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CpenctBa TpaccupoBkun OC PB cemeuncrtBa «bareTt»

A.H. I'ooynos, ORCID: 0000-0001-5952-9185 <nkag@niisi.ras.ru>
@.H. Yemepes, ORCID: 0000-0002-6494-716X <nkfedor@niisi.ras.ru>
QI'Y ®HI] Hayuno-uccnedosamenbCKull UHCMUMym cucmemHuix uccieooganuii PAH,
117218, Poccus, e. Mockea, Haxumosckuti np., 0. 36, k. 1

Annorammsi. CraTbsi TOCBsAIIEHa Ipo0JieMaM IIOCTPOSHHS CPEICTB TPACCHPOBKH CHCTEM JKECTKOTO
peanpHOr0 BpeMeHH. B Hacrosimee BpeMsl NMPaKkTHYECKH B Ka)KAOH ONEpalMOHHOW CHCTEME pPeabHOTO
BpeMern (OC PB) mMeroTcs mporpaMMHBIE CPEICTBA TPACCHUPOBKU COOBITHI. VX 3a1a4a COCTOUT B TOMCKE
«OOBIYHBIX» MPOTPAMMHBIX OIIHOOK (C KOTOPHIMH HE CIPABIIIOTCS TPAIUIMOHHBIC OTIAAYUKH) U OLIHOOK
peanbHOrO BpeMeHu. [Ipu 3TOM NpUXOIUTCS aHATU3UPOBATh HE TOIBKO MOCIIEA0BATEIbHOCTH COOBITHH, HO U
«yTeuKW» MaMATH, IUHAMHKY COCTOSHMII Tpolieccopa U IIOTOKOB YIpaBieHHs (IpodHIHNpOBaHUE),
COCTOSIHMH ceMadopoB, MBIOTEKCOB M JPYIHX CPEICTB CHHXPOHM3ALUH, a TAaKXKE Oduepequ MOTOKOB
YIPaBICHUS, OKUJIAIOLIMX OCBOOOXKAEHMS HEOOXOIMMBIX MM pecypcoB. PaccMarpuBaeTcs MeTOJONOTHS
NPOEKTHPOBAHHUS IPOrpaMM MPOCMOTpa M aHajIM3a >KypHAIOB COOBITHH (Tpacc), chopMupOBaHHBIX
NPWIOKEHUSIMH PEaJIbHOTO BpeMeHH. PaccMOTpeHBl 0COOEHHOCTH OTOOpaXkeHHs (B TOM dHCIe, B BHAE
JIePEeBLEB) JKYPHAIOB COOBITHH M BPEMEHHBIX IHMarpaMM COCTOSHHH OOBEKTOB aHAJIM3UPYEMOH CHCTEMBI,
MIPEACTAaBICHHBIX HA0OpaMH [aHHBIX, COJAEpPXKAIIMMHU OOIBIIOE KONMYecTBOM 3amucelt. IlpemmoxeHo
(opManbHOE OIMCAaHUWE MOJENeH JaHHBIX TPACCHPOBKH, MEXAaHH3MOB HX BH3yallM3al[Md M MEXaHU3MOB
YIpaBICHUS 3aIIPOCAMH K 3aIIUCSIM TPACCHI H COCTOSHUSIM 00BEeKTOB. D(Hh(HEKTHBHOCTE YKa3aHHBIX MOZETeH 1
MEXaHMU3MOB MOATBEP)KAEHA OIBITOM SKCIUIyaTallMd MpOTpaMMBI MPOCMOTpPAa M aHAIN3a HPOTOKOJIOB
coorrrniit OC PB cemeiictBa «baret», peanmn3oBaHHOH ¢ IMOMOIIBI0 OMOIHOTEKH TpadUIECKUX SJIEMEHTOB
GTK+.

Knrouessbie cioBa: OCPB; onepannoHHasi cucTeMa peanbHOIO BPEMEHH; CPEICTBA TPACCUPOBKH; >KypHA
coObITHif; poduiuposanue; Model/View/Controller; unnexcanust 3anucei.

Jusi nutupoBanusi: [onynoB A.H., Uemepe ®@.H. Cpencra tpaccupoBku OC PB cemetictBa «bareTy.
Tpyast UCIT PAH, tom 31, Beim. 4, 2019 1., ctp. 7-28. DOI: 10.15514/ISPRAS-2019-31(4)-1

Baarogapuoctu: IlyOnukanus BBIIOMHEHa B pPaMKax TOCYAApCTBEHHOTO 3aJaHMS IO IMPOBEACHHUIO
(byHoaMeHTaNbHBIX HAy4YHBIX HCCIEIOBaHHMI mo Teme «McciaenoBaHWe W peanu3alus MPOrpaMMHON
1aTOPMBI AJIsE IEPCIEKTHBHBIX MHOTOSIEPHBIX mporeccopoB» (Ne 0065-2019-0002).

Tracing Tools for «Baget» Family RTOS

A.N. Godunov, ORCID: 0000-0001-5952-9185 <nkag@niisi.ras.ru>
F.N. Chemerev, ORCID: 0000-0002-6494-716X <nkfedor@niisi.ras.ru>
Scientific Research Institute for System Analysis of the Russian Academy of Sciences,
GSP-1, 36/1, Nakhimovsky pr., Moscow, 117218, Russia

Abstract. The paper deals with the problems of developing tracing software for hard real-time systems.
Currently, almost every real-time operating system (RV OS) has event tracking software. The goal of this
software is to search for «ordinary» software errors (which traditional debuggers cannot handle) and real-time
errors. In this case, it is necessary to analyze not only the sequence of events, but also the «memory leaky, the
dynamics of the processor states and control flows (profiling), the states of semaphores, mutexes, and other
synchronization tools, as well as the queue of control flows waiting to release the resources they need. The
methodology for designing programs for viewing and analyzing event logs (traces) generated by RTOS-based
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software systems is regarded. Specifics of visualizing RTOS events and time diagrams of states of objects in
the analyzed systems, represented by data sets containing a large number of records are discussed. A formal
specification is proposed to the tracing data models, the methods for their visualization and for filter
management of trace records and object states. The effectiveness of these models and methods is confirmed
by the operating experience of the Tool for Viewing and Analyzing the Event Logs for RTOS for «Baget»
family developed with the toolkit GTK+ for creating graphical user interfaces.

Keywords: RTOS; events; logging; run-time behavior; tracing tool; Model/View/Controller; MVC

For citation: Godunov A.N., Chemerev F.N. Tracing Tools for «Baget» Family RTOS. Trudy ISP
RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 7-28 (in Russian). DOI: 10.15514/ISPRAS-2019-31(4)-1
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1. BeedeHue

B Hacrosiiee BpeMsi MPaKTHUYECKH B KaXKIOHW ONEpalMoOHHON cucteMe peaibHOro BpemeHu (OC
PB) umerorcss mporpaMMHBIE CpelcTBa TpPacCHpPOBKH coObITHH. Ilox TpaccupoBKOil HpHUHATO
MOHMMATh IOPOXK/IEHHE, HAKOIUICHWE M aHAIN3 JaHHBIX O COOBITHSAX, UMEBLIMX MECTO MpH
BBIMTOJIHEHHH TI0JIb30BaTeNIbcKoro mpuiokerus [1]. B 2001 rogy B crammapr POSIX 1003.1
BHECEHBI JIOMOJIHEHHS, CennpUINpPYONe HHTepEHC MPUKIATHON IPOrpaMMBl CO CPEICTBAMHU
TpaccupoBku [1].

3ajaya TPaCCUPOBKH — MOMCK «OOBIYHBIX» MPOTPAMMHBIX OIIHOOK (C KOTOPBIMH HE CHPABIISIOTCS
TpPaIMIMOHHBIE OTJIAAYMKA) M OMMOOK peanbHOro BpemMeHu. [Ipm 3TOM mpuXoOAWTCS
aHAJIM3UPOBATh HE TOJBKO IOCIEIOBATEIPHOCTH COOBITHH, HO M «YTCUKH» MaMSTH, AUHAMHUKY
N3MEHEHHsI COCTOSHHH mporieccopa B 00bekToB OC — TOTOKOB ympaBieHHs, ceMadopoB,
MBIOTEKCOB M JPYTHX CPEICTB CHHXPOHM3AIMM, a TaKKe OYepend MOTOKOB, OXKMAAIOIINX
0CBOOOXICHNSI HEOOXOMMBIX M PECYPCOB.

CpencrBa TpacCHPOBKH JOJDKHBI IPELYyCMAaTPUBATh BO3MOXKHOCTD MPECTaBICHNS HHPOpMannuy o
3apEerHCTPUPOBAHHBIX COOBITHSAX B BHAE, INMPUEMIIEMOM JUIS HENOCPEACTBEHHOTO BOCIIPUSATHS
YEJIOBEKOM — B BHJIE€ TEKCTa, rpaMKoOB, TUarpaMM 1 T.II. B 3aBHCHMOCTH OT 33/1a4, BO3JIOKEHHBIX
Ha CPEJCTBA TPACCHUPOBKH, PE3yJIbTaThl BU3YyaJIM3ald COOBITHH MOTYT BBIBOAMTHCS B OOBIYHBIN
TEKCTOBBII (aily, HO MOryT OBITh IIPEACTABICHbI COJCPKUMBIM OKOH B IPHJIOKEHHSX,
peanu3yonmx rpaguueckuii noas3zopareiabckuid uaTEpdeiic (GUI).

1.1 CpencTBa TpaccupoBku B cyulectByrowmux OC PB

B Hacrosimee Bpems OONBIIMHCTBO OMNEPAIMOHHBIX CHCTEM OCHAIIEHO COOCTBEHHBIMH
HHCTPYMEHTAMHU TPAaCCHPOBKH. VIMeeTcs TakKe TIONOKHUTENBHBIA OIBIT CO3JaHHUS EIUHOTO
HHCTPYMEHTApHs AJIS BU3yalIM3alliK Tpacc, chopMUPOBAHHBIX MOJ YIpaBiIeHHEeM pa3ingHbix OC
(Tracealyzer ¢pupmsr Percepio [3]).

CoObITHA, CBA3aHHBIE C BBI30BAMH f1pa, pabOTON ITaHHPOBIIMKA, 00PabOTKOI IpephIBaHMH,
CO3/1aHUEM, YHUYTOKEHHEM W U3MEHEHHEM COCTOSHHH MOTOKOB M IPOIIECCOB, a TaKXKe COOBITHSA
MIPUKIIAHON MTPOTPaAMMBI MOXKET T€HEpHPOBATh OOJBIIMHCTBO MUCIIONB3YEMBIX B HACTOSIIIEE BPeMs
OC PB, nanpumep, QNX Neutrino [4], INTEGRITY-178 [5], ThreadX [6] , RTOS-32 [7], VxWorks
[8] u np. OC PB ThreadX momyckaer reHepamuio M MOCIEAYIONIYI 00pabOTKY COOBITHIA
MPOMEXYTOYHOT0 MporpamMmmuoro obecneuenust u3 creko NetX, FileX u UshX.

B xone peructpamnuu coaepxumoe 0yhepoB, B KOTOPHIX HAKATUIMBAIOTCS PE3YJIbTATHI TeHEPAITUH
COOBITHH, HaNpaBJsIeTCsl HAa YCTPOMCTBO BhIBOJA (Hampumep, B (aitn uHcTpyMeHTanbHoi DBM).
[Tpu 3TOM Ha JaHHBIE TPACCUPOBKU MOTYT OBITH HAJIOXKEHBI (DPMIIBTPBI — KaK IIPU TEHEPaLUH, TaK U
B IIpollecce perucTpanuy. YNOpaBlIeHWE perucTpanuell JaHHBIX TPAaCCHPOBKH  MOJKET
oOecrieuynBaTbCs KaK HEMOCPEINCTBEHHO cpeacTBaMu coorBercTBytomeid OC PB  (takumy,
HampuMmep, kak tracelogger B QNX, cpexctBa BeaeHus xypHana aynura B OC PB INTEGRITY-
178, cpeacTBa TpaccHpOBKH, BKIIIOUeHHbIe B pasneisl (partition), B OC PB PikeOS [9]), Tak u ¢
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MOMOIIBI0 (PYHKIMHA, TOCTYIMHBIX MPHUKIATHON Tporpamme (TakuX, Hampumep, kak TraceEvent() B
QNX). B nepBom cityuae paspaborunkun OC PB mpemoCcTaBisioT cpeacTBa KOHGHUTYPHUPOBAHHS
(o6bra0 Ha ocroBe GUI). B QNX, Hanpumep, npu KOHGUTypHPOBAHWH HWHCTPYMEHTHPOBAHHOTO
aapa OOBIYHO 3aJalOTCS PEXUMBI PETHCTpanuy, pasMep Oydepa, a Takke (WIBTPHI,
yKa3bIBaloIIUEe, Kakhe COOBITHS W KJIacChl COOBITHMH JOJDKHBI PErucTpUpoBaThes. [lpu
xoupurypupoBanuu OC PB PikeOS 3amucu Tpaccsl MOTYT ObITh, KpOME TOTO, PACIIHPEHBI H
UCIIOJIb30BaHbI B KAYECTBE TPUITEPOB.

Hamnune B pasnmunbix OC PB ¢yHKumMil ynpaBieHHs perucTpanuei JaHHBIX TpPaCCHPOBKH
SBJISIETCS TMPEANOCHIIIKON CO3JaHUs EAWHOTO MHCTPYMEHTAapHs Uil BH3yaJU3allUd Tpacc,
copmupoBaHHbiX 10N ympasieHueMm 3Tux OC. TakuM HHCTpYMEHTOM siBisieTcss Tracealyzer
¢dbupmer Percepio [3]. O mu6o wucHonb3yeT AaHHBIC, MONYyYCHHBIE PETHCTPATOPOM COOBITHIHA
TPacCHpOBKH, BXOJSIIMM B COOTBETCTBYIOIyI0 Oubnmorexy peructparopa tpacc OC PB
(VxWorks, uC/0S-111, FreeRTOS, ThreadX), mu6o skcropTHpyeT IaHHBIE TPACCHPOBKH, KaK B
cimydae On Time RTOS-32, — ¢ moMoripsio nHCTpyMeHTa Trace EXporter, KoTopslii ocTaBiseTcs B
UcXomgHOM Koje Ha C 1 JOJKeH OBITh BKIIIOUEH B IPHIIOKEHNE PEATbHOTO BPEMEHH.

CoOpaHHbIe JaHHBIE MOTYT OBITh 00pabOTaHbI KaK B peKUME peanbHOro Bpemenu (online-ananmus),
Tak ¥ B aBTOHOMHOM pexume (Offline-ananms). B xadectBe mHCTpyMeHTa 00OpabOTKH Yalle BCEro
NpeIaraloTcss MHCTPYMEHTHI, HCIOJNB3YIOIINE TpadUuecKHil IOJIb30BaTENbCKUN HHTEp(eiic
(GUI), xax aBroHOMHBIE, Hanpumep, cucrema Monutopunra CODEO npannbix TpaccupoBku OC
PB PikeOS [9] wnu Tracealyzer ¢upmbr Percepio [3], Tak ¥ BKIIIOUYEHHBIE B UHTEIPHUPOBAHHYIO
cpeny paspaborku (IDE) mpumnoxeHnit peamsHOrO BpeMeHH, Kak, Hampumep, B QNX.
I'padmueckuii HHCTPYMEHT JUIsl aHAJIM3a, NPOBEPKH M NPOQHIMPOBaHUS NPHUIIOKEHUH pealbHOTO
Bpemenn OpenTracer ¢upmsr  Altreonic  [10] wunTerpupoBan co cpemoit  pa3paboTKu
OpenComRTOS Designer. ®upmoii Percepio mommepikuBarorcss Heckoiabko Beaymux IDE, B
kotopeie uHTerpupoBan Tracealyzer. Cpemu mux — IAR Embedded Workbench, Keil uVision
(MDK), Atmel Studio, Microchip MPLAB X IDE, Wind River Workbench u 6ospiunacteo IDE Ha
ocnose Eclipse (manpumep, Atollic TrueStudio, SWASTM32, Code Composer Studio (TI CCS),
NXP LPCxpresso/MCUxpresso u 1.1. [3]).

Hapsiny ¢ nHTEpakTHBHBIMU cpencTBamu, ucnob3ytommmu GUI, Hekoropeie pa3paborunku OC
PB npejaratoT MHCTpYMEHTBI Ha OCHOBE IporpaMMHOro uHTepdeiica npuioxenus (API). B QNX
[4], nanpumep, umeercst Habop (yHKIHMHA, B ToM uuncie, traceparcer() u traceprinter(), ¢ momMoIs©0
KOTOPBIX II0JIb30BATENIb MOXET pPEaln30BaTh COOCTBEHHBIE IPOLEAYphl 0OpaOOTKH HaHHBIX
TPaCCHPOBKH.

1.2 O630p cpeacTB TpaccupoBku B OC PB cemenctBa «baret»

[omoxenns cramapra POSIX 1003.1 yureHsl npu pa3paboTKe OIEPANUOHHBIX CHCTEM
cemeiictBa «barer», OpMEHTHPOBAaHHBIX Ha HCIIOJb30BAHWE B IIEJICBBIX (BCTpamBaeMblx) OBM,
paboTaomMXx B  CHUCTEMax JKECTKOTO pEaJbHOTO BpeMeHHW. llpenHasHaueHHbIE — JUIA
(yHKIMOHMpOBaHUS Ha IeneBblx OBM npuxmiagnele mporpammbl (TIPHIOKEHHS! PEabHOTO
BpEMEHH) pa3pabaTbiBalOTCs Ha MHCTpyMeHTaidbHOW OBM. Tpaccsl, cdopmupoBaHHbIE
cpencreamu TpaccupoBkd OC PB cemeiicTBa «barer», mpocMaTpuBalOTCs U aHATU3UPYIOTCS Ha
UHCTpyMeHTambHOH DBM mocine 3aBepiieHust paboThl npuiiokeHust Ha 1eneBoit OBM (offline-
aHaJIN3).

MHTepakTHBHBIM CpPEACTBOM TPOCMOTPA W aHAIW3a MPOTOKOJIOB COOBITHH, CPOPMHUPOBAHHBIX
cucremoir mportokoiupoBanusi OC PB cemeiictBa «barer», saBmsercs TpaccupoBmmuk —
mporpaMMa, peanu3yiomnias rpagudeckuid MoJib3oBaTtenbckuii  uHTepdeiic. CyliecTBeHHOM
0COOEHHOCTBIO TPOTPAMMBI SIBISIETCS TO, YTO OCHOBHBIM CpPEACTBOM OTOOpaKEHHUS JaHHBIX
TPACCHPOBKH, B TOM HYHCJIEe OOBEIMHEHHBIX B HEPAPXHUECKYIO CTPYKTYPY, SBIISIOTCS TaOIHUIE,
KOTOPBIE MOTYT COJIEP>KaTh OOJIBIIOE KOJTHMIECTBO CTPOK.

Baxxusim nokazarenem 3¢ dexrnBHOoCcTH TpaccupoBmnKa, SBISETCS BpeMs peakiMi Ha JAEHCTBH
MOJIB30BATEIIS IPH PAbOTE C MPOTrPaMMOIA:
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e  BpeMs OTKPHITHA (TIEPBHYHON 00pabOTKM) TpacChl — OT MOMEHTA BBIOOpa (aiiyia mpoToKoJa
COOBITUI [0 MOSIBICHUSI HA YKPaHE COJACPIKUMOIO TPACCHI, KOTOPYIO MOJb30BATEIb MOXKET
MpOCMaTPHUBATh U aHATM3UPOBATD;

e  BpeMs BTOpPHYHOI 00paboTKM Tpaccel (Ipu 3TOM (OPMHUPYIOTCS TPacChl COCTOSHUN —
arperatsl JaHHBIX, OTPaKaOUIMe AMHAMHUKY W3MEHEHHS COCTOSHHUS Ipoleccopa U 00beKTOB
0C);

e  BpeMms, HeOOXOAUMOE IS ITEPEPUCOBKU COACPKIMOTO OTOOPaKaeMbIX OOJBIINX TAONUI] IPH
UX IPOKPYTKE (CKPOJLIMHTE);

e  BpeMms, 3aTpaunBaeMoe Ha (OPMYIHPOBAHHE YCIOBHI OTOOpa 3ammced TPacchl, COCTOSHHI
mporieccopa 1 00BEKTOB TPACCHPOBKH;
e  BpeMs BBIIOJIHEHUS MPOLEAyp 0TOOpa 3aMiucel MPOTOKOJIa COOBITHH B TPACC COCTOSHHA.
CHMXEHHUE 3aTpaT BPEMEHH IMPEAINoJiaracT OTKa3 OT TOTaJbHOH 00pabOTKH Tpacchl. Bhicokyro
CKOpPOCTH O0TOOpA 3ammcei Tpacchl U JOCTYIAa K HUM O0ecleunBaeT CIeNHaNbHAs MOJIENb TPACCHL
IIpu oTkpeITHH Tpacchl 00padaTHIBAIOTCA JIMIIb T€ JJaHHBIE, KOTOpBIE HEOOXOMUMBI [UIA
MIOCTPOCHHUSA 3TOH MOAENH — TPH 3TOM HACHTHQHUIUPYIOTCS o0bekTsl OC, a 3amucu Tpacchl
nHAekcupytotcs. OcTanpHble AaHHBIE TpaccHpoBIIMK 00padaThIBaeT M0 Mepe HEOOXOIMMOCTH —
HampuMmep, Korga TpeOyercs oToOpasuTh MX Ha JKpaHe. MHUHHMH3AIHS 3aTpaT BpEMEHH Ha
(dopMynHpoBaHUE YCIOBHH O0TOOpa oOecreunBaeTcss NpPEAeTbHO JAKOHMYHBIM MEXaHH3MOM
3aJaHus OTUX yCJIOBI/Iﬁ B Han0Ooee BaXKHBIX TUITHYHBIX clry4dasax.
B nanHHOI cTaThe paccMaTpUBAIOTCS IMONXOIBI M TEXHUYECKHE PEIICHUS, JeXallde B OCHOBE
Mojenel, ucmoib3yeMbIx cpenctBamu TpaccupoBku OC PB cemeiicta «barery.

2. OCHOBHbIe NoHsMus

2.1 CoObITUA TPACCUPOBKN U PEXUMbI NPOTOKONMPOBaHUA

CeezieHust O JIEHCTBUSX, TPOU3BOJUMBIX IPU BBINOJHEHHH MPHIIOKEHHS, (QUKCHPYIOTCS B BUAE
arperaTtoB JaHHbIX, HAa3bIBACMbIX COOBITHAMU TpaCCUPOBKHU. CoOBITHS 3alMCHLIBAIOTCS B ITOTOKH
TPaCCUPOBKHU, KOTOPBIE COJEPKAT TAKXKe CIyKeOHbIe JaHHbIE, HEOOXOAUMBIE JUISI HHTEPIPETAIIUU
coObITHl. ISl MOSMydYeHHs KOMMHM TMOTOKA ISl MOCIEIYIONIEro aHaiu3a, colaepxumoe Oydepa
cOpachIBaeTCs B )KypHAJ TPACCHPOBKH (IIPOTOKOI COOBITHH, Tpacca) — (aii, pacrmoararoiuiics B
JIOJITCOBPEMEHHOM MaMsITH.

OI[HI/IM U3 TI'JIaBHBIX Tpe60BaHPII>i K CUCTEME TPACCHUPOBKU ABJIACTCA MUHUMU3ALNA HAKIAJIHBIX
pacxomoB. UTOOBI yIOBICTBOPHUTH 3TOMY TpPEOOBAaHHIO, TOTOKM TPACCHPOBKH pPa3MEIIAlOT B
OTEepaTUBHOW TaMATH — IPU 3TOM, KaK IPABHIIO, HCIONB3yeTcs KoubleBoi Oydep. IlepeHoc
JAHHBIX W3 Oydepa B (ailyi MOKET MPOM3BOJUTHCS aBTOMATHIECKHU IO Mepe 3aroiHeHus Oydepa,
KOT[la TIPOLIECCOpP HE 3aHAT BHINOJIHEHHEM «INTATHBIX» (YHKIWMIA MPHUIOKEHUS pPEaTbHOTo
BpPEMEHH, WIH T10 SBHOMY TpeOOBaHHIO.

JeiicTBus TIpu mepenoHeHny Oydepa onpeaestoTcsl HACTPOUKAMU CHCTEMBI IPOTOKOIHPOBAHUS.
B dacTHOCTH, BO3MOXHA OCTaHOBKA IpHU IepenoiHeHnn Oydepa. meercs Takke BO3MOXKHOCTH
IUKITHYECKON 3aIiCH, KOTJa MpH JAOCTIKCHWU KOHIA Oydepa 3amuch MPOA0IDKAETCS B HAYAJIO
Oydepa — HOBBIC 3aIMCH 3aMEIIAIOT CTapbie. B mociemHeM cirydae, KOMHS COIACPKUMOTo Oydepa
(caMbIe «CBeXHE» 3aIUCH) CO3/IAETCS IPHU 3aKPBITHH OTOKA TPACCHPOBKH.

B mporecce BBIMOMHEHHS MPUKIATHON MPOTPAMMBI MOTYT MUMETh MECTO (haTajbHBIC OIINOKH, B
pe3ynbTaTe KOTOPBIX CHCTeMa OKaKeTCs HepaboTocmocoOHOW. B momoOHBIX Cilydasx MOJIe3HBIM
HUCTOYHUKOM HH(]pOpMaIuu sBIsETCS cofepxumoe Oydepa Ha MoMmeHT kpaxa cuctembl. B OC PB
cemeiictBa «bareT» nMeeTcss BO3SMOXHOCTD CO3/1aTh KOTIHIO €TI0 COJIEPKIMOTO IPH HOCIEAYIOIIEM
3aITycKe MPUII0KECHHUS.
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2.2 CucteMHble U nosb3oBaTeNbCKkue cobbITUA

B cootBerctBum co crangaprom POSIX 1003.1 coOBbITHS TPaCCHUPOBKU MOAPA3ICISIIOTCS Ha IBE
KaTeropuu:

®  CHCTeMHble — TI'eHepupyloTcsi B oTBeT Ha aedctBusi OC, B TOM 4ucie, NpH OOpaleHuu
TIPUKIIATHON TTporpaMMsl K pyakmmsaM OC;

®  TI0JIb30BATENILCKHE (OHM K€ COOBITHUSI MPUKIATHON MPOTPaMMBbI) — FEHEPUPYIOTCS IIPU BBI30BE
¢byukuuu posix_trace_event().

[Tonb30BaTenbCKue COOBITUS MOTYT HMCIOJIB30BAaTHCS KaK MapKepbl HauOojee BaXKHBIX y4YaCTKOB
NPUKJIAJTHOTO KOAA — UX MOXKHO aCCOLMHMPOBATh C TOYKAMH BXOAa B (DYHKIHMU M OTAEIBHBIMH
BETBSAMH DEAM3YIOINX 3TH (YHKUUH anropuTMoB. COOBITHS NPUKIATHOW MPOrpaMMbl MOTYT
TEHEPUPOBATHCS CPEACTBaMU ee caMoKoHTposwst [11]. HakoHer, ¢ moap30BaTeibCKUME COOBITHSIMH
B TpPacce MOXKHO CBf3aTh peajbHble COOBITHSA, NPOM3OLICANIHE Ha OOBEKTE YIIPABICHUS:
cpabaThIBaHUS peie, 3aKpbITHE M OTKPHITHE KJIANaHOB, (AaKT BBIXOJA 3HAYCHUH KPUTHYECKH
Ba)KHBIX [IAPAMETPOB (TeMIIepaTypa, JaBJICHUE) 3a IIPEAEIbl A0ITyCKa.

2.3 CnyxeOHble 3anucu Tpacchbl

Hapsimy ¢ coOblTmsiMH Tpacca MOXKET COAEpKaTh CIyxeOHble 3amuch. Eciam Tpacca mmeer
omounyto ctpykrypy (kak B OC PB cemetictBa «barer»), To ciy»xeOHONW MOXKET OBITh, HAIIPUMED,
3aIich, Coaepkamias HOMep OJIOKa, WM «ITycTas» 3allicCh, 3aIONHSIOMAS €ro  «XBOCT.
HexkoTopsie ciyxeOHble 3amucu (Ha30BEM MX CYIIECTBEHHBIMHU CITY>KEOHBIMH) COJEPIKAT BaKHYIO
uHpopMaLuio, HEOOXOAUMYIO ISl HHTEPIPETALMU COOBITHI TPACCUPOBKY.

3aroJIoBOK Tpacchl, HAIIpUMEpP, COIEPKUT cBeaeHust o Bepcun OC, mox ynpaBlieHHEM KOTOpPOH
Tpacca Obula creHepupoBaHa. J[pyrue ciyxeOHbIe 3allUCH COJEpKaT XapaKTePUCTHKH OOBEKTOB
OC (ceMadopoB, MBIOTEKCOB, TOTOKOB YIIPABJICHUS, OUepe/Icii COOOIICHUH U T.I.).

VICTOYHMKOM 3THX MAaHHBIX SIBJIAIOTCS COOBITHSA, PETHCTPHPYEMbIE B MOMEHT CO3/aHMS 3THX
oobekToB. Cucrema mporokoiupoBanusi OC PB  cemeiictBa «baret» ayOnupyer 9TH
XapaKTEepUCTUKH, NIOMELIasi UX B CIy)KeOHbIe OJIOKH CHCTEMbI IPOTOKOJIUPOBaHUs. B orTiuuune ot
COJIEP’KUMOTO LIMKJINYECKOro Oydepa, ciryxeOHble OJIOKH HE 3aTHparoTcs. B MOMEHT 3aBepiieHus
MPOTOKOJIMPOBAHMSI OHH BMECTE C 3alUChIO MPECTABICHHs (3ar0JIOBKOM TPAacChl) OTITHUCHIBAIOTCS
B (ailn Tpacchl.

2.4 Tunbl 3anncen Tpaccol

Kaxxmas 3ammch Tpacchl OTHOCHTCA K HEKOTOPOMY THILy t, MpHHAAJIEKaIeMy MHOXeCTBY T,
tumoB 3amucei (t € T,). Ux HOMeHKmaTypa, T.e. MHOXecTBO T, ompenensercs Bepcueir OC PB.
Turel cOOBITHI M THITBI CYIIECTBEHHBIX CITY’KEOHBIX 3aITMCEH COCTaBIISIOT MHOXXECTBO T, THIIOB
cymectBennbix 3amuceid (T, € T,). HomeHknaTypa THUIOB cOOBITHH M CIyXeOHBIX 3amucei
ONpEEIIIeTCsl CUCTEMOM NPOTOKOJIMPOBaHUs KOHKpeTHOoM Bepcuu OC.

Kaxnplii TMD 3ammcu XapakTepu3yeTcs YHHKAIbHBIMH MMEHeM W uieHTHdukatopoM. Mmena
UCTIONIB3YIOTCS TP BU3YyalIn3alluy 3allMCcel, TOT/1a KaK B IOTOKE TPACCUPOBKU XPAHATCS YUCIIOBBIE
uneHTnuKaTopsl X TUNoB. COOTBETCTBHE MMEH M HMICHTH()UKATOPOB THIIOB 00ECHEUMBAIOTCS
CpeICTBaMU MPOCMOTpPaA U aHAIHU3a TPACChI

2.5 O6beKTbl TPACCUPOBKU

B 3ammcsix Tpacchkl, COOTBETCTBYIOIIMX CHCTEMHBIM COOBITHSIM, MOTYT HPUCYTCTBOBATH MOJIS,
3HaYCHMSI KOTOPBIX MICHTUPHUIUPYIOT 00bekThl OC (MIOTOKM ynpaBiieHus], ceMa(opbl, MBIOTEKCHI
u T.1.). Ilons 3ammceidf, COOTBETCTBYIOUIMX IOJIB30BATEIBCKIM COOBITHAM, MOTYT COJAEPKaTh
TEKCTHl WM IIEJbIe YHCIIA, HCIOJb3yeMble B KadyeCTBE HACHTH(HKATOPOB IIOIB30BATEIBCKUX
00OBEKTOB.
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B mopnenu naHHbix TpaccMpoBIIMKAa HOMEHKIATypa THIIOB OOBEKTOB TPACCHPOBKH Hapsiity ¢
tunaMu 00bekToB OC BKIIOYaeT B ceOsl MpephIBaHUS W CHTHABI, KOTOPHIE B COBOKYITHOCTH
COCTABJIAIOT MHOKECTBO THIOB OOBEKTOB TPACCHPOBKH T(,pj). B 1emOM 3Ta HOMEHKIaTypa
oTpaxkaeT HamOoJiee oOIIME NpenCTaBIeHHUsI 00 ONEepalMOHHBIX CHCTeMax cemelicTBa «barer.
LlenouncneHHble MACHTH(OUKATOPHI | TUIOB O0BEKTOB TPACCUPOBKU MOTYT OBITH ITPEACTAaBIICHBI
HabOpOM KOHCTAHT, 3371aBaeMBIX IIEPEUHCIIIeMbIM THITOM (B si3bike C — enum).

JlBa Tuma OOBEKTOB «IIPEPBIBAHHUE» U IIOTOK YIPABJICHHS» COCTABIAIOT MHOXECTBO T, THIIOB
koHTeKCTOB (T © T(opj))-

MuoxecTBO  00bEKTOB  TpaccHpoBkM THna t € Ti,pj) o0Oo3maumm wepes Oy |0y -
3aperHMCTPUPOBAHHOE B  Tpacce KOJIMYECTBO OOBEKTOB THma t. MHOXECTBO  Bcex
3apeTUCTPUPOBAHHBIX 0OBEKTOB TPACCHPOBKHU 0003HAUNM uepe3 0 = UtET(obj) 0;.

2.6 CocTosiHMA npoueccopa u o6bekTtos OC

Hapsiny ¢ coObITHAMH, NPEACTaBICHHBIMH B Tpacce, NMPHUXOAWUTCA aHAIM3HPOBATh COCTOSHHSA
nporeccopa (CPU) u o6wvexroB OC.

Ilpu amamm3e 3arpy3ku mporieccopa U moBeaeHus o0bekroB OC PB ymoOHO omepupoBath
COCTOSTHHSIMH C Pa3HOHM CTeNeHblo AeTalbHOCTH. COCTOSHUS, Al KOTOPBIX HE MPEeryCMOTpEHa
Jetanm3anys, OyneM Has3plBaTh aTOMapHBIMH WM IIpocTo  cocTosHusMH.  CocTosHuS,
JIOIyCKAOIINe JIeTannu3auio OyJeM Ha3blBaTh arperHpoBaHHBIMH (YKpynHEHHbIMH). [Tpnmepom
arperupoOBaHHOIO COCTOSIHHSI IIPOLiECCOpa SBISAETCS COCTOSHHE «GbINOAHAIOMCS NOMOKU (He
6AJICHO Kaxue)», NeTaTU3UPyEMO€E COCTOSIHUEM «EblNOIHACMCA KOHKDEMHbIl NOMOK

[Tpomeccop MOXeT HaXOOUTHCS THOO B COCTOSIHUH «npocmoil», THO0 B OJHOM W3 COCTOSHHH,
KOTZa BBINOJHAIOTCA «0Opabomuuxu npepuleanull (He 6adiCHO Kakue)», «NOmoKu (He 6adlcHO
KaKue)», «KOHKpemmubvlii o0padomyux npepvlieanusny, «KOHKpemHwlll Npoyeccy», «KOHKPEemHblll
nomok». ITH COCTOSIHUS (KaK aTOMapHbIe, TaK W arperupoOBaHHbIE) MOTYT OBITh MPEICTABICHBI
MHOECTBOM:

Sccpuy = {cpuldle, cpulnterrupts, cpuThreads, cpulntr, cpuProc, cpuThr}

MHOXeCTBO COCTOSIHUM 0O0BEKTOB THMa t 00603HaumM uepe3 S;. Hampumep, moTok ympaBieHHS
MOXKET NMPeObIBATE B CIEAYIOUIUX COCTOSHUAX: «He UCHONHACMCA, KUCNONHACMCAY, KHE 20MO08»,
«omogy, «npepsan». COOTBETCTBEHHO MHOXECTBO COCTOSIHUI MOTOKA YIpaBJIeHUs (AaTOMapHbBIX U
arperupoBaHHBIX) MOXKET OBITh IIPE/ICTABIEHO CIIEYIOIINM 00pa3oM:

Scrhreaay = {thrNotRun, thrRun, thrNotReady, thrReady, thrinterrupted}.

2.7 OToGpaxeHne AaHHbIX, UMEIOLNX NepPapPXUYECKYIO CTPYKTYPY

B ocHoBe HamOojee NOMYNSPHBIX COBPEMEHHBIX CPEACTB OTOOPaXEHWS MAHHBIX, HMEIOIINX
HepapXxUuecKylo CTPYKTypy, jJexut kouuemniums MVC (Model/View/Controller) [12]. Peanu3anuu
9TOW KOHLEMIMU B Pa3HbIX (ppedMBOpKax — KpoccruiaTGOpPMEHHBIX OHOIHOTEKaX TIpadHyecKux
aneMeHToOB (Takux, Hampumep, kak GTK+ [13] u Qt [14]), npenHa3sHaueHHBIX Uil CO3JAHUU
nojp3oBarenbekoro unrepdeiica (GUI), — mMoryr wMerh cymiectBeHHble pasnuuuns. OgHaKo,
oOCcyXJaeMble B paMKax [aHHOW CTaTbU IMOAXOJAbl M TEXHUYECKHUE PEUICHHs HE KacaroTcs
aCIIeKTOB KOHIICTII[MH, CBS3aHHBIX C PENAKTHPOBAHHMEM JAHHBIX. Ba)KHBIM SBIISETCS JHIIb TO
00CTOATENBCTBO, 4TO B pamkax kourenimn MVC wmogens nanueix (Model) ormenmena ot
npexacraiaenust (View), a coOcTBeHHO maHHbIE (0oJiee TOYHO, MCTOYHHK JaHHBIX — Data)
oraenensl oT Mojenu (Model), koTopast 0 OTHOIICHHIO K 3JIEMEHTaM JaHHBIX BBICTYMAET B POJIH
HaBUTATOPA.

B janpHeiimiemM OynerT 1OKa3aHO, 4YTO BPEMEHHEIE  XapaKTEPUCTUKH  HCIIOJIb3YEeMBIX
TpacCHpOBLIMKOM CPEICTB OTOOPAXKEHUsI IAHHBIX MOTYT OBITh CYLIECTBEHHO YJIy4IICHBI HMEHHO
Onarogaps TOMy, YTO B OCHOBE HMX peanu3auuu nexut konuenuus MVC. Hmxe npuBomurcs
(opmanbHOe onycaHne HanboJIee BayKHBIX C ATOH TOUKH 3peHus ee MexaHn3MoB. (IIpuBeneHHbIe B

12



Tonynos A.H., Yemeper ®.H. Cpexctsa tpaccuposku OC PB cemeiicta «baret». Tpyost UCII PAH, Tom 31, Bein. 4, 2019 1., c1p. 7-28

JaHHOM pasmenie  (OYHKIWH  SBISIOTCS  YCIOBHBIMH — O0O3HAYCHUSIMH METOIOB  KJIACCOB,
peanusyronmx Moaeau Model, npencrasienus View, mir KOMOHHAIHMI STHX METOJIOB. )

Unrepecyromiee Hac npexacrtasiende (View) oroOpaxkaer naHHble B BHAE TaOmuibl. Kaxmoit ee
CTPOKE COOTBETCTBYIOT MO3HIIMSA B JEpeBe, IMPEACTABISIOMAs co00# IOCIIe0BATEIFHOCTD

P = (pl-)l.ill, (p; € N). DiieMeHTHI p; 3TOH MOCIIEMOBATENFHOCTH 331aI0T JIOTHUECKAE KOOPAWHATHI
y3Ila JepeBa — MyTh OT P;-TO 3JIEMEHTa BEPXHETO YPOBHS JepeBa K P,-My siieMenty (n = |P|),
COOTBETCTBYIONIIEMY YpOBHIO |P| mepeBa. B ciydae omHOYpOBHEBOTO JiepeBa (CHFICKA) ITO3UIIHA
P = {p;} nroboii CTpOKU OMpeessieTcs] €e HOMEPOM, PaBHbIM p;. Jlormueckue KOOPIMHATHI
HCIIONB3YIOTCS MpeAcTaBieHneM ViEW, ¢ OZHOIM CTOPOHBI, A ajpecalud K OTOOpakacMbIM
JaHHBIM, C JAPYrod — A MO3UIHOHHPOBAaHHS B MPOCTPAHCTBEHHBIX KOOPAWHATAX BUJIKETA,
peanusyromero npencrapienue View. B GTK+, Hampumep, 3TH KOOPAHHATHI MPEACTABICHBI
crpykrypamu tuna GtkTreePath.
Mopens Model obecreunBaer cBs3p mpeacTaBieHus VieW ¢ HCTOYHHMKOM JHaHHBIX Data.
B3aumopeiicTBiEe MOMEIH ¢ STUMH JAHHBIMH O0ECIICUHBAIOTCS KIIACCOM, PEaU3yIOIIUM METOIbI
uHTepdeiica, onpeaeIseMoro KOHKpeTHbIM ¢peiimBopkoM. B ciyyae GTK+, Hampumep, 3Toii
nenu ciayxut abcrpaktaelii uatepdeiic GtkTreeModel [13], B ciyuae Qt — unTepdeiic 6asoBoro
kiacca QAbstractitemModel [14]. Dtu Meromsl, ¢ OAHONW CTOPOHBI, JO/DKHBI OOECIEUHBATH
HABUTAllMI0 BHYTPU HCTOYHHMKA NaHHBIX (MPUBS3KY y3na monenn Model x asnmemeHTYy naHHBIX
ucrouHnka Data), a ¢ npyrodl — COOTHeceHHe Yy3/a MOIENH C mo3unueid P B Jepese
npencraBieHus View.
V3en wmogenu B GtkTreeModel onwmceiBaetcs  cTpykrypoit tuma  GtkTreelter, B
QAbstractitemModel — o6bekTom kimacca QModellndex. Beenem ycnoBaoe ob6o3HaueHue node
Juisl ommcatens y3na Jsoboit mogenu Model (B Tom wumcne, mis tuma GtkTreelter wmu
QModellndex). HecmoTpst Ha TO, 4TO HOMEHKJIAaTypa METOJOB MOJCIM M MX CHUTHATYpa MOTYT
OBITh Pa3HBIMHU Y PA3INYHBIX PPEHMBOPKOB, 3TH METOIBI 00CCIICUNBAIOT:
e ompemenenre tuma (¢ momorueio (yHknuu type(node)) u 3uauenus (value(node))
JaHHOTO M3 XpaHmwnia Data;
®  YCTaHOBJICHHE COOTBETCTBHS — C momoInsio (yHkims node(P) — mexay ysiom node
mogemn Model u mosuimeit P B jmepeBe mnpejacTaBieHus VIEW (TeM caMBIM peanu3yeTcs
JOCTYIl METOJOB TNpPEACTAaBICHHs K JaHHbIM W3 xpaHwmima Data), a Tawke oOpatHOro
COOTBETCTBHS — ¢ TIoMoIIbio GyHKImsa P(node);

e  wmaBuranuoo mo ysaam moxenud Model (¢ momompio dyakuuit next(node), prev(node),
parent(node), nth_child(node, n));

e  JIOCTYII K XapaKTePUCTUKAM y3Jia, TAKUM, HAIPUMEP, KaK KOJMYESCTBO JTOUCPHUX y3JIOB.
Cronbupl TabaMIel, peanusyeMoi npeactaBienneM View, MoOryTr ObITh TMPEICTABIEHBl B BHIE
MOCJIEIOBATENILHOCTH C; OmucaTeseld cTononos € = (ci)liill, rae |C| — ux konmuectBo. C KaxIpiM
CTOJIOIIOM C; CBsI3aH OOBEKT render;, OTOOPAKAIOUIMIA CONEPKIMOE STYCHKH U3 STOTO CTOJNOMA C
MOMOIIBI0 HHU3KOYPOBHEBBIX TIpaduueckux cpeacts, u (yukuus paint(render;, c;, node),
MepeonpeIeIItoNias 3HaYeHUsI BHYTPCHHUX NapaMeTpoB 00beKkTa render;, UCIOIb3YeMbIX HM
IPU «OTPUCOBKE» SUEHKH (TAaKUX KaK TEKCT, [BET MPU(PTA M T.II.) — UCXOMAA M3 MHTEPIPETALIUH.
Peammzanns ¢ynkumu paint() Bozmaraercss Ha paspaborunka GUIl-mpunoxenns. Emy xe
MPEIOCTABIISIETCST BBHIOOp Kilacca, KOTOPOMY MPUHAICKUT OOBEKT render;, W3 HEKOTOPOTO
(ukcupoBanHoro Habopa. CBsi3b MEX/Y JIOTHYECKUMH KOOPJIHHATAMHU P CTpOKH, U y3II0M node
mojenn Model, HeoOxoquMBbIe JUTS TO3UIIMOHUPOBAHUS O0JIACTH PHUCOBAHUS, MPEIOCTABISIOTCS
cooTBeTcTBYIOmuME Metogam Model.

3. Modenb mpaccbi cobbimuti

Cospemennsie DBM, ucrosnp3yeMble B KauecTBE HHCTPYMEHTAIBHBIX IPH IPOCMOTPE U aHAIN3e
MIPOTOKOJIOB COOBITHI, 00J1a1al0T JOCTATOYHBIM OOBEMOM ONEPATHBHOW MaMATH M MEXaHH3MOM
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BUPTYQJILHON MaMATH, YTO MO3BOJISET MOMEIIATh MPOTOKONIBI COOBITHI B BUPTYaJIbHYIO IaMsTh
HHCTpyMeHTabHOM OBM mnenukoM. B manpHelmem, ecnu crenuaibHO HE OTrOBapUBAETCS
o0OpaTHOE, CUMTAETCSI, YTO BCE ONMCBHIBACMbIC KPYIHBIC arperatsl JaHHBIX (Tpacchl, WHIEKCHBIC
MAcCCHBHI) pa3MeIlleHbl B BUPTyalbHON MaMsTh. B wacTHOCTH, afpeca 3ammceil Tpacchl M X MOJeH
—3TO ajjpeca B BUPTYaJIbHOM MaMATH HHCTpYMEHTalbHOIH DOBM.

Tpacca npeacTasisieT coO0H arperat JaHHBIX, MOJEIBIO KOTOPOTO SIBISIETCSI TOCIIEI0BATEIbHOCTD

o L v
3anmceit L = (ri)ll-:ll, rae |L| — xonmyecTBo 3amuiceld B Tpacce. B cBOI0 odepens, 3amHCh TPACCHI T;
— 3TO arperaT JaHHBIX, KOTOPOMY MOJXHO TMOCTaBUTh B COOTBETCTBHE ero ajapec a; = Adr(i) B
orepaTuBHON mamsith, pasmep [; = Size(i) u upentuduxarop tuna 3amucu t = Eid(i), rae
teT,.

3.1 UHpekcauma 3anmcen Tpacchbl

Db dexruBHas peanusanus Gyukiuii Adr(), Size() u Eid() mnpeamonaraet HaJu4ue TOTO HITH
HHOTO MeXaHM3Ma WHJAEKCalluM 3amucedl Tpacchl. PeleHune 3Tol 3afaudl  CyIIECTBEHHO
VIOPOINAIOTCS, €CIM B Hadalle KaXIOH 3amucH 7; TMPUCYTCTBYET 3arojIoBOK (IECKPUMITODP),
COJIepIKaILMi JUIMHY 3alUCH U WICHTU(DHUKATOP €€ THIIA, a CAMU 3allUCH yJJOBJIETBOPSIOT YCIOBHIO
CBSI3HOCTH TPACCHI:

Qi1 = a; + Li#(1)
rae a; — aapec i-i 3amucu, [; — ee pasmep.
B OC PB cemeiictBa «bareT» IeCKpHNTOp 3alKMCH NpEACTaBiIeH AByMs mojsimu type record u
size_record, yro mo3BosET — B Tpolecce co3maanus HOBBIX Bepcuil OC — B IIHUPOKUX Mpeaenax
BapbUpPOBATh KaK HOMEHKJIATYpPy THIIOB 3aIlMCH, TaK U X pa3Mep.
[lepBUYHBIM MHIEKCOM 3allMCH 7; Tpacchl OyJaeM Ha3blBaTh €€ MOPSAKOBBIA Homep i. Jlms
OBICTPOrO MOWCKA 3aIKCH 110 €€ MEePBUYHOMY MHAEKCY HMCHIONB3yeTcsl MHAEKCHBIN maccuB [;. C
y4eToM ycloBHs CBs3HOCTH (1) mHAekcanus (Ha30BeM ee MEePBHUYHON) CBOIUTCA K MOCTPOCHMIO
MHJICKCHOTO MAacCHBa OE33HAKOBBIX LEJBIX YHCEN, PEaM3YIOIIEro IOCIeI0BaTeNbHOCTs [; =

L
(Ai)ll-:ll, rae A;= a; — a; — CMelleHue 3aliCH 7; OTHOCUTEJILHO Havaa TPacchl L.

Konnenmus TpaccupoBIiyka MpeanonaraeT, 4To pasmep Tpacchl He npesbiaet 4 I'b. I[Toatomy
UCIIOJIb30BaHKE 32-pa3psiIHbIX CMEIEHUH A; JJIsl MHIEKCAllMK 3anKceil MO3BOIISET B YCIIOBUIX 64-
paspsinHOi mHCTpyMmeHTansHOM OC B 1Ba pa3a yMEHBIINTHh pa3Mep HHIEKCHOTO MacCHBa IO
CPAaBHEHUIO C HEMOCPEACTBEHHBIM HCIOJIB30BAHUEM aJIPECOB.

PaccMoTpuM mocnenoBaTenbHOCTh E, MONY4EHHYH H3 IoOclenoBarenbHocTH L myrem
UCKJIIOYEHHS W3 Hee HECYNIECTBEHHBIX CIY)XEOHBIX 3ammceid. Kaxnomy HoMepy j asiemMeHTa
TI0CIIe/I0BaTeIbHOCTH ' COOTBETCTBYET NEPBUYHBIN MHIEKC i, Tako# uto 7; = 7, 1; € L.

3.2 OnucaHune CTPYKTYpbl 3anmMcu Tpacchbl Ha A3bike C

B OC PB cewmeiictBa «barer» 3ammcu Tpaccel (OPMHUPYIOTCS C IOMOIIBIO  (DYHKITHH,
peannzoBaHHBIX Ha s3bike C. [103TOMY CTPYKTYpHBIE THIIBI 3TOTO S3bIKa HPOrPaMMHUPOBAHUS
SIBIISIFOTCS] HanboJiee OPraHUYHBIM CPEICTBOM ONHCAHMS 3aIMCEH, 1MOJISI KOTOPBIX MOTYT OBITh Kak
HOpOCTHIMU (ONHChIBaeMbIMHU TUmamu Short, unsigned int u T.11.), TaK U COCTABHBIMHU: CTPYKTYpaMH
(struct) u o6wvenuueHusmu (union). B zammcsax tpaccel OC PB cemeiictBa «barer» arperary
JMAaHHBIX THOAa UNION TIPEANmIeCTBYET MPOCTOE MOJie, 3HAUEHHE KOTOPOrO OIpeaesieT ToJie
00beMHEHHs UNION, B COOTBETCTBUH C KOTOPBIM CJIEIYET HHTEPIPETUPOBATL COJAEPKUMOE ITOTO
arperara JaHHbIX.

JIroboe mone f (mpocToe WM coCcTaBHOE) JI00O0H CYIIECTBEHHOM 3alliCH MMEET THIl, 3a/IaHHBIN B
COOTBETCTBUM €O craHmaptoM si3pika C. Bce Tumbl mosieil, BcTpedarolidecs B ONHCAHMAX
CYIIIECTBEHHBIX 3aIMCEeH BCEX THIOB 00pa3zyroT MHOXKecTBO Ty, onpenensemoe Bepcueit OC PB.

B KOHICIIITUN TpaCCI/IpOBH_H/IKa BBIACIISICTCS MHOXECTBO 0a30BBLIX THIIOB Tb — €OUHOC IJId BCEX
Tpacc, BHE 3aBUCHMOCTH OT TOT0, kakoi nmeHHo Bepcueir OC PB cemeiictBa «barer» Tpacca Obuia

14



Tonynos A.H., Yemeper ®.H. Cpexctsa tpaccuposku OC PB cemeiicta «baret». Tpyost UCII PAH, Tom 31, Bein. 4, 2019 1., c1p. 7-28

HoJIy4eHa. DTO MHOXKECTBO BKJIIOYAaeT B ce0s CTaHAApTHBIE TUIBI JaHHBIX s3blka C, a Taxke
HEKOTOpBIE CTPYKTYPHBIE THITBI JaHHBIX (Hampumep, struct timespec crangapra POSIX 1003.1). B
nocnenanx Bepcusix OC PB cemeiictBa «bareTy monsiM 3amucH, ColepsKaliuM HIeHTUDHUKATOPHI
00pexToB OC, HAa3HAYAIOTCS THUIBI, IMEHA KOTOPHIX OJHO3HAYHO OMpEHelsioT Tl oO0bekra OC
(manpumep, «thread_ptr», «chan_idy»). Otu Tumnsl (1 UM M000HbIE) TAKXKE ABJSFOTCS dJEMEHTAMU
MHOXKeCTBa 0a30BBIX THUIOB Tj,. MHOXeCTBO 0a30BBIX THIIOB, IPUMEHUMBIX K OT/AEIBHO B3SITOW
Bepcuu OC PB, aBnsteTcs NOAMHOKECTBOM MHOXeCTBaA T} .

Hdns  xaxnoro OazoBoro Tunma b €T, co3maercs Habop (QyHKIME, WCIONB3yeMBIX IIPH
MHTEPIPETALNH ¥ BU3yaIU3alluy 3HAUSHUH 110JIe 3amrcel Tpacchl, MPUHAISKAIINX 3TOMY THITY.
VYkazarenn Ha 3TH (QYHKIMH — BMECTE€ C JaHHBIMH O pa3Mmepe Nouisi Tuma b u crocobe ero
BEIpaBHUBaHUS B mamsiti OBM HaxomsaTcst B ommcarene 6a3oBoro tuma b. B Tpaccuposmimke
HOAJIEP)KUBACTCSI MEXaHU3M, YCTAaHABIUBAIONINN COOTBETCTBHE MEXIy MMEHaMH 0a30BBIX THIIOB
Y UX OIIHCATEISIMU.

CTpyKTypHBI THI JaHHBIX — 3JIEMEHT MHOXeCTBa Ty — XapakTepusyeTcs HMEHEM THIa. B s3pike
C ¢ 3TM UMeHeM CBs3aHa 00 cTpyKTypa (Struct), mibo oGbenunaerune (UNion).

Onucanusi 3amicedl W OMUCAHUS WX TOJIeH cojepkarcs B 3arofioBouHbix (aitmax (h-daitnax)
ormepanoHHON cucteMbl. Kaxgoe C-ommcaHne CTpPyKTyphl 3aliCH THNA €  COAEPIKHT
MCUEPNBIBAIONIYI0 HH(POPMAINIO, HEOOXOOUMYIO ISl TOJMyYeHHs 3HaueHHs Joboro momsa f
MPOCTOrO THIIA JIF00O0I! 3aIKCH TPACCHI.

Ecnu mporpamMMa mpocMoTpa M aHaJIu3a TPacc B CBOEH CYIIECTBEHHOH YacTH HalMCaHA Ha SI3bIKE
C, B mpuHOMIE BO3MOXXHO HEIIOCPEACTBEHHOE HCIIONB30BAHHE 3aroJIOBOYHBIX (hailoB B Xone
ananu3za. B aTom ciyuae Heobxoaumbie h-daitmer OC PB MoryT ObITh HCIIOIB30BAHBI B MPOLIECCE
KOMITHJISILIMY TIPOTPaMMBI IIPOCMOTpPaA KakK ee COOCTBEHHBIE 3arojoBoYHbIe (aiinbl. Ho, Bo-1epBhIX,
Takasi mporpamMma IpocMOTpa He OyJeT alleKBaTHO paboTaTh C TpacCcaMH, CO3JAaHHBIMU JIPYTUMH
Bepcusimu OC PB, h-taiiiel KOTOPBIX OTIHYAIOTCSA OT TeX, YTO OBLIH HCIOJIB30BAHBI B MPOCKTE
MporpaMMbl TPOCMOTpa. A BO-BTOPBIX, Jake B paMkax ojHON u Toi ke Bepcuu OC PB B
3aroJioBOYHBIX  (aillax  NPHUCYTCTBYIOT  3aBUCHMOCTH  OT  apXHUTEKTypbl — Ipoleccopa,
MCIOJIB3YEMOTO Ha LIeJIEBOM MamuHe. JTO 03HAavaeT, 4Tto il Kaxxaon Bepcun OC u 1S KXo
ApXHUTEKTYpHI NPHIETCS COOMpaTh OTHENBHYIO MPOrpaMMy NPOCMOTpa (WM, TO KpaiHel mepe,
CYIIECTBEHHYIO €€ YacTh, OTBETCTBEHHYIO 33 HHTEPIIPETALNIO 3aIIUCEH TPACCHI).

B Tpaccuposmuke OC PB cemeiictBa «barer» peajn30BaH MHOW MOJAXO[, B paMKax KOTOPOIo
OTMCaHMe 3alicel M WX IoJIel mpejacTaBieHo B Buae (daima Ha s3eike XML, popmupyemoro Ha
ocHoBaunn C-ommcanmii. [Ipm sTomMm XML-onmcanme Tpacchl JONOJHSETCS CBEACHHUSIMH,
orcyrctBytoiumu B h-aitnax OC PB, Hanpumep, crieiudukaiusiMa GopMaToB, UCIIOIb3YEMbIX
IpH 0TOOPAKEHHUH 3aIHUCEH TPACCHI.

3.3 OnucaHune CTpyKTypbl 3anmncu Tpaccbl Ha A3bike XML

B XML-onucanuu Tpaccsl MHOXKECTBO T, THIIOB 3alMCEH MPEACTABICHO MOCIEI0BATEIEHOCTHIO
XML-anemenroB (event). Atpubyr Name snemenTa (event) onpeaenseT uMs 3aIicu, aTpuodyT
id — 3Hauenue ee uaeHTudukaropa. Kaxplii snemeHT (event) cocrouT u3 anementoB (field) c
atpubyramu Name, dim u type_name. Ilopsaok snementoB (field) coBmamaer ¢ mopsakom
anemMeHToB C-omucanusi CTpyKTypbl. Mmsi snementa B C-CTPYKType COOTBETCTBYET 3HAYCHHIO
atpubyra Name sinemenra (field), pasmMepHOCTb — 3HaueHMIO arpudyrta dim, THN JAHHBIX —
3Ha4YeHHIO aTpubyTa type_name.

MHOXeCTBO CTPYKTYpHBIX (cocTaBHbIX) THNOB HaHHbIX (Ty \ T,) NpEnCcTaBICHO B OMUCAHHU
tpaccel  XML-anementom  (Common), copepkaHnueM  KoTtoporo  sBisercs  XSD-
HoCJe0BaTeIbHOCTE  (XS:Sequence) XML-snementoB (dt), pa3nUyarOmIUXCs 3HAYCHHSAMH
atpubyta Name.

CoBnajieHne 3HaUeHUs aTpuOyTa type_name ¢ umeHeM 6a3oBoro tuna b € Tj, CBUAETEIBCTBYET O
TOM, YTO I0JIe, OnHchIBaeMoe dneMeHToM (field) orHocutcs k 6a3oBoMy Tuny b. B mporuBHOM
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cilyqae 3ToMy nouso coorBerctByeT XML-anement (dt) ¢ arpubyrom Name, 3HaueHHE KOTOPOTO
paBHO 3Ha4YeHHIO aTpulOyTa type_name snementa (field). CTpykrypa amemenTa (dt), Takke KaKk
U CTpYyKTypa 31eMeHTa {(event), coctout uz XML-anemenroB (field) c arpudbyramu Name, dim
u type_name.

XML-omucaHust THIOB 3amuceld TPAacChl U COCTABHBIX THUIIOB JIAHHBIX SIBJISICTCS YacThIO OOIIETO
OMHCaHMs Tpacchl, KOTopoe A TpaccUpOBIIMKA SBISETCS OCHOBHBIM HMCTOYHHUKOM HCXOIHBIX
JIAaHHBIX, HEOOXOAMMBIX JUIs MHTeprperauuu Tpaccel. Kaxmoir Bepcun OC PB coorBeTcTByeT
omnpeneneHHblit XML-¢aiin.

B Hacrosmiee BpeMms HCIOJB3YeTCs MPOCTOM M HaAeXHbIA crocod renepanun XML-onumcanuii
Tpacc, He MpeArNoJararouui JeKcuieckoro pasdopa 3aronoBouHsix daitios OC PB. Iporpamma,
ucnone3yromas kpocc-otiaaauuk rdp-gdb, aBromarnuecku renepupyet XML-omucanne Tpaccsl —
cBoe s Kaxnoi u3 moanepxkuaeMblx OC PB ammaparHbix miatdopm nenesoit OBM. Ilpu
3alycKe OTJIaJ4MKa, €My B KadeCTBE apryMeHTa IiepefaeTcs LeneBoil obpa3 — daiin,
CKOH(HUTYpPHPOBAaHHBIN IO/ OTIPE/ICICHHYIO MIPOIIECCOPHYIO apXUTEKTYpy IesreBoit OBM.
OCHOBHOE JOCTOMHCTBO 3TOIl MPOrpaMMBl, HApSAAY C €€ OUEBUAHOM MPOCTOTON U HAJEKHOCTBIO, —
3TO TOYHOCTb, C KOTOpOH creHepupoBaHHOoe XML-onmcanue oTpaxaeT 0COOCHHOCTH
MIPOLECCOPHON apXUTEKTYPBHI.

3.4 [lepeBO onucaHMA 3anucu Tpacchbl

HenocpencreenHoe wucnonb3oBaHne XML-onmucaHus Tpacchl CONPSIKEHO CO 3HAYUTEIBHBIMH
3aTpaTaMH BPEMEHH Kak B IIpoliecce NEPBHYHON 00pabOTKH Tpacchl, TaK W MPU BU3yaTH3aINH €€
3aIuCeil.

B TpaccupoBmuke peann3oBaHa MOJENb 3allMCH TPAcChl, HCTOYHUKOM JAaHHBIX AJSI KOTOPOH
spisiercst XML-onmcanue Tpacchl. OTa MOJEnb NPHMEHHMa K TpaccaM, C(hOpPMHPOBAHHBIM
pazmmuabiva  Bepcrsivu OC PB. Omna, Bo-mepBhIX, oOecrmedymBaeT MPHEMIEMYI CKOPOCTh
00paboTKH Tpacchl, a, BO-BTOPBIX, HEIIOCPEACTBEHHO UCIONb3yeTcsi HHCTpyMeHTapueM GTK+ mpu
BU3yaIM3allMM ee 3amucei. Jta Mozens (GopMHpyeTcss B caMOM Hadane oOpaboTKM Tpacchl —
TIOCJIE TOTO, KaK M3 3ar0JIOBKa TPACCHI (3aIMCH MPEACTaBICHNS ) N3BJIeYeHa HHPOPMAIHS O BEPCHU
OC PB u apxutekType npoieccopa.

JIrobast cymecTBeHHas 3alMCh TPAcChl MMEET, BOOOIIE TOBOPS, HEPApXUYECKyI0 CTPYKTYpY,
ONMCcaHWe KOTOPOH MOXKET OBITh NPEJICTAaBICHO B BHJE IOCIEAOBATEILHOCTH OIHCaTeNel
HETIOCPEICTBEHHO COJEPIKAIINXCS B HEHl MoJIeit:

Re = (A,
rJie e — THII 3aiucH, |R,| — KoardecTBO mosel 3anucu (3J1€MEHTOB MOCIEA0BaTENLHOCTH R,), d; —
OIUCATEIb -T'O MOJISL.
Cpenu omucatenedl mojei MocieaoBaTelbHOCTH R, MOXET MPUCYTCTBOBaTH OAWH WU Ooliee

omucarellb d COCTaBHOTO (CTPYKTYpHOT'O) IOJIs, KOTOPBIH, aHAJIOTHYHO OMUCAHHIO CTPYKTYPHI
camoif 3anucu R,, MOXeT OBITh ITPEACTABIICH I10CIIEI0BATEIHLHOCTBIO OIMCaTeleH MoIel:

d= e,
rae |d| — KoMM4ecTBO IEMEHTOB B ITOCIEA0BATEILHOCTH d.
B Tpaccuposuuke onucatens d sBISETCS CTPYKTYPOH, copepiKaliel, B YaCTHOCTH, UMSI TIOJIST U
yKazaTelu Ha «COCEAHHE» OIHUCATENN: «POOUMETbCKULY, «CIeOYIoWU», «Npedvloyuuin»,
«nepeviil noouunennvitiy. CUcTeMa 3THX yKazaTelled pealn3yeT HepapXHio JepeBa OIMUCAHUS
3alKiCH TUNA e, y3JlaMH KOTOPOTro SIBISIFOTCS onucarenyu noseit. Onucarenu d; — y3Jibl BEPXHETO
YPOBHSI, 00BEMHEHHBIE MTOCPEJCTBOM YKazaTelel «credyiouyuii» B CIUCOK, HAYAIOM KOTOPOTO
SIBJISIETCS AJIEMEHT d;, — ONpEENISIOT nocieaoBareibHocTh R,. Takum obpasom, R, omuckiBaeT
JIPEBOBU/IHYIO CTPYKTYpY 3aIucy Tina e € T,.
JepeBo ommcanust 3amucu R, ¢opMmupyercs B mpoliecce IocienoBaressHoro oboxoma XML-
ormmcanust 3anucu e. Ilpu oOHapyxenun B XML-ommcanmm odepeanoro anementa (field)
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CO3MaeTCsl COOTBETCTBYIOIIMH eMy omnucatelds d. OTOT oOmMcarelb BCTPaUBaeTCs B
CYILLECTBYIOLIYIO 4acTh JiepeBa R, (OOHOBIIAIOTCS yKa3aTelH Ha «COoceei» y caMmoro onucatens d
U Y CMEKHBIX Y3JIOB).

B xonme ¢dopmupoBanms aepeBa R, HCIONB3YIOTCS 3JIEMEHTH CTPYKTYpHl omucarens d. dt
(«ykazamenv na mun nona») U of fset («emewenue omuocumenvHo Havaia 3anucuy). Ecmau
3HaueHue aTpubyTa type_name siementa (field) coBmagaer ¢ umenemM 6a3oBoro tuma b € Ty,
9NEeMEHTY dt CTPYKTYpbl NMPUCBaMBAEeTCsl 3HAYEHHs yKas3aTellsh Ha OomMcarenb 0a30BOro Tuma b.
Ecnu 3nauenue atpubyta type_name snemenra (field) cosmamaer ¢ uMenem atpubyra Name
snemeHTa (dt), ONMCHIBAIOIICTO COCTABHOE IOJE, y3€l d «IOCTPAWBACTCS» B COOTBETCTBHH C
«comepxumbiM» XML-amemenra (dt). DTta mporeaypa peKypcHBHA, MOCKOIBKY «COIEPKAMOE)
(dt) MokeT BKIIOYATH IO CTPYKTYPHBIX THIOB. IIpu 3TOM BCSKHH pa3 il ommcareis d
paccuuThBaeTCS 3HauCHUE cMmelieHus (0f fset) OMUCHIBAEMOro MM MOJISi OTHOCHUTENBHO Havasa
3aIliCH — C YY4ETOM Pa3MepOB M CIIOCOOOB BBIPABHUBAHUS 1T0JIeH 0A30BBIX THIIOB.

Pasmep npocToro nons f B 3amucu 7 € E Tpacchl U CNOCOO €ro BRIPABHUBAHMS B ONEPATHBHOM
naMsITH MHCTpyMeHTanbHOH DBM ompenpensiercs ero tunom b (b € Ty,), Torma kak aapec —
MH/IEKCOM [ 3aIlUCH 7; U Mo3uitueil P (IOJIHBIM IyTeM OT KOpHs) B CTPYKType R, omuchiBaromeit
3ammck 7; THIa e Tpaccesl L. Kaxmomy 6a3oBoMy THITy b COOTBETCTBYET (DyHKIHSI, BO3BpaIaromas
3HaYeHHue ToJA f Mo ero ajpecy: 3Ha4Y€HHE Vy 3a/[aBaeMoe IyTeM P IpocToro mois f 3amuc 1,
MOXET OBITh TONY4eHO ¢ moMmomuibio GyHkuun vy = Value(i, P). TakuMm «3HauCHHEM)» MOKET
OBITh, HAIIpUMEp, CTPOKA, YHCIIO, 3HAUEHHE yKa3aTelsl Ha CTPYKTYPY B aJpecHOM IPOCTPAHCTBE
nenesoit OBM, conmepxkamyio aaHHbie 00 o0bekre OC. C TUIIOM b MOXHO CBS3aTh TaKkKe
GYHKIHIO OTOOpaXKEHHS S = Show(vf, F ), npeoOpasylollylo 3HaueHHe Uy B CTPOKY S B
COOTBETCTBHH C (hopmaroM F.

3.5 UpeHTUUKaTOPbI 06 BLEKTOB TPACCUPOBKN B 3aNNCKU TPaccChl

Wnentudukarop oid oObekTa TPacCUPOBKH, OOHApPYKEHHBIH B ToONie fp, 3almUcu T; TUNA e,
ornpeziesseTcss 3HaueHWEM IoJisl fp, MO3MLMUS KOTOPOro B 3amucH 3afaHa nytem P. oid =
Value(i, P). OgHako, st uaeHTU(GUKAIMH 00BEKTa 3TOr0 3HAYCHHUS HEIOCTATOYHO: HEOOXOAUMO
3HaHWe WJeHTH(]UKaTOpa TIpolecca, B KOTOpPOM, YydacTByeT o00bekT. Kak mpaBuio,
uneHTHUKaTOp pid Tpolecca sBIAETCS 3HAYCHHEM OJHOrO W3 mojeil 3amucu 7;. B obmiem
cirydae 11 naeHTH(UKauu o0beKTa 0 B 3aITUCH, OIIMCBIBAEMOI JIepeBOM R, HCIONB3yeTCs Tapa
onucaTtenei nonei samucu 7. d, (onucarens nons uaeHtudukaropa oobexTa) U d,, (onmcarennb
noJisl uAeHTU(HKaTopa mpolecca). B ciayuae «omgHompoueccHsix» OC PB, a takke B ciydae
00BEKTOB TPAaCCUPOBKH, HE IPUBSA3aHHBIX K KOHKPETHOMY IIPOIECCY, HCIOJIB3YETCsl HyJIEBOE
3HaueHue UIeHTU(UKATOpA Mpolecca.
KaxioMy 00bEKTY 0 COOTBETCTBYET CBOE OIMCAHHE — CTPYKTYpa, CoJlepKallas, B YaCTHOCTH, UM
00beKTa, ero THII, U CChUIKY Ha CIIY)KEeOHYIO 3alliCh TPACCHI, COJIEPHKAILYIO €ro XapaKTepUCTUKu. B
IIeJIOM, 3Ty CTPYKTYPY MOXXHO paccMaTpHBaTh KaK IPOrpaMMHYIO peann3anuio o0bekra 0. Tum
obbekTa t € T, MOXeT OBITh TIOJTy4eH ¢ roMonipio pyHkmu t = Type(0).
B Tpaccuposuyke 11t HAeHTU(QHUKAIME 00BbEKTOB TPACCUPOBKH HCIIONB3yeTcs Xenr-tabumma H,
U3 KOTOpOH OOBEKT O THma t MOXKET OBITh H3BJIEYEH C MOMOIIBIO  (QYHKIUH
o0 = GetObject(H, t,pid, oid). B ciysae otcyrctBHs B Tabnmie o00BEKTa € TAKUMH
XapaKTepUCTUKAMH, OTIMCaHNe 00OBEKTa CO3/1aeTCs, yKa3aTellb Ha HEero 3aHOCHTCS B Tabuuiy H.
Omucanue R, 3amucu TUma e, MOXET colepkath omucateian (obOpasyrome MHOXeCTBO O,)
HECKOJIbKUX MOJIeH, 3HAYCHUsS] KOTOPBIX HMHTEPHPETHPYIOTCS KaK HIACHTH(UKATOPHI 0OBEKTOB.
OmnwmcaTens 0THOTO U3 MOJIEH MOXKET ObITH OOBSIBIICH ONMMCAHUEM O HACHTH(UKATOPA TIaBHOTO
o0bekTa. BeiOop 3TOT, B NPUHIIKIIE, TPOU3BOJICH U OIPEIEISETCs NI TeM, HACKOJIBKO aKTyaJeH
0TOOp 3amuceil Tpaccel, B KOTOPHIX (UTYpHpPYyeT 00BEKT, BHIOPAaHHBIN B KauecTBE TIaBHOTO. s
coObITUsT «3axBaT ceMadopay, HANpHUMep, TIIABHBIM OOBEKTOM €CTECTBEHHO CUHUTATH ceMadop.
[porpammuoii peanusauueir mMHoxectBa O, B TpaccupoBiuuke siBmsiercs cnucok GList (u3
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oubaroreku GLib). Onmcarens mois, comepkamero MAEHTH(GUKATOP OO0BEKTa, OOBIBICHHOIO
[JIABHBIM, IOMEIIAETCS B HAYAJIO CIIUCKA.

3.6 OnucaHue 3anucu Tpaccbl Kak Mogenb AaHHbIX ANs OTOOpaxeHus B
Tabnuue

Hcnone3yemoe B Xole aHain3a IEPEBO OIMCAHHS 3alllcH R, OPHEHTHPOBAaHO Ha 0OpabOTKY
3amucell Kak B PYTHHHOM (aBTOMAaTHYECKOM) PEXHME, TaK M B WHTCPAKTHBHOM, KOT/A 3alHCH
MPOCMATPHBAIOTCS B CKPOJUTUPYEMBIX TaOIHIIAX.

B GTK+ nmanHbIe, MMEROLIHE HEPAPXUUECKYIO CTPYKTYPY, OTOOPaXKAIOTCs C MOMOIIBIO BHKETA
GtkTreeView, peamusytomero mpejacrasienue View konmenuua MVC  (em. 2.7) s
B3aMMOJICHCTBHS C OTUMH JAHHBIMH BCETAa HCIONB3YETCsl KIAacC, pPeaau3ylOMIUil METOIbI
abctpaktHoro unrepdeiica GtkTreeModel.

Ilpu 3amoiHeHWH styeek Tabmuibl, oToOpaxaemol Bumketom GtkTreeView, wucmons3yroTcs
¢byHkuun obpatHoro Bbi3oBa ¢ curatypoit GtkTreeCellDataFunc (cm. 2.7, dyukuus paint()). B
3aBHCHMOCTH OT TOTO, KaKWe WMEHHO JaHHbIe MOJeTH TpedyeTcs oToOpasuTh, 3TH (YHKIUH
MEepPeOnpeieNsIFoT ~ 3HAYCHUS BHYTPEHHHX [apaMeTpoB peHaepepa — o00bekTa Kiacca
GtkCellRenderer, ananora oonekra render; (cM. 2.7), CBA3aHHOTO C [-M CTOJOLIOM TaOJIHIIbL.

B TpaccupoBiiuke st 0TOOpakeHUs A€TaIbHOW HH(GOPMAIIUH, COACPIKAIICHCS B 3alIUCH TPACCHI,
peamusoBaH kiace DiTree, nouepnuii mo otHomeHuto k kiaaccy GObject u peanusyronmii MeToIbI
unrepdeiica GtkTreeModel. Bumxer GtkTreeView oToOpaskaeT cylecTBEHHYIO 3allMCh 7; TUMIA €,
BOCIIPOM3BOJS CTPYKTYPY JlepeBa OIMCaHUs 3amicd R,, y3i1bI KOTOPOro CHAaO)KCHBI MMEHAMH,
coBraaaronMi ¢ uMeHamu noseit B C-omucanuu (h-daitnax OC PB). Tun 3anucu onpeaenseTcs
nepBuuHbiM ~ uHACKCOM I (e = Eid(i)), COOTBETCTBYIOIIMM HOMEpPY j  dJileMEHTa
MOCIIeIOBATENBHOCTH E CyliecTBeHHBIX 3amuceil. B kaxaoM cirydae, koraa tpebyercs oTo6pasuth
comepxumoe 3amucu Tthma e, Bumkery GtkTreeView B kauectBe Mojenu maHHBIX D,
npeabsiBisieTcs 00bekT Kiacca DiTree. EquMHCTBEHHBIM aTpuOyTOM (CBOWCTBOM) 3TOTO OOBEKTa
ABiseTCs R, — AePeBO ONUCAHMS 3aIiCH THIIA €.

[MpuBszka Mozxenu aauHbIX D, 3ammcu Tuna e k BUkery GtkTreeView mpoucxomutT B MOMEHT
BBIOOpa cymiecTBeHHOH 3ammcu 7. Dynkuuym, peamusyromme untepdeiic GtkTreeModel,
HCTIONB3YIOT yKa3aTeld Ha «CMEKHBICY» Y3JIbl JiepeBa, coAepiKalluecs B CTPYKTYpe OIHcaTelNei
noJieil. 3Ha4eHUEM B y3Jie JiepeBa R, MOJy4eHHBIM ¢ TIoMollblo GyHKImu get_value(), sBisercs
yKasaTeib Ha Ommcarelb d OTOro y3ia. 3HAYCHHS MOJIeH, OmpejaeNsieMble aapecoM 3allHCH
a; = Adr(i) u cmenieHusMu of fset u3 omucaTeiel IOJiEH 3alKMCH, BBIYMCISIOTCS B TeEJ€E
GyHKIUH, 3a1a0IIKUX TapaMeTPhl peHaepepa.

Hamuune y momenu D, wuurepdeiica GtkTreeModel, mosBonsier MHKancyniupoBaTh IETalH €€
peanuzaiu. OyHknuu wHTEp(Eca MOXHO HCIONB30BaTh ISl MEPEMEIICHHUsT [0 CTPYKType
3aIIMCH — HE3aBUCHMO OT TOT0, KaK HIMEHHO 3TOT HHTepdeiic peann3oBaH.

4. Cmamucmuka cobbimuli u emopuYyHasi UHOeKcayusi mpacchbl

AHanu3 paboThl TPUIIOKEHHUS PEATBbHOTO BPEMEHHW, TpEArojaraeT HaIudue XOTs Obl
MUHHMAJIbHON CTATUCTHUKH, MO3BOJISIONICH OIICHWUTH, KAKUE MMEHHO COOBITHS MPOUCXOAWIH, B
KaKHX KOHTEKCTax, Kakue 00bekThl OC B HUX y4acTBOBAIIH.

4.1 Tpounku (e, ¢, 0)

B ¢aze nepBuuHO#l 00pabOTKM 3amUCe TPacChl OMPENENIETCS TUIl € OYEepPEAHON CYyIIeCTBEHHON
3aMUCH  Tj, WACHTUYUUUPYIOTCS OOBEKTHI TPACCHPOBKH W TMONOJHAETCA Xem-Tabnuna H,
ucrionbp3yemast Ul Moucka OOBeKTOB Mo uX wuieHTHdukatopam (cM. 3.5). Cpeam oObekToB

TpaCcCUPOBKU, 06Hapy)K€HHI)IX B Tpacce, BBIACIACTCA KOHTCKCT. I[J'IH JII000H CyIlIeCTBCHHOﬁ
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3alUCH T MOKHO yKa3aTh TPOHKY (e, ¢, 0) (uHaue — eco-Tpoiiky), rne e € T, ¢ € 0, Type(c) €
T,., rnaBHbId 00BekT 0 € O, Type(o0) € Teonjy-

B xone mocnenoBaTenbHOM 00pabOTKM CYIIECTBEHHBIX 3amuceil Tpacchl (opmupyercs xemi-
Tabnuua — JUIl TOMCKAa e-TPOeK [0 3HAYeHHWsIM THNa COOBITHS M yKasaTeled Ha OIUCaTelH
KOHTEKCTa M TJIaBHOro oObekTa. [Ipy oOHapykeHHs B Tpacce HOBOH (OTCYTCTBYIOIIEH B XewI-
Talnuie) TpoiKM, CO3JaeTCsl ee OmUcaTelb — CTPYKTYpa, COJAeprKalas THII COOBITHS M CCHUIKH
(yxa3arenn) Ha ommcaTes M KOHTEKCTA U TTIABHOTO 00BEKTA, a TAKXKE CUETIMK, B KOTOPOM BEZETCS
YUeT «IOSIBIICHHID) TPOWKH B 3amHUCIX Tpacchl. Kaxmolr HOBOW Tpoiike HazHawdaeTcs (B MOPSAKE
oOHapyXeHHsT) HACHTH(HUKATOP — ouepenHol HoMmep ecold Tpo#KwH, TIOCIe 4ero yKa3aTelb Ha ee
ONHCaTeNb 3aHOCUTCS B XEI-TaONuIy Heocy. Takum 00paszoM, Kakaas 3aluch T'j OKa3hIBAETCS
cHa0>xeHa MIeHTUPHUKATOPOM ecold COOTBETCTBYIONLIEH €-TPOHKH.

Ha 3aximounTenbHOM 3Tane nepBUYHON 00padOTKH TPacchl, KOTAa BCE e-TPOHKH 3aHECEHBI B Xelll-
Tabmuny Heoc), (POpMHUpYeTCss MaccuB ecoD TpoeK, YNOPSANOYEHHBIH 10 HIEHTH(UKATOPAM
ecold, mocie 4ero IOCTYNl K TPOWKE MOXKET OBITh OCYIISCTBICH KaK IO €€ HACHTU(UKATOPY
ecold, Tak ¥ 10 COBOKYITHOCTH 3HAYCHUH €€ KOMIIOHEHT €, C ¥ 0 (C HOMOIIBIO Ta0MULbl Hgo))-

4.2 Bropu4yHasa uHgekcauuma Tpacchbl

CpezncrBa aHajM3a TPacchl JOJDKHBI obecneynBaTh 3P QEKTHBHBIA NOCTYI B MEPBYIO OYepenb K
CYIICCTBCHHBIM 3aIlIUCAM TpPacChbl (HeCyHleCTBeHHLIe 3almrcCu, KakK MmpaBuiio, JOJIKHBI 6I)ITI) CKPBITBL
OoT monb3oBatens). Jpyrum TpeOoBaHUEM, NPEABSBIAEMBIM K CpPEACTBaM aHalIM3a TPacChl,
AaBIsieTcss Hanmure 3 (QeKTHBHBIX MEXaHU3MOB 33/IaHUS YCIOBUH 0TOOpa M (PIIIBTPAIH 3aIHCeH,
HEOOXOIMMBIX JUTS PEIICHUST KOHKPETHBIX 3a/1a4 aHAIIN3A.

Kak moxasplBaeT ONBIT peayin3allii CPEJCTB TPACCUPOBKU ceMelcTBa «barer», momamisomiee
OOJNBIIMHCTBO 3a7lad aHAJIM3a MOYKET YCIENIHO pemaThcs B paMKax INPOLeAyp OTOOpa 3armmceid,
YCIIOBHS KOTOPBIX HAKIIAJBIBAIOTCS HCKIIOUYUTEFHO HA KOMIIOHCHTHI €—TPOEK. DTO 03HAYACT, UTO
11 IPOBEPKH YCJIOBUH 0TOOpa HET HEOOXOMMOCTH NPUMEHATH UX K KaxkaoH 3amucu 7 € E. [lna
Hauana (B mepBoi (paze oTOopa) 1OCTATOUHO IMPOBEPUTH HA COOTBETCTBHE 3TUM YCJIOBHUSAM BCE €—
TpOﬁKH TpacChbl, «moMe4das» B OWTOBOM MAacCHUBE TE€ U3 HUX, KOTOPBIE OTHUM YCJIOBUIM
ynoBieTBopsitoT. (B manmbHeliieM — mpu 00XOAE CYIMIECTBEHHBIX 3allUCEeld TPacChl — MOXKHO
BOCTIOJIB30BAaThCA TEM, UTO C KKJON 3aIHChIO CBA3aHA €CO-TPOHKa, YKe MPOIIEeAIIast IPOBEPKY.)
B ocHOBe nocTyna K CylIECTBEHHBIM 3alIACAM TPACCHl — HAJIMYUE COOTBETCTBUS MEXKY HOMEPOM j
CYIIECTBEHHOH 3aMKCH T (3JE€MEHTa MOCIe0BATENLHOCTH E) M ONpeIeNIONMM aipec 3alucH 75
TIEPBUYHBIM WHIEKCOM [ — HOMEpPOM 3JeMeHTa WHuekcHoro MaccuBa [; (cM. 3.1). C mpyroit
CTOPOHbI, KaXJIOMY HOMEpY j cCyllecTBeHHOH 3amucu 7; € E cooTBeTCTBYeT e—Tpoika ¢
unentudukaropom ecold. D10 1no3BoJIAET 3aBEpUINTHL 0TOOP 3amucell 7; mpoueaypoit ux odxoxa
(Bropas daza ordopa), nomeyas Te U3 HUX, «4bU» €CO—TPOUKHU ObLIM «IIOMEYEHBI» B MEpBOH (ase
otbopa.

[lepBuuHbIl MHAEKC [ CYNIECTBEHHOM 3amucu T; BMecTe C HIeHTH(ukatopom ecold
COOTBETCTBYIOIEN 3TON 3amMcu e—Tpoiiku obpasyer napy (i, ecold). KommnoHenTa i 3To#l mapsl
obecrieunBaeT OBICTPBIM IOCTYN K ajpecy CYyLIECTBEHHOW 3alucH, KOMIOHeHTa ecold — K
OIUCATEII0 eCO—TPOHKH, UCTIONB3YEMOMY IIPH 0TOOpE 3aIiceit.

BTOpHYHBIM UHIEKCOM CYIIECTBEHHOMH 3allucu 71- Tpaccel OyJieM Ha3bIBaTh €€ MOPSAKOBBIM HOMEp
J. Hnst GBICTPOTO MOWCKA 3alUCH T; MO €€ MHIEKCY W IPOBEPKH €€ COOTBETCTBHS YCIOBHAM

0TOOpa MCIIOJIB3YETCsI MHIEKCHBIA MAaCCHB, pEaIM3YIONIHIA TIOCIIEN0BaTENBHOCTE map (i, ecold):
— ({i |E|

Iy = ((i,ecold));_,,

TaKylo uTo 7; = 13, 1; € L, e = Eid(i), e € T,, |E| — Ko1M4ecTBO CyImECTBEHHBIX 3aMuCeii.
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4.3 OlepeBO CcOOLITUI — pe3ynbTaT NepeynopsaoYnBaHUA MAacCUBOB TPOEK
(e, ¢, 0)
Pacnonaras madopMarieid o KOJMYECTBE «IOSIBICHHI» B Tpacce KaXIOW W3 Tpoek (e, ¢, 0),
MOKHO, HallpuMep, MOIY4UTh CTAaTUCTUKY Pean3aliyl COOBITUS THIIA € B PA3INYHBIX COYECTAHUIX
KOHTEKCTOB M TJIABHBIX OOBEKTOB. J[Jisi 3TOro JOCTATOYHO YMOPSIIOYUTH COOTBETCTBYHOIIUM
obpa3oM TPOHKH U MPOCYMMHPOBATH CUYCTYUKH TEX H3 HHUX, KOTOPbIE 3TOMY COUYCTAHHIO
yIOBJIETBOPsIOT. TO e camMoe MOXHO CKazaThb O JIF00OW JApYroil KOMIIOHEHTe TpoHKH. B
KOHEYHOM CYeTe, [OOCTaTOYHO co37aTh Tpu MaccuBa FEco, Coe, Oec, sBIAIOIINECS
MepeynopsI0UeHHBIMU KOUSIMU MaccuBa ecoD.
B cnydae maccuBa Eco, mmeercss B BHIY JIeKCHKOrpaduueckas YIOPSOOYCHHOCTh (€, Cq,
0,) <{e,, €3, 0,) O3HAYAIOINAS, YTO BHITOJIHCHO YCIIOBUE

(e <e) V(e = e) A((c1 <) V(e = ¢2) A(0g <07)) 2)
Han maccuBoM Eco MOXHO HaACTPOUTh MaccHB EC yMOpSHAOYCHHBIX map (e, C), Ui KOTOPBIX
YIOPSIIOUCHHOCTD (€, €1) <{e,, C,), o3Hauaromias, uro (e; <e,) V (e; = e,) A (¢; < ¢y), mpsAamo
cneayer u3 (2). C mo0bIM i-M 31meMeHTOM (e;, C;) TOrO MacCHBa MOXXHO CBS3aTh JHAINA30H
HOMEpOB [jy, j,] aneMeHTOB MaccuBa Eco, KOTOPOMY COOTBETCTBYET MOCIEIOBATEIBHOCTD TPOCK
J2
j=i1
N3 maccuBa Ec MOXHO, B CBOIO OYepe/ib, cHOPMHUPOBATH MEpEyIOpsmoucHHy0 Komuoo Ce, B
KOTOPOM TIOPSITIOK map OyAeT OmpenessaThesi yClaoBHEM (e;, C1) <{e,, C,), O3HAYAIOUIUM, YTO
(c1 <cx)V(cy = ¢3) A(eq <ey). Ilpu 5TOM, OIHAKO, -MY dIEMEHTY (e;, C;) MaccuBa Ec u j-my
JIIEMEHTY (ej, cj) MaccuBa Ce COOTBETCTBYET OJMH U TOT XK€ Auana3oH D) 3JIeMEHTOB MacchBa
Eco — npu ycnosun, 4ro (e; = ;) A(c; = ¢;). Han maccusom Ec aHanorudneiM oOpasom

D; = <€i, Cis Oj)

HaJICTpanuBaeTcss MaccuB E coOwiThid e;, a Hajx mMaccuBoM (e — maccuB C KOHTEKCTOB ¢j. B
nporiecce hopMHUPOBaHUS MacCUBOB Ec u E It KaKAOTO COOBITHS €; MOTYT OBITh MOJCYHUTAHBI
KOJIMYECTBA €r0 MOSBICHHUI B Tpacce. AHAJIOTHYHBIC PACYETHI MOTYT MPOBEACHBI ISl KAXKIOTO 13
KOHTEKCTOB, B KOTOPOM (DUKCHPYETCSI COOBITHE €;.

B 1iesiom xe E-ymopsiioueHHOCTh TPOEK (€, €, 0) MOPOXKIAeT JIBa BapHAHTA HePAPXUH MACCHUBOB:
E.Ec.Eco (cobbitusi | koHTEKCTHI | 06BbekThI) U C.Ce.Eco (KOHTeKCTHI | COOBITHS | 0OBEKTHI).
AmnanmoruuHeiM  o0Opa3oM C-yHmOpsI0U€HHOCTh MOpoKaaeT uepapxum MaccuBoB: C.Co.Coe
(xonTekcThl | 00bekThl | coObiTus) 1 O.0c.Coe (00bEKTHI | KOHTEKCTHI | cobbiTus), a Oec-
yrnopsipouernocth — 0. 0e. Oec (006bekTsl | cobObiTHs | KoHTekcTh) U E.E0.0Oec (coObitust |
o0bekThl | KOHTeKcThI). Kakmoil W3 9STHX IIEeCTH HepapXuil COOTBETCTBYET CBOM Habop
CTaTHCTHYECKUX JAHHBIX, KaXbIif U3 KOTOPBIX (II0-CBOEMY) MPEACTABISCT HHTEPEC ISl aHAH3A.
OTH uepapxuy, OOpa3ylT JAEpPeBO CTATUCTUKH COOBITHH (IepeBo coObITHH), oOsanatoliee
CMOCOOHOCTBIO MEHSATH TOPSIIOK HEPApXHK B 3aBUCHMOCTH OT PEKHMa YIOPSIOUHBAHHS TPOEK
{e, ¢, 0), Ha3HAYAEMOTO IMOJIL30BATEIICM.

4.4 NepeBo cobbiTUW — Mopenb Ana oTobpaxeHusa. WHTepdenc
GtkTreeModel

B nonpasmene 2.7 mnomyepKuBaioOCh, 4YTO KOM(MOPTHBIH TPOCMOTP JAHHBIX, HWMEIOIINX
HepapXxuyuecKylo CTPYKTypy, obOecreduBaeTcss TeM, 4YTO HaJ OTHM JaHHBIMH CTpPOUTCS
crienmanbHeld uHTEpdeiic, kotopomy B GTK+, Hanpumep, cootBerctByer GtkTreeModel. depeso
CTaTUCTUKY COOBITHH (B CBOMX IIECTU HIIOCTACAX») SBISIETCS, MOXKaTyl, Hanboee CI0KHBIM M3
BCEX MEPaAPXUUECKUX OOBEKTOB, C KOTOPBHIMU MMEET J1eJI0 TpaccupoBIIUK.

OnementoM imoboro w3 MaccuBoB Eco, Coe, Oec sBnsercs ykaszaTenb Ha CTPYKTYpY,
OIMCHIBAIONIYI0 TEPMUHAJBHBIH y3el JepeBa COOBITHH. DTa CTpPYKTypa, Hapsay C JaHHBIMH,
OIIPEIEISIOMINMU COOTBETCTBYIOIIYIO TPOUKY (e, ¢, 0), COmepKUT HHOOPMALMIO O THUIE y3Ja
(3aBHCSIIEM OT €ro MOJIOKEHWEM B HEepapXuH, B JaHHOM Cllyyae — YKa3blBaIOIEM Ha TO, YTO
COICP)KUMBIM y37a SIBISIETCS €CO-TpOiiKa), a TaKKe CCBUIKM Ha OIHCaTelb TPacchl M Ha
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MOTEHIMAIBHBIX poauTeiaeld (ux mBa — cormacHo 4.3). Omucarenb TPacchl OOBEIUHSECT BCHO
HH(POPMAIIHIO, HEOOXOAUMYIO [UISl MHTEPIIPETAIIMH TPACChl, B YACTHOCTH, COMCPIKUT OOIIMI st
TpPacCHl MapaMeTp HACTPONKH — BAPHAHT HEPAPXHH.

CoBpemennas Bepcust TpacCHpoBIIMKA JTOMYCKaeT paboTy ¢ HECKOJNBKHMH Tpaccamu. JlepeBbst
CTATHCTHKH COOBITHI, OTHOCSIIAECS K PaslMYHBIM Tpaccam, MpeICTaBiIeHBl B 0OIIeH Tabimiie
(GtkTreeView), momyckaromieii BBIIEICHHE HECKONBKHX CTPOK. ITa BO3MOXHOCTH HCIIOIB3YETCS
JUTSL 3aaHus CIUCKA TPacc, ChOPMHUPOBAHHBIX B3aUMOJCHCTBYIOIIMMH MEXKIY COOOM IeIeBBIMH
OBM. Takue cUCKHA OOBIYHO MCTIOIB3YIOTCS AJIsA 00BbEAMHEHHS Tpacc B obuiell Tabnuie, rae ux
3aMKCH YIOPSAAOYCHBI [0 BPEMEHH, YTO MO3BOJISIET aHATW3UPOBAThH MTOBEICHHE MHOTOMOIYJIBHOM
CHCTEMBI B IICJIOM.

Kaxmoii Tpacce COOTBETCTBYET CBOSI BETBb JepeBa, oTobOpaxkaemoro Bumketom GtkTreeView, B
OTHOIIICHHH KOTOPO#M HCIONB3YeTCsS CBOM BapHaHT uepapxui. Kpome Toro, B Kaxaoil u3 BeTBei
BBOAATCS (i OOMbLICi HATJISAHOCTH) MOMOJNHUTEIbHBIC YPOBHHU — TPy cobbiThit (G), TUIOB
KOHTEKCTOB (T,.) ¥ THIIOB IMIABHBIX OOBEKTOB (T(Ob j)>. Kak crnenctBue Bceit COBOKYITHOCTH Y3JI0B
JiepeBa COOBITHII KOHKPETHOM TPACChl COOTBETCTBYIOT HEPAPXUH THIIOB:

e (G)e)e, c)le,c,0),

e (G)e)e, o)l(e,c,0),

o (Tollc)e, c)lle, c,0),

o (T c, 0)l(e, ¢, 0),

o {Twnp)l0)le, 0)le, c, 0),

(T )o)c, 0)e, c,0).

Kaxapiii 3 MoHO-y310B (€), {c) u {0) cChIIaeTCs Ha COOTBETCTBYIOIIHE €MY JHMAIa30HBI JABYX
BapuaHToB jouepHux MaccuBoB — {Ec, Eo}, {Ec, Co} u {Eo, Co}, ymopsao4eHHBIX B
COOTBETCTBMH ¢ Hepapxueit. Kaxnpiii w3 ysmos-map (e, c), (e, 0),(c,0) ccbuiaeTcs Ha IBe
pomurenbckue BepmmHbl {(e), (c)}, {{e), (0)} m {{c),(0)}, ccbuika ompemenseTcs Hepapxuci.
OcTaJbHBIM y3JIaM, OTJIHYHBIM OT TEPMUHAIBHBIX, BCETIa COOTBETCTBYET OJIMH MOYCPHHUH U OJMH
POAUTENLCKUN MaCCHUB.

B mpeapiaymux Bepcusx TpacCHpOBIIMKA JEPEBO COOBITHI KaKIOW TPACCH OBUTO MPEICTABICHO
[IECThIO HE3aBHCHMBIMU JICPEBBSIMH, PCalTN30BaHHBIMUA Kak o0OBekThl kimacca GtkTreeStore.
CrieicTBHEM TaKOTO peIIeHHs] OblIa JIOPOroCTOsIIas mporeaypa GOpMHUPOBAHHUS M3 MAcCHBOB
Eco, Coe, Oec crckoB GList, nexamunx B ocHoBe monenu GtkTreeStore. CoBpemenHast MOJIEIb,
OCHOBaHHas Ha peanmsanuu uHTepdeiica GtkTreeModel, numena stux HemoctarkoB. Mojerb
BHYTPEHHETO TMPEICTaBICHUS JiepeBa COOBITHI eIiHA, MPEICTaBISIIONINE €€ MACCHBBI HH BO UTO
He KOHBEPTUPYIOTCS M HE MEHSIOTCS TPH MEPEXOJE OT OJHOTO BapHaHTA MEPAPXUH K IPYTOMY.
MeHsieTcs JIUIIb €NHCTBEHHBIN MapaMeTp TPACCHI, COOTBETCTBYIOIINIA CYIECTBEHHOMY BapHaHTy
Hepapxuu. BrIOupas COOTBETCTBYIOIIEE 3HAUEHHE HTOTO MapaMeTpa, MOJIb30BaTeNb TPAKTHIECKH
MTHOBEHHO MEHSIET HEPApPXHI0 0TOOPaKAEMOro Ha SKpaHe Jepesa.

4.5 lepeBo cOGLITUA — MHCTPYMEHT ANA 3aAaHUA yCrnoBui oTbopa 3anucen
Tpacchbl

Kak u B npexxHuX Bepcusx TpacCcHUpOBINUKA, V3Bl IepeBa COOBITHI UCTIONB3YIOTCS JUIS 3aJaHHs
ycJoBuii oTOOpa 3anuceid Tpacchl. OHU OMEYAIOTCSI MapKepaMU «OMoOpamsb» U KUCKIIOUUMbY —
B sobolt wmepapxuu. OTOOp 3ammcell oOcCymiecTBIseTcss B ABa dTama. Ha mepBom srame
00pabaTeIBaOTCS E€CO-TpOHKH — JHMOO0 MOMEYEHHBIE HEMOCPEICTBEHHO, JHOO MMOMYNHEHHBIE
MOMeuYeHHbIM y37iaM. [Ipu 3ToM Mapkep J00OTo y3na «CHJIbHEE» MapKepa ero poIuTeNs: OH
nepeornpeensier ycinoBue ordopa. Ha Bropom artame — B mporecce 00Xxola BTOPHYHOTO
uHIeKCHOro MaccuBa I (cM. 0) OGHOBIISIOTCS 3HAYEHHUS DJIEMEHTOB OMTOBOIO MAacCHBa — TaKUM
00pa3oM, 94TO HEHYJICBbIC OUTHI COOTBETCTBYIOT OTOOPAHHBIM 3aITHCSIM.
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5. OmobpaxeHue acpe2amoe OaHHbIX 8 CKpOJIIupyeMbix mabnuyax

3amauy otoOpaxkeHus Qaitna (Habopa HaHHBIX B ONEPAaTUBHOM IMaMATH), 3alIUCH KOTOPOTO HE
UMEIOT (PUKCHPOBAHHOW JJIMHBI, B BHAE OJHOYPOBHEBOW CKPOIMPYEMOH TabIUIBl — JOCTATOYHO
9acTo MPUXOIUTCS pemats mpu paszpadorke GUI-mpunokenwii. [Ipu Hammaum O0IBIIOTO YHCTa
3amuceid 0coOyr0 aKTyaJbHOCTh MPHOOpETaeT CKOPOCTh BEPTHKAIBHOW MPOKPYTKH TaOJHIIBL.
BrIcOKast cKOpPOCTh IPOKPYTKH OOECIeYMBAeTCsl B TOM ClIydae, €ClI B IIPOLIECCe CKPOJUIMHIA
BBIYMCIICHHE IPOCTPAHCTBEHHBIX KOOPAMHAT JIO0OH CTPOKM TpeOyeT MHUHHUMAIBHBIX 3arpatr
BpeMeHu. B camom ofmem ciydae, cpencrBa paspaboTku rpaduyeckoro wHTepdelica, Takue,
Hanpumep, kak GTK+, paccunThIBaeT NONpaBKy K 3HAYEHHSIM KOOPJHHAT CTPOK 110 OCH Y BCSKHIA
pa3, KoTJa MEeHseTCsS WX BBICOTa (HAIpHMep, NPH M3MEHEHUH MIMPHUHBI KOJIOHOK, JOITYCKAIOMINX
nepeHoc TekcTa). Ilepen mepBbIM BBIBOJOM COAEPKMMOIO TaONHIBI HA AKPaH PaCCUMTHIBAIOTCS
BBICOTBHI BCEX 0€3 HMCKIIOYEHHS! CTPOK, YTO COIPOBOXKIAETCS SBHBIM IMPE0Opa30BaHHEM TaHHBIX
0TOOpakaeMOi MOJETH B TEKCTHI — B COOTBETCTBHU C BEIOOPOM HIPU(TOB.

Ckopocth (opMUpOBaHMs TaONMIBI 3HAYUTENHFHO MOBBINIAETCS, €CIH (PUKCHPOBATH BBICOTY €€
CTPOK — MOCKOJIbKY IPH 3TOM HpOLENypa Pa3sMETKH TpeJelIbHO YNpOILIaeTcs, B YaCTHOCTH, HE
TpeOyeT oOpameHns K QyHKIHAM, OIPENSIIONM mapaMeTpsl peaaepepa (cMm. 3.6). (M3 storo
YCJIOBHS, B YaCTHOCTH, BBITEKaeT TPeOOBaHUE HEIOIMYCTUMOCTH MEPEHOCA TEKCTa BHYTPH SYCCK
«OOJBIIOM TAaOTHIIHL.)

5.1 OcHoOBHasa Tabnuua n BUAXeT BblAereHHOW 3anucu

Jlns yBenmmdeHus: CKOPOCTH CKPOJDTHHTA TAOIHI ¢ OOJBIINM YHCIIOM CTPOK (HE TOJNBKO TaOJIHIEL C

Tpaccoil COOBITHII) MOXXKET OBITh NPUMECHEH EOUHBIA MOIXOA, CYTh KOTOPOTO CBOJHUTCA K

CIeYIOUIeMY:

®  3aKCH UHACKCUPYIOTCS, HHACKC (HOMEep 3aIliCH) aCCOIMHUPYETCS C €€ aapecoM (UIMHa 00
3a/maeTcs HEMOCPEICTBEHHO, JIN00 — B CIIydae BBITIOJTHEHHUS YCIOBHS CBS3HOCTH 3allUCed —
MOJKET OBITh OTpe/ieTicHa KaK Pa3HOCTh aIpECOB COCSIHUX 3aITUCeH;

e B syellkax CTPOKH TabOiHIBl OTOOpaxkaeTcs He BCs WH(OpMALUS, COJepXKaIasics B
KOHKPETHOM 3amlKCH, a JIHMIIb Ta €€ YacTh, KOTOpas MPHCYIa BCEM 3alucsaM (HaIpUMep,
BpEMsI PETHCTPAIMHU 3aMKCH), YTO [TO3BOJISIET UCTIOIb30BaTh (DUKCHPOBAHHYIO BBICOTY CTPOK
TaOJIUIIbI;

®  OCTaBIIAsACS 4YaCTh 3amucH (IuO0 ee MOJHOE COJepIKaHHe) OTOOpPaKaeTcss OTACIbHBIM
BUJDKETOM, MPUYEM JIMIIb TOTJA, KOTJa OHA BbIZEJICHA KypCOPOM B OCHOBHOW Tabmwuie (B
MYJIBTHUCEIEKTHBIX TaOJIHIaX — Ha MOCJIEIHEM IIATre BBIICIICHHS).

Peanmuzanust  3TOr0  MOAXOAa  MPUMEHUTEIBHO K  Tpacce COOBITHI  MOXET  ObITh

MPOWJLTIOCTPUPOBAHA CIIEAYIONIEH CXeMO# (BKIIFOYAOIIel 1epeBO COOBITHI):

‘ CTpoka 0CHOBHOIH Tal.IHITEI TDACCH

‘ CTpoka 0cHOBHOI Ta0MIITEI TDACCH

aGImTIRI TDACCHT

,HepeBo COOBITHIH ‘ CTnoka OCHORHOT TARTHITR TRACCH

(s oTGOpa 3ammCcell B ‘
OCHOBHOH Tabmmne)

CTpoKa OCHOBHOIT Ta0IHITET TDACCET

Hetamsnas uadopManms

(OT/IeNBHEIA BUDKET)

Puc. 1. Omobpadicenue demanvroti uH@popmayuu 6bl0eIeHHOU 3aNUCU 8 OMOEIbHOM 8UONCeme
Fig. 1. Visualization of selected record details by standalone widget
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5.2 llnHenHas Moaenb arperaTtoB AaHHbIX
B obmiem cirydae HaOOpBI TaHHBIX, 0TOOpakKaeMble B CKPOJUTUPYEMBIX OJTHOYPOBHEBBIX TaOIHUIIAX,

MOTYT OBITh HPEICTABICHBI MOCIEA0BATENLHOCTEIO D = (al-)l-il1 arperatoB JIaHHbIX a;, rae |D| —
KOJIMYECTBO arperatoB. PaccmorpuMm — B pamkax kouuernuuud MVC (paszaen 2.7) — 0IHOYPOBHEBYIO
tabmuiy, sBisolytocs npencrasinenueM (View) mnocnenoBarensHocTd D. Mogens (Model),
peaNu3yIIyl0 IOCTYH K O3JEMEHTYy a; O3TOW MOCJeIOBAaTeIbHOCTH IO €ro HoMepy i =
value(node), tne node — y3ex Model, HazoBem nuHEHHOI.

[Mo3unmsa P mro0oi cTpoKu TabIHIEI ONpeaenseTcs ee HoMepoM row. B oTcyTerBue ¢punbTpannu
3amnMcel 3TOT HOMEP COBNAAAET C HOMEPOM [ arperaTta JaHHbIX a;: row = i. Takas MOAEIb MOXKET
OBITh IPUMEHEHA K MCTOYHMKAM JAaHHBIX JIOOOW MPHPOJBI, JHIIs OBl OHW OBLIM IPEICTABICHBI
nocinea0BateabHOCTEI0 D. B atoMm ciiyqae Model He Hy)qaeTcs B Kakux JIUOO JaHHBIX, OTIHIHBIX
0T KoynuecTBa arperatos |D|.

[lon ¢unbTpOoM HOMEpP CTPOKM HE COBIAJacT C HOMEPOM 3alluCH arperara JaHHBIX, 4YTO
NoOY)XIAaeT CTPOUTb MAacCHUBBI, B KOTOPHIX HOMEpaM CTPOK, YIOBJIETBOPSIOMINX (QUILTPY,
COOTBETCTBYIOT HOMepa 3amuceil. KoMmmakTHON peanmusanueil Takoro COOTBETCTBHUS SBISAETCA
OuTOBBIA MaccuB BitArray, AOCTYNHBIN Uil PEJaKTUPOBAaHUS CO CTOPOHBI (DYHKIMH, BHELIHUX
no otHoureHuio k Model. Bkirouenue BitArray nemocpenctBenHo B Model, mo3BossieT cBectu
HaBHUTaImo (¢ momometo GyHKIUi next(node), prev(node), parent(node), nth_child(node,
n)) 1o oTOOpaHHBIM arperaTaM JaHHBIX, K HABUTAIWH 110 MaccuBy BitArray.

Peanuzanms pyukimu paint (render;, ¢;, node), onpenensiomei mapamMmeTpsl obbekTa render;,
0TOOpa’karoIiero JaHHEIC, CBSI3aHHBIE C y3JIOM node, B s4elike cToioua c;, 00ecIednBaeTcs TeM,
yro B peanusanusax (yakuuu node(P) u P(node) Taxke, Kak W B (QYHKIMAX HABHUrallUH,
ucronb3yeTcs MaccuB BitArray.

B TpaccupoBuiyke JuHeHHas MOJENb NMpeacTaBieHa KjiaccoM Lines, TOYepHUM MO OTHOIICHUIO K
kiaccy GObject u peanusyromum meroast uarepdeiica GtkTreeModel.

Ota MoJenb MOXET ObITh NMPUMEHEHa K arperaraM IaHHBIX pa3IMYHOW MPHPOIBI: K Tpacce,
TEKCTOBOMY (pailily, 3aITUCH KOTOPOTO pa3/eiisieT CUMBOJ KOHIIA CTPOKH, K JIOOOMY OHMHApHOMY
(aiiy, KOTOpBIH OTOOpaXkaeTcs Kak IOCJICAOBATSAbHOCTh 3alKCei, JJIHHA KOTOPBIX HE
¢ukcupoBana u T.I. i mMOOBIX THUIIOB arperaToB AAHHBIX MOTYT OBITH ONpPEAEICHBI YCIOBHSA
0oT0Opa, MPUCYIIHE TOJBKO 3TOMY THIy. OT pPeaju3yIOIIMX 3TH YCIOBUS AJITOPHUTMOB TpeOyeTcs
OJIHO: Pe3YyIbTaTOM O0TOOPA IOJKHO OBITH COJIEPKUMOE OUTOBOTO MacCHUBa JIMHEHHOW MOJIENH.

6. Tpaccbl cocmosiHul

B kaxaom u3 cocrosauii 00bekT OC (WM MPOIECCOp) HEMPEepPhIBHO MPEOBIBACT B TEUCHUE
HEKOTOpOro OTpe3ka BpeMeHH. I[locienoBaTesbHOCTh TaKMX OTPE3KOB BPEMEHHM €CTh Tpacca
COCTOSIHUN 00beKTa (MHA4Ye — BpEMEHHas JuarpaMma COCTOsIHUE oObekTa). Ilepexon U3 0IHOTO
COCTOSIHUSI B JIPYTO€ BCET/Ia €CTh Pe3ybTaT HEKOTOPOTO COOBITHA. MHOKECTBO THIIOB COOBITHIA,
00yCIIOBIMBAOIIUX Mepexo], B COYCTAHMU C YCIOBUSAMH Iiepexoja (B TOM YHCIE,
VYUTHIBAIOMIMMH TIPEIICCTBYIOMIEE COCTOSHUE OOBEKTa) OMPEACISIIOT AITOPHTM ITOCTPOCHHUS
MOCJIEIOBATEIIEHOCTH CMEHBI COCTOSIHUI 00BEKTa — TPACCY COCTOSHHIA.

Heranmzanus (knaccudukanus) coctossHAA (cM. 2.6) MOXeT HMETh HECKOJBKO YpOBHEH
arperupoBaHMUS.

6.1 ArpermpoBaHHbl€ COCTOSAHUS
Kaxxaomy ypoBHIO arperupoBanusi cootBetctByeT Homep [ (I = 1, ..., Ny, rae N; — MakcuMasbpHOe
YHCIIO YPOBHEH arperupoBaHus), a ypoBHIO aTOMapHBIX COCTOSIHUI COOTBETCTBYET HOoMep [ = 1.

CocrosiHust 00bEKTa 0 ONEePAMOHHON CHCTEMBI 00Pa3yIOT MHOKECTBO S;, OMPEAEIIeMOe THIIOM t
o0beKTa 0:

S ={ofli=1,..,N,t =Type(0),t € Tiopp},
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rae N, — KOJIMYeCTBO BO3MOXHBIX COCTOSIHHI OOBEKTOB THIIA t.
MHoXecTBO S; BKIIOYAeT B ceOsi KaK aTOMapHbIe, TaK M arperupoBaHHbIC COCTOsHHS. Kaxmomy
arperary ypoBHsi [ COOTBETCTBYET ITOJIMHOXECTBO MHOKECTBA Sy, COCTOSIIIIEE U3 arperaToB ypOBHs
(I—1). Jns oGbekToB THma t MOXeT OBITH ompenencHa ¢yukimus Aggregate(o,t,l),
pE3yJIbTATOM BBINOJIHEHHS KOTOPOW SBISETCS COCTOSIHME A € Sy, SIBISIONIEECS -arperaroM Ii0
OTHOIICHUIO K COCTOSIHHIO O

a = Aggregate(o,t,l),
rae t = Type(0), | — HOMep ypOBHsI arperupoBaHus.

6.2 Mogenb Tpaccbl aTOMapHbIX COCTOAHUM (BpeMeHHaa auarpamMmma)

IIycts 74,...,T, — IOCIEOOBATEIHHOCTH MOMEHTOB BPEMEHH, B KOTOPBIX INPOHCXOAHUT CMEHa
COCTOSHUE HEKOTOPOro 00bekTa 0 tuma t € T(,pj). B Teuenne npomexyTka BpeMerH (Tj, Tjy1),
XapaKTepu3yeMoro UIHTENBHOCTBI0 AT; = T;,1 — T;, OOBEKT IPeObIBaCT B COCTOSHUH O; € S;.
OO0br4HO (HampuMep, IPU OTOOPaXCHWH) Tpacca (BpeMeHHas IuarpaMmMa) COCTOSHHM O0OBeKTa 0
HPEICTaBISIETCS B BUJIE OCIEAOBATEIbHOCTH TPOCK S; = (T;, 0y, AT;):

1ol
i=1

So = (Si)
rae |J,| — KoJMuecTBO INepexo/oB OOBEKTa O W3 OJHOTO COCTOSHHS B JIpyroe, i — HOMeEp
Hnepexoza.

ITOCKONIBKY KaXIOMy -My MOMEHTY IEpexojia COOTBETCTBYET OIMPEACIAIONIEe ero COOBITHE
(cymectpennas sanuch 7j € E, rae j; € Iy — BTOPHYHBIH WMHJEKC 3alMCH), TO KOMIOHEHTbI
TPOMKH S; HOJIHOCTBIO OMPEIEISAIOTCS Napoil (j; U j;41) BTOPUYHBIX HHAEKCOB, COOTBETCTBYOIIHX
COCEJIHUM TIEPEX0/[aM U3 OJHOTO COCTOSIHUS B IPYTOE:

7, = Time(jy), o; = State(j;, 0), Tyy1 = Time(Ji1), AT; = Tip1 — Ty,

IIpr 3TOM MpeAroJaraetcs, 4TO0 OMKCAaTelb OOBEKTA O COAEP)KUT HEOOXOOMMBIE CCBUIKH H K
Tpacce cOOBITHH, 1 K €€ OIUCAHUIO.

HerpynHo BuumeTh, 9TO XpaHHUTh BPEMEHHYIO JHArpaMMy B IaMsTH MHCTpyMEHTalbHOH DBM B
BHJE Tpoek (T;, 0;,AT;) Her HeoOXomauMOCTH. BpeMeHHast quarpaMma «aTOMapHBIX» COCTOSHHIA
MOJHOCTBIO  OMPENENSICTCS MACCHBOM  IEJBIX YHCEN, PEeaJu3yOIUX IOCIeI0BATEIFHOCTD

NS . o
BTOPUYHBIX UHIEKCOB [, = (]i)ll.:"ll (I, € Ig), tne i — HoMep mepexoma. [lonydyeHne 3HAYCHHI,
COOTBETCTBYIOLINX «KAHOHHYECKOMY» IIPEICTABICHUIO MOYKHO OTIOXKHUTH JO MOMEHTA, KOTJa OHU

peanbpHO TpeOyIOTCsl — HallpUMeED, TIPH UX 0TOOPaKEHUH.

6.3 ArpermpoBaHHble COCTOSIHUSI U MHOrOCNIOMHass MopAenb arperatoB
AaHHbIX

Tpacca arpernpoBaHHBIX COCTOSIHMH 0O0bekTa O YpoBHs (cios) | MoxeT ObITh Mpe/CTaBleHA B
|45
i=1°
arperupoBaHHbIX cocTosiHmii, |AL| — konumdecTBo TepexomoB. B To ke BpeMs arperupoBaHHAs
Tpacca AL — B COOTBETCTBHH C ONpeJeNeHHeM arperupoBaHHS — MOXKET OBITh MpPECTaBJIeHA

1
11414 .
TIOCITEI0BATENBHOCTRIO HebIX uncen I = (jt 1)ll.z"ll, rae i — HoMep Iepexoja BHYTpH cios [, a

ji=! — coorercTByrommii emy Homep mepexona BHyTpu cios (I — 1). OTHOmEHHS MeXKIy
YPOBHSIMH arperupOBaHMS MOPOXKIAIOT €CTECTBEHHYIO HEPAPXHUIO PEATH30BAHHBIX COCTOSHHM.

Buje nocienosaTensHocTH AL = (o)) e o; — i-i mepexoj] 00beKTa B OJHO M3 BO3MOKHBIX

MaccuBbI, COOTBETCTBYIOIIHE CIOSAM arperupoBaHMSA, HUKAK HE CBS3aHBI C MPHUPOJON TAHHBIX,
KOTOpbIE OHM OOBEIUHSIOT B HEpapXHU4ecKylo CTpykTypy. IIpu wucnonbzoBanun GTK+ oHu
SIBIISIIOTCS. OCHOBOM yHHBEpPCaJbHOW MHOTOCIOWHON HepapXU4ecKoW MoJenu ¢ HHTepdeicoM
GtkTreeModel. TTo oTHOmIIEHWIO K 3THM MacCHBaM MOTYT ObITh MPHUMEHEHBI T€ WJIH WHbIC
npoueaypsl oroopa. s ¢punbTpaniu oTOOpaHHBIX 3amuceil (M HABUTAIMH 10 HUM B PEXKUME
OTKJIIOYEHHOTO (HIBTPA) B MOJENb BCTPOSH MEXaHHU3M, aHAJOTMYHBIN TOMY, YTO PEeaj30BaH B
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nuHeHHON Momenu (cMm. 4.5 u 5.2): ¢ KaKIABIM CJI0EM CBsI3aH OMTOBBIN MACCHB, HEHYJICBBIC OHTHI
KOTOPOTO COOTBETCTBYIOT OTOOPAHHBIM JIEMEHTAM CIIOSI.

B mpeapiaynux Bepcusx TpaccHpOBIIMKA TPAcChl COCTOSTHHNM OTOOpPa)alluCh B TPEX pPEXUMAX:
«OeTanpHas», «IIPOMEXYTOUHAas» W «yKPYIHEHHas», PEAIN30BAHHBIX C MOMOIIBIO MOZAEIH
GtkListStore. OTyacTi 3T0 pemnieHHe OBUIO MPOMMKTOBAHO OIACCHHSIMH, YTO HEepapXHuecKas
MOJIENIb OKAXKETCS «MEJIEHHEEY JTUHEHHOMN.

MHorocnoifHass MOIeNb JEeKHUT B OCHOBE BCEX TpacC COCTOSHHH, ¢ KOTOPBIMH paboTaeT
coBpeMeHHbIM TpaccupoBuiuk. Ilpu 3T0M CKOPOCTH NPOKPYTKH M NO3UIIMOHUPOBAHUS B AEPEBE,
0TOOpa)kKaeMOM Ha 3KpaHE, CKOPOCTb PACKPBITHS POAWUTEIBCKUX Y3JIOB HE BBI3BIBAET HHKAKOTO
JuckoM(popTa: oOmaceHws, 4YTO Hepapxuieckash MOJETb OKAXETCS CYIIECTBEHHO MeEAJICHHEE
JIMHEWHOM, HE IOATBEPIUIIUCE.

B mpensimymmx Bepcuax TpacCHpOBIIMKA TPacChl COCTOSIHUN OTOOpaXkaldwch — Hapsmy C
TabnuyHoll QopMoH — B BHJE NPSMOYTOJBHUKOB, Pa3MEIICHHBIX B CHENUAIBHOH «00JacTH
pucoBanusi» (Bumkere GtkDrawingArea). B coBpeMeHHO# BepcHH 3TOM LENH CIy)KaT sSYSHKH
Bumkera GtkTreeView, B KOTOpBIX MPSAMOYTOJBHHKH OTOOPAKAOTCS C TMOMOIIBI OOBEKTOB
knacca GtkCellRendererPixbuf.

Trace Viewer e 2s
|l B A
| Trace || General Selections | States | Statistics
- + 7 L o = LI
narme i Total D | Duration Count 1440 [8.752, 41.096]
v CPU | B.752 a1 |
v ... /808 11.9864 25 |
Idle /8920 39117 15.2208 58 [ |
v Interrupts 124552 127 W
L+ | {PCLINTC /1440 43457 21,6896 10 | |
ETH /2803 54289 | | 24924 13 | '
TIMER 7720 63973 ‘ 28,1584 285 [
v Processes 313928 592 R
v 0 | 346272 277 N
0.cron /8201 53281 {1 | |
0.unnamed293 /197  47085( * | |
2 R | — m—
1= ! <> < | <>

EmoE [Em B Em2

Puc. 2. 'ucmozpamma cocmosanus npoyeccopa
Fig. 2. Histogram of CPU state

6.4 CTaTucTMKa COCTOAAHUN MU YCNOBMUA OTOOpa 3anMcen Tpacc COCTOAHUMN

B mnpomecce ¢opmupoBanus TpaccupoBmmikoM Ttpaccel cocrosanidi CPU wmmm o6wvexkta OC
PaCCYMTHIBAIOTCS €r0 CTATHCTHYCCKUE XapaKTCPUCTHKH: 0OIIas, CPeAHss W MaKCHMaylbHas
JUITATEIIGHOCTh peaM3aliii  cOCTOSIHUN. CTaTUCTHYSCKUE [aHHBIE IO BCEM OOBEKTaM, IS
KOTOPBIX CTPOMJIACH Tpacca COCTOSHUM, HAKAIUIMBAIOTCS B JEPEBE CTATUCTUKU COCTOSHUU. Ero
BEPXHHI YPOBEHb O0Pa3yIOT BEPIIHHBI, COOTBETCTBYIOIIHME MPOLECCOPY U TEM THIIaM OOBEKTOB
OC, ais KOTOPBIX MOCTPOEHBI TPACChl COCTOSHMMA. Kax bl THII 0ObEAMHACT BEPIIUHBI BTOPOTO
YPOBHSI — COOTBETCTBYIOIIHNE dTOMY THITY 00beKTHI OC.
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CopnepxuMoe BETBH, MOAYNHEHHON BEPITHHE, COOTBETCTBYIONICH KOHKpeTHOMY 00bekTy OC mau
mporieccopy (CPU) orpakaeT uepapxwio COCTOSHHIA OOBCKTa C TOYKH 3PCHHS «CTEIICHH
JIETAIIbHOCTH) TPACCHI, IPU 3TOM «ETaJI», KOHKPETU3UPYIOLIHE «MEHEee MOIPOOHOE» COCTOSIHUE,
HaxomATCs Ha OoJiee TITyOOKHUX YPOBHSX.

YcnoBusi 0TOOpa, HAaKJIaJpIBAEMbIC HA 3AIMCH TPACC COCTOSHHM, MOXHO 3a/1aBaTh, OMeyast y3Jbl
JlepeBa CTATHCTUKH COCTOSIHUN MapKepaMH «omoopamv» v «UCKIIOUUNDbY.

Monenbto nepeBa siBisietcss npencraieane GtkTreeStore. C kaXIpIM €ro y3ioM MO 3alpocy
MOJTB30BATENIsl MOKET OBITh cBsizaHa Tabnuma (GtkTreeView), otobpakaemass TpH BBIIEICHHA
y37a JepeBa CTATHCTHKH COCTOsSHMI. KoJNOHKHM 3TOro BmKeTa CiIy)KaT A INPEACTaBICHUS
THCTOTPaMMBbl PEaNI3aliii CBA3aHHOTO C Y3JIOM COCTOSIHUS. B HHX IpelncTaBlIeHBI KOJIHYECTBa
peanusanyii COCTOSIHUA B JaHHOM [Halla3OHe MJIMTEIbHOCTEH — B yHcmax (B sueiikax
GtkCellRendererText), u B Bume MpIMOYTOJbHUKOB (B sUeiiKax, MOACPKUBAEMBIX OOBEKTAMH
GtkCellRendererPixbuf), muprHa kaxa0ro U3 KOTOPBIX COOTBETCTBYET 3TOMY KOJIHYECTBY.
BeizeneHne OAHON WM HECKOMbKHX CTPOK B Tabmuile, OTOOpakarouieil THCTOrpammy, 3amaet
JIOTIOJTHUATENBHBIC YCIOBHUsI 0TOOpA 3alMCeil TPACcChl COCTOSHUIA: 0TOOpaHbl OyayT JUIIb TC U3 HHUX,
y KOTOPBIX MJIMTEIBHOCTH peaju3allid OyIyT JexaTh B [IHama3oHaX, COOTBETCTBYIOLIHMX
BBIJICTICHHBIM «CTOJOI[AM» THCTOTPAMMBI.

7. 3aknroyeHue

PaccMmoTpeHHbIe B cTaThe MOJCIH Tpacc (MPOTOKOIOB COOBITHIA), (OPMUPYEMBIX B IPOIECCEe
paboThl MPUIIOKEHUI pealbHOI0 BPEMEHH, M TPAacC COCTOSIHUM, (JOPMHPYEMBIX B XOJ€ aHajH3a
cOOBITHIL, a TaKke MEXaHU3MBI UX HHTEPIPETALUU U BU3yalIU3allii pealn30BaHbl B COBPEMEHHBIX
cpenctBax TpaccupoBku OC PB cemelictBa «barer». OnbIT ux sKCIUTyaTallMy JaeT OCHOBaHUS
CUNTATh YAAYHBIM HCIIOJBb30BAaHHE MPEAIOKEHHBIX IMOAX0oxoB. K  dUmCiy OdYeBHIHBIX
MOJIOKUTEIbHBIX ~ PE3YNbTATOB  CJIEAYET OTHECTH 3HAYWTENBHOE COKpalleHne oObeMa
MPOTPaMMHOTO KOJa, TOBbIMIEHHE 3()(EKTHBHOCTH W HAASKHOCTH pPEANN3alMd OCHOBHBIX
(byHKIMIA CPeCTB TPACCUPOBKH.

[MpeanpunsiTass B craTbe IONBITKA NPEICTABUTH IIPEAJaracéMble pEIICHHS B MAaKCHMAaIbHO
(opMann30BaHHOM BHJIE MpEciie/IoBala eIMHCTBEHHYIO 1€l — II0Ka3aTh, YTO 3TH PEIICHUS HUKAK
HE CBS3aHBl HU C WCIIOJIE30BAaHHEM s3bIKa TporpaMMupoBaHus, HH co cnemudukoit OC PB
cemeiictBa «barer», HM ¢ 0COOCHHOCTBIO peanH3anuy (QYHKIHH MPOCMOTpa M aHalM3a Tpacc.
Heckonpko Gosee neraimbHOE ONMHMCAaHHE MOJAETIEH M MEXaHM3MOB, PEAIM30BAHHBIX C ITOMOIIBIO
GTK+, He o3HayaeT, Ha HAII B3I/, YTO MOAOOHBIC MEXaHHU3MBI HE MOTYT OBITh pEAIU30BAHbI C
MOMOIIBIO  HHBIX ~ MHCTPYMEHTOB,  MCHOJIB3YEMBIX  HpPH  CO3JaHUM  rpadUuecKoro
T0JIb30BATENLCKOTO HHTEpdetica.

Cnucok nutepatypsbl / References

[1]. AH. Toaynos, JI.B. Xuxapckwuii, IL.LE. Hazapos, ®.H. YemepeB. Cpencrsa MpOTOKOIMPOBAHHS B
0c2000. TIporpamMmuble TPOAYKTHI W cucTembl, NO. 3, 2007, crp. 22-27 / A.N. Godunov, L.V.
Zhikharsky, P.E. Nazarov, F.N. Chemerev. Logging tools in 0c2000. Software Products and Systems,
no. 3, 2007, pp. 22-27 (in Russian).

[2]. IEEE 1003.1-2001 — IEEE Standard for IEEE Information Technology - Portable Operating System
Interface (POSIX(R)). Available at: https://standards.ieee.org/standard/1003_1-2001.html.

[3]. Percepio Tracealyzer. Available at: https://percepio.com/tz/.

[4]. BlackBerry QNX. Available at: http://blackberry.gnx.com/.

[5]. Green Hills INTEGRITY-178. Available at: https://www.ghs.com/products/safety_critical/integrity-do-
178b.html.

[6]. Express Logic ThreadX. Available at: https://rtos.com/.

[7]. On Time RTOS-32. Available at: http://www.on-time.com/rtos-32-docs/.

[8]. Wind River VxWorks. Available at: https://www.windriver.com/products/vxworks/.

[9]. SYSGO PikeOS. Available at: https://www.sysgo.com/products/pikeos-hypervisor.

[10]. Altreonic OpenComRTOS. Available at: http://www.altreonic.com/.

26


https://standards.ieee.org/standard/1003_1-2001.html
https://percepio.com/tz/
http://blackberry.qnx.com/
https://www.ghs.com/products/safety_critical/integrity-do-178b.html
https://www.ghs.com/products/safety_critical/integrity-do-178b.html
https://rtos.com/
http://www.on-time.com/rtos-32-docs/
https://www.windriver.com/products/vxworks/
https://www.sysgo.com/products/pikeos-hypervisor
http://www.altreonic.com/

Tonynos A.H., Yemeper ®.H. Cpexctsa tpaccuposku OC PB cemeiicta «baret». Tpyost UCII PAH, Tom 31, Bein. 4, 2019 1., c1p. 7-28

[11]. K.A. Koctioxun. CpezictBa CaMOKOHTPOJIS MPOrPaMM M HMX IPUMEHCHHE IPH OTIAAKE CHCTEM CO
CJIOXKHOU apXuTeKTypoil. B coopauke «Mupopmannonnas 6ezonacHocts. Mukponporeccopsl. Otmanka
cnoxHbIx cucrem». M., HUMCU PAH, 2004, ctp. 151-160 / K.A. Kostyukhin. Tools for program self-
control and their application in debugging of systems with complex architecture. In «Information
Security. Microprocessors. Debugging complex systems.» M., SRISA/NIISI RAS, 2004, pp. 151-160 (in
Russian).

[12]. C. Poraues. O606ménnsiit Model-View-Controller. Kapkac Ha ocHoBe ma6iona npoextuposanus MVC
B ucniosHeHuu Generic Java u C# / S. Rogachev. Generalized Model-View-Controller. Framework based
on the MVC design pattern and implemented with Generic Java and C#. Available at:
http://rsdn.org/article/patterns/generic-mvc.xml (in Russian).

[13]. GTK+ 3 Reference Manual. Available at: https://developer.gnome.org/gtk3/stable/.

[14]. Qt Documentation. Available at: https://doc.qt.io/.

MHdopmauma o6 aBTopax / Information about authors

Anexcanap Hukxonaesuu 'OAYHOB — 3aBenyrouuil 0TienoM CUCTEMHOTO NPOrpaMMHUPOBAHUS,
KaHIuIaT GU3UKO-MaTEMaTHYECKUX HAYK.

Alexander Nikolayevich GODUNOV - head of the system programming department, candidate of
physical and mathematical sciences.

®enop Hukonaesuu YEMEPEB, Beaymuii nHXkeHep 0Taena CHCTEMHOTO IPOrpaMMHUpPOBaHUSL.

Fedor Nikolaevich CHEMEREYV, Leading Engineer of the System Programming Department.

27


http://rsdn.org/article/patterns/generic-mvc.xml
https://developer.gnome.org/gtk3/stable/
https://doc.qt.io/
https://www.niisi.ru/otd07.htm

Godunov A.N., Chemerev F.N. Tracing Tools for «Baget» Family RTOS. Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 7-28

28



Tpyowt UCI1 PAH, mom 31, svin. 4,2019 2. /| Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019

DOI: 10.15514/ISPRAS-2019-31(4)-2

ABTOMaTM3auus O6H3pY)KeHI/IF| W aHanu3a owmnbokK B
rTMNepKoHBEepPreHTHbIX CuctemMmax

J.B. Cunaxos, ORCID: 0000-0001-9175-6943 <dsilakov@virtuozzo.com>
00O «Bupmyo3zzo Pucepuy,
127273, Poccus, e. Mocksa, yar. Ompaonas, 0. 2b, cmp. 9

AnHotauus. CTaThs MOCBAIICHA MPOOIeMe BBISABICHUS U OIIEPATUBHOIO aHAIN3 OMIMOOK, BOSHUKAIOINX MPH
9KCIUTyaTallid T'MIEPKOHBEPreHTHBIX cucteM. OfHMM M3 MOIXOIOB K OPraHM3alluM THUIEPKOHBEPTEHTHBIX
CHCTEM SBIISCTCS YCTAHOBKA HA KaXIbl (U3MUECKHH CepBep OTACNBHOrO 3K3EMIUISpa OINEpalMoOHHON
cucremsl (OC), Hecymieil B cebe cpelcTBa BUPTYAIM3alUKM M MHCTPYMEHTApUH Ul aIMUHUCTPUPOBAHUS U
UCHOJIb30BAaHMS PACIIPEINICHHOr0 XpaHWINILA TaHHbIX. BO3HHKHOBEHNE OMIMOOK BO3MOXKHO KaK Ha ypOBHE
orzenbHOro sx3emmurapa OC, Tak M Ha ypoBHE Bcero kiacrepa, Hampumep, HEKOPpPEKTHbIE KOMaHIIbI
YIPABIAIOIIMX 3JIEMEHTOB C OJJHOTO y3/1a HH(pacTpyKTypsl MOryT BbI3BaTh cOoif [1O Ha npyrom ysne. Kpome
TOro, OMMUOKH CO CTOPOHBI IOJCHCTEM KJIacTepa MOIYT CIIPOBOLMPOBAaTh HEIUTATHBIC CUTYAllMH BHYTPH
BUPTYaJIbHBIX MaIIUH. CII0XKHOCTb apXUTEKTYpbl I'MIEPKOHBEPICHTHBIX CHCTEM O0YCIaBIMBACT CIOXKHOCThH
aHaJIM3a BO3HUKAIOIINX B HUX OMIKOOK. JIJIs yIpOIIEeHHs TAKOro aHalIM3a U MOBBIIIEHNS ero 3 eKTuBHOCTH
HeoOXo/lMMa aBTOMAaTH3allus Ipoliecca OOHapyKeHHs ImpobieM M cOopa JaHHBIX, HEOOXOAUMBIX JUIS UX
u3ydeHus M MCIpaBieHUs. PaccMaTpuBaroTcs MOAXOAbl K aBTOMATH3AaLMH IIOZOOHBIX MPOLECCOB B
cymectByromux OC H NpeuIararorcst Cocodkl MX aJanTaliy K CUCTEMaM, HCTIONb3YIOLIUM paclpeieeHHOe
XPpaHWIMILE JaHHBIX M BUpTyanu3auuio. ONKMCHIBAETCA ONBIT NPUMEHEHUs aJaNTHPOBAHHBIX PELICHUH B
npoaykrax Virtuozzo.

KuoueBble ciioBa: 06Hapy>1<el—me OI_LII/I6OK; BUPTYaJIM3alysl; XpaHUJIMIIE JaHHBIX

Jnsi  uurupoBanus: CunakoB J[.B. ABromarmsaunuss oOOHAapy)KeHHMss W aHainu3a OIIHMOOK B
runepkoHBeprenTHelx cucremax. Tpyael WCIT PAH, tom 31, Bem. 4, 2019 r., crp. 29-38. DOI:
10.15514/ISPRAS-2019-31(4)-2

Automated Error Detection and Analysis in Hyperconverged Systems

D.V.Silakov, ORCID: 0000-0001-9175-6943 <dsilakov@virtuozzo.com>
Virtuozzo,
Seattle, USA (HQ) 110 110th Ave NE #410, Bellevue, WA 98004

Abstract. The paper is devoted to the problem of early error detection and analysis in hyperconverged systems.
One approach to organizing hyperconverged systems is to install on each physical server a separate instance of
an operating system (OS) that carries virtualization tools and tools for administering and using a distributed
data warehouse. Errors can occur both at the level of a single OS instance and at the level of the entire cluster.
For example, incorrect control element commands from one infrastructure node can cause software failure on
another node. In addition, errors from the subsystems of the cluster can provoke abnormal situations inside
virtual machines. The complexity of the architecture of hyperconverged systems makes it difficult to analyze
the errors that occur in them. To simplify such an analysis and increase its effectiveness, it is necessary to
automate the process of detecting problems and collecting data necessary for their study and correction. Existing
approaches for automation of error detection are described and various improvements are suggested to adopt
them for systems where distributed storage and virtualization technologies are actively used. Improvements
include log collection from the whole cluster just after the error occurred, additional analysis of guest operating
system behaviour inside virtual machines, usage of a knowledge base for automated crash recovery and
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duplicate detection. Finally, a real-life scenario of error handling process in Virtuozzo company products is
described starting from error detection and ending with fix deployment.

Keywords: error detection; virtualization; data storage
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1. BeedeHue

BeisiBienne npobimem B xoie okcrutyatanmu [IO w  omepaTHMBHOE pearMpoBaHME Ha WX
BO3HHMKHOBEHHE — 3aJlaya, KOTopas BPsII JIM KOraa-HUOy b NOTEepsIeT aKTyalbHOCTh. MOHUTOPHHT U
aHaJ M3 HEIITAaTHBIX CUTyalMil HEOOXOAWMBI KaK NPH pEalTbHOM OSKCIUTyaTallid, TaK U TIpH
Pa3IM4YHOTO BHA TECTUPOBAHWH HA BCEX CTAIMSX Pa3pabOTKH.

K HacrosmeMy BpeMEHH CO3/1aHO HEMAJIO CPEJICTB aBTOMATH3alMHM IOJOOHOTO0 MOHHUTOPHWHTA,
OJTHaKO HOBbIe TeHeHIMn B Mupy [1O npeassBisitoT HOBbIe TpeOOBaHHUS K MHCTpyMeHTapuio. K
OJTHOM M3 TaKMX TEHACHIMH OTHOCHUTCS CO3J[aHUE IMIIEPKOHBEPTEHTHBIX HHPPACTPYKTYP, KOTOPHIE
MOAPa3yMeBaOT MCHOJIb30BaHUE POTPAMMHBIX CPEICTB Ul OOBbEIMHEHUS! PECYPCOB MHOXKECTBA
CEPBEPOB B KJIACTEP, SBJISIOMINICS C TOYKH 3PEHHSI CHCTEMHBIX a/IMHHUCTPATOPOB U TI0JIb30BaTENCH
€JIMHOM CpeIol ¢ IIEHTPATU30BaHHBIM YITPABICHUEM.

Pecypcbl cepBepOB BKIJIIOYAIOT TMPEXAE BCETO BBIYMUCIUTENIbHbBIE MOIIHOCTH W JUCKOBOE
IIPOCTPAHCTBO. B TI'MIIEpPKOHBEPrE€HTHONM CUCTEME YCTPOMCTBA XPAaHEHMsI JAHHBIX MHOMKECTBO
MalluH O6’I)CJII/IHHCTCH B CCTCBOC XpPaHWUIMIIC (BOSMO}KHO, C }Iy6J'[I/IpOBaHHeM JaHHBIX B LCIAX
IIOBBIIIICHUS OTKaSOyCTOI‘/II‘{I/IBOCTI/I), a BBIYHMCJIIUTEIIbHBIE PECYPCHI UCHIOIB3YIOTCS ISl CO3JaHUA 1
3allyCKa BUPTYyaJbHbIX MalllWH. Nmenno MNOCICAHNUEC 3aHUMAKOTCA BBIIIOJIHCHUEM 3aJa4 KOHCUHBIX
none3oBareneil. Takol moaxoj mo3BoisieT TMOKO W B TO ke BpeMs 3(pdexkTHBHO pacrpenensTh
(bu3HUecKkre pecypchl MeXy pa3IMuHbIMU IIPUKIIAIHBIMU 3a/ladyaMy.

OnHUM U3 OAXOA0B K OPraHU3aIMU THIIEPKOHBEPT €HTHBIX CUCTEM SIBJISICTCSl YCTAHOBKA HA KAXKbIH
¢dusnueckuii cepBep OTHAENBHOTO SK3eMIuLsipa onepauuonHoit cucrembl (OC), Hecyuieil B cebe
CpeACTBa BHUPTyalIM3allMM W HWHCTPYMEHTApUH U aJAMHHUCTPUPOBAHUS M MCIIOJIb30BAHUS
pacIpe/ie/IeHHOTr0 XpaHWINILA JaHHBIX.

Bo3HukHOBEHHE OMMOOK BOZMOXKHO KaK Ha YPOBHE OTAEIBHOro 3k3emiuisipa OC, Tak v Ha ypoBHE
BCET0 KJacTepa — HalpHUMep, HEKOPPEKTHbIE KOMaH/b! YIPABJISIOIINX 3JIEMEHTOB C OIHOTO Y3/1a
uHppacTpyKTypsl MOryt Bbi3Bath cOoii [10 Ha apyrom y3ie. Kpome Toro, ommoOKu CO CTOPOHBI
MIOZICUCTEM KJIacTepa MOT'YT CIIPOBOLMPOBATh HELITATHBIE CUTYalluH BHYTPU BUPTYaJIbHBIX MAIIMH.
CIIOXHOCTD apXHUTEKTYPhl THIIEPKOHBEPIEHTHBIX CHCTEM OOYCIABIMBAET CIOKHOCTH aHaIH3a
BO3HHUKAIOIINX B HUX OIIHMOOK. J{JIs ypoIeHns TaKoro aHaIn3a U IOBBIIIEHHUS ero 3P (eKTHBHOCTH
HeoO0XoIuMa aBTOMATH3AIMS IIporecca OOHapYKeHUs MpodiieM U cOopa JaHHBIX, HEOOXOTUMBIX
JUTSL UX U3YYIEHUS U HCIIPaBJICHHUS.

2. Cywecmeyroujue nooxoo0bl K asmomamu3sayuu obpabomku HewimamHbIx
cumyauut

CymecTBytomue MmoaxoApl K OOHApPY)KEHUIO HEMITATHBIX CHUTYallnii MOXKHO pa3leliTh Ha IBe
OCHOBHBIX KaTE€IrOpvum:

° BBISIBJIEHHE OLIMOOK HETIOCPEACTBEHHO B MOMEHT MX BO3HUKHOBECHMA,

° BBISIBJIICHUA (1)aKTa BO3HHUKHOBCHU S HpO6JICMBI Ha OCHOBE aHaJIn3a CUCTEMHBIX KYPHAJIOB.

2.1 OnepaTuBHOe BbisiBNeHue npooénem

[IpumMenenne mepBoro crmocoda MO3BOMAET MPOM3BECTH aHAN3 CHCTEMBI U COOp MOTEHIHATHHO
MOJIC3HON I aHain3a MpoOJIeMbl WHPOPMAIMHM IO TOpSYMM cienam». Hampumep, MOXHO
cAenaTb CHUMOK TMaMSTH MPOOJIEMHOr0 MpOIlecca, COXPAHUTh KOHTEKCT €r0 BBHITOMHEHUS M TaK
Jajiee.
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OnHako peanu3anys TAKOro ITOIX0/1a CHIIBHO 3aBUCHT OT TOTO, KAKOTO PoOjia OMIMOKK HEOOXO0IHMO
BBISBIIATE. KasKAbld THIT HEHITATHOW CHTyallMM MOXXET IOTpeOoBaTh pa3pabOTKH OTAENHHOIO
WHCTPYMEHTAIBHOTO CPEJICTBA JUIS €r0 ONEPATUBHOTO 00HAPY KEHHS.

Hanpumep, mmpoxo npumensiemsle B Linux nHCTpyMeHTanbHBIe Ha00ops! ABRT [1] u Apport [2]
MO3BOJISIFOT OTCIIEKUBATH CIEIYIOLINE BUIbI HEIITATHBIX CUTYaIUIL:

e ommbOku cermeHrarmu («Segmentation Fault») B OuHapHBIX MporpamMMax — Kak MPaBHIIO,
BBI3BaHHBIC HEKOPPEKTHOW PabOTOM C MaMSTHIO;

®  BO3HUMKHOBCHHE MCKIIOYCHUH B mporpammax Ha Python, Ruby u Java;

e  apapuiiHoe 3aBeplueHue paboThl fAxpa Linux c mocnemyromieil mepe3arpy3koil CUCTEMBI, a
takke coobmieHnst «OOPS» oT sapa, CUTHATM3UPYIONIME O HEIITATHOW CHTYaIWH,
BBISIBIICHHOM caMHM sIIpoM (KOTOpasi MOTJIa ¥ He MOBJIeYb OCTAHOBKU MAaIlMHbI);

®  BO3HUKHOBEHHE MPoOJIeM Ipu paboTe rpadudeckoil moacucreMs (X-cepBepa).

Jns  oOHapyKEeHUs KaXIOH W3 YKa3aHHBIX MpoOJeM peanu3oBaHa OTHCIbHAs —YTHIUTA,
ucnonp3yronias cnenupuueckue cpeacrtsa OC u cucremuoro [10. B wactHOCTH:

e  ommOKH pabOThl ¢ MAMATHIO PETHCTPUPYIOTCS € MOMOIIBIO sapa Linux, mocpeacTBom
nobasneHus oOpaboTumka B (aiin /proc/sys/kernel/core pattern [3];

e i oOHapy)KeHHs UCKIIIoueHHH B Java-niporpammax B cpee ucnonHenus Java (Java Runtime
Environment) perucTpupyercsi COOTBETCTBYIOIIMI 00paboTurK, ucnonb3yronmii Java Native
Interface;

®  CXOXHH MEXaHHM3M HCIIONb3yeTCs JJIsl OOHapy)KeHust podisieM B ckpunrtax Ha Python u Ruby
— WX Cpelbl WCIONHEHUs] TaKkKe IO3BOJISIOT PErUCTPUPOBATh CTOPOHHHE OOPaOOTUUKH
HCKITFOUCHUM;

e  apapuifHoe 3aBepuieHHs paboOTHl sapa Linux, mnpuBeAmMe K mepe3arpy3ke MallUHB,
omnpenenserca mo Hanuuuio aiinma vmcore (oOpa3a mamsATH AApa HA MOMEHT 3aBEpILCHHS
paboThl, aBTOMAaTHYECKH CO3/IaBaeMOr0 ITPU BO3HUKHOBEHHH HEIUTATHON CUTYallluH);

e  [IpouyMe HEITATHbIE CUTYalluH, CBSA3aHHBIE C AApoM Linux (K TakOBBIM TaKKe OTHOCSTCS
MOTEHIUAJIbHBIE IPOOJIEMBI ¢ 000PYAOBaHHEM, O KOTOPHIX COOOIIACT SAPO), OTCIEKHUBAIOTCS
myTeM MOHUTOpHHra (haiina /proc/kmsg, MpeaocTaBsIONIEro NpPsiMoOl AOCTYI K COOOIICHUSIM
saapa;

e i o0HapyXeHHs MpoOieM rpadu4ecKold MOACHUCTEMBI BEAETCS MOCTOSHHBI MOHHTOPHHT
¢aiina xypnaia /var/log/Xorg.0.log 1 aHanu3 no0aBiseMoil B HEr0o HHPOPMAI[UH.

K nmocromHCTBaM IaHHOTO IMOAXOXS OTHOCHTCS BO3MOXKHOCTH cOOpaTh MH(OPMALHIO, KOTOpas

JOCTYIIHA TOJBKO B TEYEHHE KOPOTKOI'0 MMPOMEXYTKa BPEMEHH I10CIIe BOSHUKHOBEHHS HHIUICHTA,

HO KOTOpas OyneT KpaiiHe Imojie3Ha Ui ero aHanu3a. K mogoOHBIM JaHHBIM OTHOCHTCS CHUMOK

MaMATH YIaBIIETO Mpolecca, IepeueHb OTKPHITHIX UM (DAillioB M CETeBBIX COSOMHEHWH M Ipodast

uH(pOpManus, KOTOpas HAXOIUTCS TOJIBKO B ONEPATHBHON NMaMATH MAaIlIUHBL

ApXUTEKTypa WHCTpYMEHTAIBHBIX cpenactB Hamomoome ABRT u Apport sBisiercss MOTyIbHON 1

MTO3BOJISIET TO0ABIATE 00PaOOTUNKH TPOU3BOIBHBIX COOBITHH — HEOOXOIIMO TOIBKO pa3paboTaTh

COOTBETCTBYIOIIEe HHCTPYMEHTAIbHOE cpeacTBo. HeoOxoanmocTh Takol pa3paboTKu U SBISETCS

OCHOBHBIM (DaKTOpOM, OrpaHIMYHMBAIONIMM IIPUMEHEHHE TOAX0/IA.

JI1st MHOTHX TIPHJIOXKEHHH €AMHCTBEHHBIN CIIOCO0 OMPENeNUTh HEIITATHYIO CUTYAIHIO B HX padoTe

(He BBI3BIBAIOIIYI0 ABapHMHHOIO OCTAaHOBAa IPOTPAMMBL, HO KPUTHYECKYIO I ee

(YHKIMOHMPOBAHUS) 3aKII0YAeTCS B aHANM3E JKYPHAJIOB — KaK OOIIECHCTEMHBIX, TaK W WX

cOOCTBeHHBIX. Pa3palbaTeiBaTh M 3allycKkaTh WHCTPYMEHTHI TaKOro AaHAM3a Ul KaXIOro

MIPWIOXKEHUSI B CHCTEME MOXKET OKa3aThCsl CIMIIKOM HAKIAQIHO (OCOOEHHO €Cly CTOWT IIEib

MOHHUTOpPHHIA KYPHAJOB B pEabHOM BPEMEHH) — M TOTA MOXET OBITh HCIIONb30BaH

aIIbTePHATHBHBIA TTOIX O/
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2.2 BbisiBneHne olwmnboK Ha OCHOBEe aHanu3a XXypHasnoB

Jlpyroe momynsipHOE pelIeHHe OCHOBAaHO Ha TOM, YTO B OOJBIIMHCTBE NPOrPAMMHBIX CHCTEM
BEAYTCS )KYpHAJIBI Pa3INUHBIX COOBITHH, B YHCIIO KOTOPHIX OOBIYHO BXOMST U JIOOBIC HEUITATHHIC
CUTYyallMH. AHAJIM3HUPYsI )KYPHAJIBI COOBITHH, MOXKHO ONPEACIUTh M (aKT BOZHUKHOBEHHS TE€X MU
WHBIX WHIOUAEHTOB, TPEOYIOIMX BHUMAaHHS pPa3pabOTUMKOB M CHUCTEMHBIX aJIMUHHCTPATOPOB.
MOXHO OCYLIECTBIATh KaK MOHUTOPUHT XXYPHAJOB B pealbHOM BPEMEHH, pearupys Ha KaxIyro
HOBYIO 3allUCh, TaK U TMEPUOAMYECKHUN aHaIW3 MJAaHHBIX, IOSBMBIIMXCS 3a OIpPEIENICHHBIH
MIPOMEKYTOK BPEMEHH.

B Hacrosiee Bpems CylecTByeT MHOXKECTBO IPOrPaMMHBIX CPEACTB, 3aHUMAIOIIIXCS aHAIU30M U
¢ubTpanuenl KypHaJIOB C LENBIO BBISABICHUS 33/laHHBIX COOBITHH. [Ipym 3TOM MHOTME peleHus
(manpumep, Graylog [4]) momyckaloT 00pabOTKY >XYpHAJIOB CO MHOXKECTBA MAIlIMH U HMEIOT
pacuMpseMyl0 apXHUTEKTypy, MO3BOJISIOIIYI0 ONEPaTUBHO JO0ABIATH (popMalibHBIE ONMUCAHUS
MHTEPECYIOIIUX IT0JIb30BATENS] CUCTEMBI COOBITHH.

Hapsiny ¢ omHo3HauHbIMH (DOpMajbHBIMU TIpaBWJIaMU (QUIBTpAlMK COOBITHH (Hampumep, C
WCIIONIb30BAaHUEM DETYJSIPHBIX BBIPRKEHWH JUIS BBIIENCHHS COOOIIEHWH 00 omudkax), ajs
BBISIBJICHUSI HEIITATHBIX CUTYalMi MOT'YT IPUMEHSATHCS HEYETKHE ITPaBUIla U IPpaBUiia, BEIBECHHBIE
Ha OCHOBE MAIlIUHHOTO 00yueHus [5].

[TomuMo ruOKOCTH B 00ABJICHUU ONMCAHUI 1 MACIITAOMPYEMOCTH, K IOCTOMHCTBAM TaKUX CUCTEM
CTOUT OTHECTHU BO3MOKXHOCTL ITOBTOPHOI'O aHa/JIM3a YK€ UMCIOIINXCA XYPHAJIOB IIpU )1068.BJ'I€HI/II/I
HJIn O6HOBH€HI/II/I OIIMCaHUuA CO6I>ITI/I$[ JJI4 aHaJIu3a. OCHOBHEBIM K€ HCIOCTAaTKOM B 6OJ'IBU_II/IHCTBC
CITy4aeB sIBIISIETCS OTCYTCTBHE B XKypHallaX HH(POpMAIMK, HEOOX OJTMMOM JIJIsl A€TaTbHOI0 H3YUSHHU S
pOOJIEMBL.

Hanpumep, aBapuiiHOe 3aBepllieHHE NPHIOKEHHH B JUCTpUOyTMBax Linux 3adacTyio MoOXeT
OCTaThCsl BHE MOJS 3pPEHHs CHCTEMHBIX XKypHanoB. Ho naxke ecinu ¢akT aBapHiiHON OCTaHOBKH
OyIeT OTMEYeH, TO B XKYpPHAJIBI PEIKO IOMEIaeTcs AeTajdbHas HHpopMaIus — Takasi, Kak CHUMOK
naMATH Ipouecca. Bopouem, s NpuIoKeHUH, UCHONB3YIOIMX I paboThl crenuduyueckyro
Cpely MCIOIHEHHS (B YaCTHOCTU — MpOrpaMM, HaIlMCaHHBIX Ha A3blkax Go, Java, Python u psne
JpYTUX), B CHCTEMHBIC JKYpHAJbl MOXET MOMEIIAThCA Tpacca BbI30Ba (DyHKLMH, MPHUBENIIMX K
BO3HUKHOBEHHIO HELITATHONW CUTYallHU.

TeMm He MeHee, B 00LIEM ciTydae MOAXOJ C aHAIU30M XKYPHAJIOB B IUIaHE MOJHOTHI HH(pOpMAaLUN
CHJIBHO YCTyHaeT LeJCHANPaBICHHOMY cOOpy [HaHHBIX 00 WHIOUASHTE B MOMEHT €ro
BO3HUKHOBEHHSI.

Hmxe MBI paccMOTPHM BO3MOXHBIE YCOBEPILICHCTBOBAHUS CYIIECTBYIOIINX MTOIX0J0B K 00paboTKe
UHIUICHTOB IO TOPSYMM CJedaM», KOTOpPBIE ITO3BOJISAT IOBBICHTH 3((EKTUBHOCTH aHAIIN3a
pooIIeM.

3. 06x00 knacmepa Ans c6opa uHghopmayuu

BoipmmHCTBO aBTOMATHYECKUX CPEACTB cOOpa HHPOPMAIMU O HEIUTATHBIX CUTYAlUsIX B MOMEHT
WX BO3HUKHOBEHHsA orpaHmumBaioTcs pamkamu OC, B xKoropoit oHH paboraior. B
THIEPKOHBEPIeHTHBIX CHCTEMax TaKOW MOAXOI MOXET OKa3aThCsl HemocTaToueH. Takue CHCTEMBI
SBJIAIOTCS pacnpeneneHHbIMU, 1 OC Ha OTIEIBHO B3ATOH MalllMHE HE SBIISIETCS M30JMPOBAHHON 1
CaMOJIOCTATOYHOH — B HEW MOIYT BBINONHATHCA CIY)KEOHBIE MPOLECCH], KOHTPOIHpYEeMbIe
VIIPABISTIOIMMHE 3JIEMEHTAMH C IPYTUX Y3JIOB KJIacTepa.

Jinst BocHIpOM3BEACHHMS TTOJHOW KapTWHBI MHIMJICHTA, CBS3aHHOIO C MOAOOHBIMH CITY)KEOHBIMH
IpoLlecCaMy, MOXET MOTpe0oBaThcs MH(GOpMALMS M OT YNPABIAIOMMX y3i1oB. Hanpumep, B
CHCTEMax, PpEANN3YIONIMX OTKA30yCTOMYMBOCTH CEPBHCOB IOCPEIACTBOM HX JyOJIMpPOBaHHS,
HEKOPPEKTHOE TIOBEJICHUE CIIY)KEOHOH IPOrpaMMBl MOMKET OBITh BBI3BAHO TOCTYIUICHHEM
MIPOTUBOPEUMBLIX KOMAH/ OT Pa3HBIX YIPABIISIOMINX IPOIECCOB.

32



Cunakos J1.B. ABTomaru3arus 0OHapyXeHHUS U aHaIIM3a ONIMOOK B THIIEPKOHBEPreHTHBIX cucTeMax. Tpyost UCII PAH, Tom 31, Bbim. 4,
2019 r., crp. 29-38

OOxon y370B KiIactepa W cOOp JaHHBIX C yNAIEHHBIX MAIIMH — Ooiee Joporas Onepanus, dyeM
aHaJIu3 B paMKax ofHOro ¢usudeckoro cepsepa. IloaTomy nepen oOpaileHueM Ha ynaJleHHBbIE
MAaIIMHBI HEOOXO0IUMO OTIPEEITUTh, €CTh JIH B 3TOM CMBICIL.

OnmHUM U3 BO3MOXHBIX CIIOCOOOB BBISICHUTBH I1€7IECOOOPAa3HOCTh 00XO/a SIBISETCS COCTABJICHHE
CIHCKA MPOILIECCOB, OUIMOKM B KOTOPHIX MOT'YT OBITH BBI3BaHHI YJaJICHHBIMHU y3JIaMH KiacTtepa. B
3TOT CIIMCOK MOT'YT BXOAUTH CIy>KEOHbIE CEpBUCHI, 00CTYKHBatoIe HHPPaCTPyKTypy Ki1acrepa, a
TaKKe JII0Oble MPOrpaMMBbl, OOpaIAIOIIMecs] HANpSAMYIO K YAaleHHBIM y3JaM cucteMbl. Ecmu
WHIOUEHT TPOU3O0IIEN C MPOLECCOM, HE BXOASAIIUM B 3TOT CIIMCOK, TO COOMpAaTh JIAHHBIE C
yIaJI€HHBIX Y3JI0OB HE HAJO.

Eme OonpIueil TOYHOCTH MOXKHO JTOCTHTHYTB, POaHAIN3UPOBAB, C KAKUMH Y3JIaMU U CEpBUCAMU
KJacTepa B3aMMOJEHCTBOBAJ HMPOOIEMHBIN NPOLECC HEMOCPEACTBEHHO Iepe] BOSHUKHOBEHHEM
aBapuitHOM cUTYaIUH.

4. AHanu3 owubok eupmyanu3ayuu

IToMuMo pacnpenenaeHHOM NpUPOIbl MHOTUX CEPBHUCOB, BaKHBIM aCHEKTOM T'MIIEPKOHBEPIeHTHBIX
CHCTEM SIBJISIETCS MCIIOJNBb30BaHUE BHUPTyanbHbIX MamuH (BM). B upeane xaxngas BM c Touku
3peHUs] TOJb30BATENs pPAaBHO3HAYHA OTHEIbHOW (u3nueckoid MammuHe. OAHAKO HM3OJISIHS
npoueccos ogHod BM or gpyroil peamusyercs € MCIONb30BAaHUEM IPOIPAMMHBIX CPENCTB
(runepBuzopa b0 sapa OC mpu HCHONB30BaHUM KOHTEHHEPHOIH BUPTyallU3allii), B KOTOPHIX
MOT'YT COJIEPKAThCS OMIMOKH, MPUBOJSIIME JTMOO K HAPYIICHHIO U3OJIALHH, JTHO0 e30pUeHTAIMN
TOCTEBOM ONEPALMOHHON CUCTEMBI.

[IpobneMbl B moncucTeMe BHUPTyaldH3alMK MOTYT (haTajJbHO CKa3aThCsl KaK Ha BHUPTYaIbHBIX
OKPYXCEHUSIX, TaK M Ha XOCT-CUCTEME, B KOTOPOW OHM 3allyIlieHbl. BBHIY BO3MOXKHOCTH TaKHX
OLIMOOK OT/AENbHON 00PadOTKH 3aCITy)KHBAIOT CICAYIOIINE CUTYalUH:

e  aBAPUIHBIN OCTAHOB BUPTYaJbHOW MAILIMHBL
e  omwuOKa B CepBUCE, BXOIILIEM B CHCTEMY BUPTYaIN3aIMH Ha XOCT-CHCTEME.
B 00oux ciydqasx HE0OX0AMMO cOOpaTh JIaHHBIE KaK O COOBITHSAX, IPOUCXOAMBIINX Ha CEpPBEPE B

MIPWIOKEHUSIX BUPTYyalU3allly, TaK U O TOM, 4TO NPOMCXOAMIO B 3TOT MOMEHT BHyTpu BM. K
MIOTEHI[UAJILHO MOJIE3HBIM IaHHBIM M3HYTpH BM oTHOCSTCS!

e CBENCHHWSA O HEIITATHBIX CUTyalusXx BHYTpu rocteBoii OC (B 4YacCTHOCTH, aBapHiiHOE
3aBepieHre padboTel npunoxenuii u sapa OC);

®  CIIMCOK IIPOIIECCOB, KOTOPBbIE ObLIM aKTUBHBI HA MOMEHT HHLMCHTA,;

e  cmucok ycraHosienHoro [10.

CHHCOK IPOLIeCCOB M MPUIOKEHUH MOXKET IOMOYb B ONPENENCHNH MOTEHIIHAIBEHO BPEJOHOCHOTO

1O, pa6otagiero BHyTpr BM, KOTOpOe U MOTJIO CTATh IPHYMHON HHITHIACHTA [6].

Nudopmanus uznyrpu BM Moxker ObITh M3BIICUEHA JTHOO MOCPEACTBOM T'OCTEBOro areHra (mpu

ycnmoBud, 9To BM 3amyiiena) mu6o HemocpeACTBEHHO ¢ 00pa3a €€ KECTKOTO ITUcKa (IpH YCIOBHH,

YTO B TOCTEBOM CHCTEMeE He HCIIONb3yeTcs IH(poBaHKe AUCKOBOrO MIPOCTPAHCTBA). B cirydae, ecin

B pe3yibTaTe MHIMICHTAa NPOM3OLUIO aBapHiiHOE BEIKIIOYeHHEe BM, cucrema BHpTyaJIHM3aliu

MOXKET IPEJOCTABUTh CHUMOK MaMSTH BCeX MporueccoB rocreBoit OC s qanbHeHIIero anammsa.

5. BbisierieHUe oGuHaKo8bIX oWUub60oK

Ilepen cmaueit mporpaMMHOTO OOECHEUEHHs B OJKCIUTyaTallli0 OONBIIMHCTBO pPa3pabOTUMKOB
NPOBOJAT €ro TIIATENBFHOE TECTHpOBaHHE. TeM He MEHee, ONMpEICNICHHBIH MPOIEHT OLIMOOK B
MporpaMMax OCTAaeTCsl, HO ISl MX IPOSBICHUSI HYXHBI HEKOTOpBIE crienu(pUUecKue yCIOBHS -
OIIpeJIeTIEHHOE COYeTaHNe TIEPEMEHHBIX CPE/IbI M apT'yMEHTOB, HEXBATKa OMEPATHBHOM MaMsITH WIH
JIMCKOBOTO TPOCTPaHCTBa M TOoMY monoOHoe. Kak ciexctBue, moqoOHbIe OMMOKK BCTPEYAOTCS
OTHOCHTEJIFHO PEIKO, HO TIPH MAaccOBOM HCIIONB30BAaHMM MPOJyKTa OOIIee YUCIO MHIUJICHTOB
MOXET CTaTh 3HAUYUTEIHHBIM.
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B 4acTHOCTH, B TUIIEPKOHBEPICHTHBIX CHCTEMaX MHOTME MAIIMHBI 3a4aCTYI0 HMEIOT HICHTUYHYIO
KOH(HUTYpaLUIo U 3aHUMAIOTCS CXOXKHMHU 3a]ja4aMil. Benrka BEpoSTHOCTB TOTO, YTO €CITH OLIMOKa
BO3HHKJIA HA OTHOM U3 CEPBEPOB, TO OHA MOXKET BOCIPOM3BECTUCH U HA IPYrUX cepBepax. 3HaHUE
0 TOM, 4TO MpodJIeMe MOJBEPKEHO MHOKECTBO MAIIMH, TI0JIE3HO, OTHAKO MPOBOAUTH TIIATEIBHBIN
aHANN3 KaX0H U3 HUX U3JHUIIHE.

IIpoBepka TOro, SBJIAIOTCSA JIM JABE OMIMOKKM IyONMKAaTaMH WM HET, — OTAeNbHAs 3anava, s
KOTOpOH CyIIECTBYET MHOYKECTBO BO3MOXHBIX penteHuid. OHO 1 HanOosee MpoCThIX — 3TO IPsIMOe
CpaBHEHHE Tpacc BHI30Ba (PYHKIMH. DTOT METOJ MOXKET OBITh HE O4eHb d(PPEKTHUBEH B CiIydae
CITOKHBIX TPUIIOKEHHH (B YaCTHOCTH — MHOTOMOTOYHBIX), HO CYIIECTBYET HEMAJ0 PEIICHHIA,
MIPOU3BOJISIIMX HEUYETKOE CPaBHEHHE TPACC, B TOM YUCIIE HCIIOIB3YIOIINX MAITHHHOE 00y4YEeHHUE JUIS
MOKCKa TyONUKATOB — CM., HATIPUMED, paboTs! [7] u [8].

BoJIBIIMHCTBO METOIOB OMPE/ICTICHHs TyOIUKATOB MPUMEHIMO HE3aBHCHMO OT TOTO, TIPHHA ICKAT
JIM TPacChl OMIMOKAaM, CIYYHMBIIUMCS HA OJHON (PU3MYECKOIl MAIllMHE WIIH HA PA3HBIX MAIHHAX.
OnHako B HAcTOsIIiee BPEMs OHH MPUMEHSIOTCS Ha MPUEMHHKE, KyJa MOCTYMAT OTYETH 00
ommbkax. Eciu xe Mbl X0THM H306€kaTh cOOpa M3HIIHUX JaHHBIX Ha CTOPOHE MOJTB30BATENbCKOM
CHCTEMBI (M HE TIOChUIATh M3IUIIHETO KOIMYECTBA OTYETOB), TO BBISBICHHE JAYOIHKATOB JODKHO
MPOU3BOAUTECS Ha CTOPOHE MOIb30BATENS.

B psn cymecTByromux HHCTpyMeHTOB (B yacTHOCTH, ABRT) yxe BCTpoeH MexaHU3M OTCEHBAHUSA
JyOJIMKATOB — JUISl 3TOTO B CUCTEME XPAHHUTCS UCTOPUsI Y)ke 00pab0TaHHBIX paHee OUIMOOK, U MPH
0OHapy>KeHHU HOBOH MPOOJIEMBbI OHA MEPBBIM JICIIOM CPABHUBAETCSI C TEMH, YTO €CTh B UCTOPHUH.

B CJIyda€ HaJIU4usl KJIacT€pa B3aMMOCBA3aHHBIX MalIWH JIOTHYHBIM YCOBEPIICHCTBOBAHHEM
JIAHHOT'O IOAX0/a OyzeT co3laHue eAMHOro (B paMKax KJacTepa) XpaHWIHIIA ¢ HCTOPHUEH OIIHOOK.
[Ipy BO3HUKHOBEHMH HOBOTO MHIIMCHTA HA OJHOM M3 Y3JIOB KJacTepa HHCTPYMEHTApHi aHann3a
npo0JeM CMOXKET CBEpPATHCS € ITHM XPAaHWIMINEM M IPHHUMATh pELIeHHe — IMPOU3BOAUTH
JIeTANIbHBIHM aHAIN3 U cOOp TaHHBIX O MPoOJIeMe MO0 MPOUTHOPUPOBATH €€ KaK y)Ke 00paboTaHHYIO.
[MomMumMo ucTOpUM OMIMOOK KOHKPETHOrO Kilactepa, Ui OOHapYKeHHUs! TyOJIMKATOB MOXKET ObITh
3ajieficTBOBaHa U IEHTPAJIN30BaHHAs 0a3za 3HaHMI 00 OmIMOKax Ha CTOPOHE Pa3padOTUHKOB HIIH
CHCTEMHBIX aIMHHUCTPATOPOB, O KOTOPOH IOMIET pedb B CIEAYIOIIEM pa3erne.

6. O6pamHasi cesn3b

BonbmMHCTBO mporpamMM, OTCIEXKHMBAIOIIMX BO3HUKHOBEHHE HEINTATHBIX CUTYaluil, WrparoT
UCKJIFOYHUTETBHO IACCHBHYIO POJIb — OHH TOJIBKO OTIPABJIAIOT M3BEIICHHE O IPOo0IeMe U HUKAaK He
BMEIIMBAIOTCA B paboTy cucreMbl. OfHAKO ¢ TOYKU 3pEHHS MOJB30BATENs BAXHO HE TOJIBKO
OOHapY)XHUTh IPOOIEMY W H3YUHUTH €€ IPHINHBI, HO M ONIEPATHBHO €€ YCTPAHHTE.

CoBpeMeHHBIE POrpaMMHBIE KOMIUIEKCHI IPEJOCTABISIOT HA0Op MPUMUTHBOB, MO3BOJIAIOIINX B
psne cioydaeB aBTOMATHUECKH BOCCTAHABIMBATh (DYHKIMOHAN cHcTeMbl. Hampumep, mnpu
aBapUHHOM OCTaHOBE HEKOTOPOTO CEpBHCA OH MOXET AaBTOMATHYECKH Iepe3alryCcKaThCs
cpeactBamu OC, mpu HEXBATKE MECTA Ha JUCKE MOTYT yAAJATHCS HAUMEHEE IIEHHBIC (QaiiIbl U TaKk
Janee.

Taxkue cpencrsa, npenoctasisieMble OC, MPETEHAYIOT HA YHUBEPCAIBHOCTh U, KaK CIEACTBHE, BO
MHOTHUX CITy49asX HE MOT'YT IIOMOYb, TIOCKOJIBKY HE YUUTHIBAIOT CIIEIN(HUKY KOHKPETHOH MPOOIEMBI.
Tak, ecnmu cepBHUC aBapMIfHO OCTAHABIMBACTCS M3-32 TOBPEXACHHOro (haima KOH(QUTYpaIuu, TO
CTapTOBaTh CEPBHC J0 UCIIPABICHHUS ATOTO (aiiia OECCMBICICHHO.

Kakne nMeHHO neHcTBHS HEOOXOAMMO MPOW3BECTH JUIS BO3BPAIICHHUS CHCTEMbBI K INTAaTHOMY
PEeXUMY pabOTHI, 3aBUCUT OT KOHKPETHOHW IPOrPaMMBbI U OT TOTO, YTO C HEH MPOU3OIIIIO. 3al0XKHUTh
BCE BO3MOXKHBIE COYETAHHS MPOOJIEM W HX PEIICHUH HEMOCPEACTBEHHO B CHCTEMY IIpH €€
pa3BepTHIBAHNH HE NPECTABIIETCS BO3MOKHBIM — BEIb MHO)KECTBO TAaKMX COYETAHHWH PacTeT B
xoze xu3HeHHoro nukia I1O kak 3a cdeT BBIBICHUS HOBBIX NMOTEHIMAIBHBIX MPOOJIEM, TakK H 3a
cYeT pa3pabOTKH HOBBIX ITyTEH ISl MX pEeLIeHHH.
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[epcreKTHBHBIM PEIICHUEM 3TOW MPOOIEMBI SIBISIETCS HCTIOIb30BaHKe 0a3bl 3HAHHH, cofepKaiei
HHOOPMALIMIO O HENITATHBIX CHTYallUsIX, KOTOPbIE MOTYT BO3HHMKHYTH B XOJ€ JKCIUTyaTaluH
CHCTEMBI, a TAK)Xe O METOJIaX MX PEIICHHUS.

[MomoOHbIe Ga3bl yKe MOANCPKUBAIOTCS MHOTUMHU TPOCKTAMHM, OIHAKO OMHUCAHHUS MPOOJIeM U HX
pCLICHUIT B HUX CONCPXKUTCS B YEIOBEKOUMTACMOM, 3a4acTyr0 — HeopmaibHOH (opme. s
WCTIONB30BaHUsl 3THUX 0a3 B MPOrpaMMHBIX CPEACTBAX OOHAPYKEHHS OHIMOOK HEOOXOIUMO
BBIJICTUTh (hOpPMalIbHBIC TPH3HAKH, KOTOPBIE XApaKTEPH3YIOT KAKAYI0 MPOOIeMy W HaJH4de
KOTOPBIX MOYKHO ONPEACIUTH aBTOMATHYECKH.

K nomo06HbIM pU3HAKAM MOXKHO OTHECTH:

® 1M MPOLIECCA, BHI3BABIIETO HEIITATHYIO CUTYAIHIO;

®  UMS U BEPCHIO MPUIIOKEHHUS, YACTBIO KOTOPOTO SBIISETCS TPOIIECC;

®  Tpaccy BbI30Ba (DYHKIIMH, MPUBEAIINX K aBAPHUHHOW CUTYAIHH;

®  3HaYCHHE MEPEMEHHBIX CPE/Ibl, KOTOPhIC MOTITH MOBJIHUSThH HA X0 paOOThI IPHIOKCHHS.
Kakue uMeHHO MPU3HAKH YIUTHIBATH — 3aBUCUT OT KaXJOTO KOHKPETHOro ciydas. Hampumep, B
clydae OIMOOK siipa MMsl MIPUIIOKEHHUS BCEeria OJJMHAKOBO, & BOT BEPCHSI MOXKET MMETh 3HAUCHHE.
OTMeTHM, YTO BCE MEPEUMCICHHBIC MPU3HAKHU SIBISIFOTCS CTpOKamM Jub0 Habopamu cTpok. B
Ka4yeCTBE YHUKAIBLHOTO WJeHTHU(]UKATOpa mpoliiemMbl B 0a3e 3HAHWI MOXKHO MCIOJNB30BAaTh XOII-
CyMMY BCEX MPU3HAKOB, XapaKTEPU3YIOLIHUX MPOOIIeMYy.

Pemenne l'lpO6.]'[eMbl TaKXEC JOJI’KHO 6I)ITI) MpeaAcTaBJI€HO B BUJC, ITPUT'OAHOM JIJI1 aBTOMATHYCCKOI' O
NPpUMEHECHUS. HaI/I6OJ'IeC IPOCTBIM MOAXOAOM K D3TOMY SBJIACTCA Oq)OpMJ'IeHI/Ie peUICHuA B BUIC
HCIOJTHUMOTO (haiia, KOTOPBIH JOCTaTOYHO 3aIlyCTHTh Ha IIeJIeBOH CHCTEMe.

[lpu nanmuuuu Qopmann3oBaHHOW 0a3bl 3HAHWI ABTOMATH3MPOBAHHBIE CPEICTBA OOHAPYKEHHS
HELITATHBIX CUTYallui MOI'YT HCIIONb30BATh €€ IS IOMCKA M MPUMEHEHHS PElIeHHs BO3HUKILETO
nHImAeHTa. Joctyn x 0Ga3e MOXKET OCYIIECTBIIATHCS Kak yIajeHHO depe3 MHTepHeT, Tak M
MIOCPEICTBOM UCIIONB30BAHHMS JIOKAJIBHON U PETYIISPHO OOHOBISEMON KOMUH.

B m060M ciydae ocoboe BHUMaHHE AOIDKHO OBITH YIIENEHO MPOBEPKE MOMATMHHOCTH 0a3bl — Beab
pellieHre MpoOJeMbl TOJPa3yMeBaeT BBINOIHEHHE psla JEWCTBUH Ha 1EJeBOW cUCTeMe |
KOMIIpOMeTars 0a3bl 3HAHWH MOXET OBITh HCHONb30BaHA 3JOYMBIIIIEHHUKAMH C IIEJBIO
BBITIOJTHEHHS BPEJOHOCHOTO KOJa.

7. XKusHeHHbIU yukn owubku e cucmemax Virtuozzo

dnarmaHckue NPOAYKThI Komnanuu Virtuozzo — Virtuozzo 7 u Virtuozzo Infrastructure Platform —
SBJIAIOTCS TUIUYHBIMH MPEICTABUTEIIMH TMIEPKOHBEPTEHTHBIX CHCTEM, HPEIOCTaBILIOMINX
KOHEYHBIM IIOJIb30BATEISIM BUPTYalbHblE MAIIMHBI M paclpeleleHHOe OTKa30yCTOHYHUBOE
XpaHWIMILE Ui pa3MELIeHUs JaHHbIX 3TuX BM.

Jnst oOHapyKeHUsT 1 0OpaOOTKH HEIUTATHBIX CUTYAallMid B YKa3aHHBIX IPOIYKTaX HCIOJB3YeTcs
ces3ka mporpamM ABRT wu libreport, koropast mpuMeHsieTcst BO MHOTHX JUCTPHOyTHBaxX Linux,
rucnone3ytommx s yrupasineHus 110 wmuctpymentapuii RPM. ABRT mpemocraBmsier HaboOp
CpPe/ICTB Uil OOHAPYXKEHUS ONpPENeSIeHHBIX BUAOB mpodiem. libreport HoOmonHsAET UX CpencTBaMu
COCTaBJICHUS OTYETOB 00 OOHApYKEHHBIX TpoOieMax i WX TOCIEAYIOMIEro aHaIHn3a, a TaKKe
JIOCTaBKH 3THX OTYETOB.

Ipu BoisBIeHMU HemrratHOM curyanmu ABRT B coBokymHOCTH ¢ libreport coGuparoT cBenmenws,
MOTEHIUAILHO TOJIE3HBIE I aHaIK3a (MM IPOrpaMMBI, €€ OILIUH, CHUIMOK MAMATH U IpoYee), H
OIOBENIAIOT O HHUX 3aWHTEPECOBAHHBIX JIMI] — HAIPHMEP, CUCTEMHBIX aJIMHHHCTPATOPOB HIIN
pa3paboTIHKOB.

Ces3ka ABRT u libreport xopomo 3apexomenoBana cebst BO MHOTHX auctpuOytuBax Linux,
OJHAKO MoTpedoBana 10paboTKH It 3()(HEKTHUBHOTO MCIIONB30BAHUS B pemieHusx Virtuozzo. B
YaCTHOCTH, YK€ J00aBJICHbI THOO IUIAHUPYIOTCS K pealn3aliy cleayromupe (yHKIHN, OMMCAaHHbIS
B JIaHHOMH CTaThe:
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° C60p HeO6XOI[I/IMI)IX JaHHBIX HC TOJBKO C MAallIMHEI, I'/IC 06Hapy>KeHa np06neMa, HO M CO BCEro
KJ1acTepa,

° O6Hapy)KeHI/IH HpO6J'I€M B rocteBrIx OC BUPTYAJIbHBIX MAlllMH, KOTOPBIC MOI'YyT OBLITH BBI3BAHBI
OIIMOKaMHU BUPTYyaJIU3alU;

° aHaJIi3 OIIHOOK MOACUCTEMbBI BUPTYaJIN3allui, KOTOPbIC MOI'JIA OBITH BEI3BAHBI TOCTEBOM OC,

e  JMHAMHYECKHH BBHIOOP MH(OPMAINH, TOMENIaeMOl B XKypHaJl 00 OIMIMOKEe, B 3aBUCHMOCTH OT
JeTalieil WHIMICHTa (HanmpUMep, BKIIOYEHHE >KYPHAIOB TEX WJIM HWHBIX CEPBHCOB B
3aBHCHMOCTH OT TOT'0, B KAKOM KOMITOHEHTE BO3HUK MHIIHJICHT);

®  WCIIONB30BAaHHWE EIUHOrO IS KiacTepa IMEpedHsl Y)Ke CIy4aBIIMXCS OLIMOOK C IENbI0
OIpe/IeIeHUs! TyOIMKATOB.

Kpome Toro, paccMatpuBaeTcss BO3MOXKHOCTh PEaU3alil «OOPAaTHON CBSI3M», KOra MPHEMHHK

OTYETOB HE MPOCTO MOIyYaeT CBeJICHUs 00 OImrOKe, HO M BO3BpAILAET CIIMCOK JACHCTBHH, KOTOPbIE

MOXHO B aBTOMATHYECKOM pEKHME BBIMOIHHTh Ha MNPOOJIEMHONH MAIUHE ISl YCTPaHCHUSI

MOCIE/ICTBHIN (HATIpUMeEp, YAAIUTh MO0 BOCCO3/IaTh HEOOXOUMbIe (hailibl, MePe3anyCTHTh CEPBUC

U TaK Jajuee).

Jnst peanusanmu (QyHKIHOHATA OOpaTHOM CBA3M IUIAHUPYETCS MPOBECTH TPEABAPUTENHHOE

HCCIIeIOBaHKE MHIIMICHTOB, OOHAPYKEHHBIX 3a BpeMsi pabOThl HHCTPYMEHTOB aBTOMATHYECKOI'O

cbopa ommbok. B pamkax uccienoBaHusi HEOOXOAMMO BBIACHHUTH, Ul KakUX Cly4aeB ObLia

HEe00X0IMMa TIPOIIEeAyPa BOCCTAHOBJICHHSI CHCTEMBI TIOCTIE OIIMOKH U B KAKOM MPOLICHTE CHTYaIIHit

3Ta mpoleaypa Moria Obl ObITh MPOBENEHA aBTOMATHYECKH. JTH JAHHBIC MO3BOJST OIEHUTH

1e71ec000pa3HOCTh JalibHEHIIeH pa3padoTKH.

Coueranne ABRT wu libreport siBisieTcs JuIllb OXHAM M3 3BCHBEB ICTIOUKHM aHAJIM3a OIIMOOK B

Virtuozzo. IMonHocThio mporecc 0o0paOOTKH TPOOJIeMbl, BO3HUKIIEH B padorarollei cucreme,

BBITJISIIUT CIIEAYIOIIUM 00Pa3oM.

1) ABRT ob6HapyXHBaeT BOSHMKHOBEHHE MPOOIEMBI.

2) libreport comectHo ¢ ABRT cobuparor unbopMmanuio mis omiaakd. Ha 910 cragum Tarke
padoTaroT JOMOIHHUTENbHBIE YTUIUTHL Virtuozzo, coOuparolye cBeAeHus, crenuduinbe s
MPOAYKTOB KOMIIAHUH.

3) st oGHApYXKEHHOM MPOOIEMbI CTPOUTCS HACHTH(MHUKATOP, KOTOPBIH SIBIISIETCS OMHUM M TEM K€
IUIsL OMHAKOBBIX IPOOIIeM, BOSHUKIINX Ha Pa3HBIX MAaIlIMHAX WM Ha OJHOM M TOH K€ MalluHe
B pa3Hoe Bpems. Hampmmep, B ciydae aBapHifHOIO OCTaHOBa OMHApHOM MPOrpaMMBI TaKHUM
UISHTH(HUKATOPOM MOXKET OBITH X3II-CyMMa OT KOHKAaTEHAIIMH UMEHH YIaBIIEero Iponecca
CTeKa BBI30BOB (DYHKIUMI, IPUBEAMIHX K IaICHHUIO.

4) Wpentudukarop mpobIeMbl OTIPABISIETCS] Ha CepBEP-IIPUEMHUK OTYETOB, KOTOPBIA CMOTPHT,
NPUXOAUIIH JIH YK€ OTYETHI O IPOOIeMax ¢ TaKMM HACHTH(OUKATOPOM HIIH HET.

5) Ecmu momoOHBIE OTYETHI YK€ OBUIM, TO NMPUEMHHK OTYETOB HA CBOEH CTOPOHE OTMEdYaeT
TIOSAIBJICHHE €Il OTHOI MAaIMHEI, Ha KOTOPOH BO3HUKIA MPoOeMa.

6) Ecxnu oTyer HOBBIIL, TO HA IIPUEMHUK JOMOIHUTEIBHO OTCHUIACTCS BCS HH(OpMaIHsi, COOpaHHast
Ha miare 2. Waentudukarop mpoOlieMbl 3amoMuHaeTcss B 0a3e JaHHBIX 00 oOIIuMOKax, a
uH(popManus o npodieme Iepenaercs Ha CIeAyIOIUIA ar — aBTOMaTHIECKOMY aHAIIM3aTopy
OTYETOB.

7) AHamM3aTOp CTPOMT YTOYHEHHBIH 0TYeT 00 OMIMOKE C UCIIOIb30BAHUEM TaHHBIX, HE JOCTYITHBIX
Ha TMOJIb30BaTENIbCKUX MalinHax. Hanpumep, 11t OMHapHBIX IPOrpaMM Ha OCHOBE OTJIAJIOYHOM
HHGOPMAIUK M UCXOAHBIX KOJIOB CTPOSITCS TPAacChl BBI30OBOB (DYHKIMIA C yKa3aHHEM 3HaYCHHS
[apamMeTpoB M C NPUBA3KOHM K Komy. IlocTpouTh Takol OTYET Ha CTOPOHE MOJNb30BATENS
HEBO3MOXKHO BBHUJY OTCYTCTBHS IOCTYIA K UCXOJHOMY KOAY MPUIIOKEHHUH.

8) Ha ocHOBe YyTOYHEHHOrO OTYETa aBTOMATHYECKH O()OPMILIETCS COOOIIeHHE 00 HHIMACHTE B
CHCTEME KOHTPOJISI OLINOOK.
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Takum 00pa3om, pa3pabOTUUKH MOIYYAIOT COOOIEHHSI 00 OMMOKAax B MPUBBIYHONW MM Cpelie U C
JAHHBIMH, JIOCTaTOYHBIMH JUISl IEPBUYHOTO aHaJ3a mpooseMsl. J{ist 6ornee riryOoKoro u3ydeHus
pa3paboTyrKaM IMPEOCTaBIISETCS CEPBHC, CO3JAIONINN KOHTEHHEP ¢ OKPY)KEHHEM, MAaKCHMAIIbHO
MIPUOIMKEHHBIM K TOMY, I/Ie BOSHHKIIA IpoOJieMa (B YaCTHOCTH, C TOYHO COBIIAJAOIINM HaOOpOM
YCTAQHOBIICHHBIX IIPWJIOKEHUH M WX BEPCHU NIPH YCIOBUH, YTO B CHCTEME HE yCTaHABIIMBAJINCH
CTOpPOHHHME KOMITOHEHTHI). Takoil KOHTeHHep MOXKET OBITh HCIIONB30BaH JUIS BOCHPOW3BEICHHS
OLIMOKH U JUTS OTJIQJKU TIPOTPAMMBIL.

VYkazaHHas cxeMa HCIOb3yeTcsl Kak JUIsi MOHUTOPHHTA OIMIMOOK Ha peasIbHBIX CHUCTEMaxX KIMEHTOB
KOMITaHHH, TaK M Ha TECTOBBIX YCTAHOBKAX IPH IMPOBEICHUH PA3IMYHOrO pojia MpoBepok. 3a 1 rox
UCIIONB30BaHKs ObUIa HAKOIUIEHA CIEYIONIas CTaTUCTHKA!

e  cpenHee KomuyecTBO 0T4eTOB B JIeHb: 25000 (99.9% 13 HUX MOCTYIAET C TECTOBBIX CTEHIIOB);
e  cpenmHuii pa3mep oruera (B cxxaroM Buze): 100 MO;

e  00mMIT pa3Mep HAKOIJICHHBIX OTYETOB (0e3 ydeTra cOOOLIeH!H, MPU3HAHHBIX JTyOJIHKaTaMu U
He COXpaHeHHBIX B Oaze): 2,5 TO

e cooOmeHuit 00 OmuOKax, aBTOMATHUECKH CO3JaHHBIX HAa OCHOBE OTYCTOB B CHUCTEME ydeTa
omubok: 3000 (uro cocraBnser ~10% OT OOIIEro KONMYECTBA MHIUACHTOB, 3aBEJICHHBIX B
CHUCTEME 3a TOT XK€ MEePHO.);

e wycmpasiaeHo omubok B mpomykrax: 400 (~5% or oOmero Konu4ecTBa HCHpaBICHHH,
CZeJIaHHBIX Ha OCHOBE COOOIICHHUI 00 OInoKax).

Ha ocHOBe cOOpaHHOW CTaTHCTHKHM OBUI CHAENAaH BBIBOJA O LEIECOOOPAa3HOCTH AabHEUIIIEro
HUCIIOJB30BAHUS U paSBI/ITI/ISI I/IHCprMeHTapI/IH. O}IHI/IM 13 OCHOBHBIX HaHpaBJ’IeHHﬁ pa3131/1T1/m
npeACTaBysIeTCs Ooee CKPYMyIe3HbIi BRIOOp MH(pOpMAIHH, J00aBIsAEMbIH B 0TYeT 00 omuoOke. B
YaCTHOCTH, TpeIUIaraercsi Uil KaKIOro KIIOYEBOrO IPHIOKEHUS COCTABHTh CBOW IepeueHb
JIAHHBIX, KOTOpbIe HEOOXOIUMO COOpaTh MPU BO3HHMKHOBEHUH B HEM OIIMOKU. Takke BO3MOMHBI
JallbHEHIIe YIy4IlIeHus OMpelesieHus: yOJNMKaTOB — HAlpuMep, 3a CYeT HCIOIb30BaHUs
MAIIMHHOTO O0yYEHHUSI.

8. 3aknro4yeHue

C pOCTOM CIIOKHOCTH IPOrPaMMHOT'0 00ECIIEUEHHS PacTeT U CIOKHOCTh aHAIN3a BO3HUKAIOIIUX B
HEeM OIIMOOK. YIIPOCTUThH aHAIN3 MOXKHO ITyTEM €r0 aBTOMAaTH3aLUH — B YACTHOCTH, ITOCPEICTBOM
aBTOMaTHUYECKOr0o cOOpa JaHHBIX, HEOOXOIUMBIX I H3Y4EHHUs IPOOIEMBI.

Hns monyuenuss HamOojee MOMHOM uHOpManuu cOOp HaHHBIX HEOOXOJUMO MPOBOJAUTH
HEMIOCPEICTBEHHO II0C/IE BOSHMKHOBEHHS WHIMAEHTa. B Hacrosiiee BpeMs yKe CYyLIECTBYIOT
XOpOIIO 3apEKOMEHIOBABIINE CeOsI TIOIXObI M HHCTPYMEHTAIBHBIE CPEICTBA Ul PEIICHHUS 3TOH
3a7a4M, HO OOJIBIIMHCTBO U3 HUX HAIleNeHO Ha paboTy B paMKaxX OIHOH OIepallMOHHOM CUCTEMBI HA
OJIHOM KOMITBIOTEPE.

B T0 Xe Bpems COBpeMEHHBIE TEHICHIMU COCTOST B PA3BUTHH THIIEPKOHBEPIEHTHBIX CHCTEM,
00BETUHAIONINX MHOXKECTBO (PM3NUECKUX MAILIHH B €JHHOE 1IeI0€ U IIPEA0CTABIISIONICH KOHSUHBIM
TIOJIB30BATENISIM BUPTYaIM3UPOBAHHBIE PECYpChl. B paMkax TakuX CHCTeM OMIMOKAa HA OXHOM
MalllMHEe MOXXET OBITh BBI3BaHA HEKOPPEKTHBIMU JCHCTBUAMH IPYTHX 4acTeil cucteMbl. [loatomy
111 3 (EKTHBHOT'O MCIIOIb30BAHMS B THIIEPKOHBEPISHTHBIX CPeaX MMEFOLINECs PeIeH s JOJDKHBI
OBITH TOPaOOTaHBI C YIETOM OCOOCHHOCTEH ITHX Cpel.

B nmaHHO# cTaThe MBI IPEITIOKIIH DS TAKUX YCOBEPIICHCTBOBAHHMH, OONBIIMHCTBO U3 KOTOPBIX
yKe peaTi30BaHo HaMH B IPOIyKTax Virtuozzo 7 u Virtuozzo Infrastructure Platform. 3a 6omee qem
TOOBOH HEPUOA HCIIONb30BAHMUS PEATU30BaHHBIC HHCTPYMEHTAIBHBIE CPEICTBA J0KA3all CBOO
3 eKTUBHOCTD, MO3BOJIMB BBISIBHTh H UCIIPABHTH 3aMETHOE KOJIHYECTBO OLIMOOK, HE Meperpyxas
TIPH 3TOM pa3pabOTYHKOB JIOKHBIMH CpabaThIBAHUAMU M TyOIUPYIOLIUMHUCS COOOLICHHSIMH.
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Abstract. Currently, the creation of reliable unmanned aerial vehicles (drones) is an important task in science
and technology because such devices can have a lot of use-cases in digital economy and modern life, so we
need to ensure their reliability. In this article, we propose to assemble a quadcopter from low-cost components
in order to obtain a hardware prototype, and also to develop a software solution for the flight controller with
high-reliability requirements, which will meet avionics software standards, using existing open-source software
solutions. We apply the results as a model for teaching courses «Components of operating systems» and
«Software verification». In the study, we analyze the structure of quadcopters and flight controllers for them,
and present a self-assembly solution. We describe Ardupilot as open-source software for unmanned aerial
vehicles, the appropriate APM controller and methods of PID control. Today's avionics standard of reliable
software for flight controllers is a real-time partitioned operating system that is capable to respond to events
from devices with an expected speed, as well as to share processor time and memory between isolated partitions.
A good example of such OS is the open-source POK (Partitioned Operating Kernel). In its repository, it contains
an example design of a system for a quadcopter using AADL language for modeling its hardware and software.
We apply such a technique with Model-driven engineering to a demo system that runs on real hardware and
contains a flight management process with PID control as a partitioned process. Using a partitioned OS brings
the reliability of flight system software to the next level. To increase the level of control logic correctness we
propose to use formal verification methods. We also provide examples of verifiable properties at the level of
code using the deductive approach as well as at the level of the cyber-physical system using Differential
dynamic logic to prove the stability.

Keywords: quadcopter; partitioned OS; ARINC 653; formal verification; Cyber-physical system
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Annoranmus. Co3aHue HaJeXHBIX OCCIMIOTHBIX JIETATENIBHBIX allllapaToB SBILIETCS Ba)KHOW 3ajaueil UL
HAayKH M TEXHHUKY, [IOTOMY YTO HEOOXOIMMO OOECIeUMBATH HAJEKHOCTh TAKUX PelICHUH. B aToil crarbe
IpeJuIaraeTcst MCIONb30BaHHUE allapaTHOrO MHPOTOTHIIA KBAJPOKONTEpa U pa3paboTKa IMPOrpaMMHOrO
pelleHnsT U TIOJICTHOrO KOHTPOJUIEpPA C BBICOKMMHU TPeOOBAaHMSMH K HAJeKHOCTH, KOTOpoe Oyner
COOTBETCTBOBAaTh HOBBIM CTaHAAPTaM IS HPOrPaMMHOIO OOeCHedYeHUs aBHOHHKHM U OyleT HCIOIb30BaTh
CYIECTBYIOIIME INPOrpaMMHBIE PEIIeHMs C OTKPBITEIM HCXOOHBIM KOIOM. B Xone wHCCIenoBaHHs MEI
QHAJIM3UPYeM COCTaB KBAJPOKONTEPOB M IIOJNETHBIX KOHTPOIUIEPOB JUI HUX. MBI ONMCHIBAEM OTKPHITOE
nporpaMMHoe obecrieduerne Ardupilot mst OECHMIOTHBIX JIeTaTeNbHBIX ammaparoB, KoHTpoiwiep APM n
Mmeronsl [TH]I-perynupoBanus. CeromHsAIIHUM CTaHIAPTOM HAIEKHOTO NPOrpaMMHOrO OOECTeYeHUs s
OOPTOBBIX KOHTPOJUICPOB SBJISIOTCS IMAPTHLUPOBAHHBIC ONEPALMOHHBIE CHCTEMBI PEaJbHOrO0 BPEMEHH,
KOTOpBIE CITIOCOOHBI pearupoBaTh Ha COOBITUS OT 00OPYIOBaHUS C 0XKHAEMON CKOPOCTBIO, a TAKXKE Pa3/eIiaTh
MPOLIECCOPHOE BpeMsl M MaMsTh MKy M30JHPOBAHHBIMU pasjenaMu. XopowuMm npuMepoM Takod OC c
OTKPBITBIM HcXxonHbIM KofoM siBisiercs POK (Partitioned Operating Kernel). B penozuropun oHa comepxur
IPEMep OMMCAHUS CHCTEMBI JUIS IPOHOB C HCIIONb30BaHHeM s3bika AADL ¢ MoaenupoBaHHeM aIapaTHoro 1
MPOrpaMMHOr0 OOeCIeyeH s pelieHus. Mbl NPUMEHseM TaKyl0 TEeXHHKY K JASeMOHCTPALlMIOHHOW CHCTEMe,
KOTOpasi paboTaeT Ha pealbHOM OOOPYJIOBAaHHMUM U CONAEPXKUT IPOLECC ymnpapieHus mnoinerom c¢ PID-
PErylsTopoM B BMAE M3O0JMPOBAHHOIO Iporecca. Mcmonb3oBanue mnapTHIMpoBaHHOH OC  BBIBOIUT
HAaJIe)KHOCTh IIPOrpaMMHOI0 00ecreyeHus MOJETHOrO0 KOHTPO/UIepa Ha HOBBIH ypoBeHb. J[jis Toro, uro0sl
HIOBBICUTh YPOBEHb KOPPEKTHOCTHU JIOTMKH YIIPABJIEHHs, MBI IIPEJUIaraeM UCIoIb30BaTh (OPMANbHBIE METOIBI
BEpU(UKAIMK U IEMOHCTPUPYEM IIPHMEPBI IPOBEPSEMBIX CBOMCTB Ha YPOBHE KOJIa, UCTIONB3Ysl JEAyKTUBHBIH
HOJXOM, a TaKkKe NPOBOAS MOJIEIHPOBAHME HA YPOBHE KHOEp(QU3MUECKOH CHCTEMBI C HCIOIb30BAHHEM
JMHAMHUYECKOH UG epeHIaIbHON TOrUKY s 10Ka3aTeIbCTBA YCTOHYUBOCTH.

KiroueBbie ciioBa: KBajpokonTep; onepaiuoHHas cucrema; mapruimposanue; ARINC 653; ¢opmanbHas
BepupUKays

Jnsi umrupoBanms: CraponeroB C.M., AmocoB M.C., Illynera K.M. Paspaborka mporpaMMHOro
obecrieyeHus1 KBaJPOKOINTEPa ¢ IOBBILICHHBIMH TPEOOBaHUAMM HaJEXHOCTU Ha OCHOBE NapTHipoBanHoi OC
u texHonorui QopmanpHoit Bepudukanmu. Tpymst UCIT PAH, tom 31, Beim. 4, 2019 r., crp. 39-60 (Ha
anrnuickoM si3eike). DOI: 10.15514/ISPRAS-2019-31(4)-3

1. Introduction

Unmanned aerial vehicles (UAVS) also called drones are becoming a big part of our digital life. In
this paper, we consider quadcopters — vehicles with four software-controllable motors. They can be
used for taking nice videos, for delivering parcels from Internet stores to end-customer by air, and
some people even proposed to use them on the FIFA World Cup to deliver the balls.

However, in some countries, the use of UAVSs is prohibited in public places, mostly because of fears
of a poorly functioning machine falling from the air onto people. An example of last year’s public
testing of Russian Post delivering drone, which crashed after a few seconds from the start, shows us
that we need to build highly reliable software for it, which should prevent the drone from failure and
fall in the most of cases (breakages of hardware or software, incorrect and contradictory commands
from a pilot).

Also, we should take in mind that a drone is a representation of a normal air vehicle. Most of the
technologies to build the quadcopter, to create the software for it, to control safety and liveness
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properties, to model physical properties of flight are the same as for big air vehicles, so it could be
a cheap model to design of highly reliable aircraft.

The scope of the work includes the following.

e Assembling a flying quadcopter for the purpose of obtaining a hardware prototype (from
components that are mass-marketed);

o  Developing a flight controller software solution with high-reliability requirements, which will
coincide with the standards of avionics software (to some extent);

e  Obtaining a model for teaching courses on the design of operating system components and
software verification.

The first task covers selection of existing hardware components including passive (i.e., frame,

battery, etc.) and active parts (their state could be read and changed by software, i.e., GPS sensor,

accelerometer, controllable motors, etc.) with maximum compatibility; and selection of a basic flight

controller, which manages the whole hardware system; we are going to write software for it.

The second task is devoted to creating an operating system for the drone, which will be based on

ARINC 653 [1] —an industrial standard interface of applied software for avionics and existing open-

source solutions in a free code for flight controllers to produce control logic and interoperation with

the hardware.

And the last task is to apply the project achievements in the study process of future software

engineers to improve the interest of students in system programming and to offer different tasks as

lab works.

2. Related work

The task of building reliable software for UAVs (and also for aircraft) is strongly connected to
developing an operating system that is robust according to the initial design. Today’s OS for flight
machines should be real-time and should offer memory space and time division capabilities. There
exists an avionics industry standard for these requirements, created by the Aeronautical Radio, Inc.,
ARINC 653 [1]. BSD-licensed open-source POK OS, which satisfies this standard with some
limitations, was created in France by Julien Delange [2]. It uses Model-Based Engineering approach
[3, 4] for describing the system configuration, and its source code is available in [5].

In Russia, JetOS, a certified operating system for aircraft, was created by GosNIIAS and ISP RAS
[6, 7] as a fork of POK with advanced debugging capabilities, rewritten scheduler, system partition
feature and different platforms support. The code is partially available on GitHub under the GPLv3
licence [8].

Building robust software encompasses not only the proper design of the OS for the flight controller.
It should also include formal verification of developed code and proof of software correctness to
satisfy some requirements. ISP RAS is the leader in this field in Russia, the recent results were
published in [9, 10, 11]. Their principal result is producing testing and deductive verification
techniques and an adequate memory model, mainly used in checking of correctness of Linux
modules.

The task of building software and hardware for a drone is being solved in project Crazyflie [12] and
the models are given in [13]. It is used in some universities, e.g., at Chalmers University of
Technology where students build dynamic models for Crazyflie drone using the modeling language
Modelica and then design control algorithms based on them [14].

3. The drone: components and terminology
Consider a drone that is assembled from scratch based on components available on the market. It
consists of the following components (see fig. 1):

o frame connects all the components and provides electrical routing of high-current energy to
the motors (here we use a 450mm frame);
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brushless motors (4x for a quadcopter) provide lifting force to the propellers, which allows
the drone to fly or rotate;

ESC (Electronic Speed Controller) provides a high-level interface to control a corresponding
motor, translates required RPM to electric voltage and controls the results of motors rotation;

battery (usually of the LiPo type) provides electricity to the drone, and the time of drone
operation depends on it; a 11.1V, 3000mAh 3S battery provides about 10-15 mins of operation
and requires a special balancing charger;

power module connected to the battery provides two electrical circuits: a low-current circuit
to the flight controller and a high-current one to the motors, also it provides a controlling signal
to the flight controller with the current state of the battery;

external GPS/compass module is used for getting current coordinates to use in waypoint
algorithms, it should be separated from the flight controller and frame to minimize the effects
of electrical noise;

telemetry is a radio transceiver that works at the frequency of 915Mhz and allows to make a
channel to a ground control module to send the current state and receive commands by
providing radio-transparent UART (communication port);

additional periphery is the useful load of a drone, in the simplest case it may be a camera, in
more complex cases it may be for example a fire extinguishing device; such load can be
operated by an additional controller or even by the main flight controller with special isolated
processes;

flight controller is responsible for controlling the whole drone state (the states of all internal
hardware components) and operating it like the car ECU; it has some sensors on-chip and
software for flying either with operator’s control and stand-alone. Our goal is to create reliable
software for it.

Fig. 1. The parts of the quadcopter
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Consider a question, how does the quadcopter fly? According to [15], in the stable state the drone
has following properties (fig. 2):

e theequivalence of forces: ). T; = —mg;
e the equivalence of moments: ) M; = 0;
e the equivalence of directions: T} , 3 4]|g;
e the sum of rotation speeds: (w;, + w3) — (w, + w,) = 0.

T2 M T4

Fig. 2. Quadcopter flight state

Every violation of the properties leads to move of the drone among one of three axes, and so-called
Euler’s angles are defined (fig. 3):

e  pitch;
e ol
e yaw.

KpeH (roll)
TaHrax (pitch)

Fig. 3. Quadcopter angles
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Movement or rotation of the quadcopter is done by means of different rotation speeds of its
propellers controlled by the flight controller.

4. Today'’s software solution

4.1 Ardupilot / Adrucopter

Ardupilot project [16, 17] is the most known open-source project to provide free software to control
the drones with its Arducopter codebase (as well as rovers and planes, refer to Ardurover and
Arduplane codebases respectively) and high-level abstraction to operate hardware components for
them. The source code of control is based on the recent results of the UAV research community, so
it is a good base for tracking recent achievements. Inside, it consists of HAL (Hardware Abstraction
Layer) that allows to run the system on different hardware platforms, main scheduling loop and a
set of different libraries that provide some code to communicate with a particular device (get and
store data), mathematical calculations, control algorithms. We are mostly interested in the following
libraries:

e AC_PID: alibrary to implement an algorithm of PID-control;

e AC_AittitudeControl: attitude position control of a drone using PID-control algorithms;

e AC_WPNav: pre-defined trajectory flight using waypoints and PID-control.

e APM_Control: stabilisation on the pitch, roll, yaw axes;

e  AP_Math: a module with internal mathematical routines;

e AP _Techs: combined energy, speed and altitude control;

e AP_Arming: check the preconditions of equipment performance before starting drone control;

e AP _Compas: a module to work with compass hardware;

e AP _Baro: amodule to work with barometer hardware;

e AP _BattMonitor: a module of work with the battery controller, including the detection of its
discharge;

e AP _GPS: a module to work with GPS hardware;

e AP Motors: a module to work with drone’s motors, supporting statuses, control and their
testing;

e AP _Frsky Telem: a module to work with the radio telemetry;

e  GCC_MAVLink: support for MAVLInk telemetry transmission protocol.

These libraries allow to develop a custom software solution for a drone based on hardware described
above.

Consider the main working procedure in the flight controller in Ardupilot software. It has to get
current hardware state using HAL-abstraction and libraries to work with devices, then construct a
high-level state of the drone (for example, the orientation of it in the space), run algorithms of control
based on the current mode, and after then apply some commands to hardware. Due to various types
of devices and different protocols of communication (for example, SPI or UART), the code should
use a different speed for devices polling or priorities. Fig. 4 shows an evolution of Ardupilot software
depending of properties of corresponding hardware: up to branch 3.1 [17], Ardupilot used loops with
different frequencies in the main loop code (some of them executed at each iteration, some — at each
two iterations, etc.), then the code was upgraded to use the concept of tasks with priorities
(depending on hardware platform it can be executed like loops of early versions or run inside
processes of a real-time OS).
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Fig. 4. Evolution of the main loop code of flight controller:
from simple loops with given frequency (left) to RT OS with scheduling tasks (right)

In the beginning, Ardupilot / Arducopter software was designed to support APM controller hardware
(APM stands for ArduPilot Mega and Ardu stands for Arduino), and the project goal was to use
Arduino Mega board as a flight controller. Later, the code was abstracted from hardware and now it
can be used in open-source platforms (APM, Pixhawk, Pixhack, see fig. 5) as well in proprietary
solutions (Intel Aero, SnapDragon).

Actually, controllers may use the following types of system software:

o firmware without OS;

e real-time OS;

e Linux.

= 5 pbdiacky
. = @

Fig. 5. Ardupilot/Arducopter compatible hardware on the market

The difference of controllers is based on their purposes: for amateur or commercial use, operate with
slow or high speed, the necessity of having additional logic that implies using special sensors.
Modern flight controllers act like ECU (Electronic Control Unit) for cars and even contain CAN
(Controller Area Network) bus for the periphery. Some controllers also include a «safety co-
processor» [18] to ensure the robustness of the flight state.

Note that when we move from the simple loop with device polling to real-time scheduling
algorithms, we should take in account that process switching can add some delays to normal
handling of real physical process control data, so such algorithms must be formally verified.
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CPU ATMEGA 2560

Gyroscope MPU-6000

Telemetry
port

Barometer

Magnetometer

Fig. 6. Components of APM 2.6

The APM controller was built in 2011-2012 [18] as a result of initial Ardupilot project development
by 3D Robotics company. Later, the non-profit organisation ardupilot.org was established. Today
the controller is slightly outdated but it is cheap and available on market. The components of the
controller are shown in fig.6:

o  ATMEGA 2560 processor (8bit);

e  barometer MS5611, SPI connection;

e  3-axes magnetometer (compass) HMC5843, 12C connection;

e  6-axes gyroscope and accelerometer MPU-6000, SPI connection;
e  GPS: UART external interface;

e  FrSky telemetry: UART external interface;

e  external SPI interface.

In our current research work, we learned to work with this hardware and provided a transfer of
necessary data to another controller to execute control algorithms. For us following control
algorithms are most interesting:

e altitude (position) control;

o waypoint flight or curve-based flight;

e smoothing pilot’s commands.

All algorithms are based on the PID-controller approach based on the Control Theory.

4.2 PID control

The PID (Proportional, Integral, Differential) controller is a feedback system for correcting the state
of the control object (fig. 7). When controlling the object we calculate an error between current and
desired state (for example, between current and set drone altitude), then based on current error we
calculate the impact based on three parts with given coefficients.
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e  The proportional part (P) is responsible for the proportional reduction of the error (present).
e The integral part (I) is a statistical change of the error (past).
e  The differential part (D) is the change of the error, its tendency to 0 (future).

f;;}/.,_
i

Fig. 7. PID-control scheme.

PID-control is some kind of abstraction when the control process is primarily based on the difference
(error) but not on attempts to describe the exact physical model of the system, because during flight
a variable wind can blow, the rotation of the propellers may be unstable, the center of mass is shifted
and so on, but in such situations PID controller will detect the deviation and will try to make an
impact to change it.

The analytic equation for the PID-control scheme:
t

d
u(t)=P+1+D =er(t)+Kij e(r)dr+Kdd—i 1)
0

where K, K; and K, are the PID coefficients.

Presently, the coefficients are set up in the user interface of ground control software, for example,
using Mission Planner [20]. Some guidance on coefficients' choice exists, and their values are known
for standard drone assemblies but for custom quadcopter (for example, a heavyweight one) they
should be identified as a result of experiments.

If a value of some coefficient is zero the controlled system may lose stability or smoothness of
behaviour and the controller can be called P-controller, PD-controller or Pl-controller.

4.3 PID control implementation in Ardupilot

According to [21], the current implementation of Ardupilot/Arducopter for altitude control uses a
combined scheme of P- and PID-controller. The orientation for each axis is controlled with a special
P-controller to convert the angle error (the difference between the specified angle and the actual
one) to the desired rotational speed. Then a PID-controller converts the rotational speed error to a
high-level motor command. A special part of the P-controller — «square root controller» — at first
represents the angle function linearly and then uses its square root approximation. [22] provides a
discussion of the overall control scheme. This scheme and its current refactoring are shown in fig. 8.
The scheme demonstrates that all the axes have an influence on each other and the construction of
the whole analytical equation like (1) is a very challenging task. Also, it shows some input
transformation blocks that help to control smoothly [22].

e  User’s actions to control the drone (for example, commands to move it) are not translated to
drone motors directly because they are not regular, may be conflicting and have different
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duration. They are buffered and divided into small pieces of actions, and an internal scheduler
sends them with some constant frequency.
Based on the collected set of user’s actions and parameters, a final action may be calculated in
advance and then posted to the scheduler.

ArduCopter V4.X ST‘E&E.‘E.‘.IZE :BE“' Pitch & Yaw PID's

Fig. 8. Overall PID-control scheme (taken from the ArduCopter project)

To provide flight along a given trajectory it is necessary to carry out maneuvers in advance,
otherwise the drone will have to inefficiently turn in sharp corners. The approach of constructing
smooth curves for unmanned air vehicles is called L1 [23]. For drones, this method was changed
because of other physical characteristics and implemented in the AC_WPNav library.

5. Towards a partitioned Ardupilot code

5.1 POK

POK (Partitioned Operating System Kernel) is a name of OS created in France by Julien Delange
during his PhD research.
The main features of this work are the following:
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MDE (Model-Driven Engineering) approach: initial OS kernel configuration was defined with
the AADL language, which allowed to generate code and represent the configuration
graphically;

it is a good proof-of-concept of working models and examples;

the system partially conforms to the ARINC 653 standard for real-time onboard aviation
systems;

the system uses protected partitions with time and memory space resources isolation;
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e two types of real-time processes schedulers with different strategies exist — the partition planner

and the process planner in each partition;
e controllable message exchange between processes or using BlackBoard concept.

The use of OS designed according to avionics standards and providing isolation of processes and
verifiable interprocess communications increases the robustness of the solution at the system level.
By browsing source code [5], we have created a scheme of internal POK architecture (see fig. 9). It
consists of three layers: Arch with platform-dependent code (open-source repository includes
implementations for three platforms: x86-gemu, PowerPC, and Spark), Core as the internal code of
kernel and syscalls, and libpok that can be used as an API.

The ARINC 653-compatible API provides a possibility to work with partitions, processes, locks,

ports, queries, and messages in a standardized way.
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Fig. 9. Overall scheme of POK architecture
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processor ATMEGA2560 extends ATMEGA328
properties
Data Sheet::UUID
=> "https://wwl.microchip.com/downloads/en/devicedoc/atmel-2549-8-bit-avr-
microcontroller-atmegag40-1280-1281-2560-2561 datasheet,pdf"”
Processor Properties::Processor Frequency => 16 Mhz;
end ATMEGA2560;

processor implementation ATMEGA2560.impl extends ATMEGAS.impl
properties
Memory Size => 262 144 Bytes applies to Flash Memory;
Memory Size => B 192 Bytes applies to SRAM;
Memory Size => 4 B96 Bytes applies to EEPROM;
end ATMEGA2560.1impl;

Fig. 10. Defining a simple processor model as an extension in AADL

5.2 AADL

AADL (Architecture Analysis & Design Language) [24] provides system modeling engineers with
following capabilities:

e todevelop a top-level system design;

e tothink in abstractions and then write implementations;

e tosee a graphical representation of the code;

e togenerate code using integrated tools such as Ocarina;

e tovalidate properties of developed systems automatically;

e tocreate certified solutions.

In essence, AADL acts like «executable UML» but at the top level and it is designed not for
expressing algorithms, but for describing systems with additional safety requirements.

The language allows to describe systems and components as sets of extensible properties to model
both hardware and software parts. For example, if we need to define a model for the APM board
(already introduced in fig. 6) we may first define a model for ATMEGA 2560 processor as an
extension of existing processor ATMEGA 328 (fig. 10) with another frequency and memory sizes
and then use this model in a board model definition (fig. 11) additionally specifying connections by
ports with use of SPI buses.

In our work, AADL is used to model the whole structure of the partitioned OS for the flight controller
with the possibility to generate and validate its kernel configuration.

system implementation Ardupilot.impl
Subcomponents
ATM2560 : processor Processors: :ATMEGA: : ATMEGA2560 . impl
{
Deployment:;:Execution Platform == Native;
Scheduling Protocol =» (RMS);

Thread Linit = 4:
h
SPI5 : device devices::spi::spi pins;
SPI6 : device devices::spi::spi pins;
connections
e https://docs.google. con/spreadsheets /d/1Jg6nc5VG22dpqrieralv TtWPPhRgmtyBKOxbI31F8
for more details for this mapping
interface SPI5=JP5 / ATM2560

Al : port ATM2560.PB4 -> SPI5.MISD;
A2 : port ATM2568.PB5 -> SPI5.S5CLK;
A3 : port ATM2566.PC6 -> SPIS.RST;

A4 : port SPI5.MOSI -> ATM2560 PB3;

Fig. 11. Defining an implementation of APM board with a processor and SPI buses in AADL

50



CraponeroB C.M., Amocos M.C., Illynsra KM. PazpaboTka nporpaMMHOro obecredeH s KBagpoKONTepa C MOBBIICHHBIMH TPeOOBAHUSAMH
HaI&KHOCTH Ha ocHOBe MapruimposanHoii OC u TexHomnoruii popmansHoit Bepudukauum. Tpyost CIT PAH, Tom 31, Bem. 4, 2019 1., crp. 39-60

-
GPS software Flight mgmt Servo control Servo control
runtime runtime runtime runtime
7 7 T

T ARINC653 kernel

__________ Servo Throttle H

i
"
i
"

GPS latitude

longitude

Servo yaw

Memory segment

Mermory segment Memory segment Memory segment

toy flightcontrol.i
. vy

Fig. 12. Flight controller case study in a POK way [25]

5.3 Flight controller system in a POK way

In this subsection, we define a structure of real-time OS for the flight controller with increased
reliability requirements using POK way. In [25], POK authors give some tips on such structure
definition (see fig. 12).

system implementation ardupilot.i

subcomponents
kernel : processor poklib::pok kernel.demo four partitions;
mem : memory ardupilot_platform::mem.1i;
prs gps : process ardupilot software::process gps.i;
prs_mgmt : process ardupilot software::process mgmt.i;
prs_throttle : process ardupilot software::process_throttle.i;
prs_yaw : process ardupilot software::process_yaw.i;
connections

cl: port prs gps.altitude -> prs_mgmt.altitude;
c2: port prs_gps.latitude -» prs_mgmt.latitude;
c3: port prs gps.lengitude -> prs mgmt.longitude;

c4: port prs mgmt.speed -> prs throttle.speed;
c5: port prs_mgmt.angle -> prs_yaw.angle;
properties

Actual_Memory_ Binding => (reference (mem.segmentl)) applies to prs_gps;
Actual Memory Binding => (reference (mem.segment2)) applies to prs mgmt;
Actual _Wemory Binding == (reference (mem.segment3)) applies to prs_throttle;
Actual Memory Binding == (reference (mem.segment4)) applies to prs yaw;

Actual Processor Binding => (reference (kernel.partitionl)) applies to prs gps;
Actual Processor Binding == (reference (kernel.partition2)) applies to prs_mgmt;
Actual Processor Binding == (reference (kernel.partition3)) applies to prs_throttle;
Actual Processor Einding => (reference (kernel.partition4)) applies to prs yaw;

POK: :Additional_ Features =» [console, libc_stdio, libc_stdlib) applies to kernel.partitionl;
POK: :Additional Features == [libmath, console, libc_stdio, libc_stdlib) applies to kernel.partition2;
POK: :Additional Features => [console, libc stdio, libc_stdlib) applies to kernel.partition3;
POK: :Additional Features => [(console, libc stdio, libc stdlib) applies to kernel.partitiond;

end ardupilot.i;

Fig. 13. System structure definition for flight controller software in AADL [25]
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process process_mgmt

features
altitude : in data port poklib::integer;
latitude : in data port poklib::float;
longitude : in data port poklib::float;
speed : out data port poklib::integer;
angle : out data port poklib::integer;

end process mgmt;

process implementation process mgmt.i

subcomponents
thr : thread thr mgmt.i;

connections
pl: port altitude -> thr.altitude;
p2: port latitude -= thr.latitude;
p3: port longitude -> thr.longitude;
p4: port thr.speed -> speed;
p5: port thr.angle -= angle;

end process mgmt.i;

thread thr mgmt extends poklib::thr periodic

features
altitude : in data port poklib::integer;
latitude : in data port poklib::float;
longitude : in data port poklib::float;
speed : out data port poklib::integer;
angle : out data port poklib::integer;
properties

Initialize Entrypoint => classifier (ardupilot software::spg flt mgmt init);
end thr _mgmt;

thread implementation thr mgmt.i
calls
calll : { pspg : subprogram spg flt mgmt simulation;};
connections
cl: parameter altitude -> pspg.altitude;
c2: parameter latitude -> pspg.latitude;
c3: parameter longitude -> pspg.longitude;
c4: parameter pspg.speed -> speed;
c5: parameter pspg.angle -=> angle;
end thr _mgmt.i;

subprogram spg flt mgmt simulation extends poklib::spg c

features
altitude : in parameter poklib::integer;
latitude : in parameter poklib::float;
longitude : in parameter poklib::float;
speed : out parameter poklib::integer;
angle : out parameter poklib::integer;
properties
Source_MName => "flt mgmt simulation";
Source Text = ("../../../flt-mgmt.o");

end spg flt mgmt simulation;

subprogram spg_ flt mgmt init extends poklib::spg c

properties
Source Name => "flt mgmt init";
Source Text = ("../..f../flt-mgmt.o"});

end spg flt mgmt ipit;

Fig. 14. Linking a process with variables and ports to a thread and a compiled C-code [25]

The scheme is generated from AADL code and represents the partitioning: four partitions and four
memory segments for GPS interoperation, runtime support for throttle servo control, and runtime
support for yaw and flight management to provide a PID-style control.

Initial AADL code is shown in fig. 13 where demo_four_partitions defines a processor with four
partitions, a major time frame, time slices for the partitions, and scheduling policy; partitions 1..4
define partitions with given individual schedulers and additional user libraries; segments 1..4 define
memory segments of given types and sizes; connections section defines ports to support interprocess
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communication between parts of the system; prs_gps, prs_mgmt, prs_throttle and prs_yaw define
actually working threads within partitions.

Fig. 14 illustrates the AADL approach to forwarding system variables to processes through ports
and then to features in threads inside these processes, as well as to binding those to external object
code that will run in these threads. We see that the stabilizing PID controller gets a tuple (altitude,
latitude, longitude) and adjusts speed and angle of a quadcopter.

So, configuring OS using this approach provides a Model-Driving approach to design software for
the flight controller. The process interoperations are clear and the configuration is verifiable,
therefore this increases the reliability of the solution.

5.4 Current state of our solution

To obtain a model for developing OS and testing PID controllers we propose an architecture shown
in fig. 15.

We took the 3.2.1 branch of Ardupilot software and modified its code to send current state data of a
quadcopter through SPI from the APM controller to a different controller that executes a partitioned
OS and provides a flight control based a stabilizing PID controller. Fig.16 shows the current
hardware connection.

This solution is the first step to migrate the whole flight controller logic to a fully-partitioned code
— we start from using the APM controller as a gateway to quadcopter hardware. The patched code
of the APM transfers input data through SPI to a partitioned process (prc_gps in fig.12 and 13) that
provides flight-control and sends control data through SPI back to APM. The CRC (cyclic
redundancy check) algorithm is used to ensure the correctness of the transaction. We plan to add
partitions with additional monitoring processes to ensure dynamic properties of safety and stability.

GPS
\, uart
\
\\ wor 12v ESC power comtrol Motor
Power controlier -
N\
\\ F’N’.l/
\. \ power Sv > /
\ \ " WM o ESC power, control Motor
\ 2 \ — P
" \— ‘~ s /74. =2
B PWM
uart T \\
i \\ \ ESC power . contro Motor
N
\ PWM
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Fig. 15. Our intermediate architecture: APM controller, its sensors, motors and
ARM board connection using SPI bus
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189 B

Fig. 16. Connection of the controllers using SPI bus

Fig.17 shows two windows of USB-Com port devices monitoring the APM and the new controller
with partitioned OS that provides PID-control based on real sensors data.

We used the ARM M3-based board STM32f103 as the controller hardware. The source code of
FreeRTOS was used to study some platform-related stuff. The ARM M7-based board STM32F746
was used to work with ARM MPU regions [26] with debugging process based on OpenOCD and
STM HAL library to deal with periphery. We are working to deploy the solution on the Raspberry
Pi board as some open source programs for it [27] allow to work with internal Broadcom hardware.
We are planning to describe POK porting issues in further papers.

A Ol m OF I 3 O Local 2

. Project Explorer 11 =0 | [gArducoptecpde (2 AC Attitudecors [ spekbrum to_pom
» Gy Fotowiee

Smart ingest

Fig. 17. USB-Com port monitoring of two interconnected controllers
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problem {
I
Rp, v, a, S, Kp, Kd, ¢, r
| ( ¢ ((Cv) (0)) & ((Kp) (2)))
& ((Kd) (3)))
& ((c¢) (0)))
& ( ( ( ((2) (4))
* (((p) (r)) (2)))
((((p) = (r)) = (v)) (2)))
(((v) (2)) (4)))
(c)))
- (\]
{(p") (v), (v*) (((=(Kp)) * ((p) — (r))) = ((Kd) = (v))),
(v) (0)}
| o ¢ C ¢ (€C85) (4))
* (((p) — (1)) (2)))
((((p) — (r)) = (v)) (2)))
(((v) (2)) (4)))
(c))))
}

Fig. 18. Hybrid program in KeYmaera syntax to check the stability
6. Formal verification

6.1 Verification at the cyber-physical system level
Cyber-physical system is a computer science abstraction of controllable physical process. It consists
of two parts:
e a Cyber part — discrete controller;
e a Physical part — continuous model of the system usually expressed in ordinary differential
equations.

These systems can be modeled as Hybrid automata with discrete-time and continuous-time
transitions. Such models are known as Hybrid ones and are specified using the Dynamic Differential
Logic. The approach is a kind of sliding state changing [28]. According to A. Platzer [29], the syntax
of hybrid programs is defined as follows:

a::=x:=¢e|?2Q|x' = f(x)Q|a V a|a; a|a* (2)
where a is a meta-variable for a hybrid program; x is a meta-variable for the program variables; e
is a meta-variable for first-order real-valued terms; fis a meta-variable for continuous real
functions; and Q is a meta-variable for first-order formulas over real numbers. The construct «;»
means sequential composition, «U» is non-deterministic choice, «?» is the condition operator, and
«a*» is non-deterministic iteration (like Kleene-star) [30].
Here we discuss a formal verification of a simple PD-controller (the simplification of PID-
controller) given from example [31]. The model of the system is represented as a Hoare's triple:

init = [controller](req) 3

where init —a precondition; controller — a hybrid model; req — requirements that are invariants.

Then, we decompose the system into precondition, continuous PD-controller and requirements.
Precondition:
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nit:==v=20Ac>0AK,=2AK; =3AV(p,p,v)<c 4)
where v is the velocity; ¢ —a number greater than zero; K,, —a proportional part coefficient; K, —a
differential part coefficient; V(p, p,, v) — is a Lyapunov function.
The continuous state:
controller:==p"' =v,v' =K, - (p—p.) —Kq-v (5)
where p is a current position; p, — a resulting position.
For the requirement, it is proposed to try a stability check using the Lyapunov method in the form:
req ==V (p,p, v) <c. (6)
The stability means here that the UAV during control will be stabilized around a given point in
space. The Lyapunov function is defined in a quadratic form as follows:
Vp,p,v) =5/4- (0 —p)* + (@ —p,) v/2+v?/4 (7)
Using KeYmaera tool (see fig.18 for the system (2)-(7) representation in code in the form of Hybrid
program) it is possible to automatically verify the stability of the CPS that modeling the PD-
controller. For the real PID-controller of the drone (see fig. 8) it is hard to obtain an analytical form
of the whole model and to find a Lyapunov function to prove the stability. Possibly, a special kind
of linearisation is required here. So it is a very challenging task and a subject of further research.
Moreover, additional research is required to find ways to generate proof obligations with
preconditions, postconditions and invariants in hybrid automaton states to help automatically prove
stability of a system (our initial results are desrcribed in [32]).

6.2 Verification at the code level

Let discuss a verification technique for a PID controller using the Weakest Precondition (WP)
method and adding ACSL annotations [33] into C code. The WP approach as an extension of the
Hoare’s logic was proposed by Dijkstra. It requires a precondition to be as simple as possible to
surely reach the corresponding postcondition. In this case, the further program verification will be
as follows: first, calculate W = wp(f, Q), go from the end of Q to the start of the function, and then
post a task to prove P => W to a theorem prover (we use Frama-C tool with WP plugin and its
internal Alt-Ergo prover).

For example, below we deductively prove several functions from the code that performs the PID
control based on the Ardupilot code. In this code, the intermediate values are not calculated every
time but are stored in the PID structure (fig. 19).

typedef struct {
float kp; /f/< coefficient for P
float ki; /< coefficient for I
float kd; /ff< coefficient for D
int imax; A< maximum 1 value
float integrator; /< 1ntegrator value
float last_input; /7 /< last input for derivative
float last_derivative; ///< last derivative for low-pass filter
float d_lpf_alpha; // /< alpha used in D-term LPF
} PID;

Fig. 19. PID structure (from Ardupilot code)

To prove the code, we write annotations for postconditions, preconditions, and side effects of
functions in ISO-standardized ACSL language. Consider first the simplest code with annotations for
the function float get_p (PID * pid, float error) (fig. 20).

This specification is fairly obvious: \valid defines the requirement of a non-NULL pointer to the
PID structure, \result — the return value, requires means the precondition, ensures — the post-
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condition. However, even such a simple function cannot be proven because multiplying of two real
numbers can cause overflow with an unexpected result. Therefore. the verification tool cannot
guarantee the correctness of this code without explicitly using «infinite» Real logical type. To do
this, we run the proof tool with the parameter “-wp-model typed+real” and (for this moment) we
abandon possible floating-point errors with loss of precision.

g

reguires “walid(pid);

ensures \result = error * (float)pid->kp;
*/

float get_p(PID *pid , float error}

{

}

return error * pid->kp;

Fig. 20. A simple function with annotations

To prove the code of function float get_i (PID * pid, float error, float dt), it is necessary to construct
lemmas describing the verifying code in terms of logic, similar to the examples in [34].

Firstly, we note that the function can change the value of pid->integrator and there are three cases:
e  pid-> integrator <-pid->imax: it is limited to -pid-> imax;

e  pid-> integrator> pid->imax: it is limited to pid-> imax;

e  otherwise, that is, (integrator> = -max) and (integrator <= max): no change of pid-> integrator.
At the same time, there must first be a change of pid-> integrator to (error * pid-> ki) * dt.

Therefore, the solution is to create a set of lemmas in ACSL terminology and a logic that will be
used as a function in the ensures section.

float get_i(PID *pid, float errer, floot dt) {
if ((pid->ki != @) && (dt != 0)) {
pid->integrator += ((float) error * pid->ki) * dt;

if (pid-»integrator < -pid-»>imax) {
pid-»integrator = -pid-»imax;
} else
f (pid->integrator > pid->imax) {
pid->integrator = pid->imax;

-

I
return pid-»integrator;
}

return @;

Fig. 21. A function to prove

Secondly, we note that the function returns O if the first condition does not hold and it does not
change the value of pid->integrator. To describe the postcondition, we provide a description of the
guard conditions in a form of implications. In fig. 22 we show a specification for the function in fig.
21. Here \old is the memory state before calling the function and \at(..., Post) — after calling it.

Fig 23 shows that the specification often takes even more space than the code itself, and writing it
significantly changes the way of development; it ensures the quality of the code by coding the
algorithms twice: in programming and logic languages.
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axiomatic CheckAxiomatic {
logic float CheckUp{L}(float integrator, integer max);
lemma CheckUpMin{L}: “forall fleat integrator, integer max;

(integrator < -max) == CheckUp{integrator, mox) = (float)-max;
lemma CheckUpMax{L}: “forall float integrator, integer max;

integrator > max ==> CheckUp(integrator, max) == (fleatimax;

lemma CheckUpMNorm{L}: “forall float integrator, integer max;

(integrator »>= -max)} && (integrator <= max) ==> CheckUp{integrator, max) == integrator,;

}

requires ‘\wvalid(pid);
requires pid->imax > @;
assigns pid-=integrator;

ensures ((pid-»ki != @) && (dt 1= @3) => ‘at(pid-zintegrator, Post) =
CheckUp((float) (hvold(pid-»integrator) + ((float) error * pid-»ki) * dt), (int) pid->imax);

ensures !((pid->ki != @) &% (dt != @)) ==+ ‘at(pid-zintegrator, Post) == ‘wold{pid-=>integrator),
ensures ((pid->ki = @) && (dt |= 8)) ==> “result == ‘at(pid->integrator, Post);
ensures !({pid->ki != @) &% (dt 1= @)) ==> “result == @;

Fig. 22. A specification for the last function

that partitions declare their criticality level validated
that partition component share the same memory level validated
conpliance of Health Monitoring service for partitions processes validated
for permanent errors between partitions validated
Threads Memory requirements ... validated
for transient errors between partitions «+» Validated
that each virtual bus provides protection mechanisms. ... Validated
Biba security policy ... validated
pPartitions Memory reguirements ... validated
conpliance of Health Monitoring service for modules

that each virtual bus with a different security level has a different cipher key validated
Major Time Frame compliance

GETOT COMBERGR. v o =i 1 mmmmiesw m iy mi  mpmim prmm  mi ee---. validated
that connections support appropriate security levels ee--. validated
Bell-Lapadula security policy ceassa validated
that AADL model contain memory components ... validated
conpliance of Health Monitoring service for partitions. ... validated
that buses provides virtual buses ... validated
that virtual processors contain virtual buses validated
that each partition is executed at least one time by the module. validated

Fig. 23. Validation of AADL code

6.3 Validation of OS config

Thanks to AADL, a language with formal semantics, it is possible to analyze the code in it, create a
formal model and then validate it. Some ideas of AADL code checking are given in [4] and [24].

In fig. 23 we demonstrate the result of automatic code validation for the model presented in Section
5 at the phase of the code generation process.

7. Conclusion

During the research, we studied information on modern drones with open-source software and
commodity hardware. We did a detailed analysis of the Ardupilot software and the APM board. We
touched some modern approaches to the organization of operating systems for such devices using
partitions, AADL language and MDE applied to the OS configuration, code generation and
validation.

We have developed a demo system, in which a quadcopter state is transferred from the APM board
to a different ARM-based board with the control logic implemented in parallel partitioned processes
using ports for interprocess communication.
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As a result, we propose a design of software solution for UAVs with enhanced reliability
requirements. This solution should ensure robustness at the following five levels.

e  OS Level. Using a partitioned real-time OS will provide low-level scheduling and process
isolation.

e Validation level. The level of interaction between the processes through ports and messages
will be described in AADL. Additional model checking is available.

e  Code level. Source code annotations and its deductive proof.

e Level of processes-monitors (dynamic testing). Monitoring processes can ensure that the safety
conditions of the running system are maintained.

e Level of cyber-physical system (static verification). Proof of correctness of mathematical
models of physical processes (safety and stability).

References / Cnucok nutepartypbl

[1]. Avionics application software standard interface, part 1 — required services, ARINC specification 653P1-
3, November 15, 2010. Aeronautical radio, inc. (ARINC).

[2]. Delange J., Lec L. POK, an ARINC653-compliant operating system released under the BSD license. In
Proc. of the 13th Real-Time Linux Workshop, 2011.

[3]. Delange J., Gilles O., Hugues J., and Pautet L. Model-Based Engineering for the Development of
ARINC653 Architectures. SAE International Journal of Aerospace, vol. 3, no. 1, 2010, pp. 79-86.

[4]. Hugues J., Delange J. Model-based design and automated validation of ARINC653 architectures using the
AADL. In Cyber-Physical System Design from an Architecture Analysis Viewpoint, Springer, 2017, pp.
33-52.

[5]. POK kernel repository. Available at: https://github.com/pok-kernel/pok.

[6]. Mallachiev K.M., Pakulin N.V., Khoroshilov A.V. Design and architecture of real-time operating system.
Trudy ISP RAN/Proc. ISP RAS, vol. 28, issue 2, 2016, pp. 181-192. DOI: 10.15514/ISPRAS-2016-28(2)-
12.

[7]. Solodelov Yu.A., Gorelits N.K. Certifiable onboard real-time operation system JetOS for Russian aircrafts
design. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 3, 2017, pp. 171-178 (in Russian). DOI:
10.15514/ISPRAS-2017-29(3)-10 / CononenoB FO.A., Topemuiy H.K. Cepruduimpyemast Goprosast
orepalyoHHas cuctema peanbHoro BpeMenu JetOS 1t poccuiickux MPOeKTOB BO3MYIIHBIX CyI0B. Tpyms
HUCII PAH, towm 29, Beim. 3, 2017 .. ctp. 171-178.

[8]. JetOS. Available at: https://github.com/yoogx/forge.ispras.ru-git-chpok.

[9]. Khoroshilov A.V. On formalization of operating systems behaviour verification. In Proc. of the Eleventh
International Conference on Computer Science and Information Technologies, Revised Selected Papers,
2017, pp. 168-172.

[10]. Kulyamin V.V., Lavrischeva E.M., Mutilin V.S., Petrenko A.K. Verification and analysis of variable
operating systems, Trudy ISP RAN/Proc. ISP RAS, vol. 28, issue 3, 2016, pp. 189-208 (in Russian). DOI:
10.15514/ISPRAS-2016-28(3)-12 / Kynsamuu B.B., Jlapumiesa E.M., Myrunua B.C., Tletperko A.K.
Bepudukarus v aHanu3 BapuabenbHbIX onepanuonHbix cucreM. Tpynst UCIT PAH, Tom 28, Bein. 3, 2016
r., ctp. 189-208.

[11]. Khoroshilov A.V., Kuliamin V.V., Petrenko A.K. Verification of Operating System Components. System
Informatics, No. 10, 2017, pp. 11-22.

[12]. Klein G. Operating system verification — An overview. Sadhana, vol. 34, no. 1, 2009, pp. 27-69

[13]. Giernacki W. et al. Crazyflie 2.0 quadrotor as a platform for research and education in robotics and control
engineering. In Proc. of the 22nd International Conference on Methods and Models in Automation and
Robotics (MMAR), 2017, pp. 37-42.

[14]. Crazyflie AADL Case Study. Available at: https://github.com/OpenAADL/Crazyflie.

[15]. Santoro C. How does a Quadrotor fly? A journey from physics. Available at:
https://www.slideshare.net/corradosantoro/quadcopter-31045379.

[16]. Ardupulot project. Available at: http://ardupilot.org/copter.

[17]. Ardupulot project on Github. Available at: https://github.com/ArduPilot/ardupilot.

[18]. The CUAV Pixhack V3 flight controller board. Available at:
https://docs.px4.io/en/flight_controller/pixhack_v3.html.

[19]. History of Ardupilot. Available at: http://ardupilot.org/planner2/docs/common-history-of-ardupilot.html.

59



Staroletov S.M., Amosov M.S., Shulga K.M. Designing robust quadcopter software based on a real-time partitioned operating system and
formal verification techniques. Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 39-60

[20]. Ardupilot. Advanced Tuning. Available at: http://ardupilot.org/copter/docs/tuning.html.

[21]. Copter Attitude Control. Available at: http://ardupilot.org/dev/docs/apmcopter-programming-attitude-
control-2.html.

[22]. Hall Leonard. Practical PID implementation and the new Position Controller. ArduPilot UnConference,
2018. Available at: https://www.youtube.com/watch?v=-PC69jcMizA.

[23]. Park S., Deyst J., How J. A new nonlinear guidance logic for trajectory tracking. In Proc. of the AIAA
guidance, navigation, and control conference and exhibit, 2004.

[24]. Delange J. AADL in Practice: Become an expert in software architecture modeling and analysis.
Reblochon Development Company, 2017, 252 p.

[25]. POK. Examples. Case  Study  Ardupilot. Available  at: https://github.com/pok-
kernel/pok/tree/master/examples/case-study-ardupilot

[26]. Joseph Yiu. The Definitive Guide to the ARM Cortex-M3, 2nd Edition. Newnes, 2009, 479 p. / Txxo3ed
10. Anpo Cortex-M3 komnanun ARM. Iomxoe pykoBoxactBo. I[lep. ¢ anri. AB Esctudeesa. Jomoka-
XXI, 2012, 552 ctp.

[27]. RaspberryPi-FreeRTOS. Demo. Drivers. Available at: https://github.com/jameswalmsley/RaspberryPi-
FreeRTOS/tree/master/Demo/Drivers

[28]. Brandtstadter H. Sliding mode control of electromechanical systems. PhD Thesis, Technische Universitt
Miinchen, 2009.

[29]. Platzer A. Logical foundations of cyber-physical systems. Springer, 2018, 639 p.

[30]. Sergey Staroletov, Nikolay Shilov et al. Model-Driven Methods to Design of Reliable Multiagent Cyber-
Physical Systems. In Proc. of the Conference on Modeling and Analysis of Complex Systems and
Processes (MACSPro 2019), 2019.

[31]. Jan-David Quesel, Stefan Mitsch et al. How to model and prove hybrid systems with KeYmaera: a tutorial
on safety. International Journal on Software Tools for Technology Transfer, vol. 18, Ne. 1, 2016, pp. 67-
91.

[32]. Baar T., Staroletov S.M. A control flow graph based approach to make the verification of cyber-physical
systems using KeYmaera easier. Modeling and Analysis of Information Systems, vol. 25, Ne. 5, 2018, pp.
465-480.

[33]. Patrick Baudin, Jean-Christophe Filliatre et al. ACSL: ANSI C Specification Language. Frama-C, 2008,
81 p.

[34]. Jochen Burghardt, Andreas Carben et al. ACSL by Example. DEVICE-SOFT project publication.
Fraunhofer FIRST Institute, 2010, 134 p.

MHcopmauma o6 aBTopax / Information about authors

Cepreii Muxaiinopua CTAPOJIETOB — kanaupaT (GH3MKO-MaTeMaTHYECKHX HAYK, JIOLECHT
kadenpsl npukiagHoii marematuku. Cdepa HaydyHBIX HHTEpecoB: (popmanbHas BepuUKALus,
Model checking, kubepdusnueckne CHCTEMBI, OMEPAIMOHHbBIE CUCTEMBI.

Sergey Michailovich STAROLETOV - Candidate of Physical-Mathematical Sciences (PhD),
Associate Professor at the department of Applied Mathematics. Research interests: formal
verification, Model checking, cyber-physical systems, operating systems.

Maxkcum CrammcmaBoBua AMOCOB — wMaructpant mo chenmainbHocTH — «IIporpammuas
nmwkenepus». Cdepa HaydHBIX HHTEPECOB: MPOrpaMMHUpPOBaHHE, (opMalibHas BepUBHUKALUS,
CUCTEMBI KOHTPOJISL BEPCHIA.

Maxim Stanislavovich AMOSOV — Master degree student of Software Engineering. Research
interests: programming, formal verification, version control systems.

Kupunn Muxatinosru IIIYJIBI'A — GakanaBp mo crermanbHOCTH «[IporpaMmHas WH>XEHEPHS».
Cdepa HayIHBIX HHTEPECOB: IMPOrPAMMHUPOBAHNE, KBAIPOKOIITEPHI, OIIOKUCHTH.

Kirill Mikhailovich SHULGA - Bachelor of Software Engineering. Research interests:
programming, quadcopters, blockchain.

60



Tpyowt UCI1 PAH, mom 31, suin. 4,2019 2. /| Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019

DOI: 10.15514/ISPRAS-2019-31(4)-4

TexHonorusa n Metoabl OTIIOXXEHHOIro cuHTe3a 4K-
CTepeopoSyiIMKoB ANA CINTOXHbIX ANHAMANYEeCKUNX
BUPTYaAJibHbIX CLEH

I1.1O. Tumoxun, ORCID: 0000-0002-0718-1436 <webpismo@yahoo.de>
M.B. Muxaiiniox, ORCID: 0000-0002-7793-080X <mix@niisi.ras.ru>
E.M. Booicecos, ORCID: 0000-0003-2676-1206 <vozhegovem@icloud.com>
K.JI. Ianmenei, ORCID: 0000-0001-9281-2396 <kpanteley@mail.ru>
OI'Y « ®HI] Hayuno-uccie0osamenbCKuil UHCIMUmMym cucmemuoix uccieoosanuii PAH»,
117218, Poccus, e. Mocksa, Haxumosckuii npocn., 36, k.1

AHHOTamus1. B cratbe paccMaTpuBaeTcs 3a1a4a 3aIMCH YIIPaBIIIeMOH HCCIEeA0BATEIEM CTEPEOBU3YATH3aLHU
CIIOXKHOH IMHAMHYECKOH BUPTYaIbHOH CLEHBI B BHICONOCIEIOBATENLHOCTD CTepeomap (CTepeopoinKa)
CBEPXBBICOKOr0 paspemreHus. IIpemiaraeTcsi TEXHONIOTUsS OTIOXKEHHOIO CHHTE3a CTEPEOPOIIMKOB, KOTOpPAs
MO3BOJISIET CO3[AaBaTh TAaKHE CTEPEOPONIMKH, HE Hapyllas MacIiuTad peaJbHOro BPEMEHH BH3yalHM3allhy.
TexHonmorust BKIOYaeT B ce0s IOCTpOEHHE B MaciuTabe peabHOro BPEMEHM CLEHapus Ipoliecca
BU3yanu3aluuu 1 oguiaiiH-npeoOpa3oBaHue CLEHapHs B CTEPEOpONuK. B pabore paccMaTpHBaroTCS METOIbI
peanu3alMy 3TUX OSTaloB HAa HpPHMEpE 3aJa4yd CTePEOBH3yalM3allMM HM30MOBEPXHOCTH HACBIILIEHHOCTH
BBITECHSIOLIEH XUAKOCTH. B nccnenoBanny npeiaraercs pa3pad0TaHHbII OpUTHHANIBHBIH (aililoBbIi hopmaT
«SCr» CLeHapHs BU3yalu3allid, OCHOBAaHHBII Ha YaHKOBOH CTPYKType HaHHBIX, KOTOPBIH peaiusyeT
KOMIIAKTHOE TPEICTAaBJICHHE COCEAHMX OAMHAKOBBIX KanpoB. IlpeoOpasoBanme aiina cueHapus B
rocneioBaTenbHOCTh 4K-crepeonap BBIMOMHACTCS C MOMOIIBIO TEXHOJOIMH BHEIKPAHHOIO PEHACPHHra
BUPTYaJIbHOM CILIEHBI, a 100aBJICHHE CTEPEOnap B CTEPEOPOIHK — C MOMOIIbI0 HA0OPa OTKPBITHIX OHOIHOTEK
FFmpeg o6paboTku ndpoBbix Buneo3anuceil. B ocHoBe crepeoponnka UcHonb3yeTcsi MenuakonTelinep MP4
u crangapr H.264 cxarus Bumeo (00a SBISIFOTCS YacTsMH MEXIyHapomHoro crangapra MPEG-4).
[IpeniokeHHbIE TEXHOJIOTMSI M METOABl OTJIOXEHHOro cuHTe3a 4K-crepeopoiMkoB peanu3oBaHbl B
[POrpaMMHOM KOMILIEKCE BH3YalIM3allMi PE3YJIbTaTOB MOJCIMPOBAHUS HEYCTOMYMBOIO BBHITECHEHHS HE(DTH
u3 nopuctbix cpen. C MOMOIIBI0 JaHHOTO IPOrpaMMHOrO KoMIuleKkca Obli1 cuHTe3upoBaH 4K-crepeoponuk,
WUTIOCTPUPYIOIMI TIPOLECC M3MEHEHHUsS W30IOBEPXHOCTH HACHILICHHOCTH BBITECHAIOLIEH JKMAKOCTH Ha
CTaIMM Pa3BUTHS NpoLEcCa HEYCTOWYMBOrO BbITeCHeHHs HedTu. IIpoBeneHHas ampoOaiys MOATBEpAHIIA
aJIeKBaTHOCTh CO3[AHHBIX pEIICHUI MNOCTaBIeHHON 3amade. Pa3pa0orTaHHbIE pelIeHHs MOrYT ObITh
HCHOJIb30BaHbl B BUPTYaJIbHbIX J1A00PATOPHUSX, IIPH MOCTPOSHHU CHCTEM BUPTYAIILHOIO OKPY)KEHHS, CHCTEM
Hay4HOH BU3yaJu3alliu, B 00pa30BaTeIbHbIX IPUIOKCHUSX H JP.
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Abstract. The paper considers the task of capturing controlled by a researcher stereo visualization of a complex
dynamic virtual scene into a stereopair videosequence (stereoclip) of ultrahigh resolution. An efficient
technology of deferred synthesis of stereoclips is proposed. It allows to create stereoclips without violating a
real-time visualization. The technology includes real-time constructing of scenario of visualization process and
offline-transforming the scenario to stereoclip. In the paper, methods to realize these stages are considered for
the task of stereovisualization of saturation isosurface of displacing liquid. For this, original file format «scr»
of visualization scenario is developed, based on «chunk» data structures. The format developed provides a
compact representation of neighboring repeated frames. Transforming scenario file to a sequence of 4K-
stereopairs is carried out by means of an offscreen rendering of virtual scene, and adding stereopairs to a
stereoclip is performed using a number of open-source FFmpeg libraries designed for processing digital video
content. For video recording media container MP4 and video compressing standard H.264 are used. Proposed
technologies and methods of 4K-stereoclips deferred synthesis are implemented in a program complex for
visualization of simulation results of unstable oil displacement from porous media. By means of the program
complex a 4K-stereoclip is created, which illustrates the evolution of the isosurface during the process of
unstable oil displacement. The approbation results confirmed the adequacy of the proposed solution to the task.
Developed solutions can be used in virtual laboratories, in constructing of virtual environment systems and
scientific visualization systems, in educational applications etc.
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1. BeedeHue

B Hacrosmee BpeMs BO MHOIMX HAay4dHBIX OKCIEPUMEHTaX BOCTpeOOBaHA TpeXMepHas
BU3YaIU3aLHsl CJIOMKHBIX JUHAMHYECKUX BUPTYaIbHBIX cIieH [1, 2] B Macuitabe peaabHOTO BpeMEHH
(c gacToToif cMEHBI KaIpOB HE MEHEe 25 pa3 B CEKYHAY). DTO 0COOCHHO aKTyaJbHO B TeX 00JIaCTsX,
rJe UCClIeNOBaHUE PeajbHOr0 00BEKTa CONMPSHKEHO C ero pa3pylleHHeM, a IIeHa HOBOro obpasma
KpaiiHe BbIcOKa. Ilpumepom sBnsercs HedrerasoBas cdepa, B YaCTHOCTH, BHpPTYaJbHBIE
9KCIIEPUMEHTBI T10 HEYCTONYMBOMY BBITECHCHHIO HE()TH U3 OPUCTHIX cpex [3-5].

3HAYUTENHHO ITOBBICHTh HHPOPMATUBHOCTh W Ka4ECTBO BUPTYAJBHBIX SKCIIEPHMEHTOB ITO3BOJISIET
CTEpEOBM3YAIM3aIMsA BUPTYalbHBIX ciieH [6] B cBepxBeicOKOM paspemennn (4K, Ultra HD).
BoinonHenue Takod BH3yalu3aldd B PEalbHOM BPEMEHM SIBJISIETCS CIIOKHOW BBIYMCIUTENBHOMN
3ajadedl, JUIA  pelIeHWs KOTOpOM  HeoOXomuMbl — BHAeokapThl  high-end kmacca
CIICIMATM3UPOBAHHOE MPOrPaMMHOE O0ECIIEUeHHE, YTO MPEIATCTBYeT OOMEHY MONYyYeHHBIMU
pe3yapTaTaMu B HaydHOM cooOmiectBe. D((HEeKTHBHBIM BBIXOIOM SBISAETCS 3aIHCh IIpoIiecca
BH3yaln3allid BUPTYaJbHOM CIEHBl B BHJAE BHJCONOCIENOBATEILHOCTH W3  CTEpeornap
(cmepeoponuxa). CtepeopoinKaMi MOKHO JIETKO OOMEHHBATBHCS MEXIY HCCICIOBATEISIMUA H
BOCIIPOU3BOHTH MX C OMOIIBIO IIPOrPaMM-CTEPEOIuieepoB [ 7] Ha MepCOHANBHBIX KOMITBIOTEPaX M
MOOMJIBHBIX ycTpoicTBax. [Ipobiema COCTONT B TOM, YTO IPHU UCIIOIB30BAaHUH BHEITHUX MPOrPaMM

62



Tumoxun ILIO., Muxaitmok M.B., Boxxeros E.M., [Tauteneit K.J{. TexHonorus n MeTozbs!l OTIOXKEHHOTO cHHTe3a 4K-cTepeopoankos 1t
CIIOKHBIX AUHAMHYECKUX BUPTYATbHBIX ciieH. Ipyowt MCIT PAH, tom 31, Bb. 4, 20191, cp. 61-72

BUJeo3axBata [8] Bu3yanm3alms Kaxaoro kaapa GakTHISCKH MPUOCTAHABIUBACTCS HA HEKOTOPOE
BpeMsl, HEOOXOAMMOE TSl CYMTHIBAHUS M KOTUPOBAHUS H300paXKeHUS, YTO MPUBOJUT K HAPYIIICHHUIO
pexXHMMa peanbHOrO0 BPEMEHHM CHHTE3a W300paKEHHIl M TMOSBJICHHIO PHIBKOB B BHICOPOJIHKE.
Oco0EHHO 3TO 3aMETHO TMpPH BBIIOJHCHUH HCCIIEAOBATEIEM PA3JIMYHBIX  YIIPABJISIOMINX
BO3JICHCTBUI Ha MPOLECC BHU3yalM3allMd — BPAIICHHW W MPUONMKCHUH BUPTYAIbHOH CLICHBI,
MEePEKITIOYCHHH MEeXIy pakypcamMu U ap. C Lebl0 YMEHbIICHUS BPEMEHHBIX 3aTpPaT Ha 3aXBaT
KaJIpOB aKTUBHO pa3BHUBaroTCs ammnapatsie koauposinuku Buaeo (NVidia NVENC [9]), B kotopsix
AIITOPUTMBI CXKATHUS pacrapajieMBalOTCS Ha MHOTOSIEpHBIX rpadudueckux mporeccopax (GPU).
[lo cpaBHeHHMIO C KOIUpOBaHMEM BHICO Ha IeHTpanbHOM Tporeccope (CPU) sro maer
CYIIIECTBEHHBIH MPUPOCT CKOPOCTH B 3a/lauax CXKATHs TOTOBBIX BUIeomocnenosatensHocted [10],
OJIHAKO, B 3a[[a4aX BH3yaIH3alll{ CIOKHBIX THHAMUYECKUX BHPTYAJIbHBIX CICH, INIc HHTCHCHBHO
ucnone3yetcs GPU [4], nabmomgaercs 3(h(eKT B3aUMHOIO TOPMOKEHHUS MPOLIECCOB KOTUPOBAHHMS U
BU3yanu3alui. B 3TOi CBsI3M BO3HHKAET 3a/a4ya pa3pabOTKH TEXHOIOTHH CHHTE3a CTEPEOpPOTHKOB
in situ, T.e. HEMOCPEACTBEHHO B CHUCTEME BH3YalW3alliH, OCHOBAHHBIX HA 3aXBaTe MEPBUYHON
uHbopMaluK (TMHAMHYECKUX TapaMeTPOB BU3yalH3allid BUPTYATbHOU CIICHBI), 00bEM KOTOPOii
3HAYUTENILHO MEHBIIIE, YeM 00hEM BTOPHUYHBIX JaHHBIX (CHHTE3UPOBAHHBIX H300paKeHHIA).

B nanHOi paboTe Tpemiaraetcss TEXHOJOTHsI omiodceHHozo cuHTe3a 4K-cTepeoponukos,
OCHOBaHHAs Ha TMOCTPOCHMHM B Maciitabe pearbHOr0 BPEMEHH CIIEHApUs YyIpaBisieMOit
HCCIIeIOBaTElIeM BU3YaIU3aIlii BUPTYaIbHOM CIIEHBI U MPEe0OPa30BaHHU CIIEHAPHS B CTEPEOPOITHK
B oduaitn pexume. [Ipemiaraemoe pemieHue peanusyercs Ha sizbike CH++ ¢ Mcmonb3oBaHHEM
OTKpBITOro KoMiutekca Qt cpecTB pa3paboTku MpuaokKeHui, rpadudeckoi 6udmmuorekn OpenGL
U Habopa OTKpPHITHIX OubmoTek FFMpeg o6paboTki HUQPPOBBIX BUIIEO3AHCEH.

2. TexHos102US1 OMITOXXEHHO20 CUHME3a CMepeopPosIUKO8

ITycts MMeeTcst HEKOTOpas CHUCTEMa BH3yalM3alliM, KOTOpas MOXKET BBINONHATH B Macmirabe
peanbHOr0 BPEMEHH PEHIEPUHI BUPTYAIbHBIX CLIEH B MOHO M CTEpeo pexuMax (TOpU30HTalIbHAS
crepeonapa, Side-by-side [6]). Mcxomuo B cuctemy 3arpyxeHa HeOOXOMHUMas BUPTyabHasl ClICHA U
YCTaHOBJICH MOHO PEXHUM. [Ipemnaraemasi TEXHOJIOTHS CHHTE3a CTEPEOPOIIUKOB BKIIOYAET B ce0s
JIBa dTama: a) 3aXBaT MapaMeTpOB BU3yaIH3alliu U 0) HerocpencTBeHHo cuHTe3 4K-crepeopornuka.

VYupasnenue
UcCIe10BaTeIeM
BupryanbHast Cucrema Kazp
CLIeHa BU3yaIN3aLHU BU3YAJIU3aLMU

v

JlnHamuueckue "
%[ daiin cueHapus ]
napameTpbl

Puc. 1. Cxema nocmpoenus cyenapus cmepeoponruxa
Fig.1. The scheme of stereoclip scenario construction

Ha nepéom 3mane n3 cucteMbl BU3yaIu3aliy B MacIuTade peaJbHOro BpEMEHH CUHTHIBACTCS HAaOO0P
OUHAMUYECKUX napamempos BU3yaln3allii BUPTYaIbHOH ciieHH! (cM. puc. 1). ITo kaxxaomy TakoMmy
Ha0Opy MOXHO OIHO3HAYHO BOCCTAHOBHTH COCTOSIHHE BHPTYaJbHOW CIICHBI Ha MOMEHT CHHTE3a
COOTBETCTBYIOMIET0 Kaapa. COBOKYITHOCTh BCEX 3aXBaUE€HHBIX HETTOBTOPSIOIINXCS ITOPS HAOOPOB
JVMHAMHWYECKUX IIapaMeTpoB B JAaHHOW pabore Ha3pIBaeTCs cyenapuem Buzyanuzamud. Ilo
OKOHYAaHMU 3Tara 3axBaTa (GopMupyeTcst paiiil ¢ 3aMcaHHbIM B HETO CLIEHapHEM.
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Ha eémopom smane (cunre3a 4K-ctepeopoliika) B CHCTEME BH3yaIHM3alldd BEITIONHICTCS
CHenuagbHOe ITOKAJApOBOE BOCHpOM3BeZeHUE (aiia creHapus, NpU KOTOPOM B OTAENHHO
CO3JJaHHOM BHEIKpaHHOM (HeBHAMMOM) Oydepe kajapa BeimonHseTcst cuaTe3 4K-crepeomnapsl, a B
SKpaHHBIN (BUIUMEI) Oydep Kaapa MOMEIAETCs €€ YMECHBIIICHHAS KOTIHS, BIIMCAHHAS 10 pa3Mepam
B TJIaBHOE OKHO Bm3yanmzamuu (cM. puc. 2). Kaxpmas cuntesmpoBannas 4K-crepeomapa
CUMTHIBaETCS M3 BHEIKpaHHOro Oydepa, xoaupyercst M jgoOaBisiercst B (aili crepeopoiuka, a
yYMEHBIICHHass KONHWs BBIBOMUTCS Ha SKpaH JUIS BU3YaJIbHOrO KOHTpPOJS Tpoliecca CHHTE3a
cTepeoponrka. JlaHHbIH MMPOIEcC MOXKET BBHINOJHATLCS YK€ HE B MaciuTade peaqbHOr0 BpEMEHH! B
3aBHUCUMOCTH OT BBIOPAHHOTO KOJIUPOBIIHMKA BHICO U BhIMUCTUTENbHOW MomHoctH CPU u GPU
KOMITBIOTEPA.

[ ®Daiin cieHapus ]

A4

Cucrema Ka
9[ Crepeomnapa > AP
BU3YyaJIH3aIH BH3YaJIN3aIHH

A v

Crepeoposuk

Bupryansnas
CLieHa

Puc. 2. Cxema npeobpazoeanusi cyeHapus 8 Cmepeoponux
Fig. 2. The scheme of transforming scenario to a stereoclip

Jlajnee pacCMOTPUM METOIbI PealM3alliy ONUCAHHBIX JTAIOB HA MPUMEPE 3a/aul BU3yaIu3alluu
pe3yNIbTATOB HEYCTOMYMBOrO BbITeCHEHHMss He()TH u3 mNOpHCThIX cpex [6], B wacTHOCTH,
BU3YaJIU3alMUd TOBEPXHOCTH IIOCTOSHHOIO 3HAUYEHHs 110JI8 HACBHILEHHOCTH BBITECHAMOLIEH
KuAKoCcTH (U30n06EpXHOCTIL).

2.1 MeToa nocTpoeHUsA cueHapus BU3yanusauuu

B paccmaTtpuBaemoli 3agaue napaMeTpaMu MpoLecca BU3yallu3alyu SBISIOTCA:
[ ] IIOJIOKCHUEC U OpI/IeHTaLlI/I}I MOACIIU I/ISOHOBerHOCTI/I;

e  [1apaMmeTpbl BUPTYalIbHON KaMEpHI;

[ ] napaMeTpLI HUCTOYHHKA OCBEIICHUA,

e IIapaMeTphl MaTepHasia MOLEIHU U30IIOBEPXHOCTH,

(] IIOCTOSIHHOE 3HAYEHHE I10J11 HACKHIILICHHOCTHU (1/130ypOBeHL);

e  HOMEP BU3YaJIM3UPYEMOI'O LIara MOAECIMPOBAHHUS.

Jns 3axBaTa 3TUX MapaMeTpoB B JaHHOW pabore paspaboran ¢opmart ¢aitna cieHnapus
BU3yanu3aImu (SCr-ghaiin), KOTOPBIHA BKITIOUAET B ceOst 3aT0JI0BOK (C 00mIei nH(popmanuei) u 610K
JMAHHBIX CO 3HAYCHMSAMH MapaMeTpoB Bm3yanm3anun (puc. 3). 3aromoBOK SCr-gaiima comepKuT
CJIEAYIOIIHE AaHHbIE!

o  wunenrudukarop scrld = 0x00726373 («scr» B komauposke ASCII);

e  gpcimo NUMFrames KagpoB B CLIEHAPHH;

e  murepsan querylnterval ompoca 3HaueHHI MAPaMETPOB BH3YAIU3ALHH, B MC;
e  pasmep SCrSize 61oka maHHBIX SCr-(aiina, B Gaiirax.
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B oOnoxe Oannvix SCr-¢haiina XpansATCs 3HAUCHUS TApaMETPOB BH3YAJIM3alUH TOJBKO JUIS
HETOBTOPSIONIMXCS MOAPSI KanpoB. Eciu kaap moBTOpsIeTCS HECKONBKO pa3, TO apaMeTphbl BU3Y-
AITU3al{K 3aIUCHIBAIOTCS TOJBKO JUTS TIEPBOTO KaJpa, a MOCICAYIOLINE MIOBTOPHBIE Kaapbl IPOCTO
MOJICYUTBIBAIOTCA. J[JIsl 3TOr0 MCIONMB3yeTCs CTPYKTYpa «IAKeT Kaapay, BKIIOYaroNas B ceos:

e  pasmep blockSize 610ka naHHBIX Makera, B OaiTax;

e ypucio NUMRepeats ToBTOPOB MOIPS TEKYILEro Kaapa;

e  QJIOK JaHHBIX MTAKETa CO 3HAYCHHUSAMH apaMeTPOB BH3YaIU3allUH.

bnox dannvix nakema COCTOUT U3 «YAHKOBY». «YaHK» — 3TO CTPYKTYpa JaHHBIX, KOTOpast COMCPIKUT
unentudukarop id obbekra, pasmep Size (B Oaiitax) u mone data 3HayeHuwii mapameTpoB
Bu3yanu3aiu. B morne data «uyaHka» MBI 3amUCBIBAGM 3HAUCHHUS MAapaMETPOB BH3YalU3alldH
(OIHOTO WK TPYIIIBI APAMETPOB, O0BEIMHEHHBIX MO CMBICITY). VCHOMb30BaHHE TAKHX CTPYKTYP
JAHHBIX JaeT BO3MOXHOCTh 3(GEKTHBHO [M00aBiATH B SCr-popMaT HOBBIE MapamMeTphl
BU3yalHM3ali, MOTU(DUIMPOBATh M YAASITh MX, COXpaHss OOpaTHYHO COBMECTHMOCTb MEXKIY
dopmartamu (eci cHCTeMa BH3yalHM3aldd HE MOXET PAClo3HATh KaKOHW-TO HACHTHU(PUKATOD
«4aHKa», To ero noje data nmpocTo mpomycKaercs).

Chunk id size data

?

Chunk11 Chunk12 Size2 Num, Chunk21
—

Header S.ize1 Num

~—
Packet

Puc. 3. Cmpyxmypa scr-¢aiina
Fig. 3. Scr-file structure

Jlnist paccMaTpuBaeMoi 3a1a41 peai30BaHbl CIIEAYIOIINE TUIIBI «YaHKOBBIX» CTPYKTYP:

e SMVChunk — MozepHO-BHIOBOM MAaTPHIIBL, 33[AI0MICH TTOJIOKECHUE U OPUEHTAIUIO MOICIN
M30TIOBEPXHOCTH B cHcTeMe KoopawHat kamepsl (id =0, size =64, data - 16 siemenros
MOJIEIbHO-BHIOBON MaTPHULIBI);

e  SCamChunk — xamepsr (id =1, size =16, data — BepTHKaIBHBIN Yroia pacTBOpa Kamepsl,
OTHOILICHHE LIMPHHBI Kajpa K BBICOTE (dcnexm), pacCTOSHHS 10 OMWKHEW W JaibHEH
IUIOCKOCTEH OTCEUESHUS);

e  SLightChunk — manpasiennoro ncrounuka ocserenus (id = 2, size = 64, data — nanpasienue
HCTOYHHKA OCBEIICHUS, HHTCHCUBHOCTH (POHOBOM, T Py3HOI 1 3epKaTBFHON COCTABIISAIOIINX
OCBEIIICHU);

e SMaterialChunk — marepmana momenn wmsomosepxuoctu (id =3, size =52, data — mBera
¢doHoBoM, muddy3HOH M 3epKaTbHOW COCTABISIIONIMX MaTepuala, a Takke koddduimeHt
Grecka);

e  SlsoLevelChunk — usoyporns (id = 4, size = 4, data — mocTostHHOE 3HAYEHHE CKATSPHOTO OIS
HACBILIEHHOCTH BBITECHSIFOIICH KUAKOCTH);

e  SStepChunk — Busyanusupyemoro mara monenuposanusi (id =5, size =4, data — Homep
BU3YaIU3UPYEMOTrO IIara MOJCITHPOBAHNS).

3axBar MapaMeTpOB BU3YAIM3aLMI OCYIIECTBIISETCS C HEKOTOPOIl 4acTOTOM V1 ompoca (B pa3ax B

CeKyHIy), rae 25<vi<vy, a v, — HANMEHbIIAsl YaCTOTa CHHTEe3a H300payKEeHUI BUPTYaIbHOU CICHBI,

KOTOpasi 3aBHCHT OT BBIYHCIHTEIBHOM MOIIHOCTH BHACOKApThL. BO BpeMmsi KaXmoro ompoca

CUMTHIBAIOTCS 3HAYCHUS BCEX IMAPAMETPOB BU3YaIM3ALMU M CPAaBHUBAIOTCS CO 3HAYCHUSIMHE

npeapiayniero onpoca. Eciu Tekyiiee 3HaUeHIE KaKOro-TO lapaMeTpa BU3yaln3amiu IIOBTOPSIETCS,
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TO OHO He 3amuckiBaeTcs B (aiin crieHapus. Ha pucynke 4 n3o0pakeHa cxema orpoca Ha puMepe
MOJIETIbHO-BUIOBOM MATPHUI[BI MOJEIU HU30MOBEPXHOCTH, KOTOPAsk PACCUUTHIBACTCS JUIS KaXKIOrO
kanpa Ha GPU. OtMmernM, 9To B 00llee CIOKHBIX MHOTOOOBEKTHBIX BHUPTYAIBHBIX CIICHAX IS
COKpalleHust pa3Mepa (aiina CiieHapus MOJOKEHUSI U OPUSHTAIIMH BUPTYAJIbHBIX 00HEKTOB MOYKHO
3aMUCHIBATh B BUJIE KBATEPHHOHOB.

B nanHO#1 paboTe onmpoc 3HAYCHUI MapaMeTPOB BH3YAU3AIMH PEaTU3yeTCs C TIOMOIIBIO TaiiMepa
(xmace QTimer) u3 6ubmuorexu Qt. CUrHa MEPUOAUIECKOrO cpabaThiBaHKs TaliMeEPa CBS3bIBACTCS
¢ pa3paboranHOl QyHKIMEH GOpMHUPOBAHUS MTAKETa C MTOMOIIBIO orepaTopa connect. [Toryuaembie
B pe3yibTaTe paboThl STOH (QYHKIMU MAaKeThl KAJAPOB MBI OyIeM HaKaIlUTMBAaTh B JHHAMHYECKHMA
MaccuB V 0aiToB.

V2
VRAM L : 2 2 - 2 -I ->
1 1 1
1 1 1
1 1 1
1 1 1
: 1 1
My s My My M, M, M,
1
vy ! : :
RAM i } >
M, M, M,
HDD M, M,

Puc. 4. Onpoc modenvo-610060t mampuybl MOOEIU U30N0BEPXHOCIIU
Fig.4. Querying of modelview matrix of isosurface model

[ocTpoenue cueHapus BU3yaau3aliy peatusyer Areopumm 1.

1. Bamumewm: scrSize = 0, numFrames = 0, blockSize = 0, numRepeats = 0,
PACKET_HEADER = sizeof(blockSize) + sizeof(numRepeats), rae sizeof Bo3pariuaer pasmep mepe-
MEHHO# B OaiiTax.

Wuunpanusupyem ¢uiar HOBOro HeroBTopsitoierocst kaapa: gotFrame = false.

2. Cozmamum «w@anku» SMVChunk, SCamChunk, SLightChunk, SMaterialChunk, SlsoLevelChunk,
SStepChunk ¢ mycrbiMu onsimu data.

3. 3Bamycrum Taiimep ompoca ¢ omomipio GyHkuun start().

4. Tluki onpoca ¢ uaTepBaiom querylnterval

blockSize = 0.
Cuuraem 3Ha4yeHue iSOLevel M30ypoBHsI U3 CHCTEMbI BU3yaIH3alliH.
Ecmu isoLevel # 3nauenuro data «ganka» SlsoLevelChunk, To:
Ecnu gotFrame # true
Io6asum B Maccus V blockSize u cntFrame.
gotFrame = true.
3anwuem isoLevel B nose data «aanka» SlsoLevelChunk.
Ilo6asuM «gaHk» SlsoLevelChunk B maccus V.
blockSize = blockSize + sizeof(SIsoLevelChunk).
IIpoBeprM 3HAYEHHUS OCTATBHBIX MAPaMETPOB BU3YAH3aIMH aHAIOrHYHO isoLevel.
gotFrame = false.
Ecmu blockSize # 0, To:
numRepeats = 0.
O6HoBuM B MaccuBe V 3Hauenus blockSize u numRepeats Texymero makera.
scrSize = scrSize + PACKET_HEADER + blockSize.
B nporuBHOM ciydae:
numRepeats = numRepeats + 1.
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O6HnoBuM B MaccuBe V 3HageHne NUMRepeats.
numFrames = numFrames + 1.
Koner mpxna.
OcraHoBuM TaiiMep ompoca ¢ oMoIbio GyHkimu Stop().
Coznamum scr-¢aiin.
3anmmrem B Scr-daiin scrld, numFrames, querylnterval, scrSize u maccus V.
8. 3akpoem o¢aiin.

Noa

Aneopumm 1. [locmpoenue cyenapus gusyanuzayuu
Algorithm 1. Construction of the visualization scenario

Yro0bI POCMOTPETH 3aXBaUEHHBIN MPOIECC BU3YaIM3allNH, B TAHHON paboTe TakKe CO3IaH PEXKUM
BOCIpom3BeicHusT (aiina cueHapus. Kak u B Aneopumme 1, MaHHBIA PEKUM peamu3yercs ¢
MOMOIIBI0 TaiiMepa. IIpu 3TOM CHrHaJ MEPUOAMYECKOr0 CpabdaThIBaHMs TaliMepa CBA3BIBAETCS C
pa3paboTaHHOM QYHKIIMEH NPOUTPhIBAHUS ClieHapus. [IpeBapUTENbHO MBI 3aTPY’KaeM BCE MAKETHI
u3 aiina cueHapus B OaiitoBelii MaccuB K pasmepa SCrSize (u3 3aromoBka SCr-¢aiina).
Bocnpoussenenue crieHapus peanusyer Areopumm 2.

1. VHunuanusupyeM Cienyrolire nepeMeHHbIe:
gotFrame = false, // ¢mar HOBOro HEMOBTOPSIIOIIETOCS KaIpa.
packetsCnt = (), // cdeTUNK CYUUTAHHBIX OalT M3 OJIOKA JAHHBIX SCr-(aiina.
SframeCnt = 0, // CYETYHK MPOUTPAHHBIX TIOBTOPHBIX MAKeTOB (KaIpOB).
curSize = 0, // 4MCI0 CYMTAHHBIX OaiT M3 OJI0Ka TaHHBIX MAKETa.
CHUNK_HEADER = sizeof(id) + sizeof(size). // pa3mep 3aroioBka «4aHkay, B 0alTax.
2. 3amycTuM TaiiMep MpOUTPBIBATEINS C TOMOIIBIO GYHKIUK Start().
3. IIuki npourpbiBaHust C HHTEPBAJIoM querylnterval
3.1. Ecmu packetsCnt == scrSize, T0:
BbliiieM U3 HUKIIa TPOUTPBIBAHHKS C TOMOLIBIO (yHKIHH Stop().
3.2. Ecnu gotFrame # true, To:
Cuuraem blockSize u numRepeats Tekymero nakera u3 Maccusa K.
curSize = 0.
Iuk mo «JaHkam» B akeTe, moka curSize # blockSize.
Cuwuraem id u Size TexyIero yaHka.
CunraeM U3 ToNs data TEKYIIETO «YaHKAy» 3HAYCHHE MapaMerpa BH3yaIH3alldu
COIJIACHO €ro id.
OGHOBHM B CHCTEME BU3yaJM3alliK 3HAYCHHE CYMTAHHOIO MIapaMeTpa.
curSize = curSize + CHUNK _HEADER + size.
Konen nuxia.
packetsCnt = packetsCnt + PACKET_HEADER + blockSize.
Ecnu numRepeats # 0, To gotFrame = true;
B mporuBHOM ciydae:
frameCnt = frameCnt + 1.
Ecnu frameCnt == numRepeats, To gotFrame = false, frameCnt = 0.
3.3. Busyanusupyem cuieHy ¢ OOHOBICHHBIMH [TAPAMETPAMH.
Konen muxia.

Aneopumm 2. Bocnpouseedenue cyenapust 6u3yanuzayuu
Algorithm 2. Playback of the visualization scenario

2.2 MeToa npeob6pa3oBaHuA cueHapus B 4K-cTepeoponuk

Husa cozmanns 4K-cTepeoponika HeoOX0TUMBI d3PPEKTHBHBIC MEAUAKOHTEHHEP U aITOPUTM KO-
POBaHHMs BUJIEO, MOICPKHUBAIOIINE PAOOTY ¢ OONBIIMME 00beMaMU BUICOIaHHBIX (OKOJIO 16 MIIH.
NMKCENOB HA Kajp). B MaHHOM HCCIIeNOBaHMM IIPEMIaraeTcsi MCIONb30BaTh KoHTeiHep MP4,
SIBJISTFOIIAIACS 9aCThI0 MEKTyHapoaHoro crangapra MPEG-4 (MPEG-4 Part 14, ISO/IEC 14496-
14:2003) cxatust muppoBoro ayamo u Bumeo. B rtabmmume 1 mpuBemeno cpaBHenme MP4 ¢
pacnpoctpanensbiMu korTeitHepamu AV (Microsoft), MOV (Apple) u MKV (Open Source). U3
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TabmuIe! BUIHO, yTo MP4 mpeBocxoauT mo ¢ynkiuonary konreitnepst AVI n MKV, B wactHocT!
3a cueT mojNepKku B-kampoB (OHM TO3BOJSIOT 3HAYMTENBHO CKHUMATh pa3Mep KOAMPYEeMOM
BHUJICOMOCIIEA0BATENFHOCTH). J{pyriM BakKHBIM MPEHMYIECTBOM SIBJISIETCS TOIIEPIKKA MOKaIpO-
BOrO pelakTHpoBaHus BHAeo (TexHonorus Edit-in-place), uro mo3Bonsier U3MEHATH OTIEIbHBIC
YYacTKM BHZIEO (HampuMep, paspe3aTh WIM CKIeHBaTbh) 0Oe3 MOBTOPHOTO CXKaTHsl Bcei
BuaeonocienopatenbHocTH. Konteitnep MOV 6mu3ok k MP4 o QyHKIIMOHAEHOCTH, OJHAKO
OpHEHTHPOBAH B MEPBYIO OUepe/Ib HA UCIIOIb30BAHHUE B ONEPAHOHHBIX CHCTeMax KoMmaHuu Apple,
B TO BpeMsi kak MP4 sBnsieTcst OTpacieBbIM CTaHAAPTOM M MMeEeT 0ojiee MIMPOKYIO MOAJIEPIKKY.
Tarxke HEMaJIOBa)KHOW OTIIMUUTENBHON 4epTol KoHTeiiHepa MP4 sBisiercs moanepka OHJIaiH-
TpaHCISIIUY.

Tabnuya 1. Cpagrerue 6udeo KoHmeliHepos
Table 1. Comparing of video containers

Konreiinep Monnep:xka kogexa H.264 Edit-in- IMonnepxka
place B-kagpos
MP4 mMp4 - ohUIATBHBIA CTaHAAPT na na
KOHTelHepa Juis kojeka H.264
AVI 3aTpy/HEHA B CBSI3H C OTPAHUYEHHOM | HET OTCYTCTBYET B HCXOIHOM (hopmarte,
noaep kKot B-xanpos pean3yeTcsl «XaKepCKUM» MyTeM
MOV Ja za na
MKV na HET za

Konreitnep MP4 momaep:xuBaeT psii COBPEMEHHBIX BHICOKOACKOB, M3 KOTOPBIX IS PEIICHHS
paccmarpuBaeMoil 3aza4uu Obul BhIOpaH kojaek H.264. JlaHHbIH KOAEK TakoKe SBISIETCS 4YacThiO
MexayHapoaHoro cranmapta MPEG-4 (MPEG-4 Part 10) u, xoTst 10 3)(eKTHBHOCTH CKATHSI OH
yCTymaer TakuM Komekam, kak H.265/HEVC u AV1, siBisieTcst caMbIM pacpOCTPaHEHHBIM, TaK KakK
yXe IpoLIe]l MHOTOIETHUH IyTh BHEIPEHUS B OTpacnb. B TedeHue 3TOro mepmozma craHgapT
MIOCTOSIHHO MOJIEPHU3UPOBAJICS, MONTY4HI allllapaTHOE eKOAUPOBAaHUE B OOJIBIIMHCTBE IUIEEPOB U
B MTOI'€ XOPOILO 3apeKOMEH 10Ball ce0sl Ha pakTrke. OcoOeHHOCThIO BHIeoKoieka H.264 siBnsiercst
pabota ¢ MakpoOIoKaMu (TpyIamMu MAKCET0B H300pakeHus1) pasmepamu ot 16x16 mo 4x4 [11],
YTO HaKJIaJBIBAaCT COOTBETCTBYIOIIME TPeOOBaHMA K INMPHHE M BBICOTE KOOMPYEeMOro Buueo. B
paccMaTpuBaeMoii 3agaue 4K-crepeomnapa nmeer pasmepsl, kpatibie 16 (7680x2160 mmkcenos).

B nanHO# paboTte 3amichk cTepeonap B CTEPEOPONIMK PeaTu3yeTcs ¢ MOMOIIBI0 Habopa OTKPBITHIX
6ubnmmorex FFmpeg (Fast Forward MPEG) [12]. 13 Bcero Habopa /uist peleHns paccMaTpuBaeMoi
3aj[a4M UCTIONB3YIOTCS cieayroinne 6ubnmmorexu: libavcodec (komeps! 1 mekoaepsl BHICO U ayIHO),
libavformat (MymsTHIIIEKCOPBI U IEMYIIBTHILIEKCOPHI MemnakonTeiHepos), libswscale (¢pyukimm
MacCIITa0UPOBaHUS HM300pa)KeHH W TMPeoOpa30BaHUs LBETOBBIX MNPOCTPAHCTB H  (HOPMATOB
mkcenoB) u libavutil (rereparopsr ciryqaiiHBIX YrCes, MATEMATHYECKUE U MYJIBTHMEIHA YTHITATHI
u Jap.).

Konex H.264 numeet 60IbI10e KOIUYECTBO HACTPOEK, KOTOPBIE MTO3BOJISIOT YIPABISATH KAYECTBOM H
CKOPOCTBIO KOJMPOBAHHS BHIEONOCIEN0BATENEHOCTH. K HHM OTHOCSTCS OMTPEHT, KOJIHYECTBO
KaJpOB B K&)K/IO0H IPYIIIE MOCIEA0BATEIbHBIX H300paxenuii motoka (GOP), mapaMerp CII0KHOCTH
OLICHKH JBIKEHHS, KO3()(PHUIIMEHT KOMIIPECCHU BHACONOTOKA, NPOPHIIb BUIEOKOIeKa U Apyrue. B
JIaHHOM paboTe 3TH TapaMeTphl 3amarorcs B ctpykrype AVCodecContext 3 6ubimorexkn FFmpeg.
Uto0BI HaUaTh MpOIecC KOTUPOBAHHS BHICO C TTOMOIIBI0 FFMpeg, HeoOXonrMo BEITIOTHUTE PSIIT
TpeIBAPUTEbHBIX JeHCTBHI: 3amarth (Gopmat BbIxogHoro Bumeo (AVOutputFormat), cosmats
KOHTEKCT BBOJA-BBIBOMA st 3amucu Bumeo (AVFormatContext), cosgaTh MOTOK 3ammcH BHIEO
(AVStream), cBszate ToTOK ¢ KomuposimukomM H.264 (AVCodec), a Takke WHHIMATH3HPOBATH
crpykrypel AVFrame, SwsContext, AVPicture mist 06paboTku Bumeokaapos u crpykrypy AVPacket
101t TobaBeHus KapoB B KoHTeHHep MP4. Boee moapoOHOe omicaHne peali3aiy 3THX ITaloB
MOXKHO Haiite B [12].
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[pouecc 3anmcu 4K-crepeoponrka BKiIrodaeT B ce0st MOANGHUIMPOBAHHOE MPOUTPHIBaHue (aiina
cueHapus (cM. Aneopumm 2), B KOTOPOM HCHIONB3YeTCs (GYHKIHS CTEPEOBH3YaIH3allii BUPTYallb-
HOU crensl B opmate Side-by-side [6]. McxonHbIMu TaHHBIMH, KaK U B Aneopumme 2, SBISETCS
MaccuB K makeToB Kanpa, 3arpyKeHHbIH u3 (aiina cueHapus. [IpeoOpa3oBaHue cleHapHs B
CTEPEOPONIHK peau3yet Areopumm 3.

1. Cosmaaum BHe3KpaHHBIA Oydep F kanpa pasmepa (2ws) x /s TTUKCENOB, TIe Ws U s - IHpUHA U
Bbicora 4K-kapa B MOHO pEKHME.
2.  Cozmagum Oydep I (tuma Qlmage n3 oudbnmoreku Qt) pasmepa (2ws) X hs IAKCEITIOB [T XPaHESHUS
cTepeonapsl B ONEparHBHON MaMsTH.
3. 3BamaguM npsMoyronbHUK PoP;P>P;3, BIHCaHHBIA IO IIMPHHE B IJIABHOC OKHO BU3yallU3allUd
pasmepa wr X hy:
Beraucnum BbICOTY /i npsimoyronbHuka PoPiP2P3; B cuCTeMe KOOPIHHAT HOPMAaJIN30BaHHOTO
oovema Buaumoctr (Normalized Device Coordinate System, NDCS):
hi = 2asay, tne as = 2ws/ hs — actiext 4K-crepeonapsl, ar = wy/ hy— aclieKT TIIaBHOTO
OKHa BH3yaJIU3alliH.
3anumeM KOOpOWHATHI BepIIMH mpsMmoyroiabHuka PoPiP2P; (B cucreme NDCS koopauHar
HOPMaJIM30BaHHOTO 00beMa BHIMMOCTH):
Po= (-1, 0.5h), P1 = (-1, -0.5h;), P>= (1, 0.5h;), P3 = (1, -0.5h;).
OTkpoeM (haiin aIst 3amcy BUAEO ¢ moMomibio GyHkimu url_fopen n3 FFmpeg.
Iyixn o 7 ot 1 mo numFrames
CunraeM i-blif makeT Kaapa U3 MaccuBa K ¥ OOHOBHM B CHCTEME BH3YyalW3allHH 3HAUCHHS
CUMTAHHBIX MapameTpoB (cM. L. 3.1, 3.2 u3 Areopumma 2).
BBIMOIHIM CHHTE3 TEKCTYpPBI S ¢ H300paXKeHHEM CTepeonaphl:
AXTHBUpYeM BHedKpaHHbIH Oydep F kaapa.
Busyanusupyem BUPTYaJIbHYIO CLIEHY B cTepeopexime side-by-side.
JeakTuBupyeM BHedKpaHHbIH Oydep F kaapa.
JobaBum crepeonapy B MP4-konreiinep:
Beirpysum u3 Buzeonamst TekcTypy S B Oydep / crepeonapsi.
Koneeprupyem ¢ nomornsto pynkuun sws_scale n3 FFmpeg RGB-crepeonapy (Oydep
) B YUV-mzobpaxenue (crpykrypa AVFrame), tne Y-spkoctb, a U u V -
IIBETOPA3HOCTHBIE KOMIIOHCHTBHI.
3axkomupyem YUV-uzobpaxkenue B OaiiToBblii MaccuB naHHbIX H.264 ¢ momoribio
¢byukuun avcodec_encode_video n3 FFmpeg.
Ho6aBum maccuB nanHbix H.264 B cTpykTypy ormensHOro cxaroro kaapa AVPacket
(xouTeiinep MP4).
Orobpa3um crepeonapy B INIABHOM OKHE BU3YyaJIU3allHu:
VYeranoBum o6iacTb BbiBozia ¢ iomotnsto Gynkuun glViewport(0, 0, wy, hy).
Buzyanuzupyem npsmoyronsHuk PoP;P2P3 ¢ HallOKeHHOH TEKCTypoil S.
Komnery nuxna.
6. 3akpoem daiin s 3amcyk Buieo ¢ momoubio GyHkuun url_fclose.

a s

Aneopumm 3. IIpeobpazosanue cyenapus ¢ cmepeoponux
Algorithm 3. Transforming the scenario to a stereoclip

Io oxonuanuu pabotel Aneopumma 3 popmupyercs MP4-daitn ¢ pesynsTupytomum 4K-crepeo-
pomukoM B 6azoBoM crepeodpopmare Side-by-side, xkoTopsiii MoxkeT OBITH BOCIIPOM3BEICH Ha
TIOJIIPU3aLMOHHON CTEPEOyCTAHOBKE C MOMOIIBI0 POrpaMMbI-CTepeoIieepa, Hanpumep, Stereo-
scopic Player, a Take mpeoGpa3oBa (B 3TOM Xe IUIeepe) B Pl APYrHX TOMYISPHBIX BUIOB CTEPEO
(aHarmmguaeckoe, 9epecCTpOIHOE H Ip.).

3. Pesynbmamsi

Hpe,H,J'IO)KeHHLIe B ,I[aHHOfI pa60Te TCXHOJIOTHA MW MCTOAbI OTIOXCHHOI'O CHHTE3a 4K-
CTCPCOPOIMKOB ObLIN pcain30BaHbl B IIPOIrPAMMHOM KOMIUICKCE BU3YyalIU3alld PE3YyJIbTATOB
MO/IEIUPOBAHUS HEYCTOUYMBOrO BEITeCHEHHS HeTH n3 mopHucThiX cpen [13]. C moMoIpo JaHHOro
KOMILIEKCA OBLIO BBIIOJIHEHO HCCIICAOBAHNEC CTaluU pPA3BUTHUA HeyCTOfI‘IPIBOCTPI BBITCCHCHUA
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He(TH BOIOH, B YACTHOCTH, U3MEHECHHUS (hOPMBI M30MMOBEPXHOCTH HACBHIIICHHOCTH BBITECHSFOIICH
KUIKOCTH. VICXOMHBIMU JTaHHBIMH SIBJISUTACH ITOCIIEOBATENEHOCTh U3 65 TPEXMEPHBIX MAacCHBOB
3HAYCHUH HACKHIICHHOCTH BBITCCHSIONMICH J>KHUIKOCTH, ITONYYCHHBIX B PE3YAbTAaTe IIOIMIATOBOTO
MOJIETIMPOBAHMS IPOIECCa HEYCTOMUMBOIO BLITECHEHMS HepTH HA pacueTHol ceTke pasmepa 1003
sigeek. B mporrecce MccnmemoBaHUS IS KKIOr0 W3 65 IMIAaroB MOJCTHPOBAHUS BEITIONHSIIACH
MOCTPOCHHE W BU3yalIM3aldsi TPEXMEPHOW TIOJMTOHAIBHOW MOJETH  H30MOBEPXHOCTH.
HccnenoBanne BKIIOYAIo B ce0si TMHAMUYECKOE W3MEHEHHME OPUEHTAlMH W Maciraba MOJemH
M30MOBEPXHOCTH, a TaKKe €€ TMEePeCTPOCHHE [UIA PA3JIMYHBIX IIOCTOSHHBIX —3HAYCHUM
HACBIIEHHOCTH. Bu3yanu3aiiis MoIesTu H30II0BEPXHOCTH IPOBOIUIIACk npH pasperirernu Ultra HD
4K (3840x2160) Ha nepcoHanbHOM KoMIbioTepe ¢ mporieccopom Intel Core i7 950 3.06 I'Ti, RAM
1216, Buneokaproit NVIDIA GeForce GTX 1080 Ti (VRAM 1116, 3584 siep). Cpennsist yactoTa
BH3yanu3anuu cocraBuiia okono 100 kagpoB B cekyHy.

Bbu1 BEIOpaH yuacToK HCCIeIOBaHHS [UTMTENEHOCTBIO OKOJIO 2-X MUHYT, JUIS KOTOPOT'o OBLI 3aricaH
ClIEHapHH BU3yaIN3alMy C MHTEPBAJIOM omnpoca paBHbM 10 Mc. BpemeHHbIe 3aTpaThl Ha 3axBaT
JMHAMHYECKUX MapaMeTpOB BHU3yalIM3allK COCTABWIIM KpaiiHe Maible 3HaueHus (MeHee 1 Mc Ha
KaJlp) U HE OKa3aJy 3aMETHOTO BJIMSHHS Ha YacTOTy BH3yasu3aluu. Pa3mep moimydeHHOro SCr-
¢aiina cueHapus cocraBui okono 370 K6. Ha ocHoBe coznanHoro (haiina crieHapust ObUT BHITIOTHEH
cunte3  4K-crepeoponuka,  JEMOHCTPHUPYIOIErO  HM3MEHEHHE  (OpMBI  HM30MOBEPXHOCTH
BBITECHSFOILEH kuaKkocTH. Ha puc. 5 u3o0paxen nporecc cunresa 4K-crepeoponuka B cucreme
Bu3yanu3aimu. Ha puc. 6 un300pakeHO NpOUrpbIBaHME TNONY4eHHOro B pesynbrare 4K-
crepeopoinuka B Stereoscopic Player B pexume aHarmupuIeckoro Crepeo.

~

I ] FOORUNY yrogy POOROHAR Seioos St

Puc. 5. Cunmes 4K-cmepeoponuxa 6 cucmeme suzyarusayuu
Fig. 5. Synthesis of 4K-stereoclip in a visualization system

b D oM az

Puc. 6. Ipoucpvisanue cunmesupogannozo 4K-cmepeoponuxa 6 Stereoscopic Player
Fig. 6. Playing of synthesized 4K-stereoclip in Stereoscopic Player
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4. 3aknro4yeHue

B crathe paccMOTpeHa 3a/1a4a 3aIiCH CTEPEOBU3yAIU3aIHH CIIOKHOM THHAMUYECKOH BUPTYaIbHOM
cuensl B 4K-crepeoposuk. Vcmonb3oBaHME BHEIIHUX MPOrpaMM  BHE03aXBaTa  SIBISIETCS
Mpo0JIeMaTUYHBIM, T.K. IPU BU3yaIU3alMy KAX/0r0 Kapa 3aMeTHasi 4aCTh BPEMEHU TPATHTCS Ha
CYMTHIBAHUE U KOJUPOBAHKE CTEPEOIAPHI, YTO MPUBOIMT K MOSBIICHHIO PHIBKOB B cTepeopoiiuke. B
9TOH CBSA3M IIENIeCOOOpPa3HO BBIMONHATH CHHTE3 CTEPEOPOIUKOB HEMOCPEICTBEHHO B CHCTEME
Busyanu3aiuu (in SitU) Ha OCHOBE 3axXBaTa 3HAYCHUI AUHAMUYECKHX [TApAMETPOB BU3yaIN3aIHH.
B nanHO#H paboTe mpemToKeHa TEXHOIOTUS OTJIOKEHHOTO CHHTE3a CTEPEOPONHKOB, KOTOpast
mo3BoJisieT  3amuchiBaTh 4K-cTepeoponuku, He Hapymias MacmrTad peasbHOr0  BPEMEHH
BU3yanu3aiu. TEeXHOMOrHs BKJIIOYAaET B ceOs 3Tam 3axBaTa BCEX HEMOBTOPSIOIIMXCS MOPST
Ha0OpPOB TMHAMUYECKUX MapaMeTPOB MpoIecca BU3yaTu3anuy (CIIeHapHs) 1 3Tall Mpeodpa3oBaHus
CIIEHApHs B CTEPEOPOIIUK, KOTOPBIA MOYKET BBIMOJIHATECS YKe B O(JIaiiH peskuMe.

B craTbe mpeaioxKeHbl METOIBI PEATU3alMy STHX ATAINIOB HA IPUMEPE 3a/1a41 CTEPEOBU3YaTH3aIIUH
M30MTOBEPXHOCTH HACHINICHHOCTH BBITECHAIOIIEH KUAKOCTH. Peanusanus BKIIOYaeT B CeOs
pa3paboTaHHbI OPUTMHANBHBIN (opMar «scr» Qaiia CleHapHs, OCHOBAHHBIA Ha «YaHKOBBIX)
CTPYKTYpax JaHHBIX, KOTOPHIE AT BO3MOXHOCTh dP()EKTUBHO PACIIUPATD U U3MEHATH (hOpMar,
coXpaHsisi 00paTHYI0 COBMECTHMOCTb.

B pabore omucanbl co3iaHHble 3((EeKTHBHBIE aJTOPUTMBI TOCTPOCHHS W BOCIPOHM3BEICHUS
CLICHApHUEB B CHCTEMC BU3YyalM3alliH, B KOTOPBIX IOBTOPAIOHIMECS MOAPSAA IAaKEThI 3HAYCHHUH
HapaMeTPOB BU3YaIHU3alMH [IPOCTO MOACUYUTHIBAIOTCS, a HE 3aMMCBHIBAIOTCA. DTall IpeoOpa3oBaHuUs
¢aiina cuenapus B 4K-cTepeoponuk peanusyercs ¢ IOMOIIBIO TEXHOJIOIMH BHEIKPAHHOTO
peHIEpUHTa BUPTYaIIbHOM ClieHbl 1 Habopa OTKphIThIX Oubnuorek FFmpeg o6paborku 1udpoBbIx
Buzeo3amnuceil. B paGore mnpuBeneHo cpaBHEHHE pPACHPOCTPAHEHHBIX MEIMAKOHTEHHEPOB, B
pe3yapTaTe KOTOPOro Mo psAAy HpeuMyInecTB BbiOMpaercsi kKoHTeriHep MP4 u crammapr H.264
CKaTus BUIEO, a TAKKE OMUCAH aJITrOPUTM IpeoOpa3oBaHUs CLEHApHI B CTEPEOPOIIHK, B KOTOPOM
pean30BaH BU3YallbHbIH KOHTPOIIb ITPOLIECCAa CUHTE3a CTEPEOpOIIHKa.

[pemnoxxeHHOE B CTaThe pelIeHHE OBLIO PeajM30BaHO B CHUCTEME BU3YalIM3allMd pPe3yIbTaToB
MOZEIUPOBaHUS HEYCTOHYHMBOIO BHITECHEHUS HE(hTH M3 TOPUCTHIX cpel. beun cunresuposan 4K-
CTEPEOpOJIMK, JEMOHCTPUPYIOUIMH H3MeHeHHe (OpPMBI  H30IMOBEPXHOCTH  HACBHILIEHHOCTH
BBITECHSIOIIEH KHUAKOCTH Ha CTaJdM Pa3BUTHS Ipolecca HEYCTOWYHMBOTO BBITECHEHUS HE(TH.
IlonyueHHsle pe3ynbTaThl MOATBEPIMIN aJEKBATHOCTh IMPEJIOKEHHOTO PELICHUS] OCTABICHHON
3aJaue U ero MpUMEHUMOCTb TSl BUPTYalbHbIX Ja00paTOpPUH, CHCTEM BUPTYAJILHOI'O OKPYKEHHUS U
Hay4HOM BU3YyaJU3aluy, U JIp.
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AuHoTauus. Pacrymas MomyJispHOCTE cMapT(OHOB NpHUBENA K TOSIBICHHIO OOJBIIOrO KOJHYECTBA
MOOHMIBHEBIX TIPUIIOKEHNH. MOOMIILHBIE IPHIOKEHHS TUHAMUYHEI TI0 CBOEH MIPUPOJIE, TOITOMY KIACCHUECKHE
MOAXOABl K pa3paboTKe JUId HUX HE MOAXOAT. MHIMBHIyaIbHBIE IMOTPEOHOCTH IOJIb30BATENEH, HOBBIE
TEXHOJIOTMH, HEOOXOIAMMOCTh CHIYKATh JHEPronoTpebiieHHe W MHOrME Jpyrue (hakropbl MOOYKIAroT
pa3paboTYUKOB IOCTABJIATh HAa PBIHOK BCE HOBBIE M HOBbI€ TNpwioxkeHHs. OIHAKO H3-32 OTCYTCTBHS
(GOpMaNBHEIX M CHENHMAIM3MPOBAHHBIX IS JaHHOM 00JacTH NpakTHK pPa3paboTKH ¢ MOOHILHBIMH
MIPUJIOKEHUSIMH  CBSI3aHO MHO)KECTBO DasjIMUHbIX mpobiiem. Hainune Takux mpoGiieM OTPHULATEIHEHO
CKa3bIBACTCS HA KAUCCTBE NMPWJIOKEHHWI M HA MX BOCHPHUATHH KOHCYHBIMHU TOJNB30BAaTEIIMHU. B 9TOl craTthe
paccMaTpUBAIOTCSA TMATHAAIATH PA3IUYHBIX TPOOJEM, CBS3aHHBIX C MOOWJIBHBIMH TMPHIOKCHUSIMH. MBI
npumennad meros fuzzy-DEMATEL muist aHanu3a TakuX KPUTHYECKH Ba)KHBIX (DAKTOPOB U BBIAEIHIN CPEIH
3TUX (haKTOPOB I'PYIIBEI B COOTBETCTBHU C MMPUIMHHO-CIICACTBEHHBIME CBsA3IMHU. CHavaia Tpyrmna SKCIepToB
OIICHMBACT HEMOCPEICTBCHHBIC CBSI3HM MEKAY CYNICCTBCHHBIMH MPOOJIEMaMH MOOHIBHBIX TPHIOKCHHUH.
Pe3ynbraThl OLIEHOK NPEACTABIISIOTCSA B BUJE TPEYTOIbHBIX HEUETKUX uncel (triangular fuzzy numbers, TFN).
Ha Bropom mare B TFN npeo6pa3yroTcst TMHIBUCTHYCCKHE TePMHHBL. Ha TpeTheM Imare mpu moMoIy METOI0B
DEMATEL BbInonHseTcs: IpHYHHHO-CIIEACTBEHHAs Kiaccu(uKarys npooiieM. [IpobieMbl U3 IpyIIbl IPHYHH
HICHTU(DUIMPYIOTCS KaK KPUTHYECKU BaXKHBIE B 00J1aCTH pa3paObOTKH MOOMJIBHBIX IPUIIOKEHUH. Pe3ynpraThl
HCCICIOBaHUs CpaBHHMBaKOTCA ¢ Apyrumu Bapuantamu DEMATEL, takumu kak G-DEMATEL u E-
DEMATEL. Pe3ynbratel cpaBHeHHs mokasbiBaeT, uyTo fuzzy-DEMATEL sBnsiercs HanOoee Mmoaxoasium
METOJIOM aHaJKM3a B3aMMOCBS3CH MEXKIY Pa3IMYHBIMU MPOOIEeMaMH MOOMJIBHBIX MPUIOKCHUH. BBIBOIBI,
coJiepIKaIIMecs: B 3TOM paboTe, MOryT CocOOCTBOBATh S(PPEKTUBHON HACHTH(DHUKALIMNA 3HAYUMBIX IPOOIIEM,
Ha KOTOPBIX JOJDKHBI ObITh CHOKYCHPOBAHBI YCHIIHS CIICIMATUCTOB U MEHEIKEPOB MPOSKTOB B MHIYCTPUH
MOOWIIBHBIX TPHIOKECHHA.

KiroueBble ci10Ba: MOOWIbHBIE IPUIOKEHHUS; MHOTOKPHUTEPHAIBHOE MIPUHATHE PELICHUI; HEUeTKUI OaX0
DEMATEL

Jas uutuposBanus: [lanau M., Jlutopus P., [Tanau I1. [Ipumenenue noaxona Fuzzy-DEMATEL npu ananusze
mpobiem MmobwibHbIX mpwiokenuii. Tpyner UCIT PAH, tom 31, Bem. 4, 2019 r., crp. 73-96. DOL:
10.15514/ISPRAS-2019-31(4)-5
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Abstract. In the current scenario, the popularity of smartphones has led to the emergence of an ample collection
of mobile applications (apps). Mobile apps are dynamic in nature; therefore, classical software development
approaches are not suitable. Individual needs of the customer, new technology, battery consumption, and many
more issues force app developers regularly introduce new apps to the market. But due to the unavailability of
any formal and customized practices of app development, various issues occur in mobile apps. These issues
may adversely affect the application and user acceptance of the end product. In this paper, fifteen issues in
mobile apps have been identified. Then we applied Fuzzy-DEMATEL (Decision Making Trial and Evaluation
Laboratory) method to analyze the critical mobile issues (CMIs) and divide these issues into cause and effect
groups. Firstly, multiple experts evaluate the direct relations of influential issues in mobile apps. The evaluation
results are presented in triangular fuzzy numbers (TFN). Secondly, convert the linguistic terms into TFN.
Thirdly, based on DEMATEL, the cause-effect classifications of issues are obtained. Finally, the issues in the
cause category are identified as CMIs in mobile apps. The outcome of the research is compared with the other
variants of DEMATEL like G-DEMATEL and E-DEMATEL and the comparative results suggest that fuzzy-
DEMATEL is the most fitting method to analyze the interrelationship of different issues in mobile apps
development. The outcome of this work definitely assists the mobile apps development industry to successful
identification of the serious issues where professionals and project managers could really focus on.
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1. BeedeHue

Iox «npunoxenuem» OyneM naniee MOHHUMATh MPHKIAaHOE MporpaMmHoe obecredenue (I10),
MpeIHa3HAYCHHOE I BBITOJHEHHS Ha IMOPTATHBHBIX YCTPOMCTBAax, TaKUX KakK CMapT(OHEI,
maHmeTs! ¥ T.00. [ 1]. CymecTByroT pa3nuuHblie OecIuiaTHbIE U ITaTHEIE KaHams! (Google Play Store,
iTunes, Blackberry u ngp.) mis ckauuBaHMs MPWIOKEHHH. M3HaganpHO 007aCTH MPHUMEHEHHS
MOOMIBHBIX MIPUIOKEHNH OBIIM OrpaHUYEHBI TAKUMU c(hepaMu, Kak MpeaocTaBlieHne HHpopMarym
M TIOBBIIICHHE IPOIYKTHBHOCTH, HAIPUMEP, KajbKYyJIATOp, KaJCHAAPh, OJJICKTPOHHAs I10YTa,
KOHTaKTbl. Pa3BHTHE TEXHOJOIMH M PACTYIIHME 3alpPOChI MOJIh30BATENICH MPHUBEIH K IOSBICHHIO
HOBBIX KaTeropuil MPHUIOKEHHH, BKIIOYAs TaKWe KATErOPHH KakK OOpa3oBaHHE, DPa3BICUCHMS,
MOOWIIBHBIE WTPHI U Jp.; B HACTOSIIEE BpPEeMs HACUHUTHIBaeTCs Oomee 33 KaTeropmii MOOIBHBIX
TIpUIOKeHuH [2].

[Ipy HaJIMYHK TOAKIIOYCHUS K HHTEPHETY IPUIOKEHUS IPEIOCTABISIOT HH(DOPMAIMIO M KOHTCHT
mo00HO BeO-caliTaM, OMHAKO HEKOTOPHIE MPHIOKEHHS [IPEIOCTABIISIIOT CEPBUCHI U B OTCYTCTBHE
MMOAK/IIOUYEHUSI B MHTEPHETY, YTO SIBJSIETCS OJHHM M3 BaKHEHIINX HPEUMYIIECTB MOOHMIBHBIX
npwiokennid [3]. OskmmaeTcs, 49TO, JOXOA PBIHKA MOOMIIBHBIX TPHJIOKEHHWH, Omaromaps HX
pacrymieit momynspHoctH, K 2020 1. gocturaer $188.2 mummnapaos momiapos [4]. KonmuectBo
IOJI630BATENEH MPUIOKEHNI 1 YMCII0 CKAYMBAHMI TAK)KE YBEIUUMIOCH 3a ITOCIIEAHNE TOBI, HO ITPH
STOM HEJOCTATOYHOE BHUMAHHE VAEISIETCS KOJIMYECTBY YAAIIEMBIX K HEKaYeCTBECHHBIX
mpunokennit [1]. Haubonee dactas mpuumHa yoaJeHUS TPWIOKEHUH — HEYIOBICTBOPECHHOCTH
monp3oBareneid. Cpemu MPOYMX NPUYMH MOXKHO BBIICTHTH ACUIMT CBOOOJHOTO MecTa Ha
YCTPOHCTBE U MMM30ANICCKAN XapaKTep MOTPEOHOCTEH B HEKOTOPBIX TPUITOKCHISAX.
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MoOupHbIE TPWIOKEHHS TIPEICTABISIOT BHOBH 3apOKIAloIieecs HAIMpaBlICHHE B O0JIACTH
paspabotku [10; omHako, ecimu st kiraccudeckoro [1O cymecTBYIOT pa3BUTHIC TEXHOJIOTHH, TO
00J1acTh MOOWIIBHBIX MPIIOKCHUH SBISCTCS OTHOCHUTEIHLHO HOBOH. [lo 3TOM MpHYMHE MTOIXOJEI,
IpUMEHsIeMEIe B cdepe pa3paboTku kiraccrmdeckoro 10, MOTyT 0ka3aThCs HETTOIXOMSIIIMHE IS
co3aHusi MOOWIIBHBIX TpHiIoxkeHud. OTCyTCTBHE (HOPMAM30BAHHBIX TOIXOAOB K pa3paboTKe
YCYT'YONISIOT CHTYallMIO M MOPOXKIAET psa MpoljaeM. DTH MpoOIeMbl OTPaKEHBI B COOOIIEHUAX
MOJIh30BaTENIE  COOTBETCTBYIOINMX IUIAaThopM. B  psme HemaBHHUX pabOT HEKOTOPHIMH
HCCIICIOBATEIIAMH PACCMOTPEHBI TIPOOJIEMBI, OTMCUCHHBIC B OT3BIBaX IOJB30BATEICH, KOTOPBIC
collepaT IICHHYI0 WH(OpMAII0, HAIpUMEp, XKajloObl, CBA3aHHBIC C (QYHKIMOHAIHHOCTHIO,
BOMPOCHI  3alTUTHI IEPCOHANBHBIX JAHHBIX, 3alpOChl Ha JO0ABJICHUC JOMOJTHUTEIBHBIX
BO3MOXHOCTEH.

Ho mHOrMe u3 3THX padoT, MOCBAIICHHBIX aHATIN3Y NPUIOKEHHH, HE OPHEHTHPOBAHBI HAa BOPOCHI
paspabotku I1O [5-7]. C apyro# CTOpOHBI, BBISIBIEHHE MPHUUHHO-CIEACTBEHHBIX CBI3EH MEXKIY
(hakTOpaMH, BIUSIOIIUMH Ha PEHTHUHT MPHIOKECHHH, MOXKET JaTh HEIUIOX 0€ MPEICTABIICHHE 00 3TOM
po0JIeMe MeHeKepaM MPOSKTOB U IIOMOYb UM B MIPUHATHUA 00OCHOBAHHBIX PEIICHHUN B YCIOBHUSIX
HEOIPECNICHHOCTH. B JaHHOW cTaThe JUIS BBISABICHHUS TPUYMHHO-CICACTBEHHBIX CBSI3CH
ucnone3yetcs Heuetkuit meron DEMATEL (fuzzy-DEMATEL). 3tor moaxoj OCHOBaH Ha
OKCIICPTHBIX 3aKJTHOYCHUAX.

N3-3a orpaHWYeHHBIX BO3MOYKHOCTEH OHKCIEPTOB BbIpaXaThb CBOM CYXIEHUS WIM PEIICHUS
KOJIMYECTBECHHBIM 06pa30M 6])])'[ IMPUMCHCH JIMHTBUCTHYECKHUI aHaJIn3 OKCIICPTHBIX OIICHOK. C
EJTBIO TIPEOI0ICHUS HEOMHO3HAYHOCTH, CBOMCTBEHHOM JTHHTBUCTUYCCKOMY aHAIN3y, ObLT BEIOpaH
meroj fuzzy-DEMATEL st rpynmoBoro npuHsaTHs pernenuit. OH M03BOJISIET KIACCH(DUIUPOBATH
(hakTOpbI, BIUAIONIME HA KAYECTBO IPWIOKEHHH, B MPUYMHHO-CICACTBEHHBIC TPYIIIbI, YTOOBI
MOMOYh MEHE/DKEpaM TPOEKTOB YAYUYIIUTh KauyeCTBO NPHUHMMAEMbIX pemeHui. Ilogxompl,
ocuoBannele Ha fuzzy-DEMATEL, ycremno npvMeHsUIMCh IS pELIEHHs CIOXKHBIX NpoOjeM
TPYIIIOBOTO MPHUHATHS DEIICHUH, BKIIOYas CTPaTErMYecKoe IUIaHUPOBAHKE, HBOJIOIMIO PHIHKA
AJIEKTPOHHOr0 00yYEHUs, UCCIICA0BaHUs U pa3paboTku [8].

CoracHo JUTEPATYPHBIM HCTOYHHKAM, KJIFOUCBOH MPOOJIEMON SBJSIETCS TO, YTO CBSA3H MEXKIY
pa3auuHBIMU  (aKTOpaMH B O0JACTH pa3pabOTKH MOOMJIBHBIX MPUIOKCHHH HEIOCTATOYHO
n3ydensl. B mannoit padore metoq DEMATEL u HEKOTOpBIE €ro BapHaHThI, TaKUE KaK HEYETKHUI
(fuzzy-DEMATEL), «cepriit» (G-DEMATEL) 1 ocHoBanHbIM Ha cBuaeTenbctBax (E-DEMATEL),
HCTONB3YIOTCA JUIS OILEHOK B3aMMOCBS3CH MEKIY PAa3IHYHBIMH MpoOIeMaMid MOOHIIBHBIX
npuiokeHui. JlaHHoe rccieqoBanne OyaeT MOIE3HO PA3IHYHBIM OPTaHU3aAIHsIM, 3aHUMAFOIIUMCS
pa3paboTKOM MOOMILHBIX NPUIOKEHHH. Pe3ynpTarhl, MNONy4eHHble npu noMomu fuzzy-
DEMATEL, npeBocxonmsT pe3ynbTaThl, MOJYYCHHBIC IPU IIOMOIIU AIbTCPHATHBHBIX METOJIOB.
Meron fuzzy-DEMATEL Bkimrouaer BoceMp maros. CHauyajga IIPOMCXOAMT COOp JAaHHBIX B
JIUHTBUCTUYECKOW (opMe, MOCIe Yero BBIUUCISIETCS MATpPHUIA HEMOCPEJCTBEHHBIX —CBSI3EH.
Pesynprarsl Berancnsiores B popme TEN (Triangular Fuzzy Number), u 3aTeM HeyeTKre 3HaYEHUS
KOHBEPTUPYIOTCS B TOUYHBIE TpH IHoMoIy Aedas3udukanun. 3ateM npu nomomwi DEMATEL
IIPOM3BOIUTCS KITaCCH(PHMKAIMS IIPUUINHHO-CICACTBEHHBIX IpobiieM. B maHHOH cTaThe MpoOIIeMBl,
OTHOCSIIIIHECS K KATETOPUH MPUYHH, HACHTHOHIUPYIOTCSA Kak KpUTHYecKH Baxkubie (critical mobile
issues, CMI).

JanbHeiimee comep)kaHHEe CTaThbH OPTaHHU30BAHO CIEIYIOMUM oOpa3oM. B pasn. 2 mpuBoamtcs
0030p NHUTEPATyphl MO MOOUIIBHBIM MPUIOKEHUSIM U CBA3aHHBIM C HHUMHU BompocaMm. B pasa. 3
ONMCBHIBACTCS ~TNPUMEHseMas  METOHONOrMs. MeTon  TpOBEACHUS  AKCIEPUMEHTAIBHOTO
WCCIIEIOBAHMS ONMUChIBaeTCs B pa3n. 4. B pasm. 5 mpencraBmeH mporecc HMCCIEIOBaHUM.
PesynmeTataM u crienCTBUSIM TIOCBSAIMICH pa3f. 6. B pa3n. 7 o0CcykmaroTcs GpakTopbl, BIUSIONINE HA
JIOCTOBEPHOCTh PE3YyNBTATOB HCCIenoBaHusA. Paszmen 8 comepKUT 3aKiMOYeHHEe W 00CYXKICHHE
HallpaBJeHU! JabHEHIINX UCCIEA0BaHUM.
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2. 0630p nyb6nukayuti

DTOT pasfen, IMOCBSIIEHHBIA 0030py JIMTEpaTyphbl, pasielieH Ha JBa Iofpas3ziena. B mepBom
rozipasyienie 00CYXKIAI0TCs CIEHapuH pa3pabO0TKH MOOWIBHBIX NpWiIokeHni B mHAycTpuu [10,
TIO3BOJISIIOIIME TIONYYUTh oOlIee IpeacTaBleHne o0 3Toil obmact. Bo BTropoMm mompassmene
paccMOTpeHsI paboTHhI, TTOCBSIIIEHHBIE PA3INYHBIM aACIIEKTaM CO31aHHs MOOWIBHBIX NPHIOKEHNH.
Ha ocHoBe 0030pa nmTeparypbl, a Takke OOCYXKIEHHH C SKCIEpTaMU BBISBICHBI IATHAIATh
po0JIeM, CBSI3aHHBIX C MOOMIIBHBIMU TPHIIOKEHUSIMHU.

2.1 MporpaMmMHas UHXeHepusi U NPOGIeMbl MOBUNBbHLIX MPUIOXEHUN

[pouecc pa3paboTkd MOOWMIIBHBIX NPWJIOKEHWH BO MHOTMX OTHOIIEHHSX MOAOOEH Ipoleccy

pa3pabotku kiaccudeckoro [10, BecbMa M3OMIPEHHOMY M BKIIOYAIOLIEMY Pa3JIMuHbIE Makpo- U

MuKpouTepauuu. Tak wim uHaue, 310 nporecc pazpadorku I10, 1 OCHOBHBIE ATANBI TE JKE CaMble —

(opMynupoBKa TpeOOBaHUIA, TPOEKTUPOBAHKE, POrpaMMHPOBaHKE, TECTHPOBaHKE. TeM He MeHee,

KJlaccuyeckne MeToauku co3manusi [10 He Moryr ObITh TiepeHeceHbl B cepy MOOMIBHBIX

MIPUIIOXKEHUI 0e3 cymiecTBeHHBIX m3MeHeHui [9]. Mexny knmaccuueckum [10 u MOOWIBHBIMH

MIPUIIOKEHUSIMA UMEETCSl MHOXECTBO paziuyuid. Hekoropbele M3 Hambonee BaKHBIX pa3lIUuui

paccmotpensl B [10]:

a. MOOWIbHBIC PUIOKEHHUS CYIIECTBEHHO KOMIIaKTHee kiaccudeckoro I10;

b. MO6I/IJ'II)HI)IC TIIPUITIOKEHUSA MOT'YT 6I)ITI) 3HAYUTCIIBHO CJIO0XKHEC, B OCHOBHOM, H3-3a TOI'0, UYTO B
HHUX aKTHBHO MCIOJIB3YIOTCS OMOIMOTEKH CTOPOHHUX ITPOU3BOAUTENEH;

C. B MOOWJIBHBIX IPUJIOKEHHSX MMPAKTUUECKH HE UCIIONIb3yEeTCsl HACIIEI0BaHHUE;

d. pa3pabOTYMKK YacCTO HE TMOMIEPKUBAIOT CBsI3b Mexny ¢aitiiom manupecra Android u
HCXOJHBIM KOJIOM;

€. PYKOBOICTBa IO pa3paboTKe IMPHUIOKEHUH 3a4acTyi0 HTHOPHPYIOTCSL.

BaxxHble n3MEHEHUs, IPOU3OIICALINE 3a MOCIEIHEE IECITUIIETHE, IPUBEIH K MOSBICHUIO HOBBIX

po0JieM, CBSI3aHHBIX C PA3HOPOIHOCTHIO YCTPOMCTB, pacTylieil kBanupukalyei moip3o0Barteneil, a

TaKKe C TaKMMH OOIIMMH BOIPOCAMH, KaK 0€30MacHOCTb, MPOU3BOAUTENHHOCTh, HAASKHOCTh U

OrpaHMYEHUs M0 MaMATH. TeM He MeHee, MOXHO BHAETb, YTO K MOOMIBHBIM HPHIIOKECHHIM

NPEeIbsBISAETCS PR crienuduuecKux TpeOOBaHUM, He XapaKTepHbIX U1 Kiaccudeckoro 10, Takux

KaKk BO3MOXKHOCTh B3aMMOJCHCTBUS C JAPYTUMH IPHIOKCHUSIMH, CEHCOPHOE YIPAaBIICHUE,

pazHooOpa3ue  NpWIOKEHWH,  pasnuuus  1miatdopM,  OE30MacHOCTh,  crerupUuvecKue

TIOJIB30BATENILCKHE HHTEP(EHCHI, CIOKHOCTh TECTUPOBAHNUS, OrPAHUYEHHS 110 SHEPTOMOTPEOIICHUIO

[11].

B »stoM pasmene oOcyKOaroTcs HCCIENOBATENbCKHE pa0OTHI, IOCBSIIEHHBIE MpobiaeMaM

MOOWJIBHBIX ITPUIIOKEHUH.

2.2 NpobnemMbl MOOGUINBbHbLIX NPUITOXEHUN

Pa3paboTka MOOHMIBHBIX MPHUIOKEHHUH IO CYIIECTBY SIBISICTCS YACThIO AWMCIMIUIMHBI pa3paboTKH
IO B menom. B koHTekcTe cO3MaHMSI MOOMIBHBIX TPHIOKEHHH Ha CTaJUU TPOSKTUPOBAHUS
TpeOoBaHUi 0c000e 3HAUCHHUE MPUIACTCS POSICHEHHIO (GOpMYIUpoBKe TpeboBaruii [12]. dpyrue
(a3pl MpOoeKTHPOBaHUS TPEOOBAHMI TPAKTHUECKH OCTAIOTCA 0€3 M3MEHEHHH IS MOOWIBHBIX
npunokennit. O6 3TOM MOXHO CyIWTh, Hampumep, 1o pabore KprokoBa m Jlemnuena [13], B
KOTOpO# MpECTaBIeH CPABHUTENBHBIN 0030p Pa3IMYHBIX THIIOB JEIEHTPATN30BAaHHBIX XPAaHHIIHII
JIAHHBIX.

Bornpimast gacte mpoOiieM, BO3HUKAIOIINX V TTOTh30BaTeNeH, CBs3aHa ¢ MHTepPEeHCOoM MPHITOKEHITH.
[TosToMy OHMM W3 BayKHEHIIMX BOIPOCOB IIpU co3iaHnu MoowmibpHOro I10 sBisercs pa3paboTka
nonb3oBarensckoro uHTepdeiica. C pazpaboTkoil mHTepdeiica cBA3aH LENBIH psi MpodIsieM,
0OYCIIOBJICHHBIX TAKHMH OCOOCHHOCTSIMH MOOWJIBHBIX TPHWIOKCHHH, KaK CIIOXHOCTH BBOJA
JIAHHBIX, MAJIBIA pa3Mep 3KpaHa M ero HU3Koe paspemnieHue [14].
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B cymectByromieii turepatype u3 oonmactu pazpadorku [10 He yhensercs J0cTaTOYHOTO BHUMAaHHUS
BOMpOCaM KadecTBa MOOMITEHBIX TPUITOKEHINA, METOMKAM B OCOOCHHOCTSIM pa3pabOTKH, a TaKxKe
cnerupuaeckuM (HopMaNBHEIM TIOAXO0aaM. Hampumep, TecTHpoBaHHE MOOMIBHBIX MPIITOKCHHNA
OTJIIMYaeTCs OT TecTUpoBaHus 00sraHOTrO [10.

OmHako pa3pabOTYMKK MPUMEHSIOT OOIIME METOIBI TECTHPOBAHUSI, HE BCErlla MPUEMIIEMBIC IS
MOOWJIBHBIX NPUIIOXKEHUH. B acTHOCTH, 00 3TOM CBUIETENBCTBYIOT Clieytonye paboTel. ApMeHa-
Kano u np. [15] oOpamarorcs K 3HEPro3aBHCUMOMY OHJIAHH-TUIAHUPOBAHHUIO PabOYMX MECT C
KOH(QIUKTOM pecypcoB. llpemioxkeHa W TpeACTaBleHa ONTHMHU3AIMOHHAs MOJENb  JUIs
pacripesienieHusi PecypcoB ¢ KOHIEHTpanue paboTel. UepHBIX U Jip. MPEICTaBHIN UCCIEI0BaHNE
[16], mocBseHHOE pPOMM HEOMPEACICHHOCTH B pecypcax OOJa4YHBIX BBIYUCICHHH W
MIPEIOCTABIICHUH YCIIYT. B HEM TakKe TOBOPUTCS O CHI)KCHUHU PUCKOB MTOTEPU MH(POPMAIIUH, OTKa3a
B JIOCTYIIC, IPEPHIBAHMIA B COCTMHCHUIX M YTCUKH HH(OPMAIIHH.

B naHHOH craThe mpejAcTaBlieHa CTPYKTYPUPOBAaHHAs METOMOJOTHS aHajk3a, OCHOBAaHHAs Ha
IpYNIIOBOM paboTe W KOJUIEKTHBHOM IPUHSTHH PELICHUH. DTa METOAONIOrHs 00ECIIeYnBaeT HOBOE
MTOHUMAaHKE MPOOJIEMBI 3a CUET BBIBJICHUS CBA3CH MEXKTY pa3IHYHBIMU (DAKTOPAMH, YTO ITO3BOJISCT
JIy4Ille TIOHATh MPHUYUHHO-CICICTBCHHBIC OTHOIICHUS MEXAYy 3TUMH (akTopamu. B kadecTBe
TeXHONOrui anamu3a mMbl ipumensieM fuzzy-DEMATEL, a taxxke apyrue Bapuantst DEMATEL,
takue kak G-DEMATEL u E-DEMATEL.

DEMATEL sBnsercs HCHBITAHHON METOAONOTHEH BBIBIECHHUS CBS3€H MEXIY pa3InYHbIMU
npobieMaMu WK (paKTopamH B ONPENEICHHOM KOHTEKCTE. DTOT METO MPUMEHSIICS B Pa3IMUHbIX
OTpaciisiX SKOHOMHKH, TaKUX KakK yIpaBlieHHE, NMPOCKTUPOBAHUE B O0JACTH MEXaHHWKU, XUMUH,
pa3pabotka mporpamMmHoro obecredeHuss [17]. JIo HAcTOSAIIEr0 BpPEMEHH MPOBOIUIOCH
HEZI0CTATOYHOE YKCIIO HCccenoBanuii mo npuMenennio fuzzy-DEMATEL B obnactu pa3paGoTku
MOOHJIbHBIX TPWJIOKEHUH U CBA3aHHBIX C 3TUM MpoOsem. [Ipumepbl NMPUMEHEHUS METOJIOB
DEMATEL B obxactu pazpaborku [10 npencrasiens B Tad. 1.

Tabn. 1. lpumenenue fuzzy-DEMATEL u DEMATEL 6 obracmu npocpammnozo obecneuenus
Table 1. Application of Fuzzy DEMATEL and DEMATEL in the software field

No. ABTOpBI dakropn1/061acTh I'on
1. Goel S., Nagpal R., IMapameTpbl ynoOcTBa UCIIONB30BAHUS MOOMIBHBIX 2017
Mehrotra D. [18] MpUIOKeHHH. Barisin u3HyTpu
2. Han W.M., Hsu UcnonszoBanne DEMATEL 151 aHanm3a KaueCTBEHHBIX 2015
C.H., Yeh C.Y. [19] XapaKTEPUCTHK MOOHIIbHBIX MPUIOKESHHH
3. Sugiyanto S., Wurerpauus DEMATEL u ANP metozst aist 2013
Rochimah S. [20] BBIYHCIICHHUS BECA XapaKTEPUCTHKU 2012
Roy Bijoyeta, Misra MPOrpaMMHOT0 00ECIIeUCH s Ka4eCTBa HA OCHOBE MOJICIIH
S.K.etal. [21] ISO 9126. Kommekcubiii moaxon DEMATEL u AHP s
OLICHKH TIEPCOHAIA
4, Wu W.W,, Lan U3ydenne pemaronmx Gakropos, BIUSIIOMINX HaA 2011
L.W., Lee Y.T. [22] MPUHATHE OpPraHU3alMK SaaS: COLMOIOTHYECKOe
HCCIICIOBAHHE

Toiten, Harman u Mexpotpa [18] npumermmn meton DEMATEL s uiccrienoBaHus mapaMeTpoB
y1oOCTBa HCIONb30BaHHS MOOMIBHBIX MPUIOKEHHH ¥ BBISBWIA B3aUMOCBS3H MEXKIY ITUMH
napameTpamH.

Xan u npyrue B [19] npoBenn uccnenopanne npumeHnMoctd merogqa DEMATEL nns amanmsa
XapaKTEPUCTUK Ka4eCTBa MOOMJIBHBIX MPHIOKeHHYH OCHOBBIBASICh HA U3YUEHUH JIUTEPATYPHI, OHU
BBIJICITHIIN BOCEMb TaKUX XapakTepucTuk. OHM NPUMEHHIIN BEKTOPA 3HAYUMOCTH U OTHOCHUTEIIbHBIC
BEKTOPHI ISl pa30HCHUS XapaKTePUCTHK Ka4eCTBa Ha JBE TPYIIIHI, aHAJOTMIHBIC TPYIIIAM PUIHH
U cuenctBuii. Pe3ympraTel pa0OTHI TMONE3HBI IS BBIABICHUS XapaKTCPHCTHK KauyecTBa,
OKa3bIBAIOIINX HAMOOJIbIIIEe BIUSHUE W HanOOJIee 3aBUCHMBIX.

77



Pandey M., Litoriya R., Pandey P. Application of Fuzzy DEMATEL approach in analyzing Mobile application issues. Trudy ISP RAN/Proc.
ISP RAS, vol. 31, issue 4, 2019, pp. 73-96

Cymxusaro u Pommmax [20] unterpupoBanu meronsl DEMATEL u ANP (Analytic Network
Processes) st BbIUHCIEHHsI BECOB XapaKTEPUCTUK KauecTBAa Ha ocHoBe Momenu [SO-9126.
Pe3ynpraThl OKa3anuch MOJE3HBIMU JUIsl YTOUYHEHHsI BECOB TeX mHoxxapakrepuctuk mo 1SO-9126,
KOTOpBIE ITPEICTABIISIOT YPOBHHU 3HAYMMOCTH XapaKTEPHCTHK U TOIXapaKTEPUCTHK.

Poii bumxkaitera, Mucpa C.K. u ap. [21] paccMoTpenu pas3in4Hble KPUTEPUH, TaKHE KaK OIBIT,
TEXHUYECKHE HABBIKH U T.II., KOTOPBIE MOT'YT ITOTPEOOBATHCS B Pa3IMUHBIX TPOEKTaX IO pa3paboTke
[1O, a 3areM ISl OLEHKH MPUYNHHO-CIIEACTBEHHBIX CBSI3€H MEXKAY KPUTEPUSAMH U BBIOOPOM
Haunyuiero kpurepus npumenmnu Merogonoruu DEMATEL u AHP.

By B.B., Jlan JI.B. u Jlu 1.T. [22] ucnons3osanu DEMATEL j1s1 ananusa pasaHuHbIX IpoGieM B
SAAS (Software As A Service). Pe3ynbraThl X UCCICIOBAHUN MOTYT CTAaTh IUIS TIOCTABIIHKOB
takoro IO xmoyom k pazpaborke Oosnee 3(PPEKTUBHBIX MAPKETHHIOBBIX CTPATETHH C IEIbI0
NpoJBIDKeHNs OM3Heca SaasS.

Ham ananmu3 mokasbiBaer, 4To pa3paboTka MOOHMJIBHBIX IPUIIOKEHUH SBISETCS OTHOCHTENHHO
HOBOW 00J1aCTBIO TI0 CpaBHEHHIO ¢ Apyrumu popmamu 110, Takumu kak kinaccuueckoe [10 wmn Be6-
npuitoxkeHus. KauecTBo NpMIOXKEeHHs ONpeAensieTcs KOIMIECTBOM UMEIOLIUXCSl B HEM JIe()EKTOB.
Uem MeHbIIe Je(heKTOB, TEM BBIIIE KAUYECTBO MPUIIOKEHHUS. BhIlie MbI pacCMOTpeny NpUMEHEHHE
merononoruu fuzzy-DEMATEL B pa3nudHbIX 00JaCTAX M TOKa3ald, YTO 3TOT METOM XOPOIIO
NOAXOAUT JUISl BBUIIBICHUS B3aMMOCBS3€H MEXYy pa3iMuHbIMU MPOOJIEMaMH, CBSI3aHHBIMH C
MOOMJIBHBIMY TTPUIIOXKEHUSMH.

3. Memodonozus

AHanu3 1e)eKTOB MOOMIBHBIX MPHIOKEHHN SBISETCS CIIOKHOM MPoOiIeMol, TTOCKOIBKY MEXIy
9TUMH JAe(PEeKTaMU CYIIECTBYeT MHOXKECTBO B3amMmocBazed. [lostomy mmsa aHamm3a nedexroB
MOOWIIBHBIX HPHJIOKEHUH HeoOXoIrMa H3OIIpEeHHass MHOTOKPUTEpHUANIbHAS METOAUKA IPHHATH
penrennit (multi-criteria decision-making, MCDM), mo3BoJIstOmas YIUTHIBATh KOHMIUKTYIOIIHAE
uenu u komnpomucchl. Cpemu paznuunbix meroauk MCDM s mpoBeneHust HCCleIOBaHUMA
HanboJjIee MHUPOKO PUMEHSIOTCS HHTEPIIPETALMOHHOE CTPYKTYPHOE MoenupoBanue (interpretive
structural modeling, ISM) u MeTon aHanu3a uepapxuii (analytical hierarchy process, AHP).
Meroguka DEMATEL npeBocxoauT Apyrue MHOTOKPUTEPHAIbHBIE METOAUKH TPUHATHS
pemenuii, Takue kak ISM u AHP, nmockonbKy oHa MO3BOJISIET OLEHUTH OOIIYIO CTEIEeHb BIMSHUS
pa3IU4HBIX (HaKTOPOB WM IPOOJIEM, BBIACIUTH IPHIUHHO-CICICTBEHHbBIE TPYIIIBI U YCTAHOBUTH
MIPUYHHHO-CIIeACTBeHHBIe cBsi3u [23, 24]. Ilpumenenue Hewetkocthu B DEMATEL mno3Bonser
UCIIONB30BaTh HETOYHYI0 HH(MOpMalnuio, KOTOpas THIHMYHA JUIS YEJIOBEYECKHX CY)KICHHH.
Heuerkuit meron DEMATEL wucnonps3oBaicss B pa3IUYHBIX 00JaCTAX, TAKUX KaK YIpaBIIEHHUE,
HH(OPMAIMOHHBIE TEXHOIIOTHH, TPOU3BOACTBO [25-27]. B oaroit cratee fuzzy-DEMATEL
MpUMEHSETCS K aHalIM3y mpoOiieM pa3pabOTKH MOOWIBHBIX TPHIOKEHUH. MBI TpeACcTaBUM
METOIOJIOTHIO OLIEHKH (PAaKTOPOB, ONPEACNAIONINX YCIIEX MM HEYCIIeX B pa3paboTKe MOOHIBHOTO
TIPWIOXKEeHUS. MEeTO0IOT sl BKITIOYAET CIIEAYIOIINE YEThIPE II1ara.

o Coop mammbix (Acquisition, A). Jlns BbIsIBIEHHS 00J7acTeif, B KOTOPHIX BO3MOXHO
COBEpIIICHCTBOBAHME, HEOOX OJIMMO COOPATH JaHHbIE, KAaCAIOIIHECS MMOTB30BATEILCKOTO OITBITA,
9TO0BI MOYKHO OBIIIO IPUMEHUTD Pa3INYHbIC KOJTHIECCTBEHHBIE U KAUeCTBEHHBIE OTIEPAITHY JITs
YTOYHEHHUS IETATIEH.

o MHpentuduxaunus (Identification, ID). Mudopmamms, coOpanHas Ha mare A, BakHa IS
BBISIBJICHUSI ITOTCHITUATIBHBIX MPOOIIEM, MPEMSITCTBYIOIINX CO3aHUIO0 YCIEITHOTO MOOHIBHOTO
npwioxkenus.  Vcxoms W3 XapakTtepa  MOMYy4eHHOHM — MH(OpMAamue,  MPOBOINUTCS
KOJIMYECTBEHHBI W KAa4YeCTBCHHBIM aHANW3 JaHHBIX. BO3MOXHO Tarke mpeoOpazoBaHHE
Ka4eCTBEHHBIX JAHHBIX B KOJMYECTBEHHBIE H OOPATHO.

e  Amnamnm3 B3aumocssseii (Relationship Analysis, RA). Hucino mpo6iem, BbIIEICHHBIX Ha [Iare
ID, Mo’xeT BappHpOBATHCS B IMANA30HE OT HECKONBKUX €IMHUI] 0 OYCHB OONBIINX 3HAUYCHUI.
M5! monaraeM, 4TO HM OIHA U3 MPOOJIEM HE CYIIECTBYET cama 1o cede, BHE CBSI3H C IPYTUMH.
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Hnaue TOBOPs, KaXKas np06neMa MOKCT BJIMATH Ha JPYTUC UJIN 3aBUCETDb OT APYTIUX HpO6J’I€M.
Taxum 06pa30M, Ba)XXHO IMMPOAHAJIM3HUPOBATH B3aUMOCBA3HU MCKIAY HpO6J’I€MaMI/I.

o  Unrepnperanus (Interpretation, 1). Ha »ToM 1mare BBINOMHACTCS WHTEpPIPETALMS
pe3yabTaTOB aHANIM3a, IPOBEJEHHOrO Ha mmare RA.

4. dkcnepumeHmsbl

JInst mpoBeNeHusT SKCIEPUMEHTOB, OMUCHIBAEMBIX B 3TOM pa3fene, MPUMEHSIACh METOIONOTHS,
orMcaHHas B pasz. 3.

4.1 Co60p AaHHbIX U 06paboTka TeKCTOBOM MH(popMaLmumn

MBbI coOpaiy OT3BIBBI 0 MOOMIIBHBIX MPUIIOKEHHSIX OT PAa3JIMYHBIX MOJIB30BATENLCKUX COOOIIECTB,
COOTBETCTBYIOIIMX PAa3JIMYHBIM MNPWIOKEHUAIM. Bcero Oputo cobpano okomo 115000
TIOJTBb30BATEIBCKUX OT3BIBOB 1O 31-if KaTeropuu MOOHMJIBHBIX MPWIIOKEHHH, BKIIOYas Takue, Kak
CollMaNIbHBIE CeTH, (oTtorpadus, nepconanmmzarms. [locme cragum otbopa mpumepHo 40% ot
00I1ero Yucia OT3bIBOB OBUIO MPU3HAHO WH(POPMATHBHBIMH. TakuMm 0Opa3om, IS TalibHEHIIero
aHanmu3a ObuUTO JocTymHO TpuMepHo 45000 0030poB. 3aTeM MBI MPOBEIH 00PA0OTKY TEKCTa IO
HEKOTOPbIM OTO6paHHbIM KIIOYEBBIM  CJIOBaM, MCIIONIB3ysd HHCTPYMEHT IIPOCIYHIMBAaHUA
conmanbhbix cereit (social media listening tool) Radian 6, 4TOOBI BBISBHTH pa3lHYHBIC THUTIBI
TI0JIb30BATENLCKHUX MPETEH3UH [UIsl pa3HBIX KaTeropuii MOOMIIBHBIX TpHiIokeHHd. [Tocie aToro Mbl
KJIaCTECpU30BaIN 6HI/I3KI/Ie 10 CMBICTY TNPETECH3UH, ‘{TO6I:-I BBIACIINTL CYIICCTBEHHBIC l'[pO6J'leMbI
(medexTh1). Humke mpuBencHBI AeTanu3aliis MPUMEHEHHOIO IMOXO7a, a TaK)Ke HCIOJIh30BAHHBIC
UCTOYHUKU MH(POPMAIMU 1 HHCTPYMEHTBI 00pabOTKH TEKCTA.

. COop OT3BIBOB: OT3BIBBI ObLIM COOPAHBI U3 PA3INYHBIX Mara3uHoB npuiokenuit (Google Play
Store, BlackBerry App Store u T.11.).

ii. dunbTpanys He aHIIMIACKUX CIIOB U CIIEHTa: ObLIM yAajeHsl Takue cioBa kak “Kool”, “nhi” u
T.IL

iii. OO6paboTka TEKCTOB: yIsi 00PabOTKH TEKCTOB 0030pOB ObLIHM TPUMEHEHBI mpuitoxeHus POS
tagger, word2vec. Hanpumep, nocne ¢unbtpammm u oOpaOOTKM OBUTH BBISIBICHBI 4acTO
BCTpeuaronuecs ciosa battery, slow, login, heat u .1,

4.2 UpeHTncpukaumsa npodnem

INocne xmactepu3alii MBI 3aMETHIIH, YTO KKIOE TAaKOE CIOBO MOXKHO OTHECTH K OZHOMY U3 15
TUIIOB Mpo0JieM, NepeurcieHHbIXx B Tadn. 2. Hampumep, cioBo request (3ampoc) mpeamnonaraer
OTCYTCTBHE HEKOTOPOH BO3MOXXHOCTH (3aIpoc JONONHHUTENBHOW BO3MOXKHOCTH); aHAJIOIHYHO,
cmoBo drain (paspsimka) OTHOCHTCS K TIpoOieMe SHepromorpeOieHus. DTH THIBI TPOOIeM
COTJIACYIOTCSL C CYIIECTBYIOIIMMHU FHCCICAOBAaHMSAMH B 001acTH pa3pabOTKH MOOHMIBHBIX
npuioxkenuit [28, 29].

4.3 AHanus cBA3en Mmexay npobnemamu

[Ipobnembl OOBIYHO HE BO3HUKAIOT M3OIUPOBAHHO APYT OT Ipyra; HAIWYHE OTHOH IPOOIEMBI
OKa3bIBaeT BIMSHME Ha Apyrue. IIpakTHyecKkrn HEBO3ZMOXKHO CO3aTh MPHIOKEHHE, HE MMEIOIIee
ommbok i AedekroB. UToOB co31aTh yCHEeIHOE MPWIOKEHNE, HEOOXOIUM HEKH KOMITPOMICC,
OIIpEIEISIEMBIN B 3aBICUMOCTH OT THITA MPHIIOKEHUS U KenaeMbIxX 1eneil. I[losTomy HeoOxoammo
MTOHMUMATh B3aNMOCBSI3H MEKIY PA3TUIHBIMH THIIAMH IIPOOIIEM.

Merox fuzzy-DEMATEL npeacrapisier cob60ii OCHOBAHHBIN Ha SKCIIEPTHBIX 3aKIIOUCHHAX MOIXOJ1
K BBUIBJICHUIO TPOOJEM M ApYrux (hakTopoB, BIMSIONINX Ha KadecTBO cucteM [8]. [l aHammsa
B3aMMHBIX BIMSIHUM PA3INYHBIX (JAaKTOPOB MBI MPUMEHsIeM BOCBMHUATAIHBIN nogxox DEMATEL.
Campblii TepBbIi [I1ar, pacCMOTPEHHBIH paHee B moapaszene 4.2, mpeaHazHaueH Uil HACHTU(PHUKAIH

HpO6J'IGM; OJTHAKO BBISABJICHHBIC HAMHA HpO6J’ICMBI, KaK OKa3aJI0Cb, COOTBETCTBYIOT TEM, KOTOPBIC YIKE
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ObUTH BBISBJIICHBI paHee B Pa3JIMUHBIX HCCIIENOBAHHUAX W IPEACTAaBICHBI B Tabi. 2 BMECTE CO
CCBIJIKAMH Ha COOTBETCTBYOLIHE UCTOYHUKH. Mbl npumenmwn meton fuzzy-DEMATEL k ananu3y
mpo0JieM, CBS3aHHBIX C MOOWIBHBIMH TPHIOKEHHSMH, W CPaBHWIM pE3YIbTaT C JPYTUMH
Bapuantamu — G-DEMATEL u E-DEMATEL. Fuzzy-DEMATEL, G-DEMATEL, u E-DEMATEL
omucanbl B moapasnenax 4.4, 4.5 m 4.6 coorBerctBenHo. Ilpumenenue fuzzy-DEMATEL
BBISBJICHHBIM IpO0JIeMaM MPOAEMOHCTPUPOBAHO B Tozpasene 5.1.

Taon. 2 Ilepeuenv npobrem MOOUTbHBIX NPULONCEHULE
Table 2. List of mobile app issues

IIpoGiema Onucanue Ccbuika

JononHuTe/IbHbIE pacxoasbl Ilonp3oBaTenn *amyroTcss Ha CKPBITBIC PacXO/bl, [30]

(12) TpeOyeMble Ul TOMyJeHHs] JOCTyIa KO BCEM
(YHKIMSM TPHIIOKEHHUSI

DyHknMoOHANBHAA Ka100a (1) Bo3HuKHOBEHHE HEOKUIAHHOTO [TOBEJCHUS UIIH [31]
cO0sI TPHITOKEHUSI

7Kanoos1 Ha conep:kanue (I3) KoHkpeTHbIII  KOHTEHT  HENpUITIICH WX [32]
OTCYTCTBYET

Coomn (14) ITpnitoxxeHne 4acTo aBapuifHO 3aBepuIaeTCs [33-34]

3anpoc Ha ynaneHue GyHKUUH OmHa WIM HECKOJIbKO KOHKPETHBIX (YHKIHUHA [28]

(15) pa3pyIIaroT MPUIIOKCHUE

3anpoc Ha nobaBieHue B npunoxxeHnH HEOOXOUMO 100aBUTH (PYHKIMN [35]

dynxumn (16)

IIpo6aema cobmectumoctu (17) Y  npuiokeHHS HMEIOTCS HpoOJeMbl  Ha [36]
KOHKPETHOM ycTpoiicTe min Bepcun OC

IIpoGsembl npu yctaHoBke (I8) C00ii IPOHCXOMT B NPOLIECCE YCTAHOBKH [28]

[pobieMbl MoOAKJIIOYEHHST K N NPUIOKEHUS UMeEIoTCS npoOIeMBI [37-38]

cetu (19) NOAKIIOYEHUS. K CETH, HalpuMep, BO3HHUKAET
orcrasanue cetu (network lag)

Boabmioii  pacxox pecypcoB IIpunoxenue norpeodnser CITHIIIKOM [39-42]

(110) UIEKTPONHUTAHHS WIH MAMSTH

Bpems orkimmka (I111) IIpunoxeHne MeIeHHO pearupyeT Ha BBOJA MM [43-45]
OTCTAET B LIEJIOM

Tpaduk (I112) Ipunoxenue mnorTpedaser OONbIIE CETEBOro [46]
tpaduka, 4eM 0XKHJIAET NOJIb30BATENb

Ipo6aema ooHoBaeHuit (113) INonmb3oBaTenM  CUUTAIOT, YTO  OOHOBJICHUS [47-48]
IIPUBOJIAT K NOSIBJICHUIO HOBBIX IIPOOJIEM

oab3oBaTenbekuii nHTEpdeiic Ilonp3oBaTenu >xamyeTcss Ha AW3aiiH, IEMEHTHI [49-50]

(114) yIpaBJICHHs WX BU3YAIH3ALHIO

7Kanobda na 6ezonacHocts (I15) IIpunoxenue yrpoxaer 6e30macHOCTH [51]
COOCTBEHHOCTH IOJIb30BATEIISI

4.4 Fuzzy-DEMATEL

UYenoBedeckne CyXICHUS OOBIYHO TPEAB3ATHI W HETOYHBI W3-32 HEMOTHOTHI HMH(OPMAIUH.
Hewerkas teopust (fuzzy theory) momoraer paspemaTh 3aTpymaHEHHS, CBA3aHHBIE C
HEONpEIeNICHHOCThI0, TAKWE KaK HEMOJNHOTAa HH(pOpMAalMK W WCIONb30BAaHME YEIOBEYECKUX
cyxnenuit [52-53]. HeueTkas Teopwsi MO3BOISET MONYYaTh 3HAYMMBIC PE3yAbTaThl HA OCHOBE
HEOOJIPIIMX O0BEMOB JaHHBIX. [Ipomecc NPUHATHS PpEMICHHH MOXET KOMOMHHPOBATHCS C
MIPUMEHEHNEM HEYETKOW TEOpPHH, W 3TOT IOAXOJ HCIIONB3YETCsl B psiie 00JIaCTeH, TaKmX Kak
yIpaBieHHe, BBIOOP MPON3BOJACTBEHHO-COBITOBOM mienu [54], WHIyCTpHs HH(POPMAIMOHHBIX
texHonorui [55]. IlpuMeHeHne HEYETKOW JIOTMKM Ui OOpaOOTKH 3KCIEPTHBIX CYXKJICHHH II0
KpaifHell Mepe YaCTHIHO pelaeT nIpodsieMy HEeOlpeIeIeHHOCTH.
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B peasbHOM KHM3HM SKCHEPTHI YaCTO CTPOST CBOM 3aKJIFOUCHUS, ONHMpPasich Ha UMEIOIIMICS Y HUX
OIBIT ¥ CYIIECTBYIONIYIO TPAKTUKY. OKCIEPTHBIE OIEHKH OOBIYHO (DOPMYITHPYIOTCS C
WCTIONB30BaHUEM JIMHTBUCTHYCCKH HEOMHO3HAYHOW TepMuHONoruu [56]. Xopommid crmocoo
COBMECTUTH Da3JIMYHbIC B3MJISAABI, NPENIOJIOKEHUS, MOTHUBBI M HAEH pPa3JIMUHBIX HKCIIEPTOB
3aKJII0YaeTcsl B TOM, YTOOBI peoOpa3oBaTh 3TH OLEHKH W3 JIMHIBHCTHYECKOW (GopMbl B Gopmy
HEYeTKUX 4Yucel. Takum o0pa3om, sl UCCIIETOBAHUS CIOXHBIX JIMJIEMM IPUHSITHS PElICHUN B
peaJbHOM MUPE B YCIIOBHUSIX HEONPEIENEHHOI'0 OKPYKEHHUSI MOXKET 0Ka3aThCs TOJIE3HBIM COUETaHHe
HeueTkod noruku M Meroga DEMATEL. DToT moaxon NMpUMEHSNICA K PEIICHUIO pa3iINYHBIX
npo0JieM ncciIeqoBaHui 1 pa3paboTOK Ha 06aze TPYIIOBOro NPUHATHS PelIeHuH [8].

Kak ymoMmuHanoch Bblmie, B 00JIACTH CO3AaHHS MOOWMJIBHBIX NPHJIOKEHHH OBUIO BBISABICHO
MSTHAAUATH Tpo6aeM. YToOBl BBISIBUTH CPeqy 3TUX MPOOJIeM TPYIIbI NPUYUH U CIEACTBHH, OBbLT
npumenen Merox fuzzy-DEMATEL, sienstrotuiics paciupenuem oobraroro merona DEMATEL.

4.5 Grey DEMATEL (G-DEMATEL)

Grey DEMATEL npencraBisier co00# KOMOHHAIIHIO TEOPUH cephbIx crcTeM (grey system theory) u
DEMATEL. JleHr npeiioxuil MaTeMaTHIEeCKyI0 TEOPHIO CEPhIX CUCTEM, OCHOBAaHHYIO HAa MOHATHU
cepbix uncen [57]. YenoBeueckuM CYKJI€HUSM CBOWCTBEHHA HEOJIHO3HAYHOCTh, U CEPhIE€ CUCTEMBI
NO3BOJSIFOT ~ paboTarh €  3TUMHM  HEOAHO3HAYHOCTSIMH.  [IpoOnembl,  cBs3aHHBIE C
HEOIPEeICHHOCTBI0, HETOUHOCTBIO M HEOTHO3HAYHOCTHIO, MOT'YT PEIaThCs MPU MOMOIIH CEPhIX
CHCTEM, B OCOOECHHOCTH B CUTYal[UsIX MHOIOKPUTEpHaJIbHOrO NpuHATHs peuienui [58]. Cepble
YHciIa MOTYT OBITh TPaHC(OPMHUPOBAHBI B TOYHBIE MPH MOMOLIM MOAWGHUIIMPOBAHHOIO METO/a
npeobpaszosanus HeueTkux naHHsix CFCS (Converting Fuzzy data into Crisp Scores).

Cepoe uncno obo3zHagaercst kak ®X. Ecin X — Bepxuas rpanuia ceporo uncia ®X, a X — ero
HIDKHSS TPaHULA, TO

®X = [X, X]. (1)
IIycts ®Xi’j~ — 3TO cepoe 3HAUEHHE OLIEHKH JKCIepTa k, KOTOpBI omnpezenseT BiusHue (akropa i

Ha Qaxrop j. Ilycts X n X[ — Hinkiee 1 BepxHee 3HAUCHHs CepOro uncia ®X/ COOTBETCTBEHHO.
Jlnst momydeHust 0OBIYHOTO KOJMMYecTBeHHOro 3HaueHwust (Crisp value) tpeGyrorcs cremyromme
JNEUCTBUS!

1) HOpManM3amust

— Xk —min Xk
Xk — J ] (2)
ij max ’
min
K _ omin. Yk
Xi; —min X
Xk == —
ij = max 4
I min
2) BBIYUCJICHUE COBOKYITHOT'O HOPMAJIM30BaAHHOT'O OOBIYHOI'0 3HAYEHUS

x_5(1—x_5)+x5xx;;

vk = — (4)
H K K
1—XE+xE
3) BBIYKCIIEHHE OKOHYATEIHLHOIO OOBIYHOIO 3HAYEHHS
K — i vk k
Zj5 = mingXjj + Yj; ymax (5)

4.6 Evidental DEMATEL (E-DEMATEL)

E-DEMATEL 510 xombunanus teopun D-umicen m DEMATEL. Teopust D-umcen sBusercs
obobmieHnem Teopuu cBumerenbctB  (evidence theory), wim Teopum [emmcrepa-Iadepa
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(Dempster—Shafer theory, DST), u 53TOT MOAXOX IIUPOKO TPHUMEHAETCS IS  OLEHKH
JIUHTBUCTUICCKUX JTaHHBIX [59].
Ora Teopus cHocoOcTByeT 00pabOoTKe HETOYHOW | HEJOCTOBEpHOM HH(opMamuu myTeMm
MIPUCBAaVNBaHMs BEPOSITHOCTH HE OTIEIBHBIM O0OBEKTaM, a TOJMHOXKECTBaM M3 OoJjiee YeM OIHOTO
9JIEMEHTA C MOCIIENYIOUINM NPUMEHEHHEM METO/IOB TeOpHH BeposTHocTeid. Haunbonee crnoxHbIM
nioHsitueM teopun DST siBistroTCst MpaBuiia KOMOMHUPOBAHUS, ITPU TIOMOIIH KOTOPBIX MOXET OBITh
o0beanHeHa WH(poOpManus M3 HECKOJNBKUX HCTOYHHMKOB. DTOT METOJ IIMPOKO NPHMEHSETCS BO
MHOTHUX 00J1aCTsIX, TAKMX Kak 00benunerne uapopmarmu (information fusion) [60], ananu3 puckos
[61], BbIOOp moOcTaBmMKOB [62], MHOrOKpHTEpHAJIbHOE TPHHSATHE pelieHuid [63], 3amaua
knaccupukayu [64], Mepbl HeonpeaeaIeHHOCTH [65] 1 yrpaBieHue KoHpIMKTaMu [66].
Hmxe mpuBeneHo KpaTkoe ONMMcaHue ATOH TEOPHH.
ITycTh {2 — HEMyCcTOE KOHEYHOE MHOMKECTBO 31eMenToB {01,02,03 ... On}. Tlycts 22 — MHOXkeCTBO
BCEX MOJAMHOMXECTB {2:

22 ={0,{01},{062},..{0n},{01,02},..{01,62,...,6n},..,02 }.
IMonHoe W MyCcTOE MHOXKECTBO 0003HAauYeHbI 37ech uepe3 2 u @ coorBercTBeHHOo. B DST
UCIIONB3YETCS TIOHATHE npucsausanus 6azosvix seposmuocmeti (basic probability assignment,
BPA) — orobpaxenne m: 22 — [0, 1], yIOBIETBOPSIOIIEE CIIEAYFOIMM YCIOBUSM:

> mw=1, ©
Ac

m(@) = 0. 7
Venosuem QokansHocTd dementa A sisiercss m(A) > 0, u HaGop Bcex (POKAIBHBIX JIEMEHTOB
Ha3bIBaeTCs jokaszatenbHoi Gasoit (Body Of Evidence, BOF). Korma mocTymHO HECKONBKO

HezaBucuMblx BOE, juist monydeHus: 00bEIMHEHHOTO J0Ka3aTeNbCTBA HCIONB3YETCS MPABUIIO

KoMOuHUpoBanus Jlemncrepa:

m(A) = YBccaBnc=aM (B)m, (C)’ (8)
1-K

rne K = YprcegMi(B)Mm,(C) — mepa xouduukra. Ecmm K < 1, To mpaBmio KoMOMHAIUMM

3HAYMMO, HHAYE OHO OECCMBICIIEHHO.

5. Mpouecc uccnedoeaHul

OOmmii Xxon Hamed pabOTHl pa3feneH Ha BOCEMb LIAroB, KOTOpBIE IMOKa3aHbl Ha pHC. 1 H
MOSICHSIFOTCS aJiee.

HopramgmeyiiTe HemeTEVIO MpALYIO
MATPHITY OTITOMICIHA S8 KAMIOTo

L

Puc. 1. I[Ipeonazaemas cxema nauieeo HayuHo2o Uccie008aHus
Fig. 1. Proposed framework of our research study
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(=) T

{ i i z

Puc 2. Tpeyeonvroe neuemkoe uucio z
Fig. 2. A triangular fuzzy number Z

Tabn. 3. [Ipeocmasnenue TUH2BUCMUYECKO20 MEPMUHA U TUHSBUCTNUYECKUX 3HAYEHUL
Table 3. Representation of linguistic term and linguistic values

JIMHrBUCTHYECKHE JIMHrBUCTHYECKHE
TCPMHUHDbI SHAYCHUSA
Very High ifluence (VH), (0.75,1,1)
High ifluence (H) (0.5,0.75,1)
Low ifluence (L) (0.25,0.5,0.75)
Very Low ifluence (VL) (0, 0.25, 0.5)
No ifluence (No) (0,0, 0.25)
L=z
1 MNo WL L H SHL
(o} 0.25 0.5 0.75 1 -

Puc. 3. Hpedcmaeﬂenue mpey20/lbHblX He4emKux ducei O/ IUHSBUCTIUYCCKUX nepemeHHblx
Fig. 3. Representation of triangular fuzzy numbers in for linguistic variables

lar 1: ®opMupoBaHue rpynnbl KOMIETEHTHBIX JIUI, TPUHUMAIOIINX PEIICHUsI, KOTOPHIE UMEIOT
OTIBIT pelIeHus Po0IeM MOOMIBHBIX MIPHIIOKCHUH.
I'pymma cocrout m3 10 3KcmepToB, BKIIOYAMONINX KOHCYJIBTaHTA B IPOEKTE IO pPa3pabOTKe
MIPOrPaMMHOIO OOECIICUeHHs, MEHEIDKEpa IIPOEKTa, CTapIlero pa3padoTdWka IPOrpaMMHOTO
obecmieueHns u 1.71. Bee nMeroT TexHudeckoe oOpa3oBaHue M OONBINON OIBIT. B HacTosmee Bpems
BCE OKCHEepTHl paboTaloT HaJ MPOEKTaMHU IO pa3paboTKe MOOWIBHBIX NpHIOXKeHWU. [pymme
9KCIIEPTOB IIPEAOCTABIAETCS CIHCOK BOMPOCOB, OTBETHI HA KOTOPHIC HCIOJIB3YIOTCS B JaHHOM
HCCIIEIOBAaHNH.
HTar 2: [TocTpoeHune KpUTEPHEB OIEHKA U pa3paboTKa HEUETKON JTMHTBICTHYECKON IITKAIIEI.
Ha sToM sTame MblI ompeznenseM pa3iuyHble KPUTEPHH M CTEHEHHW OTHOCHUTEIBHON 3HAYMMOCTH
KaXI0H TpoOJIeMBl, a TaKkXkKe IPEACTaBIsseM WX B JIMHIBHCTHYECKHX KIaCCH()MKAIMOHHBIX
tepmunax: very high, high, low, very low u no influence. OtBerst sKcriepToB, peoOpa3oBaHHbIE B
HEYeTKHe YHCIa C UCHOJIb30BAaHNEM Pa3MBITOH IIKaJIb, IPeCTaBIeHs! B Ta0u. 3. Mcmonp3oBanmch
TpEyroJbHble HEYETKHWE YHCIa, TPEYroibHOE HEYETKOE YHCIO0 Z ONpeieNnseTcs CIETyIOmNuM
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obopazom: Z = (I,m,u), rme [, muu nedctBuTenpHble umcia W | <m < u. OyHKIWHA
MIPUHAJIEKHOCTH [z ONIpeseisieTCs TakK:

( x—1
| _lanleSm

e =| Wx

onpuym<x<u

kO BO BCeX OCTAJIbHBIX Cy4aax
I'panueckoe npescrapieHre TPEYTroIbHOIO HEUETKOr0 YKcia IPUBEICHO Ha puc. 2. OnpeneneHue
JIMHTBUCTUYECKUX TEPMHHOB W JIMHTBUCTHUECKMX 3HadeHWH JnaHo B Tabm. 3. Cssi3w,
TIpe/ICTaBJIeHHBIE B (hOPME TPEYTOJIBHBIX HEUETKHUX YHCEJ], [T0Ka3aHbl Ha puc. 3.
Mlar 3: CocraBiieHne CyXJI€HHH KCIEPTOB, MPUHUMAIOIINX PEILICHUS.
Mepa cBsi3U MEXIy pa3iMYHBIMU TpOOJIEeMaMH CPaBHHMBAIACh B TEPMHHAX JIMHTBUCTHYECKHX
3nayeHuid. CHOpMUPYEM HEUETKHE MATPULILL Zy, Z3, Z3, -, Zp. | PEYTOJILHBIE HEYETKHE YUCIIA ObLIH
CreHEepHPOBaHbI B COOTBETCTBHH C CY)KJCHUSIMH SKCIIEPTOB, Y4aCTBOBABILIHX B PUHATHH PELICHHUMH.
HauanpHyro npssimyto Matpuity OyzeM Ha3blBaTh HEYETKOW MaTpHIIEi zx.

") ")
l[ 0 Ziy e Zln]|
) (k
~ lZz1 0 Zgn)l
zk =] [
lZ,Sl) 0]
rnek = 1,2,3,...,p; zl(]k) = (ll.(]}'{),mi(]}.{),ui(]}-{)

be3 orpanuuenus oOIIHOCTH Zl(lk) (i= 1,2..n) Oynmer paccMaTpuBaThCs KaK TPEYrOJIbHOE
Heuerkoe yuciio Z = (0,0, 0), korna 310 HEOOX OIUMO.
Ilar 4. Ananu3 HOpMaJN30BaHHON HEYETKON MATPHILIBI MPSIMBIX CBSI3EH.
IIycts
n
r* = maxl, Zu{‘] : (10)
j=1

Jnst mpeoOpa3oBaHMs IIKAIbl KPUTEPHEB B INKAMy COMOCTABHMBIX 3HAYEHHWH HCIOIb30BAHO
JIMHeHHoe MpeoOpa3oBaHKe, U HOPMaIM30BaHHAs HEUETKask MATPHIIA PSIMBIX CBA3EH, IMOTy4eHHAs
U3 SKCIIEPTHBIX OLIEHOK, MPEICTABIIAETCS CIEIYIOIIM 00pa3oM:

() () 10
[xn X12 e Xn ]I
I PO ) £ |
2 a3t 22 | (11)
| e I
) (k) (k)J
[xnl xnz nn
rmek = 1,2,3.. p;
") k) (k) (k)
W _ 4y IL my- Uy (12)
Yy Tk TN\ Gk T Tk )

[Momo6HO TOMYy, Kak 3TO MPUHATO B 00br9HOM MeTone DEMATEL, MBI cunTaeM, 94TO EMEETCs 110
KpaliHeil Mepe OJJTHO 3HaUY€HUE [ TaKoe, YTO Z;Lzl u%‘j < Z;‘zl rk.

X obo3Havaer CPCAHIOK0 TOYKY 3pCHUA BCCX JINIL, YHACTBOBABIIUX B MPUHATUN pemeHHﬁZ
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X = (13)
o~ S~ p —~—
[£ A %an |
- | 21 X22 2n|
X=| o | (14)
B R o X‘J
i
rmue Xl] = %xj.

Illar 5: /s BerancIeHus ofliel HeueTKoi MaTpHIbI cBsi3eii T Gblia BBe/IeHa H MPOAHATN3UPOBAHA
cTpykTypHas Mozaenb. M3sectHo, uto lim,,_ X" = 0, rae @ — HyneBas marpuna. Kpome toro,
W3BECTHO, 4TO lim,, (I +X+X2..+ 5(“"’) = X(I — )?)_1. O0a 3T COOTHOLIECHHS J0KAa3aHLI B
[8]. TTocnenHss MaTpuIia U sBISETCS OOIIEH HeYeTKo MaTpuiei cesseii T .
Illar 6: Beruucnsercs obmias mMatpuna cesaseil T. Takke BBIYMCIAIOTCS BEKTOPA 3HAYMMOCTH M
OTHOCHUTENILHOT'O TIOJI0KEHHUSI.
IMar 7: Ha oTroM Iare Bce HEYETKHE YUCIIA MEPEBOIATCS B TOYHbIE 3HaueHus. g 3Toro
ucnons3yercs cneqyronmid Bapuant meroga CFCS. [lycts uMeIoTCs TpeyronbHble HeUeTKUe Ynucia
N, = (L, m,uy); k =1,2,...,n.yers L = min(l,,), R = max(u;,),A= R — L. Torna oGbrdnoe
3Hauenne N, BBIYHCIISETCS MO CIIEAYIOIeH GopMyIie:

Sdef _ (mye = L)(A+ wy — m)* (R = i) + (wye = L)? (A + my, — ;)2

N = X e — T (B + g — moP(R— ) + (e — L) + e — L2 (A + g — )" )

IMar 8: Hakonew, mo pe3yapTaTaM BBIYHCICHHM mIara 7 BBIBOIITCA AMArpaMMBbl MPHYUH U
CIIEJICTBHI.

5.1 MpumeHenne fuzzy-DEMATEL K aHanu3y npobGrnem MOOUMbHbIX
NPUIOXEeHUN

Tenepp NpuUMEHUM IIaru ONMMCAHHOM MPOLELYPhl K aHAIN3y B3aUMOCBSI3eH MEXKAY pa3IUYHBIMU
npo6JieMaMy MOOUITBHBIX TPHI0KEHHUH.

Iar 1: Beibop rpymmsl SKCIEpTOB B 001acTH pa3pabOTKe MOOMIIBHBIX MPWIOKEHUH, BKIIIOYas
pa3pabOTYNKOB, MEHEIKEPOB IIPOEKTOB H T. 1.

lar 2: [TocTpoeHne KpUTEPUEB OLIEHKH U pa3pabOTKa HEYETKOW JIMHTBUCTHYECKOH HIKAIIBI.

Ha sToMm 3Tane pasHas cTeneHp BIMSHUS OJHOTO (hakTopa Ha APYTyro MpoOJIeMy MpeICTaBiIcHa B
dopMe TATH JTMHTBHCTHYECKMX TepMuHOB: Very high, high, low, very low u no influence;
COOTBETCTBYIOIINE TPEYTrOJbHbIC HEUETKHE YKCia MoKa3aHel B Tabn. 3 u Ha puc. 3. OueHka mo
MHEHHIO [IepBOro dKcrepra B (hopMe A3BIKOBBIX TEPMUHOB TI0Ka3aHa B Tabmuie 4.

Tar 3: [Toxy4eHue SKCOEPTHBIX OIEHOK OT WIEHOB TPYIIIIE.

W3mepenne B3auMOCBsI3ell MEXIy pasnuuHbiMu mpobnemamu [;||i = 1,2,...,15, uucno nwi,
yuacTByOUMX B mnpustuu pemenmii — 10. Wrtoro , momydeno 10 HEYETKHX METPHK Z¥ u
COOTBETCTBYIOIMINX MAaTPHIl HEYETKUX TPEYTOIBHBIX YHCEIL.

Tar 4: Ha sTom miare ctpoutcs HOPMAaJIM30BaHHAsA HEYETKAs MaTPHLA NPAMbIX cBsazeil. Kaxnas

HEYECTKasg MaTpula npsaMbIX CBs3CH Xk BBIYUCIIACTCA C UCIOJIB30BAHUEM HEYECTKHUX TPEYTOJIBHBIX

0) ok .
qucel Z,, M3 MaTpHlbl z© Ha ocHoBe coorHoureHuit (10) u (11). Cymmaphas HOpMaIM30BaHHAS

HEeYeTKas MaTPHUIla PSAMBIX CBsI3ei X paccuMThIBaeTCsl HA 0CHOBE cooTHomeHui (12) u (13).
Hlar 5: Beraucnsercs o0mas HeueTKast MaTpuiia cesizeit T
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Il ar 6: Ha >ToM mare BEYMCIIAIOTCA CyMMa CTPOK M CyMMa CTOIOIOB o0mieii MaTpuIs csseii T.
CymMa cTpok 06o3Hauaercs uepes D,, a cymMMa cTo61oB uepes R,. B Ta6u1. 5 oka3aHbl pe3y/bTaThl
msa (D, + R,) u (D, — R,).

ar 7: Teneps, B cooTBeTcTBHU ¢ (opMmynoit (15) BemonHseTcs mponecce nedas33nduxanyu uis
BEKTOPOB 3HAYMMOCTH M OTHOCHTENbHOro mnonoxeHus. IIpeoOpasoBanme npedazzupuxanim
MOKa3aHo B Ta0JI. 6, a CBA3M MEXy Pa3JIMUHBIMK POOIEMaMH ITOKa3aHbl HIKE B BUAE AUArpaMMBbl
Ha puc. 4.

Tabn. 4. [lpamoe snusnue Kaxcool npobiemvl Ha Opyaue nPoodIeMbl: OYeHKA Nepeo2o IKCnepma 6 gpopme
JIUHSBUCTUYECKUX MEPMUHOB

Table 4. Direct influence of each issue on the other issues: The assessment of the first expert opinion by
linguistic term

Mobile 11 12 13 14 15 16 17

app

ISSUes

11 NO NO L NO VH VL L

12 NO NO VL H VL NO VL

13 NO L NO H VL NO VL

14 NO L L NO NO H H

15 VH H L L NO H H

16 VH L H L NO NO H

17 L L NO L L L NO

18 NO L NO VL NO NO NO

19 NO L NO L NO NO L

110 H NO H NO VH L L

111 NO H H VH H H L

112 VL VL NO H H L H

113 NO VL VL NO NO NO L

114 NO NO L NO L NO VL

115 H NO NO NO VL H VL

Mobile Is Iy lo I l12 l13 l1g I1s
app

ISSUes

11 NO NO NO NO NO NO NO NO
12 VH L NO L L NO NO NO
13 VH L NO L L NO NO NO
14 VL NO VL VL L L VL NO
15 NO NO VH L VL VL L L
16 NO NO VH VH L L NO L
17 NO L L L NO VH L L
18 NO H VH NO L H NO NO
19 L NO VH VH VH VH NO NO
110 VL NO NO NO H VH L NO
111 VL VH VH NO VH VH H L
112 L VH VH VH NO NO NO L
113 VL NO VH L NO NO NO NO
114 NO NO H H L NO NO NO
115 NO NO VH VH H NO VH NO
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Ta6n. 5. Cymmapusie snavenus D,

Table 5. The total amounts of D,, R,, prominence and relative vectors

1y BEKMOP 3HAYUMOCMU U 6EKMOP OMHOCUMENbHO20 NOIOHCERUA

Mobile

app
ISsues

D;

i

Prominence Vector
(D, +R,)

Relative Vector
(Dl - Rl)
(positive side)

Relative Vector
_(Dl - R,)
(negative side)

(:527,.764,1.59)

(:839,.462, 421)

(366,1.22,2.011)

(312,.302,1.169)

(:312,.302,1.169)

(287,.456,1.739)

(.301,.6,.935)

(:588,1.056,2.674)

(-.023,.144, 804)

(.023,.144,-.804)

(438,.71,1.274)

(.285,1.07,1.163)

(:723,1.78, 2.473)

(.153,-36,.111)

(-153,.36,-.111)

(:768,1476,.27)

(:423,.305,.743)

(1.191,1.78,.97)

(345,1.171,.516)

(345,1.171,.516)

(:508,.766,.15)

(417,.541,.456)

(:925,1.307,.607)

(:091,.225,-.305)

(-.091,.225, 305)

(:516,.865,2.13)

(.381,.403,.322)

(:897,1.268,2.45)

(.135,.462,1.808)

(.135,.462,1.808)

(.447,.256,.319)

(.418,.265,.322)

(.865,.521,.641)

(:029,.009,.003)

(~029,.009,.003)

(.675,.543,1.25)

(:454,.438,.459)

(1.129,.981,1.709)

(221,.105,.791)

(-221,.105,.791)

(.813,.735,.359)

(1.203,.684,.92)

(2.016,1.419,1.279)

(-39,.051,-.561)

(.39,-.051,.561)

(412,.761,.352)

(.91,.748,1.466)

(1.322,1.509,1.818)

(498,.013,1.114)

(:498,.013,1.114)

(:612,.413,.521)

(268,.435,431)

(.88,.848,.952)

(344,-.022,.09)

(-.344,.022,-.09)

(517,.652,1.29)

(401,.499,.546)

(.918,1.151,1.836)

(.116,.153,.744)

(-116,.153,.744)

(:378,.376,2.58)

(463,1.093,1.44)

(:841,1.46,4.022)

(:085,.726,1.138)

(.085,.726,1.138)

(:329,.673,.557)

(1.087,.827,1.23)

(1.156,1.5,1.787)

(416,1.5,1.787)

(-416,1.5,1.787)

(.218,.564,1.32)

(1.344.2.158,3.52)

(.562,2.722,4.84)

(~126,1.594,2.2)

(.126,1.594,2.2)

Mobile Prominence Vector Relative Vector
app issues (D, + E)def (D, - E)def

I 2.12 -0.5
b} 3.10 2.98
I 2.81 -0.7
L4 1.61 -1.2
Is 1.68 -1.0
Ie 2.81 2.75
I 2.64 -0.97
Is 1.91 -0.68
Io 2.40 2.71
Tio 2.19 2.29
In 1.35 -0.62
Ii2 1.41 -0.5
Iis 2.10 2.2

Lia 2.23 2.6

Iis 1.69 2.19

Tabn. 6. Pesynomam oegpazzughuxayuu 6eKmopos 3HauuMocmu U OMHOCUMELIbHO20 NONOICEHUS
Table 6. The defuzzification of prominence and relative vector
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Tabn. 7(a). Pelimuneu nputduHHO-C1e0CMBEHHBIX NPodIeM
Table 7(a). Rank factors of cause and effect issues

Kareropus IIpoGaema Paur
— —def
(D [ Rl)
IIpuunna |, Bo3HHKHOBEHNE HEOXKHUIAHHOTO TIOBEICHHS WIIN cOOSI 2.98
TPUIIOKEHHS
I¢ B npunoxennn HeoOX0MMMO T00ABUTEH HYHKIIHH 2.75
Iy ¥ npunoskenus umerorcst npobieMel TOAKITIOUEHHUS K CETH, 2.71
HaIpUMep, BO3HUKAET OTCTABAHKUE CETH
114 Tonb3oBaTesnu KanyioTcs Ha U3aiH, SJIEMEHTHI YIIPABICHUS WM 2.6
BU3YaJIM3aLHIO
L1 punoxenue mOTPeGISIET CITUITKOM SJIEKTPOITHTAHUS HITH 2.29
naMATH
I3 Tlonb3oBarenu cUUTAIOT, YTO OGHOBJIEHHS IPUBOMAT K 2.2
TNOSIBJIEHHIO HOBBIX TIPOGIIEM
115 Tlpunoxenne yrpoxkaer 6€30MacHOCTH COOCTBEHHOCTH 2.19
TOJIL30BATENIS
Cnencraue I, Tonb30BaTENH KATYHOTCS Ha CKPBITHIE PACXOIBI, TPEGYEMBIE ISt -0.5
HOJIyYEHHUs IOCTYIA KO BCEM (D)YHKIMSM TIPUIIOKEHHUS
[1> TIpunoxenue norpebiisier 6obIle CeTEeBOro Tpaduka, 4eM -0.5
OKHIAET TI0JIb30BATENb
11 TpusnoxeHne MeIEHHO PEArMPYET Ha BBOJ| MJIM OTCTAET B IIETIOM -0.62
Is C6oit mporcxomuT B mpoLecce YCTaHOBKU -0.68
I3 KOHKpETHBII KOHTEHT HEIIPUIIISICH I OTCYTCTBYET -0.7
17 V npunoskenust IMEIOTCS IIPOBIIEMBI Ha KOHKPETHOM yCTPOMCTBE -0.97
i Bepeuu OC
Is OnHa nam HecKOIBKO KOHKPETHBIX (DYHKIMI pa3pyIuaroT -1.0
NPUIIOKCHHE
14 Tpunokenre yacTo aBapuiiHo 3aBepLIAETCS -1.2

Tabn. 1(b). Hpuuunno-credcmeennas KiaccuQurayus u panxcuposanue npoonem ¢ ucnonvzosanuem fuzzy-
DEMATEL, G-DEMATEL « E-DEMATEL

Table 7(b). Cause-effect classification and ranking of issues using fuzzy-DEMATEL, G-DEMATEL and E-
DEMATEL

Kareropus ITpo6sieMbl ¢ MOOMJIbHBIM NPUJIOKEHUEM M PEHTHHT

Sfuzzy-DEMATEL G-DEMATEL E-DEMATEL

IMpryrHa I I I

Is Is Is

Iy Iy Iy

)i s g

Tio Lo Lo

i3 i3 i3

Iis Lis Lis
Crnencrue Ii I I

12 Iz Is

In In I

Ig Is In

I; I3 I3

I7 I Iz

Is Is Is

14 Is Is
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5.2 OueHka

OueHka pe3ynbTaToOB OblIa BBHINONHEHA HA OCHOBE aOCONOTHOTO CPEJHEro OTKIOHeHWs (mean
absolute error, MAE); 3o o0ecrieunBaeT KOINIECTBEHHYIO OI[EHKY CXOJCTBa BaYKHOCTH IPOOIIEM
Ha OCHOBE BEKTOPOB 3HAYMMOCTH M OTHOCUTENBHOro mnonoxeHus. MAE mo3Bonser y4uTeIBaTh
HEONpeeICHHOCTh U HEYETKOCTh JAHHBIX M BBIYMCIISIETCS CIIEAYIONIMM 00pa3oM:

N
1 o
MAE = NZM -V, (16)
i=1

rzie N — 9KCII0 BIUAIOUIMX IpobieM, V;; 0603Ha4aeT 3HAYEHHE MONIOKUTENLHOM CTOPOHBI POOIEMBI
i, V; — 3HaveHHWe OTPHUIATEIBHOW CTOPOHBI MpoOiaeMbl i. 3HaueHus MAE mis mpobiem,
BBIYHCIICHHOE C MTOJIOKHUTEIBHOM U OTPUIIATEIBHON CTOPOHBI, MPEICTABIICHO B Ta0I. 8.

Tabn. 8. MAE sasicnocmu npobiemvl, 8bIYUCTEHHAS C NOTONCUMETLHOU U OMPUYAMETbHOL CIMOPOHbL
Table 8. The MAE of issue importance calculated from positive side and negative side

G-DEMATEL E-DEMATEL fuzzy-DEMATEL
MAE 0.28 0.33 0.14

Menbumie 3HadeHus MAE yka3plBaloT Ha TO, 4TO Ba)KHOCTb IPOOJIEM, BBIYUCICHHAs C

MIOJIOKUTENBHOM W OTPULATEIbHOW CTOPOHBI, JYy4YIlle COOTBETCTBYIOT peanbHOCTH. [lo 3TuM

orterkam fuzzy-DEMATEL okassiBaercst 6onee pasymubiM moaxomom, yeM G-DEMATEL u E-

DEMATEL c To4ku 3peHusi BBISBICHHS CBs3EH MEXIy MpolieMamMu MOOHIbHBIX HPHIOKEHHH,

SBJIAIOILUMUCS IPUYUHAMU U CIIEICTBUSMHU.

OIHUM CITOBOM, IO CPAaBHEHHIO ¢ OOJBIIMHCTBOM CylnecTByrommx meronos fuzzy-DEMATEL B
Oonbllieil cTeneHu o0agaeT BO3MOXKHOCTBIO CIIOCOOCTBOBATh YIIYUIIEHHIO KaueCTBA MOOMIIBHBIX
npunoxennit. B cpaBuennun ¢ G-DEMATEL u E-DEMATEL, fuzzy-DEMATEL yurie
crpaBiisieTcsi ¢ npoOiieMaMu CyOBEKTHMBHOCTH OLEHOK B JIMHIBHCTHYECKOW ¢opme u Ooinee
npucnoco6nex a1 BoisiBieHUss CMI B MOOMIIBHBIX NPUIOKEHUSX, TAK KaK 3TOT IPOLIECC 10 CBOEH
CYTH CBsI3aH ¢ 00paOOTKOI JTMHIBUCTUYECKUX OICHOK.

5.3 CpaBHUTENbHbIA aHanNu3 Hawero MeToaa U ApyrMx BapuaHToB MeToda
DEMATEL

B 0030pe cyuiecTByromel TuTepaTypsl (pa3i. 2) Moka3aHo, YTO CYHIECTBYET LIENbIH Psii METO/IOB
IUIsl aHaNIM3a INpoOJieM MOOMIBHBIX NpWIOKeHWH. TeM He MeHee, JIMIIbL HEMHOIHME W3 HHUX
NIPUHUMAIOT BO BHUMAHHE CBS3U MEXAy MpoOiieMaMHM MOOWIBHBIX IPUIIOKEHUI M NO3BOISIOT
(OpMyITUpPOBaTh KPUTEPHUH I ONTHMAIILHOTO BEIOOpa MPo0IeM, KOTOpble HE0OXOMMO pentaTh. B
CpaBHEHWM C JPYTMMH  CyIIecTByIOmUMH  Mertomamu, fuzzy-DEMATEL  mo3BossieT
UICHTH(HUIUPOBATH NPOOIEMbl MOOWIBHBIX NPHIOKEHHH M MONy4aTh oOmiee cBsS3M HuMH. Ha
ocHoBe fuzzy-DEMATEL MOXHO CYIIECTBEHHO YIIPOCTHTH TPOLECC ONTHMH3AIIMH MOOHIEHOTO
TIPWIOKEHUS, PACCMATPUBAs €r0 KaK MPOIECC ONTUMH3ALNK OTAEIbHBIX MIPOOIEMHBIX CHTYaIuH.

Tabn. 9. Cpasnenue G-DEMATEL, E-DEMATEL u neuemxozo DEMATEL (F-DEMATEL) npu nposedenuu
JUHEBUCUYECKUX OYCHOK
Table 9. Comparison of G-DEMATEL, E-DEMATEL and fuzzy DEMATEL in the linguistic assessment

G-DEMATEL E-DEMATEL fuzzy--DEMATEL

Heuerxocthb X v v
JINHIBUCTUYECKOM

IIKAJIBI

CyOBeKTHBHOCTh v v X
9KCIEPTHOU OLIEHKU

«X» 03HAYAET, YTO METO HE MPEeAyCMaTPUBAET BO3MOXHOCTHU PEIIaTh IpodIeMy,

«/» 03HAYaeT, YTO METOJ MOXKET PEIIHTH MPOBIeMy
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BbIT Takxke mpoBeleH cpaBHUTENbHbIA aHamu3 metonoB G-DEMATEL, E-DEMATEL u fuzzy-
DEMATEL, pe3ynbTaTsl KOTOPOro MpeICTaBIeHbI B Ta0I. 9.

° Fuzzy-DEMATEL B cpaBHenun ¢ G-DEMATEL : Heuerkue cucTeMbl HIeaTbHO TOAXOIAT
JUTS OTMCAHWS JIMHTBUCTHUUYECKUX SBIICHUW, B TO BPEMs KaK B «CEpOID» CHCTEME BO3MOXKHBI
HEBEpHOE TOHUMAaHKE WIIH HETIPAaBHIbHAS HHTEPIIPECTAITHSL.

e Heuerknii DEMATEL B cpaBuennn ¢ E-DEMATEL: Xorst oba meroma mMO3BOJNSIOT
paboTath B YCIOBUSIX CyOBEKTHBHOCTH SKCIIEPTHBIX OIIEHOK, TEOPHSI CBUJIETEIHCTB HE OUCHb
XOpOUIO MOJAXOUT JUIsl OLIEHOK B JIMHIBUCTHYECKOW (JopMe M3-3a HAIWYHS THIIOTE3BI O TOM,
YTO BCE AIIEMEHTHI 00JIACTH CY>KACHHUH JOHKHBI OBITh B3aUMHO MCKITFOYAIOIIHMHU.

Taxum 06pa3om, B cpaBHennn ¢ G-DEMATEL u E-DEMATEL, fuzzy-DEMATEL siBnsiercst 6onee

MOAXOASAIIMM METOJIOM JIIsl HACHTU(UKAINY TTPOOIEM MOOHIBHBIX MPHIOKEHUH, TOCKOJIBKY 3TOT

TIPOLIECC CYIIECTBEHHO OCHOBAH Ha OIEHKaX, MPEJCTaBICHHBIX B IMHTBUCTUUECKOH (hopme.

Knaccudukarms npobiem, sIBISIOMUXCS IPUYINHAMY U CIEACTBUIMH, B COOTBETCTBUH C OIIEHKaAMH

o merogam fuzzy-DEMATEL, G-DEMATEL u E-DEMATEL, npexcrasiena B tabi. 7 (a) u (b).

W3 aTHx Tabnuir MOXHO BUAETh, 4T0 CMI, naentuduimpoBansbie npu nomomnm fuzzy-DEMATEL,

G-DEMATEL u E-DEMATEL oxuu u te e u BKiIto4aror I, lg, lo, 114, l10, 1131 Iss.

Tabx. 10. Ilonapnoe cpasnenue peiimunza cxoocmea G-DEMATEL, E-DEMATEL u F-DEMATEL ¢
ucnonvzosanuem ko3gpguyuenma xoppensiyuu Cnupmena

Table 10. Pair-wise comparison of the importance of G-DEMATEL, E-DEMATEL, and F-DEMATEL using
the Spearman correlation coefficient

G-DEMATEL | E-DEMATEL | fuzzy--DEMATEL
G-DEMATEL 1 0.7808 0.8083
E-DEMATEL 0.7608 1 0.7435
fuzzy--DEMATEL 0.8964 0.8709 1

Kpome Toro, mis Toro 4troObl TOYHO OTPa3HTh COOTBETCTBHE BEKTOPOB 3HAYMMOCTH H
OTHOCHTEJILHOTO MTOJI0KEHHSI, IOJIyYEHHBIX NP MIOMOIIH ITHX METOJOB, B Ta0i. 10 npeacraBieHb!
koo durmentsr koppemsaimu Crmpmena (Spearman correlation coefficient), serauciennsie mst
Ka)kKJI0i rTapbl MeTo0B. Tabuiia mokassiBaeT, 4to peitunr cxonctsa st fuzzy-DEMATEL Beiime,
4YeM Ui JIBYX OCTallbHBIX METONIOB, IOCKOJbKY Ooiiee BBICOKOE 3HaueHue Kod(duireHTa
koppemsanuu CrimpMeHa o3HadaeT OoJiee BEICOKUI pEHTHHT CXO/CTBA.

6. Pesaynbmamsi u cnedcmeusi

Pe3ynpraThl 3TOro aHanM3a MOKAa3bIBAIOT HAIWYME CIOXKHBIX B3aMMO3aBHCHMOCTEH MEXAY
pa3NUYHBIMH TPOOJIEMaMU U CJIOXKHOCTh MOOWIBHBIX NPHIOKEHHH. OTH pPE3ydabTaThl TaKkKe
MIOKA3bIBAIOT, YTO PA3JIMYHbIC BUABI MPOOJIEM MOTYT OBITH OXapaKTEPU30BaHBI KaK NMPUYMHBI H
CJIEICTBUSA HAa OCHOBE HCCIICIOBAHMS MX BIMAHUA M UYyBCTBUTEIBHOCTH K BIHMSHHUIO IPYIHX
mpobieM. Pa3paboTyrk MOOMIBHOTO MPHUIOKEHUS MOXKET HUCIIONB30BaTh 3TH PE3yIbTATHI, YTOOBI
pemmTh, Kakue MpooIeMsl TpeOYIOT 0e30TiIaraTeIbHOr0 BHUMAaHHMS, @ KAKHE MOTYT U OAOXKIATh.
Pe3ynpraThl aHanm3a MOTYT OBITH KPUTHYECKH BaXKHBI JUIS IOBBIIICHHS KadecTBa MOOWIIBHBIX
MIPWJIOKEHUN U YPOBHS UX MONYJISIPHOCTH Y MOJIb30BATEIEH.

XOTst 3Ta CTaThsl HE JAET MPSIMBIX PEKOMEHIAIMH 10 pa3paboTke MOOHMIBHBIX TPHIOKCHHH,
pa3paboTYMKN MOTYT HCIIOIb30BaTh MPEACTABICHHBIE PE3YAbTATHl U COBEPIICHCTBOBAHUS
nporecca pazpadborku. Hanpumep, MOKHO TPOBECTH aHAIHN3 KOPPEISAIIN MEKAY THIIAMH MPoOieM
1 PEHTHHIOM NPUIIOKEHUH, YTOOBI COCTAaBUTH MPEICTABICHHE 00 OTHOCHTENBHOH 3HAYMMOCTH
OTAETBHBIX MTPOOIIEM.

Ha puc. 4 (a) mokasaHsl pa3jW4HbBIE TUIBI MPOOJIEM M WX BIMSHHE HAa PEHTHHI NPHIOKEHHH.
Henocrarok ¢ynxumonansaoctu (Io) okaspiBaercs Hambosee 3HAYMMOM TPOOIEMOI C BIMSIHHEM
2.98, B TO BpeMsl Kak aBapHiHOE 3aBEpIICHHE SBIISETCS Hanboiiee 3HAYMMON NpoOIeMOn ¢
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BiusHHEM -1.2. Bonee BrIcOKuit paHr HpOGJ'IeMLI IIOKa3bIBACT €€ BJIMAHUC, HHM3KUH paHr oTpaxxact
BBICOKOC BJIMSTHUC HpO6J'IeMI>I Ha Ka4€CTBO HpPIJ'IO)KeHPIﬁ.

4

3 .
BeKTOp 3HAYNUMOCTH
2

\ =¢—F-DEMATEL
O T T T T T T T T T T T T T T 1 BeKTOp
12 3 456 7 13 14 15 OTHOCHTEIHHOTO
-1 TOJIOKCHHSI
-2

Puc. 4(a). [Juacpamma npuuunno-credcmeenno2o nopsioka npobnem MoOuIbHbIX NPULONHCEHUT NPU
ucnonvzosanuu fuzzy-DEMATEL
Fig. 4(a). Cause-effect order diagram of mobile app issues using fuzzy-DEMATEL

CpasuurespHbii ananus meronoB G-DEMATEL, E-DEMATEL u fuzzy-DEMATEL npencrasnex
Ha puc. 4(b). Hamnyumim u3 31ux Tpex momxozos okaszaincs fuzzy-DEMATEL. TlonoxurenbHbie
3HAUCHUsS INPEACTABIAIOT BEKTOP 3HAYMMOCTH, a OTPHIATEIbHbIE — BEKTOP OTHOCHTEIBHOI'O
TIOJIOXKEHHS.

3,5

3 M

Bekrop 25

3HAYMMOCTH ! \‘_*
2

1,5 \
;1 \
\

0,5

0

ommoemmemiora 0,5
TIOJIOKCHUA _ 1
-1,5

1123 ,4|5|6|7|8|9|10|11|12|13| 14|15
=—o—F-DEMATEL (2,98|2,75|2,71| 2,6 |2,29| 2,2 |2,19/-0,5/-0,5/-0,6|-0,7(-0,7| -1 | -1 |-1,2
=#—G-DEMATEL|2,5|2,2| 2 |19|12/08|0,6|-0,4/-0,5/-0,4/-0,5/-0,5/-0,7(-0,8(-0,9
=—E-DEMATEL | 2,3|2,1|19|15| 1 |0,7|0,6/|-0,3/-0,4/-0,3/-0,2|-0,3|-0,6(-0,5(-0,2

Puc. 4 (b). Cpasnumenvhas ouazpamma npuyuHHO-CLeOCMEEHHO20 NOPAOKA NPOOIEM MOOULLHBIX
NPUNIOHCEHULL
Figure 4 (b). Comparative cause-effect order diagram of mobile app issues

Wmeetcs psia MpenIecTBYIONMX HCCIEAOBAHNI Pa3IMIHBIX TPOOJIEM, CBSI3aHHBIX ¢ MOOWIEHBIMH
npwiokeHusiMA. [ ycremrHOM  pa3pa®OTKM  MOOMJIBHBIX — NPHIOKEHHH — HEOOXOANMO
MIPOAHATM3UPOBATh 3HAYNMOCTD PA3IUYHBIX MPOOIEM MOOMIBHBIX NMPHIOKEHUH W B3aHMOCBSI3U
MEXIy HHMH. B3aumocBs3m Mexay mpoOiieMaMH MOOWIBHBIX NPHIOKEHHH MOTyT OBITH
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KpUTHYHBEIME. PaHee perranach 3ajada KOJNMYECTBCHHOW OICHKH BIIUSHUS PAa3JIMYHBIX MPOOIIEM
MOOWIEHBIX TIpHIoKeHu# [67]. OmHako 3a7a4a TPUYINHHO-CIICICTBCHHBIX 3aBHCHMOCTEH MEXIY
Pa3TUYHBIMU MPOOJIEMaMy MOOWIBHEIX IPUIIOKEHUH He OblTa uccenaoBaHa. Llenb gaHHOH paboTHI
— BOCITOJTHUTH YKa3aHHBIN TPOOEIT U MPECTABUTh COOTBETCTBYIOMIYIO Auarpammy. Ha muarpamme
MIPUYMUHHO-CIEICTBEHHBIX OTHOIICHWN TOKa3aHbl Ba)KHBIE B3aWMOCBSI3M, YTO MOXET IIOMOYb
MEHEeKepaM MPOCKTOB B MIPHHSATHH PEIICHUHA, KACAFOITIXCS pa3paO0TKH MOOMIBHBIX MPIJIOKCHUH,
JmaTh Oojiee HATMIAAHOE NPEACTaBICHHE Mporiecca pa3paboTKM M OOCCIICYHTh MaKCHMAaJIbHO
OBICTPBIH BBITYCK HOBBIX TPHJIOKEHHUI HA PHIHOK.

HaanMep, 13 JuarpaMmbl BUJHO, YTO 5KaJI00BI Ha HCIOCTAaTKN Q)yHKHHOHaHLHOCTI/I (Iz), HMCIOIINEC
—_ —~def
MaKCHMaJIbHOE 3HaYeHHE (D, + Rl) , SBIITIOTCS HAauOOJIee 3HAYMMBIM MPUYUHHBIM (DaKTOpOM

—~— ——\def
U pa3pabOTKA MOOWIBHBIX mpriioxeHuid. C APyroil CTOPOHHI, (D, —R,) JUTSL TIPOOJIEMBI
coBMmectuMocTH (I7) UMeeT MakcUMaJIbHOE MO aOCONIOTHOM BETMUMHE OTPHUIIATEIEHOE 3HAUCHHE, a
3HAYUT, TAKXKE SBISACTCA HauOoJee 3HAYUMBIM (haKTOPOM B TpYyIIe cieAcTBHA. [lonoxuTensHOe
3HAYCHHUE MOKA3aTess 3HAYUMOCTH YKa3bIBACT, YTO COOTBETCTBYIOIIAS MPOOJIeMa MPUHAICKUAT K
TpyIIie NPUYUH, a OTPUIIATEIIFHBIC 3HAUCHHS YKa3bIBAIOT, YTO MPOOJieMa MPUHAISKUT K TPYIIe
CIIEJICTBUH.

7. Yepo3bl eanudHocmu

JlanHOe mccienoBaHME UMeEET pA] orpaHudeHuil. B yacTHOCTH, 3/1€Ch pacCMOTPEHO TOIBKO 15
npobieM; B JaJbHEWIIEM K HUM MOTYT OBbITh A00aBieHbl M Jpyrue. lIpuMeHeHue MeTo/10B
MHOTOKPUTEPUATIBHOTO MPUHATHS pemieHud, Takux kak ANP u Heuetkuit ANP B coueranuu c
pe3ynbTataMu JTaHHOW pabOThl MOXKET OKa3zaTh Oojiee MOAXOASIIMM MOAXOAOM /sl aHau3a
po0iIeM, CBSI3aHHBIX ¢ MOOMIBHBIMU NPUIIOKEHUSIMH.

8. BbIe00ObI U HanpaeneHus 6ydyuwel pabomsbli

Pa3zpaborka MOOWJIBHBIX TPHIOKEHHI Oblia BbIJEJICHA KaK OT/AEeNbHAas 00JIacTh pa3paboTKu
IPOrpaMMHOr0 obecriedeHus B LesoM. MoOHIbHBIE IPHIOKEHNS B HACTOAIIEE BPEMs SBJISIOTCS
HACYIIHO# NOTPeOHOCThI0 OU3HECa, HO M3-32 HEJAOCTATOYHON Pa3BUTOCTU (POPMATBHBIX HAYYHBIX
METOAOB pa3pabOTKK TOro Kiacca NPUIOKEHUH, BOSHIKAaeT MHOKECTBO IpodieM. B orianuune ot
NpeIIIeCTBEHHUKOB — BeO-TIPUIIOKEHUH U MPUI0KEHUH 711 HACTONBHBIX KOMITBIOTEPOB — MPOLIECC
pa3paboTKu MOOMIIBHBIX MPUIIOKEHUI 3a4aCTyI0 HOCHT «JIIOOUTENBCKUID XapaKkTep U HaXOAUTCS B
(aze IBONIOLHH.

JlaHHOE HCCIIEOBaHUE SIBJIAETCS IMONBITKOW BBIACIUTH Ba)KHEHIIME NPOOIEMBI, CBA3aHHBIE C
MOOWIIBHBIMH TIPWIOKEHHAMH. [Ipe/uiokeHHBI MMOAX0x MOXeT OBITh BKIIOUYEH B (asy
IUTAHUPOBAHUA TPH pa3pabOTKe ITF000ro MOOMIBHOTO TPHIIOKEHHS, YTOOBl MPH HPUHATHH
CTPATETMYECKHX pELICHHH MOXHO OBLIO CBEpATHCSA € 3ajayaMud  oOecredeHHs KadecTBa
npunoxeHus. HacTosimee wccnenoBaHHe MOXKET IOMOYb  KOMIIAHHUSM, 3aHUMAIOIIMMCS
paspabotkoii [10, B BEIAEIECHNH KITFOYEBBIX MPOOIEM, CBA3aHHBIX ¢ MOOMIHHBIMHE MTPHIOKECHUSIMI.
B oroii pabore OBIO pacCMOTPEHO TMATHANIATH TPOOJIEM, CBA3aHHBIX C MOOMIBHBIMHU
MIPUIOKEHISIMA, 2 IMEHHO: 0ononHumenvusle sampamol (1;), neoocmamru ghynkyuonarornocmu (1),
orcanobvl  Ha koumenm (I3), aeaputinoe 3asepwenue (I;), yoaneHue panee uUMeSUIUXCA
sosmoxcnocmetl (Is), z3anpocer na Hogvle eozmoocHocmu (Is), npobrnemsr coemecmumocmu (1),
npobnemul ycmarosxu (Ig), cemesoe coeounenue (ly), pecypcoemxocms (119), epema omxauka (111),
uzovtmounwili mpaghux (I113), oonosenenus (113), nonvzoeamensvcxuil unmepetic (114) u 6esonacnocmo
(1;5). Tlocine BBIABICHHUS YKa3aHHBIX MPOOJIEM IS pa3feNeHUsl HX Ha TPYIILY IPHYMH H TPYIITY
cienctBuii 0pu1 MpuMeHeH Metox fuzzy-DEMATEL. Hedocmamku gpynkyuonanshocmu, 3anpocul
Ha HOBble BO3MONCHOCTU, Cemegoe COeOUHEeHUe, NOTb308AMENbCKULL UHMepghelic, pecypcoemMKoCnb,
00HO6GIeHUA U Oe30nacHOCmb BOIIUTH B TpymiTy npuinuH. OcTanbHble BOCEMb IPOOJIEM, BKIIOYAs
OONONHUMENbHbIe 3aMPAambl, HCAT00bl HA KOHMEHM, A8apuliHoe 3a6epuieHue, 3anpocsbl Ha HOBble
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B03MOJNCHOCHIY,  NPOONEMbl  COBMECHIUMOCHY, NPOOIEMbl  YCMAHOBKYU, 6PeMs  OMKIUKA W
u36bIMOYHOCMb MPApuKa BXOIAT B TPYIITY CIEACTBHH.

B cpaBHeHHH ¢ aHAJOrMYHBIMH moaxonaMu, Takumu kak G-DEMATEL B E-DEMATEL, fuzzy-
DEMATEL, naer syunive pe3yasTaTbl. MOKHO BUIIETh, YTO XOTS Pe3yJIbTaThl ObUIN BBHIBEIICHBI U3
BEKTOPOB 3HAYMMOCTH W OTHOCHTENIBHOTO IIOJIOXKEHUS, OTH [Ba YUCIOBBIX 3HAYECHUS HMEIOT
OYEBHIHBIE OTIMYMA. B KauecTBe KpUTepHs I OLEHKH PEe3ylbTaTOB HCIIONb30BAaCh CPEIHSA
a0COIIOTHAS IOTPEIIHOCTb.

Pe3ysbpTaThl MMOKA3bIBAIOT, YTO «HEAOCTATKH (HYHKIIMOHAILHOCTHY» SIBJISIOTCS HauOolee BasKHOM
po6IeMOil MOOWITBHBIX MPUIIOKEHHUH, B TO BPEMs KaK «IIPOOJIEMbI COBMECTUMOCTHY, SIBJISIFOTCS B
3HAYUTENHLHON Mepe CICICTBHEM IPYTUX MPOOIIeM.

ITockonbKy WCCICIOBaHUSA W TIONYYCHHBIC DPE3YJIbTATHl OCHOBAaHBI HA KOJUIGKTUBHOM OIIBITE
JKCHepTOB B oOyacTu pa3padorku [10, yBenudeHre 00beMa 3TOrO OMbITa MOMOXKET CHIATH 3P deKT
MPeaB3ATOCTH. JlanbHeHe uCcCclienoBaHusT MOTYT OBITh HANpaBJICHBl Ha HICHTU(DHKAIUIO
OOJIBIIIET0 YKCIa TPOOJIeM, CBSI3aHHBIX C MOOMIIBHBIMU MPHJIOKCHUSIMHU, U U3YUCHUE UX BIUSHHUS
Ha YK€ BBISBJICHHBIC IPHYHUHHO-CIIC/ICTBCHHBIC CBA3H.
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Abstract. An approach to testing artificial neural networks is described. The model of neural network is
based on graph theory, and operations that are used in theoretical works devoted to graphs, trees, paths,
cycles, and circuits. The methods are implemented in a C++ program in the form of a set of data structures
and algorithms for their processing. C++ classes are used as data structures for implementing the processing
of such objects as a graph vertex, edge, oriented and undirected graph, spanning tree, circuit. Lists of standard
methods (constructors and destructors, different assigning operations) are given for all classes. Additional
operations are represented in details, and among them — adding one graph to another graph, adding an edge to
a graph, removing edges and vertices from graph, normalizing graph, and some more. Many different
searching operations are offered. Variants of graph sorting operations are also included into graph model,
some of them are similar to array sorting algorithms, and some are more specific. Above these low-level
operations several more complex operations are considered as graph model components. These operations
include building spanning tree for arbitrary graph, building cograph for spanning tree of a graph, discovering
circuits in a graph, evaluating of circuit sign, and so on. Examples of the interfaces of the most important
overloaded operations on the objects used are given. An example is given of implementation of one of testing
procedures where overloaded operations of graph model objects are used.
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1. BeedeHue

OnHMM U3 BaXKHEHIINX MEPONPUATHH MPU UCTIONB30BaHUH UCKYCCTBEHHBIX HEHPOHHBIX ceTell 1
peleHus 3a71a4 M3 caMbIX pasHBIX INPHKIATHBIX o0jacTeid, Oyap TO 3aadyu KiaccH(UKaluy,
ONTHMU3AIMHY, MAIIMHHOTO MepeBOa, 0OPadOTKH M aHaIM3a M300paKEHUH B PEXHMME PeabHOTO
BpemeHnu [1-3], oOpaboTku curHanoB [4] wim emé Kakue-HUOYAb, SBISIOTCS PAbOTHI TIO
TECTUPOBAHUIO CaMUX HEUpOHHBIX ceTed. llponecc TecTupoBaHUsT HEHPOHHBIX —ceTel
CYIIECTBEHHO OTJIMYAeTCsI OT IpoIliecca TECTHPOBAHHS MPOTPAMMHOIO OOECHeueHHs, YTO HE B
MOCJICHIOI0 OYEPEb CBSI3aHO C TPYAHOCTAMM OTCJIEKHWBAHUS JBM)KEHUS NAaHHBIX B HEHPOHHBIX
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ceTsiX. ABTOpBl yXe COOPMHpPOBAIM M ONMCAIM B OOWEM BHJE IpeAjaraeéMblii HMH
9BPUCTUYECKUH IOJIXO0J K TECTHPOBAHMIO MCKYCCTBEHHBIX HEHpOHHBIX ceredl (cM. [5]). Omnako
MOHSTHO, YTO BEPHOCTBH 3BPUCTHUECKOTO MOX0J1a HE MOXKET OBITh MOJATBEPIKACHA OJTHUMH TOJIBKO
TEOPETUYECKUMU pacCcyxIeHHsIMU. E€ Hano JeMOHCTpUPOBATh HA PealbHbIX IIpUMepax.

[pexne, yeM nepexoauTh K paboTe ¢ MCKYCCTBEHHBIMH CETSMH, UCIIOIb3YEMbIMU TPH PELICHHH
NPaKTHYECKUX 331a4, HEOOXO0AUMO pa3padoTaTh MPOTPAMMHYIO MOJENb, CIIOCOOHYIO BBISABIISTH
HEKOTOphle Ba)KHBIE CBOilcTBa Takux ceTreidl. B Hacrosiee BpeMs HCIOJIB3YIOTCS CaMble
pa3HooOpa3Hble CTPYKTYpHl HCKYCCTBEHHBIX HEHPOHHBIX ceTeil [6-9], m3 dero ciemyer, 4To
BKJTFOUCHHUE KIACCOB OOBEKTOB B HEHPOCETEBBIC MOJETH MOXKET IIPOU3BOJUTLCS HA OCHOBE ydéTa
OYCHb pa3HbIX BHUAOB Npu3HakoB. K Hamboiee conep:kaTenbHBIM OCHOBAHUSIM BBIOOpA TEX WIH
MHBIX CHCTEM KJIACCOB MOXKHO OTHECTH TaKHE Pa3jINius B CTPYKTYpax CeTeil:

e  TI0 HUINYHUIO MJIHM OTCYTCTBHIO B CETH OOPaTHBIX CBs3EH;

® 110 pEKYpPPEHTHOMY WJIM HEPEKYPPEHTHOMY PEXUMY pPabOThI;

e 110 00JacTH 3HAYCHUH MTapaMeTPOB (IUCKPETHBIC UJIM aHAJIOTOBEIE);

e  II0 BPEMEHH (JUCKPETHOE U HENPEPHIBHOE);

® 110 pexuMy OOHOBIICHHS ITAPaMETPOB (C CHHXpOHM3aIel 1 0e3 Heé);

e 110 OOYYCHHIO C yUHTENIeM U 0e3 yJuTens (eCTh TaKKe CMEIIaHHbBIE CTPATEInH);
® 110 ICTEPMUHHPOBAHHOMY WM BEPOSITHOCTHOMY PEXHUMY PaOOTBI;

e  HAKOHEI, MPOCTO IO pa3Mepy — OT MaJbIX CEeTeil M0 IIIyOOKHX, COIep)KaIluX COTHH CIOEB
HEHPOHOB.

EcTecTBeHHO B Ka4ecTBE MOJIENIH, CIIOCOOHOM OIMCATh MPAaKTUYECKH HaOII0aeMoe MHOrooopasue

HEWPOHHBIX CeTeH, BHIOMPATh MOAENb, OCHOBAaHHYIO Ha IMOHATHH rpada, 9To JacT BO3MOKHOCTh

MOJIb30BaThCs MeTogamu Teopun rpados [10-12].

2. UckyccmeeHHbIe HelipOHHbIe cemu U 2pagbli

[Mogxon K TMOCTPOEGHHIO MOJAENH TECTUPOBAaHHMS Ha OCHOBE IIPEACTABICHUS HCKYCCTBEHHOW
HEWpOHHOW ceTH B BHJE rpada B JaHHOM Cilydae 00JIaflaeT JOMOJHUTENBHBIM IIPEUMYIIECTBOM.
OH NO3BOJISIET OTBJICYLCS OT W3JIMIIHEH JeTaau3alnyl ONMCAHUS BEIYUCIMTENBHBIX Y3JI0B CETH U
COCPEIOTOUUTECSI HAa MHCCIICOBAHUM CTPYKTYPHBIX CBOWCTB M OCOOEHHOCTEH KOHKPETHBIX
CTPYKTYp, BCTPEUAIOIINXCS B OOJIBIINHCTBE MPAKTHUECKH UCTIONIb3yEMbIX HEHPOHHBIX CeTeH.
YHoMmsiHyTele ~ OCOOCHHOCTH HMEIOT  KPHTHYECKOE BIMSIHAE Ha  MHOTHE  CBOICTBa,
JIEMOHCTPHpYEMbIe HEHPOHHBIMH CETSMH IIPH PELICHUH 33/1ad C MX HCIIoIb30BaHneM. CTPYKTYpHI
OMHMX (BIOJIHE YCIIEIIHO NPUMEHSEMBIX HA TPAKTHKE) CETeH paJuKalbHO OTJIHYAIOTCS OT
CTPYKTYPHI IpyTUX (HE MEHEE YCIEITHBIX ).

Takue (axTOphl, KaK HAUINYUE WIM OTCYTCTBHE MPOMEXKYTOUHBIX CIOEB, X KOJNYECTBO, MOTYT
CEephE3HO MOBJIMATH HA CIIOCOOHOCTH CTPOSIIEHcs HEHPOHHOI CeTH pelarh Te WM WHBIE KIACChl
3agad, a HWHOrJga MOTYT HaKJIaJbIBaTh OHpe)IeHéHHI)IC OrpaHUYCHUA Ha KOJIMYCCTBCHHBIC
nmapamMeTpbl JOIMYCTUMBIX K PCIOICHUIO 3aj1a4. CToNb K€ BIHMATEIBLHOM SIBIISETCS CTPYKTypa 3TUX
CIIOEB — HAJIMYHME B HUX BHyTpI/ICHOI\/’IHBIX CBHSeﬁ, HWHTCHCUBHOCTH II€pE€aayq I/IHq)OpMaHI/H/I OT CJIOA K
CJIOK0, HAJINYUC 06paTHI)IX CBH3€I7I, KaK IOJIOKUTCIIbHBIX, TAK U1 OTPHULIATCIIbHBIX.

Bce BMecTe 3TM M Ipyrue BaKHbI€ CTPYKTYPHBIE CBOICTBA CETHM MOIYT BIUATH U Ha caMy
BO3MOKHOCTD ITOJTYUCHHA PCIICHUA KOHerTHOI\/'I 3ala4M, 1 Ha yCTOﬁ‘IHBOCTB 9TOT0 PEHICHUA, TO €CTh
COXpaHCHHE OCHOBHBIX CBOICTB pemICHU 1P OTHOCUTEIIBHO MaJIbIX HCKAXKCHUAX BXOJIHBIX JTaHHBIX.
JIIISI BCE€X HMCKYCCTBECHHBIX HeﬁpOHHBIX ceTen XapaKTCpHO HAJINYMWE BXOAHOT'O M BBIXOOHOTO CJIOSA
HEHpPOHOB, KOTOpBIE JHOO HENMOCPEACTBEHHO B3aWMOJICHCTBYIOT Jpyr C JpyroM, JHOO
OCYILIECTBIIIIOT 3TO B3aWMOJCHCTBHE dYepe3 NPOMEXKYTOUHBIE CJIOH, KOJMYECTBO KOTOPBIX
OTIpeNieNseTcs] MOCTAaBICHHON 3amadeil. Hanboxpmmii mHTEpEC AN MCCIIENOBAaHUS CTPYKTYPHBIX

99



Karpov Yu.L., Volkova LA., Vylitok A.A., Karpov L.E., Smetanin Yu.G. Designing classes’ interfaces for neuron network graph model.
Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 97-112

0coOCHHOCTEH HEMPOHHBIX CETeH MpPEACTaBISIOT KaK pa3 IPOMEKYTOYHBIE CJIOM, YTO
orpezensieTcst ¥ 0OJIBLUIMM UX KOJIMUYECTBOM, M CIIOKHOCTHIO ME)KHEHPOHHBIX CBSI3CH.

VIMeHHO TO3TOMY aBTOPBHl B MNEPBYIO OYEpeAb PEMIMIN HadaTh CTPOUTH CBOIO MOJENb JUIS
IIPOMEKYTOUHBIX CJIOEB HMCKYCCTBEHHBIX HEHPOHHBIX ceTed, U B IpeXAe BCEro Ui ceTei, B
KOTOPBIX IIPOMEXKYTOUHBIE CIOM OOpa3yroT He MpOCTEHIINe JMHUM Ieperadd MHGOPMALUH OT
BXOJHOTO CJOS K BBIXOJAHOMY, 4YTO XapaKTepHO M CBEPTOUHBIX CceTeil, a CIO0XHEBIE
MepeIuIeTaloIuecs] CTPYKTYPhl ¢ OOpaTHBIMM CBSI3SMH, B KOTOPBIX MPAKTUYECKH HEBO3MOXKHO
OTCJIEANTD ITYyTH PACIPOCTPAHEHHS JaHHBIX.

3. Aemomamu3sauyusi mecmupoeaHusi Yepe3 npedeapumesibHoe co3daHue
cpedcme pabomsli ¢ epaghamu

TectupoBaHme MCKYCCTBEHHOW HEHPOHHOW CETH IMPECTABISACT COOOH CIIOKHBIM 3MITHPHUICCKINA
mporecc 1moadopa WIN NOATBEPXKICHUS MPABIIIBHOCTU M0J00pa MHOTOYHCIICHHBIX MapaMeTpOB.
Takue BaKHbIE TECTHPYEMBIE IMAPaMETPhl €CTh Y BCEX HEHPOHHBIX CETEH, HO y CeTeil ¢ pa3HOH
CTPYKTYpOl TPOMEXYTOUYHBIX CJIOEB OHM pas3Hele. Hampumep, HpH TECTUPOBAHMM TaKOU
HEeWpOHHOM ceTH, Kak ceThb Xondmuina [13], B KOTOpo# Bce CIIOU SBISIOTCS B HEKOTOPOM CMBICIIE
MMPOMECIKYTOYHBIMU, ABJIASACH OAHOBPEMEHHO W BXOJHBIMH, BbBIXOIHBIMU, Tpe6yeTc;1 HUCCICO0BATh
HavyalbHbIC 3HA4YEeHUs] KOI(P(PHUIUEHTOB MaTpPHIBI BECOB, BEKTOPHI MOPOTOB cpabaThIBaHUS
HeﬁpOHOB, MCTPHKH, TO3BOJIAIOINUEC CPABHUBATHL BBIXOABI CETH C o6yqa}om1/1M1/1 BBIXOIHBIMHU
oOpasuamu, BHJ CHIMOMIANbHOW (YHKLUH, HCIOIb3yeMOH mpHu (HOPMHUPOBAHHUU BBIXOJHBIX
BEKTOPOB Ha OCHOBE MATPUIIBI BECOB M 3HAUCHHUH BXOJHBIX BEKTOPOB.

ITpu TectupoBanuu MamuH bojpimana [14] HeoOxoauMo oOpaliaTh BHUMaHHE Ha CIEyHOIIUe
apaMeTphl:

e  HayaJbHOE 3HAYCHHE HCKYCCTBEHHOI TeMIepaTypsl (€ciii BEIOpaHHOE 3HAUCHHUE OKa3bIBACTCS
HEBEPHBIM, aJITOPUTM MOJKET OTaBaTh IPEAIOUYTEHHUE HEBEPHBIM PELICHUAM);

®  [IOJIMHOXECTBO OOyYaroIHMX BEKTOPOB, KOTOpOE OyAeT MCIOIb30BAaHO NMPH HACTPOIKEe ceTn
Ha peLICHKE [TOCTABJICHHOM 3a/1a4H;

e  METoJ, M3MEHEHHS BECOB M ILENEBbIX (YHKIMH, BIUSIONMHA HAa CKOPOCTh CXOIUMOCTH
mporiecca (KOJMYECTBO INAroB, KOTOPOE BBIMONHAETCS CEThI0) M KAdyeCTBO PpEIICHUS
(6mM30CTh HAWIEHHOTO JIOKAIBHOTO MHHUMyMa IefieBoW (yHKIM K e€ TiIo0aabHOMY
MUHUMYMY);

e crocob ompeneneHus] HEOOXOIMMOCTH KOPPEKIMM Beca HCCIEAyeMOTO CHHAIca, TO €cTh
pa3paboTKy KOMIIapaTopa BECOB.

ITerTasice pazobparbes ¢ IPYTMMH BUAAMU HEHPOHHBIX CETEH, KpOME YK€ YIOMSHYTBIX, MOXKHO
BCTPETUTh TaKWe TOAJIC)KAIINEe TECTUPOBAHHIO M HACTPOWKE MapaMeTphl, KaK KOIWYECTBO
IIPOMEKYTOUHBIX CIOEB M AITOPUTMBI YMEHBIIECHHUS Pa3MEPHOCTH (BBIYHCICHNS MaKCHMaJIbHOTO,
MUHHMAaJIBHOTO, CPEJHEro, MEJIMAaHHOTO 3HAYEHHUI), a TakKe€ MHOXECTBO APYIHX IapaMeTpoB,
KaXIblil M3 KOTOPBIX XapaKTepeH Al KOHKPETHBIX apXUTEKTyp HEHpOHHOH ceru. 3ajaua,
KOTOpPYIO PEUIAlOT TpH BBHIOOpE HYKHOH apXUTEKTYphl, CBS3aHAa C IOJYYEHHEM KOHKPETHBIX
peKOMeHIaui 1Mo BHIOOPY KOMOMHAIMU CBOMCTB CETH, CIIOCOOHOH COJEHCTBOBATh IOHMCKaM
peLIeHUs! MPUKIIAJHOHM MpoOIIeMBl, CTOSIIEH Mepest MoIb30BaTeNIIMU HeHpOoHHOM ceTn. PazpaboTka
METOJIOB aBTOMATHU3MPOBAHHOIO TECTHPOBAHMS CETEH IMO3BOJIMT BIUIOTHYIO HPHUOIM3UTBCA K
MIOHMMAaHHIO METOIMKH BBIPAOOTKH MOAOOHBIX PEKOMEH IAIIH.

3.1 TIpacdoBas mopgenb UCKYCCTBEHHOM HEWPOHHOM ceTn, rpadbl
OPUEHTUPOBaHHbIe U HEOPUEHTUPOBAHHLbIE
YuuTeiBasi OrpoMHOE pa3HOOOpa3uWe BUAOB HEWPOHHBIX CeTel, HauboJiee TPHEMIIEMBIM BBHIOOPOM

MOJIENT, KOTOPYIO MOYKHO OBIIO OBl HCIIONB30BAaTh NPH TECTHPOBAHWHM HEHPOHHBIX CETEH, MOXKHO
CUUTATh MOJIEIb, OCHOBAHHYIO Ha TEOPHH IpadoB, KOTOpasi MorJia OBl OIIepUpOBaTh TAKIMHI OOBEKTAMU:
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e  BepumHa rpaga;

e  pebpo rpada;

e  Habop BepmHH rpada;

e Habop p&dep rpada;

e  rpad, KaK COBOKYITHOCTh BEpIINH H pEOep;

e OCTOBHOE JepeBo rpada;

e 1wWKJI (IPOCTOIT 3aMKHYTHII yTh) B rpade: Bce péopa U BEPILUHBI B IIUKJIC PAa3IHIHBL;

e  Marpula CMEXHOCTH BEpIIHH rpada;

e  MaTpuIa HHOUACHINY,

e  MaTpuIla BECOB.

@daktiueckas OOBEKTHO-OPHEHTHPOBAHHAS [EKOMIIO3UIMSA TPHKIATHOM obsactu yxe Obla
NpoJeNaHa yCHINAMHA MHOTHX MaT€MAaTHKOB BCETO MHpA, U IS IIPOTPAMMHON peaan3aniy OblIo
€CTECTBEHHO BBIOpaTh OOBEKTHO-OPHEHTHUPOBAHHBIM f3BIK IPOrpaMMHpOBaHMA. B HacTosmee
BpeMsI OOBEKTHO-OPHCHTHPOBAHHBIM IOAXOA K IIPOrPaMMHPOBAHMIO CTaJl  JIOBJICIOLICH
KOHIIETIIMEH MPH MOCTPOCHUH MOJENEH peaJbHOr0 MHpa, a Takke aOCTPAKTHBIX MOCTPOCHHH,
NPUMEPOM KOTOPBIX SIBJIAIOTCS OOBEKTHI, BCTPEYAIOIIUecs MPU PELICHUH 3a1ad Teopuu rpados.
CyliecTByeT OrpoMHOE MHOXKECTBO OOBEKTHO-OPHEHTHPOBAHHBIX S3BIKOB MPOTrPaMMUPOBAHUS, U3
KOTOPBIX aBTOpaMHu 6bIJ'I BLIGpaH s3Ik Cut+. HpI/I‘-II/IH JJIA TaKOro BI)I60pa OBLJI0 MHOXKECTBO — OT
O6’I)CKTI/IBHI)IX, CBA3aHHBIX C HaJIUYUCM 3(1)(1)CKTI/IBHI>IX CUCTEM NpOrpaMMHUpOBaHUSA U
BO3MOXKHOCTBIO paboTaTh Ha Pa3HOM OOOPYJOBAaHMU M B Pa3HOM ONEPAIMOHHOM OKPY)KEHHH, JI0
CYOBEKTHBHBIX, BO3HHUKIINX B CBS3U JIMIHBIMU Npe(hepeHINIMH aBTOPOB.

[lpu oueHke MeTONOB peaiu3auuu TpadoBoil Mopenn HEHpOHHOM ceTh HMX 3(deKTUBHOCTH
paccMmarpuBaiiach aBTOpaMH € Y4YETOM TOTO, YTO 3Ta MOJENb JOJDKHA HMCIHOJB30BATHCS IS
MOCTPOCHMSI MHCTPYMEHTAJBHBIX IIPOTPaMMHBEIX cpeacTB. Ha mpaktuke mpu paborte ¢ rpadamun
4acTO BO3HHMKAIOT 33Jaudl C Pa3HBIMH YPOBHSIMH BBIYMCIMTEIHHOM CIIOXKHOCTH — OT 3ajad,
pa3peluMbIX 3a JIMHeHHoe Bpems, 10 NP-monHeix 3agau [12]. DTo mpUBOOUT K MOCTOSHHOM
O6oppbe 3a CHIDKCHHE TPEeOOBAaHMH K BBIYMCIHUTENIBHBIM pecypcaM, KOTOPBIE HCIOIb3YIOTCS
HEWpOHHBIMH ceTAMH. [IpoBeneHHEe NTOATOTOBUTENBHBIX MEPOIPUATHH (aHAIN3 apXUTEKTYPHI
CETH, OTIpEJIeTICHNE CBOWCTB OT/JEIbHBIX KOMIIOHEHTOB CETH, UMEIOIINXCSl B HEH IIUKJIOB, HX BECOB
u 3HaKOB) TOXKE MNPUBOIAT K HeO6XOI[I/IMOCTI/I TMOCTPOCHHUSA BBIYUCIUTECIIBHO CJIOKHBIX, 4aCTO
nepebopHBIX anroputMoB. OgHAKO TOT (DaKT, YTO MOATOTOBKA M YIyUIICHHE CTPYKTYPHI CETH
MPpOBOAATCA Ha MOACJIBHBIX JaHHBIX HA MPCABAPUTEIILHOM dTaIl€, TO €CTh eH_Ié J10 Ha4YaJ1a peiCHusd
OCHOBHOH 3aJlauu, MO3BOJIIET MEHee TpeOOBaTEeNbHO OTHOCHUTHCS K CIIOKHOCTH HCIOJIBb3YEMbIX
QITOPUTMOB, TO €CTh B HEKOTOPBIX CIy4asx BBIOOp MeEXIy CIOKHOCTBIO ANrOpHTMa IIpH
MCIIOJTHEHUH ¥ BPEMEHEM €r0 peali3alliy JAeajcs B MOCIEJHEro.

JIloOTHUTETHHBIM apTYMEHTOM B 1OJIb3y CH++ MOCTYKMIa Ta €CTECTBEHHOCTh, C KOTOPOH B ATOM
A3BIKE JOIMYCKACTCA UCIIOJIb30BAHNE KOHICIIITUN a6CTpaKTHBIX THUIIOB JaHHBbIX.

3.2 CTtpykTypa AaHHbIX — Knaccbl M UX B3aumopgeucTtBue (arperaums u
HacnepoBaHue)

[Ipn BBIOOpE CTPYKTYp MAaHHBIX, KOTOpBIE JOJDKHBI HCIIONB30BAThCSI B pa3padaThIBaeMOM
rpadoBoil MOJIETIM HEHPOHHOI CETH, 32 OCHOBY MOXKHO ITPUHUMATh OJIHO W3 TPEX SKBUBAJIICHTHBIX
npescTaBIeHui rpada:

e  qnepeuncieHue pédep U BepUInH rpada;

e  3aJaHMe MaTPHUILI CMEXHOCTH BEPIIHNH Tpada;

. 3aJaHu€ MATPHULBI MHIIUIEHIIUH.

IIpakTrdyeckne cooOpakeHUs] 3aCTaBWIM OCTAHOBHTBCS Ha IMEPBOM criocobe, oOmamaronem
MPEUMYIIECTBAMH HATJISTHOCTH W TMO3BOJISIOIIEM OJHOBPEMEHHO C TOW MH(OpMAIMel, KoTopast
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MPUCYTCTBYET B MAaTPUIIAX CMEKHOCTH (KOIMYECTBO PEOEp, COSANHSIONIMX HEKOTOPBIE BEPIIUHEI)
W MHIUJICHIMH (IPU3HAKY MHIMJCHIMY BepLIMH pEOpam), 3a1aBaTh Takxke Beca péoep, Npuuém co
3Hakamu BecoB (puc. 1). ITo mepeunto pédep M BEpUIMH JIETKO BOCCTAHABIMBAIOTCS M MaTpHUIA
CMEKHOCTH, U MAaTPHILIA MHIMCHIIIH.

BriOpanHoe mpencraBieHHe HMCXOAHOM HH(OpMAalUMM M TpeNCTaBIeHHE 00 HCIONb3YEMBIX B
MoJienH 00bEKTaxX MCHOJIB30BAIMCH I (POPMHUPOBaHUS KilaccoB 00beKToB (puc. 2). s paboTsl ¢
JIOCTaTOYHO MPOCTHIMH OOBEKTAMH WIIM UX CBOMCTBaMM OBLIM BBEJIECHBI CHHOHUMBI CTaHAAPTHBIX
(BCTPOEHHBIX) THIIOB. OTO TOMOTJIO W30eKaTh HENMPHUATHBIX CHTyallWii, Korma mpu
MIPOTPAaMMHPOBAHIH HEKOTOPHIE OOBEKTHI (MM CBOWCTBA OOBEKTOB) MOJEIH MOTIH CIy4aillHO
OKa3aTbCsl IEpPEeNyTaHHBIMH CO BCIIOMOTATENbHBIMH IIEPEMEHHBIMH, HMCIOIIUMH TE JKe
CTaHJapPTHBIC THIIBL.

N O N
N

3.6
-3.2
8.4

NN R R PO
=
NN ORI

Puc. 1. Ilpumep 3a0anus pébep u eepuiun epaga
Fig. 1. Graph edges and vertices list example

B wactHoCTH, U1 paboTHl ¢ HOMEpaMu U MMEHaMU BepIIUH U pébep ObUT BBEIEH CHHOHMM Node
CTaHJAPTHOIO O€33HAKOBOIO MHTErPAJIbHOTO THNA size t, ¢ TOH e Lesiblo A paboThl C
BecaMu p&Oep BMECTO BCTPOCHHOTO IIABAOIET0 THMA o ub e ObIIO OTAAHO MPEANOYTEHHE €TO
CHUHOHUMY WWeight.

class Vertex; typedef vector <Vertex> Vertices;

class Edge; typedef vector <Edge> Edges;

class Graph;

class SpanT;

typedef size t Node; typedef vector <Node> vNodes;
typedef set <Node> sNodes;

Puc. 2. Knaccwl, ucnonvsosasuiuecsi 6 2pagogoii Mooeiu HelpoHHOU cemu
Fig. 2. Classes used in graph model of neuron network

OObekTaM, COOTBETCTBYIOIIMM BeplIMHaM U péOpaM MojenupyeMmbix rpadoB, ObUIH

COIOCTABJICHBI KJIacChl Vertex u Edge, arpuOdyTHKa KOTOPBIX BBIOpaHa MpeebHO IPOCTO:

e  BeplIMHA — JTO MO0J€ MMEHHW W TPU MOJIs, MPEJHA3HAYSHHBIX JJIsi XPAHEHMsS KOJIMYEeCTBa
BXOJISIINX, BBIXO/SIIMX U TIOJIHOTO YUCIIa BXOJSIIMX U BBIXOASAIINX pEOEp;

e  pebpo — 3TO JBE MHIMICHTHbIE BEPIINHBI U BeC, IPUITUCAHHBINH pedpy.

Komurekiun BepmmH M péOep OBUIO NPUHATO pEIICHWE pPEaln3oBaTh, NPUMEHSS OIWH U3

OMOIMOTEYHBIX KOHTEHHEPOB-NOCIIEAOBATENLHOCTEH, TaK Kak B OMNPENENEHHBIX CUTYAlHUsX,

HarpuMep, MpU TMOCTPOSHUH IMKJIOB Ha Tpadax, OTHOIICHHE CJICJOBAHUS CTAHOBUTCS BEChbMa

Ba)XHBIM. B KOHEYHOM HTOTE OBUIO PEIICHO MCIIOIb30BaTh OMOINOTEYHbIE KOHTEHHEPHl veCctor,

KOTOpBIE MOTYT 3(p(h)eKTHBHO HCIIOJIB30BAThCS NMPU COPTHPOBKE pEOep M BepIIUH rpados, Mpu

TIONCKE LIUKJIOB B rpadax, Mpyu MoAN(GHUKAIUIX rpadoB.

HecmoTps Ha cTpemiieHHE MakCHMalbHO IOJIB30BATHCS BO3MOXHOCTSIMU SI3bIKA pEATH3aLMM U

CTaHAapTHON OMONMMOTEKH, i OOBEKTOB HEKOTOPHIX HEBCTPOEHHBIX THUIOB IOTPeOOBAIOCH
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OTPEJICNIUTh HOBbIE KJIACCHI, TOCTPOUTh arperauy KJIaccoB, a TaKXkKe, XOTS U OYeHb MPOCTYIO, HO
HE00XOIUMYIO B JAHHOM CIIyYae HACJICICTBEHHYIO uepapxuto (puc. 3).

(7 7 bind>> Vertices [~~~ T T T T T T T T T T > Vertex
} < T->Vertex > #root_vertex
1
! T T 1
| #graph_vertices first | second
\ 7 e 4 L
i T @] Graph SpanT
4\ 4\ #graph_edges N N
I 1
} } <<bind>> Edges Edge <<primitive>> <<primitive>>
| \ <T->Edge> Node size_t
| (-ST2ER - — e >
} <<bind>> /\\ 4\
|__ _<T->Node>_ vNodes o 7/‘ |
|
!
T CIES§ <<bind>> Nod x
set sNodes
< T->Node >
e —— == —]

Puc. 3. Bzaumoomnouienus kiaccos epaghosoii mooenu HetipoHHOU cemu
Fig. 3. Neuron network graph model classes’ relations

class

b

class

public:

b

class

public:

}s

public:

b

public: Vertex (

enum Graph direction ({

Directed, NonD

Vertex { Node name, degree f
degree b
Node vN = 0, Node v
Node v
Edge { Node name; Vertex
Vertex
Node degree; Weight
Edge ( Node eN, Vertex eF,
Node degree = 0, We
Graph { protected: Vertices
Edges
Graph direction
Graph (const Graph direction
Graph (const Graph & G);
Graph ( Graph &&G);
Graph (const Graph direction
Graph (const Edges & E);
virtual ~ Graph ()7

class SpanT:

SpanT
SpanT
SpanT
SpanT
SpanT
SpanT

public Graph { protected: Vertex

() :
const

const

(
(
(const
(
(const

Graph (Directed)
SpanT & S);
SpanT &&S);
Edges & E);
Edges & E, const
Edges & E, const

irected };

rom, degree twrd,
oth; Weight weight;
DE = 0, Node vDT = 0,
DB = 0, Weight viW = 0.0);
/* */
vertex from;
vertex twrd;
weight;
Vertex eT,
ight eW = 0.0); /* */
Graph Vertices;
Graph Edges;
Graph Orientation;
D = Directed);
d = Directed);
/* */

Root Vertex;
{}:

const Node nT);

/* */

Node nF,
Vertex & V) ;

Puc. 4. Humepdgheiicvl Koncmpykmopog u 0ecmpyKkmopa 0CHOBHbIX KIACCO8 2papo8oii MoOenu HelupoHHOU

Fig. 4. Constructors and destructor interfaces of neuron network graph model main classes

cemu
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B aroit mepapxum kiacc Graph onucaHus rpadoB oOmiero Buna (Kak OpUEHTUPOBAHHBIX, TaK U
HEOPHUEHTUPOBAHHBIX) SBJISIETCSI 0A30BBIM KJIACCOM, POU3BOIHBIM OT KOTOPOTO ObLT OPraHU30BaH
Kimace SpanT, TpemHa3HAYCHHBIN Ui pabOTHl ¢ rpadaMu CIEMUATBLHOTO BHAA — OCTOBHBIMU
nepeBbsaMu. [locTpoeHHas uepapxust NeHCTBUTENLHO OUCHB MPOCTA, XOTS B HEH €CTh BUPTYaIbHEIC
GYHKIMH, IPU 3TOM MHOTHE METO[bl, HEOOXOIMMBIE Ui PabOThl C OCTOBHBIMHU JIEPEBBSIMHU,
HACJIeYIOTCS U MCIIOJIb3YIOTCS B TPOM3BOIHOM Kilacce 0e3 uameHenus. CBsi3aHa Takasi IPOCTOTa C
TEM, YTO MPAKTHYESCKU BCS HATrPy3Ka JIOKHUTCS HA KIIACCHI, arpEerUpOBaHHbIC B Ipadbl 1 OCTOBHbIC
JIepEBbsI, TO €CTh Ha KOJUIEKIMK pEOEp U BEPIIKH.

3.3 KOHCTpPYKTOpPbI U BEeCTPYKTOPbI

KOHCTpYKTOPBI M IEeCTPYKTOPBI KIAacCOB Ipad)0BOH MOJENNM HMEIOT CTPOTO HHAMBHIYaJIbHBIH
xapaxTtep (puc. 4).

B cambix mpocThix knaccax (Vertex u Edge) BBOAIATCS TOJIBKO MO OJHOMY CHEIHATbHOMY
KOHCTPYKTOPY, a AECTPYKTOpPOB BooOIIe HeT. B OonpIIMHCTBE CUTyaunuil 3TH KIacChl MOTYT
00XOIIUTHCS TEMU BO3MOKHOCTSIMH, KOTOpBIE ITPEAOCTABIISIOTCS aBTOMAaTHYECKH TeHEPHPYEMbIMU
CHenHaTbHEIMA METOAaMH KiaccoB. bubmmoreunsle Komekiun (Vertices U Edges) UMEIOT
MHOTO pa3HBIX KOHCTPYKTOPOB, BCE OHU MPEIOCTABIIIOTC ONOIMOTEKOM s13p1ka Cu++, He TpeOys
HUKAKUX JIOTIOJIHUTENBHBIX MTOCTPOSHHM.

HerpuBuanbHbiii HaOOp KOHCTPYKTOPOB €CTh y 6a3oBoro (Graph) W MPOU3BOAHOTO (SpanT)
KJIacCOB HACJIeICTBEHHOI mepapxuu. Kpome oObIYHOro HabOpa KOHCTPYKTOPOB KOIUPOBAaHHUS,
KOHCTPYKTOpa yMOJYaHHsS M COBMEHIEHHOIO C HHM KOHCTPYKTOpa MpeoOpa3oBaHus,
OMPEJICTSIIONIET0 OPUCHTUPOBAHHBIC WM HEOPHUCHTHPOBaHHBIE rpadpl, B 0a30BOM Kiacce
MPUCYTCTBYET eII€ OMUH KOHCTPYKTOp MPeoOpa3oBaHus, MO3BOJSIIONIMNA CO3/1aTh OOBEKT MO
nepeuHro pébep. Takoro KOHCTPYKTOpAa OKAa3bIBAeTCSA JOCTATOYHBIM Ui pealu3aluu
coJiepKaTenbHON paboThl MO MPeoOpa3oBaHUIO MPOU3BOJBHOTO crmcka pébep B rpad, ¢
MOJIHOCTBIO ONPEIENIEHHON CTPYKTYpol péOep M BEepUIMH. AHAJIOTHYHBIN HA0OP KOHCTPYKTOPOB
HUMeeTCs U B Kiacce SpanT OCTOBHBIX JepeBbeB. EMHCTBEHHBIM OTIHYHEM 3TOTO Ki1acca OT ero
6a30BOro KJacca sIBISIETCSI MPUCYTCTBUE B MIPOM3BOIHOM KJIACCE JICIETUPYIONIETO KOHCTPYKTOPA U
KOHCTPYKTOPOB, MO3BOJISAIOIINX OIMPEACIUTh HE TOJBKO PEOpPA U BEPIIHHBI AEPEBA, HO TAKXKE €ro
KOPHEBYIO BEPIIHHY.

CoJiepKaTeNnbHbIM BUPTYAIbHBIH JIECTPYKTOP JOCTATOYHO HMMETh TOJBKO y 0a30BOro Kiacca,
MOCKOJIbKY 93TOT KJIACC HEIUIOCKHUI W YHHYTOXKEHHE COOTBETCTBYIOIIUX OOBEKTOB JIOKHO
MpeIBaAPATHCS OCBOOOXKICHUEM MTAMSITH, PaHee 3aHATONH COCTABHBIMH YaCTSIMHU OOBEKTA.

3.4 Onepaunun Hag BepwMHamu, pédbpamm mn rpacdamm

B Teopun rpador Bompoc o6 omepanmsx Haj rpadamu npopaboTaH B JOCTATOYHOH CTEHCHH.
BaxHOCTh caMOro MOHATHA rpada U CI0XHOCTh PabOThl C TAKUMU OOBEKTAMH JABHO MPUBEIH K
BBIPabOTKE OOJBIIOr0 KOJIMYECTBA Pa3HOOOpa3HBIX onepanui Haja rpagaMu M MX COCTABHBIMHU
yacTsiMU. HekoTopble onepanuy JOBOJBHO TPOCTHI, APYTUE CIOKHEE, ISl HEKOTOPHIX B SI3BIKE
MaTeMaTHUKH{ BBEJICHBI CIICIMAIbHBIE 3HAKK onepanuidl (U, M), X), Ipyrue BHIPaXKaroTCsl CIIOBAMHU
(«nocmpoum mampuyy CMENCHOCIU ... »).

[Ipssmoro cooTBeTcTBUS omepauuii Hajg rpadamu onepauusiM s3bika Cu++ HET, HO MOXKHO
TIOTIBITATHCS TIEPETPY3UTh HEKOTOPHIE ONEPaIy TaK, YTOOBI HEKOTOpasi CeMaHTH4ecKast 0JIM30CTh
MEKIAY TCOPETUIECKUMHU U SA3BIKOBBIMU OIIEPALTUAMU BCE )K€ 0OCTaBajach.

BBeneHne HEKOTOPBIX OIEpaLMii ONpeNessuIoch caMUM  s3bIKOM. Hanpumep, coBepiieHHO
OUYEBHJHO, 4YTO B KaXIOM KJacce JOJDKHA NPUCYTCTBOBATh OIEpals IpHCBaMBaHUSA,
HO3BOJIAIONIAst CO3AATh elIé OJHY KOIIHIO HccllelyeMoro o0bekTa. Taxke oueBUIHO, B Kilaccax, He
ABJIAIOMINXCA TIJIOCKUMHU, NOJDKHA ONPEACTATHCA WU OICpalusd NMpuCBanBaHUA 110 HpaBOﬁ CCBIJIKE
(mepeHoC 3HAYEHNS).
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Jpyrue onepanun oxa3aioch HEOOXOJMMBIM HAIlOJHATh HEKOTOPHIM M3HAYalbHO HEOUYEBHIHBIM
cmbiciom. Hampumep, B kimacce Edge ommcanus pébep Tpada ObLTa ompenereHa yHapHas
orepalnys MHBEpCcUH TocienoBatTenabHocTH pédep (‘-'), a Takke OuHapHble onepauuu '¢' u '§=,
BBINIOJIHAIOIINE TAaKyl0 COPTHUPOBKY MOCIIEOBATENILHOCTH pEOGEpP, YTO B OTCOPTHPOBAHHOMN
MIOCIIEI0BATEILHOCTH JIBa peOpa CIEeIyIOT IPYT 3a IPYTOM, €CIIH OJHO U3 HUX SIBJISCTCS BXOSIIIM
B HEKOTOPYIO BEpIIMHY, a BTOpPOE — BBHIXOQIIIMM W3 TOW e BepmuHb (puc. 5). B
OTCOPTHUPOBAHHYIO IIOCIIEOBATEIBHOCTh TPH 3TOM BKJIIOYAIOTCS TOJBKO Te pEOpa HCXOAHON
MIOCIIEI0BATEILHOCTH, KOTOPBIE MOTYT OBITH BBICTPOCHBI B YKa3aHHOM IIOpsIKE, HAYMHAS C
3aJaHHOH BTOPBIM ONEPAHIOM BEPIIMHBI. JTH ONEPaAIMX OKA3aJINCh OUYCHb yJOOHBIMHU MPH padoTe
¢ IUKJIaMHu B rpadax, Tak Kak IJIs IUKIOB YKa3aHHBIC ONEPAIMy HE NMPHUBOAAT K MCKIIOUCHUIO
pEéGep U3 OTCOPTUPOBAHHBIX MOCIIEIOBATCIBHOCTEH.

class Edge { /* */
friend Edgesé&operator+=( Edges&el, const Edgesé&eR);
friend const Edges operator- (const Edgesé& E);
friend const Edges operator$% ( Edges& E, const Node n);
friend Edges&operators=( Edges& E, const Node n);
/* */
}i
Puc. 5. Humepgbeticor onepayuii knacca onucanus pébep epagha
Fig. 5. Interfaces of class Edge operators
class Graph { /* */
public:
virtual Graphé& operator—-=(const Node & n);
virtual Graphé& operator-=(const Edge & e);
virtual Graphé& operator—-=(const Edges & E);
virtual Graphé& operator—-=(const Vertex & )
virtual Graphé& operator-=(const Vertices & V);
virtual Graphé& operator+=(const Edge & e);
virtual Graphé& operator+=(const Edges & )
virtual Graphé& operator+=(const Graph & G);
virtual Graphé& operator= (const Graph & G);
virtual Graphé& operator= ( Graph && G);
virtual Graph operator% (const Node n) const;
virtual Graphé& operator%=(const Node n);
virtual const Graph operator+ () const;
const Graph operator~ ();
virtual Graphé& operator>> (Graph & G) const;
virtual Edgesé& operator>> (Edges & E) const;
virtual Verticesg&operator>>(Vertices & V) const;
virtual const Graph operator- () const;
const Graphé& operator—--();
const Graph operator--(int 1);
friend const Graph operator+ (const Edges& E,const Graph& G);
friend const Graph operator+(const Graph& G,const Edges& E);
friend const Graph operator+ (const Graph&gl,const Graphé&gR);
/* */
}i

Puc. 6. Hnmepdgheiicvl onepayuil knacca onucanus 2papos
Fig. 6. Interfaces of class Graph operators

AmHanorudssle onepanuu '—' (peBepca), '$' u ' $=" (cmenuaabHOW COPTHPOBKHU) YIOOHO BBECTH U B

KJ1acc

Graph onucanusi rpados,

TaK Kak B KaxJIoM rpade wumeercs coOCTBEHHas
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MOCJIEIOBATENBHOCTh pEOep (puc. 6). EcTeCTBEHHO, YTO 3TH ONEpAIMH HACICAYIOTCS KIacCoM
SpanT ONWCAHWSA OCTOBHBIX NepeBbeB (pHUC. 7), HaH KOTOPBHIMH TaKXe IPUXOAWUTCS CTPOUTH
IUKITE (D0OaBIeHHEM HEKOTOPBIX p&dep) U, CIeqoBaTeNFHO, IPOBOAUTE HX COPTUPOBKY.

class SpanT: public Graph { /* .. %/
public: SpanTé& operator= (const SpanT & S);
SpanTé& operator= ( SpanT && S);
SpanTé& operator= (const Graph & S) override;
SpanTé& operator= ( Graph && S) override;
const SpanTé& operator—--();
const SpanT operator--(int 1i); /* .. x/

Puc. 7. Hnmepdeticol onepayuil kiacca onucamnusi 0CMosHbix 0epesbes
Fig. 7. Interfaces of class SpanT operators

B cocraB omepammii Hax OOBEKTaMH 3THX THIIOB TaKXe OBIIO NMPHU3HAHO YJOOHBIM BCTaBHTh
YHapHyI0 OmNepanuio '+', KOTopas HOpManmm3yeT rpad, TO ecTb, Oeps 3a OCHOBY
MIOCJIEI0BATENILHOCTE pEdep Tpada, COCTABIIECT COOTBETCTBYIOIIYIO €W IOCIEIOBATEIbHOCTD
BEpIINH.

Oxa3anoch, 4TO 3TO HE €AWHCTBCHHBIH BHJ ONEpalMy HOpMalu3aluu rpada, KoTopas IOIDKHA
MPUMEHATBCS K rpadaM NpH MOJCIMPOBAHWH HEHPOHHBIX ceTed. [lpyras yHapHas omnepanus
HOpMau3aluy '~' Mpy NpUMEHEHUH K Tpady OcTaBisieT B HEM TOJIBKO BEPIINHBI TPOMEXKYTOUHBIX
cI0€B, KOTOpBIE UMEIOT W BXOASIINE, U HCXonsiiue pédpa, MomyTHO ynaisisi u3 rpada péodpa c
HYJICBBIMHU BECaMU.

3.5 CopTupoBKa 1 nouck, pesepc rpada

OYHKIMU COPTHPOBKU M IOHMCKA HUrPAIOT BAXHYIO POJb IMpPU 00paboTKe JIOOBIX KOJUISKIMH
JIaHHBIX. BakHBI OHUM /IS peanu3anuu rpadoBbIX MOJEINEH, KOTOpble TaK WIM WHA4Ye CBS3aHbI C
KOJJIEKIIMSIMH OOBEKTOB, TpeIHa3HAuUeHHBIX IS MOETUPOBAHMSA BepuinH, pédep, rpados,
JIepEBHEB.

const Node Find (const Vertices & V, const Node & n);
const Node Find (const Vertices & V, const Vertexé& v);
const Weight Find (const Edges & E, const Edge & e);
const Weight Find (const Edges & E, const Edge & e,
const Node position nP);
const Node Find (const Edges & E, const Node n,
const Node position nP);
const Node Find (const Edges & E, const Node F,
const Node vT);
const Node Find (const Graph & G, const Node nkF,
const Node nT) ;
const Node Find (const Graph & G, const Node n,
const Node position nP);
const Node Find (const Graph & G, const Node sE,
const Node nF, const Node nT) ;
const bool Find (const Graph & G, Edge & e,
const Node nF, const Node nT);
const Weight Find (const Graph & G, const Edge & e,
const Node position nP);
const bool Check (const Graph & G, const Edge & e);

Puc. 8. Humepdgheiicvl pynxyuil noucka u nposepku 6X0x4COEHUsL U Pe8epCUpO8aHUsL
Fig. 8. Interfaces of Find and Check functions
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OOBIYHO TakuX (YHKIMH TpeOyeTcss MHOTO, TaK KaK W JUIsl COPTHPOBKH, U JUISl TIONCKA JaHHBIX B
KOJUICKIUSIX YaCTO TpeOyeTcsl pea30BaTh MHOKECTBO aJITOPUTMOB M UX BapHUAHTOB.

[Ipu peanuzanuu rpadoBoil Moaenn HEHPOHHOW ceTH MoHanooOmnock Oonee 10 BapuaHTOB I
(yHKIMI TOMCKAa U CEMaHTHUYECKH NPUMBIKAIONMIEH K HUM (DYHKIMU IPOBEPKU BXOXKICHHUS (pHUC.
8). Heckosbko BapHaHTOB OKa3anoch HEOOXOIUMO pPealn3oBaTh M AJISI COPTUPOBKH (pHC. 9), Tak
KaK pa3Hble OOBEKTHI JOJDKHBI COPTHPOBATHCS Ha OCHOBE COBEPLIEHHO PAa3HBIX KPHUTEPHUEB, a
MHOTAa M airopuTMoB. B wuacTHocTH, ecim péOpa ¥ BepLIMHBI 00JaJal0T HEKOTOPHIMHU
YHCIEHHBIMH XapaKTEePUCTUKaMHU (cmenenamut), TIO3BOJIAIOMINMHY, HCIIONb30BaB HAIWYHE y HUX
CBOMCTBa OBITH OIIEPaHAAMH OIEpPAlNii OTHOIIEHHS, JETKO COPTHPOBAThH X 10 BO3PACTAHUIO WU
yOBIBaHHIO HEKOTOPBIX YHCJICHHBIX BEIMYHH, TO, HAIIPUMEpP, U TAaKOTO OOBEKTa, KaK LUKI B
rpade, COpPTHPOBKA HIMEET COBEPIICHHO APYTOH CMBICIL.

G, const Node n);
G, const Node n);
const Node position Np);

Edges Sort (E
Graph Sort (Graph
Node Sort (Vertices
(
(

R R 2 2
4
v
~

void Sort (Edges E, const Node position Np);
Node Sort (Graph G,
const Node position Vertex degree direction,

const Node position Edges weight direction);

Puc. 9. Humepgpeticor pyrryuii copmuposxu epaghos, pébep u epuiun
Fig. 9. Interfaces of Sort functions

CopTHpoBKa M TOUCK — 3TO ONEPalMy, YaCTO BCTPEYAIOLIMECS B CaMbIX Pa3HBIX IPOrPaMMHBIX
cUcTeMax, pa3padaThblBaeMbIX IUIS CAMBIX Pa3HBIX MPUKIAMHBIX 001acTeil. OHU HCIIONB3YIOTCS HE
TOJNIBKO NpU paboTe ¢ rpadamMu, HO M C APYTHUMH CTPYKTypaMH TaHHBIX. OJHAaKoO MpH padoTte ¢
rpagamMu HEoOXOOMMO BBINONHATE M Oojee CrHelH(pHYCSCKHE ONepaldHd, B YaCTHOCTH, B
pazpabaThIBaeMOil MOJEIM B COCTaB OINCpalldii KiIaccoB ObUIa BKIIOYEHa (YHKIHUS peBepca H
peanm3oBaHHas Ha e€ OcHOBe omepauus '—' (yHapHOro MuHyca) (puc. 10). C momomipio 3TOH
orepanuu M Jiexameid B e€ OCHOBe (DYHKIMM MOYXHO BBIIIOJIHUTH NEPECTAHOBKY DJIEMEHTOB
(p€6ep) B KOHTEITHEpE THIA Edges WITH B Tpade.

class Edge { VA Vi
public: Edges & Revert ( Edges & E);

friend const Edges operator - (const Edges & E); /* ... */
i

class Graph { VA VA
public: Edges & Revert ( Edges & E);

virtual const Graph operator - () const;

Puc. 10. Humepdeticor ghynryuil peeepca nepeuns péoep u epagpa
Fig. 10. Interfaces of graph and edges set Revert functions

3.6 CnoxHble TecTupylowme onepaumm — NOMCK LIMKNOB, NOACYET BECOB U
3HaKOB LMKIIOB, BCTaBKa BCNOMoOraTesnbHbIX BEPLUMH U pébep

HecMmoTps Ha HCKIIOYMTENBHYIO IOJIE3HOCTh YXKE OINMCAHHBIX CTPYKTYp M ONEpaunui, CyTb
rpadoBOi MOJIENTM COCTaBJIAIOT Jpyrue e€ KOMIIOHEHTHL. Pa3paboTka Mojenyu mpou3BoJuiIach ¢
LEbI0 HMCCIIEIOBAaHMS IIMKIIOB, KOTOPHIE BO3HMKAIOT B rpadax, COOTBETCTBYIOIIMX HEWPOHHBIM
CEeTSIM, B KOTOPBIX MEXIy Pa3lIM4YHBIMH CJIOSIMH HEHPOHOB MMEIOTCS HE TONBKO IpsMBIE, HO U
obpatHple cBs3U. W Te, W Japyrue cBsI3W O0OMAZArOT BecaMH, TO €CTh UWCJICHHBIMHU
XapaKTEepUCTUKAaMH, OT KOTOPBIX 3aBUCUT CTEIIEHb B3aMMHOI'O BIMSHMS HEHMPOHOB ApPYT HA Apyra.
CTpyKTypHI CBS3€H HEMPOHOB B pa3HBIX HEHPOHHBIX CETSIX MOTYT OBITh pa3sHeIMU. Eciin 06paTHBIX
CBA3E€l HET, CETH Ha3blBAIOTCS CETAMU MpSIMOro pacnpocrpaHeHus. /[l Takux cereit
COOTBETCTBYIOIIEH rpadoBoii Moaensio Oymer nepeBo. Takwe CTPYKTYpPBHI BCTPEYAIOTCS
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JIOCTaTOYHO YacTO (HAampuMep, B CBEPTOUHBIX CETSX), HO aBTOPOB OOJIbIIE MHTEPECOBAIIM CETU C
00OpaTHBIMHU CBSI3SMH, MMEIOIIE 0oJiee CIOXKHBIE CTPYKTYPBI, @ CPEAH TAaKUX CETeH T€ M3 HHX,
KOTOpBIE MMEIOT OTpuIaTenbHble Beca. OOpaTHbBIE CBSI3M MOTYT IPHUBOJUTH K OOpa3oBaHHUIO
LUKJIOB, 3TH LWKJIbl MOTYT HMMEThb pa3Hble CBOMCTBA, Ul H3Yy4YEHUS KOTOPBIX M CTPOMIACH
rpadoBas mozxenb. B pabore [15] mpemmaraercss BEIYUCIATH 3HAK LUKJA, BBIIBICHHOTO B Tpade
HEHPOHHOH CeTH, M JOKas3bIBaeTCs, YTO HaIM4YKMEe B rpade IHUKIOB, UMEIOIIUX OTpHUIATEIbHBIC
3HAKH, MOXKET NMPUBOAUTH K BOSHMKHOBCHHUIO JIOKHBIX M HEYCTOWYMBBIX PEIICHUH. 3HAK IHUKIA
BBIYUCIISIETCS KaK 3HAK IPOU3BEICHHS BECOB BXOISIIIX B IIUKI pEbep.

ABTOpPBI cTpomin rpad)oBYI0 MOJETb M MPOTPAMMHYIO CUCTEMYy Ha €€ OCHOBE IUIS IPOBEICHUS
IKCIIEPUMEHTANBEHON IPOBEPKH M WUIIOCTPALMU Pa0OTHl NPEIUIOKEHHOIO HMMH  alroOpHTMa
MOAN(HKAINY LUKIOB, MO3BOJSIOIIET0 M30aBUTHCS OT OTPHLATENBHBIX LHUKIOB B CTPYKType
HeiiponHo#t cetnm [16]. JlokazaHHas B NWUTHPOBaHHOW paboTe TeopeMa O 3HaKaX IHUKIOB
YTBEp)KAACT, YTO, €CIIM BCE LHUKIIBI, 00pa3yrolmuecs NpH MPUCOCIMHEHHH K OCTOBHOMY IIEpEBY
rpada r00ro oJHOro pedpa u3 Korpaga 3Toro OCTOBHOTO JCPEBa, MOJOKHUTEIBHBI, TO BCE IIHKIIBI
JaHHOTO rpada OyAyT TAKIKE UMETh MOJI0KUTEIbHBIH 3HAK.

Jnst  neMoHCTpalMu pa3pabOTaHHOTO aBTOpAaMH AJITOPUTMa ObUTM HAIMCAaHBl HECKOJBKO
TECTUPYIOLINX MPOLEAYP, PEATHU3YIOIIKX OTAeNIbHBIE Iaryu anropurma (puc. 11).

Weight Build Spanning Tree

(const Graph & G, const Node Root node, SpanT & S);
void Build CoGraph (const Graph & G, SpanT & S, Graph & CoG);
Node Count sign

(const Graph & G, const Edge & e, vNodes * C []);
Node Discover Span Circuits

(const Graph & G, SpanT & S, vNodes * C []);
Node Discover All Circuits (const Graph & G, vNodes * C []);
Node Evaluate Circuits Signs

(const Graph & G, vNodes * C [], Signs & Ss);
Node Add Vertex and Edges (Graph & G,
Node From Vertex Name, Node Twrd Vertex Name,

Weight First part weight, Weight SecoHd_part_weight);

Puc. 11. Unmepdpeticvr ghynxyuil, peanusyouux 0CHO8Hble wazu AnOpUmma Mooudurkayuu Yyuxkios spaga
Fig. 11. Interfaces of main functions of graph modification algorithm

OCHOBHBIE TPOLEAYPHl, pEAIM3YIOLIME IIaru alropuTMa Moaudukanuu rpada, B KOTOPOM

MIPUCYTCTBYIOT OTPHULIATENIbHBIE IIUKIIBI, OBLIH CIIETyFOIMHU:

° npouenypsl Build Spanning Tree () n Build CoGraph () NOCTPOEHHsS OCTOBHOIO
nepesa rpada u korpada 3Toro Aepesa;

e mpoueaypa Discover Span Circuilts () BbIABICHHMS LMKIA, BO3HUKAIOUIETO IPH
J00aBJIEHNH K OCTOBHOMY JiepeBy Trpada omHOTO u3 pédep, BXOIAMMNX B COOTBETCTBYIOIIUIA
ATOMY JIepeBy Korpad;

e mpouexnypa Discover All Circuits () BbIABICHUS BCEX LIMKIOB B rpade;

e mpouexypa Count sign () BbIUUCIEHHA 3HaKa LIMKJIA, BO3HUKAIONIEIO IpU 100aBICHUU K
OCTOBHOMY JiepeBy rpada ogHOro nu3 pédep, BXOIAIMX B COOTBETCTBYIOUIHH 3TOMY JIEPEBY
Korpad;

° npouenypa Evaluate Circuits Signs () BbIYUCIEHHs 3HAKOB LIMKIIOB;

e mpouenypa Add Vertex and Edges () MoauduKanuy LUKIA IyTEM 3aMEHbI OHOTO U3
pEdep mapoii HOBBIX PEOEp, MMEIOIIMX OHY OOIIYI0 BEpIINHY, TaKKe J00aBIsIEMYIO K rpady.

IIpuBenéuHHbI nepedyeHb NMpPOLEAYP B COBOKYNHOCTU C paHee OMUCAHHBIMU ONEpalusMH Haj

rpadaMy, OCTOBHBIMH JI€pEBbSIMH, PEOpPaMH M BEpIIMHAMM, a TAaKXKe CO BCIIOMOTATEILHBIMU
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IpoLesypaMy IOCTPOEHHS BHELIHEro IPEJICTaBICHUs TIpadoB M IUKIOB B HHUX IO3BOJIMI
MOJIHOCTBIO M HAIJIZIHO IPOWJLTIOCTPUPOBATH PA0dOTY MPEAJIONKEHHOTO aJITOpUTMa Moau(UKaun
rpadoB, JeTaiu KOTOpOi MOXKHO HalTH B y)Ke LIMTHpOBaBIeiics padore [16].

Bce 3t mpouenypsl 3anporpaMMHUpPOBaHBl C AKTHBHBIM IPUMEHEHHMEM IPEICTABICHHBIX B
NpeAbIIYIINX pa3fenax omepaunusx Hajg rpadaMH U OCTOBHBIMU JIEPEBBSIMH, a TaKXke HaJ
BXOJUSIIIMMH B HUX BEpIINHAMU U pEOpaMH.

Bxitouenne B co3paHHyo TpadoBY0 MoJenb OOJBLIOrO YHCIAa MEPErpyKEHHBIX OIepalui
MO3BOJIMJIO 3alMChIBATh AJITOPUTMBI CJIOKHBIX TECTUPYIOUIMX MPOIENyp OUY€Hb HarjsHO, YTO B
CBOIO 0Yepe]b CII0COOCTBOBAIO CHU)KEHHIO YHCIIA IOTEHIIMAIBHBIX OIIMOOK B 9THX MPOLEaypax u
CHIDKEHHIO BPEMEHH OTJIaJKH BCero KoMiulekca nporpamm. Ha puc. 12 mpusenéH npumep
peanu3ayy OTHON U3 TaKUX MPOLEIYD.

[lepeuenp omepanuii Haj rpadamu, HCIOJB3YyeMBIX B TEKylled BepcuH TpadoBoil Mojenw,
ABJISIETCS OTKPBITHIM. IIpM W3MEHEHWH Kakux-TMO0 TpeOOBaHUM K MOJENM MIM IPH HUX
paclIMpeHny WM BO3HHKHOBEHHM HOBBIX CIICHAPHUEB TECTUPOBAHHS CETEBBIX CTPYKTYp, 3TOT
MIepeUCHb MOJKET JIOIOJIHEH JOTOJHUTEIBHBIMU OlNepanusMi. EJAMHCTBEHHBIM OTpaHHYCHHEM
3/eCb MOTYT OBITh BO3MOKHOCTH C€aMOro s3bIKa IporpamMmupoBaHusi Cu++, KOTOpHIH He
MI03BOJISIET NEPETPY’KaTh HEKOTOPBIE ONEPAIMU 1 HE TIO3BOJISIET BBOJUTH HOBBIC 3HAKU OTIEPALIMH.
OnHako, HATAJIKMBAsCh HA ITOJOOHBIE OIPaHNYCHHS, MOJENb HE TepseT CBOEH TMOKOCTH, XOTS JI0
OTIpeZIeTIEHHOI CTENEHN B CIydae pocTa 4uciia MOAEIMPYEMbIX Onepanuii Hajx rpadaMu MOXET
HayaTh TEPATh B HAIIAHOCTH MIPEICTABICHUS 3TUX ONEpanHuii.

Node Discover Span Circuits (const Graph & G, SpanT & S,
vNodes * C [])
{ Node Nc = 0;
Graph CoG (G.get Orientation());
Build CoGraph (G, S, CoG);
for (auto & edge: CoG.get Edges())
{ S += edge;
Nc += Discover All Circuits(S, C + Nc);
R— S;
}
S =+ S;
return Nc;

Puc. 12. Peanuzayus npoyedypwr Discover Span Circuits () ¢ nomowblo nepezpyjicentbix onepayuii
u Opyaux npoyedyp epaghosoii mooeau
Fig. 12. Implementation of Discover Span Circuits () procedure using overloaded operations and
other procedures of graph model

4. 3aknroyeHue

B pabote ommcaH moaxox K TECTHPOBAHWIO MCKYCCTBEHHBIX HEHPOHHBIX CEeTeH, pealn30BaHHBIHN
Ha s3pike Cu++ B IpOrpaMMHOM KOMIUIEKCE B BHJE Habopa KJIAaCCOB M aITOPUTMOB 00pabOTKH
00bEeKTOB 3THX KilaccoB. [IpencraBneHsl MHTepdEHCH  BaKHEWIIMX — onepaunuii  Haj
UCIIONIb3YEeMbIMH OOBEKTaMU ¥ TECTUPYIOUIMX Ipoueayp. IIpoaeMOHCTpUpOBaHHBIA aBTOpaMu
MOAXOA AT BO3MOXKHOCTH YHH(HINPOBATH NPOLECC PELICHHs MPUKIAIHBIX 33/1a4 C HOMOIIBIO
HEeWpOoHHBIX ceTed. [Ipu NosBICHNN KOHKPETHOH 3a/1a41, KOTOPYIO TpeOyeTCs pelnTh, HECI0XKHO
BBIOpaTh HEHPOCETEBYIO MOJIENb, KOTOPAs JIydllle BCEro MOAXOAMT JUISl 3TOH 3a/1a4H, ONPENeIuTh
apXUTEKTYpy CETH, a TaKK€ OpraHu30BaTh INPOLEAYPbl M CIEHAPUU TECTUPOBaHUS. Sapom
HCIIONIB3YEMBIX METOOB SIBIISTIOTCS ONEpaIiy HaJl TpadaMu, ONMCHIBAIONIUME CTPYKTYpPBI CBA3EH
MEXIy HeHpOHaMU. DTH OIIEPAIli MOTYT OBITH IOCTATOYHO CJIOKHBIMH, OJTHAKO OHH HE CIIOXKHEE,
4yeM OIlepalluy, BBINOIHIEMbIE CaMOl HEMpPOHHON ceThl0. Ecau ucnonb3yemoe anmnaparHoe
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obecrieueHre aéT BO3MOXKHOCTh pPEANN30BaTh HEHPOHHYIO CETh, OHO TaKKe MOXET [IaTh
BO3MOXKHOCTb M IPOTECTUPOBaTh €€ C MOMOILBI0 IpeIaraeMbelx airoputmos. IIpuBenénnele
9KCIIEPUMEHTBI, HEKOTOPhIE M3 KOTOPBIX OIMCAaHBl B JApyroi pabore aBTOpoB (cM. [16])
MOKa3bIBAIOT, YTO MNPEJUIOKEHHBIN MOAXOJ MO3BOJSET B 3HAUUTEIBHOM CTENEHU YCTPAaHUTh Kak
HCTIONIb30BAaHUE YPE3MEPHO CIIOXKHBIX MOJIENCH AJISI PEeLICHUs] KOHKPETHBIX HMPHUKJIAAHBIX 3a7ad,
TaK M PUCK MOJyIEHHSI HEBEPHBIX PELICHUH.
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AuHotammsi. B crarbe paccmarpuBaercs 3ajada OOydeHHS C y4dHMTedeM: TpeOyeTcss BOCCTAHOBHTH
3aBHCHUMOCTb, OTOOPAKAFOILYI0 BEKTOPHOE MHOXKECTBO B CKAJIIPHOE 110 KOHCYHOMY HabOpy IIPUMEPOB TAaKOr0
oToOpaxkeHHs1 — oOydaromieil BriOOpke. [laHHas 3ajada OTHOCHTCS K Kiaccy OOpaTHBIX 3ajiay, M, Kak M
OOJBIIMHCTBO OOPATHBIX 3a/1a4, SBISIETCS MATEMAaTHYECKH HEKOPPEKTHOM. DTO BBIPaXKaeTCsi B TOM, UYTO €CIU
CTPOUTH pEIICHHE METOJOM HAWUMEHBIIHMX KBaJpaToB IO TOYKaM OOydaromieil BBIOOPKH, TO MOXHO
CTOJIKHYTBCS C EPe00ydeHHEeM — CHTyaLei, KOraa MoJielIb XOPOLIO OMHCHIBAET 00ydJalomee MHOKECTBO, HO
JaeT OOoNbIIYo OMHMOKY Ha TecTOBOM. Hamu mpuUMeHsieTcs MOIX0/1, KOTIa PelIeHHe HIIETCs B BUIE aHCaMOIIst
MPEIUKTUBHBIX MOJIENCH. AHCaMOIN CTPOSATCS C MCIOIBb30BaHHEM MeTona O3rruHra. B kadectBe 6a30BBIX
o0y4yaeMbIX Mojesieil B paboTe HCIONB3YIOTCS TEPCENTPOHBI U JiepeBbsi peleHuid. KoHeuHoe pelieHue
MOJTy4aeTcs IyTeM B3BEIICHHOTO MOJIOCOBAHHS TIPEAUKTOPOB. BecoBbie KO3 UIMEHTHI TOAOHPAIOTCS TyTEM
MHUHUMHM3AIMY OIIMOKM aHcaMOis Ha oOydvarorieil Beioopke. {1 60pr0BI ¢ TepeoOydeHneM mpu nondope
BECOBBIX KOO((UIMEHTOB mNpUMeHseTcss OaffecoBckast peryaspusamys peuieHus. Ytobbl mogoOpaTsb
[apamMeTpbl Peryisipu3alyy, B paboTe MPeIIoKEHO UCIONB30BaTh METOJ OPTOrOHAIM30BAaHHBIX 0a3MCHBIX
(GYHKIMH, KOTOpBIIl TO3BOSIET MOMYYUTh MX ONTHMAJbHBIC 3HAUCHHsSI 0€3 HCIONB30BAHHS PECYPCOSMKUX
UTCPALIMOHHBIX MPOLEAYP.

KuroueBble ciioBa: o0ydeHHE C yduTeNeM; OIITHHI; HEKOPPEKTHbIe 3a1aqn; baiiecoBckas perymspusanus
0o0yueHusI.

Jonsi nurupoBanmsi: Hyxueiit A.C. Perymspusauust baiieca mpu mogbope BecoBbIX KOI(P(PUIHEHTOB B
ancamOisix npeaukropos. Tpyast UCIT PAH, tom 31, Beim. 4, 2019 1., crp. 113-120. DOI: 10.15514/ISPRAS-
2019-31(4)-7

Bayes regularization in the selection of weight coefficients in the
predictor ensembles

A.S. Nuzhny, ORCID: 0000-0003-3319-2523 <nuzhny@inbox.ru>
Nuclear Safety Institute of the Russian Academy of Sciences,
52 Bolshaya Tulskaya st., Moscow 115191, Russia

Abstact. The supervised learning problem is discussed in the article: it is necessary to restore the dependence
that maps a vector set into a scalar based on a finite set of examples of such a mapping - a training sample. This
problem belongs to the class of inverse problems, and, like most inverse problems, is mathematically incorrect.
This is expressed in the fact that if you construct the solution using the least squares method according to the
points of the training sample, you may encounter retraining — a situation where the model describes the training
set well, but gives a big error on the test one. We apply the approach when a solution is sought in the form of
an ensemble of predictive models. Ensembles are built using the bagging method. Perceptrons and decision
trees are considered as basic learning models. The final decision is obtained by weighted voting of predictors.
Weights are selected by minimizing model errors in the training set. To avoid over-fitting in the selection of
weights, Bayesian regularization of the solution is applied. In order to choose regularization parameters, it is
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proposed to use the method of orthogonalized basic functions, which allows obtaining their optimal values
without using expensive iterative procedures.

Kumouesbie cioBa: supervised learning; bagging; ill-passed problem; Bayesian regularization of learning

Jus unruposanus: Nuzhny A.S. Bayes regularization in the selection of weight coefficients in the predictor
ensembles. Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019. pp. 113-120 (in Russian). DOI:
10.15514/ISPRAS-2019-31(4)-7

1. BeedeHue

B pabore paccmarpuBaercs 3aqaya OOy4eHHS C y4HUTENeM, Korga TpeOyeTcs BOCCTAaHOBHTH
3aBHCHMOCTbB, OTOOPAXKAIOIIYI0O BEKTOPHOE MHOXECTBO X B CKaJsipHOE Y MO KOHEYHOMY HabOpy
IPMMEPOB TAKOro OTOOpakeHus — obydaromeii BeiOopke: D = {y; X;}-_,. Jlannas 3amaua
OTHOCHTCS K KilacCy oOpaTHBIX 3ajaay, M, KaKk W OOJBIIMHCTBO OOpaTHBIX 3ajad, SBISCTCS
MaTEeMaTHYECKH HEKOPPEKTHOH. DTO BBIPAXKAETCS B TOM, YTO €CIH CTPOUTH PEHICHHE METOIOM
HAMMEHBIIMX KBAJPATOB IO TOYKaM oOydaromied BBHIOOPKH, TO MOXKHO CTOJNKHYTHCS C
nepeo0yueHHEeM — CHTyalleH, KOrja MOJIEIb XOPOIIIO OMKUCHIBAET 00y4aroliee MHOXKECTBO, HO J]aeT
OOJIBIITYIO OIIMOKY HA TECTOBOM.

Jdnst OoppOBI C IepeoOyueHHeM CYHIECTBYET HECKOJIBKO ITOJXOJI0B: METOJ BaJIMAAlIOHHBIX
BbIOOpOK [1], MeTon perymspusanu oOydeHus [2], MOCTpOSHHE PEIIeHHS KaK CYHepIIO3UINU
aHcamOJell He3aBHCUMBIX mpeaukTopoB [3]. B mocnennem ciydae paboraer 3¢d¢ektT B3auMHON
KOMIICHCAIIunu OH_II/I6OK OTACJIBbHBIX HE3ABUCUMBIX MPECAUKTOPOB IPH I'0JJOCOBAHHU. Camu MOJACIIH,
YYaCTBYIOIINE B TOJIOCOBAHUH, CTPOSATCS HE3ABHCHMO JIPYT OT Jpyra mo obydaromieit Beibopke D.
O‘-ICBI/UIHO, YTO TOYHOCTH alIIpOKCHMalUH IIPpU TaKOM ITIOJAXO0OC 6y}1€T OorpaHn4ycHa CBEPXY TEM
00CTOSTENILCTBOM, YTO KOHEYHas oOydaromias BBIOOpKa MO3BOJIMT MOCTPOHUTH TOIBKO KOHEYHOE
YHUCIIO HE3aBUCHUMBIX IIPEAUKTOPOB. Ilocime 3TOro OmpeAeneHHOro yIy4lleHHs TOYHOCTH
IpeCcKa3aHus MOXKHO TOOHUTHCS, HAIIPUMeEP, BBES JIOMOIHUTENBHO BECOBbIE KOI((MUIMEHTHI I
NPeIUKTOPOB M IIPOBOAS B3BELIEHHOE TrojocoBaHwe. OpHako 3agada mHoxOOpa BECOBBIX
Kk03(hGHUIMEHTOB cama Mo cede TaKKe SBJISETCS HEKOPPEKTHOM, TPeOyIOIIei peryspu3aium.

Jlnst peneHus 3Toil IpoOIEMbl B CTaThe NMPEATaraeTcsi HCKaTh BeCOBbIe KOI((UIIMEHTH! a,, epe]
npexukTopaMu ¥, (X) IyreM MHUHMMH3ALMHA KBAAPATUYHOM OIMMOKH OOYy4EHUS B CYMME CO
CTaOWIM3UPYIOIUM (DYHKIIOHAJIOM B raycCOBOU (opMme:

L N 2 N
Z' Vi — Z a, (X)) | + AZ az, €))
i n=1 n=1

rae N — gucno 0a3HCHBIX NPEIUKTOPOB, a A — peryinspH3alloOHHbIH MHOXHTENb. Ero 3HaueHune
Oymer HaxoOWUTHCS O MeTony baiteca [2,4].

B oOmem Buzme baiiecoBckuii MeTO IMOWCKa PETYISAPU3AMUOHHOIO MHOXHTENS CBOOHUTCS K
JOPOroCTOsIIEH UTeparmoHHOHN pouenype [2,4]. OnHako B cirydae, KOrja pernieHne UIIeTcs B BHIE
psna mo Habopy 0a3ucHBIX (DYHKIHM, a CTAOUTU3UPYIOMKI (DYHKIIMOHAN OepeTcs B raycCoBOM
(dhopme, MOKHO IPUMEHUTH METO]] OPTOTOHATH30BAaHHBIX 0a3ucHBIX QyHKIWA (OBD) [5], KoTOpHI
JaeT aHAIUTUYECKOE BBIPaXKEHHE IS A, YTO CYLIECTBEHHO YIPOIIAET BEIYUCIICHUS.

Hmxe Oymer xpaTko M3NOXKEHA HWies OXTTHHTa Ha mprMepe 0a30BBIX 00ydaeMBIX MOJENEH ABYX
TUIIOB — MHOTOCIIOWHBIX TIEPCENTPOHOB M JEPEBHEB pPEIICHUH; OaHO OIMCAHWE METOoAa
OpPTOTOHAIN30BAHHBIX Oa3WMCHBIX  (DYyHKOWMH; TPEIIOKEH KOMOWHHMPOBAHHBIH  aJTOPHUTM,
WCTIONB3YIOMMUH 00a 3THX TOAX0/A; TNPHBEAEHBI PE3YAbTaThl anpoOalyy MPEATIoKEHHOTO
JITOPUTMA.

2. AHcam6:nu npeduKmMueHbIx modesiel

B [3] 65151 paccMoTpeH moax o K 3a1ave OOydIeHus ¢ yIUTeNneM, NOIyIuBIINK Ha3BaHue OorruHr. B
HEM pEIICHHE CTPOMIIOCH KaK CYNEpIO3HIHS PA3IMYHbIX (HE3aBHCHMBIX ) IPETUKTUBHBIX MOJIEIICH.
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[Ipu 3TOM caMu MOJIETH MOIYJaJINCh 00YYEHHEM OJHOI'0 MaTeMaTHYECKOTo aJlrOpUTMa Ha Pa3HBIX
MIOAMHOXECTBaX O0YYalOIMX JAaHHBIX. BBUIO IMOKa3aHO, YTO CIIOKHBIM NMPEAUKTOP, IMOTydEeHHBIH
TOJIOCOBAaHHEM aHCaMOJISl IPEIUKTUBHBIX MOJIEIel, aeT B BEPOSITHOCTHOM CMEBICie Ooiee TOYHOe
pelIeHe Mo CPaBHEHHIO C ITPOCTHIM IPETUKTOPOM.

Just mocTpoeHust aHCaMOIlsl HE3aBUCHMBIX IPEIUKTOPOB C MOMOLIBIO KakoW-mibo oOydaeMoit
MOJIETTM HEOOXOJUMO OO0ECHEeYHTh BapHaOENbHOCTh TPOLEAYphl OOydYeHHs, BHECTH B Hee
HEKOTOPBIN CITydaliHBIN (aKkTop, YTOOB! Pa3IUYHbBIE STIOXH O0YUSHHMSI IPUBOAWIN B OOIIEM CiTydae
K pa3HBIM KOHEUHBIM MpeaukTopaM. OIHUM M3 CIIOCOOOB OOECIeueHHs] TaKOH BapHaOeIbHOCTH
SIBIISIETCST O3TTHHT, KOT/Ia MOJIETh YYUTCSI HE Ha BCEM MHOXKECTBE JIaHHBIX, a TOJIKO Ha CIydaifHOH
noABbIOOpKe. B pesynpTare NpenuKTOphI, IMOCTPOCHHBIE HAa PA3HBIX IOIMHOMKECTBAX JaHHBIX,
OyIyT pa3IM4YHBI MEXKIY COOOM U CMOTYT CO3/1aBaTh (PYHKIIMOHATHHEIHN Oa3uc.

Kpome Ttoro, paznooOpasue NpemIuKTOPOB MOXET OBITh JOCTUTHYTO Oiarojapsi oCOOEHHOCTSM
camux oOyudaeMbIx Mojeinel. Hampumep, MHOrocnoiiHsle nepcenTpoHsl [6] oOy4aroTcst myTem
KOPPEKTHPOBKU CBOMX BECOB B CTOPOHY YMEHBIICHUSI OIIMOKH 00Y4EeHUsI OT HEKOTOPHIX Ha4albHBIX
3HaueHud. B pesynbraTe 0OyueHHE CXOOUTCS K COCTOSHHIO, COOTBETCTBYIOIIEMY HEKOTOPOMY
MUHHAMYMY OIINOKHY (HE 00s3aTeNbHO ritodanbHoMy). Kakoit KOHKpeTHO MUHUMYM Oy/IeT Mojy4eH
B pe3yabraTe OOy4eHHs, 3aBHCHT, B YaCTHOCTH, OT HaYaJbHBIX 3HAUYEHHH BECOB IIEPCENTPOHA.
Takum o00pa3oM, cTapTys OT pa3HBIX HAYaJIbHBIX 3HAYEHWH, MBI Oy/eM TIOJy4aTh pa3Hble
MIPEAUKTOPHI.

B kaudecTBe euie OJHOrO IpUMEpa MOXKHO IIPUBECTU [JEPEBbSl MPHUHATHS PELICHUH, KOTOpbIE
(dbopMupytoT HabOp pasfeNnsIolIMX MPaBUIl HA OCHOBaHMM oOydaromieil BbiOopku. [Ipu BeIOOpE
pa3fensioniero npaBmia B y3iie JepeBa OObIYHO HCIOb3yeTCs TaK Ha3bIBAEMBIN «Ka(HBII)
IMPUHINXII, KOraa M3 BCEX BO3MOXKHBIX BAPUAHTOB OCTACTCA TOT, KOTOpLIﬁ Ha JAHHOM Hare aacrt
HaWJIy4Ilee 3HaueHue pasneistoniero kpurepus [7]. OmHako ecny MpU BBHIOOpE pa3lelisioiero
IpaBWiIa B KaXIOM KOHKPETHOM Y3Ji€ pacCMaTpUBaThb TOJIBKO HEKOTOPOE MOINPOCTPaHCTBO
Clly4aiiHO BBIODAHHBIX BXOAHBIX NPU3HAKOB, a HE BCE MX MHOXKECTBO, TO MOXKHO IHOCTPOUTDH
aHcaMOJIb Pa3IMuHBIX MEXIy COOOH JiepeBbeB peleHuil. JlanHas naes peaiu3yercs B ajJropuTMe,
M3BECTHOM Kak ciyuatinwiil ec [8].

Ilocne Toro, Kak aHcamOub IpeaukropoB ¥, (X) MOCTPOEH, KOHEYHOE PELICHHE MOXET OBITh
MOJTy4EHO ITyTeM UX IIPOCTOr0 TOJIOCOBAHHS:

N
M@=%§;ﬂ%@>

HJIN B3BCIICHHOI'O I'OJIOCOBaHUA:

N
ZEEDYERAC @

n=
B nmannO# pabore paccMaTpuBaeTCs MOJENb B3BEIICHHOTO TOJIOCOBAaHMS. Beca momaratorcs
aJaNTUBHBIMHU IIapaMeTpaMu aHCAaMOJI U MOJOUPAIOTCS ITyTeM MUHIMH3AINN OIINOKH 00yICHHS.
B3BemieHHOE T'OIOCOBAaHHE YACTO ITO3BOJSIET JOCTHYb JYUIIETO WM CPaBHUMOTO C TPOCTHIM
TOJIOCOBAHMEM pE3ylbTaTa MEHBIIMM YHCIOM MOAYJIEH, 4YTO JenaeT MOAenb Oojee
HMHTEPIPETUPYEMON U BBIUHUCIUTENBHO MEHEE 3aTPATHOM.

3. MemoOd opmozoHanu3oeaHHbIX 6a3ucHbIX hyYHKUUU

B merone OB® nounck pemenus h(X) BemeTcsa B BHAE psAna 1Mo HaGOpy 6a3sHCHBIX (QyHKImMA (2).
[Ipennomaraercsi, 9T0 BEKTOPHI 3HAYCHUI 0a3WCHBIX (PYHKIMH B TOYKAaX OOYyYaromieil BHIOOPKH

P =, (%), ¥ &)}, ..., ¥, (%,) OpTOroHaNbHbI:

L
Z_ L lpmi lpni = (Sm,n (3)
i=

Ecmm 310 YCJIOBHUE HE BBIIIOJHEHO, TO MbI BCECrla MOKEM NOCTPOUTH JIMHEHHOE HpeOﬁpaBOBaHI/IG,
OPpUBOAAIICE K OPTOIrOHAJIBHOMY Ha60py BCKTOPOB, KOTOpLIfI MOXHO TPAKTOBAThb KaK 3HAYCHHSA
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HEKOTOPBIX HOBBIX 0a3WCHBIX (QYHKIMH B TOukax oOydaromed Bbibopku. Ilocie Toro, kak OymyT
HalaeHbl KO3()GUIMEHTH PA3JIOKEHUS IO OPTOTOHATM30BAHHBIM (DYHKIUSIM, KO3()OUIUCHTHI
pa3NoKEHUsI PElICHHs IO HCXOAHBIM  (YHKIUSIM TONY4YalOTCS OOpaTHBIM  JIMHEHHBIM
npeoOpa3oBaHUEM.

Jenaercs cTaHAApTHBIA Uil MeTona OalleCOBCKOW perynspusanun Habop mpeanonoxeHuid. Bo-
MEePBbIX, MPENOJaraeTcsi, YTO JaHHbIC 3allyMJICHbl TayCCOBBIM INYMOM. B 3ToM ciyuae
BEPOATHOCTh TeHepanuu pemenneM h(X) oOydaromero npuMepa V;,X; MOXHO OLEHHThH
BBIPAKCHUEM:

1 2
PO = 5-exp (~B(y. — h(2))),

a renepaiuu Beeii BbIGopku D = {y;, X;}F_;, COOTBETCTBEHHO,
1 L L, 2
P(DIh) = 7z &XP (_ﬁ Zi=1(3’i - h(xi)) )7
rze f§ — mapamerp MOJEIH.
Bo-BTOpbIX, J€naercss MpeAronoKeHne 00 arpuoOpHOW BEPOSTHOCTH BHIGOPA TOrO WM HHOTO

peteHus. AnpropHasi BEpOSTHOCTh 3aIMCHIBAETCS B TayCCOBOM (opMme:

P(hla,B) = %exp (—a Z:Zlafl)

31ech TaKKe @ — mapamMmeTp MOJEIH.
I[To popmyne Baiteca
P(D|h)P(h|a, B)

P(ID, @ B) = =350 5

(4)

BEPOATHOCTH pemenus h(X) Gyner pasna [4]:

1 L N
PGIDaf)=—e M M=frae ) (i-h)+ay a
M i=1 n=1

B npusenennsix ¢popmynax Zy,Zy, Zy — HOPMUPOBOYHBIE KOIPPUIIUSHTHI, KOTOPBIE MOJy4alOTCs
o o a
U3 YCJIOBUI HOPMHUPOBKH COOTBETCTBYIOIIMX BEPOSTHOCTEH Ha equHuily. Eciu monoxurs A = 510

¢ynkmonan M Oyaer NOMHOCTBIO DKBUBAJICHTEH BbIpaxkeHHo (1).
Pemenne (2) wmercs kak HauOosee BeposiTHOe. MakCHMH3alus BEPOSTHOCTH —pEeIICHHS
P(h|D,a, B) (win mudaumusauds M) no kod3dppuinueHTaM pasioKeHHs d,, B CIy4ae BBINOJIHEHHS
ycoBus (3) IPUBOAUT K CIEAYIOMIEMY BBIPAKESHHUIO IS UX 3HAYCHUH [5]:
B L
= P (5)
ﬁ + a i=1y Lin;

[Mapamerpsl @ U f HaxoAsATCs, Kak HauOOJIEe MPABIONOA00HBIE, TyTEM MaKCUMHU3AIMHK Jloraprudma
sHamenatesst B opmyne baiteca (4) [2, 4]. Ilocnennuit Bhipakaercs depe3 HOPMHUPOBOUHBIC
K03(HUIMEHTHI TIPH SKCTIOHEHTAX

InP(D|H) = InZ,; — InZ, — InZy.
B pesymprare, kKak mokazaHo B [5], modydaeTcs CIEAyIOIIee BEIpaKCHHE s Jorapudma
3HaAMEHATEeIIS:

an

InP(D|H) =

p?S N a ., L B
,8+a+21n/3+a 2 +21n7r'

rae

N 2
S= Zm(ﬁn) , (6)

¥ — BEKTOp 3HAYEHUI UCKOMON (PYHKIMM B TOUKAX 00ydYarouiel BIOOPKH.
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Maxkcumu3anus JaHHOTO BBIPAXKEHHS 110 & U § CBOIMTCS K CUCTEME JIBYyX HEIMHEHHBIX ypaBHEHUH,

KOTOpas UMEET €IMHCTBEHHOE aHAJINTHUYECKOE PEIIeHUE JUIsl MapaMeTpoB Mojaenu. B pesynberate

a ¥ [§ BEIpaXXaroTCsI 4Yepe3 YMCII0 TOYEK B 00ydaronieM MHOXeCTBe L, uncio 6a3ucHbIX GyHKmid N,

KBaJIpaT BEKTOpa 3HAYEHHH (YHKIIMK B TOUYKaX 00y4aroNmEro MHOXKECTBA Y ¥ BeNHUMHY (6):
1 (L—N) 1(L—-N)

2ty T 26729

[TonpoOHBIC BEIKIIAIKU MPUBEICHEI B paboTe [5].

(7

Beruncius peryssipiu3anuoHHbIE ITapaMeTpsl & U 5, MOKHO MOTYIHUTh KOI(PHUIIUEHTHI Pa3IoKeHUsI
10 OpPTOrOHANM30BaHHBIM GYHKIWAM (5) W, NMPUMEHWB K HUM NpeoOpa3oBaHue, 0OpaTHOE
OPTOTOHAIU3YIOMIEMY, TTOJYYUTh KOI(PQPUIIUEHTH! Pa3IoKEHHsI 0 UCXOMHBIM (YHKIMAM. Takum
00pa3zoM, METOJT OPTOrOHAIN30BAHHBIX 0a3UCHBIX PYHKIWI MPUBOAUT K €MHCTBEHHOMY PELICHHIO
Jutst K0O(p(PUIMEHTOB a,, B BEIpakeHNH (2), COOTBETCTBYIOIIEMY MAaKCHMYMY MPaBIOIOI00HS.

4. An2zopumm nocmpoeHusi 38eUWIeHHO20 aHcambnsi

B xauectBe 0a30BbIX 00ydyaeMbIX Mofened B paboTe pacCMaTpUBAIUCh MHOTOCIOWHBIE

HIePCENTPOHBI U AEPEBbs IPUHATHUS PElIeHHH. APXUTEKTypa IepCenTPOHOB MOAOHPaIach 3aBEIOMO

NPOCTOM, 4YTOOBI TepeoOydeHHne OTHEIbHOrO TepCenTpoHa Ha oOydarolieil BbIOOpKe ObLIO

HEBO3MOXXHO. KX pasHooOpa3zue obOecreuMBajoch TeM, YTO B KaXKIOM ciydae oOydeHue

MpOBOJUIIOCH OT PA3HBIX Ha4YaJIbHBIX 3HAUECHUH CHHONTHYECKUX KO3¢)¢)HHHCHTOB U Ha pPa3HbIX

NO/IBEIOOPKAX 00yYarOIHUX TAHHBIX.

B cnydae nepeBbeB NMPHUHSATHS PELICHHH, pa3HOOOpa3ue MPEeAUKTOPOB 00ECHEeYHBAIOCh TEM, YTO

Ka)XXI0e AEpPeBO CTPOMWJIOCH Ha CIIy4ailHO BBIOpaHHOW MOIBBIOOpKE OOYYaroIero MHOXECTBa

(GorruHr).

AJITOPHUTM HOCTPOEHHUS PELICHHS BBINIAUT CISAYIOINUM 00pa3oM:

1) Ha oOyuaroIeM MHOXXECTBE CTPOUTCS CEPHs Pa3IMIHBIX MEXKIY COOOM MPEIHKTOPOB;

2)  BBIYHCISIIOTCS BEKTOPBI 3HAYCHHUI [OMYYSHHBIX 0a3UCHBIX MIPEIUKTOPOB B TOYKAX 00yJaromiei
BBIOOPKH;

3) BeKkTOpHl 3HAYEHWH MOPOBEPSIOTCS HA JIMHEHHYI0 HE3aBUCHMOCTb, €CJIH  yCIIOBHE
HE3aBUCUMOCTH HE BBIIIOIHEHO, TO YHCIIO PEAUKTOPOB YMEHBIIACTCS;

4)  cTpomTCS OPTOrOHATIU3YIOLIEe IHHEHHOE IPeoOpa3oBaHNe ITHX BEKTOPOR;

5)  BBIUHCIAIOTCS TTapaMeTphl & U ff o dpopmynam (7);

6) HaxomsTcs K03()HHUIHMEHTBI Pa3IOKEHHS TI0 OPTOrOHATN30BAHHBIM 0a3UCHBIM (QYHKIHM (5);

7) paccUUTHIBAIOTCS KO3(D(DUIMEHTHI PA3IOKECHHS PEIICHHS [0 WCXOAHBIM HPEAUKTOPAM, LS
4ero K Ko3((HIMEHTaM DPa3JIOKEHHs 110 OPTOrOHAIM30BAHHBIM (YHKIHAM IPUMEHSETCS
nTuHeHHOoe peo0pa3oBaHie, 00paTHOE OPTOTOHAIH3YIOMIEMY.

B pabote [4] paccmaTpuBanacek 3a/aua ampoKcCUMAaIy (YHKIMK 110 TOYKaM. PeleHne uckamoch

B BHJE psijia 10 HA0Opy Oa3ucHBIX GYHKIMIT myTeM MuHUMK3anuK (yHkironana (1). J[ns moucka

PErYIPU3ALOHHOr0 MHOXKHUTEIIS IPUMEHSUICS 0alleCOBCKHM MOAXOM K PEry/IspH3alliy PereHHs.

[pemtokeHHpIil B [4] UTEpallMOHHBIA aNTOpPUTM BEIOOpa MapaMeTpoB MOAETH JaeT 3HAYCHHUS

BECOBBIX KOX(PPHUIHMEHTOB @,, ONMW3kHe K KOXPPHUIHEHTaM, ITOTYyYCHHBIM aJTrOPUTMOM,

paccMaTpuBaeMbIM B JaHHOW craThe. OTHAKO ajrOpUTM, PAacCMOTpEHHBIM B [4], obmamaer

OOJIBLIMMH BBIYUCITUTEILHBIMU 3aTPaTaMH.

WtepalliOHHBIN aNTOPUTM HCHONB3YET NPOLEAYpY, IZle Ha KaXIOM IIare pemaercss cucreMa

TUHEeHHBIX anreOpandeckux ypaBHeHmi (CJIAY), umcno ypaBHEHW KOTOPOH pPaBHO YHCITY

6asucHpIXx ¢yHknuit N. Takum 00pa3oM, KOJIMYECTBO Omepanuii, HeoOXOmuMoe Ui OFHOH

urepanmu, npornopuroHanbHo N3, a cnoxkHocts Beero anroputma ~N3T, rie T — umcio urepanmi.

Jlnst HazeXXHON CXOIMMOCTH alTOpUTMY OOBIYHO Tpedyercs He MeHee 10 nTeparuid.
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Hawnboree pecypcoeMKknM 3TarioM paccMaTpuBaeMoro B JaHHOH CTaThe aJlrOpUTMa SIBIIsieTcs mar 4
— Tepexo/l K OPTOrOHAJFHOMY MPECTABIECHHIO. BEIYHUCIUTENbHAS CTOUMOCTD TaKOH IPOLEAYPHI
ananormuna croumoctd pemerus CJIAY ~N3 onmepammit. Takum 00pa3oM, BBMUCIHTENbHAS
CTOMMOCTB MPHMBEIEHHOTO aIrOpUTMa — nopsaka N3 ormepanuii, 4To KpaTHO MEHBIIE CTOMMOCTH
urepanuonHoro anropurma ~N3T.

[IpuBenenHas B paboTe MOZIEb CPaBHUBAJIACH C PELICHHEM, TIOJTYYEHHBIM ITPOCTHIM IOJIOCOBAHUEM
MpeAMKTOpoB. TecTHpoBaHKE MPOBOAMIOCH Ha CTAaHJAPTHOM JaTa ceTe Ui 3a/laud PEerpecCHuH,
cojepkaiieM HWH(GOpPMAlMI0O O IeHaXx Ha JKuible oO0bekThl B bocToHe W mapamerpax,
XapaKTepu3yoIux 3Ti 00bekThI [9]. JanHble OblH B3aThI U3 6ubmuoteku Scikit-learn (http://scikit-
learn.org). Bcero B BeIOOpKE copepkutcs 506 Touek. B askcmepumentax 400 Touek ObuIH
WCIIONIb30BaHbI ISl 00y4eHus], Ha ocTaBIIuxcst 106-1 MpOBOAMIOCH TECTHPOBAHUE.
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Puc. 1. I'paguxu 3asucumocmu 3nauenuss RMSE om uucna nepcenmponos: nynkmupnas nunus — pewierue
uwemcs Memooom npocmoco 20J10CO8AHUA, CNIIOWHAA — pellerHue npedcmaeﬂﬂemc;t Cy,MMOﬁ MO()y/leL? C
eecamu, paccuumannvimu memooom OBD
Fig.1. Plots of dependence of RMSE value on the number of perceptrons: dotted line — solution is determined
by simple voting, solid line — solution is determined by the voting with weights, calculated by OBF method

B nepBoM 3KcriepuMeHTe B KadecTBe 0a30BOH MOJIEIH UCIIOJIB30BAJICSI MHOTOCIIOMHBIH TEPCENTpPOH.
Ha puc. 1 mpuBenens! rpa¢yku 3aBHCHMOCTH KBaJpPaTHOTO KOPHSA M3 CPEXHEKBAaIpaTHYHBIX
oumbok (RMSE) ancamOiieii mpeJuKTOpOB Ha TECTOBOM MHOKECTBE OT YUCIIa TIEPCENTPOHOB B HUX.
[MynkTHpHAas TuHAUS AeMOHCTpUpyeT nameneHne RMSE mozenu, B KOTopoii perieHre BeoHpaercs
NPOCTHIM yCpEIHEHHEM MOAYJIEH, CIUIOIHAS TMHUA — n3MeHeHne RMSE mozenu, B KoTopoii Beca
nepe; MOLyJISIMUA BBIOMPATINCh METOIOM OPTOIOHAJIM30BAaHHBIX 0a3MCHBIX (yHKIIHH.

Ha puc. 2 mpuBeneHsl aHamormyHble rpaduKu s aHCaMOJIel, B KOTOPBIX B KadecTBe 0a30BOM
MOJICIIH UCIIOIBb30BAIIUCH JIepeBbs perieHni. [TyHkTupHbIi rpaduk — 3aBrucumocth RMSE ot uncna
MIPEANKTOPOB aHCaMOJIs, B KOTOPOM pEIICHHWE MONTYydalioch ITyTeM IPOCTOrO TOMOCOBAHMS,
CIUTOIITHON — Ta K€ 3aBUCHMOCTH ISl METOZa, B KOTOPOM Beca OoAOHpaiuch ¢ moMomisio Obd.

B OonpIMHCTBE 3KCIIEPUMEHTOB OMIMOKAa B3BELIEHHOTO I'OJIOCOBAHUS OKA3bIBAJIACh MEHBIIE, YeM
npoctoro. Kak mpaBuiio, METO/ B3BEIICHHOT O TOJIOCOBAHMS HAYMHAJ BBIUTPHIBATH YK€ MPU MAJIOM
KOJTMYecTBEe MpeaukTopoB. Ha rpadmkax BHIHO, 9YTO B KaKOH-TO MOMEHT OMIMOKa B3BEIICHHOTO
TOJIOCOBAHUS TIEPECTAET MEHATHCS. DTO CBSI3aHO C TEM, UTO JOOABJIEHHE OUYEPETHOTO MPEANKTOpa
MIPUBOANT K HMX JIMHEWHON 3aBHCHMOCTH M TIOCIETHHWH 00aBICHHBIH MOIYIb aBTOMAaTHYECKH
WCKIIOYaeTcss  aroputMoM.  Takum  oOpasom, 1ombop  KOI(PQHIIMEHTOB  METOIOM
OPTOTOHAIN30BAHHBIX 0a3UCHBIX (YHKIWI MO3BONSET HE TOJBKO JOOMBATHCS Ooiiee BBICOKOM
TOYHOCTH aHCAMOJIs, HO ¥ OTPAaHUYHMBATHCS TIPH STOM MEHBIINUM KOJIHMYECTBOM MOYJICH.
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Puc.2. I'paguxu 3asucumocmu 3snauenus RMSE om uucna pewarowux oepesves: nynkmupnas nunus —
peuternue uujemcs Memooom npocmoeo 2010Co08aAHUA, CNIIOWHASA — peuleHue npedcmaeﬂﬂemc;l CyMMOIZ
Mmooynetl ¢ ecamu, paccuumannvimu memooom OF®
Fig.2. Plots of dependence of RMSE value on the number of decision trees: dotted line — solution is
determined by simple voting, solid line — solution is determined by the voting with weights, calculated by
OBF method

5. 3aknro4yeHue

B pabore paccMmaTpuBaiack 3aja4a nondoopa BecoBbix ko3 duimeHToB B aHcaMOJie TOI0CYIOIUX
NPeIUKTOPOB. 3ajada pelianach METOIOM MHUHHMM3ALMH PETYISpH3alHOHHOrO (YHKIHOHAIA,
COCTOSIILIEr0 M3 CYMMBI OIIMOKH OOY4YeHHS W CTaOWIM3HPYIOIIEro (yHKIHOHANA, B3SATOTO B
rayccoBoii popme. PerynsipuzaiionHbiit MHOXHUTENb TO0Mpalics o merony baiteca. [IpuMenenue
METOZa OPTOTrOHATIN30BAHHBIX 0a3MCHBIX (DYHKIMIT IO3BONMIIO YITH OT HTEPALIMOHHON MIPOLIELyphI
nozx0opa peryIapu3alMOHHOIO MHOXKHUTENS. B 3ToM momxome perynspH3alMOHHBIA MHOKHUTEIb
HMeeT aHATUTHYECKOE BBIPaYKEHHE Yepe3 UCXOHbIE TaHHbIE.

[pemioxxeHHBI alTOPUTM CPAaBHUBAICS C METOAOM IIPOCTOTO TONOCOBAHMS MPETUKTOPOB.
[lpoBeneHHblE  4YWCIEHHBIE  OKCIIEPHUMEHTHl  IIOKA3aJd, 4YTO  NPUMEHEHHE  MeTola
OpPTOrOHAIN30BAHHBIX 0A3UCHBIX (DYHKIIMIT 1715l TOAOOPa BECOBBIX KO3 (HUIIMEHTOB, TIO3BOJISIET, BO-
NEePBbIX, MONY4YaTh pELICHHe, NPUBOLICE, KaK MPaBWIO, K MEHbLIEH ommOKe Ha TeCTOBOM
BBIOOpKE, BO-BTOPHIX, BKJIIOYAIONIEe MEHBIIEE YHCIIO HCXOHBIX MOIYJICH.
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Abstract. This study is concerned with local search metaheuristics for solving Capacitated Vehicle Routing
Problem (CVRP). In this problem the optimal design of routes for a fleet of vehicles with a limited capacity to
serve a set of customers must be found. The problem is NP-hard, therefore heuristic algorithms which provide
near-optimal polynomial-time solutions are still actual. This experimental analysis is a continue of previous
research on construction heuristics for CVRP. It was investigated before that Clarke and Wright Savings (CWS)
heuristic is the best among constructive algorithms except for a few instances with geometric type of clients’
distribution where Nearest Neighbor (NN) heuristic is better. The aim of this work is to make a comparison of
best-known local search metaheuristics by criteria of error rate and running time with CWS or NN as initial
algorithms because there were not found any such state-of-the-art comparative study. An experimental
comparison is made using 8 datasets from well-known library because it is interesting to analyze “effectiveness”
of algorithms depending on type of input data. Overall, five different groups of Pareto optimal algorithms are
defined and described.

Keywords: capacitated vehicle routing problem; local search metaheuristics; LKH-3; variable record-to-record
travel; simulated annealing; guided local search; tabu search
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dBpucTMYecKMe MeToAbl KOHCTPYUPOBAHUSA MapLUpyTa AN peLueHUs
3ala4yvm MapLpyTU3aLmMmM ¢ orpaHMYeHMeM No rpy3onogbeMHOCTH

C.M. Asoowun, ORCID: 0000-0001-8473-8077 <savdoshin@hse.ru>
E.H. Fepecnesa, ORCID: 0000-0001-6710-2843 <eberesneva@hse.ru>
Jlenapmamenm npocpammuot uHdCeHepuu,
Hayuonanvhvil uccredosamenvcruil ynusepcumem «Buvicuias wixona sxonomuxuy, 101000,
Poccus, e. Mockea, yn. Macnuykas, 0. 20.

AHHOTanMst. 3a/1a4ua MapIIPyTU3alMK — OJHA U3 IIUPOKO M3BECTHBIX 3a/a4 KOMOMHATOPHOM ONTHMH3ALIHH.
OHa COCTOUT B OTHICKAHHM ONTHUMAIBHOIO MHOKECTBA MApIIPYTOB Ul TPAHCIIOPTHBIX CPEACTB C LIEIbIO
OJIHOKPATHOTO 0OCITY;KUBAHHS OIPEIENICHHOTO MHOYKECTBA KIIMEHTOB. B TaHHO# paboTe MCCieyeTcst HOIABH
3a[aud MapLIPYTH3alUK — 33/@4a MapLIPYTH3alld C OrPAaHMYEHHEM II0 TPY30IOABbEMHOCTH, B KOTOpPOM
KaXk106 TPAHCIIOPTHOE CPEICTBO UMEET CBOK IPY30MOABEMHOCTh. 3anaua sipisercs NP-TpynHoii, nostomy
BMECTO TOYHBIX AJITOPMTMOB DPELICHHS UCCIEAYIOTCS TOJIBKO IBPUCTHYECKHE AITOPUTMBI, MO3BOISIOLIME
HOJYYHTh MPUOIKCHHBIE PELICHHS 33 TONMHOMUAIbHOE BpeMs. [laHHas pabota ABJAETCS MPONOKCHUEM
MCCIIEIOBAHMUs, MOCBSLICHHOTO ajirOPUTMAaM KOHCTPYMPOBAHHS MapIIpyTa, OHO MO3BOJSET MOIYYUTh
NepBOHAYAJIbHBIC PELICHHS ISt TaHHO#M 3a1aun. Beuio BeiscHeHO, uro 3Bpuctrika Clarke and Wright Savings
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(CWS) siBristercst OHO# U3 JTy4IINX, 38 UCKITFOYEHHEM HA00POB JAHHBIM C TEOMETPUYECKUAM PACTIONIOKEHHEM
TOYEK, Ui KOTOphIX JyumuM sBisiercss amroputM Nearest Neighbor (NN). Llensto paGoTsl siBisiercs
CpaBHEHHE JIOKAJIbHO-ONTUMAIBHBIX METa’BPUCTHYCCKUX AJITOPUTMOB PELICHHS 337a4i MapIIpyTH3alUN C
OrpaHWYEHHEM TI0 TPY30MOABEMHOCTH IO JBYM KPHTEPUSIM: TOYHOCTH M BPEMs PEIICHHS, JUIS MOTyICHHS
HavaJIbHOTrO pemeHns uernoib3yrorest anropuT™Mbl CWS u NN. Bersisieno mars [TapeTo onTuManbHBIX Tpynn
AITOPUTMOB UISI Pa3lMYHBIX THIIOB BXONHBIX JaHHBIX. WHTepecHo, uro amroputm «Lin, Kernighan and
Helsgaun heuristic» (LKH-3), Bxoasuii Bo Bce ITapero ontiManbHbIe MPYIIbI IS CMEXHOM 3a1a4u (3a1a4a
KOMMHUBOSDKEPA), B TAHHOM CITydae BOLIENT TOJIBKO B YETHIPE IPYIIIIBI U3 IISTH.

KiarueBble cioBa: 3aJja4a Mapuipyrusagui C OrpaHM4€HUEM 110 TI'pPY30IIO0ABEMHOCTU; JIOKAaJIbHO-
OIITUMAJIbHBIE METAa3BPUCTHUKU, LKH-3, AJIFOPUTM TIEPEMEHHOI'O IMEPEMENICHUA: METOA OTXKHUIa; aJIr'OPUTM
YIpaBJIsIEMOI'O IIOKUCKA; aJIrTOPUTM ITIOMCKa C 3alIp€TaMu

Jost uurupoBanmsi: Apnomnd C.M., bepecuesa E.H. JIokanbHO-oNTHMabHBIE METAABPUCTHKH JJIS1 pEILICHUS
3aJ[a4y MapIIPyTHU3aLUH C OrpaHIYeHNeM 1o rpy3onoxbemMHoctd. Tpyast UCIT PAH, tom 31, Beim. 4, 2019 1.,
crp. 121-138. DOI: 10.15514/1ISPRAS-2019-31(4)-8

1. Introduction

The Vehicle Routing Problem (VRP) is one of the most widely known challenges in a class of
combinatorial optimization problems. VRP is directly related to Logistics transportation problem
and it is meant to be a generalization of the Travelling Salesman Problem (TSP). In contrast to TSP,
VRP produces solutions containing some (usually, more than one) looped cycles, which are started
and finished at the same point called a “depot”. As in TSP, each customer must be visited only by
one vehicle. The objective is to minimize the cost (time or distance) of all tours. Despite the fact that
both problems belong to the class of NP-hard tasks, VRP has higher solving complexity than TSP
for the identical types of input data.

This work is aimed at analysis of VRP subcase, which is called Capacitated Vehicle Routing
Problem (CVRP), where the vehicles have a limited capacity. A new constraint is that the total sum
of demands in a tour for any vehicle must not exceed its capacity. In the paper we will use CVRP
abbreviation having in mind the mathematical formulation that was described in our previous work
[1].

There are three types of algorithms that are used to solve any subcase of CVRP: exact algorithms,
constructive heuristics and metaheuristics.

e Exact algorithms. These algorithms find an optimal solution but take a great time for solving
large instances. State-of-the-art exact methods can provide optimal solution for some SCVRP
instances with up to 100 nodes, but it takes 30-40 minutes at average [2]. Due to these
restrictions, researchers all over the world concentrate on heuristic methods.

e  Constructive heuristics. They build an approximate solution iteratively, but they do not include
further improvement stage. These heuristics are usually used for generation of an initial solution
for improvement algorithms. A lot of experiments show that classical heuristics work much
faster than to exact methods. For example, an instance of 100-150 nodes can be solved up to a
few (1-2) seconds [2].

e  Metaheuristics. These algorithms take as input some approximate initial solution and try to
iteratively improve it. According to [3], metaheuristics are divided into two groups:
metaheuristics based on local search and metaheuristics based on population, or natural inspired
ones. The first group look for new solutions by moving at each iteration from a current state to
another state in its neighborhood, while the second group works on a basis of a population of
solutions which may be combined together in the hope of generating better ones, like in nature.
Certain limitations are inevitable in any research, hence in this work we concentrate only on
the first group of metaheuristics, because one of the most perspective algorithms for TSP —
LKH-3 — belongs to this group, and it is very interesting for us to compare it with its “closest”
alternatives.
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Capacitated vehicle routing problems CVRP form the core of logistics planning and are hence of
great practical and theoretical interest. There is no doubt that actuality of research and development
of heuristics algorithms for solving CVRP is on its top, because in a real word there can be up to
one thousand clients in a delivery net, that is why it is especially important to explore heuristic
algorithms that allow to quickly generate near optimal solution in a polynomial time.

There are a lot of articles related to CVRP local search metaheuristics, but no works were found
which compare improvement heuristics using the same input data of different types and sizes. We
will compare these algorithms under criteria of quality, or error rate, and running time. Under the
error rate we mean the percentage of difference in the obtained value of the solution with the optimal
(or best-known) solution for the problem.

The aim of this work is to make a comparison of best-known local search metaheuristics by criteria
of solution quality and running time with CWS or NN as initial algorithms as there were not found
any such state-of-the-art comparative study. In addition, it is important to define sets of Pareto
optimal metaheuristics for different types of input data.

The paper is structured as follows. In the second part, a general local search approach is described.
After that, in the third section, some notes on most popular local search metaheuristics are provided,
including short description of chosen algorithms to be intercompared. The fourth part presents
design of experiments on local search metaheuristics. The fifth and the sixth sections describe results
of solution qualities and computing times of algorithms, respectively. The seventh part consists of
definition of Pareto optimal metaheuristics and five such sets are presented. In the last part we
summarize our findings and suggest areas for future work.

2. Local search approach

Local search algorithms take as input some approximate initial solution and try to iteratively upgrade

it with local improvements. These changes can either improve a single route (intra-route

optimization) or change more than one routes simultaneously in such a way that the overall solution

is improved (inter-route optimization).

Intra-route and inter-route optimization strategies consist of different schemes, which are fully

described in [5]. In this research we will use the most-known and simplest but still effective local

improvement heuristics: 1-point and 2-point moves, 2-opt.

The set of all solutions that can be obtained by applying the local improvements on a solution s is

called the neighborhood N(s). Of course, the bigger neighborhood is, the more likely it contains a

new solution that can improve current one. However, to have large neighborhoods means to have

inevitably higher computational complexity since more solutions need to be generated and evaluated

[6]. At the same time, local search methods must deal with the problem of being stuck in a local

optimum. Thus, a lot of methods to escaping the local optimum are applied, they will be described

in the next section.

So, basically, local search approach consists of the following main steps.

1) Taking as input some initial solution s.

2) Generation of a neighborhoodN (s).

3) Selection of the best solution s* from N(s) using some acceptance criteria.

4) Make anew s equal tos*.

5) Checking for exceeding different limits. If stop criteria is satisfied then terminate, otherwise
continue with the step 2.

3. CVRP local search metaheuristics

Local search metaheuristics are used to solve a wide range of combinatorial optimization problems.
Among heuristic methods for solving TSP there is one, which is the best — it is local search
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metaheuristic, proposed by Lin, Kernighan and Helsgaun [7]. Also, local search algorithms are key
part of most known methods for solving most subcases of VRP [3] [8] [9] [10] etc.

The most well-known schemes for solving CVRP that include local search steps are different
variants of tabu search, forms of deterministic and simulated annealing, variable neighborhood
search, guided local search [11]. Recently a new adoption of LKH for TSP called LKH-3 was
proposed by one of the original authors, Helsgaun [12] . Also, in a recent study it was stated that
improved version of record-to-record travel heuristic analyzed [13] is “... a well-performing
metaheuristic”’, which combines strategies of deterministic annealing, tabu search, variable
neighborhood search and both intra-route and inter-route optimizations described later. It was
proposed by Li and others [14].

Of course, there are a lot of other metaheuristics for finding CVRP solution, however it was decided
to concentrate on a set of several reputed local search algorithms that were honorably mentioned in
recent studies.

As it was stated earlier, for all metaheuristics an initial solution must be obtained. For most input
problems Clarke and Wright Savings (CWS) heuristic [14] is used, which is the best among
construction algorithms except for a few instances with geometric type of clients’ distribution. For
these especial input files Nearest Neighbor (NN) heuristic is applied instead of CWS.

Thus, in this study we will intercompare following local search metaheuristics for solving classical
CVRP.

3.1 A set of optimization operators (OPT)

As it was stated above, in this research the most-known and simplest local improvement heuristics
are used. They are 1-point move, 2-point move and 2-opt.

In a tour of N vertices 1-point move operator (or relocate heuristic) moves some vertex v;,i € N
after another vertex v;,j € N,i # j at the same tour. Another 2-point move operator (or exchange
heuristic) swaps locations of two different vertices v;,i € N and v, j € N,i # j. And the main idea
of 2-opt heuristic is to remove two edges (v;,v;),i,j € N and (v, vy),x,y € N from the solution
and replace them with two new edges (v;, v,) and (v}, v,). It is important to note that all mentioned
operators can be applied for each of intra-optimization and inter-optimization as it is shown in Fig. 1.

Fig. 1. Intra-route 2-opt (above) in compare to intre-route 2-opt (below).
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3.2 Guided local search (GLS)

The guided local search metaheuristic is used to avoid local minima. It was initially proposed by
[15] and later applied to CVRP by [16]. According to [17], this method is memory-based as it
determines and penalizes “ineffective” edges by increasing its cost to a new c*(vi, vj) = c(vi, v]-) +
Ap(v;,v;)L, where p(v;,v;) counts the number of penalties of edge (v;,v;), L is a proxy for the
average cost of an edge, computed as the costs of the starting solution divided by the number of
customers, and A controls the impact of penalties (authors suggest to always set A =0.1).

3.3 Tabu search (TS)

Tabu search originally was proposed by Glover and others [18]. The main idea of TS is as follows.
If some solutions in N(s) cannot be improved for several iterations or they violate the rules, they
are made forbidden (or tabu) in order to prevent being in a stack of local minimum. Such forbidden
solutions are put into a tabu-list, so this heuristic is also memory-based like GLS. The duration that
a solution remains tabu is called its tabu-tenure and it can vary over different intervals of time.

We use recent TS algorithm that provides good results described in [19] as it was stated in [5].

3.4 Simulated annealing (SA)

This classical algorithm was developed in 1983 by [20]. It is based on an analogy from the annealing
process of solids, where a solid is heated to a high temperature and gradually cooled in order for it
to crystallize in a low energy configuration [21]. In this research we used adopted version of SA for
CVRP by [22]. In SA some solution s* from N(s) at iteration i is chosen to be a news =

s* with probability P(s,s*, i) . A . . N
{S with probability 1 — P(s, s*, 1) accordingly to the probabilistic function P(s,s* i) =

exp (—%ﬁc(s*)) , where f(s) is a length of solution s, Q; is an element of an arbitrary decreasing,

converging to zero, positive sequence, which specifies an analogue of the falling temperature in the
crystal.

3.5 Lin-Kernighan-Helsgaun heuristic for CVRP (LKH-3)

LKH-3 is proposed by Helsgaun in 2017 [12]. The implementation of LKH-3 builds on the idea of
transforming the problem into classical symmetric TSP. After that algorithm uses the principle of 2-

opt algorithm and generalizes it. In this heuristic, the k-Opt, where k = 2..+/N, is applied, so the
switches of two or more edges are made in order to improve the tour. This method is adaptive, so
decision about how many edges should be replaced is taken at each step [7] [23].

This algorithm was not developed by us as original source code of LKH-3 is free of charge for
academic and non-commercial use and can be downloaded at [24].

3.6 Variable record-to-record travel heuristic (VRTR)

Li and others suggested a variable record-to-record travel heuristic, which is based on classical
record-to-record travel algorithm (RTR). RTR combines approaches of deterministic annealing
(which is a variant of simulated annealing heuristic) and tabu search. The main differences between
VRTR and RTR are as follows. Firstly, VRTR considers 1-point, 2-point and 2-opt moves not only
within individual routes as RTR does, but also between them. Secondly, “VRTR uses a variable-
length neighbor list that should help focus the algorithm on promising moves and speed up the search
procedure” [14].
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4. Design of experiments

All algorithms from section 111 were implemented as sequential algorithms in C/C++, no multi-
threading was explicitly utilized. They were executed on an Intel Core i5 clocked at 1.3GHz with 4
GB RAM running the macOS 10.14.3 operating system.

The computational testing of the solution methods for CVVRP has been carried out by considering
eight sets of test instances from the next well-known database [25]. Total number of instances in
sets A, B, E, F, G, M, P, X is 211. All instances inside one set have its own characteristics and a way
of generation: cluster-based / uniform / geometric distribution of clients, real-world / imitative cases
etc. The integer Euclidean metric is used for all instances. The naming scheme and data format for
each instance is described here [26]. Shortly, the first letter in names shows the name of used set,
the figure after letter ‘n’ shows the number of nodes and the figure which stands after letter ‘k’
presents the number of vehicles.

Experiment starts with choice of a local search metaheuristic M from set {OPT, GLS, SA, TS, LKH-
3, VRTR}. After one dataset D is selected from a list of all mentioned benchmark datasets, an
instance file F from chosen dataset D is taken. Next, the following steps are repeated 51 times on
instance F: chosen metaheuristic M is executed on a basis of initial solution obtained by CWS or
NN (as it was explained in a previous chapter). During all iterations, except the first one, solution
qualities &;,(M, F) and computing times t;.(M, F) (in seconds) are calculated for algorithm M on test
F. The first run is not taken into account in calculations because of specifity of C++ compiler.
Solution quality (or percent above best-known, or gap) is calculated using the next formula [11]:

F(SO) - Fopt(s)
Fopt(s)
where F(S°) is a length of obtained solution and F,,.(S) is a length of optimal solution or best-
known one.
Also we calculate minimal value e.;,(M,F)among all figures &;(M,F) and sample mean
X,(M,F) = 51—0 22, t;:(M, F) among all figures t;,(M, F). And finally, among all &,;,(M, F) from

- 100%,

one dataset average sample mean X, (M, D) = Izll_lz €min(M, F), VF € D is calculated, which shows
average gap for algorithm M on dataset D. And among all X, (M, F) from one dataset average sample
mean X,(M,D) = ﬁZ)?t(M, F),VF € D is calculated, which shows average computing time of
algorithm M on dataset D. |D| is a number of input files in dataset D.

The plan of experiment on local search metaheuristics is described in fig. 2.
Input: local search metaheuristics, datasets

1: foreach local search metaheuristic M

2: foreach dataset D from datasets

3: foreach instance file F from D

4: for it € {0..50} // number of runs

5: init sol = run CWSorNN on F

6: final sol = run M on F with init sol
7: if (it != 0) // if not the first run
8: calculate &:(M,F), t;(M,F)

9: calculate gpin(M,F)

10: calculate ty;,(M,F)

11: calculate tp.(M,F)

12: calculate X,(M,F)

13: calculate s;(M,F)

14: calculate X,(M,D) // average gap on dataset

15: calculate X,(M,D) // average computing time

Fig. 2. Plan of experiment on constructive heuristics
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Each metaheuristic is subsequently launched on all instances from every mentioned dataset, so no
input file is missed.

5. Computational results on solution quality

Results about the best (= minimal) solution qualities €,,;,(M, F) of metaheuristics available from
experiments for set A are presented in fig. 3. The horizontal axis represents the name of instance
data. The vertical axis shows the solution quality.

Solution quality of local search metaheuristics (set A), %
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Fig. 3. Solution quality of local search metaheuristics, set A

Results for other sets cannot be presented here as detailed as for set 4, because of its size, but they
are aggregated in Table 1, where average gaps X, (M, D) for all metaheuristics and all datasets are
given.

Table 1. Average gap X, (M, D) in the dataset, %.

Average gap Local search metaheuristics
%:(4.D) in the CWSor | opr GLS TS SA LKH-3 VRTR
ataset NN

A (26) 5,0% 4,5% 3,0% 2,1% 0,9% 0,2% 0,6%

B (23) 4,4% 3,9% 3,1% 2,5% 1,0% 0,2% 0,6%

T E (11) 7,1% 5,3% 4,1% 3,6% 0,8% 0,4% 0,8%
@ F (3) 4,4% 2,7% 3,3% 3,0% 1,8% 0,1% 1,9%
= G (20) 11% 10% 8,1% 9,7% 5,2% 2,1% 2,4%
3 M (4) 4,7% 2,8% 2,6% 2,1% 0,5% 0,2% 0,5%
P (24) 8,0% 6,6% 3,5% 4,5% 0,7% 0,5% 0,9%

X(100) 5,9% 5,4% 4,9% 4,0% 4,1% 2,0% 1,7%

Fig. 4 is a visual representation of this table. These general figures can show an approximate overall
effectiveness of algorithms by criterion of solution quality. Analysis of fig. 4 indicated a group of
top-3 algorithms by criterion of solution quality: they are LKH-3, VRTR, SA. Let’s take a closer
look at their results.

Itis clearly seen that in 7 out of 8 sets LKH-3 produces solutions with the least (= the best) solution
qualities. Experiment results that are not shown here because of their large size reveal that LKH-3
produces not the best solutions in:

e 3input files out of 26 for set A (=12%);
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e linput files out of 23 for set B (=4%);

e  2input files out of 11 for set E (=18%);
e linput files out of 3 for set F (=33%);

e 6 input files out of 20 for set G (30%);

e  Qinput files out of 4 for set M (0%);

e 6 input files out of 24 for set P (=25%);
e 61 input files out of 100 for set X (61%).

Average gap of local search metaheuristics in the datasets, %
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Fig. 4. Average gap of local search metaheuristics in the datasets (%)

On total, LKH-3 was not the best in quality criterion for 80 input files out of 211 (=38%). Only 6
times SA was the best, while all other times VRTR was «the winner».

It is important to mention that LKH-3 tends to produce best solution for instances with no more than
~100 clients in a delivery net regardless of type of distribution in the dataset. There are 86 instances
with less than 102 clients, and solutions obtained using LKH-3 are the best in 86% (in 74 files).

In addition, it should be noted that LKH-3 is the best for input problems with cluster-based
distribution of clients, when the number of clusters is a bit smaller than the amount of available
vehicles (sets B and M). On the contrary, this algorithm is not the best for 61% of files from set X
that consists of very different instances. Despite the fact that there are several files with cluster-
based distribution, the amount of clusters is much less than the number of vehicles, and, as
experiments showed, LKH-3 does not suits well for such cases.

VRTR nearly always takes «the second place in this race» except for set X. It can be noticed that
VRTR works in a best way for instances with more than ~320 clients in a delivery net for non-
geometric distributions. There are 53 instances with more than 321 clients in set X, and solutions
obtained using VRTR are the best in 89% (in 47 files). Nevertheless, if we take a range of = [100;
320] clients, results show that either VRTR or LKH-3 are the best in nearly 50% of cases, so for this
diapason both these algorithms can be admitted being equal.

For most of input files SA produces solutions which are nearly equal to other ones generated by
VRTR. However, the situation is different for sets G and X, where SA is always worse than its
closest “competitor”. So, we can come to the conclusion that with SA it is better to use non-
geometric input data with no more than 100 clients in a delivery net. Nevertheless, only 6 times out
of 211 SA is better than LKH-3 — this fact shows superiority of LKH-3 over SA.
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Other three local search metaheuristics — TS, GLS and OPT (listed in increasing size of average
gaps) — were nearly always worse than top-3 group.

TS was better than LKH-3 only 3 times out of 211, better than VRTR or SA in 6 input files out of
26 from set A, in 2 input files out of 23 from set B, in 1 input file out of 24 from set P. Also, TS is
slightly more effective than SA for set X, however, the difference in solution qualities between
LKH-3 and TS is significant in general.

Roughly speaking, GLS is usually worse than TS, except for sets G and P. Also, GLS is better than
LKH-3 only in one file, thus, it cannot compete with the algorithms from top-3 group seriously.
And the last one and the least effective by criterion of solution quality metaheuristic is OPT. It nearly
always produces solutions which are better than ones obtained by simple initial algorithm but worse
than other local search metaheuristics.

6. Experimental results on computing time

Results about average running times X, (M, F) of metaheuristics available from experiments for set
A are presented in fig. 5. The horizontal axis represents the name of instance data. The vertical axis
shows the running time in seconds.

Running time of local search metaheuristics (set A), s

—Initial solution (CWS or NN)

Fig. 5. Running time of local search metaheuristics, set A

Results for other sets cannot be presented here as detailed as for set A, because of its size, but they
are aggregated in Table 2, where average computing times X, (M, D) for all metaheuristics and all
datasets are given.

Table 2. Average computing time X, (M, D) in the dataset (in seconds)

Average gap X, (M, D) Local search metaheuristics
in the dataset CWS or NN OPT GLS TS SA LKH-3 VRTR
A (26) 0,0003 0,004 0,540 2,411 0,635 1,692 0,554
B (23) 0,0006 0,027 0,291 2,578 0,505 1,487 0,611
T E (11) 0,0008 0,016 0,311 2,172 0,857 1,930 0,851
z F(3) 0,0003 0,024 0,953 4,240 1,621 2,154 1,270
= G (20) 0,0468 0,569 7,979 16,34 15,78 8,563 9,748
% M (4) 0,0025 0,044 0,883 4,386 4,046 2,370 2,469
P (24) 0,0008 0,023 0,367 2,216 0,566 2,166 0,554
X (100) 0,041 0,62 7,088 65,15 56,74 37,41 9,998
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Fig. 6 is a visual representation of this table. These general figures can show an approximate overall
effectiveness of algorithms by criterion of running time.

Average computing time of local search metaheuristics in the datasets, s
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Fig. 6. Average computing time of local search metaheuristics in the datasets

It can be seen from Table 2 and fig. 4 that metaheuristics, which are listed in increasing size of
average running times, are as follows: OPT, GLS, VRTR, SA, LKH-3, TS. Let us discuss their
results in this order.

Analysis reveals that the «fastest» local search metaheuristic for all 211 instances is OPT as it was
expected. Its running time is approximately 25 times bigger than computing time of initial algorithm,
however, even for 1000 clients in a delivery net the maximum running time does not exceed 3
seconds.

Next algorithm is GLS, which is approximately 300 times slower than initial one. In sets B, E, F, P,
M and X it nearly always (94%) ranks #2 just after OPT. Of course, there are cases when GLS works
slightly slower than others, but the number of such situations is not very significant and the
difference between obtained values does not exceed 1 second. However, in sets A and G GLS works
with mixed results: computing times of GLS, SA, VRTR or LKH-3 (depending on dataset) are
fluctuated and too close to each other, so it is impossible to find a leader.

Average computing time of VRTR steadily goes at the third plays, except for set G with geometric
instances and several rare cases from other datasets. VRTR has smooth growth of speed, and no
special aspects of its work are found apart from not very stable work with geometric-inspired
instances.

Next one is SA. In comparison with VRTR, SA has bigger growth of speed and the plot of its running
time is more fluctuated. In sets A, B, E, F and P this algorithm executes quicker than LKH-3 but
slower than VRTR. However, in sets G, M and X it shows much worse effectivity, when the number
of clients in a delivery net becomes more than 100. It means that SA is better to use for instances
with up to one hundred delivery points.

LKH-3 is slower than other mentioned metaheuristics (except for TS) for all datasets apart from sets
G, M and those instances from set X with 322 and more delivery points. The main unique feature of
LKH-3 is its variability. Linear chart of running times of LKH-3 has a lot of drastic jumps and
slumps. That is why this metaheuristic has not very positive computing time rate. Nevertheless,
LKH-3 can work very quickly, especially when there are no more than 50-80 clients in a net.
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Last one metaheuristic to be discussed concerning its computing time is TS. As LKH-3, linear chart
of running times has a lot of drastic jumps and slumps. In average, this is the slowest algorithm in
this group, however, in a third of cases it can compete with LKH-3 or SA but not very significant
speeding up can be noticed.

7. Pareto optimal local search metaheuristics

The algorithm m, € M is Pareto optimal if (vm e M) ((m #my) = (X.(m, D) > X.(my,D)) v
(X.(m,D) > )?t(mo.D)))- Thus, our aim is to find a sets of Pareto optimal algorithms for different

types of input data.

Figures from 7 to 16 are plotted using values from Table 1 and Table 2. The horizontal axis
represents average computing time X, (M, D) in seconds. The vertical axis shows average solution

quality X, (M, D).
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To sum up information presented in Figures from 7 to 16, Table 3 is formed.

Table 3. Involvement of algorithms in Pareto optimal groups for different datasets

Involvement of algorithms Local search metaheuristics

o
—
®
w

in Pareto optimal groups P L TS LKH-3 | VRTR

A (26)

B (23)

E (11)

SR
NSAYASAS

F®)

G (20)

M (4)

Set (its size)

P (24)

<

X (100)
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X, part | (47)

CKKKKKKKKKK
CKKKKKKK] KKK

ANANANAN

X, part I (53)
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Table 3 shows involvement of local search metaheuristics in Pareto optimal groups for different
datasets. Algorithms that belong to a group of Pareto optimal heuristics for some set are marked
with a big tick. SA is marked by a small tick for set A as this metaheuristic can be in optimal by
Pareto group as the difference between it and VRTR is too close, so it can be neglected. Also, it
should be mentioned that two more rows are added — they are “set X, part I” which consists of
instances with up to 322 clients and “set X, part II” which is vice versa has instances with 322 and
more delivery points inside input files. This division is connected with the big size of set X and with
the fact that was described in section V — VRTR works in a best way for instances with more than
~320 clients in a delivery net for non-geometric distributions but LKH-3 produces good results for
instances with no more than ~100 clients regardless of type of distribution in the dataset.

The following conclusions are made on a base of results from Table 3.

1) Sets A, B, E and P can be aggregated together because a group of Pareto optimal algorithms is
the same for all these sets. We will name this aggregation as Group_1. It represents two
different types of inputs. The first one is with clients’ coordinates and demands that are formed
from a uniform distribution with some outlying cases. The second one is with nodes that are
formed into clusters, and the number of clusters is equal or greater than number of available
vehicles. Demands are also formed from a uniform distribution with some outlying cases. All
input files from Group_1 have 101 clients in a delivery net as maximum.

2) Set F forms a second group Group_2 with only 3 instances obtained from real goods deliveries.
Number of delivery points varies from 45 to 135.

3) Group_3 is formed of sets G and M that also have the same Pareto optimal metaheuristics.
Number of delivery points varies from 100 to 483. Set G has instances with locations in a form
of concentric squares, pointed stars and rays, while set M consists of only 4 input files with
locations that are grouped into clusters, and the number of clusters is equal or smaller by 1 than
number of available vehicles.

4) Group_4 is formed of the first part of set X. There are 47 instances in it, and the number of
instances is up to 322 clients. Group_4 is a mix of input data types: it has different combinations
of demand distribution (unitary demands, small/large values, small/large variance), depot
positioning (central, eccentric, random) and customer positioning (practical cases, uniform
distribution, cluster-based).

5) Group_5 is formed of the second part of set X. There are 53 instances in it, and the number of
instances is from 322 to 1001 clients. Other characteristics of this group are the same as
Group_4 has.

Above-mentioned conclusions are outlined in Table 4 with information about involvement of

algorithms in Pareto optimal groups depending on types of input data. All algorithms are listed in

increasing order of average computing times (from best to worst) and in decreasing order of average
solution qualities (from worst to best).

8. Conclusion

Overall, the next recommendation should be given to the problem which has described variant of
mathematical model of CVRP. In general, for all types of clients” distribution the best algorithm to
be applied is Clarke and Wright Savings, however, in case of having input data in form of concentric
rays (like in Fig. 6) it is better to use Nearest Neighbor algorithm. Also, a few instances were solved
best of all by Clarke and Wright Savings 2 algorithm, so it is important to have this algorithm in
mind, however the difference between it and CWS is not very significant (no more than 1%).

One more conclusion is that it is unreasonable to use Sweep heuristic as it is not able to construct a
set of routes without exceeding the number of vehicles for more than 50% of input files.

Finally, for our research it means that for all instances, except those 8 from set G, CWS heuristic
will be used as initial algorithm for metaheuristic, otherwise — we will apply NN.
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Table 4. Involvement of algorithms in Pareto optimal groups depending on types of input data

Number of | Distribution of delivery points Distribution of | Pareto optimal
delivery points demands algorithms
Group_1 Upto 101 1. Uniform (with some outlying | Uniform (with some | OPT
cases). outlying cases) GLS
2. Cluster-based, the number of SA
clusters is equal or greater than VRTR
number of available vehicles. LKH-3
Group_2 Upto 135 Real-world Real-world OPT
SA
VRTR
LKH-3
Group_3 From 100 to | 1. Geometric (concentric | Constant or uniform OPT
483 squares, pointed stars and rays). GLS
2. Cluster-based, the number of LKH-3
clusters is equal or smaller by 1
than number of available vehicles.
Group_4 From 100 to | Mixed Mixed OPT
322 GLS
VRTR
LKH-3
Group_5 From 322 to | Mixed Mixed OPT
1001 GLS
VRTR

As it was expected, unfortunately, there is no one universal metaheuristic that takes the first places
by both criteria of solution quality and running time. Overall, the next recommendations should be
given to people who are interested in metaheuristics solving CVRP.
1) For uniform (with some outlying cases) or cluster-based distribution of clients’ locations, where
the number of clusters is equal or greater than number of available vehicles it is better to apply
Set of optimization operators, Guided local search, Simulated annealing, Variable record-to-
record travel algorithm or Lin-Kernighan-Helsgaun heuristic for CVRP depending on desired
solution quality and available time for calculations. Here and elsewhere the algorithms are
listed in increasing order of average computing times (from best to worst) and in decreasing

order of average solution qualities (from worst to best).

2) For real-world instances it is better to use following local search metaheuristics: Set of
optimization operators, Simulated annealing, Variable record-to-record travel algorithm or Lin-
Kernighan-Helsgaun heuristic for CVRP.

3) For geometric (with concentric squares, pointed stars and rays) or cluster-based distribution of
clients’ locations, where the number of clusters is equal or smaller by 1 than number of
available vehicles, it is better to apply Set of optimization operators, Guided local search or
Lin-Kernighan-Helsgaun heuristic for CVRP.

4) Finally, for mixed up combinations of demand distribution, depot positioning and customer
positioning there are two recommendations. If there up to approximately 350 clients in a
delivery net, it is better to use Set of optimization operators, Guided local search algorithm,
Variable record-to-record travel algorithm or Lin-Kernighan-Helsgaun heuristic for CVRP.
Otherwise, if there are nearly 320 delivery point and more then LKH-3 stops being so effective,
so it is better to use following local search metaheuristics: Set of optimization operators, Guided
local search algorithm or Variable record-to-record travelling algorithm.

Also experiments revealed absolute inefficiency of Tabu search as it is not in any of Pareto optimal

groups.

In future we are planning to extend our study by conducting experiments using:

1) Population-based or nature-inspired metaheuristics as there are a lot of productive algorithms,

too.
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2) Other input data sets, including the most recent one with thousands of nodes in each instance.
It is important to check local search metaheuristics on problems with extra-large dimensions to
analyze their effectiveness.
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AnHotrammsa. UML muarpamMMel JeSTeIbHOCTH IIHPOKO HCTIONB3YIOTCS AJS MPEACTAaBICHHS MPOIECCOB B
MIPOrpaMMHOM MHKeHEpUH. MoJenH, MOCTPOEHHbIE MO JKypHallaM COOBITHI, MOTYT HPEIOCTaBUTh IEHHYIO
nH(POPMALHIO O peallbHbIC MPOLeccax B MHGOPMAIMOHHBIX CUCTEMaX, Ha OCHOBAaHMH KOTOPOH 3TH MPOLECCHI
MOKHO YIy4IIUTh. JlaHHas cTaThs MpejcTaBiseT HOBbIM MeTox MaitHuHra UML anarpamm fesiTensHOCTH MO
KypHallaM coObITHH. MeToJ OCHOBaM Ha NapaMeTpUYEeCKOH CXeMe, KOTOpas COCTOHT M3 TPEeX BIIOYKEHHBIX
CTYyIEHeH, BKIIOYarouX B ce0st Habop npeoOpa3oBaHuil HaJ MoaensiMu. HauanbHast Mozienb H3BIEKaeTCs U3
KypHana COOBITHH OAMH W3 CYIIECTBYIOIIMX QJITOPUTMOB CHHTE3a. OJTa MOJENb, eciu Tpedyercs,
mpeobpasyeTcss B IPOMEXKYTOUHYIO (hOpMy, U 3aTeM KOHBEPTHUPYETCSI B LIEJIEBYIO UATPaMMYy JEATEILHOCTH C
TIOMOIIBIO MIPEATAraeMoro ajlrOpuTMa. AJITOPUTMBI CHHTE3a, TOMUMO HCIOIb3YEMOro Ha OCIEAHEH CTaanH,
SIBISTIOTCS [TApaMETPAMH CXEMBI M MOTYT OBITh H3MEHEHBI, HCXO/SI M3 UMEIOIIUXCS WIIN TPeOyeMbIX MOJENCH.
B crarbe npeacTaBieHsl IpIMeph! IPIMEHEHNUS TOAXO0/1Aa K KypHAJIaM COOBITHH U3 PeaTbHOM JKU3HU.
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BaaropapHoctu. Pabora BemonHeHa npu moamepikke I[IporpamMmsl (yHAAMEHTATBHBIX HCCIIEIOBAHUIMA
HanuonansHOro rccine0BaTeabckoro yHuBepcureTa «Bpiciias MIKoJIa 3KOHOMUKI.

1. Introduction

Process mining techniques [1] aim at analyzing and improving real-life processes by taking
information from event logs. Event logs are generally produced by process-aware information
systems (PAIS) that support these processes. One particular problem of process mining is process
discovery; its goal is to build a model of a process, based on the data in an event log. Such models
can be expressed in different notations. For example, transition systems (TS) naturally represent
sequences of events (traces) as they are recorded in event logs. However, if a process contains
concurrent behavior, transition systems tend to be very complex and as large as the event log itself.
This occurs due to the fact that similar patterns are not joined together and concurrency is expressed
in the form of interleaving.

There are other types of models that allow to represent concurrency patterns, namely choice and
parallelism, and that are widely used in the field of process mining. Petri nets (PN), BPMN, Fuzzy
maps and UML Activity Diagrams (AD) are examples of such models. Unified Modeling Language
(UML) [18] is a standard for defining, documenting and visualizing artifacts, especially in the
software engineering domain. Particularly, UML Activity Diagrams are used, among other, to
represent and analyze actual or expected behavior of software systems. AD is not the only UML
class that allows to represent concurrency [9]. For instance, UML State Machine Diagrams have
their own semantics to illustrate concurrency. However, they reflect different states of a system that
are not explicitly represented in event logs. These states, therefore, have to be mined using different
techniques, i.e. encoding states with trace prefixes. Given that event logs contain information
representing activities performed by process participants and supporting systems, we regard Activity
Diagrams as the de- sired class of target models in this paper.

In our work, we propose a framework for building UML Activity Diagrams from event logs,
consisting of a number of steps. The frameworks essential part is the algorithm for converting Petri
nets into UML ADs. Other intermediate models (namely, TS and PN) can be synthesized using
different algorithms which are parameters of the framework. Here we consider the algorithm of
regions [8] as a means to generate Petri nets which are consequently converted into target UML
ADs. ADs are usually more compact than Petri nets and are more easily interpretable. Moreover,
generated diagrams can be imported and used in different visual modeling and design tools used in
the software engineering domain, i.e. Sparx Enterprise Architect, and be later included as part of
bigger software models.

The contributions of this paper are as follows: (1) a framework for generating UML AD from event
logs, (2) a novel method for UML AD synthesis from a Petri nets as intermediate models, (3)
implementation of the proposed framework specified by a particular set of synthesis algorithms. The
rest of the paper is organized as follows. Section 1l gives a brief overview of related work. Section
111 defines necessary concepts needed for the explanation of the proposed approach. The framework
is described in Section 1V and the PN-to-UML AD conversion algorithm is presented in Section V.
Section VI contains models derived from real-life event logs. Finally, Section VII concludes the
paper and outlines possible directions for future work.

2. Related work

There exist many approaches to construct Petri nets from event logs [1], [2], [19]. The algorithm of
regions and its extensions are described, particularly, in [6], [8], [10]. The algorithm produces a Petri
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net from a given TS that serves as an input of the algorithm. The behavior of the derived PN is
guaranteed to be equivalent to the TS. Previously, Petri nets have also been used as intermediate
models for constructing other types of target models, such as BPMN in [14].

The similarity between UML Activity Diagrams and Petri nets are studied in numerous works.
Arlow et al. present UML specification in application to Unified Process including UML AD
structural elements, and also mention that UML AD are based on the Petri Net techniques [5]. In
[12] authors formalize AD semantics and compare them to semantics of Petri Nets. There are many
works dedicated to the transformation of UML Activity Diagrams into Petri nets; the reverse
transformation is studied scantily. In [13] the author describes an approach to translate UML AD
into Petri nets. Agarwal [4] developed a method for transforming AD into Petri nets for verification
purposes. The author considers a set of UML patterns and indicates corresponding Petri net
instances.

3. Preliminaries

B(X) is the set of all multisets over some set X. For a given set X, X* is the set of all non-empty
finite sequences over X.

3.1 Trace, Event Log

Let Z be a set of activitiess A trace is a finite  sequence
o= (ay,ay,..,a;,..,a,) € ZT. By (i) = a; we denote i-th element. L € B(Z*) , such that
L] > 0, is an event log. Here, |L| is the number of all traces.

3.2 Labeled Petri Net, Well-structured Labeled Petri Net

A labeled Petri net (PN) isa tuple = {P, T, F, [}, where P is a set of places, T is a set of transitions,
PNT=0,Fc (PxT)U (T x P) is the flow relation, [ is the labeling function [ : T —» A, and A
is a set of labels. In process mining, labels of transition represent events.

Givenp € P, the set p* = {y|(p,y) € F} is the postset of p.

In this paper, we denote by Petri net a well-structured Petri net, i.e., a hierarchical Petri net that can
be recursively divided into parts having single entry and exit points [15].

3.2 UML Activity Diagram

A UML Activity Diagram is a tuple AD = {N,E, NT}, where

e NT isasetof node types, NT = {control, object,executable};
e Nisasetofnodes.n € N:n = (4,type),A € A, type € NT,
e FEisasetofedges.e € E:e = (n1,n2),n1,n2 € N.

Similar definition was used in [11]. In this paper we mainly focus on the following elements of the
UML AD (see fig. 1):

1) Alisasetof activity nodes, a € A: a = (4, executable);

2) Fisasetof parallel nodes, f € F: f = (control);

3) D isasetof decision nodes, d € D: d = (control);

4) initial and final are initial and final nodes, both of type control.

UML decision nodes should be equipped with guards that indicate the conditions under which the
decision is made. In this paper, we regard non-deterministic Petri nets as intermediate models?. The

! There exists an extension to Petri nets that adds guards to its semantics. However, most of the process mining
algorithms consider Petri nets without guards. Here we follow the same approach.
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proposed conversion algorithm does not assume the presence of guard information in the event log
and uses only the input Petri net. Thus, the produced Activity Diagram is non-deterministic as well.

activity

activity

init

activity

(ot )—
=)

activity

parallel parallel
fork join

Fig. 1. An Activity Diagram example

4. Framework

The proposed framework is illustrated in fig. 2. The framework consists of a number of nested stages
related to individual steps of the proposed method. At every step a transformation from one entity,
event log or process model, into another is made. There exist numerous approaches to construct both
Petri nets and transition systems. Models obtained from the same event log, but using different
algorithms, represent the same process. However, they vary in details that are usually represented
by quality metrics [7]. Depending on the task, specific combinations of quality metrics can be
considered.

TS builder /1\

O N-to-UML AD
P PN Builder > OEKO converter

Event log TS PN UML AD

Fig. 2. Proposed framework: | = Il + TS construction; 11 = 11l + PN synthesis;
111 = PN-to-UML AD conversion

The long path of the framework (I) includes first building a TS needed for the algorithm of regions.
Here, various techniques for TS construction can be used, for instance, prefix tree synthesis [3],
frequency based reduction [16], neural approach [17] etc. However, the TS synthesis can be
bypassed and a Petri net can be generated directly from the event log (11). There are many algorithms
for that, i.e., Inductive miner [15], a-algorithm [2], ILP-miner [20] and other. Finally, in Il the
generated Petri net is converted into a UML Activity Diagram.

4.1 Proposed implementation

In this paper we consider the full version of the framework with the following parameters.
1)  Prefix tree builder, unlimited window, for TS construction.
2) The algorithm of regions for converting the TS into a PN.
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3) The PN-to-UML AD converter described in the following section.

The following paragraph gives a brief overview of the algorithms used in steps 1 and 2.

Prefix tree builder [3] is an algorithm for TS synthesis. Event logs usually do not explicitly contain
states that are needed for the construction of a transition system. A state function is introduced in
order to infer such states. This function maps events in an event log onto states of a TS. Let E be a
set of events in an event log, and S be a set of states in a transition system. For each event e € E the
state function produces a state s € S regarding either pre- or posthistory of the state s. A prefix tree
is a special type of transition systems, for which the state function consideres prehistory (prefix) of
the states. Informally, a transition (s,e,s") appears if
prehistoryy = prehistorys + e. If the prefix size is unlimited, the size of the generated TS can
be equivalent to the size of the event log.

The algorithm of regions [8] used is based on finding equivalent behaviors in a given transition
system. These behavioral fragments are grouped into so-called regions. Intuitively a region is
equivalent to a place in a Petri net. Placing a token in such a place means allowing such a behavior
to appear — via activating a post-transition. In UML Activity Diagrams transitions are translated into
activities. Thus, considering a transitive dependence between an initial TS and an AD, one can
ascertain a link between equivalent behavioral fragments in TS (regions) and corresponding nodes
in AD.

start_booking

book_fiight get_insurance

gel_insurance book_flight

choose_payment

type

ay_by_
[pay_by_car(ﬂ [wé)b?mayneyj

pay_by_
web_money

[pay_by_card

complete
_boaking
complete_booking

a) Transition system

c) Constructed UML
Activity Diagram

b) Corresponding Petri net
Fig.3. Example models
143



Zubkova N.S., Shershakov S.A. Method for Building UML Activity Diagrams from Event Logs. Trudy ISP RAN/Proc. ISP RAS, vol. 31,
issue 4, 2019, pp. 139-150

3. Petri Net to UML Activity Diagram conversion algorithm

The PN-to-UML AD conversion algorithm is based on the idea of converting places and transitions
of a given Petri net into corresponding elements of the target UML Activity Diagram. UML AD
specification notes that an activity diagram can only have a single entry point, whereas the
inception of a process modeled by a Petri net can be determined by placing tokens in multiple
places (an initial marking). Here, we consider all places without incoming edges as a potential
starting place. Then a single starting point (initial node) in an Activity Diagram is constructed and
connected to the following activities. Final places are also not explicitly indicated in Petri nets,
however it is sensible to regard those without outgoing edges as such, corresponding final nodes are
inserted in the AD.

While translating a Petri net into a UML activity diagram the algorithm considers special patterns,
namely parallelisms and decisions. Such patterns can be translated into equivalent patterns in an
Activity Diagram. A similar approach was used in [4], [13] for the reverse transformation.

In order to describe the proposed transformation we illustrate it on a running example (fig. 3).

We consider different types of AD nodes and describe the according transformations as follows.

5.1 Transformation functions
Let a: (T,1) = (4,1) be a function transforming transitions of the Petri net into activities of the
constructed UML AD, tagged by the same labels;

Let ¢: P — D be a function transforming appropriate positions of the PN into decision nodes of the
UML AD;

Let &: T — F and y: P — F be functions transforming PN transitions and sets of PN places into
UML parallel nodes accordingly.

5.2 Building a UML Activity Diagram
UML Activity Diagram construction includes the following procedures.

5.2.1 Constructing activity nodes

The semantics of Petri nets suggests that transitions, which model events in Petri nets, correspond
to activities in Activity Diagrams. So the first transformation step of the algorithm is turning
transitions of a given Petri net into UML AD activities, i.e. for each transition t € T we create an
activity a = a(t) in the AD.

5.2.2 Detecting parallel forks

We now need to connect nodes and identify more complex behaviors. In a Petri net a concurrent
pattern occurs if a transition has multiple outgoing edges, allowing tokens to appear in all of the
following places when the transition is fired (see Fig. 4). Considering a transition t € T of a Petri
net, let T* be a set of transitions reachable from t in one step. For each transition t € T, if t has:

a) 0 outgoing edges, then activity ec(t) is connected to a final node;

b) 1 outgoing edge, then activity a(t) is connected to a(t*), for each t* € T*;

c) > 1 outgoing edge, activity a(t) is connected to a fork node &(t), and &(t) is then connected
to a(t*), for each t* € T*.

5.2.3 Detecting parallel join

In order for the model to be more interpretable, for each parallel fork there should be a reciprocal
parallel join. So for each fork, described in 2) we need to find the corresponding join. This is done
according to the following steps.
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a) For each maximum set of places S = {p,,...,p,} S P that have coinciding postsets (p; =
...=py)andn > 1, ayp(P) join node is inserted in the AD.

b) For each transition t immediately preceding each place from S, the activity a(t) is connected
to Y(P).

c) Join node ¥ (P) is then connected to e(t’), for all t' € T', where T’ is a set of transitions
immediately following places {p4, ..., Pn}-

‘\

—

Fig. 4. Concurrency pattern in Petri Net and UML AD

start_booking

5.2.4 Detecting decision splits and merges

A decision pattern in a Petri net occurs if a place has multiple outgoing edges allowing only one
consecutive transition to fire (see fig. 5). So for each place € P , that has more than one outgoing
edge a decision node ¢ (p) is inserted into the AD and is connected to a (%), for all £ € T, T are PN
transitions connected to p (both before and after). Likewise, if the place p has multiple incoming
edges, a reciprocal merge node ¢(p) is inserted into the AD.

pay_by_
web_money

pay_by_ >
web_money

pay_by_card —>»

pay_by_card

Fig. 5. Choice pattern in Petri Net and UML AD

Applying the steps 5.2.1 — 5.2.4 to an input Petri net, the target UML Activity Diagram is
constructed.

6. Application

In this section, we provide examples of models obtained from real logs. Logl and Log?2 consist of
243 and 1132 traces respectively. For observability purposes, intermediate transition systems were
reduced using a frequency reduction algorithm described in [16].

In fig. 6 models were generated with window size 1 and frequency reduction parameter 0.04. Logl
contains information about bank operations.

In fig. 7 models were generated on a log containing information about building permit applications
from five Dutch municipalities. Transition system was built with unlimited window parameter and
reduced with frequency reduction parameter of 0.15.
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checkPasswordChangeNeeded getSubject getSupportnformation logon getReservation
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getSupportInfolList ‘ getSupportnformation
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Fig. 6a. Logl: Petri net

checkPasswordChangeNeeded

resolveUser

Fig. 6b. Logl: UML Activity Diagram
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01_HOOFD_010-complete

01 _HOOFD_011-complete

01 _HOOFD_ 020-complefe 01 HOOFD_ 015-complete

01_HOOFD_030_1-complete

02_DRZ 010-complete

04 BPT 005-complete

01 _HOOFD 065 _0-complete

Fig. 7a. Log2: Petri net
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01 HOOFD 010-complete

01 HOOFD 011-complete

02 DRZ 010-complete

01 HOOFD 030 1-complete 04 BPT 005-complete

01 HOOFD 065 0-complete

Fig. 7b. Log2: UML Activity Diagram
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7. Conclusion

In this paper, we proposed a method based on a framework to build UML Activity Diagrams from
event logs and introduced a novel algorithm for converting a well-structured Petri net into a UML
Activity Diagram. The method is implemented as a part of the LDOPA? library. Future work
includes studying the execution semantics of Petri nets with guards, mining dependencies and adding
guards to Activity Diagrams. Moreover, the framework can be further investigated by implementing
different TS and PN synthesis algorithms.
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AnHoTaums. JXKypHanbl COOBITUH HPOrpaMMHBIX CHUCTEM HCIONB3YIOTCA Ul aHalu3a HX IOBENCHUS U
B3aUMOJICHCTBUSI MKy KOMIIOHEHTaMH. VCKyCCTBEHHBIE YPHAIIbI COOBITHIA C MOAXOMSIIMMHU CBOHCTBAMU
HEOOXOIMMBI Ul TECTUPOBAHMS aIrOPUTMOB, UCHOJB3YEMbIX JUIS TAKOro aHaiu3a. COBPEMEHHBIC METObI
MO3BOJISIIOT TEHEPUPOBATh WCKYCCTBEHHBIE XKypHAJbl COOBITHII B pe3yibTaTe CUMYJSLUKM OOBIYHBIX CEeTei
Ietpu. B 3T0ii cTaThe MbI MpeACTaBIsIeM aarOpUTM, TSHEPUPYIOIIHIA XKypHAIbI coObIThil s ceteit [letpu ¢
WHTUOMTOPHBIMU IyraMu uU ayramu copoca. CeTd ¢ MHTHOMTOPHBIMH AyramMu Ooliee BBIPa3UTEIbHBI, IO
CPaBHEHHIO C KJIacCHYeCKHMMHU ceTaMH IleTpu, U MO3BONSAIOT ynoOHO MOAENUPOBATH YCIOBHS B PEaTbHOM
nporpaMMHoOM obecriedeHnu. Oneparyy cOpoca TakKe paclipOoCTPaHEHBI B pEalbHBIX CHCTeMax. B aToii cratse
OIMCHIBACTCS AITOPUTM CUMYJIALIMH ceTelt [IeTpyu ¢ MHruOMTOPHBIMU IyraMH U cOpocaMH, a TaKXKe MOKa3aHo,
KakuM 00pa30M ero MOJKHO MPUMEHSTH [UIS TeHepalliy sKypHajla COOBITHUIL.

KuroueBble cioBa: Cetu [letpu; MHTHOMTOpHBIE TyTH; IyTH cOPOCA; CUMYIALNS; dKYPHAIIBI COOBITHIA

Jst uutupoBanus: Ilepyxos ILA., Mumok A.A. Cumymsinust ceteit [leTpy ¢ HHIHOUTOPHBIME [yTaMH U
ayramu copoca. Tpynst UCIT PAH, tom 31, Bbim. 4, 2019 r., crp. 151-162 (Ha anrmmiickom sizeike). DOI:
10.15514/ISPRAS-2019-31(4)-10
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BaaropapHoctu. Pabora BemonHeHa npu mopmepikke [IporpamMmsl (yHAAMEHTATBHBIX HCCIIEIOBAHUMA
HanuonansHOro uccie0BaTeabckoro yHuBepcureTa Beicinas mkona 95KOHOMUKY.

1. Introduction

Recently, process analytics evolved into an advanced field of computer-based technology.
Automated methods have been created to find bottlenecks and inefficiencies in process models of
information systems.

One particular technology that helps to automate process analysis is process mining [1]. Experts in
this technology employ algorithms and methods which use the records of a system behaviour, which
are called «event logs» or «system logs». This information can be explored to discover a model of
how the real process behaves [1].

An existing process model runs can be aligned to the records of an event log to check if the model
conforms to the real system behaviour [2]. The field also provides an expert with method to
improve/repair processes and process models.

The process simulation methods are also applied in the field of process analytics [3].

Recently, it has been stated that process mining and simulation form “a match made in heaven” [4].
In particular, process model simulation can be applied to look in the future of a process, and to test
what-if alternative scenarios possible because of process change. Moreover, the development of
process mining algorithms is impossible without sample models and event logs with a suitable
characteristics [1]. Sample event logs can be generated using the process model simulation methods
[5]-[8]. Process mining and simulation can also be matched in other way. The results of process
discovery and conformance checking can be applied to improve simulation models.

Various modelling formalisms are employed in the field of process analytics [1], [3]. Among them,
the language of Petri nets is one of the most well-established, well-researched, simple, and
commonly-used modelling languages [9]. Lots of process discovery and analysis techniques are
based on this language [1].

A strength of the Petri net language is that on top of simply defined P/T-nets many extensions have
been built. These are high-level Petri nets: Coloured Petri nets [10], Nested Petri nets [11], Object
nets [12] etc. Method to simulate Petri nets of various types have been proposed in literature.
However, for many types of Petri nets still there are no simulation techniques/tools.

This paper presents an approach and a tool to simulate Petri nets with reset and inhibitor arcs. The
addition of these arc types improves the net expressiveness significantly. Thus, these nets are used
when the process cannot be (conveniently) modelled by P/T-nets.

This paper is organized as follows. Section 2 defines models and event logs. In Section 3 the main
contribution is presented: algorithms to simulate Petri nets with inhibitor and reset arcs. These
algorithms are implemented in the tool which is described in Section 4. Finally, Section 5 concludes
the paper.

2. Petri Nets and Event Logs

In this section, we define process models and event logs. Let N denote the set of all non-negative
integers, and N, = N\{0}.

2.1 Ordinary Petri nets

Petri nets are directed bipartite graphs which allows for modelling and representation of processes
in information systems [13]. More formally, an ordinary Petri netis atriple N = (P, T, F), where P
and T are two disjoint sets of places and transitions, and F < (P x T) U (T x P) is a flow relation.
As graphs, Petri nets have convenient visual representation. Fig. 1 shows an example model.
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Fig. 1. An ordinary labelled Petri net

Places are shown by circles, transitions are shown by boxes, the flow relation is depicted using
ordinary directed arcs. In fig. 1, there are three places (py, p1, p2) and four transitions (t,, t,, ts, t,).
Transitions are labelled with activity names from the set A U {t}. In the example, A = {4, B, C, D}.
Labels are placed inside the transition boxes. An Petri net can contain invisible (silent) process
actions which are labelled with t. Labels are assigned to transitions via a labelling function 1: T —
AU {t}.

A state of an ordinary Petri net is called its marking. It is a function M : P — N assigning natural
numbers to places. In figures, a marking M can be designated by putting M(p) black tokens into a
place p of the net. By M, we denote the initial marking. For example, the initial marking of the net
from Fig. 1 consists of a single token in the place p,.

A transition represents an activity of a process. It is enabled in a current marking if in each of its
input places (for t € T input places are e t = {p | (p,t) € F}) there enough tokens, that is Vp €
t: M(p) = 1. An enable transition may fire that changes a marking of the net. It consumes tokens
from the input places, and produces tokens to output places (for t € T input places are t e =
{p|(tp)€F}.

Consider a model from fig. 1: ¢, is the only enabled transition in the initial marking. It may fire, that
corresponds to an occurrence of activity “A”. Then, the transition consumes a single token from p,
and produces tokens to p, and p,. Fig. 2 illustrates this firing. The firing is local, each transition
fires independently from other transitions.

2.2 Petri nets with Inhibitor and Reset Arcs

In this paper, we consider Petri nets with arcs of two additional types: reset and inhibitor arcs. These
nets also contain places, transitions, and ordinary control flow arcs.

~N

pz

po 81

—0
O-~[a-®

po t1 p1

Fig. 2. Firing a Petri net
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A labelled Petri net with weights, inhibitor and reset arcs (WIR Petri net) is a tuple Ny, =
(P,T,F,W,R,I,2), where

e (P, T,F)isan ordinary Petri net,

e W € F - N, isan arc weight function,

e R c P xT isafunction defining reset arcs,

e [ S P x T isan inhibiting relation,

e and A: T — AU {r}isa labelling function.

Fig. 3 shows an example WIR Petri net.

D C
t4
p2 t3
2
A B
po t p1 t2
E
p3 ts p4
F
te

Fig. 3. AWIR Petri net

A reset arc removes all tokens from the place no matter of their number. These arcs also called clear
arcs [14].

In Fig. 3, there is a reset arc from the place p, to the transition t5 labelled with “C”. Reset arcs are
denoted with double arrows at the end. Note that the net contains a loop of two actions “A” (t,) and
“D” (t,). The possible sequence of firings is < tq, t4, t;, t4, t1, t4, t; >. Before the last step, p, will
contain 3 tokens all of which will be removed by the firing of ¢,.

An inhibitor arc [15], [16] can be from a place to a transition. This transition cannot fire if there is
a token in place connected with the transition using an inhibitor arc. ot = {p | (p,t) € I} denotes
the set of inhibiting places for t. That is, an inhibiting place allows to prevent the transition firing.
Transitions consume no tokens through inhibitor arcs.

Inhibitor arcs are shown with small circles instead of arrows at the end. In Fig. 3, there is a reset arc
from the place p, to the transition t, labelled with “B”. Thus, t, can not fire if there is a token in p,
no matter how many tokens are in p,. The whole part of the model that consists of places p; and p,,
transitions ts and ¢, is a switch with two possible states: open (there is a token in p3) / closed (there
is a token in p,).

The firing of t5 closes the switch and deprecates the firing of t,. Thus, only t5 is able to clear tokens
from the place p, if there is a token in p,. The firing of t; will end the process, because it will
consume and remove all tokens from the upper part of the net.

The firing of ¢, opens the switch. Then, t, may consume tokens from p, independently of tokens in
other places. Note that the arc from p, to t, has a weight of 2. Thus, each firing of t, consume
exactly 2 tokens, and t, can not fire if there is only one token in p,. Note that a particular WIR Petri
net can contain zero number of reset and inhibitor arcs.

Marking of a WIR Petri net is defined in the same way as for an ordinary Petri net. But the firing
rule is slightly different for WIR Petri nets. Each marking change is called step. In this paper, we
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assume that each step consists of a single transition firing. The step from Fig. 2 is denoted by
M, [t )M, where M'(p;) = M'(p,) = M'(p3) = 1 and M'(p,) = M'(p,) = 0.

2.3 Event Logs

In this paper, we apply process model simulation to generate event logs with records of the behavior.
We define an event log as a finite multiset of traces € B(A) *. A trace o € A* is a finite sequence
of events from the set 4. Note that transitions of a WIR Petri net are labelled with elements of A.
The only transitions which firing leaves no events are silent t-transitions.

Technically, we record the event logs in XES (Extensible Event Stream) format? that will be
considered in more detail in Section 4.

3. Petri Net Simulation Algorithm

This section describes the algorithm to simulate labelled WIR Petri nets.

The main idea of the algorithm is to iterate over all transitions and fire one of them at each iteration,
recording corresponding events to the log. This procedure is performed in the main generating
function called generateTrace (see Algorithm 1).

Input: transitions, initialMarking, finalMarking,

settings as {maxNumberOfSteps, maxiterations, isRemovingUnfinished Traces}
Output: generated trace or NULL

1: function generateTrace

2 trace ~ NULL;

3 replayCompleted ~ false;

4: addTraceTolog « false;

5: iteration « O;

6: repeat

7 moveToInitialState () ;

8: trace < createTrace();

9: stepNumber ~ 0;

10:

11: while stepNumber < maxNumberOfSteps
12: and not replayCompleted do

13:

14: transition « chooseNextTransition();
15: if transition = NULL then

16: trace ~ NULL;

17: break;

18: end if

19:

20: fire(transition, trace);

21: replayCompleted « isCompleted(finalMarking);
22 stepNumber ~ stepNumber + 1;

23: end while

24

25: iteration « iteration + 1;

26: until (iteration >= maxIterations or

27: not isRemovingUnfinishedTraces or replayCompleted)
28:

29: if not replayCompleted

30: and isRemovingUnfinishedTraces then
31: trace « NULL;

32: end if

! Here B(A*) denotes all multisets over A*, where A* — all finite sequences with elements from A.
2 http://www.xes-standard.org/
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33: return trace;
34: end function

Algorithm 1. One trace generation

This algorithm works as follows. We have maxlterations attempts to reach the final marking of the
net. By default this number is 10. The function moveTolnitialState initiates the trace generation by
setting a marking of the to M,,. Then, we create an empty trace by calling createTrace.

At each step of the main loop, the algorithm chooses an enabled transition in the
chooseNextTransition, and fire it (function fire). The function fire changes a marking of the net and
writes an event to the trace. Then we call the function isCompleted to check if we reached the final
marking and update replayCompleted. This loop iterates until we reach the final marking
(replayCompleted = true) or exceed the specified limit of steps for one trace maxNumberOfSteps.
When we cannot find an enabled transition which is ready to fire, we clear the unfinished trace and
begin a new attempt.

If no one of 10 attempts succeeded, we return NULL which will be recorded as an empty trace to
the event log. Note that there is a setting of the prototype tool that removes all empty and unfinished
traces.

The chooseNextTransition function selects an enabled transition using a specified rule. The most
basic implementation of this function is shown in Algorithm 2. Here, the random transition among
all enabled and noise transitions is selected.

Input: allTransitions, noiseTransitions
Output: selected transition or NULL
1: function chooseNextTransition(allTransitions, noiseTransitions)

2: enabledTransitions « findEnabledTransitions{();
3: return random transition among enabledTransitions
4: and noiseTransitions or NULL;

5: end function
Algorithm 2. Looking for the next transition

This algorithm is based on the algorithm for ordinary Petri nets [17], and thus, is able to add noise
to the event log. More complex rules to select the enabled transition can be applied. For example,
priorities of preferences can be assigned to the transitions which affect the order of their firing. If
there is no enabled transition, then NULL is returned.

To check if a transition ¢ is enabled, we ensure that all input places connected with t with the help
of ordinary arcs have enough tokens. Besides that, we check that places connected with t with the
help of inhibitor arcs don’t contain any tokens. Reset arcs don’t affect if a transition is enabled or
not. Algorithm 3 shows how this is done.

Input: allTransitions
Output: list of enabled transitions
1: function findEnabledTransitions(allTransitions)

2 enabledTransitions « @;

3:

4: for transition in allTransitions do
5: enabled « true;

6: for arc in transition.inputArcs do
7 if arc.place.numberOfTokens < arc.weight then
8: enabled « false;

9: break;

10: end if

11: end for

12: if not enabled then

156



Pertsukhov P.A., Mitsyuk A.A. Simulating Petri Nets with Inhibitor and Reset Arcs. Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 151-162

13: continue;

14: end if

15: for arc in transition.inhibitorArcs do
16: if arc.place.numberOfTokens > 0 then
17: enabled ~ false;

18: break;

19: end if

20: end for

21: if enabled then

22: enabledTransitions.add (transition) ;

23: end if

24: end for

25: return enabledTransitions;

26: end function
Algorithm 3. Finding enabled transitions

Algorithm 4 shows the transition firing function. This function produces and consumes tokens, and
then adds an event corresponding to this transition to the trace. The basic implementation is shown
which considers only transition names. There are much more complicated implementations of this
function for time-driven, resources, and priorities generation modes.

Input: transition, place
Output: traced events
1: function fire(transition, trace)

2: for arc in transition.inputArcs do

3 arc.place.consumeToken (arc.weight) ;

4 end for

5: for arc in transition.inputResetArcs do

[ arc.place.consumeAllTokens () ;

7 end for

8

9: log transition to trace or perform some noise event
10:

11: for arc in transition.outputArcs do
12: arc.place.produceTokens (arc.weight) ;
13: end for

14: end function

Algorithm 4. Firing function

4. Prototype Tool

The presented event log generation algorithm has been implemented as a prototype tool. It is written
in Java and Kotlin programming languages. In this section, we consider the tool. The tool consists
of two parts: Generation Setup unit and Generation unit.

4.1 Preparing for generation

In preparation part we receive settings from the GUI (see fig. 4) or read a JSON (see fig. 5) file.
Settings from JSON are validated. Then we load the model from a PNML2 file and prepare this
model for generation. Inhibitor and reset arcs could be either specified in settings file, or loaded
from the PNML file. The initial and final markings are loaded in the same manner.

3 www.pnml.org/
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Fig. 4. Tool GUI

{
"petrinetSetup" : {
"petrinetFile" : examples\\pe trine t\\complexl\\c:ompl ex]l.pnml™,
"marking" : {"isUsingInitialMarkingFromPnml": false...},
"inhibitorArcIds" : [ "arel7" ],
"resetArclds" : [ "arcl2", "arcl3" ]

e

"outputFolder" : "xes-out",
"isRemovingEmptyTraces" : true,
"isRemovingUnfinishedTraces" : true,
"numberOofLogs" : 5,

"number0fTraces" : 10,

"maxNumberofSteps" : &,
"isUsingNoise" : false,
"noiseDescription” : {
"noiselLevel" : 5,
"isSkippingTransitions" : true,
"isUsingExternalTransitions" : true,
"isUsingInternalTransitions" : true,
"internalTransitionIds" : [ ],
"existingNoiseEvents" : [ {
"activity" : "NoiseEvent",
"executionTimeSeconds" : &00,
"maxTimeDeviationSeconds" : 120
bl
e

"isUsingStaticPriorities" : false,

"staticPricrities" : {"maxPricrity": 1...},

"isUsingTime" : false,

"timeDescription" : {"generationStart": "2019-04-07T22:27:06.9912"...}
}

Fig. 5. Generation settings in JSON

After that we create an instance of special class GenerationHelper, which encapsulates the main
code for choosing transitions, looking for enabled transitions, handling noise and artificial log events
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if it is needed. There are different helpers for simple generation, generation with priorities, and
generation with time.

Also, we convert each transition to a special loggable transition-related class which is used during
generation. They contain methods of event recording to a trace. Such a class also consumes tokens
from input places and produces tokens to output places. Methods to check if a transition is enabled
are also here.

4.2 Preparing for generation

A singleton class is used to record the event log. We setup this logging class. It uses the OpenXES*
library with the help of which we can write XES log files. The XES format is common for the field
of process mining [1]. OpenXES library creates a separate file for each log. A fragment of the
example output in XES file is shown in fig. 6. This example contains two traces with names “Trace
4 and “Trace 5”. These names should be unique.

The first trace is of the three events: “B”, “D”, and “D”. Note that XES is XML-based and is easy-
to-read for a machine or a human.

Then we use a Generator class to launch the main generation method (see Algorithm 1), passing a
generationHelper to this class.

<trace>
<string key="concept:name" wvalue="Trace 4"/>
<event>
<string key="concept:name" wvalue="B"/>
</event>
<event>
<string key="concept:name" value="D"/>
</event>
<event>
<string key="concept:name" wvalue="D"/>
</event>
</trace>
<trace>
<string key="concept:name" wvalue="Trace 5"/>
<event>
<string key="concept:name" wvalue="D"/>
</event>
<event>
<string key="concept:name" value="B"/>
</event>
<event>
<string key="concept:name" wvalue="D"/>
</event>
</trace>

Fig. 6. Fragment of XES file

4.3 Tool Usage

Let us test our tool on the model from the fig. 7.

The initial marking consists of four tokens (shown as black dots): one token lies in place2, oneis in
place5, and two tokens are in placel. Our goal is to reach the final marking (shown as green dots):
two tokens in place7, and one token in place6.

Transition C is enabled only when place place6 is empty. C consumes 2 tokens from place4 and
produces a token to place?. Transition B removes all tokens in places placel and place2. When this
transition fires, it consumes 4 tokens from place4 and produces a token to place?7. Thus, B can not

4 http://www.xes-standard.org/openxes/start
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fire before A. At each step either X or Y is enabled, so these transitions may produce a trace of any
length. We set-up our tool to remove unfinished traces and limited max number of steps to 10. The
result of the generation is shown in fig. 8.

place2
B
4
A 6 L 1)
lacel 2
p8e place4 C  Iplace?
[ ]
place6 X
Y

place5
e - initial marking, e - final marking

Fig. 7. Petri net used for log generation

[A XY, X B Y, XY CX
[A XY, B CX]

[A X B Y. XY CX

[A X B Y CX

DCAB Y, XY, XY CX
[A, C X B]

X A B Y CX]

X Y, A CB X

[A B CX]

[A C B X]

[A B XY, C X

[A B XY, XY CX
XY, AXBYXYCX]
X A B Y CX

[A B CX]

Fig. 8. Resulting traces

Let us look at some trace, for example: <A4,X,B,Y,C,X >. First fired transition was A, and it
produced 6 tokens to place4. Then X fired. It consumed a token from place5 and produced one to
place6. C cannot fire in this marking. Thus, B fires. 4 of 6 tokens was consumed from place4, and
one token produced to place?. Then Y fired and «opened» C. C has been fired just after Y was fired,
when a token has been removed from place6. B and C were fired once each, and produced 2 tokens
in total to place?. placel and place2 were cleared by B. The last event was X, which placed a token
to place6. At the end of this run all tokens reside in the final marking.

160



Pertsukhov P.A., Mitsyuk A.A. Simulating Petri Nets with Inhibitor and Reset Arcs. Trudy ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019, pp. 151-162
5. Conclusion

In this paper, we have presented the algorithm to simulate a process model in the form of weighted
labelled Petri net with inhibitor and reset arcs. This algorithm can be applied to generate event logs
from the event log. Proposed algorithm continues the previous works on Petri net simulation with
the purpose of generating artificial event logs. The prototype implementation is based on Gena tool®.
We have plans for future work. Firstly, we plan to comprehensively evaluate the proposed algorithm
on artificial and real-life process models. For now, we just tested it on sample models to check
algorithm validity. Secondly, we also plan to improve the prototype implementation and make it
stable and usable. Thirdly, Gena is able to simulate timed process models, models with resources,
data, add noise to an event log [8], [17]. Recently, an extension for Gena to simulate the multi-agent
system has been proposed [18]. We plan to merge these extensions and the algorithm presented in
this paper. Then, it will be possible to simulate WIR Petri nets with time/resources, and data.
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AHHoTanus. B naHHON cTaThe mpencTaBieH MOAXOJ K PealH3aliy alrOpUTMa BBIYHCICHUS IPUOPUTETOB
cpabaTpIBaHus TepexofoB s kuBbix cereit Ilerpu. [Ipuoputersl sBISIOTCS OZHOW K3 (OPM YCIOBHIA
cpabaTbIBaHUs ¥ MOTYT OBITH IIPUCBOEHBI HEpeXojiaM il 00ecHedeHHs JKMBOCTH U OrPAaHMYCHHOCTH CETH
[etpu. Hanuuue 3THX CBOWCTB KpaiiHEe KelTaTeNbHO MPH aHAJIM3€ Pa3UYHBIX CHCTeM, HauMHAs OT OM3Hec-
MPOLECCOB M  3aKaHYMBas BCTpaMBaeMbIMH cucTeMamMH. HeoOxomumMocTs B HHX  00yCIIOBIEHa
OrPaHWYEHHOCTBIO PECYpCOB, XapaKTepU3yloled OOJBIIMHCTBO CUCTEM U3 pEaabHOM IPaKTUKH.
PaccmarpuBaeMblii B JJAHHOM HCCIEAOBAaHMM aITOPHTM IS BBIYMCICHHMS NPHOPUTETOB CpabaThIBaHMs
NEPEXOT0B UMEET SKCIIOHCHIIHATBbHYIO BPEMEHHYIO CIIOKHOCTb, TaK KaK OCHOBAaH Ha MPOIEypax MOCTPOCHHS
1 0o6xoxa rpada nokpeiTHa. OQHAKO, €r0 MPOU3BOIUTEIHLHOCTh MOXKET OBITH JOCTaTOYHA ISl OONBIINHCTBA
MPaKTHYIECKUX Iieneil. B maHHON paboTe 3aTpOHYTHI pa3iUYHBIC ACMEKTHl MPOSKTHPOBAHHS PEAN3aLlUH,
BKJIIOYAst MOAXOJ K PEIICHHIO MPOOJIEMBI BBICOKOW CIOKHOCTHM alrOPUTMAa M HPUMEHEHHBIE K HEMY
ONTHMU3ALUH. B KadecTBe OCHOBHOTO METO/[a MOBBIMICHUS TIPOU3BOUTEIFHOCTH aITOPUTMa ObLTH BEIOPAHBI
napajuleNibHble  BBIYMCICHUS. HecMoTps Ha TO, 9YTO Al OAHHMX MIAroB airOpHUTMa JAaHHBIH MOAXO[
MPOJICMOHCTPUPOBANl CBOKO JKH3HECIOCOOHOCTh, Uil JPYrHX ero 3(GQEeKTHBHOCTh OKa3ajach HE CTOJb
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OZ[HO?)Ha‘IHOI‘/‘I. B pa60Te NPEACTABIICH aHAJIN3 PA3JINIHBIX pemeHHﬁ. TaK)Ke, Ha OCHOBE p€aJin3aliuu aJilroOput™Ma
OBLIO pa3pa60TaH0 TMIPUJIOKEHUEC IJI BBIYUCIICHUS TPUOPUTETOB Cpa6aTI)IBaHI/I$I. HaHHOe MPUTIOKECHUE MOXKET
OBITH UCITOJIb30BaHO JJII ﬂaﬂbHeﬁmHX I/ICCHCZ[OB&HI/Iﬁ peanLHoﬁ NPUMEHUMOCTH aJirOpUT™Ma.

KawueBbie cioBa: Q)OpMaHBHLIe MCTO/Ibl; CETHU HCTpI/I; rpa(b TNOKPBITHA; OTHOILICHHUEC MPUOPUTETOB;
TUKIIMYHOC MMOBCACHUEC

Jst nurupoBanusi: Cepedpennnkon K.I'. Berancienue npropuTeToB cpabaThIBaHUS MEPEXOIOB JUIS )KUBBIX
cereil [lerpu. Tpymst YICIT PAH, tom 31, Beim. 4, 2019 r., crp. 163-174 (na anrmmiickom szeike). DOI:
10.15514/ISPRAS-2019-31(4)-11

Baarogapnoctn. PaGora BemmonHeHa npu mnoamepikke I[IporpamMmsl (yHAZAMEHTATBHBIX HCCIIEOBAHUIA
HanuonansHoro uccnenoBaTeabckoro yHuBepcurera «Boicias Kona SKOHOMHUKH.

1. Introduction

Petri nets are widely applicable for modeling and analysis of various distributed systems ranging
from business processes systems to biological systems. Regardless the nature of such systems their
models always have some properties of liveness and boundedness. Properties of liveness include
reiteration of all subprocesses and return to some initial state of the system. Properties of
boundedness are those related to finiteness of the set of possible states.

In most of the cases, it is highly desirable for the system to have finite set of states, i.e. its model
should be bounded. Let us consider, for example, a Petri net shown in fig. 1. This Petri net is a model
of a simple producer/consumer system, where the left cycle represents a producer, the right cycle —
a consumer, and the place ps between them isa buffer. Thisnet is live, i.e. in every reachable marking
each transition can eventually fire. The net is unbounded, since the number of tokens in ps can be
arbitrary large. It means that the buffer overflow will eventually occur. Thus, it is desirable to
transform the model into live and bounded preserving the original structure of the net.

Py Py

Ps

P2

Fig. 1. Example of a marked Petri net. Model of a producer/consumer system

The problem of transformation of a given live and unbounded Petri net into live and bounded without
modification of its original structure was considered in [1] and [2]. The authors focused on two
approaches to control of Petri net behavior: through priority-based and through time-based
constraints on transition firings. Algorithms for computing priorities and time intervals were
proposed by them. This paper continues their study.

The proposed algorithms are based on construction of the spine tree, which is a subgraph of the
reachability tree, containing exactly all feasible cyclic runs in a net. It represents the behavior that
should be saved in a transformed Petri net to preserve the liveness property of the original net. The
procedure of obtaining those cyclic runs each of which contains all transitions and is reachable from
the initial marking was introduced in [3]. It is based on construction of the coverability graph that is
finite by definition but can be extremely large. This fact affects negatively the overall time
complexity of the algorithms.
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Nevertheless, the performance of these algorithms may be optimal for the majority of real life cases.

In this paper we target implementation considerations of the above mentioned algorithms. The study

is focused on computation of transition priorities leaving apart computation of time intervals, since

these two procedures have common foundation. The main contributions of this paper are the
following.

1) An approach to implementation design of the algorithm for computing transition priorities
based on construction steps optimization and adoption of parallelization.

2) A brief analysis of the actual implementation coded in Java programming language.

3) A Java application with GUI built upon the algorithm implementation that can be used for
running experiments and researching the applicability of the algorithm in practical cases. The
application supports the Petri Net Markup Language (.pnml) file format and can be used along
with other tools for Petri net modeling and analysis.

The source code of the application along with build and run instructions can be found in the

repository?.

The structure of the paper is as follows. In Section 2 the main theoretical preliminaries are provided.

Section 3 contains a brief description of the algorithm under consideration. In section 4 the approach

to implementation design is described and results of implementation analysis are presented. Section

5 concludes the paper.

2. Preliminaries

For a more detailed introduction to the concepts presented in this section see, e.g., [4].

Let N denote the set of natural numbers (including 0). We define a marked Petri net as a tuple
(P,T,pre:T x P — N,post:T x P — N,m0:P — N)

where P and T are finite disjoint sets of places and transitions, respectively. pre(t, p) is a number

of tokens required to present on place p to enable transition t. The firing of tadds

post(t,p) - pre(t,p) tokens to p. Graphically, places are denoted by circles and transitions by

squares. There is a directed arc from p to t if pre(t,p) > 0. The arc is annotated with pre(t, p) if

pre(t,p) > 1. Similarly, there is a directed arc from t to p if post(t,p) > 0. It is annotated with

post(t,p) if post(t,p) > 1. The pre-set of a transition t is the set of places p satisfying

pre(t,p) > 0. The post-set of ¢ is a set of places p satisfying post(t,p) > 0. A marking of a net

is a mappingm: P — N. The initial marking m,, is represented by m,0(p) tokens on place p.

An initial run is a sequence of transition firings, starting with the initial marking. Reachable

markings are all those markings, which can be reached by the initial run. A cyclic run is a finite run

starting and ending at the same marking.

A reachability graph of a Petri net is a labeled directed graph, in which vertices correspond to

reachable markings of the net. A directed edge from vertex v to vertex v’ is labeled with transition

t, which is enabled by marking m represented by v and leads to marking m' represented by v'.

A Petri net is bounded if, for each place p, the number of tokens on p does not exceed some fixed

bound k € N, i.e. for each reachable marking m the following is true: m(p) < k. Thus, a Petri net

is bounded if and only if its reachability graph is finite.

A marking m'’ strictly covers a marking m if and only if for each place p € P,m'(p) = m(p) and

m' #= m.

In case of unbounded nets coverability graphs provide finite information about behavior. The

construction of coverability graph is based on the notion of the generalized marking, which is

formally a mapping: P — N U {w}, where w denotes an arbitrary number of tokens on a place. A

coverability graph is defined constructively: it is constructed successively like the reachability graph

starting from the initial marking. However, in case of the coverability graph, when a marking m'

! https://github.com/molassar/PN-transition-priority-computer
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represented by a current leave v' in the reachability graph strictly covers a marking m represented
by a vertex v, lying on the path from the root to v, then in the coverability graph the vertex v’ gets
a marking m,,, where m,, (p) = w if m'(p) > m(p), and m,,(p) = m'(p) if mM'(p) = m(p).
Fig. 2 shows a coverability graph of the example shown in fig. 1.

(1,0,0,1,0) (0,1,1,1,0) (1,0,w,1,0) b (0,1,w,1,0)

a

(1.0,w,0,1) (0,7.w,0,1)

Fig. 2. A coverability graph of the Petri net of fig. 1

The coverability net of a Petri net N = (P,T,pre,post,m,) is a new Petri net N' =
(P, T',pre', post’,my"), which is constructed on the basis of a coverability graph (V, E, v,) of the
original net. The transitions of N’ are mapped to the transitions of N by a labeling function A": 7" —
T. The coverability net is formally defined as:

e P =1V,
e T =E,
o pre'((V,t,v"),v) = 1lifv = v,
o pre'((V,t,v'"),v) = 0ifv # v,

e post'(V,t,v")v) = lifv =",

e post'(V,t,v"),v) = 0ifv = V',

e my'(v) = lifv = v,,

e my'(w) = 0ifv # v,,

o ANt v) =t

The extended coverability net is the coverability net, that contains additional places to capture the
token count change for w-marked places of the original net. For each unbounded place p in the
original net a place p is added to the extended coverability net. If transition t is in the pre-set of p
in the original net N, then all transitions t" € T’ with A'(t") = ¢t are in the pre-set of the added
place p. Arc weights are taken into account. The same holds for the post-sets of added places. The
initial marking of added places coincides with the initial marking of these places in the original net.
Fig. 3 demonstrates the extended coverability net constructed upon the coverability graph shown in
fig. 2.
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Fig. 3. The extended coverability net of the Petri net of Fig. 1

(1,0,0,1,0)
b
(0,1,1,1,0)
a
(1.0.1.1,0)
b
(0,1,2,1,0)
a C
| 10210) | | ©1009) |
[+ da d
| 10001 | | @000 | | 01010 |
'/’/E// d N‘\
| 01100 | [ o010 | | 01100 | | co010 | | 10010 |
/ d d
| (1,0,1,0,1) ‘ | (0,1,1,1,0) | (0,1,1,1,0)
d
(1,0,1,1,0)

Fig. 4. The spine tree of the Petri net of Fig. 1
We define the set of all minimal feasible cyclic runs together with prefixes leading to the cycles in
a Petrinet N as
C(N) = {to| t0 * is aninitial runin N,
T does not include o and o includes all transitions in N}
where ¢ is a minimal feasible cyclic run in N and 7 is a finite initial run leading to . A spine tree is
a subgraph of a reachability tree, that contains exactly all runs from C(N). The spine tree contains
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the behavior that should be saved in course of transformation in order to keep a Petri net live. For
the Petri netin fig. 1 C(N) = {babacd, babcad, babcda, babacbd, babcabd, babacbad}. Thus,
the spine tree of the net has the construction as shown in fig. 4.

A priority relation for a Petri net N is a partial order (T, «), i.e., the relation is reflexive,
antisymmetric and transitive. A priority relation <« can be specified by assigning a priority label
m(t) € N to each transition t. Thus, t « t'if and only if (t) < w(t"). A Petri net with priorities
is a Petri net together with a priority relation. In a Petri net with priorities if Q is a set of all transitions
enabled in a marking m, then only transitions with the highest priority may fire.

3. Algorithm overview

Let N be a live and unbounded Petri net. The task is to check, if it is possible to transform this net
into live and bounded by adding priorities to its transitions. To accomplish the task we should find
those transition priorities, which exclude runs leading to unboundedness.

It is possible to distinguish two major stages in the algorithm. The first is the search for cyclic runs

in a Petri net. The presence of cyclic runs is a necessary condition for existence of transition priorities

for a given Petri net. On the second stage the spine tree is built with the cyclic runs found on the
previous stage forming its skeleton. The whole algorithm has the following sequence of actions.

1) Given a Petri net build its coverability graph;

2) Given the coverability graph constructed on the previous step build a coverability net;

3) Transform the coverability net into an extended coverability net;

4)  Find behavioral cycles of the extended coverability net;

5) If the set of cyclic runs computed on the previous step is not empty build a spine tree in which
the cyclic runs form the skeleton;

6) Given the spine tree build a spine-based coverability tree in which all leaves are colored in
either red or green?;

7) Traverse the spine-based coverability tree. For each non-red node a with its incoming edge
labeled after transition t; if there exists a red sibling b with its incoming edge labeled after
transition t; add (ti, t2) to the priority relation;

8) Assign priority labels to the transitions on the basis of the priority relation computed on the
previous step.

The steps 1-4 form the first stage of the algorithm — search for cyclic runs. The procedure was

introduced in [3]. The second stage — computation of a priority relation through spine tree

construction — is represented by the steps 5-7. It was described in [1].

4. Implementation approach

4.1 Cyclic runs search

The problem of the search for cyclic runs in a Petri net can be reduced to the search for cyclic runs
in its extended coverability net. The original algorithm for the cyclic runs search is comprised of
four steps. We have reduced the number of steps to two by optimizing the construction phases of
coverability and extended coverability nets.

The first step is the construction of a coverability graph. This step can not be avoided since the
coverability graph is the foundation for the rest of the algorithm. Since the coverability graph can
grow exponentially the overall time complexity of the algorithm is also exponential. We have chosen
parallelization to target the problem. The implementation of coverability graph construction and
traversal steps was designed to be easily parallelized.

2 For the complete algorithm see [1].
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Listing 1 demonstrates the pseudocode of the algorithm for building the coverability graph. Each
node is processed in the following way: the set of transitions is filtered to find the transitions enabled
by the marking corresponding to a node, then all the filtered transitions are fired to produce new
generalized markings. Directed arcs are added from the vertex labeled by the marking of the node
to the vertices labeled by the produced generalized markings. New nodes are generated from the
obtained markings for further processing. Processing of a node does not depend on processing of
other nodes so this task can be scheduled in parallel. The actual implementation of the pseudocode
has the time complexity
O(|JV| * |T| * d(CG) = |P|)

where |V] is the number of vertices in a coverability graph, |T| — the cardinality of the transition set
of a Petri net, d(CG) — depth of the coverability graph, i.e., the distance from the root to the most
distant vertex, and |P| — the cardinality of the set of places.

procedure buildCG(m0,T)
Input: Initial marking mO0 € M,
M - set of generalized markings;
set of transitions T
Output: Directed graph G = (V,E), |V| = |M]|
G = initGraph()
root = Node (marking: m0, parentNode: null)
Q = makequeue (root)
while Q is not empty:
node = dequeue (Q)
m = marking (node)
v = Vertex(label: label (m))
incidentFrom = listIncidentFrom (G, V)
if incidentFrom is empty:
fireableT = filter (T, predicate: isFireableFrom (m))
for each t € fireableT:
mn = fire(m,t)
parentNode = node
while parentNode is not null:
mp = marking (parentNode)
if isStrictlyCoveredBy (mn,mp) :
mn = generalize (mn,mp)
break
parentNode = parentNode (parentNode)
u = Vertex(label: label (mn))
e = Edge(label: label (t))
addIncidentFrom (G,v,e,u)
newNode = Node (marking: mn, parentNode: node)
enqueue (Q, newNode)

Listing. 1. Pseudocode of the algorithm for building the coverability graph

We have made two implementations of the algorithm: single-threaded and parallel. In the parallel
version, node processing tasks are submitted to a thread pool. Since the worker threads process the
submitted tasks asynchronously, there is a need for some synchronization mechanism in order to
prevent the function call in the master thread from returning before the graph is fully constructed.
For the purposes of synchronization, we have used Phaser. It is a reusable synchronization barrier,
which is provided by the standard Java library. The two main operations of Phaser are register and
arrive. It is possible to block on Phaser, while the number of registered is not equal to the number
of arrived. Phaser is incorporated into the implementation in the following way: the master thread
submits the first task to the pool and blocks on Phaser, when a working thread generates a new task
it is registered in Phaser, and after completion it arrives. Thus, the function call does not return until
all the submitted tasks are processed, i.e. the graph is completely built. We used ForkJoinPool from
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the fork/join Java framework as the implementation of the thread pool, since it provides the work-
stealing mechanism. If a worker thread runs out of tasks in its pool, it can steal tasks from other
threads that are busy. Thus, all the available processing powers are utilized and the performance
increases.

We have also conducted a benchmarking of the two implementations with the use of JMH open
source tool. Coverability graph construction for the Petri net in Fig. 1 was benchmarked. The single
shot time mode was selected for the test. In this mode the time for a single operation is measured.
Thus the “cold” performance of an algorithm is estimated, since no preliminary warm-up is
conducted. This mode is most similar to the real-life usage scenario of the algorithm. The results
are presented in Table 1.

Table 1. Benchmark results for implementations of the coverability graph construction algorithm

Benchmark mode Single-Threaded Score Parallel Score

Single shot time 5080.768 us/op 7632.496 us/op

The results in Table. 1 demonstrate that the single-threaded implementation performs slightly better
for the Petri net of fig. 1. The probable reason is the low complexity of the net. The time complexity
of processing a single node is

O(IT| = d(CG) * |P])
and, hence, there are strong reasons to believe, that with increase in concurrency of the model and
in number of transitions and places the parallel implementation will outperform the single-threaded
one. Further experiments conducted with more complex nets proved this assumption.
The construction of the coverability net and the extended coverability net was optimized: we used
coverability graph built on the previous stage and a separate data structure for capturing the number
of tokens on unbounded places to find all feasible cyclic runs.
Initially, we have designed an implementation of the algorithm for the cyclic runs search, which also
targeted parallelization. That implementation resembled closely the implementation of the
coverability graph construction algorithm. Both of them were built upon separate nodes processing
and since this procedure is completely independent for each node it can be easily parallelized.
However, several tests proved this approach to be practically inapplicable. The reason is high
memory space consumption. The number of enqueued nodes (logically they represent paths to be
checked for cyclic behavior) increases exponentially rapidly exhausting memory capacity.
Thus, we have designed another implementation based on the backtracking principle. It is much
more memory efficient, since only one node (path) is processed and stored in memory in every single
moment of time. The problem with this approach is that it is difficult to be parallelized. And the
developed implementation is also single-threaded. However, processing of each path in the actual
implementation has the time complexity O(|E|) where |E| is the number of edges in the coverability
graph. This means that in general case, the amount of work needed to be done to process a single
path is insignificant for a modern process, and hence no major increase in performance should be
observed with addition of parallelization. Nevertheless, the transformation of the proposed single-
threaded implementation into a parallel one can be a subject of future research. The pseudocode of
the cyclic runs search procedure based on backtracking is presented in Listing 2.

procedure backtrackingCyclicRunsSearch (G, m0, upmO, T)
Input: Coverability graph G;
initial marking m0 € M,
M - set of generalized markings;
initial marking of unbounded places upmO;
set of transitions T
Output: List of all cyclic runs L
L = initEmptyList ()
root = Node (marking: mO, unboundedPlaces: upmO,
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transition: null, parentNode: null)
path = root
isBacktracked = false
while path is not null:
if containsCyclicRun (path):
cyclicRun = extractCyclicRun (path)
if containsAllTransitions(cyclicRun,T) :
addRun (L, cyclicRun)
path = parentNode (path)
isBacktracked = true
continue
// no cyclic run was detected
nodeM = marking (path)
nodeUPM = unboundedPlaces (path)
if not isBacktracked:
incrementPhase (nodeM)
v = Vertex(label: label (nodeM))
incidentFrom = listIncidentFrom (G, V)
isBacktracked = true
for each (e,u) in incidentFrom:
tForE = transitionForEdge (e)
mForU = markingForVertex (u)
// check if transition tForE from
// marking m to marking mForU is not
// in the sequence represented by path
if isNotInSequence (path, tForE,mForU) :
// check if e was not followed already
// in current phase of nodeM
if wasNotFollowedInPhase (e,phase (nodeM)) :
// calculate marking of unbounded places
upmn = fireForUnbounded (nodeUPM, tForE)
if for every marking in upmn marking >= O:
path = Node (marking: mForU,
unboundedPlaces: upmn,
transition: tForE,
parentNode: path)
markAsFollowedInPhase (e, phase (nodeM))
isBacktracked = false
// current path can not be extended; backtracking
if isBackTracked:
for each (e,u) in incidentFrom:
if wasFollowedInPhase (e,phase (nodeM)) :
unmarkAsFollowedInPhase (e, phase (nodeM) )
decrementPhase (nodeM)
path = parentNode (path)

Listing 2. Pseudocode of the backtracking-based procedure for cyclic runs search

A comment on the pseudocode in Listing 2 should be provided. Since it is possible to get into a
vertex in multiple different ways, and every time each edge incident from it and not in path should
be checked, we have introduced the notion of phase to take account of visited edges and prevent an
infinite traversal.

4.2 Priorities computation

The rest of the algorithm is based on the construction of the spine tree of a Petri net and its traversal.
The procedure of constructing the spine tree from the list of cyclic runs is quite straightforward and
we omit its description here. Similarly, the algorithm for the construction of the spine-based
coverability tree was described in details in [1] and we have mostly followed this description in the
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process of implementation design. In the spine-based coverability tree the red leaves (w-leaves) are
those nodes which strictly cover some markings preceding them in their branches. To guarantee
boundedness they should be cut off. This is achieved with priorities. Listing 3 demonstrates the
pseudocode for computing priority relation on the basis of the spine-based coverability tree.

It was proved in [1] that if the relation < constructed for the live and unbounded Petri net (N, m,)
is a partial order (i.e. antisymmetric), then « is a priority relation for N, and the Petri net (N, <, m;)
is live and bounded. However, it is possible for the algorithm in Listing 3 to produce relations with
contradictory pairs, thus violating the antisymmetric property. In [2] it is suggested to remove such
contradictory pairs from the relation. In this case the Petri net with the resulting priority relation
should be checked for boundedness and liveness.

The concluding step of the algorithm implementation is computation of priority labels of transitions.
For transitions which are not included in the priority relation the highest priority is assigned since
this means that the order of their occurrence is not important. For the rest of transitions a topological
sorting is used to order the transitions in the ascending priority and assign a label to each of them
with respect to their position. This is possible because the priority relation can be represented as a
directed acyclic graph. It should be noted that the obtained priorities can be stronger than it is
required since topological sorting does not take into account relative independence of transitions in
the priority relation.

procedure computePR (treeRoot)
Input: Root of spine-based coverability tree treeRoot
Output: Priority relation PR = {(tl,t2) : tl1 € T A t2 € T},
T - set of transitions
PR = initEmptyRelation ()
Q = makequeue (treeRoot)
while Q is not empty:
node = dequeue (Q)
childNodes = children (node)
redNodes = filter (childNodes, predicate: isRed())
greenNodes = filter (childNodes, predicate: isGreen())
yellowNodes = filter (childNodes, predicate: isYellow())
enqueueAll (Q, yellowNodes)
for each rn in redNodes:
// get transition represented by incoming arc of node
tr = transitionOfIncArc(rn)
for each yn in yellowNodes:
ty = transitionOfIncArc (yn)
addToRelation (PR, (ty, tr))
for each gn in greenNodes:
tg = transitionOfIncArc (gn)
addToRelation (PR, (tg, tr))

Listing 3. Pseudocode of the algorithm for priority relation computation

5. Conclusion

In this paper, we have presented our approach to implementation design of the algorithm for
computing transition priorities for live Petri nets. In the worst case the performance of the algorithm
may be not optimal for the task since it is based on construction and traversal of the coverability
graph which can grow exponentially. However, it may prove optimal for the majority of real-life
system models. We have proposed parallelization as the main method of handling the complexity.
A number of experiments were conducted to estimate its effect on the performance of the
implementation. While for some steps this approach proved to be viable, for others its applicability
was questioned.
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Priority constraints can be helpful in analysis of technical systems, since they ensure liveness and
boundedness of such systems. For the purposes of computing priorities the application was
developed. This application is based on the algorithm implementation presented in the paper and
can be used for further studies on the problem.

However, it should be noted that the application inherits the weak points of the algorithm it is based
on, i.e. the high time complexity. Hence, further experiments should be conducted to determine the
limits of applicability of the application and the algorithm in particular.
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AHHoTanus. KoneuHo-aBTOMaTHbIE METO/BI IIHMPOKO UCIONB3YIOTCA NPH CHHTE3€ MPOBEPSIOLINX TECTOB C
rapaHTUPOBAHHOM TOJHOTOM JUId JAMUCKpETHBIX cHucTeM. IlockonbKy IOBelE€HHE COBPEMEHHBIX
MH(OPMAIIOHHBIX M YIPABIISIONINX CHCTEM YacTO 3aBHCHT OT BPEMEHH, KIIacCHUeCKasi MOJIETh KOHEYHOTO
aBTOMAaTa paclIUpsieTcs BBEJICHHUEM BpPEMEHHBIX IEpEeMEHHbIX. boriee TOro, ONLIMOHAIBHOCTE B
creUKaNMsIX peajbHBIX CHCTEM NOOYXKIAaeT K UCCICIOBaHMSM B OOJIaCTH CHHTE3a TECTOB JUIS
HEeJleTepPMIHUPOBAaHHBIX aBTOMAaToB. B Hacrosmeid paboTe MBI ajanTHpyeM KIacCHUecKHe KOHEYHO
aBTOMATHbIE METO/Ibl CHHTE3a TECTOB K HEeJIETEPMUHUPOBAaHHBIM aBTOMAaTaM C BPEMEHHBIMU OTpaHUYEHUSIMU
U TaliMayramH (BpeMEHHBIM aBTOMaraMm). [loka3pIBaeTcs, 4TO B OTJIIMYME OT KIACCHYECKUX KOHEUHBIX
aBTOMATOB, POBEPKa OTHOLICHUH KOH(GOPMHOCTH My BpeMEHHBIMH aBTOMaTaMH He MOXET ObITh CBEJIeHa
K IIPOBEPKE COOTBETCTBMS MEXIy IepexoJaMi, YTO HapyIlaeT OCHOBHON MPHHLMUI KOHEYHO aBTOMAaTHBIX
METOJIOB CHHTe3a TecTOB. COOTBETCTBEHHO, NPEVI0KEHHBIN NMOJX0 M MOJZIENb HEUCIIPABHOCTH OCHOBAHbI Ha
KOHEYHO aBTOMAaTHOW aOCTpakuuM aBTOMAaTa-CrielM(UKALMK, KOTOpas MCIONb3yeTCs JUIS ONHMCAaHHs
MOBEZICHUS BpeMeHHoro apromara. O0acTh HEMCIIPAaBHOCTH CONCPIKUT BPEMEHHbBIC aBTOMAThl C M3BECTHOU
BEpXHEH I'paHHLEH 4uclla COCTOSHUH KOHEYHO aBTOMATHBIX aOCTpakuMi M MO3BOJSET M30€XaTh SBHOTO
MIEPEUNCICHUsT MHOXECTBA TECTHPYEMBIX peanusaluii. Mbl HcclieflyeM CBOMCTBA KOHEYHO aBTOMATHBIX
a0CTpaKUMii HeAEeTepMHUHUPOBAHHBIX BPEMEHHBIX aBTOMATOB M MOKa3bIBAEM, YTO MCIIOJIB30BAHHE TaKOW
a0CTpaKIMK MO3BOJISET aJANTUPOBATH KJIACCHYECKUE METOIbI K CHHTE3Y TECTOB C FapaHTHPOBAHHOM ITOJTHOTOH
JUIl BPEMEHHBIX aBTOMArOB. IIpeAno)keHHBI METOA CHHTE3a TECTOB MO3BONSAET CTPOMThH IONHBIE
MIPOBEPSIOIINE TECTHl JUIS TOMHOCTBIO ONpPEIEIEHHBIX BO3MOXKHO HEIETEPMHHHUPOBAHHBIX aBTOMATOB C
TallMayTaMl M BPEMEHHBIMU OTrPAaHUYEHUSIMU JUIS TECTHPOBAHHs peanu3aluii, MOBEJEHUE KOTOPBIX
OITUCBIBAETCS IETEPMUHUPOBAHHBIMY BPEMEHHBIMH aBTOMATaMU.

KiroueBble cji0Ba: KOHEUHBII aBTOMAT; TaiMayT; BpPEMEHHbIE OrPaHMYEHHMS; HeJeTePMHHHPOBaHHbIC
BPEMEHHbIE aBTOMAThl; CHHTE3 TECTOB C FAPaHTHUPOBAHHON IOJIHOTON
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1. Introduction

Finite State Machines (FSMs) are widely used for analysis and synthesis of discrete event systems
[1]. In particular, FSM based approaches can be effectively used when deriving test sequences for
determining whether a given implementation considered as a «black box» conforms to its
specification. A number of methods exist for deriving complete test suites with respect to various
fault models [see, for example, 2-5] without the explicit enumeration of possible FSMs under test.
Well-known W-method [2] and many its derivatives have been developed including those for FSMs
with the nondeterministic behavior [4, 6]. In many papers, researchers consider the case when the
specification is a nondeterministic FSM, while an implementation FSM is deterministic and
conforms to the specification if the implementation behavior is contained in that of the specification
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[6, 7]. In other words, the specification nondeterminism occurs according to the optionality of the
informal requirements’ description and the behavior of a conforming implementation must not
violate the specification.

Nowadays time aspects become very important when describing the behavior of digital and hybrid
control systems, and, respectively, similar to automata [8] classical FSMs were extended with clock
variables [5, 9-14]. When the behavior of a system under test is described by a Timed Finite State
Machine (TFSM), classical FSM-based methods have to be modified and extensions of the W-based
methods are considered in the context of systems with timed constraints [9], [14]. In [11], Merayo
et al. consider timed possibly nondeterministic FSMs where time elapsed when an output has to be
produced after an input has been applied to an FSM under test is limited. The model also takes into
account input timeouts at states. However, the authors do not consider test derivation; yet establish
a number of conformance relations. EI-Fakih et al. [10] consider the test derivation and assessment
for FSMs with timed guards; such an FSM has a single clock that is reset at every transition. In the
paper by Zhigulin et al. [13], a method is proposed for deriving complete test suites for FSMs with
timeouts. The authors consider a traditional fault domain assuming that the number of states of an
implementation TFSM (Implementation Under Test) does not exceed that of the state reduced
specification TFSM as well as the maximal finite timeout of the IUT does not exceed that of the
specification. However, as we further show, two reduced TFSMs with timeouts can be equivalent
but not isomorphic and this fact violates the main idea of W-based methods of checking the
isomorphism or homomorphism between the specification and implementation under test. In [12],
the authors show that the behavior of a deterministic TFSM can be adequately described by its FSM
abstraction and this is a hint that a fault model can be derived based on such abstraction for which
well elaborated FSM based methods for deriving tests with guaranteed fault coverage can be applied.
Such a fault model is considered in [15] for deriving a complete test suite against deterministic
TFSMs.

In this paper, we consider FSMs with timed guards, timeouts and output delays (TFSM) which
generalize the TFSM model that has only timed guards or only input timeouts [12]. Moreover, in
our case, a TFSM can be nondeterministic. Timed guards describe the system behavior depending
on a time instance when an input is applied. If no input is applied until an (input) timeout expires
then the system can spontaneously move to another state. An output delay describes a time for
processing a given transition.

We propose a method for deriving a test suite with guaranteed fault coverage against a complete
possibly nondeterministic specification FSM with timed guards, input timeouts and output delays
with respect to the reduction relation assuming that an implementation TFSM under test is complete
and deterministic. The fault model and a procedure for deriving a complete test suite are based on
the FSM abstraction of a given TFSM specification since according to [12], the behavior of a TFSM
can be adequately described by its corresponding (untimed) FSM abstraction.

The structure of the paper is as follows. Section 2 contains the preliminaries for classical and timed
FSMs. It also contains the explanation how the behavior of a TFSM can be described using an
appropriate FSM abstraction. In Section 3, a brief sketch of related work on test derivation methods
for nondeterministic FSMs with respect to the reduction relation is presented while Section 4
contains such a review on test derivation against Timed FSMs. In Section 5, a method is proposed
for deriving a complete test suite against a nondeterministic FSM with timed guards and timeouts
by determining an appropriate fault model based on their FSM abstractions; the section also contains
an example for a test derivation procedure. Section 6 concludes the paper.

2. Preliminaries

This section contains basic definitions of classical Finite State Machines as well as of Timed Finite
State Machines as their extension. We also show how the behavior of a TFSM can be adequately
described by the corresponding FSM and establish some useful properties of such FSM abstractions.
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2.1 Finite State Machines

A Finite State Machine (FSM) [1] describes the behavior of a system that moves from state to state
under input stimuli and produces predefined output responses. Formally, an initialized FSM is a 5-
tuple S = (S, I, O, hs, o) where S is a finite non-empty set of states with the designated initial
state so, | and O are input and output alphabets, and hs = (S x | x O x S) is the transition (behavior)
relation. A transition (s, i, 0, s') describes the situation when an input i is applied to S at the current
state s. In this case, the FSM moves to state s’ and produces the output (response) 0. FSM S is
nondeterministic [6] if for some pair (s, i) € S x I, there exist several pairs (0, s") € O x S such
that (s, i, 0, 8") € hs; otherwise, the FSM is deterministic. FSM S is complete [6] if for each pair
(s, 1) € S x | there exists (0, s') € O x Ssuch that (s, i, 0, ') € hs; otherwise, the FSM is partial.
FSM S is observable if for every two transitions (s, i, 0, s1), (S, i, 0, $2) € hs it holds that s; = s,.
In the following, we consider complete observable possibly nondeterministic FSM
specifications, while an implementation is a complete deterministic FSM.

A trace or an Input/Output sequence a/y, written often as an 1/0 sequence, of the FSM S at state s
is a sequence of consecutive input/output pairs starting at the state s. Given a trace a/y, o is the input
projection of the trace (input sequence) while vy is the corresponding output projection (output
sequence), i.e., a possible output response of the FSM when the sequence o is applied at state s.
Given a complete nondeterministic FSM, there can exist several output responses for an input
sequence at a given state. A complete nondeterministic FSM is reduced if for every two different
states, the sets of traces do not coincide. The unique reduced form exists for any complete
nondeterministic FSM and can be derived similar to that for complete deterministic FSMs [16].
Given states s and p of complete FSMs S and P, state p is a reduction of s (written, p <s) if the set
of 1/0 sequences of FSM P at state p is contained in the set of 1/0O sequences of FSM S at state s.
FSM P is a reduction of FSM S if the reduction relation holds between the initial states of these
machines.

2.2 Timed Finite State Machines

A Timed FSM (TFSM) is extended with a clock variable, timed guards, timeouts and output delays
[12, 13]. The timed guards at a state have less time upper bounds than the timeout at the state and
describe the behavior at a given state for inputs which arrive at different time instances. The clock
variable accumulates time and is reset to zero when applying an input, producing an output and
moving between states by timeout transitions. Correspondingly, an initialized TFSM is a 6-tuple S
= (I, S, O, hs, As, So) where S is a finite non-empty set of states with the designated initial state
S, I and O are input and output alphabets, hs = S x | x O x S x IT x Zis the transition relation
and As is the timeout function. The set IT is a set of input timed guards and Z is the set of output
delays which are non-negative integers. The timeout function is the function As: S — S x (N U
{o}) where N is the set of positive integers: for each state this function specifies the maximum time
for waiting for an input. If no input is applied until an (input) timeout expires then the system can
spontaneously move to another state. By definition, for each state of TFSM exactly one timeout is
specified. An input timed guard g e TT describes the time domain of clock variable when a transition
can be executed and is given in the form of interval <min, max> from [0; 7), where< € {(, [}, > €
{). 1} and T is the input timeout at the current state. We also denote the largest finite boundary of
timed guards and timeouts as Bs. The transition (s, i, 0, ', g, d) € S x | x O x S x IT x Z means that
TFSM S being at state s accepts an input i applied at time t € g measured from the initial moment
or from the moment when TFSM S has moved to the current state; the clock then is set to zero and
S produces output o exactly after d time units and moves to state s'. Given state s of TFSM S such
that As(s) = (s, T), if no input is applied before the timeout T expires, the TFSM S moves to state
s'. If As(s) = (s, o) then s' = s, and this means that the TFSM can stay at state s indefinitely long
waiting for an input.
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Given TFSM S, S is a complete TFSM if the union of all input timed guards at any state s under
every input i equals [0; T) when As(s) = (s', T). In this paper, we consider only complete TFSMs
and the question about the interpretation of undefined transitions in partial machines and their
augmentation is out of the scope of this paper [17].
TFSM S is a deterministic TFSM if for each two transitions (s, i, 01, S1, g1, d1), (S, i, 02, S2, g2, d2)
€ hs, 81 # S, d1 # dz Or 01 # 0y, it holds that g1 N g2 = &, otherwise, TFSM S is nondeterministic. In
this paper, we assume that the system specification is a complete observable, possibly
nondeterministic TFSM while the behavior of an implementation under test (IUT) is described by a
complete deterministic TFSM. In other words, the specification describes a set of possible
permissible behaviors of an IUT and a conforming implementation must be one of them.
Example. Consider a TFSM S in Figure 1 with two states, one input and three outputs, where a is
the initial state and As(a) = (b, 2), i.e., the timeout at state a is 2. For state b, As(b) = (b, ), and this
loop is not shown in the figure. If input i is applied to the TFSM at state a at time instance 1 measured
from the initial moment then S moves to state b producing output o, after one time unit. However,
if no input is applied to the TFSM until time value reaches 2 then S moves to state b using a timeout
transition. At state b, TFSM S can wait for an input infinitely long.
q
(

i
i

0, 0)/(e,, 1)
0, 2)/(0,, 1)

T=2
i, [0, 0)(0,,2) 1[0, ®)/(0; 2)

i, [0, 0]/(05, 0)

Fig. 1. Timed Finite State Machine S

A timed input is a pair (i, t) where i € l and tis a real; a timed input (i, t) means that input i is applied
to the TFSM at time instance t measured from the initial moment or from the moment when TFSM
S has produced the last output. A timed output is a pair (o, d) where o0 € O and d is the output delay
measured from the moment when an input has been applied. In order to determine the output
response of the TFSM at state s to a timed input (i, t), state s’, which is reached by the TFSM by
timeout transitions at time instance ¢, is calculated first [13]. State s’is a state where TFSM moves
from state s via timeout transitions such that the maximum sum X of all timeouts starting from
state s is less than z. At the second step, a transition (or several transitions for nondeterministic
TFSM) (s, i, 0, s", g, d) such that t — ¥ € g is considered. According to this transition, the machine
produces the timed output (0, d) to a timed input (i, t) applied at state s and moves to the next state
s".

A sequence of timed inputs o = (i1, t1) ... (in, tn) is a timed input sequence, a sequence of timed
outputs y = (01, d1) ... (On, dn) is a timed output sequence. Given the initialized TFSM at state s; with
the value of the clock variable equal to 0 at the initial moment and a timed input sequence (i1, t1) ...
(in, tn), an input iy is applied when the value of the clock variable reaches t;' = t; — X1 where X; that
is the maximum sum of timeouts for the sequence of timeout transitions starting from state s; is less
than ¢;, but becomes equal or bigger when adding the timeout at the current state s;'; after applying
the input at state s;' the clock variable is set to 0 and the machine produces an output 0; and moves
to a prescribed state s; when clock value is equal to di. After producing the output 0, the clock is
reset and the machine is waiting for another input i, that is applied when the clock variable value
equals t' = t, — 2o, etc. A sequence afy = (iy, t1)/(01, d1) ... (in, ta)/(0n, dn) OF consecutive pairs of
timed inputs and timed outputs starting at the state s is a timed 1/O sequence or a timed trace of
TFSM S at state s. Note that time of the first timed input in the sequence is counted from startup of
the system at state s while time of all next inputs is counted from the time instance when a previous
output has been produced. Similar to FSMs, o is an applied timed input sequence while y is the
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corresponding output response of the TFSM to sequence o of applied inputs. Given a state of a
complete nondeterministic TFSM, there can exist several output responses to a timed input
sequence.

Similar to FSMs, the set of all timed traces at the initial state specifies the behavior of an initialized
TFSM.

Example. Consider TFSM S in fig. 1. If a timed input sequence (i. 2.5).(i, 0) is applied to S at state
a then TFSM first moves to state b by the timeout transition when the clock variable value reaches
2. The clock is reset and output (01, 2) or (03, 2) is produced, the system moves back to state a and
the clock is reset. When the next input (i, 0) is immediately applied, the TFSM moves either to state
a with timed output (03, 0) or to state b with timed output (o1, 1).

Given states s and p of complete TFSMs S and P, state p is a reduction of s (written, p <s) if the set
of timed 1/0O sequences of TFSM P at state p is contained in the set of timed 1/0 sequences of TFSM
S at state s. TFSM P is a reduction of TFSM S if the reduction relation holds between the initial
states of the machines. For deterministic TFSMs S and P, the reductions relation is reduced to the
equivalence relation.

2.3 FSM abstraction

The behavior of a TFSM can be adequately described using a classical FSM that is called the FSM
abstraction of the TFSM and is derived similar to [12]; however, in [12], output delays are not
considered.

Given a complete observable possibly nondeterministic TFSM S = (S, |, O, As, As, So), the largest
finite boundary of timed guards and timeouts Bs and maximum output delay D, we derive the FSM
abstraction of TFSM S as the FSM As = (Sa, | U {I}, Oa, Aas, So) Where Sa < {(s, 0), (s, (0, 1)), ...,
(s, (Bs—1,Bs)), (s, Bs), (s, (Bs, )): s € S}, Oa={(0, 0), (0, 1), ..., (0, D): 0 € O} U {1}. The input
(output) I is a special input (output) of the FSM abstraction. Given state (s, t;), tj =0, ..., Bs, of
FSM As and input i, a transition ((s, t), i, (o, d), (s', 0)) is a transition of the FSM abstraction As if
and only if there exists a transition (s, i, 0, §', gi, d) € As such that tj € g;. Given state (s, g;), g; = (0,
1), ..., (Bs—1, Bs), (Bs, ®), of FSM As and input i, a transition ((s, @), i, (0, d), (s, 0)) is a transition
of As if and only if there exists a transition (s, i, 0, §', g, d) € As such that gi < g. In other words,
transitions under input i e | correspond to timed inputs (i, t) where t is ‘hidden’ as the second
item of states of the FSM abstraction As. Transitions under the special input I correspond to the
clock change between non-integer and integer values, or to a timeout transition between states.
Given state s such that As(s) = (s', T), transitions ((s, n), I, I, (s, (n, n+ 1))) and ((s, (n —1, n)),
I, I, (s, n)) are in the transition relation Aas if and only if n < T. Transition ((s, (n— 1, n)), I, T,
(s, 0)) € hasifand only if n =T < co. In [12], it is shown that the FSM abstraction of complete and
deterministic TFSM S is also complete and deterministic. In the same way, it can be shown that the
FSM abstraction of a complete observable nondeterministic TFSM S is complete observable and
nondeterministic.

Example. For a deterministic TFSM S in fig. 1, the corresponding FSM abstraction is shown in
fig. 2. FSM abstraction As has states (a, 0), (a, (0, 1)), (a, 1), (&, (1, 2)), (b, 0), (b, (0, «)). Transitions
((a, 0), 1, (01, 1), (b, 0)) and ((a, 0), i, (03, 0), (a, 0)) exist in FSM abstraction As since TFSM S has
transitions (a, i, 01, b, [0, 0], 1) and (a, i, 03, &, [0, 0], 0). FSM abstraction As has transition ((a, (0,
1), i, (02, 1), (b, 0)) since TFSM S has transition (a, i, 0, b, (0, 2), 1). Transition ((a, 0), I, I, (a,
(0, 1))) of As corresponds to clock change at state a from time instance 0 to the interval (0, 1).

A timed input sequence o of TFSM S can be transformed into a corresponding input sequence orsm
of the FSM abstraction As. In this case, each timed input (i, t) is replaced by sequence I.I ... I.i of
inputs of the FSM abstraction where the number of inputs I equals the number of clock transitions
between a non-integer and integer values for the time duration t. At the same time the response
of the FSM abstraction to sequence I.I.....I.iequals I.I.....I.(0,d), where the number of inputs
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I is the same as for the timed input (i, t) and (o, d) is the response of the TFSM to timed input (i,
t). Thus, the output sequence of the FSM abstraction yesm can be transformed into corresponding
timed output sequence y by removing all outputs I. The following statement can be established.

/(04,1
i/(0,, 1) il(0y, 1) il(0,, 1) il(0,, 1) 1

S @) e 2 0.0 e 00—

il(04,2) il(0,, 2)

(@0) 3@ (0, 1))

r

i/(03, 0)

Fig. 2. FSM abstraction As of TFSM Siin fig. 1

Proposition 1. A timed trace a/y exists for TFSM S if and only if there exists a trace orsm/yrsm for
the FSM abstraction As.

Proposition 2. There exists a timed trace a/y at state s of a possibly nondeterministic TFSM S if
and only if the FSM abstraction As has a trace arsm/yrsm at state (s, 0).

Indeed, all the transitions under input I are deterministic and correspond to the clock change
between integer and non-integer value and equal to increasing of clock variable while transitions at
state (a, g) of abstraction under another input i corresponds to transitions of TFSM at state a at time
(or timed interval) g.

Example. Consider TFSM S in fig. 1 and its FSM abstraction in fig. 2. Timed trace (i, 2.5)/(01, 2).(i,
0)/(0s, 0) of TFSM S corresponds to trace I/I.I/I.I/I.1/1.1/1.i/(01, 2).i/(03, 0) of FSM abstraction
As, and vice versa.

According to Proposition 2, all the trace features of a TFSM are preserved for its FSM abstraction
and thus, the set of reductions of a TFSM can be analyzed based on a set of reductions of a classical
FSM. The following statement establishes necessary and sufficient conditions for two TFSM states
to be in the reduction relation.

Proposition 3. State s of TFSM S is a reduction of state p of TFSM P if and only if state (s, 0) of
the FSM abstraction As is a reduction of state (p, 0) of FSM Ap.

Thus, the conclusion about the reduction relation between two TFSMs can be drawn based on their
FSM abstractions and there exist methods for checking the reduction relation between two FSM
states or between two FSMs.

3. Fault models and test suites

FSM based testing can be preset and adaptive. We first consider the preset testing where test cases
which are (timed) input sequences, are derived from the given TFSM specification to determine
whether a given IUT, which is assumed to have the FSM behavior, conforms to the given
specification.

In this paper, an implementation FSM P conforms to the specification if FSM P is a reduction of the
specification FSM. In other words, an implementation FSM P conforms to the specification FSM if
for each input sequence the output response of the FSM P is contained in the set of output responses
of the specification FSM to this input sequence. In this case, the fault model FM,,™M = <S, <, 3>
is considered where S is the specification that is a complete observable possibly nondeterministic
FSM, < is the reduction relation, Jn is the fault domain which contains each deterministic complete
FSM with at most m states over the same input alphabet as the specification. Here we notice that
differently from the paper [18] where only deterministic FSMs are considered, the specification can
be nondeterministic and the conformance relation is not the equivalence but the reduction relation.
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Correspondingly, different transfer and separating sequences have to be used when deriving a test
suite with guaranteed fault coverage.

A test suite is complete with respect to the FM,,™M = <S, < 3> if for each FSM P € 3, that is not
a reduction of S, the test suite has a sequence for which an output response of P is not in the set of
output responses of S to this sequence.

A complete test suite with respect to FM»™M can be derived using an appropriate modification of
FSM based methods for nondeterministic FSMs [6] which are based on deterministically-transfer
(d-transfer) and separating sequences. A state s is deterministically reachable (d-reachable) from
the initial state of the FSM S if there exists an input sequence a such that for any output response 3
to a, the machine S moves from the initial state to state s when o is applied. In this case, o isa d-
transfer sequence for state s. States s; and s, of an FSM S are separable if there exists an input
sequence a such that the sets of output responses of the FSM at states s; and s, to o do not intersect;
in this case, sequence a. is called a separating sequence for states $; and s,. If a sequence separates
each pair of different states of the FSM S then this sequence is a separating sequence for FSM S.
Once again we remind that differently from [18], not each input sequence is a d-transfer of the
nondeterministic specification and separable states and separating sequences for the
nondeterministic specification are defined in a different way.

If FSM S has a separating sequence y and each state is d-reachable from the initial state, the

procedure for deriving a complete test suite w.r.t. the fault model FM,™M = <S, <, 3> where n is

the number of states of S, has the following steps:

1. A d-cover set of the FSM S is derived. This set contains a d-transfer sequence for each state of
the FSM S.

2. Each sequence of the d-cover set is appended with the separating sequence y of the FSM S and
every input that also is appended with the separating sequence v.
If an adaptive test suite is derived, an adaptive distinguishing sequence can be used instead of a
separating sequence while d-transfer sequences can be replaced by adaptive transfer sequences (if
they exist) [19]. Adaptive distinguishing (separating) and d-transfer sequences can be shorter then
preset, and moreover, they exist more often.
An input sequence o is adaptive if the next input depends on the outputs of the FSM. Such an input
sequence can be represented by an FSM called a test case [19]. At each state of a test case, either
there are transitions for one input with all outputs or there are no transitions and in the latter case, a
state is called terminal. Given a test case (TC) D for FSM S, an adaptive sequence specified by is
applied in the following way. If input iy is defined at the initial state do of D then first the input iy is
applied to FSM S and TC D moves to the ij0-successor d; of state do if 0 is the output the response
of S to the input i1. The next input to apply is the input defined at state di, etc. The procedure
terminates when a terminal state is reached.
A test case represents an adaptive separating sequence for states s; and s; of the FSM S if each
input-output sequence from the initial to the terminal state of the test case can happen at most at one
of states s; or s,. In the former case, the state s; is identified, while in the latter case it will be state
sy. States s; and s; of the FSM S are adaptively separable if there is a test case that represents an
adaptive separating sequence for states s; and s,. In this case, the corresponding trace from the initial
state to a terminal state of an adaptive separating test case allows to determine what was a state of
the FSM S before the experiment.
If an adaptive sequence separates each pair of different states of the FSM S, then such a sequence is
an adaptive separating sequence for the FSM S.
A test case can also represent an adaptive sequence from the initial state of the FSM S to the state s
if each input-output sequence of the test case from the initial to a terminal state is ended at state s
[19, 20]. In this case, state s is adaptively reachable from the initial state. The derivation of a
complete adaptive test suite is almost the same as the preset: the only difference is that adaptive
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distinguishing sequences are used instead of separating sequences and adaptive transfer sequences

are used instead of d-transfer sequences.

If FSM S has no (adaptive) separating sequence or S has states which are not d-reachable from the

initial state then a complete test suite cannot be derived using the above procedure. In this case, the

so-called state counting reduction (SCR) method should be applied [6].

Below, we describe the main steps of the general SCR-method when deriving a complete preset test

suite with respect to the fault model FM,™M = <S, <, 3>,

1. Determine subset Sq of all d-reachable states and derive d-cover of the FSM S which contains
a d-transfer sequence for each state of Sg.

2. Determine the set R = {R1, R, ..., Rp} of maximal subsets of pairwise separable states; for each
subset R; € R, denote Rjq a subset of all d-reachable states of R;. For each subset R; € R, derive
a distinguishing set W; that contains a separating sequence for each pair of different states of
R;.

3. For each state sk of Sq, derive a set of input sequences Ni: an input sequence a. € N if for each
1/0O sequence o/ at state s, it holds that o/f traverses states of some R; € R at least m - |Rjq| +
1 times and this does not hold for any proper prefix of a. Concatenate each prefix of sequence
o with each sequence of the set W;.

4. Concatenate each d-transfer sequence with each sequence of each set W; that was used at Step
3 when terminating an input sequence of the set N\, k=1, ..., p.

Here we notice that in general case, complete test suites derived by SCR method are much longer

than for the case when the specification FSM has a separating sequence and the derivation method

is much more complex. To minimize our efforts for deriving a complete test suite with respect to

the fault model FM,™M = <S, <, 3>, the adaptive testing can be used instead of the preset [19].

It is known that a test suite can be usually shorter if the specification FSM has a sequence, which

separates every two states [6]. In this case, set W; contains only one separating sequences o. and R =

{S}. However, such a separating sequence does not always exist and thus, we are obliged to use a

set of separating sequences for test derivation. Adaptive distinguishing (separating) sequences exist

more often than the preset and are usually shorter, thus, adaptive distinguishing sequences can be

preferable for test derivation. Anyway, using adaptive distinguishing sequences can increase the size

of subsets of pairwise distinguishable states from R, and thus, shorten sets W; and the sets Ny, and

correspondingly, minimize a complete test suite.

In the next section, we consider an existing approach for adaptation classical FSM based test

derivation methods for Timed FSM.

4. Related work on TFSM based testing

The problem of deriving a complete test suite against a nondeterministic FSM with timed guards
with respect to the reduction relation has been considered in [20]. The proposed approach is based
on the FSM abstraction of TFSM but that abstraction is a bit different from that considered in the
«Preliminaries» section. In that case, one-to-one mapping between sets of states of TFSM and
corresponding FSM abstraction has been established. The latter allows to inherit the above described
steps for deriving a complete test with respect to the fault domain which contains each deterministic
complete TFSMs with timed guards with at most m states over the same input alphabet as the
specification TFSM S and the largest boundary Bs for input timed guards. However, in general case,
this approach cannot be applied for FSMs with time guards and timeouts since the one-to-one
mapping between transitions of two state reduced equivalent TFSMs with timeouts not always can
be established.

In [15], it is shown that initialized reduced deterministic TFSM specification and TFSM
implementation with timeouts can be equivalent yet not isomorphic; moreover, they can have
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different number of states. The latter violates the main assumption of W-based methods about
checking the correspondence between FSM transitions. As an example, consider TFSMs in fig. 3.
Each state in R and Q is reachable from the initial state and each two different states of each machine
are not equivalent, i.e., both TFSMs are connected and state reduced. By direct inspection, one can

assure that equivalent machines in Figure 3 have different number of states and thus, are not
isomorphic.

i, [0, 0)/(0s, 0) (0, /oy, 1) i, [0, 0)/(05. 0)

@=-@® (7P

i, [0, ®)/(0,. 2) i, [0, ©)/(0,, 2)

Fig. 3. Two state reduced deterministic complete TFSMs Rand Q

On the other hand, according to Propositions 1-3, the necessary relationship holds between
transitions of their FSM abstractions. For example, reduced forms of FSM abstractions of TFSMs R
and Q (fig. 3) are isomorphic. FSM abstraction Ar and its reduced form is shown in fig. 4. Thus, in
order to derive a complete test suite for deterministic TFSMs we considered the fault domain
containing every TFSM P over the same input alphabet as S such that the reduced form of the FSM
abstraction of P has at most m > 1 states [15]. A similar approach can be applied for the test
derivation against nondeterministic FSMs with timeouts and timed guards; in the next section,
corresponding fault model and test derivation method are proposed.

il(0y, 1) il(0y, 1) (05, 1) U1
e 0. 0 A o)A .0 A E o e 0 30—
[ il(0,, 2) i(0,, 2)
Won | ion D) oy 1) 1
w0 a0y b © DA 6.0 A0 0 0K @0
‘ il(0,,2)

Fig. 4. The FSM abstraction Az of TFSMs R (Figure 3) and its reduced forms

5. Test derivation method for nondeterministic FSM with timed guards and
timeouts

In order to derive a test suite with guaranteed fault coverage against the nondeterministic
specification TFSM, we propose a fault model based on the FSM abstraction of the TFSM and
algorithm of applying the SCR-method to such abstraction.

Given a nondeterministic TFSM S with n states (fig. 1), two deterministic equivalent TFSM
implementations R and Q (fig. 3) which are reductions of S can have different number of states.
However, the reduced forms of their FSM abstractions are isomorphic and are reductions of FSM
abstraction As. Another example in Figure 5 demonstrates that for nondeterministic TFSM Y there
can exist a deterministic TFSM Y’ with the same number of states and the boundary Bs, such that
the reduced form [16] of FSM abstraction Ay has more states than that of Ay.

Given the TFSM specification S, we consider the fault model FM,™™M = <S, <, N>, where S is
the complete observable, possibly nondeterministic TFSM specification, < is the reduction relation,
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Nm is the fault domain that contains each deterministic complete TFSM P over the same input
alphabet as the specification such that the reduced form of its FSM abstraction Ar has at most m> 1
states.

As it is demonstrated below it can well happen that some timed FSMs with less states than the
specification TFSM are not included into the fault domain and vice versa, a number of timed FSMs
which have more states than the specification TFSM are included into the fault domain.

Example. Consider TFSM specification S (fig. 1) with two states. Fault domain Ny, of the fault
model FMp,T™M = <S, <, 8> contains TFSM R (fig. 3) with three states since the FSM abstraction
Ar has not more states than the FSM abstraction As. At the same time, in Figure 5 the TFSM
specification Y and its non-conforming implementation Y’ are shown such that both TFSMs have
three states and the finite timed guards’ boundary equal two. However, the fault domain Ny does
not contain Y’ since the reduced form of its FSM abstraction has more states than Ay. Thus, it can
happen that nonconforming implementations with the same number of states as the specification
TFSM can pass a complete test suite with respect to <S, <, Kp>.

i, [0, 0)/(a,, 3)
i, [0, 0] 05, 0) i, (0, 2)/(0,, 1) i, [0, 0]/({, 0) i, (0, 2)/(0,, 1)
i, [0,0)(0,,2) i, [0, ®)/(0;, i, [0 ©)/(0, 2)

Fig. 5. TFSM Yand its non-conforming implementation Y’

Note that the FSM abstraction of TFSM S can have non-separable states, i.e., the FSM abstraction
can have a pair of states for which a separating sequence does not exist when the specification TFSM
S has a separating sequence, i.e., all states of the TFSM S are pairwise separable. For example,
TFSM S in Figure 1 has a separating sequence (i, 1) while the corresponding FSM abstraction As
has a pair of non-separable states (b, 0) and (b, (0, )), for which the sets of input/output sequences
coincide. In order to derive a complete test suite for such FSM, the SCR method can be used.

As mentioned above, similar to a deterministic FSM abstraction [15], a nondeterministic FSM
abstraction can be minimized using the method from [16]. As an example, for FSM abstraction As
(fig. 2) of TFSM S (Figure 1), equivalent states (b, 0) and (b, (0, «)) can be merged into one state.
However, unlike deterministic machines, such optimization does not always allow to merge pairs of
non-separable states of the FSM abstraction of the specification and thus, the SCR method is still
used for test derivation.

Algorithm for deriving a complete test suite with respect to the fault model FMy,"™M = <S, <, >
where m is the number of states of the reduced form of the FSM abstraction of S

Input: The complete observable possibly nondeterministic specification TFSM S

Output: A complete test suite TS with respect to the fault model FMpn™™M = <S, <, Xp>, where N,
contains every TFSM P over the same input alphabet as S such that the reduced form of the FSM
abstraction of P has at most m > 1 states

Step 1. Derive the reduced form of the FSM abstraction As of TFSM S.

Step 2. Derive a test suite TSa with respect to the fault model FM,™M = <As, <, 3> using the SCR-
method described above, where m is number of states of the FSM abstraction As.

Step 3. According to Proposition 1, transform sequences of the test suite TS into corresponding
timed sequences over the TFSM S and obtain the test suite TS.

Proposition 4. The test suite TS returned by the above Algorithm is complete with respect to the
fault model FMp™™M =<S, <, Rp>.
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Proof. Let a test suite TS be returned by the above algorithm and TFSM P which is not a reduction
of specification TFSM S is in the set Nn. By definition of the fault domain X, the reduced form of
the FSM abstraction Ar has at most m states. Since P is not a reduction of S, the FSM Ap is not a
reduction of As (Proposition 3). Thus, a test suite TSa derived at Step 2 contains an input sequence
arsm, Which separates FSMs Ap and As. By Proposition 2, for sequence arsm Of the FSM Ap there
exists the corresponding timed input sequence o of the TFSM P that will demonstrate that P is not
a reduction of the TFSM S. The latter guarantees that each non-conforming implementation P of the
set N is detected by the test suite TS.

The fault domain in the above algorithm can be extended and for TFSM S with the reduced form of
its FSM abstraction As which has n states, a complete test suite can be derived by SCR-method with
respect to Nm when m > n. However, in this case length of a complete test suite significantly
increases [21].

In the worst case, the length of a test suite derived by SCR-method exponentially depends on the
number of states of FSM and this also holds for FSM with timed aspects. As experimental results
show, in practice, length of adaptive distinguishing sequences is usually polynomial with respect to
the number of FSM states when such a sequence exists [20, 7]. Respectively, similar results can be
derived for a TFSM when proposed algorithm is used and the boundary on timed guards is not too
big. Note that length of the test suite also significantly depends on timed aspects of the specification
TFSM such as the upper bounds of timed guards and value of timeouts [20, 21].

We note again that the FSM abstraction of TFSM S can have non-separable states while all states of
the TFSM are pairwise separable. However, we underline that the FSM abstraction inherits the d-
reachability of states from the specification TFSM and the following proposition holds.
Proposition 5. States (s, 0), (s, (0, 1)), (s, 1), (s, (1, 2)) ... of FSM abstraction As are d-reachable if
and only if state s is d-reachable in TFSM S.

The statement is implied by Propositions 1-2 due to a deterministic transition under the special input
I. Respectively, all states of FSM abstraction As are d-reachable if and only if all states of TFSM S
is d-reachable.

Example. Consider TFSM S in Figure 1 and its FSM abstraction As in Figure 2. We derive a
complete test suite with respect to the fault model FMg™™M = <S, < N¢>. For state (b, 0) of As there
exists a d-transfer sequence I.i and respectively, state b of TFSM S has a timed d-transfer sequence
(i, 0,5). Other states of FSM abstraction are d-reachable from states (a, 0) and (b, 0) by a sequence
of I inputs. Thus, all states of As are d-reachable from the initial state and for the FSM abstraction
As, Sa={(a,0), (&, (0,1)), (a 1), (a (1, 2)), (b, 0), (b, (0, )}

Given FSM As, we can also determine two maximal subsets of pairwise separable states R1 = {(a,
0), (& (0, 1)), (& 1), (a (1, 2)), (b, 00} R2={(a 0), (a (0, 1)), (a 1), (a (1, 2)), (b, (0, =))} and
corresponding distinguishing sets W; = W, = { i, L.i, I.I1.i}. Note that R; = Rig and Rz = Ryq since
all states of As are d-reachable.

Consider state (b, 0) and the set N, o) Of input sequences derived at Step 3 of the SCR-method when
a test suite is derived with respect to the fault model <S, <, 3¢>. Input/Output sequences with the
input projection of the set Ny, o) should traverse states of some R; at least 2 = 6 — 5 + 1 times while
this does not hold for any proper prefix of the input sequence, and respectively, i.i is in the set N, o)
which traverses states (a, 0) and (b, 0) of Ry. Other sequences at state (b, 0) are i.I (traverses (a, 0),
(a, (0, 1)), I.i (traverses (b, (0, =), (a, 0)), I.I (traverses (b, (0, «)), (b, (0, 0))) and thus, N, o) =
{i.i,i.l, Li, .1, i, T}

A fragment of the tree that is obtained when deriving a test suite, is shown in fig. 6. One of test
sequences of TSa is I.i.i.i.I.I.i and a corresponding timed input sequence of test TS is (i, 0,5).(i,
0).(i, 0).(i, 1) = y where (i, 0,5) is a d-transfer sequence and (i, 1) is a separating sequence from Wi.
Each sequence of the test suite is applied to TFSM implementation at the initial state. First input i
of y is applied when clock value is equal to 0,5; after applying the input the clock is set to 0 and the
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machine produces corresponding output when clock value is equal to 1 when an implementation is
conforming. After producing the output o the clock is reset and the machine is waiting for the next
input i from timed input (i, 0) that is immediately applied after resetting the clock. After applying
this input the clock is reset again and the machine produces an output o; or 0; when the clock value
is equal to 2. After producing any of outputs by the TFSM the clock is reset and the machine is

waiting for a next input, etc.

7 I..1
(@0 | [@© 1) [ .0 ] [ 0))
i I
New ... .00 | (a0) (5. (0.))
i I i I
(@0 ] | [@o)| @0 || (& o0=)
! ! ! !
distinguishing sets ‘ W, W, W, W,
W, oW, W, W, WO,

Fig. 6. A fragment of test suite TSa for the FSM abstraction As

6. Conclusion

In this paper, we have proposed an approach for deriving complete test suites with respect to the
reduction relation against nondeterministic Finite State Machines with timed guards and timeouts.
Both, a proposed approach and a corresponding fault model are based on the FSM abstraction of
machines with timed guards and timeouts and this allows inheriting the known FSM based SCR-
method when deriving test suites with guaranteed fault coverage for nondeterministic TFSMs.
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AnHoTamus. PaccmarprBaercst pacnpenenéHHas ceTb, rpad CBS3M KOTOPOH SIBISIETCS HEOPHEHTUPOBAHHBIM
nepeoM. Ilpennomaraercs, 4To ceTh MOXKET caMa MEHATh CBOKO TOMOJOTH0. IS 3TOro mpeanaraercs
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JI000T0 JIepeBa MOXHO TIOJYYUTh JIF000OE JPYyroe JIEpeBO C IIOMOIBIO TOIBKO aTOMApHBIX TPaHCHOPMALU.
Ecnu paccmatpuBaroTest JepeBbsi ¢ orpaHudeHneM d (d > 3) Ha cremeHM BepunH, TO TpaHchopMalys He
HapylIaeT 3TOro OrpaHuYeHus. B xauecTBe npuMepa LeaH Takoi TpaHc(OpMAallK paccMaTpUBAIOTCA 3a/[aun
MaKCHUMH3allui 1 MUHUMU3alUU HHAeKca Bunepa nepeBa ¢ orpaHUueHHON CTENEHbI0 BEPIIMH 0€3 N3MEHEHUS
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Abstract. We consider a distributed network whose communication graph is a non-oriented tree. It is assumed
that the network itself can change its topology. For this, an extremely local atomic transformation is proposed
- the addition of an edge connecting the different ends of two adjacent edges, and the simultaneous removal of
one of these edges. This transformation is performed by "command" from the vertex of the tree, namely, the
common vertex of two adjacent edges. It is shown that any other tree can be obtained from any tree using only
atomic transformations. If trees with degree bounded d (d>2) are considered, then the transformation does not
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are considered. Corresponding distributed algorithms are proposed and linear estimates of their complexity are
proved.
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1. BeedeHue

B aT0ii cTaThe mpeasiararoTcs Ba aqropruTMa caMoTpanchopMaIi HEOPHEHTHPOBAHHOT'O JIepeBa,
He Hapymiatonme orpanuueHus d (d > 3) Ha cTeneHW BEpINUH, C LEIbI0 MHHUMHU3AIMNA HIH
MaKCUMHU3aluK UHAeKca Bunepa. MHmekc BuHepa ompenensercss Kak cyMMa PacCTOSHHN MEXTY
BCEMHU MapaMH BepIIMH HEOPUEHTHPOBAaHHOTO rpada. OH ObLT PEATIOKEH aMEPUKAHCKUM XUMHUKOM
Tl'appu Bunepom B 1947 r. [0], sBisiercs HamOoJiee CTapbIM M3 HM3BECTHBIX TOIMOJOTHYECKUX
HHJICKCOB MOJIEKYJISAPHBIX TpadoB, U HCIONB3YeTCS BO MHOIHMX MPHIOKCHHUSX, OCOOCHHO B
MaTeMaTHYECKOW M KOMITBIOTEpHOM XuMud. MBI anee mpeziaraeM KpaTtkiid 0030p pe3yabTaToB B
paccmarpuBaeMoii 00acTy.

MakcuMmanbHbIN HHICKC BruHepa, oueBUAHO, UMEET JIMHEHHOE IEPEBO, CoepIKallee ABE THCTOBBIC
BEPIIUHBI U MyTh MEXKY HUMH (WITH COoIepIKaliee TOIBKO OJHY H30JHPOBAHHYIO BEpIIHHY). Bua
JiepeBa C YMCIOM BepiiuH N u orpannyendeM d (d > 3) Ha cTemneHn BEpIIUH UCCITEN0BAIICS B paboTe
[[2]], pe3yabTaTsr koTOpOIt (ompeneneuue 2.1 u Teopema 2.2., ctp. 129) HCMONB30BaHbI B JaHHON
CTaThe, U, CIEIUATBHO Tl OMHAPHBIX JepeBbeB, B padore [[3]].

CamortpaHchopManys JiepeBa MOHUMAETCs Kak caMOoTpaHchopMalis paclpe/ieieHHOH CeTH,
TOIOJIOTUSI KOTOPOW M €CTh 3TO AEPEBO, IMHAMUUECKH MEHSIOIIeecs B Tpolecc TpaHchopMaum.
3710 sBISAETCSA YACTHBIM CIIy4aeM IMHAMHYECKOro Irpada, KOTOphIi (hOpMajbHO OMpenesnseTcs Kak
HOCIIEZIOBATENIBHOCTD «KJIACCHYECKUX» (CTAalMOHAPHBIX) IpadoB, HEPEXOA MEXKAY KOTOPHIMH
OCYIIECTBIIICTCS TEMU WIM HHBIMU omepanusaMu. M3ydenumeM Takux rpadoB 3aHUMACTCH
3apoXKIaroniascs guHaMuueckas teopus rpados [[4], [5]], xoTopas sBIsETCS TEOPETHUECCKOM
OCHOBOM U1l KOHCTPYHPOBAHUS aJrOPUTMOB B3aMMOACHCTBHS MOIBIKHBIX aOOHEHTOB (BEpLIMH
rpada) u u3ydeHus caMoopranusyronmxcs cerei [[6]] pasaudHoro GHU3HIECKOro u TEXHHYECKOTO
MPOUCXOXKACHUSI, B TOM YHCIIE, COLIMATBHBIX ceTell, HelpOHHBIX cetell [[7]] u poeBoro nHTELICKTA
[[81, [91]-

K camoopranusyromumest cersiMm otHocsaT Mesh (suencthie), ad-hoc ceru, OecnpoBojHBIE
cercopubie cetr (WSN) u mp. [[6], [10], [11]]. OcobeHHOCTBIO 3THX CETEH SBIACTCS OTCYTCTBHE
paszeneHus y3JI0B Ha KOMMYTATOpPBI M XOCTBI, a TaKkKe OTCYTCTBHE KOHTPOJUIEPOB, MMEIOIINX
JOCTYI KO BCEM WJIM YacTH KOMMYTAaTOPOB M HACTPaMBAIOIIMX, B YAaCTHOCTH, WX TAOJIHIII
MaplpyTu3aiui. [Ipu uccrneqoBaHMM TaKMX ceTell OCHOBHOE BHHMAaHHUE YIEIsIeTcs BOIpocam
MapIIpyTH3allMd,  HPOIYCKHOH  CIOCOOHOCTH,  ITOMEXOYCTOWYHMBOCTH,  0€30MacHOCTH,
pacnpezeneHus Harpy3KH M CETeBBIX PECypcoB, U T.IL. C TOYKM 3pEHHUs CaMOil CceTH M3MEHEHHE ee
TOIOJIOTHH SBJISIETCS BHEIIHUM (haKTOPOM, KOTOPBIH HAIO YIUTHIBATh, HO KOTOPBIM CaMa CeTh He
VIIpaBJIET WK ypaBisieT Jumib gactiugno [[12], [13]]. Hanpumep, Bepiuuas! rpada MOHHMAIOTCSA
Kak MOIBIKHBIC arcHThl B TPEXMEPHOM MPOCTPAHCTBE, & HAIWYKME WM OTCYTCTBHE pebpa {a, b}
OMpE/IENICTCS PACCTOSHHEM B 3TOM MPOCTPAHCTBe Mexny areHtamu a u b. Korma arentsr
cOMmmKatoTCs OIIMKe HEKOTOPOT'O TIOPOTOBOT0 3HAUCHHS, peOpo M00aBIsIeTCs, a KOT/Ia YAasIOTCS
Ha OoJbIliee pacCcTOsIHAE, pedpo yaamseTcs. 3ajada 3aKII0UaeTcsi B KOPPEKTHPOBKE HHPOPMAIIHH,
YHpaBJSIOmEe paboToil ceTr, B 0COOCHHOCTH MapIIpyTHU3aIlueH, TIPH MOSBICHUN WIH YIAJICHUU
BEPIIUH U pedep.

C npyroil CTOpOHBI, B JIUTEpaType MHOTO padoT, MOCBSIICHHBIX KaK pa3 LeJeHANpaBICHHOH
TpaHchopMmamun rpada M, B 4aCTHOCTH, ACPEBHEB C IIEIBIO ONTHMH3ALUKA MO TEM MM WHBIM
kputepusiM. OJHUM U3 TaKUX KPHTEPHUEB KaK pa3 U SBIIAETCS MUHAMYM HJIM MakCHMyM HHJIEKCa
Bunepa. Takme TtpaHcopmanum HOCAT TJIO0QJIBHBI WM JIOKAJIBbHBIA XapakTep. IIpumepom
r106a1bHOM TpaHCHOPMALIMH MOXKET CIY)KHTh KOHCTpYKIms: Meraensckoro (Mycielskian) [[14]],
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Korza k rpadyy u3 N BepmrH U M pebdep nodasisercs cpasy (N + 1) HOBBIX BepInuH u (N + 2M) HOBBIX
peodep.

B naHHO#l craTee mpenaraeTcs, HAmpOTHB, NPENCIbHO JIOKajdbHas TpaHchopMaims,
3aTparuBarolias MHHHMYM BepIIMH M pebep, MakCHMalbHO OMM3Kux Apyr npyry. KoHkpeTHO
npeyiaraetcs aromapHasi Tpancdopmaims Buga a—C—b, mpu kotopoi konen C pebdpa {a, C}
«JBHUTAEeTCS» BIONL pebpa {C, b} k apyromy ero koniy b. DTo cBomuTCS K OZHOBPEMEHHOMY
ynaneHuio pebpa {a, C} u mobasienuto pebpa {a, b}, a yciaoBuem siBisieTcss Hamuuue pedpa {b, c}.
Ecau rpad sBisercst JepeBOM, TO HPH TakKoi TpaHCHOpPMAIMKM HE MOSBISIFOTCS IHMKIBI, H
COXPaHSETCS MHOXKECTBO BEPIIUH.

Panee crenuanbHO IS JICPEBHEB PACCMATPHBANACH «JIEMEHTapHas» TpaHcdopMarus, KoTopast
TaKKe He A00aBJIsIa MKIOB M HE MEHsIa MHOKECTBO BEpILHH: J00aBlIeHIe HOBOro pedpa {a, b}
U ynaneHue B oOpa3oBaBIineMcs IMKiIe a = by, ... by = b, @ ogHoro u3 crapeix pedep {bi, bi+1}. B
[[15]] moka3aHo, uTO HOOOE IEPEBO MOKET OBITH TOIYUCHO H3 JIFOOOTr0 APYroro JAepeBa ¢ TeM ke
MHOYKECTBOM BEPIIHMH C MOMOIIBI0 KOHEYHOI'O YKCiIa TaKux TpaHcopmanuii (Teopema 4.3, cTp.
245). Dta TpaHcpopManus, OIHAKO, HE JOCTATOYHO JIOKAJIbHA, MOCKOJIBKY B HEH Y4acTBYIOT
BepiuHbl @ U b 1 pedpo {bi, bi+1}, KOTOpBIE MOTYT CKOJIb YTOTHO JAIEKO OTCTOATH APYT OT APYra.
Tem He MeHee, d3Ta TpaHchOpMallMs CBOTUTCS K JBYM IIEMIOYKAM HAIIMX ATOMAapHbBIX
tpancopmammii b+ 1—>bi—bio1, biri—obiii—obiia, ..., bisiob—>a uw  a—biii1—obisa
a—bi+2—>bi+s, ..., a—bk-1—b.

Tpanchopmanuu Hanbonee Onm3kue K Hamleld aToMapHOM TpaHc(OpPMAaIMKM pacCMaTPUBAJIKCh B
[[16], [171]. B [[16]] Tpancdopmarius, HasBaHHast «the edge-growth transformationy, mpumensercs
OTHOCHTENBHO (He BUCSYEro) pedpa {a, b} u 3akmoyaercs B 3amene Bcex pedep {b, c1}, {b, C2}, ...,
{b, ¢}, rme ci#a, Ha pebpa {a, c1}, {a, C2}, ..., {a&, C«}, mocae gero pebpo {a, b} cranosurcs
BHCSYMM. DTO SKBHBAJICHTHO MHOKECTBY HAIMX aTOMApHBIX TpaHcopmaimii Buaa C1—b—a,
co—b—a, ..., ck—ob—a. 3amernm, 4TO 3TH aTOMapHBIC TPaHC(HOPMAIUH MOTYT BBIMONHSITHCS
OJIHOBPEMEHHO, MOCKOIIBKY OHH «HE MEIIA0T» APYr APYry: HE yaaastoT pebpo {a, b}, mamnuue
KOTOpPOTO SIBJISIETCS] YCIIOBUEM BBINIOJIHEHHST KXKIO0H U3 3TUX TpaHcopmarmid. Tpanchopmanus u3
[[17]] nasBana «diameter-growing transformation relative to the pendent edge» u comamaer c
Hamieil aTomapHo# TpaHchopmarmeir a—>C—b. OmHaKO OHA MPUMEHSETCS AJIsS CIEHHAIBHOTO
ciydas, Koraa pepo {C, b} Bucsiuee, a pebpo {a, C} nexur Ha camom mmHHOM TIyTH (longest path),
YTO MPUBOJIMT K YBEIMYCHHUIO [UIMHBI ITyTH U, COOTBETCTBEHHO, NHJIeKca BuHepa.

KitoueBbIM acnekToM IpeJlaraeMblX B JIAHHOM CTaThe alTOPUTMOB SIBJISETCS TO, 4YTO 3TO
pacripe/ielieHHble W TMapajuieNibHbIe aJTOPUTMBI, BBITIONHSIEMbIE COBMECTHO BEpIIMHAMHU JEpeBa.
HepeBo TpaHchopMupyet camo cedsi o «KOMaHIaM» OT €ro BEPIIHH (TOYHEE, OT BBIYHCIUTENBHBIX
€IUHUI, COOTHOCHUMBIX C BepliMHaMu). Kak pa3 s 3TOro HyKHa Mpe/eNnbHasi JOKAIbHOCTh
aToMapHoi TpaHcopMarmu a—C—D: «kKoMaHIy» Ha ee BBINOJHCHHE MOJACT BEpIIMHA C,
«3HAIOIIas» TONBKO 00 MHIMMIACHTHBIX eif pebpax M ykaswIBarolnas aBa W3 Hux {a, C} u {C, b} kax
napamerpbl «koMaH/bDy. CO0OILeH s, KOTOPHIMH BEPIIMHBI MOI'YT OOMEHHBATBCS, MEPEChLUIAs UX
mo pedpam rpada, Kak 3TO OOBIYHO W TMPOMCXOMUT B PACHPEICICHHOW CETH, HYXHBI IS
KOOpJAMHALMHY COBMECTHBIX AEHUCTBUI BEPIINH C LEIbIO JOCTIXKEHUS LeNu. B aHHOM cTaThe Takon
LEIbIO SBISICTCS MUHUMH3ALIUSI WIIK MaKCUMU3aIs HHeKkca BuHepa.

Crpykrypa cratbu crieayromias. [locne BBemeHHsT pas3ji. 2 COACPIKHUT OMUCAHUE HCIONB3YeMOM
MOJICTIM  pacrpeiiejieHHON cetu. B pa3a. 3 ompeaensiercss aromapHas TpaHchopMaius u
MTOKA3BIBACTCA €€ TOCTATOYHOCTH JIJIS JIFOOBIX MTpeoOpa3oBaHmii qepeBbeB. B pasz. 4 ompenensiorcs
OCHOBHBIE TOHSATHSI M JOKA3bIBAIOTCS OCHOBHBIC YTBEPIK/ICHHS, KOTOPbIE CBS3aHBI C HHICKCOM
Bunepa 1 Ha KOTOpbIE OMHPAIOTCS TpeiaraeMbie alropuT™Mbl. CaMu alrOpUTMBI OMKCHIBAIOTCS B
pasz. 5, TaM ke JOKa3bIBalOTCS UX KOPPEKTHOCTD ¥ JIMHEHHBIE OLICHKH CIIOKHOCTH. B 3aKiioueHnn
HAMEYAIOTCsl HATPABJICHUSI JaTbHEHIINX UCCIISIOBAHUN.
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2. Modenb

PaccmatpuBaercst pacrpeneni€éHHas ceTh ¢ HEOPUEHTHPOBaHHBIM rpadom cesseir G = (V, E) Oe3
KpaTHbIX pébep W merenb, rae V — mHoxkectBo BepumH, Ec {{a,b}|laeV&beV} -
MHOXeCTBO p€bep. B TakoM rpade myTh 1uHBI K U3 BEpIIHHBI & B BEPIIUHY D 0HO3HAYHO 331a8TCs
TOCIeA0BATEILHOCThIO BEPIIUH & = A, ..., dk+1 = b.

I'pad mnpenmornaraercst ynopsioouennvim: peéOpaM, HHIUICHTHBIM KaXkaod BepumHe V €V,
MPUCBOCHBI pa3liMyHbIC HEHYyJEBbIe HOMepa, HoMep pedpa 0 3ape3epBHpOBaH Ui CIYKEOHBIX
ueseil. Tem cambiM, Kaxaoe pedpo {a, b} umeer 1Ba HOMepa: B BeplIKHE a U B BepiuHe b, kotopsie
MbI OyaeM 00o3HauaTh Kak e(a, b) u e(b, a), coorBeTcTBEHHO.

B kaxnmoii BepuimHe rpada HaXOAWTCS BBIYMCIMTENbHAS CAMHUIA (ABTOMAT), KOTOpPas MOXKET
MOCHLIATh COOOIICHHS 1O WHIMMICHTHBIM BEpIIMHE pEOpaM M MPUHUMATh COOOILICHHS MO 3THUM
péOpaM, MOCIaHHBIE C APYTHX HX KOHIOB. [Ifsi KpPaTKOCTH TaM, TJe 3TO HEe MPUBOIUT K
JIBYCMBICTICHHOCTH, MbI Oy/IeM BMECTO «BBIYHCIUTEIIbHAS €IUHHUIIA, HAXOMAIIASCS B BEPIIHHEY,
TOBOPHUTH MPOCTO «BePIHHAY. [[aMsATh BEpIIHHBI OYIeT pacCMaTPHBATHCS KaK HA00p MePEeMEHHBIX.
[epemMeHHbIe, 3HAYCHHST KOTOPBIX COXPAHSIOTCS MEKIY MPUEMOM COOOIICHHI, OyJeM Ha3bIBaTh
NOCMOSAHHbIMU TICPEMEHHBIMH; OCTAJIbHBIC IEPEMEHHbIC — gpemerHble. [I0OCTOSHHYIO MepEeMEHHYIO
P B BepiirHe X OymeM 0603Ha4uath P(X), @ BpeMEHHY0 MepeMeHHyto ( — mpocto g. [Ipeamonaraercs,
9TO C CaMOro Hayajga B KaXIOW BepIIMHE & HWHHIHATM3MPOBAaHA TOCTOSIHHAS TIepEeMEHHAsI
E(a) ={e(a b)|{a b} € E } — muoxxectBO HOMEPOB €(, b) pébep {a, b}, uHIMAEHTHBIX BepiIHHE
a. B nanpHeiiniem npu tpaHchopmanuu rpada BepiirHa a caMa KOPPeKTHPYeT mepeMennyro E(a).
Coobuienne Oymer YKa3bIBATHCS ero THITOM u HabopoM napaMeTpoB:
Tun(napamempy, ..., napamempy). Korma BepinnHa a mockiiaeT coobinenne mo pedpy {a, b}, ona
yKasbpiBaeT HoMep €(a, b) atoro pebpa. Korna Bepimna b npuanmaer coobuienne mo pedpy {a, b},
el craHoBUTCS M3BecTHBIM HOMep €(b, @) atoro pebpa. Pebpo {a, b} ¢ ykasanmem nHampasneHus
MepechUTKH coobmieHus u3 a B b Gymem o6o3nauate a—bh.

[peamnonaraercs, 4To COOOLIEHUS TEHEPUPYIOTCS TOJIBKO BeplInHaMHu (He pEOpamu), U COOOIICHUS,
nepeiaBaeMbie 1o pedpy, He TEPSIOTCS U He OOTOHAT JIPYT JIpyra.

Jl1st oueHKH BpeMeHH paboThl MpeuiaraeMbIX Jajiee alrOpUTMOB OyZEeM CUHTATh, YTO KAXKIOE
COOOIIEeH e TI0 KaXIOoMY pebpy rpada mepeMelaercs HeleTepMUHIPOBAHHOE BPEMsi, KOTOpPOe He
Oompie 1 takta. VIHBIME CI0BaMH, MbI OyleM OICHHUBATH JIMHBI MPOMICHHBIX COOOLICHUSIMH
IIyTEH B «HAUXYILIEM» CIydae.

B nmanHOli cTaThe paccMaTpHBaeTcs MOJeb, B KOTOpoi rpad cBszeir G sBisieTcs JepeBoM C
3agaHHbIM orpannyeHreM 0 (d > 3) Ha cTemeH: ero BepILUMH: s KaXKI0H BEpLIMHBI V e€ CTeIeHb
He mpesbimaer 0. Cmy4ait d <3 TpHBHAaNeH, IOCKOJBKY IS KaXXOOTO 9YHCIA BEPUIMH N U
orpannyenus d (d < 3) Ha cTeneHy BepIIMH CYIIECTBYET He OoJIee OHOrO0 JAepeBa ¢ TOYHOCTHIO 10
u3oMophH3Ma: 3TO JIMHEHHOE AePEBO.

3. TpaHcghopmayusi Oepeesa

Ms1 paccMaTpuBaeM JUHAMHYECKHE JIEpPEBbs, KOTOpBIE TpaHC(HOpMHUpYeTcs He CIydaiHo, a IIo
«KOMaHJaM» OT UX BepHIMH. Llenpro Takoi TpaHCc(hOpMaluK SBISETCS NOCTIKEHHE HEKOTOPOro
ONTHMaJIbHOTO BH/A JepeBa. MBI OyzeM paccMaTpHBaTh TONBKO Takhe TpaHCHOpMAaLUH, KOTOPhIS
HE MEHSIOT MHOXKECTBO BEpIUMH JEpeBa, OCTABISIOT €ro IEPeBOM W HE MPEBBINIAIOT 3aJaHHOTO
orpaHnueHus 0 Ha CTEIICHH BEPLIMH JepeBa.

ATtoMapHOii TpaHc(opMaImei Ha30BEM 3aMeHy pebpa {a, C} Ha pebpo {a, b} npu ycinosuu, uto B
JepeBe ecTh pebpo {C, b}. Dty Tpanchopmanmio 6ymem o603HauaTs a—>C—b. Bynem npeanonarars,
YTO COOOIIEHNS, MlepelaBaeMble 10 H3MEHsIEMOMY peOpy B MOMEHT aTOMapHOH TpaHC(hOpMAIIHH,
HE TepSIIOTCS, HO €CITH COODIICHIE HAMPABILUIOCHh B BEPIUHHY C, TO MOIYYHT €ro BepiuuHa b.
Yr1Bep:xkaenne 1. AtomapHas TpaHcOpMaIys HE MEHIET MHOXKECTBO BEPILHH JIEPEBa U OCTABIISET
€ro JIEPEBOM.
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Jloka3atenbcTBO. Y CIOBHEM aTOMapHON TpaHchopMmanmu a—C—Dh sBnsercs Hamuume B rpade
pébep {a,c} u {c,b}. Ecmu Gbl mocie TpaHchoOpMaIiyu MOSBHUICS LMK, OH MPOXOAWI OBI IO
nobaensieMomy pebpy {a, b}, T.e. umen Ob1 BUA 8, b, dy, ..., di, &. Ho Torga no tpancdopmarmu ObLt
ObI UK @, C, b, di, ..., dy, &, yero ObITH He MOXeT. ClieoBaTENILHO, B pe3y/IbTaTe TpaHChOpMaIiu
LUKJIBI He mosBisitorcest. [lockonbky rpad no TpaHchopManuu ObLT CBA3HBIM, B HEM IS JTFOOBIX
JIBYX BEPIIHH V 1 W CYILIECTBOBAI ITyTh U3 V B W. EcIH 3TOT Ty Th poxoui yepes yaaisemoe pedpo
{a, ¢}, T.e. umen Bug Vv, ..., 4,C, ..., W, TO mocie TpaHchopmanmu OymeT CyIIECTBOBATH MYTh
Vv,...,a,b,c ...,w, 1. rpad ocranercs cBa3HbIM.[]

Pa3zeunxoti Ha3pIBaeTCs BEpIIMHA CTeNeHH 3 Witk Oonblie. Jlunelinbim depeom Ha3bIBAETCSI IEPEBO
6e3 pa3Buiok. O4eBHIHO, AEPEBO JMHEIHOE TOTa M TOJIBKO TOT/a, Kor/ia B HEM POBHO JIBa JIMCTa
(BepIIMH CTereH! 1), Wi OHO COIEPKHT TOJBKO OHY U30JHPOBAHHYIO BEPIINHY.

Yr1Bep:xkaenne 2. JIro0oe nepeBo MOXKHO PeoOpa3oBaTh B JIMHEHHOE IEPEBO LIEMOYKOH aTOMapHBIX
Tpancdopmarnuii 6e3 HapyIIeHus orpaHrndeHust 0 Ha CTEneHb BEPIIKH.

JlokazarenbctBo. [TycTh nepeBo He nHeliHOe. BriOepeM Mpou3BONIBHBIH JIUCT C1 U OY/IET IBUTaThCs
OT HEro B JiepeBe 10 MyTH Cy, Ca, ..., Ck A0 OJmKaiiiieil pa3Buiiku Cy. B gepeBe NOMKHBI OBITh, TIO
KpaiiHeii Mmepe, 1Ba pedpa {a, C«} u {b, Ck}, e a# Ck-1u b # Cx- 1. BRIOIHUM 1€MOYKY aTOMapHBIX
TpaHcdopmanmit  8—>Cx—>Ck -1, a—>Ck-1—Ck-2, ..., a—>C2—>C1. [lo yrBepkaeHHo 1 kaxngas u3
TpaHcdopmanuii a—>Ci—Ci.1 HE MEHSET MHOXKECTBO BEpIIMH JEPeBa U OCTABISIET €ro JIEPEBOM.
Takast TpaHcdopmanysi yMeHbIIaeT Ha | cTemeHb BEpUIMHBI Ci U yBENMYMBAaeT Ha | CTereHb
CIIEAYIONIEN BEPIIMHBI Cj -1, KOTOpas J0 3TOro Oblia paBHa 2, ecnu i <2, win 1, ecnu i = 2. Tem
caMbIM, KaXk/iast U3 3TUX TpaHchopMaiuii He Hapymaet orpannueHust d Ha creneHpb BepumH. Kpome
TOrO, KaXkJas U3 3THX TpaHcdopMaluii, KpoMe MociieHel, He MEHsIeT YUCIIO JIMCTHEB JiepeBa, a
noceHss Tpancdopmanusi a—>C,—>Cy AeNaeT JUCT C1 BHYTPEHHEH (He TMCToBOI) BepiHoi. Tem
CaMBbIM, 3Ta LIETI0YKa aTOMapHbIX TpaHc(OpMaLiii YMEHbIIAET YHCIIO JIUCTHEB AepeBa Ha 1. Bynem
BBIIOJIHATD 3Ty MPOLEAYPY BHIOOpA JIMCTA U BBIOIHEHHS LEIOYKH aTOMAPHBIX TpaHCHOpMAaLHi 10
TeX 0P, TIOKa IePEeBO HE CTAHET JIMHEHHBIM IIPU YHCIIe TUCTHEB 2.0

Yr1Bep:xkaenue 3. JIroboe aepeBO MOXKHO MOJIYYUTh U3 JIMHEWHOTO JIepeBa C TEM K€ MHOXKECTBOM
BEpIIMH IIEMOYKONH aToMapHbIX TpaHcdopmanuii 6e3 HapymieHust orpaHudeHus 0 Ha CTeneHb
BEpIIUH.

JlokazarenbcTBo. JlOCTaTOYHO 3aMeTHTh, YTO aToOMapHas TpaHcdopMmalus oOpaTHMa: IIOCie
Tpanchopmanuu T = a—>C—b, koropas BemonHsAETCS pH HaUauK pedpa {C, b}, MmoxxHO crenatsh
obpartHyto TpaHchopmammo T' = a—b—C. Eciu B mepese mo Tpanchopmamnmu a—>C—b cremenn
BEpIIMH He TpeBbIuiany d, To, oueBnaHO, 0OpaTHas TpaHCGOpPMAIUs HEe HapyIIaeT orpaHudeHus d
Ha cTeneHy BeplunH. COOTBETCTBEHHO, ITOCIIE BHITOIHEHUS LEIOYKH aTOMapHBIX TpaHc(opMaruit
Ty, To, ... Tk-1, Tk MOXKHO BBIIOTHUATE 00paTHYIO HEMOYKy Tk, Tk-1', ... T2', T1'. A Torma, mocKompKy
moboe nepeBo G MOXKHO TpaHC(HOPMHUPOBATH B JIMHEHHOE JAEPEBO IO YTBEPXKICHUIO 2, TO MOXKHO
BBITIOJTHATH ¥ OOpaTHYIO TpaHC()OPMALHIO JIMHEHHOT 0 AepeBa B iepeBo G.0

U3 yrBepxaeHuid 2 1 3 HEOCPEACTBEHHO CIIEYET, YTO IS JIFOOBIX IBYX I€PEBbEB C OrpaHHYCHU EM
d (d > 3) Ha cTeneHu BEpIIMH OHO MOXKHO ITOIYIUTh U3 JPYTOrO C MOMOLIBIO IIETIOYKHA ATOMAPHBIX
TpaHchopMaIuii, MpuUeM TI0 yTBEpXIeHHI0 1 B mporiecce Tpancdopmarmu orpanndenre d Ha
CTEIeHH BEpIIMH He OyJeT HapyIIeHO.

Bymem cuurats, uto atomapHas Tpancdopmars a—>C—>h BBIIONHIETCS TOTaa, KOraa BepIIHHA C
momaér xomauny HMzmenums (e(c,a), e(c,b), Pc), tme Pc. — momonHWTENBHBIE TapaMeTpel,
(opMHpyeMble BEpLINHON C U 3aBHCSIIME OT TOTO aJIrOPUTMA, IPH BBIIIOITHEHHH KOTOPOT'O AEJNACTCS
aTa TpaHchopmarwst. BeimonHeHUe 3Toi KOMaHIBI 3aKiodaercs B cuenyromeM (puc. 1): 1) pedpo
{a, ¢} MensieT cBOIO KOHEYHYIO BeplIMHY C Ha BepiuuHy b, 2) pebpo {a, b} monyuaer B Bepumne a
TOT 7K€ HOMEP, KOTOPOE B 3TOH BEpIIMHE UMENO yaamsiemoe pebpo {a, €}, T.e. €(a, C), a B BepIIuHe
b — mexoropsrit «cBoGoxHbIi» HOMep €(h,a), KOTOpHIA He ObUT HOMEPOM Kakoro-mubo pedpa,
MHIUICHTHOTO Bepuinae D B MOMEHT momayun koMauasl Mzmenums, 3) nist Toro uto0bl Bepmmaa b
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«y3Halla» O MOsBIICHHH Y He€ HOBOro pebpa {a, b}, mo pebpy a—b aBTOMaTHYeCcKH mochuiaeTCs
coobuienue Mzmenenue(Pc). Mbl Oynem cuuTaTh, 4TO BpeMs aTOMapHOH TpaHC(hOpMAaLUK, BKITIOYAs
HepechUIKy coobuieHus M3uenenue, He TIPEBHIIIACT 1 TakTa.

Komanma Coobmienne
Hszmenums (e(C, a), e(c, b), Pc) Hsmenenue (Pe)
Command Message
ToChange (e(c, a), e(c, b), Pc) Change (Pc)
a a
c b

Puc. 1. Tpancgopmayus a—C—b: samena pebpa {a, C} na peopo {a, b}
Fig. 1. Transformation a—c—b: replacement of an edge {a, c} by an edge {a, b}

IMocne nomaun komau el M3menums (e(C, a), e(c, b), Pc) Bepuiuna ¢ cama yaassier pedpo e(c, a) u3
muokectBa E(C) := E(c)\ {e(c,a)}. TMonyuuB coobuienne Hamenenue(P:) no pebpy e(b,a),
BepimHa b cama moGaBisier Homep pebpa Bo mHOokecTtBO E(b) := E(b) U {e(b, a)}. 3amerum, uro
€CJIM B MOMEHT I10/1a4i KOMaH bl H3Menums 1o pedpy a—>C epechuIanoch HEKOTOPOE COOOIIEHHE,
TO €ro MONYYHT He BEpIUHA C, a BepiuuHa b, npiuém panbiie coobuienus Havenenue. Bepiuta b
MOJKET Paclo3HaTh ATOT CIIy4ail MpH MOTydeHHH coobinenus mo pebpy ¢ Homepom (b, a) ¢ E(b).

4. MHOekc BuHepa

OpnHOM U3 Ba)KHBIX YHUCIIOBBIX XapaKTEPHCTUK rpada sBisercs undexc Bunepa, onpenenseMblid Kak
CyMMa BCeX IONAapHBIX PaCCTOSHUI MEXIY BEPIIMHAMU.

MakcuManbHbli HHAECKC BuHepa, oueBUIHO, UMeET JIMHEHHOE AepeBo. MHaekec Bunepa nuHeHOro
JepeBa ¢ N BepmHamu pased (N - 1)n(n + 1)/6 (mocnexosatenprocts A000292 [[18]]).

be3 orpannyenust Ha CTeNeHn BepIIMH MUHUMANBbHBIN HHAeKC Bunepa nmeer rpad-3Be3a: CBA3HBIN
rpad, Bce pédpa KOTOPOro UCXOJSIT U3 OHOM BepimHbl. MHaekc Bunepa 3Be3/ibl ¢ N BepIIMHAMEU
pasen (n-1)? (mocnegosarenbHocTs A000290 [[18]]). Ho Hac OymyT MHTepecoBaTh IEpEBbs,
CTeleHb BEPLINH KOTOPBIX OrPaHHYCHA CBEPXY HEKOTOPBIM 3aqaHHbM uncioM d > 3. Bux mepesa ¢
MHHHMMAJbHBIM HHAEKCOM BuHepa Ha Kiacce IepeBbeB ¢ N BepIIMHAMHU M orpaHudenueM d Ha
creneHb BepiunH onpenenés B [[2]]. Mbl Oynem Ha3bIBaTh €ro Xopowum IePeBOM, TEPMHH B3SIT U3
[[31], rme on mpumensiercst st GuHapHsix (d = 3) xoporux aepeBbeB. OnpenesM XopoIee IepeBo
CBOMMH CJIOBaMH.

Kopnegvim Oepeéom Ha3bIBaeTCsl NEpeBO, B KOTOPOM BBIIENICHA OJHA BEpPIIMHA, Ha3bIBacMas
KOpHem. Bvicomoii éepuiunbl B KOPHEBOM JIEPEBE HA3BIBAIOT PACCTOSHHE OT BEPILIMHBI 10 KOPHSL.
Buvicomoii kopnesozo depesa Ha3bIBAIOT MAKCHMYM U3 BBICOT €r0 BEPIINH. Bemavio eepuiutvl V B
kopHeBoM nepese G HaspiBaercs moarpad G(V), moposkIEHHBIN MHOXXECTBOM BEPILKH, CBSI3aHHBIX
¢ KOPHEM ITyTEM, TIPOXOSIIAM depes V. [t pebpa {a, b} BepimmHy @ Ha3BIBAOT 0MyOM BEPITHHBI
b, a Bepumny b — ceinom BepumHbL @, €y MyTh U3 KOPHSI B BEPIIHMHY D IPOXOAUT Yepe3 BEPIINHY
a. Y Kax10i BepIIMHbL, KpOMe KOpPHs, ecTh poBHO oauH otell. ([19]%)

Ecnu xopHEBoe 7epeBO ¢ KOPHEM I yHOPSIOYEHO, TO MHOXKECTBO CHIHOB Ka)</IOH BEPIIMHBI V
JUHEHHO YIOpSMOYeHO: Wi, ..., Wi. ByaemM TroBoputh, 9TO BepImIMHA W; DACIIOIOKEHa .J1esee
BEPILKHBI Wj, @ BEPIIHHA W] PACIIOJIOKCHA 1paeee BEPIINHBI Wi, ecid | < j. DTH JHHEHHbBIC TOPSIKH
CBIHOB K&)K[OW BEPIIMHBI HHIYIHPYIOT JTHHEHHBIA TOPSIIOK BEPILIKMH OHOM BHICOTHI N: BepmmHa V
pacIIono)XeHa 1eee BEPIIMHBI V', eclii Tocie oo1iero npedukca myTel, BeAyux U3 KOPHS B 3TH

! B nocnemee BpEMs B aHTJIOS3BIYHON JIUTEpaType yHOTpeOsieTes aceKCyalbHas apa TEPMUHOB parent-
child (pooumenv-pebenox).
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BEePIIUHBI I, V1, ..., Vi, Vi+1...,Va =V B I, V1, ..., Vi, Vi+1...,V}h = V', T.e. TIOClIe BEPIIUHHBI Vj,
ClleyroIIas BEpIINHA Vi + 1 HA MYTH B BEPLIMHY V PACIIOJIOKEHA JIeBee CICAYIOLICH BEPIIUHBL V' + 1
Ha IyTH B BepuinHy V'. COOTBETCTBEHHO, BEpLIMHA V' pacHONIOKEHA npagee BEpIIHHBI V. 11151 1r000i
BepIIUHBI V Ha e€ BeTBU G(V) iro6as BepiirHa W UMEET TO K€ MHOXKECTBO CBHIHOB, UTO U B JIepeBe
G. Iloatomy, eciu iepeBo G ymopsimoueHo, To OyIeM CUUTaTh, 4To BeTBb G(V) TakxKe yropsimoyeHa:
JUTSL KayKJI0i BepiIvHbI Ha BeTBU G(V) 3a/1aH TOT e JIMHEWHBIH OPSIIOK €€ CBIHOB, 4TO B Aepese G.
OueBUIHO, YTO JUTS 000 BEPIINHBI V HA BBICOTE N TMHEHHBIH MOPSIOK MHOKECTBA BEPILIMH BETBH
G(V), HAXOSIIIMXCSI B 3TOI BETBH HA BBICOTE K, SIBISIETCS] OTPE3KOM JIMHEHHOTO MOPSIIKa MHOXKECTBA
BepinuH JepeBa G Ha cymmapHoit Beicote h + K. ITycTh 3a1aH myTh U3 KOPHS B JIMCT V BBICOTOH h.
Bynem roeoputh, 4To BepuinHa W Ha BbicoTe K < h pacrnonoxena zesee (npasee) 3T0ro myTH, eciu
OHa PACIIOJIOXKeHa JieBee (MpaBee) BEPIIUHBI, JeKaIleld Ha TOM ITYTH M UMEIOIIEH Ty jKe BBICOTY K.
KopueBoe nepeBo BbicoToit h ¢ N Bepimaamu u orpannderueM d (d > 3) Ha cTenenu BepiinH Oyaem
Ha3bIBATb NOYMU XOPOUUM, €CITH JIEPEBO MOXKET OBITh TaK YIOPSAMOYCHO, YTO 1) CTEmeHb KOpHS
pasra min{d - 1, n - 1}, 2) ans h > 3 Bce Bepiunsl Ha BbicoTe 1 .. h - 2 nMeror crenens d, 3) ams
h > 2 na Beicote h - 1 camast mpaBast BHyTPEHHsIS BEpIIIHHA U HMEET CTereHb He Oomblie d, BepIInHbL
JieBee BEPUIMHBI U UMEIOT CTeleHb U, a BepIINHBI paBee BEpUIMHBI U UMEIOT cTeneHb | (JIMCThs).
DTy BepiuHy U OyIeM Ha3bIBaTh paszoeisioujeli BEPIIMHON B fepere. [IpuMep mouTH XOpOIIero
nepesa st d = 3, h =4, n =26 Ha puc. 2 cripasa.

OrmpenienieHre xopouieeo epeBa OTINYACTCS OT OMPEIETeHHs MOYTH XOPOIIEro IepeBa TONBKO
MIepBBIM yCIIOBHEM: crereHb KopHs pasHa min{d, n - 1}. TIpumep xoporero mepesa mis d =3,
h =4, n =27 na puc. 2 crnesa.

[Toutu xoporiiee JepeBo BbICOTOI h GyieM Ha3bIBATE NPABUIBHBIM NOUMU XOPOULUM OePe6OM, ECITH
1) xopens umeer crenens 0 wiu d - 1, 1 2) st h > 2 Bce BepiunHbl Ha BbicoTe h - | UMEIOT cTeneHb
d. OueBuaHO, YTO BCE JINCThS HAXOAATCS Ha BbicoTe N. UKCIIO BepIIMH TaKoro aepeBa 0003HAYNM
Nd, hy=1+d-1)+(@d-12?+...+d-1)"'=(d-1)"**-1)/(d-2). Tlpumep mPaBUILHOIO
moutu xoporrero aepesa st d =3, h=3, n=15 Ha puc. 2 cmpaBa, eClId YIAIUTh «CEPHICH
BEPILUHEI Ha BBICOTE 4.

Xoporiiee epeBo BHICOTON N OymeM Ha3bIBATH NPAGULbHbIM XOPOWUM Oepesom, ecin 1) KOpeHb
umeer crernens 0 win d, u 2) wist h > 2 Bce Bepmubt Ha Bbicote h - 1 umeror crenens d. OueBuIHO,
9TO BCE JIMCTBSA Haxomsarcst Ha Beicore h. Yucmo BeprumH Takoro aepeBa oboszHaumm M(d, h).
Oueumao, M(d, 0)=1u M(d, h)=1+d+dd-1)+...+dd-1"1=1+dN(, h-1) gmgsh>1
IMpumep mpaBuabHOrO X0porrero aepesa aast d = 3, h =3, n =22 Ha puc. 2 cieBa, eciy yIaauTh
«cepble» BEPIMHBI Ha BBICOTE 4.

Puc. 2. Xopowee depeso (cnesa) u noumu xopouiee oepeso (cnpasa)
Fig. 2. Good tree (left) and almost good tree (right).

Yieepxaenne 4. (Teopema 2.2. B [[2]]) depero ¢ N BepmMHAME W MaKCHMAIBHON CTEMEHBIO
BepuuH He Gonbure d (d > 3) umeer MUHMMANBHBINA HHACKC BruHEpa Toraa u TOIBKO TOr/A, KOraa
9TO XOpOIIee IePeBo.

YrBep:xaenue 5. JIns kaxaoro N > 1 cymecTByeT M €IMHCTBEHHOE C TOYHOCTHIO 10 M30Mopdu3Ma,

COXPAaHSIOIIEr0 KOPeH»b, (TI0YTH) XOpOIIee AEPEeBO C YHCIOM BEpIIMH N.

JlokazatenpcTBo. CHavaa JOKaKeM HHAYKIMEH 1o N CylecTBOBaHMUE (TIOYTH) XOPOIIETO JiepeBa ¢

n BepmmHamu. it N = 1 yrBeprkaeHue oueBuHO. [TycTs yTBep)IeHne JOKa3aHO st N U TOKAXKEM

ero mis N + 1. Ilyctes G (mourtw) xopotree aepeBo ¢ N BepmnHamu BeicoTot h. Ecmu 910 mepeBo
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MpaBUIBHOE, BBIOEPEM CaMyIO JIEBYIO BEpIIMHY Ha BbicoTe h, U coequHuM e€ peOpoM ¢ HOBBIM
nctoM. OUeBHUAHO, MOTYYUTCs (TOYTH) XOPOIIee AEPEBO ¢ YUCIOM BepnH N + 1 u BbicoToit h + 1.
Ecnu nepeo G He siBisieTcs MpaBHIBHBIM, TO Ha BbIcoTe h - 1 MOXHO BBIOpaTh CaMyro JICBYHO
BepluHy U crerieHd Menblne 0. CoenuHuM e€ peOpoM ¢ HOBBIM JTHCTOM. QYEBHIIHO, TOTYYUTCS
(mouTH) XOpoiiee AEPEBO € YUCIOM BepiuH N + 1 1 BeICOTO# h.

Temnepb MOKakeM €AWHCTBEHHOCTh ¢ TOYHOCTBHIO 10 M30MOp(H3Ma (IIOYTH) XOPOIIEro AepeBa C
qyuciaoM BepuidH N. st BepuiMHBI V 0003HaYMM 4epe3 hy BBICOTY BepIMHBI V, a 4epe3 Iy ee
MOPSIKOBBIA HOMEP B JIMHEWHOM TOPSJIKE BEPIIHH TOH e BBICOTHL. V30Mopdu3M ompenaensercs
CIICMYIOIMM COOTBETCTBHEM BEpIIMH: BEPHIMHBI V W V' JBYX JEPeBbEB C N BEpUIMHAMH
COOTBETCTBYIOT APYT Apyry, eciu hy = hy u iy = iv. Eciut v kopens, hy = 0 u iy = 1. {nst 3aBepiieHns
JIOKa3aTeIbCTBA JIOCTATOYHO MOKa3aTh, YTO CYLIECTBOBaHHE pebpa {V, W}, TJe BepIIHHa V OTell
BEPIIUHBI W, OTHO3HAYHO OMPEACIAETCS TEM, ABIISICTCS JIM BEPIIMHA V KOPHEM XOPOIIIEro IepeBa, 1
napamu uuncen (N, iv) u (hw, iw). efictButensHo, ecu pedpo {V, W} cymectByer, To hy = hy + 1. U3
omnpeeneHus (MOYTH) XOPOIIEro IepeBa CleyeT, YTO BCE BEPIIUHBI Ha BBICOTE Ny, pacronokeHHbIE
nieBee BepUIMHBI V, UMerOT d - 1 chiHOB, O3TOMY iw 2> (d - 1)(hy - 1) + 1. Ecnu V kopeHs Xoporiero
JiepeBa, TO y BEepIINHBI V He Oonblie d cblHOB, MOATOMY iw < (d - 1)hy + 1. B mpotuBHOM ciydae y
BepIIuHbI V He 6oJbire d - 1 cbiHOB, MO3TOMY Iw < (d - 1)hy. Ecniu BepiMHbI V ¥ W CYIIIECTBYIOT, TO
otH cootHotreHus map uucen (hy, iv) u (hw, iw) OIHO3HAYHO OMPENENSIOT, CYIIECTBYET JIH pedpo
{v, w}, rae BepirHa V OTel] BepIIHHbI W.[]

Ecmu nepeBo G umMeeT BBICOTY N, TO ero MakCHMabHOE MOJICPEBO C TEM K€ KOPHEM, MMEIOIIee
BBICOTY N - 1, 0603HAuNM G

YiBepxaenue 6. [Tycts G (moutr) xoporiee aepeBo G ¢ N BepmmmHaMu Boicotoit h > 0. Toraa 1)
nepeBo G” sIBIISIETCS PaBUIIBHBIM (TTOYTH) XOPOIINM JIEPEBOM BbIcOTOM h - 1 2); 2) mcio BepumH
nepesa G” pasHo N(d, h - 1), ecu G moutu xoporiee aepeBo, u pasao M(d, h - 1), eciiu G xoporiee
nepeBo; 3) uncno BepimH aepeBa G Ha Bbicote h pasro n - N(d, h - 1), ecniu G noutn xoporree
nepeBo, u pasro N - M(d, h - 1), ecniu G xoportiee aepeso.

JlokazaTenpcTBO. 1-f yacTh yTBEpKIEHHS CIIeAyeT W3 OIpeneieHHH (MpaBHIBHOrO) (TIOYTH)
XOpOLIEro AepeBa. 2-s 4acTh YTBEPIKACHHS CICAYeT U3 1-i 4acTH yTBEpIKACHUS M ONPCHCICHUs
Bemmuard N(d, h- 1) u M(d, h- 1) kak unciaa BepuivH TPaBHIBLHOIO MOYTH XOPOIIETO JepeBa H
MPaBUJIBHOTO XOPOIIEro jaepeBa BicoTod h - 1. 3-s1 wacTh yTBepKIOeHHs cieayeT w3 1-if u 2-i
yacTell yTBepiKIeHHs U 0003HaYeHUs Ynclia BepinuH aepesa G uepes n.0

YiBepxaenue 7. B (mourtn) xopomrem nepese G BetBb G(V) cocemmeit ¢ KOpHEM BEPIIHHBI V
SIBIISICTCS [TOYTH XOPOIIUM JICPEBOM.

JlokazarennctBo. ITycts h BhIcOTa mepeBa G, n' uucio Beprun BetBH G(V), a h' <h - 1 ee BoIicoTa.
Bepmmaa v umeer B G(V) crernens Ha 1 MenbIne eé crenenn B G, a CTENEHH OCTATBHBIX BEPIIHH
G(v) omunakoBsl B G(V) u B G. Tokaxem st G(V) BBITIONHEHHE YCIOBHM B OMpPeIeTIeHUH TOYTH
XOPOIIIETO JIepeBa.

e  Vcmosue 1. Ecmu h = 1, Bepumnaa vV umeer B G crenens 1 u, ciemoBatensHo, umeer B G(V)
cremedb 0, a n'=1. Mmeem: 0 =min{d-1,n'-1}. Ecim h =2, To BCe CHIHBI BEPIIMHBI V
JIUCThsI, TIO3TOMY ee cTerneHb paBHa N' - 1. 1o ycnosuto 3 nist G BepimHa V umeet B G cTeneHb
or 1 mo d wu, cnenosarensHo, mWMeer B G(V) cremens or 0 mo d-1. HMwmeem:
n'-1l=min{d-1,n"-1}. Ecmu h > 3, 1o mo yciosuro 2 s G BepiwHa V iMeeT B G cTerneHb
d u, cenosarensHO, nMeer B G(V) cremens d - 1,an' > d. Umeem: d-1=min{d-1,n'- 1}.

o  Vcmoswue 2. ITycts h' > 3 u Bepmmua W npuHamieskut G(V) u Haxomurest B G(V) Ha BBICOTE OT
1 mo h'-2. Torma h>4 u B G Bepmmna W HaxomuTcst Ha BeicoTe oT 2 jo h'-1<h-2. Tlo
yemosuto 2 st G Bepumaa W B G umeer crerens d, cienoBarensio, B G(V) oHa ToXe MMeeT
crenens d.

e  Vcmosue 3. Ilycts h' > 2 u Bepmmna W npunamiexur G(v) u Haxoautces B G(V) Ha BbIcOTE
h'- 1. Torma B G Bepmmna W HaxoauTest Ha Beicote h'. TTockombky mo yemosusiM 2 u 3 s G
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Bce nucThs B G Haxomsrcs Ha BoicoTe h wim h - 1, B G(V) Bce NUCThsl HAXOISITCS HA BBICOTE

h-1lwmh-2 Orcromah'=h-1wuwmh'=h-2.
Ecimu h'=h -1, to h> 3 u no ycnosuro 3 anst G B G Ha BeicoTe h - 1 ecTh pa3aessironias BepiinHa
U. JIMHEeWHBIH TOPSIIOK Wi, ..., Wy BepiuuH BeTBH G(V) Ha BeicoTe h' - 1 B G(V) siBIIsieTcss 0Tpe3koM
nuHerHoro mopsiaka BepimnH G Ha Bbicote h'=h-1 B G. B G(V) ecTh BHYTpEeHHss1 BEpILIMHA,
nexaiast B G(V) Ha Beicote h' - 1 1, ciienoBarensHo, aexamniast B G Ha Beicote h' = h - 1. TTosTomy
B G BepIrHa U JIGKHUT He JieBee BepIIMHbI Wi. ECIii U oiHa U3 BepiuH Wi, ..., W, BeIOepeM U' = U.
Eciu u B G nexxur mpasee Wi, BeiOepeM U' = Wy, B mro6oM u3 aTux 1ByX ciydaeB B G(V) Ha BricoTe
h' - 1 Bepumna U' siBsiercst pasaenstomeid. Ecu h' =h -2, to h > 4 1 no yenosuro 2 s G B G Ha
BeIcoTe N - 2 Bee Bepumnbl umeror crenedb d. CrenoBartensio, B G(V) Bce BEPIIMHBI HA BBICOTE
h-3=h'"-1 umeror crenenp d. B G(V) camas mpaBas BepmivHa Ha BbicoTe h'- 1 sBusercs
pazaenstonieit.[]
ITycts (mouTH) xopoliee KOpHeBoe nepeBo G uUMeeT N BepIinMH. YHOPSIOUUM coceleil KOpHsI
V1, Vo, ... B TIOPAJIKE HEBO3PACTAHMS YHCIIA BEPIIMH B MX BETBSX M 0003HAYMM 3TH YKCIIA:
e s moutH xoporrero aepesa G: N(d, n, 1) > ... > N(d, n, min{d - 1, n - 1}),
e s xopomero jaepesa G: M(d, n, 1) > ... > M(d, n, min{d, n - 1}).
Crienyroniee yTBEpXKICHHE OTPEENSET 3TH YUCA.
YiBepxaenne 8. ITycts d >3 u G (moutn) xopoiiiee KOpHEBOE JepeBo ¢ N BepmmHaMu. [1ycTh
L(d, i) =N(d, i), ecrtu G mouru xopomiee aepeso, u L(d, i) = M(d, i), ecmu G xopormiee mepeso.
Hycte n=L(d, h-1)+m(d-1)+r<L(d,h), rne 0<r<d-1. Ilyctb m=p(d-1)""2+q, rae
0<g<(d-1)"2 Torma ans P camblX JIeBbIX cocefleil kopHs ux BeTBu umeroT mo N(d, h- 1)
BEPIILIHH, TS CIIEIYIOIEro CripaBa cocena KopHsi ero BetBb umeet N(d, h - 2) + q(d - 1) + r BepruuH,
a JUTs OCTANBHBIX cocesiell KopHs ux BeTBr umerot mo N(d, h - 2) Bepus.
JlokazarenpctBo. Ilycte N=L(d,h-1). Torma p=q=r=0 u no yrBepxmacHuro 5 mepeBo G
npaBWiIbHOE (TIOYTH) XOpoIiee AepeBo BbIicoToi N - 1. [1o yTBep»IeHHI0 7 BETBh KaXKI0TO cocena
KOpHSI — 3TO TIOYTH Xopoliee aepeBo. I10CKoIbKY B IPaBIIBHOM JIepeBe BHICOTOM h - 1 Bce MHCThsI
HAaxoATCsi Ha BbIcoTe h-1, B BeTBH cocema KOpPHs BCE JIHCThsI HAXOMATCs HA BeicoTe h - 2.
CriejoBaTeNIbHO, BETBb COCEA KOPHS MPABHIIBHOE IIOYTH XOpOoLee AepeBo BbicoTol h - 2. [Toatomy
BETBH Bcex cocereit kopHs umerot o N(d, h - 2) BeprumH.
IMycts L(d, h- 1) <n < N(d, h). Torma msn=L(d, h-1)+m(d-1)+r,tme 0<r<d- 1, nepeso G
umeer BeIcOTy h, a Bce nucths HaxomsaTcs Ha BbicoTe h - 1 wmm h. Ha Beicote h - 1 umeercs m
BEpLIKH cTereH: d, OHa BEpIIMHA UMEET CTeNeHb I + 1, a OcTabHbIe BEPIIMHBI — JIHCTHSL.
Iycts m=p(d-1)""2+q, rae 0<q<(d-1)"2 IIpaBunbHOE OYTH XOpOIIEE JEPEBO BBICOTOM
h - 2 Ha sToii BeicoTe umeet (d - 1)" 2 nucthes. [To3TOMY [T P caMBIX JTEBBIX COCEIEH KOPHS AepeBa
G BeTBb KaXKIOr0 M3 ITUX COCECH MMeeT JIMCThs Ha OfHOM Beicore h B mepeBe G, T.e. Ha BhICOTE
h -1 B BerBu cocema. CiremoBaTebHO, 3TO MPABHIBHBIC TIOYTH XOPOIIHE JePeBbs BHICOTOM h - 1,
moatomy oun umerot mo N(d, h - 1) Beprmus.
Jli1st cremyromiero cpasa cocena W KOpHst ero BeTBb G(W) — 3TO [OYTH XOpOIiee AepeBO BBHICOTOM
h - 1. TTo yrBepkaeHnIo 6 MakcuMaibHOE omrepeBo G(W)™ ¢ TeM ke KOpHEM | BBICOTOM h - 2
SIBJISIETCS TIPABMIIGHBIM [TOYTH XOPOIIMM JIepeBOM BbIcoTo# h - 2 1 comepxut N(d, h - 2) Beprmm.
Berss G(W) comepskut momoiuaurensHo (d - 1) + r micTbeB Ha BhicoTe h - 1 M BeAymuX B HHX
pebep. ITosTomy obriee ncio Bepmn B BetBH G(W) pasao N(d, h- 2) + q(d - 1) +r.
Ecnu p + 1 MeHbIIIe CTeneHn KOPHSI, TO IS OCTAIBHBIX COCEIeH KOPHS BETBb KaJKIOT O U3 HUX HMEET
JIMCTBS Ha oxHOM BeicoTe h - 1 B nepese G, T.e. Ha BBicoTe h - 2 B BetBH cocena. CiienoBaresbHo,
9TO TIPaBWJIbHBIE MOYTH XOPOIIME JEPEeBbsA BBICOTOH h - 2, mosTomy omm mmeror mo N(d, h-2)
BepnH.[
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5. Anezopummbi

JluneliHOE epeBO MMEET MaKCUMalIbHBIN MHJEKC BHHepa Ha Kilacce AepPEBbEB € TEM K€ YHCIIOM
BepumH. 1o yrBepkaeHuro 2 mobdoe 1epeBO MOXKHO IIPEBPATHTh B JTMHEWHOE JEPEBO C MTOMOIIBIO
LEMOYKH aTOMapHBIX TpaHcdopmarmii, He Hapymaronmx orpaHmdeHus d (d >3) Ha cremeHn
BEpPILIUH.

ITo yrBepxaeHuto 4 xopolee AepeBO UMeeT MUHUMAaJbHBIN HHAEKC BuHepa Ha Kkiiacce JepeBbeB C
TEM K€ YHCJIOM BEPIIUH U TEM K€ OrpaHWYECHUEM Ha CTEIIEHU BEPIIUH. Y TBEpXKAEHHUE 3 TOBOPHUT O
CYyIIECTBOBAHMM OOpaTHOW WEMOYKM aToMapHBIX TpaHcopManuii JHMHEWHOro JepeBa, He
HapylIaloMIUX OrpaHWYEHHE Ha CTEIEHHW BEpPLIMH, B JIf000e Harepén 3aaHHOe NEPEBO C TEM XKe
YHCJIOM BEPIIUH M TEM )K€ OTpaHHMYCHUEM Ha CTEIIeHH BepIInH. TeM caMbIM, JII000€e 1epeBO MOXKHO
MIPEBPaTHTh B XOpOIIee JEpeBO C IOMONIbI0 IIETIOYKM aTOMapHBIX TpaHcopMmanuii, He
HapyIIAIOMIUX OrPAaHNYEHUE Ha CTETIEHH BEPILIUH.

OTu yTBEPKAEHUS, OHAKO, He KOHCTPYKTUBHBIE: OHU TOBOPSAT TOJIBKO O CYIIECTBOBAHUU HYXHOU
LIETTOYKH aTOMapHBIX TpaHcdopmanmii. HyKHbI anropuTMbl Takux MpeoOpa3oBaHMid, M0 KOTOPHIM
MOTIJIH OBl paboTaTh BEIYUCINTENbHBIE SAMHUIIBI B BEPIINHAX pactpe/ieiEHHON CEeTH.

MEI ompeniennuM /1Ba alropuTMa:

e Aneopumm A TpaHC(HOPMALMU IPOU3BOJIBLHOIO AepeBa B IMHEHHOE JIEPEBO.

®  Aneopumm B TpaHCHOpPMAIMH JIMHEHHOTO IepeBa B XOpolliee JIepeBo.

5.1 AnropuTt™m 4 — TpaHcdopmaums B IMHENHOE AepeBO

[Tycth 3a1aHO Ipon3BoIbHOE KOpHEBOE JiepeBo G. Ecnu [yis BepInHbI V BETBB e ChIHA W SIBJISIETCS
JUHEHHBIM JIepeBOM W = Wi, Wy, ..., Wk, TO IyTh V, Wi, W, ..., Wk Oyaem Ha3bIBaTh JIuHelKol,
Bexywei u3 V. Ecnu Bepiumna V n3oiaupoBaHHast (4, CI€I0BaTeNbHO, SQUHCTBEHHAS B A€PEBE), MTyTh
HYJIEBOW JUIMHBI M3 BEPIIMHBI V TOXKE OYy/IeM CUUTATh JIMHEWKOW, Beayleh u3 V. 36e300006pastvim
JIepEeBOM Ha3bIBAeTCsl KOPHEBOE NEPEBO, B KOTOPOM TOJIBKO KOPEHb MOXKET HMMETh CTEIEHb
Gospure 2. 3Be31000pa3HOe 1EPEBO COCTOUT U3 JIMHEEK, BEAYLIHUX U3 KOPHSI.

Paborty anxroputma 4 Ha nepese G ¢ kopHeM root o6ozuaumnm A(G, root). Jlis ymobeTBa onvcanust
anropuT™Ma Oy/ieM CHUTATh, YTO y KOpHS JiepeBa uMeercst GUKTHBHOE pedpo ¢ HomepoM 0, Beayiiee
K ¢uktuBHOMYy oTiry. Asnroput™m A(G, root) HaumHaeT paboTaTh B KOPHE C MONYYEHHS OT €ro
(¢uktrBHOrO) OTHA CcOOOUIeHUst Cmapm(). ANTOPUTM 3aBeplIaeTCs IOCBUIKOW M3 KOPHS ero
(purTHBHOMY) OTITY cCoobmIeHus Jlunusa(N), TIe N — YHUCIIO BEPILHH JepeBa.

AJITOPUTM BBIIOJHACTCS PEKYPCHBHO, YPOBEHb PEKYPCHH paBeH BBICOTE BepIUMHBL. Ha ypoBHe
PEKypCHE N anropuT™ BBIMOMHSACTCS Ha Kakaoi BeTBu G(V), HauMHas ¢ BepIUKHb! V, nMmeromiei B G
BBICOTY N. AJITOPUTM COCTOWT M3 TPEX ITAIIOB.

e DOrtam 1 (puc. 3). Bepmmunaa V momydaer cooOmenue Cmapm OT CBOETO OTHA, KOTOPBIA
¢uktuBern mit h =0 u npuHamiekut mepeBy it h > 0. 3atem BepmmHa V pacchuiaet
coobmerne Cmapm BCEM CBOMM ChIHAM, IIOCJIE YEr0 HAUMHAETCA ATal 2.

e  DOran 2 (puc. 4). BepmuHa V 0’)KugaeT OT CBOMX CHIHOB IOTy4YeHHs1 coobmenuit Jlunus. Korna

coobmmenns Jlunus OyIyT TOITYIEeHBI OT BCEX CHIHOB, HAUMHACTCS ATaIl 3 anropurMa. B sToT
MOMEHT BpeMeHH BeTBb G(V) sBISIETCs 3Be34000pa3HbIM JepeBoM. [10CTOsIHHAS IepeMeHHas
nson(v) paBHa YHCIY OXHMIAEMBIX COOOIeHNH Jlunus. OHa WHANHATU3HPYETCS TIPH
MOJTyYeHHH BEPIIMHOM V cooOmenus Cmapm YHACIOM CHIHOB BepmmHBI V. [Ipu monxydeHun
BEPIIUHOMN V coo0IIeHust Jlunus epeMerHast NSON(V) yMeHbIaercst Ha 1.
Dram 2 3aBepIaercs, Korjaa nepeMennas Nson(v) mocturaer Hysst. Takke Ha 9Tarie 2 BepIiiHa
V TIOJICYMTBIBAET YHUCIIO BEPUIMH BETBH. JIJI1 3TOrO MCIIONB3YETCS TOCTOSHHAS TepeMeHHas
sson(v). OHa MHHUIHATH3UPYETCS EAMHNUIICH P HOIYYCHHH BEPIIUHOMN V coobuierust Cmapm
() u yBemmuuBaercs Ha uncio | Bepiunn BerBu G(W) mpu MONMy4IeHHH OT ChIHA W COOOIICHNUS
Jlunus (1).
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e Dran 3 (puc. 5). ITycrs V', ..
Vv =V, Vi,

., V¥1 cerabl Bepimnbl V. Jlis i = 1.. K umeercs i-as nuHeiika
..oy Vi) mmHOM  X(i). Bepmmna Vv 3amyckaer K- 1 mapajuienbHBIX —LETIOYEK

aToMapHbIX TpaHchopMmamuid Tak, 4to it i =1 .. k-1 y meporo pedpa i + 1-oii muHeWKH
{v, V" 11} onun ero xonen V' * 11 pukcupyetcs, a Apyroit KOHEI ABUraeTcs Mo i-0if uHeiike oT
BEpIIMHBI V 10 JHCcTa V). JIas 3Toro BepuuHa V BBINONHAET cpasy K- 1 aTomapHbIX
TpancopMarmii V' *1—v—V'y, monasas komanny HMamenums (e(v, V'*1), e(v, Vi), f(i)), B

nocnefoBarenbrocTd | =K - 1, ..., 1. O mapamerpe f(i) MBI ckaxkeM HIKe.
G(vh) G(v%) G(v*Ly) G(vM)

CBIHBI BEPIIUHBI V Vll

sons of the vertex v

OTCIL BEPIIMHBI V

father of the vertex v

Puc. 3. Oman 1: Coobwenus Cmapm u éemsu oepesa
Fig.3. Stage 1: Messages “Start” and tree branches

Vi ® V2

G(V*1ty)

<
N
N

CBIHBI V
sons of the v

Puc. 4. ODman 2: Coobwenus JTunus u nuneiku
Fig. 4. Stage 2: Line and Messages “Line”.

X2 Xk-1

X1 X2 Xk-1 Xk
’..? L

Puc. 5. Oman 3: Coobwenus Qunuwi u mpancopmayuu
Fig. 5. Messages “Finish” and Transformations.

B pesynbrate mns i = 1.k - 1 pebpo {v, V' * 11} 3amenutcs pebpom {V'1, VI * 11} u o atomy pebpy B
BepumHy V'i mpunét coobmenne HMzmenenue (f(i)). Iomyum 310 coobmenue, BepmmHa V'
BBITIONTHUT CIIEAYIONLYIO aTOMapHyIo TparcdopMarmio V' 11—V —Viy, u Tak nanee. Jlnsi=1.. k-1
BIIOJIb i-it JIMHEWKH Oyner BBITIOJIHCHA [eTI0YKa
VL vV, VL Vv, Vit L Vvl L VLG Vi) aTOMapHBIX
tpancdopmarmii. OTMETHM, YTO BCE 3TH LEMOYKH aTOMApHBIX TpaHCHOPMANHil BBIMOIHSIIOTCS
napawtensio Baoib (K - 1) muHeek. Llenouka atomapHsix TpaHcdopMamuii BAONb i-i JTHHEHKH
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3aKaHYMBAETCS B €€ JIUCTE, ¥ B pe3yabTaTe NPOH30HAET KoHKaTeHanwst i-i u (i + 1)-i nuHeek. Korma
970 cirydntest Ayt Beex | = 1 .. K - 1 BeTBb G(V) cTaHeT JIMHEHHBIM JIepeBoM, T.¢. B Tpade G nosButcs
NMHeHKa, Beaylas U3 OTIa BEpIIHHBI V Yepe3 BEpIIUHY V.

Jl7st TOro, 4TOOBI BEpIIMHA V «Y3HANay O 3aBEPIICHAN KOHKATCHAIIMH BCEX JIMHEEK, UCTIONB3YHOTCS
coobuienune Qunuw (), 6yneBckuii mapamerp f u nocrosiHHas nepemenHas f(W) Bo Bcex BepmmHax
w u3 BetBu G(V). IlepBoe coobuienne @unuus MOCHUIAETCS, KOT/Ia 3aKAHYUBACTCS KOHKATEHAIHSI
k-it u (k- 1)-it nureek. s TOro 4ToOBI OTJIMYMTH 3Ty KOHKATCHAIMIO OT BCEX OCTAIbHBIX,
ucnone3yetcs napamerp f komaunsr H3menums v coobIeHus HM3menenue, KOTOPBIN paBeH true s
aToMapHbIx TpaHchopMmanmii mpu koHkateHamuu K-it u (K - 1)-if munHeek w paBen false mms
aTOMapHbIX TpaHCc(HOpPMAIUH MPU OCTATIBbHBIX KOHKaTeHanusx. Cooliienne @urnuus epechuIaeTCst
OT chIHa K 0TIy, aBurasch 1o (K - 1)-if muueiike uepes Bepmmnbl V€ Lk -1y, ..., V<11 1 nanee, ecmu k
3TOMY MOMEHTY BpEMeHH yxe 3aBepineHa koHkareHarms (K - 1)-it u (k - 2)-it nuneek, (K - 2)-it u
(k - 3)-it nuHeeK u T. 1.

Ecnu xe konkateHarwmu i-i u (i + 1)-if quHeek emié He 3aBepiieHa, coodienne Qunuiu MOXeT ObITh
NoC/IaHo B BepIIUHY V'j 3 Bepimnbl V' ¥ 1y, re j < X(i), Torma, koraa pedpo {Vi, V' * 11} nossunock B
pe3yabTaTe HEKOTOPOW aroMapHoW TpaHcopMaluMu |, CIeA0BATEIbHO, MO pedpy MOCIaHO
coobmienue Mamenenue, HO 3TO cOOOIIEHHE elé He JOLLIO 10 BepiuuHbl V. Korna Bepmmua Vi
nony4ut coobiienue HMamenenue, ona HayHET TpaHchopmanmio ViV *L—Vi.1, Mensonryo
pebpo {Vj, V' * 1} Ha pebpo {Vi+1, V"), Tlo pedpy {Vj+1, V'*11} Gyaer mocnano coobuieHue
Uzmenenue, HO OHO IPUIET B BEPIIMHY V'j 11 mocie coobienus Dunuiu, NOCKOIbKY COOOIIEHH,
HIOCJIaHHBIE TI0 peOpy, He OOrOHSIIOT APYT JApyra. TeM caMmbIM, BEpIIUHA V'j + 1 TIOTYYUT COOOIICHHE
@unuwi 10 PedPy, HOMepa KOTOpOro emé HeT B MHoxkecTBe E(V'j+1). B aToM cryuae BepiiuHa Vi + 1
OKUIAeT TOCICAYIOIEero Coo0menus M3umenenue IJisi TOrO, YTOOBI HA4yaTh CIEAYIOLIYIO
aToMapHyio Tpancdopmaruto, eciu j + 1 < x(i), unin nocnate coobiieHne Quuuut TanbIie YKe 1o
i-if nuneiike, ecim j + 1 = X(i). HbIMHU cl0BaMH, BepIIMHA V'j+ 1 10JKHA «IIOMHHUTBY, TIOJy4HIa JIK
OHa coo0uienre Punuui. JIis 5TOr0 UCIIONB3YETCs IIOCTOSHHAS TIEPEMEHHAs f(Vj+1). Ecin Bepuna
Vij+1 BBITONHSET CHEAYIOUYI0 aTOMApHYI0 TPaHCHOPMAIHMIO, TO OHA MCIOIb3YeT Mapamerp
f=f(Vj+1) B xomanne HMzmenmums ;s TOro, 4TOOBI CIEIyIOIIAs BEPUIMHA V'j+2, MONYYHB
coobienne Mzmenenue ¢ STUM NIapaMeTPOM, TOXKE «y3Haja» O mpuxone coodOuieHus Duuuwi. B
uemnoM napamertp f = true B komaune H3menums u coobuiennu Hszmenenue OKa3bIBaeT, 4TO, KOr/Ia
COOOIIEH e [TepPechlIaeTCs 3 BEepUIMHbI D B BepIuuHy a, IMeeTcs TMHeHKa a, b,

Korga Bce nuHeWKH CKICIOTCS B OJHY M BEpIIMHA V MOIYYUT cooOrieHue QuHuul, OHA MOUUIET
CBOEMY OTITy coobmienue Jlunus (SSon(V)), TeM caMbIM 3aBepiiiast paboty anropurma Ha BetBu G(V).

Onpenenum anroput™ A (G, root) gpopmansHo.

e IlocTosHHBIE IEPEMEHHBIE BEpIIUHLI Vv B anroputme 4 (G, root):

o E(V) — MHOXECTBO HOMEPOB pEOEp, MHIMICHTHBIX BEPIIUHE V;

o fat(v) — wHomep B BepimHe V pebpa, BEAYIIETO U3 BEPIIMHBI V K €€ OTILY;

o line(v) — mnpusnak (Bool) Toro, uro BepumHa V mocnana coobrnenne Jlunus,

o nson(v) — YHCIIO OXHMIAEMBIX BEPIIUHOMN V COOOIICHNMI JIuHuUs OT €€ CHIHOB;

o sson(v) — cyMMa IJIMH JIMHEEK OT BEPIIHMHBI V B IONTYIEHHBIX COOOMCHUSX JIUHUS,
o f(v) — mnpusHak (Bool) monyuennst Quuuws panbiue Hzmenenue.

o  O6Gosnauenus: element(S) — ¢yHkuus BbIGOpa TPOU3BOIBLHOTO BIIEMEHTA W3 HEMYCTOrO
MHOXECTBA S.

o  Coobmiennst B anropurme A(G, root): Cmapm(); Jlunus(l), tme | — mmwma muHelKw;
Hsmenenue(f), rme f — npusnak (Bool) toro, uto coobienne mepenaéres B BEPIIAHY V TI0
pebpy, ¢ KOTOPOro HAYMHACTCS JTHHEHKa 13 BepiuuHbl V; Ounuu().

o Ilpenycnosue anroputma A4 (G, root): B mepeBe G B kaxmoit BepimHe V nepemenHas E(v)
HMHUIHAATU3UPOBAaHa KOPPEKTHO, T.€. MHOYKECTBOM HOMEPOB PEOEp, MHIUICHTHBIX BEPIIHHE V.
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OmHa U3 BepIIMH — KOPEHb 00t, B KOpeHb 10 (HUKTHBHOMY peOpy ¢ HomepoM 0 TpuxomuT
coobmerne Cmapm().

e Tlocrycnosue anropurma 4 (G, root): Jlepeso G nuHe#HOE, MHOYKECTBO BEPIIUH COXPAHEHO,
BEpIIMHA 00t — JIMCT WM €MHCTBCHHAS W30JIMPOBAHHAS BEpIIMHA. B Kaxmoil BeprmmHE V
3HaveHue nepemenHoi E(V) koppektHo. M3 kopHs root o ¢puktuBHOMY pebpy ¢ HOMepoM 0
nocnano coobmenue Junusa(n), rae N YUCIo BEPIINH JAepeBa.

Anropurm A (G, root). BepumHa V.

1 while He KkoOHel ajropurMa {

2 wait () { /* npuém coolumeHus */

3 if npuém Crapr() no pebpy i { /* sTam 1 */

4 fat(v) := 1i; line(v) := false; /* wuHuUManms3auusa */

5 nson(v) := | E(v) \ { fat(v) } |; sson(v) :=1; f(v) := 0;

o nocemika CrapT() no kaxmoMmy pebpy j € E(v) \ { fat(v) };

7 if nson(v) = 0 { /* Vv — JOMCT WM M30JMPOBaHHAs BepumHa */

8 noceuika JimaHMsa (sson(v)) no pebpy fat(v); line(v) := true;

9 if fat(v) = 0 { xoHeu ajTopmMTMa; } /*V — MBOIMUPOBAHHAS BepumHa*/

10 bl

11 if npuém Jimems (1) no pebpy 1 { /* sTam 2 */

12 nson(v) := nson(v) - 1; sson(v) := sson(v) + 1; /* HOoBasg JMHeNKa
us v */

13 if E(v) \ { fat(v) } = { 1 } { /* y BepumHH V OIOMH CHH */

14 noceuika JimHMA(sson(v)) mno pebpy fat(v); line(v) := true;

15 if fat(v) = 0 { xoHel ajropmurMma; }

16 }

17 else { /* v — pasBwiKa WM KOPEHb CTeneHu 2 */

18 if nson(v) = 0 { /*hHauaso sTamna 3: G(v) 3Be3mo0OpasHOEe ImepeBo */

19 j := element( E(v) \ { fat(v), 1 } ); /* BeGop pebpa */

20 /* TpaHncdopmauus a—>v—b, Tae e(v, a) = i, e(v, b) = j */

21 KoMaHIa MsMemmnTs (i, j, true);

22 E(v) = E(v) \ { 1 }; /* pebpo ymaneHo */

23 while | E(v) \ { fat(v) } | > 1 { /* uuxn TpaHcbopmaumi */

24 m := 7j;

25 j := element( E(v) \ { fat(v), m } ); /* BeiGop pebpa */

26 /* Tpancdopmaumsa a—>v—>b, rme e(v, a) =m, e(v, b) = j */

27 KoMaHna MsMeHmTs (m, j, false);

28 E(v) = E(v) \ { m}; /* pebpo ymaneuo */

29 }ory oo}

30 if npuéMm MsmeHeHme (f) mno pebpy 1 { /* srTan 3: TpaHcbopMauusa a—>c—v */

31 f(v) := f(v) v f; /* f(v) = true, eciu mMeerTcsa JMHEMKa V, &, .. */

32 if | E(v) | = 2 { /*uenouka TpaHCOOpPMalUMi IO JIMHEMKEe He 3aKoHueHa*/

33 j := element(E(v) \ { fat(v) }; /* Bubop cienywmero pebpa */

34 /* Tpancdopmauus a—>v—b, rae e(v, a) = 1, e(v, b) = j */

35 KoMaHna MaMeHwuTs (i, j, f(v)); f(v) := false;

36 }

37 else { /*| E(v) | = 1, uenouka TpaHcbopMaumi IO JIMHEMKE 3aKoHUeHa*/

38 E(v) = E(v) U { 1 }; /* pebpo nmobamejieHO */

39 if f(v) { /* npouzsoumsia KOHKaATEHALMA OBYX JIMHEEK */

40 noceuika O@maMm () no pebpy fat(v); f(v) := false;

41 P}

42 if npuém OmHym () no pebpy 1 { /* sTanm 3 */

43 if i ¢ E(v) { f(v) := true; } /*OuHum npvméy B V paHble M3MeHeHme* /

44 else {
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45 if line(v) { /* BepumHa v nocwuiana JMHusS */

46 noceuika Q@mHMm () 1no pedbpy fat(v);

47 }

48 else { /* BepumHa Vv He nocwwiana JIMHuS */

49 noceuika JimHMs (sson(v)) mno pebpy fat(v); line(v) := true;
50 if fat(v) = 0 { xoHeL anropuTMa; }

511y} } 1}

0
Yr1Bep:xkaenne 9. AnroputMm A4 Ha Kilacce KOPHEBBIX JIEPEBBEB C N BEpUIMHAMHU HE HapyllaeT
orpannyenus d (d > 3) Ha cTeneHb BEPIIUHBI U 3aKaHIUBAET PabOTY C BBHITIOTHEHHEM MOCTYCIOBUS
anroput™a 3a Bpems t(n) < 2n - 2.
JlokazarenbcrBo. ITycts nepeBo G umeer N BepmmH. JlokazaTenbcTBO OyneM BECTH MHIYKIMEH 10
gucay N. HamoMHUM, 9TO BpeMsl BEIYKCIICHHI B BEpIIMHE HE YIUTHIBACTCS, M BPEMs BBITIOTHEHHUS
QITOpPUTMA CJIaraerTcs W3 BPEMEHH IOCIE/I0BATENbHBIX TEPECHUIOK COOOIIEHHH, BKIIIOYAs
coob1enne M3menenue pyu aTOMapHO# TpaHC(HOpPMAIIUH.
Hust n =1 nepeBo G cocTOUT U3 OJHOM N30IMPOBAHHOW BepUIMHBI 00t. Bpemst paGoTs! asropurma
6e3 yuéra nepechbiiok coobmennit Cmapm u Jlunus o pukTuBHOMY pedpy ¢ HomepoM 0, oueBHIHO,
pasHo Hyst0: t(1) = 0 = 2*1 - 2. TTocTycioBHE aIropuTMa BBINOIHEHO: AepeBo G muHeliHoe, oot —
W30IUpOBaHHas BepinHa, E(V) = &, no ¢uktuBHOMY pebpy ¢ HOMepoM 0 TMOCIaHO cOOOIIeHHE
Jlunus(l).
[TycTh yTBepIK/IeHHE BEPHO JUIs JIF0OOro YuciIa BEpIIMH He Oonblie N, e N > 1, 1 ToKaXkeM ero s
yucna Bepuiud N + 1. Tlycth y KOpHs K CBIHOB ¥ YHCla BEPINHH B BETBIX CHIHOB PaBHBI X1, ..., Xk.
Nmeem X1+ ...+xc=n. ChHayaja mokaxxeM, 4YTO allOPUTM paboTaeT BpeMsi He Oonee
2(n+1)—-2=2n.
Otan 1 pacceutok coobuieuuit Cmapm 3anuMaet Bpemst ti(n + 1) < 1, MOCKONBKY COOOIICHUS
pacchUIaloTCs OXHOBPEMEHHO.
Ha sTamne 2 anropuT™ BBINONHSETCS HapajluIeIbHO Ha BETBAX BCEX CHIHOB KOpHA. Ilostomy stam 2
3aHnMaert Bpems (N + 1), ciraraemoe U3 MakcHMyMa OT BpEeMEH BBITIONHEHHS aIrOPUTMAa Ha BETBSIX
CBIHOB M BPEMEHH TMIEPECHUTKH OT ChIHA KOPHIO coobrenust JTunus. ITycts t(X1) < ... < t(Xy). Umeem
ta(n + 1) = max{ t(x1), ..., t(x) } + L <t(x) + 1. Tlockombky Xk <N, MO MPEANOIOKEHHIO IIIara
uHAYKIAH t(X) < 2Xk - 2. TToatomy to(n + 1) <2X - 2+ 1 = 2xx - 1.
ITo npenmnonokeHuro mara HHIYKIMU KaKAyI0 U3 BETBEH CBIHOB KOPHS aJITOPUTM TpaHC(HOpMUpyeT
B JIMHEHHOE JepeBo, KoTopoe B jnepeBe G Oymer numHeitkod. Ortanm 3  Tpancdopmanuu
3Be31000pa3sHOro jaepeBa B JHHeHHOe 3aHmmaeT Bpems ta(n+ 1), cimaraemoe U3 BpeMeHH
BBITIOJTHEHHSI BCEX aTOMApHBIX TpaHC(HOpMalWidi M BPEMEHH IIEPECBUIKU cOOOLICHUS PuHuut 10
KOpH#. ATOMapHbIe TpaHc(OpMaLiK BOJIb Pa3HBIX JIMHEEK BHIONHIIOTCA MapaiensHo. [loatomy
BpeMsI BBIIIOIHEHHS TpaHC(opMaIyii paBHO MAKCHMYMY M3 BPEMEH BBIIOTHEHUS TpaHC)OpMaIHit
BIOJIb OJHOW JIMHEHKH, a 3TO IOCJIeNHee BpeMs He NpeBbILaeT IUIMHBI JuHeHku. CoollueHue
Qunuws TIPOXOAUT 1O BCEM JIMHEHKAaM, KpoMme TmocienHeil K- JTUHEHKH, TMOSBUBIICHCS MMO3Ke
npyrux. Tem cambim, t3(n + 1) < max{xa, ..., Xk-1} + (X2 + ... + Xk-1). [Tycte max{x, ..., Xk-1} = Xm.
Torma t3(n + 1) < Xm + (N - Xk).
CyMmMapHO IMeeM:
th+1)=tin+1)+ta(n+ 1) +ta(n+1) <L+ 2% -L+Xm+(N-X) =N+ Xm+X) <N+ (Xe+ ... +X) =20,
YTO U TpeOOBAJIOCh TOKA3ATh.
JlokaxxeM BBITIOJTHEHHE MTOCTYCIOBUS paboThl anroputMa. [1o mpenmnoaokeHnto nara HHIyKIUA Ha
sTame 2 Kakaas U3 BeTBEH CHIHOB KOpPHS TpaHchopMUpyeTcs B JuHEHHOe nepeso. [locie storo B
pesynbTare TpaHchopMaluii Ha 3tamne 3 3Be31000pa3sHoe JepeBo TpaHCHOPMHUPYETCs B JIMHEHHOE
nepeBo. [lepemenHast SSON(V) HHULHMATU3UPYETCsE eauHuIeH Ha starne 1. [To mpeanonoxKeHuro mara
MHAYKIHMH Ha dTare 2 OT KaKI0ro CBOETo ChiHa W BepIurHa V ronyaut coobiuenune Junus(l), rae |
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— upncyo BepuinH BetBH G(W). CyMMa 3TUX 4HCeN, OYeBUIHO, HA | MEHBIIIEC YKCIIa BEPIIMH BETBH
G(v). Ha sTane 2 Bce 3TH BEIUYMHBI CYMMUPYEOTCS B IEpEeMEHHOM SSON(V), KOTOpasi B KOHIIE Tara
2 Oyner paBHa yuciy BepuinH BeTBu G(V). [liist kopHs root uncio SSon(root) paBHO Yucay BepIIMH
JepeBa, MMEHHO 3TO 3Ha4deHHe OyJaeT B KOHIE palboThl alropurMa yKa3aHO Kak Iapamerp
coo0meHus JIunus, KOTOpoe KOpeHb MOUUIET 0 PUKTHBHOMY pedpy ¢ Homepom 0.

DTOT aNroput™M He HapymaeT orpaHuueHus d >3 Ha CTeneHb BEpIIWH, MOCKOJBKY 1) Kakmas
aToMapHas Tpancdopmarms a—>C—h MPOUCXOAUT BJOIb JIMHEHKH ..., C, b, ... B CTOpOHY ITHCTAa, T.€.
BepinuHa b nMeet crenens 2 wik 1, a TpaHcdopMarus yBenuurBaet e€ cTeneHs Ha 1, 2) Ha KaxIoM
YPOBHE PEKYPCUHU HE MPOMCXOMAT HHUKAKue JABe TpaHchopMmanuu a—>C—b u a'—>C'—b ¢ obmeit
KOHeuHoM BepumHOit b. Bosee Toro, Ha sTane 3 Ha kaxmoit BeTBu G(V) mepBbie TpaHChOpMAIHU B
LIeToYKax aTOMapHBIX TpaHC(HOpPMAIHi 110 JINHEHKaM Cpa3y YMEHBINAIOT CTENEeHb BEPIIMHBI V 110 2,
eciu V # root, wu 1, eciiu V = root. [Tocie 3Toro creneHb KaXKA0i BEPIIMHBI BETBU HEe 0OJbIIE 3 110
KOHIIa TpaHc(opMaluii Ha 3TOM BETBH, KOTJIa OHA CTAaHOBUTCS He Ooibie 2. [

OueHka BpeMeHH 2N - 2 10CTHraeTcs Ha JiepeBe, KOTOPOEe yXKe SIBJISIETCS IMHEHHBIM, a €r0 KOPEHb —
ONMH W3 JUCTheB. J{JIsi 3TOro ciydass 9Ta OIEHKAa He YJIydllaeMma, €ClId aJTOPUTM JIOJDKEH
3aKOHYHUTBCS B KOpHE. DTO OOBSICHSIETCS T€M, YTO JUIS TOTrO, YTOOBI BBISCHUTB, YTO JIEPEBO YIKE
JIMHEHHOE, COOOIIeHNE TOJDKHO JOMTH M3 KOPHS JI0 APYIOro JIMCTa U BEPHYThCSI 00pPaTHO, TO €CTh
HPOMTH MyTh JUIMHOM 2N - 2.

5.2 Anroput™ 3 — TpaHcdopmaLuma NMIMHENHOro AepeBa B Xopolluee AepeBo

Pabory anroputMa B Ha JuHeiHOM aepeBe G ¢ kopHeM oot obo3naunm B (G, root). Jlns croeit
pabotsr agroputmy B (G, root) HY)KHO «3HATB» YHCIIO N BEpIINH aepeBa u orpanndenue d (d > 3)
Ha CTerieHH BepiivH. Beimonuenue anropurma B (G, root) samyckaercs cooduieaneM Hauano (d, n),
KOTOpOE€ NPUXOIUT B KOpeHb 00t mo ¢ukTHBHOMY pebpy ¢ HOMepom O B KOpHE. AJITOpPUTM
3aBepIIAcTCs MOCBUTKON U3 KOpHs 10 (GHKTHBHOMY) pedpy ¢ HomepoM 0 coobienust Koney ().
AJITOPUTM BBINOJHACTCA PEKYPCUBHO, YPOBEHb PEKYPCHUHM PAaBEH BBICOTE BEPILIMHBI B UTOrOBOM
XOpOILEM JIepeBe, KOTOPOe JOJDKHO ObITh IIOCTPOEHO B KOHIIE paboTh! anroput™a. [Ipeanonaraercs,
4TO Ha YPOBHE peKypcuu h mocrpoeHa 4acTe xopourero aepeBa Ha Beicotax ot 0 mo h. Buauaine
h = 0 u mocTpoeHHast YacTh XOPOLIEro AepeBa COCTOMT TOJBKO u3 KopHs. Ha yposue h anroputm
BBITIOJIHsIETCS Ha Kaknoi BerBu G(V), rae BepiuuHa V uMeeT B G BeicoTy N. AITOpUTM COCTOHT M3
JBYX JTAIlOB.

(lToumu) xopowum 36e30000pasHblM [EPEBOM ¢ 4YuciaoM BepmmH K OymeM Ha3bIBaTh
3Be371000pa3HOe AEpeBO, y KOTOPOTO CTEIEeHb KOPHS M YHCIIa BEpLIMH Ha BETBAX cocenell KOpHs
TaKue e, Kak y (MOYTH) XOPOIIIEro IepeBa ¢ YUCIOM BepIiuH K.

e  Dran 1. B Havase storo sramna Ha yposHe pexypcuu h BetBb G(V), rme Bepiuna V umeeT B G
BeICOTY h, sBmsercs nmHeWKOW Bemymed w3 V. 3amada 3TOro dSTama — IOCTPOUTH
3B€374000pa3HOE [IEPEBO C KOpPHEM B BepIIHHE V. DTO NEpPeBO IODKHO OBITh XOPOIIUM
3Be371000pasHbIM JepeBoM, ecin V =root (h=0), wixn moYTH XOPOIIMM 3BE31000pa3HBIM
nepesom, ecim V = root (h > 0). HamoMHMM, 9TO TIO yTBEpKAEHHIO 7 B (IIOYTH) XOPOIIEM
JIepeBe BETBb COCEA KOPHS SIBIIAETCS MTOYTH XOPOIINM JIEPEBOM, a 110 YTBEPKACHHIO 5 (TI0UTH)
Xopoliee AepeBO OAHO3HAYHO OMPEEIAETCS C TOYHOCTHIO 10 N30MOP(H3Ma, COXPAHSIOIIETO
KOpEHb, YHCIIOM €ro BEpHIMH. TeM caMbIM, 3Be34000pa3HOe NEpeBO, B KOTOPOE HYKHO
[PEBPATUTH TUHEHKY BeTBU G(V), OMHO3HAYHO C TOYHOCTHIO 0 H30MOP(HI3Ma, COXPAHSIOIIETO
KOpEHb, ONPECISIETCS] YHCIOM BEPIIMH B 3TOW BETBH M MPHU3HAKOM V = rOOt mim V # root,
COOTBETCTBYIOLIUM XOpOIIEMY H IIOYTH XOpoiieMy nepeBbsM. Uucio Bepumu BetBu G(V)
BBIYHUCIISICTCS 110 YTBEP)KICHHUIO 8 U SIBISIETCS ITapaMeTpoM coodmenust Hauano, ¢ omydeHus
KOTOpOro HauuHaercs sramn 1 Ha BerBu G(V).

e  Dran 2. Ha stom stane Ha ypoBue pexypcuu h BetBb G(V), rae Bepmmna V umeer B G BBICOTY
h, sBisiercst xopowuM (eciu V = root) Wi nodyte xopommm (eciu V # root) 38e31000pa3HbIM
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JIEPEBOM, a M3 K)KIOro ChIHa W BEpIIMHEI V 4yepe3 pedpo, OTINYHOE OT pedpa, BEAyIero K
BEpIIMHE V, BEAET JIMHEWKa. BeplmHa V MOCBUIaET KaXKIOMY CBOEMY CBIHY W cOOOIIeHHe
Hauano (d, 1), tne | — gucno BepmmH Ha BetBH G(W), MHHIMUPYs paboOTy ajropurMa Ha
crenyromeM ypoBHe pekypcur h + 1. O4eBHIHO, 3TO MOXKHO JeNnaTh, HEe HOXKHAASACH, KOTAa
9Tan | IOJHOCTBIO 3aBEPUIEH, TO €CTh IOJHOCTHIO MOCTPOSHO 3BE37000pa3HOE NEPEBO C
KOpHEM B BEpIIMHE V, a KaK TOJBKO TOCTPOEHA JIMHEHKa HY)XHOW JUTMHBI, BeIylnas W3
BEpUIMHBI W yepe3 pedpo, OTIIMYHOE OT pedpa, BEAYIIETO K BEPILIHHE V.

BepmrHa V 0XHAaeT OT CBOMX ChIHOB coobuienuid Koney (). TlocTosiHHas mepemenHas nson(v)

paBHa YUCITy OKUIAEMBIX coobtieHnid Koney. OHa MHUIMAIU3UPYETCS TIPH MTOTYYEHHN BEPIIUHOM

V coobmennsi Hayano M paBHa YUCIy CHIHOB BEPUIMHBI V B 3BE3/1000pa3HOM JiepeBe, KOTOpOe

JOIDKHO ObITh  mocTpoeHo. Ecmu | — wumcnmo BepumH — 3Be31000pasHOro  JiepeBa, TO

nson(v) =min{d, - 1}, ecnu v=root, wmu nson(v)=min{d-1,1-1}, ecnu v=root. Ilpu

MONyYeHUH BEpUIMHON V coobuienus Kowney mepemenHas NSON(V) ymenbiaercs Ha 1. Dtam 2

3aBepIaeTcs, Koraa repeMeHHast NSon(V) mocturaet Hyns. BepmivHa V MockLTaeT CBOEMY OTILY

coobmienne Kowney (). Eciu v = root, anroputM 3akaHUHMBaETCS.

OnruMuzanys: 3aMeTHM, YTO €CITM YMCIIO0 BEPIIMH BETBM MEHbBIIE 3, TO BETBb YK€ SIBISETCS

XOpOUIMM U ITOYTH XOPOIIMM JIEPEBOM, H 3aIyCK ajlropuTMa Ha BETBU He TpeOyeTcsl.

PaccmoTpuM moppoOHee moOCTpoeHHE 3Be3foo0pa3HOro pepeBa Ha odTame 1. Mbl Oymem

UCIIONIB30BaTh IIOHATHE MmeKyiuyell sepuitHbl U IBE ONICPaLluN: nepemewjerue u mpancghopmayus. B

Havaje sTana | Ha yposHe pexypcuu h Ha BetBu G(V), rae BepiniHa V umeeT B G BbicoTy h, Tekyreit

BEpIINHON CTaHOBUTCS BEpIIMHA V TIPU TONydeHHH ero coolmieHus Hauano. Ecnm V = root,

CTPOMTCS XOpOIlee 3Be31000pa3HOe AEPEeBO, MHAYe CTPOUTCSA IOYTH XOpollee 3Be3J000pa3Hoe

JIepeBo.

/e onepaumu: [Tapamerp t o3Hauaer yucio TpaHchopMalHid, KOTOPbIE OCTANOCh CHENATh JUIs

MIOCTPOEHHS JINHEWKHU 3Be34000pa3HOro AepeBa.

Iepemewenue C->h. Tpemycmosue: C TeKyias BepiirHa, ectb pebpo {C, b}. Bepruna ¢ nocsimaer

B BepumHy b coobmienue Ilepemewenue(t). Tlocne momydenusi BepmuHoid D 3TOro coobIeHMs

TEKyIICH BEPIIMHON CTAHOBHUTCS BEpIUHA D.

Tpancpopmayus a—C—b. TlpenycnoBue: C Tekyimas BepmimHa, ecth pébpa {a,c} um {c, b}.

Bemnmumna t  ymenpmaercs Ha 1t t:=t-1. Bepmmuaa ¢ momaér  KOMaHAY

Hizmenums(e(c, a), e(c, b), t). Tlocne monydenus Beprunoii b coobuienus Hzmenenue(t) Texymeit

BEPILIMHON CTAaHOBUTCS BepLInHA D.

CHavanma oOIMIIeM I[IOCTPOSHHE XOpOLIero 3Be3goobpasHoro nepeBa Ha BerBu G(V) Kak

MIOCIIEZIOBATENBLHOCTD 3TUX ONlepaluii, cM. puc. 6. Ha 3TOM pucyHKe cephIMH CTpeIKaMH ITOKa3aHbI

TeKyIe BEPLIMHBI, OENBIMH KPY)KKaMH — BepIIMHA V, a YEPHBIMH KPYXKAMH — OCTaJIbHBIE

BEpIIUHBL

ITycts | uncio BepummH Ha BerBH G(V). BHauanme mmeercst JHHEWKa V = Vi, Vo, ..., Vi, TEKyIIas

BepIIUHA V.

O0o3HaunM:

x =min{d, | - 1} — crenenp BepIIMHBI V B XOPOIIIEM 3B€371000pa3HOM JIEPEBE;

SM(d, |, 0) = 1 — gmcito BepIIHH B JepeBE U3 OHOMN BEPIIUHBI;

SM(, I, )=1+M(d, I, 1) + M(d, I, 2) + ... + M(d, |, j), mis j = 1 .. X, — cyMMapHO€e YHCIIO BEPIINH

B XOpOLIEM 3BE31000pa3HOM JepeBe Ha MEPBBIX | JMHEHKAX IUIIOC EIMHHIIA, COOTBETCTBYIOIIAS

KOPHIO JIepeBa;

Vi = Vema, 1j-y+i amg j=1 . x-1ui=1. M(d, |, j), — i-2 Bepuuna j-it nuneiiku;

V5 = Vsm, 1, %) -i + 1, 101t 1= 1 .. M(d, 1, X), — i-s1 BepiumHa X-i1 TMHEHKHL.

CTpOI/IM JIMHEHKHN «CIIpaBa HAJICBO», HAYMHAA OT X-# 1 3aKaHYUBas 2-H.
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Fig. 6. Construction of a good starlike tree forn =27 andd = 3

[Moctpoenue j-# TUHEHKH XOPOIIIETo 3B€31000pa3Horo aepesa s j = X .. 2:

1. =M, L)).

2. OpHO mepemelieHue v->v/.

3. Uemnouka M(d, 1, j) - 1 Tpanchopmarmii:
VoV —V,, V!

t=M(@, 1, j)-1,
Onna 3aeparomas M(d, I, j)-1 Tpancdopmamms: vV 1 —Viya, 1 )—V.
Ecmu M(d, 1, j) > 2, 3anyck anroputMa IoCTpOSHHUS MOYTH XOPOILIEro 3B€31000pa3Horo Jepena

o s

VARV Ny Y s VoV, 1 -1V, 1 s
t:M(d, Ivj)_z’ ""t:l'

Ha j-i BETBH: BEPLIMHA V TIOCBUIAET BEPLIMHE Vi, 1, 5, cOOOmenue Hauano (d, M(d, L, )).
IMocie moctpoenust 2-# TMHEHKH Takke moctpoeHa u 1-st uneiika. Ecim M(d, 1, 1) > 2, 3amyck
AJITOPUTMAa TIOCTPOCHUS TIOUTH XOPOIIIET0 3BE31000pa3HOro aepeBa Ha 1-if THHEWKe: BepIInHa
V HOCBLIAET BEPIIMHE Vin, I, 1), coobmernue Hauano (d, M(d, 1, 1)).

IMocTpoeHue MOYTH XOPOIIEro 3Be31000pa3HOr0 JepeBa ¢ | BepIimHaMu OTIMYIAETCs OT ajJropuTMa

MOCTPOCHHSL XOpOIIero 3Be3goobpasHoro gepesa ¢ | BepmMHAMH TONBKO TEM, YTO HUHCIO
crposiimxcst uHeek X papuo He Min{d, 1 - 1}, a min{d- 1, | - 1}, u Tem, 4ro umcio BepIiuH B j-it
nuneiike pasuo e M(d, 1, j), a N(d, 1, j).

Ornpenenum anroput™ B (G, root) hopmasHo.

e IlocTosIHHBIE IIEpEMEHHBIE BepIIUHLI V B anroputMe B (G, root):

o E(V) — MHOXECTBO HOMEPOB pEOEp, MHIMICHTHBIX BEPIIUHE V;

o fat(v) — wnomep B BepmmHe V pebpa, BEAYIIETO U3 BEPIIMHBI V K €€ OTILY;

o sson(v) — uucio BepiuH B BeTBU G(V);

o d(v) — orpanudenue d Ha CTEMEHHU BEPIIHH;

o jW) — HOMEp CTpOsIIIIEHCs TMHEWKH 3BE371000pa3HOr0 JIepeBa;

o first(v) — HoMep mepBOro pedpa CTposIIeHcs THHERKH 3B€31000pa3HOTO JIepeBa;
o nson(v) — YHCIIO OXMAAEMBIX BEPIIUHON V coobIeHuit Koney.

o  Coobmienus B anropurme B (G, root): Hauanro (d, 1), Koney (), lepemewenue (t), Hsmenenue
(t), tme d — orpanudeHume Ha cremeHbp BepwmH, | — wWHCIO BepIIMH BETBH, t 4HCIO
TpancdopMalmii, KOTOpbIe OCTAIOCh CIENAaTh VIS [MOCTPOSHHUS JIMHEWKH 3BE3M000pPa3HOr0o
nepesa.
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o IIpenycnosue anropurma B (G, root): epeso G nuHelHOE ¢ N BepIIMHAMH W KOPHEM 00t B
OJIHOM W3 JBYX JINCThEB. B Kakmod BepuinHe V TiepeMeHHas E(V) WHMIMamM3upoBaHa
KOPPEKTHO, T.€. MHOXXECTBOM HOMEpOB pEOEp, MHIMAEHTHBIX BepHIMHE V. B KOopeHb Mo
¢buxTuBHOMY pedpy ¢ Homepom 0 mpuxoaut coobiienne Havano (d, n).

e  TMocrycnosue anropurma B(G, root): Tepeso G xopoiiee ¢ KOpHEM B BepiiuHe Foot. B kaxoit
BepIIMHE V 3HaueHue mepeMeHHor E(V) xoppektHo. M3 kopHs mo (UKTHBHOMY pebpy ¢
HoMmepoM 0 mocnaHo coobuieHue Koney ().

AnroputM B (G, root). BepumHa V.
1 while He KOHel aJropuTMa {

2 wait () { /* npuém coolueHus */

3 if npuém Hawaso(d, 1) no pebpy 1 {

4 d(v) := d; sson(v) := 1; fat(v) := 1; /* uHMuUMamuszauusa */

5 if fat(v) = 0 { nson(v) := min{d, sson(v) - 1}; }

o else { nson(v) := min{d - 1, sson(v) - 1}; }

7 j(v) := nson(v); /* HaumHaeM C NOCJIeOHEN JIMHENKM MEeHbeM IJIMHE */

8 if sson(v) 2 3 { /* uucno BepumH = 3, HYXHO IeJlaTb TpaHCbopMalyo
*/

9 if fat(v) =0 { t := M(d, sson(v), j(v)); } else { t := N(d, s

son(v), j(v)); }

10 first(v) := element( E(v) \ { 1 } ); /* BeiGop pebpa */

11 nocwika I[lepememenne (t) no pebpy first(v);

12 }

13 else { /* umcrno BepumH < 2, He HYXHO IeJjlaTb TpaHcbopmaumo */

14 rnoceyika Kowerj() mno pebpy fat(v);

15 if fat(v) = 0 { xoHeu amnroputMma; } /* v = root */

16 } }

17 if npuém Illepememenue (t) 1o pedbpy 1 {

18 e := element( E(v) \ { 1 } ); /* Bubop pebpa */

19 if t > 1 { /* nepBas TpaHcbopMauMsa LENOUKM TpaHchbopmaumit */

20 /* Tpancbopmauus a—»v—b, rme e(v, a) = i, e(v, b) = e */

21 koMaHna MBMeHuTH (1, €, t);

22 E(v) := E(v) \ { 1 }; /* pebpo ynamneHo */

23 }

24 else { /* saBepuanmas TpaHchopmauus */

25 /* TpaHncbopmauvs a—»v—b, rme e(v, a) = e, e(v, b) = 1 */

26 KoMaHna MsMeHuTs (e, 1, t);

27 E(v) := E(v) \ { e }; /* pebpo ynamneHo */

28 } }

29 if npuém MsmeHeHme (t) mo pebpy 1 {

30 if t > 2 { /* npomoirkaeMm LENOodYkKy TpaHcbopMaumii */

31 e := element( E(v) \ { fat(v), i } ); /* BuOoOp pebpa */

32 /* Tpancdopmauus a—>v—b, rae e(v, a) = i, e(v, b) = e */

33 KoMaHna MsMeHurs (1, e, t - 1);

34 }

35 if t = 2 { zaBepuwawumasa TpaHcbopmauua */

36 e := element( E(v) \ { fat(v), i } ); /* Bubop pebpa */

37 /* TpaHcdopmauus a—>v—b, Tae e(v, a) = e, e(v, b) = 1 */

38 KoMaHna MsaMemmres (e, i, t - 1);

39 }

40 if t = 1 { Bce TpaHCchOpPMALMM BAKOHUEHH */

41 E(v) := E(v) U { 1 }; /* pebpo mobamBjieHo */

42 /* Bamnyck ajropMTMa Ha IOCTPOEHHOM JIMHENke */
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43 if fat(v) = 0 { t := M(d, sson(v), j(v)); } else { t := N(d, s
son(v), j(v)); }

44 if t > 3 { noceumika Havasmo(d(v), t) no pebpy first(v); }

45 else { nson(v) := nson(v) - 1; }

46 j(v) = j(v) - 1; /* mepexommMm K cClenyolei JuHelke */

47 if fat(v) = 0 { t := M(d, sson(v), j(v)); } else { t := N(d, s
son(v), j(v)); }

48 if j(v) > 1 { /* HauMHaAEeM CTPOUTL CJEOYOUY JIMHENUKY */

49 first(v) := 1i; noceuika llepememenmne (t) no pebpy first(v);

50 }

51 if j(v) =1 { /* Bce NMHEMNKM MNOCTPOEHH */

52 /* 3amyck ajropuTMa Ha MOCJiemHel JIMHelke */

53 if t > 3 { nocwumika Havamo(d(v), t) mo pebpy i; }

54 else { nson(v) := nson(v) - 1; }

55 } } }

56 if npuém KowHerj() no pebpy 1 {

57 nson(v) := nson(v) - 1;

58 if nson(v) = 0 { /* BeTBb nocrpoeHa */

59 noceika Koxerr() mno pebpy fat(v);

60 if fat(v) = 0 { xoHeu ajmropmuTM™a; } /* v = root */

6l }} } 1

YrBep:xkaenne 10. Anroputm B Ha Kilacce JTMHEWHBIX IEPEBHEB C N BEPIIMHAMHE C KOPHEM B OJJHOM
U3 JIMCTOB He Hapymraer orpannueHust d (d > 3) Ha cTeneHb BEPINHHBI U 3aKaHYHBAeT paboTy C
BBITIOTHEHUEM TOCTYCITOBHsI anropuTMa 3a Bpemst t(n) < 2n - 2.

JlokazarenbcTBo. Mbl OymeM m0Ka3biBaTh, uTo [uist juHelku G(V), Bemymied W3 BEPIIMHBI V H
coJieprKalliel N BepILUH, aITOPUTM I10CIIe MOJIY4YEHHs BEpPIIMHON V coodenust Hauano o pedpy
fat(v) crpout xoporee mepeso, eciu fat(v) =0, wim moutn xoporiee aepeso, ecnu fat(v) = 0. B
0bounx ciydasix He HapyIIaeTCst orpanideHre d Ha CTENEeHU BEPILINH, KOPHEM IIOCTPOCHHOTO IepeBa
SIBIISICTCSL BepLIMHA V, B KKAOH BepIIMHE W 3HaueHHE mepeMeHHOH E(W) koppekTHo, B KOHIIE
paboThl ajropuT™Ma M3 BepIiiuHbl V Mo pedpy fat(v) moceutaercs coobuienne Kowey (), U Bpemst
paboThl anropuTMa He mpesbiiaeT 2N - 2. Jloka3arenbCTBO OyIeM BECTH MHIYKIMEW 1Mo Yuciy N.
HanomuuM, 4TO BpeMsi BEIYMCIIEHUH B BEPIIUHE HE YIUTBHIBACTCS, M BPEMSI BBIIIOJIHEHNUS alrOpUTMa
cllaraercss W3 BPEMEHH II0CIEIOBATENbHBIX IEPECBUIOK COOOIIEHHUH, BKIIOYAs COOOIICHHUE
Uszmenenue ipu aToMapHO# TpaHchopManum.

Iust n=1 mepeBo G(V) cOCTOMT W3 OJHON H3ONMPOBAHHOW BEPIIMHBI V M SBIETCS KaK TOYTH
XOPOIITUM, TaK W XOPOIINM JEPEBOM. AJITOPHTM He MeHsIeT aepeBo, E(V) = &, u3 KopHs 110 pedpy ¢
Homepom fat(v) mocmano coobmienne Kowey. Bpemsi paborsl anroputma 0e3 yuéra mepechUIOK
coobmenuit Hauano n Koney, oueBumHO, paBHo Hymio: t(1) =0=2*1 - 2,

ITycTp yTBepXKOCHHE BEPHO IS TF0OO0T0 YKCIa BEPIIMH He Gobiie N, rae N > 1, i JoKaXeM ero 1t
grcia BepiiH N + 1. CHavasa mokaxxeM, 4To alropuT™ paboraet Bpemst He 6ommee 2(n + 1) - 2 = 2n.
ITycTh X — uncno coceneii KOpHs (MMOYTH) XOPOLIEro AEpeBa ¢ YUCIOM BEPIIHH N, a YKCIIa BEPIINH
BeTBeit coceneit kopust paBusbl |1 < ... <Iy. OueBnmno, 1 <limn=11+ ... + Iy Torman> (x - 1) + I,
gro BIeueT Ix < n - X + 1. Bpems ti(lj) moctpoenust j-it TMHEHKH (TTOUTH) XOPOIIIET0 3BE31000pa3HOTO
Jepesa, cozepxarei lj BepmmH, is j =X .. 2, COCTOMT M3 BPEMEHH OJHOTO TepeMerneHus u ;
tpanchopmanmit.  ITostomy  ti(l) <1+, a  obmee Bpems osrama |  paBHO
tin+1) <@ +)+...+(L+Ik.1)=x-1+ (n-ly). Ha srame 2 anroput™ TpaHCHOPMHUPYET
KaK/IyIO JINHEWKY (II0YTH) XOPOIIEro 3B€3/1000pa3Horo AepeBa B IIOYTH XOPOIIIee IEPEBO, HAUMHAS
C IIepechUTKH co00IeHust Hayaio U3 BEPIUKHEL V B IIEPBYIO BEPIIMHY TMHEHKH, COCSIHEN C KOPHEM,
U 3aKaHYHMBasl IEPEChUIKON coobiuenus Kowey B oOpaTHOM HampaBieHud. Ha j-yio nHHEHKy
tparurcs Bpems ta(lj) < t(lj) + 2. Anroput™ BBIMOMHSETCS Ha BCEX JIMHEHKAX MapalIeIbHO, TO3TOMY
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obmiee Bpems dtama 2 paBHO ta(n+ 1) =max{tx(lj) |[j=1 . x}< <max{t(l) +2]|j=1. x}. Tak
kak lj < n, mo npeamonoxenuro mara uHAyKIHK to(N + 1) <max{2lj-2+2|j=1..x} =2l Tem
cambiM, t(N+ 1) ==ti(n+ 1)+ o(n+ 1) <x-1+(n- L)+ 2lk=x+n+I- 1. Takkak [y <n-x+1,
umeeM t(n + 1) <x+n+ (n-x+1)-1=2n, yTo U TpeOOBAIOCH T0KA3ATb.

JlokaxxeM BBITIOIHEHHE OCTANIbHBIX ycioBuid. Ha atame 1 cTpouTcs Xopoiiee 3Be31000pa3HOe
nepeso, ecnu fat(v) = 0, wiu moutu xopoiee 38e31000pasHoe aepeBo, ecnu fat(v) = 0. Ha srane 2
IO MPEIIONIOKEHHUIO [Iara HHIYKIIMH KaXKaasi U3 JIMHEEeK 3TOro JepeBa TpaHCHOPMHUPYETCS B TIOYTH
xoporee aepeBo. [lo ompeneneHuto (MOYTH) XOPOIIEro 3BE3M000PA3HOrO JepeBa, a TaKKe I0
YTBEPXKACHUSIMU 7 U 5 Ha 3Tame 2 CTPOUTCsI Xopoliee aepeBo, eciu fat(v) = 0, miu modtu xoporree
nepeso, eciu fat(v) = 0.

Ha stane 1 orpanudeHue d Ha CTereHM BEpINHH HE HAPYIIAETCS, TAK KaK CTENCHb BEPIIMHBI V
YBEITUYMBACTCSl POBHO O TOrO 3HAUYCHHS, KOTOPOE OHA JO/DKHA HUMETh B (IIOYTH) XOPOIIEM
3Be3/1000pa3HOM JiepeBe, a CTEMEHN OCTATbHBIX BEPIIMH YBEIHYHBAIOTCA He Oonee yeM 70 3. Ha
sTane 2 orpaHuueHre d Ha CTENCHH BEPIINH HE HAPYIIACTCS MO MPEITOI0KEHHIO [1ara WHIYKIHH.
Ha srame 1 kopHEM CTpPOSINEroCsi 3Be37000pa3HOro epeBa OCTa&TCsl BEPIIMHA V U OHA OCTA&TCst
KOpDHEM CTposierocsi Ha stare 2 (MOYTH) XOpPOIIEro jaepeBa. 3HaueHHe mepeMeHHbIXx E(W)
TIO/IICPIKUBAETCS KOPPEKTHBIM B IPOIIECCe BCel paboThI allropuT™Ma: MpHy yiaieHuu (I00aBICHUH)
pebpa ero HOMep yraamsercst u3 (mobaisercst B) E(W). ANroput™ 3aKaHYMBAETCS MOCHUIKON
coobnienust Koney() 3 Bepumabl V 1o pedpy fat(v).O

6. 3aknroyeHue

B cratbe npeasiokeHbl Ba alropuTMa camoTpaHchopMaluH IepeBa, JISKAIlero B OCHOBE
pacnpeneneHHON CeTH, C MOMOLIBIO JIOKAIBHBIX aTOMapHbIX TpaHC(OPMALMH, BBINONHAEMBIX IO
«KOMaHJaM» OT Y3JIOB JIepeBa. DTO alllOPUTM TpaHc(HOpMaLny JIF0OO0ro AepeBa B TMHEHHOE JEPEBO
U aJTOpUTM TpaHC(HOPMALMU JTMHEHHOrO JepeBa B XOpOILIee NEpPeBO, MMEIOIIee MHHUMAIbHBIN
nHAekc Bunepa npu Tom jxe uucie BepiinH. TpaHchopManuy He MEHSIOT MHOXKECTBO BEpIIUH
JepeBa U He HapyiiatoT orpanndenue d (d > 3) Ha cTeneHH BEPIIHH.

O0a anropuT™Ma UMEIOT BEPXHIOIO OLIEHKY BpeMeHH paloThl 2N - 2, rae N YUCiIOo BEPUIMH JiepeBa.
OnHako, ecnu 1A anropurMa 4 TpaHcopMaliy B JHHEHHOE AEPEBO 3Ta OLEHKA JOCTHKHMA, TO
IUIs anroputMa B TpaHc(opMaIMi B XOpoLIee JepeBO 3TO HE TaK. ITO OOBACHAETCS TEM, YTO IS
alropuT™Ma A4 OLEHKa [OCTUraeTcs Ha JIMHEHHOM JepeBe, a XOpollee IEpeBO alroputM A
TpaHc(hOpMHPYET B JHMHEIHOE 3a MeHbIee BpeMs. COOTBETCTBEHHO, U «OOpaTHBI» aNroputM B
TpaHc(hOpMHUPYET JHHEIHOe JepeBO B XOpollee MEeHbIIe YyeM 3a 2N - 2 TakToB. [loaToMy BepxHsisa
OLICHKA [UIS aJITOPUTMa B HyXKIaeTcs B YTOYHEHUH (B CTOPOHY YMEHBILECHUS).

Jns MuHMMH3anuM WHAEKca BuHepa panpHEWIINME HCCIENOBaHHMS MOTYT OBITh CBSI3aHBI C
pacmpeHneM kimacca TpadoB, Korzma JIONMYCKAlOTCAd LUKJIBL  [IpemmoeHHBIH  1momxon
caMoTpaHcopmali TpadoB, OCHOBAHHBIM Ha aTOMapHOH TpaHC(OpMAalMH, MOXET OBITH
UCTIONB30BAaH HE TOJNBKO IS MaKCHMU3AlMM WIM MHUHMMH3alMU WHAEKca BuHepa, HO W A
JOCTID)KEHHS APYTUX LENeH, Korja HCIOIb3YIOTCS OPYTHe KPUTEPUH «ONTUMAIBHOCTH» rpada.
Kpome Toro, MOryr MCHonb30BaThCsl aTOMapHbIe TPAHC(OPMAIMN APYTHX THIIOB, MO3BOJIONINE
yAaIATh W J00aBIATh BepIIMHBL. HakKOHEN, MOMONHHUTENbHBIE NPOOIEMBI BO3HHKAIOT IS
OPHEHTHPOBAHHBIX M CMEIIAHHBIX TI'paoB, B KOTOPHIX COOOIIEHUS MOXHO I€pechUIaTh IO
OPHEHTHPOBAHHBIM pedpaM TOJIBKO B HAIIPABICHUH NX OPHEHTAIHH.
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AnHotamms. ['padoBas MozeNb JaHHBIX AKTUBHO HCIIONB3YeTCSl B HAYYHBIX M HPHKIAJHBIX 00J1acTsX,
HarpuMep, B rpa)oBbIX 0a3ax AaHHbBIX, OnoMH(OpPMaTHKe, IPU aHAIN3€E COLMANIBHBIX CETeH U B CTATHYECKOM
aHanu3e koma. ONHOM W3 OCHOBHBIX 3aJad, CBA3AHHBIX C IpadOBBIMU MOJEIAMHM, SBIACTCS IIOUCK
crienuduuHbIX myred B rpade. EcrecTBeHHBIM crmocoOOM 3aaTh OrpaHMYEHHS Ha IIYTH SIBIISIOTCS
(bopManbHbIe 'PaMMaTUKK HaJl MeTKaMu pEdep rpada, Ipu 3ToM 3amnpoc K rpady MOXeT OBITH TIPE/ICTaBIIeH B
BHJIE MHOXECTBa BCeX TpoeKk (A, Vy,V,), WIS KOTOPBIX CYIIECTBYET MyTh B rpade OT BEPLIMHBI Uy 110
BEPILUMHbI UV, TaKOH, YTO METKH Ha pedpax 3TOro Iyt oOpa3yroT CTPOKY, BHIBOJMMYIO U3 HeTepMHuHaita A B
JIaHHOM rpammaruke. lcromb3oBaHue OyieBbIX TIpaMMaTHK —MoO3BoJIsieT  (opMymupoBaTh —Oornee
BBIPA3UTEIbHbIEC 3aMPOCHl [0 CPABHEHUIO C TPAJMLHOHHO HCIOIb3YEMbIMH PEryISpHBIMH U KOHTEKCTHO-
cBOOOHBIMU I'paMMaTHKaMH. M3BeCTHO, 4TO 3a/a4ya BBINOJHEHMS 3alpocoB K rpady ¢ HCIONB30BAHHEM
OyneBbIX IpaMMAaTHK SBIACTCA Hepa3pelnMoil. B naHHON pabore mpennokeH NpUOMMKEHHBIH aaropuTM
IIOMCKA IYTeH B OPUEHTHPOBAHHBIX Ipadax 0e3 LHUKIOB C OrPAaHHYEHUSMH, 3a/IJAHHBIMH C IIOMOLIBIO OYJIEBBIX
rpaMMmaruk. biaronapsi orpaHM4eHHIO HA THII aHATM3UPYEMbIX IPadoB, MPEUIOKEHHBIH AJITOPUTM SABILSETCS
OoJiee aCUMIITOTHYECKH ONTHMAJIbHBIM, YeM HaUBHBIN UTEPALOHHBIN aJIFOPUTM.
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Abstract. Graph data models are widely used in different areas of computer science such as bioinformatics,
graph databases, social networks and static code analysis. One of the problems in graph data analysis is querying
for specific paths. Such queries are usually performed by means of a formal grammar that describes the allowed
edge-labeling of the paths. Path query is said to be calculated using relational query semantics if it is evaluated
to triple (4, v4,v,), such that there is a path from v, to v, such that the labels on the edges of this path form
a string derivable from the nonterminal A. As the regular and context-free languages have limited expressive
power, we focus on a more expressive languages, namely the Boolean languages that use Boolean grammars
to describe the labeling of paths. Although path querying using relational query semantics and Boolean
grammars is known to be undecidable, in this work we propose a path querying algorithm on acyclic graphs
which uses relational query semantics and Boolean grammars and approximates the exact solution. To achieve
better performance in compare with the naive algorithm, considered classes of graphs were limited to acyclic
graphs.

Keywords: path querying; Boolean grammars; matrix operations; acyclic graph; DAG; boolean matrix; matrix
multiplication.

For citation: Shemetova E.N., Grigorev S.V. Path querying on acyclic graphs using Boolean grammars. Trudy
ISP RAN/Proc. ISP RAS, vol. 31, issue 4, 2019. pp. 211-226 (in Russian). DOI: 10.15514/ISPRAS-2019-31(4)-
14

Baaroxapuoctu. This work was supported by a grant from the Russian Science Foundation 18-11-00100 and
also by JetBrains Research. The authors are grateful to Dmitry Vladimirovich Koznov for the assistance in
writing this article.

1. BeedeHue

I'padoBast MOeNb JaHHBIX [IMPOKO HUCIIOIB3YETCS B Pa3iMYHbIX 00NACTsIX, HAPUMeEp, B rpadOBBIX
6a3ax maHHbIX [1, 2], GronHbOpMaTHKe [3], MOIETUPOBAHNY U aHAIM3E CONMATBHBIX cerei [4, 5],
B CTATHYECKOM aHaJIu3e IporpaMMHoro koaa [6, 7, 8], a Tarke B 3a1a4ax Ha OCHOBE CTaTHYECKOTO
aHamM3a B KOHTEKCTE MPOOJIEMbI MPOMBIIUICHHOTO PEHHKUHUPHHIA YCTAPEBIINX MPIIOKCHHUN
[30].

OnHo#t W3 BaKHBIX 3a/ad aHAM3a JAHHBIX, NIPEICTABICHHBIX B BHAE rpada, sBIseTcs 3amada
HOKCKa Crielu(UIHBIX IIyTe, HAMPUMeEp, C MOMOLIBI0 (JOPMATbHBIX SI3BIKOB: eciu pébpa rpada
COZepIKAT METKH, TO IyTh 3a4aéT CIIOBO, KOTOPOE MOMYYACTCsl KOHKATCHALMEeH METOK BIOJb HETO.
TakuM 00pa3oM, B KaUeCTBE KPUTESPHUsI TS IOUCKA MOJKHO HCIIONB30BATh (HaKT IMPUHAICIKHOCTH
MOIYYCHHOTO CJIOBa 3aJaHHOMY S3bIKy. B pe3ynprare BO3HHKACeT 3aqada IIOMCKAa MyTed ¢
OrpaHUYCHHUSMH, 33aHHBIMU B TEPMUHAX (POPMAITBHBIX SI3BIKOB.

MHorue coBpeMeHHbIE A3BIKH 3ampocoB K rpadam, Takue kak Cypher [9], Gremlin [10], SPARQL
[11], mpemocraBmsitoT cpencTBa 3adaHMsI OrPAaHUYCHHN B TEPMHHAX DPETY/ISPHBIX SI3BIKOB HITH
peryisipHbIX BeipaskeHuit. OIHAKO 3TOT0 HEAOCTATOYHO IS PEIICHHST MHOTHX 3134 CTATHIECKOTO
aHanmm3a KOIa, HAIpUMep, Ui aHAIM3a HMePApPXUYCCKHX 3aBHCHMOCTEH M IOWCKA IMOAOOHBIX
3JIEMEHTOB.

B pe3ynbTate Bo3HHKaET HEOOX ONMMOCTB UCIIONB30BATh 00JIee BBIPA3UTENbHBIC KIIACCHI I3BIKOB IS
3a/IaHUsI OTPAHUYEHHUI — KOHTEKCTHO-CBOOO/IHBIE, KOHBIOHKTUBHBIE [12], Gymessr [13].
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Bormpoc ucronp30BaHusl KOHTEKCTHO-CBOOOAHBIX TPaMMAaTHK B Ka4eCTBE OTPaHMYECHUI aKTHBHO
uccrenyercs B Hacrosiee Bpems [ 14, 15, 16]. [Ipu ucnonp30BaHuM Oosiee BHIPA3UTENBHBIX S3BIKOB
BO3HHKAET BOIPOC O Pa3peLIMMOCTH 3a/1a4M BHITTOJIHEHHMS 3arpocoB K rpady. [TokazaHo, uro 3amada
MOMCKAa TIIyT€ B TIPOM3BOJBGHBIX OPHUEHTUPOBAHHBIX Trpadax C OrpaHHYCHUSIMH B BHIC
KOHBIOHKTUBHBIX M OYyJIEBBHIX S3BIKOB Hepaspemmma [15], omHako JUisi KOHBIOHKTHBHBIX SI3BIKOB
TIPE/ITIOKEH AITOPUTM, CTPOSIIUIA TPHOTMKeHHe oTBeTa cBepXy [20], uTo AenaeT ero npuMeHNMBIM
JUTSL TPUOMDKEHHOTO PElIeH s IPUKIIaAHbIX 3a1a4. [Ipr 5TOM, Ipe/yIoKEeHHBIH allrOpUTM SIBIISIETCS
HaWBHBIM UTEPATHUBHBIM AJITOPUTMOM. BO3MOXXHOCTH TIOCTPOEHHUSI alTOPUTMA, CTPOSIIETO
NpUOIMKEHHOE pelIeHue IS 3a1a41 TIONCKa ITyTeld C OrpaHUYEHHUSIMU B BUJIE OYJIEBBIX SI3BIKOB, HE
HCCIIeI0BaHA.

Tarxke oTMETHM, YTO TpEICTaBIICHHBIE BBIIIE ANTOPUTMBI pabOTalOT ¢ rpadamu MPOU3BOILHOM
CTPYKTYpbL. [lJisi HEKOTOpPBIX HAy4YHBIX OOJacTell OJHMMHU M3 HamOoJee 4acTo aHAIN3UPYEMbIX
TUIIOB Tpa)oB SIBJIAIOTCS alMKIIMUecKHe rpadpl U AepeBbs. Hampumep, B craTuueckoM aHanm3e
Ko/a 3T0 abcTpakTHOe cuHTakcuueckoe aepeBo (AST), mepeBo Bb3oBOB ¢ koHTekcTamu (CCT,
calling context tree) [29] u npyrue, coumanbHbIe HEPapXHU B aHAJIHM3€ CONHATBHBIX CeTeit
MpeCcTaBleHbl B BU/E anukandeckoro rpada [28]. Eciau ucxonublit rpad) sBiseTcs alluKIHYeCKUM,
TO MOXHO BOCIIONB30BAThCS HM3BECTHBIMU CBOWCTBAMHM  alMKINYECKHX rpad)oB, YTOOBI
NPENOCTaBUTh Oojiee MPOU3BOAMTENBHBIN aIrOpuTM Ui peIleHWs 3a/auyd TOoHCKa MyTeH C
OrpaHUYEHUSIMU JUTsl IAHHOW CTPYKTYphI rpada. [IpuMep mogodHoro noaxoaa paccMOTpeH B paboTe
[8].

Hecmotpst Ha TO, 4TO 3aj1aya SIBISETCA HEPA3pEIIMMON Ul IIPOU3BOJIBHBIX OPUEHTHPOBAHHBIX
rpaoB, [T OPUEHTUPOBAHHBIX TpadoB Oe3 1MKI0B OHa paspenmma [15]. OxHako mis MoTydeHUS
TOYHOTO PEIIeHUS] HEOOXOAMMO PAacCMOTPETh BCE NMYTH B TakoM Tpade, 4ucio KOTOphIX, Kak
H3BECTHO, PKCIOHEHIMAIBGHO 3aBUCHUT OT YHCIa BEpIIUH B rpade. OIHUM U3 CIOCOOOB MOTYYESHHS
ACUMIITOTHYECKU OoJsiee OBICTPOrO aaropuTMa SBJISAETCS MOCTPOECHHE aJIrOpUTMa, HAXOAAIIETO
NpUOIIKEHHOE peleHre 3aa4d CBepXy. Takoll anropuTM IO3BOJHUT 3HAYUTENHHO YMEHBILIHUTh
MHO)XECTBO BO3MOXKHBIX pelleHuid. Toraa, 3alyCTUB Ha IIOJIyYEHHOM MHOYKECTBE HAWBHBIN
JITOPUTM, MOYKHO HalTH TOYHOE pEIIECHHE 3a1a41 33 MEHbIIIEE BPEMsL.

B nanHoli paboTe mpemioKeH MPHOMMKEHHBIH ANrOPUTM TIOMCKA IMyTe B OPUEHTHPOBAHHBIX
rpagax 0e3 mukioB (Direct Acyclic Graph, DAG) ¢ orpann4eHussMu B BiJie OyJIeBbIX TPAMMATHUK.
ITpu 5TOM anrOpUTM peann3yeT TakK Ha3bBACMYIO PEIIIMOHHYIO ceMaHThKy [14]: pe3ysibratom
paboTEl anropuTMa SBISETCS OTHOLIGHWE Ha BepIIMHAX Ipada M HETepMHHAJaX. DIIEMEHT
OTHoOIIeHHs1 — Tpoika (4, V;,V,) 03HaYaer, 4To B 33JIaHHOM rpade CyIIeCTBYET MYTh U3 BEPIIUHBI
V; B BEepIIMHY V,, TaKOW, 4TO COOTBETCTBYIOIEE €My CIOBO BBIBOAMMO W3 HeTepMuHana A B
3aJaHHON Tpammaruke. JlokazaHO, YTO JAHHBIH alTOPUTM CTPOMT NPHUONMKEHHE CBEpXY.
bnaromapst orpaHMYeHHMIO Ha THI aHAJIM3UPYEMBIX TIpadoB yoauoch IOCTPOUTH Oonee
ACHMIITOTUYECKH ONTHMAJbHBIA, YeM HAMBHBIM UTEPALIMOHHBIN, aJTOPUTM, HCIONb3YIOIUN UIEH
Banuanra [21] u Oxoruna [22].

PaGora opranm3oBaHa ciexyroummM oopazoM. B pa3n. 2 maHel OCHOBHEIE ONpENEICHNS, CBsI3aHHBIE
¢ 3ajaveil MoMcKa MyTell ¢ OrpaHUuYeHUSIMH B TEPMHUHAX OYIeBbIX Tpammatuk. B pazm. 3
MIPOAaHATM3UPOBAHBI CYIIECTBYIOIIHE PEIICHNUS JaHHOH 3aqaun. B pasn. 4 nmpencraBieHa agantanus
anroputMa OxoruHa [22], Haxojsiias anmpOKCHMAIMIO PELICHHs 3a1a4d IMOHWCKa MyTed C
OTPaHWYEHUSIMU B TEPMHHAX OYJIEBBIX IPAMMATHK C HCIOIB30BAHHEM PEISIIMOHHOW CEMAaHTHKH
3armpocoB Ui alMKIMYeckux rpagoB. Jloka3aHa Takke KOPPEKTHOCTh NMPHMEHEHUsS! JAHHOTO
ITOpPUTMA ISl TIOCTaBJIEHHOW 3amaud. B pasn. 5 pabora mpemIokeHHOro anropuTMa
MIPOJEMOHCTPUPOBAaHA Ha MpHMEpe. 3aKIOYeHWE M HalpaBJeHUs OYyAyIIMX WCCIEI0BAHUH
TIPUBEJICHBI B pa3l. 6.
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2. OcHogHbIe onpedesieHus!

2.1 TepmuHonorus

Jnist Havana onpesesiM 3a1ady MoMcKa IyTei ¢ OrpaHIYeHNsIMH B TEPMUHAX OYyJIEBBIX TPaMMaTHK
C UCIIOJIb30BaHUEM PEISIIUOHHON CEMAHTUKU 3aIPOCOB.
Paccmorpum opueHtupoBanHbli anmkimmaeckuii rpag D = (V, E) u popmanbHyto rpaMMaTuky G.
[TycTp y kaxxmoro pedpa rpada ectb MeTKa, MHOXKECTBO BCeX METOK 0003HauuM . Toraa KaxbIit
myTh B D Oyner o0o3HavaTh ci1oBO Haj ajiaBUTOM U3 X, IOy4eHHOE KOHKaTeHalMeil MeTok pEdep,
BKJIIOUEHHBIX B 3TOT IyTh. Ha puc. 1 n3o0paskeH moMedeHHbIH aliKINYecKuil OpUEeHTHUPOBAHHBIH
rpadp ¢ X = {a,b,c}.
Hns rpada D u dopmanbHoit rpammatukd G = (X, N, P), ana moboro A € N o0003HaYNM
otHomieHus R, € V XV crnenyromum oopa3om:

R, ={(n,m) | I nmm (I(r) € L(G,))},
TJIe NTTM — 3TO MyTh U3 BEPIIUHBI N B M, [(7T) — ClI0BO, MOy4eHHOE KOHKaTeHaIlel MeTok péoep,
NIpUHAIeKAIUX yTH 7T, a L(G4) 0003HavYaeT s3bIK, TOPOXKICHHBII TpaMMaTHKON G CO CTapTOBBIM
HeTepMHHAJTIOM A.

Puc. 1. [Ipumep nomeuennoco opuenmupoganno2o ayukiuyeckoeo epaga ¢ X = {a, b, c}
Fig. 1. Example of directed labelled acyclic graph with 2 = {a, b, c}

Takum obOpa3zom, 3aja4ya moucka nyredl B rpade D ¢ orpaHHMYCHUSMH B TEPMHUHAX (OPMaIIbHOM
rpaMMaTiKy G U C MCIOIb30BaHUEM PEISLMOHHON CEMaHTUKH 3aIIPOCOB CBOAUTCS K HAXOXKICHUIO
Bcex Tpoek (4, n, m), Takux, 4To CYLIECTBYET IyTh NTM, a CTpoka L (7) BRIBOAMMA U3 HETEPMHHAIIA
A B rpammaruke (7, ¥ 3TO O3HAYaeT BHIYUCIICHNE BCEX OTHOIICHUH R, ais moboro A € N.
B kauectBe (hopmanmpHON TrpaMMaTHKH G MbI OyaeM HCIONB30BaTh OyiaeBbl rpammartukn [13].
ByneBa rpammarmka sBisieTcs KiaccoM (OpPMaNBHBIX TIpaMMATHK, PACIIMPSIOMINM KIace
KOHTEKCTHO-CBOOOIHBIX TPAMMATHK C IIOMOIIBIO JIOTMYECKUX ONepaluid KOHBIOHKIMH U
OTpPHULIAHHSI.
ByneBa rpammarnka G popMmanbHO Onpenensercs ciaeayomum oopazom: G = (X,N,P), rne X —
TepMHHAJIBHBIHA adaBut, N — HeTepMHUHAIBHBIN an(aBUT (MHO)KECTBO HETCPMUHAIBHBIX CHMBOJIOB
{A1,A,, ... ,A,}), P — MHOXeCTBO TIPaBHII TPAMMATHKH.
Torxa npaBuia OyieBoi rpaMMaTHKH MOYKHO PEICTABUTH CJISIYIOIIMM 00pa3oM:

A- & a,&... &0, &6, & —5,& ... &6, ,
rae A —oT1o HetepMuHa, m + n = 1, ay,ay, .. &, By, Boy B € (2 UN )™,
OtMmeTHM, 4TO B TAHHOM OINpPEAEICHUN HE BBIIEICH CTAPTOBBI HETEPMHHAN, TaK KaK €ro MOXKHO
OyJeT OMpeAeNUTh BO BpeMsl MOMCKA IyTeH ¢ OrpaHUICHUSMH.
Ha puc. 2 nokasana Oynesa rpammatuka s s3eika L(Gs) = {a®bc | k # 1}. B mannom ciyuae
KkoHblOHKT DC mnopoxmaer ssbik L(Gpc) = {a¥bic/ |i=j =1,k =0}, a xonbionktr AB
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nopoxnaer a3bik L(Gyp) = {a¥bic/ | k=i=1, j = 0}. Torna L(Gs) = L(Gpc) N L(Gup) =
{a*bic/ |i=j=1uk #i #1} = {a’bc|k # 1}.

— DC&-AB
-a

S
A
B —»b
C
D

Puc. 2. I[lpumep Oynesoti epammamuru
Fig. 2. Example of Boolean grammar

Bynesa rpammatuka G = (X, N, P) HaXomuTcs B 0B0UYHOU HOPMAIbHOU (Popme, €CIH KaKIOe
MpaBuJIO B P UMEET CenyroIuii BUI;

e A-B(&..&B,,C,& -D,E,&...&DE, (m > 1,n = 0), win

e A-a (a€?l).

Hanpumep, rpaMmaTHKa Ha puc. 2 HAXOAUTCS B IBOMYHON HOPMAJIbHOM (hopMme.

JIrobas OyseBa rpaMMaTHKa MOXKET OBITh MEpEBe/ieHa B SKBUBAJICHTHYIO i OyJeBy IpaMMaTuKy B
JBouvHON HOpMansHOU (opme [13]. Jlanmee Oymem cumTtath, YTO BCE pacCcMaTpHBaeMbie OYIICBBI
rpaMMAaTHKA HAXOIATCS B JBOMYHOW HOPMaJIbHOM (hopme.

2.2 Anroputm OxoTuHa

B manHoi#t paboTe mpeaioxkeHo pacimpenune anroputMa OxotuHa [22], SBISIOIErocs alropuTMOM
CHHTAaKCHYECKOTr0 aHanu3a Juii OyleBbIX rpaMMmaTuk. AnroputM OXOTHHA CTPOMT AJIsL BXOZHOH
CTpOKU a,Q, ... A, U OyneBoil rpamMmaruku G = (X,N,P) B JIBOMYHON HOpMaibHOH (opme
TalJIMIly CUHTaKCHYECKOro anammsa T, rae aneMent T; ; — 5To Habop HETEPMHMHAIIOB, BBIBOJIAIIMI
HOACTPOKY @41 ... @j BXOAHOM cTpoku, a 0 <i <j <n. Bxommas crtpoka a,4a; .. a,
NpUHAUIEKHUT A3bIKy L(Gs) Torma m Toneko Toraa, xorga S € Ty ,. Ilocrpoenue tabmuusl T B
JaHHOM aJITOPUTME CBEIEHO K YMHOXKEHHIO OYyJIEBBIX MATpHIl Pa3IMYHBIX pa3MepoB. IlomMumo
Tabmuupl T, aJTOPUTM HCIOIB3YET AOMONTHUTENBHYIO CTPYKTYPY AAHHBIX — TaOIHIy M, KaXIblii
e€ snieMeHT M, ; IPUHA/IEKUT MHOXKECTBY map HerepMuHanoB N X N, Takux, 4To:

M;; ={(B,C) | @1, ...,a; € L;(B),Ls(C)} nnsiBcex B,C ENu0 < i < j < n.

Ucnonp3ys 3auenns M; ;, MOXHO MOJTy4UTh HAOOP HETEPMHHAJIOB, TIOPOK/IAIOIIMX CTPOKY:

Ty = f(My),
rae f: 2V*N — 2N onpepenena cieayromuM 06pa3oM:
F(M) ={A |34 > B,C,&...& B,,C;& ~D,E;&...& =D, /E, 1 € P: (B,,C,) € Mu (D, E,) &
M pna Vvt.

3. PoGcmeeHHble pabombi

Haunboree nmonynspHBIMU 3alpocaMy K rpadam sBISIOTCS 3aIPOCHI, HCIIONB3YIOIINE PEryIApHbIS
rpamMmatuku [2, 26, 27]. Bornpoc uCmonb30BaHus KOHTEKCTHO-CBOOOIHBIX TPAMMATHK B KAYECTBE
OrpaHUYEHUIA TS TIONCKA ITyTel aKTUBHO MCCIeayeTcs B Hacrosiiee Bpems [14, 16]. Tpemioxkenst
3¢ }eKTUBHBIE aJITOPUTMBI BBHIMONHEHHUS COOTBETCTBYIOIINX 3ampocoB kK rpadam [17, 18, 19].
AIITOPUTM BBIIIOJIHEHHS 3allpOCOB C OTPaHMYCHHSAMH B TEPMHHAX KOHTEKCTHO-CBOOOIHBIX
rPaMMAaTHK, OCHOBAHHBIN Ha CHHTAKCHYECKOM aHAIIN3e «CBepXy BHI3Y [32], mpencraBieH B pabore
[31]. B pabote [15] u3ydeHbt BOpOCH pa3peIMMOCTH 3a/1a4d BBITIOIHEHHS 3aIIpOCOB K rpadam st
KOHBIOHKTUBHBIX U OYJEBBIX IpaMMaTHK. sl KOHBIOHKTHBHBIX SI3BIKOB IMPEIUIOKEH alTOPUTM,
cTposimii mpubmmkenne orsera ceepxy [20], 4To aemaer ero MpUMEHUMBIM ISl TIPHOMKEHHOT O
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pellieHUsT TMPHUKIAAHBIX 3amad. B pabore [7] ommcan anroputM, paboTarommili ¢ JHHEHHBIMH
KOHBIOHKTUBHBIMH I'PaMMaTHKaMH, KOTOpbIE UMEIOT He 0oJiee 0JHOr0 HETEPMHUHAIBHOTO CHMBOJIA
B KaJKJIOM KOHBIOHKTE IIPaBUIIA.

HecMmorpst Ha TO, 9TO OyIIEeBBI IPaMMATHKH SIBIISTIOTCS. HANOOJIEE BHIPA3UTEIBHBIME 110 CPABHEHHIO C
BBILICYIOMSHYTBIMH TpaMMmaTikamu [13], BO3MOXHOCTb TOCTPOCHHUS aNrOPUTMA, CTPOSIIETO
pUOIMKEHHOE pelIeHue IS 3aa4y TIONCKa ITyTel C OrpaHWYEHHUSIMH B BUJIE OYJIEBBIX SI3BIKOB, HE
HCCIIE0BaHA.

4. Anzopumm

B paGore [22] mpemnoXeH alropuT™M CHHTAKCHYECKOTO aHajiu3a JUIs OYJICBBIX TpaMMATHK,
OCHOBaHHBII Ha MaTPUYHBIX orepanusax. B tanHOM paznene OyaeT npeiokeHo paciupeHne 3TOro
ITOPUTMA ISl HAXOXJICHUSI PUONMKEHHOTO PEIeHHs 3a/laui TOMCKa MyTeH B alMKIMYeCKUX
rpadax ¢ OrpaHMYEHHSMH B TEPMHHAX OYJIEBBIX I'PAMMAaTHUK M WCIIOJIB30BAHUEM DPENSALHOHHOM
CEeMaHTHKH, a TaKKe IMO0Ka3aHa ero KOPPEeKTHOCTb.

MartpudHble aJTrOpUTMBl CHHTAKCHUECKOTO aHaji3a II03BOJISIIOT JIOCTHUYL Oojiee BBICOKOM
MPOU3BOIUTENILHOCTH 3a CUET UCTIONB30BaHUS 2P HEKTUBHBIX METOIOB MEPEMHOKEHHUsI MaTpHuil [21,
22]. Takxe 3a CYET WCMONB30BAHUSA MATPHI[ BO3MOXHO OOJiee KOMITAKTHOE XpaHEHHE JaHHBIX.
Hanpumep, B ciydae eciiv BXOJHOM alMKIINYECKHA Tpad sSBIIseTCs 1epeBOM, MEX Ty JII000i mapoi
BepInH rpaga OyaeT CyIecTBOBaTh BCEro OJMH MyTh. ECIH ke alMKiindeckuii rpad He sBiseTcs
JIepeBOM, TO MEX/y OIHOM Mapoil BepIIUH MOXET ObITh B XyauieM ciaydae 0(2™) myreif, nosTomy
XpaHUTh M 00padaThiBaTh NaHHBIE JUIS KaXJIOro IMyTH OTHENbHO HedpdekTnBHO. Tak Kak
uH(OpPMALUS 0 BCEX MyTSX U3 BEPIIUHBI { B BEPIIUHY j XPAaHHUTCS B OHOW sUEiKe, TO C OMOIIBIO
KOHBIOHKIIUM MOT'YT OBITh 00OBEIMHEHBI HETEPMUHAIIBI, COOTBETCTBYIOIINE PA3HBIM IIYTSAM M3 i B J,
HO IpH 3TOM OyAyT OOBEIMHEHBI TaKKe HETEPMHHAJBI, COOTBETCTBYIOIIME OAHOMY M TOMY K€
IyTH, 4TO U TpeOyercst AId peuieHus 3afadd. B urore pesyaprar paboThl anropurma OymeT
cozepKaTh NPHOJIIDKEHHE OTBETa CBEPXY.

4.1 OnucaHuwe anropuTma

PaccmaTpuBaeMblil alropuT™M peIaeT 3a1ady Ha CIIEAYIOLIIUX BXOIHBIX JaHHBIX

®  [IOMEYEHHOM OpHEHTHUpOBaHHOM anukindeckoM rpade D = (V,E) ¢ n BepmmHamu, 6e3
NOTepU OOIIHOCTH MPEIIOI0KHM, YTO N SBJISETCS CTETIEHBIO IBOHKH U

e G = (X2,N,P)— GyneBoii rpaMMaTHKe B JBOMYHOIN HOpMaNbHO# (opme.

PesynbraTomM pabotel anroputma sBiseTcs Matpuna T, Kaxabid €€ onemeHt T;; COMEPKUT

MHOXXECTBO HeTepMuHanoB {A;,A,,..,A,}, rtoe A, € N,sBusiomeecss HAJIMHOXECTBOM

MHOKECTBA HETEPMHHATIOB, TakuX, 4To (i, /) € Ry, .

AJNTOPUTM HUCIIONB3YET CIEAYIOUINE CTPYKTYPHI JaHHBIX.

e Tadomunma T pazMepoMm n X n, MPeACTABIIONAs cOO0OH BEPXHETPEYrONbHYIO MATPHILy, TIC
KaXKIBIH OJIEMENT T ; ABIIAETCA MHOXKECTBOM HETEPMUHAIIOB.
ycts X € V)™ u Y € (2V)*™® — wmarpumpl, a7eMeHTaMH KOTOPOil SBJISAIOTCS
noamuoxectBa N, am,[,n = 1. Torna npouszeéedenuem mampuy X X Y Oyaer marpuna Z €

(2N)m*™ | rakasi, 4TO KaIblil €€ 3MEMEHT Z; ; BRIYMCIACTCS 110 ClIeyiomeii hopme:
!

Zij = UXi‘k X Yy
k=1
JIaHHOE TIPOM3BEIEHHE MOYKHO MPEICTABUTH B BUJIE NponsBeieHns | N |2 GyneBbix Matpuit: mst
BCeX TMap HeTepMuHanoB B,C € N paccmorpum Gyney matputy Z ¢, snement ZFf koropoit
o3HayaeT Hamuuue napsl (B, C) B sueiike MaTpHIbI Z; ;- [lpu atom Z BC MoskHO TONMyunT Kak
npousBenenue OysneBbix Matpun ZZ wm ZC. Bnaromaps TakoMy NEpeXoiy CTaHOBHTCS
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BO3MOXHBIM CBCCTH PCHICHUC 3aJla4U K BBIMUCJICHUIO ITPOU3BECIACHUS GYHGBLIX MaTpun, I

OCYIIECTBIICHHSI KOTOPOT'O CYIIECTBYIOT BecbMa 3(peKkTHBHBIE anropuTmsl [23, 24].

° Tabauua M, kaxnaelid snement M; j KOTOPOW MPUHAJIEKUT MHOXKECTBY Map HETEPMUHAIIOB

N X N.

/* D — BXOIOHOW IIOMEYEHHBI OPUEHTUPOBAHHEIM
AUUKINYIEeCKUM Tpad

/* G — BxOOHasa OyJeBa I'paMMaTHKa B OBOMYHOM
HOpMaJIbHOM dopMe

1: Main:

2: n ¢— 4YucCJiO BepumH B D

3: E «— {(i, j, a) | pebpo m3 BepumHu 1 B J,
IOMEYEHHOE CMMBOJIOM & BXOIUT BO MHOXECTBO pPEOep
D}

4: N ¢— MHOXEeCTBO HEeTEpPMMHAJIOB IpaMMaTuirmu G

S5 P «— MHOXeCTBO NpaBuj TpaMMaTUKU G

6: T « nycTad MarTpula pasMepoM n x n

T M ¢« nycrasd MaTpuia pasMepoM n X n

8: D «— TopologicalSorting (D)

9: for each (i, j, a) € E

10: T;j«— {A|A—>aeP}

11: compute(0, n + 1)

12: compute (1, m):

13: if m - 1 2 4 then

14: compute(LE;%

15: compute(kgf, m)

16: complete(LE¥;E¥€nﬂ

17: complete(l, m, 17, m’)

18: if m—l=1land m < 1’ then

19: Tl,ll (_f(Ml,l’)
20: else if m-1 > 1 then
Ty Ty
22: B’ «— (ll +mr b+ms m/)
Ty T,
23: C o g p
2 ) ) ) 2
24: D — (LB
) 2 ) ) 2
25: D/ — @iﬂ nl“+m'nﬂ
2 M
26: B o (L m b
) 2 ) 2 )
27 complete (C)
28: Mp «— Mp U (T X T¢)
29: complete (D)
30: MDI — MD/ U (TC X TB/)
31: complete (D)
32: Mg — Mg U (Tg X Tp,)
33: Mg «— Mg U (Tp X Tg,)
34: complete (E)

Jucmune. 1. Aneopumm noucka nymeii 8 ayukiuueckux epagax ¢ 02paHuieHUsMu 8 mepmuHax 0yneaoix

epammamux
Listing. 1. Path querying on acyclic graphs using Boolean grammars
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Wcnonp3ys 3Hadenus M;; W mpaBWia TPaMMATHKH, W3 MHOKECTBA IIap HETEPMMHAJIOB MOXHO
HOJIYYUTh MHOKECTBO HETEPMUHAJIOB!
Tyj= f(Mi.j)7

rae f: 2NN — 2N qng GyneBBIX rpaMMAaTHK OIpPENeNsIeTcs KaK

FM) = U2YA13 4 > ByC,& ...& By Crp& ~DyEy & ... & Dy Ey € P2 (B, C) € M u (D, E,) €& M¥ pns vt,
rae M¥ saBnsgerca mogMHOMXeCTBOM MHOXeCTBa M.
IceBaokon MoauduuupoBanHoro anropurMa OXoTHHa IPUBENEH B JTUCTHHTE 1.
DJeMeHTH MaTpulbl M pPacCYMTHIBAIOTCA TIPYINIAMHU C IIOMOMILIO BBILE ONPEIENCHHOrO
NPOM3BENCHHS OAMATPHI M3 Tabmuubl T, JAarOIMX aHAJIOTUYHBIA PE3YIbTAT C IOJJIEMEHTHBIM
yMHO)keHHeM. CxeMa pacroiokeHHs NOAMAaTPUII IPe/ICTaBIeHa Ha puc. 3 U 4.

0 i % m
i i i
I I I
1 1 I

A!

1

Puc. 3. Pacnonoorcernue noomampuy 01s pacuéma npoyedypoii COMpute sremenmos mabnuyvr M
Fig. 3. Submatrices for calculating elements of M by «compute» procedure

1 '+m'
0 0 IoHrom oS o
N o
IF | | | | | |
A B D £
Lom N1
2 A; C [ad
m e
I I I
1 1 1
I I I
I I I
| | |
i i i
1 1 1
L _________
A! BJ'
I'+m’
T3 [Tt TTTTTTTTTTTTTTTTTTTTTT i
I

Puc. 4. Pacnonooicenue noomampuy 015 pacuéma npoyedypoti complete snemenmos mabnuysr M
Fig. 4. Submatrices for calculating elements of M by «complete» procedure
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AJITOPUTM COCTOUT W3 IBYX CICAYIOIINX PEKYPCHUBHBIX MPOLICAYD.
e compute(l,m) — paccuntsiBaeT 3Hauenus T; ; g mobbix [ < @ < j < m.

e complete(l,m,l',m)—ompenenenagnsl < m <l!' < m'mpum — Il =m' — 'um —
[ 6e3 moTepu OGIIHOCTH ABIISIFOIIMMHECS CTETICHBIO JIBOMKH.
Yerplpe BXOIHBIX MapaMerpa MpoIeaypsl 0003HAYAIOT KOOPAMHATHI MOAMATPHUIEI MATpuilsl T,
coneprkaneii Bce onementsl Ty j, rel < i < j < mul <j < m'
KoopauHAThl HHTEPIPETHPYIOTCA CIEAYIOMUM 00pa3oM: [,m — 3TO HHAEKCHl HAYalbHON M
KOHEUHOM cTpoku B Tabmuie T, I', m' — uHIeKCh HaYaIbHOTO M KOHEYHOro cTos101a. KoopauHatst
0003HaYaI0T IIyTU B rpade, HOMEpP Hayaa KOTOPBIX HAXOAUTCS MEXIy [ 1 m, a KoHen — Mexay [’
um'.
Tax kak panee yxe Obimn Berancienpl Ty ; sl < i < j < mul' < i < j < m',atacke M,
wal < i < mul < j < m', ronpouenypa complete(l,m,l’,m") nonyuaer snauenus T; ; 1uist
I<i<mul <j<m.
OCHOBHBIE CTPYKTYPBI JJaHHBIX, C KOTOPBIME Pab0OTaeT alrOPUTM, SIBIISFOTCSA BEPXHETPEYTOIBHBIME
MaTpHUIaMH, TIO3TOMY Ha BepiIrHax rpada D 1omkeH ObITh 33/1aH JIMHEHHBIN TIOPS/IOK, JIF000e ero
peOpo BeET OT BEPIIMHBI C MEHBIIMM HOMEPOM K BEPILHHE ¢ 00abIIM HOMepoM. Eciu D siBisiercst
AIMKIINYECKUM TpadoM, TO JAHHOTO CBOWCTBa JIETKO JOOWTHCS C TIOMOIIBIO TOMOIOTUYECKO
coprupoBku rpada. Hanpumep, anropurm TapbsHa [25] m103BONSET  OCYLIECTBIISTH
TOIOJIOTNYECcKyI0 cOpTHpOBKY 3a Bpemsi O(V + E), rne V — uncno BepimH B rpade, a E — uucio
pébdep.

4.2 KOppeKTHOCTb anropuTMa U oLieHKa CII0XKHOCTH

Kaxk roBopuiocs Bblllie, pe3yabTaToM padoThl allropuT™Ma sBisierTcs MaTpuna T, B s;deiikax KOTOpoi
OyIeT cozep)kaThbCs HEKOTOPOE MHOXKECTBO HETepMHHAJIOB. [IokakeM, YTO 3TO MHOXKECTBO OyzeT
coziepKaTh PeIleHHe 3a1a4u.

Teopema 1. (Koppexmnocme ancopumma Onsi noucka nymei 6 ayukiudeckux pagax c
0SPAHUYEHUAMU 8 MEPMUHAX OYNIeBbIX SPAMMAMUK C UCTIONb308AHUEM PENAYUOHHOU CeMAHMUKU
3anpocog). TlycTh naHbl MOMEYEHHBIH OpUEHTHUpPOBaHHbIA anmkandeckuit rpap D = (V,E) u
OyneBa rpammaruka G = (X, N, P). Toraa asist itoObIX BEPIIUWH i, j 1 JUIs TF000Tr0 HeTepMuHaia A €
N, ecnu (i,j) € Ry, ToA € T ;.

Joxa3zarenabcTBo. PaccMoTpuM Takue BepIuuHsI i, j, uto (i,j) € R, U CyHIeCTBYeT iTj, TaKO, 4TO
I(m) € L(G,) (r.e. cymecTByeT aepeBo pa3dopa [uis cTpoku () u rpaMmatuki G ¢ KOpHEM B
HetepmuHAe A). JlokaxkeM yTBepKIeHUE TEOPEMbI HHAYKITUEH 10 BRICOTE JiepeBa pa3dopa CTpOKH
().

baza unoyxyuu. Ecim (i, ) — pebpo rpada (Bbicota aepeBa pa3bopa paBHa 1), TO alropurm
KOPPEKTEH, UCXO/Is U3 HHHIMaIn3aun Matpuisl T (ctpoku 9-10 mucrtunra 1).

Hnoyxyuonnsiii nepexoo. llpennonoxuM, 9To yTBEp>KIEHHE BEPHO IJIS BCEX JEpEBBEB pa3dopa
BBICOTOW h. JloKakeM, 4TO TeopeMa BepHa I JepeBbeB pazdopa BeicoToi h + 1. Paccmorpum
aepeBo paszbopa s [(m) BeicoToil h+ 1. Tak kak TpaMMaTHKa HaXOAUTCS B JBOMYHON
HOpMalnbHON (opMe, TO y JaHHOrO JepeBa OyayT MOJIEPEBbs, BBIBOAAIIME MOACTpOKH [(7T)
(Bo3MOXKHO, Tepecekatornuecs). 110 CBOWCTBY TOMOIOTMYECKONH COPTHPOBKH ISl BCEX MHICKCOB
k, m 5THX MOACTPOK (Hayaja ¥ KOHIA COOTBETCTBYIOIIHMX IyTEil) BBITONHACTCS HEPABEHCTBO [ <
k < m <. T, Beraucnsercs xak f(M; ;). M; j, ucXoas u3 MOCTPOCHHS aJrOPUTMA, MOXKET OBITh
MOJTyYEHO TpeMs criocobaMu, B 3aBUCUMOCTH OT ITOJIOKSHHUSI TOAMATPHIIBI, B KOTOPOH OHO 3aJ1aHO
(crpoxu 28, 30, 32-33 mucrunra 1). Ilycte M; j — stuelika matpuipl M. B mobom u3 cinydaes M,
Beruncisiercs kak M, U (Ty X Ty). Ilo onpenenennio npousBenenus Ty X Ty, IUIs KaXIOTO IYTH U3
i B j Oymyr momydeHsl BCE€ TNPOM3BEJCHHS HETEPMHMHAJIOB W3 KOHBIOHKTOB, BBIBOIINX BCE
noacTpoku [(7), Takue,4To MyTh i7j pa3OUT HA JABE YaCTW BEPIIMHOM k, Takoi, 4to i < k < j.
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Ilo MHAYKIMOHHOMY IPEATIONIOXKEHHIO, TO ecTh ecu (i, k) € Rg, 10 B € T;;, mecnu (k, j) € R, TO
C €Ty;. Torma mpoussenenrie matpunl Ty X Ty JacT BCe BO3MOXHBIC MApbl HETCPMUHATIOB
{(B,C)} € M, nna Bcex noacrpok. [locne npumenenus Gpynkuuu f (moa6opa COOTBETCTBYIOIIETO
npaBuia rpamMmatuku), T;; OyAeT comepiarh HETEPMUHAIBI, MONYYEHHBIE MOCIE NPUMEHEHHUS
npasui. Torja, MCXOns W3 MPaBUI TPAMMATHKH, MONyduM, uto ecnu (i,j) € Ry, 10 A€ T;;
(oOBbeaMHSIEM CYIIECTBYIOIIUE IMOJJIEPEBBs Ul TIOJCTPOK B OJHO NEPEBO). A 3TO 3HAYHT, UTO
yTBEpKJICHNE BEPHO I JiepeBa pazbopa BeIcoToi h + 1. O

Crnoarcnocms aneopumma BBIMUCISICTCS TakK XKe, Kak u i anroputMa OxotuHa [22], U cocTaBiser
O0(IG|BMM(n)logn), rae |G| — pasmep BxoaHOM OylneBOl rPaMMATUKU, 11 — YHCIIO BEPIIMH B
rpade D, BMM (n) — BpeMs yMHOXKeHUs OyJIEeBBIX MaTpPHIL pa3Mepa 1 X n.

5. Mpumep pabomsi anzopumma

B nmanHOM paznene MbI IPOIEMOHCTpUpPYEM paboTy MpeaIoKEHHOro ajJropurMa Ha HeOOoJNbIIOM
npuMepe.

B kauectBe BxoJHOro Trpada OyaeT UCHONb30BaH rpad), W300paKeHHBIH HA pHUC. 1, a B Ka4eCcTBE
BXO/IHOHM OyieBol TpaMMaTHKU — TpaMMaTHKa ¢ puc. 2.

B crpokax 9-10 nuctrHra 1 MPOMCXOIUT HHUNUANA3ANNSA Ta0uIe! T, 3aM0THCHUE POUCXOAUT Ha
ocHoBaHMM HMH(popManuu o péopax rpada. CocrosHue T mociie MHHUIMAIM3ALMKM [TOKA3aHO Ha
puc. 5.

0[1 [2 [3 4 [5 |6 7
0 Ayl o 0 o | o [ [
1 Ay (B} 0 | 0 [ [
2 (B,D}| 0 | o [ [
3 | o 0 [
4 {4} @ {C}
5 (B,D} | 0
6 {C}
7

Puc. 5. Tabruya T nocne unuyuanuzayuu
Fig. 5. The matrix T after initialization

[Nocne MHUNMANK3AIMY TIPOM30MIET PsiJl PEKYPCHBHBIX BBI30BOB IpOLIEAYp compute u complete.
JlepeBo peKypCHBHBIX BBI30BOB MOKa3aHO Ha puc. 6.

BezoBsl compute(0,2), compute(2,4), compute(4,6) u compute(6,8) u3-3a HeOONBIIOTO
pasmepa 3amaun OoymyT 00paboTaHb TPUBHAIBHO - BEI30BOM TpoTIeTyp
complete(0,1,1,2),complete(2,3,3,4),complete(4,5,5, 6) u complete(6,7,7,8)
cooTBeTcTBeHHO (cTpoka 16 smcrmara 1). Tak Kak IS KaXXIOTO M3 BBI3OBOB BBITIOIHACTCS
paBeHCTBO M = [’ I KOOPAMHAT MOAMATPHI, B COOTBETCTBYIOMNX SIEHKAX MATPULIBI OCTAHYTCS
TEKYIINE MHOXKECTBA HETEPMHUHAJIOB O€3 M3MEHEHH.
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‘ compute(0,8) ‘
|

1 1 1
. compute(0,4) | | compute(4,8) | | complete(0,4,48) |

—  compute(2,4) | = compute(4,6) |

—_compute(0,2) | = compute(6,8) |

—_complete(0,2,2,4) | L complete(4,6,6,8) |

Puc. 6. [lepeso pexypcushblx 6b130606 npoyedyp compute u complete
Fig. 6. Recursive call tree for «compute» and «completex

Ha puc. 7 TOKa3aHbI noaMaTpuibl T, JJI1  KOTOPBIX 6y}1yT MpONU3BOAUTHCA z[anLHeﬁmne
BBIYHUCJICHUA.

oj1 |2 |3 4 |5 |6 |7
{A} | complete(0,2,2,4) complete(0,4,4,8)

{B,D}

{A} | complete(4,6,6,8)

{C}

~N| OO W N RO

Puc.7. lloomampuyer T, ons komopwix 6yoem evizeana npoyedypa complete
Fig. 6. Submatrices of T which will be processed by «completey.

Paz6epem nonpobHee Be30B complete(0, 2, 2,4).

1.

2.

Chavyana OyayT ompelelieHbl KOOpAMHATHI moaMaTpuil Marpuisl T (ctpoku 21-26). B =
(0’ 1’ 1’ 2)’ B’ = (2) 3’ 3’ 4)’ C = (1) 2! 2! 3), D = (OJ 1! 2! 3)’ D, = (1’ 2‘ 3‘ 4)'
3arem npousoiizier Boi3oB complete(C) = complete(1, 2,2, 3). B pe3ynbrare, MHOXKECTBO B
sueiike Ty , ocTaHeTcst HemsMeHHbIM, Ty , = {A}.
Hanee Beruncnsem s4eiiky My, tabmuuel M (ctpoka 28 nucrunra 1). My, = Mp = Mp U
(Tg X Tp) = My, U(Tyq X Ty,) = {(4,A)}.
Boimonusiem complete(D) = complete(0,1,2,3). CornacHo crpoxkam 18-19 nucrunra 1,
To,=f (Mo,z) = (), TaK KaK BO BXOJIHOIM IpaMMAaTHKE OTCYTCTBYET MOIXOISIIECe TPABHIIO.
Mp, =My 5= Mp, U (T; X Tyr) =My3U (T, XT,3) = {B,D} U({A} x {B,D}) =
{(B), (D), (4,B),(A,D)}.
Boimonuasiem complete(D") = complete(1,2,3,4). ComacHo crpokam 18-19 nucruara 1,
T3 = f(My3) = {B,D}.
Berancisem saeiky M, ;3 (cTpoku 32-33).

Moz =Mg= MgU(Ty XTp) = Mos VU (Toy X Ty3) = {(4,B),(4,D)}

Moz =MgU(Ty X Tg) = My3 VU (Ty, X Ty3) = {(4,B),(A4,D)} U(® x {B,D})

= {(4,B),(4,D)}.

Brimonuasem complete(E) = complete(0,1,3,4).

Tos = f(Mo,3) ={D}.
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Boruncnienne complete(4,6,6,8) mpoucxoaur amanornuno. Cocrosaue Tabmuuel T 10Cie
okoHuaHus pabotel nporenyp complete(0,2,2,4) u complete(4, 6, 6,8) npuseneno Ha puc. 8.

ol1 [2 |3 4 |5 |6 7
0 4| o | Dy | @ | @ [9) )
1 Ay {BD}| @ | @ [9) ?
2 (B,D}| @ | O (0] @
3 {cy| o [0} )
4 fA} | {D} | {CS}
5 {B,D} | {B,S}
6 }
7

Puc. 8. Tabnuya T nocne oxonuanust pabomul complete(0,2,2,4) u complete(4,6,6,8)
Fig. 8. The matrix T after complete(0,2,2,4) u complete(4,6,6,8)

Teneps BcE TOTOBO Wist paboTsl nporenypsl complete(0,4,4,8). Pasouenne T Ha MOIMATPHULIBI
MOKa3aHO Ha PUCYHKE 9, CHHUM I[BETOM BBIJICIICHbI MATPUIlbl B (JIeBbIi BepXHHUIl yron) v MaTpuia
B' (npaBblit HIKHHI YTON).

0j1 |2 |3 4 |5 [6 |7
0 {4} D £
1
2 {B,D} ¢ v’
3
4 {4}
5 el
6 3
7

Puc. 9. Paszbuenue na noomampuywt maonuyst T ons eviuucienus complete(0,4,4,8)
Fig. 9. Partition of the matrix T for complete(0,4,4,8)

ITocie ompeseneHds KOOPAMHAT MOAMATPMI] OymeT Bei3BaHa mpouenypa complete(C) =
complete(2,4,4,6). Pacuér snementoB T, NPOM3BOAUTCS AHAJIOTMYHO DPaHEE OIUCAHHBIM
pacueTaM UL MaTpHIl 2 X 2, MO3TOMY Cpa3y MpHUBENEM pe3yabTat:

= (g o)

I[anee BBIYUCIIAEM DJIEMEHTHI OCTaBIINXC ITOAMAaTPHIIL.

1. Mp= Mpu(T XT) = ({2} {[;){Di)}> x ({1{3&? g) -
( (®,0)) N

{(4,B),(4,5),(B,C),(D,0)} @)
ITocne complete(D) = complete(0,2,4,6) Tp = ({ési,} g)

2. My, =My U(Te X Ty) = ({B’S} Q))x ( {D} {C'S}) _

{cy o {B,D} {B,S}
({(B,D),(S,D)} {(B,C),(B.S).(S.C).(5.5)}>
{(s,D)} {(C.0),(C,9)} ’
Iocne complete(D') = complete(2,4,6,8) Tp, = (g {g}).

3. Teneps Boruucisiem My = Mg U (Tg X Tpr) =
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N ({2} {B{Dé}) < (6 9)=(6 wmy)
SareM Mg = Mg U (Tp X Tyr) =

(D 1) s} o {p} {C,S}H _

‘(e) {(A,B)})U<{B,S} w)x ({B,D} {B,S}>_

( {(S,D)} ((5,0),(5,5)} )

{(B,D),(S,D)} {(4,B),(B,0),(B,S),(S,0), (s,sza} ' ,

) {B})'

®duHanpHOE cocTosiHUE TabmuIpl T mpencTaBieHo Ha puc. 10.

011 2 3 4 5 6 7

@ 5y | @

{B,S}| @
(0]
(0]

Iocne complete(E) = complete(0,2,6,8) Ty = (

{B,D} | {B,S}
3

~N| OO B W N O
~
2
—

Puc. 10. Pesyromupyiowee cocmosinue mabauyst T
Fig. 10. Final state of the matrix T

JlaHHBIN IpUMEp JEMOHCTPUPYET TOT (PaKT, 4TO AJITOPUTM HE BCErZa HAXOAUT TOYHOE pELICHHUE.
Hamnpumep, cornacHo Tabaune Ha pucyHke 10, mexny BepiunHamu 4 n 7 (sueiika T, ;) IpoXOmuT
yTh, KOHKATEHAIIMS METOK KOTOPOr0 COCTaBIISsIeT c10BO U3 s3bika L(Gg). Ha camom nerne, Mex iy
BepuIMHaMHu 4 U 7 IPOXOMSAT J(Ba IyTH: MEPBBIN MyTh — pedpo rpada, HoMEeYeHHOe CUMBOJIOM “C”,
a BTOpo# nyTh Buma 4 - 5 - 6 — 7, MeTku pédep KOTOPOro COCTABISIOT CTPOKY “abc”. U ecmu
HetepmuHan C € T, , neficTBUTENBHO BBIBOAUT CUMBOI “C”, To S € T, ; He BBIBOJIMT CTPOKY “abc”
TI0 IPHYHHE TOT0, YTO OHA BEIBOAUTCA KOHBIOHKTOM A B, OTpHIIaHIe KOTOPOro €CTh B IpaBwiie S —
DC&—AB. D10 monmy4aercs u3-3a TOro, 4to, Xorsi napa (4, B) u mpucyTcTBOBaia B MHOXKECTBE
HerepmuHanos {(4,B),(D,C)} B sueiike M,, d¢ynkuma f, KoTopas paccMaTpHBaeT BCe
MOZIMHOXECTBA JAHHOTO MHOXKeCTBa, Ha onMHoxkecTBe {(D, C)} BepHET HeTepMHHAI S.
Hecmotpst Ha TO, YTO CTpaTerus pacCMaTPUBAHMS OTHACIBHBIX MOIMHOXKECTB Iap HETCPMHHAJIOB
JlaeT JIMIIHUE OTBETHI, OHA FAPAHTUPYET HAJHYWe B pe3yJIbTaTax HACTOSLIErO OTBETa Ha 3ajady.
[IpoxeMOHCTPHPYEM 3TO Ha CIEAYIOIEM IPHMEpE.

Paccmorpum niapy Bepius (0, 4) B rpade Ha puc. 1. Mexay 3Toil 1apoit BepIliuH ecTh JBa MyTH:
myth 0 = 1 - 3 — 4, METKH KOTOPOT'O COCTABJISIOT CTPOKY «abe» u myth 0 = 1 = 2 - 3 — 4, MeTKH
KOTOPOr'0 COCTABJISAIOT CTPOKY «aahcy. 3amernm, uto «abe» € L(G,p), L(Gpc),a“aabe” € L(Gpc),
nostoMmy (0, 4) € Rg. Bo Bpems paboTel anroput™a, B sidelike Mg, OKaKeTCs MHOKECTBO
{(4, B), (D, €)}. Eciu 6b1 MbI paccMaTpHBaiiv BcE€ MHOXKECTBO Cpasy, To u3-3a otpunanus (4, B) He
HAIUIOCh OBI MOIXOJSINETO MPABUIa, M Torna sueiika Ty, B pe3ynbTaTe comepskana OBl ITycToe
MHOXecTBO. Ho, Kak moka3aHo Bblie, B rpade Mex 1y napoii Bepui 0 u 4 ecTh YHUKaJIbHBIH yTh,
CIIOBO U3 METOK pEOEp KOTOPOro BBHIBOAUTCS KOHBIOHKTOM DC, a KOHBIOHKT AB Ha caMoM [ere
BBIBOJIUT CJIOBO M3 METOK pEOEp APYroro IyTH MEXIy STHMH e BepIIMHaMH. VIMEeHHO mosTomy,
9YTOOBI PacCMOTPETh BCE BO3MOXKHBIE CIydaH M HE OTCEYb HACTOSIICe DEIICHHE, AITOPHTM
paccMaTpuBaeT Bce OAMHOXKECTBA, YTO JIAeT alpOKCUMAIIIO OTBETA CBEPXY.
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6. 3akroyeHue

B nannoii paboTe OB IPEIIOKEH aIrOpUTM, HAXOSIINIA TPHOIVKEHHOE pEeLIeHUE 3a/1a4H TTOMCKa
myred B AaIlMKINYECKHX Tpadax C OrpaHHYCHMSIMH B TEPMHHAaX OyJeBBIX TIpaMMaTHK H
WCIIONIb30BAHUEM PEIALMOHHON CEMaHTHKH 3alpocoB. bpina moka3zaHa MPUMEHUMOCTh alIrOpUTMa
JUISl TIONCKa NPUOMMKEHHOTO penieHusl NTaHHOW 3anaun. braromaps Tomy, 4TO NpeayioKEeHHBIH
QITOPUTM HAXOJWT NPHONMKEHHOE pelleHHe 3ajaud, Obula MoNydeHa Oojiee ONTHUMaJbHAs
ACHMITOTHKA 10 CPAaBHEHHUIO C HAMBHBIM TOYHBIM aJTOPUTMOM, KOTOPOMY HEOOXOIMMO OBIIO OB
paccMOTpeTh Bee ITyTH B rpade, YHCiIo KOTOPBIX SKCIOHEHIIMAIBHO OT KOJIMUECTBA BEPIIHH B rpade.
Tak kak NpeIOKEHHBIH alrOPUTM TPHOIIKAET pPEelIeHHE CBEPXY, Ha MOIYYEHHOM peUICHHH
BO3MOXKHO 3aITyCTUTh TOUHBIH aJTOPUTM, KOTOPBIA HalJIeT TOYHOE pEelIeHne 3a Topa3aio MEHbIIee
BpeMsi. Taroke 3a CYET OrpaHMYECHMS Ha THUII BXOJHOTO Tpada M HCIONB30BaHUS MaTPUYHBIX
orepanyii, ajiropuTM SBIISETCS Ooliee ACMMNTOTHYECKH ONTHMANBHBIM, YeM MNpUOIHKEHHBIH
HaWBHBI UTEPAIIMOHHBIA aNTOPUTM.

OmnpenenuM HECKONBKO HAMpaBJICHUH A1 OyIylnux uccieaoBanuil. Tak kak aaroputM paboraer
TOJIBKO C AI[MKJIMYECKUMU rpadaMu, OTKPBITBIM OCTACTCS BOMPOC, BO3MOXKHO JTH MOTU(DHUIIMPOBATH
QJITOPHUTM TS paOOTHI C MPOU3BOJIBLHBIMU Ipad)aMi U COXPAaHEHUEM TaKOM e aCUMIITOTHKH. Taxxke
HHTEpEC TPEJCTABISICT BOIPOC BO3ZMOKHOCTH 3((EKTUBHOIO MPeoOpa30oBaHUs MPOU3BOJIHLHOTO
BXOnMHOro rpada B (opMmy, MO3BOISIONIYI0 0OpPaOOTKY AaHHBIM aJITOPUTMOM, HAIpUMeEp, KaKoH-
JU00 BapUAHT ACKOMITO3UIMHK Tpada.
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