WD 2005/ 033927 PCT/ US2004/ 032063 METHOD AND APPARATUS TO ENABLE EXECUTI ON
OF A THREAD I N A MULTI - THREADED COVPUTER SYSTEM BACKGROUND Mul ti -t hr eadi ng
may al | ow hi gh-t hroughput conmputer architectures. A 5 thread nmay refer to a
set of instructions that nay be executed by a processor. At different
points in tinme, one thread may be executing and another thread nay be

pendi ng, andvORW&AIIZW t ching may refer to swi tchi ng betPOFaI2@%e32003i ng a
currently running thread to executing a pending thread. 10 Threads that are
currently being executed by a processor nmay be referred to as executing
threads, running thr eadsHOW ANCE APPARATEEIEO ENRBIEIEXEQBTIGN®MAt  currently
bei ng executed by a prqesE@ INRYMRR TI-FHREASED CONMPWEERISYS TEIM eads,

i nactive threads, non-executing threads, or non-running threads. System

per f or mance BEOKGROVAND ed based on the thread switching 15 algorithmused in
a particular system System designers are continually searching for

alternate ways t Qv _de: 1 Ghi i Iz ongput er
system BRI EF DEM-%e%&,n@%%ﬂglIW&Q%@}J‘L&G@H&*%@&C@? {?tg'rré:sr' reTgarded as
the inve tiog iadﬁarticul arly B?l nt ed_.out  and d'ésti nctly.clainmed in the
concl udi Ag pBYRA SR%GFEfEREP 8 SEEPT INSHHCHANS HAL MA@ AKECYRIONt3 on, however,
both as to organi zati on and net hod of operation, together with objects,

features, amioEdi@nt ages thereof, nay best be understood by reference to

the follow ng detail ed description when read with the acconpanyi ng draw ngs
in At different points in time, one thread may be executing and another thread

may be pending, and thread switching may refer to switching between executing a
currently running thread to executing a pending thread.

10 Threads that are currently being executed by a processor may be referred
to as executing threads, running threads, or active threads. Threads that are not
currently being executed by a processor may be referred to as pending threads,
inactive threads, non-executing threads, or non-running threads.

System performance may be varied based on the thread switching

15  algorithm used in a particular system. System designers are continually searching

for alternate ways to provide thread switching in a multi-threaded computer

system,

BRIEF DESCRIPTION OF THE DRAWINGS

20 The subject matter regarded as the invention is particularly pointed out and
distinctly claimed in the concluding portion of the specification. The present
invention, however, both as to organization and method of operation, together with
objects, features, and advantages thereof, may best be understood by reference

to the following detailed description when read with the accompanying drawings in



WD 2005/ 033927 PCT/ US2004/ 032063 which: FIG 1 is a flow diagram
illustrating a nmethod to provide thread switching in a nmulti-threaded
conput er systemin accordance with one enbodi nent of the 5 present
invention; FIG 2 is a block diagramillustrating a processor pipeline in
accordance wth an enbodi nent of the present invention; FIG 3 is a flow

di agrami | | vsoe@biossg27a net hod to enabl e execution of a rraT/US2008032063Ng t hr ead
in accordance with an enbodi nent of the present invention; and 10 FIG 4 is
a block diagramillustrating a portion of a wireless device in accordance

w th an enbgglemrent of the present invention. It will be appreciated that for
sinplicity and clarity of illustration, elenents illustrated in the figures
have not necessarily been drawn to scale. For exanple, the dinensions of
sone of the elenents are exaggerated relative to other 15 elenents for

clarity. FUrthekchR£nG0 S atlishRRiE MM tol FhAHE BiBad WRERNSIn ave

been repeated anong gures to 1 ndicate correspondi ng or analogous

el ements. Lt:LtﬁF% ﬁ%s plter {érﬁ tﬂ%tc Bd%&é Whh ﬁﬁ&%‘rﬁb‘%‘é &Rk T o

nunmer ous speC| er to provide a thorough

under st of, .esent |nvent| on. However, it w II be under st ood by
t hose s |Ilde}gs‘ﬂl| '{\}%ﬁt'(grﬁt that the present invention may be practiced

Wl thout these specif e, deLoblrah . hifg 4 BRLANF HipdlRb i ogWiadigt hods, 2 VO
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with an embodiment of the present invention;
FIG. 3 is a flow diagram illustrating a method to enable execution of a non-
executing thread in accordance with an embodiment of the present invention; and
10 FIG. 4 is a block diagram illustrating a portion of a wireless device in

accordance with an embodiment of the present invention.

It will be appreciated that for simplicity and clarity of illustration, elements
ilustrated in the figures have not necessarily been drawn to scale. For example,
the dimensions of some of the elements are exaggerated relative to other

15 elements for clarity. Further, where considered appropriate, reference numerals
have been repeated among the figures to indicate corresponding or analogous

elements.

DETAILED DESCRIPTION
In the following detailed description, numerous specific details are set forth
20 in order to provide a thorough understanding of the present invention. However, it
will be understood by those skilled in the art that the present invention may be

practiced without these specific details. In other instances, well-known methods,



procedures, conponents and circuits have not been described in detail so as
not to obscure the present invention. In the follow ng description and
clainms, the terms "include" and "conprise,” along with their derivatives,
may be used, and are intended to be 5 treated as synonyns for each other.
In addition, in the foll ow ng description and clains, the terns "coupl ed”
and "connect@RUOSEPVAg with their derivatives, may be BSEHS2004033KEu| d be
understood that these terns are not intended as synonyns for each other.
Rather, in particular enbodiments, "connected" may be used to indicate that
two or nor gretesiveas, sompenents @nd streuitthayayet begn descebed in defail seaanact with
each other. "Coupled" nmay nean that two or nore elenents are in direct
physi cal ortoebsaire theapresenitinegntiorlowever, "coupl ed" nmay al so nmean that two
or nore elenents are not in direct contact wth each other, but yet stil
co-operate or i efeafiilowitdideswiptiohlan.clding, tHe tesma 'fihadudeli agd am
illustrating a nmethod 100 to provide thread 15 switching in a

mul ti -t hr eadgphpfioaP WISk Sy @idir derie6vds] anseoauted, ekl aremheadsené bef the
present invention. In a multi-threaded processor (not shown), nultiple

t hr eads gof t%‘??cpgs 'g?{ulﬁyerpé tp(%r% StRY¥r. b WW 154 FdIRwiRG Webeafrpus! y or at

different points In or exanpl e, read may be  executed by the

processor angiﬁ%}gfsgﬁﬁef ifgfneslaﬂcoglﬁle%a%rnge' §§ﬁr%1jt§9,’" Jloﬁ%&i»ﬁhteirng to be executed

at a later %’ ot'he one hreads may be
execut ed simultaneously and another set of threads may be pending. In a
mul ti - t hr eS8EYaHYese BRYoPe UPS‘gi g‘ gﬁ’s‘;"do@e PAdsrStaog t%ﬁt frheé‘)é&PHEg§§%P° o decide
when to issue instructions fromthreads that are avail abl e. For exanpl e,
intended as synonyms for each other. Rather, in particular embodiments,
"connected" may be used to indicate that two or more elements are in direct
10 physical or electrical contact with each other. "Coupled" may mean that two
or more elements are in direct physical or electrical contact. However,
"coupled” may also mean that two or more elements are not in direct contact
with each other, but yet still co-operate or interact with each other.
FIG. 1 is a flow diagram illustrating a method 100 to provide thread
15 switching in @ multi-threaded computer system in accordance with one
embodiment of the present invention.
In a multi-threaded processor (not shown), multiple threads of one or more
programs may be executed either simultaneously or at different points in time.
For example, one thread may be executed by the processor and another thread
20 may be pending, i.e., waiting to be executed at a later point in time. In another
example, one set of threads may be executed simultaneously and another set of
threads may be pending.

In a multi-threaded processor, logic may be included in the processor to

decide when to issue instructions from threads that are available. For example,
3



3 WD 2005/ 033927 PCT/ US2004/ 032063 one thread nmay run until sone

predeterm ned condition occurs and then the processor may switch to run
anot her thread. Switching between the execution of threads nay be referred
to as thread switching. Method 100 of FIG 1 may begin with fetching an
instruction of a 5 currently executing thread (block 110). The instruction
may be decoB@R00YBPBEk 120). After decoding, it may be BeVEFR2WHEHhhet her a
predeterm ned condition has been net. For exanple, it may be determ ned
whet her the instruction of the executing thread may cause a | ong | atency
(di anmond 13We.thrgadireay e witibseme pradeteminasdtondisins ogayrsvandythemthdi f f er ent
enbodi nents, 10 an instruction that nmay require a long |atency prior to
execut i on ragedssor meysimiteh tdruncangghes tyeadie tSyvitehingdbedwern theogxecatian afer m " | ong
| atency” may nean a tine period between receipt of an instruction and
execut i on dhreatle mayrist referredoho asHhteadsudtekinghe processor to suffer one or
nore stalls, Stalls may refer to cycles in which part or all of the
processor pi pel Methddd9Onoft FIExdcmbe bapin Vbh ifeichingcan ostru€hios odal ong | at ency
period nmay be several cycles or may be hundreds of cycles, depending on the

abi I'i ty s0f dupRniy @xe6SMig tireRE (BIOEKM PONEThe indsluct6h inddISbé Metdded at ency
period. For exanple, a load instruction that requires the obtaining of

informatio st ' ] equi re
NbfokRMBY \Aﬁﬁ MERR ! &: rﬂgY b@%e?é}nﬁn%gmw d'brd té?EYr}erd aq

hundr eds of cycl es, ile aload instruction t obtains data froma cache
(et o e paim oA oPhOBh Y PP\ i o5
instruction of the executing thread may cause a long latency {(diamond 130).
While the predetermined conditions may vary in different embodiments,
10 an instruction that may require a long latency prior to execution may be
considered to be a predetermined condition. The term “long latency” may
mean a time period between receipt of an instruction and execution of the
instruction that causes the processor to suffer one or more stalls. Stalls may
refer to cycles in which part or all of the processor pipeline does not execute an
15 instruction.
Thus a long latency period may be several cycles or may be hundreds
of cycles, depending on the ability of the processor to perform other
instructions in the latency period. For example, a load instruction that
requires the obtaining of information from system memory (e.g., as on a
20 cache miss) may require hundreds of cycles, while a load instruction that
obtains data from a cache (such as a level 1 (L1) cache) closely associated

with the processor may require fewer than ten cycles. In certain

embodiments, both load instructions may be considered long latency



enbodi nents, both | oad instructions nmay be considered |ong |atency 4 WO
2005/ 033927 PCT/ US2004/ 032063 instructions, as a processor may suffer stall
cycles before data is ready for processing. The predeterm ned conditions
may be sel ected based on a know edge that the conditions may, but need not
necessarily, cause a latency that leads 5 to pipeline stalls. Al though the

scope of th&HPU¥ERTTi nvention is not limted in this FEIFSEPVOZIee,

exanpl es of instructions that may be considered to be a predeterm ned
condition may include store instructions and certain arithnetic

i nst ruct i onRStrycEioNaxapIRsOCesspr By Twfep stk cxsias brRfoshapt isdpaaiPbe a 10
predeterm ned condition . In addition, other operations which access a
menory subgystessingay be a predeterm ned condition. Wen a predetermn ned
condition is detected, instructions of another thread, e.g., a pending

thread, may be fré phatbramdined @ontitidns mdynsd sélegvedrbased osit sikhowiedges occur.
Thus in certain enbodi nents, performance nmay be 15 significantly increased

in mul ti-thpaageCUMORISHS mbf, bit hedddfita{elbaReiy, Ralsé Ratdhel tHEL le8dls MaY not
have a long latency (i.e., a predeterm ned condition has not occurred), the

instructio . cuted (block 140) and a next instruction of the
current%t h?%ggyeﬁﬁgsggg%fetched (block 110). 20 If it is determned that a

| ong 1 atency, i bne Soofhof AP RE s RO AR ocourred),
respect, other examples of instructions that may be considered to be a
predetermined condition may include store instructions and certain arithmetic
instructions. For example, a floating point divide operation may be a
10 predetermined condition . In addition, other operations which access a
memory subsystem may be a predetermined condition.

When a predetermined condition is detected, instructions of another
thread, e.g., a pending thread, may be fetched and executed so that few or
no stall cycles occur. Thus in certain embodiments, performance may be

15 significantly increased in multi-thread contexts.

If it is determined that the instruction may not have a long latency (i.e.,
a predetermined condition has not occurred), the instruction may be executed
(block 140) and a next instruction of the current thread may be fetched (block
110).

20 If it is determined that a long latency may result, (i.e., a predetermined
condition has occurred), then the instructions of a pending thread may be

examined (block 1560). The examining of the pending thread may occur

during executing of the long latency instruction of the currently executing

5



exam ned (bl ock 150). The exam ning of the pending thread may occur during
executing of the long latency instruction of the currently executing 5 WD
2005/ 033927 PCT/ US2004/ 032063 thread. Next, it may be determ ned which
hardwar e resources are associated wth the instructions of the pending

thread. The y next conprise determ ni ng whet he nor e

har dwar e re%"gﬁ%o@%gn%?e or will be available to use by thg%%sg’&m&%?ons of
the 5 pending thread (di anond 160). For exanple, it may be determ ned

whet her a register, queue, a buffer, a functional unit (e.g., multiplier
), an i nputhgad ptﬁ‘{ex"('l"/"@y he detasmingd ‘é{hWBrﬁﬂ’?W§[?o’e§9§EC@ﬁ1WIaPS‘!féatﬁgal | abl e
to the instructions of the non-executing thread. If no hardware resources
wi || be avavithathleensuethengpehthiergendingethdead hen 10 execution may continue for
the current executing thread (block 140). If one or nore hardware resources

wi || be avail abTiee hthod endyynéxirecomysise eteranisingfwidtber peedr ngprée hr ead, t hen
the processor nay be prepared to swtch threads (block 170). In one

enbodi ment hapfvpdreraddRBed aresHr Wilhbd B SRER toRYsel BiEtHEdiRsBXEGERd B0the r emai ni ng
one or several instructions of the current thread prior to 15 the thread

Switch- sl N oo TR (i W&a@@a' FoPgkdrHBik! RMAay"BY d¥teRfihd® WHRther W thout a

processor Itro ecause such’instructions are alrea Yy

present in the rocessor t he d not e 11 ed. T

et uct| oftoigh SAGERE o BB, dBoetati biF E&a" by RBugt I pur B ocessed
while the second thread is prepared for execuﬁ ? 20 Next, the }hreads may
be swi t ched/PhiRyise. B Mempty suB-sysiee ptilbRe g¥gfable to the instructions o

the non-executing thread.
If no hardware resources will be available to the pending thread, then

10 execution may continue for the current executing thread (block 140). If one
or more hardware resources will be available for use by the instructions of the
pending thread, then the processor may be prepared to switch threads (block
170). In one embodiment, preparation to switch threads may include
executing a remaining one or several instructions of the current thread prior to

15 the thread switch. In such manner, additional instructions may be performed
without a processor stall. Additionally, because such instructions are already
present in the processor pipeline, they need not be flushed. Thus instructions
of a currently executing thread may continue to be processed while the
second thread is prepared for execution.

20 Next, the threads may be switched (block 180). That is, the processor
may switch from running the currently executing thread to running the
pending thread if one or more hardware resources are available, or will be

available to the pending thread.



may switch fromrunning the currently executing thread to running the
pending thread if one or nore hardware resources are available, or will be
avai l able to the pending thread. 6 WO 2005/ 033927 PCT/ U52004/ 032063 Wil e
FIG 1 discusses a nethod for processing a long latency instruction, as
di scussed above it is to be appreciated that the flow of FIG 1 may be
appl i cabl e VW0 OREIBIYr edet ermi ned conditions. As is di s®GTAEW0HHBWE, t he
enbodi nent of FIG 1 illustrates a method to 5 decide when to switch
between two threads. This nmethod may use two different thread-swtching
criteria: one b&#dle FIG. prdigoesseses methddifer processingd § levgdatency strutiomad, and
anot her based on the properties of threads that are not currently

executing. abhiiscuesed bisovexipisas bedippredateédthadthetflomnsfi ElGonimgy béar eads fromt he
running to the pending state and back again. 10 In one enbodi nent of the

i nvention, applickbld ddbthér fradeternpagsondifezdi ng thread when it issues a
particul ar kind of instruction, for instance, one that does not return a

result for a | opgid HigBusdedabové anE ehdbairtdnt oNEIG, UCitlifateathahsdtonhenever  a
pendi ng thread has no "scoreboarded” resource. A scoreboarded resource nay

refer tg adeeRiBWHed thRlitch befteravithRBUS Ty medRdURLY Lss (B diFerat Ng
operation 15 conpl etes. For exanple, a register may be scoreboarded and

therefore tBayRWieRhg chitdia!afe basdir @ggérﬁg% bPtheQlurnfig Bédiling I ead. A

thread that has no resSources scoreboar e to Issue at | east one

| nStr UGt Ohre88. M S8 BRE Bl R BfloUld Mol B SR LERaRsficd [ esour ces

may not decrease € processor conpared to ot'her thread
executing. This can be expressed in terms of transitioning threads from the

running to the pending state and back again.

10 In one embodiment of the invention, a running thread becomes a pending
thread when it issues a particular kind of instruction, for instance, one that does
not return a result for a long time, i.e., long latency instruction, and also whenever
a pending thread has no "scoreboarded" resource. A scoreboarded resource may
refer to a resource that is not available for use until some pending operation

15 completes. For example, a register may be scoreboarded and therefore
unavailable for use to an instruction of a pending thread.

A thread that has no resources scoreboarded may be able to issue at least
one instruction, so switching to a pending thread with no scoreboarded resources
may not decrease the efficiency of the processor compared to other thread

20 switching methods. For example, a timer or counter may be used to limit the
amount of time an executing thread can run without being switched. However,
using counters or timers may decrease the overall efficiency of the system since

several clock cycles may pass before the counter times out.



20 switching nmethods. For exanple, a tinmer or counter may be used to limt
the anmount of tine an executing thread can run w thout being sw tched.
However, using counters or timers nay decrease the overall efficiency of
the system since several clock cycles nay pass before the counter tines
out. 7 WD 2005/033927 PCT/ US2004/ 032063 Turning to FIG 2, shown is a bl ock
di agram i || 0¥ ?%8#93%’a processor pipeline 200 in accor dRREFSHO/E32%A

enbodi ment of the present invention . Processor pipeline 200 includes an
instruction cache 210, an instruction decoder 220, a thread dispatch 230,
and a register MooingptoRG. 2| shayadistd ieck gipgreasidestralings praeessoppPelrs i ncl ude
functional units 250, 260, and 270. Processor pipeline may be included in a
mul ti -t hr e298dn peesrearer witmarn emppdintend abiveddesent veotiers. Mideespde  t hr eads of
one or nore software prograns. Wiile the type of processor which includes a
pi pel i ne i mipstice20@motudestam instructinb cdcheet0, ah indirictior decnder 3¢ i on may
vary, in one enbodi nent the processor 10 may be a relatively sinple

i n-order prioees sizpatchr230nane atvegistee ivokup B40.primaddition, pragedsavpipelireeduced
instruction set conputing (RISC) architecture, such as an architecture

based om ar2oddvaniecidd&fiHEtidhathinte 250,40 and 2N0.t Pedogssor gipdlineenaytpd €, i n one
enbodi nent a 32-bit version of an I NTEL(r) XSCALETM processor avail able

from I ntel ikaideariati eati-theatied ptavessorGand inay Beadapiediae puseds nidpgyer, 15 in
ot her enbodi nents the processor nay be a different processor. In one

enbodi ment thieB&$ bUsHd SrmerCitwaIE pFoyarRe coupl ed to receive instructions
froma bus interface unit of the processor (not shown). Instruction cache
210 may be usedyjie #hOf/PeidIprScessoriitich inBribieshPbeliRg i #6ddr@ateeiithaH ti pl e
embodiment of the present invention may vary, in one embodiment the processor
10  may be a relatively simple in-order processor. In one embodiment, the processor
may have a reduced instruction set computing (RISC) architecture, such as an
architecture based on an Advanced RISC Machines (ARM) architecture. For
example, in one embodiment a 32-bit version of an INTEL® XSCALE™ processor
available from Intel Corporation, Santa Clara, California may be used. However,
15 in other embodiments the processor may be a different processor.
In one embodiment, instruction cache 210 may be coupled to receive
instructions from a bus interface unit of the processor (not shown). Instruction
cache 210 may be used to store instructions, including instructions of multiple
threads. Instruction cache 210 may be coupled to provide instructions to
20 instruction decoder 220.
Instruction decoder 220 may decode instructions by breaking more
complex instructions into smaller instructions that may be processed faster. For
example, in one embodiment instructions may be decoded into micro-operations

(uops). However, in other embodiments other types of instructions may be

8



threads. Instruction cache 210 may be coupled to provide instructions to 20
i nstruction decoder 220. Instruction decoder 220 nmay decode instructions by
breaki ng nore conplex instructions into snaller instructions that may be
processed faster. For exanple, in one enbodi nent instructions my be
decoded into mcro-operations (uops). However, in other enbodi nents other
types of in¥ar96v133% nay be 8 WO 2005/ 033927 PCT/ US200R¢TBS208A3208kcoded,
such as macro operations or another formof instruction. Additionally, it
is to be understood that various instruction sets may be used, such as
Reduced | ndgooded i sueh Sstm@uappeiatigng &I BOtheérdetm atinsiouctionr Additionalky, it

I nstruction Set Conputing (CISC) instructions. Further, in one enbodi nent

i nstruct i onsdebedederst®od2batmmyiode mstiection$Ets may bacisednsuchasfR&iDced
instructions. Still referring to FIG 2, decoded instructions, including an
i denti fi catlnstnuaibn Set Qosiptiag (RISH irstueteesdr Camplbe Instractice8ett o t hr ead

di spatch 230. Thread dispatch 230 nmay include circuitry or logic to enable

execut i on oforaputpediBQ) instrectibnbaFadher in @rsémibsdimbat inetruction detodsr e
har dwar e resources, such 10 as, e.g., functional units 250-270, are

avai | able, zzomwhe&ﬁjea&wd ABlr6ctioRs GRIST ingBUEtidnBSt T uct i ons of t he
non-executing thread. In one enbodi nent, thread dispatch 230 nmay serve as a

schedul er that @upeseFingtoHIGO2, dé&@dé@fﬁgtrﬁlﬁlohbrlﬁa%lﬁb a'ﬁﬁderﬁt%é‘tﬂ)n of
instructions according to which hardware resources are avail able, and nay do

this ever yre%ﬂs%?i‘t&b/&b@ces‘s@d arﬁéi} bé Efbw 36 t@%a@aee%mbs thread dispatch

230 may 15 ehabl e execution of rea the requisite registers from

bl ock 240 cont aijyedf st zs@ma@'.ﬁbnua&amﬁﬁ@c&ﬁw@&&&w@@xéa?ﬁoh B4 uct i on.

The techni ques descri
pending thread based at least on whether one or more hardware resources, such

10 as, e.g., functional units 250-270, are available, or will be available to one or more
instructions of the non-executing thread. In one embodiment, thread dispatch 230
may serve as a scheduler that chooses which of the pending thread(s) may issue
instructions according to which hardware resources are available, and may do this
every clock cycle. In addition, in some embodiments, thread dispatch 230 may

156  enable execution of a thread if the requisite registers from block 240 contain, or
will contain, the needed values for the instruction. The techniques described
herein for enabling execution of a thread may be used in simultaneous multi-
threading (SMT) systems or time division multi-threading (TDM) systems. In one
example, an SMT system may refer to a system that can issue some number of

20 instructions from different threads simultaneously. Thread dispatch 230 may be
referred to as a scheduler, thread dispatch circuit or a thread dispatch device.

Register lookup 240 may be used to provide a physical register
identification of a register in a register file unit. In such manner, registers may be

assigned to each instruction.



herein for enabling execution of a thread may be used in sinultaneous nulti-
threading (SMI) systens or time division nulti-threading (TDM systems. In
one exanple, an SMI systemmay refer to a systemthat can issue some nunber
of 20 instructions fromdifferent threads simultaneously. Thread dispatch
230 may be referred to as a scheduler, thread dispatch circuit or a thread
di spat ch deWw@0s03Rji st er | ookup 240 may be used to pr 8¢THS2084/93R863 cal
register identification of a register in a register file unit. In such
manner, registers my be assigned to each instruction. 9 WO 2005/033927
PCT/ US2004/ 032062incfarat uhits1250, 260tadZ50, m@6ioe adapted o exgcuteinatiagiiosd t o
execute instructions and nay al so be referred to as execution units. In sone
enbodi ment sand may tilsor refarred to aseexebationdayits e th same enfoodiments tfonational and

| ogi c operations or to execute |oad and store instructions. In various

enbodi ment synifsunsy b®aaapteditd peddrth ardbdetiGamchbgi/dhenatjonsenr vekequite er s,
adders, dividers, integer arithnetic logic units (ALU), floating point

arithnmetic lbagafd éfdré mstribidns. e gbsde embddradnts| fanetional Lisits 2607269, _
managenent units (MVJ), nultinmedi a accel erators, security and cryptographic

COPr 0Cess0r gnd PE¢RBY %B%ulﬁ%lie?@%d@@w @N@%ﬁ@rﬁeéér@ﬁmﬁémlogi@mm§ CAISYY, S
external to the processor etc. 10 Pipeline processor 200 may be adapted

to inpl e ozRREBoRK afthinetit léd%@unuWL@)'r@P%téPi I/ A, Rlenfdrfs 1. For

exanpl e, instruction decoder 220 nay i ude ‘circuitry to performthe

oper ations @e{}v‘%’e WehHh d Hi¢! ude
circuitry trﬁéga rnr]#@ggg atl n@@l{lé‘%@lal%éocgfe‘?ﬁ’tgg hé&ﬁﬁﬁgﬂﬁéﬁg(@ﬁld nmet hod 100,

and functi ogal,duishs, SR ILidB¥d cBGbE&Rors (including coprocessors external to

the processor), etc.
10 Pipeline processor 200 may be adapted to implement some or all of the
operations of method 100 of FIG. 1. For example, instruction decoder 220
may include circuitry to perform the operations 110 and 120 of method 100;
thread dispatch 230 may include circuitry to perform operations 130, 150,
160, 170, and 180 of method 100, and functional units 250-270 may include
15  circuitry to perform operation 140 of method 100.

As discussed above, thread dispatch 230 may be adapted to enable
execution of one or more pending threads based at least on whether one or more
hardware resources will be available to the pending threads. In one embodiment,
thread dispatch 230 may be adapted to examine instructions of mulitiple

20 threads to determine which threads are executed and which threads remain in
a pending state. Thread dispatch 230 may be adapted to determine which
hardware resources, e.g., functional units, are associated with the
instructions of the muitiple threads. Further, thread dispatch 230 may be

coupled to functional units 250-270 to determine if functional units 250-270
10



15 circuitry to performoperation 140 of nmethod 100. As discussed above,
thread di spatch 230 nay be adapted to enable execution of one or nore

pendi ng threads based at | east on whether one or nore hardware resources
will be available to the pending threads. In one enbodi nent, thread

di spatch 230 may be adapted to exam ne instructions of multiple 20 threads
to determ nVoMDEI32MAr eads are executed and which t hr eaBST/PEREVR206H a

pendi ng state. Thread di spatch 230 may be adapted to determ ne which

har dwar e resources, e.g., functional units, are associated with the

i nstructi ordse evaitable, onlwill Plecavieilaldade theinstivetions hf eadndingptresd. 280 may be
coupled to functional units 250-270 to determne if functional units 250-270

10 WO 2005/003 3o dradht 3824/ HS2A613 23arreayabaicbapled, toakecsive I'rdaglyavai | abl e to
the instructions of a pending thread. In one enbodi nent, thread di spatch

230 may be spRR! REMRNEESHAI \Rits BT 70 abll §o@bter iddkunf 2400, wAs@in thei ts 250- 270
and register | ookup 240, wherein the ready signals indicate whether or not

the 1 unct{ ool HBILE i1y BhbAB! & f6r BUDMAABhRs ofdaphiRblicsr enbodi men,

t hread di spat e adapted to sw execution om a runni ng

t hread %o thg &E@ ing thread. Thread dispatch 230 may be adapted to exam ne
i nst rucPi ong?d @ running thread to determne if a predeterm ned
condition occurs.

exani ne i nstructy ?ﬂﬁgﬁ‘%‘eé(% éiﬁiﬁ‘?&ﬂh{ﬁggg%&iéa %E' gg‘gP’:Hieﬁ%dlq%Féé;% ggﬁﬁl’loglt gnt(::)o/
instruction occurs, Although the scope of the present invention is not
limted i nexpgwion from a running thread to the pending thread. Thread dispatch 230
may be adapted to examine instructions of the running thread to determine if
a predetermined condition occurs. For example, thread dispatch 230 may
10 include logic to examine instructions of the running thread to determine if a
long latency instruction occurs.
Although the scope of the present invention is not limited in this
respect, in one embodiment, thread dispatch 230 may include a lookup table
that includes a list of predetermined conditions. In this manner, when an
15 instruction is received by thread dispatch 230, it may be analyzed against
entries in the lookup table to determine whether the instruction corresponds
to one of the predetermined conditions. Alternately, logic in thread dispatch
230 may be used to detect the presence or occurrence of a predetermined
condition. In still other embodiments, microcode in thread dispatch 230 may
20 determine the presence or occurrence of a predetermined condition.
If a predetermined condition is detected by examining a running thread,

then, examination of pending threads and the availability of hardware

resources associated with the pending threads may be performed by thread

11



respect, in one enbodi ment, thread dispatch 230 may include a | ookup table
that includes a list of predeterm ned conditions. In this manner, when an 15
instruction is received by thread dispatch 230, it nay be anal yzed agai nst
entries in the | ookup table to determ ne whether the instruction corresponds
to one of the predeterm ned conditions. Alternately, logic in thread

di spatch 2300 a#§/0B3&27used to detect the presence or occFETaReM4/px063
predeterm ned condition. In still other enbodinents, mcrocode in thread

di spatch 230 may 20 determine the presence or occurrence of a predeterm ned
condi tion. fspatchraiet br aneembedivernti Hiread digeatedt 230 Favexwitthi ng a runni ng
thread, then, exam nation of pending threads and the availability of

har dwar e r esenutioe Sras sofiishesecwiinghthréas weerdicntjon lof @afirst pagdibe theeaflor ned by
thread 11 WO 2005/ 033927 PCT/ US2004/ 032063 di spatch 230. In one enbodi nent,

t hread di sphésdd #A30asteyh & hwhbercarerCtyipe Hardwa@ fek6SiceeXx@audiiange tohread to
execution of a first pending thread based at |east on the nunber and type

of hardwar ei{LfatbesdingANRLl able to the first pending thread. 5 In another
enbodi ment, thread dispatch 230 nay conpare the hardware resources

avai | able Lo {vq.neati e, I GRS i il iRaRdss ARY colupathes. Thr ead

di spatch™ 230 nay determne er o rdware esources available to
threads A and B, and then mm witch fromexecuting a runnin hread to
oxeeat i ng L HERRraTEOUGHS SaBE 18t AT T Sl P o284 Bebur cos o
thread A is |less than the nunmber of unavail able hardware resources to

thread B. OMreschB| yThiesdedispairk g300Rnay detarminethediumpsicfpargware

resources available to threads A and B, and then may switch from executing a
running thread to executing thread A if the number of unavailable hardware
10 resources to thread A is less than the number of unavailable hardware
resources to thread B. Or simply, thread dispatch 230 may enable execution
of thread A if the number of unavailable hardware resources to thread A is
less than the number of unavailable hardware resources to thread B.
As discussed, in some embodiments a thread switching system is
15  provided that enables, or basis the selection of , the execution of a pending
thread based at least, in whole or part ,on the number and type of hardware
resources unavailable to that pending thread or other pending threads, and
possibly taking into account the unavailable resources needed by other
pending threads. In one example, the present invention provides a method
20 and apparatus to enable threads based on what could be happening, i.e.,
examining the non-running threads and enabling execution of a thread based

on the availability of hardware resources to the non-running threads.

12



of thread A if the nunber of unavail able hardware resources to thread Ais

| ess than the nunber of unavail able hardware resources to thread B. As

di scussed, in sone enbodi nents a thread switching systemis 15 provided

t hat enables, or basis the selection of , the execution of a pending thread
based at least, in whole or part on the nunber and type of hardware
resources urvewvziob/eddde to that pending thread or other peaduspoddseeads, and
possi bly taking into account the unavail abl e resources needed by ot her
pendi ng threads. In one exanple, the present invention provides a nmethod 20

and appar at us t gueiiaioer |G Besltsvibazetbwodiagtaat illostrdtiohglemed@e3totg, i.e.
exam ni ng the non-running threads and enabling execution of a thread based

on the avaidrabiel dxerutin dfad GovRELedUERE tHredbintaecoiianc® with Wadmigbdimestads. 12 WO
2005/ 033927 PCT/ US2004/ 032063 Turning to FIG 3, shown is a flow di agram

iIlustratinge ?re’é@hthﬁ%rﬁi@ﬂ 19 oREBRILBIRERE W h@ﬂe@cuﬁn?%e@dﬁ@}tbeng thread in
accordance with an enbodi nent of the present invention. |In one enbodi nent,

a_non- eXeO iBaaALEas BB BFwnENEDh A RAREfbsblrckagalabialbpUlRse a har duar e

resource i s avail or w | available to an instruction of the

non- exegut iy tV%ﬂéd"é% mélr&&ﬂ)‘r‘lgd? éﬁé‘ﬁoﬁ@?&%h %tﬁr@é’d %{Itﬁéﬁgﬁﬁ tHe86PE oPfhe! S NOt

limted I n I'S respect, har dwar e resour register, a queue, a

buf fer, p‘n‘?éétn't 91@8)1 nqg{‘gtnot ﬁ#ﬂnté&‘l?u% s%é 4 La He!r&%a%er\é%@me‘?ﬁaﬁﬁgemry

sub- system n one e exec n non--executrn read may be
based on whether a hardwaje

h f 10 t
Us scor chodPUSE. VBHAS B0 Hay RET %ai%ag? ab mﬁ@t%ﬂ@ﬁawﬁapéﬁgli o

resource is ) ) ]
memory sub-system. In one embodiment, execution of a non-executing

thread may be based on whether a hardware resource such as, for example, a
10 register, is scoreboarded.

Method 300 may include determining whether a hardware resource is
available to an instruction of the non-executing thread (block 320). The
operation of determining may include examining an instruction stream of the
non-executing thread; identifying an instruction in the instruction stream; and

15 identifying hardware resources associated with the instruction. If itis
determined that the hardware resource is available to the instruction of the
non-executing thread, then execution of the non-executing thread may be
enabled (block 330). In other words, the non-executing thread may be
selected for execution. Otherwise, execution of the non-executing thread

20 may not be enabled if the hardware resource is unavailable to the instruction
of the non-executing thread (block 340).

In another embodiment, a processor may switch from executing at

least two running threads to executing at least two pending threads if

13



avai l able to an instruction of the non-executing thread (bl ock 320). The
operation of determ ning nmay include exam ning an instruction stream of the
non- executing thread; identifying an instruction in the instruction stream
and 15 identifying hardware resources associated with the instruction. If it
is determned that the hardware resource is available to the instruction of
t he non- ex@outwsigg3ehr ead, then execution of the non-execousrog/dkeead may be
enabl ed (bl ock 330). In other words, the non-executing thread may be

sel ected for execution. O herw se, execution of the non-executing thread 20

may not be ftaRlapdrdsbuides dnaaduirie f&m&@ﬁt&ww&’r&iih?mr@aaﬂ t he _
instruction of the non-executing thread (bl ock 340). In another enbodi nent,

a processor nay b f EXaRML b : : i 3 s to
executing at Ieggj\t{%'bgooﬂﬁg?'ng thé 'eé;gsl?ﬂ)ltc# dl‘?\%\% %%%%i’%g%ﬁwﬁﬁq

PCT/ US2004/ 32003 AL ANEY & RSAVERRR, AL 0B REL LA A IEERS 4 9R5¢ 110

pendi ng threa gto sho I's a bl oc agramof’ a wirel ess
device with which enbodinents, of t inyention may b ed.. shown in
Fra e, " ons e BB RS e SR T s coPoRereRt gl & s edor 310,
which may 5 include a general -purpose or special - purpose processor such as
a mcr o;ﬁlod?}%@é? a gfneraPYrRGsel resPecappiPese PEIFespRicsUahcas at egrated circuit
(ASIC), a programmable gate array (PG), and the like. In one enbodi nent,
processor 50kromycessol,udergradeslsnrappligaidnnspe2i® intagraiesctissigd ASiove wit h
reference to FIG 2 In addition, in various 10 enbodi nents, processor 500
may be adap pebgramimapleegaatarid®t (RGN ) 188 the like.
In one embodiment, processor 500 may include processor pipeline 200
as discussed above with reference to FIG. 2 In addition, in various
10 embodiments, processor 500 may be adapted to implement method 100
(FIG. 1) or method 300 (FIG. 3) discussed above.
Wireless device 500 may be a personal digital assistant (PDA), a laptop
or portable computer with wireless capability, a web tablet, a wireless
telephone (e.g., cordless or cellular phone}, a pager, an instant messaging
15 device, a digital music player, a digital camera, or other devices that may be
adapted to transmit and/or receive information wirelessly. Wireless device
500 may be used in any of the following systems: a wireless personal area
network (WPAN) system, a wireless local area network (WLAN) system, a
wireless metropolitan area network (WMAN) system, or a wireless wide area
20 network (WWAN) system such as, for example, a cellular system.
An example of a WLAN system includes a system substantially based on

an Industrial Electrical and Electronics Engineers (IEEE) 802.11 standard. An

example of a WMAN system includes a system substantially based on an

14



(FIG 1) or nethod 300 (FIG 3) discussed above. Wrel ess device 500 may be
a personal digital assistant (PDA), a |laptop or portable conputer with
wirel ess capability, a web tablet, a wireless telephone (e.g., cordless or
cel lul ar phone), a pager, an instant nessaging 15 device, a digital mnusic
player, a digital canmera, or other devices that may be adapted to transmt
and/ or receiVR2%%PHPHation wirel essly. Wrel ess device PSHISHRYOB3used in
any of the follow ng systenms: a wireless personal area network (WPAN)
system a wireless |ocal area network (W.AN) system a wreless

met r opol i t alfdusteal Eie@tm@a!wr\dm@uyorgqssﬁmewﬂ&%a pe2.d6stagidged. a®a 20 net wor k
(WMN) system such as, for exanple, a cellular system An exanple of a WLAN
syst em i ncl @xeple oy SYRM syblerminciudes ¢ shstemcbsubatantially batedtanithe El ectri cal
and El ectronics Engineers (I EEE) 802.11 standard. An exanple of a WVAN
syst em i ncl Bidewoth ™8 ystaredard (Bisetanthi ialal regibtesastitradensark b thatBIResi0Spaat

PCT/ US2004/ 032063 Industrial Electrical and El ectronics Engi neers (| EEE)
802. 16 st anldserelst Gvoup e xamyther exXangp|&\BPNWRAN systemdhalddss asgstemem
substantially based on the BluetoothTM standard (Bluetooth is a registered

t rademark ofubishmtiBliyisiseotdn Spedusirial ElRtieitsisind @lestnics Bigifeors 4EEEY| e of a
WPAN system includes a system5 substantially based on an I ndustri al

El ectrical gopdigbwadanuen asnir ergnple( iHeHEEE 89021513 spaviitatich asm%s, for
exanpl e, the | EEE 802. 15. 3a specification using ultraw deband ( )

t echnol ogy. yife¥RiRb&Td AIweehédHmdlogyst ems include: Code Division Miltiple
Access (CDMA) cel lul ar radi ot el ephone communi cati on systens, G obal System

for Examples of cellular systems include: Code Division Multiple Access

(CDMA) cellular radiotelephone communication systems, Global System for

10  Mobile Communications (GSM) cellular radiotelephone systems, Enhanced data
for GSM Evolution (EDGE) systems, North American Digital Cellular (NADC)
cellular radiotelephone systems, Time Division Multiple Access (TDMA) systems,
Extended-TDMA (E-TDMA) cellular radiotelephone systems, GPRS, third
generation (3G) systems like Wide-band CDMA (WCDMA), CDMA-2000,

156 Universal Mobile Telecommunications System (UMTS), or the like.

As shown in FIG. 4, processor 510 may be coupled to a digital signal
processor (DSP) 630 via an internal bus 520. In turn, DSP 530 may be
coupled to a flash memory 540. As further shown in FIG. 4, flash memory
540 may also be coupled to microprocessor 510, internal bus 520, and

20 peripheral bus 560,

Processor 510 may also be coupled to a peripheral bus interface 550
and a peripheral bus 560. While many devices may be coupled to peripheral
bus 660, shown in FIG. 4 is a wireless interface 570 which is in turn coupled

to an antenna 580. In various embodiments, antenna 580 may be a dipole
15



10 Mobil e Communi cations (GSM cel |l ul ar radi otel ephone systens, Enhanced
data for GSM Evol ution (EDGE) systens, North Anerican Digital Cellular
(NADC) cellular radiotel ephone systens, Tinme Division Miultiple Access
(TDVRA) systens, Extended- TDVA (E-TDMVA) cel lul ar radi otel ephone systens,
GPRS, third (%Eepgerati on (3G systens |ike Wde-band CDVA %V\CDIVA , CDMA- 2000,
15 Uni ver salV@#87938°2fel ecomuni cati ons System (UMTS), oPCT/N&2004/432063 As shown
in FIG 4, processor 510 may be coupled to a digital signal processor (DSP)
530 via an internal bus 520. In turn, DSP 530 may be coupled to a flash
nenory 540.anMgnFa;eliea agiepna of aAnether antenna adapterbippvivelessly comugicate be
coupled to mcroprocessor 510, internal bus 520, and 20 peripheral bus 560.
Processor Sinfprivatjonl YYralessciotgiasel 579 maydera pifeless transceiverer f ace 550 and a
peri pheral bus 560. Wil e many devices may be coupled to peripheral bus
560, shown i n FIARhotighstha desceptessmiakesrefereacd 7@ spéditit componeotsref coupl ed
to an antenna 580. In various enbodi nents, antenna 580 nmay be a di pole 15 WO
2005/ 033927ddradd $52004¢ Bo7@AplateditranNcuméEreLs eRddificitRIMdaarel vatibhsbf ant enna
adapted to wirelessly communicate information. Wreless interface 570 may
be a wi reel egg desansae b lushibidiouaboditntenayildnaiiakes ref erence to

speci fic conponents o device 500, it is contenplated that nunerous
nodi fications a i atj foan : e [ nbodi nent s
may be. possi bl o PR BireBEser diperie 208 sifiiztes Ao bt & st " O

used n a Wi olqs8ne Al Efinddl, HAEIs FEPETNTHER I ofthd BresinliBbedtidnl Tht &t on of

t he present nti

alternate embodiments processor pipeline 200 may be used in non-wireless
devices such as, for example, a server, a desktop, or an embedded device not
10  adapted to wirelessly communicate information.

While certain features of the invention have been illustrated and described
herein, many modifications, substitutions, changes, and equivalents will now occur
to those skilled in the art. It is, therefore, to be understood that the appended
claims are intended to cover all such modifications and changes as fall within the

16  true spirit of the invention.
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al ternate enbodi nents processor pipeline 200 nmay be used in non-wreless
devi ces such as, for exanple, a server, a desktop, or an enbedded devi ce not
10 adapted to wirelessly comrunicate information. Wiile certain features of
the invention have been illustrated and descri bed herein, many

nodi fications, substitutions, changes, and equivalents will now occur to
those skilled in the art. It is, therefore, to be understood that the
appended clains are intended to cover all such nodifications and changes as
fall within the a3 true spirit of the invention. 16 Clains |[|. A nethod,
conpri si ng: exangWﬁg an instruction streamof a non-executing thread during
execution of an_ executi thread; identifying an instruction in the
instruction stréam §d8ﬂ£g¥fPW@“ﬁagﬁmare resources associated with the
instruction; determ ning whether the hardware resource is available to the
instruction of e¥MInHERNARBBIGHMEreamr adiongrecusinabirpatdusingeequpian of an he
non-executing thread if the hardware resource is available to the

i nstructi oexaitibhthreadn- executing thread. 2. The method of claim 1, further
conprising: not enabling execution of the non-executing thread if the

har dwar e resour gRnifi§ingdheiathlcibh & the inshactionstreagt i on of the non-executing
thread. 3. A nethod, conprising: determ ning a nunber of hardware resources

unavail abl e to &eRERSHIWhrdNEE A ources associated with the instruction;

determining whether the hardware resource is available to the instruction of the
non-executing thread; and
enabling execution of the non-executing thread if the hardware resource is

available to the instruction of the non-executing thread.

2. The method of claim 1, further comprising:
not enabling execution of the non-executing thread if the hardware resource is

unavailable to the instruction of the non-executing thread.

3. A method, comprising:

determining a number of hardware resources unavailable to a pending thread
while executing a first executing thread; and

switching from the first executing thread to the first pending thread if the number
of unavailable hardware resources to the first pending thread is less than the number of

unavailable hardware resources to a sencond pending thread.

4. The method of claim 3 further comprising determining the number of

17



whil e executing a first executing thread; and switching fromthe first
executing thread to the first pending thread if the nunber of unavail able
har dware resources to the first pending thread is | ess than the nunber of
unavai |l abl e hardware resources to a sencond pending thread. 4. The nethod of
claim3 further conprising determ ning the nunber of 17 hardware resources
unavail able to a second pending thread. 5. An article conprising a storage
nediun1having stored thereon instructions, that, when executed by a

conput i ng ruction streamof a

mon execut PG e ek iy Be & s peridind Bsss%%ut.ng thread identifying

an instruction in the instruction stream identifying hardmare resources
associated with the instruction; determ ning whether the hardware resource
is available to the instruction of the non-executing thread; and enabling
execution of thé nonAeﬁ@mhcamwm$n&mﬁomgenm@uhdwuwaméwﬁt@@umoe is available
to the instruction of the non-executing thread. 6. An apparatus, conprising:
a har dwar e insesalonsahatawteraexebuteady dicsppiitiny platforhn, testioirdetermne if a

har dware resource is available to a pending thread while executing an

executing t hr eagkANHingWhtitdiiubGor §tREMiTE n%?i%ﬁéﬂuitiﬁgthr&aﬂir&ﬂﬁ gleRedufien BEAM ng
thread if the hardware resource is available to the pending thread. 7.

system cogpgchﬁjlm'reagn ant enna;

identifying an instruction in the instruction stream;

identifying hardware resources associated with the instruction;

determining whether the hardware resource is available to the instruction of the
non-executing thread; and

enabling execution of the non-executing thread if the hardware resource is

available to the instruction of the non-executing thread.

6. An apparatus, comprising:

a hardware resource; and

a thread dispatch circuit to determine if a hardware resource is available to a
pending thread while executing an executing thread and switching from the executing

thread to the pending thread if the hardware resource is available to the pending thread.

7. A system, comprising:
an antenna;
a processor coupled to the antenna, wherein the processor comprises: a hardware

resource; and

18



a processor coupled to the antenna, wherein the processor conprises: a
hardware resource; and 18 a thread dispatch circuit to determne if a

har dware resources is available to an instruction of a non-executing thread
during the execution of an executing thread and sw tching execution from
the executing thread to the pending thread if the hardware resource is
avail able. 19

a thread dispatch circuit to determine if a hardware resources is available to an
instruction of a non-executing thread during the execution of an executing thread and
switching execution from the executing thread to the pending thread if the hardware

resource is available.
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