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Pabora nocsstimena uuciennoit peaan3anun HOBOIO METOa JIMHEHHOrO IIPOrPAMMIPOBAHIS, [TOJIY IUBIIETO Ha-
3BaHUe «MEeTOJI IOBEPXHOCTHOI'O JIBMXKEHUsI». B ocHOBe peasymsaruu JjiexkuT opurnHaJbabll adropurm AlFaMove,
KOTODBIfl CTPOUT Ha ITOBEPXHOCTH JOIIyCTUMOI'O MHOI'OIDAaHHHMKA ONTHMAJIBHBIA I€JI€BON IIyTh OT IPOM3BOJIHHOI
TPAHUYIHOM TOYKH [0 TOUKH, SIBJIAIONIEHCS DEeIIeHreM 3aJadi JIMHEHHOro mporpaMMupoBannst. OUTHMaIbHOCTD
[y TH 3aKJII0YAETCs B TOM, 9TO HAIIPABJICHIE IBHKEHUS 110 FPAHU MHOTOTDAHHUKA COOTBETCTBYET MAKCHMAJILHOMY
YBEJIMYEHHUIO 3HAYEHUsI 11e1eBoil DyHKIMU. s BBIYUC/IEHUST ONTUMAJIBHOTO HAIIPABJIEHUS JIBUYKEHUS UCIIOJIb3Y-
ercst MeTOo[I, Oa3UPYIOUUIICs Ha OIEPAIUU IIOCTPOEHUS IICEBIONPOEKINN Ha JIHHeHHOoe MHOroobpasue. Ouneparus
IICEBJIOIPOEKINHE 0000IIaeT MOHATHE OPTOrOHAIBHON IPOEKINU U PEAIU3YETCs C MOMOIIBIO UTEPAIMOHHOIO AJl-
FOPUTMa IIPOEKIMOHHOIO THIA. JloKa3aHO, 4TO B C/Iydae JIMHEITHOIO MHOrooOpasns, oOpa3yeMoro IyTeM Iepe-
CedeHUs] IHIEPIUIOCKOCTE, MICEBIOIPOEKIUs COBIIAIAeT C OPTOrOHAJIBHOI mpoeknumeil. Takke J0Ka3aHO, 49TO B
cilydae JIMHEHHOTO MHOroOOpa3usi METOJ, Ha OCHOBE IICEBIONPOCKTUPOBAHUSI BBIUHC/ISIET BEKTOD JBMIKCHUS B Ha-
[IPABJIEHNHM MaKCHMAaJIbHOI'O YBEJHMYeHHs 11e1eBoil dyHKIMY. BlnoHeHa napaJiiesbHasl pean3alns aJropuTMa
AlFaMove. IIpuBe/ieHbI pe3yJIbTATHI BHIYHCIUTEIHHBIX SKCIIEPUMEHTOB Ha KJIACTEPHON BBIYUC/INTEIBHON CHCTEME,
JEMOHCTPHUPYIONINE BBICOKYIO MACIITAOMPYEMOCTD [IPEIJIOXKEHHON TUCIEHHON Pean3aliin.

Kmouesvie caosa: AuHetHoOe NpozpamMmuposarue, Memood noseprrocmHozo J8UNCEHUA, YUCAEHHAA DEANU3A-
yua, anrzopumm AlFaMove, napasiesvnas pearusauus, KAGCMEPHAA SOHUCAUMEADHAA CUCTNEMA, UCCAEIOBAHUE
MACWMAbUPYEMOCTU.

OBPABEII IINTNPOBAHUA
Coxosmncknii JI.B., Oubxosekuit H.A., Cokosmnckas .M. YuciienHast peajausaiinsi MeTO-
J1a TIOBEPXHOCTHOTO JIBUXKECHUST JIJIsI PEIeHus 3a/ad JIMHEHHOTro porpamMMupoBanus // Becrauk

OYpI'Y. Cepusi: BrramcimrenbHast MareMaTuka u nHpopmarnka. 2024, T. 13, Ne 3. C. 5-31.
DOI: 10.14529/cmse240301.

BBenenue

Duoxa O0IBINUX JAHHBIX U UHIAYCTPHs 4.0 MOPOJMIN 3a/1a91 JTUHEHHOrO MPOrPAMMIPOBAHUS
(JIIT) cBepxGoJbIIMX pa3sMEPHOCTEN, BKIIOUYAIOIIUX B ce0si MUJIMOHBI IEPEMEHHBIX U MUJLINOHBI
orpaHUYEeHU . Bo MuoOTEX ciydasx 00bEeKTOM JIMHEIHOTO TPOrPAMMUPOBAHUS SIBJISTIOTCS 38~
Ja4dd, CBA3aHHbIE C OITUMU3aIUEll HeCTallMOHAPHBIX IIPOIECCOB . B HecTtanmmonapHBIX 3a7atax
JIIT nesteBast pyHKIWS ¥/ MM OrpAHIYEHNsT U3MEHSIIOTCS B T€UE€HUE BBIIUCIUTEIHLHOTO MPOIIECCA.
Takzke cpejin 9TOro Kjacca 3a/lad BCTPEYAIOTCS MPUJIOXKEHUS, B KOTOPBIX HEOOXOJIMMO BBITIOJI-
HSTH ONTHUMHU3AIINAIO B PEXKUME PEAJLbHOro BpemeHu. Jliisi pernenust Takux 3aJ1a9 HEOOXOIMMbI
MaciTabupyemMble METObI U HapaJljiebHble aJrOPUTMbI JIMHEHHOTO IPOIPAMMUPOBAHUS.

OnyH U3 CTaHIAPTHBIX MTOJIXOJI0B K PEIIEHNI0 HECTAIMOHAPHBIX 33189 ONTUMU3AINHA COCTOUT
B TOM, 4TOOBI pacCMaTpUBATL KaXKJ/I0€ M3MEHEHNE KAaK IOSBJICHHE HOBOM 3a/1a9u ONTUMU3AIINH,
KOTOPYIO HEOOXOIUMO PEIIATh C HYJIsd . OHaKO TaKOH MOJIX0] YACTO HEIPAKTUIEH, TOCKOIBKY

perrrenre mpobJIeMbl ¢ HyJIs 63 TOBTOPHOTO MCIOJIb30BAHUST MHPOPMAIINKA U3 IIPOILIOT0 MOXKET
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YucaeuHast peaqun3anud MeToJa IIOBEPXHOCTHOIO ABU2KEeHNdd AJisd pelieHud 3a1a9...

3aHSATH CJUIIKOM MHOTO BpeMeHn. Takmm 06pa3oM, KeJlaTeJIbHO UMETh aJITOPUTM OINTHMUBAINH,
CIIOCOOHBIN HEIPEPBIBHO aJallTHPOBATEL PEIIeHNe K M3MEHSIOMENCsI cpeie, ITOBTOPHO UCIIOIb3YsI
nHMOPMAITIO, TOJIYIEHHYIO B IIPOIIJIOM. DTOT HOIXO/ MIPUMEHUM JIJIsI IIPOIECCOB PeaibHOIO Bpe-
MEHH, €CJIU aJTOPUTM JTOCTATOTHO OBICTPO OTC/IEXKUBACT TPACKTOPUIO JIBMKEHUS ONTUMAJIHLHOM
Touku. B ciryaae 6ospmux 3amad JII1 mociienaee Tpedyer pa3zpaboTKy MacITabupyeMbIX METOIOB
U mapaJiieabHbIx aaropurmos JIII.

o macrosiiero BpeMenn Hanbojiee MOy /IApHBIMU MeTogaMu perrenns 3aaad JII1 sBstorcs
CHAMILJIEKC-METO/T @ U METOJIbl BHYTPEHHUX TOYEK . OTHU METOJbI CIIOCOOHBI PEIlaTh 3a/a4u
C JIeCSITKAMM THICSTI IT€pEeMEHHBbIX U orpanmdennii. OHAKO MaCIITabUPYEeMOCThb apaJjliebHbIX
aJrOPUTMOB, OCHOBAHHBIX HA CHMILIEKC-METO/Ie, B 0DINeM ciydae orpanndmbaercss 16-32 mpo-
[IECCOPHBIMH y3JIaMU . Yro KacaeTcsi aJITOPUTMOB BHYTPEHHUX TOUYEK, OHU He TOJIal0TCs -
dEKTUBHOMY paclapaslIe/IMBAHUIO B O0IIEM C/Iydae. JTO OrpaHNINBAET IPUMEHEHNE YKAa3aHHbIX
METOJIOB JIJI PEIIeHNs CBEPXOOJIbINNX HecTalmoHapHbIX 3a1ad JIII B pexknme peasibHOrO Bpe-
MeHH. B cOOTBeTCTBHU C 3TUM 3aja4a Pa3spaboTKU MaCIITaOUPYEMbIX METOJO0B U 3(MPPEKTUBHBIX
napaJjiebHbIX aaropurmoB JIIT m1sa KaacTepHbIX BBITUCINTEIHLHBIX CUCTEM OCTAETCHA aKTyaslb-
HOIA.

B memaBueit pabore @ OBLIO TaHO TeopeTUvIecKoe omucanne HoBoro Meroja JIII — meroma mo-
BEPXHOCTHOT'O JIBUZKEHUSA, CTPOSIINErO Ha MOBEPXHOCTH JOIYCTHUMOTO MHOI‘OFpaHHI/IKOHTI/IMaJIb—
HBIH 11eJIEBOI Ty Th K penrenuto 3aaaqu JIII. [Tox onruMaabHBIM IeIeBbIM [Ty TeM TOHNMAETCA Ty Th
T10 TTOBEPXHOCTH JOMIYCTUMOTO MHOTOTPAHHWKA B HAIIPABICHUN HAMOOIBIIIErO YBE/IUICHHUST 3HATE-
Huit mesiepoit pyrkimu. OHAKO MPeJJIOsKEHHBIN B 9T0# cTaThe ajropuTM 1 Ha mare 15 Tpebyer
HAaXOXKJCHUsI HA TPAHUIE TUMEPANCKA TOYKU C MAaKCHUMAJIbHBIM 3HAUEHUEM Ie/IeBOH (hyHKIIH.
IIpm sTOM He TPUBOAUTCS UUCJAEHHBIN aJrOPUTM, MMO3BOJISIIONIMI BBIIOJHUTEH 3TOT Iar. B sToit
craThe MbI IPUBOAUM U uccieayem ajropurm AlFaMove, yerpansiomuii 1oy IeH bl 1pobet.

CraTbsi Opranum3oBaHa CjeAyomuM obpasoM. Pazgen |1| comep:kur Teoperndeckuii 6asmc,
HEOOXOIUMBII JIJISI OIMCAHUST METO/a TOBEPXHOCTHOIO JIBUKEHUS U €ro YUCIeHHON peansaliui.
Pa3,ZLeJIHOCBHHJ,EH OIIMCAHMIO OIEPAINH IICEBIOIPOEKIINH, [I03BOJIIOMINI HANTH BEKTOP JBUKE-
HHS IO OITHUMAaJIbHOMY IeJIEBOMY IIyTH JJIsl JIMHEHHOrO0 MHOI0OOPa3us, IOJIyIaeMOI0 B Pe3yJIbTa-
Te mepecedeHneM Iumepiiockocreil. B paB,ZLeJIe,ILaeTCH dopMaIM30BaHHOE OIMCAHNE AJITOPUTMa,
AlFaMove, npexcrasisiomero coboil YUCAEHHYIO PEANIU3aliio METOa TOBEPXHOCTHOTO JIBHYKE-
HUS. PaB,ZLeJIHOCBHHLeH OIMCAHUIO HapaJjuieabHoil Bepcun ajaropurma AlFaMove. B pa3ﬂene
[peICTaBIeHbl HHPOPMALMA O IporpaMMHOIl peajnsanuu ajropurma AlFaMove u pesyiabraThb
9KCIIEPUMEHTOB Ha KJIACTEPHON BLIYUC/IUTEILHON CHCTEME II0 MCC/IEJOBAHUIO €r0 MAacCIITabupy-
eMocTH. B 3aK/II0YeHnr CYMMUPYIOTCS IOJIyUYeHHBbIE PEe3Y/IbTAThI U HAMEYAIOTCs HAIIPaBJICHUS

JIAJIbHEHUTIINX UCCJICTOBAHWTIA.

1. Teoperuydeckuii 6a3uc

JlaHHBIN pas3es colepKUT HEOOXOIUMBIN TEOpeTUIeCKu 6A3KUC, UCIIOIb3YEMbIi JIJIsT OIUCA-

HUsI ajiropuT™Ma JBuKenust 110 rpansm AlFaMove. Pacemorpum 3azaay JITT B ciemyromem Bue:
T = arg max {{c,z) |Ax < b}, (1)
TreR™

rec e R beR™ AcR"™" m>1,c#0. 3uech (-, ) 0603HATAET CKATSPHOE IIPOU3BEICHUE

JABYX BEKTOPOB. Muzr mupeatoJaraeM, 9To OrpaHuvdeHuc @I 2 0 Tak>Ke BKJIIOUEHO B MaTpUYIHOE

! TomycTuMbliit MHOTOrpAHHUK — O6JIACTD JOIYCTHMbIX PEIeHHil 3a[ati JIMHEHHOTO TPOTrPAMMUPOBAHHSL.

6 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»
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nepasercTBo Ax < b B hopme

—x < 0.
Jlunetinas meneBass QyHKINA 380890 nMeeT BUJI
f(x) = (c,x).

BekTop ¢ B JlaHHOM Cilydae sIBJIsIeTCsl TPAJIUEeHTOM IeJieBoil pyukuun f(x).

[Mycrs a; € R™ obo3HadaeT BEKTOP, MPEJCTABJISIIONINI i-TyI0 CTPOoKy Marpuiibl A. Mbl mpej-

nostaraeM, 9to a; # 0 mus Beex ¢ € {1,...,m}. O6osnauum depe3 H; 3aMKHYTOE MOJIyIIPO-
CTPAHCTBO, OIpEJIe/IsieMOe HEPABEeHCTBOM (a;, ) < b;, a depes H; — OrpaHHYIMBAIOILYIO €ro
TUIIEPIIJIOCKOCTD!:

H; = {z € R"[(a;, ) < bi}; (2)

OrnpeiesiuM JIOMMyCTUMBIN MHOTOI'PAHHUK

M= () H,, (4)

IDE

1

<.
Il

[IPEJICTABJISIONINN MHOXKECTBO JIOIYCTUMBIX TOYeK 3ajaqdn JIII . Bamernm, aro M B 3TOM
ciydae OyIeT 3aMKHYTHIM BBITYKJIBIM MHOYXKECTBOM. MbI Oy1eM IpeInoiaraTth, 9To MHOKECTBO M
sBJgeTcs orpanndeHHbiM u M # (), To ectb 3amaga JIIT UMeEeT PeNeHNE.

JlaiuM ompejiesieHre PEIeCCUBHOIO TIOJIyITPOCTPAHCTBA .

Onpenenenue 1. Iloxympocrpancrso PIZ HAa3bIBACTCA PEIeCCUBHBLIM, €CJIU
Vo € Hi,YA>0:x+ \c ¢ H;. (5)

leomeTpudeckuit CMBICII TOIO ONPEJIEJIEHNSI COCTOUT B TOM, UTO JIyd, UCXOASAIINI B HAIIPABJICHII
BEKTOPA € U3 JIF0OOO TOUKHU TUIEPILIOCKOCTH, OTPAHUIUBAIOIIEH PEIECCHBHOE MTOJIYIIPOCTPAHCTBO,
HE UMeeT ODIIMX TOYEK C ITUM IOy ITPOCTPAHCTBOM, 32 UCKJIFOYeHNEeM HadaabHON. M3BecTHO ,
YTO CJIEJLYIONIEE YCJIOBHUE SIBJISIETCS HEOOXOJMMBIM W JIOCTATOYHBIM JJIsi TOTO, 9TOOBI MOJIYIIPO-

cTpaHcTBO H; OBLIO PEIeCCUBHBIM:

(aj, c) > 0.

Oupenenum
T={ie{l,....m}|aic) >0}, (6)

TO ecTb L TIPEeJCTaB/IsIeT MHOYXKECTBO MHJIEKCOB, JJisi KOTOPBIX IOJIYIPOCTpaHcTBO H; dABjsieTcs
perieccuBHBIM. [10CKOIBKY JOMyCTUMBIN MHOTOTpaHHUK M mpejscTaBiigeT coboit orpaHudeHHOe

MHO2KeCTBO, UMeeM

T #0.

TTomoxxum

i = (. (7)

€L

2024, T. 13, Ne 3 7
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O‘{GBI/I,ZLHO, qro M saBisieTcs BBIITYKJIBIM, 3aMKHYTBIM, HCOI'DaAHNYCHHBIM MHOT'OI'DaHHUKOM. By—

JleM Has3bIBaTh €ro pelneccuBHbIM. U3 u @ cJIeayer
M cC M.

O6o3naunM depes I'(M) MHOXKECTBO IPAHUYHBIX TOYEK JOIYCTUMOrO MHOrorpanuuka M, a depes

['(M) — MHOXKECTBO TPAHUYHBIX TOYEK PEIECCUBHOIO MHOIOIDAHHUKA CorytacHo yTBEpK Ie-

Huio 3 B nMeeM

~

xzecl'(M),

TO ecTh pernerne 3aaaqau JIIT JIEXKUT Ha TPAHUIE PEIECCUBHOTO MHOTOrpaHHnKa M.
Canemyst , JaJIIM OIpeJieJIeHIe OPTOTOHAJIBHON MPOEKIINN Ha THIIEPILJIOCKOCTD.

Omnpepenenne 2. Ilycrs B npocrpancrse R umeercs: MHIEPIUIOCKOCTD
H = {x e R"|{(a,z) =b}.

OproronanbHast poeknust 7 (v) Toukn v € R™ na runepsiockocts H onpegesisiercs: hopmyIioii

(V) =v - ———5—a. (8)

Cne;gylomee yTBEpKIAeHne JaeT CII0COO BBIYUCJIEHHUS OITUMAJILHOTO IIYTHU Ha THUIIEPIIJIOCKO-

CTH.

YrBepkaenue 1. Ilycts B mpocTpancTtee R™ 3agana runepruiockocts H ¢ Hopmastsio a € R™

npoxoJsinas depe3 Touky u € R™:
H={zcR"[(a,z) = (a,u)}. (9)
[Tycrs 3agana ouneiinas dynknus f(x) : R™ — R ¢ rpaguentom ¢ € R™:

f(®) = {c,x). (10)

ITycTb BEKTOPBI @ ¥ € JIMHEHHO HE3aBUCUMBI (HE KOJIIMHEAPHBI, ¥ CPEJIM HUX HET HYJIEBOTO BEK-
ropa). ITostoxkum
v=u+ec (11)

ITocTporM OPTOrOHAILHYIO HPOEKIHIO 7w g (V) TOUKH ¥ Ha THIEPIIOCKOCTD H':
w = 1y (v). (12)

TOI‘,ZLa BEKTOD d=w-—u OJHO3HATHO 3aJa€T HallpaBJICHNE MaKCUMaJIbHOI'O YBCJINYICHUA JITHEN-

Hoit byrkun f (), onpenensiemoit popmyioii (10).
Zoxazameavcmeo. TlpenmoiokumM MpoTUBHOE, TO €CTh CYIIECTBYeT TOUKa W € H Takas, 9To
(¢, w) > (c,w), (13)

|l — u|| = [|[w—u| n®# w (cm. puc. . Baech u gasee || - || obosHavTaeT eBKINIOBY HOPMY.

Beruncanm (e, w). B coorsercrsun ¢ OHpe,ZLe.HeHI/IeMOpTOI‘OHaﬂbHaH HPOEKIs 70y (V) TOUKH

2Tlon rpanmanoit Toukoi# MHOMXKecTBa M C R™ mommMmaercst Touka B R™, 17151 KOTOPOii 1106251 OTKPBITAsT €6 OKPECT-

HocTh B R™ mmeer HEIIyCTO€ I1epecevdeHrne KakK ¢ MHO>KECTBOM ]\47 TaK U C €ro JOIIOJTHEHUEM.
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v
C
v
P — Z]
L u 1 d [Cw
N ﬁ R

Puc. 1. Wunoctpalus K JIOKa3aTeIbCTBY Hpe,H,JIO}KeHI/IH
[TyukTupoM 0603HAYEHA MUIIEPOKPYZKHOCTD € pajuycoM |lw — ul|
v Ha IUIepIuiockocTs H | 3amaBaeMyto hopMyJioit @, BBIYHC/ISIETCS CJIEJYIONIMM 0Opa3oM:

(a,v —u)

2
lal]

[ToncraBuB BMECTO v IPABYIO YaCTb (DOPMYJIBI || IIOJLy YUM

w:u+c—<a’c>a. (14)

2
lall
Uctionbays , HaXO0JIUM
(a,¢)®
2
lall

HOCKO.HI)Ky a 1 ¢ JINHENHO HEe3aBHCHUMBI, B COOTBETCTBUU C HEPABECHCTBOM KOLHI/I*ByHHKOBCKOFO

(15)

(c,w) = (e, u) + lc]? ~

nMeemM

2
(@, c)” <llal* - [lell*.

Orcrona cireayer
2
le||? — % > 0. (16)
all

Teneps Borancanm (¢, w). Onpegenum @ = 7L(W) — OPTOrOHAIbHAS HPOEKIHS TOYKN W

Ha TpsAMy0 L, npoxosinyio depe3 Toukn 4 u w. [To mocrpoenuto cymecrsyer uucio 6 € R,
Y/IOBJIETBOPSIIONIEE YCIOBUIO

-1<d<1, (17)

TaKoe, 9TO

Tomoxxum
v=u+0(v—u). (18)
Torma TouKa U sIBJISIETCSI OPTONOHAJILHOM IIPOEKIINEll TOYKN ¥ Ha THIEPIIOCKOCTh H | onpemesis-
eMy1o popMyJIoit @), 1 MOXKET OBITh BBIYHCJIEHA CJIEIYIOMINM 00Pa3oM:
(a,? —u)
2
lal
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[ToncraBuB BMECTO ¥ NMpaByIo YacTh (DOPMYIIBI || OTCIO/Ia TIOJIYYUM

LU

ﬂ:u+5<v—u— 5
lal

Ucrnionbzys <| [IPOM3BEJIEM 3aMEHY U — U = C:

a—u+6(c—<a’c2>a>. (19)

OueBu,iHO,
w=(w—u)+u. (20)

3aMeHUM BTOPOE CJaraeMoe B lb Ha [PaBYIO 9acTh (DOPMYJIbI ||

w:(w—a)+u+5<c <""C>a>.

- 2
all

Orcrona moydaeM

2
(@) = (e, @ — @) + (cu) +0 <||c||2 -5 ) -

I[To mocTpoennio BeKTOp W — & OPTOroHaIeH BeKTopy v —u = c¢. [losromy (¢, w — @) = 0. Takum

obpa3zom, nocseanssa popMysia mpeodpasyeTcs K BUILY

2
(e.1) = {e.u) +9 <||c||2 -5 ) - (21)

ComnocraBiisist n , C y4deToM n IoJry1aemM

(c,w) < (c,w),

YTO HMPOTUBOPEIUT . O

Bosspamasice Kk 3ajade JIIT , MOXKHO cKazaThb ciepytomiee. [lycts w € M NT(M) u
CyIIECTBYeT eMHCTBEHHAsI PeleccuBHast runepiiockocts Hy (i € ) rakast, ayro w € Hy. B
9TOM CJIydae BeKTOp d, OIpe e IIoNuil HalpaBIeHe OMTUMAJIBHOTO [I€/IEBOr0 Iy TH U3 TOYKA U,
B COOTBETCTBUM C yTBep}K,ILeHI/IeMBBILII/IC.HHGTCH o dopmyite

(ay,u+c)y—by

d=c— 1l a. (22)
z/

B ciemytomem pasgese Mbl pacCMOTPHUM OOIIUi CJTyail, KOraa 9epe3 TOUKY U IIPOXOIUT HECKOIb-

KO TUIEPILJIOCKOCTE.

2. Omnepamnus 1ceBIOIIPOEKTUPOBaHNUS HA JIMHEIHOE
MHOroobpa3ue

IMycrs J C {1,....m}, J # 0, u (| H; # (. B s10M Cciiyuae MHOXKECTBO UHJIEKCOB J
i€J
onpejenser B npocrpancrse R™ jmneiinoe MHOroo6pasue

L=()H. (23)

ieJ
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Ob6ozuauuMm kj — pasMepHOCTb JimHeHOTO MHOTOOOpasus L. IIpu kr, < n — 1 muOoroobpasue L
He SIBJISIETCS] THIEPIIOCKOCTBIO, W JJIsS OMpPeJeIeHsT BEKTOpa JBWXKEHUs d M0 3TOMY MHOTO-
obpa3uio B HANPaBICHUN MAKCUMAJLHOTO YBEIUYEHUs MEIeBONW (DYHKIINU HEIb3s TPUMEHUTH
dopmyy , TaK KaK Takoe JMHEHHOe MHOrooOpasne HEeBO3MOKHO 3aIaTh OJHUM JTMHEHHBIM
ypaBHeHneM B mpocTpancTBe R™. OaHAKO MBI MOXKEM HANTH yKa3aHHBIN BEKTOP d C MTOMOIIHIO

OIlepaINy TICEB/IOTPOEKTUPOBAHM S . Ompe/iesiM IPOEKIMOHHOE OTOOpazkeHue @ (-):

1
Wbm;mw (24)

U3BectHO , 9T0 OTOOparXKeHue (&) sIBJIsieTCst HellpepbIBHbIM L-beiiepoBckum oTobpazkeHneM,

u 11ocjie10BaTeJIbHOCTh TOY€EK
o]

{a:k = (mo)}k:1, (25)

OPOKIaeMasi 3TUM 0TOOparkeHneM, HadnuHasl C IPOU3BOJIbHON TOUKK Xy € R™, cxoanTcs K TOUKe,
mpuHa Iexareit L:
x, —x € L.

Temepb MBI TOTOBBI TaTh OIPeIEICHNE IICEBIOIPOEKIINY Ha JIMHeiHOe MHOTOOOpas3ue, obpasyeMoe

lepecevYeHueM I'UIIePIJIOCKOCTEN.

Ompenenenne 3. [lycts J C {1,...,m}, T # 0, ey Hi # 0, ¢(-) — npoexnuomnnoe orob-

paxkeHme, ornpeenasgemMoe popMyIoit . [Tcesnonpoekmnueit p7(x) Toukn x € R™ na nuneitnoe

MHOTroobpaszne L = ﬂie 7 H; na3biBaeTcs npejiesibHasi TOYKA MTOCTIEI0BATETHHOCTH lb
. k
lim | p (@)~ " (@)|| = 0.
k—o0

BaxkabIM CBOICTBOM IICEBIOIIPOEKITNN HA JITHEHHOE MHOT00Opa3ue siBJASIETCS TO, YTO B 9TOM CJIy-
YJae ICEeB/IOIPOEKITUS COBIAIAET C OPTOrOHAJIBHOM Tpoekiueii. /s nokaszarenbcTBa 3T0oro hpakta

HaM IOHAJI00UTCSI CIeIyIONas IeMMa.

Jlemma 1. Ilycts B mpocTpancrse R 3amanbl rurepiockocts Hy u mnHeitHOe MHOrOOOpasue L,

IpUHAJJIEXKAIee STOU IMIEPIIOCKOCTH:

Hy ={z e R"|{ay,x) = by };
L= ﬂiej i
i'e J.

O6o3HauuM 4yepe3 P jmHeiiHOe MHOroobpasue, sIBJIAIONIEeCss OPTOrOHAIBLHBIM JIONOIHEHUEM K L:

P=1"L" (26)

Torma myist yir060it TOUKM v, TpUHAJJIEXKAIEH JuHeiHOMY MHOroobpasuio P, ee oproronaibuas
IPOEKIHS Ty, (v) ma runepiiockoctb Hj Takxke Gyjier npuHajiekaTh JUHEHHOMY MHOTOOODa-
zuo P:

VveP:7my,(v) €P.

Hoxazameavemeo. O6O3HAMUM P — OPTOrOHAJbHAS [IPOEKIIUS TOYKHM U HA THIIEPILIOCKOCTD Hy:

p=mw,(v). (27)
2024, T. 13, Ne 3 11
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"

Puc. 2. Unmocrparusa J'IeMMe

Bes orpanunvenunsi 06IHOCTH MBI MOXKEM CYUTATh, 9T0 P € L (cM. puc . [Tpenmonoxkum, aTo
TOYKa P He MPUHAJIEXKUT JITHEHHOMY MHOTOOOpaszuio P. O603HAYNM @ — TOUYKa IepecevueHust

JINHEITHOTO MHOT000pa3us L ¢ ero opTOroHaJbHBIM JIONOJHeHEeM P!
gq=LNP.

ITockonbky P siBjisieTcst OpTOTOHAJIBHBIM JOMOJTHEHNEM K JIMHEHHOMY MHOI00Opasuio L, Touka q

sIBJISIETCSl OPTOI'OHAJIBHOM ITPOEKITell TOYKU P Ha JuHeiiHoe MHOroobpasue P:
q=mp(p). (28)

Paccmorpum tpeyronsauk A(v,p, q). B cuty 1i yroa Zp ¢ BEPIINHON B TOYKE P SIBJIACTCH
npsiMeiM. B B coorsercrBun ¢ (28) yron /g ¢ BepIIMHOI B TOUKe ¢ TAKKe SBJISIETCS HPSIMBIM.

Ho 3T0 BO3MO2KHO TOJIBKO B CilIydae, KOrjia P = ¢, TO €CTh
peP.

JlemMa gokasaHa. O

Cremyrolee yTBep:KIeHIE JOKA3BIBAET, YTO IICEBIOIPOEKIINsST Ha JIMHEITHOe MHOTo0Opasne

COBIIQJIa€T C OPTOT'OHAJIBHOU IIPOEKITUEN.

YrBepkaeHue 2. [lycTh BBIIOJIHSIIOTCS CAELYIONINE YCIOBUS:

J CA{1,...,m}, (29)
L=()Hs,L#0 (30)
1€J

rae H; = {x € R"|(a;,z) = b;}. O6o3naunm 7w, () — oproronasibHas IpoeKIys ToUKn € R™

Ha, JuHeiiHoe mHOrooOpasme L. Torma
pr(z) = w(z),

TO €CTh, IICEBIOIPOEKITS Ha JIMHeiiHOe MHOrooOpasue L coBIagaeT ¢ OPTOrOHAIBLHON ITPOEKITHE.
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Puc. 3. Nttoctparius K J10Ka3aTebCTBY yTBepxg:LeHI/IHHpH n=3

Hoxaszameavemeso. SadukcupyeM IpouU3BOJIBHYIO TOUKY Vg € R™. PaccMoTpum JimHeliHOE MHOTO-
obpasme P, comepKaliiee TOUKY v, U SBJIAIONIEECS] OPTOTOHATBLHBIM JIOMOJHEHINEM K JIMHEHHOMY
MHOTroobpasuio L:

vo € P =L (31)

O6o3HaunM 4depe3 ¥ TOUKY IIepecedeHns JIMHeiTHoro Muoroobpasus L ¢ ero opToroHaJIbHBIM JI0-
mosiHenuneMm P:

LNP={v}
(cm. puc. . [TocTpoum OpTOroHaILHYIO IPOEKIUIO TOYKH V) Ha I'MIEPIIOCKOCTb Hj st mpo-
MU3BOJIBHOTO j € J:

Po = TH; (vo)-
B coorBercrBuu ¢ JIeMMoﬁHMeeM

TH, (’Uo) e P.

Orciona u n3 CJIEJLyeT, YTO
v = p(vg) € P.

DTO 03HAYAET, UTO MOCJIEI0BATEIBHOCTD

{vk =" (Uo)}

o0

k=1

CXOOUTCsA K TOYKE U IIepeCcedeHUsd JUHENHOTO MHOI‘OO6pa,31/IH L ¢ nuHeiHbIM MHOI‘OO6pa31/I€M P,

10 ecTb, pr(vg) = . C apyroit croponsl, B cuiy (31) numeem my,(vg) = v. Cienoparensho
Ve e R": pp(x) = wr(x).
YTBep:KIeHNE JIOKA3aHO. O

[Iporneypa tpubIMKEHHOTO BBIYUCJCHUS IICEBIONPOEKIINA Ha, JIMHETHOEe MHOTrooOpasue
MIpeICTaBJIeHa B BUIE aJIFOpI/ITMa JagnM KpaTknit KOMMEHTapHUil O ITaraM 3TOro ajJropuTMa.
Ha mare 2 cuerunk wurepanumii k ycranasjiuBaercs B 3Hadenue Hosb. [lar 3 3amaer nHagaabHoe
npubsmxkenne xg. lar 4 orkpbhIiBaeT UTEPAIIMOHHBIH UK BbhIYUCIeHUS 11ceBonpoekmnun. [1la-

ru 58 JJIsg TeKyUIero HpHUOJIMKEHUS Xj BBIYUCILAIOT CYMMY U3 MPaBoil dactu (HhopmyJsibt ll
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Ausroputm 1 Bbruucsienue ncesnonpoexiuu p 7 ()
Require: H; = {x € R"[{(a;,z) =b;}; T C{l,....m} T#0; (| Hi#0

ieJ
1: function p7(x)
2 k:=0
3 To: =
4 repeat
5: =0
6 for i € J do
7 =%+ ((a;, ) — bi)ai/|al?
8 end for
9 T(jg1) =Tk — 2/ |T|
10: Emaz =0 > MakcumasibHAasT HEBSI3KA
11: for i € J do
12: &=l {ai, Trs1) — bil
13: if & > &mar then
14: Emaz =&
15: end if
16: end for
17 k=k+1
18: until &§nar < € > Maubrii mapamerp e¢ > 0
19: return x;

20: end function

[MTar 9 maxomur ciexymomee npubimxkenne xpyi. larn 10-16 onpeensior MaKCHMaJbHYIO
HEBA3SKY £ JJIgL HOBOTI'O HpI/I6.HI/I)KeHI/IS{ OTHOCUTEJIBHO BCEX FI/IHepII.HOCKOCTefI Hi, yY4dacCTBYOHIUX
B Borauciennu. Ha mrare 17 cueTunk urepalnuit yBeanauBaercs Ha enuauily. [llar 18 mposepsier
YCJIOBHE BBIXOJIa M3 mTepalnnonHoro nukia. Ilar 19 Bosppalaer B KadecTBe pe3ysabTaTa IOJy-

YEeHHOEe HpI/I6JII/I}K6HI/Ie L.

3. AjaropmrMm asmxkenus nmo rpaaam AlFaMove

B srom paszene mbl onmmem HoBblit asroputm AlFaMove (Along Faces Movement), mpes-
CTABJIAIONINI COO0I YNCIIEHHYIO PeaI3aIUi0 METO/IA IIOBEPXHOCTHOI'O JIBUKEHUS @ AsnroputMm
AlFaMove cTpouT Ha IOBEPXHOCTH JIOIYCTUMOI'O MHOTOI'PAHHUKA ITyTh U3 IIPOU3BOJILHON I'PaHU -
HO¥ TOYKHU ug € M N F(M ) 110 TOUKM &, siBJIstioIelics perenneM 3aaan JII1 . Ilepememmenue
10 TPAHSIM JIOIyCTUMOIO MHOT'OTPAHHUKA IIPOUCXOAUT B HAIIPAB/JIEHUN HAMOOIBIIEr0 yBE/IMICHUS
3uadeHus 1eaeBoit pyukimu. [IyTh, mocTpoeHnblit B pe3yibraTe TaKOro JIBUXKEHUS, HA3bIBAETCS
ONITUMAJTBHBIM TEJIEBBIM IIyTEM.

B ocuose anropurma AlFaMove steskut nponeaypa D (w) Berducienus BekTopa JABuKenus d
[0 TPaHU JOIYCTUMOI'O MHOTOrpaHHUKA M 13 TOYKH ¥ B HAIPABJIEHUU MaKCUMAJbHOI'O yBe-
JIMueHust 3HavdeHus renaesoii dynkuuu. [Iponeaypa D(w) mnpejicrasiena B Buje aJII‘OpI/ITMa
CxemaTuvano paboTa 3TOro ajropurma mzobparkena Ha puc. |4| dagum kparkuit KomMmMeHTapHii
IO I1aram aJII‘OpI/ITMa [MTaru 2-7 crposaT MHOXkKecTBO U, BKJIIOUAOIIee B cebsi MHJIEKCHI BCEX
runepiiockocreir H;, nmpoxosniux depe3 Touky u. Ha 1mare 8 BeKTOpy HalpaB/IeHUS JIBUYKEHUST

d B KadecTBe HAYAIbHOI'O 3HAYCHUS IIpuCcBanBaCTCA HyHeBOfI BEKTOP. Ha miare 9 3nagenuio me-

14 Bectuuk FOYpI'Y. Cepusi «BorauciauresbHasg mareMaTuka u nH(pOpMaTUKa»



JI.B. Cokosinuckuii, H.A. OabxoBckmii, I.M. CokosamHcKkas

Anropurm 2 Brraucienne sexropa apmkenus d = D(u)
Require: H; = {x € R"|(a;,x) =b;}; u € I'(M)

1: function D(u)
2 U:=0 > U — MHOKECTBO UHJIEKCOB I'MIIEPIIOCKOCTel H;, IPOXOJISIIIX Yepe3 TOUKY U
3 fori=1...mdo
4 if (a;,u) = b; then
5: UuU:=UuuU {Z}
6 end if
7 end for
8 d:=0
9 fi=—00 > f — 3Havenue nenesoit yukuun f(x) = (¢, x)
10: e.:=c/||c|
11: vi=u+ e, > Bosbimoi napamerp 6 > 0
12 for J € P(U)\D do > P(U) — MHOXKECTBO BCEX IOJAMHOXKECTB MHOXKeCcTBa U
13: w:=pg (U)
14: d=w-—-1u
15: eq:=d/|d|
16: if (u+ Teq) € M then > Mauietit mapamerp 7 > 0
17: if (c,u+Teq) > f then
18: fi=(c,u+Teq)
19: d:=d
20: end if
21: end if
22: end for
23: return d

24: end function

Puc. 4. Broruncienune BeKTopa HAIpaBJIeHUs ABUXKeHU d 110 TPaHU JIMHEWHOro MHOTroobpasus L

JieBoit pyHKINN f IpUCBANMBACTCS OECKOHETHO MAJIOe LII/ICJI Ha mrare 10 crponTtcs e muHUIHBII
BEKTOD €., COHAIIPABJIEHHBI ¢ BeKTopoM ¢. Ha mrare 11 crponTcst TouKa v 1myTeM npubaBIeHUsT

BEKTOpa 0€. K BEKTOpY U (CM. pI/IC.. Brech 0 — «BOBIION» OJIOXKUTENLHBIA IapaMerp: 4eM

3B ciyuae 64-paspsiaHoil aprdMeTHKY C IIABAIOIIEeil TOUKOH, GECKOHEUHO MaJjoe Yncyio pasHo —1 - 10308
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GoJible §, TeM TOUHee Gy/eT BBHIUUC/ICH BEKTOD HaIpaBeHHs jBuxKeHns d. OJHAKO IIPU yBe-
JIMYEHUN TapaMeTpa d OyIeT yBeJMYUBATHCA U BPEeMsl BBIYHCICHUS [CEBIONPOeKun p7(v) Ha
mare 13. [luki for ma mare 12 nepebupaer Bce BO3MOXKHbIE KOMOUHAIINY UHJIEKCOB HUIIEPILIIOC-
KOCTel, TIPOXOIANINX depe3 TOUKy u. KaxKkmoit Takoit komOuHarmm J COOTBETCTBYET JIMHEHHOE
muoroobpasue L = (1,¢ 7 Hi, xoropoe Takxe mpoxoaut vepes Touky u. llar 13 Beramcsger
TOYKY W, BBIIOJIHS TICEBJIONPOEKITUIO TOYKU ¥ Ha JIMHEHHOE MHOIroo0pasue, COOTBETCTBYIONIEE
koMmOunanuu J. Ha mrare 14 BorunciisieTcst BO3SMOXKHBIN BEKTOD JBUKEHUS d 110 TEKYIIEMY JInHE-
HOMY MHOTOOOPAa3UIO B HAIIPABJICHUN MAKCHUMAJJIBLHOIO yBE/JIUICHUS 3HAUCHUN 1eJIeBON (DyHKIIIH.
[Tar 15 BerUuC/sIeT €AMHUYHBIN BEKTOD €4, coHAmpaBsennbiii ¢ BekropoM d. IIlar 16 mposepsi-
€T, 9TO MaJioe JABU2KEHHNE N3 TOYKHU U B HAIIPpaBJICHUU d HE BBIXO/IUT 3a I'PaHUIbI JJOIIYCTHUMOI'O
muororpannnka. [Ilar 17, B cBoto ouepelib, MpoBepseT, YTO 3HAUCHUE 11eJIeBOI (DYHKIIUN B TOUKE
(u + eq) npeBbIIAET MAKCUMAJIbHOE 3HAYEHUE, MOJIyUYeHHOE Ha HPEIbLIYIINX UTEPAIUsIX IIUK-
aa for (mar 12). B sTom ciaydyae 9T0 3HaYEHHE 3alOMHUHAETCsS KaK MakcuMasbHoe (mar 18),
a HaiijleHHOe Hanpap/enue npucsampaerca sexTopy d (mar 19). Ilocie Toro, Kak mpoBepeHb
BCe BO3MOXKHBIC KOMOMHAIINH, BEKTOp d BO3BDAIIACTCA B KadecTse pesyiabrara (mar 23). Ecam
HU OJIHa KOMOMHAIMS He IPOILIa IPOBepKy Ha marax 16-17, To B KadecTBe pedyJibrara Oyjier
BO3BPAIIEH HYJIEBOH BEKTOD. DTO O3HAYAET, UTO JIIOOOE JBUKEHUE U3 TOYKHU U 110 ITOBEPXHOCTH
JIOIYCTUMOI'O MHOT'OIDAHHHUKA HE IPUBOJIUT K yBEJUYEHUIO 3HAYEHUS 11EJIeBOH (DYHKIINH.
Temepb MBI TOTOBBI OITUCATH AJTOPUTM JBHKeHUs 110 Tparam AlFaMove, permatormuit 3a aay
JITI . 3a OCHOBY MBI OepeM aJropuT™m 1 u3 paboThI @ Peamuzanust anropurma AlFaMove
Ha TICEBJIOKOJIE IIPEJICTAB/IEHa B BHUIE aHFOpI/ITMa [IpokoMMeHTHPYEM IIaru 3TOro ajJropuTMa.
Ha mrare 1 BBoguTCs HavaabHOE TPUO/IMKEHNE u(®. D10 Moxer GbITH IIPOU3BOJIbHAS I'PAHNIHAA

TOYKA PEIeCCUBHOIO0 MHOTOTrpanuuka M, yI0BIeTBOPLAIOIIAs YCIOBUIO

~

ug € M NT(M).

DTO0 ycjoBue NpoBepsieTcss Ha mare 2. Jljis moJiyueHus MOIXOMAIIEro HauYaIbHOTO TPUOJIMKe-
HUsT MOXKET HTPUMEHSIThCS AJITOPUTM, peajusyomunii crajauio Quest ammekc-meroia . [Tar 3

BBIUUCJISIET HAYAJbHBIA BekTOp sBukenusi dy. s sroro ucnonnsyercss dyuknus D(-), pea-

AnroputrmMm 3 Anropurwm nBukenusi 1o rpausim AlFaMove

Require: H; = {x € R"|(a;,x) < b;}; M = Fn] Hi; M= H;ieTs (aj,c)>0
input wug = “
assert ug € M NT(M)
do :=D(uo)
assert dy # 0
k:=0
repeat
Uppp1 = p(uy, di)
djt1 := D (up41)
ki=k+1
until d, =0
output uy > Pemmenne 3amaun JII1
stop

—_ = =
M 22

16 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



JI.B. Cokosinuckuii, H.A. OabxoBckmii, I.M. CokosamHcKkas

He Hy H,

N
Y1 (D:\g V2(u,d)

u

H;

Puc. 5. JleiicrBue dpyukiunm pu:
p(u,d) =vi(u,d)

JIN30BaHHAST B aJIFOpI/ITMe [Ipenmonaraercs, aro dy # DTO yCJIOBUE KOHTPOJIUPYETCS Ha
mare 4. Ha mare 5 cyerumk mrepanuii k ycraHapamBaeTcs B 3HadeHne HOJIb. [1lar 6 oTKpbIBaeT
MK repeat, BBINOJHAONIMA IBUKEHIE 110 IPAHSIM JIOIMYCTUMOIO MHOIOIPAHHHUKA, JI0 TE€X IIOP,
[IOKa OYepeIHON BeKTOp ABMKEHUS dj HE OKAXKeTCHA HYJIEBBIM BEKTOPOM. DTO O3HAYAET, UTO II0-
cesiHee HaliieHHOe PUOINKEHNE WUy, ABJIeTCd pernernueM 3amadu JIIT . [Ilar 7 B Tesie mukJa
BBIUUCJISIET CJIEJYIONIee TPUOINKEHNE Uk 1 C TIOMOIIBIO BEKTOP-PYHKIMN f (OMpE/IeIeHIe CM.
umke). [Ilar 8 Beraucisier BeKTOp nBuKeHust dy 1 JJisi BHOBb HAIlJIEHHOIO MPUOJINKEHUS Uk 1.
[Tar 9 ypenuuuBaer cyeTumk urepanuii k Ha eauauily. Eciu mocienHuii BEKTOP ABUXKEHUST Pa-
BEH HYJIEBOMY BEKTODY, TO Ha Imare 10 IpoMCcXoauT BBIXOJ U3 IHKJa repeat/until, nmocse vero
Ha 1mare 11 BBIBOASITCST KOOPAWHATHI TOUKN Uj B KadecTBe pernenns samadn JIIT . Iar 12
3aBepimaer pabory asropurma AlFaMove.

Bekrop-dbyuknus pu(-), ucrnoynb3yeMas Ha mare 7, onpeje/siercs cieaytonmmM oopazom. O60-

SHaYUM
Torna
p(u, d) = argmin {[lu — 2|/ | = vi(u.d)} (33)

Baech v;(u, d) 0bo3Ha"waeT BeKTOP-(hYHKIIUIO, BEIYUCIISIIONLY 0 KOCOYTOJIbHYIO IIPOEKIIUIO TOYKH U

Ha T'dIEPIIJIOCKOCTDb HZ 110 HaIllpaBJICHUIO d:

<al-, u> — bl‘

(i, d) d.

Yi(u,d) = u —

JeiicTBue (byHKIME (4 TPOUJIIIOCTPUPOBAHO Ha puc.|5| B coorBeTCTBNE ¢ PUCYHKOM THIIEPILIOC-
koctu Hy w Hy He ynoBIeTBOPSIOT HEPABEHCTBY (@i, u) < b; B . I'uneprtockoctu Hy m Hg
HE YJIOBJICTBOPSIOT HepaBeHCTBY (a;,d) > 0 B . Takum obpazom, Q = {1,2}. Tak kax
lu —71(u,d)|| < [u—~2(u,d)|, o p(u,d) = y1(u,d).

4PaBeHCTBO BEKTOpa do HYJIEBOMY BEKTOPY O3HAYa€T, YTO TOYKa UQ ABJIAETCA PEIIEeHueM 3a/1avu JITT .

2024, T. 13, Ne 3 17




YucaeuHast peaqun3anud MeToJa IIOBEPXHOCTHOIO ABU2KEeHNdd AJisd pelieHud 3a1a9...

CXO,ILI/IMOCTI) aJII‘OpI/ITMaK PEMICHNIO 3a/1a491 JITIT 3a KOHCYHOEC 9MCJIO I/ITepaHHﬁ obecrre-

YUBAETCH CJIeJIYIONe TeOpeMO.

Teopema 1. (Cxomumocts anropurma AlFaMove) Ilyers gomycrumbiit Muororpanauk M 3aaadn

JIIT ABJISIETCS] OTPAHUYEHHBIM HEIYyCThIM MHO2KecTBOM. [lycTh & — pemenne 3amaan JII1 .
. K

Torga mociegoBaTebHOCTD NPHOIMAKEHNH {U)})_, T€HEPHPYEMBIX AJITOPHTMOM |3| SABISETCA

koHeuHoit (K < 400), n (¢, ux) = (¢, &), TO ecTb U sABJIsACTC pereHneM 3a1aau JII1 .

Zoxazamenvcmeo. Obozuadnm depe3 d A;pqpove BEKTOP djt1, BLITUCISIEMBIH Ha IIare 8 ajro-

pI/ITMa B coorBercrBuum ¢ maramu 13, 14 a.HI‘OpI/ITMaI/IMeeM

dAlFaMove = p]('v) —u.

Coracto yTBep}K,ILeHI/IIOOTCIO,ILa ceayer
dAlFaMove =Tg (’U) —u, (34)

e w7(v) 0003HAYAET OPTOrOHAIBHYIO MHPOEKIMI0 TOYKM ¥ Ha JIMHEHHOe MHOroobpasue
L= ﬂz’e 7 H;. B coorBeTcTBUM C yTBEPXKIEHUEM 3To 03HAYAET, 9TO BEKTOP dAiFqMove ONHO-
3HAYHO 3aJIa€T HAIPaBJIEHNE MaKCUMAJILHOTO yBeJndeHus IejeBoil dyukimun f(x) 3amadn ll
A 5T0, B CBOIO OUYEpedb, 0O3HAYAET, UTO aJIFOpI/ITM SABJIIETCS YUCJEHHON peaJin3aliueii MeTo-
JIa TTOBEPXHOCTHOT'O JIBUYKEHUS E], TO €CTb IOCJIEIOBATEILHOCTH TPUOINKEHU {ufiu FaMOUe} u
{ug M M}, reHeprupyeMble aJrOPUTMOM |3| M3 HACTOSINEH cTaTbu W ajaropurMoM 1 u3 COOT-
BETCTBEHHO, coBmagaioT. TakuMm obpaszom cxomumocTh ajsropurma AlFaMove HemocpencTBeHHO

CJIeIyeT U3 CXOAMMOCTHU AJITOPUTMa, IIOBEPXHOCTHOTO JIBUYKEHUS, TaPAHTUPyeMOil Teopemoit 1 u3
cTaThbu @ ]

4. IlapaanenbHas Bepcus ajaroputma AlFaMove

Hawnbostee pecypcoeMkoii oneparueii, ncroab3yemoii B aaropurme AlFaMove (anropHTM,
SIBJISIETCsI OTIepaIis BBIYUCIECHIS BEKTOPA JBU2KEHNUsI, BBIIIOJHsAeMast B uKJie Ha trare 8. [lpu pe-
mennu 6osbiux 3aaa4 JIIT ona sanumaer 6ostee 90% nporeccopHoro BpeMeHu. DTo 00bsICHIeTCsT
TeM, ITO (DYHKIHs BBIYUCIICHNsT BEKTOpa JABIzKeHus D(-), peann3oBanHas B BUJIE aJII‘OpI/ITMa
HCIIOJIB3YET B IUKJIE Ha Iare 13 oreparuio MceB/I0IIPOEKTUPOBAHIS, 3aKII0YAIONTYIOCH B IIOCIIEI0-
BaTEILHOM IIPUMEHEHNHN 0TOOpazkenus ¢(-), 3a1aBaeMoro hopMyIIoit , K HUCXOJTHOIT TOUKE (CM.
aJITOPUTM peasi3yoluii BEIYUC/IEHUE TICEB0NpoeKImn). M3BecTHo, 410 B ciiydae GOJIBIIMX
zagaq JIII mpoekImoHHbI MeTOT MOXKeT MoTpebOBaTh 3HAMUTEILHBIX BPEMEHHBIX 3aTPAT .
Kpowme toro, cienyer orMeTuTh, 9TO a.HI‘OpI/ITMB nuKJje Ha mare 12 nepebupaer Bce HEIIyCTHIE
[IOJIMHOYKECTBA MHOXKECTBA, U, BKJTFOUAIOIIETO B ce0sT MH/EKCHI THIIEPILIOCKOCTEN, TIPOXOJISTIINX de-
pe3 Touky w. Kcim, Hanpumep, depe3 Touky mpoxoauT 30 TUIEPIIOCKOCTEl, TO Y HAC TOJTY IUTCS
230 _ 1 = 1073741823 menycThix mojMHOMKecTBa. [lepeGop TAKOrO KOIMHUECTBA IIOJIMHOMKECTB
IOTPEOYET CYIMEePKOMITBIOTEPHBIX MotHOCTel. [loToMy MBI pazpaboran mapaiebHYI0 BEPCHIO
asiroputma AlFaMove, nipejicTaBieHHYIO B BUJIE aJII‘OpI/ITMa

[TapaJutesibabIl  aaropuT™ |4| MOCTPOEH Ha OCHOBE MOJIEN TAPAJIICIbHBIX BBIUUCICHUI
BSF , OPHMEHTUPOBAHHO Ha KJACTEPHBIE BBIUNCIUTE/IbHBIE cucTeMbl. Monesnb BSF ucrosb3y-
€T CXeMy pacuapaJjiieTMBaHus «MacTep—pabodnes u TpedyeT NpeJICTABICHUE aJrOPUTMa B BUJIE

omepanyii Hal CIIUCKAMU C UCIOJIb30BanueM (byHKIuil Boiciero mopsaaka Map n Reduce.
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Anropurm 4 [lapannensrast Bepcust ajropurma AlFaMove

Macrep [-TBIit pabouwnii (I =0,...,L —1)

1: input n,m, A, b, u, 1: input n,m, A,b,c

2: k:=0 2:

3: repeat 3: repeat

4: Broadcast u; 4: RecvFromMaster uy

5: 5: U ::[ ]

6: 6: fori=1...mdo

7: 7 if (a;, u;) = b; then

8: 8 U:=U+[i]

9: 9 end if

10: 10: end for

11: 11: K:=2Ul_1

12: 12: L := NumberOfWorkers

13: 13: Loapy =UK/L, ..., (1 +1)K/L —1]
14: 14 Lrequeety = Map(Fu,, Lonap@))

15: 15: (di, f1) = Reduce(D, Ly cquce(1))

16: Gather L, .quce 16: SendToMaster (d;, f;)

17: (d, fr) == Reduce(®, Lyeduce) 17:

18: if di. = 0 then 18:

19: exit :=true 19:

20: else 20:

21: upy1 = p(ug, di) 21:

22: k=k+1 22:

23: exit := false 23:

24: end if 24:

25: Broadcast exit 25: RecvFromMaster exit

26: until exit 26: until exit

27: output uy, fi 27:

28: stop 28: stop

B kauectBe BTOpOro napamerpa (pyHKIUHU BBICIIEro nopsika Map B a.HI‘OpI/ITMeI/ICHOJIb-

3yercst CUCOK Lpqp = [1,..., K], cogeprkamuii HOpsAKOBbIE HOMEPA BCEX HMOIMHOKECTB MHO-
xkeerBa U, 3a uckiouenneM mycroro. 3xece K = 2U — 1. B kauecrse mepsoro mapamerpa

durypupyer mapaMerpusoBaHHas QyHKIUs
Fo:{l,...,K} > R" xR,

ompejiesIeHHasT CJIETYIOIIIM 00Pa30M:
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Fu(j) = (d;, fj):

I if (u+7eq) € M A {(c,w) > (c,u);
7)o, if (utreq) ¢ MV (e, w) < (c,u); (35)
;= (c,u+eq), if(u+rTeq) € MA (c,w) > (c,u);
T —oo, it (u+Teq) ¢ MV (e, w) < (e, u),
rie
w = py(;)(u+dc/cl|) (36)
u
w—u
eq=—:.
lw — ull

Cemanrtuka dbyukiun Fo(-) ogHosHavHO OmpenesseTcs aHI‘OpI/ITMOM Oyukius o(-), UCIOTb-
3yemasi B popMyJie , orobpazkaer HaTypasibHoe uucio j € {1,..., K} B j-Toe NHOIAMHO)KeCTBO
MHOXKECTBA 3JIEMEHTOB cIMCKa U cjemyomumM obpazoM. Hucio j npeobpasyeTcsd B JIBOUYHOE
npeJcTaBienne, cocrosiee u3 [U| paspsaos. Kaxiomy paspsijty cOOTBETCTBYET UHJIEKC THIEP-
IJIOCKOCTH W3 CIUCKa { B €CTECTBEHHOM IMOpsiAKe. ECau paspsi COIEPKUT eIUHUILYy, TO COOT-
BETCTBYIOIIMH UHJIEKC BXOJIUT B IIOJMHOXKECTBO 0(j), eciau — HOJIb, TO He BxoauT. Hampuwmep,
IyCTh Yepe3 TOYKY U NMPOXOJsT rutepiiockoctu Ho, Hy, H7, Hg. B stom cayuae U = [2,4,7,9]
u K =2* —1 = 15, To ecTh U3 MHOXKECTBA 3JIEMEHTOB CIHCKA U MOXKET ObITb CHOPMUPOBAHO
15 pas/JMYHBIX HEIyCTHIX MOAMHOXKecTB. Haiifem, Hampumep, msitoe moamuoxkecTBo. OyHKImst
o(+) mpeobpasyer ducjio 5 B ABOMUHYIO 3amuch u3 4-x paspsaos 0101 u Bo3Bpainaer B KauecTse
pesynbrara noamuozkectso {4,9}. Taxum obpasom dyuxmus soicuiero nopsaka Map (Fu, Limap)

Ipeobpazyer CIUCOK Lyyqp HOMEPOB MOJIMHOMXKECTB B ciucok nap (dj, f;):

Map (Fu, Linap) = [Fu(1),...,Fu (K)] = [(d1, f1),. .., (dKk, fK)].

Bnech dj (j =1,...,K) sBisiercss eAMHUIHBIM BEKTOPOM [[BUKEHNS, & f; — 3HAYEHUE IeIeBOM
dbynknum, KoTopoe JIocTUraeTcs B TOUKe U + d;.

O6ozuaunm uepe3 L educe CIIUCOK TIap, TeHEPUPYEMbIit (byHKIMENH BhICIEro nopsiaka M ap:

Lyeduce = Map (Fua £ma,p) = [(dla f1)7 ) (de fK)] .
OnpenesnM GUHAPHYIO ACCONUATUBHYIO OIIEPAIINIO
P:R*" xR — R" xR,

SIBJISIOIILYFOCSI TIEPBBIM ITapaMeTpoM (PYHKIIMK BBICIIEro rnopsijika Reduce:

Iopl i"ooen (d/7 f/) , ecmuf' > f";
d, d’, = 37
( f) @ ( f ) @, "y, ecf < f". (37)

OyHKIWS BBICIIEro nopsiaka Reduce peaynupyer CucoK map Lieduce K OTHON Mape IyTeM I10-

CJIeJOBATEJIbHOT'O IIPUMEHEHUA Ollepalinn P KO BCEM dJIeMEHTaM CIUCKA:

Reduce (@, »Creduce) = (dl, f1) D...D (dK7 fK) = (dj'7 fj')?
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rae corjiaCHO ll

./
J = arg 11@&3}( fi-

[Tapasutesibaast pabora aHI‘OpI/ITMaOpI‘aHI/ISOBaHa 10 cxeMe «MacTep—paboune» U BKJIO-
qaeT B cebs L + 1 mporecc: omuu mporecc—Mmactep u L mporeccos—pabounx. Ilporecc—macrep
OCYIIIECTBJIsIeT 00Ilee yIpaBIeHUE BBIMUCJIEHUSIMU, PACIpeesdeT paboTy MeXKJy MIPOIeccaMu—
pabounmMu, MoJydaeT OT HUX Pe3y/IbTaThl u (POPMUPYET HTOTOBBIH pe3dyiabrar. Jljs mpocToTh
OyzieM IpeInoaraThb, 9To KOJMIeCTBO HoaMHokecTB K KpaTHo koumdectBy pabounx L. Ha ma-
re 1 macrep BBOAUT ucxoaubie manubie 3agaqu JIII u maganbayio Touky ug. Ha mare 2 macrep
yCTaHABJIUBAET CUCTUMK uTepalnuit k B 3uadenue Hoyb. [Ilaru 3—26 peaan3yioT OCHOBHOU ITUKJI
repeat /until, eraucssomuii pemenne 3anaqu JII1 . Ha mrare 4 macrtep paccbliaeT Tekyliee
npubsmkenue uy BceM padbounm. Ha mare 16 o nosiydaeT oT pabounX YacTUIHBIE PE3YJIbTATHI,
KoTOpble Ha mare 17 pexynupyorcsa B napy (dg, fi). Ecan Ha mare 18 BbINOHsIETCS yCIOBHIE
di, = 0, To pemenue Haiijzeno (Mbl npeanosaraeM dy # 0). B arom cityuae wa mare 19 macrep
MPUCBANBaET JIOTHIECKON TlepeMeHHo exit 3Hadenue true. Eciau dy # 0, To mactep Ha mare 21
BBIUUCJISIET CJIEyIOIIee IPUOJINKEHNE U 11, YBEJUIUBAET Ha IIare 22 cYeTYUK urepanuii k Ha
eJIMHUILy W Ha Irare 23 IpUCBAMBAET JIOTUYECKOH 1epeMmennoii extt 3uadenue false. Ha mare 25
MacTep PacChLIaeT BCeM PabOYunM 3HAYeHUEe JIOTUYECKOl repeMenHoit exit. Kcim jornyeckas re-
peMeHHasl exit IPUHUMAaeT 3HAYCHHe <«HCTHHA», UK repeat/until 3aBepmaercs wa mare 26.
Ha mrare 27 macrep BBIBOJUT B KAYECTBE PE3YJIbTATA MOCJIE/IHEE IIPUOIINKEHIE U), 1 OITUMAIBHOE
3HaudeHue 1nesepoit pyukun fi. [lar 28 3apepimaer paboTy mpolecca—Macrepa.

Bce paboune BBITTOTHSIIOT OJUH U TOT K€ KOJ, HO HaJl Pa3judIHbIMUA JaHHbIMU. Ha mrare 1
l-brit pabounii (I =1,...,L) BBomur ucxoxusle nanuble 3aga4du JIII. Iuksn repeat/until pa-
6ouero (marum 3-26) coorBercrByer nukJIy repeat/until macrepa. Ha mare 4 [-roiii paboumii
HOJIy4aeT OT MacTepa TeKyliee NPUOIHKeHHe Uy. 3aTeM OH (GOPMUPYET HOACHUCOK L4,y CBO-
UX [OPSIJIKOBBIX HOMEPOB TIOJIMHOYKECTB Jjisi ocieaytomeir oopadborku (maru 5-13). Toacnuckn

Pa3JIMIHbIX pa60qHX He IepeceKaroTCd:
' #1" & Lonapy 7 Lonap() (38)
a UX KOHKaTcHaIlud JacT IIOJIHBII CHUCOK:
Linap = Lonap(o) H - - Lonap(L—1)- (39)

Ha mrare 14 pabounit BoI3biBaeT (PyHKIUIO BBICIIETro mopsiaka Map, KoTopasi, B CBOIO OY€pe/ib,
IIPUMeEHsIeT apaMeTpu3oBanuyo dyuknuio F,, , onpejenennyo dopmysiamu 1i KO BCEM 3Jie-
MEHTaM MOJCIHCKA L4y, GOPMUPYsT Ha BBIXOJIE MOJCIHUCOK TAD Lyedyce(l)- DTOT TOJCIICOK HA
nrare 15 pejpynupyercss paboduM B eIuHCTBeHHYIO napy (dj, f;) ¢ moMoIipio pyHKIMU BBICIIETO
nopsizika Reduce, KoTopast OCIE0BATE/IBHO IPUMEHSIET OMHAPHYO OIIEPAIIO (B, OIPE/IeIEHHY O
o gopmyJie , KO BCEM 3JIEeMEHTAM MOJCIUCKA Lciyce(l)- PE3Y/IBTAT TI€PECHLIACTCS MACTEPy
Ha 1rare 16. Ha mare 25 pabouwuit mosiyuaer oT MacTepa 3HaYeHHE JIOTUIECKOH ITepeMEeHHON exit.
Ecsin aTa nepemennasi npuanMaeT 3nadenue true, To pabounii nmporecc 3aBepinaercs. B mporus-
HOM CJIydae IIPOJIOJIZKAeT BBIMOJHATHCA UK repeat/until. Oneparopsr oomena Broadcast,
Gather, RecvFromMaster u SendToMaster obecrreanBaioT HESIBHYIO CHHXPOHH3AIINIO Pa-

0OOTHI IIpoIecca—MacTepPa U IPOIECCOB—PabOINX.
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5. BpramciamrenbHbIE IKCIIEpMMEHTbI

Mpr peannzoBasu mapasieabHyio Bepcuio aaroputma AlFaMove ma s3pike C++ ¢ ncmosb3o-
BanueM nporpammuoro BSF-kapkaca , 6a3UPyYIOIIErocs Ha MOJE/H [aPaJIIEIbHBIX BbIYUCIIE-
unit BSF . BSF-kapkac mHKaICyIupyeT BCe aCHeKThl, CBI3aHHBIE C PaClapaJlIenBaHIeM
mporpaMMbl Ha ocHoBe 6mbiamoreku MPI. Mcxommable Koabl MapasieIbHON peausaliun ajro-
purma AlFaMove pemenust 3amaa JIII cobogro mocrymubl B penosuropun GitHub mo ampecy
https://github.com/leonid-sokolinsky/AlFaMove. Pazpaborannas nporpaMma Oblia IIpoTe-
cTupoBana Ha 06ojbiioM KojudecTBe 3aad JIII, B3ATHIX M3 pas3IUYIHLIX UCTOYHUKOB. Bee 3T
sagaqn B popmare MTX JIOCTYIHBI 110 ajpecy https://github.com/leonid-sokolinsky/
Set-of-LP-Problems. B KadecTBe TECTOB MbI TakKKe HUCIIOJIH30BAJU UCKYCCTBEHHBIC 3aJladH,
[OJIYIEHHBIE C ITIOMOINBIO reHeparopa ciaydaiabix 3agad JIII FRaGenLP . OTu 3a7a4u
JIOCTYIHBI 110 aJipecy https://github.com/leonid-sokolinsky/Set-of-LP-Problems/tree/
main/Rnd-LP. Mbr He cMmoryin ipoTecTupoBarh peasusanuio AlFaMove Ha 3agadax u3 perno3uro-
pust Netlib-LP , TaK KaK BO BCEX ITUX 3aJ[a4aX KOJUIECTBO THIEPILJIOCKOCTEN, TPOXOSIIIX
Yepe3 HAYATbHYIO TOUKY (g, IPEBBIIAI0 9uco 30, 9TO COOTBETCTBYET KOJUYIECTBY BO3ZMOYKHBIX
koMmOuHarumii, papaomy 1073 741824. MaccuBbl Takux pasMepoB He JOMYCKAIOTCS JOCTYITHBIME
HaM Komnuiaropamn C-+-+.

C nomorpio pazpaboTaHHOl TPOrPAMMBI MBI HCCJIEIOBAJIA MACIITAONPYEMOCTD AJITOPUTMA
AlFaMove. B skcmepuMeHTax MbI HCIIOJIB30BAJIN ITapaMeTpu3oBaHHy0 3amady JIII «rumepky6
C OTCEYECHHOU BEPUIMHOWY», JJIA KOTOPOH Pa3MEPHOCTH IIPOCTPAHCTBA 7l ABJIACTCHA MapaMETPOM.

Orpanudennst 9Toil 3aa9u comepkar 2n + 1 HepaBeHCTB CJIEYIOIIEro BUIA:

r1 < 200

T9 < 200
(40)

Ty < 200

1 4+ T oo 4+, < 200(n— 1)+ 100
kx1>07 5[7220, 5'/1“7120
['pamguent neseBoit PyHKINN 3a1a€TCST BEKTOPOM

c=(1,2,...,n). (41)

Saada MpeamoaraeT HAXOXK/IeHIEe MAKCUMYyMa, TeJIeBol (DYHKINN M WMEeET €IMHCTBEHHOE pe-
menne B Touke (100,200, ...,200) co sHadenuem menesoii bynknmn, pasas 100(n? +n — 1).
Jlist TpOM3BOJIBHOIO M 3Ta 3ajada MOXKeT ObITh mojydeHa B ¢opmare MTX ¢ momoripio re-
neparopa FRaGenLP, eciiu B KadecTBe KOJIMUeCTBa CJIyUIailHBIX HEpaBEHCTB 3a1aThb 0. DTu 3a-
gagn JIIT juist pa3iaudHbIX 1 OCTYIHBI 10 aJipecy https://github.com/leonid-sokolinsky/
Set-of-LP-Problems/tree/main/Rnd-LP mom nmenamu lp_rnd<n>-0, rie B KadecTBe <n> yKa-
3aHa PA3MEPHOCTDb MPOCTPAHCTBA. BBIUUC/IUTEIbHBIE SKCIEPUMEHTHI ITPOBOJIMINCEH HA CYIIEPKOM-
nbtorepe «Toprago FOVpI'Y» , XapaKTEPUCTUKU KOTOPOI'O IIPEJICTaBJICHBI B TaOJI. Bce
BBIYUCJIEHUS] BBITOJHSIIUCh C JIBOMHON TOYHOCTBIO, IPU KOTOPOU UUCIO C IJIABAONIEH TOUIKOI
3aHUMAET B OepaTUBHON namsaTu 64 outa.

B niepBoii cepun 3KCIEepUMEHTOB UCCIEIOBAIACH 3aBUCUMOCTD YCKOPEHUS U 3DPEKTUBHOCTH
pacnapaJutenuBanust aaroputMa AlFaMove oT KoimdecTBa UCTOIB3YEMbIX TTPOIECCOPHBIX Y3JI0B
KJIacTepa [PU PEIIeHNN 3a/1a49 «TUIEPKYD ¢ OTCEeYeHHON BepIuHoii». Pe3ysbrarsl 3TuX 9Kcrepu-

MEHTOB TIPeJICTABJIEHBI HA pHc.@ B mannom KoHTEKCTE yeKOpeHue o L) ompenessiioch Kak OTHO-
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Tabauna 1. Xapakrepucrtuku kiacrepa «Topraago FOYpI'Y»

[Tapamerp SuaueHue

KommgecTBo mporeccopubix y3a0B | 480

IIporeccopnr Intel Xeon X5680 (6 cores, 3.33 GHz)
Yucito mporeccopos Ha y3e 2

[Tamsars Ha y3eq 24 GB DDR3

CoeuauTe/IbHAST CETh InfiniBand QDR (40 Gbit/s)
OrneparonHast cucreMa Linux CentOS

nrerne Bpemenn 1'(1) pemienus: 3aja4n Ha KOH(MUIYDAIMU C y3JIOM-MACTEPOM U €IUHCTBEHHBIM
y3J0M-pabounm Ko Bpemern T'( L) perenust Toii ¥e 3a/a4u Ha KOHPUTYPAIUH € y3JI0OM-MACTEPOM

u L y3naMu-pabodanmu:

T(1)
a(L) = 77t
T(L)
DddexrusnocTs pacnapasenuBanus ((L) Beraucsiach mo dhopmysie
)
BL) = +—7F
L-T(L)
Borancnenus mpoBonmnck A1 pa3MeprocTeit 16, 18 u 20. Yucso orpanmieHnit COOTBETCTBEHHO
cocraBuiio 33, 37 u 41. B kauecTBe HAYAJbHON TOYKHU BCETIA BHIOMPAJIACH BEPIITUHA JIOIMYCTHMOIO

MHOTOTPAHHUKA CO CJIeTyIOIUMEI KOOPINHATAMU:
r1=0, ... Xpp=0, =z, =200, ... =z,=200. (42)

DKCIEPUMEHTHI TTPOJIEMOHCTPUPOBAJIN XOPOIITYI0 MaciTabupyemocts agroputma AlFaMove na
3ajadax «TUIEepKyd ¢ OTCedeHHOU BEepINuHOi», HadmHag ¢ pasmepHoctd 1 = 18. B stom ciy-
qae aJrOpuUTM JIEMOHCTPUPOBAJ YCKOpeHue, O/1n3Koe K juHeiinomy. Ha MeHbIIuX pa3zmepHOCTIX
3aTpaThl HA OOMEHBI M JIATEHTHOCTh HAYMHAIOT IPEBAJIMPOBATH HAJI BHIYUCIUTEHHBIMYU 3aTPa-

TaM#, 9TO MPUBOIUT K PE3KOMY YMEHBIIEHUIO T'PAHUIILI MACIITAONPYEMOCTH aJII‘OpI/ITM st

5Tlox rpanumeit MaCIITAGHPYEMOCTH MOHMMAETCS MAKCHMAJIBHOE KOJMYIECTBO MPOIECCOPHBIX Y3/I0B, Ha KOTOPOM

HabJII0/1aeTCsI POCT YCKOPEHMUSI.

90 70%
—-0-n=20 —-0-n=20
80 -1 -A-n=18 -A-n=18
_ 60% e .O-n=16 M
70 || ~O-n=16 o 0 a. 0-n=16
¢ =
60 > g
) ’D. ..... - ... O-... T
z 50 e L g
% 40 .._..En', g
> 30 A ®
20 |
10 & T T T T 20% T T T T 1
20 60 100 140 180 220 20 60 100 140 180 220
KonnyectBo NMpPoLEeCCOPHbIX y3/10B KonunyectBo NPOLLECCOPHbLIX Yy3/10B

Puc. 6. Yckopenne u 3¢dekTuBHOCTD pacnapasuieauanust aaropuryma AlFaMove
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Puc. 7. 3aBucumocts Bpemenu paborsl AlFaMove or pasmepHOCTH 3a/1a91 HA PA3JIMTHBIX

MHOTOIIPOIECCOPHBIX KOHburypanusax (L — KoamaecTBo pabovumx y3/10B)

n = 16 sTa rpanuna okaszajach paBHOil 180 y3jmaMm. DKCIEPUMEHTHI TAKXKE IIOKA3aJM, YTO C
YBeJIUYIEHNEM Pa3MEPHOCTH 3a1a4u 3P HEKTUBHOCTD paclapaiIe/ TUBaHNs HA MaJIOM KOJINIeCTBE
nporeccopHbix y370B (Menbine 120) nagaer. OgHako, pu GOJIbIIEM KOJIUIECTBE MPOIECCOPHBIX
y3J10B HabJromaercst obpaTHast TeHaeHIms. Tak, 1y pasMepHocTd 1 = 16 3dpHeKTUBHOCTDL pac-
napaJuieanBaaus Ha 20 IIPOLEeCCOPHBIX y3aax cocrasmia 61%, mocie vero camsmiach 10 23% Ha
220 yznax. Ilpu srom, g1 n = 20 3¢dpheKTUBHOCTD pacnapaJuIeIuBaHAsd oKasatach pasHoil 50%
n 40% cooTBeTCTBEHHO.

B cienyroreit cepuu 9KCIIEpUMEHTOB HCCJIEI0OBAIACH 3aBUCUMOCTh BPEMEHH BBIYHUCIEHUH OT
Pa3MEpHOCTH 3aJ[a91 «TUIEPKYD ¢ OTCEYEeHHOH BEPIMUHONY Ha PA3JINIHBIX MHOTOIPOIECCOPHBIX
KOHMUTypaInusax ¢ KoJmdecTBoM pabounx y3/08 L = 60, L = 120 u L = 180. Pe3gynbrarsr atux
SKCIIEPUMEHTOB IIPEJICTABICHBI HA pI/IC. PasmeprocTs BapbupoBajack or n = 16 10 n = 24 ¢ ma-
rom 2. Jlyia pasmeprocTn n = 24 KaxKplil 13 COUCKOB Linap B Lyeduce BKIIOYAN B cebs 16 777215
3JIEMEHTOB. DTO — MAKCHUMAJIBHBIN pasMep, JOIMYyCKAEMbI HCIIOJIb3yeMbIM KOMITHISTOPOM. B Ka-
JecTBe HAYAJIbHOIW TOYKHU BCErJa BBHIOMPAJIACh BEPIITNHA JOIMYCTUMOIO MHOTOTPAHHUKA C KOOD/IU-
HATAMU . Ha Bcex ucciemyeMbix KOH(MDUTYPAIUSIX IKCIEPUMEHTHI TTOKA3a/ U SKCIOHEHITNATh-
HBIIl POCT BPEMEHU BBIYUC/IEHUN ¢ yBeIUIeHeM padMepHocTH 3aa4un. OTHAKO, KOH(MDUTYPAIUT ¢
OGJIBIIUM KOJTMIECTBOM PADOYINX y3JI0B JIEMOHCTPUPOBAJIHU CYIIIECTBEHHO MEHbIIee BpeMsi pabOTh
ajiroputma AlFaMove.

B Tperbeii cepun sKCIIEpUMEHTOB MBI HCCJIe0BaM oBeaenue ajropurma AlFaMove na xybe
Kne—Muntn (Klee—Minty), npecrasisitonem coboit napamerpusoBannyio 3aga4dy JIII ¢ pas-
MEPHOCTBIO ITPOCTPAHCTBA B KadecTBe napamMerpa. O6/1acThb JOMYCTUMBIX PEIIeHui 9TON 3a1a9u
peICTaBjsieT cobOi THHepKyDd C MEePEKOIIEHHBIMU yTJIAMHA U MOXKET OBITH 3aJaHa CJIeIyIonei

CUCTEMOU HEPABEHCTB:

T < 5
41 + x9 < 25
8r1 + 4dxos + 3 < 125
My, + 27 lgy oo 4+ Az + oz, < OB7
x1>07 .1'2207 7'%'7’120-
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I'paguentT 1neseBoit PyHKINNA 3aa€TCsT BEKTOPOM
c=(2""1 2772 0 ,2,1).

Sajada 1pejmoiaraeT HaxOXKJIeHHe MaKCUMyMa I1eJIeBOil (DYHKIIMM U WMeeT eIMHCTBEHHOEe
pemtenne B Touke (0, ..., 0, 5") co 3Hauenuem nesesoit dpyukuu, papabiv 5. Kie u Muntu B
cTaThe IoKa3aJju, YTO B CJydae, KOTJla HAaYaJbHON BEPIIWHON SBJISETCS IEHTP KOOPIWHAT,
KJIACCUIECKUN CUMILIEKC-METOJ IIPU PEeIleHny 3TON 3aJadd IocelaeT Bce 2 BEPINUH, Jejas
2™ — 1 ureparnuit. I3apecTHO, 9TO GOJIBITUHCTBO ONTUMUABAIIMOHHBIX AJITOPUTMOB JIEMOHCTPUPYIOT
IJIOXYTO ITPOU3BOJIUTEILHOCTD IPUMEHUTENIBHO K KyOy Kie—MunaTtu. Mbl npuMeHmIn ajropurm
AlFaMove mys pemenns kybos Knme—Muwuntu pasmeproctn ot 5 10 9. Pe3yabrarsr sKcmepuMen-
TOB, MIPUBEJIEHHDBIE B TabI. |2| mokaseiBaor, uto anroput™ AlFaMove Bo Bcex crydasix HaXOIU

pertenne 3a 2n — 1 wreparmmii, B TO BpeMsI, KaK CHUMILIEKC-MeTo 1 coBepinana 2" — 1 ureparnmii.

Tabaunna 2. DkcrepumenTtsl ¢ Kybamu Kine—Muntu

Pasmep- AlFaMove
Simplex
HOCTb I'panuma | Bpemst | Ornocur. Kou-Bo
macmT-ta | (cek.) | morpem-Th | ureparmit | Kos-Bo
urepanuii
5 10 0.2 0.9-10712 9 31
6 15 2 0.2-10712 11 63
7 20 13 0.8-10"1 13
127
8 25 126 | 0.8-107!1 15
255
9 30 1445 | 0.2-10710 17
511
OTrHocHuTE/IbHAS TOI'PEITHOCTD BBIYUCISIIACH IO (POPMYJIE
§ = Jewact = fapprox
fexact ’
IJ€ fezact — TOUHOE MaKCHMaJbHOE 3HAYCHUE IejIeBOi (QYHKIWN, fopprox — 3HAUEHHE, BBI-

qnciennoe amroputMom AlFaMove. Tlomcder nreparumit cHMITIEKC-METOA TIPOM3BOIMIICS C TI0-
MOIIBIO OHJIAWH KaJbKYJIATOPa, JOCTYHHOTO MO ajpecy https://www.pmcalculators.com/
simplex-method-calculator. DKclIepuMeHTHI TaKKe MOKA3aJH, YTO IOPOI MACIITaAOUPYyEMOCTH
asiroput™m AlFaMove Ha kybax Kire—MunTH poc JimHelHO ¢ pocToM pasmepHocTu. [Ipu 3ToMm

OJTHOBPEMEHHO HaOJII0IAJICsT SKCITOHEHITNAIBHBINA POCT BPEMEHN BBIUMCIEHU.

SaKJ/II0oueHue

B crarbe npencrasiien anropurm AlFaMove, sBistroruiicss YucjaeHHON peasu3alueii MeTo-
Ja MMOBEPXHOCTHOTO JIBUKEHUS I PellleHus 3aJad JIMHeITHOro mporpaMMupoBanus. KiodeBoit
0CODEHHOCTBIO ITOIO METOJIA SABJISETCH IMOCTPOEHUE ONTUMAJIBHOIO IIyTU HA MOBEPXHOCTH JIOIY-
CTUMOI'0 MHOI'O'DAHHHMKA OT HA4YaJbHOH TOYKU K PEIICHUIO 33/Ia4d JIMHEHHOI'o IPOIpaMMHUpPO-

BaHUA. HO,ZL OIITUMAJIBHBIM IIYTEM IIOHHMAaAECTCA IIYTh IIO IIOBEPXHOCTU ,ILOHyCTI/IMOﬁ obacTu B
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HAIIPABJICHUN MaKCUMAaJbHOI'O YBEJIUYCHUS 3HAUYeHUN 1iesieBoit dyuknun. [IpakTudeckas 3HaMU-
MOCTB IIPEJIO?KEHHOI'O METOJa COCTOUT B TOM, YTO OH OTKPBIBAET BO3MOYKHOCTL IPUMEHEHUS
HMCKYCCTBEHHBIX HEHPOHHBIX CeTell MPSIMOr0 PACIPOCTPAHEHUS JJIsT PENIEHUsT HECTAIIMOHAPHBIX
MHOTOMEPHBIX 3a/1a9 JITHEHHOTO IPOrPaMMUPOBAaHUs B PEKUME PeaibHOTO BPEMEHM.

Teopernueckoii ocnopoii aaropurma AlFaMove sBisiercs onepanys IIOCTPOEHUS IICEBIOIPO-
eKIINY Ha JITHEHbIe MHOT000pa3usi, KOTOpble (DOPMUPYIOT TPAHU JOIMYCTUMOIO MHOTOTPDAHHUKA.
[TceBmonpoekius peau3yercss Ha OCHOBE (DEePOBCKOTO MPOIECCa U SABJISI€TCsT 0000IIeHneM 10~
HATHUN OPTOrOHAJILHON MPOEKIINK Ha JIMHEITHOe MHOI00Opa3ue U MeTPUIECKON MPOEKIINN Ha, Bbl-
IyKJIOE MHOXKeCTBO. B citydae rpanu, o6pa3yemMoil ruiepIriioCKOCTHIO, ICEBIOIPOEKIINS CBOIUTCS
K OPTOrOHAJIbHOMN mpoeknuu. JlokazaHo, 4TO MyTb 10 T'HIEPILIOCKOCTH, MOCTPOEHHBIN ¢ TTOMO-
IO IPAJIMEHTa 11e/IeBOil (DYHKIMKM U OPTOrOHAJIBHON TPOEKIINH, SIBJISIETCS ONTUMAIBHBIM. [1pu-
BEJIEH aJITOPUTM IPOEKITMOHHOTO THIIA JIJIST TOCTPOEHUSI MCEBIOTPOEKIINN Ha, JIMHEHHBIE MHOI'O-
obOpasust MEHBINTUX pa3MepHOCTEl, 0Opa3yeMble TIepeceueHneM rumepiniockocreit. Jlokazano, aTo
B 9TOM CJIy4ae ICEeBJONPOEKIUs COBIAIACT C OPTOrOHAJIbHON mpoekiueit. [Ipencrasieno dop-
MaJin3oBaHHoe onucanue aaropurma AlFaMove, cTposiiero onTuMaIbHbIH Ty Th HA MOBEPXHOCTH
JIOILyCTHMOIO MHOrorpannuka. B ocnose asropurma AlFaMove jieskur mponeiypa BbIMHCJIEHUS
BEKTOPAa JABUKEHUS 110 TPAHH JOIYCTUMOIO MHOTOIPAHHUKA M3 TOYKH TEKYIIEro IPUOINKEHUsT B
HaIIPaBJIEHNY MAaKCHUMAJILHOTO yBeJIMYeHUsT 3HadeHus 1ejeBoit dyukiun. Jlano ¢popmaim3oBan-
HOE OIMCAHUE ITOH MPOIE/IyPHhI.

AJIrOPUTMBI MPOEKIMOHHOTO THIIA XapaKTEePU3YIOTCS HU3KOH CKOPOCTBIO CXOMUMOCTH, 3a-
BUCAIIEH OT YIJIOB MEXKJy T'HIIEPIIOCKOCTSAME, 00pa3yIoNuMy JuHeiiHoe MHoroobpasue. Takxke
OTMEYEHO, UTO IPU BBIYUCACHUN BEKTOPA JBUKEHUsI BO3HUKAET repebopHas 3a1ada KOMOMHA-
TOPHOI'O THUIIA, UMEIOIIAs BBHICOKYIO IIPOCTPAHCTBEHHYIO U BPEMEHHYIO CJI0XKHOCTE. [Ipemcraniie-
Ha napaJjuiejibHast Bepcust ajgropurma AlFaMove, opuenTHpoBaHHasi Ha KJIACTEPHBIE BBIUUC/IU-
TesibHBbIE cucTeMbl. [lapajiesbHas Bepcus peajm3oBaHa Ha si3bike C+4 ¢ UCIIOIB30BAHUEM ITPO-
rpammHOoro BSF-kapkaca, oCHOBaAaHHOTO Ha MOjie/n napajuiebabix Borauciaenuii BSF. IIposee-
HBI 9KCIIEPUMEHTHI 10 UCCJIeI0BaHUIO MaciiTabupyemoctu ajiropurma AlFaMove Ha kjaacrepHoit
BBIUUC/IATE/ILHON cucTeMe. Bbraucnre/ibHble 9KCIEPUMEHTHI [TOKA3a/ 1, UTO 3a/1a9a, JUHEHHOTO
[POTPAMMUPOBAHUS ¢ 24 TIepeMeHHBIME 1 49 OrpaHuIeHUSIMU JIEMOHCTPUPYET YCKOPEHUE OJITU3KOe
K JimHeiiHoMy Ha 320 IPOIECCOPHBIX y3JaxX KjacTepa. 3ajadu OoJibIneil pa3MepHOCTH TPUBO/IU-
JIM K OIMHIOKEe KOMITHJISITOPA, CBSI3aHHON C IPEBBIIIIEHNEM MaKCHMAJBHOTO JOIMYCTHMOTO pasMepa
MaCCUBOB.

B xagecTBe HampaBieHIH JAIBHERIIINX UCCIETOBAHII BBIIEINM CiIeayomue. Mbl mianupyeM
paszpaboTaTh HOBBIH, Oostee 3(pHEKTUBHDBIN METO TIOCTPOEHUSI IIyTU Ha TOBEPXHOCTU JIOITYCTUMO-
0 MHOTOI'PAHHUKA, MPUBOJISINEro K PEIIeHNO 3a1a91 JIMHEIHOro IporpaMmMupoBannst. OCHOBHAsT
ujiesi COCTOUT B COKPAIIEHUH I1epedupaeMblx KOMOMHAIUN THUIEPILIOCKOCTEH MPHU OIPEe/Ie/ICHIH
HAIIPABJIEHUS] JIBHKEHUST. DTO MOXKET OBITH JIOCTUTHYTO, €CJIM Mbl OIPAHUYUMCSI [IEPEMEIIEHUSIMI
TOJILKO 10 pebpaM MHOIOIPaHHUKA (JUHEHHBIM MHOT00OOpa3usiM pasMepHocTr ojuH). [Ipobiaema
MPOCTPAHCTBEHHON CJI0YKHOCTUA MOXKET ObITH PEIlleHa IIyTeM IIepexo/ia K CTOXaCTUICCKIM METOIAM

BI)I60pa HallpaBJICHUA IBUXKCHUA.

Heenedosarnue svimoaneno npu gunancosoti noddeporcke PH® (npoexm Ne 23-21-00356).
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The article is devoted to the numerical implementation of a new linear programming method called the surface
movement method. The implementation is based on the AlFaMove algorithm, which builds, on the surface of the
feasible polytope, the optimal objective path from an arbitrary boundary point to a point that is a solution to the
linear programming problem. The optimality of the path lies in the fact that the direction of movement along the
face of the polytope corresponds to the maximum increase in the value of the objective function. To calculate the
optimal direction of movement, a method based on the operation of pseudoprojection onto a linear manifold is
used. The pseudoprojection operation is a generalization of the notion of orthogonal projection. Pseudo projection
is implemented using an iterative projection-type algorithm. The proposition is proved that the pseudoprojection
coincides with the orthogonal projection in the case of a linear manifold that is the intersection of hyperplanes. It
is also proved that, in the case of a linear manifold, the pseudoprojection method calculates a movement vector
that coincides with the direction of maximum increase of the objective function. A parallel implementation of the
AlFaMove algorithm is performed. The results of computational experiments on a cluster computing system are
presented, which demonstrate the high scalability of the proposed numerical implementation.

Keywords: linear programming, surface movement method, numerical implementation, AlFaMove algorithm,
parallel tmplementation, cluster computing system, scalability evaluation.
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B crarbe paccmaTpuBaercst 3a1a4a paspaboTKK CUCTEMBI JIJIsT MOJIEIMPOBAHUS TPAEKTOPUI JIBUKEHUST pobOoTa,
[IPOBO/ISAIIEr0 MOHUTOPUHI B 3aMKHYTON 06JIACTH C 3eMJIM: OCMOTD HOMEIIEHUI, ChbeMKa POMBIIIIEHHBIX 00beK-
TOB, OIIEHKA COCTOsIHUS (PPYKTOBBIX JIEPEBbEB U T.JI. BO BpeMs MOHUTODPUHIA HA IIyTH POOOTA MOTYT BO3BHUKHYTH
HEKOTOpBIE MPENATCTBUS: BPEMEHHO BO3HUKINUE W yCTpaHUMBble (JIIoau, HeGosbmasa Mebesb, ObITOBas TEXHUKA,
30HA YPE3BBIYANHON CUTyaluy) UM IOCTOSHHbIE (CTEHBI, IOCTOSHHO yCTAHOBJIEHHOE 060pyHoBaHue, 3adUKCUPO-
BaHHAs Me6eb). YupasieHne pobOTOM OCYIIECTBISETCA € MOMOMIBIO Pa3paboTaHHOW aBTOPAMH IPOIDAMMBI, B
KOTOPOU XpaHUTCS 6a3a JaHHBIX MapIIpyTOB, YCIENIHO MPEOOJIEHHBIX POOOTOM paHee, Jjis HambOJEee TOUYHOTO
OIIpe/IeJIeH s TPAEKTOPHUH JBUKEHHsI pOOOTa C yIeTOM IMPEsITCTBH, BCTPEYAIONIUXCS BJI0JIb IOCTPOEHHOI'O Iy TH.
B crarbe paccmarpuBaeTcs aJroOpuTM MOCTpOeHus: rpadoBOil Moen 00JIaCTH IPOBEICHIS MOHUTOPUHTA JJIs IO~
CJIEZYIOIIETO TONCKA KPATIANIIEro MapIipyTa poboTa, 3aK/II0YaIONINiCS B IUCKPETU3AIUN UCCIIeIyeMoil 061acTH,
BBISIBJIEHUN BO3MOXKHBIX IIyTell mepeMereHusi poboTa, aHau3e UMEIONUXCs MPENsATCTBUN U 3aJ]aHUUA PaCCTOsI-
HU Mexky obbekTamu uccienoBanus. [lokazaHo, 4TO TOCJE MOCTPOEHUsI TAKOrO rpada BO3ZMOXKHO IIPUMEHUTH
OIMH M3 aJITOPUTMOB ITOWCKA TaMuJIbTOHOBA TyTru. OH COEAMHSIET BePIHWHBI rpada, COOTBETCTBYIONINE TOYKAM
MIPOBEJIEHNSI MOHUTOPHUHTA. Pe3yIbTaToM NMpUMEHEHUsT aJITOPUTMA SIBJISIETCS KPATJIANIIUii MapIipyT pobora, ubo
COObIIIeHIE O HEBO3MOYKHOCTH IIPOBE/IEHHs] MOHUTOPHUHTA, (YACTHIHON NI [OJTHOW HEPA3PEIIMMOCTHI 33J(a41 ), €CIIH
PSAJT BOSHUKINUX MPENATCTBUAN HE TO3BOJISIET MPOJIOKUTH MAPIIPYT, TPOXOIANMNA Yepe3 HeKOTopble (mbo [uepes
BCe) BEPIIMHBL.

Karouesvie cao8a: mMapupymusayus, naockut 2pagd, ar2opumm, onmumMudayus, 02paHuYeHus, 3adaya o dpore
U 2py3osuke, MowHoe 3emaedeue, MOHUMOPUH2.
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BBenenue

MOHHUTOPHUHT U aHAJIU3 COCTOSIHUSI PA3JIMYHBIX HA3EMHDBIX OOBEKTOB SIBJIAETCS aKTyaabHOM
3ajadeil BO MHOrUX cdepax JIesATeJbHOCTH — OT IIPOMBIILIEHHOCTH JI0 CEJILCKOIO XO3sHCTBA.
Vcnonb30oBanue 4eI0BEYeCKUX PECYPCOB B 9TOM CJIYUYae 9acTo 3aTPYAHEHO U HEBO3MOXKHO, Ha-
npuMep, Ipu 06CIeI0BAaHUN HECKOJIBKUX TEKTapOB MOCAIOK ILJIOJOBBIX JIEPEBHEB UJIH CETbCKOXO0-
351HiCTBEHHBIX KYJIBTYD, TP MOHUTOPUHIE GOJIBIION TEPPUTOPUU B IOMEIEHUN WU C BPEJIHBIME
JIUIsI 9eJIOBEeKa YCJIOBUSIMEU OKPYIKAIOIIEll Cpejibl, IPU OXPaHe »KUJIbIX MOMENIEHU, 00C/1eI0BaHIH
MHMEKITMOHHBIX OTAeeHni OOIbHAIL U T.1I.

Bo Bcex pacCMOTPEHHBIX BBIIIE CIydasx B OOCIELYeMOM IIPOCTPAHCTBE MMEETCS PSJL Ipe-
[STCTBUI, KOTOPble MOXKHO Da3e/UTh Ha IOCTOsIHHBIE (JI€PEBbsl, COOPYKEHMUsI, HEIOBUKHA
Me6esib) U BpeMeHHbIe (JIF0JH, KUBOTHBIE, TPY3bl). YCTPOHCTBO (Po6OT), OCYIIECTBIISIONEe MO-
HUTOPUHT, JIOJXKHO YYUTHIBATH 3TU MPENSITCTBUS IIPA PacdeTe ONTHMAILHOTO CIocoba IpoBeIe-
HUsI MOHUTOPHHTA U TIJIAHUPOBATH MAPIIPYT CBOErO IMEPEIBUKEHUSI C YIETOM 3TUX MPEIATCTBUIA.

Ucnonb3oBanne 6ecnaoTHbIX JeraresbHbX annapaTos (BIIJTA) morsio 661 1o3BOIMTE HE yIUTHI-
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BaTh MPENSITCTBHA, OJHAKO IPU OOCIEIOBAHNE 3aKPBITHIX IMOMENIEHN HEBO3MOXKHO IIPOBOIUTH
MOHHUTOPHUHI C BO3JIyXa, B PsiJie CIy9aeB U B OTKPBITHIX MPOCTPAHCTBAX (HAIpUMep, mpu o0ce-
JIOBAHUH TIOJIOBBIX JICPEBBEB) IEJECO00PA3HO TPOBOUTH CHEMKY C 36MJIH, a He ¢ BO3/yXa.

N3BecTHBIE MOAXOABI B IIEJIOM HE YIUTHIBAIOT KAaKUX-JTMOO0 mpendarcrsuil. Kiraccuaeckas mo-
CTaHOBKA 349U YUUTLIBAET KOJUIECTBO OOHEKTOB, KOTOPBHIE HEOOXOINMO MOCETUTh. B nc-
HOJIb3yeTCd IIOIX0J, K PeNIeHHIo IIpobJjeMbl IOKPBITUS KaK K u3BecTHoit NP-TpynHoil 3a1ade
kommuBosizkepa (Travelling Salesman Problem, TSP) myrem BkjtodYeHusi ajJropuTMoB BbIGOpa
JiepeBa JJTsl OBBIIIEHHsT 3(DMEKTUBHOCTH U TOTHOCTH. DTOT ITOJXOL IPEICTABJISIET UCCIELYEMYIO
objiacTb B Bujie rpada, rie KaxKIaas BEPIINHA, IIPEJICTaB/IsIeT TOUKY IMOKPBITU, a pedpa — BO3-
MOXKHBIE TIEPEXOIbI MEXK Iy HUMU. B 3TOM cjydae rpad siBJIsieTcsi B3BEIIIEHHBIM, a Beca pebep co-
JIepKaT PACCTOSTHUST MKy TocelaeMbiMu BepimnHamMu. C eIbi0 CHIYKEHUsT CJIOXKHOCTU BBITHC-
JIEHUH, aBTOPHI UCIOJIB3YIOT PA3IUIHbIE aJTOPUTMbI BRIOODA JiepeBa, ITOObI HANTH HAMJIYUIITYTO
BO3MOXKHYIO OTIIPABHYIO TOUKY JJIsi aJrOPUTMAa DPeIleHus 3aJaun KOMMUBOsKepa. Pe3yabraTh
MOJIEJINPOBAHUS TIOKA3BIBAIOT, UTO 110 CPABHEHUIO C KJIACCUIECKUMU ajiropurMamu pertenns TSP
IpejIaraeMbIii METO/I 3HAUNTEIHLHO ITOBBIMIAET Ka4eCTBO MOKPBITUSI IIPU OJHOBPEMEHHOM CHHYKE-
HUW BBIYUCJIATENBHBIX 3aTPAT. DTOT HOAXO JOBOJBHO XOPOII, HO OH MCIIOJIL3YETCs JIJIsT PEIIeHHsT
3aJa491 I OECITUIOTHAKA, IIO9TOMY HAJIUYNE HMPEsTCTBUI TaM He YIUThIBAeTCS.

Hexoropbie maen o ToM, Kak HAlTH IyTh, IMPOXOIAIINN depe3 Bce 0ObEeKThI WHTEPEeCca, I0-
JPOOHO U3yveHsl B 2| n , [Jle aBTOPBI PACCMATPHUBAIOT TaK HA3BIBAEMBIIl MEraroJnc (Helycroe
KOHETHOE MHOYKECTBO) JIJIsI BBIITOJHEHIS HEKOTOPOii paboThl. DTa paboTa, ¢ TOUKH 3PEHUS TAHHO-
IO UCCJIeJIOBaHUSI, MOYXKET ¥ OBITH MOHUTOPUHIOM. BBIOOD HOPsIJIKA BBIITOJTHEHUST 38,189 3aBUCHT OT
YCJIOBHII TIPEJIIIIeCTBOBAHMUsI, KOTOPBIE JIOKAJIIM30BaHbI JjIsI HEKOTOPOro Habopa 3amad. OyHKIIH
3aTpaT, UCIOJIb3yeMble IPU (POPMUPOBAHUN A ITATHBHOIO KPUTEPHs, MOI'YT BKJIIOUAThH B CEOsI
3aBUCUMOCTB OT TepedHs 3ajad. JIJIs oCTpOoeHusT peIeHusl IpeiaraeTcst By XoTalrHasl Iporie-
JIypa, OCHOBaHHAas Ha METOJ[aX JUHAMUIECKOTO IIPOrpaMMUPOBaHus. TeM He MeHee, 9TH TTOXO0 b
TaKKe He YUUTBHIBAIOT HU [TOCTOSIHHBIE, HU JBUXKYIIUECs pensTcTus. [losTomy 1esrecoobpasno
paspaboTarh MOAXO, YIUTHIBAIOIIUI BO3MOXKHBIE ITPEIISITCTBUSI.

Eie omun mo1xo1 /I perrenns Toi XKe 3aa491 pacCMOTPEH B , HO B 9TOI CTaThe TaK»Ke He
VUUTBIBAIOTCA IPEISITCTBHUsSI. PaccMaTpuBaeMas B 3TOM CcTaThbe 3a1a9a MMEET OOIIUe YePTHI ¢ TaK
Ha3bIBAEMOI 3aa4eil O JpOHE U I'PYy30BUKE , B KOTOPOI TaK:Ke pacCMaTPUBAIOTCsT YCTPOMCTBO
JIJIsT TIPOBEJICHIsT MOHUTOPHUHTA (OECIMIOTHIK) U YCTPORCTBO JjIsi 00C/TY)KUBaHUsT GECIIIIOTHIKA
(rpy3oBuK). OTn4ust B pacCMaTPUBAEMON B HAIIEHl cTaThbe 3a/a4e 3aKII0YaI0TCs B TOM, 9TO PO-
00T JTO/IPKEH yMETh IIPEOI0JIEBATD IPEISITCTBHE, & B HEKOTOPBIX CIIyUasix IPYy30BUK HE TPeOyeTcs.

B nmannoii crathe paccMaTpuBaeTCs aaropuTM popMaIn3aun 38191 11T TOCTPOEHUs KPaT-
qaifero MapIipyTa Jjisi po00Ta, OCYIIECTBIISIONIEr0 MOHUTOPHWHT C 3eMJIU. ¥ IpaB/IeHIe POOOTOM
OCYIIECTBJISIETCSI C TIOMOIIBIO Pa3pabOTaHHOW aBTOPAMH IIPOIPAMMBI, B KOTOPOU XpaHHUTCS Oa3a
JIAHHBIX MAapIIpPyTOB, YCIEITHO IPEOJIOJIEHHBIX POOOTOM, JijIs HaubOJIee TOTHOI'O OIIPeJIeJIeHUsT
TPAEeKTOPUHU JIBUKEHUsT poboTa ¢ y9IeTOM MPEIsITCTBUi, BCTpedaronuxcst Ha ero myTu. Crarbs
COCTOUT U3 BBEJIEHUsI, TPEX PA3JIEJIOB U 3aKJIOUCHUSI.

B nepBoM paziesie IpuBOAUTCS TOCTAHOBKA 3aJ[a9H, OIMUCAHNE OTPDAHMIEHUI HA TOCTPOEHUE
MapiipyTa. Bo BropoM pasjieiie 00CyKaaeTcs obIasi CXeMa aJrOPUTMa IIPOBEIeHN MOHUTOPUH-
ra, rpacoBasi IOCTAHOBKA 3a1a9H, OIUCAHUE CTPYKTYPbI 6a3bl JaHHBIX IPEISITCTBU, OlpeIeIs-
FOTCS YCJIOBUST PA3PEIIMMOCTH 3a/a4u JIJIsi UMEIOIINXCsi ycioBmit. TpeTuil pasest mocBsIneH Omu-
CAHHUIO pa3pabOTAHHOIO aBTOPAMU IIPOrPaMMHOI0 0becieveHns s IPOBEIEHUsSI MOHUTOPHUHTA.

B zakJ/rroueHnn MpUBOJIATCA BBIBOJIBI M OIIPEJIE/ISIOTCS HAIIPpABJAEHUS JaIbHENRIITNX UCCITEIOBAHUN.

2024, T. 13, Ne 3 33



HpoeKTI/IpOBaHI/Ie OIITUMAaJILHOMI TpaeKTopud IIpoBeJeHnd MOHUTOPUWHIA 00'bEKTOB

1. IlocranoBKa 3ala49d1 1 OIInCaHue OI‘paHI/I“IeHI/Iﬁ

JomycruM, HEOOXOAMMO OCMOTPEThb Ipymiy obbekToB M;, ¢ = 1,..., K, pacrmojo:KeHHbIX
B HEKOTOPO# orpanumveHHoir obsactu F. Obsacts F' npejcraBisgeT cobO MHOIMOYTOJIBHUK, KaK
npaBuiIo, HeBbinyKiblil. Koopaunarer N yrios muoroyrosibuuka (xj,v;), j = 1,..., N 3a1aner
B BHJI€ BEKTOPA, KOOP/IMHATHI YKA3aHbBI 110 YACOBOI CTPEJIKe, HAUYNHAs ¢ HAUMEHBIIEro 3HAYEHMS
nepBoit KoopauHaThl. Mccaemyembie 00bekThl M; MOTHOCTHIO paciosioxkenbl B obiactu F'. Pac-
crostaust L(M;, Mj), 4,5 = 1,..., K, i # j Mexay BceMn mapamu oObeKTOB H3BECTHBI. 3a/1ada
COCTOUT B TOM, YTOOBI IIPOBOJIUTH MOHUTOPHWHI OOBEKTOB M;, MCIOJIB3Ysi MUHUMYM pPECypPCOB
ycTpoiicTBa poboTa min 6ecnuIoOTHUKA. B maHHOM ciiydae II0JI pecypcaMy IMOHUMAETCs: PaCXO/l
3apsizia 6arapen (Kak MpaBujio, BO BPeMsi MOHUTOPUHTA TPEOYeTCs MOJ3apsijiKa), pasMep KapThl
namMATH (Kak MpaBujio, 00beMa MaMsTH JIjisi MOHUTOPUHTA BCeX 00HEKTOB HEJIOCTATOYHO U TPeby-
eTcst 3aMeHa KapThl). [loazapsijiky akKyMyJIsiTOpa Uk 3aMeHy KapThl HaMSTH MOYKHO BbBIIIOJIHUTh
KaK Ha MeCTe, TaK W I0CJIe BO3BpAaTa yCTPONCTBA MOHUTOPHUHIA Ha CTOsIHKY. B mepBoM cirydae
noTpedyeTcsi TaK HA3bIBAEMBIN «I'PY30BHK», JJIsi KOTOPOTO CTPOUTCS MAPIIPYT JIOCTABKH AKKY-
MyJIATOPA WA KapThl HaMATH. Bo BTOpoM citydae HEOOXOJUMO yIUTHIBATH BPEMsi BO3BPAIICHUS
HA CTOSHKY JI0 TOrO, KakK Oy/leT M3pacxXoJ0BaH 3apsiji aKKyMYyJIsTOpa, U BBICTPAanBaTh KparTdaii-
Uil MapIIpyT BO3BpallieHus. UTo KacaeTcs KapThl HAMATH, MOYXKHO OCYIIECTBJISATH €€ 3aMeHy
B IIPOIIECCE MIPOBEJIEHUST MOHUTOPUHTA JITOO OCYIIECTBUTDH AJTOPUTM IIePeIadn MOy YeHHON HH-
dopMmaruy 1 aBTOMATHYECKOTO Y/IaJeHus IepeIaHHbIX PaiiioB.

Takum 06pazom, yCcTpOHCTBO MOHUTOPHUHTA, B JaJbHelinieM OyjieM Ha3bIBaTh €ro «poboTs,
HaXOJUTCsI Ha IIapKOBKe ¢ KoopauaaTamiu (P, Py). 3agata cOCTOUT B TOM, 9TOOBI IPOJIOZKHUTE OII-
THMAJIBHBII MapipyT pobora or Touku (P, P,), HasbiBaeMoii TapKOBKOIf, 110 BBIITOIHEHUs paboT
(MonmTOpHHTa) BOsM3u 00bekToB M;, i = 1,..., K. B obuiem ciaydae 06bekTbl M; Olpeessitorcs
BEKTOPAMHU KOOPJIMHAT OTPAHUYIUBAIOIINX WX ITOJUTOHOB. 1leThi0 MOHUTOPHUHTA, SIBJISIETCS TIOJIY-
YeHne U300parKeHmii ¢ MOMOIIBI0 pobOTa JIJIsi U3YyUEHUsT COCTOSTHUSI 00beKTOB M; U TpPOBEIeHUS
JTAJIBHERTIIETO aHAJII3A.

B unmease MOHUTOPHUHT OCYIIECTBIISIETCs O€3 OIPAHUYIEHU, HO, OU€BUIHO, TAKOW CIydail sB-
JISIETCS UCKJIIOUUTETbHBIM. Y TOOBI PENUTh TOCTABICHHYIO 38/1a9y, MOYKHO PACCMOTPETH OJINH U3
YACTHBIX CJIy4aeB pelneHus 3ajaqdn kommubosizkepa (TSP) @ U UCIOJIL30BATH OJIUH U3 U3BECT-
HBIX aJIFOPUTMOB ([IOCJI€ TPOBE/ICHUST BBIYUCIUTEIBHBIX 9KCEPIMEHTOB, MOXKHO OIPEIEIUTh Hall-
60J1ee TIOIXOIAIINIT AITOPUTM JIJIsi pacCMaTpuBaeMoii 3a1aun ). O THAKO IIPU EPEMEIIEHUN MEZK Y
00'beKTaMU MOT'YT BOBHUKATH PA3JIMYHOI'O POJIA PENSATCTBUS, KOTOPbIE POOOT 110 OIPEIe/IeHHBIM
[pUYMHAM HEe MOXKET Ipeo/10yieTh. Hajinune 5Tux npensaTcTBUil MOXKET MOBJIeYDb IIepeCcyeT U Iepe-
CMOTD IIOCTPOEHHBIX PaHee MAapPIIPYTOB U MPUBECTH K YACTHUIHON WJIHM ITOJTHOW HEPa3pEeIIMMOCTH
3a/1a90.

[pensitctBust S;, i@ = 1,...,s HOApa3IeuM Ha BPEMEHHBIE W ITOCTOsIHHBIE. K BpeMeHHBIM
IPEIATCTBASM OTHOCSITCS JIFOJU U YKUBOTHBIE (B T.4. MEPTBBIE >KUBOTHBIE), & TAKYKe TEXHHUKA
(aBTOMOGMIIN, TPAKTOPBI, IIOIPY3YUKH U T.JI.), OCTaBJICHHAs] Ha IIyTH JIBUXKEHUsI POOOTA, BPEMEH-
Hble XPAaHWIUIIA (HAIIPUMED, CTOI CeHa, KOHTEeHHep C MOChLIKAME WJIM TOBapaMm). DTO BPEMeH-
HbIE TPENSITCTBUSI, HH(MOPMAIUS O pa3Mepax KOTOPBIX XPAHUTCS U UCIIOJb3YeTCs JIJIsT aHAJIM3a
IIpU KOPPEKTUPOBKE TPACKTOPUU B OYIYIIEM, MECTOIOJIOKEHUE TAKUX IPENsITCTBUil B 6a3e He
coxpansiercst. OcrajbHble MPENSTCTBUSI SIBISAIOTCS MOCTOSHHBIME (CTAIIMOHAPHBIMU HJIH MaJIO-
HOJBUKHBIMI). K HUM OTHOCSATCS HOBBIE CTEHBI M IE€PErOPOJIKH, KOHCTPYKIIUHU, 3aKPEILICHHAS
Mebesib. Hajimane u pasmepsl 9TUX MPEISATCTBUAN TAKXKe 3aHOCUTCS B 0a3y JAHHBIX JJIs aHAJIA3A

MapHmpyTa, ITIOCKOJIbKY UX MECTOIIOJIOZKECHUE ABJIACTCA IMOCTOAHHBIM WJIX JOJITOCPOYIHBIM.
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YT006b! ONpPEIe/INTh TPACKTOPUIO JBUXKEHUS pOOOTA, HEODXOIMMO PEIIUTh CJICIYIONNe 33,18~
Yn.

1. Cosnarp 6a3y JAHHBIX MapPIIPYTOB: UACAILHBIX (6€3 KAKUX-JTMOO0 MPENsSTCTBUIL), yIuThI-
BAIOIINX BJIMSHUE BHEIMHUX (DAKTOPOB (TeMmIieparypa, Cujia BeTpa H T..I.), MaplIpyTOB C
HEMPEOJIOMMBIMA MTPEISTCTBASIMHA (IOCTYIIHBI TOJBKO MApPIIPYTHI CO CTAIMOHAPHBIMU U
HOJIBUZKHBIMHU TIPEISITCTBUIMHU, 100aBIeHHbIe paHee B 6a3y JaHHBIX). [loj npensitcrBueM
MBI OyIeM HOHMMATDH JII000# 00BEKT, KOTOPBI CTOUT Ha IIyTH JIBUKEHUsI POOOTa W IIpe-
MSATCTBYET JAJbHEHIIEMy CJACJOBAHUIO IO 33JaHHOMY paHee MapIIpyTy.

2. Oupe/iesuTh pa3penmMoCcThb 331291 MaPIIPY TU3AIMN (BO3MOXKHO JIM [IOCTPOUTH MAPIIPYT
71 HAOJIIOJIEHNUS 38 MHTEPECYIONUMUA O0beKTAMU TPU HAJUYUM CYNIECTBYIONINX OI'DAHU-
YeHuii ¥ npensaTcTBuii). PaspemmuMocTs MOKeT ObITh MOJIHON, KO BOSMOYKHO IIPOBECTH
MOHHUTOPHUHI' BO BCEX yKa3aHHBIX Toukax M;, ¢ = 1,..., K; JaCTUYHOl, KOIJla CyIIEeCTBY-
0T Touku My, He JOCTHUXKUMBIE MPU MMerolieMcs Habope mpensrcrBuit. Ecau Bce M;,
i=1,..., K He IOCTUKUMBI, TaKas 3aJia9a HA3bIBACTCsI HEPa3PEIINMOI.

B obmem ciryuae, cymectByer K 00beKTOB JJIsi MOHUTOPUHTA, KOOPJIUHATHI KayKI0TO U3 HUX
u3BecTHBI. Jlenaercst OoTO MM BHUJIEO3AIUCH ITONO 00bEKTa, KOTOPAas 3aTEM OTIIPABJISIETCS HA
cepBep IS JAJIbHEHIIero anaan3a u NpuHATUS pernerus. PoboT jiesraeT CHUMKE 110 YKA3aHHBIM
KOODJIMHATAM U TEPEeXOJUT K ciemyionieMy obbekTy. Korja cheMka NpoBeJieHa 110 BCEM yKa-
3aHHBIM KOODJIMHATAM HJIU OblIa BbIsiBJIEHa HEBO3MOYKHOCTH JAJbHENINero HadJso/eHus, podooT
BO3BPAIIAETCSA HA MAPKOBKY.

Eciu pabounii pecypc pobora ncdepriat, oH Jnbo BO3BpAIIAETCsl Ha IAPKOBKY (HEOOXO0MMO,
9T00BI OBLIO JOCTATOYHO pecypca JijIs BO3Bpara), JIMOO OTIpaBIsieT OlepaTopy COODIIEHHe O
HEOOXOUMOCTH YCTPAHEHUsT HEMOJAJIKU. B mociesHeM ciydae HeOOXOIUMO PEIIUTh podiemy

MIOCTPOEHUST MAPIIPYTA JIJI CIYKEOHOTO «TPY30BUKAY, JOCTABJISIONIETO [TOIIOJTHEHHBIE PECYPCHI.
2. Ajaropurtm MapuipyTmsanun podoTa

2.1. Cxema ajaropurma

CxeMa ajropurMa IBUXKEHHUsI poO0OTa BO BpeMsl MOHUTOPHUHIA IIPUBEEHA Ha PHC.

Ha pucynke npe/mnonaraercs, 9To MapuipyT P; y»Ke yIuThIBAET BCe BHEITHUE BO3ICHCTBUS, U
B HEM YUIHUTBIBAIOTCS BCE BO3MOXKHBIE MTOA3APSIKNA POOOTA M 3aMEHBI KAPTHI AMSITU, €CJIU PECYP-
ca HEJIOCTATOYHO JIJIsI 3aBEpPIIeHUs! IOJHOIO IHMKJa MOHUTOpUHTa. IlepeMerenne BioJib Mapii-
pyra P; o3Hagaer mepemeriieHne poboTa Ha OJHY HO3UIUIO 0 MapuipyTy. CuamTaercs, 910 BCe
[IPOCTPAHCTBO, UCC/IEyeMoe POOOTOM, JeJIUTCsT Ha SJIEMEHTAPHbIE CErMEeHThI (IJIMTKY) OJINHAKO-
BOW JIJINHBI U ITAPUAHBL.

B03MOXKHOCTBIO MPOJO/IKUTE JBUXKEHNE CUUTAECTCA BO3MOXKHOCTD JI00PaThCs JI0 IEHTPAJIb-
HOI TOYKM CJIEJYIONIEro 3JeMEHTapHOr0 OoTpe3ka. Ecin Ha myTn poboTa K 9TOH TOYKe 0OHAPY-
JKEHO IPENATCTBUE, JajIbHeiillee IPOI0JIKEHNE IBUYKEHN 110 paHee BbIOPAHHOMY IIYTH CUHTa-
eTCsl HEBO3MOXKHBIM U BBIITOJIHSIETCS ITOMCK OOXOJHOIO MaplIpyTa. Kcaum Ha OSHOM M3 3TAIOB
MOHHUTOPHUHIA HE yAAeTcs HAUTH OOXOZHONH MapIIpyT, poOOT OTIPABJISAET OLEPATOPY COOOIIEHHE
O HEBO3MOYKHOCTH JAJIbHEHINEro MpoBeieHnsi MOHUTOPUHTA U OTKJIIOYAeTCs (BO3BPAIIAETCs Ha
CTOSTHKY JJTs1 TIOA3apsiakn ). MapIipyT o u3BeCTHOI paHee 00JIACTH YIKe ONMPEIESICH 1 MOXKET He
PaCCUYUTHIBATHCS 3aHOBO, TEM HE MEHee, I0C/ie 0OHAPY KEHUS IIPEIATCTBHS U Pa3MEIIeHNsT ero Ha
KapTe IIPOBEJIEHNs] MOHUTOPUHIa HEOOXOIUMO IEPEOPEeIeUTh BCE JJINHBI IIyTeil, MPOXOISIIIX
qepe3 00J1aCThb, IEPEKPBITYIO MPEIATCTBUEM, & TaKKe OOHOBUTH MH(MOPMAIINIO O JOCTUKUMOCTH

erre He 00CJIEIOBAHHBIX O0BEKTOB MOHUTOPHWHIA. B OOJBIIUHCTBE C/IydaeB MOSIBICHUE KAXKIOTO
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Puc. 1. Cxema anropurma nepeMelnenus pobora B 30He MOHUTOPHUHIA,

NIpensITCTBAS TpedyeT 3aHOBO pemuTh 3a7ady TSP aj1s o0HOBIeHHON KapThl. XpaHeHne paHee
ITOCTPOEHHBIX MAPIIPYTOB B Oa3e JAHHBIX MO3BOJIAT B PsJIe CIydIaeM n30eKaTh MOBTOPHOTO Perlre-
uust TSP u BeIOpaTh y2Ke nuMeroleecs perierne 3agaau. Hanpumep, eciin Ha Iy TH poOOTa 3aKPhITA
JBEpDb OO0 MHIarbayM, 9TO ITOCTOSIHHOE IIPENsITCTBYE, PeIleHre JJjisi KOTOPOTO XPAHUTCS B Oa-
3e JIaHHBIX. []0 M3BeCTHBIM rabapuTaM BPEMEeHHBIX IIPENsTCTBUi (HAlpuMep, HPUIIaPKOBAHHOTO
a,BTOMO6I/IJ'[5[ nJjim HOI‘py3LH/IKa,) MO2KHO OIIpeaeJIMTb BpeMdd JIJIsd o6rbe3,zga 1 IIPUHATH penieHunue o
1eJIeCO00PA3HOCTU IOBTOPHOTO PEITeHUs] 38[aUi MaPIIPy TABAIIIH.

[IpensircrBust Ha yTH PpobOTa MOLYT OTCIEKUBATHCS HECKOJIBKUME CIIOCODAMMU:

e YJIbTPa3BYK, KOTOPLIHA cunTaercss 5PMEeKTUBHLIM U OBICTPBIM, OH IIO3BOJISIET PACCYNTATH
PACCTOSIHUSI ¢ TOYHOCTBIO JI0 MUJLJIMMETPA, BILUIOTH JI0 PACCTOSIHUS B TPU MeTpa (KOTOpoe
MOKeT OBbITh YBEJIUYEHO B 3aBUCHMOCTH OT THUIIA YCTAHOBJIEHHOT'O YILTPA3BYyKOBOI'O JATUM-
Ka), 9TOOBI ONPEJIEINTh PACCTOSTHIE MEXK/IY TPENSITCTBIEM U POBGOTOM, a TakzkKe rabapuThl

IPEenATCTBULA;
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® IIPOrpaMMHUPyEMble WHTE/JIEKTYAIbHbIE KaMepPhl JJIg OTCIECKUBAHUS HOBBIX IPEIIATCTBUI
Ha IIyTH poboTa.

Taxum 06pa3oM, Ha OCHOBE TIOCTPOEHHON aJITOPUTMUIECKON CXEMBI MOT'YT OBITH ITIOCTABJIEHBI

CJIEIYTOIINE 33 TaYM.

1. ITocTpoenue mapmpyTa P; ¢ y4eToM BHENIHUX BO3/IEHCTBHIA.

2. OrnpeneeHne BO3MOYKHOCTH IIPOJIOJIZKEHHUsT JBUXKEHHUSI ¢ ITOMOIIBIO aJrOPUTMOB KOMITBIO-
TEPHOI'O 3PEeHMUSI.

3. Tlouck 06X0IHOIO MapIIpyTa C YIeTOM BHEIIHUX BO3IEHCTBUI 1 OOHAPYKEHHDBIX ITPEIIsIT-
CTBUIA.

4. O6uojeHue nHGOpMaINKA B 6a3e JaHHBIX O IPEHATCTBUSIX U OOXOIHBIX IIyTsX.

2.2. I'padoBasi Mmoaesb UcCCaeyeMOil 00JIaCTU M AJITOPUTM MAapIIPyTU3AIANA

Bcio obstacth, mcCmosib3yeMyto Ui IepeMerieHnst pobora, pas3jeanM Ha HeOOJbIIne KBaJl-
paTHble ITATKU Rj, j = 1,..., M ¢ moMompio aaropuTMa JIUCKPeTH3aIin . JlmuHa CTOPOHBI
KaXKJI0# IJIMTKH PaBHA PACCTOSHUIO, MPOXOIUMOMY POOOTOM, MEXKJIy MOMEHTAMU IepeIadn MH-
dopmaruu oneparopy. OObIYHO 3Ta BeandnHa pasHa 30-50 cM. OGO3HAUNM 9Ty BEJIUIUHY Uepes [.
Pobor MozkeT mepemMenarbess MexK Iy yriaaMy IUIUTKA [0 TOPU30HTAIN JIUO0 BEPTHKAIN (TOrIa
JUTMHA Iy TH MeXK/Ly 1apoii MOMeHTOB obMeHa nHMopMarmeii pasHa ), mbo 1o quarosanu (B 9ToM
ciiydae pobOT HPeojiosieeT PacCTosHue /2] JI0 Cle/IyIoNIero MOMeHTa epe/adn HHpOPMAIIHH).
[IpescraBum nccsepyemyto obnacts kak rpad G = (V, E), MHOKecTBO BepIiuH V' KOTOPOro
SABJIAIOTCSA TOYKAMM, B KOTOPBIX POOOT oOMeHmBaeTcsi mHMOpMalueit ¢ IpUKIaIHON Iporpam-
Moii, a pebpa E — cBsi3siMu MezKjty OJIMKafImiMy BepIiimHaMu (Kak 0OTMEedYasioch BBIIIE, 1ePeXo-
JIbI OCYIIECTBJISIOTCSI 10 TOPU30HTAJIM, BEPTUKAJIU JTUOO0 nuaronasn). II0CKOIbKY P peleHnn
MIPAKTUYIECKON 33,149l TOYKHU JUCKPETUBAIMY PACIIOIATAIOTCS HA PACCTOsIHUU ropsika 50 M, ux
KOJIMYECTBO CTAHOBUTCS JIOBOJILHO GOJIBINUM, T109TOMY |V'| MOMKET COEpKATh THICSYH BEPIIHH.
CreoBaTre/ibHO, HEPA3YMHO KCIIO/IH30BATH BCE 3TU BEPIIUHBI JIJIsI ONPEJEICHUS ONTHMAJIBHOTO
MapipyTa. Kpome Toro, rpad siBisgeTcs pa3peKeHHbIM — CTeIleHb KaXKJI0# ero BepIINHBLI paBHA
2-8, B TO BpeMsi KaK KOJMYECTBO BEPIIUH 3HAYUTEJILHO Bhilie. Beca pebep (IJIMHBI MEPEXojioB)
6yayT paBHB 60 [, 160 /21, st xpamenust mmdopmarmn o rpade GymieM HCIONb30BATH
CIINCOK CMEKHBIX BEPIINH.
Ionpasaemim Bee Bepmmnel rpada V =V, UV, UV, U V; na ciepyromue HoIMHOXKECTBA:
® BepIINHBI «IapKOBKN» (p; € V) — BEepIIHHBI, ¢ KOTOPBIX POOOT MOXKET IOI3aPSIIUTh aK-
KyMYJISITOP JTHOO ITOJIYIUTh CEPBUCHOE OOC/IY>KUBAHUE, CTAPTOBBIE BEPIIWHBL;

e BepiuHbl MOHUTOpPUHTA (M; € V;;,) — BepIINHbBI, B KOTOPHIX HPOBOUTCS MOHUTOPHHT

e BepiuHbl MapipyTa oobesna (d; € V) BeplinHbl, IpUHAJIEKAIEe MapIIPYTy 00be3/a
MIPEIsITCTBUS;

e TpaH3WHTHIE BEpIIUHBI ¥ € V; — BCe OCTajIbHBIE BEPIIUHBI I'pada, KOTOPhle MOTYT OBITH
BKJIFOUEHBI B MapIIPYT.

PaccmoTpumM mipuMep, TPUBEJIEHHBIN Ha PHC. Ha pucynke npusejieHa HEBBIIyKJIas 00-
JIACTb, OTpaHUYEHHAsI *KUPHON JimHuel. BepmuHbl, npuHa yiexkalue rpaHuile, B MapiipyTe He
HCHOJB3YIOTCs; P — Bepmmubl 1718 napKoBku Vp; My ..., Mg — 00beKTBl MOHUTOPHHTA; ST, S2 —
HEKOTODPBIE TPENsITCTBHsI. BepIuHbl, OTMEeYeHHbIe KPACHBIM IIBETOM, SIBJISIOTCS TOYKAMu (Bep-
[IMHAME) MOHUTOPHHTA Vjy,, BEPIIHHBI, 0003HAYECHHBIC YE€PHBIM IIBETOM, SIBJISIIOTCS BEPITHHAMU

0bbesna Vy. TpansuTHble BepIINHBL V; Ha 9TOM PUCYHKe HE YKA3aHbI, €CJIN UX KOJIUIECTBO BEJINKO
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Puc. 2. Ilpumep kapTh! i MpoOBeIeHUS MOHUTOPUHTA

(3TO MecTa mepecevyeHus MPsIMBIX JIMHUIL, UCIOJIb3yeMble JJisi JUCKpeTn3aimn). Te ke o6o3Haue-
HUSI UCIIOJIb3YIOTCsL JIJIS BCEX TOCTICIYIOMNX ITPUMEPOB.

Nudopmarust o rpade XpaHUTCsT B TEKCTOBOM paiijie, UMEIoIeM clieyonuit (hopMar:

e Crpoka 1: Kosm4ecTBO BepinuH u pebep rpada depes mnpobet;

e Crpokai (i =2,...,|V|): Tun Tekymeit Bepmunsl (P — napkoBka, M — mornropuur, D —
06be3n, T' — TpaH3uTHAs ), U JJajee CIUCOK BEPIIIH, CMEYKHBIX U, KarK/10€ 3HAYCHIE Yepe3
npobesi. CHavaJia YKa3bIBAIOTCsI BEPIIMHBI, HHIMIEHTHBIE pebpaM ¢ BeCOM [, j1ajiee pacro-
JaraeTcs CiryKeOHbBII CUMBOJI «|», TIOCJIe HEro CJIe/IYIOT BEPIIUHBI, HHIUJIEHTHBIE PebpaM ¢
Becom v/2l. Ecin auaronaibHbIX pebep Her, 1ocjie CHMBOJIA «|» HUHUEro He 3alliChIBACTC.
[Mopsiok coreroBaHMsT BEPINMH, WHITMICHTHLIX peOpaM OHOrO Beca, He MPUHITUIHATICH.

Eciu BepiHa 0JHOBPEMEHHO sIBJISIETCsI ¥ BEPIIMHOI 00be3/1a, U BEPIIHHON MOHUTOpUHTa (1160
APKOBKH ), TO Ipu 3aanuu nadopmarmu B daiijie OHa MaApKUPYeTCsl KaK BepIIuHA IS MOHMU-
TOpHHTa (JIMO0 APKOBKH).

Hanpuwmep, s rpada, NpuBeIeHHOrO Ha pHc., daiis, ero 3amaromuit, UMeeT CJIeLy IO
Buz (puc. [3p).

14 25

. T25 1] 6
T136 1|57
T274 168

| T38| 7
! : P169 ]2
e € 12 : 3. D527 113
5 M638 |42
M7410 | 3

D5 11 | 12

D8 13 |

T9 12 |

M114 ]9

M3 14 |

D4 10 |

(a) I'pacduueckoe npescrasnenne (6) [Ipeacrabienne B maMsiTé KOMIBIOTEPA

Puc. 3. Ilpumep 3amanus rpadoBoit Mojean uccaeayemMoit obsactu
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ITonnsysich nuadopManueii s 3Toro rpada MOKHO IHOCTPOUTH IPOU3BOAHLIA B3BEIICHHLII
rpad G* = (Vp U Vi, E*), Bec Kaxjoro pebpa KOTOPOro paBeH JJIMHE KpaTdafilero ImyTu
MezK]ly COOTBETCTBYIOIIMMHY IapaMu BepiunH B rpade G. Pacemorpum Bepmunbt v, w € Vp U Vi,
B rpade G. Eciau myrh U3 BEPIIMHBL ¥ B BEPIIMHY W IPOXOIUT Yepe3 HEKOTOPYIO BEPIIHHY
v € Vp U Vi, To BepmmHbI v 1 w He OyayT cMexkHBI B rpade G*. OueBuaHO, €C/in st BCEX
map Bepmud v, w € Vp U Vi IyTH, UX COEIUHSAIONINE, HE MPOXOAAT HU Uepe3 OIHY U3 BEPIIUH
v € Vp U Vi, To rpad G* gaBisiercst OJIHBIM.

Tak, mmst rpada, TpencTaBIeHHOTO HA PHC. rpadp G* umeer BHUI, HpeICTAaBJIEHHBIA Ha

puc.

M,

Puc. 4. I'pad G* 1y paccMOTPEHHOTO IPUMEPA

Bamernm, uro B rpade orcyrcrByior pebpa {P, Ma} (nockoibky nyts P — 6 — My — My
copepxkur Bepuuny M), {P, My} (nockosbky nyts P —9 — M3 — Ms copepxur Bepiuuny M),
{My, M4} (nockosbky myts My — Ms — 10 — My conepxur Bepumny Ms), {Mj, M3} (mockoibKy
uytb My —6— P —9— Mjs conepxur sepriuny P), {Ms, M3} (nockosnbky myrs My —10— My — Ms;
comepxkutr Bepuny My). Takum obpasom, umeem rpad G*, cOOTBETCTBYIONIMI METPUIECKON
[IOCTAHOBKE 3aJ1a91 KOMMHUBOSIZKEPA.

[TpusesieM ajropuT™M MOUCKA IaMHJIBTOHOBA IHMKJIa T MUHUMAJBHON JiinHBl B rpade G*.
[MTony4ennslii B caydae paspemmmoiil 3a1auu MUk T OyeT SBIAThCS PEIeHueM MOCTaBJICHHON
38191 O MapIIPYTU3AIUE POOOTA, MTPOBOIAIIET0 MOHUTOPHUHT IIPU YCJIOBUM OTCYTCTBHS OIPAHU-
JeHWiT Ha BpeMsl IIepeMeIeHusl.

BaJiaduy 1moJyYeHust ONTUMAIBLHOIO MAPIIPYTa JIJIst IIPOBEIeHIs] MOHUTOPUHTA MOXKHO Pa3/ie-

JINTH Ha CJIEAYIOIIUE dTAIIbI.

2.2.1. Onpedenenue udearvrozo mapupyma

BBG,ZLGM OlIpeleJICHN A Pa3PEHNINMOCTU 3a/a91, KOTOPbIMU 6y,ZLeM II0JIb30BAaTLCA B ,HaJIbHefIHIHX

paccyzK/IeHUIX.

Onpenenenne 1. 3ajada MapIIpyTH3alldNd ABISETCA pasdpewumoti, ecin rpad G, 3amarommii
HCCIIEyEMYIO 00JIACTD, SIBJISIETCsI CBSI3HBIM, JIMOO BCE BEPINUHBI U3 Vi, IPUHAJIEIKAT KOMIIOHEH-

TaM CBfASHOCTH COAEPZKAIIUM XOTs OBl OJIHY BEPIINHY U3 ‘/p

B mpumepe, mokazanHOM Ha puC. |2| 9Ta 3amaua paspermMa, W JUHHEH U3 KPACHBIX TOUEK

IIOKa3aH MapuIpyT MOHATOPHHIA.

Onpenenenue 2. 3ajada sBISETCH YaACMUYHO PA3PEWUMOT, €CJIU CYIIECTBYeT b BepIIuH U3
Vin, b # |Vpn|, upuHamiexamux KoMmonenTaM cBsi3Hoctu rpada (G, He COIepKAIUM BEPITHHY

us V.

Ha puc. [5h npusejieHa 4acTuvHO paspenmmas 3a/1a4a.
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(a) YHacTuvaHo pa3penuMblii MapuIpyT (6) [TosHOCTBIO HEpPA3PENIUMBINT MaPIIPYT

Puc. 5. Ilpumep kapTh! i MpoBeIeHUS MOHUTOPUHTA

O6bekT Mg He MOXKeT OBITH BKJIIOUEH B MAPIIPYT IIPOBEIeHNs] MOHUTOPHWHTA, IOCKOJIbLKY BCE
IyTH K HEMY IEePEKPBITHI IpernarcTBueM S3. Ecin S3 gBiIsteTcss CTallMOHAPHBIM IIPEISITCTBUEM,
10 Mg HUKOTHA He Oymer mpoepeH. Kcim 3TO BpeMeHHOe MPEnsiTCTBHE, TO HeOOXOIUMO IIpU-
HSITh PEIeHUsT JIJIsl ero yCTPaHeHUsl. 37eCh MapIIpyT, OTMEYeHHbBIH JIMHUEH U3 KPACHBIX TOYEK,

MIPOXOJIUT Yepe3 BCe KOHTPOJHMPYeMble 00beKThI, Kpome Mg.

Onpenenenue 3. 3ajada siBISETCS HE PA3PEwuUMoti, €Cii HU OJIHA BepuinHa u3 V, He Ipu-

HaJJIeKUT KOMIIOHEHTe cBaA3HOCTH I'pada G, comepzkamieit V.

Ha puc. |56 npusejiena HepaspermmuMas 3a1a4a.

B janHOM cilydae BEPHO TO K€ PAcCyzKJEHHe O HPENsSITCTBAN S3, YTO U JJIs HPEIbIILyIIero
cirydast.

Jist mocrpoerust MapupyTa Pjjeq; HAUMEHbIIEH JJIMHBI MEXK/Ly BePIITHAME MOHUTOPUHTA, Vi,
HEOOXOIMMO BBITIOJIHUTD CJIEJLYIOIIHE JIeHCTBUSI.

Anroputv MAPIIIPYTU3AIINA (G)

Ucxonubie nannbie: rpad G, [ — pasmep MINTKH.

BoixosHble JaHHBIE: — 3aMKHYyTasi TaMUJIBTOHOBA Tl KpaTdaiilieil JJIMHbI ¢ HA4aJI0M B
BEPIIUHE V().

IITar 1. OnpenenuTh pa3pemIiuMoOCTb 3aa4i MapuipyTusamuu. /st 9Toro, uCnosb-
3ysl AJITOPUTM IIPOCMOTPa BepIIMH (IIOUCK B IIUPUHY UM TIyOUHY) ONPEIEIUTb KOJIUYECTBO
KOMIIOHEHT CBSI3HOCTH 3ajaHHoro rpada G = Gy U Go U. .., UGE. Eciu 3aga4ya He paszpermMa,
3aBepHIUTb PaboOTy aJaropuTMa.

ITTar 2. ITocTpoenne rpada st onpeaeaeHus: MapiupyTa. s KaxK10i KOMIOHEHTHI
cesizHocTu (G; IOCTPOUTH B3BelleHHbIi nosHblil rpad G, = G*(|Vp| U |Viy|, E*). Kaxgoe pebpo
e € E* sroro rpada Gyzer nmersb Bec, paBHbIil ¢(e) = mind(vi(e),v2(e)), oupemesieMblit Kak
KpaTJdafliuii myTh MexK/Iy COOTBETCTBYIOIIUME BepinHaMu B rpade G, JimHa Kaxk1oro pedpa
KOTOPOTro pasHa, | 160 v/21. JIjist pertenns 9T0if 3318491 HCIonb3yeTcst agroputy Jeiikerpor. Ec-
s Haiiennblii myTh P(v1(e),v2(e)) comep:kut B KadecTBe TpaH3uTHOI Bepmuy v € Vp U Vi,
To BepmuHbl v1(€e) u vo(e) B rpade G* He OyIyT CBI3aHBI OTHOIIEHHEM HEMOCPEJICTBEHHOMN J10-
CTUZKUMOCTH.

IHlar 3. ITomck raMmabTOHOBA IUKJA MHHUMAaJbHON OgamHbl. B Kaxkmom rpade
G, = Kjy,|u|v,,| OTPEJeTNTh TaMUIBTOHOB UK/ MEHUMAJIbHON jynHel. Eemm jmnma mukia
GosibIlie KpUTUIECKOH Lepiticqr (HAIPUMED, ISl IIPOXOXKJIEHUSI IIyTH TAKOW JIMHBI Tpefyercs
II0/13aPsI/IKa), HEOOXOIMO yUeCTh IIOCEIeHNe IIPOU3BOIbHON BepmmHel v € V). Takast 3amada
u3BecTHa Kak Mmerpudeckas 3ajgada VRP (Vehicle Routing Problem) . OH u OygeT cooTBeT-
CTBOBATL MapIIPyTy poOOTa Jjisi M3BECTHON KapTbl NpendrcTBuii. 1IocKoMbKy nanHas 3ajaqda

apygercs N P-TpyaHoil B CUJILHOM CMBIC/IE, /I €€ PeNIeHHs MOXKHO HCIIOJIb30BaTh HEKOTOPYIO
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sBpucTuky. Hanbojiee 0UeBUIHON IBPUCTUKON SIBJISIETCS «OJIMKANIIUN HENPONIEHHBII rOPO»,
HO3BOJIAIONIEH 3a BpeMst O(|V\2) MOy YUTH JOMYCTUMOE PellleHre 3aJIa9u, 3/1eCh V — JHCII0 Bep-
muH rpada, /i KOTOPOro UIETCs pelenne. BoO3MOKHBIME aJIbTePHATHBAME SIBJISIIOTCS METOJIbI
MypaBbUHOI KOJIOHHH U aiaroputM A* (MeToJ moucKa Mo mepBOMy HAMJIYUIIEeMY COBIAJCHUIO B
rpade).

g rpada, npeacTaBieHHOrO Ha PHUC. |3| MOXKET ObITh HOCTPOEHO JIBa KPATUYANIINX MapIii-
pyTa:

Ty = P, My, My, My, M3, P u Ty = P, M, My, My, My, P.

JlyiiHa MapIipyTa B JIAHHOM Ciaydae paBHa 8] 4+ v/2]. DToT mpuMep SBISETCS TPUBHAIBHBIM
CJIydaeM, B KOTOPOM MTOCTPOEHHBIN TPon3BOIHbIM rpad G siBJIsIeTCst TPOCTHIM ITUKJIOM. B obIeM
cJIydae MOJIyIeHHBIN Tpad He sSIBJISIeTCS IPOCTHIM IIUKJIOM U JIjIsI IOMCKA TaMUJIBTOHOBOTO IIUKJIA
KpaTJaiieil JJIMHBL T0TPe0yeTCsT UCIIOJIb30BaHIE SBPUCTUIECKUX aJIlOPUTMOB.

[Monyuennsiit B pesynbrare paborbl anropurma MAPIIPYTUSAINA(G) wuneanbhbii
MapIIpyT U300parkeH TOHKOIW 4YepHOil JimHueil Ha puc. |2| B nagbHeidmumx paccyzkKIeHusax Oymem

1oJiaraTh, YTO WUJICAJBHBIN MapIIpyT yzKe HaiileH.

2.2.2. Onpedenenue mapwpymos 06xoda 0rn kaxHcdo20 NPensmcmeus

Ha nannom srarie mpeiiioKuM, 4TO BCe NPENSITCTBUS PA3MENIeHbl HA KapTe U UX MECTOIO-
JIoykeHne n3BecTHO. Kakaoe mpensarcreue S; TOKPBITO ININTKAME PAa3MEPOM, PABHBIM IIATY JIHC-
kperuzamnuu. Mrak, Kaxkas MINTKa MPUKPEILISETCA K TPAH3UTHBIM BEPIIIMHAM CBOUMHU yTJIAMHU.
[InuTka BKJIIOYAETCH B IIEPEKPLITUE IIPEISITCTBULA, €CJIU XOTsI Obl OJIHO €€ BHYTPEHHsIsT TOUKA Ha-
XOJIUTCS BHYTPU KOHTYypa mnpengrcrBusd. [lociie Toro, Kak Bce IJIUTKHU OIPE/IE/IEHbI, BEPIITUHDI,
MPUHAJICKAIIUE BHEITHEMY KOHTYPY HOJIYUYEHHOTO MPAMOYTOJbHIKA, TTOMEIAI0TCsS B Habop V.
[Ipumep coznmanust TAKOTO MOKPBITUS TTOKA3aH HA PUC. @ Takoli ke MOIXO0J UCTIOTB3YeTCs JIJIs
OIIpeJieJIeHUsT MAPIIPYTOB 00be3/1a MpoBepsieMoii Tepputopun. Jis KarXK0ro 0OHAPYKEHHOTO 1
00CJIeIOBAaHHOTO HEIIOJIBU2KHOIO IIPEISTCTBUS MapIIPYT €ro obbe3aa coxpaHsieTcss B 6ase mgaH-
HBIX. Fc/ii OHO MOIBHXKHOE, TO MAPIIPYT 00bE3/a MOYKET OBITH OIPEJIESIEH B PEXKUME PEAbHOTO
BPEMEHHU C TIOMOIIBIO0 000PY/IOBAHUS KOMITBIOTEPHOT'O 3PEHUs YCTPORCTBA MOHUTOPHUHTA. B 3TOM

caydae aJIrOPUTM MOJIydeHus: BepuiuH Vy Oysier JIpyrum.

2.2.3. Onpedesenue pearvnozo mapupyma 06xoda das poboma ¢ yuemom npensmemeuti

JlJ1st 9TOro Hy»KHO IIPOAHAIU3UPOBATL UIACAJBHBIN MAPIIPYT Pjjeq; U MOJIYIUTH PeasbHBII
MapiipyT Pyeqi, yIUTHIBAIONNN BCe MPEATCTBU U Ipoxoisdiuit aepe3 v € V;. Eciu naiinercsa
YyUaCTOK MapIIpyTa, OTHOCAIIUICS K NPENnsiTCTBUI0 (KaK Ha PHC. @), TO 3aMECHUTH 9TOT OTPE30K
MapIIpyTa KpaTdallliuM IIyTeM, COCTOSIUM TOJbKO u3 BepmuH v € V;. Ha sTom miare rakke

TpebyeTcsi IPOBEPUTDH PA3PEITUMOCTD 3a/1a9 MOHUTOPUHTA.

Puc. 6. IlyTn, 9acTh KOTOPOro OOXOAUT MPEHATCTBUE
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2.2.4. Buviuucaumenvnas caoncHocms onpedesenus, Mapupyma MOHUMOPUH2a

l'oBopst 0 BBIYUCIUTETHLHON CJAOYKHOCTH IIPEACTABICHHOTO AJTOPUTMa, MBI BHIUM, 9TO OHA
OIIPEIEJIAETCs BEIYUCIUTELHON CJIOXKHOCTBIO aJrOPUTMA, UCIOJIB3YEMOrO JIJIs PEIIeHNs 3a1a9K
VRP na mare 1 anropurma. [lar 2 MoxkeT GBITH BLITIOHEH 3a momHOMuabHOe Bpemsa O(|V]?),
[IOTOMY YTO B XYIIIeM cydae TpebyeTcss IpPOCMOTPETh Bce BepiiuHbl rpada G. Haxke B 3TOM
caydae BpeMsi, HeOOXOMMMOe JJIsl PEIlleHnsT 9TOH 3a1a9M, MOKET OBITH JIOCTATOYHO OOJIBIINM,
nockosbKy | V| MoskeT comepkath 6omee 103 smemenTon. JIjisl yCKOpEHHs 9TOTO MpoIecca MOTYT
6bITb HCIIOJIB30BaHBbI TEXHOJIOTUN ITapaJlJICIbHBIX BBIYUCJICHUN.

Eciin npensitcrBue mpejcrapiisier coboii BBRIMTYKJIYIO 00J1aCTh, TO OHO JEIUTCS Ha JBE UACTH
uJieabHON TPaeKTOpueil, IIOITOMY OIpeJie/IeHIe KPAaTIaiInero 00Xo[HOro MyTH 3aKJII09IaeTCs B
IIPOBEPKE TOJBKO JIBYX IyTeii. Ecyu npensTcTBue He SIBJIsIETCS BBITYKJIONH 00JaCTBIO, TO KOJIAYIe-
CTBO IIyTeil, IOJJIEXKAIIUX [IPOBEPKE, sIBJISIETC KOHEUHBIM MHOYKECTBOM, HOCKOJIBKY |V, | mist S;

ABJIdeTCd KOHCYHbIM MHOXKECTBOM.

3. HpOI‘paMMHOG obecrieyeHue AJId IIpoBedeHdA MOHUTOPHUHI'A

OcHoBHas naed pa6OTLI CUCTEMbI MOHUTOPHHI'A IIO0 OTCJIC2KUBAHUIO U JTOCMOTDY 0OBEKTOB C

IIOMOIIIBIO pO6OTOB 1 OECHMJIOTHBIX JIeTATEeIbHBIX allrrapaToB IIOKa3aHa Ha PHC.

dakruueckuit
MapupyT

CMbICa
pa3MeneHust

Bocnpusitue ILnan

JelicTBue

( Coop nannbix \ / I/IHTepﬂpeTaHﬂh / Hochoemle\ [ Ynpapienue \

IpenATCTBUSA

- OCHUTH COCTOAHUC

- IOCTPOUTH MapLIPYT

00 OKpysKaloIeM AaHHBIX: Mapupyra: poGorom:
Mupe: - Hayarh
- OTCJICANTD - ONPEAETUTh TOUKY MOHUTOPUUHT
- pasmepsl obnactn | TIOJIOKEHHE cTapra - ONIPENIENUTH
- IOCTOSIHHEIE - HOCTPOUTH MOJENbL - ONIPEAEIUTD LEIH NPENATCTBUS

- COXpaHUTb NJaHHBIC O

- BPEMCHHBIC

\ NPEIATCTBUA /

MapupyTe u

TpEnATCTBUAX /

JlanHbIe A1 00yUYCHUs

Puc. 7. Texnomoruyeckuit 1iukyi paboThbl CUCTEMBI MOHUTOPUHTA

Cucrema QyHKIMOHUPYET IUKJINIECKU. 371ech Ha sTare « CMBIC Pa3MeIeHus» OlpeIesIsieT-
s IIPOCTPAHCTBO JJIsI IIPOBEIEHUsST MOHUTOPIHTA, 0Ty IaeTCst HHPOPMAIs 06 N3BECTHBIX CUCTE-
Me C TIPEJIBIIYIIUX ITAIOB MPEISITCTBUASIX: BPEMEHHBIX U MOCTOSTHHBIX. Ha srane «Bocupusitue»
pobOT M3ydaeT TeKyIIee COCTOSTHIE OKPYKatolieil cpeibl. BO3MOXKHO, 371eCh BHOCSITCSI U3MEHEHUST
B MHMOPMAIIAIO O MPENSITCTBUSIX, €CJIM OHU OBLIN IepEeMEIEHbI JTUO0 YIaJIeHbl U3 00C/IeyeMOoii
obstactu. Ha stane «Ilnans» BbIOHSIETCS TOCTpOEHUE JIMOO KOPPEKTUPOBKA MapIIPyTa OT TEKY-
el TOYKY JI0 OCTABIIUXCS HEIIPOMIEHHBIMEI TOYEK [IPOBEIEHNSI MOHUTOPUHTA. DTall «/lelicTrBues

MOCBSIIIEH [IEPEXOJY YCTPOUCTBA MOHUTOPHUHIA B HOBYIO TOUKY HCCIEIyeMO#l 0bJiacTu, coxpaHe-
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Robot Test Send and Recived Data

Send Control

"L, 2 ; Z > 1 |
P 92.168.43 v N o

;S“" Robot Tests post! 192168432 5080 Wifi Strengtt 50dBm 3atary 100 (2 |

» Bz |

HostName:|RT-Nout-07

Send Data
Robot ‘

Robot IP: [152.168.43 62 Sensars

12:54:23 867 stop
12:54:24 955 right
12:54:25.035: stop
12:54:25 620 selfright
12:54:25.684: stop
12:54:26 503 selfleft
12:54:26.570: stop

Recived Data

12:54-4
12:54:46:154,
12:54:4

Puc. 8. Okuo unTepdeiica mporpaMMbl IJIsT YIIPABJIEHUsT POOOTOM IIPH MOHUTOPUHIE OOBEKTOB

HUIO TIOJIYIE€HHOI TeKyIeil nHMOPMAIUU O MPENSTCTBASX. DTa WH(MOPMAIlisi CTAHOBUTCSI HOBBI-
MU «JAHHBIMU J[JIsI OOyYeHHsT» IIPHU ITOCTPOECHUN HAJbHEHINX MapIIPYyTOB U YUUTBIBAETCS IIPH
dopMupoBaruy (HaKTHIECKOTO MapPIIPYTa, IO KOTOPOMY JIBUXKETCS yCTPOUCTBO MOHHUTOPUHTA.

[TosTomy mutst ympaBiieHHsT YCTPORCTBOM MOHUTOPUHTA OBLIO pa3paboTaHO HACTOIBLHOE ITPU-
JIO2KEHUE JIJIst TECTUPOBaHUsT podOTa U MOy YeHUST IAHHBIX ¢ HETO (pI/IC., KOTOPOeE TIpe/IHA3HAaTe-
HO JIJIsI JIACTAHIIMOHHOIO yIIPABJIEHUsT POGOTOM (IIOCPEICTBOM MAHE/U YIPABJICHUsI) U TI€PeIadn
COODITEHNT B KOHCOJTbHOM pexKuMe, cBsizu ¢ poborom o Wi-Fi uepes IP-anpec ycrpoiicrea. Ko-
rja pobOT BKJIIOUEH, JaHHbIe mepeaaiorcs depes ESP-kapry (miara paspabordnka, Ha KOTOPO
ycraHoBjieH MUKpOKOHTpoJiep ESP32 ¢ 6eciposogubivu nnrepdeiicamu WiFi/Bluetooth s
nepenadn jganueix). Cpenn nepegaBaeMoil nHMOPMAIIUK:

® JIAHHBIE O PACCTOSIHUU MEXKJy POOOTOM U OJIMKAMINUM HPENSITCTBUEM;

® JIaHHbBIE O KOJIMYECTBE MIATOB, HEOOXOIUMBIX JIJIsl JIOCTUKEHUS STOIO IIPEIATCTBUA 1O TPsi-

MOIf;

e masBanue (aiia ¢ pororpadueil NpenATCTBUS;

® KOODJMHATHI MPESITCTBUAST HA KapTe UCCIIeLyeMOoii 00JIaCTH;

® paspeleHne n300ParKeHust;

e unrbOpMAaIKA O COCTOSTHUN POBOTa (JIBUKETCsI, CTOUT, IPUIAPKOBAH ).
ITostyuennnie mannble 3amnuckiBaiorcss B CSV-daitn. Yupapiaenue pobOTOM OCYIIECTBIISIETCS Ha,
naHeyin yrpasjeHusi Send 10 aHAJOIUU € UCIOJIB30BAHUEM IyJIbTa yIipapjeHus. [Ipu Haxkarun
KHOIIKY MBI Ha, OJIHOM M3 KHOIIOK yIIPaBJjeHus pOOOT MEPEMEIIACTCS 10 TPACKTOPUH, 38 JaHHOM
ortepatopoM. MudopMmarius 0 KOMaHIaX, IIEPEIaBAEMbIX PODOTY, HEepeIaeTcs Ha KOHCOJIBHYIO

IHaHesIb. PoDOTOM TaKzKe MOXKHO YIIpaBJIATb, OTIIPpaBJIdd KOMaHIbl Ha KOHCOJIbHYIO ITaHEJIb.
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SaKJ/IroueHue

B crarbe paccMorpeHa 3ajada IUIAHUPOBAHUS TPAEKTOPUH MOHUTOPUHIA C HPEISTCTBISIMUI
Ha nccaeayeMoil Teppuropun. IlpuBeneH ajaropuTs, HO3BOJISIONIMEA YIYUIIATh 3aJaHHYIO HIe-
ATBHYIO TPaeKTOpHIO (TO ecTh perrenne 3aga4du TSP 6e3 orpannvennii) B COOTBETCTBUE C CyIIe-
CTBYIOIIMME CTAIIMOHAPHBIMY U IOABUXKHBIMHE IIPEISITCTBUSIMUA Ha, IyTH poboTa. MHpopMmarus o
CTaIlMOHAPHBIX MPEIIATCTBUAX COXPaHACTCA B 6a3e JaHHBIX 1 MOZKET 6LITB HOHyLIeHa 110 3aIIpo-
Cy. HpegnonaraeTCﬂ, YTO IIOABU2KHBIC IIPEIIATCTBUSA MOFyT nMETb HE M3BECTHOE PACIIOJIO?KEHME
HA KapTe HCCIeayeMoil 00JIacTu M MIeHTU(OUIIUPOBAHBI TOJBKO IIOCJIE€ CTApTa MPOBEIEHUS] MO-
HUTOpPUHTA. 9TOT IIOAXO0a, MO2KHO HCIIOJIL30BaTh JJIsA Ha,6.HIO,ZLeHI/IH 3a pa3JINMIHbIMHA O6'beKTaMI/I C
3€MJIM, B 9aCTHOCTHU, B IIPOMEUICHUN.

K zamagam Oyrymmx uccieIoBaHmit MOXKHO OTHeCTH cJieytomue. [Ipex e Bcero, HeoOX0uMo
OIpeJeINTh HanboJIee MOAXOASIIII JIJI JAHHON 3a1a9K aJI'OPUTM OIpEIe/IeHIS UAEAJIHLHOIO IIy-
TH U IepecdeTa ONTHUMAJILHON TPaeKTOPUH IIPY BOSHUKHOBEHUN MOABUXKHBIX NpensdarcrBuii. OHu
MOI'YT BOBHMKHYTDH IIOCJIE OIpPEIE/IeHNS HAYAJILHOIO MAapIIPyTa, U B 9TOM CIydae Ipeiaraercs
HCITOJIb30BATH MOJIYJIb MCKYCCTBEHHOI'O MHTEJIEKTa JJIsi PACIIO3HABAHUS IPEIISATCTBUS, OIPEIe-
JIEHUsI €r0 KOHTYPOB, 3aHeCeHUs] NH(MOPMAIMHA O IPENITCTBUU B 0a3y JAHHBIX U HAHECEHHH €ro
Ha KapTy MpOBeleHnst MOHUTOpUHTra. MHMOpMaIus 0 HAJIMINKA BPEMEHHBIX IPENSITCTBUI JOIKHA
OOHOBJISITHCSI B COOTBETCTBUH C 3aJaHHBIM pacuucanueM. Eciii npensTcTBre yeTpaHeHO, TO OHO
[IOMeIAaeTCs B apXUBHYIO Tab/uIly 6a3bl JaHHBIX M M3BJIEKAETCS U3 Hee, KaK TOJBbKO OHO Oymer

pAacCIIo3HAHO Ha KapTe IPU OYepPeTHOM MOHUTOPHUHTE.
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The article considers the task of developing a system for modeling the trajectories of a robot monitoring in a
closed area from the ground: inspection of premises, survey of industrial facilities, assessment of the condition of
fruit trees, etc. During monitoring, some obstacles may arise in the robot’s path: temporary and removable (people,
small furniture, household appliances, emergency zone) or permanent (walls, permanently installed equipment,
fixed furniture). The robot is controlled using a program developed by the authors, which stores a database of
routes successfully overcome by the robot earlier, for the most accurate determination of the trajectory of the
robot, taking into account obstacles encountered along the constructed path. The article considers an algorithm
for constructing a graph model of the monitoring area for the subsequent search for the shortest route of the
robot, which consists in discretization the area, identifying possible ways to move the robot, analyzing existing
obstacles and setting distances between the objects of study. It is shown that after obtaining such a graph, it is
possible to apply one of the algorithms for finding the Hamiltonian path in a graph. It connects the vertices of
the graph corresponding to the monitoring points. The result of applying the algorithm is the shortest route of
the robot, or a message about the impossibility of monitoring (partial or complete insolubility of the problem) if
a number of obstacles do not allow you to plot a route passing through some (or all) vertices.

Keywords: routing, plane graph, algorithm, optimization, constraints, drone and truck problem, precision
farming, monitoring.
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OIITUMAJIBHOE VIIPABJIEHUE
TPEMA WORK-STEALING JTEKAMU
B IBYXYPOBHEBOI ITAMATN

© 2024 E.A. Akcéunona, E.A. Bapkosckuii, A.B. CokoJjioB

Huemumym npuxaaoHbs MAmemMamuieckux ucciedosarul
Kapeawvcrozo nayurozo yenmpa Poccutickotll axademuu HAYK
(185910 Iemposasodck, ya. [Tywrunckas, 0. 11)

E-mail: aksenova@kre.karelia.ru, barkevgen@qgmazl.com), avs@krc.karelia.ru
[Tocrynuna B pemaknuio: 26.07.2024

[Ipu BBITTOTHEHNY TAPAJITIETBHBIX BEIYHUCIEHNN BOSHUKAET P00 IeMa PABHOMEPHOTO PA3/IEJIEHUS 38/1a9 MEZKTY
norokamu. OTHUM U3 CITIOCOOOB PEIIEHNsI 9TON TPOOJIEMBI SBJISIETCSI IPUMEHEHUE PACIPENETIEHHON TUHAMUIECKON
OasaHcupoBKHU Harpy3ku. [Ipu TakoM criocobe H6a/TaHCUPOBKU KasKIbI pabOYHil IOTOK UMEET CBOIO OYEPE/Ib 3a1a9
¥ TIOTOKM CaM¥ 3aHUMAIOTCHA JaJIbHENIeM pacupeaenaeHueM 3azgad. [[lupokoe pacnpocTpaHeHre MOy Iu METO,
bastaHCcUpOBKU «wWork-stealing», B KOTOPOM OJIMH MOTOK, ¥ KOTOPOTO 3aKOHYUJINCH 33JIa9l, MOYKET IIePEXBATHIBATD
3aJla4M JAPYrux MoTokoB. Jluisl peasmsanum Takoro MeTo[a y KarKJOro IIOTOKA JOJIKEH ObITh CBO CIeIMasIn3u-
POBAHHBIN JIEK, B KOTOPOM XPAHSITCA yKa3aTe/d Ha 3a7a49u. B 9Toil craTbe MpejiaraeTcs U UCCIeAyeTCs HOBBII
MEeTOJT TIpeJICTaBJIeHusI Tpex work-stealing mekoB B JIByXypOBHeBOU mamsitu. PaccMmarpuBaercst ciaydait paboThl ¢
TpeMsl JIleKaMU, KOIJia B OJHOM pa3zzeisie ObIcTpoil naMmsaTu pacrosoxkenbl ase LIFO-uactu mekoB — naBa creka,
KOTOpBIE PAacTyT HABCTPEYy JPYyT JPYry, B JAPYroM pasjese OblcTpoil mamsaru pacnosioxkensl Tpu FIFO-uacrn,
KOTOpBIe 00bemuaenbl B oaay FIFO-ouepesp, n3 KOTOPOI 9JIEMEHTBI TOJIBKO UCKIIIOYAIOTCA (KParXKh), W TPEThS
LIFO-gyactb. CpejiHirie 9aCTH JEKOB HAXOJSITCSI B MEJJIEHHON MaMsiTH, OOpallleHne K HUM [POUCXOJUT TPU Iepe-
nostaennn wim omnycromenun LIFO-uacreit ninn omnycromennn FIFO-uacreii 1eKoB, pacrioioXKEHHBIX B OBICTPOit
mamaTH. PaccmarpuBaercst 3a71ada ONTUMAJIBHOTO pa3fesieHus OBICTPOI MaMsiTH JIJIsi TPEX JIEKOB C 3apaHee 3a-
JAHHBIMU BEPOSITHOCTSIMU BBIMTOJTHEHUSI OTEpallnii. DTOT BBIOOD 3aBUCHT OT XapaKTEPUCTUK YPOBHEH MaMsiTH,
BEPOSITHOCTE Ollepalnii ¥ KPUTEPHs OINTHMAJIbLHOCTH. B KadecTBe KPUTEPHsS ONTHMAJIbLHOCTH PACCMATPUBAETCS
MaKCUMAJIBHOE CPeJIHEee BpeMst pabOThl CUCTEMBI (CPeHee KOJIMIECTBO ONEPAIHiA) J0 IEPEPACTIPE/ICICHAST TAMSITH.

Karoueswie crosa: deyryposuesas namamv, memod Mowme-Kapao, cmpykmypv, dannoix, work-stealing dexu.

OBPASEIIl INTUPOBAHUA
Axcénora E.A., Bapkoscknuit E.A., Cokonos A.B. OnrumaibHoe yrnpasierue Tpemst work-
stealing nekamu B aByxypoBHeBoii mamsitu // Becrauk FOVpI'Y. Cepusi: Borancimrenbraas Ma-

remaruka u uadopmaruka. 2024. T. 13, Ne 3. C. 47-60. DOI: 10.14529/cmse240303.

BBenenue

[Tpu BBITTOSTHEHNH TTapaJIIeTbHBIX BEIUIUCIEHII BOSHIKAET IpobieMa pAaBHOMEPHOIO pas3iee-
HUsT 33J1a9 MEXKJIY TOTOKAMU. DTY IPOOJIEMY PENIatoT C IIOMOIIBI0 CTATHIECKON U TUHAMITIECKOI
OaJIaHCUPOBKH 38,18 . Ecim cBoiicTBa 1 0COOEHHOCTH BBIYKMC/ISIEMBIX 3a/1a4 U3BECTHBI 3apaHee,
TO IPUMEHSIIOT CTATUYECKYIO OalaHCUpOBKY. Takne 3a1a4un siBasiiorcss NP-1otHbIMI , U JIJIST MX
pelleHns] MOYKHO COCTaBUTDL paciucanne. Ecian nadopMalmn o BEIYAC/ISIEMbIX 38189 HEJ0CTATOY-
HO, TO I€JIeCO00Pa3HO IPUMEHSITh JUHAMUYIECKYIO DaJIaHCUPOBKY. B TakoM ciydae OalaHCUPOBKa
3aJa4 [IPOUCXOIUT BO BpeMs PabOThI CHCTEMBI . Crpareruio JuHaMUYIECKON OaTaHCUPOBKU, B
CBOIO OY€epellb, MOKHO Pa3leIuTh Ha MEeHTPAJU30BAHHYIO U PACIIPENeIEHHYIO . B nenrpasu-
30BAHHOI OAJIAHCHPOBKE HA3HAYECHUEM 3384 3aHIT CIEIUAJbHO IS 9TOI0 OTBEIEHHBIA TOTOK.

B pacmpenenennoit 6amaHCHpoBKe KaXKIbIi paboumii MOTOK MMeeT CBOIO OdYepelb 3aJad U

IIOTOKN CaMH 3aHHUMaIOTCA I{&HbHeﬁHleM pacmpeaesenueM 3a1a49. CyHleCTByIOT Pa3/InIHbIC Me-
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OnrtumanbsHoe ynpasjieHue tpems work-stealing nekammu B AByXypOBHEBOI mamMsiTu

TOJIBI pacupeeaeHHoi basancupoBku 3aaa4. [lo meTomy «work-dealings morok, y KoToporo Ha-
KOIIMJIOCh MHOIO 3aJa4, IepepaclpeielisieT UX CPeInd APYyIuX IIOTOKOB @ . ITo meTomy «work-
requesting» IOTOK, y KOTOPOI'O 3aKAHUUBAIOTCS 3aJ1a9M, 3allPalliBaeT UX y APYTUX IOTOKOB .
CyTtb MeToma «work-stealing» B TOM, UTO ec/Ii y IOTOKa 3aKAHUIMBAIOTCA 3aa4d, OH HAUMHAET
IepexXBaThIBaTh UX Y JIPYTUX IMOTOKOB @ Meron work-stealing mmeer mmpokoe pacrpocTpane-
HHE U IpUMeHsieTcsl B caeayoomux banancuposimkax 3agad: Cilk; Intel TBB; dotNET TPL;
X10 u gpyrux. s peaausanuu 3TOro MeToa, v KayKI0T0 IMOTOKA JIOJI?KEH OBITH CBOI CIIeIaIi-
3MPOBAHHBIN JIEK, B KOTOPOM XPaHsTCs ykasaresan Ha 3ajgaun. Jlek (anri. «double ended queue»,
cokpaleHHo «deque») — 3TO CTPYKTypa JAHHBIX, B KOTOPOIi omepaiun j100aBieHus (onepars

«push») u yjasnenust (omeparysi «pop») 3JIEMEHTOB IIPOUCXOJSAT ¢ OOOMX KOHIIOB IO IIPHHIAILY

LIFO (puc.|1).
L L

Puc. 1. Ilpunnun paborsl gexa

Bo Bpemst paboTbl cHCTEMBI, PeaJIM30BAHHON Ha OCHOBE MeToma work-stealing, moroku 00-
pamamTcsd K CBOUM JI€KaM II0 C/IeAYIOIeMy MMPUHIIAILY: II0C/Ie CO3JIaHus HOBOH 3a7a4dd, ITOTOK
obaByIsieT yKa3aTe/b Ha Hee B BEPIITHHY CBOErO JeKa; eC/IN TIOTOKY TPeOyeTCs 3a/1a4a JJIst BBIIOJI-
HEHUs U €ro JeK He IIYCT, OH OepeT yKa3aTesb U3 BEPIINHBI J€Ka; €CIU MOTOKY TpedyeTcs 3a1a4da
JI7IS BBITIOJTHEHUSI U €r0 JIeK IIyCT, OH IEPEXBATHIBACT YKa3aTe b U3 OCHOBAHUS JIEKa JPYTOro Io-
ToKa. Takum 0bpa3oM, IepBbIe B OlepAaIlii BBITOJTHSIOTCS ¢ OHOTO KoHIta 1o npunnuny LIFO,
a IepexBaT JIEMEHTOB IPOUCXOJUT U3 OCHOBaHUsI CTPYKTYpPhI ganubix (npuniun FIFO). Jlek, pa-

boTaromuit TaKuM 00pa30M, Ha3bIBAETCS JEKOM C OTPAHUIEHHBIM BXOJIOM nian work-stealing

nexom (puc. [2).

) -

-

pop \
pop

Puc. 2. Ilpunmun paborsr work-stealing mexa

Tax xKak 3aga4n 6aJJAHCUPOBKY HATPY3KN BO3SHUKAIOT B MHOTOIIPOIIECCOPHBIX CHCTEMAX u
B BBIYUC/IUTETbHBIX CETIX , Tpedyercst 3 dpeKTUBHO KUCMO/Ib30BaTh MeTo 1, work-stealing.
st 3TOTO TpemararoT He TOJIBKO PA3JIUIHBIE CIIOCOOBI €r0 pPeaTu3allun , HO W CIIOCOOBI
yupasieHus work-stealing nexamu .

Mopgenn work-stealing 6asiancupoBIinKa, OCHOBaHHAas Ha alliapaTe TEOPUU MaCCOBOTO 00CTy-
JKUBaHUsI, ObLIA MPEJJIOKEHA B . B [IPEJIJIATAeTCsT M UCCTIEYETCST PeATM3AIUs SKC-
[IEPUMEHTAILHOTO JIMHAMUYIECKOro work-stealing basrancuposmuka. Jleku MOXKHO NIPEJICTABUTE B

IHaMATHU C IIOMOIIBIO PA3JIMIHbIX METOI0B . HaHpI/H\Aep, METO/ CBA3HOI'O IIpEeJCTaBJICHUA .
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st crekoB m odepejieil MOJIeSIb HA OCHOBE 3TOIO METOJ[a yIKe MOCTPOEHA . Taxke MOYXKHO
BOCITOJT30BATHCS METOJIOM JIBYXCBSIZSHOTO CTPAHWYHOTO MPEICTABICHUS . Mogmenb Ha ocHOBe
9TOTO MeToMa JJIs JIEKOB OyJeT TOoXoxKa Ha Y¥Ke MOCTPOCHHYIO MOJIETb JJIs JAPYTUX CTPYKTYD
JTAHHBIX .

B peIarajanch MOJEN W METO/IBI ONITUMAJIBHOTO YIIPaBIeHusT 1ByMsi work-stealing
JIeKaMU B ODITel TaMsITH OJTHOTO YPOBHsI. BBLIO pPaCcCMOTPEHO MUCIOTBL30BAHIE PACTPOCTPAHEHHO-
T'0 METOJIA Pa3/IeTLHOTO TMOCIEIOBATEIHHOTO MUKINIECKOTO TIPEICTABICHUST U IPUMEHEHTE HOBOTO
MeTOoJa, IJe HeKH JBUTAITCS JPYT 3a JPYyTOM II0 KPYTry E B OBLIH TIPEJJIOXKEHBI U IIPO-
AHAJM3UPOBAHBI MOJIEJIM U METOJbI ONTUMAJIBLHOTO yIpaBjeHust TpeMmsi work-stealing mekamu B
ob1ieit maMaT OJHOTO YPOBHSI.

B nByxypoBHEBOI HaMSATH JI€K IIPEJCTABJIEH TAKAM 00Pa30M: B OBICTPOI MaMsiTh IEPBOTO
YPOBHSI PACITOJIOXKEHBI KOHIIBI JIEKA C KOTOPBIMU OYJIYT TPOUCXOUTD ONEPAIIAN; B ME/JIEHHOI T1a-
MSITH BTOPOT'O YPOBHS HAXOIUTCS CEPEINHA JIEKA (pI/IC.. B [PEJJIATAJINCH MOJIETN Pabo-
THI JIEKa B JIBYXyPOBHEBOII IAMSITH U PEIIAJIACH 3a/1a9a O TIOUCKE ONTUMAIBHOTO YUC/IA SJIEMEHTOB
KOHIIOB JIeKa, KOTOPBIE OCTAIOTCH B OBICTPOI YACTH IOCJIE Iepepacipe/ie/ieHns IBYXYPOBHEBOI
namMsaTu. 3ajada ONTHMAJIBHOIO yIpaBjeHus JByMs work-stealing nekaMu B JIByXypOBHEBOI I1a-
MSITH ObLTa UCCIeTOBAHA B .

level 1

level 2

Puc. 3. IIpunnun paborsl work-stealing nexa B qByXypOBHEBOI MaMsITH

B sT0it cTaTbhe npeiaraeTcs U UCCAEyeTCsl HOBBIM METOJ, IIpecTaBienns Tpex work-stealing
JIEKOB B JIByXYPOBHEBOII mamsitu. B pas;:geﬂeonmcaﬁ HOBBIiT METOJI IIPEICTABIEHUS TPEX JIEKOB B
ABYXYPOBHEBOI HaMsITH 1 cOPMYJINPOBaHa 3aJ1a9a OINTUMAJILHOIO YIIPaBIeHUs JeKaMu. Perre-
HHE 33J1a91 U Pe3yJIbTaThl UCCJIETOBAHNN JTIAHbI B pa3ﬂeﬂe B zakJrroueHun 1mpejiiioyKeH BapuaHT
HCIOJIb30BaHUsT 3TOI'0 METOJa U IPUBEJIEHBI HEKOTOPbIE HAIIPABJIEHUs JAJbHEHINX HCCIe0Ba-

HUIA.
1. ITocranoBka 3agaun

PaccMOTprM KOMITBIOTEPHYIO CHCTEMY, IMEIOIIYIO JBYXYPOBHEBYIO ITaMsITh. B MeieHHOI ma-
MSITH BTOPOI'O YPOBHSI PACIIOJIOZKEHBI cepeinHbl Tpex JiekoB (Dey, Deg, Des), B KOTOPBIX XpaHSIT-
sl yKasaTeJu Ha 3a/a4u. B 6bICTPOil HaMsITH 11€pBOr0 YPOBHs PacIosiozKeHbl KOoHIbI (Sky,, Qey)
tpex siekoB (Dey): Sk, — pabounii koner neka De,, B KOTOPBI MPOUCXOAAT J00ABICHHs U
ylajenusi ykasareseil; Qe, — work-stealing konern neka De,, u3 KOTOPOro mocroponuue (He
paccMaTpuBaeMbIe 371€Ch) JIEKU [EPEXBATHIBAIOT yKA3aTe N,

[TamsiTh TIEPBOrO YPOBHSI pA3MEPOM M. €JIMHUIL pa3/iesieHa Ha JIBe 4acTh s U m — s (puc. :
B 4aCTH $ pacroJioxkenbl work-stealing koHIbl Bcex Tpex JekoB (Qeq, Qes, Qes), 0bbeuHeHHbIe
B OJIHy ouepeib (Je u pabouuit KoHer epBoro jeka Ski, paboTamoiiuii Kak CTEK; B 9aCTU M — S

PAaCIIOIOKEHbI paboure KOHIbI OCTAIBHBIX JIBYX jeKoB (Ska, Sks), pacryiiye HaBCTpedy JIpyr
ApYyry.
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N m-§

e —

Qel Qez Qe3 — Skl Sk, e . Sk3

m

Puc. 4. Pacmooxxenne 1eKOB B IAMSITH [IEPBOTO YPOBHS

Onuu ykKa3are/ib Ha 3aJady paBeH OJHON emquHHUIE HaMmsTh. llycTh HadajbHBIE pa3Mepbl
KOHIIOB JiekoB Sk1 = Qe; = Sky = Qey = Sk3 = Qes = 10 ykazareseii, obnmii pasmep
namsaTu mepsoro yposusa m = 100 ykasareseit. Takum oOpasoMm, pas3jiesieHne S MOKeT IPUHIMATD
suagenust § = 40...80 equnur namaru. Hagaabable pasMepbl KOHIOB J€KOB U pa3Mep IMaMATH
SABJISIIOTCSA TEOPETHICCKUMU 3HAYEHUSIMU, B3SITBIMU JJIsI YIIPOIIEHU JaJbHEHImX pacdeToB. B
9TOI CTaThe He PpacCMATPHUBAETCS 3a/a9a HAXOXKIEHUs ONTHMAJIbLHBIX HAaYaJIbHBIX pPasMepoB. B
TabJI. HpI/IBe,ZLeHbI OIIePAIH, IIPOUCXOISAIINE C KAXKIBIM JeKOM Ha KasKJIOM Iare JIUCKPETHOrO
BPEMEHHU C 3aJaHHOI BeposiTHOCTHI0. CyMMa BEpOATHOCTEH BOBHUKHOBEHUsI OIEPAIMil sl JeKa,
Dey: pn + gn + wn + pwp + quyp + 1 = 1

Tabuuia 1. BepositHocTH oneparuii ¢ jekaMu

Ob6ozuauenne | OmmcaHue BEPOSITHOCTH

DPn Jlobasiienne ykasares B pabounii koHen, Sk, neka De,

qn ViaJsienne ykasaresisd u3 pabodero koura Sk, mnexa De,

[TepexBar ykasaress us obimeit work-stealing ouepenu Qe,

tn B TO BpeMs Kak Jiek De,, obpabaTbiBaeT 3a/1ady
[TapannenbHoe mobaBiieHre yKasareasd B pabounii konen Sk, nexa Dey,
Ptn U nepexBar ykazaress u3 obieil work-stealing ouepenun Qe
[TapaJutenibHOE yrajieHue ykasarejs u3 pabodero Kouma Sk, mexka De,
7t U IepexBar yKasares u3 obieil work-stealing ouepenun Qe
. Ornepariust He U3MEHSIONIAsT pa3Mepbl KOHIIOB feKa Dey,
n

(HampuMep, 06pabOTKa 3314t )

Cucrema paboraer GECKOHEUHO U MPEKPAIAET CBOIO paboTy (IIPOUCXOIUT mepepacipe/iesie-
HEe OBICTPOil MAaMsITH) [P OIYCTOIIEHUN pabovero Koura Jjioboro geka Sk, < 0, upu omycro-
menun oOIell work-stealing ouepenu Qe wiau npu nepenoyiHeHun JiF00O0M dacTu OBICTPOIL TIa-
matu Qe + Sk > s, Ska + Sks > (m — s). B sroii crarbe pemaercst 3aja4a 0 HAXOXKJEHUN
ONITUMAJIEHOTO 3HAUEHUSI Pa3/IeIeHusI § OBICTPOI TaMsITH 1, JIJIsT TPEX JIEKOB ¢ 3apaHee 3aaHHbI-
MU BEpOSITHOCTSIMU BBITIOJTHEHUsT onepanuii. Kpurepnit onTuMa bHOCTH: MAKCUMAJILHOE CpPeTHee
BpeMsi paboThI CHCTEMBI (Cpe/Hee KOJMIEeCTBO Onepanuii) 10 mepepacupe/ie/IeHusT TTaMsITH.

2. YwnucijeHHbIl aHaJIn3

Jlyist perenus mocTaBJIeHHON 3a/aun Oblia paspaboTaHa MMATAIMOHHAS MOJEb IIPOIEcca
Ha ocHose Merosa Monre-Kapio. BxoaubiMu TaHHBIME MOZEIN 3HAYATCS: Pa3Mep HaMsTH [ep-
BOI'O YPOBHsI (m); 4acTh HaMsTH orTBejieHHast nmape QQe—Sky (s); BEpOSTHOCTH BO3HUKHOBEHHSI
onepanuii ¢ jgeramu (Pn, Gn, Wp, PWp, Wy, Tp). Pe3yJbTaToM UMUTAIMOHHOIO MOJIEINPOBA-
HUsI SIBJISIETCSI CPejiHee BpeMsi paboThl cucTeMbl (t) 10 nepepacipeiesenns namsati. C IoMOIIbo
MMUTAIMOHHON MOJIE/N GBI IIPOBEJIEH DI NCC/Ie0Banuii. B3aTeie 3/1ech BEPOATHOCTH Omepanmit
SIBJIAIOTCS TEOPETUIECKIMHU, JIJIE yIIPOIIEHNsI PACIETOB U MOBIIEHUS HATJISIHOCTH PE3YILTATOB.
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B Tabu. I/IpaCCManI/IBaeTCH CUTyalli}, B KOTOPBIX yKa3aTeJn J00aBIAIOTCS B OJIUH U3
JIEKOB dallle, YeM B OCTajIbHble JIeKU (p1 > p2, p1 > P3 U p2 > p1, p2 > p3). B rabu I/I
aHAJIM3UPYIOTCS CIydal, TJe yKa3aTe I J00aBIaioTces B /IBa JIeKa Jallle, 4eM B OCTaBIIniics J1eK
(p1 > ps, p2 > ps u p2 > p1, p3 > p1). B Tabu @paCCManI/IBaeTCH cilydail, The yKasaTein

JT06ABJISIIOTCST BO BCE JIGKU OJMHAKOBO IacTO (p1 = p2 = P3).

Tabuauia 2. Cpejnee BpeMsi pabOThl CUCTEMBI, P > Pg U D3

Meton pazneneHust maMsTh

BepositHOCTH Onepariuii
Pasznesenne nomotam | OnrumalibHOE pasjesieHne

p1 = 0.50, p2 = p3 = 0.26,
q1 = 0.02, g5 = q3 = 0.26, 27.90 66.72 (s = 69)
r =ro=1rT3= 0.45

pP1 = 0.60, P2 = Pp3 = 0.31,
q1 = 0.02, ¢ = g3 = 0.31, 22.24 54.09 (s = 70)
r1r=r2=1r3=0.35
pP1 = 0.70, P2 = Pp3 = 0.36,
a1 = 0.02, g2 = g3 = 0.36, 18.49 45.55 (s = 70)
r —=ro=1rT3—= 0.25
P1 = 0.80, P2 = PpP3 = 0.41,
q1 = 0.02, g = g3 = 0.41, 15.82 39.34 (s = 70)
ry=1r9 =713 =0.15
pP1 = 0.90, P2 = Pp3 = 0.46,
q1 = 0.02, g2 = g3 = 0.46, 13.83 34.63 (s = 70)

rN =T9g =173 = 0.05

Tabauiia 3. Cpejtee BpeMsi pabOTBI CUCTEMBI, Py > P1 U D3

Meton pasneneHnst maMsTH

BepositHocTu oneparumii
Pasnesrenne nomoam | OnrumalibHOE pasjiesieHue

P2 = 0.50, P1 =PpP3 = 0.26,
q2 = 0.02, g1 = q3 = 0.26, 60.16 64.55 (s = 46)
r1=ry =13 =0.45

p = 0.60, p1 = p3 = 0.31,
g2 = 0.02, ¢ = q3 = 0.31, 49.94 53.29 (s = 46)
rr=ro=1r3=0.35
pa = 0.70, p1 = p3 = 0.36,
g2 = 0.02, g1 = q3 = 0.36, 42.69 45.36 (s = 46)
ry =19 =1r3=0.25
p2 = 0.80, p1 = p3 =0.41,
g2 = 0.02, ¢ = g3 = 0.41, 37.29 39.48 (s = 46)
rr=ro=1r3=0.15
p2 = 0.90, p; = p3 = 0.46,
g2 = 0.02, g1 = q3 = 0.46, 33.10 34.94 (s = 46)

ri =19 =13 = 0.05
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Tabauma 4. Cpennee BpeMsi pabOThI CHCTEMBI, P1 U Pg > P3

MeTO,H pa3gesieHnd ImaMATH

BepositHOCTH Onepartuii
Pasznenenne nomoam | OnrumalibHOE pasjesieHue

p1 = p2 = 0.50, p3 = 0.26,
q1 = q2 = 0.02, g3 = 0.26, 27.86 41.01 (s = 58)
rt=ro =13 =0.45

p1 = p2 = 0.60, p3 = 0.31,
q1 = qo = 0.02, g3 = 0.31, 22.24 33.73 (s = 58)
ri=1r9 =713 =0.35
p1 = p2 = 0.70, p3 = 0.36,
q1 = q2 = 0.02, g3 = 0.36, 18.49 28.75 (s = 59)

rt=ro =13 =0.25

P1=DpP2 = 0.80, pP3 = 0.41,
g1 = q2 = 0.02, g3 = 0.41, 15.83 25.12 (s = 59)
ry =19 =r3=0.15
p1 = p2 = 0.90, p3 = 0.46,
q1 = q2 = 0.02, g3 = 0.46, 13.83 22.35 (s = 59)

™M =T2=T3= 0.05

Tabauma 5. Cpexnnee BpeMsi pabOThl CUCTEMBI, Py U P3 > P

Meton pasneneHnst maMsTH

BepositHocTu oneparumii
Pasnesrenne nomosam | OnrumalibHOE pasjiesieHue

p2 = p3 = 0.50, p1 = 0.26,
q2 = q3 = 0.02, ¢ = 0.26, 32.47 36.45 (s = 45)
ry =19 =r3 =045

p2 = p3 = 0.60, p1 = 0.31,
g2 = q3 = 0.02, ¢y = 0.31, 26.92 30.13 (s = 45)
™M =T2=T3= 0.35
p2 = p3 = 0.70, p; = 0.36,
g2 = q3 = 0.02, ¢ = 0.36, 23.01 25.69 (s = 45)

ry =19 =1r3=0.25

p2 = p3 = 0.80, p1 = 0.41,
g2 =q3 =0.02, ¢y =041, 20.09 22.39 (s = 45)
ry =19 =13 =0.15
p2 = p3 = 0.90, p; = 0.46,
g2 = q3 = 0.02, ¢ = 0.46, 17.85 19.86 (s = 45)

r1 =1y =13 = 0.05
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Tabauna 6. Cpegaee BpeMsi pabOThbl CUCTEMBL, P = P = P3

. Meton pazesienust maMaTu
BepositHOCTH Onepartuii

Pa3,ILeJIeHI/Ie II0ITOJIaM OurumaJjibHoe pazjgesienue

p1 = p2 = p3 = 0.50,
@1 = g2 = g3 = 0.02, 25.87 27.90 (s = 53)
r =Tro=1rT3—= 0.45
p1 = p2 = p3 = 0.60,
7 =q2 = g3 = 0.02, 21.14 23.17 (s = 53)
r1 =12 =13 =0.35
p1 = p2 = p3 = 0.70,
q1 = q2 = q3 = 0.02, 17.88 19.88 (s = 53)
r —=Tro=1rT3 = 0.25
p1 = p2 = p3 = 0.80,
q1 = g2 = q3 = 0.02, 15.49 17.49 (s = 53)
r =Tro=17T3 = 0.15
p1 = p2 = p3 = 0.90,
q1 = q2 = q3 = 0.02, 13.67 15.68 (s = 53)
ry =re =13 =0.05

Ha ocHoBe TIpOBEJIEHHBIX UCCAETOBAHUI MOXKHO CJIeJIaTh BBIBOJI, UTO CpeJHEe BpeMsi PabOThI
CHCTEMBbI BO3PACTaeT, €CJIM JIeJUTh HaMsTh ONTHMaJbHO. Hampumep, 1mo pesyjbraTaM TadJl.
anst obmieit mamstr m = 100 exunaum u BepositHocTsx p1 = 0.50, po = p3 = 0.26, onTuMaIbHBIE
pa3Mepbl MaMATH COCTABJIAIOT: s = 69 emmHuUI mjs mapol Qe—Sk; u m — s = 31 emuHUI 17150
napbl Sko—Sks. I[lpu TakoM pazjiesieHnn maMsaTH CHCTEMA B CpeJHEM coBepiiaeT Ha 38.82 onepa-
it 6oJIbITe, UeM TIpU pas3ae/IeHun HaMsTH IornoaM. ['paduk 3aBUCHMOCTH CPEIHETO BPEMEHN

paboTsl (t) oT pasjeieHns mamMaTu (S) MPUBEJICH HA pI/IC.
70
60
50
40
30
20
10

0
40 45 50 55 60 65 70 75 80

s
-&—p, =0.50, p,=p;=0.26
-, =p;=0.50,p,=0.26

Puc. 5. 3aBucumoctsb BpeMeHU pabOThl OT pa3/e/ieHnusl TaMATH

Amnayornanasi cuTyarust HabJII0IaeTCsI U JIJTsT OCTAIBHBIX cydaeB. Tak, anagausupyst TabJ.

MOXKHO YBUJETH, UTO ONTHMAJbHBIE pa3Mepbl MaMATH JJIsT BeposaTHocTell pa = p3 = (.50,
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p1 = 0.26 cocrapystior: s = 45 equHuIl U m — s = 55 eaunuIl. [Ipm onTuMmaabHOM pa3zjiesie-
HUU TAMSTH CHUCTEMa B cpejiHeM coBepinaeT 36.45 omepamuii, yro Ha 3.98 omeparuii 6osbIie,
YeM [PH Pa3JIeJIeHIH aMATH HonosaM. ['paduk 3aBUCHMOCTH CpeIHero BpeMeHu paboTse (t) oT

pasiesieHus maMsTH (S) IPUBEIEH Ha PHC.

3akJro4yeHne

B crarbe pemaercd 3ajata 0 MOUCKE ONTUMAJILHOTO 3HAUYCHUS Pa3fe/IeHUs] TaMSITH Iep-
BOI'O YPOBHS MeXKIy TpeMs work-stealing rmekamu, B KadecTBe KPUTEPHUs OINTUMAJILHOCTU PAC-
CMaTPUBAJIOCh MAKCUMAJILHOE CPeJIHee BpeMs PadOThI CUCTEMBI JI0 Mepepacpe/Ie/IeHUs aMsITH.
NmuranuonHast MOIE/h 9TOrO Iporecca ObLIa MOCTpoeHa Ha ocHOBe Merona Mourte-Kapio u
MIPOAHAJIN3UPOBAHA.

[IpennoxkeHHy0 MOJETb MOYKHO HCHOJIB30BATL JJId ONTUMHU3AIAN JIBYXYPOBHEBON HaMATH
pu pa3paboTKe CUCTEMHOTO POrpaMMHOI0 obecriedenusi. Jjisg 9Toro Tpebyercs mpoBeCTH Mpe/i-
BapUTEJILHBIN CTATUCTUYECKUN aHAJIN3 PAOOTHI CUCTEMBI U Ha OCHOBE HOJIYUEHHBIX JIAHHBIX Pac-
CYUTATH 3HAYEHUE ONTUMAJBLHOIO Pa3/esIeHus aMSITH.

B Oysyiiem MOXKHO paccMOTpETH Jpyrue KPUTEPUH ONTUMAJbHOCTH, TaKHe KaK MUHIMHU3a-
[Usi CyMMBI CPEJIHUX 3aTPaT WM MUHUMHU3AIIUs HAUOOJBIINX CPEIHUX 3aTpaT Ha IIepepPaCIIpPe/ie-
Jieare ObICTPO# mamMsaTu. Takke MOKHO 000DIIUTD ITY 33/1a9y Ha IIPOU3BOJILHOE YHUCJIO JeKOB. B
TaKOM CJIydae HaJIo Oy/IeT paccMaTpuBaTh pasHble BAPUAHTHI COBMECTHOTO paciosoxkenus: LIFO-

u FIFO-ugacreit 1eK0B B OBICTPOIl maMsiTH.

JIureparypa

1. Herlihy M., Shavit N. The Art of Multiprocessor Programming. San Francisco, CA, USA:
Morgan Kaufmann Publishers Inc., 2008. DOI: [10.5555/1734069.

2. Kwok Y.-K., Ahmad I. Static scheduling algorithms for allocating directed task graphs to
multiprocessors // ACM Comput. Surv. New York, NY, USA, 1999. Dec. Vol. 31, no. 4.
P. 406-471. DOI: 10.1145/344588.344618|.

3. Alakeel A.M. A Guide to Dynamic Load Balancing in Distributed Computer Systems //
International Journal of Computer Science and Network Security. 2010. Vol. 10, no. 6.

P. 153-160.

4. Beaumont O., Carter L., Ferrante J., et al. Centralized versus distributed schedulers for
multiple bag-of-task applications // Proceedings 20th IEEE International Parallel & Dis-
tributed Processing Symposium. 2006. P. 10. DOI: [10.1109/IPDPS.2006.1639262.

5. Xia Y., Prasanna V.K., Li J. Hierarchical Scheduling of DAG Structured Computations
on Manycore Processors with Dynamic Thread Grouping // Job Scheduling Strategies
for Parallel Processing / ed. by E. Frachtenberg, U. Schwiegelshohn. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2010. P. 154-174. DOI: 10.1007/978-3-642-16505-4_9.

6. Hendler D., Shavit N. Non-blocking steal-half work queues // Proceedings of the Twenty-
First Annual Symposium on Principles of Distributed Computing. Monterey, California:
Association for Computing Machinery, 2002. P. 280-289. DOI: 10.1145/571825.571876.

7. Hendler D., Shavit N. Work dealing // Proceedings of the Fourteenth Annual ACM Sympo-
sium on Parallel Algorithms and Architectures. Winnipeg, Manitoba, Canada: Association
for Computing Machinery, 2002. P. 164-172. DOI: |10.1145/564870.564900.

54 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»


http://dx.doi.org/10.5555/1734069
http://dx.doi.org/10.1145/344588.344618
http://dx.doi.org/10.1109/IPDPS.2006.1639262
http://dx.doi.org/10.1007/978-3-642-16505-4_9
http://dx.doi.org/10.1145/571825.571876
http://dx.doi.org/10.1145/564870.564900

E.A. AkcénoBa, E.A. Bapkosckuii, A.B. CokoJsioB

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Acar U.A.) Chargueraud A., Rainey M. Scheduling parallel programs by work stealing with
private deques // SIGPLAN Not. New York, NY, USA, 2013. Feb. Vol. 48, no. 8. P. 219—
228. DOI:110.1145/2517327.2442538.

Arora N.S.; Blumofe R.D., Plaxton C.G. Thread scheduling for multiprogrammed multi-
processors // Proceedings of the Tenth Annual ACM Symposium on Parallel Algorithms
and Architectures. Puerto Vallarta, Mexico: Association for Computing Machinery, 1998.
P. 119-129. DOI: 10.1145/277651.277678.

Yang J., He Q. Scheduling Parallel Computations by Work Stealing: A Survey // Inter-
national Journal of Parallel Programming. 2018. Apr. Vol. 46, no. 2. P. 173-197. DOLI:
10.1007/s10766-016-0484-8|

Knuth D.E. The art of computer programming, volume 1 (3rd ed.): fundamental algorithms.
USA: Addison Wesley Longman Publishing Co., Inc., 1997. DOI: [10.5555/260999.

Alam M., Varshney A.K. A New Approach of Dynamic Load Balancing Scheduling Algo-
rithm for Homogeneous Multiprocessor System // International Journal of Applied Evolu-
tionary Computation. 2016. Vol. 7, no. 2. P. 61-75. DOI: [10.4018/IJAEC.2016040104.

Awmenmaa H.O., Koprauseny A. /1., Usauckuii FO.B., Tromer K.1. IIpuMmenenne KOHCEHCYCHO-
ro IPOTOKOJIA JIJIsA OAJTAHCHPOBKH 3arPy3KN CTOXACTHIECKON MENEHTPAIN30BAHHON CETH IIPH
nepenade nanubix // XII Beepocceniickoe coBeranue 1o mpobsiemam yupasienus: Tpy/isr na-
yuHoi Kordepenruu, Mocksa, 16-19 uronst, 2014. Mocksa: UITY PAH, 2014. C. 8902-8911.

Amelina N.; Fradkov A., Jiang Y., Vergados D.J. Approximate Consensus in Stochastic
Networks with Application to Load Balancing // IEEE Transactions on Information Theory.
2015. Vol. 61, no. 4. P. 1739-1752. DOI: 10.1109/TIT.2015.2406323.

Li J., Agrawal K., Elnikety S., et al. Work stealing for interactive services to meet target
latency // SIGPLAN Not. New York, NY, USA, 2016. Feb. Vol. 51, no. 8. Article 14. DOIL:
10.1145/3016078.2851151.

Wimmer M., Versaci F., Traff J.L., et al. Data structures for task-based priority schedul-
ing // SIGPLAN Not. New York, NY, USA, 2014. Feb. Vol. 49, no. 8. P. 379-380. DOL:
10.1145/2692916.2555278.

Gmys J., Leroy R., Mezmaz M., et al. Work stealing with private integer—vector-matrix data
structure for multi-core branch-and-bound algorithms // Concurrency and Computation:
Practice and Experience. 2016. Vol. 28, no. 18. P. 4463-4484. DOI: https://doi.org/10.
1002/cpe.3771.

Mitzenmacher M. Analyses of load stealing models based on differential equations // Pro-
ceedings of the Tenth Annual ACM Symposium on Parallel Algorithms and Architectures.
Puerto Vallarta, Mexico: Association for Computing Machinery, 1998. P. 212-221. DOI:
10.1145/277651.277687.

Kuchumov R., Sokolov A., Korkhov V. Staccato: Cache-Aware Work-Stealing Task Sched-
uler for Shared-Memory Systems // Computational Science and Its Applications — ICCSA
2018 / ed. by O. Gervasi, B. Murgante, S. Misra, et al. Cham: Springer International Pub-
lishing, 2018. P. 91-102. DOI: [10.1007/978-3-319-95171-3_8|

Kuchumov R., Sokolov A., Korkhov V. Staccato: shared-memory work-stealing task sched-
uler with cache-aware memory management // International Journal of Web and Grid
Services. 2019. Vol. 15, no. 4. P. 394-407. DOI: |10.1504/IJWGS.2019.103233.

2024, T. 13, Ne 3 55


http://dx.doi.org/10.1145/2517327.2442538
http://dx.doi.org/10.1145/277651.277678
http://dx.doi.org/10.1007/s10766-016-0484-8
http://dx.doi.org/10.5555/260999
http://dx.doi.org/10.4018/IJAEC.2016040104
http://dx.doi.org/10.1109/TIT.2015.2406323
http://dx.doi.org/10.1145/3016078.2851151
http://dx.doi.org/10.1145/2692916.2555278
http://dx.doi.org/https://doi.org/10.1002/cpe.3771
http://dx.doi.org/https://doi.org/10.1002/cpe.3771
http://dx.doi.org/10.1145/277651.277687
http://dx.doi.org/10.1007/978-3-319-95171-3_8
http://dx.doi.org/10.1504/IJWGS.2019.103233

OnrtumanbsHoe ynpasjieHue tpems work-stealing nekammu B AByXypOBHEBOI mamMsiTu

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Axkcenosa E.A.) Cokonos A.B. Metoss! ynpasierust work-stealing mekaMu B JUHAMAYIECKUAX
[UTAHUPOBIIUKAX MHOTOIIPOIECCOPHBIX TapaJliesbHbIX Bbraucyaenuii // Becrauk FOYpI'Y.
Cepust: Berunciurenbnas maremaruka u nadopmaruka. 2023. T. 12, Ne 4. C. 76-93. DOI:
10.14529/cmse230403.

Chase D., Lev Y. Dynamic circular work-stealing deque // Proceedings of the Seven-
teenth Annual ACM Symposium on Parallelism in Algorithms and Architectures. Las Ve-
gas, Nevada, USA: Association for Computing Machinery, 2005. P. 21-28. DOI: [10.1145/
1073970.1073974.

Sokolov A., Drac A. The linked list representation of n LIFO-stacks and/or FIFO-queues in
the single-level memory // Information Processing Letters. 2013. Vol. 113, no. 19. P. 832—
835. DOI: 10.1016/j.1ip1.2013.07.021.

Hendler D., Lev Y., Moir M., Shavit N. A dynamic-sized nonblocking work stealing deque //
Distributed Computing. 2006. Feb. Vol. 18, no. 3. P. 189-207. DOI: 10.1007/s00446-005-
0144-5.

Axcenosa E.A. Jlazytuna A.A., Cokonor A.B. O6 onTuMabHBIX METOJAX MPEICTABICHUS
JIMHAMIYIECKUX CTPYKTYD JMaHHbIX // OG03peHue NPUKJIaHON ¥ MPOMBIILICHHON MaTeMa-
tuku. 2003. T. 10, Ne 2. C. 375-376.

Sokolov A., Barkovsky E. The Mathematical Model and the Problem of Optimal Parti-
tioning of Shared Memory for Work-Stealing Deques // Parallel Computing Technologies /
ed. by V. Malyshkin. Cham: Springer International Publishing, 2015. P. 102-106. DOI:
10.1007/978-3-319-21909-7_11.

Bapxorckuit E.A., Kyaymos P.I., Cokosio A.B. OnrumasibHOe yipaBjeHue IByMsT wWork-
stealing jexkamu B 0OIeil naMsaTH IPU Pa3JIMYHBIX cTpaTerusx nepexsara paborer // IIpo-
rpaMMHBIe CUCTEeMbI: Teopus u npuioxkenusi. 2017. T. 8 Ne 1. C. 83-103. DOI: [10.25209/
2079-3316-2017-8-1-83-103.

Bapxkoeckuit E.A., Jlazytuna A.A., Cokomor A.B. Ilocrpoenne 1 aHa s MoIeIn IPOIECcca
paboThI C IByMsI JIEKAMH, JBUTAIOIMIUMUCS JPYT 3a ApyroM B obrmeil mamstu // IIporpamm-
Hble cucTeMbl: Teopust u upuioxkenust. 2019. T. 10, Ne 1. C. 3-17. DOI: |10.25209/2079-
3316-2019-10-1-3-17.

Aksenova E.A., Barkovsky E.A., Sokolov A.V. The Models and Methods of Optimal Control
of Three Work-Stealing Deques Located in a Shared Memory // Lobachevskii Journal of
Mathematics. 2019. Nov. Vol. 40, no. 11. P. 1763-1770. DOI:/10.1134/31995080219110052.

Jlazyruna A.A., Cokono A.B. O6 omrumasbroMm ympasiennn Work-Stealing mekamu B
JIByXYPOBHEBOII mamsaTn // BeCcTHHK KOMIBIOTEPHBIX U HH(MOPMAIMOHHBIX TEXHOJOTHIA.
2020. T. 17, Ne 4. C. 51-60. DOI: [10.14489/vkit.2020.04.pp.051-060.

Axcenosa E.A., Jlazytuna A.A., Cokonor A.B. MunuMusaiust cpeJIHAX 3aTpaT Ha IIepepac-
npejiesienne npu padore ¢ work-stealing nexkom B aByxypoBHeBoii namstu // [Tporpammubie
cucreMbl: Teopusi u npuioxkenusi. 2021. T. 12, Ne 2. C. 53-71. DOI: [10.25209/2079-3316-
2021-12-2-53-71l

Aksenova E.A., Lazutina A.A., Sokolov A.V. About Optimal Management of Work-Stealing
Deques in Two-Level Memory // Lobachevskii Journal of Mathematics. 2021. July. Vol. 42,
no. 7. P. 1475-1482. DOI: |10.1134/51995080221070027.

o6

Bectuuk FOYpI'Y. Cepusi «BorauciauresbHasg mareMaTuka u nH(pOpMaTUKa»


http://dx.doi.org/10.14529/cmse230403
http://dx.doi.org/10.1145/1073970.1073974
http://dx.doi.org/10.1145/1073970.1073974
http://dx.doi.org/10.1016/j.ipl.2013.07.021
http://dx.doi.org/10.1007/s00446-005-0144-5
http://dx.doi.org/10.1007/s00446-005-0144-5
http://dx.doi.org/10.1007/978-3-319-21909-7_11
http://dx.doi.org/10.25209/2079-3316-2017-8-1-83-103
http://dx.doi.org/10.25209/2079-3316-2017-8-1-83-103
http://dx.doi.org/10.25209/2079-3316-2019-10-1-3-17
http://dx.doi.org/10.25209/2079-3316-2019-10-1-3-17
http://dx.doi.org/10.1134/S1995080219110052
http://dx.doi.org/10.14489/vkit.2020.04.pp.051-060
http://dx.doi.org/10.25209/2079-3316-2021-12-2-53-71
http://dx.doi.org/10.25209/2079-3316-2021-12-2-53-71
http://dx.doi.org/10.1134/S1995080221070027

E.A. AkcénoBa, E.A. Bapkosckuii, A.B. CokoJsioB

Akcénosa Enena AijekceeBHa, K.d.-M.H., JjabopaTropust HH(MOPMAINOHHLIX KOMIILIOTEPHBIX
TexHosioruit, WHCTUTYT HPUKJIAIHBIX MaTeMaTHUYeCKUX HCCaeaoBaHuil KapeabcKoro HaydIHOTO
neatpa Poccniickoit akagemun Hayk (Ilerposasojck, Poceniickas @enepariust)

Bapkosckuit EBrenmit Asnekcannaposud, HesaBucuMblii nccienosaress (Ilerposasomnck, Poc-
cuiickast Peseparrst)

Coxkomnos Anjpeit Biaagumuposud, 1.¢d.-M.H., npodeccop, jgaboparopus WHGOOPMAIMOHHBIX
KOMITBIOTE€PHBIX TeXHO.)'IOl"I/II‘/,I7 I/IHCTI/ITyT IIPUKJIAJIHBIX MaTeMaTHUICeCKUX I/ICC.HGILOB&HI/Iﬁ Kapeﬂb-

ckoro Hay4Horo renrpa Poccuiickoit akagemuu nayk (Ilerposasosck, Poccuiickas ®eneparust)

DOI: 10.14529/cmse240303

OPTIMAL CONTROL OF THREE WORK-STEALING
DEQUES LOCATED IN TWO-LEVEL MEMORY

(© 2024 E.A. Aksenova, E.A. Barkovsky, A.V. Sokolov
Institute of Applied Mathematical Research

of the Karelian Research Centre of the Russian Academy of Sciences
(str. Pushkinskaya 11, Petrozavodsk, 185910 Russia)
E-mail: |aksenova@kre.karelia.ru, |barkevgen@gmasl. com, \avs@Qkre.karelia.ru

Received: 26.07.2024

The problem of even balancing of tasks between threads may arise during parallel computations. One way
to resolve this issue is to implement distributed dynamic load balancing. In this balancing method each worker
thread has its own task queue, and threads themselves distribute further tasks. One of the widely used distributed
dynamic balancing methods is “work-stealing”™ a thread that runs out of tasks begins to “steal” them from another
thread. To utilize this method, each thread must have its own specialized deque where pointers to tasks are stored.
In this paper, we propose and examine a new method for representing three work stealing deques in two-level
memory. We consider the case of working with three deques, where one section of fast memory contains two LIFO
parts of the deques, i.e., two stacks that grow towards each other. Third LIFO part and three FIFO parts are
located in the other section of fast memory. FIFO parts are combined into one FIFO queue, from which elements
are only deleted (being stolen). The middle parts of the deques are located in slow memory. They are accessed when
LIFO or FIFO parts located in fast memory are empty or overflowed. We consider the problem of finding optimal
partition of fast memory for three deques with predetermined probabilities of operations. This choice depends on
the characteristics of memory levels, operation probabilities, and optimality criteria. The optimality criterion is
the maximum mean system operating time (the average number of operations) before memory reallocation.

Keywords: data structures, Monte Carlo methods, two-level memory, work stealing deques.
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To ensure high operating efficiency of modern supercomputers, it is necessary to constantly analyze and
control various aspects of their behavior, paying special attention to the flow of supercomputer applications
running on these machines. To solve this problem, the TASC (Tuning Applications for SuperComputers) software
suite was previously developed. It automatically detects performance issues in HPC applications and evaluates the
efficiency of using supercomputer resources, provides supercomputer administrators with a flexible report tool for
analyzing different aspects of supercomputer functioning with the desired level of detail, and estimates the noise
level on compute nodes. This paper provides full-scale description of current TASC structure and capabilities,
including the stages of data processing and storing, as well as performing different types of analysis. It also
describes new results obtained and methods developed within one of the main TASC components — assessment
system for quick and accurate evaluation of HPC resources usage efficiency.
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Introduction

Supercomputers are used to substantially increase the speed of performing computational
experiments, which are needed in a wide variety of different scientific and commercial researches
in any major subject area. This means that the speed of supercomputer computations is one
of the key characteristics, and the task of increasing it is among the most important ones.
However, it turns out in practice that the performance of many supercomputer applications is
quite low , since they efficiently utilize only a fraction of resources provided to them. This is
due to both the extreme complexity of the structure of modern supercomputers (which leads to
the fact that correctly taking into account all the hardware peculiarities to achieve maximum
performance has become a very difficult task), and the complexity of writing high-performance
parallel applications in general. And this becomes more and more topical, since the HPC market
is growing .

The problem is complicated by the fact that many users are unaware that their applications
are not working efficiently. And performance issues can arise for various reasons: inefficient
implementation of the application itself; poor matching of the selected software implementation
and the target hardware; external factors caused by the surrounding supercomputer environment,
and many others. One possible way to solve this problem of unawareness about inefficient use
of supercomputer resources is to constantly analyze the flow of running applications, notifying
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both the users about their inefficient applications and the supercomputer administrators about
the situation in general.

With this in mind, the TASC (Tuning Applications for SuperComputers) software suite was
previously developed at the Research Computing Center of Lomonosov Moscow State University.
This suite includes several software components that use different approaches for solving the
stated task. A tool for automatic detection of job-level performance issues |4| allows to promptly
notify users about potential performance issues in their applications, which is done based on a
set of predefined rules. An assessment system |1| is designed to automatically provide a quick and
accurate evaluation of the efficiency of using supercomputer resources. An “endless” web report
system provides administrators with a very flexible set of performance-related dashboards
that allows them to analyze only the required data subset with desired level of detail. And a
noise level estimation system @ helps to understand to what extent system processes (which are
always running in the background on compute nodes) actively interfere with the execution of user
applications. In this case, “noise” is defined as an external influence of the software and hardware
environment leading to a change in the execution time or other properties of user applications
running on the supercomputer, and one of the most common noise sources is operating system
processes.

This paper provides for the first time a full-scale description of the current state of the TASC
software suite, as well as presents the latest methods developed within it and results obtained
using this solution.

The question of the efficiency analysis of applications running on supercomputers is touched
upon in several existing studies. There are a number of papers like presenting holistic reports
on the operation of specific HPC systems. In these papers, many major aspects of supercomputer
functioning are considered: job launch properties (duration, number of allocated processors, used
software libraries, etc.); job efficiency in terms of CPU or GPU load, intensity of communication
network usage; distribution of job, node-hours or efficiency characteristics between partitions
or subject areas; and many others. However, these were mostly manually performed studies,
therefore not portable and not directly applicable in other supercomputer centers. There are also
works that study the efficiency of individual aspects of supercomputer behavior in more detail.
For example, the authors of in detail discuss how the job properties and trends in resource
consumption of two large supercomputers, Intrepid and Mira, have changed over several years of
operation. In paper , authors present a software solution for automatic detection of problems
with job efficiency and behavior. Another paper discusses the causes of low I1/O throughput
and provides a dedicated software solution to detect them. There are other similar works as
well, but the difference in TASC is that it aims at holistic automated analysis of many different
aspects, also focusing on thorough analysis of monitoring data.

The main paper is organized as follows. Section [1|shows the current TASC architecture
and capabilities, listing the input data being used and describing approaches to storing this data
(subsection, as well as showing main tools for performance analysis (subsection. Section
is devoted to the description of new methods, tools and results that have been obtained recently,
which are all related to the assessment system. In subsection we describe new visualization
tools for the assessment system, new methods for informing users about the results obtained
are described in and inwe describe the data mining method for continuous prediction
of assessments. We show interesting examples of using this system in section

summarize the work done.
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1. TASC Current State

TASC software suite is intended for carrying out ODA (Operational Data Analytics, e.g.,
see ) on a supercomputer. It performs continuous performance analysis and visualization
of data on behavior of supercomputer in general and applications running on in particular. In this
section, we will describe TASC architecture and functionality, using its existing implementation
running on the Lomonosov-2 supercomputer as an example.

The overall working algorithm of TASC software suite is quite straightforward. Most input
data needed for performance analysis carried out by TASC is collected using monitoring systems
running on compute and service nodes of a supercomputer. The data is sent via network to
the dedicated virtual machine running main TASC services, where it is processed and stored
into databases. Analysis tools are launched on this virtual machine at the selected frequency,
retrieving data from databases, studying it and storing results back to databases. The obtained
insights are available to supercomputer users and administrators via websites and notifications
using email or messengers. Thus, two main stages of TASC operation can be distinguished:
1) processing and storing the required input data, and 2) subsequent analysis of this data. We

will describe these stages in more detail below.
1.1. Processing and Storing Data for Subsequent Analysis

TASC does not directly collect raw data (monitoring systems are mainly used for this pur-
pose), so this process is not described here. However, the variety of collected input data is of
interest. Figurelists the types and sources of data that are being regularly collected on the
Lomonosov-2 supercomputer. Each grey rectangle corresponds to a specific target (hardware or
software) being monitored, a yellow rounded rectangle — to a specific tool and the data it col-
lects. Within the rounded rectangle, it is shown what tool is used for data collection (top right),
what types of data is collected (center) and what the granularity of data collection is (bottom
right).

The main source of performance data is compute nodes, and we use DiMMon monitoring
system developed in RCC MSU to collect it. This data is collected once per second, then it
is aggregated and sent to TASC once per minute. For each job running on Lomonosov-2, TASC
gets the following information:

e CPU load and load average;

e intensity of sent/received bytes and packets via MPI network;

e GPU load and memory usage;

e Lustre file system usage (amount of read/write bytes and opened/closed files);

e performance monitoring counters describing CPU usage activity and cache misses;

e amount of available RAM:;

e existence of ECC errors.

On compute nodes, we additionally collect information about noise level, which helps us to
detect cases when noise becomes notable. For this purpose, a special script was implemented,
which regularly runs quick noise measurement in the epilogue of user jobs (see @ for more
details).

There is no need to study service nodes in such detail, however, it is also useful to collect
information about them, especially regarding their reliability. That is why we obtain such basic
data as server availability using ping command, load average and available disk space. On head
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Figure 1. Monitoring data collected on the Lomonosov-2 supercomputer

node, we are interested in the number of active users currently working on Lomonosov-2, as well
as in load average.

In order to get a detailed picture of supercomputer behavior, information from compute and
service nodes alone is not enough. We additionally collect data from different system software. Of
course, SLURM is used to get information about launches of user jobs — who, when and where
launched each job, how many nodes were allocated, what the job exit state was, etc. We also use
XALT to get useful information about popular software packages (like NAMD, GROMACS,
etc.) and compilers being used in jobs.

There is one source of data for TASC that does not run on the supercomputer itself. We
regularly request Octoshell (supercomputer center management system developed in RCC
MSU) located on a separate server to obtain information about users as well as scientific projects
and organizations they work in.

All this variety of data needs to be properly stored, so that TASC analysis modules can easily
and quickly retrieve all the information they need. The overall data storage organization scheme
is shown in Fig.|2| The main database used to store almost all types of data is a MongoDB
database. This DB type was initially chosen because we work with very diverse data, and we
also need to be able to easily add new data sources. For this purpose also, we have developed
our own unified API, which significantly simplifies this process of importing different types of
data in our MongoDB. All the data in this database is never deleted, enabling us to work with
all the historical information we want.

The only exception is the main performance-related data from compute nodes. The reason
why it is imported differently is the volume of this data. More than 40 characteristics are collected
on each compute node using DiMMon, and for each of them minimum, average and maximum
value is sent every minute. Taking into account that the number of nodes in the Lomonosov-2
supercomputer is more than 1500, and also considering our desire to store this information for a

long time, it is obvious that the main database will very quickly become too large and slow. That
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Figure 2. Data storage organization in TASC

is why we decided to use the following approach. All DiMMon data with 1-minute granularity
is stored to PostgreSQL database called Main PSQL. This data is regularly aggregated per job
and sent to MongoDB. Since this database is used frequently and queries to it must be executed
quickly, it can not be very large, so it rotates the data and stores data for the last ~3 weeks. But
we want the data not to disappear so quickly, so it was decided to add two more databases —
Detailed and Persistent PSQL. The first one stores the same data, but for a much longer time
period (~5 months). It is rarely used, usually to perform heavy queries involving large amounts
of data. The Persistent PSQL stores data almost endlessly (for 3 years now, planned to make
it even longer), but since the database would become unacceptably large over such a period of
time, the data granularity was reduced from 1 minute to 10 minutes.

The described scheme has proven itself well in practice, allowing to easily deal with large

amounts of real-life data.

1.2. Performing Data Analysis

The part of TASC responsible for performance analysis consists of several generally inde-
pendent solutions, each of which is aimed at carrying out ODA for studying different aspects
of supercomputer behavior. The main analysis software tools implemented and used in practice
are:

e tool for automatic detection of job-level performance issues;

e web report system of “endless” workload analysis;

e assessment system for evaluating HPC resource efficiency;

e noise measurement tool.

The first solution automatically detects performance issues in all user jobs running on the
supercomputer. This is performed using a set of predefined rules; each rule describes one particu-
lar issue with job performance and includes issue description, criteria for its automatic detection
using monitoring data, supposition of its root cause as well as recommendation on possible fur-

ther steps for its elimination. On the Lomonosov-2 supercomputer, there are currently ~30 rules
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implemented that are aimed at capturing MPI usage inefficiency, imbalance, usage of wrong
partitions, abnormally inefficient jobs, etc. The examples and more detailed description of these
rules can be found in .

“Endless” workload analysis is a web-based system for HPC system administrators that
can provide performance-related reports with a desired level of detail. This flexible tool can show
only the needed subset of data for a specified level of consideration, starting from particular job
launches and to the HPC system as a whole. The ability to fine-tune both the subset of data
being considered and the object of consideration (job launch, user, project, organization, software
package, scientific area) generates a tremendous number of possible report variants, which gives
this system its “endless” name.

One way to assess the performance of an HPC application is to determine how efficiently it
uses resources allocated to it. However, commonly used metrics, which are collected on-the-fly for
all applications running on the supercomputer (i.e., without the need to restart the application
in profiling, tracing, or debugging mode), usually do not allow estimating this with sufficient
accuracy. For example, CPU user load shows processor utilization, but it does not indicate if
CPU is busy with useful calculations. Further, common memory-related characteristics like the
frequency of cache misses or read/write operations also do not allow one to accurately assess
whether memory is being used efficiently. In order to solve this problem, a set of assessments was
proposed , which automatically calculate accurate measurements of resource usage efficiency
(CPU, memory, MPI network, I/O, GPU) for all jobs being executed on the supercomputer. The
main idea is to estimate to what extent dealing with a specific resource interferes with useful
computations. This allows both identifying applications that show low efficiency and determining
directions for further performance analysis using existing profilers, debuggers, etc.

Most modern supercomputers contain so-called noise on compute nodes, which was previ-
ously defined as an external influence of the software and hardware environment leading to a
change in the behavior of user applications. It is usually quite insignificant, but in some cases
it can notably affect the behavior of user applications. In order to assess the noise level, a tool
within TASC was proposed and developed @ that allows regular estimation of the noise level on
compute nodes. This tool is based on Netgauge software aimed at measuring OS noise.
It starts in the SLURM epilogue after each job completion (but no more than once a day, so as
not to impact user applications itself) and provides a noise level metric ranging from 0 (no noise
at all) to 100 (maximum possible noise level). This helps, for example, to identify dysfunctional
nodes and send them to system administrators for further detailed study and repair.

2. TASC Recent Developments

The main recent developments within TASC are aimed at enhancing one analysis compo-
nent — the assessment system. In this section, we will describe them as well as provide real-life
examples of useful insights obtained using this system.

As mentioned earlier, the assessment system allows for automatic estimation of the efficiency
of using various resource types for all jobs running on the supercomputer. Previously, an approach
for creating such assessment system was proposed , as well as a software implementation of
the assessments and its evaluation in practice were performed. This system provides assessment
scores for 4 main types of resources (GPU scores were proposed but not implemented due to
limitations of currently available hardware): CPU, memory subsystem, MPI network, I/0. Each
score estimates resource usage efficiency ranging from 0 (working with this resource did not
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hinder useful computations in any way during job execution) to 100 (it constantly hindered
useful computations during job execution).

This section describes further work in this direction. An approach to visualizing the collected
information on assessments was developed, a method for informing supercomputer users about
detected efficiency problems was proposed, and an analysis of the collected statistics on the
assessments obtained on the Lomonosov-2 supercomputer was conducted. Also, we implemented
a solution for continuous prediction of assessment values in cases when the main method of their
calculation is not applicable.

2.1. Dashboards for Assessment Results Visualization

The main goal of this service is to provide a convenient web tool for studying all the main
results obtained by the assessment system. It should be noted that it is only available to su-
percomputer administrators; users receive results from the assessment system in a much smaller
volume and in a simpler and more convenient way (see subsection . This is done, in particu-
lar, because excessively detailed information is not required by users and will only confuse them:;
moreover, users should not have access to information about the performance of other users and
projects.

To provide detailed information about the quality of supercomputer resources usage, this web
service uses so-called dashboards — web reports dedicated to a certain part of results available
in the assessment system. In total, three main dashboards are implemented: 1) general informa-
tion about resource usage efficiency; 2) detailed information about particular user; 3) detailed
information about particular scientific project. FEach dashboard can be flexibly configured using
different filters, such as specific time period, user, project, organization, used software package,
supercomputer partition, number of nodes or node-hours, presence of particular performance
issues automatically detected by rules in TASC (briefly described in subsection. It should be
noted that all figures shown below in the paper are screenshots obtained from these dashboards.

The general information dashboard is designed to provide primary insights about what is
happening on the supercomputer in general. The dashboard provides the following information:

e integral values of different assessment scores;

e dynamics of change in score values over time;

e distribution of score values for different jobs;

e top worst values for particular jobs, users and projects.

For example, Fig. shows the distribution of scorecp, (axis X) and scoremem (axis Y) for
individual jobs, where each point corresponds to one job and its color — to different users.
Consider, for example, the point in the upper left corner, highlighted by the green circle in the
figure. This job has a scorecp, of 45, which is generally within the normal range, and a scoremem
of 80, which is much higher (i.e., worse) than normal. In this case, we can conclude that the
processor often waits for data from memory during the execution of this application, though this
is not a significant bottleneck, since the share of useful calculations is still high. The situation
is quite different for the application highlighted by the red circle: here, the scorecpy is above 90,
and the scoremem is slightly above 40. Such a high scorecp, value indicates serious performance
problems, and memory usage is likely one of the reasons for this (although clearly not the only
one, since the scorepen, value is not so high). This job definitely requires a more detailed study,
as can be concluded based on this graph.
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Figure 3. 2D graph showing distribution of values for scorecp, and scoremem for individual
jobs (screenshot from web dashboard)

The dashboard with detailed information about particular user shows the following informa-
tion:

e overall user activity: number of job launches and consumed node-hours for the selected

time period;

e aggregated score values for the selected period, as well as user rank according to these

scores (in general and for the selected software package);

e distribution of score values, separately for each resource type;

e detailed information on each job;

e the same information as for the first dashboard (but filtered for this user only): dynamics

of change in score values over time and distribution of score values for different jobs.

As an example, Fig.shows aggregated score values with user ranks (the lower the ranking,
the worse). This figure shows that the user has no problems with I/O (the average score is 0,
so no I/O-related issues at all, which obviously corresponds to the 1st place in the rating), but
the share of useful calculations is not so great — scorecp, is 67, and this is the 91st place out
of 115 (this is the total number of users who launched their tasks during the time period under
review). At the same time, note that the average scorepen, value is less than 40, which is generally
considered a normal value for supercomputer applications. But the low rank, according to this
assessment, suggests that memory usage can be probably optimized, since most of other users
show better memory usage efficiency.

These dashboards can be useful for quick but multi-sided primary analysis of resource usage
efficiency, starting from the most general level and gradually getting a more detailed picture. Of
course, to get conclusions about specific performance issues and ways to deal with them, one
need to use specialized software for more detailed performance analysis, but this solution helps
to take the first step and understand whether there are issues in general and in what direction
to move further during performance analysis.

2.2. Informing Users about Performance Issues

As said earlier, users do not need to be provided with such detailed information. In the vast

majority of cases, users are not interested in values of some scores they are not aware of. They
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Figure 4. Score values and user rank according to these assessments
(screenshot from web dashboard)

want to know whether there are performance issues in their applications and how to fix them.
For this purpose, automatic notification of users about such cases based on the results of the
assessment system was developed.

This is implemented as follows. Within the framework of TASC, rules were previously pro-
posed that automatically detect certain performance issues. In order to notify users of the
Lomonosov-2 supercomputer about these issues, a reporting system was implemented within
the Octoshell web-site (used as a “single window” for organizing the work with Lomonosov-2 for
all users). Among other, this reporting system shows a list of detected issues for each launched
job, along with an assumption about their occurrence and recommendations for their elimination.
It was decided to add additional rules to this solution that notify users about issues detected
by the assessment system. To do this, it was necessary to draw up criteria for rule triggering,
including defining threshold values for each score, which was done both on the basis of our own
experience and existing materials .

As aresult, each user always gets notifications about whether his applications have significant
issues with the efficiency of using various resources, and what software can be further used to
study these issues in more detail. Figureshows an example of such output for a job. The top
record is associated with scorecpy,, middle one — with scorej,, lower one — with scorepem. In all
cases, the corresponding rule triggered due to the score being so high that it indicates significant
impact on overall job performance, leading to this notification to appear. It should be noted that
such notifications appear only if resource usage efficiency was really low, which means that false

positives are rare in this case.
2.3. Development of Method for Continuous Assessment Prediction

All assessments within the proposed system are calculated based on monitoring data. Two of
them — scorecpy and scorepem — require collecting additional data from hardware performance
monitoring counters, which leads to overheads due to the usage of multiplexing mode (see
for details on estimation of such overheads). Therefore, on the Lomonosov-2 supercomputer this
data collection is currently organized only for a part of the jobs (for every third job at this
moment, in the future this will likely be increased). In addition, technical problems with the
monitoring itself may arise. This leads to the fact that assessments are not available for all jobs.

Therefore, the task of predicting scores for the remaining jobs arise.
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Figure 5. Examples of user notification about resource usage efficiency being too low, notably
interfering with useful computations (screenshot from web dashboard for users)

A general method has been earlier proposed that allows for highly accurate score predictions
based on data mining methods . However, this method cannot be used on a regular basis be-
cause it is too computationally expensive, in particular because it analyzes data on all previously
completed jobs. We propose an adapted, faster version of this method that works as follows:

e The prediction process is started every 30 minutes. At each iteration, a list of jobs that were
completed after the previous iteration and the duration of which was more than 30 minutes
is extracted (if duration is less, the volume of collected monitoring data is insufficient to
accurately assess job behavior).

e The knowledge base is loaded. The knowledge base includes the data on IN previous jobs
with known score values that were calculated using main method without prediction (we
will further talk about selecting the optimal value of V).

e The jobs are traversed from older to newer ones, for each of them the following is performed:

— Prediction is performed based on static information about program source code and
system monitoring data collected during program execution. Prediction is based on
searching for similar supercomputer jobs in the knowledge base and subsequent aggre-
gation of assessments for the list of detected similar jobs (this has not changed from
the original method, see )

— If it was possible to predict scores, these assessment values are saved.

— Also, if the true values of the predicted assessments (obtained from the main method)
are known for the current job, the knowledge base is updated in FIFO (first in first
out) mode.

One of the main questions that arises here is the selection of the N value, which sets the
number of jobs under consideration, on the basis of which the prediction will be made. To solve
the problem of selecting N, an experiment was conducted in which the method accuracy was
evaluated depending on the value of N. In this experiment, the prediction of scores was carried

out for the jobs, for which the true score values (obtained using the main method) were known.
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Accuracy was evaluated based on 2 metrics: Mean Absolute Error (MAE) u Mean Squared Error
(MSE). Both MSE and MAE are positive numbers, and the lesser the value — the better. The
task of predicting assessment values is the regression task, and MAE shows average error of the
regression model. MSE squares the error, and only then an average value is computed. This way
it ensures that predictions with high error have greater effect on the score, which, in combination
with MAE, allows for a more precise accuracy evaluation.

Within the experiment, jobs for several months of the Lomonosov-2 supercomputer operation
were studied. We only considered jobs with known assessments that lasted more than 30 minutes.
The total number of such jobs was ~4600. Accuracy comparison based on MAE and MSE metrics
showed that the best results are achieved with N = 1250. Tableshows the corresponding metric
values. Note that for assessment scores an error of +10 is considered acceptable, so the proportion
of predictions for which the error was more than 10 is evaluated separately.

Table 1. Accuracy results for the continuous assessment prediction method, N = 1250

% of jobs with predicted values | MAE | MSE | % of jobs with AE>10
SCOT€cpu 81.39 2.18 | 24.83 3.68
SCOT€mem 81.41 2.53 | 32.59 4.51

It is worth noting that the proposed method for continuous prediction can predict 7% fewer
jobs than the original method. However, the proportion of jobs for which scores were predicted,
as well as the accuracy of these predictions, are quite high. For example, the average error is less
than 3, and the proportion of notable errors (greater than 10) does not exceed 5%.

The proposed method was implemented and is used on a regular basis in everyday practice
on the Lomonosov-2 supercomputer. It should be also noted that if both the true and predicted
scores (calculated using main and proposed methods, respectively) are available for a certain job,
then the true value is used for further analysis as the more accurate one. However, the predicted
value is also saved; this will be useful, in particular, for subsequent accuracy evaluations of the
prediction method in the future.

We also evaluated the performance of the proposed method on the same experiment data as
described earlier. This evaluation was performed on a single Intel Xeon Silver 4214 (1 core was
used) with 8 GB RAM (usually less than 2 GB was used). It showed that on average it takes only
1.6 seconds to predict estimates for one job, which is orders of magnitude faster than current
real-life needs of the Lomonosov-2 supercomputer.

3. Real-life Application of the Assessment System

In this section, we will describe several examples obtained on real-life data from the
Lomonosov-2 supercomputer to demonstrate practical application of the proposed assessment
system. All these examples were found out using dashboards described earlier.

We have studied a list of individual job launches with the highest scorecp, scores for May-
June of this year. Of interest were the jobs with high score.,, combined with high CPU user
load — these are the cases when the processor is actively utilized, but at the same time the
share of useful calculations is small. As a result, we found launches by two users from the same
project with an average CPU load of about 95% (HyperThreading is enabled on most nodes
of the Lomonosov-2 supercomputer, so such a load means that not only all physical, but also
all logical cores were almost completely utilized in these programs), while the scorecp, was ~85
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(which means that the processor was fully occupied by useful calculations only 15% of the time
during job execution).

Further analysis of these jobs showed that the GROMACS package was used in all cases.
So we analyzed the table showing the most active GROMACS users within the year of 2024
(Fig.@). For each user, this table shows total amount of consumed node-hours with GROMACS
launches, number of job launches, as well as average values of scorecp, and scoremem. It is clear
from this table that the scorecp, assessments are usually much better (less than 60, which is
typically OK for HPC programs), meaning that scorec,, equal to 85 is not typical for this
package. Moreover, jobs showing high CPU load together with high scorec,, appeared for these
two GROMACS users only.

nodeh » count account score_cpu score_mem

102,661 s | | soo4 21.83
52,836 s06 | | seas 24.99
28886 470 | | ses 3091
21,005 194 | | s462 41.15
16313 sss | | 5376 27.97
14,709 e | | so027 2162
11946 4488 | | e 22.39

Figure 6. Top users of GROMACS software packages sorted by consumed node-hours
(screenshot from web dashboard described in

It was decided to take a more detailed look at the list of all last GROMACS package launches
by these two users. It turned out that they each have several such launches, and these launches
are notably different from the rest, since the activity of using other resources (except for the
CPU) in them is noticeably lower. In particular, they show very low GPU load at less than
2%, while these users (and other users as well) usually launch GROMACS jobs that show much
higher GPU load — up to 50% and higher. Other performance indicators like frequency of cache
misses or amount of MPI data sent were also significantly lower. Based on this information,
we can conclude that most likely these job launches for some reason did not execute properly.
The exact reason can not be determined using the assessment system only, since its purpose is
to provide a quick view of whether resources are being utilized efficiently or not. But further
analysis, performed by other parts of TASC (“endless” report system and noise measurement
tool), showed that these jobs were executed on two noisy compute nodes that were misbehaving
at that moment of time. These nodes were sent to repair, and the problem was solved.

This information is surely of interest for both users and supercomputer administrators. It
should be noted that these jobs in general showed “normal” performance indicators, did not fail
and even completed with a successful finish state, meaning that it would be difficult to determine

the root causes of these performance issues without the assessment system.
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Let us switch to another example. We considered launches of the popular LAMMPS software
package for a couple of months on the Lomonosov-2 supercomputer. Sorting the jobs by the
maximum scorenmp; value showed that the top 35 job launches were all performed by 3 users of
the same project. This being said, the MPI network usage activity in these jobs was far from the
highest — in many cases less than 200 MB/sec on average, while for other users of this package
it is more than 1.5 GB/sec. Further study of these jobs with unusually high scorep,p; showed that
almost all of them had two performance issues — too small average size of MPI packages, as
well as too low network locality (compute nodes allocated for the job were located far from each
other). The first issue often leads to additional overheads due to the need to transfer system data
and due to higher impact of latency, the second one leads to increased latency. The presence of
these issues can be noticeable, which seems to be the case here due to the high scorenpi. These
cases should be reported to users so that they can be aware of such situations and try, if necessary,
to optimize data transfer in these applications.

Here is another useful, though somewhat unexpected result obtained using the assessment
system. Studying the list of individual job launches with the highest scorepmem values, it was
found that almost all jobs with a score above 80 (which corresponds to CPU almost constantly
stalled waiting data from memory) have a distinctive feature — only one of the nodes allocated
to such job is actively used during execution. For example, a job with 45 allocated nodes was
found, and the average CPU user load on 44 of them was less than 1% (the 45th node shows
fairly high activity). All other such jobs behave similarly. In this case, it can be assumed that
either users incorrectly submitted these jobs (for example, several nodes were requested while
starting a single-node program), or some technical issues occurred during job launch process.
It is not yet entirely clear why this behavior results in extremely high scoresyem, but detecting
such incorrect launches is certainly useful, and measures will be taken to promptly identify and
fix such situations.

Conclusions

This paper describes the current state and functionality of the TASC software suite. It
mentions the data types being collected and analyzed, as well as how this variety of information
is stored. The main analytical TASC capabilities are also briefly presented: 1) tool for automatic
detection of job-level performance issues for all jobs running on a supercomputer; 2) “endless”
workload analysis solution for detailed study of supercomputer performance with a needed level
of detail; 3) assessment system for initial, but quick and accurate evaluation of HPC resource
efficiency; 4) system for regular measurement of noise level on compute nodes.

The second part of the paper is devoted to the description of recent developments and up-
dates within TASC, which are all related to the assessment system. An approach to visualizing
the collected information on assessments was developed, a method for automatic informing super-
computer users about detected performance issues was proposed, and an analysis of the collected
statistics on the assessments obtained on the Lomonosov-2 supercomputer was conducted. Also,
we proposed a solution for continuous prediction of assessment values, which demonstrates high

accuracy and performance.

The results shown in Section 2 were achieved at Lomonosov Moscow State University with the
financial support of the Russian Science Foundation, agreement No. 21-71-30003. The research
s carried out using the equipment of shared research facilities of HPC' computing resources at

Lomonosov Moscow State University.
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st obecriedennsi BBICOKO# 3(DEKTUBHOCTH pabOThI COBPEMEHHBIX CYTEPKOMITBIOTEPOB HEOOXOINMO TTOCTO-
SIHHO aHAJIU3UPOBATH U KOHTPOJIMPOBATH PA3/IMYHbIE ACIIEKTHI UX (PYHKIIMOHUPOBAHUSI, YIejsisi 0c000e BHUMAHUE
U3yYEHUIO TIOTOKA, CYIIEPKOMIILIOTEPHBIX IIPUJIOXKEHUI, BBIMOJTHAIONUXCS HA TaKuX cucreMax. Jjis pemreHus 3Toit
3a7aan panee 6bL1 paspaboran nporpammubiii kommieke TASC (Tuning Applications for SuperComputers). On
aBTOMaTHYEeCKH OOHAPYKUBAET MPOOBJIEMBI C TPOU3BOIUTEIBHOCTHIO B CYIIEPKOMITHIOTEPHBIX MTPUJIOXKEHUSIX U OIle-
HuBaeT 3G (EKTUBHOCTD UCIIOIL30BAHUS PECYPCOB CYIIEPKOMITBIOTEPA, IIPEIOCTABIIAET aJMUHIUCTPATOPAM THOKUit
WHCTPYMEHT CO3JaHUsI OTYETOB JJIs AHAJIN3a PA3IUIHBIX ACIIEKTOB PabOTHI CYyMIEPKOMIIBLIOTEPA ¢ TPEOYyEeMBbIM YPOB-
HeM JleTajIu3allii, a TaKKe OIEHWBAET YPOBEHb IIyMa Ha BBIYUC/IUTEILHBIX y3jaX. B maHHOU paboTe mpuBeme-
HO JleTajIbHOE ONMCaHue TeKyieil crpykTypbl U Bo3moxkHocTeil TASC, Britouasi sranbl 06paboTKN U XPAHEHUS
IAHHBIX, 8 TAKXKEe BBIIIOJIHEHUs PA3JUYHBIX BUIOB aHAJIN3a. 1TaKKe ONKUCAHBI HOBBIE IOJIyUYEHHBIE PEe3yJIbTaThl U
pa3paboTaHHBIE METOJbI B pAMKaX OJHOIO U3 OCHOBHBIX KOMIOHEHTOB TASC — cucTeMbl OIIEHOK Uit OBICTPOrO 1
TOYHOIO OIpeeseHus 3P(MEKTUBHOCTHA UCIOIB30BAHNS CyIIEPKOMITBIOTEPHBIX PECYPCOB.

Karoueswie caoa: 8vlcokonpou3solumesbHule bluucAeHUs, CYNePKOMNBIOMep, AHaAU3 NPOU3EOOUMEALHOCTIU,

aHaAUuU3 Kavecmea pa6omu, arasu3 onePayYyUOHHBLT 0amﬂn:r, MOHUMOPUHE.
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B crarpe mpencrasmen merom SALTO (Snippet and Autoencoder-based Labeling of Time series coming
Online), no3BOJISIFONIUT BBIIOJIHATH KJIACCH(MDUKAIUIO [TO/IIIOCIIEI0BATEIBHOCTEH BPEMEHHOI'O Psijia, 9JIEMEHThI KO-
TOPOTO MOCTYHAIOT JIJIsi 06PabOTKM HEIIPEPBIBHBIM IIOTOKOM B PEXKMMe peasibHOro BpeMenu. O6J1acThIO IIPUMEHEHUS
pa3paboTaHHOr0 METO/A SBJSIOTCS IIPUJIOXKEHUS IePCOHAILHON MEeIUIUHLI, TPOMBbIIIeHHoro Murepuera Bemeit
7 1u}POBON MHIYCTPUH, B KOTOPBIX HPEIbABIIAIOTCS BBICOKHE TPEOOBAHUsI KO BPEMEHU DEAKINN CUCTEMBL: He
6ostee 10 Mc B coorBercTBuu co cragnaproM URLLC (Ultra-Reliable Low Latency Communications, cBepxuaiex-
Hasd CBA3b C MaJoit 3a1epxkkoii). Meron SALTO npeamosaraeT npeaBapuTesbHy0 00paboTKy IPEIBAPUATEIHHO
COXPAHEHHOI'0 PEIPE3eHTATUBHOIO (bparMeHTa IIOTOKOBOIO BPEMEHHOI'O DsAJia M PACIO3HABAHUE IIOAIIOCIIEI0BaA~
TEJIBHOCTEN 9TOr0 Psijia, HOCTYHAIONUX B PEAJIbHOM BPEMEHH, € ITOMOIIBIO HelfipoceTeBoit mozenu. [Ipegobpaborka
BBINOJIHAETC 6€3 y4acTHusl yIUTessd ¢ MOMOIIBIO MMapasijle/IbHONO AJITOPUTMA, KOTOPBIA aBTOMATU3UPYET IIOUCK
MOBEICHIECKUX IMAOJIOHOB (CHUMIIETOB) PsAJa, UCIOJIL3YEMbIX Jis (OpMHUpOBaHus oOydaromeil Boibopkm. Heit-
pocereBasi KIacCU(MUKAIOHHAST MO/JIEIb UCIOJIb3yeT apXUTEKTYPy aBTOHKOIEPOB. DHKOJEP MOIENH I1peobpasy-
eT BXOJIHYIO IO/IIIOCJIEI0BATEILHOCTL B CKPBITOE IIPEJICTABJICHUE U BKJIIOYAET B Cebsl JIBa CBEPTOYHBIX CJIOS U
ONWH PEKyPPEHTHBIH cJoii. lekomep Mozmenn COCTONT M3 OFHOTO PEKYPPEHTHOIO CJIOSl M JBYX TPAHCIOHUPOBAH-
HBIX CBEPTOYHBIX CJIOEB, 36PKAJIBLHO OTPaKaIOMIUX IIapaMeTpbl JHKO/Aepa. B BBIYNC/IMTEILHBIX IKCIEPUMEHTAX Ha
crangapTHbix Tectax Meror, SALTO Gosiee yem B mosiTopa pa3a ollepeXkaeT B CPEJHEM IePeJOBbIe aHAJIOIHU 110
OBICTpOMEiicTBIIO, BIuchiBasich B pamku ctanmapra URLLC, u npu sToM moka3bsiBaeT B cpegHeM 60j1€e BBICOKYIO
TOYHOCTB, 9e€M OOJIBIIMHCTBO YKA3aHHBIX aHAJOIOB.

Karoueswie crosa: epemerioti pad, KaaccuPurayui 6pementvr pados, asmosnkodep, nosedenueckue uabao-
HoL (CHunnEemb) 8pementozo pada, HelporHble CEMuU.
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loryrages A. M. Knaccudukaliys oTOKOBOIO BPEMEHHOT'O Psiia Ha, OCHOBE HEMPOCETEBbIX TeX-
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tuka u uadopmarnka. 2024. T. 13, Ne 3. C. 79-94. DOI: 10.14529/cmse240305.

BBenenue

B nacrosiiiee Bpemst KiaccuduKaliisi TOTOKOBBIX BPEMEHHBIX PAJIOB SABJISIETCsT OJHON U3 aK-
TyaJbHBIX 3349, BOCTPpEOOBAHHBIX B IIMPOKOM CIIEKTpe IpuioxkeHuii IHTepHera Bereit , -
POBOIi MHIYCTPUU , [I€PCOHAILHON MeIUIIUHBI . B ykaszaHHLIX NPUIOKEHUAX UCCJIENYEMBbIi
CcyObEeKT JIEMOHCTPUPYET MOBeJeHNe ¢ (PUKCUPOBAHHBIM KOJIUIECTBOM IIPEIOIPEIeIEHHBIX BUIOB
AKTUBHOCTH ¥ CHAOXKaeTCsl JATIMKOM, KOTOPBI HEIIPEPHIBHO CHUMAET [TOKA3aHUs IesITeIbHOCTH
JAHHOTO CyObheKTa ¢ BBICOKOH dacToToil. Kaccudukarms moaydaeMoro TakuM od0pa3soM BpeMeH-
HOTO psijia IIOJIpa3yMeBaeT Paclo3HABAHME B PEAJIbHOM BPEMEHH BHA aKTUBHOCTH CYOBEKTA.
[Tpumepom momobHON 3agatdu B 00acTu MU(POBONH WHIYCTPUU MOXKET CJIYKUTH CJIydail Kiie-
TH MPOKATHOTO CTAaHa MeTaJIIyPruIecKOoro 3aBoja , Ha KOTOPOI YCTAHABJIMBAIOTCS TATUYMKHY,
usMepsiolye JedopMaliio, MEXaHUYECKOe HAIPSXKEHUEe W IPOY. IIOKA3aTeJM HECKOJILKO pa3 B

CEeKYH/Yy, 1 B PEaJIbHOM BPEMECHU BBIIIOJIHAECTCA PACIIOSBHaBaHUE DEXKUMa pa6OTbI KJIeTH C IIeJIbIO
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KOHTPOJIsI €€ OCTATOYHOro pecypca. bojiee Toro, B HacTosIee BpeMs JJjist TPUJIOXKEHU -
POBOIT MHyCTpUU pa3paboTaH CTAHJIAPT CBEPXHAJIEXKHOM cBsa3u ¢ Masioil 3aiepxkkoit URLLC
(Ultra-Reliable Low Latency Communications), KOTOpBIl TpenuchiBaeT 06paboTKy JaHHBIX 32
Bpems ot 1 j10 10 Mmc .

Ha cerojis pazpaboran psij| HeipOCETEBBIX MOJIEJIEN JIJIst PEIeHus 3a/1a91 KJIacCuMUKAIIT
JIAHHBIX [IOTOKOBOIO BpeMmeHHOro psina: FCN @, Rocket , ResNet , InceptionTime @ i
Jp., IPUMEHEeHNe KOTOPBIX, OIHAKO, TpeOyeT HAKJIAIHBIX PACXOIO0B, CBSI3AHHBIX C BOBJICUCHUEM
9KCIIEPTA B IPEIMETHON 00IaCTU I PYIHON pa3MeTKU JAHHBIX 00yvaiolieil BLIOOPKH.

B mamnoit crarbe mpeicTaB/ieH HOBBIM METO, PEIIEHNs] PACCMATPUBAEMON 3a/1a9H, IOy IUB-
muii Hazsaune SALTO (Snippet and Autoencoder-based Labeling of Time series coming Online),
KOTODBI 00benuHsIeT B cebe pa3MeTKy 00ydalolieil BLIOOPKHU TP MUHUMAJIHLHOM YIACTHU SKCIIEP-
Ta B HPEIMETHON 00JIACTH U HEHPOCETEBYI0 MOJIEb KJIACCU(PUKAIIME TO/IITOC/IEI0BATETbHOCTEH
IIOTOKOBOTO BPEMEHHOTO psijia. PasMerka BBIMIOJHSIETCST ¢ TIOMOIIBIO TAPAJLIEBHOIO AJITOPUTMA
[IOUCKA [TOBEJICHYECKNX 11a0JIOHOB (HA3BIBAEMBIX CHUIIIIETAMI ), KOTOPBIE [IPEJICTABJISIOT
co0bOH TIOIIIOCIIEIOBATEILHOCTH, OTPAXKAIOIINE TUIIMIHbIE AKTHBHOCTH cyObekTa. [Ipn aTom ToU-
HOCTb KJIACCU(DUKAIINI CHUXKAETCSI HE3HAYUTEIbHO 110 CPABHEHUIO C UCIOJIL30BAHUEM Pa3METKH,
[IO/IPOTOBJIEHHON 3KcnepToM. HelipocereBasi KiraccuuKalnoOHHAsT MOJIENIb UCIOJIB3YET IIPOCTYIO
apXUTEKTYPY aBTOIHKOIEPOB, YTO ODECIIEYMBAET BBICOKOE OBICTPOEiicTBUE KJacCuUKAIUU B
coorBercTBuH co ctangaprom URLLC.

CraTbst OpraHU30BaHa CJIEAYIONIUM 00PA30M. PaB,ILeHCO,ZLep}KI/IT KpaTKuit 0630p paboT 110
TeMaTHKe UCCJIeI0Banus. B pa3g:geneanBog:L51Tcs{ dopMasbHbIE OIPeIe/IeHNsT TIOHSITHI U HOTa~
[IUsl, UCIOJIb3yeMble B cTaThe. [IpemoKeHnblit MEeTO ONMMCAH B pa3/1ene PeszynbraThr BhIdmC-
JINTEJTbHBIX 9KCIIEPUMEHTOB, MCCJIEIYIONINX TOYHOCTE U ObicTpojieiictBue SALTO mo cpaBHeHUIO

C IepeJOBBIMH aHaJIOraMU, TPUBEIEHBI B pas;geﬂe SaKJIIOUEeHNE|COMEPIKUAT CBOJIKY MOJIY I€HHBIX
Pe3yIbTAaTOB M HAIPABJIEHUsT OYIYIIINX UCCIETOBAHUIM.

1. OO630p cBsA3aHHBIX pabOT

B macrositiiee BpeMsi CymIeCcTByeT MHOXKECTBO KaK aHAJUTHYECKUX METOJOB, TaK U Helpoce-
TEBBIX TOJIX0J/IOB K PEIEeHnIO 3a/a49u KiiacCuUKAIMU BPEeMEeHHBIX psi/ioB. Cpeju aHaIuTUIeCKUX
METOJIOB MO2KHO BBIJIETUTD MIEHTIIeThI , PEKyppEHTHBIE JuarpaMMbl (recurrence plots)
7 METOJbI, OCHOBAHHbBIE Ha JUCKPETHOM IIpeobpasoBannu Pypbe . B macrosiiiee Bpemst omHIM
U3 OCHOBHBIX I0JIXOJIOB K KJIacCU(UKAIMN BPEMEHHBIX PsJIOB CIUTAETCS UCIIOJIb30BaHNEe Heffpoce-
TEBBIX TEXHOJIOTHIA . HeiipocereBble MeTOIBI KJIACCU(DUKAIINA BPEMEHHBIX PSIJIOB UCIOJIB3YIOT
ITUPOKUII CIIEKTDP APXUTEKTYP: CBEPTOUYHBbIE HEIPOHHBIE CETU @, SHKOJIEPBI m, PEKypPPEHTHBIE
HEUPOHHBIE CETH u ap. Cpenn HEPOCETEBBIX APXUTEKTYD B JaHHON objacTu HamboJiee pac-
IPOCTPAHEHBI CBEPTOUHDBIC HETPOHHBIE CETH, TOITOMY Jajiee B 0030pe KPaTKO OYIyT PACCMOTPEHDI
HefipoceTeBble MOJIEJIM STOTO THUIIA.

Mopens FCN (Fully Convolutional Network) @ COCTOHUT U3 TPEX CBEPTOYHBIX OJIOKOB, KazK-
JIBIT U3 KOTOPBIX BBIMOJIHSET CBEPTKY U Jlajlee MAKETHYI0 HOPMAJIM3AIUsI, PE3YIbTAT KOTOPO
nepejiaercst B GyHnkimio akrusaruu Jluneitnbiii seinpsivuress (ReLU, Rectified linear unit) .
OcobEHHOCTHIO MOJIEJIN SIBJISIETCS] OTCYTCTBHE JIOKAJBHBIX CJIOEB ITYJIMHTA, 9TO JIEJACT JJIUHY Bpe-
MEHHOTO Psi/ia HEM3MEHHON Ha MPOTS2KEHUU BCeX olepalinii ceepTku. JlanHass Mojiesib nMeeT Bbl-
COKOE OBICTPOJIEHCTBIE U IIPEJCTABIISIET COOON XOopoIrnuii 6a30BBI yPOBEHD JJIsT OIEHKH JIPYTUX

HEMPOCETEBbIX MOjIe/Iel KIacCu(PUKAIINY BPEMEHHBIX PSIIOB.
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Mogens Rocket [PEJICTABISET CODOM OIHOCIONHYIO CBEPTOYHYIO CETh, UCIOJIB3YIONLYIO
siJIpa CBEPTKU CO CJIyYallHBIMU 3HAYEHUSIMU JJINHBI, Beca U CMelleHus. Pa3mep siiep cBepTKU u
CMEITEHNS BRIONPAIOTCS CJIyYallHBIM 00pa30M, MO[YUHSASICh PABHOMEPHOMY DACIIPE/IEJIEHUIO, BECA
BBIOMPAIOTCSA CIydaiiHO, MOIYNHSSACH HOPMAJIbHOMY pactipeenenuio. Ciydaiiible sijipa CBEpTKHU
11peo0pa3yIoT MPU3HAKH, KOTOPbIE UCIOJIB3YIOTCH JJIsd 0DYUYeHUsT MOJIEN, Ha OCHOBE JIOTUCTUYE-
ckoii perpeccun. COBMECTHOE UCIOIBL30BaHNE HEHPOCETEBOH MOJEIN U JIOTUCTUYECKONH PErpeccuu
[TO3BOJISIET COKPATUTH BPeMsI OOyUEeHMS U BBIBOIA MOJIEJIH.

Moguenb ResNet |8| ucrosb3yer KOHIENIUIO OCTATOYHBIX coeuHenuii (residual connection),
KOTOPBIE MPEJICTABJISIOT COOO0# JIOIOJTHUTE/ILHBIE CBA3U, 00ECIIEUNBAIOININE IIPSIMOE ITPOXOXK ICHUE
IPAJIMEHTOB TI0 CJIOSIM CETU Oe3 BBIYHUCJIEHUsI HEJIMHEHHBIX (DYHKIMI aKTHUBAIMH. APXUTEKTYpa
ResNet 0OBIIHO J1eTUTCS HA YeTbIpe YACTH, KaxKIasd U3 KOTOPBIX COMAEPXKUT HECKOJIBKO OCTa-
rounbix 610k0B (residual block) ¢ pasimanoii rory6unoii. [TepBast Takast 4acTb ceTH BKJIIOYAET
OJINH CBEPTOYHBIN CJIOH, 38 KOTOPBIM CJIEIAYET OMEPAIUs MOABBIOOPKHU 10 MAKCUMAJBHOMY 3HA-
gyenuto (MaxPooling) jijist yMeHbIIeHUsI IPOCTPAHCTBEHHBIX PA3MEPOB BXOJIHBIX JIAHHBIX. Bropast
YacTh CeTu coiep:kuT 64 GbuiabTpa, a TpeThsd W UeTBEpTas YacTu cojepxkar 128 u 256 buib-
TPOB cooTBeTCcTBEeHHO. [locie iHss YacTh ceTn 00eceanBaeT OMEPAIUIO TVIO0AIBHO TOABBIOOPKHI
o cpeanemy 3uadennto (global average pooling) u MOJHOCBSI3HBIA C€JI0¥, KOTOPBIN TPOU3BOIUT
BBIXOJIHBIE JlaHHble. JlaHHast apxXuTeKTypa pelraeT IpobJieMy 3aTyxXaHus IPaJIMeHTa , 9TO
[IO3BOJIET YCKOPUTH 00y dYeHHe MOJIEJIN.

Mogens InceptionTime @ BMECTO TPAIUIMOHHBIX CBEPTOUHBIX CJI0EB IMpUMeHsieT Inception
MOJTYJIN, KOTOPbIe, KaK U B cIydae ¢ Mojesibio ResNet, ucnosb3yior ocrarovdnble COeUHEHNS JIIsT
pelenHust mpobJIeMbl 3aTyXaoIero rpaauenra. OCHOBHBIM KOMITOHEHTOM Inception MoyJist siBJIsi-
eTcst CJION «OyThLIOYHOTO TopJbiKay (bottleneck), koTopslit npecraBisier coboit CKOIB3AIMI
buaprp myuabl 1 ¢ marom 1. Ero 3agava 3akiodaercs B yMEHBIIEHUH Pa3MEPHOCTH JAHHBIX,
YTO MO3BOJISIET YMEHBIIUTD CJIO2KHOCTb MOJIEJIN U NPEIOTBPATUTD IepeodydeHne. BTopbiM BazK-
HBIM KOMIIOHEHTOM JIAHHOTO MOJIYJIS SIBJIIOTCS CKOJIB3SIINE (PUILTPHI PA3JIUYHBIX JJINH, KOTO-
pble PUMEHSTFOTCS KO BXOJHBIM JaHHBIM. JlaHHBIN 1ojaxo/ getaet Momesib InceptionTime 6oiee

yCTOﬁqHBOﬁ K aHOMaJINAM B JaHHBIX.

2. Teopernmueckwuii 6a3uc

Bpemennoti pad (time series) T npeacrasisier coboii TOCIEI0BATEILHOCTD XPOHOJIOTHIECKI

YIIOPAJOIECHHBIX BEHIECTBEHHBIX 3HAYEHUI:
T = (t1,...,tn), t; € R. (1)

Hucsio n obosnavaercs Kak |T'| 1 HA3BIBAETCS JUIMHOM Dsijia.
ITodnocaedosamenvrocmo  (subsequence) T;,, Bpemennoro psma 1 mpejcraBisieT coboit

HeIIpepbIBHOE ITIOMHO2KECTBO T u3 ™ 3JIEMEHTOB, Ha4YMWHasd C ITO3UIUN Z
E,m:(tla7t2+m71)71<m<<n51<2<n_m+1 (2)

BpeMeHHOfI P T MO>KeT OBITH JIOTUYECKU paB6I/IT Ha CEeIrMEHTbI — HellepeCceKalouiuecd 101~
IIocJj1e10BaTeJIbHOCTI Ba,H,aHHOIU/I JJIMHBI . B,Z[er n JaJiee 0e3 CyII€eCTBEHHOI'O OI'DaHUY€eHU A O6HL—
HOCTU MbI MO2KEM CUYUTATL, 9YTO T KPATHO 1M, IIOCKOJIbKY 11 < n. MHOXKeCcTBO CerMeHTOB pdanaa,

MMEOIUX JJIMHY m < 1, 0003HAYMM KakK Sy, 3J€MEHTbI 9TOI0 MHOXKECTBA KaK S1, . ., Sy /m!
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Konnenmust crnunnemos (snippet) npemioxkena Keorom u jap. B pabore U YTOYHSET I10-
HSITHE TUIIMIHBIX I10/IIOC/IEI0BATEILHOCTEl BPDEMEHHOIO Dsijfa ciemytonum obpaszom. Kazkiprit
CHUIIIIET IIpeJICTaBJIsieT COOON OJIMH M3 CEerMEeHTOB BpPeMeHHOro psifia. Co CHHIIIIETOM acCCOINHU-
pyloTcs ero OsKaiiinme coce — IMOIIOC/Ie0BATETLHOCTH Psjla, UMEIOINe Ty K€ JJINHY, UTO
U CHUIIIIET, KOTOPBIe Oojiee IOXOXKM Ha JIAHHBI CHUIIIET, 9eM Ha JIpyrue cermMenThl. s BbI-
YHCJIEHNUs] CXOXKECTH II0JIIIOCTIE/I0BATEILHOCTEN NCIIOIB3YeTCsI CIEHAIN3IPOBAHHOE PACCTOSIHIIE
MPdist, ocnoBannoe Ha eBKIUIOBOM paccTossHnn. CHUMMETHI YIOPSIOUUBAIOTCS 10 YOBIBAHUIO
MOIITHOCTHA MHOXKECTBA CBOUX OJImKafmux cocefeit. MHOXKeCTBO CHUMIETOB pama 1, UMEIOmnx
JUINHY M, HA30BEM CJIOBAPEM CHUIIIETOB U 0003Ha4UNM Kaxk C7', a 3/IeMEeHTbI 9TOI'0 MHOXKECTBa, —

kak C1,...,Ck:

Yucio K (1 < K < n/m) upeicrasiser coboii mapamerp, 3aJaBaeMblil KCIIEPTOM B IIPe/-
METHO# 00JIaCTH, U OTPaXKAET COOTBETCTBYIOIIEE KOJUIECTBO HAMOOJI€E TUMIHBIX aKTUBHOCTEH
Cy6'])eKTa. C Ka2KJIbIM CHUIIIIETOM aCCOIMUUPOBAHBI CJAEIYIOINE anI/I6yT]:)I: MHJIEKC CHHUIIIIETa (HO-
PSIZIKOBBII HOMEp cermMeHTa), OumKaiimme cocean (IIOJIIOCIIE/0BATEILHOCTH, HAnboJIee TOX0XKIe
Ha CHUIIIET) W 3HAYMMOCTH JAHHOIO CHUIIETa (JI0JIs1 MOJIOC/IE[0BATEIbHOCTE BPDEMEHHOIO Psi-
Jla, KOTOPBIE PEIPE3eHTYeT CHUIIIET). B ciioBape CHUIIIETH! yIIOPsI0YUBAIOTCS O YOBIBAHUIO UX
3HAYUMOCTH.

JI71st BBIYUC/IEHNST CXOXKECTH BPEMEHHBIX DsIJIOB IPU HAXOXKJIEHUH CHUIIIETOB MCIOJIb3YeTCst
paccrosiane MPdist . OHO IPONIOPIMOHAILHO KOJIMUECTBY TIO/IIOCIIEJ0BATEILHOCTEN HALIEPe]
3a/iaHHOl 9KcreproM JunHbl £ (3 < ¢ < m), GIM3KUX K CHUIIIETY B CMbICJIE Z2-HOPMAJIU30BAHHOIO
eBKJINJIOBOTO PACCTOSTHUS, KOTOPOE OIPEJIEJISIeTCs Cetyonmm obpasoM. [Tycers nmerorcst BpeMeH-
uele psaael X u Y, | X| = |Y| = m. Torga z-HOpMaam3oBaHHOE €BKJIMIOBO PACCTOSHIE MEXKITY X
u Y obosznagaercs EDporm(X,Y) n

EDporm(X,Y) = ED(X,Y) =

Oz

m

. T — 1 1

B = —, Mx:mglv’% 03202*2 af —p. (6)
i —

3. Mozaeas KiaaccupuKaum IIOTOKOBbIX BPEMEHHbBIX PsiI0B
3.1. ApxwurekTtypa

Ha puc. Hpe,ZLCTaBJIeHa apXUTEKTYpa MPEJJIOXKEHHOTO MeTO/[a, KOTOpas IPeIo/iaraeT IBa
sTamna: mnpeaodbpaboTKy m Kiaccudukaruio. [Ipemnporeccop obpabarkiBaeT MpeIBAPUTEILHO CO-
XpaHEHHBIN (pparMeHT BPEMEHHOTO Psijia, KOTOPBIN aJIeKBATHO OTPayKaeT BCe aKTUBHOCTHU CYOb-
ekTa. B JJaHHOM MeToJie ydJacTue KCIepTa CBeJIeHO K MUHUMYMY, HOCKOJIBKY OH 3a/IaeT JIUIIb
JINAIIA30H JIJIMHBI CHUIIIETOB [Mimin, Mmax). Jlasee IIpenporeccop BBINOIHSIET MOMCK 3HAYECHUST
JITMHBI CHUTITIETA, JAOIIee HAUOOJIBITYIO0 TOYHOCTh ABTOMATHIECKON Pa3METKNA BPEMEHHOI'O PsIIa.
[Tonydyennas pasmeTka UCHOJIB3YETCS JJIsi CO3/IaHUs 00y1aionieil BRIOOPKU U CJIOBAPST CHUIIIIETOB
C7F', xoropble OyIyT MCIOJIBL30BAHLI /I 00ydenus DKcTpakTopa. Ilo cpaBHenmio ¢ amajgoramu
MIPEJIOKEHHBI METOJ/T CAMOCTOSITETHHO pa3MevuaeT JaHHbIe, 9TO MO3BOJISET M30eKATh HAKJIIA/I-

HBIX PaCXO/IOB, CBI3aHHBIX C PYYHOU Pa3MeTKOU BPEMEHHBIX PsIJIOB.
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Puc. 1. Apxurekrypa meroma SALTO

[Tosryuennast BBIOOpKaA UCIOIL3YETCS I 00ydIeHnsT DKCTPAKTOPA, KOTOPBIA MPeICTaBIsieT
co00# aBTOHKOJIEP CO CTAHIAPTHON apXUTEKTYpPOil . 3amaga DKCTAKTOPA 3aKII0IAETCI B W3-
BJIEUEHUN CHUIINIETa U3 BXOJHOMI IMOMIIOC/IEN0BATEIbHOCTH 00pabaThIBAEMOr0 BPEMEHHOI'O PSIJIA.
ITomyveHnEIil CHUNIIET CPaBHUBACTCA C KasKJblii ajeMenToM cioBaps Cf', W B KadecTBe MeT-
KU KJIaCCa MOJIIIOCIIEI0BATEIbHOCTH IPUCBANBAETCSI TOPSIIKOBBIA HOMEpP OJIMKANIIEro coceta U3
caoBapst cHumeToB. OCOOEHHOCTBIO JAHHON MOJE/N 110 CPABHEHUIO C aHAJIOTAMU sIBJISETCsT 0O-
Jiee IpoCTasi APXUTEKTYPa, MO3BOJISIFOIIAsT JIOOUTHCS BHICOKOTO OBICTPOIEHCTBUS MOJIE/IN KaK IIPU

obyteHnu, Tak U IIPU BBIBOJIE.

3.2. Ilpenporeccop

[Ipemnporieccop BBITIONHSIET Pa3METKy MPEIBAPUTEIHLHO COXPAHEHHOTO PEeMpEe3eHTATHBHOIO
bparmenTa HCXOTHOrO BPEMEHHOTO pAia 1 GopMHUPYeT caoBapb cHUNIeToB CF', 9TO HO3BOJIAET
[IOJICOTOBUTL BBIOOPKY JIJist 00ydeHus Jdkcrpakropa. Ha mepsBom mare paborst [Ipemnporeccopa
BBITIOJTHSIETCST 2-HOPMAJIM3AIINST BCEX TTOJITOCTE0BATETLHOCTEN PEITPE3eHTATHBHOTO (DparMeHTa
o dopmyite @

Jabueiimmas 00paboTKa BXOTHBIX JAHHBIX OCYIIECTBJISETCS IIPU HMOMOIIN ITPEI0KEHHOTO
aBTOPOM JIaHHOI cTaTbu ajropurma PaSTiLa (Parallel Snippet-based Time series Labeling),
KOTOpr‘/’I BBIIIOJIHAET IMIONCK CHHUIIIIETOB U PA3METKY (bpaFMeHTa. Ha BBICOKOITPOU3BOJIUTE/IBHOM
KJIaCTEPe ¢ y3JaMU, OCHAINEHHBIMU TpapUIeCKUMU IIPOIECCOPaMU. AJTOPUTM aBTOMATHIECKI
10/I0MpaeT 3HAUYEHHE JUINHBI CHUIIIETA Mhest U3 YKA3AHHOIO JHANA30HA [Mmin, Mmax| C TOMO-
B0 9BPUCTUYIECKOrO KpuTepust. HecpopMasibHO JAHHBI KPUTEPH MOYKHO OIUCATD CJIEYOIIIM
06pa30M: HAUJIYYIIUM 3HAYEHUEM JIJINHBI CHULIIETA Mpest € [Mmin, Mmax] OYET TO, KOTOPOE JIACT
MaKCUMAJIBHO PA3TNYAIONINECs CHUNIETHI B CMbICye paccTostaus MPdist.

Hnst yckopenust suraucienunit PaSTila 3ameficTByer panee MpejjioXKeHHBINH TapalIeTbHbIH
anroputm noucka cuurnieroB PSF (Parallel Snippet-Finder) . JlaHHBIN aJTOPUTM BBITIOJTHSI-

eTcst Ha Pa3/MYHBIX y3J1aX KJacTepa I KayKJI0ro 3HAYEHUsI U3 JUAIA30HA [Mmin, Mmax|, TOCITE
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Yero pe3ysIbTaThl, IOy YEeHHbIE KasKIbIM Y3JI0M, IIEPEChLIAIOTCA Ha y3€eJ-MacTep, KOTOPBIN ¢ I0-
MOIIBIO BBIIIEYKA3AHHOIO KPUTEPHS BBIUUC/ISIET SHAYEHUE Mpegt -

PesynbraTom paborsr Ilpernporeccopa siBisiercst 0b6ydaromnasi BEIOOPKa JKCTPAKTOPa, KOTO-
past o603HauaeTcs najee Kak D u npejcrasiser coboit MmuokecTBO map (X, Y), rme X — BxogHast
IOJITIOCJIEI0BATEILHOCTD (PpParMeHTa, UMEIOIIast JJIMHY Mpest, & ¥ — COOTBETCTBYIOIINI CHUIIIIET
Toit ke fuubl. [losydennast BBIOOpKa (hopMaIbHO ONMPeIesseTCs CJIeIYIOIM 00pa30M:

D={({X,)Y)| X=T, Y =0Cj,1<i<n—mpest +1, j=arg min MPdist(7T},, Ck)}.

CkEC;nbeSt
(7)

sMbest ?

3.3. DkcTpakTop

— ConvlD | —>| ConvlD | —{ GRU

kernel: 3 kernel: 3 hidden: m
filter; 128 filter: 64

" ReLU - [ ReLU = [ ReLU |—

a) DHKOJEP
— GRU —>| ConvT1D | ConvT1D
hidden: m kernel: 3 kernel; 3
filter: 64 filter: 1
[ ReLu [ [ R ReLU |—

6) ekomep

Puc. 2. Crpykrypa DKcTpakTopa

Sajsadeil IKCTPAKTOPA sIBJISAETCSl W3BJIEUYEHUE CHUIIETOB U3 BXOJHBIX IOJIIIOCJIE0BATE b
HOCTell, ero apXWTeKTypa IpeJcTaB/ieHa Ha PIUC. Ha BxX0n ceTm mocTymaeT MOAIOCIIENOBA-
TEeJILbHOCTH BPEMEHHOT'O PSiJia JJIMHBI Mpest. BBIBOIIOM CETU SABJISETCH W3BJIEYEHHBIN U3 BXOIHOI
TIO/TITOCTIETOBATETHLHOCTU CHUTIIET Clecoy TOM YK€ JJTMHBDL.

Heiiponnast cerb cocrouT m3 dukojepa n Jlekomepa. DHKOIEP BBIIOJHSIET IPeobpa3oBaHue
BXO/IHBIX JIAHHBIX B CKpbITOe Ipescrasienne (hidden state). Duromep cocront n3 AByX cBEpTOU-
HBIX CJIOEB U OJIHOTO PEKYPPEHTHOTO cjios. IlepBrIil cBepTOUnbIil CJ10il comepkuT 128 GUIbLTPOB,
BTOpOil — 64 uabrpa, 0ba CjI0sI UMET pa3Mep syipa cBepTku 3. CBEPTOUYHBIE CJIOU UCIIOJIhb-
3YIOTCA JIjIsl BBIABJICHUs] 3HAYUMBIX [IPU3HAKOB, OIPEIEJIAIONINX CXOYKECTh BXOJIHOM IOIIIOCIIe-
JI0BATEILHOCTH U OJHOTO 13 dj1eMenToB CF"**. PeKyppeHTHbIi ClI0# pealu3yercs IPU IOMOIIH
ylupasjsieMoro pekyppenraoro 6soka (Gated Recurrent Units, GRU) U UMEET B CKPBITOM
COCTOSIHUM Mest MPU3HAKOB. VcIIONIb30BaHNe yIPaBIAeMOro PEKYPPEHTHOrO OJIOKa IO3BOJIET
COXPAaHATH JIOJTOCPOYHbIE 3aBUCUMOCTH B ITOC/IEI0BATEIbHBIX JAHHBIX, TEM CAMBIM ITOBBINIAs Ka-
YeCTBO M3BJICUeHNE CHUIIETOB. KaxKiplil U3 CJI0EB UCIIOIL3YeT B KauecTBe (PYHKIUU aKTHBAINH

JIuneitubrit Boipsivuress (ReLU, Rectified linear unit) . Sanada Jlekojepa 3aK/II09aeTC B
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MpeobpasoBAHUN CKPBITOTO MPEICTABICHNUsT B CHUMIIET. JeKoep COCTOUT M3 OJTHOTO PEKYpPPEHT-
HOTO CJIOST U JIBYX TPAHCIOHUPOBAHHBIX CBEPTOYHBIX CJIOEB. T pPaHCIOHMPOBAHHBIN CBEPTOYHBIN
cooit (transposed convolutional layer) HCIIOJIb3YEeTCs JIJTsT yBEJIMIEHUsI TPOCTPAHCTBEHHOTO
paspertenns BXOJIHBIX JaHHBIX. DTOT CJIOH BBITOTHSIET Mpeodpa3oBaHue, MPOTHBOIOJIOKHOE HOP-
MAJILHON CBEPTKE, MyTEM MEPEMHOXKEHUST 9JIEMEHTOB BXOIHBIX JAHHBIX U sITPA CBEPTKH.

Jl1st M3BAEYIEHHOTO IPU MOMOIIH DHKOAEpa CHUNIETa Chrecoy BBIMOTHIETCS TIOUCK €T0 OJIH-
JKaiimrero cocefa B ciopape cuummeroB Cp* B cMbicie paccrosians MPdist. O6osnaumm pe-
3yJIBTUPYIOILYIO METKY KJjiacca Kak label, Torna label mpuanMaeT 3Hadenne HoMepa OJmzKaiiero
cocefia Crecop B c10Bape Cpbe:

label = arg  min  MPdist(Crecov, Ci)- (8)

Mhest
L ECIbes

4. BprauciaunreiabHbIE IKCIIEpUMEHTbI

st ncenemoBannst 3pPEKTUBHOCTHA TPEITOKEHHOTO METOa OBLIN IPOBEIEHBI BBITUC/IH-
TeJIbHBbIE IKCIIEPUMEHTHI, B KOTOPBIX TOYHOCTH KJIACCU(DUKAINN, BpeMsi 00yUIeHUsT HefipoceTeBoit
MOJIEJIN 1 OBICTPOAEHCTBIE €€ BhIBO/IA CPABHUBAJIUCEH C IIOKA3ATE/ISIMU [IEPEJIOBBIX aHAJI0rOB, PAC-

CMOTPCEHHBIX BBIIIEC B paB;Leﬂe
4.1. OnucaHme 3KCIEPUMEHTOB

HabGopsr gauubix. g sKkcnepuMeHTOB ObLIM MCIIOJIb30BAHBI CTAHIAPTHBIE HAOOPHI JIaH-
ueix TSSB n HAR. TSSB (Time Series Segmentation Benchmark) npeJcTaBisier coboit
HA0Op u3 75 BPEMEHHBIX PSJI0B PA3HON JJIMHBI U3 PA3JIMYHBIX IPEIMETHLIX 0bJIacTell, Ie Kaxk-
JIBIIT BDEMEHHOM PsiJi IIPEJICTABIISIET HEKOTOPYIO JIEATENHBHOCTh CyObeKTa, IJie KOJIUIECTBO BUJIOB
JIesITeJIbHOCTH BapbUPYeTCss OT 2 110 7, U CyObeKT MeHsIET BHUJL JeSITEeJIbHOCTH C OJJHOIO Ha, JIPyToi
10 8 pas.

Ha6op manabix HAR (Human Activity Recognition Dataset) 6b11 cobpan y 30 cyOb-
€KTOB, BBIIIOJIHAIONINX MECTh PA3JIMIHBIX BUJIOB JESTEIbHOCTU: XOAb0A, MOIbEM IO JIECTHHIIE,
CIIyCK TIO JIECTHUIIE, CUJEHHe, CTOosHue, Jiexkanune. Habop BK0UYaeT B cebsi BpeMeHHBIE Psiibl
JIAHHBIX WHEPIUOHHBIX JATIYUKOB, KOTOPbIe ObLIN COOPAHBI C MOMOIIBI0 CMAPT(OHOB, HOCUMBIX
cyObeKTaMu.

Annaparnas miiardopma U runeprnapaMerpbl. DKCIEPUMEHThI ObLIN ITPOBEJ/IEHBI HA
obopynoBanuu Jlabopatopun cynepkoMiibioTepHoro mojeauposanus FOYpl'Y . AnmapaTHast

wiaTdopMa SKCIIEPUMEHTOB PE3IOMUPOBAHA B TaOJI.

Tabauna 1. Annaparsas mwnardopMa SKCIEPUMEHTOB

XapaKTepUCTHKA enTpanbabrit mporeccop | ['padwudeckuit mporeccop
Monenn Intel Xeon Gold 6254 NVIDIA Tesla V100 SXM2
KommgecTso smep 18 5120
TakroBast yacrora siapa, GHz 4.0 1.3
OneparuBnas namsite, Gb 64 32
[Tukosast npouss-to, TFLOPS 1.2 15.7

B Tabn. ,ZLaHbI rurepriapaMeTpbl MOJIEN, UCIIOJIb30BaHHbIE B KcIiepuMeHTaX. [Ipoune na-
paMeTphI (IHAaa30H JJIHHBI TOIIOCIe0BATEIbHOCTH, KOJIMIECTBO AKTUBHOCTEH CyObeKTa U JIp.)

3aBUCSIT OT MPEIMETHON 00JIACTH BXOIHOI'O BPEMEHHOI'O PSIIA.
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Tabsiuiia 2. 3HadeHus TUIIEPIIAPAMETPOB MOIE/IH

[lMunepuapamerp Suauenue
OnrumuzaTop Adam
Hauambnasa ckopocTb obyuenus 0.01
Pasmep b6arua 32
KosmmaecTBo smox obydeHust 100
QyHKIIUA TOTEPH RMSE

11T OIIEHKHW TOYHOCTH PabOThl JKCTPAKTOPA B KadecTBe (PYHKIINN MTOTEPh UCIIOJIb30BAH KO-
penb cpereil kBagparnaaoii ommokn RMSE (Root Mean Squared Error), koTtopsrii siBisiercst
0JIHO# M3 HanboJIee IPUMEHSIEMBIX METPHK JIJIsT OIIEHKH MOJeJieil aBTOIHKOIEPOB . DopmabHO

JaHHAsT METPHUKA OIPEIEISIeTCs CIeLyIONuM 00pa30M:

1 Mpest
RMSE = E (CZ' — éi)2, (9)
Mpest “—
=1
O Mpyest — JANHA CHHUMIETA, ¢; U ¢; — (PaKTUUECKOe W IPEeICKa3aHHOe 3HAUEHUsI CHUIIIETa

COOTBETCTBCHHO.

12004 12004 °
1000 4 1000 4
800 4

800 -

600 -

TR LY

FCN ROCKET  ResNet InceptionTime SALTO ROCKET  ResNet InceptionTime SALTO

Bpewmst o6yueHns, ¢
Bpewmst o6y4yeHns, ¢

a) Habop nanubx TSSB 6) Habop jganHbix HAR
Puc. 3. Bpewmst obyuenust mojeseit
Metpuka touHocTu. /s onenkn TouHOCTH paspaboranHoro mMeroga SALTO wucrosbzo-

BaHa CTaHIapTHas Mepa KadecTBa Kiaaccudukarun F1. [Ias paccmMaTpuBaeMoil B TaHHON CTaThbe

3aJla91 MYJIbTUKJIACCOBOI KJaccupUKaIuy JaHHAsS Mepa OIPeIessdeTCs CIeIYIONuM 00pa30M:

.. TP; TP; Precision; - Recall;
P — " Recall = —— " Fl;=2. - oM . (10
FecIsion TP; + FP;’ eca TP; + FN;’ Precision; + Recall; (10)

1 K
== FLI<i<K
=1

rne TP;, FP;, TN; u FN; — KoJIu4ecTBO MUCTUHHO TOJOXKHUTEJIbHBIX, JIOXKHO ITOJIOXKUTEJIbHBIX,

WCTUHHO OTPHUIIATEIbHBIX U JIOKHO OTPHUIIATEIbHBIX 3JIEMEHTOB PsJla COOTBETCTBEHHO IIPU CPaB-
HEHNW UCTUHHON W MOJIYYeHHOH IMPYW IMOMOIIU AJITOPUTMa PAa3MeTOK psdAma JJIs ¢-ro Kiaacca, I —

KOJIMYIECTBO KJIacCOB (HOBE/IEHNUIT ), COJEPKAIUXCS B PENPE3EHTATUBHOM (DParMeHTe BPEMEHHOTO

psaa.
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4.2. AHainu3 pe3yJibTaTOB

Onenka npousBoguTejgbHocTu. Ha pI/IC.Hpe,ZLCTaBJIeHbI Pe3yIbTATHI IO TIOJTHOMY BpeMe-
HI OOy9IeHUsT pacCMATPUBAEMBIX Mojereit. MoXKHO BUAeTh, 9TO mpemioxkernas mogaeas SALTO

nmMeeT HauMeHnbIllee BpeMsd O6y‘I€HI/IH.

60 601
g 501 g 501
£ g 1
§ 407 T g 401
= =
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B 8
- e T T
g T 5 —
= ®
s 20 % 204
% é 1L
== 3 = )
10 il 10
0 ‘ . . . . 0 : : ‘ ‘ :
FCN ROCKET ResNet InceptionTime SALTO FCN ROCKET ResNet InceptionTime SALTO
a) nabop mamabx TSSB 6) mabop manmbix HAR

Puc. 4. Bpewms kiraccudukanym oIHOM MOAMIOC/IEI0BATETHHOCTH

Ha puc. ,ZLaHI)I Pe3yIbTATHL 110 BPEMEHH KJIacCU(MUKAIUN OJHON IOAIOCIEN0BATEIHLHOCTH
paccMaTpUBaeMbIMU MoeIsIMU. 110 oIy YeHHBIM pe3ysibTaTaM MOKHO CAEJIAThH BBIBO, UTO IIPe/l-
JIOXKEHHAST MOJIEIb HMEET HAUIYJINyIO IIPOU3BOAUTEILHOCTD 10 CPABHEHUIO ¢ aHajgoraMu. Merox
SALTO omnepexkaer aHAJIOIU IO MPOU3BOAUTEILHOCTH HOJIee UeM B ImoJTopa pasa. llpemoken-
HBI METO/I BBITOJHSET KJIACCH(PUKAIINIO OIHON ITOIIOC/IEI0BATEIbHOCTH MeHee deM 3a 10 mc,
qT0 103BoJIsIeT npuMeHsaTh SALTO, B omyinare oT 60IBIMIHCTBA KOHKYPEHTOB, B IIPUJIOKEHUSIX

IITPOMBINIIJIEHHOT'O MHTEePpHEeTa Bemeﬁ C BBICOKNMHI Tpe6OBaHI/IHMI/I K IIPpOU3BOJUTEIBHOCTH B COOT-

BercTBun co crapgaprom URLLC .

1.0 1.0

WLeogwy

0.5 0.5

F1

0.4 0.4

0.3 0.3
FCN ROCKET ResNet InceptionTime PasmeTka OKcmepTHas FCN ROCKET ResNet InceptionTime PasmeTka 3KcmepTHas
Tpemponeccopa pasMeTKa TIperporieccopa pasMeTKa

SALTO SALTO

a) Habop manubix TSSB 6) nabop manubix HAR

Puc. 5. Tounocrn KJIa,CCI/I(i)I/IKaH,I/II/I IIpU UCITOJIb3OBaHUU JIJIMHBI IIO/AIIOCJICI0BATCIIbHOCTHA TMyand

Onenka tounoctu. Ha puc. |5| npegcraBieHbl pe3ysibTaThl 110 OIEHKE TOYHOCTU pPabOThI
MoOJIeJieil B ciiydae, KOorja Jijisi KOHKYPEHThI UCIIOIb3YIOT CJIydYailHOe 3HAYEHUE JIJTMHBI TTOIIIOCIe-
JOBATEIBHOCTH Miyand, KOTOPOE CIAYIARHBIM 00pa3soM BBIOUPAIOCH KaK 0.85Mpest W 1.15Mpest
Jst meroga SALTO nambl pe3ysbTaThbl ¢ MCIOJIB30BAHUEM Mpest IPU OOYUYEHUH Ha Pa3METKE,
nonyaernoit [IperporieccopoMm, n akcnepTHoit pa3Merke. Ha ocHOBe IMOJIyUYeHHBIX PE3YJIbTATOB

MO2KHO cJeJiaTb BbIBO, 9TO 0e3 PEKOMEH Jalln Hpenpoueccopa OOJILIIITHCTBO KOHKYPEHTOB IIO-
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Ka3bIBAIOT MEHBINYIO TOYHOCTH 10 CPABHEHUIO C ITPEJJIOKEHHBIM MeTo/IoM. [Ipu cpaBHeHUU pe-
3ysibraroB Meroga SALTO Ha creHepupoBaHHONM M 3KCIEPTHBIX PasMeTKaxX MOKHO BUIETH, UTO
WCIIOJIb30BaHNE Pa3sMeTKH, NojaydeHHoil [Ipemporneccopom, jaeT He3HAYNTETHHOE OTCTaBAHUE B
2% mo TounocTn KiaaccupuKaAIIT

Ha puc. @HpeﬂCTaBHeHH PEe3y/IbTATHI 110 OIEHKEe TOYHOCTH PADOTHI MOJEJell B ciaydae, KO-
I8 KOHKYPEHTHI UCIIOIb30BAIN JJisi 00y UIeHUs 3HAYEHNE INHDBI IIOAIIOCTIEI0BATEIbHOCTH Mhest -
Mo2kHO BHIETH, 9TO HUCIIOJIb30BAHNE JJINHBI MIOAIOC/IeI0BaTeIbHOCTH, Haliaennoil [Ipenporecco-
POM, ITO3BOJISIET IIEPEIOBBIM aHAJIOTAM JIOOUTHCSA 3HAYUTE/IHHOTO YBEJIUIeHN TOYHOCTH: BILIOTH

10 8%.
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Puc. 6. Tounocts Kiaccudukamyi IPU UCIOJIH30BAHUN JIINHBI ITOAIOCIEI0BATEILHOCTH Mest

3akJIro4YeHmne

B crarbe paccMoTpeHa 3ajada KJIACCH(MUKAINN TOJIIOCIEI0BATE/IbHOCTEN TOTOKOBOTO Bpe-
MEHHOTO PsiJia, JIeMEHTbl KOTOPOro IOCTYIAIOT JJisi 0OPabOTKH B PEXKUME PeaibHOI'O BPEMEHH.
Knaccudukanust nmogpasymeBaer paciiosHaBaHUE OJHOTO U3 MPEJIONPE/IEIEHHBIX BAJIOB aKTUBHO-
ctu cyObekTa, MoBeJleHre KOTOPOro OTpakaeT obpabaTbiBaeMblil BpeMeHHO psj. B HacTosiee
BpeMsI JIaHHAs 3aJ[a4a sBJISETCS aKTyaJbHON B IIMPOKOM CIIEKTpe Ipujioxkennit lureprera Be-
e, mudpPoBoOil UHIYCTPHUH, IEPCOHAIBHOM Menunuabl U n1p. [locTaHoBKa 3a/a4u IpeIoIaraeT
BBICOKIE TpeOOBaHUs K BPEMEHU PeakIuu cucreMbl: He Oosiee 10 MC B COOTBETCTBUU C ITPOMBbIIII-
gennbiM craggaprom URLLC (Ultra-Reliable Low Latency Communications, cBepxnaje:kuast
CBSA3b € MAJIOI 3a/I€PKKOi ).

B crarbe npejioxkeH MeToJ peIeHHsS PACCMATPUBAEMO 3a/ladd, MOJIYUUBIINI HAa3BaHUE
SALTO (Snippet and Autoencoder-based Labeling of Time series coming Online), npemmomnara-
oIt 3Tanbl TpeaobpaboTKu u Kiaccudukannn. Ha mepBoM sTale B IpeaBapuUTebHO COXpa-
HEHHOM DeIPe3eHTaTUBHOM (bparMeHTe IIOTOKOBOI'O BPEMEHHOI'O PsJd OCYIIECTBJISETCS ITOUCK
IOBE/IEHUECKIX M1a0JI0OHOB (CHUIIIIETOB), KOTOPbIE IIPEJICTABIAIT CO0O0 T10/[I10C/I€/I0BATEIbHOCTH,
OTPasKarollye TUITMIHBIE AaKTUBHOCTH CyObeKTa. [I0MCK CHUIIIIETOB BBIIOJIHSIETCSI C IOMOIIBIO Pas3-
paboTAaHHOTO aBTOPOM CTATHU MapaJlIeJIbHOrO ajropuTMa. [Ipu sToM ydacTue sKcrepra B Ipe/i-
METHOI 00JIaCTH CBEJIEHO K MUHUMYMY, TIOCKOJIBKY OH 3a/1aeT JIUIIb JUAITA30H JJIUH CHUIIIIETOB,
YTO CYIIECTBEHHO CHIYKAELT HAKJ/IAIHBIE PACXO/IBI HA IMOJATOTOBKY O0YYAaIONIUX JaHHBIX. AJIrOpUT™
aBTOMATU3UPYET MOAOOP JJIMHBI CHUIIIIETa HA OCHOBE BPUCTHIECKOTO KPUTEPUsi, ITPEIITIChIBa-
FOIIEro BbIOUPATH TAKYIO JJINHY CHUIIETA, ITPU KOTOPOH ITOJIyYeHHBIE CHUIIIETHI, COOTBETCTBYIO-

e pa3/IM9YHbIM aKTUBHOCTAM, MaKCHUMaJIbBHO OTJWYHBI Pyl OT JApyTra. Haﬁ,[[eHHbIe CHHUIIIIETBI
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UCIOJIB3YIOTCH JIJIsT Pa3METKU PEIPE3eHTATUBHOIO (DpAarMeHTa: IOIIOCIE0BATEIBHOCTE dhpar-
MeHTa, HauboJjiee MOXOXKas Ha OJIMH U3 CHUIIIETOB, MOJIyYaeT METKY COOTBETCTBYIOIIEH aKTHB-
Hoctn cyobekTa. MTorom srama mnpenobpaboTKu sSIBIIeTC 00y varoIiasi BEIOOPKa /1T HeiipoceTe-
BOI MOJIE/IN, BBITIOJHSIONEH KIaCCH(PUKAIINIO Ha BTOPOM dTale. JJIEeMEHT 00ydaroniell BhIOOpKT
MIPEJICTABJISIET COOOM KOPTEXK, COCTOSIIUI M3 IOJIIOC/IEI0BATEIbHOCTA U COOTBETCTBYIOIIETO eit
cuunmera. HeftpocereBas kiaccuduKaiuonHas MOJIEIb UCIOIb3YET apXUTEKTYPY aBTOIHKO/IE-
POB. DHKOEP MOIEIH MpeobpasyeT BXOIHYIO HOIIIOC/IEI0BATEIEHOCTD B CKPBITOE IIPEICTABIEHUE
U BKJIIOUaeT B cedsi JIBa CBEPTOYHBIX CJIOS U OJUH PEKYPPEHTHBIN cjioit. Jlekojaep Momenn cocTo-
UT U3 OJHOI'O PEKYPPEHTHOI'O CJIOAd U ABYX TPAHCIIOHUPOBAHHBIX CBEPTOYHBIX CJIOEB, 3€PKaJIbHO
OTPAXKAMIINX MTapaMeTphbl DHKO/EPA. Y Ka3aHHAsI apXUTEKTypa He UCIOJb3YeT BBIYUCIUTEIHHO
eMKHe OIepaIlii, UTO CHUXKAET BpeMsi 00yUIeHHsI MOJIEJn U 0DeCIeunBaeT BbICOKOE OBICTPOIeii-
cTBHe Kjaccudukaruu B coorBercrBun co craggaprom URLLC.

B BBIYMCIMTENBHBIX 9KCIEpUMEHTaX Ha craHjgaprHbix tecrax TSSB  (Time Series
Segmentation Benchmark) 1 HAR (Human Activity Recognition) meron SALTO Bbinosinsier 06y-
YeHue MOJIEJIN OT JIBYX pa3 ObIcTpee, a KJIacCuUKAINIO — B CPeJHEM 0oJiee YeM B TIOJITOPA pas3a
6bicTpee, yeM mepeioBbie anasgoru (momaesn FCN @, Rocket , ResNet , InceptionTime E])
[Ipu BeImoHEHNN Kiaaccudukamuu ouicrposeiicteue SALTO, B oTimamne oT GOJBITIHCTBA KOH-
KypeHTOB, BiucbiBaeTcsd B pamku crangapra URLLC. Pazpaboranubiii MeTos aeT B CpejiHeM
6oJiee BBICOKYIO TOYHOCTD KJiacCH(UKAIUNU, YeM OOJIBIITMHCTBO IIEPEOBBIX aHAJOTOB, KO/ IPU
UX 3allyCKe B KaveCTBE BXOJHOI'O IapaMeTpa WCIIOJb3yeTCs CllydaiiHas JJINHA IIOII0CIIe0Ba-
TeJIbHOCTH, OTJIMYHAsS OT JUIMHBI CHUIIETa, Koropas B MeTone SALTO BeIOHpaercs ¢ MOMOIIBIO
nperporieccopa. [Ipu 3ToM cpesHsist TOYHOCTD KIacCH(UKAINN KOHKYPEHTOB IOBBIIIAETCH, €C-
JIX MU HUCIOJIB3YETCA YKa3aHHOE€ 3HaY€HNE BXOJIHOI'O IapaMeTpa. I/ICXOrILHbIe KO/IbI peaJjin3alinumn
cB0DOO/IHO nocTynHbI B cetn VlHTEpHET 10 ajipecy https://github.com/goglachevai/SALTO.

B 6y,HyH_[I/IX uccjeJOBaHUAX IIJIaHUDPYETCA U3YYUTHh BO3MOXKHOCTL HCIIOJIb30BaHUA B METOJE
SALTO wunbix OYHKIUI PACCTOSHUS JIJIsT TIOUCKA CHUIIIIETOB BPEMEHHOT'O Psijia, OCHOBAHHBIX

Ha BBIYMCJ/IEHUU CTATUCTUYICCKHUX XapPaKTEPUCTUK HO,ZLHOCJIG,ZLOB&TGJH)HOCTGfI pdaa.
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Data mining of streaming time series is a topical task that occurs in a wide range of subject areas. This article
presents the SALTO method (Snippet and Autoencoder based Labeling of Time series coming Online), which
combines a neural network model for classifying streaming time series and an analytical method for automatic
labeling of training set based on behavioral patterns (snippets). The lightweight architecture of the neural network
model used makes it possible to achieve low latency when classifying streaming data. The method involves two
stages: preprocessing and classification. At the preprocessing stage, the Preprocessor searches for the optimal
value of the length of the subsequence of the input series and performs its labeling. The resulting labels are used
to create a training set for the Extractor. The Extractor performs the extraction of the snippet of the input
subsequence and assigns it a class based on the similarity of the extracted snippet with snippets from the training
set. The experimental results showed that the proposed method performs the classification of a single subsequence
in less than 10 ms, which allows SALTO, unlike other competitors, to be used in industrial Internet of Things
applications with high performance requirements in accordance with the URLLC (Ultra-Reliable Low Latency
Communications) standard.

Keywords: time series, time series classification, autoencoder, time series behavioral patterns (snippets),
neural networks.
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CBEJEHUA OB U3IAHUN

Hayunwd orcypran «Becmuux FOVpl'Y. Cepus « Botwucaumesvtas Mamemamura u uHgpop-
mamuray ochosar 6 2012 200y.

Vupedumenv — @edeparvroe 20cydapcmseentoe a8MOHOMHOE 00PA308aAMENBHOE Yupescierue
soicwezo obpazosanus «FOorcno-Yparvekuil 2ocydapemeennoiii yrusepcumems  (HAUUOHAAHVLT
UCCAEDOBAMENDCKUT, YHUBEPCUMEM,).

Laasnwiti pedaxmop — JI.B. Coxoruncrud.

Ceudemenvcmeso o pezucmpayuu [T OCTT-57377 swdaro 24 mapma 2014 2. Dedeparvroti
cAyochotll no Had3zopy 6 chepe c8A3U, UHPOPMAUUOHHBLT METHON02UT U MACCOBBLT KOMMYHUKAUUL.

Kyprana exaroven 6 Pe(?epamuenmﬁ orcypran v Basvr dannvir BUHUTH; undexcupyemcs
6 bubauoepagpuveckoti basze dannvir PUHI]. 2Kypran pasmewen 6 omxpumom docmyne wa Bcee-
poccutickom mamemamuveckom nopmane MathNet. Ceederus o otcyprane escezodno nydaukyom-
CA 8 MeNHCOYHAPOOHOT CNPABOUHOT CUCTNEME TO NEPUOIUMECKUM U NPOJOANHCAIOUUMCA USOGHUAM
«Ulrich’s Periodicals Directorys.

Pewenuem Ilpesuduyma Boicwetd ammecmayuornoll xomuccuy Munucmepcemsa obpadosa-
nus u Hayku Poccutickoti @edepayuu srcypran exatouen 6 <llepeuens peueH3upyemvir HayuHbT
usdaruti, 8 KOMOPvHL JOANHCHDL ObIMB ONYOAUKOBAHBL OCHOBHBIE HAYUHBLE PE3YALMAMbL HA COUC-
Kanue yuenol cmenenu kandudama Hayk, Ha CouckaHue yYuenotl cmenenu Joxkmopa Hayk» no
HAYUHOM CNEUUANLHOCTIAM U COOMEEMCMBYOUUM UM ompacism Hayku: 1.2.8 — Teopemume-
ckaa ungopmamura, kubepremuka (pusuko-mamemamueckue nayku), 2.8.5 — Mamemamuse-
CKOE U NPOZPAMMHOE 00ECNEUEHUE SBIUUCAUMENDHBLT MAWUH, KOMNAEKCO8 U KOMNLIOMEPHBIL Ce-
met (Ppusuro-mamemamuseckue HAYKL,).

Hoodnucroti undexc nayumnozo orcyprana «Becmnux FOYpl'Ys, cepua «Buuwucaumenvrnan ma-
memamuka u urgopmamuras: 10244, xamanoe «IIpecca Poccuus. Iepuoduurnocmo evroda —
4 evinycka 6 200.

Adpec pedaxyuu, uzdamensn: 454080, 2. Yeasbunck, npocnexm Jlenuna, 76, Hzdameavcruti
uenmp FOYpl'Y, xab. 32.

ITPABUJIA OJId ABTOPOB

1. IlpaBuia mMOATOTOBKHU pyKOIuceil u npumep oOpMJICHUsT CTaTell MOKHO 3arpy3UTh C caiita
cepun https://vestnikvmi.susu.ru. Crarbu, odpopmiieHHbIE 6Ge3 CODJII0IeHNs TTpa-
BUJI, K PACCMOTPEHUIO HE IPUHUMAIOTCH.

2. Anpec peJakIMOHHON KOJIJIErnH HaydHoro KypHajia «Bectauk FOYpl'Y», cepust «Boramc-
JINTEJIbHAS MaTEeMaTUKa U MHMOPMATHKA :

Poccus 454080, r. Hensiounck, np. um. B.M. Jlenuna, 76, FOYpI'Y, kadeapa CII,
3aM. TyiaBHOTO pemakTopa Llpmmbmepy M.JI.

3. Azpec 3JIEKTPOHHOM IOYTHI pejJaKiuu: vestnikvmi@susu.ru

4. IInaTa c aBTOPOB 3a MyOJUKAIINIO PyKOIIUceili He B3MMAaeTCs, 1 TOHOPaphbl aBTOPaM
He BBIILJIAYNBAIOTCH.
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