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BeepeHne: KaptuHka-pgetektop

"§0 Aleksey Shipilév Cshipilev  Feb 3
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~@m "Java Memory Model".
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BeeageHune: AGCTpakTHble MalLUNHbI

= Jtoboli S3bIK NPOrpaMMmMpoBaHUsS ONpPeaessieT CBOK CEMaHTUKY
yepes nosefeHne abCTPakTHON MaLUUHbI, BbIMNOJHAIOLLETN
MPOrpaMMy Ha 3TOM S3blKe.

» Cneundpmkaums s3bika = cneundpmkaums abcTpakTHOA
MaLLMHbI!

[Noka3aTeNbHbI NpruMep:
Brainfuck? = TUNUYHbIi accembnep Ans MawwunHbl TbropuHra

!Java # Java bytecode = cneundukaumus Java # cneundukaumns JVM
’http://en.wikipedia.org/wiki/Brainfuck
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Beepenune: Mopgenb namsatu

* YacTb cneundpukaumy abCTpakTHOV MalIUHbI: MOLEb TOrO, Kak
paboTaeT XpaHuauLLEe AaHHbIX = MOAE/b MaMSITU

= (Oka3blBaeTcsl, 4TO MOAEAN NAMSTY JOCTaTOYHO OTBETUTL Ha
OAWH MPOCTOl BOMNPOC...
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Beepenune: Mopgenb namsatu

* YacTb cneundpukaumy abCTpakTHOV MalIUHbI: MOLEb TOrO, Kak
paboTaeT XpaHuauLLEe AaHHbIX = MOAE/b MaMSITU

= (Oka3blBaeTcsl, 4TO MOAEAN NAMSTY JOCTaTOYHO OTBETUTL Ha
OAWH MPOCTOl BOMNPOC...

Kakne 3Ha4eHnss MoxeT MPO4YNTAaTb

KOHKpETHbI read B nporpamme’?
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BBe,u,eHme: B nocisieoBaTeJibHbIX MNMporpamMmmMax...

= llcnonHsieM MHCTPYKLMU A3blka 0AHY 3a ogHoii? Torga mogens
namsaTy o4YeBUAHA:

<<l‘|T€HI/I$|, cneayrowne 3a 3anncaAmMm B nporpamMme,

AOJIXXHbl BUAETb PaHEE 3aMNNCAaHHbIE 3HE]‘-I€HVIFI>>3

= YacTo nog «Mogenbto NaMsATU» UMEKT B BUAY <MOAENb
NaMsATK, NOKPbLIBAKOLLAA CEMAHTUKY MHOTOMOTOYHbIX
nporpamm>»

3e.g. ans C99: ISO/IEC 9899:1999, «5.1.2.3 Program execution» =’Java ORACLE
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BBepneHune: ...Toxxe He Bceé NpocTo

= Xpectomatuiinelii npumep ans C 89/99:

int 1 = 5; (.)
i = (++1i + ++1i)
assert (13 i

;o (D)
); (.) // FAILS

= OTcyTcTBUe Sequence point'os* B BbIpaXKeHUN NPUBOAUT K
undefined behavior (mexay (.) (.) mMoxeT BbITb 4TO yrogHo)

= MO,D'eJ'IVI MaMATU HY>XHbl B TOM 4HKUC/E N4 TOrO, 4TObbI cyanThb O
nogeaeHnn OAHOMOTOHYHbIX NMPOrpamMmm

41ISO/IEC 9899:1999, «Annex C: Sequence Points»
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BeepneHue: Coming back to reality

Peannzauun All genatoT oaHy n3 AByx BelLeii:
1. Hanpsmyto smyaupytoT abcTpakTHYO MalLVHY Ha BXOL4HOVA
NporpamMmMe 1 CyLLecTBytoLell MawmHe (MHTepnpeTauus )
2. CneyunanusnpytoT abCTpaKTHYHO MaLLUHY BXOAHOU NPOrpaMMOoi,
N BbINOJHAIOT PE3YNbTaT Ha CyLECTBYIOLEl MaLlnHe
(komnuasums)

Peannzaumsam HyXKHO BJAOXUTLCA B CneunduLpoBaHHOE NoBeAeHUE
abctpakTHoit mawwuHbl Al

=’Java ORACLE
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Beepaexune: Be careful what you wish for

Mogens namsatn = trade-off mexxay
A010aHYTOCTbIO MPOrPaMMIUPOBaHNS HA S3bIKE,
AO0NDAHYTOCTbIO BbICTPOI U KOPPEKTHOM peann3aymmy si3bika,
1 BoNbaHyTOCTbIO xapaBapa

* MeyTaTb He BpefHO: MOXXHO NOTpeboBaTb MHOMO YAODHbLIX WTYK

" _..BOMPOC B TOM, He YIAET NN HA CO3JaHUe noaxoasLueli
peannzauun Al n xenesa K HEMY CTOTBILIMUILOHOB JET?
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BBe,EI,eH me:. JIoOrlmMKka noBecCcresoBaHunA

Mebi nonpobyem:

1.

ARl

[lokasaTb, 4To JMM Ham Hy»KHa

Ob03HauYUTL HaLWW XKenaHus

[MocMOTpeTb, YTO HaM peanbHO AOCTYMHO

MonsTe, kak cneundukaums banancupyer mexay (2) n (3)
3arnsHyTb, kak paboTatoT (koHcepBaTuBHbIe) peannsayuu JMM

PopmanbHbie TpeboaHust JMM OyayT BOT B Takoli pamke
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Access atomicity
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Access atomicity: Cka3ka

XoueTcsa:
ATOMapHOCTb AocTyna K 6a30BbIM Tunam

T.e. pna noboro basosoro Tuna T:

Tt =V1;
t = V2; Trl=t;
assert (r1 € {V1,V2})

=’Java
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Access atomicity: PeanbHocCcTb

Hy>xHa nogaep)xka co CTOpPOHbI »XKenesa, 4Tobbl OHO
LefiCTBUTENLHO AENano aToMapHble YTeHus /3anucu

3acagpi:

= OTcyTCTBME XapABapHbIX onepauuii 4as KPYNHbIX YTEHWiA: Kak
npoynTaTe 8-6aiiTHeI long Ha 32-butHom x867 A Ha
32-6utHom ARM-e7

= TpeboBaHUsi MOACMCTEMbI MAMSTW: B MPUMEPY, NpW
nepecevyeHnn Kell-NaliHa Ha X806 aTOMapHOCTb TepsieTcst

=’Java ORACLE
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Access atomicity: Komnpomucc (vacte 1/2)

YTeHns /3anncn aTomapHbl 4ns Bcero, kpome long u double

volatile long n volatile double aTomapHsbl

* Bbonbuwas yactb xenesa B 2004 ymena yntath go 32 6wt 3a
pa3, C 64-OMTHBIMUN YTEHUSIMW MPULLIOCE MUPUTLCS

* CCbINKU UMET BUTHOCTb, COOTBETCTBYHOLLYO MaLUUHHON
= Moxem BepHyTb aTOMapHOCTb (MOAYEPKMNBASH BO3MOXKHbII
performance penalty)

=’Java ORACLE
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Access atomicity: Komnpomucc (4actb 2/2)

[MouTu Be3ae HEBLIPOBHEHHOE YTEHME TepseT aTOMapHOCTb
(n y>K TOUYHO TepsieT NPOU3BOANUTENBLHOCT)

= Peanm3au,|/|ﬂ BbIHY>KAE€HA BbIPpaBHUBATL TUMNbI MO X OJINHE!

0.0.j.samples.J0LSample_02_Alignment.A®
OFFSET SIZE TYPE DESCRIPTION

0 12 (object header)
12 4 (alignment/padding gap)
16 8 1long A.f

Shttp://openjdk.java.net/projects/code-tools/jol/ =’Java’  oracLe
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Access atomicity: Quiz

Y10 HaneyaTaeT?

AtomicLong al = new AtomicLong();
al.set(-1L); | println(al.get());

=’Java
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Access atomicity: Quiz

Y10 HaneyaTaeT?

AtomicLong al = new AtomicLong();
al.set(-1L); | println(al.get());

[Toyemy He OXFFFFFFFF000000007

=’Java
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Access atomicity: Quiz

Y10 HaneyaTaeT?

AtomicLong al = new AtomicLong();
al.set(-1L); | println(al.get());

[Toyemy He OXFFFFFFFF000000007
Hukakoli marnn: «volatile longy» BHyTpW rapaHTupyert.
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Access atomicity: JMM 9

= Wckntouenns ans long/double Bbi3aHbl nparmatukoii 2004 .

— [NoBcemecTHo pacnpocTpaHeHbl 32-6uTHbie x86
— [peexne, gpemydne ARM b1 n PowerPC'ei

= B 2014 roay y»xe BCE ropa3go nyduel

B cepsepHoM mupe octanuck Boobuie 32-6uTHblEe MaLWHbI?

Naxke Ha 32-6UTHbIX faBHO eCTb 64-OuTHble (BEKTOPHBIE) MHCTPYKLMN
— Ha 6onbwmnctee nnatdopm long/double ae-hakTo aToMapHbi

— ...HO Mbl BCE paBHO 3acTaBasieM nucatb volatile, nbo WORA

= Bonpoc: MoxeT, nopa BbINUANTL 3TU UCKAIOYEHUSA U3
cneundpmkayun’?

=’Java ORACLE
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Access atomicity: JMM 9

s long
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ordered
plain

volatile

Shttp://shipilev.net/blog/2014/all-accesses-are-atomic/ = Java

snjd g snurw g§

JroyysAempe

x860, Ivy Bridge, 64-bit:

Hukakoli pasHuubl:

= double yxe gasHoO
aToMapeH

= long paboTaeT Ha
HaTWBHO BUTHOCTM

Slide 19/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

ORACLE'


http://shipilev.net/blog/2014/all-accesses-are-atomic/

Access atomicity: JMM 9

aTOMapeEH

long
é 30 -
< 202 8= x860, Ivy Bridge, 32-bit:
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* long Ha »NBbIX
BEKTOPHbIX NHCTPYKLMNAX

ordered
plain
volatile

"http://shipilev.net/blog/2014/all-accesses-are-atomic/ = Java

ORACLE'
Slide 20/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.


http://shipilev.net/blog/2014/all-accesses-are-atomic/

Access atomicity: JMM 9

long
E 20- .
g 15" 2= ARMv7, Cortex-A9, 32-bit:
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Q s . 8 z
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8= o i 5 = double yxe aaBHO
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«
8http://shipilev.net/blog/2014/all-accesses-are-atomic/ fé’ Javas oracLe
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Access atomicity: Value types

* MHorune xotaT value types 8 Java. Kpome Bcsiknx boHycoB, oHu
BHOCAT JIErKUi apoMaT HeaAeKkBaTa B MOAeb NaMsaTu,

= K npumepy, C/C++11 Tpebyet aTtomapHocTs gns ntoboro POD:

typedef struct TT {
int a, b, ¢, ..., z; // 104 bytes
T T
std::atomic<T> atomic();
atomic.set(new T()); | T t = atomic.get();

=’Java ORACLE
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Access atomicity: Value types

* MHorune xotaT value types 8 Java. Kpome Bcsiknx boHycoB, oHu
BHOCAT JIErKUi apoMaT HeaAeKkBaTa B MOAeb NaMsaTu,

= K npumepy, C/C++11 Tpebyet aTtomapHocTs gns ntoboro POD:

typedef struct TT {
int a, b, ¢, ..., z; // 104 bytes
T T
std::atomic<T> atomic();
atomic.set(new T()); | T t = atomic.get();

* Peanusaums BbIHY>XXAeHa «npucegatby n Ha set (), u Ha
get O

Slide 22/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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Word tearing
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Word tearing: Cka3ka

Xouercs:
HesanexHocTb onepaunii Hag HE3aBUCUMbBIMU 31EMEHTAMU
(nonsimun, snemeHTamn mMaccueoB n T.n.). Hanpumep:

T[] as = new T[...]; as[1] = as[2] = VO;

as[1] = V1; | as[2] = V1;
<term> <term> <join both>
T rl = as[1];
T r2 = as[2];
assert (rl == r2)

=’Java ORACLE
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Word tearing: PeanbHoCTb

Hy>xHa mosaep»kka CO CTOpPOHbI »Xeje3a, 4Tobbl OHO
AEiCTBUTENLHO A€Nano He3aBUCMMbIE YTeHWs /3anncn

3acagpi:

= OTcyTCTBME XapABapHbIX onepauyuii s Menkux
4TeHUl /3anunceii: kak aToMapHo 3anucaTb 1-b6uTHbId boolean,
ecnn atomMapHo MoxkHo 3anucate N (N > 8) 6ut?

=’Java ORACLE
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Word tearing: Pewienne

Word tearing 3anpeLiéH

* Bosiblias 4acTb xxenesa ymeer agpecoBaTb oT 8 buT 3a pas

= Ecnu xeneso ymeet agpecoBaTe MuHumMym N OWT, 3Ha4uT,
MUHVMabHbLIT pa3mep 6a30BOro TuUNa B Peasnn3aumnm TOXe
pa3ymHo caenatb N but

= Ha GonblimHCcTBe NAaThopM BCE TUMbI HE TEPSIIOT NaMsTh
(kpome 8-6uTHOro boolean)

=’Java ORACLE
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Word tearing: Experimental Proof

ObbekTbl BbIPOBHEHLI Ha 8 DaiAT.
Bcé, kpome boolean, To4HOro pasmepa Noj AranasoH 3HAYEHWUIA:

$ java -jar jol-intermals. jar

Running 64-bit HotSpot VM.

Using compressed references with 3-bit shift.

Objects are 8 bytes aligned.

Field sizes by type: 4, 1, 1, 2, 2, 4, 4, 8, 8 [bytes]
Array element sizes: 4, 1, 1, 2, 2, 4, 4, 8, 8 [bytes]

=’Java’  oracLe
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Word tearing: Quiz

YT10 HaneyaTaeT?

BitSet bs = new BitSet();

bs.set(1); | bs.set(2);
<term> <term> <join both>
println(bs.get(1));
println(bs.get(2));

9EcTb N x0Tb oAHa peanusaums, kotopas Hanedataet (F, F)? =’Java
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Word tearing: Quiz

YT10 HaneyaTaeT?

BitSet bs = new BitSet();
bs.set(1); | bs.set(2);
<term> <term> <join both>
println(bs.get(1));
println(bs.get(2));

Haneuataet niobyto® us kombunauuii (T, T), (F, T), (T, F).

9EcTb N x0Tb oAHa peanusaums, kotopas Hanedataet (F, F)? =’Java’  oracLe
sSlide 28/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved -



Word tearing: Bit fields

= Muorue xotaT struct'sl B Java, nnn soobuue cnocob
KOHTPOIMPOBaTh layout obbekToB. Ara, ygaun, CaMynnpyii 3To:

typedef struct TT {
unsigned a:7;
unsigned b:3;
> T
T t;
t.a =42; |rl = t.b;

=’Java ORACLE
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Word tearing: Bit fields

= Muorue xotaT struct'sl B Java, nnn soobuue cnocob
KOHTPOIMPOBaTh layout obbekToB. Ara, ygaun, CaMynnpyii 3To:

typedef struct TT {
unsigned a:7;
unsigned b:3;
> T
T t;
t.a =42; |rl = t.b;

= Peannsauus BbIHY>XAEHA «NpuceaaTh» W Ha 3anucu a, 1 Ha
yteHun b.

=’Java ORACLE
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Word tearing: Bit fields

= Muorue xotaT struct'sl B Java, nnn soobuue cnocob
KOHTPOIMPOBaTh layout obbekToB. Ara, ygaun, CaMynnpyii 3To:

typedef struct TT {
unsigned a:7;
unsigned b:3;
> T
T t;
t.a =42; |rl = t.b;

* Peannsaums BbIHY>XAEHA «NpuceaTby 1 HA 3anucy a, n Ha
yteHun b. (C/C++11 Ha 310 dpeepnyeckn 3abun’

=’Java ORACLE
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Word tearing: JMM 9
,J
MOVE
ALONG

NOTHING

TO SEE
HERE
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SC-DRF
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SC-DRF: Cka3ska

XoueTcs:
[MpocToii cnocob aHann3MpoBaTh MPUIOXKEHNS.
K npumepy:

opAQ); | opDO);
opB(); | opEQ);
opCQ); | opF (O ;

VoobHo fymaTh, 4TO onepauun NCNONHAIOTCS MO NMOPSAKY,
MHOrAa NEPEKIOYasiCb Ha ApYyroli NOTOK.

=’Java ORACLE
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SC-DRF: Ckaska (copmanbHee)

Sequential Consistency (SC):

(NTamnopr, 1979): «Pesynstat nt0boro ncnonHeHns He OTANHUM OT
CNly4as, Korja Bce onepaLuny Ha BCEX NPOLECCOpax UCMOAHSAIOTCA B
HEKOTOPOM MOoCAef0BaTeIbHOM MOPSiKe, U OMEPALINN Ha KOHKPETHOM
NPOLLeCCOpe NCMOHAIOTCS B Mopsifke, 0603HaYEHHOM MPOrpamMMmoii»

=’Java ORACLE
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SC-DRF: Ckaska (copmanbHee)

Sequential Consistency (SC):

(NTamnopr, 1979): «Pesynstat ntoboro ncnonHexns He oTAMHUM OT
CNly4as, Korja Bce onepaLuny Ha BCEX NPOLECCOpax UCMOAHSAIOTCA B
HEKOTOPOM MOoCAef0BaTeIbHOM MOPSiKe, U OMEPALINN Ha KOHKPETHOM
NPOLLeCCOpe NCMOHAIOTCS B Mopsifke, 0603HaYEHHOM MPOrpamMMmoii»

=’Java ORACLE
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SC-DRF: Ckaska (copmanbHee)

SC — unesyntckoe onpeneneHue:

= [IporpaMMy MOXXHO CUJIBHO MepPekoNbacuTb, AuLlb bbl HaLWENcs
HY>KHbIA NOPALOK B OPUTMHANBLHOW NPOrpaMMe, KOTOpPbINA
npusoanT K ToMy xe SC-pesynbtaTty

int a = 0, b =0;
a=1; b = 2;
print(b); | print(a);

— print(2); | print(1);

=’Java ORACLE
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SC-DRF: PeanbHocTb

= OTHoLleHNS OI'ITI/IMI/|3aLI|I/II7I n Mogennm NaMAaTn MOXHO BbIpPpa3uTb

Hepes MepecTaHOBKU YTeHWii/3annceil
= MOXXHO 1M OCYUIECTBUTL 3TO npeobpa3oBaHue’?

=’Java  oracLe
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SC-DRF: PeanbHocTb

int a =0, b =20; r2 = b;

rl =a;| b= 2; N b = 2;

r2 =b; | a=1; a =1,
rl = a;

= B ucxopHoii nporpamme npu SC obsizaTtensHo nbo «r2 = by,
nmbo «a = 1» A0JHKHO bbITb nocneaHnM, a 3HaquT, (rl, r2)

nmnbo (x, 2), nmbo (0, *).
= HoBas nporpamma npusogut k (r1, r2) = (1, 0)

=’Java  oracLe
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SC-DRF: PeanbHocTb

Sequential Consistency - o4eHb npuBnekaTenbHas MOLENb.
Naéwb eé B maccel B XVII natunetke!

O4eHb CNOXKHO OMNpesennTb, KaK1ue ONTUMN3ALUN MOXKHO
Aenatb, He Hapywas npu aToM SC

* B Tteopuu, Kakoii-Hnbyab [nobanbhbii MeraOntumuzatop
(TMO) moxeT caenaTb Takoll aHann3

* Ha npakTuke n paHTaliMbl, N »KEe30 MNOJyHatoTCs
nekntouunTensHo bes MO = bonblias 4acTb onTuMMU3aL i
3anpeLieHa

=’Java ORACLE
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SC-DRF: PeweHne

Ham HyxHa bosee cnabast mogens!
(Bcnomunaem npo trade-off-bi)

Ecnn nomoiitn K aeny ocHoBaTeNbHO, TO:
= Paspewunm onTumMunsauumn B paHTalimMax n xapasape
= Bce ewé coxpaHnm ocTaTky pasyma AeBeNONepoB

» Cneundpmkaums bygeT HeBMEHsSIEMa, HO YyTb MeHee Yem
HanoMOBUHY

=’Java
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SC-DRF: JMM Formalism TL:DR:

= JMM cneuundununpyet, Kakue pesyibTaTbl Pa3peLLEHbl S3bIKOM

= JMM onpegensier geiicteus. [elictBusa TawaT Ha cebe
3HaveHus: e.g. «read(x, 1)» o3Ha4aer, 4TO Mbl AeliCTBUTENBHO
npoYnTanm «1» u3 «x». PesynbTaT KOHKPETHOW nporpamMmmbi
Pa3peLLéH, ecn ecTb AeliCTBUET, KOTOPOE YMUTAET HY>XHOE HaMm
3HaYeHune

= [lelicTBUS CBSI3aHbl B MCMOJHEHUS, KOTOPblE AAIOT eLLE 1

o po  so  sw  hb
nopsigku Hag geicteusmn (—, —, —, —). Ecan BanngHoe

NCNONHEHNE AAET HAM KaKOW-TO pe3ynbTaT, TO 3TOT pe3ynbTaT
pa3peLuéeH

=’Java ORACLE
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SC-DRF: Program Order

Intra-thread consistency: |Vt € Threads, peiicteus 8 PO Te xe
CaMble, 4TO I'IOJ'Iy‘-IVIﬂVICb 6b| N3 NOTOKa t B N30aAUnn

Disobeys

Ok Ok Ok intra-thread
i f ( X == 2 ) { (so far) (so far) (so far) consistency
y = 1;
} else {
z = 1;
rl = y;

&
=’Java  oracLe
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SC-DRF: lNo popore kK BanngHbIM UCMNONMHEHUSIM

Primordial soup
of executions

Slide 41/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

[1e-TO BO MHOXeCTBe BCEX
BO3MOXHbIX  WCMOJIHEHUA
MOXXET OblTb WCMOHEHNE,
KOoTOpoe onpasAbIBaeT
KOHKPETHHbII pe3ynbTaT
KOHKPETHOI NporpamMmmbi.

Bca cyts JMM B TOM,
4TObbI HaWTW TakKoe MCnon-
HEeHMe.
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SC-DRF: PO constraints

Primordial soup
of executions

Intra-thread
consistent

Slide 42/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

Intra-thread consistency
BblAensieT NCMOJTHEH WS,
KOTOPbIMU  MOXXHO  MOJIb-
30BaTbCs [J/1s1  KOHKPETHONA
nporpamMmbi.

3TO  eAUHCTBEHHOE  Me-
cto, roe 8 JMM npotekaer
NHPOPMaLMS O MOCNAef0Ba-
TenbHol nporpaMmmel
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SC-DRF: Synchronization Actions

Cnabble mogenn namsiT ynopsiiounBatoT He BCe onepauum,
a TOJIbKO HEKOTOPbIE N3DpaHHbIE.

Synchronization Actions (SA) |

= volatile read, volatile write

= lock monitor, unlock monitor

= (cnHTeTUYecKne) nepeoe u nocneaHee AeiCTBUE B MOTOKE
" JeiicTBYSA, 3anycKatouime noTok

= peiicTsusi, obHapyxuBatowme octaHos notoka (Thread.join(),
Thread.isInterrupted() v T.n.)

Slide 43/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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SC-DRF: Synchronization Order

Synchronization Actions obpa3sytot Synchronization Order (SO)

= | SO — nuHeliHbIli Nnopsigok
— KaxkAablii NOToK BMAUT SA B OAHOM 1 TOM Xe Mopsifke

— 3TO eAUNHCTBEHHbIN NOPSAAOK AENCTBUIA, KOTOPbI/i HYXXHO UMETb
NNHENHbIM

= | [lopsimok SA B SO coemecten ¢ PO

— SA B 04HOM NOTOKE BUAHbI B MOPSIAKE MPOrpamMMbl
— unHBapuanTbl napHocTyn lock/unlock BeigepxaHbl

= |Synchronization order consistency |
Bce utenns B SO sugsat nocnegHue 3anucu 8 SO

=’Java ORACLE
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SC-DRF: SO constraints, Dekker

volatile int x, y;
x = 1; y =1;
int rl = y; | int r2 = x;

Moaymaem: kakme (ril, r2) gonyctumbl?

=’Java
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SC-DRF: SO constraints, Dekker

volatile int x, y;
x =1; y =1;
int rl = y; | int r2 = x;

Cpezaem yrbl:
= Beugy intra-thread consistency, Ham cTouT paccmaTpuBaThb
NCMOJIHEHUS, COCTOSILLME N3 YETbIPEX AENCTBUIA:
write(x, 1); read(x, 777); write(y, 1); read(y, ?777)
= Bce atn gelictBus paboTatoT ¢ volatile, cienoBaTenbHO, BCe

oHu B SO

=’Java ORACLE
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SC-DRF: SO, Dekker

SO consistency,
SO consistent with PO

Slide 47/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

«— B
< < <
g

SO consistency,
SO inconsistent with PO

SO consistency failed,
SO consistent with PO

( 1: write(x, 1) )

( 1: write(x, 1) ]

po *su
[

_ 4: d(x, 1
read(x )r

v

2: read(y, 0)

3: write(y, 1):

4: read(x, 0)

2: read(y, 0) :

= [leficTBMSA OO/MKHBI UMETH
nog-nopsiaku 1 — 2 u
3 — 4, nHa4de HapyluaeTcs
cornacoBaHHocTb SO n

PO

* YTeHnsa NOMKHbI BUAETH
3anucu, NpeaLecTByoLmMe
B8 SO, nHayve nomaerca SO
consistency.
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SC-DRF: Habnaoaenune: SA are SC!

Synchronization actions — sequentially consistent!

volatile int x, y;
x =1; y =1;
int rl = y; | int r2 = x;

= [locnepnee peiictene 8 PO gomxHo bbiTe nocneatum s SO

= CnepoBatenbHo, read(y, rl) win read(x, r2) byger
NOCNEAHUM, U TOYHO YBUAUT 3aMncCb

= CnepoBaTenbHo, (r1, r2) = (0, 0) 3anpeLieH

=’Java ORACLE
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SC-DRF: SO constraints, IRIW

Ewg knaccnka, «Independent Reads of Independent Writes» (IRIW):

volatile int x, y;
y =1;|int rl = y;
int r2 = x;

int r3
int r4

x =1; X5

Y

= Bce ucnonnenus, gatowme (r1,r2,7r3,r4) = (1,0,1,0) nomator
nan SO consistency, uin cosmectHocts SO u PO

=’Java ORACLE
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SC-DRF: SO constraints, IRIW

Ewe

s knaccuka, «Independent Reads of Independent Writes» (IRIW):

volatile int x, y;
y =1;|int rl = y;
int r2 = x;

int r3 = x;
int r4 = y;

x =1;

Bce ucnonnenus, gatowme (rl,r2,7r3,r4) = (1,0,1,0) nomator
nam SO consistency, nnm cosmectHocts SO n PO
[MoceinbTe Java-nporpammy volatile-amu, n sequential

consistency Kk Bam BepHércs!
=’Java ORACLE
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SC-DRF: SO constraints

Primordial soup
of executions

Intra-thread

u Synchronization
consistent

order
consistent

Slide 50/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

Synchronization order
consistency gaét SC-ckenet
AJ1s1 NPOrpammbi.

OTO EeOWHCTBEHHbIA  Nn-

HENHbIVI NOPSAAOK, KOTOPbIiA
TpebyeT cneundrkaums.
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SC-DRF: lNMpobnembl c SO

Cam no cebe SO ewg He npueoanT K cnaboli mogenu:

= «Bcé nnm Hnyeroy: nam mbl npeepataemM Bce aeircteust B SA,
WA MUPUMCSI C TEM, 4TO He-SA felicTBUSI «NiaBatoT» Mo
NporpamMme, Ces XaoC U paspyLUeHuns

= Bce peiicteusi B8 SA npeBpaTuTh HeMb3s, NOTOMY YTO Mbl
npeepatumM BCE B SC, 1 paspywium onTrMmnsaumnm

= Hy>xeH bonee cnabbiii nopsagok ais He-SA onepauuii:
happens-before

=’Java ORACLE
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SC-DRF: lNMpekypcopbl HB, nybnaukauyus

int x; volatile int g;
x =1;|int rl = g;
g =1;|1int r2 = x;

[Moaymaem: 3anpeueHo nn 3geck (ri, r2) = (1, 0)7

=’Java ORACLE
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SC-DRF: lNMpekypcopbl HB, nybnaukauyus

int x; volatile int g;
x =1;|int rl = g;
g =1;|1int r2 = x;

[Moaymaem: 3anpeueHo nn 3geck (ri, r2) = (1, 0)7

= SO ynopsiio4nBaeT TONbKO AeiicTBUS Hag g!

" ...eCTb Ba/JlfHble UCNOJHeHNs, KoTopble nmetoT read(x, 0)...

=’Java ORACLE
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SC-DRF: Synchronizes-With Order (SW)

= PO He cBsi3blBaeT [eiCTBUS pasHbiX MOTOKOB

= Y7100bl paccyaTb O MEXNOTOKOBOM MOBEAEHUMN, HAM HYXKEH
NOPSAOK, KOTOPbIA CBA3bIBAET AENCTBUS Pa3HbIX NOTOKOB

= [loka 4To y Hac ecTb SO, HO OH NINHEEH, N MPUHOCUT CIVNLLKOM
cTporue orpaHuyeHus. [1oaTomy Ham Hy>xeH OTAeNbHbIT
4aCTUYHbIA NOPSIAOK:

Synchronizes-With Order (SW):

[Mognopsigok SO, orpaHnyeHHbIiA
koHkpeTHbIMu reads/writes, locks/unlocks, etc.

=’Java ORACLE
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SC-DRF: Happens-before (HB)

int x;
volatile int g;
x =1; | 1int ri
g =1;|1int r2 = x;

Happens-Before Order (HB):

TPAH3UTUBHOE 3aMblKaHNE 06'be,u,|/| HEHWUA

(SW U POY.

Il
oQ

= PO paéTt ceMaHTVKy BHYTpU NOTOKa
= SW gaét MoCTuk Mexay noTokamu

write(x, 1)

vread(g, 1)

po

Slide 54/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

" ..
vwrite(g, 1) = B pesynbTaTe, HB AaeT

MEXMOTOKOBYHO CEMAHTUKY

=’Java ORACLE



SC-DRF: Happens-before (HB)

int x;
volatile int g;
x=1;|1int rl = g;
g =1;|1int r2 = x;

HB nossossieT paccyxgaTb 0 ToM,
KaKyt 3aMuCb BULNT KOHKPETHOE YTeHune

= |Happens-before consistency |
YTeHus nonxHbl BUAETH A1bO
nocnegHtoto 3anucs 8 HB, nnbo
Ntobyto APYryto 3aMunch, He CTOSILLYHO
nepeg Humu B8 HB (ronka)

write(x, 1)

vwrite(g, 1)

vread(g, 1)

po

Slide 55/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

= Kasynctuka: [oHKka = KOHPAUKTHBIIA
AOCTYN, He cBA3aHHbIA HB
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SC-DRF: HB, Publish

int x; volatile int g;
x =1;|int rl = g;
g =1;|1int r2 = x;

= SW is induced over
the sync actions that

(Contee ) see each other, HB

closes over SW

No SW = No HB =
I = v e Not obligation to see
() the write in another

thread ¢

=’Java  oracLe

Disobeys HB consistent HB consistent
HB consistent HB consistency (via race) (via race)
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SC-DRF: Onpegenenne

SequentialConsistency-DataRaceFree:
«Correctly synchronized programs have sequentially consistent
semanticsy

= [lepeBoa: B nporpamme HeT roHOk = BCe YTeHUS BUASAT
YNOpSLOYEHHbIE 3aMUCK => Pe3yabTaT UCMOAHEHUSI NPOrPamMMbl
MOXXHO 0bBSCHUTL KakuM-Hnbyab SC-ncnonHeHnem

= Nntynums Nel: Onepaumn Hapg nokanbHbIMU faHHbIMK (Kak
npasuso) He nomatot SC

= Nutynumsa Ne2: Onepaunu Hag rnobaiibHbIMU AaHHBIMY
cuHxpoHuzosanbl SC-npumnuTreamu (JOCTYMHLIMU NPSIMO B
xenese)

Slide 57/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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SC-DRF: lNMybnnkauuns

[Npeabiaywmii npumep MOXXHO 0006-

source

"acquire"

vread(vx, 1)

vwrite(vx, 1)

"release"

destination

Slide 58/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

wuTb B «safe publication»:

PaboTaeT TosbkO Ha OAHONR U
TOW »K& NEPEMEHHON, OAHOM W
TOM >Xe MOHUTOpE

PaboTtaeT TonbKO €cnm Mol
YBUZAEN Ty CaMYIO
release-3anucb

Bcerpa napHble geiicteus!

Henb3a caenaTth release B
O[HOWN CTOPOHE, U He nenaTb
acquire B ,u,pyroM =’Java  oracLe



SC-DRF: Quiz

CR 9234251: Optimize getter in C.get()

class C<T> {

T val;

public synchronized void set(T v) {
if (val == null) { val = v; }

}

public synchronized T get() {
// TODO FIXME PLEASE PLEASE PLEASE:
// THIS ONE IS TOO HOT IN PROFILER!!!1110NEONEONE
return val;
}
}

=’Java’  oracLe
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SC-DRF: Quiz
RFR (XS) CR 9234251: Optimize getter in C.get():

class C<T> {

T val;

public synchronized void set(T v) {
if (val == null) { val = v; }

}

public T get() {
// This one is safe without the synchronization.
/7 (Yours truly, CERTIFIED SENIOR JAVA DEVELOPER)
return val;
}
}

=’Java’  oracLe
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SC-DRF: Quiz

RFR (XS) CR 9234251: Optimize getter in C.get():

class C<T> {
static volatile int BARRIER; int sink;

T val;

public synchronized void set(T v) {
if (val == null) { val = v; }

}

public T get() {
sink = BARRIER; // acquire membar
// 0Obviously, we need a memory barrier here!
// (Yours truly, SUPER COMPILER GURU)
return val;

¥

l =’Java ORACLE
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SC-DRF: Quiz
Tak yxe nyyuwe: sepHynn SW-pebpo, socctaHosunn HB.

class C<T> {
volatile T val;
public synchronized void set(T v) {
if (val == null) { val = v; }
}
public T get() {

// This one is safe without the synchronization.
// <S8igh>. Now it’s safe.

// ($PROJECT techlead, overseeing certified idiots)
return val;

}

=’Java ORACLE
Slide 627118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved. o



[TEPEPBIB

5 MUHYT Ha NOAbILATE CBEXNM BO3[YXOM
3a nNpegenamm 3TOro akBapuyma

=’Java’  oracLe
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SC-DRF: Roach Motel

OgfiHa U3 MHTepnpeTaumnii 3Toii

(5: reastx, . ) MOAEIV pa3peLlaeT NpocToli Knacc
release’ “acquire’ 3 ontTumunsaunii, « Roach Motel»:

(2: vwrite(vx, 1)) 6 vread(vx, 1D
]

(3) MOXHO  nepecTaBUTb  Mepes
release, NOTOMY 4TO OH HE MeLaAeT
R HAKAaKUM  33aBUCUMOCTSM MO T, U

8: read(z, ...)

7: read(x, .

-)

4: read(x, ...)

4YTeHWs CcnpaBa MOryT BUAETb 3Ty
3annCb Yepe3 roHKy

=’Java ORACLE
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SC-DRF: Roach Motel

OaHa 13 uHTepnpeTaunii 3Toii
release” "acquire’ 3 MOZENV pa3peLlaeT NpocToli Knacc

(2 vwritetvx 1) (s vreadtvx, 1)) onTumunsaunii, «Roach Motel»:
U]

3: write(y, 42)

7: read(x, ...)

(5) MoxHo nepectaBuTb 3a acquire,

R NOTOMY 4TO OH BCE PaBHO 4YUTaeT T
4yepes roHKy, MOXET yBUaeTb n 42

=’Java ORACLE
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SC-DRF: Roach Motel

OgfiHa U3 MHTepnpeTaumnii 3Toii

(5: reastx, . ) MOAEIV pa3peLlaeT NpocToli Knacc
release’ “acquire’ 3 ontTumunsaunii, « Roach Motel»:

(2: vwrite(vx, 1)) 6 vread(vx, 1D
]

TawemTa, «BHocubensHo  nocne
acquire» + <«BrocubensHo ne-
R pen release» = «BHocnbensHo
B acquire+4release bOnokuy =

paboTaet lock coarsening, Hanpumep.

7: read(x, .

-)

4: read(x, ...)

=’Java ORACLE
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SC-DRF: Roach Motel

KoHcepBaTMBHBLIM peann3auusim
HEKOTOpPbIE MepPeCTaHOBKM

sanpeuers:
"release" "acquire" 3

(2 vwretvx 1) (s vreadtvx, 1)) (1) Henb3s nNpocTo MepecTaBUTL 3a
S release, NOTOMY 4TO Mbl MNOTEHLU-
anbHo BbiHOCMM ero u3 HB. Koncep-
R BaTVBHAsl peann3aluns He 3HaeT, ecTb
an panble (7), koTOpast AOJKHA €ro
’ yeungets. MO mor bbl 3To y3HaTL U
TaKun NepecTaBuThb.

7: read(x, ...)

=’Java ORACLE
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SC-DRF: Roach Motel

KoHcepBaTUBHbLIM peann3aunsim
HEKOTOpble NepecTaHOBKM
3anpeLyeHbl:

o W e 3 (7) Henb3s NpocTo nepecTaBuTbL ne-

(2: vwrite(vx, 1)) 6 vread(vx, 1))
(G|

pe4 acquire, NOTOMY 4TO 3TO BbIHO-
cut ero u3 HB. KoxcepBaTusHas pe-

)

7: read(x, .

l aJlN3auns He 3HaeT, €CTb I BBEPX MO
Te4yeHUNto (1) 3Ha4YeHne KOTOPOro Mbil

nonmxkHbl yBugets. Onste xe, MO
MOr Dbl 3TO NPOAHANN3MPOBATL U TaKy

nepecTaBuTb.

=’Java ORACLE
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SC-DRF: Quiz

Y70 HanevaTaer? Bapuanter: 0, 41, 42, 43, <Hu4yero>

int a = 0;
volatile boolean ready = false;

a = 41; while(!ready);

a = 42; println(a);
ready = true;

a = 43;

=’Java
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SC-DRF: Quiz

Y70 HanevaTaer? Bapuanter: 0, 41, 42, 43, <Hu4yero>

int a = 0;
volatile boolean ready = false;

a = 41; while(!ready);

a = 42; println(a);
ready = true;

a = 43;

HaneuvaTaet uan 42 (nocnegtss 8 HB), unn 43 (ronka).

=’Java
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SC-DRF: Quiz #2

Y70 HanevaTaet? Bapuanter: 0, 41, 42, 43, <Huyero>

int a = 0;
boolean ready = false;

a = 41; while(!ready);

a = 42; println(a);
ready = true;

a = 43;

=’Java
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SC-DRF: Quiz #2

Y70 HanevaTaet? Bapuanter: 0, 41, 42, 43, <Huyero>

int a = 0;
boolean ready = false;

a = 41; while(!ready);

a = 42; println(a);
ready = true;

a = 43;

Bce BapuaHTbl BO3MOXHbI (roHKa, roHka, roxkal)

=’Java
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SC-DRF: HB constraints

Primordial soup
of executions

Synchronization
order
consistent

Slide 71/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

Happens-before consistency
HaCTUYHO  YNOpAZOYMBaET
obblYHbIE YTeHus /3anucn.

HB  onpegenés  TonbkO

ans KOHKPETHbIX nap
YyTeHnin-3anuncei.

/
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SC-DRF: HemHo)xxko beHumapkoB

https://github.com/shipilev/jmm-benchmarks/

= 2x12x2 Xeon E5-2697, 2.70GHz
= OEL 6, JDK 7u40, x86_ 64

= 13mepsieM He NpPON3BOANTENLHOCTb
CMneKu, a NPON3BOANTENBHOCTb
HEKOTOPOI €€ peanmsayum

=’Java ORACLE
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https://github.com/shipilev/jmm-benchmarks/

SC-DRF: HemHo)xxko beHumapkoB

https://github.com/shipilev/jmm-benchmarks/

= 2x12x2 Xeon E5-2697, 2.70GHz
= OEL 6, JDK 7u40, x86_ 64

= 13mepsieM He NpPON3BOANTENLHOCTb
CMneKu, a NPON3BOANTENBHOCTb
HEKOTOPOI €€ peanmsayum

BE3

MO

=’Java ORACLE
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SC-DRF: Hoisting

@State(Scope.(Benchmark|Thread))
public static class Storage {

private (volatile) int v = 42;
}

@GenerateMicroBenchmark
public int test(Storage s) {
int sum = 0;
for (int ¢ = 0; ¢ < s.v; c++) {
sum += s.V;
}

return sum;

}

=’Java
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SC-DRF: Hoisting

He Tak cTpaweH volatile, CKONbKO NMOMOMaHHbIE ONTUMU3ALMN:

Summing up the field in for-loop

5000+ -
Q
Q
£
<3000+
o
o
©2000+
[0
o
o

1000+

0 L T T T
0 10 20 30 40 50
threads

== Plain (local) == Plain (shared) - Volatile (local) == Volatile (shared)

=’Java’  oracLe
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SC-DRF: Writes

@State (Scope.(Benchmark|Thread))
public static class Storage {
private (volatile) int v = 42;

3

@GenerateMicroBenchmark

public int test(Storage s) {
BlackHole.consumeCPU(8); // ~15ns
return s.v++;

=’Java’  oracLe
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SC-DRF: Writes

He tak ctpawen volatile, ckonbko data sharing:

Incrementing the field continuously (with a backoff)

2500+

2000+

operations/usec
o (4]
o o
o o
: :

500+

0 10 20 30 40 50
threads

== Baseline == Plain (local) == Plain (shared) - Volatile (local) == Volatile (shared)

=’Java’  oracLe
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SC-DRF: Ping-pong

@State (Scope.(Group| Thread))

public static class Storage {
private (volatile) int v;

}

@State (Scope.Thread)

public static class Local {
private int nextV;

}

@GenerateMicroBenchmark

public int test(Storage a, Local 1) {
int nextV = 1.nextV;
while (a.v '= nextV);
1.nextV = nextV + 2;

return a.v++;
} =’Java’  oracLe
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SC-DRF: Ping-pong

He Tak cTtpaweH volatile, ckonbko memory latency:
Ping—pong on the field

300+ —

200+ 11Tl

—_

o

o
i

operations/usec

0+— : : : : :
0 10 20 30 40 50
threads

== Plain (shared) == Volatile (shared)

=’Java’  oracLe
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SC-DRF: JMM 9

» SC-DRF HbiH4e npn3Haétcs Hambosiee yaaqHol Mogesbo

— ®opmanbHo ngesa cywectsyeT ewé ¢ 90-x rogos
— ApganTtupoBaHo B Java B 2004
— ..m tenepb ewé B C/C++ 8 2011

* B HekoTopbix MecTax 3a SC npuxoanTcst o4eHb BOABHO MAATUTH

— [Mpumep: PowerPC + IRIW = kpoBb, Kuwku, pacHneHéHka

— [Mpumep: Linux Kernel RCU = penakcaunn SC gns ARM/PowerPC
MeCTamMU JatOT KOHCKWUE MPUPOCThLI MPON3BOAUTENBLHOCTY ..U AaXKe
be3 KaxyLLerocsi B3pbiBa Mo3ra

= Bonpoc: MoXHO N Kak-HUbyab ocnabuteb 310 TpeboBaHue, He
Pa3pyLUNB BCO MOmEb?

=’Java ORACLE
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OoTA

=’Java’  oracLe
Slide 80/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.



OoTA: Ckaska

«SC-DRF. TNocTpoii ceoto ntobosb»

= JlokanbHble TpaHCcopMauny paspeLLeHbl, MOKa HE BCTPETUM
CUHXPOHMU3ALNIO

= OTHOLIEHUS NOKaJIbHbIX TPaHCOOPMaLMIA N CUHXPOHN3a LI
TOXe onpegeneHsl (B caMoM npocTom ciydae, «roach motely)
= Ecin nokanbHble Tpancdopmauny nepekosbawnsatoT

KOHMIMKTHbIE AOCTYMbI, 3HAYUT, TaM 1 Tak bbina roHka, u
nesenonep CC3b

=’Java ORACLE
Slide 81/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved. -



OoTA: PeanbHoCTb

Ho ectb cnyyau, koraa nokanbHble TpaHcdopmauuu nomatrot SC:

int a =0, b =0;

rl = a; r2 = b;

if (r1 '=0) | if (xr2 !'= 0)
b = 42; a = 42;

KoppeKkTHO CUHXPOHU30BaHaA:
Bce SC ncCnonHeHust He cofiep>xaT FOHOK.
BosmorxxHo Ttonbko (r1, r2) = (0, 0).

=’Java
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OoTA: OnTumnsauun

HeMHOXKO CNeKyAATUBHBIX ONTUMU3aLWIA:
nodyemy bbl He 3anucaTh B b, U OTKATUTL, KECAUN YTO» 7

(HOKa)KeM Ha KOMMNUSATOPax, XOTS MOXET U XapABap cneKynmpOBaTb)
int a = 0, b = 0;
int rl1 = a;

if (r1 != 0)
b = 42;

=’Java ORACLE
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OoTA: OnTumnsauun

HeMHOXKO CNeKyAATUBHBIX ONTUMU3aLWIA:
nodyemy bbl He 3anucaTh B b, U OTKATUTL, KECAUN YTO» 7

(Moka>keM Ha KOMMWASTOPAX, XOTsi MOXKET U XapABap CMeKyNMpoBaTh)

int a = 0, b = 0;

int r1l = a;
int rl = a; b = 42;
if (r1 1= 0) if (r1 == 0)
b = 42; b = 0;

=Java
Slide 83/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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OoTA: OnTumnsauun

HeMHOXKO CNeKyAATUBHBIX ONTUMU3aLWIA:
nodyemy bbl He 3anucaTh B b, U OTKATUTL, KECAUN YTO» 7

(Moka>keM Ha KOMMWASTOPAX, XOTsi MOXKET U XapABap CMeKyNMpoBaTh)

int a = 0, b = 0;

int r1 = a; b = 42;
int r1 = a; b = 42; int r1 = a;
if (r1 1= 0) 7 if (r1 == 0) 7 if (r1 == 0)
b = 42; b = 0; b = 0;

=’Java ORACLE
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OoTA: Kak HblHe cOnpaeTcsa Bewnin daun...

int a =0, b =0;

b = 42;
r2 = b;
if (r2 '= 0)
a = 42;
rl = a;
if (r1 == 0)
b = 0;

= [lpuogut k (r1, r2) = (42, 42)
* B npucyTcTBUM FOHOK CNeKysauusi MpeBpaLLaeTcs B
CaMOMNOATBEPXKAAOLLEECS MPOPOHECTBO!

Slide 84/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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OoTA: Causality loops

JLS TL;DR: OoTA 3HaueHus 3anpeLleHbl.

= Ecnm mMbl npounTann 3HayeHune, TO 3TO 3HAYWT, HTO KTO-TO €ro
[0 Hac 3anucan

= CaMasi cioHas 4acTb cneundpmkaumm: Becb popmaansm B
JLS 17.4.8 noctpoeH ans Toro, 4Tobbl AaThb ONpeAeneHne 3Tomy
« [0 Hacy = «causality requirements»

= JMM onpenenset cneunanbHblii NpoLecc Baangaunm
NCNOJIHEHNIT Yepe3 «commit»-bl felicTBINI

=’Java ORACLE
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OoTA: Commit semantics

17.4.8 Executions and Causality Requirements

We use £, to denote the function given by restricting the domain of £ to d. Forall x in d,
£4x) = (), and for all x not in d, £1,(x) is undefined.

We use plto represent the restriction of the partial order p to the elements ind. For all x.y in
d, p(xy) if and only if pl(x.). If either.x or y are not in d, then it is not the case that ply(x.y).

A well-formed execution = = < P, A, po, so, W, V, sw, hb > is validated by
committing actions from a. If all of the actions in 4 can be committed, then the
execution satisfies the causality requirements of the Java programming language
memory model.

Starting with the empty set as Cp, we perform a sequence of steps where we take
actions from the set of actions a and add them to a set of committed actions c; to
get a new set of committed actions C, ;. To d that this is bl
for each ¢ we need to ate an execution £ ing c; that meets certain
conditions.

" Formally, an execution E satisfies the causality requirements of the Java
programming language memory model if and only if there exist:

* Sets of actions Cy, Cy, ... such that:
¢ Cpis the empty set
* ¢, is a proper subset of Cj;
* a=U(Cy, Cy, ...)
If  is finite, then the sequence Cp, Cy, ... will be finite, ending in a set C,, = a.

If  is infinite, then the sequence Cy, Cy, ... may be infinite, and it must be the
case that the union of all elements of this infinite sequence is equal to a.

* Well-formed executions z;, ..., where E; = < P, A; po;, so;, Wi, Vi, sw;, hb;>.

Given these sets of actions Cy, ... and executions £y, ... , every action in ¢; must
be one of the actions in E;. All actions in c¢; must share the same relative happens-
before order and synchronization order in both E; and =. Formally:

subset of A:

hble,

1. c

3. solc,=solc,

The values written by the writes in c; must be the same in both E; and £. Only the
reads in C;.; need to see the same writes in E; as in £. Formally:

4. Ve, =V,

5. Wic,, =W,

All reads in E; that are not in C;.; must see writes that happen-before them. Each

read rin ¢; - Cj.; must see writes in Cy.; in both E; and &, but may see a different
write in E; from the one it sees in . Formally:

6. Forany read rin a; - C;.;, we have hbi(Wi(r), r)
7. Forany read rin (c; - Ci.j), we have Wi(r) in C;,; and W(r)in C;.;
Given a set of sufficient synchronizes-with edges for E;, if there is a release-acquire

pair that happens-before (§17.4.5) an action you are committing, then that pair must

be present in all £, where j 2 i. Formally:

8. Let ssw; be the sw; edges that are also in the transitive reduction of 11b; but not
in po. We call ssw; the sufficient synchronizes-with edges for E;. If sswi(x, y)
and hbj(y, z) and z in c., then swj(x, y) for all j 2 i.

If an action y is committed, all external actions that happen-before y are also
committed.

9. Ifyisinc;,x is an external action and hb(x, y), then x in c;.



OoTA: Commit semantics

17.4.8 Executions and Causality Requirements

We use £, to denote the function given by restricting the domain of £ to d. Forall x in d,
£4x) = (), and for all x not in d, £1,(x) is undefined.

We use plto represent the restriction of the partial order p to the elements ind. For all x.y in
d, p(xy) if and only if pl(x.). If either.x or y are not in d, then it is not the case that ply(x.y).

A well-formed execution = = < P, A, po, so, W, V, sw, hb > is validated by
committing actions from a. If all of the actions in 4 can be committed, then the
execution satisfies the causality requi of the Java p: ing language
memory model.

Starting with the empty set as Cp, we perform a sequence of steps where we take
actions from the set of actions a and add them to a set of committed actions c; to
get a new set of committed actions Cj.;. To d S that this is bl

for each ¢ we need to ate an execution £ ining c; that meets certain
conditions.

" Formally, an execution E satisfies nts of the Java

programming language memory mod;
* Sets of actions Cp, Cy, ... such th:
¢ Cpis the empty set
* ¢, is a proper subset of Cj;
* a=U(Cy, Cy, ...)

If ais finite, then the se

Given these sets of actions Cy, ... and executions £y, ... , every action in ¢; must
be one of the actions in E;. All actions in c¢; must share the same relative happens-
before order and synchronization order in both E; and =. Formally:

1. c:isasubsetof a;

2. hbic, = hblc,

3. solc,=solc,

The values written by the writes in c; must be the same in both E; and £. Only the
reads in C;.; need to see the same writes in E; as in £. Formally:

4. Vie, = Vi,
5. Wie, =W,

All reads in E; that are not in C;.; must see writes that happen-before them. Each
read rin ¢; - Cj.; must see writes in Cy.; in both E; and &, but may see a different
write in E; from the one it sees in . Formally:

6. Forany read rin a; - C;.;, we have hb(Wi(r), r)
7. Forany read rin (c; - Ci.j), we have Wi(r) in C;,; and W(r)in C;.;
Given a set of sufficient synchronizes-with edges for E;, if there is a release-acquire

pair that happens-before (§17.4.5) an action you are committing, then that pair must
be presentin all &5, where j 2 i. Formally:

8. Let ssw; be the sw; edges that are also in the transitive reduction of 11b; but not
in po. We call ssw; the sufficient synchronizes-with edges for E;. If sswi(x, y)
and hbj(y, z) and zin c;, then swj(x, y) for all j 2 7.

If an action y is committed, all external actions that happen-before y are also
committed.

9. Ifyisinc;,x is an external action and hb;(x, v). then x in -
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OoTA: C/C++11

Cneuundukauns OoTA nactonbko cnoxta, 4to C/C4++11 cpancs:
C/C++11 He cneumndmumpoBana 3Ty 4acTb CBOEA Mogenn

= 136exana Bcero remopposi co cneuyundukaumeii (ara, MNupposa
nobeza)

= OcoberHo B npucyTcTBun relaxed atomics, koTopble HaM Hy>XHbI,
NOTOMY YTO Mbl Xe JIt0bM HU3KOYPOBHEBbLIE ONTUMU3ALUN, Aa7

= JkcnepTbl B C/CH++1x WG vewyT Temeyko, kak (B Teopun)
3aMpeTuTb KOMMUISTOPAM CMeKYNSTUBHO POXKAATL 3HAYEHUS]

=’Java ORACLE
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OoTA: JMM 9

[MyTu pewenns npobnembl OoTA:

1. MMpogomkaTb B TOM e fyXe: NMPeanpuHSaTL NOMbITKY
fo/nepennnutb opmanuam, 4Tobbl oH Hbin
noHnmabesnen/BeprduLpyem u NCNpaBuTs B HEM OLLINDKU

2. KoHcepBaTMBHO 3aMpeTuTh CMEeKYAATUBHbIE 3aNUCh: 3TO DyaeT
o3Ha4aTb LoadStore nepep KakAon 3anncblo

3. CpaTthCs, 1 HAfEATHCS Ha BMEHSIEMOCTb peanun3auunii

=’Java ORACLE
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OoTA: Commit semantics

Primordial soup
of executions

Intra-thread
consistent

Synchronization
order
consistent

Commitable

Slide 89/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

Commit semantics pgenaet
drHanbHbIE NPOBEPKMU,
4TODbI NCKAOUNUTL MPUYNH-
HOCTHbIE LNKIbI.

DTO HYXXHO, 4TObbI 3a-

npetute Out of Thin Air
3HaYeHus.

/
= Java
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OoTA: ...Land of Mordor where the Shadows lie

Primordial soup
of executions

Intra-thread

u Synchronization
consistent

order
consistent

Commitable

Happens-before
consistent

Slide 90/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.

lcnonnenusi, kotopble npo-
LUV BCE MPOBEPKU MOAENN,
Tenepb MOMyT WCMOJb30-
BaTbCS A1 NOJYHEHUS
BO3MOXHbIX  Pe3y/bTaToB
nporpammbl.

Ecan wcnonHeHue He npo-
XOANT XOTs Obl 4epe3 ofuH
brnLTP, TO Mbl MOXEM €ro
Cpa3y oTbpocuThb.
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Finals

¢
=’Java’  oracLe
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Finals: Quiz

Y10 HaneyaTaet?
class A {

int f;

AO { £ =42; )

A a;

a =mnew AQ); | if (a '= null)
println(a.f);

=’Java’  oracLe
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Finals: Quiz

Y10 HaneyaTaet?
class A {

int f;

AO { £ =42; )

A a;

a =mnew AQ); | if (a '= null)
println(a.f);
<Hwu4ero>, 0, 42, nnn bpocut NPE.

=’Java’  oracLe
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Finals: Quiz

«[paunbHoy He bpocut NPE:

class A {
int f;
AO { £ = 42; )

A a;

a =new AQ; | A ta = a;
if (ta !'= null)
println(ta.f);

=’Java’  oracLe
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Finals: Cka3ska

XoTenocb Obl NoayyYnThL TONBKO 42:
class A {

AQO { £ =42; }

A a;

a =new AQ); |A ta = a;
if (ta != null)
println(ta.f);

=’Java ORACLE
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Finals: Cka3ska

XoyeTcs nmeTb 0bbeKTHI,
KOTOpbIE MOXKHO De30nacHo nybinkoBaTb Yepes roHKK

" ...4TODbI HE MNaTWUTbL 3a «JsnwHuey synchronization actions

" ...4TODbI HE HapyLWWTb Security, ecin Kakoii-H1byab
(3noHamepeHHbI) Aypak Hall 3alMWEHHBIA ODBEKT
onybIMKOBa Yepes roHKy

=’Java ORACLE
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Finals: Bbinb

Cnekynsiunst npuBOANT K AeddoNTam 1 KprU3ncam.
Ho coBcem cakaTb 3a Cnekynsauuto Henb3s,
nbo OHa MPUHOCKT MPOUT.

* Cnocob To4eyHo ClioMaTb CMEeKYSLMIO: HUKOr4a He MoKasbiBaTb
HEMOJIHbIE ODBEKTLI: TOMAA HEOTKYAA HU PaHTAIMY, HI >Kenesy,
HU YEPTY B CTyMe B3ATb JIEBOE 3HAYEHUE

" ..eCTEeCTBEHHbI cnocob nogaepxaTb B A3bIKE — HOBbIE
00BbeKTbI, OO MPO HUX HUYErO He U3BECTHO

= BKJItOYATb Marmyeckum cnosom final: ecnm nonb3oBaTenu

XOTAT NHOTO, He cTaBAT final

=’Java ORACLE
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Finals: PeweHnune

B koHLe KoHCTpyKTOpa npouncxoanT freeze action

Freeze action «3amMopaknBaeTy noss

= Ecnn noTok mpoyuTan ccbiiiky Ha OOBEKT, TO OH YBUAMT
3aMOPOXKEHHbIE 3HAYEHUS

= Ecan notok npountan ns final-nons ccbinky Ha Apyroii
0DBEKT, TO COCTOSIHME TOrO Kak MUHUMYM HACTOJIbKO XKe
CBeXee, Kak U Ha Bpemsi freeze'a

=’Java
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Finals: ®opmanbHo

hb hb mc
w—F —a—7r)|
roe: w — 3anuce nonsi, F' — freeze action, a — geiicTaue,

NPOYMTaBLUEE CCbIIKY HA OOBEKT, ' — YTeHUe MoAs

= BBogsiTCA Ba HOBbIX HaCTMYHbLIX MOPSIAKA:
dereference order (dr)| v | memory order (mc)|. nTyutusHo:
LLenoYKN AOCTYNa K KOHKPETHBIM MOJISIM HEpE3 CCbIIKM

= Eciv eguHCTBeHHbIV NyTb Yepe3 dr u mc 4o 3anucy nonas
nexuT 4epes F, To MoxkeM yBUAETb TONIBKO 3aMOPOXKEHHOE
3HaueHue, ypal A ecnm ectb apyrve nyTu...

=’Java ORACLE
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Finals: 3acagbl

[apaHTVN Ha 3aMOPOXKEHHOCTb
nponagatoT Npu NpexxaeBpeMeHHol nybankaumm:

T p, q;

T tl = <new> |T t2 =p
tl.f = 42 r2 = t2.f
p =tl Tt3 =q
<freeze t1.f>|r3 = t3.f
q=t1

rd e {42}

Ttd=q
rd = t4.f

Ho r2, r3 € {0,42}, nbo p «yTék»

Slide 99/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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Finals: lNMparmaTtunka

HaTb onTumusaumsam mera-csobogy no kewmposatnuto final-os

= «All references are created equal»: nokanbHbIli onTuMnsaTop He
Neperpy>KeH aHasn30M CChIIOK

= Kak To/IbkO ONTUMK3ATOP YBUAEN ONYyONKOBaHHYIO CCbIIKY, OH
MOXXET CK3LWmMpoBaTh Bce ero final nons, n bacral

= T.e. ecniv oNTUMU3ATOP YBUAEN HELOKOHCTPYMPOBAHHbINA
0bBbEKT, TO xaHa

=’Java ORACLE
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Finals: Peanunsauunsa

10BOIBHO NPOCTO peann3oBaTh Ha bonbWUHCTBE NAaTdOpPM

= JlocTaTo4HO 3anpeTuTb NepeynopsagodnBaHne NHULMaAN3auuy
final-nonei n nybavkaumm obbekTa Ha DONBLLIMHCTBE
apXMTEKTYP

= Bce nsBecTtHble MPOMbILLUNEHHDbIE apXI/ITeKTypr10 HE

nepeynopsiiounBatoT 3arpy3sky obbekTa, n 3arpysky noss us
Hero (dependent loads)

Opome Alpha, Ho oHa oTnmpaBunace K npaoTuaMm, Kyha eii u gopora =’Java’  oracLe
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Finals: Quiz

YT10 HaneyaTaeT?

class A {
final int f;
{£=42;)

}

A a;

a =new A(); |A ta = a;
if (ta != null)
println(ta.f);

=’Java’  oracLe
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Finals: Quiz

YT10 HaneyaTaeT?

class A {
final int f;
{£=42;)

}

A a;

a =new A(); |A ta = a;
if (ta != null)
println(ta.f);

KoHeuHo, 42.

=’Java’  oracLe
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Finals: JMM 9

= Tekywas cneuuuKkaums naoxo oTHocuTcs K He-final-nonsam

* Ecnan none 3anncaHo B KOHCTPYKTOPE, U HUKOFAQ HE
mogudmumupyetcs? (e.g. to3ep npownsnun final Ha none)

= Ecnu none yxe volatile? (e.g. AtomicInteger)

= Ecnu obbekT cTpoutes bungepamu? (npumMepos He Hazo)

= Bonpoc: He cTonT nu AaTh rapaHTUy Ha UHULMANN3ALNIO )15
BCEX MoJIeil 1 BCEX KOHCTPYKTOPOB?

=’Java ORACLE
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Finals: JMM 9

https://github.com/shipilev/jmm-benchmarks/

= 2x12x2 Xeon E5-2697, 2.70GHz;
OEL 6, JDK 8b121, x86 64

= Ix4x1 Cortex-A9, 1.7 GHz:
Linaro 12.11, JDK 8b121, SE
Embedded

= [I3mepsieM He npousBoOANTENBHOCTb
CMeKu, a NPON3BOANTENBHOCTb
HEKOTOPOW e€é peann3ayunm

Slide 104/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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https://github.com/shipilev/jmm-benchmarks/

Finals: JMM 9

https://github.com/shipilev/jmm-benchmarks/

= 2x12x2 Xeon E5-2697, 2.70GHz;
OEL 6, JDK 8b121, x86 64

= Ix4x1 Cortex-A9, 1.7 GHz:
Linaro 12.11, JDK 8b121, SE
Embedded

= [I3mepsieM He npousBoOANTENBHOCTb
CMeKu, a NPON3BOANTENBHOCTb
HEKOTOPOW e€é peann3ayunm

Slide 104/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.
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https://github.com/shipilev/jmm-benchmarks/

Finals: JMM 9: Initialization (chained)

Q@GenerateMicroBenchmark
public Object test() {
return new Test_[N](v);

3

// chained case
class Test_[N] extends Test_[N-1] {
private [plain|finall] int i_[N];
public <init>(int v) {
super (v) ;
i_[N] = v;

3

=’Java’  oracLe
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Finals: JMM 9: Initialization (merged)

Q@QGenerateMicroBenchmark
public Object test() {
return new Test_[N](v);

}

// merged case
class Test_[N] {

private [plain|finall] int i_1, ..., i_[N];
public <init>(int v) {

i1l =4i_2 = ... = i_[N] = v;
+

=’Java’  oracLe
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Finals: JMM 9: PesynbtaTbl (x86)

Ha Total Store Order 310 Boobuie becnnaTho: M

server

oo

(=}

(3]
'

execution time, ns per <init>
N

(=]
'

1

2 3 4 5 6 7
fields count

8

test B3 final/chained B3 final/merged B8 plain/chained B plain/merged

"http://shipilev.net/blog/2014/all-fields-are-final/ ‘é Javas  oracLe
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http://shipilev.net/blog/2014/all-fields-are-final/

Finals: JMM 9: PesynbtaTtbel (ARMVT)

Ha weakly-ordered apxutekTypax Hy»HO knenTb bapbepbi:t?

server

o
(=}

execution time, ns per <init>
[ =N
S =}
1

(=}
!

1 2 3 4 5 6 7 8
fields count

test B3 final/chained B3 final/merged B plain/chained B3 plain/merged
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3akntodeHune: Lingua Latina...

« The best way is to build up a small repertoire of constructions that
you know the answers for and then never think about the JMM rules
again unless you are forced to do so! Literally nobody likes figuring
things out from the JMM rules as stated, or can even routinely do so
correctly. This is one of the many reasons we need to overhaul JMM
someday.»

=’Java ORACLE
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3akntodeHune: Lingua Latina...

« The best way is to build up a small repertoire of constructions that
you know the answers for and then never think about the JMM rules
again unless you are forced to do so! Literally nobody likes figuring
things out from the JMM rules as stated, or can even routinely do so
correctly. This is one of the many reasons we need to overhaul JMM
someday.»

(Doug Lea, private communication, 2013)
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3aknto4veHune: VIzBecTHble npo6neM bl

= JSR 133 Cookbook He cogepxut HekoTopbIx
MaLLUHHO-CeundnyHbIX 0CODEHHOCTEN, OBHAPYXKEHHBIX MHOMO
nosgHee cosgaHus Tekyuein JMM

= HekoTopble HOBblE NPUMUTUBLI B bubnnoteke Booblue He
cneundunumpyembl B Tekylieli mogenu (e.g. lazySet,
weakCompareAndSet)

= JMM cneuudunuymposarHa gnsa Java, 4to genats ¢ JVM-based
A3blkamu?

= B dopmanbHoii cneyndprkaummn JMM ecTb popmanbHbie
HETOYHOCTU, KOTOpbIE CTAaBSAT PakoM aBTOMATWYeCKUe
BepunKaTopbl
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3aknrwyernne: JMM Overhaul

«Java Memory Model update»
http://openjdk. java.net/jeps/188

Improved formalization

JVM languages coverage

Extended scope for existing unspec-ed primitives
C11/C++11 compatibility
Testing support

Tool support
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3aknudeHune: YreHune

(e .
=’Java’  oracLe
Slide 113/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.



3aknto4deHune: Hrenune

Slide 114/118.

Goetz et al, «Java Concurrency in Practice»
Herilhy, Shavit, « The Art of Multiprocessor Programming»

Adve, «Shared Memory Models: A Tutorial»

McKenney, «Is Parallel Programming Hard, And, If So, What
Can You Do About It?»

Manson, «Java Memory Model» (Special PoPL issue)
Huisman, Petri, «k JMM: The Formal Explanation»

=’Java ORACLE
Copyright © 2013, Oracle and/or its affiliates. All rights reserved. B



Q/A

4
=’Java’  oracLe
Slide 115/118. Copyright © 2013, Oracle and/or its affiliates. All rights reserved.



Backup
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Backup: Actions

Action: A =<t , k,v,u >
= { — the thread performing the action
= k — the kind of action
= v — the variable or monitor involved in the action

= u — an arbitrary unique identifier for the action

=’Java
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Backup: Executions

: hb
Execution: E =< P, A, 2, 25 W, V, 2 2>
= P — program; A — set of program actions
- 2O program order;

SO . .
= — — synchronization order

= 2% — synchronizes-with order

PR happens-before order

= W (r) — «write seen function», answers what write the read
observes; V(r) — answers what value the read observes
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