHUMH3HPYET CyMMapHbIE SHEpreTHdeckue 3arparsl. Kaxmas 3amaua
Ha3HAYaeTCs OJHOMY HCIOIHUTEINI0 Ha OCHOBE KOMOWHUPOBAHHOM OLIEHKU
paccTosiHMsL [0 3aJaud ¥ HHAWBUIYalbHBIX HSHEpro3arpar poOoTa.
Anroput™M  crabwimsupoBaiics K 10-My  IIOKOJEHHIO, JIOCTHTHYB
MHHUMAaJIbHOTO 3HaueHHs (YHKIUHU IPUCIIOCOOJIEHHOCTH mopsiaka 25.75
yCIIOBHBIX equHull. 3ananue T3 HazHaueHo podoty R2, a He R7, HecmoTps
Ha 6mzocts R7 x T3, nmotomy uro y R2 koaddumnment pacxona snepruu Ha
eIMHMIYY paccTosiHus Hibke. M anamormyno 3aganue T2 BBITONHSET poOOT
R5, a me R4, mockompky dHepreTudeckue XxapakTepucTukun RS npnm
TEKYIIEM PACHONOKEHUH MPUBOIAT K MEHBIIEH CyMMapHOH CTOMMOCTH,
HECMOTpS Ha OOJIBIIYIO JTHMHY MapIpyTa.
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Takum 06pa3oM, 3KCTIEpUMEHT £| TeMOHCTPHPYET:

—  yCTOHYMBYIO cXOOUMOCTh ['A 3a OrpaHHYCHHOE YHCIIO
TOKOJICHUH;

—  CIIOCOOHOCTh aJrOpUTMa Y4YMTHIBATH BapUalUd BXOJHBIX
JaHHBIX (MapaMeTpudeckas HeONpeAeIeHHOCTB).

3.6.2. Onucanue M pe3yJbTaThl 3KkcnepumenTa E,. J[nd onenku
MIPEUMYILECTB NpeIoKeHHOro MoauduiupoBanHoro 'A B cpaBHeHHH C
kmaccumdeckum ['A (K-['A) Obuta BeITOMHEHAa cepus W3 TPHUIALATH
HE3aBHCHUMBIX BBIUYHCIHUTENIBHBIX 3KCIEPHUMEHTOB. B KaxmoM 3amycke
WACHTHYHBIH HOMUHAJIBHBIH HA0Op WCXOJHBIX JaHHBIX IIOJBEpraics
CTOXaCTHYECKOMY BO3MYIICHHIO: KOOpPAMHATHl pPOOOTOB U  3aJaHUil
HCKa)KaJlUCh PaBHOMEPHBIMH OTKJIOHeHWsAMH + 0,5 ex., a ynenbHbIe
sHepro3aTpatsl — oTkioHeHUsAME *+ 0,3 en. B oboux amroputmax pa3smepsl
HOIYJISIINY U TIapaMeTpPhI BOJIFOLIMOHHBIX OIIepaTOpPOB COBIAAH.

PesynbpTarel mokazansl B Tabnuie 7 W Ha puUcyHKax 5 u 6. Kak
BUJIHO, BO BCEX OCHOBHBIX TOYEYHBIX M HMHTEPBAJbHBIX CTATHCTHKAX —
CpeiHeM, MelMaHe, KBaHTHIIIX, a TAaK)Ke B MUHUMaJIbHOM M MaKCHMaJIbHOM
3Ha4YeHUAX — MoauduuMpoBaHHbIi ['A nemoHcTpHupyeT Gonee HU3KYHO (TO
ecTh 00Jiee BBITOJIHYIO) CTOUMOCTh paciipeeeHus 3a1ay.

Tabnuna 7. CpaBuenue ¢ K-I'A (n = 30)

Ioxa3zarenu 3¢ dpexTHBHOCTH K-T'A Mounqmulla}:osaﬂﬂbm
CpeznHee 3HaYCHHE LIENICBOM 2068 + 4.53 2035 + 4.59
¢byHKUIMH J, yCII. e,

Menuana, yci. en. 20.72 19.77
10-51 KBaHTHIIB, YCII. €]1. 15.31 14.80
90-1 KBaHTHJIb, YCII. €. 27.62 27.45
MuHUMYM, yCII. €11, 13.77 13.37
Makcumym, yci. en. 30.04 29.64
TTokonenue crabmIM3anuu 1.0£00 10+00
peuieHus g

CPU-Bpewms, ¢ 0.18+0.06 0.58 £ 0.01
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Io momy4eHHBIM pe3ysIbTaTaM MOKHO CIENATh CIIELYIOIINE BBIBOABL:

1. MoanduuupoBanusiii ['A obecrieunn CHIDKEHHE CpPEIHETO
3HaueHus ueneBoi Gynkuuu J (8) nmpumepHo Ha 7 %, a BEpXHUI KBaHTUIIb
90 % — na 8 % mno cpaBuenuto ¢ K-T'A.

2.  Poct BpeMeHH BBIUMCIEHHH CBSi3aH C TPOWHOW OLEHKOH
KaXJIOoH 0coOM M OcCTaeTcsi MNpUeMJIEMBIM JUIS 33ja4  OINEpaTHBHOTO
rutaHupoBanust: < 0,6 ¢ Ha yka3aHHOM ammapaTHOW matdopme.

3. Cumxenue J (8) S5KBHBaJEHTHO YKOHOMUH CyMMapHOH SHEPTUH
TPyIIBl poOOTOB M TO3BOJSET IMOMYYHTh HPHUPOCT ABTOHOMHOCTH, YTO
0COOEHHO Ba)KHO IPH AJIUTEIFHBIX aBTOHOMHBIX MHCCHSIX.

3.6.3. BeiBogbl. B mepBoM  JKCIIEpHUMEHTE  IOKA3aHO,  YTO
MOIU()UINPOBAHHBI TEHETHYSCKHMHA alIrOpHUTM CTaOWIBHO paboTaeT B
YCIIOBHSX MApaMETPHIECKON HEONPEASICHHOCTH: OH COXPaHsAET KOPPEKTHOCTD
pacriperniesieHusi, ObICTPO CXOAUTCS U JIEMOHCTPUPYET NpHEMIIEMbIE 3HAUCHHS
uenesoit GyHkipn J (8) mpH BO3MYIICHUSX BXOMHBIX JaHHBIX. Bo BTOpOM
9KCIIEPUMEHTE  YCTAHOBJIEHO, YTO MOAU(HUIMPOBAHHBIA  TEHETHYECKHUIA
ITOPUTM CTaTUCTHYECKU CHIDKACT IIeNeBOW ToKazarenb J (8) mpu yMepeHHOM
poCTe BBIYMCIMTENBHBIX 3aTpaT U SIBISiETCsS OoJiee MpeNOYTUTENBHBIM IS
pacrpenieNieHus 3alaHuil B YCIOBMAX MapaMEeTpUUECcKOM HEONpeAeNeHHOCTH,
4yeM Kiaccudeckas cxemMa ['A. B 1o e Bpemsi crnemyeT IOMHHTB, YTO
TpeOYIOTCS JIOMOJHUTENBHBIE BBIYHUCIHMTENBHBIE PECYpChl, YTO MOXET OBITH
OrpaHWYEHHEM NP paboTe B peabHOM BPEMEHH.

B merom mnpeanmoxxeHHBIH MOAUGUIMPOBaHHBIH ['A  ymydmaer
KpUTEpUIl SHEPromoTpeONiCHHsT W MOXKET OBITh PEKOMEHJOBaH JUIs
MPAaKTHYECKOTO NMPUMEHEHUS B 3a/a4aX paclpelelCHUs 3aJaHui MEeXIy
MOOWIBHBIMH POOOTaMHU B HEOTIPEACTICHHON Cperie.

4. CpaBHUTEJbHBIII  aHAIM3  NPeIOKEHHBIX  AJITOPUTMOB
U PeKOMEH/IAINHU 10 X MPUMEHEeHHI0 B YCJIOBHSIX HeoNpeaeJeHHOCTH.
Ha ocHOBe pe3ynpTaTOB YHCIEHHBIX JKCHEPUMEHTOB (paszzeinsl 3.2-3.6)
COCTaBJE€Ha CBOJHAs  XapaKTePHCTHKAa TpexXx  MOJU(UIMPOBAHHBIX
NOAXOJ0B: MypaBbuHOro anropurma (MA), HeiiponHo#l cetn Xondwuina
(HC) wu renernueckoro amropurma (I'A). J[lns cpaBHeHus Obutn
HCIOJIb30BAHBI CIEAYIONINE KPUTEPHHU:

—  YCTOHYMBOCTh K HEOIPEIEICHHOCTH (COXpaHCHHWE KadecTBa
TIPY YBEIIMUCHHH IIIyMa);

—  THOKOCTh HACTPOMKHM (YHCIIO TapaMeTpoB, BIUSIOMMUX HA
pe3ynbTar);

—  CXOOMMOCTh (CpeIgHee YHCIO HWTepaliii 10 CTaOwIN3aIid
penieHus);

—  MHTEPHPETUPYEMOCTh (CTENEHb MPO3PAvYHOCTH MEXaHMU3Ma
TIPUHATHUS PEIICHUS);
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— o0beM BbIUMCIEHHMH (OLEHKAa BPEMEHH BBIYHMCICHUH IS
Pa3IMYHBIX 7);

—  CHOCOOHOCTh K ajantanuu (BO3MOYKHOCTh  IOJICTPauBaTh
QITOPUTM TOJ] U3MEHEHUS yCIIOBUI).

CBoJiHBIE PE3YJIbTATHI IPUBEICHBI B TAOIHILIE 8.

O1neHKy OCHOBaHBI Ha pe3ylibTaTax M3 Tabnuu 2, 5 u 7: Hampumep,
HC obecnieunna cHIbKeHHE CyMMapHO# JIMHBI MapmpyToB Ha 18 %, a A
— CHIDKEHHE 11eJIeBoro mnokasareis J Ha 7 % OTHOCHTEIBHO KJIACCHYECKUX
BapHUaHTOB.

Tabmmua 8. CpaBrurensHas xapakrepuctiuka MA, HCuT'A

Kpurepuii MA HC TA
YcToiHunBOCTh K Cpennss Bricokas Bricokas
HEONpeIeICHHOCTH
T'uOKOCTh HACTPOIKH Bricokas OrpaHnyeHHas Bricokas
CXoaumMocTh Beictpas npu Beictpas s YmMepeHHas

Xopormen MalbIX 3a1a4
HMHULHAAIH3ANUH
Wurepnperupyemocts | Cpennsis Bricokas Cpennsis
(3HepreTHvecKas
dyHKIHS)
O0BEM BBIYHMCIICHUI Cpennuii (1o Huskuit Cpennuit —
n=10) BBICOKHII (TIpu
n>10)
CrocoGHOCTB K Beicokas OrpaHuyeHHas Bricokas
aJlanTanyuu

Ha ocHOBe mnpoBeneHHOTO aHanmu3a pa3pabOTaHbl CICIYOLINE
PEKOMEHJaluH 110 BBIOOPY METOJ1a:

1. Hcnonp3oBate MA B JAE€TEpMUHHPOBAHHBIX  CIEHAPHIX
C M3BECTHOM TOMOJIOTHEH U OOJIBIIUM YHCIIOM Y3JIOB.

2. Hcnonw3oBath HC B ciywasix, korja HeoOXOJMMa BBICOKas
HMHTEPIIPETHPYEMOCTD ¥ HU3KHE BBIYHUCIUTEIbHBIC 3aTpathl (1 < 10).

3. Pexomenayercss  ucnoib3oBath ['A B nuHaMU4YHOI
CTOXaCTHYECKOH cpele W TpH HEOOXOAMMOCTH OBICTpOH aganTanuu
apaMeTpoB.

4. Tlpm BBICOKOW M3MEHYHBOCTH YCIOBHH CpeIbl LEIeco00pa3Ho
komOmHHpOoBaTh MA mimm 'A ¢ HC B pamkax ruOpuaHONW apXUTEKTYphI —
3TO MOBBIMIAET YCTOMYMBOCTh PEIICHNUS.

4.1. Macmitabupyemocts aiaroputmMoB. Hecmotpst Ha TO, YTO
YHCJIEHHBIE YKCIIEPUMEHTHI B Pa00TE BBIMOJIHEHBI [UIs IMANa3oHa

n <20, m <40,
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ACUMITOTUYECKAs CJIO)KHOCTb COXPAHSETCSl Ha YPOBHE O(m~log m) (mpu

(hUKCUPOBAHHOM 71), YTO COBHAJAET C 0a30BOI OIEHKOH IS KIACCHYECKIX
BapumantoB MA u I'A [14, 17]. B nmreparype mpuBOIATCS YCHEIIHBIC
MPUMEHEHUs 3TUX anroputMoB npu n,m =100 [1, 24], a npeayioxkeHHbIE
MoauGUKAINH HE TMPUBOMIAT K YBEIMYCHUIO TEOPETHUCCKON TPYIOEMKOCTH
anroputMoB.  CrileioBaTeNnbHO, TPU  YCJIOBHHM — HPONOPIMOHAIBEHOTO
VBEIIMYCHUS  BBIYUCIUTEIBHBIX  PECYpPCOB  PE3yJbTAaThl  OCTAKOTCS
MEPeHOCHMBIMH HW Ha Oonpmie Tpymmsl poOoToB. B peanpHBIX
MPOMBIIUICHHBIX ~ CHCTEMaX OOBIYHO TPUMEHAIOT  HEPapXHUeCKYIO
JICKOMITO3UIINIO, KoT/ia Habop 3amaHmii pa3OmBaeTcs Ha KiacTepbl. Takoi
MpHeM SIBJISIETCSl TPSIMBIM HAIlPaBICHUEM JalbHEHIINX HCCICAOBAaHUA W
BBIXOJIUT 32 PAMKH TEKYyIIEH CTaThH.

5. 3akmiouenue. B JTAaHHOH pabote pa3paboTaHbl
MOIU(UIMPOBAHHBIE  BEPCHMHM  TPEX  OBPUCTHYECKUX  AITOPUTMOB
pacnpenenenus 3aJaHuid sl TP MOOMIBHBIX POOOTOB M BBIIIOJIHEH UX
aHanu3. YncaeHHbIe SKCTIEPUMEHTHI TTOKA3aJIH:

1. AnanTuBHBIA MypaBbUHBIA JITOPUTM YMEHBIIAET CyMMapHYIO
JUTUHY MapiipyToB Ha 15-20 % 1o cpaBHEHHUIO ¢ 0A30BBIM.

2.  MomudunupoBaHHas ceTh XOMpUIIa YMEHBIIACT CyMMAapHYIO
JUIMHY MapmpyToB TpuMepHOo Ha 18 % wu oOecrmedynBaeT IJIydmIyro
BOCIPOU3BOANMOCTb PE3yJIBTaTOB.

3. T'eHermueckuil aqrOpPUTM CHIDKAeT HWHTETPAIBHBIN KpHUTEpHI
J Ha 7 % npu yMepeHHOM YBEJIMYEHUH BPEMEHH BHIUMCIICHHIA.

Yder napaMeTpuuecKOM U CTOXAaCTHUECKOW HEOIpeaesIeHHOCTH
HECKOJIPKO YBEITUYMBACT BBIYUCIUTCIBHBIC 3aTPaThl, OJHAKO ITOBBIIIACT
YCTOHYMBOCTh M TMPAKTHYECKYIO MPUMEHUMOCTH pelneHui. [lomydeHHbIe
pe3ympTaThl  MOTYT  OBITh ~ WCHONB30BaHBI TPH  NPOCKTUPOBAHUH
WHTEIUICKTYalIbHBIX CHCTEM TPYIIIOBOTO YIPaBICHUS, (PYHKIIMOHUPYFOITIX
B VCIOBHSX HEMONHOTH HWH(GOPMAIMA ¥ OTPAaHHMYEHHBIX PECYpPCOB.
[IpemnoskeHHBIE TOIXOABI MOTYT OBITh IPUMEHEHBI U [T PEIICHUS APYTHX
3amad, OJHAKO JJIS 3TOTO MOTpedyercs MX ajanTanus K CHenu(uaecKuM
YCIIOBHSIM COOTBETCTBYIOIINX IPHIIOKEHIH.

B nanpHeiilieM IUTaHUpYETCS PEIIUTh  CIEAYHOLIME  3aJayu:
UHTETpalysi PAcCMOTPEHHBIX METOJOB B THOPHIHYIO apXUTEKTYpy
pacrpeneieHusi; pacuIMpeHHbIC UCIBITAaHUS Ha OOJIBINIKX TPyIax poOOTOB
(n>20); yueT BpeMEHHBIX OTPAHUYCHUN W MIPUOPUTCTOR 3aIaHHIA.
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A. MIGRANOV
MODIFIED HEURISTIC TASK ALLOCATION ALGORITHMS
FOR MOBILE ROBOT TEAMS UNDER UNCERTAINTY

Migranov A. Modified Heuristic Task Allocation Algorithms for Mobile Robot Teams
under Uncertainty.

Abstract. This study addresses the problem of task allocation among groups of mobile
robots under conditions of parametric and stochastic uncertainty arising from sensor errors,
environmental non-stationarity, and limited information about controlled objects. The primary
objective is to adapt previously developed heuristic algorithms to real-world conditions, where
sensor inaccuracies and incomplete knowledge of the environment are present. Three baseline
approaches are considered: the ant colony algorithm, the Hopfield neural network, and the
genetic algorithm. Each method is enhanced with specific modifications to account for input
uncertainty: dynamic pheromone trail updates, adaptive adjustment of neuron weight
coefficients, and interval-based estimation of environmental parameters. The paper presents a
formal problem statement, mathematical models, and the design principles of the proposed task
allocation algorithms. Numerical simulations were conducted to compare the performance of
the modified algorithms against their baseline counterparts under varying levels of operational
uncertainty. Results show that the proposed adaptive mechanisms improve task allocation
efficiency by up to 20% compared to the original methods. Based on these findings,
recommendations are formulated for selecting the optimal algorithm depending on specific
operating conditions and control objectives. The study concludes that the proposed approaches
are effective for the design of intelligent adaptive group control systems for mobile robots.
Furthermore, these solutions can be extended to a broader class of problems, including
dynamic resource reassignment and the organization of cooperative behavior among technical
agents.

Keywords: task allocation, heuristic algorithms, mobile robot teams, ant colony algorithm,
Hopfield neural network, genetic algorithm.
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YK 004.942 DOI 10.15622/ia.24.3.7

B.A. BOTATHIPEB, B. ®VHT .
MNPUBJINKXEHHASA OHEHISA 3A,HEP}I<EK B KOMHLIOTEE’HOI/I
CHUCTEME C KOHTEMHEPHOU BUPTYAJIN3AIIUEN

boeamvipes B.A., @yne B. IlpubinskeHHas OLICHKA 3a/1epiKeK B KOMIILIOTEPHON cHcTeMe ¢
KOHTEeHHEepHOIi BUPTyaJIu3alueii.

AnHoTauus. KioueBylo poinb B JOCTH)KEHHWH BBICOKOM HaJEKHOCTH, O€30MacHOCTH,
OTKa30yCTOMUYMBOCTH M MAalbIX 3afepXKeK OOCIyXHBAaHHs 3alpPOCOB B pacIpeIeleHHBIX
cucTeMax (B TOM 4HCIie 00JauHbIX BHIYMCIICHUN) HIPAaeT KOHCOJIHIALMS PECypcoB 00paboTKu
1 XpaHEeHHUs JaHHBIX B KJIacTepax, 3QPeKTUBHOCTb KOTOPHIX MOBBIIIAETCS P UCIIONB30BAHHU
TeXHOJIOTHH BHPTYaIbHBIX MAIINH U KOHTEHHEpHOH BUpTyanu3anuu. CI0KHOCTh HOCTPOCHUS
MOJIeJIel MaccOBOTO OOCITY)KHBAHUS CHCTEM KOHTCHHEPHO! BUPTyaIn3alliii BHI3BaHA TEM, YTO
HMHTCHCHUBHOCTH BBINOJHEHHS 3alPOCOB B KajkKAOM KOHTEiiHepe CBA3aHA C AUHAMHUYECKHM
pa3feneHueM OOMUX PECypcoB MEXIy AKTHBHBIMHU (BBIIONHSIONNMHU (YHKIIHOHATIbHEBIC
3ajauy) KOHTeHHepaMH U H3JepXKKaMH Ha MOJNEPKKY BCEX Pa3BEepHYTHIX B BUPTyaIbHOU
MalIuHe KOHTEHHEpOB, B TOM YHCJIe HEAKTHUBHBIX, OJKHIAIONINX HAMPaBICHUS B HUX 3alIPOCOB
st obcmyxuBanus. CHIDKCHHE HHTCHCHBHOCTH OOCITY)KHBaHHS B KaXIOM KOHTeHHepe M3-3a
COBMECTHOTO HCHOJIB30BAHHS OOLIMX PECYpCOB 3aBHCHUT OT MHOTHX TPYIHO HCCIIETYEMBIX
(axTopoB. [l KacTepoB ¢ KOHTEHHEPHOW BUPTyalIM3alMeil B JaHHOW CTaThe MpeaaraeTcs
MpUOIDKEHHAs TPAHUYHAS OIIEHKA CPEIHET0 BPEMEHH OXKUIAHUS 3aIIpOCOB U BEPOSTHOCTH UX
CBOCBPEMEHHOTO OO0CIYyXUBaHHS. I[IpM MOCTPOSHNHM AaHAIUTUYECKOH MOJEIHM KaXIbIH
KOHTEllHep IpeiCTaBIAeTCs KaKk OTAelbHAas OJHOKAHAlAbHAs CHUCTEMa  MAaccOBOTO
0o0CTyXMBaHUA C OECKOHEUHOH Ouepenbl0 M NPOCTEHIIMM BXOAHBIM HOTOKOM. OCHOBHOE
OTJIMYHE TIpeIaraeMoil MOJIeNI BUPTYaJIbHOTO KJIacTepa 3aKII0UaeTcsl B TPAHUYHON BEpXHEH,
HIDKHEH M yCPEJHEHHOH OIIeHKE BO3MOJKHOI'O CHIDKEHHS HMHTEHCHUBHOCTH OOCTYXMBaHHA B
KOHTeifHepax H3-3a pasfelieHHs MeXIy HUMU OOIMMX OrPAaHWYEHHBIX BBIYHCIHTEIBHBIX
PEcypcoB y3ia KjIacTepa B 3aBUCHMOCTH OT KOJMYECTBA Pa3BEPHYTHIX B HEM KOHTEIHEpOB U
H3MEHAIOIIErocsl YHC/Ia aKTUBHBIX KOHTEHHEPOB, 3aBHCSIIET0 OT MHTEHCUBHOCTU BXOJHOTO
noToka. IToka3aHo CyIecTBOBaHHE ONTUMAIIBHOTO YHCIIA Pa3BEPHYTHIX B y3/1aX KOHTEHHEPOB,
P KOTOPOM CpefHee BpeMsl IpeOBIBaHHS 3alpOCOB B CHCTEME MHHHMAIBHO, JHOO
BEPOSATHOCTh BBINOJHEHHs 3alpOCOB 3a 3ajaHHOE BpeMs MakcuMaibHa. IIpemnaraemble
MOJIEJIH MOTYT OBITh IPHMEHEHBI IPH CTPYKTYPHO-IIapaMeTPUIECKOIl ONTUMU3AIIY KIaCTEePOB
C KOHBEHWepHOW BHpTyanmu3anueil, B TOM 4UHCIEe B ClIydae MAacIITaOMpOBaHHUS U
peKoH(Urypanuy, aJanTUBHOW K W M3MEHEHMAM Tpaduka, MyTeM OTKJIIOUEHHS WIH
MOAKTIOUCHHUS YaCTH Pa3BEPHYTHIX KOHTEHHEPOB B 3aBHCHMOCTH OT M3MEHEHMI Harpy3ku B
CHCTEMe.

KiioueBble ciioBa: KOHTeifHep, KOHTelHepHas BHpTyalu3alus, KiacTep, pasjeieHue
PecypcoB, 3a1epiKKa.

1. BBenenue. B HacTosmiee BpemMs JUIA  pacpeAeTICHHBIX
KOMITBIOTEPHBIX CHCTEM, B TOM 4HClIe OOJIaYHBIX BBIYMCICHUH, Bce Ooee
KPUTHUYHBIMH CTaHOBSTCS TpeOOBaHUs WX OE30IaCHOCTH, HaJEeKHOCTH,
oTkazoycroiunBocTH [1 —4] n npousBogurensHocTH [5]. KirodgeByio poss
B JOCTWXEHHUHM OJTHX TpeOOBaHMI WrpacT KOHCOJMIALUS pECypcoB
00paboTKM M XpaHEHUs AAaHHBIX B KiacTepax, 3((EeKTHBHOCTh KOTOPBIX
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MOBBIIIAETCSI MPU HCHONB30BAHUM TEXHOJIOTHUH BUPTYAJIbHBIX MAIIWH
U KOHTEHHEPOB.

Bupryanensie Mammabl (BM) [6 — 8] sMynupyroT TOJHOLECHHBIE
KOMIIBIOTEPBl B BHUPTYaJbHOW cpeze, IpU 3TOM Kaxzaas BM Bxirogaer
B ce0sl COOCTBEHHbIE BBIACISIEMbIC alMapaTHbIe CPEACTBA, TaKUE Kak
IPOIIECCOp, MaMATh, CETeBbIEe MHTEP(HEHCH U TUCKOBOE MPOCTpaHCTBO. BM
MOTYT IPUMEHATBhCS IS 3aIllyCKa Pa3iIMYHBIX OINEPAlMOHHBIX CHUCTEM M
TIPUIIOKEHUH Ha OJHOM (DPU3UUECKOM cepBepe. ITO Mo3BoIIsieT 3 (HEKTUBHO
WCIIOJIb30BATh BBIYMCINTEIBHBIE PECYpCHl M O0ECIICUMBAET JIOTUYECKYIO
m3omsimuio  BM, dro cmocoOCTByeT MOBBIIIEHHIO HH(POPMAIMOHHON
0€30IaCHOCTH KOMITBIOTEPHOH CHCTEMEI [9].

[IpumeHeHne BHUPTyadbHBIX MAaIIMH B OOJAYHBIX CHCTEMAax
obecrieuynBaeT MakCHMaJIbHYIO 3(p(PEeKTHBHOCTE HCIIONB30BAHUS PECYPCOB.
[Mnardpopmel, Takume kak VMWare, OpenStack, Proxmox wu npyrue,
MO3BOJISIIOT [TOCTABIIMKAM OOJIAYHBIX YCIIYr TMPEeNOCTaBIATh KIMEHTaM
HE3aBHCHMBbIC BHUPTYalbHbIE MAIIMHBI, aaNTHPYEMbIE IO/l UX KOHKPETHBIE
notpedHOCTH U TpeOyemble pecypchl. BmecTe ¢ TeM KIMEHTHI MOTYT
pa3BopauMBaTh CBOU TIPWJIOKEHHS B KOHTEHHepax, paboTalomux Ha
(u3MuecKuX cepBepax WM BUPTYAIBHBIX MAallMHAX, MPEI0CTaBIISIEMbIX
00JIAYHBIMH TOCTABIINKAMH.

TexHoyorns BUPTyaJbHBIX KOHTEHHEPOB CTUMYJIMpPOBaja Pa3BUTHE
MHUKPOCEPBHUCHOI apXHUTEKTYphl, TP KOTOPOW NPHIIOKEHHS Pa3lelsTtoTcs
Ha HeOONpIINe, HE3aBUCHMBIC CEPBHCHI, B3aMMOJCHCTBYIOIINE Yepe3
XOpOIIO OmpeAeNEHHbIe MporpaMMHbIe MHTepdeticsl nprtoxkeHui (API —
Application Programming Interface). Takoif momxom MTOTEHIIMAIBEHO
MO3BOJISIET TIOBBICUTh YCTOWYMBOCTh (DYHKIIMOHMPOBAaHHSA K OTKa3aM
CHCTEMBI, TaK KakK OTKa3 (cO0il) OAHOTO MM HECKOJIBKUX MHKPOCEPBHCOB
MOJKET HE NIPUBOJUTH K BBIXOAY U3 CTPOSI BCETO MPHIIOKEHUS, XOTS B sz
CllyyaeB MOXET BbI3BaTh YACTHYHYIO MOTEPI0  (YHKIMOHAIBHOCTH.
Vcnonp30BaHHEe MUKPOCEPBUCHOW apXUTEKTYphl CIOCOOCTBYET MPOCTOTE
peKOH(HUTypaIMK, MACIITAOUPOBAHUS U MOJICPHHU3ALIUH CHCTEMBI.

TexHonoruu BUPTYyaJIU3al|H, MPEJOCTABISAIOT MOIIHBIE
MHCTPYMEHTHI JyIsl o0ecTieueHnsl Kak HaJIe)KHOCTH, TaK U HHPOPMaIMOHHON
0€3011acHOCTH  KOMIBIOTEPHOH CHCTEMBI, TIPH 3TOM B pe3yJbTare
JIOTMYECKOH HM30JSIIUK NPHUIOKEHUH M CEPBUCOB B BUPTYaIbHBIX Cpenax
PUCK BO3JCHCTBHS OJHOTO KOMIIOHEHTAa Ha JpPYrod MOXeT OBITh
MUHUMHU3HPOBaH. TakuM 00pa3oMm, BHpTyann3aiys MO3BOJISIET yCKOPHUTH
BOCCTaHOBIICHHE PabOTOCIIOCOOHOCTH CHCTEMBI B CIy4ae OTKa3oB, cOOeB
WJIM 3JI0HAMEPEHHBIX BO3JCHCTBUII IPU aTakax.

W3omsiuust y KOHTEHHEPOB MEHEE CTporas, 4eM Yy BHPTYaJbHBIX
MaIllMH, 4TO TpeOyeT MPUMEHEHHUs JOMOIHUTENbHBIX Mep ISl 00eCeueHUs
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ux  OesomacHoctH.  [loBbiieHHIO ~ ©E30MAaCHOCTH  CIIOCOOCTBYET
HCIIONIb30BAHNE MMHUMAIbHBIX 0a30BbIX 0Opa3oB Mpu KOHTEHHEpHOH
BUPTyalU3allid, a TakXe pEeryJsipHOe OOHOBJIEHHE OIEpallMOHHON
CHCTEMBI.

PexoH¢urypamusi 0TKa30yCTOWYMBBIX CHCTEM NPU BUPTYAIU3alUU
CBsi3aHa C HEOOXOJMMOCTBIO PEIUIMKAMM W MHIPAlMH  BHPTYaJbHBIX
MalllMH, a TaKKe pa3BepThIBaHMA  pEIUIMK  KOHTEHHEpPOB  IpH
Heooxoaumoctu [10, 11]. IlocTpoeHne OTKa30yCTOHYMBBIX KJIacTEpOB
(BiIOWasT KJAacTepsl C KOHTEHHEPHOW BHpTyanmsaimuei), TpeOyer
00OCHOBaHMS M ONTHMHU3AIMM pEIIeHWi oOecredeHus HaJeKHOCTH,
MIPOM3BOANTEIHHOCTH KJIACTEPa M BEICOKOCKOPOCTHOTO HAJIEKHOTO JJOCTYTIA
K HEMy 4Yepe3 KOMMYHHKAIMOHHYIO CPEmy, KOTOopas HCIOJIb3YeTCsl TaKXkKe
JUTI MATPAIIUA BUPTYaJbHBIX MAIIHH TPU PEKOH(QUTYpPAIIH CHCTEMBI [ 12 —
14].

BakHpIMM COCTaBIISIOIIMMH OOOCHOBaHHsI BbIOOpPAa CTPYKTYpBHI,
(YHKIMOHAJIBHOW OpraHu3allid W MpaBWI OKCIUTyaTallud — Kiiacrepa
SIBIISIETCSl ONTUMH3ALUS JTUCIUILIMH: JUCIIETYEPU3AMd M paclpeaeieH s
3aIpOCOB MPH OaTaHCUPOBKE HATPY3KU; GU3MYECKOr0 U HH(POPMAIIHIOHHOTO
BOCCTAQHOBJIIEHHMS CHUCTEMBbl IIOcI€ OTKa30B U cOoeB; obecnedeHus
HETIPEpPBIBHOCTH BBIYMCIEHUH W YCTOHYMBOCTH K IOTepe AaHHBIX. [Ipn
9TOM  OTMETHM  B3aMMO33aBUCHMOCTH  IEPEUYHMCICHHBIX JUCLUIUINH,
Tpebyromux ontumMuzanuy. ONTHMHU3anMs Kiactepa TpeOyeT MOCTPOSHHMs
B3aMMOCBSI3aHHBIX MOJICTICH €r0 HAZEKHOCTH U 00CTy KUBaHUS TpaduKa.

Bribop pemeHnid MO ONTHMHU3AIMK KIIACTEpa C KOHTCHHEPHOM
BHpTyanu3auei OCJIOXKHSIETCS HEOOXOAMMOCTBIO  ydeTa  TIpH
MOJECTUPOBAaHUM  JUHAMHYECKOTO  pa3fielieHus M COBMECTHOTO
HCIIONIb30BAHUSI OTPAaHUYCHHBIX BBIUYUCIHUTENBHBIX PECYPCOB CHCTEMBI
MEXIy  BUPTYalbHBIMH  MallMHAMH W KOHTeHHepamu.  [lnsa
OTKa30yCTOMYHMBOTO (PyHKIIMOHUPOBaHHS TpeOyeTcsi BhIJCICHUE OOLIMX
PECYPCOB CHCTEMBI JUIsl IPOLIECCOB KOHTPOJISL M PEKOH(HUTYpALUH, BKIIOYAs
(hopMHpOBaHUE PEIUTMK M MUTPALIMIO BUPTYAJIbHBIX MAIIUH MU KOHTEHHEPOB
IIpy OOHAPYKEHUH OTKA30B.

ApnanTuBHas peKOHUTypalus, IpelycMaTpuBalomas Co3/aHue
JIOTIOJTHUTENBHBIX PEIUIMK KOHTEHHEPOB WM HMX yJaJleHHE, MOXET OBITh
BBINOJTHEHA B 3aBUCHMOCTH OT M3MEHEHHWS! MHTEHCHBHOCTH Tpaduka. [Ipn
9TOM BaKHO YUYHMTBHIBATH KOMIIPOMHCC MEXKIY 3alepXKKaMH OOCITy KHBaHMS
3aIllpOCOB, MPONU3BOIUTEIBHOCTBIO, HAJEKHOCTBIO M HEPronoTpeOIeHueM
CHCTEMBI.

O¢ddextuBHOE  pemieHme  3amad  PeKOHQUTYpAIMH  JOJDKHO
6a3upoBaThbCs Ha KOHLICTILIUH MO/JIEITbHO-OPHEHTHPOBAHHOT O
MIPOEKTUPOBAHUSI C UCIIOJIB30BAHMEM MOJEIEH HaJeKHOCTH M MacCOBOTO
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obcmyxuBanua. [Ipy  MOCTPOGHMM  OTKa30yCTOMYMBBIX  KJIaCTEPOB
HEOOXOJMMO YUHUTHIBATh B3aUMHOE BJIMSIHUE MEPONPHUATHIA U MEXaHU3MOB,
HalrpaBjeHHbIX Ha oOecrieuyeHHe Ha/Ie)KHOCTH M IPOU3BOJHUTENILHOCTH, U
HaxXOJIUTh KOMIIPOMHKCC TIPH BBIOOPE MPOEKTHBIX PELICHUH.

B  kmacrepax, mpenycMaTpHMBAalOIIMX ~ COBMECTHYIO  paboTy
MHOJKECTBA BUPTYaJIbHBIX MAlllUH U KOHTEHHEPOB, Ba)KHO MOHUMATh, KaK
OTKa3bl  OT/AENBHBIX KOMIOHEHTOB MOTYT BIHUSITH Ha  OOLIyIO
MIPOM3BOAUTENBHOCTD U 33/IEPKKH 00CITY>KHBaHHS TIOTOKOB 3aIIPOCOB.

Ha omenky 3azmepkek H JApPYIMX BEpOSTHOCTHO-BPEMEHHBIX
MoKazarene KadecTBa (DyHKIMOHMPOBAHMS KOMIIBIOTEPHBIX CHCTEM
OPHEHTHPOBaH ammapar TEOpHH MaccoBoro obcmyxuanus [15—17].
Mogenn oOCITyXnBaHMS KJIACTEPHBIX CHCTEM Ha 0a3e BHPTYaJIbHBIX
MallliH, pPa3MeIIaeMbIX Ha (PU3MUECKHX y3Jax KiIacTepa, B TOM HYHCIIE B
00ayHOM cpeze, mpemIokeHsl B padorax [18 —20]. M3BectHble Momenu
KJIaCTEPOB BHMPTYaJbHBIX MAIIMH YYUTHIBAIOT OAAHCUPOBKY HArpy3Ku
y3710B (BHPTYaNbHBIX MAIINH), NPOBOAMMYIO TIPH TUCIETUECPH3AINU
3ampocoB. Mogenu, oTpaxatomue padoTy KIacTepoB B HECTallMOHAPHBIX
pexuMax OOCIy)KMBaHHS TIPH NEPHOANYECKUX HM3MEHEHHUSIX BO BpPEMEHH
Tpaduka 3ampocoB, omucaHbl B crartbsix [21—23]. IlepuogmuHocTh
W3MEHEHHs TpaduKa BBI3BaHA €ro IOBTOPSBIIUMHUCS KOJEOAHUSIMU B
TE4YEHUE CyTOK, THEH Hepenu, Mecsua 1 roja.

IIpy NpOEeKTUPOBAaHMM  KOMIIBIOTEPHBIX CHCTEM  KIACTEPHOM
ApXHUTEKTYphl BaKCH aHAIN3 COBOKYITHOTO BJIMSHHS OTKa30B M JUCIHUIUINH
¢usmyeckoro M MH(YOPMAIMOHHOTO BOCCTAHOBJICHHS HAa HAAEKHOCTh M
3a7ep>KKn o0cmykuBanus. [Ipi 060CHOBaHMH BBIOOPA KJIACTEPHBIX CHCTEM
Ba)XHa pa3paboTKa KPUTEPHEB, YUUTHIBAIOIINX OOECHEUCHHUE BBICOKHX
YPOBHEH HaJeKHOCTHU, IPOU3BOANTEIBHOCTH U JOCTYMHOCTH (TOTOBHOCTH)
CUCTEeMBI [24, 25].

st COBPEMEHHBIX KOHLENIMH IIOCTPOCHHUSI OTKAa30yCTOMYMBBIX
KJIaCTEpOB Ha OCHOBE BHUPTYaJIbHBIX MAIIMH C pa3MelleHHeM B HHUX
KOHTEHHEPOB BaXKHOW 3ajiadyei SIBIISETCS aHaNW3 3aepiKeK 00CITyKUBaHUS
MOCTYMAIOIIEr0 TMOTOKa 3ampocoB  [26], ¢ ydeToM ocoOeHHOCTEH
KOHTEHHEpHOW BUPTyalIn3alliM, 3aKJIIOYaroIieicss B aBTOMaTHYECKOM
pa3feNeHud OrPAHUYEHHBIX PECYPCOB BHUPTYalIbHOM MAaIIMHBI MEXIy
AaKTUBHBIMU KOHTeWHepaMu. Monenu knactepoB [18 —26] He y4uTBIBAIOT
0co0eHHOCTEeH KOHTEHHEPHOH BUPTYyaIn3alyy.

Monenn OLICHKU 3a/1epIKEK CHUCTEM C KOHTEHHEPHOHN
BHpTyalH3aIyeil Ui OJHOPOJHOTO TTOTOKA 3alpocoB 0e3 ydera 3al1epikeK
MX paclpeneneHus Mo y3aaM u O0amaHCHPOBKH Harpy3KH paccMaTpUBAIICh
B [27—29]. B pa6ore [30] mpemiokeHa MOMAETbh OIEHKH 3aJCPIKEK B
KJacTepe BHUPTYalbHBIX MAIllMH, KOMIOHYEMbBIX KOHTEHHEpaMH C Y4ETOM
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JBYX ATAIlOB pacupeneneHus 3anpocoB. Moaens [30] yuuTeIBaeT 3a1epKKu
B odepenu OaJlaHCHUPOBIIMKA HArpy3KM KiacTepa IpU pacHpeneieHun
3aMpoCcCOB MEXAY Y3JIaMM KJIacTepa, KaXKAbIi U3 KOTOPBIX COACPIKUT TPYIIILY
BUPTyalnbHBIX MamuH. Mogens [30] yuuThIBaeT TaKkKe 3aJEpPKKH B
oyepensix s KaXIOW TpyIIbl BHPTYaJIbHBIX MAallUH, KOMIOHYEMBIX
koHTerHepamu. Ha ocHoBe mpenioxxeHHod B [30] aHamuTHUYECKOH MOAETH
MIPOaHAIN3UPOBAHO BIMSHHUE YUCIIAa Pa3BEPHYTHIX B BUPTYaJIbHOW MalllHE
KOHTEI{HEpPOB Ha BpEMsI OTKJIMKA CHCTEMBI IO BBIMOJHEHUIO 3aIPOCOB,
OJHAKO BIHMSHHE COOTHOLICHWS YHCIAa pa3BEePHYTHIX M  aKTHUBHBIX
KOHTEHHEPOB NPH 3TOM HE YUYWTHIBAaeTCs (HE YCTaHOBJIEHO). Pesynbrarhi
cratbu [30] Moryt OBITH WCIONB30BaHBI IPH OOOCHOBAaHWUHM BEIOOpa
KOH(pHTrypammun KJacTepa, BKIIOYas ONpPEICICHHE ONTHMAIBHOTO YHCIIa
pa3BopauMBaeMBIX B y3ilax KoHTeiiHepoB. OrpaHmdeHHOCTs Moaenn CMO
padotel [30], B KOTOpOW paccMaTpHBaeTCs KJIACTEep, COCTOSIIHA U3
HECKOJIBKMX CEpBEPOB, HAa KaKJOM M3 KOTOPBIX Pa3BEPHYTHl HECKOJIBKO
KOHTEHHEepoB, 00yCIIOBJICHA MPEAINOJIOKEHHEM HE3aBHCHUMOCTH KaXkJOTrO
KaHajma OOCTY)XUBAaHUS, MPEICTABIIOIIETO OTHENIbHBIH  KOHTEIHED.
JluHamMu4eckoe W3MEHEHHE HMHTEHCHBHOCTH OOCIY)XMBaHHS B Ppa3HBIX
KaHajlax B 3aBUCHMOCTH OT JIOJH 3arpy>XCHHbBIX (aKTHBHBIX) KaHAJOB NpPHU
9TOM HE YYUTHIBAIOCE.

BnusiHue umcna pa3BopadMBacMbIX B y3llaX KilacTepa KOHTEHHEpPOB
Ha cpelHee BpeMsl OXKHAAHHUS M YCTOMYMBOCTH OOJAYHBIX BBIYMCICHUH K
DDoS arakam wuccmemoBano B [9]. Pesymeratel crtatem  [9],
TTOJTBEP>K/ICHHBIE AHAJUTHYECKUM MOJIETTMPOBAHUEM u
9KCMIEPUMEHTAIBHBIMA HCCJIECOBAaHUAMK, MOTYT OBITH HMPUMEHEHBI IpH
JUHAMUYECKOM  pEeKOHGUIypaluu  CHCTEM B 3aBHCHMOCTH  OT
nHTeHCHBHOCTH  DDOS  arak, HampaBieHHBIX HAa  HapyllIEeHHE
CTAIMOHAPHOCTH OOCITy’KUBAHUsSI IIOTOKA JIETAIbHBIX 3alPOCOB U HX
MOTEPIO.

OrpaHM4YeHHOCTh  CYIIECTBYIOIIMX  MOJeNell  KJacTepoB ¢
KOHTEHHEpHOW  BUpTyanu3amuedl  OOyCIOBIE€HAa  HEJOCTAaTOYHOCTHIO
UCCIEOBAaHUN  BIMSHUS Ha  33JIePXKKH  OOCIY)XMBaHMS  3alpocoB
JUHAMUYECKOTO Pa3JIeNIeHUs] OIPAaHMUYCHHBIX BBIYHCIUTENIBHBIX PECYpPCOB
MEXIY IIPOCTaNBAOIINMH KOHTEHHEepamMu " KOHTEHHEepamH,
BBIMOJHSIONIMMH  (YHKIMOHANBHBIE — 3ampochkl. Takas  0COOEHHOCTh
COBMECTHOH pPabOTHI BUPTYAIBHBIX KOHTEHHEPOB BBHI3BIBACT YCIO)KHEHHE
MOJIENIEH MaccOBOTO OOCTY)KMBaHMUS, TaK KAK MHTEHCUBHOCTH BBIIIOJTHEHHS
3alpoOCcOB B KaKAOM KOHTEHHEpE CBS3aHA C AWHAMUYECKHM pa3ieiecHUEM
00IIMX PecypcoB MEXIy aKTHBHBIMH (BBITOTHIIONIMMHI (DYHKIIMOHATBHBIC
3aJjaul) KOHTEHHEpaMH C Yy4YeTOM U3AEPKEK Ha TOAJEPIKKY BCeX
pa3sBepHYTHIX B BHUPTYyaJbHOM MAallMHE KOHTCHHEPOB (AKTHBHBIX H
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npocTtanBatonyx). CHIDKEHIE MHTEHCHBHOCTH OOCITY)KHBaHHA B Ka)KIOM
KOHTEWHEepe M3-32 COBMECTHOTO HCIIOJIB30BAHUS OOIINX PECYPCOB 3aBUCHT
OT MHOTHMX TPYIHO HCCJIEAYyEeMBIX (DaKTOpPOB, B TOM YHCIE OT YacTOThI U
JUTUTEIBHOCTH 00paleHus] KOHTEHHEPOB BO BpeMsi 00CIYKMBaHHs 3arpoca
K TeM WJIM UHBIM pecypcaM MpOLECCOpOB W MamsaTu. PazneneHue oOummx
BBIUUCIIUTENIBHBIX PECYPCOB 3aBUCUT OT HAJIUYMs WHTEPBAJIOB INPOCTOEB
IpU  TakuX OOpamleHusXx, BO BpeMs KOTOPHIX OOIIME pecypchl
MOTEHIIUAIIBHO MOTYT UCTIONB30BaThCS JPyTUMHA AKTUBHBIMU
KOHTeliHepaMu. Takoe amanTHBHOE pa3leleHHe OOMHUX PecypcoB
HECOMHEHHO  CIOCOOCTBYeT  3(PQPEKTHBHOCTH  HUX  COBMECTHOTO
HCTIOJh30BaHUS U MUHHMHU3AIUH TIPOCTOCB B PE3YJbTaTe MPEIOCTABICHUS
pecypcoB  miast  paOOTBI APYrUX AakKTHBHBIX KOHTEHHEpPOB. Yder
MIePEYHCICHHBIX (PaKTOPOB COBMECTHOTO HCIIONF30BAaHHUS OOIINX PECypcoB
OPUBOAUT K TPYIJOEMKOCTH IIOCTPOCHHUS aHAIMTHYECKOM Mojenu
00CITy>KHBaHU KJIACTEPHBIX CUCTEM C KOHTEHHEPHOU BUPTyaIH3aIiei.

IIpu MOCTPOCHHUU AHATUTHYECKON MOJIENN MaccoBOTO
00CITyKMBaHHs CHUCTEM C KOHTEHHEpHOW BHpTyanu3anued B crarbe [31]
IpejyaraeTcsi  HCIOJIb30BaTh  JKCIHEPUMEHTAIbHO  YCTaHOBJIEHHYIO
3aBUCHMOCTh CHIDKEHUS HMHTEHCHUBHOCTH OOCIY)KMBAaHHUSI OTHEJIbHBIX
KOHTEMHEPOB OT YKC/Ia Pa3BEPHYTHIX B BUPTYAIIbHOW MAIlIMHE KOHTEHHEPOB
M HX AaKTUBHOM 4YacTH, KOTOpas M3MEHSeTCs B 3aBUCUMOCTH OT
MHTEHCUBHOCTHU IMOTOKA 3alpoCcOB. DKCIEPUMEHTHI, omucaHHele B [31],
MTONTBEPKAAIOT CYIMICCTBEHHOE BIHSHUAC pAa3lCICHUs OrpaHMYCHHBIX
BBIYHCIIATENFHBIX PECYPCOB BUPTYATFHONW MAIIMHBI MEXIy aKTUBHBIMH U
pa3BepHYTHIMH KOHTCHHEPaMHU.

Ilppu  codyeraHnM  SKCHOEPUMEHTANbHBIX  HCCIENOBaHUM U
AQHATUTHYECKOTO  MOJENUpoBaHMA B crtarbe [31] omaHa  omeHka
BEPOSATHOCTHO-BPEMEHHBIX TIOKa3aTeNel KauecTBa 0OCIYKHUBAHHUS 3aIIPOCOB
B CHCTeMax KOHTeilHepHON BupTyammsammu. B cratesax [31,32] yzmsl
KJIacTepa TpelcTaBiIeHbl kKak MHOrokaHaimbHbie CMO ¢ oOrieit ouepenbio
(xoneunoit mist [32] u Oeckoneunoit ast [31]). [TokasaHo cyliecTBOBaHUE
ONTUMAJILHOIO 3HAYEHUs YHUClla Pa3BOPAYMBAEMBIX KOHTEIHEPOB B Yy3ie
KJjlacrepa, a Takxke c(hopMyJIMpoBaHa 3ajada ONTUMH3ALUHM ITOTO YHCIA,
HalpaBJieHHasi Ha CHW)KEHHE 3aJIepKeK OOCITy)KMBaHHUS 3allPOCOB B TaKUX
cUCcTEMax.

Orpannyenusi, npeiaraemoro B [31, 32] moaxoaa K MOCTPOEHHIO
AQHATUTHYECKOW MOZENH OOCTy)KMBaHHS KiacTepa ¢ KOHTECHHEpHOU
BHUPTYyaJIN3aIlUeH, 3aKIIF0YAETCS B HEOOXOANMOCTH TIPOBEACHUS JOCTATOYHO
TPYAOEMKOTO OJKCIIEPIMEHTa B 3aBHCHMOCTH OT W3MEHEHHH CpeIHEro
BPEMEHH BBINIOJHEHHUS 3allpOCOB UII KaKAOTO 3HAYCHHWA YHCIIa
pa3BopaunMBacMBIX B y3Jax KiacTepa BUPTYaJbHBIX KOHTEHHEPOB M HX
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aKTUBHOTO  4YWCJA,  3aBHCALIET0  OT  HMHTEHCHBHOCTH  Tpaduka.
Muorokanansasie CMO [31, 32] opueHTHpOBaHBI Ha CHCTEMBI, B KOTOPBIX
K pPa3BEpHYTHIM B KaXJIOM Y3J€ KOHTEiHepaM opraHusyercs oOImas
oyepelb. OTH MOJIENM HE OTPaXaroT (YHKIMOHUPOBAHUE KIIACTEPOB C
KOHTEHHEPHON BUpPTyalIU3alMed, B KOTOPBIX K KaXIOMYy KOHTEUHEpY
OpraHu3yeTcs OTJENIbHAasl Oo4YepeAb, a KiacTep NpeACTaBiIsSeTCs TPpyHHon
onHokaHanbHbIX CMO. IlocTpoeHue Takux Mojened 3aTpyJHEHO H3-3a
TOTO, YTO pa3/ielieHHe OTPaHWYEHHBIX OOLIMX PECYpPCOB KilacTepa MEXIY
KOHTEfHEpaMH TPHUBOANT K HEOOXOAMMOCTH Yydera 3aBUCHMOCTH
oOurykuBanust ouepeneil pasHpix CMO, mNpeAcTaBISIONIMX Ppa3iIUdHbIC
KoHTeitHepbl. CIOXXHOCTh YCTaHOBJICHHS 3aBUCHMOCTH WHTEHCHBHOCTH
oOcimyXnBaHUSI B  pa3HBIX oxHOKaHaMBHEIX CMO  00ycrmoBieHO
paszeneHreM oO0mmX pecypcoB Mexay pasHbiMu CMO B 3aBUCHMOCTH OT
COOTHOIIGHHUS  YHWCJIa  Pa3BepHYTBIX M  aKTUBHBIX  KOHTEHHEPOB,
MEHSIOIIEMCSI ITPU U3MEHEHHUSX HHTEHCHBHOCTH BXOJIHOTO TIOTOKA.

st ympouieHuss  Moened  KJIAacTepoB € KOHTEHHEPHOH
BUpTyaJM3alliel IpU OpraHu3allid OTAENBHBIX odepenedl K KakKAOMY
KOHTEifHEpY B JIaHHOW CTaThe Ipeasiaraercsl NMpHOJVDKEHHAs TpaHU4YHas
OLIGHKAa CpEeIHEro BPEMEHU OXMIaHHWA 3aIpOCOB M BEPOSTHOCTH HX
CBOEBPEMEHHOT'0 00CITy>KHBAHUSL.

[ocTpoenue npeiaraeMoit MpUOIIKEHHON aHAINTHYECKOH MOAEIH
Ipeanoaaract JKCHEPUMEHTAJIBHOE olpeeneHue 3aBHCUMOCTHU
WHTEHCHBHOCTH  OOCIy)XMBaHMS B  OTJAGNBHBIX  KOHTEHHEpax  oOT
M3MEHAEMOT0 YHMCiia pa3BOPAYNBACMbIX KOHTEHHEPOB B y3II€ KIIacTepa U UX
YHCIa, YYAaCTBYIOIIMX B BBINOJHEHHHM (YHKIMOHAJIBHBIX 3alpOCOB
(akTHBHBIX KOHTEHHEpOB). UWCIIO aKTHBHBIX KOHTCHHEPOB 3aBHUCUT OT
MHTEHCUBHOCTH TpaduKa 3ampocoB. OKCIEPUMEHTAIBHO MOJIy4eHHBIC
JAaHHBIE O WHTEHCHBHOCTH OOCIy)XMBaHMS B KOHTEHHEpE C y4YeTOM
JUHAMUYECKOTO pa3zelieHHs PeCcypcoB y3lia Ha 0OCITy>)KMBaHHE 3allpOCOB B
aKTUBHBIX KOHTEHHepax Mpe/ronaraeTcsi HCIONb30BaTh M BEpXHEH,
HWKHEH W yCPEJHEHHOW OIIGHKM 3arpy3kd KOHTEHHEepoB. 3arpyska
KOHTEHHEPOB ONpeAesseTcs B 3aBUCUMOCTH OT MHTEHCUBHOCTU BXOJHOTO
MIOTOKA 3alPOCOB, pacHpeeNsieMbIX OallaHCUPOBIIMKOM B Y3l KiacTepa.
Pe3ynbraTsl aHAMUTUYECKON OLIEHKU 3arpy3KH KOHTEHHEPOB HCHOIb3YIOTCS
JUId  OLUEHKM MaTeMaTH4YeCKOro  OXXKHIAHWS  4HCla  KOHTEHHEpOB,
3aJIciCTBOBaHHBIX B 00paOoTke TpaduKka M MaTeMaTHYECKOTO OXKHIAHMS
WHTEHCHBHOCTH  OOCIYXXWMBaHWA 3alpocoB B  KOHTeWHepax. llpum
OTIpEZIETICHUN MaTEMaTHIeCKOT0 OXKHUIAHUS HHTCHCHBHOCTH OOCITy>KUBaHUS
3alpOCOB B KOHTEHHEPAX HCIIONB3YIOTCS PE3YNbTaThl SKCIIEPUMEHTOB, YTO
MI03BOJISIET Y4ECTh BIIMSHUE AWHAMUYECKOTO Pa3[eNeHUs OOILEeN0CTYITHBIX
pecypcoB  y3da MEXAy KOHTEHHepaMu, YydYacTBYIOIIMMH M HE
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Y4YacTBYIOUIMMH B 0OCITy’KMBaHHH 3arnpocoB. llomyueHHast npuOnmxeHHas
OLICHKa HMHTEHCHUBHOCTH OOCIYXMBaHHMsS B KOHTEHHEpax B JalbHEHIIEM
HCIIOJIB3YETCA JUUIA BBIYUCIICHUA BEPOATHOCTU CBOCBPCMCHHOT'O
00CIyKMBaHHs 3alpOCOB M WX CpeqHed 3aJepKKU B y3lax Kiactepa B
3aBHCHUMOCTH OT MHTEHCHBHOCTH IOCTYHAIOIIUX 3aIIPOCOB.

Takum  o0pa3oM [eNbl0  CTaThM  SIBISIETCS.  MCCIEOBaHHE
BO3MOXKHOCTEH  TOBBIIEHHS J(P(PEKTHBHOCTH  KIACTEPHBIX  CHCTEM
KOHBEHEepHOH BHPTyalM3allik HAa OCHOBE IIpelularaeMbIX HPUOIMKEHHBIX
TPaHWYHBIX MOJIENIe sl OIIEHOK CpeIHEero BPEeMEHH IpeOBIBAaHMS
3aIIPOCOB B KJIACTEPE U BEPOSITHOCTH UX CBOEBPEMEHHOT'O 0OCITYKHBAHUS 32
BpeMs1, HE IPEBBIMIAIONIEE MPEAETIBHO JIOMyCTHMOE 3HAaYE€HHE OKHJIAHUS B
odepenn.

B kauectBe meneBoro kpurepus 3QQPEKTUBHOCTH Ui CHCTEM, HE
Tpe6yromnx BbIJa4n PE3YJbTATOB B AUPCKTHUBHBLIC CPOKH, HCIOJIB3YETCA
cpenHee BpeMs MpeObIBaHus (0KUIAHUS) 3allpOCcoB B cucteme. st cuctem
C OrpaHUYCHHBIM OOITYCTUMBIM BPEMCHEM OKUJIAaHUA (CI/ICTCMBI pCajibHOTO
BPEMEHH) B KayecTBE IENeBOM (YHKIMHM HCHONB3YEeTCS MaKCHMU3ALUs
BEPOSATHOCTH BBIMONHEHHUs 3alpocoB 3a BpeMs MEHbIIee NpeaeTbHO
JIOITyCTUMOTO.

OntuMainbHBle MacIITaA0MPOBAaHWE W PEKOHPUTYpamus —y3JI0B
KJacTepa MNpH U3MEHEHUSX BXOJHBIX IIOTOKOB pealnu3yercs IyTeM
OTKJIFOUCHUS! WM TOAKIIOYEHHMS YacTH pa3BEPHYTHIX B BHUPTYaIbHBIX
MallMHaX KOHTEHHEPOB B 3aBUCHMOCTH OT W3MEHEHHH Harpy3KH.
OTKJTIIOUEHHE YacTH Pa3BEpHYTHIX KOHTEHHEPOB MO3BOJSIET YMCHBIINTH HE
TOJBKO SHEPronoTpedieHne KiacTepa, HO M CHHM3MTh 3arpy3Ky oOImmnX
pecypcoB Ha MOAAEPKKY (QYHKIIMOHUPOBAHUS HEAKTUBHBIX KOHTCHHEPOB.

2. PaccmaTpuBaeMble  BapMAHTBI  OPraHM3allMd  CHCTEMBI
¢ KOHTeilHepHOil BUpTyaau3aumeil. PaccMoTpuM BapuaHTBl OCTPOCHHUSA
KOMITBIOTEPHBIX CHCTeM Ha 0a3e BUPTYAIbHBIX MalllUH C KOHTEHHEPHOMH
BUPTYaIU3aLUeil. IIpocreiimas opraHusanus TaKuX CHCTEM,
MpeacTaBieHHass Ha pHCYHKe |, BKIIOYaeT BHUPTYyAJIbHYI0 MAaIIUHY C
pa3BepHYTHIMH B Hel n KoHTeWHepamu. B mpocreiliem ciayuae
KOHTEHHEpbl ~ CUMTAlOTCS  (YHKIMOHAIBHO M IapaMeTpHYecKH
OJIMHAKOBBIMH, TIPH 3TOM K KaXK/IOMy KOHTEHHEpY (pOpMHUpYETCs OTAeIbHASA
odepens  3ampocoB.  BupryanpHele  MammMHEI  (pHCYHOK 1),  TpHm
HEOOXOJMMOCTH, MOTYT OOBEIMHATHCS B KJacTephl Ha 0asze OJHOTO WIH
HECKOJIBKUX (PU3MYIECKHX Y3JI0B (CepBEpOB) KiacTepa.

Opranuzanus KiacTepa, COCTOAIIEro n3 N HE3aBUCHMBIX Y3JIOB,
peaNM30BaHHBIX B BHAE BUPTYAIBHBIX MAIIWH, KaXaas U3 KOTOPBIX
COJICPKUT 7 KOHTCHHEpPOB, B TPEINOJOKEHHH OTCYTCTBUSI OOpa3OBaHUs
ouepernieli B OaJaHCHPOBIIMKE HArpy3Kd IPHUBEICHA HA PUCYHKE 2, a C
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y4ETOM BO3MOXKHOCTH (OPMHUpPOBAHMS OYEpeAd IPH PaCIpeAeICHUH
3arpocoB Ha PUCYHKE 3.

OCOOEHHOCTBIO  MOJIENTHPYEMOH  CHCTEMBI  SIBIISIETCS  TO, UTO
UHTEHCUBHOCTb OOCIY)XMBaHMSI B KaXIOM KOHTEWHepe HW3MEHsETCsS B
3aBHCHUMOCTH OT KOJHMYECTBA PA3BEPHYTHIX KOHTCHHEPOB M MEHSIOIIETOCS
yycla AaKTUBHBIX KOHTEMHEpOB, UTO MpPEANojaraeT 3aBHCHUMOCTb
00CITyKMBaHHs 3alIPOCOB B pa3HbIX KOHTEHHEPax y3ia.

Ha pucynkax 1-3 paccmaTpuBaeMbBIX BapHaHTOB  CUCTEM
0003HAUeHBI:  MHTCHCHMBHOCTH  BXOAHOTO  IIOTOKAa  3alPOCOB A,
MOCTYHAOLIETO B KayKABIA y3€eJ KilacTepa (BUPTYaJIbHYIO MaIInHY), a TAKXKe
MHTEHCHBHOCTH BXOJHOTO M BBIXOJHOTO IOTOKA BCETo KiacTepa (KOTophle
MPH OTCYTCTBHM IIOTEPH 3alpOCOB B cHCTeMe coBmanawor). Cremyer
MIOJYEPKHYTh, YTO MPECTaBICHHBIE OHOKaHAIbHBIE CMO, 0TIH9aroTCs OT
KJIACCUYECKHX, B KOTOPBIX MHTEHCHUBHOCTH OOCITyKMBaHUS B ka0 CMO
He MeHseTcs. B cucremax ¢ BHpTyalbHBIM KOHTeHHepu3alei oOrue
pecypchl y3i1a JUHAMHUYECKH Pa3JeNaioTcsl MeKAy KOHTeHHepaMu, IpudeM
KaK aKTHBHBIMH, TaK M TacCUBHBIMHM. [l uCCiIenoBaHHUS STOro
pacmpeseneHuss MeXIy aKTHUBHBIMM M TIACCUBHBIMH KOHTEHHepaMH Ha
HUHTEHCUBHOCTh OOCIY)KHUBAaHHSA B HMX 3allpOCOB B CIEIYIOIIEM pasjeie
OIKCaHbI IPOBEJCHHBIE IKCIIEPUMEHTHI.

KoHTenHep

Mn A )

A\ 4

Puc. 1. Opranuszanus BUPTyaJlbHOI'O KOMIIBIOTEPHOIO KJIacTepa
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y!

BXOA

BanaHcyposLyik

Yaen knactepa

beckoHeqHan ovepes

KoHTerHep

A

BBIXOL

Puc. 2. Opranmuzanus knactepa N BUPTyalbHBIX MAILINH C KOHTEHHEpH3auen
0e3 popmMupoBaHUs oYepen B OaaHCUPOBIIUKE HATPY3KU

l J“‘l:mol:l

EAnaHEHpoaLK

Beckomneqman geepeas

KoHTaimen
.

ABMNU.J

Puc. 3. Opranuszanus kiactepa BUPTYaJIbHBIX MAIIHH ¢ KOHTEHHEepH3auei
pu GOPMUPOBAHUH OYEpEH B OATaHCHPOBIIHUKE HATPY3KH

3. OkcnepuMeHTalbHOE  HCCeJ0BaHME  BJIMSHHSL  YHCjIa
AKTHBHBIX H 00LIEro 4ucjia KOHTEeiiHepoOB B y3/1aX HA MHTEHCHBHOCTD
o0cry:kuBaHUusI B KoOHTelHepax. OxcrnepuMeHT [30,31] mposeneH Ha
KJjacrepe (PHUCYHOK 4), B KOTOPOM Y3JbI HPEICTABICHBI M30JMPOBAaHHBIMU
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BUpPTyalbHbIMH MamHamu Proxmox c¢ kondurypammeit 1 vCPU u 2 T'b
OTIepaTUBHOW MaMsATH, paboTaronmmu Ha xocte ¢ 4 npoueccopamu Intel(R)
Core(TM) i5-4570 @ 3,20 ITu. OpHomoTouHBIA  BeO-ceprep,
3allaKOBaHHBIM B KaXIbli  KOHTEMHEpP, HamMcaH Ha  A3BIKE
nporpammupoBanust  Python wu  pa3BépHyr Ha y3max  Kiacrepa
¢ ucnosp30BaHueM 1arhopmsl k3 s.

[Iporpamma BHYTpH BeO-cepBepa BKJIIOYAET B CE€0sl aCHHXPOHHYIO
OTHPaBKy 3alpocoB B 0a3y IaHHBIX M BBIIOJHEHHE MPOCTBIX Olepanuit
YMHOXCHHSI MaTpHUIl B HECKOJBKHX LHMKIaX. Pa3Mmep Kema cocTaBisieT
50 Mb.

i KnacTep Kubernetes (k3s)
| PaGouni
ysen

ﬁ (Proxmox VM)

KouTeitiep 1
(Beb-cepaep)

Koredinep 2
(Bed-cepeep)

M ACHHXPOHHBIX 32MPOCOB

—
MacTep ysen «— (D
m OTKINKOB OT BEG-CEPBEp (Bed-cepep)

| exec_time: <Bpews ans . KorTei

: H | ConTeiinep n
m 1 00CAyXueaHUA 38MPOca 61 H (Beb-cepaep)

| 00HOM Kormelrepe> | H

nor-pain fTTmmTemsommssssssoeos

Puc. 4. KOH(l)I/IpraL[I/ISI CUCTEMBI I p€ain3allui SKCIEPUMEHTA

B pesynpraTe  SKCIEpHUMEHTAa  YCTAHOBJIEHa  3aBHCHUMOCTb
WHTCHCUBHOCTH OOCITY>KUBaHHS 3alPOCOB B KOHTEWHeEpe u(n, m) OT YHCIa
pa3BEpHYTHIX KOHTCHHEPOB n M OT YHCJIA AKTHBHBIX KOHTEHHEPOB m
(BBITTONHSIOIINX OOCITY>)KHBAaHHUE 3aIIPOCOB).

WuTeHcuBHOCTH — OOCTy)XMBaHWS, IIONyYCHHBIE B  pE3yJbTaTe
9KCIepUMEHTa, OTpakeHbl Marpuied M. CTpOKH MaTpHIbl COOTBETCTBYIOT
YUCIYy pa3BEepHYTHIX KOHTEWHEpOB n (n=1, 2,..., ny, TA€ ny MAKCUMAIILHOE
YHCJI0O KOHTEHHEPOB, NPEIYyCMOTPEHHBIX K pa3BOpPAaYMBaHHIO B Y3Je),
a cToJOIpBl YMCIy aKTHBHBIX KoHTeWHepoB m (m=1 ,2,..., n). Takum
0o0pa3oM, 3meMeHT MaTpuubl M, pacrojioXKEeHHBIH B n- CTpOKE U m-M
CTOJIONE MTPEACTABISET HHTEHCUBHOCTh OOCIY )KUBAHHUS 3aIIpocoB u(n, m) B
KOHTeIHepe, KOTJa B HEM Pa3BEPHYTO 72 KOHTEHHEPOB 1 1 U3 HUX aKTHBHO.
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TIpumep Buna marpuiibl M npeacTaBieH HUXKeE:

(223056 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 222484 149688 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 22021 134269 117887 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 220315 128368 104739 96111 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 221379 124521 98015 86678 78260 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 20071 122769 94101 80412 72940 68094 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| 220736 120474 8995 77675 67622 63337 59818 0 0 0 0 0 0 0 0 0 0 0 0 0
| 219897 119974 89397 74726 66169 58908 55987 52086 0 0 0 0 0 0 0 0 0 0 0 0
| 220303 118065 85902 70756 61438 5749 53634 49734 48870 0 0 0 0 0 0 0 0 0 0 0
1219299 116579 86411 69367 61595 55669 50955 47114 44394 42970 0 0 0 0 0 0 0 0 0 0
217162 115665 83528 67052 59114 52396 48631 44923 42513 40792 39427 0 0 0 0 0 0 0 0 0
| 217159 115296 82876 67299 57047  SI878 46436 43049 40989 38672 36705 35818 0 0 0 0 0 0 0 0
| 217351 114611 82649 65284 57352 50660 44858 42710 39047 3888 37296 3549 3416l 0 0 0 0 0 0 0
| 217273 114523 81945 66133 55663 48881 44374 40664 36204 35038 33795 33012 30541 0 0 0 0 0 0
| 216894 114576 80965 64295 55191 47594 43047 40417 34820 33966 32322 32267 29882 29335 0 0 0 0 0
| 216895 114234 80055 62783 5447 47460 42578 39279 34541 32929 30300 30727 28806 28141 27312 0 0 0 0
| 206282 113349 79741 63664 53621 45994 41624 38823 33805 32936 30243 29631 27504 27581 26261 26605 0 0 0
| 216281 113030 79727 62405 53050 45602 42300 37810 33191 31837 30321 28750 27859 27066 26156 25579 24548 0 0
| 216513 113169 79507 63076 53560 45686 41681  3.6999 32733 30575 28461 27518 26416 25834 25033 24001 23939 23093 0

| 216063 111883 79095 61469 52033 45864 40560 37413 JASIS 29930 28750 27654 26354 26127 24944 24573 23296 22657  2.2206)

PesynbTaThl SKCIIEpIMEHTA 110 OLICHKE BIMSHHSA KOJIMYECTBA OOIIMX
W aKTHBHBIX KOHTEHHEPOB HAa WHTEHCHBHOCTH OOpaOOTKH 3ampocoB
KOHTEIHEPOM M Ha M3MEPAEMYIO 3arpy3Ky MpOIEccopa y3Jia IPEICTaBICHBI
Ha pucyHKe 5(a, 6). Ha pucynke 5(a) (cieBa) mpeacTaBIeHBI Pe3ylbTaThl
N3MEpPEHN HHTEHCHBHOCTH OOCITy>KMBAaHUS 3alIPOCOB B KOHTEIHEpax, a Ha
pucynke 5(0) (cmpaBa) — pe3yibTaThl M3MEPEHHs 3arpy3KH Ipoleccopa
y3i1a Kiacrepa.

Pe3yHBTaTBI OKCIICPUMECHTOB IIOKa3bIBaIoT, 4qTo CHMXKCHUC
WHTEHCHBHOCTH 0Opa0OTKH 3allpOCOB KaKAbIM KOHTEHHEpOM, 3aBHUCSIIEE
OT YHMCJia aKTUBHBIX KOHTEHHEPOB, HEJIMHEHHO. Takas 3aBUCHMOCTh UMEET
MECTO TIPEIIOJIOKHUTENFHO MOTOMY, 4YTO BO BpeMsi 00paboTKH 3arpoca
KOHTEIHEPhI MOTEHIMAIBLHO HE BCET/a MCIOIB3YIOT PECypChl MPOIeccopa.
IIpn sTOM pecypcel mTporeccopa MOTYT OBITh 33A€HCTBOBAHBI  JUIS
00CITyKMBaHHS 3aIIPOCOB APYTUMH aKTHBHBIMH KOHTEHHEPAMH.

W3 anammza mepBoro croidria TaOMUIBI 3aMETHO BIWSHHUE 3aTpaT
MIPOLIECCOPHBIX PECYPCOB HAa MOANEPKKY (DYHKIMOHHPOBAHUS B PEXHUME
OKMJAHUS HEAKTHBHBIX KOHTEMHEpOB. AHanu3 CTpok Martpuisl M
IIOKa3bIBaeT CHIDKCHHE HHTCHCUBHOCTH OOpa0OTKH 3allpOCOB  KaXKIBIM
aKTUBHBIM KOHTEHHEPOM B 3aBUCHMOCTHU OT YHCJIa aKTUBHBIX KOHTEHHEPOB B
y3une. [Ipu 3ToM BHIHO, YTO aHAIU3UPYEMasi HHTEHCUBHOCTh OOCITY KUBaHHs
HE CHWJKAETCA IMpPSMO IPONOPLUOHAIBHO YHUCIY AKTHBHBIX KOHTEHHEPOB.
BcenenctBue AMHaMHYECKOTrO PAacIpeieNeHns] pecypcoB MEXIY aKTHBHBIMU
KOHTEHHEpaMH CHIDKEHHE paccMaTpUBacMON MHTEHCUBHOCTH OOCITY>KUBAaHHS
OT YHCJIa aKTUBHBIX KOHTCHHEPOB OKa3bIBACTCS 3HAYNTEIHFHO MEHBIIUM.

[TocTpoeHne aHATUTHYECKOI MOJICIT MAaCCOBOTO OOCITYKUBAHUS LISl
CHCTEM, MPEAyCMATPHBAIOIINX OpPraHU3alUIO oOYepened K KaKIoOMYy
KOHTEIHEepy, CBA3aHO C ONPENSICHHBIMU TPYAHOCTIMH. IlosTOMy B TaHHON
CTaThe TMpeiyIaracTcsi NpHOMKEHHAS TpaHWYHAs (BEPXHAS W HIDKHAA)
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Y CpeIHAA OICHKA 33a/IepP’KEK B paCCMaTPHUBAEMBIX CHCTEMaxX KOHTEHHEpHOU
BHUPTYaJIN3aIIH.

Crnenyer 3aMeTHTb, YTO HEKOTOPBIC PE3yJNbTaThl U3MEPEHHH, MOTYT
3aBHCETh OT KOHKPETHOM peaNu3alliil HCIOJNb3YEMBIX BBIYHCIUTEIBHBIX
CPE/ACTB U TPOTPAMMHOrO OOECHEeUYEeHHUs, a ITO B OTAEIBHBIX CIydasx
MOXXET OTpaHMYMBATh IPHUMEHEHHE MOJECIM B HOBBIX CpeAax ¢
OTIIMYAIOMIUMUCS  XapaKTepUCTUKaMU. TakuMm o0pa3oM, IpoBeleHHE
9KCIIEPUMEHTOB JUIsl TOBBIIIEHHS JOCTOBEPHOCTH MOJAENIH HEOOXO0ANMO
pealm30BaTh C MPUMEHEHHEM KOHKPETHBIX peam3aluil Y3JIOB, KOTOpHIC
MPEeyCMOTPEHO HCITONB30BATh PU POCKTHPOBAHUH KIIacTepa.

£ £ % £ 2

]
Bar Dy PpERTIES ()

B E ¥

Puc. 5. Pe3ynpTaThl 9KCIIEpUMEHTA 10 OL[CHKE BIIMSHHUS KOJIMYECTBA OOLIMX U
AKTUBHBIX KOHTEHHEPOB: a) HA HHTEHCUBHOCTH 00Pa0OTKHU 3apOCOB KOHTEHHEPOM;
0) Ha 3arpy3Ky Ipoleccopa y3ia Kiactepa

4. Ilpubnm:xkeHHass MojeJb OLEHKH 3ajepskeK O00CTyKUBAHUA
B KOMIILIOTEPHOH cUCTeMe ¢ KOHTeilHepHOW BupTyaamsaumeii. [Ipu
TIOCTPOCHHH MOJIENN OOCITY)KUBAHUS PACCMaTPUBAEMBIX KOMIIBIOTEPHBIX
CHCTEM TMIPEAIONaraeTcs, 4YTO Yy3Ibl KiacTepa (YHKIMOHHMPYIOT B
CTallMOHAPHOM pexkuMe. ITOTOK 3ampocoB CUMTAETCs MPOCTEUIINM, a BpeMs
00CITy»XMBaHH 3aIIPOCOB — 3KCIOHEHIIMATBHBIM. OOCTy)KHBaHHE HA Pa3HBIX
y3/ax Kjiactepa (BUPTYaJbHBIX MAIIMHAX) NPEATONIaracTcsi HE3aBHCHUMBIM.
BxonHoit MOTOK  3alpoCcOB €  HMHTCHCHBHOCTBIO A PaBHOMEPHO
pacnpenessieTcss Mexay KoHTelHepamu. Kaxxablii KOHTeHep MOAeInpyeTcst
KaKk OJIHOKaHaJIbHAsi CHCTEMa MacCOBOTO OOCITy)KMBaHHS C OECKOHEYHOM
ouepesibl0 U MPOCTEHUIIIMM BXOJHBIM NOTOKOM. Bee KoHTelHeps! cunraroTes
OJJHOPOJIHBIMU TI0 (DYHKIIMOHAJILHOCTH M TapaMerpam OOCIy>KUBaHHUS.
[Ipennonaraercs, 4To 3ampocskl B OYepeqy W BO BpeMs OOCITy>KHBaHHS HE
TEpSIIOTCS, a X PEIUTHKAIMS HEe OCyIIeCTBIsIeTCs. BinsiHne oTka3os, cOoeB n
OIINOOK BBIYMCIICHUH B JAHHOW MOJIETIM HE YUUTHIBACTCS.
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Jlnst OLeHKH 3afiepKeK B y37ax KiacTepa (BUPTyalbHBIX MAIMHAX)
MIPEAJIaracTcsl HCIOIb30BaTh INPHONMKEHHBIE BEPXHIOID, HWIXKHIOK U
YCpEAHEHHYIO OIICHKM HMHTCHCHBHOCTH OOCIYXHBAaHHS B  KaXKIOM
KOHTEIHEpe B 3aBUCHUMOCTH OT 4YMCIA Pa3BEPHYTHIX KOHTEHHEPOB U UX
aKTHBHOTO YHCJIa, HM3MEHSIOIErocss B Tpouecce (YHKIHOHUPOBAHUS
CHCTEMBI.

[Moctpoenne npuOIMKEHHONH MOJIEIN MPOBENEM B COOTBETCTBHH CO
CJIE/TYFOIIIIM aJITOPUTMOM:

1. Hcnonp3ys pe3ynbTaThl OKCIIEPUMEHTa, MPEACTaBICHHOTO
Marpuneii M, ompenenuM BepxHee, HIKHEE W yCpPeTHEHHOE 3HAYCHHMS
WHTEHCHBHOCTH 0OCITY>KMBaHHS 3aIIPOCOB B KOHTEHHEpE.

2. Tlo ycranoBieHHBIM (3aJaHHBIM) B IYHKT€ | 3HAYCHUSAM
WHTEHCHBHOCTH OOCITY)XMBAaHUSI BBIYMCINM BEPXHIOIO, HIDKHIO U
YCPEeTHEHHYIO OIIGHKH 3arpy3KH OJHOTO KOHTEWHepa B 3aBHCHMOCTH OT
UHTEHCUBHOCTH BXOJ/IHOTO MOTOKA 3aIpoCoB, paBHOMEPHO
pacnpezenseMoro OaJaHCUPOBIIMKOM MEXAY y3j1aMH Kiacrtepa W
pa3BepHYTHIMH B HUX KOHTEHHEpaMHu.

3. OmpenenuB  3arpy3ky  KOHTCHHEpOB  (BEPOSTHOCTH  HX
3aHSTOCTH), BBIYMCIUM MAaTeMaTHYECKOE OXKHIAHHWE 4YHCIa aKTUBHBIX
KOHTEHHEPOB M BEPOSITHOCTH Pa3JIMYHOTO YHCJIA aKTHBHBIX KOHTEHHEPOB,
00CIyXHMBalOINX (YHKIMOHAIBHBIE 3aITPOCHI.

4. OueHNMM UWHTEHCUBHOCTb  OOCIY)XMBaHMS  3allpOCOB B
KOHTEIHEepax, UCIONIB3YsI PE3yIbTaThl PacYETOB BEPOSITHOCTEH aKTHBHOCTH
pa3IMYHOTO YHcia KOHTeHHepoB m (m = 1, 2, 3, ... , n), TOTYYCHHBIX Ha
npeapILynieM stane. (s 3Toro yMHOXKHM BBIYMCIICHHBIE BEPOSTHOCTH Ha
COOTBETCTBYIOIIIME 3HAUCHHUS WMHTCHCHBHOCTH OOCIY)XWUBaHUS u(n, m),
B3SIThIE M3 MaTpUIbl M, MONTyYCHHOHW 3KCIIEPUMEHTAIbHO. JTO IO3BOJHT
y4eCTh BIMSHHE TUHAMHYECKOTO pa3/EleHHs OOIIEOCTYNHBIX PECYpCOB
y3Jia MEKAY aKTUBHBIMU U HCAKTUBHBIMU KOHTeﬁHepaMH.

5. OmpenenuB  npuOMKEHHOE  3HAUYEHWE  MHTEHCHUBHOCTH
oOcmy)XMBaHUSI B KOHTEHHepe C Yy4€TOM BIUSIHHUA JWHAMHYECKOTO
paszjeneHus OOLIEJOCTYIHBIX PECYpCOB y3ja MEXIy aKTUBHBIMH H
O)KMJAIOIIMMHU 3alPOCOB KOHTEHHEPAaMH, BBIYMCIMM CPEIHIOI0 3aJIepKKy
3allpOCOB B OUYEpe/IsAX Y3JIOB KiacTepa B 3aBUCHMOCTH OT MHTEHCHBHOCTH
MOCTYNAONINX B KJIACTEP 3alPOCOB M YHCIIa KOHTEHHEPOB, Pa3BEPHYTHIX B
€ro y3rnax.

AHanornyao (TIpH TOBTOPEHHH ITYHKTOB 1-4 ainropmrma) MOMKET
OBITH MOIydeHa NPUOMIDKEHHAS OIEHKAa BEPOSATHOCTH CBOEBPEMEHHOTO
00CITyXMBaHHA 3allpOCOB B 3aBHCHMOCTH OT HWHTEHCHBHOCTH Tpaduka u
Y1cla KOHTEHHEPOB, Pa3BEPHYTHIX B y3/1ax kiacrepa. OLEeHKa BEpOSITHOCTH
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CBOEBPEMEHHOT0 00CITyXHMBaHHS 3alIPOCOB IIPOBEJCHA B pa3zeie 5 NaHHOH
CTaThH.

PaccMoTpuM mocTpoeHHE MOJENM  OOCIY)KHMBaHUS B CHUCTEMax
C KOHTEHHEPHOI BUpTyanu3anuei 6oee moapooHo.

Brawane paccMoTpuMm  oOciy)kMBaHHE B y3Je  KJacTepa,
YKOMIUIEKTOBAHHOTO OJTHOI BHPTYaJbHOW MAIIMHOM C 7 pa3BEpPHYTHIMH B
Hell KOHTeHepaMu (PUCYHOK 1).

IIpn mocTpoeHHM aHanUTHYECKOH Moaenu mo .1 mpuBeAEHHOro
aropuT™Ma OyAeM CUMTaTh, YTO WHTEHCHBHOCTH OOCITYXKHBAaHUS B
KOHTEIHepax He 3aBUCHT OT M3MEHEHHUH JUIMHBI ouepean (Yuciia aKTHBHBIX
KOHTEeIfHepoB). 3arpy3Ky KOHTEiHepa TpH BEpXHEH, HIDKHEH u
YCPEIHEHHON OLICHKE MPUMEM PaBHOM:

A

- >
n-p,

IpH 3TOM [i; — COOTBETCTBEHHO BEPXHssA, HMKHAA JIMOO ycpenHEHHas
OllCHKa HMHTEHCHBHOCTH OOCITY>KMBaHMA 3alpOCOB B  KOHTeHHepe,
3a/jaBaeMas B COOTBETCTBHH C IIYHKTOM | IpUBEAEHHOTO BHIIIE aJrOPUTMA.
OLIeHKY MHTEHCHBHOCTH OOCTYKMBAHHS [, MOXHO TIOJIYy4YHTh C
y4€TOM pPEe3yNbTaTOB INPOBEAEHHBIX IKCIEPUMEHTOB. IIpu 3TOM BO3MOKHBI
BEPXHss, HUKHSAS U CPEIHSAS OLEHKU UCKOMOH 3arpy3KH KOHTEHHEPOB p.
IIpn BepxHeM NPUOMIKEHUM 3arpy3Kd KOHTEHHepa p MHpUMEM

n
Ug=H(n, n), IPH HIKHEM fi;=/4(n, 1), @ IPU yCPEAHEHHOM L, = Zy(n,i)/n.
i=1
[pu ostom 3Hauenws u(nl), pmmn) w uni) Oepyrca ¢ ydérom
9KCIIEPUMEHTAIIHO  YCTAHOBJICHHBIX  PE3YJIBTATOB,  IPEACTABICHHBIX
B MaTpunie M. IlorpemHocTs ycpeJIHEeHHOH OUEHKH U, OOYCIIOBJIEHA TEM,
YTO BCE COCTOSIHUSI C Pa3HBIM YHCIIOM aKTUBHBIX KOHTEHHEPOB CUMTAIOTCS
PaBHO BEPOSITHHIMH.
Takum o0pa3om, 3arpy3ka KOHTEHHepa NpH BEepXHEH, HIDKHEH
1 YCPETHCHHOH OIICHKE 3a/1acTCsI KaK:

Afnu(n,1), npu nudicneii oyenxe,
p= A/nu(n,n),npu eepxneii oyenxe, (1)
A Z u(n,i),npu ycpeonenHou oyenxe.

i=l1
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Yopomenne Monxend OOYCIOBICHO TeM, YTO IIPEAIoaracTcs
HEU3MEHHOCTb WHTEHCUBHOCTH OOCIY)KUBAHHUS [lg, A TAKXKE 3arpy3Ku
KOHTEIHEPOB p, BHE 3aBUCUMOCTHU OT TEKYIIEH JUIMHBI OYepeIu.

B MOMEHT mocTymieHus 3arpoca B HEKOTOPBI KOHTEHHED Cpeiu
OCTaNILHBIX n—] KOHTEHHEPOB MOTYT OBITh 3aHATHI (akTuBHHI) =0, 1, ...,
n—1 koHTeiiHepoB. BepoATHOCTH TOr0, YTO B paccMaTpUBaeMblii MOMEHT
BPEMEHU MOCTYIUICHUS 3alpoca aKTUBHO I KOHTEHHEPOB, OLIEHUM KakK:

pi=Cii-p-(-py", )

rze p oueHnBaercs mo gopmyne (1).

Janee onpenenuM HWHTEHCUBHOCTb OOCTYKMBAHUS 3allpOCOB B
KOHTEHHEPax C YYEeTOM BEpPOATHOCTH AKTHMBHOCTH pPAa3IMYHOTO YHCIIA
KOHTEIHEPOB. 1Ipu 3TOM BEPOSITHOCTh AKTUBHOCTH HEKOTOPOI'0 KOHTEHHEpa
3aJjaqiM depe3 paHee ONpeJesICHHOE 3HAUCHUE €ro 3arpy3kd p, KOTOpoe
BBIYHCIISICTCS N0 (hopmyJie (2) TP YCIOBUM HEM3MEHHOCTH MHTEHCUBHOCTH
00CITyXKMBaHHs B KOHTEHHEPax BHE 3aBUCHMOCTH OT X aKTUBHOTO YHCIIA.

WutencuBHOCTH  OOCTyXHMBaHMS B  KOHTEHHEpPE C  y4eToM
BEPOSITHOCTH aKTUBHOCTH | KOHTEHHEPOB OLIEHHM CJIETYIOLIHM 00pa3oMm:

n-l . . .
p= uni+1)-Cy - p'(1=p)y" ", 3)

i=0

IIpu sToM p(n, i+1) — UHTCHCUBHOCTH OOCITY>KUBaHHS 3alPOCOB B
KOHTEHHEpE IIpU AaKTUBHOCTH 1§ KOHTEHHEPOB U pPa3BEPTbIBAHUU 7
KOHTeitHepoB Ha y3ne. 3HaueHue u(n, i+1) onpexnensercs mo marpuie M,
c(OPMHUPOBAHHON B pE3yJIbTATE OMMCAHHOTO BHIIIE SKCIIEPHMEHTA.

BepxHio0o, HIKHIOIO M YCPETHEHHYIO OIICHKHM MaTeMaTUYeCKOTO
OKUJAHUSI MHTEHCUBHOCTH OOCIYXHBaHHUS B KOHTEHHEpe u TMOydaeMm
COOTBETCTBEHHO IIPHU BEPXHEH [lypper, HYKHEH Uigwer U CPEMHEH fUayg OLIEHKAX
3arpy3Ku KOHTEHHEPOB p.

Pe3ynbraThl OIICHKM WHTCHCHBHOCTH OOCIY)XMBaHUS B OJHOM
KOHTEHHEpE B 3aBUCUMOCTH OT YHCJIa Pa3BEPHYTHIX B BUPTYaIbHOM
MalimHe KOHTEHHEpOB ISl TpPEX pacCMaTpUBACMBIX TPHOIIMKCHUN
l'IpI/IBe,Z[IGHLI Ha pUCyHKe 6. Pacy€r BBINOJIIHEH PU HHTEHCUBHOCTH 3alIPOCOB
A=19c¢c".
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Hupper

<o Mower

Havg

5 10 15 20
n
Puc. 6. OueHka HHTEHCUBHOCTHU 00CITy)KUBaHUS KOHTEHHEPOM B 3aBHCHMOCTH OT
yHcila pa3BEPHYTHIX KOHTEHHEPOB N, PE3yJIbTaThI IOIY4YEHbI IPH BEPXHEH, HUKHEHN
U CpeJIHEH OIIEHKe 3arpy>KeHHOCTH KOHTEHHEPOB

PucyHok 6 moKa3biBaeT, YTO WHTEHCHBHOCTH OOCIY>KUBaHUS
B OZIHOM KOHTEHHEpE YMEHBINAETCS C YBEJIMYCHHUEM  KOJMYECTBA
Pa3BEepHYTHIX B y3JIe KOHTEHHEPOB 71.

3aBUCHMOCTh ~HMHTCHCHBHOCTH OOCIY)XMBaHHS B KOHTEHHepe
OT MHTEHCUBHOCTH 3ampocoB A npu »n=20 (cieBa) m n=10 (cmpaBa)
puBeicHa Ha pUcyHKe 7(a) 1 7(0) COOTBETCTBEHHO.

pct wct

— Hupper — Hupper o

-+ Hiower i NN - Wower
Havg

— Havg

Puc. 7. OueHka HHTEHCHUBHOCTH OOCIY)KUBAHUsI B KOHTEHHEPE B 3aBUCHMOCTH
OT UHTEHCUBHOCTH 3anpocoB A mpu #n=20 (a — cineBa) u n=10 (6 — cripaBa)
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Ha pucynke 7 HaOmrogaercs, 4TO WHTEHCHBHOCTh OOCIY)KHBaHHUS
B KOHTEHHEpE YMEHbBUIACTCS IMPU YBEJIMYCHUH HHTEHCHUBHOCTH 3aIPOCOB.
DT0 O00BACHICTCA TEM, YTO C YBEJIMYCHHEM HMHTCHCHBHOCTH 3alPOCOB
BEPOSATHOCTh  AKTHBAIIMKM  OOJBIIErO  4YKWcia KOHTECHHEPOB  TaKKe
YBEJIMYMBACTCS, 4YTO MPUBOAUT K YMCHBIICHHIO HHTCHCHBHOCTU
00CITy’)KUBaHUS B K&KIOM KOHTCHHEpE.

BepxHIO0, HIKHIOIKO W CPEIHIO OICHKH MaTeMaTHYCCKOTO
OKUJaHUS BpEeMECHU mpeObIBaHUSA 3ampocoB 7 B y3le KiacTepa
(B KOHTEIHEpE) BBIUMCINM KaK:

1 1 1
— luupper T — /ulawer T — ’ua"g (4)
lower 1 > Lupper A > Lavg 1 .
- - -
n- /uupper - Hoyer n- /uavg
0.5
— Tiower
° Tuppar
0.4 T avg
o o o Cumynsmus

0.3

0.2)

0.1

5 10 15 20
n

Puc. 8. Ouenka cpeqHero BpeMeHH IpeOBbIBaHUS 3aIIPOCOB B KoHTelHepe T’
B 3aBUCHMOCTH OT YKCJIA Pa3BEPHYTHIX B y3II€ KOHTCHHEPOB 1

OreHKa cpeHero BpeMEeHH NpeOBIBaHM 3alpocoB B KoHTeWHepe T
OT YHUCJa Pa3BEPHYTHIX B y3JI€ KOHTEHHEPOB IO MpeajaraeMod MoJAeNId U
IpY MMHTAIMOHHOM MOJAEIMPOBAHUU IIPEJICTABICHBI HAa PUCYHKE 8 mpu
MHTEHCHBHOCTH 3ampocoB A = 19 ¢’ MmuTanmonnoe mogennpoanue [33]
NIPOBEJICHO C  HCHOJNb30BaHWMEM s3blka Python w  OubGnmorekn
MojenupoBanus SimPy [34 —36], npu 3TOM KOHTEHHEPHI MOJIEIMPYIOTCS
Kak 00BEKT CIIy>KOBI ¢ HCIOIb30BaHueM Kiacca SimPy.Resource.

[IporpaMmma HMMHTAMOHHOTO MOJAEIHMPOBAHWS BKIIOYAeT JBa
KITFOUEBBIX JTama:
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1. IIpeoOpazoBaHme TIOTOKOB 3alpoCOB, XapaKTEPH3YIOIIUXCS
WHTEPBAJTAMHU MEXKAY HUMH, PACHpPEACICHHBIMU II0 JKCIOHEHIIHAIbHOMY
3aKOHY CIy4alHbBIX BEIIMYUH, CpEJHEe 3HAueHHE KOTOPBIX 33JaeTcs
MOJIb30BATENEM.

2. OOciyKMBaHHE 3allPOCOB, KOT/Ia BPEMsl BBITOJHCHUS KaXIOTO0
3arpoca pacrpezeeHO IKCIIOHEHINABHO.

Ha BTOpOoM »STame y4WTBIBAacTCS 3aBHCUMOCTb WHTEHCHBHOCTH
o0cyXMBaHMs B KOHTelHepe (service rate) oT o0Iero yncia KOHTEHHEpOB
1 W KOJWYECTBA aKTHBHBIX KOHTEHHEPOB m C WMCHOJNb30BaHWEM (YHKIHH
u(n, m), orobpaxkaemoir B Marpuue M. DTa B3aUMOCBS3b MOXKET OBITH
yuteHa ¢ nomompblo  (yskumn  SimPy.Resource.count, kortopas
MPEAOCTaBIsAeT HHMYOPMALMIO O KOJMYECTBE 3aHATHIX MPOLECCOB B
OTIPEZICTICHHBIII MOMEHT BPEMEHH, YTO ABISIETCS MHIUKATOPOM KOJIMUYECTBA
AKTUBHBIX KOHTEIHEPOB.

I'padukn Ha pHcyHKe 8 MMOKa3bIBAIOT, YTO BEPXHsS, HIKHAS U
ycpenHEHHas OLEHKM HE NpPOTUBOpEYAT pe3ysbraraM HMHUTAIMOHHOTO
MojnenupoBanus. CpenHsst abcomtoTHas mnpoueHTHas omubka (MAPE)
BpEMEHH IIpeOBbIBaHMSA 3alpocOoB B KOHTeifHepe T, OTHOCHTENHHO
pe3yJIbTaTOB MMHUTAIMOHHOTO MOAENUpoBaHus cocrabisier 7,4%. Takum
00pa3oM, MOXHO CYMTaTh, YTO MPEAJIOKEHHAs aHAIUTHYECKash MOJCIb
a/IeKBAaTHO OIIMCHIBAET ITOBEJCHUE CHCTEMBI.

W3 rpaduka Ha pHCyHKE 8§ BHIHO, YTO CYIIECTBYET ONTHMAIBHOE
YHCIIO PAa3BEPHYTHIX B y3JlaX KOHTEHHEPOB 7, IPU KOTOPOM CpEeTHEE BpeMs
npeObIBaHus 3ampocoB I B cHCTeME MHUHHMManbHO. IIpm 3ToM crnemyer
OTMETUTH, YTO MCKOMOE 3HAYEHHE ONTHUMAIBHOTO UHCIA PAa3BEPHYTHIX B
y371aX KOHTEHWHEPOB 7 IIPU BEPXHEH, HWKHEH U YCPEIHEHHOW OLEHKax
BpPEMEHH NPeObIBAaHUS 3aIIPOCOB B CUCTEME IIPAKTHYECKU COBIAIALT.

Takum 00pa3om, U3 NPeNCTABICHHBIX 3aBUCUMOCTEIH BUIHO, YTO MPU
MIPOCKTUPOBAHUHM CUCTEM KOHTEHHEPHOH BHPTyalIM3allMM MNpPEAIOKEeHHas
aHAJIUTHYECKask MOJIETIb MOKET UCIIOJIb30BaThCs JJIS TIOMCKA ONTHMAIILHOTO
YHucia pPEIUIMK KOHTEeHHepoB (7), pa3BOpAauMBacMBIX B BHPTyaJIbHOU
MalluHe.

Ha pucynke 9 otobpaxeno cpegaee BpeMs IpeObIBaHMS 3alIpOCOB B
CHCTEME MPH PA3IUIHBIX 3HAYECHUSIX HHTECHCHBHOCTH 3aIIPOCOB A.

Pacuer MaremMaTH4eckoro OXWAAHUS BPEMEHH TPeOBIBAaHMSA
3allpOCOB B y3JIe OT WHTEHCHBHOCTH TpadMKa HPH Pa3INYHBIX 3HAYCHUIX
KOJMYeCTBa pPa3BepHYTHIX KoHTeiiHepoB n=5, 10, 15, 20 otpaxeH Ha
pucynke 10.
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Tc

Puc. 9. BpeMi[ Hpe6LIBaHI/I$[ 3alIpoCOB B CUCTEME B 3aBUCUMOCTHU OT YHCJia
Pa3BCPHYTHIX KOHTeﬁHepOB N Ipyu 3HAYCHUAX MHTCHCUBHOCTHU 3aIIPOCOB: a) ﬂ.:S;
6) 10; B)15; 1) 20 ¢!

0.
_11:5 1,
.-~ n=10 -

ré
— n=15 P
- - n=20 a P
e
- pd
0.15 o
,/ //
- ~
-
Tavg, € s - e
P ~ R
- -
4 ~ 4
-~ -~
01 . —
: -1

0.05

0 5 10 13 20
Act

Puc. 10. Pacuer maTemaTu4eckoro OXUJJaHusl BpEMCHU Hpe6I>IBaHI/I$[ 3alpocoB
B y3JI€ OT UHTCHCUBHOCTU Tpa(bI/IKa

HcnoaszoBanue mopeaun M/G/1. VYcraHoBiaeHHass 3aBUCHMOCTH
WHTEHCUBHOCTH O0CITY)KMBaHHUSI B KOHTEHHEpax OT 4YKCJa 7 Pa3BEPHYTHIX B
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y3J1€ KOHTEWHEPOB U MX aKTMBHOM 4acTH, 3aBUCALIEH OT MHTEHCUBHOCTH
BXOZHOTO TIOTOKA, MO3BOJIIET OoJieeé TOYHO MPEACTABUTH IIPOLECC
00CITyKMBaHHs B KOKIOM KOHTelHepe Mojenbio M/G/1.

B aToMm ciydae aisi ompeneneHusl CpeAHEro BpeMEHU MpeObIBaHUS
3ampoca B o4epenu KOHTelHepa Bocmosbzyemcs ¢opmyioi [lomsuexa-
XunuuHa [16]:

e %V(Z) _ ;{0‘}(2) ’
2(1-py)  2(1=4v)

e Ag= A/n, a v u v’ mepBbli M BTOPOil HAYANBHBIA MOMEHT BPEMEHH

00CITy’)KUBaHU 3aIIPOCOB B KOHTEHHEPE MPU 33JaHHOM YHCIIC Pa3BEPHYTHIX
KOHTeHHEPOB 7. VIckoMbIe MEpBBIA U BTOPO HadallbHble MOMEHTHI HalljieM
Ha OCHOBE mepebopa TUMOTE3 C ONpEeAeTICHHEM BEPOSTHOCTH aKTHBHOCTH
Pa3IMYHOTO YKCIa U3 Pa3BePHYTHIX KOHTEHHEPOB:

n—i—1

n—1 1 y) i A

= — |l.ct =1L ,
Z(; u(mi+1)) " np, o
. 5 i n—i—1
n— 1 X
o S L Ve [(A)[i-A)
i\ M(n,i+1) L ni

A . .
mpu 3ToM —— <1 BEpPOATHOCTb, YTO HEKOTOPOH KOHTEHHEp aKTUBEH,
N

a YTOYHCHUEC OLCHKHW MHTCHCUBHOCTHU O6CJ'Iy>KI/IBaHI/I$I B KOHTeﬁHepe

n—i—1

Hy =§u(n,i+1)~c,’;4 (ij {l—i] ,

pary nu nu

rae y onpenersics mo opmyne (3).

Ydyer 3agep:kku pacnpenejieHusi 3ampocoB. g KiacTepos,
oObeauHSIONMX N BHPTYyalbHBIX MAaIlMH, B KaXIOH M3 KOTOPBIX
pa3BepHYTO 7 KOHTCHHEpOB, NPH BBIYMCICHHH CPEIHETO BPEMEHU
NIpeObIBaHMUS 3alIPOCOB B CHCTEME ITOMHUMO PAaCCMOTPEHHOH BBIIIE OLEHKU
3allep)KeK B y3Jie KjacTepa HEOOXOMMMO YUYUTHIBATH JIOMOJHUTEILHYIO
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3aJepXKKy pacmpeneNneHus 3ampocoB [, IO y3daM KiIacTepa IIpH
OaaHCHPOBKE HArPy3KH.

IIpu pacnpenenenun 3anpocoB ¢ OaTaHCUPOBKOH Harpys3Ku
MHTEHCUBHOCTb 3alpOCOB, IOCTYNAIOUIMX B KIAcTep A, DPaBHOMEPHO
pacripeziesisieTcss Mo ero ys3jiaM, TO €CThb HHTCHCHBHOCTH ITOCTYIUICHHS
3aIpocoB B y3eJ Kiactepa Oyzaer paBHa A=A./N. Ecnu npu GanmancupoBke
3arpy3ku B Kiactepe ouepenu He (opmupyercsi (PUCYHOK 2), TO BpeMs
pacnpesiefieHust 3ampocoB 1, = Vv, , TA€ V, — CpPEJHHE 33JepKKH B
OaJaHCHPOBILVKE PH PaclpeneIeHnH 3anpocoB. Eciu B kiactepe oyepens
Ha JWCIeTYepu3anuio (pacmpeneneHue ¢ OamaHCHpPOBKOW) oOpasyercs
(puc.3), To TpHU TpencTaBleHUH AWCIeTYepa (OalaHCHPOBIINKA) B BHIC
KJIACCHYECKOH OJIHOKAHAIBHOM CHCTEMBI C OECKOHEYHOW OdYepenpio THIIA
M/M/1, nmeeM 3aIep>KKH pacIpeAeTICHHS 3allPOCOB:

- Vp

T =——.
’ (1 _/’i’(exnb 'Vp)

IIpencraBnennass npuOIMKEHHAS MOAENb MO3BOJISIET YCTAHOBHUTH
AQHAIIMTHYECKYIO 3aBUCHUMOCTB 3aJ€PXKEK OKUIAHUA 3aIPOCOB B OUYEPEIAX
JUIsl KJIACTEPHBIX CUCTEM C KOHTEHHEPHOU BUPTYyJIU3ALIMEH.

Pa3BuTue npeanoxkeHHbIX MojieNnell MOXKeT BKII0YaTh UCCIIEI0BaHNE
BJIMAHUA Ha 3aJACPKKU 06cny>1<1/13aﬂ1/1;1 U HapyHICHHsA HEIPECPLIBHOCTH
(YHKIIMOHMPOBAHUS M3-32 OTKA30B, IPHBOJAIIMX K IMOTEpe BPEMEHU Ha
PEKOHOUTYPALMIO  CTPYKTYpPHl W KOHTPOJIb  (DYHKIMOHHUPOBAHHUSL.
YTouHeHne Mogeneil MOXKeT MHPOBOIUTBCA C YYE€TOM BO3MOMKHOMU
HEONpE/ICNEHHOCTH Tpaduka ¥ €ro IEepHOJUYECKHX  HM3MEHEHHH.
IIpencraBnsercss  menecooOpa3HBIM — HCCIECAOBAHWE  ITOTEHIMAIBHBIX
BO3MOXKHOCTEH  YTOYHEHHUs IMpPEUIaraéMblX MOJEJNEd Ha  OCHOBE
KOMIO3HIMOHHOTO TMOAXOAa K UMHUTAUOHHOMY MOJAEIMPOBAHUIO CHUCTEM
MaccOBOTO 00CITy)KHBaHUS C TapaMEeTPHUIECKON HEOIpeaeIeHHOCTRIO [33].

5. OueHka BepOAATHOCTH CBOEBPEMEHHOr0  00CJYKUBAHMSA
3ampocoB. Ilpennaraemple BbIlIE TNPHOIIKEHHBIE MOJEIH MacCOBOTO
00CITyKMBaHHs KJIACTEPOB C KOHTCWHEPHOH BHUPTyaJHM3alUel IMO3BOJISIOT
OLICHUTh CpelHee BpeMs NpeOBIBaHMS 3alpOCOB C y4YETOM BIMSHHUS Ha
WHTEHCHBHOCTh HMX OOCIY)XHMBaHHMS 4YHWCIa pa3BEPHYTHIX M aKTHBHBIX
KOHTEHHEPOB, COBMECTHO HCIOJB3YIOIIMX OOIIHME BBIYUCINTEIbHBIC
pecypchl y3710B.

Jdna  GyHKOMOHMpOBaHMS  KiacTepa IIpH  OTpaHWYEHHH HA
JIOIIYCTHMOE BpeMsl O)KHIaHHS BayKHA OIIEHKA BEPOSITHOCTH OOCITY KHBaHHMS
3aIpOCOB 33 BpeMs, MEHbIIEE NIPEACIbHO TOIYCTHMOTO ).
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OyHKINOHUPOBAHNE KOHTEHHEpa MPEICTaBUM MOJEIBI0 MacCOBOTO
oOcnykuMBaHHs C HEOrpaHMYeHHOW odepenapto tuma M/M/1. Tlo
pe3ysbraraM OIIGHKM MaTeMaTHYeCKOrO OXXHMJAaHWS MHTEHCHBHOCTH W, C
YYETOM BJIMSIHHS OOINEro 4ucia pa3BEepHYTHIX M aKTUBHBIX KOHTEHHEPOB
(myHKTHI 1-4 IPUBENICHHOTO BHIIIE aJTOPUTMA TIOCTPOCHUS MPUOIMIKEHHON
MOJIENT 00CITY’)KHBaHMs1), BEPOSTHOCTh HE MPEBBINICHUS TPH OXHUIaHUH B
KOHTEIHEepe NpeIeNbHO JOMYCTHMOTO BPEMEHH ) OTIPEIEIIM KaK:

P= 1—ie[%fﬂ)t° . Q)
nu

IIpn pacderax MOXKET OBITH B3ATO BEPXHEE HIKHEE WIH
YCPEOHEHHOE 3HA4YEHHE WHTEHCUBHOCTH OOCIYXXHMBaHMSA  3aIpOCOB,
MOJIy4YCHHOE BhIIIe 110 Gopmyiie (3).

Hckomast 3aBUCHMOCTh BEPOSITHOCTH CBOEBPEMEHHOTO
o0CyKMBaHHs 3alpocoB B y3ie Kiactepa P 3a Bpems, MeHblee f; OT
WHTEHCHBHOCTH TIOCTYIUIEHHS 3allpocoB B y3ell KiacTepa A NpHBeAeHa Ha
pucyske 11(a) s BepXHETO (P,qy), HUKHETO (P,) U yCpPeTHEHHOTO (P,y0)
npubnmmkennii. M3 pucynka 11(a) BumHO, 9TO pa3dpoc MExay BepXHEH
Y HIOKHEH OIIGHKaMM yBEIWYHMBAeTCS IO Mepe pOCTa WHTEHCHBHOCTH
3ampocoB A (1/c) W 4ymcma pa3BepHYTHIX B y3lIe KOHTeHHEpoB. Pacuér
MpoBeAEH NPH MPEAETbHO JAOIYCTUMOM BpeMeHM oxumanus #,=0,3 c.
Ha pucynke 11(6) oTpakeHa 3aBUCHUMOCTh  YCPEOHEHHOW  OIIEHKHU
BEPOSITHOCTH CBOCBPEMEHHOTO OOCIYyXXHMBaHHS P OT HWHTEHCUBHOCTH
3anpocoB A (1/¢) npu pa3BepThIBAHUU B BUPTYAIbHOW MaIlluHe n=3, n=5 U
n=10 KOHTEHHEPOB MpHU JTOMyCTUMOM BpeMeHH oxunanus #,=0,3 ¢ u #,=0,4
c. 13 pucynka 11(0) BUIHO, YTO YBEJIUUYCHHE YMCIIA PA3BEPTHIBAEMBIX B
y3Jle KOHTEHHEpPOB HE BCerja OJHO3HAYHO IPHUBOJIUT K IIOBBIILICHHIO
BEPOSITHOCTH OOCIyXHMBaHHs P 3a Bpemsi, HE IPEBOCXOJAIIEE MPEACIEHO
JIOITYCTHMOE £y BPEMsI OXKHIaHUSI.

PesynbraTel TpaHWYHBIX (BEepXHEW W HIDKHEH) W YCpPETHCHHOM
OLICHOK BEPOSITHOCTH BBINOJIHEHHS 3alpocoB P 3a BpeMsl MEHbIIEE #) IpH
M3MEHEHHSX YHCIIa KOHTEHHEPOB B y3J1€ /1 IPECTABICHBI HA pHCYHKE 12.
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Puc. 12. Pe3ynbpraThl rpaHUYHBIX (BEpXHEH U HUOKHEH) M yCPETHEHHOH OIICHOK
BEPOSITHOCTH BBIIIOJIHEHHUS 3a1IPOCOB P 3a BpeMst MEHBbIIIEe ¢y IPH M3MEHEHHSX
YHCIla KOHTEHHEPOB B y31I€ 7

[lpencraBneHHble  Ha  pucyHke 12 rpadyiku  MOKa3bIBAaIOT
CYIIECTBOBAHUE ONTUMAJBHOIO 4HCIA Pa3BEPHYTHIX B Yy3Jax Kiacrepa
KOHTEHHEpOB, IpPH KOTOPOM JOCTHTaeTCs MaKCHMYM BEpOSTHOCTH
CBOEBPEMEHHOT'0 00CITy)KMBaHHS 3aIIPOCOB.

[IpoBeneHHBIE MCCIIEAOBAHMUS TIOKA3bIBAIOT, YTO MPH HUCTIOIH30BAHUN
BEpXHEH, HIDKHEH M yCPETHEHHOM OIEHKH WHTEHCHBHOCTH OOCIYKHBaHHS
B KOHTEIHEpax NCKOMOE ONTHMAIFHOE 3HAYECHHUE YHCIIa Pa3BEPTHIBAEMBIX B
y3JIe KOHTEHHEPOB UMeET OJIM3KHE [eI0YNCICHHBIE 3HAUCHHSI.

B gamHOif crathe (PHCYHOK 8) TMOKa3aHO CYIIECTBOBAaHHE
ONTHMAJIBHOTO YHCJIa Pa3BEPHYTHIX KOHTEWHEPOB B y37€, NMPH KOTOPOM
o0ecrieunBaeTCsl MHUHMMYM BpPEMEHH MpEeOBIBAHHWE 3alpocoB B  y3II€.
[TocraHoBKa U pelIeHNE 331a41 ONTUMH3AIMH BBIXOJHUT 33 PaMKH JIAHHOTO
UCCle/IOBaHUsI M TpeOyeT JOMOJHUTENbHBIX MCCICNOBAaHUH, B TOM 4YHCIIE
Opd  BO3MOXXHOCTM HM3MEHEHHH HHTEHCHBHOCTH BXOJHOIO TOTOKA
(Hanpumep, €ro NEpPHOAMYECKMX HW3MEHEHHMH B TeUeHHE CYTOK). B
mpocTeieM ciy4ae, KOrJa WHTEHCHBHOCTH BXOJHOTO IIOTOKA 33/1aHa,
BO3MOJKHA CJIeyIOlast IPOCTEHIIas TIOCTAHOBKA ONTHMU3AIHY.

Jns  cucteM, K KOTOPHIM HE NpeabsBIsercss TpeOoBaHHE
BBINOJTHEHUS 3alIPOCOB 33 MPENENHHO JIOMyCTUMOE BpeMs, B KauecTBe
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KpUTEpHUs] ONTHMAIBHOCTH (1eJeBOM (DYHKIMH) HCHOIB3YETCS] MHHUMYM
CpE/IHEr0 BpeMeHH MpeObIBaHMS 3aIIPOCOB B CUCTEME.

I[J'DI CUCTEM, K KOTOPbIM HNPECABABIACTCA Tpe6OBaHI/Ie BBIITOJIHCHU S
3aMpoCOB 3a MPEICIBbHO [OMYyCTUMOE BpeMs, B KaueCTBE KPUTEPHUS
ONTUMAJIBHOCTU HCIOJB3YCTCA MAKCUMYM BCPOATHOCTU HC MNPCBLIIICHUA
3aJIePKEK OKHUIAHUS TPEACTBHO JOITyCTUMOTO BPEMEHH f), ONpPEaeIIieMOn
o popmye (5).

Jis  kaxnoro w3 COPMYNIHMPOBAHHBIX KPHUTCPUEM B KAueCTBE
mapamerpa  ymOpaBJeHHUs  BBICTYyNAeT  YHUCIO  KOHTEHHEPOB 7
pa3BOpavyMBacMbIX B y3lie. B KauecTBe OrpaHMYCHHI paccMaTpUBACTCS

YCIIOBHE CTAI[HOHAPHOCTHU <1, rune u onpenensiercs mo hopmyie (3).

n-u
B kadecTBe OrpaHMYEHHs TaKKe MOKET BBOJHUTHCS HaAMOONbIIEE YHCIIO
pa3BOpavYnMBaEMBbIX B y3JI€ KOHTEIHEPOB.

IIpennoxeHnHple TPUONMKEHHBIE MOJIENN MacCOBOTO OOCITYKUBaHUS
B KJIAaCTEPHBIX CHUCTEMax C KOMIBIOTEPHON BHPTyadHW3alMel ITO3BOJISIOT
YCTAaHOBUTH BIMSIHUSL 4YHCJIa pa3BopayMBaeMbIX B y3llaXx Kiacrepa
KOHTEHHEPOB Ha 3aJIep)KKy H BEPOSITHOCTh CBOEBPEMEHHOT'O 00CITY)KUBAHUS
3a1poCoB.

O0cy:x1eHne pe3yJIbTATOB W HampasJieHHsI pa3BuTHs. Hosusna
npeajiaraeMo  MOZAEIM  MaccoBOro  OOCIHYyXHMBaHHMs  KjacTepa C
KOHTEHHEpHOW  BHpTyanu3alMedl 3aKio4yaeTcs B y4eTe  BIUSHHSA
paszieneHus OONMX pECypcoB MEXJIY AaKTUBHBIMH UM HEaKTHBHBIMU
KOHTEfHEpaMH Ha CHIDKCHHE WHTEHCHBHOCTH OOCIY)KMBAaHHS B KaXKIOM
KOHTEHHEpE.

Ommumre mpeaymaraeMoll MOIENH KiacTepa ¢ KOHTeHHepHOU
BHUpTyalM3aliell COCTOMT B  MPEACTaBICHWH  KJacTepa TIPYMION
OJHOKaHaJIbHBIX  B3auMo3aBUCHUMbIX CMO, Kkaxkzmas U3  KOTOPBIX
COOTBETCTBYET OTICIBHOMY KOHTelHepy. B3anmozaBucumMocTsb
onHokaHaIbHBEIX CMO, 00BequHAEMBIX B IPYIITy, OOyCIOBICHA TE€M, YTO
pacmpeseneHre OOIIMX OTPAHHYEHHBIX PECYpCOB MEXIY AKTUBHBIMU H
HCaKTHUBHBIMU KOHTeﬁHepaMH, NpUBOJAUT K CHUKCHHIO HHTCHCUBHOCTH
o0ciyHBaHus B KaXAoM M3 HHUX. OCOOCHHOCTH Ipe/ularaeMoil Mojeln
3aKJII0YaeTcsi B y4eTe OTOW  B3aMMO3aBUCHMOCTH  OT/ENBHBIX
onHoKkaHaIbHEIX CMO.

PazBuTne TIpeaJIaraeMbIxX Mojenen JUIst CTPYKTYPHO-
MapaMeTPUYECKON ONTHMHU3AINHU KJIACTEPHBIX CHUCTEM C KOHTEHHEpHOU
BUpTyaln3aliedl NpeaycMaTpuBacTCs B HAIPABICHWH Yy4eTa BINSHHA
OTKa30B, c00eB M oMMOOK BeIYucieHuit [37 —40]. Moaenu MoJKHBI OBITH
OPHEHTHPOBAHBI Ha  ONTHMH3AIHIO KJIacTepa B YCIOBHSIX
MHOTOKPUTEPHAIBHOCTH M CTOXAaCTHYECKOW HEOIpPEAEICHHOCTH TpaduKa,
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BTOM 4YHCIE TpH ero (YHKIMOHAJIBHOH ¥  TapamMeTpHYecKon
HEOTHOPOIHOCTH, BKJIIOYAs HEOJHOPOTHOCTH 3alPOCOB MO KPHUTUYHOCTU
K JOMYyCTUMOMY  BpeMeHH ux  oxuganus [13,14,41,42]. Hus
pacnopeacaCHHbIX KOMIIBIOTEPHBIX CHUCTEM, npeaycMaTpuBaromux
MEKMAIIIMHHBI OOMEH JaHHBIMU uepe3 ceTh [13, 14, 43], mpu oreHke
Ha/IO)KHOCTH M 3aJlepKeK Iepeaad HeoOXOIUM Y4eT H30BITOYHOCTH HX
TOIIOJIOTUU ¥ BO3MOKHOCTH OpPTraHM3alli¥ MHOTOITYTEBBIX Iepenad, B TOM
yhcle C peIUIMKalued M CerMeHTanuell TepefaBaeMbIX JIaHHBIX
[13, 14, 44].

B nmanpHeimem mpenmonaraeTcs MOCTPOCHHE MOAETH HAJICKHOCTH
paccMaTpuBaeMBIX CHUCTEM W IIOCTAHOBKY 3a/Ja4ll MHOTOKPHTEPHATBHON
onTuMHU3aMd. B KadecTBe KpuTepws, OOBETUHSIONIETO PACCMOTPEHHBIC
B JAaHHOM cCTaThe IIOKa3aTeNd 3aJCpKeK W TOKa3aTeld HaIeKHOCTH,
Hpe/rnosaraeTcs HCIoIb30BaTh, B YaCTHOCTH, KOA(PQUIMEHT TOTOBHOCTH
K BBITIOJIHEHUIO 3aPOCOB B YCTAHOBJICHHBIE CPOKH [45]. 3aMeTHM, 4TO 3TOT
KpHUTepHii He (popMaNbHBIN, a UMeeT HU3NIECKUI CMBICIT.

B  HampaBneHunm — ucciefoBaHME — BO3MOXHOCTEH — M30JILMU
Pa3IMYHBIX BBIYMCICHUH, BHIMONHAEMBIX OJTHOBPEMEHHO, B paMKax OJHOTO
BBIYMCIUTENLHOTO YCTPOHCTBA M3BECTHBIX U3 [15] mpenmonaraercs
MIOCTPOEHHE MOJENeH, HE OrpaHWYEHHBIX MPOCTEUIINMH HNOTOKAMU
¥ DKCTIIOHCHIIMANBEHBIM 00cCiTy)kuBaHueM [46], ¢ ydeToM ocoOeHHOCTE!
KOHTEHHEpPHOW BUpPTyaln3allMd. YKa3aHHbIE HAlpaBleHUS pPa3BUTHS
paboTHl OPHEHTHPOBAHEI HA BO3MOYKHOCTH KOJIMYECTBEHHOTO 00OCHOBAHHS
BBIOOpa pPEmICHNH IO KOHTCHHEPHOH BUPTYAIN3alliH, a TAK)KE CPAaBHCHUS U
000CHOBaHHS BBIOOpA C YUETOM APYTHX TEXHOJOTUH BHUpTyanu3amun [47 —
52].

6. 3axuouenmne. IlpemnoxeHa npUONMIKEHHAs aHAINTHYECKAs
OLIEHKa BEPOSITHOCTHO BPEMEHHBIX IOKa3aTelied KauecTBa OOCITY)KUBaHUS
3alpOCOB B KJIACTEPHBIX CHCTEMaxX KOHBEHEpHOW BHPTyaHM3alliH,
Mojly4aemasi TpU COYETaHWH OSKCIEPUMEHTAIbHBIX MHCCIEOBaHUH U
AQHAJUTHYECKOTO MOJICITMPOBAHHSI.

IIpu mocTpoeHNN aHATWTUYECKON MOMIENH OOCITY:KUBAHHS KaKIbIi
KOHTCHHEp TIPEICTABIICTCS KaK OTHENbHAs OJHOKAaHalbHAs CHCTeMa
MaccoBOTO O0OCTy)XMBaHUS C OECKOHEYHOW Ouepenpi0 M MPOCTEHIINM
BXOOHBIM TOTOKOM. OCHOBHOE OTIHYHE IMpeqIaraeMoil  MOJIENn
BUPTYaJIbHOI'O KJIACTEPa 3aKJII0YacTCsl B TPAHUYHOM BEpXHEH, HWXKHEU M
YCPEAHEHHOH  OIleHKE  BO3MOXKHOTO  CHIDKGHHS  HHTEHCHBHOCTHU
oOcnmykMBaHHs B KOHTElHepaX u3-3a pa3feiieHHs MeXIy HHUMHU
OTpaHMYCHHBIX  OOLIENOCTYIHBIX  BBIYMCIHUTENBHBIX PECYPCOB  y3Iia
KJIacTepa B 3aBUCHMOCTH OT KOJMYECTBA Pa3BEPHYTHIX B HEM KOHTEHHEPOB
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U U3MEHSIOIIETOCA YHCJIA AaKTHBHBIX KOHTEHHEPOB, 3aBUCSIIEM OT
HMHTEHCUBHOCTH BXOJHOTO MTOTOKA.

Ha ocHoBe mpenmnaraeMelx NpUONMKEHHBIX TPAaHUYHBIX Mojenen
OLIEHKH CpEJHEro BpEeMEHH TIpeObIBaHMS 3alpoCcOB B Kiacrtepe |
BEPOSTHOCTH WX CBOEBPEMEHHOTO OOCIY)XMBaHHs 3a BpeMs, He
NpEBBILIAIONIEE  MPEAENbHO  JOMYCTUMOE  3HAadeHue,  MNpPOBEAEHO
HCCIIeIOBaHUE BO3MOXKHOCTEH NOBBINIEHHUS 3((GEKTHBHOCTH KJaCTEPHBIX
CHUCTEM  KOHBEHEpHOW  BHUpTyalHU3aLUU. OneHka  BepOSTHOCTU
0OCIyXMBaHHS 3allpOCOB 32 BpPEMsl HE MPEBBIMIAIOIIEE IIPEEeTBFHO
JOIMYCTHMBIE BpeMs OCOOCHHO Ba)XKHO MJIsI CHUCTEM, KPHUTHYHBIX K
CBOEBPEMEHHOCTH W HENPEPHIBHOCTH pEAIM3aLUH  BBIYNCIUTEIHFHOTO
Tporecca.

[TokazaHo cymiecTBOBaHHE ONTHMAJIbHOTO YHCIA PAa3BEPHYTHIX B
y371ax KOHTEHHEpOB, IIPH KOTOPOM CpeJlHee BpeMs peObIBaHHS 3aIPOCOB B
CHCTEME MHUHHMAJILHO JIMOO BEPOSTHOCTH BBIIIOJHEHHUS 3aIIPOCOB 332 BpeMsi
MEHbIIIee TpPEAeTFHO JOIMyCTUMOro MakcuMaibHa. [Ipm 3ToM ciemyer
OTMETHTb, YTO [EJOYMCICHHBIE 3HAU€HHs ONTUMAJbHOIO  YHCIA
pa3BEepHYTHIX B y371aX KOHTEHHEpPOB, MCKOMBIE NPHU BEPXHEH, HWXKHEH U
YCpPEeTHEHHOH OLIEHKE, UMEIOT JOCTATOYHO OJIM3KUE 3HAUCHHSI.

[IpennaraeMble MOJEIN MOTYT OBITH MPUMEHEHBI MPU CTPYKTYPHO-
napaMeTpudeckoit ONTHUMU3ALMU KJIaCTEpPOB c KOHBelepHOoU
BUpTyalH3aliei, B TOM YUCIIe B Cclydae MaclITaOMpOBaHUS U aIalTHBHON
PEKOHUTYpallMM K M3MEHEHUsIM Tpaduka B cucteme. PexoHurypamus
Kjlactepa TpH W3MEHEHHMAX TpaduKa peanusyercss B pe3yjbTare
MIEPEeHACTPONKH YHCIIa Pa3BEPHYTHIX KOHTCHHEPOB.
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V.BOGATYREV, V. PHUNG
AN APPROXIMATE ASSESSMENT OF LATENCY IN A
COMPUTER SYSTEM WITH CONTAINER VIRTUALIZATION

Bogatyrev V., Phung V. An Approximate Assessment of Latency in a Computer System
with Container Virtualization.

Abstract. The key role in achieving high reliability, security, fault tolerance, and low
latency of query service in distributed systems (including cloud computing) is played by the
consolidation of data processing and storage resources in clusters, the efficiency of which
increases with the use of virtual machine technologies and container virtualization. The
complexity of building queuing models for container virtualization systems is caused by the
fact that the intensity of query execution in each container is associated with the dynamic
division of shared resources between active (performing functional tasks) containers and the
costs of supporting all containers deployed in the VM, including inactive containers waiting for
service requests to be sent to them. The reduction in service intensity in each container due to
shared resource allocation depends on many factors that are difficult to investigate. For clusters
with container virtualization, this article provides an approximate boundary estimate of the
average request waiting time and the probability of timely service. When building an analytical
model, each container is represented as a separate single-channel queuing system with an
infinite queue and the simplest input stream. The key feature of the proposed virtual cluster
model is the estimation of upper, lower, and average bounds for the potential service intensity
reduction in containers, resulting from the allocation of a node's limited computing resources
among them. This depends on the number of deployed containers and the dynamically varying
count of active containers, which is influenced by the input stream intensity. The study
demonstrates the existence of an optimal number of containers per node, minimizing the
average request processing time or maximizing the probability of timely request execution. The
proposed models can be applied to the structural and parametric optimization of clusters with
pipelined virtualization, including in the case of scaling and reconfiguration adaptive to traffic
changes by disconnecting or connecting some of the deployed containers depending on
changes in the load in the system.

Keywords: container, container virtualization, cluster, resource allocation, latency.
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Abstract. Currently, the development of approaches that enhance the resilience of
integrated energy systems is a highly relevant research direction. Such approaches are based on
the structural and parametric optimization of integrated energy systems. Typically, these
approaches are closely tied to a specific spatio-temporal scope and a particular optimization
method. The application of developed approaches at other scopes often leads to a significant
increase in computation time and a possible reduction of solution accuracy. This problem is
due to the complexity of energy system optimization models and the differences between them.
To solve this problem, we have developed a methodology for selecting the most suitable
methods for the design of system resilience at a given spatio-temporal scope. The proposed
methodology is based on testing methods within a specialized testbed and a multi-criteria
analysis of test results. The indicators for evaluating the methods include both summary
metrics of resilience and efficiency parameters of computational resources. The benefits of the
proposed methodology are illustrated for the resilient design with respect to national and local
integrated energy systems. Several dozen methods from the well-known Parallel Global
Multiobjective Optimizer library were efficiently tested in up to 10 hours. The analysis of the
testing results was performed with different multi-criteria algorithms regarding the
prioritization of the indicators.

Keywords: integrated energy systems, resilience enhancement, synthesis, structural and
parametric optimization methods, multi-criteria analysis, testbed.

1. Introduction. Over the past two decades, problems caused by a
series of extreme weather events, such as Superstorm Sandy (2012) and
Hurricane Maria (2017), have highlighted the need for fundamental design
and efficient operation of modern power systems. After extreme power
failure events, the cost of restoring the power system becomes prohibitively
high. This has a direct impact on the economic and social well-being of
many countries. For example, in February 2021, three severe winter storms
hit Texas, causing widespread failures in the power generation,
transmission, and distribution subsystems [1]. The power outages led
directly and indirectly to the deaths of approximately 200 people [2].

Recent research on blackouts has predominantly focused on
integrated energy systems (IES) reliability [3]. Most of the world's reliable
energy systems meet the so-called n—1 supply security criterion, which
postulates that in the event of a system component failure, the power supply
can be restored to consumers without load shedding. However, reliability-
based IES designs fail to account for high-impact, low-probability (HILP)
disruptions because the reliability concept is concerned with normal
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operating conditions or controllable fault conditions. Designing a resilient
IES is a challenging due to higher computational complexity.

In this paper, we propose a methodology for selecting optimization
methods to solve the resilient IES design problem. Within the methodology,
we test software developed to solve this problem to select the best
optimization method for a particular class of IES models. The method
selection is based on a multi-criteria analysis of two sets of indicators:
resilience indicators, which are the summary metrics, and efficiency
indicators for the use of computational resources. The proposed
methodology is applicable to the design of IESs with different spatio-
temporal scopes and the simultaneous modeling of different categories of
disturbances

2. Related works

2.1. Energy system resilience. The resilience of an IES is defined as
the ability of a system to anticipate, absorb, and mitigate the effects of the
disturbances and recover from them rapidly. Under extreme conditions, the
behavior of IES is described by resilience curves, each of which is a graph
of the dependence of the system performance p on time ¢ [4]. There are
several ways to represent the resilience curves, such as the resilience
triangle, resilience trapezoid, and multiphase resilience trapezoid [5].

The conceptual resilience trapezoid is shown in Fig. 1. From ¢, to ¢,
the system is in a stable initial state characterized by the performance level
P, - When a disturbance occurs at ¢, the system attempts to resist the

degradation process by absorbing and counteracting the disturbance. The
disturbance causes the system performance to drop to p, at ¢, . Between

t, to t; the system mitigates to the consequences. From t,, the system aims

to restore its functionality in the shortest possible time. The recovery
process culminates at ¢, , with the system reaching a new stable state. The
system then gradually increases its functionality at 7 to one of the levels
b-Ps-

Performance metrics mainly illustrate technological or territorial IES
characteristics. In contrast, summary metrics [4] characterize different states
of the system performance, as shown in Fig. 1. These states include
planning (state 1), resistance (state 2), mitigation (state 3), and recovery
(state 4). The planning, resistance, and mitigation states can be collectively
referred to as adaptation. Issues related to the selection of the appropriate
performance measures, summary metrics, and their standardization are
discussed in detail in [4, 5].
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The primary objective of IES resilience research is to identify a
strategy for optimal disturbance resistance and rapid recovery. The strategy
is a set of partially ordered activities that facilitate both adaptation and
recovery.

Adaptation

Performance

3

State 23 State 3 State 4 E i
| Extreme ¢onditions 1 l
t2 t3 [4 T t
Time (h)

Fig. 1. The conceptual resilience curve

In the existing, most approaches to enhance the resilience of IESs
focus on only one of two key areas: the adaptation to disturbances, which
are typically limited to a specific category, such as natural disasters, and the
subsequent recovery of the system. The advantages of considering both key
areas in an integrated manner are the balanced allocation of resources to
enhance resilience and the significant reduction in performance losses
during extreme conditions. The main drawback of that is increased
computational complexity..

2.2. Energy system synthesis problem. In this paper, we consider
the enhancement of IES resilience in the context of the problem of structural
and parametric optimization of energy systems, which we refer to as energy
system design (synthesis). Parametric optimization enables the selection of
optimal parameters for the operation of energy equipment [6]. The objective
of structural and parametric optimization is to select the most appropriate
types of energy equipment and locations for their installation. In general, it
is formulated on the basis of parametric optimization [7]. Therefore, from a
mathematical and computational point of view, structural and parametric
optimization is a more complex problem than parametric optimization.
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The long-term reason for the resilient IES synthesis is a growing
interest of consumers in exploring cleaner and more sustainable options for
energy generation. This is driven by the increasing global demand for
electricity and thermal energy, as well as the exhausted supplies of fossil
fuels and their harmful effects on the environment.

The short-term reasons include modern consumption concepts such
as demand-side management. It is commonly understood as controlled load
shedding which is not designed for permanent demand reduction or the
temporal shifting of energy demand within a predefined time window. Two
main types of demand-side management response measures can be defined,
namely curtailment and load shifting. Curtailment focuses on the reduction
of load peaks. Load shifting leads to an advanced or postponed load catch-
up during another point in time, e.g., when sufficient amounts of energy
from other sources become available. Both measures make energy demand
more flexible. The short-term factors are influenced not only by the
consumer behavior but also by resilient dispatch strategies to combine
distributed energy with traditional energy systems, cooperate with the
operation of various forms of energy, and give play to the advantages and
potential of different energy sources.

The traditional approach to IES synthesis entails the manual creation
of numerous system configurations that are significantly different from each
other. The primary disadvantage of this methodology is the high degree of
subjectivity inherent in the decision-making process, which depends on the
expertise and experience of the IES configuration designer.

The two-level nature of the synthesis problem provides the basis for
two-level methodologies to address large-scale problems [8]. High-level
methods coordinate equipment investment, placement, and sizing decisions,
while low-level methods focus on making decisions about equipment unit
operation. High-level optimization decisions must be made simultaneously
with low-level ones. Thus, the computational complexity increases
according to the level of the methodology.

At least two methodologies have been identified in the literature that
leverage the characteristics of the automated IES synthesis problem. The
superstructure-based synthesis consists of the following main sequential
steps [9]:

—  development of a superstructure containing all feasible
alternative energy process structures;

— conversion of the superstructure into a mathematical
programming program;

—  computation of an optimal system configuration using the
program.
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At the same time, superstructure-free synthesis does not use the
combinatorial search space to obtain alternative energy process structures.
This methodology then dynamically generates these structures and
subsequently evaluates them using an ESOM [10, 11].

Finally, in contrast to the traditional approach, both types of
automated synthesis can result in a variety of IES configurations, which is a
significant advantage for decision support. Decision makers typically prefer
to obtain a number of promising IES configurations of high quality, which
can then be evaluated in light of additional information that may emerge in
practice. Consequently, an optimal but single IES configuration is often
inadequate.

2.3. IES modelling complexity. The acquisition of the requisite set
of IES configurations within an acceptable period of time represents a
compromise between the computational costs, accuracy of computation, and
the practical significance of the resulting data. In the existing literature, the
following factors, which define the complexity of ESOMs, are highlighted:

—  time-series aggregation (TSA) [12];

—  spatial resolution [13];

—  level of system behavior detailing;

—  mathematical complexity.

Among these complexity factors, TSA level selection represents a
crucial modeling decision. Equipment selection and sizing depend on
performance within time series accurately representing expected operating
conditions. These time series must include “typical periods” or
“representative periods” that represent the most typical operating profiles.
For a reliable and resilient IES design, the time series must include
“extreme periods” that represent the most critical operating conditions, as
the energy system supply inability often occurs under extreme conditions.
The extreme periods reflect abnormal profiles that are maximally distant
from the representative profiles and/or with close-to-peak or close-to-
minimum values of selected facilities such as energy demand or production.
In addition, it is important to define the minimum number of time periods,
as this reduces the computational complexity of the IES synthesis at the
TSA level [12].

The mathematical complexity is significantly influenced by the
system detail factor. Mixed Integer Linear Programming (MILP) has been
identified as the most suitable approach for IES design in terms of accuracy
and runtime. However, Linear Programming (LP) and Non-Linear
Programming (NLP) are also commonly employed in IES design. A
prevalent approach for converting an NLP program into a MILP program is
to apply the piecewise linearization procedure to non-linear curves.
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The mathematical complexity factor plays a key role in determining
the optimization methods to be used at each stage of the IES synthesis
problem. The methods can be classified into two different categories: meta-
heuristic and rigorous. In general, meta-heuristic methods are effective in
obtaining optimal solutions in a relatively short time. However, these
methods lack the ability to guarantee optimality due to the inconsistent and
mathematically unproven nature of their convergence. Rigorous methods,
on the other hand, are capable of finding exact solutions for a wide range of
objective functions. However, they suffer from two major drawbacks: a
high computational cost and potentially long computation time.

At the low level of the IES synthesis problem, rigorous optimization
methods such as LP, MILP, NLP, or Mixed Integer Non-Linear Program
(MINLP) are typically used to make decisions about equipment operation.
Meta-heuristic methods are extensively used to make decisions about the
selection, placement, and sizing of IES equipment, i.e. at the high level of
the IES synthesis problem.

Table 1 shows the state of the art in IES structural and parametric
optimization. The known approaches are grouped according to the
following aspects: flexibility, reliability, and resilience [14]. The following
parameters are used as evaluation criteria in Table 1:

— IES synthesis methodology ¢, (Traditional approach /
Superstructure-based approach / Superstructure-free approach);

—  ESOM geographical scope ¢, (National level / Regional level /
Local level);

—  TSA c¢; (Representative period / Extreme period);

—  supply security criterion ¢, (n—1/ n—k);

—  optimization method type cs for the first stages of the IES
synthesis problem (Meta-heuristic / LP / MILP / NLP / MINLP);

—  optimization method type ¢, for the second stages of the IES
synthesis problem (Meta-heuristic / LP / MILP / NLP / MINLP);

— level of system behavior detailing ¢, (nonlinear investment
curves / system dynamic).

In Table 1, the sign ‘+’ means that there is support for a particular
aspect within the approach. The '-' sign indicates the absence of support. If
the information on an aspect is not clear, “N/A” is indicated. If the IES
synthesis problem includes only one stage of its solution, “No stage” is
indicated for the criteria c, .

As shown in Table 1, the searches conducted were based on the
conventional structural and parametric optimization of IESs, with the
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objective of enhancing flexibility, and exclusively considering
representative periods. The exclusion of extreme periods from these
searches can lead to the development of unreliable IESs.

Table 1. Approaches

Source cy | [ | c3 | C4 Cs | Ce | Cq
Flexibility
[10] -/-1+ +/-/- +/- N/A +/-/-/-/- ~/~/-/-/+ -/+
[11] -/-1+ +/-/- +/- N/A +/-/-1-/- -/-/-/-1+ -/+
[13] +/-/- +/+/+ +/- N/A -/~/+/-/- No stage -/+
[15] -/+/- +/-/- +/- N/A -/-/-/-1+ No stage -+
[16] +/-/- +/-/- +/- N/A -/-/+/-/- No stage -/+
[17] -/+/- +/+/+ +/- N/A -/-/+/-/- ~/~1+/-/- +/+
[18] -/+/- +/-/- +/- N/A +/-/-1-/- -/-1-/-1+ +/+
[19] -/+/- +/-/- +/- N/A +/~/-/-/- ~/~/+/-/- +/+
[20] +/-/- +/-/- +/- N/A -/~1-/-1+ No stage -/-
[21] +/-/- +/+/+ +/- N/A -/+/-/-/- No stage -/-
Reliability
[14] -/+/- +/+/+ -/+ +/- ~/~/+/-1- ~/~/+/-/- -/-
[22] +/-/- -/+/- +/- N/A -/~I+/-/- -/~I+/-/- +/+
[23] -/+/- ++/+ +/- N/A /-]~ -/-I+/-/- +/+
[24] +/-/- -/+/+ +/+ N/A -/+/-/-/- No stage -/-
Resilience
[25] -/+/- +/+/- +/+ N/A +/-/-/-/- ~/~/+/-/- -/+
[26] -/+- +/+/+ +/- -/+ ~/~I+1-1- ~/~I+1-1- -/-
[27] -/+/- +/-/- +/- -/+ -/-/-/-1+ No stage -/+
Our -+ A | A -/+ +/-/-/-/- ~/~1+/-1- ++
study

In identifying the reliable IESs, the supply security criterion 7 —1
can be employed as an additional criterion. Extending the range of its values
up to n— k allows the design of resilient IESs. Thus, disturbance modeling,
which simulates extreme periods and/or the failure of up to & IES elements
according to the supply security criterion n—k , should be added to the
structural and parametric optimization to enhance the system's resilience.

2.4. PaGMO library. A number of strategies have been developed
to balance the spatial, temporal, technological, and economic resolution of
the input data with the available computational resources in order to
facilitate problem-solving within an acceptable time and with minimal loss
of accuracy of the ESOMs. These strategies can be classified as either
model-based or solver-based [28].
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Evolutionary optimization methods are typically solver-based
techniques. As an illustration, we will examine the Parallel Global
Multiobjective Optimizer (PaGMO) library [29]. PaGMO is based on the
asynchronous generalized islanding paradigm, which is expressed by the
implementation of different data migration policies between individual
threads. PaGMO includes an extensive set of optimization methods. Some
of these methods are related to global optimization and use local
optimization techniques. The aforementioned capabilities of PaGMO allow
the creation of algorithms that use one or two optimization methods in each
stream. The main advantage of PaGMO is that it provides a consolidated
interface for interacting with metaheuristic methods and optimization
packages, including Ipopt and NLopt. Once this interface has been
implemented, no further code modifications are required to replace
optimization methods and add new ones that are not included in the library.

2.5. Summary. The IES synthesis methodologies described in
Table 1 result in a variety of promising system configurations that improve
the flexibility, reliability, or resilience aspect of a typical ESOM. A typical
ESOM represents a class of IES with a given geographical scope, level of
TSA, and detail of system behavior. In Table 1, most methodologies focus
on the issues of TSA, spatial aggregation, and system behavior detail. In
contrast, the goal of our work (the last row in Table 1) is to select and
parameterize an optimization method that is capable of finding a set of
resilient system configurations for any typical ESOM. All of the IES
resilience enhancement methodologies described in Table 1 evaluate the
efficiency of the selected equipment under a defined set of disturbance
scenarios. This allows direct optimization methods to improve the resilience
of the system under study.

Our approach, unlike others [25 — 27], can handle scenarios that mix
extreme periods and failures according to the supply security criterion
n—k. At the same time, this advantage can lead to increased computational
cost and, most importantly, to the challenging problem of completing the
IES synthesis process within an acceptable time. From the theoretical
perspective represented in [30, 31], this problem can be solved by achieving
a compromise between the typical ESOM hierarchy, optimization methods,
and the cost determined by the available computational resources (Fig. 2).
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Fig. 2. Achieving a compromise between a typical ESOM hierarchy, optimization
methods, computational resources, and disturbance scenarios

3. Methodology for selecting optimization methods. The IES
resilience enhancement problem involves determining the most efficient
combination of activities for system adaptation and recovery under worst-
case disturbance scenario:
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where v; is a disturbance, n, is a number of disturbances, w; is a binary

vector which nonzero component values activate an activity combination,
n,, is a number of activity combinations,

t,n is the number of modelling time periods,

- x{ is the decision vector, the elements of which characterize the
operating parameters for the technological equipment of the IES,

-y is the decision vector, whose elements characterize the
consumption of energy resources,

- qf is the decision vector describing the usage intensity of the
activities,

- s/ is the decision vector, whose components characterize the
volumes of the fuel stocks,

- AV is the matrix describing the production and transmission of
energy resources under the impact of v,

- 7 is the vector defining the technically possible limits of the
IES equipment,

- Yis the vector, which elements show the demand for energy
resources,

- U is the matrix reflecting the localization of the implementation
of the activities,

- q; is the vector specifying the usage intensity limits of
activities,

-z is the vector that defines the energy storage capacity,

- cis the vector, which elements determine the unit cost for each
technological equipment type-size,

— b is the vector of unit costs for the energy storage operation,

- ais the vector of specific damages resulting from the shortage
of certain energy resources,

- his the vector specifying the unit cost of the preparation and
implementation of activities.

The objective function (2) has three criteria. The first criterion
reflects the cost associated with the IES operation. The second criterion
includes metrics that estimate the cumulative energy resources shortage
over t,, time periods. The third criterion characterizes the costs of
preparation and implementation activities.

The effects of the disturbance v are realized by the matrix A” and
vectors df, z{ in equations (3), (4), and (7) respectively. Their elements
characterize the deformation of different IES components due to the
disturbance impact at the time ¢.
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The level of necessary supply to consumers with certain energy
resources is given by equation (3). The technical constraints of the activities
are defined by (4).

The fuel volumes in stocks at time ¢ are limited by their available
capacities according to inequality (7). Equation (8) assumes that in the v at
the initial time period t=t, all storages have an energy stock described by
the vector s;.

Problem (1)-(8) describes the IES resilience optimization
scheme (Fig. 3).

The supply security criterion n-k defines the activity efficiency to
enhance the IES resilience at the national level. In relevant disturbance
scenarios, up to k elements from the list of the most important ones can be
shut down simultaneously. The activity efficiency for the local-level IESs is
determined for disturbances whose scenarios are modeled by 1 or more
extreme periods.

The scheme of the resilient IES design solving (1) consists of three
levels, as illustrated in Fig. 3.

Top level

[ Optimization )

method

Combination of
activities to enhance
MES resilience

___________________

Lm————
N

Middle level

Resilience
assessment

=
m
w2
»
a
2
[¢]
N~

Fig. 3. Resilient IES design scheme

At the top level, the equipment types, sizes, and locations described

by the vector w; are selected with a predefined optimization method. The
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selected activities are then transferred to the lower levels. Subsequently, the
operation of the selected equipment is evaluated under a defined set of
disturbances.

The results of this evaluation are then passed to the intermediate
level. At this level, the values of the resilience indicators that constitute the
function f are calculated. The values are then returned to the top level,

where they influence the next cycle of equipment selection. Evaluating the
resilience of intermediate IES configurations, not just the resulting ones,
facilitates the optimization process to improve system resilience.

In general, the high computational complexity of the scheme in
Fig. 3 is determined by the complexity of the ESOM, the efficiency analysis
of w,, and the optimization method that is used at the top level. The correct

choice of an optimization method has a significant impact on the ability to
solve problem (1) in a reasonable time and on the accuracy of the solutions
obtained. The vast majority of works on energy system synthesis do not
consider the selection of an optimization method.

A comprehensive methodology for selecting optimization methods
allows us to evaluate in practice the computational complexity of
optimization methods from libraries such as PaGMO. We use a testbed to
implement the scheme in Fig. 2 with optimization methods for testing and
perform a multi-criteria analysis of the test results to rank the methods. In
addition, the multi-criteria analysis is supported by expert analysis.

The methodology reflects the main stages of the qualimetry of
models and polymodel complexes [30], which are preparing IES data for
testing, defining evaluation indicators, performing optimization tests, and
multi-criteria ranking methods.

3.1. IES data for testing. Before forming the set of disturbances for
the resilient IES design, a preliminary vulnerability analysis should be
performed to identify extreme periods and the most vulnerable elements of
a studied IES.

The IES data for testing optimization methods differ from the
original data in that the former simplifies the aspects not covered by the
tests. For example, a set of realistic disturbance scenarios in the test variant
can be replaced by a single disturbance that is practically unrealizable but
guarantees the worst consequences for the basic configuration of the IES.
This simplification speeds up the computational experiments.

3.2. Evaluation indicators. The list of the possible resilience
indicators (Table 2) includes topological, functional, and economic
summary metrics. The topological and functional indicators evaluate the
efficiency of the activities.
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The economic indicators characterize the cost of the activity
combination. Topological indicators are effective in evaluating structural
changes due to the failure of existing power facilities or the appearance of
new facilities in the IES.

Functional indicators evaluate changes in the IES performance and
characterize the energy flow distributions at the level of energy resource
consumers. Economic indicators also depend on the IES performance and

characterize cost changes that occur during the system recovery process.

Table 2. Resilience indicators

Indicator

Evaluation method

Evaluation aspects

IES performance

Integral evaluation of shortages in
the analyzed time interval

Consumer categories and
territorial affiliation

IES recovery

Comparison of the IES
performance at the recovery stage

Consumer categories,
territorial affiliation, and
types of events

IES topological
efficiency

Comparison of topological
characteristics of the original and
transformed IES configurations

Types (nodes and arcs)
and connectivity of
network elements

Damages due to
disturbance impact

Integral damage evaluation on the
analyzed time interval

Consumer categories and
territorial affiliation

Costs of activities
implementation

Integral cost evaluation in the
analyzed time interval

Consumer categories,
territorial affiliation, and

types of events

The efficiency indicators for the use of computational resources
characterize the time and computational cost of solving the IES resilience
enhancement problem using different optimization methods (Table 3). The
indicators values are stored in the testbed computation database.

Table 3. Efficiency indicators for the use of computational resources

Indicator Units Data source
Method execution time Sec. OProfile (a system-wide statistical
profiling tool for Linux)
Average size of RAM MB top (a task manager for Unix-like
used operating systems)
Average processor load Percentages | top (a task manager for Unix-like
operating systems)

3.3. Optimization tests. Our

approach to the testing optimization
methods involves creating a specialized computing environment. Compared
to similar approaches, it has the following major advantages:

— use of testbed technologies with full support for High-
Performance Computing (HPC);
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—  platform and language independence by isolating energy
system frameworks in containers;

—  development of the scientific workflow to execute the energy
system frameworks;

— use of software module profilers to obtain the necessary
hardware-dependent data for evaluating the computational complexity in
ESOMs;

— support for several different algorithms for multi-criteria
selection of the best optimization methods.

The advantage of our approach to constructing and using testbeds
lies in unifying the development of both workflows and testbeds for testing
these workflows. This allows us to significantly reduce the effort required to
create a testbed and increase the efficiency of testing.

In our research, a testbed for service-oriented applications is
implemented using the Framework for Development and Execution of
Scientific WorkFlows (FDE-SWFs) [32] in the form of a workflow,
including services for executing application and system software. The
general structure of the testbed is shown in Fig. 4.

The applied and system
programmers develop a testbed
in the form of a system

Applied programmer ? H System programmer

/ workflow
( @—'@ﬂ@*@*@*@*.*@—’ O Applied objects
Module Module Module Module .
Testbed (system workflow) Q System objects
. . . Parameters of an
Generating services and workflow in BPEL application
Servlce Service Service  Service BPEL supports the standard
access to workflows and
@*@"@*“’@*.*@_’ performs orchestration of the
Workflow in BPEL generated services
Executing testbed
P . System software for the
lﬁgglllllzz;t;ré Saﬁifgixtl?orriil data comparison, Services provide access to
S multi-criteria selection, applied and system software
program libraries . -
multimethod computation, etc.
Data storage and C . Computation
processing omputing | ¢ontrol and measure
= Information and computation
< R i systems provide data storage,
Co_ntrol and processing, and transmission;
<~ s e construction of a computing
Data itoragc Computation measure environment; control of service
systems resources equipment execution

Fig. 4. Testbed structure
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The testbed is created as a workflow, complemented by a set of
system operations, and represented in Business Process Execution
Language (BPEL). The workflow services execute tested application
modules and the necessary system operations for processing and analyzing
data and calculation results. The FDE-SWFs computation manager executes
the workflow.

3.4. Optimization method ranks. FEach of the testing n,

optimization methods results in »;, i+1,n, activity combinations which

are evaluated with 7, indicators over 7, regions. The output of the method
i evaluation for the region g =1,n, is the matrix R; of dimension n; xn, .

Each matrix R; is converted into the vector e; of size n; by the

aggregation operation u :
€, =u (R;, ) . 9

Depending on the chosen method selection strategy to obtain the
guaranteed or potentially better result, the operation # in (2) selects either

the minimum or maximum of the indicator values R; or averages these
values, i+ m The vector e; is analyzed using the multi-criteria analysis
algorithm / +E.

The output of the algorithm / is the rank vector rgi’,. These ranks

allow us to evaluate the priority of each method for the region g .

4. Computational experiment. The testbed tests the application
module executions for studying the IES resilience. The workflow that
implements the testbed includes two application operations and seven
system operations.

The applied operations generate a list of files with optimization
method names and perform structural and parametric optimization using
each method. The system operations are intended for data structuring and
processing, as well as multi-criteria selecting the methods. The module
execution is tested with different methods to solve an instance of a resilient
IES synthesis problem.

The computation results of each module instance and the system
metrics are combined into a parallel data list by system operations of the
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workflow. Each parallel data list element corresponds to a distinct result
variant.

Based on this list of the indicator values, the dedicated system
operation for a multi-criteria selection generates a set of methods and
proposes the most effective method among them, taking into account the
ranking of these indicators. The initial data and computational experiment
results are stored in the database by the computation manager.

The methods of the NLopt library and the Ipopt solver package were
additionally linked to the PaGMO library methods. In total, we have tested
62 methods. Most of them are evolutionary. During testing, we combined
the following parameters of the methods: population size and number of
generations. The values of the remaining method parameters were set by
default in the PaAGMO library.

The methods have been tested on a testbed in a distributed
computing environment consisting of four nodes functioning under Ubuntu
22.04.1 LTS OS. Each of the nodes has the following characteristics: CPU
AMD Ryzen 9 5950X, 128 GB of RAM, and 2 TB disk storage.

4.1. National IES. The typical ESOM of the national IES has the
most aggregated level of spatial resolution [33]. At this level, large regions
such as federal districts and separated energy facilities with the highest
installed capacity are represented as nodes of energy transmission networks
(Fig. 5). The smaller facilities have to be aggregated and considered by their
combined average characteristics. The connections between the aggregated
facilities within a node are neglected. The arcs in the energy transmission
networks reflect the real connections between the most powerful objects or
the connections between the different aggregated facilities. In this case
study, there is only one disturbance scenario.

This scenario describes the disconnection of all consumers from the
natural gas supply system network. All ruptured arcs are included in a
redundant set of activities to enhance the resilience of the national IES.

In addition, new potential arcs between pairs of unconnected nodes
are added to the redundant activity set. The distance between the
unconnected nodes does not exceed a specified limit of 300 km. Pipe
diameters are not specified. The capital cost of constructing new arcs is set
equal to their length assuming that the construction investment for 1 km of
all projected arcs is the same and does not depend on the terrain profile.
Finally, there are over 3000 activities aimed at the national IES adaptation
and recovery.

A tested method must either restore the existing gas supply network
or propose a better system structure. Finally, 18 optimization methods were
fully completed (Table 4) with the population size equal to 16, the number
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of generations equal to 1000, and the time limit for solving the IES
synthesis problem equal to 10 hours.

Electricity and heat

Consumers Stocks and storages

Coal mines Hydropower plants

= O
ﬂ Natural gas fields @ Thermal power plants
O @

®

Power lines Nuclear power plants

----- Natural gas pipelines -------- Interdependencies
—— Railways and highways
Fig. 5. The national-level IES model

The efficiency indicators for the use of computational resources are
the execution time of optimization methods (Fig. 6(a)), the average amount
of RAM usage (Fig. 6(b)), and the average CPU utilization (Fig. 6(c))
obtained by profiling the module execution. The metrics that measure the
national IES resilience include the number of effective activities (Fig. 7(a)),
the total length of new projected arcs (Fig. 7(b)), the natural gas supply
metric (Fig. 7(c)), the electricity supply (Fig. 7(d)), and the heat supply
(Fig. 7(e)). Fig. 7(b) also characterizes the investment value in new arcs.

Methods m3, m4, m12, m15, m17, and m18 significantly outperform
other methods in execution time and average amount of RAM usage. At the
same time, all methods m1-m18 show similar average processor load.
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Table 4. Optimization methods for the national-level IES

Method code Method name
ml Particle Swarm Optimization
m2 Grey Wolf Optimizer
m3 (N+1)-ES Simple Evolutionary Algorithm
m4 Augmented Lagrangian Algorithm
m5 Non-dominated Sorting Genetic Algorithm
mo6 Compass Search
m7 Simple Genetic Algorithm
m8 Particle Swarm Optimization Generational
m9 Self-adaptive DE (de 1220 aka pDE)
ml0 Differential Evolution
mll Self-adaptive DE (jDE and iDE)
ml2 Multi-objective Improved Harmony Search
ml3 Non-dominated Sorting PSO
ml4 Compass Search
ml5 Ipopt, Unconstrained Problem
ml6 PRAXIS
ml7 Single-objective Improved Harmony Search
ml8 Ipopt, Constrained Problem

The number of activities to enhance the resilience of the national IES
is sufficient to fully restore the energy supply to end-users of natural gas,
heat, and electricity. Therefore, based on resilience criteria, only those
methods are eligible for which the values of the indicators in Fig. 7(c), Fig.
7(d) and Fig. 7(e) have reached a value of 100%. However, in terms of
potential investments (Fig. 7(b)), these methods did not perform as well as
expected before the tests. It is assumed that the number of activated
activities (Fig. 7(a)) would count in the hundreds. The solution to this
problem may require a more precise parameterization of these methods.

Thus, based on resilience criteria, the most acceptable method for the
national-level IES synthesis is m12 selected with the lexicographic multi-
criteria selection algorithm. Another version of this method, namely m17,
also approaches optimal performance. The lexicographic algorithm provides
the ability to take into account the subject-area indicators used for
prioritization into account. In terms of the efficiency indicators for the use
of computational resources, the best method is m15.
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3.2. Microgrid. The typical ESOM of a microgrid is characterized
by the following features [34]: a microgrid is represented as a set of
interacting energy hubs; an energy hub consists of the following elements:
inputs and outputs, converters, and storages; hubs are interconnected to each
other by energy distribution networks; only stable states of a microgrid are
modeled.

In this case, we test a microgrid represented by a modernized energy
supply system for a small village (population of 6000 people) located in the
Baikal natural territory. The expected heat load is equal to 23.19 gcal/h,
electric load is equal to 102.91 MWh per year. This is connected with the
expected population growth and the need for reconstruction of energy
supply facilities. Originally, the village has one combined heat and power
(CHP) installation (energy source no. 1). For the future, it is considered to
increase the capacity of the source no. 1 and to reconstruct the 62 sections
of the heat supply network, including the construction of new sections and a
pumping station. Two fuel supply options are considered when forming
alternative microgrid structures: providing natural gas supply as a part of
the local gasification program; and using wood chips purchased from a
wood processing plant located near the village.

Four alternative structures were considered for upgrading the energy
source no. 1: natural gas-fired boiler and CHP, wood chip-fired boiler and
CHP. In the case of boilers, it is assumed that the village will purchase
electricity from the external grid. In the case of CHPs, the equipment type-
sizes were selected taking into account the full power self-supply of the
village. Any excess power is sold to the external grid. The microgrid's
extreme periods during the year are modeled by increasing the specified
maximum demand for electricity and heat by 10% during the fall-winter
period in the test version. The tested algorithm goes to the number of
activities, which is equal to 0 or 1 as a result of the solution. Then it selects
an activity from a given redundant set. When the population size is 1024,
the number of generations is 20 and the time limit for solving the synthesis
problem of the local-level IES is 1 h, 9 optimization methods were fully
completed (Table 5).

The heat and power supply indicators obtained using the methods
m4-m9 do not satisfy the limitations of the microgrid model. Therefore, we
consider only methods ml-m3. The efficiency indicators for the use of
computational resources are the execution time of optimization methods
(Fig. 8(a)), the average amount of RAM usage (Fig. 8(b)), and the average
CPU utilization (Fig. 8(c)). The summary metrics measuring the local IES
resilience include the number of effective activities (Fig. 9(a)), investments
(Fig. 9(b)), heat supply (Fig. 9(c)), and electricity supply (Fig. 9(d)).
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Table 5. Optimization methods for microgrid

Method code Method name
ml Grey Wolf Optimizer
m2 Non-dominated Sorting GA 11
m3 Covariance Matrix Adaptation Evo. Strategy
m4 Particle Swarm Optimization
m5 Simple Genetic Algorithm
mé6 Particle Swarm Optimization Generational
m7 Self-adaptive DE (de 1220 aka pDE)
m8§ Exponential Evolution Strategies
m9 (N+1)-ES Simple Evolutionary Algorithm

Method m3 significantly outperforms other methods in execution
time and average amount of RAM usage. At the same time, all methods m1-
m3 show similar average processor load. In terms of potential investments
(Fig. 9(b)), the most profitable solution is proposed by method m3.
However, from a resilience point of view, the most flexible solution to meet
the increased heat demand (Fig. 9(c)) is proposed by the method m2. Based
on resilience indicator prioritization, method m2 emerges as optimal for
local-level IES synthesis when applying the lexicographic multi-criteria
selection algorithm. In terms of computational resource efficiency, the best
method is m3.
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Fig. 8. Efficiency indicators for the use of computational resources: a) method
execution time; b) average size of RAM usage; c) average processor load
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5. Result discussion. We tested the solver-based ESOM acceleration
strategy by varying the optimization methods on the top level of the resilient
IES design scheme (Fig. 2). We performed the appropriate parameterization
of the methods. We used the HiGHS solver, which supports parallelization
in solving MILP problems, to compute the energy flows at the lower level
of the resilience optimization scheme for both IES examples. The
computational results prove that the specificity of IESs of different spatio-
temporal scopes determines the composition of the superstructures and
affects the selection of the best methods. In the case of a country, the
superstructure includes the basic IES configuration and the designed arcs of
one of the sectoral energy systems. The basic configuration consists of
several dozen nodes connected by backbone lines for energy transport. The
designed arcs form a redundant set of activities. Their activation is
independent of each other. Therefore, statement (1) contains practically no
logical conditions because of the high level of factor aggregation that
determines the complexity of the ESOM. However, their computational
complexity is high. This is due to the large dimension of the model itself
and the significant size of the redundant set of the activities (about 5000). In
this respect, we have deliberately chosen a large number of generations
(more than 1000). This approach reliably generated required effective
activity sets through the resilience optimization scheme. In the case of the
microgrid, the high computational complexity of the optimization is
determined by the maximum level of data granularity. The test results allow
us to draw the following conclusion. For a successful operation of the
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microgrid resilience optimization scheme under multiple logical conditions,
and defining activity relations, it is necessary to dramatically increase the
population size compared to the IES resilience optimization at the national
level.

There is a wide range of optimization methods available. The
selection of the most appropriate method among them is characterized by
high computational complexity. This is due to the necessity of repeatedly
running each method to calibrate its parameters by varying the
combinations of their values. Therefore, specialists are often limited to a
comparative analysis of a small number of methods (see, for example, the
works [35, 36]). Generally, such limitations are due to the capabilities of the
framework used to solve optimization problems and the characteristics of
the available computing resources [36]. Unlike the above-mentioned works,
FDE-SWFs provides the automation of the testbed creation. The testbed
supports multi-method testing, parameter value generation, computational
resource allocation, parallel execution, process monitoring, and data
collection on IES resilience metrics and computational resource usage.
Based on the results of the method runs, the testbed provides a multi-criteria
selection of the best method taking into account different sets of indicators
and their priorities.

6. Conclusions. We propose a new methodology for the selection of
optimization methods used to solve the problem of the IES resilience
enhancement at different spatio-temporal scopes. Within this approach, we
have developed new models, algorithms, and application software for the
IES modeling. We consider IESs as natural and technical systems, taking
into account the detail of equipment and technological processes. Our
developments also provide sensitivity of the modeling process to the size
and degree of uncertainty of the spatio-temporal data. This methodology
ensures that methods are selected at an acceptable time. The empirical study
of the efficiency of the use of computational resources by optimization
methods is carried out in parallel on the testbed using test datasets. The
application of the methodology to the selection of optimization methods
from the PaGMO library is successfully demonstrated in solving the
resilience enhancement problem for two systems: the national-level IES and
the microgrid supplying to the typical infrastructure object located in the
Baikal natural territory.

The methodology can process numerous IES model classes. It is
determined by the possible combinations of values of the factors listed in
Table 1 and corresponding to the territorial and industrial levels of the
Energy System Optimization Models hierarchy. These factors include
ESOM geographical scope, time-series aggregation, optimization method
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type for the first stages of the IES synthesis problem, and level of system
behavior detailing.

We hope that specialists in the field of resilient IES design will in the
future consider applying the proposed methodology in practice. However,
there are several limitations of this methodology for selecting optimization
methods. To reduce the complexity during the optimization method testing,
our methodology first simplifies the system behavior and untested
disturbance aspects. The completeness of the disturbance scenarios and their
number affects the complexity of the IES synthesis (Fig.2). We also
simplify the IES model classes. Since they are solved as MILP problems in
the lower level of the resilient IES design scheme, all production, storage,
transfer, and conversion technologies have to be linearized. This
approximation is valid as these technologies exhibit predominantly linear
behavior.
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N.B. BpIUKOB, A.I'. ®EOKTUCTOB, M.JI. BOCKOBOMHUKOB, A.B. EJIEJIEB,
H.M. BEPECHEBA, O.A. EJIEJIEBA
OINTUMM3BALNUA KKUBYUECTU SHEPTETHUYECKUX
KOMIIJIEKCOB

bviukos U.B., ®eokmucmos A.I., Bockobounukoe M.JL, Edenes A.B., bepecnesa H.M.,
Eoenesa O.4. OnTHMH3aNus KUBYYeCTH IHEPTeTHYECKHX KOMILIEKCOB.

AnHoTanusi. B HacTosmee BpeMs pa3paboTKa IIOAXOAOB, IOBBIMAIOMUX >KHBYYECTh
JHEPTreTUYECKHX KOMILIEKCOB, SBISIETCS BEChMa aKTyalbHBIM HAIpPaBICHHEM HCCIETOBAHUH.
Takue MOAXOABI OCHOBAaHBI HAa CTPYKTYPHOH M IapaMeTPHYECKOH ONTHMH3ALUH CTPYKTYpBI
uccrnenyeMoil cucteMbl. Kak mpaBuiio, 3TH MOAXOJbI TECHO CBSI3aHBI C ONpPEAENECHHBIM
MPOCTPAaHCTBEHHO-BPEMEHHBIM ~ JHANAa30HOM U KOHKPETHBIM METOJOM  ONTHMH3AIUH.
IlpumMeHeHre pa3pabOTaHHBIX IOAXOJOB B HHBIX JHala30HaX 3a4acTyl0 MNPHBOIHT K
CYILECTBEHHOMY YBEIUYEHHIO BPEMEHH BBIYMCICHMH M BO3MOXKHOMY CHHKEHHIO TOYHOCTU
penrenus. Ota mpobieMa 00yCIIOBICHA CIOKHOCTBIO MOZIeNell ONTUMU3ALHU YHEPTOCHCTEM H
X paznmmausMu. [ pemreHns 3Toif mpoOsieMbl HaMM pa3paboTaHa METOROJOTHs BBIOOpa
HanOoJee MOAXOMILIMX METOOB MPOCKTHPOBAHMS JKHBYYHX IHEPIeTHUECKHX KOMIUICKCOB B
3aaHHOM HPOCTPAHCTBCHHO-BPEMCHHOM JAHAaNa30oHe. MeTOmOIOrHs OCHOBaHA HAa METOAAax
TECTHPOBAaHMS B paMKaxX  CIICHUAIM3UPOBAHHOTO  WCIBITATENBHOTO  CTEHIA |
MHOTOKPUTEPHAIBHOM ~aHaNu3e pe3yNbTAaTOB HCHbITaHUH. KpHUTEepUHM OIEHKH MeTOIOB
BKJIIOUAIOT KaK CBOJHBIC METPHKM JKHBYYeCTb, TaK M IapaMerpsl dGQeKTHBHOCTU
BEIYUCIUTENBHEIX PecypcoB. I[IpOMILIIOCTPHPOBAaHEI HPEUMYIIECTBA METONOJIOTHH  JUIS
MPOSKTUPOBAHKS JKMBYYNX HALMOHAIBHBIX M JIOKQJIBbHBIX OJHEPreTHYECKHX KOMILICKCOB.
Heckonpko JecsiTKOB MeTOZOB M3 HM3BecTHOW OubOiamnorexu Parallel Global Multiobjective
Optimizer OpuM 3(YEKTUBHO NPOTECTHPOBAHEI B TeueHHe 10 yacoB. AHanu3 pe3yIbTaToB
TECTHPOBAHUSI IPOBOAWIICS C HCIIOJIb30BAHHEM PAa3JIMYHBIX MHOTOKPHTEPHAIBHBIX aITOPHTMOB
C y4eTOM IPHOPUTETHOCTH KPUTEPHEB.

KiioueBble C¢JI0Ba: DHEPreTHYECKHE KOMIUIGKCHI, ITOBBIIICHUE JKHBYYECTH, CHHTE3,
METOZbl  CTPYKTYPHO-NIAPaMETPHUYECKOH  ONTHMM3aLUM, MHOTOKPUTEPUANbHBIA  aHAIH3,
HCIIBITATEINIHBII CTEH.
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Abstract. Person re-identification (Re-ID) is crucial in intelligent surveillance, requiring
precise identification of individuals across multiple camera viewpoints. Traditional distance-
based methods, such as Euclidean and Cosine, struggle with challenges like posture variations
and occlusions, limiting their effectiveness. This study explores deep metric learning models,
specifically Siamese and Triplet networks, to improve Re-ID performance. We evaluate these
methods on the Market-1501 dataset using Cumulative Matching Characteristic (CMC) and
Cumulative Distribution Function (CDF) curves. Our findings reveal that the Triplet network
outperforms traditional approaches at higher ranks, achieving Rank-5 accuracy of 78.6% and
Rank-10 accuracy of 93%, while its Rank-1 accuracy remains low (0.06%). In contrast,
Euclidean and Cosine distances show poor Rank-1 performance (2% and 0.30%, respectively),
highlighting their limitations. Additionally, incorporating VGG16 enhances feature extraction,
improving recognition by capturing fine-grained spatial details. This comparative study
highlights the effectiveness of deep metric learning and underscores its potential for real-world
surveillance applications. However, the computational demands of deep networks present
challenges for real-time deployment. Future research should focus on optimizing model
efficiency, reducing computational costs, and extending evaluations to real-time scenarios.

Keywords: CMC/CDF metrics, convolutional neural networks (CNNs), deep learning,
person re-identification, VGG16, video surveillance systems.

1. Introduction. Video surveillance systems progress through four
fundamental stages: Detection, Tracking, Profile Analysis, and Re-
Identification (Re-ID). Detection acts as the base by recognizing humans or
things inside a monitored region, enabling additional analysis and
tracking [1]. Tracking tracks subjects across scenes or cameras, maintaining
continuity. Profile Analysis captures crucial aspects such as looks and
behavior for identification. Re-ID links humans across sites, which is
important for seamless surveillance. Together, these strategies increase
accuracy, especially in busy settings and complicated security setups [2].

Person re-identification (re-ID) is a crucial problem in video
surveillance systems, concentrating on identifying individuals across
different camera viewpoints. The ability to precisely re-identify someone
has important ramifications for security, forensic investigations, and
monitoring applications. Despite tremendous development in this sector,
achieving high accuracy remains a problem due to changes in appearance,
stance, lighting conditions, and occlusions [3].

Early person re-identification algorithms generally relied on
handcrafted feature representations and simple distance metrics such as
Euclidean distance, cosine similarity, and Mahalanobis distance. The
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Euclidean distance, one of the simplest metrics, calculates the straight-line
distance between feature vectors, making it computationally efficient but
ineffectual for complicated variations in surveillance scenarios [4].
Similarly, cosine similarity is widely used for high-dimensional feature
spaces, measuring the angular difference between feature vectors rather than
absolute distances. However, it struggles to provide correct matches at
Rank-1 and exhibits reduced accuracy at Rank-5 [5]. The Mahalanobis
distance contains covariance information to account for correlations
between features, exhibiting greater performance in some scenarios, such as
fluctuating lighting and background clutter [6, 7]. However, these methods
alone often fail to generalize well across different datasets and
environmental conditions.

To circumvent these constraints, deep learning algorithms,
particularly Convolutional Neural Networks (CNNs), have been widely
adopted due to their capacity to learn hierarchical and discriminative feature
representations directly from images [5, 8]. Prominent CNN architectures,
including VGG16, ResNet, and Inception, have significantly boosted person
re-identification performance. Specifically, VGG16 has exhibited
exceptional results in image classification, transfer learning, and capturing
detailed spatial characteristics beneficial for re-identification [6, 9, 10, 11].
However, its deep structure demands substantial computational resources,
prompting the investigation of more efficient architectures such as ResNet
and Inception [7, 12]. Additionally, deep learning advancements have
fostered the development of metric learning frameworks like Siamese and
Triplet networks, which have proven effective in distinguishing individuals
with similar appearances across different camera perspectives [8].

Beyond standard CNNs, metric learning-based techniques such as
Siamese networks and Triplet networks have significantly boosted re-
identification performance. Siamese networks leverage contrastive loss to
learn a feature space where related identities are clustered together while
distinct identities are pushed apart [13]. While they outperform traditional
distance metrics at higher ranks (e.g., Rank-5), they still struggle at Rank-1
[14]. Triplet networks improve this principle by including anchor-positive-
negative triplets, guaranteeing that positive samples are closer to the anchor
than negative samples. This strategy considerably improves accuracy at
Rank-5 and Rank-10 but involves complex training procedures and large-
scale labeled data [15].

For evaluation, the Market-1501 dataset has become a typical
benchmark for person re-identification, presenting realistic surveillance
scenarios with problems such as illumination fluctuations, occlusions, and
backdrop complexity [15, 16]. Performance assessment often depends on
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metrics such as the Cumulative Matching Characteristic (CMC) and the
Cumulative Distribution Function (CDF), which provide rank-based and
distributional insights into algorithm efficacy [17].

Despite breakthroughs in re-identification, problems exist, including
domain adaptability, occlusions, computing limits, and privacy issues [18].
This study rigorously assesses various re-identification techniques —
Euclidean, Cosine, Mahalanobis, Siamese, and Triplet networks — across
standard datasets and rank-based criteria. By assessing their strengths and
limits in diverse surveillance contexts, we propose modifications to deep
learning-based techniques to enhance accuracy while maintaining
efficiency.

In recent years, state-of-the-art person re-identification models
particularly those based on Vision Transformers and hybrid CNN-
ViT [15, 22] architectures have achieved over 95% Rank-1 accuracy on the
Market-1501 benchmark. Despite these advancements, many of these
models demand substantial computational resources, limiting their
applicability in lightweight or real-time systems. In contrast, our study
investigates a Triplet-based model leveraging VGGI16, which, while
achieving modest Rank-1 accuracy, demonstrates competitive performance
at higher ranks (Rank-5 and Rank-10), making it a candidate for scalable
and efficient re-identification pipelines (Table 1).

Table 1. Comparative Performance of Resent Person Re-ID Models on Market-1501

Model Dataset | Rank-1 | Rank-5 | Rank-10 Notes
Our Triplet Net | Market- o o o VGG16
2025 1501 0.06% 78.6% 93% based
Squeeze-Net + | Market- 0 0 o Hybred
DAE 2021 [20] 1501 86.2% 92.4% 96.1% CNN
TransRelD Market- o .
2003 [21] 1501 95.2% - - ViT-based
CNN-ViT-Loss | Market- N N o ViT and
2025 [15] 1501 93.5% 96.2% 07.4% Loss Based
UntransRelD Market- 95.7 ) ) Transformer
2024 [22] 1501 ) based

Our study demonstrates that Triplet networks significantly
outperform traditional distance metrics, achieving Rank-10 accuracy of
93%, thus contributing valuable insights into the practical deployment of
intelligent surveillance systems.

The findings contribute to the continuing discourse on intelligent
video surveillance, suggesting effective ways for robust and scalable human
re-identification.
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2. Method

2.1. Data Source. The evaluation in this work leverages the widely
famous Market-1501 dataset as the core dataset for individual re-
identification. Market-1501 is a benchmark dataset specifically created for
person re-identification tasks in video surveillance systems. It consists of
high-resolution photos acquired from six cameras in an outside location,
simulating real-world problems such as differences in lighting conditions,
occlusions, and varied views [15, 16].

Each individual in the collection appears in several photographs
under varied situations, offering a diversified and demanding re-
identification job. The dataset is separated into training and testing sets,
with ground truth annotations provided, including identification labels and
bounding boxes. These labels assist performance evaluation using common
metrics such as Cumulative Matching Characteristics (CMC) and
Cumulative Distribution Function (CDF).

2.2. Preprocessing and Feature Extraction. Before training our
deep learning models, rigorous preprocessing steps are applied to ensure
consistency and maximize model performance. Initially, all raw input
images are resized uniformly to dimensions of 224x224 pixels, compatible
with the input requirements of deep CNN architectures. To ensure effective
training, pixel values are then scaled through normalization to fall within
the range [0, 1], significantly enhancing the convergence stability and
effectiveness of the training process. Moreover, we apply various data
augmentation strategies — including random cropping, horizontal flipping,
and brightness adjustments — to simulate real-world variations and further
improve the robustness and generalization capabilities of our models.

For feature extraction, we leverage the well-established VGG16
architecture, pre-trained on the extensive ImageNet dataset [23]. This
choice is justified by VGG16's demonstrated capability to capture rich
hierarchical  representations, effectively encoding  discriminative
characteristics such as clothing patterns, textures, and body shapes, crucial
for distinguishing individuals. Specifically, we extract high-level feature
vectors from the fully connected (FC) layer preceding the final softmax
layer, thereby obtaining compact 128-dimensional embeddings suitable for
distance-based metric learning.

These extracted embeddings are then systematically integrated into
our deep learning-based re-identification frameworks, specifically Siamese
and Triplet Networks. The Siamese network uses these embeddings to
construct query-gallery image pairs, optimizing similarity predictions via
binary cross-entropy loss, while the Triplet network processes image triplets
(anchor-positive-negative), optimizing relative distances through the triplet
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loss. Both networks utilize the Adam optimizer with a learning rate of
0.0001, batch normalization, dropout regularization, and a batch size of 16.
The learned representations are ultimately evaluated using Euclidean
distance metrics, with results visualized through Cumulative Matching
Characteristic (CMC) curves and Cumulative Distribution Function (CDF)
plots.

2.3. Distance Metrics. In the realm of people re-identification, the
choice of distance metric is pivotal for accurately quantifying the similarity
between feature vectors. We evaluate several widely used metrics in this
context:

- Euclidean distance between two feature vectors, X and Y, is
computed as follows:

Deuciidgean (X, Y) = (H

- Cosine distance measures the cosine of the angle 6 between
two feature vectors, X and Y, in a high-dimensional space:

Yis XY
VI X2, Y

Dcosine Xx,Y) = 2

—  Mahalanobis distance between feature vectors X and Y is
defined as:

DMahalanobis(X' Y) = \/(X - Y)T- C_l- (X - Y), (3)
where C is the covariance matrix.
- Siamese networks utilize a neural network architecture to learn

a similarity metric. The loss function for Siamese networks can be
expressed as:
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1 1
LSiamese(X' Y' S) = 5(1 - S)-DEuclidean(X' Y)z + ES .max(O,m -

“)
DEuclidean (X: Y)Z 5

where S is the binary similarity label, and m is the margin.

- Triplet networks optimize the embedding space by
minimizing the distance between similar images and maximizing the
distance between dissimilar ones. The triplet loss function is defined as:

LTriplet (A' P' N) = max(O, DEuclidean (A' P) - DEuclidean (A: N) +
a)’

6))

where A, P, and N represent anchor, positive, and negative samples,
respectively, and a is the margin.

These distance metrics serve as fundamental components in our
evaluation, contributing to the robustness and effectiveness of our
intelligent video surveillance system.

2.4.Deep Learning Models and Training. We integrate the
VGG16 architecture to extract high-level features from person images. The
deep learning model enhances the system's ability to capture intricate
patterns and representations, contributing to improved re-identification
accuracy [24].

We train deep learning-based person re-identification models using
both Siamese and Triplet Networks, each optimizing feature similarity
differently:

The Siamese Network is designed to compare pairs of images by
concatenating the feature vectors of a query and gallery image [25]. This
concatenated representation is passed through fully connected layers with
512 and 256 neurons, followed by a sigmoid activation function to predict
similarity. The network is trained using binary cross-entropy loss and
optimized with Adam at a learning rate of 0.0001. To improve
generalization and prevent overfitting, batch normalization and dropout are
applied. Training is conducted with a batch size of 16, and a data generator
is employed to efficiently construct query-gallery image pairs. Performance
is measured by Euclidean distance calculations and Cumulative Matching
Characteristic (CMC) curves.
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The Triplet Network expands the learning paradigm by processing
triplets consisting of an anchor, a positive, and a negative sample [26]. The
model is trained using triplet loss, guaranteeing that the distance between an
anchor and a positive sample (same identity) is minimized, while the
distance between an anchor and a negative sample (different identity) is
maximized. The architecture consists of fully connected layers with 512 and
256 neurons, followed by a sigmoid activation function. Similar to the
Siamese Network, Adam optimizer is used, with a batch size of 16. The
learned embeddings are evaluated using pairwise Euclidean distance
metrics, and performance is visualized through CMC curves and

Cumulative Distribution Function (CDF) plots.

VGG16 Feature Extractor (Shared)

Dense 512

Dense 256
Output

Fig. 1. Deep Learning Model based on Siamese Network

Anchor Positive Negative
Input Input Input

VGG16 Feature Extractor (Shared)

Dense 512
Dense 256
Triplet Loss

Fig. 2. Deep Learning Model based on Triplet Network
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2.5. Evaluation Metrics. We assess the performance using
Cumulative Matching Characteristics (CMC) and Cumulative Distribution
Function (CDF) metrics. CMC illustrates the probability of correct
identification within the top-k ranked matches, while CDF provides a
cumulative distribution of matching scores [17, 27].

- Cumulative Matching Characteristics (CMC): Measures the
probability of correctly identifying a person within the top-k matches, the
CMC curve is formulated as follows:

NumcCIRs<k
TNQ

CMC(k) = (6)

where: NumCIR — number of correct identifications at rank, 7TNQ — total
number of queries, k& — the rank of the match.

- Cumulative Distribution Function (CDF): Provides a
statistical overview of matching score distributions, the CDF curve is
formulated as follows:

NumQMS<s

CDF(s) = =2

(7

In this equation: NumQMS — number of queries with matching scores,
TNQ — total NumQMS, s — the matching score threshold.

- Combined Analysis: By jointly assessing the CMC and CDF
metrics, our evaluation provides a full overview of the proposed intelligent
video surveillance system. The CMC curve offers insights into the system's
ranking performance, while the CDF curve provides information on the
distribution of matching scores. Together, these measures contribute to a
thorough assessment of the system's capacity to accurately re-identify
humans in real-world scenarios, incorporating both top-ranked matches and
overall score distributions.

Our methodology directly addresses the difficulties indicated in the
Introduction by leveraging the Market-1501 dataset to examine real-world
performance. We utilize deep learning architectures, including VGG16 with
triplet loss, and evaluate several distance measures to increase re-
identification accuracy. The combination of CMC and CDF ensures a
thorough performance evaluation, bridging existing information gaps and
confirming our technique in the Results section.

3. Results and Discussion. In this chapter, we report the outcomes
of our research on people re-identification approaches applying deep
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learning algorithms. We investigate these data comprehensively, providing
insights into the strengths and limitations of each technique. The results are
presented utilizing figures, graphs, and tables for clarity and simplicity of
understanding.

3.1. Key Findings and Interpretation. Table 2 summarizes the
Rank-1, Rank-5, and Rank-10 accuracy rates for each technique. Figures 3
to 12 provide visual representations of the results through CMC and CDF
curves.

Table 2. Rank-1, Rank-5, and Rank-10 accuracy rates for each technique

Technique Rank-1 Rank-5 Rank-10
Euclidean 2% 5.5% 12.5%
Cosine 0.30% 4.73% 10.21%
Mabhalanobis 2% 5,88% 11.56%
Siamese 0% 8% 12.5%
Triplet 0.06% 78.6% 93%

Figure 3(a) illustrates the CMC curve for Euclidean Distance, which
shows a gradual increase in identification probability across different ranks
but exhibits poor Rank-1 accuracy (2%). While the identification rate
improves at Rank-5 (5.5%) and Rank-10 (12.5%), it remains ineffective for
real-world person re-identification applications. Figure 3(b) illustrates the
Cumulative Distribution Function (CDF) curve of Euclidean distances,
highlighting the distribution of matching scores obtained from our
experiments. Similarly, Figures 4(a) and Figure 5(a) depict the CMC curves
for Cosine and Mahalanobis distances, respectively. The Cosine distance
metric achieves the lowest Rank-1 accuracy (0.30%) and struggles to
distinguish individuals effectively at lower ranks, showing limited Rank-5
(4.73%) and Rank-10 (10.21%) accuracy. The Mahalanobis distance metric
slightly outperforms both Euclidean and Cosine, achieving 2% Rank-1
accuracy, but its performance remains moderate with 5.88% at Rank-5 and
11.56% at Rank-10. The corresponding CDF curves in Figures 4(b) and
Figure 5(b) further confirm these trends, demonstrating slow convergence
toward higher identification probabilities.

Rank-1 accuracy measures the percentage of queries where the
correct match appears as the first result, reflecting immediate recognition
accuracy. Rank-5 accuracy measures the percentage where the correct
match is within the top five results, indicating performance with a small
candidate set. These differ from traditional accuracy metrics, like precision,
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which measure correct predictions out of all predictions without considering
ranking.

In contrast, deep learning-based techniques show a notable
improvement over traditional methods. Figure 6(a) presents the CMC curve
for the Siamese network, which performs better than traditional distance
metrics at higher ranks but fails at Rank-1 (0%). However, the method
shows a significant improvement at Rank-5 (8%) and Rank-10 (12.5%),
indicating better feature representation than distance-based metrics.

Figure 7(a) illustrates the CMC curve for the Triplet network, which
outperforms all other techniques, achieving a Rank-1 accuracy of 0.06%.
Despite this low Rank-1 accuracy, the Triplet network shows a dramatic
increase at Rank-5 (78.6%) and Rank-10 (93%), demonstrating its superior
ability to rank correct matches in higher ranks. The CDF curves in Figures 6
(b) and Figure 7 (b) reinforce these findings, highlighting the robustness of
the Triplet network in learning discriminative embeddings for re-
identification.

Figure 8 illustrates the average precision, recall, and Fl-score for
each technique, providing a broader evaluation beyond rank-based
accuracy. The results highlight the Triplet network's superior performance
across all ranking levels, confirming its ability to learn highly
discriminative features and maximize correct match ranking at later ranks.
In contrast, traditional distance metrics, as well as the Siamese network,
exhibit significantly lower precision and recall, indicating their limited
effectiveness in person re-identification tasks.

3.2. Comparison with Previous Studies. Our findings align with
prior research emphasizing the superiority of deep metric learning
approaches over traditional distance metrics. Compared to state-of-the-art
results on Market-1501, studies such as [28] and [29] demonstrate that
triplet loss significantly enhances person re-identification performance by
optimizing the embedding space, particularly at higher rank levels (Rank-5
and Rank-10).

Our results confirm these observations, as the Triplet network
achieves the highest accuracy at Rank-5 (78.6%) and Rank-10 (93%),
demonstrating its effectiveness in ranking correct matches. However, the
Triplet network shows weak Rank-1 accuracy (0.06%), suggesting that
other deep learning approaches, such as Siamese networks, may still be
useful at lower ranks.

Additionally, the study by [30] emphasizes that while deep learning
methods significantly enhance identification accuracy, their effectiveness
varies depending on model design and training strategy. In our case, the
Triplet network demonstrates competitive performance at higher ranks

Informatics and Automation. 2025. Vol. 24 No. 3. ISSN 2713-3192 (print) 991
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATHUYECKOE MOJEJIMPOBAHME U ITPUKJIATHA S MATEMATHKA

(Rank-5 and Rank-10), confirming its ability to learn meaningful
embeddings for person re-identification. Although we utilized the VGG16
architecture — which is not the most recent development in CNN design —
this choice was intentional to establish a clear and reproducible baseline. In
future work, we plan to extend this framework by integrating more
advanced backbones such as ResNet and EfficientNet, and subsequently
applying transformer-based architectures to further enhance recognition
performance.

Compared to traditional distance-based methods such as Euclidean,
Cosine, and Mahalanobis metrics discussed in References [24, 25, 26], our
approach demonstrates a significant improvement in Rank-5 and Rank-10
accuracy. However, compared to recent state-of-the-art deep learning
methods listed in Table 1, our model offers competitive higher-rank
performance but still lags in Rank-1 accuracy and overall end-to-end
accuracy due to its reliance on an older backbone (VGG16).

3.3. Training Protocols. A summary of each technique’s strengths
and limitations is provided in Table 3.

Table 3. Summary of strengths and limitations for each technique based on
quantitative metrics

Technique Strengths Limitations
Simple to implement and Low accuracy at Rank-1 (2%)
Euclidean computationally efficient and Rank-5 (5.5%), slightly
better than Cosine
Very low Rank-1 accuracy
Cosine Effective for high- (0.3%), lower Rank-5
dimensional data accuracy (4.73%) than
Euclidean
Accounts for correlations in | 0% Rank-1 (2%) and Rank-5
Mabhalanobis (5.88%), similar to Euclidean
data . .
but computationally heavier
. Outperforms Euclidean and N(; correct maiches at Rank-1
Siamese Cosine at Rank-5 (8%) (0%), modest improvement at
Rank-10 (12.5%)
Significantly better Requires complex training,
Triplet accuracy at Rank-5 (78.6%) | very low Rank-1 accuracy
and Rank-10 (93%) (0.06%)

One unexpected result in our analysis was that the Cosine distance
metric exhibited a moderate improvement at Rank-10 compared to Rank-1
and Rank-5. Specifically, its accuracy increased from 0.30% (Rank-1) to
4.73% (Rank-5) and 10.21% (Rank-10). This suggests that while Cosine
distance struggles with immediate identification, it retains some useful
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feature representations that contribute to later-stage ranking improvements.
However, since its overall accuracy remains lower than other methods,
further investigation is needed to determine whether Cosine similarity can
be effectively integrated with deep learning models to enhance ranking
performance in re-identification tasks.

3.4. Impact of VGG16 Integration. Integrating VGG16 into the re-
identification model significantly enhanced feature extraction by leveraging
its deep hierarchical architecture. The convolutional layers of VGGI16
captured fine-grained spatial details, improving the model's ability to
distinguish individuals across different viewpoints, occlusions, and lighting
conditions. As a result, deep learning-based techniques, particularly the
Triplet network, achieved superior performance at Rank-5 (78.6%) and
Rank-10 (93%), demonstrating their advantage over traditional distance
metrics. However, the Triplet network exhibited low Rank-1 accuracy
(0.06%), suggesting further improvements in early-stage recognition.
Additionally, the increased computational complexity of VGG16 remains a
challenge for real-time applications, highlighting the need for optimization
techniques such as lighter architectures, model quantization, and feature
distillation to balance accuracy and efficiency.

The integration of VGG16 for feature extraction follows the widely
recognized approach by Simonyan and Zisserman (2014) [12], with our
novel contribution lying in its application to the specific task of person re-
identification, where we demonstrate its significant enhancement of
identification accuracy compared to traditional methods.
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Cumulative Matching Characteristic (CMC) Curve Cumulative Distribution Function (CDF) of Mahalanobis Distances
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Fig. 6. a) CMC curve for Siamese networks; b) CDF curve for Siamese networks
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Fig. 8. Bar graph illustrating the average precision, recall, and F1-score for each
technique

4. Conclusion and Future Directions. This paper provides a
comparative analysis of traditional distance metrics and deep learning
models for person re-identification, highlighting the advantages of deep
metric learning approaches. Our findings demonstrate that while standard
distance metrics such as Euclidean and Mahalanobis are computationally
efficient, they suffer from significantly lower accuracy compared to deep
learning-based techniques. The Triplet network, in particular, shows
substantial gains at Rank-5 (78.6%) and Rank-10 (93%), making it highly
effective for ranking-based retrieval tasks. However, its Rank-1 accuracy
(0.06%) remains low, indicating limitations in immediate identification.

These results emphasize the importance of feature learning and
embedding optimization in person re-identification. Deep learning models
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capture complex patterns and variations in appearance, making them more
robust than traditional methods. However, the increasing computational
complexity of deep networks, particularly Triplet loss-based models, poses
challenges for real-time deployment. This highlights the need for
optimization techniques, such as lightweight architectures, quantization, and
knowledge distillation, to balance accuracy and efficiency.

Beyond re-identification accuracy, our findings contribute to broader
discussions on the scalability and applicability of deep learning for
intelligent video surveillance. Future research should focus on:

- Constructing hybrid models that balance efficiency and
accuracy.

- Integrating domain adaptation techniques to improve cross-
dataset generalization.

- Studying privacy-preserving mechanisms (e.g., federated
learning, differential privacy) for ethical surveillance applications.

Ultimately, this study reinforces the growing role of deep learning in
person re-identification, providing valuable insights for researchers and
practitioners to develop scalable, efficient, and ethical surveillance systems.
The advancements in this field have far-reaching implications, from public
security and law enforcement to smart city applications, where accurate and
efficient identification is critical for real-world deployment.
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YK 006.72 DOI 10.15622/ia.24.3.9

M. Upriccu ATTAMH, A. 93-3AXYT, @. OMAPU
CPABHUTEJIBHOE UCCJIEJOBAHUE METO/IOB IIOBTOPHOI
HAEHTUOUKALIMH JIUYHOCTU HA OCHOBE MO/IEJIEN
rJIYBOKOTI'O OBYUYEHUA

Hopuccu Anamu M., 33-3axym A., Omapu @. CpaBHHUTEJbHOE HMCCIEIOBAHUE METOI0B
MNOBTOPHOIi NIeHTH(GHKALHY THYHOCTH HA 0OCHOBE MojeJIeii ITy00Koro o0yueHus.
Annorauus. [ToBropHas uneHtudukanus auynoctu (Re-ID) mmeer kitodeByro poib B
CHCTeMaX HHTEUIEKTyalbHOTO BHACOHAOMIONCHNUS, TpeOysl TOUHOTO PACIIO3HABAHUS TIOAEH ¢
HECKOJIBKMX TO4YeK o0030pa KaMepbl. TpaauIMOHHBIE METOIbI, OCHOBAHHBIE HAa METPHKaxX
paccTosiHus (EBKIMAOBO M KOCHHYCHOE), CTAJIKUBAIOTCS C TPYAHOCTSAMH IpU 0OpaboTke
BapHallMil MO3 M CIIy4aeB OKKIIO3UM, YTO OrpaHHYMBAeT UX 3(hQeKkTHBHOCTb. B mannom
HCCJICIOBAHHN PacCMaTPUBAIOTCSL MOJIENH TIyOOKOIrO METPHYECKOro OOy4eHHs, B YaCTHOCTU
CHaMCKHe M TPHUIUICTHBIC CETH, JUISl MOBBILICHHS TOYHOCTH NMOBTOPHOW MACHTH(OHUKALMU. MBI
OLICHMBAaeM OTH MeToAbl Ha Habope maHHBIX Market-1501 ¢ wncromp3oBaHHEM KPHBBIX
KyMYJSITHBHOH — XapakTepucTuku cootBerctBus (CMC) u  KyMymsaTHBHOH — (yHKIHH
pacnpenenenust (CDF). Pe3ynbraTel IMOKa3plBalOT, YTO TPUIUIETHAsE CETh IPEBOCXOJIUT
TpaJHUIOHHBIC OJAXO0IbI Ha 00Jiee BHICOKHX paHrax, JO0CTHras ToO4HOCTH 78,6% Ha Rank-5 u
touHocTH 93% Ha Rank-10, mpu 3TOM IeMOHCTpUpYs HH3KYI0 TOYHOCTH Ha Rank-1 (0,06%).
Jlnsg cpaBHEHMs, METOJbl HAa OCHOBE E€BKJIMI0OBA M KOCHHYCHOIO PAacCTOSHMH MOKa3bIBarOT
HHI3KYIO0 IIPOH3BOAUTENBHOCTE HA Rank-1 (2% u 0,30% cOOTBETCTBEHHO), YTO MOAYEPKUBACT
ux orpanudeHus. Kpome Ttoro, BkitoueHue apxutektypbl VGG16 ynyumraer u3BiIeUEHUE
MPU3HAKOB, MOBBIIAs 3(P(EKTUBHOCTh PACIIO3HABAHMS 3a CYET YJABIMBAHHS MeJbYaiflmx
MPOCTPAaHCTBEHHBIX  Jeranedl. JlaHHoe CpaBHHTENbHOE  HCCICIOBAHHE  IOKa3bIBAeT
9 HEKTUBHOCTH METONOB TITyOOKOTO METPUIECKOTO 00yUEHHs X MOAYEPKUBACT €ro MOTEHIHAI
JUISL IPAKTUYECKOTrO NMPUMEHEHHUs B CHCTeMax BuIcoHaOuoneHus. OQHAKO BBIYHUCIHTEIbHbIC
TpeOOBaHU TIyOOKHMX CeTell CO3Jal0T CIOXKHOCTU M PabOTHl B pEanbHOM BpPEMEHH.
Bynymme uccienoBaHus JODKHBI OBITH COCPEJOTOYEHHI Ha ONTHMH3AIMHU 3((PEKTHBHOCTH
MOJIEJIH, CHI)KCHUH BBIYHUCIUTEIBHBIX 3aTPaT H TECTHPOBAHUH B PEAIbHOM BPEMEHH.
Kiouesblie ciioBa: merpuku CMC/CDF, cBeprounsie HeliponHbie cetu (CNN), rimy6okoe
obyuenue, NoBTopHas uaeHtiudukanus mmaHoctd, VGG16, cucteMbl BUACOHAOTIONCHUS.
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	Тогда с помощью дифференцирования  получаем, что в  вектор-функция  составлена с учетом преобразования  из FRD в NED, а именно  где .
	Элементы  ,  соответствуют системе координат FRD. Они зависят от неопределенных параметров объекта управления, внешних возмущений и имеют следующий вид:
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