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VI RTUAL ARCHI TECTURE AND | NSTRUCTI ON SET FOR PARALLEL
THREAD COMPUTI NG 5 BACKGROUND OF THE | NVENTI ON [ 0001
The present invention relates in general to paralle
processing and in particular to a virtua
architecture and instruction set for parallel thread
conputing. 100021 In parallel processing, nmultiple
processing units (e.g., multiple processor chips or
mul ti pl e processing cores within a single chip)
operate at the sanme tinme to process data. Such 10
systens can be used to solve problens that |end

t hensel ves to deconposition into nultiple parts.
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5 continually being devel oped. As various aspects of
the parallel architecture (e.g., progranmm ng nodel or
i nstruction set) change from one generation to the
next, application prograns, software |ibraries,
conpi l ers and other software and tools nust al so be
changed accordingly. This instability can.add

consi derabl e overhead to devel opnent and mai nt enance
of parallel processing code. 10 [00061 When

coordi nati on between threads is required, parall el
programm ng becones nore difficult. The programer
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archit-ecture defines a virtual processor that
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Usi ng the virt BRIEGAVMMARY BFAHEJNYE E‘H&ranners can

[denop| EmbedipthitCafttheqitesent invention provide a virtual architecture and a virtual

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

* virtual processor that supports cottcurrent execution of multiple virtual threads with multiple
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progranms in which virtual threads execute concurrently
to process data. Application prograns can be stored
and distributed in a highly portable internedi ate
form e.g., as programcode targeting the virtua
paral l el platform At install tinme or run tine,
har dwar e-specific virtual instruction translators and
execution drivers adapt the 10 internedi ate-form
application code to particular hardware on which it is
execut e. result, application prograns are
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exanpl e, the sequence of per-thread instructions m ght

i nclude an instruction to suspend execution of
operations for the representative virtual thread at a
particular point in the sequence until such tinme as
one or nore of the other virtual threads reach that
particular point, an instruction for the
representative virtual thread to store data in a
shared nmenory to 10 which one or nore of the other
virtual threads have access, an instruction for the
representative virtual thread to atomcally read and
st a ceniguting 18 thstarget platfermatnhitethrerghetsby ednoratingthedmtmm datoset,
whick ciifbe bidRd 0f Nrapéintetiiail (e.L.NE r YRy, IBR &% the 1RE). t he
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di mensi ons. Further, the second portion of the input

program code may al so include a function cal

defining one or nore dinensions of a grid of arrays of

virtual threads, wherein each array in the gridis to

be executed. [0016) Any target platformarchitecture

may be used. In sone enbodi nents, the target 10

platform architecture includes a naster processor and
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[0019] The follow ng detail ed description together

W th the acconpanying drawings will provide a better
under st andi ng of the nature and advant ages of the
present invention. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0020] FIG | is a block diagramof a conputer system
according to an enbodi nent of the 10 present
invention. [0021] FIGS. 2A and 2B illustrate the

rel ati onship between grids, thread arrays, and threads
in a progranmm ng nodel used in enbodi nents of the
present invention. [0022] FIG 3 is a block diagram of
Brogiamepds! to ganetaiettkecintnekthredrrpgthmgA ttanativeln isodicbthtead f
pldgrapes @A tcad NME BLLAK mécﬂurﬁ quc%[veffr@l afentofe Bmputer .‘,ybtem via
g 9&9\9&9 t]yfg} lto mqgetmtood thd?VIﬁgal ff}lr ad cocH: dt %rﬂ%g OIt‘ r%gegv% ogfh? han:

operate Sor acco
pren Pﬁé‘f’wx«e@éﬁt cd fm@rhlsfblﬂvc' [2002eq or F:TCGCd @rqc%v % w@kﬂoefommz,
tolastiuaDinSeindét abtlitdcrl]. €s defined by a virtual
instruction set architecture (I1SA) according to an
BAH) diTie frtllowing éiglep dessdvion fogetbertwid the B @BDayirgld@wigsivll
Frotiadd R tcbd v ¥drfifha) g bi @bhdRurt Mﬂ%ﬁva%&?&% Ine grekerﬂt @vehtisd. ual
| SA according to an 20 enbodi nent of the present
i nvention. [O0QRGEF BESCRIPTIGN @FTHE BRAWRIGNg Vi rt ual

e ed i [ | cordir o)
B0 PR AR SARRGI U BBl i Plcoos i B Bofocifes Sr e
BRe”nvgRtiont apl es |isting virtual inst ructions defined

10T XHO- A8 75 Yo B o P e 26 s

inf pepgpmeniegedeised s iembodimenits df thglprasens tnvertiba.on
transl ator according to an enbodi ment of the present
IPPR2ENFID A Is 4 Perkatjeermar & yituplarchitgehiss woorisg forig chbeimns A

thy@bdeativendon. a virtual library for a virtual

execution driver according to an enbodi ment of the
[B923% e KIG. ¥ ipreqenéepmmal nfdBIST Adihde i DESCRYieTHIEND GlerafetdHarget
WMEQM&@Q%QMW{@EH&%% utvgﬁxogr esent invention
provide a virtual architecture and instruction set
[0a2e] pEIGA lised taﬁthnﬁagispeamuﬁaubg deleheb)va Vit Instruction set

a%ﬁ&h&@&&% gco?ciu?g\e/ljo gr? Embodiie ?of tl? prese rll%’%lil oalr t hat

supports concurrent execu Fon o 8"t hreads with

[mﬂsf- | Plce6 |lsea\4§Jl§llsQf1 Hab@e %@sr shﬂ:g:rtéi iﬁgdnrﬁlgﬁgﬂ 'a&,%l:du%}o an

Wg‘ﬁ synchronj.zation) between different threads, as
pimént ofthe presentinventisa st j on driver that controls the

[ﬁ?ggf l Fi ggsﬁlzéh?e Ilstx%-%h \%rtl\;/alrlJ gt%.tlél %l agc;esp?g tproﬁ ?Je 13_ a v1r1§1§[ Lj?ﬁ gécgnddlﬁg(%o
ap ﬁ@quumnrtefﬁb,c Rresent frventiop. par all el thread behavior,

Q. , _instructiagns that _allow sharing of data across
(027} LFIGS, $h-8H e 1Tk el nwston %‘Tﬁ%F‘b'ﬂ givirwal ISA

aghofdirgrte at enitodig@oksf the psenmeesignchroni zed at certain

r ogr amver - sfloemfl ed points within a
1 028] 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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10 program Using the virtual platform programers
can devel op application progranms in which concurrent,
cooperating threads are executed to process data.

Har dwar e- specific virtual instruction translators and
execution drivers adapt the application code to
particular hardware on which it is to execute. As a
result, application prograns arc nore portable and
easier to develop, as the devel opnent process is

i ndependent of particular processing 15 hardware. 1.

Ov bl ock di f
Comuter - ay<PERSD el o5 iR RRRsEONEn: of * the

: [B9 e ﬁfnbpﬁv’em Pidke pré8ompyemion pyide AiOE architdetickesd dnstruction

seecit ﬁﬂlie%ﬂ@cﬁ&ﬁipﬁﬂlgu Thd vike&d? H)chlgégt%re ]ﬁ%egd ﬁ%&e‘i S{FQ MB}’

communi catin I ncl ud
S POITRG SR OB R R wth e e Bty e,
"éd geordigpting eigh syichigeization)betvesn difarmobredis ok srelhasoudraet
c@tdén dr5eNiAai ﬁbrﬁt@t‘s:tlﬁnnc{a/@!gﬁct:&%t@r (’lga? IgmUdlaanJPigﬁ o %EEEQQ%JF ne
blcﬁ%m V\t‘ld prﬁccbsm X rgad ;r)laudc.s ng rlggulfw?tlcga é)ardlljﬁl Hnrc:tfi Eel'@w\?vég .,
inpTuGtionfealipy @mﬂw detp agrens ecriairsibeadsnplinstohetions det réQarc
d{feerght thrds@ytb Bab ke syHBIMGAed ANEhiQ b Fa%et'-gﬁcd" &pﬁbﬁntat v@ith(i;Rp

o2t St AR B e o

| “@fﬁ"&@‘é’“‘l”% copRgrafingiesadsararxprated copmesss datet Hordwpaishecificd
vir@algnstruétiodGlanskxdas ﬁﬂ&x&ﬁtmﬁ%@&r@ Ecﬁbﬁﬁ’c ap@icﬁﬁcm dodc BPhdicular

enbq rocessin subs stem
ik on W 1 6 TROHLTREL of D fvligroBerroas w frdapatiny
CHIE [ deyelera 95 ederslopmeat grocessis indrnradsni of merticuGR ProgessinCD
higgsad. nonitor). A systemdisk 114 is al so connected to
I /O bridge 107. A switch 116 provides connections

1p8ysese@varyi€vbri dge 107 and ot her conponents such as a
{G’OSi]WOFIK? 36 d@:ﬁiﬁ@ﬁﬁéﬁiﬂl 1:8& @W&u%@@s@”ﬁ O@MJdﬂg Qch n b%c? Qnent of

gand 121 t 35 onents (not expli
r‘i”‘i %a "ﬁ’a“ ORE-YrPust RErmIgP tnchlsﬁrféeetrabwgcebw twrtﬂ
afw{}yerpm wegtoryalifd corhraunlidakieg vlmyus@hmmabacl ud:e R ﬂﬁﬁlb@dm'ﬂgb 105.

Mlaﬂn@r)hiﬂdgtg 5 1‘917|ch W C'ﬁIJ ér@l%nm %ﬁé&e‘&@fﬁ%ﬂ ?lgaéher

.1 ou % onents _in FIG
coonBhar il 08 1k o Dot ke an 5§ (prtioptg) bidke 19
I/ Q b@é&vp@ﬁeﬁvchl mrydecanrsolthbriddCehiptpre8susérRigut figm o d? more
w(c#ﬁﬁ&ldeﬁ@a*s @6k (o2 REbE3d, BRfubo) end MRESs HARRPR dpy 105 v ﬁ?%sh

1(%ta er bus or paLnt-to poi nt conmuni cat i on protoco
MEBANSTESIE HRrRid Arogrsripe bRt 2 eaunisfo mewmory
bfdigf:ﬂ @ eént bprobbochsmascdtisn kNOWS (8., & BEl Bptess or[AR03atdted

GRBAiS] o tink); ms&m&&b%a&ﬁg%%&%g G891, PRLALLC!
RS TN G M R O N
bageremenitonp Asysténmtliggl 14 tissdso@biinztiied todEVHriIgs 16U (Afb»ﬁtﬁh 116
Pr@ﬁ@&%@ﬁﬂé@t@n@beﬂ[f&ﬁ eoOTh %‘ ]09@5& &tﬁ&%&xﬁ@m&&es%laﬁeés% networlbpu

i nt eqr at _circuits VI Ces

adiper Hfg ‘?ew‘t’aélg S P band ek %ﬂl?rcgwwentp@p'aﬁxpwﬂy shown),
ingindinE 8B br dthie pordidngectos, CID dffs D VID @408 Sind the GRS, B8y aB@6d

coﬁﬁec\@ﬂ 't&f?O 'bﬁdg%qwt&o%uﬁfnication paths interconnecting the various components

in FIG. 1 may be implemented using any suitable protocols, such as PCI (Peripheral
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executing a | arge nunber (e.g., hundreds) of threads
concurrently. PPU 122 can be 10 programred to perform
a wde array of conputations, including Iinear and
nonl i near data transforns, filtering of video and/or
audi o data, nodeling (e.g., applying | aws of physics
to determ ne position, velocity and other attributes
of objects), inmage rendering, and so on. PPU 122 may
transfer data from system nenory 104 and/or PP nenory
124 into internal nmenory, process the data, and wite
result data back to system nenory 104 and/or PP 15
frempengntintareonpge) EC%%WSH&%% ér@l’kféw&‘é@@éﬁ@hw Perher
Sly 5dr AP AITRO DG LS buls Bﬂ;lvd:td—ltdlﬂqmt&o@mumc%rlﬁ?ol(d BndSONME

asm&%mmm E%re&g&.eg iy 8 . ARREGSpr prBbQGaS g%o&nbﬁtmca%r

al so be confi gure to per ormvar ous s re
1003 51€ NFAEN pasteding SlbsFatkai 1B H&md&r%%ﬂlg%r&@sgﬁg uﬁ#’@p{ﬂ £ and
I S S Via henor

e o el AT el P el y g o or e
{ioiaratad cirenit dgeicas st agpyogprmp ke progessersy appliadnuabidifly; ineggted
éircdfds @GIGRhd ABAbry i&aee 1 fz@rdhx{dh@%e%bﬂi &p@é&l{inﬂd Qﬂ%h@

g, FCSOlﬂCelVOI.'lIﬁ':InO [OCES. aa Oa (1) y
Rl pe Bt B i R S PR i Reenipton Lo Bty e o
RESULRG Y lars?@rlmbré (ohaupieds) gfthregsly etrvaqugy aRPl 23 rcaplri cs
RoSEREmED pafctmanald ey BRdmpRR:idhs Sab1fa0l HoeR @:{cﬂlonﬁ{é[:m&e

t&%%@“r‘sa Ilte%lg%of’ vubeo dncﬁor au:é?cs? Xcg%mod%m& I %,?Jgalyllg% ﬁg?h)ymca to
dtsinise (J%?)‘HGHQGIOFWS rthemn&leﬁs of peipiD magegendpingnumsise pn. PPU
2200 8 0sFer @hta &yﬁkﬁiﬁrﬂ&&norfi O dn@lot Pmeracnﬁl 12GRG ﬁxdérﬁ.ﬂt I ng

'%%%{l’? '?%Q& tl’l%fdd.&tdng n?’eyr Emtﬁa& Obﬁf cm me gﬂ%ﬁt Id9 pf‘lr

I 'ssues,’ comrman trol &4t on
Bemaopl P4 phere push dishean Seirsesertother Wr@zpwm dngluding, e.g.,

GItU e@Mivforemvbdigents, 0PU PP 1 22pkies Iﬂoo@@mm da:kurkfofbe r,
en 12
B e T8 Yorfin i B TR R o o R s
S&Pﬂiwﬂ’-aucﬁlz 302 aﬂS@f PRy rEmoped yiaremonohridan H5end bisrhlBr om
it ctig Rt IPe rrkbufof}el?fl mlﬂclﬂ)éﬁ G&LR8 a CEEPRRB HSmory including, e.g., a

CWP&%Q%&%%LJ#& 0 3 C?“i c{ahe 1xe?(flz¥taé déll Vﬁﬂlﬁ?lﬁ%g&rdga tﬂﬁ!bglay

_ ‘-‘Fr'mbltoraa'rirﬂrﬁélkanlﬂ b@rﬁfawhpdmcatsr l?fn%leY&PFG 1 el ineludejopp BPU 122

OPETeLIR0S 8 ighbldcs plitess6:onA awktico PP ®m1sagf5zsr gdniiellgadiong t he
cgllﬂmﬁf n%ro PRUL Qchggﬁmaq ]:)r P ffé:relg%d aanﬁ¥’P ma%avcfltlts (e)gvn as

r instance, In
ﬁﬁﬂf&ﬂﬁﬁ%&d%ﬁﬁ@bcted to CPU 102 directly rather

a brid and ot her. 5 devices conmuni cate
[@ﬁﬂ @B@qﬁ?ﬁ? %m&fwaow o5 feontiing spd cpy
cd@dinating opeyitives ofaulttteesynlamrcmmmml D@h@sylarREPLS WiRSysBtsem
c&r]u%aﬁ(ﬁ tﬁpaﬂﬁ‘&tﬂ?e%g&gttdr{ o@Ppﬁllgg QH%%C én?Jon%[emL r@i} I(? writes a

Menor.y nmbodi ment
S‘B‘?"F"dﬁé“ffﬁ"’?“ PRE 1Rt ¥ *‘tff”l“ﬂ’@’éd '%H?%r W.*ch ey B%mswe@grlafl@a
1PH P8 ngeneinigi cor ehtier stdfage Ipeatibn addb:aib leCcOBPOOBIN 1 G2 SHORO 122,

r g,%@ag H nhe
pbe lQﬁ Read the &H‘Haﬂ@ﬁl‘c&m ﬁfogtrtl'ré T Cg guﬂr'ﬁggﬁd R g Echg%arnfdse q.

add-in cards or periphera

agync (bt}?'g.s y with operation of é)P
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10 enbodi nents, switch 116 is elimnated, and network
adapter 118 and add-in cards 120, 121 connect
directly to I/O bridge 107 [00351 The connecti on of
PPU 122 to the rest of system 100 may al so be vari ed.
In some enbodi nents, PP system 112 is inplenented as
an add-in card that can be inserted into an expansion
sl ot of system 100. In other enbodi nents, a PPU can be
integrated on a single 15 chip with a bus bridge, such

as nenDry bridge 105 or 1/0 bridge 107. In still other
y be

@E?@ M g%s sone ,or el enents of PPU 122 nmm

grarede MrretEp ey ?SYS‘F’GG%‘W hrepsigilfygtiptipeand tha yagiapns
4 miedifingtionyrveipassibie. TiwoahneRtPn oy, induditguith nithb&and ocal

dFRAEM Rt &Bﬁhg@ﬁ)’my §§ml)(9§§fi as BETRY. Wo@ﬂgtdrﬁ:\é Sh ?JRJE%Q&&&Q

ance,

S0kt ORI 14 | Minsried 1 DR RP ity P i thgoneh 4 ot pes other
wm)w'ewbmehtmwt syst2® memogiOh vie mzodiyigidgs105lahd CP@ 102, 1RO

dﬂ&dhlfé&faﬁd: tgﬁo@\&his O SUBHREA | 1251.5. wn9¥&£%Q¥/0 %Hggepejf"raﬁ%%hdn to

no exclu
A1 0 T SR Sript R bk o sppprcray tides 105
pightdg l’“éﬂg@(‘.?dl"l‘w dsinglp ehipl gehe ohrtignlay morpvcmwtdﬂxdwahcran arc optional;

foH iGsaned, @nﬁﬂlhﬂer\/ﬂf bl c!i}HQ&} @Ql delvchLK'mgﬁt v 5upp€lgd B sorme

- °ﬁ‘%% ”%&%9% peimidi. 351 ’?"%"%‘g‘“{i‘ﬁ‘ﬂ’éﬁ&a%‘dmt‘h cprsag 121

WWWB@F“@V“ﬂ' rigeggy0be included in a system 25 e.g.

_ | uding nmultiple PPUs on a single add-in card, by
5 i

hej Soppertinnof B 12240 thepest afisusiem Q9 mayrafso by Sariednbysome
ephodiromte B kysgmon 2 isdmplmtedRRPbuis addiih e68 thyit da® bamgey:sd ftPan

‘ cﬂﬁﬁm{ e.h:@ @f’ bqrstem Mﬂ t]'n Blh@r ﬁbﬁnﬁﬁy dk?’gUocEn geait I:E rategl ?rhd sm%le

L rocess dat a at

oBRS2h Bl eSS meay Pt 1hhaE bt o

empradiragnts, swinlelor all demeneod AU 222 hbatde iRtedolibd wiadceUu BB can
be integrated 30 into a single device, and the CPU

[003¢] P‘F’ﬂgﬂﬂy‘y bhapededitous smambeflomEPRmeahoragncluding o local

niemSItyl‘ Atﬂfrria@ Rise lb&gh@morb Hflcf .@{t&n nﬁ@l@@@ﬁ any TBABRLER: For instance,
or separate resources

c%ﬁ le 9o GhLs e a([.]r 10 Elg
FBVE ded T or 6%? S megope Eertye SHYMAY pRqdiment;
méﬁ@regﬂJp@ﬁ@nts, Agtlsor 06 fegiopted gmphicsmeatoty ipprovided, erd R 128 9

wanlldl ﬁ@rbys‘tdﬂ)ﬂﬁlém&'ﬂ aﬁdlﬁsy/c@% Ql[nbh %chﬂ%@' T @ﬁlA%\bBﬁmtenta the
enente I n

th
Pty glg}? f)cai%l%?rat\évtli mbo a bndgﬁi:'I F}F%?Jr provéd(iﬁ Fspap(gﬁ:rmrgp\rlgb%lgg_h-bpeed
h@y(g o E)rremepfmgam ! Prgdrinigedbip andisemendosaly.i n a

0§g{ s of configurations and formfactors, including
(O fo%a‘sq 19 5e Bpsletstood Hiahipsl apbes of B3 faay be insldestig a system,

e. Béwetﬂmlmg&lul@‘lkmmdnﬂlg&glegm cﬁﬂﬂﬁﬂ&oﬁ?&cg@ﬁﬂéﬁ@ﬁhd—m cards
oSYiR b eq Int
to t§ 1%&&%9 cSfhe&fh g oL (9'%19: ﬁ?.% frec to a sysﬁpm nhoéhegtipgréie nt

| so réecogni z hat one advan
M}V‘\fﬁe‘s AEPdmay & qpﬁrefeé mﬂrﬂﬁa E@%‘%‘ﬂ% htghqmrpfmhput ¢hah s
posaripwith mginglaPPar e. Accordingly, it is to be
under stood that enbodi nents of the present invention
(0038 Blosgrkitied ic dut autsiikh glsamspgnicOtMUL CRU SMBPRI) cah BOihtdgta @Y

in® ¥ SR e¥ifRinddR ORY aRIEPU HE sBarkTitkous resources such as instruction
logic, buffers, caches, memories, processing engines and so on; or separate resources may be

provided for parallel processing and other operations. Accordingly, any or all of the circuits
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10 2. Virtual Programm ng Model Overview [00411 In
enbodi nents of the present invention, it is desirable
to use PPU 122 or other processor(s) of a conputing
systemto execute general-purpose conputations using
thread arrays. As used herein, a "thread array" is a
group consisting of a nunber (no) of threads that
concurrently execute the sane 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 I1D") that is accessible to the
tridfoe Buictippzlity destrited borein o licng assddiged wittethd PR Dgouthilolbe can
helRhkNRdnd etﬁrm&infy dthmgg%h@mh ¢y mul ti - di mensi onal
nunerical value (e.qg., to no-1), controls various
BepRC tSystars ihdvepdrdiing AP, ﬁn@ﬂ:@ Grﬁ}ﬂ&hd’i@d heh %ﬂe@ro:f cdﬁﬁ@t\z/:\;?]tlon; and

e ne iC
foﬂﬁ E‘a@ﬂ&. mgl@d h%&e@ﬂ%: ia? 8ga(¥ hgl%?elllcﬁ E ? pal o d;%*?ut: s

portion o process
ﬁﬂ&%‘r‘m%éaWéWFﬁSfF@‘bW%WS‘zﬂs’ﬂM%%n of an out put data
00421 In sone

pr. uce or
Rdonchee g ed i i P”é'g%""afF‘i”E’;‘}%eWgﬁ‘ goe ac%s'ﬁa&ﬁ 8f thgppesent
inypntiepds alpqegqyej; independefggdrom phgicyat dempbtirgrhatdypes Aoforditgle étds
t31b& @MSrstodd EAtAmbSdifies &u@: ;ﬁ’ésermiﬂvﬁdtﬁh ¢haly BE SadRed BRL any

neurrent|. exectet m (referred to
%& ecrrf'yfg%m éXQI Sﬁﬁ'e&fr artns‘j " ﬁmﬁ‘ﬁ fg%ﬁ data set to
;pr\ggl,m:p @;Bnﬂhﬁ;%ii Aisgt. Ina CTA, the threads can
eram rlcn _d_t_éavmth each 25 other in a

0
[ﬁ%ﬂ eft ‘i“??&f‘“’ki‘%‘ﬁ éh‘B%Pf&“ﬁ’“‘tlﬁ“F%%P& if pdequgble fqyse BPE 22 qrgthgr
rEkAgsortia bBa @amputie spstad weadutelgyneih purpbse ea:dplﬂmdnmrmg thred
a?r)(yea@gtj%rhcrcln, a aﬁ‘qugé %@ﬂ’t Q%nsv‘-ﬁl\[l? EFJ %ﬁ}ké gpthrcads that

I nstructl ons . can I nser Into

euyEently eﬁ?ﬂ‘ﬁtﬂée “e\m%vfegra‘af’w igpyt Gatp set K prpduge %“(P“gﬁé‘ij‘l‘ﬂe‘et
Raplathread inghedbitead drarg isaedignad 4 yhidpe enreqdridraitifia @ tyadtiD® that is

: a.@é'e%%i&ﬂo £ 3 tﬁl@.{cﬁcﬁlﬁng ﬁ; &E&tti&h @th il %!PQHEM deﬁﬁé&a@ qpt S

to access it. The extent, if any, o aring
BFHIRGIHINRLS dltisfimgnsional queerial wableds B hiodrobh): coRIYRRious
apprecgothg thiehdiSprodeksingbehavion eFdit BERAG] DOEkad TRinay Bt 18ed to
d@l@ﬁlﬁe%ﬁ{‘]poﬁmlolf ﬁ]@%ﬂlpgi,l’hata bg%tthrg estoc-roAgab aladj er t(g Qert?er%u%% W%H:h

act ual
Pﬁ?lﬁ’é?fa“ OI@“H%BQM tW@addhf"tPﬁ@“‘@'PAwﬁfeogr am and the terms

and "thread a are used nony no
L b°'r‘682'sﬂf“ﬁf#bs%ﬁ@¥eé $ FHE rPQPerYP CHitre ftrw%%@r%b
Aéh‘aﬁhethleﬁpms ofitatead areeté, @CTiANS @ proeElofatrdtipledipadsshat vartirently
eﬁcﬁ@ ﬂletsﬂ'ﬁeeﬁgéath @refeﬁ@d © 888in & fvcT0 rom%%n m@utqgt% set to
gg m. %ta &e%gl %5|nstruct|on ) an

P &8 QP U5 8¢ta e Hoe M5 P49 AR RoRRT it Yeedr aa’éff‘ g%
other i@ mapyer thaedependi brhthtehdIDh dur dgisnchan AGTA, damah boprodifced
b BieRREad drd c&RGhed U3 85 RerC RIBME @ﬁb&dlﬂﬁenftsu Mtzﬂr&ﬁzanﬁkﬁinﬁ&cﬁons

|tbs own t.hr Dand wjtes to the caorrespondi ng _
P AP 1 SRR Pk o YAeme 420/ 08 AP gasure that
thg@pth hedicaplbhbeehprodwed lﬁyetheprbdm:ing dachd beforet i ¢005ud1ufgftlaleaaht

dﬂté?tﬁ%ttb Qd?:gss 1ta&‘hl=, %Qlt alsan§ I?)? datI éﬁgﬁl{éh p eag ﬁ‘ll’&gg &hl "i{A 1§t : C,

uﬁgg}?tlo vvrlttento ébbanyt IS pre i ctab
AORIPEFT:CEY I Lobeundqriiond th iy wﬁcaléf ffpa‘ﬁcw
ti@t)rspﬁﬁ'h‘\sathe ade:briesﬁl QA tnigst 8 Indghe dotremallyyshire G4ta with each other,

10



10

15

20

25

30

which data is to be read, with the address being a
function of thread ID. By defining suitable functions
and providing synchroni zati on techni ques, data can be
witten to a given location in shared nenory by one
thread of a CTA and read fromthat |ocation by a
different thread of the same CTA in a predictable
manner. Consequently, any desired pattern of data
sharing 15 anong threads can be supported, and any
thread in a CTA can share data with any other thread
%n t.he sams CTA. [00441 CTAs (or other types of thread
PFRg P Hie ETARFE R gablS [y iFiA0 pret threpdsimpy grapsed
sonpobady lendgn.t hat | end t hensel ves to a data-parall el
deconposition. As used herein, a "data-parallel
[043b miypsere emhodimenss, thereds in A ET4i shara tnpwntaizmndibr inthradiate results

VE Rk ﬂida@ﬂta |theﬂ'5rﬁ$)b’ﬁm Fét ez&p'seoh ved pmgrmsrgm ihf8ketaRe

or S In
RGBT it PGl P g e e v
wEtepYithi tﬁtﬁsngqq:@séne@g a &alF*ampdﬂwaﬂ &P. Ereb dmpd spmputes the function
usiny 04 M@sthreaPl HdRGitdslheths aﬂﬁb[ﬁtﬁﬂlﬁ@&@dﬂﬁﬂ 'ﬂ{egleﬁrle& %Hc&&a is

a%aﬁfagéo%l}r g&o ésu%pﬁ'l Jlﬂ' Temt h:eD gst w% % qu? r%iogatg:rgf as longa.sthe

enerat e Feren I ons
f‘ES%‘H%‘P dyerpinigticaht 'ewonawgimm by any ﬂlrePdtlsaprptmtdilet ellhe CTA
pdgml@%{mﬁ glsé inOldd ¢ ﬁﬁhﬁt&d&!oﬂm Johﬁﬁutali.ﬂﬁchf‘e@s in |tﬂerLﬁ§l"Ed ﬂ&ge[ar? From
v)zu% ddl’g ﬁ,% bé lre dﬁ{:tlg the'a rr%.ﬁ E ﬁﬁ&regé 5 u%'eqP}Plfl%i.lptﬁHe

CEj‘d\S |a’ﬁ¢ﬂf3“le$1%MﬂElH‘Pfﬁ@ﬂ@fUm}’elqub @f# dei b¢ erittenite2 aitgn location in

'slmm’dbﬂd‘moﬁif by BRSNS CTA @ﬂ:ﬂtre&bﬂr&n fubd ibfiSn by diktdrtd: Ialr@ad of

tﬂ'sﬁﬁ f¥Pa r@cpgtab%c mer. -B?)Fbeg en XG ohy u{é%r% é)?l?en%%th J«'Ptd s~>I?:-.mng

t 0] eac ortron o
a’é‘ﬁ'éebwc?%&dﬂ e wmﬁ@wdp% Qv%m A BA eanchare Hitewidh gy ogheCTA

tteoud Guthe santeleTAsame CTA  program on one portion of the
i nput data set. A CTA program can inplenment algorithns
[0984]u s (ar ethateypreofgiecadfarmms) ive advhiitegebusinangl®gil 3 erform

c&ﬂﬁEﬁbﬁ&Hzﬁ aenamémgmb wd%amdﬁa%e&%tm Aggwh&leﬂml
,.(glta ) a@nlt(}g exequt | on paths and direct

RaFeE pijom feidss an?[ JituatiRss Vhisl pgomppiptianal pioblewis
SqlWé b ofecating tibewwe plp@thm muftiplettines ing@tadielloniinput data to generate

ouﬂ@ﬁ\iﬁa regd ifdt&nld&; %ﬁ’e oﬁ&%ﬁ&ﬁﬁée@? abo. par;lM g%gc%ﬁron Q0461

situati ons, SO use ul I ne a
aPPd?“go‘EE Be a"%ﬁ‘&%a‘éﬁ%m to(ﬂlf%w gortions 9Epuinpyf ditp ped fprder to
garnagyiifferenfportire dn epue atg se Fsgmiply oﬁ;s&omzﬁﬁsmesab& to
dtQpdrAtt t!lc@éhlﬁgsman ﬁ&ﬂ@@rﬁat@aléebﬂf lmeir agdr/%§ ?(H“ﬁ Arh oﬂjns in any

(sarre size (i.¢€., nber o
s gafﬁaim?“ﬁ'gﬂ% 5ﬁeF@*r§9“ﬁFfng*F*5fﬂmﬁh9@d Fariquy filterife ﬁﬁpﬁh@b
inglpdling eoneolaiibnefiitea freow sivyber ntidimentbes sepafabrditkrs @t Melkiple

PR YECH  i

degesel precifiat Btk Qb EPEAT: ang ghct Oprgaingp ETHeorRge Same CTA
progrgm ioh pregvttion|of shie Bxiphi date skth A €T 5 pio gxbmtcmngqﬁ'%st mb

usthbal el a o rolaglch

d:éf%fdgaée)llﬁ‘t?g %_rfl_%ﬁérﬁétﬁg q& [ogﬁal 8218- tqug_r%iJ'thgg g'llﬁl P%le

°°&%*I&°’ld[>§ T branchingcxscitign pasirang 'a%angwéadwt BBy @F8ssof t he
grid. As with thread IDs, any unique identifier
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(including but not Iimted to nuneric identifiers) can
be used as a CTAID. In one enbodinent, CTA IDs are
sinmply sequential (one-dinensional) index values from
Oton,-1. In other enbodi nents, nultidinensional

i ndexi ng schenes can be used. The CTA IDis 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 IDto determne, e.g., a source

| ocation for reading input data and/or a destination
| ocation for witing output data. In this manner,

0845d 2 T A and edpdutien derbof @RAlsscobedtith fartbearmetaid)in atloveayferenced
ApficAbeNeONGE r&Nt |y on the sane data set, although in
sonme enbodi nents sharing of data between different
[0T46$  Imsogre Gituatlorssit Ba@lso ssempmmémia g@d "[ob Bt edsi (v e @

Béfgly%regjwys aﬂs v%%d Ma‘?‘e%t ld| %rr 9%’1‘1? eg qu ecl:t on o? gl?n%er &FB of

Q0 use re n Ions O
4R é(h'l‘:%f‘lbgﬁbsr Bhite ﬁ%m"'F*b’f’ Gjen gve'alrfeef thrlefds}ﬁng ecie te same
@ersprogrizh e The /6 Tes fndthimagrid adeheranmgoaﬂlgﬁddpbﬁMtto@ cach other,

zﬁ&ﬂﬁé &&:%x@cuﬁ&r&fhﬁﬁé’r& b th@% il u,el'lo‘? Xi*fe%leg By (»EJQI Qher OFa

nown in art, | nc e over
1B theerg- |%W‘B|"R‘é’rm§ appapengy ﬁ‘dsnfe"‘ttﬁF era&desg@} feant élgmblhev iBi xel ,
distrébutinpriBs anfong bvadebiispréessg cexecut ed woul d exceed the
nunber of 25 threads that can be processed in a single
[R9AA (B digtivievigh diffpres € ds witbinlesid POERA ddentiBaSon EBALD) is
afivadiQgadidy 60ighedGOh CRA LM USA, rl% vﬁﬂxﬁﬂr@ﬁl‘ﬂa NAY unique identifier

(ﬂqglﬁag%!g}fl goq)hgut[:&) to umertuhldenulﬁersg a7 u%g 33 :Cﬁ% ]#)aslk can be

fPedtim PdﬁAa‘gé nievRytial (rmefdft@nemai)pmeﬁ w@nescf@ﬂgo to ngtl.
1d 6&r@mbbdiggntD) ﬁuttﬂ&ﬁneﬁ&i&dillhdd&iné@&lﬁmes th be ﬁIA\STIﬁ-)mJIEEls

and t eads at i on. of
ohoRARF pRHARATr £ e ARl R 18 S Bihrie BB e
GTérIDrg &Wﬂ%&lﬂiﬂm@tﬂs eraftaé TR frcdeigrmniog. 5@ - emtmﬁloqgawafor waring
itpnedata s@@6i @Iﬁa@@ﬂﬁ@h@ﬁfomnm%u@&rdaac in ﬂa@ htah &4, thkads e
Fat tio
dgﬂ%{{ C }?b ot th%?%m@%l’gi oMo gl"rlte coricuxPen&y ilb{l]l dJ%ta afxt aH [hg lﬁth &

ta set to orr

SqyRe W%‘H‘e’ﬁthﬁta“n&ﬂﬂdwéetﬁh@%ﬂ\hpfm in agn@mo( Wnpq,rt«vdc an

r ta), Wit hin grid advant ageously do_ not
"ﬁ’H@ 2‘3%@{“& ,Wg?f A%?% BF ek e WBTHE  SfleuEd o weitiple
CThato solve differgot pOifidgs affa stolgle i gameoldem. Foc tnstatie, i méghtibeaidsirable
ttﬁﬁgb&%pat ﬁl%h@’ algérﬁhxﬁ kot é@ﬁerratgﬁ Hﬁﬁ-)iefﬁlfnoﬁ Mﬁcfn?ﬁf)ll'yl) m@a@g Asis

k stil.l ro u entlcal r esul Consequent

PIBLE Pibge 0 s mghtjnc u@mf&m’e@%fls i %fhrib)d can
geRBEEOE paxe] thethumber G hseadita bobleqitedl vufdexcdet theymibersf
HeAEEHt At Dbe! %P(tﬁe@doin at«,ﬂgxa \(/:trﬁ asstfid a &E&ss.eggﬁa&%n%m%me

all CTAs o e been execut

sigg "‘l“gr"?féixl%cﬁ?d“?‘gg cogymtipnat EFhnidpesd our ces are avail abl e,

| at f d
S B 1 o
Cﬁév Aith gpch qTROmnirating as;ldfneenit rrsticr{esse 16x6 Himydfdhaiegiut pible
AllTTde Eted e e |s£dlepﬂr8gr£rﬂ Zhd 86 kSdPlse %bm%@ﬁﬁhe ¢PAe06M

es a, dif ent orti dat a- cess ng
el B8 el oy T REhb il P By e
eap’a§ Awpg”ﬁﬁs dyebatiopied pertipmefgheingny ddderet ofd wige itstoprsian of the
ot Bidta set WIS Br6AdRation! Ut 1 ON
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step is perfornmed by executing a grid of CTAs. As

anot her exanple, the data processing task m ght

i nclude performng the sane or simlar operations on a

succession of input data sets (e.g., successive

frames of video data); a grid of CTAs can be executed

for each input data 15 set. The virtual progranmm ng

nodel advant ageously supports at |east these three

| evel s of work definition (i.e., threads, CTAs, and

grids of CTAs); additional |evels could also be
Hgﬁorted if desired. [0052] It wll be appreciated

tlbowd benofed Wipb ainlikeahredds withisa @A (hich c@Thgre §atz)eCTAS

Wit giid ijvautz@faouggas )thflar@ch.I Wﬁh or%ﬂférvﬂéé'ﬁ%ﬁé'nd C)H g)ch gfher That
ul ar

I arti
kg hﬂi?@%‘% i id fon B E"“‘F‘é‘gwe@fﬁ"%ﬂ'a ?'B e P el
P efg‘f %rﬁ#é? ‘dﬁl?"cﬁufbehﬂatc‘@dwag@ﬁr aprrzbsside Platferm (clesyreabloe af
EeC OrpoO&ictutONgrid BRCTAs bl SHREA :%&Uﬂ@;ﬂ ﬁ@%tm& Gﬁe éiue% Qhe‘ﬁfthe

e nu

B shP BB T o p Pl i V% P B et
“PFFSBP*éﬁ%’“‘Fﬁ%EC Hyaitibici ¢ Proposving m:éfo@frpanapgnu@amaap grid and obtain
thissaak rasulchodxaatinyg indldple O AL bparaféiesence of a | arge

nunber of data el enents that can be processed in
(PRI Iredome ngtagmsrit i2dy be dedirabic esiefiftamdagla(g) ide ot ST A{ Bhere

Q¢ @M@x&ht@i@&]%cnt%%gn Qtf a dYAL &Q:e‘l.sﬁlg Iﬁ%a‘ﬁ%r@ﬂk Yor example, the

ormn orithmon ferent (possibly
B "f"s“ﬁ'aﬁ g‘@’j mﬁaﬁea‘ige%ea&r ARUPREHR sQiutoR Sept” Wi @ethioution
Srcn st nerferansd by frecutdiag a gad efiTElNss AG amtizeciampld! the HeamBteSsing task

tﬁlgﬂtincﬁﬂg p&ﬁr@rﬁin%{@le B&ndYr Q&’gﬁﬁ&gﬁl&ié‘l&. '3 a L&@mnﬁﬁ?qnput data sets
aI gorith | ens can al wa

& z:*'“""ea“é"é"cir “[“ﬁi ? H Qs%) g%af Gy sIPe sreFutsd s serh dppuipdate
590 Tbh%ﬂli% progimmir@Tisic! amhtagrdusls sehpeity bt bed tieliowec lokas of
WcﬂS&cﬂ’iﬁiﬁGu { @aﬁttba@,r C@Aﬁnagthéncﬂ SPELES fddl‘l@l@il le(réi@%luféi 2 bQ ne
s gtdlp&bst ep in a conplex data-processing tas

gprp° Hrant ageously divided i nto a nunber of

c €
[0&5]0 Kgﬂll be g&]@?&ﬁ%ﬁ’iﬂ él% mzt%g umk%) r oDk 0 ndgé ﬂze gr?.\gl%er m

van eous con
F%ﬁ@ﬁ% %ﬂd; and n@mberéméﬁ%&ndawd moiip s nartigflarprablepy wibl degend

oh parlyeetao bftRpréiferf and pRefSremG @fthen@bgranﬁiﬁér%r PRbhdtedized that

déf'hﬁg{h@ plgﬂl%xﬂl&g 9@8&1&0 lI‘Hst) in 5%1 bodm’tlentb ﬁ!:f)ﬁ%% g‘}&the zlﬁ\e

t hr ead processe one or hore e
05%%11%@% "he yEprf eridstiee aduaninceonigdefine by aeroeraginictls,  CTAs

t ads | a_b_ virtual progranm ng nodel used in
B PRSPl e s PrOG e AR

Préeanpreat acbafrgegmndtsr o203 clamtrits hachn igipratedial ingammdeinspmefl a
l&ﬁﬁ&egfﬁ%&élm aggoquut QE&@H@ QJch of-fih lg %Aera gs& ing the

|tiple instances of ects are-denote
sl O“fb&Pé‘h‘Ff“f%Pl“ﬁgPW pymdeut daggiset. In other
Hp@wsﬂﬂh@hMGahmMMﬂbéesmwdﬁmknﬁﬁwnge&h&uﬂﬁgﬁﬂﬁﬁ&i&ﬁ@m&
gt AS shown in FIG 2B for CTA 202(0,0), each
CTA 202 includes a 2-D array of threads (0) 204. 10

[0664] each prbtlélﬁﬁiin 3&41;1& lﬂa (ﬁé\'ﬁxtbogﬁ/hltg O twb ?&le gﬂd rgapggponto
1.er

B T e it G el B P ot B e reptssal e

resigfops -?043%10! #iep ig picemplex d@BAprod@ssing task. Each grid is advantageously

* divided into a number of "blocks," each of which can be processed as a single CTA. Each
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uni quely identifies the CTAwithin the grid, and a
thread IDi, uniquely identifies the thread wthin
the CTA. In this enbodinment, the identifier I could be
constructed froma one-dinensional grid identifier

I'g, a two di nensional CTA identifier ii, and a 15

t wo- di nensi onal thread identifier i,. In other

enbodi ments, the unique identifier I is atriplet of
integers, with O<_ig <n2; 0< i, <ngand 0:5 i, <
no. In still other enbodinents, any or all of the

%I‘I d, CTA, and thread identifiers m ght be expressed
ackadmniseenurte pratag Atultivi "slgments, 5i.c.. 2memey dprtionse! fhaiproblem
BDe botvadl(es., a Diiglelifit Hitk@oint SResinPild Gl 4404 RAR). Ivded i CeA,

édcﬁﬁ,&d@g,o&gb%glo"c%rglﬁwee%emget erm ne a source |ocation

for 1nput i'nan array enconpassing an i nput

féﬁgﬁ ?’Q%Soﬁﬁg?dgﬁrh filstantthd r@la%ﬂslﬂp Bdewdd lgmisp EPAYEdd 95 eads in a

ne .a target atlon_or storin
”‘fa‘ pPeaRpPLe "%"%Pﬁf“r‘i‘ *&ﬁn‘éﬁﬂﬂfeﬁvm@ﬁ@s RISSESiRYRg o F&faﬂ%wows a
@atbar of @ridsf289, with eaahterid dcigg inedeop ofiutwordihnensignil ¢ D) {8056 1

ETUs DX Ak, niufthptchlﬁ.taﬁ&eﬁ of e oﬁﬁcmzy‘edoﬁ@%h tre@é@rl@e hithead
he ou

AR ot T pea e ey e e Rt R A
shewnt 'erFI@fZB forfGiAc202{00)1 dach PTHROZINICkiEs © PO} bithseads (©) 204.
Hok Bich a,dca@@wn ban em%%mw d%otahﬁ AT SR G 25
of[zthre ?, cS_asm gT Whi reflect t he )

1 ‘& FROEPENEE VBrG eSS ErY 'é%’e 1qugely)tdengifics goq idptGTA ID i
Ue@lmlﬂ idegificethpOhid wibindhe @it ande threaltD [ohiqiDT Megtdfeathe dtread
vkl thdbta gfn'tﬂ§cr%ﬁ’ng:np fhe .&Hﬂﬁb@t 4 doduf %lc&sﬁg&&l ff-Jrf@aUe ;

s rQbl em decaonposi tion
°L'° d ﬁz'?‘%lralrﬁrﬁgg’gﬁ‘ﬁ!‘rbﬁ ?Wé‘td"ﬁ‘f“r“"b"ic 8 14oBBier iradrd 8t e sanme
twdb@rxsuanuhmdr idengji§erintin other€TbediRO12s, ttandiqed iHenGTigy iQORiplet
ol ﬂlVe%er% hﬁth%aé'?ge< 788 FUAPELH NG QLJ INARITRIY eﬁlﬁodlrﬁ%gaﬁ& or all

t he deconposition ca

ﬁfg‘ﬁ (}1 ot her enbodi_ment s
B 7y T UG MAPERGIBAER: bR PR SgRe-HEw TR moger, o

" 2Prrobrdidate daif, BR triphdt, ontheldige STiefungidbreadiidentifitdly @i bd wed R, to

46 ASndd BurbdBeatitdBr %htcaaa wifilln &%ggﬁga%ﬁ% sagl rgg\ldé;ra et for

|ncJude dif erent numbers of

W HEY o pyliRleerts ander ﬁ&@tﬂﬂ@&%ﬁ@fﬁ&&b@%ﬁowea@u@w

wbm@u pIrgTEhconipassdg ds output datn sdt Ifee lan preisceRiSi g ltiplegsidm on
which a CTAis to be executed might or mght not 5

[W5¥Ip oFor exeppls. i thegpasgeof ALHBAY inbeeconit trreed 24 migkteauespordrio

PRE®S &S PEGit, unié&e TR ﬁ&QHﬁmﬁewﬁﬁtebda RoARELUPA Q@z Isia%mter of

l{%hc%gl{ % aro{slemrdgcrp{ngosﬂ CPn l?nl%g(%nF l I m Itésltartnl to({[]lzg%ﬁ%m% mfrﬂ%
%@@f‘ it siEirETA AR @ﬂllwsetb"ﬁa oF ﬁslter wyee ef pessssorfregutcesal A
gIOT0IWBEIE cSRRRRA Lol ahlcBifre fEAE of ISTVAAE or ifpR LA R0IIBE

ite de (a "CTA prograni) deflnlngthe
g %d\{owasm leCff%ask(s) to be performed by a single

' [dﬂ?ﬂ I‘ elﬁ g?ﬁ%%ﬂ @mh&;,(%@egpngxiexﬁ E&oﬁﬂlﬁlttoﬂ[‘ Qs qu'grlng lnggm% tg[ﬁl géds

a nunb
290chent thr sagre MaPFd apfAaRgeRsnLet CIds 80?a§mha”rﬁ}|f’f’tﬁé’|02 bve thpgame
mggiehandiatringamenn bﬂh&adsdemt Infdti&f- emiAFinAG ihd m&nlhﬁﬁleﬂvcan be

n&%ﬂ‘oﬁp df%r InStanc %@&@rﬁ tltmc‘rf}ﬁg Id§§ ?egt nug'lb F C”}‘ Eurd

can be execute on art| ar platform or exar’rp
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ifekeCTH is@Bfieh aﬁﬁclﬂdlﬁgﬁ ﬂﬁ"rb@l%?&on&frmﬁﬂﬂﬁwb b&Mhe 54L& platform

if the CTA is defined as including a nunber no of
concurrent threads but the target platform supports
only one thread, the translator can define one actua
thread that perfornms the tasks 15 assigned to all of
the no threads. If the target platform supports nore
than one but fewer than no concurrent threads, the
tasks can be divided anong the nunber of avail abl e
threads as desired. [0059) Accordingly, the
progranmm ng nodel of CTAs and grids is to be
understood as a virtual nodel, i.e., a nodel that is
e CLAE (1 fhe samer arig of filfersrtagasamight incidediffpbm duthbasmetany
®adearti cul ar physical realization. The virtual node
of CTAs and grids can be realized in a variety of
[Pef8 et GN/nasfdsfined abwive hanviartydenigzedegreeeshuodredsar chnaurent

tRrdHA0 A tpada Wsﬁhé ShteR o Qﬁ&ﬁ L&A is lofbe Q%c&%c?ﬁﬂgﬁ{or rﬂr%lf not
as used _herein refers to avirtu

SH&? msu‘%} ged""gg’ Pt Eone BT B et g pasrpert ihe Riessp|invention
d@‘éﬂﬁ‘p’é? the pragrepneHroonwiciohardrprelimitdtions Yyraticeins iha grop@siks) o
dafik o frodeSink Sus SsingURABE Rl e Ashad grdb Of éﬂ&ﬁ@gﬁ‘dlé& Sh\lcn@f

e b0 PO, P R e B0 CIA Pz
daféfe'eﬁ Hapreesssig thskishte basplomedify a srelepressenitive fved bf aCTa;
defiididg ot T D ay Alub@br oaﬂtféh kﬂr&@i Wi wuthrunﬁK@ﬁEHtth dgﬁéﬁnt@g

gg{i L%Snu%b%rﬂé%’lka, cac% wxlh a uggqéxﬁ Fjg?tff%ﬁ %Je&c%g%iﬁngloiwe?uch code is

Itec
a‘ﬂP’Bﬁ‘é‘é‘%tfaﬂdﬁad fa§s<t§dimat>@dve IEsvREy o ppariEslat piaforsu Praxemple,

:)'

h bl e qf cooper a ehavi or _suc
~UpBLAA o eyl e S A e e on Ky ¥ B omomh i tae
agigad tagl! ?ff thrgggp. slf@icrtdtfm platferresuprsirts marccthm oachul fasvec than
ni@nERBRAEQIR] R @skY Sdnibe Uividel aRSieURd nuRibOCR §RAkS: @RE40L

aRLogessing systems, 15 including, e.g., PPU 122 of
system 100 of FIG 1. The virtual architecture

méﬂanA&&@ g@' the pASLIAGS nbdWFRe A g.fd QHd goat% &)ﬁ ag 4

5ﬁ%ce$ g port different lev arlng
Sfpis 2grodddiabisg congeptypl pid gy be arogrammarieqormdrfm #99n

pagiaqulag piokictleeditien. (THsArahraddel GRTMAsfah@gridaldn tefrealiP@ in a
v:friéf}(btf ta%%l@cl‘(ﬁﬁy&rﬁp%?ylg%/ e@regel. Senb@lvaR’s 1?}%?1? ?og E)zgal Py ﬁrocesbmg

architecture vanta eo

‘“\P““’t‘:\'?}af thg e T A TS et reirs tha Vit aporle oEbieseesy
profRAsimpdesk fpassibly cenperatingbvithbak i Ioﬂtln&g othaiode@ing CRkd)Gnd it Gltbbe
urfbrstbd RatbTAGhASdSs nLleQ 8L (§§! Bt m bx?e-t -om 8%&4‘3' 5 ¢ tar %I

lvrrtual archi tecture 300 accor g Ing to an enb
Plgfoihe present i nvention. Virtual archltecture 300'
| RE) i rtual processor 302 with a virtual core
II chz ec re
nfigured to execute a | arge nunber of

[0860) timposerdance withomeaisiest of tic(pregemt inyentioay aolintabigtalleiar@@eeture
foRbx@uting CITHE R pRigbrahals m&rrﬁw BO4irthh3hraiid m@ﬁe‘éé&'é?t e

cessor 302 and.a virtual driver

rep foealcns3 s poied B RT an solind Fstoompercan PmRPr SFervinarr
2 Igep pembicn of ROQurenti(FRAihlcaddrthay e c@R0le af @opdiaise BehadsiSsutias
sh@ir@liada 2ARIYRERondiME: with each other at desired times. This virtual parallel

architecture can be mapped onto a variety of actual processors and/or processing systems,
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[ 00621 Virtual processor 302 includes a front end 306
that receives and interprets conmands fromvirtua
driver 320 and an execution core 308 capabl e of
executing all no 15 threads of a single CTA
concurrently. Virtual core 308 includes a |arge nunber
(no or nore) of virtual processing engines 310; in
one enbodi nent, each virtual processing engine 310
executes one CTA thread. The virtual processing

engi nes 310 execute their respective CITA threads
concurrently, though not necessarily in parallel. In
igriediegrbedPiRe (22, of vystetiUdD of EIfic hi Tieoirtmibr @D rspalyidtigesusty

dehd %rnuﬂifxﬁ ogvn‘tu§ %mulg Q%dces A3 bup%&t@ dl}fel@iflt chefs taﬁtﬁ'td bhdrmg and

rocessin
tiI’)]i’eﬁn" 4B gh‘é‘gﬁﬁﬁb’ érf““HB"“Bf“Of’ ﬁ‘f‘té‘%‘é‘”f"ﬁe é\s’%’ﬁ&t 'df'it’F ‘R{"J the
fpectiogrdenuiblg by a vinatl peceseal Thatiitghargfitcgtine alyakdvantageousty
R |atvﬁr£&ﬁlté&€cu§&girﬁ@r)fhét Bl e deed i@ VR IrolRNSdxe@hion, e.g., by defining
proce Si n%@nog f¢11han the specified nunber T, and a
of Bupdmg s he can execute several CTA

{bnfb&faiiﬁi 3% Iﬁi&fk d@a aﬂ: %" ngtgﬁ arJhﬁ&lture ;de d?{iordlng to an embodiment

form supporte concurrent
"if@’é Preseq @ygpdion. 2‘5‘"[’@ 6’6?5‘?“%%3[08 51“1“5?366’&3%8?’ 0oggyor 3P ggth a
virhie! apekeI08 havis bdimr@hred! fos:kdfcuetalmge fiber of TT Atthradds kgapdel.

Withadt HbitectlfeQ8 §1§d lﬁﬁuéﬂgglﬁﬁﬁ m%&lgry%@ B 1§Qcc¥¥L1£Q to Vigtual

i nstructions el r respective CIA threads;

PIAfETP e P‘bjﬁ’s"“ﬁi“é‘i"ﬁ’é‘f &y WP%F“" Gt t"“I cepiref Pi’éi"f“‘f”é"fp“‘a’i“{‘*l

- pofcesgorr30BIaVirailalhivdr 820 alsochaS80ess mglﬂmanqshcey @t a virtual

| SA for parallel thread conputing is described bel ow
(#0631 r Yirtuplgmecgssp 303 irpludeparieng bend GFohatrpcsiyes and interprets
cOYiMRELHs aﬂmmamhvaryio @ﬁmrex&aﬁtnﬁfo&tyou eapaﬁ@ace&&u&fg 40l

tﬁread QP a g'i‘ea(‘,’f;? c(:)on{:/urrefltlly t\'/']u'e{“ua‘f golil'g mcluaS 9 Br% %r_gﬂfr( ab%tarf)

ruc I ons processi ng
Ofmrttl% frocgsingeBdgs Hlloip |oa@@nﬁ0ﬁtr@ph aﬂch araw PECESRIng elgmeﬁhﬂ
edichibesRiTA tﬁaéad srhg hireQGRRedshE khdints 3 Ib oReditcaheil OPLSECTA

I I not V\l‘ ite rtua

ﬂﬁ"%hété (%{Snglilnr'] g %1 ugh noygefasm n)am amﬂeqlg'l lﬁ% g ix}dlmenk v:rtual
aﬁﬁhﬁ“’&h‘ﬁt %’ngqs'é‘m niympereBEts CFA SPh76%¢teg of Yrwal P!iomﬂmng engines
3¥9; ifid MuntbBeseR faﬁ) %@mmﬂmﬁmﬁﬂet hdu¥ tiRdein aTAEIGs tode | N
m?&l:?ato%?%&gi 1@1 %Ll:'tlug éu'c ge%lcu%et fﬁ)rO Sn:la? t}n]élulde Fewer %gs:pa?

regr ster per si ng
PEORYH ARTBIG) fhtﬂhta? SPSéi 8?@31 ettTa P@%ﬂ#ﬁb pre%ebﬁlg eﬂmeecaa exepute
séve@l ST khrdals, 3PS5 siHpR "Ral" Yi. cﬂ){ala&'oﬁtﬁﬁ@ﬁ&ie:i)/t&eﬂﬁﬁ a®iultiple
rtu cessing engines 310. 5 SpeC| al registers
C(g{ﬂm §real%sode| ncl ude additional registers, readable by

O] G:Fé:u&l rﬁo%@sgcﬁ' 36@ Elso 1Q¥luc@'s Ll kugltn%ﬁ'hctﬂfl gfﬁﬁﬁ§ 'ttﬂlgkegﬂg\hm

that store dentifier, th di nensi ons,
p?ﬁ%“sm%?“r%’ﬁ%? I&ﬁgppb‘Fd ‘é{“*glf‘i“awi‘%’s $avithefr ”fsﬁ‘é’t‘m“% dreiy the
ingimattions arciefbddfty@rvirahl I8Aghiak & phio ofithgahart Hiect@E A00. baed m@ghe
fSPﬁ&ﬁa@isA RObRLR ﬁxé&&n%ﬁ&n@% bidsEa QHM Mstruction unit 312

|n|t|a | zatTon 1 n response to conmmands recelved Vvia

mepasht C i Hresd gy “F]i“ﬁ’l‘PF‘\VP? prgatheg paoperptivg sepecth of (i fifspd behavior

inthatvgse didupplging hineHas td vitinl prbCesdifdatgined 10al vi rt ual
regi sters 314 are used by each CTA thread as scratch

[09pHC eVirtpal cbre 30%prpgdasiintéraal dhth stormpeditt dfferel develx of agsdsyibility.

SpRRl REiste3 81 L rehibRal: L{o@{‘vnﬁﬂlﬂe ¥ GIHMBI'OQJSQ@&%{H% 10 and are
engi ne 310) and data in any of local registers 314
is accessible only to the CTA thread to which it is
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‘ [“Pﬁ"r‘ ead"t ) shiteHE

al l ocated. Shared nenory 316 is accessible to all CTA
threads (within a single CTA); any location in shared
menory 316 is accessible to any CTA thread within the
same CTA (or to 15 any virtual processing engi ne 310
within virtual core 308). Paraneter nenory 318 stores
runtime paraneters (constants) that can be read but
not witten by any CTA thread (or any virtua
processing engi ne 310). In one embodi nent, virtual
driver 320 prow des paraneters to paraneter nenory
3%? bef ore ecti.ng virtual processor 302 to begin
B a’i”f“*‘c?ﬁ‘a&}}e“’ag ng Pt T4 duads pesigon ayidipghepreblemny
dSTpnobitieraeiodet of 6. 2ty ofEkbpdimemnypeaiil rdgisaks 11 @eRESHHR]

rZth&-r]ﬂ& OFA Mdgb %Qﬂ Jirndal ﬁr&&é@lmgcégérﬁe %?%a&%peb 3@t §D each
0] thr%ygé}ea nmenory i nterface

F’Gﬁ@ ROyt Fptple gply RGHE °§68 f vinal wfa%frwwa%‘ééé?
Bealiregistared ld toet alg ingludosdditiond sgdtersurakble bg @hCTA khrafis (or

Bylall tvhh&hl ﬁé&de%ﬁ{g cRgdhbs 310) %av.‘h(;rta Y @HA@&&H%&Z&J (\'!}Tz? {ilmc’lﬂblonb, the

vant e i ncl ude
AR 726 5 DUV £ B P Ubam Ko » FRefaeT el CTA
bP F&‘t ﬁm‘r"aé efgistyrsr3é £ erg mirigercdupiyg inftiatizagibn B 5csplorisy @rco@@@ndand
rédaRedal BYtQhd $08aEonAGk AsREI 0GR Q@Mt cﬂaﬁgeﬁfﬁgﬁgéﬁg c:tegutlon
produce. Exanple function <calls for a virtual APl for
[§6h| Ladal tilviad eegis@aIBPU bk G d 8F €acH €A thldRThs b@]&t&\hﬁpac{ep&éﬂ 1
rééuﬁetr Hs%ll lo&f&b&#tﬁ&%&ﬁﬁve?ig? of%@ig C}i"ﬁ tlFng% é!)rzo%g v@h@al I%ro\éaglflg engine

ar.dwar e or ns
33%%#1“@% TR lin] oébeal FegisieE e ?@ﬂceFﬁ*Pl%?/éx ©rthe1Eitn Gfeadiogyhich it is
aligctiad. RRtlgreti ZR:molyni1b @ tisdible to\al I Tathre s QR RIGS 9 5in@O2 T &Y nya
I(P B%ndﬁ bnafels nRhf38) £ @h%’é%%%lé gglggng@LI’e :!iQTlthl?EQhe same (or to
rirver qb gaﬁ

| erenting virtual nmenory
%Pf@ﬁ%ﬂ‘ BEnets 3 18 withinyyiFuak ey 308).0Raraprigr mcmpw 38 ﬁ‘ﬁ’fcy
nmme pardm{ted (Bhstin) datcas bR Fue AdtwritBk byl CTACh4lRS: AHe
v%al%c@bbﬂgggﬁlg’esj 1 Bﬁ I Qrgeﬁgmbgaﬁ'émﬁgudl gtJ \Qg!ﬁ% é)l Q%‘Jeel; ﬂd%meg)er.s to

mul ti ti rea

PRI ToOBhe Y @mdlfcawgéwflldﬁocaefboréOP&ﬂ@@lnﬁm@n o CEA,
1@BubeghesE G8pmatfrst Ame@Ds thidad Within 3hyQT & (drasy Vi@ bt@Ebsﬂﬁ}j t

ergi®3h € SRR vRRaldole30@) cal %l:%&,g gfaué %ng) 3?4 ﬁ%&)gs, a 6 gﬁylc g:r e

| u gs an array o
%W% ing engines 302 conflgured to receive and
uction unit,

| MD t t
(RB6C h Sirithl B 20l U VRER probesr Al oh it 56 s SR pr pier

' ccwﬁlaqual drmf 320.0Fhe vu@almmtﬁqtm ezdifidstionadviantegeotsly includes a

vifiif) GFSThtbe pajg%netebﬁe QAPI &Ql?@%nﬁﬁ@sfﬁéﬁ%@z%ﬁ& REoghRed B virtual
0 rea rou
N3 Sen AR R ot ooy telp ot eyl PR cPagpale fncion
Cﬁ“hf%Pmﬁwfdg@e@lldﬂe@d\mmt@aah dedqnmfbelswch that that
he processing e 3%| ne can switch 10 rapidly from one

0 v bs reafippd oa gvarictoeidardmalsiplagforms. Inone
erahoeTnenG Sirfal Srdyecgir O300Ss @illzcﬁnts?d%@ﬁdm of Rl 1, & PRy 120t al

mQ)flenEc)n&';‘lgc&gl@l%yﬁ;rB&Q&)r d}ragggﬁPU dr%etr pIo dtrneeg%cuér? Ll nto 53

can
1@&@@%@%@@6@%@&#&@@%%%%@ m@memm leamenamnory
10gead/on PRemémorty lZe2ads executing on real PPU 122.
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[ 00691 Special registers 311 can be inplenented in PPU
122 by providing each processing 15 core with a
P*Gentry register file, with each entry capabl e of
storing a thread ID and by providing a set of

gl obal |y readable registers to store a CTAID, a grid
ID and CTA and grid dinensions. Alternatively,

speci al registers 311 can be inplenented using other
storage locations. [00701 Local registers 314 can be
i mpl emented in PPU 122 as a |ocal register file that
is 20 physically or logically divided into P | anes,
WaeH Haviargrbediment RIDIZR esfudesring pragore pieessEnaeeeds thabse r y
G insthic @6 muRiplg-data ESIRD) Bid miIBhEbhding Bhnlg8RQ0o hupport concurrent

%%éuu%ﬂ‘gtda iar%n%?n%ré{ {’fg égé‘foﬁgé};o?&?e%&j ik o Shal ! St idh ki

respon eren nes
%E&P‘ﬁt’“é&l"‘w-’t Fpstiuetion yrdi3 18} FEpedycerrtinclydey wzgray ebdde gt Bnl§:
$t6) PpaSAR B e @O angihed 30Bohliduralte redidding mwe BIMD instructions

l%r\tg th Ene.s ctth? ﬁrH Q!P)%nr% é;r% s of Qcple ﬁ.re%‘ﬂ g@éé&%& ﬁ'l:)p%gllgl The

ones con urrent t
Kt “‘3“‘&1"?}’8?11 P8h gach PPegsHing peing being caﬁ%ﬁ of P’é“nc“‘f"i&» [up toj sgme
aabess (dy. 2 4psfl tyrcdd@rappantirendyn & gt h,r @sitkaining c@R@t statc

{IPQQ#OH&Q&M&&% &Q#hrlm%ﬁ&&ﬂﬁdt%% grgwg %&QQL cdn&GHeH e

lﬁ e are reserve torin | ers,
'F‘li’fﬁ‘li’érﬁﬁ‘r?ﬁ Higrad fpernpthers Fhus; the cgr ‘“e@ﬂ"%‘tf@f“éy o3 gputes ﬁ)%’f‘?lg“’“i” of
FSiheda@iCha £ 00 b Yotad lﬁP’E{a&bnbﬁrchﬂ’EﬁﬂeﬁﬁEI’httad relalizafib Jaslidnd 22 $*@ = no,

tﬁé}?ﬁa%%e E:%%t t%zo%e corres ! %b%ﬂ-%el? %e ?wrtuc‘;th CH" Actﬁ‘l%Da% at[;ge&ggtbfrent

an | nterconne OWS “any ‘pr ocessi ng engl ne
t@@“?éﬁﬂm“@ﬂynﬁﬁbﬁmbFEAMW te to any location in the

Par anet er nmenor, be. | npl enent ed
OB Sp oo aon AL g AP S SHD P CH PR vICHE e fepossoine
cotvarithch H*Eginsy egisfer file, with eagivare dapeble histarmee thyeat! A end by

ﬂr&mggt%{et& a!ﬁdadqag%gtgﬁwqgg (E:ucgilﬁ §§r§ﬁb%@€$ﬂ@ﬁ&%1d
JieBat asmain St Feal] G pl e vy offeroge©

lesabrdi nent, the area that inplenents the paraneter

nennri i's also used to store the CTA ID and grid |D,
[3%70)e -peabrseistyi 3 ihern §p ireplammanisn & FAS122iapp fosthatefsten flc that is
PR@idailpaslogitall§ ARGedinto # RidsSdabl Kaving JomdnundbOriotentti€s (@B&c cach

oSBT g5 2 I Yol df SOnD ] Aight Lh BN P i 98*&;"
PRines; 974 %‘iﬁ?ﬁﬁ'ﬁ’&g eptges4n fifferept e pan bp gerulsigd|Withidet for different
t&bm;\ﬁ)ecmmg ERI¥RGY prograd to faSiliGieSIMDeRB N on] @AFsrerdt parfibAsoF thi

gssca% %%@q % d%‘ferc%@ one.EJ gf tEP(JgJ aon%zr%ﬁlt EP:%? %rgg%g?%qr?at a Fwen

ant eous ale asSsocCl a
cBigLR ﬂwéoqah@glﬁtah%e fs acspsiigprdnig @ ppiicylpdhreaps In ¢nggmbodiment,

ckr@fdnit @ withinGheQbAl refEBIORY at@fesﬁﬂec} foPdsdring @fréad Sc&lhufgﬁ;l be
A, the location in globa

uﬁégggﬁsggn%ﬁé&%ﬁﬁg%%%§?§ﬁ1to be executed, and the

[6@9 flt 5RRed! RntbrP PRl cal TRITRH K mERES £ p@wt BHiks £k +e§.s&pnbsr

ten, In response tqo the commands and s
W@r@chewwowth Bperedpst é!‘ab%uﬂgﬁwmﬂwsws §heiRFde Fpd
fiotnsor Gwpiteets anyt loenobdgharbared momeli Agahderest®rnuiiBickn tche
uﬁﬁlm}&ﬁed% phtI 8PS SRGGh s&Hod Rialild e G RALPURLET fe HAVE

been
shared cache memory that implements shared memory 316, or as a separate shared register
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| aunched. I n one enbodinent, PPU 122 incl udes contr ol

| ogic that assigns thread |IDs 15 sequentially to
threads as they are |l aunched; the thread I D can be
stored, e.g., at a designated Ilocation within the

| ocal register file or in a special register dedicated
to this purpose. [0073] In an alternative enbodi nent
virtual architecture 300 is realized in a

singl eé-threaded processing core (e.g., in sone CPUs)

t hat executes all CTA threads using fewer than no
actual threads; processing tasks that the virtual

1P SR AfemisTrY ta 3ish thetpeosessing pneities Yave ead-odY Accg@. In one
¢olitodiadst, hamrebhadnplnaadh Birﬂne@erﬁicﬁhg}yeb L1y 1@&&0 s@BreGhe CTY
l@(zﬁ"lﬁ EM: ﬂg ! \DQ Lq,sflﬁha(ngr n&) ?1r rr]r% :it]rlg% alaentlzl l’thnb 8P apecclzll-

hr ead i then
“9%‘??%? 1executl on, SIMD execution, and/or any ot her
[59{2 e?,%ac] Lelism avai l able in the machi ne can

ex pI PSS dﬁ‘r"@d’é%ﬁ”h‘a‘e?ﬁ‘g%%“ GRI 404 of Fa lvvl th
raippRds Eﬂ ‘eﬁ'@fTAPt Tinaiga salls y ptiag domimawds t¢ apiekiadiat @ot explicitly

smdnt)lup.ln&n&y wgess;staﬂ mEﬂ§r|§rSl oﬁsi%?z%vﬁ\kﬁﬁﬂe %L.hdrldb&e &aggy Fol A

be realiz
(o1 R o R o BVantpcouely 55 o P A S PR e o A tber
°6fhfft i8 et TANthe decaidon iy gldbal neinorw,of an ivput tatabet foristpragessddon

usin@ths lcathihe aﬂa@au@gs&ulswory bARSCRA SRR b¥Eleb & addhe
i nstructi ons

SREASH pltbd biory LGRS 22 Pty t g
cit P 1 ar get fadt b POET4 " TP tp thggommands
aa fii‘fééa}f‘a?f’é?!& ﬂ’ﬁHtl 27 lpads\statet ngametars o brectf its eorcietber bepimsl

lhﬁélﬁdgﬁhdﬁ:&la hahdi Wil b br\OE (1R 8k bpécn?etd WYRE CRhAl pQ%et@ﬂqllavc been
I N _one

Jare st.a
iRt B3ht SNl BBATE ngtch Sy e i i oeedi Ry
ﬁféwﬁ‘ﬂ“}@’ frdroada vethey aeldinshede the thied 3ol cdnDe s st @irat & Hatgnated
IchiidnesthiniRe 06l eightet HEQAM . dle%cﬂ&%F%ﬁQdiched b ¥hi{ frfRd
rather than using space in |local virtual registers for
(4078 Inpoelwstive &BbodDEAG]irtuds arehiigtine GO 2t in 4 hﬁgre-threaded

CCSS1 OF' ehlb s <. S du.sn CWE n .
pi es.ugéh@(% Ia%qem BN §é%§t‘élafuycﬂ? & ng gtg@? apsctual

i nternal structure of vi r
“1"‘??&% s BIpEessing fasksthap, the wistual programmaipe medsd asycfofas ith GiFersnGRA
thread$ ead &s cdbined fint b siegieltekay, icrol, b bxepitidg @f34sk Qor@BEbR@Sreof)

fdl‘%ﬁéjC'bQ th?e?ﬁ@ Q%QOQKA&%‘?Q gﬁeah N sy Ve%me%glg Rvp i,

%ﬁﬁ gr oups COGXI St ng In core

°’feﬁ‘ét 6-%‘%‘?@ f9mes of paralqfipra YRR e Toihiag cabecrmRnde

exenuiaproiesging ik hmodndd wilpasltié CTE Bbéayds alparalle bLloex&fite

mahRlel pﬁges%é’ £k sSOsoliGred Qﬁﬁ Y E&L cﬂ’%@& mmre e [rhﬁial : CTA can
ar cn Cture %e rea |ze vari et 0?

beiyalt % g sHgleAbrgad, eadhsrdier B PUiSF Thpher obfhadin A éqaacnbed
bedof,.tawéitue! iedt@nionttGndlQortéinfgeoslyl raBRtes Bdde O@%tn to target virtual

wSATBORSY e Wil G URHER! LGNS N9 har duiare

conmponent s has been “descri y way of exanpl e,

[00$4]t Qt Wil e BEREH QG %Mi‘b@chﬂé&ﬁ@ MMscrivdy ROLh Y lfsﬁ‘litﬁig Grd

R L R P ie, Bepihimry o elgpaig spoodiment,
caah gl processiog GG ey BRG, a &dlpae@hmahﬂhpmstal tharewes thé Qfique
thethd UShsBignoditd ftd@lead Vo) heClsth @paﬁ@ﬂ 181 ARG %&ﬁte@. fahiget

purpose.
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processor or platform 440 according to an enbodi nment

of the present invention. As nodel 15 400 shows, the

exi stence of virtual architecture 300 decouples

conpi |l ed applications and APIs fromthe hardware

i npl enentation of the target processor or platform

[0078] An application program 402 defines a

dat a- processi ng application that nakes use of the

virtual programm ng nodel described above, including

single CTAs and/or grids of CTAs. In general,

application program 402 includes nmultiple aspects.

0Tyt Astahrshep exgideath® Qirtdd fichigestuteteaysedeiy inore cofessdepil pgloghe
dtmaﬁé of V38640 Bste 36&"' %m@&&@ mndgﬁ wﬁﬁc,ré’&w 'vﬁ‘ﬁﬁl%bx@ rass

1tnclu(geb P muﬁal'gredtr&ﬁcp v%q?ﬁ lﬁ)geb‘brlg%enSTea u.se% t? éxe(:ﬁlt% CTﬁu}H% g? 1n way
%msfoup}w'ﬂidlp t FSIMPEgransodt fting énscopapOp nlpvhtthad&*t%dos@mm'f

[ﬁ&m&&&@em trBi@s L BATA) ODif@FehCtyped Bfmandrp Gl R oftt
ddata set is to be stored. Fourth, the
an overall processing behavior

gomrd; uq}n@ﬁﬂud@arghltccmqﬁlaytbg rédmee &b ﬁﬂ&{l o%ﬁ% Ghebifs usih Gny

i ncl addi ti onal
%W@FH" aff ‘f"é“rdfﬁ‘ Ffé%vafeﬁ&ﬂﬁwﬁ@rﬁgﬁmd gIntgl qeqipcomgpnent.
Whilechne whleztah@rustna hindepre kanpvedntsigs renddSiiAsd by wey ofetSampdd) 8

1§Qa e Bnde[’e.g)gz 811“ tﬁ@%&eﬁﬂﬂeﬁ%nﬁél&&r 8 mcégﬁmm ﬁnMéJ/thwﬂom 2
E‘jﬂ??{i‘lﬁ% aﬁl . rogramﬂ ng | anguage suc as Ct+,
"8Y "tHETke. In one enbodinent, an
| 4 +it ram directly speC|f|es t he
4a ! M egrglmpﬁlf‘g%ﬂ— CTA thread. I n another
I&%bd FYfeAfs 2 capceBtyalapqsic} "@apf Wirs pirogeehittcsraf(0te ensraps target
phocekabiar plafiaid 4b atangHgas e @mgm.eml‘oom& p&ﬁbn%ven%n Q«s model

4@@&[%\»)3 q{e%l }S%Llcecc:)f V%gl a?tﬁgeckuré 00 dg 5{9 d{a). arrn%lled alp%hc?tmns and

Igpera i'ons on arrays an aggr ega ures;
&%ﬁfﬂ%ths Pﬁewmwﬁn%ﬂ@mfﬁqt@aﬂmm@swr Platéﬂrfm SA

de that specifjes the 20 behavior of one
{F‘W\gt ?‘ E3HRR PR 5?“8""5“’? T G RIESBBRBR B o et Rakes pse of
therw@abbrbmrb@md efodeigldscrivddabayg dgauding sggli OiYs aod/orggrids of

dTURCHd RRkerdl] Jﬁﬁﬂaﬁomxgrgﬁ 4@5:9&4&&2@ HiluIY @ aé’fﬁétg heish) ﬂle program
enavl or.

0
B B sisa AL Rl sElapf et B PR o o
addi (nerdmlbcr ocf STAgbpaisiknd Of grivs e@do belysedCTha dinBpsiamscf g eridiin
nhikber 3AETAHNBRiEO RS p@%{'ﬂhﬁﬂ% QzYinﬂﬁ@at\é k& tor’be behed l@lqhe CTA
r can | at e rea s ou
(‘gr)gﬁ‘g)rﬁ" ogiog;of ‘ﬁg’}glt ii‘& P“@%Qaia #h ’rsé‘hléf’s“"r ‘fdg G8B (R grperam
deffot drcerbiald propessige behed@Andhslingonpi Wied to loowh kdobICTAGB grid. The

p&@ﬁﬁ{rﬁy@&m@e%&d@&aﬂ ooh th éa ﬁaémﬁde%@ dMlbrgla?a eta
m 402 t hat i ne CTA thread

b%%av t‘*l”o @ﬂ‘&%ﬁﬂ%‘ﬂ?%ﬁ?"gﬂﬁ PR4591°% SA code 410 is

in the virtual 1S I arch|teture
(Y, R of gl { oyt WRG2n o Meh 0 o Bh M Rl e
sy G C/CATHROGR TRAY. Omé@élk% dr ohsembedimentpanceppligation /Rt progmm

dibetpyReiHEAR: Iﬂalﬁaﬂo:ﬂﬁbﬁd (cmlua; crtaugal. Bl AbhefeMbodesbah,
\éalhgtllcjn?‘ lprolg%ér § wgltgenrugl 3 —parfllle? a{cl)qr.l'.lggc ] d{:O ! d%(? £§-L Lbuted

Datgriade @ and sppm‘éfgrdamarnw ofpEAtig e afrm@dmmgyte data

stARfutdsPublya @6erih lchiligd comPAdGRE Qirdld S A BREra G thRspcdi2Bs the

&\M}ln& mdﬁ]dEO bp cnée
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may be wholly or partially bypassed. 15 (0081] A
virtual instruction translator 412 converts virtua
| SA code 410 to target |SA code 414. In sone
enbodi nents, target |SA code 414 is code that is
directly executable by a target platform 440. For
i nstance, as shown by the dotted boxes in FIG 4, in
one enbodi ment target | SA code 414 can be received
and correctly decoded by an instruction unit 430 in
PPU 122. Dependi ng on the specifics of target platform
440, virtual |1SA code 410 20 m ght be translated into
bﬁE‘l"’“’l’ Rt e dviteeC Hothirad ekt dis tshavionefr GFA fhecad trisagiined,
larguiggregredsionpbad fluakion Kitkoky mA beprovatiddwdl Whichhé ;srughmnln&&an
5O plfl) ErAfthrelibehd AUSER TSl BRuPLARRN e
ecuted in fewer an no Wth e

TP o1 CBA I b A ey oo i
wiﬁchttlma:r@mmérrcaadsmt( 06823he ¢ TA 8B sIRTACHICARAES with HtBer
&ef mplid on of di nensions of CTAs and/or grids, as well
as 25 defining input data sets and output data sets,

[ooB0h amdies Ebphydtlan Iyrb%ﬁu'ﬂatﬁ i@\@bmpﬂ%@ %ﬁlﬁl@etr H@ﬁgen&ﬁt@eg\rlﬁm Q2
0,.a

de ca
c?&yﬂb I?%' rt] Sose on mns of‘ agﬁ%caa?r},lpé?ﬁrarx 4@ tgaé gféf fog ICEl‘g.ttﬁrS?.iﬁ b&laa»'fort]' eln
p¢ ?ft“!?&lchPFmeiﬂﬁM erdle ) is expyessedfimthe virtoal [3/apiogrtual arphitestyre
300bATIGS3, awetuaeﬁéﬁeedds 41<hu broglaln cbdBDAISEBRRE Al oRiA®kln sShrm
tfht St dec t Opa%tﬂ%? Ng p?amorng %I' hgl(él{h’ pﬁyd I‘I%% 80m 6 can be

I NCO r ora es V
steprlen %ftqm&rbuf?ﬂ 8gnanetheOrogre epdebin affier erpbddimed, application

PORRER Aty by e-pémﬁémhoué\@ p@AR ahiBual 19N RBOXIDSAnd compiler 408
ngg@gq?gﬁnﬁ myd ual APl code 406 is generated by

conpi ?caglon program 402 that uses sone

[ﬂfSh}e r A%M‘Rlﬁﬁﬁslﬂlamq %ﬁsﬁ%rqmnm am‘&g.l Igﬁ coo%:lilé BQQ@& A &ode

AP 406 is realize provi

t ual
g‘i Nia ??fﬁ%?mbeﬁwaff itgRet 4 oodr 40hig code it i Hﬂ?cflaﬁ’seplge%%bﬂt% e
taygef platiirmAP). Boinsendsaschovaogahed@®bied oxtsn GEL. 4ARbone

'_':D

. eﬁmﬂd &rﬁe’g-&AtoG@é 41984h b&&e%@&ﬁ%ﬁr@&tl? % o[‘nlﬂeﬁ bgr gll; g@r}ua:tmn unit

§8525 or i nstance, as s é¥
fe e on RS A GtEE AAPITE A0y YA code 410
raghtbetrraslatdd &toqanthbaad reie @t wadednted bpent et ddeddy omtafglU 5

_pﬂffbrﬁﬁﬁﬂ 433@111%4% ? M‘Eﬂm%&éﬂ % %glﬁ IEES &%ﬁ%@&j lnﬂgprgg‘mm%

[ on odi ne

T  ERa Tt a%“fﬁwn%‘éhwr%%@gfﬁ%wlmd to

mowrthdnene of théPUA dréader  432.) I n anot her enbodi nent,
the virtual execution driver m ght not correspond to a
[49831y & somepmbedismsntprthrcdedinigon of dimemsigis of ST Ap hnd/dygrids, as well as
defnitigligdut w@grsam Suiik ddtDedRCH ﬁ&d% bf»‘ﬁ vﬂﬂﬂg{ﬁhmﬁpﬂ&auonl
oce ns virtya
ploRfi? il SR SBEEM O vt apl Mot pi fftiment,
2 pnesification pf theirtudl ABE finbudingre g xfamtnatlmes,mtsmm antl effifcts
bﬁ)ﬁﬁﬁﬂlbleﬂxentatd)hldb’iﬁlls) 4 @ro?rﬂ@d Qetgefﬂr@g@&ﬁﬂef bR thé g:BJnaJeif orm
S ca e of suppo n
LBl U AT Gl o B PR Gieroser ff?‘a%lﬁeat@
gﬁﬂﬁf&h@ artust APYcpge 406y ligdnpfher eabbdiplentt makstode 406 is generated

bRk G h bipBSatSRProkt A8 AhGusld 9 Btﬂﬁ' syiEo Ubfde¢aas bR
tye same virtual | SA code 410 can
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used with any platformor architecture. Thus,
application program 402 need not be 15 reconpiled for
each possible platformor architecture. [0085]

Further, it is not necessary that the target platform
440 include a PPU and/or PPU driver as shown in FIG
4. For instance, in one alternative enbodi nent, the
target platformis a CPU that uses software

techni ques to enul ate concurrent execution of a |arge
nunber of threads, and the target |SA code and target
APl commands correspond to instructions in a 20

OB r dfirtad APErodeoad redliztdein pammbseddits argriyt eograios Jiriteo 416,
h&cl@%ﬁ!@l’d&:@ﬂe bi)ﬁ:‘;l R®1 LS8 ls (@e&e 4@@%@:{? et K@ycogﬁndn@a As tha@can

Feger-E Sxetrirmm &, Fpiitines i Aoy bt R

bribegicmbedimet tardebA Preewwands 4 h8/en b¢ weeivodiahd pressycdly a PPU
@8se432D0en e‘c\&udﬁﬁft:ﬁéi c@ib&h’fﬁrdm% REmMirdl ié@'PUl @é\fmm end 434, (In

d
%zé%%%"ﬁ T Er R R o iy bei Rl o ERy sver
édrl @uqilesr gmbadimeptyths vishrl sugordgntdriverinrighy agt cprespend dea drivr

RENSSRbRER Y nG I BipEIbe 4@&1@6&&)@&5 tHa 1 QunlRB 3t Qfro@dmstor

nale, CTA t 0. be execut ed one of virtual
‘Eré%é’%é’?"ﬁb““ ﬁ°ﬁe’ﬁ8§‘h*§ 2 fhe Vit e"e"l“t“"yd" 308 of FIG 3

[hml b@th@wbg um@meoa g duﬂe,dpamemteam@dt&m f&wr&uqreeeml&h
%‘é’ e4r] . rtea s, such as stnc roni zation and/ o CTA
fa gﬁﬁ‘r‘% ﬁﬁ*‘ a5 f‘w’éﬁ*}’"‘? oF r it piBat ARk o b‘H’PP‘FfB%
cxfrartion. (ouled exteBAhal eistoaliilzecetioe raislatorsst 13 &ir diffgrehigratfoungpws e
anthtednlrlaééﬁﬁ {rzﬂlgl'aﬁ @ro Angk btam@tnrtthS@ el shifid M ifthal 83200301 o G ve

%natl ons of ement s descr.i bed here| n are not
*I‘Wép e *"§ &‘E?ﬁ oo fl M PPl Ry R %ﬂeg%mé be

reqmmmdfemashpoas@migfmwearcmwmm te 22 code in the
virtual |ISA; in other enbodi nents, the progranmmer

100851 e Surghsr & 19 ot Basessdne faat the giest néagferm f4riepluglg @ PP agd/or PPU
dﬁmﬁaﬂdﬂmﬁ FIG+4:) For BiStafic@ iR ioh€dltehQiBre GRB&RTi 84n€ Shethrip btk form is

tﬁ&%gea bofém?er 128h ﬁﬁr{[‘ﬁ% ?]nqqé}/te %mglbrre\/\{cx«t:c%uonrgféharéehnulm%gf c]f

ﬂl“-’é‘ﬁ’&l}ﬁ‘é @e mt J@Me#e 398 targed A1 wnrrtap@rvowr%quéo ipptuctigns in a
ptdBAm fr Eroﬂp o%ﬁxe&coaﬁml}.{aﬁmegqir@,&anﬁs@%% Exdehial bybht Grgat CERIWaich

1oLl Ii_ ! i bI es defined by the exanple
d? £ g}“‘? %Ph?“'popre I'x is used herein to signal

Pisﬁ'eﬁﬁﬁi abl e) These var| ables relate to the
In which each thread 204

[&égfg dgﬂ F’faf‘}%E’n?By" tl“‘t‘és“b 6‘§P’ldf“i§ﬁ° ¥ hpment obhp prspent inygation,
wﬂrh ngwibaxebdribed. wistolofed alpvipalie vittual 1A advratagéousp nmemmbeip thef
b%%% ; abf&&%@&ﬁﬁﬁ&e@&ﬁk&bo@ A SREBED! in this

00 correspond to special registers

e’é‘%‘i‘i‘ﬁ“ﬂ“wffut’{}ﬁ# coderdd A easteted by coprilet 103 dpieges G behgyigegt 2 sipele
CTalrhwadt0 B5 exetutiddbyans offwithat pra¢esGipAagiasd 1¢)ini vitsuaheoee F80H
Pﬁ?fii' Be geﬂa‘ﬂo dlrhﬁiQ cw ﬁ&' Iﬂt@ﬁbﬂoﬁp@ﬁ@otﬁ@ @Tkh:ﬁlteads, such as

Lroerent s are sequentl ally nunbered iIn
synchronization and/or data sharing,

[0087] It is to be understood that the virtual ISA described herein is solely for purpose of

illustration and that the particular elements or combinations of elements described herein are

~ not limiting of the scope of the invention. In some embodiments, a programmer may write
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one-di nensi onal space. The virtual |SA expects that
the special variables of FIG 5 will be 15 initialized
when the CTA is launched, and the virtual |SA code can
sinply use these variables wthout initialization.
Initialization of special variables is discussed bel ow
wth reference to the virtual A°M [0090] As shown in
FIG 5, a first 3-vector of special variables %tid =
(Wtid.x, %tid.y, 9tid.z) defines the dinensions
(in nunber of threads) of a CTA. Al threads of a CTA
are the sanme %tid vector. In virtual
%?F‘% ﬁ‘.“i‘e "é"t"lﬂ BA3H@ther gmbogimeptshe HeprpEs wigs feds in agothene
Wght-led! liepiage (e\gi, FORDRANT O\G+6 ehdt compiller BAtden@itQORBRMOTS AR e,
Nbggémwemmhmwte THOGH LR, &iﬂJ omL é\{.om%?%ggégdf%tt@nhhe

di menﬂ ons CTA as describ
tughstsre aﬂg‘?g‘t—i“d Sthera?"%’%ﬁﬁ“eg ‘R‘/@E ¥ ’(‘ﬂ'al &A-speci al

I 9 |d:(%|dx %id.y, %id.z) refers to
SV%&I%H given thread within a CTA In

fWﬁsi u&lc: éﬁW‘?‘%é‘iﬁdﬁ‘éﬂ% sgrcisl’ varyleFfatinedby the expmplexjswettisd
(thh a%" piefit abedME@RASSHTal BYciMivhiiaby. STHGS: @nﬂﬂﬁb%ﬁe Phichsl

°/<n Eltng{ungc‘ 91%&6% L%ﬂlagz tln \%1{3} fs;ﬁ tE'lrea(p 50% 34 la?r%léﬁ )J Efy l%é p?suéon within a

Gty 19, Whighsin B fies Vf*ﬁr"éa&ﬂmlalt Ch’é OGPme number ofgride 800. |Imsapree
calbditkeme ﬂie,spdchEvd%B!éi of eB1eGD0 ERysHaRd B8pdcREReiSHE 11 Rakrtual

Lohie&s of d in a packed 32-bit word (e.g., 16
abllt aj?or % F}S}’? 10 bits for %idy, and 6 bits for

[8@8'913' f-’n)tab[@’gb(}[ ¥R Q%Lméﬁth§cm al EIL g‘e eﬁ}h d@ﬁJeH il ad

mct ai /(nct aid
‘%c?e‘ ‘5‘“’;}9‘ BB pog @ﬂ ij‘%ﬁéffwégm fquenigal ‘c’fﬁ in@
Omxﬁls@nsmﬁl SPRAS Theofirtal 1 cdpectsrihay the speaiial vagiatddsiof BISE. Gmell be
intdlizf wl{'_el'x Ghe GIA ik Iauﬁc‘ﬁec? Xﬂﬁﬁé ifudi ﬂfﬂ cotdg @an\éﬁxllﬂlﬁﬁlﬁe £1Ee vallfbies

vect o ed to virtual
o BB ER ipaton i i kBt e bl Tt e to
“@éﬁfa@liﬁ%lhes the dinensions of a grid of CTAs. [00931
FIG 5, a fourth 3-vector of speci al

In
"!P&Plu a%f SO EIG . 2 irs@-pegias of specialvaniaples Yantidom(Pastic x. Zpnrid y,
Y@l eY defitied tieliindadifnsl(ld afba of ity fs) GHACTW t Ril Ehrs%dgtfﬂ laGTA Will
Sﬂé&'&r tily &Ime Sﬁmﬂgh}éle Cﬂi U{'tgal %? glte%tur% :!06;' it l.% E}a)eftﬁ(l t%at values fE)I' tﬂe

uni que or sa
‘c'tﬁﬁ’s‘tef‘a’i il de arozld%% éﬂrfer% pzw%ﬁerti*g? ulax‘ wr@al@l’l%r@tm agll ghatc
esiblittas de Wimeasdshs Of HC YA ad ®isdibad seid@ct ai dz for the CTA
wi ||l be provided to virtual processor 302 when the
[08TH | 4&s showniplida. 5, h OOOMIB-TEaer sispaiahariabied wlok e gl 8 Perid.y,

Atz'QQ ] AR t@th@ @L@éa@'iD o8 éu&@n%ﬁéﬂd«lﬁxﬁ 'c?C'hb aitn vﬂ{ugl\és!r ?téct:ﬁ'e %d &

Fﬂ}? ent i f ‘ﬁ or ,: °§g*8 tqQ wh

?thgﬁ"l’g‘f‘& hi‘té’b‘f"ﬁ F R vl @S*gea apigus tid é%ﬁ% Stistying

thi ertstralnty @ KiveHdor b, Oi%tidyes Brmiy, ahit) 4 Bk % Ykl z as cach

a8 6FReLTA ?’sqgunkﬂédl H%HJ d dlﬁ'l{é 8 !"%ido\te tomeltycb% c{eﬁr?ed such that
current CTA 8| vafue. I’s

it 8H\P3ﬁt°a“§'é6ﬁg"r°§ed&§é’& VT%C‘ (Figr tlﬁg ts fprieid.x A bits far 4tid.y. b bits

fomtdsdlizpl e grids are being used to solve different
portions of a large problem

[0092] As shown in FIG. 5, a third 3-vector of special variables %nctaid = (%nctaid.x,

%nctaid.y, %onctaid.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 %nctaid vector will be
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5.2. Program Defined Variables and Virtual State
Spaces 15 [0095] The virtual |SA allows the progranmmrer
(or conpiler) to define an arbitrary nunber of

vari ables to represent data itens being processed. A
variable is defined by a type and a "virtual state
space" that indicates how the variable is used and to
what extent it is shared. Variables are realized
using registers or other nenory structures avail able
in atarget platform in many target platforns, the
state space may influence the choice of nenory 20
Breyidedtp i"'é‘“f@%%‘%é%"“l‘ d¥inpd HPT Sipgiign aa'kfh?tteft&ﬁlﬁ? the
digensidnb of a frld@P6TASI G 6 is a table 600 |isting the
vari abl e types suppoerted in the exanple virtual |SA
BRBY di Asshewn IREIG. Stafpeth hvastos efspoial eaiableritoptallt icad.x,

%k@raed /abtﬁttd%gl%f'ers e cyAad owgleam‘m Achn 2 i@ ak krﬂlgalp oi nt.

BLOGE Y BT CT ey R st e g B °
¢0mtegvésr0 f Grmeltess Zoasidue DI< %gaifly s &bnclaglhpoidnt  f or rmt S,

B R, 22«50/%&&1 PRAmaegaANl ngzwdéa%‘ Vﬁﬂll lpRI&Lor 58S BRdnShe
?s E 754 standards). [0097] thi s enbodi nent,
[

?i’l“%heﬁ?m dths are supported for each type WI t h t he
P@Jﬁn%? s(feaa vanalg%égl% 1ac|§uc93 sga!ar%%dﬁfyvtang?e t}{\gt 8rovf|q?s ag%P

or 1 ns C at
idgntjfierforge gyjdito whigha CHy bejenant lmumbﬂrrcfaﬂ@urs éOOmf FIQ\S, it is

e&b@% tllafla %chlh& vAQOyill 5O PRV th abtluﬁ pEERBS 30BUo8dentify the grid of
(',L[%tl(s:g rarn‘ia ;Igz ggndijc} v?lu%ls advaxqt%%e%us?y Lif%j 1B|v%rtual I§6
F'ﬁal eﬁnt” geﬁuitlryeeﬁk g beingused fo spla diffegntpiortions of a large problem.

e |zat|o of the V|rtual | SA is expected to support
oF i ¥ petingd varighics g U LG IR processors dat a

[Mhs Thevdftot 132cdibws tbp srogmeurﬁa(pr aweiler) R4lefifean atbiterry number

_ o%&iﬁ%ics Wr&Hchm aah Itén&'b%m% E&h&sﬁcﬁr A \éﬁzﬁn&E Q&i‘ﬁé&%f a HYCnB S

nlbeu 0'% e w der gsasms known 1 n
Y W&a aPte sryop %]’“dfct"c? ’é"“t the pastablp &é‘ﬁ‘?taﬁ P YhRbgrtopHbis ghared.
Mayipldes agaydalizeditsing regiseds drethei menampstiukctuses bvailgtilesie a tavgdt

aeﬁ;n'i '1&&1&&9&&@& Iaﬁ@mi QM@R&& &ch téay[qu.g%e tlE: cﬁ:ncJ of'n%nf’ary

talellstl e virtyal state spaces supported in
SY "“és?d’ﬁﬁfcélr}%lrf"lhﬁ%a pagheular kgrighlest at e spaces are .
angi ng%sﬁgslo rtgl:ﬁ @grl]i(sjtlmn eovggg)k,f tﬁgcrs gtrl]rrwt Vli’tcr%t 1}1[: cxamp?c v;rrtdapgA
albeﬂhmftécfw yPSOO %ppovipce ungyped Gt Oigned ipteg¢r| ynsignadtipteger, and
fivhtaig@omp amaﬁ;za mdabﬁeﬂmla@ stﬁge bitd6r@ashps GORY of tHENPEUIMY f
t «eac 1 ad Wi ay arate instance o
bk e e e S N
defifipd e%@rngeﬁrsmnvwmfomw@aw 75’1*h@mw€h) ual regist er

@Br eg) state space is advant ageousl¥ used to define
&k afds empbadispant pyyltgle widrhs arg Fgpasted i sephitepegyith the parameter

- <gblvping ateil onpedity theavifiay thoy foe thsthiyce, .Sl@dilidaENa 1 hibiesighed Auteger,

B Q8. ﬁiml%}{g—gﬁﬁtl ndnGer@hY so g.m}l@ Eho% u¥ Liﬁlle scrn%,g&dﬁ&b?g t?'pes

Virtual registers are addressab é
e srRpted 1 ?eﬁenﬁwa% fop, iptenss, ﬂa"aﬁ‘aﬂ‘ﬂiﬂb‘ttéﬁf“’g awe%gc atmﬁtslﬁ bits,
awt iateger nppaest Bodt 1eas BOIE SA taalitadarodf thel WidhuaBIS Ariegipsdtelrts

sﬁﬂaért Llpof\{hcr %E@ﬁed%i&m; ¥f§l?et]}%£c%ss§%0da8fpatﬁé :gﬂd/og tegisters are narrower
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. ‘Eé?&eﬂ?fF‘%ﬂmlvé‘E‘ﬁla’?Pé‘ﬁ%‘FE/3%ﬂ%%3addr essed usi ng

15 [0101] The special -register (sreg) state space
corresponds to the pre-defined special variables of
FIG 5, which are stored in special registers 311 in
virtual architecture 300. In sonme enbodi ments, the
virtual |SA code may not declare any other vari ables

in the .sreg space but nmay use the special variables
as inputs to conmputations. Al CTA threads can read
any variable in the .sreg state space. For %id (or

its conponents), the each CTA thread will 20 read its
uni que thread identifier, for the other variables in
pthe idgst avidth. anulijplecesisters and @Rosessertsydescdsn bapsedte haylirghGFider
wwpdslas ts@adhvi ineresane val ues. [0102] Per-thread | ocal
menory (.local) variables correspond to a regi on of
§PBWballt iprtorhgmydersBd thatthe datastypds kubwideh ui tersio dic @b sedivamot
@sth@ive 6fthe inldn@ad basis. I n other words, when a CTA
thread accesses a. |local variable, it accesses its own

[0 akt@. 70§ a table listag kablr@al stthpERaAGRStel O the XBmplk OF@A 1SA.
NEE AP Rl ORI Aire Y & namgqevep B Ghg PLOEL

rea sre aces,

d.a sses e next two state spaces
(BRIBP 1R n RSB ey g ahorisal e G0 et Berbive poens 1A
thrgadoviy ﬂi'é"cl arpSpamtciestarce ofties vasztiladideo ClA tohadvel) hibe access to
adf 6OEIEA llﬁb(:acﬂeﬂ)istﬁlﬁ:c b v(rMhlrrEéi@J:r)( réglj' Et@t@%cc is Mtgéiously

d) _var r tten of
“(“‘ﬁ'%g @ﬁe)"% "a“é“a?empﬁm g é‘iﬁp"é&%‘gﬂ %@ﬂ?@ww %bf'slteafe@wd by
eah{cs thened A progiamimpaldeddra pediumberoy yirt8dl Gegisfersy i Viituahitegisters

-abt 3 Bictsemt bl‘['lﬁbﬁ@@ahc (:Erl'qﬁ!c tidde- nahB, Bt lfﬁaaéohlﬁﬁgd :Qlﬁrc@;f This statc

hi t Sh
e Tl B e G B R AP A AL on
[6@19 Thcaspm rr(%%td} Fgwl,% tstg{c s{:&c': Surglépoig]sqg ﬁ}g ﬁgcatﬁzﬁmed sacc

y%¢ i n ot I zat1 ons, ate
"%fba&rrgé 1Ght- W%fﬁ dfﬁﬁt%cdan sRepial cqeastory Jjipyirted arshifectyrs 360. In
sereqranbediniats, thevialal Seadodcimaytht ackthir €M 0theAGirigi Dl 8Feg
sﬂJc@pt.ﬂl uﬁqwéélﬁ b&abi‘g@m%tq t§ rc[n%;l%ggmpgﬁ%r’fgtﬁma s ce)z/n read

vari ables are re can be rea

sy R Iy HHF S TPTOACH ORGP ctaeh S dgoed wil

- ro¥d s untiQueplaraalidn eficry e gthd Lariabics W thd wa} stat ghabd, ectuae

tlgcQtQSﬁQﬂsaﬁ@BTR%iﬁFe%ihgﬁqgncvgtugs in an on-chip shared

paraneter nenory .or cache nenory or in a regl on of
[@bmb abdr %r&@.@&ﬁﬁh&lo@y Waﬂ%hﬁlmsyonh lat tcéﬁn &4 él&gl"ﬂx&l%ry

3G o0 RBrA b P A et bl PLATRESoT PheBRCTA
thifff*fF‘ F'Fcawsz% &eq! rYdIrlﬂébpld) #rsessesats dwi wetance b the garivhiaced Biapges to a

1ddal dadiable Hadetg bne3Pfh thiedd @c'ﬁéot 188t GRETTANrehdsC DRSS Ie@taﬁ‘d

dto.d tants that
TR ot B Ri re & l%ﬁg PR DR P e

[(ﬁ&yj Gl-'rl'é n%ﬂ t»trcbs%atcg L[é)ageb défElB \ﬁglar[é’ﬂé a C h IthaGn% a% eaﬁzlq %Tgbvgp

C onst_ state Sp
haye Ao stpnge w}fb?:wlﬁfrﬁfé Antaﬂ b@wswem\ﬁey ?fefadmmmll)yhreads

Skaegle SBared)iveriabRa fmby 5d r@ddbr SPAGELEAR oP@e CTA |tﬂr3ﬁ§l T Bordd)
erf?%d&mng &Q@'&% zB@mg }/n'tu%[ dlngenYo Oglé o?cllrtgal ﬁcg?eé:ﬁl

ESSI

In a per
- (F@ir 51 8 TR zation of v1rtuai archltecture 300 the Shared state space might map cmto
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is allocated and addressed as any other globally
accessi ble nenory. Like the.paratn state space, it is
expected that variables in the const state space w |
be initialized in response to driver conmands from
virtual driver 320. [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 nmenory 304 in virtual architecture 300.
d obal (.global) variables can be used for genera
puongbipebared mensoyrinplersoaiiondn. s shajpé cglsiectils baheed@alre s

Jgagoﬁ)h@ﬁl n It,ﬁértrydm_%%g% &@&mam,u% %Jgéefxﬁgﬁ?ndé oftd aﬁaér-

iset ‘S “S“Pg]“em% fhat iy P'E’ﬁ andy r“é‘ﬁ%ﬁ’%’d‘b AR %PP‘?%H accessiblp
m@mused to define and prOV|de access to graphics
texture 25 and pi xel surface data structures that

BHYY | Herepeierd-ryu) syisbley Fospborly #y cenbeaawdby gk @irtuglp thead
il tH) CTAD IThisBta&GpRe MR pFRNdt S nEmid}y HAB bEyirtudl &3Kédturle300 and
cah b l%atz% 8. e {80 448 sl pL&netéf m%@cr& abéa&g B APl A8t

ecCl
Oﬁ” gw*wﬁc&ssﬂalmf&ﬂw ’B@F‘”& Ht lﬁa%ﬂﬁete%@ri @ddresgpdigy anyggher globally
apdeagslaniBmery. Dis PRt thar thesd Rathibled Ol be XAtk in ZEpont1o Siver

‘m&gme%hM{¢ 228ivksbg91 decl ares an untyped variabl e of

ts In e virtual register state space naned vr].

(1985 etm,e&hstidt n@oﬁupitate/s &ctl@ilse% %eﬁ&qﬁr-—grﬂfhoﬁﬁin@srthgt Ban\e lread
na n or
s Sgpied Bk SRl e iy 49 SAN 5 e ol Sipyeiice 300
tanebnylstateapaee ofey Vi mepped tovagegicroh elpbal lﬁ@moryao whighthie §TA threads
h&%&ﬁh%nlﬂdcéﬁﬂﬁl Tth@: 3dns: §§tb' l;ﬂva@g daBBE LARRY [n]aQQQ-](c):Egp Elgﬂali%lrameter
decl ares,a virtual
memogg/or c?chg Ele%ll(}l?( Of' f“ C?glﬁ' ﬁ? ﬁ%?rh?fcg?o?fulhﬁoaécegml&wg f:lYIg fnemory that
iy Aloeatedand exddrassed psinziother gldb@lingogessible mempory d.ieepparam state
sPEEl[i6i5 S:pREt&1 R FRa¥lcl RGhORSs sGRY 85 PANGY igialt-8d InR&ponse to

assi gned ate 01131 Vectors in one
Y S %@‘gﬁﬁ"%giﬁg?P%gd[u5|ng a vector prefix .vcnp,
W%@f eTlllen'e s?imn% mﬁeeg&mﬁcesoje O‘?%&@”\I&ﬁabq){s \Llh&l a}fce:ﬁ:t: fible to

For_ exanp 01151 declares

agy %‘“B‘G‘Prﬂ’é‘ﬁ‘é iy G Agpsop e yith e RGO oA SPASTA R ©

glohal tnegnopet04tidviadad architettite3D0.r Glgbs (ghba} atiehis pacie. usédfoe
ghhelef g;&rpaseg Sn 'eﬁ{bs&imeﬂta %&%@&e@%& Ma.lgaemgm )eI)'aE@

u3|n Xes; 0S. X, VPOS. Z.
gﬁw@&wﬁfe be igfined. SThodg sigfe spickh which FISKBENSRth 4 £- for"
g&plﬁés-nem&d Smﬁlhatﬂﬁs (:an)b;e uyed t@defindnd provide acckss to gu;aphu%)te;xme
aﬂcf plxéi’ surﬂce @a}a S@{l Iéogufe qgtg tnf,hfléév : rég{;})%ﬁﬁ? %Aea%h 0% ot gt -D

Si'nce the vari a es a virtua

(?'fé‘}/“’&@fef"ﬁ%d"&?““r EPe#ayo any
[02147] 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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Virtual

nunber of variables in any of the state spaces
(except.sreg, where the variables are predefined). It
is possible that the nunber of variables defined for a
particular state space in 20 virtual |SA code 410 may
exceed the anobunt of storage of the correspondi ng type
in a particular hardware inplenentation. Virtua
instruction translator 412 is advantageously
configured to include suitable storage managenent
instructions (e.g., noving data between registers and

[9{ J9!j Eécwggﬁ%gad%&{a% lﬁ?3é’l§{s n{atlge Virtpal }'/e%:l:stea%?e Igﬁgce narned vrl,

struc

%&Bbca‘lﬂ“b“rleb°§)"é‘f1éblls"‘§a§*‘é‘s“ b °tge HBIOHFP ov%btimamnefoq ag
operaficmnger 25 needed and allow its allotted space to be
reused by another variable; conventional conpiler
[P H@hnTeprxamplo virmbl Ik alsad sugpare girsts endsvectars obeirtud eatiables. For
ekibple1 | n addition, although the exanple virtual |SA
defines vector variable types, it is not required
[ohal t he geaggl? pduabif-a o008 @ogE t vector vari abl es.
Virtual instruction translator 412 may inplenent any
QL odeciangs i yltual globalty-ssodshibic 1 009rbyel00Rwmrag PP 3D fleatiug-point
nﬂMH@e rVIEt@aI ¢hsirucfion PanSlatofHd12 ndy) fésl%fy@ A4 Sidredshbl® mdmory regions

AL Ongm f‘t r uct |donsc 501181 FI 8A-8H are tables
o? SPGB P PR8I 0’ ons defined in an exanpl e

[{W1§|t u@‘l:ctoré 1§%nc éﬁbodnr‘?‘ct‘l{ é:lg B+ Qc@inédsubgl?falvgc p@ﬁxl J<§n t’&'t’l(g'g ;n lb

nput |n%a% partical ar Fesurt "usi Ry one of
‘Wﬂ’@f“ﬁ?‘id’gc"ﬂﬂﬂ’“ Megettaforesms in a destl nati on

ster, tinhg a register value, and so 5 on. Most
01 rﬁ%t%d%‘t'g’fis are typed to identify the fornat

($1s] NS 83 %@éong&{'%z@éé%%f 3?&9&0%%&’%%%8%& i i r?lélctth a4

executl1 on ent on
"ffblﬂfﬁﬁlstﬁfsta&ﬁpa%%eecftaﬁﬂams qeglareflGip wmp%a%maﬁt ‘gﬁpé@»ﬂﬁed using

suffisas] d.g., ppeX, am}gy, vp[)flzl Zﬁ)ane}k&iﬂbbtﬁm&a,tm 1283 bdveard ABtved)@lid on
g&ﬁﬂe‘amcﬁwpﬁ 123 ga(ra acehgl der. %a“agbféu&’é‘d t gjﬁm&%? nehfd.

l[i1sted in Tesul't is™a eto
mslul $mde5ihesstaﬁﬁtﬁéi areViea p%ﬁﬁﬁ& c&feal@ﬁ‘l@y &rﬁne mgﬁr to any

ale t hat ar.e provid [
oy PRI 1 iy 5 e SRR SBEner -V P ReF BeSPIET B ur e
D@Mﬂlﬁ@ a iy mgas@t that thoaundbgl of verfables defosdfor 2 pavichlar gate bitace in

vatma 19085 RAGS mapsxcea@e;{e@tﬂogm%f st&&gked’f tﬁefeaaesmrgyyp@gpaes S
r ari ab t he virtual

e
bR papvud Pl SRS Vit PR Sy 42 Bt
c‘mﬁalzred toizpbtude syithle storaphmazgaesnoifistaiotions (e menyihg)data b§ween
re[gﬂéh?s]agld Seelorip GRoR) &t diRe %rtasle@@a%te&meh geerd@calmﬁ@al 8aERtion
i nstrugtions rtual
Rl 1A TR0 00 o oy P ot TR R BPPEa Bt S SR ng
nepdedrnd ellawnigy allgtied spave thimtreysedigroetBertviadables prawéntived compiler

'teenﬁrfuﬁ@;foul%ﬁrng@%lste%Jaﬁis@&sed.as "hardware support™") or

as a sequence of machine instructions that, when
[02xHC uhaﬂhmcmg ﬂ.didﬁ@x tﬁd’lﬁmﬁﬂe Girthid1 €Sla @dfneCieclof @kigB1E Bfes! @is not

elagl;eﬁltﬁt aaﬁgeg lta.t\fya %gor vat}a'bles Vlalrlt gructm{l translafor 412

I'nstruc ans a for a
may mpflqg}em 4ng vector variable as a collection of an appropnate number (e.g., 2, 3 or 4)

of scalars.
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20 advant ageously configured to identify the machine
instruction or nmachine instruction sequence
corresponding to each virtual instruction. [01221 The
foll owi ng subsecti ons describe the various classes of
instructions listed in FIGS. 8A-8H. It is to be
understood that the list of instructions presented
herein is illustrative and that a virtual |SA may
i nclude additional instructions not explicitly
descri bed herein and 25 may exclude sone or all of
%Eevlns{Iuctgons descri bed herein. 5.3.1. Virtua
SArithmetic [01231 FIG 8Ais a table
80081 | BOS -8kt e ket [iging pietnd fistwsionsafefired dn #orextthile virtual
€00 il ﬁbtiﬂcﬁgnqsﬂicf' nJ:dSt@ its Iei‘?ect Q'gs c&ﬁﬂﬁﬂ% MWIJ Qﬁ:lt\ﬂbﬁlg b or
?‘nr;ngchl E:rgc ancF la r%pg t ﬁ dg Y tt d
FtRAEL T C, P AN & f“*“é’r'f‘? fidpdtgs E?b‘é‘i”at‘“f 6%3“ ‘ﬁ%ﬁ?rff tlPa e s
9mé“@¥waﬂemmvﬁmma#ewggn@ﬁemﬁape&andyf@m%pm@éenﬁg$>mm
agaeo'a SBinsBAetBS excutidn ny bd @pEHIOH BE fre &/pk CBIY dendrfl YorkBaF ar S
en.to a virtual register. Thus, operands and
dbmffﬂh?lons for arithnmetic operations are always in

oagopVvi rtugl, regi.star, shahsisspace reg, 28 except that
Ehe speC|awa§g%stef§ %?-FSG. 5 (in the speci al

[0220) S tvitfereSiumt & tﬁenaaﬁctﬁm&)le Cﬁﬁpebes zU;ﬁﬁQhol@eS £ W@mftypes
LSQ d|2 315188 ,[rﬁsu[tslg a \Cr)arlalr & 0 W ngl:,ﬂllecresgﬁ t1shs otrélfdo and olgerémcgs'tare O()ﬁlg Qro
aar«s iveriadles thalhdg proydagtap H’@tltﬁ @ﬁhe( ingigyytionriy qoie pmb@damné pyirtual
4rEraEdrud 300 Wia Ydgftcdfo- l(egi'ht}ér)proc_gﬁ% ghd rosuf BRI HetAMSFo€dPoratihs
BRELRLTRG QAL I SEARL A, | QUL oL S LB LV RGS
ﬁpﬂcesrfﬁéoréfrmw%@ats@r state yPOLENUPAIY hpsate ofjrane omprelrdshay ’

@l}%@ added to the instruction to allo

r a‘nﬁfﬁe Hgsforp Berpsytef Brtinecarb el m§wsmﬂa mﬁ%ﬁ YhtFed
A thstwirgedx@an be iealizet eithears @ cofrespantiing enclogpdnawncd®n that produces the

s%@&ﬁ'éd%& @rel?eh'ga fohee QY i AAGre! sﬂﬁﬁﬁ‘%@r a%%.é[lcem 51§§11ne

npoun arlt hnmeti ¢ operations_w ﬂg 9
o L EhpPEG: Prodee etees e e ?j ° he‘fﬁti‘s"‘é cpottware
syppar’ p | The sifdal ifsirnaipn traskitos divh fof a zakt&olauta&etchlaftﬁ)em Bnce

$ﬁ%)§eousl%tt C%me)i w’tﬁ&uﬁ‘lﬁ@ﬁl&&ﬁm Edg@uogﬁ@%atchﬁe ﬂsmdn

cat ed brackets) and ds c to the

Te‘é"?ﬁ‘f °° %‘E‘&‘gﬁ%?a@w HHEEPEf er s from mad in that
ded
lgrrﬁinl p?ggg)ﬁovmg Suk?) CF? e%‘f::s L O ] VewOpr as%e?]o i tl%-g 95 & 1

rence CO e val ue

' HIGSRA-8HLnls i ta Hetanderstood lesqhsqqf@srrmmpam@pntw@mn is illustrative

AP @latd Vil ISA ALY haLARdiOsal inficlidib B§RkplRAYdaRHSdABMYin and
SRULES g of DL TBLIGRL L 80E R, Whon Operand a is

Vi e value (abs) and

J@Ea@mﬁlﬁs&ﬁ&n@&t&ﬂéﬁy operations that can be
eran a|nafloat|n%p0|nt or i gned

‘appl'red to an operand a

{Pﬁ’?’bg &G fsér'ﬁﬁtable RPhEsHom st opsRiopndatinedin (‘m&sample virtual
18pe irathis ombodimivit,ahe il Dehiteetiie lsuppoktd anlyi wagiggreh-register arithmetic,
dali Q@%"ﬁtﬂgetfe% &Lno‘ﬁpﬁlﬁxﬂﬂﬂaae orﬁr%f‘ mbRSiHlEALLAAT Qxﬁnc{s- g.l%éée%? in

to the smal operan ger oper an
ek 252: fgd oprodyoshiee (@hrieat isrwipise i %‘ﬁ‘é‘f"éﬁ&@‘eﬁ sThas, mmds
and desHmatiosd fonatimtic oferdions @Salpays il hERrdd 4egision md@ sphsd reg,

-may al so be specified.
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[0127] The remai ning operations in table 800 are
perfornmed only for floating-point types. Fraction
(frc) operation returns the fractional part of its
input. Sine (sin), cosine (cos) and arctangent of
rati o (atan2) provide convenient instructions
corresponding to trigononetric functions. Base-2

| ogarithm (1g2) and exponenti ation (ex2) are al so
supported. Reciprocal 25 (rcp), square root (sqgrt),
and reciprocal square root (rsqrt) are al so supported.

‘{xgc"pgﬁllat tllle gt.scl;lﬁ%!gfg eg% BRL § nttla c ameg”xstrr s§attei .e‘.(;));faceasrrI t)h teluged

Oper at i on At Tve Sn
TRISH-on. Ot her operatlons or conblnatlons of

a ht . .be su Ror
B30 2 rhOREo e BoBaT o e Her e i Frtsapty aithmeri
freretprentifition [@mgibfr#quos@mé, revHigidative g ailévisidor(tiwa| These

dpSAtichk 6 b@@éﬂfd?l%@d HELiREORATRE @ PSint dakdFyped Bud o@:cg’gresult
vector erati ons sup

e 810 t
e B M T
agiidnd t‘pihe d’ﬂfeltctl'érdeﬁylovowe pagiawmer tisiecly wontheteast shirdd bomimaied

2@ whdtked Gt ctle 6f inted® oRPANS BB 1igki S stduRHE idhosd.
cross-product (cross) operation, which conputes the

101861 oThrecroopsurdrdditetc dhefions péth apiand €4, bans ¢ sre aB6lsupported:

AINhRa TR LS TR )acBBALR bWl oVl oFRAREL G

alar |'engt an operan ect or e vect or
NS TmES 3y sy 2 CBH g It by ok PR
thpyrepbr Fusediulgply Al diffecirém edd pipen g ipaduc o ppis nbtesumbdédseloy
t@&fd&%% she oiEabQlﬁgmﬁgén&fcoﬁﬁl‘?es\{&%&ﬁut@&ﬁ{e%% iflen szEs one

enbodi nent only the reduction operations a
[026] aTd rEBdndRf ecfwa@ﬁaneﬂp&@ﬁna‘d g loh Bﬁeg&mpeﬁandéaﬁ& Q:rnﬁ)utes
l{a%mellmere % d\éfwhgz&%ge(rgl}a cg {s td{ O CX’ cgpgega.ac? %) e %sabuter}/gb ;ﬂ"’@o‘md
%@“Mﬁfﬁé Afe@gary prFTEions thay cadmapm@ﬁ toan op¢ransian ip p Spating epist or
sighddgiitepé LY. MREmah |(ﬁzﬂ§anﬂ%ﬁmﬁa§1 H2OLPEra A iHiARan be

| d th
o BB one e b, s Do LB b il s
?F‘é‘t"éef ‘argenaperandy #@dhw efispgotal eassslit whith ensor bth gierandeis 2

né-Gdtindl @GHbYr €. 33 pBATBRE 75W0dtan84HMY) Bl alVERd sPécifRdOCESSi Ng.
The virtual instruction translator 412 for such

- 10123 | Therdéneiveng aperatichs anthlelg 8@ perfasheed belg fdrdlogitiaeiomt §/pes.

Fﬁ@tﬂﬁl?}@é‘) oaérﬁzoﬁ CAUGOME ﬁaé?itma‘i" Bﬂ (ﬁ'rltﬂ ‘@&th lSE@ (ﬁztgséogﬂg {Cﬁb Iaﬁd

er or?w t hese oper atons;
a‘iﬁﬁ*“l‘&e 94 ralip (anZd praufle. poy sienLIBR GRS aqr@spog@a@@ﬁe%@matsc
fubct®n® Bise-2 nghrithm $eP)sad exposentiatoe (&)X dré)aﬂsoa:ﬁﬁborted Reciprocal

(r§9 q&g}ogi@g anli?’%gpr&Li@qua@erb& sgn} 20L& dsg.ﬁ? brt ST NG

' ection set-regi ster operations in the

mxa rrm ﬁoMﬂ 5& ﬁtﬁéd thadbhis [NSSEHRRAE HletaBbS is mtﬁﬁvccaﬁ&] afle
nuneric data,t set .a deitlnatlon

e et o R T e
Suﬁmétlnmmg'ﬁhle ok rxpgcled ksl ieekédowit s@icentfrgpary.on

sel ects operand a if ¢ is non-zero and operand b if c
101291 ; dp spmezgbedimeni: dhegifgabiSy alse defjnepuscioppppintians. FIG. 8Bis a
table Bmtbtlﬁ@%cﬁp@’eﬂlb&&uﬁﬁmm eRPSAgal mpa Mithe Redt?

}‘%Faﬂ&{szﬂcﬁl Qaﬁ& ts(%})d(; fa 1 w ich E:pr?prlllteg %8{1;11 gcr)t product d of

stinatron r ean true
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fal se (0) based on whether the conparison result it is
true (-0) or false (0). The allowed conparison ,
operations <cnp> in one enbodi nent include equal (t is
true if a =b) greater than (t is true if a > b),
less than (t is true if a < b), greater-or-equal (t is
true if a > Db), 25 less-or-equal (t is true if a:5
b), and other conparisons that include, e.g., whether
a and/or b are nuneric or undefined values. [0133)
The setb operation is a variant on conpar e- and- set
t hat erfor 00l ean tion <b
PEPULIEFE RS LG Pootst G SR Tt rogBaPeDr B
argmpredeph d oforehind dectopyreand hkind 2 magratuda(gyl ) opgfatign which
ﬁe@h@me &mﬂa{gtﬂaﬂoﬁdh offdPB ?e&ordeﬁ“ﬁ{ﬁbtﬁﬂ-%dl\m&{ (k) dpdRition
destination Pd = 910 apcci? e& pcratlonog %aE:rattlﬁé‘l%ﬁCébbs the

rapLR® “FHM "G SRR HTBOO R AR TP ath ons < )
ahamsoid ohtbavecion en'ewe agfpcpne gmbcpj n@nmﬁy tpg@éucpp@pe%om add, mul,

R SRS Bk bbﬁﬂoﬁ‘éa for 'ﬂrwnéﬁiuﬂ VRS, attrhmgef &ctoﬁsl sidltidfial feduction
OIPCVde“ (] ? g elet or': «mg1 d xar, t}gglgatcnbcd%clmgf ngrdi? a gug){: Sived 4l nation

ate ‘se natron er dI is set

lesoli Qﬁlsag&ﬁa.& o t&fse &ﬁh&@ ﬂ&‘er V\éztolr spesﬂa%sxg snatas%tmga,ﬁaner

‘WP“tsﬁ%{'I“g’laH%F‘F BE"t G“B‘n‘é‘“"'d ‘“L%& t® aﬁgﬂ algg 'i'e "I\%ﬁﬁeidﬂ’tﬂhﬁf“ WB?\‘ ISA.
[ 811’34315 note b?\ge): Iso%e%at abl G ?zago oﬂr%rﬂaq a[lcﬁ%lc&l?egoe%%rot

I"t - mani pa perati ons
SVIPPPﬁU‘aﬂfOl"PS'AeSSﬂFE}eT*mWW%‘@‘@@@F‘@&?‘?E%&?&M Bl realipgtions is

adVilta¥@istRERpRE fof gehdiRElagdibprif@fel §neds BfschiBem&RBE inkir@€lons to
p?lﬁtgd:nq{lésgypepaﬁo &Qsebs%ﬁlfdol{n th%%ﬁwi‘ am% 9{1‘9er n%%ppeé;%ae' ng

corres nreg
Sqovencst-t wi se negati on (not) operatl on inverts each bit

of . operand a, while the Iogécal negati on (cnot)
‘%%%%WM%FGQI ster to 1 (Bool ean

1033@E) FIG. 8@ isiagatled2s lisBeotleaion ful ssig}eisierdptrotids (Eved wakr
et:ﬁlllp'i@\)lrt&i Rar Vl*h%% éerImO ARk c§1 Be pémrfnka &gaﬂ SRR ER,
eft-shift g % nd r| -shift opﬁ; fitllons

‘?‘ﬁ‘ stiggfiop resistey Bas ??—H“Eﬂ’ i?é'wawa 81"1" P ey
siyctivh@eMoprpeion gfeclsiopsamlpete IB nedzepyand pparadd ibe is Eop.
Cohighle Qnd‘se(@@; p%rfo{nusgmm isbd opéaumcage QH Spdtardel b k&a bto

| eadi n @ hlr ﬁg i ?l %) 0? gne or
EFRSFAt mp?’i“"@ﬁ S eHE ?‘F“ ps egtey ﬁtﬂ’f‘ﬁ“gg%‘i L WYR"78% %8’5
fHse30¥basedion whether tiresrompaiseronslt-s isfor () oCaly €. sTherlldvwed
cglgﬂasi@c;n Erla&%ns &Em})§ irfbnk @t%cﬁm%ﬂpimlsih&tehm (tfté:’tﬁﬂﬁf a=1b) greater

COI’]VGI‘SI on operations defined in the exarrpl virtual

thag i 1s gl ¢ P hless R BMEs B4 < Eepter PRI {45 B B Rddr t s
18801084l @1snde 10& <3), hhd Gher borpRrisoRAY IR de O ) WiR i v @klenb
val ue.in 24 rl A& el YPE <dtype> and stores the result

arenuﬁ'eréct(frﬁ'a I'on regl ster d. Valid types in one

[@1‘3?]0 d’hﬁ%@t’b oﬂér@holn'szJ veagadt Bn EA areafmd-y& E%p@fom d¥GRher Boolean

b<n> <?l] cahnot be converted to or from.integer aqr

omrﬁ% GRS HCn et £ o efomaEoRIPerRHeR TR 3

opgmder the @suli ofsliierBrolehnopemkibioivshoph e dgerogiea wirgther ttig destination
RE ridkeo BQMQ&' 24 o BRE THIRHST ﬂaaiagl apeauo,gf<ba,smk1%§

at saturate when expressed as the target type
e’&PWﬁ‘é‘“glﬁgf’cﬁ"ﬁ @dmd xor (see FIG. 8C described below). The sep opera on is

similar to sefb, except that two 1-bit "predicate” destination registers are set: destination
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5.3.5. Virtual Instructions - Data Movenent and Data
Sharing [01371 FIG 8F is a table 850 listing data
novenent and data sharing instructions defined in the
exanple virtual |ISA The nove (nm ) operation sets

~destination register d to the value of 25 immediate

operand a or, if operand a is a register, to the
content of register a. The nobve operation can be
restricted to virtual register-type state spaces,
e g reg and sreg in FIG 7. [0138] The |oad (1d)

tr ction | oads a source | ocati
R e GRT o P bl G B e dh e gt of
(é’hﬁWr'Pent must be in the virtual register ( reg)

state space. The . <space> qualifier specifies the
M&%@%@W@n and can be 30

(M3 t €15, 8D ididble SXaBligg Isgiadl endxatpuiafiodperatidns defigd jin the
é&ﬁﬂ@&n@éﬂfs‘%{ fﬂg%nwrse ﬁ?ﬁeaﬁﬂﬂeﬁg Vm%ﬁt? xotrgr% é)mq?r\r/n%d by

eration can used I nste I'hce Vvirt
PR AEIRe °§G’B°’?tf?“t°ﬁ Pk bifpbeneredie 9od b and setting the
Pegpeidar bitdr wggerst te thepesole €BBGityist hegatimdebs) spstariiCinidn each
bitDE @&Yﬁ@h afe H’éh&gﬂ&?@e‘éat‘oﬁ (Jnoﬁ G{?&{W on Xé’?sr th ?els&rﬁmor?’l%ggt{eﬂml

(g?oiressa1e st at paces I nt e virtual register.re

8 At &P Eﬁ?g&?%@ﬁ%@d E?é’e@"%l%m fﬂffé?%i?f&é% [01391
[Jﬁglr Sg(?%ﬂxéfnﬁessslgéjp% edb l? ﬁhﬂ? Ev 3 éﬁp énét{ s}?rg ue?atlrclmv tgatg 1£t

Sou

- chddn SRAFHY ﬂtleﬂcﬂrfﬂg’efrberﬂte na@l;‘rr@‘éblrsﬁgecmsd by opeFund b. For

sighsi faRQe, righf-sti Waﬁa@ﬂmfh’ I38lRg 514 Y268 oR HeRIFB LR forihigied
meﬁth ?gh@ﬁ.?ﬁ &[}qeagfng%lts WL zde aegdr essabl e variable whose

val Ue 16 a reference to a register
stsb@tvlmllﬁéﬂcﬁ&ms@u&xﬁ?céﬂ%%s a reference to a

[‘%15?1!53’%1%{, i t f [dress to be added to. an

et & tﬁé ”’("&"lﬁéﬂ F‘F‘é‘é opmatqnversinpoprraions dafiopdindle exgpple
vimal Ifgve Gheafoanaiaedrsive(cail tisteston Jobdoft )n dpietind aof a/firstthe
<§Iyﬁ£>eto @ﬁ Bt}ul\«qnﬁtrﬁtu'e Hha éltg t%[% 4%(.3( Qlld%ﬁoréqr@he 3:[ ﬁe@t\nanon

to, a nenory ocation | entl

a
S i (TS P L O AN g L
caynet be ppoditedinmbr framuistegdy@r flortingipointggpes t A vaiagpdcie; fodntae

SRR ﬁi&tinﬁﬁorfﬁ-l'ﬁ%s m@ p}u?raﬂnﬁ@f fotSSeQH% & rcﬁﬂ(ﬂn?rq%e dﬁ@; qlandlmg

oca or. share

0%1’.%{"% g’sagsgg‘fﬁter}‘ﬁ'i‘e?‘(ﬁf‘i’rﬁé?daﬁéb(eé%e& ot 5‘a¥: alsp Y5specifieri n ed | n

5331 VANS W8N 20 BURRALL, G Ll HS.eN, 30" €951 ng nmdes,
0133 (et Fdha ta*rhéii%tl&sme dathme vagen( sk deashatins ipgmdionsdefined in
the exatrrrp&nsﬁ@r ﬁan ﬂ;iémtape‘a@@w IPBraticSdeds testihdith ﬂ:gfs%gii BHRE vahiR of
S e..Sta S
L e R NG P e S
°B§’€P(9Pll Pagrparestrigied fomittual registeriyps BHSSpaeey. dme ngg emll .freg indd@. 7-
mthe texture nenory state space (tex) and to read
i“ﬂ?% m (€ dfad {psrugitontleadd & vales feom & gopree boghtion demeradrs injo
destimetion ®pisted, whith irofie kmbéeimérit must be jn)thé ditualregis@X{ kb state
sph6A%yS REFALY EJE%%SS &l B SQ%QLA o{%e som}cc gﬂg% d canbe

coor di nat es
limgijedteyp déesg'{a':eﬁ%émce%la FIG. Tup 4 @a%ep efeﬁrfﬂgﬂnt 8 %w&&@m the
mp@aiptiafidnain bSysedinste RN OFitldeRati@Bardhitectyr 300 ih Sildletdbodinferiis a

re Q‘éﬁ&%g{fﬁéﬁ B&E&Q&rtﬁé BaddnkilcRSE Lavalabeh yeu%gdsto%%m UETNYI

ata w
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CTA threads. For instance, to share data within a CTA,
the CTA threads can use |oad and store virtual
instructions (as well as the atom c-update instruction
atom descri bed below) to wite data to and read data
fromthe per-CTA virtual state spaces. Thus, one CTA
thread can 25 wite 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
sanme address in a ld.shared instruction. The
fameddresiabls stetp spgoss e the cinualiesistes . 7gs state fpage sq gy Rrlisasyd as
apesadsi bed bel ow can be used to ensure the proper
sequence of data-sharing operations across CTA

[PF%k adbe specifie sourchlgeatign hddentifindodiog ¢ ryro€PRametercict ~nihiticasbe
dehﬁeddﬁ{raalobﬁrflagg ) s%oﬂ dﬂ’&i—s%r ﬁaﬁw:ﬁh@eﬁ& ihfiiRadn §aads

d | d.
emtbodlglerrlps source ¥z%ra tergs gnray onﬁ gl‘ a naa‘la? acpds g&: %?e

coop e r a
hepoatps is fﬁ bq Harediafpa @ﬁepencmAseaxsrPr thhféwsiaﬁ@ Smg‘?ei aédress, a
rafBdhdo Sichifer R holgy indQdiess té HiLadSaNTe ag¥Rkd vaRk (Qpplicd 2s an

%fngflgggmg)ugr aﬂ::l)quag%%%glfm n addrPr ogram Control [0143]

ata I Ng program control

{@ﬂ@{ abinﬂt@éiy %Q%Ire%ﬁ?ode&nw&om& in ¥ &oﬁ;PcH ?églsleﬁéto all :'H&ﬁcﬁy
SOR GhahRAL AL oo, MOLCD VL] e fam Ll AL L0 L 108G ment
LRYM & estiggtr P%fF‘F“EfW & pr af“’étFFFré‘ig'sf b Fie‘?i'ie F‘é‘

msdgriatie exgestait spade; thBdetiadiof bnna))e inadirit@blesnprddgsabie flaow

sBaQe g %&@tg:obif P! Q@r&aqﬂ Ffd'; a;% gﬁ{eaesuhamﬁ gﬂanaab&ﬁm%g IB%

:
i Yoot Mg o gtoppm 81t R PRy By PR A
potiameterat s 4>SA thedebd imrdetion Hige stdnainstruktitpahn Ermisedi et lrtgesfer an

ob&ﬁ%lrésh@i‘mrﬁ?ergﬂ%}%agfad&}eé%b@erk@d?e dpfist ruction. For
I nstance, in one enbodinent: f44] | abel : add.int 32

[@d1vr in, erdbb(ﬂmetﬁ@wlﬂdﬂéiéﬁﬂrelad@mfmfel s shdres zﬁdﬁi’ohﬂ&i’, fddtondlN

ﬁiﬂ%;%[n% T%v%eglgéd[t%ni %\E ](-‘ro% kPl'gelete tl%%) %L:mo t%te s%a%g ggx‘i Lll.upto read
‘i"é’df‘i"@é{“?sw@tﬁ ST dhe suEace e ERSRaGe é“berqreltamfr{f ) fug)
tekbude edd dpecifip then&iuié RedttiRt ) dnd Sdokdifids Qi) §); Bkl hs operands

sf 5 ﬁ‘orggurﬁgedregdg# W%&téﬁé‘c‘%fy? | dufFace fddRY fﬂ? s}rién‘{l%ﬂérhfn&tgss(xtﬁe

ctlon or su out i n one e
[omqb rﬁzu;trAnﬁmad gscbmkaye Rt g Ul"ﬁrihrea:lig? Y RS6 daSl Wi bther

CH R hods e GG nte g Vil O Bl B 83000 bR i
stotverirfuahigtiugivanty well sohdsomicapdatsostugionlapnideasibed léelc)W)cw

“Q&JI{%{a to Qfd%{a‘a'd&g ﬁ%wm!e? cgANREl sifétes?aéeg "ﬁ{%ﬁ,grﬁg @mrntg@man
Vi

nin tion or, subrouti
Wt B PSR Bht o 601 HHE! PEnS R P geTERG
destinptibe adsipes mddtled CTA tlnrd@tmﬂﬁwthvmme CTAchu subsfenilz lread (s )data
bﬁtk%é the Rfie 34 RS a lE%rMﬁu&ibﬁc ﬁ‘b%chﬂﬁ@aﬁdﬁhﬁé&%tioﬁ?ézg ,

t ar uments are specified in_ argunent |IS%
b@aﬂﬂéglﬁmb%@ﬁc@sq pelqugean b usedl dnyensyre the aﬁa?rég%'ew frie-shasine

opangionUCtosOETA threatlQe.gdthat a data-producing CTA thread writes the data before
a data-consuming CTA thread reads it. Similarly, st.global and /d.global 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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when ret is executed, a branch to the stored address
is taken. [01501 The exit instruction term nates a CTA
thread that encounters it. The trap instruction

i nvokes a processor-defined or user-defined trap

routi ne. The breakpoint (brkpt) instruction 25
suspends execution and is useful, e.g., for debuggi ng
pur poses. The no-operation (nop) is an instruction
that has no effect when executed. It nay be used,

e.g., to control how soon a next operation may

C tructions - Parall el
?3(@ Vl:rpnal Iést cti \{J bOIltlQ)? table 870 listin

'8%15%1 i ﬂ‘? |8 i pblp BE lisjing progipm F%*PP%ﬁdtl%s’f%ﬂeﬂgind'&fxiﬂnplc
titve! 1S30 Texarpit@| seratiord] whiS wil &6 Bindlian § thékse S0116ITH 0@ aARINbw
cpgtroérgﬁm&rtﬁ Mt ﬁrgé{-ﬁn E)lcglﬂlo Tﬁagﬁb(b{%z;cd#gcg 2 n%am gov%r to a target

ort the coop erat|Vet rea Vi Oor
lesp °‘é§‘€’<ﬁﬁ{> dﬁ*"“&f&]‘?c’%@‘c‘é%eﬁ'éﬁﬂll t#getasa&eﬁneddm#v@mm
dighesmesic lab8 Iib@¢nt dittbe @t ih@iictioh &t the ViRB4] 13XCEddO Bad using that

wuma&@at ctiAlind <FA L mmglfcur grﬁucasa%sﬁmﬁm show d

\g@eé{ ore executing any I'nstructions until

"‘F‘?ms as all other CTA threads (in the 5 sane CTA)
al s ached,.t sage barrier instruction. Any

er o bbgr Fgef‘?“?ﬁrsl'truml ons can be used in a CTA

[@f@g I AR NG iERAdh, @Qﬁrancg‘lgiq & @Vqtfl a@ﬂ I«Lb@? Uy ?nts}ruc%on:
requi res no paraneters (regar Ess o oW nany
|6y | er s pag mpdpsed) since all CTA threads nust reach
the nth barrier before any thread can advance to the
[{I4H  Jliscvhira i thecodaredire 6 c@evutidrld Bidjlabkid Dkt ton.

enbodi nents, the barrier instruction maybe

(Y4Bl nBheel! prskietu, (), indyyetings spparis Fiyrictiep zad subrdseine qfls; Gike
idehtifea s ﬁﬁr@ﬁod di‘@lmrdnfhh@ I 6k eRBEdith&idladbubfolfind” Y ¢ §)1 function

ol SR B Boe RoBBbitiitsatn °'5Rﬁ§}*ﬁ“re[r?gf]&"% greive

andiriuah A qﬂﬁgdeﬂbag .fheévnctwmm!mbp oregideditCualy hedcesi {rigpr other

ghapihg Simbbl Sin #4GkddAb segtefRe Lobib dbaHiRAFuMBbt S a.UI;}Bl!ltlnﬁ 6BR other

el evant CTA threads have al so reached
V%Q??@r Jat a non-waiting instruction, the CTA thread

[0159]' rﬁ)‘r %Etﬁﬁs tCaEFQIramL:t{ar lﬂ?§rv§rc£ﬁ HES %eﬁﬁgd t§ %.Qntﬁ”ﬁw&%g H:ﬁlm

hreads arrive arri

”gfﬁﬁﬁ "Fﬁ%eadgmﬁag% fupetiohgiapd ﬁ@rwquenm HeymentaEs specified
inrpegwmeati list Aggs>1 Oteh ba¥ 13 ese@nmed, alidod dicsFRi ths nedt RLtrkbsibn is stored:

wﬂénrr{rzHQLxebﬁccdt 5 HGhdnQ I Bl GadiSE & ehi@y Synchr oni ze CTA

hreads thaf are cooperating or sharing data using
{osisw erhe aanmwcts;tna&gmﬁa@s @@*ﬁ thredd tﬁas @ﬁmhxﬁers it SHRARP %strli@&n
m?:f kr&eg % of T: f' gle Sa83 é% IdC na glg %’§g‘ﬁ’§g{r}§f§5ﬂ?§tﬁamn
suggends qxp@a@p andiis wsbfbke 6.efog d¢buwng ﬁqaﬁiﬁesv iTh¢ amadperacion @beris an
mktﬂfchﬁhh& hiQHIEE: whed BERutdde AdSayltlGsdal 2 9 E@ﬂUPIﬁ)QV 43%n a next

o erag er CTA thread in the set. The sequence of
BRSO FEHE: st . shared. fp32 nrvwit eAddress, nyDat a;

5.?.9‘! Virtuaf 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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I d. shar edf p32 nyData, nzyReadAddress; 25 where
myWiteAddress and rnyReadAddress are per-thread

vari abl es corresponding to addresses in the.shared
state space, provides the desired behavior. After each
CTA thread wites its produced data to the shared
menory, it waits until all CTA threads have stored
their data, then proceeds to read data (which may
have been witten by a different CTA thread) fromthe
shared nenory. 30 [01561 The nenory barrier (nenbar)

|nstr ction | i C S at, C A thread sho
oD s bR it PE L 3G Ry Gt o data

%mmgﬁﬁAﬁhﬁdt all wite operations) to 34 conplete.

This instruction guarantees that a menory access

B2 Fhabpreier {4er) insuctiop fdigptes thyt é‘tCrT@c‘Pt’ethf‘Ttheé 8 ghqugwait

teRBeMxboutihg @ \funket ih@meRas aitil Rh fint 69 all dhet CTA Thedsgnihar

| aatt.g»twftawtlsa aaachémﬁe SR hLIB L HRES ARV ORE] RSt at e

pace name <space> to restrict 1ts scope to menory
'Eﬁﬁ‘@?‘%&’t‘? Bhde t'sa‘i’ Get G Hypresiams ferop F‘i‘l‘é‘tﬂ‘"%‘t“éttt@ bé'ﬁ‘ﬁrc‘ésm’ﬁ\‘ifﬂ“c h
reduired 1 @ mAtCITERBHdlesS bittody BPR eIt ag.uscdgibcesll CTa tregls must
&ch §eG6 vikRE %ﬁﬁp%%%lad C!i[t adVhee ‘OQI'ILB n$ Bﬁtotﬁrrgm sb on.

speci fi ed, t hread wal for all pending
[ORB[ atd chEbSerthGﬁJitis rtge @tnher [HREFRi¥n ﬁkﬁﬁ@aﬁﬂ@@ﬁi&dt&g by

SC% gthmt[aeo @A threadas o or 1%“ n&ﬁ dP %g’a‘%?&‘ thsendgsé {halilt Lou?tp
weﬁaremwmahr@wme-a that is |dent|f|ed by reference

The shared vari able a can any shared

T A R AR AN AN S 1 s e

interndtionss Aac cvaidg barer iddasios.ale 1A (hecad sreith unfiichc otins tdeves,
cifAe&lr%a&%Qveba%o Fd¥hed ‘ihe%ar%@FEéia e %ﬁﬁé ﬂQJr&u&? Frle %H‘Aethéad a

reference to a register that hol addr ess of, the
indigaes et bps a’aw?de‘t%?aeﬁef&mt'%be&”? %‘ﬁi"étTe“r ‘htef‘flcita"%l A% &iren
bautidr, es:s: CTA0thedsadhgdd whitin@whitef diset arvadnueitinguppl | ed as

an i medi ate operand) to locate the variable a, or an
19457k dIngpree eibndinents, thefelr aistyalifstyetion aitgy ¢ wsed Prygnctypaize CTA

thirbdde thgh drOREFeriting owsatﬁn@ k@ uding dher tnlaeorysta&rqedtce tpat &amplc
SRk OS2t O btk @ndFRkL HRRAOR B PhELy Sl BIR) o

e vari speci opera
pregpess gdnggrdatadn pearfhagadweriable (ege?"aﬁ’é? ama%t dcg(@ep?éﬁbtp ryDer):
tHell @ca@IBE @ltd 96JucedHGAREREr @A thidid id tRR&I IREEqRncdof indirkdiions:

the result being stored back to the | ocation

i dent srbhaedi fRSE myikreeAddreineyO@st | nati on register d
retaips. the originally |oaded value of a. The |oad,
update and store operatlons are perfornmed

at om é@?@d {ﬁﬁﬂQﬁﬂ %ﬂj ﬁf no ot her CTA thread
cces e va I r st. A thr
BRI e ilos P bbb o Sl Srtriegare
a%t*rsﬁeam fée ahdred dtatdippeedprodddsitles, dgbived thapior. Skfter eagh ST Attkread
“&mee .agtstemyad ttbale%ﬂae@d rflécfd;!y if Whétt,. hﬁll%ﬂﬂf@A@ﬁEh@Eﬁav@&of‘eﬂ kheir
| oad and store operations descr
iy e R oeb BT HERE SVIGHTSY ey P N BPOr R e g
ﬁpemhnwﬂeﬁmaymatontc updates. For instance, in one
enbodi nent only the follow ng operations <op> may be
[UYSelc Theappmiory barres (megmarn) ingiygting indispipg thitgprd: édﬂﬁeﬁ%ma“lf‘ 0
whit for @PbReibidl rdquestd mdnitRy perdtiohb(b0dt 1eaR Xil Wit opérattong)tel b;
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25 and a ternary conpare-and-swap operation, that
replaces a with c if ais equal to b and otherw se

| eaves a unchanged. For integer a, additiona
operations may be supported, e.g., bitw se and, or
and xor between operands a and b, as well as
i ncrenmenting or decrenenting operand a. Other atomc
operations or conbinations of operations could also be
supported. [0159] The vote instruction perforns a
reducti on operati on <op> on a Boolean (e.g., type 30
redefined
Prpish 38R B ARE R Bl EREp R Geol Qe vy mevir o
igyRcion Vel sqctherresglt of anp weltepperation neigrie it dde el liruction in
Qe empmhmﬁndsei doppsratiedd pact na@é akfac£O0h rr@&ﬁ@lﬂdﬁopk% Memory
o%LIMR)ng Ed@ébﬂ :;}JQ%) E&ir dsgz? rgﬁgcg ‘E}“B‘ %bulg E) he I‘ utp a dCC Flg’l’ not

hr eads e VIr
the .7 GE0E S{‘ﬁgd@]’eéﬁ‘ﬁ;@f) If TP atE @&%:Hn@nb *B&éﬁeﬂt qhgmthtg"p‘& thredd waits

for lgiehdngsaptaiicng tatgaengﬂ&héntorwaiwqﬂc&% @mBRel ean true or
fal se state based on the reduction of operand a
I9&7b s 3he HemicTpdater{preriigstivationtveusgy auapnzinubdte éreadedertifyivorite)

tOPSHark lvﬁl{hbﬁﬁeﬁ‘dt fshd%dn@d bS/ h’&erencs QPg7> Jed sh%rleﬂanaﬂl@a ei%e in
eratl ons Irc.

reduction o

oA FER et A R R o ons ) 8P o medioretom
be Hiedaler instrnpehreft eanbe mmYchTR ahme! adtiverhié weinblé 2)a, refamyyce t6
rapfitet fhatholds $helaBd@tess lof th@vdrﬁblt: b L@refe%ccﬁ@ M reggér Ih@lrlﬁﬁg ar'l Sldress
| R et oxop ity Syl Pt S
"'E‘FA“ftdFﬁ“‘eaéefﬁ“t? tridreeofyurinhls @. TheCBA thyadtlesdlh the mgtablg etfioorthe
sharddrs@el spak &datlon QAQM% ﬂe@fha&:@ﬂ-&@%tell & R Hﬁ‘ddf%m d&ﬁﬁ%i&ta%m& he

LTS i cat ed ,exe 0
IR et <o R B B B B B e
S‘i&?‘ébﬁné shird op%ﬂdué, G witipthe rreiltlbeint stgiredtbatk e theilgveionidentified, by

<adfe. TRelebtNSHidnUeSii® T raae&ctué Sy lbaaé‘d,vat@& oftJ" ernk {018, vfate,
eval

t he guar | cate
?&%&é{ ﬂe%ﬁbns e pee Xanpi e r\'/llwr f N EPArERne éhd ‘t?aff“&‘ gi’éd‘i’r&% e
S ‘5‘ﬁ§b“iﬁ white apfsg |CT4rthippd is gedouting e ptomisrupdeds. i labhce
erQish@ifne darki@le @liglimited ) the %Vo%d! cﬁrasthsr‘jd 6148 Spakd A nla$ be specified

lH a Ci T the oa ore Cration, [# d @
rﬁlgecL %?énggncg¥efgdﬁalr aog"&lg e orte t"’ﬁ%" "‘%ga%?gc ‘of 2:1 °
[Dhgﬁt Il %ﬁ%botﬁmc?ﬁ? cérﬁur?oﬁ)te@m)r}sﬁlg%e ha'fo &1 A E.Bglllcclﬁhﬁeb.

st er E{%bo dent f est | nat
é‘g P“’n? &W@F‘rfgwb%f‘*ﬂlawms H@ﬁmtﬁ%mégwe sessifisdif « is
ofrﬂ;ggm,ngt-poms tph @iding h /8 @edppricing atwithGhd MiRintuih dradak@aud2d 2 and b;

an(iFltér?harﬁQmpamng Q@%&ﬁ&dﬂn&d{r&ﬁa‘:@) a Qrfth @fp 19&@51% b and

t€ fate he virtual processor reads
TS 1°RYS 2 pyhenent fopintgsia ddifonpl et g2y pwpported, c.g.,
bifwisstand,ct polror Betesct Opdrads « biid ¥) @ well 4s mcﬁensdﬂuigﬁﬁ decrén&lhhgé)

optallaﬁd @) BtthQc oﬁeﬁ%oﬂs%? Mﬁbqﬁdng%jdﬁggégﬁy&%% the e,upported

fal se and ski pped ot herw se I cate

[0eso| At efde ﬂﬁtru@ﬁkﬁﬁiéifblﬁﬁ atréd“&ﬂn er@tﬁﬁlh:og%nﬁ hﬁﬁ@'ﬂ (5 Ea%%
ncgrgn aea[lso t e"%’éﬂ%t C(;"}} eg ns I‘UC{I on; SONe
HogHt Pe E5ouR O LA St Gl g f*P'aPeweah gl
af@%fﬁ@rre @Pﬂﬁeqthﬁrt &daghals ptexeu®d GR3MINgregmpne ro petidefdied S,
gﬂﬁfpezdi'r&iﬁ& S toCeH] M‘?f‘gr&@t in®hel Eﬁwdﬂﬁén‘csoaﬁer %?Sﬁﬁs%f eraffkads

I nst ance,
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25 certain of the virtual instructions in tables
800-870 (FIGS. 8A-8H) nmy accept a paraneter

speci fying a predicate register as an output; such

i nstructions update the specified predicate register
based on sone property of the instruction result. For
exanple, a predicate register mght be used to

i ndicate whether the result of an arithmetic operation
is a special nunber (e.g., zero, infinity or
not-a-nunber in | EEE 754 fl oati ng-poi nt operations),

and s 6. Virtual Instruction ansl ator. .
PR o e i Y S SAOE: (B e orperation <op>
entails srating testnuli etlhodftotaBenirattugror Sl statg bayed gn de reduction of
aﬁfaha & Hdrads uelo':tw tefremsa{tﬁbgrb@lﬁnu R rechtﬁJn%szthdﬂ%EJcHﬁ& bPie

sl
gD s s St S Ao Re st G o Ha g Shicn
09@11@.6@ ipfueEpr@ll CTA thyeads dni thegroy gnd didde ofi@viesn (Fa . aar, On wivich 4

i ash alws f'értdn)" @t&a&@&t}ﬁhe frov; 6R0@) Adidintlhith dGHkuely has the
Sxected,on Lhe cpat Ly gular, phatfonm architecture that
VIt U] SIS YU LS Sh T Paiter TES P ACFE (e.g., by
£PY 322 0hsu5lis heidil EURbgdsS U o L ransiator 412
rrg‘%s e virtual varl al declared in virtual 1SA
[BLe98 A s smBodiments, Hisvstualigs sipeoTredisatsa xecptiog rfdng
ipstocms br predi@@ld skeetitin, :OBooldah [guarippdicatebfdluedispcirgivity the
.aﬁlqc&q £ the ittnﬁataﬁ c&em%[yaﬁ biSthe Nthé t;fl@tcunam e GhiEd proficate

transl ator 412 maps each the virtual state spaces
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25 executed once per CTA, thereby mapping nmultiple CTA
threads to.a single physical thread or process.
[01661 In particular, virtual instructions related to
data sharing (e.g., load store and atom c-update

i nstructions accessing shared or.global state space)
and/ or cooperative thread behavior (e.g., barrier,
atom c-update and other instructions in FIG 8H) are
translated into 30 nmachi ne instructions or seguences
of machine instructions. Target platformarchitectures
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25 CTA program code fromthe remai ni ng code so that
only the CTA programcode is used to generate virtua
| SA code. Conventional techniques for conpiling
program code witten in one |anguage into another
(virtual) | anguage may be used. It should be noted
that, since the generated code is in a virtua

| anguage, the conpiler need not be tied to or
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25 of steps may be varied, and steps may be nodified
or conbined. For instance, in sone enbodinents, a
programer nmay wite CTA program code using the
virtual I1SA directly, elimnating the need for a
conpi l er that generates virtual |SA code. In other
enbodi nents, the CTA programcode is witten as part
of a larger application programthat al so includes,
e.g., code defining the dinmensions of a CTA and/or
grid of CTAs to be executed to solve a 30 particul ar
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data, and the set CTAQut putArray function allows the
programmer to specify a target location (starting
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cnane will wite output data. The set CTAPar ans
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i mpl ements each function in the virtual library. In
one enbodi nent, virtual execution driver 418 is a

dri ver program executing 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

i npl emented such that they result in the driver
provi di ng commands via a pushbuffer to PPU 30 122. In
anot her enbodi ment, a CPU executes one or nore
prograns to realize a CTA, and virtual execution
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vxrtual execution driver 418 sets up parameters and controls the execution of such programs

by the CPU.
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(e.g., using operating-systemfunctionality) w thout
requi ring nodification or reconpilation of the
virtual |SA code. [0187] The ternms "virtual" and
"real"” are used herein to reflect the decoupling of a
conceptual programm ng nodel used by a progranmmer to
describe a problemsolution from 30 an actua

conmput er system on which the programultimtely can be
executed. The "virtual"™ programm ng nodel and its
associated architecture alloms a programmer to take a

t
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however, are irrelevant to the present invention.
[01911 Thus, although the invention has been descri bed
with respect to specific enbodinents, it will be
appreci ated that the invention is intended to cover
all nodifications and equivalents wthin the scope of
the following clains. 43 WHAT IS CLAIMED IS: 1 1. A
net hod for defining a parallel processing operation,
the method 2 conprising: 3 providing first program
code defining a sequence of operations to be 4

' fl%&glfoﬁﬁgutfnga RN ¢QiceBBl ML % tls(:%{aﬁgﬁe[tta-ggel w0 hilead

an arra cooperat | anﬁ\é‘leé
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R &Gt B cqsle pefrrsd (ot e PP RS nediafgeat
hagmy omoling), Sansnétted vedria aarwbikainddebt.nes a cooperati ve
behavi or between the representative virtual thread and
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pograg: @ew@h reyfdeq m?eftﬂﬁebfrffwthfs dgvices (el g yradntyrnetglowhload).
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@ils%'c tU€ e SR Ao MY reASSCaHes RO PeRBEHIDY R PrpEgmer.
Ittiyentgmplated gfat hoppgr@amemmeylick thuakn tiehngeadatomand pBcess that
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3 farther conprisin rans| at ng
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execut a
arelaﬁq;tbqe ﬁq{@: efc@ected to differ in efﬁcxency 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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3 the target platformarchitecture, thereby generating
the output data set; and 4 storing the output data set
in a storage nedium 44 1 6. The nmethod of claim!]
wherei n the sequence of per-thread instructions 2

i ncludes 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 nore of the other virtual threads 4 reach that
particular point. 1 7. The nethod of claim| wherein

iﬁ@m per-thread instructions 2 includes an
t he representative virtual thread to

.store data in a shared nenor to which one or nore

of the other Ol"i‘ct'\%‘tP°°‘f1?ﬁ"é“c¥d‘§’dﬁﬁt)é’mé%*t‘é%%*’mi'°‘8 theprthod
areptigaz::of claim| wherein the sequence of per-thread

' nSt ruct '&Mm@fr&t%&gﬁﬁ%d%ﬂﬁ?% Eédﬁén!c@&\f &Euo‘h?% bc
éenta ive virtual thread fo atom.ca read and

Y5k of gplurality afvitypl threafisip é’ﬂiarff'é’ﬁﬁf"&?p"tr ingpiry tyrds:
or nor e cbmpilieg bt et pragrart crafe irttdnx Eetald thnaw progeoeaisBninga 9,

sEdRnddRY B&Qhreid i r@dtlmls]lo M@E&M& ttttefcae&tttmlc vtntmeﬂgad of‘thc
n? :g? glmrt Et re des I Varf'l T adgtrtstl QI, Ll Og ?t attg qtonc

Rty ffortygiihreads v‘a??a't?rl%"fﬁ‘:d & HPRYEPIES At G
instrugtign thasdoding aZoenomti ehehavive baivpendhd tprsentetivo newaldlircadrad
oRk b rikdrk t,mcro,trmw tﬁ.ua@ lof §¢ ALGIISRAGHRS. aR&EESRON tO

di fferent ‘ﬁ'é ﬁata sharing among the virtual
t hr eads. qff’“i%) ‘T‘Ffea ® B'a’g'af“ claim9 wherein the nodes
of data sharing include a per-thread unshared node

and a g dbal | eanctied af glaimd. ﬁ"iheii°ml"l“ﬁ'ég met hod of claim
9 wher ei mratdingingnhd @srcofirtda ttacas paigtango ia R@uetdeofdnst@ctions

BREatitY 63t SRRl ARG @ Shared node within one

array of virtual threads, and a globally 3 shared
nmode. 1 12. The 94%‘ ein the nodes of
dat a sharl ng ﬂngfﬁgﬁgﬂd & ° af’g{%%shar ed node, a
shar ed mPERxIdietsefiond RipRIam Wdaye%‘fmwefraa?f W@B’é&s‘“maa‘
kil dEpld procdss AR tnpRr@Bta 3etpd gbharhie by odfut a4tk &Y, Svherkin each

bl 113. A
bl h MeSAL coniinf) SRSl LAIRER MR 0o
conpri si ﬁglveiﬂnethew%oarwmﬂde By o§usnicobfrectionctllsdr mlibrary
of Viftedl fipotidnk, it by MEIBGnRvitel BaakRs Gbt iniBalRp aidakise REechtbn
{aﬁ go?EJB‘EQra:fm rwrﬁ;@ﬁﬁr :SH fqPlurality of virtual

rea

In"an array Vittual 4 threads adapted to

process étﬁ"‘i‘&fb‘tﬂeq‘tfa‘tea’fﬁ’é‘ﬁfl‘t“&a'ésener ate an output data
set, 5 the input program code further including a
second pér t i ofhedethodhplivlpim 3 f@thdi epomwsiping of t he array of
vi rtual trhﬂsaﬁﬁgsthe ASred vif@ Rirdali Rebetddfanti thre%&qu&% b RAcHBh calls
into progrdl% de%xgc%taglgnor? g g?get pqgtgann arc'l-urtegcgl?el thEa exem?taqale program code

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

5. The method of claim 4 further comprising:
exccuting 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 storage medium.
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8 program defining a sequence of per-thread
instructions to be executed for a representative 9
virtual thread of the plurality of virtual threads,
the sequence of per-thread instructions 10 incl uding
at least one instruction that defines a cooperative
behavi or between the 11 representative virtual thread
and one or nore other virtual threads of the plurality
of virtual 12 threads; 13 converting the second
portion of the input programcode into a sequence of
14 function calls to a virtual function library, the

library iecl u@hé}gethﬂdrotfbl@llm fwm&.& &@&qm@é ofi palthledd § fngtﬁlctlons
i éuc@p QQﬁ Cthl‘l 3( Slguetdoxr% Otl T t| éor rCOO netrtatl | thread
virtual t it Besthor s ‘?Pﬁg‘ IR o e ERTEP Y gl thes
45 R BYytiear ap Gt i H’é sefenge Mtk sush tifng podnic onmemlof the pthergirtudhreads
dch gagpartcaepsntecut abl e on a target platform
architecture, the executable programcode 18 defining

one or nore regl m&lﬂ;ﬁ%@g§lmt NGer S RE W Bonb 'S p@rrtBIQYd thructlons
S0R erattﬁgmxfégQg thrq ads; 19 executing _
execut abl e P S e Ir R s au YR V’ét“i’élifﬁﬂ't“éf‘“"gﬁ'%‘f é‘n"\ sharcd momory
2 yhirbearion glotcwfthﬁ Othpihdctabthrpeds hpyeadcéws. m ar chi t ect ur e,

t hereby generating the output data set; and 21 storing
t he out pét dafte ngdiod bfbiamstvﬂfe&gﬁhmdﬁeldm of perliflreadliRgructions
idbog mm&aoamhwc HASHELE 08 ﬂﬁsmmm;z@ ' 04 updbm data

s gram code | nc ram co
?vﬁﬁ RO ﬁ?'ﬁé%@?‘&*h%‘lﬁf)b?w'teﬁé %arymtﬂal Prepdsipare accszss
t hr eads. 1 15. The nethod of claim 14 wherein the
second p8rti orhesrthesaf qlaim | twherpingheyrirteahihesed programtinphydes a
virmble dd@stion3tag nfebidt e oV akialeinioné BG JNFRiPST ViR IaLstate
qﬂ'{:&e\pﬁérgﬁl &f@ient%n& lfg‘le 8ruha?i[yro‘}¥ étuolfqta e sr tclélsac:0)12'85(!38Elc,1 ta %Q%rent

ero? n each arra
e fhetneciness I‘"é‘?‘?‘hﬁlfsadﬁ\her ein the target platform
archltecture 2 includes a nmaster processor and a
co- procesbor Tapaefipdefsiaim § mdeipttheghodes efivsta haring include a
paralrkadd@stared niot@4iflapldbBg, shiYed Mbdel Ual thread program
into program code executable in parallel 4 by a

plurali t]/l of Thbre@AeEordalh aeﬂ?@n odgpofraafggrsﬁﬁgg{m@@ad

function ca

transl.ati,ng,t he sequence 0
pef girtad URstiey s, shaped 19pdg pibAB P 73K PHYTUAY BRAS. Beh Elobally

-bhé@dmoé‘tessor wherein the driver program executes on

the master processor. 1 17. The nethod of claim 13
wher ei n the Ta¢ geahodifalafindy Whatia fen@fibd Urdar? sHarfd iﬂ@le&eaa

pc@-ﬁﬁ‘é&[‘l %Lsh%@ &G&es !1 eld rllﬁo'iie %%%neaa%?/ M(:] &1 uea tadhsea s lmodc

btranslatln inclu trans eVI
tHraas “&”B’gﬂf EVRE) Hﬁlv"é‘!a‘ thieady angd ﬂpﬁb?bﬁiliowm@ﬁ mpﬁfe seq u ence
of 4 function calls into target program code

execut i n§- t hé wathod derieperhtirgadarast pepesssi thgmethotUwberisiad:

5 CPU t hreadify inpd brogfar B8Sinb e 4 8 joHISR Al firy 24bduehidlor
opgg[lcgg%sbe performed for ¢ach of a plurality of virtual threads in an array of virtual
threads 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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1 18. A nmethod for operating a target processor, the
met hod conprising: 2 obtaining a virtual thread
program defining a sequence of per-thread 3
instructions to be executed for a representative
virtual thread of a plurality of virtual threads 4 in
a virtual thread array adapted to process an i nput
data set to generate an output data set, 5 the
sequence of per-thread instructions including at |east
one instruction that 6 defines a cooperative behavior

e+ R A bR e SR % B0 Ol
more 7 otRer rea [ %ﬁ% f 1) ?

vpemluéleﬁrtumrdeawme@f %‘Gfmdﬁ iiyEuchicied te meutqsirfafgirrmbemféfe
'Gi&ﬁdl mrﬁg ofih8BASIQ RS vifhal thRRdy the bad@énct BrRAthread indthucAyts 10

él thd.rnt%né ij'r]abetruvélgnttﬁ'la@dcf't ng{aec%gﬁc%ﬁigrgﬁc%mlgrri)c ggn the

fona rogram code ram co
@Rré@maw vemtaHhtewbanﬁ SRYRE{TOF] Qffpcr z-ﬂrwl afrwp plbe piratity phrtual
et abl e program code 12 defining one or nore

pl atform g m«:%ﬂ*%%;ctsgc%‘x?ﬁm&%fﬁmn{h%t B{‘L#rw @(detung .??cﬂucncc of

array; 13 ex ram code on
Bt El t%@?l@&fﬂ&ﬁsm dbarge tikyary 1%“1% Vt@ft‘g*é'tctlmsgtaf artmlzc
adedist ectuibeof thhief@ bycogpnaingvirtag dirb@s;out put data set

and stori dtgb!étnlg ltk%%‘rﬂl%ltthr\?\%lg)g%)@%n??ﬁQEc :,jc cﬁ?cr[)? ARLoon cg‘lia:ln%o

The net ho ] e ac btal nin
Repggeany pde gxeutelle enpitaregt D iaRT SriicHre e g coutablepioras
deGnih € Enclai GG featal aelds tatickde@mn the Arrdy dfic@i‘pcia&n@\lirtual threads;

progranm & uluﬂ,ngy@(ganablcéb (%an'l é)dg P (Jrﬁplﬂgr§ m 2O g to

ogram code t0 generate V|rtua hread program 1
E‘O‘a’gﬂ%"‘ﬁ’ﬁf Wﬁ'b“"&‘f“‘-‘c‘lh%{F% BPEETRG the |°H‘Pt"ﬁjétaé‘&‘t angy

obt ai ni ngtdriethe otthutdhta bda insestbrage medivgt am i ncl udes: 3
reading the virtual thread programfrom a storage

medi um  11421. TffJ}ﬁetmatohaekumfa vﬂle&id’fh&&cdﬂii@bﬂibmoﬂthﬁnﬂﬂt

p?(];e%:raqg Eo%c mc[1 cstp@oegfz%/nll go%ig ?li%' (Sjr mozx‘c 9 io%gnfoir ﬁx% Ia %«eo% V ir§131

el vin programifroma renote
teg#but er systemvia a 4 netmork 47
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 each 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 parallel
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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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 mcthod for operating a target processor, the method comprising:

obtaining a virtual thread program defining a sequence of per-thread
instructions to be exccuted for a represcntative virtual thread of a plurality of virtual threads
in a virtual thread array adapted to process an input data sct to gencrate an output data set,

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

obtaining additional program codc defining dimensions of the virtual thrcad
array;

translating the virtual thread program and the additional program code into
program codce ¢xccutable on the target platform architecture, the executablc 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 gencerating 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 'language;
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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