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Puc. 4. TemuieparypHbie IpouIH, COOTBETCTBYIONIUE IOCIEN0BATEIHHOCTH MOMEHTOB BPeMEHH
1pu npojsizkeHny BojHbI ropenusi B ChC cucremnl Ti-Al
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MapwpyTn3agna B KOMMYHIKALWOHHON cpepe
BbIYNCANTENbHON CUCTEMbI ¢ pacnpefeneHHon
pasjenaemMoii NnaMmATbI0 1 CUHXPOHN3aUNeN Ha Base

FE-OunToB

PaccmompeHa peanu3ayusi pacripedeneHHol pasdensemol namsmu ¢ CUHXpoHuU3ayuel Ha 6ase
FE-6umos. NpednoxeHa apugpmemuyeckass Mapupymu3sayus 8 KOMMyHUKaUyUOHHOU cpede blquc-
numeneHol cucmemsl ¢ pacripedenieHHol pa3densieMoli naMsimbio, ycmpaHsitoujasi 83aUuMoesusiHUe
napasnernbHbIX Po2pamMM, UCTIOMHSAEeMbIX 8 pa3HbiX Modcucmemax, U CHUXaroujasi 3Hep203ampamHocmeb

KOMMymauut 8 yesiom.

Knrouyeenle croea: apxumekmypa 8biHUCIUMenbHOU cucmemsbl ¢ pacripederneHHol pasdesnsemol
namsimbto, MoOesib napariesibHo20 NpoepaMMupo8aHus, KoopOuHamHas adpecayus, 3Hep203ek-
mueHasi Mapwpymu3auyusi, apucpmemudeckas Mapwpymu3ayusi

BBeneHue

CyllecTByIOILINE CYIIePKOMITbIOTEPhI OPUEHTUPO-
BaHBI Ha JOCTHKEHME BHICOKOM MTPOU3BOAUTEILHOCTHI
MpY NPOBEACHUY OOJbIINX BEIYUCICHU I, HATIPUMED,
BBIYMCIIEHUI ¢ OOJNBIIMMU MIOTHBIMU MATPULIAMMU.
OmHaKOo UX IMTPOU3BOIUTEILHOCTD TTAIaeT 10 HETIPUEM-
JIEMOT'O YPOBHS IPY padboTe ¢ OOJNbIIMMU JaHHBIMU.
K ux uyucny oTHOcSITCS, HapuMep, JaHHbIe, Mpe-
CTaBJICHHBIE 0OJbIIMMHU I'pachaMu, B TOM YHUCJIE TIOTO-
KaMU TaKuX AaHHBIX [1, 2], pellieHus 1O BbISIBJIEHUIO
(hakTOB 13 OOJBIINX MOTOKOB JAHHBIX, ITOCTYHAIOIIAX
U3 OO0JBIIOro YKCa pa3HOOOpPA3HBIX UCTOYHMKOB.

JAns paGoThl ¢ OOJNBIIMMU JAaHHBIMHA C IIPUEM-
JIeMOI MPOU3BOAUTEIBHOCThIO HEOOXOAMMbI HOBbBIE
apXUTEKTYpHbIe TToAX0Abl. X MOUCK BeaeTcs cpeau
KaK CIelnaJM3upOBaHHBIX apXUTEKTYp, TaK U pac-
LIV PEHUST BOBMOXHOCTEH CYIIECTBYIOIINX MYJIBETUTPE-
JOBBIX apxXUTeKTyp. Tak, A5 peleHus 3a1au ¢ 60Jb-
MU rpadaMiu TpeayioKeHa CIiellMaIu3upoOBaHHas
apxuTekTypa [3, 4] Ha 6a3e aaropuTMOB OMOIMOTEKH
GraphBLAS [5], opuenTupoBaHHas Ha paboOTy ¢ 00JIb-
LIMMHU pa3pekeHHBIMU MaTpULIAMU, UCIIOJIb3YEMbIMU
JUISl IpeAcTaBaeHus rpacdoB. B npenjiaraemoit apxu-
TEKTYpE DIIEMEHTBI pa3peskeHHBIX MATPUI M DJIEMEHTHI
pe3yJIbTUPYIOLLIEH MaTPULIbl pACIIPEAeISIIOTCS T10 TIPO-
LIECCOPHBIM dJieMeHTaM. B KaxkJoMm IpoleccopHOM
3JIEMEHTE BBIYMCIISAIOTCS YaCTUYHBIC PE3yJbTaThl U3

pa3MeNIeHHBIX B HUX 3JIEMEHTOB MCXOMHBIX MaTPHII.
DTU pe3yabTaThl NepeaaloTcsl B COOTBETCTBYIOLINE
MPOLIECCOPHBIE 3JIEMEHTHI, B KOTOPBIX (POPMUPYIOTCS
BJIEMEHTHI Pe3YIbTUpPYIOlIei MaTpUIlbl. B mporeccop-
HBIX 3JIeMEHTaX HUCIOJb3yeTCs anmnapaTHbI YCKOpU-
TeJlb — CUCTOJIMYECKasi COpTUPOBKA.

bonee yHuBepcanbHast myabTuTpenoBas EMU-
apXUTEKTypa mpemyioxkeHa B pabote [6]. Ee ocobeH-
HOCTBIO SIBJISIETCS MHOXECTBO MYJIBTUTPEIOBBIX IIPO-
LIECCOPHBIX DJIEMEHTOB, KaXXAbIi U3 KOTOPbIX UMEET
"y3KMi1" 0AUTOBBII TOCTYI K COOCTBEHHOMY OJIOKY
HEKeIIMPyeMOi TTaMSITH, YTO YBEJIMUNBAET ITPOITYCK-
HYIO CITOCOOHOCTh MaMsTH 3a CYET OOJIBIIOro Yyucia
0J10KOB 1 OOMEHA TOJBKO HEOOXOAMMBIM YMCIIOM Oali-
ToB. O01IEe aJpecHOe MPOCTPAHCTBO paCIpeaeIeHO
M0 MPOLECCOPHBIM 2JEMEeHTaM, U Tped, obpallaro-
IIUICS K CJOBY MaMSTH, aIpec KOTOPOIro B IPYyroM
MIPOLIECCOPHOM 2JIEMEHTE, MUTPUPYET B 3TOT 3JICMEHT.
Hapsny ¢ aTuM ncnonb3yercst Takxke TexHojorus PCI
Mo o0pa3oBaHUIO pa3aeaseMoil MmaMsITH, TOCTYHHOMN
BCEM MPOLIECCOPHBIM BJIEMEHTaM, UTO AejaeT BO3-
MOXHBIM pa3MellleHre B Hell mporpaMM, JaHHBIX
1 KOHCTaHT, OOIIMX IIJI BCEX TPEAOB.

B pa6ore [7] npennoxeHa apxutekrypa PIUMA
(programmable integrated unified memory architecture),
koTopast obobmmaer EMU-apxutektypy [6], no6aBass
B MPOLIECCOPHOM 3JEMEHTE K MHOXECTBY MYJbTU-
TPENOBBIX SAEP CHELMATU3UPOBAHHBIE YCKOPUTEIHU
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(memory offload engines): KaHaJ MPSIMOTO IOCTYyIa
K maMsatu (DMA) ¢ BO3MOXHOCTSIMU KO POBAHUS,
cOOpKHU, pacchliku (copy, scatter, gather) TAHHBIX MEX-
oy OJoKaMU MaMsTH, a TakKXe YCKOPUTENIHW IS pa-
00ThI C ouepeasiMU (queue engines), yCKOPUTEIN-CUH-
XpoHu3atophl (collective engines), obecreunBaoIue
BBITTOJIHEHHWE aTOMapHbIX Olepaluil 1 0apbepHYIO
cuHxpoHuzauuio. B ornnunre or EMU-apXuTeKkTyphl,
pacripenejieHue TpeJaoB I10 siApaM yrnpasisieTcsl Ipo-
rpaMMHO 0e3 aBTOMaTMYECKOW MUTpaluu TPEeaoB
K 00pabaTrbiBaeMbIM JTaHHBIM.

XOTS CYIIECTBYIOT OTAENIBHBIC OLICHKH ITPOU3BOIM-
TEJIbHOCTU PACCMOTPEHHBIX apXUTEKTYpP, HATIPUMED,
Ha 3ajJaye YMHOXEHMS pa3pexXeHHOW MaTpullbl Ha
MJIOTHBIA BEKTOP [7, 8], B LIeJIOM HEU3BECTHO O pea-
JIN3allIN CHCTEM C STUMH apXUTEKTypaMH M, COOT-
BETCTBEHHO, 00 X BO3MOXHOCTHU pelllaTh aKTyaJlbHbIE
3aJa4y ¢ OOJIBIIMMU JAHHBIMU B IIPUEMJIEMOE BpeMsI.
Bmecte ¢ TeM BO Bcex apXMTEKTypax AejaeTcsl yrnop Ha
MoBbIIeHUE 3(PHEKTUBHOCTU pabOTHI C pasaenaseMoi
naMsThlo. CiaenyeTr TakXXe OTMETUTD, UTO Mpejajarae-
Masl pasnessieMast TaMsITh peaan3yeTcs Ha 6a3e Tpa-
IUIIMOHHBIX KOMMYHUKAIIMOHHBIX CPel, Majio IO~
XOASIIMX A1 UHTEHCUBHBIX OOpallleHU i K O0JIbIIUM
JAHHBIM, B TOM YHCJIE B CUJIY UX DHEPro3aTpaTHOCTH.

CyluecTByIollMe CyNepKOMIbIOTEPHl JEMOHCTPU-
PYIOT OYEBMAHBIN Mpeaesa no norpedisieMoil sHep-
THMH, YTO JAeJIaeT NPoOIeMaTUYHBIM UX SKCTEHCUBHOE
pa3BUTHE TIPU COXPAHEHNHU HUCTIOIb3yeMBbIX apXUTEK-
TYpPHO-TEXHUYECKUX peleHnii. CyIlepKOMITbIOTEP
Frontier morpebasier 6onee 20 MBT nipu nmpoBeaeHuUu
BBIYUCJICHUN C OOJBIIUMU MJIOTHBIMUA MaTpUIIaMU,
JIoCTUTasI mpon3BoauTenbHOCTH 1,102 DK3adror/c Ha
8 730 112 BBIUMCIUTENBHBIX AApax [9]. ApXUTEKTYp-
HO-TeXHUYECKUE PEIIeHUs, IPUHSITHIE B CYIIepPKOM-
npoTepe Frontier, mpeacTaBasiloT JOCTUTHYTBIN Te-
peaHUH Kpaif, 9TO MOATBEPXKIACTCS TIECPBEIM MECTOM
B COOTBETCTBYIOLIEM CIIMCKe dHEProaddOeKTUBHBIX
KommnbioTepoB [10].

KomMyHukanunonHas cpena Slingshot [11] BHOcUT
BECOMBII BKJIaJ B JOCTUXKEHUE dHEProa(P(HEeKTUBHO-
ctu cynepkommbloTepa Frontier. B Slingshot ¢pyHKIuu
cetu Ethernet peanusyrworcs 6€3 aHepro3arpaTHbIX
TUTIOBLIX pEIIeHWH 3TON CeTH C MCIOJb30BaHUEM
KOHTEeKCTHO-aJapecyeMoit maMsaTu. B Hell ammapar-
HO BCTPOEHBI aJITOPUTMBI MOMCKAa HaMMeHee Harpy-
JKEHHBIX MaplIpyTOB, o0ecIieueHUusl coryialieHus: oo
YPOBHE OOCIYXXMBaHUSI, BBEACHMSI KJIACCOB MaKeTOB
WU IpyTUe aJITOPUTMBbI, paHEE ONPOOOBaAaHHBIE B MPO-
TPAaMMHBIX IMTPOMYKTaX YIpaBJIeHUS KOMMYHUKAIIU-
OHHBIMHU CETSIMU CYNEPKOMITbIOTEPOB.

B Hacrosiiee BpeMsl uaeT MHTEHCHMBHOE HCCle-
JTOBaHMNE CIIOCOOOB MOCTPOEHU ST dHEProd3PHeKTUB-
HBIX 0TKa30yCTOMYMBBIX KOMMYHUKAIIMOHHBIX Cpel

C BBICOKOU IIPOITYCKHOM CIIOCOOHOCThIO 1 MaJIOi Jia-
TeHTHOCThI0. Hanmpumep, B pabote [12] paccmoTtpe-
Hbl pa3JMyHble aJITOPUTMbl MapUIPYTU3ALlUU, B TOM
YHUCJIE OTKA30YyCTOMYMBOM, YCTPpAHSIOIIECH BIUSHUE
CETEBBIX OTKA30B Ha UCITOJTHEHME TTPUKIIATHBIX TIPO-
rpaMM. B GOJBIIMHCTBE KOMMYHHUKAIIMOHHBIX Cpel
COBPEMEHHBIX CYNEPKOMIbIOTEPOB [JISI MaplIpyTH-
3allM¥ MaKETOB MCIOJB3YIOTCS TaOIMIIBI, pa3Meliae-
MBI€ IS YCKOPEHU S TTIOMCKa COOTBETCTBHS B OJIOKaxX
9HEepro3aTpaTHON acCOlMAaTUBHONW MaMsTU, 00beM
1 YMCJIO KOTOPBIX TaKKe BO3PACTAIOT C YBEJIUUEHUEM
YHCIa BBIYUCIUTEBHBIX MOayJeid. [1o 3Toit mprnynHe
WHTEHCUBHO HMCCIEAYIOTCS BO3MOXHOCTH CO3TAHUS
apupMeTHUUYeCKOi MapipyTuzanuu [13], mpu KoTopoit
MapIIpyT 3a4aeTCsl CAMUM alpecoM U OIpeaeseTCs
IyTEM JOCTAaTOUYHO MPOCTHIX BEIYUCICHUIA.

B 1iesoM a1 KOMMYHUKALIMOHHOM Cpelbl omnpe-
gengoimuM pakTopoM 3¢(GEKTUBHOCTU CIYXUT
rpad cBsI3ei — TOMOJIOTUSI M aJITOPUTM MapIIpyTH-
3anuu. Bce ocTajbHBIE alTOPUTMBI, HallpaBIIEHHBIE
Ha ycTpaHeHUe KOH(JIUKTOB, "yKOpoueHue" XBOCTa
pacnpeneneHus 3aaepxek (tail of latency distribution),
obecreyeHUsI KauyecTBa OOCHYXXMBAHUS U OTKa30-
YCTOMUYUBOCTH, IPUMEHUMBI, KaK MPpaBUIO, IJIs1 BCeX
TOIIOJIOTUI U MapILUpPyTU3ALIMA.

YacTo WCIONB3yEeMOM TOIOJNOTUEH CHYXKUT
Dragonfly, pekoMeHayeMasi B KaueCTBe OCHOBHOM
B KOMMYHMKaIlMOHHO# cpene Slingshot, HO B pabo-
Te [11] oTMeYeHO, YTO CYLIECTBYIOT APYTHE TOIIOJIO-
T ¢ MEHBIIIEH IIMHON CpelHeTro MyTH, HO I HUX
Hallo MCIIOJb30BaTh 00Jee CIOXHBIE U IJIUTEJIbHO
BBITIOJIHSIEMBIE SHEPro3aTpaTHbIe MaplIpyTU3AIMU.
B pabote [14] moka3aHO MPeUMYIECTBO TOIOJO-
MU C MEHbIIEH NJIMHON CpeaHero myTy Mo CpaBHeE-
HUIO C IPYTUMHU TOIOJOrMsAMU, BKIoUas Dragonfly,
MPU BBIMOJTHEHUU KOJIJIEKTUBHBIX omnepauuii MPI
U psijia TECTOBBIX MporpaMM, Takux kak NAS Parallel
Benchmarks (NPB version 3.3.1 on MPI) u Graph 500.

B HacTog1eit ctaThe pacCMOTpEHa apXUTEKTypa,
Gasupylolascs Ha mapagurMe MCIIOJb30BaHMS BCe-
ro BO3MOXHOTIO mapajjieiim3ma oopaboTku [15—18].
Ilonp3oBaTenb OOJMXKEH TOJBKO yKa3blBaTh, KaKue
BBIYMCIICHUS MOXHO MPOBOIMTH MapalIeIbHBIMHI
MMOTOKAMM HaJ OOIIel pasfaessieMoil TaMsIThio, CO-
00pa3ysich TOJIBKO C BHIOPAHHBIM aJTOpUTMOM. Takoit
ITOIXOJI TIO3BOJISET CO3aTh MAKCUMAJIbHBIM ITOTOK 00-
palIeHni K TaMsITH, TIpUCYIINii aaroputMy. [1pu He-
00XOAMMOCTH MPOYMUTAThH STYEHKY 0011l maMsITH Ofl-
HUM IIOTOKOM, M TOJIBKO TTIOTOM 3aIlicaTh B Hee HOBOE
3HaYeHWE APYTUM ITOTOKOM, TTOTb30BaTe b IOJIaraeT,
YTO MEXaHU3M pa3pelieHu s KOHPIUKTa peananusyeTcs
anmnapaTHbBIMU CPEACTBAMM YIIpaBAECHMS TOCTYIIOM
K maMsITH. B meiom mpemraraeMast apXxuTeKTypa Ha-
IIpaBJIcHa Ha pellleHNe TeX 3Ke 3a1a4, UTO U apXUTeK-
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Typsl EMU u PIUMA. OgHako oHa UCIOJb3yeT s
CUHXPOHU3ALUMU TPEIOB U peasiu3aluyd aTOMapHbIX
orepauuii "yMHBIE" cMapT-KOHTPOJIJIEPhI OJIOKOB pa3-
JESIEMOM NTaMSITH.

Hust 6oJbIIOTO MOTOKA OOpallleHUil K pacnpene-
JICHHOI pasleisieMoil maMsITU HeoOXoauma 3Hepro-
a(pdexTuBHAS MaplipyTu3alusg. B HacTosIel cra-
The TpeaioxXeHa apudmMeTuueckas MaplIpyTU3anus,
KOTOpas MpUMeHUMa B JTIIOObIX KOMMYHUKAIIMOHHBIX
cpemax, B TOM 4ymcie ¢ rpadaMy MeXMaIlMHHBIX
caseit Dragonfly u JI(N, v, 7) ¢ 4yucioM BeplIUH
N u creneHsmu BepuiuH v. I[Ipu nuamerpe 3 rpadul
JI(N, v, 7) UMEIOT MUHUMAaJIbHO BO3MOXHYIO IJIUHY
cpennero nyTu [15, 16]. [IpennoxeH aaropuTM Mapii-
pyTu3aluu, odecreyrBalolIMili 0TKa30yCTOMUYBOE
(byHKIMOHMpPOBaHUE Ha 6a3e BO3MOXHOCTU BbIOOpA
aJIbTePHATUBHBIX MapIIPYTOB.

OCHOBbI apXUTEKTYpbIl ANA padboTbl
¢ 6onbWwWMMU AaHHbLIMU

DK3a(IONCHbIE KOMITbIOTEPHI CTPOSITCS U3 Bbl-
YUCIUTEIbHBIX MonyJel (BM), Kaxablil U3 KOTOPBIX
MMeeT COBOKYITHOCTb YHUBEPCAJbHBIX U CIELMaI-
3MPOBAHHBIX BBIUMCIUTEIBHBIX SIIep, OJOK yIpaBiie-
Hus namsteio (Memory Management Unit — MMU),
CMapT-KOHTPOJIJIEPbl OJJOKOB MaMsTH, CaMU OJIOKU Ta-
MSITU U CETeBble KOHTPOJJIEPhl KOMMYHUKAIIMOHHOM
cpebl, OObEeANHSIONIEeH BCE BHIUMCIUTEIbHbBIE MOIY-
am [15, 17, 18]. Ynciio cMapT-KOHTPOJLJIEPOB, COOCTBEHHO
OJIOKOB TTaMSITU M CETEBBIX KOHTPOJIJIEPOB OIPENeISIeTCS
HUCXONSI U3 HEOOXOAUMOCTHU O0ECIIeUeHMsI IPOITYCKHOM
CMOCOOHOCTU, MUHUMU3UPYIOLLEH TpocToii sinep BM
B OXKMJaHUU 3aBEPUICHUST JOCTYIA K TaHHBIM.

Pacripenenennas pazmensieMas IaMsaTh CyTIEPKOM-
MbIOTEPA COCTOUT U3 COBOKYITHOCTU OJIOKOB MaMSITH,
pa3MelIeHHBIX B KaxaoM BM. bioku pacnpeneneH-
HOM paszaesisieMoi maMsTH, pa3MellieHHble B BM, Oy-
JIeM Ha3bIBaTb OJIM3KUMU AJIS1 TIPOLIECCOPHBIX siIep
aToro BM, Bce ocrajlibHble — yaaJieHHbBIMU. Yuciao
0JIOKOB IMaMsTU B KaxXaoM BM, ¢ O0gHOI CTOPOHBHI,
JOJIXKHO OBITh KaK MOXHO OOJIbIIIE, YTO 00ECIIeYBaeT
yBeJIMUeHUe N0Ju oOpallleHui K OJ1M3KUM OJ0KaMm
namsatu. C Ipyroil CTOPOHBI, CAeNyeT UMETh B BUAY,
YTO UX YKMCJIO OIPAaHMYMBACTCSI CIOXKHOCTBIO yIIpaB-
JIeHUSI U KOHCTpyKkuueir BM.

[Tpy vHULIMALMY CyTIEPKOMIBIOTEPA BbIMOIHSIETCS
KOHUrypauus rio06ajibHOT0 agpecHOro ImpocTpaH-
CTBa IIyTeM pacIipeaesIeHUsT aIipeCHOro IIPOCTPaHCTBA
1o G6JioKaM MaMsITU. DTO pacrpeneaecHue pUKCUpyeTcs
B OJiokax ymnpaBiieHus naMsaTbio MMU, ocHOBHOI
(byHKI1IMEN KOTOPBIX SABJISIETCS HaITlpaBJIEHUE 3aITPOCOB
K KOHTpoJIJiepaM OJIOKOB MaMsTU C COOTBETCTBYIO-
LIUMU aJpecaMu.

Kaxxnoe siapo npu BeIOJTHEHUU TEKYILIIUM TPEaOM
KOMaH/ bl IOCTYyIIA K pa3aesisieMoi aMsTH IO YTEHU IO
TocJie BbIAAYM OOpallleHus K MaMsTH MpUOCTaHaB-
JIMBAeT 3TOT TPel A0 MOJYyUYeHUsI OTBeTa OT MaMSTH.

OO6pallleHUe Tpena K NaMsaTH MO YTEHUIO WJIM T10
3aMyCH MOMEIIAeTCsl B ouepeb HeOOCTYKeHHBIX 3a-
IIPOCOB K MaMITHU B OJIOKE YIpaBIeHHS IMaMSThIO
MMU. Janee MMU omnpenenser, Kyaa uaet odpaiie-
HUe — K OJIMBKOMY WJIY yIaJIeHHOMY OJIOKY NaMsITh
apyroro BM.

B cnyuae obpauieHust K 0J1M3KOMY OJIOKY MaMsITH
9TO oOpallleHUe MOChlIaeTcsl B COOTBETCTBYIOUIM A
CMapT-KOHTPOJIJIEP MaMSTH.

s cokpauieHus Tpacduka U YCKOpeHUsT paboThl
C MaMsIThl0 MOXET ObITh peajn3oBaHa MOJEIb MpPO-
IPaMMUPOBaHUS C JIOKAJTbHBIMM YTEHUSIMU U JIOKAJTb-
HBIMU WJIU yAajeHHbIMU 3anucsaMu [19]. Tak onucano,
HampumMmep, B pabotax [6, 20].

IIpu obpaieHru K OJU3KOMY OJIOKY IO 3aMUCHU
COOTBETCTBYIOILIMIA 3aIIPOC YAAISETCS U3 OYepenu He-
00CIyXXEHHBIX 3alTPOCOB K MaMsTU B 0JIOKE yrpaBJie-
HUs namsaTeio MMU.

IIpu oOpallleHMM 1O UTEHUIO 3aIIpOC U3 ouyepeau
HeoOCTyXeHHbIX 3anpocoB B MMU ynansercs nocie
MOJIyYeHU s JaHHBIX 13 0JI0Ka MaMsITH, epeaadyu STUX
JaHHBIX XAYIIEMY TPpeay U IepeBoja XAyLIero Tpeaa
B COCTOSIHME TOTOBBIX K MCIIOJIHEHUIO.

B cnyyae oOpaleHusI K yogajieHHOMY OJIOKY IaMsi-
TH MO 3anucu ¢popMUpyeTcs oopalieHUue K CETEBOMY
KOHTpPOJLJIEPY, KOTOPbIM HOJIKEH mepeciaTh B ApPY-
roii BM o0pailieHrue COOTBETCTBYIOLEMY YyAAJIEHHO-
My OJIOKY maMsITH, yAaJuB MOCJEe 3TOro 3anpoc u3
CBOEIl ouepenn HEOOCTYyKEHHBIX 3alpOCOB. Aape-
cyeMbiii BM, B KoTOpoM pa3MelleH OJ0K HmaMsTH,
B KOTOPbIH J0JI’KHA OBITh MPOBEEHA 3aMUCh TaHHBIX,
MOJYYMB COOTBETCTBYIOIIMUI aipec U caMM JAaHHbIE
Mo ceTu (GopMHUPYET 3alpocC IO 3alKUCU B OUYepeau
HeoOcnyxeHHbIX 3anpocoB MMU sTtoro BM. Jlanee
3TOT 3aIPOoC TMepelaeTcsl B COOTBETCTBYIOIIUI cMapT-
KOHTPOJUIEp MaMsTU IJIS1 BBIITOJTHEHUS U yoauaseTcs
U3 ouepean HeoOcyXkeHHbIX 3arpocoB MMU. To ecTb
C MOMEHTAa ToMaJaHus 3alpoca Ha 3aKUCh B oUepeab
HeoOCayXeHHBIX 3anpocoB MMU ero ucnojaHeHue
HE OTJIMYAeTCs OT MCIIOJHEHMS 3aIlpoca Ha 3alucCh
B OJIM3KUIA OJIOK MaMSITH.

SA3bIKOM napasjiebHOro NporpaMMUpOBaHUs, pe-
anu3yomum moaenb PRAM (Parallel Random Access
Model), moxeTt cnyxuThb paciiupeHue si3pika C [21]
n Cilk [22]. dast mopoxXaeHUsI M 3aBeplICHUS acHH-
XpoHHBIX TpeaoB B Cilk ucnonab3yloTcs Tpu OOMOJI-
HuUTenbHbIe GyHKIMU: cilk _spawn, cilk_for, cilk_sync.
ODTU QYHKILUU TTO3BOJISIOT, COOTBETCTBEHHO:

e TOPOIMTH HOBBII TPE, UCTIONHSIOIIMI KO, He-
MOCPEACTBEHHO Ccleaylouuii 3a cilk_spawn;
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e BBIMIOJIHUTH MOPOXKIAEHUE B LIMKJe for COBOKYII-
HOCTHU TPEIOB;

e 3ABEPIIUTH UCHOJHMIIOUIMA Tped U IMEpeuTu
K cjenylollieMy ornepaTopy, €Cjiy 3aBeplIeHbl BCe o~
POXJIEHHbIC COOTBETCTBYIOLLEH (hyHKILMelH cilk _spawn
TpeIbl.

IIpu mopoxXaeHWU TPEeAoB CO3/AETCSI KOHTEKCT
Tpeaa, JOCTATOYHBIA YTOOBI BHITIOJHUTH MOCIE-
Iylolllee 3aBepllIeHre BCeX MOPOXIEHHBIX TPEIOB.
CoOCTBEHHO 3TOT KOHTEKCT MCIIOJbL3YETCSI B CMapT-
KOHTpOJUJIEpe TPU BbITIOJHEHUM COOTBETCTBYIOIIEH
¢dyukuuu cilk_sync. KoHtekct Tpeaa, Hapsay ¢ Tpe-
OyeMbIMU pecypcaMu, 00s3aTeIbHO BKJIIOYAeT ajgpec
cJioBa pasiesisieMoil maMsTU, B KOTOPOM XpaHUTCS
YUCJI0 3aBepllieHHBbIX TpeaoB. B KoHTekcTe Takke
€CTh MepeMeHHasl, comepxKallasi YucJIo MOPOKIAEHHBIX
TpenoB. CI0BO MaMsITH, B KOTOPOM XPaHUTCS YHUCIIO
3aBepILIEHHBIX TPEAOB, OOHYJISIETCS TIPU MOPOXIAEHU U
TPEIOB U YBEJIWYMBACTCS MPU JOCTUXEHUU TPEAOM
3aBeplieHus cilk_sync. Ilpu nocTuXeHUU 3HAYEHU S,
PaBHOI'O YKCTY NOPOXIAEHHBIX TPEAOB, BHIMOJIHSETCS
nepexoq K cieaylomeMy 3a cilk_sync omepartopy.

Ecau Tpen mopoxmaeT Tped MU COBOKYITHOCTD
TPEIoB, TO KaXXIbI U3 HUX HACIEeAYyeT KOHTEKCT I10-
pOXKIalollero Tpeaa, pacliupeHHbIN yKa3aTeasaMu Ha
ATOT Tpeld U PsSAOM mapamMeTpoB. EcTecTBeHHO, Bce
MOPOXAEHHBIE TPEAbl JOJKHBI OBITH 3aBEPIIEHBI 10
MopoxXxaarlero. Y MopoXAeHHBIX TPEIOB B KOHTEK-
CT€ MCMOJIb3YeTCsl COOCTBEHHOE CJIOBO JJIS1 MTOACYeTa
3aBEPILIEHHBIX TPEIOB. YPOBEHbD BJIOKEHHOCTH TPEIOB
OTPAHUYUBAETCS MPUHSTOU CTPYKTYPOM KOHTEKCTA.

CraenyeT oTMeTuTh, uTo B Cray XMT [23] paciuu-
peHue g3bika C 1l MCMOJb30BaHUS CUHXPOHM3a-
uuu Ha 6asze FE-OuTOB pealin30BaHO KaK BBeIeHUE
CUHXPOHUBHUPYIOLINX ITEPEMEHHBIX X$ 1 armapaTHbIX
byHkuuii (generic functions) nst BHINOJHEHUS onlepa-
Ly yTeHusd U 3anucu. Cpeny HUX OTMETUM:

e purge x$ — npucsoenne FE-6uty x$ snauenus
empty;

o writeqr x$, g — 3amuce B x$ 3HaYeHUS g, ecau
3HaueHue FE-6uta x$ paBHO ¢, WK OXuIaHHWE 3a-
nucu, noka 3HaueHue FE-OuTa He cTaHeT ¢; mocnue
3anucu 3HaueHue FE-O0uTa cTaHOBUTCS paBHBIM 7;

o readqr x$ — urenue 3HayeHus x$, ecau 3Ha-
yenue FE-Outa x$ paBHO ¢, nau oxXumaHue YTEHUS
noka 3HauyeHue FE-OuTa He cTaHeT ¢; mocje YTeHUs
3HauyeHue FE-OuTa cTaHOBUTCS paBHBIM 7.

CMapT-KOHTPOJJIEp MaMATH IJIST KaXKI0TO 3a1po-
ca He3aBUCUMO MOXET padoTaTh B OOBIYHOM PEXUME
WA B PacIIMPEHHOM peXUME C yYeTOM MeXaHM3Ma
FE-Outos.

CMapT-KOHTpoJIep conepkuT namsats FE-6urton
CJIOB MaMsTHU OJIOKOB, K KOTOPbIM OH obecrneyuBa-
eT goctyn. Pasmelienue FE-OUMTOB CiI0B B MaMsTH,

OTAENBHOW OT CaMOro OJioKa MaMsTH, UMEET PS.I
npeumyliiecTB. Bo-mepBbiX, MO3BOJISET UCKIIOUUTH
oOpallleHUs K TMaMSITH MPU HECOOTBETCTBYIOIIEM
TpedyemoMy coctosgHumn FE-Ourta cioBa mamsaru,
BO-BTOPBIX, MO3BOJISIET BHIIOJHSATE onepaliuu ¢ FE-
O6uTamu 0e3 peaJbHOro OOpalleHUs K 0J10KaM MMaMsITH,
U, B-TPETbUX, MO3BOJISIET UCIIOJIb30BATh TPAIUIIMOH-
HBII TTOAXOJ K TIOCTPOEHU IO OJIOKOB MaMSTU U (pyHK-
LIMOHUPOBaHUIO 0e3 ucrnojb3oBaHusd FE-6uToB.

B pacmimpeHHOM peXume cMapT-KOHTPOJJIEP
peanusyeT 3amaBaeMylo moaeab PRAM: PRAM-
EREW (exclusive-read exclusive-write); PRAM-CREW
(concurrent-read exclusive-write); PRAM-CRCW
(concurrent-read concurrent-write) [24]. OgHako Bce
oHu, kpome PRAM-EREW T1peOyloT nocTuxeHus
o0OpalleHMs K CI0BY 0J10Ka MaMITH BCEMU TTOPOXKISH-
HBIMU TpeJaMHu, YTO MOXET MOBJIeYb HETTPUEMJIIEMYIO
MOTEPIO MPOUZBOAUTEILHOCTHU (HESIBHOE BBeleHUEe Oa-
pbepa). Bonpoc ucnosnb3oBaHuUs IBYX APYTUX Mojaeei
TpeOyeT DOMOJIHUTEIbHOI'O UCCIEIOBaHUS.

Ecnu FE-0ut He umeeT TpeOyeMoro 3Ha4eHus, TO
oOpaleHue K MaMsTh MOMeIaeTcsl B o4epelb OXU-
JNaHWs. DIEeMEHTHI 3TOi ouepean coaepkaT COOCTBEH-
HO obOpallleHre K TaMsATH (KOMaHIy YTeHUsI/3aITICH,
agpec cyioBa, 3HadeHUss FE-OUTOB MO BBITTOJTHEHM S
o0pallleH!s1 U MO ero 3aBeplIeHUU, CIYXKEeOHYIO MH-
¢opmannio Il paboThl B PaCUIMPEHHOM pPEXUME,
a TakxXe ykKasaTeJib Ha He3aBeplIeHHYI KOMaHIy
MMU). UzmeHenue coctosinust FE-OGurta cioBa nHu-
LIAMPYET 00pabOTKY ouepenu OXMIaHUS C peanusa-
1ueit Tpedyemoii onepaluu.

Ecnu FE-6ut umeer TpedyemMoe 3HaYeHUE, TO KOH-
TpoJuiep 6J0Ka MaMsITU BBIMIOJHSIET TpeObyeMoe UTeHue
WJIY 3aIIMCh U hopMUpyeT 3aJaHHoe 3HaueHne FE-Oura.

He BnaBasich B neTanu peaausalud KOHTpoJiepa
MnaMsiT¥, OTMETHUM, YTO MOCJe 3aBeplLIEHUsT obpallle-
HUS K CJIOBY MaMSITH JOJKHBI BBIIOJHSTHCS MOUCK
B ouepeau OXUIAaHUS BJIEMEHTOB, COOTBETCTBYIOIINX
3TOMY CJIOBY MaMsTH, U TIPOBEpKa BO3MOXHOCTU BbI-
MOJHEHU ST COOTBETCTBYIOILIETO OOpalleHUs K MaMSITH.
Ecnu TakoBoe BO3MOXHO, TO OOpallleHue MycKaeTcs
Ha BBITOJHEHUE U COOTBETCTBYIOLINIA 2JIEMEHT yaaisi-
eTcs u3 ouepenu. EcrecTBeHHO, olmuMcaHHbIe ACHCTBUS
IUJTSI CBOETO YCKOPEHU ST TPEOYIOT aCCOLMAaTUBHOTO M0~
KCKa B OYepeaM OXUIaHUS.

AtomapHble onepauuu compare-and-swap (CAS),
fetch-and-add, test-and-set BHINOJIHSIIOTCS KakK OIle-
paluy 4YTE€HUs C JOTOJHUTEIbHBIMU IEUCTBUSIMU,
JUISL peaiu3allMi KOTOPBIX MCHOJb3yeTcs apudme-
TUKO-JIOTUYECKOE YCTPOMCTBO CMapT-KOHTpPOJIepa,
HeobxomuMoe Takxe ajs cilk sync. Takas peanusa-
1M yCTpaHseT MpobyieMbl ¢ o0ecredyeHrueM aToMap-
HOCTHM, MCKJIIOYasi BOBMOXHOCTb MpEepbIBAaHUS XOAa
BBITIOJIHEHU ST IEUCTBUM, COCTABJISIOIIUX ONEPALIUTO.
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DTO 00CTOSITENBCTBO UCKIIOYAET HEOOXOOAUMOCTh
ucrnojab3oBaHust BMecto CAS mapsl load-reserved (Ir)
u store-conditional (sc) [25].

PacnipeneneHHbI xapakTep oOpallleHUuil B aMsTh
CJYXUT TapaHTUEN BbICOKOW MPOU3BOAUTEIbHOCTH,
MPOIOPLUMOHAJIBHON YUCIY MCIOJIb3YEMBIX CMapT-
KOHTPOJUJIEPOB U OJJOKOB MaMSITH BBIUMCIUTEIbHBIX
MOnyJIeH.

OHeproadekTMBHAA MapLUpyTU3aLMA

[pu ucnonb3oBanuu mopsiaka 107 u Goree BM
JUTST UCITOJTHEHU ST TIPOrpaMM C MHTEHCUBHBIMU 00-
MeHaM1 JaHHBIMM KOMMYHUKALIMOHHAs cpelna mpe-
BpallaeTcsl B CyLIECTBEHHOrO MOTPEOUTEIS SHEPTUMU.
OTO BBI3BIBAETCS, B TOM YMCJIE TEM OOCTOSITEILCTBOM,
YTO MPOrpaMMBbI MTOJIb30BaTeNe UMEHYIOT MPOLIECCHI,
MNpUIIMChIBas UM jorundeckue Homepa 0, 1, ..., n — 1,
rlie n — 4YUCIO ucrnojblyembix BM, u a5 ycraHoBie-
HUS COOTBETCTBUS MEXY apecalueil Mo JOruyecCKum
HOMepaM MpoLecCoB U pu3nuyecKUMHU agpecamu BM,
B KOTOPBIX 3TU MPOLIECChl MPOTEKAIOT, UCTIOJIb3YIOTCS
Tabnuiel. O0beM NaMsITH, 3aHUMAEMO UMU, ITPOITOP-
LMOHAaJIEeH KBajapary yucia BM B cucteme, Tak Kak
TabunlIa JOXKHA OBbITh B KaxkxjgoM BM.

B GoibIIMHCTBE KOMMYHUKALIMOHHBIX CPEJl COBpe-
MEHHBIX CYNMEePKOMITBLIOTEPOB MaKeThl MaplIpyTU3H-
pYIOTCS TaOIUIIAMHU, pa3MellaeéMbIMU JIJIST YCKOPEHU ST
noucka B 0Jl0KaxX 3HEPro3aTpaTHOU accolMaTUBHON
naMsiTu, 00ObEM U YMCJIO KOTOPBIX TaKkKe BO3pacTa-
0T ¢ yBeaunvyeHueM uucia BM. Ilo aToit mpudnHe
WHTEHCUBHO MCCIEAYIOTCS BO3MOXHOCTH CO3TAaHMSI
apudmerrnyeckoin Mapupyrtuzanuu [13].

Cpenu aJropuTMoB apupMeTUUeCKO aapecanuu
M3BEeCTHA KOOpIMHATHAS agpecalius, KoTopas mpuMe-
HSIeTCSI, B TOM YUCJIE U B BBIYMCIUTENbHBIX CUCTEMAX
¢ JI(N, v, 4)-rpadom [15, 16], nim MHOTOMEPHBIMH
KyOM4ecKMMU CTPYKTYpaMU B KauecTBe rpadoB Mex-
MONYJbHBIX CBsI3€il, B KOTOPbIX agpec BM 3anaet-
csl KOOpAMHATAMM T0 KaxXXAoMy HampaBjeHuto. [1pu
nepenayde djaeMeHTa JaHHBIX CPAaBHUBAIOTCS 3HAYEHU ST
KOOpAMHAT aapeca HazHaueHus1 1 BM, B KOTOpOM BBI-
MoJIHSIeTCsl cpaBHeHUe. Ecnu 3HaueHUusT BCeX KOOp-
JUHAT paBHBI, aapecar NOoCTUTHYT. Cpenu Hampas-
JIEHW Tiepegayd ¢ HeCOBNABIIMMM KOOpAMHATaMU
BbIOMpaeTCsl HallpaBJeHWe, Beaylllee K YMEeHbIIEHUO
paccorjacoBaHus. TakuM oOpa3zoM obecredynBaeTcs
addekTuBHasg agpecauusa. OHA UCIIOAb3YeTCS B psAe
CyIepKOMIIbIOTepoB, Hanmpumep, pupmbl CRAY.

Juist BBIYMCIUTENbHBIX cucTeM ¢ JI(, v, g)-rpacdom
MEXMOIYJbHBIX CBsI3el, rie N — 4MCJIO BEpIIMH; V —
CTEINEeHU BEPIIMH; g — obxBar rpada, npemjioxeHa
I(z, m) — angpecauus [16], mpu kotopoit anpec BM,,
ie{0, ..., n — 1}, Takxe 3amaeTcss BEKTOPOM

A; = Ayys s Aj -1 Kaxawiit 4y, j =0, .., m — 1,
MpUHKUMAET 3HaYeHre U3 MHoxecTsa {0, 1, ..., 2° — 1},
mefl, 2, ..}, ze{l, 2, ..}, n — uncno BM noacucreMsl,
mz > [logynl, x| — Hanmenbiee uenoe Takoe, uto x < [xI.
BM; u BM,, i, k € {0, 1, ..., n — 1}, npuHaanexar
noncucreme R.(A;y, ..., A;,— 1) sgpyca r, ecnu A; . # A,
uA;= A nnaseexj<rr=1,2, .., m Ry) — nox-
cucteMa sipyca 0 (Bcs momcuctema u3 n BM),
R, (A, ..., A;,, — ;) — TIOICHCTEMA SIpyCa M, COCTOSILIAS
n3 ogHoro BM;. Anpecanug BM noixHa yaoBieTBO-
pPATH CIASAYIONINM CBOMCTBAM:

e BM xaxnoit nogcuctemsl R, (A;, ..., A;.— ) Apy-
car,r=1,2, .., m, JOIXHB BMECTE C TUHUSIMU CBSI-
31 MEXIY HUMU OTOOpakaThesl B CBI3HBIN TToarpad
rpada MeXMOIYJIbHBIX CBS3¢EH;

e Ry R/(Aj) 2 Ry(Ajy, Ai) 2.2 R, (Aigs -es Ajyy— 15

d
o Rr(AiOs D) Air - = L%RHI (AIO’ s Air—l’j)’
i

d=2*—1;

o R Ay, -
Jj* k.

MMpu M(z, m)-anpecauumu B KaxigoMm BM,,
ie{0,1, ..., n — 1}, DOMXHO XpaHUThCS B MyTEeBOI Tab-

aune Toibko m2¢ Homepos p(0), p,(1), ..., py2¢— 1),
pz(O), pZ(l)’ ) p2(2z_ l)a Ha) pm(O)s pm(l)a [} pm(zz_ 1)
BBIXOIHBIX MOJ0cOB BM;, MprHaaiexxammnx Kparyamn-
WHAM NyTAM U3 BM; B COOTBETCTBEHHO MOACUCTEMBI
R,(0), R\(D), ..., Ri2*— 1), Ry(Aj, 0), ..., Ry(Ajp, 2°— 1), ...,
R, (Ajps -y Ajpy— 2, 2°— 1). KpaTyaitimmii myTh 10 nos-
CUCTEMbI — BTO MYTh A0 Onuxaiiero BM artoii noa-
CHUCTEMBI.

AJNTOpuTM MaplIpyTHU3allMu CpaBHUBAET ajpecara
naketa A4, c anpecom BM, B KOTOpOM OH HaxoauTcsl,
U ompejessieT cTaplumii, HauuMHasg ¢ 0, He coBnajao-
wuit pazpsan j, je{0, 1, ..., m — 1}. Janee u3 nmyteBoi
TabIMLbl OepeTcst 3HaYEeHUE, COOTBETCTBYIOLIEE Ay,
KOTOpO€ 3aJaeT HOMEpP JUHUU CBSI3M s Tepenadyun
nakera. Ecam agpecar naketa u aagpec BM, B KoTo-
pPOM OH HaXOAWTCS, COBITAAAIOT, IMAKeT JOCTABJICH.
Kak BUAHO, OT/IMUME OT KOOPAMHATHON ajapecanuu
3aKJIIOYaeTCsl B TOM, UTO MIIETCS CTapliuii HE COo-
BIIaJAIOIIMI pa3psii, a He Joboi. Kpome Toro, He-
00XOIMMO HaXOXJACHUE B MYTEBOI Tabyuile HOMepa
JIMHWUY CBSI3U, a HE TIPSIMOE ero oIpee/ieH1ue HOMEpoM
pa3psiza paccoryiacoBaHUS.

IIpencraBieHHass MaplipyTuU3alldsl Ha OCHOBE
H(z, m)-agpecauuu TpebyeT Mpu MporpaMMupoBa-
HUU TaOJUIIBI COOTBETCTBUS HOMEPOB M aJpecoB
B Kaxx1oM BM, Tak Kak nporpaMMupoBaHUe BEACTCS
B TEpMHUHAX HOMEPOB IPOLIECCOB, a Nepenaya rnake-
TOB COOOIIEHUI MEXIY IMPOlleCCaMU BBITIOJTHSETCS
Ha ocHoBaHuU aapecoB BM. IlpeactaBum aaroputm
MapuipyTU3aluu, B KOTOpoM ucnosb3yercd (1, m)-

5 Air— lsj)ﬂRr+ I(Ai()’ L) Air— 1> k) = @’
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ajpecauus ¢ aapecaMu, 3agaBacMbIM1 HoMepamMu BM
B IBOMYHOM MpPEACTABICHUM m pa3psiaaMu.

Cozgagum (1, m)-agpecannio Ha BBIAEICHHON
cBsI3HOM TtoacucTeme u3 N BM, 3HaueHue m onpene-
JIUTCS B XO/ie MOCTpoeHUs aapecauuu. Utak, oyaem
rnmoJjiaraTh, 4YTO €CTh aJTOPUTM, CTPOSIIUN CBI3HYIO
MMOACUCTEMY M3 BUPTYAIbHBIX BM, ¢ Ipon3BoaNTE I b-
HOCTBIO BBILLIE 33JaHHOTO MOpora U JUHUSMU CBSI3U
mexay BM, ¢ mponyCKHOU CIIOCOOHOCTBIO BHIIIIE 3a-
JaHHOTO IOpOora, YTO OIpeAessieTcs CoTJalleHueM
0 KayecTBe OOJYy>KHMBaHUS.

ITycth mMmeeMm rpad ¢ N BepmimHaMu U pebpa-
MU, TIOMEYEHHBIMM HUX MPOMYCKHOMN CIIOCOOHOCTHIO.
Haxonuwm nis atoro rpada napocouyeTaHue BepIIUMH
(matching) ¢ MakCMMaJIbHON CYyMMOI1 METOK BbIOpaH-
HbIX pebep [23]. Ilycts ans rpada Ha puc. 1, N = 10,
MOJIYYMTCS TMapocodYeTaHue, IMIPUBEISHHOE Ha puC. 2.
BepmnHbl, ”HIMIEHTHBIE BEIOpAaHHBIM pedpaM, COOT-
BETCTBYIOT IBYXBEPLUIMHHBIM MOACUCTEMAM HUXKHETO
YPOBHS, a KaxKaasl BeplliMHA, HE MHIMUIESHTHAs BbI-
OpaHHBIM peOpaM, 00pa3yeT OOHOBEPIIMHHYIO TOM-
CHUCTEMY HUXXHEro YpoBHS. B 11e710M BbIOOD nenaeTcs
TakK, 4YTOOBI MOJYYUTh MAaKCUMAJbHYIO CYMMapHYIO
IIPOMYCKHYIO CITOCOOHOCTD IMHUM CBSI3U TTOACUCTEM.

Hanee nByXBepIIMHHBIE TTOACUCTEMbI CTSTUBAIOTCS
B OJHY BEPUIMHY C COXpAaHEHUEM MHIMACHTHBIX UM
pebep (puc. 3).

Haxonum nis aTtoro rpaga mapocoyetTaHue Bep-
WWH (matching) ¢ MakKCUMaJIbHOM CyMMOi BbIOpaH-
HbIX pebdep. Y moBTOpsieM MOCIeN0BaTEeIbHOCTh 3TUX
JNEeUCTBUI, MOKa HE TTOJYUYUM IBYXBEPIIMHHBIN rpad.
COOTBETCTBYIOIIME IIATU aJrOpUTMa UJIJTIOCTPUPY-
JOTCS Ha puc. 4—6.

Puc. 2. CdhopmupoBanHsie mapocoyeranus Ha mare 1 aaropurma

34 56 7.8

1,2

Puc. 3. ChopmMupoBaHHbie NIAPOCOYETAHUSA HA HIAre 2 aJropuT™Ma

12,34 \0;8’9

0

5,6

Puc. 4. ChopMupoBaHHbIE MAPOCOYETAHUS HA Iare 3 ajiropurma

; 0,1,2,3,4 %7'8'9
o
5,6

?

Puc. 5. ChopmupoBanHbie napocoyeTaHus Ha mare 4 ajaropurma

0,1,2,..,6 7,89

O O

Puc. 6. ChopmMupoBanHbie NaPOCOYETAHUSA HA HIAre 5 ajJropurma

Yuciao caenaHHBIX IAr0B OIpeaeIseT mapaMeTp .
B paccmarpuBaemom mpumepe ux 5. Takum obpa-
3oM cosgaHa [I(1, 5)-aapecauusi, npuBeaeHHAasI Ha
puc. 7.

ITpu 3agaHuKM agpecoB OAHO3JIEMEHTHOMY TOMI-
MHOXECTBY Bcerja npurnucsiBaetcs 0, utTo odecrneuu-
BaeT o0sI3aTe/ibHOe MpUCYTCTBUE HoMepa () ¢ agpecom
0...0 ¢ HyIsIMHU BO BCeX m paspsaax aapeca.

Hanee B kaxxjaom BM ¢ opMupyloTcs myTeBble Tad-
quusl T[i], i=0, ..., m — 1. I1o 3aBeplIeHUU JTEMEHT
T0,i=0, .., m— 1

1) ecnu ero 3HauyeHue OoJblre (0, TO 3agaeT HOMEP
CBSI3U, MO KOTOPOU MaKeT J0JKEeH ObITh TepeaaH 13
BM, ueii agpec oTnuuaeTcs B pa3psiie i U COBIMagaeT
BO Bcex mpeniectBylomux 0, 1, ..., i — 1 pa3psagax
C aJpecaToM IaKeTa;
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0,1,2,...6 7,89 789
O O Ooo
56
0 1 01 0o 10

Puc. 7. Chopmuposannas JI(1, 5)-aapecanus

2) ecii UMeeT HeHYJIeBoe OTpULIaTeIbHOE 3Haue-
HUe, TO ero MOAYJIb 3aJaeT aipec nepeHyMepoOBaHHO-
ro BM, u nojxeH ObITh 3alIMcaH B ITAKeT, KaK aapecaT
rakeTa, IocJjie 4ero rnaket 3aHOBO MaplIpyTU3UPYETCS;

3) ecau ©MeeT HyJIeBOE OTpHUIlaTebHOE 3HaUEHUE,
TO 3aJaeT OTCYTCTBME TAKOro ajapeca.

dopMmupoBaHUE TYTEBBIX TAOJIWUII HAaYMHAETCS
C 3aIIOJTHEHMSI UX HYJEBBIMU OTPULIATEIbHBIMM 3HA-
YEeHUSIMU. DTO HEOOXOAMMO JJ1s1 BbIACICHM S HECYIIIE-
CTBYIOIIHNX aIpeCcoB.

Takxke GopMUPYIOTCST BCIIOMOTraTeJIbHbIe TaOJIU1IbI
Hli,jl,i=0,..,m—1,j=0, .., v— 1, conepxaiue
MHUHMMaJIbHOE pacCcTosIHUE (YMCIIO mepenayd) 10 COOT-
BETCTBYIOILEH aIpeCcHOI MOICUCTEMBI, Mcxoas n3 BM
no cBs3u j + 1. McxomHO — MakCUMabHO BO3MOXHOE
paccTrosiHue.

Bo Bcex BM reHepupytoTcsi COOOILEeHUS C MOJSIMMU:

e« Homep BM;

e ajapec BM;

e KOJIMYECTBO Iepenay (MCXOAHO paBHO 1);

e MaKCHMaJIbHOE KOJMUYECTBO Mepenay;

e HOMEp CBSI3M, MO KOTOPOH MPUILIO (MCXOAHO
paseH 0).

Coo011IeHure ITOCHIAeTCS M0 BCEM JIMHUSIM CBSI3H,
KpoMme Toit, 1Mo KoTopoit noctynuio B BM. Eciu co-
obueHue creHepupoBaHo B BM, Homep cBsi3u 0, co-
OOIIIeHME TIOCHIJIAeTCS TI0 BCeM JIMHUSIM CBSI3M.

TTonyuuB cooOmenune, BM cpaBHUBaeT CBOi1 ampec
¢ agpecoM B coobleHuu. HaxoauTes ctapuiuit pas-
pan i, ie{0, ..., m — 1}, HecoBnageHus. CpaBHUBaeTCS
3HaueHue B Tabnuue H[i, j — 1], tae j paBHO HOMEpPY
cBs3u, je{l, 2, ..., v}, IO KOTOPOil COOOIIEHUE MTPU-
1o B BM, u yucio nepenad coodiieHus. Eciau yucio
nepenay MeHbllle 3HayeHus B Tabauue H[i, j — 1], To
B H[i, j — 1] 3aHOCUTCS 4YUCIO Tepeaady U3 coolle-

7.8
1000

%6 piloo

0010 1001

000 0000

Hus. TeM caMbIM CKOJBKO Obl COOOIIEHMI HE Mpo-
11J10, JaXe OIHO, OyaeT chOpMHMpPOBAH yyacTOK
MapupyTta K aapecHoi noacucrteme A...A4;, i {0, ...,
m — 1}. Ecau nipoiinyTt Bce coobueHust, To H[i, j — 1]
OyzaeT colepxXaTh NJIMHY KpaTyalIlero MapliipyTa u3
paccmarpuBaemMoro BM 10 agpecHoOil moacUCTeMbl
Ay...A;, i€{0, ..., m — 1}, BKIIOYAIOLIETO CBA3b C HO-
MepoM j. Eciiu Takoro MapiipyTa He OKaXeTcsl, TO ero
JJIMHA OyAeT MaKCMMAJIbHOM, T. €. UCXOAHO 3aJaHHOI.

Kpome Toro, agpec B cOOOILIEHUM CpaBHUBAETCS
¢ n — yuciaom BM B noacucreme. Eciiu anpec 6oiblie
n— 1, To OH 3aMIOMUHAETCS B CIIUCKE MTEPEHYMEPYMBbIX
BM. B kaxnaoM BM cnucok copTUpPYeTCs IO BO3-
pactaHuio, TakuMm obpazoM, Bce BM chopmupyior
OIMHAKOBbBIEC CITUCKU W OMPEACTUTCS YHUCIO NEepeHy-
MmepyeMmbix BM. Tak, aiasa agpecalidu, MoKa3aHHOM
Ha puc. 7, B ciucok nonanyt BM ¢ angpecamu 10000,
10001, 10010.

Ecau He npeBbIlIeHO MaKCUMaJIbHOE YHCTIO Tiepeaay
COOOILIEHNSI, OHO TPAHCIUPYETCS Iaiee 10 BCeM JTUHU-
sIM CBSI3U, KPOME TOM, TI0 KOTOPO# MmocTyrnujio B BM.

IMocne 3aBepiueHuss ¢GopMUpPOBaHUST BCIIOMOra-
TenbHbIX TaOAML H[i, jl, i=0, ..., m—1,j=0, ..,
v — 1, co3mgatorcs myTteBbie Tabmuubl T[], i = 0, ...,
m — 1. B xaxxmom BM BbIOMpaeTcst B KaxXXaA0l CTpoO-
ke i, i =0, .., m — 1, cronbeu tadonuusl H[i, j], i =
=0,..m—1,j=0, .. v— 1, c HAUMEHBILINM, HE
PaBHbIM MaKCHUMaJIbHOMY 3HAaUY€HUIO PaCcCTOSTHHUEM
0 agpecyeMoil MOACUCTEMbI, U COOTBETCTBYIOLIU I
HOMep cToJIOLa cTaHoBUTCs 3HayeHueM T7i], i=0, ...,
m — 1. Eciu Bcst ctpoka i, i = 0, ..., m — 1, Tabaunsl
MMEeT MCXOMHBIe MaKCUMaJbHbIe 3HaYeHusI, To 1[i],
nony4daet 3HaueHue —0.

B xaxgom BM cTaHOBUTCSI BO3MOXKXHBIM OITpEIe-
uTh HoMepa BM, anpeca KoTophIx OyayT HE COBIIa-
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IaTth ¢ ux HoMmepamu. Ecnu agpec BM mensbie #,
TO aHAJU3UPYIOTCS DJIEMEHThl MYTEeBOW TaOJUIILI.
Ecnu ob6napyxmuaercsa T[i], i {0, ..., m — 1}, paB-
Hbll —0, TO HOMepa, HaunHawWuecs Ha ApA,...4; _ |,
KpoMe cobcTBeHHO HoMepa BM, onpeaensiorcs: Kak
oTcyTcTBylolue. Tak, A1 agpecaluu, MOKa3aHHOM
Ha puc. 7, B BM ¢ agpecom 00000 7[3] u T[4] paBHBI
—0, yTo oOHapyxkuBaeT oTcyTcTBUe HOomMepoB 00001,
00010, 00011.

Hanee xaxabiii BM 110 BocxonsiueMy 1 HACXOA S -
1IeMy KOPHEBbIM AepeBbsiM ¢ KopHeM 0 ... 0 iepenaet
OOHAapYyXEHHBIE OTCYTCTBYIOLIAE HOMEPA U NPUHU-
MaeT 3TU HOMepa, COPTUPYS MX IO BO3pacTaHUIO.
Tak KaK 4McjIo TaKUX HOMEPOB U3BECTHO, TO MPOLIECC
B KaxxjoM BM 3aBepiiaeTcs ux npuHsatueMm. TeM ca-
MbIM B KaxkgoM BM ¢opmupyeTcs cOoTBETCTBUE OT-
CYTCTBYIOLIMX HOMEPOB U NepeHyMepyMbix BM. s
agpecauuu, nokaszaHHou Ha puc. 7, 00001—10000,
00010—10001, 00011—10010.

dopmupoBaHUe agpecalluy 3aBeplIaeTcs B Kax-
n1om BM BeIgeneHrEM COOTBETCTBYIOIIETO €My IIOJI-
crnucka rmepeajpecaldd OTCYTCTBYIOLIMX aJpecoB
M COMNOCTAaBJIEHHBIX MepeHyMepyMbiXx BM.

AJITOPUTM MapuIpyTU3alUU MOAUPULIMPYETCSH.
Ecau obHapyxuBaetrcs T[i], i€ {0, ..., m — 1}, paBHBII
—0, To M3 moACNMCKa Mepeaapecaluy OTCYTCTBYIO-
LIMX aIpecoB BHIOMpAeTCa HOMEpP, COMOCTaBICHHBII
anpecaty coobuieHus. [anee 3TOT HOMEP 3aHOCUTCS
B COOOLIEHUE B KayecTBe ero aapecara. [lonyyeHHoe
COOOIIeHNEe MOoABEpPraeTCs MaplIPpyTU3ALUUKA IS 10~
CTUXEHUS nepeHyMepoBaHHoro BM.

IIpencraBiaeHHbIE aITOPUTMBI (DOPMUPOBAHUS AApe-
callM¥ ¥ MapuIpyTHM3allMyd rapaHTUPYIOT MOJIb30BaTe-
JII0 TIPEIOCTaBJICHWE IJIST BBITIOJHEHMS ITapalIeTbHON
nporpammbl BM ¢ Homepamu 0, 1, ..., n — 1. Ecin
aBToOMaTuyeckasi nepeaapecamysi B aJlropuTMe Mapii-
PYTHM3alM IPU3HAETCS MMOJIb30BaTeNIeM U3JIUIITHENH, OH
MOXKET MPOBOIUTD MOIMEHY aJIpeCOB B CBOEU Mporpam-
Me, UCIOJIb3ysl JaHHbIE U3 COOTBETCTBYIOIIMX TaOMMII.

s obecrieueHUs] OTKa30yCTOMYMBOCTUA U 00XO-
Ja TIepeTPyKeHHBIX YyYaCTKOB MapIIpyTa ajJropuTM
MaplIpyTU3allM¥ MOXET MCMOJIb30BaTh JaHHbIE Tab-
mun Hi, jl, i=0, .., m—1,j=0, .. v— 1, comep-
Xalie CBeIeHUsI 00 aJbTepHATUBHBIX MapIIpyTax 0
aJipecyeMbIX TOACUCTEM.

CrnenyeT OTMETUTD, YTO HA OAHOM U TOM Xe Ipade
CBSI3€li MOJACHUCTEMBI, B 3aBUCUMOCTHU OT BBIOpaHHBIX
napocoYyeTaHWM BEPIINH, MOXET ObITh C(hopMUpOBaHA
aapecalds ¢ MEHbIIUM 4YUCJIOM ypoBHeul. Tak, mast
MHOACUCTEMBI, NU300pakeHHOM Ha pUC. 1, MOXET ObITh
chopMUpoOBaHa aapecalysi, MOKa3aHHas Ha puc. 8.

TTpuMeuaTenbHO, YTO TTPY MEHbILIEM 3HaYeHU U m = 4
MOHAA00UTCS TOJABKO OAHA Mepeanpecalus: aapec
0101 3amensiercsa Ha 1010. DTa agpecanus moyyya-

Puc. 8. Chopmuposannas (1, 4)-aapecanus

eTrcsi, ecin Ha 1are 1 BeiOpaHbl mapocouetaHus (0, 1),
@3, 4), (5, 6), (7, 8), na mare 2 — ((3, 4), 2), ((0, 1),
(5, 6)), (7, 8), 9), na ware 3 — (0, 1), 5, 6)), (3, 4), 2)))
u, HakoHel, Ha wmare 4 — ((((3, 4), 2), ((0, 1),
S, 6))), (7, 8), 9)).

dopmupoBaHue nogcuctem
C 3apaHHOM agpecauuen

PaccMoTpeHHBII aJITOPUTM MaplIpyTU3alMK BIU-
CBIBAeTCSl B apXUTEKTYypy U OpraHu3aluio GyHKIIU-
OHUPOBAHUS CYTNEPKOMIIbIOTEPA C pa3aessieMolt ma-
MSTBIO C CUHXpOHM3alueil Ha 6aze FE-6uToB cioB
mamsiTu [15—18]. McxomHo Bech CynepKOMITbIOTEp pac-
CMaTpUBAETCs KaK COBOKYITHOCTh BCEX pecypcoB [26].
st McmoTHeHWsT KaXIoi mporpaMMBbl BEIICISICTCS
MOJCHUCTEMA, COCTOSIIIAsA U3 3aTpeOOBAaHHOIO YUCia
BUPTYaJabHbIX BM, coefMHSIOMNUX UX TUHUNA U OPYy-
rux pecypcoB. KpaTko, co ccblIKOi Ha 6osiee moapo0-
HOE OMuCaHue, NPEACTaBUM ACLUEeHTPaJIU30BaHHbII
pacnpeneaeHHbIN MapajeJbHbIA aJITOPUTM ITOCTPOE-
HUS TIOACUCTEM, HECKOJIBKO MOIN(MHUIINPOBAHHBII TTO
CPaBHEHMIO C MpEeACTaBJIEHHBIM B padboTe [16].

ITocTpoeHue moaACHUCTEMbI B CYIEPKOMITbIOTEPE
¢ JI(N, v, g)-rpadoM MeXMallUHHBIX CBSI3EM MHU-
nuupyercs u3 aoodoro BM. B BM dopmupyercs co-
o01IeHUE C MOJISIMU:

e TUII COOOIIEHUS "pacnipocTpaHeHue";

e uuncigo n BM, KoTtopoe TpedyeTcsi BKJIIOUYUTH
B CTPOSIIYIOCS MOACUCTEMY 3THUM COOOIIEHUEM;
nell, ..., N}

e Ter MOJACHUCTEMBI;

e COIIAllIEHWE O KaueCTBE OOCIYXMBAHUS;

e HOMEp JIMHUU CBSI3U, MO KOTOPOH COOOIIEHUE
MOCTYIUJI0, M3HAYAJIbHO ycTaHaBauBaeTcs 0.

Bynem monaratb, uto B KaxaoM BM nmeetcs 1oKaib-
Hasl ouepeb ISl COOOILEHUI C TEroM MOACUCTEMBI, TO-
MelllaeMbIX B Hee T0 MOCTYIUICHUHM 10 JIMHUU CBS3U WU
13 camoro BM, ¢ BHeceHMeM B TTojie "HOMep TMHWMH CBSI3U"
HOMepa JIMHUU CBSI3U, 110 KOTOPOU COOOIIEHKE MOCTYITUIIO.
Kpowme Toro, umeeTcst COBOKYITHOCTb JIOKaJIbHBIX ITEpeMeH-
HbeIX BM, omnpeneneHHBIX Jajiee 10 Mepe UCIOIb30BaHUSI.
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Wrax, B BM 3anmyckaeTcst mporpaMmMa NoCTpPOEHU ST
MOJCUCTEMBI, B 0Yepenn KOTOpPOii HaxoauTcs chop-
MHUPOBAHHOE COOOIIeHWE TUIIA "pacrpocTpaHeHue".

Ilo nmonydyeHnu cooOIIEHU THUTIA "pacpocTpaHe-
Hue" onpeaesieTcsl, MOPOXASH UKW HET BUPTYaTbHbII
BM nioacucteMsl ¢ Terom coobiieHus. Eciu He no-
POXJIEH, TO BBITIONHSIIOTCS JSHCTBUS TTO TIOPOXKICHUIO.

Ecnu npu o6paboTke cooblieHus TUIa "pacripo-
cTpaHeHHUe" JloKaJbHasl NMpoBepKa ycTaHaBJIMBaeT
BO3MOXHOCTD BBHITIOJTHEHH S COTJIAIIEHMSI O KayeCTBE
00CJIy>XXMBaHUSI, TO TTOPOXKIAeTCsl BUPpTYaibHblii BM
C pecypcaMu, BbIIEJEHHBIMU IO COMIAIIEHUIO O Kaye-
cTBe o0cayxuBaHusl. HoMep 1MHMM CBSI3U, IO KOTO-
Ppoli cOObIIIeHNE TTOCTYITUIIO, 3aITMCHIBACTCS B JIOKAITb-
Hylo nepemeHHy10 BM up (myte kK BM,)). Ec1u HoMep
JIMHUU CBSI3U, MO KOTOPOM COOOIIEHUE MOCTYIUIIO,
paseH 0, To BM mnojiy4yaeTt B 3TOi MOACUCTEME JIOKAJIb-
HBIT HOMep 0. B MHBIX ciiyyasix HOMEp — MaKCU-
MaJibHO Bo3MoOxHoe uucio. Ilone "konnuectso BM"
yMeHbllIaeTcs Ha 1, ero 3HaueHueM cTaHoBUTCA 1 — 1.
B nopoxaeHHoM BupTyajibHOM BM dopmupyercs
JIOKAJIbHBIA BEKTOD ¢,, (¢, UCXOMHO paBeH 1), p =
1, ..., v, roe p — HOMep JUHUM cBsI3U. Eciu Homep s
JUHUU CBSI3H, TI0 KOTOPOM COOOIIEeHHWE MOCTYITIIIO,
6osbire 0, To g, <« 0.

Ecnu moce BBINOJHEHUS MEPEUYUCICHHbBIX BbILE
JeficTBUI 110 mopoxaeHuio BM mose "konuuectso BM"
nMeeT 3HaueHMe # = (), TO THIT COOOIIIeHNS "pacpocTpa-
HeHue'" 3aMeHsieTcsd Ha "3aBepiueHue”. B nmose "konnye-
ctBo BM" 3anocutcsa 1. KonnuectBo BM monnepesa,
KOPHEM KOTOPOIO OH CIyXMUT [15, 16], ycTaHaBIMBaeTCs
paBHBIM | B loKabHOI nepeMeHHOol 1, t<—1. Coo0bliie-
HUe TUIIA "3aBeplieHue” OTIPaBISeTCs MO JIMHUU CBSI3H,
10 KOTOPOi coobliiieHre noctynuio (B ciaydae 0 B BM,
WHUIIMUPOBABIINN TTOCTPOSHHUE TTOICHCTEMB).

Ecau n— 1 > 1, To T moay4yaeT 3Ha4eHUE A, T< A,
U n— 1 DeIuTcsd MeXIYy OTKPBITBIMU IMHUSIMHU CBSI3U
satoro BM ¢ ¢, =1, p=1, ..., v. [lya miepegaun 1o Kax-
JOt OTKPBITOM JWHWHU CBSI3W Ha OCHOBE MOJTYYSHHOTO
(opMupyloTCS COOOIIEHUS TUTIA "pacIPOCTpaHeHUE",
B KOTOPBIX YKa3aHO BBIACICHHOE JIUHUU KOJTMIECTBO
BM. B1o kommuectBo BM Takxke cymmupyercs B g,
re p — HOMEp OYepeaHOI paccMaTpUBaEMOi OTKPhbI-
TOW JIMHUU CBS3MU.

Ecau BM yxe ecThb, 1 IPUIIJIO COOOIIEHNE TUIIA
"pacripocTpaHeHMe" Ha ITPOJOJKEHNE MOCTPOCHUS
noacucteMbl U3 a3toro BM B cuily TOoro, 4to riae-to
He BKJIIOYEHO B ITOACUCTEMY 3allpOILIeHHOE KOJIMye-
crBo BM, To ananmsupyercst g,, p = 1, ..., v, aTOTO
BM. Ecnu Bce 3HaueHust g, = 0,p=1, ..., v, To TUIT
COOOIIEHNST MEHSIeTCsT Ha "TYIUK", M OHO MepegaeTcs
B BM u3 kotoporo noctynujio. Eciau xoTst 661 01HO
4y, p =1, ..., v, o1T0T0 BM 6Go0Mnbie 1, To o6paborka
COOOIEHMsI OTKJIA/IbIBAETCS IO MOMEHTA, TIOKA BCE ¢,

p =1, ..., v, He nmonyuar 3HayeHust 1 uam 0. To ecThb
B BM oxunmaercs oTBET Ha BCE MOCAaHHbIE COOOILIEH M S
tuma "pacrpoctpaHerHue”. I1o Mmoay4eHUn MMOCaeIHEro
oTBeTa ¥ (POPMUPOBAHUY AKTYAJTHOIO BEKTOPA ¢, P =
=1, ..., v, oToro BM jokanbHas nepeMeHHasl T < T + A.
KonuyecTBo # AeUTCS MEXIY OTKPBHITHIMU JTUHUSIMU
cesizu aToro BM ¢ ¢, = 1, p= 1, ..., v. [list mepeavu 1o
KasX IO OTKPBITOM JIMHUY CBS3M Ha OCHOBE TTOJTyYeHHO-
ro (hOPMUPYIOTCSI COOOILIEHHS TUTIA "pacpoCcTpaHeHUeE",
B KOTOPBIX YKa3aHO BBIACJICHHOE JIMHUM KOJUYECTBO
BM. 910 kommyectso BM Takxke cymmupyercs B g,
P — HOMep paccMaTpyBaeMoii IMHUU CBSI3U.

Ecnu yctanaBiauBaeTcs OTCYTCTBHE BO3MOXHOCTHU
BBITIOJIHEHU ST COTJIalleHUsI, TO (OPMUPYETCS COOOIIIe-
HUE C TUIIOM "pecypCHBIl 0TKa3", OTIpaBjsieMoe 10
JIMHUM CBS3H, 0 KOTOPOH COOOIleHUE MOCTYIMIIO
(B cnyuyae 0 BM, MHMLIMUPOBABILM I TOCTPOEHUE O~
CHCTEMBI, TIOJIyJ4aeT OTKa3).

IIpu noctynnenun B BM cooOlieHus tuna "pe-
CYpPCHBI1 0TKa3" HOMEp S JIUHUHU, TI0 KOTOPOM OHO
MOCTYMHUJO, ONIPENENSAET ¢ < g, — h, IEPEMEHHAs
T < T— A, TOe n — 3HadYeHue Ios "KojmdyecTBo BM"
cooOiueHust. Eciu ¢, = 1, To g, 0O6Hysietcst g« 0. Tem
CaMbIM JIMHUS CBSI3U 3aKpbiBaeTcs. TUTT COOOILIEHU S
MEHsIeTcd Ha "pacIripocTpaHeHue".

ITpu moctynnenuu B BM cooOlueHus Tuna "3asep-
1IeHue" HoMep S IMHUHU, TI0 KOTOPOI OHO TTOCTYTIHJIO,
OMpenensieT ¢,< ¢, — M, TAe n — 3HaYeHue Mosi "Ko-
nauyectBo BM" coobuenust. Eciu Bee ¢, p =1, ..., v,
UMEIOT TocJjie 3Toro 3HayeHus 1 uau 0, To MoJIy4yeHbl
MTOATBEPKICHMS HAa BKIIIOYCHUE B IIOACUCTEMY 3aIIpO-
IIEHHOTO KoTndecTBa BM. AHanm3upyeTtcs 3HaUeHUE
JIoOKaJIbHOM nepemeHHo# up. Eciau up He paBHo 0, TO
co3gaeTcs cooOlIeHre TUIIA "3aBepllieHue”, B KOTOPOM
rojie "KoamdecTBOo BM" paBHO JIOKaJIbHOM TTepeMeH-
HOM 1, TO cCOOOIlleHWe TepeaaeTcsl Mo JUHUU, ONpe-
JIeJISIeEMOM JIOKAJIbHOM TIEPEMEHHOM up.

Ecau 3HaueHue up paBHO 0, TO TOCTUTHYT KOp-
HeBoil BM,. IlocTpoeHune nmoacucTeMsl 3aBEPIIEHO.
B xaxagom BM chopmMupoBaHbI JTOKaJdbHbIE IEpe-
MEHHbIE, HEOOXOAMMbIE AJ 3aJaHus HoMepoB BM
1 MapIIpyTU3AIAH TTO BOCXOASIIEMY W HUCXOASIIEMY
KOPHEBBIM JiepeBbsaM [15, 16]:

e JIOKaJIbHas IepeMeHHas T 3aJaeT KoanuyecTso BM
KOPHEBOTO TMOKPBIBAIOILIETO MOAAepeBa, KOPHEM KOTO-
poro ciyxuT 3ToT BM, noacucremsl ¢ KopHem BM,;

e JIOKaJIbHAs MepeMeHHas up CAyKUT HallpaBJie-
HUEM K KOPHIO;

e  KOMIIOHEHTbI JIOKAJIbHOTO BEKTOPA g, p = 1, ..., V,
paBHbIe 1, 3a1a10T HaNpaBJAEHUST OT KOPHSI.

I[Ipy MHUIIMALIMY CYTIEPKOMITbIOTEpPA CTPOUTCS
MojcucTeMa, BKJtoualomas Bce BM, Ha KOTOpBIX 3a-
naercs (1, m)-anpecauusi. Homep BM cayxut npe-
¢GUKCOM aapecoB NaMsITU OJIOKOB ITaMsITU, pa3MelleH-
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HbIX B 3ToM BM. [InuHa npedukca m > ﬁog2N—|, ITpu
HUCIOoJAb30BaHUM N mopsaka 107, m > 24.

Takum o6pazoM, aapec pa3aeasieMoil MaMsITU Cy-
NEPKOMIBIOTEPA COCTOUT, MO KpaliHEN Mepe, U3 TpeX
noseit: Homep BM, Homep Osoka mamsatu BM, anpec
B Os1oKke nmamstu. Ilpu aTom Homep BM onpenensercs
B xozme (OpMUPOBAHUS agpecalini.

TToctpoenue [(1, m)-anpecauiuu BbIOAHSIETCS Ha
BM noacucTeMbl AeUEHTPATM30BaHHBIM pacipee-
JIEHHBIM TapaslieIbHBIM aJITOPUTMOM C UCIIOJIb30Ba-
HHUEM aJITOPUTMa HaXOoXJIeHMs mapocoyeTaHuii [23]
B pexXuMe 3MYJsIIuU rpada MexXMOIYJbHBIX CBSI3€il.

3aknroyeHue

IIpenacraBieHHast B cTaThe opraHu3alus paboThbl
C pacrnpeesieHHOI pa3nesieMoil maMsIThbio HalpaBJie-
Ha Ha MOAAEPKKY MOBBILICHUS TPOU3BOAUTEIbHOCTU
napaJijie;ibHOro porpaMMUPOBaHUSI U CHUXKEHUE CIIOXK-
HOCTU Y 9HEPro3arpaTHOCTU UCTIOJTHEH WS IporpaMm. st
HCIIOJIHEH U TTapajlieJIbHOM MporpaMMbl (hOpMUPYETCS
ITOACKUCTEMA M3 BUPTYaJIBHBIX BEIYUCIUTEBHBIX MOTYJIEH
¢ HomepaMu B uHTepBaje 0, ..., n — 1, TIe » — 4ucIIo 3a-
MNpOIIEHHBIX TporpamMmoit BM. /1151 cMHXpOHU3aLUuN
JIETKUX TpeAdoB mporpaMM ucnojb3yircs FE-Outh
CJIOB pazaessieMoit mnamsiTu. CMapT-KOHTPOJIJIEPhI CO-
JIepxXaT oTneabHyI0 namMsaTh FE-OMTOB cioB GJ10KOB
nmaMsITU U AJIs KaxI0ro 3armpoca He3aBUCHMO MOTYT
paboTatb B OOBIYHOM pEXMME WU B pacClIMPEHHOM
pexume ¢ yuetoM MexaHusMma FE-6uToB.

IIpennoxeHHas apupMeTrnyeckas MaplpyTu3amnus
MPpY MCIOJb30BAHUM TOMOJOTMU C MUHMMAaJbHBIM
CPEIHUM PAcCTOSSHUEM YCTpaHsET B3aMMOBJIMSHUE
napaJuieJibHbIX MPOrpaMM, MCIIOJTHSIEMbIX B Pa3HbIX
MOJACKCTEMAaX, U CHUXXAET SHEePro3arpaTHOCTh KOM-
MYTalli B LIEJIOM.
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This article discusses an architecture based on the paradigm of using all possible processes parallelism. The
user should only specify which calculations can be performed in parallel threads over shared memory, conform-
ing only to the selected algorithm. This allows you to create the maximum flow of memory accesses inherent in
the algorithm. If necessary, read, and only then write a new value instead to the corresponding shared memory
cell, the user believes that the conflict resolution mechanism is implemented by hardware memory access control.
In general, the proposed architecture is aimed at solving the same problems as the EMU and PIUMA archi-
tectures, but uses "smart" controllers of shared memory blocks to synchronize threads and implement atomic
operations.

For a large flow of accesses to distributed shared memory, energy-efficient routing is necessary. This paper
proposes arithmetic routing, which is applicable in any communication fabrics, including with graphs of Drag-
onfly and graphs with the minimum possible length of the middle path and with the same number of vertices N
and degrees of vertices v. An addressing and routing algorithm is proposed that provides energy-efficient ac-
cess to distributed shared memory. Routing enables fault-tolerant operation based on the choice of alternative
routes.

Keywords: architecture of a computing system with distributed shared memory, parallel programming model,

coordinate addressing, energy-efficient routing, arithmetic routing
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State-of-the-art automatic testing tools can efficiently detect various kinds of errors in software projects; however,
these errors often cannot be automatically extracted to a standalone reproducing test case, a feature valuable for
the purposes of further software maintenance. Objects present the main difficulty, as generating code to construct
an object given its state is hard, due to the encapsulation principle.

In this paper we present an approach called Reanimator that, given an object representation, is able to generate
a valid code snippet which constructs this object using its publicly available API. Reanimator can be applied to any
automatic testing tool to help it generate reproducing test cases for detected failures.

We implemented our approach as a part of an automatic testing tool called Kex and evaluated it on a number of
open-source projects from GitHub. Evaluation results showed that our approach is compatible with the state of the
art techniques.
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Peannmarop: oT TECTOBBIX AAHHBIX K KOy 1 0bpaTHo

CospemMeHHble UHCMpyMeHmarbHble cpedcmea 07151 agmomMamu4yeckol 2eHepayuu mecmos cro-
COBHbI 3ghghekmusHO HaxoOumeb pasnuyHbie 8udbl owubok 8 npozpammHom obecrnieyeHuu. OGHaKko amu
owubku 3a4acmyo He Mo2ym bbimb agmomamu4yecKku rnpeobpal3osaHs! 8 80CPOU3BOAUMbIL mecmo-
8bIli npumep. Takoe npeobpaszosaHue Mo380su0 bbl 3HaYUMESIbHO yrpocmume rpouecc noddepxku
paspabambigaemoz0 npozpamMmMHo20 obecrniedyeHus. Haubornbwee crioXXHbIM 80MPOCOM peweHuss amou
3adayu Aensiemcs eoccmaHo8/1IeHUe 3K3eMIISiP08 K/1accos, makK KaK 8 Cusny npuHyuna uHkancynsayuu
OYeHb CITOXHO c2eHepuposamb rnpo2paMMHbIl KOO, KomopbIl no38ossiem 8ocrnpoudsecmu Heobxoou-
Moe cocmosiHue obbekma.

B cmamebe onucaH opuauHabHbIl, UMeHyeMbil PeaHumamopom, aemopckuli nodxod, komopaid,
rnosny4us orucaHue HeobxodumMo20 COCMOSIHUS 3K3eMrispa Knacca e Kakom-nubo ¢gpopmame, chopmu-
pyem rnpoepamMmMHbIl KOO, pe3yfibmamomM Komopozo s8/isemcs co3faHue Heobxo0uUMOoea0 3K3eMmrsapa
8 HY>KHOM COCMOSIHUU C UCIMO/b308aHUEM UCKIIOYUMEebHO nybnuyHo2o uHmepgelca knacca. Takol
nodxo0 moxxem bbimb UCMOIb308aH 01 co30aHuUsi mecmos 8 fobom uHcmpymeHmapuu 0s agsmoma-
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mu4eckoli 2eHepayuu mecmos, 80Crpou38odsauux HalldeHHble owubku. lNpednazaemsbil Nodxo0d bbin
paspabomaH u peanusosaH 8 cocmage UHCmMpyMeHmarnbHo20 cpedcmea Kex 0nsi asmomamu4yecKkol
e2eHepayuu mecmos u npomecmuposaH Ha Habope NMPoeKkmMoa8 ¢ OMKPbIMbIM UCX0OHbIM KOOOM. Tecmu-
poesaHue rnokasaro npuUMeHUMOCMb U KOHKYPeHmMocrnocobHocme rpednazaemo20 nodxoda 8 cpagHeHuU
C COBPEMEHHbIMU MemodaMu 2eHepayuu mecmosbiX MPuUMepos.

Knroyeenle croea: asmomamuyeckas 2eHepayusi mecmos, CUM8O/IbHOe UCMOTHeHUe, mecmupo-

esaHUe rpozpaMmMHoz0 obecriedyeHust

Introduction

Software affects almost every part of human life in
the modern world. People are surrounded by computers
and electronic devices which control transport, business,
medicine, etc. Software defects in these computer systems
may lead to fatal consequences, and software companies
use various methods of software quality assurance [1, 2]
to detect and fix errors on all stages of development.

One of the most popular methods of software qual-
ity assurance is software testing. Testing involves exe-
cuting the program (or one of its components) on a
set of predefined inputs to detect incorrect behavior.
Software testing has proved its efficiency, but it has
one significant weakness: creating software tests is a
very tedious process requiring a lot of time-consuming
manual work [3].

Automatic test generation is one of the attempts to
overcome this weakness; being an extension of automatic
software testing, it not only finds the software bugs, but
also generates reproducing test cases, usable for further
software maintenance. Generated tests are often included
in the regression test suite to ensure that the found problems
will not reappear in the future. There are a lot of methods
of automatic test generation, based on random testing [4],
symbolic execution [5], hybrid search-based approaches [6],
etc. These methods may use different strategies for test
generation, but in the end they all produce error-inducing
inputs by either operating on test code or on fest data.

Methods from the first group [6—8], which primari-
ly use flavors of random search (e. g., evolutionary
algorithms), operate on code in the form of function
or method calls and work by extending the generated
call sequence with additional calls on each search step.
This allows these methods to produce a code snippet
which can be immediately used in the testing environ-
ment; however, their random nature has a direct impact
on their bug-revealing efficiency. Another downside of
these approaches is that they are dynamic by nature
and cannot be used in purely static setup.

Methods from the second group [5, 9, 10], based on
random data generation or more complex approaches,
such as symbolic execution, operate on data rather
than code and try to generate interesting program inputs.
Therefore, to turn the error-inducing input into a test case,

one needs to generate a code snippet which constructs
the required data. For programming languages follow-
ing encapsulation principle (e. g., object-oriented ones),
this leads to the following problem: one cannot directly
build an object from its internal data (aka "encapsulation
problem"). This forces the test generation tools to use al-
ternative ways to create test cases, such as reflection [11].

Post-failure debugging techniques analyze the program
data after the failure and try to lift the data into a test
case. Given a bug report in some form (e. g., core dump,
stack trace, etc.), they attempt to generate program inputs
(execution traces, test cases, etc.) which reproduce the
crash. However, they are also affected by the "encapsula-
tion problem", if the program input is complex.

Record and replay [12, 13] crash replication ap-
proaches fall somewhere in between these two groups.
These methods capture program interactions at runtime
(via instrumentation) and store them as execution trac-
es. Test cases can be later recreated from these traces,
based on the sequences of program events, and these
sequences correspond to test code fragments. How-
ever, one may need to generate the test data for these
fragments, which brings us back to the "encapsulation
problem". Additionally, the need for instrumentation
often leads to a performance overhead.

This paper presents an approach we call Reanimator
which solves the "encapsulation problem" and allows one to
automatically generate valid code snippets to create a given
target object, using its publicly available API; the gener-
ated snippets can be then used to build reproducing test
cases. The approach is general and can be used not only
to solve the "encapsulation problem" for data-based test
generation methods, but also to enhance code-based test
generation, e. g., by using the object creation snippets as
primitive elements during the call sequence search process.

Reanimator is built on an original backward search
algorithm, which works by gradually reducing the search
space of applicable actions initializing one or more
object fields. At each step of the search algorithm, we
take the target object 7 and construct another source
object S, so that all fields of § are equal to corresponding
fields of T'except for one, set to the default value of its type.
We then use symbolic execution to check if it is possible
to execute an action on .S to produce the target object 7. If
it is possible, we save the information about found action

484

MporpammHas nHxeHepusi. Tom 13, Ne 10, 2022




and its arguments, and recursively continue the search on
S, until we find a constructor-like action, meaning we can
create 7 without any source object. The resulting action
sequence can be later transformed into a valid test case.
We implemented our approach as a prototype in an
automatic testing tool provided in Kex [14] platform and
evaluated it on a number of real-world projects. The
evaluation consists of three scenarios: extracting errors
found by the white-box fuzzer component of Kex to the
reproducing test cases, creating test cases for generating
random objects and integrating Reanimator approach
with the TARDIS [15] tool. Evaluation results show
Reanimator can successfully and efficiently generate
62.3 % of target objects on average and it can be com-
patible with the dynamic approach of TARDIS. Based
on the evaluation we can say the proposed approach is
applicable for automatic test case generation.

1. Related work

Automatic generation of reproducing code snippets
(i. e., test cases) from error-inducing inputs is a prob-
lem that has been addressed in areas of automatic test
generation, debugging and crash reproduction. Differ-
ent approaches have different capabilities for generating
test cases, here we talk about the most important ones.

Some of the approaches [6—8, 16] are based on the
idea of constructing the test case by gradually adding
new code expressions from the list of available expres-
sions until the user-specified stop criterion is reached (not
unlike a form of program synthesis [17]). While these
approaches are great at generating test cases (which they
perform by construction), the generation process is usu-
ally random to some extent and may not be able to create
test cases that cover complex parts of the target program.
Also, those approaches are based on dynamic analysis of
the program, as they are usually coverage driven.

Symbolic execution based approaches differ on how
exactly they use symbolic execution for test case gene-
ration. Some of them (i. e., JBSE [5]) find interesting
object states via symbolic execution and generate test
cases using reflection to reconstruct the target objects.
While reflection does sidestep the "encapsulation prob-
lem", it has the following downsides:

o reflection-based tests are hard to comprehend
and maintain;

o using reflection breaks encapsulation and allows
generating an object that cannot be created via its pub-
licly available API.

Other symbolic execution approaches (e. g., Syms-
tra [9]) are exploring the test case search space for an
arbitrarily selected subset of possible call sequences.
During the exploration, they symbolically execute
a call sequence and, if the execution is interesting,

generate concrete values for the arguments. However,
Symstra is limited in that it only supports primitive
types; the authors argue constructing complex objects can
be done either using reflection or by viewing it as a nested
Symstra problem, which may increase the search space.
JBSE [5] symbolic execution engine is also used as a
basis for SUSHI [10] and TARDIS [15] test generation
tools. SUSHI uses JBSE to compute interesting path
conditions of target program and converts them into a
fitness function. This fitness function is then used in the
search algorithm which generates test cases satisfying the
fitness function and, therefore, the original path condi-
tions; to implement search, SUSHI uses a custom version
of EvoSuite [6]. The authors also propose a way to encode
the program input properties as external specifications,
which can help SUSHI to identify the unsatisfiable path
conditions in advance and improve its efficiency.
TARDIS [15] is an extension of SUSHI that uses
concolic testing [18] for exploring path conditions of
the target program, which are then also handled via a
fitness function. The use of concolic testing improves
TARDIS performance (compared to SUSHI) in cases
when there is no user provided specification. The main
disadvantage of these test generation approaches is that
the search algorithm is separated from the symbolic ex-
ecution engine, making it extremely hard to efficiently
evaluate the feasibility of interesting path conditions.
The results presented in [10, 15] and our experiments
show that most of the time is spent on search-based test
case generation, compared to time taken by the symbolic
execution used to explore interesting path conditions.
Crash replication is another area interested in test case
generation. Approaches in this field can be divided into
two main categories: record and replay approaches and
post-failure techniques. The former (SCAPE [12], CR [19],
JINSI [20], BugRedux [21], ReMinds [22], GenThat [13])
are all based on capturing program execution traces via
instrumentation and replaying these traces later, either in
a special execution environment or as generated unit tests.
However, the unit tests created do not support complex
data or utilize reflection; more so, program instrumenta-
tion can lead to additional performance overhead.
Post-failure techniques [23—27] analyze execution
data (e. g., core dumps) after the program has already
crashed. RECORE [24] uses core dumps to generate a
fitness function and provides it to evolutionary search-based
algorithm to generate the test cases, somewhat similar to
SUSHI (and having the same disadvantages). SBFR [27]
(search-based failure reproduction) takes a failing program,
a grammar describing the complete program input, and
a (partial) call sequence and uses genetic algorithm to
generate failing inputs. While such approach works for
functional tests, the need to create an input grammar for
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ESD [23] is a technique for automated debugging which,
given a program and a bug report, uses symbolic execution
to synthesize a program execution which reproduces the re-
quired bug. The execution can then be replayed in a special
ESD playback environment to support classic debugging
techniques, but it does not provide a way to generate a
reproducing test case. DESCRY [23] is an automated tool
for reproducing system-level concurrency failures based on
log messages collected from the running program. Once
again, it is aimed at functional-level analysis and does not
provide utilities to generate separate unit tests.

Summary. As one can see, there already exists a large
body of work on automatic generation of test cases. Existing
methods belong to one of the following high-level groups:

e complete test code generation via random search;

o end-to-end test data generation, which primarily
supports functional-level tests with primitive data types;

e unit-level test data generation, which comes in
two flavors:

o using reflection to create the required data;
o using search-based approaches to synthesize
code creating the required data.

For unit tests, reflection-based approaches sidestep
the "encapsulation problem", but create hard to main-
tain and even incorrect (with reference to program
API) tests. Search-based approaches do not have this
problem, but sacrifice performance with the separation

between symbolic execution (used for data exploration)
and code synthesis (used for data generation).
Limitations of both approaches have inspired us to
attempt to remove the separation and use symbolic
execution for both data exploration and generation.

2. Motivating example

Let us show a motivating example of how current
test generation tools support complex data generation.
Consider a simple Java class ListExample given in List-
ing 1. It defines an inner class Point with two integer
coordinates and defines a method foo which accepts
ArrayList<Point> as its argument. This method fails on
line 18, when argument a has a specific shape.

Imagine we want to generate a test case for this
example. Automatic test generation tools based on ran-
dom- and search-based code generation will have dif-
ficulties finding this failure, as the probability they will
synthesize code, which creates an object of required
shape to trigger the bug, is low. Tools using symbolic
execution, on the other hand, will be able to find the
error-inducing input, but will encounter some problems
generating a standalone test case. As discussed in the
previous section, one of the options is to use reflection.
Listing 2 shows a part of the test suite for our example
program generated by JBSE [5] tool. This example

1. package test;
2. import java.util.ArraylList;

4. public class ListExample {

5 public static class Point {

6 private int x;

7. private int vy;

8 public Point(int x, int y) {

9. this.x = x; this.y = vy;

10. }

11. public int getX() { return x; }

12. public int getY() { return y; }

13. 1

14. public void foo(ArrayList<Point> a) {

15. if (a.size() == 2) {

16. if (a.get(0).getX() == 10) {

17. if (a.get(1).getY() == 11) {

18. throw new IllegalStateException();
19. 3}

20. 3}

21. 3}

22. }

23.} Listing 1. A program with a hard-to-find bug
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public class TestSuite {

public void testd () {
this.nullObjectFields = new HashSet<>();

test.ListExample _ ROOT this = (test.ListExample)
newlnstance ("test.ListExample"});
java.util.ArrayList _ ROOT a = (java.util.ArrayList)
newlnstance ("java.util.ArrayList");
new AccessibleObject(__ ROOT_a)
.set ("java/util/ArrayList:size", 2L);
new AccessibleObject(_ ROOT_a)
.set("java/util/ArrayList:elementData",
newArray("java.lang.Object", 2L));
new AccessibleCbject( ROOT a)
.set("java/util/ArrayList:elementData[0]", null);
this.nullObjectFields.add (new CbjectField(
~ ROOT a, "java/util/ArrayList:elementDatal(0]"));
__ROOT_this.foo(__ROOT a);

} Listing 2. Example of a test case generated by JBSE

highlights the problems with the use of reflection we
mentioned earlier. The total size of a single generated
test is more than 400 lines, and the generated code is
complex and hard to understand and to maintain.
Tools, which use search-based approaches to cre-
ate the test code for interesting data (such as SUSHI
or TARDIS), encounter performance problems. Our

experiments show SUSHLI is not able to generate a test
case triggering the bug in line 18 with a time budget of
20 min. TARDIS is more successful in this case and
can generate a test case in 2 min (Listing 3). These tools
require more time for test case generation; however, the
created tests do not break encapsulation and are easier
to comprehend and maintain if needed.

@Test (timeout = 4000)

ArrayList<Point> arrayList0 =

int int0 = 10;

int intl = 11;

boolean bocleanl

try {

public class ListExample_0_Test extends ListExample_0_Test_scaffolding {

public void test0() throws Throwable {
ListExample listExample(Q = new ListExample/();
new ArrayList<Point>();

Point point0 = new Point (int0, int0);

Point pointl = new Point (intl, intl);
boolean boolean0 = arrayList0.add(point0):;

arrayList0.add (pointl) ;
listExample0.foo(arrayList0);

} catch (IllegalStateException e)

verifyException("org.example.ListExample”, e);

Listing 3. Example of a test case generated by TARDIS

{
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Reanimator attempts to combine the best of both
worlds, by supporting direct generation of test code
from interesting data without the need to use reflection.

3. Reanimator

Given a target object representation (as an error-in-
ducing input from the testing tool), Reanimator gener-
ates a code snippet for creating the object. The approach
was originally developed for the JVM platform; thus, its
description contains several JVM-specific features, but
it can be adapted for most general-purpose program-
ming languages. We assume a closed-world model, i. e.,
we have full access to all types, functions, etc. Reani-
mator can be divided into three stages:

1) descriptor conversion: descriptors are the internal
object representation used in Reanimator;

2) action sequence generation: each action is an op-
eration (e. g., function call or array element access) in
the target language;

3) code snippet generation: code snippet is a valid
code sample which creates the target object.

3.1. Descriptor conversion

First, the target object should be converted to a Re-
animator descriptor. Descriptors are used to represent

the object shape; one may consider them to be trees
which capture (nested) object states. The descriptor
format for the JVM platform is given in Listing 4; if
needed, the format can be extended to support other
languages. To convert an object representation to a
descriptor, one may follow its shape in a bottom-up
fashion, converting object elements to their correspond-
ing descriptors along the way.

3.2. Action sequence generation

At this stage Reanimator tries to create a sequence
of valid actions which, if performed, create an object
corresponding to the target descriptor. The list of sup-
ported actions in the current implementation for the
JVM platform is as follows:

e constructor-like calls:

o no-arg constructor calls;

o constructor call with arguments;

o external constructor-like call (static factory
methods, etc.);

e (static) method calls;

e (static) field assignments;

e array creations;

e array element writes;

e primitive value creations;

e "unknown" actions.

<ConstantDescriptor>

"ByteDescriptor" value:Byte

"CharDescriptor" value:Char

"IntDescriptor" wvalue:Int

"LongDescriptor" value:Long

<Descriptor> ::= "ConstantDescriptor”
"ObjectDescriptor" fields:<ListOfFields>
"ArrayDescriptor" elements:<ListOfElements>

"StaticFieldDescriptor" field:<Field>

::= "NullDescriptor"

"BoolDescriptor" wvalue:Boolean

"ShortDescriptor" wvalue:Short

"FloatDescriptor"™ wvalue:Float

"DoubleDescriptor"” walue:Double
<Field> ::= name:String klass:Class value:<Descriptor>
<Element> ::= index:Int value:<Descriptor>
<ListOfFields> ::= <Field> <ListOfFields> | <empty>

<ListOfElements> ::= <Element> <ListOfElements> | <empty>

Listing 4. JVM descriptor format
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Input: d — target descriptor

Input: limit — action sequence length limit
Output: calls — generated action sequence
1: function generate(d, limit)

2 if 0 == limit then

3 return unknown

4: end if

50 calls+ ]

6: if d € ConstantDescriptor then
7

8

o.a -

calls += Primitive Value(d.value)
else if d € StaticFieldDescriptor then

: value + generate(d.value, limit — 1)
10: calls += StaticFieldSetter(d, value)
11: else if d € ArrayDescriptor then
12: eType « d.elementType
13: length < generate(d.length,limit — 1)
14: arr « NewArray(eType, length)

15: calls += arr

16: for (idzx, ed) € d.elements do

17: value + generate(ed, limit — 1)

18: calls += ArrayWrite(arr, idz,value)
19: end for

20: else if d € ObjectDescriptor then

21: calls += generateObject(d, limit — 1)
22: end if

23: return calls

24: end function

Figure 1. Action sequence generation algorithm

Reanimator respects the encapsulation principle and
uses only publicly available program actions, e. g., field
assignments are allowed only for public fields. A high-
level overview of action sequence generation is shown in
Figure 1. Generation of action sequences for constant
descriptors, array descriptors and static field descrip-
tors is straightforward and self-explanatory. Generation
of object descriptors, however, is more complex; let us
discuss it in more detail.

As shown in Listing 4, object descriptor is repre-
sented as a list of fields with their types and values.
If a field is not important in the context of current
test generation (i. e., it is irrelevant with reference to
error-inducing input), it is not included in the object
descriptor.

Each field of the object descriptor imposes new
constraints for the object generation. Generation of an
object descriptor with #n defined fields is strictly more
complex than generation of another object descriptor
with m < n defined fields. This reduction-like intuition
is the basis of the action sequence generation algorithm
for object descriptors presented in Figure 2.

The algorithm gradually reduces the descriptor until
it finds a constructor-like call, which can directly create
the object. A naive approach to doing this is to check
all possible valid action sequences, but such brute-force

search is very inefficient and may not terminate in
a reasonable time in some cases. To overcome this
problem, we apply symbolic execution, using it to offer
several optimizations to speed up the search of interest-
ing object actions, and impose a hard limit to ensure
generation termination.

As the first step, we perform descriptor concretiza-
tion. The purpose of this is to replace all non-instanti-
able types in object descriptors with arbitrary instan-
tiable ones. Currently, a type is considered non-instan-
tiable if it is an abstract class or an interface, as they
are not constructible directly. Finding compatible types
can be done efficiently, as Reanimator operates under
the closed-world assumption.

The next step is setter extraction, which is optional,
and its main purpose is to speed up the search. We
consider method a "setter", if it takes exactly one argu-
ment and changes exactly one of the object fields. The
main idea is to preprocess available classes and find
their setters (if present). Then, if an object descriptor
contains fields with available setters, we shortcut and
generate corresponding setter call actions, add them
to the sequence and reduce these fields from the target
descriptor. The details of how we check if a method
is a setter are covered in more detail in the following
section.
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Input: d — target object descriptor
Input: limit — action sequence length limit
Output: calls — generated action sequence
1: function generateObject(d, limit)
2 d + concretize(d)
3 ctors + d.class.ctor LikeClalls
4: methods « d.class.methods
5: (d, setters) « exztractSetters(d)
6:  query « {d, setters}
7
8

calls « ]
: while query # () do
9: if length(calls) > limit then
10: return unknown
11: end if
12: (desc, calls) + query.poll()
13: for ctor € ctorsdo
14 (nDesc, args) + execAsCtor(ctor, desc)
15: if isFinal(nDesc) then
16: margs + genArgs(args,limit)
17: calls += CtorCall(ctor, margs)
18: return calls
19: end if
20: end for
21: for m € interestingFor(desc, methods) do
22 (nDesc, args) + erecAsMethod(m,desc)
23: if nDesc < desc then
24: margs < genArgs(args,limit)
25: nCalls + calls + MethodCall(m, margs)
26: entry + {nDesc,nCalls}
27 query.push(entry)
28: end if
29: end for

30: end while
31: end function

Figure 2. Object descriptor processing

After that, the main search procedure is started. At
each step, we first check for the termination condition;
if we stop the search prematurely, we signal this with a
special "unknown" action. Then we check if it is possible
to create the given descriptor using any constructor-like
call; if that is true, the action sequence generation is
complete. We create a constructor call action, add it to
the sequence and return the result.

If no constructor-like calls are applicable, the search
continues to iterate over all interesting methods, at-
tempting to reduce the descriptor. A method is inter-
esting with reference to given descriptor, if it is public
(i. e., accessible from tests) and changes at least one
of the descriptor fields. If we were able to successfully
reduce the descriptor using one of the methods, we
generate arguments for that method with genArgs func-
tion, which recursively calls generate for all argument
descriptors. Then we build a method call action, add it
to the current sequence and schedule it for processing.

We should also note that generate and generate Object
also save all information about generated descriptors
to cache allowing them to support generation of cyclic
descriptors.

Functions execAsCtor and execAsMethod are used to
symbolically execute a callable (a constructor or a method)
to check if it can be used to create or reduce the target
descriptor. If the check is successful, they return the re-
duced descriptor and arguments descriptors needed to
successfully call it. Internally, these functions use SMT
solvers [28] to reason about the behavior of callables. Let
us describe how these functions work in more detail.

3.2.1. Reducing descriptors using
symbolic execution

Applying symbolic execution to reason about call-
ables and their influence on object state is what allows
Reanimator to efficiently reduce descriptors during ac-
tion sequence generation, while respecting encapsula-
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tion principle. Our instance of SMT based symbolic
execution consists of the following steps:

e encode the callable and the descriptor as SMT
formulae;

e perform an SMT query into the SMT solver;

e decode a new descriptor from the resulting SMT
model.

To be able to use SMT solver for symbolic execution,
we need to define a memory model suitable for repre-
senting the program and its variables as SMT formulae.
The memory model used in Reanimator is inspired by
the work on Kex automatic test generation tool [14].

JVM bytecode has several primitive data types: bool-
eans, integers (short, int, etc.), floating point numbers
(float and double). Each variable of a given type can
be represented as an expression of corresponding SMT
theory: booleans for boolean, bitvectors [29] for integers,
Sfloating point numbers [30] for float and double.

JVM also supports non-primitive data types in the
form of reference types (objects and arrays). To repre-
sent references in the heap we use a "property-based"
memory model [31]: memory is encoded as a collection
of SMT arrays [32], each array corresponding to a dis-
joint partition of heap objects not aliasing object from
other partitions. This allows to encode object references
as 32-bit bitvector indices into their partition; arrays are
represented as continuous chunks, with array reference
pointing to its start index. Object fields are represented
in a similar fashion, using "property memories": each
field is mapped to a separate SMT array, indexed by
object references; to access field x.y one needs to work
with property memory fypeOf(x).y by index x. This al-
lows for precise modeling of heap structures while also
reducing the complexity of solving the resulting formu-
lae, as disjoint SMT arrays decrease the search space
SMT solver needs to work with.

Runtime type information is encoded in a special
"type" property memory: each reference may be used as
an index to this property memory to get its type. As we
analyze the program as a closed-world system, we can
assign a constant to each type and encode subtyping
via SMT axioms over isSubtype uninterpreted function,
which encodes all the available type information.

All type-related operations in the program are ex-
pressed through isSubtype: casts and instanceof checks
impose new constraints on the "type" property of the
corresponding variable. That, together with the subtyp-
ing axioms, gives SMT solver enough information to
correctly analyze types.

3.2.2. Encoding the SMT formulae

Methods are encoded as SMT formulae, using the
described memory model. Encoding most JVM in-
structions is straightforward, as they can be directly

mapped to corresponding SMT expressions (iadd to
bvadd, aaload to select, etc.). However, there are some
typical problems: loops and method calls cannot be
encoded as SMT formula as easily.

To overcome these problems, we use the follow-
ing processing. All loops are unrolled to a predefined
bound, underapproximating the possible method be-
havior, similarly to how bounded model checking
works [33]. This unrolling allows the methods to be
converted into an SMT formula. Function calls are
inlined if they can be statically resolved, otherwise, they
are underapproximated as "noop" operations. For test
case generation, our experiments show such underap-
proximations are good enough for most practical cases.

3.2.3. Performing an SMT query

After the methods are represented as SMT formulae,
which symbolically capture their behavior, they are used
together with the descriptors to answer different queries
with reference to the action sequence generation algo-
rithm. The purpose of these queries is to understand
how a given method affects an object’s state, i. e., how
the final object state is changed in comparison with its
initial state after the method invocation.

SMT queries to answer that are constructed as fol-
lows. The target descriptor defines the constraints for
the final memory state: properties, corresponding to the
defined descriptor fields, should be assigned their value
in the final state. Method type defines the constraints
for the initial memory state:

e constructor constraints, used to check if the target
descriptor can be created by this constructor; they require
the complete initial memory state to be uninitialized;

e setter constraints, used to check if a method
can be used to set one or more target fields to their
descriptor values; they require all target field values in
the initial memory state to be uninitialized;

¢ method constraints, used to check how method
execution affects the object state; they do not impose
any constraints on the initial memory state.

Function execAsCtor is checking queries with con-
structor constraints, function execAsMethod — queries
with setter and method constraints. Setter constraints
are also used in the setter extraction.

We need to analyze method constraints as well as
setter constraints, because some fields of an object may
not have a direct setter but could be modified by other
methods. For example, the size field of a collection
cannot be directly manipulated, but it is changed after
calls add or clear.

3.2.4. Decoding new descriptors

A successful SMT query returns an SMT model
containing the initial memory state, the final memory
state, and values of all method variables. To extract the
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package test;

import java.lang.Throwable;

import org.junit.Test;
import test.ListExample;
import test.ListExample.Point;

import java.util.ArrayList;

public class ListExample foo {

public <T> T unknown() {

}
@Test
public

al.add(pointl);

al.add(point2);
listExamplel.test (al);

import java.lang.IllegalStateException;

throw new IllegalStateException():

void test_bbl0() throws Throwable {
ListExample listExamplel = new ListExample();
Arraylist<ListExample.Point> al =

new ArrayList<ListExample.Point>(2);

ListExample.Point pointl = new ListExample.Point (10, 0);

ListExample.Point point2 = new ListExample.Point (0, 11);

! Listing 5. JVM descriptor format

information, we need to decode this model into new,
reduced descriptors.

The decoding process consists of evaluating the
values of all interesting fields from the initial memo-
ry state, to understand which constructor, setter or
method constraints were not violated. Fields that have
the uninitialized value in the initial memory state are
considered successfully reduced and are not included in
the resulting descriptor. If the constructor constraints
were not violated (the complete initial memory state is
uninitialized), the descriptor is considered successfully
generated.

3.3. Code snippet generation

After we have created an action sequence for the
target object, we need to convert it into a test case
code snippet. As the action sequence is a list of callable
actions with their arguments, which create the needed
object, the transformation is straightforward.

To get a complete code snippet, we need additional
information, specifically, resolved type and type pa-
rameter information, if we want to correctly use the
public API and avoid using reflection. The required
type information can be extracted by traversing the
action sequence two times: in backward and forward
direction. In the prototype implementation, backward
traversal uses Java reflection to obtain type parameter
types. Forward traversal uses the results of the backward

one and resolves the final types for action calls and
variables, which are used as follows:

e parameter types can provide type arguments for
executable calls;

e explicit type casts are added if an argument vari-
able has type incompatible with the parameter type.

The rest of code snippet generation involves me-
chanical extraction of sequence actions into code. The
extracted Java snippet for our example is shown in List-
ing 5. The unknown function is generated to support
the special unknown action, meaning Reanimator can
create a test case even if the generation failed, support-
ing the option of manual developer intervention.

4. Implementation

We implemented the Reanimator approach in an au-
tomatic testing tool provided in Kex [14] platform. Kex
is a white-box [34] testing tool targeting JVM bytecode,
and uses Kfg liblrary1 to analyze .jar files and construct
control flow graphs (CFG). Kfg is also used to perform
various bytecode transformations and simplifications,
e. g., loop unrolling’s.

Kex works as a symbolic execution engine and uses
SMT solvers to perform constraint solving. Instead of
working directly with Kfg CFGs, Kex uses its own

! https://github.com/vorpal-research/kfg
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intermediate representation called predicate state. Predi-
cate state serves as an inter-layer between Kfg and SMT
formulae, allowing it to easily support multiple solvers
(Boolector [35], Z3 [36], STP [37]). It is also used to
perform additional, SMT-specific transformations on
the program code.

5. Evaluation

To evaluate Reanimator, we ran the prototype imple-
mentation on a set of open-source projects. First, we se-
lected projects from JUnitContest 2020 [38] benchmark
set: fescar-0.1.0, pdfbox-2.0.18 and spoon-7.2.0. Second,
we selected several open-source projects from GitHub:
authforce-core-13.3.0, exp4j-0.4.9, exposed-0.27.1, imixs-
workflow-4.4.6, karg-0.1, koin-2.1.6, kotlinpoet-1.7.0, kfg-
0.0.10. We tried to diversify the test projects by picking them
from different application domains, such as command line
parsing, SQL libraries, code generation utilities, etc.

All tests were run on a test system with 64-bit
Arch Linux OS (kernel 5.8.13-archl), Intel Core i7-
4790 CPU @ 3.60GHz, 32GB of RAM and Samsung
SSD 950 PRO 512GB storage. We used the following
Reanimator configuration:

e 73 solver for SMT solving;

o all loops are unrolled to bound k£ _/ = 2;

o the length of action sequences set to limit = 5.

We have chosen values for parameters k_/ and limit
based on the preliminary experiments with the following
reasoning. As we discussed in Section 3, unrolling is
used for underapproximating the method behavior, with
larger unroll bound making it more precise, but also
more difficult to solve. Our experiments showed larger
unroll bounds do not significantly improve the genera-
tion quality; therefore, we selected k_/ to be relatively
small. The length of action sequences /limit is directly
affecting both Reanimator performance and the final
generation quality. However, while increasing limit in-
creases Reanimator generation time, the improvement
in generation quality quickly decreases. We selected
limit, so that the Reanimator can finish code snippet
generation in reasonable time. However, one may select
other values for k [/ and /imit if needed; it should not
have any impact on the applicability of Reanimator,
and influence only its performance.

In the evaluation, we address the following research
questions (RQ).

RQ1. Can Reanimator be used in automatic test
generation tool to create valid test cases? We want to
understand what percentage of interesting inputs gen-
erated by Kex can be converted to valid code snippets
using Reanimator.

RQ2. Can Reanimator be used to generate valid
code snippets for random target objects? We want to see

if our approach can create code snippets for ran-
domly generated objects and analyze what causes it
to fail.

RQ3. How does Reanimator compare to other ex-
isting approaches? We want to know how Reanimator
performs in comparison with TARDIS automatic test
generation tool.

5.1. RQ1: Using Reanimator as
a test generator for Kex

We address RQI1 by using our prototype as a "back-
end" for test generation from the output of Kex. In its
default mode, Kex uses Java reflection library to cre-
ate objects from the symbolic output of an SMT solver
(similarly to JBSE). In this part of the evaluation, in-
stead of reflection we used the Reanimator to generate
code snippets. Being a white-box tool, Kex tries to cover
each basic block of each method by generating interest-
ing input data. The achieved coverage is measured as
instruction coverage.

The results of the evaluation are presented in Table 1.
The first column contains the name of the tested pro-
ject. The second column shows project line coverage, as
a relative measure of the project complexity. The third
column contains the percentage of successfully gene-
rated code snippets for all interesting inputs found by
Kex (AG). The fourth column shows the average depth
of descriptors (depth of a descriptor is the maximal
nesting level of its elements) (ADD). As we found dur-
ing evaluation, many descriptors generated by Kex are
simple constant descriptors or empty object descriptors,
for that reason we decided to additionally measure non-
trivial descriptor parameters. The fifth column shows

Table 1
Results of using Reanimator as a part of Kex
Project Coverage, % | AG, % | ADD | NTG, % | NTDD
authforce 13.9 71.8 1.5 48.5 2.5
exp4j 27.5 79.7 1.6 4.7 2.8
exposed 29.0 70.0 1.3 45.3 2.3
fescar 21.7 86.1 1.4 47.3 2.6
imixs 25.1 89.3 1.5 70.1 23
karg 15.8 66.0 1.5 38.6 2.3
kfg 21.7 58.1 1.4 42.0 2.4
koin 332 70.4 1.9 59.3 3.0
kotlinpoet 28.5 76.3 1.6 65.8 2.6
pdfbox 9.8 834 1.6 75.1 23
spoon 59 83.8 1.3 40.6 2.3
average 21.1 75.9 1.5 48.8 2.5
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the percentage of successfully generated code snippets
for non-trivial descriptors (NTG). The last column shows
the average depth of non-trivial descriptors (NTDD).

The results show that on average Reanimator can
successfully generate code snippets in 48.8 % of non-
trivial cases and in 75.9 % of all cases. The average
depth of non-trivial descriptors over all projects is 2.5.
Manual analysis of the results has showed the main
reasons for Reanimator failures are code complexity
(w.r.t. our underapproximation), "impossible" objects
(objects that cannot be created using the public API)
and higher-order functions.

The results also show that Reanimator performed
poorly on exp4j project. That happened because exp4j
project contains a lot of package-private and anonymous
classes which Reanimator cannot generate.

Based on that, we believe the proposed approach
can be used in automatic test generation tools to create
code snippets from input data.

5.2. RQ2: Generating code snippets
for creating random objects

To address RQ2 we evaluated our prototype on gene-
rating random objects for classes from the test projects.
We used the following evaluation technique. For each
test project we generated a set of random objects us-
ing easy-random-4.2.0 library'. From this set we have
selected a subset of "valid" objects, i. e. objects with
public visibility and at least one public constructor-like
callable. We then used our prototype to try and generate
code snippets for valid objects, until we got 1000 suc-
cessful generations for each project. To estimate the
complexity of random objects we also measured the
average depths of generated descriptors.

To check the correctness of the generation, we need
to have an oracle: a way to ensure the generated object
is structurally equal to the target one. We cannot use
equals implementations because they are not required
to test structural equality. To sidestep that, we imple-
mented an external structural equality test.

e For a target object a, we convert it into a de-
scriptor a_d.

e We generate an action sequence for a_d and use
it to create a generated object b.

o The generated object b is converted into a de-
scriptor b_d.

e We check the descriptors for equality: a_ d =5 _d.

By construction, if the generated object is struc-
turally equal to the target object, their corresponding
descriptors should be equal.

The results of random object generation are present-
ed in Table 2. The first column shows the name of the

! https://github.com/j-easy/easy-random

Table 2
Results of generating random objects
Project AG, % ADD VG, % VDD
authforce 324 3.2 40.4 3.0
exp4j 41.1 2.6 479 2.3
exposed 424 33 49.9 2.9
fescar 46.6 3.1 63.5 2.1
imixs 67.4 3.5 80.4 2.8
karg 75.5 34 75.5 34
kfg 66.3 3.8 95.3 3.1
koin 38.7 3.8 50.1 3.1
kotlinpoet 29.7 2.5 63.7 1.5
pdfbox 28.5 5.2 38.5 4.0
spoon 37.0 3.6 441 33
average 45.9 3.5 59.0 2.9

project. The second and third columns show the sucess
rate for generation of valid objects (AG) and average
depth of the descriptors for valid objects (ADD). During
the experiments we noticed the Reanimator cannot suc-
cessfully generate unordered collections (sets and maps)
in most cases, as their complex internal structure presents
problems for the symbolic execution. For that reason, we
decided to also measure success rate (column VG) and
average depth (column VDD) for viable descriptors, i. e.
descriptors without complex collections.

We can see that the average success rate is 45.9 % for
valid objects and 59 % for viable descriptors; overall, the
success rate is very dependent on the target project. For
example, pdfbox project has a lot of classes that operate
with complex PDF document structures. Reanimator
is not always able to resolve these complex structures,
therefore, the success rate is relatively low. On the other
hand, project kfg has a lot of data classes: immutable
classes with public "setter" constructors, allowing to
initialize all object fields at once, thus, the success rate
for kfg is high.

The amount of generated objects does not allow
us to manually inspect each Reanimator failure and
the complexity of such task does not allow performing
it automatically. Therefore, we inspected a subset of
120 Reanimator failures to analyze their causes. 35 % of
the failures were caused by impossible objects generated
by easy-random. The main reason for other failures is
the complexity of the generated objects (58 %). Among
other reasons for the failure are the use of higher-order
functions (4 %) and "builder" pattern (3 %), which are
currently not supported by Reanimator.
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The last group of failures can be explained by the
prototype implementation limitations. The approach
can be easily extended to support the builder pattern.
As for the higher order functions, it should be pos-
sible to search for existing functions with the required
signature or even generate them on-the-fly. Another
way to improve Reanimator success rate is to improve
the symbolic execution by adding support of unordered
collections or improving its underapproximation. We
consider these tasks as future work.

5.3. RQ3: Comparing Reanimator
to TARDIS approach

To address RQ3 we have integrated Reanimator to the
TARDIS tool and compared it to the default approach
used in TARDIS on the JUnitContest 2021 benchmark
set. JUnitContest 2021 used the time budgets of 60 and
120 s, but we decided to also run TARDIS on the
increased time budgets as the authors of TARDIS sug-
gested that 120 s is too low. We have also evaluated Kex
with Reanimator on the same benchmark set.

The results of the evaluation are presented in Table 3.
The first column shows the name of the project and the
approach used for code snippet generation. Other col-
umns show average line coverage achieved by the tools
on the benchmark classes. We can see that TARDIS
with Reanimator performed similarly as TARDIS with
Evosuite. Thus, we can say that Reanimator is an appli-
cable approach for automatic test case generation tools.

Table 3
Results on JUnitContest 2021 benchmark, %
Time budget, s
Tool
60 120 300 600
TARDIS + Evosuite 14.0 15.7 18.5 19.6

TARDIS + Reanimator 13.9 16.0 17.8 19.3

Kex + Reanimator 24.6 25.3 25.4 27.6

Conclusion and future work

In this paper we presented an approach called Re-
animator for generating valid code snippets to create a
given target object, using only its publicly available API
(i. e., respecting the "encapsulation principle"). This ap-
proach is applicable in automatic test generation tools
to create correct and easy to maintain test cases. It is
based on an original search algorithm, augmented with
symbolic execution, which attempts to find an action
sequence that creates the objects needed to exercise
interesting executions found by the testing tool. The ap-
proach targets the JVM platform and considers several

JVM-specific features but is general enough and can be
extended to other programming languages.

The proposed approach was implemented as a mod-
ule in an automatic testing tool provided in Kex plat-
form and evaluated on a set of open-source projects.
The results show it can successfully and efficiently
generate 64.4 % of target objects on average, with the
best result being 99.9 %, in a reasonable time. Based
on the results, we can say Reanimator is applicable for
automatic test case snippet generation.

In the future, we plan to explore the following di-
rections:

e perform a more thorough investigation of Re-
animator failures to understand how we can increase
its success rate;

e improve support of complex types such as (un-
ordered) collections and/or try using other symbolic
execution engines;

e support generation of higher order functions;

e integrate our approach with unit-testing engines
to generate additional assertions.
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Mapannensubiil ANTOPNTM NapamMeTpnyecKoi
NAGHTNGNKALAN ANHAMIYGCKIX CNCTEM
C IHTepBaNibHBIMI NapameTpamil

lNpedcmaesrneH napannenbHbIl anzopumm napamempudeckol udeHmugukayuu GUHaMUYeCKUX
cucmem ¢ UHmMepesarsbHbIMU napamempamu. B ocHoge amozo anzopumma riexum paHee pa3pabomaH-
HbIl, 060CHO8aHHbIU U anpobuposaHHbIl aneopumm adarnmueHOoU UHMepPnonsayuu, Komopaell no3sosnsem
8 A8HOM 8ude noslyyams 3a8UCUMOCMb COCMOSHULU QuHaMu4Yeckol cucmeMbl Om UHmMepsarbHbIX na-
pamempos. PeweHue 3adayu napamempuyeckol udeHmugukayuu ceodumcs K 3adadye MUHUMU3AUUU
onpedenieHHoU yenegoli hyHKUUU 8 npocmpaHcmee epaHul, UHmepeasibHbIX OUEHOK napamempos.
3a cuem npumeHeHus anzopumma adanmueHoU UHMePNoasauuU rnpu 8bl4UCIeHUU 2padueHma uesnesou
yHKUUU Hem Heobxodumocmu 8 GOMOSTHUMEIbHOM aHasu3e u MoOesupo8aHuU UCX0OHOU OuHaMU4YeCcKoU
cucmemsbl, Moamomy Ons onmumu3sayuu yOobHO ucrnosib3o08amb Memodsbi nepgozo rnopsidka. OdHako
3adaya ebiyucrieHuUs uenesol yHKUuU u epadueHma eksvyaem e cebs Habop 3aday ycroeHol Mu-
HUMU3ayuu 0115 I8HbIX PyHKUUU, peweHuUe KOmopbiX MOXHO 8bIMOIHUMb He3agucumo Opy2 om dpyaa.
PaccmompeHbl 0CHOBHbIe acriekmbl U ocobeHHOCmuU pacrnaparsnenueaHus u peanusayuu anzopumma
napamempuyeckol udeHmugukayuu U 8blrosHeHa e2o anpobayusi Ha HECKOMbKUX npedcmasumeribHbIX
npumepax. lNpoaHanu3zupoeaHbl yCKOpeHue U aghghbekmusHOCMb pacraparienueaHus.

Knroyeenie cnoega: pacnaparnnenusaHue, OpenMP, anzopumm napamempudeckol udeHmucghukayuu,
anzopumm adanmueHol UHMepnonsyuu, MHo2oMepHas UHmMeprnonsayus, uHmepesarbHble cucmemsl

06bIKHOBEHHbIX OuththepeHyuarbHbIX ypasHeHuUl, 2padueHmHbIe MemoOobl, omuMu3ayusi

BBeaeHue

OO6paTHbIe 3a4a4M UT'PAIOT BaXKHYIO POJIb B pa3HbIX
COBpPEMEHHBIX MPUKIAAHBIX obnactax [1—3]. 3amaua
mapaMeTpuUYecKoil naeHTUGUKAIIUM BO3HUKAET Ha
aTare, Korga MaTeMaTudeckasi MoJesb IIpolecca yxe
ornpenesieHa, HO HEM3BECTHBIMU OCTAlOTCS ee Iapa-
METPHI, KOTOPbIE HEOOXOAMMO IMOA00paTh TaK, YTOOBI
MOJIeJTb HAMJIYYIITUM 00pa3oM BOCIIPOM3BOIMIIA TMeE-
folrecsl SKCIepuMeHTalbHbIe JaHHBIE.

JaHHbIe, TTOJTyYEeHHBIE BO BpeMsl SKCIEpUMEHTA,
KaK TpaBUJIO UMEIOT HEKOTOPHIN pa3dpoc, MO3TOMY
MPpU MOCTPOCHUU MaTEeMaTUYECKOU Moaeau OObIYHO
nmpecaeayeTcs 1ejb MUHUMU3alMU OTKJIOHEHU S MO-
IeJTbHBIX 3HAYEHU I OT 3KCIIepPUMEHTAIbHBIX.

Breimenum pa6GoTsl [4—6], TTOCBSIIEHHBIE MHTEP-
BaJibHOMY amnrapary. KioueBoe oTau4ue nHTepBab-
HBIX Mojiesieil OT OOBIYHBIX 3aKJII0YaeTCs B TOM, YTO
OHM TaIOT MHTEpPBaJIbHBIC OIIEHKH HAa MHTEPECYIOIIHe
BeIUUYUHBI ("KOPUIOPHI" BO3ZMOXHBIX 3HAYEHMIT).
IToaTOoMy B ciydyae ¢ mapamMeTpuyecKor MaeHTUdU-

Kallieid OCHOBHAs 1ieJib — HaXOXJAeHWE TaKUX WH-
TepBaJbHBIX MapaMeTPOB, MPU KOTOPBIX MOJAEIbHbIE
WHTEpBaJbHbIE OLIEHKU OYIyT MOJHOCTBIO MMOKPHLIBATh
BKCIIepUMEHTaIbHbIe JaHHBIE (M1 MUHUMU3UPOBATH
OTKJIOHEHUE OT HUX).

CyliecTByeT psia paboOT, MOCBSIIEHHBIX UHTEP-
BaJIbHBIM 0OpaTHBIM 3amadyaMm [7—9]. B ocHoOBHOM
B HMX paCCMOTPEHbI MaTeMaTUYeCKE MOJEIU OIpe-
JIeJICHHOT 0 KJlacca, Halpumep JuHeliHble. B HacTos-
et xe pabore onucaH noaxon [10], mo3Boasiolnit
paboTaTh ¢ HEJIMHEHHBIMU TUHAMUYECKUMU CHUCTE-
MaMU, 3aJJaHHBIMU B OOIIEM BUJIE.

B ocHoBe moaxoaa JeXUT paHee pa3paboTaHHbIN
aJITOPUTM aJallTUBHON MHTEPIOISIIIUU AT MOIEIH-
pOBaHUS IMHAMMWYECKUX CUCTEM C MHTEPBAJbHBIMU
napameTpamu [11, 12]. Llexs anropuTMa 3aKjio4acTcs
B MOCTPOEHUU AJig KaXAOro MOMEHTa BPEMEHM
KYCOYHO-TTOJJMHOMMAJIbHOM (PYHKIIMM, UHTEPIIOJIH-
pyollieil 3aBUCUMOCTb COCTOSIHUSI AMHAMMUYECKOM
CHUCTEMbI OT HEM3BECTHBIX NTapaMeTPOB, UJIH, IPYTUMU
CJIOBaMU, IMapaMeTPpUIEeCKOro MHOXECTBA COCTOSTHUIA.
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JaHHBII aArOpUTM OTHOCHUTCSI K METOIaM, BOCCTa-
HaBJIMBAIOUIUM SIBHY1O 3aBUCUMOCTh MHTEPECYIOIIMX
BEJIMYMH OT MHTEPBAJbHBIX MapamMeTpoB (B 2TOi
TpYIINe BBIAEASIOTCS CUMBOJIbHBIE MeTOAbl [13—135]
W TOJWHOMHUANIbHBIe MeTonbl [16, 17]). Jns 3amau
¢ OOJIBLIIMM YHCJIOM HeOoIlpeaesIeHHOCTEeN ObLIM pa3-
paboTaHbl ABe Monudukauuu aaroputma [12, 18] Ha
OCHOBE pa3pexXeHHbIX ceToK [19—21] u TEeH30pHBIX
noe3noB [22, 23]. B paborax [24—26] paccMOTpeHBI
pa3IMYHbBIe aCTIEKTHl U OCOOCHHOCTH pacIapajiein-
BaHUS U peajiu3aluy aJiropuTMa C UCIOJb30BaHUEM
texHoyioruit CUDA [27] u OpenMP [28].

Wpes onuceiBaemoro noaxona [10] K pelreHuIo 3a-
Jla4y TapaMeTpuIeCcKor naeHTU(UKaIuy 3aKJI04aeTcs
B MOCTPOEHUU U MUHUMMU3ALUU 1ieJeBOl QPYHKIUH,
3aBUCSLICH OT rPaHUIL MHTEPBaJIbHBIX OLICHOK IapamMe-
TPOB CUCTEMBI M XapaKTepU3YIOILEH pacCTOSTHUE MEXKIY
napamMeTpu4eCKMMU MHOXECTBAMU COCTOSIHUHN U CO-
OTBETCTBYIOLIMMU IKCIIEPUMEHTAIbHBIMU JAHHBIMU.

151 BBIYMCICHUS 3HAYECHUS 1ieJieBOM (DYHKILIUU
HEO00X0AUMO:

1) BBIMOJHUTH MOAECIUPOBAHUE MUHAMUYECKOMN
CHUCTEMBI C UHTEpPBaJbHBIMU MapaMeTpaMu;

2) BEIYUCIUTD PACCTOSTHUE MEXIY MOJTYYCHHBIMU
napaMeTpuuyecKMMU MHOXECTBAMU U IKCIEPUMEH-
TaJbHBIMU TaHHBIMU.

IlepBbIit MyHKT MOApPa3yMeBaeT MPUMEHEHHUE aro-
puUTMa aganTUBHOW MHTepnojsiuuu. B mpolecce ero
paboThl TpeOyeTCss MHOIOKPATHO BBIMOJHSITh MOIEIU-
pOBaHVe UCXOMHOM CUCTEMBI C OIpeNeIeHHBIMU 3HAYe-
HUSIMUA HEM3BECTHBIX TTapaMEeTPOB, YTO SIBJISIETCS He-
3aBUCUMBIMU TI0/I3aa4aMu, KOTOPbIE MOXXHO pellaTh
OLHOBpPEMEHHO ApPYT ¢ ApyroM. Iloaromy naHHas 3a-
Jlaya MMeeT BBICOKHUI IMMOTEHITMAJT paciapalijie IMBaHUSL.

Bropoii nyHKT 3aKjro4yaeTcsl B pelIeHU U AJIs1 Kax-
JIOT0 MOMEHTa BPEMEHU, B KOTOPOM M3BECTHA 3KC-
nepuMeHTadbHass MHPopMaluus o (pa3oBBIX Mepe-
MEHHBIX, 3aJaul TOKUCKa PACCTOSTHUSI MEXJY IMapa-
METPUUYECKUM MHOXECTBOM U UCXOAHBIMU JaHHBIMMU.
B aTOM ciyyae Toxe pedb UAET O He3aBUCUMBIX MO -
3ajlayax, KOTOPbIe MOXHO PellaTh MapajieabHoO.

B kxauecTBe TexXHOJOTMU AJSI paclapalijeiuBa-
HUS BblYUCIeHU ucnoab3yercs OpenMP (Open
Multi- Processing), Tak KaK OHa MO3BOJISIET 1OCTAaTOY-
HO JIETKO Cc037aBaThb MHOTOIOTOYHbIE MPUTOXKEHMU S
Ha pa3JMYHBbIX S3bIKax MporpamMmupoBaHusi. [Ipo-
rpaMmMHbIi KoMmIieke OpenMP — 310 Habop aupek-
TUB KOMITUJIATOPa, OUOJIMOTEUHBIX TTPOLIEAYP U Mepe-
MEHHBIX OKPYXEHHSsI, KOTOpbie MpeaHa3HaueHbI 5
MPOrpaMMMPOBAHUST MHOTOMOTOUYHBIX MPUJIOXKEHU I
Ha MHOTONPOLIECCOPHBIX CUCTEMax ¢ OOIIei mamsi-
Thi0 [29]. Bei6op TexHosoruu OpenMP obycioBieH
HEOIHOPOMHOCThIO HE3ABUCUMBIX TO/I3a4a4, a TaKKe
OpOCTOTOI U 3P (PEKTUBHOCTHIO TaHHOI TEXHOJOTHUU.

NMocTaHoBKa 3apaum

Byaem paccMarpuBaTb aBTOHOMHBIE JUCKPETHBIE
IWHAMWYECKHE CUCTEMBI C MHTEPBAJbHBIM Havallb-
HBIM COCTOSIHMEM U MHTEPBaJbHBIMU MapaMeTpaMu:

v = E (0, 5y s Vi 01,05, 0,,),
Welphyl]i=tn,
0;,€[0,,0;],j=L...m,
k=0, .., N-1

IIe 7 — pa3MepHOCTb (a30BOro MPOCTPAHCTBA;, M —
YMCJI0 MapaMeTpoB; kK — AMCKpeTHOe BpeMs; N — Ko-
HEUHBIi MOMEHT BpeMeHH; y* = (ylk, i, y,’,‘)T —
BEKTOP COCTOSHUS CUCTEMBI B MOMEHT BpeMeHHU k;
0=(6,,6,, ..., 6, )T — BEKTOp IapaMeTPOB CUCTEMBI;

)

y? < y?, i=1,..,n 0,<0; j=1 .. m — HAKHHUE
1 BEpXHUE IPaHUIIbI THTEPBAIbHbBIX HEOTIPEIEIEHHOCTEI;
F=(F, 5, .., Fﬂ)T — BEKTOP-(PYHKLM, KOTOpasi OIIpe-
JIeTISIeT TIEPEXO CUCTEMBI U3 OTHOTO COCTOSTHUS B IPYTOE.

AuHamMuyeckasi cucTeMa MOXeT ObITh 3ajaHa
B BUJI€ CCTEMbI OOBIKHOBEHHBIX IU(pdhepeHInaIbHbBIX
ypasHenuii (OAY). B atoMm ciayyae F(yk, O) =u(t,,),
riae u(f,,) — pelleHue COOTBETCTBYIOIIEH CUCTEMbI
O/1Y B KOHEYHBII1 MOMEHT BpEeMEHMU:

du; (t

#: fi(ul(t), uy (1), ..., u, (1), 6, 6,, ..., Om),
ui (tk):ylkv

i=1, .., n,

telte, el

y KoTopoii mpaBast yacts f =(f, f, ..., f”)T yIOB-
JIETBOPSIET BCEM YCJIOBMSIM, OOECIEUMBAIOIMIUM
eIMHCTBEHHOCTDh M _CYIIECTBOBAHWE pEIICHUS TIPU
Bcex u(t))e y_?, y|, i=1L..,n n 0, e[ej,e_j],
j=1 .., m o

B yacTtHoCTH, F(yk , 0) MOXeT peaJn3oBbiBaTh M
11aroB MpaBuJja TPeX BOCbMBIX (YETBEPTHI MOPSII0K
annpokcumanun) [30]:

F(yk, (-)) = uM,
ut = L RY3KY SRR,
u’ = y-,

uM! +§KIM’1, (-)),
Ky =f|u! +h{K§“ —%Kf‘“}, 9),
Ky = f (o h[KYT KM A KY, 0),
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CoCTOsSTHHE CUCTEMBI (1) B KaXJIbIi MOMEHT BPEMCECHU ABJIACTCA MapaMETPNUYCCKUM MHOXKECTBOM:

Yk =

roe y* (X1, X5 ey Xy Zis Zgs ooy Ty ) 3AJACTCA CHEAYIO-
1Ieil peKyppeHTHOU (POopMYIIOii:

y* (x, z) = F(yk'l (x, z), z),

©))
Y (x, z) =x,
T T
e X = (X, Xy, s X,) M Z=(2), Zgy e Zpy) -
ITycTh n3BectHa (N + 1) aKcniepuMeHTaJ bHAas TOY-
Ka B (pa30BOM MPOCTPAHCTBE B Pa3IUYHbIE MOMEHTHI
BpPEMEHU:

¥ = (5535, iﬁ)T, k=0, .. N. @)

3agaya mapaMeTpU4YeCKOr UAEHTUDUKALIMUA 3aKITI0-
YaeTcs B HAXOXJICHWYM TaKUX T'PaHUIl MHTEPBaJIbHBIX
OLIEHOK yi0 < yio, i=1,.,n 0;< 9_j, Jj=1 .., m upu
KOTOPBIX MHOXKECTBO (2) OyIeT comepxkaThb B ceOe Bce
9KCIepUMEHTalbHble TOYKU (4) UM MUHUMU3UPO-
BaTh OTKJOHEHUE OT HUX. OTMETUM, YTO YacTb Ha-
YaJIbHBIX YCIOBUI U TTapaMeTPOB MOXET ObITh aIllpu-
OpM M3BECTHA, B 3TOM CJIy4yae OHU HE HYXIAITCS
B uaeHTupuKanuu. OmHako 1Jis1 yaoO0CTBa U3JIOKEHUS
OyaeM mpeanojgaraTh, YTO BCe IpaHUIbI MHTEPBAJIb-
HBIX OLICHOK SIBJISIIOTCSI HEU3BECTHBIMH.

Anroputm
napameTpuyeckon naeHTudukauum

J st HaXOXIEHWS WHTEePBAJIBLHBIX OLIEHOK BBITIOJN-
HsleTcs Mepexo K 3aJaye MTHUMMU3AIUY pacCTOSTHUS
MEXIY MOIAEIbHBIMU MHOXECTBAMU COCTOSIHUI (2)
cucteMmbl (1) 1 COOTBETCTBYIOIIMMU 3KCHEPUMEH-
TaJlbHBIMU TOUYKaMu (4). MUHUMU3KUPYETCS LiesieBast
byHKLIMS

T(5, 30, o 2 30 0,07, 0,0, =

T )
_/;)p(y ,y )a
rae
o(¥*, 3) = minly* 5[ ©)

yhert

— KBajapaT paCCTOAHUA MCXKXIAY MHOXCCTBOM Yk
o Sk
1 TOYKOM Yy .

k
YO (X0 Xy ey Xy Zis 2oy oes Z)

xoe[y 0] i=1, e,

2 e[0,8,],j=1m| @

B xauecTBe HOpMBI yIOOHO UCIOJb30BaTh €BKIIU-
OBy HOpMY. BaxkHy10 poJib MPU MOCTPOEHUU I'paau-
eHTa leJieBoil GyHK1uuU (5) urparoT Npooodpas3bl COOT-
BETCTBYIOIINX TOYEK MUHUMYMOB (6) B TIPOCTPAHCTBE
HayaJbHBIX YCJIOBUI U MapaMeTpoB.

Banuiiem (6) cleayOLnUM 00pa3oM:

k Tk . k
P(Y Y ): min T (X1 Xy, ey X5
x|y, 30| i=lm,
Zi€ 9,‘,97 , Jj=l,...,m. (7)
Z], ZZ, censy Zm)’

rae

k
T (X1 Xy cves Xy 25 Dy wvos Z) =

n

. ST ®
yi (xla x27 ceey xn) Z]a Z27 ceey Zm)_yi .
i=1

OTMETHUM, UTO KJIIOUEBHIM MOMEHTOM SIBJISIETCS TO,
yto y* (X1, X35 ey Xy Zys Zps wees Zyy) MOXKHO IOJNYYUTD
B SIBHOM BU/I€ C MOMOIIIbIO aJropuTMa aaarTUBHON
WHTEPIOJSILMU, U IPU ITOM HET HEOOXOAUMOCTU
B IIPUMEHEHUU peKyppeHTHO# ¢opmynsl (3), Ko-
TOpasi 3KBMBaJleHTHA MOAEJIMPOBAHUIO MCXOAHOM
cuctemsl (1).

O603Ha‘_l{_I/IM wepes (XX, 7¢) = (xf, %, ..., &, 7k,
Zé‘, ey Z,’f,) Touku MuHuUMyMa (7):
T
ok <k <k sk sk sk
(xl 5 X9 5 ey Xys L5 5 oees Zm) =
. k
= argmin  J* (%, Xy, s X, 2y 225 s Z)- 9)

X;€ yi, W iz,
z;€ 6/,97/ L, Jj=1,...,m.
3anuiieM Mpou3BoaHbIe 151 (8):

dJ* (x, z) _ 2i[yk (%, Z)_yk]dylk (x, z)

dx; I=1 dx;
i=1,..,n, (10)
dJ* (x, z)
dz dz

J

n d k ,
=23 ol (x, 2) -y 2L 2)
J

T
ck =k <k zk zk =k
Tak Kak (x1 s XYy ey Xy Ty Doy eues zm) SABJISIIOTCST
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~k _ 0
k(k k k sk sk k)<0,x,-—y,-,
dJ .%1 iz e -% Zl Z2 cee Z ,.,k 0 _O .
. d ‘ L ‘ ’ e :Oaxi e(yi’yi)’lzla "any
dx;
<k 0
> 09 xj - yi s
P— D
k(ak sk k sk sk k <0.2; =9,
e ) g
dz; —
>0,2y =0,
E ok ok <k sk sk =k \T
CJIV TOYKU (x1 Y X5y e XN FE TN zm) JiexaT BHYTPU 00JaCTU HEONPeneJIeHHOCTU
0 .0 0 0 0 0 ry a e
o 8o D B 52,
TO Mpou3BONHEIE LeteBoit dynkuuu mo y°, ¥, .., ¥°, y°,0,,6,, ..., 0,, 6, GyIyT paBHBI HYJIO, a €CIH Ha

rpaHuie dy, To — cooTBeTcTBYomUM npou3BoaHbiM (11). C yuetom (10) u (11) B pe3yabraTe Mojyyaem cje-
NyIOLIMe KOMIIOHEHTHI TPaJMeHTa 115 LeJleBoit pyHkuuu (5):

oS o St (e ) 202

dyi % I=1 dx
<k =k
dJ N [k (ok sk k dy) (X » 2 )
—=2)» min| 0, x5zt -y ,i=1,.., n,
dy; /é) ;[ ( ) J dx
k( k k) (12)
dJ N u k (~k k dy[ i ) i
—— =2>» max| 0, (x5, -y ,
k
aJ & [k (ok sk dy; ( ’ )
—=2>» min| 0, x5,z -y, ,j=1 .., m
do; ,CZ:(“) Z‘[ ( ) J dz;
Tak kak corjacHo (12) muprHa NONyYarLIUXCSI UH- dJ o) gt 6, (it) e—(zr)
TepBaJIbHbIX HEONPEIEJIEHHOCTEN HE OYJeT yMEHb- (it+1) @ o 59 Ly e
LIaThCs, TO OOMOJHMUTEIBHO OIpeAeiuM IpaBupa 2L T L dy,~0 ’

CY2KE€HU S MHTCPBAJIOB:

A A oG gl —(if)
—5tite) (i A a’J(y_l VD, e(lt) 0", ..

= k=0,...N dvy: Vi =) - — >
B b l I dy!
y?) = max (if),ecnu—_—o,z: s ey M, i=1,.., n,
k=0,....N dy-
1
(13)
. - dJ i —=it)
0, = min (%), ecim — =0 ( 00 70 (i @ (" )
L k=0,... N(z’ )’ do; ’ (it+1) _ o (it) _ 4 (it) aJ oo e 9 0
9 0, =9, 2 :
-+ —= do;
0; = {naXN(z ),ecnnf:O,]:I, , m
! @ity ol Gty =(it)
ol 0 it
e—(il‘+l) _ e—(it) }\‘(”) dJ (y_l 5 yl g seey e_' el . ...)
Hanee njs movcka HEM3BECTHBIX I'PaHUILL MHTEP- J DR do. ’
J

BaJIbHBIX OLIEHOK MOHO MCIIOJIb30BaTh METOIBI OIl-
TUMU3auKU mepBoro nopsaka [31]. OgHa utepauus

MeTOJla TPAJUEHTHOrO CITyCKa 3alMChIBAeTC ClIeny-
IOIIMM 00pa3oM: rae A — cKopoCTb IpafMeHTHOrO CIyCKa.
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ITocne kaxpmoi HUTCpalluM MPUMEHAIOTCA ITpaBUJia

0 5 —0
(13). HauasipHOE MPUGIMIXEHYE y?( ' < w8, <0 /( :

3a7aeTcsl TTIPOM3BONBHBIM 06Pa30M, OTHAKO OHO MOXET
cpasy ynoBneTBopuTh yeaosuio y° e YO . TIporecc monc-

Ka OCTaHaBIMBaeTcs, Korna J < & Wi Korma |[VJ| <

re € U & — Hanepeq 3aJaHHbIE MTOJIOKUTETbHBIE YKCIIa,
XapaKTepu3yIollKe TPeOyeEMYI0 TOUHOCTb.

PacnapannenuBaHue 1 peanusauus

Hdust Toro 4ToObl pacnapajjieluTb padoTy aaro-
pUTMa, €ro A0CTaTOYHO IMpeACTaBUTh B BUAe Habopa
HE3aBUCHUMBIX MO3a1a4.

B paMkax ogHoOl uTepaliy rpajdeHTHOro CrycKa
HEeoOXOAMMO PEeILIUTh MepeyUucIeHHbIe 1ajiee 3aa1aui.

1. Pemiuth npsmyto 3agauy (1). Jdas atoro mpu-
MeHsIeTCs napajebHbli aJITOPUTM adalTUBHON MH-
TEPHOJSLMU Ha OCHOBE Pa3pekeHHBIX CETOK C He-
JMHEeHbIM 0a3ucoM, ONMCAHHBLIN B paborte [25].
B pesyabraTte Oynetr mojiyyeHa BEKTOP-(PyHKIMS
P (X, z), MHTEpIONUPYIOLIAs y* (x,z), k=0,.., N

B Beipaxenue (12) BMecTo y* (X, z) moxcraBusieTcst

dyf (x,z)  dy/(x.z)
dxi de

dP (x, )
dz. ’

J
m, KOTOPbIC BLIYHUCIAIOTCA aHa-

P (x, z), a BMecTO

dPf (x, z)

dx;

1

moa-

CTaBJIAIOTCA

i=1..,n j=1,..,
JIUTHYECKU.

2. Peunts (N +1) 3agau (9) moucka MUHMMYMa
JIISl IBHOM (DYHKIIMU:

n

argmin )| [P,-" (x,
X;€ yi, w2, i=l,,n, i=1
z,e{ej,ej]], j=l,..,m.

[aHHble 3a1a4u SIBJISIFOTCSI HE3aBUCUMbBIMU APYT OT
Jpyra, Mo3TOMY MX MOXHO peliaTb OMHOBpeMeHHO. OT-
METHM, YTO B 3aBUCMMOCTU OT UCXOAHOM cUCTeMHI (1) mist
Pa3HbIX kK MOXET MOTPEOOBATHCS PA3HOE BHIYMCIUTENb-

Hoe BpeMs. [losTomy mpu pacnapajjeJrBaHUM COOT-
BETCTBYIOILIETO LIMKJIa ¢ ToMolbio OpenM P Heobxonrmo

ey
7). (4)

P’(x,z)=x
fork=1,...,.N:

> » N

5. parallel for k=0,...,N

Lo P ] [xex| 5000 |%[6,8 )% x[6,,8,] > R”

P* = parallel buildPolynomial (P*"',F )

6. (ik’ik)zargmin( |:P,( (x z :| J
d)rk n _ . dpﬂ'(ik’i.{)
! E‘I:Z:l ;k( ‘, )_y:k] : a ,i=1,...,n,
dJ* = o » dP‘,k i;{,ik)
8. d7j=2§[lp;* (x*’zi)“}’:‘] dzj ,j=L...m
N n
o =23k ()5t
k=0 i=
dJ N dark dJ N K
10. d_?=2§max O’d_Jq ,d—y_?=2§mm 0,7 i=1,...n,
aJ _ < dJ* & k
11. d_i_ A:umax O,dTJ_ ,—=—2§m1n 0, J i =lem

Puc. 1. TlceBaokoa BbIYMCIEHHA 3HAYEHHIA 1IeJeBO (DYHKIIMH U €€ rpaJueHTa
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MpUMEHSITh AupeKTUBY schedule(dynamic), 4ToObI TOTOKHU
JMHAMUYECKU paclpeaessyiv 3alau MeX 1y COOOM.

Ha puc. 1 npeacraBieH nceBIOKOI BEIYMCIESHU S 3HA-
YyeHusl LieJieBoil PyHKuUU U ee rpaaueHTta. Ha Bxone:
y? < y?, 0; <9_j, i=1,..,n, j=1,.., m — HUXHUE
U BEPXHUE TPAaHUIIbl MHTEPBAJIbHBIX HEOPEAeJICHHO-

. al dJ dJ dJ .
creil. HaBeixone: J, —, —, —, —, i=1, ..., n,

d Vi dy? d& do;
j=1,.., m — 3HaueHUe LieJeBOl (PyHKIUU U KOM-
MOHEHT I'paJueHTa.

Oyukuusa buildPolynomial (Pk‘l, F) CTpoO-
UT moiauHoM PX (X, ), KOTOpPbI#i MHTEPIOIUPYET
F(P"’1 (x, z), z), U SIBJSIETCSI OCHOBOI ajiropurma
aJanTUBHON MHTEPMOJISIIMU.

HauuHnate BeIMOAHATH MK papallel for £ = 0,
..., N MOXHO He oXuJasi 3aBeplleHUs MPeAbIAYIIETro
LIMKJIa, HEOOXOAMMO TOJIbKO, YTOOBI IO NepeMeHHOI
k He OBLIO omepexXeHMSI.

OrMeTuM, 4TO 3ajaya (9) gomycKkaeT MHOXECTBO
pelIeHU, B 3TOM ciyyae ¢ TOYKM 3pEHUS] LIUPUHBI
MOJYyYaIOUIMXCsl MHTEPBAJbHBIX OLIEHOK IIeJIeCO-
o0pa3HOo OpaTh pelleHHue, Haxomslueecs OIMKe
K LEHTpY TeKylleil ob6JacTu HEeOoINpeacIeHHOCTU:
I J— T

WAy vty 6+8  8,+0,
R R B 5

Ha npakTuke 1esecoodbpa3Ho HaAUTU HECKOJIbKO

YAaCTHBIX PELIEHUN U B3ATh OJMXKalllee U3 HUX.

PesynbTaTthl

BrimonHuM pellleHre 3aauyu MapaMeTpuueCcKoi
uaeHTUdUKanuu 11 AByx cucreM OI1Y ¢ uHTepBajib-
HBIMU HeolpeaeaeHHoCcTIMU. [lapaMeTpbl ocTaHOBKI
MeToza TPagMeHTHOro crycka: ¢ = & = 1072, B kaue-
CTBE BKCHEPUMEHTAJIbHBIX TOUEK MCIIONb30BaNCh
KBa3U3KCIEePUMEHTaJIbHbBIE TOUKU (MCKYCCTBEHHO
CreHeprupOBaHHbBIE OMpeaeIeHHBIM 00pPa30M TOUKU):

~k _Pk(’\k ~k ~k ~k ~k Ak)
y = X1y X2, ooy Xny Z15 825 oo Zm )

e xi = rand[yio, yﬂ, i=1 .., mn 2’; = rand[ej, E}
j=1,.., m — paBHOMEpPHO paclnpelejieHHble Ha
anpuopM 3alaHHBIX MHTEpBaJiaX cClIydyaillHble BeJU-
uynHbl; P¥ — peleHue npsaMoit 3a1auu, noay4yeHHoe
C TIOMOIIBIO aJITOPUTMA aalITUBHON WHTEPIIONSIINY.

Hdnsg Kaxaod 3ajayu OLIEHMBAIOTCS YCKOpPEHUE
S =T,/T, wadpdexrusrocrs E = S/P, rne T} — Bpe-
MsI pabOTHI TTOCIEAOBATEIbHON BEPCUU AJITOPUTMA;
T, — BpeMsi paboThl MapasieIbHON BEPCUU aNITOPUT-
Ma C MUCIOJIb30BaHMEM P BBIYMCIUTENbHBIX TOTOKOB.

XapaKTepUCTUKU HUCIOJIb3yeMOl BBIUMCIIM-
tenbHoii MamuHbl: Intel(R) Xeon(R) CPU ES5-

2620 v4@2.10GHz, oneparuBHag namath 8x32 GiB
DDR4 2666 MHz, pexxum paGoThI mpolieccopa ¢ ma-
MSITBIO — IBYXKaHaJ bHBIN, YMCJIO BEIYUCIUTEIbHBIX
SIIEp ¢ TUIEPTPEANHTOM — 8.
Bnauane paccmorpum cuctemy OIAY ¢ nBymst MH-
TepBaJIbHBIMM MapaMeTpaMu:
, av
u =- )
1/2 +sin® (u) + v2
. pu
1/2 +Ju? +cos? (v)
u(0)=5,v(0)=0, (15)

o e[g, &], BE[E, [_3],
te [0, 60],

v

roe o, o, B, P — HEM3BECTHBIE IPAHULLI MHTEPBAJb-
HBIX TIAPAMETPOB, KOTOPbIE MOLJIEKAT ONPEACICHUIO.

Hng reHepaliMyi KBa3M3KCIEPUMEHTAJbHBIX JaH-
HBIX U3 MHTepBaJa MHTETpUPOBaHUS ObLTN B3ATHI 100
TOYEK C MOCTOSTHHBIM LIATOM 10 BPEMEHU U UCITOJIb-
30BaJINCh 3HAUEHUsI mapamMeTpoB a € [0,975, 1,025] u
B €[0,900, 1,100]. Ha puc. 2 moka3aHbl HOJY4YCHHbIE
TOUKHU Ha (a30BOi MIOCKOCTH.

HavanpHoe mpubnukeHne B METOAE TpagueHT-
noro crycka: o'” €[0,70, 0,75] u p” (0,70, 0,75].
Ha puc. 3 mpomeMOHCTpHpPOBaH MPOIIECC PEIIeHMS 3a-
nJaun. CepbIM IIBETOM IMOKa3aHbI MOJYYaIOIINECS MO-
JeJIbHBIE MHTEPBAJIbHBIE OLIEHKM (ha30BbIX IIEPEMEH-
HBIX, 8 YEPHBIM — 3KCIIEPUMEHTAIbHbIE TaHHbIe. Haii-

JIEHHBIe 3HaYEHW s TapaMeTPOB a®) e [0,975, 1,025] u
B (0,900, 1,100] coBmamaloT ¢ MCXOTHBIMH.
Ha puc. 4 cepbiM LIBETOM IIOKa3aHbI MOJyYEHHbIC

napameTpuueckue MHoxectBa Y5, k=1, 3, 5, ..., 43,
Ha TOCJeOHEN HTepallud TPagMEHTHOTO CIIyCcKa.

6 T T
-
- - -
o’ e
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{ :
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.. - .‘.
' .
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.« 2
_6 L 1
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Puc. 2. KBasuskcnepumeHTa bHbIEe TOYKH HA (a30BOi MIOCKOCTH

MporpammHas nHxeHepusi. Tom 13, Ne 10, 2022




6 ) ) 6 ] L) 6 L L]
2F 2 2F
2k -4 2 4 o F -

o

-6 -2 2 6

Puc. 4. HekoTopbie MHOKecTBa cocTOsAHUI cucTembl (15) Ha 29-i
HTEpPAllUH

Ha puc. 4 MOXXHO BUJETh, YTO BCE SKCIIEPUMEHTAJIb-
Hble TOYKHU MPUHAIJIEXKAT COOTBETCTBYIOLIMM MHO-
KeCTBaM.

Ha puc. 5 npeacraBiieHbl rpapuKu 3aBUCUMOCTH
yckopeHus S 1 3phekTuBHOCTH E OT 4Mciia BBIYUC-
JUTENbHBIX MOTOKOB P. 3a cueT pacnapaiieauBaHus
yIaJ0Ch COKPAaTUTh BHIUMCAUTEIbHOE BpeMS B 5 pas.
TTonyuyeHue Hebosbloro KoadduireHTa pacmnapai-
JIeIMBaHUSI CBSI3aHO, BO-TIEPBBIX, C TEM, UTO pealbHbIX
saaep 8, BO-BTOPBIX, C OCOOEHHOCTSIMU pacnapaijie-
JMBAHUS aJTOpUTMa adalNTUBHON MWHTEPIONSIIINH,
OIMMCaHHBIMU B pabore [25], a B-TpeTbUX, C HEOJHO-
poaHocThio 3aaa4 (14) nas pa3HbIX k.

1
20

1
12 16

1 1 1
1 4 8 12 16 02 1 4 8
P P

Puc. 5. Yckopenue u 3¢¢GeKTHBHOCTH pacnapajjieIldBaHusA NMpH
peleHuH 3a1a41 napaMeTpuyecKoii naeHTuduxkanuu cucrems (15)

Tpotecc BbIYMCTIEHUS BeKTOp-DyHKIMU P* (x, z)
rnoapasyMeBaeT yacTtoe obpallleHUe K MaMsTh, U Mpu
YUCIIe IIOTOKOB Oojiee 16 OynmeT HaOIIOmAThCs YBEIUYe-
HYe BpeMEHU padOThI IIPOrpaMMBI, CBSI3aHHOE C OCOOEH-
HOCTSIMU B3aUMOJEMCTBUS C ONEPATUBHOM MaMSIThIO.

Hanee paccMoTpuM cuctemy OJ1Y, COOTBETCTBYIONIYIO
Mozenu ocuuisitopa Jyddunra [32] ¢ uHTepBaIbHBIMU
JIByMS$1 Ha4aJIbHBIMM YCJIOBUSIMU Y OHWM TMapaMeTPOM:

1(0) =0, (16)
(
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Kak u B mpeapiayiieM npuMepe, AJisl TeHepaluu
KBa3MAKCIepUMEHTaIbHbIX JaHHBIX ObIIM B3THI 100
TOYEK C MOCTOSTHHBIM IIaroMm 1o BpeMeHu. Mcxom-
Hble 3HAUYEHMSI HayaJbHBIX YCJIOBUI M mapameTpa:
uy €[1,90, 2,10], v, €[1,90, 2,10], o e[0,27,0,33].
Hauanbnoe npubnuxenune: ul” [1,50,1,60],
v e[1,60, 1,70], o'” €[0,48, 0,78]. Ha puc. 6 noka-
3aHbl 3aBUCUMOCTHU MHTEPBaJIbHBIX OLIEHOK (Pa30BbIX
MepeMEHHBIX OT BPEMEHU IJIST pa3IMUHBIX UTEpaLnit
it rpagueHTHOro crycka. Ha puc. 7 mpeacTtaBieHbl Mo-
Jy4YeHHble TapaMeTpuueckue MHoxecTBa Y, k=1, 5,
9, ..., 97, Ha pa30BOI MJIIOCKOCTU 1 COOTBETCTBYIOIINE
9KCIIepUMEHTAIbHbIC TOYKMU.

Ha 33-it urepauuu nojiiydeHHbIe MapaMeTpuyecKue
MHOXecTBa Y* MOJHOCTBIO colepxar B cebe 3KCrepy-
meHTasbHble Touky: J P = 0. HaiineHHble HHTEpBAIb-
Hele oueHkm: uf” €[1,85, 2,11], v <[1,80, 2,37],
a®? €[0,46, 0,78]. VX OTIMUME OT UCXOMHBIX OLIEHOK
CBSI3aHO C MHOTO9KCTPEMATBHOCTBIO TIeJIeBOM (DYHKITHH.

Ha puc. 8 mokasaHbl rpadKy 3aBUCUMOCTH YCKO-
peHus S u a¢ppekTuBHOCTU E OT yKclia BEIYUCITU-
TEeJIBHBIX MOTOKOB P. MakcMMallbHOE TOCTUTHYTOE
ycKopeHHne — Goiee 6 pas.

AJITOPUTM ITapaMeTPUUYECKOM MACHTUGUKALIUU
YCJIIOBHO COCTOMT M3 ABYX 4acTeil — pelleHMs Ipsi-
MO WHTEPBaJbHON 3aa4d M pelllecHUs MHOXEeCTBa

t

! 1

Puc. 6. 3apucumocTn HHTEPBAJIBHBIX OLEHOK (ba30Bl>lX NnepeMeHHbIX OT BPEMEHH B Npolecce napa-

MeTpuyeckoil uaeHTudukanuu cucrems (16)

it=0 ir="17 it =33
1 1 | | || | | || 1 ] || || 1 |
2 — . - 2 = I]-_ 2 = Ij-
. : ¢ .‘_: P-‘
1 . .¢-“ . . \ - 1 = ../ ‘:‘h‘:.-.)/. . - |l = F# -
0- "- O- ( Q._ 0_ g
-1 oy - -1 F \ - -1 F \ -
. . - ‘. " q
L =77 g
2F e 1-2F - 70 --P%ﬂ& U
3k 4 3F 4 3F & -
1 1 1 1 1 L 1 1 1 L 1 1 1 1 1
-2 -l 0 1 2 -2 - 0 2 -2 -1 0 1 2
u u u

Puc. 7. UnmocTpauus npouecca pemeHns 3a1a41 NapaMeTpudeckoil naeHTudukanuu 1 cuctemsl (16) Ha pa3oBoii mIockocTH
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Puc. 8. Yckopenune u 3¢ ¢eKTHBHOCTH pacnapajieIMBAHUA NPH
peleHrH 3a1a4M NapaMeTpHYecKoil uaeHTuuKanuu cucrembl (16)

3aJa4 MUHUMU3ALUU JJIST IBHBIX (pyHKIMiA. Biaaro-
Japs pacrapajieIJMBaHUIO JaHHBIX ONepaLuii MOXHO
CYLLECTBEHHO COKPATUTh BpeMsl pabOThl aAropuTMa.

3aknto4yeHue

B pabote paccMaTpuBaeTcs aJropuT™ rapaMmeTpu-
YeCKOM MAeHTU(UKALMY UHTEePBAaIbHBIX JUHAMUYE-
CKMX CUCTEM C MO3ULUHU pactapauienuBaHus. [Touck
HEU3BECTHBIX T'PaHULl UHTEPBAJbHBIX MapamMeTpOB
CBOAUTCS K pelleHMI0 3aJauyu MUHMUMU3aluu. [1pu
3TOM OCHOBHBIC BHIUMCIUTEIbHBIEC 3aTPaThl CBS3a-
HBI C TIOJIyUeHUEM 3HaUYeHM S 1ieJIeBOi (PyHKIIUU U ee
rpagveHTa. BeluncieHue eneBoil QyHKLIUU TIPOUC-
XoouT B nBa sTana. CHavana peliaeTcd mpsmMasi 3a-
Jlaya MOJIeJIMPOBaHU Sl AUMHAMUYECKONW CUCTEMbI C UH-
TepBaJbHBIMU MapaMeTpaMU ¢ MOMOILBIO aJITOPUTMA
amanTuBHON uHTepnoasuuu. [locae aToro peraercs
MHOXECTBO HEe3aBUCHMHBIX 3a1a4 MUHUMU3ALUN 15T
IBHBIX QyHKIOMI. Oba 3Tama JOIyCKaloT pacrapai-
JnenuBaHue. [lpu anpobauuu napajjielbHON peanu-
3alliy ajJiroputMa Ha aByx cuctemax OIY nmonydeHo
YCKOpeHHe B 5—6 pas.
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The paper presents a parallel algorithm for the parametric identification of dynamical systems with interval param-
eters. The algorithm is based on the previously developed, substantiated and tested adaptive interpolation algorithm,
which makes it possible to explicitly obtain the dependence of the states of a dynamic system on interval parameters.
The solution of the problem of parametric identification is reduced to the problem of minimizing a certain objective
function in the space of boundaries of interval parameter estimates. Due to the use of the adaptive interpolation
algorithm when calculating the gradient of the objective function, there is no need for additional analysis and model-
ing of the original dynamic system, so it is convenient to use first-order methods for optimization. However, the task
of calculating the objective function and the gradient includes a set of conditional minimization problems for explicit
functions that can be solved independently of each other. The article discusses the main aspects and features of
parallelization and implementation of the parametric identification algorithm and tests it on several representative
examples. The acceleration and efficiency of parallelization are analyzed.

Keywords: parallelization, OpenMP, parametric identification algorithm, adaptive interpolation algorithm, multidi-
mensional interpolation, interval systems of ordinary differential equations, gradient methods, optimization
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FOXxHbIN cbeaepanbHbI yHUBEpPCUTET, TaraHpor

PaspaloTKa KoHuenTyanbHoii MOienN npoyecca
KOHCTPYNPOBAHNA NONb3OBATENbLCKOIO NHTEpeNca

lpednoxeHa KOHUenmyarsnbHas Modesib rpouecca NOCMpPOEHUSs NoJib308amersibCko2o UHmepghelica
0nsi UHGhopMaUUOHHbIX cUCMEM, 8 paMKkax Komopol rnpedrazaemcsi 8KMNHOYUMb 10f1b308amerisi 8 rpo-
uecc npoekmuposaHusi, Ymo no38oUm pewums cywecmsyroujue npobremHbie 80Mpockl adekeamHo-
cmu uHmepelica dessmesibHOCMU rofib3osameris 8 ripedmemdol obnacmu. B makom criyyae nosib-
308amerto npednazaemcsi caMoMy cocmasumsb orucaHue ceoeli 0essmesibHOCMU, ocyuecmensaemol
8 npedmemHoli obnacmu, Ha A3bike, 61u3koM K ecmecmeeHHoMy. [pedcmaerneHa nocrnedosamerib-
HOCMb Wae208 C y4acmueM r1of1b308amerisi, COCmassisiouux KoHuenmyasbHyt MoOesib MPOeKMUpPO8aHUsi
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uHmepgelica. HayyHas Hosu3Ha uccredo8aHus 3aKodaemcs 8 IPUHYUNUaabHO UHOM nodxode K pas-
pabomke uHmepaghedca, NPU KOMOPOM oSIb308amerib MPOeKmMupyem opMbI NPUIOKEHUU, ONUPasiCh 8
rnepsyto o4epedb Ha C80HK NMPOgheccuoHaslbHyto dessimesibHoCMb. [1o1b308amMEN0 HE HYXKHO y4Umbi8amab
CMpyKmMypy XxpaHumMbix 0aHHbIX unu gyHKyuu ux obpabomeku, oH cesizbieaem ob6bekmbl 0aHHbIX, He0b-
Xxo0umble Orisl e2o npogheccuoHasnnbHbix 0eticmeud. lNpeumywecmesa npednazaeMoll KOHUernmyarsnbHoU
MoOeru 3aK/Yaromcesi 8 03MOXHOCMU paccMampusams desimefibHOCMb Mofib3o8amerisi 8 Uesiom u
Ha amol ocHoge cmpoumb UHmMepgelc, MakcumarnbHO coomeemcmesyouul amol desmenbHocmu,
ymo cOenaem uHmepghelic 6onee NOHIMHbIM, CHU3UM yposeHb AucKoMebopma rpu e3aumodelicmeauu
C HUM U riosbicum ydo8/1emeopeHHOCMb rosib308ameriedl.

Knro4yeenble cnoga: rnonb3oeamernbckuli uHmepgbelic, dessmesibHoOCMb Mofb308ameris, MexaHu3m
Oelicmeusi, cMmbicioeoli Nodxod, Modesib dessmeribHOCMU, rnpoekmuposaHue uHmepgelca

Hccnedosanue evinoaneno npu unarncoeoii noddepicke PH® ¢ pamkax nayunoeo npoexkma 22-19-00723.

Introduction

The characteristics of an effective interface of infor-
mation systems (user productivity, minimal errors; high
learning rate, subjective user satisfaction, etc.) depends
on various aspects that were or were not taken into ac-
count in the interface design [1]. The existing problems
in the field of user interface design can be summarized
as follows:

o the interface is not adequate to the meaning of
users activity (the structure of the user interface is devel-
oped in accordance with information flows (structure of
objects) within the system itself, and not in accordance
with the structure of the real users activity);

o the interface inadequately displays the objects of
the system and the connections between them (the rela-
tive objects placement on the screen does not coincide
with their logical connection or with their importance;
redundancy of elements on forms);

o the complexity of the interface modification pro-
cess;

o the interface is not adequate to the characteris-
tics of users (the skills of using a computer and similar
systems are partially solved due to the fact that the
user himself takes part in the design and description of
activities; the physical parameters of the user; subjective
satisfaction when working with the interface);

o the interface is not adequate to the environment
of use (for example, the presence of interruptions in
user activities and so on).

On the other hand, development of complex infor-
mation systems and user interfaces as its part requires
the collaboration between team members with each
other and between team members and users themselves.
During the interface development process, we meet the
difficulties connected with the correct understanding
of the transmitted meaning from one team member to
another and to the user at most. This situation arises
because all design members are from heterogeneous
domains, more precisely they think heterogeneously —

within different concepts. So, the final interface can
not fit the initial idea.

So user interface development process is usually
organized by a life cycle model describing and guid-
ing activities from the initial idea to the final imple-
mentation and performance testing, as for example the
waterfall model. The problem with this approach is
that it is required correct and complete understanding
of the complete user interface design project from the
beginning, as correcting a mistake made in a previous
phase is a difficult and expensive task. Or similar situ-
ation, when requirements to the interface are changing
during the system usage, is also difficult and expensive
while changing the interface. So, it should be proposed
some new approach that can help the customers and
developers to spend less time and money to the process
of interface correcting.

It is possible to try to solve these problems if we pro-
pose a way to transfer the structure and content of user
activity in the subject area into the interface structure.
In this regard, the existing approaches were considered
that solve the listed problems in various ways, one of
which is the involvement of a subject area expert in the
development process [2].

A brief overview of existing approaches
to the interface design

Currently, existing approaches tend to involve the
user into the design process in the way of co-cre-
ation [3], however, different approaches implement user
involvement in varying degrees. Many specialists and
researchers notice the need for the direct participation
of the user, since a software product is not the aim in
itself — the goal is to satisfy the user’s needs in simpli-
fying his activities by means of a software system. In
order to really take into account the needs of the user,
it is necessary to constantly interact with him in the
design process [4], or give him the opportunity to design
the system and its interface by himself. In this regard,
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such a direction as End-User Development (EUD) has
arisen, which can be defined as a set of methods, tech-
nologies and tools that allow users of software systems
to create or modify systems or their parts [5].

At the same time, the concept of user involvement
in the development process has become an integral
characteristic of any approach, only the involvement
method differs: in some approaches, the user is engaged
through conversation and interviews, while in others it
is assumed that the user should do something accord-
ing to the project by himself [6, 7]. The highest level
of user involvement in the process of software systems
development is observed in approaches where the user
is provided with visual customization tools, after which
he can get a finished working system or part of it [8].

Model-oriented approaches can involve user into the
process of information systems co-creation in the best
way [6, 7, 9, 10—13, 23]. The closest analogue is task-
centered design [13]. This approach assumes that there
is a detailed description of the user’s tasks. Task Model
allows to provide the structure and description of the
tasks (actions) of the user that he can perform in the
software system. Such models should reflect the content
of user actions in the system: what should he do and
why. There are two types of approach implementation,
in the first version the tasks are represented by scripts in
text form, in the second version hierarchical task trees
are built [14]. The approach also assumes the possibil-
ity of assessing the developed interface by establishing
a correspondence between the selected tasks and the
interface components for whether all the functionality
has been implemented [15, 16]. The disadvantage, from
our point of view, is that a set of user tasks that he will
perform using the designed system is considered, while
the general outline of his professional activity is not
considered at all, therefore it cannot be said that the
problems of adequacy of tasks and their representations
in the interface can be fully solved.

Task models are used not only in task-centered de-
sign approach but in other model-oriented approaches
too. There are two types of task models [6]. The first
type aims to reflect the sequence of tasks and their
components, and the second — the data streams that
are used when performing tasks [17]. But the point
stays the same: the actions that the user performs in the
subject area are not taken into account in this model,
but only actions that directly relate to interaction with
the system are considered. Other existing approaches
were considered in [18—21].

There are some other types of models that are used
in existing model-oriented approaches. The Dialog
Model describes the structure of interaction between
the user and the system: the structure of transitions from
element to element depending on the action performed.

As a model of dialogue, behavioral abstractions are usu-
ally used, for example, Petri nets, flowcharts, activity
diagrams, UML state sequences [16].

The Application Model contains the structure of
interaction between the system logic and the user in-
terface, as well as the type of data transmitted during
this interaction.

Domain Model is a correspondence of the concepts
of the domain and the concepts of application logic
and interface. Contains concepts, objects, operations,
describing the subject area. The form of representation
of such models are the essence of the subject area with
the attributes, as well as possible relationships and ope-
rations on them.

The Presentation Model contains a high-level view of
the interface, including what elements the user interface
consists of and how these elements should be presented to
the user.

The Behavior model has a similar context with the
dialogue model. Describes how the user initiates a
dialogue with the system, including a description of
the input data, the controls used. The Control model
contains a list of functions or operations that can be
called, as well as preconditions and postconditions of
their call. The Environment model contains the cultural
aspect of the interaction context. Usually presented in
the form of descriptions in natural language. User model
most often contains a description of user characteristics,
such as level of knowledge, physical and psychological
qualities [6, 17, 23].

None of the above types of models contain explana-
tions of the user’s activity in the subject area, they are
all at a lower level of abstraction and contain specific
options for representing the interface and dialogue,
therefore, they are focused on the developer, not on
the user. In this case, the user may experience diffi-
culties in checking the compliance of the functionality
of the designed system, and the interfaces created in
this way may not be sufficiently convenient, which will
adversely affect the user performance (the consequences
of a semantic gap problem [4, 21, 22, 24]).

As a result of considering the existing approaches to
the user interface design, two reasons for the occurrence
of the listed problems in the field of interface develop-
ment can be distinguished:

e a semantic gap, which leads to the fact that the
process of performing a task in the subject area is inade-
quate to the representation of this process in the user
interface; a semantic gap arises in the process of com-
munication between participants of the development
process, when in the head of each participant there is
a transformation of information received from another
participant, the meaning of which may be distorted or
partially lost;
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e orientation of existing technologies for data pro-
cessing, because most often the interface contains the
purpose of data processing in the order in which the
developer has determined.

To eliminate these reasons and achieve the preserva-
tion of the meaning of the user’s actions in the subject
area, and also fully reflect the user’s requirements in
the interface of the information system is possible if
to create a common model which will be the same
sign form of constructing various models: user activity;
business processes at the same time; and it will be the
initial data for system model. This universal model will
be the result of the joint activity of all participants in
the process of its creation, and, consequently, it will be
understood and interpreted equally by all participants.

So we suggest approach to user interface develop-
ment that can help end user and development team to
correctly understand each other, and at the same time
that can help to simplify the process of managing the
interface structure if it is necessary.

Conceptual model of the interface
construction process

The proposed approach [20, 25] aims to involve
the end user as much as possible in the process of the
interface design of the software system necessary for
his needs. A user is understood as a competent problem
domain specialist, i. e. a person with extensive know-
ledge and experience that allows him to effectively solve
professional problems.

Within the framework of the proposed approach to in-
terface design, the user is invited to compose a description
of his professional activity in the subject area by himself.

The scientific novelty lies in a fundamentally different
approach to the interface development, in which the user
designs the application forms, relying primarily on his pro-

Professional activity of
the subject.

The activity is
decomposed in
accordance with the
structure into:

Actions;
Tasks;
Operations;
Steps

Information activity of
the user.
Highlighting the data
needed to perform
actions

Figure 2. Conceptual model of the interface building process
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Figure 1. Concept of transformation of activities

fessional activity, and user doesn’t need take into account
the structure of the stored data or their processing functions,
he connects data objects needed to his professional actions.
As the initial data, a general description of the activ-
ity as a whole is singled out (Figure 1), and within the
framework of this integral professional activity, informa-
tional activity is singled out, which is the activity that
will be performed in the system and which is considered
in existing approaches when constructing models.
Documents are the object of information activity,
since the use of any information system comes down to
drawing up, filling out documents based on the results
of the activity. Therefore, the implementation of the
forms of primary documents is necessary and should
correspond to the information activity of the user. In-
formation activity should be tied to professional activity.
The interface created by the user should correspond to
the structure of the user’s professional activity in order
for the user to find it convenient to navigate the system.
Conceptually, the model of the user interface design
process consists of the following components (Figure 2).
e Description of the activity process in the subject
area by the user in a language close to natural, in the
form of a tree. Depending on the depth of detail, four lev-
els are distinguished — actions, tasks, operations, steps.

Describing the logic
for presenting and
using the highlighted
data
* according to the
structure of
activities

Primary documents.
Filling the forms of
primary documents
with data in
accordance with the

: structure of activities
¢ inthe formofa

mechanism
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o For each step of the user’s activity, his informa-
tion activity is singled out, which is the definition of
data that are used and processed while the activity is
performed.

o Transformation of the selected types of activity
(professional and informational) into a model in the
form of action mechanisms, in which the user’s ac-
tions are decomposed to the level of previously prepared
standard mechanisms for representing actions in the
interface, i. e. there is a process of converting actions
and data into document forms.

o Filling forms of documents with data in accor-
dance with the structure of activities.

The interface will be a logically related set of in-
terface forms filled with required controls. The com-
munication logic of the interface forms is based on the
connection of action mechanisms.

The process of user interface construction begins
with the semantic analysis of the description of user
activity made by user himself. It has to be determined
the type of user action based on which the type of form
is chosen.

Depending on the nature of the user’s described
activity in performing a certain professional function,
a type of form is selected that can assist the user in
performing this function. And the structure of this
activity influences the filling of the selected interface
form type with concrete elements.

So the initial data for the user interface design is the
structure of the action mechanisms; the result is a set
of related forms filled with related interface elements.
Using a set of defined rules, information is extracted
from the structure of the action mechanisms and the
interface components are obtained.

An interface model which will be adequate to the
user’s professional activity can have a standard universal
structure, which includes the following aspects:

o the level of the model of professional activity
(allows the user to navigate in accordance with the state
of information system and the stage of his work);

o the level of the information activity model (allows
the user to navigate in accordance with the content of
the screen forms of the stage of his work and its infor-
mation results);

o the level of presentation of screen forms (allows
the user to enter intermediate data necessary for the
automated generation of primary documents);

o the level of presentation of the primary docu-
ment (demonstrated optionally and allows the user to
check the completeness and accuracy of the informa-
tion entered);

o the level of description of the rules for convert-
ing intermediate data into fields of primary documents
(demonstrated only at the editing stage and allows the

user to describe the processes of filling in the fields of
primary documents in subject area terms).

Development of basic modular architecture
of platform for user interfaces construction

The first step in design of a platform for interfaces
design by the user was the development of a basic ar-
chitecture.

As part of the work on the platform basic archi-
tecture design, its modular structure was determined,
consisting of four modules:

e the module of user activity description by the
user himself;

e the module for describing the logic of presenta-
tion and use of selected data;

o the module for interface elements selection based
on action mechanisms;

o the module for the user interface construction.

The module of user activity description by the user is
necessary for the formation of user professional activity
model. The input data for this module are the docu-
ments and functions of job descriptions that the users
use in their professional activities. At the output of this
module, data objects (information blocks related to the
activity) and an activity model are formed.

The module describing the logic of presentation and
use of selected data is necessary to describe the user
professional actions as a structure of action mechanisms,
in order to obtain informational activity. Information
activity is a part of professional activity of the user that
is performed with the help of information system. The
input data for this module are data objects (informational
blocks related to the activity). The output is the action
mechanisms filled with concrete activity elements.

A mechanism-based interface element selection mod-
ule is needed to correlate the underlying mechanisms for
various interface elements and mechanisms describing
logic and presentation and data usage. The inputs for this
module are completed action mechanisms.

The input data for the user interface construction
module are the model of activity, the documents with
which user works, interface elements and action mecha-
nisms for the formation and filling of the forms content.
At the end, a ready-made interface is formed.

The developed basic modular architecture of the
platform for user interfaces design is shown in Figure 3.
The advantages of modular structure usage are presented
in [26]. Based on the proposed approach there was developed
a module of user interface construction by user himself [27].
The implementation of the module is demonstrated on the
example of screens for adding actions to stages, forming an
action diagram automatically, and binding functions. After
making some actions in module the user gets the model
of user interface for information system, which can be
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Figure 3. Basic modular architecture of a platform for user interfaces construction

transformed into program code manually, but automa-
tization of this process is under considering.

Since the interface should contain data that is re-
corded in the process of business operations performing,
there is often a problem that the relationship between
interface elements is established based on the developers
experience (including the basis of artificially formulated
requirements for the interface), so usability problems
arise, including the complexity of the relationship and
redundancy of interface elements on the screen. The
developed architecture of the platform solves this prob-
lem due to the fact that the connections of the interface
elements are established on the basis of a user-defined
structure of the task being performed, thereby the struc-
ture of the interface corresponds to the structure of
the performed business operations so the logic of the
business process performing is not broken.

In the developed architecture, due to the fact that the
interface is an artificial component, there is a transition
from the activity description (the result of the modeling
stage) to the interface design by means of transforma-
tion: user actions in the domain are presented as they
could be represented in the interface — with the addi-
tion of technical characteristics related to the structure
of future forms, representation of objects in the form of
interface objects, etc. The advantage is that it is based
on the user’s activity, which is presented in the form of
actions in the interface. The above problem is solved
by placing the empiricism into a strict framework of
consideration, the system meaning is preserved in a
single complex model. But at the same time, a new
task arises — assessing the correspondence between the
meaning displayed in the interface and the meaning
inherent in the original task.

Conclusion

The idea of user interfaces design proposed in the
article differs from the known ones by establishing and
reflecting the set, structure and content of user actions
within the subject area, while existing approaches do not
fully take these aspects into account. This is achieved due
to the fact that the source data will be a description of
the end user tasks and functions for whom the designed
interface is intended.

A holistic representation in the approach of the user
professional activity brings the solution of listed prob-
lems of the semantic gap, since the use of the presented
model allows us to consider the activity of the user
as a whole, and on this basis to design an interface
that most closely matches this activity, and also al-
lows to reflect the subject area and the meaning of the
user’s activity in the system’s interface. In addition, the
approach corresponds to modern trends in involving
the end user into the development process. The main
quality of the proposed model that helps to manage the
interface structure is that if we (or the user) somehow
change the high-level description of actions presented
with the mechanisms, we can get changing in the inter-
face structure. Also the possibility of loss or distortion
of semantic elements is eliminating which allows to
design a more effective interface (more understand-
able for the user, including a decrease in the level of
discomfort when interacting with it and an increase in
overall user satisfaction).
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! ®epgepanbHoe rocynapcteeHHoe GlopxeTHoe 06paaoBaTeanoe yuypexaeHue BbICLLEro
o6pasoBaH|/|;| "AnTanckui rocygapcTBeHHbIM yHuBepcuteT", BapHayn

2 PepepanbHoe rocyaapcTBeHHOe BIOIKETHOE YUpexdeHe Haykn MHCTUTYT TeopeTUieckoil

n npuknagHon mexaHukn nm. C. A. Xpuctmnadosuda CO PAH, HoBocnbupck

3D-Bn3yannsauna rerepodiasibiX NHTEPMETANANAHBIX
CTPYKTYD Ha ocHoBE KOMNbIOTEpHOro mogennposanna GBG
B HaHopa3mepHoii cnoncto-0noynoi cTpyktype Ti-Al

[MpusedeHbl pe3ynbmambl MepMU4eCKO20 U MUKPOCMPYKMYPHO20 aHannu308 caMopacrpocmpaHs-
roweaocs ebicokomemrnepamypHo20 cuHmesa (CBC) unmepmemannuyeckux coeduHeHUl 8 HaHopas-
MepHoU amomHoU crioucmo-6nodyHol cmpykmype Ti-Al, nony4YyeHHble ¢ UCMoIb308aHUEM U38ECMHbIX
npoepammHbix nakemoe LAMMPS u OVITO ceo600H0o20 docmyra, a makxe ¢ MoMOWbH rpo2pamMMHbIX
cpedcmes, paspabomaHHbIx asmopamu cmamaeu. C nomowbro nakema LAMMPS e eepcuu napasinesibHbiX
8blquceHul, npoepaMmMHas peasnu3ayus Komopo2o 0OCHo8aHa Ha Memoode "MoneKynsapHoU QuHamuku”,
nposoduriocb modenuposaHue nipoyecca CBC. [na 3D-eusyanusayuu pe3ynbmamoes ModesniupogaHusi
ucnonb3oearncs nakem OVITO. Cpedu pe3ynbmamog MUKpOCMPYyKmMypHO20 aHasu3a 3acryxusaem
B8HUMaHUs1 803HUKHOBeHUe 8 x00e peakyuu CBC ycmoldusbix eemepogpasdHbix UHmMepmMemarniudHbIX
cmpykmyp, nodmeepxoeHHbIx ¢ nomouwlbto nakema OVITO u co3ddaHHO20 asmopaMu npo2pamMmMHO20
moQdyns dns pacdyema Habopa npogunel ninomHocmu eewecmea CBC-npodykma. B eemepoghasHbix
UHMepmemannudHbix cmpykmypax ydanocb 0b6HapyXumkbk fioKasbHble 0cO6eHHOCMU 8 8Ude CrIoUCMbIX
K8a3UKO2epeHMHbIX UHMepMemariudecKkux npocrioeKk ¢ Hamu4yuem 8 HuUx 08yMepHbIX 0eghekmos Kpu-
cmasu4yeckux pewemok — rnriockocmeli 080UHUKOBaHUS, pa32paHudusarouux UuHmepmMemarninudeckue
rpocrolku Ha napel 3epeH (080UHUKOB) C cuMMeMpPUYHOU nepeopueHmauuel pelwemok.

Knroyeenie cnosa: CBC, memod monekynsapHol duHamuku, cucmema peazeHmos Ti-Al, anemeHmap-
Hasi Kpucmannu4eckas sidelika, crroucmo-604Hass cmpykmypa, memriepamypHbil npogurib, NPogurib
rniomHocmu, 2emepoghasHas uHmepmemarnnudHas cmpykmypa, 0eghekm pewemku, 080UHUKO8aHUE,
naparnnernbHbie eblducrieHus, nakemsl LAMMPS u OVITO

BBeneHune

Cpenu aJioMUHUIOB TUTaHA B KaU€CTBE MEePCIeK-
THUBHBIX KOHCTPYKIIMOHHBIX MaTepHaioB MOXHO BBbI-
JEJINTh TAKAE NHTEPMETAJUIMAHBIE CILIaBhI, Kak TiAls,
TiAl, Ti;Al. brarogapst X IPOYHOCTHBIM CBOMCTBaM,
MaJIoil MJIOTHOCTHU, BBICOKOM KOPPO3UOHHOM CTOMKO-
CTH, XXapOCTONKOCTH U 3KapOITPOYHOCTH aTIOMIHUIBI
TUTaHA OKa3aJuCh BeCbMa MPUBJEKATEIbHBIMU IS
pa3sIUYHBIX O0JACTel MAIIMHOCTPOEHU S, B TOM YKCIIe
ABUAIIMOHHO-KOCMUYECKOM WHXEHEPUU IJIST CO3/a-
HUS 3aIIUTHBIX IOKPBITU HAa TEXHUYECKUE NU3IEITUS
u Matepuaisl [1, 2].

B xauectBe 3(p(peKTUBHOI TEXHOJIOIMU IIOJIyYe-
HUS aTIOMIHUI0B TUTAHA YK€ HECKOJIBKO IeCITHUIIe-

Tuii (HaumHasa ¢ 1980-x IT.) MCcmoab3yeTcst caMopac-
MMPOCTPaAHSIIOLIMICS BHICOKOTEMIIEPATYPHBIN CUHTE3
(CBC), B mipoliecce KOTOPOro BoJiHA, BO3HMKAIOIIAS 32
cueT OOJIBIIOrO BHIIECACHMS TEIJIOBOM SHEPIUU B pe-
3yJIbTATE 2K30TEPMUUYECKON XMMUYECKON peakL U
KOMITOHEHTOB cMecU (HallpuMep, TOHKOAUCIEPCHbBIX
MMOPOIIKOB), PACIIPOCTPAHSIETCI IO CMECH OT CJIOI
K CJIOIO, B KOTOPbIX CUHTE3UPYIOTCS TBEPIbIE 1IeeBbIE
nponykTh [3]. BocriiaMeHeHre MepBOro Cjios MOXK-
HO JOOUTHCSI BO3AEHCTBMEM Ha ITOBEPXHOCTh CMECU
KPaTKOBPEMEHHOTO TEIJI0BOr0 UMITYJIbCca, HAIIPUMED,
C MOMOIIBIO 2JEKTPUUYECKON CIUpaiv, Ja3epHOro
JIydya u J1p.

Ilepen ¢poHTOM BOJHBI TOPEHUS HAXOIMUTCS
30Ha Iporpesa, GOpMUPYIOLIASLCS TEMIONEPEHOCOM.
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3a GpOHTOM BOJIHBI HaXOAUTCI 30HA "moropaHus”,
B KOTOpPOWi ellle MPoa0XaloTCsI XMMUUYECKUE peak-
LIMU, U KOTOpas BMOCJEACTBUU OMpeAeseT CTaauio
CTPYKTYpoO- U ($a3000pa30BaHUsI C YyUeTOM BTOPUY-
HBIX QU3NKO-XUMHYECKUX TIpeBpallleHuii, ommpeme-
JISTIOUIMX COCTaB U CTPYKTYPY KOHEUHBIX MPOIYKTOB
CBC [3]. CBoiicTBa KOHEYHBIX ITPOAYKTOB BO MHOI'OM
ONPENETSIIOTCS BIMSHUEM HaYaJIbHBIX YCIIOBUM U CIie-
OyIIUX (GakTopoB: MOPUCTOCTU CMECU PEareHTOB
U UX TUCTIEPCHOCTH; CTEXMOMETPUUECKOI0 HauyaIbHO-
IO COOTHOIIEHUS PearcHTOB; CTEIICHU pa30aBICHUS
CMeCcH MHEPTHBIMM T00aBKaMU;, TEMIIEpaTyphl CMECH;
TEIJIOBBIX MOTEPb BO BHEIIHIOIO CPENY; YCTOHUMBOCTHU
IBUXXEeHWs (pOHTA BOJTHBI TOPEHUS U JIp.
INoBemeHne BOJTHBI TOpEHUST Ha MaKpOCKOITMUE-
CKOM ypoBHe ¢opMupyeTcsl MpolieccaMu, POUCX0-
OSIIAMU B MUKPOT€TEPOTeHHON CTPYKTYpe BOJIHBI
TOPEHUSI, B KOTOPOU TIPOSBIISIETCS ITPOCTPAHCTBEHHAS
IVCKPETHOCTh TopeHus B Buae "'Mukpoouyaros” CBC,
BJIMSIIOLIUX Ha YCTONUYUBOCTh TOPEHUS.
dusnyeckme 3KCHEPUMEHTHI IS UCCAEeIOBAHUS
MUKpoKMHeTUKH CBC TpeOyroT npuMeHEeHUS J0-
POroCTOSIIIEro 000pyaI0BaHU S, TOPOrOCTOSIIUX TO-
POILIKOBBIX MaTepUaJIOB B KAU€CTBE pearecHTOB CMeCH
¥ TIPOIOIKUTEILHOTO BpEMEHW Ha WX IPOBEACHMUE.
B nomnosiHeHMe K 3KCMEepUMEHTalbHBIM MCCIIEI0Ba-
HusiM B obnactu CBC B mocnenHee BpeMs cTalu
2O PeKTUBHBIMU W IIeJeHATIPABICHHBIMU METOIBI
KOMIbIOTepHOTO MonaeaupoBaHus mpouecca CBC
U MpOorpaMMHBIe TTaKeThl Ha UX OCHOBE. Takue maKkeThl
B KOH(MUTYpalMU MapaJieIbHBIX BRIYUCICHUN T10-
3BOJIMJIN YCKOPUTH BBITIOTHEHME GOTBIIIOTO YKCIa BhI-
YUCIUTEIbHBIX 3KciepuMeHTOB (BD) mo cpaBHeHUIO
¢ (puzmyecKuMHU sKcepuMeHTaMu. B KauecTBe nmpu-
MEpPOB HCITOJIb30BAHUS ITPOTPAMMHBIX ITAKETOB IJIS
MonenrupoBaHust MUKpOoKMHeTUKU CBC MOXHO OT-
METUTb U3BECTHbIE, UCIIOJIb3yeMbIE B PEXKMME CBOOOI-
Horo goctyna nakerst LAMMPS [4], OVITO [5, 6].

KpaTkoe onucaHue ¢hyHKLMOHaNbHbIX
BO3MOXHOCTeN NporpamMmMHbIX NaKkeToB
LAMMPS u OVITO

B makere LAMMPS nporpaMMHO peain3oBaH
METOJA MOJIEKYJsIpHOUM auHaMuku (M]I), KoTopblii
B BEpPCHUH MapajjieIbHBIX BBIYUCICHUM TO3BOJISIET BBI-
MNoJHITH BD Mo MuMUTALLMOHHOMY MOAEIUPOBAHUIO
npouecca CBC st aTOMHBIX CUCTEM, CoIepKalluxX
0 HECKOJIBKMX MUJJIMOHOB aTOMOB.

B pamkax metona MJI (kak MeTojga CTaTUCTUYE-
CKOM (pM3MKM) Y B3aUMOACHUCTBYIOLIMX MEXIY cODOOit
aTOMOB M3MEHSIOTCSI MUKPOCKOIMYECKHE TapamMe-
TPbl (MX KOOPIAMHATHI U CKOPOCTH), a CJIeJ0BATENbHO,
B aTOMHOI CUCTeMe U3MEHSIIOTCSI MaKpOCKOMUYECK e

ImapaMeTphl: SHeprus, TeMIlepaTtypa 1 naBjieHue. PaB-
HOBECHbBIE COCTOSIHUST CUCTEMbI C HEKOTOPBIMU HEU3-
MEHHBIMM MaKponapaMeTpaMHU OIPEIeISTIOT TOHSITUSI
"KaHOHMYECKUX aHCaMOJeil" TepMOTMHAMKUKH B CTa-
TUCTUYECKON MEXaHUKE.

Hanpumep, B KaHOHH4YeckoM aHcambie NVT u co-
OTBeTCTBYIOLIEeM emy TepmocTate Hoce—I'yBepa co-
XpaHSI0TCS CleAyolMe 3HaUeHMsI: YUCTI0 aTOMOB N
obbveM V; temmniepatypa 7. MUKpOKaHOHMWYECKWIA aH-
cam6ab NVE, rne E — BHYTpPEHHSISI SHEPTUSI CUCTE-
MbI, U COOTBETCTBYIOLIUI eMy TepmocTaT JlaHXXeBe-
Ha MOXHO MCIOJIb30BaTh JJIsI ObICTPOrO JOCTUXKEHU S
OIpeeJIeHHOTO PaBHOBECHOIO COCTOSIHUSI CUCTEMBI.
He tpelys ycioBusi TepMOCTAaTUPOBAHM S, C TOMOIIIbIO
aHcaMOss1 NVE MOXHO OTCJIeXHBaTh 3BOJIIOLIAIO CH-
ctembl. Ellle ofHUM KaHOHMYECKUM aHcaMOJieM SIB-
nsercss NPT-aHcam0J1b C TEpMOCTaTOM M 0apoCTaToOM,
rne P — naBieHue.

Hanpumep, BBIUMCAUTEIBHYIO MPOLEAYPY METOA
MJI MOXXHO OIpeaeJauTh C TOMOIbIO MHOIOIIATrOBOTO
anroput™Ma Bepne [7, 8]:

vt + A7) = v (1) + 5D o,
2m;

r(t+Af) =r(t)+v,(t + Alt/2)At,
F(t+At) = -V, U(r,(t + Ar)),

V(¢ + Ay = vy(1 + Ar2) + TULEAD

i

B KOTOPOM C YYE€TOM JUCKPETHOTO BPEMEHHOTO Il1ara
At M UIHTeTpUpOBaHUEM ypaBHEHU M IBUXKEHUS (YpaB-
HeHWT HpIOTOHA) pacCUMTHIBAIOTCS TPACKTOPUHU Ya-
CTHII.

B cucreme (1): v;(f) — CKOpOCTb i-ro aToma;
r(t) — paawmyc-BeKTOp i-ro aroma; F(f) — Bek-
TOp-cuja, AeicTBylolas Ha i-il aTom; m; — Macca
i-ro atroma; V,U(r(t)) — rpagiMeHT OT MOTEHLIMaa
U(r,(f)), KOTOpBII ONpeneseT BO3ACHCTBYIOILYIO Ha
i-if atoM cuny F;(¢). B mepBoii u nocnenHei gopmy-
Jlax CUCTeMbl ypaBHeHUU (1) oTHOIlEHUS 3HAYECHUN
cun F(f) n F/(f+Af) K Macce m; ONpelessaIoT 3Ha-
YeHUST YCKOPEHU i-T0 aToMa B MOMEHTHI BpeMeHU ¢
U t + Af cooTBeTcTBeHHO. Cuna F(f), neiicTByronias
Ha i-il aToM, ompeaessieTcsl C MOMOIIbIO TPalueH-
Ta OT MHOroyacThu4yHoro noreHuuana U(r (7)) xak
CYMMAapHBIH pe3yJabTaT B3aUMOIEHCTBUS C KaXKIBIM
"coceqHUM" aTOMOM (YMCJIO COCEHUX aTOMOB OMpe/e-
JISIeTCS TaK Ha3blBaeMbIM paauycoM "obpe3ku"). Pac-
CYMTAHHBIE HAOOPH! KOOPIMHAT U CKOPOCTEH I BCEX
aTOMOB CHCTEMEI B TTOCJIEIOBaTeIbHBIC MOMEHTHI BpE-
MEHM TO3BOJISIIOT PACCUUTHIBATH SHEPTUIO CUCTEMbI
aTOMOB, TEMIIEPATypy U APyTHUe IMapaMeTpbl CUCTEMBbI
B T€ XX€ MOMEHTBI BpeMeHU. TOYHOCTh TAKMX PacyeTOB
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3aBHCHUT OT BHIOOpA MOAETBHOM (YHKIINY MOTEHIINAIA
MeXaToOMHOro B3aumoneiicteus U (r).

s ucciemoBaHUS CUHTE3UPYEMBIX MHTEpPMeE-
TaJJIMYECKUX CTIaBOB cucTeMbl Ti-Al mocTaTouHO
9D (HEeKTUBHBIM U YHUBEPCAJbHBIM MOTEHIMAIOM
MEXaTOMHOI'O B3aMMOAEUCTBUS SIBJISETCSI MOIE]b
"morpyxeHHOro atroma" (embedded atom model —
EAM) [9]. docTynHbIil Aas1 3arpy3kyd TaOJUYHbBIN
¢aitn EAM-niorenuuana (https://www.ctcms.nist.gov/
potentials/Download/2003--Zope-R-R-Mishin-Y--Ti-
Al/2/Zope-Ti-Al-2003.eam.alloy), npenHa3HaYeHHbBI I
1t cucteMbl Ti-Al, ncronb3yeTcs KaK BXOAHOM daiin
JJ1s iporpamMmMHoro nakera LAMMPS (http://lammps.
sandia.gov/). Ucnonb3oBanue EAM-noTeH1LIMal0B
COBMeCTHO ¢ MeTogoM MJI noctaTouHo 3¢ (hEeKTUB-
HO IMpPHU MOAEJMPOBAHUU U OLIEHKE MEXaHUYECKHUX,
TETJIOBBIX M CTPYKTYPHBIX CBOMCTB METaJIMUECKUX
CHCTEM.

ITaker mporpamMm LAMMPS cBobGomHO pacmpo-
cTpaHsgeTcs no auueH3uu GPL u noctyneH B Buie
WCXOOHBIX KomoB. Bepcust, HartmcanHas Ha C++ ¢ wH-
TepdeiicoM nepenaun coobmenuin MPI, mo3BoasieT
BBINOJIHATH MapasieibHble BRIYMCACHUS U 3HAUU-
TE€JIbHO YCKOPUTb 00JIbIION 00BEM BBIUYMCAEHUI MPU
CUMYJISIIMU uccaeayeMbix npoieccoB [4]. ITocTtpoe-
HHUE aTOMHOM CMCTEMbl, Ha3HaUYEHME MOTEHIIMAJIOB
1 HaCTPOWKM MPOLIEAYP MOAECTUPOBAHUS PEATU3YIOTCS
B nakete LAMMPS ¢ rmoMol1b0 BXOZHOro KOHUrypa-
LUoHHoro (aiina (config.txt), mpeaBapuTEIbHO CO3/1a-
BaeMoro rccienoBateneM. CUMYJISLMS UCCIENYeMOTO
Ipoliecca 3aImycKaeTcsl MocIeI0BaTeIbHOCTHI0O KOMaH]I,
3anucaHHBIX B (paitne config.txt.

I[Taker LAMMPS wucnonb3yeT Moaenb "CIUCKOB
coceneil” IJIsT YacTULl, KOTOPHIE OTTaJKMUBAIOTCS Ha
KOPOTKHMX PAaCCTOSHUSX, IIO3TOMY JIOKaJTbHAs TIJIOT-
HOCTb YaCTMII HEBBICOKA, YEM 00ECIeYyuBaAETCS BBICO-
Kasl BBIYUCIUTEIbHASI 3¢ PEKTUBHOCTD (IIPOLIECCOPBI
oO0MeHMBarOTCI MHGOPMAIINEil 0 CITUCKaX — O TAKUX
MoJaIOMEeHax).

ITaker OVITO [5, 6], B KOTOPOM TaKXe MUCITOJIb-
3yeTcs IPOCTPAHCTBEHHAS JEKOMITO3UIINAS Ha TTOII0-
MEHbI, MpuMeHsieTcs aJisi 3D-Bu3yaausalu uccieny-
€MbIX CJIOXHBIX 00BEKTOB U MPOILIECCOB, a TAKXKe IS
MOCTPOCHU S M300pakeHUI ¢ pacipeneJecHueM aTOMOB
¥ TATIOB CTPYKTYP, COOTBETCTBYIOIINX 3JIEMEHTAPHBIM
sgueiikaM 'IK (rpaHeLieHTpupoBaHHasl Kyouueckas),
OLK (o0beMHO-LIEHTpUpPOBaHHAs KyOuueckasi),
T'TTY (rexcaroHanbHasl TJIOTHOYMaKOBaHHas) U T. 1.
(aHrn. abo6p.: fcc, bee, hep u 1. 4.). s peHaepuHTa
(OTPUCOBKM MJM BU3YyaJlu3allMU) MOXHO UCIOJb30-
BaTh CIIOCOOBI TPACCUPOBKHU JIyueld, peaJTn30BaHHbIE
B koMmmoHeHTax OpenGL, Tachyon, OSPRay u POV-
Ray, koTopbsie MOXHO BKJIIOYAaTh B KOH(UTYpallKIO
nporpammbl OVITO (Jin6o OTKII0YATh).

C y4yeToM HU3JIOXKEHHOI'0 BbIIIE MOXHO CKa3aThb,
YTO BaXXHYIO POJIb B TEOPETHMYECKHUX IMOAXOAaX K M3-
yueHu1o npouecca CBC urpamoT nporpaMMHBbIe TTaKeThbI
1 KOMILJIEKCHI TporpaMM, co3ilaBaeMble TpyInaMu pas3-
padoTynkoB. C OqHOI CTOPOHBI, TAKME pa3pabOTUNKN
Iy0OKO MOrpyXXeHbl B mpeaMeTHyio obiacte CBC,
C IpYTOil CTOPOHBI, OHU MPO(ECCUOHATBHO BJIAJCIOT
TEXHOJIOTUSIMU TIPOrpaMMUPOBAHUSI U UHCTPYMEH-
TaJIbHBIMU CPEACTBAMU MPOrPaMMHON UHKEHEPHUH.

Lens nccneqoBanmsi, pe3yJabTaThl KOTOPOTO MPe-
CTaBJIeHbl B HACTOSIIIEN CTaTbe, — HCIIOJb30BaHUE
METOAO0JIOTUM MPUMEHEHUSI U COBEPIIEHCTBOBAHMUS
KOMILJIEKCa MPOTrPaMMHBIX CPEICTB BBHIUMCIUTENb-
HOI TexHoJjioruu. Takasi TEXHOJOrMs MpU3BaHa WH-
TerpupoBaTh B cebe YHMCAEHHbIE METOAbl U METOJbI
KOMMBIOTEPHOTO UMUTALIMOHHOTO MOJEIUPOBAHUS
MmukpokrnHeTuku CBC B HaHOpa3MepHBIX aTOMHBIX
clioucto-010uHbIX cTpyKTypax (CBC) cucremnl Ti-Al
¢ Toclieayoleil KoMibloTepHoi 3D-Busdyanusauueit
npoiecca ga3o- U CTPYKTYpooOpa3oBaHUsI.

MocTaHoOBKa 3aaay n nogxoAbl K UX peweHunro

IIpouecc co3maHMs KOoMILJIeKca MPOrpaMMHBbBIX
CPEICTB IJIST KOMITBIOTEPHOTO UMUTAIIMOHHOTO MO-
nenupoBaHusi MukpokuHetuku CBC B HaHopas-
MepHbIX aToMHBIX CBC cuctemsl Ti-Al ¢ nocneny-
IolIei KomnbloTepHoi 3D-Bu3yain3anuei mpolecca
¢da30- U CTPYKTypooOpa3oBaHUs ObIJ pa3aciieH Ha
MepeyucaeHHble najgee 3aaadyu (3Tambl), C KOTOPbIMU
CUHXpOHM3UpOBaHa MeToauka MoaeaupoBanus CBC.

Ortan 1. Co3zdanue (nocmpoenue) ucxo0HOU HAHO-
pasmeprot amomuoli CEC cucmemot peacenmog Ti-Al,
xapakmepu3yuwelcs waxmamHono0oOHbIM pacnono-
aceruem yepedyoujuxcs 6.10K08.

st perieHnsT 3TOM 3aJa4yM MCTIOIb3yeTCs TTaKeT
LAMMPS, Ha BXoa KOTOPOro 3arpyxaetcsl yInomsi-
HYTHII BhILIe "KOHQUTypaunoHHbI" (paitn config.txt,
MIpeIBapuTEIbHO CO3daBaeMBIil MCCIIeIOBATEIeM.
B HecKONBKMX TEPBBEIX KOMAaHIHBIX CTPOKAX TaKOTO
(haiina ykas3pIBalOTCS: eAMHUIIBI UBMEPEHU ST HEKOTO-
PBIX BEJIMUYMH (MacChl, PaCCTOSTHUS, BpeMEHHU, CKO-
pPOCTH, CHJIBI, SHEPTUH, TEMTIEPATYPHI U T. I1.); MOICITH
BbIOpaHHOro noTeHuMana (Hanpumep, EAM); ycnoBus
MOBEACHUS YacTUll (ATOMOB) Ha I'paHULIAX CUCTEMBbI
(HanmpuMep, NeproanYecKue KpaeBble ycioBus). B cie-
OyIoIIUX cTpoKax ¢aitna config.txt 3amarorcs obuiue
pa3Mepbl UCXOAHOM aTOMHOM CUCTEMBbI U pa3Mephbl Ka K-
JIoro perroHa (cyost uiu 6;10ka). Kpome toro, ykasbiBa-
eTCs cXeMa pacCITONIOXKEeHUST peTUOHOB U 3aTTOTHEHUS UX
KPUCTAIINYECKUMU slUyeiiKaMUu aTOMOB C yKa3aHHEeM
rmapaMeTpoB siueek (Harpumep, ofuH 06710k ¢ I'TIY-hcp-
sueiikaMu 1y atomoB Ti, apyroit 6ok ¢ I'IK-fec-
siyeikamMu IJ1s1 aToMoB Al).
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Oran 2. Modeauposanue npoyecca npoepesa CbC
00HOPOOHO NO 8ceMy 06BeMy CIMPYKmMypol RPpU NOCMOSIH-
Hou HauaavbHou memnepamype T, 6 meueHue onpedenen-
HO20 HEnpoooANCUMENbHO20 8PeMEeHU 045 PeAaKcauyu
amomuoii cmpykmypot CHC.

MonenupoBanue penakcauun CbC mpoBogutcs
B maketre LAMMPS 3amyckoM CUMYISIIUYA B3aUMO-
NEWCTBUS aTOMOB B COOTBETCTBHMH C aJITOpUTMOM M /]
MOCJIeNYIONIMMH KOMaHIaMHM, 3alIMCAHHBIMU B (aii-
ne config.txt. Takre KoMaHAbl (OPMUPYIOTCS C yue-
TOM YKa3aHHBIX MapaMeTpoB KaHoHuU4eckoro NPT-
aHcaMmOnus (B HaweM ciaydyae — N = 1 028 175 ato-
MOB; naBieHue P = 1 bap; HauajbHas TeMIeparypa
T, = 800 K). JIoNOJHUTENBHO YKA3BIBAIOTCS: -
TEeJIbHOCTh pellakcauuu (B Hawem ciydae — 0,4 Hc)
¥ TTapaMeTp KMHETHUYECKON DHEPTUM IJIST KaXXIO0ro
aToMa CHUCTEMBbI, KOTOPBII MTOJIKEH BBIUMCASIThLCS Ye-
pe3 yKa3aHHBIM BpeMEHHOI 1Iar (B HAIlleM cIyJae —
yepes 0,1 HC) 1 gaJiee Ha BCexX ATAllax MOAEIMPOBAHUSL.
B xoHIIe KaxkIoro BpeMEeHHOTO II1ara CoOXpaHsieTCs Ha
BHEIIIHEM AUCKE ouepeaHOoM BeIXoaHoM ¢aiin Res i.dat
(Ha manHoMm aTane i = 1, 2, 3, 4). Takoii ¢aiin coaep-
KUT 3aITACU BBIXOAHBIX TaHHBIX MO KaxXaoMy u3 N
aTOMOB CHCTEMBI B clieAylolleM (opmare: TUI aToMa
(Ti unu Al); KoopauHaThI aToMa (X, J, Z); CKOPOCTU aToMa
(Vx> v, V,); NEHCTBYIOLIME HA aTOM CUIBI (fy, £, f); E, —
KWHETHYEeCKasi SGHEPrus aToma.

Otan 3. Modeauposanue npoyecca UHUYUUPOBAHUS
(axcueanus) CBC ¢ nanopazmeprnoii amomuoti CbC
(nocae ee peaakcayuu).

AHanornyHo stany 2 B nakere LAMMPS npo-
JOJIXKAeTCsl CUMYJISILIMS TIpoliecca B3aMOJEHCTBU S
aTOMOB B COOTBETCTBUU ¢ ajaroputmoM MJI ciemy-
IOUIMMU MO CIUCKY daiina config.txt KoMaHIaMU.
B sTOM cnimcke yKa3bIBaOTCS pa3Mepbl HadaJbHOM
30HbI — O0JIACTU aTOMHOM CHCTEMBbI, KOTOpas Moj-
BepXXeHa JUHEHHOMY 3aKOHY HarpeBaHus oT 800 mo
1400 K Kyco4HO-CTyIeH4YaThiM CIIOCOOOM. DTO 03-
HayaeT, YTO Ha KaXXJAOM JOCTaTOYHO MaJioM MpoMme-
KYTKe BpeMEHU TeMIlepaTypa MOTHUMAeTCSI Ha OTHY
"CTYIIeHbKY", U B T€UEHME ITOTO MPOMEXYyTKa Ieii-
CcTBYIOT ycjioBust NV T-aHcaMOsl ¢ HOBBIM 3HAaUCHM-
eM TemIeparypsbl. JJis ocTaBiIeiicsi 30Hb aTOMHOI
CUCTEMBI NeHCTBYIOT ycaoBus NVE-ancamOiss. Dram
nHunuupoBanus (3axkuranus) CBC pnutca 0,1 Hc,
U BbIxoaHoM daitn Res 5.dat 3anmuchiBaeTcs Ha JUCK.

Ortan 4. Modeauposanue npoyecca CBC ¢ cpede
Ti-Al 6 meyenue 3a0aHH020 8pemeHU MOOCAUPOBAHUS.

AHajnoruyHo 3tany 3 B makere LAMMPS npopoi-
JKaeTCsl CUMYJISIIUS TIpoliecca B3aMMOIEHCTBUS aTo-
MOB B COOTBETCTBUU € ajroputMoM MJI cienyrommumMu
no cnucky ¢aiina config.txt KoMaHIaMM, B KOTOPbIX
yKasbIBaTcsd ycaoBusa NVE-ancamMO0is aJ1s BCeil cu-
CTEMBI, a TaKKe MEePUOINUYECKHE KPaeBbIe YCIOBUS
IJIsl HallpaBJieHUuil Y 1 Z U CBOOOIHBIE YCIOBUS IJIsI
HanpaBaeHus X. C marom mo Bpemenu 0,1 Hc Ha
IVCK 3alMCHIBAIOTCS OYepPEeIHbIC BBIXOMHBIC (Daiijibl

Res_i.dat, toe i = 6, 7,....., K. 3HaueHWe mapameTpa
K uccnemoBarenbs omnpenensgeT B ¢aiine config.txt,
1 OHO COOTBETCTBYET 3apaHee MJaHUpPyeMOi MpoaoJI-
KMTEJBHOCTH #y MonenupyeMoro npouecca CBC, roe
ty = K/10 Hc. Ha aTOM 3Tane BoJHa rOpeHUs TpaHC-
¢opmupyet ucxognyio CBhC.

Bran 5. Peaauzayus 3D-euszyaruzayuu pe3yibma-
moe modeauposarnus npoyecca CBC ¢ nomouivio naxe-
ma OVITO u npoepammubix cpedcme aemopoé cimamoi.

Bo-nepshix, B maker OVITO nocienoBaTesbHO 3a-
rpyXarwTcs BoixoaHble daiiabl Res i.dat, BolOpaHHBIE
rccienoBaresieM AJ1s XapaKTepHbIX MOMEHTOB BpeMe-
Hu npouecca CBC (MM COOTBETCTBYET OIpeaeieH-
HBbII Ha0O0p MHAEKCOB /). C UCIOIb30BaHNEM JaHHBIX
0 TUMax Bcex aTOMOB cucteMbl Ti-Al U MX KOOpAUHAT
(x, y, 7) bopmupyetcs Kaxablii pa3 3D-u3zobpakeHue
MPOCTPAHCTBEHHOM CTPYKTYpPhI pacrnpeneieHus Bcex
atoMoB B cucteme Ti-Al, 1u60 MOXHO TMOJYUYUTH
2D-u306pakeHue B 3aJaHHOM CEUeHUU 00beMa CUCTe-
MblI Ti-Al. Kpome Toro, mpu oTKpbITUU B UHTEepdelice
Bkiagku Modify, packpeiBaeTcsa meHio Pipeline editor
(penakTop KOHBeilepa 00pabOTKM TaHHBIX), B KOTO-
poM HeoOxoaMMo BbIOpaTh MoaudukaTtop Ackland-
Jones analysis. TeM caMbIM MOXHO TOAY4YUTh 3D- nnu
2D-n300pakeHUs pacIipenesieHns] TUTIOB CTPYKTYP
(Fr'K-fcc, OLK-bce, I'TTY-hcp u T. 1) B 06beMe cU-
creMbl Ti-Al Wiu B 3aJaHHOM CEYEHU U 3TOro oObeMa.

Bo-BTOpBIX, VTS BU3YaIN3alIK PE3YIBETATOB MOIETH-
poBanust CBC 11t Kaxk10ro MOMEeHTa BpeMeHU (C 1IaroM
0,1 HC) B BUIE OMHOMEPHBIX paCIIpeicICHII TeMITepary-
PBI U TUIOTHOCTH BelleCTBa BAOJIb HATIPABJIEHUST BOJTHBI
TOpeHUs (TaK Ha3bIBaeMBIX TIpOMUIIEH TeMIepaTyphl
Y MJOTHOCTH) aBTOPaMU HACTOSIIEN CTaTbU paHee ObLT
pa3paboTaH nporpaMMHbIii Monyab T&P-profiles [11—13]
Ha s3p1ke C/C++ (kommmrsitop GCC). Mnest anroputma
pacuera nmpoduieit mpuBeaeHa najee.

Pa3buBast BmoJIb HaIlpaBJeHWS BOJHBI TOPEHUS
CBC ¢ manbim marom 4 HM (T. €. BOoJab ocu X Cc ee
npeaeabHbiM 3HaueHueM 420 HM) Bech 00beM CBC Ha
JIOMEHBI (MMapaJijieenuneanbl), B KaXX/J10M U3 JOMEHOB
OLIEHUBAJIM OCPEIHEHHbBIE TEMIIEPATYPhI U MJIOTHOCTHU
BewiecTBa. imHa nomeHa 4 HM o ocu X 1OCTaTOYHO
Maja, a BBICOTa JOMEHOB (110 OCU /) COBIIaAaeT C BbI-
coroit CbC u paBHa 16,5 um. I'mybnHa nomeHa (1o
ocu Y) cosnagaer ¢ rinyouHoit CbC u paBHa 2,5 HM
(moctatoyHo Majia). CoOTBETCTBYIOLIHME pa3Mephl BCEX
JIOMEHOB OJMHAKOBHI (4%X2,5X16,5 HM) U UX 00BeM
paseH 165 um>. C ucronp3oBanueM daiinos Res_i.dat,
IUTST KasKIOTO TOMEHA ¢ TIOMOIIIBIO0 IIMKJIOB BEIYMCIISI-
IOTCS TIO JBa CYETUYMKA: TIEPBBIN CUETUUK (DUKCUPYET
yucao aromoB nepBoro Tuna (Ti), LeHTpbl KOTOPBIX
HaXOmSTCS BHYTPH TOMEHA; BTOPOM CUETUMK — YUCIIO
aToMOB BTOporo Tuna (Al), HEHTPBl KOTOPBIX TaKXke
HaXOASATCS B 3TOM JOMEHEe. YMHOXasT 3HaUCHU S TTIePBO-
ro cyeTymkKa Ha maccy aroma Ti U 3HaYeHMsI BTOPOIO
cyeTUYMKa Ha mMaccy aroma Al, a 3aTeM CyMMy 3THX pe-
3yJIBTATOB IOAEIUB Ha 00beM aoMeHa (165 HM3), oJTy-
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YyaeM 3HauyeHMe TUIOTHOCTH BellleCTBa JOMeHa. AHAJO-
TUYHO, CYMMUPYSI KWHETUUECKE SHEPTUH TeX aTOMOB,
KOTOpbIE BXOASAT B JOMEH, PACCUMThIBAEM CYMMAapHYIO
BHYTPEHHIOIO SHEPIUI0 aTOMOB JOMEHA, KOTopas yepe3
KOHCTaHTy boJsibliMaHa MO3BOJIsET OMpenesiTh OCpe-
HEHHYIO TeMIlepaTypy B JoMeHe. JIBe mociienoBaTesbHO-
CTH 3HAUCHU I TEMIIEPATyphl U TNIOTHOCTH, COOTBETCTBY-
olIIMe TIOCTIENOBATEIBHOCTY X-KOOpIWHAT LIEHTPOB BCeX
JOMEHOB, OIPEIEISIOT IOHSATHS MTPOQIIIEH TeMIIepaTyphl
u otHocTH BelectBa ChC. nuHa kaxaoro us 12 61o0-
koB CbC paBHa 35 HM 1 Ha OAMH OJIOK TTPUXOAUTCS MMOUTH
9 momeHoB. Kaxablit 13 npodueit conepxut mo 105 To-
yeK (oTHoleHue AJUHbBI 420 HM K IJIMHE AoMeHa 4 HM).

BcenencrBrue He0OXOAMMOCTU PacCYUTHIBATh IMPOPu-
JIY TeMIlepaTypbl U IJIOTHOCTH JJIs1 KaXKJA0r0 MOMEHTA
BpeMeHHU (pacCuMThIBaeM JBa ceMeiicTBa npoduJeii),
BO3HMKJIa MTOTPEOHOCTh B YCKOpPeHMHU pacueToB. st
3TOro ObIJIa UCTIOJBb30BaHA YTHJINTA KOMaHIHOM CTPO-
k1 GNU parallel B kauecTBe MporpaMMHOI 060JI0YKU
noa ynpaieHruem OC GNU/Linux aas napaijieib-
HOTO BHITIOJTHEHHSI OMHOTHUITHBIX 3adaHUi 00paboTKMN
0JIOKOB JaHHBIX OJMHAKOBOI'O pa3Mepa, HO C pa3iny-
HBIMUM 3HAYEHUSIMU B HUX, IJIs TTapajljieIbHOTO BBI-
nojHeHus1 Habopa SIMD-3agau (puc. 1).

B maMsaTH BEIYUCIUTEILHOTO KJTaCTepa CO30ACTCS
HEeOOXOAMMOE YKCJIO KOIMMUK HCIoJHsIeMoro daiiia
T&P-profiles.exe, co3maHHOro ¢ MCHOJb30BaHUEM
GCC-komMnuagTopa s3blka NporpaMMUPOBAHUS
C/C++, u cucrema GNU parallel ¢ noMouibo 3a-
rpy>XeHHbIX B Hee (paityioB Res_i.dat omHOBpeMEeHHO
(mapaljenbHO) pacCYUTHIBaeT HAOOPHI Mpoduieii
TeMIIepaTypsl ¥ TJIOTHOCTH.

3ameuanne: npod K, IpUBEIeHHBIC HXE B JaH-
HOI cTaThe, MOJYyYEeHbl aBTOPAaMU C YYETOM Mpel-
BapUTEILHOM KOPPEKIINHM aJTOPUTMOB pacdeTa Ipo-
(¢uneit u mporpammuoro moaynas T&P-profiles. CyTb
KOPPEKIIUU COCTOUT B CIICAYIOIIEM.

B nepBoHavanbHON BEpCUM aJITOPUTMOB pacyeTa
npoduiieil 1Ba cyeTyMkKa yMcjia aTOMOB JBYX TUIIOB

(aTombl iepBoro Tura — Ti, aToMbl BToporo Tuma — Al),
BXOISIINX B aHAJIM3UPYEMBIi1 JOMEH, TOMTYCKAJIA TOJIBKO
LIEJIOYUCTIEHHbIE 3HaUeH U sl. TakuM o0pa3oM, eciiu LIEHTP
Kakoro-imbo aroma, Harpumep, epBoro Trma, oKasbl-
BaJjICsl B aHAJIMU3MPYEMOM JTOMEHE, TO TOJIbKO IMepPBbIit
CYEeTUMK yBeJanuMnBacs Ha 1. OqHako NpakKTUUYeCKH ISt
KaxkJI0ro IOMeHa MMEIOT MECTO CUTYallMH, KOTIa HEKOTO-
pbI€ aTOMbI PaCMOJIOXKEHbI CBOMMM YaCTSIMU OTHOBPEMEH-
HO B IBYX COCEIHUX (CMEXHBIX) JOMEHaX. DTO O3HAYAET,
YTO 3TU aTOMbI pa3fiejieHbl 001IEH IpaHblO (IIJIOCKOCTHIO)
CMeXHBIX ToMeHOB. [ToaToMy B Takux ciyvyasx 6ojee
KOPPEKTHO OMHOTUITHBIE CYETUUKU ABYX CMEKHBIX JO-
MEHOB OJTHOBPEMEHHO YBEIMUMBaTh HAa COOTBETCTBYIOLIVE
UM IpOOHEIE 01 00beMa aToMa (CymMMa JoJeil paBHa 1).
Taxkum obpazoM, 06a cueTyrKa Yucaa aTOMOB JABYX TUIIOB,
BXOISIINX B aHAJIM3UPYEMBI JOMEH, MOTYT OKa3aThCsl
PaBHBIMM BELLIECTBEHHBIM YHC/IaM ¢ APOOHOM YyacThio. [a-
Jiee TIpUBENIEHbI pe3yJIbTaThl pacnpeaeeHus Yucia aro-
MOB I10 IOMEHaM B TeCTOBBIX IIpUMepax ISl PEeryJIsipHOi
KPUCTAJJIMYECKON aTOMHOM pelleTKu (Hampumep, IJst
atoMoB Ti) mpu pa3dreHuH pelleTKA Ha NOCea0BaTe b
HOCTb JOMEHOB C OJMHAKOBBIMU pa3Mepamu.

e [lns nepBOHaUYaIbHON BEPCUU aITOPUTMOB pac-
yeTa npodueit odliee HeJOUMCICHHOE YUCIO aTOMOB
JUISL KaXJ0ro JoMeHa (CyMMa JIBYX CUETUMKOB AJIS
KaXJIOTO IOMEeHa), OKa3bIBA€TCS HE TTOCTOSTHHBIM YHC-
JioM, a GayKTyalus LeJOYMCICHHOIo yucia aToMOB
B JOMEHax HaxomuTcd B nuamasone 0,5...1,2 %.

e JI751 CKOPPEKTUPOBAHHOIO aJITOPUTMA, B KOTO-
POM 3HauYeHUSsI CYETUYMKOB (CJeAOBATEIbHO, U UX CYM-
Ma) JOMNYCKalOT BEIeCTBEHHbIC 3HAYEHUSI C APOOHOM
yacTblo, GJAYyKTyalysl HEUEJOUMCAEHHOI0 KOJIMYeCcTBa
aromoB B momeHax meHee 0,01 %, T. €. IJIOTHOCTh BelLe-
CTBa JJIsl aTOMHOM CUCTEMBI C PETYJISIPHOM pelIeTKoi
OKa3bIBaeTCsl MpaKTUuecku noctosiHHoi. [Ipu atom
MPU CJIOXKEHUU CYMMBI IBYX CUETUMKOB IO BCEM IIO-
MEHaM ToJIyJyaeTcsl MPaKTUUeCKH 11eJ10€ YUCTO (OTIH-
ype ot 1esnoro meHee 0,01 %), coBnagaroiiee ¢ OOIINM
yucygoM atomoB ucxonHoit CbC cuctemsl Ti-Al.

Res_]1.dat
Parallel Res 2.dat OVITO: —
Config.txt | Version of Hard v Ackland- -images
: > >
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Puc. 1. CtpykTypHas cxemMa KOMILIEKca mporpamm ajs moaeupoanusi CBC
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MeToauka n aTanbl MONEKYNAPHO-
OWHamun4yeckoro mogenupoBaHua CBC
B HaHOpa3MepHbIX aToMHbIX CBC Ti-Al

B mpeapaymmx nyOoaMKamusgX aBTOPBI CTAaThU
uccinegoBanu MUKpokuHeTuky CBC B HaHOpas-
MEPHBIX aTOMHBIX cJIOMCTHIX cucTemax Ni-Al [10]
u Ti-Al [11]. CtpykTypa ciaouctoir cuctemnl Ti-Al
(puc. 2, a, cM. BTOPYIO0 CTOPOHY OOJIOXKHU) COCTOUT
U3 MATU KPYTTHBIX CJIOEB, COAepXKallliuX onpeaeeHHOe
YHMCJIO aTOMHBIX ILIocKocTei [11].

B cnoucroit cucreme Ni—Al npu cTexruoMeTpun
Nni/Na; = 3,94 rerepodasHbie CTPpYKTYpbl HE BO3-
Hukanu [10].

Opnako B ciaouctoit cucteme Ti-Al co crexuome-
tpuenn N1i/Ny = 1,23 [11] rerepodasHbie uHTEpME-
TaJUIMAHBIC CTPYKTYPHI ObLIN OOHAPYKEeHHI (puC. 2, 0,
CM. BTOpPYIO CTOpoHY 00yi0KKH1). Ha mocnenHeii Bpe-
MeHHOU muarpamme (Mapkep 16 ns, puc. 2, 6, cM.
BTOPYIO CTOPOHY OO0JIOXKM), KOTJa BOJHA TOPEHUS
Mpollja MOYTHU J0 KoHlLa cucteMbl Ti-Al, oTYeTIIMBO
BUIHBI KaK MUHUMYM TPHU TeTepodasHbie CTPYKTYPHI
C pe3KMMHU IpaHullamMu. Busyanuzaiuuss BpeMeHHBIX
auarpamm (cMm. puc. 2, 6, CM. BTOPYIO CTOPOHY 00-
JIOXKKM) TojydyeHa ¢ nomMoibio nakera OVITO.

B naHHOi1 cTaThe NMpUBEACHBI PE3yIbTaThl MOAEIU-
pOBaHUS MUKPOTETEPOTeHHOTO TOPEHMUSI B aTOMHOM
CBC ¢ maxMaTHONMoAOOHBIM YepeaoBaHEeM HaHOpa3-
MepHBbIX 0J10KOB 13 aroMoB Ti 1 Al (puc. 3, cM. BTOpY10
CTOPOHY OOJIOXKH).

B kax oM u3 nsITv cjaoeB HaxoasTcs no 12 6J10KoB
JIMHOM 35 HM. BepxHUI ¥ HUXXKHUHI CJIOU I10 BBICOTE
PaBHBI MOJJOBUHE BBICOTHI KaXJI0TO 13 TPEX BHYTPEH-
HUX cioeB. TakuM 00Opa3om, BbICOTa BHYTPEHHETO
cJlosl paBHA NIPUOIU3ZUTENBHO 4,125 HM, a TpeThe U3-
MepeHue Yy 0JIOKOB paBHO 2,5 HM. JIpyruMu cliOBaMu,
cucteMa Ti-Al B Buge CBC cocrout u3 12 BepTUKaIb-
HBIX LITabeneit mo nsaTh 0J0KOoB. PazMmepnl Kaxaoro
mrrabesns onpenensiores Kak 35%x2,5%16,5 um. B CbC
BxomaT 569 600 atromoB Ti u 458 575 atromoB Al, T. e.
obuee yucyio atomoB N = 1 028 175. CrexuomeTpust
CcoCTaBa KOMIIOHEHTOB ONpeneisieTCsl OTHOIIEHUEM
Nti/Ny = 1,242, 61u3kum K crexuometpun 1,23 miis
ciouctoit ctpykTypsl Ti-Al [11]. Dons atomoB Ti paBHa
0,554 (55,4 %), nonst atomoB Al pasHa 0,446 (44,6 %).
Sueiixn atomMoB Ti COOTBETCTBYIOT CTPYKType IeKca-
TOHAJILHON TIIOTHOM yrakoBKM (tun suyeek I'TIY-hcp).
T'TIV-aueiiku xapakKTepuU3YIOTCsS MapaMeTpaMu:
a = 0,29508 um u ¢ = 0,46855 um, roe a — nnauHa
pebpa ocHOBaHUS (MPaBUJIbHOIO 1IECTUYTOJbHUKA);
¢ — BBICOTA sTUeiiku, ¢/a = 1,5879 [9]. ATombr Al co-
OTBETCTBYIOT CTPYKTYpe I'PaHELICHTPUPOBAHHBIX KY-
ounyeckux ssueek (tumn styeek I'IIK-fce). I'IK-srueiikam
cooTBeTCcTBYET MapameTp a = 0,405 um [10].

MeTonuueckue ycioBusi o moaeaunpoaHuo CBC
B CBC (cM. puc. 3) coBnagamT C yCIOBUSIMU I
CJIOUCTOM CTPYKTYpPHI (cM. puc. 2, a). Ucnoab3dyeTcs

naker LAMMPS ¢ noaaep:xxkoit rnmapaJiieibHbIX Bbl-
yuciienuii 1 EAM-noreHnuain [9], Meronnka Moaem-
pPOBaHMSI TIPEIyCMATPUBAET CICAYIOIINE 3TATTBI.

Ha srtamne 1 Bech 06beM CBC nporpesajics B Te-
yenue 0,4 Hc npu temneparype 800 K. Ilpu stom
MIPOMCXOAMJIA peJlaKcallust aTOMHOM CTPYKTYPHI C Tep-
MoAuMHaMU4YecKMMU mapaMmerpamu NPT-aHcam0is
N=1028 175, P=1 bap, T = 800 K. Kpome Toro, no
BCEM TPEM U3MEPEHUSIM aTOMHOM CTPYKTYPbI COXPAHSIITUChH
MepUOANYECKHE TPaHUYHbIE ycIoBUs B TeueHue 0,4 He.

Ha stane 2 moaenupoBaHus B TeueHue 0,1 HC B Ha-
yanbHoii 30He CBC B npeaenax 50 HM (KakK MOKa3aHO
Ha puc. 3, CM. BTOPYIO CTOPOHY 00JI0XKKH) MPOBOANIIOCH
JIMHeitHoe niporpeBaHue, HaurHas ¢ 800 u 1o 1400 K, ¢ co-
XpaHEHUEM TTePUOTUICCKUX TPAHMTIHBIX YCIOBUT TS TPeX
usMmepeHuit. I[lporpeBanue B npeaenax 50 HM ocylIecT-
BJIsiJIoCch B ycioBusix NVT-ancam6ist (V' — o6beM 30HbI
MpOorpeBaHusl), a B OCTaBLIEICs YaCcTH 00beMa (B IIpeaeiax
50...420 uMm) B TeueHue 3tux xe 0,1 HC cobMOIaNUCh YCIO-
Bust NVE-ancamo6:st. Ilo ucreuenuu 0,1 He B MccrneayeMoi
CTPYKTYpe (PUKCUPOBAIKMCH CBOOOIHbBIE TPAHUYHBIE YCJIO-
BUSI BJIOJIb HaMpaBJieHUs1 X, a 10 HampaBJeHUsIM oceir ¥
1 Z COXpaHSIIUCh Nepuoaryeckre ycaoBus. B pesynbrare
STUX JEHCTBUI B HayaJbHOU 30He cucTeMbl Ti-Al nHU-
uuuposajcs npouecc CBC (mpoliecc BocmiaMeHEHUs).
B nocnenytoiiiee Bpemst (3Tar 3) pu COOMIONEHUN YCIOBUM
NVE-ancamb6ist Bo BceM o0beMe cucteMbl Ti-Al mponc-
xonun nipouiecc CBC ¢ ganbHeIIMM pacpocTpaHeHUeM
BOJIHBI TOPEHUS BIOJb HAIIPABJICHUS OCH X.

TepmMnyeckun aHanm3 n MHTepnpeTauuns
retepodasHbIX UHTEPMETaNIUAHbLIX CTPYKTYP
B HaHOpPAa3MepHOW aTOMHOWM
CBC cucrtemsbl Ti-Al

IlepeitneM K aHAINU3Y HONYYEHHBIX ITpOdUIeit TeM-
nepatypsl (puc. 4, cM. BTOPYIO CTOPOHY OOJOXKMU).
Kaxnawiit u3 npoguieitr comepxut mo 105 Touek, co-
OTBETCTBYIOIIMX JOMEHaM (OTHOLIeHMEe JIUMHBI 420 HM
K AJnHE JoMeHa 4 HM).

OTHollIeHe JTMHEHHOTO nepeMelleH s GpoHTa BOJI-
HBI TOPEHUsI KO BpEMEHHU 3TOTO TepeMeleHus (puc. 4,
CM. BTOPYIO CTOPOHY OOJIOXKHM) OMNpEeesieT OLEeHKY
cKopocTH ABMKeHUsT (ppoHTa BOoiaHBI ropeHus B CBhC.
CKopoCTb ABUXEHU S (PPOHTA YBEIMYMBAETCS TPUOIM3U-
TeJbHO ¢ 13 M/c (B mpenenax nepBbiX 12 HC) 1 10 22 M/c
(ot 12 o 24 Hc). TakuM 0O6pa3oM, MOXKHO cieaTh Bbl-
BOII, UTO HAOJII0MAETCS PEXKMM pa3roHa BOJHBI TOPEHUS.

C MoMmeHTa BocIIaMeHeHU s HadaJibHOM 30HbI CBC
HaOIoHa0TCsl cBepxaaradaTudecKue TeMIlepaTyphl
(moutu oo 2000 K) ¢ mocneaytolleit peaakcauuein 10
1500 K (rmo Bpemennu okos1o0 5...6 Hc). IToce 12 He oT-
YeTJIMBO BUAHO, YTO B 30HAX MPOrpeBa, B KOTOPHIX
ellle OTCYTCTBYET TOpeHUe, HayajabHasT TeMIIepary-
pa 800 K He coxpaHseTcsl M HauMHaeT BO3pacTaTh
(mo 1000 K), Tak Kak 3a mpeaplayliiee BpeMsl B 30HY MPoO-
IpeBa MOCTYITUJIO CYIIECTBEHHOE KOJTMYECTBO TETLIOTHI.
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B koHeuHo1 30He mporpeBaHus cucteMbl Ti-Al
K MOMEHTY BpeMeHHM 24 HC (1 majee) TeMmmeparypa
O4YeHb OBICTPO pacTeT, mo3ToMy 3axuranme CBC
B BTOI 30HE TaKXe COIPOBOXIAECTCI CBepxaanada-
Tuuyeckumu temneparypamu (oo 1800 K). ITocne pe-
JlakcallMu cBepxajauadarruueckoro Boiopoca (K 32 Hc)
B KOHEYHOM 30HEe yCTaHaBJIMBaeTCs TeMmIepaTypa
ropeaus okoyio 1600 K. DTo na 100 K BoIIIIE, Yem
TeMIlepaTypa, KoTopas Oblia IpakKTUYeCK HEU3MEH-
HOI 17151 oJaBJIsIIoIIel YacTh 00beMa B PeAbIAYIIIUE
24 Hc. bonee Boicokoe 3Hauenune 1600 K remmeparypst
TOpEHUSI B KOHEYHOU 30HE OOBSICHSIETCS 00Jiee BbI-
COKOW HayaJIbHOM TeMIEepaTypoi IporpeBaHus 3TOU
30HBI (cBBIlIe 1000 BmMecTo 800 K), uTo u mociyXu-
JIO TIPUYMHOM 3aMETHOI'0 pa3roHa IBUXKeHUsT HPpoHTa
BosiHBI TopeHus. K Tomy xe, B CbC 3HaueHue yaeab-
HOI MOBEPXHOCTHU KOHTaKTa aTomMoB Ti ¢ aTomamu Al
HEMHOTO BHIIIIe aHAJOTMYHOTO TTapamMeTpa B CJIOUCTOM
CTPYKTYpe (pHUC. 2, a, CM. BTOPYIO CTOPOHY OOJIOXKKM),
T. ¢. B CbC muddysus aroMoB 00J1ee MTHTEHCMBHA U CKO-
pPOCTh TOpeHUsI (CIeIOBaTENIBHO, M CKOPOCTD BHXKEHMUS
(bpoHTa BOTHEI TOpeHrs) Bo3pacTaeT. Pusnueckre CBC-
SKCIIEPUMEHTBI, TIPOBOAMMBIE B TOHKMX TIJIEHKAX CUCTe-
Mbl Ni—Al (nanofoils [14]), moaTBep:X 1al0T BEICOKUE CKO-
POCTH IBVKEHUS BOJTHEBI TOPEHMS (10 HECKOJTBKUX M/C).

W3zo6pakenuns, mokasaHHbIE Ha pUC. 5 1 6 (CM. Tpe-
ThIO CTOPOHY 00JIOXKKU), MOJYUYEHBI C TOMOILbLIO MTPO-
rpammbl OVITO [5, 6].

OUEHKY CKOPOCTH IBUKEHU ST (DPOHTA BOJIHBI TOPEHMUS,
MOJyYeHHbIE HA OCHOBE aHaJiu3a MU300pakeHUM, mpe-
CTaBJIEHHBIX Ha pHC. 5 1 6 (CM. TPETHIO CTOPOHY OOJIOKKN),
MMPaKTUYECKN COBITAJAIOT C aHAJIOTUYHBIMHU OLIEHKaMU
CKOpOCTH (DPOHTA, TIONYYSCHHBIMU aHAJIM30M TEMIIePaTyp-
HBIX TIpoduiieit (puc. 4, CM. BTOPYIO CTOPOHY OOJIOXKKU).
Kpome Toro, MoxXHO M3BJIeYh MHPOPMAIINIO O TIPOLIECCe
B3aMMHOI AU Py31un aTOMOB (pPUC. 5, CM. TPEThIO CTOPOHY
00JI0XXKHW) U O CTaOUJIbHOM (pOpMUpPOBAaHUU TeTepodas-
HBIX MHTEPMETAJUIMIHBIX CTPYKTYpP (pUC. 6, CM. TPETHIO
CTOPOHY OOJIOKKH).

Ha xaxaoM u3 ceMu pparMeHTOB pucC. 5 BUIHO,
YTO B 30HaX "moropaHus” (moclie MPOXOXACHUS BOJ-
Hbl ropeHus1) CbC nmpakTuyeckKu MOJHOCThIO pa3py-
1eHa (IpuOJIM3UTENILHO K MOMEHTY BpeMeHU 25 HC,
cM. puc. 5 u 6). Tem He MeHee, K MOMEHTY BpeMEHHU
32 HC Ha puc. S ellie 3aMETHBI JIOKaJIbHbIE COCPEIO-
ToueHus1 aToMOB Ti (OMHOPOIHOIO KPAacHOIo 11BETa).

Ha ¢parmenTax puc. 6, HaunHast ¢ 3-T0 U [0 MOCIE-
Hero 7-ro BKJIIOUMTENIBHO, B T€X XK€ 30HaX, B KOTOPHIX Ha
pUC. 5 3aMETHBI JIOKaJIbHbIE COCpeaoTOUeH s aToMOB Ti,
OTYETIIMBO BUIHBI AT reTepodasHbIX CTPYKTYpP C pe3-
KHUMM I'paHUIIAMU, BHYTPU KOTOPbIX JOMUHUPYIOT TOUYKHU
3eJICHOTO 1IBeTa M 3aMETHBI Y3KHe TTOJIOCKH-TIPOXIIIKI
C TOMMHUPOBAHKWEM B HUX TOYEK KPACHOTO 1IBETA.

[Ipu ompenmeneHNN TUIIOB BIIEMEHTAPHBIX SYeEK
¢ omorikio makera OVITO ¢ ucnonb3oBaHUEM MOAU-
¢mkaropa Ackland-Jones analysis (cM. prc. 6) 3eJIeHBI
LIBET TOYEK COOTBeTCTBYeT siueiikam tuna ['IIK-fcc,

KpacHBIN LIBET ToueK — stuerikam tuna I'TTY-hcp, cn-
HUU UBeT Touek — sgueiikam tuna OIIK-bcc.

C TeueHUEM BpEMEHU 30HbBI C pa3MelleHueM 0J10-
koB Ti u Al B CBC coxpauialoTcsi U COXpaHSIOTCS
JIMIIb B T€X MECTaX, 10 KOTOPbIX BOJIHA TOPEHU S ellle
He gounta. biiokam KpacHoro 1BeTta (CM. puc. 6) cooT-
BETCTBYIOT 0JI0KM aToMOB Ti B cocTosiHuu das3bl a-Ti
(tun siueex I'TTY-hcp), a 6i0KkaMm 3e1eHOro 1BeTa —
peumetku atomoB Al (tun stueek I'LIK-fcc).

B nisaTtu rerepodasHBIX cTPyKTypax (cM. puc. 6)
3eJieHbIM Toukam (siueiikam T'IIK-fcc) He MoryT co-
OTBETCTBOBATh CKOMJEHMUS aTOMOB Al, Tak Kak Ha
pHC. 5 B COOTBETCTBYIOIINX UM MECTaX OTCYTCTBYIOT
30HBI C JOMUHUPOBAHUEM 3€JIEHOTO IIBeTa, COOTBET-
cTByloliero aromam Al (T. €. Ha puc. 5 3eJieHble TOYKU
paccesHBl paBHOMEPHO TaK Xe, KaK M BHE IISITU Te-
Tepoda3HbIX CTPYKTYp). HeoObXoauMo OTMETUTh, YTO
sueiikaM tumna ['IIK-fcc cTpykTypHO OnM3KM rpaHe-
LIEHTPUPOBAaHHBIE TETPArOHAJIbLHO-UCKAXKEHHbBIE STUeii-
K1 (00o3HauumM ux Kak siueiiku tuna I'IT-fct), co-
OTBETCTBYIOIIIME UHTepMeTainueckoi y-daze TiAl.
ITo aT0i1 mpuyuMHe B MSITU reTepodasHbIX CTPYKTYypax
moMuHUpYeT y-dasa TiAl (cMm. puc. 6 — 3eJeHbIe TOY-
KU B reTepodas3HbIX CTPYKTYpax). Y3KUM OpOKUIKAM
TeMHO-KpacHoro 1BeTa (tun stueek I' TIY-hcp) B msitu
rerepoda3HbIX CTPYKTYypaX COOTBETCTBYIOT cOCpe-
motoueHus daspl o-Ti. ComocTaBasgst MexXay coboit
TeMmrnepaTypHble TpohuIn (CM. puc. 4) ¢ odbpasyonu-
MUCS TeTepodasHbBIMU CTPYKTYpaMu (CM. puc. 6) Ijst
OIIHOTO U TOT'O K€ MOMEHTa BpeMEeHH, MOXXHO BUICTD,
yTO reTepodasHbie CTPYKTYpbl (OPMUPYIOTCS IPU
Temnepatype, npepoimatoniein 1400 K, 1. e. nmpeBbi-
IIAIOLIe TeMIepaTypy MepUTEKTUISCKOro pacraaa
nHTepMetaunaa TisAl. Ipyrumu cioBaMu, IJIst CTe-
xuometpuu Np;/N,, = 1,242 B mpeaBocniaMeHUTENb-
Hoii 30He (cM. puc. 4, Tremnepatypsl 1100...1400 K)
COTJIACHO PaBHOBECHOI JAuMarpaMme COCTOSIHUS AJsl
cuctemnl Ti-Al [15] dopmupyetcs aByxdaszHasi 00-
nmactb TisAl + TiAl, u ¢ mOBBILIEHUEM TEMIIEPATyPbI
ropenus (cbie 1400 K) dasa Ti;Al nepurektnyeckun
pacragaeTcsl M HapacTaeT KoaudecTBo ¢asnl TiAl

B noaTBepxaeHue aHaIM3a, BHINOJHEHHOTO Ha OC-
HoBe nmaketa OVITO, MOXHO yKa3aTh Ha BEIBOJBI, KO-
TOpBIE BEITEKAIOT M3 aHAIM3a PABHOBECHOM TUarpaMMBl
coctossHMS mist cuctembl Ti-Al [15]: nmpu Temmepaty-
pax 1470...1600 K (cMm. puc. 4, Mmapkep 32 HC) 11 CcTe-
xuometrpun Np;/Ny; = 1,242 B cucteme Ti-Al [15] nomx-
HbI (popMUpOBaThCA ABE AByX(da3Hbie obdnaacTu: o-1i +
+ TiAl (nmpu Temneparypax MeHbiue 1513 K) u B-Ti +
+ TiAl (mpu temmnepatypax cBoiire 1513 K). ®aze B-Ti
coOTBeTCTBYIOT sueiiku tumna OLIK-bee (M Ha puc. 6
COOTBETCTBYIOT CMHME TOYKM, KOTOPBbIE YACTUYHO Ha-
OJiroaloTCs M B MSITU reTepoda3HbIX CTPYKTYpax). BHe
reTepodasHbIX CTPYKTYpP TOUEK CUHETrO LIBeTa elle 00Jb-
111e, [T03TOMY MOXHO YTBEPKIaTh O TIPUCYTCTBUU (ha3bl
B-Ti B omnpeaeneHHOI CTeNeHU MO BCeMy 00beMy pea-
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Kak BuaHO Ha puc. 2, 6 (151 CIOUCTON CUCTEMBbI
Ti-Al) u puc. 6 (nns CBC Ti-Al), BHe retepoda3HbIX
CTPYKTYpP B 000MX ciyyasx HabaioaaeTcs CMech pas-
JIMYHBIX LBETOB (KpacHBIM, CUHMI, 3€JE€HBINA, XeJl-
ThI U O€JbIii), COOTBETCTBYIOIIASI HEYOPSIAOUEHHOM
CMeCH Pa3INYHBIX CTPYKTYP U MHTEPMETAUTNUECKUX
da3 (xpome das TiAl, a-Ti, B-Ti u Ti;Al npucyrcTBy-
et u ¢dasa TiAl;). 3HaueHus1 naoTHocTen ¢as3 a-Ti,
Ti;Al 1 TiAl cyniecTBeHHO BbILIE 3HAYEHUH IIJIOTHO-
ctu da3ssl TiAl; 1 cMecu BenlecTBa, pacnpeneaeHHOTO
BHE reTtepo@asHbIX CTPYKTYp. DTOT (PaKkT, KOTOPbIi
clenyeT M3 aHajlu3a puc. 5 U 6 (Ha OCHOBe IakKeTa
OVITO), noarBepxkaaeTcsl IpyruM METOIOM aHaau3a,
OCHOBAHHOTO Ha MOCTPOEHUM TPOodUei MIOTHOCTH
BellecTBa (pUc. 7, CM. TPETbIO CTOPOHY OOJIOXKM)
BJIOJIb HAIIPaBJICHUS PAcIpOCTPAHEHUST BOJHBI TO-
penust CBC (ocu X).

MeTton pacueTa U aHaiau3a Npoduiieil MIOTHOCTU
OBl ampoOMpoBaH aBTOpaMHu paHee B pabore [11]
¥ B TIOCJICAYIOUMINX NyOauKauusx, BKiarodas [12, 13].

Tlocne mpoxoxaeHus BoaHbI ropeHus yepe3 CbC
(mocne 25 Hc), HA MocheaHeM Hpoduiie MIOTHOCTU
(MapkepsI 32 HC, CM. pucC. 7) HaOII0OAI0TCS IIATh ITUKOB
TUIOTHOCTH, COOTBETCTBYIOIIUX PACIIOIOKEHHU IO TeTepO-
da3HBIX CTPYKTYp Ha puc. 6. Kpome Toro, a3cdekTrBHAS
LIMPUHA ITMKOB IMJIOTHOCTU (0KOJIO 25 HM) MpaKTUYEeCKHU
COBMAAAET C IMPUHOU rerepodaszHblX MHTEPMETAILIHI-
HBIX CTPYKTYp (COIJacHO puc. 6), T. €. COIJacylTCs
OLICHKM pa3MepoB reTepodasHbIiX CTPYKTYP, MOJTYUYEH-
HBIX IByMSI pa3HbIMU MeToaamu (Busyanusaius OVITO
U IpopUIn TUIOTHOCTH).

Pucynkm 5, 6 1 7 (CM. TpeThIO CTOPOHY OOJIOKKI)
IJIaBHBIM 00pa30M CII0COOCTBOBAIM aHAIN3Y MPOLEeC-
ca CTPYKTypooOpa30oBaHUsI B pearupymolieil cucteme
Ti-Al. Ogxako mocie 25 HC IIpopearupoBaBIIast CH-
creMa Ti-Al mepexoauT B COCTOSIHME TaK Ha3bIBaeMO
30HBI JOTOPAHUS W SBOJIONNS €€ CTPYKTYPHI 1 (pas3o-
00pa3oBaHUs HAa OTOM He 3aKaHYMBAeTCs.

OTtmMmeTuM, 4yTOo B peanbHoM Iipouecce CBC co-
CTOSTHWE JOTOPAHUS 1O BPEeMEHU IJIUTCS JTOCTATOUHO
J0JITO (B Mpeesiax HECKOIbKUX NECITKOB CEKYH/I, a He
HaAHOCEKYH), TIPOAOJIKasICh JaXke W MPU OCTHIBAHUU
CBC-cucreMbl. DT0O 03HAYaeT, YTO HA BTOPOU CTaauU
CBC nponokaloTcsi BTOpUYHbIe (PU3NKO-XUMUUECKUE
MpeBpaleHus], ONpeaesIsIIolIe COCTaB M CTPYKTYPY KO-
HeuHbIX MpoaykKToB CBC (MHTepMeTaJJIMIOB TUTAHA).

B mamem cinydae Tpoiiecc MOASIUPOBAHUS BTO-
pyio crtaguto npoueccoB CBC He oxBaTwiBaeT. [1pu-
YWHA B TOM, 4YTO B TAKOM CJIyJae 3aTpauynBaeMoc Ha
MOIIeINPOBaHME BTOPOU CTaAMM BpeMs 0Ka3alloCch
Obl B MUJIIMAp/ pa3 OoJiblue, YeM 3aTpayeHHbIe He-
CKOJIBKMX CYTOK Ha MOIEJIHWpPOBaHUE TEPBOM CTa-
auu npouecca CBC (c MmogenbHbIM BpeMeHeM 32 HC).
Hanee MpoaoJKUM aHaAJIU3 JOKaJbHBIX OCOOEH-
HOCTeil B 00pa3oBaHHBIX reTepoda3HbIX UHTEPME-
TaJJIMIHBIX CTPYKTYypax (puc. 8 © 9, cM. 4eTBEPTYIO
CTOPOHY OOJIOXKH).

BosHukHOBeHME TeTepodasHbIX MHTEPMETAINI-
HBIX CTPYKTYP (CM. puc. 6) 1 moacTpykTyp (cM. puc. 8
1 9) BHYTpU 3TUX TeTepoda3HbIX CTPYKTYp B yC-
JIOBUSIX TEMIEPATypPHO-CUJOBBIX BO3ACHUCTBUN Ha
aTOMBbl CBSI3aHO C MPOSIBJEHUEM BCIJIECKOB IaBJie-
HUSA, BHYTPEHHUX Ae(PEKTOB M IBUKECHUEM IHUCIIO-
KallMil B JIOKAJbHBIX CTPYKTYpPax aTOMHOM CUCTEMBbI
Ti-Al

Ha puc. 8 (cM. yeTBepTyI0 CTOPOHY OOJIOXKKM)
nmokasaHbl 3D-CHUMKHU (B YBEJIMUEHHOM MaclITabe)
IBYX pa3JMYHBIX pacIpele/IcHNii aTOMOB JIJIST OMHOM
U TOU Xe rerepodas3Hoil CTPYKTYphl, KOTOpasl oTpa-
>KeHa TIepBoi (CJIeBa) Ha MmociienHeM dparMeHTe puc. 6
(Mapkep 32 HC, CM. TPEThIO CTOPOHY OOJIOXKIN).

Ha puc. 9 (cM. 4eTBepTY10 CTOPOHY OOJOXKU) OT-
paXkeHBl HUKHUE MOJIOBUHEI 3TUX IBYX 3D-CHUMKOB
puc. 8 ¢ JOMOJHUTENbHBIM yBEeJIMUYEHWEM MacliTaba
Busyanmn3anuu. ComocTaBisgs MOJIOCY ¢ TOMHHU-
pOBaHMEM OKpalleHHBIX B KPaCHBIN 1IBET aTOMOB
(puc. 9, 6) ¢ cOOTBEeTCTBYIOIIEH €l Mmojocoit gpar-
MEHTa Ha puc. 9, @, BUITHO, YTO B IIPAaBOIl YaCTH UMeE-
€TCSl MOHOJIMTHBIN OJIoK U3 aTroMoB Ti Ha ¢dparmeH-
Te puc. 9, a, Tak Xe, KaK 1 Ha pparMeHTe puc. 9, 6
OKpallleHHBIX B KPACHBIM 1IBET ¢ MPUHAIJIE]KHOCTbIO
K ctpyktypam I'TTY-hcp Tuna. MoHOMUTHBIN GJIOK
atomoB Ti cooTBeTcTBYeT ha3e a-Ti. JleBee Hero
B 9TO ke MOoJIoce COrIacHO (hparMeHTy puc. 9, a IBHO
BbIpaXkeH pe3yjbTaT pacTBOpeHUs1 O0j0ka aTomMoB Ti
aroMamu Al. CornacHo parmMeHTy Ha puc. 9, 6 31ech
C YYETOM TOMUHHMPOBAHUS KPACHOTO IIBETa BO3MOXHO
TOJIbKO OITHO MHTEpPMETaJINYeCKOe COeNMHEHUE CO
crpyktypamu tuna I'TTY-hcp — ato daza Ti;Al

Kpome toro, B MoHoiuTHOM Osioke dasbl a-Ti
(cM. puc. 9, a) HabGmtoHaeTCs ABYMEPHBIN nedekT —
BepTUKAJIbHAS TIJIOCKOCTh IBOMHUKOBAHMSI, TIEPIICH-
IUKYJISIpHAs K MJIOCKOCTU CHMMKA, pa3aessionias aBa
3epHa (IBYX ABOMHHUKOB) C CHMMETPUYHOM IIPOCTPaH-
CTBEHHOI MepeoprUEeHTALMEeN UX KPUCTATINYECKUX
pelieTok. ATOMbI, TOMEUEHHbIE CUHUM LIBETOM Ha
puc. 9, 6, KaK yke 0TMe4aJioCh Bbllli€, COOTBETCTBYIOT
tuny syeek OLIK-bcc u ykaspiBalOT Ha paccessHHOe
pacnpeneneHue dasbl f-Ti B rerepodazHoit UHTEpMe-
tannuaHoi ctpykrype (FTOUC). CxomnieHUs ke aTo-
MOB, TTOME@UEHHBIX 3€JIEHBIM 1IBETOM (CM. pucC. 9, 0),
Ha 4T0 00pallayoch BHUMaHUE paHee, COOTBETCTBYIOT
tuny siueek I'IK-fcc (v yka3biBaloT Ha IOMUHUPOBA-
aue dassl TiAl B TOUC.

3akntovyeHune

IIponeMoHCTpUpOBaHa 11eJIeCO00Pa3HOCTh MpUME-
HeHusl TporpaMMHbIX maketoB LAMMPS u OVITO
i MJI-MomenupoBaHUS M BU3yaJM3alluy IIpolecca
CBC B HaHopa3mepHoit CBC ¢ maxMaTHONoA0OHBIM
pacrnoioxeHnneM 0jiokoB 3 atoMoB Ti 1 Al. Tlokazana
3 GHEeKTUBHOCTD pPa3paboTaHHOIO aBTOpPaMU ITPOrpaMM-
HOro MoayJjs Ajs pacyera nmpodueid TeMneparypbl
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U TJIOTHOCTHU BelleCTBa, MO3BOJMBILINUX OCYILIECTBISTh
TeMmIiepaTypHblii aHaau3 MukpokuHeTuku CBC u pac-
M03HaBaTh 00pa3ylollrecss MHTepMETAIIMYeCKUe (pasbl.

BblunciauTtenbHble SKCIIEPUMEHTHI ¢ UCITOJIb30Ba-
Huem metoaa MJI-monenupoBanusi CBC no3ponuiau
00HapyXuTh B Mpoliecce ha3o- U CTPyKTypooOpas3o-
BaHMUSs reTepodasHble MHTEPMETAIMIHBIE CTPYKTYPHI,
CBsI3aHHBIE C MIPOSIBJICHUEM BCIJIECKOB JaBJICHUSI, BHY-
TPeHHUX Je(PEeKTOB U ABUKEHUEM IUCIOKAIIUMI B yCJIO-
BUSIX TEMIIepaTypPHO-CUJIOBbIX BO3IEHCTBUIA HA aTOMHbIE
6soku cuctemsl Ti-Al. BHyTpu retepoda3HbIX HHTEpME-
TaJUIMIHBIX cTPYKTYp B ['TIY-nipociolikax oOHapyxXeH
JIBYMEPHbIH Ae(heKT — MJIOCKOCTb ABOMHUKOBAHMUSI, pa3-
Jenstonas aBa 3epHa (IByX JBOMHUKOB) C pa3inyaro-
1LIeHCS IPOCTPAHCTBEHHOU OpUEHTALIMEN UX PEIIETOK.

IlapannenbHble BBIYMCICHUSI C MCIIOJIb30BaHUEM
nakera LAMMPS B Bepcuu si3pika C++ COBMECTHO
¢ unrepdericom MPI BbINONHSINCH HA KJlacTepe orpa-
HUYEHHOUN BBIYUCAUTENBHOK MolHOCTU U3 15 TTK
(c 4eThIpexsIACpPHBIMU MPOLIECCOPAMU) C BOZMOXXHOCTBIO
pacrnapa’jeluBaTh BIUMCICHUS B KaXKJIOM BbIYMCIU-
TEJILHOM 3KCIIepMMeHTe Ha 60 mapajiiebHbIX TOTOKOB
I aToOMHOU cuctembl Ti-Al ¢ 1ocTaTO4HO OOJABIIUM
o01uM yuciaoM atomoB (1 028 175 aToMOB) MO OTHOILIE-
HUIO K BBIYMCIUTEIbHON MOILHOCTU UCIOJb30BAHHOTO
kusacrepa. IIpu aTux ycnoBusx Obljga IOCTUTHYTA Cle-
IyIollasi OlleHKa MPOM3BOANTETbHOCTA MOACTMPOBAHUS
npouecca CBC: 3a cyTKM HENMmpepbIBHOTO BPEMEHU pac-
yeToB Ha Kiactepe u3 15 1K momenmpoBascs mpolecc
CBC n11uTebHOCTBIO MOYTH 2 HC PeaibHOrO BpEMEHMU.
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The paper presents the results of thermal and microstructural analysis of the SHS of intermetallic compounds in a
nanosized atomic layer-block structure of Ti-Al, obtained using the freely available software packages LAMMPS and
OVITO, as well as using the software of the authors of the paper. Using the LAMMPS package in the version of parallel
computing, the software implementation of which is based on the "molecular dynamics" method, the SHS process is
simulated. For 3D visualization of simulation results, the OVITO package is used. Among the results of microstruc-
tural analysis, noteworthy is the appearance of stable heterophase intermetallic structures during the SHS reaction,
which were confirmed using the OVITO package and the software module developed by the authors for calculating
a set of matter density profiles of the SHS-product. In heterophase intermetallic structures, it was possible to detect
local features in the form of layered quasi-coherent intermetallic interlayers with the presence of two-dimensional
defects in crystal lattices — twinning planes delimiting pairs of grains (twins) with symmetrical lattices reorientation.

Keywords: SH-synthesis, molecular dynamics method, Ti-Al reagent system, unit cell, layered block structure
(LBS), temperature profile, density profile, heterophase intermetallic structure, lattice defect, twinning, parallel com-
puting, LAMMPS and OVITO packages
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Pucynxu k crathe B. . Mopnana, U. A. [lImakoBa

«3D-BU3YAJIU3AITUS TETEPO®A3HBIX UHTEPMETAJITU/THBIX CTPYKTYP
HA OCHOBE KOMIIBIOTEPHOTI'O MOJIEJIMPOBAHUS CBC
B HAHOPA3MEPHOM CJIOUCTO-BJIOYHOM CTPYKTYPE Ti-Aly»
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Puc. 5. Caumku ¢ pacupeneneaneMm atomos Ti (kpacHble Touku) U aTtoMoB Al (3eieHble TOYKH) B “
ceqeHun CBC, cooTBercTBYIOMAE NOCIEI0BATELHRIM MOMEHTAM BPEMEHH NPOJIBIKCHHS BOJIHDI
TOPEHUs!
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Puc. 6. CHuMKM ¢ pacipejieicHUeM Ppa3MYHbIX THIIOB 3JeMeHTapHbIx sueek B cedenun ChC B
Hociie/1opaTelbHbIe MOMEHTBI BpeMeHit: 3elleHble TOUkH — THll I'lIK-fce; eunne Touxu — un OLIK-bee;
KpacHbi€¢ 104k — Tall I'TTY-hep; xenrbie ToUkM — THIL ico; Oesbie TOYKH — JIPYTHe THIIbI
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Puc. 7. IIpoduim IUI0THOCTH BelliecTBa, COOTBETCTBYIONIHE HOCIEN0BATEIbHOCTH MOMEHTOB
BpeMeHH 1pH npojiBukeHnu BouHbI ropeHus B ChC cucremsl Ti-Al
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Puc. 8. CoorBercrBytonme apyr
apyry 3D-caumMxku rerepodpasHoii
CTPYKTYPBI ¢ 00beMHbIMHA
pacnpeeeHusIMu:

a — obbeMHoe pacIpesiesieHIe
atomoB Ti (kpacHbie maphl) U
aToMoB Al (3eJieHHBIC TTTapHI);

6 — o0beMHOE pacIpejieicHIe
Pas3IIMYHBIX THIIOB JIEMEHTaPHBIX
staeek (I'T[K-fcc — 3erennie
mapsl; OLTK-bce — cuname mapsr;
I'TI¥-hep — kpacHble THaphi;
JIpyTOH THII — GeJIble TITaphl )

Puc. 9. CoorBercrBytonme apyr
apyry 3D-cHUMKHM HHKHEH I10JIOBUHDI
retepocasHoii CTPYKTYpbI,
oro0paxeHHol Ha puc. 8:

a — o0beMHOe pactpesieJieHIe aTOMOB
Ti (xpacHble TIIaphl)

u aToMoB Al (3eJeHbIe Maphl);

6 — 00beMHOE pacIpefieicHIe
Pa3IMYHBIX THIIOB JIEMEHTaPHBIX
saeek (I'TK-fcc — 3emenbre mapsr;
OIIK-bce — cumme mmaper;

I'TI¥-hep — kpacHble THapHI;

JIpyTOIi THII — OeJIble TITaphl )
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