ACRCSS- THREAD OUT OF ORDER | NSTRUCTI ON DI SPATCH | N A MULTI THREADED

M CROPROCESSOR BACKGROUND OF 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
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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 2 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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Such an instruction may have a very long latency (e.g., over 100 clock cycles). Aftera
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"bubbles" can arise in the execution pipeline, leading to idle time for the execution units and

inefficiency in the processor.



be executed concurrently by the core. This, however, is an expensive

sol ution because each thread requires additional circuitry. For exanple,
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[0010] According to an aspect of the present invention, a microprocessor is provided that is
configured for parallel processing of a number of threads, where each thread includes a
sequence of instructions. The microprocessor includes an execution module, an instruction
buffer, a fetch circuit, and a dispatch circuit. The execution module is configured to execute
instructions for all of the threads. The instruction buffer includes a number of storage
locations, each storage location being associated with a respective one of the threads The
fetch circuit is configured to select one of the threads based at least in part on whether the
associated storage location in the instruction buffer is available and to fetch a next instruction

in the sequence for the selected one of the threads into the instruction buffer. The dispatch



ready to execute and to select one of the ready instructions to be issued
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enbodi nmen
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. 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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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;

{0019] Fig. 5 is a simplified block diagram of an instruction dispatch circuit according to an

embodiment of the present invention; and

[0020] Fig. 6 is a simplified block diagram of selection logic for selecting an instruction to

issue according to an embodiment of the present invention.



dependent on a thread order. Instructions are fetched into an instruction
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descri bedbf urther belo
us 106. A system d1sk 128 and other components, 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



[ 0024] Scanout control logic 120 reads pixel data from graphics nenory 116
(or, in sone enbodinents, systemnenory 104) and transfers the data to

di spl ay device 110 to be displayed. In one enbodi nment, scanout occurs at a
constant refresh rate (e.g., 80 Hz); the refresh rate can be a user
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conbi nat i b ted .and i | nent.s separ.at e
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appr opr i ated &Rn. f il boappeaidtad theqke pitiadarsysafiguatiq efgrapticsanelesding :
applicatio [ogr, EB inst.{iuﬂ he graphics driver programto transfer

gr aphi cs 8‘3{32“‘6& 3 Xepot gufical fo ﬁPQg?ﬂt Vepli%tessi ng subsystem 112 via system
bus 106, to _invoke various rendering functions of GPU 114, and so on. The
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from any afag bebuspgeetel,Hhe atisondd erabndirgbitesephiaf@irivér bR@eafls sy berdRbEio each
vertex of ,an image_nay be processed using a separate thread,

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 functions 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 to an APJ function call may vary depending on the implementation of GPU 114, and

the graphics driver program may also transmit cémmands 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.



wi th concurrent threads executing the sanme processing progran(s) on
different data for the inage; at a given tine, different ones of the
threads nay be at different points in the program In some enbodi nents,
there may be multiple thread types, where all threads of one type perform
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instructions to a buffer 138.° On each clock I spat Cc circulrt 140
sel ect's abFuicqEssy eachisepportingddiironds (248 eotaldhiseds) sedeacbrt. o execut i on modul e
142. [0030] In one enbodinent, buffer 138 is configured to store at |east
one i nstr {AH2Pbn Eaek exdchﬂlc&mbramm inolutted aatinstuctibiecashe) U:m)hh adstrpstgrfaghor der

for each thre cl e, | spat ch, ci rcu 140 sel ects one of

the | nat r BIOLS: FPufRee & SHad Bisiied ob iR ehihon pradies 42 e et g so

oper ands bf execiitegi i (ndtish®wdy dnd Brgdisted TNAI4AS HidMRclidSdabhe itRRe)And, KRRRANS

to executio rr?dul e 142 for_execution. Dispatch circuit 140 advant ageously

sel ects a™& F generallyoppentiogalddesismsioresaxeentaie instregtiops thet are pbleipsd; n
buffer 13e8, | e r%ﬁg?ﬁb:f méﬂﬁﬁpﬂ@ﬁ%ﬁﬁﬂﬁ ot 3 c?c E132Mmd 1§Ier§fﬁetiluglﬁg 44 and

may sel ect I ons wi t"hout regar for thre
program counter (PC) value. Fetch circuit 136 fetches instructions from Icache 132 for all

threads processed by execution core 118, maintaining a sequential program order within each
thread, and supplies the fetched instructions fo 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 have their source operands

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



the source of the selected instruction. Fetch circuit 136 nonitors buffer
138 and, after an instruction for a particular thread has issued from
buffer 138, fetches the next instruction for that thread, As a result, for
a given clock cycle, instructions fromnost or all of the active threads

may be avahé sk df@hé)ééiefct%a ins&Sctich) & Fth ?E‘%ﬁiﬁlﬁﬁﬂﬁ] %1‘3@3&1 g an
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Execut i onbeudinies a@dilabileas Ybiodlop il 6 shfisdqiéi® 1&%&%@9?9&’1?1'5%(!&&1%1&3?9@ in
a pipelined. architecture so that an instruction can be di spatched on~each

cl ock cycPeCHatRCl apdmay ichge arg numbeef youreg enerands pnd et amet anddor Kimbedh i n
the art. Rishifiqagnt ones (or groups).of the execution units maybe specially
adapted to process particul ar i nstructions, as is known in the art, and

di spat ch | ok an .a r| ate_one roup). of execution
units wi tﬁdoggtélxecé% gg@rrlg Fne @Q’Zh 8 g& aé%n°§ as30giAtq é‘Gp‘glrt tﬁ%sﬁ’ tion.

[ 0033] Thexdentan umtsm@nmecuﬁombhmlea& mm@au&taﬂmhﬁnﬂ&rwﬁmem 6V 265 (MMicAlBS

i nstructi ﬁns of one instr use result ‘data

of a previoty qrﬁgqrp 8tplr%cr?ssa & Hsg'“%ttﬂﬁ‘ra&@ wrge e dpplt d»tﬁﬁl tp ﬁ%ﬁ‘?tEFcfE Pdftwith a
dat a depeDiffstent ifshMBOIns X HAYE diffekdnk 1ot diRick CBYY dxafiPleda binHIT {d&tfor 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 specially 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



9 instruction on which it depends is available in register file 144. |If an
i nstruction with such a data dependency is next for a particular thread,
that thread is bl ocked. In accordance with an enbodi nment of the present

i nvention, dispatch circuit 140 detects a bl ocked thread and selects the
next inst | that .is not
bl ocked) wgﬁnét% u? fWﬁcqgg&fe %ngg a}z&aﬁeﬂ Q%{&Qﬂ@? %t&v{gl{ %%Jith $67 2t he
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recei ving and responding to comands received via system bus 10 such

ci rcui t r ybufisy 188 tebmissugd mex, rather rthamvautmgafndﬂmlopbtvdwﬂlmdéo bémopmdmblonked.
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perount ot at G RE e L EAEY iyt Pl e6 18R b §f ARG B GTET
pr ocessor &ecution e gr&aaseappnorphatea Vansmmfrh]l pgisters( statgs regksl&tr@ dabecatiostahd
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I n any conblnatlon [ 0036] The nunber of execution cores in the graphics
pr ocessor PIPEenf pyeR ifnt at i on dependent, and optimal choi ces general ly
depend on tradeoffs between perfornmance and cost. Each execution core nmay
support cl9A3%r r Bnvill bpeppretioted diat thesyssem doscaibechhareid is glkuaisatwwrmd tatnul tipl e

cores ar |g§ﬁ | roce e conflgured
i denti cal a?/{agr e %lﬁ{ﬁ%ogpglrﬁgg%sgbﬁ%sﬂg aé’%“’a roc ﬂ%‘%@lﬁ;@%

i ndependenty suﬂaﬁjepnchmﬂsgesrsgt,habndmmmelmhgmedekmwavmes URigrgphi’nd a gl ven
thread is_executed %“IE ore 0037 %&h nber, o threads in gi ven
core may %ff’%egscﬂ'ém\‘yalﬁ% AL G’é}]‘? ‘BEY‘&‘P“ f P e dn and t he
amount  of proedssuighortifkagrated ifitd a@?st&h@ﬂ@@et (4.8, 1M BrceBARBEHESMip). tTHS Rpsdntks be

noted that in sone enbodi nents, instruction ordering can also be used to
bi de somgrocessing 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.
Bach 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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| at ency. For instance, as is known in the art, conpilers for graphics
processor code can be 10 optim zed to arrange the instructions of the
program such that if there is a first instruction that creates data and a
second instruction that consunes the data, one or nore other instructions

that do noptimiaadioveranpethd dstrued@s b thepyodifif shd it 1f ﬂh%lterlb‘ﬁtﬁkﬁfhsﬁ'ﬁ&loﬂl
between the first and second instructions. This allows processing o

thread t oCiedft f9taandsacend imgirydtipn fhaf pansumes the data, @e@xm pther. instruciiensal so
known | 1 {HR€4cidt cbhidhine thOliath REEHEY IRTRth el LALENEL Sy 1 glp s ual 1 ¥

not practical to place enough 1 ndepen ISt ruct r and
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be deci denbtipaseidalan ptabeexfmgm depdnabangdrubfiord B ividds bfedfol wcﬁeﬁn&h& verage
(or mni nﬁllg]%&ﬂémm mum), nunber of instructions that a particular co iler
e

can be Hergy- HPGWF’G@“%t%@ﬁﬂbfr ﬁﬁ%ﬁ@dﬁpfﬁ&@@cwsldtvmtlmmawdm gard its
IECCrtant vt o e e T

core maybe shared aro
di vi ded aﬁ'ﬁﬁngﬁtd‘iem cqrn ma;d e tedded habet @ thi maginmnen Wﬁ? of Sny ifthictigh end theead

t ypes, II-OI’] cache. | ud Si and/ | ogj cal d| Vi si on
chr es pon%] %’%@E(Or each TRF gﬁﬁ@%@“@ﬁﬂoﬁﬁgﬁﬁﬂgﬁé %éomaﬂfifﬁéﬁ e
subdi vi deekpgeed tqirpvidabergerd Dflavintinelatdody aRdactith b ¥k ftREp@defesi 1 ed.

[ 0039] The regl ster file for an execution core advantageously I ncludes a
set of r P2 for each thread and may have any nunber of read and/or
wite ports. In addition, physically and/or logically separate register
files mayl0B38lpr Bhq inamotion C%nhﬁf@raamxeqmoaaetsma{yﬂﬁzbﬁ}re&i\hmbag the¢hremiafor gur at i on

0

of fetch g f and LSp 40 may al so be
vari ed, spée%%}% ng ﬁuémﬁ[y%%ﬁgc\i/v &1 %‘E‘Pr %g@d@ e? & OQye SRR £ i ed
bl ock  dimgjtiplntiwead @pcdgtlmlmﬁmcnoﬂé@haﬂﬂyhﬂdd%ra ph&&cél@hd/@ﬂlo@i@@w{rﬂsﬁﬁ core
118 accor a nt of t resent vention n this

ermbodi nen c@h@%)?g%&g t%ﬁac ’|a§‘d86‘i%fq‘§§?@&mﬁ'&e&"@¥é§%b@ﬁ dedfornefhxi mum-
nunber (I‘s&ncm@mdmdaﬂslne@d&wws@ vis dédidelough it is to be wunderstood that
at any given tinme sonme or all of the N threads nay be idle or inactive.

[ 0041] - FPquess] ¢ TietfekisbPhile! HiAEESu U adhcoflly RIAREEMLE BHIL esf%f’g' ¢

bl ocks 202 and an arbitration unit 204 cont y se ectio
circuit Xoehthrgaderd mayhaye qnpy rauntbes o Eneadandddr wﬁtﬁbertsbljnadﬂmoa,rpelydw@t ed with

referenc %%Fﬁ‘%{ﬁ%gg g%léaléé %ﬁ{}%r tﬁli'e% Oagcpec)cl}roﬁged L en?,n(te Ehrea%s nunber s

i dentifying t erenee
[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 a maximum number (V) of threads concutrently, although it is to be

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

[0041] Fetch circuit 136 includes a number (V) of program counter lo gic 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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[ 0042] Each program counter |ogic block 202 generates a program counter
(PC) value for a next sequential instruction in a respective one of the .N
t hreads. Program counter |ogic blocks 11 202 nmay be of generally
conventional design for updating a program counter and may i ncl ude

i ncrement alOZQDamEeacﬁngen&éﬂjﬂ&khv@@ﬁcﬁﬁtde@ rxQipdat
critical to theyp esent _Invention. 43 p_‘?_ﬁg?g% val ue%Juggc%gxﬁcgﬁ%gﬁntgludﬁ

| ogi ¢ bl ocdRE™BIgBLa Oémt?rseééaﬁ@laaéet@qsioaﬂqm piber features np0tioahfodthe pretertt s t he
PC signal B@niiowhere 0 -<i -<n-1) fromone of the threads (denoted for
reference herein as thread i) in response to a selection signal SELi

provi ded ti bl ock 2 crjibed below). The sel ected signal PG
is trans mb[tﬁ%)?'ﬁ ?gh lggg#gesl%ageragﬁ b&ﬁ) l% ?%afééqué@%mmh@atlmmgbct i on
to buffer hikhdelbe i - '

transm ttezo?a?g buf?er ?L??gﬁ Od}lgm gu%efregé %}9% IGE}I‘)I% ﬁ?ﬂ?%ﬁ@@}[}%}r@‘g@a} og;f fons

208 (whi cHefeEpBR hetRis as thraacey in @sxgmse towmelegtmeggrmi SEL) prowided bf/ sul/acttmh
cor r espondgo ke osaad Hﬂe&ﬁ%‘? vH “1%%?1 S;d é”‘%ag ?@F %rf%gé’qlé%;g tqlgcgc &aﬁxo store

IV valid bits (one or eac regls uction
(1 NST) franﬁumsahm@rrcsﬁomlmg mhmctlbm edohflel £38, hild & iddntifief (;f cﬁﬁh@élfrfe‘é‘ } ng

thread fr L trat 4 and directs the instruction IN he
one of |0359FF‘§}§5T35 ltéeﬁé‘fglrb]fl&rrlg ponds to thread i. Wien the |nstruct|on S
st or ed, ”18 4corres ond| ng valid bit in array 210 is set to logical true
(e.g. §44] BY frckides Agtaraged oatinnsdfiSdwbion remyrifs igplenerseds b.gt, hat

di spatch Gsin lllé any, one of  storage
| ocati ons 20 éls%éj) Oggﬁfe ﬁicggaﬁr?ﬁsg?nc%sn %’Jr%%?l O%E\‘r?%l mﬁlapfaggg%y?t hr eads
may be i s§9@fégured tarpjoro Moealid bids §petfateach registet). Bhlifer 438 eaeiviched ilndeNén f or
now it sh t at en t ei tr l.on for rtlcularthreadls
i ssued, lrafoérggcc?e]g‘i é}%@g\@%ﬁfﬁ 1qeﬁ{]§ Kgftfﬁtﬁfof@s%g femy set to
| ogi cal fat‘tshfat(oa wit, 204Qhy diréas uﬁeﬁbm&afnamsq*tamelaieldhadaﬁ@@izosltﬁatone t hat
has a valid i nst ct i on. | r\@t orage | ocations 208 and an inval1d thread”

4

's one thgPrEad 8#‘“’1‘% epde S5tyTionds stpigd, the cerstspendivg valisdhitinarmay ui t
206 recei 2e6itdeetova. %ﬁ;ﬂ tRie(@gof1'grray 210 frombuffer 138. Selection |ogic
circuit 206 uses validity or |nvaI|d|ty of each thread in selecting the

thread i foyasphiglprppsd %ta{, @-g r | ection
| ogic ci ch Im206 emay e 0%1?1# eg%rl}égp Iggls'féc tﬁgt(fj am\? Ic\ﬁgr@#?’@& ®twher e
mul tipl e einsteetionrfeom amy omd of, stcsﬁeelcd:aluom 108gb dbed:ﬂsﬁetu kb ﬂﬁﬂﬁsﬁ‘ﬁdﬁoﬁ@ﬁgﬁt t he
thread thgir al.id est . or sel ec a thre ased on a
priority raan ‘f’%?iélg g%r%% Y lss[uﬁﬁll ordgh ePEpgqqg CHWIB 40[’9 dPS&ﬁ‘EP%g"’ low; 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 used
herein, a "valid thread" is one that has a valid instruction in storage locations 208 and an

"invalid thread" is one that dbes not,

{0046] As shown in Fig, 2, selection logic circuit 206 receives the valid bits of array 210
from buffer 138. Selection logic (_;irduit 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 or 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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varies fromone clock cycle to the next. [0047] Selection logic circuit 206
may also include a rule limting the frequency with which a particul ar
thread can be selected, e.g., in order to prevent one thread from 12

di sproportionately consum ng resources. For exanple, one rule mght provide

that a gi d@propohtfonardly &mblﬁﬁﬂng%s@{u%eg Gor k£R51E Tnb PA Hﬂ tk}fcﬂ’tidel tﬁ?tsaquencI ock

cycles have el apsed Since it was |last selecte S sone xed
nunber ( withtesd lﬁﬂ}ﬁll%’lfe@r éﬂ@ﬂheetmwntléatdea,st Mlackmyoies bmablbipeed ghadedimedsdstof t he
processor nt e th be clock cycles in
whi ch no %S%Fée%gé‘% s?gt I's ?onﬁeﬁ ege'}u&bnf)t)vﬁ‘%&b?@% lehegaégef“ﬂ 3 cqnbigura fv’]& t hr ead
was sel ecpelmnie@lvaf theipha:assM')CWh@S s\BBQ)rulelifinflérBeroE Mere ﬁﬁ}bbé EI@EI& le'égg 204
may send n for that clock cycl €

al ye to | cache 132
value is & ‘ih ‘H’Jﬁ%‘*‘ﬁ%ﬁ sgtighythcsplreton rijes (& gutherpnly @a@h%m@ iy selcctwdefawen s
found. | ntiaRes sy a%B})OHi' thR 'éﬁrent GG it V4GRE, defid ?ﬁ k’@f’{rfﬁ\ge nﬁﬁ?%ﬁﬁg@; of

cycle, Ms set to a value that i1s not larger than
t hreads efpdbatelpck gyde thensxy 8Cavalue isgemelring mbsbehen&kmler\dshn(al sagsfidiery

l'i kel i hoo C S |ch no thre cted [0048] Fig. 3
is a si rrpﬁu-%I dig 8 Eﬂ a%?%?ﬁng‘\?,mgleg ggFiOB?laﬁr??gllﬁsei?c?e@Lﬂef°1§9'9°Y°|1ﬁalﬂ’éﬁent| ng
t hread sebadea miue ﬂiaes mctaﬁged itag tﬁdlnﬁﬂn@:ﬁbx@ﬂ;b@%ﬁﬂu@ﬁdstdﬂﬁeo@é@t%% c at i on.
Sel ection | o]gh gwt 300 i r](i@ des a priority encoder 302 an ase
(or t oken§ 'EBHNEL By redyrps the likgliheqd pf 4 clack cyela imwhish s ghrpad is selentedsd by a
respective inverter 306, and the resulting /valid signals are provided to
priority H948keFig3dis a pmplified Yloekdisgem ﬁ&zelemﬂrmdhgm;mmwmmhﬁmﬁmg usi ng

ponvent | oiftaddbBbdd rul QL et el dodRELTSH e bASH iRAERE Pt Jaghd " °2¢

invalid tﬁrceetd!)OO invihetee atphierityrdnooder $02 anka ptgsa(wugcen) dftﬁnfeBB@@.thd valid
determ nesq ded by phase counter 304.

Phase coungl? c§(§a © tém%? ﬁ%‘i&‘&’%&edﬁi’fmﬁae&?"% ‘I)%? 9? S Hiedesiting /aalid signabs

cycl e; thaeqamidedlto pﬁo@uyehcﬁksaprmﬂﬁweﬂ&d&r@ohh@h&ﬂEﬂa?%xﬁé eHienid uBH S€
counter 304. tlhls ﬁﬂbodl nment control si na1 L déternines t r ead

nunber of Wﬁ‘ﬁ’r‘?P ARSI PIFqrY, ﬁ?le%tﬁthemwmr@m fread ﬁ@dﬂéﬂh Qﬁzvaildn ks t he
r emai ni NQsj Badseried (4. s nunber s,

nodul o N. tL0049 Because phase count’er 304 inctenen
the pri orfedhreadsis drerarnedibaaed o emtrol sgwil f(fEE)aanﬂcﬁb}dplfaﬁeccamterGDQck

| SRR t .t d t
504 has vareceaRs d0e G DR B kS e B B oo AR ot e s “?h?read

0. In ot m%ﬂ‘&gondsnond@totﬂnecmmvam oﬁ;ihamh&ter B(M thnigaembBodifaehtival i d,
priority Agner at es ate of .th ELi nal that selects
Phread 0. EROnal O18 RERGIR} % Bichd Biaetogtnehighest priorty e, ana priority
encoder 302 ranks the remaining threads in order of ascending (or descending) thread
numbers, modulo N,

{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 SELi 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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consi dered next, and so on until an invalid thread is found or a maxi num
nunber of threads (which may be | ess 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(@s0f Oneathrdad Beckidbd Mvalffl rafaifinydift bR A hefMfiGnudiiiead
beconmes invalid, it remains invalid until Tts next instruction1$ fetched.
Thus, whi feched) &bus, shile sgeetionilegiavira@RV0doesnat ghargntae tint, e ahigiven olociany

given clo read t has. been i nvalijd | ongest is sel ected,

it owill béﬁé%gﬁfi‘@?egg té‘%?P{Hsra\%ee%Waﬁ‘? E?PE%% ‘Stsﬁ‘;ﬁeﬂrég%{ﬂ@e anpvetiated atanype

sel ected virei thatYecdmeknetidlveifl befselbaredwithia N Slvélt éydleslof bectaiiBy fFRRAT FENT S,

t he maxi num nurﬁge. C of threads that pri orggﬁi/ encoder 302 considers during
a clock cyUPe® ‘if{“HE“tF’ith? paEmn Bk 6ot thrneds| that pristy engedar 30Akonsidetrer N of
threads. dddmsa (H&V, d s ' ¢ Lve.cl ock
cycles, and the m n%%%%%@?ého% ac oc% %@%&g{sﬁ%g%gtro feﬁ'g ﬁé:fz\g#t@aeﬁdsbe

r esel ect edhif@yeviets adhreadfiibmdelng seldfted on napstdutive viabk eyads, Said the misiedin

enmbodi men opfigurabl e parangter of .the system) [0051] It
will be a%‘%’#‘éf’?f’??%ap Frcles i EE‘FE%% ‘i%ﬁef?fgf"‘&tc% Py &Ftcoatﬁ%ifeé%@éwﬁw fien es
descr i bedvalheofCn(lasemt binbsdif@hisVE nafbe blRahfiptasile) namsteABHmERHdh.Fat | ons
are possible. The various circuit conponents described herein may be

I mpl ement RASYS| RGvid bi b : i-C Gl ECcli ' .
t echnol og Fﬂeas,ll]s Di f fle ?S\r??ﬂ%%ﬁ?g Iﬁcl:a‘:EI F%tf %ltgéudrlrlggélg Icgéc")l{lgééﬂdlt Sﬁlpeggérﬂe%?%dr% ?c%bg% ppor t
di f f er ent hejeinees illgstrative and thebyaristionssind mddificatitrodirepodsiblerBreevaniouseciichtn one

i nstructi . l. cycle,. the priority.encoder nmay be
configure t@é‘g gg%CEﬁ%qCIEE?%PEE @ﬁ%é%ﬁém%%fi uﬁ‘f‘%&%‘%ﬁ} pral d@?@ﬂ%’ér",ﬂc‘%vi ces
ot her t hadesigns end teyhreagiche Diffaryt logic whewtsimdy «les & ilpkiéted@isefpdrval i d

t hr ead todi?t%' e t1 Eor i nstPance, Htlhe seLe tion logic circuit my nmaintain a
"| east recent %7?? PR fples, Kot pxdupnie.ip gp ?*@maﬁa&tf%mmﬁh@ ednsiuelihmay one
of the vabd fitched perlotickestlelthe pribgiehictlact hbPb SBShHpRRIATS setb @ InRfitisih Bt S

detected. In siill ofher enbodi nents, counters or simlar circuits may be
used to di &Mk REcle| Moroyes fevcesioics than pRevtEnpedesymay he nseddordatérainiag aps ed

time sincehiehifvaR@ iRt sasd:. 8t BELAY; & SHRALdnI08. b &PPmﬁigﬁ{ Lo aﬁess on
the counter values maybe provided to 1dentify a feast Vé eﬁlﬁy val'i

t hread. [Wesdly vehd deitified et isupdated wben i tmnditban of amapf theolalid bitabkdiveérthal
circuitry te N0 DL )« s bet n selection,tine and
o time whoke Rl R R ks B Re@eed W Sher BT sfier G S S
exanpl e, Gueuthmapbenseddb detarmbioackpsetiting, sifice anfrgad bécamseveilidlanvebigssed t O

retrieve 1 1S ction.fro e main. instruction store (or a secondary
cache) an%lﬂ% ?%‘\E/El %étia]yeafit atséasﬁﬁ?q%(’i%? §apansgn @MWB’G’FW&? cqunteryglugse
desi r abl emaybe provided to idemt £ @ et retdntlyRakid 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 becauge 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 wlng fetching of instructions for a thread
that encountered an Icache miss is inhibited. Thus, son;; embodiments described herein can

avoid pipeline bubbles and inefficiency in the event of an Icache miss.
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thread during this interval, e.g., to prevent instructions within a thread
frombeing provided to buffer 138 and/or issued out of their program
order. It should be noted that because fetch <circuit 136 does not sel ect
threads in_a round robin fashion, instructions fromother threads may
conti nue 3‘395813 féberpawliinde thedatl éypes 38 suppbried sthe sbledhioh dogiemaintakg feéad type

i nstructi -t hat. encountered an lLcache m ss_is inhibited.
Thus, so nemg rgr%%g{“an%ﬁlltla {sl ggg%sg%?‘bie‘%f %g?lgiénmc[g%m%é(vfgpﬁ“ ﬁﬁ‘b‘@ s s e praratiand

i nef fi ci enbyutthreadtgp@niendt pasviani teaeRtRTbSS cirdrk 1080FR), AOSER EHlakiabl &

t hread tyg?%gqa(r}i?%ztt@gorte , the selection |logic my take thread Type into

account o 2p5adfng pogn aliemagive embodimpet of tsaueseniinveitionthat takes g, 2,
i nf or mat i geadabpeiintd ftcoRf VBRSNS ' (BreoRLEEbh O A f9LG  Ci reuit
206. Fig. 4,i spgd{lbl ock di agram § g%éﬁ%ﬁﬁ&g?'rﬁ%f}ict&%g% %@%%fsd\(ﬂﬁe & an

al t er nat i Valbmaydnelide upto X fiweads eEafitst type €' emd apnat V-tR ke ds bhi Sr6nd Y pe
into aCCO%("]%:? this enbodi nent, the execution core also supports N

t hr eads, i'ch”may include up to K threads of a first type ("A") and up to

N-K threa f second .type ("B"). [0054] A type A arbitration unit 402
recei ves ﬁ’j’é@r a% %%&ﬂg?ltrgffwf#dzrrmweﬁammm Gauntey gignala fohw tha adtiverypeber ed
for ref erﬁﬁﬁﬁaﬁ{h&ﬁﬁ&@dﬁﬁr&eﬁeﬁf%ﬁosﬁ ﬁ’k"yle\?aélﬁta;tg% }%E{%&ﬂra@%&iﬁ%ﬁa Ogr od

recei ves program counter signals fromthe acti
for ref er GREESS PIOETpEeYnigrsighals fibra fhe afipetype Brthichdsiimbered fdr rd@anse! ect s

one of t ' nse . e] ecti i gnal. from sel ection
| ogi ¢ circu %ﬁﬁ?ﬁgﬁgﬁ??yﬁé%E%{%ﬁ?%{npg@%sﬁe#sggao?@gﬁ Atgeds 8t the type
B t hr eadstesponsetopomwketitmsigna doaciclaetion loghadirchit 206, 964 Bk EPAbIALHE wiil 464 t
408. In o% an%gd% Qt efﬁ.{t_h? comfiguration ?f .each of 'selection |ogic
circuits g“'é, 468 H‘g YR Hireads jn weipRnsa fo 4 sslacfion sigeal Soppwlpotigblpgioirchit

r ef er ence48o irbgie erBbadimbmtadhe @a8HSR1RUFI bQionAbgi€ birdui sel ects
the thread of itse{?gfsp cti vg type that?}tfﬁsaﬁshdgg'g%&}%\c}g%l?gﬁ%%éqﬁg’n@gg‘%; it

will be appPally sl i that dsperibied abeiel with refarenss tafig. 3 69 thet ¢ach seledtien logiy al SO
be used. dsuitdesuokked L1 lon.rules, there my
be clock cycl es for mci;t(é:‘ﬁié‘g%gacﬂs or bodt%gsl o?i‘g@ %?%gglnolﬁvﬂ%%ﬁ)ﬂﬁft’ IE104 does
not sel ectilldsyrpiriated thet oBsponfiguratiopoaslselectidrhmles atayedsode wednad s from
sel ecti ory ' b JuC il : 0] . A arbitration unit_ 402 and type B
arbitrati C?%l&g):’ell& £ 8%%1&% r%c\llllﬂggn A Leéssgléag %lrgrzﬂess’e*gg% bﬁr‘%‘ﬁ’?ﬂf&%f?ﬁ 9R&| ues

(PCa, PCHyr bashlofgrtstyationamis #p2t40d roesndt séldd anPtheéddr at i on units 402, 404
al so advantageously identify the respective threads (a, b) that were

sel ect ed.[0@5)bdh rapbihderta tieBlectioh digthlOraRk ae&ﬁmh@éix\@i%gﬁ@%s,%ﬂ —cﬁ%pﬂ n
response ta, a.type ection signa gener ate y a thread*iype
p t“)[l'ﬁ"ll@‘il t [ (A'B erated t’hr e’

priority aﬁipgtm 2 and type B arbitration unit 404 provide respective selected program
counter values (PCa, PCb) to a global arbitration unit 410. Arbifration units 402, 404 also
advantageously identify the respective threads (a, b) that were selected. Global arbitration
unit 410 selects between PCa and PCb in response to a type selection signal (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 PCh 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 circuit 412 gives priority to one or

the other thread type based on static or dynamic “importance" criteria. Various criteria may
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[ 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
enbodi ment, thread type priority circuit 412 may be configured to give
equal priority to both, e.g., by selecting PCa and PCb on alternating

cl ock cyclisused.nFarsxiple, EHRAHIAR Vpes sdHpshdlty g?cgp{hi_ré%%]&ﬂd \gés ek %%@%]‘1? ey

sel ect the Iegs recently valid of the two can ate threa In yet
anot her enBd4 ?ré“rﬂr?bif’  @¥RIPESIHE tpyariskitinpadsi(e.gubecadddsogioszel phircalsintighttn@t one

or the otkesiddn . ( tic qr nam ¢ . "ijportance” criteria.
various cri terléitg_b(réfaqgué%@Erghﬁ%g.“?%&agﬁgwqg?g%f tﬁ{%g hﬁﬁ%&&mﬂ’?%@é) Thus,
cor r espondPneselgptiosl rutehmighiddwayscthuesetaverte ieadovet 4 pixBBtirdd8. A8SHEARIELL

gi ve pri orljuLé/mIﬁ vert.ex,t hreads, ée.g., because sone pixel threads m ght not
be able t & 5amiERt s efiaed i fepeahing serengspfspme npmbenafivertices follewedbesmindas

been conplmingd} of pikels (c.c. AN RAIEBEHER Bnd pikel, 57 @Rk ly?ig%fhé’ g‘ﬁ{? Rgé’ﬁ%‘(g% yertex

thread over a pixel thread. Another selection r Ne4os a
r epeat i ng E5Befédh e cBices ewiad b gpixsts foearbitoesintagetsoned f)y Inperenceesiagio of

pi xel s (e.yg- ' . | xel r three verticeg then two

pi xel s, orb;g drigfr‘éé&)d)}élgﬁiedﬁ gﬁ%ﬁh@gsﬁdﬁfﬁ @I{eégflgﬁngmeﬁ?‘ ﬂldg?r%’ll threpds thapater ar v
i nt eger s \eusrpRtlyActive opthett e cerendp awhising phredtfy. MelkcdyAN 8 JhYead%gﬁ- 1
dependi ng ﬁ%ﬁw&(’gﬂwg?r of vertex f1amd/ r pixel threads that are urrently
active or P{Hhat AFENEls mayPrinadaeen %&b&%émﬁ%@t@@tﬁwmﬂég sygem

t hread tymaplepehtationy circuit 412 may be nmade configurable to support
optim zation for a particular system inplenentation. [0058] Q obal

bitrati [ Ch on type sel ection

R N o R e B R e S R e S
| cache 138i8n adprevides thsselteted prigrain abmter value (BRI PTIOGIIBRAS $32 t he type
sel ectiongsi Qccasional | cif hread type A (or B) during
a cl ock cfllgctsgﬂlﬂ%ll% ¢ E&}r@gd Fﬁ?‘@a&“ o1 g éB@CPdE{ncleté)tflMe §@F‘ét%ﬂéwn5%may

t ype- specpédagionally specifylifitbad 4fp4)A (05B)dating@h Blobk 8yd1OM bk nd ilg‘ezmatﬁ'@)gye _
conflgureeBt .S Ite &3 PCbet}éPCac)c, n this event or to select no thr ada‘(l .e.,
no PG is s)e‘ﬁ?s Sfe%“’ﬁ 2 LifdvRasen .‘%@@5%49% (48¢)-| Globalgsbitratiommenitil Hmay bene
fetch ci iffgussddo belédt @CH ; e ' ' tjwv d that
vgr iCat Fl):l;::%igggs)gl fi éat [ gﬁf%’ﬂ“ﬁoﬂﬁ gf %.S%I{?ﬁtel}deﬁcﬁé ? yéér’;"’ednotl??ﬁg%eé%go (or

ol3d)-

di fferent types) have physically or logically separate instruction
caches, the fetch circuit may be configured to direct the selected PC
val ue to {M&%apBmipieaperedatch that the fetoh cipauitdndebusfet ddseabbd(lexeih lieead t ype)

identifi efiiubdad, to .select the apprqpriate cache. The buffer
My provi él e stor %g@‘@g‘r’ rrﬁ g%s %ﬂﬁéﬂo‘ﬁﬁ%ﬁﬁf)ﬂ%?f? BBTSF i ﬁ@?retqiﬁ%féﬂt, theeads (or by
provi di ngdififerent 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

provide a thread (or thread type) identifier that can be used to select the appropriate cache.

The buffer may provide storage for more than one instruction per thread, e.g., by providing a

FIFO 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 F IFQOs.

[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 feich circuit is advantageously configured to select threads only

when space exists in the buffer for an storing instruction from that thread, thereby avoiding
buffer overflow.
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FIFO register for each thread, and the fetch circuit may select a next
thread to fetch based on the nunber of invalid or unused entries. in each
of the FIFGs. [0060] In some enbodiments, it is not necessary for the fetch
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sel ected 4 tergiab ienablbsdiation oty apb@?nﬁ@rég%é@fdi'% stoarcb%géi%ﬁds%ﬁﬁ rédifl/ or
execution dule 142, e.g., to enable selection of the appropriate _
registers 8r the source operands and result data. [0062] Schedul er 504 is

advant age conf i red to select anong the ready instructions in buffer
138 wit ﬁ %ﬁ%r §94 i advantagecusly wnfmnredrtoi evlech amogg therexmignstiolions

exanpl e, nqﬁﬁﬁplygga{;mﬁgév Ogﬁsﬁﬁ?&tstbq?ed ogaegg%ﬁéh“?aﬁ% 19? buffe 138 that

has been waitin regar ewas | ast
sel ect ed. S@Q@dﬁ]m‘tllgay ®1q03tha r&dwxhstﬁacmdl inlbaffer Mgkt an: BdenavasdlQehiidn | 0gi C

h I 504 for selecting a'thread
tCIOrggl éll S%ggésﬂf}%ga?&g Qgt‘ﬁhf’ ?h#ggd gs[tg %Gee *ogic circuit 600 includes a
priority de 2 and r token) counter 604. The valid signal
and the r@g@ F @ngpsqﬂ}npggecﬂ élaaraalr%f selsotigeagigsirwibéQlsthatonay beespect i ve
AND cir Clléltélfgd@tﬂﬁ scl?éduwr IsbY f5REREG s Dififeali BF 6L AiSutdhIE AN Ritker $3P NS T OM AND
circuits

logic circuit 600 mcludes 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
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
fe;ady to be executed. (In some embodiments, the ready signal for a thread is not asserted
when the thread is invzﬁid, 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 valid 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 N 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 priotity encoder 602 ranks the remaining
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[ [ "s instruction in
signal for each thread that is asserted when the thread's inst
bu?fer 138 is valid and ready to be executed. (In sone enbodi ments, 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
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| ated .that any thread that becones re an | _ _
el cct ed PR, | eydiessseabipeqsmeng e suds hrbad fom g stledédront 5, |

be dedirii ivier, h Lhein | ected during
(r:rg%segut ive ng:@g%l?hgilvcﬁ:lcgiség%g%%%%&i ng| %fy {h%%@@un ngrg%fzzﬁregcfs tﬁﬁﬁ’é‘ﬁﬂ? t hat
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Rk [ nber
nunber s e . [ N of threads. (Th maxi mum nu

may al so be ]gf){:vyr?\?? gafjdrgégfgé gJaa?: arreE eB r%g?r Pl abfe parameler 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 support 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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iy Me-DaiRtd i t at a given tine, the

t hr ead mgﬁ}’e_ﬁé : . g_ﬂomg pqm@md@?%ne.siuﬁfg;grt hgi pel i negi s free. A thread
fl oating- gl nt ]E%tpe.l ine is busy and _ , rosrd t over a
e an et ek s aesgomorsag ronpofe mYER ST Ve 2
t hr ead V\/lrb&ehe?tgﬁ Erﬁghggbgln@ %gf%rnfaﬁ%% fishatelied Sorfspuer 5 ©4In qrisembpdiment tissder
I n response t : : : ‘In ope enbodi nent,
L e Pt s Ak e e R SRR 1
| ssuer Lacl S _an oper . .
f ocei ves %,?%@rguéoﬁ'ng Lé%cf aperand d%?lector 508 collects source operands for the ms-truct;ons 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

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 togefher 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. Issuer 506 s 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

19



I nstruction, and operand collector 508 collects source operands for the
i nstructions in buffer 510 fromregister file 144. Depending on the
configuration of register file 144, collection of source operands nay
require multiple clock cycles, and operand collector 508 nay I mpl ement
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sequence corr cg%ndl ng to the ord té(?ﬂ%ei }(ﬁ?ﬁ%étgf;ége\él i‘ogﬁﬁfgrt‘?‘é%]mgand at

each cl ocKDSE® |age yeBWyed. 506 may sel ect the ol dest instruction that has
its operands by stepping through the sequence (starting with the
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behind it in % ungt ﬁg‘éﬁn egnéﬁsge 'i‘?leF‘F‘"éﬂwﬂ@Fq}@lﬁdﬁnéﬂeydlﬂpﬁ@aﬂwmmmtmn is
i nstructi (adﬁangEOL&ﬂ}dlﬁdlnﬁﬁnédhﬁa%ﬁﬂd%té‘n{t)pf%ﬁ%&%? ethevégd gﬁ%@?ce may be

mai nt ai negi g an ordered set i cal” €tora Y¥éns in
buf fer 5161PRicRY lp?tgtctl%mabrmnmnn@e dngidal o statedinfil the enRtrubtivedt iQRg). a8

precedi ng will Bsh one .enbpdi nent, an

et ot g ¢ p ARk RE b Gl SR b Peteo BB8 Pl husdons oHistier 138
until it FHisgatpleender, ﬂgmmﬁ@raamm helpltd’mdvﬁnemlﬂkifale btr@ftioflt #ORtRLs

I nstructi a valid but not ready state
(o g, norAdtror? BURRLARGRLS priitol i huiBtis | diershaimrermegoreat st

| ogi cal t withinstthtead.unt i | the instruction is issued). It wll be

appreci ated that in enbodi nents where issuer 506 may issue instructions out

of the dltggal ch &thél@nb e ent _nultiple
i nstructi onsj&ﬁ}om t he sgﬁgﬁ&tﬁﬁgﬁ%ggﬁﬁt ﬁ%?%%n(ﬁfangﬁﬂlv\{’ﬁpeg@nt in
buf fer 51% FSERSF S0P anprissun instnetions ¢ eienstionumodudn 542 ok bfvicificrxbhiead.

[0070] | nutshey; &ygq es..n erf orm oper and
col | ection, For. exaﬁ%jrﬁ,@triécsels‘}ﬁgr%g%@a%gﬁ grsﬁ}gqaﬁgtyﬂﬁlfi?m’?sap?@%ﬁtécut i on
modul e 14%PU§0Peigads thicseaution uiqduhe 14amomemﬁeemﬁt)ma@mtshﬁéfe&f5 emftfgel ved and
signal r ropriate source operands to
exgc uti oﬁ&ﬁrm u el{t A a%léio é‘% ‘i?‘é&ﬂtﬁﬁ%@ eroguifterdh r 1 wEl be ap%r@dmtsi

that the partlcular confi guratton of issuer 5 06 is nof critical to understandmg 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 citcuits may also be implemented to support different selection
rules. The scheduler may also include various kinds of logic circuitry implementing
additional selection rules, e.g., a minimum number of cycles before a thread can be reselected
for issue, and/or different selection rules, e.g., giving priotity to one thread type over another.
Such rules may be implemented ustng logic circuitry and techniques similar to those

described above in the context of thread selection for the fetch circuit.
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enbodi ment, operand coll ector 508 and buffer 510 nmaybe omtted. It will be
appreciated that the particular configuration of issuer 506 is not

critical to understanding the present invention. [0071] It will be

appr eci at eﬂmt_lgﬁt \%ngb di spatch circuit described hereinis illustrative and
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convent i onal - di gi taf &I regpsnizethatymmesong magi¢fimatbmgirepossBild. f R @tankO Gitfie
circuits nhy eatbadinkats TRl B AL rt. di fferent selection rdules. The
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20 [0072] WRTICERTHEMAR limifisgs thaue ipetmistide penthivedipasicldok gl ortild iR G| | ©
enbodi nentatlpwaneltipfeKhdth@8ods i Ll, recognize that nunerous

nodi fi cati ons ar eppossi bl e. F%r{ﬂﬁ}eﬁsé g\rflﬂcrga:d Rﬂf?fallsg“e Ipdhesemsdilonkysledlelacr i bed
herei n ar §"RYFH (Presgalrg embodinzents( theefetch cin@iitiesy BBFMEKBEE Lo fe{cﬂ?’iorrgm %0

i ssue, al temeliy ' S Y.SUpport superscalar (1.e., nor han one
per cl oc(lgqéydcl éﬁg@%&% %fﬁ cyéig‘ugﬁ“sr ﬁ‘satosb&ﬁéﬁ@”étaﬁfhma‘é pthisentrifiventibe

i nst ruct i &dudes smbddiiments thyit\feith aic hBRIarENEhS: fromthe yarious
threads ip,28Y. GOnRjnat i &?’ deii red (e%. , sémwofgﬁ%g%ﬁgn%naf@l%@m} ?rﬁit’farl’ssue
to one instructlon PErOHFLeash suele Whrrg theypwmbersfinde® mapee allomied adlongW
nul tipl e mvdtiplettreads $n ifyOMAddRe SRR £ .ssued in the sanme clock
cycle). g su ersccﬁllrar (or scal ar) eﬁl%g@ﬂlﬁéﬁtog,ﬁw%‘@nﬁ‘é‘fE’ﬁyébf’@ﬁiatiam al so
be modificd To T EYRHIHNS Pragessorsne i nstructi on per clock cycle. Thus, it is
to be und&roﬁt ood that the present invention includes enbodinents that
fetch an kr & yddifinm ent-¢fFordefinstnetioniabiconthin b thrbRSHE, @@nﬁ:ﬁ i.%;&%g

nunmber ofdgsﬁgare%tg DS ‘ﬁ’? Lﬁagh&@{cl e, where the nunbers an ’5 be
al l ocat ed among =~ milt PP THPERTET ISFueisehnigien SomgenprabpurpBseyndécems tapf t he
i nvent i orélieayissiesf abp readg pisedctidnOrithis 8n "4kt anous processors. [0073]
In addition, out-of-order instruction issue wthin a thread may be

i mpl ementl@874]f Thlesieb@ibn ®R+&-¢ i t -.0of -order issue techniques
from gener %_ﬁ-glﬁ)u&gr?g&e pr opegspregé%bﬁgg%gjl %l\}ﬁﬂﬁlﬁg £ pLpAFticWargmhes ox uct i on
within ar®HgWs | FEBHion mge 7HYr cRhmplexmeliplosxeanionsmAeaay LhRbREI £ N are
not |im teébesOa 8¥n RRtrhdifch! & er or —configuration of execution units.
For exanpl e, _rruF?i IE)I e&%egg)gh | g%“g%efgtl%lgntggﬁy Bt differgnt instructions (or the

same mstruction with different data) in parallel, and so on. The execution units may process

mstructions with fixed or variab}e 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 tilread types may be

supported, with each thread type corresponding to a programmed sequence of instructions to
Pe executed. Program instructions may be provided in various ways, including built-in
instructions 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.8., C, Cg, or the like) and compiled using an appropriate compiler for the programming
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hader).  Arac iy SECRRAHE BUERT o enss P ivosn ey e gt I, g.

shader). Prograns nmay be Treatetd |

C, Cg, or computers sjriambandiwhl devtbes siddgs pBrsaR MM @&i@taﬁ@@bhq,]g{ogﬁet he

pr ogr amm 1 lL,.anguage and the graphics processor on which t rogramis
to be exeg’ﬁ? A Uy %?FS%E'PPF@HS%‘POI“R Gsteng such @ visee seme sonspies;and e liker mat
(or a different instruction set) that is conpatible with the execution
units may [BE7hr JtwHbelsabe apaccizied et elthdugh theoineentinh i eentdestibedwpBaNENt S Of

th hi d in_t ter t 0076
Graphi oo b oreoERaios s R ot abd BT HisPinedeeai el abogt ocessor

in a w dénplemegtedfn cthapmuitityeatied ndewpracesbiddi ng general purpose deskt op,

| apt op, and/or tablet conputers; various handhel d devi ces such as personal
digital agel7s] armthas,(@RB¥sgh theRReht§on I&@@Q&?des&i&d;wiﬁﬂ%fﬂeg{?@gﬂ%&ﬂée conput er
syst ens suc% %s vi deo .]garre consol es; and the like. 0 ]"Tt w il also be
appr eci at EGopfigtentsait Ml big ApRrpRiated thah thedrventien sdatandrdde cotse dil mddificatiefser ence
t o graphi g&d B(RERSS : . descri bed herein may al so
be i npl erren?{ed in ﬁﬁgﬁ%ﬁ?c?ﬁhfgggﬁ%ﬁ Ir’l(t‘Jﬂqugss(')cessor s. [0078] Thus,

al t hough the invention has been described with respect to specific

enbodi nents, it will be appreciated that the invention is intended to cover
all nodifications and equivalents within the scope of the foll ow ng
clainms. r 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
associ at ed %ﬁ#ﬁﬁéirespective one of the plurality of threads; a fetch
circuit configured to select one of the plurality of threads based at | east

in part on whether theg ass?&%.%%c@:ﬁoc%ﬁs@f g3l lhlrhr{r,]%g%ijéé‘lgﬁe{mﬁegﬁ]é@;bffor

buffer is available and to a next instructio

t he sel ect edhreads, whercingagh threatl inojudss a s¢quenctofinstroctidne, the midroprot¢dssar buf f er ;
and a di spatc&Q I%{lguit configured to determ ne which of the stored

i nstructions iR ie instruction buffer is ready to execute and to sel ect

one of the ready inst abekéodfisn inddile cohfifiuaito leRedufEin@NREMS foNall®TtHE Sluradity The
m cr opr ocesz)?r of. claim 1, wherein the fetch circuit fetches instructions
into the i nd¥f¥eadSon buffer in a first order and the di spatch circuit

sel ects ready instrU%maﬁcdoab%ﬁléﬁﬁaa&kng?gg{ra]gmﬁ&ﬁgém&{tfaﬂ; 0& %&r{agé

order. 3. The mcroprocessor of claiml her”conprising
i nstruct i on locstienbeingadspejated witha respectiveions of thepluwaldy ofhesads;n t he fetch

circuit is further confdgured.to fetc t he next..instructi.gn

transmitting a _request% fl?tglgflﬂ%ﬁl_tncanﬁglﬁ%grs %th%ﬁﬁ#g}e %{Fﬁté’ Olfﬁ“farbﬁ%bﬁ?gﬁ 1§8%t on
e e e
i u ; . [ :

count er va&?fglg? Brxt dishpclyn lf‘ﬁge SSAYPSf %‘g;}i‘%ﬁdef’w gﬁﬂ%{'ﬁﬁplé]éarh@éﬁd%aé%’&&c&e
circuit confih@ueesh tudfes:edngct one of the plurality of threads based at

| east in part on determ ning which of the storage locations in the
instruction buffer isadigheirh eiptuit copfignrediodetermine Mdithof gherstared inblaictigng ior t her

configured : ¥ L { i .
arbi t pat § on U REIELEELERE M CERPOMILAM: b R4 0, 81 P Raiy flltuctnBh ve
transmt t hssueshiedhalexeeutipnogedaba. count er val ue corresponding to the sel ected

thread to the instruction cache. 5. The mcroprocessor of claim4, wherein
the selection logic chreuliye 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 or 2, further comprising an instruction
cache configured to store instructions, wherein the fetch circuit is further configured to fetch
the next instruction by transmitting a request including a program counter value to the

instruction cache.

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

program counter logic configured to generate a candidate program counter
value for each of the plurality of threads;

a selection logic circuit configured to select one of the plurality of threads
based at least in part on determining which of the storage locations in the instruction buffer is
available, the selection logic circuit being further configured to provide a corresponding

selection signal; and
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includes: a priority encoder configured to select one of the plurality of
threads that does not have an instruction in the instruction buffer in
accordance with a priority ranking anong the threads, the priority ranking
bei ng determ ned based on a priority control signal; and a phase counter
configured to gener at entthérgiionercuiyconfigtred ko wieinathe seleationisignaltanditd frasarit

times, the iori,ty. control si,gnal ives different priorit ranki ngs. to
di 1forent oniecagpidie g countepValyg conesnandine ta e sslectsd thipad ta the igpmittion
wherein the caggeection logic circuit 1is further configured to select a

first thread only after a mninumtinme has el apsed since a previous
occurrence of selectipg the first thread.,. 7, The m .croprocessor, of claim4,
5 or 6, wherein the pEuraI' ?/mbqfoﬂrﬁ?eégﬁé’“]ﬂ%a—dme%&fqSP@P“‘WSE‘&CE'FUIEhreads
havi ng a fi gRiydedir ead type and a second group of threads having a second
thread type, and wherein the selection logic circuit is further configured

to select one of theaphgfitylenegdepeondigrvedds sdhent onk efithe plasity of thigads that does

respective : . r.all Jhr . ..8:. The

m cropr oces ?@{ﬁgg a%?hglﬁgﬁt&fn n?\;\ﬂl%?neﬁhﬁ%(#ﬁs% k glc{é%%lﬁxchéﬁ”%&cﬁrﬁ’g@ F"n}qélg P ener
confi gured the theehds; thegprioritystankiag beig tletetrhined Hased wh agribtiy dontrstsigral;@ad t ype
and a second candidate,thread havi.n he second thread tynpe, d to sel ect
bet ween the first canaph?ﬁé’ouﬁ?fr(‘é)&hg'grﬁ‘gtﬁgﬁe@gﬁc@ﬁﬂn%w&f)@g‘ﬁél@ﬁafead based
on the respective thr qagrelyReSierdat ik, tib BHORY 68ES Uen 8l iAW 89 EnrickiRe
precedi ng cl ai ns, u_pﬁgsper conprising a register file configured to store

f
data for ea&karestndifisran: anesof Seads, including result data generated
by the execution nodule. 10. The m croprocessor of claim9, wherein the

di spatch circuit inclgdes: ThamReQHERAR Bf QhifC4'bL 5, SPRRIEHe sQedidE 14ASEEdRL | ON
buffer and the register file and configured to generate a ready signal for
each i nst r ustishericanfigneed teselecica firstthread paly afighemaninumting bas danged singmal  f or

each inStrug&mw&mﬁ‘?éﬁae‘?ﬁ‘ﬁéﬁﬁﬁﬁ%&?d based at least in part on
or I nstruc

whet her a source operan Ion is present in the register
file; a scheduler circuit coupled to the Scoreboard and to the instruction
buffer, the schedul ef. ci r€hgmicsetroegssssaf ¢lgiar 4 ard®, whensiox thoplurality oftbreads

i nstructiong,j ' ' : \ﬁfﬂ.q?aha e ﬁmﬁ ' gﬂﬁl '

asserted as acdggi%'ﬁfsh@i%%gﬁ}ﬁé%ﬁ? g&é@%gﬁgﬁﬁeat otir an%%% a %%4 r es&%lrilscsii ng

grant si gnahavieg & sesondhibiread Erreoandouiidrein thessaldction logic circuit is further configured to
select one of the plurality of threads based at least in part on respective thread types of each

of the plurality of threads.

8. The microprocessor of claim 7, wherein the selection logic circuit is
further configured to select a first candidate thread having the first thread type and a second
candidate thread having the second thread type, and to select between the first candidate
thread and the second candidate thread based on the respective thread types.

9. The microprocessor of any one of the preceding claims, 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
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an issuer circuit coupled to the instruction buffer, wherein the

i nstruction buffer is further configured to transmt the instruction

sel ected by the scheduler circuit to the issuer circuit in response to the
grant signal, the issuer circuit being configured to collect the source
oper and f or thelreadyesigalt fededch ststruction gmastererhor het assegied based i lesst angrtton f or war d

t he sel ecte hnstruction a he sour.ce. operand to t.he ecuti on nodul e.

11. The ni cggﬁéjg%%%o%cﬁ ogf;ra%ﬁﬁlgqrﬁhefﬁw%?gi esﬁﬁtén&aﬁg@ﬁtfﬂé Ccircuit is

further configured toasékédér didasit beipled to Hio Stotdboardladd kS hshases el st
h of  time fhat, each instruction has been stored in the

In part on a%&qgtt t I [ I

i nstruct i onSGEFY r":lrcﬁlﬁbe%éo g@{:egﬁg) 5@%%‘? oighe Hspetionsinghe mptruciioarbufier fone
schedul er _cwcmeﬂea@ggmsa@seweaggahyxt%meﬁam%qm;egﬁqﬁ%&ﬁnﬁ%' ect one of
the plurality of threadS that has an instruction in the instruction buffer
for which tfETesRRIdinEgrgH ignpldo thedpytruetion bitféarednd the one of the threads is
sel ected i n accordancg, :\w : QL] | ngk t he thread i he
priority ranking bei%glg\%%{]ceﬁra%ﬁﬁle) lééée%g@?&g&gﬁggﬁ% VH%YSM fnsé-?cé'rqgl; and
a phase coumtfér icforthergonghredtogeanenathe indterction seldcted byahd sohkdulégmabit toher ei n
at different_tines, .the priority control, signal. gives different priority

r anki ngs t o o FEFEAR I ‘%‘ée g]fth‘f' érgnttspﬁr@g&mss%? C“F/E'g\éﬁ‘i“gf:%‘ﬁ{%‘@stgﬁgu%ﬂh& ai m
10, 11 or I1shurestupehd fdrhige Rlodtedlinstryictitn frdrh HRASSstePSleWde o Rriitishe @il Of
threads having a fi rcg thread type and a second group of threads having a
second t hr eR§TyqHpR an SW*@?@?@FA’@H‘% cregtrBmaduleeyi t i s further configured
to select one of the plurality of threads based at least in part on
respective thread typgs ofTHeagbBropfocedsbeofldtinalol twhe@fn thos@ader chébuit Ehe
mcroprocesiﬁirl of 1g%ny one of clainms 10 to 13, wherein the schedul er
circuit is POPEITORLEER fogslegidhe Bexd nstuetionie issre based #ileastinipast opfa lengtleafis
bfased at | elﬂ‘ﬁ& tHaf‘eacH;ﬂ{sﬁu&{bn%ag Sée%%#df@d Brm@&$M tI%HBEﬂGIOper ations associ at ed
with the respective instructions of each o tche threads. 25 15. The

m croprocessor of any one of clainms 10 to 14, wherein the execution nodule
includes a plurality Bf eddeaqufioprosessersof claim 10198 1 bovherrin the seheduisr t i s
further coffch@Wc-8@ci.0 sel ect one of the plurality of threads based at

| east in part on a determ nation of which of the plurality of execution
pi pes i s not busy. 16 prarifetisodericonfipretiossientypniens theypbiralityof threags that has

m cr opr oCesgahfiRAbd SUhERstruction 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, 11 or 12, 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, and wherein the scheduler circuit is further configured to
select one of the plurality of threads based at least in part on respective thread types of each of
the plurality of threads.

14, The microprocessor of any one of claims 10 to 13, wherein the
scheduler circuit is further configured to select one of the plurality of threads based at least in

part on a relative priority among operations associated with the respective instructions of each
of the threads.
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for parallel processing of a plurality of threads, wherein each thread
i ncl udes a sequence of instructions, the nmethod conprising: fetching a
first instruction froma first one of the plurality of threads into an
instruction buffer configured to store an instruction fromeach of the

plurality of threads; subﬁ%%&g%l ' nd 4.nst,ruction froma
second one of the pl urlszil ity o érfcécgsg)%B?%q%ﬁzg%d]rdu@ﬁ?bwﬁ%ff@é?;

det er m ni ngexseetidremoduie inohudea pluedlityt dfexbiutioh pipes,tant did sohedalidl cirb\gt is Gatieel
instruction is. re 0. execute;. and i ssui a ready one of the first

i nstructi on“ﬁ%@"‘feﬁgg§ eHREC ?ﬁg‘? P‘B’E%%HP%B?&H\%@E@IF&%F 0 ety O 4 determningtion 9

I nst ruct i onwhiehio¥ HéeqiumdlityOF ekutioSpipBdis hiehkyr st instruction in the event
that the second instruction is ready to execute and the first instruction
is not ready to execrﬁé e. ‘%7. The net hod of clajm 16, further conprising
the acts of: subsequer®|y 4 &ahnd forproggssing wstrugiongisadRicTaprorgsspReartigrreghe
i ssued i NSt R Ghia0R prVessidEo R RGaliQ ortEads Wikt @Azl i ead;
and fetching g t hi rpé instg(ra%cti on_nlgiloto %e"?n%r%lrg%tl or?ggbr%cpgjrggg\%\%?gewft he
third instoseeqtions, ithe metheqkeomprisingucti on in the thread corresponding to the

i ssued instruction. : . laim:- 16 or L7, wherein the.act of
fetching the first |l%tscthir‘El %%@g%ﬂ%ﬁlgﬁé%grgﬁzﬂ%tsg%qesofihe{,%%ﬁ i%ﬁac@&ﬁtaia&ate
progr am couimsteuctivabufef confiperad ho stbretanengiugtial from cath sfhepliglitpstthaning a
priority ranking to each of the plurality .of threads, wherein the prjority
ranking is different SA’E’SW‘F’ft@rfEWBmEiar?@%‘?rydéﬂﬁmﬁ%"%é?ré@tsp?@dt% of fhegluralify e ad
from among §iereRliging the sBhictidiR@@s i n the event that the first thread is
the highest priority thread for which an instruction is not stored in the

i nstruction buffer, virreinng whetherape or more efdhe Gt insructiorcansdhe secorbponse to
selecting t gk . e method of claim 18, further conprising
the act of ?l%%llgt ?Snltge'g('gyg@%é%%&e’gﬁ@sel ecting the first thread in the event
that a tinme el apsed sihuing arepdyeoicodshefirstinstactien arfd the sdcond insigudtion féri r st
thread is Iggeguéoglan a mninumtinme.

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.

17.  The method of claim 16, further comprising the acts of:

subsequently to the act of issuing, determining whether the issued instruction
was fetched for the first thread or the second thread; and

fetching a third instruction into the instruction buffer, wherein the third
instruction is a next instruction in the thread corresponding to the issued instruction.

18, The method of claim 16 or 17, 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;

assigning a priority ranking to each of the plurality of threads, wherein the
priority ranking is different at different times; and
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20. The nethod of any one of clains 16 to 19, 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 seletingthe firshthread fionpimengibe plunajitpofthreddsiiattee grengthatm

count er val . ] Lty 0f .t.hreads: assignin prjority
ranking to Le{g%ﬁfsgﬁﬁ%ﬁgg?@&nséh Iagrrpglgkp{%g#"e?ﬁ f%ra%lg? ThRPILY GHOp oot B‘%F%‘r‘ﬁt‘%ﬁ

ranki ng i s dnftfuetiembuffidr, di fferent tinmes; selecting the first thread from
anong the first group af threads.in the event that the first thread is the
hi ghest priority thre eéﬁfmflﬁg'?tiwcﬁﬁ"bﬁﬁe@ 1pFeSeansg o pehecting the iyt thpadot
stored in the instruction buffer; selecting a third thread from anmong the
second group of threads; amen@h@asjfamr@ms,f@fmérhsmgyﬁﬁﬁgﬂiefar:ﬁﬁ%iﬁaﬁngﬁﬁac
third thread _based gﬁ eatglg hi, tglgrt on the respective thread types of the
first threa®fsertingdhs st thread intha eve dhaba Hmeredapsed sirceiayevioes ooshrenseét ched
in the evenielbhals dhd'8rePhleadts 168 I\Qini i n choosing the first
thread. 21. g:I'he met hod ofeaansy one of c alﬁ%glnri% to 20, wherein the act of

determ ning includes the acts of determning whether a source operand of
the first instruction?s avhemgdiodof amdonediclsims hb togl Svberebr thep of

of ol ai o 16 ARSI pE e B BTy RO By T

each of t he thytadsdving asécontl threatitypaswdiersimthe Hiest thyeadds ohejofitamBitshgrous of threads

different a | §.f ti a2 erein i.n t.h vent th both of the

first instrt&%@#@ﬁl%gnﬁtgé?ﬁgﬁez%%m%ﬂﬁsﬁgﬂo @P‘iﬁsﬁéﬁ‘a c?ié be executed, the

act of selecting a reasdyivinge: @hdidhe ptdgiah comBérvdiiieiidm eRAGS THROIHEGYRE

i nstruction jncludes the act of determning which of the first thread and

the second Hf#%ad has a higher priority. 23. The nethod of any one of

claime 16 Lo 22, wher aidritifn fridity A0 cadbF R fiof rbud O RAL WHRrie! e
e

second thread has a second thread type, and wherein in't event that both
of the firsPrPHrARking elitentahdiferabimes:nst r uction are ready to be

executed, the act of (gglge t&LeéE?ﬁhlre ?@ﬂ)ﬁm%?on%fthé A&t éxjoﬁﬁ b thRSES #Ghd &Rnt that

i ncl udes sel ecting between~t Irs
the first thread is the highest priority thread of the first group for which an instruction is not

stored in the instruction buffer;

selecting a third thread from among the second group of threads; and

choosing one of the first thread and the third thread based at least hi part on
the respective thread types of the first thread and the third thread,

wherein the first instruction is fetched in the event that the act of choosing
results in choosing the first thread,

21, The method of any one of claims 16 to 20, wherein the act of
determining includes the acts of:
determining whether a source operand of the first instruction is available; and

determining whether a source operand of the second instruction is available.

22.  The method of any one of claims 16 to 21, further comprising:
assigning a priority ranking to each of the plurality of threads, wherein the
priority ranking is different at different times;
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I nstruction and the second instruction based at least in part on their
respective thread types. 24. A graphics processing systemconprising: a
graphi cs processor including a plurality of execution cores; and a
graphics menory coupled to the graphics processor, wherein each of the
plurality of execution cores includes: an execution nodule configured to
execute instructions for all of the plurality of threads; an instruction
buffer including a plurality of storage |ocations, each storage |ocation

bei ng associ ated W t h yhek€s REGkicVENtINR bBTh dfhiBe RisHRibdnonehdiil KAGM 2
fetch circuit configured to select one of the plurality of threads based at

| east in padfstoatighaemeadyitnbe axesutsdathedcieicelrgang arady one ofthe fiest instruction i on
buffer is avajl,able and to..fetc ext ipstruction.in t equence f t he
sel ected on 4 %eﬁ%ld&PW‘P{‘;‘PC@f&F ﬂ?eeaé:agpi%?r@l?lﬂg u{hrlél} 9{}5‘? ﬁ?ﬂﬁ'ﬁ?ﬁdﬁa@lﬁflﬁnd
a di spatch @édoﬁditmegwmgmg@amﬁeg@term ne which of the stored

I nstructions in the instruction buffer is ready to execute and to sel ect

one of the ready instructions to be issued to the execution nodule. 28
Y NS RUC 16 method of any one of claims 16 to 22, 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 at least in part on whether the associated storage location in the instruction
buffer is available 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.
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