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Optim zation of Software Transactional Menory.
Operations Cross-Reference to Rel ated Applications
5This application clains the benefit of U S. Patent
Application No. 11/389,451, filed on March 23, 2006,
whi ch clainms the benefit of U S. Provisiona
Application No. 60/748,386, filed Decenber 7, 2005,
Background It is common for nultiple threads of a

mul ti-thread process to share 10 common nenory

| ocations during concurrent execution. Consequently,
two different threads of a nulti-threaded process nay
read and update the sane nennry | ocation accessi bl e by
the pr¢y 75166

t hat onep (laad dgg(gf n%?ft?;vo zf)a%g?@tlge@igth)a ed
mermory | ocation while thy ?i gread is in the

m ddl e of a sequence of operations that depend on the
val ue. 15For exanple, suppose that a programis
accessing the contents of two different software

obj ects, wherein each object represents an anount of

di ff t, bank t. Initially, th
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oot S A B R BRE e B < The st

thread may start by adding $100 to the contents of Al,
uihekgrogndt to $110, and then proceed to subtract $100
fromthe contents of A2, updating it:to $100. However,

lithe s8dbermmen formuliiplethicads ofca aldrfhiead Brocessip share
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I&Itaﬁglg %‘%cg%%tl i ougﬁ%\%gaﬁrg hH(g‘s€7 er ¢ad can sa &f 0 errJl orT thraFnone
a thread dwes abt mb‘:ﬁfyedvalt&mﬂ the shered apanry bichtoni wlgletthreother thread
thre

tr an
B R et T b ABS AR Ao o et
t ransa®bi e)mﬁiplegm@bseahataqmogmn dygeesging theavoarhtswdtveo t 0
e re that th transactio {um t he exe arr}/.
o e o Syare OBt ATAETam ca5B oPIEET SSRESGHS APppmotnt Qfmoney in a
t iifBsehtibank AlcOntCinitadly! e hﬁemmmyﬁrbmwuhﬂmw\l sto?&ﬁat
A2, and therefore the sécond thread w || ute the

c Sherery addgess|Ala il theiapopgfiof ﬂﬁc?emagcoum-ﬁ\ﬁa stored at

ﬁgﬁﬁch?cilr? g%&esgma%ﬁfst {HdadiofR bEEHY f)t@@raﬁﬁ@@&ﬁ@% fRRker $100
from A2 to Al and a second thread is coded to calculate the total amount of funds in
both accounts. The first thread may start by adding $100 to the contents of Al,
updating it to $110, .and then proceed to subtract $100 from the contents of A2,
updating it to $100. However, if the second thread executes between these two
operations, then the second thread may compute an incorrect tbtal of $310 for both
accounts, rather than the correct total of $210.

A software transactional memory provides a programming abstraction

thi-ough which a thread can safely‘perform a series of shared memory accesses,

allowing the thread to complete its transaction without interference from another



software suffer from performance problens. For
exanpl e, in one existing approach, when a thread
accesses a sequence of nenory locations within a
transaction, the thread maintains a separate |list of
the menory | ocations and values it wshes to read and
update (i.e., wite to) during the transaction and
then, at the end of the 10 transaction, the thread
updates all of these values at the actual shared
menory |locations. If, during the transaction, the
thread wants to re-read or re-wite to any nmenory
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Sinplified formthat are further described below in
the Detailed Description. This Summary is not intended
to identify key features or essential features of the
cl ai med subject matter, nor is it intended to be used
as an aid in determ ning the scope of the clained
subject matter. 20Additional features and advant ages
will be nade apparent fromthe foll ow ng detailed
description of enbodi nents that proceeds with
reference to the acconpanying draw ngs. Bri ef
Description O The Drawi ngs 25Figure 1 is a block
diisgiuationdenan@asitp performisitichization:owpich Wg;&mllfﬁﬁamgﬁe on
conpri si.ng.atoni c nenory transactio ocks. Figyre
> Hreition) e ReR Eagsasions MEBRFOHERTS Ohe sarapilehaiitianalty s
Fi @kfo@nsThigiledel dptihizabiods ¢ PMMIe8dd. SomeTithedt bp¥mBRions are

exanpl e process: of conpili n? and executing a %ogram
o

uHeriarmad i gt fodalks advawiega,of lower-lovel optirgjiantéons. [Thesg high-level

f | QERAkibnd .
A g b A SR 68ES LI
t redSE¥Eonettinhs aromud procddurpnalis, 5nd emoval afwnhegessary operations

i 1] ustratdn N, .exanpl,e..pr oc perforned. by .the .. - °
c SRR TyPlgpsted Bpisery Ry bialy SMIERA: iopiinized g provide strong
S afdmieityef otmnmaﬁf idces;]sed wﬂﬁéﬂlfl I wsideaifttfansacidnsons. I

Figure 6 is a owchart i.llustrating an, e e :

pr oces I 9% l dafﬂ?al"ﬂ@ff: 11&%3 P aﬁ}@lﬁff@@w%ware .

O fanfHcEomAImeReANFIOSR s SRtibNahiea bompaacsybeMaomPrEME ¥
instructions during_conpilation. |glure7|sa ]

f | PEQReSHing unit and scpmpilerponpfiguwshwidh knqyyledgesf spfiwars trapsgctinpal
F e . _ e ot e ] Cone
F aporioly PRARIGHS! TR pieliod cGpfriceB bR N Ogral S cRle 2

f loptimirgd pragrany sentaining goftware franspttiongl memery ipsrutionsadd by
t il er ..of_ Hi 1 for renoving read-to-update
u%érrnggggtﬂegpu%zé%%‘gmg is a flowhart illustrating a
f ur t heThisxSamrhary i ovidal fodutfodnceadsebyctivh of comogytd imra of

a é%]glﬁiegi f(f)r(r)r{ thratearrrg Kl e%carﬂ)_eh %él%&q% % ﬂ&gﬁe%qfesséription. This

Summary is not intended to identify key features or essential features of the claimed

subject matter, nor is it intended to be used as an aid in determining the scope of the
claimed subject matter. |

Additional features and advantages will be made apparent from the fdllowing
detailed description of embodiments that proceeds with reference to the

accompanying drawings.

Brief Description Of The Drawings
Figure 1 1s a block diagram ofa éompiléf used to compile source code
comprising atomic memory transaction blocks. _
Figure 2 is a block diagram of components of the compiler of Figure 1.
Figure 3isa ﬂowchaﬁ illustrating an example process of compiling and

executing a program using transactional memory.
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15Figure 10 is a flowhart illustrating an exanple
process perfornmed by the conpiler of Figure 1 for
novi ng operations around procedure calls. Figure 11 is
a flowhart illustrating an exanpl e process perforned
by the conpiler of Figure 1 for renoving | og
operations for newl y-allocated objects. Figure 12 is a
flowchart illustrating a further exanpl e process
performed by 20 the conpiler of Figure 1 for renoving
| og operations for new y-allocated objects. Figure 13
is a block diagram conprising software nodul es used
dur i ng Rigtné 4 fsea flowohart unisumg@n\sxmﬂmpmcessfpeﬁfoﬁﬁdthwh

t t ' 14 d 14b
gl ik | goRP g erpseersy v BRI Ab e BT,
usi ng w%:m 5 (s VRANR i1104R4(HR an2RAThSlY smeskiiﬁrfaﬂﬁed%@tthe

are blo di agrarrs il lustrating an exenpl ary object
wi oppHer gt e b fos papemming high level softyaredrangactigna) memory
fl uiakibnd | | ustrating an exanpl e process of the
runttme environnent of Figure 6 for validating an

obj ect Figirngisarfiqyechart dlustatingran exampls processparfhramad by the

erso PR i SRPRIRUPERRG T bt b patigmapy

annnhpﬁmmduampgmqﬁhnaﬁlated header word.

Fi gure | ock’ d| rarrslllu ratln
xS Brfiida gfstadie g sRapLe prockss pépatd
19ambler ofFigued DEdf nﬁtoﬂ%lﬂgbpérhﬁdi@ E‘dr&ﬁlpléﬁleﬁmg §ivhg atom101ty
exanpl es of transactign execution. S5Figqure 20 is
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Figure 9 is a flowchart illustrating a further example process performed by
the compiler of Figure 1 for removing read-to-update upgrades.

Figure 10 is a flowchart illustraﬁﬁg an example process performed by the
compiler of Figure 1 for moving operations around procedure calls.

Figure 11 is a flowchart illustrating an example process performed by the
compiler of Figure 1 for removingv log operatiohs for newly-allocated objects.

Figure 12 is a flowchart illustrating a further example process performed by
the compiler of Figure 1 for removing log operations qu newly-allocated objects.

Figure 13 is a block diagram comprising software modules used during
runtime in a runtime environment of a software transactional memory system.

Figures 14a and 14b are block diagrams 1llustrat1ng exemplary objects using
multi-use header words.

Figures 15a and 15b are block diagrams illustrating an exemplary object with
a changing snapshot.

Figure 16 is a flowchart illustrating an example process of the runtime
environment of Figure 6 for validating an object using snapshots.

Figure 17 is a flowchart illustrating an example process of the runtime
environment of Figure 6 for modifying the snapshot of an object using an inflated

header word.
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the runtinme environnment of Figure 6 for log filtering.
Figure 21 is a flowhart illustrating an exanple
process of the runtine environment of Figure 6 for
filtering log entries using the associative table of
Figure 13. 10Figure 22 is a flowhart illustrating a
further exanple process of the runtine environnment of
Figure 6 for filtering log entries using the

associ ative table of Figure 13. Figure 23 is a
flowhart illustrating an exanple process perforned of
the runtinme environnment of Figure 6 for conpacting

| ogs diFigursy 1§anidhifb aoblodcdihgrams ilhkirgingex@iples oftransaction
romg&art illustrating a further exanple process ,
p&FFEIA”%d of the runtime environment of Figure 6 for
conpac Fighges! 1989 9¢lare blvgk dRERAGSI16satiBE fuktBer examples of
Figure 25 is a flowhart 1llustrating a further

e HARFHCUOLFXSEWOR. per f or med of the runtime environnent

of Fig ' i ' bagse .
col | cot 1 re24 35 HRRGAStT g A kBIORSARRe tble ged n
c drppuntimeg ervisonmepirad figure$ faxdog filtdrimgent i ng t he

t echni [ of i € i D [

excarpl SR PO Aokl PloiingsE Sl Bccss pf the Hiffme

s ehvivemeentofFigae dfenfdtekag tog entries isiog iheraadociativotaple of Figure
Sﬁgterrs, as well as performance inprovenments upon

t hose systens. In particular, the inplenentation

exanpl F&_MWadbmhdrbiﬂmtﬁ%ing acfmﬂ?e g%;ﬂqﬁmms of the runtime
transacti on_qperations;. the use of, ¢ primtiv in.

c SRpFqneent ?fthEH"Fﬁgif%ftfﬂwF‘E% 1SS USigh theessopiafive ble i Sigure
fqn. code optim zations (which termis expl ai ned

bel ow), conpiler inprovenents which act to inprove
per f or %ﬁﬁatﬂeyggarblﬂlpﬁﬁqtme%?xqmm pregesp perfgrmed of theg

U$heRn A A6hrmtdt Ve lga}e l65® cfmsa logh &iHing!ddfdab&Eollection.

per - obj ect oper at]E ns. \ f € tcﬁltéé ggscr [ |§t | ong pr g\c/il%ned

her ei nFiguee Prioniflowdbatillggiratipg a ficther exampleproeess performed of

particul ar t] : ry )

i ?fﬁp Ilélrﬁr{tie&h? g?\ﬁ%%}n\é?t[o?ﬂéufyg 5t cox%BQé’ung?@ anng garbage collection.
Figure 25 is a flowchart illustrating a further example process performed of

the runtime environment of 'Figure 6 for compacting logs during garbage collection,
Figure 26 is a block diagram of a suitable computing environment for

implementing the techniques herein.

Detailed Description

The examples illustrated herein describe examples of software and bardware-

based transactional memory systems, as well as performance improvements upon

- . those systems. In particular, the ifnplementation examples below describe:.

decomposed software transaction opéfations; the use of STM primitives in compiler

~ intermediate representation (“IR™) to allow for code optimizations (which term is

explained below), compiler improvements which act to improve performance on
these primitives, runtime log filtering using associative tables, and efficient runtime
per-object operations. While the descriptions provided herein are provided as

optimizations of a particular software transactional memory implementation, it will



be recogni zed that techniques and systens descri bed
herein can operate on various inplenentations and do
not necessarily inply any limtation on
i mpl ement ati on, performance, or requirenents of the
techni ques descri bed herein. 1. Exanples of Software
Transacti onal Menory System Atom ¢ bl ocks provide a
prom sing sinplification to the problemof witing
concurrent progranms. In the systens described herein,
a code block is marked atonic and the conpiler and
runti me system provi de that operations within the
bl ' ' A j | .appeal: ' .
 pBeopsh il Bl e BR0REL S i
| doiplenagntations 4nshde| not pesessatilydinplycny linttatiole eml ingplémentation,
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“25transgctional store 9bj . field =.42.1s splitobto -
steps t MRS 68?"3’6? E%Fmoaﬁ? “’F‘%B’&ﬁﬁe&“ﬁ‘&& g?grastl)(}f t he
C Uiniplumientdiiof dtht Ls(tfghtlj/ ﬁ@glifehai withl the&bm@i#éﬁmtl rﬁng'mhdisgklethne
an c) store the new valye 42 into. t ' . Jhis_.
s o e plegmRtaion ihatdl s s girpeiopdRts bk Chgtows objeets
20 Prg'be dpdhtédditddly bl A0 hekplrathey maﬁwaqdﬂgr&$rﬁak sBadRRRdoPies of
the three steps in our _exanple are handl edq separately

byebi§eE: BOYIB EXER leysieiof iadiresHen besyroenan Ickrripencygnd the gurrent
f I WecRcotflentO OFhis isndrb EFFLRATYOE ﬂhi%ﬁctg)% Bfat S26nf SERLRully.

the  deconposed STMinterface I's made |
The systems and techniques described herein utilize a feature of the

implementation which provides a decomposed STM interface. For instance, a
25  transactional store dbj field = -42 is split into steps that () record that obj is being
updated by the current thread, (b) log the old value that field held, and (c) store the
~ new value 42 into the field. This new design allows classical optimizations to be
provided to the transaction operations. For example, the three steps in our example
are handled“separately by the compiler and (2) and (b) can often bg hoisted from a
30 loop. Inthe techn'iquesndeséribed herein, the decomposed STM interface ié. made
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nore efficient through the use of a conpiler with
particul ar know edge of the STMinterface and
semantics and which can perform optim zati ons which
are configured to act specifically on this interface.
In anot her exanple, the systens and tecl m ques
described herein illustrate 5 efficiencies in the
descri bed STM i npl ementati on through efficient
per - obj ect operations which utilize integrated
transactional versioning. These inplenentations use
integration of transactional versioning with an

exhdit bffidieabihffigh MRAME of MBdrApiled With phsictiaf ktfvaedgelof @i STM

ot her STM systens, as these systens either use

- exnterapg|angd mwwcwhlgh e ngEfoRR eRfiTBIZations avbighgwgonfigured
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10 re erences and current object contents. These
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nsact.i on

Pt e R Al st Ve e 7 Gt R ish Yy Siora. This

fiig axﬁﬁeﬁgthmsotusmm sPR6HAL) 98 theR! sybma kithed DELE@SBA t3bles !
operatjions can be identified statically

at
cdﬁfﬂqn@gtrF%ds pdditional hepderavards, 9t leysls OEs@éHfﬂt@g between object
deskrcht8dnd @ﬁr?én’ﬂ oBje& chARhtS TEKsE Qpﬂr&acﬁé’sr daftdo podP cache locality
optim zing ahead-of-time research conpiler ‘and runtine
s P& insreaseoIpaotiagm Thetimplementatien @@ﬁ@h@é@@requtu)zepm@ﬂatné
priefieE ol IRR B SR e LlcbolEnt WAL tof ol
Clverifi@gion nfobjekit ng)difinathmrduag@umhﬂmnalmomrmmd t he new
STM 11erran CS . The, t echni gues, descr i
et ei nFRUCTBHRE fog Bieripg A ishERAS: ARG ERGH Rl beoause not
_Vatl:mmd eSsmthﬂﬂﬁ peaiiciTan Bylfddﬁﬁﬁearsta&gialbb?%mpﬁdmw cs,
inclu t.he interacti on of  atqm oc
| okt i RSB naD: HRRBI S5 DTS TP EReRed R ¢
biBagkE, aa5,puﬁmiueg A2Rd-oftind PestFchiédnhpike aﬁd‘iﬁﬁﬁme system for
t echni ques. 2Desi gn assunptions In th

em%mmmts dangnage (GIL) rograms withperfoppance eowaﬁgwe to
AR AN AN T PEatRInAC e Wikine R§stéid @6h beT mﬁﬁ@méiﬁecnatcm

necessarily represent. limtations on

i ipateding the grrbags @@sﬁpﬂsbé@mq@ﬁmsﬁl\’fbut |nst ead serve to
facilitate description. One assunption is that nost
transaglyi on§eaifdst successfully. This is a

The techniques describéd herein focus on the ﬁerformance of atomic blocks.
Various implementations may differ on exact semantics, including the interaction of
atomic blocks with locking code and combining I/O operations with atomic blocks

while continuing to utilize these techniques.

1.2 Design assumptions
In the examples described herein some assumptions are made about how
atomic blocks will be used.’ These do not necessarily represent limitations on the

implementations described herem, but instead serve to facilitate description.-
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reasonabl e assunpti on because, first, the use of a
paral l elismpreserving STM neans that transactions
wi |l not abort 'spontaneously' or because of conflicts
that the progranmer cannot understand (in alternative
i mpl ementations, conflicts are 5 detected based on
hash val ues, which can collide unexpectedly). It is
assunmed as part of this that a programmer already has
a strong incentive to avoid contention because of the
cost of excessive data novenent between caches.

Techni ques such as handi ng hi gh-contenti on operations
of If t glOMa bsuchptitie s tlgameﬂlaxﬁacuanmomgiue sudoessfulllyl AhRiiNa
val ua 10A second assunption s t
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bar¢ags D trdd¥aclBEEHFoL Ghtt horfateb B’ ob bRATSA BT colibts that
attenpts to devel op transactional versions of them

TrhepragamEsT sangot ynderstand (in@lterpatiisdiplementationsy eonflicisiargf
tr :
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amaﬂtOIﬁ éns:fgmaamgammer alseally hator strapg theertta té aymd contention -
a actlon

So% %xrg bﬂ%&o‘cﬂ J)ih §§?strs]§lgg% eritr?%ﬁv ?11;' Q%gﬁg? n'PechJ%Sues such -
s Lag gamhnmglt-mnembﬁ oﬁé&%omlffemﬂa@ueaes maeged bya singlke

s t he bﬁg@th of transactions grows. In this
e overhead grows with the. vol unme of
0 bJ ect A @e@ﬂssﬁﬁhpﬁan it rea18 Hauinbér, updares inforhie Bseks. OThis
accesses In the exanpl es descri bed 'heyein,
gsﬁ@r%ﬁ%ﬂ prplservationsf surrent ProgFAS, 9nc{aa§t

0 rdevél@ﬁ‘ﬁ’ansaccﬁiaﬁiltvefsfcﬁ@ SRMhEMO Fl%ls% hﬁ)hhéxfeﬁ hive ﬁeﬁeﬁtLU'f keepmg the

wi thout requiring any memory cation by

ngrhpadanfs@mapmr@l reads mmm@rw@were@dseemlvmeneb' lpgmg the

e LISP
b 4S8 he G0 65ing Foolf and B Pty MSIRGIR wobd2 T 7
t hat hashdbeasumptics thet tdnsacioti)ze skald Sotwerbguintede ThisTM
for

Ex Cf
s Sormepeiepiily SR Sk Ty Bl mhipioneeds o
opedlaiveld asthe Yemigth ofahaicti¢ns gmwsd TN desigh) th3Gpaveloverhead

v EFRPTHAR o 35 OBl aobed B g oy ARt o

U$i86kséed nidB.aBthé ExaRiphestdesiiibed HdvEih, @inbactibAd dré réferred to

trapnsaction in
informally as “short” or “long.” Short transactions are likely to run without

requiring any memory allocation by the STM. Long transactions are those whose

execution is likely to span GC cyﬁles' (e.g., evaluating one of the LISP benchmarks

in a version of the SPEC95 benchmark'xlisé that has been translated
“to C#).

13  Word-based STM Example

One conventional interface for word-based STM provides the following two

-.sets of operations:
void TMStart ()’
void TMAbort ()
bool TMCommit ()
bool TMIsValid()
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5 the current thread. TT4Rbort aborts the current
thread's transaction. ncommt attenpts to commt the
current thread's transaction. |If the transaction
cannot commt (for exanple, in one inplenentation,
because a concurrent transaction has updated one of
the locations it accessed) then ntommt returns false
and the current transaction is discarded. O herw se,

i n4commt returns true and any updates 10 which were
made during the transaction are atom cally propagated
to the shared heap. TMsValid returns true if and only
if the current thread' s transaction could commt at

t he poifts GyriRadd! LaarJNe second set of operations
perforns,data accesses; TTlRead returns the current

val ue 0P HEYEFETIF et H o oIS t he npst recent

val ue ViHetfiretRetlyusedts inhSage frahdaCticidl TvRhrd S1ANS A Gbhsattion in

1g¢ln one i n;al ementation of the techniques described

heheFHTent frecagy Swext goristhesumont tipad s fraRIaryoTy Aotk

| SatRpipRT8 tQHmRYhd AirleRGhRa@Q FRhdabtion, GMhe t@ndaBHEY dannot

accesses in atonjc blocks to use STM operations, and

hasermgt (fer erampleaineons jraplementation, beseyseqrronegireahiransaetion has
' ) : T I or

ol [Pon ch oS Bichl R nerk AT MUY shnd e BREE

desimgnt trhasactiosdissinded Qthbfveses Thcamn wrehumbiene@ahd any updates

bl 5 Whi l.i m its. | i bi. |.j ) he foll i
P SRR FRre ik Burind b it Bothece S8l YropAdgTd f et

beleaw timvali@Sretutisniell if 44 oflyd iR chrrétt tiredd’ if@Radtioflcould
‘bet ween sent i rlogfl‘gh nodes this ., Head and this. Tail. IT .

SWeRmihft the poimy of dhegplls Ahe sroprdssehptonsraipasperioams datp peoesses:

i nrwﬁi@é@xjet\m%’tﬁ% e PIge dfthd ddebiibd RIcRFonOBShE XRERESnPalue
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30

aut omat i ca placing calls to 25 TMRead and TMNite
f ovritan byrmaioite ineesgent transactiotdowever, sever al
per f or e CeUs W j rg- :
syste mrﬂ? Eﬁe‘fgl?pl%géﬁl %ﬁ%ﬁg‘ﬁg‘? a q}l%gn&gg%ibgél( fi ' égla ?)goﬁcgg of
T grivamirspeditectiywith SThhislaotpmatdddly havieg a esmpitedewrite memory
every TMRead.and . TMN i t peration. TMRead nust see. ..
ot T e g Pt ind HVEE  efberite 3P Eialiced
tsh@ﬁiidﬁslbiaﬁ_leﬂ @iethods td dhtire gl Gfrda@ R rinte ;.:3 Qranda ferall

uch searchin not scale to support |arge
t rAAS A APEHES %ﬁ?@ﬁ%&h&g depends on the length of
the tr ameedipPdestitkdABsvel e ifoRE4 hMAHR 95 pdblems which limit
auxi | |%ﬂ| ndex structures. Second, opaque calls to an:

d
STMapp iy nThefellowipg codesxamples {Lnstgate FIES- iBxamplq ke

ISPl otk ol s il

- cong | rery andtinigsl. Fad l. Momolsiveaecficlds ofpihe radepansd stereste result

re ed work. For, instance, repeat egqr ches, when
 SREELF R P DR BRI BEL BT Bt B o
Di TR Eadad R Waitéfor all medotieaepased di rect -access STM
i mpl enept at i on ich is used.in the exanples proyided
ner ei n HSRIPLSeyat PATERSEAREHTURRS commety gL S GER LTS
adgfstens Fekst) habe Bhdéthéitations bOfike SOarid Wdir B Ys3 ReAGEH G ogs
can performread and wite operations .
that are searched on every TMRead and TMwrite operation. TMRead must see earlier
stores by the same transaction, so it searches the u'ansaction log that holds tentative
updates. Such searching may not scale to support large transactions. The

performance depends on the>length of the transaction log and the eﬁ:'ecfiveness of
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10 directly to the heap, letting a read naturally see
a preceding transactional store w thout any searching.
Logs are still needed for rolling back a transaction
that aborts and for tracking versioning information
for the locations accessed. For short transactions,
these | ogs are append-only. Thus, searching is not
required, regardl ess of transaction size. 15The second
probl emis addressed by introducing TM operations
early during conpilation and extendi ng the subsequent
anal ysis and optim zation phases to be aware of their

S QBIMrY Griflex binithhrty/ Sedonl@, dphiectals RAEITNI SibRsfhiasged by

deconposi ng the nmonolithic. TM operations into separate
s PRipmization (R gt it issppdargerpossible te fatshieadios Feiesd TadidFom the loop
[ : 0 .

¢ DEnfe bIRUB0G Rt ARG PPS, FaBF BRARI G
niiNbgemtions cansdrepeatédovatl. For gmstanoe repeafEdisearches shémameessing
deﬁqﬁpos s the transactional nmenory operations into

f BUFCIRALP m ngr DTMOet TMVr () 25voi d DTMSt art (t m mgr
tx) void DTMAbort(tm ngr tx) bool DTMConmit(tm ngr tXx)
bool DI s\Bédosi(piosedMiredt>Acce3\8IM DTMOpenFor Read(t m

mgr tx, object obj) void DTMOpenFor Update(tm nor  tXx,

obj ect Adspompaspddirectaovpss ST Bnplemeriatiqn; whiehrs ¥sed infdels

& ffdidples provided hercip, aliefscS Tl AEIER L Y 6t FOBIBA id dddrossed

t ky desighingyjsteras Strthaf 4 trasisadtinn carepeafommaeast andivgite bparatéond,
pPLOVi.di n TnGet T r to.get the current thread;
PHESRS 1q h Re et Pead ettty SeB3 S0t beab BEAGR fore

t withewt@hy searchinpn Jogeate stilh aceded forgolling badkhi tragisadbn that

( contention detecgtion:

pr.ovi de _ TMOpenFor Read a

CAoROH 6B 6 GPHDE v aRa8 GEoRAP R REIORT Besst.diar shor

Wrhdsa®fons, these logs are append-only. Thus, searching is not required, regardless
of transaction size. '

The second problem is addressed by introducing TM ope;ations early du;ing

‘ compilation and extending the subsequent analysis Iand optimization‘ phases to be

aware of their semantics. Finally, the third problem is addressed by décompbéing
the monolithic TM operations into separate steps so that repeated work can be
avoided. For instance, management of transaction logs is separated from actual data
: "accésses, often allowing 1og management té ;be hoisted from loops.
This interface decomposes the transactional memory 'operations into four
sets:

tm_mgr DTMGetTMMgr ()

void DTMStart (tm_mgr tx)
void DTMAbort (tm_mgr tx)
bool DTMCommit (tm_mgr tx)
bool DTMIsValid(tm _mgr tx)

void DTMOpenForRead(tm _mgr tx, object obj)
void DTMOpenForUpdate (tm_mgr tx, object obj)
object DTMAddrToSurrogate(tm _mgr tx, addr addr)

void DTMLogFieldStore (tm_mgr tx, object obj, int offset)
void DTMLogAddrStore(tm mgr tx, addr obj)

10
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25

5 accessed in read-only node or that it may
subsequently be updated. Access to static fields is
nmedi at ed by surrogate objects that hold versioning

i nformati on on their behal f: DTMAddr ToSurrogate maps
an address to its surrogate. The last set nmmintains an
undo 1 og, needed to roll back updates on abort.
DTM_ogFi el dStore deals with stores to object fields
and ranlLogAddrstore deals with stores to any 10
address. Calls to these operations nmust be correctly
sequenced to provide atomcity. There are three rules:
(a) a fREAst b Sdre Qfai@x%ﬂvzfr&’,rpr&ﬁé‘iﬁ? WRdk tiridr o E&3R6
(b) a location nmust be open for update when it iS -

uSBE threpd” stransention msgegen and thep providipg the|usesd trrusactiono| d -

v ) : WA ted. In
o PlelTUAl o RiDp B0, RPRT o pheykioh TelBAR 07
f pehapenforamaddjdaaopenrefiipdbtd indioata tist theepeuifial object will be

e WMt B MR A R ILRED 2! 488 i

DTiblde ipAdettiffedbesurvptte tobRbts that helll Srerstontng. infrigtion onQheir

T% for a static field is split into a sequence of
D

IR AT TOSTRIRIS ETBERS 3G dicss 1o Iseentto r Faed et seind
¢ ' . . . ! 7 .
D'Iilfl\%%ﬁ? ToSu rer cl)géazltn é‘?&%%\/g?gﬁ%ko rUp 3 3?’2 ,a b(%t'l" %’g{?ﬁg d%\ﬂétgg? e,
adeplswith stores td dhjeet fighds tad pTMLogAdaT xR Glehl Withlozssdaphe s
dgﬁra}gstgtrate an exanple of the use of deconposed
direct-access STM The code in Exanple 1 iterates
t hr ougGaliste tledse nperations imuat Beicokrectlyl seqienbet togpesvideaibmicay.
nqdes this.Head and this.Tai.l. It _su t.he-Val u
r A atehiep R85 9 Rlatalof St oot R B {2 2008, () o
t dcatidatust b¥ apsH @r dpdabfOBen O uitiRCar ord ®dgsdioe e @) ed
usi ng the deconposed direct-access, STM

) . ample, | a,
pipsetion’s old vafysmust hays geenrogsed peto: %ﬁd}pdaﬁ%&x {n pragice i
{ nleadsthit-a@1 48 Tvread for a field of an object is splitintoa

sequence of DTMGet-:TMMgr, DTMOpenForRead, and then a £ ield read.
TMWrite iS DTMGetTMMgr, DTMOpenForUpaate, ‘Di'MLdgAddrStore, and then a
field write. A callto TMRead for a static field is split into a sequence of

_ DTMGetTMMgx, DTMAddrToSurrogate, DTMOpenForRead, and thén a static

- field read. TMWriteis DTMGét‘I‘MlVIgr,— DTMAddrToSurrogate,
DTMOpenForUpdate, DTMLogAddrStore, and a static field write.
_ The following examples demonstrate an examplé of the use of decomposed
direct-access STM. The code in Example 1 iterates through the elements of a linked
list between sentinel nodes this.Head and this. Tail. It sums the Value fields of the
nodes and stores the result in this.Sum. Example 2 shows how Sum could be

implemented using the decomposed direct-access STM.

11



if (n==this.Tail) this.Sum=t; 10return t; n =

n. Next; ) while (true) 15Exanple |b public int Sunm() {
Node n = TMRead(& his.Head); int t = 0; do { 20t +=
TMRead(&n. Value); if (n==TMRead(& his.Tail)) {
TMNVWite(& his. Sum t); 25) return t; n =

TMRead(&n. Next); 1 while (true) 30Exanple2 public hit
Sunm() { tmongr tx = DTMOet TMWyr (); DTMOpenFor Read(t x,

this);
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Node n = this. head;

pﬁblic int Sum() {

}

Node n = this.Head;
int t = 0;
do {
t += n.Value;
if (n==this.Tail)
{
this.Sum = t;
: return t;
)
n = n.Next;
} while (true)

public int Sum() {
Node n = TMRead(&this.Head) ;

}

int t = 0;
do {

35int t =

Example 1a

Example 1b

t += TMRead{&n.Value);

if (n==TMRead(&this

.Tail))

TMWrite (&this.Sum, t);

return t;

}

n = TMRead(&n.Next)
} while (txrue)

public int Sum() ‘
tm_mgr tx = DTMGetTMMgr();
DTMOpenForRead{tx, this);

}

Node n = this.head;
int £t = 0;

do { _
t += n.Value;
DTMOpenForRead (tx,
if (n==this.Tail) {

Example 2

DTMOpenForRead (tx, n) ;

this);

DTMOpenForUpdate (tx, this);

DTMLogFieldStore(tx, this, offsetof(List.Sum));

this.Sum = t;
return t;
}
DTMOpenForRead (tx,
n = n.Next;
} while (true)

n);

12
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DTM>penFor Read(tx, n); t += n.Val ue;

DTMO>@penFor Read(tx, this); 40if (n==this.Tail) {
DTM>penFor Updat e(tx, this); DTM.ogFi el dStore(tx, this,
of fsetof (List.Sun)); this.Sum=1t; return t; 45}
DTMOpenFor Read(tx, n); n = n.Next; } while (true)

2. Conpiler Optim zations Section 2 describes the
opti m zati on of deconposed STM operations utilizing a
conpil er which is configured with know edge of the STM
operations. It should be noted that, as used in this
application, the terns "optimze," "optimzed," 5

"optimpzati empRBdOphimizZatibhs are terms of art that

generally refer .to Inprovenent w thout reference to
any pabBtdtionRajesdibey the opmizatisnoofelseoniposdd$IBY operatiedis ous

scepari os ile,an "opti m zation" ' ve one, or
oAt § Eomiles phichds eeoeretanbanemeiBl puPERT M orefefons. 1
t glduild Bdioted thatdl Rased B thRAGHIRABSA, [the RS HopEmiAFt“opBIZd,”
agpect of the systemor techni que be i nproved.
Adentimiggiion| gnd thp likepre args of e that emsrally ecferyg dmproyemenin”
dmomEfefas@ﬁs&g bsmcmmpdagreermmy&vaﬂémvfmpm VARBREt
to any particular”mninum-or maxi mum degree. "
Faeenhriosywhie amfoptimization’ bipay impred onsys mera aspeateefithe que

\ f ] ov.erent i n S,
BB SRS R SR e o 63
obipect afitixpsysteira kdchiniquéibd ienpaovedo pidditionally, brvaricaysituations,.
! uglgtl%\l/i%at%%[’ ‘218£sr5%{‘ rcx:e%es%faril?r ﬁ?l%l%{tir%r&o%remteﬁco Qﬁﬁ%%eét o grtl)yrre

particular minimum or maximum degree. Furthermore, while an “optimized”

system or technique may show performance improvement in one or more areas, it
may likewise show a decrease in performance in other areas. Finally, while an
“optimization” may improve performance of a system or technique in some
situaﬁbns, it may be possible that it reduces the performance in other situafions. In
the particular circumstances described below, while optimizations will result in the
removal of redundant or superfluous STM instructions or log writes, possibly
providing increased performance, these optimizations should not imply that every
possible redundant or superfluous instructions will be removed. '
Figure 1 is a block diagram illustrating one example of a compiler iOO, used
to create an optimized program 120 utilizing software transactionai memory. In the
illustrated example, the compiler 100 takes as input source code 110. As illustrated,
the source é,ode .1 10 contains one or more atomic blocks 115. As mentioned above, ‘
in one implementation, inclusion of these atomic blocks avoids additional
programming for a programmer wishing to utilize STM; these blocks are modified
by the compiler to include decomposed STM instructions, which are then optimized.
While Figure 1 illustrates a single piece of source code, it should be recognized that
this is merely for simplicity of illustration; the techniques and systems described
herein apply as well to multiple source code files which are compiled together, as .
well as source code which uses -élréady-compiled code. Additionally, ih various |

implementations different code languages are used, including C++, C#, Java, C, and

13
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15 situations, it may be possible that it reduces the
performance in other situations. In the particular

ci rcunst ances descri bed bel ow, while optim zations
will result in the renoval of redundant or superfl uous
STMinstructions or log wites, possibly providing

i ncreased performance, these optim zati ons shoul d not
imply that every possible redundant or superfl uous
instructions will be renoved. 20Figure 1 is a block
diagramillustrating one exanple of a conpiler 100,
used to create an optim zed program 120 utilizing

S gihkRdOWLT, aeafohs R mIRARGY intdrPretel Sarghbdés tiag b dptimized
exanpl e he conpiler 100 takes as input Ssource code :

t
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t fifo HieSRBhtEbIE FileWtdors ¥odchiich, QR?%ﬁftixJee%i_aﬁfeﬁdaﬁoxﬁmmé as
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-

wel] to multiple source code files which are conpiled

t teglaniguas desesibedbhereinmay sompile and apsignize prpgmamy famediately

a - ﬁgﬁy ende. ditionally, in various
ih%?gﬁ%ﬁtatlgggpgﬁ?gg?gﬁg“code | anguages are used,

i ncl udFigyreQtis a bloek dirgraa illGstrating exampie campansntgef the compiler

vario i ml nt at,j ons i nt.erpreted J.an S be

o b0 S By Figurs 2 uietes dh explble operati i Aicueitle
opérmpiler.aWidle Rigurg?2 illustisel payticaladyinydulessapatateady) St shodld be
which.is 'ntﬁq!ated'i t he .compi |l er; . addi ti onal .
dEreapyized shaty yVaripys g lementarions, thegradulss aay be S1edeRd oRfiiged

' C HWirlodd echibiRdtidns PTiePatPticiMB withth©Rist Congiilr MoRle 32 Which

120 i s produced which utilizes software transactional ,
nBeFEPYy thesguice codeal 109ad areptss g infermedinle reseseRipiion & 0dfom it.

S HESheApRintenhtiaR dhid ﬂ@&k%@fcﬁn?&%%h@&?hdvﬂgﬁﬁ??@t}”),
detgll-geIQML Additionally, while the illustrated

i WhickrBawaitite be easdyvmaripulpiedl &y ithsrontimizing teckuiguas dessribed
fh&gmbefore execution, alternative inplenentations of
the techni ques described herein may conpile and

opt i m Wextptho gR 23 isi moevdifikiddtyshy optimizatiosrmodule 240 to create an -

concurr ‘W t.h-execution. .. . . Fi j .bl ock -
PRI AR 230 dh ot SR RERA RPe cmimigaril Fbdily 2, BediStad
C&ﬁMﬁFEbﬂmﬁ&mmﬁBERgﬂﬁﬁd&hWEﬁBﬁ*hﬁaimﬂhﬁﬁﬁﬁaﬂssghﬁmdﬁc
exa €. operat 1 gn th thrau t omp! L.er,. Wil le, .
FPaRastot, Ehunit & 3uch dntrgttians WK e i deupt e
sbelowd Finlly atOgintiec IR0, is tdmpiRA by Wike et dasshipilat hedige

t he nodul es may be nerged or divyi ded 1? i n._yarious
et sore, pih AS e gptiaizid progeeRe 12 RERB I | or
modul epigdR 3 WA ilocREESRh xAhBIE protedd300 f&RReplkg aadd
creates an intermedi ate representation 230 fromit. In
ofrechting proatamy using, STV In varousitepiementatiogy, thegilugirated process
c ) o , el ,

(Ot LR RERRAE SR i BT Bl T PP
dbloek 2 avhiersrseinge coiNontainitg teansaRtina™ npemary Hiotkse(gudat the

t he e ks . 240, t . L 17
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| ow- | evel and high-level STMspecific optim zations.
Exanpl es of such optim zations will be described in
greater detail below Finalli4g, the optimzed IR 250 is
conpi l ed by the second conpiler nodule




25 260 into executable code, such as the optim zed
program 120 of Figure 1. Figure 3 is a flowchart
of an exanpl e process 300 for conpiling and executing
a programusing STM In various inplenmentations, the
illustrated process bl ocks may be nerged, divided into
sub- bl ocks, or omtted. The process starts at bl ock
320, where source cock containing transactional nenory
bl ocks (such at the 30 atom c bl ocks of Figure 1) is
received. In an alternative inplenentation, the source
code may not contain transactional nmenory bl ocks, but

| hiefividhl Yofivare RapattRoRal heétnbry idtattiasf sudRaethe word-based or

transacti.qnal ipnstructjons, such as {he N
mﬂ?wm@ageédn%wcagts&kﬁa@e@ ahoye et ot tlack a0 Shissewrca s ds

B Neeﬁhpﬂeatmtelaa@kec%%le bl B 681 O ETRIABH afet O
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an executabl e ram - Specific exawy
c derstibegkin @rpamr ée delewp é’tpalln agjblogk 86 dleqaqecutﬂéq: pragram is
Fipaldey, at block 360, the executable programis 5
execut ed. Figure 4 is a flowhart of an exanple

pr ocesEigu®et i arflowshyt of angxamople peocessaid0\ibi cimpiling source code
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Pﬁnié l%%QSS otfﬁ{% EQE@I | er further 25 reduces the cost of
| 0Q anagemen deconposi ng | og operations, allow ng
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across e operatio articular .in
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For D1’ enFqQrRead, this is the only check that st
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aRdck i€ tHeRtis 3Phct Abthe Rhurdr 894, TE smopehmngmé Rfthe only

utilizes a new gperatl on, EnsurelLogMenory, taking

i ghesk éhat mystbeinseforardds thedastpathyversion of thetodes Be @@ortwe de

958 B th@&-checks, the compiler utilizes a new operation, EnsureLogMemory,.

taking an integer that indicates how many slots to reserve in a given log.
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Speci al i zed deconposed versions of the nrnopero, and
rirmeg* operations can thus assune that space exists.
To reduce runtine bookkeeping, in one inplenentation,
EnsureLogMenory operations are not additive: two
successi ve operations reserve the maxi mum request ed,
not the total. For sinplicity, one inplenentation does
not 5 place the specialized operations where reserved
space woul d be required after a call or back edge. In
anot her inplenentation, reservations are conbi ned for
all operations between calls wi thin each basic bl ock.
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calls. Particular exanples df6 each of these processes
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10 Figures 7-12. 2.1. Conpiler Optim zations on
Deconposed Code Figure 6 is a flowhart of an
exanpl e process 600 for perforn1ng opt|n1zat|ons on.
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15di vi ded i nto sub-blocks, or omtted. Additionally,
while the illustrated i nplenentation gives an exanpl e
wherein each action is performed once, in alternative
i npl enent ati ons, actions may be repeated. Thus, for
exanpl e, the common sub-expression elimnation action
descri bed bel ow nay be perforned a second tine after
code notion optim zations have been performed. Wile

Figure 6 20 does not illustrate optim zation of
non- STM instructions, this is done for the sake of
sinplicity of the illustration, and does not
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dsCBi2 the conpilation process, in another

irrp enentation, the CFG can be nodified to prevent the
constraints from bei ng.violated. One such nmethod is to
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val ); becaones: dum’ryl = gpen for update : %:gn %
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Eli mnation (" s performed on_ the 'STM

i ﬁgmm@etsubm@resm@n ctmingtioy agtion drssained bolei may be performed a
el F HCT b
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DT-I\/G it hus
or B2 065 RRFRer 80 B A REmobols A RpARA Bl o
t IpeocEssk ez oriteed Rereth, DTl\/QoenFor Updat e,

DTMadd ':I{o S%E:ers(s) agtu% at %Pock 620, where constraints are created on the

modification of STM instructions. In one implementation, these constraints are at
leaét those- for atomicity, which are based in the sequence of calls. Thus, there are
three rules: (a) a location must be open for read when it is read, (b) a location must -
be open for update when it is updated or a store logged for it, (c) a location’s old
value must have been logged before it is updated.

‘These rules can be implemented using a number of methods. In one, the

compiler keeps track of the constraints during compilatiori fhrough various
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ranmLog* operations are idenpotent within a
transaction, they are also eligible for CSE or code
notion. One constraint on this optimzation is that
the code notion cannot, in one inplenentation, extend
beyond transacti on boundaries. |In another

i npl ementation, CSE is extended to provide elimnation
for DIMXpenFor Read 25 instructions which take place
after urnopenForopaate. This optim zation can be
performed because update access subsunes read access.
In other inplenmentations, CSE can be perfornmed on

~ ofnensekeeping inedswres.nBevesdedhis amquieldy complicaeths conpilatios
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. '}neﬁéihquﬂrﬁﬁ?' urartg{mﬁ&mmoﬁﬁmc%oﬁé wilich @Ee%ﬁle input vanablés%r
anot her ntati on nzrmet perati on can

béubmmﬁmstrwow “Fhes i IRgvhiehelookis hl@rthe fqllawmdumw generic
nq&%& ?r a thread froma per-thread Thread object
(and creating the transaction manager if necessary).
The BaPPE‘k_fe deks (kemiithus also treat a
Get Cur it t‘?g ‘é’é’ﬂt’r n(%?“r)uctl on as a constant operation
subject S 5% d@ Wbt i o As an exanple, after

&#gance of the above processes, the code of

is sinplified to the foll ow ng, nore

effl ci dpmmytiod ecpexfpmpipda e&mmn ic jut Sum() .{ 10t m nyr

tx=DT‘I‘6'E¥§‘tzK/I\Zg’ﬁ PO BB x, this); Node n =
t hi s. h&at:® i'hee ﬁl'od“"% Ké 15DTI\/QoenForRead)(tx n; t -

t o VRl at bl él{okE:Rxh&ol%htéxpies?l&@ﬁ%ﬂﬁ%#%%%%( %

DTM_og
performed on the STM instructions, followed by redundant load-store elimination on

the instructions at block 660 and code movement optimization at block 680.

In one example, these optimizations can be performed on the pTMGet TMMgr
operation because it is constant and thus provides opportunitieé for CSE. Similarly,
because the DTMOpenForﬁead, DTMOpenForUpdate, DTMAddrToSurrogate, and
DTMLog* operations are idempotent within a transaction, they are also eligible for
CSE or code motion. One constraint on this optimization is that the code moti.on‘
cannot, in one implémentation, extend beyond transaction boundaries.- In another
implementation, CSE is extended to provide elimination for DTMOpenForRead
instructions which take place after DTMOpenForUpdate. This optimization can be
performed because update access subsumes read access.

In other-implementations, CSE can be performed on operations between -
nested tran.s'actions. Thus, in one example, a DTMOpenForRead operation in a nested
transaction is _subsumed by DTMOpenForRrRead Or DTMOpenForUpdate in an outer
transaction and thus can be eliminated. In another, a D'I’NbpenForUpdate in a nested
transaqtion is subsumed by a DTMOpenForUpdate in an outer transaction and is

" eliminated.
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20this.Sum=1t; returnt; } n n.Next; while (true) 25
this); this, offsetofllList.Sum); 2.2. High-Level STM
Optim zations 2.2.1 Inplenenting Strong Atom city The
t echni ques descri bed above can be used to build
"atom c" bl ocks in which the nenory accesses in one
atom ¢ bl ock occur indivisibly with respect to the 30
accesses in a second atom c bl ock. However, an
"atom c" bl ock executed by one thread nay not appear
to execute indivisibly when a second thread perforns a
conflicting nmenory access w thout using an "atom c"

bl ock. In[@sihermpMhéhtdtivhSthé ﬁ'ﬂidél‘:ﬂm%@@p&ﬁn&ﬁéaﬁ be@mplemented
provi de "weak atom ci ty

hﬁfeé%ra the Feren ranseetiqngpanaed fere theesd Ifnonempqﬁébréawhread
CofeaTdR A %&Ean%%ﬁ Hnagst ffﬂg&s&}ﬁm@kw rt %F&n%e{ pan

atom c ocks appear t0 execute
r dwipalso treas agdek cuvpept Thretiostaretion asd cqnstaht dpemtien mﬂ:ghet ton
otQF q}on1c bl ocks. A basic inplenmentation
eXIENH %Phe STM descri bed above with support for
st r ongAsahmwesaniple, aftyr detfbrmaedf thy hivyedrdcesies, elssade bb

B TR ATl B ol © BTk (0

Example 3

public int Sum() {
tm_mgr tx = DTMGetTMMgr () ;
DTMOpenForRead(tx, this);
Node n = this.head;
int t = 0;
do {
DTMOpenForRead (tx, n);
t += n.Value;
if (n==this.Tail) {
DTMOpenForUpdate (tx, this);
" DTMLogFieldStore (tx, this, offsetof(List.Sum));
this.Sum = t;
return t;

}

n = n,Next;
} while (true)

}
2.2. High-Level STM Optimizations

2.2.1 Implementing Strong Atomicity

The techniques described above can be used to build “atomic” blocks in
which the memory accesses in one atomic block occur indivisibly with respect to the
accesses in a second atomic block. However, an “atomic” block executed by one
thread may not appear to execute indivisibly when a second thread performs a
conﬂictingvmemory access without using an “atomic” block.. Designs with this
feature can be said to provide “weak atomicity”.

* One implementation of the techniques described herein concerns how to

provide “strong atomicity,” in which atomic blocks appear to execute indivisibly

- with respect to all memory accesses, not just those made in other atomic blocks.
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For instance, suppose that a programreads fromthe
contents of the field 5 "ol .x" and stores the result
inthe field "02.x". This would originally be
represented by two instructions in the conpiler's
internedi ate representation OR): Li: tl =
getfield<x>(ol) L2: 10putfield<x>(,2, tl) The basic

i npl enent ati on expands these to code such as: Li:
DTVstart (tm) DTMOpenFor Read(tm ol) 15 ti =
getfield<x>(ol) DIMComm t(tm If O L2: DIMStart(tm
DTMOpenFor Updat e(tm 02) 20l ogfi el d<x>(02)

put f i eladsie (Biglemehthti 6T SsHAR tHe(STMI déstribed above with Sugpoftdor

i mpl ement ati ons, ,actual code witten js nore conplex | -
b &kangaomicityh (a) ideatifyingall aseessesde shpagdaemery thatoges guiside
t ARSI ' : ' 5 is 25

cgﬁ}{ étﬁtl onsﬁdﬁﬁjzeg&étﬁg%%sr%%g ?ﬂogtpdéérgl%??ﬁgs'd or C2. The
exact Hetinsthuseofupponathat e giegwiny readsirgm deqyonteintseof tre freddy
thg; ST MARsEARL it  Be HER"GZRA! fils Wultdtb%gin%ll} be represented

by two instructions in the compiler’s intermediate representation (IR):

Ll:

tl = getfield<x>(ol)
L2:

putfield<x> (02, t1)

The basic implementation expands these to code such as:

Ll:

DTMStart (tm)
DTMOpenForRead (tm, ol)
'tl = getfield<x>(ol)
DTMCommit (tm) // C1
L2:

DTMStart (tm)
DTMOpenForUpdate (tm, o02)
logfield<x> (02)
putfield<x> (02, tl)
DTMCommit (tm) // C2

(In some implementations, actual code written is more complex becau_sé it
must also include code paths to re-execute the transactions from L1 or L2 if there is
contention during the commit operations C1 or C2. The exact details of that code
will vary depending on how the STM operatioﬂs‘a_rc repfesented in the IR.) |

- The basic form will provide strong atomicity, but it will perform poorly
because of the additional cost of the transaction start, transactionv commit, open—for-
read, open-for-update, and log operations above the cost of the original field
accesses.

To increase efficiency while still providing a strong atomicity
implementation, one implementation of the techniques described herein uses

' specialized IR operations to accelerate the performance of short transactions that
access only a single memory location.

There are two cases to consider: transactions that read from a single location,

- and transactions that update a siﬁglé location (including transactions that perform |

read-modify-write operations to a single location). Both cases involve checkihg of
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The basic formw |l provide strong atomcity, but it
W Il perform poorly because of the additional cost of
the transaction start, transaction comit,
open-forread, open-for-update, and | og operations
above the cost of the original field 30accesses. To

i ncrease efficiency while still providing a strong
atomcity inplenmentation, one inplenmentation of the
techni ques descri bed herein uses specialized I X
operations to accelerate the performance of short
transactions that access only a single nenory

| cRBTM Word SHieH B dasciibbdvn gﬁ'&ﬁ&ﬁ‘ddaﬂ belows iThe Iﬁrst case 1s
transactlons that, read from.a sjngle | ocat

t rrEprEseater aman exieded Byhy @) seadinggheS T ey b Fﬁ@rzerdnm‘wd
”(Bﬂ%ﬁ&ihg %Sﬁekh ?é) rfRAAR mermw&fél cl‘iédk! @&%@&dl@éﬁad

Sl n (oca I on cases 1 nvol ve check I Ng
\Fgﬁf@}l

aﬁngcrhﬂd ahpndcthat wé@cdqeb et mchca;q: that thereeas a.cpncurrent
b eéo?ﬂ%ctﬂ%&c&&sr %?] ?&%ﬂé@ fsggérgs%ﬁ{éﬁ &(teég{aeif ir% o? Ejaz gp&ﬁng
( he S’EMJIanl fohthe bbjettdnvaleed, nﬂmamm:hhalgt is lsebj &Thd ¥\dord,

SRR A sl e o TR S IRl e

Cdﬁmtﬁﬁn@nﬁat ﬁ_lﬁﬂcﬂfohgﬁtsuﬁjectg@lﬁgﬁ@traﬁﬁbsﬁloﬁﬂg@ﬂﬁke.c aSﬁ i ; y
represented i n_exten updating the
word f “f’glée@bﬁ%%‘te’?aw W%‘@”?%Eﬂ%atl ng that it is
subj ect tm:a non-transactional update, (b) updating
the fiel dgs1 Ecoren bj frgreddoSTM Wor d once nor e,
i ndi cat i ngt enEatf191dr%> (98) | onger subject to a
non- t r ansict'f Grrgkenspkicd #hgs‘”‘:?ﬁé IR for an exanpl e
Iooks as fallows: 10LI: sl = openoneobjforread(ol) tl
getfi elghcx%lgg,gnéogjf(drgmg@gﬁobj (ol, sl)) goto Li
15L2 S2 pur@parereeb) fray updat e(02) putf| el d<x>(o02, ti)
comm t onewdypftoReck§Ap2, Thses | npl enent ati on i nvol ves two

distinctions with the STMinpl enrentation

This implementation involves two distinctions with the STM 1mplementat10n

described above. The first is that, unlike the STM implementation above, temporary

storage is found in local variables rather than in transaction logs. This means the

variables may be allocated in processor registers to make it fast to access them. The
second distinction is that the transaction starﬁng at L2 cannot abort and so it is
unnecessary to log the value that is overwritten in-“02.x™. |

In yet another sﬁong atomicity implementation, the compiler performs
further optimization to limit the number of fields that must be expanded in this way.
In one example, the compiler performs a type-based analysis to identify all fields
that may be written in an atomic block. Any other fields, which are guaranteed to
never be subject to access in atomic blocks, may be accessed directly, and thus will
not require strong atomicity operations to be inserted around them.

Figure 7 is a flowchart of an example process 700 for introducing operations
to implement strong atomicity. Process 700 corresponds to block 520 of Figure 5.
In various implementations, the illustrated process blocks may be merged, divided
into sub-blocks, or omifted. ‘The process begins at block 710, where a type analysis

is performed to determine fields which may be accessed in an atomic block. As
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20 descri bed above. The first is that, unlike the STM
i npl enment ati on above, tenporary storage is found in

| ocal variables rather than in transaction |logs. This
means the variables nay be allocated in processor
registers to nmake it fast to access them The second
distinction is that the transaction starting at L2
cannot abort and so it is unnecessary to |log the val ue
that is overwitten in "02.x". 25In yet another strong
atomcity inplenentation, the conpiler perforns
further optimzation to limt the nunber of fields

t H@dcnﬁéthl bobﬁflﬁﬁﬂﬂﬂﬂﬂi‘nt dnthttgﬂltﬁg‘d@p/eril‘ohﬂe@tﬁ?vﬁi&aﬁa{l&%s t he
iler rfornms, a type-based analysis to i i

o eioR Pﬁgﬂqnﬁé@ QEHRORS $281St FOBATY FOEHHHS fg’c‘ténz

OLARE a CodHies Né&f‘ lafBlo@d ’PZOEH ﬁfe'ﬁ‘ﬁf}eﬁc@egs@n {he pid, (frﬁﬁ isT8&Y &Pt

to access in atOHIC accesse di rect y
ahichiean acgeps a figdd n@ttam@qu ian etosrtw blagk, asingithsi fiejds determined in

OBRERY) 01 S et RSB B i 7l 6 7
i nmittedyaidthe proeesabf blosk 729 oamlxioatemvbrysnexmrg aavesaautsideyof

Proces [ s to block 520 of Figure S. In
QEQF%EIOPFF%P%'" ﬁ%‘f‘%ﬁgng ?tﬂ’e“‘t‘tlyl"a ¥EHMed process
bI ock slaleﬁythb Protess@estinugs 1o dieﬁtohﬂ&kgﬂg 1\*3&@@\/%3 com@piler
tte rocess at ocC ere a pe
. SlPRppes lggle agcesetoas? 3’ TaR s 1eacher 41 Updge aggsss rﬁﬁv&y
bEcoRs:GS & $6d, he prkesd coifintiePloMdck - 730SwRS & bjadorkay €,
in one |nplenentat|on this is perforned t'o avoi d

nistRetion i insertedibsferathe seqesm dn anoimplerentation, tis ivimiction is
o8 Gggt’g%getdﬂg BRCK uiifIoess 3618 tREGDe &?@t‘*ﬂtw&aﬂﬁ Fibfls R0k thitlhe

J ; menory access in programis
| semogdacskischn properdycread the fiefd wing acogssel. dpdnatherathe operation

585 DL€ s B, L LR ol

btimskmi’dl&clmm MNexQ &t Bloeko740a0 check msﬁnmsmnsértetllaﬁeﬂqha 20

can | ocate e ccess out side of a
o o fos i s b e B Fovae Ot bR et pyresp LA ord did
Nagd mdlbil;te a Rhahge J&Sthe gelﬂlbﬁhhgﬁreddo I? i @p&mchiaﬁ&}(pﬁﬂﬂecé above, -
ere t e comi ] er term ne e access ed in
i§ dopgyby recejving ap S M‘é{ﬂrd@bﬁlg k7 %@e@ﬁssnr&tht RV ord to

aﬂﬁ%‘ﬁécld Spefatibf ﬁﬁbloémopﬂﬁca?s‘b%r&%ta' AueR éd@leﬁﬂy%ﬂﬁcﬂﬁt@vents

where an open-for-read instruction is |nserted bef or.e

t Redepptimization frogyye-ordeping therprdariob the strpRgsatpmicity gperpigens; s
conf i gtf:jﬁdi»ﬁ I, Bloee Kzsialﬁérmﬁés theSacBds & dnQuplifie &th Froddls STM

word an us ensure t he menory ac ess ca

?P@ﬁ@ﬂ@%ﬁo roboel 75%6”&%?@;}9@1%@;@@@@@@9&0:1 in ingentadrhsfore the
06009 B A1L16195 308! RS B AR b SoolFo 3 8

ry access | access
nebrdfiemn theoalfject bising accadsed) Ilmcﬂder?té(p;re\antodthartac@mts rthaest i on -

is inserted after,. t cess to.ensure that

o PR e o Mool AL R R B SR G e atter
N ¢He rhéibrg at@sHtoCbMAGEhé ﬁpdahﬁaeiﬂoﬁhéﬂ :h@lhe"lgexﬁ@@ficcebﬂ Inlode

i mpl.enent ati on IOV|d§d

ab this is.d
r BRRIPRFRiEHon, a EqRion GRRberfo ¢ ehiect-ascesied ltﬁ?gﬁ% Ip grother jt

-

Wit Nedtha debisiok bREIE 785, tBe ccthpiltk A8kmAAG if thBleSiréd RRional

creates a data dependency which prevents 20 code

o PPT-AORUG TISTROTY AGHTSPRS. étseethp REPCRSIdeRsAlie i not, theerocsss ends-
atomcity operations. If, however, bl ock 725

determ nes the access is an update, the process
continues to block 750, where an open-for-update
instruction is inserted before the access. In one

i mpl ementation, this instruction is configured to
modi fy an STMword fromthe28bj ect being accessed, in
order to prevent other accesses, thus 25 providing
strong atomicity. Next, at block 760, a commt
instruction is inserted after the nenory access to
conntt the update perforned at the ~Menory access. In

o o s o g,



10

15

20

25

30

2.2.2 Renovi ng Read-to-Update Upgrades Anot her

hi gh-1evel optim zation perfornmed by various

i mpl enentations of the STMconpiler is to avoid the
unnecessary | oggi ng whi ch occurs when a nTnopenFor aead
operation is followed by a DTMO®penFor Updat e operati on.
One 5 design assunption inherent in the techniques
descri bed herein is that reads are nore common than
wites, which is why these techni ques use separate
DTMOpenFor Updat e and DTMOpenFor Read operations; the
open-for-read instruction is able to conplete nore

qui ckl 2.2.2HOREMEYing ReABté-UpdarUptihdesar € read from and
then witten to (Fhe canoni cal exanpl e being

"obj . f Abtiietthigh-leveloptimiztiompefdrined biRvavidus ithplempntations of

operati-ons wi L.l | ook sonethin i ke .
DR BB el o9 TR GAPy lgfie i ocours whena
Diivicpenieakbiptiaicedtidhiis folldwidBy oirop Lkt B R0 B'?eration. One
of fsetof (obj.field)); obj . field =¢; .. LT the
pAsRATs FaRtionduharerit ithe frchnigues St ‘é@ﬁ hgreinji thatygads@re more
S @&HmbA Banivirit¥d, Whidh§#GHy & ©RRRUEPLscUBRRAE POI Nt,
i gnoring exceptions for the noment. Since an )
0 PBYPreoforUpdhtednd DD PRRR ragrstopemtions Atk apen-forercatimstruction
obyj - f e 0 ' ' S ]
0 o coIeRARbre ookl Rbueders SR 3 0ploBis SRR rord B
uthen adtitten ka (thecendnioal emample béihg tobgfieldo” ) i Imthiy cgse tifedRrwith
t he oooen-.for- ﬁdal%e oper a ion earlier: '
poR o wtlpk fymehipE Whe b *f ol q 25t = 4,
DTM_ogFiMebeiStosre{adbb;) ;of f set of (obj . field)); obj.field
=t; t = obj.field;

E = t+1; -

DTMOpenFoxrUpdate (obj) ;

-DTMLogFieldStore (obj, offsetof (obj.field));
obj.field = t;

If the program reaches ﬂie open-for-read point, it can be seen that it will
reach the open-for-update point, ignoring exceptions for the moment. Since an
- open-for-update subsumes open-for-read on the same object, the open-for-read
operation is wasted. This is known in one implementation as a read-to-update
upgrade. It would be more efficient to simply perform the open-for-update

operation earlier:

DTMOpenForUpdate (obj) ;

t = obj.field;

t = £+1;

DTMLogFieldStore(obj, offsetof (obj.field));
obj.field = t;

~ Thus, in one implementation, the compiler removes read-to-update upgrades

- asthey are found. - Generally, this can be handled by the compiler within a basic

block by a straightforward dataflow analysis, upgrading DTMOpenForRead

operations if followed by a DTMOpenForupdate. In another general case,
 DTMOpenForUpdate operations are simply inserted at the beginning of all basic

blocks from which all nonexception paths perform the same bTMOpenForUpdate

(without interveniﬁg stores to the variables involved). CSE then attempts to
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Thus, in one inplenmentation, the conpiler renoves
read-to-update upgrades as they are found. GCenerally,
this can be handl ed by the conpiler within a basic 30
bl ock by a straightforward datafl ow anal ysi s,

upgr adi ng DTMOpenFor Read operations if followed by a
arnopenroropriat e. In another general case,

DTMO>penFor Updat e operations are sinply inserted at the
begi nni ng of all basic bl ocks from which al
nonexcepti on paths performthe same arnopenForupdate
(without intervening stores to the variables

i relinfinageithe emmmmtwm speraions by welhast anytshbsequent a

DT enForU dat e o erat,i ons aﬁlgvgell as any subsequent

Beste %IOB";S é‘lsf’B SBRePHE  sane object. Figure 8
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e operations on
r edfperati onseon mbsametrhfztemhl Nexethaewhﬂaﬂplesmples haremumhta ahgect

ohj _ descrl chnl ques for elim,natin
0 Hofire AR e Sy Bt RSy o s
r ebsa\imblefr@fit rembedl If@fmtéﬂbxf]idiﬂt&s aiiuistaioaﬁelas fmlodﬁapﬂérmeds to

conpi |l er .needs tQq determneth t he
pgffgmnsﬂg SPETHD PRETEITRE A5 57 S0 S 0 @53%06%6 object, in

- Olh@eke of dhelimplefRAALION ofificifBRIsgTENt ation of static

fields In one.inplenmentation, the analysjs reqU|res

that t ow@&nm@aéh%@abfmslrmuerﬁ that the ohjeetreiseeneser

i t
et ofhter AR 1608 il ol ol 'R, B e ipdated in
i r’optvme theapemationso Mlmmssmpbmmah@ @mlldqngss a@ieoxongan upgrade

% \l;\xgaﬁ%ﬁénmen'i fl}%rﬁ mr{Bf oAt aﬁﬁ%zﬁ%ﬁﬁgﬁrﬁm?? Woll) T8 Ahdither

v ampbhieamﬁora static felids (Jdr Ivedaulésy aragbnteglied tlopegtadrien Iopereﬁi‘ons on -

SULELOON SO, SEIB AN Gharides WPe HRIVEAESWER B2 ghffereat statc

S lﬂetdsqﬁteﬁ a@imjgfb(mrrﬁg’eﬂé okject calhtfol§dlbdtat¥b fidlds. d&sexgmple process
ex [oce: ILOCESS O 1
d S Bl ity bt e PR Gredier fetpl Blevithospectio

Fjg[ﬁ@99 Next, at bl ock, 820, the open-for-read
oper ati ons whi ch were identified at bl ock 810 are

r epl ac dgxtatocks 820, mop&mﬁ%rrréado@@fa&pnwb% iverqidentified at
r ‘U]&k%ﬁ?@ fre r Oﬂ]ﬁ‘&d vitth Jgeﬁ G- Lﬁ)agte 3ﬂtthe same reference.

open-for-update operations are ermve I'n one 25

i nierrab blogk 824 redundant ppennfor-updaté openations meaemayed) yn one

afs

o doplonieh B ViF ol perfi Bk fchimBlf ek int BRBRRrblock 320,
Fibgtiisénsad 9enf:'¢rmd bg$te compiler optinfizatiohs desenipadfosFigure 6, such

[ %gent ation of a read-to-upgrade-renoval analysis
r § upgrades within basic blocks. Thus, the

conpi | arﬁllsmlenfmpBaty Eﬁprl]hnhﬂaioﬁ ofh mﬂ-&&ﬂpgradéf Remoealtanalysis
progra an . e ns n 0 -T.or-re .

D SRHaR? e Senathi st SR T the Soronle loviat fashppsigplock
S Gitife eAlire peograld kdnd Jorf cath SandR i lopén-FRdaddopeRfiond. | When the

first one is found, the compiler scans ahead looking for an open-for-update operation
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or assignnments to the variable pointing to the object
bei ng opened. If the open-forupdate occurs first, then
the conpiler converts the open-for-read to an
open-forupdate operation and del etes the origina
open-for-update. If the variable is updated, that
search is abandoned. In an alternative inplenentation,
the conpiler can scan 5 backwards from open for update
operations to search for open-for-read operations.
Figure 9 is a flowhart of a second exanple process
900 for renoving identifying open-for-read operations
whi
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p reisRiodd! Hodhtiock 966 tHetdoRpiIEAmbYs 'bhck'@%&cﬁ' a@ﬂ)sgﬁereeﬁéol

égnre glvh@%ﬁﬁ current set at the en each bl ock

v graphland fi &k inlstaredtinn imithe chmten) @wmﬂm}@@ process
u px%ﬁéahé‘ Owhfns %m#nﬂ:r H&%ﬁﬁ%eat sx&?b]%@% 9§5‘}§at5cﬁére b o ore

program pol e variab

i ninstoestiony, gte beginoipe nEthe basic hlpdlahas hem teheheﬂuWhee the;@tmpxler
ar ur. RS ock

30 31 SaoHE e bebiiting Bt BEoR S BREERTC ABuORs pideesspiElband
adbieck (i.orthe hlobksthat il ienpvta theadmirrest, bladkl) and mg:rééSE theoset with
renmove extra open-for-update operations later. In
anot her inplenmentation, partial redundancy ("PRE") is
used instead of aggressive adgition of open-for-update
10 instructions followed by CSE optim zation. This is
a nore general solution and can yield code with fewer
open instructions on sone paths. In one
|nplenentat|on the analyses descrlbed above assume

o oy o o o o o oy o
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15 thrown. This is because excePtions are not the
common case. This |l oss of precision does not inpact
correctness. However, alternative inplenentations
could be extended to consider exception edges in order
to yield precise results. Additionally, in alternative
i npl ement ati ons, the anal yses above could be nodified
to ignore other pieces of code. This can be done by
utilizing heuristics 20 which indicate that the

i gnored code is executed relatively infrequently
conpared with code which is analyzed. In one

| P se¥REUrad dtqhe drldQF 8ach oSS prédecisBrsS IRbhEiplementation, the
determ ned; in another they are determ ned from S
pPErcpssofiFiguse Sristrpragted until noftyngehapgesmpymoreagiviag a current set at

e TR Qi e TR Rty DGR Do h 0P B block

elipdating the scbisidhe sameawaylte g.the wtifiirieachi progrémmpjnt{ t m ngr

= LI BRI Lt Ll y N

t setarenidetatified forlthé purposes-dfbleckT&liol JThén, in one implementation, open-

? %?Nrglfpggt:%%&gg%igx{se qtjz%(qqeci H)Ir %échooff 1iclic’oescte %rgalﬁie%,t an§3v59g) CSE to remove
extra open-for-update operations later. In another implementation, partial
-redundancy (“PRE”) is used instead of aggressive addition of open-for-update
instljuctioﬁs followed ‘be CSE optimization. This is a more general solution and can
yield code with fewer open instructions on some paths.

In one implementatién, fhe analyses described above assume that exceptions
are not raised and so ignore exception edges and compute sets of objects that
definitely will be opened for update in the future given that no exceptions are
thirown. Thisis because exceptions are not the common case. This loss of precision
does not impact correctness. However, alternative implementations could be
extended to consider exception edges in order to yield precise results.

Additionally, in alternative implémentations, the analyses above could be
modified to ignore other pieces of code. This can be done by utilizing heuristics
which indicate that the ignored code is executed relatively infrequently compared

-with code which is analyzed. In one implementation these heuristics are statically
determined; in another they are determined from profile information.

Asan exa‘mple, after performance of the above processes, the code of

. Example 3 is simplified to the following, more efficient code:
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1 15n = n.Next; } while (true) 2.2.3 Myving Operations
in the Presence of Procedure Calls Many exi sting
conpi |l er optim zations can only conpare, elimnate,
and 20 nove code within functions, as the techni ques
are generally too expensive to apply to a graph of the
entire program However, through a high-level STM
opti m zati on of noving STM operati ons across procedure
boundari es, these optim zations can perform nore
efficiently. As an exanple, given the code: 25
Foo(obj ect obj) { DTMJpenFor Update(obj); } 30 Bar() {

DTMOOpenFor Updat e(obj ) ;  Foafehiple 335 it is clear
that Foqg wil] al vva){s open the object referred to by

its paP"éﬁtéFe’r;‘;(:%‘f“‘( The caller of Foe may al so

open thatbggggeg frgp%;teéf% %Méilsqr it may be calling Foo
Wi thin aygo,g0R COfnia.kuagber of ‘other things). However,

the proceddre=ca) | prevents anal ysis/optim zation of
Foo's actdoofis with the code in the caller. This 40"
opti m zat i oPrMypeRerReRE (pen) oper ati on across the call

bat her to cig%’é'v JS‘%Lagﬂp' rtunities for other
opti m zat | ons pofralorl & 981 *Pé’:l,oﬁﬁiéa@&sgééﬁx, 508
call er may havgidlstgady, done the operation that I's -
noved to it. &etem tnon-transaction-specific

}

n = n.Next;
} while (true)

}

-2.2.3 Moving Operations in the Presence of Proceduf_e Calls

Many existing compiler optimizations can only compare, eliminate, and
move code within functions, as the techniques are generally too expensive to apply
to a graph of the entire program. However, through a high-level STM optimization
of moving STM operations across procedure boundaries, these optimizations can
perform more efficiently.

As an example, given the code:

Foo (object obj) {
DTMOpenForUpdate (ob]j) ;

}

Bar{) {
obj = ...;
DTMOpenForUpdate (obj) ;
Foo (obj) ;

}

it is clear that Foo will always open the object referred to by its parameter for
update. The caller of Foo may also open that object (as above) or it may be calling
Foo within a loop (or a fumber of other thinés). However, the procedure call
prevents analysis/optimization of Foo's actions with the code in the caller. This
optimization moves the open operation across the call barrier to create more
~ opportunities for other optimizatibns. CSE is an obvious candidate as the caller may

have already done the operation that is moved to it. Other, non-transaction-specific
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optim zations may al so be inproved (for exanple, if
the sane object is repeatedly passed to a function in
a |l oop, then the open could be hoisted out of the

| oop). In one exanple, this optimzation is

i npl enented for the nunetni ngr and DTMOpenFor *
operations. In alternative inplenentations, the

optim zation could be 5 perforned for other operations
that nust happen if a nethod is called. Additionally,
in alternative inplenentations, the optimzation can
be perforned on operations that will usually happen if
a optitdiuati onssmayedlsoclst, ingpasved {foe exanpe, éths sanre ahjebt is repeatedly

erformangce Ln .unco n cases for,better r f.or rance
P oo aetab b A150R, Hien Einan i, R EEa Bt Belobts
| mpl engnbid dxample] s Sptiiidtioh isiaipleaidifed foethe phidet Bdigk Odhd
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e, nove utsiae 0O e ne oa ar ca .. a
bl dstermingd that ey a sipelesall taseet e¥ists ad E?Pl%F%dfa\‘SE vigtuglcall h 2
ofgifebtnBEt hod which allows the operation to be

perfornmed outside of the nmethod. If the 20 operation
gi ves &igusslf is a flowshyt obansxawpleiprosess 1009 dorapsimiziagiSTMh

o HUBERRs itnd i BLANERAIRLAGE SRS Pl DY b EBhas o

0 okt 560 0f Figuresy dd vetidusomplementationsetlie ithistratdd poocess dlagke
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oo ElsaR N T TR et R DR Ll Yo o
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re aced calls, a I TI Onha rgunents are | nclude
V\Aﬂ%EW‘%‘F BVERARISHY %%O@P%#&Zocﬁép%% plso adds apreumegt to the

t RgsiRa aRkflol o Bt thR T SMTRA Be pisfedibavn bel ow. I'n
anot her inpl enmentation of replacenment of calls, the

conpi | &fexiral bleck, A3 thempgitionsts maved aultaf dapsclonedmathodiig ghe
cl g %pm?fé%aﬁ _sg%%f @ i) thh&}rc'ﬁtf Rk Il%lg?x{t{&:?dn[ rather than

cl oned (speci ize Ver sl ons. ne co nen scans
aldloninegt the thsthiod exdedly pndrpmmvinggheoneration, thp tlaved mpthod is

C Qldafed ithoBOWE nfe 08 Sperddd> TheE BAMRYG: HbLCTGAP! Eis W e

or1 ginal versron o e runctron entirery. T'h sonme

c asigiahmethodare réiflaved evithriid eonddfmdtine], dnl dnessplerhertston of the

functiqgn . s ken t here wil ill,be calls.to.,th
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aggsofane ¥théds thaithiB tRhed shd' ARGIPHE fdif tHosefetols Rtheir

manager , replaces all occurrences -of GetTxMgr with
t H:‘lﬁn%g @pg&%@%@ﬂ) V%F%‘?R?u dbe ﬁ%q;pller then scans all methods in the program
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10 m= Get TxMgr(); 15> FuncUseeMgr _copy ( TxMgr ngr) m
=ngr; 20 In this exanple, calls to the nethod are
changed to calls to the cloned nethod with an
addi ti onal argunment containing the transaction

manager: Call < FuncUseeMyr> ( ) ==> ngr = Get TxMgr ( )
; 25FuncUsesMgr _copy (ngr) ; I n anot her exanpl e,
i nstead of having a single characteristic to track and
create a specialized clone based on (the transaction
manager), there are many. (each paraneter and each
static surrogate). For exanple, 30 Foo (object objl,

;0 b2 o 1@Plhcelhe caiB) %Eot_ﬁbbas)gs, Yhié té%g/tgﬁéfyﬂﬁﬂﬁa?&&ﬂéoﬁ@hall)

TMOpenFor Updat e, (obj 3 p . In this -
eXersion of the danctiempntirely. Jmm qapdsdiowevasy (Earrexample, if the address

< pr= . . iyl .

oBl o RulcBEE 1Y) ke ot B R B o kel (ol

obdmnot be remmved.i npl enentation, this is done by

performifg the "nust .be opened,.for. update SQ

Poi nt DIfPer Operp AR il S GRion Bche ekt By Bl 3oym, o

0bnd éxamplepifassetinid dohtais Get DiNlgr, tkrcomiptier dmmb jRintethal; Kdds

gglll éﬂ%aﬂrr aa(rtrrgett%(rsg r.egggﬁﬁmtpgl%a}_igagtz%{ I%gxgaagtg‘g ?ild r{%ﬁltac«éésallaclcgl?nences .

" epEaTKNIg: Wit @aeparpBeeAt i ons. The conpiler then

anal yzes sets a(t) &he root of the function. If they are
t

non- enptUe4Weh )t he conpiler clones the nethod as
above excgpl LEkmgPMi,ng the appropriate open

}

==> FuncUsesMgr_copy (TxMgr mgr) {

nm = mgr;
}

In this ekample, calls to the method are changed to calls to the cloned method with
an additional argument containing the transaction manager:

Call<FuncUsesMgr> ()

==> mgr = GetTxMgr();
FuncUsesMgr_copy (mgr) ;

In another example, instead of having a single characteristic to track and
create a specialized clone based on (the transaction manager), there are many (each
parameter and each static surrogate). For example,

Foo (cbject objl, object obj2, object obj3) {

DTMOpenForRead.(objl) ;
DTMOpenForUpdate (obj3) ;

}

In this example, the compiler would like to create a specialized version that
expects the caller to open objl and obj3 appropriately (but not necessarily obj2). In
one implementation, this is done by performing the "must be opened for update at

some point in the future" analysis described above as part of the process of block
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5 operations around instead. The conpiler stores on
the cloned function which paraneters are expected to
be opened (and whet her for read or update) for other
optim zations to see. 2.2.4 Reducing Log Operations
for Newly-All ocated Objects A final high-Ieve

optim zation serves to reduce the nunber of |og
operations 10 by renoving | og operations in a
transaction for objects which are new y-allocated
within the transaction. In particular, it is not
necessary to maintain undo log information for objects

W0 10 Hiay te 20819 Ei9 Gadkh onlly pansiedrd 818 stARsuRbgids| B idso
use the ipnformation in the undo |o

in. Q}is IS, because f [ L g ..
f Grendse o dp, Qfsp-gerrre 5" a8 ey af sepenifpr-yndate PRTRERDE] SR s
abehpiR4l thedlandirdsRet 81 thE rdob6f RO FfietionV If thel) %req{%hﬁﬁrgﬁ’y, then

anyway. 15Essentially, the optim zation Serves t

i theipmpilencloniea Bieanethasdas abes exbeph far ryptingithe apradijrists epen

t drsd NGE: ; 40N
s i B E i R forSh B8 e ol BLGRAAGHLR
Tharemeteisgue expedted td hesipereddgandiwhéthendtuionetd arf upeatelfonniber
pr .1100 for renmoving | og operations for
ngﬁf@%ﬁ“r“ég%feéd obj ects. Process 1100 corresponds to
bl ock 580 of Figure 5. In various inplenentations, the
20 i || 2234r aRedhcingicezs@pératichssforrNewihye AliocagediObjkctsi ded
into sub-blocks, or omtted. The process begins

at bl obfinehhigh-leyelontimization serpses te requear tieinpmber of g ensrasions
\Q@W‘?F‘Fgo@gt 228 Wb Ra HRh 61 o%ljé@ty \91?]01‘?51@ newly-allocated

ed in thelir transactfon. [n various
i withisrthetransacsion, In pastipmlarcie issnob hiedessarikto Mailaingndo log
p [ ' I [ i.ab .
R R drBple o i iRl u B0 R u e, s
2fs becayse thednfofthation i the vadalog forssuoh abbljedt isl dnlPused if the

rformed to arn_informati on abqut ferences at a
P s Hinpteri Wil ipgind the sdipe Pt ATl AIREE Lo an
A e L e i oo always
er s anal ysis, a | oC e conpile
r E%\ﬁég Oiaﬁafa ?haeéer&a@%@mdowemﬁ gt %fﬁevagﬁ@%ﬁ P&{ﬁaﬁn to delete

t RRUPeBbALG BSseIBficlsN Thi, PRRERS] 19N Hsiratds fRARhart of an
i npl énentation, 30 the conpiler perforns the process

ofxasiR Rrogess 3 106 for eqmovinerleg epmmtions farmpyhisallogaied pbjects.
apRRES 1166 Borf P t9bibék %%i"ﬁ?%u:@it ARAeduY Ripkdisitiths, the

e operations ose deconpositions do not 1'nclude |og

‘oplustatedprocess hlogkomaehe menged disndestintorsub-blnsks onpmitisd.

f Fi - e f
Phe. STHRRRPSE Bt & biobl P whire Fhd Gl G QERARS bibIE
ophichtarealwaysSHtuad fir ebjetsswiith ik nevwlyldbOatedingbsir framsaction. In

RS AR, RGP BB L gt ok
information about variables at different sets of program points in the program being
compiled. Thus, the analysis of block 1 110 may be performed to learn information
about references at a particular point, a small span of code, or through an entire
variable lifetime within a transaction. .

After this analysis, at block 1120 the compiler removes undo log operations
which operate through these variables and the process ends. In one implementation,

the compiler performs the process of block 1120 by replacing STM operations
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atomc{ p = new 10 neans that p is always known to
refer to a newy-allocated object with in the atomc
transaction block. Thus, it is safe to renove |og
operations which act through p. However, a piece of
code such as: atomc{ 15 if (...) p new, else P = q;
20 } does not easily provide information about whether
p always refers to new y-all ocated objects. Thus, the
conpil er nust performan analysis in order to identify
whet her variables are eligible for |og renoval or not.
251 n one inplenentation, the conpiler uses bit vectors
\Ah{wmbh tdcedsitieap et With secialVextanded Oaﬁlam Ffahebpekdtivhs whose
‘Sleécateslf each variable is knpwn to pe definjtely
prapRsitings 4o Aetingluds log eRgratipns L featothap IpRlerpeptation, the

eefok RS pitoédsesdt 'Fig%?é | Vathed @&donipbsitiSh 8f BB STH I);S&atxon
V\/nl c operations can be renoved, it 1s generall
sI@WﬂM?XWmWQd@OmPDSﬂdIQE opeeatony usage. | n anot her
i mpl e [ [
| P ofe kSl of i o MR B Bl e
bamdeWbiChckbelﬂ'mamlyznqbl laromn exaniple; codsushias:l be sl ow f or

i nterpragedyral analysis.

p=new ____ i

}

means that p is always known to refer to a newly-allocated object with in the atomic
transaction block. Thus, it is safe to remove log operations which act through p.

However, a piece of code such as:

atomic{
if (...)
P = new ;
else
= d;

P

} .
does not easily provide information about whether p always refers to newly-
allocated objects. Thus, the compiler must perform an analysis in order to identify
whether variables are eligible for log removal or not. -

In one implementation, the compiler uses bit vectors which utilize a vector at
every program point that indicates if each variable is known to be definitely
referencing a newly-allocated object. While this implementation will correctly
identify references for which log operations can be removed, it is generally slow and
involves a lot of memory usage. In another implementation, the bit vectors can
provide summary information for a large section of code, such as a basic block.

This implementation can still be slow for interprocedural analysis. A

As an alternative, in one implementation the compiler uses a flow-sensitive
interprocedural analysis to identify variables that are always bound to objects that

~ were allocated since the start of a transaction. Figure 12 illustrates a flowchart of
such an example process 1200. Process 1200 corfesbonds to block 1110 of Figure -
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As an alternative, in one inplenentation the conpiler
uses a flowsensitive interprocedural analysis to
identify variables that are al ways bound to objects
that were allocated since the start of a transaction.
Figure 12 illustrates a flowhart of 35 such an
exanpl e process 1200. Process 1200 corresponds to

bl ock 1110 of Figure 11. In various inplenentations,
the illustrated process bl ocks may be nerged, divided
into sub-bl ocks, or omtted. In the illustrated

i npl ement ati on, process 1200 is perfornmed on each
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f rausactiogitabe newlygderssd: Thus, at decision bl ock 1265,
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pﬁﬁé’fﬁo‘?ﬁ%@fea@e&c Jf‘ﬁus"f‘ercedee‘gioﬁtblo\’(’!k%565, the compiler determines if a

join point, such as the close of an if statement, is reached. If a join point has been

-

reached, at block 1270 lattice values from predecessor blocks are point-wise

intersected with the existing map for the current block, For the purposes of the
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intersected with the existing map for the current

bl ock. For the purposes of the analysis, the

begi nning of a function is considered a join point
fromall of its call sites. In either event, the
process proceeds to decision block, 1275, where it
determnes if there are nore operations to inspect. If
so, the process repeats at decision block, 1235. If
not, the process ends. This process may cause
propagati on 5 through the graph into variables from
ot her functions. Once the process has been perforned
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object format to support the version nunbers used by

the conm t erati on as well as a fast technique for
det er nidni ngigﬂﬂ'ﬁ 88 BB“QW"&H‘BB‘F“%ed on this
ext ensi | L4 f
transa |on§I%Hér%%r 15&?&5%0% e dI% gg%él%ﬁ{ g&ess STM s
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DIMStart, is called, objects are oagened for readi ng and

uRPHpzation nvolygs eeRding the,plypst dergaplp SURPQTt thg VeRsiOB pHmpers
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Internally, the conmt operation begins by attenpting

t mobictibased vm@l&%}e@&m@ wetime:filjesing of pntgpindhe transactional
G}ﬁ&h{,}%s @y 1§ﬁﬁ6‘§é§5§§edt hat no updates have been made
to the

by~ ot her transactions since they were opened.
If validation fails, a conflict has been detected: the

transacd} on Aéomwamitap@aﬁm ed back and the objects

it opened for e.close reupon th can
be. opert eyt erthe Puife tnR e wiprotdpd i e otk SF
S U@ ¢dmintitdpetdtion i tae sm mdiaﬁanaﬁ desetibell Mdréih OIi one
confllcts t he obj ects that Ita?c? d for update arag
C|e5§@3’e of an ggop{pqﬁ)% DFYefarads © led, objects are opened for reading

and update, and the commit concludes by calling DTMCommit to attempt to perform

those accesses atomically. |

Internally, the commit operation begins by attempting to validate the objects
that have been opened fdr reading. This ensures that no updates have been made to
them by other transactions since they were opened. If validation fails, a conflict has
been detected: the transaction’s updates are rolled back and the objects it opened for
update are closed, whereupon they can be opened by other transactions. If
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The validation process checks that there were no
conflicting updates to the objects that the
transaction read during the tine span fromthe calling
of the 5 DITMOXpenFor Read command to validation. Hol ding
obj ects open for update prevents conflicts during the
time span fromthe calling of the DIMJ®penFor Updat e
command to the closing of objects in the STMI og.
Consequently, there is no conflicting access to any of
t he objects opened during the intersection of these
time spans; the transaction can be considered atomc

j uatiddiheneceedsl thatathe transhaipnihas exbo®ted® withodticomlicts: the objects .

Enyi.ronmen Figure 13.i.S bl.ock diagram - -

T OBy et P it B SodHiES ot Lvar €

modul eTheRuakdution Broséss chékoial hitreSvord b SRiiingapates to the
durin untinme in a ruyntinme_environnent 1300, ile
Fioé'lﬁ"g thag the rasaciign wad puring toe HEe-spavhiera shecafime of they -

it i . ) i . i

| IO rOoia RORARRM foAltatch: HollilidiaUopen fr update prevents
diophiliets during theitimesspen froinnbe ¢alling, of dhe nmproFertndst agommand

. . L URT ] ; St ructures whicly. ar
nap Ut i o BbicEtd i TRk FoRablty S g
oeceas tonmyiof thelubjectsrvpened daring the imrenséctioa lod thgsenirhdispans; the
infl ated d h 315.. ti f th bj ect
i Rtein P e SPBRSRTEY oM IR BT TALQE RSB Pbed | i ¢ he
next section. Figure 13 also illustrates a read

val i daBizon Ruatine Bwbdfdnaiedt a obj ect update 20 cl ose
nmodul e 1330 for i rgl ementing the validation and close

pr ocedFigie b3 istarhlook iagram ilwatingtan sxampls of eljeqts andpoftware
e, Par t f ag | i . ~
- afibtes WEHiCH Gpétald 1ol BAfR STV pllA BB rifind i BERAGLe

heneironmesi $300: WhileRigure i3 ilhusirgtes partiodaranaiile séparataly.iing

Lat | .abl e 1350. which - in. . N
BP0 B bR S B ol e el gy e mereed
e v dividedfin @anidus icogbinagie brinthy\opetatees paasiof dthdrirminef

the_25 undo | og,1360, the updated-ohjects |o 370,
R Sareg b 1 pBeT Bapeiafisgetes th 08t 1310
| rpbRRintthe AGinRfentidntnehti, hlogf Wil aBiBRsBwadheader 1315. The
described in greater -detai| below, Finally, Figure 13

i |opgratien phibe abigetWithits itlatedswerd hieadrs ikl be desgrbsgp the next
SQEMRD, RS RALOTREBHQR Bl viMARA hoRYe B120 aﬁ@ab&@%%date

reachabl e i n_the executing pr o_%r amand to corrdpact /

| sipse madpled 388 faamplementingdhe validatien andelgsg procedures of the STM
[ . , ,
o D RAafbh, 38 BeRtbed b, el Hocl Y HRES BRI Ropoct

s de bbjects itethe nintios: eaxiaonmhens are fdescribed bareips Figvesd] 3t aglditionally

S rt. .t val I dat.i.on d- onl v ' nd 1

o iRiates's MR ASBIAOR ble 133000 RA N SPnE fPhilerOfad s e
| rand peevemty hameeessary icotiies friv@ beiblyllogget iiry eRiousvcomaliinitioas df the

C i 80 e et S Bt B2 3FisRl oeaso.

c Wiﬂp%bﬁ%t%dﬂfﬂ%ﬂﬂﬁmﬁﬁ?g Paseedshiee dﬂf@bmu i t@lﬁﬁtef dutail

u e,_a n ' M snapshot, used in fasjf- Qge

¢ delays. e%{lﬂgfoﬁﬂlrecﬁ IHgstraEa aeabagerolisstionmo 20 il serves
t 18 88.ANddaR bbRE WiRAdheyRXERPloRSerdéacRiMIE Alth®Bikctifigfogram

t hese data structures are as %‘ol | ows: word

GendTMARRACD] Mdeessiuring gabagecpleptom Brdpeny implemsntajigpsof

Priki¥ gatdRELcaNet ' Cbj ect ‘0, word
nextf snéapshot &éel%{&g%%sﬁg%%}ﬁt 0)

)

34



10

15

20

25

30

wor d Snapshot Towbr d( snapshot An object's STM word has
two fields. One is a single bit which indicates 15
whet her or not the object is currently open for update
by any transaction. If set, then the remai nder of the
word identifies the owning transaction. Qherw se the
remai nder of the word holds a version nunber.
OpenSTMMrd perforns an atoni c conpare-and-swap on the
STMword (fromprey to next). Cl oseSTMMrd updates the
word to a specified value. 20Figures 14a and 14b
illustrate an exanple of inplenenting STMwords in

obj ect 53 Th@p} elc{mit@,teed i npl enentation utilizes the
fact that the Bart nuati me associ ates a single
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200ne net hod of guaranteeing this condition is to

i npl emrent the STM snapshot as the val ue of the
object's multi-use word. Clearly, this inplenmentation
nmeans the snapshot w Il change when the STMword is
stored directly in the nultiuse word. However, it wl]l
not necessarily change when an infl ated header word is
used. In one inplenentation, the snapshot for objects
using inflated header words 25 could track down and
expl ore the inflated header word for each object.
However, this is an inefficient practice that is at

odiitve twd typbd\6f vailias, a8 tedtBkéd Wbole Sth eR&AH18 1920, the STM word
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processes for block 1670 may avoid unnecessary tests or memory accesses because

of the knowledge that the snapshot has not changed, and thus may execute more

' quickly than tests of block 1680. In various implementations, the exact nature of
these tests may depend on the nature of the underlying transactional memory

' implementation. For example,‘ in one implementation, described below 1n code

Example 6, code performing a validation where the two snapshots match nee“d'only
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4. Exanpl es of STM Loggi ng and Commt 4. 1.

Exanpl esof STMLogSt ruct ure Eacht hr eadhas a

separ at et ransact i onmanagerwi t ht hree | ogs.

Ther eadobj ect | og and updat ed- obj ect | og track objects
that the transaction has open-for-read 5 orforupdate.
The undo | ogtracksupdat est hat nust beundoneonabort. Al
| ogs arewittensequenti al |l yandnever searched. Separate
| ogs areusedbecausethe entries in them have different
formats and because, during conmt, the system needs
to iterateoverentries ofdifferentkinds in turn. Each

| elgeck @ siiple8TMasbrd £ detedinietiDit isovind by thraﬁiﬁcﬁd)lﬁﬁxd 1f>mat

t heycan t hout copyi ng OFi gur.es 18a, 18b,
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I Eé ei | | ustrat edexanpl esof Fi gures 18a, 18b, and 19a-c,
t -di gi tval ues 15 ontheright-hand side of the

iTl'k\zAMl) g Elxgﬁfer 1639 a e tveharl f th BRATSFIE pfo&esfsfwﬁn(bEgﬂ MIMg an objéct
eop Iontro a pens
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new header word. Then, at block 1780, the object update close module 63.0 modifies

the multi-use header word of the object to point to the new inflated header word.
Finally, at block 1790, if garbage collection is taking place, the old inflated
header word is left in place until reclamation by the garbage collector 1390. The
object update close Ihodule does this to prevent the scenario where a second change
- is made to the object in a different thread and a third inflated header word: is written
in memory reclaimed from the first inflated header word. If this were to happen
while a transaction reading the object were open, the snapshot for the object could
appear to not have changed at commit time, even though it has changed twice. This
could allow the transaction doing the read to commit when it should have aborted
due to the two modifications on the object. In one implementation, the process of
- block 1790 is performed by leaving the object in place until such a time as it is safe
to reclaim the object, in one example this is done when no transactions have the

object open for a read.
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} else |l /'l Open failed: make
the transaction invalid 35Beconelnvalid(tx); } else if
(Get Owner FronSTMMWrd(stmword) == tx) { [/ Al ready
open for update by this transaction: nothing nore to
do el se /'l Al ready open for update
by anot her transaction: 5// becone invalid

, Beconel nval i d(tx); Figure 18b shows this result. Note
that, in the illustrated inplenentation, the "offset
10 in log chunk” field is used during garbage
collection as a fast way to map an interior pointer
into the | oExaniplés cfSTM doggingand Wemmist node in
Figure 18b) to a reference to the array of log entries

Coch T SRR i T RiaRe, o Diogpede o open
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20mmtwrigter seqabnﬁ_aﬁy and hever se‘amhed).a&i:phxate: logsvre yset-because the

- entries in them have different formats and Because, during commit, the system needs
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to iterate over entries of different kinds in turn. Each log is organized into a list of
arrays of entries, so they can grow without copying.

Figures 18a, 18b, and 19a-c illustrate the structure of the logs using the list
example from Example 2a. Figure 18a shows the initial state of a.lis"c' holding a
single node with value 10. It is assumed that the multi-use words of the objects are
both being used to hold STM words — in this case the objects are at versions 90 and
100.- In the illustrated examples of Figures 18a, 18b, and 19a-c, the two-digit values
on the right-hand side of the STM word conespoﬁd to the indicators of Figures 14a,
14b, 15a, and 15b.

One operation from Example 3 opens this for update, using opensTMWord
to atomically replace the version number with a pointer to a new entry in the

updated-object log. One example of pseudo-code follows as Example 4:

Example 4

void DIMOpenForUpdate(tm_mgr tx, object obj) {
- word stm_word = GetSTMWord(obj); .

if (1IsOwnedSTMWord(stm_word)) {
entry -> obj = obj; .
entry -> stm _word = stm_word;
entry -> tx = tx; .

word new_stm_word = MakeOwnedSTMWord (entry) ;

if (OpenSTMWord(obj, stm_word, new_stm_word)) {
// Open succeeded: go on to next entry in the log
entry ++;

} else {
// Open failed: make the transaction invalid
BecomeInvalid(tx);

} else if (GetOwnerFromSTMWord (stm_word) == tx) {
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Figure 19a shows the log entry it creates. No attenpt
is made to detect conflicts, follow ng the design
assunption that contention is rare, so the benefits of
25 discovering it early are outweighed by the cost O
checki ng. After reading the Iist nodes, the
final step is to update the sumfield.
DTM_ogri el dStore records the overwitten value with an
entry in the undo | og as shown in Figure 19b.
Pseudo-code for this is omtted - the particul ar
record used is influenced by garbage collection
support in tVHerlBardyokpsy Stenpdsedby mhinér@gEaction: nothing
i mpl enment ?tr 02 r Be¥feEodi®si gns will be appropriate in
ot her sys The. undo Io entry. records the a dress
5 of the overfi i_t:eady ’g t(eolﬁﬁ'e‘?‘f:1 i ranﬁcq:
Thi s avoi ds Bg&_rmrégmuiggrd,@r poi nters, whi ch are
expensive tqQ process in sone garbage col l ectors. The
entry al so distingui shes between scal ar or
ref erence-typed stores. This {ﬂ{?e information is

ne@a@re 18 stooysahig asuligNotedhat o tlsr igustiated dmplementation gl péfset

0 R B S A SR TR )y

j usdintemintedbe log {sush ds ﬁ)h‘efrmx drenkistinpdeinigute l&h) to haeferente to

Wri.n rbage collection. 4.2 Exanples
ofthg%r‘rr?ﬁ‘%lﬁéé(%ng’e r}‘r°g‘§‘99rﬁ'ere are-two phases to DTMConmit
i Nt he Thepisesumithiak egdinpld @meddbaﬂolﬁn lesohdishhodelfor fead. DTM

¢ PSR i A BBt DleF s I B E AR 1 Roent STM

15 WeynBpshBE6 theb Q.  BXaEMIeS shb@faf eksmpl® o8RG beudbR6&:
obj ects opened for reading explicitly because that

fact |s recorded only in thregggapiesvate transaction
| ogs. mple 6, as foll ows, shovvs the st&ucture of

val i dat"é’ﬁ%a’d% ErRe"’Fﬁ@"r‘“e‘“% nber of

cases in LHEYPSe oo SOt F)ért% na\? dsign is

20 clearer i éntQ?nSJ dar eda@gsroa =db§dx S84 ne); of cases in
terns of &keyoperations on the DIMinterface. The

cases M1, V2, and V3 below indicate that no conflict
has occurred VI - The ob%ect was noQt open for up ate

at Figwrg 19ashopvsithe log entry i greates.i N eeraptismpdsto detscieo
0bjoAGHin %} 4@3@3 aisgﬁlp’timﬁntaﬁcoménﬁﬁﬁs Ers%rrﬁe berneRaRet i on
(0] e

for the uration - OJeC was
25 ordigflomerinigit ensly apamiweighed hpytthe eost efeheeking.cur r ent
Lr gnts ACL QN thed'fist 35545 15?% ﬁﬂa%&g {’1!3 V‘ngﬁatg Bfefh tﬁeicP r
u pdmtegﬂiylmei—mcoxﬂs the Dy ertwritten fvalne with aﬂenﬂ'golne:he undo log as

du rh%%vln%] Figure 19b. Pseudo-code for this is omitted — the particular record used

is influenced by garbage collection support in the Bartok system used in one

30 implementation; other designs will be appropriate in other systems. The undo log
entry records the address of the overwritten value as an (object, offsef) pair. This
avoids dsing interior pointers, which are expensive to process in some garbage
collectors. The entry also distinguishes between scalar or reference-typed stores.
This type information is needed in some garbage collectors. Finally, it records the

35  overwritten value. In another implementation, a shorter two-word log entry could be

40



10

15

20

25

V5 - The object was originally not open for update,
and anot her transaction was the next to open it for
updat e. These cases are marked in the exanple
pseudo- code. Some occur nultiple tinmes because it is
useful to distinguish between occasions where the test
made on 25 the STM snapshot fails because of an actual
conflict, and where it fails without conflict (e.gqg.
because the STM snapshot changed when the object's

mul ti-use-word became inflated). Faansple6 void

Val i dat eReadObj ect (tm ngr tx, object cid, read _entry
asddﬂhat hofds hstapsdiedss adthe B@eﬁﬁrhﬁ:én @oid; 3t thecost of more work

m. snapshot ;.. snapshot cur_snapshot =
P@ﬁ\@ﬁ%&ﬁ Gdlscl "word cur_stmword =

Snhapshot ToW)rd(cur_snapshot); if (old snapshot ==

cur _snagshoExampléOéf CommiInetedibésh: no-one has cl osed
the object if (?IstedSTM/\brd(cur _stmword)) If Vi:

OK:  Snaherhare twn @h@ng@cDT ME ommnit inithe implesengations described
( ' S —_——
OE&E ; dg & u“'t?g&?g '%p Ei%t?\/\%{oq}l 7 E@p‘ég(%peggdlﬁ{o it gaag d
1ttel ssmn{l cldsesxthe o@pﬂm’&ﬂt wae opqnfédtfm' uUpdatan@hdre is doxmeed to close
Beg nt'gl nval i d(rt Q

objects opened for reading exp11c1tly because that fact is recorded ‘only in thread-

private transaction logs.

Example 6, as follows, shows the structure of validateReadobject. There
are a large number of cases in the pseudo-code, but the overall design 1s clearer if
considered as.a disjunb_tion_of cases in terms of the operations on the DTM interface.
The cases V1, V2, and V3. below indicate that no conflict has .occurred:

. V1 — The object was not open for update at any point in the

transaction’s duration.

. V2 — The object was open for update by the current transaction for
the whole duration. ,
. V3 — The object was originally not open for update, and the current

transaction was the next transaction to open it for update.

° V4 — The object was open for update by another transaction for the
whole duration.

. V5 — The object was originally not open for updaté, and another
transaction was the next to open it for update. |

These cases are marked in the example pseudo-code. Some occur multiple

times because it is useful to distinguish between occasions where the test made on

~ the STM snapshot fails because of an actual conflict, and where it fails without

conflict (e.g. because the STM snapshot changed when the object’s multi-use-word
became inflated).
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} else f // Snapshots m smatch: slow path test on SIM

wor d word old stmword =

Snapshot Towbr d( ol d_snapshot) ;

(1'1sOwmedSTMMrd(old stmword)) [ if (old stmword ==
nf |

cur_stmword) { // VMI: OK 5Th word i

the transaction else if

25i f

ated during

(1/sOwmedSTMMrd(cur_stmword)) { 30// VS. Conflicting
update by another tx Beconelnvalid(tx); 1 else if

(Get Omer FronSTMMrd(cur _stmword) == tx). { //
Current tx opened the object for update... update
entry *update_entry 35CbtirnnmmﬁnﬂasTnmord(cur stm

b33 AR Grbb et R K 4 RA0RE, Ty ¢

cl osed

/1 the obj ect for

updat e bedmapehdtheld shdmRbt =Xerdtdy/ - OpeN @flapdhot ;
_snapshot cur_ snapshot = GetSTMSnapshot (obj});
woxd cur_stm_woxrd = SnapshotToWord (cur_snapshot);

if (old_snapshot == cur_snapshot) {
// Snapshot match: no-one has closed the object

if (!IsOwnedSTMWord(cur_stm_word)) (
// V1: OK: Snapshot unchanged, no conflict

} else if (GetOwnerFromSTMWord(cur_stm_woxrd) == tx) {
// V2: OK: Opened by the current tx for
// update before read

} else ({

// Vva: .Opened for update by another tx

BecomeInvalid(tx);

}
} else {

// Snapshots mismatch:

T

slow-path test on STM word

word old_stm word = SnapshotToWord(old snapshot) ;
if (1IsOwnedSTMWord(old_stm_word)) {
if (old_stm_word == cur_stm_woxrd) {
// V1: OK: STM word inflated during the

// transaction

} else if (!IsOwnedSTMWord(cur stm word)) {
// V5: Conflicting update by another tx
BecomeInvalid(tx);

} else if (GetOwnerFromSTMWord{(cur_stm_word) == tx). {

// Currxent tx opened the object for update...

update_entry *update entry =
GetEntryFromSTMWord (cur_stm_woxd) ;

-if (update_entry -> stm word !=
SnapshotToWord (old_snapshot)) {
// V5: ...but another tx opened and closed

// the object for update before the current tx .

// opened it

BecomeInvalid(tx);

} else {

// V3: OK: No intervening access by another tx

} else {

// V5: The object was opened by another

// transaction

}.

BecomelInvalid(tx);

} else if (GetOwnerFromSTMWord(cur_stm_was) == tx) {
// V2: OK: Opened by current tx for update before

// read
} else {

// V4: STM word unchanged, but. previously open for
// update by another transaction

BecomeXInvalid(tx);
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Beconelnvalid(tx); } elsef // V3: OK No intervening
access by another tx 451 else { // VS: The object was
opened by another // transaction seconelnvalid(tx); }
50} else if (GetOanerFronSTMMrd(cur stmwas)tx) f //
V2: OK: Opened by current tx-for update before // read
1 else { [l 174: STM word
unchanged, but-previously open for 55// update by

anot her transaction Beconelnvalid(tx); 1

Exanpl e 7 shows the C oseUpdatedOQbj ect operation used
to close an 5 object that was open for update. Exanple

7 )
}
}

Example 7 shows the closeupdatedobject operation used to close an

object that was open for update.

Example 7

void CloseUpdatedObject (tm_mgr tx, object obj, update_entry
*entry) { , . : .
word old_stm word = entry -> stm_word;
word new_stm _word = GetNextVersion(old_stm_word) ;
CloseSTMWord(obj, new_word);

Figure 19¢ shows the resulting update to the list structure, with the new version
number 91 placed in the list object’s header.

It can be observed that, with 29 bits available for the version number, one
can obtain around SO0M distinct versions. The illustrated design makes it safe for
version numbers to overflow so long as a version number is not re-used in the same
object while a running transaction has the object open for read — an A-B-A problem
allowing the reading transaction to commit successfully without detecting there may
have been some 500M updates to the number. ' '

For correctness, in one implementation this is prevented by (a) performing a
garbage collection at least once every S00M transactions, and (b) validating n_mﬁing
transactions at every garbage collection. An entry in the read-object log is only
valid if the logged version number matches the current one: the result is that each
garbage collection ‘resets the clock’ of 500M transactions without needing to visit

each object to update its version number.

5. Runtime log filtering

This section describes a runtime technique to filter duplicates utilizing a
probabilistic hashing scheme to filter duplicates from the read-object log and the
undo log. Log ﬁltcﬁng is generally useful because a) a log can take up substantial
space, draining system resources, and b) once a particular memory location has been
logged as having been written to or read, the}'e is no need to log further. This is

because, during validation, the only information needed from the read-object log is
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voi d O oseUpdat edObj ect (t m ngr tx, object obj,
update_entry *entry) word old stmword . entry ->
stmword; 10word new stm word = Get Next Version(old
stmword); C oseSTMMrd(obj, new word); Figure 19c
shows the resulting update to the list structure, with
the new version nunber 91 placed in the list object's
header. 151t can be observed that, with 29 bits
avai | abl e for the version nunber, one can obtain
around 500M di stinct versions. The illustrated design
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The filtering scheme described herein probabilistically detects duplicate

logging requests to the read-object log and the undo-log using an associative table.
While the implementations described herein are with reference to a hash table, it will
be recognized that, in alternative implementations, the filtering techniques and -
systems may use different implementations of the associative table. One
implementation uses per-thread tables that map a hash of an address to details of the
most recent logging operation relating to addresses with that hash.

It may be noted that, in one implementation, only one associative table is

- necessary to filter both the read-object and the undo logs. Stores to the read-object
30

log use the address of the object’s header word, wheress stores to the undo log use
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updat ed objects log. This is because DTMOpenFor Updat e
W ll not permt duplicate log entries to be created
for the sanme updated object header within the sane
transaction. In other inplenmentations such duplicates
may be created and m ght therefore be filtered.
10Cenerally, a filter supports two operations. The
first, a "filter" operation, returns true if the

speci fied word nust be present in the filter. It
returns false if the specified word may not be present
inthe filter, adding the word to the filter as it
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shgﬁbéljff(gﬁlgvhp;httﬁeyaa;@crwgd hash code, which serve to
identify the slot to use, and the renai nder serve as a
tag to identify the address uniquely. For instance,
word Ox1000 15 woul d have tag-1 slot-0, word Ox1001
woul d have tag-1 slot-1, word 0x2000 woul d have tag-2
slot-0, word 0x2001 would halde tag-2 slot-1, and so
on. In alternative inplenentations, different hashing
schenes are used. Additionally, while the hash table
2000 shows the transaction nunber as




10

15

20

25

30
‘ f

BB ol o B

separate fromthe nenory address, in various

i npl ement ati ons, the transaction 20 nunber is conbi ned
with the nmenory address, such as with use of an XOR
operation. The XOR operation is used, in one

I mpl ement ati on, because it is a relatively fast
operation and can be undone by a successive XOR In
alternative inplenentations, different nethods of
recording the transacti on nunber are used, such as
replacing the loworder bits in the nmenory address
with a transaction 25 nunber, or using the addition

oper at TA&ugagt 6Ethe h’a@acﬁmm NHEdhAS {1Rend-1368 S€to3revent an
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Then, dr ess isto
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tering log entries. n vari ous at1ons
illustrated process bl ocks nay be nerged, divided into
sub- bl ocks, or omtted. In various inplenentations,
process 2200 corresponds to the process of block 2140
of process 2100. Process 220 begins at bl ock 2210
where the address is hashed to find the proper hash
table entry. Next, at block 2220, 30 the address to be
filtered is XORed with the current transaction nunber
(received




fromthe transaction count). In one inplenentation,
the hashing is perforned as descri bed above, by
splitting the address into a hash code and a tag

val ue. The process then proceeds to decision bl ock
2225, where the value of the hash entry is checked
against the XOR result lithe two match, then there is
no 5 need to | og nenory access again, and at bl ock
2230 the log is not witten to. If, however, the two
do not match, then at block 2240 the XOR result is
witten into the hash table entry, and at bl ock 2250
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6. Examples of Garbage Collection

Genérally, garbage collection (“GC”) prdVides a mechanism for
20  automatically determining when a memory object can safely be de-allocated because
it will no longer be required by any thread in the program. Garbage collection is
incorporated into many modern programming languages and forms part of the
Microsoft NET framework.
This section describes various implementations of integrating GC into the
25  STM techniques described above. However, such integration is not easy. To |

iliustrate the problem, consider the following example:

atomic {
tl = new LargeTemporaryObject () ;
// Computation E1
30 t2 = new LargeTemporaryobJect(),
// Computation E2
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30t2 = new LargeTenporaryQbject(); // Conputation E2
Suppose, forte purposes of the exanple, that the
conput ations perfornmed at El and E2 are both
sufficiently conplicated that GC is necessary for them
to conplete w thout exhausting nenory. Furthernore,
suppose that the LargeTenporaryQoject bound to tl is
used only in El, and simlarly the 5

Lar geTenpor aryCbj ect bound to t2 is used only in E2.

If executed without the "atom c' block then the space
occupi ed by ti could be reclainmed once El has
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In various implementations, the garbage collection techniques include

techniques for use in implementations of atomic transaction blocks for identifying
objects allocated within the current atomic block. Implementations also include
techniques for identifying which objects referred to by the STM’s data structures are
guaranteed to be unneeded by the program. Finally, the GC implementations
include techniques for identifying which entries in the TM’s data structures are
unnecessary for the future execution of the program.

While the description that follows relies in particular on the system described

above, implementations described herein are not limited to that setting; they can be
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used with other fornms of transactional nenory,

possi bly includi ng hardware transacti onal nenory.

The i npl ement ati ons descri bed herein are descri bed

with reference to a stopthe-world traci ng garbage

collector, for instance a mark-sweep garbage col |l ector

or 5 a copying garbage collector. However, this is for

sinmplicity of exposition and the inplenentations are
not limted to that setting; known approaches can be
used to integrate STMw th other garbage collection

t echni ques such as generational garbage collection,
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seﬂﬁw&ggbge of integration between the STM system and
the GC_ in another jinplenentation, there i s a greater
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10 is no |l onger possible to use themand to conpact
| ogs by renoving redundant entaies. In one
i mpl enentation, the process of Figure 23 is perforned
in place of the step in the typical GC procedure above
of visiting each of the object references of a visited
object. In alternative inplenentations, the process of
Figure 23 may be integrated into other general GC
procedures. 15In sone inplenentations, the process of
Figure 23 recognizes two qualities on logs in the STM
system The first is logs which identify objects on
WhidilsideRE “Stidng@BferehtanSaichir@hiddife QL6 PRER %k MEE6FTeachable
Lo s of this Kind in various inplenmentations include
qughdheihces to the obj ects accessed in the

' cad bk fis HIBHEHUBREAGYSs R et LfiPario) efieen he

i mpl ement ati ons “descri pap I'n one

t eSTMraystognand dherfiCyip hrotherdmplemontatipm these ismgeatdrdegree of

5 ¢ niveghlipy PO A bR O o SRS igealfia0) RSB bv e

u n gaebag@ abllectiay amdulef1890 fo ﬁ&&rﬂk&@(gafr&!fge lceltezéion in/am@E T r

or Skt Th SR plemelaho, o 1B piocrs PRekT paL b etaed

W dilvidee irt6 Sitoblecks] & oxai®d. Yin mﬂuéd%%dq{?diﬂw&re@l&elw Ghe GOSs
abort of the, ﬂ ansactiqgn. Logs of 25 this kind include
p hﬁ&ﬂ

ol #ls to vse spse eqgspd STMnt@sdé allasats ebjedtsand lpgeitheswhen it
10 | OQSodbkxef ﬁésglrbreetg uﬁ@meﬂl@némrﬂp%t%%oéﬁg%ﬁowﬁé redﬁﬁda%ﬂg

r ef er.ences. bove strong r ef I‘eC]UI reth
GcmttaeSp e one wlmnmtwn,rtl;ama@s of Figure&3His péréarmed in place of the

IoBPEARE SO TP o g M R A Ot

erre
v anBéd dhjaet. d[ncaﬂtemamte implementationd) theypnabesd afigutSBDmay beis
30 reventin ese ects. from bei ng consi dered
TG é{%‘?{&“ﬁ?@&%ﬁ?ﬁ ORG™%ei r reclamation in case

15 a C ur r elli\tsomé anplakhtations1hé poceshoR Figust 23%&%&1226% qualities
cert cas tries are re rom-t
"t Bein B SH R Sy A 5 awavBh BFELE SbioHS on which the
de&ﬁfehb@ﬁmh&xoame@&ﬁnp%taawss bES LR\ Wid Kindl @SReehs t O
Fi gure 24. : process continues to hlock 2325,

mmréemmat@gs msbtsip @wwfstepges@b theobiectsmgsesteddn the sead-nbikets:
e&ﬁ&a Jc%aaﬂu uxaétgg o tzeé;aggﬁémedwmﬁg d&entéa iy ttr%' pth paver.

ry reachable 5 o arrive at a final set
20y nk»erw ermtirolegy) m@srefmmcs togbjepisdom thedogs ar¢eonsidered “weak

i SR rSifing SALEL BT M IRl ARHOR WLGERY BB By

2 3ﬁﬁ¢achahie @@eptfdnﬂxesedmak ll'GfBlI@B@,S Mptheaqxtahmcqgmzed by the

oFCp B gEg s RO S8R S ene FERE b Bieht wH Rl be
GCi'edtb&ﬂ tb Riemoby upsbatthe ¢oiniThie 6r ugonrthedtolt of e tyandctibi eLogs of
25 1 BB RO et oS5 g o Byt e

derefdricd@6\tift Sorhé féﬁhinm%gi' QS “éﬁonﬁ |rﬁ§iéné7e'§ F0As aﬁovE Neuerd 1y
is current and t object. i s unreachapl e. however

t he® %}cgt”orﬁqtﬁtﬁfb%ﬁg ta Bresesve mamery repghable altrméatt em.
trans acfﬁe%}oée%s béﬁ‘ﬁﬁla’t Bloci$310MivRerE AletC nidaBle Fo0PEIM Sbjects

itself aborts the transaction at bl ock 2340, deletin
al Yefargsd t@ By Fhee‘ﬁvremus value tfiekhefeach ety inthemdalogs A6
1 Pkig GhES aTat=d

30 e TRERBRAEMY %2%‘51%%%% iefeefoi K%dﬁrgnn&é HAE their
enteelawatiomnin casrawnIient tansdetibh abastsj étﬂct; atfdock Zﬁameadm special
fromthe read- object |og wthout review, and other
runtime systens of the STMrelied upon to determ ne
whet her or not to abort the tfansaction. Next, at
bl ock, 2360, the GC nodule reviews entries in the
updat ed- obj ect 20 | og 1370 and de-al |l ocates al
entries which refer to objects which are unreachabl e.
Then, at bl ock, 2370 the same process |s perforned
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Ext ensi on i npl enent ati ons take advantage of speci al
cases to renove 25 additional entries fromthe STM
logs. Figure 24 is a flowhart illustrating one such
exanpl e process 2400 perforned by the garbage
col l ecting nodul e 1390 for renoving special case |og
entries. The process of Figure 24 corresponds to bl ock
2320 of Figure 23. In various inplenentations, the
illustrated process bl ocks may be nerged, divided into
sub- bl ocks, or omitted. Al though the description
herein 30 describes these extensions as successive

Stcageentifes ait ram6vell fcth theQbgs! 26 REMGRIFBECH reRloPEPBSeess is
240¥§gﬁ9 bl ock, 2320, it mnll be recogni zed that, in

i greatgrde st delow witthisspsetioddg®e 26f Fi gure 24 can
be usegp GRS RIS LY to@i&ﬁ@@@? vHR! the GCARGduld VisROSKect

cases, i ndepend en?ﬁ from t he ‘basic I npl enent ati on

( frefereneescanigiaed by emlrpl;eadthted objectain arflerde visitiewery réaghable
CobiecPi alf\ilat & finfie OTRIGHRRI RN, Tt SPBREN330, the GC
portions one or nore o gse’steps 1o re

n unrhlate reﬁetvs ‘erdgied indle refbolgext loge@ 8D Nvlndherefer tcngseaoh@lﬂe be

t d bl .

witRieES” pt cesision bR 7%, G50 BATHIE Segmides o i ety fthere
nﬁﬂub&ﬂi&ﬁ@ cbﬁamémadceésy td' 8¢ bl5 e&t et YyanoMRs). aibhé €S
fro t he yndo 1360, which refer _to unreachabl e

glementatign, BtFoQ‘E does this by defermpiningfor gachepirg ithe yrasion

rn@fi‘l@elqﬁhl%(‘éntﬂy%télég Qle%ﬁlohhﬁmg&d&f th©8bjdcA S & s8 e entry is

renoves entries fromthose 10 the entries
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t d
{HEuSUEA. I ARG PRk lubcll S RGN g docs
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| el A0, AR ol B ehites Fos BB e R RR ABmghfe, 1 <
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current tr sactlg)gnare 15 genn ed ﬁ%

b T be Smiied. prifies of novpgreachatin ebipEs e-aligeated fogythe rrd-
OljbR6t 1og Rathobthieview] 4o olitf Aintime @ydtémeyPrt BTN @Ael wontibie
ob ect. 1s already in_the updated objects log, and the

teraing whetheigrdiot toabort the Gaasastion ect and
U pdate Nég?l, 80810k 956 0T Bl T fidliulk A&/ i e it tHRRipHAI&-object

read- obj ect 1og entry can be renmoved. This process_can

d@gwwpymé é@ﬂllmtqs ali @nmn%wb@]l eefer toabjests yeurhtase yiyeachable. .
r 31319%%?1:1%81%523‘76’ ét Id de® c%oc%ms b{}go;rﬂufe&’@&%n{r g uPﬁlle %ﬁ&o 1484360.

tot | ects I rst n
e\Finally, at Ibk)cm3§érﬂae QG modudeproceedsitosisradigcate alél remtqnanz
t bl ock, 2440, the GC nodul e 1390 _
rgﬁﬁgggL%J% F@éte entries fromthe read-object log in
STM i rrﬁlxteﬁﬁm hﬁplemmtaﬁuns take hdvantafe of spepihl @adsao eamtaviees.

i d: obj | og
oot st b S v b W) S RLREH B ne such
Fiegathgle §ﬁ>ces§t24bd) perkonn%d 553 thetgaﬂﬁge EdIRciHg Mol e391>3&0
reV|em5 entr in t.he do | og and coggares gf

" BPEQYIRR PP e log gnitics. s progess ok Kigute 2h camespgnds ja blgek
t hg2d emg&eagrmwaﬂoqg ﬁﬁpl&ﬁendtfons hESBusRisd proddeblsalsay

has not changed, and there is no reason to majntajn

t 19e merged, digigded inte Gub-Ylacksr ogitteds AMthough g deeciptignherein
t RegfibaAfEYe ekfeRsions™ dsgﬂ&:ﬁssgé s{eﬁs @hfch%&'@eﬁ‘foof the processes of

ilTustrating one such exanpl e process 2
process 2400 and block, 2320, it will be recognized that, in certain circumstances, .
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sicAgsdndependenily fromehe

performed by the garbage collecting nodule 1390 for
renmovi ng duplicate read-object log entries. The
process of Figure 25 corresponds to bl ock 2440 of
Figure 24. In various inplenmentations, the illustrated
process bl ocks may be nerged, divided 5 into
sub- bl ocks, or omtted. The process of Figure 25 takes
advant age of the fact that a read-object log entry
only records that the object has been opened for a
read within the current transaction. This renders
nultlple entries for a single object superfluous, and

hh@prrb&esses oPEiaafe 2 cah bk ﬁserdqmpaﬂeh@;sﬁomr&le fsthéHahd 18 some

he process of Flaﬁre 2 akes advantage of a
iccimplesnentationy (fat inptargs to sompagtthe -

0 kibécatt tibled St B ﬁéﬂ %?f ot ffa%lﬁlgle eﬂtaﬁﬁlg ma coxlnlror%m portions

enent at1 on, r nt
s y>§ pRegr moreiof teseysteps t¢1mdu¢e|1he @ilmhemgf timpssthriethe entries in the

ntati on, the GC nodul e 1390 nmi nt ai ns
q%%&%ggﬁeobj ect at GC tinme. The process begl ns
at bl oProc2ss2d00 bépinseat bloek G hwhiiné,6f didP Onstransadion is actlve,
C ti t tead-.object |o the first ent
¢ AP madthe 1350 S el S5l s aft regVes cnlyids £R00 fak unfo o
r a860 ﬁvﬁiéh referty ubfeactablelodiyctsy Al 8lock BEZD, € GE nicdule reviews the
revi ewe At. bl ock 2525, the GC npdul e 1390 det ern nes

i freqdr@ﬁablogéés%asd the undalag 130 and gemoyes epgies frpmghose logs if
c lt'lier ities 9L 6 uh?eaél?a%lé"&ge&s%lﬁﬁl W cfe'afeﬁtmﬁﬁﬁ thé clu@éntt he

obj ect. Thus, at bl ock he read bit is set and

t rv@ntaﬁticrwblwéc IT3e{GGmodule 18pdaes this becaysedf theobisefiras

1 t

L3080 05t 8, SRRl n5aDEER TSI bl

ernr ngt, thezmam&:tnon comnstap b érlelimplententation deg/¢nouies fenmmgachahle
t.at t |

BB TR A o B R B ons

Iaﬁamnmn&dof entries which are renoved. In other

i mpl e entries are not ved and e .si.npl
o o 1|8 bDEk ZhiDe & Spdiuenin ah o end-gbiRcE g i oBletisfae i
t QefeRGo ﬁle@ﬂniﬁk:@alfd if 2/dbjectiR Qlreadyy e tHenguted d@é&i mgmﬁ the

if addition entries, exist in the read-obje
s derszalqgwamﬁrﬂa Ot the readyehice aad updaterpbject fogg my gé@stgeg °bJe°t
e Rkl mgregalBE]H&t'l@@exﬁ&Vdaﬁ %1 FERYved Nehis be\esss%aﬁ idéﬁﬁf? both when

transactional nenory techni ques can be perfornmed on

arlie iechwonadded io the r@é@mﬂsm firsy %@OSWW@%PQW&
C3RadaGo 'ﬂ{ém gated B@gcth [b%ﬂ ‘T’E‘Elﬁme? Eent!idid dc s@ﬁfe%flﬁlrérgg%
ting er

i i SOf fware exec a conmpdter or ot
cmmw?amjepﬁngenmes such as shown-in Figure 16.

Fi gur elA% gl c 2%6 rtfi‘é &€ fodife ﬁ@? %récé%&?ﬁf@%gkmﬁﬁr@%s Bom the

sui tab ut1’ng” environnen
d eadmbﬁnedlog o S TiMhieapl snemtayionewhicl hikove fur ddplic'ﬁteeentrics. An

6%@“)1% n %;g?(/) ﬁﬁ?@gﬁgﬁfi&z«g qt%logée ggreglront d 'Bgd below with

f wereiehdta Figuye Zbﬁ Aﬂﬂoctldﬂ 24350; tlﬁﬁ, th@GCtlﬁ@dle eri‘éwews entries in
e b te di verse

i nvent i y in
o o 108 A0 Gemperes @ﬁe‘exeénoui) P38 thedpg pfth gy cwrrent value of
©Riyd 16SEBdBREnfory location. If these match, the value has not changed, and there is

no reason to maintain the undo log entry, so the GC module 1390 removes these

entries.
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Wth reference to Figure 26, the conputing environnent
(2600) includes at |east one processing unit (2610)
and nmenory (2620). In Figure 26, this nost basic
configuration (2630) is included within a dashed I|ine.
The processing unit (2610) 10 executes
conput er - execut abl e instructions and nay be a real or
a virtual processor. In a multi-processing system

mul tiple processing units execute conputer-executable
instructions to increase processing power. The nenory
(2620) may be volatile nenory (e.g., registers, cache,

RAM) , Fifre/28 ﬁfalﬂoarcmﬂnmn%ﬁg @?e sﬁ%mtﬁﬁemssfﬂ%gs h

nmeno or sope conbination_ o e e
mﬁ?%nid%ébs eabage csllecting grogyls 149 e pmyovingfupliesie read-

t Ry ed%g ehipies! T&cﬂ?&e%'ﬁsFlgure 25 chtrdspbTAY td msclemaor&ﬁrm 24.
may  haveé additional features. For exanple

c dnyarious dmplemientationsrithe {Ihstoaryd prectss leskssmay b@@el(gz@mwded
oS0 B, el “YhE i BoesF B Eonrs 338 ad BB b Bl e
c dhateatddeotgect PG 26iry oy récotdsrtiat thresubjacbins mm]wansdrfo@' Rotad
L 0 el ot TRl Boligle cBiea B i obiect

e m}djtadrﬂmmndgtﬁﬁﬂﬁ)s b)eﬂéﬁaiatﬁidrbm()v@m&"e&htr{el deyisg 601

SOoT twar not snOown IoVli S an oper.atln Viro

For - of 1BF DIEGHS RaF Bets cakes a0vanipas AES HOMS GHaC A og whach i
enﬂalﬁtame@ﬂir ehchRBRLt didihg gﬁﬂﬁé@iédlﬂt:ﬁﬁx qﬁbwhﬁéﬂ&ﬁe&inoh,hﬁls

conponents of the conputi ng environnment

o e duyeept b s SYBomeHEHERT v e ATMeowb ket Bnd
SR PR e ORI ATt

- wiinesh 'ﬁamr@essmh;gms atobledko?5d 04 \nlﬁa;sq: ﬁratGG)mOduigl lm startscan
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BRI A e iy BRI TR RE05ho0, e

? aibjeinﬁnefetn(eﬂﬁdﬁm the eprenigrevieged tr&reyd: sviewedd Att bln{uh ggp\z/ﬁe ih:

o 025 il 16 3 hies 4G oled Bhe R bP i atgf e SRl ey
\égi iﬁsglémftﬁtgtbedl%f?guﬁlfﬁﬁgﬂ objeg. AR, aeblocki25300thé &dad bit is set
el SRR s leé 81905 Hotpves Gg éd“ w@&ﬁ{%}@ﬁeﬁo dethempines they the

( 260Dt KB Yedipréviet et 5@1&@54@ Itﬁe Jnaauléiﬁe\&kﬁzes thBhurrent entry,
accepts audi 0 i nput” in anal og ‘tbec§ gital form or a

cmsmwpé@threusqowaarew@waéior awpqnéémplsnlewéuon, this
cqgsﬂwdal oﬁmﬂﬁl@& %pylngsntﬂyé vPHiEh @% ,[91% SocafiGRR LntrRy
I splay, prin eaker or anot her

d @wludeam reanoved.oln aflsr mnlepmtaﬁmmw awmimqvn@ amgl are simply

Qi ABHEN b Bk The procesd el R B! defiBion block, 2545,
c ovhermthe atodule dmednmea if adchtmtahexm'iescnxiwm the read{ob_teyt loghH so,
nlcglt%’g%1 Ef q”ﬁonve fornation such as
&2 B eHEant B %PVﬁ conpressed audi o or
V|deo i nformati on, or other data in a nodul ated dat a
signal 7. A rrﬁ)dnipating Enigiranmieghal

The above software transactional memory techniques can be performed on
any of a variety of computing devices. The techniques can be implemented in
hardware circuitry, as well as in software executing within a computer or other

cdmputing'énvironment, such as shown in Figure 16.
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10 is a signal that has one or nore of its
characteristics set or changed in such a manner as to
encode information in the signal. By way of exanple,
and not limtation, comunication nedia include wred
or wreless techniques inplemented with an electrical,
optical, RF, infrared, acoustic, or other carrier. The
t echni ques descri bed herein can be described in the
general context of 15 conputer-readabl e nedi a.
Comput er -readabl e nedi a are any avail abl e nedi a t hat
can be accessed within a conputing environnent. By way

of exanpighye z%rzigum{es hlg@ﬂe&aﬁizb@& é&émaﬂewutm

envi ronnment conput er -r eadabl e nedi a inclu
rremn(r@m(@%()ﬁ)sn whigh éeqczbeztgmbodummm:aw 5w mteal The
S e e S
c oafuseer funstieralityaifltiee invention,asitiensesestiovention iy de

S coMlERRbCIRbH T IRt 6 of BRSSP

pras&maﬁkntseeneral l'y, program nodul es include
routine prograns, . lib es, objects, clas

compone Mt Tense QFIgHE ofdle cosruting Fatiop@ERdZe0) includes at
Pajchit©ré proctRs R r(zempéxﬂr}ﬁé}hor@ 6@620@ Uinqﬁg@b 86, r@@ &no%ébasm

data types. The functionalit rogram nodul es

nasfoqé"'@u@@% (3630) is inckydled mtb@w@éhpddmgr prPTPpRfSIng 3 §2610)
10 degidfids bdin r-ﬁﬁmﬂ%ﬁﬁg‘xﬁfagg%ta%ﬂ of % Stk AltoSessor.

i nstructions program no be execut ed
wi Ik muulti-proecsing systhins myultiple prycessing umtmgceeutv Fomputenrxecutable

gl APk FaS AL, DSRS0 HSPRE R

anghethory (eg., rbglstdlesaachdpRAMmm-wlanipmeamrp@ |RDM EEPROM,

R Ao Fee 27 558 comtion SRSy e ipelon i aores
15 ansofs:bwtztsomnpl&neﬁﬁﬁéuhsassc%meaﬁﬁ@eserforrred by a

human bei ng. The actual conputer oper tions

cor r es pOrFaMRYIRELIY ReRent Sahaveadgitien FRIFAGY Ty example, the

BRI @hvlemmhﬂ(m@%&&de& b@rdze 5%4@ Noht B rﬁore input devices
varlatlonso the subject natter cribed 5 herejn,

we(2508), Ane;er raere orlwsdmceﬁ(%ﬁ@), auhne N EON SRIRMWNigAliofyy
c me\é%&edri}? 52476)9 &9&%&&&@& nieChdnPsh Gﬁt alownng&ﬁﬁgg a bus,

equi va thereto In a
20¢c Ommoacr oymatwonk intesonnsats mh@onwserémﬁbmmmtmg environment

o 05 TPl Al o BT U, SOTB] oSl i

o penvatonmest, fot dtherrsoftivard epenuting inettle Camymusimg whmcmrmnb@ﬁa@m and
t hgoordinates activities of the components of the computing environment (2600).

The storage (2640) may be removable or non-removable, and includes
25  magnetic disks, magnetic tapes or cassettes, CD-ROMs, CD-RWs, DVDs, or any
other medium which can be used to store information and which can be accessed
within the computing environment (2600). The storage (2640) stores instructions
for the software (2680) implementing the described techniques.
. The input device(s) (2650) may be a touch input device such as a keyboard,
30 mouse, pen, or trackball, a voice input device, a scanning device, or another device

that provides input to the computing environment (2600). For audio, the input
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5 programincl udi ng software transactional nenory

bl ocks, the nethod conpri sing: optim zi ng (460)
the programto create an optim zed program contai ni ng
software transacti onal nmenory instructions; and
conpiling (340) the optim zed program 2. The

met hod of claim 1, wherein optimzing the program
conprises: 10inserting direct-access software
transactional nmenory instructions into the program at
the software transactional nmenory bl ocks; and
perform ng optim zations on the program including the

s odeviva(sp (2650 aag bé 95sind BRARE bin’ixlﬁﬁdldeétth& Abcepts@udib @giuein

an opti m_zed progr such that_ at onme of th
aﬁ’ﬂi’éfi}ggﬁ °§Pe°r@£P1R&Mé‘°d‘ ?rdh%hi’é?"ég jespmplesiort

0 rbohnﬁnﬂg EfonMERE SThe %ﬁlﬁﬁﬂf&i@@(rs?(%fi@ﬂﬁ&}%é DEEYlay HRRIEY,

i nstructions, laim 2, V\hereln

peﬁpf:@ﬁem%“smr» o apathebd@/u‘@éhﬁzépmy@s pesPRigom the campakiggon

'SURRKBLA o$! i m nation procedure which is nodified

to operate on econposed software transacti onal nenory
i nst r udtheenmmunication cohnection(s)@6Ad)kneble commmmiBatiantmerd n

t he _comon hex r ssion 20 el tion procedur.e is,.
oo RERRaR A CoRoRf SraBibdiiey, i Briiiifn fdium
f adonves dnibﬁnz&iohﬂﬁhﬂﬁds&dn@ﬁﬁeﬁéxeﬁﬂablﬁ Mstrucﬁdnenohtpresmraudh or

ob'.gct. gor dg}%}l?\,\fﬁ] hi.n thePﬁigEﬁétr%n& gulateddatamgnal

S Lib 2XiphaIBdt s Gid dﬂrmé b JHERABRASHS sétsor EREighd RbuSHS fhanner
that redundant reads and wites tqQ nemyry 25 addresses

arfd 1o erFedel mﬁqma&gg iry the sigpalo By way of exarapie, god pet]injtation,
t r&ﬁ&ﬁﬁﬁéaﬁen ﬁ{eﬁlarl ueb or wirefess o060 FRS Madieftnted Fithan

5, whereln the comon subexpressi on eI I 'mnation
pr@@@m @ptleal,fltﬁ,tmfearedmpwmeor ethetcarigst reads and
wites [

e et gLJﬁgéé es{)&t?é?zl&% c%? b%glgstcg{)éd%% ge%e}af dp%%‘?é’of
t rmmtdr-ircadablahmdm rCotrkpatei—reradablds mediaact anyravmtabtaaatmaithat
Wlta%lﬁnthe nd transacti on

d of
8 PeeB ST PP PP i ST cxaple, and 1o

limitation, with the computing environment (2600), computer-readable media

include memory (2620), storage (2640), communication media, and combinations of
any of the above.

The techniques herein can be described in the general context of computer-
executable instructions, such as those included in program modules, being executed
in a computing environment on a target real or virtual processor. Generally,
program modules include routines, programs, libraries, objects, classes, components,
data structures, etc. that perform particular tasks or implement particular abstract
data types. The functionality of the program modules may be combined or split
between program modules as desired in various embodiments. Computer-
executable instructions for program modules may be exécuted within a local or
distributed computing environment.

For the sake of presentation, the detailed description uses terms like

% 6 9«

“determine,” “generate,” “compare,” and “write” to describe computer operations in

a computing environment. These terms are high-level abstractions for operations
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perform ng code notion optim zations. 58. The net hod of
claim2, wherein performng optim zations conprises
augnenting at | east one non-transactional nenory
operation which accesses an object outside of a nenory
transaction with one or nore transactional nenory
operati ons which ensure atomcity between
transactional nmenory accesses to the object and the
non-transactional nenory operation. 109. The nmet hod of
claim 8, wherein augnenting a non-transactional nenory
operation conpri ses: inserting an open operation
b efeffognddity afputed hd Shduldadt beeoRTsed Mt dtts perforhitdty a
opens %he obj ect for access hy the non-Iranégctlonal
nﬁﬁm BiB8r Ahs atual SPEPYIFIOPPIAtioRg cOTENORIInG i Wese trrns vary

ﬂkﬁ&MhEﬁmﬂﬁ?k?ﬁﬁ&ﬁa&ti°na| menory operation 15 which

a
det er m nes ere was a conflicting access to the
obj ect Inviewref theeenytpiossible vatidtionsefithe subjechmaftenvigscribed
TR, R Al Ol intiriol A I AR enty a3l LomAGE e
t K& NoN—tTancact onal menory operatiron is<a rea

. oeopztaf the; following claims artdreguivplents dipeatat i on i s confi gured
to retrieve an indication of the state of the 20

obj ect before execution of the non-transactiona

menory operation; and the conmt operation is
configured to: retrieve an indication of
the state of the object after execution of the
non-transacti onal nenory operation; and

if the state of the object indicates a conflicting
access, cause the open, 25 read, and comrt operations
to loop until a read is possible. 11. The nethod of
claim9, wherein: the non-transactional nenory
operation is a wite operation; the open operation is
configured to obtain wite access to the object; and
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the commit operation is configured to commt the wite
made to the object. 12. The nethod of claim9, wherein
the open and conmmt comrands utilize synchronization
on the object to ensure that the non-transacti ona
menory operation perforns atomcally. 513. The net hod
of claim9, wherein the open conmand bl ocks until it
can open the object for access. 14. The met hod
of claim@8, further conprising identifying one or nore
menory operations which access objects outside of
menory transactions. 15. The net hod of

cl wWedlalh; wWherein identifying one or nore nenory 10
operations conprises: analyzing transactional nenory

accesses to detennine fields whic be accessed
transacki ond M2 GATRAVIRT| S}S’iﬁ@nﬁg?? “&éXﬁ?‘PGﬂmB‘FS‘Xga

t hero&abih#@hiand a compiles] @il dofipi1BoRNBured witR kflowledge of software
non-transacti onal nmenory opérations which access

f | Eangactignal grermagy omatme,éb%ma&xeq performed ta ¢ommile apsegram, the

aﬁ@rﬁ%‘lﬁamﬁﬁ%% I's guar a&{&gggﬂ (%r? %%thae\gggfs‘gde%%rg{ng'
t r ans aciptionigihg (#60)thy progeanatol corats atmpgtmedmn@r@m containing
nmenor er at i ons whi ch access that
fl%'ﬁgvaraer@aé\%gchgﬁaimemoryln\étnich srﬁgé)met hod of claim 16,
wher ei reogpiling(340) thecoptiaizddppsgant i onal nmenory
operation which accesses an object outside of a nmenory

1A% O 81, YRS REARAH MBhe

- 10 trans adhseﬁihgkﬂueed@:cé‘sﬁ sofelaré &msaamnhrmaﬁmunmahonmm tthe
.~ . .operation, The aj:hOd of cl a| m.2, wherein

e?rPEPm%&eéﬁﬁwmemasﬁ@ pemeTsRlecks; 48dnt i f yi ng
r ef er enfepdrmhiflg OptiBizhtfondoh e R6Gad] MBMEinD eV ftivare

new y- al I ocat ed ob&scts in transactions at a set of
priERgsRatiopalimAmery HINEUCHIORS. ¢ eetp AR ORURiZohprogram, such that at least

t r )
hr oug té)cgﬁhéentgﬁ%feeg&?f eelrd gﬁégégﬁeg%gﬁ'ﬁkﬁy bif e MRet-access

rern the

15 op@ﬁa\tarmsmwmlmr@ﬁmstm@imsi de of the transactions.

20

25

3. The method of claim 2, wherein performing optimizations comprises
performing a common subexpression elimination procedure which is modified to

operate on decomposed software transactional memory instructions.

4, The method of claim 3, wherein the common subexpression
elimination procedure is modified such that an instruction to open an object for read
is eliminated after an instruction to open an object for update within the same

transaction,

5. The method of claim 3, wherein the common subexpression
elimination procedure is modified such that redundant reads and writes to memory
addresses and redundant logs for memory addresses within a transaction are

removed.

6. The method of claim 5, wherein the common subexpression

elimination procedure is further modified such that reads and writes in a first
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19. The nmethod of claim 18, wherein identifying
references to objects which are always bound to

new y-al | ocated objects at a set of program points
occurs across procedure calls. 20. The net hod
of claim 19, wherein identifying references to objects
5 which are always bound to newl y-all ocated objects at
a set of program points conprises perfornmng a forward
dat af | ow anal ysis on the program 21. The

met hod of claim 20, wherein the forward datafl ow

anal ysis conprises nmaintaining a data structure for

e afdhs4btioh Grelligfiatedif hy hRRARIS 9tundat: b rda@S6d Widies in'h debénd
basi ¢ bl ock, for each variable in the basic hlock, .if

t FEANAShpR I herqis thedirgtpseptions wested withindiesscennd fraasagtiony
to new y-all ocated objects, may possibly be assigned
to an obj ectrhalxﬁe%abeehaﬁm Siiiigeih B&fsﬁ&ﬁﬁg@ﬁﬁﬁi%npeomﬁﬁses
information_ is unknown for the variab -
THRerfgpning gods metiep aptimizatighter ei n t he dat a struct ure
conprises a map from each reference to data kept for
each r&f er enge meMollof clhathe2 dMeReik Boforhidg Siedizakions comprises
reference conprises an updat eabl e cel | containing a
| Augmenting:at lastong ner-pansaetinaplmeheny apeatiprevhich Aecesses an

béengutﬁﬁé BPm@ho n%'ﬁhggcagn WM%B bﬂng@t@nﬁl H&ﬁgm%]l%ry
data structure conprises propaga I'ng 1 nform
u sipngttibmawhﬁeb anmmcprmsltjobd;twwntramzﬁo&mal QEESOry mccasghtotthe

s of.lattice values as the datafl ow
aRT e s B ket ion 8 erfiy BRI OF ci'aim 23,
V\,her ei n propagating information conprises spreading
i nf or m# i on The methud peldiny 8,rwizindin sugmenting a mexp-tramsactional
variabl es t dateabl e cells of lattice values before
prIB %og{:rgﬁ PRESF%r t hose unmapped vari ables are
an al yz efkertitfy. ahlopern@ictatidn défotd the ﬁbﬂe&ansatt&ihe]i memory operation

event| ng .software transacti onal eratl ons
%th“gﬂ}eé%’ﬁ I 9Py b qw—vad@?ﬁﬂpgﬁ phiqug and

V\'h e r e| indeRthgQItRblit SPeatidd MlertBe Rdd- @Edsa&iéhﬁ'tﬁ’é‘in&? ofaéiﬁtlon

transacti on, conpr.i ses, for each reference acl ng
upHeledepratinasiibihere s a gamlicting acetss fathe ebwttcwr% @sﬁceﬁon of

ORRS Adr-RASaldnsl memdtp SPersifgomPOSed into deconposed

software transactional” nenory operations, do not
i ncl ude update | Qg operations. . 26. The net hod of

claim 28; wibegiefiog oEclaim Pipesdft war e transact i onal

the non-transactional memory operation is a read operation;

;-.

the open operation is configured to retrieve an indication of the state of the
object before execution of the non-transactional memory operation; and
the commit operation is configured to:
retrieve an indication of the state of the object after execution of the
non-transactional memory operétion; and
if the state of the object indicates a conflicting access, cause the open,

read, and commit operations to loop until a read is possible.

11. The method of claim 9, wherein:
the non-transactional memory operation is a write operation;

the open operation is configured to obtain write access to the object; and
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menory operations on objects reached through the
identified references, wherein the 5 operations have
no effect outside of the transaction, conprises, after
software transacti onal nmenory operations are
deconposed i nto deconposed software transacti ona
menory operations, renoving deconposed | og operations
whi ch operate through the identified references.
27. The nethod of claim 18, further conprising
determ ning which of the 10 identified references are
to objects which are not accessible after the
t r ansaghd Gami Bferation is ¥difigiel 1P EAMAR th Wi Phddwad e object.
transactional nenory operations on objects reached
througqgthe i dentified references, wherein the

[

oper at ildns &6 methodof plaim 9.ophessia thegipen ard ¢ammit semmards

COffifizé SARhioRFRN\6h 18 bbjUA S edshRBAGhd RHArandEABA memory
operati‘ons to open objects for read or update through’

t peratiow perforeng afostieallynces. 1528. The net hod .of claim 2,

“wherein perfornming optim zations conpri ses:
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| ocati ng, a 99k LitRioR of LAY ICRHA e TR bambnd BIHGSHA it

to open a reference for reading I's known to

f olan epeathg pbigettibr apeessof t war e transacti onal nenory
instruction to open the reference for update during
execut ii@n;  4id method of ﬁlaim §,Lmﬁﬁérthﬁl#>H§ing f&gﬁiﬁﬂ% one or more
instruction to open the reference for Teadi ng, a

s guemety 2peratignsrwhich asness objegts autside of memonyriransdotions.

updat e. 29. The nethod of claim28, the nethod
furthersco L sl I ' f Idestrid3dSht bR Mmdd
open thlesz' re e%er??:}g’d g?&&g‘gt‘{é@&lﬂ({e&ﬁfy{n@é k#‘Eferzl'omat‘%mcgy
ofopefatioms @Bprisesovi ng the first instruction conprises

usi ng cQ n subexpression elimnatkon to V.

" edund 2Rt g FetEnepRlmerry Rodeties K0 dqittmine figlfi Witch may be
| restasseltbyaransactional nitinoryl Syeratiohs datingf exetwaiomo? the suftesrej n
t he sof, e is represented by, a control flow gr.aph
hnd 1 ASSROTBEOReOT AT B ERPSBRicnH IO oBFraRos i AsRess
3 Zieldyen el Mag bOhccessd By @dnsactdBhlGhéindrd Gpératiéhsan

instruction to open a reference for readi ng conpri ses,
for basic blocks .i e, control .flow gr PP

i dent i i ng P “}eﬂ?ﬂr‘%g’ﬂ% ﬁgt"@e@b‘é@‘f“géﬁg&%‘% is;gypranteed
I aidéto e acb@6al Wi tmsdckiendl @feRiofyfrations, S gmMentiHg of asmwar d
through the basic block fromthe id néifieg _

i rfEAnPastpRal mempRy ppesstions whigh Aeqces that B isapEFnce | s
found, stopping scanning for the identified

I nst r uqyi onThafféthod of claim 16, wherein augmenting a non-transactional

memory operation which accesses an object outside of a memory transaction with
one or more transactional memory operations comprises inserting atomic memory

transaction blocks around the non-transactional memory operation.

18.  The method of claim 2, wherein performing optimizations comprises:

identifying references to objects which are always bound to newly-allocated
objects in transactions at a set of progrém points; and

preventing software transactional memory operations on objects reached
through the identified references, wherein the operations have no effect outside of

the transactions.
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when an instruction to open the reference for update
is found, proceeding to substitute for the identified
instruction. 1033. The nmet hod of claim 31, wherein

| ocating an instruction to open a reference for
readi ng conprises, for basic blocks in the contro
flow graph: identifying an instruction to open a
reference for update; recording the reference;
scanni ng backward through the basic block fromthe
identified instruction; 15when an assignnent to the
reference i s found, stopping scanning for the

i dent i fliged- i'I'hS]fctﬂdﬂinioQBIairﬂm@ wherein e rgﬂ%nbmbio jects
to open the reference for reading is found, proceedi ng
t oWBighaeiatways beund tomewplleaateholirit Htiast efpregsam pojs occurs
I efc2ds§ proBedudd cdigadi ng. 34. The nmethod of claim
31, wherein locating an instruction to open a 20

reference for reading conprises performng a dataf]ow
anal ysi%®- whildn n@éfmdc% &lgim &9, yhergin ideptifyingariepngesda opisats

f %hiklﬁ‘&‘eralbﬁégk BBnd 8 nOWRLalRcAtEd SUIERCAR of 1 of ,ﬁgﬁi‘“ﬂ otfff ch

are made redundant by I'nstructions to ope reference
f oromppigestpsrforming agerwarthdatafiomtandlysis oplths progam. wher ei n
perform ng a datafl ow anal ysis conpri ses:

25mai nt-3i ni ' %@{, :
each bazgl' c Eﬁ&g&eﬁ?on %?%%gg’ﬁgﬁ?%ﬁgﬁ%gﬁ [ c%ﬂagsles
k nesmprises maifiginingrredatestocemeios cachibesic blogk whishaepressnts at a
u o i Cc bl ock:, : i r-ds.. ;
¢ PGSR ] B8 BAE PoB Toreagh (it BUBaRE oRAE B Gt
I nditheriaioivarto tlvaypboasiighed wimewtyealfoosted pbijatte, tay possiblg be
for..a particul ar variable ddi ng .t hat .yariable to
o cAssigped o Sjedd el chted pisideBf Famctiag, or if

a fdethe Whtidbde) i s found for a particular variable,
renmovi ng that variable fromthe set of variables for

t he basgj.c bl ock; 5 n t he begi nning of the basic
bl ok 22~ 0T e Mool St 2 iaah (it et spudiGis Comptises a map

from each reference to data kept for each reference, where the data kept for each

he
mformation 1 own

reference comprises an updateable cell containing a lattice value and dependencies

between references.

23.  The method of claim 22, wherein maintaining the data structure
comprises propagating information, using the dependencies between references,

through the updateable cells of lattice values as the dataflow analysis proceeds.

24,  The method of claim 23, wherein propagating information comprises
spreading information to unmapped variables in the map from variables to
updateable cells of lattice values before program statements for those unmapped

variables are analyzed.

25.  The method of claim 18, wherein preventing software transactional
memory operations on objects reached through the identified references, wherein the
operations have no effect outside of the transaction, comprises, for each reference,

replacing update operations through the refeérence with update operations which,
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for the basic block with variable sets stored at the
end of basic blocks which lead directly to the basic
bl ock; repeating the process until a stable set
of variables is created for each basic bl ock; and
10f or each basic bl ock, considering instructions to
open references referenced by the set of variables for
the basic block for reading as redundant instructions.
36. The nethod of claim2, wherein performng

optim zations conprises: identifying one or nore
procedures in the program which conprise one or nore

S OfheneSorhpoBébinfd deebiboseB BEtwar® Redsadtionalsm¥ibrydparations, do
able to be optimzed 15 outside of the procedure,
crivhinclyde updsie lpg eperationshe one or nore procedures, a

cl oned version of the procedure which allows the

cal i ngeof trhemedbli WREIRIN [ RRfd SEAdntiAE B8wWare transactional
operations which are able to be optim zed outside of

t Hoereory 9peratians oh @hjects reached througlpthe identified roferenpes, ydeeein the
o g . )
2 g{p*gwpg&bﬂa@ﬂ& el Gg@iga tﬁgﬁ&g gx%sgﬁﬁ néumemmoagﬁr

) e Optl mze ne pr ocedur es;
r dysinsactionpl vwinory epsrasiouhare decompossrdniordenempospd saftydane es

i ls to its cloned version, . .
iR e S} bl BAE Pl Ao o mbfiot fhich
propgratenthivygh thetdentiffed efitatanici es anongst the one or
nore software transactional nmenory 25 operations which

are abl.e to-be _optinized. 38. The t hod of,.

oo o o mBe wRol B Faf 18, suuther SoprlE AR Sihich of the
pedémified refererwairme t6 vljectp whivh afemot hdcassitdé after tietrdnbartion; and
program, . 39. Tngnethod pof claim37, wherein.the
one or "Yhseln RIGYSOAR sOThyarr Lansastisnal merors operafiens an objsets

Whtsdhedtheough kit itléntifidd AiFtrefided, Sshedifi el opEraf MR HAVE A6 SffécP
get .a transacti gn nmanager. i 40. The net hod of
c | oxtsided the frapsastion, CompBEEsFRIRQYiRhsofiyare fransastiopal gnegmory

c %{aﬁ%s"tg ogégmgé citsofﬁa}]eh&’ offidaté thio € UbtefinitBd A& Ences.

conprise pr res I ch take 1 nstances of a
transacti on_manager as jnguts._ 41. The nethod of
cl ai m 38, wiAbe wethod pEclaime2,ovhepin perfoymingapsimizations comprises:

U anSaqidaBiah sdTRHRE dad3RGioRhll diSoryiHstricthnGo 8péita feferdifée for
optim zed conprise operations to” open references for

r deallinggwhieh isgaewe to bafsllpwedbem st sdfavag)transaciiogal memors

1 0 r ' . 3 of claim
4??§§ﬁ%§gpﬁ$§r%%ggagg%é?BW%hg?ﬁép%%%%ﬁggég@gnprising }
oper at iswbstituting,dpethe insfractionde spénche refaetica fororading) atsecond

Cqgaﬁ%3§%§3$§$@§éggFﬁgéﬁﬂw&ﬁky on the references being

opene p es are call ed.
29.  The method of claim 28, the method further comprising removing the

first instruction to open the reference for update.

30.  The method of claim 29, removing the first instruction comprises
using common subexpression elimination to remove redundant instructions,

including the first instruction.

31.  The method of claim 28, wherein the software is represented by a

control flow graph and the method is performed on the control flow graph.
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43. The nethod of claim42, wherein creating cloned
versions of 15 procedures conprising operations to
open references for reading or update conprises
perform ng a backwards datafl ow analysis to determ ne
whi ch procedures conprise operations to open
references for reading or update for references which
are known at the begi nnings of the procedures.

32.  The method of claim 31, wherein locating an instruction to open a
reference for reading comprises, for basic blocks in the control flow-graph:

identifying an instruction to open a reference for reading;

recording the reference;

scanning forward through the basic block from the identified instruction;

when an assignment to the reference is found, stopping scanning for the
identified instruction; and _

when an instruction to open the reference for update is found, proceeding to
substitute for the identified instruction.

33.  The method of claim 31, wherein locating an instruction to open a
reference for reading comprises, for basic blocks in the control flow graph:

identifying an instruction to open a reference for update;

recording the reference;

scanning backward through the basic block from the identified instruction;

when an assignment to the reference is found, stopping scanning for the
identified instruction; and

when an instruction to open the reference for reading is found, proceeding to

substitute for the found instruction to open the reference for reading.

34.  The method of claim 31, wherein locating an instruction to open-a
reference for reading comprises performing a dataflow analysis which searches
across basic block boundaries for instructions to open a reference for reading which

are made redundant by instructions to open a reference for update.

35.  The method of claim 34, wherein performing a dataflow analysis
comprises: | ‘

maintaining a set of variables at the boundary of each basic block in the
control flow graph which are known to reference references which are opened for
update;

for each basic block:

scanning backwards through the control flow graph;
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when an instruction to open a reference for update is found for a
particular variable, adding that variable to the.set of variables for the basic block;
when a definition is found for a particular variable, remdving that
variable from the set of variables for the basic block;
when the beginning of the basic block is found, intersecting the variable set
for the basic block with variable sets stored at the end of basic blocks which lead
directly to the basic block; »
repeating the process until a stable set of variables is created for each basic
block; and | _
for each basic block, considering instructions to open references referenced

by the set of variables for the basic block for reading as redundant instructions.

36.  The method of claim 2, wherein performing optimizations comprises:

identifying one or more procedures in the program which comprise one or
more software transactional memory operations which are able to be optimized
outside of the procedure;

creating, for each of the one or more procedures, a cloned version of the
procedure which allows the calling of the software transactional memory opefations
which are able to be optimized outside of the cloned version;

moving the one or more software transactional memory operations which are
able to be optimized outside of the procedures; and

replacing calls to each of the one or more procedures with calls to its cloned

~ version.

37.  The method of claim 36, further comprising optimizing the program

by removing redundancies amongst the one or more software transactional memory

operations which are able to be optimized.

38.  The method of claim 37, wherein optimizing the program comprises

performing common subexpression elimination on the program.
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39.  The method of claim 37, wherein the one or more software
transactional memory operations which are able to be optimized comprise operations

to get a transaction manager.

40.  The method of claim 39, wherein cloned versions of procedures
comprising operations to get a transaction manager comprise procedures which take

instances of a transaction manager as inputs.

41.  The method of claim 37, wherein the one or more software
transactional memory operations which are able to be optimized comprise operations
to open references for reading or update, the references being passed to the

procedures as inputs.

42.  The method of claim 41, wherein cloned versions of procedures
comprising operations to open references for reading or update comprise procedures

which rely on the references being opened before the procedures are called.

43.  The method of claim 42, wherein creating cloned versions of
procedures comprising operations to open references for reading or update
comprises performing a backwards dataflow analysis to determine which procedures
comprise operations to open references for reading or update for references which

are known at the beginnings of the procedures.
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