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AHHOTanus: 3ajaya AeKOMIIIALKY Java-6aliTKoa COCTOUT B TOCTPOCHUU UCXOJHOTO KO/
Ha s3bIKe Java, SKBHBAJCHTHOI'O JaHHOMY OaiiTkoxy. balTkon — nmHeHHas mporpamma ¢
YCIOBHBIMU M 0€3yCIOBHBIMU IIE€PEXOAAMM, a SI3bIK Java COIEPKUT CTPYKTYphbl YNpaBJICHMUS,
KOTOPBII 00pa3yloT HepapXuio B HICXOTHOM KoJie. DTy HepapXHi0 He0OX0AUMO BOCCTaHABIMBATD
P IEKOMIWISIIIMKA, B YaCTHOCTH, HEOOXOJMMO BOCCTAHOBUTH OJIOKH OOpaOOTKH HCKIIOUEHUN
try-catch-finally. B mpoekre Excelsior RVM (BupTyanbHOW MalivHbI Java CO CTaTHYECKUM
KOMOWISTOPOM)  OalTKOA ~ JACKOMIMIMPYETCS  JUIsl  NPOBEAEHUS  ONTHMHU3HUPYIOIIUX
npeoOpazoBanuid. [Ipu mocTpoeHN OGJIOKOB OOpaOOTKH MCKIFOUEHUH JEKOMITHIIATOP CHUCTEMBI
Excelsior RVM mnonaraer, uro 6aiiTkon ObUT MONY4YeH MyTEM KOMIWJISIMM HUCXOAHOTO KOJa
CTaHJapPTHBIM KOMITWJISITOPOM si3bIKa Java, U MBITAeTCsl COBEPIIUTh 00paTHOE Mpeodpa3oBaHuUe.
Wnorga sTto He yamaercs g OalTKoJa, MOJYYEHHOTO JIPYIrMMHM HMHCTpyMeHTamu. B nganHOM
paboTe TMPENIOKEeH arOPUTM JEKOMIWISIUK, BOCCTAaHABIMBAIOIMIMK OJIOKH 00pabOTKH
UCKJIIOUYEHUH U3 TPOU3BOJILHOTO KOPPEKTHOTO OaiTkoga. OTOT aIrOpUTM peau30BaH,
uHTerpupoBaH B cucteMy Excelsior RVM u nporecTrpoBaH Ha peaqbHbIX MPUIOKEHUSX.

KiarwueBble cjoBa: KOMNWIALMSA, ACKOMIWISIMUA, S3BIK IporpaMupoBanust Java, Java-
OaitiTkon, oOpaboTKa HMCKIIOUEHUM, OJOKKM O0OpaOOTKHA HMCKIIOYEHHUH, TaOIWIIBI 3allUIIEHHBIX
WHTEPBAJIOB

1. Beeaenune. Vcxonnblii TekcT Ha s3blke Java [14] mepeBoaurtcs Java-KOMIWISITOPOM B
nBonuHbI Gopmar (Java-GaiTkoa) BupTyanbHOW MamuHbl Java (JVM) [9]. Java-Gaiitkon
SIBJISIETCSI KOPPEKTHBIM, €CIIM OH TPOXOAUT mporenypy Bepubdukammu [9]. Paccmarpuaercs
3ajaua JCKOMITMIIALUU KOPPEKTHOro OalTKO/Ia, a TOYHee — IOJ33aJaya MOCTPOCHHUs OJIOKOB
00paboTku uckmoueHnid. B nexommustope cuctemsr Excelsior RVM BoccranoBienue 010K0B
00pabOTKH UCKITIOYCHUIT TpeIBapsieT BOCCTAHOBICHHUE MIPOYKMX TUIIOB CTPYKTYp yrpasieHus [1].
Takum o0pa3om, TmoA3aady TIOCTPOCHHUSI OJIOKOB OOpaOOTKHM HMCKIIOUYEHUH MOXKHO
paccMaTpuBaTh HE3ABUCUMO OT MPOYMX NMOA3aAau JEKOMITUIISAILIH.

biok O6pa6OTKI/I HCKIIOYEHUH sI3bIKa Java BBITIISIUT CJICAYHOIIUM 06pa30M:

try { try-6nok }
catch (catchType: e1) { catch-6nok 1 }
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catch (catchTypey ey) { catch-6nok N }

finally { finally-6nok }

JlBa Gioka 0OpaOOTKM HMCKIIOYEHHH HE MOTYT MMETh OOImuX catch-0JIOKOB M HE MOTyT
TEKCTYaJIIBHO MEPECEKAThCS IPYT C IPYTOM KPOME CTPOTOTO BIIOKEHHSI.

Tabnuia 3anMIeHHBIX HHTEPBAIOB Java-0aliTKo/la — 3TO MAacCUB CTPYKTYP THIIA UHMEPBAIL.
Kaxnapiii uarepBan — 310 uetBepka <StartPC, EndPC, HandlerPC, CatchType>, rne StartPC,
EndPC u HandlerPC — anpeca mHcTpykumii B Gaiitkome, a CatchType — umapenTuduxarop
CCBUIOYHOTO THIA. JIJIs1 BBIpaXCHUs OTHOIICHUSI HACIICAOBAHUS OyJeM NMPUMEHATh CUMBOIN <:,
ecmn X — HacleAHWK Y WU paBeH Y, To Oyjaem 3amuchiBaTh 3TO Kak X <: Y. CemaHTHKa
00pabOTKM HCKIIOYEHUI TaKoBa: €CIM BO BpPEeMs HCIIOJHEHHS HHCTPYKIUH ¢ aapecom PC
BO3HHUKAET MCKIIOYCHUE THMA Type, TO B TaOJHIIEC 3aIIUIICHHBIX MHTEPBAJIOB HMILIETCS MEPBBIN
UHTEpBa, yaoBieTBopstonmii cBoiicteam: StartPC < PC, PC < EndPC, CatchType <: Type.
Ecnmu TakoWl WMHTEpBaN HAXOIMTCS, TO YIPABJICHUE IEPEXOJUT HA HHCTPYKIHIO C aJpecoM
HandlerPC. Muaue wuckimodeHune mepenaercs B METOJ, BBI3BABIIMK IaHHBIM. B KOppekTHOM
0alTKOJIC MHTEPBAJIBI JIOJDKHBI yIoBiIeTBOpsTh yciopusm: StartPC, EndPC, HandlerPC —
KOoppekTHbIe aapeca nnctpykuuii; StartPC < EndPC; CatchType <: Throwable.

CranaapTHBI KOMIWJIATOpP si3blka Java TpaHciupyeT OJOKM 00paOOTKM HCKIIOUEHHH B
TaOJIMILY 3aIIUIIEHHBIX MHTEPBAJIOB MO CIEAYIOUIEMY aITOPUTMY:

1) Try-010K KOMIUIUPYETCsI B HEMPEPBIBHBII yuacTok Oaiitkona [SPC, EPC).

2) Catch-6ok; komnuaupyeTcst B 6aiTko, HaunHaroIumics ¢ nactpykuun HPC;.

3) Finally-610k KoMIUIMpyeTCs MO-pa3HOMY B 3aBUCHMOCTH OT BEPCHU KOMITHIISITOpA

a. [s Bepcun Sun JDK 1.4 u Gonee pannux finally-6mok xommnunupyercs B
0alTKO/I, KOTOPBI BBI3BIBACTCS Yepe3 MHCTPYKIUH JSI/ret 3 KakI0i TOUKH
BbIXOJ1a Beex try, catch u finally 6mokos.

b. B Oonee mno3mHux Bepcusx kommwisitop kommpyer finally-6mok  u
MOJICTABIISIET €r0 B KaX/yI0 TOUKY BBIXO/1d, BBIMOIHSS, IO CYTH, OTKPHITYIO
IOJICTAHOBKY IOIITPOrPaMMBI, paHee peann3yemyro depes jsr/ret.

4) B Tabnuily 3amdIieHHBIX HHTEpBaNOB BcTaBisiorcs 3armucu <SPC, EPC, HPC;,
CatchTypei> mms kaxkgoro catch-Oioka. Takike  BCTaBISIOTCS — 3allHCH,
MOKPBIBAIOIINE CKOMITMIMPOBAHHBIN try-0siok u Bce catch-oioxu ¢ HandlerPC,
ykaspiBaromuM Ha finally-6mox u CatchType, paBusim Throwable, mist Toro uro0s!
finally-Giox BeITIONHSIICS B CiTy4ae JIF0OOTO BBIXO/IA.

5) 3anmcu BHOCSTCS B TaOJHIly B MOCIEIOBATEILHOCTH TOMOJIOTMYECKOH COPTUPOBKH

MO0 OTHOLICHHUIO TCKCTYAJIbHOI'O BJIOKCHUA. Hpe;x,ue 4eM GYI[YT BHCCCHBI 3aIllCH,
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COOTBETCTBYIOIIHE HEKOTOPOMY OJIOKY 0OpabOTKM HCKIIOUEHHH, B TaOnuIe yKe
JOJDKHBI OBITH 3aIMCH, COOTBETCTBYIOIIME BCEM OJIOKAM, BIOKEHHBIM B HETO.
[Ipeamnonarast, yto Tabauna u 6aRTKO OBUIM MOYYEHBI CTAHAAPTHBIM KOMITWIATOPOM SI3bIKa
Java, MOKHO TIPEIIOKUTh a12OpUmMM IPAMOU OeKOMNUTAYUL:

1) try-610k onpeaensiercs mo StartPC u EndPC. Bce 3ammcu Tabmuibl, y KOTOPBIX
COBIIQJAI0T ATH I'PAHUIIbI, 00BEINHSIOTCS B OJIHY TPYIIIY;

2) Ui TPYNIIBI 3amuceil ctpoutcs Habop catch-0s10ko0B (Bce OJIOKH, JOMUHHUPOBAHHBIC
omokoM, HauuHaromumcs ¢ HandlerPC, momamaror B catch-670k). Jlms 3TOrO
crpoutcs Control Flow Graph [5];

3) B 3aBUCHMOCTH OT TOro, kak kommuimpoBaics finally-6mok, 1160 BeIOHpaeTcs
O0alTKOJ, 3aKIIOYCHHBIH MeXIy JSI/ret  WHCTpyKuusiMH, JIMOO  MIIETCS
CKOITUPOBaHHbIH OaiTko/, cooTBeTcTBYromwmii finally-6ioky;

4) BbIOpaHHBIC TPYMIBI OANTKOMA JECKOMITHIHPYIOTCS, W PE3yIbTaT 3aKIHYacTCs B
010k 00paboTkH nckaroueHuit. CatchType; OepyTcst 3 TabIUIBI HHTEPBAJIOB;

[TpousBonbHBI  OalWTKOA MOXET OBITh TOJY4EH C TIOMOIIBID  00(yckaTopos,
WHCTPYMEHTAIMU 0alTKO/1a, aBTOMATUYECKOM MOAM(DUKALIMY MITM TeHEpaIlK KoJia (Harmpumep, ¢
MOMOIIPIO ~ ACHIEKTHO-OPHEHTHPOBAHHOTO MPOrpaMMHpOBaHus), TpaHciasuuedr JVM-based
s3pik0B  (JRuUby, Jython, Scala) wiu mporpammupoBanuem Ha Java accemOusiepe. TaGmuiibl
3alIUIIEHHBIX HHTEPBAJOB B TAaKOM OaWTKOJE MOTYT HE TMOIXOIUTH Ui TNPEeoOpa3OBaHMA,
00paTHOTO K MpeoOpa3oBaHUsIM, COBEPIIAEMBIM CTAHIAPTHBIM KOMITHIIATOPOM si3bika Java. [lpu
TIOCTaHOBKE 3a/1a4M JEKOMITHJISIIIUU POU3BOJIEHOTO KOPPEKTHOTO 0aliTKOa MOKHO TIOJIaraThCst
TOJILKO HAa OTPAaHWYCHHMS, HaKJIaJapIBaeMble Bepu]uKaTopoM. B yacTHOCTH, MHTEPBAIBI MOTYT
nepecekarbcs 0e3 BIIOKEHHsI OJHOTO B JIPYTOTO, Y Pa3sHBIX HMHTEPBAJIOB MOTYT OBITH 0O0IIMe
HandlerPC u 1.n1. Takue TabmuIBI HE MOTYT OBITH IEKOMIMITUPOBAHBI IIPSIMBIM AJIITOPUTMOM.

PesynpTaTrom paboTel gekoMmuiATopa cuctembl Excelsior RVM  sBasercs  aepeBo
abctpakTHOro cunTakcuca (AST) [11], U3 KOTOPOro MOXKHO TOIYYUTh UCXOAHBINA KOJ Ha S3bIKE
Java. B anroputmax mnoctpoenuss AST Oyner wucnonb3oBatbes omepatop (oto. UtoOwl
NpPEJCTAaBICHUE OCTaBAJIOCh CTPYKTYPHBIM (BO3MOXKHOCTb IOCTPOEHHSI M3 HEro HCXOJHOTO
KOJIa), OTIepaTopbl goto JOJDKHBI MOJIETUPOBAThCS onepaTopamu break, continue u block s3pika
Java. CmpyxmypHnvim onepamopom goto OyneM Ha3biBaTh oreparop Joto, KOTOPBIH NEpEeBOIUT
ucrnonaenue Ha omeparop label, eciu omepartop label maxomurcst B mpomsBosbHOM MecTe
LIEMOYKH, B KOTOPOH HAXOJUTCS WIM B KOTOPYIO BJIOXEH oreparop goto (Bo)keHHE MOKET ObITh
yepe3 HECKOJbKO ypoBHeW). CTpyKTypHble omnepaTopsl QOt0 MOXHO CMOAEIHPOBATH
omeparopamu break, continue u block. Dto mpomemoncTpupoBano Ha puc. 1. B uwactu a)

MOKa3aHo, KaK MOJEIUPYETCs CTPYKTYPHBIH oreparop goto oneparopamu break u block, B wactu
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0) moka3aHo, KaKk APYrod CTPYKTYpHBIA omepaTop got0 MOXKHO CMOJENHMPOBATH ONEpaTOpaMu

continue u block, B wactu B) mokasausl Ba mpuMepa HECTPYKTYPHOTO oreparopa goto.

break (block)
1
goto '
: label I v I label
! [ ]
! 1 |
| v | | —_> block
I | | \:* I

| \ 4 |

a) MoaenupoBaH#e CTPYKTYPHOTO orepaTopa goto ¢ momomrsio block u break

continue (block)
T

[}
label label | | v |

| v | —> ' block
| |

(_____

B) [IpuMepsl HECTPYKTYpPHBIX IIEpexo10B goto
Puc. 1

2. ®opMajbHasi MOJedb CeMAHTHKH 00padoTKM HCKJIOYeHHWi. Pa3paboraHHble Hamu
QITOPUTMBI JIEKOMIWISIIMM OJOKOB 00pabOTKM HCKIIOUEHUIH MNpeoOpa3oBBIBAIOT TaOIUIIbI
3alUIICHHbIX MHTEPBAJIOB, MMO3TOMY HaM HEOOXOJUMO J10Ka3aTh, YTO CEMaHTHUKa 0OpabOTKHU
WCKITFOUCHHU COXpaHseTcsl Mmocie mpeodpasoBanuid. st 3Toro ¢opmanuzyeM 3TO MOHATHE H

BBCICM Pl SKBUBAJICHTHBIX HpCO6pa30BaHHﬁ.

2.1. Omnpenenenunsi. Mnoowcecmso uncmpyxkyuii 6aumkooa PC = 0, .., L. PC c N
(HatypanbpHble uucia). Muoocecmso munos uckirouenuti <XTypes, <:>, <! — YaCTUYHBIN
MOPSAIOK, O3HAJalomMi HacienoBanue. Hawmmenwimmii smement XTypes — Throwable.

Muoocecmso unmepsanoe Xlintervals = {<S, E, T, H>}, S, E, H € PC, S < E, T € XTypes.
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['oBopst 06 unTepBane A, pasaoMm <S, E, T, H>, Oynem obo3nauats S, E, T u H, xak A.Start,
A.End, A-Type u A.Handler coorBerctBenno. llemouncnenusiii unrepsan [A.Start, A.End)
Oynem o6osnauath A.Range. Muoowcecmseo mabnuy uckmouenusi XTables = {{Int; | Intj €
Xlntervals, i = 0..k}} — MHOXeCTBO BCeX KOHEUHBIX YIOPSJIOYCHHBIX IOCIEI0BATEIBHOCTEH
anementoB u3 Xlntervals. T'oBops o Tabmuume X € XTables, X = (Inty, ..., Inty), Oyaem

obo3Hauath Intj, kak X, a k xak |X|. Ilpeouxam pucka RF. PC — {0, 1}. RF(X) = 1 &

HHCTPYKIHUS ¢ agpecoM X MOXET BBI3bIBaTh MCKIoueHue. bezonacuwiii koo NRF = {c € PC,

RF(c) = 0}. IIpeouxam 6ezonacnocmu UTF: Xlintervals — {0, 1}. UTF(X) = 1 & X.Range C

NRF. @ynxyus unmepnpemayuu: A: XTables X (PC / NRF) x XTypes — PC U {1}
A(XT, C, Type>) =

1)XT;.Handler, rae i = min{i | C € XT;.Range u Type <: XT;.Type};

2)L, eciy TaKkoro i HeT.

Ommnowenue s>xeusarenmnocmu Ha XTables: XT; = XT, & V C € PC/NRF, V type €

XTypes: A(XT1,C,type) = A(XT,,C,type). IIpeobpaszosanune ¥: XTables — XTables oymem

Ha3bIBATh dKEUSALCHMHbIM npeobpazosanuem, eciu V XT € XTables: XT = ¥ (XT).

2.2. Cucrema 3KBHMBAJEHTHBIX mpeoOpa3oBanuii. OmnpenenuM Tpu NpeoOpa3oBaHMUS.
[Tleppoe — Sep, pa3duBaeT HEKOTOPBIH HHTEpBal TaOMUIBl MO HEKOTOPOM HMHCTPYKUMH U
BCTaBIISIET JIBa MOJAMHTEPBAIA B TAOIUIly BMECTO HCXOQHOTO. BTopoe — Del, ynanser untepsain
U3 TabIMIIbI, €M 0alTKOM, OrpaHUYEHHBIM 3TUM UHTEPBAJIOM, HE MOXKET OpOCaTh UCKITIOUEHHUS.
Tperbe — Concat, 00beUHSET ABa NOAPA] UAYIIUX WHTEpBaia B TaOJIUIE, €CIIU MEXAy HUMHU
HaXOJUTCS KO/, KOTOPHIA HE MOXeT OpocaTb UCKIOUEHHUs. MHTYHUTHBHO MOHSTHO, YTO 3TH
npeoOpa3oBaHMsl COXPAHSIOT CEMAHTHUKY OO0pabOTKH HWCKIIOYEHHH, MO3TOMY (opMaabHOE
JIOKA3aTeNIbCTBO ATOro (hakTa OyaeT MPUBEACHO B MPUIOKEHUHU A, a B JanbHEHIer padore
OyzaeM mojaraTbCst Ha €ro CIPaBeINBOCTb.

[Tycte XT € XTables. IlpeoGpasoBanue Sep,(XT), roe ¢ € (XT,.Start, XT,.End) —
paszbuenue N-020 unmMep8anra mabauybl NO UHCMPYKYUY ¢, IO CIICAYIOIIEMY NPaBHITY:

Sepnc (XT) = SepT Takast, uro SepT; =
1)XT;, ecmni<n
2)<XTp.Start, C, XT,.Type, XT,.Handler>, ectn i = n
3)< C, XTyr.End, XT,.Type, XT,.Handler>, ecnmui=n+1

N XTisg, ecmmi>n+ 1
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[MpeobpazoBanue Del,(XT), rne UTF(XT,) = 1 — ydarenue 6ezonacrnoeo unmepsana N, mo
CJICAYIOIIEMY MPABHITY:
Del,(XT) = DelT rakas, uto DelT; =
1)XTi, ecmui<n
2)XTi+1, HHAUE
[IpeobpazoBanme Concat,(XT), rme XTn,.End < XT,.p.Start, XT,.Type = XTn1.Type,

XT,.Handler = XT,.1.Handler, [XT,.End, XTps1.Start) C NRF — causnue n-oco u n+l-oco

bezonacHo pa3defzeHHb1x UHmMepeanos, o CICAYyIIEMY IIPABUILY.

Concat,(XT) = ConcatT Takas, yto ConcatT; =
1)XTi, ecnmui<n
2)<XTp.Start, XTn+1.End, XT,. Type, XT,.Handler>, ecu i = n
3)XTis1, eciui>n

Ymeeporcoenue 1: IpeodpasoBanus Sepnc, Del,, Concat, sBisoTCs SKBHBAJICHTHBIMH.

3. AJrOpUTM JeKOMIMJISALIMM TPOU3BOJIBHOH Ta0aUIbI 3AIIUIIEHHBIX HHTEPBAJIOB.
ANropuT™M NpsIMOM JEKOMIMIISILIMK XOPOILIO paboTaeT ¢ TabIMLIAMH 3alUIEHHbIX HHTEPBAJIOB,
MOJYYCHHBIMA KOMIWISAIUEH HMCXOIHOTO TEeKCTa Java-KoMOWwiIsToOpoM. B ocHOBe ero paboThl
JIKUT TIPEAIIONIOKEHHE, YTO Tabimuia Obla IMoilydeHa MPSMON KOMIWISIHEH, MOATOMY OH
HaKJIaJpIBa€T Ha HEe MHOXKECTBO YCJIOBUH, KOTOpbIe 00ECIEYHBAIOT MOJIHOE BOCCTAHOBJIICHHE
6510k0B 00pabOTKHN UCKIIOUEHUH. B Mpon3BONBbHOM KOPPEKTHON TabIUIlEe 3TH YCIOBUS MOTYT He
BBITTOJTHATHCS, U TIOATOMY BO3HHKAIOT MPOOJIEMBI TIPSIMOH JEKOMITHIISIINH.

3.1. Jdexomnuasuus try-6,0koB. B mpon3BOIbHON KOPPEKTHOH TaOimMIle ABa MHTEpBAja
MOT'YT TIepeceKaTbcsi 0e3 BiIoskeHus ogHoro B apyroi (Puc. 2a). Takas Tabnuiia He MOXKET OBITh
NOJydeHa B pe3ysbTaTe MNpsAMOW KOMIWIALMU HCXOJHOTO TEKcTa Ha sA3bIke Java w,
COOTBETCTBEHHO, HE MOXET OBITh HANpsSIMYyI0 IEKOMIMINpOBaHA. Takke, €Cli B HCXOTHOM
TEeKCTe OAMH OJIOK 00pabOTKH HCKIIOYEHHH ObUT BJIOXKEH B JAPYroi, TO MpU KOMIUJISIUU B
0alTKO/, WHTEPBAJIbI BIOKEHHOIO OJIOKa OyAyT HaxXxoIuThCcs B TaOnMile Nepes MHTepBajJaMH
oObemitomiero. Takum 00pa3oM, MpU BBIOPOCE MCKIIOYEHHs BUPTyalbHas MalldHa CHavyaia
IOPOBEPUT HUHTEPBAIBI BIIOKEHHOro OJ0Ka, 3aTeM oObemimomero. B To ke Bpems B
Bepu(HUKATOpPE HET TAKOTO TPeOOBaHWS, W OOBEMIIOMHNA HHTEPBAI MOXKET HAaXOJWTHCS B
Ta0nuIe paHblie, yeM BiokeHHbIH (Puc. 20). Ecnu nekomnunupoBaTh 00a TakuX MHTEpBAJA B
6510kM 00pabOTKM MCKIIIOYEHHUH, TO UX BJIOKEHHOCTh OyJeT HapyllaTb CEMaHTHKY O0OpabOTKU

UCKJIFOYUEHUN B UCXOJHOM OaliTKOIE.
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Hanee 6ynem 0003HauaTh TaOIUIy UCKIIIOYEHUN TEKYIIETO JACKOMIMIMPYEMOTr0 METOIa KaK
XT. XT € XTables. XT; nepecexaemcsa be3 énosicenusn ¢ XTj, ecmu XT; u XT; mepecexarorcs, HO
HHM OJIMH HE BKIaJbIBaeTca B Apyroi. XTi nenpasunvro exnaovieaemes B XTj, ecim XTj cTporo
BKJIaabIBaeTcss B XTj, U 1pu 3ToM 1 > j. Tabmuiy uckitoueHui OyleM Ha3blBaTb pecyisapHOl,

€CJIM B HEH HET nepecequI/Iﬁ 0e3 BIIO)KEHUS U HEIIPAaBUIIBbHBIX BIIOKCHUH.

y I |
| i | |

! ! Mpw 3ToM B Tabanue UcKAoYeHn Y paHblie X

a) [lepeceuenue 6e3 BIOKCHUS 0) HenpaBuiibHOE BIIOJKEHHE
Puc. 2

3.1.1. AnropuT™M NpoBepKHU TaldJIULBI HA PEryJsipHOCTb. AJTOPUTM, MPOBEPSIIOIIUN IS
IIPOU3BOJIBLHON TaOJUIBl, SIBISIETCA JIM OHA PETYJSPHOW, Ha ICEBIOSI3bIKE BBICOKOTO YpPOBHS

BBITJISAUT CIEIYIOIIMM 00pazoM:

Stack<ExcepInfo> stack; —— CTEK BJIOXEHHOCTU

Sort (XT) ; —-— copTupyeM Tabauuy (rno yBenmueHuio Start mu, nopu
—-— paBHBEIX Start, no ymenbumeHmMio End)

stack.push (XT[0]) ; -—- KJIaZleM Ha CTeK I[epPBHI MHTEepBall

FOR i := 1 TO Len (XT)-1 DO

WHILE ((stack.size > 0) AND (XT[i] He mnepecekaercs co stack.top)) DO

stack.pop; —-— ymajseM, I[IOKa He BCTPEeTHUM IllepecedeHMe MHTEepPBaJloB
END;
IF ( (stack.size > 0) AND

( (XT[i] nepecexaercs 6es BjgoxeHusa co stack.top) OR
(XT[i] umenpaBusibHO BJOXeH B stack.top))) THEN
RETURN FALSE; -- cuTyaumsa, korma stack.top cTporo BJIOXEH B
—-— XT[1] wmckJiwouUyeHa CIocoOOM COPTUPOBKU

END;
stack.push (XT[i]); -— HOBas BepXxXyllka CTeKa

END;
RETURN TRUE;

Ymeeporcoenue 2: AnropuT™M npOBEpPKU TaOJIULIBI HA PETYISAPHOCTD OINpPENENseT, SIBIsSeTCs I
tabmuma XT peryiaspHoil u obyafaer M CIEAYIOIIMMU XapaKTePUCTHKAMU: TPYJOEMKOCTh —
O(IXT| * In(|XT])), emxoctHast cioxuaocth — O(|XT]). lokazarenbcTBO B MpHioskeHHH A.

3.1.2. Aaroputm npuBeAeHUs] TAOJMIbI K pPeryjasspHoMy BHIY. MBI cOOpainy CTaTHCTHKY
Ha TecToBOM Habope cucrteMbl Excelsior RVM u m3yunnu mpumepsl 0aiiTkoma, TaOJIMIIBI

UCKJTIOUEHUH B KOTOPBIX OBUTHM HeperyaspHbIMU. OOHapyXWUJIOCh, UYTO TaKue TaOJIHUIIBI
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HOSBISIOTCS B OCHOBHOM B 00()yCIIMPOBAaHHBIX IporpaMmMax Jnbo B mporpammax, rae finally-
0ok ObUI CKOMIMJIMpPOBaH ¢ MpuMeHeHHeM jsr/ret wuHcTpykuuil. Korma finally-61ok
KOMITHJIUPYETCSI ¢ IPUMEHEHHUEM jSt/ret MHCTPYKIMH, TO HMHCTPYKIHS jSI, BCTaBJICHHAs BHYTPb
try-0610Ka, ¢ TOUKM 3peHHs KOMNWIATOpa Java He [OJDKHA BKJIIOYAThCS B 3alUILCHHBIN
uHTepBall. [loaToMy OpUrHHANIBHBIHN try-0JI0K pa3pe3aercss STUMH UHCTPYKLUSAMHU Ha HECKOJIBKO
3anuceil B Tabnuie uckiIoueHui. [Ipu 3TOM MOXET MOSIBUTHCS HENpaBHIbHAs BIIOKEHHOCTD.
Eme oqHO#t 4acToi NpUYMHOW HEPETYJISPHOCTH SIBJISIFOTCS MHTEpBajbl, Takue uto HandlerPC =
StartPC u ob6nacth Koz1a, KOTOPYIO OHHM 3alllMINAIOT, HECHocoOHa co3/aTh MCKIo4eHue. Mx
yJlaJleHue U3 TaOJIUIbl UCKJIIOUCHUH HE BIUSET HAa CEMaHTUKY 00pabOTKH.

Aneopumm npueedenus mabauywl K pecyisapHomy eudy

1) Tlpumenum npeobpasoanue Deli(XT) mist Bcex 1 takux, uro UTF(XT[i]) = 1 u
XT[i].Handler = XTTi].Start;
2) Tlpumenum mpeobpasosanue Concati(XT) ai1st BceX MOAXOMSMIIMX 1.

Ymeeporcoenue 3. AAroput™M mpuUBEACHUS TaOJMLBI K PETYISIPHOMY BHIY COXpaHSET
CEMaHTHUKy OOpabOTKM WCKIIOUEHHH, YTO ciefayeT Hu3 yrBepxkaeHus 1. Ero BpemeHHas
crnoxHocTh cocraBisier O(|XT(), Tak kak o0a ero mara OCyIIECTBISIOTCS JTHHEHHBIM MPOXOI0M
no Tabjule MCKIYEHUl, a Kaxzaoe mnpeoOpazoBanue BwinoaHsercs 3a O(1). EmkoctHas
CJIOKHOCTB asiroputMa coctasisger O(1).

3.1.3. Aaroput™M ypaBHHBaHUSI HHTepBajoB. llocie peamu3zamu  METOJOB
npeoOpa3oBaHusl TaOJIUI, Mbl MOBTOPHO COOpalM CTATUCTHKY M OOHApYXWJIM, YTO BO BCEM
TECTOBOM HaboOpe ocTalcs TOJIBKO OJMH METOJ, TaOlMlia MCKIOYEHUH B KOTOPOM OCTaeTcs
HeperyJsipHoii. KpoMe mnocTaBI€HHOW NpPaKTUYECKOM 3aJaud, KOTOPYKD MOXHO CYWTATh
pa3penieHHoi, ObUTa TOCTaBJIeHA M TEOpeTHYecKas 3agada O JACKOMIWIALUHN TPOU3BOIHHON
TaOIUIB! HCKIItOUeHUH. [103TOMY 11 HOKPBITUS BCEX CiIydaeB, HAMU ObUI pa3paboTaH alropuT™
npeoOpa3oBaHusi, paboTaOIKN B TeX CllyyasX, Korja Tabiaula He sIBISETCS PEryJsipHOW U He
MPUBOJIUTCS K PETYISIPHOMY BUAY MPEABIIYIIAM aJTOPUTMOM.

Aneopumm ypasnueanus uHmepeanios

1. Bce nepeceuenusi paouBarorcsi npeodpazoBanusiMu Sepic(XT) rame C — rpaHuIbI
MePECeKarOIINXCsl HHTEPBAJIOB.
2. Ilpumenum mpeobpazosanue Deli(XT) mist Becex i takux, uro UTF(XTJ[i]) = 1, Tak

KaK B pE3YJIbTaTC MEPBOro MyYHKTA MOI'YT BOSHUKHYTh TaKME€ MHTCPBAJIBI.
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Puc. 3

Ymeepoicoenue 4. ANTOpUTM ypaBHHBAHUS MHTEPBAJIOB COXPAHSET CEMaHTHKY 00pabOTKH
UCKIIIOYEHUH, 4YTO ciefayer u3 yrBepxknaeHus 1. Tabnuma wWCKIOUeHMH TOCIE TaKOTo
npeoOpa3oBaHusl CTAaHET PETYISIPHOM, TaK KaK BCE MHTEPBAIBI B NMPEOOpa3oBaHHON Tabiuile
Oyayr mubo coBmaaate, 100 He mepecekarbes BooOmie. Kaxkaplii MHTEpBaI MOXKHO TOpE3aTh
makcumyMm 2*(|XT|-1) Toukamu, mpUYeM MHOMKECTBO ITHX TOYEK MOYKHO MOCTPOHMTH 3apaHee.
Hcnonp3ys NMHEHHBIA CIHMCOK JUIS XpaHEHUs IOJydaeMOW B IpOLECCe arOpUTMa TaOJHUIHL,
cnenaem MakcumyM | XT| *2*(|XT| -1) anemenrapusix pazouenuit u |[XT| *(2*|XT| + 1) onepaunit
BCTaBKM B JIMHCHHBIA cnucok. Takum o0Opa3om, BpemeHHas cioxHocTh O(XT| *|XT]).
EmkoctHas cioxHocTh Takke pasHa O(|XT| *|XT)).

3.2. lexomnuiasiims catch-6;10koB. B 6110kax 00pabOTKH UCKIIFOUCHUI yrpaBieHue B catch-
0JIOK MOKET MEPENUTH TOJBKO M3 COOTBETCTBYIOIIEro eMy try-6ioka. B Toxxe Bpems B Tabmuie
3alIUIIEHHBIX WHTEPBAJIOB JIBA pPa3HBIX HWHTEpBaJla MOTYT YKas3blBaTh Ha OAMH W TOT JKe
HandlerPC, uto nenaer HEBO3MOXHBIM MPSAMYIO JIEKOMIMJIALMIO Takoro OaiTkona. Taxoke
HandlerPC moxer yka3biBaTh B cepenuHy Apyroro try-6ioka wmnm apyroro catch-6moka, 4ro
TaK)K€ HEBO3MOXKHO TIPEJICTABUTh B HCXOJHOM TEKCTE M B CTPYKTYPHOM MpPEICTABICHUU
IPOTPaMMBI.

OcHOBHOW ujeel ONHCHIBAEMOIO alropuTMa JEKOMIWISLIMU  SBISETCS OTKa3 OT
JEKOMITMIISIIUU  Catch-0I0KOB B CMBICIE TOJIHOTO BOCCTAHOBICHHS HMX B OJIOK 00pabOTKM
UCKJTFOUEHNH KakK IEMOoYeK OIlepaTropoB. BmecTo 3TOro BO BHYTPEHHEM IIPEICTaBICHUU

CO3/1aeTcs CeAyIoas CTPYKTypa:
try { try-6nok }

catch (CatchType: e1) { goto handleri; }

catch (catchTypey ey) { goto handlery; }
Handler; — MeTka, COOTBETCTBYyIOIIas Hayally JICKOMITHJIMPOBAHHBIX OIEPATOpPOB,
HaunHaromuxcs ¢ HandlerPC i-oit 3ammcu TaOnumbl. [Ipu Takoil NEKOMIUISIMHA HCYE3AIOT
npoOJeMBI ¢ COBMAJaOMUMK CatCh-Omokamu, mpuHaIIEKAIIUMU pa3HeIM HHTEpBadaM. [lpu

9TOM TMOCTPOCHHUH HaM HYXHO MpPOBEpsATh, YTO omneparopel goto Handler sBisrorcs
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CTPYKTYpHBIMU orepaTopamu goto. XT[i].Handler sensiercss cmpyxkmyprvim, ecnu st moO0ro
XTI[j], Takoro uro XT[i].Handler nexxur B unrtepane (XT[j].Start, XT[j].End), XT[i] crporo
BnoxkeH B XT[j]. Ham nHeoOxomumo, uytoObl Bce Handler B Tabmuie uckirodeHHid ObUH
CTpyKTypHBIMH. [IpoBepka 3Toro ycmosus ocyiectsistercs 3a O(|XT[*|XT)).
Anecopumm pasdbuenus unmepeanos
1. IIpoxoaum mo Tabiuie W MpoBepsieM i KaKJoW mapbl MHTEpBajoB X U Y, Ine
X.Handler momanaer BuyTps Y, siBisieTcs iu X CTpoOro BIOkeHHBIM B Y. Ecinu He
SIBIISICTCS, TO IIPUMEHsIEM IIpeoOpa3oBaHue Sepi x.Handler(XT), rae i — HOMep Y.
2. Tlpumensiem npeobpaszoBanue Del;(XT) mis Bcex i Takux, yro UTF(XTJ[i]) = 1, Tak
KaK B pe3yJIbTaTe MepBOro MyHKTa MOT'YT BOSHUKHYTH TAaKUE HHTEPBAJIbI.
Ymeepowcoenue 5: BpemeHHast 1 eMKOCTHAs! CIIOKHOCTH JIaHHOT'O aJICOPUTMA TaKWe K€, KaKk 1
y ajgroputMma ypaBHuBaHus uHTepBanoB — O(XT| * |XT|). Anroput™ pa3OueHUS UHTEPBAIOB
COXpaHsSIeT CEMaHTHUKYy OO0paOOTKM HCKJIIOYEHUH, 4YTO CleAyeT U3 yTBepxkaeHus 1. Itor
AITOPUTM COXPAHSIET PEryJSPHOCTh TAOJMIIBI, TaK KaK pa3OMeHHE KaKI0W HOBOW TpaHUIEH
(HandlerPC wunTepBana X) pa3buBaeT Bce HMHTEpBaIbl (KpoMe TeX, B KOTOpble X CTPOro
BJIOJKEH), U TIEPECEUCHH M HEMPAaBUIbHBIX BIOKEHHH He mosBisiercs (puc. 4). DTOT alroputM
yBeauuuBaeT Tabnuily. B xymimiem ciydae (puc. 4), tabnuna yBenuumBaetcs B 2*|XT| pas.
OmHako axxe B TaKOM TEOPETHMUYECKOM ClIydae KOJUYECTBO OJIOKOB OOpabOTKH HCKIIOUECHUMN

ocranetcs 2*|XT].

3.3. Jlexomnuasinusi finally-6iokoB. [lexommusinus finally-6mokoB B cinywae  wux
peanu3anuu B OaifTkosme yepe3 MHCTPYKIMH |SI/ret 3aTpyaHeHa Tem, yTo OJOKHM 00paboTKH
UCKIIIOYEHUH MOTYT OBITh BIIOXKEHBI Jpyr B npyra. CemaHTHKa 0OpaOOTKM HCKIIIOYCHUH
npejnojaracT B TaKOM ciiydae mocieaoBarenbHoe ucnoiHenue finally-0:10koB oT pa3nnvHbIX
OJIOKOB B TIOPSIJIKE UX BIIOKEHHOCTH JIPYT B JPYra, 4TO MOXKET ObITh HEBEPHO B MPOU3BOJIHLHOM
OaiiTkone. Taxke B pe3ynbTare ONTHUMHU3UPYIOUIMX WK 00dycrupyoonmx mpeodpa3oBaHuil B
HEKOTOPBIX TOYKaX BhIXoAa U3 try-6imoka moxer He BoimoaHsThes finally-6mok. IIpu otkpeiTOit
nozcranoBke finally odparHoe npeoOpa3oBanue 3aTpyaHeHO TeM, uTo pasnuunbie komuu finally-
0J70Ka, TOJCTaBICHHBIC B TOYKHM BbIXo#a u3 fry m catch 0iokoB, MOryT mpeTrepreTb

ONTUMM3UPYIOIINE WIK 00QycHUpYyIOIUe HU3MEHEHHsS TOJ BO3JACHCTBUEM HHCTPYMEHTA,
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nopoxxaaromiero 6aitkon. [Ipu gekoMmuisinuy TpeOyeTcst MPOBOIUTH TOTIOTHUTEILHBIN aHATH3
U JIOKa3bIBaTh, YTO IMPEIIIOIAraeMble YYaCTKU KOJa MOKHO JekommuianpoBaTh B oauH finally-
0JI0K, 4TO B OOLIEM ClTydae allrOPUTMUYECKU HEPA3PEIIMO.

PaccmatpuBaeTcs Ba citydasi: oTkpbiTas noacranoska finally u ncrnons3oBanne nHCTpYKIMiA
jsriret. B mepBoMm citydae try-00Kk MCXOJHOTO TEKCTa, Pa3ZeiCHHbIH B OaWTKOAE KOMHSIMH
finally-Giioka, mpencrasieH B TaOiWIe MCKIFOUCHHH HECKOJBKUMH 3amucsiMu (puc. 5). Ortor
Habop 3ammceit umeer oauHakoBele HandlerPC, To ectb oauHaKoBbIle 00pabOTUMKU
UCKIIIOYCHUH, M, ecau He OOBEJMHUTH TOT HAOOp 3amucell B OPUTHHAIBHYIO €IMHCTBEHHYIO
CTPYKTYpY, TO HEBO3MOXHO JEKOMITWJIUPOBATh TAaOJUIly HCKIIOYEHHUH METOAOM MPSIMOM
nexommwanua. OpHako B paszene 3.2 yke pemieHa mpodiemMa JSKOMITHJISIMN  TaOJHIT
uckioueHni ¢ copmagaromumu HandlerPC, Tak uro HeoOs3aTenbHO MPOBOAUTD JEKOMITUISIIIAIO
finally. Kak Bugno nHa puc. 6, monyuennsie kormuu finally-6moka MoxHO paccmarpuBaTh Kak
y4acTKU KOJa, HE MMEIOUIME HHKAKOTO OTHOLICHUS K JEKOMIMIMPYEMOMY OJIOKY 0OpaOOTKH

HCKJIIO‘IGHHﬁ, " JCKOMITMWJIIMPOBATH UX OTACIIBHO.

4 Try-610K ) Try-6/10k A ~\
\
A \
Return 1 Finally-6n0oK ‘\
B \
1
Return 2 R Try-610K B \
C I' :
\ ) E— 1 Finallv-6n0oK |
] ]
. I I
Catch-6n0k ; Try-670K C Sy
\ Il \
Finallv-6n0k \ \
\\ Finallv-6n0ok ) !
‘o = P
-7 Catch-6n0k
Next block v
-
Finally-6n0oK
Next block

Puc. 5. PesynpTaT npeobpazoBanus 6;10ka 00pabOTKH UCKITIOYEHUH B PE3yJIbTaTe OTKPHITON
noactanoBku finally. TTyHKTHpHBIE IyTH COOTBETCTBYIOT 3aITUCSIM B TaOJIMIIC 3aIIMICHHBIX

HWHTCPBAJIOB, CIUIOIIHAA Ayra — 663y0HOBHBIﬁ nepexon.
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Bo Bropom ciywyae, korma finally-Omox kommmnmpyercss ¢ ucmonb3oBaHHeM  jsr/ret
WHCTPYKIMH, IS KaXKIOW WHCTPYKIHMH et omnpenensercs MHOMXECTBO COOTBETCTBYIOIIMX €
UHCTpYKIMU jsr. [l kaxaod Takoil rpymmsl, npeactapistomeii ogun finally-6mok, 3aBoaurcs

nokanbpHas nepemennas local _X. Kaxnmas uacrpykuus jsr_N mpeacraBiseTcss TaKMM 00pa3oM:
Jocal_X := N;
goto jsr_target;

WNuctpykmus ret mpencrasisiercst B AST cTpykrypoit switch-goto:

switch (local_x) {
case 1: goto jsr_l.next;

case N: goto jsr_N.next; }
3neck jSr_N.next — omeparop, cieayromuii 3a uactpykiuen jsr N. Ilpu 3TomM mocTpoeHun
HY)KHO TaK €, KaK M B QJITOPUTME Pa3pelICHUs MPOOJIeMbl JeKoMIuisiuu Catch-6s10koB,

CJICAUTD 3a CTPYKTYPHOCTBIO CO3/1aBACMBIX OIICPATOPOB gOtO.

Try-6n10k A |~ Label2 {
\ Labell {
\ try { block A }
Finally-6n0kK \ catch { break Labell }
\ finally_block;
“ return 1;
4 Try-6nok B
.’ Y ', try { block B }
/ I catch { break Labell }
/ . finally_block;
, Finally-610K : r;,’;imyi; oc
I
! —_>
I
_ | try { block C }
|\ Try-6n0k C RIS catch { break Labell }
\ ll \‘ break Label2;
. }
\ Finally-6n10k R Label3 {
\» - try { catch_block }
- catch { break Label3 }
¢~ Catch-6n0k break Label2;
~ o }
i G finally_block;
Finally-6n0k rethrow;
}
finally_block;
Next block next_block;
Puc. 6

Aneopumm dexomnunsyuu jsriret
1. Beizmensercs rpymmna onepamui jsr, COOTBETCTBYIOIUX OJHOW oIepaluu ret.

2. Jlns KaxXII0i TaKOM IpyIIbl 3aBOAUTCS OTOJIHUTENbHAs JIOKAJbHAs! TepeMeHHasl.
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3. UucTpykumu jSI' JEKOMIWIMPYIOTCS B ONEpaTop, 3aloJIHSAIOUIMA 3HAaYCHHE
JIOKAJIbHOM MEePEeMEHHON YHUKAIbHBIM 3HAYCHUEM, U TIEPEXO0/] Ha apIyMEHT jST.

4. WHcTpykuuu ret 1eKOMIUINPYIOTCS B KOHCTPYKLIMHU switch, KaXIblii case KOTOPBIX
[0 3HAYEHUIO JIOKAIbHON MEPEeMEHHON OCYIIECTBIISIET MEepeXo]] Ha HHCTPYKIIHIO,
CJIEYIOIIYIO 32 MHCTPYKLKEH jST, COOTBETCTBYIOLIECH 3TOMY 3HaYCHHUIO.

Ymeepoicoenue 6: ANTOPUTM KOPPEKTECH IO MOCTPOCHHUIO M CEMAHTHKE WCIIOTHCHUS jSr/ret
uHctpykuuid. Tpynoemkocts anroputma — O(code), rae code — pasMep JEKOMITHIMPYEMOTO
OaifTkos1a. ITO Tak, HOTOMY YTO MEPBBIH IIar AITOPUTMA MPOBOIUTCS BEpUPUKATOPOM, KOTOPBI
paboTaer 10 AEKOMIIMJISATOPA, U MOKHO HCIOJB30BaTh PE3yJbTaThl €r0 pabOThl, a KOJIUYECTBO
BCEX OCTAJIbHBIX IIAaroB HE MOXKET MPEBBIIIATH KOJUYECTBA WHCTPYKIUHU jstr B Kojae. EMKocTHas
CIIOKHOCTB Takoke coctasisier O(code).

3.4. O0mMiA aJropuTM JAeKOMIHJISINUH OJIOKOB 00padoTKM MCcKJI4YeHuii. OOmui
QITOPUTM HCIIOJNB3YyeT BCE BBHIINICONUCAHHBIA aNTOPUTMBI U TEHEPUPYET CTPYKTYpHOE
npezcTaBieHne 00paboTKH UCKIIIOUSHHS TSl IPOU3BOJIBHON Talbaubl HCKitoueHnid. CTpyKTypa
AST, cooTBeTcTBYIOMIasE OTHOMY OJIOKY 00pabOTKH MCKITFOUCHUMN, COACPKHUT try-OJIOK U CIHCOK
obpaboturkoB catches. Hazosem sty crpykrypy TCB (Try-Catch-Block). Ucnonxenne TCB —
9TO HUCIIOJIHEHHUE ero Oioka try. Eciii Bo Bpemsi 3TOro MCIOJIHEHUSI BOSHUKAET UCKIIIOUEHUE THIa
Type, T0o B ciucke catches umiercst nepBblii 00pabOTUYMK, TOAXOASAIMINN 110 TUITY MCKIIIOUEHUS.
Ecnu oH HaxXoauTCs, TO UCKITIOUEHHE CUUTAETCs 00pabOTaHHBIM, U HCITOIHIETCS ONepaTop goto
Handler_label. Muaue wuckmoueHue cumTaeTcss HEOOpaOOTAaHHBIM M TEpPedaeTCs Taibllie B
CTPYKTYPY, B KOTOPYIO BiOkeHa cTpykTypa TCB.

Obwuii aneopumm 0eKOMNUIAYUU

1. Ecnu Tabnwma HeperyiaspHas, MPUMEHSEM QITOPUTM IPHUBEISHHUS TaOIHIbI K
peryasipHOMY BUAY U, IPU HEOOXOTUMOCTH, ITOPUTM YPaBHUBAHUS MHTEPBAJIOB.

2. Ecnu ects HecTpykTypHbie Handler, mpumensiem aaroputm pa3oueHuss HHTEPBAJIOB.

3. Ecmu B xoie ecTh HHCTPYKIIUH jSt/ret, MPUMEHsIEM aJTrOPUTM JEKOMITUIISIIIAY jst/ret.

4. Beizensiem B Tabaule TPYIIbI HHTEPBaIoB, coBnagaromux no Start u End. Coznaem
cTpykTypy TCB, try-610k KoTOpO# Mony4yaercs AeKOMIMIALNUed nHTepBaia [Start,
End), a criucok catches co3gaeTcs U3 BBIIEICHHOW IPYIIIBI 3aIMCEil B TOM MOPSIIKE,
B KOTOPOM OHH HaXOJSTCS B TAOJHIIE.

5. Jns xaxpmoro catch m3 cmucka catches mopokmaem omepartop (oto, aprymeHT
KOTOpOro — MeTKa Ha orneparope Handler coorBercrByromero catch.

Tpyooemrxocmsb u emMKOCMHAA CNOMHCHOCMYb aneopumma’ VICOnb3ysl OLIEHKH, IMOJIy4YeHHbIE
paHee, MOXHO CKa3aTh, YTO TPYIOEMKOCTh OOIIETO ajlropuTtMa JIEKOMIWISAIUK paBHA

O(IXT|*|XT]| + code). TeopeTndeckas CI0KHOCTb JCHCTBUTEILHO JOCTUTACT YKA3aHHOMN OIEHKH,
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HO Ha MpaKTHKe, BO-TiepBhIX, |XT| << code, BO-BTOPBIX, aJITOPUTM ypaBHUBAHUS UHTEPBAJIOB HE
MPUMEHSIETCS, B-TPETHUX, AITOPUTM Pa30MCHUS MHTEPBAIOB HE YBEIMUYUBACT pa3Mep TaOIHIIbI
kBagpatuuHo. K TOMy ke B 3a7a4e JEKOMIWISINA ObLIO ObI pa3yMHO OLICHUBATH TPYJOEMKOCTh
B 3aBUCHUMOCTM OT pa3mepa Koja. Takum oOpa3oM, MNpaKkTUYECKOW CpeAHEH OLEHKOMN
TPYIOEMKOCTH, TOATBEP)KACHHON CTAaTUCTUYECKUMH JaHHBIMH, OyaeM cuutath O(C0de).
EmkoctHas cioxuaocts — O(|XT| * |XT| + code), na npakruke — O(code).

Ymeeporcoenue o koppexkmunocmu. CemaHTuKa 00paOOTKM HMCKIIOYCHUH NEKOMITMIMPYEMON
TaOIMIBI COBIAJIAaCT C CEMAHTHKON 0OpaOOTKH UCKIIOYeHMH B CTpykrype TCB, momydeHHOM
OOLIMM aNTOPUTMOM JACKOMIUIISAIUU. J[0Ka3aTenbCTBO MPUBEICHO B MPUIIOKEHUU A.

Hexnapayusa 06 yuusepcarohocmu’: OOIUNA aNTOPUTM JEKOMIIISIMN TMPUMEHUM IS
MIPOU3BOJILHON KOPPEKTHOM TaOJUIIBI 3aIMIEHHBIX WHTEPBAIOB, T.K. HC HAKJIAJIbIBACT HA HEE
HUKAKHX OTPaHUYEHUI, KpOME T€X, KOTOPhIE HAaJI0KEHBI BEPUPUKATOPOM.

4, Peanu3zanmusi 1 3KcnepuMenTbl. OOMUN aNropuT™M JEKOMIMISIIIMK OJIOKOB 00pabOTKH
UCKJTFOUEHHUH BCTPOEH B allTOPUTM JACKOMIWIALMH Java-0aiitkona cuctemsl Excelsior RVM kak
JIOTIOJIHUTEbHBIA JUISl YK€ CYIIECTBYIOIIEro. OTO O3HA4YaeT, YTO OH IpPUMEHSeTCs s
JEKOMIWIAIIMYA TEX METOJOB, B KOTOPBIX HE yIaeTCsl ACKOMIIUIUPOBATH TAOIHIIbI UCKITIOUEHUN
AITOPUTMOM  MPSMOM  JeKOMOWIALMKA. Ecnu BO BpeMs TONBITKA MPOBECTH MPSAMYIO
JEKOMITWJIAIIMIO TTPOUCXOIUT OMIMOKA, TO aIrOPUTM BO3BPAIIAETCS K OPUTMHAIBHBIM OalTKOIY
U TaOnuIle MCKIIOUYEHUH U NpUMEHSeT pa3pabOTaHHbIM HaMu anroputMm. PemieHune o Takoi
MHTETpaIli OCHOBAHO Ha TOM, YTO €CIH €CTh BO3MOXHOCThH MOJTHOTO BOCCTaHOBIEHHUS OJIOKOB
00paboOTKH MCKITIOUEHUH, TO TyUIlle PeaTu30BaTh €€, TaKk Kak y METOoJa MPSMOI JEeKOMIIISIINN
MEHBIIIE U3/IEP>KKU Ha pa3Mep FreHepUPyeMOro BHYTPEHHETO MPEICTaBICHUS.

Mp&I cpaBHUIIM PE3yJIbTAThl KOMITWJIAIIMKM TECTOBOTO HAbOpa MPHIIOKEHUHN B CXeMe, B KOTOPOM
paboTan TOJIBKO aNrOpUTM MTPSIMON JEKOMIWJISAIHMH (ITAJOHHBI PEXHM), CO CXEMOM, Korja
pa3paboTaHHBI HaMH OOLIUI aNTOPUTM JEKOMIMIALUN ObUT TOTOJHUTEIBHBIM JI MPSIMOTO
anropuTMa (TECTHPYEMBIN PEXHUM). DKCIIEPUMEHTAIBLHBIE PE3YJIbTAThl OB CBEICHBI B TAOIHUITY
1, xoTopast CONEpPXKUT CIENYIONMe KOJOHKU: Ha3BaHHWE MPWIOKEHHS (TPUIOKEHHE), 00IIee
KOJIMYECTBO METOJIOB (KOJ-BO METOJOB), KOJIUYECTBO METOJOB C HEMyCTHIMH TaOIUIlaMU
UCKITIOYEHHUH (KON-BO TaOMMI[), KOJIUYECTBO METO/IOB, HE JIEKOMIMIMPOBAHHBIX ATATIOHHBIM
pexxuMoM (oTka3el 3TajioHa mo TCF), komudecTBO METOJIOB, HE JCKOMITHIIMPOBAHHBIX O00OWMU
pSKHMaMH I10 TPUYUHAM, HE CBSI3aHHBIM C JICKOMITWJISIMCH TAOJHII MCKITFOUECHUH (OTKa3hI
npyroro pona). B tectupyeMom pekuMe it BCeX MPHIIOKEHHH ObLIM JIEKOMITUIMPOBAHBI BCE
METOJII, KpOME TeX, KOTOpbIe MOMalid B TPYNIy «OTKa30B APYroro poma». B sty rpymmy
MOMAAl0T METOJbl, pa3Mep KOTOPBIX IOJAaraeTcsi KOMIUJISTOPOM CIHMIIKOM OOJNBIIAM ISt

MIPOBEICHUS ONTUMHM3AMKA. B TecToBbIN HaOOp ObUIM BKIIOYEHBI KPYIHBIC Java-MPUIOKEHHS U
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oubmmorexu. Cpenu HEUX MOKHO BbiaeuTh: Eclipse RCP mpunoxenus, cucremy ydera ommOok
JIRA, skcnepuMeHTanbHy0 peanusanmto Java SE — Harmony, peanmusamuio si3sika Ruby

nosepx JVM — JRuby, tectsl coBMecTMOcTH co crienupukaiueit Java SE — JCKG.

i somcermie Koa-Bo Koa-Bo Ortka3ssl 3T2/10HA Otka3ssbl
MeTO10B TadauI no TCF ApYroro poaa
Eclipse-3.4-jee 381088 25763 1228 7
Eclipse Europa 237196 18669 854 0
Apache Directory
Studio 124359 8051 259 0
EAStudio 1.5.1 248045 15784 333 0
Eclipse-3.2 193108 15890 21 0
Escape-K 134765 10128 261 0
MyEclipse_6.0 280787 20442 713 2
MyTourbook 1.5.0 125988 10048 195 0
Relations 105750 8342 8 0
RSSOwl 2.0 61835 4195 144 0
SafiWorkshop 1.0.4 309080 23175 354 1
XMIND 2.3 140961 8274 224 0
Harmony6.0 105223 8562 55 2
Jira3.12.1 130492 11751 355 0
JRuby-1.1RC1 28256 4381 1998 0
JCK6b 323691 21835 107 0
Tabnuna 1

Ha ocHOBe 3THUX pe3ynbTaTOB MOKHO CKa3aTh, YTO HEBO3MOXKHOCTh JEKOMIMIIALNN TaOJIUIIbI
UCKJTIOUYEHHH ObUIa OCHOBHOHM MPUYMHON HEBO3MOXHOCTH JCKOMIWISIMU OalHTKOJA B IEJIOM.
OTO0 MOATBEP)KIAET IKCIEPUMEHTAIBHO TO, YTO C MOMOIIBIO OOIIETr0 aIrOPUTMA JSKOMITMIISALIUN
TaOJIML MCKIIOYEHUH MOXKHO IMOCTPOMTH Ui MPOM3BOJIBHOrO BepUHUIMpyeMoro OaiTkona
HKBHUBAJIEHTHOE €My CTPYKTYpHOE INpeACTaBlIE€HUE, T.€. SKBUBAJICHTHYIO IPOrpaMMy Ha SI3bIKE
Java. Takum oOpa3oM, Ha MpaKTHKE MOATBEPXKJE€HA PAaBHOMOIIHOCTH Java-0alTkona U s3bIKa
Java. Takxe MoJIOKUTENBHBIM PE3yJIbTaTOM OKa3aJIoCh TO, YTO ISl MPUIIOKEHUS ¢ HAaMOOIBIINM
OTHOIICHUEM KOJI-Ba METOJIOB K KOJIMYECTBY OTKa3oB dTajoHa — JRuby-1.1RC1, npumeHenue
TECTUPYEMOI'0 peXuMa A0 MPUPOCT MPOU3BOAUTEIBLHOCTH mopsaka 15% 3a cuer mydmmx

ONTUMHU3UPYIOIIUX  TpeoOpa3oBaHUil  JeKOoMIWIMpoBaHHOrO OaiiTkoma. Taxke cpeau
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pe3yIbTaTOB MOXKHO OTMETUTH, uTo cucteMa Excelsior RVM B TecTupyeMoM pexume mporuia
Sun JCK 6b (Java Compatibility Kit).

5. 3akawuenne. Hauaiom paboT 1Mo ACKOMIWISAIMU MOKHO CUYUTATh paboThl JlerkcTpsl [ 6],
[7], [13], paspabotaBiiiero OCHOBHbBIC TMOJOXKEHHS CTPYKTYPHOTO MPOTPAMMHPOBAHHS U
pa3BUBABILETO HJCKD OTKa3a OT HCIONb30BaHUs omeparopa goto. Emy mnpunaamexur
dopMynHpOBKa U JIOKA3aTENLCTBO TEOPEMBI: «ANTOPUTM JIFOOOW CIIOKHOCTH MOXKHO
peain30oBaTh, MCIONb3Ysl TOJBKO TpU KOHCTPYKLUUU: CJeAOBaHUA (JIMHEHHBbIE), BbIOOpa
(BeTBIEHUS) M TOBTOpeHUs (IUKIMUeckue).» [6]. CieacTBUEM 3TOW TEOpPEMBbI SBIISIETCS TO, YTO
m000i 6aiTKo (IporpaMMmy ¢ oreparopaMmu goto) MOKHO MPeoOpa3oBaTh B BEICOKOYPOBHEBOE
npejcTaBieHue 0Oe3 omeparopoB goto (B HalleM Ccllydyae — TOJbKO CO CTPYKTYPHBIMU
omneparopamu goto).

Jexomnunauueir  ucnoiHsemMoro kojga mporeccopa 180286 B BBICOKOYPOBHEBOE
MpeJICTaBICHUE M 3aTeM B MCXOJHBIM TekcT Ha si3bike C 3aHumanach Kpucruna Caiidyenrtuc.
Ona ommcana CTPOCHHME W ITambl pabdoThl abcTpakTHOro nexommnmistopa [2], [3], anamus
MH()OPMAIIMOHHBIX 3aBUCUMOCTEM M ONTHUMHU3ALMIO JJII YKa3aHHOTO mporeccopa [4], a Takxke
MPEJIOKUIA aNTOPUTMbl JACKOMIWISALMK LUKIOB M YCIOBHBIX OINEPAaTOPOB HA OCHOBE
noctpoenust ynpasisoniero rpaga (CFG) [5]. Ee pabora Obuta mocBsiieHa JEKOMITHISAIAN B
UCXOJHBIN TEKCT si3blka C, MO3TOMY AEKOMNUIIALUS OJIOKOB 00pabOTKH UCKIIFOUEHUH, KOTOPBIX
B 9TOM $SI3bIKE HET, HE pacCMaTpHUBAJIaCh.

VYnpasmnstomuii rpag B TOM BHJE, B KOTOPOM OH IpejcTaBiieH B paborax CaiidyeHTuc, He
MNOAXOAUT JJs JEKOMIIWJISLMM BO BHYTPEHHEE IPEJCTABICHUE, BKIIOYAIOIIEE CTPYKTYPBI
00paboOTKN MCKIIOYEHHH, T.K. 100aBJIieHHE AYT, M0 KOTOPHIM MEPEXOUT YIpPABIEHUE B CIy4yae
BO3HUKHOBEHHUSI HCKJIIOUEHUSI, HApPYIIAeT aHAIN3 MOTOKa yrpasieHus. B padore [xanr-By o u
beenr-Mo Yanr Obuto mpeuioskeHo pa3OueHue yrpapisouiero rpaga, BKIOYAIOIEro JIyrd
00pabotku uckimouennit, Ha Normal Control Flow Graph (NCFG) u Exception-Induced Control
Flow Graph (EICFG) [8]. Mmum Obuta moka3zaHa KOPPEKTHOCTh TAaKOrO pa30MeHus u
BO3MOXXHOCTE oTaensHoro ananmusa NCFG u EICFG.

ABTOPUTETHBIMU CHEIMAIMCTAaMH B 00JAacTH JASKOMOWIALUM Java-0aiiTkoma SIBIISIOTCS
COTpYAHUKH KaHajckoro yHusepcurera McGill xepom Munaukoscku u Jlopu Axzapan. B ux
CTaThsIX PACCMOTPEH AITOPUTM JEKOMIWISALINU C UCIIOJIb30BaHUEM BHYTPEHHUX IPECTaBICHUN
CFG u SET (mepeBa crpykrypHoro BinokeHus) [10]. Uro kacaercss KOHKpPETHBIX MpoOiIeM ¢
JeKOMITWIIALMEH OJIOKOB OOpabOTKM MCKIIOYEHUH, TO MMM TakKe 3aMEYeHO TO, 4YTO
BepuduupyeMble TaOIUIBI UCKIIOYeHUH Java-0aiiTkoja MOTYT ObITh HECTPYKTYPHBIMH, UYTO HE
MOKPBIBAETCS TMpeUlaraéMbIM HMH  QJITOPUTMOM JEKOMIMWIALMK, OJHAKO HMMH HE ObLIO

MIPEIIOKEHO KAaKOTO-TMOO0 TTOJTHOTO pa3pelieHust ITUX MPOOIJIeM.
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JHexommunsarop Java-6aiitkoaa cuctembl Excelsior RVM omnucan B padote Jlunckoro [1]. On
BKJIIOYAET B ce0s aliTOPUTM ACKOMITWIIALMHU OJIOKOB 0OpabOTKM MCKIIIOUCHHUN, OCHOBAHHBIA Ha
METO€ NPAMOM JEKOMIWIALUKM C BOCCTAaHOBJICHHEM TIIOJHOM CTPYKTYpBl 00paboTKH
ucKItoueHuit. MoTuBanuel ans Hactosuiedl paboThl CTallo TO, YTO C MOMEHTAa peaau3aluu
UCXOJHOI0 aJIFOPUTMa MOSIBUWIOCH MHOXECTBO MHCTPYMEHTOB co3faHus Java-OalTkona,
CO3JAIONIMX €r0 TaKuM, YTO OH HE YJIOBIETBOPSET YCIOBUSAM CTPYKTypHOCTH. M3-3a 3TOTrO
MHOTHE TOMYJISIpHBIE TIPUIIOKEHUS, CYIIECTBYIOIINE B BUe Java-0aiiTkoia, cTalio HEBO3MOXKHO
JEKOMIIMIIUPOBATh B BHICOKOYPOBHEBOE BHYTPEHHEE MIPE/ICTAaBICHHE.

Jannast paboTa JOMOJHSET BCE MPEABIAYIINE TEM, UTO B HEM KiIacCUPUIIMPOBAHBI MPOOIEMBI
JEKOMIWIALKMN OJOKOB 00pabOTKM MCKIIIOYEHHH, NMPEASIOKEHbI alrOPUTMbl UX pa3pelieHus, U
IPOBE/ICHBI CTaTUCTUYECKHE HCCieqoBaHus. HekoTopoli 0COOEHHOCTBIO MOAX0aa SBISIETCS TO,
YTO IeNbl0 OBLJIO MMEHHO MOCTPOCHHE CTPYKTYPHOTO MpEACTaBICHUS, HEOOXOAUMOTO s
MPOBEJCHUS ONTUMHU3UPYIOIIUX MPeoOpa3oBaHUN, a HE HCXOAHOTO TEKCTa, KaK B CTaThX
Caiipyentnc u MunHukoBcku. Takas TOCTaHOBKa 3ajadyd  He TpeOoBajia TeHEpaluu
CTPYKTYPHOTO IPEIACTABICHUS, MO3BOJISIIOIIETO MOJYYUTh YUTAEMbId HCXOIHBIA TEKCT, W3
KOTOpPOro ObLI MONy4YeH IEKOMIWIMPYEMBI OalTKOJ. DTO MO3BOJWIO OECHpensTCTBEHHO
UCIIONIb30BaTh TMpeoOpa3oBaHus TaOMUIl HUCKIOYeHU. HecMoTpss Ha 3TO, U3 CTPYKTYypHOTO
MNpeaACTaBJICHUA, TCHCPUPYEMOI'O OIMMCAHHBIM aJITOPUTMOM JCKOMITUJIALMU, TaKXE MOXKHO
IIOCTPOUTH U MCXOJHBIN TEKCT Ha s3bIKE Java.

Jlannast paboTta BMecTe C mpenauiecTByromeil padoroir Jlunckoro [1] moxarBepskmaer
pPaBHOMOUIHOCTh Java-OaiiTkoga M s3bIKa Java — s NMPOU3BOJIBHOTO BEPUPHUIMPYEMOTO
0aiiTkoZ1a MOYKHO TIOCTPOUTH CEMAHTHUYECKH IKBUBAJICHTHYIO €My IporpaMMy Ha si3bike Java.
Takum oOpa3zom, 3a1aua JeKoMIWIALNN Java-0aliTKoAa MOJIHOCThIO pelIeHa.
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Ipunoxenne A.

Jloka3aTejbCTBO YTBep:kaeHus 1

1. Iycte XT € XTables, ST = Sepn(XT), P € PC/NRF, T € XTypes. [Iycts A(XT, P, T) =
X. Ilokaxem, uro A(ST, P, T) = X.

1.1 Eciu X € PC, o 3 i: P € XT;.Range, T <: XT;.Type, npuuem 310 | — MHUHUMaIbHOE, X =
XTi.Handler. Eciu i < n, o A(ST, P, T) = X, tak kak ST; = XT;. ITycts i = n. Torma P €
XTr.Range. Eciu P < C, o P € [XT,.Start, C) = ST,.Range. Eciu P > C, o P € [C, XT,.End) =
STq+1.Range. B mo6om ciyuae, A(ST, P, T) = ST,.Handler = XT,.Handler = X. Eciu i > n, To
A(ST, P, T) = X, tak kak STj+; = XT;.

1.2 Ecru X = 1, 10 A i: P € XTi.Range u T <: XT;.Type. I[Ipeanonoxum: A(ST, P, T) € PC.
Torma 3 i: P € ST;.Range, T <: ST;.Type. Ecau i <nwumu i > n+1, o ST; = XT; = AXT,P, T) =
A(ST, P, T) € PC — npotuBopeune. Eciu | = nwiu i = n+1, to P € ST,.Range U ST+1.Range =
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XTh.Range. Tak kak T <: ST,.Type = STy+1.Type = XT,.Type, To A(XT, P, T) = A(ST, P, T) €
PC — nmportuBopeune. A(ST, P, T) € PC = A(ST,P, T) = L.

N3 npousBonbHoctu P u T cnenyer, uto ST = XT.

2. ITycte XT € XTables, UTF(XT,) = 1, DT = Del,(XT), P € PC/NRF, T € XTypes. Ilyctsh
A(XT, P, T) = X. ITokaxem, uro A(DT, P, T) = X.

2.1 Eciu X € PC, 1o 3 i: P € XTi.Range, T <: XT;. Type, X = XT;.Handler. (UTF(XT,) = 1)
= (V C € XTp.Range: RF(C) =0) = (XT,.Range € NRF) = (P € XT,.Range) = (i #n). Ecau i
<n, to DT; = XT;. Eciu i > n, To DT;.; = XT;. B mo6om ciyuae, A(DT, P, T) = X.

2.2 Ecnmu X = L. Ilpeanonoxkum: A(DT, P, T) € PC. Torma 3 k: P € DT.Range. V k = 0,...,
|DT]: 3 i takoe, uto DTy = XT;. (T <: DTy.Type) = (3 i: P € XTi.Range, T <: XT;.Type) = (X =
A(XT, P, T) = XT;.Handler # 1). IIpotuBopeunue.

U3 npousBonsHocTu P u T caenyer, uro DT = XT.

3. Mycre Del,x' — npeoGpasosanne, obparroe Del,, ynamsromemy wuaTepBanm X HOx
HoMepoM N, takoi, uto UTF(X) = 1. Dto nmpeobpazoBaHne SKBUBAJICHTHOE B CHIIY JJOKa3aHHOT'O
oime. Ilycts Sepnc’ — mpeobGpaszoBanue, o6patHoe Sepnc. OHO SBISETCS SKBUBAICHTHBIM,
eciu C = XTy.End = XTpq.Start. Iycts Int = <XT,.End, XT,.1.Start, XT,..Type, XT,.Handler>.
Torma UTF(Int) = 1, T.x. [XTh.End, XTps.Start) € NRF. Torma SKBHBaJIE€HTHBIM SIBISCTCS
cremyomiee mpeodpa3oBaHue:

Concaty = Sepn,xt_n+1).startc - (SEPnxT nEndec” (Delnstint ). m

Jloka3aTe1bCTBO yTBep:KIeHUS 2

[ToaTBepAMM OLIEHKY TPYJOEMKOCTH aNropuT™a. TpyaoeMKOCTh NEPBOTo 3Tana (COPTUPOBKA)
paBaa O([XT[*log(|XT|)). Tpymoemkocth BTOporo stama paBHa O(|XT|[), T.K. IS KakI0rO
MHTEpBaAJIa BEPHO, YTO OH MOXKET IOTACTh HAa CTEK TOJIBKO OJIUH pa3 M TOJIBKO OJHMH pa3 MOXKET
OBITh OTTYAA CHSAT, TP ITOM Ha KKIOM MIare ajJrOpUTMa OCYIIECTBISIETCS CHATHE OIHOTO
UHTEpBaJla €O CTeKa. TakuM o00pa3oM, BpEMEHHas CI0XKHOCTb alrOpUTMa COCTaBIISET
O(IXT|*log(|XT[)). EmxoctHas cinoxHocTh anroputma coctaBiaser O(|XT|) T1.k. 5310
MaKCHUMaJbHBI pa3Mep, KOTOPOrO MOKET IOCTHTaTh CTEK. JlokakeM Temepb, YTO alrOpUTM
NEHCTBUTENLHO MPOBEPSIET, SBISIETCS JIM TaOJIUIA PErYISPHON B CMBICIIE ONPEACIICHHS, TAHHOTO
B pazzaene 5.1.

[Tycts ects unTepBansl A = XT; u B = XT[j], nepecekaromuecs qpyr ¢ Ipyrom 0e3 BIOKEHHUs
WIM HETPaBUIBHO BIJIO’KEHHBIE, NMPUYEM 1 MMUHHUMAaJbHOE, a ] MUHHUMalbHOE Ui 1. B mobom
crydae A u B umeror Hemyctoe nepecedenne. be3 orpaHndeHust 0OMHOCTH TpeAIonaraeM, 9YTo
A.Start <= B.Start. Torzia B pe3yabTare COpPTHPOBKH A HaXOJIUTCS B OTCOPTUPOBAHHOM MAacCHBE
panbiie B. Takum oOpa3om, A Oyner paccMaTpuBaThCs Ha BTOPOM IIare ajJropuTMa paHbIIle,

yeM B u, kK MOMeHTY paccmoTpenus B OyzeT emie HaxoauThCs Ha CTEKE.
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JleicTBUTENBHO, €CIIM 3TO HE TaK, TO MEXAYy paccMorpeHusMu A u B Obu1 paccMoTpeH
HekoTopslid uHTEepBast XTi (i < k <), Takoif uro A He nepecekancs ¢ XT, T.K. TOIBKO B 3TOM
Cly4ae OH MOT OBITh CHAT CO cTeka. B cumiy coprupoBku maccuBa XT 3TO O3HAYaeT, 4To
XTy.Start >= A.End. Taxxe B cuny coptupoBku MaccuBa XT, XTy.Start <= B.Start. A.End <=
XTg.Start <= B.Start — nporuBopeune ¢ HermycToi nepecedeHHOCThI0O A u B. Takum o6pazom,
JNEHCTBUTENHLHO A HaXOIUTCS HAa CTEKE B MOMEHT paccMOTpeHus B.

Eciu A HaxomuTcs Ha CTEKe, TO BCE DJIEMEHTHI, HAXOJSIIMecs Bbilie A, BIOXKEHBI B HETO,
IpUYEM MPABUIBHO BJIOXKEHBI, T.K. UX J0OABJICHHE HE BBHITOJKHYJIO A CO CTE€Ka, YTO O3HAYaer,
YTO OHH MEPECeKATHUCh ¢ A, a MUHUMAIILHOCTh HeperyisapHoctu (A — B) rapantupyer, 4To OHU
HE OCTAaHOBWJIN AJITOPUTM.

Korna B mepecraner ouumiarh cTeK, TO Ha BEPXYILKE CTeKa OyJeT HaXOAUTbCS HEKOTOPBII
XTk (i <= k < j). Ilpu srom XTx u B umeror Hemycroe mnepeceuenue. Ecim k = i, 1O
HeperyssipHocTh (A — B) onpenensercs cpasy xe.

ITycts i < k. Eciiu B HenpaBuibHO BiokeH B A (T.e. B opuruHaibHOW Tabmuie B umen
OobIuit HOMep, YeM A), U TIpH 3TOM OH MMeeT HemycToe nepeceucHue ¢ XTy, TO 3TO 03HAYaACT
U TO, YTO OH HempaBWILHO BIOKeH B XTy (U mepecekaeTcs: 6€3 BIOKEHHUS ¢ HUM), TaK KakK B
CUILy IpaBUIBHOTO BioxkeHust X Ty B A, Homep B opuruHainsHoi Tabnuie XTx MeHbIlle HoMepa B
opurnHansHOM Tabmuie A. Ecnu sxe B mepecekaercs 0e3 BioxeHus ¢ A, TO, B CHITY BJIOXEHUS
XTk B A unepeceuenust B u XTy, B nepecekaercst 6e3 Bnoxxerust ¢ XTk.

Takum oOpa3om, B mepecexaercs 0e3 BIOXKEHHS WJIM HENpaBUIbHO BIOokeH B XTy,
HAXOJSAIIUNCS HA BEPXYIIKE CTEKA, YTO M OyJIET OMPEICTICHO aITOPUTMOM. ]
Jloka3aTeIbCTBO YTBEPKIEHHUS 0 KOPPEKTHOCTH 00IEro aJropuTMa JIeKOMIUJISIIHH.

Jlis  mmarop  1-3  oOmero anropuTmMa yKe JIOKa3aHO, 9YTO Ta0iWIa WCKIIOYCHHM,
npeoOpa3oBaHHAs ITHMH IIaraMu, SKBUBAJICHTHA OPUTHHAIBLHOW TAOJMIE WCKITFOYCHUH M YTO
TabNMIla UCKITFOYeHU, TIOJTy4eHHas mocie 3-0ro Iiara — peryispHasi.

TakuMm oOpa3om, HaJO MOKa3aTh I MIaroB 4-5, 4To ceMaHTHKa 00pabOTKU UCKITIOUEHUH JIIs
TaOHITBI, TIOJIAHHON Ha BXOJ 4-OMy IIary, COBMAJaeT ¢ CEMAaHTHKONH 00pabOTKH MCKITFOUCHH B
ctpykrype TCB, momy4aemoii Ha BBIXO/IE.

PaccmoTpum Bce BO3MOXKHBIE TyTH 00paObOTKU UCKITIOUEHHH.

1. OTcyTCTBHE UCKITIOUCHUH.

B takom cnyuae B ctpyktype TCB BhImomnures try-6mok. 3atem, ecnu finally-Gmok Obu1
CKOMITWJIMPOBAH jSr/ret MHCTPYKITUSIMHU, TO IMPOHU3OUJET IMMEPEeXOj] Ha OIepaTopbl, B KOTOPHIC
ObuTa JeKoMmuiInpoBaHa WHCTpYyKius jsr. Ecnmm finally-610ok OBl CKOMIMIIMPOBAH OTKPBHITON

MIOJICTAHOBKOM, TO OH HCIIOJIHUTCS KaK JEKOMIIMJIMPOBAHHBIM KO, CICAYIOLIUHN 32 CTPYKTYpOH
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TCB. Ecmu xe finally-6;ioka He ObUIO, TO HCIIONHEHHE TaKXe MEpeiJeT Ha OIepaTophl,
cnenyromue 3a TCB, 4To SKBUBaJIGHTHO WCIIOJIHEHUIO HA OPUTHHATIBLHOM OaifTKOIE.

2. O6paboTKa UCKITIOUCHHUS.

Hcnonnenue try-0610oka mpepBeTcs HA MOMEHTE BO3HMKHOBEHHS MCKIIIOUEHHUS. Y CIIOBUE
00paboTkn wuckimoueHus cTpyktyporr TCB coctour W3 yciaoBUS BIOKEHHS HHCTPYKIIHH,
BBI3BaBILIEH UCKIIIOUEHHE, B try-0JIOK 3TOH CTPYKTYPBI M YCIOBHUS HAUYUS CPeau 00pabOTUNKOB
catches o0OpaboTurka, THUI KOTOPOTO COBMECTUM IO MPUCBAWBAHUIO C TUIIOM BO3HUKIIETO
UCKIIIOueHHsl. Bce CTpyKTyphl, BIIOKEHHbIE B paccMaTpHUBaecMyl0 HaMu, He oOpaboTanu
UCKJTIIOYEHHE. DTO 03HAYaeT, YTO paccMaTpruBaeMas HaMU CTPYKTypa — MepBasi HOAXOas1Iast o
YCIIOBHIO O00OpabOTKH HMCKIIOYeHUs. Takum 00pa3oM, W3 YCIIOBHSI MPABHIBHOW BIIOKEHHOCTHU
BCEX HMHTEPBAJIOB paccMaTpuBaemas cTpykrypa TCB cooTBercTByeT mepBoil 3amucu TaOIUIBI
UCKJTIOYCHHI, MOAXOIAIICH MO Te ke caMmble yclaoBus. B pe3ynbrate 00pabOTKH HCKIIIOUYEHUS
UCIIOJHCHUE TEpeiIeT Ha WHCTPYKIHI0 ¢ ampecom Handler, uro skBuBaieHTHO 00pabOTKe
UCKJIFOUEHHUH B OpUTHHAIBHOM Oaiftkoze. Finally-6iiok Takke Oyner MCroyiHeH, HE3aBUCHMO OT
TOTO, KaKUM HWHCTPYMEHTOM OH OBUI TIpeACTaBIeH B OaiTKome: jst/ret WM OTKpHITas
MOJICTAaHOBKA.

3. [Ipomyck UCKIIOYEeHHUS.

Ecnu B opurnHanpsHOM OalTKOZE MpEeanoiarajoch, yTo y Ojoka oOpaOOTKM MCKIIIOUEHUMN
ectp finally-610Kk , TO cpeau 0OpabOTUUKOB 00sI3aTEIBLHO MOSBISAETCS 00pPaOOTYMK C HYJIEBBIM
3HayeHneM CatchType, 4TO O3HayaeT MPOM3BOJBHBIA TUN HCKIIOYEHUS. DTOT 00pabOTUMK
conepxut finally-010Kk (peanmn3oBaHHBIN jst/ret UM OTKPBITOW MOACTAHOBKOM) M MHCTPYKIUIO
throw, mepeBpIOpACHIBAIONIYI0 HMCKIIOUCHHE M TEM CaMbIM IPOIOJDKAIOIIYI0 €ro 00paboTKy.
TakuM 00pa3zoMm, NPOMYCK MCKJIIOUEHHUS CTPYKTYpOH — 3TO YacTHBIM ciydail oOpaOoTku
uckmouenus. Ilpu 3ToM mpomyieHHoe HCKIodeHue Oyner oOpaboTaHo (WK Takke
IpoMylIeHo) oobemmoneil cTpykTypoil. PaccmarpuBaemast e CTpYKTypa Takke M3 CBOMCTBA
NPaBWIBHON BIIO)KEHHOCTH COOTBETCTBYET B TaOJHIE WCKIIOYCHUH 3amuch C MEHBIIUM
HOMEpOM, 4eM OOBEeMITIONIasi, YTO SKBHBAJICHTHO OOpabOTKE WMCKIIOYCHHH B OPUTHHAIHEHOM
OaliTkoIE. [}
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Annotation: Java bytecode decompilation is a process of reverse translation that restores Java
source code by the corresponding bytecode. Java bytecode is an intermediate representation
based on abstract stack machine. It may have arbitrary control flow graph, whereas the Java
language contains control structures that always form a strict hierarchy. Decompilation aims at
restoring all control structures, including Java exception handling blocks. In the Excelsior RVM
(Java Virtual Machine with a static compiler), bytecode is decompiled in a structural
intermediate representation for further optimization. When building exception handling blocks,
the Excelsior RVM’s compiler assumes that the bytecode must be emitted by the standard Java
source to bytecode compiler and uses a few heuristics to make reverse transformation. However,
it is not always possible if the bytecode is produced by other instruments. This paper presents a
decompilation algorithm that produces exception handling blocks given any correct bytecode.
The algorithm has been implemented, integrated into the Excelsior RVM and tested on real-
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AHHoTanusi: B crathe paccMaTpuBarOTCS HECKOJIBKO MOIMYJSPHBIX KIACCHYECKHX MOJeen
aHallM3a W MPOTHO3WPOBAHUS BPEMEHHBIX PsA0B. BHauane OmuChIBAIOTCS OTHOCHTEIBLHO MPOCTHIE
MOJICJIN YCPEIHEHHs] M CTIIXHBAHUSA, 3aT€M MOJIENU aBTOPETPECCHH, CKOJB3SILEro CPeaHero, a
TaK)K€ «CMEIIaHHas» MOJieJb aBTOPErPEeCCUU-CKONIB3SIIETO CpPEJHEro, IOoJMydyeHHas MyTeM
CKpeIlIMBaHUA JABYX MocieaHnx mojeneil. [lociaenneit paccmaTpruBaeTcss HHTETpUpPOBaHHAST MOJIEIb
aBTOPETPECCHH-CKOJIB3SIIIETO CPETHETO VIS CIIydasi HECTAI[HOHAPHBIX BPEMEHHBIX PSJIOB.

KiroueBble cjI0Ba: TPOTHO3UPOBAHHWE, BPEMEHHOW pAN, YCPEAHEHHUE, SKCIIOHCHIIMAIHLHOE
CTrIaXMBaHHUE, MOJIENb aBTOPETPECCUH, CKOJIB3SIIIEe CpelHee

1. BBeagenue. 3aqaua nNporHO3UPOBAHUS HEOMPEIEIEHHOTO OYyAyIero Bceraa Oblila akTyallbHa
BO MHOTHX 00yacTsx. B manHOM cirydae, TOBOPSI O MIPOTHO3UPOBAHHUHU, MBI TIOJIPa3yMeBaeM aHAIH3
U TIPOTHO3UPOBAHUE 6BPEMEHHbIX psA0o6 — HaOOPOB MAHHBIX, KOTOpBIE OBLIM COOpaHBI WM
3aUKCUpOBaHbl Yepe3 IMOCleoBaTeIbHble NPOMEXYTKH BpeMmeHH. CyllecTByeT OTrpOMHOE
MHOKECTBO METOJIOB ISl BHIMIOJTHEHMSI 9TOM 3aJ]a4yil — HAUYWHASI OT MPOCTOT0 3KCIOHEHIIUATBHOTO
CTTIQ)KMBAHMSI M 3aKAaHYMBAsT HEUPOHHBIMH CETSMH. MHOTHE METOIMKH CTalld HEOThEeMIIEMOM
YacThIO0 TaKMX 00JacTei, Kak, Hampumep, FKoHoMeTpruka. CyTh 3THX METOIOB, €CIIM TOBOPHTH B
o01mieM, cocTOUT B moadope mMonenei, YG(PeKTUBHO OMUCHIBAIONINX JaHHBIE U CIIOCOOHBIX OBITh
MIPOJIOJKEHHBIMU B OyayIiee.

Heo6xoauMocTh B MeTOJaX MPOTHO3WPOBAHMS OOYCIIaBIMBAETCS TEM, YTO YeJIOBEK, oOyajast
MOPa3UTEIHHBIMA AHATUTHICCKUMH CIIOCOOHOCTSMH, a TAK)KE€ 3HAHUSIMH W WHTYWIIMEH, CKIOHEH
MIPUBHOCUTH B CBOU TIPOTHO3BI HEKOTOPYIO CTENICHh CYOhEKTUBU3MA U HEJOOIICHUBATH TC WJIM HHBIE
daxtopsr [8].

Hwuxe paccmarpuBarorcs Hambosee MOMYISIpHBIE KIACCHYECKHE METOJbI MPOTHO3UPOBAHMSL.
HauGonee 3HAUMMBIME XapaKTEPUCTUKAMU TIPH BBIOOPE TOW MM MHOW MOJICIH MPOTHO3UPOBAHUS
SIBIITFOTCSI, TIPSXKJE BCETrO, MOJCNb JTaHHBIX, HAa KOTOpPhIE OHA OPHEHTHPOBAHA, W BpPEMCHHAS
OTJAICHHOCTh BBIIaBa€MBIX €I MPOTHO30B. lloaToMy BBIOOpPY MOJENHM MTPEAIIECTBYET aHAIN3
o0mmIe CTPYKTYpbl psiia — 4YeMy U TIOCBSIIEH MaTepual, MPEeIIeCTBYIONINA OMUCaHUSIM
KOHKPETHBIX MOJISJIeH IPOTHO3HPOBAHHS.

2. ABTOKOppeJsiliUsI ¥ YACTHASI ABTOKOPpeJsausi. [ TaBHBIM OTIUYHEM BPEMEHHOTO pPsJia OT
CIIy9alilHOM  TOCIEOBATEIbHOCTH  SABISETCS TOT  (akT, UYTO €ro WICHbl  SBISIOTCS

B3aMMO3aBUCUMBIMU. CTEIeHb CBA3HM 3HAUCHUH ABYX CJIy‘-IaI\/JIHBIX BEJIUYUH MOXKET OBITH BbIPpAXKCHA
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K03 HULIMEHTOM KOppessiiuu Mexay HUMH. COOTBETCTBEHHO, KOTJa Mbl XOTHUM HCCIIEIOBaTh P
Ha CBSI3b MEX/Y €ro IMOCJIE0BaTEIbHBIMU YWICHAMH, Pa3HECEHHBIMH BO BPEMEHH Ha OJWH U Oojee
MEPUOJIOB, MBI AHAJOTMYHO MOXEM BBIYUCIUTH KOA(POUIHMEHT Koppemauuu. B maHHOM ciyuae
JIOTMYHEE Ha3bIBaTh Takue KO3 duimenTol — asmoroppenayusmu [4].

WupiMu cioBaMu agmokoppensayus — KOppensuus MEXIy BEIMYMHOW U ee 3ama3/ibIBaHueM B
oJuH U OoJiee Mepuo 0B BpeMeHU. YHCI0 NepruooB, 0 KOTOPHIM PACCUUTHIBACTCS KOIPPUIIHMECHT
aBTOKOPPEJISALIMH, YaCTO HA3bIBAIOT J1d20M WU TIOPSIAKOM aBTOKOPPEIIALIUH.

Crnenytouiast popMyiia MOKa3bIBAET, KaK BbIUUCISAETCS KOIDPUIIMEHT aBTOKOPPEIISALIUN Ty MEXKIY

Habmronenusamu ¥, u ¥4, — T.¢. ¢ 3ana3apiBanreM Ha K meproos:

— ?:?c+1(yc — ?] (yc—k — 1_,]
—. 2

?:1[Yc— Y]

L

rie

T3 — KOOQQUIUCHT aBTOKOPPEJISILIMY C 3ama3/ibiBaHieM Ha K eproios;

Y — cpenHee 3HAUEHHE PANA;

¥, — HaOnroneHue (OTKIMK) B MOMEHT BpeMeHH {;

Yacmuas asmokoppenayus 3a IpOMEXYTOK BpeMeHH K — 3To koppensiius Mexay Y, u ¥,—p, T.e.
OTKJIMK JUIsl IeproioB t u t-K mocne ycTpaHeHus: BAMSHHS POMEKYTOUHbBIX 3HAUeHUH Y.—q, V. 3,

) Y ps1.

Koppenoepammoii, win asmoxoppenayuonnoti gyuxyuei, siBisgercs rpapuxk ko3dduuueHToB
aBTOKOPPEJSALUH Ul Pa3IMYHbIX 3ama3iblBaHU BO BPEMEHHU JIs 33JaHHOTO BPEMEHHOTO psja.
AHanu3 aBTOKOPPENALMOHHOW (YHKLIHMHM M KOpPPEIOrpaMMbl IO3BOJIAET ONPEAETUTH Jar, MpU
KOTOPOM aBTOKOPPETIAIHS HauboJiee BBICOKast, a, CJIeI0BATEIbHO, U JIar, IPH KOTOPOM CBSI3b MEXIY
TEeKyIIUM ¥ TPEABIYIIMMH YPOBHAMH psina Hamboiiee TecHas, T.e. C IIOMOINBIO aHaIHM3a
aBTOKOPPENSUOHHON (DYHKIIUU M KOPPEIOTPaMMbI MOKHO BBISIBUTH CTPYKTYPY psaa.

Hcnonb3oBanue KOA(pGHUIMEHTOB aBTOKOPPEISALMHM TMOMOTaeT B M3yUYE€HHUH BPEMEHHOIO psja,
JaBasi OTBET Ha OCHOBHBIC WHTEPECYIOIIWE HAC BOIPOCHI: SIBISIOTCS JIM JaHHBIE CIy4YallHBIMH,
SIBIISICTCS JTH PSIJT CTAlMOHAPHBIM, WJIM HAIIPOTUB, HMEIOTCS JIU B HEM CE30HHBIE KOJIeOaHus?

U Tak, npu aHaiau3e CTPYKTYpbl BDEMEHHOTO psijia MEPBBIN pa3yMHBIN BONIPOC, KOTOPBIM TOHKEH
BO3HUKATh — €CTh JIM B JIAHHBIX BOOOIIE Kakue-I11M00 3aBUCUMOCTH, SIBJISIETCS JIM OH CIy4alHBIM?
WHBIMU cTOBaMH, HaAM HEOOXOJIMMO BBISICHUTH €CTh JI 3aBHCHMOCTh MEXIY TOCIIEI0BaTEIbHBIMU
YJeHaMHU pAlla. AHAIN3 aBTOKOPPEISLNI B JaHHOM CJIydyae MOXKET HaMm nomoub. Eciiu BpeMeHHOH
P MMEeT CIy4ailHyl0 HpUpoAy, TO KO3(PPHUIMEHTH aBTOKOPPENSIUH Ul JI000ro jara OyayT

OJTM3KY K HYIIO.



System Informatics (Cucremuas unpopmaruka), No. 2 (2013) 25

Crnenyrommii BOIpoC — HMMEIOT JHM JaHHbIe mpeno? TpeHa — AOATOCpOYHass KOMIIOHEHTA,
OTpakarolasi BO3pacTaHUe WM yObIBaHWE BPEMEHHOTO psa B TEUYECHUH JJIUTEIHHOTO IMEpuona
Bpemenu [7]. Ha puc. 1 MoxHO HaOnr0aTh IPUMEpP TPEHIOBOM MOCIIEI0BAaTEILHOCTH. BpeMeHHoi
psA, MMEIOIMHA TpeH[, TAaKKe Ha3bIBalOT HecmayuonapHuimM. Eciym psa uMeer TpeHn, To
CYLIECTBYET 3aME€THas TEHJIEHLMs B IOCIEI0OBATEIbHOCTH €ro ujaeHoB. COOTBETCTBEHHO,
aBTOKOPPEISALMU TAaKOro psiaa OyayT MMeTh yOBIBAIOLIMN K HYJIKO BMJ. 3adacTylo AJis aHajau3a
HECTALMOHAPHBIX PS/IOB U3 HUX PA3IMYHBIMU CIOCOOAMHM MPENBAPUTENBHO YJAISETCS TPEHI0Bast
cocTapisitonias. s 3Toro, HanpuMmep, MOXKHO NMPUOETHYTh K B3ATUIO PA3HOCTU psAJa, T.€. BMECTO
HCXOJ/IHOTO psijia

YoV, Vo, ¥4, .
paccMmarpuBaTh psJl BUa:
¥Y,— Yo, ¥Vo— ¥V ,¥V3— V...

BpemeHHble psbl, UMEIOIIME TPEHIOBYKD KOMIIOHEHTY, TaKXe MOIYT HUMETh YUKIUYECKYIO
KOMIIOHEHTY — BOJTHOOOpa3HbIe (DIyKTyalnuu BOKPYT TPEH/IA.

Cmayuonapnvlm psoom Ha3blBa€TCi psijl, OCHOBHBIE CTAaTUCTHYECKHUE XapaKTEPUCTUKU
KOTOPOro, TaKHe KaK CpeIHee 3HAYCHUE W JIMCIIePCHs], OCTAFOTCS MOCTOSHHBIMU BO BpeMeHH [7].
Takum 00pazom, CTAlMOHAPHBIM psA KojeOJeTcss BOKPYT HEKOTOPOro (PMKCHPOBAHHOTO YPOBHS
WK B KaHaine (puc. 2). MoXHO 3aMeTUTbh, UTO PsiJl, UMEIOLUN TPEHI, HE SIBJISETCSA CTalllOHAPHBIM.

KoadduimenTs aBTOKOppeNsSLnN CTAIIMOHAPHOTO psijia yOBIBAIOT JOCTATOYHO OBICTPO.

Puc. 1. Puo c mpenoosoii cocmasgnaouiei



26 Llleguenxo U.B. HexoTopble MOJIEIH aHATIM3a U IPOrHO3UPOBAHHUSI BPEMEHHBIX PSJIOB

Ecnu nanHbie UMEIOT HEKOTOPBIA NEPUOANYHBIN, TOBTOPSIONIMICA XapaKkTep, TO TOBOPAT, YTO B
HUX TPOSBIAETCS Ce30HHAs KOMIOHEHTa. TakuM o0pa3oMm, Ce30HHOH KOMITOHEHTOW Ha3bIBAIOT
MNEPpUOANYCCKUC U3MCHCHUA B NAHHBIX, ITOBTOPAOMIUCCA, HAIPpUMEP, U3 roga B rol. 9t0 JOJDKHO
OTpakaTbCs B BUJIC 3HAUUTENIbHBIX KOOPPUIIMEHTOB aBTOKOppesiiuu. Hanpumep, ecnu psg umeet
TOJIOBYIO CE30HHOCTh, M, CKa)XE€M, COOTBETCTBYIOIIME MECALBl KaXXJIOTO rojla OYeHb IOXO0XH,
3HAYUT, CTOUT OXKJATh OONBIIMX 3HAYCHUH U1 aBTOKOPPESAIMHA C 3ama3abiBaHueM B 12
IIEPUOIOB.

3. U3mepenne omudku nporuosa. OmmbOka MpPOrHo3a ecTb Mepa OTKJIOHEHHUS MPOrHo3a OT

PCAJIbHOI'0 3HAYCHHUA HCKOTOPOI'O YJICHA pAAad. Ecin 00603Ha4nuTH IIPpOrHO3 3HAYCHUA pPAda Yt B

Puc. 2. Cmayuonapnutii pso

MOMEHT BpeMeHH t 3a ¥, To Hac OyJ1eT MHTepecoBaTh OOBIYHO CPE/IHss OLIEHKA pacXoXaeHui ¥, ot
BenuuuHbl ¥.. [Ipu 3TOM ecrecTBeHHBIM OyneT OpaTh 3Hau€HHE OMIMOKU B KaXKIbl KOHKPETHBIN
MOMEHT BpemeHu 3a ¥, — ¥,

CYH_[CCTBYIOT pasHbI€ MCETOJUKU OLCHKH IIPOrHO3a. HaanMep, IpoCcToC YCPCAHCHUC

T
E—EZH’ — 7|
=- ) I%
=1

rac E — ommbka IIPOrHo3a. CYTB JTJaHHOU OIIEHKH COCTOMT B TOM, YTOOBI HU3MCPUTH CPCAHIOIO

a0COJIFOTHOW BEJIMYMHBI OTKJIOHCHUS

BCJIIMYMHY OTKJIOHCHUSA B TEX KE€ BCIIMUMHAX, YTO U UCXOAHBIC 3HAUCHUSA pAaa.
Ecimm xe abcomoTHBIE 3HAYECHUS pdaaa HaM HE TaK BaXXHBI WM MaJIO O YEM T'OBOPAT, ObIBaeT

MOJIC3HO CMOTPETH HAa OTHOCUTCIIBHOC OTKIIOHCHUC IIPOrHo3a, T.C. OTKJIOHCHUA OTHOCHTCIBHO
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a0COMIOTHBIX 3HAaYeHH psaaa. s 3Toro He06XOAMMO MPOCTO Pa3ACIUTh MPEIbIAYILYIO OLIEHKY Ha

3Ha4YEHHUE psaa B MOMEHT BPEMEHHU L.

m .
Ezgzln—i’l
nis Y,
t=1

MOXKHO TaKX¢C OIJ_II/I6Ky IMporHo3a s KaxIaoro Ha6JHOI[eHI/I$I OIIpCAcCiiATE B MNPOHCHTAX II0

n -
10 |r— 7]
E=- —— x 100
nls Y,
=1

Crnenyrouuii JOBOJIBHO PAaclpOCTPaHEHHbIN CIOCOO OLIEHKH MPOTHO3a — CPEOHEK8a0pamuyHas

E—liy )2
_ﬂ (r :J
t=1

Oco0eHHOCTh e 3aKJIF0YaeTCs B TOM, YTO METOJIBI, afolue 06osee cTabmIbHYIO (PaBHOMEPHYIO)

MOJTYJIIO:

owubka.

oKOKY MMPOrHo3a, OyyT UMETh JIYULIYIO OLEHKY, YeM T€, YTO UMEIOT PeJIKUEe, HO 3HAYUTEIIbHbIC
OTKJIOHEHUS B IIPOTHO3E.

Cy1iecTByeT MHOXECTBO aHAJOTMYHBIX CIIOCOOOB HM3MEpATh OMIMOKY MporHo3a. Beidop
KOHKPETHOMN OIIEHKH 3aBUCUT OT KOHKPETHBIX 3a/]ad.

4. HauBHble Moaeau. [To Ha3BaHUIO MOXHO J0ragaTbcs, 4TO 3TO OJAMH M3 CaMbIX MPOCTHIX
kiaccoB Mojeneil. CyTh METOAOB 3aKIIIOYAETCsl B MPEANOJI0KEHUH, 4To Oyayliee Jyyllle BCero
OIUCHIBACTCSI CaMbIMH CBEXHUMH JaHHbIME [7]. CaMblii mpocTOW mpuUMep — MpeACKa3aHhe THUIa

«3aBTpa OYJET Tak ke, KaK CETOHs», €CTU 0003HAUYNUTD MPOTHOZUPYEMYIO BEJTUUYHHY 32 Vees:
?c+1 =V,

EcrecTBeHHO mpeanonokKUTh, YTO MpoOJieMa [aHHOW MOJENHM B TOM, 4YTO CIydailHbIe
GbayKTyanuu CHUIBLHO TOPTAT TporHo3. Ho, TemM He MeHee, B yCIIOBUSAX, HampUMEp, HEIOCTaTKa
HMCTOPUYECKUX JTAHHBIX JUIS aHAJIM3a TPYAHO NMPUIYyMaTh UHYIO alIbTEPHATUBY.

VYay4ymmuTe OpOrHO3 B JaHHOM Clydae MOXET NOMOYb HM3Yy4Y€HUE CTPYKTYyphl psaa. Ecmu,
HalpUMeEpP, €CTh MPEINOJOKEHUE, YTO B JAHHBIX MMEETCS TPEHJIOBAsl COCTABJISIONIASl, MOKHO
CTPOUTH MPOTHO3 IO cieayromiei Gopmyie [7]:

Yisn =Y, + AY,

rae
AY, =Y, — Y
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[[anee 10 MEPE HAKOILICHWA JaHHBIX BMECTO HOCJ'IGI[HCI‘/'I Pa3HOCTH psaaa ﬁyc MO>KHO BBIYHCJIATH

yCpeIHEHHOE U3MEHEHHUE psijia 3a oAuH nepuos. [1o aHamorum MOKHO MOCTPOUTH 0OJIee CIIOKHBIC
MO/IEJIH.

5. Mpoctbie cpennme. J[is aHanm3a BPEMEHHBIX PSJIOB YacTO HCHOJIB3YHOTCS METOJIUKHU
YCPEIHEHUS M CTIIXHBAHUSA, IPU3BAHHBIC YOPaTh pa3inyHble (QIyKTyallMd W NIYMbI, MEIIAIOIINE
aHanm3y. MeTollbl yCpeAHCHHsI M, B YaCTHOCTH, MPOCTHIE CPEIHUE MOMOTAIOT JIelaTh MPOTHO3,
OCHOBBIBASsICh Ha YCPEIHCHHBIX 3HAUCHUSIX MPOIILIbIX HAOM0AeHUH [7].

OueBUAHO, 4YTO JaHHBIC psia MOXHO CIVIAMUTh pa3IMYHBIMU crocobamu. [Ipu 3TOM
HEM3BECTHBIMH TapaMeTpaMH MOXET ObITh, HAIPUMEpP, KOJWYECTBO MOCICTHUX HAOIIOICHUH,
KOTOpBIC OEpyTCs ISl MPOTHO3a, WIIM BeCOBBIC KOA((DHUIIMEHTHI, CONOCTABIICHHBIC KAXKIOMY M3 HUX.
B o0miem cirydae aiisi OIIEHKH KOJMYECTBA MapaMeTPOB U MX KOHKPETHBIX 3HAUCHUH MPAKTUICCKU
BO BCEX METOJax WIYT MYTEM IMOATOHKKM MOJETH K HEKOTOPHIM JAHHBIM IPEABICTOPHH. 3aTeM
napamMeTpbl MPOBEPSAIOTCS W YTOUHSIOTCSA MO Mepe IMOCTYIUICHHs HOBBIX aaHHbIX [3]. T'oBops o
Pa3IMYHBIX MapaMeTpax, He0OXOUMO YIUTHIBATH HE TOJBKO IOCTHTAEMYIO IPU UX UCIIOJIb30BAHUU
TOYHOCTbH IPOTHO3a, HO M CTENEHb CIIOKHOCTH TOTYIHBIICHCS MOJICITH.

Hwxe npuBenena ¢popmyiia moCTpOSHUS IPOTHO3a € TIOMOIIBI0 HAXOKIACHHUS CPEJHET0 3HAYCHUS

psana:

E
- 1
Yis1 = ¥Z ¥,
i=0

[TonoOHBIE TPOrHO3BI MpUEMIIEMBI B Clydya€ CTalMIOHApPHOIO psiia, KOIZa IpPOILECCHI,
MOPOXKAAOLINE ITOT P, yKE CTAOUIU3UPOBAIUCE.

6. CkoJab3simue cpeaHue. B ornuume OoT MeTona MPOCTBIX CPEAHUX, IE€ YCPEIHSUIUCh BCe
U3BECTHBIE WIEHBl psfa, B METOAE CKOJB3ALIUX CPEIHUX HCIOJB3YETCSI TOJIBKO HEKOTOpOe
KOJIMYECTBO CaMbIX MOCIeNHUX HaOmoaeHnil. COOTBETCTBEHHO, NMPU MOCTYIIEHUH HOBBIX JTAHHBIX
OHU BKJIIOYAIOTCS B YCpPEJHEHHE, a TaKOoe € KOJIMYECTBO CaMBIX «CTapbIX» HaOII0IEeHUI
UCKJIIOYAETCS.

dopmyiia IpOrHO3a Ha OCHOBE CKOJIB3AIIET0 CPETHErO MOopsIKa N MMeeT CIeAyroHid BUI [7]:

-1
Vg = IZ v
t+1 = t—i
=0

WNubiMu crioBaMU, CKOJIB3SIIIEE CPEAHEe Mopsiaka N ecTh cpeaHee apudMeTHIecKoe MoCiIeTHUuX N
HaOmoneHuit. CreayeT OTMETHTh, YTO B TMOJOOHBIX MOJAENSAX HEU30€KHO MposBisieTcs dPQeKT
«3amna3fblBaHus», KOTJa KpUBas CKOJB3ALICH CcpeaHeil He ycneBaeT pearupoBaTh Ha OBICTpbIE

HU3MCHCHUA HaAIIpaBJICHUA psaa. CreneHb 3aras/ibIBaHus 3aBUCUT OT II€pUOJa YCPCAHCHUA — YEM
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0o0JIbIlIe MEePHOJ, TEM BBILIE IIAHCHI 3aM03/ANI0N peaklUu Ha pe3Kue ABMKEHUs. TakuM oOpazowm,
€CIi B TPOTHO3UPYEMOM psiie MpeoOsIafaloT pPe3KHe JBWKECHHUS, CIEeAyeT MOIOMpaTh IEepUO]
CKOJIB3SIIIIEeH CpeHEeN KaK MOKHO MEHBIIUM.

Ecnu wm3BecTHO, 4TO BHYTpUM HUHTEpBaja CrJIaKUBAaHUS HMEETCS HeNWHEHHas TeHIeHIuS,
1eJ1ecO00pa3HO MPUMEHCHUE B3BSIICHHBIX CKOJB3AIINX cpeanux [3].

I'maBHBIE TOCTOMHCTBA JaHHOT'O METO/A — IPOCTOTA U HAJISIIHOCTb.

7. MeToabl JKCIOHEHIIMAJIBHOI0 CIJIaKUBaHUsA. B niensx ganpHenIero yjay4ynieHue TOYHOCTH
MIPOrHO3a B MOJIENSIX, OCHOBAHHBIX HA YCPEIHEHUU U CIIIAXXUBAHUH, 11€JIECO00pa3HO MpPUMEHEHUE
BECOBBIX KO3(DPUIIMEHTOB, KOTOpPbIE COMOCTABJISIOTCS MPEIIIECTBYIOININM YIeHaM BPEMEHHOTO
psana. CymiecTBYIOT TakKe pa3ju4yHble METOAbl HAXOXKJICHHUS  ONTHUMAJBHBIX  BECOBBIX
KO3 (QUIIMEHTOB, KOTOPHIE IMO3BOJISIFOT JOOWBATHCS YIIYYIICHUS IPOTHO30B, aNalTHPYSICh K
HEKOTOPBIM OCOOEHHOCTSM psiia. Bo MHOTHX citydasx UCIIONIB3YIOTCS MOCIIEA0BATEIHHOCTH

BECOBBIX KOX()(HIMEHTOB Bua W; = a' rae @ < 1. DTo no3BoisgeT J0OUTHCS TOro, 4TO Haubojee

CBeXXME JaHHbIe OyAyT HMMeTh HaWOOJBIIWH BKIAaL B (OPMHpPYEMBId MporHo3. s mopenu
SKCIIOHEHIIMAJIBHO B3BEIICHHOI'O CKOJB3SIIET0 CPEAHEr0 CYLIECTBYIOT METOJMKU PETyJIUPOBKH

CKOpOCTH 3aTyxaHus . Tak, B T€X CHUTYyalMsX, KOrjia OmMOKa MporHo3a O1m3Ka K HyJI0, CKOPOCTh
3aTyxaHHs & MOXeET ObITh yBeIMYeHa, 1 Hao0opoT [3].

JIJis YyTOYHEHHUS TPOTHO3a OOBIYHO PYKOBOJCTBYIOTCS NPHHIIMIIOM OOPAaTHOW CBA3H, KOTJA JUIs
KOPPECKTUPOBKU HCIOJIB3YIOTCA OH_H/I6KI/I B CTapbIX MNPOTHO3aX. Taxkum O6paSOM, JOCTUTACTCA
IIOCTOSAHHOC O6HOBHCHI/Ie MOJICIIN.

CDOpMaJ'IBHO HpOU;elepy 3KCIIOHCHIIUAJIBbHOTO CrJIa)KUBAaHUSI MOXXHO 3allhucaTtb B CJ'IeI[yIOHIGM
BUJC:

i-;rn:+1 = a¥, +(1— fx}?c
HJIK, NICPEIUCaB JAHHOC COOTHOIICHHUE, IMTOJTYUYUM

i}|:+1 = ?c + a(¥.— i}c:]
rae

¥:1+1 — NPOTHO3MPYEMOE 3HAYECHUE HA CIEAYIOLINN EPUO;

a — moctosiHHas criaaxkuBanus (0 << a < 1);

¥, — HaOmroieHre 3a TeKymui nepuon t;

Y, — MIPEXKXHUM IPOTHO3 HA MEPUOL t;

Takum 00pazoM, SKCIMOHEHITHATBHO CTJIAXXUBAHHUE €CTh CTAPBIM MPOTHO3, CKOPPEKTHUPOBAHHBIN

Ha OMMOKY CTaporo MpOrHo3a C y4eTroM BecoBoro kodddummenrta [7]. DxcnoHeHIMambHOE
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CriaXuBaHHe TpeOyeT Na)ke MeHbIle apu(pMETHUECKUX OIepallfii, 4eM CKOJIb3SIIUE CpelHue, a
MacCHB XpaHUMOH MPONUION HH(POPMAIIMKA YMEHBIIEH 10 OJHOTO.

Takke CTOUT OTMETHTh, YTO BO3MOXHBI PA3UYHBIE CTPATErHMH BBIOOPA HAYAIBHOTO
npubmkenusa. Tak, MOXXHO, HampuMmep, B KayecTBE IEPBOTO CIVIAKMBAIOIIErO 4jeHa BBIOpATh
IIPOCTO MEPBOE HAOIIIOICHNE WU e B3ATh HEKOTOPOE YCPEIHEHUE NIEPBBIX HAOIIOACHUH.

['maBHOE JOCTOMHCTBO MOJENM IPOTHO3UPOBAHUSA, OCHOBAHHOM Ha CKOJIB3ALICH CpPEIHEM,
3aKJIIOYAeTCs B TOM, 4YTO OHA CIOCOOHA aJalTHpPOBAaTbCsl K HOBOMY YPOBHIO Ipolecca 0Oe3
3HAYUTENIbHBIX PEaKIMil Ha ciydaiiHble OTKIOHEHUS. OIHAKO JaHHAs MOJENb JaeT 3HAYUTEIbHYIO
OlMOKY B cllydae, KOrJa psl UMEEeT TPEHAOBYIO COCTaBIsioNy0. CrenuanbHo A 3TOro Cirydast
CYIIIECTBYET HECKOJBKO aJanTHUBHBIX MOJIETICH HKCIIOHEHIIMAIBHOTO CriaxxuBanus. Hampumep,
osyxnapamempuueckas mooenv Xonoma [5]. B 3ToM MeTone yUUTHIBACTCS JTOKAIbHBIN JTHHCHHBIH
TPEeH]I, MPUCYTCTBYIOIINUN BO BpEeMEHHBIX psiAax. Maes MeToga COCTOMT B TOM, UTO, €CJIM B JaHHBIX
MIPUCYTCTBYET JIOKAJbHBIA TPEH, TO, KPOME OLIEHKH TEKYIIEro YPOBHS, HEOOXOIMMO OlLIEHHUBATh
TaK)Ke€ BEIIMYMHY HakJIOHA. [Ipu 3TOM TMOCTOSHHBIX CTIAKUBAHUS UCIIONB3YETCS YK€ ABE. ITO
obecrieyrBaeT THOKOCTh MOJIEITH.

[IporHo3 Ha p mepuoAOB BHEpead, OLEHKAa YPOBHSA M TpeHJa Mo Mojenu XOJbTa OMHCHIBAIOTCS
CJIE1YIOLMMHU BBIPA)KEHUSIMU, COOTBETCTBEHHO:

i-}|:+;a~ =L+ pT,
L= a¥,+(1—a)(L,—; — Tp—1)
T.=pB(L.—L.1)+ (1—=B)T:—

rnae

L. — HOBas CIUIa)KEHHAsl BEJIMUMHA;

¢t — MOCTOSTHHAS CTIIaXUBaHus st JaHHbIX (0 << a << 1);

¥, — HaOnrozieHue 3a TeKyLuil epuon t;

ff — mocrostHHAs criakuBaHus s oneHKH Tperaa (0 < f§ < 1);

T, — olIeHKa TPEH/IA;

P — KOJINYECTBO NEPUOOB BIIEPE;

Y., — IPOrHO3 HA P IEPUOJIOB BIIEPEL;

JanpHeimee ymydmieHne Mojenu Xoibra paspaboran B 1960 romy Buntepc. Ero moaxon
3aKJII04aJICaA B TOM, 4TOOBI YUECTh BJIHUAHHUEC CE30HHBIX KoIeOaHuii. ECTCCTBGHHO, OecIIaTHBIX
yIAydIIeHu He ObIBaeT, 3a HUX MPUXOJIUTCS IJIATHTh BO3pACTAlOIIEl CIOKHOCThIO Mojenu. B

AaHHOM CJiydac [Jid Yy4d€Ta CC30HHBIX KOJIeOaHMH ,Z[OG&BJBIGTCSI ClIc OJHO YpPaBHCHUC W,
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COOTBETCTBEHHO, €lle OJUH MapaMmeTp — KOd(pUIIMEHT CE30HHOCTH. B pe3ynbraTte Mbl Mody4yaem

mpexnapamempuueckyio mooeib Bunmepca [7]. OHa 3agaeTcs ClieIyIOIIeiH CUCTEMOI PaBEHCTB:

¥
L= ﬂfs ~—+(1— a)(Le—y +Ti—q)
t—s
T,=pL,— L)+ (1 — )T

¥
Se=r+1—1S.
E

Yiep = (L, + PT2)Si—ssp

rae

L. — HOBas criia)keHHas BEJINUHMHA;

& — IIOCTOsIHHAA CTIaKUBAaHUA 1JIs1 JAaHHBIX

¥, — HaOmoieHue 3a TeKylmui nepuon t;

5 — mocTostHHAs CrIIaXKUBAHMS I OLIEHKU TPEH/IA;

T, — OUEHKa TPEHA;

B — nocrosHHAas criaa)XuBaHUs U1 OLIEHKU C€30HHOCTH,

5, — OlLIEHKA CE30HHOCTH;

5 — ITTUTENBHOCTD MEPUO/a CE30HHOTO KOJIeOaHNs;

P — KOJINYECTBO EPUOIOB BIIEPEN;

?Hp — MIPOTHO3 HA P TIEPUOJIOB BIEPET;

Kak BMAHO W3 NpPUBENEHHBIX YpaBHEHUH, JaHHAs MOJEINb SBISETCA PACHIMPEHHEM MOJENU
Xonbra. BenuunHa 5; nmpusBaHa Kak pa3 y4ecTb BIHMSHHE CE30HHBIX KOJeOaHUMN U MCIOIb3yeTCs B

IIOCJIETHEM PAaBEHCTBE ISl KOPPEKTUPOBKY ITPOrHO3a. UTO KacaeTcsi Ha4aJIbHBIX 3HAYEHNUH, MOXKHO,
HanpHuMep, B3STh EPBOE 3HAUEHUE CIVIAKUBAHUS PAaBHBIM IEPBOMY HAOJIOJCHUIO, OLIEHKY TPEHa
HYJIEBOH1, a OLIEHKY C€30HHOCTU €AMHUYHOM [7].

8. ABTOperpeccHOHHbIE MOIeJTH. ABTOPErPECCHOHHAS MOJIENb TTOPSAIKA P MMEET BUJI:
Vi=¢,+ ¥y T+, Y 2 ++, Y. T2

rae

¥, — 3HaueHne BPEMEHHOTO Psiia B MOMEHT BPEMEHH t;

@, — OLICHUBAEMbIE KOIPDUIIMEHTHI,

£, — OIKOKa, HAKaIUIMBAIOIIASACS OT HEYYTEHHBIX IEPEMEHHBIX;

CBoe Ha3BaHHUC ABTOPCrpeCCMOHHAasds MOJCIb MOJy4dYWJa BBUAY TOro, 4Yr0 HMCECT BHUIA

PErPECCUOHHON MOJENM U HMCIOJIB3YET B KAUECTBE HE3aBUCHUMOM NMEPEMEHHOW 3ara3/IbIBarOIINe
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3HAYCHMS 3aBHCHMOU HepeMeHHOﬁ. Takwue MOZACIIN IMPUMCHHUMBI IJId CTAllMOHAPHBIX BPEMCHHBIX

PANIOB, IPH 3TOM KO3(P(ULHUEHT ¢b, 3aBUCHUT OT HOCTOSHHOTO YPOBHS PAJA £t CIEAYIOIIMM 00pa3oM:
Py =_u,(1 - — ¢ _"'_‘f’p)

W3HauanbHO MOPSIOK MpoIlecca aBTOPErPECCHU, MPHEMIIEMO OIMCHIBAIONINK HaOIIOISHHBIN
psa, UTsE HAC MOXET ObITh HeW3BeCTeH. /i ero ompenenceHus HCIOJIb3YETCS aHajdh3 YacTHOM
ABTOKOPPEISIIUOHHONW (YHKIIUH, KOTOPBIi OCHOBaH Ha TOM, YTO XOTS IPOIECC aBTOPETPECCHH
UMeeT OCCKOHEYHO MPOTSHKCHHYIO (DYHKIIMIO aBTOKOPPEISIUU, TEM HE MEHEe, OH MOXET OBITh
ONHKCaH TMpHU TOMOIIM P HEHYIEBBIX (YHKIMHA OT aBTOKOpPpENSAIUi. A HMMEHHO, JUIs Ipolecca
aBTOPErPEeCCUM NOps/IKa P YacTHas aBTOKOPPEISILMOHHAA (YHKLUsA oOpamiaercs B HOJIb INPHU
3ajIepKKe, MpeBbImaoei p [2].

ABTokoppensinnoHabie ko3¢ dunmentsr monenmn AR mepsoro (a, 6) 1 Broporo (B, r) mopsiaka
noka3aHbl Ha puc. 3. MOXHO 3aMeTUTh, YTO aBTOKOPPEISLIMOHHbIE Kod(duuueHTsr Moaenn AR
MMEIOT TeH/ICHIIMIO 3aTyXaTh, CTPEMSICh K HYJIIO, @ YaCTHbIE aBTOKOPPEIALMOHHBIE KO UIIMEHTHI
o0pararTces B HOJb 4epe3 MPOMEKYTOK BPEMEHH, IMPEBBIMIAIONTNN TOps0K Moenu [7]. B obmem
cllydyae aBTOKOPPEJSIIMOHHAS (DYHKIHMS CTAallMOHAPHOTO MPOIECcCa aBTOPErPECCHU COCTOUT W3

COBOKYITHOCTH 3aTyXarOIHUX SKCIIOHCHT U 3aTyXaroUX CUHYCOHU [2]

1 1

0 - 0 - . . . . . | 1
a)

1 0 + . . . . . . 1

0 -

-1 -1

0)
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1 1
0 - 0 - T T T T T 1
B)
1 1
0 7 0 7 T T T T T 1
1 1
r)

Puc. 3. KoaddummeHnTs aBTOKOPPETSINH U YaCTHON aBTOKOPPEIISAIMHA MOJIENIEi aBTOperpeccun
IIEPBOTO U BTOPOTO MOPSAAKA
9. Moae/n €O CKOJB3SIIIMM CpPeIHMM. Mojiedb CO CKOJB3SIIUM CPEJHUM HOpsiiKa ( UMeeT

CIeIYIOLUN BUI:

Yi=pte — wisog — Wik — " — Wykiy
rae
¥, — 3HaueHue BPEeMEHHOTO psAJla B MOMEHT BPeMEHH {;
[ — TIOCTOSTHHO® CpeJTHEee psifa;
@w; — OIlEHUBaeMbIe KOI(DPHUITUEHTHI;
£, — OIIMUOKHU B TIPEIBIIYIIHEe MOMEHTHI BpEMEHHU, KOTOPbIE B MOMEHT t BKITtOUeHBI B Y,
JlaHHOE YypaBHEHHE OTJIMYACTCS OT YpPAaBHCHUS aBTOPETPECCHUU TEM, 4YTO Y, 3aBHCHT OT

MPEABIIYIINX 3HAYCHUH OMMOOK, a HE OT 3HAYCHMM OTKJIMKA. TakuM 00pa3oMm, MOJEIH CO

CKOJIB34IIUM CPCAHHUM JAar0T IPOTrHO3 (bYHKI_[I/II/I ?; Ha OCHOBE JHMHEHHOMH KOM6I/IHaI_II/II/I MIPOILIBIX

omuOO0K, a HE MPEIBLAYITNX 3HaUYeHUH caMoTo psiga. Hy»XHo Takke 3aMEeTUTh, YTO B IAHHOM CJTydae

MBI HE HaJIaraéM KaKHX-TO CTPOTUX OTpaHMYCHUN Ha KOI(PPUIIUEHTHI w; — OHU HE JOJDKHBI 1aBaTh

B CyMMC CAMHUIY, KaK U UMCTb IMOJIOKUTEIbHBIN 3HAK.
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Yro KacaeTcsi TEpMUHA «CKOJB3AIICE CPEAHEE», YIIOMSIHYTOTO B Ha3BaHUU MOJEIH, 3TO CKOpee
HUCTOPUYECKH CIIOKUBILICECS Ha3BaHWE, HE WMEIONIee HUKAKOTO OTHOIIEHUS K MpOoIeaype
BBIYHCIICHUSI CKOJB3AIICTO CPEIHEr0 HAa OCHOBE YCPEIHEHWsS BCEX WM YacTH IOCIICTHUX
HaOmroaeHu# psiaa [7].

3HaYeHWE MOJCIH CO CKOJIB3SIIIUM CPEOHHM 3a/IaHHOTO TOpSIKa yIoOHO TIOJy4YaTh
MOCIIEOBATENbHBIM JOOABICHHEM TPOILIBIX OIMMOOK, KOTOPHIE OBUIH BKJIIOYCHBI B IPOTHO3
nponutbix HaOmoaeHuid. Ha puc. 4 mpencraBieHO TEOopeTHYecKoe MoBeneHHue KO3 UIIMESHTOB
ABTOKOPPEISIIUN U YACTUIHON aBTOKOPPEISIIIAN MOJISITH CO CKOJIB3SIIMM CPEIHUM IIEPBOTO (a, 0) U
BTOpOTO (B, I') nopsaka. CpaBHUB MX C aHAJIOTMYHBIMU TpaduKaMu IS MOJAEIU aBTOPETPECCUH,
MOJKHO 3aMETHUTh, YTO B JAHHOM CiTy4ae moBefieHue ko3GpummeHToB copceM nHoe. OTiIrdne B TOM,
9TO y MOJCIU CO CKOJB3SAIUM CPEIHUM KOI(PPHUIIMCHTH aBTOKOPPEISAIUU O0palaloTcss B HYJb
cpasy mnocie mnepBoro (MA(1)) u Broporo (MA(2)) mepuoma, B TO BpeMs Kak YacTHbBIC
ABTOKOPPEISIIUK CTPEMSTCS K HYJIIO TIOCTETIeHHO [ 1].

Mpbl BHIUM, YTO KOX(PQHUIMEHTH aBTOKOppessiuu aas moxenun MA(Q) paBHBI HYIIO TpU
3arma3/IbIBaHUU Ha TIEPUOJ, TPEBBIIAOIMINANA TOPSAOK MOJETH. DTO BaXXHOE CBOWCTBO MOXKHO

HCIIOJIB30BAaTh IIPpH BI>I60pe IopsaaKa 110 SKCIICPUMCHTAJIbHBIM JIaHHBIM.

0 T T T T T T T 1 0 T
-1 -1
a)
1 1
0 -
0 - T T T T T T 1 -1

6)
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1 1
0 7 T T T T T 1 0 7
1 1
B)
0 T T T T T T 1 0 T
1 1
r)

Puc. 4. KoaddunmeHTs aBTOKOPPEISIUH U YaCTHON aBTOKOPPEIISIIIMA MOJIEIIEH CKOIB3SIIEro
CpEIHEr0 TIepBOT0 U BTOPOTO MOPSIIKA

10. Mopesb aBTOperpeccHu-cKOJIb3SAIIEr0 cpefAHero. BBuay Toro, 4ro B NpeACTaBICHUU
BPEMEHHOIO psijia MPUCYTCTBYET HEKHM Tyaau3M, a UMEHHO — OIMH U TOT K€ PAJl MOXET OBITh
MPEJCTaBICH JBYMS MOJEISIMH, TO cama COOON HampalInBaeTCsl MBICHb «CMEIIaTh)» 3TH JBE
MOJIENIH, TOJyYHB, TaKUM OOpa3oM, MOJENb aBTOPErPECCHH-CKOJB3SIIEro-cpeaqHero. Eciam Mbl
BO3bMEM P WIEHOB B aBTOPETPECCHOHHONW YacTW W ( YJIEHOB B YacTU MOJIENU CO CKOJB3AIUM
CpemHUM, TIOJYYHBINYIOCS CMEIIaHHYI0 Mojeidb obo3Hadaror ARMA(pP, (). Moaenb umeer
crenyronuii Bus [7]:

YV.=¢,+ 0,V 1 +¢,Y. :++ ¢p?t—p T8 — Wiy —WaEy — T WS

Taxum 006pazoM, MOy4HBIIAsACS MOJIENb 3aBUCUT YK€ U OT MPEAbIAYIINX 3HaYeHUN OTKIIMKA, U
OT MpenbIAyIUX omnOoK. Moaenb MoKeT ObITh UCIOJIB30BaHa JJIsl ONMKCAHUS IIUPOKOTO CIEKTpa
MOBEJICHUI CTAallMOHAPHBIX BPEMEHHBIX PSIOB.

Uro KkacaeTcs TEOPETHYECKHX  3HaueHUl Kod((UIIMEHTOB aBTOKOPPENAIMA W YacCTHON
aBTOKOPPENSLUHU, HETPYIHO TOTaaThCsl, YTO JUIsl CMEIaHHOM MOJIENH U T€ U Apyrue OyayT IJIaBHO

3aTyxaTh, He OOpBIBasICh HA KAKOM-TO IIare.
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KonnuecTBo wienoB mis kaxmoit mogenu — AR unenst 1 MA wiensl — onpenenseTcss BUAOM
(GYHKIMN aBTOKOPPESIIIMA M YacTHOW AaBTOKOPPEISIMM KOHKPETHOro psaa. JlaHHbl momxon
SIBIIIETCS YacThi0 MeTooNioruu bokca-JIkeHkuHca 1Mo BEIOOpY Hanbosee moaxoasiei moaenu [6].
Taxke B 3TOM Ipoliecce HEOOXOAUMO YUUTHIBATh TaK Ha3bIBaeMble KPUTEPUU BbIOOpa Monenu. Ha
MPAKTUKE pe3yJbTaThl pabOThl MOJENW YXYALIAIOTCS MPU TMOMbBITKE YBEIUYUTHh KOJIUYECTBO
aBTOPETPECCHOHHBIX WICHOB MJIM CKOJB3SIIEr0 CpPEeJAHEro, — 3TO TaK Has3blBaeMmas Impoodiema
«mepenapameTpusanuny. [1o3ToMy NpUHATO HAuWMHATH TOJAOOp C HAMMEHBIIEro 4YHCIa STHX
YJIEHOB, NPU HEOOXOAMMOCTH [00aBisis uX mocterneHHO. COOTBETCTBEHHO, HY)KHO CTapaThCs
JIeNaTh KOJIMYECTBO WICHOB MOJIENIN KaK MOYKHO MEHBIINM [7].

11. MHurerpupoBaHHass Moje/lb ABTOPErpecCHH-CKOJIL3fIIIEr0 cpeaHero. MHorue
SMIIMPUYECKUE BPEMEHHBIE Psiibl (Hampumep, LeHbl Ha Oupike) BemyT ceds Tak, OyATO OHH HE
uMeroT (UKCUPOBAHHOTO cpeanero. Ho maxke mpu 3TOM B UX MOBEACHUU HAOIIOAaeTcsa HEKOTopas
OJTHOPOJHOCTh — J00asi 4acThb BPEMEHHOIO psA/ia MO CBOEMY MOBEACHHUIO BO MHOTOM IOJ00HA
mo00i Apyrod, ecim UX NPHUBECTH K OAHOMY YpPOBHIO. J[0 3TOr0 MOMEHTa MBI TOBOPHJIH O
MOCTPOCHUH MOJIENIM CTAallMOHApHOTO psina. Ha mpaktuke B TepBy0 oudepenb HEOOXOIMMO
MPOBEPUTH P HA CTAMOHAPHOCTh, — T.€. M3MEHSIOTCS JIM €ro 3HAa4eHHs] B OKPECTHOCTHU
HEKOTOPOT0 HEM3MEHHOro ypoBHs. Eciu MbI JienaeM BBIBOA O CTallMOHAPHOCTH Psifia, TOTJa MBI
MOJKEM HCIOJB30BaTh OJHY M3 pa3o0paHHBIX Mojeiel. B mpoTHBHOM cilydyae MOKHO TMOIIBITATHCS
MPEBPATUTh HECTAIIMOHAPHBIA psijg B cranuoHapHBd. OOBMHO 5TO JEJaeTcss IMyTeM B3SATHS
pasHocTeii. B 3ToM ciydae BMecTo HCXOAHOTO psifia ¥y Mbl OyzieM CTpOUTh MOAENb Ais psiaga A,

AY, =¥, — ¥,

B HEKOTOpHIX ciydasx JaHHYIO TPOIENypy NPUIETCS TIOBTOPUTH HEKOTOPOE KOJIUYECTBO pa3 —
OOBIYHO HE 0OJIbILE IBYX-TpeX:

A’Y,=A(AY,)=Y,—2¥, , — Y.,

Emie onun pacnipocTpaHeHHBIN prUeM — B3ATUE JIoraprudpMa pa3HOCTH.

Taxum 0Opa3oM, eciii pa3HOCTh HEKOTOPOTO MOPsAKA €CTh CTAllMOHAPHBIN CMEIIaHHBIN Mpolecc
aBTOPETPECCUH-CKOJIB3SIIEr0 CPEHEro, Mbl MOMy4yaeM MOJENb JJIsi HECTAllMOHAPHBIX BPEMEHHBIX
PAIIOB — UHMESPUPOBAHHASL MOOENb ABMOopecpeccUu-cKoav3saujeco cpeonezo [2]. Ecnum 0603HauuTh
KOJIMYECTBO MPUMEHEHUsI OMepaTopa pa3HOCTH Kak d, MONydeHHYI0 MOJelb MOXKHO 0003HAYUThH
crangaptHou 3amuckto ARIMA(p, d , Q), Tie P — MOpPSI0OK aBTOPErPecCHH, (| — MOPSIOK WICHOB
ckomb3dauiero cpeaHero. COOTBETCTBEHHO, MpPU OOHYJIEHHWU OJHOIO WM JIBYX HapaMeTpOB MbI

moxeM nonydats Mozaean ARMAC(p, q), AR(p), MA(q).
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12. Kpurtepun BbIoOpa Moaeaun. Kak yxe ynoMuHanIoCh paHee, mpoleaypa mnoaoopa MOIASIH
ARMA ocHoBaHa Ha aHanu3e KOA((UIMEHTOB ABTOKOPPEISIMU W YAaCTHON aBTOKOPPEISAIUU C
TEOPETUUYECKMMH MOKa3aTeNsIMU, IPUCYILMMU MOJEISAM aBTOPETPECCUN U CKOJB3ALIETO CPEIHETO.
Opnako 3Ta mporeaypa HeM30€KHO BHOCUT HEKYIO JOJII0 CyOBEKTUBU3MA B BBHIOOP MOAXOIAIICH
Mozenu. K ToMy e Hepeaku CUTyallu, KOTAa IB€ MOJENN OTBEYalOT HYKHOU CTPYKTYpPE JTaHHBIX.
B TakoM cimyyae HEOOXOAMMO CMOTPETh Ha CPEIHEKBAPATHUHYIO OIIMOKY MOJENH, a TaKKe Ha
KOJIMYECTBO Ha €€ MOPSAKH.

Hcxons w3 Takux paccyxkaeHuil, Obuid pa3paOOTaHbl HECKOJIBKO KpPUTEPUEB, MPHU3BAHHBIX
MoMOYb HaM B Tmpoueaype mnoadopa wmoxaenu. OAHMUM U3 TaKUX KPUTEPHEB SIBISETCS
uHpOpMaIMOHHBIA KpuTepuii Akanke (oOo3nauaercs AlC), narommii YHCIOBYIO OLCHKY

OPUTOJHOCTH MOJETH (Y4eM MEHBIIE YHCIOBOE 3HAYeHHWEe — TeMm Jrydine). Kpurepuit mmeer
crenyromryio popmyiy [6]:

. 2
AIC =Ino~+ —r
i)

rae

In — HaTypanbHbIi Jorapudm;

y% — OCTaToYHasi CyMMa KBaJIpaToB, JeJcHas Ha KOJHYECTBO HAOIOICHUIA;
1 — KOJWYECTBO HAOIIOACHUH;

¥ — 00II[ee KOJIMYECTBO cliaraeMbix B Mogenu ARIMA

Jpyroii pacnpocTpaHeHHbI Kpurepuil — bailecoBckuii HMH(QOpPMALMOHHBIA  KpUTEpUi
(o603Hauaercst BIC) Bbruucnsiercs: moxoxum oopasom [7]:
. Inn
AIC =lno“ 4+ —r
mn
BaitecoBckuii kpuTepuii 0ojiee UYBCTBUTEIICH K KOJWYECTBY MapaMeTPOB IO CPaBHEHUIO C
npenpiaymuM KputepueM. Ho Ha npakTuke 06a KpUTepHs 3a4acTyio 1al0T [MOX0XKHUE Pe3yIbTaThl.
13. 3akarouenue. B craThe paccMOTpEHBI HECKOJIBKO MOMYNIAPHBIX KIACCHYECKUX MOJelnei,
IIPEIHA3HAYEHHBIX JUIsl aHalIM3a U IPOTHO3MPOBAHMS BPEMEHHBIX psAIOB. bbulM paccMOTpeHBI
MOJEJIA YCPEIHEHHS W CIVIAKWBAHMS, UMEIOIUE CBOM JOCTOMHCTBA, TaKHE€ KaK OTHOCHUTEIIBHYIO
BBIUHCIUTENBHYIO TIPOCTOTY U HAIISTHOCTh. YTIOMSHYTHI COMYTCTBYIOIINE MOJ3a7aun moadopa u
ONTUMU3ALMY [1ApaMETPOB MOJEIEH, a TAKXKe IPUJIAararoluecs K 3TUM INPOLEIypaM OIACHOCTH,
CBA3aHHBIC C PACTYLIEH CJIOKHOCTBIO MOJEIU IIPOTHO3UpOBaHUA. MBI BHUJEIH, KaK U3 MPOCTHIX
MOJIEJIEH aBTOPErPECCHM M CKOJIB3AILIErO CPEAHETO, ONMMCHIBAKOIIUX CTALMOHAPHBIE BPEMEHHBIE

pAnbI, TOJy4daeTcs «cMmernanHas» wmonxenb ARMA, koropas ¢ moMoIipio mpeodpa3oBaHUs

BPCMCHHOI'O psJia MOCPCACTBOM PA3HOCTHOI'O OIICpaTOpPa paCHpOCTpaHAIACh HAa HCCTAIIUOHAPHBIC
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BpeMeHHbIe psabl. CyTh Mpoleayphl Moadopa MOAXOASIIEH MOAEIN CBOAMIACH K BBIOOPY MOpsAKa

KaX/I0M COCTaBISIONICH ITyTeM aHalu3a CTPYKTYpbl (YHKIMHA aBTOKOPPENALMU U YaCTHON

aBTOKOPPEISIUN  aHaU3upyeMoro psnga. HeoOXoamMo OTMETHTh, YTO Kak pa3 mpolexypa

M3Y4YECHUS TOBEJACHHUS KOI(PPUIMEHTOB KOPPEISIUM M YacCTHOW aBTOKOPPENSALUU SBISETCS

3a4acTyro TpyAHO dopMaan3yeMon U TpeOyeT HaJIuuus ONpeesIeHHBIX HaBBIKOB. PaccMOTpeHHbIE

KpUTEpUH BBIOOpa MozenH, Akanke W bailecoBCKMil MH(POPMALMOHHBIA KPUTEPUH, HE BCErna

CIOCOOHBI TIOMOYBL B BbIOOpE HamiIydmied Mojenu. XOTsS Ha IMPakTHKE MpU HEOOXOIUMOCTH

MPOrOHKH OOJBIIMX TECTOB, TPEOYIOIIUX TOJHOW aBTOMAaTH3allMU IMpolecca, 3a4acTyro

MPAKTUKYETCA BHIOOP HAUTYUIINX MOJIENEH 10 MHPOPMALIMIOHHOMY KPUTEPHUIO.
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AnHotanusi: B npouecce cunuteiBanus PHK nHa ompenenennbix yuactkax JIHK — caiitax
CBSI3bIBaHUSA (POPMUPYETCSI KOMIUIEKC OENKOB, Ha3blBAEMBIX TPAHCKPHUILIMOHHBIMU (aKTOpaMHU.
Oror KomIulekc no3Bosser 3akpenurbes PHK-nommumepase u Havate cuutbiBanue PHK. 3amaua
noucka caiiToB cBs3biBaHus Ha JIHK sBisiercss cinokHOM BBUAY HAIWYHMsT MHOTHX (DaKTOPOB,
BJIUSIIOLIUX Ha CBsI3bIBaHME. B MX uucie — Hajlnyue ApYyrux CalToB CBA3BbIBAHUS HA HEOOJBLIOM
paccTOsIHUU OT paccMaTpuBaeMoro caita. s vcciaeoBaHUs 3TOM 3aBUCUMOCTU aBTOpaMu ObUIN
BBEJICHBI B PACCMOTPEHHUE THCTOTPaMMBbl PaclpeesIeHUs IJIOTHOCTH CaliTOB HA T€HOME, Ha3BaHHbIE
T€HOMHBIMH MTPOQUIISIMHU.

B pamkax pganHOi paboOThl pealii30BaH ajJrOpPUTM IMpEACKa3aHUs CaWTOB CBS3BIBAHUS C
IIOMOILbI0 BECOBBIX MaTpHI], HAIlMCaHa €ro MapajuleibHas peanu3anus s apxuTekTypbl NVidia
CUDA, peanu3oBaH alrOpuTM IOCTPOEHHUS TE€HOMHBIX NpoQuiei, alropuTMbl HepapXUYecKOn
KJIacTepu3aluu 1 kiactepusanun K-cpeaHux ans reHoMHbIX npoduieid. PeannzoBaH anropurm,
MO3BOJISIIOIIMNA CTPOUTH CIIydaliHble HMEpapXuu TPAHCKPUILIMOHHBIX (PAaKTOPOB HA OCHOBAaHUU
CYIIECTBYIOIIEH OMOIOrnYecKoil Kiaccu(uKauu JUIst TOro, YTOOb! OLIEHUTh Ka4eCTBO MOJTyYEeHHOH
KJaccu(uKaluu reHoMHbIX npoduieil. CooTBeTCTBYOMIAs MporpaMMa HamucaHa Ha s3bike C++ u
IpelHa3HayeHa g ObICTpOro MOCTPOEHHS TEHOMHBIX Npoduied M MX MNEpBUYHOrO aHaU3a.
IIpoBenen aHanu3 CXOACTBAa KiaccU(UKAMM TE€HOMHBIX MNpoduied ¢  OHOJOTrHYecKOn
KJaccupUKalued TPAaHCKPUMIMOHHBIX (AKTOPOB JUIsl HCCIEJOBAHUS BIUSHUS B3aUMHOIO
pacnoyioxeHusi cauToB cBa3biBaHus Ha JIHK.

Kuarouessbie ciaoBa: PHK, JIHK, renom, BecoBble MaTpuIlbl, TPAaHCKPUIILMOHHBIE (HAKTOPHI,
CailThl CBA3BIBaHUS C (PaKTOpaMU TPAHCKPUIIIMH, KiIacTepu3alus, IporpaMMHas cucrema, Nvidia
CUDA

1. Beenenmne. IlosiBreHre HOBBIX SKCIEPUMEHTAIbHBIX TEXHOJOIMHA B 00JACTAX, CBSI3AHHBIX C
00paboTKON TeHeTWYecKol WHGPOpMAIUU, TO3BOJAIOMIUX C  BBICOKOW 3I(PHEKTUBHOCTHIO
UCCIIEIOBaTh MOJIEKYJISIPHO-TEHETUYECKHE CHUCTEMBl W TPOIECCHI, CTUMYJIUPYET pa3BUTHE
OouonH(popMaTuKU. 3alaud ONpPENeIeHHUs OAHOHYKJIEOTHIHBIX MOJUMOP(U3IMOB M Jaxe 3aJayuu
MOJTHOM pacuIM(PpPOBKU T€HOMA CTAHOBATCS IOCTYIMHBIMH HE TOJBKO KPYIHBIM HHCTUTYTaM H

KOHCOpPLIMYMaM, HO M HEOONbLIMM OpraHu3anmusM. B pesynbrate B mociefqHee BpeMs B
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MOJICKYJISIPHOM OMOJIOTMM M TE€HETHKE MPOU30IIe] MH()OPMAIMOHHBIA B3pbIB, COMPOBOXKIAEMBII
OTPOMHBIM POCTOM O00BEMOB IKCHEPUMEHTAIBHBIX JaHHBIX[1]. B wacTHOCTH, B X01€e paboT Obuia
MoJTy4YeHa [IeHHass MH(POpPMaLKs 0 TeHHOM U TeHOMHOM YPOBHSIX OpraHu3aluy Ku3Hu. Ho Haex b1
Ha TO, YTO C PA3BUTUEM TEXHOJIOTMH CEKBEHUPOBAaHUS MIHOBCHHO BO3HHMKHET 4Y€TKas KapTHHA,
OIMCBIBAIOLIAS BCE MPOLIECCHI, IPOUCXOIAIINE B KIIETKE, [T0Ka HE ompaB/bIBatoTcs. Bee Gombie u
OoJIbIIIe OIIYIIACTCS HEIOCTATOK aJTOPUTMOB U MPOTPaMM, KOTOpBIE ObI MO3BOJIMIINA BBIICIUTD U3
3TOTr0 MOPSI JAHHBIX OMOJIOTUYECKU 3HAUUMYI0, CTPYKTYPUPOBAHHYIO HH(POPMAIIHIO.

Bce Oonplmii MHTEpeC BBI3BIBAIOT TAKUE TEXHOJOTHH, KaK MUKPOUHIIBI (microarray analysis),
Chip-on-Chip u Chip-seq[2]. MHUKpOUYHUIIOBBIH SKCHEPHUMEHT IMO3BOJIIET HU3MEPUTH SKCIPECCHIO
(xonmmuectBo npousBeaeHHol PHK) mpakTuuecku nis BceX T€éHOB B KIJIETKE OJHOBPEMEHHO. JTOT
npoMIb YKCIPECCHH PA3JIMYCH B KJIETKAaX, KOTOPBIE BBIMOIHSIOT pa3Hbie GyHKIMU. Eciam kieTka
cTaja MO KaKUM-TO TNpUYMHAM (YHKIMOHMPOBATh HENPaBUIbHO, HAIpUMEp, B pe3yjbTare
3a00JeBaHUs WIM IO/ JEHCTBUEM OIpPEJeNIeHHBIX BELIECTB, TO 3TO OTpPa3uTCs Ha Mpoduiie
sKcrpeccuu. TakuM 00pa3oM, B TEOPUU € IMOMOIIBIO TAKUX IKCIIEPUMEHTOB BO3MOXKHO OIPEIEIUTh
Maccy 3aBHCHMOCTEH MEXAy FeHaMH, a TaKkXkKe caenarh KonudecTBeHHbIE oneHKH. Chip-on-Chip u
Chip-Seq okcnepuMeHThl TO3BOJSIIOT HaiTh Habop ¢parmenroB JIHK, k KkoTtophM
NPUCOECTUHSIOTCS TPAHCKPUIILMOHHBIE (aKkTOpbl, 4YTO (IO IUIaHy co3jaTeneil) MO3BOJMT
OTIpENIeTNTh, KaK PEryaupyeTcs JKCIpeccus TeHOB. B pesynpTare BBISICHWIOCH, YTO in Vitro (B
MpOOUpKE), CBA3BIBAHUE MPOUCXOAMUT HE TakK, KaK In vivo (B )KM3HM): TPAHCKPUILIMOHHBIN (aKTOp
MOJKET CBS3aThCs C ONPENIENIEHHBIM «CalTOM» In Vitro, HO in Vivo 3TOTO CBSI3bIBaHUS HE OyJIeT, T. K.
JIHK He Oyner ocBOoOOXJIeHAa OT HYKJIEOCOMHOH CTPYKTyphl Ha 3TOM Yy4acTKe, JIMOO Apyrue
TPaHCKPUIIIMOHHBIE (PAaKTOPbl OyIyT CBA3aHBI C 3TUM YYaCTKOM, YTO MOMEIIAET CBS3bIBAHUIO, U
T.J.

Takum o00pa3zom, HECMOTps Ha POCT KOJIMYECTBa HMH(OpPMAIMM, HE TepsAeT aKTyaJIbHOCTHU
CO3JIaHME M YIIYUIIEHHE BBICOKONPOU3BOJUTEIBHBIX HH(POPMAIIMOHHO-KOMIIBIOTEPHBIX CUCTEM U
TEXHOJIOTUH, NpEeAHAa3HAUYEHHBIX U1 aHAIW3a M MHTEPIPETALNN SKCIEPUMEHTAIbHBIX JAaHHBIX O
CBSI3bIBAHUU TpaHCKpUMNIHMOHHBIX (akxTopoB ¢ JJHK. Otu mporpammsl sSBIsIOTCS HEOOXOAUMBIMU
UIs  pemieHus (pyHAaMeHTadbHBIX 3aJad Ouojoruu, a TeM Oonee — [ NPAKTUYECKOTO
UCIOJIb30BaHUS B OMOMEANIINHE U OMOTEXHOJIOTHH.

Hecmotpss Ha To, uTto OmomH(popMaTHKa SBISETCS OUYEHb MOJIOJOW HAyKOM, B HEH yxke
CYIIECTBYIOT CBOM TPAJAUIMOHHbBIC HANpaBJICHUs, Takue Kak koMmnbroTepHblid anam3 JIHK, PHK u
OENKOBBIX IOCJIEIOBATENIbHOCTEH, pacro3HaBaHHE (QYHKIMOHAIBHBIX CAMTOB, PEKOHCTPYKIIUS

MPOCTPAHCTBEHHBIX CTPYKTYp OHOMONIMMEpPOB, TEOPETUYECKUH U KOMIBIOTEPHBIN aHamu3
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CTPYKTYpHO-(DYHKIIMOHAIBHOM OpraHu3aluyl TeHOMOB U OenkoB. OJHHUM M3 HUCCIETyEeMbIX B
OnonH(pOpPMaTHKE MPOLIECCOB SBISIETCS MPOLECC TPAHCKPUIIIIMU U CBSI3aHHBIE C HUM 33]a4u.

Tpanckpunmeil Ha3zpiBaeTcsi cuHTe3 puOoHyKienHoBOM kucinotsl (PHK) mpoucxonmsmmii mpu
HETIOCPEICTBEHHOM y4acTuu ae3okcupubonykinenHoBoi kuciotel (JIHK) [3]. Tpanckpumnius —
OIMH U3 (PYHIAMEHTAJIBHBIX OMOJOTHYECKHX IPOLIECCOB, MPOUCXOMASIIMNA B JKUBBIX KIJIETKaX,
NEPBBIA 3Tan peanu3anuu reHeTnyeckord mHpopmanmu, 3anucanHoi B JIHK B Bume nuneiinoin
IIOCJIEI0BATENbHOCTH 4 TUIIOB MOHOMEPHBIX 3BEHBEB — HYKJIEOTHJOB. OTOT MpoOlEce
ocymiecTBisieTcss crnenuaibHbiMu  pepmeHTamu — JIHK 3aBucumpiMu PHK-monmumepamu. B
pesynbrate obOpasyercs uenb PHK, mnocnenoBaTenbHOCT, 3BEHBEB KOTOPOW TOBTOpSIET
IIOCJIEI0BATEILHOCTh 3BEHBEB OJHOM M3 AByX nened konupyemoro ydactka JIHK. IIpomykrom
TpaHckpunuuu spisores 4 tuna PHK, BeimonHsromux pasinyibie QyHKIUM:

* uHdopmanuonusie, wiu Matpuunsie, PHK, BemmonHstonue posis MaTpuil mpu cuHTese Oenka
prubocoMaMu (TPAHCIISALIHA);

*  pubocomansubie PHK, siBisiromumecs cTpyKTypHbIMU KOMIIOHEHTaMH pUOOCOM;

* TtpancnoptHele PHK, sBisromuecs OCHOBHBIMU 3J1EMEHTAMH, OCYIIECTBISIOIMMU JOCTaBKY
aMHHOKHCIIOT K MECTY CHHTE3a OelKa;

* PHK, urparomue pons aktuBatopos perumkanyu JJHK.

Tpanckpunuus JHK mpoucxomaut OTAEIbHBIMH YYacTKaMd, B KOTOpPbIE BXOIAUT OJWH WU
Heckolibko reHoB. @epment PHK-monmmepasza ompenenseT Havyaao TakoOro ydacTka (IpoMoTop),
IIPUCOEANHSETCS K HEMY, paciuleraeT ABoHyto cnvupaib JJHK n konupyer, HaunHas ¢ 3Toro mecra,
oIHy u3 €€ ueneil, nepememasch Broap JHK u mocienoBarenbHO mpucOenuHsIsT MOHOMEPHBIE
3BEHbS — HYKJIEOoTHIpl — K oOpasyromeiica PHK B cooTBercTBUM ¢ NpUHIUIIOM
KOMIUIEMEHTApHOCTU (T. €. HAlpOTUB aJIeHWHA NPUCOENMHSAETCS Yypalui, HAlNpOTUB TyaHHWHa
MPUCOEIUHSETCS UTO3UH, U HaoOopoT. Onnako B JIHK oTcyTcTByeT ypammi, TakuM o0pazom,
aJIecHUH TpucoeauHsercs HanpoTtuB TuMuHa). Ilo mepe apwxkenus PHK-nmommmepassl pactyimas
nens PHK orxomut ot matpuisl, u asoiinas cnupans JIHK nmo3anu ¢pepmenTa BoccTaHaBIMBaeTCS.
Korga PHK-nmonuMmepasa qoctruraer koHia konupyemoro ydactka (repmunaropa), PHK otnensercs
oT Mmarpuupl. Yucno xonmil pasHbix yuyacTtkoB JIHK 3aBucuT oT moTrpeOHOCTH KJIETOK B
COOTBETCTBYIOIIMX O€NIKax M MOXET MEHSAThCS B 3aBUCUMOCTH OT YCIOBHM Cpelbl MU B XOJ€
pa3BUTHA OpraHu3Ma. DTO AOCTUIaeTcs 3a c4eT peryiasiuuu. IloHnMaHune mexaHu3ma peryisuuu
AKCIIPECCUM T'€HOB — BaXkHeHIas 3amadya Ouosoruu. IIpum m3ydyeHUM peryisiiuu 3KCIpPEecCHH Ha
YpOBHE TPAHCKPHUIIMHN BaXKHO HE TOJBKO OIPENEIUTh OCNKU-PEryiIsTOphl (TPaHCKPUIIIMOHHBIE
(dakTopsl), HO U Y4aCTKU MX CBsI3bIBaHMA C mocnenosarenbHocThio JIHK, a takxke ycnoBus, mpu

KOTOPLIX IMPOUCXOAUT CBA3bIBAHWC HA JAHHOM YYaCTKC. B HaCTOAIICC BPEMA B OTKPBITOM JOCTYIIC
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HaXOAUTCs OO0JIBIIOE KOJMYECTBO CEKBEHHUPOBAHHBIX TEHOMOB U JIaHHBIX 10 3KCIIPECCUU T€HOB, YTO
[IO3BOJIICT  U3y4aThb PEry/siI0 IIyTeM aHajgu3a IIOCJIENOBATEIbHOCTEH C  IIOMOUIBIO
BBIUMCIIUTENIFHBIX ~ METOAOB.  3ajaya  IMOMCKAa  PEryasITOpPHBIX  MOTHBOB B  Habope
nocnenosarenbHoctell JJHK — knaccnueckas 3agaua 6nonHpopmaruku. K HacToseMy MOMEHTY
CO3/1aHO OTPOMHOE KOJIMYECTBO AJITOPUTMOB IIOMCKA MOTHBOB, OIHAKO BCE OHM HMEIOT CBOHU
OTpaHUYEHUS, U HE CYLIECTBYET YHUBEPCAIHHOTO allTOPUTMA, KOTOPBIN periai Obl ATy 3a/1ady.

2. MopaeanpoBanue mnpouecca TPAHCKPUNUMHM. VHunmanus TpaHCKPUIILUU SIBJISETCA
CJIO’KHBIM IIPOLIECCOM, TPOTEKAaHHE KOTOPOrO 3aBUCUT OT MHOXecTBa (haktopoB. Eciin roBoputh 00
JYKapHOTaX, TO TaKUMHU (aKTopaMH MOTYT SABIAThCs (opma nocienoBatesnsHoctd JJHK BOmm3n
Hayaja TPaHCKpUOMpyeMoW o0jacTd, a Takke B Oosiee yHalICHHBIX y4YacTKaX, Ha3bIBAEMBIX
SHXAHCEPAMM M cailiieHcepaMu. J[ONOIHUTENIBHO HA IIPOLIECC TPAHCKPUIILUK BIIASET HAIMYUE WIH
OTCYTCTBHE PA3JIMUHBIX OEIKOBBIX TPAHCKPUIIIMOHHBIX (akTOpoB [4]. PakTOpbI TPAaHCKPHUIILIUU —
O€JKu, KOTOPbIE PEryIUPYIOT TPAHCKPUIILMIO IYTEM CBS3bIBAHMUS CO CHELU(PUUHBIMU Y4acCTKaMH
JHK — caiitamu cBsi3piBaHUS. TpaHCKPHUIIIMOHHBIE (AKTOPHI BBHIMONHSAIOT CBOK  (YHKITUIO
CaMOCTOSITENIbHO JMOO B KOMIUIEKCE C JpyruMHu Oenkamu. Paznuuaior penpeccopHble U
aKTUBUPYIOIIUE TPAHCKPUIILIMOHHBIE (DAKTOPbI, KOTOpbIE, COOTBETCTBEHHO, CHIDKAIOT WU
MOBBIIIAIOT KOHCTAHTYy cBs3biBaHusA PHK-monumepassl ¢ peryiasTOpHbIMU ITOCIEA0BATEIBHOCTIMNU
sKcmpeccupyemoro reHa [5]. Ompenenstomiasi yepta (HakTOpoB TPAHCKPHUIIIIUA — HAIUYUE B UX
cocraBe ogHoro unu Oonee JJHK-cBs3piBaromumx 10MeHOB, KOTOpPBIE B3aUMOACHCTBYIOT C calTaMu
CBSI3bIBAHUS, PACIOJIOKEHHBIMH B PETYJISTOPHBIX 007acTAX TeHOB. TpPaHCKPHUILIMOHHBIE (PAKTOPHI
ObIBaIOT KOHCTUTYTHBHBIE (BCEr/la akKTUBHBIE B KJIETKE) M aKTUBHUpYEMbIE (aKTMBHPYIOTCS TOJBKO
IpU  ONpEIENICHHBIX  YCIOBUSAX). AKTHBHpPYEMblE, B CBOIO OY€pelb, pa3leslOT Ha
TKaHecreuuduyeckue (aKTUBUPYIOTCS TOJNBKO B ONPEENCHHBIX TKAaHAX OpPraHuM3Ma) U CHUTHa-
3aBUCUMBIE, HJIA PEIENITOPHI (TPEOYIOT BHEIITHETO CUTHAJIA JIJISl aKTUBAITHH).

HaGop TpaHCKpUNIIMOHHBIX (aKTOPOB, CTUMYIHMPYIOUINX, B KOHEYHOM CYeTe, TPAHCKPUIILIHIO,
SBJIAETCS PA3IMUHBIM JUIS pa3HBIX THUIIOB I'eHOB. IIpHcoenMHUBIINCE K COOTBETCTBYIOIIEMY CalTy
cBsa3biBanus Ha JIHK, kommiekc U3 TpaHCKpUIILIMOHHBIX (aKTOpOB Mo3BojseT 3akpenuThest PHK-
MOJMMEpa3e Ha CTapTe TpaHCKpUNUKUK U ipou3BecTu cuutbiBanre PHK. CailTel CBA3bIBaHUSA UMEIOT
mmuHy B cpeqHeM 10-20 HYKICOTHAOB M JUIsl OJHOTO M TOTO K€ TPAaHCKPHUIILMOHHOTO (hakTopa
UMEIOT CXOXHE IMOCIeI0BATEIbHOCTH. JTO OOBICHAETCS TE€M, YTO TPAHCKPUIILMOHHBIE (PAKTOPHI
UMEIOT crenuduueckyro Gopmy, KOTopasi MO3BOJIIET UM 3aKpEIUIATHCS Ha MOCIIE0BATENbHOCTX
onpeneneHHoro tuna. Ho, HECMOTpsl Ha KaKyIIYrOCs IPOCTOTY, ONPEAEIUTD, SIBIASETCS JIM JTaHHAs
MOCJIeIOBATEIBHOCTh CAaTOM, CIOXXHO. JTO OOYCJOBICHO TE€M, YTO Ha CBS3BIBAHHE BIMAIOT U

apyrue (pakTopbl, B 4aCTHOCTH — JPYrUe CalThl B OKPECTHOCTH MCCIEyeMOTO0.
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TRANSFAC (eukaryotic trans-acting Transcriptional regulatory Factors and cis-acting
regulatory sites database) — 06a3a naHHBIX, copepikamias WHPOPMAIMIO O CaWTax CBS3bIBAHUS
HYKAPHUOTHYECKUX (PAaKTOPOB TPAHCKPHUIIIUK B T€HOMAaxX M O CBs3bIBaromuxcs Oenkax. Comep KUt
HKCIEPUMEHTAIBHO OATBEPKICHHBIE PErYJIATOPHBIE CAlThI HYKapHOT (OT APOAOKEH 10 YeIOBEKa),
a TaxKe OeNKH, NEUCTBYIOLIHE KaK ()aKTOPBI TPAHCKPHITIMU HJIA BMECTE C HUMH [ 6].

Becossie marpunbsl (PWM — position weight matrix) 6ubmmnorexun Transfac komnanuu Biobase
SBIISIIOTCS] CAMBIM PACIPOCTPAHEHHBIM CPEJCTBOM BBISBICHHS MOTCHIUAIBHBIX CAMTOB CBSI3bIBAHUS
¢ TpaHCcKpunImoHHbIMH (pakTopamu Ha JJHK.

PWM, «koropsle BrepBble ObUIM BBEIEHBbl JJs XapaKTEPUCTHKU CANTOB HMHULMALUU
TpaHCKpUNIMU ¥ TpaHcimsauuu y E. coli (kumeunas manouka) [7,8], XOpomio HOAXOIAT ISt
ONMCAaHMSI CAMTOB CBA3BIBAaHUS (PAKTOPOB TPAHCKPHUIILIMKM M  CIOCOOHBI  KOJHMYECTBEHHO
OXapakTepu3oBaTb 4YacThle M pEIKUE BapHallud B IOCJIEIOBaTEJbHOCTH caiiTtoB. PWM
npeacTaBisoT coboi marpuny L x 4 (L — nnuna caifta), rie HOMEp CTPOKH COOTBETCTBYET
MO3UIIMK HYKJICOTH/IA B CaifTe, a 10 CTOJIOAM CTOAT YacTOTHI BCTPEYAEMOCTH JTAHHOTO HYKJICOTH A

B JaHHOH ITO3UILIMU caliTa.

Nl Al C |G| T
01113 4|4 |3
02114 3|5 | 2
03| 2|7 |1 14
04123/ 0] 0 |1
05124100 |0
061 1 (23] 0|0
071 0| 1|17 6
081 1 |1 ]21|1
09|11 5| 4|4
10112 5] 2 |5

Puc.1. BecoBast marpuia VSVMYB_01. ITo BepTukanu — no3uiys B caiTe, IO TOPUIOHTAIIH
HyKJIeoTu. B siuelikax yacToTa BCTpeyaeMOCTH JAHHOTO HYKJICOTHA B JAHHOM MO3UIIMK B Habope

SKCIICPUMCHTAJIBHBIX CalTOB

Bec, moposkmaeMbrit MaTpuIieli Tpy BRIPAaBHUBAHUY C JAHHBIM YYaCTKOM IOCJI€I0BATEILHOCTH, B
HallleM Clly4ae BBIYUCIISIETCS KaK CyMMa 3JIEMEHTOB MATpHUILbI, COOTBETCTBYIOUIUX HYKJICOTHAAM,
CTOSIIIIMM B Ka)XJ[0M MO3UIIMU PaCCMAaTPUBAEMOI0 Yy4acTKa.

OObIYHO mepes] BBHIYMCIECHHEM Beca MaTpulla KOHBEPTUPYETCS B CKOPOBYIO MaTpuily. ITO

MPOMCXOAUT C TIOMOINBIO JIOMHOXKEHHUS KaKIOTO SJEMEHTa MaTpHIlbl Ha WHOOPMAIMOHHBINA
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K03 (ULIMEHT, COOTBETCTBYIOIIUNA JAaHHOM CTPOKE, JIMOO MOJACUYETOM BEPOSITHOCTHOW MaTpHUIBI U

norapuMUPOBAHUEM 3HAYCHUU.

N A C |G| T ...
0L |13 4|43 T
02|14 3 | 5|2 T
03| 2711 |14 G
041230 | 0| 1 C
05/24, 0| 0] O A
06| 1 (2310 | 0 G
07, 0| 1|17 6 T
08| 1 |1 [21] 1 G
09|11 5| 4 | 4 A
10|12 5] 2 | 5 G
AV

Puc. 2. Beruucnenue Beca nociegosarenbHoctd 1 1 GCAGTGAG ¢ moMonibro BECOBOMI

marpuiel VEVMYB 01

Takum o6pazom, PWM mnpenocraBnser poctarouHo mnoiHoe onucanue ydactka JIHK, c
KOTOPBIM CIIOCOOEH CBSI3bIBATBCA KOHKPETHBIH O€NoK, M MOKeT ObITh NpPUMEHEHa IpU
CKAaHMPOBAaHHM TE€HOMHOHM IIOCJIE€NIOBATEIBHOCTH JUIsI IIOMCKAa CaWTOB, [JAKOIIUX JOCTATOYHO
xopouwuii Bec. Mcnonb3zoBanne PWM mno3Bosisier 1octaTouHO 3P PEKTUBHO NMpeacKa3bIBaTh CAUThI
CBSI3bIBaHUS OEJIKOB.

OpHako ciexyer OTMETUTh, YTO, HECMOTPsl Ha BCE€ CBOM AOCTOMHCTBA, PWM Bce-Taku nmMeer
HECKOJIBKO HEeIOCTaTKOB. OJHUM U3 HUX sBIsAETCS TO, 4T0 PWM He yunTsIBaeT B3aMHOE BIUSHUE
COCEJIHUX MO3ULIMHI caiiTa, a TOJIBKO YUUTHIBAET OOIIYyI0 (OopMy TEKYIIEH MOAMOCIeA0BaTEIbHOCTH.
OnHaKo HaJIM4YHMe TaKUX 3aBHCUMOCTEH ObLIO MOKa3aHo sl HeKoTopbix (akropos [9,10]. dpyrum
HEJIOCTAaTKOM JAHHOI'0 METO/1a ITOMCKA TOTECHIUAIBHBIX CAUTOB CBA3BIBAHUSA SIBIIAECTCS TO, YTO OH HE
YUUTBIBAET MPUCYTCTBHE APYTHX CAaTOB B OKPECTHOCTH TEKyIIero. [t pemenus 3Toil mpoodaembl
ObUIO TPEIIOKEHO HCCIIeI0BaTh THCTOTpaMMbl paclpeaeseHus] TUIOTHOCTH CalTOB Ha T€HOME,
Ha3BaHHbIE T€HOMHBIMU TpoduisiMu. Takue mpoduiau cTposiTcs Uil KakJ0l BECOBOM MaTpHIIbI U
OIMCBIBAIOT pacIpe/ielIeHUe TYCTOThI CAUTOB CBSI3bIBAHUSA, T. €. MIOKA3bIBAIOT, CKOJIBKO (hparMeHToB
reHOMa pacrnosioXkeHsl Ha nocienosarenbHoctu JJHK ¢ ogHOM rycTOTON CaliTOB, CKOJIBKO C APYroi
u 1.1. Ilepen aBTopamu OblIa MMOCTaBJIE€HA 3ajjaya pPeald3aluy aJIFOPUTMa MOCTPOECHUS T€HOMHBIX

npoduiIeH 1711 BECOBBIX MaTPHUIl 1 0OOCHOBAHHMS CXOJICTBA KJiacCHU(UKAIIUU TEHOMHBIX TTPOQHIICH ¢
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OMOJIOTMYECKON KiacCU(pUKalueld TPaHCKPUIIIMOHHBIX (DaKTOPOB [Jsi HCCIEAOBAaHUS BIUSHUS
B3aMMHOTO PACIIOJI0KEHUS CauTOB CBsI3biBaHus Ha JJHK.

ANTOpPUTM TMOMCKA MOTEHIUAIBHBIX CAUTOB CBSI3BIBAHUS C (PAKTOPAMU TPAHCKPUIIIIUM OCHOBAH
Ha BBIUMCIICHUH BECa pacCMaTPUBAEMOI MOAMNOCIEI0BATEIbHOCTH T€HOMAa U CPAaBHEHHUH PE3yJIbTaTa
C HEKOTOPBIM Hamepe]| 3aJaHHbIM MOPOroM. T.K. TeHOMHbIE TTOCIE0BATEIBHOCTH UMEIOT OOJIBIIIYIO
JUIMHY, NPOILIECC MOUCKA 3aHUMAET JJIUTENbHOE BpeMs. JTa npoliemMa TakkKe paccMaTpUBacTcs B
TaHHOW paboTe, TMOCKOJIBKY alTOPUTM HCIOJIB3YeTCs MpPU MOCTPOSHHHM T€HOMHBIX Mpoguieit
BECOBBIX MaTPHIL.

2. IlocranoBka 3agaum. llenbio paHHON paboOTHl  SIBISUIOCH CO3JIAaHUE MPOTPAMMBIL,
MO3BOJISIOMICH JUIS KaKJOW BECOBOM MATPHUIBI CTPOUTh TEHOMHBIE NPOQHIN, TpapuuecKu
oroOpakaTh TOJYYCHHBIE pE3YyJIbTaThl B BHJE TUCTOIPAMM paclpeneseHus, o0padaThIBaTh
MOJIyYeHHbIE MPO(GUIN C TOMOIIBI0 HEKOTOPHIX AJITOPUTMOB KJIacTEepHU3allMd; HAMHUCATh
NapajuleNbHYI0 pealn3alyio alropuTMa MoHMcKa MOTEHIMAIbHBIX CalToB cBsi3biBaHus i1 GPU;
HanucaTh ajJrOpUTM CO3/IaHUs CIIy4alHBIX JEPEBbEB IO CYLIECTBYIOIIEMY JIEPEBY KilacCU(PUKALIUU
TPAHCKPHUIIIMOHHBIX (AaKTOPOB LISl UCCIIETOBAHMS TPUMEHUMOCTH TeHOMHBIX npoduieii. Crenarb
BBIBOJI O CXOJICTBE KJacCH(HUKAIMU TE€HOMHBIX Mpoduieil ¢ OMonoruueckoi kiaccudukanuein
TPAHCKPHUILMOHHBIX (hakTopoB. B KauecTBe s3blka mporpammupoBaHus BbiOpan C++ ¢
UCTIOJb30BaHWEM WHCTpyMeHTapus Qf, Tak Kak OH TO3BOJSET YIMPOCTHTH MPOIECC CO3AaHUS
MPWIOXKEHUH, 00JagaeT OOIMPHOM JAOKyMEHTAlMeH, a TakXkKe SBJSETCS KpocCIaaT(OpMEHHBIM,
YTO PACHIMPSIET BO3MOXXHOCTH HCIOJNB30BaHHS TMPOrpaMMbl Ha OTIMYHBIX OT \Windows
wiargpopmax. [ mapamnenbHOM peanu3alMy  alropuTMa IOMCKa MOTEHIHMAJIbHBIX CaiTOB
cBsi3bIBaHUs Oblia BeiOpana Texunosorus NVidia CUDA, T.x. mporpaMMHO OHa OCHOBaHa Ha S3bIKE
C, wucnonp3yer npuHmunel SIMD apxurektypel (ogHMM HAOOPOM HMHCTPYKIMH HE3aBUCHMO
oOpaOaTpiBaeTcs OONBIION 00BEM [aHHBIX); K TOMY JK€ CYLIECTBYIOT CHEIHAIU3HpPOBAaHHBIE
Buzeoanantepsl Tesla, oTiauuarommuecs OoT OOBIUYHBIX BHAE0ANANTEPOB KAaueCTBOM peau3allui,
TOYHOCTBIO PACUYETOB U OOJIBIIECH BHIUMCIUTENIEHOW MOLTHOCTBIO.

3. TI'enomuble mnpoduau. B Hacrosmee Bpems (QU3NYECKHE CBOMCTBA MHOIHMX
TPAHCKPUIIIIMOHHBIX  ()aKTOPOB TMOAPOOHO W3Yy4eHBI, Ojarojgapss OOJBIIOMY KOJHUYECTBY
HKCIEPUMEHTATBHON MHPOPMAIIUN O caliTaX CBA3BIBAHUS C TPAHCKPHUIILIMOHHBIMU (pakTopamu. IT0
IIO3BOJIMJIO NTOJIYYUTh BECOBBIE MATPHIIbI, MPECKA3bIBAIOLINE IOTEHIIUAIBHBIE CAlThl CBSI3bIBAaHUS
Ha JIHK c¢ Gompmioli TouHocThio. OMHAKO Ha CBSI3bIBAHWE BIMSET HE TOJIBKO (opMa (aKTOpOB
TPAHCKPUIILIUK, HO M JIPYrHe YCJIOBUS, TaKMe KaK JOCTYHMHOCTh caiTa, HaJu4Me Ko(aKTOpOB,
BHYTPULIENIOUEYHBIE B3aUMOJCIHCTBUS, BIMSIHHME JPYIMX CalTOB CBS3bIBAHHUS B OKPECTHOCTHU

JTaHHOTO U Apyrue. Takum o0pazom, 3aTpyIHUTETHFHO HA OCHOBAHUH IMOCIIEIOBATEIHLHOCTH T€HOMA
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JOCTOBEPHO MpecKa3aTh peaabHOe MECTO MMOCaIKH TPAHCKPHUIIIIMOHHOTO (akTopa Ha JITHK in vivo.
B cBsi3u ¢ 3THM H3ydeHUE YCIOBHIA, BIUSIONIMX HA CBS3BIBAHUE TPAHCKPUIIIIMOHHBIX (aKTOPOB U
JAHK, saBngercs akryanbHOM 3anayei. Jlisi aHanu3a BIMSHUS CAUTOB CBS3bIBAHMS, HAXOMSIINXCS B
OKPECTHOCTSIX JIaHHOTO, HamMH OBLJIO MPEUIOKEHO BBECTH HOBYI) KOHCTPYKLHIO «IE€HOMHBIE
npodunuy. ['eHoMHBIE TPOdUIN MPEACTaBIAIOT COOON TMCTOrpaMMbl pacHpeesieHus MIOTHOCTH
CallTOB HAa TEHOME M XapaKTepU3YIOT KYYHOCTh pPACHOJIOKEHUS MOTEHIMAIbHBIX CaHUTOB
CBsI3bIBaHUs C (hakTopamu TpaHckpumiuu. [loka paccmMaTpuBaeTcs BIHMSHHE CTPYMITUPOBAHHOCTU
CalTOB OJTHOTO TUIIA, HE3aBUCUMO OT JAPYTUX CAHUTOB.

AJTOPUTM NOCTPOCHHUS TEHOMHBIX PO uUiIe i BECOBOM MaTPHIIbI COCTOUT U3 3 3TaIlOB:
1. Tlpenckazanue MOTEHIMATBHBIX CAUTOB CBSA3bIBAHUS.

IIyctb M — BecoBas Marpuma pasmepa 4xN. 3adukcupyeM HEKOTOPYIO MO3HMIMIO i B
MocNe0BaTeIbHOCTH TeHoMa G 1 OyaeM paccMaTpuBaTh €ro MOANOCIEN0BATENbHOCT ATUHBI N:
G (i, N). C moMoIIbi0 BECOBOM MaTpHI(Bl BBIYMCIAM BEC BBIOPAHHOIO OTpPE3KAa IeHOMa W; Kak
CyMMY 3JIEMEHTOB MATPUILIbl, COOTBETCTBYIOLIMX HYKICOTHIAM, CTOSLUIMM B KaXIOW MO3ULIHUU
paccMaTprBacMOro ydacTKa, a 3aTeM HOPMHPYEM IOJydeHHOe 3HauyeHue Ha otpe3ok [0, ...,1]
CJIEIYIOIUM 00pa3oMm:

(W:' - Wmin:]

(w,

max Wmin]

I€ Wyin U Wy, — MUHMMAJIBHBIM 1 MAKCHMaJIbHBIN BEC MOCIIEI0BATEIBHOCTH

IlosydeHHBI BeC W CpaBHHUBAETCS ¢ HEKOTOPBIM Hamepe] 3aJaHHbIM noporom ¢. Ecim w = ¢,
TO CaWT CBSA3BIBAHHUS B JaHHOM MECTC Ha IIOCICAOBATCIIbBHOCTH CUHUTACTCA pacCliO3HAHHBIM, B
IIPOTUBHOM CIIy4ae HEPACIO3HAHHBIM.

2. Tloctpoenue npoduiis paco3HAHHBIX CAUTOB.

3aduxcupyem BecoByro MaTpuily M u mopor €, ¢ KOTOPBIM MBI IIPEIoIaraeM CaifT CBSI3bIBaHUS
pacno3HaHHbIM. Pa3o0beM mocienoBaTenbHOCTh T€HOMA HAa y4acTKU JNuHBL L (B Hamewm ciydae
L=100000) HYKI€OTHIOB, B KQXJOM W3 HHUX MOCJIEIOBATEILHO MPOBEAEM MOUCK MOTEHIHAIbHBIX
CaliTOB CBA3BIBaHM. TakuMm 00pa3oM, MbI MOJYYUM NpOo(UIL paclo3HAHHBIX CAMTOB, TO €CTh
KomuecTBO V, 5, () HallleHHBIX CallTOB I KaXXJI0r0 y4acTka.

B nocnenoBaTenpHOM peanu3anuu Ha (PUKCHPOBAHHOM YYacTKE TOHWCK CAaWTOB MPOUCXOIUT
IIOCJIEIOBATENbHO OT Havasma g0 koHma orpeska JIHK. Ilapamnensnas peanmsanus anroputMa
3aKJII0YaeTcss B cieayrouieM: 3adukcupyeM ydactok unHbl L. IlpomsBesem mouck caiiToB
CBS3BIBAHUS JUIS KKIOM TO3WIMU [ ¢ momomiplo otaenbHoro moTtoka Ha GPU. Bbmaromaps

BO3MOXHOCTH 3aIllyCKaTb COTHHU ITOTOKOB OJHOBPEMCHHO IMPOUCXOAUT OJHOBPCMCHHAA 06pa60TKa
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00JBIIOT0 00BEMA JTaHHBIX, YTO MPUBOAUT K 3HAYUTEIHHOMY YBEIHYEHHIO CKOPOCTH OOpaOOTKH
y4JacTKa.

3. Toctpoenue mpoduis MaTpHUIIbL.

ViopsagounM moNydeHHbIH npoduib pacrosHaHHbIX caiToB V., (i) mo Bospacramumio.
HckmounM HyneBble »JIEMEHTHI, T.K. OHM oOpasyrorcs Ha ywactkax JIHK, 3amomneHHBIX
nonuNcurnanom. Jlanee, ordbpocum 5% 3HaUCHHUH CBEPXY U CHU3Y, TEM CAMBIM YAAJIsisl BBIOPOCHI
pacnpenenenns V4 (i). Ilomydennoe pacnpenenenne V., mnpeobpasyem OB rucrorpammy
cieayromuM obpasoM: HaiineM V.. u V.. — MakcUMyM M MHHMMYyM V. 4. PaszoObem oTpesok
[Vimin: Vinaze] Ha T = 20 paBHBIX (parMenToB dy ...dr. Jlamee nocunraem KommdectBo V., (i),
HOMAaBIIKNX B KX/l U3 d,. [IOBTOpUM MpOLEAypY A KaXI0i XpOMOCOMBL. [ToydnM HCKOMBIi
TeHOMHBIH poduitb P 4, (t).

3.1. Kaacrepu3zanusi. Knacrepusiii anamus (anri. Data clustering) — 3amada pa3OueHHS
3aJaHHON BBIOOPKH OOBEKTOB Ha IOJAMHOXECTBA, HA3bIBaEMbIC KJIACTEPAMH, TAK, YTOOBI KaXKIbIil
KJIACTEpP COCTOST M3 CXOKUX OOBEKTOB, @ OOBEKTHI PA3HBIX KJIACTEPOB CYIIECTBEHHO OTIIHYAIIHCE.
PaccmarpuBaeM B KauecTBE JIEMEHTOB BHIOOPKH T€HOMHBIE MPO(UIN BECOBBIX MAaTpPUIl, KOTOPHIC
M0 CYTH SIBIISIIOTCSI BEKTOpaMH OJHOM JiuHBI. COOTBETCTBEHHO, CTOMT 3ajada pa30ueHus Habopa
BEKTOPOB Ha TMOJMHOXXECTBa ONU3KUX IO METPHUKE 3JeMeHTOB. [lng peanuzanuu alropuTMoB

KJIACTEpH3aIliH BEIOPAHbI JIBE OCHOBHBIE METPUKH TIpOCTpancTBa R™:

o eprmmnoBa: S(x,y) = 2 (x; — v)%

o S(xy)=Xiglx; — il

B kadyecTBe MeTOMOB KiIacTepu3allMd BBIOpaHBI JIBa W3BECTHBIX B JIMTEpAaType M LIMPOKO
pacnpocTpaHeHHBIX anroputma: Meros K-cpennux (K-means) u nepapxuyeckuii METo.

3.1.1. Meroa K-cpeanux.

1. 3aparp uncno K kmactepo. BeiOpath ciiydaitHeiM oO6pazom K sieMeHTOB, KOTOpbIe OyayT
SBIISITHCS «IIEHTPAMHU MacC» KJIACTEPOM Ha HadyaJIbHOM JTarle.

2. OTHecTH KaXIbIH 3JIEMEHT K KJIacTepy ¢ OJMKAMIINM «[IEHTPOM Maccy.

3. IlepecunraTh <«IIEHTPBI Macc» COTJIACHO TEKYIIEMY COCTaBYy OJJIEMEHTOB B KIlacTepax.
KoopanHaTsl «I€HTPOB Macc» BBIYUCISIOTCS Kak cpelHue apu(pMETHYECKHEe COOTBETCTBYIOLIMX
KOOp/MHAT JIEMEHTOB KJacTepa.

4. Ecnum cocTaB KJIaCTEpOB HE M3MEHHJICS, TO CTOI, MHAYE Ha M1ar 2.

Urepanus anropurmMa uMeET CII0KHOCTb O(N = K), rne N — 4nCII0 21eMEHTOB BbIOOpKH, K —

YHCJIO KJIIaCTCPOB.
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3.1.2. Uepapxuueckasi kjacrepusanus. MeTon uepapXxuyeckoil KJacTepu3alny 3aKI04aeTCs
B CJIEIYIOIIEM:

1. 3amare yncno K kmacrepoB. Kaxpiii 2ieMeHT BBIOOPKH SIBISIETCS OTACTBHBIM KIIACTEPOM.
Taxum o6pazom, nepen HauanoM padoTsl uMeeM N Ki1acTepos.

2. BriOupaem nBa kjiactepa, pacCTOSIHUE MEXYy KOTOPhIMA MUHHMAJIBHO, U O0OBEIUHSAEM HX B
omuH. Takum 00pa3oM yMeHbIIaeM OOIIee YUCIIO KJIAcTepoB. B KayecTBe PacCTOSHUS MEXKIY
KJIaCTepPaMU MOXHO BBIOPATh OAMH U3 CIEAYIOIINUX BAPHAHTOB:

® paccTOsSHUE MEXIY ABYMs HauOoJiee OTJAIIEHHBIMU 3JIEMEHTAMU;
® paccTOsSHUE MEXIY ABYMs HauOoliee OIU3KUMH SJIEMEHTAMU;
® CpelHee pacCTOSIHHE MEXIy BCEMH IMapaMu OObEKTOB B HHX.

3. Ecmm nmocturayro Heooxoaumoe uncio K kiacTepoB, TO CTOI, HHAYE miar 2.

Auroputm™ nmeert cioxxnocts O(N=),

4. IlporpaMmMHas cucTemMa sl pacyeTa reHOMHbIX nmpoguieii. /{11 nonyyenus u oopadboTku
TEHOMHBIX Mpo(duiIeli BECOBBIX MaTpull, ObUIa pa3paboraHa mporpaMMHuas cuctema GenomeSignal.
[IporpamMma Hanucana Ha s3bike C++ ¢ UCMONIB30BaHUEM KpPOCC-TIIAaTPOPMEHHOTO HHCTPYMEHTApHS
paspabotku [1O Qt, a Takke ¢ HCIOJL30BAHUEM TEXHOJIOTUHU MapauieabHbiX BbraucaeHuin NVidia
CUDA. Kpome 3TOT0, B MporpaMme UCHOJIb30BaHA TEXHOJIOTHS MapaJlICIbHBIX BBIYMCICHHS IS
cucteMm ¢ obmeil mamsateio OpenMP. TectupoBaHue MPOBOIUIOCH Ha OMEPAIMOHHBIX CHCTEMax
Windows 7 x86/x64, Windows 8 x64.

4.1. BHyTpeHHE CTpOCHHE TIPOTPAMMHOI CUCTEMBI. B cBsi3u ¢ Tem, uro C++ sBisieTcsi 00beKTHO-
OPUEHTHUPOBAHHBIM  SI3BIKOM  MPOTPAMMHPOBAHUS, BHYTPEHHEE YCTPOWCTBO  MPOTPAMMEI

pCaIn30BaHO B BUAC KJIIACCOB. BzaumogeiictBue MCKAY KiIaCCaMU IIOKAa3aHO Ha pHC. 3.

MainWindow GenomeManipulation MatrixLib WeightMatrix

Puc.3. Bzaumoseiictue kiacco B mporpamme GenomeSignal

Knacc WeightMatrix sBiseTcs XpaHWIMIIEM 3HAYCHUI KOJIMYECTB IPEICKa3aHHBIX CAHTOB
TPAHCKPUIIIMOHHBIX (HaKTOPOB IS HEKOTOPOM (PUKCHPOBAHHON BECOBOW MATPHUIIBlL, COAEPKHUT
HabOp TeHOMHBIX Npo¢uiIei, COOTBETCTBYIOIIMX [NAaHHOW MaTpulle, a TaKXKe MPelOoCTaBIseT

npoucaypsl 11 IOCTPOCHUA JaHHBIX CTPYKTYP.
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WeightMatrix
AC G, T
MaccuKBbI YacTOT ——————— ScanFragment(String fragment)
BECOBOI MaTpuLbl BbIUNCAAET (DaKTOpPbI
| ) TpaHCKpUILUm
resultset
Maccve pakTopoB  fe————
TpaHcKpunuum BuildProfiles(int pheight)
| ) B BbIYMC/IAET TEeHOMHbIE
npodunu
profiles
MaccVB FeHOMHbIX  fg——
npodouneii

Puc.4. OcHoBHble noss 1 MeTobI Kinacca WeightMatrix

Kiacc MatrixLib sBisercs xpaHunuinem pe3yiabTaToB paOOThI /ISl BCEX BECOBBIX MATPHIL, T.K.
COZIEP’)KUT MaccUB 3jeMeHToB Tuma WeightMatrix ans Bcex 3arpy’K€HHBIX BECOBBIX MATpHIl U

o011re MeToIbl MOTy4YeHHsl poduiiell U npeackazanusi GakToOpOB TPAHCKPUIIIIUH.

MatrixLib
matrices
MacCuB 3K3EMIJISIPOB
knacca WeightMatrix ScanFragment(String fragment)
ONA XpaHeHns > BbIUMCAAET (haKkTopbI
LaHHbIX TPaHCKpUNLWK 415 BCEX MaTpuLy

SaveProfiles(String outfilename)
CoxpaHseT reHOMHblEe Mpohunn  jat——
B chaiin

BuildProfiles(int pheight)
BbIYWCISET TEHOMHbIE
npocpunau ans Bcex MaTpul,

LoadOut(String outfile)
3arpyxaeT reHoMHble npopuiv  ja——
13 thainna

Puc.5. OcHoBHBIE o 1 MeTOIbI Kitacca MatrixLib

Kiacc GenomeManipulation sBisercs ocHoBHBIM KilaccoMm mporpamMbl GenomeSignal. Oun
BKJIFOUAeT B ce0s pealu3alid BCEX AITOPHTMOB [UIS TONYYeHUS] W 0OpabOTKH TeHOMHBIX

npoduei.
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GenomeManipulation

mls SingleAnalyze()
IK3EeMMN/IAP Knacca MatrixLib l——— MeTo'q [OJ151 NOCTPOEHNS n
ANs XpaHeHusi AaHHbIX —™ BU3yan3aLym BbIGpaHHOro
- ! TEHOMHOTO npoduns
mfilename
MyTh K chaiiny, cogepxkaiiemy [
Habop BECOBbIX MaTpHL AnalyzeSetDirect()
. J CTaHfapTHbI/i anroputm
» MOCTPOEHMWS TEHOMHbIX
filenames npoduneit
Habop TEKCTOBbIX halinos,
coAepXallyx 4acTu Lenmu <
reHoma AnalyzeSetOMP()
N ’ ANropUTM NOCTPOEHNS
mixedCount > reHOMHbIX Npodhunedi c
KOSINYECTBO CrEHEPVPOBAHHBIX  fag— [ ELEHD TSGR ClIEnliE |
[EPEBLEB Knaccudmkalmm
; N AnalyzeSetCUDA()
shakeCount AITOPUTM NOCTPOEHUSA
KOMIMYECTBO onepauuii obmeHa ™ reHOMHBbIX npochrneii ¢
47151 NOCTPOEHWA AePEBLER nomouyeto TexHosiorm CUDA
Knaccudmkaumm
r - N PrintOut()
treeWidget . ) CoxpaHeHu1e NoJlyYeHHbIX
AePEBO OPUTVHA/ILHO -« npochunedi Ha Anck
6ronoruyeckoin knaccugukaumm )
mixedTrees _Kmeans()
Ha6op NONYYEHHbIX EPEBLEE ja— MeTog KnacTepuaaLyi
| KNaccuipuKaLyy ) ™ K-CpeHux [nsi FeHOMHbIX
i X npocounnen
treeWidgetDist
Marp1ua paccTosHmiA Ans Hierarchical()
AEPEBA OPUIMHANILHON MeTo/, nepapx14eckoit
KnaccrdukaLm ™| knacTepu3aunn 4NN rEHOMHBIX
- 4 npodownei
mixedTreeDist mixTree()
maTpula paccTosHuiA asis ——— MeTog, NocTpoeHus cryyaitHoro
NOSYYEHHbIX JepeBbeB » LlepeBa 13 CyLLECTBYIOLLEr0
gepesa Knaccumkaumm
profileDist R
mMaTpula paccTosHWiA Ass -« getCorr()
reHOMHbIX npoduei —— Metog noacyeta
- / KoagpchuumeHTa Koppensuum

Puc.6. OcHoBHbIE MO ¥ MeTOIbI Ki1acca GenomeManipulation (mapaMeTpsl METOIOB OMYILEHBI

JUISL COKpAILIEHUsI 3aIUCH)
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Knacec MainWindow siBisieTcst Ki1lacCOM B3aUMOJICHCTBHS IPOrPaMMBbI € MoJib30BaTeaeM. B Hem
coOpaHbl MeTOIbI pabOTHI MHTEpdeiica, peann30BaHbl BO3MOKHOCTH XPAaHEHHUS TTOCIEAHUX IyTeH K
¢aiinaM, TOTUPOBaHUS MOCIEAHUX MMPOU3BEACHHBIX BBIYMCICHUH, a TaKXKe MPOBEPKH CHCTEMbI Ha
BO3MO>XHOCTh HCIIOJIb30BAHUS T€X HJIM MHBIX TEXHOJOTWH. {151 He3aBHUCHUMON pabOThl B KaXKIOM
pexuMe W BO W30ekKaHHWE IMOTEPU BHINIOJHEHHBIX BBIYUCICHUH, B TporpamMme HCHojib3yercs 4
sK3eMIusIpa kinacca GenomeManipulation.

4.2. Tloab3oBaTebckuii HHTep(eiic mporpaMMHoOil cucTemMbl. BHEMHUN BHII ITPOrpaMMbI
MpPEJICTaBIsIeT COOOW MATOroBO€ OKHO, B KOTOPOM BKIJIAJKHU «akeTHas o0paboTka TaHHBIX»,
«BH3yallu3alldsg  TCHOMHBIX  TpOQWiICH»,  «KJIacTepU3alus»,  «CPaBHEHHE»  OTBEYAIOT
COOTBETCTBYIOLINM PEKUMaM PaOOTHI.

4.2.1. Pe:xuM nakeTHoii 00padoTkm nannbix. Ha puc. 7. nporpamma GenomeSignal HacTpoeHa

B PCXKUM «ITaKCTHaA 06pa60T1<a JaHHBIX».

il GenomeSignal = & %
Batch processing mode | Single Analysis Clustering
Matrix file:  E:/TESTING /matrix.dat matrix.dat
Chr dir: E:(TESTING 3 files found
Output dir: E:/TESTING/Out

Method:

) Direct processing mode

) Processing using OpenMP

@ Processing using CUDA 1. GeForce 9600 GT @ 499Mb 1675MHz ]

Pause Stop Cuda Devices Info

Puc.7. Pexxum naketHoi 00pabOTKU TaHHBIX

BXOonHBIMM JaHHBIMHU 3TOTO peXxHUMa SBJISAIOTCA (ailn ¢ OMOIMOTEKo MaTpull, a Takke Habop
¢aitnoB ¢ mocnenoBareabHOCTSIMU TeHoMa. Ilonb3oBarens MOKET BBIOpaTh JUPEKTOPHUIO, B
KOTOpYI0 OynyT 3amucaHbl pe3ynbTaThl paOoTbl. IIporpamMma oOpaboTaeT BXOAHbBIE JaHHBIE U
COXPAaHUT IIOJYUYCHHBIC TC€HOMHBIC HpO(l)I/IJ'II/I C COOTBETCTBYIOIIMMHW HWMCHAMHU B YKAa3aHHYIO
JUPEKTOPHI0. DTO JUIMTENIbHAs NMPOLEAYpa, MOATOMY B IPOrpaMMe pealn30BaHa BO3MOKHOCThb
OCTaHaBJIMBATh MPOIECC WIIM CTaBUTh 00pabOTKy Ha may3y. Takxke Mojb30BaTelb MOKET BHIOpPAThH
OMMH U3 BapuaHTOB palbOTHl MporpamMMmbl: IOcienoBaTelabHas o0paboTka, o00paboTka ¢

npuMeHeHneM TtexHonorun OpenMP, obGpabotka ¢ mpumenenuem TexHojorun CUDA (ecnu B
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CHUCTEME HET YCTaHOBJICHHBIX coBMecTUMBIX ¢ CUDA BuaeoamanTepoB, MaHHBIH MeTon Oyner
HEJIOCTYIICH).
4.2.2. PexuM BH3yaJu3anuu reHOMHbIX nmpoguieii. Ha puc. 8. mporpamma GenomeSignal

HACTPOEHA B PEXKUM «BU3yaJIU3AlMsI TEHOMHBIX MTPOdUIeii».

5| GenomeSignal @M

| Batch processing mode Single Analysis Clustering | Zoom: [}

€ | T 2

Matrix file: satrixtestl.dat E] Matrix: |WSMYOD_01 ¥ | Chr file: 4GfOutfchry.fa E] Cutoff: [0.25 '] [Draw proﬁle] [Exportto Excel

Constructed

Puc.8. Pexxum Bu3yanuzanuu reHOMHBIX Tpoduien

BxogHpiMu JaHHBIMH 3TOTO peXuUMa sIBisieTcs: Paitn ¢ OMOIMOTEeKOW MAaTpull, a Takxke (aii ¢
nocnenosarenbHocThio JIHK. Tlonb3oBatens BbIOMpaeT BECOBYIO MATPHILY M MOPOT, Ui KOTOPBIX
crpoutcs npopuib. [locne 06paboTku mporpamma oToOpakaeT pe3ysibTaT B BUJAE JBYX IpadUKOB.
I'paduk cnpaBa (cuHui 1BET) OoTOoOpaskaeT paclpeneieHue calToB Ha JaHHoOM ydactke JIHK.
I'paduk cneBa (KpacHbIi I[BET) OTOOpakaeT COOTBETCTBYIOIIMHM TeHOMHBIN mpoduib. Taxxe
M0JIb30BaTEb MOXKET 3arpy3uTh YK€ COXpaHEHHbIH B (hailiie TeHOMHBIN npodmis. B aToM ciyuae
OyzeTr oToOpaxeH TOJIbKO rpa)uk TeHOMHOTO MPO(UIISL.

[Tonp3oBaTens UMeET BOZMOXKHOCTH IKCIIOPTUPOBATH MOTYYeHHBIH npoduias B Microsoft Excel.

4.2.3. Pexum kaacrepuzanmu. Ha puc. 9 mporpamma GenomeSignal HacTpoeHa B pexXuM

«KJIaCTCpuU3alus».
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-
5] GenomeSignal

| Batch processing mode | Single Analysis

R e
.

Data dir: E:/TESTING,/Out

OutResults dir:  E:/TESTING/1.d

Algarithmn: Clushers Count: 3 [2] [ Auto

Clustering

5 files found

—

Run dustering

n
i=0

(e — )2

Puc.9. Pexum xnacrepuzanuu

BXxogHpIMM JaHHBIMH 3TOTO PEKUMaA ABIISACTCA Ha60p Q)aﬁHOB, coacpKalux ITOCTPOCHHBIC

T'CHOMHBIC HpO(l)I/IJ'II/I. ITonp30BaTenn BBI6I/IpaeT MCTOJ KJIACTCPpHU3allMH, KOJINYCCTBO KJIACTCPOB, a

TaKXe METPHUKY, C TIOMOIIbIO0 KOTOPOH OyIyT MPOU3BOAMTHCS pacueTsl. [Iporpamma obpabaTsiBaeT

JAHHBIE U COXPaHsET Pe3yJIbTaT pa30UeHuUs B yKa3aHHBIN T0JIb30BaTEIIEM (aii.

4.2.4. Pexxum cpaBHenusi. Ha puc. 10 mporpamma GenomeSignal HacTpoeHa B pexuM

«CpPaBHCHHUCY.

X GenomeSignal

| Batch processing mode I Single Analysis

Clustering Compairing |

Factors file:
Profiles file:
Exchanges quantity:

Output dirs

E:'\data\factor.dat
E:‘\data\Profiles. chr.out
50

E:

7] Do not save out data

factor,dat
Profiles, chr.out

e

Mixed correlation 45; 0.0275451 N
Mixed correlation 46! 0.0283402

Mixed correlation 47: 0.0330699 —
Mixed correlation 48: 0.0436405 (4
Mixed correlation 49: 0.0371684 =

Puc.10. Pexxum cpaBHeHUs

BxogHBIMM JAHHBIMH 3TOIO pexuMa SABJISAIOTCA (I)aﬁﬂ C HepapXHeﬁ TPAHCKPHUIIITUOHHBIX

(bakTopoB, a Takxke Qail ¢ reHoMHbIMU TTpoduisamu. [Tonb30BaTens MOKET BHIOPATh TUPEKTOPHIO,

B KOTOpPYIO OYyIyT 3amucaHbl CTEHEPUPOBAHHBIC JEPEBBS M TMOIYYCHHBIE MATPHUIBI PACCTOSHHM,

1100 OTKa3aThCs COXPAHATH JAaHHBIC, BBI6paB COOTBCTCTBYIOIICC IOJIC ITPOrpaMMBbI. Paccrosaue

MCKAY BCCOBbBIMU MaTpullaMu COOTBCTCTBYCT PACCTOAHUIO MCKAY UX I'CHOMHBIMH HpO(I)I/IJISIMI/I u
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BBIUMCIIACTCS KaK PACCTOSAHUE MEXAY BeKTopamu miuHbl 20 ¢ eBKIMI0BOM MeTpukoil. Mepapxus
TPAHCKPHUMNIMOHHBIX (PAaKTOPOB MPEICTABISET COOOW JEpPeBO, B BEPIIMHAX KOTOPOTO 3alMCaHbl
COOTBETCTBYIOIINE TPAHCKPUIIIIMOHHBIM (paKkTOpaM BecoBble MaTpHIlbl. COOTBETCTBEHHO, B JAHHOM
cllydae pacCTOSHUEM MEX]y JIBYMsI BECOBBIMU MAaTPHIIAMHU SIBJISETCS KpaTdalllee 1Mo KOJIUYECTBY
pEdep paccrosiHMEe MEXIy HUMHU B JiepeBe Hepapxuu. Pe3ynbrarom paboThl MporpamMmbl SBISETCS
Habop KOI(D(DUIIMEHTOB KOPPEISUU MEXIy MAaTpHIed TEeHOMHBIX Npoduied W MaTpuIaMu
uepapxum GaKTOpOB TPAHCKPHIILUH (3arpy>KeHHOM OMOJIOTMYECKON NEPApPXUU M CTEHEPHUPOBAHHBIX
CITyJallHBIX HepapXuid).

5. Peamm3auus Ha GPU. Pazutre coBpeMeHHOUM BBIYMCIUTENBHON TEXHUKHU MPEAONPEaeTHIO
JIBa COBEPIIEHHO pAa3HBIX TMOAXO0Ja K 00pabOTKe MaHHBIX, HCIOJB3YEMBIX B KOMITBIOTEPaX B
Hacrosimee BpeMms. Emie 10 et Hazax meHTpalbHBIE MPOIECCOPHI UCTIBITHIBAIH CTPEMHUTEIBHBIN
pocT OBICTPOJCHCTBUS U MapaliebHOM 00pabOTKU JaHHBIX. BTN BBEIEHBI ClielIUaT3UPOBAHHBIC
BeKTOpHBIE BO3MOxkHOCTH (SSE2 1 SSE3). OgHako pocT 4acTOT HEHTPATBHBIX MPOLIECCOPOB PE3KO
3aMeTIIICS M3-3a (PM3UUECKMX OTpaHMYEHHH M BBICOKOTO dHepromorpebnenus. K Hacrosmemy
BpemeHu paszurue LIIY cBoauTCcs K pa3sMEmIEHHIO HECKOJBKUX SAEp Ha OJHOM IIPOLIECCOPE.
Ceifyac Ha pbIHKE MIPEJICTABJICHBI [ICHTPAIbHbBIE MPOIIECCOPHI C KOJUYECTBOM sijiep 10 16.

[TpOTHBOMOIOKHOCTHIO LIEHTPATBHBIM MPOIIECCOpaM BBICTYMAIOT MPOLIECCOPHI ISl BUJEOKAPT,
KOTOpbIE HM3HAYAJIILHO OBLIM CIPOSKTUPOBAHBI IS TMAapaJUICNIbHBIX BEKTOPHBIX BBIYUCIICHHH,
ucnonb3dyemMeix B 3D-rpaduke. CoBpeMeHHBIE BUICOYMIIBI COACPKAT COTHU MAaTEMAaTHUYECKHUX
MCTIOJHUTENIbHBIX OJIOKOB, BBINOJHSIOMIMX OMNEpalyd OJHOBPEMEHHO, YTO MOXET 3HAYUTEIbHO
YCKOPUTh MHOKECTBO  BBIUMCIUTENIBHO MHTEHCHUBHBIX HNpuioxkeHud. [lig Toro uToOBI
3aJeiCTBOBaTh BO3MOXKHOCTH BHJCOYMIIOB JIJIsl BBIYMCICHHN OOIIET0 Ha3HA4YeHWs, ObUIN
pa3pabortanbl TexHosoruu Herpaduueckux pacuéroB GPGPU (General-Purpose computation on
GPUs). Haubonpiiee pacmpocTpaHeHHe Ha JaHHBI MOMEHT IMOJy4HJIa MPOTpaMMHO-aNIapaTHas
BeryuciutTensHas apxurektypa CUDA ot xomnanuu NVidia. [To nanabiM kommnanuu, okoio 20%
MOIIHOCTH BCETO CIHCKa OBICTpeHIMX cyrmepkoMmbioTepoB T0p500 obecneunBaror NVidia GPU
[11].

Apxurekrypa CUDA ocHoBaHa Ha pacmupeHun si3bika C ¥ 1aéT BO3MOXXHOCTh OPraHU3aldd
J0cTyna K Habopy HMHCTPYKUHUH Tpauueckoro YCKOPHUTENS M YHPABICHHS €ro MaMsThio NpHU
OpraHu3alMi  MapajulelbHbIX  BBIYUCICHMHA.  ApXHUTEKTypa  BHJICOYHUIIOB,  H3HAYAJIbHO
pazpaboranHbix u3 unen SIMD (omHU MHCTPYKIIUH [T OOJNBIIOTO TIOTOKA JAHHBIX) BBHIYHCIICHUH,
JeNaeT TMEePCIeKTHBHBIM MX HCIIOJIb30BAaHKE IS PEHICHUST MHOTHX HAaydHBIX 3a1ad. Eme omgHuM
HEMAaJIOBAXHBIM TPEUMYIIECTBOM MPUMEHEHHsS BHICOKApPT Ui HerpauyecKux BBIYMCICHUN

ABIISICTCA IPUMEHEeHHe Oosiee OBICTPOI MaMsATH, TOITOMY BUICOYMIIAM JIOCTYITHA B pasbl OOJIbINas
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MPOMYCKHAs CMIOCOOHOCTh MaMSITH, YTO UTPACT BAXKHYIO POJIb MPU 00pabOTKe OOJIBIIOTO MOTOKA
naHHbIX. Ha MaHHBII MOMEHT CyIIeCTBYeT MHOXKECTBO BBIYHCIUTENBHBIX KiacTepoB Ha GPU,
MOCTPOCHHBIX HA OCHOBE CIEIMAIM3MPOBAHHBIX BHIcoanantepoB Tesla or kommanmu NVidia c
noguepxxkoid CUDA, a Taxke BO3MOXHA YCTaHOBKAa HECKOJBKHX BHICOKAPT B IEPCOHAILHBIC
KOMIIBIOTEPHl € TIOMOINBI0 TexHosorud SLI, 4ro mo3Bossier momy4yarh emie  OOJIBIIYIO

MPOU3BOJUTCIIBHOCTD ITYTEM UCIIOJIB30BAHUA HCCKOJIBKUX BUACOYUIIOB OATHOBPEMCHHO.

Theoretical
GFLOP/s
3250

3000
HWIDLA GPU Single Predsion

2750 s MDA GPU Double Precision
g | bl CPU Single Predision

500 Intel CPU Double Predsion
2250
2000
1750
1500
1250
1000
750 Tesla C2050 Sandy Bridee
500
Tesla C1060
50 Woodcrest Bl
g . Q’_ ;’ Q A Westmere
Sep-FENtUmM4  5n 04 Mar-07 12TPEMOWN 1o 09 Aug-12

Puc. 11. [TukoBas MOITHOCTB JJIs omepanuii ¢ miasatomiei Toukoit Ha CPU u na GPU [12]

B pamkax Hameil HaydHOM paboThI OJJHOM M3 M0/33/1a4 SIBJISIETCS OMCK NOTEHIIMAIbHBIX CAalTOB
CBSI3bIBAaHMS C TPAHCKPUIIMOHHBIMH (akTopa Ha reHome. JlaHHas mnoa3afaya sBIsSETCS
MEPCTIeKTUBHON JJIs NapauieIbHOW peaju3allid BBIYMCIEHUN Ha BHJIEOUYHMIIE, TaK Kak TpedyeT
00paboTku OoibIIOro 00beMa JaHHBIX (T€HOM) C TIOMOIINBIO BECOBBIX MATPHUIl. JTO IMO3BOJISET
OKUJaThb MHOTIOKPAaTHOTO IpPHUPOCTa INPOU3BOAUTENBHOCTH alrOPUTMa II0 CPAaBHEHUIO C €ro
CTaHJAPTHOU pean3aluen.

brok-cxemMa cTaHgapTHOTO aNropuTMa MOMCKAa MOTEHIMATBHBIX CAMTOB CBSA3bIBAaHUS IMOKa3aHa
Ha puc. 12. T.x. BecoBble MaTpHIlbl UMEIOT JIMHY B cpenHeMm 10-20, mbr umeeM He MeHblie 5000
OJIMHAKOBBIX ONEpalUii BBIYMCIEHUS Beca ydacTKa T€HOMa M KaXKI0il BECOBOW MAaTpHIIBI,

KOTOPLIC BBIIIOJHAKOTCA TMOCJICA0BATCIIBHO. HpI/I HapaHHGHBHOfI pcam3aniui aJropuTMa Mbl
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CO3/1aeM cpa3y HeoOXOAMMOE KOJIMUYECTBO IOTOKOB, IPU ITOM CO3JIaHHE U NEPEKII0YEHUE MEXKAY
IIOTOKAMHU Ha BHJIEOKapTE IPOUCXOIUT OBICTpEE, YEM Ha LEHTpPAJIbHOM Ipoueccope. Kaxabii

IMOTOK BBIYUCIIACT BEC yJaCTKa CO CBOMM CMCUICHUCM, UYEM U JOCTUTACTCS YCKOPCHHUEC aJITOpUTMaA.

MpoynTath 0Tpes3ok
AnvHel L = 100000 u3
chaiina c reHomom.

¥

BblGpath BecoByto
marpuy

L ]

MpoBecT NOWCK NOTeHUWaIbHBIX
caiToB cBA3bIBaHWsA. (O6GOITH BECb
EcTb OTPE30K, CYUTas BEC YYACTKOB C
NOMOLLbI0 BECOBOW MaTpLMbl)

Ectb nu ewe
BECOBbIE MaTpuULibl
Ans 06paboTkm?

Puc.12. AJ'Il"OpI/ITM MMOMCKA NOTEHIINAJIbHBIX CATOB CBS3bIBAaHUS

[Ipu nmocrarouno OGonbimom konmmdectBe syuep CUDA Bce MOTOKHM TPOM3BEAYT BBIYUCIICHUS
OJTHOBPEMEHHO, B TPOTUBHOM Cllydyae MapajieIbHO OyAeT 3amyleHO MaKCHMallbHO BO3MOKHOE
KOJIMYECTBO IMMOTOKOB, OCTabHBIC OYAYT OKUIATh CBOCH OUepeIu.

Kon na CUDA mumiercs B OTACIBEHOM (aiiiie ¢ pacmupeHneM .CU, TaK Kak JUIsl €r0 KOMITFIISIIAN
C OCHOBHOM mporpammoi TpeOyeTcs mpenBaputenbHas coopka ¢ nmomornpio CUDA xommumisitopa
nvce. 3aroiaoBku GYHKIUH, KOTOpPBIe OyIyT BBI3BIBATHCS U3 OCHOBHOM MPOTPaMMBI, TOMEIIAOTCS C
3aroIOBOYHBIN (haiiin. ITOT (aiim MOKHO MOJAKIIOYUTH B JIFOOOM MecTe MPOrpaMMbl, Kak ITHO00M
3aronoBouHbIi (haiin. CHHTaKCUC KoJa SIBISIETCS paclidpeHreM cuHTakcuca sizbika C. Jlns Toro
4TOOBI paboTaTh C MaMATHIO Ha BHAeOKapTe, cyiiectByor ¢yukuun cudaMalloc u cudaFree.
KonmpoBanue u3 onepaTHBHON MaMATH B TaMATh BUJCOKAPTHI M 0OPATHO MPOUCXOIUT C TIOMOIIBIO
¢byukuuun cudaMemcpy, rae nocieHui mapaMeTp ONpeaeIiIeT HampaBieHue konuposanus (host

— omnepaTUBHas MamsTh, deViCe — Buaeonamsrh).
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Evoid ParallelStart(int *id, int *iC, int *iG, int *iT, int *iDim, int *iW, char *iGene, int imcount, int *oRes)
{

int Nthreads = 500;

int Nblocks = 20:

int *GElobRes = new int[imcount * 15];

cudaMalloc ( (void#**) adlocRes, sizeof (int)* (Hblocks*Nthreads*15)):

for ( int i = 0; i < imcount; i++

i
for (int cl = 0; cl < Nblocks*Nthreads*15; cl++) hlocRes[cl] = 0;
cudaMemcpy (dlocRes, hlocRes, sizeof (int)* (Hblocks*Nthreads#®*15), cudaMemcpyHostToDevice):
SearchSites<<<Nblocks, Nthreads>>>(ia, iC, 1iG, iT, iDim, iW, iGene, 1, dlocRes):
cudaMemcpy (hlocRes, dlocRes, sizeof (int)* (Hblocks*Nthreads#®*15), cudaMemcpyDewviceToHost):

delete [] hlocRes;
delete [] GlobRes;

Puc.13. Pa6ora ¢ namsarero B8 CUDA nporpamme

3anyck pyHKIHUU HAa BUIACOUMIIC TPOMCXOIUT C YKa3aHUEM JBYX [apaMeTpOB: YuCiia OJIOKOB U
Yrcia MOTOKOB B KaxaoM Oioke (Ha puc. 13 ¢yukuus SearchSites 3amyckaercs Ha BHACOUHIIE).
COOTBETCTBEHHO, OY/IET CO3[]aHO YMCIIO MOTOKOB, PABHOE MPOM3BEICHHUIO 3THX NapameTpoB. Bo
BpEeMsI BBITIOJIHEHHSI MOYKHO OIPENENIUTh, KaKOH IMOTOK BBIMOJHSACT (YHKIIMIO, U HCIIOJIH30BaTh

HOMEp MOTOKa Kak napameTp (Ha puc. 14 B m_starter nomemaercss HoMep MOTOKa, B KOTOPOM MBI

HaXOJIUMCS).
O_ global  wvoid SearchSites(int #iA, int *iC, int *iG, int *iT, int *iDim, int *iW, char *iGene, int iMS5el, int *oRes)
{
int m starter = blockldx.x * 5000 + threadIdx.x * 10; // BeuMCIReM, B KaKoM NOTOKE MH HaXOIOMMCH
if (denominatoxr != 0)

{

for ( int i = 0; 1 < 10; i++ )
{
record = 0;
for ( int j = 0: J < iDim[m matrIndex]; J++ )

{
if(( iGene[m_starter + 1 + iGene[m starter + 1 + j] == 'a' )) record = record + 1A[m matrArrIndex + jl;
if(({ iGene[m starter + i + J iGene[m starter + i + j] == 'c' )) record = record + iC[m matrArrIndex + j]
if(( iGene[m starter + 1 + J iGene[m starter + 1 + j] == 'g' )} record = record + iG[m matrArrIndex + j]:;
if(( iGene[m starter + i + iGene[m starter + i + j] == 't' )) record = record + iT[m matrArrIndex + Jj]:
record = record - iW[m matrIndex * 2 + 0];
for ( int coff = 15; coff > 0; coff--)
{
rt = 1.0 - (0.025% (float)coff);
if { (float) (record) >= rt*(float) (denominator) ) oRes[blockIdx.x*500%15 + threadIdx.x*15 + coff - 1]++;

else break:;

Puc.14. ®yHK1UsA, KOTOPYIO MOKHO 3allyCTUTh Ha BUIECOKAPTE
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Kak BumHo, mpouecc Hamucanust nporpammbel Ha CUDA cnaGo oTnuudaercs OT OOBIYHOM
nporpaMMbl Ha si3bike C. DTO mMO3BOISIET OBICTPO AAANTHUPOBATh AITOPUTM Ui pabOTHI Ha
Buzieokapre. [lns Hamedl 3agaud MOWCKA IMOTEHIHAIBHBIX CAWTOB CBS3BIBAHUS IapajuiesbHas
peanu3anus alropuTMa IOKa3ala 3HAYUTEIbHBIH MPUPOCT MPOU3BOAUTENBLHOCTH. [Ipu 3TOM
TECTHpOBaHUE OBLIO MPOBEIACHO TAKXKE JJIS BUACOKApT pa3HbIX mokojenuin — GeForce 9600GT
BeImyckaercs ¢ 2008 roma, mocrpoena Ha 6ase mporeccopa G94, mmeer 64 sapa CUDA; GeForce
GTX650 Beimyckaercst ¢ 2012 roma, moctpoeHa Ha 6a3e mporeccopa GK107, nmeer 384 sapa

CUDA. Pe3ynbTarhl MOXKHO BUJETH HA pHC. 15.

3aBUCMMOCTb BpemMmeHU pi':lﬁOTbI oT HCI'IOﬂbBVEMOFI
TEeXHONOrIrnmu, Yyacos
1800
1600 —
1400 —
1200 +———
1000 +——
800 ——
2.5x
600 —
400 +———
ox
200 ————
70x
0 T T T |
AMD Phenom 8450 AMD Phenom 8450 NVidia GeForce NVidia GeForce GTX
X3 (1 aapo) X3 (3 aapa OpenMP)  9600GT (64 agpa 650(384 agpa CUDA)
CUDA)

Puc.15. PaGoTa anroput™a B pa3HbIX pexuMax

Buano, uTo peanuzanus anropuTMa s paboThl Ha BHACOKAPTE MO3BOJIMIIA TTOJIYYUTh CKAYeK B
npou3BoauTeNbHOCTH 10 70 pa3. MOXHO MPeanoIoxKUTh, YTO Ha OOJiee MOIIHBIX BHJICOKApTax
POCT IPOU3BOUTENLHOCTH OYJIET MPOIOJIKATHCS.

Takum oOpazom, ucnons3oBanue TexHonorun CUDA ompaBmaHHO W TMO3BOJNSET TOOUTHCS
COKpAIlleHHs] BPEMEHH padOThl TPOrpaMMbl, YTO SBISETCA BaXXHBIM (AKTOPOM IS 3ajad
OmonH(pOPMATUKH, TJIe HEOOX0AMMO 00padaThIBaTh OOJBIITNE MACCUBHI IAaHHBIX.

6. CemmumpoBaHHe HepapXMii TPAHCKPUNIUOHHBIX (akTopoB. J[[1g TOro uTOOBI
MPOaHATM3UPOBATH B3aMMOCBS3h TEHOMHBIX Mpoduiel U (HakTOPOB TPAHCKPHUIIIIUH, OTPEIEIICHHBIX

AKCIIEPUMEHTAJIbHBIM MyTeM, BOCIOJB3YEMCSl CYIIECTBYIOIIEH OMOIIOrMYecKoi Kiaccudukaruei.
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Boo0me roBopsi, TpaHCKPUIIMOHHBIE (DAKTOPBl MOYKHO KJIACCH(PULIUPOBATh HECKOIBKUMU
criocobamu:

® 10 MEXaHU3MY JAECUCTBUS

e 110 OEJIKOBOM CTPYKTYpE;

® 10 IPOMCXOXKAEHUIO.

ITo MexaHu3My JecTBUS TPAHCKPUIILIMOHHBIE (PaKTOPHI pa30MBatOTCA Ha TPU Kilacca:

1. I'naBHble (aKTOPHl TPAHCKPUIIMH, BOBJICYECHHbIE B 00pa30BaHUE HMHUIIUAIIMOHHOTO
KomIuiekca. OHU MPUCYTCTBYIOT BO BCEX KJIETKAX W B3aUMOJCHCTBYIOT C KOP-IIPOMOTOPOM T'€HOB,
Tpanckpubupyemsix PHK-nonumepasoii.

2. MdakTopbl, B3auMojdeiicTrByomue ¢ upstream-yusacrkamu JHK — oOnactamu,
pacIoIOKEHHBIMU /IO TIPOMOTOpA, JIKAIIMMU OTHOCHTEIBHO HEro C JPYroil CTOPOHBI OT
KOJUPYIOIIe 00J1aCTH reHa.

3. Nuayuupyemblie ¢pakTopbl — CXOIHBI ¢ (akTOpamMu, B3aUMOJEHCTBYIOIIUMHU C UpPStream-
yuactkamu JIHK, HO TpeOyroT akTuBanuu 1In60 MHrMOMpPOBAHMSL.

e [lo perynsatopHoit GyHKIUH.

1. KoHCTHTYTMBHBIE — TMPHUCYTCTBYIOT BCerja BO BCEX KIETKaX — IJIaBHbIE (AKTOPHI
TPAHCKPHIIIINH.

2. AKTHBHpYeMble — aKTHBHBI B ONPEICICHHBIX YCIOBUSX.

2.1. YyacTByoummue B pa3BUTHH OpraHusma (KjieTouHo-cnenuduynsie) — HakTopsl,
HKCHPECCHsI KOTOPBIX CTPOTO KOHTPOJIUPYETCs, HO, Ha4aB IKCIPECCUPOBATHCS, HE TPEOYIOT
JOTIOJTHUTEIHHON aKTHBAIUH.

2.2. CurHaja-3aBHCHMbIe — TpeOyIOIINe BHEITHETO CUTHAJA ISl aKTHBAIIHU.

2.2.1. BHeKk/1eTOYHbIe CHTHAJI-3aBHUCHMbIe — sJICPHBIE PELIENTOPHI.
2.2.2. BHYTpHK/IeTOYHbIE CHTHAJI-3aBHCHMBIE — AKTUBHUPYIOTCS
HU3KOMOJIEKYJISIPHBIMU BHYTPUKIICTOYHBIMH COCTHHCHUSIMHU.
2.2.3. MeM0OpaHOCBsI3aHHBbIE peHenTop-3aBHCHMbIe —  (ochoprmpyrores
KMHA3aMHU CUTHAJIbHOT'O KacKa/a.
2.2.3.1. Pe3augeHTHBIE siiepHble (PAKTOPbI — HAXOJATCS B AIpe HE3aBUCHMO
OT aKTUBAIIHH.
2.2.3.2. JlaTeHTHbIe WUUTOIUIa3MaTHYecKUe (aKTOpbl — B HEAKTHBHOM
COCTOSIHUY JIOKAJIM30BaHbl B LUTOIUIa3Me, MOCE aKTHBALMU TPAHCIIOPTUPYIOTCS
B S71PO.

e CrpykTypHas KiaccuuKanus.
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[lo nanHoMy mpu3HaKy (akTOpbl TPAHCKPUIIMKM KIACCU(PUIMPYIOT Ha OCHOBAaHUHU CXOJICTBA
IIEPBUYHON CTPYKTYpbl (YTO HpelanojiaraéT M CXOJACTBO TpeTHuuHOM crpykrypbl) JHK-
cBsi3bIBarONIUX JgoMeHOB [13,14]. JlanHas kiaccuuKaiys MpeacTaBicHa IePEBOM, y3IIbl KOTOPOTO
COOTBETCTBYIOT HeKoTopoi obOmielt crpykrype JHK-cBs3pIBaommx JTOMEHOB, MPHUCYIICH
TPAHCKPUIILIMOHHBIM (haKTOpaM, COOTBETCTBYIOIIME BECOBbIE MATPHUI[bl KOTOPBIX COJEP)KATCs B
JTAHHOM Y3JIE.

Jlyis TOro 4toOBl OIEHUTHh AKTyadbHOCTh W MPUMEHUMOCTH BBEACHHOW HaMU KOHCTPYKIIUH
TeHOMHBIX Ipoduiei, OyJeM HCHOIb30BaTh CTPYKTYPHYIO KJIACCH(UKALMIO TPAHCKPHUIIIIMOHHBIX
(akTOpoB, TaK KaK OHA SBJSETCS HauOoliee AOCTYIHON M XpPaHHUT JaHHbIE B CTPYKTYPHOM BHUJE B
Bujae nepesa. llpoBegem cemiuMpoBaHME HCXOAHOW KilaccU(PUKAMUM U IPOAHAIU3UPYEM,
HACKOJIbKO KOPPEIMpPYeT CeMIUIMPOBAHHAS BBIOOPKA C TOJYYEHHBIMH T€HOMHBIMHU TMPO(UISIMH.
[Tox cemmupoBanuem OyaeM MOHUMATh MPOLECC MOTYYEHHS CIIy4aifHOTO JepeBa KiacCu(puKaluu,
[0 CTPYKTYpEe MOXO0KEro Ha CYLIECTBYIOIIYIO Ouonoruueckyro kiaccuduxaruio. s momydenus
CEMILIOB OY/IEM I0JIb30BaThCsI IBYMsI Oll€paLUsIMU:

1) O0MeH 3HaYeHHUsSIMM — JBa y3Jia JEpeBa MCHSIOTCS Ha0OPOM BECOBBIX MATpHII,

COOTBETCTBYIOIIUX JaHHOU cTpykType. [Ipumep onepanuu n3obpaxkeH Ha puc. 16.

Matrix 11
Matrix_12
Matrix 13

Matrix 21
Matrzx 22

Matrix 11
Matrix_12
Matrix 13

Matrix 21
Matrix 22

Puc.16. OOMeH 3HaueHUSAMU JIBYX y3JI0B JI0 (CJIeBa) U mocJe (CripaBa) onepauuu

2) Oomen nouepHeii Kiaaccupukanumeid — Ba y3la MEHSIOTCS MECTaMH BMECTE C

OCTaBIIIEICS TI0]T HUMHU JTouepHel kinaccudukanueit. [Ipumep oneparuu nzoodpaxeH Ha puc. 17.
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Puc.17. Obmen nouepHelt knaccudukaiueit 10 (ciaeBa) U mocie (crnpana) onepanuu

Takum o00pa3oM, NMPUMEHMB Ha KaXXJIOM YpPOBHE 3a/laHHOE KOJIMYECTBO ollepanuii oOMeHa,

MOJIY9MM CEMIUTHPOBAHHOE JIepeBo Kiaccupukanuu. [TonpoOHee anroputM n3o0paxeH Ha puc. 18.
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Crapt

MNpounTars
[epeBo nepapxuu
I'IpOLMTaTb
KOJ/INYECTBO
onepaumm

MepeiiTn Ha cne,qyrommﬁ
YpPOBEHb AepeBa

L]

BbiGpaTh fBa CyvaiHbIX
y3/1a, Bblbparb onepauuio
4N TPUMEHEHMUS,
npou3BecT 06meH

BbinonHeHo
Hy>XHOe
KONIM4YecTBO
onepaunia?

Jdocturnn
OHa nepesa?

da

Cton

Puc.18. Anroput™m ceMnimpoBaHus AepeBa UEPAPXHUU

7. CpaBHeHHue MaTpUIIbl pPacCcTOSIHMN M uepapxuu. [IpUMeHUB anropuT™M CEMILIMPOBAHUS,
noyduM BbIOOpKY T, Ty, Ta, ..., Tn, Tme T — opurnHasbHOE NEpeBO HEpapxuu (PaKTOPOB
TPAHCKPHUIMILHNH, a Tj — JepeBo, MOJIYYEHHOE B pe3yJibTaTe CeMIUTUPOBaHMA. [l KaKIo0ro aepena
MOCTPOUM MATpHILy PACCTOSIHUM, I'/Ie HOMEp CTPOKH/CTONOIA ecTh HOMEpP BECOBOM MaTpHIbl B
CIMCKE BCEX BECOBBIX MaTpull JUIs (AaKTOPOB TPAHCKPUIILIMK, @ 3HAUEHUS AJIEMEHTOB MaTpPHIIbI
paccTosiHui CyTh 4HMClIOo p€0ep B MUHUMAJIbHOM IYTH J€pPEeBa MEXAY BEpIIMHAMU, COJAEPKAIIUMHU
BbIOpaHHBIE BECOBBIC MATPHIIBI (TaK KaK OJIHA BECOBAs MATPHIIA MOXKET CO/AEPIKATHCS B HECKOJIBKUX

BepunHax kiaccudukanun). [loxyunm Habop matpur paccrosuuii D, Dy, Do, ..., D. s ananuza



System Informatics (Cucremuas unpopmaruka), No. 2 (2013) 65

MOJyYEHHBIX JAHHBIX IOCTPOMM MAaTpPHUIly PAcCTOSIHMH Ul F€HOMHBIX Npo¢uiel. T.K. TeHOMHBbIE
npopmIm — 3T0 BeKTOpa UIMHBI 20, MBI MOXEM BBIYHCIUTH PACCTOSIHUE MEX1Y IMapamu npoduiei
C MOMOUIBIO0 €BKJINI0BOM MeTpuku. CienoBaTellbHO, NOJYyYUM MaTpuly P, aJeMeHTaMHu KOTOpOi
SBJISIIOTCSL PACCTOSIHUSL MEX1Yy COOTBETCTBYIOIIMMU IapaMu IeHOMHBIX mpoduiieit. [l cpaBHEHUs
IIOJyYEHHBIX PE3yJIbTaTOB BBIYMCIUM JMHEWHBIH KO3()QUUUEHT KOppessslud MEeXAy MaTpulel
paccTOSHUNH TEHOMHBIX mpoduiaed W KaKAOH W3 MaTpUIl ISl JEPeBbEB KIACCHU(PHUKAIHIH.
KoadduuueHnt koppensiuu paccyuThiBaeTcs mo Gopmyiie (CyMMHPOBAHUE MPOBOAUTCS MO BCEM

3JIeMEHTaM MaTpul):

E(x— ) — )
1"..'{2(.'1':- —_'1_':]2 1"'.'“2(}::_ _}_,:]2

r(X,¥) =

_ 1 _ 1
e = —Xx, Uy = =2y, — CpeIHUC 3HAYCHHS FIIEMEHTOB MATPHIL.
] (]

Takum 006pa3zom, MbI TOTYYHIIA HAOOD I, I1, I2, ..., Iy 3HaUeHUH Koppemsuuu, rae r =r(P, T), r; =
r(P, T;). Ha ocHOBaHMH MMOTYYCHHBIX TAHHBIX Mbl MOXEM MOCTPOUTH TUCTOTPAMMY PaCHpEICICHUS
KO3(QQHUIMEHTOB KOPPESILMU CIyYalHBIX JE€PEBbEB U, MPOAHAIU3UPOBAB Pa3HUILy KOPPEISLUU
CllyyaillHBIX JEpeBbEB U CYILECTBYIOLIEH HepapXuH, CcjaelaTh BBIBOA O OHOJIOTHYECKOM
MPUMEHUMOCTH T€HOMHBIX TIpoduiieii 11t HakTOpOB TPAHCKPHIIIINH.

8. Pesyabrarbl. C TOMOIIBIO CO37aHHOW aBTopamu Tmporpammbl  GenomeSignal Obutu
MOCTPOEHBI TeHOMHBIE mpoduiam ansi BecoBblx MaTpul] OmOmmorekn TRANSFAC. Tlpu stom
peanu3alnys aaropuTMa IOMCKAa MOTEHIHMAIbHBIX caiiToB cBsa3biBaHusa ans1 GPU mokasana
CeMU/IeCITHKPATHBIA NPUPOCT MPOU3BOAMUTENbHOCTH Ha Buaeokapre GeForce GTX 650 mo
CPaBHEHHIO C TIOCJIEIOBATEIBHBIMH BEIYUCIICHHUSIMH.

Jigs Toro 4YTOOBl NPOAHAIM3UPOBATH B3aUMOCBS3b T'€HOMHBIX Tmpoduieil u (akTopos
TpPaHCKPHUIMIINH, ObUTa creHepupoBaHa BbiOOpka 3 N=400 ciyualiHBIX J€peBbEB, OCHOBAaHHBIX Ha
CYIIECTBYIOIIEM JepeBe Kiaccupukanuu. Ha KakJoM ypoBHE HCXOJHOTO JepeBa MPOBOJIMIOCH
C=5000 omepanuii oOMeHa, BapuaHT 0OMEHa BBIOUPAJICS KKIBIN pa3 CIIydailHIM 00pa3oM, TaK JKe
CiydaiiHO BeIOMpanach mapa y3JoB s oOMeHa. Takum oOpa3om, mbl moctpousin 400 cirydaitHbIX
JIEpEBbEB U BBIYMCIMIM COOTBETCTBYIOIIME MM MAaTPHUIbl PACCTOSHUNA. BBIYMCIMB KOppENsuio
MOJTyYEHHBIX JAaHHBIX C MaTPHUIEH pacCTOSHUI T€HOMHBIX MpoduIeH, Mbl TOTYUUIN CIEAYIOIINE
pe3yIbTaTHI.

JI71st TOro 94TOOBI OTYYUTH HH(OPMAITHIO O pacTpeaeaeHnH Ko GHUIMEHTOB KOppesaIuy, Oblia

MMOCTPOCHA COOTBCTCTBYIOIIAd THUCTOTpaMma. I[JI?I 9TOro OTPE30K MCKAY MHUHUMAJIBHBIM U
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MaKCHUMaJbHBIM 3HaueHusMu Koppemsiun [-0,00211819; 0,0700183] 6but1 pasour Ha N=20
IMOJIYUHTCPBAJIOB OHHOﬁ JJIMHBI, U 6BIJI MMPOU3BCACH MMOACYCT KOJIMYCCTBA 3Ha‘IeHHﬁ, IIOoIIaBIIINX B

TOT WJIM UHOW MOJyUHTEPBAIL.
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Puc.19. I'ucrorpamma pacnpenenenust K03hGUIUEHTOB KOppesiiuu

Taroke ObUT TOCTPOCH IpaduK 3HAYCHUH KOI(DHUITMESHTOB KOPPEIISIIHH.

—— KOppenauma cayvyaiHbiX JepeBbes CYLLECTBYHOLLEE 3HAYEHUE
0,11
0,09
=
=
EI:'0,07
=
2 n
8-0'05 1 M l 3 ll l
x
2
o 0,03 -
x
o
0,01 I
L Tt W T TR O S+ I oo T Y R Ay R R o o o= T Y o Y o o T Sy T T O+ By T R R I T ST T T T
o B o T 5 T - I A B T B Ve s T~ o R T s T TR N o T T o TR N AN+ T S R I o TR~ S Ty R T N ™4 R
_0'01 S e e e e et N N o = T Y B = Y I s B o O« o B o M~ o O < < o MO s B 0
HOMep C/ly4yailHO creHepMpPoBaHHOIO Aepepsa

Puc.20. I'paduk momydyeHHBIX 3HAYCHUI KOPPEISAIUHN ISl CITy9allHO CTeHEPUPOBAHHBIX

JIEPEBbHEB
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MOXHO BUIETH, YTO KOPPEIALHUS C CYIIECTBYIOIIMMHU JAaHHBIMU B CPEIHEM B JIBA pa3a BBILIE,
YeM CO CIy4YailHO CO3/laHHOW Hepapxueil TpaHCKpUNIMOHHBIX (akTopoB. Ha ocHoBe ananmza
MOJTyYCHHBIX JAHHBIX ObUI CAETaH BBIBOJ O TOM, YTO IOJYYEHHE M M3yYCHHUE CBOWCTB T'€HOMHBIX
npoduneit SABISETCS ONpPaBIaHHBIM U XOPOIIO COOTHOCHTCS C CYIIECTBYIOIIMMHU JaHHBIMH,
MOJIYYEHHBIMH SKCIIEPUMEHTAIILHBIM ITyTEM B 1a00PaTOpUsIX.

9. 3akirouenue. Pa3zpaOoTtaHHasi mporpaMMa MO3BOJISIET CTPOUTH PACIPENEICHHE CANTOB Ha
XpoMocome, ux mpoduiu, a Takke rpaduuecKku OTOOpaKkaTh Pe3yNbTaThl B BUIE TUCTOTPAMM.
JlanHasi mporpaMMa HamucaHa C Lelbl0 OBICTPOrO TOCTPOEHUST TEHOMHBIX mpoduiei Ha
nocnegoBarenbHocTax JIHK, HeoOX0quMBbIX Ui aHamu3a U CPAaBHEHUS CTPYKTYP BECOBBIX MATpPHII.
Peanm3oBaHbl HECKOJBKO alNTrOPUTMOB KIIACTEPH3AIMM TeHOMHBIX mnpoduiei. PeanmnzoBaHbl
QITOPUTMBI MOCTPOCHHMS MATPHUL] PACCTOSIHUA C TOMOIIBIO HOBOM BBEJACHHOW KOHCTPYKLIMH
«TE€HOMHBIE TMpO(HUIN BECOBBIX MaTpUll» U C T[OMOIIBI0 CYIIECTBYIOIIEH HepapXuu
TPAHCKPUIILIMOHHBIX (hakTOpoB. Peann3oBaH alroput™ MoxydeHUus ClydailHbIX JE€PEBHEB UEPAPXHUU
TPAHCKPUIILIMOHHBIX (HAaKTOPOB, OCHOBAHHBI HAa MHOTOKPaTHOM M3MEHEHMH CYIIECTBYIOLIETO
nepea kiaccugukauuu. [IpoBeseH aHanus U celiaH BbIBOJ O L€1€CO00pa3HOCTH UCIOIb30BaHUS
TeHOMHBIX MNpoQuiel MpH UCCICJOBAHUM BIHUSHHUS CANTOB CBS3bIBAaHMS, HAXOASIIUXCS B
OKPECTHOCTH HEKOTOPOTO JaHHOIO CaiTa.

[lapannenpHas peanu3anus ajJiropuTMa IOMCKAa TMOTEHIUAIbHBIX CAlTOB CBA3BIBAHUA C
TPAHCKPUNIIMOHHBIMU (akTOpaMH MO3BOJIIET 3HAUUTENBHO YCKOPUTH pabOTy MporpamMmbl Ha
COBPEMEHHBIX BHJI€OaJanTepax, nojaepkuBatomux TtexHonoruto CUDA. DkcnepuMeHTHI
MIOKAa3aJ CEMHJIECATUKPATHBINA POCT MPOU3BOAUTEIBHOCTH IO CPABHEHUIO C IOCIIEN0BATEIbHBIMU
BBIUMCIICHUSIMH Ha LIEHTPaJIbHOM Iporieccope. Mcronb30BaHrne mporpaMMbl Ha HOBEHIIIMX MOIIHBIX
BUJIC0aJaNITEPaxX MO3BOJIMUT MOIYYUTh 00JIee BBICOKHE TIOKA3aTeNIN CKOPOCTH PabOTHI.
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Abstract: Before RNA transcription starts, special segments of DNA form a complex of

regulatory proteins called transcription factors. This complex allows RNA polymerase to be bound

to DNA and to start reading RNA. 1t is a difficult problem to search binding sites on DNA because

of many factors influencing the binding. In particular, other sites in the vicinity of a given site may

influence binding. To reveal those dependencies the authors introduce histograms of density

distribution of binding sites, called genomic profiles.

The software package developed in the scope of this work allows building genomic profiles

using the prediction of binding sites by a weight matrices algorithm for different implementations:

for multicore CPU’s or NVidia GPU’s using CUDA. In addition, the software allows clustering
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genomic profiles using K-means clustering and hierarchical clustering. The algorithm allows to
build samples — random transcription factors hierarchies based on the existing experimental
structural classification to estimate the correspondence between genomic profiles construction and
the existing classification. The analysis of correspondence of genomic profiles with biological
classification of transcription factors was developed using the sampling algorithm.

Keywords: DNA regulation, Genome, Position weight matrices, Transcription factors,

transcription factor binding sites, Clustering, Nvidia CUDA, GPU computing



70 Huxumun C.HU., Yepemywrun E.C. PazpaboTka mporpaMMBbl TOCTPOCHUS U KIacTepU3allii TEHOMHBIX MPoQuIIei

¢ ucnosb3oBanueM GPU



System Informatics (Cucremuas nadopmaruka), No. 2 (2013) 71

UDK: 519.681.3, 519.681.2

Title: Causality versus True Concurrency in the Setting of Real-Time Models

Author(s):

Nataliya S. Gribovskaya (A.P. Ershov Institute of Informatics Systems, SB RAS)

Abstract: The contribution of the paper is to clarify connections between real-time models
of concurrency. In particular, we defined a category of timed causal trees and investigated how
it relates to other categories of timed models. Moreover, using a larger model called timed event
trees, we constructed an adjunction from the category of timed causal trees to the category
of timed event structures. Thereby we showed that timed causal trees are more trivial than
timed event structures because they reflect only one aspect of true concurrency, causality, and
they apply causality without a notion of event. On the other hand, the first model is more
expressive than the latter in that possible runs of a timed causal tree can be defined in terms
of a tree without restrictions, but the set of the possible runs of any event structure must be
closed under the shuffling of concurrent transitions.

Keywords: real-time models, true concurrency, causality, relations, unification, category
theory

1. Introduction. In recent decades, category theoretical approaches have been actively used
for the specification and investigation of concurrent systems and processes. We will mention
just one example, which is directly related to the concurrency theory. The category theory has
helped us to classify and unify various models for concurrency and has provided an abstract
language for expressing relationships between seemingly very different models. The basic goal is
to formulate the fact that one model is more expressive than another in terms of an ‘embedding’
or coreflection (reflection) — the category theoretical notion defined as an adjunction, in which
the unit (counit) is an isomorphism. In the setting of this approach, models are represented
as categories: each model is equipped with a notion of morphism that shows how one model
instance can be simulated by another. Moreover, the existence of (co)reflection between models
allows us to translate concepts and properties from one model to another.

At present, the concurrency theory has a great variety of formal models that can be clas-
sified based on different principles. For example, concurrent models are split to interleaving
models and true concurrent models. For interleaving models, such as synchronization trees,
causal trees and transition systems, the concurrency is simulated by a sequence of actions.
For true concurrent models, such as event structures, transition systems with independence, la-
belled asynchronous transition systems, causal trees and Petri nets, the concurrency is modelled
implicitly through the relation of independence.

In [3, 5] Winskel, Nielsen and Joyal have applied the category theory to unify the many

models for concurrency and to establish the relationships between them. They have shown that
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the categories of such models as synchronization trees, transition systems, event structures,
transition systems with independence and asynchronous transition systems are related by core-
flections. In particular, they have found out the following facts. Intuitively, synchronization
trees are transition systems with no cyclic behaviour. Moreover, a synchronization tree may
be transferred to a special kind of an event structure with an empty independence relation.
The transition systems may be regarded as transition systems with independence in which the
independence relation is empty. An event structure may be translated to a special type of a
transition system with independence. Finally, transition systems with independence may be
considered as asynchronous transition systems, which have at most one transition with the
same label between two same states. Later Nielsen and Winskel proved that there exists a
coreflection between Petri nets and asynchronous transition systems (see [4]). In [2] Froschle
and Lasota integrated a new model, the causal trees of Darondeau and Degano, into Winskel
and Nielsen’s framework. Also they have shown that there is an adjunction from causal trees
to event structures. Causal trees are some variant of synchronization trees with enriched action
labels that supply information about which transitions causally depend on each other. Thereby;,
they reflect the only one aspect of true concurrency, causality. On the other hand, there is one
aspect in which event structures are less expressive than causal trees: their notion of run is in-
duced abstractly by the consistency and causal dependency relation. In particular, this means
the set of runs of any event structure is closed under the shuffling of concurrent transitions.

More recently, great efforts have been made to develop formal methods for real-time systems.
These are systems whose correctness depends crucially upon real-time considerations. As a
result, time extensions of concurrent models such as timed automata, times synchronization
trees, timed transition systems, timed event structures, and timed Petri nets have appeared and
have been investigated. However, only a few examples of the category theoretical classification
for timed models are described in literature.

The contribution of the paper is to show the applicability of the general categorical frame-
work proposed by Winskel and Nielsen and to clarify connections between real-time models of
concurrency. In particular, we defined categories for such models as timed transition systems,
timed synchronization trees, timed causal trees and timed event structure, and investigated
how they relate with each other. Moreover, using a larger model called timed event trees we
showed the existence of an adjunction from the category of timed causal trees to the category
of timed event structures.

The rest of the paper is organized as follows. The basic notions and notations of the category
theory are introduced in Section 2. In the next section, we define categories for timed extensions
of concurrent models and establish some of their properties. Five subsections of Section 3

describe five different models: timed transition systems, timed synchronization trees, timed
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causal trees, timed event structures and timed event trees. Relations between timed models
for concurrency are introduced in Section 4, which consists of five subsections. In the first
subsection a coreflection between the category of timed causal trees and the category of timed
synchronization trees is exhibited. The existence of a coreflection between the category of
timed causal trees and the category of timed event trees is shown in Subsection 4.2. The next
subsection proves the existence of a reflection between the category of timed event structures
and the category of timed event trees. In the fourth subsection, the construction of a coreflection
between the category of timed event structures and the category of timed synchronization trees
is described. Each of above subsections consists of definitions of two functors between two
certain categories, some useful propositions and the main theorem, which asserts the existence of
(co)reflection between the categories. Subsection 4.5 recapitulates the obtained results. Section
5 is the conclusion of the paper.

2. Basics of the Category Theory. In this section we will briefly recall some basic notions

and notations from the category theory [1]. Let us start with the definition of a category.
Definition 1. A category C consists of the following:
- a class |C|, whose elements will be called “objects of the category”;

- for every pair A, B of objects, a set C(A, B), whose elements will be called “morphisms”

or “arrows” from A to B;

- for every triple A, B, C of objects, a composition law C(A,B) x C(B,C) — C(A,C).
The composite of the pair (f,g) will be written go f or just gf;

- for every object A, a morphism 14 €C(A,A), called the identity on A.
These data are subject to the following axioms.

- Associativity axiom: given morphisms f € C(A,B), g€ C(B,C), h e C(C, D) the following
equality holds: ho (go f)=(hog)o f;

- Identity axiom: given morphisms f € C(A,B), g € C(B,C), the following equalities hold:
lpof=f,golp=y.

Now we adduce the notion of a functor (or a “homomorphism of categories”) with some of

their properties.
Definition 2. A functor F' from a category C to a category D consists of the following:

- a mapping |C| — |D| between the classes of objects of C and D; the image of A € C is
written F'(A) or just FA;
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- for every pair of objects A, A" of C, a mapping C(A,A’) — D(FA,FA’); the image of
feC(A,A") is written F(f) or just F'f.

These data are subject to the following axioms:
- for every pair of morphisms f € C(A,A"), ge C(A',A") F(go f) = F(g)o F(f);
- for every object AeC F(1a)=1pa.

Definition 3. Consider a functor F : C — D and for every pair of objects A, A’ € C, the mapping
C(A,A") > D(FAFA"), f—Ff.

e The functor F is faithful when the above mentioned mappings are injective for all A, A’;
e The functor F is full when the above mentioned mappings are surjective for all A, A’;

e The functor F' is full and faithful when the above mentioned mappings are bijective for all

A’ A/’.

e The functor F is an isomorphism of categories when it is full and faithful and induces a

bijection |C| — |D| on the classes of objects.

There is a notion of natural transformations in the category theory, which is an adaptation

of the notion of a “homotopy” between two continuous functions from one space to another.

Definition 4. Consider two functors F,G : C — D from a category C to a category D. A
natural transformation a: F' = G from F to G is a class of morphisms (as: FA - GA) acc of
D indexed by the objects of C and such that for every morphism f: A— A" inC, aq o F(f) =
G(f)oaa.

One of the basic conceptions of the category theory is a notion of adjoint functors. There are
various definitions for adjoint functors. Their equivalence is elementary but not at all trivial.

We will use the definitions via reflections and coreflections along functors.

Definition 5. Let F' : C — D be a functor and B an object of D. A reflection of B along F' is a
pair (Rp,ng) where Rp is an object of C, np : B — F(Rp) is a morphism of D, and if A €|C|
is an object of C and b: B — F(A) is a morphism of D, then there exists a unique morphism

a:Rp— A inC such that F(a)ong =b.

Definition 6. Let F':C — D be a functor and B an object of D. A coreflection of B along F is
a pair (Rp,ep) where Rp is an object of C, e : F(Rp) — B is a morphism of D, and if A €|C|
is an object of C and b: F(A) - B is a morphism of D, then there exists a unique morphism

a:A— Rg inC such that eg o F(a) =b.
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Definition 7. A functor R : D — C is left adjoint to the functor F : C - D (and F is right
adjoint to R) when there exists a natural transformation n:1p = F o R, called the unit of the

adjunction, such that for every B € D, a pair (RB,ng) is a reflection of B along F'.

Definition 8. A functor R : D — C is right adjoint to the functor F': C - D (and F is left
adjoint to R) when there exists a natural transformation € : F o R = 1p, called the counit of the

adjunction, such that for every B € D, a pair (RB,eg) is a coreflection of B along F.

We will call an adjunction in which the unit (the counit) is a natural isomorphism as a
coreflection (a reflection).

3. Models for Concurrency. In this section we study the timed extensions of five different
concurrent models. Four of them are well-known interleaving and true concurrency models, and
the fifth one is called event trees and embeds causal trees as well as event structures. Event
trees are like event structures because causality and concurrency are event-based, global notions.
They are like causal trees because their possible runs are specified explicitly by a tree.

We start by introducing of timed variants of the models, and then we define categories for
them.

3.1. Timed Transition Systems. Let R be a set of non-negative reals and L be a finite

alphabet of actions. Consider the definition of timed transition systems.

Definition 9. A timed transition system T over an alphabet L is a tuple (S, s;,, L,T), where
S is a set of states and s, 1s the initial state, T ¢ S x Lx R xR xS is a set of transitions
such that for all (s,0,eot,lot,s") € T we have eot < lot. We will write s 2 s to denote a

eot, lot
transition (s, o, eot,lot,s").

Let us define the behaviour of timed transition systems.

Definition 10. Let T be a timed transition system over L.

A configuration of T is a pair (s,v), where s is a state and v is a current global time
moment.

A run of T is a sequence v = (sg, V) 4 (s1,11) -+ (Sn-1,Vn-1) Z (Sn, V) such that vy <
... <y, and for all 1 <i<n there is a transition s;_y % s; such that eot; <v; <lot;. Here,

eot;, lot; N
S0 = Sin and vy s defined to be 0.

We are now ready to introduce the category of timed transition systems.
Definition 11. Given timed transition systems T = (S, Sin, L, T) and T' = (S’, s, L', T"),
a pair (p, \) is a morphism between T and T, if u: S - S" and A: L - L' are functions such
that pu(sy,) = s, and if (s,0,eot,lot,s") € T, then (u(s),A(o),eot’ lot',u(s")) € T" for some

wmn’

real numbers eot’ and lot’ such that eot’ < eot and lot < lot'.
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Timed transition systems and morphisms between them form a category of timed transition
systems, TTS, in which the composition of two morphisms (u, A) : 7 — T"and (p/, \) : T/ > T"
is defined as (', ) o (1, A) := (1 o i, Ao X), and the identity morphism is a pair of the identity

functions.

On

Lemma 1. Given a morphism (pu,\): T = T' of TTS, if (s0,10) 5 (s1,11) ... {81, V1) 3
) A(o1) Aon) .
(Sn,vn) s a run of T then (u(so),v0) = (u(s1),v1) - ((Sn-1)s V1) = (u(sn),vn) will

be a run of T'.

3.2. Timed Synchronization Trees. Now we contemplate the definition of timed syn-

chronization trees.

Definition 12. A timed synchronization tree S is a timed transition system (.S, Sin, L, T) such

that

. . o1 Ok
(i) for all s € S there exists a sequence Sy, —> Sy ... Sg-1 —>  Sg (k2 0) such that
eot1, loty eoty, loty
S =Sk,
.. o1 Ok . .
(ii) for all sequence sy —> Sy ... Sp1 —> Sk (k>0) it holds if sg = sy then k=0;
eoty, loty eoty, loty

7

. ag g
(iii) if s — s ands”" —> s, then s =s", 0=0', eot=eot’ and lot = lot'.
eot, lot eot’, lot’

Write TST for the full subcategory of timed synchronization trees in T'TS.
3.3. Timed Causal Trees. In this subsection we introduce the timed extension of causal

trees, which are a generalization of synchronization trees.

Definition 13. A timed causal tree C is a tuple (S, S, L, T,<) where (S, sy, L, T) is a
timed synchronization tree and < €T xT', the causal dependency relation, is a strict order such

that for all transitions (s, o, eot, lot, s') and (s", o', eot’, lot’, s"") of C if (s,0,eot,lot,s") <

. g1 Ok
(s",0' eot! lot', s"), then there exists a sequence ' —> Sy ...8,1 —> " for somek >0.
eoty, loty eoty, loty

We will say that two transitions (s, o, eot, lot, s') and (s, 0’ eot’, lot’, s") of C are consistent

(denoted (s,0,eot,lot,s") Con (s" 0’ eot’,lot’ ")) iff either (s, o, eot, lot, s') = (s", o', eot’,
. o1 Ok
lot', s"") or there exists a sequence sy —> §1 ... Sk.1 —> S (k> 0) such that (s" = s
eoty, loty eoty, loty
. o1
=80 A S=8g) A runof C = (S,si, L, T,<) is a sequence v = (sg, V) =
1

A §" = si) or (s

(s1,v1) - (Sn-1,Vn-1) % (Sn, 1) such that (so, ) 2 (s1,21) .. (Snt1, Vp-1) 3 (8n, ) is a run
of (S,8in, L,T) and K; = {j | 1 < j <, (8j-1,05,¢€0tj,lot;,s;) < (81,04 €0t lot;, s;)} for all
1<e<n.

We are ready to equip timed causal trees with a notion of morphism and thus define a

category of timed causal trees.
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Definition 14. Given timed causal trees C = (S, so, L, T,<) and C' = (S’, sy, L', T', <'), a
pair (p, A) is a morphism between C and C', if (u, \) is a morphism between timed synchro-
nization trees (S, so, L, T) and (S’, s, L', T") and for all transitions (s,o,eot,lot,s1) and
(89,01, €eoty,loty,s3) of C, if (s,0,eot,lot,s1) Con (se2,01,eoty,loty,s3) and (u(s), A(o), eot’,
lot', pu(s1)) <" (u(s2), A(o1), eot, lot], p(ss)) for some eot’, lot', eot!, lot} € R such that

eot’ < eot, lot < lot’, eot] < eoty and lot, <loty, then (s,o,eot,lot,s1) < (sa,01,e0ty,loty,s3).
Timed causal trees and their morphisms form a category of timed causal trees, TCT.

Lemma 2. Given a morphism (u,\):C - C' of TCT, if v = (sq, 1) % (s1,01) -+ (Sn-1,Vn1)
1

On . A(o1) Aon)

P (Sn,vn) 18 a Tun of C, then v = (u(so0), Vo) P ((s1),v1) - (p(Sne1), Vno1) b (11(8n), vn)

’
n n

will be a run of C' for some K1, ..., K] such thlat K] c K; forall1<i<n,.

3.4. Timed Event Structures. This subsection is dedicated to the most popular true

concurrency model — timed event structures. Let us first give the definition of this model.

Definition 15. A timed event structure is a tuple € = (E, <, Con, L, I, FEot, Lot), where E
is a set of events; < € E'x E is a strict order (the causality relation ), satisfying the principle of
finite causes: Ve e E o e |={e' € E'| e’ <e} is finite; Con € 2F (the consistency relation) consists
of finite subsets of events which can occur together in a run, satisfying the following principles:
Vee Fo{e}eCon; Y XeCon=Y eCon and X e Conne<e e X = Xu{e}eCon; L
1s a set of actions; | : E— L is a labelling function and Eot, Lot: E - R are functions of the

earliest and the latest occurrence times of events, satisfying the following: Eot(e) < Lot(e) for

allee B,

Let C' c E. Then C' is left-closed iff Ve,e’ e Eseec C A € <e= e e€(; Cis consistent iff
C € Con; C is a configuration of € iff C' is left-closed and consistent. Let C(&) denote the set
of all finite configurations of &£.

An execution of a timed event structure is a timed configuration which consists of a con-
figuration and a timing function recording global time moments at which events occur and
satisfies some additional requirements. Let & = (E, <, Con, L, |, Fot, Lot) be a timed event
structure, C' € C(€), and T : C - R. Then TC = (C,T) is a timed configuration of & iff
VeeC. Fot(e)<T(e)< Lot(e) and ¥V e,e' e Co e<e’ = T(e) <T(e'). Informally speaking,
the first condition expresses that an event can occur at a time when its timing constraints are
met; and the second condition states that for any two events e and e’ occurred if e causally
precedes ¢/, then e should temporally precede e¢’. We use TC(E) to denote the set of timed

configurations of &£.
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Let £ be a timed event structure and TC' = (C,T),TC" = (C",T") e TC(E). We will write
TC’%TC” iff Cu{e}=C" and T'|c =T and T'(e) = d. A run of £ is a sequence of the form
TCy Z—1> TC, Z—2> . 3"> TC,, where n >0 and TCy = (@, @) is the initial timed configuration.

Now let us recall the notion of morphism between timed event structures.

Definition 16. Let £ = (F, <, Con, L, I, Eot, Lot) and &' = (E', <', Con', L', I', FEot', Lot")
be timed event structures. A pair (p, \), where yu: E - E" and A : L — L' are functions, is called

a morphism, if I’ o= Xol and for all C'e C(E) the following holds:
e 1 CeC(&);
o Vee'eCoifule) = u(e’) thene = €';
e VeeC o Eot'(u(e)) < Eot(e) and Lot(e) < Lot'(u(e)).

Timed event structures and their morphisms form a category of timed event structures,
TES.

Lemma 3. Given a morphism (u,\):E - &' of TES, if TC = (C,T) is a timed configuration
of €, then TC" = (nu C,T"), where T" o u="T will be a timed configuration of E'.

3.5. Timed Event Trees. The main goal of this paper is to expose an adjunction from
the category of timed causal trees to the category of timed event structures. In order to achieve
this aim, we will use a larger model, timed event trees, that embeds timed causal trees as well

as timed event structures.

Definition 17. A timed event tree ET is a tuple (S, sy, E, T, <, L, I, Eot, Lot), where
(S, Sin, E, T) is a timed synchronization tree, <C E x E is a strict order, L is a set of labels,
l:E— L is a labelling function, and Fot, Lot: E — R are functions of the earliest and latest

occurrence times of events, satisfying the following:
(i) for all e € E there exists a transition (s, e,eot,lot,s") e T;

(i) ifs — s ands — ", then eot=eot, lot =lot' and s' = s";

eot, lot eot’, lot’
. e / e P . el €k
(iii) if s — s andu —> ', then there is no sequence sy —> Sy ... Sp.1  —> Sk
eot, lot eot’, lot’ eoty, loty eoty, loty
(k >0) such that (s'=sg A u=sg) or (u' =8y A 8=8g);
. . e’ . el ek
(iv) ife<e and s —> s’ then there is a sequence sy — Sy ... S.1 —> Sp (k>0)
eot, lot eoty, loty eot, loty

such that e1 = e and s = sy;

(v) Eot(e) < Lot(e), for all e e E;
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(vi) Eot(e) < eot <lot < Lot(e), for all (s,e,eot,lot,s1)eT.

We say two events e, e’ of a timed event tree ET are consistent (denoted e Congr e') iff

el €k

e = e’ or there exists a sequence s — 81 ... 8.1 —> s, (k>0) such that (e; = e and
eot1, loty eoty, loty
ep=¢')or (e =¢ and e = e).
. €1 €n
A run of ET is a sequence v = (so, ) = (s1,01) - (Su-1,Vn-1) = (Sn,Vp) such that vy <

. . v . €4
vy <...<v, and for all 1 <7< n there is a transition s;_; - s; such that eot; < v; < lot;.
eot;, lot;

Here, sg = s;, and vy is defined to be 0.

Lemma 4. Let ET = (S, sin, E,T,<,L,l, Eot, Lot) is a timed event tree and s;, €—1l> S1
eoty, loty
€n

Sp-1 —> Sy for somen>1. Then e, |S{e1,...,e,}.
eotn, lotn

Now let us define the category of timed event trees.

Definition 18. Let ET = (S,sin, E,T,<,L,l,Eot,Lot) and ET' = (S, s. , E', T', <', L', I,

Eot', Lot") be timed event trees. A pair (u,\), where p: E - E'" and \: L - L' are functions,

1s called a morphism, ff

(1) p(e) I ple )

(ii) l'op=MNol;

Loy - el ek u(er) u(er)
(iii) if S;n —> s1...8.1 —> s, (k>0), thens,, — s\...s,_, — s} forsome
eot1, loty eoty,, loty, eot], lot| eot;, lot],

si €S" and eot) < eot; and lot; <lot (1<j<k);
(iv) Eot'(u(e)) < Eot(e) and Lot(e) < Lot'(u(e)), for all e € E.

Lemma 5. Given timed event trees ET = (S, sin, E, T, <, L, I, Eot, Lot) and ET' = (5',
st BT, <, L' U, Eot', Lot"), a morphism (u,\): ET - ET' generates the unique function

o, S = S such that (0,,p) is a morphism between (S, s, E,T) and (S',s,,,E',T"), and

in’

preserves concurrency: for all e,e’ € E if e Congy €' and p(e) <" p(e’), then e <e'.

Timed event trees and morphisms between them form the category of timed event trees,

TET.
Lemma 6. Given a morphism (ju, \) : ET - ET' of TET, if we have a run y = (so, o) = (s1,11)

eén (e1)
ASne1,Un1) = (Sn, ) of T then v = (0,(s0), 1) e (0u(s1),11) - {0u(Sn-1), Vn-1

(0u(8n),vn) will be the run of ET.

) u(_fi)n)

4. Relations Between Timed Models for Concurrency. In this section we investigate
how the category of timed causal trees relates to the other timed model categories. In particular,

we show that there is a coreflection from timed synchronization trees to timed causal trees, a
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coreflection from timed synchronization trees to timed event structures, a coreflection from
timed causal trees to timed event trees, and a reflection from timed event trees to timed event
structures. Thus, we will get the adjunction from timed causal trees to timed event structures
which arises as the composition of a coreflection from timed causal trees to timed event trees
and a reflection from timed event trees to timed event structures.

4.1. A coreflection between the categories TCT and TST. First, we investigate
a relation between the categories TCT and TST. Clearly, any timed causal tree is a timed
synchronization tree. Hence, we have a functor ¢2s : TCT — TST that forgets about the
causality information and keeps morphisms. Moreover, it is easy to see that ¢2s is a faithful
functor.

On the other hand, every timed synchronization tree determines a timed causal tree, in
which the causal dependency relation is given by the order of the transitions in the tree. Now

we can define a functor s2¢: TST - TCT.

Definition 19. Let § = (S, sin, L, T) and 8" = (S, s, L', T") be timed synchronization

trees and (u,\) : S - 8" be a morphism of TST. Define s2¢(S) = (S, Sin, L, T,<*), where
(s,a,eot,lot,s") <* (u, b, eot’, lot’, u") if and only if there exists a sequence of transitions s’
€1 €L

— S ...81 —> Sk for some k>1 such that s, =u; and define s2¢c(p, ) = (1, A).

eoty, loty eoty, loty

Proposition 1. The mapping s2c¢ is a fully faithful functor.

Jlokasameavcmeo. First, we note that s2¢(S) is a timed causal tree for all timed synchroniza-
tion trees S = (5, sin, L, T).

Second, we should check that s2c(p,\) = (i, A) is a morphism of TCT for all mor-
phisms (p,A) : & = & of TST. We only need to prove that p preserves concurrency. Let
(s,a,eot,lot,s"), (u,b,eot’ lot' u") € T, (s, a, eot, lot, s") Con (u, b, eot’, lot’, u') and (u(s),
Aa), eot’, lot', u(s")) < (u(u), A(b), eot’, lot’, u'). This implies the existence of a se-
quence /i(s") eot{%{)ti sho.sh eot%()tk si. = p(u) for some k > 1. Hence, (s,a,eot,lot,s")
% (u,b,eot’ lot’ u"), by the item (ii) of Definition 12. Furthermore, since (s, a, eot, lot, s')
Con (u, b, eot’, lot', u"), we may conclude that either (s,a,eot,lot,s") <* (u,b,eot’ lot’ u") or

(u,b,eot’ lot’ u') <* (s,a,eot,lot,s"). Assume (u, b, eot’, lot’, u') <* (s, a, eot, lot, s"). This

€1 €]

means that there exists a sequence v/ — s; ... 8.1 — s, = s for some [ > 1. This
eoty, loty eot;, lot;
A A
implies that p(u') Mew p(sy) ... p(si-1) M) p(s;) = p(s). This contradicts the item (ii)
eoty, loty eot/, lot}

of Definition 12. Thus, (s,a,eot,lot,s") <* (u,b,eot’ lot’ u').

Third, consider an identity morphism (1g,1.) : & = S and a pair of morphisms (o, \) :
§ - & and (¢/,\) : &' - §” from TST. It is obvious that s2c(ls, 1.) = (1, 1.) and
s2c((a’,N) o (0,A)) =s2¢c(o’oa,N o)) =(d"0o0,\N o) =s2c(c’,\)os2c(o,\). Thus, s2c is

indeed a functor.
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Finally, we need to clarify that s2c is a fully faithful functor. Take arbitrary objects & and
S’ of TST. Define a function Fs s : TST(S,S") - TCT(s2¢(S),s2¢(S’)) such that Fs s (o, \)
= s2¢c(0,\) = (o, A) for all morphisms (o,\) : § - & of TST. Since s2c is a functor, Fs s
is a function. Moreover, it is easy to check that Fs s is injective, because Fs s /(o,\) = (0, ).
Hence, s2c is a faithful functor. Next, take an arbitrary morphism (o, \) : s2¢(S) — s2¢(S’) of
TCT. Clearly, (0,)) is a morphism of TST from S to &’ and Fss/(o,\) = (o,\). Thus, s2c

is a full functor. O

Proposition 2. Let S = (S, sin, L, T) be a timed synchronization tree. Then s2¢(S) is a timed
causal tree, (1g,15) : S - ¢2s(s2¢(S)) is an isomorphism and the pair (s2¢(S),(1s,11)) is a
reflection of S along c2s.

Jlokazamenvcmeo. 1t is clear that c¢2s(s2c¢(S)) = S. Hence, (1g,11) : S - ¢2s(s2¢(S)) = S is
a morphism of TST. Moreover, it is an isomorphism.

Now we should prove that (s2c(S),(1s,1.)) is a reflection of S along ¢2s, i.e. whenever
C' is a timed causal tree and (o,\) : § - ¢2s(C’) is a morphism of TST, then there exists a
unique morphism (g, \') : s2¢(S) — €’ such that (o,\) = c2s(g,\') o (1g,11). Since c2s(g, \')
= (g, \'), we may conclude that A’ must be equal to A and g must match . Hence, we should
only show that (o,\) : s2¢(S) — C’ is a morphism of TCT. Since (o,)) : § - ¢2s(C’) is
a morphism of TST, we only need to check that o preserves concurrency. Take an arbitrary
(s,a,eot,lot,s"), (u,b,eot*, lot* u") € T such that (s,a,eot,lot,s") Con (u,b,eot* lot* u") and
(0(s),\(a),eot’ lot' a(s")) <" (o(u),A(b),eot’™ lot™ o(u')). Since C’ is a timed causal tree, we
may conclude that there exists a sequence o (s’) eot':%ot'l 51 ... 5851 eot?;“;ot; o(u) for some k > 1.

Since (s, a,eot,lot,s") Con (u,b,eot*,lot* u'), we have three admissible cases: (s, a, eot, lot,
s') = (u, b, eot*, lot*, u'), (s, a, eot, lot, s") <* (u, b, eot*, lot*, u") and (u, b, eot*, lot*, u') <*
(s, a, eot, lot, s). If (s, a, eot, lot, s') = (u, b, eot*, lot*, u") then (a(s), A(a), eot’, lot', o(s"))

= (o(u), A(b), eot’™ lot™, o(u')), that contradicts our conditions. If (u, b, eot*, lot*, u') <* (s,

€1 ~ ~ e
a, eot, lot, s'), we have a sequence v/ — &1 ... 8,1 —> s forsome m > 1. Hence, o(u')
eoty, loty eotm, lotm

e A €m . . . .. .

t—>”( 1l)t” o(51) ... 0(8m-1) t—>( l)t o(s). This contradicts the item (ii) of Definition 12. Hence,
eoty, loty eot!” , lot!
(s,a,eot,lot,s") <* (u,b,eot*, lot* u").

Thus we can conclude that (s2c(S), (1s,17)) is a reflection of S along ¢2s. O
The above results enable us to exhibit an adjunction between the categories TST and TCT.
Theorem 1. The functor c2s is right adjoint to s2c and this adjunction is a coreflection.

oxasameavcmeo. The first assertion follows from Proposition 2 and from the fact that for all

morphisms (o,A) : C = (S, sim, L, T,<) - C' = (5", s, L', T'",<") it is true that (1g,1./) 0

in’
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(0,A) = (0,)\) =s2c(c2s(0,\)) = s2¢(c2s(0,A))o(1g, 11). Moreover, it follows from Proposition
2 that the unit ) associates each timed synchronization tree S = (S, s;,, L, T) with the

isomorphism (1g,17) : S = ¢2s(s2¢(S)). Hence, ® is a natural isomorphism. O

Thus, TST embeds fully and faithfully into TCT and is equivalent to the full subcategory
of TCT consisting of those timed causal trees C that are isomorphic to s2c(c2s(C)).

4.2. A coreflection between the categories TCT and TET. In this subsection we
establish that there is a coreflection from timed causal trees to timed event trees. Note that

any timed event tree gives rise to a timed causal tree by forgetting about events. Hence, we can

specify a functor et2c: TET - TCT.

Definition 20. Let ET = (S, s, E,T,<,L,l, Eot,Lot) and ET' = (S', s, E', T', <, L/,

I', Eot', Lot") be timed event trees and (u,\) : ET — ET' be a morphism of TET. De-

fine et2c(ET) = (S, Sin, L, T*,<*), where T* = {(s,l(e),eot,lot,s") | (s, e, eot,lot,s") € T},

(s,l(e),eot,lot,s") <* (u, l(e"), eot’, lot', u'") if and only if e < e’ and there exists a sequence s'
el e

— 81 ... 851 —> u for some k>0; and define et2c(p,\) = (0,,\), where o, : S - S’
eoty, loty eoty, loty

1s defined by p as in Lemma 5.
Proposition 3. The mapping et2c is a faithful functor.

Jlokasamenvcmeo. 1t is clear that et2c(E7) is indeed a timed causal tree for all timed event
trees £T. The fact that et2c(u, A) = (04, A) is a morphism of TCT for all morphisms (u, ) :
ET — ET' of TET follows from Lemma 5 and the equation Aol = [’ o . Next, we consider
an identity morphism (1g,17) : ET - ET and a pair of morphisms (u,\) : ET - ET" and
(W N):ET' — ET" from TET. Obviously, et2¢(1g,11) = (01,,11) = (1s,11), where (1g,17) :
et2c€T — et2cET is an identity morphism of TCT, and et2c((u/,\') o (i, \)) = et2c(p’ o
p N o) = (0uop, N o) = (000, N o) =et2ec(p,\)oet2c(u,N). Hence, we can conclude
that et2c is a functor.

Now we need to show that the functor et2c is faithful. Take an arbitrary pair of objects £T
and T of TET. Define a function Fer ey : TET(ET,ET') - TCT(et2c(ET),et2¢(ET"))
such that Fer e (p,\) = et2¢c(p,A) = (0,,A) for all morphisms (p,A) : ET - ET' of TET.
Clearly, Fer ¢ is indeed a function, because et2c is a functor. Check that Fer g7 is injec-
tive. Take arbitrary two morphisms (u1, A1) : ET —» ET" and (uz,A2) : ET — ET' such that
Ferer (1, M) = Fer g7 (2, A2). This implies that (o,,, A1) = (0,,,A2). Hence, Ay = Ay and o,
= 0,,. Since 0, defines the function f; in a unique way, we may conclude that 1 = po. Hence,

Fer g7 is injective, i.e. et2c is a faithful functor. O

Note, every timed causal tree C determines a timed event tree which is induced by C when

we assume that each transition of C represents a separate event. This means that we take
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the transitions of C as events , and label each arc of C by the corresponding transition. This

operation can be easily extended to a functor c2et : TCT -— TET.

Definition 21. Let C = (S, sin, L, T,<) and C' = (', s.,, L', T',<") be timed causal trees
and (o,\) : C > C" be a morphism of TCT. Define c2et(C) = (S, sin, T, T*,<,L,l, Eot, Lot),
where T* = {(s,(s,a,eot,lot,s"),eot,lot,s") | (s, a, eot, lot, s') € T}, I(s,a,eot,lot,s") = a,
Eot(s,a,eot,lot,s") = eot and Lot(s,a,eot,lot,s") = lot; and define c2et(o,\) = (u, \), where
p:T — T is given by the following equality: p(s, a,eot,lot,s") = (a(s),A\(a),eot’ lot’ a(s")) e T"

for some eot’ < eot and lot < lot'.
Proposition 4. The mapping c2et is a faithful functor.

Jlokazamenvcmso. Tt is easy to check that c2et(C) = (S, i, T, T*,<, L,1, Eot, Lot) is a timed
event tree for all timed causal trees C = (S, si, L, T,<).

Now, we need to prove that c2et(o,\) : c2et(C) - c2et(C’) is a morphism of TET
for all morphisms (o,\) : C - C’ of TCT. W.lo.g. assume that C = (S, s;,, L, T,<) and
C'= (9, s, L', T'.<"). Then, c2et(C) = (S, sim, T, T*, <, L, |, Eot, Lot) and c2et(C’)
= (S, s, T, T, < L' I, Eot', Lot"), where T* = {(s, (s,a,eot,lot,s"), eot, lot, s'") |
(s,a,eot,lot,s") €T}, I(s,a,eot,lot,s") =a, Eot(s,a,eot,lot,s") =eot, Lot(s,a,eot,lot,s") = lot,
T ={(u', (u',a,eot’ lot' u"), eot’, lot', u") | (w',a’,eot’ lot' ,u") e T}, U'(u',a' eot!, lot’ u") =
a', Eot'(u',a’ eot’ lot’' u'") = eot’ and Lot'(u', a’, eot’, lot’, u") = lot’. Moreover, c2et(o,\) =
(i, \), where 1 associates (s, a, eot, lot, s") € T' with some transition (o(s), A(a),eot’, lot’ o(s"))
of c2et(C’) with eot’ < eot and lot < lot’. The existence and unicity of such transition follows

from the item (ii) of Definition 11 and the item (iii) of Definition 12. Hence, pu: T - T" and
A: L — L' are functions. Check that (u, \) satisfies the requirements of Definition 18.

(i) Let us show that u(s,a,eot,lot,s") < u((s,a,eot,lot,s") |).

Take an arbitrary (s,a,eot,lot,s") € T. Using the items (i), (iii) of Definition 12, we can

. ai ag . .
find a unique sequence s;, —> Sy ...Sk1 —> S =s for some k> 0. Since (o, ) is
eoty, loty eoty, loty
Aag)

a morphism of TCT, we have o(s;,) =5, —  o(s1) ... 0(sk-1) o o(sk) =0(s)
eoty, loty

1 1
A
(—alz o(s") for some eot], ..., eot;, eot’, lot}, ..., lot;, lot’ € R such that eot’ < eot,
eot’, lot’

lot <lot" and eot’; < eot; and lot; < lot} for all 1 < j < k. Clearly, wu(s,a,eot,lot,s") = (a(s),
Aa), eot’, lot’, o(s")). Since c2et(C’) is a timed event tree, we have u(s,a,eot,lot,s") |
¢ {(o(sin) = s, AMar), eot, lot],0(s1)), ..., (0(sk-1), A(ax), eot;, lot;,o(s))} by Lemma
4. Hence, if ¢’ <" u(s, a, eot, lot, ") then e’ = (a(s;-1), A(ay), eot}, lot}, o(s;)) = pu(s;-1,
aj, eotj, lot;, s;) for some 1 < j < k. This implies u(s;_1, a;, eot;, lot;, s;) <" u(s, a,

eot, lot, s'). According to Definition 14, it is easy to see that (s;_1, a;, eot;, lot;, s;)
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< (s, a, eot, lot, s"). Thus, (s;_1, a;, eot;, lot;, s;) € (s,a, eot, lot, s") |. Furthermore,

w(s,a,eot lot,s") | € u((s,a,eot,lot,s") |).

(i) It is clear that I’ o u(s,a,eot,lot,s") = U'(c(s), A(a), eot’, lot’, a(s')) = AM(a) = Aol(s, a,
eot, lot, s') for all (s,a,eot,lot,s")eT.

(Sin,a1,eot1,lot1,s1) (8k-1,ak,€0ty,loty,s)) . .
(iii) Let sqp — S1 ... Sk_1 — sk (k>0) in c2et(C). This means that
eoty, loty eoty, loty
ai ag . . . .
Sin —> S1...8k.1 —> Sk inC. Since (o, ) is a morphism of TCT, we may conclude
eoty, loty eoty, loty
Aar) A(ag)
— ! 3 14 A A 4
that o(sin) =5}, — o(s1)...0(sk-1) —> 0o(sg)inC’ for some eot}, ..., eoty, lot],
eot], lot] eot; , lot,

..., lot; € R such that eot) < eot; and lot; < lot); for all 1 < j < k. Hence, o(sin) = sj,

(U(Sin)7>\(a1)760t,17lOt,170-(51)) (U(Sk—1)1>\(ak)760tr ,lOt;C,O'(Sk))
- —

o(s1)...0(Sk-1) o(sg) in c2et(C’) and for

eot), lot] eot) , lot],

all 1 S] < k it holds that u(sj,l,aj,eotj,lotj,sj) = (O'(Sj,l), )\(aj), €Ot;, lOt;, O'(Sj)).

(iv) Obviously, Eot'(u(s,a,eot,lot,s")) = eot’ < eot = Eot(s,a,eot,lot,s") and Lot(s, a, eot,
lot, s") = lot < lot’ = Lot'(u(s,a,eot,lot,s")) for all (s, a, eot, lot, s') eT.

This means that (u, \) is indeed a morphism of TET from c2et(C) to c2et(C’).

Next, we consider an identity morphism (1g,17) : C - C and a pair of morphisms (o, \) :
C - C"and (o’,\):C" - C" from TCT. Clearly, c2et(1s,1.) = (p151,,1) = (1r,11), where
(17,11) : c2etC — c2etC is an identity morphism of TET, and c2et((o’, \)o (0, A)) = c2et(o’0
T, N o) = (foroo yor, NOX) = (for 0 fiox, Ao X) = c2et(o’, \)oc2et (o, A). Thus, c2et is indeed
a functor.

In conclusion we prove that the functor c2et is faithful. Take an arbitrary pair of timed
causal trees C and C’. Define a function Fee : TCT(C,C") » TET(c2et(C),c2et(C’)) such
that Fee(o,N) = c2et(o,A) = (fon, A) for all morphisms (o,A) : C - C’ of TCT. It is easy
to see that F¢ ¢ is indeed a function, because c2et is a functor. Verify that F¢ e is an in-
jective function. Take arbitrary two morphisms (oq,A;) : C = C" and (02, \2) : C - C’ such
that Fee(o1,A1) = Feer(02,A2). This implies (fto; 0, A1) = (flopngs A2). Hence, Ay = Ay and
Loy a = Mogn,- Contemplate an arbitrary state s € S. Since C is a timed synchronization tree,
we have some transition (s',a,eot,lot,s) of C. Clearly, for all i = 1,2 p,, ,(s",a,eot,lot,s) =
(0i(s"), Ai(a), eot;, lot;, o;(s)) € T". SInce iy, 2y = toyng, We have (o1(s"), A1(a), eoty, loty, o1(s))
= (02(5"), Aa(a), eoty, loty, 09(s)). Hence, o1(s) = oa(s). This fact implies oy = o5. Thus, F¢ e

is injective, i.e. c2et is a faithful functor. m

Proposition 5. Let C = (S, s, L, T,<) be a timed causal tree. Then c2et(C) is a timed
event tree, (15,11) : C - et2c(c2et(C)) is an isomorphism and the pair (c2et(C), (1g,1.)) is
a reflection of C along et2c.
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Jlokazamesvcmeo. Since c2et is a functor, c2et(C) is a timed event tree. Obviously, c2et(C)
= (S, sin, T, T*, <, L, I, Fot, Lot), where T* = {(s, (s, a, eot, lot, s"), eot, lot, s') | (s, a,
eot, lot, s') € T}, I(s,a,eot,lot,s") = a, Eot(s,a,eot,lot,s") =eot and Lot(s,a,eot,lot,s") = lot.
Contemplate a timed causal tree et2c(c2et(C)). Clearly, et2c(c2et(C)) = (S, sin, L, T**,<**),
where T* = {(s, l(e), eot, lot, s") | e € T and (s, e, eot, lot, s") € T*} and (s, [(e), eot, lot, s") <**

(8",a1,e0t1,lot1,51) (8k-1,ak,e0ty,lotg,5)
(u, l(e"), eot’, lot’, u') < e,e'eT, e<e and I s — S1 ... Sk-1 —
eoty, loty eoty, loty

sy =u (k>0) in c2et(C). Hence, T** = {(s,l(s,a,eot,lot,s"),eot,lot,s") | (s,a,eot,lot,s") e T}
= T. Moreover, it holds that (s, l(e), eot, lot, s') <** (u, l(e") = b, eot’, lot’, u') <= e =
(s, a, eot, lot, s'), e = (u, b, eot’, lot', u'), (s, a, eot, lot, s') < (u, b, eot’, lot’, ') and I &’
eot%fotl S ... Sp_1 eot%mk s =u (k >0) in C. Because C is a timed causal tree, we have (s,
I((s,a,eot,lot,s")) = a, eot, lot, s') <** (u, [((u,b,eot’ lot’ u")) = b, eot’, lot', u') < (s, a,
eot, lot, s') < (u, b, eot’, lot', u'), i.e. <=<**. Thus, et2c(c2et(C)) =C.

Clearly, (1g,11) : C — et2c(c2et(C)) = C is a morphism of TCT. Furthermore, it is an
isomorphism.

Now we should prove that (c2et(C),(1g,1.)) is a reflection of C along et2c, i.e. whenever
ET' is a timed event tree and (o,\) : C - et2¢(ET’) is a morphism of TCT, there exists
a unique morphism (g,\’) : c2et(C) — T’ such that (o,\) = et2c(g,\) o (1g,1z). Since
et2c(g,\') = (0,4, \'), we may conclude that A’ must be equal to A and g must be defined so
that o, = 0.

W.lo.g. assume that ET" = (S, s, , B, T", <", L",l', Eot’, Lot") and (o, ) : C - et2c(ET") isa
morphism of TCT. Obviously, et2¢(ET") = (S, s, L', T™, <), where T" = {(u, l'(e), eot, lot,
u') | (u, e, eot, lot, u') e T'} and (u,l’(e),eot,lot,u") <"* (t,I'(e'),eot’ lot',1') <= e<'e" and
there exists a sequence u’ eoﬁotl S1 ... Sp_1 eot%mk t for some k > 0. Define a mapping g : T' — E’
as follows: ¢(s,a,eot,lot,s") = e’ such that I'(e’) = A(a) and (o(s),e,eot’,lot',0(s")) € T" for
some eot’, lot’ € R with eot’ < eot and lot < [ot’.

First, check that g is a function. Let (s, a, eot, lot, s") € T'. Since (o, A) is a morphism of TCT,
we have that (o(s), A(a), eot’, lot’, o(s")) € T™ for some eot’,lot’ € R such that eot’ < eot
and lot < lot'. This implies that (o(s), €, eot’, lot', o(s")) € T" for some e’ € E' such that
I'(e") = Ma). Hence, for all (s,a,eot,lot,s") € T there is an event e’ such that I'(¢) = A\(a) and
(a(s),e eot’ Lot o(s")) € T' for some eot’, lot’ € R with eot’ < eot and lot < lot’. Suppose that
we have e/, e” € E' such that (o(s), e’ eot’,lot',a(s")), (o(s),e",eot” lot" o(s")) eT’, eot’ < eot,
lot < lot', eot” < eot, lot < lot" and I'(e’) =1'(e") = AM(a). Due to the item (iii) of Definition 12,
it holds that e’ = ¢”. Thus, g is well defined.

Second, establish that (g, \) : c2et(C) — £T" is a morphism of TET.

e Check that g(s,a,eot,lot,s") |< g((s,a,eot,lot,s") ]).
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Assume e” € g(s, a, eot, lot, s') |. It means that e” <’ e’ = g(s, a, eot, lot, s') with (o(s),

e, eot’, lot', o(s")) € T" and I'(e’) = A(a). Due to the items (i), (iii) of Definition 12,

. ai ay .
we have a unique sequence s;, —> S1 ... S4.1 — Sk = s in C. It means that
eoty, loty eoty, loty
(Sin,a1,e0t1,lot1,s1) (Sk-1,ak,eoty,loty,sk) (s,a,eot,lot,s") o
Sin — S1 ... Sp_1 — S, = S — s’ in c2et(C). From
eoty, loty eoty, loty eot, lot

Lemma 4 we get (s,a,eot,lot,s") 1S {(Sin,a1,eoty,lot1,s1),. .., (Sk-1,ak, €0ty loty, ) =

s), (s,a,eot,lot,s")}. Since (o, ) is a morphism, it holds that o(s;,) = s}, T o(s1)
eot], lot]

. o(sk-1) ;\,(—a]})t, o(sk) = o(s) %t, o(s") in et2c(ET") for some eot’, eot}, ..., eot},
lot’, lot, ec: kl’ogg € R such thazoe’oto’ < eot, lot < lot', and eot’ < eot; and lot; < lot}
for all 1 < j < k. Hence, o(si,) = s, wt,l%»ma o(s1) ... o(sk1) eot%;t; o(sk) = o(s)
eof’;ot, o(s') in ET" for some €', ef,...,e; € E' such that I'(e’) = A(a), U'(e}) = A(a;)

for all 1 < j < k. Moreover, it is easy to see that ¢(s,a,eot,lot,s") = €', g(s;-1, aj,
eotj, lotj, s;) = €} (1 < j < k). Since ET" is a timed event tree, we may conclude that
g(S,&,@Ot, lOt,S’) s {g(sinaalaeotlalOtla Sl)a ) g(sk—l) Qg €oty, lOtka Sk = S)} by Lemma
4. Assume e’ € g(s,a,eot,lot,s') |. It means that e” = g(s;_1,a;,eot;,lot;, s;) = ¢} for
some 1 < j < k. This implies that (o(s;-1), €], eot}, lot}, a(s;)) <" (o(s), €, eot’,lot’,0(s")).
According to Definition 14, it holds that (s;_1,e;,eot;,lot;,s;) < (s,e,eot,lot,s"). Thus,
e" e g((s,a,eot,lot,s") |).

e Obviously, I’ o g(s,a,eot,lot,s") =1'(e') = Xa) = Xol(s,a,eot,lot,s").

(8in,a1,€0t1,lot1,51) (8k-1,ak €0ty loty,s1) . .

o Lets;, = — S1 ... Sk_1 — sk (k>0) in c2et(C). This means that

eot1, loty eoty, loty
ai ag . . . .
Sin —> 81 ...8k1 —> S in C. Since (0, \) is a morphism, we may conclude that
eoty, loty eoty, loty
Aar) Aag) .

o(Sin) =5, o(s1) ... 0(sk-1) —  o(sg) in et2c(ET') for some eot], ..., eot},
eot!, lot! eot) , lot},

loty, ..., lot; € R such that eot < eot; and lot; < lot} for all 1 < j < k. This implies that

el €l :

o(Sin) =8, — o0(s1) ... 0(s,-1) —>  o(sg)in ET' for some e}, ..., e} € E’ such

eot], lot] eoty , lot)

that '(e}) = A(a;) for all 1< j < k. Moreover, it is easy to see that g(s;_1, a;, eot;, lot;,

sj) =€ (1<j<k).
e Note that Fot'(g(s,a,eot,lot,s")) < eot’ < eot = Fot(s,a,eot,lot,s") and Lot(s, a, eot,

lot, s") = lot < lot" < Lot'(g(s,a,eot,lot,s")).

Thus, (g, ) is indeed a morphism of TET from c2et(C) to ET".
It is easy to see that (o, \) = (04, A) and ¢ is a unique function such that o, = o. Furthermore,

(c2et(C),(15,11)) is a reflection of C along et2c. O

Now we can summarize the obtained results in order to introduce an adjunction between

TET and TCT.
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Theorem 2. The functor et2c is right adjoint to c2et and this adjunction is a coreflection.

Zoxasameavcmeo. The first statement follows from Proposition 5 and from the fact that for
all morphisms (o, ) : C = (S, sin, L, T,<) > C" = (5", s.,, L', T',<) it is true that (1g/,1./)0
(0,A) = (0,\) = et2c(c2et(o,\)) = et2¢c(c2et(o,A\)) o (1g,11). Next, due to Proposition 5 we
may conclude that the unit ¢ associates each timed causal tree C = (S, s;,, L, T,<) with the

isomorphism (1g,17) : C — et2c(c2et(C)). Hence, 9 is a natural isomorphism. O

Thus, TCT embeds fully and faithfully into TET and is equivalent to the full subcategory
of TET consisting of those timed event trees £T that are isomorphic to c2et(et2¢c(ET)).

4.3. A reflection between the categories TES and TET. This subsection is dedicated
to investigation of the categories TES and TET and a relation between them. The runs of a
timed event structure can be ordered in a tree. Hence, any timed event structure forms a timed

event tree whose states are the runs of the timed event structure. This gives rise to a functor

e2et : TES - TET.

Definition 22. Let £ =(F, <, Con, L, I, Eot, Lot) and &' = (E', <', Con', L', I', FEot’, Lot")
be timed event structures and (pu,\) : € - &' be a morphism from TES. Define e2et(€) = (S,
e, E, Tran, <, L, |, Eot, Lot), where S ={ej...e, € E*|n>0,{e,...,e,} € C(E) and for all
1<i,j<nife; <ej theni<j} and Tran ={(e1...en,ens1, Eot(€ni1), Lot(€ns1),€1 .. €neni1) |

€1...€n, €1...enen1 €S} and define e2et(u, ) = (1, A).
Proposition 6. The mapping e2et is a fully faithful functor.

Jloxazamenvcmeo. First, we need to show that e2et (&) is a timed event tree for all timed event
structures £. Using the definition of the sets S and Tran, we may easy check that (S, €, F,
Tran) is a timed synchronization tree. Note that <€ F' x E is a strict order, because € is a timed

event structure. Next, we should prove that e2et(&) satisfies the requirements of Definition 17:

(i) for all e € E there exists a transition (s, e, eot,lot,s") € Tran.

Clearly, C' = e | u{e} € C(£). W.lo.g. assume that C' = {ey,...,e,} for some n > 0 such
that e, = e and for all 1 <¢,j <n if (e; <e;) then i < j. Define s, =¢;...¢; forall 1 <i<n

and sy = sy, = €. Obviously, for all 1 <i<n, s; € S and (s;_1,€;, Fot(e;), Lot(e;), s;) € Tran.

(ii) if (s,e,eot,lot,s"),(s,e,eot’ lot’ s") € Tran, then (s, e, eot, lot, s') = (s, e, eot’, lot’, s').

Due to the definition of the set T'ran, we have that s = ej...e} for some m > 0,
s =ef...ere, 8" =e]...eie and eot = eot’ = Fot(e) and lot = lot’ = Lot(e). Hence,

(s,e,eot,lot,s") = (s,e,eot! lot' s").
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. . €1
if (s,e,eot,lot,s"), (u,e,eot’ lot’ u') € Tran, then there is no sequence sy — s
eoty, loty

Sil —> s (k>0) such that (s'=sg A u=s;) or (W =59 A s=sp).
eoty, loty

Suppose that (s,e,eot,lot,s"), (u,e,eot’,lot' ,u") € Tran. By the construction of the set
Tran, we have that s =ej...e}, for some m>0, s"=ej...e}e, u=¢}...e, for some k>0

and u’ = e} ...eje. This means that ee s’, eew’, e ¢ s and e ¢ u. It is easy to see that if s

el €L . .
— 81 ...81 —> Sk (k=>0) then sgis a prefix of s;. Hence, if s’ = sy then u # sy
eoty, loty eoty, loty

and if u’ = sy then s # s.

. . €1 €k
if e<e’ and (s, €, eot,lot,s") e Tran, then there is a sequence sy — s7...58,1 —>
eoty, loty eoty, loty

sk (k> 0) such that e; = e and s = .

Since (s,e’,eot,lot,s") € Tran we have that s = e} ...e;, for some m >0, s’ =¢j...e}e€

m
and {ej,...,exn}, {ef,...,e5 ¢} € C(£). Hence, e € {e],... e} }. W.lo.g. assume e = e
. % % * - * % *
for some 1 < j < m. Define s} =ej...ef for all 1 <i<m and s} ., =e]...e; e’ Clearly,
ej=e em e
* * * * *
— s¥ LSk —> s —> st 1(m>0).

-1 Eot(e;), Lot(e;) -1 Eot(em), Lot(em) m FEot(e’), Lot(e)
Eot(e) < Lot(e) for all e € E.

This follows from the fact that £ is a timed event structure.

for all (s,e,eot,lot,s1) € Tran Eot(e) < eot < lot < Lot(e).

Clearly, for all (s, e, eot,lot,s1) € Tran Fot(e) = eot < lot = Lot(e).

Thus, e2et (&) is a timed event tree.

Second, we need to prove that e2et(u, \) : e2et(£) — e2et(&’) is a morphism of TET for
all morphisms (u, A) : € = &’ of TES. W.l.o.g. assume that € = (E, <, Con, L, [, Eot, Lot) and
E'=(E' <", Con', L' I', Eot', Lot'). Then, e2et(£) = (S, ¢, E, Tran, <, L, |, Eot, Lot) and
e2et(&') = (S, ¢, E', Tran', <', L', I', Eot', Lot'). Since (u,\) : £ = £’ is a morphism of TES,
we get p: B — E"and A: L — L’ are functions and I’ o 4 = A o [. Check that (i, \) satisfies the

requirements of Definition 18.

e Let us show that p(e) J< u(e l).

Take an arbitrary e € E. Obviously, C' = e | u{e} € C(£). Hence, u C € C(&’). Since
p(e) € p C, we have that p(e) J<pu C =p(el)u{u(e)}. Because (i, A) is a morphism of
TES, we have u(e) | n{u(e)} =@. Thus, p(e) 1€ u(e ).

el €n

o et s;, — 81 ...8,.1 — 8, for some n > 0. Due to the definition of the set

eoty, loty eotn, loty
Tran, we have that s;, =€, and for all 1<i<n s;=e;...e; €5, eot; = Fot(e;) and lot; =

Lot(e;). Since s; € S (1 <i<n), we get {e1,...,e;} € C(E) for all 1 <i <n. Because (u, \)
is a morphism of TES, it holds that {u(e1),...,u(e;)} € C(E’) for all 1 < ¢ < k. Define
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. . (e1)
st=p(ey)...u(e;) for all 1 <2 <n. Clearly, st € S” (1<t <k) and s/ g
i= ). le) 5 €5 ) ™ Bot'(u(er)), Lot'(u(er)
p(en)
sho...8h Eot'(u(en)),—zot'(u(en)) st Eot'(u(e;)) < Eot(e;) and Lot(e;) < Lot'(u(e;)) for
all 1<j<k.

e Clearly, Eot'(uu(e)) < Eot(e) and Lot(e) < Lot'(u(e)) for all e € E, since (u,\) is a
morphism of TES.

This means that (u, \) is indeed a morphism of TET from e2et(&) to e2et(&’).

Third, consider an identity morphism (1g,1;) : £ - £ and a pair of morphisms (u, A) : € - &’
and (u/,\) : & - &" from TES. Clearly, e2et(1g,1.) = (1g,11), and e2et((u/, ) o (1, A))
=e2et(pu/ opu,Nod) = (opu,NoX)=(u,N)o(u,\) =e2et((u,\))oe2et(u,\). Thus, we
have that e2et is indeed a functor.

Finally, we need to show that e2et is a fully faithful functor. Take an arbitrary objects
€ and &' of TES. Define a function Fg e : TES(E,E") -~ TET(e2et(€),e2et(E’)) such that
Fee(p,A) = e2et(u,\) = (i, A) for all morphisms (u, ) : € - & of TES. It is obvious that
F¢ ¢ is a function, because e2et is a functor. It is easy to see that F¢ ¢ is injective, because
Feer(p,A) = (1, A). Hence, e2et is a faithful functor. Check that Fg ¢ is a surjective function.
Take an arbitrary morphism (u, \) : e2et(E) — e2et(E’) of TET. Since (i, \) is a morphism
of TET, we may conclude that : EF - E'" and A\ : L - L' are functions, I’ o = Aol and
FEot'(u(e)) < Eot(e) and Lot(e) < Lot'(uu(e)) for all e € E. Let C be a configuration of £. By
the definition of the sets of states of e2et(€) and e2et(E’), we get that u C' € C(E’) and for
all e,e’ € C if p(e) = p(e’) then e = e’. This implies that (g, ) is a morphism of TES and
Feer(p,N) = (p, A). Therefore, e2et is a full functor. O

Note that we can transform any timed event tree into a timed event structure, defining the
set of consistent events as a set of events that appear together on some branch and ignoring

the tree structure. Thus we obtain a functor et2e: TET — TES.

Definition 23. Let ET = (S, s, E, T, <, L, I, Eot, Lot) and ET" = (S', s, E', T", <', L',

', Eot', Lot') be timed event trees. Define et2e(ET) as (E, <, Con, L, I, Fot, Lot), where
Con ezactly contains all subsets A of the sets {e1,...,ex} € E (k>0) such that there are states

. €1 €L
S1, ..., S €S with 845, —> 81 ... 8.1 —> S for some eoty,...,eoty, loty,..., lot, € R.
eoty, loty eoty, loty

Moreover, et2e(pu, \) = (i, ).
Proposition 7. The mapping et2e is a faithful functor.

Jlokasameavcmeso. First, we need to show that et2e(€T) is a timed event structure for all

timed event trees £7. It follows from Definition 17 and Lemma 4.
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Second, we have to prove that et2e(u,\) : et2e(ET) — et2e(ET") is a morphism of TES
for all morphisms (u,\) : ET - ET" of TET. Since (u,\) : ET — ET' is a morphism of TET,
we may conclude that p: F - E’ and A: L - L’ are functions and I’ o= Aol.

Take an arbitrary configuration C' in the timed event structure et2e(E7). Check that
pu CeC(et2e(ET)).

Since C' is a configuration, it holds that C' € Con and if e < ¢/ € C then e € C. Hence,

there exist events ey,..., e, € F such that si;,  —>  §p ... Sp1 —> s (k>0)in ET for
eoty, loty eoty,, loty
some sy, ..., g € S and C € {ey,...,er}. According to the item (iii) of Definition 18, we get
that s;, ey S8 o) s (k> 0) in ET' for some si,...,s} € S" and for some
eot], lot] eoty , lot)
eoty, ..., eoty,loty, ... lot; € R such that eot’ < eot; and lot; < lot} for all 1 < j < k. Thus

{u(er),...,pu(ex)} € Con’ and p C < {u(ey),...,u(ex)}. Hence, u C € Con'.
Let €’ € p C and e” <’ ¢/. This means that e’ = u(e;) for some 1 < j < k such that e; € C.
Thus, e” € u(e;) |. According to item (i) of definition 18 we have that p(e;) IS pu(e; 1). Using
the fact that C' is a configuration, we may conclude that e” € u(e;) |< pu(e; |) € p C. Thus, p C

is a configuration.
Now we need to show that Ve e’ € C . if u(e) = wu(e’) then e = ¢/. Assume that it is not
true. Then we have e, e’ € C' such that p(e) = p(e’) and e # ¢’. This implies that e = e; and
n(e;) o

e’ = ¢ for some 1< j,0 <k. W.lLo.g. assume that j <[. Then there is a sequence s ; — s’
eot’., lot’.
3’ J

8 u(;),i}:f) s;. This contradicts the item (iii) of Definition 17.

Note thlz;t éot’(u(e)) < Fot(e) and Lot(e) < Lot'(u(e)) for all e € E due to the item (iv) of
Definition 18.

Thus, (p, A) is a morphism of TES between et2e(£7) and et2e(ET") by Definition 16.

Third, consider an identity morphism (1g,1.) : ET - T and a pair of morphisms (pu, ) :
ET - ET" and (', N) : ET' —» ET" from TET. Obviously, et2e(lg,1.) = (1g,11), and
et2e((p/, \) o (1, \)) = et2e(p’ o, N oX) = (p' o, NoX) = (u',\N)o (u,\) = et2e(p’,\) o
et2e(p, \). Thus, we have that et2e is indeed a functor.

Finally, we should prove that et2e is a faithful functor. Take arbitrary objects ET and £T
of TET. Define a function Fer e : TET(ET,ET') » TES(et2e(ET),et2e(ET")) such that
Ferer (1, A) = et2e(p, A) = (p, A) for all morphisms (p, A) : ET - ET' of TET. It is obvious

that Fer ¢ is a function, because et2e is a functor. Clearly, Fer g7 is injective, because

Ferer (1, A) = (1, A). Hence, et2e is a faithful functor. ]

Proposition 8. Let £ = (E, <, Con, L, I, Fot, Lot) be a timed event structure. Then
e2et(&) is a timed event tree, (1g, 1) : et2e(e2et(E)) - &£ is an isomorphism and the pair

(e2et(€),(1r,1L)) is a coreflection of € along et2e.

Jlokazamesvcmso. Obviously, e2et(€) = (S, €, E, Tran, <, L, [, Eot, Lot), where S = {e; ...e,
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eE*|n>0,{e,...,e,} € C(E) and for all 1 < 4,5 <n if (e; <e;) then (i < j)} and Tran =
{(e1...€n, ens1, Eot(ens1), Lot(eni1), €1...€4€n41) | €1...€n, €1...€nen41 € S}. Moreover, we

can easily see that et2e(e2et(€)) = (E, <, Conx, L, I, Eot, Lot), where Con* exactly contains

€1 €k
all subsets A of events from F such that A c {ey,...,ex} and s;, —> $1 ... 8.1 — S
eoty, loty eoty, loty

(k > 0) for some sq,...,8; € S and eq,...,e, € E. It is easy to check that Con = Conx. This
implies that et2e(e2et(£)) = £. Hence, we have that (1g,1,) : et2e(e2et(£)) =€ - € is a
morphism of TES and, moreover, it is an isomorphism.

Finally, show that (e2et(&),(1g,1.)) is a coreflection of £ along et2e. Consider a timed
event tree ET' = (S, s, ,E",T',<', L', l', Eot’, Lot') and a morphism (u,\) : et2e(ET") —
£ and show that there is a unique morphism (f,s) : ET' - e2et(£) such that (u,\) =
(1g,11) cet2e(f,<). From this equation, it follows that (f,¢) must match (u,\), because
et2e(f,<) = (f,s). Hence, we only need to show that (u,\) is a morphism of TET between
ET' and e2et ().

Clearly, et2e(ET") = (E’, </, Con’, L', I', Eot', Lot"), where Con’' exactly contains all

subsets A of events from E such that A € {e;,...,e;} and there are states sq,...,s; € S’
el eg
(k> 0) such that s;,, — s1...8.1 — s (k>0) for some real numbers eoty, ..., eoty,
eot1, loty eoty, loty

loty, ..., loty. Because (u,\) : et2e(ET') — £ is a morphism of TES, we have that y: B’ - E
and \: L' - L are functions, [op = Aol” and for all e € E' it holds that Fot(u(e)) < Fot’(e) and
Lot'(e) < Lot(u(e)). Prove that (i, A) satisfies the other requirements from Definition 18. First,
check that p(e) J€ pu(e |). Let e € E'. Since et2e(ET") is a timed event structure, e | u{e} is a
configuration. Because (u, \) : et2e(ET") — £ is a morphism of TES, we have that u(e | u{e})
is a configuration too. Hence, pu(e) |c u(e | u{e}) = u(e ) u{u(e)}. Clearly, if ¢’ € u(e) | then
e’ # pu(e). Thus, p(e) Ic u(e l).

Next, assume that s;, eotleﬁ;h S1 ... 8k eotﬁotk sy, for some k > 0. Hence, {e1,...,¢e;} € Con’
for all 1 < j < k. Moreover, for all 1 < j <k {ey,...,e;} is left-closed by Lemma 4. Thus,
we get that {e1,...,e;} € C(et2e(ET")) for all 1 < j < k. Since (u,\) : et2e(ET') - € is a
morphism of TES it holds that {u(eq),...,u(e;)} € C(E) for all 1 < j < k. Hence, for all

1 < j,1 <k it holds that u(e;) < p(e)) = j <. Let s = p(er),...,pu(e;) for all 1 < j < k.

According to the definition of e2et, we have si,...,s; € S and € ey 81 ... 81
Eot(u(e1)), Lot(u(e1))
ko) s;.. Moreover, according to Definition 17 and Definition 18, we have that
Eot(u(er)), Lot(p(ex))
Eot(pu(e;)) < Eot'(e;) < eotj and lot; < Lot'(e;) < Lot(u(e;)) for all 1 < j < k. O

Using the results mentioned above, we can formulate the following theorem.

Theorem 3. The functor et2e is left adjoint to the functor e2et and this adjunction is a

reflection.
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Joxazamenvcmeo. The first part of this theorem follows from Proposition 8 and from the fact
that for all morphisms (p,A) : & = £’ it is true that (1, 1,/) o et2e(e2et(u, \)) = (1g/, 11/) 0
et2e(u,A\) = (1g, 1) o (u, A) = (g, A) = (1, A) o (1g, 11). Moreover, due to Proposition 8, we
have that the counit 1 associates each timed event structure & = (E, <, Con, L, I, Eot, Lot)

with the isomorphism (1g, 1) : et2e(e2et(€)) - £. Hence, 1 is a natural isomorphism. O

Thus, TES embeds fully and faithfully into TET and is equivalent to the full subcategory
of TET consisting of those timed event trees €T that are isomorphic to e2et(et2e(ET)).

4.4. A coreflection between the categories TES and TST. It is a well-known fact
that there exists a coreflection from the category of synchronization trees to the category of
event structures. In this subsection, we try to extend this result to timed variants of the models
mentioned above. Clearly, the configurations of a timed event structure can be translated to a

tree. Hence, we can specify the following functor e2s: TES - TST.

Definition 24. Let £ =(FE, <, Con, L, I, Eot, Lot) and &' = (E', <', Con', L', l', FEot’, Lot")
be timed event structures and (ju, \) : € = &' be a morphism of TES. Define e2s(E) = (S, ¢, L,
Tran), where S ={e1...e, |n>0,{e1,...,e,} € C(E) and for all1 <i,j<n (e;<ej) = (i<j)}
and Tran = {(e1...en, l(eni1), Eot(ens1), Lot(eni1), €1...€n€ni1) | €1 €n, €1...€n€ni1 €S},
and e€2s(u,\) = (i, A), where i : S - S’ is defined as: f(ey...e,) = p(er)...u(e,) for all

€1...6, € S.
Proposition 9. The mapping e2s is a faithful functor.

Jlokazamenvcmeo. First, by the definition of the sets S and Tran, we get that e2s(€) is a
timed synchronization tree for all timed event structures €.

Second, we need to prove that e2s(u, \) : €2s(€) — €2s(€’) is a morphism of TST for all
morphisms (u,\) : £ > & of TES, where e2s(u, \) = (71, A) and fi(e;...e,) = pler) ... u(en).
Since (i, A) : € = &’ is a morphism of TES, it is easy to see that p: E - E" and : S - S’ are
functions. Check that the pair (jz, A) satisfies the requirements of Definition 18. It is obvious
that fi(€) = e. Assume that (e ...ex_1, [(er), Eot(er), Lot(ey), e1...ex_1ex) € Tran. This means

that s',s" € S, where s’ = i(ey ...e,_1) and s” = i(ey ... ex1ex) = s’u(ex). By construction of
U(p(ex))
—
Eot'(u(ex)), Lot'(u(ex))
and Fot'(u(er)) < Eot(er) and Lot(ey) < Lot'(u(eg)), since (u, A) is a morphism of TES.

Thus, (&, A) is indeed a morphism of TST from e2s(&) to e2s(&’).

Tran', we have i(e; . ..ex1) n(er ... ex-1€x)). Moreover, I'op(ey) = Aol(ex)

Third, we should contemplate an identity morphism (1g,1.) : £ - £ and two morphisms
(1, A\): & > & and (@', \) : & - & from TES. Obviously, e2s(1g, 1) = (1g,11) = (15,11), and
ezs((:u,v )‘,) ° (N? )‘)) = ezs(p,’op,7 /\IO)‘) = (/L’ oM, )\’o)\) = (ﬁ’ )‘,)O (ﬁ? )‘) = eZS(,u’, )‘,) Oe2S(ILL’ )‘)

Thus, we have that e2s is indeed a functor.
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Finally, we need to clarify that e2s is a faithful functor. Take an arbitrary timed event
structures £ and &’ from TES. Specify a function Fg ¢ : TES(E,E) - TST(e2s(€),e2s(&"))
such that Fge g (u,\) = €2s(pu, A) = (f, A) for all morphisms (u, ) : € - £ of TES. Because
e2s is a functor, we have that F¢ ¢ is a function.

Next, we need to verify that Fg ¢ is an injective function. Take two arbitrary morphisms
(p1, A1) : € = &€ and (u2, A2) : € - &' such that Fgg(p1, A1) = Fegr(p2, A2). This implies that
(m1, A1) = (2, A2). Hence, A\ = Ay and [y = J15. Take an arbitrary event e € E. Since £ is a
timed event structure, we have a configuration {ey,...,e,} = e | u{e} of £ such that e, = e and
for all 1 <¢,75 <nif e; <e; then ¢ < j. This implies that s; = e;...¢; € S for all 1 <¢ < n. Since
i1 = iz, we have that py(e;) = ua(e;) for all 1 < <n. Hence, pq = pio. Thus, Fg ¢ is injective,

i.e. e2s is a faithful functor. O

Next, we try to transform a timed synchronization tree § into some timed event structure &,
assuming that each transition of S represents a separate event with the same timed limits as
this transition, defining the set of consistent events as a set of transitions that appear together
on some branch and specifying the causal dependency relation as the hierarchy of transitions

in the tree structure. Thus, we can specify a functor s2e: TST - TES.

Definition 25. Let S = (S, 8in, L, T) and 8" = (S',s), , L', T") be timed synchronization trees

in’

and (o,\) : S - 8" be a morphism of TST. Define s2e(S) = (T, <*, Con*, L, I*, Eot*, Lot*),

. ail
where (s,a,eot,lot,s") <* (u,b,eot’ lot' u') <= there is a sequence s’ — 51 Sk
eoty, loty
ay
—  SL U for some k > 1, Con* = {A < {ty,...,try} | tr1 = (Sin, a1, €oty, loty, s1), ...,
eoty, loty

try = (Sg-1, ak, eoty, loty, sg) €T, (k>0)}, I*(s,a,eot,lot,s") = a, Eot*(s,a,eot,lot,s") = eot
and Lot*(s,a,eot,lot,s") = lot. Moreover, define s2e(o,\) = (11, \), where u(s,a,eot,lot,s") =
(a(s),\(a),eot’ lot' a(s")) for some eot’,lot' € R.

Lemma 7. For any timed synchronization tree S, if C € C(s2e(S)) then C = {(Sin, a1, eoty,

al a
lot1, 1), -, (Sn-1, Gn, €0ty, lOt,, $p) | Sin  —> 81 ... Sp-1  —>  Sp} for some n > 0.
eot, loty eotn, loty

Proposition 10. The mapping s2e is a faithful functor.

Jloxazamenvcmeo. First, we need to show that s2e(S) is a timed event structure for all timed
synchronization trees S. It is easy to check that <* is a strict order and, for all (s, a, eot, lot, s") €
T, Eot*(s,a,eot,lot,s") < Lot*(s,a,eot,lot,s"). Take an arbitrary (s,a,eot,lot,s’) € T. Now we
need to verify that (s, a,eot,lot,s") | = {(u,b,eot’ lot’ ,u") € T | (u, b, eot’, lot’, u") <* (s, a, eot,

lot, ")} is a finite set. Since S is a timed synchronization tree, we can find a unique sequence

Sin LN S1 ... Sp_1 LN sk =8 (k >0). Using the definition of a timed synchronization
eot1, loty eoty, loty
tree, we get that (s, a, eot, lot, s') | € {(Sin, a1, eoty, loty, $1), ..., (Sk_1, ak, €oty, lotg, S)}.

Hence, (s,a,eot,lot,s") | is a finite set. Moreover, it immediately follows from the definition of
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Con* that V(s,a,eot,lot,s") € T - {(s,a,eot,lot,s")} € Con* and Y € X € Con* = Y € Con*.
By the definition of the relation <*, we get that for all X € Con*, if (u,b,eot’ lot’ u') <*
(s,a,eot,lot,s") e X then X u {(u, b, eot’, lot’, u')} € Con*.

Second, we have to prove that s2e(o, \) is a morphism of TES. Assume that s2e(S) = (7,
<*,Con*, L,1*, Eot*, Lot*) and s2e(S’) = (T", <'*, Con'*, L', I"*, Eot’*, Lot’*). Since (o,\) : § —>
S’ is a morphism of TST, we may conclude that A\: L - L’ and o : S — S’ are functions, o(s;,) =
siand for each (s,a,eot,lot,s") € T there is the only (o(s),\(a),eot’,lot',o(s")) € T', where
eot’ < eot and lot < lot’. Hence, u, defined as (s, a,eot,lot,s") = (a(s), A(a), eot’, lot’, a(s")), is
a function. Take an arbitrary configuration C' of s2e(S) and check that u C' € C(s2e(S")). Since

C'is a configuration, it holds that C' € C'on* and if e <* ¢’ € C then e € C'. Hence, there exist states

S1, ..., sp €S (k>0) such that s;, —> 51 ... 851 2 s and C ¢ {(s0,a1,eoty,loty, s1),
eoty, loty eoty,, loty
oy (Sg-1,ag, €oty, loty, sg)}. W.lo.g. suppose e; = (s;_1,a;,eot;,lot;,s;) (i = 1,...,k), where
A
So = Sin. Because (o, \) is a morphism of TST, we get that o(s;,) M) o(s1) ... o(Sk-1)

eot!, lot}
eoj,(—alit, o(s) in S'. Moreover, it is easy to see that p(e;) = (o(si-1), A(a;),eot],lotl,o(s;)) for
allk’l Ski <k. Thus, up C < {pu(er), ..., u(ex)} and {u(ey), ..., u(ex)} € Con'*. Clearly, for all
e, €C, u(e;) d ={uler), ..., n(e;-1)}. Hence, p C is a configuration. Note that Ve;, e; € C o if
p(e;) = p(e;) then i = j. Moreover, it is obvious that Eot™(u(s, a, eot, lot, s')) < Eot*(s, a,
eot, lot, s") and Lot*(s, a, eot, lot, s") < Lot™ (u(s, a, eot, lot, s')) for all (s,a,eot,lot,s")eT,
since (s, a,eot,lot,s") = (a(s),N(a),eot’ lot’ o(s")) with eot’ < eot and lot < lot’. Thus, (u, \)

is indeed a morphism of TES.

Third, we should contemplate an identity morphism (1g,17) : S = S and two morphisms
(o,A) :§ - &8 and (o/,N) : & - §” from TST. Obviously, s2e(ls,1.) = (p151,,11) =
(15,11), and s2e((0', \') (5, 1)) = 526000, X 0 A) = (frasxtons N o) = (1r0s )0 (s )

= s2e(o’, \') os2e(o, \). Hence, s2e is a functor.

Finally, show that s2e is a fully faithful functor. Take arbitrary timed synchronization trees
S and &' from TST. Define a mapping Fs s : TST(S,S’") - TES(s2e(S),s2e(S")) such that
Fssi(o,)\) = s2e(0,\) = (fo1,A) for all morphisms (o,\) : S - S’ of TST. Because s2e is a

functor, we have that Fs s is a function.

Check that Fsg is a bijective function. Take arbitrary morphisms (o1,A;) : & — §” and
(02,A2) : S - 8" such that Fs (01, A1) = Fs.s/(02, A2). This means that (fto, x, A1) = (Lo rgs A2)-
Hence, A\; = Ao and i, n, = [loy),- Take an arbitrary state s € S. Because S is a timed syn-
chronization tree, we can find the only transition (s',a,eot,lot,s) € T. Since fig, n, = Hoyry, WE
have (01(s"), M\1(a),eot’ lot’ o1(s)) = (02(s"), Aa(a) = A1 (a),eot” lot" o5(s)). This implies that
o1(s) = 02(s). Hence, Fss is injective, i.e. s2e is a faithful functor. Next, take an arbitrary

morphism (u, A) : s2e(S) — s2e(S’) of TES. Define a function g : S — 5" as follows: ¢(s;,) = .,
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and for all s € S such that s # s;,,, g(s) = last(u(trs)), where try € T such that last(trs) = s and
last is a function which maps each transition to it’s last state, i.e. last(u, b, eot’,lot',u") = u' for
all transitions (u, b, eot’, lot',u"). Since S is a timed synchronization tree, there is the only transi-
tion try € T with last(trs) = s. This means that g is indeed a function. Since p(tr) | = u(tr }) for
all tr € T and " o pu = [*, we get that (last(u(trs)), N(a),eot’ lot’ last(u(try))) = p(try) € T7,
where try = (s, a,eot,lot,s"). This implies that (g, \) is a morphism of TST from S to §" and
Fss(g,A) = (i, A). Thus, s2e is a full functor. O

Proposition 11. Let S = (S, sin, L, T) be a timed synchronization tree. Then there is an
isomorphism (n%,11) : S — e2s(s2e(S)) such that the pair (s2e(S), (n*,11)) is a reflection of
S along e2s.

Jlokasameavcmso. Note, that s2e(S) = (T, <*, Con*, L, I*, Fot*, Lot*), where <*, Con*, [*,
Eot* and Lot* are defined as in Definition 25. Furthermore, e2s(s2e(S)) = (S*, €, L, Tran),
where S* = {(sg, a1, eotq, loty, $1) ... (Sp-1, Gn, €0ty, lot,, s,) | n >0, {(so, a1, eoty, loty, s1),
covy (Sn-1, an, €0ty lot,, s,)} € C(s2e(S)) and for all 1 <, j <n (s;-1, a;, eot;, lot;, s;) <* (-1,
aj, eotj, lotj, s;) = (i< j)} and Tran = {((so, a1, eoty, loty, s1) ... (Sn-1, Gn, €0ty, lOty, Sp),
1*((Sny Anets €0tnyt, L0tni1, Spi1)), Eot*((Sn, ne1, €0tni1, L0tns1, Sns1)), Lot ((Sp, Gny1, €0tns1,
lotni1, Sns1)), (So, a1, eoty, loty, $1) ... (Sp-1, Qn, €0ty L0ty $n) (Sp, Qns1, €0tpi1, L0tni1, Spi1))
| (80, a1, eotq, loty, s1) ... (Sp_1, n, €oty, lot,, $,), (So, a1, eoty, loty, $1) ... (Sp-1, Gn, €Oty,
loty, $n) (Sn, Qns1, €0tnit, lOtni1, Spi1) € S*}.

By Lemma 7 we may conclude that S* = {(s;,, a1, eoty, loty, s1) ... (Sp_1, Gp, €0ly, loty,,
$p) | n>0and (s;_1, a;, eot;, lot;, s;) € T for all 1 <i <n} and Tran = {((sin, a1, eoty, loty, s1)
oo (Snt, Qp, €0ty Loty Sn), Gpy1, €0tny1, L0ty 1, (Sin, a1, eoty, loty, $1) ... (Sp_1, Gn, €0y, lot,,
$n) (Sn, Qny1, €0tnyt, L0tnit, Sne1)) | (Sic1, ai, eoty, lot;, s;) €T for all 1 <i<n+1}.

Define a mapping 0% : S — S* as follows: for all s € S« n¢(s) = (Sin, a1, eoty, loty, s1) ...
(Sk-1, ag, eoly, lotg, si)), where s; = s. It is easy to see that for all s € S there is a unique
sequence S;, wt%fotl S1 ... 841 eot%mfk s = s with k£ > 0 by Definition 12. Hence, g is a function
and 7% (sin) = €.

Define a mapping ng* : S* — S as follows: for all s* € S* o n¢*(s*) = n&* ((8in, a1, €oty, loty,
$1) ... (Sk-1, ak, eoty, loty, si)) = s and n&*(€) = s45,. Clearly, ng* is a function and n¢*ong = 1g
and ngong* = lg-.

Now, we need to prove that (n%,11) : S - e2s(s2e(S)) is a morphism of TST. Obviously,

n% and 17 are functions and n¢(si,) = €. Take an arbitrary (s,a,eot,lot,s’) € T. According

ol . ai ak
to Definition 12, we have a unique sequence s;, — S1 ... S4.1 —> S = S. Hence,
eoty, loty eoty, loty
n&(s) = (Sin, a1, eoty, loty, s1) ... (Sk-1, ak, eoty, lotg, si), N&(s") = (Sin, a1, eoty, loty, s1)

oo (Sk-1, ag, eoly, loty, si) (s, a, eot, lot, s") and (n§(s), a, eot, lot, n§(s')) € Tran. Thus,
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(n&, 1) : S - e2s(s2e(S)) is really a morphism of TST.

Next, we need to show that (n¢*, 1) : e2s(e2¢c(S)) — S is a morphism of TST. Obviously,
n&* is a function and 1§*(€) = s;,. Suppose that (¢, a, eot, lot, t') € T'ran for some t,t’ € S*. This
means that t = (8, a1, eoty, loty, s1) ... (Sg-1, ag, €oty, lotg, s), t' = (Sin, a1, €oty, loty, s1)
oo (Sk-1, ag, eoty, loty, si) (Sk, a, eot, lot, si1) and (sg, a, eot, lot, sp.1) € T. Since ng*(t) = s
and ng*(t') = sgs1, we may conclude that (n¢*,1.) : e2s(s2e(S)) - S is indeed a morphism of
TST.

Hence, (n%,1.) and (n%*,11) are morphisms of TST and (n¢*,12) o (n%,1.) = (1s,12) and
(né, 1) o (ng*, 1) = (1g+,11). Thus, (9%, 1) is an isomorphism.

Finally, check that (s2c(S),(n%,11)) is a reflection of S along e2s, i.e. whenever £’ is a
timed event structure and (o,\) : § - €2s(&’) is a morphism of TST, there exists a unique
morphism (g, \') : s2e(S) - &’ such that (o, ) = e2s(g, \') o (9%, 11). Since €2s(g, ') = (g, \),
we may conclude that A" must be equal to A and g ong must match o.

Take an arbitrary timed event structure &' = (E’,<’,Con’, L',l’, Eot’, Lot") and an arbitrary
morphism (o,\) : § — e2s(&’) of TST. It is obvious that e2s(&’) = (5’,¢, L', Tran’), where
S'={er...en | n 20, {ey,...,e,} € C(€) and for all 1 < i,j <n (e <ej) = (i <j)} and
Tran' = {(e1...en, I'(€ns1), Eot'(ens1), Lot'(€n41), €1---€n€ni1) | €1...€n, €1...€n€ns1 € S'}.
By definition of morphism of TST, it holds that ¢ : S - S" and A : L - L’ are functions,
o(sin) = € and for all (s, a, eot, lot, s') € T there exist eot’,lot’ € R such that eot’ < eot, lot < lot’
and (o(s),A(a),eot’,lot’ o(s")) € Tran'.

Clearly, gont = 0 <= for all (s,e,eot,lot,s") € T g(s,e,eot,lot,s") = e, where o(s’) =
ey ...ex for some k > 0. We should only show that (g, ) : s2e(S) - £’ is a morphism of TES,
where g(s,e,eot,lot,s") = e, with o(s’) = ey...e, for some k > 0. Note that ¢ is a function,
because o is a function. Moreover, for all (s, a,eot,lot,s") € T there exist eot’,lot' € R such that
eot’ < eot, lot < lot' and (o(s),A(a),eot’,lot’ o(s")) € Tran’. By the definition of e2s(&’), we
have o(s") = o(s) e, and I'(er) = A(a). This implies that I’ o g(s,a,eot,lot,s") =1'(ex) = Ma) =
Aol*(s,a,eot,lot,s") for all (s,a,eot,lot,s")eT.

Assume that C' € C(s2e(S)). By Lemma 7 we have that C = {(s;, = so, a1, eoty, loty, s1),

ey (Sno1, g, €0ty lot,, s,) | (Sj-1, a;, eot;, lot;, s;) € T for all 1 < j <n}. It is easy to see that

o(so) =€, 0(s1)=¢,...,0(sp)=¢] ... el for some e}, ..., e/, € E'. Hence, g C = {g(Sin = So,
ai, eoty, loty, $1), ..., g(Sn-1, Qn, €0ty, lot,, sp) | (Sj-1, a;, eot;, lot;, s;) € T for all 1 < j<n}
={el,....el, | o(s,) =€} ... el }. Thus, g C € C(&’). Next, consider two transitions (s;_1, aj,

eotj, lotj, s;) and (s;_1, a;, eot;, lot;, s;) from C. If g(s;_1, aj, eot;, lot;, s;) = g(s;-1, a;, eot;,
lot;, s;) then e} = ej. Hence, i = j.
Furthermore, for all (s;_1, a;, eot;, lot;, s;) € C it holds that Fot'(g(s;-1, a;, eot;, lot;, s;)) =

Eot'(el) < eot; = Eot*(s;-1, a;, eot;, lot;, s;) and Lot*(s;_1, a;, eot;, lot;, s;) = lot; < Lot'(el) =
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Lot'(g(si-1, a;, eot;, lot;, s;)). Thus, (g,A) is indeed a morphism of TES between s2e(S) and
E'. Therefore, (s2e(S), (n*,11)) is a reflection of S along e2s. O

As a result, the following statement is true.
Theorem 4. The functor e2s is right adjoint to s2e and the adjunction is a coreflection.

Loxazameavcmeo. The first statement follows from Proposition 11 and from the fact that for all
morphisms (o,A) : S = (S, sin, L, T) = 8" = (5", s,,, L', T") it is true that (n%,,11) 0 (0, A) =
e2s(s2e(o,\)) o (1§, 11). Next, due to Lemma 11 we may conclude that the unit ¢ associates
each timed synchronization tree S = (S, s;,, L, T') with the isomorphism (7§, 1z) : S —

e2s(s2e(S)). Hence, 1 is a natural isomorphism. O

Thus, TST embeds fully and faithfully into TES and is equivalent to the full subcategory
of TES consisting of those timed event structures £ that are isomorphic to s2e(e2s(€)).

4.5. Summary. The following diagram summarizes the functors which relate the models
under consideration. Here the hooks represent embeddings and the small triangles between

arrows indicate the direction of left adjoints.

TCT ¥ TET
14 vl
TST ¥ TES

The diagram can be seen as a decomposition of the coreflection from TST to TES into three
consecutive adjunctions. Moreover, it is clear that the embeddings and left adjoints commute.
Thus we have derived a composed adjunction between timed causal trees and timed event
structures. It is not a coreflection, but it is induced by a coreflection and a reflection via a
larger category, TET. The object component of the right adjoint of this adjunction amounts
to the following transformation: it ‘linearizes’ a timed event structure into a timed causal tree
by forgetting about events.

5. Conclusion. In this paper we established some relations between the timed extension

of the well-known concurrent models. In particular, we showed that:

e The category of timed synchronization trees embeds fully and faithfully into the category

of timed event structures and into the category of timed causal trees.

e There is an adjunction between the category of timed causal trees and the category of
timed event structures. This adjunction is represented as the composition of a coreflection
from the category of timed causal trees to the category of timed event trees and a reflection

from the category of timed event trees to the category of timed event structures.
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Thus, as in the case of timeless models, timed causal trees are more trivial than timed event
structures because they apply causality without the notion of an event and, at the same time,
are more expressive than the latter, because their possible runs can be defined in terms of a
tree without restrictions, but the set of possible runs of any event structure must be closed

under the shuffling of concurrent transitions.
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HasBanue: Cpasrenne NpUYUHHON 3aBUCUMOCTH U CEMAHTUKU MCTUHHOIO IapaJijie/n3Ma
B KOHTEKCTE BPEMEHHBIX MOJIeIei

AsBTop(BI):

I'pubosckast H.C. (Uucruryr cucrem undopmarnku CO PAH)

Annoranus: Ilens ganHoil paboTbl — yCTAHOBUTH B3aMMOCBA3H MEXKJY Pa3/IMYHBIMU Ia-
paJLIeIbHBIMU MOJIE/ISIMU PeaIbHOrO BpeMeHu. JIjis JJoCTrKeHus JTJAHHOM 1eJIM MbI OIIPE eI
KaTeropruio BPEMEHHBIX PUYUHHBIX JE€PEBbEB U UCCIIEOBAIN, KAKOE MECTO 3aHMUMAET 3Ta Ka-
TEropus Cpeu JAPYIUX KaTeropuii BpeMeHHbIX Mojiesieil. B 4acTHOCTH, MBI YCTAHOBUJIU CYIIE-
CTBOBaHME COIPSIXKEHHBIX (DYHKTOPOB MEXK/Ly KaTeropueil BpeMeHHbIX HPUYUHHBIX JIEPEBHEB 1
KaTeropueil BpeMEeHHBIX CTPYKTYDP COOBITHIA, UCHOJIB3Ys Jjist 9TOr0 60jiee BhIPA3UTEIBHYIO MO-
JIeJIb BPEMEHHBIX JIepeBbeB coObITHi. Tem caMbiM MBI MOKa3a/Ii, YTO BPEMEHHbIE [TPUINHHbIE
JIEPEBbS MIPOITEe BPEMEHHBIX CTPYKTYP COOBITHI B TOM, UTO OHH OTPAYKAIOT TOJBKO OJMH ACHEKT
CEMAHTUKU MCTUHHOTO HapaJule/in3Ma, a UMEHHO MPUIMHHYIO 3aBUCHUMOCTb, U HE WCIOJIb3YIOT
HOHATHE COOBITUS JIJIsl 3aJIaHUs OTHOIEHUsT IPUIMHHO 3aBucumocTu. C JApyroit CTOPOHBI, MO-
JIeJIb BPEMEHHBIX IPUIUHHBIX JIePEBLEB 60J/1e€ BHIPA3UTE/IbHA, 9eM MOJIE/Ih BPEMEHHBIX CTPYKTYD
COOBITHI 110 CJIe/IyIONell IpUYnHe: JIJIg Hee MHOXKECTBO BCEX BO3MOXKHBIX I0CJIEI0BATEIHHO-

CTell BBINIOJIHEHUSA MOXKET OBIThH OIPEJIe/IEHO B TEPMUHAX JiepeBa 6€3 KaKUX-JIn00 OrpaHuvdeHunid,
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& MHOXKECTBO BCEBO3MOXKHBIX IIOCJIEJIOBATEJILHOCTEN BBIINOJIHEHUA 11 BPEMEHHON CTPYKTYPbI
COOBITHI JIOJIZKHO OBITh 3aMKHYTBIMU OTHOCHTEIHHO OIEPAIMH ITePECTAHOBKH ITapaJlieIbHbIX
IIEPEXOJIOB.

KuroueBsbie ciioBa: MoJie/ PEAIbHOTO BpEMEH!, UCTUHHBIN apaJIIe/In3M, TPUIUHHAS 3a-

BHCHMOCTD, OTHOITICHUS, YHU(PUKAINS, TEOPUs KaTeropuit
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1. Introduction.

Recently, formal verification of software and hardware systems becomes important for those
systems whose reliabilty is crucial, for example, when the incorrectly used hardware may become
dangerous to people (like medical equipment) or may be lost forever (like a spacecraft).

In the future, the need for verification specialists may increase, so it is important to prepare
them now and to make young people aware of verification tools.

A possible way to popularize something is to solve puzzles with it.

The goal of the paper is to demonstrate how puzzles (non-trivial for a human being) can
be solved by the SPIN verification tool [4]. Solving such puzzles can be useful for teaching
students the modern automated verification tools based on the model-checking method.

Similar logical problems, like the famous “Farmer, Wolf, Goat and Cabbage problem”[1],
are often used. But this problem is so well known that it becomes boring. Moreover, (almost)
everyone already knows the answer. Another possible case study could be a search for fake
coins among valid ones [5].

Some time ago, an advanced “Farmer, Wolf, Goat and Cabbage problem” puzzle appeared

1

in the Internet|7|, usually referred to as “Japanese river puzzle The goal is to help eight

people (a policeperson and a criminal, and a family consisting of a mother, a father and four
children (two daughters and two sons)) cross the river using one small boat. The limiting rules

are:

e the boat can hold at most two people (and at least one, since the empty boat cannot

move);
e the father cannot stay with a daughter if the mother is not there;
e the mother cannot stay with a son if the father is not there;

e the criminal cannot stay with any person if the policeperson is not there;

!The strange thing is that the Flash game introduction is in Chinese.
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e only the father, the mother and the policeperson know how to operate the boat.

A less known puzzle is the Irregular 1Q Cube|11](see Fig. 1).?
In this paper, the above mentioned puzzles are solved using the SPIN model checker. SPIN
(Simple Promela Interpreter) is a verification tool for parallel and distributed systems described

in Promela (Process/Protocol Meta Language). As the SPIN website[9] says,

Spin is a popular open-source software tool, used by thousands of people worldwide,
that can be used for the formal verification of distributed software systems. The tool
was developed at Bell Labs in the original Unix group of the Computing Sciences
Research Center, starting in 1980. The software has been available freely since 1991,
and continues to evolve to keep pace with new developments in the field. In April
2002 the tool was awarded the prestigious System Software Award for 2001 by the
ACM.

2. Japanese river puzzle specified in Promela.

First, use the Promela feature mtype for naming the moving entities in the puzzle:
mtype = {Cop, Criminal, Mom, Dad, Girl, Boy, Boat};

It assigns the values from 1 to 7 to these names.
Considering the original bank of the river as left, let the configuration be an array indexed
with the entities, where the values represent the numbers of the corresponding entity at the

right bank3:
int r([8];

It makes an array with indexes from 0..7, so the r|0] item is not used.
Obviously, the target condition is when the number of entities at the right bank is 1 or 2

for all of them:

#define DONE (r[Cop] == 1 && r[Criminal] == 1 && \
r[Mom] == 1 && r([Dad] == 1 && \
r[Girl] == 2 && r[Boy] == 2 && r[Boat] == 1)

The backslashes at the ends of lines allow a long line to be broken into several shorter ones.
Checking if a child is at the same bank with someone seems a little tricky, but it is easily

seen from the following: e.g., when both boys are away from their mother, the values are:

2Strictly speaking, that thing is not a cube since not all its faces are squares.
3Choosing the right one is based on the fact that the Promela arrays are implicitly filled with zeroes at the

beginning of the specification.
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e cither r[Mom| == 0 and r|Boy| = 2 (mother at left, both boys at right)
e or r|Mom| == 1 and r[Boy| = 0 (mother at right, both boys at left).
Using these definitions, let us describe the "unsafe" configuration:

#define NotWith(children, with) (r[children] == 2*(1-r[with]))
#define With(children, with) (r[children] !'= 2x(1-r[with]))

#define CriminalUnsafe (r[Criminal] != r[Cop]l && \
(r[Criminal] == r[Mom] || r[Criminal] == r[Dad] || \
With(Boy,Criminal) || With(Girl,Criminal) ))

#define BoysUnsafe ( With(Boy,Mom) && r[Mom]!=r[Dad] )

#define GirlsUnsafe ( With(Girl,Dad) && r[Mom]'!'=r[Dad] )

Since only three persons are allowed to drive the boat, let there be a (driver, passenger)
pair (with a possible dummy passenger when the ‘driver’ goes alone). To avoid unnecessary
duplication when the same pair is exchanged, let us order the possible drivers alphabetically:
(Cop, Dad, Mom).

Here is the main part of the specification:

do
/* move Cop (with anyone or alone) */
:: r[Cop] == r[Boat] -> driver = Cop;
/* Choose a ’random’ passenger if it is here */
if
:: r[Criminal] == r[Boat] -> passenger = Criminal
:: r[Mom] == r[Boat] -> passenger = Mom
:: r[Dad] == r[Boat] -> passenger = Dad
:: With(Boy,Cop) -> passenger = Boy
:: With(Girl,Cop) -> passenger = Girl
:: true -> passenger = 0 /* no passenger at all */
fi;
move (driver, passenger);
/* move Dad (with a Boy or with Mom or alone) */
:: r[Dad] == r[Boat] -> driver = Dad;
if
:: r[Mom] == r[Boat] -> passenger = Mom

:: With(Boy,Dad) -> passenger = Boy
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:: true -> passenger = 0
fi;
move (driver, passenger);
/* move Mom (with a Girl or alone) */
:: r[Mom] == r[Boat] -> driver = Mom;
if
:: With(Girl,Mom) -> passenger = Girl
:: true -> passenger = 0
fi;
move (driver, passenger);
:: DONE -> printf("SOLVED\n"); assert(0); break;
:: else -> printf ("WHAT?!\n"); assert(0); break; /* Should never happen! */
od;

3. Applying SPIN to the Japanese river puzzle.

The resulting PROMELA specification? contains a ‘do’ loop whose parts (starting with
“::7) are executed non-deterministically (when several options are possible, they are chosen
non-deterministically so that they are all searched when looking for a shortest path). When
verifying, SPIN finds where the claimed assertions are violated. In this specification, there
are two "assert(0);" statements that make SPIN ‘think’ it is an error. One of them (after the
"DONE" condition) is really not an error, but the target. The other (marked with "else",
which happens only when all other conditions are not met) would mean that the specification
is wrong (or the puzzle cannot be solved). When one of them is reached, the verifier reports
that fact and writes the ‘trail’, i.e. a file in a special format with a sequence of configurations
that leads to the ‘problem’ configuration. When running with the ’-t” option, SPIN uses this
file to guide the execution of the specification, instead of choosing it non-deterministically.

There are two main methods for running Spin: command-line and GUI-based. The latter
(using iSpin [10], jSpin or outdated XSpin) frees the user from the necessity to remember all
command-line options. In this case, it is sufficient to make sure that the options “assertion

violations” and “breadth-first search” are used.

Here is how the verification (using the command-line Spin) was made.

e spin -a river_gamel.pml

Make the source files for verification

e gcc pan.c -DBFS -DREACH -DSAFETY -o file.pml.exe

4Tts complete text is given in the Appendix.
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Compile the verifier®.

e file.pml.exe -E -n -1 >__file.pml.exe.out_shortest__

Find a8 shortest path to the final configuration.

e spin -t river_gamel.pml > __filel.pml.trailed__

Get a ‘human-readable’ representation of the path.

Results of running SPIN
The result of running spin -t river_gamel.pml contains the moves that solve the river

puzzle:

Cop with Criminal go there.

Cop goes back alone.

Cop with Boy go there.

Cop with Criminal go back.

Dad with Boy go there.

Dad goes back alone.

Dad with Mom go there.

Mom goes back alone.

Cop with Criminal go there.

Dad goes back alone.

Dad with Mom go there.

Mom goes back alone.

Mom with Girl go there.

Cop with Criminal go back.

Cop with Girl go there.

Cop goes back alone.

Cop with Criminal go there.

SOLVED
spin: river_gamel.pml:108, Error: assertion violated
spin: text of failed assertion: assert(0)
spin: trail ends after 245 steps
#processes: 1
prev_dr = Cop

prev_pass = Criminal

5The -DBFS option makes the verifier use the breadth-first search method.
6There may be several shortest paths.
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Figure 1: Irregular 1QQ Cube

r[0] =0
r[1] =1
r[2] =2
r[3] =2
r[4] =1
r[6] =1
r(6] =1
r(7] =1
245: proc O (:init:) river_gamel.pml:111 (state 187) <valid end state>

1 process created

4. Irregular cube: a closer look.

After several rotations, the author failed to find his way back to the original cube configu-
ration. Moreover, not only to its original, but even to a cube’ configuration.

Of course, since this puzzle is not so widespread as the Rubik’s cube, no complete instruction
was found either. So, after some futile efforts I started to think of something that could help
me.

I first met this puzzle at the think-geek site [11] where it was named ‘Irregular 1QQ Cube’,

without any reference to its other names, so until recently I was not aware of the other names.®

"More or less, yes. Let us forget about it from now on and call it a cube anyway.
8Strangely enough, the above reference has not been valid for some time now, but it still can be found in
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Figure 2: The target top face (the bottom face looks the same)

-/

Figure 3: The target face, numbers and rotation

The first goal to reach was the “cube” form pretending that the colours are insignificant.’

4.1. Data representation.

The puzzle configuration can be represented as a pair of two faces: top and bottom. In the
target configuration, each face is a square that consists of 8 parts: 4 triangles and 4 ‘deformed
diamonds’ (or ‘kites’) (see Fig. 2). Let us denote the triangles and the kites by '1’s and "2’s,
respectively (see Fig. 3). It has some meaning: the angle of a triangle is exactly half of the
kite’s'?. The sum of each face is 4 %2 + 4% 1 = 12,1

Let us take a closer look: in order to be able to turn the halves of the cube, it must be
possible to split each face by a straight line, so each face must be a pair of two halves, with
the sum of the values of each half being 6. It makes sense not to consider those configurations
of the faces that do not allow the cube’s halves to turn, since (a) such configuration is not a
target configuration and (b) to reach a target configuration, a move to a ’good’ (where the
’halves-turn’ is possible) configuration is necessary.

Summarizing all the above, let us make a more formal description.

Configurations.

Cube configuration: a pair of faces.

Cube face: a pair of (good) half-faces.

Half-face: a list of several 1s and 2s with their sum being 6.

Target configuration: ((2,1,2,1),(2,1,2,1)),((2,1,2,1),(2,1,2,1)) or (2121, 2121, 2121,
2121) for short.

Kaboodle [8].
9In fact, they have already become less distinguishable in the process.
Otriangle’s angle is 30°, kite’s angle is 60°.
" That is, 12 times 30°.
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Possible half-faces: 111111, 21111, 12111, 11211, 11121, 11112, 2211, 2121, 2112, 1221, 1212,
1122, 222.

Possible moves.

Face rotation. A circular clockwise shift of parts belonging to one face!?, so that the resulting

face is also ‘good’.

Halves rotation. Rotation of the halves so that one half of the top face is interchanged with

one half of the bottom face.

Full cube rotation. The top face becomes the bottom face and vice versa'?.

5. Applying SPIN to the Irregular Cube.

To make things easier, a Perl script was written to solve a half of the problem. The script
creates all possible moves that lead to a different good configuration!4.

The resulting PROMELA specification'® consists of one process solve () with a lengthy ‘do’
loop whose parts (starting with ‘::’) are executed non-deterministically (when several options
are possible, they are chosen non-deterministically, so that they are all searched when looking
for a shortest path). The ‘MSC: * part in the printf statements is used to make the messages
116

appear in the ‘Message Sequence Chart’ that SPIN can create in the ‘simulation mode

The verification (using the command-line Spin) was made similarly to the previous example.

e perl make_tranl_1.pl >nul

Create the Promela file file.pml.

e spin -a filel.pml

Make the source files for verification.

e gcc -DBFS -DXUSAFE -DSAFETY -DNOCLAIM -w -o pan.exe pan.c

Compile the verifier.

12The rotation is measured in 1s (the 30° angles), so that a half-face '222’ cannot be rotated by an odd

number.
13Let us rotate only the top face and use the full cube rotation if needed. It is the only reason to introduce

this kind of rotation.
1150 that moves like (222,222)

tion, while (222, 222) foteteb3ord,
15A fragment of it is given in the Appendix.

Rotate?, 4076, (222, 222) are skipped because they lead to the same configura-

.. are simply invalid.

16In this case, when executing the ‘trail’, the sequence of configurations leads to the target configuration,
where the formula claimed to be true appeared false. In fact, the ‘assert(0)’ is always false, so it is just a
way to pretend that this location in the specification is unreachable to have verifier complain when it finds it

reachable.
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e pan.exe -m10000

-E -n >__pan.exe.out_

Find a shortest path to the final configuration.

e spin -t filel.pml >__filel.pml.trailed__

Get a ‘human-readable’ representation of the path.

o *kx

Handle the ‘real-life’ cube according to the path.

Human-readable trail path.

The following path is generated by running spin -t filel.pml.

MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:
MSC:

Initial state: m1221 m21111, m1221 m222

Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate
Rotate

SOLVED

6 ->
LEFT
2 ->
LEFT
1 ->
6 ->
LEFT
2 ->
LEFT
3 >
LEFT

m21111 m1221, m1221 m222
side -> m21111 m222, m1221 m1221
m2211 m1122, m1221 m1221
side -> m2211 m1221, m1221 m1122
m1221 m1122, m1221 m1122
m1122 m1221, m1221 m1122
side -> m1122 m1122, m1221 m1221
m2112 m2112, m1221 mi1221
side -> m2112 m1221, m1221 m2112
m2121 m1212, m1221 m2112
side -> m2121 m2112, m1221 m1212

RIGHT side -> m1221 m2112, m2121 m1212

3 >
LEFT
2 >

mi212 m2121, m2121 m1212
side -> m1212 m1212, m2121 m2121
m2121 m2121, m2121 m2121

spin: filel.pml:1899, Error: assertion violated

spin: text of failed assertion: assert(0)

spin: trail ends after 26 steps

#processes:
tl = m2121
t2 = m2121
bl = m2121
b2 = m2121
26: proc

1

0 (solve) filel.pml:1902 (state 2365) <valid end state>

1 process created

109
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6. Conclusion.

This paper shows how to solve the “Japanese river puzzle” as well as the ‘Irregular IQQ Cube’
[11].

In its preliminary version [3], the “topic of the ‘future research” was specified as “to solve
the cube completely”; so that all cube faces have one color each. But all attempts to extend the
approach ‘failed miserably’: verification of the Promela specifications generated by ‘improved’
Perl scripts (that took into account the colours of the parts) did not complete within a rea-
sonable amount of resources (such as a 24-hour run on a machine with 12 GiB of RAM (all
available RAM and swap space was consumed)). Possibly, this ‘straight-forward approach’ is a
dead end.

At the same time, while trying to solve it, I discovered that the puzzle had a rather long
history, as well as (more popular) alternative names with complete instructions (for example,
at the Jaap Scherphuis’ site [6]'7).

With those instructions, the puzzle can be solved without any computer. Some say that

people with strong ‘spacial thinking’ can do it even ‘intuitively’, without any predefined rules.

There are people who also try to apply formal methods to puzzles or games like finding fake

coins [5] or solving the checkers game |[2].
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/* Cube Solve */

mtype= {m111111, m21111, m12111, m11211, m11121, m11112,
m2211, m2121, m2112, m1221, mi1212, m1122, m222 };

#define T1 m1221

#define T2 m21111

#define Bl m1221

#define B2 m222

#define FINAL m2121

/* Initial configuration */

mtype tl1 =T1, t2=T2, bl =Bl, b2 =B2;

active proctype solve() {

mtype tmp =0;

printf ("MSC: Initial state: %e %e, %e %e\n", tl, t2, bl, b2 );

do
/* Rotate */
tr tl==m111111 && t2==m2211 -> d_step{
t1=m21111 ; t2=m11112;
printf ("MSC: Rotate 4 -> %e %e, %e %e\n", tl, t2, bl, b2);
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}
10 t1==m111111 && t2==m2211 -> d_step{
t1=m2211 ; t2=m111111;
printf ("MSC: Rotate 6 -> %e %e, %e %e\n", tl, t2, bl, b2);
}

(Many, many similar statements)

11 t1==m222 && t2==m1122 -> d_step{
t1=m1122 ; t2=m222;

printf ("MSC: Rotate 6 -> %e %e, %e %e\n", tl, t2, bl, b2);
}

/* Switch halves */

i /* true -> */ d_step{
tmp = t2; t2 = b2; b2 = tmp; tmp=0;

printf ("MSC: Rotate LEFT side -> %e %e, %e %he\n", tl, t2, bl, b2);
}

i /* true -> */ d_step{
tmp = t1; t1 = bl; bl = tmp; tmp=0;

printf ("MSC: Rotate RIGHT side -> %e %e, %e %e\n", tl1, t2, bl, b2);
}

/* Full Cube Move */

: true -> d_step{

tmp = t1; t1 bl; bl tmp;

tmp = t2; t2 b2; b2 tmp;
tmp=0;

printf ("MSC: Full Cube Move -> %e %e, %e %e\n", tl, t2, bl, b2);
}

/* Pretend that the final state is not reachable

to have SPIN find a counter-example */

1 t1==FINAL && t2==FINAL && b1==FINAL && b2==FINAL ->
printf ("MSC: SOLVED\n"); assert(0); break;

:: else -> printf("MSC: WHAT?");
assert(0); break; /* Should never happen! */

od;

} /* solve() %/

8. Appendix 2. The complete PROMELA specification for the Japanese river

puzzle.
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/* Japanese WolfGoatCabbage Puzzle Solve */

mtype =

#define

#define
#define

#define

#define
#define

mtype prev_dr

mtype prev_pass

{Cop, Criminal, Mom, Dad, Girl, Boy, Boat};

DONE (r[Cop] == 1 &% r[Criminal] == 1 && \
r[Mom] == 1 && r[Dad] == 1 && \
r[Girl] == 2 & r([Boy] == 2 && r[Boat] == 1)

NotWith(children, with) (r[children] == 2*x(1-r[with]))
With(children, with) (rlchildren] !'= 2*(1-r[with]))

CriminalUnsafe (r([Criminal] !'= r[Copl && \
(r[Criminal] == r[Mom] || r[Criminall] == r[Dad]l || \
With(Boy,Criminal) || With(Girl,Criminal) ))
BoysUnsafe ( With(Boy,Mom) && r[Mom]'!=r[Dad] )
GirlsUnsafe ( With(Girl,Dad) && r[Mom]!=r[Dad] )

] Il
o O

inline printMove(driver, passenger, boat)

{
if

fi;

: boat == 0 ->

if
:: passenger == 0 ->
printf("%e goes there alone.\n", driver);
1 else >
printf ("%e with %e go there.\n", driver, passenger);
fi,;
:: else ->
if
:: passenger == 0 ->
printf ("%e goes back alone.\n", driver);
1 else ->
printf("%e with %e go back.\n", driver, passenger);
fi;

113
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inline update_r()
{
r[driver] = rldriver] + (1-2*r[Boat]);
if
: passenger != 0 -> r[passenger] = r[passenger] + (1-2xr[Boat]);
: else -> skip;
fi;
r[Boat] = 1 - r[Boat];

inline move(dr, pass)

{
printMove(dr, pass, r[Boat]);
if
(dr == prev_dr && pass == prev_pass) -> printf("Don’t do the same move!\n");
11 else ->
update_r(Q);
if
(CriminalUnsafe || BoysUnsafe || GirlsUnsafe) ->
/* undo move */
update_rQ);
: else >
prev_dr = dr; prev_pass = pass;
fi;
fi;
}

/* Global array for positions, initially = 0 */
int r[8];

/* mtypes are assigned from 1, array are indexed from 0, so the r[0] is not used */

init {

I
o

local mtype driver

local mtype passenger = 0;



System Informatics (Cucremuast nadopmaruka), No. 2 (2013)

/* Run */
do
/* move Cop (with anyone or alone) */
:: r[Cop]l == r[Boat] -> driver = Cop;
/* Choose a ’random’ passenger if it is here */
if
: r[Criminal] == r[Boat] -> passenger = Criminal

: r[Mom] == r[Boat] -> passenger = Mom

:: r[Dad] == r([Boat] -> passenger = Dad

:: With(Boy,Cop) -> passenger = Boy

:: With(Girl,Cop) -> passenger = Girl

:: true -> passenger = 0 /* no passenger at all */
fi;

move (driver, passenger);

/* move Dad (with a Boy or with Mom or alone) */
:: r[Dad] == r[Boat] -> driver = Dad;
if
:: r[Mom] == r[Boat] -> passenger = Mom
:: With(Boy,Dad) -> passenger = Boy
:: true -> passenger = 0
fi;

move (driver, passenger);

/* move Mom (with a Girl or alone) */
:: r[Mom] == r[Boat] -> driver = Mom;
if
:: With(Girl,Mom) -> passenger = Girl
:: true -> passenger = 0
fi;

move (driver, passenger);

:: DONE -> printf ("SOLVED\n"); assert(0); break;

:: else -> printf("WHAT?!\n"); assert(0); break; /* Should never happen! */

od;

VIIK: 004.02

115

HazBauwme: Spin sy rosioBosioMok: Vcmosb3oBanue cucrembl mpoBepku mojeseit SPIN
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JIIsT PeIieHns] SIIOHCKOM TOJIOBOJIOMKH O TieperipaBe depe3 peKy u rojgoojomkn "Kyo-1".
Astop(br): Bogun E.B. (Mucturyr cucrem nuadopmarnkn CO PAH)
Annortamumsi: CraTbs ONUCHIBACT IIPUMEHEHHE cucTeMbl TpoBepku mogeseit SPIN k pere-
HUIO SITIOHCKOM TOJIOBOJIOMKH O HIeperpaBe depe3 peky (MPOJBUHYTHI BAPUAHT 3a/a49U O BOJIKE,
ko3e 1 Karycre) u rosoBoioMkn "Irregular 1) Cube" (rakxke maspiBaemoii "Ky6-1").

Kuarouessbie caoBa: SPIN, Bepudukars



