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VIRTUAL ARCHITECTURE AND INSTRUCTION SET FOR PARALLEL
THREAD COMPUTING 5 BACKGROUND OF THE INVENTION [00011
The present invention relates in general to parallel processing and in
particular to a virtual architecture and instruction set for parallel thread
computing. [00021 In parallel processing, multiple processing units (e.g.,
multiple processor chips or multiple processing cores within a single chip)
operate at the same time to process data. Such 10 systems can be used
to solve problems that lend themselves to decomposition into multiple
parts. One example is image filtering, in which each pixel of an output
image (or images) is computed from some number of pixels of an input

imag utation of each ou xel is generall
mdep%%gﬂ%a‘ ﬁéﬁ §3HM?CE§§W§U&% \%%ﬁqpﬁﬁé&
different output pifalRiaphiallek NRmAGhe ey viRgblems are also
amenable 15 to parallel decomposition. In general, N-way parallel
execution can speed up the solution to such problems by roughly a factor

of N. [0003) Another class of problems is amenable to parallel processing
if the parallel thread $ASFieSESRIDI CEM IEEADDIHINARE with each other. An

(@EmpkhdpibentasthouianEsansiasmi (FFFna FRUSMEACATIII ©
vitdlig D R EAGD SIRASHG CAMPHEN QNI PRHQINS] OR,the 20 outputs of a

previous stage to generate new values that are u ed 5s inputs to the next
[98e kil putpsisiageliskepebedind wingle 4hwadnd gseautiptuganr
nﬂﬂf%%&l&dk@%’i&&%ﬁnﬁémmgrﬁﬁﬁhﬁ&&@ﬁ%@@ﬁn‘@t‘ﬁ@ dﬂm@d&@% Such
MQ%Q@QJ@%@O Yo RIRgGS; (L MG iask 1 10, e d'V'd%uo%mO”

multiple threa S, some COOI’ natlon mecnanism mu cctobné}osrov H"Ipaf

Pl PRSI SE RSt *&[féﬁﬁ)f'fo‘"r‘é&la%m%lﬁé mamaglmﬂy@vb@éw ts
cvwntéw fronecssinrivhenst wixtisaS bt imesdoribagiés). The computation of

cgmmpn habigarehgangenaingdsSiRalan] H patiGatigRoasidl4als 480,
ccml%iu@ 8RN s &QQ?)n [&% Phﬁgg)';%mg? \DEL @f%“c%i@&%%?éasgamcnab lc

F}] goo&/lvew?r c n be dl{flﬂ,ﬂt The grammer Is usually required to
now

n cnera :fgca O SR SPeC 'ﬁ:bﬁh? égluﬂon to

e number o essing units®

%ﬁ'ﬁfﬂ@ﬁ@ﬁ@é@%@rﬁﬁ@fﬁ%ﬁfa reglsters interconnections, etc.) in order
[69039 CIEAIE.CAdE I pmtﬁ brgcc(tessm units can actuall )gecute ”‘(ie’h

1
achine-specific compl ers 1 can pI’OVId consﬂergﬁ gaSSIS nce In

OLFEX UL S PR SeudingisAE R caThsiReth & R G Ria it Rastifewisgd ransform
(Fﬁéﬁeﬁffﬁuﬁﬁﬁﬁé@%@mﬁtﬁbmr 2}3B05}Mor e ovepuaiio ispaspeots of the
oparadlef ppacessinggars hitaatitas-are:R¥OINIREEaRIIY: inputs to the next stage
until the output stage is reached. A single thread of execution can perform muitiple stages, as
long as that thread can reliably obtain the output data from provious stages. [f the taskis to
be divided among multipie threads, some coordination mechanism must be provided so that,
¢.g., a thread does not attempt to read input data that has not yet been written. {One solution

to this probicm is described in commonty-assigned, co-pending U.S. Patent Application No.
11/303,780, filed December 15, 2005).

[0004] Programming parallel processing systems, however, can be difficult. The
programmer is usually required to know the number of processing units available and their
capabilities (instruction scts, number of data registers, interconnections, ete.) in-order to

create code that the processing units can actually cxccute. While machinc-specific compilers
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For example, new platform architectures, instruction sets, and
programming models are 5 continually being developed. As various
aspects of the parallel architecture (e.g., programming model or
instruction set) change from one generation to the next, application
programs, software libraries, compilers and other software and tools must
also be changed accordingly. This instability can add considerable
overhead to development and maintenance of parallel processing code.
10 [0006] When coordination between threads is required, parallel
programming becomes more difficult. The programmer must determine
hALMEChANISIR IS AYRAIBRIR WNafka PRI CHIABEREESS AL QLR BL RIde
SIRtem o stppott (of emulgie) interliigad communication and must
write code that ploits the available mechanisms. Since the available
[éuedor naptinal meshanisnsspdifferpriaampuiancystems: ateigapespillyy.
rolffCIEm. RRG/Rl Gade Al RIS kingd.isgeneraliy hokRARRIE.EmSbe

rewritts nbfo,r e _chlhagdvxare plath(m on \é\mlch itis fo run. (00071 Further,
R HYion 1 providing exeCutabETsde for the processors, the™”
PRETERITRA SO ST IS IRB I RH6 SIoBbRRs R iAR R Ehe ProasyAtiot
poapdinatés thaibperation détadvariousiprocesditrgiumits, dsg be changed
aBISHHICHINO18AGHSRINEO SN BIhaRdR ML RIagranitalexacatiend thaftnance

OWM&‘&QP&HEQQB% g rocess. Such control code is usually specific to a
particular master processor and inter-processor communication protocol

[@rud imusheiswalyidaaarewritien ihaadifforgntredastetiproogssonisgtbcoenes
nabbstisited. 19008L NG dificWiiegiRicOMRIIRGARGIRCEBRING L. in
Raalelprocessing cade.can. disequragedisars emuPAAdnG Mlhicuion
systems as com utlnS tec nolrcl}g}/ evolves. Tﬁus, it 25 would be desirable
1% guebipte eonirsaRRirile PREBERTE ROEE oS PatCUR TN are
oplatfe rmeeneisosproditieaisebiparaienproceysinyaéiitetigre dplgode of
inskidetiopeselifohoppsaliakaip plicatio rsveineh tints.dd HakyeteBRIFm on which
iQUMMARY OF THE INVENTION 30 [0009) Embodiments of the present
invention provide a virtual architecture and a virtual instruction set for

[pedzlle Ftineadrcoidiputingrdidingreuedyseia betafehite oraressafiitbs raogramumer
MHUANDFRELESN AL SIPOASGEREUSISRER¥ ey Uos ki ip lepvittitak of the
JrsadsaibpuliRle ¢ leval of data sRAUng, 20R GRAURAIABAEM 0 excoute

synchromzationg between different vir ugl threaqis, as_);zyetll as a vir{ual e
BRI IIETR tRBEES oI HE VRS (55 SELETr Rl et tton 86
RIPEPItECHIFETOT LS TRRUSNPIOCEESOR Ritieed toldefiashhaRisFurEetiltaal
ditfeaa ansldnehdes: is to be substituted.

[€008] The difficulties in compiling and recompiling parallel-processing code can
discourage users from upgrading their systems as computing technology cvolves. Thus, it
would be desirable to decouple compiled parallel processing code from a particular hardware
platform and to provide a stable parallel processing architecture and instruction set for

parallel applications and tools to target.

BRIEF SUMMARY OF THE INVENTION

{0609} Embodiments of the present invention provide a virtual architecture and a virtual

- instruction set for parallel-thread computing. The virtual parallel architecture defines a

virtual processor that supports concurrent execuiion of multiple virtual threads with multipie



instructions related to parallel thread behavior, e.g., data sharing and
synchronization. Using the virtual parallel platform, programmers can

evels g Geropapistieadioprphosiaris . wiriePr Siiatip hieaves edéeirat virual threads,
as welcahgunrantly e piocassddata: A‘[ﬁlﬁb%lﬂﬁmﬁf@gr@m&ﬁaﬂ hevgiasechandtion set

I SII’IlP tﬁdl h| hI ortable form, m
e R U T B o R e

instruckghgrdrscsiseriie ¢l Hiead ishuctio g frafaiarbrsian anexeethionidiigard sing the
virtual Qdﬁiﬁ%th@lfﬁ@ﬂmﬁ@ﬁﬁﬁnﬁ@fmgap@%ﬁ)ﬁpﬁﬁ@@x&ﬂ PREGH ha{ﬁwar@u@nthreads

WhICh It IS O XeCUte %Sta epg Cdt %%%%}L%]s%%%gbanlore an ° ]Stpg l]'l a

execute concurrent er €58
and easierto d velop, as th evelo t process Is independent 0

highly partiéinaptprsedias ﬁ@meﬁ@wa%érqa@mq&@é@mw fheay firat pspaiel oftfem. At
install pr@sentinyeniioNihese ipproided.a methodolordefining.adataelon drivers
adapt tﬁrog%%%lgiga%p %&%{[I%nplth%org%ggoq t%anélg I%rngar \I;%Védolrr]l %ﬂrﬁt Rfro (l;aérzp nge As
efining a sequenc operations e performed for eac 2 numb
a resullf Gl et treRIGE Al RTarisioPetEe rditthgavirtuEl tvdes; @oﬁh@ﬁﬁ@@@em
procesfiiStrRkp@rasicogertoaprituatipieadypeogram defining a sequence of
per-thread instructions to be executed for a representative virtual thread
of the plurality of virtual threads, the sequence of per-thread instructions
10610 clydingsfaekisg t&)r@eﬁirﬁfsﬂ%ﬁbﬂftﬁlﬁtiﬁ@ﬁﬁé@%@@péhﬁt% BehzlAé e method
for deibﬁﬁ\@@@ﬁrﬁﬁf@] iepresentapyandriun theead andpmoplm&ﬁ@@marpfﬁgtﬁﬁ code
defs mr}p%e g%e% éh% 8' d¥&ot]:)\{)rtu%!fgw%%%’r %Q&St]p (jrlmgmg Vlf[t ]b Iugthlé leads in an

program. [0011 in addition, secon program code may ‘also be provide
array g a%ffn?éaaiﬁgawa%fhb“@%er%tm@lwwaptﬁrétaa%ra@pfééet@nmdtef§§lalnthread
prograifl p!uﬁdagaas&t;t@genepatam&@ uipwbdata sebe whekein eas hew@tuzatat{rweadma
thread 'BF g {1';%}{ orrggfur{rgpt% T uet %gcma%c\élg aflnt 11%?{ splrlorgr ms -111-1c? ds 11 atqeast
program code IS a vantageous Yy converte toa seq uence of fun %
one mﬁ‘F‘&‘%}éWd’Ief@}PﬁﬁaFP&ﬁ‘@%ﬁ% b ﬂﬁf@wsrﬂaﬂgmr@mé@%akuam@héu@%and

one orthatdnitizlzé-andicausaeregutionoftRaraiay-aficonperating wetuadial thread
mreads. This sequence of function calls can also be stored. The stored
program. .
virtual thread program and the sequence of function calls can then be
_ translated into program code executable on a target platform architecture,
[0011Where the edeicatableqdgragmeodeicdatinasone grovase waiémm ihrgadsof
coopemgtwe%%‘ig]t eadgr@a){)t(gé? e%%g%g \I/IIl l{a(!izgp at({() ;l(;ggra G %EI ?d ‘ﬁ set,
program co e can be exec on a com uter system con ormin gto

wherei, fagh ﬁl‘é‘ffé‘rﬁ‘?‘ﬁ#éhfté&ﬁﬁ%aﬁfﬁé?éﬁ? @‘éhe‘?’éﬁﬁ‘ﬂ@eiﬁéeoﬂfﬁ@i aatféds@fogwm(:ﬁ he
secondCad Penstarediind siomgesimedivenée @. » Coqphie o NTeReesy , «diskinal theary of

Vlrtuaillilﬁgz:‘iz%g‘gl\%ﬂl é ’prg argh %je lé%p aloffﬁgetgog]srﬁlag IInSt ugtellgn%alt?séhexecutron of

virtual threa I’O ram CO can a Vantageous |nc e at least one
the aﬂiﬁsﬂ%ﬁ‘ﬂﬁ)ﬁlﬂﬁlﬁﬁd’é‘ﬁ'ﬁééhéeé%aél}éﬁ%’ﬁ%é\ﬁé?nCt]o“ calls can also be stored. The

stored virtuai thread program and the sequence of function calls can then be translated into
program code executable on a target platform architecture, where the executable program code
defines one or more platform threads that execute the array of cooperating virtual threads. The

executable program code can be executed on a computer



between the representative virtual thread and one or more other virtual

threads of the array. For example, the sequence of per-thread
System|@t}%&%%f@ﬁﬁ%ﬁha@%%%h&rémo%a@bérﬁ@ﬂ@ﬁ@@aﬁ% @fput data set,
which apesations fantherigpresantatve viniakdhreashal diparsicutakkaint in the

sequence until such time as one or more of the other virtual threads

reach that particular point, an instruction for the representative virtual
10012]thread téstutEbAta HodCsRard P8ISR ToVRitRoMe s vifisrb Bfegieprogram
code cathedvdiitupbibreadsdiave ansesse amsinstivetion fasthe reprepaatativezhavior
betwee) '&'i%éar'et%g% #Rm%t{?{@'f‘% ly,fea0 and undate data stored in g shated o o

memo ich one or more of the other virtual threads have access; or
examp%ﬁefnﬁesﬁwmsq Phevirtiratdh s piegrapeiialpdrss Al R et dblsuspend
execut@ftftiperslate mendhat-clafinrs airvatiabieatn Hagatiaunmber afivbtidahence
until %E% GinRALEY WB?%‘J%@"Q fighhy {£¥U\@$r§talt?h5£’%ce a&%’r{%%p%?t?oé?ar point, an

erent modes of data sharing among the virtual threa none
instrucHRGEfTSRPree eHY Hise-thiwdd urierted m&&éa%%@%bé@iwéﬁéw or
more otmeletmbeaswmmiadvd Rke rmﬁmla@ehlmemxsthadajt@aahmed&axsmhz@;&o
atomm% RN, ‘l‘ atpin %%?)reé‘”ag oAl Uﬁ‘é&%ﬁe ds.and/on a.shared Féﬁ%e diher
etween a plura ty of arrays of virtual t threads may also e suppo

virtual iheepds peeoidie 5 Bs¥isond aspect of the present invention, there is

provided a method for operatlng a target processor, the method

[0013COMPriSIAE: b I?F% JAing,| HBS LPregram, £ode i 2“9'\3%3? {rRkRortion egﬂé‘l%?%at

a sequence ot operatio tb e perform or eac a number of virtual

definegraiHOMinAKPAY BIVRLR Y deisdaped W procedsativiputidi seces
corresgmgen elifte-an Hutpus daiassaﬁnﬁwannwtmrogfmm@d@ further intlvdingha at

nin ng he_array of vir aI threads
least a %10 ﬂﬁe‘%&’ r{lq{lllaqgél I It%re a&gg IgO r’%éh re% mx e é:lalm < Slé]f ged In other

into a virtua INning a sequence of per-t thread

embod.ﬁgﬁtweﬁégﬁg%ab@%@ééméasraﬁharabr@%@nwatm Qﬁ?tﬁﬁl’ftm%%‘@ﬁ thesads andfoz

a sharqaluradifysefveiiuglithipads athes sequencerehpenihraaduinsipuctions
including at least one instruction that defines a cooperative behavior
between the representative virtual thread and one or more other virtual

[0014}ihreads APTRE BRIAMEFETVIARSF tRFBIRSBRVRYEHE th B S8 coPE Pt msthod
for Dpémm@mw’@@famgﬁﬁdﬁleIﬁfﬁk@@@ﬂﬂ@%@Oﬁfﬁﬂﬁtf@ﬂr@ﬂﬂ%i@g@MlH:bt& including

a first JGUORIRERLY, £h Qé@o\f %! Ing yinual, functiops 1at ipitalize, and: v
|

cause execuf'on 0 e arra coop erat ng V|rtual threa S trans atlng the
threadsyii pty #ireRf ﬁf’é%ﬁ‘ﬁ%ﬁﬂ%‘%éd%é%@%% HEHO SRR it Faith aufput
data s@ode @xacyptapleromactarget platfing armmaatp@a;cﬂnaeexﬁ@ﬁableepmgramae

array cg:fqgﬁugﬁllpég& O&)ﬁ 8 E;rm G £%BQ[%9§& g\%rg?%?ggit% as‘é %gn% er-thread

cooperating virtual thréa s executing th executabl ram code on a
instructioRToiGtl? SyetERT dBhidivh ??@Wé‘t?ﬁe‘t’é?@éﬁlﬁl%tﬂo?ﬁﬂl&ré Fé ViFarByeads,
the sqgeaeratiigheloetpuihdaianset; anthstering thesoutputidatacset ifharstorage a

coopemﬁgl%mravior between the representative virfual thread and one or more other virtual
threads of the plurality of virtual threads; converting the second portion of the input program code
mte a sequence of function calls to a virtual function library, the library including virtual
functions that initialize and cause execution of the array of cooperating virtual threads; transiating

the virtual thread program and the sequence of function calis into program



[0015] In some embodiments, arrays of virtual threads can be defined in

two or more dimensions. Further, the second portion of the input program
code xS HeA ddBr SRE RIS T GHOEGH Ul et Bls e tiemBrecdinde Heish e sr o
more raalgictafsatraysaing ITﬂwaslﬁhyﬁdﬁppdﬂﬁtﬁgry&a(ﬁh tareaysirexthetigpdhis déacbeable
prograf XIS {004S] ARY JAQet platigrm, architechire may B UsaSell RO reby

embodiments, the target platrorm architecture includes a master
generatije HiecaE P gt b POt IR IS atohsttFrEeIE B thread
program can be translated into program code executable in parallel by a

foa1s) "umber of Jhreads defingd one,6Q;RIAFATIRL: WIIELSREAYERES Of more

~ function calls is translated into & sequence of calls to a driver program for
dimensinps cBUsfsESE o AR BREEILES Bh Y RERTEIHte 88 211 Bitiege 2 function
call deBnhosimentsirénBriangetplatiaind afehitiectureiinalutdesd, camnikah cach array in
the gri&)[é)%egés&gc%g_ (CPU). During translation‘, the virtual thread program and
at least a portion of the sequence of function calls are translated into
target program code executing the virtual thread array using a number of
[0016]CPU thraads:that paitss: thah thewrumbdrafseitttaktare addo[DAdm}, the target
platrorfiCHRIANELIC A, ASRECLONNELIGSEIN INEMO.BET® (%A QUHGH B, i

. thod for operating a target processor, the method comprising:
virtual Seath MO A PEHFERTR oG AR O dafhReC L Sey bl 8rBbe thradgmber of
threadsinsaﬁueﬁiamsﬁe bapmhe,dﬁbﬂmtepmg&n&ath@fvﬁdﬂaﬁ ttwicad mfal_aipxmraﬁty a
sequen2l YW IHAL readsan.a viral tead aravacapiad 0,RI0GEES andnpptldata,.

set to generate an output data set, the sequence of per-thread. ]
fn Oﬂl%éﬁbﬁgﬁ?gtﬁa&ﬁdﬁﬁ@ew%%w&hIfﬁgﬂf&dﬁehﬁﬁ%\f geteLacsperaive T
Duriu@t_e&)axdﬁdsxbelﬁwemzthe;mprgsugmt_iml wirtesat mmaﬁba_mq haseqeMOKE @iheaion
calls ad %ﬁ‘ii&'@&‘? ﬁgg‘ ﬂé&%@é{%‘%@é éé&%t&{ﬂ%nﬂ‘{ﬁeagﬁuﬂpﬁ@ﬁ‘Qr?a‘}cﬂgﬁﬂgi’{' number of

pro%ram code defining dimensions of the virtual thread array; translating
CPU thrradithghistire RppibyramPeitd e s ddmidhal program code into program
code executable on the target platform architecture, the executable

joo17]Program,cade deining, RGRLNA & LIRHOIM; NGAdS W%%é%%l}%éﬁ% method

‘virtual thread array; executing the executable program code on a
for opegiHisufel SYRtERCatFortirg 10 the taRIEL BiatRSHH Hrchitéttr & HErgERp ™
deﬁni@@mmﬁngﬂb@%ﬂmﬁdﬁ@mﬁaytﬂ) M}mguthé foutpupaatatg@teinigual thread of
2 pkur%ﬁ&%?r%@é?]tﬁieﬁaﬁsﬂ%e\ﬁmQPGJ%L%“ﬁaEhEd&ﬁ%&ﬁ'r&hg%%gﬁ%gﬁﬁ%% By B8

ained by receiving source program code written in a high leve
generafs i AiWRTH G Iingiadls SREERHOIing THECOuRY S BBy dBe Yo least one
instrucgieneratediievirtuaipimaad nahag‘ﬁarhewvletar@&tivaimsﬂne_mrﬁufaitmhmadad and one
or mot QHLAT A P66 BETEIT RIS POS MMGHIUMOLERGEINEH FAM A SEDAUR code

“computer system via a network. It is to be understood that virtual thread
defining dunghsions r%%@%y%i{}ggﬁ%ffgﬁyhg%ﬂatmg the virtual thread program and the

additional program code into program code executable on the target platform architecture, the

executable program code defining one or more platform threads that execute the virtual thread
array; executing the executable program code on a computer system conforming to the target
platform architecture, thereby generating the output data set and storing the output data set in a

Memory.

[6018] in some embodiments, the virtual thread program may be obtained by receiving

source program code written in a high level programming language and compiling the source
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been previously compiled from a high level language or created directly as
code conforming 5 to a virtual instruction set architecture. [00191 The
following detailed description together with the accompanying drawings
will provide a better understanding of the nature and advantages of the
present invention. BRIEF DESCRIPTION OF THE DRAWINGS [0020]
FIG. | is a block diagram of a computer system according to an
embodiment of the 10 present invention. 100211 FIGS. 2A and 2B
illustrate the relationship between grids, thread arrays, and threads in a
programming model used in embodiments of the present invention.

pEOQ2R L dalGs geisablack fiaokardghsMrual rehitesiuie accardingdo an
p%ggp%’ m%E %ﬁ*ﬂ%&&%@ﬁ IYERNQD: ARI002Rd .1 G A ds A.concepival i,

model of usm a virtual architecture to operate a target processor

ELEPnG oA é‘ﬁ?ﬁ‘dbd) RIS SF e tBF%"gecﬁfj VBt &R o & e b aye
tt%léfﬁ‘é*ﬂhtjyméﬁlﬁﬁﬁméé%’éj@ﬁﬁ'éa“w&c\ﬂﬁﬁa#ﬁ%%m@t‘ibw seqc conforming
tarchitecturer(kS4) @ceohilirg i an embodiment of the present invention.

00251 FIG. 6 is a table listing variable types supported in a virtual ISA
BEDr ik f819m 2 8HISO ARTERTST (RS Presdh R oI 2B ERes ik
rEotete histisrgudrutbdtegeidpandurs aﬁb%ﬂ'twag\eaqmg ate@k iagewieting to

an embodiment of %%?Eggc?%g&%\ﬁgﬁo& [lq%)@&% Wik F’ § -8H are tables

listing virtual instructions ned in"a virtua gto an

[8%Bodfffént Brtechrisermirl ARt oS BoRar Frding thsaa frebe g st

reepredessfion.using a virtual instruction translator according to an
embodiment of the%x)resent invention. [0029[ FIG. 10 is a table listing

RRtlohSR AL Th QiR RSFAYGPRSP R Diveiiser Bk (tEH by ond threads
iaécﬁﬁ?é\“ﬁ@W&W@iﬁb@ﬁ#ﬂ?@ﬂ‘@ﬁtﬁ@ﬁr@%’éﬁpﬂw@mmm@ﬂETAILED
IP(E (I):d;I'HE INVl;NTION §0030{ Embodi ments of t e present

a virtual & Cture accor cm cnt
nve tlon prow ea VII"[ archltecture an mstructlon tqfn

PaPaHERfPERH®omputing. The virtual architecture provides a model of a
(B695EST96. L aupARIL GREHIERRY Sxesuanof; ugcteuﬂp 5 tger% Ads it

muIt| le Ievels of data sharing 5 and coordination ronization)

Hetween rReR! ‘%ﬁ“ﬁv"efl hed é”b\/‘}’tlﬁ%‘fe%i?é‘cmlon driver that
r@@fﬂfolﬁ@esriaqd@&@f@ﬁﬁg%&%&%@éﬁ%ﬁ%@m%d&ﬁ@ti&l@&fme

architecture {ISA) according to an embodiment of the present invention.

{0625} FIG. 6 is a table listing variable types supported in a virtual ISA according to an

embaodiment of the present invention.

[0626] FIG. 7 is a table listing virtual state spaces supported in a virtual [SA according to

an cmbodiment of the present invention,

[0627] FIGS. 8A-8H are tables listing virtual instructions defined in a virtual ITSA

according to an embodiment of the present invention.,

[6028] FIG. 9 is a flow diagram of a process for using a virtual instruction translator

according to an embodiment of the present invention.

[0029] FIG. 10 is a table listing functions available in a virtual library for a virtual

execution driver according to an embodiment of the present invention.
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behavior of a processing thread, includes instructions related to parallel
thread behavior, e.g., instructions that allow sharing of data across
certain threads and instructions that require different threads to become
synchronized at certain programmer-specified points within a 10 program.
Using the virtual platform, programmers can develop application programs
in which concurrent, cooperating threads are executed to process data.
Hardware-specific virtual instruction translators and execution drivers
adapt the application code to particular hardware on which it is to
execute. As a result, application programs are more portable and easier
to develop, as thEgéleidbbRTSHRIF3Eessqs HAE RiMERIE ONparticular

[ ¥desBinepdimnbras dbeardscBystemmido perview (0031 Arfhiicthis ablagkiction

séliaghramiRi-s iRk SYSteRs &Qﬂdmw@aqégm&mga@ eRk 9&)&&%0:

ﬁarteﬁg DV, CRMRNEL RN 10 chies, 2 aental progessing,,
102 and a s stem memory 1 commuchatln via a%us pe{T
il c{“’“ § e Pﬁ“’Pf HaGEA s o0 ﬁhfé?ﬁ%w‘w?ragénﬁ Ltictitrby be,

céf?@?ff%r%vﬂﬁts‘?fag@tfﬁﬁpth%wm@@eb«:raﬁwgtw dtiterctoormn aratatidriine
bplathicl 64 ergcsairdypenlranspostitintdctemandif: {irputiout prithbidgeidOd o,
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haHSktions between 1/O bridge 107 and other components such as a
gﬁ\g@ﬁk@@e adapter 118 and various add-in cards 120 and 121. Other

e including USB or other port
(Ton ectlon§ gc%}l r)lﬁ\:/)és r|v %utﬁr TRE I8 "Fﬁgvi‘g%i? BreRBrtiEeRgf
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S Par
i I‘lt t oint communlcatlorll) prgt(?éo? gf onn ctions
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ugit m[ta'@é?z)l@&ﬂaﬁ éF Brocubuin Belsysd ferv e ibides @ GRIANER via path
Ipéocessinguyiti¢RPI0j. 12 aanii processing subsystem 112 is coupled to memory
bridge 105 via a bus or other communication path 113 (e.g., a PCI Express or Accelerated
Graphics Port link); in one embodiment paraliel processing subsystem 112 is a graphics
subsystem that delivers pixels to a display device 110 (e.g., a conventional CRF or LCD
based monitor). A system disk 114 is also connected to 1/O bridge 107. A switch 116
provides connections between 1/O bridge 107 and other components such as a network
adapter 118 and various add-in cards 120 and 121, Other components (not explicitly shown),
including USB or other port connections, CD drives, DVD drives, and the like, may also be
connected to /O bridge 107. Communication paths interconnecting the various components

in FIG. 1 may be implemented using any suitable protocols, such as PCI {Peripheral
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5 a parallel processing (PP) memory 124, which may be implemented,
e.g., using one or more integrated circuit devices such as programmable
processors, application specific integrated circuits (ASICs), and memory
devices. PPU 122 advantageously implements a highly parallel processor
including one or more processing cores, each of which is capable of
executing a large number (e.g., hundreds) of threads concurrently. PPU
122 can be 10 programmed to perform a wide array of computations,
including linear and nonlinear data transforms, filtering of video and/or
audio data, modeling (e.qg., applying laws of physics to determine

Qaspiiasuelaciynany ethexatihntesof abjects)inagarendering)and so
Wb PR k22 Nay, tansier datad 9&%&%%‘2@%@&95\4 Hd.andfor P
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&&8&“&%’&9% Sehbry 1242 k%c% 9{ g h'%ﬁé&%%%or éha&% on%'§9n?o%c
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Rutlende sigreantupdatarixelfata-daliveringniye! data o @L‘%ﬁi@y

pqg Vlcrgme]dq{) %ntgoti"m dll.\lgl eldrzlr§ Og}%omptlx)tgtgémexlg&%uf :5; 1lrilgxsr¥i§1 dnon m
|ncu e one PPU 122 opera n%asa graphics Frocessor and anot er

BEUrTYS lssRsf 5*&%?3%&% %3‘“60???;5‘13 fig- TRRVBB Y hedypeies
Jeferiesiroritifferelatitynadadieh POb sy Placisksowen radeicateddpPon. PPU

MEmOyOSISce(s )irdb {033 Mekdly1i02 opsraresasthe Imaisteipeacessor
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comp ongpts In artlgq@&n Cyc&gcﬁ Eércommands th tcontr

ggeraﬂon of PP uﬂ In'some em ents&'yéﬁ'ﬁciﬁlﬁoﬁ?ltés"glgtreﬁm Bt

ThHantstarespbrdssts SUd s Bakes NREPHIE B8 #iehstem
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ventignal Tram an date ata, eliverin dat isplay
own herein is ustrative and that vari r|a ions anJ maaificafions are

FEiSiBIS: aehedifie SO pBred S Bdifp thecAUb Bl fitglude one PPU 122

avafigemenrohbsdgesysmaydreahodifdd a8 dedifed:Roriinstamee, in
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[0833] CPU 102 operates as the master processor of system 100, controlling and
coordinating operations of other system components. In particular, CPU 102 issues
commands that control the operation of PPU 122, In some embodiments, CPU 102 writes a
stream of commands for PPU 122 o a command buffer, which may be in system memory
104, PP memory 124, or another storage location accessible to both CPU 102 and PPU 122
PPU 122 reads the command stream from the command buffer and executes commands

asynchronously with operation of CPU 102,
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5 devices communicate with system memory 104 via memory bridge 105
and CPU 102. In other alternative topologies, PP subsystem 1 12 is
connected to I/O bridge 107 rather than to memory bridge 105. In still
other embodiments, I/O bridge 107 and memory bridge 105 might be
integrated into a single chip. The particular components shown herein are
optional; for instance, any number of add-in cards or peripheral devices
might be supported. In some 10 embodiments, switch 116 is eliminated,
and network adapter 118 and add-in cards 120, 121 connect directly to
I/0O bridge 107. 100350 The connection of PPU 122 to the rest of system
{00561 m dymalsles beryesiieed. thatshrsestansbodinhertts, iPPusysterpdd @dsvariations
atil plefifentiensas: aosadd-iTeaschibal Ganbs MHspurd o e P ansion
=2I0ohauIem R0 R ahek arbodiments. R, PRiLcaNbelntegrated.on.a

Single 15 chip.yith a bus bri h as memory bridge 105 or I/O bridge
S DL R B S e by i ek
IETSRBE WA TP TOLTOUIBIA P ATINS St der wih &Y Wihdant
okfabai PP memiogsityding ko 1084 cnvenvory faitd ndyeusd tabad than to
riEteenOBYi dafad @/ Ste b NveRaRtiadAmA S ONTiRatie Mo Tl RRiaRg iR 1hi 22 -
o2 BEAQFARAIES RIGGRSSAT N RIS MM A ISGIHELIMA onat;

rembadiment; 20.in such embo _imentshlitt%or,no_ d,ectj]icatgd graphics
memory is provided, and PPUL 2P WRLTY (S ST STERR RE RS sk SRty

“BPAIRERT e ROV tHumletnbatitentdane | BPudidypedtegrated

cintgh briddete hip bidgroMded as a discrete chip with a high-speed link

., PCI-E) connecting the PPU to the bridge chip and system memory.
2 SRS 6 AR 0t (AR ROMIBRPeY SIS g e

cTrRAdiEEH N T sytah] | 205 imgfempptidcivieingdriukipde RS s inge sirdgieo an
egadsinncwth oy scanheTting riniléplte dcenit cames cia pathichdsqand/omy
cHRABCLDE: GRG0 RALE REMsydirRetYdo A sysirarMetharhaarsin.Multiple
BRI B0 redﬁ%?e%”n@%@gb& 5@@@%@%&9&%@‘%{@}3{8&9hp”t

than is possible with a single e ski e art will
[IS6} readgizeatiatacciiid ans aPiRlkaast ke dntearatasy 3040tema &ndla
ofBMEL AN R CEL ARELED W NN SDALS NANIQUS JRSQUISER SUED B8 rance,

pHi?t[&EEE‘& elg%% glé;ferrosdegs%ches, memories, processing engines and so
_on; Of separate resources may 8“‘6‘?8%&58’ 46 ?Iﬁgﬁtﬁ‘ffélcp% SRGeLien
Ot Gerieh . IR B e estrliromenereirsuieY ideg b PPU 122
et tienalityrdesorbecktliesoiiyas eing assatiate dwithitherBRliheat|dhalso
pbe rimpleeptacdinmanchRestaimeas hxasuitably QARREASR M R039%
Y ETSINEPLRAIANAG REMR Maw hedmplemented in a variety of
configurations and
(0037} Itis also to be understood that any number of PPUs may be included in a system,
e.g., by including multiple PPUs on a single add-in card, by connecting multiple add-in cards
to path 113, and/or by connecting one or more PPUs directly to a system motherboard.
Multiple PPUs may be operated in parallel to process data at higher throughput than is
possible with a single PP

{8038] Those skilled in the art will also recognize that a CPU and a PPU can be integrated
into a single device, and the CPU and PPU may share various resources such as instruction
logic, buffers, caches, memaories, processing engines and so on; or separate resources may be

provided for paraliel processing and other operations. Accordingly, any or all of the circuits
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form factors, including desktop, laptop, or handheld personal computers,
servers, 5 workstations, game consoles, embedded systems, and so on.
[00401 Those skilled in the art will also recognize that one advantage of
the present invention is increased independence from particular
computing hardware. Accordingly, it is to be understood that
embodiments of the present invention may be practiced using any
computer system, including systems that do not provide a PPU. 10 2.
Virtual Programming Model Overview [00411 In embodiments of the
present invention, it is desirable to use PPU 122 or other processor(s) of
aRALR TRLENGIBY ARBHTEIEXREH R BRNSiabRMRDSACanRUiaion:UsIRg
I REAL A1 TAYRy A8 MG RGTE i i USAR A IS @ group consisting of &
number (no) of Fhreads that concurrently execute the same program on
(B3 $npHyclaie: sebtpoproduee amaytplingatecset] b Easiythfeadijvthiens and
rifreRd AraiiRsIanes A RipuR thertidantiligcédhiead IRv.Mat is
AESIRRC IS IR AN sxRoUlion, The fhread D, which can be
efined as'a one-dimensional or'multi-dimensional numerical value (e.qg.,
[ 80)NOTHeLaRINGIS Vaikeusy Aispacisahihearead sipraegssing: hehautor.
ifvRhdBR RAGE. RURAMIR-MBY. DG Heed.iQ HRIEIMDENRICE nortiom Qhiine s
JnpuLgaca. s (iead s 1o Bracess andior tn deterpine which 20, poffion
of an oufput ata se?a read IS0 produce or write. 108421°Tn Sorfie™
RTHISIRETHTs Mt Al e iBheraiVEY thread arrays, or CTAs.

A With PFQ&Q 1REs ol thread arrays, a CTA is a group of multiple threads

5@2} colncurrently execute the same program, (r,efg[red to ggre{nzas a"CTA
(B raM TB AR RS SR Ear g raat e i Sipai uata et i §°EFE,
PIRECHRERNS CaTEuBpRbats By SATHIYRaaE YIHPEICIP PEGHRAS P asHuriser
athrgt dapendsonithicadad afray"instgnee, amsisGigg fdatardan(hg @rodudethat
cBYcoR& ead 8N CARSYRGHRGARCIRE R SQME KBMOTINENES: data set.

EYRalenzatopnsiiuctions can be inseried 99 06 G TARAgIEoe
at paints where data Is tQ be s%ared to'ensure that the data has actually
BT SUTIE AT BY HE G STTERG hrddd BEtaRnE e dh &Ry tRF &Y
oattemetsitoh ec enstitd ipkasioxpd ntnit dry vofel fta s aring Bnoritpthresels of
aspkelsd g3 haleterpitoadi Ry he ol AFpragtaiss, thusedl mtedabingdarnstood

dhatin anadigulab APRICHION sHRALPSES Ll A% RGUVEATS: of &Gt mighih
or m]l%k(}tagg&tag%ﬂgljy‘estha&?wd@ta Wlthdggch %teer, 10 depending on the

PR SrOGrA At TeTE T R™PARG hiead array” are used

[BYRQNYIN e RBERIRHIO4R dR-20 R R M OimRAS I G 8LIS:IR 7 BT AT as.
shngtg gt‘l%l% dp%et;ao ﬂge/gd’ Aprg?rgfge(qi%?s raeésrléltl;[g of multiple threads that concurrentl ¥

execute the same program (referred to herein as a "CTA program™) on an input data set to

produce an output data set. In a CTA, the threads can cooperate by sharing data with each
other in a manner that depends on thread ID. For instance, in a CTA, data can be produced
by one thread and consumed by another. In some embodiments, synchronization instructions

can be inserted into the CTA program code at points where data is to be shared to ensure that

the data has actually been produced by the producing thread before the consuming thread

attempts to access it. The extent, if any, of data sharing among threads of a CTA is
determined by the CTA program; thus, it is to be understood that in a particular application
that uses CTAs, the threads of a CTA might or might not actually share data with each other,
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with other threads in the same CTA. For example, a CTA program might
include an 5 instruction to compute an address in a shared memory to
which particular data is to be written, with the address being a function of
thread ID. Each thread computes the function using its own thread ID and
writes to the corresponding location. The address function is
advantageously defined such that different threads write to different
locations; as long as the function is deterministic, the location written to
by any thread is predictable. The CTA 10 program can also include an
instruction to compute an address in the shared memory from which data
digdiaiibe sead, with gheraddiesmbering aduncton-aftasead DBy defining
syaiditahiasfiagtions and providing synchronization techniques, data can be
written to a given location in shared memory by one thread of a CTA and
[Ggd frorrthatddoditomis)ytacdifferent thrdadeohpthdsame/ € Toheimaliate results
whresdiciable: manner.monsequenty.any, q@ﬁh@@@@ﬁﬁ{&@ﬁd@%&@%ing 15
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ata with %n%(?ther thread in the ameC CTAs or other types

wnftfﬁf Yad Brays esasree‘agva%?ﬁtd%ibﬁs kS pﬁOy%éhtngéflfﬁ?mp‘%‘rﬁﬁ fﬁﬁB‘?&
”*t'ﬁ‘ﬁt”h‘eﬁ?ﬁi“tﬂ“é?ﬁ‘éé%é@ f&sraeas?t&“b%ﬁ@%é@@rmwnoﬁhwdmfpmn i
ad'gatagpardl gk Hecbnmobitidiffeingl tidesianyitsitu dtitiacht WHGING as long as the
fGRRWAteRalRh I8 I& R SAlved DY £XEcuing [De.Same 12 0artem
pmwmm%% nRRRIGLORIARY dala fe ger na%@&em%epﬂm B dor fiom

L hcI’ICe one common instance of data— arallel decom SI'[IOI‘] involves
Y appIying e 8ame B’%‘o68%@‘1%#@63158%%%%%%%} off¥ 8F ARtk
ﬁﬂé?ﬁ@é“%ﬂéﬁﬂ)*@éﬁé?&?é‘%ﬁ@@ﬂ%@@%%%ﬁfmdﬁ%wp location in

sHaxdmplespbprobléms amalbbledocdbtarpaialletdeaaypostientnckider

(HANALFX @rtgsemap1&%@1@495@0@%%&;@9%%&%@@&&5 StURRer £
drq%m,e{m& ACHR Bl ShELYL ﬂJfﬁnsfﬂm%ﬂnd various ienng - other

algdrithms including convolution filters In any number of dimensions.
B APABfSHME s T multiple dimensions, and so on. The processing

[@quntbmtp@eoe@pg%@smem RLoN.RLIRE U, R, SEL IS %&g&ﬂa&g in

oJfi8 GTAPogram. and sach tieadin 5 G JA exectcs the same CT

Gram on one portion of the IPUF Jata sete ARSI BroGrakT ea™ @
4Om8pm%ﬂﬂa?@aﬁﬂ%W3mﬂg?ﬁ@aawm@trgh@ew&%aﬂ?émm}aéa@wcm

s@paybtionsuargltthesprogeamboamitigiiedenaon gitiotedlcoriigrenichinggenerate
CRYECAHIO TP athienar Gl eas{r@a;ptégramiae@mlgmra 8CoRSIsM PRI G TAS
%mn@sﬁgym va@égﬂr g ﬁﬁﬁ%%@eﬁ rﬁ%h ighaetplin above-refereng e%

lication No 11/30 [0046 [fnn SO situations, it I1s aso use u

gfale at%dé ﬁéﬂa P%’?‘Pé‘rga?g 80@?%@?0‘?3 gﬁgmples of problems amenable to

data-parallel decomposition include matrix algebra, linear and/or nonlinear transforms in any
number of dimensions (e.g., Fast Fourier Transforms), and various filtering algorithms
including convolution filters in any number of dimensions, separable filters in multiple
dimensions, and 50 on. The processing algorithm to be applied to each portion of the input
data set is specified in the CTA program, and each thread in a CTA executes the same CTA
program on one portion of the input data set. A CTA program can implement algorithms
using a wide range of mathematical and logical operations, and the program can include

conditional or branching execution paths and direct and/or indirect memory access.

i1



16

15

20

25

30

generally thread arrays). As used herein, a "grid" of CTAs is a collection of
a number (n,) of 5 CTAs in which all CTAs are the same size (i.e.,
number of threads) and execute the same CTA program. The n, CTAs
within a grid are advantageously independent of each other, meaning that
execution of any CTA in the grid is not affected by execution of any other
CTA in the grid. As will become apparent, this feature provides significant
flexibility in distributing CTAs among available processing cores. 10
[0047[ To distinguish different CTAs within a grid, a "CTA identifier" (or
CTA ID) is advantageously assigned to each CTA of the grid. As with
[GbUSRA PR Ay LGNS HEBIFIRE JLOGAIRg AHEORLM TSI NRRC.d
d%{?}l{g&{%} C?H% ded as a CTA ID. In one embodiment, CTA IDs are
§ﬁn '1 seq uentla (one dimensional) index values from 0 to n,- I. In other

1mﬂ30dmemasmmmmmma&mdexmg@gh@mesmarataemseaomtarem
elRei2deammeonso all fraads,c Lag%%f%a%mr&ﬁfwfo@ gﬂ\m&mmof
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e
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iflataset, Althaughdie: Sppnefmkotdinentisshakngof dalabetwveen
Qifterant @F&Sa!ﬂoﬁg]%guﬁ;f% t BRI, 20 [0048[ Defining a grid of

CTAs can be useful, e.g., where it is desired to use multiple CTAs to
jeaive difarenicpolitiifisot asmglelargeproblema keniistanes Ttanight be
a@l%l@b&ems%eggﬁ@m aafiterngal QQQ&tiamAt@vqan@.;@;@ gl detinitiaBacifier
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0101 O NN R 1o Sb‘&*’é%"éﬁ?é&"vxf&&‘f@“%%&éﬁ"tﬁ tTBRFHFYE tHreudds
Intedhee anipeipronde suatkdimensimgl endR Mg adsumpimgrebp roet sShvd-BlatBrin of
coaasonablensizasand Coat aensiitates ugingnconventionakiech Rigpes)its
dPR48L. mﬁjlﬁ&%%‘ﬁﬁiﬁ]&ﬁ%ﬂ%@r&é@ﬁd@a@ggggo%’c?ig'&qm& the-mage
with ea eneratn Ieren raon (e
PR Pt attn ML ERE SRAIRIRIE R 3 SIS SR RO S

Rsfexecute the same
diffraeth gfm‘b%fdgﬁﬁ@ea%rﬁb?ﬁ’é’ﬁ&ﬁeﬁﬁﬁ@re‘ﬂﬂ B Bher3e fhe fﬁ?e‘gacﬂgktb“
sdemmmmmem ety mpdittiatet ST wrtingioutpetdarartsd that
operates gn_the correct portion of the input data set and writes

4%'0 I"[IO "BPEE BT O5EE%S et 1T ec%rF%E?”Fo‘ééﬁ%“ﬁ"iﬁ“fdﬁ%ﬁ["l‘f‘ghou Id
%@ﬁ&é@%ﬁt{%ﬁﬁ@ﬂ*ﬁwﬁsﬂ Witkliniaee PRYWHiCFPE distatrgrd! augd) bedeaigable
t\jthiora gritesdyaiagpoushsdoanol ishake fildathwithkosai fHNTSe depends is
kﬁ@vﬁﬁﬁ'@h@ﬁ?@, b BV image might include over 2 million pixels. If each thread
generates one pixel, the number of threads to be executed would exceed the number of
threads that can be processed in a single CTA (assuming a processing platform of reasonable

size and cost constructed using conventional techniques).

[8049] This larpe processing task can be managed by dividing the image among multiple
CTAs, with each CTA generating a different portion (e.g., a 16x16 tile) of the output pixels.
All CTAs execute the same program, and the threads use a combination of the CTA ID and
the thread I3 to determine locations for reading input data and writing output data, so that
each CTA operates on the correct portion of the input data set and writes its portion of the

output data set to the carrect location.
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is, two CTAs of the same grid can be executed sequentially (in either
order) or concurrently and still produce identical results. Consequently, a
processing platform (c.g., system 100 of 5 FIG. 1) can execute a grid of
CTAs and obtain a result by first executing one CTA, then the next CTA,
and so on until all CTAs of the grid have been executed. Alternatively, if
sufficient resources are available, a processing platform can execute the
same grid and obtain the same result by executing multiple CTAs in
parallel. [0051] In some instances, it maybe desirable to define multiple
(n2) grids of CTAs, where 10 each grid executes a different portion of a
[Wa-prosessing psegram ontiaskrfas examplerheydata-processing, @sks
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{6859? pf sed u5| me aégonltjhm 0054) Such prablems can

always b eco iregse €5 EVE gﬂéfﬁ‘édﬂngf had oritse Syaher
offrE At fem@ 3 &"Q‘?Rt?é (déét%ﬁé&l A obts RSN PeiergriEt g

opgpresetithethragoiab ertrsdtationssibpdpagonpies datanpraCassingat
dtdisls Faghopus inadyasiageotsly udL\siqg@lnimialamg @@é ploeks, wagh.
oPh MCQAH% Q%Q%?ﬁﬁgga@aavﬁlq‘e%g o ﬁ/tge'f:- 13 blo

ro
advantageously contains multiple "eleme gleﬁ‘u tary portlons of
[eE3probisifiams that benefit from the CTA approach are usually characterized by the

presence of a large number of data elements that can be processed in parallel. In some
instances the data elements are output elements, each of which is generated by performing the
same algorithm on different (possibly overlapping) portions of an input data set. In other

instances, the data elements can be input elements that are each to be processed using the

same algorithm.

[0054]  Such problems can always be decomposed into at least two levels and mapped onto
the threads, CTAs, and grids described above. For instance, each grid might represent the
result of one solution step in a complex data-processing task. Each grid is advantageousty

divided into a number of “blocks,” each of which can be processed as a single CTA. Each
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to be solved (e.g., a single input data point or a single output data point).
Within the CTA, each thread processes one or more elements. [00551
FIGS. 2A and 2B illustrate the relationship between grids, CTAs and
threads in a 5 virtual programming model used in embodiments of the
present invention. FIG. 2A shows a number of grids 200, with each grid
being made up of a two-dimensional (2-D) array of CTAs 202. (Herein,
multiple instances of like objects are denoted with reference numbers
identifying the object and parenthetical numbers identifying the instance
where needed.) As shown in FIG. 2B for CTA 202(0,0), each CTA 202
biseludemagol praalsthraass (@) mOds, MFaeﬁaﬁhrW&adnzeMe fashkm

GLrRd @heachgudh 20,4 Kidueddepiificr ol e [Rm! wilifnind £6A0
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epridhie, huaad denilicr | Camiae o g0 o, 0SSN E SRR RCaton
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erﬁﬁré GHiEFBPHIGRASTE Whers St Betainely t%féft%@atﬁsﬁ ﬁ)F&‘bfmq
upghsint idetafiovitieie By withay eneod pebsihgait B itputddtadsetifos thn brytire
w@iliich @fcrouiiple @rids. {060 exanmRie, duthecaseatan HREY image,
oRAaRGAd éﬁéH&!&iﬁc@?ff@éﬂ%ﬁl&ﬁq@nw@b@fd@m@éﬁp%ange The

n%éz-%eh‘!”b ra%@é ads;204) szo Abo 1258 i 2L Ehoee nthe o
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ohinHBsEY: PP thicas fid §ﬁg|@1¢ﬁr¢\12@@(ﬁm'f@ﬁ Péﬁ%ét%bﬂi’éﬂfﬁﬁffe FHRel
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20f b diNad3la, 9p mpltiple gHdrcotild bennapRaddaisingle Hames, c.q., w

dLQen%?n]é zlins Su?é@ catgcc)?loﬁj)lmen Ea w1 thlnegpréj eé: omnp OSItIOI‘I IIISEI!IJ Qxltf rf” Set for
S
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meaning that al ave the same num er a rangement o

EFRE 509 °"a?i&“éfﬂ@?ﬂ%ﬁﬁ2‘ﬁ%%‘%“§drﬁégﬁ@ﬁﬂﬁfb@f SR sPaRY Nt
wifhih recas 2EgoP Ot Wnbibdidients, herdecongpidsition]tals gyéds.

r}LLorrg(]a r |ins ance, gfl&?r HL rids might mclgde??ifferent numbers
%As ana- er differeh }%} ?‘5‘%% mEGr B ditfeTaRl GREEPRIGR
pfﬁ‘él aﬂ@wﬁ@%ﬁpmmmgx%ﬁ(number of threads 204) of a CTA 202 is a matter of
choice in the problem decomposition, limited only by a constraint on the maximum number
of threads in a single CTA 202 (which reflects the finite nature of processor resources). A
grid 200 could correspond to an entire frame of HDTV data, or multiple grids could be

mapped to a single frame.

[8057] In some embodiments, the problem decomposition is uniform, meaning that all grids
200 have the same number and arrangement of CTAs 202, and all CTAs 202 have the same
number and arrangement of threads 204, In other embodiments, the decomposition can be

non-uniform. For instance, different grids might include different numbers of CTAs, and
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threads. [0058[ A CTA as defined above can include dozens or even
hundreds of concurrent threads. A parallel processing system on which a
CTA is to be executed might or might not 5 support such a large number
of concurrent threads. In one aspect, the present invention decouples the
programmer from such hardware limitations by allowing the programmer
to define a processing task using the model of CTAs and grids of CTAs
regardless of actual hardware capabilities. For instance, the programmer
can write code (a "CTA program”) defining the processing task(s) to be
performed by a single representative thread of the CTA; 10 defining a
difddnaS AR Umbe sofispch dhidatsteaak) wilkhainuniqe e ittent fiedbanc s
welefining a grid as a number of CTAs, each with a unique identifier. As
described below, such code is automatically translated to code that can
[096% x et (184 ondefpedibotarcpldtidnds. dcesrexarryglehuifdids STAnisndefined
thac:dacluginnglal prordaanne af e enGUIeN threads laut:ﬂaaﬂarﬁﬂéz@ lHtEQIgR not
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ddfine; uRAREsEeaRbass s Vistuapsradrld g .« arprRAglRatisa apncepival@id ;
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ifyirtdal Ao defisftiadisdndies procéssmg faskc(pessibly: dooperatingvyithfone
SPPBRQIERQT FORE8H AGNRSKS)aBehile $10 L& LNCRSEOHtNRAEC h tasks
«d0pRads o mfgmhgwgmd@osm@mm?gigﬂgns &9,&&%%9&9 DS IAIEEER: than

platform tIII Virtual Architecture In accordance with_one aspect of
e rESENT TREnTE & U %alﬂﬁﬁeﬁf%%ﬂa&w@ewf éYé%B't‘?ﬁb‘?ﬁ%g
deifadyrids of CTAs is defined. The virtual parallel architecture is a

[Jwes @(t:g; or %pf %Jarallel glrgc%%s [afqg{is‘\sogla}%d lmelr&por ac stgat
ort execuftion of é&ga rér e number of concurr C\,L? hreads Hhat

CApdabiteo B F%ﬁi\}%atféﬁ%ﬁ?i?fﬁ's"ﬁ%ﬁ’é%e BIRSAR A taled from auy
P%WEHF@h@!ﬂ@} witfretioh Sthefrarbesiddtifies Fdisridrrsalparaliiet in 2

vateRitecite gatdesnapped apteaadetyrahasi vl Horofe pealRaheding,
Irﬂg%ﬁ§§w 91§Yeﬂﬁ "&A‘ﬁ:mad" as used herein refers to a virtual model of a discrete
processing task (possibly cooperating with one or more other processing tasks), and it is to be
understood that CTA threads might or might not map one-to-one to threads on the target

platform.

II1. Virtual Architecture

[0060] In accordance with one aspect of the present invention, a virtual parallel architecture
for executing CTAs and prids of CTAs is defined. The virtual parallel architecture is a
representation of a parallel processor and associated memory spaces that support execution of
a large number of concurrent CTA threads that are capable of cooperative behavior such as
sharing data and synchronizing with each other at desired times. This virtual parallel

architecture can be mapped onto a variety of actual processors andfor processing systems,
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including, e.g., PPU 122 of system 100 of FIG. I. The virtual architecture
advantageously defines a number of virtual memory spaces that support
different levels of data sharing and types of access, as well as a virtual
instruction set architecture (ISA) that identifies all of the functions
executable by a virtual processor. The virtual architecture also
advantageously 5 defines a virtual execution driver that can be used to
control CTA execution, e.g., by defining and launching a CTA or grid of
CTAs. [00611 FIG. 3 is a block diagram of a virtual architecture 300
according to an embodiment of the present invention. Virtual architecture
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[0063] Virtual processor 302 also includes a virtual instruction unit 312 that keeps virtual
processing engines 310 supplied with instructions for their respective CTA threads; the
instructions are defined by a virtual ISA that ig part of virtual architecture 300. An example
of a virtual ISA for parallel thread computing is described below. Instruction unit 312
manages CTA thread synchronization and other cooperative aspects of CTA thread behavior

in the course of supplying instructions to virtual processing engines 310.

{0064] Virtual core 308 provides internal data storage with different levels of accessibility.

Special registers 311 are readable but not writeable by virtual processing engines 310 and are
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16 used to store parameters defining each CTA thread's "position" within
the problem decomposition model of FIG. 2. In one embodiment, special
registers 311 include one register per CTA thread (or per virtual
processing engine 310) that stores a thread ID; each thread ID register is
accessible only by a respective one of virtual processing engines 310. 5
Special registers 311 may also include additional registers, readable by all
CTA threads (or by all virtual processing engines 310) that store a CTA
identifier, the CTA dimensions, the dimensions of a grid to which the CTA
belongs, and an identifier of a grid to which the CTA belongs. Special
usedjisters: iacewdttorind grrigdnisidizatiofpinirespefise thegonbiaands
deesapmdimiansontents306 e virisal el 320 anshda POt FRRNYEH.
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JRAREY Mirtual Arhitesituss300, 9@&@%15%91' ized. 90 Soyaishyef hardware

; tearl}fggg? In one embodiment, virtual architecture 300 is realized in
sys?em %IO of FIG. 1, with PPU 122 implementing virtual processor 302

[f0vd 12 REWARVEEHQEIRMOEXERYINERA. &GP 02 RO BRIEME NG N YRk er

SVS? %qug 'Fgr%?‘ér DR AR e R e e I Y S e MM des &
104 and/or PP memory 124.

virtual application program interface (APY) that identifies function calts recognized by virtual

driver 320 and the behavior that each function call is expected to produce. Example function

calls for a virtual API for parallel thread computing are described below.

[0067] Virtual architecture 300 can be realized on a variety of hardware platforms. In one
embodiment, virtual architeciure 300 is realized in system 100 of FIG. 1, with PPU 122
implementing virtual processor 302 and a PPU driver program executing on. CPU 102
implementing virtual driver 320. Global memory 304 can be implemented in system memory
104 and/or PP memory 124,
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17 [00688 In one embodiment, PPU 122 includes one or more processing
cores that use single-instruction, multiple-data (SIMD) and multithreading
techniques to support concurrent execution of a large number (e.g., 384
or 768) of threads from a single instruction unit (implementing virtual
instruction unit 312). Each core includes an array of P (e.g., 8, 16, 5 etc.)
parallel processing engines 302 configured to receive and execute SIMD
instructions from the instruction unit, allowing groups of up to P threads to
be processed in parallel. The core is multithreaded, with each processing
engine being capable of executing up to some number G (e.g., 24) of
[dhsepd @reupsceodicisnetiy, I tinddyi ea atirtai ning: purceningtadesimfonsration
bageora@rt@a errritma{;l@ nieagheehhat mretnﬁngreaﬂﬁ@r@gtemgmt CBRburrent
eggg{}gg‘nl R%sfr%gll (%ne ng eadlggﬁ aP%teré -flr‘orlflasa? bmelg %r%mc%ncurr?mly
executes rou t reads each, 1or a total of PAG concurrent
(APl ifte fﬂrg'rblan%r%ﬁ gl fAY SepRa %udﬁaéredwn%‘é’ g&-
egne4w! sherewsenpomiien e isenfieandt e (sdtngandGToRuh FIbHS iamtpctions
neanedkentcthieads SXectling R seap RPUL22s 00698 Specialegisteite
L GANRE R HBNES [RoCkRhd 24:0) 9&9@@@%@*&,&@%&% seRlo
SR PSP SOUSISL I, il caeh BPinr ARSI ALRIQNO @
rea provi a‘Set o )bal rea e registers to store a
f@m“f@“&@?rﬂﬁfﬁ‘ a’ﬁa ?E‘GI*]AE g el ¢ q&rﬁb’ﬁgréﬁéocﬁﬁtéﬁ%{lﬁ}‘éwd%b‘éﬁfﬁl
repigisters 3¢ wemdde invdiemEmediysivn etrrstibagreckoedtid REP[eOTFE of
Aiacalisegisiers 3bdicarhe dmpledenieddn RRAY22iasia |acalegister file,

RinEl lcﬁll?e , RAYsically.orlogically. divided into D lans eeash RRVING.SOME ent

number of entries (Where each entry might store, e.g., a 32-bit word). One
LRSS SREIGREY T'éAth 6F the P processing engines, and corresponding
gsiesdp.differsni-hanesaan hﬁpmwdl@&eg mith datg, fondifferends fhesadse
cgéev?‘ﬁl'”wrf SAMERIGHA! M%ﬁ fagi ta}e SIMBS¥eeuton. t%ﬁﬁﬁ‘fﬁand by
ortions of JAngs can Be allocated t difierent ones of

PERHLRe R L R (613 RSN G @0@5@ o5-dAnkPirt il 10 E s rar !
digprsiessiblisconhy ety paricatartdrirdbdcambenmpemisodinneng othsrihmees
I@atras. within the local register file are reserved for storing thread
identifiers, implementing one of special registers 311. [0071] Shared

[9A20horkesalaveinrise prrhsdmpierpriopin HBY b2 asenaratrragraiBionhedt
phhsireldly omiohiibadiveiam éneotyawithcarhimtergormectthbtralfeows @y here cach

cREYGRSHINGRNEIN St el 020, frarigi taitehany lacrtipmdrthecshared
c%,e YiaheRiRmet {nmﬁlt ¥n%1§09m¥‘1§’1%4®a%% ]tm'gh%lc' R YatB: A Rrent

e5|gnated section WI e same shared regrs er file or
threads executing the same program to facilitate SIMD eXecution. Different portions of the

lanes can be allocated o different ones of the G concurrent thread groups, so that a given
enfry in the local register file is accessible only to a particular thread. In one embodiment,
certain entries within the local register file are reserved for storing thread identifiers,

implementing one of special registers 311.

{0671] Shared memory 316 can be implemented in PPU 122 as a shared register file or
shared on-chip cache memory with an interconnect that allows any processing engine to read
from or write to any location in the shared memory. Parameter memory 318 can be
implemented in PPU 122 ag a designated section within the same shared register file or

shared cache memory that implements shared memory 316, ot as a scparate shaved register
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shared cache memory that implements shared memory 316, or as a
separate shared register 18 file or on-chip cache memory to which the
processing engines have read-only access. In one embodiment, the area
that implements the parameter memory is also used to store the CTA ID
and grid ID, as well as CTA and grid dimensions, implementing portions of
special registers 311. 5100721 In one embodiment, a PPU driver
program executing on CPU 102 of FIG. | responds to virtual API function
calls by writing commands to a pushbuffer (not explicitly shown) in
memory (e.g., system memory 104), from which the commands are read
fipyoPRLh PR cHhecpammankishady priageayslyiatehass aciated, withstattone
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“}f\%ﬁi&%g&?fﬁ%‘%ﬁﬁwhﬁ \h?mavﬁ%gfﬂgai@ﬁ%ﬁ@msgamaﬁéamnt CTa
threndsere Secoddingitiote tovirplgdtrvirtuat . AsohitectinmI808s kNt instiumotiens)
fepeeifir owmdargetplatioeme 0074 Ikt lkheappracated thatithe stivpal

e%&nmcuﬁ%ﬂﬁﬁp&hgdrm P s duslratve andid t}%te@ atlons an gx Io:t%d to

mOdIflca'[IOI‘]S arelgosy le. For instance, in one alternative embo

A aBIT it BT o RSt NG EHIRYP v trerdhicara I e da grseute
q@g@@rﬂq%%f@gqhg%mﬁgémh the same CTA thread in parallel. Thus, a CTA can

be realized using a single thread, n; threads, or any other number of threads. As described
below, a virtual instruction transtator advantageously translates code written to target virtual

architecture 300 into instructions specific to a target platform.

[0074] 1t will be appreciated that the virtual architecture described herein is illustrative and
that variations and modifications are possible. For instance, in one alternative embodiment,
cach virtual processing engine may have a dedicated thread-1D register that stores the unique
thread ID assigned to its thread rather than using space in local virtual registers for this
pUIpose.
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thread ID assigned to its thread rather than using space in local virtual
registers for this purpose. 19 [00751 As another example, the virtual
architecture may specify more or less detail as to the internal structure of
virtual core 308. For instance, it might be specified that virtual core 308
includes P multithreaded virtual processing engines used to execute CTA
threads in P-way SIMD groups, with up to G SIMD groups coexisting in
core 308 such that P*G determines T 5 (the maximum number of threads
in a CTA). Different types of memory and levels of sharing may also be
specified. [00761 The virtual architecture may be realized in a variety of
[ROEPUIET 2SYSLE D5 MBIBGIRNYGO BNNRHRE @h Nl itoa sl RESQiMNAK 0 the

:&L%%?c&edﬁfkﬁﬁuéﬂ&%%ﬁfol:&asﬁﬂa%%‘i?9{] %mtbe\é}égatﬁcmﬁdml{zﬁﬁgaa 308

? hard Ware components has been descg ‘}/ f exa P it 10
mc P‘mu ithr dde ? FOCEssIn etnﬁ;'ne:, to? ut«:t dgt redr{n n Puway

e UHAGISs pres véntion relates cou
Sﬁ}%ga?ﬁm ﬁ@“i!&%’l@ Q&W @amea?gr'ﬁgr%wafé%%ﬁ&%dw* determines T
((Rrogrammingrihe Virtuedda ichitEiir& {00 ¢l felG o Znistaoonddpteialofnodel
KRR Ohtising, virigal@eahitecture 300 to operate a target processor or
platform 440 according to an embodiment of the present invention, As
Hfhtdel Ts 200:Evarhic e exdshaied igfd Attt aroifcempa SO HatotTRYY
caahipited afiplicatienadncoARis Femetiadidstinare mptemasantatiopoofthe
WalgehLPIeAS3a0h AL AR COFShAR m@t@&ﬂs@@@ma@% &%ﬁﬁﬁs ift

.Qat@ sm a Ilcatlon thattmakq §e(9f th V|rtual m%”{%
10 B P rind Bt the brescnd iencon RS Qteonpliig rep R Ol o o

p@‘é‘ﬁ'é‘r’élhaéi)‘ﬁ"ff&fﬁﬁlﬁﬁ%‘bram 402 includes multiple aspects. First, the
sProgiam 20 defings.thebehavigr of a single CTA thread. Second, the
ra efnes the dlmens 0 f a CTA (in ber of oA threa
O e e O AL B (b a ey
P‘I"ﬁﬁ*ﬁ"fﬁé%%@‘r‘éﬁf‘?i affeading 9 ap srbadineat ?Stb%%?ﬁeégg'éaﬂagf thé ‘E‘:"FA‘
4(8rsgeie). drckdsionatiolvatwhichitveciiiuddatalsetdspddd e stidretnF-owrth,
Abg pragiamadelines.grmveimihnsessiRghehadosipakading, e.g., when
to launch each CTA or grid. The 25 program may include additional code
(828 1dyasTiehtsroersrmmiredORie tim eslomsost e G RAP iSRRI Dot Hslite i of
tikedpuallnchingtieynGdeAdeatrigrd shar o s0:0ine [90410 TPl icatiqnids of
cﬁrﬂgrmé@%m@xmw&iﬁ%@mw ghalevshRirgranming 1ang H@Qﬁoéﬂﬁh
%F C/(f}x-i-télﬁncr)tg"-lc; asui élfll‘%l reaéné)co n‘;)Odr%mr%.rr}ltﬂgP asp “é ERsions of
Crr program direct speC| les the ifﬁawo of one (virtua A tf1

3y %Wﬁ%&%ﬁ}r@éﬁ) and, if grids are to be used, the dimensions of a grid (m

number of CTASg). Third, the program defines an input data set to be processed by the CTA

{or grid) and & location at which the output data set is to be stored. Fourth, the program
defines an overall processing behavior including, e.g., when to launch each CTA or grid. The
program may include additional code that dynamically determines the dimensions of a CTA

or grid, whether to keep launching new CTAs or grids, and so on.

[66791 Application program 402 may be written in a high-level programming language
such as C/C++, FORTRAN, or the like. In one embodiment, an application C/C+t+ program
directly specifies the behavior of one (virtual) CTA thread. In another embodiment, an
application program is written using a data-parallel language (e.g., Fortran 90, C* or
Data-Parallet C} and specifies data paralle] operations on arrays and aggregate data

structures; such a program can be compiled into virtual ISA program code that specifies the
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30 application program is written using a data-parallel language (e.qg.,
Fortran 90, C* or Data-Parallel C) and specifies data parallel operations
on arrays and aggregate data structures; such a program can be
compiled into virtual ISA program code that specifies the 20 behavior of
one (virtual) CTA thread. To allow the behavior of a CTA thread to be
defined, language extensions or a function library may be provided via
which the programmer can specify parallel CTA thread behavior. For
instance special symbols or variables may be defined to correspond to
thread ID, CTA ID, and grid ID, and functions may be provided via 5 which
behvey orod ramnivierdan Tadicate. el divene Tohdtire atiastiou ki syhelio tiiz@cd,
lanith@tbaensiobhdhieadso 0035, When srpliLatienJiRe (e dsner can
sRORlet FRTRIGLAPR ARSI AIGA MINALIRA. 00RAL 6 DRSS RRRIoNS
dc naQ |ggl§t!gn it r%m 2 t ,]at define CTA thread avior. In_ oné
diftent VibaifEA ade ﬁl@1§“&$\%§%eﬁﬂ%°é‘?ﬁhﬁ’é¥ (SR™Y it
W&%hﬁé@{&ﬁédmmwwr@wmm@@m@ﬁbw@mhrgmvcad@}am beit
Ciiéttheedssarily code in a form that can be executed on a particular target
gDlatform As such, virtual ISA code 410 can be stored and/or distributed
(08U OB PRSP ERSETR™ 1 DR ER R b ARMRHRS A YbpeEIBHY PYaigRAns
“efad Bdosprsifietttivhrotl cop! saritin yoasvifRiaitS de Got€ 44 Grand datemipildn
ori08nhodiyizetywhally apaxdtiadly hypassed il 5008l B BtvatinsirtGtiofire
3¢m$@¢p@b4ia%tﬁgr1§wt§ae%@iﬁ%@ﬂ%ﬁé%&&@%ﬁ&t&é&m@@d it
spme . embodiments s code tha rec
thé?(%%lu?ge 6l Bt% ta e%t atf drﬁ? tszﬁef or %s?ar?‘c}e he fEﬁ’ownd[f) t?}gd c‘)jﬁed
S‘B‘E?Qeag‘if?fp‘it%‘“h“‘ﬁ? %@yaﬁmm %ép|§hetﬁa@ﬂifszéaﬁwé%@@1ved
pattos ety teeddé o ylantipstiibtionanit B30cindPY 4@2cBpiparidihg
map the/specitigs-oditargphptatiorm 440, virtual ISA code 410 20 might be
translated into per-thread code to be executed by each of no threads on
(493 gt prtfertinsmutigisndtioef) 2\vienyalts Sinted derrrdanighe eeet ISA code
4trarislated entooprograneeeds tocdde dasutad i fawaediaexaaditeads,

ta\ﬁé&hﬂaedmhwad:mwam agemmﬁagkﬁem@moﬂ@om&b@@ one of
M&JEFEQ%A(QQQ%% Cdﬁ%@l%c%{\ne «m SIS thdfe d%ﬁg‘l} on of struction unit

O t
gmensmns of CTAs and/or grids, as well a8’ 25 defin Ining {)ﬁrt1 data sers

B B R ERSae s o S REcr i 2 HFES AT S g 902
THEE)hERIIet echitsctpea ikt o4O B vited IR hshetiontiindone target
permbodintenttanspetifiication of tvadadn alhPbd nalidiaging groftRctioR to
PUAET RN Al e T (aTI ST TaTo i =T s (1 T’ :EEQLGH@%%@&L% Q&Eﬂé@ 126 o

Qvided fothg upgrammer and the programmer

{0082] In some embodiments, the definition of dimensions of CTAs and/or grids, as well as
defining input data sets and output data sets, is handled by a virtual API, Application -
program 402 may include calls to a library 404 of virtual APT functions. In one embodiment,
a specification of the virtual API (including, e.g., function names, inputs, outputs and effects
but not implementation details) are provided to the programmer and the programmer
incorporates virtual AP calls directly into application program 402, thereby directly
generating virtual API code 406, In another embodiment, virtual APT code 406 is generated

by compiling an application program 402 that uses some other syntax to define CTAs and
grids.
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incorporates virtual API calls directly into application program 402, thereby
directly 30 generating virtual API code 406. In another embodiment, virtual
API code 406 is generated by compiling an application program 402 that
uses some other syntax to define CTAs and grids. 21 [00831 Virtual API
code 406 is realized in part by providing a virtual execution driver 416,
which translates the virtual API commands of code 406 to target API
commands 418 that can be processed by the target platform 440. For
instance, as shown by the dotted boxes in FIG. 4, in one embodiment
target APl commands 418 can be received and processed by a PPU 5

{dé@wef %a.awmtaoe@mm%a G ERIPPANRGEARMAN Bt B k22 16,
W{\ r.m.s ates tHe u;]rtutd ! bOdIm(?snotf (\:/ I U%& 2( etg[u tép Alquj:xgl at]‘igs ml%ytlg?can

an aspect or portion o PPU river 432) n another embadiment, the
b?/ﬁtﬁﬁteﬁé’édﬂ‘bftféfﬁiéftfﬁ?@’h”ﬁﬂof%%é‘bc?nﬁb RO REPS lgFga Poxes = FIG
4co-protekebrmaettight SithplgendscOstret progiardred praserreSoian
dpvegraunsiosh thieads erikersarosi prpcessendhat FoNs 2R éatirterad 434, (In
t@eﬁy&tﬁmtimu&u@&aﬁd&@t@]@%wgegﬁtee@cthatmmuabmtrmmn
aepg'at%ﬁcl% Andaidval exeeation. dver 410,680 b CIRRIBHIL 30kver
atform or arc |tecturet at Is cap a eo supporting CTA execution. To
i R PR TR RS ATARTAAB AT Il Pl BIRESHRS or
t@?&ﬁmﬁnmmma&f fromihthersmhraogittival ¥SAL- the same virtual ISA
be used any platform.or architectur. Thu pplication
Lt i e e s
dﬁY&hﬁHt‘fﬂ‘?é’e[‘G%Shf‘P“dﬁhéi‘tfPig‘ AbtRBEsaEsAHA IR e SR rItiRR A
cxpdOtivrc|(Tdate RRE tntverPRYrarivartasstiowh! i Gifgefalddsmnce, in
aRAR-AHEN AR BRI aRthe RAge L IUAIRI IS varGiPld Anatiti8eS can be

S VA G IRARAIAHES m@mm@eﬁe@cmgﬁatlsx cution a3 L2Rae Aumber of

threay S, nd the target I§tA cO ema:ndtet:argetA | commands correspond to
"Rt c|oﬁrse’|ar1“’ap§f)s roﬁrar?t oorrgrou'p&lntercommunlcatlng programs) to

g Xxeeuiad byhe iaashcR: whish-payhe, £1¢ind gL 0ckRer PPU
amultizcgre SR 3. V'Hyrqttéécﬂm@ 16100864 ea%oexempt%eq BN o i

ISA according to an embodiment of the present invention will now be

G e SR T TSR TS RBLLY SR QUBREE Lo
ﬂttvedszer%Fmatrpﬁbgsrzamﬁgdﬁmh@@ms%sgwas}mé&b’étﬁuaw a
pheeoandiiglypincthiscarmbodinenty yidpahls Ao cede-diei e nier ated: U, which
nfropiler 408 grfinesthaupehaviepaf a single CTA thread to be executed

by one of virtual processing engines 310 in virtual core 308 of
5. Virtual ISA Example

[0086] An example of a virtual ISA according to an embodiment of the present invention
will now be described. As noted above, the virtual ISA advantaéeousiy corresponds to the
virtual programming model (CTAs and grids) described above. Accordingly, in this
embodiment, virtual ISA code 410 generated by compiler 408 defines the behavior of a single
CTA thread to be executed by one of virtual processing engines 310 in virtual core 308 of
FIG. 3; the behavior may include cooperative interactions with other CTA threads, such as

synchronization and/or data sharing,

[0087] It is to be understood that the virtual ISA described herein is solely for purpose of
iltustration and that the particular elements or combinations of elements described herein are

not limiting of the scope of the invention. In some embodiments, a programmer may write
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FIG. 3; the behavior may include cooperative interactions with other CTA
threads, such as synchronization and/or data sharing. 30 [00871 It is to
be understood that the virtual ISA described herein is solely for purpose of
illustration and that the particular elements or combinations of elements
described herein are not limiting of the scope of the invention. In some
embodiments, a programmer may write 22 code in the virtual ISA; in
other embodiments, the programmer writes code in another high-level
language (e.g., FORTRAN, C, C++) and compiler 408 generates virtual
ISA code. A programmer may also write "mixed" code, with some
cqortiohs withid Sode dhengnibodirhigh-kbvetdanguagevand athen pastiens
highitteR inuihegdrtinl IBATR A SreciphMadalies J0088HHG vRisiadakise.
50 ugnmgr é%?&k%' warables defineg) aybénl% &%m'&m@t&é&le‘ phnding %"

wRrefix i algllsea erein | to signal a s ec:|atvar|a .. These variables relate to
& “Drogramming Mederoi BT c?n"?/vﬁ‘fc‘f’%ré st thread 204 is identified
s bystspesitiomaithin a CTA 202, which in turn lies within a particular one
[0%§§Pnﬁ(9 baet%lg]f 95'(9?‘31298 slgeéaolm \(?art Q)l%mcp ?9!:'31 5 the 5 ee \(f:ill’%l!l al ISA
variables of table 500 correspond to special re isters fl In virtual
B Crittd e 306" dFEfé“’?‘Efb‘ﬁggieﬁﬁ“ Tl Hirerasstiaribace s
PRARBRE Areddadh e fnedirch dvebrdifiésiodatifrady dnpotitam within a
Ciliffepeni ikt & awer Seguenbial lyanitmbenecbizanonentinensional s Jaceme
crhBRY M@H@'ti@@p@éﬂﬂ%ﬁﬁ@%ﬁ@b&pﬁﬂ%ﬂﬁ%mﬁ% eElPreidtdll B IR virtual
L0l cgw)h gﬁg%CTA is launched, and the virtual ISA code can simply
use these variables without initialization. Initialization of special variables

[ossdiscusserd belowidnishu seteten ca iQ sthmsuiriual ARL.dRR99 % As shown in

G A TUiSh SRS tﬂmﬁ&@k 39949§e<{anak§iarry%9.%gre& /opt'd ¢
% tid,z deflnes th%fdlmen )r10 thréads) of a

més OF'a PEE-will® 3B EhArS ﬁ@e §tafr§léit RERFYRCYSTRAeY %&? > will be
“‘éﬁ‘é‘l‘ﬁf‘édt’ﬂf-‘é %06 Tit i Brpeivhdthdevayed ok i sentimpbcest Giicheriables
wphovideitidégzaticu alniacesso p BgRoidavandsteals AR faspd isnve allibthaterence to
iheshzhlishes the dimensions of a CTA as described below. [00911 As

shown in FIG. 5, a second 3-vector of special variables %tid = (%tid.x,

(. y Aostieh2)indTErsTia fhe Bhreder i sofdeyirantiarSantgithitrai €T Aeriil y,
s8] @fehiteetuie3000efiRhumie: & tiisdexprctadhthaliviriial procassenl
staR2ilaassigha Waigy %M@%A{ﬁ&&@&&%l@fy@g;meesep&&téaial%é?ue&f&om X
%né%ﬂfecto;‘ wjl (ggt{)q—glded/ tg Qgri}lléia})ggcgsgcr ﬁgg dv”é a< v(i/%gk A%’Iagnctlorb call that

establishes the dimensions of a CTA as described below.

[0091] As shown in FIG. 5, a second 3-vector of special variables Yotid = (%tid x, %tid.y,
#6tid z} refers to the thread 1D of a given thread within a CTA. In virtual architecture 300 of
FIG. 3, it is expected that virtual processor 302 will assign a unique %tid vector satisfying
the constraints 0 < %6tidx < Sontid x, O < %tid.y < %ntid.y, and 0 < %¢id.z < Y%ntid z as each
thread of the CTA is launched. In one embodiment, the %tid vector may be defined such that

it can be stored in a packed 32-bit word (e.g., 16 bits for %tid.x, 10 bits for %atid.y, and 6 bits
for %arid.z).

[60%2] As shown in FIG. 5, a third 3-vector of special variables %netatd = (%enctaid x,
Yonctaid.y, Yonctaid.z) defines the dimensions (in number of CTAs) of a grid. In virtual
architecture 300 of FIG. 3, it is expected that the values for the %netaid vector will be
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thread of the CTA is launched. In one embodiment, the %tid vector maybe
defined such that it can be stored in a packed 32-bit word (e.g., 16 bits for
%tid.x, 10 bits for %tid.y, and 6 bits for %tid.z). 30 [00921 As shown in
FIG. 5, a third 3-vector of special variables %netaid = (%nctaid.x,
%nctaid.y, %nctaid.z) defines the dimensions (in number of CTAs) of a
grid. In virtual architecture 300 of FIG. 3, it is expected that the values for
the %netaid vector will be 23 provided to virtual processor 302 via a
virtual API function call that establishes the dimensions of a grid of CTAs.
[00931 As shown in FIG. 5, a fourth 3-vector of special variables %etaid =
Gttty irtin ChadebysoVb.E1aid Z) kefarsipriRe e Al Ehaf-aginars @GEA within
Aido 10 Mittuah avphitecture 300 of FIG. 3, it is expected that a unique
%octaid vector satisfying the constraints 0 < %.ctaid. r < %nctaid.x, 0 <_
[9688aid As sk atitDy ; anicth Ot I ctaichiz pe Sigh ctairthiz f &6 diadl C TRl e

%E&VJQB@&Q:MJE@U@fdﬁ&ﬁﬁ@@ﬁ@dﬂb@ﬂ&h@qﬁwﬁ&lagﬂ@hﬁdwEQQMl The
SH8RiAL) %é@%ﬁ%@'%o r&%%ﬁ’&@ﬁﬁ%‘@ﬁ{?ﬂr'dﬁt\@&'@&lﬁ thakRiqyides a grid

10 identifier for the grid to which a CTA belongs. In virtual architecture 300
BRETEE0 ié“é%’p‘éct/ R %g/f‘fd‘ffflvéiué"\ﬁfﬂl‘b‘é H¥bvided to virtual
(pEdeessbr 302ceiitentifycth@ grdidf mincldhe dundntcCFRiISE pdrn The
aparididualee is advantageously used in virtual ISA code, e.g., when

multiple grids are being used to solve different portions of a large problem:
894 rdgransDbfitied Faiabied dhtisval HeStde Sishicdba BI0U9ST Btk
ivinttifitd SA il gidsdRenphegTam buiner bonmpite Bribidefine ahatbitraryit is
agseteerzhgfa\éagi@m%t& negmr%%m@&ad@m&ﬂ%&&m&m&se&h:ﬁm@@la of

Bdeined RuadRe and e Tl aiRte negs. Bl disUes DOk NPisa

varlab e is used and t8 what ext nt |t |s S Variablés are realized

Q8 G e SRTB ARG REF A RERR ST A A eBl S TS R R P B R Rl
:tft nﬁ@mra@ﬁm@@qmﬁmt%wsaﬁﬁafe%meysInﬂuence the choice of

or 20 str 0 be used for real 2|n atlcu varla 009
R figes e orfjl AT B

Rf e BRBSaifdhtems brffRecae S ud o a‘tyt%fya@ﬁfé’oa
"Intege samsigeb thintetertcaimdy floatingboitsdd ntgoe dviraratsiagt arehsindply
s iR ehgralpmethilsef themspecified engiheSignreiand wrgigned
Inieger r,mﬁ;%mag@t welkas floaling-noint If?;éﬁa%ﬁlem%@%t%w@msqmy

accordlngbco cQ ventlonal formats (e.g., IF E 754 standards)
structure ¢ used for realizing a particular vanab

[6096] FIG. 6 is a tablc 600 listing the variable types supported in the example virtual ISA
cmbodiment. Four types are supported: untyped bits, signed integer, unsigned integer, and
floating-point. Untyped variables are simply single bits or groups of bits of the specified
tength. Signed and unsigned integer formats, as well as floating-point formats, may be

defined according to conventional formats {e.g., IEEE 754 standards).

{0097] In this embodiment, multiple widths are supported for each type, with the parameter
<n> being used to specify the width; thus, for instance, .s16 indicates a 16-bit signed integer,
.f32 a 32-bit floating-point number and so on. As shown in table 600, some variable types
are restricted to certain widths; for instance, floating-point variables must be at least 16 bits,
and integer types must be at least 8 bits. A realization of the virtual ISA is expected to

support all of the specified widths; if the processor's data paths and/or registers are narrower
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[0097J In this embodiment, multiple widths are supported for each type,
with the parameter <n> being used to specify the width; thus, for
instance, s 16 indicates a 16-bit signed integer, .f32 a 32-bit floating-point
number and so on. As shown in table 600, some variable types are
restricted to certain widths; for instance, floating-point variables must be at
least 16 bits, 30 and integer types must be at least 8 bits. A realization of
the virtual ISA is expected to support all of the specified widths; if the
processor's data paths and/or registers are narrower 24 than the widest
width, multiple registers and processor cycles can be used to handle the
thafdRE wiiReSast STknoprégithesard [POQ80H dsdeshenwaderstoadnthatiheider
waladynes and widths used herein are illustrative, not restrictive of the
invention. 5 [00991 FIG. 7 is a table listing the virtual state spaces

{0998 poitedinbthedxamp bayitic dk S peNimbvstibe spd besiarecdddinedye, not
résereaspengdingialifferent levels of sharing and possible storage locations
in virtual architecture 300 of FIG. 3. [0100] The first three state spaces are
[94098e FHE tRds thirdbd ipe [thand e nih gl alear sae HuePAcdhrdzrb vaithitavisteel ISA.
Nogpasatepiastance idheoraxighleiand sAodchAitvrad snitihavre pacass to
sthR@N¥Ather & TAhraadisdnataness Fhe yirtual register (.reg) state space
is advantageously used to define operands, temporary values, and/or
[HEYl [tsTak dosnhutatien st bapeiforhudibyheat v G Adiniea thapeprio idin
tiRay weolare anyrsmiemed vitival Jegisters nYiduakkegistaishAtececss to
aad&mﬁ»aafm%%ml?yséﬂavﬁ;ggmmherg#m rrﬁ@lg}%t&%m&@]@m %&:uely

el dre‘ils TQIS sta&te %%ce corresponds to ?ca virtual reg |ste€ b
V|rtua architeciure o?rl’—‘l‘@ Inc it RSN (o) Lo e’sp Cials regis etpfsreg‘j Y

b {eTéphErt ofr8BHRIETS REpT AR EHARE: Patiypl BeEMpie s o Rl s ors
awhithcare ktoredimn specialmpiisiers @it mvisiualcarpinit¢ etidres80thidntate

sse@emRedimasts: iheuirigald SA1aadeimay Ralidaciareesrathsr
variables in the sreg space but may use the special variables as inputs to
[ Hpuldtspeeiskiree i (Hregddé amasadrampiydiiabie irr it spatie
vepdte: HonGotid-iactitacasnpoineptsyl theieach CTAVthiendanitdadeon its
shHpique.fareastddentifies f@ﬁ%@%n@ﬂ@@k@a‘x@mﬁc§@ga§t@§%$9@9?egall

]lv:gxcéobutthreads I ct heccsxa vz? qj-[éas\ V¥I1!1 rgta(fotpoems?lmt?or\{% (}i.t?ls C’P‘X ercadq T ci
er-th rea oca emory OC&S variapbles CO respona to a region OfCQTOBa

AP et w&%ﬁaﬁgfaﬁ&%o"aﬁdﬂ% GreisserarngsareeraciirEadperdavit
ripdatherigvortisadidernti §o€ Toi thptizd weobbsas hidored variables.itlh€d@sses
tits:awia thstane€ DA thal varahieaasdghanges to a 25 local variable made

in one CTA thread do not affect other CTA threads. Unlike the.reg and
[60142] Per-thread local memory (Local) variables correspond to a region of global memory

tT.ﬁ compuial onq to

304 that is allocated and addressed on a per-CTA-thread basis. In other words, when 2a CTA
thread accesses a local variable, it accesses its own instance of the varizble, and changes {0 2
-local variable made in one CTA thread do not affect other CTA threads. Unlike the .reg and

.sreg state spaces, per-thread local memory can be addressed using computed addresses.

{0103] The next two state spaces define per-CTA variables, meaning that each CTA will
have one instance of the variable, which may be accessed by any of its (virtual) threads.
Shared (.shared) variables may be read or written by any of the CTA threads. In some
embodiments, this state space maps to virtual shared memory 316 of virtual architecture 300

(FI1G. 3). In a realization of virtual architecture 300, the .shared state space might map onto

25



10

i5

20

25

30

.Sreg state spaces, per-thread local memory can be addressed using
computed addresses. [01031 The next two state spaces define per-CTA
variables, meaning that each CTA will have one instance of the variable,
which may be accessed by any of its (virtual) threads. Shared (.shared)
variables may be read or written by any of the CTA threads. In some 30
embodiments, this state space maps to virtual shared memory 316 of
virtual architecture 300 (FIG. 3). In a realization of virtual architecture
300, the.shared state space might map onto 25 an on-chip shared
memory implementation (e.g., a shared register file or shared cache

2MRRDY InNhIRdARINepIeAlRalONS. dhe shaed SirlgitRACRAAght B ap

203 RAGET A G AR Al Al &Q'Rﬂ%ﬁl@l&é DaLs, ?ﬁé&%é%&d@'ﬁ%ed
as an other globally accessloce me ED{) 5 1010 1 Parametg au%

LB AP B O N A R SR B L P BT Sy AT thia
TEMPAYThis state space maps to parameter memory 318 of virtual
ﬁr&ﬂltegtu e:f)’ecx)‘? ac’zagmf%rr]l Q)?eg%?é“rzeea ~on19 dnlc? C%Qbonre%?l@ scm vau“[uai) thread
parameter memory or cache memory or in a region 0 Jobal y acceSS|bI
”bﬁ“i‘ecﬂﬁf‘mE'Hfo“r‘?‘?ﬁ&?%‘%ﬁﬁ?&&?éﬁﬁﬁ’ﬁﬁrw@@éé%ﬁ 86 "é’ﬁ‘if’bﬁ%&?ﬁf&bcaw
cercbe suilednsamioryn trishxpucte dakmetiasemeariabtedi v Barintializ seien
ofgspanseda.drbves g amman da fromochtdod rdridere 320 a{ 81 P 5thet Bebally
LSIANLLL8ASH: SlRIG SRAGRaISHse L iR lafing Re trarid canstanimibal &aR:
be rea&i f(%)ut not m dOdIfl%gb by any (virtual) thread in any CTA in the grid.
“TRvirtual armhltecture 500, the.const state space may be mapped to a

(68610 Ihglehalmemary stadvbich ithe 4 TAuthirads ghavensaad-@alyan be read
(ﬁﬁ%%?&o]iﬁ%dfﬁ’)%&ys(‘@}%épﬁ?&@ﬁ{‘a??é%ﬁ' izaflinAN QR0 SBaI&H . 300,

lgarameter 15 memory or cac te memory é) aper % {d r%%lé)rgloég %?I%
fcEE B SR ey that fggaﬂoca e réssed as any o
heYse mbeassmiel H?e?ﬂwtiﬂéé%ﬁa?afﬁ%‘“%é’&é’hiflg‘@%ﬁéﬁ@ﬁe‘er
sibabyasialalds irtiveycoash statgidpepennilehdiiitializethln a@sponsentory that
ifiMRRCOIHNANES KO Mituakosives 320 LR #16hhhny enmalnib g thirs tate

?&%&ei§E%§§ecz§ﬂl{l‘?\z£%ﬁﬁe@% s i QBQ'&: Sl ﬁgﬁﬁéﬁ@éﬁ 10:eafoRWo

virtual) thread in any CTA associated with the application. These state

Ay SrERANiSg B&Iai[r?é%e&%;%m in virtual architecture 300. Global

balpbahnatiabias.caRde.sgokio ee%@ e{@ltewnfaﬁ@aegmem acccssxbie to

emvggljlgﬂepts SRESMG atgos har xga fextures (1ex) an aces map o
rfaces (.surf) may also %sef:;i d Estate spaces. which m

&fg@ﬁuve@av #87 g P&‘ﬁ‘l‘ﬁh@‘%‘i‘é&‘@&e aB%n&\?RﬁH& Eé’ﬁ’b‘éaﬁ%‘& fG“o‘?é*fﬁ?édafﬁH
gerevitis:goses Jrieographhod itesuiarep2S amithisixedost ffa ckad taxstrerctyragnd
sthakpy ovide dajaivalyRsiERICERADSiNG I ICHHNKSAGT R dsddul, e.g., for
graphics-retated applications, can be used o define and provide access to graphics texture
and pixel surface data structures that provide data values corresponding to each pixel of 8 2-ID

{or in some embodiments 313} array.

{0167} In virtual ISA code 410 of FIG. 4, variables are declared by specifying the state-
space, type, and a name. The name is a placeholder and may be selected by the programmer

or compiler. Thus, for example:

[0108] reg b32 vrl;
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(or in some embodiments 3-D) array. [01071 In virtual ISA code 410 of
FIG. 4, variables are declared by specifying the state space, type, and a
name. The name is a placeholder and may be selected by the
programmer or compiler. Thus, for example: 30 [01081 .reg.b32 vrl; 26
[0109] declares an untyped variable of 32 bits in the virtual register state
space named vrl. Subsequent lines of virtual ISA code can refer to vrl,
e.g., as a source or destination for an operation. [0110] The example
virtual ISA also supports arrays and vectors of virtual variables. For 5
example: [01111 .global..32 resultArray[1000](1000]; [0112] declares a
Bl 2GR e 5 AeE@SEibtE P08 LD SO G AT *SPUHE HRsttAREpRAREd V-
Subreraryet $ings i lraiivd s todr tramsiBiop 412 mm\pyaapusivay desitoition for an
opagéic@ssable memory regions corresponding to the assigned state space
10 [01131 Vectors in one embodiment can be defined using a vector
fObtekix Teqgsaieyatiid Sthelfpunerto et pehesierop ity arsiatigr For
exaxalnple: 101141 reg.v3 f32 epos; [01151 declares a 3-component vector

of 32-bit floating pomt numbers in the per-thread virtual register state
0L ce. Oncdh%eior i HRERIEPHE Bihponents may be identified using

wi@fsuf&e@aﬁc@aqmmpgasaupq&xwm%%o'Qy%@mwmfe& Rty p%fyz 4
nuar cfaq”qugd 1m§ruct1 Xt%gns%gt%rg %gnx’ ol 2 iglt él'dreﬂa OI’ ;T gJ 3

IPSTe eaer o TantRy CamBonante Yot b T ey Se ATy es arevirtial,
CORtHENSA CStfer ¥ AT EERE or refer to any number of variables in any

@i3Pe SRS SPAGES (NGERLFIEY h‘é"@ﬁ%&@%.ﬁggfgcﬁ A predefingd). It iz

hpOSS|bIe that the numtf)er of variables define a particular state space
G PR RIS TR EBHE 1D VST e KREeBETRE amount of storage of the

w@@,;[esponql;gg_%pﬁ inasparticular hardware implementation. Virtual
instruction translator 412 is advantageously configured to include suitable

[03ESiagecsharsagbnrenbirstructions 121t fluririp godatanimbtrsde henpgigiers

vindl el @tmm&y)d@cm«l@euaﬁala&&@mu bR MeesledeNirialsing

e s ng onger 25 needed and_aliow its allotted s ace to

orary rlab

R e VAot it TR e oo
[Q@H@Pa@ﬂgzé %@%@ﬁfaﬁ;ﬁé‘@r@%&l@@@mm ISA code 410 may define or refer to any
number of variables in any of the state spaces (except .sreg, where the variables are
predefined). It is possibie that the number of variables defined for a particular state space in
virtual ISA code 410 may exceed the amount of storage of the corresponding type in a
particular hardware implementation. Virtual instruction franslator 412 is advantageously
configured to include suitable storage management instructions (e.g., moving data between
registers and off-chip memory) to make variables available when needed. Virtual instruction
translator 412 may also be able to detect cases where a temporary variable is no longer
needed and allow its allotted space to be reused by another variable; conventional compiler

techniques for allocating registers can be used.

{6117} In addition, although the example virtual ISA defines vector variable types, it is not

required that the target platform support vector variables. Virtual instruction translator 412

may implement any vector variable as a collection of an appropriate number (e.g., 2, 3 or 4)

of scalars.
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[0117[ In addition, although the example virtual ISA defines vector variable
types, it is not required that the target platform support vector variables.
Virtual instruction translator 412 may implement any vector variable as a
collection of an appropriate number (e.g., 2, 3 or 4) 30 of scalars. 27 5.3.
Virtual Instructions [0118] FIGS. 8A-8H are tables listing virtual
instructions defined in an example virtual ISA. An instruction is defined by
its effect, e.g., computing a particular result using one or more operands
and placing that result in a destination register, setting a register value,
and so 5 on. Most virtual instructions are typed to identify the format of
Jippiiseshdgrustignsits, and aspects of instruction execution may be
[ElapENdens AnthE typebEhesganaralicimatdirancinstruciiorkisiplo 1Skl
1AME, miYRERFESWlnARarARdsk Lo %%Okwﬁesemme@meemﬁtﬁuﬁgene or

mnoar%et:rﬁwtgsp aen?i {Bdmg) l%%hogg{nfg Ecabp XdP‘f)m&&X[B tg“le Iasgggs Qr l\:fclﬁé dhd 50
result is @ variaple to-which the result is stored, and opérands are one or
odYe S AMAIE AP BT SXREEE MUt B RIS R o0
agrpsoeliinentctiangatcdichite: tirdepoddst aréyistes-tdhregsistet froeesser,
isndaesult and operands for operations other than memory access (FIG.
8F) are required to be variables in the virtual register state space reg (or
[¥h&%pecial FEHRIEIATAIEERA8"61EE in the case of some operands). 15

Il éh@z;% B'ﬁttms&@mﬁ%g t%g@i'%ga%ﬁgmﬁ&%pﬁwzf?@%@s

the virtual ISA. An instruction can be réalized either as a COI’I’ESIQOI’I Ing

et h63tr EGOR AATIIE UKL SPACTHRAraHERY prstsrad 't ﬁereln
mpse Mpfellrtrd d aporriet e pUbnEsOrHeach e rshesttrons e
avchiervrexctiitéech ppicias-thigsspecifieshefiedi-érefone diodrardin @srations
"EQfMé%fﬁe%Rp&Hé'Qs e, wriual i&gm@téesetnaﬂ@dﬁmnélﬂ@vtam ReEical
SALSCLPIRTOTLIS. 20 advaniaaeously, configureia dsnlify fgdgachine
nstru ion or achlne mstructlo[ﬁ sequence correspondlng to each virtual
[nstruction-dabrakhhe fofawing slahseeiians desorbeithe Makiodumeldasses
A insliuetions, H)%tFéQHEEd A aﬁécﬁé;lesbmmg%&mﬁemm%{Qeoa&e@ﬁhc
qlré%t té?ps efseQJ Qﬂg'aré iy ill stratlve § d that a vggggl(l rgg
lonal Instructons not exp ici Lribed ferein and. may

%staﬂ&é%%}ﬁ%ewéﬁfaﬂxmﬁe metrsE e Wi AT s ddodereiy i sp frwvare
shpstyOtiofis viArithimratict 12331456 1S fors parabide806:tistindoanithmetic

sapetapiens)definn iy i erexaBiamdEbial instruction or machine instruction

-sequence corresponding to each virtual instruction,

[0822] The following subsections describe the various classes of instructions listed in

" FIGS. 8A-8H. It is to be understood that the list of instructions presented herein is illustrative

and that a virtual ISA may include additional instructions not explicitly described herein and

may exclude some or all of the instructions described herein,

5.3.1. Virtual Instructions - Arithmetic

[6123] FIG. 8A is a table 800 listing arithimetic operations defined in the example virtual
ISA. In this embodiment, the virtual architecture supports only register-to-register arithmetic,
and all arithmetic operations manipulate one or more virtual register operands (represented in
FIG. 84 as a, b, ¢) to produce a result (4} that is written to a virtual register. Thus, operands

and destinations for arittunetic operations are always in the virtual register statc space .reg,
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ISA. In this embodiment, the virtual architecture supports only
register-to-register arithmetic, and all arithmetic operations manipulate
one or more virtual register operands (represented in 30 FIG. 8A as a, b,
c) to produce a result (d) that is written to a virtual register. Thus,
operands and destinations for arithmetic operations are always in the
virtual register state space reg, 28 except that the special registers of FIG.
5 (in the special register state space sreg) can be used as operands.
[0124) The list of arithmetic operations in table 800 includes the four
elementary arithmetic operations: addition (add), subtraction (sub),
exqrattijpichtiens (nbpiatdc dffilioh (dit: SThdgereisspetetioprrearrpecan be used
aspptiarmed on all integer and floating-point data types and produce a result
of the same type as the inputs; in some embodiments, a rounding-mode
(OkZHlifiEhaiaySARSEEIS s deRse RS SR FRs s S P W 8 SSPe AR HB MRS
opperify. hawtte(rggu bubhatlicnie bbunddgl icand\Whether dvihenddse dihese
o MREaE &HW@%@H@H@ PRI S STRIIch DRI RRREEE pE 1RDprbliess result

oﬁm@&w%@{m% G.oReLatio @Mﬁ&%@rgmaﬂ@m ﬁlﬂfﬁﬁélﬁ{%y o be

ort 10 mul }/add mad), fused muI cll_idl(e i;’l i nﬂg d p
ddﬁﬁ%‘hﬁ'ﬁ& rarERL e AR R ATER R dOEsTS &H‘ he broduct asb (with
andrhetheg, lmmwbkyt%d@éf@)cﬁnﬁraﬁa@d%@ﬁ@r&Bﬂlfma&%ﬂ multiply
.ﬁ\gg differs L@nﬁ';omag rfute glthe producta 5 *b L LI3Aged pugt J pec

ing c. Sumo rence comp tes e absolute value
“‘(‘H%’?‘lya%’ﬁadff)&l%j Tﬁlgprlér‘?‘fgi ey ety B8 ARETH T Bgﬁffdﬁ%gﬂaanly on
Mnitade rdsharars droboormpate $Wit heodiradintie bbby dywien adds ¢ to
thapaiandads dividedday aperafshbnAbiscohitenaliveu@lbs) anct negadibprior
i BRG AreinaLy Spataliaashat canhesanpliadite. 3naneanda Ia c.

floating-point or signed integer format. Minimum (min) and maximum

{Qsdx) hpecations; (uhichcatidves apfiod donhtegentegef optintipaidcomputes
tRReFARMAS:s Gahibe Hestinaliond egistRida the.sealler. apesRRcyal:taEgdsy and
ngg%%%regégff@@ddhqg,%tzém&@lﬁ@éﬁ%@aw 19&%9@&%@&%9@@@3%@%&

non-normal number er IEEE rdg]&ﬁ Elio be
sgRetinger O13% %%‘Fé“ﬁ‘i‘é’ﬁ‘” ShRPANS! ’" "Srd Berormed
aprigafiorifeating ooy OIﬁ%oﬁt(ﬁ%)*Wé?&ﬂﬁafF%?F&t'ﬁﬁé%onal
opashobitainpoheSine Ksinlingosipec(das)andwaidiangenbah rpicufdtan?)
nBEQVSR.CRIMRRIEN IRsh PR LosRananding tadrgepametric functions.

Base-2 logarithm (ig2) and exponentiation (ex2) are also supported.
[Re&tiprotatc@Bilmpypegtioreindet¢ $6/trrapmfrauipt ol for ferdroestift $yres -
FRIQIAISAS PRaiakel(d:2 Ble! i stouial ae: Biiedhifuat $his isiptatihmatiend
LRERHENS I8 N afyS ARAARL HItiNG-Qhihe BNERiaR OB BRaMRLINS

or combinatigns of gperations might be
functions. Base-2 logarithm (g2} and cxpoucntiauon {ex2) are also supported. Reciprocal

(rcp), square root (sqrt), and reciprocal square root (rsqrr) are also supported.

[0128]) 1t shou!ld be noted that this list of arithmetic operations is illustrative and not
limiting of the invention. QOther operations or combinations of operations might be

supported, including any operations expected to be invoked with sufficient frequency.

[8129] In some embodiments, the virtual ISA also defines vector operations, FIG. 8B isa
table 810 listing vector aperations supported by an example virtual ISA. The vector

operations include a dot-product {dot} operation, which computes the scalar dot product d of
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supported, including any operations expected to be invoked with sufficient
frequency. [0129] In some embodiments, the virtual ISA also defines
vector operations. FIG. 8B is a 30 table 810 listing vector operations
supported by an example virtual ISA. The vector operations include a
dot-product (dot) operation, which computes the scalar dot product d of
29 operand vectors a and b; a cross-product (cross) operation, which
computes the vector cross-product d of operand vectors a and b; and a
magnitude (stag) operation, which computes the scalar length d of an
operand vector a. The vector reduction (vred) operation computes a

opuatdrresuitac by ip e fonnined i gpet fistope rabich ccoputieitztivesiyr

cReips&ithed elipmantsidha Metboirpanand addieRe oebadinmarkonly

S IEIMCUON.CRGAN P e My LR AN AN ATE RIRBOES Spdiaaiing

oint vectcarS' for m{;g)ger vectors addltu%@gl reduction operation (

’ g <pp> itcrat S the
BB Sl st Y periomm E seeatleT qpetin S ey S
clamansor! thetrsdy opssrationd: etnerRERT byl FREHoR eReERRS Fdd, #iids
nardeliiony vectwpseelifig fanththehkee(ot: (fstetdec PSSR piddipaicgdyetion
oflefineddi thaisiuableA. sl {03 tcdsnatsdisbey eypama. hardware
realizations of virtual architecture 300 might not support vector
[P e J8ipdf T @ thesa oRfEtHRe i e S SRR BPAATORs FeticH TedRz adibiRis
vathanifige aus adapied lisgenErdteBippropliate detuencds oirsehlan.
machine instructions to perform these operations; those skilled in the art
(R be AHR8E thoNiRRS HSpYa et Rhdru! perhitscg;iffpient not
sypReructireroSesiimiorha M GbinRedipsteria el e sad fsatzpiohs 820
alisiing:selacton andsrivag siprpperaiiqns defimechin thehexampletvistual
pbrOHE36 ARAIALORRVINARGAMP &N REIEH Qruany-mgrisHaa type,
set a destination register based on the outcome of a comparison
5€ uenc?s. . . .
operation. The elementary selection (sel) operation selects operand a if ¢
sis DonrEertnand eperanghifGis zara.28ompare and set (set) performs
(G EAMRAESRR 0P RIAURROI IR LI ARGHANIS 2AR 810 SROEAEdn the

comparison Iresul,}t, then sets'the d%stln tion gerg{séer d to Boolean tl‘l{Je
TG TREL DY bHSEH BRTREINEY TR OmPAREBR Y BRI 1A HFLIS )6
SPAFSEE{EI PR EC b B o OB APEPIS I8 PR SO PRETH Bh e SRR ATt
steiiche equabiitisisak dfsapedandyr éatér ntharcf dadtrperihd 5ih) idess than (t
dScdR R st TRAEKR Y BRI (S JPuabR 2mp), BHolRee@ RAUal IS
il 2 2,80, 800 olher comparisens MAINClde. &9, WHRIGRA Agdier b

are numeric or undetined va ues. T0133) The setb operatign Is a variant on

Tl BRSBTS 2 oI BG4 o oo (0 The alowea

comparison operations <cmp> in one embodiment include equal (¢ is true if a = b) greater

than (z is true if @ > b), less than ( is true if @ < b), greater-or-equal (¢is true if a 2 b),
less-or-equal {zis true if @ < b), and other comparisons that include, e.g., whether @ and/or b

are numeric or undefined values.

[6133] The seth operation is a variant on compare-and-set that performs a further Boolean
operation <hop> between the result 7 of the comparison operation <cmp> and a third
operand c; the result of the Boolean operation £ <bop> ¢ determines whether the destination
register d is set to Boolean true or faise. The allowed Boolean operations <bop™> in one
embodiment include and, or and xor (see FIG. 8C described below). The setp operation is

similar to seth, except that two 1-bit "predicate” destination registers are set: destination
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operation <bop> between the result t of the comparison operation <cnrp>
and a third operand c; the result of the Boolean operation t <bop> ¢
determines whether the destination 30 register d is set to Boolean true or
false. The allowed Boolean operations <bop> in one embodiment include
and, or and xor (see FIG. 8C described below). The setp operation is
similar to setb, except that two 1-bit "predicate" destination registers are
set: destination 30 register dl is set to the result of t <hop> ¢ white
destination register d2 is set to the result of (It) <bop> c. 5.3.3. Virtual
Instructions - Logic and Bit Manipulation [01341 FIG. 8D is a table 830

riisingdogisalathd bivhrdiipbtaticrrdpe ratiorsicieftaistiid dfrescbte sarrsist of

(Mrtwap+SA. The bitwise Boolean operations and, or and xor are performed
by performlng the specmed operatlon on each bit of operands a and b

3 iy ; e e i Egist8E d to the result. The bitwise

[ Wéghtldilfﬁ(r&ﬁt)mebmm lm?eagoea@ﬂhmb ivioheperandaspehilethddigical the

cRegation«(ensl. ope alienerts ithe destinalionegisierdoak. (Reoolaaa tue)

pllr iS¢ g%@@g}@w@a@nmg&% @9&!9@9@%& QIS WiSG, 1 [01351
Bit- shlﬂ(#n% Is su l#eorte Iefts |ft andr ht-shift (s %)nhr operatlons
he

“that shitt S§A Sp e?éﬁs or‘ﬁ‘lb IR ST S PR oS cach
S pE eRfERrH &bé?é’fﬁl%%ch?@ﬁ’éﬁ:ffeﬂﬁ%ﬂ?twg e Hist deginatieipresissnils
(Feqbingbits hased o (Btutesignldit add tam Sigokdn falseiatderight-shift fills
leading bits with zeroes. 5.3.4. Virtual Instructions - Format Conversion 15
616 ¥ eh R i SRRSO EHRY fekadcrivepiioopmstin defifi
thn bHédkanmptendiriel esaetT he themmabeoribistorrifesd Pinatpgutioh For
SIRDEY 618 a9 e aifthaveh@gfitat iy pes satypasitd 086 o uivalenbiatoeuiigned
siargat ;@gbﬁﬂtmggm%gtgr@ﬁgq%&sult in destination register d. Valid
types |n one embodlment are Ilsted in FIG. 6; untyped values (.b<n>)

[alna;torma.t 2@ @@m&émnnﬁigm&m @@W&&h@mﬁmeﬁ%mxﬁa@@ﬁmm
VRLIGNG mc}&mm%%smw EEQJIJ@HH‘&%%&Q% SRS meﬂst type
e>'<'§%ree>_ssc,)eacgllL as Iha etargd? t}ﬁaaet also 9e sgecm ‘fﬁ% 5. Vlll’ d

U CEons MDA MBVE RSNt atylﬁ% arif PR 5
f%ﬁeﬁétlﬁ@%‘ba’?ﬁﬁ\ﬁéméﬁ%ﬁ‘ﬂéﬁé?éﬁﬁﬁf@ ﬁiﬁtm gabineddetive d fitrthe
caxantipleovintual #5504k fibleinevecfrivsrgpeiationsets destinafibn kegister d
c&mmh@ml&aiﬁm%%g@mm 06l PRAMRNY BbIAIRLISIO MR ILing

M8 So0eRL Al LeQisigr 2. Jhe MpYE.Qneration can be é sticted tp virtual
register-type state spaces, e.g., reg anélgsre in no.

5.3.5. Virtual Instructions - Data Movement and Data Sharing

[6137) FIG. 8F is a table 850 listing data movement and data sharing instructions defined in
the example virtual ISA. The move (mov) operation sets destination register d to the value of
immediate operand a or, if operand 4 is a register, to the content of register ¢. The move

operation can be restricted to virtual register-type state spaces, e.g., .reg and .sreg in FIG. 7.

[01381 The load (/) instruction loads a value from a source location in memory into
destination register d, which in one embodiment must be in the virtual register (.reg) state
space. The .<space> qualifier specifies the state space of the source location and can be
limited to addressable state spaces in FIG. 7, e.g., spaces other than _reg and .sreg (where the
maove operation can be used instead). Since virtual architecture 300 in this embodiment is a

register-fo-register processor, the load instruction is advantageously used to transfer variables
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[0138[ The load (Id) instruction loads a value from a source location in
memory into destination register d, which in one embodiment must be in
the virtual register (.reg) state space. The .<space> qualifier specifies the
state space of the source location and can be 30 limited to addressable
state spaces in FIG. 7, e.g., spaces other than reg and sreg (where the
move operation can be used instead). Since virtual architecture 300 in this
embodiment is a register-to-register processor, the load instruction is
advantageously used to transfer variables 31 from addressable state
spaces into the virtual register.reg state space so they can be used as
reperands k3%l sJhes specifio souiceslaention sstidentifisdivsingrsouics
opatameter <src> that can be defined in various ways to support different
addressing modes. For instance, in some 5 embodiments source
(P mdlersgsice maychecaimn dndwofified asrepaddressnevarigiiethat can be
dhese akieds/19she sigraddire.a: rafreangedodas egisianiihad, holesdhe
RS AUGRS R &é%@@ﬁ@%ﬁ;@%&emaﬁ b@iﬁé@mdgrm@me

eilldded to an offsetv lue (supplied asan | Jmm C ﬁ‘t?dé) eran c)éaJdress .
ATiSeaIate b Botie 8dir’ess 512071 Sitfitarly, the storé (st) operatioh
reffsracetite atieriivs ktiae tidRtep Rae demBriv AT i ErP I rtfRd
ilyrelbstinationdparametardidstabsthec sddnse register a in one embodiment

must be in the.reg state space; the destination must be in a writeable and
itiesSimlarudte sepulee @eéaﬂ%ear%i%a?‘%’f%ﬁaraﬁ%ﬁcéiﬁe%%mmw
lekastin idfotifisd Rarflestenateors psrems e ETin Bori PP VAR SRSy S1Bre GppB it met
militfarent il deg saingpareges dsirtitgidy to:thie: souredicpdtambiedraspdle jtate
she.lpad, IWﬂféﬁ%fUﬂ%Iﬂ!&mﬁiﬁleyomhgméaaaussgaﬁ.ﬂe‘ethaasfm@n

dlémg?fat'on result from a register fo.an addressable stats ép&g@ml%m

S
In emboda ments %here tpexture and surface state spaces arg provided

PRI PGS AP MBI ) 15 DS IB FURMTRO S THE H ot resro an
Wm%y@t@té%pac@mxw%émﬁbﬁ@m %Eﬁ%) and write to (surf) the
uf-qflace mem%[ Stateh.s atce The sState s yC)Sfc%'r afO'%fel Hrec{fﬁonal
EJ dify Tha eI e R e () ane coor natespx v likewise,
%@'aﬁﬁwmmky vy f@ﬁ%lt%mﬁé@vé@a GRS |‘f§}"ﬁ1§’%‘iﬁ’rf&&ea“d ta read
fisentifieh {8) anick coGrdindtesHiecy nehOhRdiesIBTA Thremdrandy (6oopdraie
MJJE&%@E&L@%E&I& theeads-by sharingdatecyidn.olber:, O] Awradse bftrands

{nstange.. &mr&q%Wkwége%gT@'sﬁ?ﬁc(e:?d%nﬁﬁgla(gﬁaﬁﬁ‘%ﬁﬁdﬁl@g(ﬁw

Store V|rtual instructions (as well ‘as the atomic-update instruction atotre
gesoribad-balewek ianwrie slaie: toianghre ad datec i iy Herpey T Aidirttal
EURHTRACCFor Thishens &JA&W@\MWM%&H@%M@Q&W
sst rae%?rtlljxaf n&t?u?&o%@ ?a{se gvépsa};r%%tla val\{:@@pga%uf}ls n%?xftlz oen(zj described below) to
write data to and read data from the per-CTA. virtual state spaces. Thus, one CTA thread can
write data to the _shared state space using a st.shared instruction with a suitably defined
destination address; another CTA thread within the same CTA can subsequently read the data
by using the same address in a ld.shared instruction. The synchronization instructions (¢.g.,
bar and membar} described below can be used to ensure the proper sequence of data-sharing
operations across CTA threads, e.g., that a data-producing CTA thread writes the data before
a data-consuming CTA thread reads it. Similarly, st.global and ld.globeal instructions can be
used to cooperate and share data among CTA threads in the same CTA, CTAs in the same

grid, and/or different grids in the same application,
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destination address; another CTA thread within the same CTA can
subsequently read the data by using the same address in a Id.shared
instruction. The synchronization instructions (e.g., bar and membar)
described below can be used to ensure the proper sequence of
data-sharing operations across CTA threads, e.g., that a data-producing
CTA thread writes the data before 30 a data-consuming CTA thread reads
it. Similarly, st.global and Id.global instructions can be used to cooperate
and share data among CTA threads in the same CTA, CTAs in the same
grld and/or dlfferent grlds in the same application. 32 5.3.6. Virtual

S 3 OHH 78] FIG. 8G is a table 860 listing
[pﬁégtarﬁlsoﬂﬁal o@@@&@wﬁec&m%@m@ewgm&awﬁ tlheseple
waokiekaparationsmasvhighanihbefamilial o haseskiledendthg anaR!loWai Rw
pgpc%t@mm?totpctﬁgttgpt%%a%@t%ecatm BANRBIRMISHIEHSy 0 u arger

rogram flow to a tar 5 lgcation <target>. In'some embodiments, a
’BC‘*‘nn%‘h'tﬁrééf |slaé?ﬁ‘88‘%‘§f%‘l‘58"ﬁ LA e &Y iR PR BE the
tfyer st lEd ot e VUSRS Rsodboant theif g A% Aabdt arsl thénethget
idehtifidr atargeionica branch istiucidninfocinstanoanifongn onc
&ambadiment: [01441 label: add.int32 d, vr], vr2; 10 [01451 identifies the
add instruction as a branch target with label label. The instruction: [0146]
Bid4hbel: [047] eldéividéré in/thecode redirects execution to the labeled
&s} ct18 . 1Aﬁ§1 The ealltand return et) mstruc} ions supports function

ubr(efb 18 R4 e R e RS h & RSN B sliBrbulime R g ee:
{@mlapdlment,,.g g};routlne is simply a function 15 whose return value is
ignored.) The functionfname can be declared using a .Jirnc directive, and
itdTAI Igﬁ‘ehﬂeidém thdirenicticrutivaytaibo lidelpdawidedio€urly braces {
[%) thergl dpm mbols can be used to segregate code definin

unc ion OF SU r%u ARG BIHEFIOTIISH 885816148 REIIGRY i’oﬁ?”ﬁ
ifeafirethy ﬁgwwﬁ'feahrﬂélgj‘oe@mw FRRSHTIRF WheHY RN 2o vallye(§)nction
showlcioer stdre &. iEren ot T farfetions Are:subr dutingscinpitey gurmeantsae
SRecHIRMIIR 5eLBERhliRIEa3. Whansal b?o%&g@u%ﬂ—iﬁ%@m?éécg?SS Sfer

tjon | re n.ret is executed, a branch to the_ stor
T IR LBl B B Rl O e e
ey R gt The trap instruction invokes a processor-defined or

M&%Ideﬁ@%&ﬁﬁa{%%%&[&%@ﬁﬁp&%@ﬂ%@ﬁ éﬁ%rlﬁg%@ where return

value(s) should be stored. For both functions and subroutines, input arguments are specified

t)

in argument list <args>. When call is executed, the address of the next instruction is stored;

when ret is executed, a branch to the stored address is taken.

[0150] The exit instruction terminates a CTA thread that encounters it. The trap instruction
invokes a processor-defined or user-defined trap routine, The breakpoint (brkpt) instruction

suspends execution and is uséfui, e.g., for debugging purposes. The no-operation (rop) is an
instruction that has no effect when executed. It may be used, e.g., to control how soon a next

operation may execute.

5.3.7. Virtual Instructions - Parallel Threads
{0151] FIG. 8H is a table 870 listing explicitly parallel virtual instructions provided in the

example virtual ISA according to an embodiment of the present invention. These instructions
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25 suspends execution and is useful, e.g., for debugging purposes. The
no-operation (nop) is an instruction that has no effect when executed. It
may be used, e.g., to control how soon a next operation may execute.
5.3.7. Virtual Instructions - Parallel Threads [01511 FIG. 8H is a table 870
listing explicitly parallel virtual instructions provided in the 30 example
virtual ISA according to an embodiment of the present invention. These
instructions 33 support the cooperative thread behavior desired for CTA
execution, such as exchanging data among CTA threads. [01521 The
barrier (bar) instruction indicates that a CTA thread that reaches it should
sWpil Befessyexecitingarspduthassinstfoctionscuatitisuchdinecashalipthdrta
aStorfs BYRFIR.40 the S same CTA) have also reached the same barrier
instruction. Any number of barrier instructions can be used in a CTA
(IS raithelnote @mbosinet, itdebertier irfsTcticad e ireieniy should wait
b%?@@i@&ﬁﬁ%g(%g@Fﬁi\%ﬁﬁl@ﬁbﬁwiﬂaﬂ%ﬁaﬂiﬁ{é@@ useo) sinaecalls Gf fe

thf St (8aeh e 0. RRrien BefQre ARk threAt.£B0: aﬁmne@ to the
n+1 arrler and S0 aQn. [01531 InI other e %%im?etﬂé% the barri

‘Wﬁt§M8ﬂ6ﬁ3W5¢?§8 par etspag: eo. b spe ?Blngaa numb erc oCTA
rmvmmmm@s&aﬁmﬁféwmmbﬁé%? e st Wi hegds must
ridattibtlah bariiehefot544 Biildothesdrmbotinhe s Diiobidichrnhsaediting"
and "non- waltlng barrier instructions. Atawaltlng barrier jnstruction, the

T et ihd G FEIRYRITE FRYRFATS RSVE SE 1eiched
stiseifingie nuaber nbATAPR I ttidendicreiel rRtisuiprE4¢ Ieadaichtbehanit it
vhacedivedduitearcontinue before other CTA threads arrive. At a given
barrier, some CTA threads may be waiting while others are non-waiting.
10565 1 S ey O STRAEPI R BB iR istr e ing) ¥ fed 1o
isynekironizet CFAttbteails tratatierc Gopetatithirot whitiring! datathipgcvant
@f‘ﬁ&ﬁ%@ﬂm\%m@@é&wﬁeswﬁ@f aXandpleaisHppesedtoal thesETAIGTA

reads,(hish MAveNGlids same.o eéﬂm@@daﬂi thRATANRAGK 2Qiven
roduces some data in a per- -thread VA ble eé:{% an prZ virtual register

R?é’?l‘éfb?gn?ﬁﬁﬁtg’)“’aﬁ?é’half §d‘§altthé;dva a pro ticed by another CTA thread in
hiaset ] Re.seanenae el msEuclions islshasmonigd? M\ ipAaRiessCTA
g Da}ga RSt R YA T MR ERTAATI S AP M or cxampic,
Address rny ress are per-thread varlgl ?al b
%ﬁﬁggﬂ&t‘ a WQ%CT A thréads (whxch may include some or all threads of the CTA) eac
produces some data in a per-thread variable (e.g., an fp32 virtual register variable myData),

then reads the data produced by another CTA thread in the set. The sequence of instructions:

st.shared fp32 myWriteAddress, myData;
bar;

Id shared fp32 myData, myReadAddress;

where myWriteAddress and myReadAddress are per-thread variables corresponding to
addresses in the .shared state space, provides the desired behavior. After each CTA thread
writes its produced data to the shared memory, it waits until all CTA threads have stored their
data, then proceeds to read data (which may have been written by a different CTA thread)

from the shared memaory.

[01S6] The memory barrier (membar) instruction indicates that each CTA thread should

wait for its previously requested memory operations (or at least all write operations) to
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addresses in the shared state space, provides the desired behavior. After
each CTA thread writes its produced data to the shared memory, it waits
until all CTA threads have stored their data, then proceeds to read data
(which may have been written by a different CTA thread) from the shared
memory. 30 101561 The memory barrier (membar) instruction indicates
that each CTA thread should wait for its previously requested memory
operations (or at least all write operations) to 34 complete. This instruction
guarantees that a memory access occurring after the membar instruction
will see the result of any write operation prior to it. The iueubar instruction
damplae.enibodimenbugesaaro i Rahstale spascibanpsapae@nienbar
m@@mﬁm&ﬁp&e%ofmpm oRerationstprastingdhenshesiied aialGion in
OFB m%o\élhlc Shelé.l!'lo ttOE’ld btd[@ Xcgtlgltl’%(is Sacexi'(;'et egt%t SiiEhe ree o Sregy
state spaces Yo state space hame Is spé’cﬁled then the CTA threa
RRREOTo P Rty SHELER SR DATRE AN RfcnSBRY spicBEtc 8- not
teo s etes fO5T) SThetdfvie styydkatec atkom f4rstaifdtib thoats T artatedieits
fupdagerdegdpnadihute)daiasharedwarables athakjisidentified by
reference <ref>. The shared variable a can be in any shared state space,
B hs TherGHerRTanErorbiTSHERE TR 38 Heeieurdats ot difir e
e vged Vorbistaimt & ideatfiaddry bdcanmyof eefrarfibdshdedessalilcvanable

adly SuEefareneepiRQ e gistan tiatrhalds HheRadess afdhe.vadalle dods can
ﬂ@&@gsnﬁsrma&@@g isterthatiolds 21 addressaiobeiadded io an 9ffeete 1o

valueéi:;:d Q.p d ,as an im %dlate operand) to locate the variable a, or an
1a

madiate a sofu‘fe Lot e pariabic ga referenca g arggpter it haldyian address
o &fiapfed Trovattie venaleadisdespasaetatictrires bie st dsorrrebiste pr
ad itheedizptidtedithediaxialf esdbsing altS Spedified opbrationisbipa that ise
sPAFIcHRERR-0RAIMAtha aldidapsndiig.on, te.apaiation) «sesmng u@ﬂ@ a

S %9@@5@@9% 9»%@9 inekesullReing.sior Ordmﬁ%‘ég& ihe 09.0%%'0 ration

dentifie y <ref>. The destination reglster retains the orlglna loade

TR P %%"?6‘3‘3“’ Es e HacslbPE parsHb S i relitting entiicd by
%m%ﬁfkgﬁwm@@rﬁgrﬁnmvr Sihergpistiveded vabcesseTtiadovdrindies.
aadmhite epfirgtoTsTate fhrdachd8 exatulifgeanatnnig tpdatetta ama 2cad
aeeegegtmevmaawmlm@alﬁ&f@i@dtﬁ@cﬁaes@&bﬁhqg 2> BFRE Slale Spare and
MRYRESPSRIISEL J0 Ng:2aNSTANNC! & ol 1S oag And Hiore speialonp
describe ove 015 In some’embodimen S, pcertaun opyera ons

EG U EPSATTE 95 e ?ﬁ?‘c*ﬂfbtfa‘i‘égpcﬂﬂf’?ﬁé’c%&ﬁ%"%tﬁﬁ& embodiment
(018Y) th‘?nf%lf%"é%&ﬂﬁéﬁﬂo&ﬁ CQR %Q%%P%% '@éjp@rﬁn%eﬁ?db atomic updates.

Ff(l)cga{'ggrtlg_mp lnt tr}/pe agdln% g ;ing a with the minimum or
maximun of & and 9. 25 and %‘{‘gﬁ? f’yw&ﬁﬁBS‘F’é“’e{'ﬁ(f %’\’N&B%ﬁ’@fﬂﬁ%ﬁ“fﬁ%‘f s
qféﬁa%%%p&mﬁmp@ @5%@(1@&] f§raimg @ with the minimum or maximum of ¢ and b;
and a ternary compare-and-swap operation, that replaces a with ¢ if a is equal to b and
otherwisc leaves a unchanged. For integer a, additional operations may be supported, e.g.,
bitwise and, or and xor between operands a and b, as well as incrementing or decrementing

operand a. Other atomic operations or combinations of operations could also be supported.

[0159] The vote instruction performs a reduction operation <op> on a Boolean {e.g., type
.bI) operand « across a predefined group of CTA threads. In one embodiment, the virtual
architecture specifies that CTA threads are executed in SIMD groups, and the predefined
group corresponds to a SIMD group; in other embodiments, other groups of CTA threads
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otherwise leaves a unchanged. For integer a, additional operations may
be supported, e.g., bitwise and, or and xor between operands a and b, as
well as incrementing or decrementing operand a. Other atomic operations
or combinations of operations could also be supported. [0159] The vote
instruction performs a reduction operation <op> on a Boolean (e.g., type
30 bl) operand a across a predefined group of CTA threads. In one
embodiment, the virtual architecture specifies that CTA threads are
executed in SIMD groups, and the predefined group corresponds to a
SIMD group; in other embodiments, other groups of CTA threads 35 may
nbg sdedieddy tihe Wirta biakthitectur ropibeprografmerdufive rpdaotiorop>
ARSI AR PR AN seltingdnad asulvalvesdtooaonleandiueior Jalse
osgér?dtzz%%e(gﬁ tﬂett}erf(%ﬁ’r‘é%toiﬁ RL P&Y %HQ@&EEQ&%W&&TNEH&%% e

roup and the reduction operation specified by the .<0p> qua |f|e5 In ope.
BN ‘fh%“&ﬁﬁ\?féddﬂ‘ért&d'é}f|8%°”d’ﬁ%r‘8?‘6% BB A Whitdh & S0
dtipienif B 45tttns for 4l mtﬁbfm@adéhmeﬁewﬁlmme%fﬁbmés Which d
i Zpaity;, intvhichady ISTeU@riaa isttrugdop; any Gl Anthireatich dhevgrotip hande
skib WhlndRMhichd & #ide) ibrdhasdhec samealug (Rithantrue or false) for
all actlve CTA threads in the group 5.3.8. Virtual Instructions - Predicated
- Prydica entiens, the virtual ISA supports
{@mqucatednexeemamaﬁaw mcuastsmc;@@om predisatbeexdcutiDmya

dReglaan ﬁ%@éd@t@ﬂ&@éﬁm\ﬁat@obﬁﬁsg&t@& w&hethem@ataggmt@mh the

the mstruct on executes only if, at th utlo % i
lrf)*’rtedj évg uat te%c%%"t?ﬁ% uﬁf Ogiyl n&tthee%%rﬁ p é‘e\‘/’u rtua1 I§q ar gifjrgrd ae
eﬁ?é’dFE%tfé‘é‘éﬁﬂ be any 1-bit Boolean virtual register variable (denoted
dﬂ&fﬁ'n B n?qe%tﬁ,qt?ﬁcugt?a@d'% inglicated, @xd@%g @o&émq@te

guard @P. or a not-predicate guard @!P before the 0 co ?
"ﬁ%t‘ﬁj AEA A ATARTR %‘“é‘t&%t’ hegliTie Bradicae 18 ‘F§t8r o, 6"“’5‘)% :
Heeivaiy By @8 thé dé@ﬁ?fhtﬁﬁ?ﬂ‘@g‘i@t’ tréfogwtﬁm tﬁét’tsﬁl‘ﬁtl%e% a
‘Boelgansesul subh msdibecsetptinstractipdimigiihe B20thFGHBEIn Bgister
SPGOIMMSHRG S @Buets@né%owatdspﬁesﬂs@te IR thiahPEOE @S EON 8ANS
41!1% Pcse %tgtcoﬁg s tteP % Hg’m%dtgegdlthe 'ttéttttﬁtt?grt%e@gs%t%t P

of, ItIS s the @ guard, the mstructlon is executed

SIS Ta s‘ng%ch'ti’t‘i‘te esemfn%lepwéattcét@‘ 1 FECESI AR At *&%8&% r%“f
Hip@ foreab e PAritiend thatesicdirisdpberadyedhedribenmistutioprefitise
Bone:iald theadsiight exesti€ dpredidated dnstsuetiohaphiticatider CTA

TREGRASIRNOLILLERL I EEME KNROIDL BISiRIRICRIER RAWRRSRERTTA

t!hrStr C IOﬂS execute. For instance,
caas not.

[0162] In some embodiments, predicates can be set as instructions execute. For instance,
certain of the virtual instructions in tables 800-870 {(FIGS. 8A-8H) may accept a parameter
specifying a predicate register as an output; such instructions update the specified predicate
register based on some property of the instruction result. For example, a predicate register
might be used to indicate whether the result of an arithmetic operation is a special number

{¢.g., zero, infinity or not-a-number in IEEE 754 floating-point operations), and so on.

6. Virtual Instruction Transiator.
[0163] As noted above with reference to FIG. 4, virtual instruction translator 412 targets a
particular platform architecture. Virtual instruction translator 412, which can be
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25 certain of the virtual instructions in tables 800-870 (FIGS. 8A-8H) may
accept a parameter specifying a predicate register as an output; such
instructions update the specified predicate register based on some
property of the instruction result. For example, a predicate register might
be used to indicate whether the result of an arithmetic operation is a
special number (e.g., zero, infinity or not-a-number in IEEE 754
floating-point operations), and so on. 30 6. Virtual Instruction Translator.
[01631 As noted above with reference to FIG. 4, virtual instruction
~ translator 412 targets a particular platform architecture. Virtual instruction
IMpSASRIEGr 28223 PR AN IRREBE ifkfidine PrecPrecgs s Sus sef AT 03refditdim
1, excepatingtonl B procesdorsdohnaistGRUhb02rgft F3G cdbip rE@ahsesauivtual ISA
ex6Qel 44 hapaicans|plakiinioRieet IRAGRAR Aldlkeh Ganhe. axecked
(c%” éb%mn%tﬂﬁﬁf&aﬁ)ormrﬁ{qh#%“ém hd%h‘é%”“ﬂﬂ“Stf“%'OJ}rEuanJraEB(c“lZ
dec?d%d 9 Dy PF 2 tf FIG. 1), Virtual instruction translator
thaTUTHd %ﬁv r‘*ﬁﬁt‘es"%‘ﬂ%cﬁ‘é‘f“é&ﬁi‘?“\‘?ﬁfidﬁ‘f‘\%",&“’c%&‘%%%
fe’éﬁﬁi?aﬂlb"étb ragjeTeatiohs rRNgEirg doroee siororsgintmd menic ipua!
ingfrernior yraoffachipitherro nrdnd $o vnudNseompse badimerts; vitipalo
stdPSEUEHOR kXS alor 4l dmaps cashohihgMiral lale S%Qa%@%mt@ggm
thé %ﬁﬁ%ﬂ%&&’@&@! 0§E9 %gr%bll:(r)]{elrQ§ tanp t%bt;:t}g Stf?xte %tgtg‘ s ce onto a

mappe rtonto thread-specific data registers, th State sp ce onto
ERAPABIE SRS bt fﬂ‘é“iﬁf‘o%é‘é%ﬂ?’ tff%‘?j]@ﬁ%fréi’érté“éﬁ%&é deitstartepines
3f?é§jﬂ)PP§>‘f"R’)ﬁtual memory allocated to the application program and so on.

‘ner aepln mz%e also osrflbl 0164 Thewrtq Jﬁstruc ions in

§ CHIQMS, | code 410 are.tra: to machine
V|rtual A CO are trans ate to machine 'Ins I'UC ons. In one

*“%ﬁﬁﬁt?&fmﬁmnwmdm&%&mﬁ‘t%%%wmlﬁoeéh?ugmfé@w%&pr@aaﬁch
visit LA Sitineirnctiorreo arcoffes perdisgnamachineinstusotionf orggguence
ingfunmakiaepdSins b clions: deparsing Qmahstherecoesaanding
indBAGIINC-IRP HHGHOR. SXISHR.I0 M6, ORI HEIORaSRL Qfithe processor that will

execute the CTA threads. [01651 Virtual instruction translator 412 also
[0hdaps Yheu@ Tisithreau S=ositool ghy sisalh dipy eedST anpracesse Sihythaitakgats
orplatiasm areRiteeiung ok &%i@{&@%f e iawslplaem.ahiacture
araHth%g ig gr%sgtrig Ogggti;rgrr}grﬂj thicads) cagg%'ﬁﬁ thrterf]ige ato?%a:tée [P (P one

onto one S|ca rea and virtual instruction trans

PHYERY ARES 1ﬁﬁ‘él"iﬁ§i‘r‘d'& BT dERIFs Haghe @,eﬁmﬁré*gawﬁftﬁ&m codo for
2 puge tiBchrhwitrgetoedotm 2250 it otcdotm 198 ot forntedscosn
thuwiths watumi qoieniel entifieess. lthe targel patfarnrrehileciyR SURRRFG/RWeEr

0138 PPURAHR Y WAIRSIUELION ARSIRGE A44SR IE IR AG: HIEHALRA

n§9de 410 that incorporates
cg ons corre.spon g txpie CTA threads with the expectation that this code will be

executed once per CTA, thereby mapping multiple CTA threads to a single physical thread or
process.

[0166] In particular, virtual instructions related to data sharing {e.g., load store and
atomic-update instructions accessing .shared or .global state space) and/or cooperative thread
behavior (e.g., barrier, atomic-update and other instructions in FIG. 8H) are translated into
machine instructions or sequences of machine instructions. Target platform architectures that
are optimized for CTA execution advantageously include hardware-supported barrier

instructions, e.g., with counters and/or registers in the instruction unit to count the number of
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instructions corresponding to multiple CTA threads with the expectation
that this code will be 25 executed once per CTA, thereby mapping multiple
CTA threads to a single physical thread or process. [01661 In particular,
virtual instructions related to data sharing (e.g., load store and
atomic-update instructions accessing shared or.global state space) and/or
cooperative thread behavior (e.g., barrier, atomic-update and other
instructions in FIG. 8H) are translated into 30 machine instructions or
sequences of machine instructions. Target platform architectures that are
optimized for CTA execution advantageously include hardware-supported
thipafs st RRtpuetiseb ey, DTt BBUMIETS A APoF Sars ey At Ak Fuction
ingmittorsdunt threaduipipdreof: 33wt edids teabivad & amiverab theiraPider
tatpSlEISHiRBnaRdiRsel flags. preyentingdwith esppostractians fofadareadn, in

wﬂQFI‘cR%'&Qcks%%qh\é\ﬁlﬁ%hl%mf%gA%Xl(ﬂf&'m% ?etg? AR QUNEE. LT in
architectures mi ht not gr V|de dlreﬁct hard V\% ulpport for thread

TSYREhrd rwtlfafkc?ﬁ 1 Wi CgS SAS RE hread Eommunication
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m@ﬁ%n‘égf%'é%%e 406 desred b %%@Xb pre!loc‘i§ed[c§)<£ce:qlgg‘t InRirichions are
also translated into machine instructions. In some - instances, the target

p‘i‘?&’ﬁixﬁ%?éaﬁl’r%%‘ﬁﬂu‘b%oﬁé)Bfééﬁ%‘affé&té'iﬁe‘édﬁ&ﬁ“‘?ﬁ‘%‘tﬁ‘éi’?ﬁ%ﬁé?f&%ﬁ“°“3 or

theridetibatesupad jelsaestoted cal gemsien cortsdo desgistars iwithebaridittanal

chidinehipstctons:artherbifiespeinguusath40 query the registers and
create the desired run-time behavior by 10 cond|t|onall}/ branching around

[ c Sl istrienotes o 5] Eresso LN oRrgiagiarg’ sraisHoeaeessey
aforrdising anvimbadimstreétiorptramsiatortiaccording 202 anperabodimentof (hé
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flnes ége desired behavior of a smg ? CTA th{%a%?.n SE the P
ncﬁj%langﬁr'e?,é\olé)é ar %?fc')rogrlé’(iﬁ as a araﬁi}l’éf"yr {0 define or
1%"1% Pé@ﬁé‘éﬁ"&f‘tﬁ’e“@ﬂ*ﬂ?‘ﬂﬁ%‘a‘ﬁ“é petalfarmpobe ﬁf‘éﬁ&ﬁﬁ’é‘} asSfupgtipn of
tinredriOryo| deadidiedmiyeTie ddeadanmritie sama§ e ddtemmiified as/arfunetion of
athreaddbhep thatdiffere -Gl dhiaass inthe-sabaimiA wilagag danbde is
&ﬂ%’%&"ﬁ%& ;%JTI@J&&% ;E“oeg@%félo&c(@%o'B%g}at&{%oscl%a!@ﬂom%‘Q,tsy 1 on

embodiment, C rogram code is included as part of apé)llca ion

“b?%%’}%md‘}jg“(eea‘bbeﬂ%ﬁfa%e BB AE% RS lejje o Afsitinsg-ths and/or
gﬁéﬁfmﬁﬁgmﬂ\‘ﬂﬂ‘é%%ﬁﬁmﬁfs e appllcatlon program code can also

G ST e e R s e
dEB)&lég the behavior of a smg e (virtual) CTA thread from the ]:ugh level language code. If
the code includes both CTA program code and other code, compiler 408 may separate the
CTA program cede from the remaining code so that only the CTA program code is used to
generate virtual ISA code. Conventional techniques for compiling program code writien in
one language into another (virtual) language may be used. It should be noted that, since the
generated code is in a virtual language, the compiler need not be tied to or optimized for
particular hardware. The compiler may optimize the virtual ISA code generated from a
particular sequence of input code (e.g., preferring shorter sequences of virtual ISA
instructions). Program code in the virtual ISA may be stored in memory on disk and/or

distributed to a wide variety of platform architectures, including architectures physically
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defining the behavior of a single (virtual) CTA thread from the high-level
language code. If the code includes both CTA program code and other
code, compiler 408 may separate the 25 CTA program code from the
remaining code so that only the CTA program code is used to generate
virtual ISA code. Conventional techniques for compiling program code
written in one language into another (virtual) language may be used. It
should be noted that, since the generated code is in a virtual language,
the compiler need not be tied to or optimized for particular hardware. The
.compiler may optimize the virtual ISA code generated from a 30 particular
digamtieriedisrmpubtode(8dy o prife ity dhiorter Yeyeidiads of virtual ISA
mpgSinedtidapsidrogronm dededn iibovistyakdsApmay-hastonad invinesnory on
inctiskand/ar distiibuiadye. avvreniatieh o Hlathrn SEehiteGIESy write CTA

Eling.eRlisSiLes phvpialy, SR ipamiaso el arehitertire 300
i FrIG.HB._ C%?de in the virtual ISA Is machine-independent and can'be ‘

S xR O S TR e platroRi Ay Gt 4 Vit A< deber famsIdte s
204\ ramabrenitedternative embodiments, a programmer may write CTA
(o700 SRR RGN MR MEHAL I O LU0 GO9IRY BE o i

_automatica‘fly énera}f{edl B Bjy aoproa?é‘mf{f:fﬁé rﬁrrlaﬁr%fm code |s’in1tki5‘ffj;?’ ne
“iEpab S sdo EPISABSIEC tRareshiBlifg Stepb onu tis) B Stisttatptiorn.
Undiky 6 soogtdss. 9867 iduairtoaiissmuctiolramsietor (etgylrdrsiaon i of
arBlliEcd)o eals thevigeaklpdtnde-and:ganaratesicRaann afargel B4 that
b&a&h&ﬁm@@%gq@mﬁa%plﬁ,tm@mm##&mé@mwﬁge{tlﬁc%@&%

Suinsotruce:&i n, ynarzgll,glggsr Eﬂgggtsaq. atrtictulag reiaIQ (E)Iatforrtn. 10-architecture
BRd s advantageously configUred 1o aUAPE ard BBirIsk iR thryst g Rem
habe Yo P pRttheer Rt vrrthaf arénrEkitrediron e Bmdpaneias where
enfhedimeyetihr ofed tuseugippons!atl eastres threadgrtigewitiualinstogction
wettanslalor ganaratesradaigai-th ie ad yNRG AL dad-c aile exeruiRthring
inSPREMHERIN DY LA OLRQ IS8R B 4ealze A&l or MLARQINEY ut program

inegﬁgggrilrgggt, H&% virtuaL instrtqq.tlptn translator qe,ne.rates a target program
That Lees Safware LB a TR R e TiSHEr S fEeh dRey 4 8 8R Tate

%58"EBhcurrent threads, each executing instructions corresponding to the

oY1yl AP, 5ege - THE. LansIa { e SRR S PIOU JPE:‘&'.'%)“&%LE“@‘?’

.durmq rogram initialization, or o ust-in- uring program
‘h%%er%ﬁd%ﬁ.mﬂR“ﬁa&e%iéﬁf@o‘g,sa%?seﬁgémﬁwwwaﬁ%wamfmf fuRglying
copPErd P PRI aldnmkee ttdl: POveotangeddSA wotlel it prbeess datesctived
fuseeetiwbodiments, step 908 may include supplying commands and

state parameters to the processor in order to control its behavior, as
(0428 criBedil be appreciated that process 900 is illustrative and that variations and

modifications are possible. Steps described as sequential may be executed in parallel, order
of steps may be varied, and steps may be modified or combined. For instance, in some
embadiments, a programmer may write CTA program code using the virtual ISA directly,
eliminating the need for a compiler that generates virtual ISA code. In other embodiments,
the CTA program code is written as part of a larger application program that also includes,
€.g., code defining the dimensions of a CTA and/or grid of CTAs to be executed to solve a
particular problem. In ene embodiment, ouly those portions of the éode that set forth the

CTA program are compiled into virtual ISA code; other portions may be compiled into other
(real or virtual) instruction sets.
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further below. [01721 It will be appreciated that process 900 is illustrative
and that variations and modifications are possible. Steps described as
sequential may be executed in parallel, order 25 of steps may be varied,
and steps may be modified or combined. For instance, in some
embodiments, a programmer may write CTA program code using the
virtual ISA directly, eliminating the need for a compiler that generates
virtual ISA code. In other embodiments, the CTA program code is written
as part of a larger application program that also includes, e.g., code
defining the dimensions of a CTA and/or grid of CTAs to be executed to
[H3Rle dnathprarmbotarprottanyifhad Hstenien dPREACrorY PRGRIEBItDAS of
géhewode!tipat wetifostr theta@iA@roghamddie dfmpileddntolvifiuad. | S
an@gq@e @I@%d@ﬁ%@%&@&%@@ﬂﬁ@d&@%ch@h-xqa@h%wf;g@é)é o),
INFIAGHAN 5eiSmP 1944 Jndcméh% SRRIMENE NG Vit nsiTyglon

translator may be configured to generate multiple versions of the target

CRBEE Y [apa%f’éﬁ‘%?rd'ﬁ?é&éﬁ?‘fﬁfﬁéetc M#SPms. For instance, the translator

7 ceuld praduce bragrgm code in a high-level language (e.g., C), machine
ra PPU, and/or machi ode f S Qre or multi-c re GP

{OC}?Q[F 5 gr&i"?mates'bf’dﬁ'ﬂle%ehaV|3?%§ﬁ§%§(§‘¥§3r£‘?eé’hn| lﬁ%lgn%“ ms‘llfrmua‘imca i

R AR V[ I (VA 4L RSB RTINS 1Y 5‘?‘| A IBrRL{ 3 Shtr

InAetowldhsr owtionmrarsinede 41 P1GEe2dsel) toqgiviaedhes (heA@ToR prodpines 2

peedsitiaidsto hetaxesuteddanearh thigaaafanGdd,. it iemascalstheto

dm@{mmmm ogel ekkl5eS. t%%ﬁbéra@@ﬁﬂ@gm@ &M@mg&m@@m&&

p:.%clo %SSEIQKQ tbas%fot[ eaChoE 1T A Hy;g 91’41111-0 %[mplete hlgfgn O 10h
IS EcﬁSO necessary 1o h 3lmen3|0ns 0 e num er of

(27 s instherig the mmuma;arﬁﬁm}ms ﬂf@@ﬁﬁ&ﬂd@rﬁﬁl@g‘iﬁk@mﬁsyg&ﬁm
c‘F‘M&ﬂﬁBP%%QJ%HGQ JSJ&%%&@M%& %E’deﬁfﬁ%mtm 'w{Q4d5) As

shown in FIG. 4, in some embodiments, the applicatio pro ram 402

cuREReY E‘f‘ﬁlé(?ﬁ’i%ﬁ%fo‘}ﬂ]i’gf%vaﬂﬁuﬁs RE AR v RISREHE AT tfar*®
defsra A A04on A Bt S et BediindEnate WSKRBYER) %&‘ﬁ’n‘?ﬂ%ﬁdes various

tio aI via whi ammer can, f|ne aCTA or
A TRGSIS SRR Rk Sﬁ?d"é“ e
ThediRy eiariergtentisiatsiols &aniy x*m ifi5raky Sod 4 hé frstigidtip
thgffishEtiotienredidte tmce@#wng\afﬁm '@p@m@@aﬂyliﬂw thitO P dnmetibnddine
tibeificst R cian<called, t0igreata anewndd Assidhisofuaatioe: alows:dhee new

@grﬁm mﬁéﬁmgm 20.h&dimensi qr@r@mﬂ'% 1id. 2096 8 &dAread

n an identifier cname to.the n
o? the (E%g 1e; parameter pnameais a logica program ideatifier that corresponds to the

desired CTA program (e.g., a program in virtual ISA code). The setCTAInputdrray function
allows the programmer to specify a source location (starting address and size) in global
memory from which the CTA cname will read input data, and the setCTA Cutputdrray
function allows the programmer to specify a target location (starting address and size) in
global memory to which the CTA cname will write output data, The serCT4Params function
is used to set run-time constant parameters for the CTA. crame. The programmer provides

the list of parameters — e.g., as (name, value) pairs — to the function.

f¢177] In one embodiment, the setCTAParams function may also be used by compiler 408
when generating virtual ISA code 410. Since the setCTAParams function defines the
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CTA. The setCTAProgram function specifies a CTA program to be
executed by each thread of the CTA chame; parameter pname is a
logical program identifier that corresponds to the desired CTA program
(e.g., a program in virtual ISA code). The setCTAlnputArray function
allows the programmer to specify a source location (starting address and
size) in global 25 memory from which the CTA cname will read input data,
and the setCTAOutputArray function allows the programmer to specify a
target location (starting address and size) in global memory to which the
CTA cname wil] write gutput data. The setCTAParanu function .is used to
IR RRE WO IS AR P ArATERERS 10F e TR EAMETTIRE BogARmTar"
P'*b%?‘i%fe’s e etk Ehtltete e eieasyifame, value) pairs - to the
mﬁﬁf“%n?‘?é&”@ nsgsofﬂ b@?\% iment %%%CVISFAOF%%‘@}\ J ”9&'9%‘9”

also be use comp iler4 en generatl tual e4
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to i@ TR ddompites @08 danitieefprecatiishofetion. 48 defifing €QEh cname
thigaranse tierasea arftugiimHable dnsihe: pafanitioia: 5pac e e 0dvig]dEahie grid.
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conis e oL lnlpnaRled o deain L Al LIS cra
E)WS ug (o) é‘ef}ng% %’(mensmns ncta X, Nctal d

‘“ﬁcﬁ%\i‘d B‘%?%Gg’ﬂ'ﬁ“'{ﬁ'iﬁ%WTH%‘@FA”&H%‘M&P@WF%@%&W@H%F%e

Chtidlinaheleridagsion Snniddenifrgnarseotd thie agignde flaBoiggickclilipeameter

asSetEHA InpLAY IRYhandrseid dguiputArray functions are similar to the
CTA-level functions, allowing a single input and/or output array to be

Y& IneShroratriretrtd BrafrCTASTFiang RERT i Serer P AT RAEHGN is

Chseddoeseterimnstime donklargiparameters for all 10 CTAs in the grid

mgname Compiler 408 can interpret this function as defining each

SthmBter He AR Vshinsledmother ARG EE A fo1o7e] FRRPdiments
privigrotyech srafica st GH kit tiors sigria [t aresuden b meiithe Shesiffed
in&lahfe i@t eubiugsith ginaesshe geibBginbd 080k Fhenyiitvak ARbmaayralsar
grkaylu%%@fh&tr ffd@;ﬁﬂ@Q%&QBAQE@%%%&QEPﬁ;?[ﬁ@&&’d@h@'{l{én&é %[QWﬁ@hl the

chronjization tuncyons usaple, to coordin ex on multiple
R g e ol

i“‘t‘ﬁéhﬁﬁ’r}li’f‘b?’ﬁ@é‘%ﬂfj‘@'ﬁﬁ@‘(gﬁ%Ffd)grfﬁé‘%gﬂﬁ‘i%fﬁnclude a function (or a
go%f ?mﬁt%cfa%m% \Lﬁ!ﬂ%@m% th‘é'ﬁﬂx r&%@cﬁh%v\&f EBE“ &y o‘%%'lo& giver

an be instructed that the second CTA (or grid) should not be launched

f“&ﬁ%‘f“eﬁé‘é‘éd‘h&‘i’%ﬂ themrste A Lt%‘i"dﬁai‘ F@‘Etﬁ’ﬁﬂﬁ’lféf’é‘&‘f’r% fert &lpp i tines the
Chtosramrcevivesmeiitbedirembivih £ bl de Hiciprrisadrndnporaiusidthat

compile time, the function calls are treated as calls to an application program interface {APT)

library 404, thereby gencrating virtual AP¥ code 406.

[0182] The virtual API code is realized using a virtual execution driver 418 that
implements each function in the virtual library. In one embodiment, virtual execution driver
413 is a driver program cxecuting on CPU 102 of FIG. 1 that controls PPU 122, which
realizes the CTA threads. The various function calls in table 1000 of FIG. 10 are
implemented such that they result in the driver providing commands via a pushbuffer to PPU
122. In another embodiment, a CPU executes one or more programs to realize a CTA, and

virtual exccution driver 418 sets up parameters and controls the execution of such programs
by the CPU.
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function calls in table 1000 may be included in an application program that
also defines the CTA program (or programs if there are multiple CTAs in
the application) to be executed. At compile time, the function calls are
treated as calls to an application program interface (API) library 404,
thereby generating virtual API code 406. 25 [0182] The virtual API code is
realized using a virtual execution driver 418 that implements each
function in the virtual library. In one embodiment, virtual execution driver
418 is a driver program executing on CPU 102 of FIG. | that controls PPU
122, which realizes the CTA threads. The various function calls in table
(02880 Jf FIGh1Pmreiaindplententetid o tesdribrebresiuls ithubeadrand that
viguding casmandssva goplighb uifier fankids 30 cbadidfisnothi ctions can

pENRRLImMEY8.CRY EXERHIESQNE:Gh OLR RIOSEARISLA #8302 508 Cothe
an t\1/|{rteunztilloexecutlon driver 418 sets up parameters and controls the
PIERECUtion of such programs by the CPU. 41 [01831 It will be appreciated
ribabins.vidualAP! described herein is illustrative and that variations and
TRA MGRHRNS ATE ReSsIRle, QINRLLNCoNS QL compipations, AL HREHRNS:.
can. be supported. Virtual API techni known in the q{gt %an,be ada&tgd

an | | ue

D s as O I e B e B TRV TIB -5 FUTIRE: ErRBSdments (B 134T
snifie thedtrehtrehRad bebi e sErisead it At SF L ingiepedqtsioed herein
aemodiviendtstienarskilleditctheaitsiikieco grize thatimstiatoygport
snedidsatione ahenrsailekardsaiancrdthedapecific, wistabadchitecture,
aXmalinstruciions. and vidual ABLIVOsHoNs dRREURGA RE'GIe AR AR

required; other virtual architectures, instructions and/or functions that
SRSl & bR A RBoRErRY tRiRt s e Btk Proemm
addien Ailyo i enshibdtiime titsvfss et slseend it ke refeente o
dedsatwitere ail blocksthavesthis samesdiffalzer OF /eterpentsoalib @ibAdifferent
oBRYELhRRaME W Bher of threads and execute the same CTA program,

and so on. In some applications, e.g., where multiple dependent grids are
(@1$8d, iniimydbacYresrableads hairen@T Acphvdifferdraed ndeyeXedste different
ubdEA PO Grantsme ko Samentditasent: thetlunhey manildn iy 88 @igFitiscen
C%Q_@?&M%@n%ﬁt%?@ﬁt@a !%JB@QPeﬁ%%dj %E‘Aﬁ%%ﬁﬁ%l}ﬁ &Q{%?rﬂlﬁ{é%/_ S,"

it is to upders some emhodiments may use thread arrays i
SR D8 SRAA O B G Eon P YR A AT s

[@B&odineaisdn whichrsihdaliacbanag isealnpppre e deadsread
24814, 10,2 IVENARRISAHAD Mg NL AL NI H20% ACHAUN SN €. 08 P read
array might have only one thread. Thus, the present invention could be applied to providing
scalability in programs to be executed on a CPU with one or more single-threaded or
multi-threaded cores. Using techniques described herein, a program could be written in such

a manner that the threads could be distributed across any number of available CPU cores

-(e.g., using operating-system functionality) without requiring modification or recompilation

of the virtual ISA. code.

[0187] The terms "virtual" and "real" are used herein to reflect the decoupling of a
conceptual programming model used by a programmer to describe a problem solution from
an actual computer system on which the program ultimately can be executed. The "virtual”
programming model and its assoctated architecture allows a programmer to take a high-level

view of a parallel processing task, and it is to be understood that there might or might not be
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20 [01861 In addition, while embodiments described above may make
reference to thread arrays as having multiple threads, it is to be
understood that in a "degenerate"” case, a thread array might have only
one thread. Thus, the present invention could be applied to providing
scalability in programs to be executed on a CPU with one or more
single-threaded or multi-threaded cores. Using techniques described
herein, a program could be written in such 25 a manner that the threads
could be distributed across any number of available CPU cores (e.g.,
using operating-system functionality) without requiring modification or
1 ACHPh SREHB A S AP RIS AN B RO TORS 7E TRR ANAS NG VHRE real”
arghgegBise heveinett refletcthedacdlplingofa irsbroaptirsl:pioy @dmidg
vimodelrusedt Dy A pregianmesledeswibeia poRlem saluiinh: omeRtan
cARUHBhEGMDYISESYSIR R AN Gk m%rgmcga@mrymmﬂ&eéxy%%ﬂ Pe&ypcuted.
[

e virtuall ‘59&{% r&g;lg% model and its gssociated arqgltectu[e allows a
PiSFogTammer 1o take a High-1evel View of a parafiel b roEBsEMY th&ke-and it
RO ik rEHI Tt tHiereetiRyktGE ifigAt not be 42 an actual

SRRPUng SYSemLQLd %@9&@9@@,&%&@&9&1&@5%%@ one;to-one fo the

) vrt(HaI architecture compaonents described herein. Vthua code, including

MGIHUAP RIATRLHBUSA P VBRI AP 008 MYk AVA Sederedial 1IBIF8E as code

- UiRsIRiRG (i IHEE PaGRPSe midEh Stncibrdidystivd edébedibne-toanbe

criprsted ofionrset obapytactudibpr ocessingdegc end/ike alli pragamsededia
indhaivitual.eodavelerpedladeieiaganbe sfaradbianoile esiiale s.
(DRINOLLRL R, Hansmitted NP i&%t.ws,%'fﬁ and 50,90, (01881 Computer
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tape, optical storage media such as compact disk (CD) or DVD (digital
(8PS atifertisk peflashenamony  tardsthddikerSu ehbpiagrdmdyrdipalserhecr.”
neneedesband haas piigdwuaingsassensignalzirdaniabiardmnsaission
AL PR CRl NG/ QLWISIEF3 R WIS, ONTQrIING 19 3 yarieM of g
ol rr(fg;[:%cols,lt ncludlnt%dthe Int_elrinet. Computer readable 15 storage media

encodad With tHeSro YR o0 R B & BEERE B WA QR HigatlE
[od%fliC%QJ?&EQQr?gﬂ&&?&ﬁgﬁ%%%%%&?ﬁéﬁﬂﬁétﬁﬁLXJE?FE}&U%% %%wpe%%f

.0... via Inte ownload).. -urther, certain actions may be.
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Those skilled in the art will appreciate that different realizations of the same virtual
architecture can be expected to differ in efficiency and/or throughput; such differences,

however, are irrelevant to the present invention.

[0191]  Thus, although the invention has been described with respect to specific
embodiments, it will be appreciated that the invention is intended to cover all modifications

and equivalents within the scope of the following claims.
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generates program code with little or no human intervention, or any
combination of humans 20 interacting with automated or partially
automated processes to generate program code. [0190][ In addition, while
embodiments described herein may make reference to features of
particular target platforms, the invention is not limited to these platforms.
Indeed, a virtual architecture can be realized in any combination of
hardware and/or software components. Those skilled in the art will
appreciate that different realizations of the same virtual 25 architecture
can be expected to differ in efficiency and/or throughput; such differences,
Wibyileliee Lavdddkiayant to the present invention. [01911 Thus, although
the invention has been described with respect to specific embodiments, it

~ will be appreciatetTsdethEAYSTTBA FaRE MG e SUER AP it 3tons

ceamghiggetivalents within the scope of the following claims. 43 WHAT IS
CLAIMED k6 ddkng\rRepRashkipEsiRfining q Pasaialpurepssing opasation,
pdPE-MELRRD.4 SPIRLSIAY A RIMIHIN AL Ara2s 20 SRE-ARIVRRA threads;

sequence of 0 e_ration§ 0 be 4';')]erf8rmed for each of atplurali(tiyfof.virtual
. compilingt irst program code into a virtuad thread program ALY ¢
threads in &R array of cOOETating Viitdarthreads, "5 cdmpiing the tirst

sq9HsBranT eBdBrAtonaHrtieaP th s SSHEG imedamsmtah e Litabheadef the
pipetithrdad-insthuctionsdecheexet predfordireprepeniativdingrat kkshpead of
iR coR iRl tbstareatisthe: sequenor: effpatihiteadinstrectionsd
oREUdng af least.ong .S HEIRN L. PClings - caepRiative behavior

between the representative virtual thread and 9 one or more other virtual

threads of ¥ BRSNS\ IHGLPREEYs: and 10 storing the virtual thread
program. 122. Thengn(rentgltggd%ffcllginrpllﬁfg%}%glompnrising: 2 translating the
stored virtu3l thread rogram to a sequence of instructions 3 conforming

to a target FRITGHREAPEAiPEiRual Brorh B pSERRdR LTcaksnee £ fiithations
cggmpiising 2 Ryroviditgrsocitrdtprogram code defining an array of

cooperating virtual 3 threads adapted to process an input data set to

generate ad-outpihelaribed chsiserdifuedehcdWIERE: thread in the array

concurrentlyrexéutesdheprgial thdeddipiogramrdy cOmmvertingthdrsecond
tREQEH RIELERAS JR&S8AURNES.ES JUNGHOR ARl RUPERRY s, AhyiEi@ken
Junstipns, e Brapy dndliding viiualiNetions Rkinfiglias, and cause

converting the second program code to a sequence of function calls in a library

of virtual functions, the library including virtual functions that initialize and cause execution
of the array of cooperating virtual threads; and

storing the sequence of function calls.

4. The method of claim 3 further comprising:

translating the stored virtual thread program and the sequence of function calls

_ into program code executable on a target platform architecture, the executable program code

defining one or more platform threads that execute the array of cooperating virtual threads.

5. The method of claim 4 further comprising:
exceuting the executable program code on a computer system conforming to
the target platform architecture, therchby generating the output data set; and

storing the output data set in a storage medium,
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7 of the array of cooperating virtual threads; and 8 storing the sequence of
function calls. 1 4. The method of claim 3 further comprising: 2 translating
the stored virtual thread program and the sequence of function calls 3 into
program code executable on a target platform architecture, the executable
program code 4 defining one or more platform threads that execute the
array of cooperating virtual threads. 1 5. The method of claim 4 further
comprising: 2 executing the executable program code on a computer
system conforming to 3 the target platform architecture, thereby
generating the output data set; and 4 storing the output data set in a
storage megium. 44 1. g The melfod of clajm L wherein the, sequence of
per-thread mstructlons |nc €3 an mstruction 1o suspend execution 0
‘%b@FéﬁBH?‘f&F‘tﬂ'é‘?eﬁ?é%‘rﬁﬁWé% alerdmtezy %aeaﬁm&ﬁara’rc [istrtljfpread
ath@sseeiereauntihsrhitirersd ok onmormobthe vthityirtualvinrebtisads
rdfcinthakpadigdtar point 1 7. The method of claim t wherein the
sequence of per-thread instructions 2 includes an instruction for the
representative virthahibtedd tolstonevthatainta sharack Bramaanyc.d tasidatetns
iRRRQLAALRRIiIEAEPRE IRl AASNBYEACE88%: dalR memgtJHQlQOQy

Al lwhsrein the.seqrense. of Reri &hflead instructions 2 includes an
instruction for the representative virtual thread to atomically read and

update datg 3 St?ﬁ%dn@hﬂdsgﬁﬁggnmw&ﬁ tw@a%@ngysfggmqggd%mm

mc}h&ngtltljlgtlr tlgtgggi;i% pact\l(g accrggtsvl - 1 hod of claim 1 wherein thde
virtual thread program includes a V\]L/aurella ﬁrcdie??nﬁ&?gﬁcgiétécﬁﬁieww (¢ data

StaEsririBe sharadisnsraomy &q‘éheffhﬂﬂ@faﬁwef hretesdied Seds bawhersin

different ones of the plurality of virtual state spaces correspond to different

4 modes of data SHAMTYSHRSAG TS Vitttrat thredde! thied prospet s
vetligis defirainiathraan ders dabingsra stibirig dnelotiertrftipertttirealtate
siash aredein dderachacgahallyisharesk mede slaidspihie dnethiodqab dizisn2

myfarsiadhenmages.of data. sharme.ipsiude a 2 per-thread unshared mode,
a shared mode within one array of virtual threads, and a globally 3 shared

mode. 1 12;4The mgthedsf Alaim:dwheteindbe.soadawaf datashasing a
plGAde a.4.Rek ngggglyggg% & Inede,.aghared mode within one array of

virtual threads, a shared mode
11, The method of claim 9 wherein the modes of data sharing include a
per-thread unshared mode, a shared mode within one array of virtual threads, and a globally

shared mode.

12, The method of claim 9 wherein the modes of data sharing include a
per-thread unshared mode, a shared mode within one array of virtual threads, a shared mode

between a plurality of arrays of virtual threads, and a globally shared mode.

3. A method for operating a target processor, the method comprising:

providing input program code including a first portion defining a sequence of
operations to be performed for each of a plurality of virtual threads in an array of virtual
thrcads adapted to process an input data set to generate an output data set,

the input program code further including a second portion defining a

dimension of the array of virtual threads;
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3 between a plurality of arrays of virtual threads, and a globally shared
mode. 1 13. A method for operating a target processor, the method
comprising: 2 providing input program code including a first portion
defining a sequence of 3 operations to be performed for each of a
plurality of virtual threads in an array of virtual 4 threads adapted to
process an input data set to generate an output data set, 5 the input
program code further including a second portion defining a 6 dimension of
the array of virtual threads; 45 7 compiling the first portion of the input
program code into a virtual thread 8 program defining a sequence of
per-thread demtiticti it peréxeeithed ot areprEsededtine 9 M iRFaSread
pafihe plenality efvidul thieadsdthe sedusnododpeusth foadripstregt s
VNG AL leastoue JRslielian.het delinrs srpeoperativedehavior
inbl%t ineveart] lth*et g'ng' I{EP r?t?c? nt'i\aatll\c/ig i\r/‘t%‘t'lilia(:lotol’]])%erz?tgvg 99185}& Q_Etmc%ew%ther virtual
feals of the pIurarIlﬁy ot virtual 12 threads; 13 converting the _Sectond
ropEIBH b e SR 47T ShRRE SEyaEER B P i RAGH RANSYE'a
thvgeidial function library, the library including virtual functions that initialize
15 and causgexesutios-alifgsattay bhcoppe padigviridal tloreadg sk of
rifans(alingdhe vt alihisarrroormaRg fhaLsqusncs shiueclioa:calistize

. |rc11to_ 17 ﬁgro‘gram &gdgﬁgxggu&ablg on gi;t%,rdgggrgiggorm architecture, the
“UXELLTABIE program code 18 detining one or moré real threads that
execute thésHAjreteoFRt G URRIEMThIBAHS: steuaResfiheriia !t ine
pexscutable pragrerrredemshriompatiosyste thocosfolrhing wer220°te

dtarget platformarehitasivtesdhareby genesstingdheettputdatatsstiand
21 storing t@&%!ﬁ:&ﬁ&&é@é&@o&%&mﬁqiwnp&t&éyiaﬁ wathechoto

claim 13& vvfhereln etsec%nd orginocg g‘f1 tqlt\acig&ut tZdBi%osg[‘aa‘qucode includes
s SRR T EHE JERRG o OF rore dimensions for the array of virtual 3
threads. 1 PHrTBEaeEtRgdot M9aiRT F#2RTERE e second portion of the
input 2 program code further includes; 3 a function ((:lall d,efinitntﬂ ane or
more dimertéions Br & GHacST ST o bR e de WhEreIs Bach
paresainotteng Hd s o derbssie JRHIIE 18 THEOSImsassFesmtPe Sinataifual
tthadarget platform architecture 2 includes a master processor and a
co-processor and wherein the act of translating includes:
15.  The method of claim 14 wherein the second portion of the input

program code further includes:
a function call defining one or more dimensions of a grid of arrays of virtual

threads, wherein cach array in the grid is to be executed.

16.  The method of claim 13 wherein the target platform architecture
includes a master processor and a co-processor and wherein the act of translating includes:

translating the virtual thread program into program code executable in paralict
by a plurality of threads defined on the co-processor; and

translating the sequence of function calls into a sequence of calls to a driver

program for the co-processor, wherein the driver program executes on the master processor.

17. The method of claim 13 wherein the target platform architecture

includes a central processing unit (CPU) and wherein. the act of translating includes:
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3 translating the virtual thread program into program code executable in
parallel 4 by a plurality of threads defined on the co-processor; and 5
translating the sequence of function calls into a sequence of calls to a
driver 6 program for the co-processor, wherein the driver program
executes on the master processor. 1 17. The method of claim 13 wherein
the target platform architecture 2 includes a central processing unit (CPU)
and wherein the act of translating includes: 46 3 translating the virtual
thread program and at least a portion of the sequence of 4 function calls
into target program code executing the virtual thread array using a number
of 5CPU t@iﬁ@ﬂﬁghﬁé igrlgssrtbantog-nymien ohvidyalibreadls sdqi8nd of
SRR %90%%9?&9@9%9&& &Jb&mﬁmgdcmpnﬁagg ‘nifaber of

obtainin fg a V|rtu er-thread 3

%ra ni eqguence o
CIRdtiueeBnitd busd t%’cﬁ’fceral%rcé re‘ﬁresen% ‘fdse virtual thread of a plurality
of virtual thqgads 4 mtﬁa Xl c’gual thread arra ada ted 10, proge ds§og[gr Q%lt

T 0¥Céatmg r%c TOC sor
data set to generate an out ata’set, 5 the seq uénce of per-thread

instructions"itifitrig aE e Ftﬂw@?ﬁ@fﬂﬂf&%ﬁfe‘é‘ﬁ‘gﬁlﬁ’ég@é C5Bferative
inpeheirior thétveemttddoeprasentative viruathekbel antieliy o iigpetireads
ifhatadrtbabihresds ghdhe plocatityrohpittak threads; Gaebiaining data set,

additional pyagram.codedefining dimensions.aliheyituabibraas.aray;

1fQ translatmg th% \ﬂrgilarlgptr‘gad % rlg:trrgma‘11 WEQS? adﬁﬁloncpl JLrogram. code
I L TSGram code exscutable of the target platiorm architecture, the
O@KEEm%I@fﬁﬂfg?&‘i‘?? @BH%‘”’:[Qfd'é‘ﬁ‘ﬁHBrﬁf’Ffé or more platform threads that
execute thevvistuiag dridiaehamagras wde dofimgaidererecutablibopriogrbicad
gle on a computer system conforming to 14 the target platform

arch'tectuf%&t@%ﬁﬁ@%&%ﬁ&@tm&;@srs?gmv&m seliandh SiRring.theiomRut
15 data set in a memor 1 19. 'l'tmrplgg{%q: Qﬁﬁli}l@c%{gc‘é‘{a erein the acaof
PERFAMRIRY HSEORTK Midel R SGram nal

Feceving source
dpfeirmpmecdectrmasi T hustgh ﬂl@%x@f@ﬁ%’gﬁ‘&rﬁfﬁﬂﬂ{g%‘f?&&&@é 4and5
compiling theeswing ehprograntlecpdetogenerate drepmduaisthneagdforming to
R QBERMIak2hk JMRJneIh ARt R plaime-dduhe windheactofwbiainingdberput
Mirtugl.thread 02 program includes:

19.  The method of claim 18 wherein the act of obtaining the virtual thread
program includes:

receiving source program code written in a high-level programming'ianguage;
and

compiling the source program code to generate the virtual thread program.

20.  The method of claim 18 wherein the act of obtaining the virtual thread

program includes:

reading the virtual thread program from a storage medium.

21, The method of claim 18 wherein the act of obtaining the virtual thread

program includes:

receiving the virtual thread program from a remote computer system via a
network.
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3 reading the virtual thread program from a storage medium. 1 21. The
method of claim 18 wherein the act of obtaining the virtual thread 2
program includes: 3 receiving the virtual thread program from a remote
computer system via a 4 network. 47 VIRTUAL ARCHITECTURE AND
INSTRUCTION SET FOR PARALLEL THREAD COMPUTING
ABSTRACT OF THE DISCLOSURE A virtual architecture and instruction
set support explicit parallel-thread computing. The virtual architecture
defines a virtual processor that supports concurrent execution of multiple
virtual threads with multiple levels of data sharing and coordination (e.g.,
synchronization) between different virtual threads, as well as a virtual
execWioR Hiivelr, ART BIMRCS & H M DpIDEEEBIHCA N 4 s kGBon
set architecture fopie ¥riuph AFRREESH 30t ide(ige benavior of a

virtual thread and includes instructions related to parallel thread behavior,

e.g., data sharing and‘s3#i0haeiTi 2iDHEPSHg- P& Niftual platform,
programmers-Gagdeyelemapplicatiorprogrampen which yirttial-twedds
ct%é%% F?g&%@%%ﬁmt%%%%ataén\aixw@éég@q??lﬂiefépat&ek siversadapt
e application code to particular hardware on which itis to ion
eﬁ%cﬁlgﬁg ng" ﬁ]t\fgtt%([: wrma?tgreacis wgh r&\%&&}g?{ zg PENET §g9 §é§<§%ﬂ¥§at

The programmer. | ) . )
(c.g., synchronization) between different virtual threads, as well as a virtual cxcoution driver

that controls the virtual processor. A virtual instruction set architecture for the virtual
processor is used to define behavior of a virtual thread and includes instructions related to
parallel thread behavior, e.g., data sharing and synchronization. Using the virtual platform,
programmers can develop application programs in which virtual threads execute concurrently
to process.data; virtual translators and drivers adapt the application code to particular

hardware on which it is to execute, transparently to the programmer.

Figure 1
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