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Title: A Proposal of Support for Thread Level Speculation in CMPs

Abstract: In this research it was assumed that resources of chip multiprocessorys (CMP
with additional hardware and/or software supportToread Level SpeculatiofTLS)

can be exploited for the execution of sequential applications which prevail today.
However, some existing CMPs with TLS support require substantial additional
hardware ad software resources to perform specific operations during speculative
execution of sequential application¥herefore, an extensive and very detailed
comparative analysis of existing speculative CMPs is performed focusing on hardware
and software suppofr the speculation on both register and memory levasording

to the register level communication support, existing systems are classified by the
organization of register file and interconnection topology. Then, a comparative analysis
of registrationcommunication mechanisms, misspeculation recovery techniques, and
performance and scalability, are presented. According to the memory level
communication support, existing systems are classified by the organization of the
memory hierarchy, and then, thengolexity of hardware and software support for
speculation is discussed. Some potential causes for performance degradation such as
burst traffic on thread commit and inappropriate replacement algorithm for cache
memories are considered.

Based on the analgsiof existing speculative CMPs, in order to achieve a better
cost/performance and to eliminate the observed inefficiencies, a CMP with a simpler
TLS support, which enables the communication between speculative threads on both
register and the memory leved,proposed in this dissertation. The proposed speculative
CMP belongs to the systems with basically generic architecture enhanced with support
for register and memory speculative communication. It consists of four processing cores
with private data andnstruction L1 caches which are connected by a shared bus to a
shared L2 cache. The speculative communication at the register and memory level is
done through corresponding shared buses following the principEsoopyprotocols.
Speculative parallelizain is implemented at the loop level and speculative threads
correspond to the loop iterations. Speculative threads are identified using the binary
annotator, the special software component that operates on a sequential executable code
without need for sowe code recompilationln addition, this tool annotates write
instructions to loofalive registers for the purpose of protocol that controls the register
level communicationSpeculatively produced memory values are kept in private L1
caches, while sharetd2 cache stores the sequential state. Memory values can be
transferred to the L2 cache only after a thread becomespemulative. The speculative
thread can read data from nspeculative thread or some preceding or subsequent
speculative thread. The pmrosed solution implements a support for dynamic
identification of data dependence violations and recovery from misspeculation.

Two protocols are proposed for register communication: the basic vértenSIC
protocol, and its extended versietthe ESICprotocol which is, unlike the SIC, based
on speculative forwarding of potentially safe register values. Qualitative comparison of



the SIC and ESIC protocols indicate a potential performance gain in the ESIC compared
to the SIC protocol. This gain is a ré&sof reduced blocking of consumer threads and it
directly depends on the probability that forwarded, a potentially safe, register value
turns out to be final. Otherwise, the misspeculation causes thread squashing which may
have hurt the performance. Bying profiler provided information on probability of
successful speculation it is possible to decrease the frequency of thread squashing. The
SIC and ESIC protocols employ a mechanism of distributed arbitration for efficiently
finding the data supplier thmds. Besides, the number of invalidation misses for non
loop-alive registers in SIC and ESIC protocols is reduced by uspag-snarfing
technique. As for the complexity, both protocols are scalable since the size of the local
directory and hardware suppeemain almost constant while increasing the number of
processor cores.

Three variants of the memory protocols that integrate the cache coherence with the
support for speculation are proposed. The first variant, the -BIE@rotocol, is
invalidationbasedand uses 13 states. It allows consuingrated communication
between speculative threads only. The second variant, the\8ISRS protocol, tends
to reduce the number of invalidation misses usregd-snarfing technique for
simultaneous validation of walidated copies. The third variant, the SIB@ protocol,
is updatebased and uses 9 states. It allows both produm®dl consumeinitiated
communication between speculative threads. In addition to state bits, there is a bit per
each word in L1 cache wth indicates if the word is stale. Again, distributed arbitration
on the shared bus is proposed for the selection of appropriate suppliers of data at a
thread request. Also, all three memory protocols employ a modified cache memory
replacement algorithm with first takes into account a word state, instead of history
based algorithms in all other systen#s.speculative thread is allowed to evict a
modified committed word from the L1 cache during speculative read or write operations
to this word since it ishie only copy. In addition, all the words that are not speculatively
read or modified can be considered for replacement, thus avoiding the unnecessary
stalling of speculative execution.

A new simulation environment based on the UNISIM modular elgulel smulator
is developed for the purpose of implementation and evaluation analysis of the proposed
support. Then, the most complex part of the overall proposed TLS support, the SISC
WI protocol, is chosen for implementation in such a simulation environmeortdém to
make this possible it was necessary to extensively modify some existing standard
UNISIM simulator modules: the cache memory, the cache controller and the system
bus. On top of this, a speculative mudtire MIPS architecture is simulated and ¢hre
new modules are included: Scheduler, Squash Arbiter and Supplier Arbiter. The Squash
Arbiter module for the detection and resolving of misspeculation successfully solved
some problems related to thread squashing that are not considered in the operelitera
Besides, the crossompiler based on the crosstdd framework is developed. Finally,
the implementation of the SIS®@I protocol in the simulation environment proved the
validity of the concept.



sey wodrfdis,: t hread | e v e l-leves pretacal, | retndreval , regi s
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f OtcOdzj dzdzts L OR alB” £ QtdH o ff t=fipf s d MmMtWike jtem¢
HAOBdUSd HijljCSkk j d SCStdstesddhj Mo Owdo OF
fj BOdzsdSk fMjSeojdyd Oddsc dLoth 0o O O. uv0OSCod(
CMP ®dsdftesyjmsed.

211 esB j d20 fteddzydy O WidpsStg@ sso OF O

100t jHOS bk fis' jSChksoO'k d ¥ sttdsOdid Oy
HiyJded OO BB L OMdetseo Odz dzO EkfMlsO? jdzd d3 Isj = datsc
ks dz0 bttOddL dMisste® dz0 ydfk O] ¢t 35%
1020% cetsHdM S S EEOsBie®° IstcOdzsL d Mis s5t685% dzO@ yd &
GsHdh Cj. [900 Etyj 20 ftOo dqdzdzesmls HO Mmj Bt |
24 & § M y OMooas od 9 100 Cifsidz. [ OdzOM " j B Is tc O dzl



ftejh Os GBIHENN201RHIESte j H Istsc O, j Hots esdelsk@UzM @ B3O j
Mestes, k ojdkdSt' & jtod SMsoOkdoOdz d o j<OS
lted OCoadds sjrndetsdzsh Cdds Istej dgHso 3O ftets® j C s
MO dqLOLtad COCB HO drn dO d&O BB?>d dOydd J
Csted " < HOJsdagfE IstcOdzgL dMisstc® HO Mj e j<O dzsC O
My LOCH CodmMsOdsdts o j<Oo0Ot Btets' ddotsO
rtcked dz2Oyddz “jJ Bdts 59 j <00 0OF j -IflOROdE @45 L IO «
4 P M dteddzj tsB BJOHAE] ¢ jzoffstgiSgydsj SBBOHJ, (s
10" &zOftejHdzed " d * jHdes" j L G OtcdzeProfAMB MRS ted ( dzff

R10K, | BM Power PC, Compaq Al pha) ddizo &z ml
HsLoats? Q9O HO Mmj odhj tH died) Og@hijstclzS \ dj Hj
yd ¢ oizzpe sd fiseo j <O O 2 dzdeots | LP if-afderHsSuk9 9 0] . S

Mz j M OzOtc® ftojotsHddzOYy td§ dpfftcthT § Hlsd &ddzd
HBLOtS? OO HO M odhj dzjL OQoadmdzdrs ddzMistelzC yd ¢
ddets | LP fmj d&hidi] sheGde @otzn o HedodtOfagdfie) ¢  ~  (
Mz j S OdzOtcO. [od ftsyj mMsted Csted Milsj HiSH O
dzj L O9 d fdaj ddemilstezC yd * J dL Hd dOodkd ys tsa d dzfmIs
M BzdsOdsts HO Mj dLoth Qo0 k.

[j'Edd, §8C0O0LO0ds Mj HO {§ Ot Odxdzd M6 d @O
sectecOdedyj *© d HO Mk jtemMC OdzOtedzad Htotsyj Mtsted
ddzmlstezC yd " J dmistsetej d3j dzts dzj Btse (P wal). utsflse Ote j
Hicze] MisteOdzj, Mdztsy j desls § tslstejBdzj HEBSHOIdz]
Biots ' O d dzmiste iz Gy d ‘3 te Oty “dgdztfOLYKPQOW].O d lHzts 3 § dzd
Yyj dzZlstcOdzd L s Oded Ml jtemC OdzOtedzd HJL O ded kL tetsS
MdedzOdz0 E ydfkz ¢SO0t d oj<k M jl?dosmls dO Wc
femiskf yd ftes jCksoaO®° 0 d ojtd¥dsoyd) Gtjif dsd
Mo jcO, TBCOLOdEZS Mj HO Mk BaOCeoad HLO ded dL
jdegjteecd j] d dOyddz0 tsHots' j ¢ (Powerddydf JtcOdzaj J dzj tc¢C

dod tod CtdBddsoOded jWjiClkd MEstEtadmg®dd HC
LOC A0 5 §t5° j dicOhfalz §f jLich stCHO 0 % Misj H d des s
fOHdzg] dzO tsCts 20% d EZSCOLOdBdzd Oj j S s j dzj W9 Clzlsd
ZOyddz HO Mmj HE' j] HEBs BB?dma §jtoWtstcddOdzlmd. uts
Htso j dzts Hts dzsoatse Odzlsj tedzOIsd o dzse W@ dnbdgd Omdzts
Cstedh <j¢ ) Meaj oj<jc Bl ®BRdsd o «dMigazdd dzlRd
ftesyj MsCMP g Hi®@dls s d H dj SskdCt Ehses f ot

“jLCOLO ddzsjctedmOddr MO Hd' jdasd & ssted NS
CMPf tetsyj Msted® j dp daifddsO s Isj R dgsdztsh S Istej dzgv 5o
RO MiWlke jteMCtd §&Odkkz (O0fddSoyd j MO ojc
[WALL1993]). } sfylsts* ©¢ j o dh j ‘TERTciOAEO day diasfd Oz “ dgO  dzd
dzd Isd .

fedlsdftsyd MsteMcd MdMmisj &sd MEz EHjoofday ofaatafd i<
SctOded yj dej ftetsyj Mdej MdzOc]  jHdesftesyj MstemS d



Bzzsdf sy MstemMSdr MdMmisj O Mk t©j zOIsdo dzgs o j ©
HdMistedBzdteOdatsds () dssted ™ M s MdMmisj Bz  d  § s
CsBzdzd C Oyd sd3 d undHBde@didy Oaytdd s, S OHO Miz
Zhdzd & ydf, dd dzznj dzaj 4 L dzOYO dzaj 1 tej H datsMls
SO jJ°0 s dqdzlsjteltsdzj Syd OBBO EZdzz €A ydif ©
Gj btsed ftsMmisO & Bteyd, [CARL2GEBY o df st fL JYR ] MO,
dZOf t6j Hded d3 Mdztsy J dzd & MR Iz ff jetsifl Mdb@e@sTdyz "z € Oh © j ¢ C
XYoo d HEyddz Stdlsdydese IO dz20 ydgfkz m ¢t
Cs" O LOELd®BO £ toj zOIsdo dzs BOdzs ftesMisstcO® dzO
odJLd dLdBi'E °JiLFRBIO]odiss o jd<dgD IsYO s QMPO. 1 O |
HBLOS? OO0 Bteyd MdedzOdz OSSO E Mo OCtsd3 " jLGtok
1 stejH IsscO®, CMP Bts?j Cttedfimisd ftesmMisste dzO vy
ZsedSsd3 St 2 dzOd3d <z yj destcOdzdL so Odzgy MbtelzCIskz
CMP ftsmisdy it jhidSdsdddstf zmMdzed tfMje dLHOs O C
M j cmMC OdzOte MO dhistsdz ftsotch ddatsds -ispdetf O. CMF
Mz j S OdzOtc dzd n “JLEOKLO LOkzL d &3O dmlisd f tots
Ho OdzOj Miss-Rdede z GG ( LHHS OdzOte [ HAMM1997] .

sOCts Mk " jLett® s HHosSAME " @Gdz Ists sOCts' jJ MdO
MCttO<k"j] fobtejBds otcd Jd&Bi s jClsso 0O O d ¢
M j M OO0 MBOL BB jdets o <] . ZzIsQadh j, tod
ftesyj MsteMC s " jLEWO k CMP tsdiehc g @ds @ di3iff @Ot H dat
4 BBLdtsA3 HO M COhT 0 dzO ydfkz BtyJ MHABO
CeRzdzddogdPd ydif OGO ME ztffj @ [ AGAR2000] .
six‘d s jClsOdkOIsO HO eteOddyd d MO d ¢
ftesyj Mste * j &Y BOES j° jfp dise Lsfetsds HO Mmj odhj
Hd  jdzsds d3j dssted " MSCJj ~d° jteOtend jJ dzgOdzOL | E tsC o
1 stejH Issc®, CMP &0 Bt?>d tHdtsf) yd jdi d ¢
SMP &kzdzsdftetsyj Msted SH S drn Mk &Plsgzgeges | |
2 CMP ddzd E Mmkzfjtem OdzOtckz. 1 steJH otej 3y dzO
Bzzsdf tetsyj sz, ZzOlsjdzyd " 2 ftedmlskzf © dL o Odz 1
COh T jJ°0O0 s ddzalsjtcCtsdzl € yd sHE® L jNEn J 6@ ayd iz
ki Bsted * O, disH [CWdLA@9EMP. kRr dgl§ Oez®® d dzdzj iz dzl
dmisj &3i dEBIsp giapd @ M ki dEOdgsidL Bstedmisdlisd
GtcOHdodzgd BAZES IOSCoadm MdMisjdBO [ STEF2000] .
CMP fttsyd Msted M4 MIsOdzH OtcHdzes Ctstedmisy L O
Mjtco jtcdBO d Miteo jtcfd GO HOLLOO {dszdddsdofCiedrs ¢ tc O d3fr
sflsjtej<j’ g, “jte M BoOCej Ofdzd¢OYyd j HBBEKE
Bzzsdf etsyj Msted BO. U HOOh dds d BEHE<JAB oL
9 i tsdBBO Mz LOMky? jdd cttOWdEO, BtePw @ MddSC j
gz ftosyd Mz MdzOej COts d OfdzdSOyd 4 L O
tcOL dzj ddzgyj jtemMCi Ofdzd¢Oyd i. CMP ftetsyj mMsted
so®@t OfddSyd 0 MO Cwkzfdzd Bd3 CteOdez ZzOtedesh <z



[J'" Esdd3, cdzOoded dgj HsMIsOIOf j ENP OO dzg i) 2 s dz
b mitsted jd& dLothOoOSk MmjCeojdyd Odedzd® OFf dzq ¢
CstedMisd MOt " jHds * jLGtoH dz0) Olststc@] £ f @Mk d e
dMmMSstedh <jdesfls toj MetemMO d f jtoW stcdiOdemg k& dL o
sflsjtcjlf<oits O] dhsyj Mo Otedlsd Ctdzo jtolstsa OF j o3
o dh j dzdnislithyeaded § tctsctcOd3] .

2.2 10Odzj &zdL O &0 ddo sk dzdlsd

I dh j dzd i$noialithydsading * §j ©jrdzdSC O CB8° 0O HBSLO9B? 09O H
ftescteOd3 wWOLBd J [k RO dedoisiinedads bz ¢ yLts ML § M) Js ts Bts
dLows®® £ §OtOdzjdzd dzO tOL d&zdydlsdds " JLcted BO
ZOMlsaCkz <j Mj LO o O d3j ThieakdaveDBaralelsis d fyls d Is d
T OtlcOdzy dzd L O3 dzO tsadfgfsectizix OdzePls ff O AR dzd L O € ez f dz,
LBOL &zdIRSBHd ftojHMIsO? O ff OtcOdzj dzcbLOQds Windzdzd * J
“JLet® k CMP ftsimisd d fMmkfjtth odkzoOtd, SHtj '
CstedMmMisdlsd, “jto Mz TLP d | LP ttlstctsdOdzdz] .

10 B2 d COdHdHOId LO dedlsd Mmk: BOLdydd B
MCsCts00 bkdklsttd d dOfs?j hMdd @O syjikSkz
Myts? 0 dn (i ftcthte@Pdaase dzd ¢ BB dzj #3d ¢ B H
stec OdzedL Oyd d dzdIsd, sSOSBs8 HO tdzgj d@seckz HO MmJ
fMddemtetsdzd L Oyd ™ d, e0sHs] <L dO ofdtdncflistinds dtc Gusiz df sH Oy d B3O

2.2.1 1 0admdesinlsd s §fsHOYd BO

140 fted MiCojdzyd Odzdesd3 dL otch O O 2 § sMmists’
dzji S ftosd3 jd2? do kz, O COfMmded “ § E CtHk dzj €O
ftesdd jd> doz ydlso. 1Bts¢ Mj B3Odelsd yHO Cgtcj B s«
dqdzimlstezCyd " J d E JO0OwOdzj dzdL tso Odesds StsHiz dL ot
fstejlkCk. v Mkzfteskdsd, - OBANO(Rddaftet Wit O dzts Yy d
nOLOtcH #flc@ass®dzL O dMmdes" <l L R’ W sBOYT 3@ demistclz
[ikjSksoOf j d f§foe Ousde0’ ‘jj tod@s dzd § e dj &3 b
TLP-Q

UV tSBlodgzlssBO® RO IEd MjSCojdyd Odzdesds dL oteh (
ddzmlstezSyd © €' 0 ydbso dzgj Sk ftesdz jdg° Joakz, O 1
ftesd3” j dz” do Iz, 59 j Hod "  j ddzhisee gqdj & MmidMmlsis
fteceOBMStsd ©jHBM? jHE. U Mkf tewARE\MKie 0o 0
after Rea)l = OL OtcH ®dBda Odzd Mdatsh < Iz s BjfttH O3 RO
ddhmstczSyd ©. [0 -~ OLOtH fj t° jh 00O ftoj ddij:
Hieze O ( dzfyistedgtEsys " ®L &ftO" digd fted  § yudbso* o " jt
LO ydqko®j moykzes 0dz0O.



0Cts Hod j BEjLOyd j bk ftsctOdNSsd sttt
f shldfe dOL &zO L Oo d i) datfipAY ENrite Efterdig 3 O¢ Ots H .

Md dLrdd' & O HoyOf mOsode fte@odd Q dz? dod, Yoo
S dsdedlsd. ¢St ydlkosj gsmssd, sdHO fj o
ftejlsitsHdy Hod j §djdkzlsj LOsdmdshsd § §tsHC

2.2.2 Jlwmkj TLP

I sfists* ] Heod  jJ otfmilsy TLP: JSMfddydlsdd d ddo
o HOD O O ( dLoth O O O dzdlIsd, cots ( C Bd3kz dzqd
Oterndlsj SbkttO ftsyjmtstto d d3i Bisedf)dzdy ddsdiisidic C
(dzj MY j C 2dzOIs d o dzts d3) TLP dzd Is Bsclz O Isd dzJ
Mdden etsdzd L S Odzj ZO Mo OCk & O lzHO Okt dzts fipleds
dzj My j CZdzOIsdodzes dL oteh jdzgj dzO Ct5de ztej dzls Odz dzOy(
dLdj ' 2 dzdlsd Mj Codistetstizdbd fptcfitHdeds o O R iH s d 30 df
primitives.

t $My dzd ydlilsdzey dzdlsd & Mmj o jdzyd Odzdes® Oof dzd € O
f cfzflac j Hdzd m f OtcOdzj dzdL 2" E<dr ftojosHddZzZOYyoO ddz
[ TORR2011, OoLUK2007, OO0l 2001]. [ J'klsdds, dH,
dzd * § azo ¢ f MOt LBBGE { tcis® zgelz@®ts digi@d] dztf tdfiflsCizC dsolz@
fd di Cyd 4 d cttOdzO® O, ddHOydv OTBQ fite jdplsts desiyud o
S6teOdzd Y4 dzts d3 sB d i3z dWd<¢ Omdzed lz fto f sL dzOo
1 OteOdzj dzdL " k< d fic s dsygdL §tee @lsd o dziz Mis tc C
dqHjdzsd¥dSeOyd d dzdisd " jto ftejlsftsmMlsOa? O & HO
Fod J¢ COHO@izZsBsERr g DsEO dzj L O d Mdzs s, yo¢
BOdzs 9o jtotso Ols dzO. s Ots -1h Is =0 Citeljj ndliafs igdited ) @ dzf dzgl €z
dZdLtso O L d K LOadMmdel tH EdzOL dd~ §tSHOISOC O,
tOL dzdudlsy dbjtwoyd § fils? jj diffjtezshlsBof OdztfL O OL
sLdZOYyOe O ' £ i’k LOOfJ Soddzyd Odzdzs dL oteh Oo

for (i=0; i<N; i++) {

)| Iteration J Iteration J+1 Iteration J+2
: = AM] + ... e =AR2] + ... .. =A5] + ...
: . RAW violation j
AIK[ = ... : ;
} A[5] =... Al2] =... Al6] = ...

U210 Bd B jtb BsSck<j L OodMdesiEARRAPLIE] ' £ dlsj tcO

16 BO Itsdj, dod dOftjHdd ftjosnHdsyd dzj s
Bseck jWdSOmds dLoth Qo Olsd j fjcSyonjlsdgy d 420 dztizj dzjO
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dSMyfazdydlsdz dedisd. 1 tetss dzgsfizazd 9 d inded gtz dzOts & dzd 43)
dZdlsd B30 ¢ty Bd My dBoedzj dqHjdsdWdEtseOlsd k& o
CJjeccottd3 qLoth OOk kL {§tMmjBdkz ~OtHe JjteMCE
fslsj daigld &gz’ EmMsedzj L OoadMmdesMmisd Qfd eddets tclr © € Olex]
ftesyd Mstelz EL fYomsts  0° ) MmMWlkse jttmMCj ddzd -~ OtH
Hilsd Clstseo Qdr® O O®OL O dMmdetsmisd dL d3d ' 2 dedilsd [ °
KRIS1999].

v s 0Coatsd3 MdMmlsj gz dagd s L dnigh OtP] Lz ddOIs faOtc O
cOL dzdydlsdds “JLcectedd@BO Mej HBE L OeadMmdesfisd dzd"
fs"  ©od HB CttO O, dzdlsd My LOotwh OO & d JWj'
My jSkzdzOyd © dzgj emyj 4 M dzO, dzd Is Cs" 0 " § zOtckz
My j @z ddlsd i SCdHO E dqLoath OO j, “datsed
mMd COfMmMded " J] dLotthOoO £ COHO MJ HBBd E ddMftOs
tojLzdzsOlsd MiJjSEzdzOlsdo dzgse dLoteh Ooa 0O O COts Cfs
HSHOIdZO ~ OtHoe jteMC QS Qs diE Odzed 19 ,d HY Walsefad ' OF J
L Os dMmdesmisd, ftejHod' OF ] otcd JHdzsMIsd ¢ sSHOIsSO!
My j SEdzOyd O dzALSdhreadlzveldspdsufation . 1 shlss mj TLS
fddrtetsddL Oyd O dedisd dej dMm¢? 2yl &,dydd®dsOd fj
mMddem esdzdL Oyd 0 M dBsyd SCtwdmisdlsd SOHO Mk L C

2.3 wfjSCbdzOlsdo dz@ § OteOdzj dzdL Oyd‘ O

b [KNIG1986] “j ftjHdsyjdkd fftee® OwhidlsjSls
My jCbdOlde dzdm dedlsd L O § & tafsy Hitedz@dzdpf | jf LOde®jdz a
CBHO MO Boyddd j¥jClkd®kO (SHiY Ods ROLHO |
Cstedh <j 2O SH ©OLdJudlsdr CMP fmdMmisj 50 ( daf ts.
Bzdsdftesyj Msted® §slsflzds std jdsdmod O
[ OLUK2007] )odn tjdehul jHozias v . ¢ Ok, 4

2.3.1 ltedd ja? dotsfls TLS

4 j CzdzOIsd o dzd f OtcOdzj dzdL Oz M J BsY Jd dzO < d
Of dzd S Oyd OO (deftc. , [ PACK2009] ). TLS Gd&tsclzs
fticsctcOBO B L fslstcj B J L O Mmdztsy F dgtf dizd pfEOdis{ds s
mMddzmr tetsdzd L Oyd * tsd3, Cos d dmStstwedh <] j f zdztsa
dLoth OOk MjCeojdzyd Odzdzgdr Of dzdS Oyd © wffhilsy
o0y j<d k dhmbsdk fftcjlstlkz Ot COHO B Mj ®dzaj
Mo Otcdzts dqLotcda O & Ek f OtcOdzj

TLSfyy dz2O" yjh<j Ctodfmlsy 2 §0OttOdzj dzdL Oyd "  d
10" 9j<d ftljdyd O0dz LO §0O0ttOdzj dzdL Oyd & Mmj dzO«
fils? | dLotch Oo 0 COB LOMiBdZO dzdls. spamn fMmj f s
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ddhmistezSyd O, C sl Ml jftoeadshole® dLokh O OF
dLotth®o O dMmisd StH. 14hbkts “j Isj3j §OtOd) ddL
Mz y0 & Mj seduds MOdB fekbftesctOdr sHod O k&
CEHO dqLO fLdoO BHad O bk MmijSjdodklslsgs  t @@
s cBcE0BO. ¢St HB' jJ] HEB §octejhdj MYyjSkdoy
Zdlsd M) fsddhk0s0 k.

2.3.2 TLS ®Bj-OddL OB

L MdMis TS @ Ctsd3 sH odh j ddlsd Cts° §J Mj d
2O ttOdzed " § MIsOtlsse OdzO ded s Odzj ddgdfistdy S fiptfdgOisko{da @UEC
OB dzgi M J CEzOdo dzO dzdls dsyj§ HO diBd 40O &
M j SEdzOIsdodzy ddlsd Mets" © MISOT O dLoteh O O © H
dzj M jJ S ZdzOIs d & dzO dzd Is L Ooteh d, ftco O dz0tc j H dzO
dzj M j S 2dzOlgd o°dgldzts fiPls O | § slsotc' E° j(comdmiyf tcj B Oykz
vOSBs' §J, MyJjSkdzOsdodzgj ddlsd dBsckz HO ydkso k& d
M EfdmoOdd k BOW,jtej ftojlsatsHddr (BOTj Mmfj <L
BOW jtcO® dOtcjHdedr (M JjSEdzOIsdoded dr) dzdlisd.

MOtHPSj@ fsHih CO LO MifjSkdzOyd & & odHk dHJ
flfpdets OMsyd Oldoedzy Cjh dijBsted j ftoose dzdots
Mk fwtdoOldzy LO MoaOCt sy MMt " jLEK. 1
B Bsted - OBO bt MfjOzdOE gefdsk dtsa zbE Py Gs ¢
(write-back , O ftesd3 jdzO MmjSeojdzyd Odzdese MlsOT O Ek
COHO Mj tej ddlsd bkfmf " jhdets L Ooteh j.ivudIlsi®f j ¢ zdzC
dzj $d fsHOLOS M jSEdzOIsdodzed -~ OtcHo j 6l HBSPP HO
sdz0 dzgy d&O' J bk ftedo Olsdats® SN B Bsted " d oot
B Bsted " § T JLcwO JBOT J Y 9 & &0 Bdlotallsdzds Hf H d2O  d3¢
My j SkdzOIsdo dzO dzdls dzd " § HtetsdLoj &zO Bolkz eoted  JH
Hiczectse dzdotsO’ gdzff ORL | 39 BB (

dbHjGCOoOIdzO R OttHO jteMC O fSHEGh CO LO TLS MmO
ltefy)' do O ] fSHOOCO dqLdj' 2 §f OtcOdzj dzded =
2. 1dbsjSCltsa O] RAW - 0OL OteH O,

1 sdzdh s 0O j tojLizdzZkOIO M jCEdzOIlsdoe dese dL

f st h dzO,

4. RLOth O OF j MY J ¢ 2 dzXstte jdédls.dzts B i | B ¢ & (
~nOL OtH ()

5. 1d"09 0] WAR fOLOtHO ftoj dd3 detso OF j d&3 d3J O3l

=

W

VU MEy0 k fwOetse Hd j?2j°0 fsHOLOCO dL &' b
fsHOOSC, ©Odd O dedls kjBO HO ‘' ©° fsfdd' jHC
NS wOlsdds YjSoOj, ddls S0 fosdLosHd §BHOL
ddlsd BO EdzOftcd  jH, BJjL LORI  jooO.
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RAW ZOLOH fj Hj"Os0O SOHO ' j dedls f toj tcOdets
E S 't MfjSbdzOkdodd © dzdls fteoats yYdlsO fHO
MfCkdOlsdo 20 dedls bfdmk‘ j &sw® sBdld HddOK]y
O 000 { sdzdlqsa€hin®® fzkls S 0 ‘' j fsydlsOodo d
O LOIdd ¢ jdddd dzOSC dzOHdzdd3 dL oteh O O jdi3 MO d MY t

vV MEEYO' & d&Okh Os OF O L Oo §f fi)dd&ifls & B jjtc B di
ftesdsd jjds d Mmed JWjCld Ij dzdlsd BseO E
M jCkdOlsdodsts MsOS ] Hieyd MOBs bk fdo Olsdes’
fjtoBOdz) delsdes MsOS ] bk Cjh o5 ksted d HEekeseE dac
MfjSkdzOYyd j &OCt ftddh k0o 0 k.

SOHO COfmdaf jQ amPls JEzded M@ ged k) dMisd § sHOOS
tcOdzd " OB@AEs M J ¢ zdzdlsd g dz dzdls)d ( WAW [ OL OteH )
BsEO' & odH  jlsd jWiClkj ®oadi kEfdmMO k SttkjClsds
dzdIsd O k2tedtcO ' RO i tofiphialty dids diftsts Mijdslz * < d  ff tots G to O d3fy

s BdzOydets, twOdzd O dedls daj Mmdsd " § ded Sz OO ydIsOls
dzdls (WAR ROLOtH). Jots Mj BMdekztcOoa O Hty OF j d
Cihk fwotse ddosO C' jd daj Esck * Ot dilSHFEols d
sfdMOdds MdlskzOyd-20 ‘j HOO &O Mmdadyd 2

Original Sequential

Threads Speculatively Parallelized Threads
Data from i
previous Thread i
threads Data from ) Forwarding
read X previous Thread i from write:
read X threads read X
. VIOLATION — Thread i+1
""" write X jaass: read X read too early
. read X
w read X |gueel == wwwmnn Write X ey T s s s nnannunnnnnnnnnnnn:
= read X read X To later
. Thread i+1 FORWARD — _ thread
write X reads
correct program
read X order occurs
read X
read X

write X
read X
To later
threads

2D ed &3 jto MY jCkdOlde dd R dzd ls LUKEDOT] Oo d fydats h

CMP fidflsjd MO TLS fHtEhSCsd ‘j SoOddls,lsda
Mzsy j dzai Mk jteMC OdzOtedzi (tosyj MadO. C MP s S IDjdzts
fsotehddaj ydifoO dsyj fmsd<d dO ' jdssEs' d
fjteW stcd3zOdzmj COos d Mk jtemMSOdkzOtcded ftosyj Msts
ftojHdtsiisd fsMmiss § d ¢ sisjjderid  sOedgdedls j-tedsiptdgj d§qO
0) djHBMisOLOS djzEd tefgdzs s ®f ZOLEOYyd OBO; B) H
fsHteh CO Ct°'d Md daj CtstedMmilsd SOHO M dLoth O

13



Brdsdf tcccOBNS s t©OHds Gflkjtj<jcj; o) Mo
My jCbdOldodedr dedlsd;: &) f§woj<Odsj &®lsjdzyd” j
dLE kB gjdasj oltesH §Sctejhdzj MEjSbedoyd: j

2.4 lwjedazjH MfjsSkzdzOsdoadzed~ CMP Mm(d

1 silsts j Isted & dzOs dzO 20y d dzO CHP-Qltetise’ dfj S ds@p Pz bz
fj SHAdSEMP OAdlsj Skt St'j Mk k& §slsflkdsh
dMSstedh <jk Mij&rd@sddAUsc" YOwHEz Mul ti scal a
Multiplex [00I2001], Trace [ROTE1997], SM [MARC1998], MAJC [TREM2000],

MP98 (Merlot) [EDAH2000]d Mitosis [MADR2008]. [ dzd Tj SHdodSE k& fdt
TOHY jeMSSd TBHLWEEc0o 0 &£ MY jSkd@Bdo dk ¢
otk tjcdmsOLO dr tide dlzdde®led dij ifzjs o] CRS | 2O
Ondlsj Skt MO ddded BOdzdzsds HESHOIEE ,f SHiEh § s
COf h IHydraff@LUK2007] ¢ STAMPede [STEF2005]f dzd MOH ey j f) Odst
fSHEGh Sk LO MijSkkddih <dof k] k] Gsted 8-
I-ACOMA [KRIS1999], Atlas [SASS2005], NECO [BARL2008]Pinot [OHSA2005],

fsCkEh0o0O HO CodBddz’ j] fwjHdesMisd §oO HoO
tiedMmsOtemMCk d & dBsted” MCE MmYiJ ¢ EdzOYd]dy, so d
OrndlsjSkzicOBO MO BHEGo OO TE[EANAZI@IcH o j 6MS &3

LV Sefts' CEd&Oesd <j Bdkd SfdNOd] Gfhls] shss
B ~OdzedL B tojecdMmlsOemMCj d i dBdsted MEJ CBzddS (
%Ot jHdzd i3 € ZOo OKO. < OB B0 EBOSHPsE@®BRS j § bL{ Gt
dHj dzsdW dSOyd 4 dedlsd, COsOis tefO L Hdtdsitedd diyft-d Criadisy ods

2.4.1 wdimibsj®d fskfldts sted  jdsdnOdd da

Jod MmMdMmisjddd tBdydts dBO 2 L dOYO dkz -~ OttHo j
JWdSeOoOmdes M j S zdzOledsesdz®, d saadh @I Oo O & § sz
dzdlsd d dz20 tjedmlsOtemMSsds d dj ddsted  MSCsd3 dad 9 ts
odMmMtsCj fJjteWtstedsOdelmj ftod dLoteh Qo O EZ MmjCojdeyd
fodzsodzdd3 ftojots' jO jd&3 dLottodatse € sRPEfjtcsctcOd
dLotch Qo0 & §OttOdzj dzdzj Of &zd S Oyd " J ddzd odh j dz
9jddC0O0 Ctsdzdyddzd fsHtehCj] LO MfjSCEzdzOlsdeodes dL o

ful ti sMualltairscal ar je ‘' JjHdts tsH fttodms CMP fto
sted * J dzls d i) O dzts Cd® dntfojtEz@pCI dio dzts OC s h s ts Ctsted
mMfJSCkdzOyd & &O ddotskz ¢ sdisttsdy sts¢ O, CoOos (
ZzOd3" § dz ¢ 56 nOtcHO jtcO® d Mmdztsy j dad = d3d =~ Odzd L O BC
tcOL dzd ydls j 9 Otcd * Odzls § HdL O° dzO M j S EkzdzOIsd o dztsa
ftodjd§'j dzgj Lk Ma:l tQ)sAddegb&Resolution Buffer € Ots yj dzlstcOdzd L s
cJhn By Bsted " © fteose dzdotsO (L1) sBjLB j'kZ"J
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Hilsj Syd k2 dzOtelkzh 09 O 0O dRHBOODG 1M S ddSpeu)@oSdVidzty M Is ¢
Versioning Cache Cts5' dilsdk stadf Misted B zd tc O dzj L1 cJgh d3d
Yd dzstcOdzd L s Odzts ¢ tcJh 0 HO jdddidddhj ftetsB
ftesf EmMdse sfmMjcO ¢ PPEAI®8l.ztsyj dd SSH ARB

v B ] 90ttd Odelsj BtLd * jHdtsTdz" J tddgd Of tefmls j c
dL iR ' £ et yjped@® d AR s° o0td Odzdsd HIL O dzC
ARB d cdzOodzgj dij d3stcd " j o©JL Odzedu §SMCE sL IBOEG JMls |
BB Bsted " d 6 dzOo dz0O d3j dZtsted * § ORMEOIREZO L O j H dzd Y& t

Multiplex. Mul t i pl ex CMP [ OOl 200 1] Multisgalara.d tcj € Is dzd
[Mdd Issc O, Mul tiplex "4 fted MmM§fj<¢kdOlsdese dd
gy dzd ydilsdzo odh jdzgdlsdes dLoath Qa0 ] ctokzf dMO° j o
dif dzd ydlsdetsdz Mt j Sz deOds deo flzesfyj] CMBPH toy Os dzo O dzd H (
LO §¢iYf dzd ydsideH Otledds d - Ofer o Jaff@Tj pf BtenGj .MOMIs
Ud sdted SCSBdzo j dzydsdzOdzdzO f tesyd MsteMC O “ jLEteO f
fsHOIS ) d ddhstezS¢yd " j d LO jHddyStsd L2 ¢jbh
COts CtH Mul tfissgalCaz® Ek HBisilydj dzj w el Mgz | vedidd s tc d E
¢c4gnh B Bsted * § ftejCts LO" JHddyScd BOG dMmilstc Odzj
B4 Bsted * tsd3.

SM. SM ftesyj Mste dhistseatcj &3 dzts dL oteh O © dzd Ist
MiSCoeojdzyd Odzdzed ftesetcOR Sctedh <j® jd3 Isjrded G O MM
CORoffsHieh CEZ ftojosHdsYyO ddzd ftescteOdzj cO® [ MARC
ded “ j Mk lstejBdzy dJSCOCo0] o jdei E MCEfE d
ftesectcORRd St5°'d Mk HtwjeajHjdd LO dLoath Oo O |
sOC ' j dBsekz Bdlsd -EH.Lotch O Oded d dzO® SM

SM ftesyj Mste Mj MOMIts' ' d B©H dgj CSsdgeads ° j HJ dz
Units-TU) €SB° ] Mk &' EmMsedes s jLOdzi * jHAHE
dimlskz ddemlstczC yd MSEz MVQE fmuligploRstcd j 2, 3§ Gstcd(" 2 ¢
ftej HMIsOo > O §sfjedEdede dH SsT dS jsB jdsB " J ' 2" f sis
ykze 0° j My j CEdzOIlsd o dzd ~ ojteLd O. MVCW e 5 oz ' 21
CtetsmB O O.

Trace. [ Mdegsoa dz@ “ jHddzd yO Ctdzlstesdzy IsCO dLoathC
ftej HdSCyd E£MPEZ jTrisata@c H( dOBd usd dd@ zhdtelzS yd
~nOtHe JtieMSd cjditedmMOdz sCsd3 dLotth O OF O, 0]
sflso Otcj dedr ddzd dzgj slse Otej dagdr ddelstczC yd O MC ¢
ftojftsLdOO & [VAJA1997, SUND1997] CGH' j fmj
odterd" jJ MBAOBSFwadrmarMuzdlsd dOSCt tdzj Bselkz BdIlsd
fmd k3O 2° j Csdf dzj € mMdesmls Mo dn WoLO Mmfjckd
~d jtOtnd  j] k Codstttsdzd IssCO dLotch O 0 O ftese

Trace CMP fj MmMOispeeglzd | & MO QB gwINMsttMc O ~ jL 6
B Bsted " LO Yykze Oy bttOeso O d HdMYjyitwwd Ct5°
GjdgjtedmMO® ] HddZOBI yStse IstcOEO [ ROTE1997].
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Mitosis. Mi t osi s “jJ MmMfjSkdzOlsdeodzd CMP Ct°d oteh
f sSHOYd®O dLd3d' &z dedisd, OS OsL offtethifiac O 5O WH ¢ F .«
leJHdSyd O d dqLteOykzdz0e 0° j EdzOL dzd~ oted ™ j H dzts
foscteOBMEBEe SSHO SCt5° d My T p-siee@regompz@tionf sy sC k2
slice) [MADR2008].

Mitosis fmJ MOMmists* d S H "dHdddyd@) L ®O B ic!
Ctdeo § deyd sdeOczdzd &3 Mz § eiC OdzOLlRAjd3 Yo t=B3isjtefffts ] d§as
Mz MO GcdhtBOddtsd L2 ¢jn B Bsted " sd5F s jL Oda
1 sfj B dzO ¢ sSR§cratgndeegdle (2f O ? © L OHOYdABO C° d
dLoth O OF j MY Jj SSadeq s eodd)® J dzdnjslzfsiB sH dzj = J HJdzed yd
ddzdyd O0dzdL Oyd O dzgj $dr tjcdmMsOO d tHtY 0o O° |

MP98 (Merlot). MP 9 8, Cs°'d  “d (SO NN ST fsLdzOls d

fteslsslsdf® Merlot, ‘jJ SCtod&jteyd Odzzd o EMP € 5° ¢
Codzstetsdzy bSO fHsdcteOBO d dO fsHOYd®KEO. nJc
jdgj teed j, COots d MsWleajte L O Okbs®kOlsMSE fC

fJjteWtstedzOdzlj d Rt kz<Ooa 0O EfYfslktejBbkz E f O0d3J Isdac
MP98 (Merl ot) md MERIffisade iffS Os H j w jeleddte dd  tfugitdzls te C
B BSted " J] LO fsHOE] C8°O0 " jJ H J?JdO L dgj'
stsc O, Mo Ot flesyd MstemMEts " jLetes &3O Mo s’ B C
M j CEdzOsdo dzse dL oteh O OF O. 1 tets jsholds tefij 6@ y'Is jOLtedOte
d SRB BOWJtod difdtc | f ez L HOFRO) ¢ Is dzj (poinftesmoint O dzs mls d
[EDAH2000, MATS2000].

MAJC. MAJC (Multiprocessor Architecture for Java ComputijrgMP * | f tsf)j B dats
f SEBHOdz LO dGrdzsddzdd Hd " Oadzdzy O dzd S Oyd “ g " dte
MO HtBtdd jteW stediOdzmMOBRZO d d $Mistej dgdzts 9 § dzc
Ctsndted dzyd " b dLd3j ' Iz ftetsyd Mtste iy ((TREM2000j L ¢ Otc ©
SUDH2000]. MAJC-5200 ° j ftco®© difMAYBPUESEGI SO C" C
ZOBd " § ¢ j dz2O0 ey ded d3 d & tsd3lzdzdfS @ W3 t diaPdg W Is 5 G5O GO
Of dzd C Oydtsded d3 M teo j ted BO ¢ ts5° d Jayddty tsiaet€ 1Pl dl2 jH d ¢ d

MAJCd B3O Istcd dzedotsO ~d  fFudOhEeeyj it hsiche d d
d Wkdl ydsdodadietsyj mEadpihgPrtey d odhj ftesyj Mt
A HdAEPYDAZO j Hdsd3 ydti 2 MAJGHER@D). 4 o GOEH MOH toy d
ftcdoOlsdzge Cjh B Bsted £ L O dqdmstezCyd 4 HEBE °j
LO jHddUscO L O fmej { totsa)jtdsjte CRUSHEIQ, Hdodgdsys) d dz@ H
Ud sdted WEkdeC ydtsdzOdzdzj ° jrH ddefimy j d 3G tedits Sy dfslzj ke YO
MstezC skt . J]90O0Co 0O =~ d MAKOCMPOMUARSEStZE OdzOL O
dLreotehd ¢ jdes fteddzOets' j ¢ J f slstdJubdAdio] § ts° j H d dzO

2.4.2 J1idjtedyuySd fdmlsjdd MO TLS fHihC

vV s jHdddd MskHd OKRO ¢ KS@MFQ kO Cds@BL tzf &
il stedOdhn] NOVPOL&OLEOAEE HO dd' j skt sd
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CBRzdd COydesdy "Jjdi3d dJqLdii' 2z fwsyjmMsehcda ]
Csdiizdzd COyd 0 dqrdzd ' 2 dzdlsd dzO d3j dststed " ME sd3  dzd ¢
CoiRzdzd € Oy d s'dfls ¢ dz@ O § fo W ts tc B3[PALIKZ2009,MPANBG2PEBO

ZIAR2009, WARG2006].s O¢C Q9 mMdMmisj &3 Mmlse Otclz” § C i3z dzd €
dme¢” zudets (i ¢ Hd GOdiddej da) dgtdafH ojj. e O 4§ SH te
CMPEZ " jJ HBsots? 20 L O dmMitwcOodes Mf j CRigBB®IO® dds d L
2O ftHhCk ftojotsHdBYO d MoWlse jteMCj ¢ i sdzj
B ftwddzOetsHddzd MmJjSojdzyd Odzdzy ftesctcOdzd L O M
fclstcjBO LO odsoddd ftcjots' jT jd&5 dL ostedztse {f tol
sLBd? ddr tipsBday BOOHB dLoBteded CSBH ftescteOBRBO

Hydra. Hydra CMP Ctd&3Bddzz’ | BRdlsdftesy MstemMC k2
B Bsted " sd&5, MY Jydwduydey &BJrOdzdL B MddentetsdzdL ¢
CsdzO d sjrdesdzsed 2 ff OteOdzj dzdzd - ftcj otsHddzOYOC
yqd J a0/ §fjtel stedsOdemd d JVdECOMmded d 4 OteOdzj dzdzd
Hydra M MOMlss" d BH yYdbdted ftosyj Mstc® L OMdats:
R10000 ftsyjfmtckz) . 1 jL0O0 dLd&j' 2 sy MstcO® °
HESC " J B3 dBtsted " sy dzidndtindde Bz d wgf zd ted dzf o s5O:
By Bsted " § d H 7 JjdO L2 Cjh & &ssted” O dzO MOd3
B Bsted " © 9 Odz ydiy oO. sO0C " |, Mo OCd ftesyj Miste
0o’ O fdmiszfdBO CO dadx dd3 d3j dgstied ¢ dnds dad
cdzOoa dzj BB dBstcd " j. MmOtHoO jteMC s/ MsWise j oS d d dzls,
f stej HOC dLotch O OO "ded sdfdzflxiz] thy dzs dtc Odz ¢ tsted N <
Csftesyj MstemC ts¢ CP2 ddzls j oW j ° ff OHAMM2008,c% Is e j tcf
OLUK2007].

STAMPede.STAMPede €#MMPtehiOsd L O TLS | 9 BABRO fi
Hydr a, Odzd MO " jJHdtsMisOsdzed dd3 ~OtcHo jtesdz [ ST
f SHteY ‘"iHOd tBd&dS OctjMmMdedzgy TLS ketsHj<(d
Gjdgjtedysd CMP BjL EROC do O O oW stb&zOdzlmd Ot
COo¢ts Bd Mj duLe jedz Mmdzsy Jdal yYj destcOdzdL tso Odzj
fso j<0O¢j COhCjeO C€tH L1 €C€jh dBidsted O L O f{t
Bsyj J&BBOISd oj<d Bt dzdos®@ Cjh isj sted * j . J
STAMPede d®B0 ftcdo Opdzj. OC jf"sH GsWBtcd] ddeMmistclzC -
fesyd MstemMClk "~ jHdddyz d Hd j°idkz L2 Cjh &
By Bsted " § d H J?JdgO L2 Cjh &jdsted O Mz §toj

STAMpede MO YHEh S L O TLS o f sGtsH Odz
f Otc Odzj dzdzd d3 dzdndzd dz CBiMTI@IEOUS Mttithreaded procesgsdEMP,
odhimistezCd ftsyj Msted MO Hd j° jdtsd B Bsted ¢
LO yd' ' d HdLO dz2 Mk COt ctcOHdodzd Bt d ¢ 51
ltesecteOdz Ss°d "jJ " jHdztd3 ftojBjRdsHOdEHSC ftod g
ZO Bddzs CB° ° sH ftdi3j dzzlsdr odh jdzadIlsdzdr f dzO
ftcjots' J jJd3 dLoBtedzse CtsSHO.
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2. 4.3 mdetdHdzd ftedmlskzy

¢ d Mmilsj d3d 59 J Ctolzt J fsCEh 00" k& HO ¢ tsdiB d dz
ftojlsAnBHAZO Ho O ftedmislkzyf O t? Cffistalts L JCC ISTd eSO & CMP  fr

1 sMdeso dzO@ ¢ j dzj sd ys © CMP Otndlsj SlsktcO S OB Ek

1T tOH MO MmjCojdzyd Odzdzd &3 B d dzOtcdzd 3 S SHtSAdZ B J
dLoBBtodzse SCtSHO COts CtsH oy Gzl j,

1 isHteh CO L O SCtBzddtOoyd Lk dL ki ' & dzd Is d C
B Isted " MESd dedg sBc®PH, CsSH §to

I MCtesdzgded ° © - OtcH O LBIMO® HtsH tcH EO6 L Oc oz ff J .

1l toj &3O Is s d3y , so d md milsj d3d d&kO Hise t5° dzlz
M j SzdzOlsdo des  OtcOdzj dzd L s9 Odedr Of d&zd S Oyd " 0, O
dLotch OO0k ftcOQoadnrn § OtcOdzi dzdz® 8 d fipdgcied ¢ O f) dzd © © y[d
dimlstsetej d3j dets dzgj 65 MdMmlsj d dL e clzf].

Atlas.1 JL O  dz At l as ftsyj MsteGz,  jOdeO " fiozd ataf “
teOL dzd € j§ : 1) Atl as SCSttedfisd dtsed OdzectstedlsOd
B B3sted MEdd3 toj W jte dayOBBO ZidZ0 § ée B z@Z0] JleiafS® 2§ o
2) Atlas C(ttdfmilsd Octej mMdodzk CtsdiB d detso Odzz ff toj H

Atl as fttsyj mMste My MOMsts ' d tsH 8 sy MstemC
ftosyj Mstelz, Cs'"'d Mk o' M dets ff 59 joLOXdsd H o s
ftesyj MteMS s “jLetes j fsojLOds dO Had j L
ftejBO LO jHdduSts® L2 Cjh &®idsed d d Hkzck
oted jHdsMisd d SCodbtesdj bktsCO. [900O0C 00 HL O (
My J CdzOyd O defdstsio Qs jM G e HACyd tsd3 oted JHC
Hd dod®id ys J ftsH " j dzj MiCojdzyd Odzdese fftetsc tcOBO
dLoatch O 0] dij' EmMtsBdes L OadMmdedr dzdlsd [ CODR200O

NEKO. s OtcOCIsjtedmisdSj NEKO HLO" dz0 Mk d &t dzj o3
fsmisdy®@yj s®OYydtsmisd Mm§fjSkazOyd § oj< d d&BjlstsHO
fsctejhdedn M jSbdkzOyd © SOt d dzj cOls@afdzj jW%j¢
Hj CleON@EEEEO LIPS &GS @) d3ts te ddtjts HIQIEEEMEE S o) d & Bt -
ddzo Odzd H Oy d tsdadzr Sitfistedsdgsid " {ORHANE2@2, BARL2004]

NEKO fj MmOmts d BH ‘jHdddyj LO Ctsdbttsdk
fted o Okldg Fh B3y Bsted " © L O dqdemistelzS yg2 § S g § sH O
Bj Bsted  j. lsyjmseMCO ‘jLc©O Mk §sdljL O0dO ° |
Cdnh &widsted  § Mk §tjsts Hd §7Jjdg LBOcH]steOdzj
B Bsted . AjdstcOdzdL 850 Odz®  jHddedy® Stdstts
LOoadMmdesmisd dqLBJ' & dedlsd d eothd tOmMfstcj' do OF
“JLeO. sOt fHth CE Offtfzj INEEKGIs diodgias ds CdtaHootg Ma@rpS j
LO ftwjHdSyd & dedlsd d L O 9 OdHUNGAPR, &z I[sOyc
BARL2004].
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Pinot. Pinot CMP, € Ots d NEKO, sO¢C ' § f sHicYy O O MY
f 8SsHOKOCO d d&O ddotskz C(tdstttsdz Iss¢CO dLoteh O9 !
udted ftetsyjmMsemc " JjHdddyd St°'d dB30° 2 ftede O
Hd " 4 ° Jd daj BZ3OG6 d MiIstc Odzj fsojL Odzgj ZzO BMisOISOS
ftesyd MstemMSy " JHdddyd f§teojLOdj " jHdshd jteddd

IsHteh €O LO M JjSkdzOyd k& & dkjs Ods HFooOXIgO ffHigECYS |
ddzmilstezC yd O L O fork Q@rofagaedzchnc@l g e tct € yd " 4 Mk HE

fsfmiss’ j<ts° | SA), SCStdbtesdz ¢jdjtedno’ 0 ddlsd f
Cs ' t8° fj ke O' b MY[PHSAMOT o dzj oted  jHdasMisd
I-ACOMA. IFACOMA  “ j CdOjCHP @il dlsj S Is Bis@ O lsiyds ds

~nOtcHo JteMCtsd3 foHEh Ctsd3 LO MfjSCkdzOlsdodests dL ot
4 OMmists” d Mmj-issmeH JuzOsEftad 04 Mz j MW OzOtedzO f tetsyj Mt
[IPSf sy Mstetsdz) , Htedo Olsdzda fL2 CGIh dygidaststdd ‘Of
ygkz, ltsyjmMehMtO " JjLcecttd Mk e jLO0dd ftj tts
B Bsted " § Yo jLOdd MO H j?Jjdsd L2 Cjh B Bk
MOtcH® jteMC O YsHtehCO L O dHJjdlsdWdsoyd k& dij c
Is ©B jMI2] (Memory Disambiguation Table¢ ts° GO dZ20jzsc dzO MO Mistclz € |
COOditead) i ¢ tsdzo J dzyd sdzOdzdets 3 Bz dzlsd f etsyd Mstelz M
L OodMdets t5H Mots’ j o dzdud def2 Cdpthy j o3 edzfsided] * n O fiflsk
mMd3" § "Isj dzO s Bdzs dzO MOBsd3 ydfz [ KRI S1998,

2.5 RHJjdsdWwdSOyd BY @& BkOYJ H s )

1 tod * J dLoatth Oa OO0 MmjSCojdayd  Odzded n Of dzd € Oy
ftesyj Mstek §sktejBdts ‘j ftojlsitsHds dLeatwhdlsd d
ddzd fted j tsyjbscoO dqLoateh OO O (dftc., fodks<Lk
OdeslsOydtsdzdr OdzOBO f @ dzj@HAQIBYyd " & fyj S o j dzyd  (
BOdzz j dedes 3 § OteOdzj dzdL Oyd s5d3, dlsu.) ddzd bk {t
TOKHO jteMCk f§sHth Sk [TORR2011, OLUK2007, C
(CteOd Ot datsls dedlsd) ©BEZRo OO hdtess A j SOt
fcf ttcttO®RO-1 U jls@®jsdzd 63 ¢ dzj H ©OL BOIStcOdzd & M
fsedzjHk Sdrtseoj YwHthCj] LO dHjdasdWdCOyd: & dzd

2.5.1 RHjdSI¥dCOYd O ddisd

1 j<ddz® ©0OL BOteOddr MyjSkdoOlsdoddrn MmdMmlsj dE
fojots' jS O jds@WdEoyd & mfjCkdOlsdsoddr dzdlsd
Of zdC Oyd  OBO. I toj o &M dos YMU-OSt 8 Hp MEURIIst) i < ¢ dzltsafrin s d ¢
fj GHdsh] &0 Ccdstsdrz ECO0 dLokh 0o 0f 0 i
9 jdzd yddez dedlsd HO Bd dLHojskzeAds oded § @ PdadUA) gaf
d Ofd&dSOoyd 0 MO f§sCtejlddd LOjLtsdk [ SOHI 1909
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hiss BO CMP fMmMdMmisi B3O §oHtey 00 & & dzd ydlsdzj
sOCts' j] fHtey OO d JjSMfddydlsdy M j S EzdzOlsdes dzj
ftcl  z@y [ BLUM1996] MO Multiscalar ftc] 8 tSHC
dSMmfadydisdd d dJ&fddydlsdd dBsHjdz JLHoO OF
mMiCojdyd Odzdzdr Of&zdcOyd O IssCtd3 HESH " jdzj dzd
hists EC?Eyk"J Bdl BsHjEZO E Mot HMCtedl Istst
VU [ ®W™Merlot) ftej o sHd dzZOYy E € tsd3B Holz@Onge padallelf© F OPE
executioh - OtcHo jttMEBd f sHth Csd3 oatchd dHjdzlsdW ¢ O
Of zd € Oyd 0 BRIt kz<0o 0 kE<d ftoscctORB] tcdd@BO HO kc
$tsH HO Bd dLHet ddzdL Q& MY dzdsydidg dadts s ® OBf patfd d
fJjteWtstedsOdznfj [ EDAH2000, MATS2000] . MAJC fmd
LO HBH  jdzk ddhsttkz¢ yd O [WREMR0QY ts dkdEKIR] dis O'CjtsH di dz
CotecdMmMlsd ftcjosHddzOy HO Bd dLeathdts MIlsOIsduslz c
gL Siyj dzyd Odzdzj Of &zd S Oyd " Jj [ BARL2003], HBE Mi
md CoJ deyd Odzdzd ftotsc tc Od3d frispawling OB o @& Edzd Is
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Mul t i sc Ol . . o . .
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tr QfddG cddzlsj cC sdzj C yd sdats’ Bteigxd S°d dBsyJ z ¢
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dzedIsd LO dL otchjOoHA  gitc OHsste Qfgsthy ff J oW ste 3O defnj fd Mmlis
stsH Atl Os d Mitosis “j “th COwOCIsjtedmlsdyd
kS tsd dL dftch BR@&EHOES " 0° 2 d20 ROcdmstcOdkkz $ O¢ s
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LO jHdduStsd L1 Cjh o5j ssted sd5 jte EO HEGBLE
ddzls j t6C tsdzj Cyqds'dg 'dIeiciQe@ ki OdeCd L1 Cjh B Bts
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Csiklzdzd S Oyd O 5B 09 ? OSnkopyidfGs s tf t6 § Setr® f d dj@izts A j dzts fr
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BdL da&ffdzj &3j dzsOyd ' § dedlsd M teL sk O sl
commit Is j » dzd €COzO ) d y dzts ¢ Poall& I0ReratiGg System Interfce
dqdzsjteWW j " MO L O o dh [PRAFIOHEy QffL o'W ©jo fOdzt§ibC § H O
BdBdZdBlsj SO BEZH] BjL HtHteh Cj dedto]f i3OdztsD) dgjd fn
My J ¢ zdzOIsd o dgf O fiBiiste" g Bes@ dzQCikk B d B dzd ls5) €Az
LOHBOS? 0o Q WSt jlmmdesows OUClbE stz s j 88i Md 4 °
fsMmisd<d 6jdajtedmMO® j BddzOtedzgdrs SBHBSOHO ° jHASMISC
Md dz20 IsO° dzOyddz HsBdddzt HO M BZZOLSE d&O“ 9 j <
W sC 2G4 to dzO CJ tedej dzj M j CE2dzOIsd 9 dets @ dLoth Os C
Csd3tf dzj ¢ mded - mMdMmis] &3S d B L Bfdeesdl3] 518 OF O dzd * tf d
diZf dzj dzd dz2ls Oyd 0 W igtes yqd b dz@Qdedz® fyls d LO ,BI¢ dzO® ©
dms¢? 2y gdh d dgina ¥ z dzC y d ts dzO dzdzts i Is ds, ) lsf@feeStc Offgly Is By o
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crosstooiNGO dzOIs © tsfiifB O d d Haaf d d3d" {fj DHOEELdz dg tocd * j H dzts ) ls d
My dety dzj WMASOEEfip Y O dzj t6

ltojHdzsy J dzad f sdzz Oz Is 5 d)3OHSELfafk() f BFOndotartit) Zo sSH d
WEdzC yd - j dz0 dzd o sk tf LOdasts tEdasic PSOSHHG | JCudfy kidswidd ts y O .
Wizdz2Cyd © ddzedydteO detsolz Mmf J ¢ zdzOIsd o dzlz dzd Is d
dL o tch GBSO ‘cgmmitly zdzS B OL 2 j] HO " J dedls L Oeteh ddzO
ltejots' J9 1 dLogs@BUBSEG sl OsMESH POSH dedcj 9 SHJ S
Cte8fipRB O° dzj 6O ¢ ¢ jE] tc dyip@s@RENGC O dzOIs O. Jdz ftojots
Wk dz€ Yydf ®ngdrocsISC_fork()d SISC commit() S s° d MmJ HSHO E &
M jSEdzOIsdoded &G ORIBACBE IS dz] ECHdmizdols st
SH WO &vd 3z ZOIBHEOMHP dZO0 o J f sdaPo bPfHdadERHdd © H O
CBH{ ] dfdtoe tc A3 A& Glstc ] BO HO BRZHE M jCEdzOIsdeo dzts

L dzOMis Oo Gelrf A3 jjj HAEEI IsfO o dzs e oSt OBRBO SCt° d MO
9] CAIfiB@®@ sHz® j CSlebltdco s ] ftodCOLOdO MP g aPdeyd ® Oc
ftesy) MBted Qisdaf © MY | ¢ ICHDYsttd yigdMmtste MO HESHOIJA t
W 2 dz€ $IBC_rk(d SISC_commit()

4J ¢ o j dzypdi i drfizPol Qe | B ts:

#define N 10000
int A[N], B[N], C[NJ;

void vecadd(){
inti, j;
for(i= 0;i<N; i++)
Cl[i] = Ali] + BIi];

}

1 jteO0dL 0O MY j CHREAPIsH g jdfisitd o j dzyd ™ Odzddd ° § tzH dzOJ] ¢
MCkitsio jf5 1ABdddiids Mj MoOCO ddls MOMs  d
Lot O jHdesds ey Mstek §5 foddydflz Ctbky d

#define N 10000
int A[N], B[N], C[N];

void spec_vec  add(){
0.

inti, j, index= ;
for(i= 0;i<N/ 100; i++){
if(  SISC_fork() == Q) goto end_i_loop; // Zso © MY j S EzdzOIsd o dzO@ dzd Is
index = i* 100;
for(j=0;j<100;j++,index++) HdLHe O O MEEHf O dljttOyd O

/' 1LO BBiKOHE
C[index] = Afindex] + B[index];
SISC_commit() ;/ L Ooth jIsO¢ dzaflsd dzOCtsdz St6O° O BB®GOHJ
/I mMCEef O dlsjttOyd O
end_i_loop:
}
}
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1 OCsdzSektfip s O dzjts, S&° g

ftethd j M j C & zOls d of dgjts CotgjORHEER Gsjcn O
SISC_fork( SISC_comit(, H® Bfdj

Mef Hdgedfy BMS d

cjosst@oiNGzjdte pied df 5 a3t

HSHOIdd L dedd
CBH

<spec_vecadd>:

sw $0,32 ($30)
i_loop:nop < +
jal  SISC for k |
nop I
beqz $2,end_i loop
nop [
Iw $3,32($30)
move $4, $0
sli $2, $3,0 x2
lui $3,0 x1001
addiu $3,$3,18592 ||
addu %7, $3, $2
lui $3,0 x1000
addiu  $3, $3,4128
addu $6, $3, $2
lui $3,0 x1001
addiu  $3, $3, - 21408
addu  $5, $3, $2
j_loop:lw $2,0 ($5) <
lw $3,0(3 6)
addiu  $4, $4,1 I
addiu  $6, $6,4 |
addu $2, $2, $3 |
sw $2,0(%7) |
li $2,100 |
I
I
+

I
=
Il

1

I
1

1
1

1] 1

+ || I

I j++

addiu  $5, $5,4

addiu  $7,%$7,4

bne $4,%$2,j_loop

nop N

jal  SISC_commit | |
end_i_loop:nop S — +

lw $3,32($30)

i $7,10000 |

addiu  $3, $3,100 | )

sw  $3,32 ($30)

bne $3, $7,i_loop

nop

I
I
I
| /IClindex]=
I
I
I

1 $2=A[index]+B[index]

$3=i
0
$2=i* 4

Il $3=&C
$7=&C]i]

$3=8A
$3=8A]i]

$3=&B
$3=&BJi]

$2=Afindex]
$3=B[index]

$2

Il $3=i

$3=i+ 100
$3

) 5L dod W forézf voghimich j

MOH O { tsjal©@fumiz and link) O ts

ddzglstel € yd

b Ofj &8 dzj S s CGHLE.

GOH Od Md Bl

HO dzO0 tshdatsoe Iz

¢ dn

dLetechd BSHEtSO OO Z2<j OCyd"  j

W T IGE sy ) iPsaE KO

kSl )] ®fjwOyd 0RO d
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Cts° O fMmdzd jHd &OCtd WkdSyd MStse fsLrdeO® d
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10yddz dz0 Ct5° d M (=ipeaBDdsmstd  tzigls ©JOS @@ d H
M jSkdkOlsde dzsisd MOdj dzdlsd. s OH @ommuitj MY j ¢ Iz
JdzigS yd i, Md Bk Okt dfsics B@0IsH6 dsfyls  fjo a8 d
ftesyj Mtbgg dzMj CHLOoth Qo OkO® jSk<O ddls §shlso
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Ilpunor 1.

H3jaBa o ayropcTBy

Homncanmf/ Muaan B. Pagynosuh

bpoj ynuca

H3jaBbyjem

Jla je JOKTOpCKa AMcepTalija Mo/ HacJ0BOM

»IIpeanor moapimke 3a crekyJaTHBHO u3Bpmasame HaTH Yy CMP npouecopama®

®  pe3yJTaT CONCTBEHOT MCTPAKUBAYKOT paja,

° a mpeJyIoKeHa AuCepTauuja y LeJMHHM HH Yy JeNOBHMA HUje Guia mpeioxKeHa
3a jobujame OUIO KOje QMIUIOME IpeMa CTYAMjCKHM IIporpaMuMa JIpYyrux
BHCOKOIIKOJICKAX YCTaHOBA,

e Jla cy pe3ynTaTH KOPEKTHO HaBeJAEHU U

° Ja HHCAM Kpumo/pé ayTopcka mIpaBa M KOpHcmo/?é VIHTEIIEKTYaJIHy CBOjUHY
JIPYTHX JTAIA

IMornue noxropanna

V¥ Beorpany, 09.12.2014.r.
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