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AHHOTanusa

ﬂaHHaH pa60Ta nocBsdlleHa pa3JIMdYHbIM MEeTO/ZaM ITOCTPOEHUA BCEBO3MOXKHbIX ﬂHHeﬁHbIX NOpAAKOB
AJId 4aCTUYHO yNnopsAA04Y€HHbIX MHOXECTB. CJIOKHOCTDb 3aJa4M 3aKJ/JIl04aeTCcd B TOM, YTO Jae OJid
MHO>eCTBa HeOO0JIbIIOTO pa3Mepa, NOCTpoeHHE U IPOBEPKA HA KaKOH-JIN60 IIPHU3HAK €ro BCEBO3MOXK-
HBIX JIMHEHHBIX NOPpAAKOB MOXET IMPHUBOAUTDL K HeoﬁXOAHMOCTH nepe6opa OT'POMHOI'0 KOJIM4eCTBa
BAapHUAHTOB. YacTHbIM caydaeM 3TOH 06]].{6171 3aa4u fABJIAETCA IOCTPOEHHWE BCEBO3MOXHBIX IIepey-
HOpHLLO‘-IeHI/Il;'I AJIA onepaum‘/'l C [IaMATBIO B MHOTOIIOTOYHBIX NPpOrpaMMax C y‘{éTOM MOIEeJIN NMaMATH.
Llesib 3TOM paboOTHI — 3TO COKpalleHHe MPOCTPAHCTBA epe6opa B 3TOM cJydyae. B kauecTBe BaXKHO-
ro NpakTU4YeCKoro npuMepa pacCMaTpuBarOTCAd MOJAEJIU MMaAMATH, IO3BOJIAOLIINE 6}7(1)6])1433].(1/1}0 3a-
Tpy30K. an/I 3TOM OKa3bIBaeTCA BO3MOXXHbBIM YCTAHOBHUTBL KJIACCbl 3KBUBAJIEHTHOCTH Ha/| IepecTta-
HOBKaMH onepaum‘/'l. JTO B CBOIO odyepenb UMeeT 60JIbIIIOE 3HAYEHHE AJIsT Bepnd)m(aumd IIaMATH B
MHOTIOIIOTOYHBIX cucTeMax. Ha CEFOL[HHH.IHPIﬁ A€Hb [Jid TaKoro poja Bepnd)m(aumd NMPUMEHATCA
JIMTMYC-TE€CTbI, KOTOpbl€e UMEIKT CBOU Or'PAHHUYECHUS. B ,ClaHHOI‘;I pa60Te npeaJsio’KeH aJIrOpruTM, KOTO-
pblﬁ YYUTBIBAET KJIACCbl 3KBUBAJIEHTHOCTHU IIPU Nepeynopaa0IruBaHUAX onepaunﬁ C NIaMATBIO, YTO
MO3BOJIAET CyLleCTBEHHO COKPATHTb KaK KOJHU4YeCTBO HeO6XOLLl/IMbIX InepecTaHOBOK, TaK W BpeMd,
3aTpadyeHHOe Ha UX IMepebop. Pe3ysbraThl Ucc/ie0BaHUS MO3BOJISIOT 3GEKTUBHO 0600IUTh KOH-
Lenpgu JIMTMYC-TeCTOB Ha NPOU3BOJIbHbIE YaCTUYHO yIIopAA04YeHHbIe MHOXKeCTBa U CYyLeCTBEHHO
pacCliuprUTb UX NIPUMEHUMOCTb.

K/iroueBbIe CJ10Ba: MHOrOMOTOYHOCTD, MEPEYNOPsIOYEHHUE ONEePaIUi, MOJIEU TaMSATH, JIMHEH-
HBIH NOPAZOK, TUTMYC-TECTBI
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Abstract

This paper is devoted to various methods of constructing all kinds of linear orders for partially ordered
sets. The complexity of the problem lies in the fact that even for a set of small size, constructing and
checking for any feature of its possible linear orders can lead to the need of enumeration of huge
number of options. A special case of this general problem is the construction of all possible reorderings
for memory operations in multithreaded programs, taking into account the memory model. The goal of
this work is to reduce the search space in this case. An important practical example is the consideration
of memory models that allow buffering of downloads. In this case, it becomes possible to establish
equivalence classes over permutations of operations. This in turn is of great importance for memory
verification in multithreaded systems. Today, litmus tests are used for this type of verification, which
have their limitations. In this paper, an algorithm is proposed that takes into account equivalence classes
when reordering memory operations, which can significantly reduce both the number of necessary
permutations and the time spent on their enumeration. The results of the study allow us to effectively
generalize the concept of litmus tests to arbitrary partially ordered sets and significantly expand their
applicability.
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BBeaenue

AkTya/bHO#M mpo6sieMON B aHa/M3e MHOTOMOTOYHBIX MPOrpaMm
SIBJIIETCS FeHepalusl pa3IMYHbIX NOPSIKOB BBINOJHEHUS Olepa-
I}, BOSMOXHBIX IIPU UX UCIOJHEHUH [1, 2]. ITO BaxkHO A J0-
Ka3aTeJIbCTBA PA3/IMUHBIX CBOHCTB MHOIOIOTOYHBIX aJIFOPUTMOB
U JJIS1 IPOBEPKH KOPPEKTHOCTH KOMIBIOTEPHBIX CUCTEM, BBINOJI-
HSIIOIIMX 3TH aJrOpUTMBI [3-6]. B 1aHHO# cTaThe MBI COCPesOTO-
yuMcsl Ha 3QPEeKTUBHOM pellleHUH 33/lauM INepeynopsifodyeHus
MHOXXECTB OIlepaliiil ¢ MaMATbI0. ITO NPUKJIAJHOE HAalpaBJeHHe
HaXOAUT CBOE NpHUMeHEeHHe B CUCTEMaX BepUPHUKAI[UH KOTEPEHT-
HOCTH IaMSITH B MHOTOIIOTOYHBIX CHCTEMaX, TAKUX KaK INTMYC-Te-
cThl [7, 8]. OfHAKO, IUTMYC-TECTBl OPUEHTHPOBAHBI HA UCCJIE/0-
BaHHEe OrpaHUYEHHBIX HAGOPOB C XKECTKUMHU paMKaMu. Huxe Mbl
PO/IEMOHCTPUPYEM, KaK 0CJIaGUTh 3TH OTPaHUYEHUS U 06061UTh
KOHIIENHUIO JIUTMYC-TECTOB Ha NPOU3BOJIbHbIE YACTUYHO yIOPS-
Jl04eHHble MHOXeCTBa Ollepalui ¢ y46TOM MOZEeH NaMsATH.
YacTHYHO yropsijo4yeHHble MHOXeCTBA

YacTUYHO ynopsiA04YeHHOEe MHOXKECTBO - MHOXKECTBO U3 3Jie-
MEHTOB, YIOPSZ0YEHHbIX TPaH3UTHUBHBIM, aHTUCHUMMETPUYHBIM
OTHOILIEeHUeM . [Ipy 3TOM /1J1s1 JIIOGBIX BBINOJIHSIETCS OJHO U3 TPEX
YCJIOBUH.

. x< WY

2. y<,x

3. X,y - He CpPaBHUMBI

OTHOWEHHe MOKPBITUA < - OTHOLIEHHE, BO3HUKAIOLEe MEXAY
3JIeMeHTaMHU X U y B TOM CJIy4ae, €CJIM He CyLIeCTByeT TaKoro aJjie-
MEHTA Z, YTO X < Z ¥ IPY 3TOM Z <, y. MOXHO Ha3BaTb €ro OTHOLIe-
HUEeM GJIM)KalIIero coce/iCTBA B YaCTUYHOM NOPSIZIKE.

JInHelHbIA NMOPAAOK 3J1€MEeHTOB - Ouekius o: P— [n], makas,
umo x <,y = 0,< g, [lo cymu, amo mononozuyeckas copmuposka
epagha c pébpamu 8 sude OMHoweHUll YacmuyH020 nopsioKa.
JJIeMeHT X, TaKoH 4To A Y<, X Ha3bIBAeTCsI MUHUMAJILHBIM B Ya-
CTUYHO YHOPSIJ04eHHOM MHOXXecCTBe. KosmuecTBO nepecTaHOBOK
[(P) 3apjaétca popmysnoii 1 (cm. Hanpumep [9]).
I(P)= ey | (P\X) 1)
3asiaua nepe6opa BCEBO3MOMXKHBIX IMHEHHBIX MOPSAKOB OTHOCHUTCS
K Kj1accy #P-nosiHbIx [9]. 1151 cCKOBKO-HUGYAb 60/IBIINX YaCTUIHO
yIopsiloYeHHBIX MHOXeCTB (0T 30 3/1eMeHTOB U 60JIbliIe) KOJIHYe-
CTBO BCEBO3MOXKHBIX MOPSAKOB MOXeT npeBbimatb 108 [10, 11].
PasyMeeTcs, IOJTHOE TIOCTPOEHME, aHAIU3 U XpPaHEHHE TaKoro 00'b-
eMa YaCTHUYHBIX OPSIZKOB 3aTPYAHUTENbHBI.

J1s pelueHUs 3aZa4yyl MOJIHOTO NOCTPOEHUs JIMHEWHBIX MOpsiJ-
KOB MOXXHO HCII0JIb30BaTh Npe/CTaBJeHUE BCEX BO3MOXKHBIX JIU-
HEWHBIX NOPS/KOB B BUJE JepeBa, IJie BepIIMHAMH SBJSIOTCA
3/IEMEHTBI MHOXKECTBa, a pE6pa NPe/CTaBIIAIOT OTHOLIEHHE <, B
HCCIelyeMOM JIMHEHHOM NOpPsiAKe. ITO 1epeBO MOXKET ObITb SIBHO
IOCTPOEHO TaKUM 00pa3oM, YTO BCe JIMHEHHbIe NMOPSAKHU Npej-
CTaBJIEHBI Iy TSMHU OT KOPHS JiepeBa 10 KOXKA0T0 U3 ero JIUCThEB.

AJII‘OpI/lTM npAMOro nmoCTpoeHud
BCEBO3MOKHBIX JIMHEMHBIX MmopAAKOB

06x0/1 MHOXKeCTBa U MOCTPOEHHE JiepeBa MPOUCXOJAUT PEKYPCHB-
HO, 1o popmyuie (2), aHasorudHo popmyie (1).

tree (P)=U x— tree (P\ x) 2)

XEmin(P)
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B Hauase aJITOpUTMa BbI6I/IpaI-OTCH MWUHUMaAJIbHbIE 3JIEMEHTbI U3
YAaCTHUYHO YHNOpAAOYEHHOI'0 MHOXeCTBa. [lJIH KaXJ0oro M3 3THUX
3JIEMEHTOB IIPOU3BOAUTCA AOGaBJIeHI/Ie €ro B TEeKyILlyI reHepupy-
€MYI0 I[IepeCTaHOBKY, a 3aTeéM OH yJa/JIdeTCd U3 MHOXKEeCTBaA. [Tocne
9TOTrO aJITOPHUTM NNOBTOPAETCA AJIA HOBOI'O HaCTUYHO yIIOpAA0Y€H-
HOTI'O MHO>XeCTBa.

®
®

P u c. 1. llpumMep 06X0/1a YaCTUYHO yNOPAL04€HHOTO MHOKeCTBa

Fig. 1. An example of traversing a partially ordered set

HcmoyvHuk: 3/1eCh U Jlajiee B CTaTbe BCe TaOJIHLbI U PHUCYHKH COCTaBJIEHBI
aBTOpaMH.

Source: Hereinafter in this article all tables and figures were made by the authors.

06x0/, YaCTUYHO YNOPSIZ0YEHHOTO MHO€ECTBA, U300paKEHHOTO B
caMOM BepxHeM OJI0Ke IT0Ka3aH Ha pucyHke 1.

ANTOpPUTM peKypCHBHO reHepUpyeT NepecTaHOBKY /JIs BCEX 3Jie-
MeHTOB MHOXXecTBa. [IceBj0Ko/ anropuT™Ma NpuBeEH Ha PUCYH-
Ke 2.

def traversal(P, Path ):
Xs = getMin(P);
for X in Xs:
Path.append(X)
traversal(P \ X, Path)

P u c. 2. TlceBRokoz AJsist 06X0/ja YaCTUUHO YNOPsJ04€HHOT0 MHOXeCTBa

Fig. 2. Pseudocode for traversing a partially ordered set
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NCCNEAOBAHUA N PASPABOTKW B OBMTACT HOBbIX
NHOOPMALIMOHHBIX TEXHOMTOTWN 1 X MPUNOXEHWI

W. B. AHZpees,
K. V. Bnagnmnpos

[TosiHOe fepeBo NoKa3aHo Ha pucyHke 3. Ero npejcrassieHue yna-
KOBaHO B OPMEHTUPOBAHHBIA alMKIWYeCKUH rpad A KOMIAKT-
HOCTH Npe/icTaB/eHus (06'beJUHEeHbl OZIMHAKOBbIE BETKH).

®
®

P u c. 3. Tlpumep noctpoeHHoro jepesa (cxkaToro B OAT) IMHeHHBIX NOPA/KOB

Fig. 3. An example of a tree (compressed in OAG) of linear orders

[Tp¥ MOCTPOEHUH JIepeBa AITOPUTMOM C PHC. 2, B TaMSITH XPAHSITCS
TOJIBKO TEKYyIlasl FeHeprupyeMasi BeTBb, MUHUMaJIbHbIE 3JIEMEHTBI
C HE/IOCTPOEHHBIX BETBEH U caMO YaCTUYHO YIOPsIJ0YeHHOE MHO-
»ecTBO. TAKMM 06pa30M, pacxo/ MaMsITH MOXKHO aCHMITOTHYECKH
oneHUTDb Kak O (||P||?).

[Tepe6op Bcex BO3MOXKHBIX JIMHEHHbBIX TOPSIIKOB MOXKET 0Ka3aThCsl
H3JIMIIHUM, 0COGEHHO KOT/ja B YaCTHYHO yIOPsSII0UeHHOM MHOXe-
CTBE MPHUCYTCTBYIOT 3JIEMEHTBI, IPUHA/JIENKALINE OHOMY KJIacCy
3KBHBAJIEHTHOCTH, [IEPECTAHOBKKM BHYTPH KOTOPOTO HE TPEGYIOT
paccMOTpeHHs1. ITH KJIACChl IKBUBAJEHTHOCTH MOTYT COZAEPKATh
3HAYUTEJIbHOE KOJHMYECTBO 3JIEMEHTOB, YTO II03BOJISIET Cylie-
CTBEHHO COKPATUTh BpeMsl aHaJI13a.

BBeeHHe KJ1aCCOB 3KBMBAaJIEHTHOCTH

PaccMOTpUM BCEBO3MOXKHbIE JIMHEHHbIE IepecTaHoBKH S . JIBe me-
PECTaHOBKHU B S, CYUTAIOTCA IKBUBAJIEHTHBIMH, €CJIM OIHA MOXKET
OBITh NMpeobpa3oBaHa B JIPYTy0 NMYyTEM 3aMeHbl MOJIOC/Ie/0Ba-
TEJBbHOCTU 3JIEMEHTOB TEMHU K€ 3JIEMEeHTaMH, NIepeCcTaBAeHHbIMHU
onpefenéHHbIM 06pa3zoM. O6006LUéHHAsA TeOpuUsl MpeCcTaBIeHa B
pa6orax [12-14].

Hanpumep, nepectaHoBka 123456 MoxeT 6bITh NpeobGpas3oBa-
Ha B 125436 nyTém 3aMeHbl MOAIOCJIeL0BAaTeJbHOCTH 345 Ha
MoAnocaes0BaTeNbHOCTh 543. MoxeM ckasaThb, uTo 123456 3k-
BUBasieHTHa 125436 oTHocuTesibHO 3aMeHbl 123 & 321. Uiy,
HCIOJIb3ysl HOTALMI0 MHOXECTB: NMEPECTAaHOBKH 3KBUBAJIEHTHBI

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

oTHocuTesbHO {123, 321}.

[lyctb T € S n myctsb B = {B, ,..., B} - 3ananHoe pasbuenue S, rae
k < n. Kaxapii B, aBasieTcs Wa6J10HOM JIJIMHOM Kk, OTHOCUTE/IbHO
KOTOPOTr'0 MOXXHO IlepecTaBJiATh 3jeMeHTbl. Ha3oBéM JBe mnepe-
CTAaHOBKH — 5KBUBAJIEHTHBIMH, €CJIM OJJHA MOXET ObIThb MOJIyYeHa
W3 Apyrou nyTém nocsesoBaTesbHbIX IePeCTAHOBOK, TAe KaxAas
TniepecTaHOBKa 0, I1a6JI0Ha NPOU3BOJUTCS C TEMH Ke 3j1eMeHTaM1
o, mwab6JioHa, a 0, U 0, IPUHA/IIEXKAT OJIHOMY B. Torma E q(m, B) -
MHO>XeCTBO IepecTaHOBOK 3KBUBaJIEeHTHBIX OTHOCHUTEJIbHO B.
TakuMm o6pasom, 125436 € Eq(123456,{123,321}).

OrpaHu4uM Jla/ibHel1ee Hccle/JoBaHKe TepecTaHOBKaMH TOJIbKO
coceiHUX 3JieMeHTOB. 0603Ha4YMM B! - OTHOILIIEHHE IKBUBAJIEHTHO-
ctu ¥ Eq' (m, B) - kJ1acc 3KBUBAJIEHTHOCTH TT C YYETOM 3aMeHbI B
TOJIbKO COCEJTHUX 3/1eMeHTOB. To ecThb: 2134 € Eq!(1234,{123,213}).
Jlanee 6yeM paccMaTpUBaTh He 111a6JIOHbI, @ MHOXKECTBA KOHKpPeT-
HBIX 3JIEMEHTOB, KOTOpPbIE MOKHO [IepecTaBJIATh.

ANITOPUTM NOCTPOEHMSI BCEBO3MOXKHBIX
JIMHEWHBIX NOPAJKOB C Y4ETOM
3KBUBAJICHTHOCTHU

PaccMOTpUM YaCTUYHO YyIOPSJ0Y€HHOE MHOXECTBO, aHAJIOTUYHOE
npeJCTaBJIeHHOMY Ha PUCYHKe 1, HO ¢ JOTIOJIHUTEJIbHBIMU GJI0Ka-
MU 5KBUBAJIEHTHBIX IEPECTAHOBOK: . JTO MHOXXECTBO U306paXKeHO
Ha pUCYHKe 4, IpH 3TOM GJIOKM 3KBHBAJIEHTHBIX II€PECTAaHOBOK
0603Ha4YeHbI IBOMHON YePTOMU.

2) 4

5

P u c. 4. YacTUYHO yHOpsiZI0ueHHOE MHOXXECTBO € PEGPAMH 9KBUBAJIEHTHOCTH

Fig. 4. Partially ordered set with equivalence edges

Takue MepecTaHOBKHM CUMMETPUYHbI M He TPaH3UTHUBHBL Ecsn
{24,42} € Bu {25,52} € B, To {45,54} € B. I3-3a 0TCyTCTBUS TpaH-
3UTHBHOCTH NIPH NOCTPOEHUH JIMHEHHBIX NOPSKOB HEOGXOAUMO
NPOBEPSTH 3JIEMEHThl YaCTHYHO YHOPSAJOYEHHOTO MHOXKECTBa
TOJIBKO ITOIApHO.

[IceBIOKO/ TOCTPOEHUS iepeBa € y4ETOM SKBUBAJIEHTHOCTH Ilepe-
CTaHOBOK ITpeJ/ICTaBJIeH Ha PUCYHKe 5.

def traversal(P, Path):

PrevX = Path.back()

Processed = PrevX.parent.processed

Xs = X in getMin(P)

if Processed.notContains(X, PrevX)

for X in Xs:

Path.append(X)
Processed.insert(X, PrevX)
traversal(P \ X, Path)

P u c. 5. TlceBRokoz Asist 06X0/ja YaCTUYHO YIOPSAZA04E€HHOT0 MHOXXECTBA C
y4ETOM 9KBHBAJIEHTHOCTH
Fig. 5. Pseudocode for traversing a partially ordered set taking equivalence into

account
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B oTsim4yume oT pucyHKa 2, ipex/ie 4eM J06aBJISTh MUHUMAa/IbHbBIN
asieMeHT X B ZiepeBo, MpoBepsieTcs], 4To napa Prev X, X yxxe 6bli1a
noctpoeHa. /ljil 3TOro B pOAMTENbCKYI0 BEPIUMHY JOINOJIHSAETCA
nHdopMalusa 0 MOCTPOEHHBIX Mapax JoYyepHUX BepliHH. /[epeBo
epecTaHOBOK C yY6TOM 3KBHUBAJIEHTHOCTH NpPeJCTaBJEHO Ha PU-
CyHKe 6.

P u c. 6. [lepeBo (cxatoe B OAT) nepecTaHOBOK C y4ETOM 3KBHBAJIEHTHOCTH
Fig. 6. Tree (compressed in OAG) of permutations with consideration of account

equivalence

Jl11 OLleHKH acCMMNITOTUKM PacCMOTPUM NOJIHBIN rpad ¢ n = ||P||
BepLUIMHAMHU, B KOTOPOM KaXk/jasl BepIUMHA 3KBUBaJIeHTHA KaX/10H.
B Takom rpacde obliee KoMuecTBO péGep COCTaBasET E = @
[lycTb cpefiHAA cTeNeHb BeplLIMHBI PaBHA P, TOTA KOJIUYECTBO IK-
BHUBAJIEHTHBIX BEPIIUH COCTaBJIAET pn. BpeMeHHas C10KHOCTB I0-
CTPOEHMA BCeX BO3MOXHBIX MNEpecTaHOBOK OLleHUBAeTCs Kak
0 (2" n) [9]. Ecnu nBe BepLIMHbBI 3KBUBAJIEHTHBI, TO OZJHA U3 HUX HE
y4acTByeT B MOCTPOEHUU INepecTaHOBKU. C y4ETOM 3KBHUBaJIEHT-
HOCTH CJIOKHOCTb COCTABJIAET O (2"(1‘%)71).

AJITOPUTM, YYUTBHIBAIOLIMK KJIACCHI 3KBUBAJIEHTHOCTH, HMeEET
ACUMIITOTHYECKH TaKYIO K€ CJIOXKHOCTb, YTO U aJITOPUTM Ilepeso-
pa BCeX BO3MOXKHBIX JINHEHHBIX NOPSAJKOB (CM. PUCYHOK 2), 0JHAKO
OH ropasfio 6osiee 3¢ PeKTHBEH BO MHOTUX NPAKTUYECKH BAXKHBIX
ciyvasix. CpaBHeHMe KOJIMY€eCTBA [IePeCTaHOBOK C Y4ETOM 9KBHUBa-
JIEHTHOCTU (HWKHSS CTpOKa) U 6e3 Heé (BepxHss CTPOKa) Mpej-
cTaBJjieHo B Tabsune 1 [15].

[Ipu nocTpoeHny Ta6auLbl 1 6bIIM BEIGPAHBI TaKHE MHOXECTBA,
B KOTOPBIX KOJIMYECTBO PEGEP 3KBUBAJIEHTHOCTH GJIM3KO K KO-
JINYECTBY 3JIEMEHTOB B YAaCTHYHO YNOPSZI0YEHHOM MHOMECTBE:
[IBII ~ IIPI].

IlocTpoeHue rpada UCOTHEHUA
MHOTrOMOTOYHOM NPOrpaMMBbl

B MHOromoTo4yHO# mporpamMMe HEKOTOpbIE OMEPAIUHU C MAMSATHIO
yCTaHABJIMBAIOT CTPOTMH NOPSJOK BBINOJHEHUs Yepe3 OTHOIle-
HUE «JJOJDKHO CJIYYUTBCS [J0», B TO BpeMs KaK Jpyryue MOTryT GbITh
nepeynopsifodensl [16-19]. Takum 06pa3oM, CyLieCTBYET CTPOTUI
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NOPSZI0K BUJUMOCTH ONlepalyil B MaMsTH APYTMMHU IOTOKaMU U
CYLIECTBYIOT «HECpaBHUMbIE» ONEpalMH, NMOPSLOK KOTOPBIX He
onpeziesiéH 10 MOMEHTA BBIIOJHEHHS. ITO IPUBOAUT K GOPMHUPO-
BAaHMIO YaCTUYHO YIOPSA0YEHHOr0 MHOXKECTBA ONlepaliii ¢ nams-
Thi0. Hanprmep, B 0AHONIOTOYHOH NporpaMMe onepanuu store x, 0
u x = load 0 06pa3yoT ynopsijoueHHOe MHOXXeCTBO store — load.
OziHaKo, ec/iM 106aBUTh JONOJHUTEIbHYIO onepanuio amoadd 0,
B IpyrOM HOTOKE, TO YaCTUYHO YIOPSZ04eHHOE MHOXKECTBO GYZeT
3aBUCETb OT MOZIeJIU TaMsATH. Hanpumep, 151 MozieJieH, JonycKalo-
LIUX UCIoJIb30BaHue 6ydepa coxpaHeHue (store buffering), Takux
kak TSO (total store order) [20], MHOXXeCTBO GYZET COAEPKATH TPU
HeCcpaBHHMble BepLIUHBL: store, load, amoadd. OTcyTCcTBHE OTHO-
LIEeHUH NOpsiKA MeX/ly HUMH 03Ha4aeT, YTO 3G PeKT ITUX onepa-
LMH B TaMSTH MOXKeT GbITh HabJI0/[aeM B JIIO60M MOPsiJIKe.

Ta6auial CpaBHeHHE KOJIMYECTBA epecTaHOBOK

Table 1. Comparison of the number of permutations

Ko.1-Bo omepanuii | Kosi-Bo mepecraHoBOK
12
4
3
105
9
20
2041200
16
196
1036062752256
20
38433
)8 6587142659584819200
61881

IMakeT litmus-test

Hau6oJsiee pacnpocTpaHéHHBIM OTKPBITHIM PelleHHUeM JIJIsl BEPH-
dukanuu noAcUCTEMbI MaMATH SIBJsSETCS NakeT litmus-tests [21].
JTOT NaKeT COeP>KUT KaK TeCThl, CTeHepUPOBAaHHbIE C TOMOIbIO
nHcTpyMeHTa DIY, Tak ¥ TecThl, HanKcaHHble Bpy4yHylo. HazBaHue
nakeTa MPOUCXOAUT OT Ha3BaHUs JJakMycoBoH (litmus) 6ymaru. O
OpPHEHTHPOBAH Ha 0OYeHb KOPOTKHE HallpaBJIeHHbIE TECThI.

X8 SB { x =0; y =0; }
PO | P1
MOV [y], $1 | Mov [x], $1

MOV EAX, [x] | MOV EAX ,[y]
exists (0: EAX = @, 1: EAX = 0)

P u c. 7. llpumep litmus Tecta

Fig. 7. Example of litmus test

Ha pucynke 7, B aByx notokax PO u P1 B Haya/ie NpoucXoAUT 3a-
NMCh B NaMATb €JMHUIb], 3aT€M YTeHHE U3 NaMATH, U3MeHAeMOon
JIPYyT'UM [IOTOKOM.
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(1) ©: EAX = 1, 1: EAX = ©
(2) ©: EAX = @, 1: EAX = 1
(3) @: EAX = 1, 1: EAX = 1
(4) ©: EAX = @, 1: EAX = ©

P u c. 8. BoamoxxHbIe BBIXO/JHBIE€ COCTOAAHHSA PETUCTPOB

Fig. 8. Possible output states of registers

B mocsiefoBaTesbHO COTJIACOBAHHOM MOJiE/IM NaMSATH, y TaKOU
MporpaMMbl BO3MOKHO TOJIbKO TPH BO3MOXKHbBIX BBIXOJHbIX COCTO-
SIHUS PETrUCTPOB, IOKAa3aHHBIX Ha CTpodkKax 1-3 puc. 8. B mozesnsax
namMsaTH ¢ 6ydepusanueit 3arpysok (TSO, PSO, Weak) Bo3moxxeH
ellé OJJMH CleHapuil paboThl, pe/iCTaBJeHHbIH Ha CTpOUKe 4.

Ucnosib30BaHHE YaCTUYHO
YHOPAL0YE€HHOI0 MHOXKeCTBa AJIs
nocrpoeHus rpadga UCOTHEHUA

Kak 6b110 onKcaHo B Ha4asle [JIaBbl, ONEPALMH C TaMAThI0 GOPMHU-
PYIOT YaCTUYHO yNopsiloueHHOe MHOecTBO. Ha pucyHke 9 npu-
BeJleHO NOCTPOeHHe BCex NepeynopsajouMBaHUI Ha IpUMepe JIUT-
Myc-TecTa PUC. 7 AJ1s MOJleJId TaMATH ¢ 6ydepursalueil 3arpy3ox.

O
&-®

P u c. 9. YacTH4HO ynopa04eHHOe MHOXKEeCTBO /151 IMTMYC TecTa ¢ Puc. 7

Fig. 9. Partially ordered set for the litmus test from Fig. 7

COOTBETCTBUS MeX/1y BeEpUIMHaAMU U OIlepanusaMu cjleayroume:

(1) mov [y], $1
(2) mov eax, [x]
(3) mov [x], $1
(4) mov eax, [y]

Takke Ha pucyHke 9 o603HaueHbl He3aBUCHUMbIE ONepanuu —
3TO ONepaluy, nepeynopsjouyMBaHie KOTOPBIX He U3MEHsSET COo-
CTOsIHHMEe cUCTeMbl (maMsaTH, peructpoB). [lopsaaok onepanuit AB
MPUBEJIET CUCTEMY B TO XK€ COCTOSIHUE, YTO U NMOPAJ0K onepanuii
BA. Takue onepanuy 06pasyoT MHOXKeCTBO 3KBUBaJIEeHTHBIX Ilepe-
CTaHOBOK. /lONIOJIHATEIbHO, MO’KHO BBECTH HE3aBUCHMBbIe NocJie-
A0BaTeJIbHOCTU AB oTHOCUTesbHO onepanuu C, Korja nopszok
ABC npUBOAUT CUCTEMY B TO XK€ COCTOsIHUE, 4YTO U CAB.

Jlns pucyHka 9 MHOXKeCTBO 3KBUBAJIEHTHBIX NIePeCTaHOBOK INpH-
BeJleHO HUXe.

B = {{12,21}, {13,31}, {42,24}, {34,43}, {142,214}, {143,314},
{231,123}, {234,423}}

Ecsiv IpUMEHUTb aJIFCOPUTM C PUC. 5 € y4ETOM HE3aBUCUMBIX OIle-
pauui W nocaesoBaTebHOCTEH, Npe/iCTaBJeHHbIX B B, TO Bcero
OyzeT 4 JTUHEHHBIX MOPSAJKA YaCTUYHO YIIOPSA04EeHHOT0 MHOXe-
CTBa, IOKa3aHHbIX Ha puc. 8. [I[pu4éM Ha KaxZ0# CTpoKe JIMHEH-
HBIH OPSAZ0K COOTBETCTBYET COCTOSIHUIO PETUCTPOB U3 pHUC. 7.

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

(1)1 -3-2-4
(2) 1 -4 -2 -3
3)4-1-3-2

(4) 4 -2-1-3
P u c. 10. Bo3MOXHbIe JIMHEHHbIE MOPSAKA

Fig. 10. Possible linear orders

JIuHeHHBIN NOPAAOK oNepalui B NaMATH MO3BOJIIET BOCCTAHO-
BUTb I'pad ucrnosHeHus (execution graph) u mpoBepuTh €ro co-
OTBETCTBUE MOJeJU MaMATH [22-25]. Hanpumep, A5 TUHEHHOTO
nopsiika, npejcTaBJleHHOro Ha cTpoke 4 puc. 10, MoxxeT GbITb
nocTpoeH rpad HCHOJHEHHs, U300pakeHHbIH Ha pucyHke 11.
JlaHHbIN rpad cOOTBETCTBYET MO/Ie/IM NaMATH C UCIOJIb30BaHUEM
6ydepa coxpaHeHUH, OJHAKO HE COOTBETCTBYET M0CJ/e/J0BaTeNbHO
corsiacoBaHHOU MoJiesin namsaTu [20].

Wx0><Wy0

\/A/ \\4
x1 Wyl

RyoO Rx0

P 1 c. 11. Bo3MOxxHBI# rpad MCIIOHEHHS IUTMYC TeCTa € puc. 7

Fig. 11. Possible execution graph of the litmus test from Fig. 7

TakuM 06pa30oM, TOCTPOeHHe JIMHEWHbIX lepeynopsJ04MBaHUM YacTHY-
HO YIIOpA/J0YEHHOr0 MHOXKECTBA Olepalii ¢ IaMATbI0 B MHOTOIIOTOY-
HOM TIporpaMMe MOeT ObIThb HCI0/Ib30BaHO JIJI CPaBHEHHUS ¢ rpadoM
WCIIOJIHEHUA NPOTrpaMMbl B KOHTEKCTe KOHKPETHOM MOJe/M NMaMATH.
3TO NOMOraeT BbIABJIATD U YCTPAHATb OIIMOKH, BO3HUKAIOLIYE B CIy4ae
pacxox/ieH1s JJMHEeHHOr o Nops/iKa ¢ rpadoM UCIIOJIHEHHU.

3akK/o4yeHue

B naHHOM paboTe Obl1 NpejcTaBJeH aJrOPUTM MOCTPOEHHUS JIU-
HeHHBIX TNOPSAJKOB YaCTHYHO YHOPAMOYEHHOTO MHOMXECTBa C
y4eTOM 3KBHBAJIEHTHOCTH omepanui. [lokaszaHa pacmypseMocThb
3TOro MOJX0Ja Ha 3aJa4yM IMOCTPOEHHUs Mepeyrnopsaf0odMBaHUIN
MHOKeCTBa ONepaliil C MaMATbI0O B MHOTONIOTOYHOH MporpaMme
ZLIS1 TIPOBEPKH Ha COOTBETCTBHE C PA3/IMYHBIMH MOZE/ISAMH MaMs-
TH. [Ipe/I/IOKeHHBIH aJTOPUTM ABIAETCS 3QPEKTUBHBIM HHCTPY-
MEHTOM JJIl paclIMPeHUs] KOHIEeNUH JUTMYC TeCTOB Ha J1060e
JaCTHUYHO YIOPSL0YeHHOEe MHOXKECTBO OIepalui € NaMAThIO.
OCHOBBIBasICh Ha IPOBEJEHHOM HCCJIeJOBAHUH, MOXKHO C/e/1aTh
BBIBOJI, YTO HCIOJIb30BaHUE TPe/JI0KEHHOTO aJrOpUTMa MO3BO-
JsieT 60JIee TTOJIHO ¥ TOYHO aHAJIM3UPOBATh OBEleHHEe MHOTOIIO0-
TOYHBIX TPOTPAMM B Pa3/TMYHBIX MOAEJISIX MaMSATH, BBISBJIATD 110-
TeHIMaJIbHbIEe OIINGKHY U yJIy4YIlaTh TPOU3BOJUTENTBHOCTD CUCTEM.
JlanbHelIIMe UCClIeA0BaHUS MOTYT GbITh HalpaBJIEHbI HA YIy4d-
IIeHNe aJIFOPUTMa, ero ONTUMU3ALHUIO s PaboTEI ¢ GoJiee CJI0X-
HBIMH MOJIeJIIMH NaMSATH, a TaKXKe Ha pa3paboTKy NPaKTHYeCKHUX
MHCTPYMEHTOB Ha OCHOBe JAHHOTO MOAXO0AA /JIsl aHaJIM3a U BEPHU-
dHUKanMY MHOTOTIOTOYHBIX TPOTPAMM.
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