+ ACROSS- THREAD QUT OF ORDER | NSTRUCTI ON DI SPATCH | N A MULTI THREADED

M CROPROCESSOR BACKGROUND COF THE | NVENTI ON [ 0001] The present invention
relates in general to nultithreaded m croprocessors, and in particular to
di spatching instructions for execution in a nultithreaded m croprocessor

wi t hout re?ﬁ@b&sorder armng t hreads. [0002] To neet the needs of video
gai ners, 4hl QF (RRDERINSTRUEETIENDISPATCI cat ed

gr aphi cs co-processors have been devel oped for a variety of conputer

systems. These procédsaMMULFITHREADED MIGROPROCENSORe control of a
gener al - purpose central processing unit or other master processor, are
typically optimzed to performtransformati ons of scene data into pixels

of an inmage that can be di ard raster-based display
devi ce. In a comon conﬂg‘%‘ggg%ﬁﬁ)ﬁﬂpg)%ﬁ@% I)BTI(QH‘éssor is provided with
" geonet r ook a, The\idﬂesﬁﬂit ihksAdEibh YelhtB@in%ﬁé‘ralato%ﬁﬂtlt‘ﬁfeaﬂéd mcth)ﬁ{'Sées:go?% %n% | I nes,

triangles, or th,gf P ygons) representing objects In a scene
r ender ed Pagicylgtadisng ChigdnsiTSHEns fenexecutinntin asnyléthreaded midrogbdsig wiveet s,

and the |réé&?dto'|3?&er%1%ﬂgﬂﬁ-§ rocessor perforns nodeling, viewpoint,
per spective, lighting, simlar transfornmations on the geonetry data

(this st s often refe r 0 as "vertex" processing). After these
transf or ﬁ@ﬁlzg 510 ??{Q’ﬁlme'% ‘g‘é’é‘i‘f&%ﬁ‘eﬁeﬂm?“om‘feﬁ’i%& ﬂlld(@ﬂhcmrggl@msl ng, the
geonet r y desigreers, Sophéstioated faphic® cd- ﬁﬁic@srsoﬁ"l‘lra@e bééﬂ 'd%lc%ﬁﬁ%ﬂ éﬁe érudes col or

val ues and other information for each locatlon in ano
cor r espofitfiRYet steme %@mmcessars@a/hldlmenwdﬂy @peemsmdamw m&omsa C be

plied e re bl endi ng_and downfjlfering
{pedum ngﬁﬁ%ﬁ:%ﬁ%gcﬁ chs ‘ﬁghﬁggggm%rn%&?% pﬁoocﬁsg’é&%@p’tcalhf Pi@‘rﬁ‘&?fi)f@r of
pi xel s | Retfom itﬁnsf@hagtloaieof sxre)le ddta énto pix@lsiof anlirhagdeShat cafbe fsp lg?édlfn a/ alhues
that can the d| .S y device. [0003] To provide snoot
ani mat i ontgr?(%i"ﬁi@d&ge F&&I %n@’@c egg'ﬂ“ﬁ%%éwgplm@m@émm ly

r equi r edptosided wﬁhég@midﬁ@ﬁﬁtagpﬁmh 'uﬁlfhﬂyfi&‘lu(ﬁs B8 o bR R (BkXfheclal @ At 2
m ni mum , r at.e of l‘é!)t?ut1 30 Hz. i mages becorrermere Sst7C with nor e

primtivEenElRseEo YEogs) TP@)@F%‘]@EO jgetd insbsogne toths rpmiem:t alng evitlemands on
gr aphi csadditseb&ed fach hese .demands, sone
: ch RECRRRS: R Bhodkl, B B, RGBT ERRRE oo ¢ ha

exi sting graphics processors |
expl oi t sPESERFHF meflelng, viswpaint, prespesitise, ltghtlngg gnd einfilax transformations on the

geometry data (this stage is often referred to as "vertex" processing). After these
transformations, "pixel" processing begins. During pixel processing, the geometry data is
converted to raster data, which generally includes color values and other information for each
sample location in an array corresponding to the viewable area; further transformations may
‘be applied to the raster data, including texture blending and downfiltering (reducing the
number of sample locations to correspond to the number of pixels in the display device}. The

end result is a set of color values that can be provided to the display device.

* [0003] To provide smooth animations and a real-time response, graphics processors are
generally required to complete these operations for a new frame of pixel data at a minimum
rate of about 30 Hz. As images become more realistic—with more primitives, more detailed

textures, and so on—the performance demands on graphics processors increase.

[0004] To help meet these demands, some existing graphics processors implement a
multithreaded architecture that exploits parallelism. As an example, during vertex

processing, the same operations are usually performed for each vertex; similarly, during pixel
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processing, the sane operations are usually perfornmed for each vertex;
simlarly, during pixel 1 processing, the sane operations are usually
performed for each sanple | ocation or pixel |location. Operations on the
various vertices (or pixels) tend to be independent of operations on other

vertices | ; ol (Y X | xe an he processed as. a separate
t hr ead e&gggs?%nﬁéthgrs%g%%ﬁ-%r 39@%@% al}.)ﬁ]gerio&#r% OY&@bﬁ%ﬂ?epﬁs%t}% PEekequence
of i nst r ubchtors Qperatiame ontheovarions vertier (@piLA9Aud Oboldpeflont dSpBLARN CS
processor; a%lﬁ{a '.vezeiti ne, different threads may be a | {‘lf ergnt poi nt's
in the pr8YPERY LRUGES hixelskitimsecach yerisidpinel)san be pocessedisen sepatatedheat €i n as

| at ency)  efecating A\SHHiHH | y ck cycle the
execution uni tsg ar e.gengfrbgfdlﬁ? rlrfr?r% gg@%‘f@&%‘%‘ggﬁﬁg ?Wéla‘l%ggmsgﬁcq@ﬁs fhat a
second i nS¥ECHEAN; WS i amexveuiiarseoecofthé graphieh procesoedi Mgivemeiie UstireRs have
fini shed, . cond.ipstructi on does .not require data

resul ti ngth@g%&tg ﬁggg&&e@g e?'g?fng ! ﬁleipﬁ%@?lﬂé?quﬁﬂc% nabeorhe exegution tims hed.

[ 00051 | n(refiuméd forteess solatancy 6T s tREMEE R MEPEEloh eﬁﬁé}%@'ch&ék%ﬁﬁb hed to
fetch instructions to be executed for the différent active rreads in a

r ound- r obPAFOYHRLHH ave;geperally aplpmented i a pinclined fashidmesofthat atsedond @dthuctidaen one
fromthe . fetech I nstruction )
A ®R MuedBiore AUMceliY NS RMs h%@%sl?%dg ﬁseelc(j)g%ﬁ% tﬁ"ﬁ F°°8P$ WStyction) ds

sequentially to an issue"control circurt.

the fet cHiags notgequitstdataresulting fromtthe emantivn afahandteichorpihhetk BoEfidst:ne
execution units are ready, then issues it to the execution units. Since
the thred@805r dnistelepeociests, the BxkRaHSPRIis Sa4E11 &&@1 Lhdgkaheqd  that
~@an instr ctiowtjl depend on .a result ‘ro%s% stH’ﬁ-e g‘é&%%ﬁ%’#ﬁﬁ‘%? on.
@h:us, | at%&fEgFHRd fontheidiffsrentactivmnthreadsine nohnd sabin fashior (. choke inshyictfoatfedih ng

and i sSuithdfidikhtdagt ' I r _Far _i.n nce, a typical

i nstruction m ght ’h%%é’%@#%’%‘éﬁ%‘%%?&’ 5‘6& g %@@@%&ﬁ%@ﬁ%@@ﬁe‘@&wuaﬁ hi dden
i f the c&peueBigllyde an isee controddiscuif. (MBGIsuklovvtsod circuitkildl the Ritdhell RRMEEHPES NOt
al ways hi : FOf, ex | e, pixel, processing prograns often

i ncl ude i“ﬂgltlﬁ%gl’ﬁl"gﬁgatq%a‘faé‘géﬁ g g rgelion gmits ey ther isees ibfo thesuch an

i nst r uct ieweeutivry utitsy Simcovks thréads grel iddpBEIEnt, Sorthd-roBSE ,f&)ﬁp )
After a éﬁa(fxture fetch instruction i? isgge?j forf a fsiut}g‘%iuteﬁﬁfe;éél ) %!fgdsi ssue

i

cont r ol atfoptryrtion sl depend qng repuliefe stillsexesmingdnsirugtions | This lgtesytfaguent

I nst r uct idAactiondvhd@irdadr Tale on the texture fetch
instructi o%c ntil it caorrogsl%?ﬁ%ﬁ?%%ﬁt?gaﬁgﬁug%?nﬁtqﬂse&%cﬁ?%ﬁo?ﬁp‘é & t hat

r equi r es - 8xinsiaBce) atypicatimstruption might hae adatenayt of 90 dakwgees)Mihidh t he
texture {@fl@be hidddd #otd Qe supports 20 threads.

[0006] However, round-robin issue does not always hide the latency. For example, pixel
processing programs often include instructions to fetch texture data from system memory.
(’_ Such an instruction may have a very long latency (e.g., over 100 clock cycles). Aftera
- texture fetch instruction is issued for a first thread, the issue control circuit may continue to
issue instructions (including subsequent instructions from the first thread that do not depend
on the texture fetch instruction) until it comes to an instruction from the first thread that
requires the texture data. This instruction cannot be issued until the texture fetch instruction
completgs. Accordingly, the issue control circuit stops issuing instructions and waits for the
texture fetch instruction to be completed before beginning to issue instructions again. Thus,

"bubbles" can arise in the execution pipeline, leading to idle time for the execution units and
inefficiency in the processor.




conpl etes. Accordingly, the issue control circuit stops issuing
instructions and waits for the texture fetch instruction to be conpleted
before beginning to issue instructions again. Thus, "bubbles" can arise in
t he execution pipeline, leading to idle tine for the execution units and
inefficiency in the processor. 2 [0007] One way to reduce this inefficiency
is by increasing the nunber of threads that can be executed concurrently
by the core. This, however, is an expensive solution because each thread
requi res il i Oraragiarednce s inddicicasyHppy mercpgng:ihe awmbsa af Bropdrethaticargbrent
thread swi ek@clilleﬁgoﬁclﬂﬁ%nﬂﬁ%% Sord, ThisMioweR@! Blah Skpefl§i9d Sitiof B&RudeRhGATh S

generally provided with its own dedi cated set of data registers.

| ncr easi ngequies aditions! capuitrifien eianiptee focgememedats the frbmentdhrezdesyiitching that
required, i : oAk : . [ chi p,
t he conpléﬁ%@%ﬁg?gFﬁgﬂ%gg%%%ekgﬁgéﬁﬁi%mgggiEﬁrﬁgﬁﬁgﬂgﬁégﬁd%kgggééggcuitry
f or suppordniamegistars. thqutaging hregmdder o geqds preogsatheommnbees! regisers reghirddpgi ¢ t hat
mai ntai ns _a.pr . r, f t hr ead. .al bec S re conplex and
consunes Ao AP ARLEMANRY o B oS hephaRer ol e SBE TR 068 foolthubid o
t her ef or e tizevehalichipblwe. Oheprinuits doranpmxaguhiltple doéds, ale Prdeei covatct hat
efficiently a effectively reduces the occurrenc f bubbles in.the
executi on cix)llmﬁ’gfolgf?et %}ﬂaﬁg’ﬂf‘ya PRgAm oMy o e 1%"%@?%@ S0 Py ar ea.
BRI EF  SUMuiRnédmek hilord NENThEM 0 0Shrebddinstavent s of the present invention
provi de systens and nethods for dispatching instructions in a
nul tithr epobed] MiGoARIRGESRYe deSHBR (@ ProAdd iR BRLEONRERGER e At @ Manner
that is not constrained by an order anong the threads. Instructions are
fetched i ftisicaty alsaffectivelygrduceiihe aqoutrenge of bubblen il He pregutios pinelipewishput
instructigﬂuﬁﬁgghgéﬁﬁﬂgkm%ggiﬁaﬁgggé. A dispatch circuit determ nes which
instructions in the instruction buffer are ready to execute and nay issue
any instruction that is ready; an instruction fromany one thread nay be
i ssued prior to an instruction from another thread, regardl ess of which
instruction was fetched i BRIER SEMMAREOF THE INVEREE®N an i nstruction from a
t.he.avajl abl e

parti cul r as issued, the fetch ci.rcuit may, fi

Do fer 1 ogb oo R R o et skt PG e Siter a3 w1 o
Accor di nginttouctionsas p emltithbaded migrogsenior (saviemtd grphidstpescessby id i@ thad

m cr opr ocessor conaﬁgure forng%%%hggh_ﬁgoce55|ng&%£mﬂmnunber of threads,

wher ei n elg (I;lﬂt (‘tc’ﬁsrt@gﬁ élil Elr 81'San?io structions ar to an mstruction

‘buffer that is configured to store an instruction from each of the threads. A dispatch circuit

determines which instructions in the instruction buffer are ready to execute and may issue any
instruction that is ready; an instruction from any one thread may be issued prior to an
instruction from another thread, regardless of which instruction was fetched into the buffer first.
Once an instruction from a particular thread has issued, the fetch circuit may fill the available
buffer location with the following instruction from that thread.
[0010] According to an aspect of the present invention, there is provided a microprocessor
configured for parallel processing of a number of threads, wherein each thread includes a
- sequence of instruction, the microprocessor comprising: an execution module configured to
execute instructions for all of the plurality of threads; an instruction buffer including a plurality
- of storage locations, each storage location being associated with a respective one of the plurality
of threads; a fetch circuit configured to select one of the plurality of threads based at least in

part on whether the associated storage




sequence of instruction, the m croprocessor conprising: an execution nodul e
configured to execute instructions for all of the plurality of threads; an
i-nstruction buffer including a.-plurality of storage |ocations, each
storage |l ocation being associated with a respective one of the plurality

of threads; a fetch circuit configured to select one of the plurality of

t hreads based at least in part on whether the associated storage 3

| ocati on 1oeat;otﬂqn th@muatomﬂffaq; ;V%Lauzé Jmﬂﬁ{@@ ;En‘?cﬁg)é }aﬂmggsﬁlgﬁ%%@ priority

ranki ng anon lurality of rea Ircu ng further
confi gur eﬂlu{agtﬁ ‘ﬁtﬂ@hadég thefetch |Cﬁ§{1frh§=e® fawthr qonfigared sefstrbnoiextiioatruttin is dicect ed
one of th a

di spat ch %1?%%F?h?%%eg&&%§{ &gﬂggﬁﬁﬁgmiﬁ?ﬁ¢%m%ﬁl gggi%ggﬁagﬂgtructlons
in the i ndispatatoirowt mﬁgwd toj @terreladyvhmb of thectored ingtnictions gxthe tistrantien biiffearhe
ready i ns{s éﬁ?gk@ﬁécﬁgamo 'sa&ltlglge (}f?het d Qés%l%%dngﬂ) berqu c|[t§ the?’g(e(-:m%?f etch
circuit may Fnstructions into the IRstTuctl on inaftirst order
and the mupdpatch circuit may select ready instructions in a second order
different fromthe first order. [0011] In sone enbodi nents, the selection
logic circuit maybe farther configured to select a first thread only after
a mninumtine has el apsed since a previous occurrence of selecting the
first thread. . The selection logic of the fetch circuit may include
program counter logic configured to generate a candi date program counter
value for each of the plurality of threads; a phase counter <configured to
generate a priority control signal corresponding to a priority ranking
anong the threads, wherein at different tines, the priority control signa
gives the different priority rankings to different ones of the threads; a
priority encoder configured to select, based on the priority control

signal, a highest-priority one of the plurality of threads for which the
associ ated storage location in the instruction buffer is available; and an
arbitration circuit configured to transmt the candidate program counter
val ue corresponding to the thread selected by the priority encoder to an
instruction cache. In further enbodinents, the threads nay include a first
group of threads having a first thread type and a second group of threads
having a second thread type and wherein the plurality of threads includes
a first group of threads having a first thread type and a second group of
t hreads having a second thread type, and wherein the fetch circuit is
further configured to
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determ ne the priority ranking anong the threads based at least in part on
respective thread types of each of the plurality of threads. 4 [0011la]
Accordi ng to anot her aspect of the present invention, there is provided a
m croprocessor configured for parallel processing of a plurality of

t hreads, wherein each thread includes a sequence of instructions, the

m croprocessor conprising: an execution nmodule configured to execute

| NSt UGt ] O lth bt by ~ldf ltlidhl ko BE okALABEBYr S d B GG @HheDUT T er
including a plurality of storage locations storage location being
associ at eddispatch cacuiespeeiettveadynsstétionh i qrecimdlordey different frore gt dirstardeet ch
circuit configured to sel ect one of the plurality of threads based at | east
in part o er SSOCI ed storage ] ocati in the ruction

but For i o 190HHTY IR Fme oAy b SeRcH 8 putiiib b6 b pogeeg iRavieet™ o

t he sel ectfust thiesl @y z_iﬂ%Ea plinifmaki tin)k: 1096 elapyee sitlee 4 fibdoishReirtatd sfGtle@g tulder ;

andadisptc 'rC|t onfi to determ ne which of the stored

i nstructi nﬂl ?@??%ﬂﬁ%ﬁit%ﬁ?‘& mﬁ%mflélgwogramé%@ ggig popfietred & ect
one of theefie@fey chddflatelpedgram Soin€er Rt 8 UL of &ebﬂﬁahtﬁéﬂﬁﬁ#éﬁdsoﬁlpﬁﬂaéjwuﬁﬁer
wherein theﬁ?el ection is based at 4eas£ in part on priority rankjing anong
the plurdP 10 BB APIGHCR O} signg WEFSP@%B@WWW PRELHIRMgIRcessor

may al so Itlit@iddd\eh@elﬁ egiifsdraf: tifdeb, ShSdkinyoionest 51%?91 SRR di'ﬁéréhtfpﬁﬁnt?m:%g the
t hr eads, ﬁl@%dl ng result data generated by e execution
di spat ch é? fept qhgs of thecthirads: éPBB%‘WéE%’&FrcFOBﬁ%‘?ﬂ tp select.chaprdm ts priorieui t,  and

an | ssuer chifdl ighal, aﬁgfésé%hgml%ro@tr@ fueHlit) oftﬁregd%lf&l WiHlch e bidBcihBPlbHed | ON
buffer and the register file and confp gured generate a ready signal for

each i nst fefetPHA “i‘eﬁﬂ%‘lﬁé“qnﬂ%‘ffﬁﬂé ﬁv%hqblmlfiem arbmémewwutt senfigaeadyo singmitithe f or
each inst ehchida®prd ﬁaﬁ%&ﬁﬁér %ﬂu@ Eoﬁk@ﬁonﬁﬁlﬁ% hednharetl-/l b&f %ﬁ)tnoh R der 820

whet her a source operand he instruction Is present in e register
file. The lasEneipncaghe, clﬂrﬁéﬂihﬁlf emhml@ﬁnfﬁ shecthigpdsanpytioclndea ﬁr&kﬁ&@l@b{féhrehdah@ma) t he
i nstructi Q%Q%fea%rtypéaﬁdgg&t)h@%yoﬁpo{ttﬁr SRIHEGh ?Q&o&f thhdd§ 1 gaﬁwﬁéraﬂf&?e in the
instruction buffer for which The reagy Sl gn% I'S assert as a next

i nstruct i ohraliy pighigadsanrdndepa first ansmpﬁthlaa@d!avmspﬁmdﬂn@dgymmndssqnai growp t he
instructi gppbuffBkin. The o S e i on

buf f er, andmp%e ]lﬁns?lg r ucctolk%ﬁ]y%ﬁlft@ef&l}ds&hfeﬁ? %g?e?%locgrfc 'Sl?lusrf{:éljé‘n lréfgﬁn t the

i nstruct i deternyed tbe pratithianking amohetia tfe¢adsbasedjattleasnnphIeom Bespretlvajhreedltypesldf
response ht The issuer circuit is configured to collect
t he sourc%&oﬁggg%ﬁwgﬂ%%el ected instruction fromthe register file and
to forward the selected instruction and the source operand to the execution
nodule. In




further enbodi ments, the 4a scheduler circuit is further configured to

sel ect the next instruction to issue based at least in part on a length of
time that each instruction has been stored in the instruction buffer.

[ 0013] According to yet another aspect of the present invention, there is
provi ded a nmethod for processing instructions in a m croprocessor
configured for parallel processing of a plurality of threads, wherein each
thread i ncludes a sequence of instructions t he nethod conprising

assi gni ng i h I|t reads, wherein
the pri or| 91 B!in&{chltg%llg;tgg@t % %%m de SP’#télr% éaﬁ [ r?réasfypr 8 ecﬂa mlcmpf)oceséa at

| east in p@nﬁg@w fohparglel ptropttsymg aﬁﬂqlmgllamﬂgeaﬂhwlptmabh thyeadfinchidbs“aeads at a
first tinmg, ir.st one | ur al.i t

t hreads i nt% fenld Jf?l%sgjtu Qﬁo&% ﬂ%nﬂl%%f) ¥°e°f85@():ro°r?fn Poured” eﬁecuP%nrnémg T8 %‘f’%qztf’l on from
each of tmewtmns;metignsdtbr dlrof degdyralitg ufxbegdse ad inytrdcabmbnffhg ;nchﬂB@d patralitfrzaﬁt in

e, o sorsi Palionk, GERS0R BORAR B aBouhE! wiik s st o PRa ¥ Bads

into the thmadsy Mfﬁtdh@ﬂchtﬁoﬁlﬁgurecﬂtetselbdmOﬂb aghmﬁatah@rofmmead@rbamaﬂem intph@ oh i I St
truct nd.t he truct t t

ready one DL FRoSRETErr BREH e el ot Bt pRlE b fepgaet o

execut i on,instetiodiin tHeleques@dnctthe stideted hé Offthé plutatiSiE thrdds @ito {he insGBdtiony t he
n,.in that the s instruction is ready to

first cti he even ec

execut e aﬁ’b‘ﬁ?hﬁn al‘?'lgiat“?’r‘fg?‘%@flf%‘ﬁe g defggping gjdg of e atpred ystructjond g

Accor di ng msnuammnffmﬁ raagPRkeddte @ LEERT HHRYAY iR Bucdoleldeiisuddioeded a
met hod for oces |nst igns, in a mcroprocessor configured for

i n c
par al | el 6?‘ %‘%‘i“ﬂ I¢, hﬁfem %ﬂt‘ﬁCP‘}n igpaseq ﬁtrléaéagl patkior p OATY Aengpmeag the
i ncl udes ahifitentRadf i nstructions, the nethod conprising: fetching a
first instruction froma first one of the plurality of threads into an
instructiol@ P?ﬂf er cmg i.gured to store an instruction fromeach of the
plurality §P © St rigropERcEssPTgRYAlsodeladrn fegister e comdiguredom a

second ongo Qbreldg faY 1A fithihRbdst ﬁh&ﬁaﬂg rds@lk @ath efa'Eb?ltHS/"ﬂﬁé éxQﬂJuQH gio&'ile
rea

assigning a prlorlty ranking to each of the plurality of t wher ei n
the pri or igdispated gifguit may iichdep Senrebpprdieip @é?hedﬂlpm@ult,di@d an ishusi eiccuithet her

one or e Qfordtd8rdl kit is c?%ﬁ%ﬂg Eﬂquku?&g)h o eISanﬁ?}geq@ stjetnf?lg L éonﬁ&t%r%? ready

to execute; and issuing a one o rr'st 1ns ron an
second i n#tganemicancady Islgaaldbmaplomsmwhm mithe inktectiecouflbr,i wistaintt raady signal ssued

prior to 'fcﬁ'%yc!hqgsutulat?(mf iL bdbrted or not asserted based at least in part on whether a source operand
for the instruction is present in the register file. The scheduler circuit, which is coupled to the
Scoreboard and to the instruction buffer, is configured to select one of the instructions in the
instruction buffer for which the ready signal is asserted as a next instruction to issue and to
transmit a corresponding grant signal to the instruction buffer. The issuer circuit is coupled to
the instruction buffer, and the instruction buffer is further configured to transmit the instruction
selected by the scheduler circuit to the issuer circuit in response to the grant signal. The issuer
circuit is configured to collect the source operand for the selected instruction from the register
file and to forward the selected instruction and the source operand to the execution module. In

further embodiments, the
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instruction in the event that the second instruction is ready to execute
and the first instruction is not ready to execute, and wherein in the
event that both of the first instruction and the second instruction are
ready to be executed, one of the ready instructions is sel ected based at

| east in part on the respective priority rankings assigned to the threads.
[ 0013b] According to another aspect of the present invention, there is
provided a graphics processing systen1conprising a graphics processor

| udi led t
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storage | ocations, each storage |location being associated with a
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i nvent i oninskQibAlbuffd detdmiSin@whétidR ohé b&HoR |0?ﬁ1€ £tk ARE-ATOR nc?tﬂe bdlSAd uction

fetch circuit and instruction buffer accordi to an enbodi nent of the
present i AFEHREHOGAS repdydie Preciicganddsspige g rerdipng q’ﬁ st g eRicHonsapd Alia sspong

sel ect i on ids@@dtfon Forl ik bdukion, Whefe@] @6 bdcheH @EtructibSis idd6dd Iﬁfér {oQsshpl @l gcording to
an enbodi nent of t?‘ﬁ&{? ?%?I nvention; [0018] Fig is a sinplified block
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enbodi mentottadyhecpeagent invention; 5a [0019] Fig. 5 is a sinplified block

di agram Of[OOq ga] ). corﬁ&tg Itoo A furtlhslp aasllt)e%th ofC thé lg:rléléeglt S&gn?lgr? Itl[;ege is prov?ded a method for
processing instructions in a microprocessor configured for parallel processing of a plurality of
threads, wherein each thread includes a sequence of instructions, the method comprising:
fetching a first instruction from a first one of the plurality of threads into an instruction buffer
configured to store an instruction from each of the plurality of threads; subsequently fetching a
second instruction from a second one of the plurality of threads into the instruction buffer;

* assigning a priority ranking to each of the plurality of threads, wherein the priority ranking is

 different at different times; determining whether one or more of the first instruction and the




enbodi mrent of the present invention; and [0020] Fig. 6 is a sinplified

bl ock di agram of selection logic for selecting an instruction to issue
according to an enbodi nent of the present invention. 5b DETAI LED
DESCRI PTI ON OF THE | NVENTI ON [ 0021] Enbodi nents of the present invention
provi de systenms and nethods for enabling instruction dispatch in a

mul tithreaded m croprocessor (e.g., a graphics processor) that is not
dependent on a thread order. Instructions are fetched into an instruction
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with the followng instruction fromt rea Consequen ate fi'me in
t he execmmtwemeﬂweupﬁenmy@ﬂmsmsm@wb@thmthm@s can be reduced For
instance, if one of the threads is blocked (because its next instruction
is dependent on an instruction that has not conpleted), the processor can
conti nue t0138k yiccardingrio msdier atpest o the pessens inyehtiosnthermys rypvidédea graphtiesr t hr eads

duri ng t hghockisiH. syitaﬂeallprgh% gmﬂﬁcsgprpée%km@tuaggagwefht,aotcem%gaoésvaﬁf 100

accordi ng to an ebodi nment resent 1nve stem
incl udes &rapise mamopregerlebionles arsnihics pEREjsoN ORcraincach of Yiset pdurplity b execlida

conmuni ca re

Gser T nput gy e b uSod U mlE caldiih o, &b B R ERol ST yerio e b
output is ﬂHF@éH agdubtyetion Ipffﬁrehclma@dpld:abpd Céytoctgv il@aﬁohﬂ,@:ar(leatcgage lacatlon being
convent i onal,.CRT w9 a Ire@Eec?@?S gnq,' plura t%z 0 % y g%chucrllrg:e i ‘§° lggre sseifgf W@e, di sk
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Conponent .| nt er conne Accel e ed  Graphics P rt%lrru and/ or
" PCl - Expr e$s g fl E'é%u a g'é%dﬁllsorﬁﬂy ? &*HF Ia%‘%'é’ Selggio g é‘ﬁ‘éﬁ’a ctions to be issued
= to the execution module wherein selection of one of the ready instructions is based in part on a

dispatch priority ranking among the threads.

[0014] The following detailed description together with the accompanying drawings will

provide a better understanding of the nature and advantages of the present invention,

BRIEF DESCRIPTION OF THE DRAWINGS
[0015} Fig. 1 is a simplified high-level block diagram of a computer system according to an

embodiment of the present invention;

[0016] Fig. 2 is a simplified block diagram of an instruction fetch circuit and instruction

buffer according to an embodiment of the present invention;

[0017] Fig. 3 is a simplified block diagram of a selection logic circuit for selecting an

instruction to fetch according to an embodiment of the present invention;

[0018] Fig. 4 is a simplified block diagram of an instruction fetch circuit according to an

. alternative embodiment of the present invention;
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conventional north bridge and south bridge (not shown) nmay be provided to
i nterconnect various conponents and/or buses. [0023] G aphics processing
subsystem 112 i ncludes a graphics processing unit (GPU) 114, a graphics
menory 116, and scanout control logic 120, which may be inplenented, e.g.,
using one or nore integrated circuit devices such as programuabl e
processors and/or application specific integrated circuits (ASICs). GPU
114 maybe configured to perform various tasks, including generating pixel
data from graphics data supplied via systembus 6 106, interacting with

gr aphi cs ehdt y Fikl §istasisplified bivokl dlapaai f apinsehctida dBpaténdreti ecdoidiigs to alrel evant
features of qgg_%%g are described further below [0024] Scanout control

| ogi ¢ 120 PRI gF£ﬁ§9§“PFHHFb?%€hics nmenory 116 (or, in some
enbodinen&g iystenlnennry 104) and transfers the data to display device
110 to be VGPEpFig 6t 2 simplificd blork daemmrl selegtion fgic fopselpedngan iastmsh@ttant
refresh radsge {Boing (St éﬂmoamiéaeofth@féfeé‘emn%h%nﬁan be a user selectable
paramet er. Scanout control logic 120 may al so perform other operations
such as adjusting color values for particular display hardware; generating
conposite screen images by conmbining the pixel data with data for a video
or cursor overlay inmage or the |ike obtained, e.g., fromgraphics nenory
116, system nenory 104, or another data source (not shown); converting
digital pixel data to analog signals for the display device; and so on. It
wi |l be appreciated that the particular configuration of graphics
processing subsystem 112 is not critical to the present invention. [0025]
During operation of system 100, CPU 102 executes various prograns, such as
operating system (OS) prograns, and application prograns, as well as a
driver programfor graphics processing subsystem 112. These prograns may
be of generally conventional design. For instance, the graphics driver
program rmay i npl ement one or nore standard application programinterfaces
(API's), such as Open G, Mcrosoft DirectX, or D3D for conmunication with
gr aphi cs processing subsystem 112; any nunber or conbination of APIs may
be supported, and in sone enbodi nents separate driver prograns may be
provided to inplenent different APIs. By invoking appropriate APl function
calls, operating system prograns and/ or application prograns instruct the
graphics driver programto transfer

5b




graphics data or pixel data to graphics processing subsystem 112 via system
bus 106, to invoke various rendering functions of GPU 114, and so on. The

speci fic commands and/or data transmtted to graphics processing subsystem
112 by the graphics driver programin response to an APl function call may

brogram may also-t  ansr BT AU RESCRABTISI GRS REVENGHONng. - add ti onal
System or o]} Enibodishecd Ahe Meshf B0 YutchRARA Bleliidls B R rens. o
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mul tiple anﬂt@adlrwlpmgglrdwﬁeoéwhich 1'ms|md_;etadswff affetolal ibionRe ?mrffggt?}jne@ms ame
processi ram and 1.hr.eads i fferent types performdifferent
processi rnl%m%écglglrl grﬁgla%{w‘g?jﬁwgkast‘ﬁ%‘teg 'ﬁ%‘{?“’i)é’“_&“ﬁ BE? thepvailahleduidier ype whose
pr ocessi nigeatiphogiaity fobisemsGR A o MatthichdtbilaldhAYSERTRY hope and a

c en

"pi xel" thread type whose  _processing programin es texture di ng and
downf i | t PPHHIOPIRSRS dugiel blerked threads Gaplyy reflucet h Eorimstautienifione of thEiigeadd, GPU

g4 1 ncl udgmoRed WEbGL W ndARREAREL dGXREN LOMh inSRlon BiPraSREN O which s

onfigured to process iInstructions recelved %'t hreads (not
shown) . TeEpiisd)theprogesser canfeontimmtio isand arfyhfuandsoSiuRARbRMES aPbfthd 4 | S

t he nunb .11 |tiplied by the nunber of threads per core; for
i i ERs %%%a%.,

i nstance, 1 n one there are eight cores 118, each of which can
DD e S o ot o Ggcr fent] ¥ executing
i epug) AOSETANA, G300 AP T " o <.
on. [00292d papenemsmery b0 commutiegingnid aibkesl 06n Usasinputds feosivehba ohdds  an
i nstruct bfe &k Sput devices 108 (e.g., keyboard, mouse) coupled to bus 106. Visual output is
provided on a pixel based display device 110 (e.g., a conventional CRT or LCD based
- monitor) operating under control of a graphics processing subsystem 112 coupled to system
bus 106. A system disk 128 and other componénts, such as one or more removable storage
devices 129 (e.g., floppy disk drive, compact disk (CD) drive, and/or DVD drive), may also
( ‘“ be coupled to system bus 106. System bus 106 may be implemented using one or more of
' various bus protocols including PCI (Peripheral Component Interconnect), AGP (Accelerated
Graphics Port) and/or PCI-Express (PCI-E); appropriate "bridge" chips such as a
conventional north bridge and south bridge (not shown) may be provided to interconnect

various components and/or buses.

[0023] Graphics processing subsystem 112 includes a graphics processing unit (GPU) 114,
a graphics memory 116, and scanout control logic 120, which may be implemented, e.g.,
using one or more integrated circuit devices such as programmable processors and/or
application specific integrated circuits (ASICs). GPU 114 may be configured to perform

various tasks, including generating pixel data from graphics data supplied via system bus




circuit 136, a buffer 138, a dispatch circuit 140, an execution nodule 142
that includes a set of execution units (not shown), and a register file
144. Instruction cache (Icache) 132, which nay be of generally
conventional design, stores executable instructions that are obtained,
e.g., fro raphics nmenory .116. Each instruction in |Icache 132 may be
dentif i e@%é‘%ﬁ&“&‘g ‘E@bgra %%P@rlqéwfovaﬁlﬂélpgﬁépeqﬁl dats,@nd fhedike. f et ches
inStrUCtiRSﬁvM%ﬁtﬂr@@&*@@@ﬁ&@He%ﬁbe@ﬁiﬁh@Ne@ s processed by execution

core 118, nmmintaining a sequential programorder within each thread, and

supplies fe | nstructi,ons to a buffer 138 . On each ck cycle,
di spat ch fdg??]cusgij}@ﬁbcogé{ﬁelgglg lgﬁrﬁaﬂif’]ﬁﬁﬁ‘t’a}t"oﬁomWﬁﬂe&or&[ég S PEMEsued
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execution, obtali ns the source operan romregi ste
f orwar ds ether dperatioussuchas adjubtiop eolandaudsdor warmildridisplaytidveard; 4endring

executio | spatch circui,t 140. advant a sl el ects .a next instruction
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oper ands inmgaot tbllige bhtainediest, Sforh hiraghfbéﬂ'leﬁi%ﬁ/ Ry sﬁs@é:ﬁﬁkxﬂoﬁw& gf hfoRRr
W thout regard for which thread is t he source of the selecté

i nst ruct i B sopEedRotshoway convoringgdigitabpixelsiats toanalog signals foxfthedisplay device;

i nstructiQnsheh. & Wbkl REHE ' ”ffﬂ : r 138, fetches the
Xt instruction for taﬁ%%&%ﬁ??fgg@@ auiraggu Pi#ggoggépﬁg%m@f’%fﬁlﬁ‘gcycl e,

.Ast r uct iseheysterohh2ripsot coiticalltd thefpresent invdnitier. t hr eads may be available in

buffer 138, and dispatch circuit 140 may select an instruction from any

t hread, ' [eQEs] d| Raingafpeitlivg bf §yBfaRIHMEPT ABtex8Rk@G aBBus ﬁe%h% | ghcpgodi ment s

of fetch circuit 13 buffer 138 and dispatch circuit 140 are descri bed

bel ow. [ CBSPFIMEREER ?Qﬁ? PRI and opplieptien prpegeRetsavdllasaahivenpiograal fodesi gn
4 . L SEHT . . oo
and nmay .igfphitd %rqc%ﬁngk;iﬁﬁgfenpflﬂ MGjeVd [%U?JSFESI 'o?%e%{i‘él&ﬂn?%ﬂ%,ﬂﬁ{ arl o

t he execution units nma c_onf i gure gle-n I pl e-data
(SI VD) ofesign.i Ber ingarics, thagaphichdnives peogram nfeyéoplement eonedu herd dandaatei ves an

I nst ruct i,Qn; ' [ i h ci.rcui 140 rocesses
the sourc {:)(%gg%h%g | nﬁ%a%@g%m,ds%cﬁ ﬂso{%%l ﬁs’ﬁ%‘ﬁ‘&ﬁoﬁoﬁfm‘zﬁn"é?@& resul t
data C \ gomnmunizgiien with fiaphicd frbcestlngissbsgstei 112; AdAnathenst aaaatition of Aptudes a

separat e._set regi.sters for each thread pcessed by execution unit 118,
t her eby g@agibggh%pog%g, ‘Wgélbs%e Igents sqparaligyiver programs may be provided to

implement different APIs. By invoking appropriate API function calls, operating system
programs and/or application programs instruct the graphics driver program to transfer

graphics data or pixel data to graphics processing subsystem 112 via system bus 106, to

®

invoke various rendering fonctions of GPU 114, and so on. The specific commands and/or

~ data transmitted to graphics processing subsystem 112 by the graphics driver program in
response o an AP function call may vary depending on the implemenfation of GPU 114, and
‘the graphics driver program may also transmit cdmmands and/or data implementing
additional functionality (e.g., special visual effects) not controlled by operating system or
application programs.

[0026] In accordance with an embodiment of the present invention, GPU 114 is configured
for concurrent processing of a large number of threads, where each thread corresponds to an
independent sequence of processing instructions. GPU 114 can execute a next instruction

from any one of the threads at any given time.




out of registers when switching fromone thread to another. Data witten to
register file 144 becomes available as source operands for subsequent
instructions. The instructions may vary in character and may include any
nunber of source operands and any anount and/or Ik| nd of resu!ttdgt a_.th "
0032] Ea bnstyuction generally has a certain latency associated with it;
'Ehat %s, ﬁ]bezw ef{’é&ﬁﬁame,gﬁqquergy OESTLURASE B1Y b6 BEAcessed psing g aepacetetheed; ai n

nunber of witheokcusital BcalybitcehtidBe sffe ]?rggersggg Eﬁigf&q(ﬁo Oeﬂo (ﬁ%ﬁﬁ%ﬁaﬂi‘&#} E’é gt

instructipn and wiite the result data _ k.
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fgt ch operat i o%%@ érngéﬁ%rr éeﬁllggpg%ﬂj@ulﬁ%%ﬁ@ﬁ%@?’d&“@l@gﬁ’&adﬁﬁf@}e tgpe cycl es.
Execut i onperfiirtisthe fanexerocdshiap propedi aed tllfe%d@éﬁdiﬁﬁ‘éﬁﬂ?ﬁ&‘éﬁﬂghﬂ diffdgment ed in
a pipelined architecture so that an i nstruction ~can be dispatc ed on each
cl ock cycP@CHSREPIIELT R df X Gxemile) therevpay: beawhrter’ @Fﬁi@@pqr&ssmeeeskmwrcli :51 InI ,
the art. § ) S L Wni.ts e spe
adapt ed tl?b%{ag{cigg&ldpart?%ﬁ?aag& |ﬁ s'.ﬂl)rgutc ?ﬂgﬂ%@%&ﬁé %&fﬁl’bnﬁlf%d% “21?‘13? and

di spat ch RPeessing plogtaminglusies texture biendipp arapdavaifidtedneof sversaipled)dagfl execution
units within execution nodule 142 to process a particular instruction.

[0033] TH@028]st Iithé bmb@dimfenﬁoﬂFﬂ%el?diP'ﬂﬁM_mﬁélﬁ‘deg 3nAmS Chdtht Aot
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instructions of that thread; t is, one instruction nay use result data
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| nvent i oreribgiEnct 8 e it 302" FE12a6h & Wil Grovoleper iz 6rsade Rateial ¢ he
next i nstofies camcuntntly eictitarpahteadd) rERAuKOE SHEofR Ynd SufboF Jedieat 5543% I's not

bl ocked) _fr.0 buffe e issued next, rather than waitin t he

38 t _ _ i
bl ocked t'APE%H °‘t%‘aﬁ‘8&o?{’€fﬁm&’ & fight corgspeach puppreting @ thieadsc(d 83 tataltthreadshne

thread c &ed) b 1) : i _.that the efficiency
of GPU 1?6411 [ segsn%%gv%%l#ﬁ%%gﬂéapﬂ(% S{Dttglﬁgﬁ%{i%%ggseocu ion core 118, GPU 114

may al so g u . Kes: not.  sho l.n_Fig. such as cjrcuitry for
r e)éei Vi ngjmayr?(hj f%‘é%%n P%%f%géggﬁ%ﬁlg & %’8%@8“ %cge 1}2’ an mstruction fetch

circuit 136, a buffer 138, a dispatch circuit 140, an execution module 142 that includes a set

of execution units (not shown), and a register file 144. Instruction cache (Icache) 132, which

may be of generally conventional design, stores executable instructions that are obtained,

e.g., from graphics memory 116. Each instruction in Icache 132 may be identified using a

program counter (PC) value. Fetch circuit 136 fetches instructions from Icache 132 for all
{M threads processed by execution core 118, maintaining a sequential program order within each
' thread, and supplies the fetched instructions to a buffer 138. On each clock cycle, dispatch

_circuit 140 selects an instruction from buffer 138 to be issued to execution module 142,

{0030] In one embodiment, buffer 138 is configured to store at least one instruction per
thread and to maintain the sequential program order for each thread. On each clock cycle,
dispatch circuit 140 selects one of the instructions from buffer 138 for execution, obtains the
source operands from register file 144, and forwards the instruction and operands to

| execution module 142 for execution. Dispatch circuit 140 advantageously selects a next
instruction to execute based on which instructions in buffer 138 hgve their source operands

availab_le in register file 144 and may select instructions without regard for which thread is




system bus 106; such circuitry may be configured to initiate and/or

term nate threads in .execution core 118 as appropriate. Various control
registers, status registers, data caches and the like may be provided on a
gl obal, per-core, or per-thread basis. Such features are knowmn in the art,
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3:;8?2; gdcgﬁgepﬁ%%égl%ﬁfgr}gg Wf‘i‘ﬁ&ﬁ‘%?ngé@?@tdé%%é%ﬁywand dedi cat ed .
graphics nmenory _in any conbination. [0036] The nunber of execution cores in

the graphli03lhr Hxeaion modulertd? erronitcant igateraltye:pnvdﬁnhaldchﬁi@n ?ﬁd mgjainﬁﬁlgeggﬁtsi o
|1 : et ween perfor e and  cost,. ac X
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~hreads in a .given core may al so be vari ed accor

i.npl enent’ATPBHenilg 1fheRegigarfiledf4 rdvantagyoustyanclidestanseparatei séﬂﬁl‘tegiét&ts Y S

[ ' | ' ts, instruction
o dor | ng agh Wepiebetked B cREARER LR 1 o S B E P ol aHER a6 49 known
i n the arqut ofwgistarewken sovitchingfhing snpthend 36 ot IDaakitih thQeRRLAfllL 780 tO
arrange tb@@ | nstr ions of the programsuch that if there is a first
i nstructi onortlﬁsa%vm'f%bﬁee%stsggmﬂ gpgaﬁgﬁjggs@é?ﬂ?ﬁ@ ipsiictions: i B ingietionsmsayvesy t he
dat a, onén oharameérand b ind e dnyGlunREof sobRE oﬂé}ﬁ%&}aﬁﬁgﬁ gﬁguﬁt%dﬂﬁléiﬁd GFeated

by the first jnstruction are placed between t d~ secor
i%struct irﬁll'it.da{%'hi s allows processing of a thread to continue while the

first instruction is executing. It is also known in the art that, for
i nst r uct (R3] wikiash insigctiontgenernlby has 4 certainuatenadyl agsociated with it; that is, the

execution units of execution module 142 require a certain number of clock cycles (which may
be one or more) to process the instruction and write the result data to register file 144.
Different instructions may have different latencies. For example, a simple vector add

. operation may be completed in only one or two ¢lock cycles, while a texture fetch operation

( | may require a large number (e.g., 100 or more) of cycles. Execution units of execution

module 142 are advantageously implemented in a pipelined architecture so that an instruction
can be dispatched on each clock cycle notwithstanding the iatency; such architectures are
known in the art. Different ones (or groups) of the execution units may be specialty adapted

- to process particular instructions, as is known in the art, and dispatch circuit 140 may select

an appropriate one (or group) of execution units within execution module 142 to process a

particular instruction.

[0033] The instructions of a thread may have data dependencies on other instructions of
that thread; that is, one instruction may use result data of a previous instruction as its source

operand. An instruction with a data dependency cannot execute until the result data from the




not practical to place enough independent instructions between creator and
consuner to fully hide the latency. In determ ning the nunber of threads

per core, consideration may be given to the availability (or |ack thereof)
of such optim zations; e.g., the nunber of threads supported by a core may

be deci ded based on.the Haxi mum | a‘t g@cﬁl of any instruction and the average
(or mi ni niiReSHORSY M it AeRehds ts ayatlapled registesdide 14dadf an pstrustion veith suchpi | er
can be eddreddrelddnBy R iRt 2 2 PeHIVES the: L At i pstruction .and its

f ast dependent_p@i nst}r,uct [ on._ala[ 0'1038] Tﬁgptlﬁ%tst r u&ctﬁibg%%é%cﬁle&lp%@gﬁcﬁwé&‘ea&ht i on
cor e nmay bEnkadiper of themyesentanyentiondlispotch cirenit b detepss alalbéledatirehdaridasalebis

di vi ded . . ddid i t h t ltiple th d
ypea: e Rgk b orCreR e i fei ity B R Bhatfenot blagkbdfom vi o on
cor r esportaiffeg 13otodrdbsubd headathitPan Fafing T hébMHSI AR R ol Hhﬂgékeg.

subdi vi dﬁdﬂ&.or not) anong individual threads of that type as desired.
[0039] THE WEHRERe: lafenc e within ong tarpadasnbe hidden by sxpeatinggeshes tyrcadyed theles a

set of reqpdt sfigleiicd HGPEALYidi and nmay have any nunber of read and/or
wite ports. In %%di tion, b%]@ﬁ%%ﬁ y and/or logically separate register

fil i ded diff t . [0040] Wile th fi ti
o o EAOPELE R e g B0 e i odhosbensynet o be
varied, shewi fi Rigekaug @sitdiitly f500cieing 88¢ fesptilingth Yommahds RedbdiVil f i ed

bl ock diagramof fetch circuit 140 and buffer 138 for an execution core
118 accorditig bbo 19 sudvgisuithney o configured exisitiatd andéoxtérorinate threads in

enbodi neR: i 18, 1 ' . ocess, up.to a,naxi oum
her () PO Rt 180 a8 Bipfopkid, Pufoalbors] Bisg sBhBTERR e e pbdand ha

[ an%/ githediketmnaybeguneded oraajglogal, pdreoid, bhpﬁahiaadf?asisb@uicﬂ fanges érBRﬁt}i\hY e.
0041] F [ 1t ., I nc es a.pupber of program counter |ogic

bl ocks Zglgﬁlgﬁg’ %H%LH (?acrt %fé? rdg%%’ﬁ%ﬁiw%ﬂgwﬁﬁ% F‘@B‘aLV wdesstandigg theogi ¢

circuit -pfSent@dentdrn, nultiple instances of |ike objects are denoted with

reference nunbers identifying the object and parenthetical nunbers

i denti f y[ouasf he wilisdeap %ci%lfﬁrtﬁatrfﬁ‘eess&gm) %?-ﬁ: . . am ter logic
bl ock 202 generates a gr ogram counter (dlS ég}lﬁ%ﬁﬁg}lﬁéa ‘éexatnﬁgﬁaguent I al
i nst r uct FEHIPAS IdrmediBeatione arsipossiflet AagrighivseactessoPrmgiba ipltished ukiagi
bl ocks iV f general ly conventional design fqr updating a
or ogr am cou n?e rlggérﬁ: ﬁg@e?, %.Cgp,uaa gvhe Sr B0 iBgra 2 Birctif devices. A graphics
processor may be mounted on an expansion card (which may include one or more such
processors) or integrated into a system chipset (e.g., into the north bridge chip). The graphics
processing subsystem may include any amount of dedicated graphics memory (some
implementations may have no dedicated graphics memory) and may use. system memory and

. dedicated graphics memory in any combination.

[0036] The number of execution cores in the graphics processor is implementation

- dependent, and optimal choices generally depend on tradeoffs between performance and cost.
Each execution core may support concurrent operation of one or more thread types; where
multiple cores are provided, different cores in the same processor may be configured
identically or differently. The cores are advantageously implemented as independent

sub-processors that do not share execution units, and a given thread is executed in one core.

[0037] The number of threads in a given core may also be varied according to the particular
implementation and the amount of latency that is to be hidden. In this connection, it should
be noted that in some embodiments, instruction ordering can also be used to hide some

latency. For instance, as is known in the art, compilers for graphics processor code can be
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: : : ¢
I ncremental counters, branch detection |ogic, and other features no
critical to the present invention. [0043] The PC val ues generated by PC

| ogi ¢ bl ocks 202 are presented to arbitration unit 204, which selects the
PC signal PC (where O <i Sn-1) fromone of the threads (denoted for

R n-1) o . SELT
br ovi ded By e dtokfahdV 6P il DETRBRATuh B B o u Brdiviertondiny Poi
i s transnéreatestdatoandoesebend i8@ructibi that coneiitiéstBe AL, 00 oF ﬁﬁp@&ﬁ&pﬁsﬁgg@,{sgct I on

d the identifie i) of the correspondi ng _
t ?agg ];rr te [ tgé%%gl uggql}sgglg 11%8&3[ ‘59%95{ bé@%fﬁéﬂ syl Qedgei\b’ﬁﬁnetb?ﬁisb?ﬁ i ons
: : ; o )
cor esponds. t0.each ol the K esiiné o LPhGAS! Bhte BRERDIENES siore
N valid OFfXecpipe K sraledonwnayihstaerthat, Buffsencti@8withdeiglemntibe itifehuptigt i on

he th d identifier (i) of the corresponding
§Ir1rN§21 H’%ﬂ"l“g‘?‘%?f"ré?%c?n&gﬁﬁ ‘?Sﬁﬂﬁf{ﬁﬁ‘sh‘ﬁg’é Ctien ?r%-’l%tfnf W gopsumaneTiuly t he

oy . _ he | dction is
one of | dide the hder2981it detdrmiring fhRINADES L tRrehdy [ﬁ@g%rla,l cso\ﬁ\gg?h%@‘?ﬁngglﬁéc éﬁ%‘% fle

h onding valid hit in array _
?te?[:;.ed’ " tf" ﬁ)ef:a?’r %@i@‘}f (@i shersasd of guch @ptimizatons s gy tlmawmbgnofemmfim ht t hat .
' t ch sgi ' i J:Lon f r.om Jone of starag
ooati ons Jog s Y kaorelml SRleaia R o The Hak-A e G oy Fripfhnn i i
may be i $¥¢aEF (OR MERINUBY QfgnaxiDi avwberaif instrin ttiohéﬁla]lfspﬁiﬁaﬁlﬁt &m@bt_ iilé?éeﬁh‘t%ﬁr 1; g(rj o
[ ' at when the instructi.on for a particul ar

ing\évulafj SF ﬁ%gc%glg?Pgbg%ugngwegﬁ\?ﬂaan% aﬁeﬁcydpf,tgvu%@qgs@a '?E{@busl y set to
0gI cal inpbruetiqne. g., "0"). As used herein, a "valid thread" is one that )
ds a valid instruction in stor age | ocations 208 anld atn_ " Inva! [ dcit P(r:ﬁ??

[ t- o] : | ectio | _
IZSGngceinf/agsspt Ege\ﬁ}gwg{og%@eoﬁﬁé}%}ﬁﬂédfgb OF%@%]?%SU g °§§Qh“§g?°é§§ Pon logic
ci rcui t 998 bapbwicaliyionlogically divided|aiming yhend. Inadtitiohywiede the cofRlupfdrisng t he

' ' ' j ' .b t ched. For exanpl e, selection
ogi o crRiply el il IShER OB Spith e 1St PiopL mdaiosaon Hivisie: wher o

mul ti pl ecartesperdingtp eachi thread type, @l cack ﬁi@ﬁidn%é}%efﬂuﬂ%iéﬂ Sh?%?@gd gg ljeg';] ;he
thread t been.inyalid |ongest .or may select a ( (
priori tyﬁﬁ%nr%}?‘%é’l@ﬁ&ﬁ'&#%%hgﬁFWﬁ,deWre the priority ranking varies from

cleg to the next. . i .
one cl ocﬁ)ogy] The rchIster file for an execution core advantageously includes a set of registers for

each thread and may have any number of read and/or write ports. In addition, physically
and/or logically separate register files may be provided for different threads.

[0040] While the configuration of fetch circuit 136, buffer 138, and dispatch circuit 140
may also be varied, specific examples will now be described. Fig. 2 is a simplified block
diagram of fetch circuit 140 and buffer 138 for an execution core 118 according to an

_-embodiment'of the present invention. In this embodiment, execution core 118 is configured
to process up to 2 maximum number (N) of threads concutrently, although it is to be

understood that at any given time some or all of the  threads may be idle or inactive.

[0041} Fetch circuit 136 includes a number (N) of program counter logic blocks 202 and an
arbitration unit 204 controlled by selection logic circuit 206. (Herein, multiple instances of
like objects are denoted with reference numbers identifying the object and parenthetical

numbers identifying the instance where needed.)

[0042]  Each program counter logic block 202 generates a program counter (PC) value for a
next sequential instruction in a respective one of the N threads, Program counter logic blocks
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[0047] Selection logic circuit 206 may also include a rule imting the
frequency with which a particular thread can be selected, e.g., in order
to prevent one thread from 12 di sproportionately consum ng resources. For
exanpl e, one rule mght provide that a given thread is ineligible for
resel ecti opy Wt h t ock cycles haye el apsed since it was |ast
sel ect ed, Wner% kﬂo?éedgo ¢ %%égﬂ%%%@ W@%H%Pr@%@%kﬂ% ajddepy inclgde as

a confi guinebdneentg) avanet,diramch debveti®s RERSHA okher YIRS SotCRitiRal
I mpl enent t here may be cl ock cycl gs in which no threlg%}stblggtplk%?%/t t he

d,
sel ecti on?q'vﬁ?té%l'(e. g., the only invalid thread was sel ected fewer than
Mcycl es ag)o). In this event, arbitration unit 204 may send no PC value to
| cache 130043lor Thi BE veluss kersyatedby PE doghebldckBC02 Ve piesenteds Bibitthtioh NFit

b L tisf ; hread is f d. | h
amboa mont - Afach 4R Pt @ uBivhere bosisai 1) Romnomycstes temds Gescied o

val uethateférance bercirnisaifeall IR rdsBonsBitsh FISRDN BRAK stir /LR Ad FXRSEGCd o be
active at_a ﬂ| ven ti n(i@fplt mreb5§/3 I}educi ng [tﬁg&nlﬂke lehgc%g 0 yggé%f’ﬁ%k cycle
e N

in which H8k gscribed belaw). e Bhe sefegtod 8ipnaliRg) itransmitted toyibdchb ¢80, iHbK

di agr am ofetynsSiik | : 00 ' ' , Mol enment i Lhread sel ection
cul es accor di ng tg %Iréasﬁ%drir%bgﬂgﬁe@rﬁo(ﬁg# B‘ftﬁegq%$’g§%ﬁ}e '3%’3‘%{ Kl@ﬂf%@?@?ﬁmﬂmg ogi c
circuit 3theailircrandméted tpbiffer ¥38. encoder 302 and a phase (or token) counter
304. The valid signal for each thread is inverted by a respective inverter
306, and [0b44]r eBuifféri 138 idclades A7 sbid : g@w . Lo encoder
- 302. Priority encoder C1~}02, _whi ch %ﬂﬁéﬁlgﬁ%%l rredr?tqggyh%%e&glg%&ﬁ’i onal
éiggi tal |WHiECegsteEhione 9f whischeetresponds thieahexthea¥ thveadsyatdureathy?d0 whi ch t he

valid ' j hi ghest-=priqri,ty invalid thread),
wher e th?ogirjfedgs‘ii ?’yﬁ‘?‘g?\{‘ﬁ‘g %{%ﬁbe fo{ %agh{ %%E%ESB lﬁgergé? éﬁg‘?‘?\“ﬁ”é HRYGIGh a
control MBI frqnCTarhet3amdeble tyeadidenei fieq@if tie @Brdspo a0ueker 304 is a
nodul o N r-t i Gt e ts on ev cl ock cycle; the control signal
O cor  EEASMEE gof it g bl gty NG ok dacations 20ahatn s

enbodi nerbirespornds tolthisadin AWhET the RkAEHD i

hi ghest-arbosﬁl thread, and_ fi ori tynqgﬁg%ggpg%rg&?gﬂﬁggﬁ%ﬂ%%gﬁﬁy%
threads MO8 %%@"%&%’@rﬁﬁgﬂg 0or descending) thread nunbers, nodulo N.

[ 00491 Because phase counter 304 increnments at each clock cycle, the
priority [908aki Kyfesr 138 isadvantagedesly sordighod sevhi thitatispichf e 146 g kel C| €s.

val e 0, “a eIt by bt o 5D 154G% 1050 bE Foed o fleg ootions fom
‘ different threads may be issued in any order. Dispatch circuit 140 is described below; for
now it should be noted that when the instruction for a particular thread is issued, the
corresponding valid bit in array 210 is advantageously set to logical false (e.g., "0"). As useﬁ
- herein, a "valid thread" is one that has a valid instruction in storage locations 208 and an
( " "invalid thread" is one that does not,

[0046] As shown in Fig. 2, selection logic circuit 206 receives the valid bits of array 210
~from buffer 138. Selection logic qirduit 206 uses validity or invalidity of each thread in

selecting the thread i for which an instruction is to be fetched. For example, selection logic
circuit 206 may be configured to select only invalid threads; where multiple threads are
invalid, selection logic circuit 206 may select the thread that has been invalid iongest OF may
select a thread based on a priority ranking among the threads, where the priority ranking
varies from one clock cycle to the next,

[0047]  Selection logic circuit 206 may also include a rule limiting the frequency with
which a particular thread can be selected, e.g., in order to prevent one thread from
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thread 0. In other words, during the first clock cycle, if thread O is
invalid, priority encoder 302 generates a state of the SELI signal that
selects thread 0. If thread O is valid, thread | is considered next, and
so on until an invalid thread is found or a ﬁBXIﬁUﬁ]ﬂUﬁber of threads

[ : | ¢ een c ered, During the next
((:ml:ﬁhcga?l 18151@ pdcrﬁfrlfaén{? @é}ﬁﬁééligqr%g%?egr yéb‘a‘% Q%q‘i? @1 bprevid PFW?gveiéncoder
302 gi vesthivad icintligible Gsrreseldction WhtaaR Gad. A Eﬂ&@l@c}&estl{&ﬁi@ é]qu%d lsfncd R
valid, and, so ,on, E& [ 0050]. Once a thread becones | nva erral ns

freaas

i nval i d uifiscied; Wher SPW§tﬁ|*Géﬂ'rl@herl(B’hlch@tambe@stablmhsd, ehidsa csmli@mathl@n | ogi c

t n ock e thread
flh;fu;l;s%{)hgaelﬁal nvgﬁpég?%g&w ?;ﬁl éc%g%}? eg{f % %Pgh\ﬂj{%fj %geéwq%c?:l%éﬁ‘g?%&t any
t hr ead th&hlclb&thmds patisg ahd semtionbelcsed @ he@hlywﬁdaha tiNeddDRLs E16led Bovith
becom ng v&l ments, the maxi num nunber C of threads
that pri Olh{l} cg%lg %%JI) ?fb@ec%’ﬁgti a@ﬂtga“oﬁﬂﬂt A may padiioRfel valugig Icpehe 138 t ed t o
a nunber fsmhﬂ cHScklcHOR; 08k valt DRt Mphngta @G ens oL S £YGABGR, Lhr ead

Qber of
from bein ] ected on consecutive cl ock cycles
clock cyd § Bd9wide In oppsushembadiniant, véers cmcttladadwmselbeied:pertcﬂ@klc?de tay is

adj ustin enbodl nt s be confi,gurabl e
paJr amet egrlmt)t]EJ %gﬁl‘éx@?@h& ceHr%t %:g%réﬁqulsr]ﬁ eﬁBf)%e@HH%/’@&“F&tﬁ b agivesdiact i on
| ogi ¢ ci Eiventinenthesbl eatuchng thmhleshhdascﬂ*a diedk cybRIg wWhidh'iR thiech@'RlsbREby e and
that variations and nodifications are possible. The various circuit

ety gt ey i s R L A

ic circuit _designs and technol ogl es
&gu mpl e fERRdsE! eﬁféorswﬁﬁﬁ@ﬁeordmgm aR emgocbmbm@tf ﬂmrprcaehtanvelﬁon Selastphdogié N

| | ock
Cycle, T REoMtATRRITNGR By AGas 22 ahT b bfipe Ftg-R8 e, REf wihr oaos

per cloc ng@t}lcfwe?aclhm@d\mmveﬂai/bjcesespécheé intvéred 306, Ridithe/reQGRERAMd fBNaIPE USed
for dete&@ For instance, the

sel ect i on |pr‘]d’g":q‘gedé? P{é‘ﬁﬁqﬁf °nv9/‘iﬁl}§°15-n§ ?P‘é{tel?‘%"agrls?teo%t Whichmay,beimplements usingel d

g t he
Logcal i ol e o SRl i g0

enbodi rreﬂgg Scaéiﬁ’i'ie &li'ﬂtaﬂmﬂéﬁl lﬂﬁhdttbreh@beeﬂgMnmtﬂmnkmgmmngl apsed
1o 51 e GRS Lo (RSl b BR) D5 Sl 20 b

| ast sel ect ed; arison logic that o may be
provi dedPhase ?Qi'@FPF gg‘fllse@ mede N eagater that meﬂemdnts Ioneaety clock cycle; the control

signal CTL corresponds to the current value of phase counter 304. In this embodiment,
control signal CTL determines the thread number of the highest-priority thread, and priority

encoder 302 ranks the remaining threads in order of ascendmg (or descending) thread
(««;,5_ numbers, modulo .

[0049] Because phase counter 304 increments at each clock cycle, the priority ranking of
the threads is different for different clock cycles. For example, during a first clock cycle,
current thread counter 304 has value 0, and priority encoder 302 gives highest priority to
thread 0. In other words, duﬁng the first clock cycle, if thread 0 is invalid, priority encoder
302 generates a state of the SEL: signal that selects thread 0. If thread 0 is valid, thread 1 is
considered next, and so on until an invalid thread is found or a maximum number of threads
(which may be less than or equal to N) has been considered. During the next clock cycle,
current thread counter 304 has value 1, and priority encoder 302 gives highest priority to
thread 1, then to thread 2 if thread 1 is valid, and so on.
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[0052] In addition, the selection logic may include additional circuitry
that inhibits selection of a thread between a selection tine and a tine
when the corresponding instruction appears in buffer 138. For exanple, in
the event of an lcache mss, it nmay take several cycles to retrieve the

I nst ti ro he,.,mai,n i nstructi.on store r. a secondary cache) and

'p?ivir gg I@tlasélo gﬂ#%‘r‘“?lé@?éqrﬁeség Idéﬁff‘@%ﬁ“ﬁéﬂ‘ﬁﬂilﬂ until {50654 ins ¢troab$2a to

i nhibit risdbdcThr)while édtion tdpicafufl 800 BSkstnbi aa!rﬂft@er t[\;lﬁﬂ n fny9gi erfﬁ%;?tr event
0~ buf ferMasTLh "o

instructions within a thread from being provid r.

i ssued outyclss thedread thatdips hesroinalid longestin seleadedy i witltbedippreaiatadabausg f et ch
circuit ¥l S.i.n .a.round, rohin shi on,, i nstructions
from ot h%aﬁ?gggé&}nﬁg@ v%@%ﬁl%h%@e?%;tegewlﬁg? %&qyktcgc iu?; opung igypdid; dayeq

whi e f et climegnibdingsits; thetrhaimumiunet e tdoads Hal pRRag Rt SRR kiAaghe M ss
I's 1nhi bi(#gld. TPUE, éorre %ﬁn‘?,odl gent s described herein can avol 3 p! peline
bubbl es M ASIIE CYERERYIOG Hmieddy a pumbgr smallerdhamibe fotalsmmber NedHBtadgher e
mul ti pl e THs I ‘ fi I.C t ake t hread

fraterky PBvead fﬁ)n‘?HBH%Eeélsfcr@eed d}_nh:én&%% dlt?(ﬁk J)ﬂg%%’taf?g‘%%%w

type into account or not, as or exanple, ‘Pﬁ@nt shown
in Fig. 2umbsrofrolenkiayales heforsa thinad aah bemessdedtal mag bpeantotiediby adjseingehid on

| ogi ¢ Ci rGi.t I . I, .a,.bl.ock di agram o a fetch circuit 400

accor di ngﬁ%ug Ogﬁqgmgeérn%a mﬁ)\})glrg%%&? M e%&“?@“{iké’@met?rrﬂféﬁ‘ﬁﬁyéﬁmﬂhat takes

thread type into a}i:count. .In this enbodi ment, the execution core also

supports [Rf%]ea{ﬂg'} be#npEasiated thatfhe selretion logis circnit pud sedeasfon aules dascriiedpe (" A" )

and up t qefdidark ¥ TRvR . e A arbitration
it 402 rece; vesl@g?%‘éﬁ%q%%ﬁﬁl?ée}%ms%ﬁg?éﬁﬁr S [“%3’%%?’?\/@4?%‘8’“ EIPHY eads

@U nber edomppnentsidspesived hpreinpogebe mpl@ndntedsing, coanshtionaldigitdBlapidditonat i on

nit 404 3.4 ' r nter.si.gnals fr the active t peBthrea-ds' |
l(Jn:mber ed 6%1%&%:!12? %Pgéllggi e&gi&{r%g%es“tégc’%"s“%“{%%m@’ i?*m’? eg}erét,eg fe %&P‘P‘&n unit 402
se: ects dii'l&mﬂ sd:lbcetionypm.ﬁlgdrfdxemg&, in&nﬁoﬂi%ﬁ?&ﬂﬁlﬁbré fhofe Bi8h 613% ijfl@tﬁlcﬁlbﬂﬁﬁ from
selectio I g circyit 406, and type B arbitration unit sel ect§ one
of the t @B £‘??%‘°ﬁ RSO sle g‘&ﬁ’&ﬁg@’ doder Ty Oe corfigusedioaelert mpitipls throadson

| ogi ¢ i patilick 08 MdteSe, RORALRRthan frlties ARDUGULAL 1! £,f AGHAL

sel ection'lc?lgic circuits 406, 408 is generq@;f simrfar to SCFi bed
above wi MHichdpvalid tagad o sejegt. Fpr énstanpe theesglehtierplogictcimonit imyintainteinracilsatt 406,

408 sel egdegnib Rl bR &1d%fath i\{ﬁ 5 hat S n invalid the
| ongest; it )ij\ﬁ lI be _apgfrl%té% ?ﬂ%%aﬁ’ﬁ%b 25 eﬂriglg?)%rﬁr}egotf?@? Y%ﬁ?’“&ﬁ&“’%‘? tion
rul es nagpgmalslmqﬁlddgggal falge states is detected. In still other embodiments, counters or similar

circuits may be used to determine elapsed time since a thread became invalid and/or elapsed

time since a thread was last selected; comparison logic that operates on the counter values
may be provided to identify a least recently valid thread.

{ [0052] In addition, the selection logic may include additional circuitry that inhibits
selection of a thread between a selection time and a time when the corresponding instruction
appears in buffer 138. For example, in the event of an Icache miss, it may take several cycles
to retrieve the instruction from the main instruction store (or a secondary cache) and provide
it to buffer 138. In some embodiments, it may be desirable to inhibit reselection of that
thread during this interval, e.g., to prevent instructions within a thread from being provided to
buffer 138 and/or issued out of their program order. It should be noted that becaﬁse fetch
circuit 136 does not select threads in a round robin fashion, instructions from other threads
may continue to be fetched to buffer 138 and issued while fetching of instructions for a thread
that encountered an Icache miss is inhibited. Thus, some embodiments described herein can

avoid pipeline bubbles and inefficiency in the event of an Icache miss.
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descri bed above, depending on the selection rules, there may be cl ock
cycles for which one (or both) of arbitration units 402, 404 does not

sel ect any thread. [0055] In response to the selection signals from

sel ectionﬁ{ﬂ,gg}iqc circuits 406, 408, type A arbitration unit 402 and type B
arbitrati | Whebmpltiple thead 69BEe seiskihopel o al ues
(PCa, PCb).to a gl obal g bjtra’?’?gn unil'?) 410’%%@%0??13?{ on %%2{@%&\{)'%@4

al so advdft %B‘Hﬁgr jot; ired; Hogexaraplea theambodinesnti shove inPig.t2h artforveien

sel ect ed. adupipadad ' Walsl | el. e . ween  PCa and PCb in
response To a t ;p_?ﬁgglisgg’% P%%ldgyg%gﬁl%ﬁf%}glﬁéﬁépgﬁggﬁgﬁf‘/1Ca]ﬂﬂ&%@égr?%‘mf
priority &fefdugitcuin 400 aqcogtig to Bnraktentati yepentpidimdt bithe ipFabitlinbhoM BNt Bfes
confi gur egl.d.p %ri'ilg Seonay ta degi e a desired relative priority between
thread types &)ﬁancf é.coluﬂ'g[ﬂéhléﬁ’ﬁ‘ @FP@% theiexpuiian eqrg @lsogupronts i thodadg ui t 412
may be cowliichymagthchpleGip\e Kafittalls §¥d @i HQ AELs sel ecting PCa
and PCb on a@gﬁ{?nati r?gpcl ock cyscl eds%ﬁw%%gtﬁgﬁ%ggé%{{nen (,is (?tltﬁsgﬁ?]{&t ype

[

priority't&?er 412 may select the least recently valid of the two
candi date threads. [0057] In yet another enbodinent, thread type priority

circui t 49054i wetypprA mbittajion anione RieivédRoRbNRbuSEF AathId DR hARAT. PPSt at i C
or dynam'A: ?rt nce'. criteria. Various criteria may 15 be used. Bor
exanpl e, ‘i *hr%%g ot é’éf(é fo1 5 Eatoncs PREROSES Octe Kol h and 2 byipe Rdarbidnation et 404

t hr eads, rédeiveBBiyo enmidr 3 ' Plelgli [ L% reads (e.g.,
because some f)ripxegf@% hreaés%?nﬁatg\?n%%l%%c%tg}ﬁﬁém{%aqﬁgﬁléhe{?&a{&éﬁ?ﬁﬁ? I

processi RYPOFesS Kdpd\rdht TyperA esbitrationanitida? sednomearfphestypel . thiBhdisin - one

- Bel ecti OfeghhsR 141 er.tex thread over_a pixel thread.
- éﬁ‘ot her s elbect it(g% %%c&@%@%ﬁglh@ﬂ% gagcetﬁnﬁ%c gigoutt ‘{ngaé’gttWFgB Sufationamg 04 one
number ofcles eneefshe typs Bulmadsyin sesponseniv Bbelectivh sipniiEkdin 6Qedion 1640 i &Fﬁ[ I ces
es then two pixels, or, nore denerally, v

t hen one4€§x | one Anbb it €6 ertoipg cel, r, nol
vertices tol owegmgg’/%‘mﬁf'& cLopguration of ek of sslestinn logie cirquiy 406] Afist ance can
al so  begeefillyasimilyrnaitiac ddskitbedubBve with RG] leeflhi Vert ex
and/ or pixel i@gr‘f‘ﬁds tr?at sar ee cu‘rm; ently a%%gg%d?ggr%g%ﬁese@ﬁ?% F’Py

cess

awai t i ngHYg eleats thathread of ifs easpactive tipe datibasyhoen invalidthietiyngeit gui t 412
may be nRilEbeSphdoshid: \ 10 ' for rticular system -
i mpl enent at i, o%p [Ooé%?ét%ﬂ%égg? a% gii{tﬁoflgttg{l %énglgtfﬁlgﬂf ﬂﬁ?@@eﬁ%ﬁ%‘wﬁé’t ft€en PCa and
PCh basetFserPedyabaves deneadingion the sphestion\Bilesn therrmay badodkhB o ke kR GHIRgh GIc0d" am

counter ahsif) &f AOERESh (405 4 d1RED Gor s3tot any thread.

[0055] In response to the selection signals from selection logic circuits 406, 408, type A
arbitration unit 402 and type B arbitration unit 404 provide respective selected program
counter values (PCa, PCb) to a global arbitration unit 410. Arbitration units 402, 404 also

| (\ advantageously identify the respective threads (a, b) that were selected. Global arbitration
unit 410 selects between PCq and PCB in i‘esponse to a type selection sighal (A/B) generated
by a thread-type priority circuit 412.

[0056] Thread-type priority circuit 412 may be configured in various ways to define a
desired relative priority between thread types A and B. In one embodiment, thread type
priority circuit 412 may be configured to give equal priority to both, e.g., by selecting PCa

-and PCb on alternating clock cycles. In another embodiment, thread type priority circuit 412
may select the least recently valid of the two candidate threads,

[0057] In yet another embodiment, thread type priority circﬁit 412 gives priority to one or

the other thread type b.ased on static or dynamic "importance" criteria. Various criteria may
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substantially as descri bed above. In sone enbodi nents, the type sel ection
signal AB may occasionally specify thread type A (or B) during a clock

cycle in which no thread of type A (B) was selected by the type-specific
arbiter 402 (404). dobal arbitration unit 110 maybe configured to sel ect

PCb (PCa) polistd)i thread (i e, no PO i t ot
cache 13y { b0b T FbIe T et G5 ORernind RiaikesBionf B Voot et

buf f de swayi Uealdsitabiedd mivarpiority touteathr nadl .
vl 1 car b et ) Sy LR BBl o o

modi fi cations are possibl e, Wiere different Threads (

t ypes) hail? g aglﬁ 3%6%%”1@%1“ if Bycessingyf 3 aglawant verten shread hastheen amhplsted). ket ch

circuit maye hecEomid i PC ue,tp the )

appropri at ee ca(? hel?ﬁégﬂlg%ﬁ aiafa vicgtgﬁga?%?eex;@e%?&%ﬁrpéﬁ%%qu)R?Q}E?F?I‘F‘ft’é’rn t hat

can be us&Hemighi bF definediae aagpeating segtience affvme nulitrr bﬂﬁézﬁbesrtanoxpé@éﬂ e
providing A

storage f r ne instruction per thread, e.g.. by pr

FI FO r egi is]{ti%lgafog Pi’@gg‘ﬁgf ﬁ?’%&%ﬁ“’%ﬁﬁﬁ“’{ s Pl R thepg vertipesithon Bl pixals, ar, mexce

t hread t ogénetatly, beaticks gollovrdien 816 ffarthitNglid ries, in each
of the FIE .@%&8601 An soorre eyrrwbgigi nentag%l&i%?l?ggﬁéfgﬁg@ggggr@aéc&%q‘H@Ofetch
circuit t ‘%‘?f ynatigaliy, ¢-£e dencading oy theamumiben bfverteaaatl/op pixel thieads Mstare/Ct i ON
i ssue. | ngirgafy adth@ ob & 1] .natyrall i nstruction issue
occasional |y, sﬁ_iaps ((:)I g{? E‘%fgﬁé%ﬂ%%gmé%Jdg%egmg%p‘gﬂ%%‘irg@sg(ﬁd £HeDYPE ke. The
thread sdPeRitly eicuitsd2 anayfbetmadef confipureble csuppors oﬁlﬂﬁﬁﬁﬁ@ﬂﬁﬁ‘dfﬂaﬁicﬁﬁf‘#sﬂﬁ{ ed to

g

sel ect thy en?em[oﬁ when space exists in the buffer for an stori
I nstructio romthat thread, thereby avoiding buffer overflow 16 [0061]

bg. 5 i i | f.ied bl ock diagram of a dispatch circuit 140 according to
G cmpoddofisfl; "Brobasgnagumi 410celects bptweon EpanohPEH bosdortggh donsbadles o

séoreboa_r@glﬁimj,ﬂd 0] n,l.ssu Lrcuit (Qr issuer)
506. Scoreboard ci rp?ﬁ!ﬁgesgg%?a\}@ﬁ%ﬁ%% c%‘)gn %?‘ga“g%ﬂ%'?ez“rqe%&é B‘P#é‘ﬂ’?ilg%al

desi gn, - rseadantiely: ps deniied abowd. i In)soine sinbudihientssthis W&Efe@ﬁonlﬁ%lal R nfagch

i NSt ruct ig@fhg; r [ iL.cuit 5 hecks register file 144 to determ ne
whet her ;gg lso?)lgl?%ﬁ;w%g?%aﬁ&g# %Jr;e(or a‘f"l“éi‘ﬁIaéf.lc'cggéiﬁ’l@b‘b&’mhéﬁortb@iﬂ ofggpe A
gener at e§Bhwseselasfedbyahiytypt-gpaific 4rBit@-402 bttob ; ) 1k mdi i ng

whi ch in%éﬁ ct idotns H}ﬂ&%&é{;% _arle r eady ?o boeaggl{e)é%a{aqe)g?g%.ﬂe@gmﬁg%/e their
source op rﬁaj%' g Seley 9 Peissvent or tq ssleptuo theeadeile) o PEDIS seddei ves t he
ready si-dignehs132hr om scoreboard 502 and the valid signals frombuffer 138
and selects a next instruction to

[0059] It will be appreciated that the fetch circuit and buffer described herein are
illustrative and that variations and modifications are possible. Where different threads (or
different thread types) have physically or logically separate instruction caches, the fetch
circuit may be configured to direct the selected PC value to the appropriate cache, or to

C provide a thread (or thread type) identifier that can be used to select the apptopriate cache.
The buffer may provide storage for more than one instruction per thread, e.g., by providing a
FIFQ register for each thread, and the fetch circuit may select a next thread to fetch based on
the number of invalid or unused entries.in each of the FIFOs.

[0060] In some embodiments, it is not necessary for the fetch circuit to prefill the buffer to
any particular level prior to instruction issue. Instead, the buffer may tend to fill naturally as
instruction issue occasionally skips clock cycles due to data dependencies and the like. The
thread selection logic of the fetch circuit is advantageously configured to select threads only

yvhen space exists in the buffer for an storing instruction from that thread, thereby avoiding
“buffer overflow. '
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di spatch. The selected instruction is dispatched to issuer 506, whic
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T eor ) RPN P B sty 144 B edslarc@ vsceves fhe rely eigutls
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o)
[ h d ' | for a threa ed e
?gb ?ﬁi/gf %%a@ii The selogtes ireationds @G&thmgltdilestg_nﬁ@% &du?h i&ubmphfuﬁ‘tirb?d@r 602,
[ i ' \Y; Lonal .gi I G Cif| ;
Sol act o LRI cEol HolRleTa% PR AR IR Bir st e B 1 bER Y %1 gnal s
@\e bot h selegted nstrugtionchelongh mayhisglibe Srwarded o isyucr S06!Mnd/6 8éhtion WRALE t Qieg qal
L

Gorityq4f ' ammng .t he threads is determ ned based on a contro
(CITErZI) );;rlggi%o%ggt??g%ﬁg%‘%%&ﬂ?t“é“’r%ﬁ’&?‘“ﬁﬁ%%ﬁfé derthesouserppiennds andoewito N
counter that increnents on every clock cycle; the control signal CTL2
corresponds to the current value of counter 604. In this enbodi nent,

50 I ] ) er, of the highest-priority
Chread, Sncby ioldale S08LIARaR bty bBARL U IBRH Mpnk ¥ aRruchoms der of
ascendi n# {ulter §3& wéthdbwgy no owsdrdintsirabet o amuded anog dReatke Fepsahiple, 604 MRy

have t he Phix ent. t.hread counter 304 of Fig. 3 (both counters
ngy' be 'Frrpi enent éﬁa)giel%ﬁg{esrgw 1RRUS %prmllh“hg’éggﬁr%ﬂf)t}as Been waitigg (validle a

di f f er enlongésbgegardless of when that thread was last selected.

{0063] Fig. 6 is a simplified block diagram of a selection logic circuit 600 that may be
-included in scheduler 504 for selecting a thread to be dispatched from buffer 138, Selection
logic circuit 600 includes a priority encoder 602 and a phase (or token) counter 604. The

valid signal and the ready signal for each thread are provided as inputs to a respective AND
| C‘ circuit 606. Priority encoder 602 receives the output signals from AND circuits 606, i.e., a
- signal for each thread that is asserted when the thread's instruction in buffer 138 is valid and

fc;ady to be executed. (In some embodiments, the ready signal for a thread is not asserted

when the thread is invalid, so that AND circuits 606 may be omitted.) Priority encoder 602,

which may be implemented using conventional digital logic circuitry, selects the
highest-priority thread for which the ready and vatid signals are both asserted (i.e., the
highest priority ready thread), where the priority ranking among the threads is determined
based on a control signal (CTL2) provided by phase counter 604, phase counter 604 is a
modulo & counter that increments on every clock cycle; the control signal CTL2 corresponds
to the current value of counter 604, In this embodiment, control signal CTL2 determines the

thread number of the highest-priority thread, and priority encoder 602 ranks the remaining
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the sel egvtasr $@givesdiiglos dricaitgltostiiead 1) Mbn fothend 9§66kl 9]s n&%gagd_y?aﬂ?fes%

. o on { . a
H-lustratjve and that variations and nodifications are possi _

drious Clrcuit components described herein may be inpl emented using
convent i digital circuit designs and technologies. Different |ogic
circuits ?‘#?91 al¥ge pEhreaiicepmps ready, i rempine readgtiuhfikiteinstructiod R@idpahsql es. For

' ' ) t t may
o1 Do i, SHAEESEHoR I 80 BRGACERD dPot MG Rl Bl o Bvion Flogksuate e s vt
me,l | tipl eﬂngadghat@@s lb@nsengrlértgestdksslmédeit M@%ﬁfeci_a%\tﬁ&ﬁ@,&}%ﬁ&h%han
orl be ..us fo eternining which rea thread to
el ect . WERERE Rl I R S oot RGN Slovk arelennipocomaingrendy. &n * | east
recent | ysonmvehbodiménits, if @) e d@ﬁbl&ﬁ:ﬁf@%&ﬁf&_é@%@%ﬁ fé@,g?,g{nlggafe%g%one of the

d.
' i ts. between.the | ogical true and | ogi _ _ det ect ed;
Yﬁ: !sdbiljlt&‘%“éﬁ’ansr?ﬁ‘yl‘ﬁé’ OCEfsCég glet; goaadingly, theanadimum rumber oftthicads thixgirioias been

~valid thecoden 93 tonsidrsduirinly 2Udi& cycle may be limited to a number smaller than the total

number N of threads. (This maximum number may also be a configurable parameter of the
system.)

--[0066] It will be appreciated that the selection logic circuit and selection rules described
(- herein are illustrative and that variations and modifications are possible. The various circuit

| components described herein may be implemented using conventional digital circuit designs
and technologies. Different logic circuits may also be implemented to suppdrt different

- selection rules. For example, in superscalar embodiments (where more than one instruction
may be issued per clock cycle), the selection logic may be configured to select multiple
instructions per clock cycle. Moreover, devices other than priority encoders may be used for
determining which ready thread to select. For instance, the selection logic circuit may
maintain a “least recently invalid" bit field that is updated when a transition of one of the
valid bits between the logical true and logical false states is detected; this bit field may be
used to select the ready instruction that has been valid the longest. In still other
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cont | gur S et 8t bieluead ikt il GomisohiTorn trosbomybe aenen Gy
a e o anch . J . 508 i nmpl emren
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]l U s ML et )

exanpl esow ammmhﬁbgg%spaﬁﬁmmﬁ inthe art. Buffer

advant ageousl y confi gur 0 store col'l ected operands together with their

i ' ' he instruction are bei.ng coll ected.
I NSt ructjoogs V‘ﬁéﬂeﬁin%taggi'il Lo Rk lglsresfp?)lrlsetto the grant signal from scheduler 504, the
In sone

“Tequested instruction in buffer 138 is dispatched to issuer 506. I one embodiment, issuer
1506 includes an operand collector 508 and a buffer 510, Buffer 510 reﬁeives the dispatched
instruction, and operand collector 508 collects source operands for the instructions in buffer
510 from register file 144, Depending on the configuration of register file 144, collection of
( source operands may require multiple clock cycles, and operand collector 508 may
7 implement various techniques for optimizing register file accesses for efficient operand

collection given a particular register file configuration; examples of such techniques are
known in the art. ‘

Buffer 510 is advantageously configured to store collected operands togefhcr with their
Instructions while other operands for the instruction are being collected. In some
embodiments, issuer 506 is configured to issue instructions to execution units 142 as soon as
their operands have been collected. Yssuer 506 is not required to issue instructions in the
order in which they were dispatched, For example, instructions in buffer 510 may be stored

in a sequence corresponding to the order in which they were dispatched, and at each clock
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enbodi nents, issuer 506 is configured to issue ins _
units 142 as soon as their operands have been collected. |ssuer 506 |shn3t
required to issue instructions in the order in which they were dispatched.
For exanple, instructions in buffer 510 maybe stored in a sequence
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nstlrouct Iddpatch QrdRX Y bo il n 14 eC|1 i,c.executign units thereof)
1’3.8 they are trcec{al ved g% gn:'li&]c regﬁ t‘%éﬁ'ev F%" iblg insgucliq fige: thp same
‘appr opr i dirgad %‘@thémgepmmiﬂypms@ﬁmhﬁffd@ﬁlﬂﬁﬂﬁb@ﬂx@é’e&ﬁ oﬁQFSfd&%tﬁ*eﬁéfgCUt 1 on
units thesgaf) 1] this enbodi ment, operand collector 08 an er 510
may be omttedthr%at wi |l be appreci at ed that the particular configuration
y|ssuer ot critical to understanding the present invention.
[0071] 0‘{?6935 I hb%t?‘ﬁﬁﬁ'i‘te@i“&?@ﬂ igsHeRr SQGtlocsinet patfeim eparand dollderim E}aed _kll_ﬁre einis
H1ustr aéxmﬂ@fiﬁéuéMtsm Eéu%tlﬂtl)ﬁgﬁ iido @P%'u&c') C%t 38542 (ot shecs s osition
various laogic circuits descri ‘hEI’EI or ot e

units thereof) as they are received and signal register file 144 to provide the appropriate

source operands to execution module 142 (or specific execution units thereof). In this

embodiment, operand collector 508 and buffer 510 may be omitted. It will be appreciated

that the particular configuration of issuer 5 06 is not critical to understanding the present
invention,

[0071] It will be appreciated that the dispatch circuit described herein is illustrative and that
variations and modifications are possible. The various logic circuits described herein for the
scheduler circuit may be implemented using conventional digital circuit designs and
technologies. Different logic circuits may also be implemented to support different selection
tules. The scheduler may also include various kinds of logic circuitry implementing
additional selection rules, e.g., 2 minimum number of cycles before a thread can be reselected
for issue, and/or different selection rules, e.g., giving priofity to one thread type over another.
Such rules may be implemented using logic circuitry and techniques similar to those
described above in the context of thread selection for the fetch circuit.
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scheduler circuit may be inplenented using conventional digital circuit

designs and technologies. Different logic circuits may al so be inpl enented

to support different selection rules. The schedul er may al so incl ude

various kinds of logic circuitry inplenmenting additional selection rules,

e.g., a moormim Wb ete i I f.ore a tg ead can be reselected for

| ssue, ang/gﬁ,g;di I bf@ er e‘?jg ﬁgeé %gth?%%é%SSFS@EPedeW f,;,fesaqc\t,fq@)egrﬁic@mbp@mmtspm

thread ty én therigtwidimecogBire that vlu@SroiBM 0B chd gf%ﬂ,ts using Jlogic. .

circui tfytﬁ&‘flng(ﬁﬁrggliﬂ?ges ﬁil’gmil ar to those dlgscr:grhlkbe a@gl\?‘eiﬂloﬁgfﬂﬁ}@g"eﬁ’m]@xt

of thread selection Tofr [RE FLERATCIoPHged fracqlauie] ohpdreldckeydigyent i on

has been dessmriidredsus| slfermi SRR Giboli; ifd e enbodi nents, one skilled in

the art w H‘? re(io)[gni ze that nungrlgll%g%d ispﬁ%oﬁgﬁgc ?fe(?-ﬁog@redh@; orRqrer

i nst ance, “RAK FEClekingrustipn isswe ng Sdpamalabemlbbkﬁﬁﬁhﬂ?ﬂ@rigs&gﬁ3ﬁsq$%1ggig or. scal ar

(i.e., oneloggey(gé%% Eﬁﬂwﬁ?ﬁ&ﬂiﬁruaﬂon | §sue, al’te_rna}tive enbodi naeﬂf’gnrray

support supgrs_cal ar Fl Ce. URTH & YERusheeadem any|combination ddsired 64 ¢ L@iicon

i ssue. | nembedipents aadydimie isoesionse instlitnl i | ssued.in a given

cl ock cyc_!llf:w;rg,}(ﬂtt1 drawn, fromthe vari ogsda?ﬁr}éeﬁg sep{;iﬁcg@%cg’ﬁﬂf’ﬁ tsdRay

desired (e.g., Songs uF Herttie same thiead to besiswed iptheRemé BILE bdld)O, P

t hread pesupelscslir (0¥ §dafir) ihd y.. allow tiple instructions from

the sane thread to be i)ssueéﬂ?lﬁ&gﬁ%éfg%ﬁn@n&uh@ﬁyégak"é}“."deFPdt@lﬁfﬁ@hmoml ar (or
scal ar) enifbARHBTuction per clogkodyctsi Mhus, it iseybeabfiersRRATRAid gsehp-f tch more
t han one ihaﬁaés%{ﬂo(aﬂn&ﬁg g{g@%y%. T%ﬁ, it is to be Jﬁ erstood®hat the
pr esent inv%gtii(__)n I'nc utctiles dHY e ﬁ‘t(@@f@ﬁh‘mﬁoasmdismemnw&@ (F)

. i nst r yeHnbshef iastductions KP) aactesyid, whEd thd WIHRRE ' ctions (P) each

'&?CI e, WhenR lteg% %érrbers F and P m%mbe al | ocasig %ﬁgélaé'%g-allﬂfﬂt‘f‘fﬁ@l& hr eads
in any manner deSTPdl AEmIBesT devired. Embodisnantsafithe invertivy nedyedsda ﬁgﬁ@& ed
for use iforwsymadyheliohSusOesssOr s [0073] In addition, out-of-order

i nstruction issue within'a thread maybe inplenented if desired, e.g., by

adapt i ng jgo33 offa @ I-SEUE hni gues.from general - purpose processors that
al | ow i ss[ue l)f anmr%e‘éié’?wﬁ‘s”{dr%ﬁ‘é’??% °wsﬁﬁlﬁwt%ﬂ&¢hr@#dm@y\hehumment[ewm4] The

execut i oAesiEese. gy adaptingl ottesfoirderdsste RRhnikidyi I articul ar nunber
Units. F%Thﬂéé?gﬁ.%? g‘%&rﬁ%hﬁfp{%ﬁ%pr&?é% M units

or conf ' execution units. . )
may col | agor gs%iéé)ékoa% N Xé@%‘“ﬁg@‘?w{%‘“iaﬁgﬁmémw—ﬂi fferent execution units
may recet0 Z ]di &éerent .nstructions (or the same instruction with different
data) in é a1 B exXegptionseorasdesamifed diwrsinmre ot lithitédstosm

Y pRtie8IEPRumber or

configuration of execution units. For example, multiple execution units may collaborate to

- Process a given instruction, different execution units may receive different instructions (or the
same mstruction with different data) in parallel, and so on. The execution units may précess
‘mstructions with fixed or variab_le latency and may be pipelined to accept new instructions

( ~ every clock cycle or, more generally, at intervals consisting of some fixed number of clock
) cycles. |

[0075]  As noted above, any number of threads and any number of tiuead types may be

supported, with each thread type corresponding to a programmed sequence of instructions to
f)e executed. Program instructions may be provided in various ways, including built-in
mstructions stored in nonvolatile memory of the graphics processor or other graphics
processing subsystem components, instructions supplied by a graphics driver program at
system initialization and/or runtime, and/or application-supplied program code (e.g., inthe
case of a programmable shader), Programs may be created in suitable high

-level languages
(e.g., C, Cg, -

or the like) and compiled using an appropriate compiler for the programming
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instructions with fixed or variable | atency and may be pipelined to accept
new i nstructions every clock cycle or, nore generally, at intervals

consi sting of sonme fixed nunber of clock cycles. [0075] As noted above,
any nunber of threads and any nunber of thread types nmaybe supported, with
each t hr ebugtageand tig @aptoadira@sio? ?yf@g i tiops to
be execut ed. %Pgrao ram?nstruc??onsoﬁamﬁ%gﬂh@ %ﬁ?‘?ﬁ%ﬁﬁiggsﬁ@%ﬁon oF

i ncl udi ngMBYf st JGtions %%41€féltenb€¢§n§tt(m @dlffemmmd:thb@ thrae tevoynpafible heth

graphi cs Qg Qces m conponent s,

i nst ruct i ons g‘%&% uﬁ{s@w% E%?(I‘:Jsi&‘ ?\937‘60;5'?‘85 %Iﬁa‘ﬁ mgﬁ@{@qﬁmonents of
initiali zﬁlplgmphmaqunessoumrlehewhaadime c8mPhiet §fsted)- suppl i ed program code
(e.g., inthe case of a programmable shader). Prograns nay be created in
_swtable gbt | ey hd%ﬁ*&é@& I|k and co |Jed
usi ng an %r%prlﬁiéscom gs?asfdg?crfgﬁ%h&relgqgg "ﬁqﬁ%& e‘ﬁ%ffﬁ&é"%?ﬁﬁ’ﬁﬁé“
grap{n cs W é&x@fcwmmvmmn?i?m@gamml pnrpb&, (?Fiaﬁpltliqﬂop,'ﬁ?afeﬁ![agfet on 1(:);
i nput ins ren different instruction se
that is c%m?% &ér ' \E/)\n&tlﬁmgt“%& 8%9%3&?{‘ Y2l gesistants (PAS vinettilen t he
executi omnp c.;eptcv;nspdsmad [RtReE cRAFR ﬁl Qfich r [ 0 or

el sewhere in the conputer sygtem [ 076S &aﬁ%@%ggg%ogésé&@‘gg%%n bed
herei n mepber]i NRWEIBRLSE eAreR IR S %@ﬁgr&c?tgﬁ%%gﬁ% ﬁo”l%”“ ng

devi ces, including general” purpose
conput er Fefegeaee Blﬁarlapmrecaﬁsqi&,\th@mtmdndthSﬁembecﬂh@bm%aﬁﬁﬁ wtants
(PDAs) , ecl aI urpose conputer systems such as

i deo gan%mgégﬁegoﬁﬂqﬂgﬂl%rglﬁitﬁgj i’f?e@ §t will also be appreciated

hat al tQ g)ﬁgg}hl on has been described with reference to graphics
pr ocessor 'h%'ﬁ I %‘Wﬁ%@“&@%ﬁ@%@beﬁﬁﬁmqﬂpm;o spesific be

i npl errentcﬁfbouﬁh@tgﬁﬁrw 0078 Thu al t hough
t he invention has eelgwgtgg%ﬁgég%t eq%g(glh{eagt%s %na%ie%cf)y 1 aﬁ@?ﬁs
will be &B%P%Yﬁ?@ﬂwﬂmitﬂl@ﬁ@pﬁnﬁ&ntﬁ:ldnwmgclanhended to cover all

nodi fications and equivalents within the scope of the follow ng clains. 22
- CLAIMS: 1. A microprocessor configured for parallel processing of a
plurality of
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t hreads, wherein each thread includes a sequence of instructions, the

m cr oprocessor conprising: an execution nodul e configured to execute
instructions for all of the plurality of threads; an instruction buffer
including a plurality of storage |ocations, each storage |ocation being
associated with a respective one of the plurality of threads; a fetch
circuit configured to select one of the plurality of threads based in part
on whet her the associated storage |ocation in the instruction buffer is
available and in part on a priority ranking anong the plurality of

t hreads, LAdMSat ch circuit being further configured to fetch a next
instruction in the sequepg e n the. pl yralidfy..0
threads into the ?lhst r u%cﬁlﬁ%ﬂlg@é?s%%r?ﬁgk%%%?%i ;%Fr)zgl[eghrog?sr%b i‘# ai‘%)lﬁl%%a’ugrfed to
det er m nthredds,c whakint hachs thoeadd irichsles uC béquascei of inshections) thec iapbplovdsk@r i s
ready to execute and to select one of the ready instructions to be issued
to the eXBEH™¥n nodule. 2. The nicroprocessor of claim1, wherein the

fetch circuit fet Gh&kecutits iodalel @RBgired & dxB&itd MStuciehl R alNE fiRplirRig first
a

order and the _dispatch circuit selects ready instructions in second
order di P¥@@rad% fromthe first order. 3. The nicroprocessor of claimi,

wherein the sel ect,qp.lQgh¢ bﬁfférciﬂiﬂ%lfﬁirl%g aﬁgglrafg{?ﬁéfssg%%é RLEhs! Qch Sl 2

first thread only after a mninmm Ince a’ previo
occur r enlpeatei tsailgasiociatpdtwich 4 raspectivt pwaaf. thelpluibhicy ofithreagy; ocessor of cl ai m 3,

wherein the selecti |l ogic of .the fetch cirgyit . inclu . _program counter
| ogi ¢ confi gured ﬁ&ggéﬁwgsﬁéoaﬁ%ﬂﬂ%Fh ‘@tBW%&Egﬁﬂ%WﬁﬁgﬂgﬁﬁVQ&h@%f r'Peach of
the pl urpdri by whéthbhihe askecia®d storRitABCatAUR IR inSeithiod BueEr fsQvEiRbes aldeina
priority control  sjgnal corresponding. to a priorit ranklng anong. t he

P

t hr eads, PARhER & RiAHY damking: eng fheerluralifyeop Hiresds. e doigh rgeuit Seigaddbrtharves the
e T e A
threads into the instruction buffer; and

a dispatch circuit configured to determine which of the stored instructions in
the instruction buffer is ready to execute and to select one of the ready instructions to be
issued to the execution module.

2. The microprocessor of claim 1, wherein the fetch circuit fetches
instructions into the instruction buffer in a first order and the dispatch circuit selects ready
instructions in a second order different from the first order.

3. The microprocessor of claim 1, wherein the selection logic circuit is
further configured to select a first thread only after a minimum time has elapsed since a
previous occurrence of selecting the first thread.

4, The microprocessor of claim 3, wherein the selection logic of the
fetch circuit includes:

program counter logic configured to generate a candidate program counter

value for each of the plurality of threads;
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hi ghest-priority one of the plurality of threads for which the associ ated
storage location in the instruction buffer is available; and an
arbitration circuit configured to transmt the candi date program counter
val ue corresponding to the thread selected by the priority encoder to an
instruction cache. 5. The m croprocessor of claim1, wherein the fetch
circuit is further configured to select a first one of the plurality of
threads only after e S i - S N i =l rence
of sel ectiny the riPLaCERpI TohaERel S e e ) AL LB

t he pl ur &9 iat gricgity winkeegl smpeg thedbeeads Whersin afrdiffprentf timbs, ¢bel pribrtyi eogtral i r st

thread t S £ Q of.thre havi n econd thread type, and
wherein %%@alf egﬁh%cl%(rﬁg%ﬁ &]EOSP ﬂarn%ﬁlg? {Ociﬁﬁ\%eaﬁ%n@ﬁg{%e g’é?%’m’ ne the priority
ranki ng anong t hea pfioigdacdis eshiirddaaséledtbaead bn € prdeiPecdntrsEsibiul ead
types of .each of the pluraljty of A threads. 7, The m._croprocessor of claim
6, wher eihllﬁifﬂé’»’ﬂpefycﬂnec?%a ipiufglgy i freads aforcwhlrchghﬁ @Saowefg slopge logation &y

candi dat eh2dsthlRfieRBuffaVd fGilabikimat thread type and a second candidate
thread having the second thread type, and to select between the first
candi dat e thread afarbieativnciisdit candivaed to trinseddths asedidyn progeam cespect i ve
thread t k- fi £.or rallel. processi of a

ol ur at 1ty 5P cOpPoTE ARG ERIPLIGRRHAHE Bt enBerly Bin i geRe

i nstructions, the i cr dfreaniesporcessonafaiaisi N gehesein e dechi cieonitnodul e

configured to execute instructions for all of e plurality o hr eads; an
instruction buff erlsifﬁ'&tﬁlqﬁ&f’ﬂg@'&e‘&%ﬁﬂ[&ﬁcﬁ Heng 0 B’&dﬁur LS’é’d-‘tfi §‘_§S ‘E’i’éﬁﬁ%rt"orage
l'ocat i on niifinigh 88 Pad AbREd Wnbdla BrelREPEG TSR VT Selod ink e Mstihadalit Y Of

threads; a fetch circuit configured to select one of the plurality of

threads based at |®ast The miseprocsssonpielpiar Liweereis sheplarabity oft threadeinclodes i on
Lhreacs. . ; . - gt CeL I
the sequans ftp @ uaeids i MU A GpEafh d Rchitt 68y S ARMASRIT LR ' 7

i nst r uct thoendsyfel end wherdin the fetch circuit is further configured to determine the priority ranking

among the threads based at least in part on respective thread types of each of the plurality of
threads.

7. The microprocessor of claim 6, wherein the fetch circuit is further

configured to select a first candidate
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a dispatch circuit configured to determ ne which of the stored instructions
inthe instruction buffer is ready to execute and to select one of the
ready instructions to be issued to the execution nodule, wherein the
selection is based at least in part on a priority ranking anong the
plurality of threads. 9. The m croprocessor of claim@8, further conprising
a register file configured to store data for each of the plurality of

t hr eads, 4 | [ . .. The
i o1 opr ot BeRLHAiR FEF U AT A orloned (R FEOHE LR MRt He
scor eboarnd dbrselgett betwoeep| thelfitso carldedatenthtraad and ol feudfdecandidakettivead bagedtoarthd i | e
and configured to generate a ready signal for each instruction in the
instructio “WUF#E?@QKH?rein the ready signal for each instruction is

asserted or not asgerted MRfpebcadsol @asfigurdll s parfiit] WARkRie 8f aSPIUFaGE; of
operand for the instruction is present in the register file;, 25 a schedul er

circuit HueAsSed' s neck cbredoichidan e tseauenee j ofsinsiiegtionn Bhef maipropracpssor
schedul eﬁorﬁbﬁﬁﬂ%:t bei ng configured to select one of the instructions in the
instruction butfer for which the ready signal is asserted as a next
instruction to i ssanexgentionmaduberreonfigurad tcerecets potrdctigs doraall ofshe plakalitpof he

i nstruct| Qadlg,uffer; and an issuer circuit coupled to the instruction

buf f er, erein the instruction buffer is further configured to transmt

the instruction semnembesttioy Bulfifer $edheding ar plaiatiGtivf stofaget IbEatios Uich Gitdread t 1 N
response to.the.grant _sfiéﬁnal , the jssuer tgi rcuit being configured to
col | ect {qq@hcg&ﬁ%aswéart iR & Fespertive eneef the plurality ofcthieads: f r om t he regi ster

fil dto f i i h
ile and to forwargeichRfchtlafipRd sl 6hd enh@{amr&{igfo%a&&mfm@&ﬁﬁp the

execution nodule. 11. The mi croprocessor of clalm nerein the schedul er
ci rcui t Paton whetherthe avegistad etdrage lasatiercin théyinstrectionbnfferis evaibhletandites S

based at | i r. | ength of i t ha ach instryction, has, been
stored i & eho mstrlbeh, &8 sPeRPHN (85 solbidF cbo%r BERLCA o Eieafhing e
wher ei n ilkeugohddffereandi rcuit includes: a priority encoder configured to

sel ect one of the p .urtacwﬁtﬂy ,gfﬁg&&g&; t réat X hashé_c an, i nstt r H(it ion . in it he
i nstruction buf f e PHIGYFEN! £ deteine Which-ofdhs ttered IHRIEEeNS ip the
mnstruction buffer is ready to execute and to select one of the ready instructions to be issued to
the execution module, wherein the selection is based at least in part on a priority ranking
among the plurality of threads,
9. The microprocessor of claim 8, further comprising a register file
- configured to store data for each of the plurality of threads, including result data generated by
the execution module.
10.  The microprocessor of claim 9, wherein the dispatch circuit includes:
a scoreboard circuit coupled to the instruction buffer and the register file and
configured to generate a ready signal for each instruction in the instruction buffer, wherein the
ready signal for each instruction is asserted or not asserted based at least in part on whether a

source operand for the instruction is present in the register file;
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one of the threads is selected in accordance with a priority ranking anong
the threads, the priority ranking being determ ned based on a priority
control signal; and a phase counter configured to generate the priority
control signal, wherein at different tinmes, the priority control signa
gives different priority rankings to different ones of the threads. 13.
The m croprocessor of claim 10, wherein theexecution nodule includes a
plurality of execution pipes, and the scheduler circuit is further
configured to sel&sthedier afcuithwuplisi o dite @nsbhad @dd & tHeeiasttuciion paffér, on a
determn t|o ch.of the | ural it ecutlon i.s not. busy.
14 “The T FBpfcratef vope PRnmRet G i e of a5 i dtioRs M e FrBifie

i ncl udes bafféﬂ fof whizh OhtPrefdy &ibi2 aEssdrRdiad @ mx{ inktfilctibh feiRshel A go aMknat Second
group of threads having a 26 second thread type and wherein the dispatch

circuit F%‘T?Sﬂ?lﬁqﬁ%%gré’étrﬁgnﬁh‘ioébe%’ﬁ”e"l‘f’tl{oﬁé‘flff?lhén priority ranking among the
plural ity of Uhr eagsishi: BESGH cAlpidPRShe iufifitn BRELCIRERH U | p&fﬁ%ﬁ&h types

of each of the pIura Ity o m Cr optr ocessor
wher ei n bhiderds $ptitec hordigueadi o tra@smu rthmmstruqtmnfsalgo;tccbuy $lm:$chechd¢r direit i | or ity

ranking gnong the uralit ased a

relatlveabf ercﬁ“%#“iﬁgp ﬁﬁ%ﬁ$ﬁ§n%€5§§ "%ﬂwﬁF58¥ %mﬁd?“ﬁﬂg?ig Fiority
anong opareat theRsuras sEEirmll el thai selRclel enstr@SRECHdi €hd RElster Citd Ao Gbrvaath of
the threads.. 16, A nethod, for proceSS|ng jnstructions_in a m croprocessor
confi gur selegipd psiugtiopang hsseuise Rperad ﬁWQFFFVH%§1?hreads wherei n each

thread includes a §equengenfop rdc@ﬁ)f lé?tdlﬁ'ﬂslo t@l%réfﬁ%ﬁ@@cﬁé?ﬂf&'cﬁ’cﬂ@m
aSS|gn|ngnmApr|or|ty r anki ng to each of the plurality of threads, wherein
2

the pri yeangigitien dp sedecd fhefnexieinstrustion kd fsenednsediat haast mfp@tt@hladglgﬂba% ed at
:c Ie?:t ![ P%%@Eﬁat %ﬂ:ht {Ps?rugﬁ nohastb)éenr s%nriéld g nsﬂ‘gtt:tl ebu?tle)'f’J ral ity of t hreads at a

'RST T UCLron from a firrst one of the plurality of
threads into an il2str Tat imierdpuddessor adnélaiglined, wheiotle: achetlist citedit on from
each of Ih@_ lurality of threads; subsequently fetching, based at |east in
part on Y¥fi dgsriority ranki ng anong

a priority encoder configured to select one of the plurality of threads that has
an instruction in the instruction buffer for which the ready signal is asserted, wherein the
one of the threads is-selected in accordance with a priority ranking among the threads, the
priority ranking being determined based on a priority control signal; and

a phase counter configured to generate the priority control signal,

wherein at different times, the priority control signal gives different priority
rankings to different ones of the threads.

13.  The microprocessor of claim 10, wherein theexecution module
includes a plurality of execution pipes, and the scheduler circuit is further configured to
select one of theinstructions based at least in part on a determination of which of the
plurality of execution pipes is not busy.

14.  The microprocessor of claim 8, wherein the plurality of threads
includes a first group of threads having a first thread type and a second group of threads

having a
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the plurality of threads at a second tine, a second instruction froma
second one of the plurality of threads into the instruction buffer;

determ ni ng whet her one or nore of the first instruction and the second
instruction is ready to execute; and issuing a ready one of the first
instruction and the second instruction for execution, wherein the second

i nstructi b S d i I o] the fi. i |40 it event
that ¢ e Sond TybifHEE, Bid Shrkfh e e Bl if Bhotch BB len b 8 5 00

i s not peagty rinkix@gergethe plordlify offthecadeishastedodt Iesainmad@n réypedthvertheadpri si ng

the acts _of: . subsequently to.the act of issuing, determ ning whether the
i ssued it)ﬂ’ﬁ?the@fuﬁgﬁtﬂﬁ@g“?lé?'gﬁ@ﬁeagﬁr the first thread or the second thread;
and fetching a thirs i nerbicipitedstt 6F JAIMSI WhbretnCthi aRphty Eitduit iWRRIHRE N t he
third instruction is a next instruction in the thread corresponding to the

issued i GufiEyERdyRh thegthepmeribptapkiag amopg Hemlurzlity g dhreads is asedat legit It et chi ng
the firs i~ASt 1] LG . Y C j ! er

val e {1 B Qa ek BLVHRE RS pERRPLE L R M PLRLATHA SRUE P

f r om anorperatims piseriatcdtwithothe tdspadds instmudtioes ef/e@nh of tladhreadse first thread is
t he hi ghest priori{é/ tg{eaﬂlf&r whi ch an H{atruction IS not stored {n the
i nstruction buf f er [ whdb B BPEesying {STPCIORs ghe ficrpRIPESSa PRiSEEonse t o
sel ect i ngortplaealikl prétessihf bLaglural®y ofthead® hegbiéach It thSludésw def@dnceofmri si ng
the act of inhibiting the act of selecting the first thread in the event
‘that a tfucionpdagmethad sompPHYRg;i ous occurrence of selecting the first
thread is less tha ] .HH(;H (W . - Of | : rein
the plurality of tﬁsrsgggg%gr% ncl utgé@énégieﬁg?%ﬂgg?gﬂg%@toﬁ?ggdgg} ‘%%J?lﬁgﬁf‘ first

t hread t pperitamankingsie ddfedery mbdiffersht titheseads havi ng a

fetching, based at least in part on the priority ranking among the plurality of

threads at a first time, a first instruction from a first one of the plurality of threads into an
instruction buffer configured to store an instruction from each of the phurality of threads;
subsequently fetching, based at least in part on the priority ranking among
- the plurality of threads at a second time, a second instruction from a second one of the
plurality of threads into the instruction buffer;
determining whether one or more of the first instruction and the second
instruction is ready to execute; and
issuing a ready one of the first instruction and the second instruction for
execution,
wherein the second instruction is issued prior to issuing the first instruction
. in the event that the second instruction is ready to execute and the first instruction is not

ready to execute.
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second thread type, wherein the first thread is one of the first group of

t hreads and wherein the act of fetching the first instruction includes the
acts of receiving a candi date program counter value from each of the
plurality of threads; selecting the first thread fromanong the first
group of threads in the event that the first thread is the highest
priority thread of the first group for which an instruction is not stored
in the instruction buffer; 28 selecting a third thread from anong the
second group of thﬁ@adﬁmeamwﬂmdhaﬁsbhgnodé,omﬂhhecbhmmmmghMEadm&ndﬁthe

third thread based a i art the re ect et ad types f t he
fi Irst t hread and ttfélgﬁ tlﬁ’rég acmgr BFHg ha tf“ini‘llgl\fllgl ot ?t ctﬂi‘eyﬁssf‘ f et ched

in the eﬂ@ﬁﬁﬁctfoh&ﬁas&"&t&eﬁ%ttﬁé ﬁﬁdﬁﬂﬂé&dﬂﬂthd@&éﬁ&tﬁreh@ #Roosing the first
thread. 21. A method for E;oce55|ng instructions in a nlcroprocessor

configured for pdrishing|a ‘@c@§§ﬂﬁﬁndﬂkhﬂﬁﬂﬂﬁﬁwﬁﬁyk@ﬁkkﬁﬂéﬁﬁ§ heyilrdi n each
thread 'ﬁﬁﬁ?@ﬁﬁ i SO HRRG&IA i Hefileh E&l’fé%ﬂéndﬂ%t? AR nIRfdnS NY:

fetching a rst rnstruction froma |rst one urality of threads
into an instructibh baﬁkamdbgmﬂﬂgdmadlﬂo\dkvmm1hmth@fﬁh&hmgnﬂ$rﬁmteach of
t he pluralﬁgx of. th eads subsequently fetching a second instruction from
a second' 5Tl?ﬂ% pIuraIity of threads into the instruction buffer;

assi gning a pri orirkyeiviag ki cagditse pacadfcotuter pdlve 8bint sachiof iy glagity wher ei n
the pri r|ty ranking is different at different tines; determ ning whether
one or @d¥f the first instruction and the second |nstruction is ready
to execute; and issuing a ready one of the first instruction and the second
instruction for execution, wherein the second instruction is issued prior
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the instruction buffer,
wherein the first instruction is fetched in response to selecting the first
thread.

‘ 19.  The method of claim 18, further comprising the act of inhibiting the
act of selecting the first thread in the event that a time elapsed since a previous occurrence
of selecting the first thread is less than a minimum time,

20.  The method of claim 16 , wherein the plurality of threads includes a
first group of threads having a first thread type and a second group of threads having a
second thread type, wherein the first thread is one of the first group of threads and wherein
the act of fetching the first instruction includes the acts of:
- receiving a candidate program counter value from each of the plurality of
threads;
selecting the first thread from among the first group of threads in the event
that the first thread is the highest priority thread of the first group for which an instruction

is not stored in the instruction buffer;
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and wherein in the event that both of the first instruction and the second
instruction are ready to be executed, one of the ready instructions is

sel ected based at least in part on the respective priority rankings
assigned to the threads. 22. The nethod of any one of claim2l, wherein the
act of determining includes : determ ning whether a source operand of the
first instruction is available; and determ ning whether a source operand
of the second instruction is available. 28a 23. The nethod of clain®l,
wherein the first tducenglabiasl threhd fistn danlomgdble secypkgramdof theeadgeodid t hr ead has
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sel ect i Nghe r@speCebithRa@typbs bfiBe fitst Breddnmill Khecihir@ thrédag! udes sel ecting bet ween
the first instruction and the, second instruction based at |east in part on

their respective tWees the Bt instuction 1§ fefphpdan thy eveasdiphie s65elethorsiRpr i si ng:
a graphiﬁémﬂgﬂﬁﬁﬁéﬂkyhgﬁhHﬂhﬁg.a plurality of execution cores; and a
e e

graphi cs nmenory coup to t gr aphi cs processor, wherein each of the
plurality of execull.on &ordlwd focpredessing anstmg@anatin @ micropokessaaehfiguréd t o
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bei ng as&sauaions, thé inbthad caapesind:ve one of the plurality of threads; a fetch

circuit configured to select one of the plurali of threads .based in part
on a fetch priori tf;?wﬁ@ma 8 laﬁm?ac’{iﬁr@nmﬁ@aa%e aff%epblraflaeﬁtdhéeaﬂwoan
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threads into the instruction buffer; and a dispatch circuit configured to

det ermi ne whi ch ofsubsequentlyr édchiigrst serond ongsriction Heom s tseepadi one biifther i s
ready to ﬁ%ﬁ?fBﬁmﬁﬁgﬂ%gnﬁ§%§ﬁﬁaﬁﬁﬁmﬁ£rthe ready instructions to be issued
ul'e,

to the eQecu oh no erein selécétion of one of the
assigning a priority ranking to each of the plurality of threads, wherein the

priority ranking is different at different times;

determining whether one or more of the first instruction and the second
instruction is ready to execute; and

issuing a ready one of the first instruction and the second instruction for
execution,

wherein the second instruction is issued prior to issuing the first instruction
in the event that the second instruction is ready to execute and the first instruction is not
ready to execute,

and wherein in the event that both of the first instruction and the second
instruction are ready to be executed, one of the ready instructions is selected based at least
in part on the respective priority rankings assigned to the threads.

22.The method of any one of claim 21, wherein the act of determining
includes :

determining whether a source operand of the first instruction is available;
and '

determining whether a source operand of the second instruction is available.
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ready instructions is based in part on a dispatch priority ranking anong
the threads. 28b

23.  The method of claim21, wherein the first thread has a first thread
type and the second thread has a second thread type, and wherein in the event that both of
the first instruction and the second instruction are ready to be executed, the act of selecting
a ready one of the first instruction includes selecting between the first instruction and the
second instruction based at least in part on their respective thread types.

24, A graphics processing system comprising:

a graphics processor including a plurality of execution cores; and

a graphics memory coupled to the graphics processor,

wherein each of the plurality of execution cores includes:

an execution module configured to execute instructions for all of the
plurality of threads;

an instruction buffer including a plurality of storage locations, each
storage location being associated with a respective one of the plurality of threads;

a fetch circuit configured to select one of the plurality of threads
based in part on a fetch priority ranking among the threads and to fetch a next instruction
in the sequence for the selected one of the plurality of threads into the instruction buffer;
and

a dispatch circuit configured to determine which of the stored
instructions in the instruction buffer is ready to execute and to select one of the
‘ready instructions to be issued to the execution module, wherein selection of one of the

ready instructions is based in part on a dispatch priority ranking among the threads.
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