.10

15

20

25

30

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 ©
vitdlighr Ak QAGE AlRES-2-CAMBLIALAN.IR. PRI on 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
nﬂﬂfﬁ&%&ﬂd&@%&é&%ﬁuﬁémmgrﬁﬁﬁhﬁkm@ﬁ%gé‘ﬁn@ﬁ@ dﬂm@d&@% Such
MRQE%@ JE,QJTEJ%Q \\r/(!‘Olflo g?hsatlf t thtafr?st(c §c£0to Qe dIVIdeitlo?imon

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

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

eggmmpnyixabsigarthlipandendingddSiRalas! HRMiGaEGRINsidkl3R3:480,

ccﬁ'rll%iu@ 8RN s &QQ?)n [&% Phﬁgg)';%mg? \DEL @f%“c%i@&%%?églsgamcnab lc
F}] howev?r wCqn be d| flﬂ,ﬂt The 5 grammer Is usually required to
now

Cess| ABTEAIER fRRiFP e itiaglution to

enu erof processing units®

q‘(ﬁﬁ's‘ffﬂ@ﬁﬁ‘ﬁ‘?é@’%’fmﬁ@éf%f“&ﬁa reglsters interconnections, etc.) in order
[69039 CIEAIR-CAdE I 0%1 brgcc(tessm units rCﬁnl actuall P{‘ execute. \V/ |Ie cads

achine-specific compl ers 1 can pI’OVId COI’]SI era SSISt nce |n

OLFEX UL SiPR SeudingkA i TR carhgikethé r 6 R it Rastifewisad %ﬂsform
(Fﬁéﬁeﬁffﬁuﬁﬁﬁﬁé@%@mﬁtﬁbmr JORO5}hiore cvepuiaitoispesiects of the
oparallel presessingearsiRaIEaR-R R RVOINIRB-EaRId!Ys RIS RIRG IR
oA Bl FCRUEGIIEEBSRUGHON 6350 SPARIGUAMMING, MOLEIR Al ages, as
long as that thread can reliably obtain the output data from provious stages, [If the task is 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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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 what
mechanisms are available in a particular processor or computer system
40 SYPRO Ug(@fd@%kﬂ%%@i)sm@ ‘;Wﬁé‘&&? mﬁyni@@&r@@df&uﬁgmr&e ssde
lptexnlolts jhe avalable mechanjsms since the available and/or
optimal mechanisms on different %omputer systems are generally
[eitigreniopaval|ekaode gldb dhisdind jsogasrallymotpestableydtving sifdy.

FIRWIHER. fRL RGN NArAATE Rl RIRANRIED M5 iR [0RZdF urther,
in addiian to providing execuiaple code [ Ihe procersarse
“Programmet® MUstRiso provide Chtrol CodeRor a "master’ processor that
PERSSTATER S9He HBHAHTING SfttiTBars TS ProBESERY (it 187y application
pingtroctingteachiprogassimgilgnitad tbakdprograiedb exectite B0chinded
2¥¢BIah dnp utElakadB; RRPEASE Qe Rakal ekl d Scusnally specific faiatenance
oPRLIISKIal-Smaster pFrocessor and inter-processor communication protocol
and must usually be rewritten if a different master processor is to be
[eudsstitweeh {0QOBh T difficultiesin Sompilingprartdarompilimge becomes
RAAMIBIRI0GESINY SRHR GAl: discoMRIA SR L R AdingIthe Y
sURISTS, a5 computing fech %%'8 ¥ SYONES: TS ide- Would RE. A6RIRig
to éecoﬁple compiied parallel proce 5?19 code from a particular hardware
e S e e e
opistrictichassnforn gifaitel epphcationsanariess i taifetcpmpmticl code of
DUV A ROy Ebtp INMENTHON :20{0008) krebodimenis: oldite presehich
dnventign provide a virtual architecture and a virtual instruction set for
parallel-thread computing. The virtual parallel architecture defines a
[0ire@Rl Frotessordtidbsupporidicpactrebk exde fitiohe ofrmsitiptetipgedrammer
dheeads pithuavaliiniec2dersls ol data sbading aac-saarinatieivof@rions of the
RAIED %%Eé@&%%&?%"&%%&%ﬁﬁg T Lhr AR 23 Walk ?ﬁogryxmaémute

execution driver that contrgls ghe thyal Aor,oces.zqor. A v}rtléa insr'Eruc{tion stet
AR RHERATRR Y HRRITHE PrSRE8RBP S s S B G AR eV B or A Virthal
RIRSEY T THeTRIRISSIPItARTIBHSA A RseIeee bah Pt Ely e RaABIe e
diettaeshating ancksynshndrizetionitkdsing the virtual parallel platform,

programmers can develop application programs in which virtual threads
[€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



execute concurrently to process data. Application programs can be stored
and distributed in a highly portable intermediate form, e.g., as program
levels phdiashgetingheogidinalpafaitel PrRthEPRZaROTHBEAN M Brrpan tire] threads,
as welhacrdeateasemmmHuaérlﬂsﬁrusﬂ@mstrﬁeslat@is]@ms@mwmmnmcuon set
wchin SRPHINGIGIMPAIRISIOT ARRIGANON. 006 10 PAFICUR IHANALE P e
hit is to execute. As a result, apppcatlon programs are more por{ (bV
msﬁmaﬁ%is é%lgt@f# 0 erevbpras méadéveﬁaapm%fﬂ sproeesadsinelspeintient ofsing the

virtual parkice | aapeee paing Mattnancd Q0O hatcanding éeranfirst aspactiahiih@ireads
execut@ rc%sn%lq}régﬁeqtlor}bégsesr%{s pj&OV{}dCe a mgtgggs fc%% %eflsgln?d 1‘1)(? @strllbuted n a
processing opepatlon t thod co ing: providing Ti ?program cod
highly pefiphiyi i segtisiderst é@e@tmﬁw ﬁeqﬁéﬁéﬁﬁw%w@aehp@faﬁwmm At
install @fnvirttahkhread hindathraspyi o Gﬁfﬂﬁﬂ‘rﬁﬁﬂ@ﬁwﬁuﬂlthﬁﬁﬁgSan@cﬁmimathﬁvers
adapt HISHRIQAAN. GO Into avirtua é*%ée%%{}%ﬁ fam.defininga, “‘Tncﬁeé’&t As
er-thread Instructions to be executed for a representatlve VI ual thread
a resulls fRRISRIItY OFUTRfL AT HRRE I BOTIHE s ctid ebfis of P Epttirdad St ulaislesment
procesiichndipgnatieaspannelinstoyction: thatdatines a cooperative behavior
between the representative virtual thread and one or more other virtual
threads of the plurality of virtual threads; and storing the virtual thread
[0010]50ram? foRriTjsrcatifiorPeRicontp PO FAM BSEE Mg Breyedidathod

for d.ei’ﬁ@sﬁigfi@;el‘alfb]a;ﬁfa}é@fng@@eﬁaﬂn@m&%dh&ﬁﬁ&ﬂ@%@ﬁt@ﬁ&@@ﬁﬁgﬁﬂl code

def“r};incf l?et%:g%%to grgperiage a” 0 g 0611 esc?c |91 enrd?l ea Vlrtula’ilhii-gg S 1n,an
rray concurrenty exe utest e virtual threa program e second

array %?d@ﬂ&ﬁﬁaeaaéi@%@ﬁﬁ%&@ed@w%ﬁ\féﬁé@%@gméﬁé% Bffunheifomcaigad
prograin defilarary: efquirtiad fuactions), Mﬁfcﬁ@h@thhfaébtdaﬁhms Mﬁ;bl@&efhlﬁﬁﬁ@ﬂﬁma

thread hiatgllm Il?f“ﬁ% Orr;‘glﬁaé’isfﬁ afde ntf!osgc?ignthe rr hre %Osgﬁm(gtl ng lnc

hreads. This sequence of tunction calls can also be stored. The Sto ”Fé?it least
one me}rﬁa‘%ﬂ&ﬁh@%@ﬁ?@@@aﬁ?ﬁﬁﬁéﬁ%@éﬁﬂ@nﬁﬁwﬁﬁtr@ﬁ%@a&ﬁ\tﬁ@ﬁ Wlread and

one ortranslafied intQapregranoadeexeeutablzen alargetplatomn achiteciurgsad
pmgrayﬁhere 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 3 system conforming to the
[0011 ;target platfeadiraichieatigotharebyigensraliitgttherovtRut adarset aligh of
r storag medlum e. r memaory, disk, or t
coepe e o P SRS R S 0 e
Where\mﬁ%h w@ébtbwﬁrs:mhf‘caﬁ@fc%%@\?&Hra@@@ta@w?cm@bﬁ@aétw@am The
secondnﬁﬂ’grﬁﬂﬂcfbﬂhai d@ifﬁﬂe@@lmpp@f%l‘\l@ b@aav@knbetwmﬁhﬁe calls in a hblary of

virmal BRIESEOtRYE ths\J readand; ignmpa% ravirual threads of the

array. For examp le, e sequence of per-t rea Instructlons mig ﬁteﬁ']egfl é)l) of
the argy, §<H0R4] 6%*&0%}{5%%\1@&%&3&%ﬁﬂﬁl@%@?&ﬂeﬁsowﬂhecaéml&éﬁtﬁﬂvé The
stored Witual tireadl gbacpariiellhe pofikindhe SeQURACE s can then be transiated 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



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

particular point, an instruction for the representative virtual thread to store
system e GHHNEhIRr &Y EFTOMNPHE WHER e s hEFQXOEtAEBIHE HiruBIhfaiddst
which bave: secesh, andhagtruetiomfardhedciepresantative yistuat thrgad to

atomically read and update data stored in a shared memory to which one

or more of the other virtual threads have access, or the like. [0013] The
10012]yirtyal tHredaiptotirasritas A5HIHEIGE BBHARNS Hetliitiofhiataberptptogram
code dhatddefingsaivariahle in ongiafia nuwtbekef Mifurlstate spa,s:eeagwmﬂor
betwe edl f%erent V|rt Istatguap ces, corres ond to di ﬂeelrgmurqqges of

CIe I‘CSEH d ark Qr more 0 ds O 6 arrav FOI
sharing among the virtua rea s In one embodlment at least a

examp}?erﬂﬂﬁré%‘ﬁ“iﬂ%h%{ié&rn%%i aﬁéfracgraﬁawséﬁar@duraﬁoa@ TS YU PP oTEsRENd
executiﬁhQih&gﬁeﬁf@ﬁ@ddﬁ%@ﬁ&pﬁﬁdﬁ!ﬁﬂ&kﬁﬂ@ﬁlﬂﬁrﬁﬂ@I'E\taisparﬁbﬂﬁe@dﬁ@@iﬁt%tﬁlﬁb{mce

until A0F AHRKOLMINAL threads ¢ ”d{P AR GE.0 dg c%t ”aa IHAINQL o

arrays of virtual threads r may " also be supporte Acc ng to'a
msfmcgeagﬁoﬂgsﬁ@’&s@fiﬁﬁéew%@hﬂﬂrﬁ%m.aﬁl@tﬁé&feI}sapilw e&’?ﬁéfﬁdﬂ“?ér‘me or
more oOfler aftieghadiaigri-pdo essactienmathacicamprisiRg-PraM@MOviRpLit thread to
ogra de ncl din irst rtlo deflnln ence of 0 tj
o e o R R R S
virtua \Ph‘i“ii’éﬂ?ﬁ‘@af’&%eéﬂébf%ﬂlﬁﬁprocess an input data set to generate an output
data set, the input program code further including a second portion

[ﬂﬂl?ﬁ]deflmngﬁlgl\Wﬁuzﬁ {%rea rogrgnr*]r%yag) fa Iéthﬁ éeaa%sria%?engigpml oIII;l ts %%Merltlyﬁwt

thread program sequence of per-thread instructions to
definegg SRIEY BPACrerEY Fafhf/é%w%aptﬁﬁ@w%ﬂh@wgfﬁ%wmhﬂm spaces

corresfihi@adsififiensegiden sectafapmmﬁh@ﬁﬁlomtmeﬂans inetaging ahteasb@ifent, at
least a”Sé L{ﬁlt e 'ill%l;lgrgcfi' r%gdg £ Qer%leﬁ bglbaerlgcp ﬂ gwc%%nbth?sm) or ed fIn other

representative virtual threa one or more Ot er virtua

embodﬁnﬁréﬁw@fwﬁlawﬁ?éaw %Wﬁﬁ@“ﬂﬁ‘é yéféwhans@ﬁmnoéwtﬁ@mwﬁds andlor

a sharddrOGERMc0Le dpiardisesuence @fitnstibrealiso Asvisalhuagtion library,
the library including virtual functions that initialize and cause execution of
the array of cooperating virtual threads; translating the virtual thread

190141 rogram’ i it S8 HEAES BPFERTR RARIiRPHSGr e i aERyided a method
for op@xecytalle-opractasgetiplatétivd asehitetiziresdiieiexaguighleprogsancoding
a first 98%'{;‘9&%9" 0gK GJeat ﬁ%@ﬁ%%é@é‘%%@%%%%ﬁ% IR, %%%%Pl%@% P irtual

virtual threa cutlna e executable program CO eona compu er
‘hread%%t%mréﬁn%rw& (B EREStAtyEEH RS PR A re hiteRtLFa R S DSF G B PALRIEPU
data s¢hebeutput platasetodndusias mg:tﬁtErmttpH&cdﬂt@cﬁrebmmamﬁ@gazgenm@ﬂmf the

array JPQ J‘é]ﬂl LEh?%H%ec%HﬂBHEU%%‘ES ﬁqﬁ §r8{dvé{5 h 5%;? Q’% ge L?e;gceefl i—@hread
i

two or more dimensions. Further, the second portion of the Input pr gram
instrucgigns iy siseirticaa ?Eﬁﬁ%@féﬁ%é}f%@f%fﬁ s W@ﬂﬁﬁéﬁ%h%ﬁd&
the sagrickobArpayshabvirtualthreadscvidaereinteaekt asray imtthei@ridiig tddfges a

cooper%ﬁgg Li)tfggvior 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



[0016] Any target platform architecture may be used. In some
embodiments, the target platform architecture includes a master _
code e R én"&réf’&@lﬁ?@@ééé%’t’?%tﬂfﬁaé’*ﬁ&ﬁ%‘?&ﬁ’@ﬁ PR G Adpe one or
more r@lograns can betanglatethynid qorpgraimecadast Xeeniabliecingpay dilebbyedable
prograf UBRELOT, t@&%ﬁ@éﬂ%@%ﬁ G5B %@%%%et‘l"ﬁﬂ&?o%e AOHHEREE Hercby

function calls is translated into a sequence of calls to a driver program for
generatifg s PiHEeLED FTh AR REENEETH Y FAESR iprotuas P fBther
embodiments, the target platform architecture includes a central

0015} Process|pg Jnit (bt RUTng fanslation (he, Yirtal e ad Aragram At re

~atleast a portion of the sequence of function calls are translated into
dimensigpgek Hibgrdhs SUBRIEAERG el VRtLIBIERSA A% PV SR BtinB st
call defafid threeadsdRatiisclessithdn e noonhes of virtudhthreRdehiOO4 Bhch array in
the griﬁgqg{%ig}geggtgﬁthirq aspect of the present invention, there is.provided a
method for operating a target processor, the method comprising:
obtaining a virtual thread program defining a sequence of per-thread
[0016]instructions terie pxdctiteddarcatieprescntative virtoaldhréadiofeaspliieatityet
plarorfi ATMALEVE RN 2.Vital Ugad A aBlGA 0 RGeS, AN ABRHEHR e

~ setto generate an output data set, the sequence of per-threa
virtual ithesad RTEHE Thedd din g aae Risb ron B aHS G rEYRat eRifif BapHeldiet atipber of
threadbetiamdorobetweaerpthesepresantaliveeadirtued thir dad@mndahie iormekecothes a

SGC{LIGFLXEr %@a‘iﬂr?oa gﬁzgfemo%gﬂ[{f‘li}&l &E%IgtH@Cgagglagﬁl anj{ypgnqgg mgﬂé}l TOCCssOor,

program code defining dimensions of the virtual thread array; translatin
In othenemppdigenitelly Brag Rl oy MBI IaRi S A I5rob FERT € USRIt o Em U
Duringcogielenecutableios thedageiplatioint asehiteptuioy thiehexegusiablef function

calls 2R RHAMAAS ARIDING QRG QJdE'.‘Qigc&ﬁﬂg%é“vﬁﬁ[ﬁ?‘%e%%ﬁ%%g NGmber of

virtual thread array; executing the executable program code on a
CPU t@&?ﬁbﬁl@r‘%@ﬁéﬁ?‘b@ﬁfﬂ’rﬁh?@ o' ek Ergats platform architecture, thereby

generating the output data set and storing the output data set in a

j0017jMmemory ,[0018] In some emhedipgnts. e viruakiar %?eﬁ%%ﬁ;%&@i@ﬁﬁ‘?%a@ﬁod

‘obtained by receiving source program code written in a high leve
for opgiSEtarhifig BHGEAGE AR SR FAERHE S PEE S BT oEFtg rosram
deﬁni@eaﬂmm@ﬁheﬁ@%akihﬁmmgmb@é@mma thﬁ.’&dfmmhthvé}adﬂ thread of
a plurﬁgg'ggﬁr‘ph%glytﬂ%d‘cﬁaﬂ fg%gagrﬂ@agiea dh'ﬂgbt%ﬁ rgcgrlggqu'ﬁmn%lﬁeﬁa%t%et to

computer system via_a network. It is to be understood that virtual threa
generaln 48 PHEPYE Fad Gt rteFAEMRGRE MSTEBREABTRGISIYEBINBRCH fItT g
instrudtighttevetfaieguageperatdreated dircieityas dedegondonmingirbitb thrvartuall one

or motDSHUCURR SR ALGOULRIY B‘Furﬁ%%;%ﬁvﬁ?&f@i'%?? gigileaRRAIRHORam code

together with the accompanying drawings will provide a better

definingntigretainging drtnd tatuke dharse dftajescol the BraEntifvangR. and e
additidB R | e i SCORI RO O Tddie DRAWINGS 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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[0020] FIG. I 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.
100221 FIG. 3 is a block diagram of a virtual architecture according to an
embodiment of the present invention. 15 [00231 FIG. 4 is a conceptual
model of using a virtual architecture to operate a target processor
according to an embodiment of the present invention. [00241 FIG. 5 is a
table listing special variables defined by a virtual instruction set

;aégmeg&uéeo(g%}aa&@@ndmgm@@ srbadiment-efthe pirssRtdnyeation.
J%%@'é&l RG,8d ?a%&?fp uA %b'?rEXQ%édSH&rRQf}een?o 04 Vgt%‘?L% cip via

according to an 20 em od|mento the present invention. [00

4 "fa“ts?ékr.st.hg"&?t'ﬂz?f%% 4 V‘S%“éJBESr‘f&?FuH"& vuffﬁ‘éf’ié‘:/&eé@éd?éﬁh‘d‘fée
bSARaITBEHI EPBTH é‘cmeée%h iPNFé NS YR ZOORTTRIG o X-BH R eablasing
thstiviguwdrieaduinisirsetionstdedined in a virtual ISA according to an
embodiment of the present invention. 25 [0028] FIG. 9 is a flow diagram of
80P ceds FBP%P@%W%&W&?BH&%‘H%%W SEVBPATH gty nes will
rEprisSdibseert l@fdﬂn‘éapﬁégaﬁﬁhﬁvewmﬂd[mg[@@fm T edising

functions avallablel%g VHE@ ﬁgl\]‘%ral vaé‘??grﬁ%é ion driver

according to an embo |ment of the presen in ETAILED
IMEYCRIFTION Bt iR e EACP NSO PERBUE e Hescab aEnspe B Hte
nregentiorepi@vide a virtual architecture and instruction set for

{garallel -thread computing. The virtual architecture provides a model of a

P8 SERF A AR MHaSHAS AL Pl RS iR R S it SHETA RS fthfhreads
IRPRHETRVENS 'B?‘H’é’tﬁ@hﬁﬁ%@"glﬁﬂﬁsc&éhd pratiomifecgtiosynchronization)

9&} een) |f;ere eads as well asa irtual execu dtlon driver th t
| dld rram of al_‘ﬁu‘tua arc 1tccl{_lrc .1tccor ng {0 an ¢ cnt of
controls the mo roc ssor. The virtual Instruction set, use o detine

tB%ﬁ‘ﬁ?ﬁB‘r‘B‘fﬁtffr’bceSS|ng thread, includes instructions related to paraIIeI
(BaRd PRIAVIOL 6.0 IRSHURYORSINA Bllow Shanng,of data across,

certain threads and instrugtions that require different thre s to be ome
R RO Zad %t RS BT SR RN p§%’§%ﬁﬁ%cf’f55’?1ts within a 10 program.
[btsmg tiaﬁsvmyaltm@tf@mg éﬁ%@&[@'&?ﬂb@@&%ﬂé&%‘ﬂ%@ﬂ%&%@&%@gfamS

An, v clu gurren GQOpE Fera thrTagg1 are executed to process data.

asi; fmen resent inyenilo
Har Ware SPeECITIC Vvirtua Instruction rans OI’S an executlon drivers

oAt thecapplicalienicade taaa gl ipported 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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hardware on which it is to execute. As a result, application programs are
more portable and easier to develop, as the development process is
independent of particular processing 15 hardware. 1. System Overview
(00311 FIG. I is a block diagram of a computer system 100 according to
an embodiment of the present invention. Computer system 100 includes
a central processing unit (CPU) 102 and a system memory 104
communicating via a bus path that includes a memory bridge 105. 20
Memory bridge 105, which may be, e.g., a Northbridge chip, is connected
via a bus or other communication path 106 (e.g., a HyperTransport link)
to an 1/0 (input/BEthH BrARIS GBI TIR SdHEELBYY MRiEPNnay be, e.g., a
[ ®30khBridepatickg; rédisiveswsavinpub fromdene R O tiaerei lihstruction
s€laviGRR103He.g adf@{hﬁ@rdﬂ@gktﬁﬁ)m&}wgﬁxmg J%&Eigfg PHCJ:&%{'
tM%%s&ﬁc@H&%@@g%Xn r}qgﬁt: pﬁhrc&gsaral: nﬂ{u;lg:lotﬁvglg o%u (P ?ay %mrm
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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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determine position, velocity and other attributes of objects), image
rendering, and so on. PPU 122 may transfer data from system memory
104 and/or PP memory 124 into internal memory, process the data, and
write result data back to system memory 104 and/or PP 15 memory 124,
where such data can be accessed by other system components,
including, e.g., CPU 102. In some embodiments, PPU 122 is a graphics
processor that can also be configured to perform various tasks related to
generating pixel data from graphics data supplied by CPU 102 and/or
system memory 104 via memory bridge 105 and bus 113, interacting with
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and ara gv ment Q,f(P”dge% may. % o ified as desired. For.instance, in
mecImory e SUcC o Lol SEC ]}-’ Cr &. CITi COm| Oncﬁpwcflb% {3 C f,
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dddfis rHtﬁ‘é‘P‘t’r?&H’?H'r’BE}ﬁh PPHiidges aRanbinePsaevrdey eghitiificate

witheoystenrarfernory 1640k rrieniopebrtged 08t CRY 4Bphiny dether
saliplinatye tapalogirisRRsubsymiem d4 12 iscenpecied t03/dridgez107
.m&%aﬁ@antﬁq:mcmggv @a@gﬁgé&%ﬂ 10N %%qmgl;ﬁmp%m%nmmmd@ed

af.and memory hidge %{Pkf?a,%'ﬁlu‘} A }QéFg%Eat%dhl'ptr?na SNgIe SRy T dlbpldy
(%?frtlcu ar components snown eln re opto FOI’ ﬁ%f(ance

f‘?fbb‘r%f%i‘dﬂelHkEar‘ﬁm%fé‘HﬁHé?a‘r‘aé’\Fééé%Fﬁ’ﬁtlﬂé @ﬁbﬁ‘ﬁﬁ!éﬁ o1 BBrhE2
dGretnbetimments;switchsdl:bdetihinTated 2andn évnwrkataptesd 18 and

@AgrieGaESTh Ol hao s nestidirecthfiacHOhaidga 27 L903%0ikEan
Mgeggqnnpcfngg%&&%@q the rest of system 100 may also be varied. In

some
[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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embodiments, PP system 112 is implemented as an add-in card that can
be inserted into an expansion slot of system 100. In other embodiments,
a PPU can be integrated on a single 15 chip with a bus bridge, such as
memory bridge 105 or I/O bridge 107. In still other embodiments, some or
all elements of PPU 122 may be integrated with CPU 102. [0036] A PPU
maybe provided with any amount of local PP memory, including no local
memory, and may use local memory and system memory in any
combination. For instance, PPU 122 can be a graphics processor in a
unified memory architecture (UMA) embodiment; 20 in such

[ oditmeih ks, dimkectrqic e dicatechgriaphibsmie moysisrowdelt: amdktions
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bR T apsieon BIRof imalehevtsasomandiion furttieheditpdeseribéeo an
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pPrERENL iInvention is increased independence from particular computing
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general-purpose computations using thirea
(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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arrays. As used herein, a "thread array" is a group consisting of a number
(no) of threads that concurrently execute the same program on an input
data set to produce an output data set. 15 Each thread in the thread array
is assigned a unique thread identifier ("thread ID") that is accessible to
the thread during its execution. The thread ID, which can be defined as a
one-dimensional or multi-dimensional numerical value (e.g., O to no-t),
controls various aspects of the thread's processing behavior. For
instance, a thread ID may be used to determine which portion of the input

data set a thread is to process and/or to determine which 20 portion of an
2AUPEEABtASR) detbreadiisdn PIoduUERMENIHE wHR0A2 D SeMEIso be
sembedinants,dhg diead. aUaks.alR.qsapRpEaiye” thread arrays, or CTAs.
As with other types of thread arrays, a CTA is a group of multiple threads
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A QI&@%%Q&%@M@QC% Jhg;, GTA program; thus, it is to be understood
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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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the same CTA in a predictable manner. Consequently, any desired pattern
of data sharing 15 among threads can be supported, and any thread in a
CTA can share data with any other thread in the same CTA. [0044[ CTAs
(or other types of thread arrays) are advantageously employed to perform
computations that lend themselves to a data-parallel decomposition. As
used herein, a "data-parallel decomposition” includes any situation in
which a computational problem is 20 solved by executing the same
algorithm multiple times in parallel on input data to generate output data;
for instance, one common instance of data-parallel decomposition
dépuaivesonapplyingibersamedprecessing@garthmtadiffere nt-pestions of
sRAdPRI SRR set in order to generate different portions an output data
set. Examples of problems amenable to data-parallel decomposition
[GeEILdénrratiix algebrenthrteardnd ot fianlinedntradsformiSirnamyi e results
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“5a BeRAEMIOF LAch other, meaning that execution of any CTA in the grid

(043Pt afmt&q DY EXRRYIPRQL AY.ONSL de em;g@& ployytl Beeame
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agp éqng th%@mcumséggmgléo LS SHORY seauental (one-dimer %'19&@9, to

exv lues from 0 to' n,- I. In other embodlments multidimension

SRR CALRBRR BUTHAEH® e CPAPIES & probloms amenabie o

da,ta—pa:allel 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.
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15 common to all threads of a CTA, and a thread of a given CTA within
the grid may use its CTA ID in conjunction with its thread ID to determine,
e.g., a source location for reading input data and/or a destination location
for writing output data. In this manner, threads in different CTAs of the
same grid may operate concurrently on the same data set, although in
some embodiments sharing of data between different CTAs in a grid is not
supported. 20 [0048[ Defining a grid of CTAs can be useful, e.g., where it
is desired to use multiple CTAs to solve different portions of a single large
problem. For instance, it might be desirable to perform a filtering
[@gﬁrit&m&pag@@@%@@L@J&ﬂ@éi@ég%aelﬁ@@,@fqégmamwﬁefémd
nown mI\Ehel%t 20, I5|DTV image might include over 2 million pixels. If
85 ch thread enerates one pixel, the number of threads to be executed
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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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15 set. The virtual programming model advantageously supports at least
these three levels of work definition (i.e., threads, CTAs, and grids of
CTAs); additional levels could also be supported if desired. [0052] It will
be appreciated that the size (number no of threads) of a CTA, size
(number n1 of CTASs) of a grid, and number (n2) of grids used to solve a
particular problem will depend 20 on parameters of the problem and
preferences of the programmer or automated agent that defines the
problem decomposition. Thus, in some embodiments, the size of a CTA,
the size of a grid, and the number of grids are advantageously defined by
(@ HYDgrashener b {0RE3[tRohlerestikatdemafititon theilAapROAE), areas
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Fif othen istatteesidheGinta eiénemis: cawn ibbyifiputelementsdifatranseeaioh
ntaEy prasessed wsing! ireasanme: algorithim[0QR4BHCH preblp e, fan
NS RE,HREOMNAIALINtY ﬂé@%ﬂé@gﬁé@@@mm@% 010430 dBE i

threads G S, anc rlds de[sc?r tA%,du? ove. For instance, each grld might

thrﬂei)arnege(zﬁtt g result our%te ution step in a complex data-processing
[task. ERcGl.gritiGadyaiageeusiicividedrnteRiiHansy Llspeks., Gach

hhicheanbe RIRAESSEGiAS2 Sdngi'%r e A3 RIOGK. For exampie . e

advanta eousl cont%lng,‘ multiple "elements,™1.e., elementary portion

dﬁﬁa'p SToBIaH o BesiORielag PR §|H‘§f5’?ﬁﬁﬁtbaﬁ?ﬁ’bbﬁﬁorvﬁ‘%§ﬂg‘6&'ﬁﬁlﬂ“
sGata %f?ﬂ*re@\hﬂﬁﬁ%efewxde&él?ﬁcﬁeaﬁq@m@%eemﬂem dpffopEocessing task
ngbmieritss [BO6ELikH GBS st andnBrillpstratesthe s elationishigr hptveansets
(QEITIsuGeT AR aRshdbreadsd AR XW@@QEW%@QQ@HJ%@Q\'Hpm dm

a&%@fﬁﬁ&l@r@ﬂ&@%ﬂ@%@&'@ s L%@ou'ﬂe WS R K: Ff MBeL oL akds
200, with each grid elnﬂ made up Of a two-dimensional (9-D) array o

W@‘Fﬁéf%'f“(ﬁ%ré?ﬁe% |ﬂ§1§ﬁ8e§fé{‘qrﬁ@’d’ﬂfeﬁ?§"éﬂé"8eﬁBYéH"WI’tHe
syaperef éedmtitttbers identifying the object and parenthetical numbers

t| in e instance here nee ed As s n FIG 2B for CTA
{6@ »911% he elze c%n 4(85!' éoﬁzi@%!%er ny

each & wit iRcliaesa (gr'r?
OESEF h?é&é%ﬁ“ﬂw“é%ﬁ‘@’ﬁﬁ%?b‘f%é%sgﬁd mf@@ﬁm@qwep@fd
otheafopaicreofithe ibritleaandedéfirmeds vitier eraggchiclentifiermgretnigee fhat
didmeiifiethagrichcanpdiulla. iTnniguehnideniiesdhe &d Awithinthe gid;,.
oaggbeitgs;sa@ HRclo ARl IeCINeR 05 40280 SANLING Sl e 1 this

odiment, the identifier | could be’con tructe oﬁ‘Pa one- §|men5|onal
[f¥idlidentifienigha bereflimensionalCapfrdaantii@tialgdatacterized 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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15 two-dimensional thread identifier i,. In other embodiments, the unique
identifier 1 is a triplet of integers, with 0<_ig<n2;051i,<n];and 0 <_ i, <
no. In still other embodiments, any or all of the grid, CTA, and thread
identifiers might be expressed as a one-dimensional integer, a 2D
coordinate pair, 3D triplet, or the like. The unique thread identifier | can be
used, e.g., to determine a source location for input data within an array
encompassing an input data set for 20 an entire grid or multiple grids
and/or to determine a target location for storing output data within an
array encompassing an output data set for an entire grid or multiple grids.
b{EK54} Farexamplardndhaicpre atamkDkV dvageagdehitueaddndQbbiem
td‘illQQ‘i&:Qr( gIOQQQgEQ Ap RSk QLI o %&'Hlﬁ'ﬂﬁﬂlﬁd ﬁ&ﬂ? (HTIPEE Ofra,

ol r(%qus 29 ) o‘f3 %%E@%QZ IE a matter choice in the problem
cfecompc?sltlobﬁ imited onfy y &§"€onstraint on the maximum number 25 of
[dsepdsittsasingler6 Tin-02 thshlaaﬂﬁgb%m@eﬁlgﬁesn@iw@aeﬁ RIReeSSA!

JSEQW%&%%:% %a%PQSQPWQn%QJJ GRheNg FQ«;%P@&’H’E'I%Q% 9f<l," DAV SRl.

or multip egrl SCO Id be mapped to a single frame. In some

TS T T "%r&ﬁ’i’e%dabeé%ﬁnmaggl‘f%ﬁf|stUﬁ|f16?1r%n fﬂ‘éae\ﬁln% HEvAf
Gridd 0200 mie the Blnietremsoé fishebisrtantalinetiior  THer 202 nambes|
idedtidig i Rlohjtet the samerB0:huimber akoidiyienge manicithceadsd20d. Aa
sfgig@m?@ozm@@tﬁ?mgfﬁ%mp@ﬂ' {Q@O@%Q@%Qg%%\rﬁ%%f E@jam;(@m?
iffer | rept n ers S,.an ifferen
i 'Fad?q} g%si;rrﬁ%e%hw ﬁ]ggréﬁ% c? rﬁlgﬁt L%u&]d o ﬁrerfe]?‘l]t %umbers
of[fqﬁre'ak?g“ ttso%ép ChEAHdRiRY éf’éda)ﬁ“@éfﬁ')rdﬁ‘f%@ca&?eﬁ%‘ Gr Vb i
uppgndradenoficomeilié ntitindzdsidapd raliedadrdt e ssineebyidrarfiontiwithciad
wiiiAtis: orhe exesulatomighl ahaugiimet & auppeshatch-atdarge number
ofid- 9%‘#&%%H&r%%ﬁi&ﬁé{?‘x0%WQ?&L«;IE&%RE@E.%HW@PE"t%&djaﬁcoumes the
rammer from, stch hardware limitations owin mmer,
e G R R S
OFé*@%&ﬁreggbeécufa?z%%w%we eapbilities: %F‘iH@E&ﬁd@%W% G
ot the witte tadedati€iiAdprofiramiizhdefinipgdhe processingddask(sntozbea
2pedermed Pi-asinglerepresaniative fIeRAREINRIGER 1Q.detining 2 ,
TA.as a humber of such th{gata S8 ach with a unlﬁeslglentlfler %ng Set for

de em-une a scurce ocation 10 il an a CRCOINPASsi
en I

def |n|ng a gridas a number O?CTAS éach with a

oy SIIFEA HToiiPls B Ao Simin A AMPTHprataR ’EG“&B%%%‘F&‘&H
“b@leseeeuw@m@mm&mmummmrmeﬁer axensletidptrenOpadgdefined

cI din umber no of cone nt threadsﬁut the target platform
@(ﬁsp or%grgn PRI re St a?ransﬁatg?agﬁ F¥hea %?&f TRPSRPIALR

PB‘@]’f&fr*r}i‘f‘sf’Eﬁ?é'féi@R%elg %@M%FSF TR R e A R dstargpdter of
chatfontr sprpplenisitnangdtiamoieifoubéwerdkamstraint 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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no concurrent threads, the tasks can be divided among the number of
available threads as desired. [0059[ Accordingly, the programming model
of CTAs and grids is to be understood as a virtual model, i.e., a model
that is a conceptual aid to the programmer, decoupled from any 20
particular physical realization. The virtual model of CTAs and grids can be
realized in a variety of target platforms with varying degrees of hardware
support for parallel processing. In particular, the term "CTA thread" 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
diferasndeérstgadhthat€ FAdthr edtisemightspmipighidet-iapran adabene o
stRkgads on the target 25 platform. 11l Virtual Architecture [0060] In
accordance with one aspect of the present invention, a virtual parallel
[0REEhitetttie forddueduting: ChAschidd dpids of SFAvisiddfipeandhenirtual

thpauallel prehitepitteim@syapresentationof A pas alekprae@asgi 3Rehight not
s@peRGiated mamonsLsRAces AL sHRRQL @%%gguggwnﬁé)p@e!;@ﬁgmgmer of

conclLérr nt Y((Z)TrA tpmreera}g§n tQ&L%rgdcapaple tgtl c% er 0t|ve ehavior suchtas
afing data Bnd Synchronizing with each othe £OREIPEd i PIRE NS ©

d‘iﬁﬂﬁéf’ﬁ’ﬁéﬂéﬁ rk g e Bé%ﬁpﬁé‘&%ﬁ@é@%ﬁeﬂ%ﬁﬁ&ﬁ&éﬁcmdl
hagfocessarbiditid/oF provegsmgisysiememiScmciutingde (g, (HRIPrdRarof)
daystermd PRt B ikEne virjsabanchitoclvig:RAvabiagacusi.defines@ra,

dmgqr@fmu%m@m%waﬁsﬁthe@mmomuﬁtﬁr%@&t eS0T 0RIR, «
sharlnguand Wf a ce as WeII $s a V|rtual mstr)gctlon set

SO TAS are (1 EAR |den‘t ARSI TR e ApAe el SETEBle B Aftiral

appRasselbt rrmdetatkipgodrchecive %t&%aﬁta@*emwg@gﬁnégrwmeﬁai
ifgixeCliton dfived thatcbalinpe usetktocontrot @ TR dxedutionheigydylatform

sypbiningpnd BrRehngantidéy efaiid Rfded A%ud0RRL (RlG-3J8a Rlogks
Lipam &f & mgt»%@erﬂm@@&w&%@z pa%%dlu?ps%%%m RQAIM&Nt 8 1080

present |nvent|on Virtual architecture 300 includes a virtual processor 30
A T s ek A i rfglisgTe Bxarmhs s "fzi?’@é“ﬁﬁﬁ?ﬁeé’%fb
desirdthreads in parallel. 10 Virtual architecture 300 also includes a globall
WO A/CSOglthpt acceSS|bIe to v Jtpatlcqrgges or. 02 2 da |rtual driver

320 that (s:?erpl)Ilg ies co MAnas 1& CoNtro operation of vir U4 eﬁflogg’sos%rdédz

Vil ardfy et SoBURIGMRS AERSEEE! Gid altvhBIREEPI0R JfoBeRe RENARY
Petises sby 302 mtiates & frovitteridn808 thetireeeesidndrihtorpletsl in

vaomyaangefpanovitiuekidrivend 20:aRd Aneiectdinpoar s 3&tanaileahs.
IEXREHHRY Al BRI 8Rd510L A, SISt TASORCLEE Yy YR, GRIE.R08

includes a large mber 0 Or more
processing task%pgsm Y coopesa ting with onc? 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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of virtual processing engines 310; in one embodiment, each virtual
processing engine 310 executes one CTA thread. The virtual processing
engines 310 execute their respective CTA threads concurrently, though
not necessarily in parallel. In one embodiment, virtual architecture 300
specifies a number T(e.g., 384, 500, 768, etc.) of virtual processing
engines 20 310; this number sets an upper limit on the number no of
threads in a CTA. It is to be understood that a realization of virtual
architecture 300 may include fewer physical processing engines than the
specified number T, and a single processing engine can execute several

angl&g@?%@lfb%@@@eﬁmglﬁoftﬁ@ {i.gndlatfRimsunpeeestiaadsgr
oG8, multiple concurrent.real thz%@di 2 00,@%&%4;@%@(5 SESS0L308.2lsP

mcfugfes a V|rtuai mstructlo nit eeps virtual processing

YBRYTHAT S SHpbREY w&ﬁ’.ﬁgtm%tmtﬂf‘tﬁa?%éﬁé‘et {8 Eepriipralhabihe
fugipsiofystrerctidvisbare iredin eth by sarvifieral 1A tieitesiertlo? viidducously
darehitegiure SQ0utAR xanpiecofm viddial daddocparaltetdbicad., by defining
«RPMRMING 1T eRser R AStoW. Instruction unit 312 manages CTA thread
synchronization and other cooperative aspects of CTA thread behavior 30
lGgsthe E6Or3ds oftbemsplipimerindtruydtionsrtbitirtusl I9oemesiing engirrekegdignt
of@QGAd:Mirtkaheere 308 praMidesdnrtesoaldatas stokagepwitbsdifferenidevels

vl BCLesShiblY, ISSOQER@LM%@C&@;1aﬁg§nm&a@k%wtmaayrﬁ%§m¢epy

virtual rct)cessm en mes 310 n re 16 Lgﬁzlgq E?,St%%b dg{&gtryetersj
VHBIhR G BaH &K REn™ ecomposition

preRseRr 3P EHe QY‘WSH@@I‘?%’@dhﬁéHP?%MW %f%Fé"B‘TiﬁPf‘dﬂ‘i’ﬂé Yyl
pregiste tper Gitkithread L0z pe hwiritasprogedsimgenygin@310) that stores
a thread ID; each thread ID register is accessible only by a respective
(94! of“ﬁ%?ﬁﬁéﬁﬁ%‘%ﬂb‘?ﬁ%@%eg SPR R Fage er%dé‘fir%%‘i’/ also
comehadds Auditiomal detyistd?8 adaa ahteubgratp G PRASwrsdlt (srenyiag dirtual
tHpEENEESRGRagNE sty dhat sthreaddort Aot @ntifies, dhesCivinsliniensionss)
oG rAipRRSIARS &fgaafﬁddQM@Mtl&i&Iﬁ kelongs.apdanidentfieraba
régttgfﬁllpkgpﬁshlﬂCCTAf el.on%s SCPeCIal s %gl’lsge.{ %%(;LCUQ€Qh€lrr‘I¥E§ %QH,HI&‘A

|n|t|a Ization In response to co man S received via front end 3 from

MBS o e R RS ey & AU CTP RS R EBRe L0 Tt 5.1
atchiedtuietdRl segridiors Bmbark @sed By TAcRG TR Iivlcddualsestets speites
3e@Ghis eeiste kit allagpieidoihtaxehusive ssarefaneCTA thraadior one

uYHIHRL RGBS RING, SRAIDEidd ) ANE Aaas i 30y %l@&@%&#‘&lﬁt@&ﬁ 14is
accessible only to the CT Qrea tO_ENhlgh itis allocated. Shared memory

PRIENEACE B S APEF A TARRAE TwillSin B EIR SIS RS “Bay° [Beation In
%W&%b@%ébff@ﬁ; 3%"\"§%ﬁ8@%§ b'l@'to(awéffﬂ*fh%m%ﬁmﬁ EaHERA
cfordochbranyhwintisal processing engine 310 within virtual core 308).

Parameter memory 318 stores
[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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runtime parameters (constants) that can be read but not written by any
CTA thread (or any virtual processing engine 310). In one embodiment,
virtual driver 320 provides parameters to parameter memory 318 before
directing virtual processor 302 to begin execution of a CTA that uses
these parameters. Any CTA thread within any CTA (or any virtual
processing 20 engine 3 10 within virtual core 308) can access global
memory 304 through a memory interface 322. [00661 In virtual
architecture 300, virtual processor 302 is operated as a co-processor
under control of virtual driver 320. The virtual architecture specification
uvgdvantageeusiyienclist emacadit@bapphidationspirogramiintertaceldAPl) that
diﬂ&lﬂijﬂﬁﬁ&u Aeldervealis. recognzeddayHEidal 25 dryaL 320 @NELIR one
é%ttﬁ@egﬁ F{a%%vqn&s}'u&%w dféﬁ&&@ H&QHQ%%%PLWC%%Q

ca I or a V|rtua A rallel thread computing are described below.
‘g O Aoy ure %(5’%5 € "°ﬁ"6‘é“?’85’l"fe°<§ ﬁ“‘é VARRS) B FPEGYAPS:
SBF&HbFFﬁ§tqﬁ dhlemenibodisiett 2dtitinarbraiitenturedano by 1l &liba dhirads (or
bgyéteinud 0Pt cheivit B PP bhd 2@rimpBmenting vitic apydoessdm30Re
ARG AR Pl Lrieh RIRgRARA EXB0INGQB-E R dA2R0 Jmplementing viddals

oEldyer %%QC,QIQQQ dNaMoLy. 394.580,08 m%%%%%%% 10 SyRiem memor
104 Wd f{om em%mofgo y 124. 17 [00688 In one embodiment, PPU 122

R SRRt S e pré’é‘%‘é‘l"ﬂ%"@ﬁ?é% (st TRBOGhieS (FHEtRg St cxecution.

[(mbéilIO|Qo@@ltau(‘ﬁleQ)b@éi‘Q?:WlF@QE@@QW&J@@?‘J&H@JQ&U&&‘B%@Q ‘é%ﬁe”t

o288 er‘%ﬁgﬂocﬁtad'?rlgt% ME!{8:9,,:382 Of / §8LIf dhreads from 2. 8!

instruction un|t ementln thua? Instruc IOI’] lsnItofﬁ.ﬁ)ﬂulg{i]%:ﬁcet’bi
ety Ga‘égaéarffé%f%?’ﬁﬁ‘(%‘“‘gs 16 1 wRe i A Iriec oo brenmiskiden i

aliemificiurBlee] reeeive Hifdsaxecutel SIMDGRgtnbetignéwitione thesinStdotiony
lashitoallosuingl graups of up tecR direadsiaive mragessethimpanalelTihe w©
aRPEris.Mptitadag Wit eAgh, nm&mmg @é}g'ﬂﬁa%'n@gn%ﬁp@'ﬁ @ttom

-executing up to some_num 1%0 thread groups concurrentl
e.g., mam%wfu?fb clrren: tscfﬂa% e iy ggg%gfa‘feﬂ with' erae?:‘lil(ﬂ%re d

VB RIPSETHER B BrotOsdhere Aghndiesntsviiter J0veapialymrorsgrgmeters to
rireattoanotheld Pos, dhectw eivoriqueresity eidoutasnG:StMbngoupBrof
tRtveatlsepstniana Whglof Liconawrent breadsAp thisdgrlizatiap,

e *GiZaPeo 1 ndence between
?&*ﬁ&?@c‘?ﬂ%&JE?Z?%%%%E&%%%? SRR e e

8 Special registers 311 can be implemented in PPU 122 by
[preuiding.aash Mmm&%wﬁp\%@agﬁ*&ﬁ Rpydegiaterdl 'sxuw&!& under
co?.r & tt’ d?% b|e3% SIH\I‘I%JIQI;% téclnxe ec1¥10 é(?%/;a I %a Set 81ciudd:sa

0
aﬁ rea e registers to store a
v1rtuai apphcatmn progmm interfuce (API) that zdenuﬁes funct;on calls rccogmzed by virtual

gg engine

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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dimensions. Alternatively, special registers 311 can be implemented using
other storage locations. [0070] Local registers 314 can be implemented in
PPU 122 as a local register file that is 20 physically or logically divided
into P lanes, each having some number of entries (where each entry
might store, e.g., a 32-bit word). One lane is assigned to each of the P
processing engines, and corresponding entries in different Lanes can be
populated with data for different threads executing the same program to
facilitate SIMD execution. Different portions of the lanes can be allocated
to different ones of the G concurrent thread groups, so that a given 25
[@isEy indbe:lacabdrgistariiia 13 accessile @rhpioppopastigidarcthieades In
m‘fﬂ@!% ?degyQﬂéﬁtlﬁ@ﬁ@fé@(%@%wimmﬁhx%algﬁ@tf@mﬁ% %%@f»ﬁ%%?ﬁﬁ%
or. storing thread identifiers,, jm eptin of spegial r ers
HOOIT Sherag e el B SRRl SRS -
(‘F@Eifgf'éP‘rﬁé Bﬁ@hgraacaﬂ“cﬁf&d&&hEdﬁ%’éﬁf&wwﬁbaﬁ it ebhiekt thit
etgllovesidghy provessingien diictoiivae R0%ant srdertevto AN bestteirin
fihie wharedmamany sRaramgiapmemoty Bih8ecandie: prplementestineP Ae
IR 2:FARRIIHANAH SEGHIR0MURIN HN8.S30G a6 JP«QJ&!%JQ ap% some
sh re achgéréreroc%that im Iemem;? shar%d memory 3 Cuﬁcngsq

num roups mamtain
separat ist 1% ile or on- ghl caghe memory to whic the

rﬁ?&éé‘é@“rf@*@ﬁgﬁ‘?ﬁ’e%‘ﬁé\?&" rESAYOMRP e e i %ﬁ%"*@ﬁ%&f&éi‘?ﬁ &fft tHEMrea
rahidhifpie e titssth to parthwe fBrandmoryr ieatsor atedtersrore g earasnppf
raRRQEdMR, B8 avellias STARBEGHCIHRBN SRS, WRIeMERE g perioss-af,

aeie (%ﬂlbcg %g)lr‘?éet&oﬁé'gﬁrﬁe QQJ&%@eIQe%%netmqg ?%’1‘9& Elaaydggwgoncurrent
]@ Tr‘%ram executing on CPU 102 of FIG. | responds to virtual API function

S B RRGEEMMANGE o a pushbuffer (not explicitly shown) in
gm@poryp@%ﬂ r@y@&m:m@ﬂ?&mﬁ&&)ﬁm@mw}m PQ CRRAANAS A Fr46R6kng
e Cco nds. ntageous SSQCi ‘
001¥: Withallagentﬁr 5{: it nﬁ 1@1 %—; ngy daévagl gqli;%gah %ﬂﬁhan&%y

parameters suc the number o t rea e location in

Pﬁf&‘r&‘éﬂ%ﬁéﬁ%‘fﬁ%‘?"éﬁ P AtE SEr S 88‘%?0‘55@‘5’&1 it dnepiield Pa i
diorsasionsin‘dioaiivelenmensicd fapistCTA progranmilsrenedastie dihanticrhes
1dogaiian in global memory where output data is to be written. In response
to the commands and state parameters, PPU 122 loads state parameters

S onbsritsEBress thett Begmmicnspise g thieads LRt rre HemflsdRa s
pliyseatls speeifidty ifividel Gfvparametérs:hiagsdeendonghedick{enae cach

BIRNRLINABE:, P%Ua@a%lm&@em@m@héqucgma&@&%aﬁﬁbneaadd&ﬁnlgS
ﬁ&%&?% ler}-s’slt, ff ﬁ[ﬁﬁ»e&h@a&{% 'aqg&a%gn tofzeps [ead REARPESIQFG D

. at a design ocation wit 1II‘lt S%hg]ga reglstergllg orin artSpeCI t|h
t?& &E"[S’fe&é‘éﬁé aafgetwggbamrs%gagl itate execition. Different portions of the

lanes can be allocated fo 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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[00731 In an alternative embodiment virtual architecture 300 is realized in
a single-threaded processing core (e.g., in some CPUSs) that executes all
CTA threads using fewer than no actual threads; processing tasks that
the virtual programming model associates with different CTA 20 threads
can be combined into a single thread, e.g., by executing the task (or
portion thereof) for one CTA thread, then for the next CTA thread, and so
on. Vector execution, SIMD execution, and/or any other forms of
parallelism available in the machine can be exploited to execute
processing tasks associated with multiple CTA threads in parallel or to
figxeoutehimultiplenprase ssingdaskyassaniateginihiheraamarcakliethreashe
eifob@rRlG] 4l ag%zeﬁa\%ﬁ&%mlg@%u&i&g R alnale.sread. 1R cra
e 5 anv aiherchuber. of dreads, As described below, a i
instruction franslator advant geousfy fransiates codeawntten: to fé’rge
IHLTE *Achitecture 300 into instructions specific to a target platform.
094 Lt he AnRLeCiAspe) tJ?%IQ%MH@L@J&% %ﬁﬂﬁ%ﬁ% herein

is illu t{atlve ﬁllxq’ltu%!::t\llaﬁrl:% ‘ogs 3r?mmod|flc%tc%ops are rPOSfS'blet or1 ”
Hmtance in 'One alternative embodiment 38 EE e AHAT Bro g srrjicty

SR FRSORAlfeta TTSGTE eI 40 frometiish it srrateress ﬂﬁ‘éfmﬁ&u &PU
183rcHet IDrasgignedl totitsdhyoad: rathorthiantising spacetins|ocalayititabmber
of @gakes s ak this, iy RSl JNEBhASROWIARANATUIE: 16 ileaked
umhﬁ@@yﬁemm@&mygmlen%rn@r?%ﬂﬁé%%%%é n'i)ern;%cu&tfct%%hgf

virtual.c 308 For instance |tm|ght be speci that virtual core 3

Roha gli?mu'ﬂltﬁré’ég oS Al ¥Ry Bk né’érﬁ%%(’&i%t%%cﬁ?f?@ﬁ
ArEa SRRy SING rdapatapmitacs @@legﬁﬁm@ dberxbsgig in
l.gorbiR Busadiuthdtie iGudeterfitineds Tpbc(the maxidimpatumbers akthreads

Linahedl Ay Jriffanent e s el memenuanwd develsaf magwmyaalﬁebbe

, ﬁﬂx%ﬁ%f&‘ﬁg SULEA TG YRl ATeRISEINTS M3 RS, r&;"%.' zed ina ){:asl 180 O o

com[I)lu er systems usmg any comblnatlon of hardware an(?]or software

STEIREIE 1S Bt Sk bﬂ&%’r UL PPetthissiEn dedignind BikiseEpRstion

($BiIRg hadwae sbansitshasheendeseribeddy way of I%asfng'eetﬂ;e;&d

rammin cQ:'[gc'lSkS ?I’O ICU ware rea za O lf
“5?6 r&ﬁ?ﬁﬁ?ﬁ’@%ﬁé‘ﬁ?ﬂ&f&hﬂﬁhﬁéwﬁ@mwyﬂéa%qgf%ieé@ﬁ@ébf&aff%%
tye@iofadineevikined irtehitdutlsnd880 ¢@.Operatestiniatigetsp(OCPSSDN drereof)
fplatiornAde:-acendipge anermhosingnhotihg PreseRtiRvamionnds

RO 2,480 S0 QWS H?t%? 3“1%%&3 Wi#%i@rﬁ%e&t cL‘?nQQ %@%%518'?%5 to

comtglled app Ilcatf((s)nsa APIs from the hardware implementation of t

races t
Srge tpproces §OI’ 53 aﬁsa?[?gzr with muttiple CTA threads in paraliel or to execute

maltiple processing tasks aasocuted with the same CTA thread in parallel. Thus, 2 CTA can

pr%gge.all)negggg rstood thatépg é’ Etsent |n\ébe'r31 I%Jfrek?rt tO de to wgr tbgn g actual

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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[00781 An application program 402 defines a data-processing application
that makes use of the virtual programming model described above,
including single CTAs and/or grids of CTAs. In general, application
program 402 includes multiple aspects. First, the program 20 defines the
behavior of a single CTA thread. Second, the program defines the
dimensions of a CTA (in number of CTA threads) and, if grids are to be
used, the dimensions of a grid (in number of CTAS). Third, the program
defines an input data set to be processed by the CTA (or grid) and a
location at which the output data set is to be stored. Fourth, the program
islefinessanonerallprpcessitgpehanietinelndingc g mwbBen &e; iC to the

uﬁéﬁh Celh Bl LS FosBEOFAT IR 'Q‘EJH%{RF @eds%ﬁb‘?ﬁﬁ &%Mkom 308

rliaml;cal t(}:i]etermlngmsli e dimensions of a CTA grt? vyhrg} ‘I;eep
inctude mu e i =} ce I.I‘l en me:, XEeCcll
QRSN AW F AL BrgRTSSS Tb‘ﬁjf@f cation. pro ram 402

szﬁ@ww@h Hﬁ’&’ﬁig?ﬁ“fé\/@Pbe@?‘éffﬁfﬁiﬁg‘l%gé é‘céﬁ‘&ﬁ A ptempines T
((RORERAN nomiive dikbrehdsone efiboditfentt arpappiication @Cevelprdgram
seliracthi:specifiesphabehavior of one (virtual) CTA thread. In another
embodiment, an 30 application program is written using a data-parallel
[98rjuadies (areyal FEohtasioo e bsrrep s Raraiet Oy e ecifiue arang any
catallelope ratbnsOnditrayswaie dgahes ate«dateangtructiviescisuchpanent.

wial @QS@%&@&Q&%(B@H%MF@ ch@JeMQTQQJ@éEs&@S@ thatspaciiestbe:
letO ehavior ?j; ?1 ckiwrtuar)tCTA thread. To Qllow t[he behawor oféb Tﬁ’AOmd

n e S0 resent mventien relafes (o ccot% rammln
th rea anguage extensions or a ftunc IOI’] brary

pﬁ&ﬁﬁéﬁaﬂgﬁﬂﬁ%ﬂ‘fﬁ%obrogrammer can specify parallel CTA thread
4b@b&¥591{mﬁgtﬂg$$%g;? SRegial symbols ocrj varlable? may be defined to

S d to thread ID, CTA I rid ID unctio
E&@Hfdgg%la% SR "}%ééépﬁmer A VV Cglrr\etggo 8%&6 fhread &
P%ﬁﬁ?f 8yAeHAH fé%ﬂ???s‘fﬁ%f*’ eTARRAERHY FODBPTWHEN dficdtignode!
4pPohram W 2xdstoompiladudompileruid 80§ dneratizs vinnitd Spplicadestadd for
AbRIeparionsiehANRItatianRsagram 4 hatdefing Sadmithread
behavior. In one embodiment, virtual ISA code 410 is expressed in the
8l rowwtlivitgarareisietd de gs3oB BRI s SuaAmmlisr ISRy derles @55 of
tipr ogatpegaenalbe ot necassailyveodehiniagfeingle A caniloegeideoated
@& RRYIGHATr xgﬁggtmmgnm%ﬁmgm&mlb&%ea@ mtqa@,bsgam

deI’o q %d{xg\r;agrl"sc;[g IbUte% %%‘E rEYre g]%eg rog rt%m %oo rtae dé]Wﬁloﬁ ﬁle dimcnsm s of

ments np rams may bes eclIrl orp artlaY
g e Do ool o Sertell,
nybassEdTAD (008 L1tk piviahiddinge iomirddsiatol W12 porrerisbyifta&ITA
($SArapael 41 iadargehiSAneadgpuddda o samB:embodimamshiaigaiasA

d@ﬁggs é&é@a@%o@?ﬁh&%ﬁ%ﬁ%@ﬁ%ﬁ&&@é@ QYL@% 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

20



10

i5

20

25

30

target platform 440. For instance, as shown by the dotted boxes in FIG. 4,
in one embodiment target ISA code 414 can be received and correctly
decoded by an instruction unit 430 in PPU 122. Depending on the
specifics of target platform 440, virtual ISA code 410 20 might be
translated into per-thread code to be executed by each of no threads on
target platform 440. Alternatively, virtual ISA code 410 might be
translated into program code to be executed in fewer than no threads,
with each thread including processing tasks related to more than one of
the CTA threads. (00821 In some embodiments, the definition of
bimonsioms OF@TAS Bhdicrdrits ahswiabaksa2s defiainyg tapat datadsgibsd,
lagehutprh dalacsattnigihansied rhyy%yHMAPla &BQHQ@&i%g%Qg@@AOZ
G wdttutgﬁcqat'ata@t@ 30404 9&/ rt%%té%'. fune t'&%% V!{J.ﬁ,;e

4§mbod diment, adstpeufl%ait{t)on of the virtual API (includ ing unc |on
naﬁtes STpu pord ik pURRGHY Sfade ﬁﬂt‘ﬁﬁ'&'fﬁﬁﬁ?&ﬁ‘f@ﬁ‘t&ﬂbﬂd&eﬁﬁ?fﬁw via

Wbt‘&\ﬁ’éf’e?f‘tértﬁ’@’ﬁ‘réﬁtaﬁfﬁt@r‘ﬁﬁd eI Jrandriteninoohmrire s irebdAP|

Ceallddiréctly into application program 402, thereby directly 30 generating
virtual API code 406. In another embodiment, virtual API code 406 is

(008 0o r AV BOPUGHHBA RGBT SOBR S PotRami PO S B SEs e e r

cadaté s tefmeTTiRe tantligntids PREFOOBE Rt tisahAPT 6 detead Ohimyior. In

oneativedi irepartalIoViding: 20Vt pleesea Gl tioN, BRMETSALG, vilhiCht chitecture

30RRSHRtes. thevitiveh ARLCA m@tﬁ@g%at&ad%%wara@tmosem mands

e at ateggtt%e roce%ag thett%f%nt platform, 4401 f=qrdn % IS
by the dotte TR 5§ be

shown OXGS In In one embo ment tar

5‘8%%5%9%%“8‘&%%’3@%&%% Cﬁﬂacéggéaweoewe dﬂre)aans*z
PiREiEhscomUnicaied worlespondidly eormmarids todeRL9,1:22 dromilentdd 34.
rmidn bthisr@mboglimant bypivak execution driver 416 may be an aspect or
portion of PPU driver 432.) In another embodiment, the virtual execution
19Uk rhigrEHOR DRSO v oo arenL pFoceds diitmtiiet Birnphyle
4be &nconkrenpragransiratdalsnciies otihér pregiamsiDecihreadsdr tie:
ta@émmaeeﬁprﬁttawﬂat@esumaﬁxe@amgtéé% 6. [0Q84 It is to be
QMGQ&B%{?RQ;&Q&%%%%QQH El”tl)gtll'f?crflzl;[«'re ns ct:gtr'rg'c (}Q(Etfilal exeCUt On unit

gélver 416 can be created for any plat orm or arc |tecture tﬁat 1S ca a%

8 {fporting CPR BB APof tﬁgfé%éhre'mm ﬁt?amﬁeftdéﬁowde 410
mielt SratePs B e D intT Riiffbrett pidtforrns sruadhiterstupé s chinattasstatesfrom
ptii@same. vitualdSALyhawamevstisal 1IGAgo de WilGiaanihe puseshndbaeany

bR YRR O RUDILLIVL G TS, APRIGAHRDNICEAM és%gt B RB LS
mr(er(éqﬁnglled fpﬁ‘e crl%] ss(]ble platform or architecture. [00851 Further, it is
tt

not necessary th e target platform 440 include a PPU and/or PPU
{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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driver as shown in FIG. 4. For instance, in one alternative embodiment,
the target platform is a CPU that uses software techniques to emulate
concurrent execution of a large number of threads, and the target ISA
code and target APl commands correspond to instructions in a 20
program (or group of intercommunicating programs) to be executed by the
target CPU, which may be, e.g., a single-core or multi-core CPU. 5.
Virtual ISA Example [00861 An example of a virtual ISA according to an
embodiment of the present invention will now be described. As noted
above, the virtual ISA advantageously corresponds to the 25 virtual

ymrsa@ ragRiin g, fedel i&Té\éﬁﬁ@ldqﬁigﬁ gesribechabone: ACrdnghcin 1 6,
ﬁﬁca &m %%ment V'ft% L%énqg élgagb%agft%w Qym Rllsgnﬂom'%mgg»n

avior of a Slane CTA th rea to be executed one of virtua|

b‘bPB‘E@%f?wbyéﬁ“g e BEHAIA o EoPE 468 8 Sh9es” %Y Beﬁa‘%%?*rﬁ‘a‘:y“}
4jfrchud srebrsiperativesthtdthetprigndith! %ﬂﬂénbefpﬁeffﬂﬁbﬁtﬂ'szfg%wﬁy a PPU
dsyachimRizat ebrand/aeatarshgrid (hz30 0034 (it BB ol Befunders tiad that
e MIIHAIRA Hesibadihedqin s salely forpuRess: pbribksrationiang
193t the particular elements, or & c@c%h ations af glements descrbed, hgrein
are notli mltlng 0 the SCO e of the invention. |n some embodlments a
f%r%a}a?mm@?%n*éw}?f@"w B AGIR T & IRTETR TR AR BEH &I S RISS G Hts,
thisedp rogharmmermrites Sodeiv Bastied Mighulevdrivehiguage (e.g.,
0?ﬁT$ N bC C(-i'--l- gd Com\PI!‘lcsri408 ?neggte aylr%%u:%mu ‘e EC‘L!UO
[ rarHrbnté)r I(':n"gl earSO write mIXéld code, %ti’i some portlons ? %e CO

dmfﬁﬁ@‘ fhean Pﬁg’l‘FTé%‘T"Fd\’f@ BRI PR OAE AR iR ﬂ‘fBP\?f?fﬂiéFTA
c1SAiE5 To Spasiah\eriabled [20881oR IGnHaigw tibfer ST tist nitfapecial”
avliadles definediby fhe xamplevitilat ASde Ehe: Vetuprefix dsddsed hangin
uggmm%k%ﬁgﬁm'&%@@h@&heﬁa@g@b@&{ .40 4B REAGraImMIng

mode of Inwhic S ach th{ﬂ(\;:-a,tec 04 is identified by its position
recot‘ﬁf’ﬁ% (oi-¥ 8@531 n fiea iR a particular one of some

rmbeﬁmgmlssz{a@né&&%a{%m@dmﬁe& {he;spesial Masiakies pfu
dﬁg‘lb'e 591,% SOILESRORALO special | egﬂ%t%‘E@é&%@%&(ﬁ&ﬁ%ﬁ“&é@?ﬁ sﬁ%‘%@

00891 In table 500, |t IS assumed that CTAs and grids are each

* SeRhBE IS THREEATHENIEHE SPAYE e e GHARTERT e g B o
thyepfisernially niavibeteddn andotrectiibruiorrids saTesrPribtvirtigl o in a
pRpeniethatine spaciatvatiahes mbfiGs vl bedibdnitializedwlien theich
rfay BeiS Jaunchad..aed thevidyaldmA code can simply use these variables
without Initialization. Initialization of special variables is discussed below
Swyith le
[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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the virtual API. [00901 As shown in FIG. 5, a first 3-vector of special
variables %ntid = (%ntid.x, %ntid.y, %ntid,z) defines the dimensions (in
number of threads) of a CTA. All threads of a CTA will 20 share the same
%ntid vector. In virtual architecture 300, it is expected that values for the
%ntid vector will be provided to virtual processor 302 via a virtual API
function call that establishes the dimensions of a CTA as described
below. [00911 As shown in FIG. 5, a second 3-vector of special variables
%tid = (%tid.x, %tid.y, %tid.z) refers to the thread ID of a given thread
within a CTA. In virtual architecture 300 of 25 FIG. 3, it is expected that
cafirtirethp races $64 30 2 thall cagsidmensnibpip dgtichwectoritsatisfyingibteer
higBNSHEAIGALE (%liBORTRAM] @ XC O Yalidahpillitd. YerR POt latE Z Sde.
%f@g%ﬁé ﬁ@gu;m}%ﬁg Afithe GE@ FiUneDEshilR Qs mbediment. the

" %’[I tor may (? teflnert such that |t can be stored ina packe 32-bit
Ford (e.g 2 I8 DS FOrvaa R LY BIES 1 eHENA A¥er 6 bits for %tid.z). 30
5. [p@ggclaﬁsasjag\égw in FIG. 5, a third 3- vector of special variables %netaid =

ct % guactal gefin sjons (in hum

e dr i N R B R RS R
“?ﬁ "‘aﬁﬁ‘éé"f&ﬁr“fﬁ% 'b?fﬁlétz?aw&fbwmf*ﬁé%ear&naﬁmawmald&r&@gsor
pregrpiaize ViRt CAR U ctivhiehHatiaheedotch ddenhifediim énpiotioof abirid
COACTASHiD B3 hrABesRaw inpkisuid; anfaifidbni-vaater of sprcied. vRriables
en@@mm,s %@L@Qﬁﬂz vafEiald ya i G @@e@fﬁ'&ﬁt&%&é@aglﬁtlgs af A9
a r&Tﬁcw dl&; I:p virtual 5 architecture 300 of FIG. 3, it is expected that

a unigue %ctal vector satisfying the constraints 0 < %.ctaid. r <

[oigvetaid. wb@ 500 YeGiaichaied HanCIRIG Ynd@BGhO R %asiaithded Honctaid.z for
mtfa@ &J&muabsp&r@aag@&t&f\%ﬁ@gfe&g}9%%%85&9%13/';{9&}@% GIAIS

0ne~ ched 09;1% 1€ S ?%vanablef, at S0 incly le a scalar (I’{ogt:idid_11 b
varlgbelré that provides 3'gr r| 0 TR O aR G A R e A e T A be
inffiatlrrg s ey ﬂ%f*&ﬁﬁé‘&?f@%@%ﬁ“% I8Aicede sxpiioel watasoogrichies
withiue init ik batproviddd tatantobsprid ess @l 302 dsddsatibylthevgric gt ranttioh
thheneurant CTA is a part. The %gridid value is advantageously used in
virtual ISA code, e.g., when multiple grids are being used to solve
[t rent portio is B a e §esiprobitamet Sogif rogrdins Defitbd (Varidb| ¢érari,
2enilakiSiate tapticessknd 00 Abhbhe viktuals) DAa0DWS ANeHr QR FMTEL (@il
srg@m@ral&o’,ﬁmm@eaeram wram QL@RIQ%@EM@U@E'%&&J@ RESEREIR AN

Svgc (LQ gnﬂrboe Er%%? ed to v; p?olssesggrf %% v;a a v1 FA%’Q%mctlon 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

23



10

15

20

25

30

"virtual state space" that indicates how the variable is used and to what
extent it is shared. Variables are realized using registers or other memory
structures available in a target platform; in many target platforms, the
state space may influence the choice of memory 20 structure to be used
for realizing a particular variable. [00961 FIG. 6 is a table 600 listing the
variable types supported in the example virtual ISA embodiment. 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 length. Signed and unsigned integer formats, as well as
fleatingrpaiatiounalis mayvbe: 2defeduacaordinDiea camientional
SUMAL.(619 o4 EF-{RS standards). [0097J In this embodiment, multiple
widths are supported for each type, with the parameter <n> being used to
[speiify Ahehwidtin, TS, fobindtanceiosof 6prvdit atasbéed Botritidig iEdiaeyer,
J&&aﬁ%ﬁilaaﬁwmmﬁrgﬂ@@m%@h%ndnItaal@ﬁoo
SOMENASRISRES, RICIGIEISHIR FRIA0MANG:dE iy

floating-point variables must be at least 16 bits, 30 and mteger ypes must

BB EC S IR TR ST KA AT T eiPbcted to support all
bf the=pecifiedwiitths; ticthE proddssur's ddte patied smeiseréfistdrs e
aBsrewehcR4ithan the widest width, multiple registers and processor
cycles can be used to handle the wider types as is known in the art.
[999B] ithie wrtie vbiestasel itshidtreserhta AR e ant ks risEid s ereid
iaeexiflastrativerined westrictive otlthgdnientionl ©dieeQie FIGo s astable
diglingdhe Mesal sialg.sRAces atam@&ted,iimcsampmim@nk&ﬁhéﬂn@of
Hale ppageR ALt ARIER: SUISERORING.O AEIRILENE 5.0l Shating pod
possible storage locations in vir ual archltecture G. 3.[0100] The

%«ﬁﬁe&%ﬁsféuﬁwé%%%dme&ﬁ%wtﬂ{@%ﬁragﬁfrévé’mwsaﬂfﬁdafﬁa?s%&w
5@“%:& F&?%%‘e@%ﬁa@ﬂé@% @‘iﬁd@l%%&&f&%é?e variable and no CTA
will have sto 10 any other CTA th dSI stance The wrtq)el

[I’ ua ows the \%ny mer or clom (?% € an arbitrary nunt
egister (.reg) s ate: space IS 3 age sly use efine operands,

'iémbersfwanﬁegmaqﬁ*&/&ﬁfr@éﬁlfa BREBTTHUAIGHEE BESHEPhRH L5 md 2
‘wavkhIGhA thred thatiptiograhvmiy dedldrasanydnudtoerief vittoait redistets.
wm&aém@isaarfedaralg%esaaMamkm&)b@stauﬁueammieamd}am not

YR EOMRMIRA APTRSS FRISSIATE: ; TRSRRDIR QlRcalYirika
llﬁett%sters 314| ﬁgﬁlﬁﬁ §l(z?r-cll;r[{]'ltehcture 3 ISPG 3.15[01011 Thfe ly

“‘“ﬁ‘é:%ﬁ%i PGi%E %éf%@ fefrghseTy Fraeiponds to the pre-defined special
maaablee&@fﬂ@ eI AEE tﬁkara%e ShRGialyeaisierad bhapllli@lat 1sa
%(f men r%o IQ-; asrgme e %?dl &% ttshgtgrllg 1an|t<|=,gc'?‘ gr?s(ilgemm althger, and
clare any o e’tpvarlaBlllggom
ﬂo.itmg,—pomt 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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space but may use the special variables as inputs to computations. All
CTA threads can read any variable in the.sreg state space. For %tid (or
its components), the each CTA thread will 20 read its unique thread
identifier; for the other variables in the.sreg state space, all CTA threads
in the same CTA will read the same values. [01021 Per-thread local
memory (.local) variables correspond to a region of global memory 304
that is allocated and addressed on a per-CTA-thread basis. In other
words, when a CTA thread accesses a.local variable, it accesses its own
instance of the variable, and changes to a 25 local variable made in one
e Acthieas damohafigeraliserGldptbreadscidrlikentheutegtaRehdRreg wider
AR SPakss Rek:thread local memory can be addressed using computed
addresses. [01031 The next two state spaces define per-CTA variables,
[M9HNI Mg st eltccadar GPA thdtlthlalve omesinstaridéofstudwanalptailywwhicivanay
rdIgiaceaessedibyany of its (virtual) threads. Shared (.shared) variables
may be read or written by any of the CTA threads. In some 30
[ o diterts 2t Shistesshacetnbpaitontirta ahaivardd rermoryrdd Grofal ISA.
Nkt salanehite ok end ) cfnkspodliidp @ sealizatiorepiovistuaharabileckite
s3RQe ibesharad siate, SRACSMIY spapsonto 25 an on-chip shared
memory implementation (e.g., a shared register file or shared cache
[ o tksilérive stverread izatibasd thaehs haneed Istatenspaive trighein@pa
ttﬁ)ﬂiﬁ)vaxEIDE{,vGH’Apia@iGms@ﬂ&ffaﬂlﬂiﬂ:Bﬂﬁﬂﬁ%ﬂcﬁh&@$@llﬁ§&1%ﬂaﬂdc&@9&ﬁ&§E‘d

afyP ALY eienhglobally accesaible e meky: ?A;B%%&E’a@ﬁ@lﬁ&%&&%@l
" iabl nare read-onl and c n be rgjad b%ﬁ an(}/ gwrtuazt rea
1R S i

S state'sp é%me maps 10 parameter memormgié QPR ePc ormed by

e%ﬁ.?&t%fﬁé%d@fé?ﬁﬂﬂéé%é@?@éﬁ 2Ey e ﬁfa’fftbﬁ fﬁﬂlﬁ%ﬁa‘r’é‘aua‘ registers
apardinetdreeinbyy ertachepitemenyoring begiompfiiglecbdltysadbéssisie

spitchip-mernory ithat Jsadlaeated-d adenassadrasany ohargobally
accessible memory. It is expected that these variables will be initialized in

[ onSec o inere i Grdormem antstrontaierandritteh S po-(d1od sptial

veosigtant feoast)istate«space iissysad tozdefine |pes-grdacanbtamisdbad.can

s&ﬁcr@ragocﬁwm%m@ﬂaﬁe@m%wiyma&)cmeg,gi Yharafabisit the gugl.
IQC\C{I{; qal arChItt gt%u[:%a varia he% CQI']S'[ % fs?? u ae (EpiayAtiFd:gR&Rre dgocaaﬁ read
egion |n lo memory to W‘I;]I(?h Pea S have rea

B S R %Té?tﬁ’%i?afé"céﬁ‘?jé"Fé‘élﬁ‘i’é‘a"i’ﬁ"’&ﬁ)oﬁ"c??ﬁS‘ regead i

resdrameterciBrenbidrotfior Sachecthemaigbbsim thiperegrdicagion of Gibbally

taceessible sefi-ohip mamey/ b ainis allegated and addressed as any other
globally accessible memory. Like the parant state space, it is expected

A8 lvafieieesmierd Bemststatecdpacabivicoasicadisetiiripasheirdeltgemory
3ddivier conmmantisfrafirasiét ah drpeeiC320thread basis. In other words, when 2 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
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(01061 The remaining three state spaces define "context" variables, which
are accessible to 20 any (virtual) thread in any CTA associated with the
application. These state spaces map to global memory 304 in virtual
architecture 300. Global (.global) variables can be used for general
purposes. In some embodiments, specific state spaces for shared textures
(.tex) and surfaces (.surf) may also be defined. These state spaces,
which may be useful, e.g., for graphics-related applications, can be used
to define and provide access to graphics texture 25 and pixel surface data
structures that provide data values corresponding to each pixel of a 2-D

A UnlOHSO FRS QMR EHIS Sek i AH 8Yg [QLAZ L d Reyidiial b S A RO AUR Of

oo bRt M/%HQRJ %&é@ﬂ%ﬁ%@ﬁ?%%%B%Q'Eﬂllgaﬁh@e %%‘rﬁ i ao%‘?a .D{;%F cgda

name The name is a ;%Iace older and be se ectg%
S P REP S LS e SO examp be@ff 016 g‘bE,Y T

72091 declares an untyped varlable of 32 bits in the virtual register state

n?‘n%%?e ANy 9 H&L‘?e%téénes Lyl 1ISA.code %‘?arr‘l}'ﬁ T80 Q)‘{{wead

as a SOUrce or déstination for an operation. [0110] The exam

€.g.,
“MFt?JSTI%ATEH%%%WB?@”QFﬁﬁﬁ’ﬁﬁ‘&‘%&f&}%%? e éﬂ%h%fﬁ'l‘é%“ﬁ‘&”é’ and
caxbrpiizd0 Bl in ghotreth B2hesd RARESET 0B0) OO0 T ISPl Sifes ragion
o iFtbialglabalibacaeskiple-1000dhy i1 008 astoan ot BRebitflcatin gtpaighbbally
amgam@gae}%wa RGN ARSI AR MAY HORARIAILEY & RPonse to driver
ddreeis e men‘l%rryv egigns corresponding to the assigned state space
CTSTBT 3{NVeCtors in one embodiment can be defined using a vector

(e Vﬁweonwm Qibnie) dhe spamben el companpatsf druactas fLabe read
(gﬁ%m%%a AL Ee OV I3 % ER9%h L%%dﬁ%@rgaaxﬁ egmpeaeeh\@&m

32-bit floatin 0|nt numbers in the Eh{)e V|rtual r OA  hread

ﬁ’sf’ SXE R PRV RO AR AR S ° m%)onen Ats ma using -
h&%&ﬁﬁ)@éf By PBS: W’Vﬁ)ﬁ%‘%ﬁﬁ?ﬁ%éai %ﬁﬂeeéﬁ%dwﬁé‘m Shﬁfﬁdz’aela?‘af
nane e onwedhamchsuffixes spreipad egiongizlole)ly(abceskible JF-@)p orcfonrg it
91 RkG S ach tnddantilyscaprnes.nj0L1&1iSineedhe. veriable pae\diiual,
é”é‘a! 1|sSéA‘p%9tg§tﬂ'thiamz§)YegﬁI HE . 9£Js‘?fs‘?£té%p%@¥ “n%@t?acarz@ﬁn%m any

of the state spaces (except. sa ?%dw ere the variables are predefined). Itis

dﬁ&%"s?ﬁf&f?ﬁ%‘{ HRhURHEEP 610 A ables defined for a particular state space
(e vrﬂ&@e}%eg 84 10:0NEx686H BERANOVDLBSIRIRALRS MiRssible to
a%)cz) rve:rste CW gthlpe I%‘?A associated with the application. These state spaces map to
global memory 304 in virtual architecture 300, Global { global) variables can be used for
general purposes. In some embodiments, specific state spaces for shared textures (.fex) and
surfaces (Lsurf) may also be defined. These state spaces, which may be useful, 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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particular hardware implementation. Virtual instruction translator 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
25 needed and allow its allotted space to be reused by another variable;
conventional compiler techniques for allocating registers can be used.
[0117] In addition, although the example virtual ISA defines vector variable
types, it is not required that the target platform support vector variables.
E”iﬂgiu afTREfi O HRRISIaah A 53 iy indpferient KBy vetit varrpmeds -
Substectibhref efvapptdphiatdauamisér (e /. 2,8 ar 4080 of dcailrsnXprg.
op¥iftigal Instructions [0118] FIGS. 8A-8H are tables listing virtual
instructions defined in an example virtual ISA. An instruction is defined by
FORLObffade exympbo bRt 5 rHenras reSuR HSiNer oRecbr ifHdreapdtanty
examglplacing that result in a destination register, setting a register value,
and so 5 on. Most virtual instructions are typed to identify the format of

Odlts andréBtiyitrseshd 4pRE Rk ruction execution may be
rofeRendentan ReNRRLIREIERGH 1008181 G088 RSEHSIN 1AL

AU ff&%ﬁ?a Zaesult, operandsy, [01201 where name 'g the INSTUCton . ons
name;. <type>is a R SE G SR PP (SRS M ETSEELT PRy Fesions

coFESAN AR (TS BRE SRR TS esult is stored; and operands are one or

[0?19 e %@%ﬁ!%? gp@&%@dﬂ%@@qglgb%%é%gyé%g%éqev@%trr g:%t%&nvlglgp x%hcre ntis
embodiment, virtual architecture 300 is a register-to-register processor,

e R At P SRR R TS PSP At SHE™Blier than memory access (FIG.

1089 are requiregktosbe yariables in the virtual register state space reg (or
the special register state space sreg in the case of some operands). 15

[0)0.5 1 [déetarg etiptatiorneis expecfed-tit fealize peichnofitie instrustiohs:r
vitRRIVIEURL|SAs sHRINBELCHOB A RecraaliZRceitbE-as - AOFEaSRAIMEINGing
«BACDING INSIUCURN AL Toduces g aReGIliG-elfec (ieleurslia heein

as "har war support?) or as g sequence of machine instructions that,
SWHEhERE Ut prodlickthé spedifiEletfedt (FRAFET T4 HERIY gmponents
[0156ftWale SHPPQHLbleTHE Wittiakinsliugion danglaley 4kader Apaligyar
larget platf rm.is 20 ag\ﬁanﬁgeougly confpured to |d§gtl%thb machine
umber of variables 1 any of the state spaces’(excepl™sreg, where the, varigbles ar .

INstruction or machine instraction sequence cgrres ondlng?o 8ach virtual

PrgefinRdiont foresohierfial 1Bn oG Stsedthiohd-frtimna RRYHUHSHNE CRICe &R

vighith 8k coidmd] fisted rceed 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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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 25 may exclude some or
all of the instructions described herein. 5.3.1. Virtual Instructions -
Arithmetic [01231 FIG. SA is a table 800 listing arithmetic 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 30 FIG. 8A as a, b, ¢) to produce a result (d) that is written to a virtual
JrpgisaplTrataicaeisrands and destinations for arithmetic operations are
@y SFIGETh @ At ate egjisteksigtarspasstiegorSdeRcapinthat:thepspecial
15e0iale IR &I ::5d@ﬂn@l!%§R@G@cf%t%ﬁﬁlﬁQQ%ﬁéﬁﬁ%mﬁﬁgl&@%

SRR lblctly e ASLRLATEAmENG PREENONS E!QJQPJ&?’ QNEYdRs,
“the four e emerﬁary |t?1met|c operatlons a dltlon (a tbtraction
ofsudyehititplicaty ARYy ARe RSB ) orREsY '%‘bé?&’?&ﬁ%t%ﬁh B
apede afimdtontial prsydenand o dtpgdsninn derdytppddaeriprolitee af result
inkihesarme type as the inputs; in some embodiments, a rounding-mode
qualifier may also be added to the instruction to allow the programmer to
[Sp&tify how - frEdRAt SEAAPAEYdinded and whether, in the case of

%R9e rv%?er %9;9% SAMRHRD IMitR.Sh QHJ,SLQ‘?S : HIRQéﬁS'mLQ ka9l BFRE types

comp ound arlt metic operatlons with o eran sa b and care also
’%ﬁ&ﬁbﬁ‘&d TEHHURDK S ey e S i aa freas ShaeSiness
S HRIE ifBrE e At aMEWHtﬂW&Hd‘ééﬁ?ﬁafeéqﬁéemﬁﬂbch%
archirding, J0Micategidy-Braakets pancadded Aguihed et Fuse dpanultiply
oaﬁdtﬂiﬁeﬁsrﬁmeeég é!-‘lﬁ@h akyhe &r@ﬁu@tt@bcbvﬁ,m&srmdemmiwglg%r stt?)te

M o1 abso erence com e (a-

o e e o

[ntager O pegarfisiant icexppiste o kbathe semaiagan{aumiodshy ivhenual ISA.

APgkandigs.divided by ersrand Qxépp‘iﬁmr@ ¥alug.(ahshanch aﬂ@%@nes the

%em%)eg e?f ? elo-rpg to %:)rgzs thah Iy \Qfa?e arp tO an O Sgr? rel:c(i) mac me
INg- OII’] or signed integer orma nim mln maX|mum

"(‘ﬁ*é%f%f&b@f‘éﬂb‘ﬁ‘é‘ f‘\mﬁ@ﬁdca'ﬁ’do‘ée dsnediest m‘lfé ec‘i‘?‘fﬁ%iﬁ Befoft software
soperahid$hseithd destinationrdyistél2bthestrallertagperiidrorifarger
[aparapsubardling.efdsp el gasesdtwbich-0aebbathiopamndsiis a 20

LQURLTIRLAYIRGT{S0n ARRERIFEF, (54 standards) may also be

specified. [0127] The remaining operations in table 800 are performed
[ondy]forTiie atingvfaginitsoass faaabermfve)iapenatienattutnstihe fikactional

- ek ehilsHnpUt t§m&mmggmm(@g@o@muam@@g?@&@émm@smam

zp do legg \%%Qigie l%lgrgrtlalgrzl ?&EP A%Qit?o%gﬁ truc o ttlgtter un?lm Jgé%bcd 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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functions. Base-2 logarithm (ig2) and exponentiation (ex2) are also
supported. Reciprocal 25 (rcp), square root (sqrt), and reciprocal square
root (rsgrt) are also supported. [0128] It should be noted that this list of
arithmetic operations is illustrative and not limiting of the invention. Other
operations or combinations of operations might be 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,
expdpichat gt thassoatdF Hotinthecracil r2gsspeitnarrectors) sy bsed
as@@ssyoduct (cross) operation, which computes the vector cross-product
d of operand vectors a and b; and a magnitude (stag) operation, which
(83 &t pessl i afSEdancragiHf St ahtrsuden by o sl ae ey attichdi
opfarad)sopeadaiion «¢ompitesiardcatamreisplicdiiop performdidy itie: sfekiflédse
o RPRIGH QB TR tRRRG Y1 AREQss therh alementsalihpaeatopoparantdsalt
of L& eMRodiment, only & reIMeHan. AR AUQNS 3 dD il BU R A%
_are squorped for ro.a'Elngt oint v_ectorst;of(‘)rcg‘ilt[zgg& \t/eecrto‘r 2 %gdfélggggu ded
GRS ISR AR Ay P R EETHRT RoP S S ST Delon) may also

escr

arfebabpoiiabe BT T ARARITION fostHEadon hiarititine bR dPRRSEfor
rations such as vector addition, vector scali nd the li [ X
R e il SR SN TR . e
maigberdtimehdreRd arR TR SIS G ittiTaP ErRIBEEAIE S0t ifght not
Matiorddectariprobe ssiduct e vitduebiridee cnberted by sk 2 Dead rddichto
tkaalinationsd smadvantrgeius lycadapiad tagen erate-appropaateinded prior
SRAHENCes Al scalal Maghing NSNSt BREorMtheSE @ReEaEonS;
those skilled in the art will be able to determine appropriate sequences.
{01365 3 D ficturahdastreclioms:tiGe lgetifrad b8 e biRetiges e (OKB 20418 €S
e BAahIR A2 hbatn g saleptianand Aelitesistpeape rtionsidefiaad (Br)end
nggsﬁmﬂl,?eé\sl QLR LRSS ARCEAN 05, MHEUGD 525,06 RS RHTRd: AR A or

numeric data type, Set a destlnatﬂlion register based on the gutcome of a
S B R PRS OB SR IR SRS AN LB LD PR E BN B et AtSH Selécts
sppierin dntsgprorsinatingorinaPRtEpEraidhs fretikeyet et ot ARUTd set
ofsek)dpefogan s eoin paritey dppraticns<cintphicnoop erdntsoacandshste
nSERSHAIEAFNRAIsAnJesE b dhamaaisThadastivationiregister d to
Boolean true (-0) or false (0) based on whether the comparison result t is
[913@] (- Thorcfedgenf0)paFhies iowbd Kormsarsonmependtibmdletimpoint driss-
reimbadirossp-iachideadunk fisdsna Hha of b gieatainti@n)(kisitiee df o
R 885 PARSIRIYE L AR DaURAeLQLEHR| S PRI A i Pometric

functions. Base-2 logarithm (/g2) and exponentiation {ex?) are also supported. Reciprocal

(rcp), square root (sqrt), and reciprocal équare root (rsgri) 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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25 less-or-equal (t is true if a 5 b), and other comparisons that include,
e.g., whether a and/or b are numeric or undefined values. [0133) The
setb operation is a variant on compare-and-set that performs a further
Boolean operation <bop> between the result t of the comparison
operation <cnrp> and a third operand c; the result of the Boolean
operation t <bop> c 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”
opfesiiaomsregidtbrs aresgetddastnatione3tae gibtdr dingwet thy tsetresult
ki Fbapr Conbitede stinatianse oisier duismaeidonihe msukiaf WHkxbop>
chmpuiSnd/ital lmgxmﬁuﬂm@&g@lce%dﬁltmwmlm&fms%%a Diis
2 ahic 830/iting Togical and pitmaniaialion. operations definadndhe,
“eX t?ﬁ:f’)rle&'vw bal ISA. Tl bitwise Bob ean operations 5nd‘, or anaxor are
ISR FHEICOF O TE FRATIR G tHeogp EEimE G P a SRe orR PREBTBei4haes
ngrand ‘rang satberpdHer Gorespondingobit fnrietsistercdttos thddidaultrefigion
opitwise (g alianfnad)opakakioniboy estsveanty Dibekepgiand.a, while the
logical negation (cnot) operation sets the destination register to |
1(BYbleHrrididnitaths P ORS EH ORI TAFSET aPHAP TS BEbeaPrasddition,
vatesvdse:, 101[0E 354 (Bit-BhwltingFis stipportedsb d difishifin gt v ardl ISA.
right-shift (shr) operations that shift the bit field in operand a left or right
[Hy the HPRISERDT B SlsdeiearbFUFarantrh  EuP! SigHEG G PR et hot
syighttshifoaeieegaage oUsly Hills! lestdiskpbitsaged Gniehaudigerbiratiens is
atinsignedsiforapis] ©gbishiftifs jaaditgustsewiths@troasciing Msiittival to
PRI GHIQP S e FRAPRALGQNAISI AN 0] 36 BLR «SkdsAitakle 84R.listing
format conversion operations defined in the example virtual ISA. The
*fdrmat conversion (cvt) instruction converts an operand a of a first type

sSalyperdoameduixalentsaliminsaeegekiype <dtype> and stores the
{(??%1” ip destinalion,f esisld s @lid [pes. InQng.cphadimentalg lisied

n FIG. 6; untyped values (.b<n>) cannot be converted to or from integer
BTREHRDETY S RTARAN IS TR IS0 S0Sr SHTRSE (g et
sefl Plp et regierh ertersheely At A GRTRPARRRECR B e > T ha Aamsa 2B
seltenie{s thaksatur st usherrexprésse damszthe dal gethnde iays atso be
ceReriliadd S8 \MiEtralinsliglieRs-oRaladNavepmest shekRata.ahaing
AQLITL EIG, BF 12 a4able 830 ising datamovement anddala sparing,.
instructions de?lne in the examp?e virtual ISA. The move (nwv) operation

f%lécg()a 8&%%%?&5&%“&%%%@ bLF true {~0) or false (0). Theallowed

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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25 immediate operand a or, if operand a is a register, to the content of
register a. The move operation can be restricted to virtual register-type
state spaces, e.g., reg and sreg in no. 7. [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

regigfintéf e gistereprio s sbe the bt dersinaitiorrdistatdaitteny cobs |y twied

iy trapsfer variables 31 from addressable state spaces into the virtual

register.reg state space so they be used as operands. [01391 The

irual Insto kDS G and B atigy

i

ckOEIRSRALASIK. SONSIHREMRAUEAPLES0M GRS aRASEH arSpertmay Be
pARYANG AL 3,0aMad AAIGSSRRE R IRDIR MO EMA YRS AR PG R0red In

d, areference to a register that oI%ﬁ.t e source address, a reference to
CaTeBistertna hoS AN Bddféss o be aaued PSEanca et VaThe Blbsied™
by eLapemieaTale BplsinthnEruat reioonstaiapssnihs derdnatien ogiapnte !
(Binhitarhpyethtastoreo SBpolperdtiorn stdre$ (Realedu&isr8ource.register a to

a memory 10 location identified by destination parameter <dst>. The .
\WoatceVEghitiesinBrre ehis SlrER AR HE gt dpcha
thepcdtifield omonsrsdisd R o vighelables andbadel bis atviefaby wsered fe.Bor
signedfogiabalicot-shi radindztcusik) fillhiedastiniation:pananietien selSor @aizned
S PR A QLS WAYS: tQ:URRRLL different addressing modes,
similarly to the source parameter <sre> in the load instruction. The store
2i3gtrjg stubeconseHoma Comtessimfer an 15 operation result from a
[segisterio. 3n adedessablessatespaceni@libl bja-rimbeditnants whaienple
RIS ANFL SHIACE IR RRAES S . MQY 198 AAAIHONRITEP Aleirst ype

<mstru;:pons ma bet uied_to Eead from<the tgxture memory st]ate %I:?)ace,
(RKY o TeRa o (s 4) 4RY White 1BREUATIRE SIS CEMIdRGH S4Ra
Py TG pera o treRbyyirsnaatelitisfd&dd- Sperirthetesalife )
cidentifier(tycantiicoofadimateséxpylioikayysat thpeaparandst 20 s, fepydtfor a
M@?ﬁ&iﬁ@ﬂ:&%ﬂlﬁﬁehvmﬁdgi&’o@ﬂﬂxﬁhﬁ@&@;&@ﬁ?ﬁﬁr@ﬂr@)&@HE%OQE%WQS%MH%
thread may cooperate with other thre y
o e R P AR TR BPS Te R i
53 BA MO Aviblieads eanNise-doacan daslataskgual instructions (as well

@Eie ﬁf@miﬁrym@@é@@ﬁ&lﬁ-&?&l&&ﬁ%ﬂ&ﬁ%@%@ﬂ%Kﬁm\%@%:@%&&%a in

S 1ead data fom 112 PerSTA VAl state spaces, This, ons S A

immediate operand a or, if operand 4 is a register, to the content of register ¢. The move

(1S

estination register d to the value of

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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25 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
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
rgFich E@rdiasiditter epicgy s iméhersameiapplication: 32¢6 8. GieVirtuak used as
ofasirygtions - Program Control [01431 FIG. 8G is a table 860 listing
program control operations provided in the example virtual ISA. These
[€19rol Bpepationsywaiblranith beifantifiet tenh o seuskilberkire teans ~dliehgambe
dPrRSl MRk EedlisachpsAgismaxatitinng Bransh kbra)rediraatsome
e%o%fg%ﬁ AL sum% Sasatian, tagg&%om Rane Apbedinentsya

ranch tar Ftbls telnled % cing an alglstagtrmln Sa}gel in f:%oa ogsgh&e
ARy 3|rL1’§t‘ru8t|<‘3ﬁ'i’rrf’f'he VirUaF ISR Code using‘that 1apel stﬂe target

"SEREPRATEP &EAREEOt ‘é’lﬁ’#a’ﬁ’dﬁ“i‘l‘i%*t‘rdb%ﬁid%n‘qﬁgt%fﬁ%é"‘fﬁ“(’)ﬁ'é'f’p“c‘i as 40
iembiidimpninfQ b444 ilnbeltizddbistB®2 eddrelsyr2; 10 [01451 identifies the
add instruction as a branch target with label label. The |nstruct|on 0146
B4l ST ERURE P HHE S50 PSR 8 BTGRP ™
IsstiarcdeniffetnaiesTneienpaprivetuid (e TR SHMELBBSSUA POPES RIFRITORC™
randieubmutineseallgidrameddsibntifie sniebfunctisritebsubrbaditressthicone:

a7 m@@dgm%z ag,r'ébﬁ?rewns iSRG 2 10 g adiSpRASR Ee tupR v alieds
d900red. amssw%gon;%g 1 GAN.he declared usina.a Jime direstiye. and
efining t

virtual ISA code e function may also be prowded Curly btrac SL
PPBIS T oo °aS PREBIS 8 b (I08e e RsHRa GAIE B Gdmmy o =
demeirrorifbroutiesfromaotkEircsrhiaitrSSrasee. [01491 For functlons, a

B it oo SRERICE RS NEN WIS LU & WaliSd Rl
Id be’s ore nctlons an %routlnes input arg{fcr’nents are

%ﬁé@lﬂ@ﬂ“‘iﬁoﬁfg@ﬁhbﬁﬁﬁt@ sresSomhe W&rﬁ ?@?@éﬂéﬁ sprecdeanaed gread
fihen peXinstvdton (s sioke durfadzancretrissaxe spawed Thdrpsrendtd shrerstored
eddressdsdaennd @bl iiheisxiunstaustiendesmingesast Alhopaddhat

ENCOVRIer Sl IS APIRSIYSIAD lPYOKES ARIRSESSPIERERRELAES (x, ).

user-defined trap routine. The breakpoint (brkpt) instruction
[0142] A CTA thread may cooperate with other CTA threads by sharing data wuh other

CTA threads. For instance, to share data within a CTA,, the CTA threads can use load and
store virtual instructions (as well as the atomic-update instruction atom 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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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
barrler (bar) mstructlon |nd|cates that a CTA thread that reaches it should
- dH ' aipREtherdabtructions until such time as all other
[@IFfAlth Iiéﬁds((m :thé:@ Sam:etﬁg' Aphavealsolreacheddhe-gaméenbrkiesmple
RSIRHIONTRYY JAHRADSS Ll RALT VK dNSHIEH @RS 6aNDR NS a1 AN, altow

Pﬁ%ép t9 9&:?5&%9&@%'1%@1?@ ar&rdn(‘:ﬂ%gragtlQcﬂrcc%q[lilrl(l)’gegrg ?lc(t-\jv_l_tg\ 4 target

arame{ters %reglardless of how many barriers are used) since all

BIFOSAS TGS rBERRETA AT Er BtBFE SRP I ETEhl BHEE to the
RPN E HEP AR 96 YOI I ettt B s ol Fts, Wil prdttiaipg that
nistructiomaydbaipar anmeierizdd, beageh s it@:6pe cityingtanntmber of CTA
dhieadscfer identifiers of particular CTA threads) that should wait at a
particular barrier. [01541 Still other embodiments provide both "waiting"”
l&h’@fnon wd?ﬁﬁ!g"cﬁdméﬁ dnstfuptibns. At a waiting barrier instruction, the
%T,{% t ts untll the c%ther relevant CTA thread? have 1§.|SQ reached

arrlé‘?[l S R BTN G PR P RB R i aE TR tHAR B iR AR E ISR it
leageqrrived put gan.continue before other CTA threads arrive. At a given
barrier, some CTA threads may be waiting while others are non-waiting.
[oH3h1 ¢h®dme ipthb oelinredirscthex trativirto dhdrigtrisctiosirnetignbe used to
@ry% hro ?T threads that are cooperating or. sharing data usin

&d mércﬁzor‘)i/nst*gf% L PR S AR ARRBRE™S SRSHBR &P R SR ame
*ﬂfﬁrég{as R feriptay bl st Anbefezts of eI salneko? function
phostucessaimeisiatarieda Jbe-fhmedeh Viarabien BeglscamefpBhyistyiala egistat,
mrlaﬁﬁemsmﬁt@)dem% eg@ﬂ@mmmgy prAiByaaeathes Ll A thieaddp
Rk RO S U N 3e RS ARRE MY SIS ot

bar; ld.shared.fp32 ' myData, myReadAddress; 25 where
rﬁgw e&A(? dfess and rnyReadAddress are per-thread variables

ﬁQH@SpﬂQ%Qt&%saQQa[ﬁﬁé@é b shared SHALGHSPACRRIRMARR Nftn
va?ue{ %%h%%pd%\g gt%rég tq! I?'L glﬁtxg Qsl; ané:i subroutines, input arguments are specified

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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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 in one
embodiment uses an optional state space name <space> to restrict its
s fiHRRAHOHIBEARYE aRelaAsdadgetiadgoiheTspecifisthstaich spactavdiighiata
aélggéjlgrge&geggﬁmory state space (e.g., not 5 the reg or.sreg state spaces).
If no state space name is specified, then the CTA thread waits for all
[psapinghe peradiohs taryetiey ddinem dry stalgpees Suoresimletaopid 57
b AlomitRalRIAteRINRIYGHON CaLIERS AnialE CURdRtads (in the
sipeadrmpdie il e ARt aihieadhal i igeuliied pyaalerence
_<ref>, The shared \_/arla,l%l&e acan bein an gyﬁ&%ntsé%tgagggqgs angd as
AT BRAR AR RTAST PetSren 88 Various Sddressing modes can 10 be used.
e SprEetpaT A rise aRSPRTANE e EIressRniacsahAtie Hirgrds must
réaferened terderbgfistanihbtchdlds tdesacdrets 6fthth bamiabiedscen.
reference to a register that holds an address to be added o an offget
IQkadk (SphHetr e AR b PEAR G TSR e VA aBIE S, or an
sivniiddizte atizo ki€ Htvesds ofvdenifier e PR iePAGR i REFIgRdR%EovId
wialiahlg:ailimnuddiaeshared state space location into a destination register
d, then updates the variable a using a 15 specified operation <op> that is
IBEHbrnSel ehcs pebasic s mePrisRARIng BReth b pieratiahy s 888 and
ithirccoperandswittabithithavesuiobehd Stotbaddarkittonkibiio egfsrclcvant
dgentifieduvsrebreddreddpstinatignre gistending taiasdie atigmdyteaded
ixgilcl:]a?gg Ihgi JH&% &%@u %99&?%0%9@&%&99&@@0&%&%@@ ada given

atomically, guaranteeing H{I:at no other CTA thread accesses the variable
B B i PR PR RO BB TG Gh tomic Update. in one 20
@ 1Bpdipnent. varishisadsdimited fatha.gliohalonashaied elejecspace anc
Ja%os Redied o ihe. same, maonet An[eliedard.and slale epetaiians,
eSCribed above. ?L%gj n so%ne embodiments, only certajn Qper tfo S ach
SHRRER prs ASTHIEE Hs B EUDEaTEY I HsER e A B RE e 8(% m‘ﬂgn("tac
wnfinttesdoliolinty eperdtionsvabpiciray. be . SpaciiibdlifcgipeT gpriable myData),
flertingspRinkiy pedaddingactoch replascingia twithethEiminineum aiinstructions:
maximum of a and b; 25 and a ternary compare-and-swap operation, that
replaces’-aiwitfye3f epidaddite b ardrétherwise leaves a unchanged. For
integer ag-additional operations may be supported, e.g., bitwise and, or

and xor hefween, operandsA.RMiRsdeswell as incrementing or
decrementing

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 ﬁlcmory.

[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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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 be defined by the
virtual architecture or the programmer. The reduction operation <op>
entails setting the result value d to a Boolean true or false state based on
dhepiedudhoneinoper and-atacrossdhe obAsbhreass i ibe: geomp anduhe

irsestianQPeIAdie R aRESHIRARY BB 2R GuIANTE TIR ARG S MBRdImGEN

0trrlleeeaq)o ed reduction o) atl ns arc: %]F)e gl/ algle\;/y |ch 5&1'{? ;E(r:ge |f0a |§ true
for a 8 als erwise: e&r} any, | erh.&'h”d°rﬁé

A trﬁregaénl?f)th il :r’glue “’5“8 ?
REEIPY| .%ﬂ%?cawéf%mféaa% ‘fﬁéc'graawﬂ 8RA TSGR STASVRICA G 8 ot
theuee or rasztheic sprrredvafue (eithertrurror falwedifod aliactiv€ TiTread waits

fthrobgisdm e Graog: i@ \irtwahnstsustionscs Rresigated Execution
éOlGOl In some embodiments, the virtual ISA supports predicated

k%%!unBHS&%ﬁvi@?ﬁs@rﬁcﬂwwmefea%ednesz%temmd@ Brytesdifgiaie)
ip redigatieraviablres hass oiatbd Wwith-flrendn strgétiohcamhdréi ednsikuctionbe in

Aayeruesanyjicahiltadime ohexacution. e duarchRsedioate: Ryadalesan

@3 {ede Q181040 theoxamplg.yiial ety 2 guaidiPledisale candbe any,
|tB Iﬁq&J[tU?I regis ter varia, ble denoted herein as P). Preélcat

B S5 MCREPALS ERTEARS LR QI B o s

ecu |on IS 1IN

" Bt-préticane @ﬁ%ﬁtd’@ﬁﬁsme%w Hpesieerarrintu i, i valtdeis. or
sgStaikshechindoe piddisatosagitier, ThgChy itendifyidg thtastiige o from the
sHasHRAOReISIRlI0kan IBSHHUGHR &mrwqqap@pﬁﬁe@%lmﬂ@%&@@h
bgécm@d%%@a%ﬁwg}mm I%E’J%ﬁ.?c% NiylcH:oymel tﬁd’épo%ﬁ‘ég Qﬂ%the Flm%

ard pre dicate, the virtual processor rea register. ort

u

Sacﬁ“dgd BRI REITS P YA tRACHRH ‘é@%&%%bﬁ*fw&thﬁ i%'cé%?ﬁﬁ‘é‘iﬁ‘“ﬁﬁd by

I/ fheT@l#Efgmaﬁ'aﬂ frristAstriretiontis exesaieddtdedsfalsel and sdpdenpdate,

aptheowisgedifimpredicéiendd imevalligtechahexagitioms me-fareasicad

decAIRAGAhAL BRAGWIAIEES mnﬁ%@@t@&ém%%tmnma@ép MEofel A

em;;saﬁn»f» ight & BB RPIRS &gatez% nﬁtrug'on Wwhile other CTA fareads
do not. [01621 In some em ments icates car?dbe setag P

b6 Sue s et e Eolonddnhiare 2@%‘&&?&%@@%[’&1’& instructions. in
[Eﬁ@?s 3990%@@@&&@@ o%@)c@é%%8%9@5&%!?9%%&%:%&% '{39: alpddteb

cate reglster S an ou ut such instruction$ update the specifie

preamnte PGS ST LB éc BRI RS I sticHah Yot fied jf « is
Oé)@gﬁﬁﬁ@-pgi%ﬁ@mcgf@wgfé} replacmg a with the minimum or maximum of g 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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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
translator 412, which can be 36 implemented, e.g., as a software program
executing on a processor such as CPU 102 of FIG. 1, receives virtual ISA
code 410 and translates it into target ISA code 414 that can be executed
on the particular platform architecture that virtual instruction translator 412
ntgy e iR :gbyby-RRPk122h0édmE ol thofirdgadrinstruttioncdkaristatpr ki <op>
RRARS IR Rl ariall 6300 Be6lare i oA FR) $2A Rt I RRRton of
fualla Q'QCISJ%@ 10O A0 RORRIRRLAGOINBLRR AN by e

emor memory and so on. In some embodiments, Virtu

|r‘i’§frlﬁ‘é‘ﬁBﬁCfra'ﬁ‘sclﬁ‘fﬁf"Ei‘ﬁW%‘pgl‘é%&%wfﬁ? TRAGHRN SPSEAl ‘é"%ﬁ%‘fc é)o‘ffﬁ 1, hich
datticufar itype 6 HEraGa s ndhance nrad B seater ypacelcay e which d
imappredonie thregd:spetificidatecregistens] (esharedistalés spadtadniche
saharakle Girsiany: of e prncassel. beglekalsiair.gpagse onto a 10
reglon of V|rtual memory aIIocated to the application program, and so on.

& 2y seslige 2 8641 The virtual instructions in
ryigosal tseo@@d&&miamtmmmmm spshin@rénptiddtionstiin ohay

t&m%ﬂﬂﬁmré@{&t@t instrietiondranslator.4d 2 iacaeficured tgtmﬁ@c@am the

V|rtuaJ ISA | ructlon toa corresgpnglntq chln mstructl gg eng
I‘LlCtiO d,n ihe.ins Ol'l execytes O h XGCU T ICd
Machine 155nstruct ions, depen |ng on whether a correspon%?:f1

ef'ﬁ%ﬂ‘?l‘ﬁi"lésﬁﬁ'é:‘tructlon exists in the instruction set of the processor that will

Smﬁut% tt%c amp %%stt»zés?\l?gaa\é'tteatcmgt%%m#@t%ﬁe%tatalﬁ@

ma s the CTA threads onto "physical’ threads, or processes in the target

S abinitsRelt R i ncg i d TR e P ISt Arehéetfe
m%m@aﬂ@%tmb%d%ﬁgm%g Lt @M%ﬂégﬁa&&ﬁtﬂt@tfﬁ%pﬁed
\ahioione: Pixipliyisitel thuaad, registoritgaltin sdrnotfiongt Faasstatdesdd Rigarsgister
BENEFAIRVITH alNSHURUON QMR b Singl e GIAdraschvith theble 820

@vﬁ%%%?“an N that target pla Qf @1 0 Will execute.the, 9%%@%&%@&@9&6 p

ith no unique. identitiers. If the rgét platform architecture sug ortsf

BRITh WhTELEE BRttrdf FSRIE R P D S  Seivbrhte iRDSY
tho R @ rhakinedrssate sxpested SHd et rasss vy e it pT@@t‘aelwﬂte
thieadsawithitbe expe atadian dhatdhis-code wilk be-2hiexetutedioned per

iflfedhETRbY DRPRIPY MUPIe Sl AdhiRadR daAsinAle REVS WRILRAT IR

t%[oce S- 01661 In particular, virtual instructions related to data sharing

e gd Store and

[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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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
barrier instructions, e.g., with counters and/or registers in the instruction
unit to count the number of 37 threads that have arrived at the barrier
instruction and to set flags preventing further instructions for a thread
~ from being issued while the thread is waiting at a barrier. Other target
impleRfet el ATl REMBTBIBoRREdIreRtha e fare s orEles (HIFd@2 of FIG.
), syaalesoniizatitiy. nvdedi Shrehsadiheiinendhre atl/carsunibation be
extRGRAIGAS f8rGeueMARNAIBSHIIAS REIANSUD AIREMANH A H0L4ike) Jaay
Reyses 1o Lrearedhg, desieg; p%tt@tt%lt?&@?l Fredicated gy P&tt% are
df:allfo transr[tated |nto machlne instructions. In some InStances, the target
RATRWAra tite ety Qi PO BtLaRiEd RRER IR TY StHET sstseer
mﬁtit%c&té‘é"ﬁﬁ‘ﬁ%t@%@‘%@mwm@bmer Tegistersibpdinesnditioral
infsnemioh instiactidhg orpthedike theviguusasdeguearnynthe pegistersyands
sisispate shawdasicedd ungtime Qﬁb@w&@t@tﬁé@@@&dﬂim&auysmﬁ@m@g@t%@g
wPadieaedduslivalions.ldeRl bR, sl dagiam g aRogess A

0
for usin athua instruction translator_according to a Bdé rhent of the
e NTIRVERTIBRAY Stal b2 %dﬁttﬁwmm%%mé%dcw (G AHPROE:
3‘W1a°tﬂ@$rl'l’é‘€/el Ianguage In one embodlment the CTA program code
nes, the desir ehavior of thread and may use the
o be‘rjea Viﬁ%?uél ‘?2\‘:; [y or grl T@?rgggd‘grgdrtne exr“kto define or
*“%Bﬁﬂ*atbﬁﬂ@&stBPﬂ?éﬂeﬁ*AViWéaafglﬁéﬁétﬁm A 4 L srapidisee & fegmap cach
virgehidthyigoation to bemagoingrtteimaytbe determinedeasfarfighttion of
inhiteashiDigedbag: differRni-Caldribigads imiieisamaGchifn willsteadnfrom

in@RAIRL WG 0. FifiRrentmemetlacationsdn he.shared memory. In one

embodiment, CTA program code is included as part of application
[0pidigrarnteddesf@gicpegsan e02lad02.pf he@ PH treaddiiornpBPstenl” threads

or@edtRing: (a bt Hireadibehavinhithe, AP LML AL Q0 TR AROR £ ARAISO
w0 TR AN B TR S5 LD B AL SASETS SA RO
I

O teled
acomp |er (e.qg., compl er 4 generates Vithial TEA

P‘%@% thecadhi ﬁ‘bdtﬂé“ﬁ‘e IsbhisteR %ﬁﬁ@%t&ﬁﬁﬁ%@%ﬂﬁm@% FRGH{ fRR code for
2 figle-fela (harrgueigeteotiectitine bedadratixdbsb 6l G Aprogranrebder ro
theads otidenodeiccampiiers 408hnaysgparaia Haah &Gt Auprogl e ada r,

mtsggy theure m@m&gncegeﬁ@r%thm yethe &3 é&t?gtawdsqg&lﬁt%ﬁp&aws
rate V|rtual gode Co%vren on?r%tech iques for COFEIpI ing program

10ns COTTES o multi T:Ctdtlon.t at this de Wil ae
erttenl angua e IntO another V| uaT)P anguage may e use

ex&cgﬁ&mgeﬁgﬂ‘efﬂ, fh%i?bglﬁ)é@ptﬁ%multlpie 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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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 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
38 dissimilar to virtual architecture 300 of FIG. 3. Code in the virtual ISA is
machine-independent and can be executed on any target platform for
which a virtual instruction translator is available. In alternative
thegpflsdenhiiarary pf GG raminiaT e fRfer e A s ibgeatreotieedirédly in the
invirtuddd Sy othvird bis Bevgdeuntyhie betbmsiticathitge nerdtedes Byhar
tapfQQram:dfutbe Rrag Mbende isdRitialynarealgbasoditualilSAsedn.dbenn
wﬁwpﬂ@&r%‘%ﬂtc?%él@%g%m%%g AL S8R D00 RV R arvays in

mstructlon translator translatg(E 12 of FIG. 4) reads the virtual ISA

TEGEE M gé‘ﬁ?rgf‘é"s co edlf'lo SFAR ST FEAThAPEYIPhe executed on a target
RRformeqlnlike . thecompiendhevitualinstictian Hansipiar targels a

i-RACY r(jreale)gz) gr?xxtgndu%cda&%h't%guFeed%di%%%\’@ntaﬂ?&HeerYmmnccs
configure apt and optimize the target ISA code for b

p‘ﬁ%‘ﬁﬁ?ﬁf&??’c‘éedf?‘iﬁ‘afﬁrcﬁﬁ%&fﬁ%" Fﬁgb‘ﬁeése‘fﬂﬁbcd’ﬁﬁ‘é'ﬁf‘%i%‘”é‘f@kﬂ@f&?g%ﬁ or
therigiferirgrecd tpmets the feaiserath reatis hehdessirmionistedetionorbnslator
c@eniialpshabangel thneadh prgradnghatican be executed concurrently by
each of no threads to realize a CTA. In another embodiment, the virtual
Hhethucioh Yandiat igeraratad e targdl oyt damthiabasasugfrpanastaser
atesdingwes (ebedinstrudtibn meguencesplo amuipnfdhe posourmen e 4035
pRAshnsecH INFiInNEVYCHaRR OITe sROBAIBEG HethenviCu Al IS A 0l TiBBnes
tﬁg%@él@ﬁ%m%%rm@wmm awhsa@%mh@ma%ﬂqmmwA 1D
tlallzgg g orona ltJSttIndt e basis %urln ?g{a%ﬁé‘ tlolﬁl%o,l ll;l'or
t%“ 083 f%f“cfé‘sseér‘in% & A et IatFSIm ¢ T G1)
1%5@@&%@% fRertarg g &Hﬁf@ﬁfdﬁé‘é@%&b?ﬁ%‘mé‘%‘rﬁbﬁﬁ%@ﬂy
tistep 1908 hayliffclerd Supplydgingbrsaandbland! statciparamietersttodhe
JPFQERSHEOhHN QRIS de: GOMK hitSARAARITASHd ese bRt nfurthe pRalaw code is
AQ&X%%A%%‘LP&S@&E?% %&%ﬁ%ﬁé%&b gré’gr%scédé%@%‘é%ﬁ“ @t ddition

variations and modificafions are poss teps descriped as Seq uen?l

Rl SXéc s Barsir ar‘ﬂ’é’r“ﬁ%“@fosgfé‘ﬁécﬁﬁjﬁfﬁleak?gfl%cf‘ and S8}
gﬁ?ﬁyﬁ@?ﬁﬁﬂméﬁi@w@shﬁ‘mﬁ&ﬂs F@r instance, in some embodiments, a

B
dsﬁq&géﬁi:ﬁ B%’Yﬁgm%a smgie (vm?ual) CTA thread from the high-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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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 solve a 30 particular problem. In one
embodiment, only those portions of the code that set forth the CTA
program are compiled into virtual ISA code; other portions may be
compiled into other (real or virtual) instruction sets. 39 [0173] In other
embodiments, one virtual instruction translator may be configured to
generate multiple versions of the target code adapted for different target
platforms. For instance, the translator could produce program code in a
d‘Fﬁkj’H‘Té%Y’i‘é‘l‘ﬁjﬂ%@éeféug’ 369 ofE RinE e die thsrvir P E$ Agind/or machine
meddefodgsinglescd rerndrerauitiedren @R Uk iBatp b emulates P hehavior

inktSHOG 8 AR IRCRAIGURS 1 aVARURIEXQEHIAEL R VL (AL th%Pmiﬁe CTA
oS IRRIMENS ) AL '%PP.%%%QH ng }é§ua' Linstrugtion ranslator 4

are used to_generate the C ram code that IS to be executed Tor i
DIHRIRERIBAG B A TR °?ﬁ<‘té°rmg 3 %ﬁ?‘ﬁ?%@ﬁr’ﬂﬁ‘i‘fr@‘?ﬁc?&‘él‘Bff‘ﬁ%@‘““g step

20 mumpbeiaiéitding the CTA program defines a 10 processing task for each
e tiead & Qé‘ dlon%qmg’let%%@ﬁrmold%' %',S AsQnecepsa ¥1‘8 enn J{‘e

dimensions o TA20 e number of CTASIA %rgrldo he mﬁr data®
vigut 5 B SOt SR SERTIMEREP LD DA SRRSO SErRtes P EBE R T
Un{iieAhe spmrolsn fbamatiohitsodtirs) thesthowardnsd Gadgidomieplatform
argibodiments s thenapplicayiorh PEOGIRIN4A0R SREGHIESzGHACOR code for
b TERAHAR DY RN G- SRR ARSURCHINGIRD ANUHAL IR 3L 404 10 Q06 12

embod ment rtu [ I'Qrar}{e 4 includes various function calls V|a which a

ortsa least.d rea nstruction fra encrates a tar ett ead progra
ogrammer ¢an eflnea SSRGS CPASAHE A R fifsad program

‘hé&%eﬁﬁéﬁ°§Hf6€1ra"b%*gW'[bhyrei¢ré o (ypeds fatsreitfeeéfﬁéﬂﬂg ma@ﬁbns
eraivesibie, thearrexbimplevinuahiloraryedGdies Brarfirstrgpoup tifunstiofisare
teebtadectqOefiningdida SR icali 46, Bkl AR nEian, iSadhexfisting
infnction calle &%r%t@l@me{m%%oﬁblsrﬁwt#&ﬂ@' Yﬁvysotp c.rogrammer

lns?aezlonet 29 the. dlmen3|onst§n!t|dx ntid.y, ntid.z) of a CTA and to assign
A0 Ienter CAAMRE TP MR cfrhoé‘ SARPRPTS Jrsin Rmg R erm
*$pdifies a CTA program to be executed by each thread of the CTA

,[eeeqﬁm%eepasggé name is a logis &P&%ﬂn Sﬁlﬂf ' %&0? es 8&933

e desire A program (e.g.; a‘progra V|rtua ode

‘hge%@ﬁ‘/&f?ﬁ‘p‘iﬂ‘}sﬁ%ﬁfmﬁ%t - dficwasre F&Fﬁrﬁé‘? ?B%Becmf%e%w&mg

cIpEniehaestartinpredtess alid mioesyior globdlr 26 cremicry tresniavhic Hethabed

fu@@feAtername will read input data, and the setCTAOutputArray function
allows the programmer to specify a target location (starting address and

(0473) iff wibbarrpemiory thriwmsrstiOUTRvsHalve awlIthativeristgnatoata.
mgdiéicsbt@ iR aaiie fuftepiodescribed as sequential may be executed in parailel, 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 eode 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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is used to set run-time constant parameters for the CTA cname. The
programmer provides the list of parameters - e.g., as (name, value) pairs
- to the function. 30 (0177] In one embodiment, the setCTAParams-
function may also be used by compiler 408 when generating virtual ISA
code 410. Since the setCTAParanrs function defines the 40 run-time
parameters for the CTA, compiler 408 can interpret this function as
defining each parameter as a virtual variable in the.param state space.
[0178] Table 1000 also lists functions related to defining grids of CTAs.
The initGrid function is the first function called to create a new grid. This
[FLRdtion aftevrsHeeiprat anfratab insterstipretipis afith B K bhee [HetErd. %,
gactaid yulngtaidrzpof & grdyrigtidentifyuting ©T Afénamertkaptariidde. For
inS%R6Y @ RR-IRRUGaaRchiR AR |gN-AR ek ighgnameaihe@gwly,
AS{Red.90: IR SEIGrdInpMRNAY. ANd SEIRIAQUIRHIAAYTBPEfigrs are
similar to the CTA-level functions, allowing a single input and/or output
P e AR OB AN ESEE BIUPCTAS in a grid. The
7 SetGzhidRaraa JHcien is used to set run-time constant parameters for all
@34 PRSI AL ARAME: GPIRIIC40R AR INIEHRICLNIS, Mnglipn. A
eﬁ ing each parameter as a virtual v_arlabfé in the .cant state space.
ATOPE forFra T ER ETA RIAFIRURER &Ad iR ReBTe &g A i el alinh tt-
It trsspeiifiaro@airinaneiad o fRG ndnBstisalty be gin (DA 80jcThe dafinsak
pARkmgalsorinck de Othesadwoatiapscohplctastanee5oma: Bnkodiments
admPIVidRsYpRvPRERIoR JURCTaR LSRBIEADFaR dinalR.the R ¥sGaUHan &f
@cl'el:gl eaC(;r s%so'nFS{J Lni% orr'}ga?ti i thee lrjrtfp tg ];ra .};II’SL, :IEAAL\ égt{tl%ilg) c!v%x&gtito)r?."
Pliséd asthe inpu of a'second CTA %or gl’l(%, the A may Include a
[durgtions(Qh R eierfaitbedabmel finGiap)ndadich g 40l tipatifies
CPHEGHIAN: NG GAL PG NS THERIDAL NG SLERNA Sl A @barid),should

not he launched until execution of the first CTA (or grid).is completed. 20
PP AT REE TS S SR ARS8 S rES A Th S BRHOH R
defire rth&AferotivhE &l ih abrd a0 oY hsaysevtine et heaR-application

rogram that also defi the CTA program,(or programs if there.are
O AL SR 10 s s RO AR PPN R B8y 04
Therttioreard %%F@é{égfaéoéa ifs a5 T piestibrProlramifrté facene:)
thipkestyfur@dortiseltebip generatiog Virtual iPhedde 206725 P82The widefile
1A RInGedR s rerliz edusinga)\urivalraxeauti assgh e i ddihah dmplements
c8ach-fnclien B, Jae vtk iiraik:48s aner e PRAAIMEN. YIILAL S¥E iR ead

diver, 418 1s a duver pro é?é%%ﬁ%ﬂ%ﬁ%%;? G donte QLEIC, LAt o e
tontrols BBU I iR RN A CHE SR Thteads. The Various TuRction
d&%{f‘é} AT e &R gpggena}%virmm 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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implemented such that they result in the driver providing commands via a
pushbuffer to PPU 30 122. In another embodiment, a CPU executes one
or more programs to realize a CTA, and virtual execution driver 418 sets
up parameters and controls the execution of such programs by the CPU.
41 [01831 It will be appreciated that the virtual API described herein is
illustrative and that variations and modifications are possible. Other
functions or combinations of functions can be supported. Virtual API
techniques known in the art can be adapted for purposes of the present
invention. 5 Further Embodiments [0184[ While the invention has been
SRS HET WA 1ELPRtl (o SPRRINE ERBYANTERE BhE Sk Fritt a i
PaFaREGhiz e tAhTATTENS IR iobHfieatbyRsate possible. For instance, the
g ?%lelg élrtl'b%ba sohllas s £§fla{{£tt% It!tgﬁhrldctntggs ann S V%I’%SAE;L!HQ! &91 S
descri herein are not req uired er virntuar arc itectures, Instructions
funstigml iR S he eHar gﬂﬁﬂé‘fﬂﬁ*&&ﬁ&w@ﬁt e s L v
to dabtitirtadinmetditcnati-the emboditidatof dasdritvadeatovbafd e
thietdenos da:casashw/hedeaall blacgks havethitsamenuwmheraiy elegmeantsd.
n@lL;Q&P@;l;ﬁ)f@;ﬁ}ﬁmnm}a%@m?%%&nge%ﬁﬁmotm@ gaa:j%@TA t
and so 0 ion e de
B e e R S RS SPATER

m&@tﬁht@a |fFé‘Fé’|‘i'f’Ef‘?’A’ progiamiswrdd Rt ertstis ﬁ%fﬁﬁﬁé?@ adibre
CHirds thegrid {08 Sotitho dffhcrefartened isindemitidraredefioitic ooparatveter
asthraadiarays: il is tevhe stardpestood that some embodiments may use
thread arrays in which data sharing between concurrent threads is not
0&7pofsdembtet whissartértdupcimcesatitad sxaceranipgtis specified
CBapporied; ghié dihreadsdéfined.for a given application might or might not
actually share data. 20 [01861 In addition, while embodiments described

L3y e iy kY taterahied @ i elar %fﬂ%?ghsF RN B ReCtRredias it
priyvide sencinaerstion dutistioin watle ferrordieticlsexecttnoad mutinperRifhs. For
inktane anlycengdhieadsTous, dhepiesanbinsentioncopld & apphadtion (or
erRIPYIGIRG; éQ?lﬁQllHé’d%RE@Q&%@?% }grbfﬁe@ef%&wﬁe%%cﬁ ﬁﬁ’édo\mthaoaﬁc%he
vithial & S'”g' readed ot multiih f. fled col (?ETHE'Q% @?H{‘AS ot

eSCI‘I %ereln &Program cou be erﬁen Ins 5 a manner '[?‘lat the

leyprbe b Y e Bt es ) M ERAMGISF available CPU cores
oG lﬂr?%[&go?cﬁﬁ@w §V§$%'& H@x? '&rIE‘i'EXl m%% ¥%9Uy'9%m?gmﬁét'°“

or recompilation of the virtual ISA code. The terms "virtual” and

CoeioR S (AR ATATES PERSLEEF é&&%tﬁ%aoafpaogm 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 {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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conceptual programming model used by a programmer to describe a
problem solution from 30 an actual computer system on which the
program ultimately can be executed. The "virtual" programming model and
its associated 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 42 an actual computing system or device whose
components map one-to-one to the virtual architecture components
described herein. Virtual code, including virtual ISA code and virtual API
code, is advantageously realized as code in a language that might or
[0ifight oviltbrrespoitdiet tbeorrtutd AR desstrbediberasetsofleatiptarctes that
viacessngrdriicaidukaalbhiprogram-codacthenitiubheods sefentiddocan
bEISIRLAN RE SR ANADIS e Hane. 8 caMEMH QT Sliskipdlansraitted

over a network and so on. (01881 Computer programs incorporating
present mnv
various ?ea?ures of the present invention - including but not limited to

ryHidakiSARRQr virtual APl code, virtual instruction translators, virtual
gﬂ%X?r%%”lHé'?r[ém‘!ﬂék%k%é@ﬁ%%ﬁ@é@ﬂ%ﬁ ?éagewelgg@mﬁmexb@m&ts

H ded on various com uter readable edia for stora ea]p . "
‘i‘ "s‘r‘hf‘é%u Sh L AR T S A R S AR e ISP B Bpe o) *Pb aree e
S%F&g@r%aﬁ%wfeaglwhﬁawﬂw eemlamw feargiat Gere&ﬁréhaf%
aftash mpindryfendidhd likditQuahs progratissaay/alfodiereticodeand -
SrRESARIE USINg.CRKie! SighAs adapied fordanrsmissiRRyiRsukads
d&@%&%@& andar, WJ%%%%&%%EW%%&&%E%F@P%:BQ;(@ YRRl QERMQINERISr

including the Internet. Computer readable 15 storage media encoded with
HE B %ﬂ%‘&éerﬂ‘iﬁ%%e BRERE AR 3 HbH: febtf’e il 3P AR5 am
arbifeomay enp rovlitetose saratdly fromtisthderiadiaes i@ ge Vst Eteke
delomittoadthvd CT39[ildirthen; gadtaireactidmemay e desoritved horein different
nRSING: KRN QYedof@grammer.” It is contemplated that the programmer
may be a human being, an automated process that generates program
(BEGe withhiittkh sfamdumpariditenemicnorsrany dombimatiohiof ubsans
udsiftRraging nithmutamaiedQrpatiialy antgmatedprReessasybetween
c%?c%?z@ﬁ%&ﬂ@%&%ﬁﬁmﬁ@?%%@Q@G@Heﬂ%&@%{b%ﬁ?@ﬁ&%ﬁigw
erein | e e to features of particular target pla s, the
ST R S e e FRORECAT QT A gt
(R peraalizad, I&rﬂ@%&@&ﬁbﬁ@ﬁ%&@&&@@u&@%@nﬂ@% Qa0 thread
SAMRONSRIF T pRe:sklied. 1 106 Aol ARReEiRe JALAITEr e, o yrcad
realizations of theé same virtual 25 architecture can be éxpected to differ.in

a’é‘ﬁ?’c‘i‘é‘ﬁ%&}‘éﬁo‘?ﬁ)‘ff ﬁ%’iﬁ{fﬁﬂu LSRR FRSPRHERERiAR oB VY apligddnaaniioe
sealaplissamrherertions [6291ad Phes Rthdb gadiaenereriagerhesdséon
nilesarkedtiithcse SReg! itohapReiit:samboriramnigripwith be:apprediate ch kiah
atﬁﬁﬂﬁléﬁﬁ‘&i% 'M@Qggﬁ EQ @i@t\lﬁﬁéu m&gif&@t%er 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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and equivalents within the scope of the following claims. 43 WHAT IS
CLAIMED IS: 1 1. A method for defining a parallel processing operation,
the method 2 comprising: 3 providing first program code defining a
sequence of operations to be 4 performed for each of a plurality of virtual
threads in an array of cooperating virtual threads; 5 compiling the first
program code into a virtual thread program defining a 6 sequence of
per-thread instructions to be executed for a representative virtual thread of
the 7 plurality of virtual threads, the sequence of per-thread instructions
including at least one 8 instruction that defines a cooperative behavior
HTRE SHTRE RESEahtatvacGiFlRItFREReNHA g RS Brenviebrhérptual

arghigtiseohthiepiuradityeafodi nareinthveads codd itflstiopngtthe Viriualktaréad

vimagpamcohe’i isldae-mathog plalrim L fusthar.aerpriising: iHabs|atingdhe

s&awm%m{@@%@mmom@t ée%gﬁm&pﬂ IR t&@éc GROfgrming
e

rt(g) %E%aggsa B’gtfom} ar Q}E ecEgg - y od of C allr)n 1 further
P EBmprising: 2 providing Second program code darnifgeah- &ty Gre-

“‘86‘8B/e?éﬂﬁb)’\/fﬁl‘ﬂl‘tf?‘fﬁ?’ééﬂgcéi’éfﬁb{ébdtt? Bfocess an input data set to

asherate n?pmtg;g%ﬂ%&e bgr%@g& h,4\iriyal thread f.';vtb.g array

ngurre executes the V|rtua hread program, SCanertlng esecond
inclu [yt n

SrOGHanT Ca S Sy da b patiRER Bﬁla&aﬂl Il?f’é"'ilb’f&?ﬁ} RSEFYRtual

: tfmﬂetﬁahg"fh% ﬁbvarﬁy PRI VirR) A fciiretibreripranditialike-ardeazdgse

crepdolitorabof dhepartay ok o opdiatingwititalidise adananch B, siasilg ikaia
inSRALEAGRaf tﬂﬁ%%@&ﬁﬁm&l éto;'éﬁg rﬂé@mﬁ{i@&(‘é%d@t Eiﬁf'{%b%mﬂﬁlng
(d%ggzﬂ% 9&&519&@.% sttlgggglé/rlrglflyalat ([iilp ro rcbm and the o Ue[g encoded and

function calls 3 |nt0 program co e executa arg%t p? orm

G ATB CHE S BB BT Y AT 8 HBMTFY G brpevircless
nebReTtsT AP RFTERIBS thmvaiscefieretrs e nr b ficadbeheitimgt vt terecedebit 5.
stdrage medinoch akictairhdtitpthgncemprisinge 3Rxaadting thexexeamtaliace, or

plRERGFARNEAMS QLA CRMRLIRLSYSIRIM Garfarming 40, 3 he targeiRlatiam

architecture, thereby generating the output data set; and 4 storing the
[43BPputiates etinimastoragentedisanibetitherein as being taken by a “programmer.”

It is contemplated that the programmer may be a human being, an automated process that
generates program code with little or no human intervention, or any combination of humans

interacting with automated or partially automated processes to generate program code.

[0196] 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
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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1 6. The method of claim 1 wherein the sequence of per-thread
instructions 2 includes an instruction to suspend execution of operations
for the representative virtual thread 3 at a particular point in the sequence
until such time as one or more of the other virtual threads 4 reach that
particular point 1 7. The method of claim t wherein the sequence of
per-thread instructions 2 includes an instruction for the representative
virtual thread to store data in a shared memory 3 to which one or more of
the other virtual threads have access. 1 R. The method of claim | wherein
the sequence of per-thread instructions 2 includes an instruction for the
WidAdsEnalatlebkibal thread to atomically read and update data 3 stored

~ ina shared memory to which one or more of the other virtual threads have

access 1 9! The mhétrBerdrciafiniewhReErE BReHRrRATRIAS Jrograind
canpliides a 2 variable definition statement that defines a variable in one of

a plurality ghyittual state 3 spaces, dmergin different oneaaithe plurality
pQbMrAStale, §P§%ﬁ§d98f E?%R&thﬁpeﬂdﬁ Rl %QLAJ%?Q&%Q&Q@% §D£W9dds

among the virtual t ds.110.Th e met hod. of d9 wherer

modes of ARG HHDIGEY" 5298 1R Y uns r?a?eﬁr?ﬁ“ ea r(‘:lmé’ ¢
sagksmer g IrarbhmaEutiens ke ‘fﬁ‘é’tﬁ%fﬁ‘f EISRTTS OIS i ety
pidatiishiavirigeinolude. &2speribreddeutishat ddmode; mghdirectnhseewithin
inOREc AN QfiMAL Ehseadev@ml@;e@laamn&waredcmade vitd.(788s and

onc%gqgg' gtgcgvrrtgawn% Fhl% 19 gﬁt?/ 8?9‘%1%‘51@45‘39 AQ&IUde a?2

per-thread unshare mod e as are mode within one array of virtual
threads, a SIPRRE B NsRAERAR Y'plurality of arrays of virtual threads,

and a glob?hy shq. ed r%?%eof%i%% gthod for I|loerat|ng a target
processor, the me Y04 com nsmg; prowdon mp t program code
&'s

including a fr&LHBEIGY HeRATESMGHLARSBR ¥ 8 5ERoh et g actons
cpépfonTiet formearadharpiideditpuot. virtual threads in an array of virtual 4
threads adapted to process an input data set to generate an output data
set, 5 the irfput proeraihed ¢édarehe firtkh aMmepEs§®cond portion defining a
6 dimensioprefithie acraydafrvirinatdbieeiat sing5uy aoomyibngthedg sirpaition
ugééﬁkeaaaetehmgr%n &gdedrﬁe@sydw@nmﬁea& Susearamaafininghaack .
er-thread instructions to for a representative
\ﬁ%ﬁ reaoi of the p p uraﬁy%f%ﬁfﬁ% %t r"e‘éﬁé‘qt%é"ée U ﬁ‘é‘g of per-thread

instructionsCARY TN A5 SE5HE TRSEARHRATHFRSE aéﬁw&% B pepAtRrEY

obeiael dydseone dit thwary 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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1 1 representative virtual thread and one or more other virtual threads of
the plurality of virtual 12 threads; 13 converting the second portion of the
input program code into a sequence of 14 function calls to a virtual
function library, the library including virtual functions that initialize 15 and
cause execution of the array of cooperating virtual threads; 16 translating
the virtual thread program and the sequence of function calls into 17
program code executable on a target platform architecture, the executable
program code 18 defining one or more real threads that execute the array
of cooperating virtual threads; 19 executing the executable program code
on a compyter system conforming to .20 the target platform architecture,
_thereby gel;léératin%h?r%e%ﬁ%ﬁtmﬁélﬁa}s%??‘gh“d% 35%3?%6 (ff? csbﬁfﬁﬁ garaser
U O AL AR U P AL SF YRR B SBC T B s AT ¥iseahifread
aiyoptioi U thenirip th 2 progranméodetiticic desmprogram dotteothefinimg: tviocats
rdnaredigaensiansiar the array of virtual 3 threads. 1 15. The method of
claim 14 wherein the second portion of the input 2 program code further
includes; 3a functienedlbdefitling opa@imbae dimerRiops-efragiidattions
i GayS A Mrtuab AP {mﬁm\é\@ﬂﬁmj@m @reay t@sm@ ghidiisata.Dey memory
SWREHISH o 46 Th&MGHed. of claim, 13 wherein the target platform
architecture 2 includes a master processor and a co-processor and

wherein the act %ﬂ@némmmq'%ﬁ@%&(@ﬂél@ﬂp&é@Sf\{,iémaleyarﬁaﬂmm
Rrogram.into grorgganglcode executable in arallel 4 by a plurality of

IS e Tiohthe piesnaue sl heced S pomid i restnd nadegydae
sRIFtiohhamd rREDsBtificens Pearectef el aths WinrbtirarAsterarscess.

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

processor. °1 17. THETHRIASHSE CIAM TS WhHE T thiEafupgratisides o
vaiiehidefinition irctmsestee tévinel procedsing it (RRYisnd vitieiintthe
siact o ftharsglatifigdaciudes 1 G 3-ianstating (Rawispdaltbseagprogramand

n@ﬁ@g@%@m@}g@ %mgﬁgq%gpﬁ@dg function calls into target program
code executing the virtual thread array using a number of 5 CPU threads

that is less than theenuiineet péiirival ibrgads hddsArmaathadiorangrating
pa-tArget RLagesstadngMehod Fameyising: 2 obtaining a virtual thread

program defining a sequence ot per-thread 3 instructions to be executed
fora represﬁntatp!(ﬁe\éﬁé%ldtgf 9@&@%@1&@!&3 :%é@%’fada‘}g rs%@tgr?g 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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4 in a virtual thread array adapted to process an input data set to generate
an output data set, 5 the sequence of per-thread instructions including at
least one instruction that 6 defines a cooperative behavior between the
representative virtual thread and one or more 7 other virtual threads of the
plurality of virtual threads; 8 obtaining additional program code defining
dimensions of the virtual thread 9 array; 10 translating the virtual thread
program and the additional program code into | 1 program code
executable on the target platform architecture, the executable program
code 12 defining one or more platform threads that execute the virtual
thread arrayniBiex&wintpthiéoabtistiinle PrREGHAMES TR E eyt
pidYEigMcaaniolRifgHe ddhetamjeiplaitomnoarchitectur &rtheretygntative
vﬁtﬁn‘%ﬁa&e%h@ @HI% dataset ardistaringdhe Quip:-hadataerkiha
ingld e ggm hemethod, dﬁﬁé@d%§o¥,%bﬁﬁeé%én%%%9mm@ng the

Virtu read 2 program inclu 3 recejving source rogra dE

reRRGEEaF R o Tk SRS ROERART MG TNEUSYEL iR E%H% artuel

theendsce program code to generate the virtual thread program. 1 20 The
method of claiva i} wbesaindpaact Gfuabiginipgthewirtdainthregdudce of

£l 99@1]1&% W%ﬁ&ﬁ&&@@ﬁ‘%ﬁ% VH&%HW m@i‘%f%f@mt@rﬁtﬁﬁﬁgﬁnahm
edium.121. T tei\emethoq of claim 18. Whg[gln éhe act of obtalnlng the

0 arT eraft Vlﬂud
R BRI EAg O brogram mcludes: 3receiving the virtual thread ram

from a remBtesEERETtF SR PR E Y SRS HF Vet GRTHO caft ot
PARGHITECTUREIAND ENSTIRUCT OMNISETEOR craekic e READ
JGAMRITING A BITRAGT AR Kt BISELOS i foAdvigtviabalrdhitelsture

and instruclion sgh ww&&&wlmm&kmmm%w&m cbhenirigab

archltecture defines aV|rt al Erocessort at sy Jt& ncurrent

O BB SRS ViU T hreRds with muttiy Ievefs of data sharing
and coordirttits “(éfg'tf’gyi‘i’éhfﬁd&%ﬁm}%b& different virtual threads,
as well as a virtual execution driver that controls the thu(z;;II1 Bg%cessor A

virtual instrdétion St AFERTSSEIRETA? RIS AT Second pord ¢ Input

program codc includes program code defining two or morc dimensions for the array of virtual

threads.

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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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 48

translating the virtual thread program and at least a portion of the sequence of
function calls into target program code executing the virtual thread array using a number of

CPU threads that is less than the number of virtual threads.

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

obtaining a virtual thread program defining a sequence of per-thread
instructions to be cxccuted for a representative virtual thread of a plurality of virtual threads
in a virtual thrcad array adapted to proccss an input data sct o gencrate an output data set,

the sequence of per-thread instructions including at least onc instruction that
defines a cooperative behavior betwecen the representative virtual thread and onc or more
other virtua! threads of the plurality of virtual threads;

obtaining additional program code defining dimensions of the virtual thread
array;

translating the virtual thread program and the additional program code into
program code cxceutable on the target platform architecture, the executable program code
defining one or more platform threads that execute the virtual thread agay;

executing the executable program code on a computer system conforming to

the target platform architccture, thereby gencrating the output data set and storing the output

data set in a memory.

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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