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Various multithreaded processor designs have been considered in recent

times to further improve the performance of processors, especially to provide for

a more effective utilization of various processor resources. By executing

multiple threads in parallel, the various processor resources are more fully

utilized which in turn enhance the overall performance of the processor. For

example, if some of the processor resources are being idle due to a stall condition

or other delay associated with the execution of a particular thread, these

resources can be utilized to process another thread. A stall condition or other

delay in the processing of a particular thread may happen due to a number of

events that can occur in the processor pipeline. For instance, a cache miss or a

branch misprediction may occur in the execution of an instruction included

within a thread that can cause a stall condition or other delay with respect to the

execution of that particular thread. Consequently, without multithreading

capabilities, various available resources within the processor would have been

idle due to a long-latency operation, for example, a memory access operation to
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multithreaded designs, on the other hand, typically interleave the instructions of
different threads on the occurrence of some long-latency event, such as a cache
miss. A coarse multithreaded design is discussed in Eickmayer, R., Johnson, R.
et al. “Evaluation of Multithreaded Uniprocessors for Commercial Application

Environments”, The 239 Annual International Symposium on Computer

Architecture, pp. 203-212, May 1996. The distinctions between fine and coarse

designs are further discussed in Laudon, J., Gupta, A. “ Architectural and
Implementation Tradeoffs in the Design of Multiple-Context Processors”,
Multithreaded Computer Architectures: A Summary of the State of the Art,
edited by R.A. lannuci et al., pp. 167-200, Kluwer Academic Publishers, Norwell,
Massachusetts, 1994.

There are some particular issues that arise with respect to the concept of
multithreading and multithreaded processor design, especially with respect to
the parallel or concurrent execution of instructions. The first issue is generally

referred to as a deadlock condition. This condition can occur when each thread
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In addition, there is no preemption rule to direct either one of the two threads to
give up the resource that it is holding to the other thread. In other words, both
of the threads 1 and 2 have equal rights to keep the resource allocated to it.
Lastly, both threads 1 and 2 wait for the other resource to be released ina
circular manner.

Another similar problem to the deadlock problem is the livelock problem.

In general, this problem can arise when two or more threads continuously
change their state in response to the changes in the other threads without doing
any useful work. This problem generally involves the interleaving of threads in
which the threads are not deadlocked but cannot proceed toward completion.
This situation can arise when, in the above example, both threads 1 and 2
attempt to release the resource that they are holding but the timing is such that

neither of them can gain access to both the resources A and B. This situation is

similar to the deadlock situation in that no progress is made by thread 1 or 2 but



is different in that neither thread is being bl ocked by the other thr?aﬂ 2004
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As a result, there exists a need to address the problems of deadlock and
livelock in multithreaded processors that are designed to execute multiple
threads concurrently.

SUMMARY OF THE INVENTION

The present invention provides a method and apparatus for controlling a
processing priority assigned alternately to a first thread and a second thread in a
multithreaded processor to prevent deadlock and livelock problems between the
first thread and the second thread. In one embodiment, the processing priority
is initially assigned to the first thread for a first duration. It is then determined
whether the first duration has expired in a given processing cycle. If the first
duration has expired, the processing priority is assigned to the second thread for

a second duration.



Figure 1 is a block diagram of one enbodi ment of a processor pipeli N7 JAN 7004
Figure 2 shows a bl ock di agram of one enbodi nent of a processor

ar chi teCtWﬁ%lbﬂsB"“i ch the teachings of present invention argcraARbRITeHM €d;
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Figure 3 ws an exanpl e of a deadl ock problem Figures 4 and 5 show an
exanple of a livelock problem Figure 6 illustrates an exanple of a

livel ock problemin a multLgiheeadl | g 7 and 8
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controlling the processing priority between threads; Figure 11 is a flow
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Figures 7 and 8 illustrate the concept of processing priority controlling
between multiple threads;

Figure 9 shows a high-level flow diagram of one embodiment of a method
for controlling the processing priority between threads;

Figure 10 illustrates a detailed flow diagram of one embodiment of a
method for controlling the processing priority between threads;

Figure 11 is a flow diagram of one embodiment of a method for
determining a priority duration for one thread;

Figure 12 is a flow diagram of one embodiment of a method for
determining a priority duration for another thread;

Figure 13 is a high level block diagram of one embodiment of an
apparatus for controlling the processing priority between multiple threads; and

Figure 14 is a detailed block diagram of one embodiment of an apparatus

for controlling the processing priority between multiple threads.



to inplenment a nethod and an apparatus for controlling the processing 7 jAN 2004
priority between threads in a nultithreaded processor in order to prevent
deadl ock @il edage! ock problems. Each of the threads is altecyaisebyr664
assigned the processing priority for a sufficient period of time for it to
make progress. |f a particular thread did not make any progress despite

havi ng the processing priority dmm onpcessing period, it

will be given the processing priority for a Ionger period the next tine.
The period of time during which each thread is given the processing
priority will continue to increase until sonme progress is made. The

t eachi ngs of the b tsefullowing mietaitedadescaippioncaipinervws spacificdetailsrazaded

processor that is designed to process nmultiple thre g! concurrently.
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be i mpl errent eq € pur poses the present specification, the term

"processor" referp ik dRyudtRsbélow!, hhaé tda&hng,apﬁtthe pebsendavbnign arsatjliced e
of instructions and shall be taken to i ncl but not be limted to,

gener al pur pasinpiecnanraonetsnt and speppaiatpaf@mtmﬁmgd]bﬁlew@sgmi@g Pgipaﬁhi cs
controller, audio processors, Vvideo cessors,. nmulti- nedia c% oI I erq‘s/\‘D
and m croconb?f@l’qeév@feqclfempﬁ %%ﬁa%cgm%soma QIHET tRiBEe et ﬂﬂ

stage 110, A n% S A R e s SR By S R A
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cache nenory 'S Tntegra hi n e processor or- closely associ ated

therew th, OfrgBN i@ rice Ve&(j/ d}f) opfeRespite dravithg Henprocedsing priarigy dysihgm
bus. The instructions retrieved at the fetch stage 110 are then inputted

into a decode psevigas prOcaskimgeparines,iinwill be igivansthsr processing priority for alonger
period the next time. The period of time during which each thread is given the

processing priority will continue to increase until some progress is made. The
teachings of the present invention are applicable to any multithreaded processor
that is designed to process multiple threads concurrently. However, the present
invention is not limited to multithreaded processors and can be applied to any
processor and machine in which resources are shared between tasks or
processes.

Figure 1 is a block diagram of one embodiment of a processor pipeline
within which the present invention may be implemented. For the purposes of
the present specification, the term “processor” refers to any machine that is
capable of executing a sequence of instructions and shall be taken to include, but
not be limited to, general purpose microprocessors, special purpose
microprocessors, graphics controller, audio processors, video processors, multi-

media controllers and microcontrollers. The processor pipeline 100 includes



macroi nstructions are decoded into microinstructions or m cro-operatj 9N PAN 2004
for execution by the processor. At an allocate stage 130, processor

resour cesyoigpePssary for the execution of the m croinstructpOnpseieeccs

al l ocated. The next stage in the pipeline is a renane stage 140 where
references to external registers are converted into internal register

ref erences I . |:es. d Legl a
schodul of - di SERrE R DRSRERECHERNRIUARE, Rich BT ARG agE. 0

di spat ched GRstadctfrBtkireRiciRidiandlfed it H BEidIHRl 10N F o &ali}sin, a execut ed
at an execute stage 160. After execution, the mcroinstructions are then
retired at ana@binstristiagenady be retriord feabroa cadret mehierywvhiat suisitegrabedthin
descri bed above can be organized into three phases. The first phase can be
referred tothe PEpresseIpiaesely gptociatgd therewidhy AR Hectesrewechem an, decode
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schedul ed, dispatched and executed as soon as its data dependencies are
resol ved anéxehsiorebpsbapyocexsmutiAtom aliddate stapedid0aptecessagasdires of its
sequential position in_the original program The third _phase, referred to
as the in-seeessarefarthgexecusiaasel hieimirrpinsteasns pee plocateds Thgdexyotags

which 7 7 JAN..2004 .WD.01/04750 PCT/ 00/ 17664 i t ti ti di
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a processor, Int orm  of a°general-purpose m croprocessor 200, i ch

the present régiyRnirese. MAYa Behedul®) &i8pRicBGtadd1e50)Icat R PhiessiasRuctZOR iglescri bed
below is a multithreaded (MI) processor and capabl e of processing multiple

i nst ruct i onsthedsded asidrdibpainked $¢ m ekendiae pnithdhecaidroingsrustions arg tleyent
' nvention dg)s(gcruitgg (zj-lt an execute stage 160. After execution, the microinstructions are then
retired at a retire stage 170.

In one embodiment, the various stages described above can be organized
into three phases. The first phase can be referred to as an in-order front end
including the fetch stage 110, decode stage 120, rename stage 130, and allocate
stage 140. During the in-order front end phase, the instructions proceed through
the pipeline 100 in their original program order. The second phase can be
referred to as the out-of-order execution phase including the schedule/dispatch
stage 150 and the execute stage 160. During this phase, each instruction may be
scheduled, dispatched and executed as soon as its data dependencies are
resolved and the necessary execution unit is available, regardless of its

sequential position in the original program. The third phase, referred to as the

in-order retirement phase which includes the retire stage 170 in which



bel ow are fully applicable to other processors that process multiple 7 AN 7004
I nstruction threads in an interleaved nanner and al so to single thread’
processors which have the capabilities to process nultipl ep%‘&ﬁ}srobﬁ%@ns
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either i YQ8YU7’P- or in an interleaved nmanner. In one embodi ment, the
m croprocessor 200 may be an Intel Architecture (1A mcroprocessor that
i s capabl e of executing an, Igt.el Archiitecture instruction
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the nicroprocesspn: Qiﬁa%l@&hafar%QQWQM&nb@dgnenfraf@gmwr,uﬁum forin a
conmput er system w tthin which the croprocessor 200 may be inpl enment ed.
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bus (not shown) via which data and control information are transferred

bet ween t he impleremteteThomizooprargswurdp deperibed belays ifen multitbreasikd M 1)
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The bus interface unit 200 includes a Front ,Side Bys (FESB),204 that
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execution uﬁ?étl 212. Tﬁglé?t}fglci nterface ?I?lit 202 alg% sends sﬁoops or bus
returns to tiheedtBNBY an Rrnededvahmurirer 20 ald ® siaNl20Bdad\Prodesed5@ hich

PCT/ US00/ 17664 The nmenory execution unit 212 is structured and configured
to function ha thel@pabilitesdopracess muitiple ingropienscity inguralelorismsy y
execution unit 212 includes,  a unified data ﬁnd instructi ogpgache 214,
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i nstructi O”SAgc%étécﬁlfehﬁs%gﬁon%Qé- The M TE 224 decodes the raw

I nstructions received fromthe nenory
The microprocessor 200 comprises an in-order front end, an out-of-order

execution core and an in-order retirement back end. The in-order front end
includes a bus interface unit 202 which functions as an interface between the
microprocessor 200 and other components (e.g., main memory unit) of a
computer system within which the microprocessor 200 may be implemented.
The bus interface unit 202 couples the microprocessor 200 to a processor bus (not
shown) via which data and control information are transferred between the
microprocessor 200 and other system components (not shown). The bus
interface unit 200 includes a Front Side Bus (FSB) 204 that controls and facilitates
communications over the processor bus. The bus interface unit 202 also includes
a bus queue 206 that is used to provide a buffering function with respect to the
communications over the processor bus. The bus interface unit 202 receives bus
requests 208 from a memory execution unit 212. The bus interface unit 202 also

sends snoops or bus returns to the memory execution unit 212.
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referred to as mcro-operations. Decoded m croinstructions 226 are ser{e by

the M TE&%?(fimtﬁ p & trace delivery engine (TDE) 230. The tr peqnskobnvesay

engi ne 2 unctions as a mcroinstruction cache and is the primary source
of mcroinstructions for a downstream execution unit 270. The trace
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trace cac hep@?glaggﬁ‘ %ﬂF M@b ﬁi‘%ﬂ‘-‘ﬁé’r’?‘é‘?‘ﬁa %@£§55%t2‘?1% %Z?ﬁ]t%te ﬁ‘é@? he
address of she PRAMER Yy EQ PfesARE STWEHAstE et 1Rcei®HRTPSMERE memory

M croi nstruction 18 known before a current access is conpleted. The tTrace
cache brancxdti@ibirchRit 2234nfy @vbﬁegpdmnag sér sfinaltrpirstiuctipnnsald téferredpect

to traces within the trace cache 232. The trace cache 232 and the nicrocode
sequencer 28SnpcaroperatiansoiDetodedtmipneinsouctiens?r aresgnt by dhe MFE B47to) AN
2004 WD 01/04750 PCT/ US00/ 17664 The m croinstructions are then fed from

t he m cro- op tpge @elivegy epgine JIREXE0- t hat includes a schedul er 242, a

i st 44, | ocat 1 eor der buf 4 |
queue 250, The. sIREAEdnsty heptnrcons Bepbiras T iudiafrduth Bhol O, ™
operates tOouRCHEHNS BRTcbPRALGIIINGRNSTA! HAbLARECEAT exRLODILAN2IE the

execution unit e regl ster renaner 244 converts references to
external reghsteice delivery eheimet3(riggislest trabenene?i?, baracenraach predictor

dependenci es caused by register reuse. The allocator 246 operates to
allocate (BTB)234, a micro-code sequencer 236, and a micro-op (uop) queue 238. By

having a microinstruction caching function within the processor pipeline, the
trace delivery engine 230 and specifically the trace cache 232 can leverage the
work done by the MITE 224 to provide a relatively high microinstruction
bandwidth. In one embodiment, the trace cache 232 may comprise a 256 entry, 8
way set associate memory. The term “trace”, in one embodiment, refers to a
sequence of microinstructions stored within the entries of the trace cache 232
with each entry having pointers to preceding and proceeding microinstructions
in the trace. Therefore, the trace cache 232 can facilitate high-performance
sequencing in that the address of the next entry to be accessed to obtain a
subsequent microinstruction is known before a current access is completed. The
trace cache branch predictor 234 provides local branch predictions with respect
to traces within the trace cache 232. The trace cache 232 and the microcode

sequencer 236 provide microinstructions to the micro-op queue 238.



resources that are required for the execution of the mcroi nstructionz. Inll]ﬂﬂ
the event that the required resources are insufficient or unavail abl -W)‘J

process agghifoyfdgnstruction or a set of microinstructions, tpagndoasedsor
246 will assert a stall signal 282 that is propagated to the trace
delivery engine 230 and the mcroinstruction translation engine 224. The

| 250 | d t 1 i t . M i i t hat
o o Tuete 200 ot Yol BB MR R i BB PRI S ER L0
is used to Sélag&ﬁtéﬂfﬁ cﬁIcfEs'lx%c‘h@Bhlé%@Z}é‘réél@ﬂe‘% refAm@} D84, arSEIMENGE 246, a

program or der. n the mcrolnstructions stored in the Treorder buffer 248

have conpl et @dra¥ebifePD4BaRd arreplagagiyede?50. elh¢ sdfraiulert M@yinchrdesregarvgd
fromthe reorder buffer in their original, sequential programorder. The
execut i on uniesezlidmstiatides and fopesttes to pdiadulersddispatck nyicneingractigns for

I nt eger execution engine 276, and a lﬁv%lk@o dat a cache ézl]g I n one
enbodi ment | $XECSHECRHOthE expeting R <<Br [PgTegisket regamen«4f AONNEt S uct i on

odi ment i recHAPE] 1 BeESIEr
et ructi ono PRt ko MRPd B oAl e e REBE ) BtRe o

_ _ | Al t
Chore are tvaeP i BeE sl B S5 BRer tflol T BB RIE bt e

concurrent | yreéBputd® thAthdel defl1fedg6r BieOS&RBEE0N dftthe ittuihbtencisasinbdtidat
two resources A 311 and B 315 are required to execute one instruction,

| NTL 301, i netdntethdt theareduiredtriessurcesste imstffonent dimMenB@dabliata praseds a.
Since the two threads 0 and | are being 10 7 JAg t2#)04 WD_01/ 04750
PCT/ US00/ 17 6@icioipsTreiPieont setrefrigoinsiruciopsdhepilecater 246 il assertanztalinT

305 are to be e ed.at the sa I me. _SUpRose .t hat Q e A3llis
al | ocat ed t&lgﬁ?@%’ﬁ%ﬂr%@%m %eg%oceicg&&eﬁggg@§ %3?5%1#! gl}fd 1.
Consequent |y, _: @nﬁ.ﬁg ' : ol 13740 ' be
conpl et ed bergé%#s&e t e&{(ﬁmg%éggt r%?:lg{ | .%THEL\FES é%?%géﬁl_;,e %ﬁ%gal%he?icﬁ%l}g ®
required foranderexriethios@naérdimstiidtivristhat A8ek f0be tsexatuted dy theergrution

all ocated for the execution of instruction INT2 305 in thread 1. )
Simlarly, twmeité8cTheceonterimgfar 24Biipnsediresteos thamicpasiructionsistthpe
conpl et ed original, sequential program order. When the microinstructions stored in the
reorder buffer 248 have completed execution and are ready for retirement, they
are removed from the reorder buffer in their original, sequential program order.

The execution unit 270 includes a floating point execution engine 274, an
integer execution engine 276, and a level 0 data cache 278. In one embodiment in
which the microprocessor 200 executes the IA instruction set, the floating point
execution engine 274 may also execute MMX® instructions.

Figure 3 shows an example of a deadlock situation that can occur in a
multithreaded processor. In this example, it is assumed that there are two
threads, thread 0 and thread 1, that are being executed concurrently by the
multithreaded processor. It is further assumed that two resources A 311 and B
315 are required to execute one. instruction, INT1 301, in thread 0 and another

instruction, INT2 305, in thread 1. Since the two threads 0 and 1 are being
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ei ther because the other resource, i.e., resource A 311, which is raq?iegﬁci
for the execution of instruction INT2 305 is already allocated to th 00
0. As a result, neither thread O nor thread 1 can proceed an fﬁgi%%\s

This i s oW® @04t cl assic deadl ock situations that can arF SHY.

mul tithreadi ng environment- The deadl ock situation described above can

al so occur in a single thread environnent where nultiple instructions

within a si ngtezutdt emntrarentby éda pedsibbothet INGA 30} .ard GUF2303 arstb Beshow an
exanple of a livelock situation that can occur in Ither_a multithreadjn
env irrPonrrent @Fecil#ﬁdaats'ﬁhﬁgﬁa@etW‘éaépﬁé’oé‘ﬁa’ﬁtdﬁ?@%ﬁcev%gitls ql}fﬁaﬁftf‘? HH@% ag
given thread are execu out,, of . orde L 48, 1 t .

di fferent th?i‘?‘F5 f‘?fé’.“rfc%f’%g? Fﬁa?}l%crased{ g%{}gF‘J(’J%?Z Cfdr{[}’teﬁ‘pgl%gﬂ'gﬁnﬁ%?&ﬁlafjé)fassumad
that one t hfrgggm%ihﬂrll\ﬁ’imliﬂ1thfetéﬁe@§?rﬁﬂcﬁ%tc®n'?§]e%ﬂ b;édﬂu%e'tﬂ§bgllé@rtx‘e@8§rce,

I NT1 - | NT5 at the execution these instructions can
out - of - or der e | fesbirdeUd 815 rwhiek serephitdfor iths exeaitiornof iNbéruteiparid$T bBO01 is
instruction INT2. It logically follows that the execution of instruction
| NT4 cannot &eeahynpéiegedionateddsr thralexactitibnidfénstenetien INA2 305iinghrasst 1.on

| NT2 has been conpl eted. Because of the out-of-qrder struction exgq(}géi on

schene, it iSimbardy the executionefipsEurden [INT2 Waynﬁbfeaé@m b canpisted
th time.as instructiop |NT2. As.stated eanld i i nstructi

|NT4 | ogi cal PyherdsatEe the GtRet Fsfiresmi Sy Repurig AT, il iegatiadfor e,

| NT4 get i .

b/ U007 176 g B B e, o B B e et e

at the time pniimedr theéd PO nbMKreh NdangRosectk eny fiethelioMig s onass tihe olgssio
this exanple that the first execution of instruction INT4 results in a
| evel 0 cachdeadlssk situstions that tavatisdincavhitithuekding epdreminsnt.t $hge

performed which nakes the | evel 1 cache busy. It . is supposed also that the
first executéleadlogk Eﬁ@@tﬁ%ﬂ?%ﬁlheﬂ'@oéﬂ%é“mr na sgzé)lg\;g{eao'fi cache niss

causing anot Qr?\;ircl)r%\{l%lnt %vh%?ec Q\%lhgl%kﬁgg‘ugﬁ)gﬁs%iit?@n B%npge thread are executed
concurrently.

Figures 4 and 5 show an example of a livelock situation that can occur in
either a multithreading environment or in a single threading environment where
instructions in a given thread are executed out of order, i.e., in an order that is
different than their original program order. In this example, it is assumed that
one thread, for example, thread 1 contains multiple instructions, INT1 - INT5
and that the execution of these instructions can be out-of-order. It is further
assumed that instruction INT4 depends on instruction INT2. It logically follows
that the execution of instruction INT4 cannot be completed unless and until the
execution of instruction INT2 has been completed. Because of the out-of-order
instruction execution scheme, it is possible that instruction INT4 may be
executed first or at the same time as instruction INT2.

As stated earlier, since instruction INT4 logically depends on instruction

INT2, it is likely that instruction INT4 gets executed again or replayed because
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performed. Unfortunately, in this exanple, the timng of the level 1 ﬁamm
| ook- up operation is such that the level 1 cache is still busy servi gf
request for instruction INT4 at the time the | ook-up request for

instructi WOE#S0 s initiated. As a result, the level 1 cadfe/Pe¥R7éRs
request for instruction INT2 gets ignored. Because the execution of

I nstruction INT2 on which instruction |INT4 depends cannot be conpl eted
until i nstruthe execupn of instreetiath BN @3 thasinot yeb been completed atdhettime cache,

Further ¢ hat SSHEICERING R B S GSSHIF b xBEN G, BEOPREEATCHISANAE the
h that it widkl i n. mak he,.| 1 he t ' .
Thetr e on. W BERYbTRERCkIE bR IR E AR B8V P8 PR anting
needed. CONSRYEENLiche 108kIup bP8tit icPBe pbifbdn@AdvhifindRed theleGkl £ L&IRS
conpl et ed: gle th

re-executions wthout getting I'na sin read environnent,

this |ivel ockusi tH¥ s@pb6sed 6o Beitabe ¢ sBacbeutiopMAckr- iyt o INTQr dlsdrdshfts
progress of the single thread being executed and taking appropriate
actions if timer keviebOwachs wgssessisinglanathes lewd deache delst-upropazdtipertobd of
time. For exanple, i f_there is _no instruction retired ter

predet er mi nePCTHRFDER- H‘"BBF‘@@é@YN@ tﬁ‘é‘?‘?’éﬁi&‘?@rﬂ&? Bwngﬁ?fégfeqq?li@cb%@lw e
that a livel ock situation descrq bed abqve h occurred. In this case,
one. posst bi 45 SBERT IRy Raber T RE] FodiSe ROB R b e sk B, e
| nstr uct i onsirlsfucARAINTICatthe tirhEhd REIEAD rBGRRAYEPGISEULBRINBET [1fitiated.
different instructions are satisfied. Thus rn the present exanple,

i nstructi on AbNhZewdlit)thgdéveagiche fodleupreqlidstifol Mbt20EHoNINT2 /g4 Hdored.
PCT/ US00/ 17664 instruction INT4 which will satisfy the |ogical dependency
bet ween i nstBegauise tle exequtionaf insiTFactigr INGRtdrowddclabstmictiomd N B4 depersds

e 5SSt R tel JCELELLEN L in 8 Mo @ PeLL orman Jorder
[ nStructi on oLy LSRR IR INPALERo IRWEDES R BRI Tl ekl 10 Tt

original program or
Assuming further that the timing of the second execution of instruction INT4 is

such that it will again makes the level 1 cache busy at the time instruction INT2
needs to access the level 1 cache to obtain the data needed. Consequently, both
instructions INT2 and INT4 go in a circle of re-executions without getting
completed.

In a single thread environment, this livelock situation can be detected and
resolved by monitoring the progress of the single thread being executed and
taking appropriate actions if there is no progress made after some
predetermined period of time. For example, if there is no instruction retired
after a predetermined number of processing periods or clock cycles, it is possible
that a livelock situation as described above has occurred. In this case, one
possible solution to resolve the livelock situation is to execute the instructions in-
order so that the logical dependencies between the different instructions are

satisfied. Thus in the present example, instruction INT2 will get executed before
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Figure 6 illustrates another problemthat can arise in a nultithreading N 2004
environnent. For clarity and sinplicity, the discussion that foll ows MAHP
focus on dot hreadi ng environnent in which two threads,pdfi;6a076542nd
thread 1, are 'being. executed concurrently, even though everything

di scussed herein equally applies to another nultithreadi ng environnent

el o, 1t PeoeERnIR R R bR oBE IO SRR R et et pfions
| st T uct 1 onSINPg ahBaNTNAL Bdrthfrledbovd, HE LefiRflle HiRBE SRIEAIPR Ofh

executed out of order, i.e., In an or erent t elrr

original pragtrartisaqulsEeusel §d1jiaé;f@ﬁﬁihrt H-erdbr ihBRuefibficRatutis®df am or der
of the instructions can be maintai ned using a sequence nunber that

corresponds nexessrgy. [Tdgi seqhenegnamter absighed ito ebch dnstongtiomcohresponds toahe
programorder. It is further _assunmed that there can exist sone | ogical
dependency bR fegmencerd gach ingrygian Bhis arighal REegrmYRrsles and sone

| ogi cal d d . bet di ff t ' th . M
Speci Tical ly.  SUpHERE® PHLNSTAE PROTISPTORIEH (Pt Coh PRS0 2 FUHEHOLEagnE

i nst ti - - 6ad,k L.aqi.c L Qys; ' f
: Rﬁl’3£1u?nl '? Erééagl 1 cgﬂ{hg&s bea%lg’n%ﬁggtsggbggﬂttﬂ/thie%elg exe}:&u{t]la%rgtfggoi %ig@%lk%'oﬁ’

thread 1 hasa haafitleeERig @%virSuPRAS th WHich tRatthtdRls) fitebd @ 4o thifiad4, bfe
thread 1 al so depends on the instruction INT3 in thread 0. Consequently, it

fol | ows t hatbaihg esgaediconcefrenNy3dvémthdughael erytlimgod istwssed hereinestjuatltyi |
the execution of INT 3 in thread Q is conpleted. Assum ng further that

i nstructi on 2RMES ternoheraaultidepaias evirerynenicwiiere mersthan tvigrtbaepds. | t
then foll ows rtﬁ?ai)eme? J@N 2004 01/ 04750 PCT/ US00/ 17664 the execution of
i nstructi on TRFIPEREERPELPULY t be conpleted until the execution of

both i nstruction iNE3 éfhrﬁéfe‘??tqsgsﬁﬁ‘ﬂe&i'iﬁé{%it?x?eelci\gr(?gnaqscal?@ﬁfhta‘
conpleted. In addition, t executi1on of 1nstructiron INT3 in threa
cannot be conjtisledtstatitidnd ared thuttthe indtNIdbrisiwithirgagcH thyaad kagalso be

conpleted. Logically, in order to ensure successful conpletion of .these

i nstructi onsexecuted out of order, i.e., in an order that is different than their original
program sequence. Within each thread, the original program order of the
instructions can be maintained using a sequence number that corresponds to the
logical sequence of the instructions in the original program order. It is further
assumed that there can exist some logical dependency between different
instructions within each thread and some logical dependency between different
Instructions across threads. More specifically, suppose that instruction INT34 in
thread 1 depends on instruction INT32 in thread 1. It logically follows that the
execution of INT34 in thread 1 cannot be completed until the execution of INT32
in thread 1 has been completed. Suppose also that the instruction INT34 in
thread 1 also depends on the instruction INT3 in thread 0. Consequently, it
follows that the execution of INT34 in thread 1 cannot be completed until the
execution of INT 3 in thread 0 is completed. Assuming further that instruction

INT3 in thread 0 depends on instruction INT32 in thread 1. It then follows that
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INT32 in thread 1 should be executed before INT3 in thread O and | NT37 AN 2004
thread O shoul d be executed before INT34 in thread 1. However, as nentioned
above, baghgigipeds O and 1 are to be executed concurrentlyl’&l’reill-‘?d)%?664
instructions wthin each thread can be executed out-of-order. Because of

t he concurrent execution between threads and out-of -order execution within

each thread, qite, o8, AR iliRudhAl NETSDSH tHredaact Bt B cBrtplvalDaHtBiHeuat i on

tflfﬁl
as descri bedt above can - oceur n this case, the sequence ‘nunber assi gned

to each insthdsehitieA FHdhinsteaedon INEadn klsrdadWahd ¢hstniction 1I6Ea2 has been
deadl ock or livelock situation that can arise fromthe dependency across

t hreads becawsepleted.shyadditiom mhbexecaitlmeof iratmistiopd Nikion ttheseatéplcamn@t ber
| NT3 shoul d be executed before or_after 3& Li keW| se, sequence

nunber al onecopaplesed patil sedregiqrelNT %E‘tﬂgﬁa IB ecExecut ed
bef ft I 3. de

e oo e o e L e el L
the aspects ;T4 B8 <HINE BelcABolSalR O NG I eae DA 1103 k9o cal

ordering or processing priority controlling between multiple threads. This

concept is ifessd DRBBuld beketateied drférel INVEIOw thiteadn] towewsr, ab hierftiogedes 7
and 8. Figures 7 and 8 illustrate the concept of |ogical ordering, also

referred to abawepbotietiziends Prangt1 te mivﬂexﬂclultergcthmmmﬂx andl tbem&éétniﬁons
multiple threads in a_ nultithreaded processor, l'ici t¥ and

ai n
clarity, thiwitbemeegh threadgandie axequisc eutr 9’«'58—’( Céusrﬁﬂ’fr t:hFrFP SHTTRY

enu v ohient i o e 4 a0 8 AT SN DY HONRAEY 1
PCT/ US00/ 176;§<)ASs‘flﬁchH£tr Qﬁtmrea?( Vﬁﬂlb@oﬁﬁqlm drbfignbabésraRral deAllgnt 0 any

mul tithreadi*ng  environnment ere nore than two threads are executed

concurrent| yocchs. O ekisicass tBB@&@uedd@mﬁﬂEletemengmheeachsastgﬁeﬁoﬁ ovidanh
instruction wthin each thread is insufficient to resolve a deadl ock or

livel ock si teashitbmeachistinsuf{icientitogeshlue the dhadlosksuriveleckesiamtiarothagran

mitiple t hra?‘?sqasfrgxrv}l Siengélgéx}dr:zrn%?da%goss threads because the sequence number alone
cannot be used to tell whether INT3 should be executed before or after INT32.
Likewise, the sequence number alone cannot be used to tell whether INT34
should be executed before or after INT3. In order to resolve the deadlock or
livelock situation between different threads in a multithreaded processor, one of
the aspects of the present invention is to introduce a concept of logical ordering
or processing priority controlling between multiple threads. This concept is
described in greater detail below in conjunction with Figures 7 and 8.

Figures 7 and 8 illustrate the concept of logical ordering, also referred to

as processing priority controlling hereinafter, between multiple threads in a
multithreaded processor. Again, for simplicity and clarity, this concept is

described with respect to a multithreading environment in which two threads

are executed concurrently. However, this concept is not limited to two-thread
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processor. Therefore it is necessary to have sone |ogical ordering b mﬁﬁmm
thread O and thread 1 in order to resolve a deadlock or |ivelock situa
across thread 0 and thread 1. More specifically, if thread@ruasiréidead 1
happen té”%BH%ﬁ@g for the sane resources at the sane tinme, the processor
needs to know which of the two threads should be given the priority to use

the required resources before th her t : V, Jisaead;

instr ugt i on CPRCATTERF EXeAHTN ?IPﬁti éﬁﬂuﬁgﬁ%g%%ﬁ[yggﬂ%lé%%?fg&oaﬁ{yaﬁglﬁer ach.ng

| nStruCti on 0, A0OLEY  HF EAthre it AL BIRASA oAk EQedinadleot qurrkatyy whi ch of
| e logica

these two i fSY ns shou y executed first in order for

these two instruchi @RscrileddEb&HE RS Sddthdnre srmpbetzadigned e eech instruiorhr ead
0 and thread 1 are to be executed concurrently, there is no way to tell in

advance t hevithyi eah tiepsd demeyfidemsorestive adierdiock emivelack sithafan that
because the original programorder of the ipstructipns w.thin
particul ar thneatectue tnthe consient §xeRrion el FRdiplethrerds in g ﬂﬁrtg‘fezf%eéj

ther thread. In oth ds, .the | ogical i ng.: : d
Chread 1 cabraRFyobe 1DETRPHR dtnecssrom GOy S oAl LT Haee8 amon e
progress beind. [pge i 4Dl £30rabiioaRdol CANBEANGA bilivaBuk bitkadon agioss!

ordering sc hread 1s always given the priority over the

ot her threaqhy%jdbogplﬁtmégﬁ 1This is because one thread, for exanple thread
0, may be stuc ecause one of its instructions depends on ano%her

i nstruction wit hiMdrbepetifieally hif dadadOmndttanpd 8 heppeado compete {9y the

exanple, if the'logical ordering between threads is fixed, e..0., (if

oriority i samawmpouptesat the semedineheERCSAT BREATOMIOW $aHER REths %‘Dget

stuck becausge 15 7 JAN,2004 WO, 01/ 04750, PCT/ SO ' never

get the pri dﬁﬁ%ﬁist%‘%ﬂflf r%"?f‘ﬁ%ﬂ?r&)ﬁit%ﬁs?ﬁ%%qy%g#g%g?ég?%{rdeﬁ%gﬁ%

unstuck. | n Gd} @y Mofldvel 2 bhBind i inod pRtcuarthheEhappatsitoh each
a y

thread is ernate grven the priority for sone fixed period of tine

regardl ess Qfepend on another instruction in another thread, the processor also needs to
know which of these two instructions should be logically executed first in order
for these two instructions to be successfully completed. However, since thread 0
and thread 1 are to be executed concurrently, there is no way to tell in advance
the logical dependency between thread 0 and thread 1. This is because the
original program order of the instructions within one particular thread can only
apply to that particular thread and not the other thread. In other words, the
logical ordering between thread 0 and thread 1 can only be determined
dynamically or on-the-fly based upon the progress being made within each
thread. Consequently, any fixed logical ordering scheme in which one thread is
always given the priority over the other thread will not work. This is because
one thread, for example thread 0, may be stuck because one of its instructions
depends on another instruction within the other thread, for example thread 1. In
this example, if the logical ordering between threads is fixed, e.g., if the priority
is always given to thread 0, then thread 0 will continue to get stuck because
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whet her that period of tinme is sufficient for each thread to make pro rj@s
will not work either- For exanple, assuming that thread 0 is al ways gi 004
the priority for N clock cycles and thread 1 is always giv Go/PiekPrity
for Mclo¥ROBPes, this fixed alternating scheme will notpd\%ror even
though the priority is alternated between thread O and thread 1. This is
because it is possible that thread 0O may need nore than N cl ock gﬁ/cles to

I

get itsel f theeadckwahaever geidhe PriREytyHeRETRITe s er b in Byrey will 88t get
itsel f unstugk. d‘ﬂerefo e it is necessary to have a flexible and dynam c
al ternati ngtf‘fﬁq PRSFISEheme in which each thread is alternately given the

priority for so FEICi N N ' wiHich adFol&ead
progress which Fﬁntaégf}lﬁ%rg'na%r%%apﬁglg célr“lg;?jhe'rﬂeh iﬁn‘gfkneé%{rogrcessé I\/brga

speci ficall yis aRaGRAAIY" ife pRofiey st Rmi@tivtd petivdrofttiae pegardiess 6or sonme
period of tine initially. The initial period of tinme during which each

thread has prhethiet shatperivel sfeimads suificrenttfor et dusad tamaespragrestivily t he
processing clock frequency, the average execution time of a  typical
i nst ruct i on,natheorkaithege Foeasampleassiening that thrrad§ wealpaysgiventhe re-

S roni ¢ or GBS HoRk CHslET ABA Pkl bt hgyS e e oORRY forlfy e °o°

thread, for _ex; %‘h | Slefti}(% g@gngﬁnga%h?ﬂ-}een‘ﬂﬁfﬁg\ﬁ@?ﬁrg L& BrGu %1‘? .tlﬂé‘ﬁri ft%%j of

tinme duringc\ml S prior e given priortty r a

| onger dur atj}Rinftbd efRebh ehrr8d10 aritd ek 1NahiPls Wichirve itTBipdsciblathiaan of
time during which thread O is given priority wll continue to increase

until thr eacthBeathkasynieg @sse tHancH dlock sycletetoegatiitself urtsieck Anddbiraadnhs
made progress, its priority duration can be reset to, sonme shorter period,
for exanpl e mAgneed mere tham M clask qyclesip gat itselé uasigki on of 16 7 JAN 2004

V0, 03104750 PCT LS00l 11664 L7 S L L LAY A b RGP EAgTLY
B s L
sufficient period of time in order for it to make progress which in turn can help
the other thread make progress. More specifically, each thread is to be
alternately given the priority for some period of time initially. The initial period
of time during which each thread has priority can be set according to various
factors including the processing clock frequency, the average execution time of a
typical instruction, the average memory latency time, the time it takes to re-
execute an instruction, etc. As each thread is being executed, its progress is
monitored to determine whether it is being stuck. If a particular thread, for
example thread 0, has not made any progress in the period of time during which
it has priority then it will be given priority for a longer duration of time the next
time it has priority. This duration of time during which thread 0 is given
priority will continue to increase until thread 0 makes progress. Once it is
determined that thread 0 has made progress, its priority duration can be reset to

some shorter period, for example the initial duration. Likewise, the duration of
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during which each thread has priority will continue to increase until ﬂ‘:ﬂhum
particul ar thread nmakes sonme progress. According to this dynam c and
flexible alternating priority scheme, each thread is altepgghtdoy1tdeden the
priorityW®1/3¥e sufficient finite tine to nmake progress. However, one
thread cannot be given priority indefinitely even if that thread is stuck.
As expl ai ned above, thread 0 may be stuck becayse thread.l _ must t
Sonipevencrire ™ my

somet hi ng dome dwtiog evhiph shiead 1ds @ FRIKBIBFEY ! Hhredd

not be able to ke progre nl e il.get i QL).1: LCiient

horiod of tilieed Renpbessues prodtercet whid el ittty HaradOEaR b, rbéeri0
th ti . : o t . EoNriAHF

Cnor ease. urtde sHEer BeiBuctor BRERpCHRAMIGAN Biakiol. ' o, tReTingiH o tiine

i ndi cator cagl};

ag &chﬁaeqcﬁrtﬁfeaaerra%qurﬁrty(WHB&onﬁimmemcmasenmm;xhet whi ch of
the two threads 0 and 1 has priority af any given nonent. A detailed

descri pti onpgfticuller theewt atakes same progrésscati on of the TPB wi |l be given

bel ow. I n one enbodinent, the TPB is set_tqg one value, for. ex le 0, to
i ndi cate that thAsserdingae thisidyrpmjc and ﬂeé@éta?&eﬁ‘%% Hé’r"f%sﬁﬁ‘?@‘?o?adh

exanple 1, to indicate that .thread 1 has, priaqri - : guence
nunber assi gﬁéﬂdﬂ%ﬂé%Fmt?qﬂ&Y%ﬁedﬁl%lmﬁoﬁ i gg:éngl%/fﬁpeag ﬁ}i:?PlE t%gngE{?mgal?ﬁdi cate
the |ogical executy ' it idtitlyhaafgitlyanenlif thata
deadl ock or prqgr?é#ofggage?{ega I}eghr%ﬁﬁdrﬂgﬁlyﬁ%xgmgboa?mnt, each tf?r eadai S

consi der ed pRkhAYs BRLRR! §SSesiplaifed abbYEMhr@Id0 essi bg speki legaiise threadd no
instructions to-retire or i it has retired at | east one i nstructi‘fqr%éiip

the current rrms@%es somngthingidote beforeabreadH) eanimakerprioghess- floyexss t
value of the TPB is alternated between 0 and 1 everﬁl %’7 WO 01@%4759 7 JAN
2004 PCT/ USEBY nqtoeable e anakiapriogaesssniess 1E 8RISaXpontt Ity Se " Y- X on of

gt o O pERBG A e Tt 1D EORgp R PEM thidadsd Chrt SEHAC AT cadklthe
time during which each thread has priority will continue to increase until some
progress is made.

Referring now to Figure 7, an indicator called thread precedence bit (TPB)
is used to indicate which of the two threads 0 and 1 has pricrity at any given
moment. A detailed description of the generation and modification of the TPB
will be given below. In one embodiment, the TPB is set to one value, for
example 0, to indicate that thread 0 has priority and is set to another value, for
example 1, to indicate that thread 1 has priority. The TPB and the sequence
number assigned to each instruction within each thread are used to indicate the
logical execution order of the instructions in threads 0 and 1 if a deadlock or
livelock situation occurs.

In one embodiment, each thread is considered making progress in a
current processing period if it has no instructions to retire or if it has retired at

Jeast one instruction in the current processing period. If each thread is making

progress, the value of the TPB is alternated between 0 and 1 every
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be equal to a predeterm ned nunber of clock cycles, for exanple 16 cl 205 20
cycles. In this exanple, if both threads are naking progress, then t e' N 2004
value of the TPB is alternated between O and 1 every 16 cl pgiagypi@ss |f
one of tKEOPHIEEYs, for exanple thread 0, did not make progress that |ast
time it had priority and also during the tinme after that when the other

Dri o 1y 115 PrRAERAURFbFCSONEoBeRar e ot atiart Fbfigre diupie il en
erbodi TNt , e e SRRy SR APeREhAACRE RAURLL T et bOBKITHRES et to

Accordi ngly ave priori priority period of 32 clock

cycles the pexly bl fa PrbQéteithined ShMier RACkodkayides, IdY éapipierlédodlesyddes. f or
thread O will continue to increase by sonme predeterm ned additional tine,

for exanpl en tRiseixasipleyif beth thurhids atdwredking pragess pheg the yal@nefehe Aidas 0
makes progress, its priority period can be reset to sone predeterm ned

nunber, for altersatpddetweenD Lgeenyslo ¢lack npclesabne efitbgrihreads ire 7,
the TPB is set to O init] I_%y at tkima PO to ipdi cate, h%tspt.hr. ad% is to
have pri ori €yampie !L}Ueéfj&z%l pek makegrogress that 1ash imgo hadpragpty gnd afsy

I ndi te that th 1o tQ.h | ' | . [

P2, he TPBAET RS DR o GeRehe ol bpEad Rafl sl RdP e TP s
the TPB is Hoﬁrc'i‘l?ﬁﬁg Wik if Q411 L8 vE bRty %s iifGeadid by 58mB4preiBferiitRed S

changed back to O. wever, this ti thead0|sto have priority for
sore addi ti gddlitiéhd®irhec aivsae enibatlithemds thee kereanyn praogreeses td beiagyal el6
previous two periods between P2 and P4. Therefore, starting at P4, thread
0 i s to havelqukiayclasy Aanordingly dbreas,@ mall havespran bfor repipHEk Pevie & 32a

time P6, the TPB is then changed.tqo 1 for 16 c] ock cles. . At ti P7, the
TPB i o bet clods cypirshenest EHE prpREHSEreTirekdoe: S pritgREITIE back

to 16 cl ock | ' th i : ]
ot o0d" ot vaie e Wil P ahle G thare BBy SAE REAGIERINI g ARIoRIBOUS:
JAN 2004 W%Q&(g@éié@l&ﬂdyeﬁpﬁﬁﬁﬁ@&eﬂ 04hSk& Shses Dhehthrenal0 rhhlows

di agram of one enbodi nent “of a nmethod 900 for controlling the processing
priority betpsegresthiteptsrity periodaan be reset to some predetermined number, for

example, 16 clock cycles.

In the example shown in Figure 7, the TPB is set to 0 initially at time PO to
indicate that thread 0 is to have priority for 16 clock cycles. At time P1, the TPB
is set to 1 to indicate that thread 1 is to have priority for 16 clock cycles. At time
P2, the TPB is switched back to 0 for another 16 clock cycles. At time P3, the TPB
is alternated to 1 for 16 clock cycles. At time P4, the TPB is changed back to 0.
However, this time thread 0 is to have priority for some additional time because
it did not make any progress during the previous two periods between P2 and
P4. Therefore, starting at P4, thread 0 is to have priority for 32 clock cycles
instead of 16 clock cycles. At time P6, the TPB is then changed to 1 for 16 clock
cycles. At time P7, the TPB is set to 0. This time the period for thread 0 starting
at P7 is back to 16 clock cycles since thread 0 made some progress in the

previous period between P6 and P7. At time P8, the TPB is changed again to 1.
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mul tithreaded processor. For clarity and sinplicity, the nmethod 900 i?
described wth respect to two threads, thread 0 and thread 1, that a eMth;um'

be executgdgieagurrently by the multithreaded processor, epenusbonmgbs
ever yt hi ng 3|scussed herein is equally applicable to a nultithreadi ng

environment having nore than two threads. Simlarly, the discussion and

description of t1ha IRl §LfoRA% Rletlley @Rl iakiiuft of bR\ FaHdYififth P hadERN!

where nultiple i uctions are execu i'n par or “exanple,

as in a progeager céﬁ%mir@%% Ssding eﬁfritg%@\lvj@én BLehHS GatMhS AS

descri bed above, 1 n one | ment, processing priority between

threads is uyseHitheedded pricessil Horeheigfarddsiniphirityh teanethed 600 ipdescribed
priority if both threads conpete for a particular resource in order to
make progr essith Fespectiatwb éhreadsathresdfrard thriead dethdit eeitq be exexyed an

e, then €RECBRSBOEDHBegORTEgeded Prascas cter ot cateay P Redifasoes
situation in _or.der ' I QN | t he
o ocessing peran tganalkAbERaBs A il kAR g A IR e
ordering of Jhartwnd MiRAns 1P A8 AideusSdn B daReRhtRAMAhe flethodl 900l gso
thread environnent, a sequerice nunber is used to keep track of the | ogical
sequence of appties BpHlsingle thield ensiroriiteat sdguenadtipleibetructioneapoiudse t o t he
original sequential programorder and is necessary, for exanple, in the
situati on wkecwtedrnniparallelefor examnple: aoin @ prewesserthatimplementd asipespl ai ned

above with respecLl_éto the livelock problem In a nmultithreading
envi r onment SCAIREAECHHEESTYE. dependency across threads, as expl ai ned above,

and the sequence punber..alone . is_in | Ci f I
the | ogical sequéﬂ%g%’c?lr lb%floa%rovoef 11.1 |°Ir}§ #HJ%@@%@S&% \R,E,Qﬁef’?%%ﬁgﬂbh?%ﬁ S. The
processi ng Rhiidstiy ub&d 4 fiicAtel Whithlche/of il ra0thr A0 4O RO priority if
PCT/ US0O0/ 17664 case to tell the processor which thread is to have a
precedent | bgils ehreatdeompeté forr £ ppeidulhnrdsbara inerdehteatikelprogness. For
enbodi nent, the processing priority is represented by a signal
example, if a resource A is required to execute an instruction in thread 0 and
another instruction in thread 1 at the same time, then the processing priority is
used as a tie breaker in this situation in order to prevent a deadlock situation.
In one embodiment, the processing priority is also used to indicate the logical
respective ordering of the two threads 0 and 1. As mentioned above, in a single
thread environment, a sequence number is used to keep track of the logical
sequence of the input instructions. This sequence number corresponds to the
original sequential program order and is necessary, for example, in the situation
where an in-order instruction execution is required as explained above with
respect to the livelock problem. In a multithreading environment, there can be
dependency across threads, as explained above, and the sequence number alone

is insufficient for the processor to tell the logical sequence or order of

instructions between the two threads. The processing priority is used in this
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referred to as a thread precedence signal. In one enbodi nent, the threpg 7004
precedence signal is represented by a bit called thread precedence bit. *%

one enbodi nent, the thread precedence bit is set to O to ingdi t
thread 0 WO %84"0ave the processing priority and set to 1 t%&?ﬁ"@ﬁ%ﬁt hat

thread | is to have the processing priority, with respect to both resource
usage policy and !@e%gi cal ordering_ of instruction execytion. Cqntinuin
with the presasatossdhths processoriehichdhoens isttghaye precedenilpgical grdgr ye

905, the priority dyfation or iority period for each thread is
initialized reFBeéJHELﬁPél&eéttgﬁr?ﬁied period. The priority duration is defined
as a duration or 1] ' pTar Lch.: ' r '

Irl Sﬁ@éff@ﬂdﬁ@ghkﬂﬁe?gé&%%%ﬁ&@ Bfr(ﬁgké‘ééxﬁéd £8gnhp

gi ven the processing prio ment’, priority duFation is

measured in {ekiBd 8 aPRARESE PreceBBRéOdsnA eh®rRaGhbHdREEsS ithe tieatod
corresponds to a predeterm ned nunber of processing cycles and each

processi ng Cywked e signalrid sepresanieddsies bitratled threadoprecetlepcobsdoonel ock
-periods. In one enbodinent, an initial priority duration for each thread

is set to beerahodiment, shotheed pratedance bitsesetdp Giviaidicagiethatithrepd 0 istanpl e
16 nmedi um clock periods. At block 909, th [ 0Gessi riagrity i.s giyen to
one of the thwve heRr@sessing RIOTHE apesebtp Lo Fé@ﬁ%ﬁ%&ﬂ%bt sapLis tﬁ#}fw%i%
duration. In_one enbodinent. .the th ! t i rst
val ue, for e&%%?séné,prfo(gl [ ha’il%la’%(gpf %tgt? %toﬁfé?%sr%glgg“ggf'%et Bér’lﬁ%’??‘{‘i? l?éﬁ Slfven to
thread 0 ang . £&ind & PsEEEQRH evatgon.f Or exanple 1, to indicate that the
processing priorit Is given to thread 1. In one enbodinent, the priority
duration for a paCobhéinuirig with gedpresenitexampla) thg msthedd?Ostatseat il ode3@i. ng

priority is assigned to that particular thread. At decision |oop 913, the
met hod 900 pAbblekS05ths pokrig durtigroor puaKteperiowdon eadh fisead is initialized

T USO01 17654 e courent el ELAN L0, Mo B S LR BT ol

met hod 900 then nf aegeds f LM Shiher p RSt Wrkallis Yerd hdPpP&LesSRE drfority.
In one embodiment, the priority duration is measured in terms of processing
periods where each processing period corresponds to a predetermined number
of processing cycles and each processing cycle corresponds to a predetermined
number of processor clock periods. In one embodiment, an initial priority
duration for each thread is set to be equal to a predetermined number of clock
periods, for example 16 medium clock periods. At block 909, the processing
priority is given to one of the two threads for a time period corresponding to its
priority duration. In one embodiment, the thread precedence bit is set to a first
value, for example 0, to indicate that the processing priority is given to thread 0
and set to a second value, for example 1, to indicate that the processing priority
is given to thread 1. In one embodiment, the priority duration for a particular
thread starts running as soon as the processing priority is assigned to that

particular thread. At decision loop 913, the method 900 proceeds to block 917 if
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determ ne the next priority duration for each thread. The determ nati,}pn 05
the next priority period for each thread will be discussed in detail JAN 2004
bel ow. However, it should be noted that the next pri oritwlﬁgdoﬂg f,0r

eth

each t hr ¥0ue&iSUepend on a nunber of factors including er eac
thread has made progress within a predetermned tine period, whether any
specified event or interrupt has occurred in the current processin er. od,
whet her t hethsr aueest prjoxity gnratjornhes expiead. afit BlasktDd, the PHesHREAT{ONtY 1S
processing period, etc. The t hod 900 t hen | oops back from block 921 to
deci si on bl a&mated, 1@-*@?@?&9589\8" rd eﬁr‘}ll'ed f1 ow di agram of one

mbodi ment of th th 0 i in Fi j 00
w1 be descr i bed RO IRRRER PIORISE dtn et Block L0017 PbleEkbed 8
everything Eig%?ﬁ{iag(&\%ﬂéﬂi BYi6Hd relgxﬁ.sﬁoﬁ%!r ie|§§h {ire@dMiHel ddtefadhdtibn of the

envi r onment nore than two t and also a single threading

envi r onment nwhesgoAl peRbE fonsidnubirénwikibe disassedin detritbeloent HpweTke,
met hod 900 starts at” bl ock 1001. At decision block 1005, the nethod
proceeds t oithoakd beG@ted tsairtbe specpionty dursiionsigeagh threadearpdependpnhas
occurred. Qtherw se the nethod procegq?_lqse to bl Oqué'PlB' At bl ock 10@’811 t he
thread precadawekenpfiactprpinglading whefihes sach direadhias made progregs Wun a

prior 1y | nPisdatFined S etiqrh nhBlny etk BR¥E o B BPERS: "
repr esent ed By, 00%  PUIAEY B protblstlly berid8 vl heipBL &Rty phistity hesad 0
i s having tRe"Processing prlo?lty a set’'to 1 otherwi se. I'n one

enbodi ment, LEgK akbARItb&id Yhe &lderltPFobessat odpétct The methad¥ibtiee loops
nuke or reset event. |In another enbodinent, the TPB can be initially set

accor di ng t baslofrenp biskkt 3 ondatissahbloek #13based upon sone 21 WO 01/ 04750 7
JAN 2004 PCT/USQ0/ 17664 predeternmined crjteria. For exanple, in,response
to a nuke or res&igeestishawiea derageddlovs diagrpErPLaNG § mnenb Ohthe t her 0

or 1, or it n?gtﬂog %anciesgr?bgg in Eleglg'g ge Again, the method 900 will be described with
respect to two threads 0 and 1 even though everything described herein equally
applies to a multithreading environment of more than two threads and also a
single threading environment where multiple instructions are executed
concurrently.

The method 900 starts at block 1001. At decision block 1005, the method
proceeds to block 1009 if some specified event such as a nuke or reset has
occurred. Otherwise the method proceeds to block 1013. At block 1009, the
thread precedence bit (TPB) is initialized to some initial value to indicate which
of the two threads 0 and 1 is to have the processing priority initially. As
explained above, the TPB in one embodiment is represented by one binary bit
which is set to 0 to indicate that thread 0 is having the processing priority and
set to 1 otherwise. In one embodiment, for simplicity, the TPB is always set to 0
in response to a nuke or reset event. In another embodiment, the TPB can be

initially set according to some predetermined scheme or based upon some
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value as that prior to the nuke or reset event, or it can be inverted7fr8rﬂm
the last value prior to the nuke or reset event. The two counters TO aM

TI are al s oioursd al i zed at bl ock 1009 in response to the nuRET/HEMYESE4
event. TO counter (TCO is used to hold a value that corresponds to a
duration for which the thread O is given the processing priority. T1

counter (TClyrddeteiggihetiaritetid. Foy akamplé)dh resypomsestpandake or aeshiresengrthé or
which thread 1 is given the processing priority. Another counter, referred

to as the thTBEBaapteseteted ranlombyr to BeSthes0 ar door itcandek setith berthersame)
value. The initial value to be |oaded into the TPC counter dcf ends 0[1
whet her t hr enalug asrthetprigs ta thesnake ARYVESEt R¥eRy 6 ds@be HrYesis Bfoére the fast

t . If th d 0.i 1 h i i it t, thi t th
TPC count er VASCIRSIRIGE e Ve Qi Hed bt r:oném?rge#n‘zée%ﬂﬁ%fe%eﬂ@%?neﬁ n
the TCO  If nﬁgmgfedd %mmmaop@ﬁﬁrés BrBeE 6 BRchie Y 'r@srétfeiéeh{‘!e'f'okaﬁnﬂa?c(}_rcog
ed W u he

counter is |oa a value corresponding to the val ue contained'in

TCl. In one giheditBRMld a +418e YRdtuoreapoadsed ai duritidnefor tikich@Re ahredd 0 iss
multiplied by a predetermned nunber, for exanple, 16 before being | oaded
into the TPCgivEhehegiroeessing piingty.i Tl chen®@ ] Gly iontedtbbdidenelue that
corresponds to a nunber of processing periods during which TOor T1 .is

gi ven the prowmmesparyls tora duratiprefed vehich threachh & E’@'eﬁghladﬁoé%?sﬂ%%ﬁ&?@smo a

B! e S OROHRER PRt TR 1o 6 thEkA PRSI B CuP g KT F /56" h
or oceasi ng pREGEETG AT PR el iR Tht TR v aRga tade BRRE H TACRURRer e

predet er m nedeprieon Wikthex&iBA& 0br thhex P Rhawd theGhrdcessihg @riority at this
initialized to a predeterm ned nunber, for exanple 1. 1n one enbodi nment,

e et e e
i Cial i zed conmer iWloaiedavib e oTePOTRESIE CoReraRabm el Gls.
Continuing Wiftt?uéahdel E)srt%s}?a?w}e )t(eaprpg)!:eeSsirtagh ;e::ri%%% Hin e TP counter is loaded with
a value corresponding to the value contained in the TC1. In one embodiment,
the value contained in either the TCO or TC1 is multiplied by a predetermined
number, for example, 16 before being loaded into the TPC.

The value contained in the TPC, in one embodiment, corresponds to a
number of processing periods during which TO or T1 is given the processing
priority and each processing period corresponds to a predetermined number of
clock periods, for example 1 clock period. For example, assuming that thread 0
is to have the processing priority initially, then the TPB is set to 0 to indicate that
thread 0 is given the processing priority initially. The content of TCO is
initialized to a predetermined number, for example 1. The content of TC1 is also
initialized to a predetermined number, for example 1. In one embodiment, the
content of both TCO and TC1 are initialized to the same predetermined number,

for example 1. In another embodiment, TCO and TC1 can be initialized to
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which is 1 in this exanple, is multiplied by 16 and then | oaded into _gihe
TPC. In one enbodinent, the TCO and TCl1 are sinple binary counters h \MN}@M
a size g)?prﬁ% nding to a predeterm ned nunber of bits, fFCEEsIIINEE410

I n

bits. odinment, the TPCis also a sinple binary counter having a
predeterm ned size, for exanple, 14 bits. As a result, in one enbodinent,

th | | i d. i ther .TCO. TCl '
br edet er mi rbAeRERbEAGS: Direruing RaPAH Brégat BAmPlY, ALl TCO, 1 i i
the TPC. Rex]:vﬁcr}i ??gl Desks EQarﬂ@Eé 3¢ ﬂﬂllﬁtﬁﬁ& bi0fPand BeerRiaded ipt® eeeTUBCT dn

bl ock 1013 eére s no ntké or reSet event detected. At decision bl ock

1013, it i Sondeb@ioinRsht WHetITED ahd § Cloaeasitnpdé birhery TRGnkers fewingdsizes ome
predeternined threshol d value, for exanple 0, which indicates. that the

priority ductesporting texppreddteriiinefiawymber of it ferexampleall Bityi feane t he
met hod proceeds to block 1021, ot herw’ise_ It proceegf? to bl 005 1017h%‘4\t

bl ock 1017, embedimeantthediPG isalype simpleBinasrsAnRtET SV A FIEHBFA

value, for exanple 1. At cision block .10 . 3 ock
1025 i f t heSIFPHEOF €Xample ﬁb%r‘g?ﬁéef)‘gﬁoﬁn |%IP|BE§ gu{’lg}??gn, ot ﬁe?l\%%sdte%t he
met hod pr oceeds +80bl agk; 1028 ined TRBbéSoSHits, for dxarAple

bl ock 1029,e‘ﬁﬁ%r #@%qrgﬁ?efsqg%%'ﬁ&elﬁﬁgg)%& ig%&{rﬁgn | oaded V\‘A'Dt h Sa %u?vbeira
correspondi g ] AR adEd iN®) e TPCTCO val ue at bl ocks 1033 or 1037,
respectiveIg.gn]%'(rib'"f')iirtl)gggénjf)rt di ra}ent, the content of either the TCO or TO s

mul tiplied by a. Refsteirgs badietd detidien bléd 1@00atm metisod pepcsedsieibiech Hiided

into the TPC. The value stored in the TPC represents.the er of clock
peri ods duifithgrensinchnuke los reset egept @etget Q#CFIPQ%??U%%&%“& ocessi ng

T0u1 14 updeteEmined cERFBRL Lo CaE RNt B Fa e st R pes el 07
bl ock 1045,y The geLhod 1en.aane, Bk Laiibhes thaQ83 phrorpgntiator e

processi ng Bl?r I'n one enbodi nent, the nmethod 900
descri bed angﬁeH.S Iﬁ&ez%ﬂéﬁ'tf@%ﬁéﬁ R4d ©4pi561, BT nuBod pr66dedetpdaneld 162k e
t er

every prede m n_ed. nu f processing %eri ods, for exanple .
otherwise it proceeds to block 1017. At block 1017, the content of the TPC is
decremented by a predetermined value, for example 1. At decision block 1021,
the method proceeds to block 1025 if the TPB is set to 0 for the prior priority
duration, otherwise the method proceeds to block 1029. At block 1025, the TPB
issettol. At block 1029, the TPB is set to 0. The TPC is then loaded with a
number corresponding to either the TC1 value or TCO value at blocks 1033 or
1037, respectively. In one embodiment, the content of either the TCO or TC1 is
multiplied by a predetermined number, for example 16, before being loaded into
the TPC: The value stored in the TPC represents the number of clock periods
during which either thread 0 or thread 1 is given the processing priority.

The method then proceeds from blocks 1033, 1037, or 1017 to block 1041
to update the content of the TC0. The content of the TC1 is updated at block
1045. The method then loops back to block 1005 to continue the processing of
thread 0 and thread 1. In one embodiment, the method 900 described above is
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once every clock period. Consequently, the TPC is decrenmented or count-)eﬁw 7004
down by a predeterm ned count, for exanple 1, every clock period until e

cont ent O{Vd&%;_ﬁ)c exceeds a predetermned threshold val ue, d&fusatese O,

at which tine the TPBis inverted and the TPC is | oaded with a new
starting nunber corresponding to a new priority duration. In another
| ue Ji ndicating.the .star

enbod! nment , tht?3 TF&C i Se | oadedr \gl Eeh a \éa AL~ ; néo ofx a o
priority durSiHEBHY PBTE EXMITEOE IR SRR PIAE OIS REFRHEnOE AT RIS
predeterm neg&&owgrx cﬁ&%ﬁé&%@.‘ ﬁohse(g\f\n%‘g:]}ﬁ\éﬁé YPE{ ﬁ%?e%?éxﬂgngaga gpgouﬁ#édt hi's

case, the T IS incre f'ed or ‘cou unti it excee

pr edet er m nedowhl 95 A Preld¥ebuenaPtseapaadbRENSIE 1 beetyerlBtk pokiddienal ier i ty
duration, for exarnple, the nunber of clock periods during which a
particul ar tdoreant ofsthg TG exberdsropestitegnined dhresholdivalus, dbr exarepi@ atPB
is inverted and the TPCis reset to 0. In_either the counting down or
counting up whigh timestheAdR is inyertetdandidg TGadogted vmidh @ ngis stpntinge si nce
the start of a priority duration in order, to determ ne whether the
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In either the counting down or counting up case, the TPC is used to keep track of
the elapsed time since the start of a priority duration in order to determine
whether the priority duration for a particular thread has expired.

Figure 11 illustrates a flow diagram of one embodiment of a process for
updating the content of the TCO counter performed at block 1041 in Figure 10.
The process 1100 starts at block 1101. At decision block 1105, the process
proceeds to block 1109 to reset the TCO to some predetermined number, for
example 1, if it is determined that thread 0 has no instruction to retire in the
current processing cycle. Otherwise the method proceeds to block 1113, At
decision block 1113, the process proceeds to block 1109 to reset the TCO if it is
determined that thread 0 has retired at least one instruction in the current
processing period. Otherwise the process proceeds to block 1117. At decision
block 1117, the process proceeds to block 1121 if it is determined that the

processing priority has been switched from thread 0 to thread 1 in the current
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" processing cycle and | oops back to bl ock 1105 ot herwi se. In one eand?mmtmm
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thread 1t rgggsgg.%ogﬁéﬂt} he current processing cycle, in one enbodi nent,
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TPC has  reached FigerdI 2lkiseatdsnefowitis df vk eenbolibhiait @ alfotess for

processing cycle and 25 1 7 JAN 2004 01/ 04750 PCT/ USO0/ 17664
updating the content of the TC1 counter at block 1045 in Figure 10. The process
1200 starts at block 1201. At decision block 1205, the process proceeds to block
1209 to reset TC1 to some predetermined number, for example 1, if it is
determined that T1 has no instruction to retire in the current processing cycle.
Otherwise the process proceeds to block 1213. At decision block 1213, the
process proceeds to block 1209 to reset TC1 if it is determined that T1 has retired
at least one instruction in the current processing period. Otherwise the process
proceeds to block 1217. At decision block 1217, the process proceeds to block
1221 if it is determined that the processing priority has been switched from
thread 1 to thread 0 in the current processing cycle and loops back to block 1205
otherwise. Whether the processing priority has been switched back from thread
1 to thread 0 in the current processing cycle, in one embodiment, can be

determined by detecting a signal indicating that the content of the TPC has

reached the predetermined threshold value in the current processing cycle and
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that the TPB has been inverted from1 to O in the current processing QyfAN004
The determ nation of whether the processing priority has been sw tched
fromthregd pihosbép thread O in the current processing cycle vdiusoe/17664
described in nore detail below At block 1221, the TO content is
increnented by a predeterm ned nunber, for exanple 1. The content of the
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signal is input to the allocate It 1311 and the schedul e/ dispatch unit
1321 for these uBigaretld shemfsar highhewvel lork ekpgrein g onererhbodisnentrofame

enbodi ment, the allocate unit 1311 uses the thread priority sjignal to
det ermi ne whappaaies fgr aomérolling thepeocersingqyriophheavesrutegdotcrrent 1y is
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in the diffepgbbeddPrERHS Y QurkéntifroRdRen periotl THegessapyidrityrchzalivisa
| i vel ock situation that can occur due to a dependency across threads. 26 7

JAN 2006 WOaRd/r8deises midtheSagit igral indiratingavbatws eachitbrgaddiasgnade of one

enbodi nent of an apparatus for ) _ .. .
progress In the current processing period. The thread priority control circuit
1301 generates a thread priority signal indicating which of the multiple threads
has the processing priority in a given processing period. The thread priority
signal is input to the allocate unit 1311 and the schedule/dispatch unit 1321 for
these units to perform their corresponding functions. In one embodiment, the
allocate unit 1311 uses the thread priority signal to determine which one of the
multiple threads being executed concurrently is to be given the priority to use
one or more particular processing resources if there is a resource contention
between the multiple threads. Similarly, in one embodiment, the
schedule/dispatch unit 1321 uses the thread priority signal to determine a
logical order in which instructions in the different threads are to be executed, if

necessary to resolve a livelock situation that can occur due to a dependency

across threads.
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controlling the processing priority between nultiple threads in a . 2004
mul tithreaded processor. For clarity and sinplicity, the discussion grr'é#

foll ows ‘%6'058495615 on a priority controlling scheme w th recpaspi1%64 wo
threads 0 and 1. However, everything discussed herein equally applies to a
mul tithreading environment that has nore than two threads executing

concurrently and g Oniezi){,ﬁr?v%is%%l&k 50 8 ¥hé eHBYEmMUN O aflippaRhis for

i nstructions wthi ead are exetuted concurrently. As expl ai ned
above, the %ﬁ&%‘iﬁhgﬂi@?féﬁeisﬁylgip&itﬁﬁt}bbet&*eteeurmﬂté}ilehhrmn a mdtitheaded
thread 1 periodicalTy. The period of tinme during which each thread is given
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0 may be stuc ause thread 1 nust get Sonething done before thread O

can make progr&sBenviov@vieht whiré heultiplenstgrdtivtsprithizsshe thymadare exeduded
sone sufficient period of tinme, it is possible that thread 1 cannot nake
progress in cnderrentdyhel p thread 0 nmake progress, i.e., get thread O

unstuck. It is entirely _ possible that both threads. ca t stuck.. In this
situation, the ti%edﬂéﬂrﬁﬁi AP téﬁ@ﬁ%%?’é‘ﬁdpﬂ%‘t)f }?eto&ed%g%a&uﬁfgﬁ?ﬁ% ty
wll contin t o, jncrease r._bot:h . cy.f |y

processi ng p '%arq@?“Pﬁ?ﬁ@fW&ﬁhﬁ%weﬁg?’teﬁl%%%? daﬁfﬁgh%cgtg?%gugfd
time in an alt ' b O f ' Rusibe? ol Hiffenattihctend

pr ecedence blgéﬁgggélﬁgﬁ?%z@g Z‘S"g??ﬁg’é"ggggﬁf I's used to indicate which of
the two thr eaghudibg vatidthyr Sasetspecifiedan®sat hgs opriroed twhetherenpardictedi nent
the thread precedence bit 1499 1s set to 0 to 27 7 JAN 2004 WO 01/04750

PCT/ US00/ 17 6tbdeachisi making pragress et Iowseyer, Hbismssentsdithat Hiq ProcessiBgd set
to 1 otherw se. There
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priority is not given to one thread forever even if that particular thread is being
stuck. As described above, it is possible that one thread is being stuck because of
some dependency across threads. For example, thread 0 may be stuck because
thread 1 must get something done before thread 0 can make progress. However,
without having the processing priority for some sufficient period of time, it is
possible.that thread 1 cannot make progress in order to help thread 0 make
progress, i.e., get thread 0 unstuck. It is entirely possible that both threads can
get stuck. In this situation, the time during which each thread has the processing
priority will continue to increase for both threads. More specifically, the
processing priority is only given to each thread for a finite period of time in an
alternating fashion.

Referring to Figure 14, the thread precedence bit (TPB) 1499, as described
above, is used to indicate which of the two threads currently has the processing

priority. In one embodiment, the thread precedence bit 1499 is set to 0 to
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are three counters, TO counter (TOC) 1403, T1 counter M) 1405, and '“ﬁAN 7004
thread precedence counter (TPC) 1413, that are used to control the

durationwa‘ }lﬁl during which one of the two threads has pgiagesmhngs4
riority. enbodi nent, the is configured to ho a val ue
priority™ A4 mbodi he TPC 1413 i figured hol d |
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and the TPGldddehée tOasied (TPCY 48, MRt a@lused andohhrel deudtiratiprdofuingr ocess
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th ' iority, tively. Injtially, I
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the initial JRIREESHING cAEritas bh¥ cobnt agd ahPpeocesiinag tpereabequals eterndackbi t

1499 can be initially set to O to indicate that thread 0 is to have the
initial propedsingVhenohe TPC 1413areathes a prestetmmined threshohd ¥alnesfetedence
bit 1499 can be randomly se|l ected between 0 .and 1.in,res . gne ,of
Uhe speci {1 exaplafshe Hieeaprasadgrecionfebisgrrertadand tFa L 14loigRded
enbodi nent, can be set. to be,,the same val ue ' e LQrity
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the thread pLRGSIRRE ) thelriRO 1495 MlugpHeli bl dithdiahe TOC1400%6r dhe TIC 1405
e r

significanceg Since t processing prrority-is to be alternated between the
two t hr eadsdppéhdisiglt Whether 28edd DAN tREEE WO 10 Had4 156 pROT¢ssBEDPivEey.

respectively.

Initially, in response to some signal indicating that a specified event, for
example a nuke event or a reset, has occurred, the thread precedence bit 1499 is
either set to 0 or 1 based upon a predetermined implementation choice. In one
embodiment, the thread precedence bit 1499 can be initially set to one particular
value corresponding to the particular thread that is to have the initial processing
priority. For example, the thread precedence bit 1499 can be initially set to 0 to
indicate that thread 0 is to have the initial processing priority. In another
embodiment, the thread precedence bit 1499 can be randomly selected between 0
and 1 in response to one of the specified events. The thread precedence bit 1499,
in yet another embodiment, can be set to be the same value as that in the last
priority duration prior to the nuke or reset. As explained earlier and below, how
the thread precedence bit 1499 is set initially has little or no significance since the
processing priority is to be alternated between the two threads periodically. In
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response to one of the specified events such as nuke or reset, both tHejACRgL
1403 and TO 1405 are also initialized to sone predeterm ned startl 6(34

val ues. |woame47senbodi ment, the TCO 1403 and the TO 1405 ar BCHBISAC7
initialized to 1. The TPC 1413 is then |loaded with a value derived from
either the content of the TCO 1403 or the TCl 1405) depending on the
initial val ygsPinde® dr GRheRipReERRNEFert budi@Onukéor reseqripith,the TQOE0BPB
1499 is set to O initially, then the value contained in the TCO 1403 is
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enbodi nment , ogi C 15 performs the conparison ~operation once

every cloc k preaberaifled heuRiptitatiohmin edothuresiaddinvaltyihe corgent afahe @CO
Continuing with the present "exanple, when the content of the TPC 1413

reaches 0, t1483coal Mﬂ)&)@loadadéugeﬂgnatoe@eﬁﬁ gndlis nerd tsam%atﬁli@w t he
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has processing priority.

Referring again to Figure 14, the TPC 1413 is decremented by a
predetermined count every processing period. In one embodiment, the
predetermined count equals 1 count and the processing period equals cne clock
period. Accordingly, the TPC 1413 is decremented by 1 every clock cycle. The
compare logic 1415 performs a comparison operation once every processing
period to compare the content of the TPC 1413 with a predetermined threshold
value. In one embodiment, the compare logic 1415 performs the comparison
operation once every clock cycle and the predetermined threshold value is set to
0. Continuing with the present example, when the content of the TPC 1413
reaches 0, the compare logic 1415 generates a signal indicating that the prior
priority duration has expired in the current processing period. The signal

generated from the compare logic 1415 and the prior thread precedence bit 1499
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are input into the XOR gate 1417 that causes the prior thread prececl:eliut‘;mI 2004
bit 1499 to be inverted. For exanple, if the prior thread precedence’bt
1499 is Quotgheardohe XOR gate 1417 will invert the thread preramksnaeedai t
1499 to 1 in response to the signal generated fromthe conpare |ogic 1415.
The prior thread precedence bit 1499 is also input to the MUM 1409 as the
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cycle. The figBt THOBhtpf 66 the shift 1ogiO1826isBeh N6dddiriritoMEe TPT B41F i N
the current cycle and reset to O otherw se. The second input to the OR gate

1401 is a sregpanse holtlemsipngl gérerated FOrhde comparedogic 1d4dast one

instruction in the current cle. The second i t is set to 1l if_ TO. has
retired at |east Shecprintsefbeth Tﬂcweteeaﬁ%ﬁﬂgglﬁcq%mt% APamsgindated
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PCT/ USO0/ 176403 is either reset to a predetermined number in response to a signal generated
from the OR gate 1401 or incremented by a predetermined number based upon
the signal generated from the AND gate 1431. In one embodiment, if the signal
from the OR gate 1401 is set then the content of the T0 counter is reset to 1. In
one embodiment, if the signal from the AND gate 1431 is set then the T0 counter
is incremented by 1. There are two inputs to the OR gate 1401. The first input to
the OR gate 1401 is a signal indicating whether TO has any instructions to retire
in the current cycle. The first input is set to 1 if TO has no instructions to retire in
the current cycle and reset to 0 otherwise. The second input to the OR gate 1401
is a signal indicating whether TO has retired at least one instruction in the
current cycle. The second input is set to 1 if TO has retired at least one
instruction in the current cycle. Accordingly, if either the first input or the

second input to the OR gate 1401 is set then TO counter 1403 is reset to 1. In this

30



exanple, if either input to the OR gate 1401 is set then TO is maki NG7 JAN 2004
progress, i.e., not being stuck. Therefore it is not necessary to incregsg
the pri ori\,p(){_m,ﬁl#g@tion for TO. There are three different inpgatrsusoo/ivése AND
gate 1431. The first input to the AND gate 1431 is the invert of the

out put signal fromthe OR gate 1401. Therefore the first input to the AND

gate 1431 is j - : hSa i AW
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precedence bit is inverted after the TPC 1413 reaches a predeterm ned

t hreshol d valmeansAtaotidirads yo sinmeltandousadnpradosdanoempiand o cleaethed from 0
to 1 if thread O has_prior processing prioritx. As a resuylt, the third

i nput to the caNpteyatlheisegand dnpyt tp the AND gate 133} 5tbe sighpl persrated byahepeen
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output of the OR gate 1401. The second condition is that the processing
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Processing pecqlinpe%t p-x[lhciristy?éltrztigﬁ I}Ilag gggire(yp Tg%/tgl?‘g?gpgtct-rol TH%ORHB %g?e 14311s
the invert of the thread precedence bit 1499. As such, the third input to the AND
gate 1431 is only set if thread precedence bit is zero when the TPC 1413 reaches
its threshold value. As described above, the thread precedence bit is inverted
after the TPC 1413 reaches a predetermined threshold value. Accordingly, the
thread precedence bit is inverted from 0 to 1 if thread 0 has prior processing
priority. As aresult, the third input to the AND gate 1431 is only set if the
processing priority has been switched from thread 0 to thread 1 in the current
processing period. Consequently, the output of the AND gate 1431 is set to
increment the content of the T0 counter 1403 by a predetermined number, for
example 1, if the following conditions are met. The first condition is that there is
no contradictory command to clear the counter. This is indicated by the output

of the OR gate 1401. The second condition is that the processing priority has
been switched from thread 0 to thread 1 in the current processing period. This
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second condition is satisfied when the TPC counter 1413 reaches a
predeterm ned threshold value, for exanple 0, and the thread preceden(;,'elANﬂﬂﬂﬂ
|nver‘&§d fromO to 1. Simlarly, the content of the T1 ontéQ5 S

elther (01403734 predet ermi ned nunber in response to a signal generated
fromthe OR gate 1407 or increnent ed by a predeterm ned nunber based upon
the signal generated  fromthe AND ﬁ}ﬁ%& I n on nbod ment, if the

si gnal f r omseRen@Ropditeon 15 £gtisfied EOUHH eaf: 881 counter is

reset to 1. e_enb r h AND a 433. i s set
then the T1 REBGRR é@ﬂsgqhﬁﬁﬁ%%e’gh‘%?m SR aﬁr@e P BRI i
gate 1407. ThGefieASomPiy1to the OR gate 1407 is a si gnal i ndi cating
whet her T1 has any instructions to retire in the current cycle. The first

input is set to ISintilakly,hhe contermsf the Tl @bEnted 14€6iis @ither késet ¢olar ent cycle
and reset to O otherw se The second input to the OR gate 1407 is a signal
i ndi cati ng wretletrniihed asmnipes mem’sporwfem signal gmnamml lfllmnlthe fHegaterl4ont

cycle. The second inp is set to | Tl ha i red | east one
|nstruct|onqrﬁnFT?én%QFﬁHehﬂaP€ $tg1 eml?@r ased up, e sign rgengratedput

h d T1
o e b B AND b (830 T freliodimgtt £4RE iy HEuEE IR RS O
maki ng progrl%snls ket%elartlﬁé cORISN oS HHE KT ¢ gaﬁ{e?ﬁﬁ@senous ne AREESRANM, O

increase the priority duration for T1. There are three erent inputs to

the AND gat ehd43dhal Thanfthe $INDn@ate 1483 id dee thdiDHigaT? ca;ﬁaeen i ifdreniahved by af
the output signal fromthe OR gate 1407. Therefore the first input to the

AND gat e 143here amtyoseputsrtottﬂ\e QR igate 141/. (THee {irst input ta HerORsgate 407 s &
nmeans t hat ther a no con% gtch% command to clear .the .counter. The
second i nputSIRTé)a tiREicARPE 3 has anygnsiryrrieny i, setikedat the CREN C¥6ar e

I 1415.

stays i ow ulls PERaegFPs %’Povf it 1L Ragp8 1l G EOTRIHE: LRl Ay
threshol d v@ldifesef &) 0 BNRFNiSe, OThJH@do%H%gutWﬁxé@@QQtéfwlsb%gﬂE AND
gate 1433 is only 32 WD 01/04750 7 JAN 2004

indicating whether T1 has retired at least one instruction in the current cycle.
The second input is set to 1 if T1 has retired at least one instruction in the current
cycle. Accordingly, if either the first input or the second input to the OR gate
1407 is set then T1 counter is reset to 1. In this example, if either input to the OR
gate 1407 is set then T1 is making progress, i.e., not being stuck. Therefore it is
not necessary to increase the priority duration for T1.

There are three different inputs to the AND gate 1433. The first input to
the AND gate 1433 is the invert of the output signal from the OR gate 1407.
Therefore the first input to the AND gate 1433 is only set if the output of the OR
gate 1407 is low. This means that there is no contradictory command to clear the
counter. The second input to the AND gate 1433 is the signal generated by the
compare logic 1415. As described above, the signal from the compare logic 1415
stays low until the content of the TPC 1413 reaches a predetermined threshold
value, for example 0. Therefore, the second input to the AND gate 1433 is only
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PCT/ USO0/ 17664 set when the TPC reaches the predeterm ned threshold V_fl| lAJe
i.e., when the c=ent priority duration has expired. The third input d ED@'»
AND gate 1433 is the thread precedence bit 1499, As such, dheudoghhébal nput
to the ANDY&RE01433 is only set if thread precedence bit is set to 1 when
the current priority duration expires. As descri bed above, the thread

precedence bit is inverted after the TPC , 14 es .a prede ed
t hreshol d mtuﬁ]emﬁwﬁlﬂﬁzﬁgﬁhestth%ﬁﬁ%tﬁm&gﬂglﬁ Yalpe e ’i‘ﬁ’é} rmég from1
to O if thread 1 has rlor rf)ogl essi ng‘f&)r %lth éﬁt?o{}fésﬂﬁlbgta&elfiﬁ'lﬁd

e

i nput to tlfé‘%ﬂﬂ@fé‘?‘é na49s he protessing pridrity has been
Swi t ched frtg.mqlﬁéeaogﬁ{%cggtﬁ?%#a@ﬁ%%@ AR sLbR, Githaat inphRGe sisé PANDRSItE 0463 is

Consequent | @ AND gate 1433 is sét to increnent the

content of &h sEiﬁ%%H@grekéa&&wbmmgadetlewhemue nurrest pricoity ekaatibe 1, if
the follow ng onditions are nmet. The first condition_is that t here

cont r adi ct aagpir@ommdesdribed amvet the duead @recefdﬁnge bit ip iy eriedaltsy the,

out put of the OR gate 1407. The second n i q thﬁll'g (ﬁcesm ng
priority i sl4@irtesbhesp preﬂﬂtemn'@ddhreqfwé ‘gc GFE]inég BB EAdi tion is
sati sfied when the TPC.counter r d

val ue, for RIESRPFRCcEPIt %’&‘VFﬁt@dtfﬁ?%égto g?‘c@é Cﬂ%@‘ g%‘% Oersﬂp gg %tu];l%1 gﬁ?ﬁﬁg
from1l to 0, The i t i w_)@ég
oreferred BB J&F?Eh‘?‘% thgjal @%ﬁt?&‘%ﬂ B [gakl@mmstm YBRCHFitRA siige

evident t nunerous alternati VES

modi fi cati Oﬁﬂo ¥ ha8bke§witeRed e thidad Deo tpad @nih the cthose pmessmg in
the art in ﬂ of the foregoing description. 33 7 JAN 2004 What g

clainmed is: énoé\ GetrBequeritly; dhe pakpuinof ﬁlepﬁﬂ&géﬁeﬂé%rﬁ 8rt toyingreangHde
al ternat el y to a first thread and a secgnd threg n% pul t|thrl ad;ﬂ e
processor, ~¢drdept et gwsT hePten 413/ bh & RTGIGEEH Y Tt OB E b
l'i vel ock pr ens be en the fi hoeashrddi@o
nmethod ¢ ”‘gﬂ P?% %exinle Si‘hdglrrgfcl%gﬁﬁg?{ta&eﬂgggo l(gjuroatl on to gy
first initigf m%ﬂd)g) Abad i ide? FiR6 98 thdicated by the output of the OR gate
1407. The second condition is that the processing priority is switching from
thread 1 to thread 0. This second condition is satisfied when the TPC counter
1413 reaches a predetermined threshold value, for example 0, and the thread
precedence bit is about to invert from 1 to 0.
The invention has been described in conjunction with the preferred
embodiment. It is evident that numerous alternatives, modifications, variations

and uses will be apparent to those skilled in the art in light of the foregoing

description.
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initial period of tinme, respectively, the first duration representing a
period of priority during which the first thread is assigned the 7 JAN 2004
processing priority and the second duration representing a period of
priority during which the processing priority is assigned to the second
thread; and assigning alternately the processing priority to the first
thread for the first duration and to the second thread for the second
duration, the first duration being dynam cally adjusted each tinme the
processi ngWhet igeleimediis assigned to the first thread based on whether the
first thread has nade progress, and the second duration being dynamcally
adj usted each tinme the processing priority is assigned to the second
thread baséd onAwheshddef codtolivwaqmetessmegnidrityassigred eltgnase)y esaslirsiZhrezhandrret hod
of claim!] i.n.assi gnj i riori. | t hread
conpri ses: Sese‘f{{ﬁﬁfﬁad%atrh@g% 8%’3‘#%@@% rrf{a]ﬁgssi}' 5 pglo’f'b’)r/bs?[n%\?g E%B%e&\%]}tcati ng

t hat the f deagtock mddadiohlaproblems bgweaabsiimgthead ard the/ scomelrthtelnd; theamatind t hr ead.
3. The netpqg of claim2 wherein the thread priority signal conprises a
thread pri 6FM¥y"™§it, the thread priority bit being set to a first bit

val ue to i ndi casetirgrefirstdueation okt a feberdaldrahaistotalfest ipirisipessd ofgingrand ais¢écpndand
bei ng set to. 4 Seq bi t v&lu Lo indicate that.the seco d.Lﬁr ad has the

0
pr ocessi ngmf)rl Bl tf?gﬁ'?’ "THE“HE hoaﬁ{)sf ERURN SR SE P BR P P h Y RUT g:umé%tti ng a

priority twhiehgerfiradhreal is adigned the ploadssingipridrity 1d thiiseadridoturation repepseaddingh t he
first thread has.the processi riarity has started, 5. Th 2t hpd  of
Gl ot m 4 whBY AT BT AR S oPRES s HerDER aSiPEd s Saw kRN
priority tine cessiing aherhitelg tel pradessiigippiofityo the €sg arelidifer thofutshdurdtion ahd to
duration. 34 7 JAN 2004 6. The net.hod of clai.m 1 .wherein assigni,ng.the
b1 besel ngtisersP Ry donbiisRag sitipn e Suidh Pt Sngnite PRt B Ribo g
priority stgpedcedsingPrioyosihsigmddue the ikt €adad bgset] datvhedher (Befivndrehdhfathdaas t he
processing priority over e first thread 7. The method of claim. 6 wherein
t he t hr eadPy#1%5Y F‘E“?/l‘h%feé?f}ﬂtcn'éad%‘?ﬁﬁ’iﬂg% yngmicghyagio i%&ﬁf’ﬂf ‘SF procesgifng PEH1Ee K
priority badsighed tdghesetontd thraad HakeitonWhethvathti®cbiid thided KR headé pRpreidie first
thread has the processing priority and being set to a second bit value to
i ndicate that the second thread has the

2. The method of claim 1 wherein assigning the processing priority to the first thread

comprises:
setting a thread priority signal to a first value indicating that the first thread has the

processing priority over the second thread.

3. The method of claim 2 wherein the thread priority signal comprises a thread priority bit,
the thread priority bit being set to a first bit value to indicate that the first thread has the
processing priority and being set to a second bit value to indicate that the second thread has the

processing priority.

4, The method of claim 2 further including:
setting a priority time period to indicate that the first duration during which the first

thread has the processing priority has started,

5. The method of claim 4 wherein setting the priority time period comprises:

loading a priority time counter with a first number corresponding to the first duration.
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processing priority. 8 The nmethod of claim®6 further including: setting a
priority time period to indicate that the second duration during Wnicr)‘%mqﬂm
second thread has the processing priority has started. 9. The nmethod o
claim8 wherein setting the priority tinme period conprises: |oading a
priority time counter wth a second nunber corresponding to the second
duration. 10. The nethod of claim 1l further conprising: determ ning whet her
the first thread has nade P ?ress_in a current processing period; and
setting thefirstheduatkadicdslaing I swheremassigningrthe prgcessibgpriarity tollee se¢and threddr ead
has made prognass. in the current processing period. 11. The nethod of
claim 10 V\/nerel n determining whether the first thread has nmade progress in
the current procetviadghressiirodtysnplts s esondrabekndigiting tiattbe sechrekthreadshaathe

i nstructi Orbrb(fésstlr%%r leyScFveHﬂE g%fith\’@!jt' ng for retirenent; and indicating
rea

that the first t e progress if there is no instruction in the
first thread waiting for retirenent in the current processing period. 12.

The net hod -of cl r relsa on in
the first thr ea e%&%ﬁd‘ﬁ?@{a%@wﬁ%}%ﬁé}%ﬁﬁea c%m”% s’%‘? coWrIesy, ZKT %‘BU g”c'%{ ni ng
a queue usele Ithwaépmraybmbemglsﬂttocnrfs*stfhnmalub In:emﬂmaftsthatthe Badthtdadhasakie vva| ting
to be retire 0_wher.ei r the
first threef]dgcﬁssm r'% aggré’?"% Sse(PI Sefcﬁ] b?:tl),FIu%‘th ?a(setggtt %ﬁc%@qﬁ‘%ﬂﬁ ri ses:
determ ni ngarwee;udgqmohtye first thread has retired at | east one instruction
in the current processing period; and indicating that the first thread has
made progress if the first thread has retired at |east one instruction in
t he current8. pr ocBesiatgpdpériands fuldier idlinget hod of claim 10 wherein setting
the first durat Isg{?inégp;lgr‘latyfnlmre%gnosdttg Entd%cg t%?{hlél second duration during which the second

thread has the processing priority has started.

9. The method of claim 8 wherein setting the priority time period comprises:

loading a priority time counter with a second number corresponding to the second

duration.

10. The method of claim 1 further comprising:

determining whether the first thread has made progress in a current processing period;
and

setting the first duration to a first starting value if the first thread has made progress in the

current processing period.

11. The method of claim 10 wherein determining whether the first thread has made progress
in the current processing period comprises:
checking whether there is any instruction in the first thread waiting for retirement; and
indicating that the first thread has made progress if there is no instruction in the first

thread waiting for retirement in the current processing period.

12. The method of claim 11 wherein checking whether there is any instruction in the first

thread waiting for retirement comprises:
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conprises: setting a first counter to the first starting value. 15. A

nmet hod of controlling a processing priority assigned alternately to a?UhN?%ﬁ
thread and a second thread in a nultithreaded processor, the processing
priority being used to prevent deadl ock and |ivel ock probl ens between the
first thread and the second thread, the nmethod conprising: assigning the
processing priority to the first thread for a first duration, the first
duration bei nge%ining a quee derdie pateiestruptiogs Bpm trdirsighresst thatapewaiting @ dponse

to a speci fdigd event selected froma group consisting of a nuke event and
a reset event; determ ning whether the first duration has expired; and if
the first duration has expired, assigning the processing priority to the

second thread fQhe nRthe@ELANMAUNAHeted detehRiinifh WRIHIPHe Bifst AREMITAE MbdSDréeress
processing priority assigned alternately to a first thread and a’ second

thread in & thefurenhpregrsues pared easpises:t he processing priority being used to
prevent deadl og ex@rﬂﬁﬁn%g«ﬁ&hé}‘iﬁe fﬂ%tqpnjegd'ﬁ’ﬁaél?&ﬁé’éf‘a‘?iha&%ﬁe fn'fsél.ﬁzrtior‘} E;Hﬁé&n%ﬁtd the

second thread, the net conprising: determning a first duration,
i ncl udi ng: pwpekang pefiadhandf i r st duration periodically, including: increasing

the first durat iilﬂ’i]:gﬁqx% ﬁ%tﬁgeeﬁ'rﬁtttﬁxrem ﬁ%@q}aﬁgg}ég}fessgﬁ@??irs%?&d%s re{ix%gii le{%?cﬁage

factor selected roup consi sti rst factor 1ndica
whet her t h@sfriatisn in thipweeedt prasessmgeripd.ogress within a predetermned tinme
period and a second factor indicating 36 7 JAN 2004 whet her the processing
priority has been inverted in a current processing period; assigning the
processi nglri offbe yethod bfrdaifmi l0sthetelnr eaohg fterfirsthieratipn wtthalfinstettdromg value
deterniningm%q%£ger the first duration has expired; and if the first
duration has %xprred, assigning the processing priority to the second
thread for a segtmgh fusr@untento thikfirstFhaeingghled of clam 16 wherein the
predeterm ned tine period conprises a tine period during which the
processing priority was |last assigned to the first thread.

15, A method of controlling a processing priority assigned alternately to a first thread and a

second thread in a multithreaded processor, the processing priority being used to prevent
deadlock and livelock problems between the first thread and the second thread, the method
comprising:

assigning the processing priority to the first thread for a first duration, the first duration
being set to a predetermined restart period of time in response to a specified event selected from a
group consisting of a nuke event and a reset event;

determining whether the first duration has expired; and

if the first duration has expired, assigning the processing priority to the second thread for

a second duration.

16. A method of controlling a processing priority assigned alternately to a first thread and a
second thread in a multithreaded processor, the processing priority being used to prevent
deadlock and livelock problems between the first thread and the second thread, the method
comprising:
determining a first duration, including:
updating the first duration periodically, including:
increasing the first duration by a predetermined amount based upon at
least one factor selected from the group consisting of a first factor indicating whether the first
thread has made progress within a predetermined time period and a second factor indicating
36



18. The method of claim 16 wherein the predeterm ned tine period conprises
atinme period during which the processing priority was |ast assigned/ AN 2004
the second thread. 19. The nmethod of claim 16 wherein the predeterm ned
time period conprises a tine period during which the processing priority
was | ast assigned to the first thread and a tine period during which the
processing priority was | ast. assjgned to the second thread. 20. The nethod
of claim 18%%“&‘@1 RIOSCHATERST a8 BYep i vened ina UL BIORRSSIPRBNOY st durati on by
the predet er mi ned;ame Wit prédessid@ribiifySb tHe i £ aflead @ tRofirst@gi@ionPr ogr ess si nce
the last tinme it had the processing priority and the processing priority
has been swit cAeemTHpgvhetker thefust dpghenbps expitefic"decond thread in the
current processimgk fefduPilion Res-exgiR@, ABEMAE e frdetRindpAibritphethe ket ohd @re@dfir Ng
conprises: increasing the first duration by the predeterm ned anount if the
first threagechesdygionnade progress since the last tine it had the
‘processing priority and the processing priority has been swtched fromthe
second thread to the first thread in the current processing period. 22. The
net hod of ¢&T.ai mThémethed ef clan Hewkerein thy prasetefminest tingpesiofl 6pMRIBAYH? ligeperiod
i ncrenmenting.a Jfi : - ' , the predeterm ned
count corrg%bn rr’cﬁllénhgsgt}l?ﬁrggéggplrﬁ%%ﬁ{@&%%nl%g%@%n%{a@ﬂ%‘%gﬁ@gﬁsi ng pgri ods. 23. An
apparatus for arbitrating a processing priority given alternately to a
first thre an . i i - by L4 :
appar at us 2grrpr ?g?ﬁg‘?‘g@%"&ﬂ&%@gﬁhﬂ% '{gzci:gt%dghgg? glgﬁgril@s({aﬁ] lr%l&gra irtltnybgﬁ?dati on
to a first dinngwlith thepiocwsiag pridritewasldst assgwedbiedhgretandithrgad. dur ation to a
second initial period of tine, respectively, the first priority duration
corresponding to a period during which the first thread is given the
processi ng1fri ofhe methndlof démsé odwmtinghe predatermingd tipe ipenpdcrompeisss atitierngried a
Bnd 1ogi o 54 et BReSGRERT b EAR sk Blod 5 GLAFERGRR relld Brb.
for the fi maichpld podessing mliorigtwasasbassighad to the sewadthekatthr ead for the second
priority duration, the first priority duration being dynamcally updated
each time the processing priority is givento the first thread based on
whet her t h@of i r She tistheddf didm IGeherepr iogeasg compuases:he second priority
durati on el g URALE B URAR' S ETEATE, OG PRSP Bt
progress since the last time it had the processing priority and the processing priority has been

switched from the first thread to the second thread in the current processing period.

21. The method of claim 16 wherein increasing comprises:
increasing the first duration by the predetermined amount if the first thread has not made
progress since the last time it had the processing priority and the processing priority has been

switched from the second thread to the first thread in the current processing period.
22. The method of claim 16 wherein increasing the first duration comprises:

incrementing a first counter by the predetermined count, the predetermined count

corresponding to a predetermined number of processing periods.

23. An apparatus for arbitrating a processing priority given alternately to a first thread and a

second thread in a multithreaded processor, the apparatus comprising:
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second thread has nmade progress. 24. An apparatus for arbitrating a
processing priority given alternately to a first thread and a second7 JAN 2004
thread in a nmultithreaded processor in a current processing period, the
apparatus conprising: a first circuit to determ ne whether a current
priority period has expired and generate a change signal if the current
priority period has expired, the first circuit conprising: a priority
counter to store a value_indicatjng an appunt. of tjme that has el apsed
since the curréeh#® wrSFto%ﬁffvnaamJaeﬁ%g? K3 st ity Paﬂ%%%gﬁaeaﬁ"&“ff@n BiiY e t he
val ue st or dratiBn fo¥esedUntd Mifid] peb@WT iRk, rékgeftivalyDihe desk Brishitp eetatiddYoRredpehding/ al ue
and to generate, the change signal indicatjing that the current priority
period has t© &R&IA0SRripmhERCE the fifs fugad 43 gyawdhs Mogerangrriasty 3y thosrind Prigi¥eeds

the predet ekibeEortcbiRane tdh Yol Burir WIBGAREseCbddGitleld & QiveN MR HrockRfig
processing priority in response to the change signal; "a first thread
count er toPHENY: &dfirst val ue corresponding to a first duration during

which the procqggi RdiBmhbekige tliuesprB&sJ?n?g pgio}’l?yﬂo R fi-fienddd Bf b th‘?B:‘?drit@ second
thread counter to hold a sécond val ue corresponding to a second duration

during whidstatiphanddp Sreescond firgsdifertha speond prieritydluggrion the:fiystipmierityaclyetian beivgead;
and a sel ecl,pImitAySPHREE eabll {if18The HRRe QUL BHEr9Fs di | et$n {gl-{e?]'ltrsé]&}néa%argse(a%Hn_ter or

the output Of the'second thread countéer as tHe | el of a next priority
period, thevhsthepte figst thragd hasanasie prgrdss apdithp eecpusbritgity ¢rgiontbhing gynasyigally

counter in u'b@zﬁ&P&%ﬁtiﬁthﬁe:}?ocgﬂﬁ\ggﬁon?l%y end& %%@c%ﬁ@th@éaﬁ%ds%ﬁ%%ﬂ&ﬂ@rrtﬁé or

I ndicating ‘that the current prior eriod has expire erein the first
t hread courseend figeaddns madeprégresst starting val ue in response to a specified
event selected fromthe group consisting of a nuke event and a reset event.
38 7 JAN 2004 25. The apparatus of claim 23 wherein the first priority
dur ati on i 24r esetn apparatuf far aibitatiag & progessipmprmity givereslisontedy toa fastghirepdaind a

or oceasi ng pers e b PS8 TR RN ISE Rt A AL (1 oo

has made pﬂpgpééegin_the current processing period if the first thread has
no instructions Vet Bde &AeREnihEihdtfd alelirdnDFridHY &Y halbPREPHaiEnd0E L Od.

change signal if the current priority period has expired, the first circuit comprising:

a priority counter to store a value indicating an amount of time that has elapsed since the
current priority period starts; and

a comparator to compare the value stored in the priority counter with a predetermined
threshold value and to generate the change signal indicating that the current priority period has
expired when the value stored in the priority counter exceeds the predetermined threshold value;

a second circuit to invert the processing priority in response to the change signal;

a first thread counter to hold a first value corresponding to a first duration during which
the processing priority is to be given to the first thread,

a second thread counter to hold a second value comresponding to a second duration during
which the processing priority is to be given to the second thread; and

a selector to select either the output of the first thread counter or the output of the second
thread counter as the length of a next priority period, the output of the selector is to be loaded into
the priority counter in response to the change signal generated from the comparator indicating
that the current priority period has expired,

wherein the first thread counter is set to a first starting value in response to a specified
event selected from the group consisting of a nuke event and a reset event,
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27. The apparatus of claim25 wherein the first thread has nade progress in
the current processing period if the first thread has retired at |ea§tjqng;
instruction in the current processing period. 28. An apparatus for
arbitrating a processing priority given alternately to a first thread and a
second thread in a nultithreaded processor in a current processing period,

t he appar atus LS Nge & fd Gl it to.determ. .current
priority pggrj'i Odﬁﬁgg{pg%EuF r%&‘a‘%a‘gn%’r‘g'%ﬁee'}% g]'% g‘ rsgp“%rh%ﬁ‘érgtrl%}l 18%’5 % H{%Lsetgg{?ﬁjr ent
priority peslioul respensexpa sigh] intlivatirfgithas thedirst duedd haompdd sogress imthpcurcemi t y
counter to_store a v%lue i ndi cating an anount of tinme that has el apsed
since the BﬁF?@HFP%F1Ority period starts; and a conparator to conpare the
value stored in the priority counter with a predeterm ned threshold val ue

and to genegrate.the chan Si |, indicati that the curren riority
peri od hasZbxpi MEURERESChERoTS Rhestio st Mol dpprasoriegtes Guthe ePreifcecds
the predepeedssing geriddritmhb 6itstlthvaal Higs noanskacipne waitin g th He rétired My dunieine
processing priority.in response to the change signal; a first thread
counter toPWSTI"&PFi%st val ue corresponding to a first duration during
which the processing priority is to be given to the first thread; a second

t hread counter hol d a second val ue carresponding.to a second duration
during whéth t hge f)‘?pé’i?&é’?ﬁl@'"b%dfi whergiy the dirgt g‘r‘%@ has Wg‘?? R ESHE 'EBEBIFA t hr ead:;
and a sel egfoREssing p&rd)datthe Bist thedad hikaeed RUsasQinetiti@udtion 3t tht Birgsatpreedggager or
the output of the second thread counter as the length of a next priority
period, th8™¥Gtput of the selector is to be |oaded into the priority
counter in response to the change signal generated fromthe conparator

indicating__that the cu%éent,pniority peri od has expired, mger in g&f first
thread couRber ¥ 3PPRFEIERROHT2HTE HPrpcestng RIORBNEERRBREY I 2 Eftglb‘i?ﬂ a
| east one kaehdihrea® b heEthida0ed frbRsBF RURuAANHFRbIsNG porfiodathk iapsaratdsact or
i ndi cating whether the first 39 7 JAN 2004 thread has made progress after a

pr edet er m F¥BPT¥e period has passed and a second factor indicating

whet her the proGensciifib dedndive irthebLaRrea! frviRatetidd hiy ekpieedGdd peitate a
processing periaod. 29. The apparatus, of claim?28 wherein the first thread

count er i sc<hangs sgnalfdhe Welet}pgonty penod has expired, the first circuit comprising:
a priority counter to store a value indicating an amount of time that has elapsed

since the current priority period starts; and
a comparator to compare the value stored in the priority counter with a

predetermined threshold value and to generate the change signal indicating that the current
priority period has expired when the value stored in the priority counter exceeds the
predetermined threshold value;

a second circuit to invert the processing priority in response to the change signal;

a first thread counter to hold a first value corresponding to a first duration during which
the processing priority is to be given to the first thread;

a second thread counter to hold a second value corresponding to a second duration during
which the processing priority is to be given to the second thread; and

a selector to select either the output of the first thread counter or the output of the second
thread counter as the length of a next priority period, the output of the selector is to be loaded into
the priority counter in response to the change signal generated from the comparator indicating
that the current priority period has expired,

wherein the first thread counter is incremented by a predetermined number based upon at
least one factor selected from the group consisting of a first factor indicating whether the first
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predeterm ned nunber if the first thread has not nade progress in the
current processing period and the processing priority has been alterpgpgd
fromthe second thread to the first thread in the current processing
period. 30. The apparatus of claim 28 wherein the first thread counter is
incremented by the predeterm ned nunber if the first thread has not nade
progress in the current processing period and the processing priority has
been alternated fromthe first thread to the second thread in the current
processi ng Wead g mada progigssafipra piedstermised Gaeperion psepssed prdreesendiactpr i ori ty
inamlti tuml&ﬁggwh&BQQl?esp?&fess@l%%Qh@ haf beef?'éf?&ﬁ‘zﬁéf19%eel:u;rkr[t%}ocgsgfnﬁ?gricﬂind a
second thread cohcurrently, the apparatus conprising: a first circuit to
determ ne whether a first duration during which the first thread has the
processi ng 9“ Or]*htex‘gl}kﬁ?a?us%@lafn?% ndeil the 3R Rfr&hd@ ofntl” 1§ &Efeh%ntg@ﬁ)m&g Si gnal i f
the first uratlon expired; a second circuit to invert the processing
priority fmpedetetneinéd rumber i Fl‘@é'dstttlueatdrhes g geAproressanl thefcarend preeseing pefindat i on
if the fi r%h%ﬁﬂé&;?&ch&{ﬁig%ﬁﬁnt?m He%?aneﬁaaied"ﬁ%hl tﬁQHa@&fJ thiefd %‘%henﬁ&fttﬁreﬁ‘d 'tﬁef
starting nunber, the rst start unber specifying a next priority

dur ati on f gprremterocessiog perfindead; and a second counter to maintain a second
starting nunber, the second starting nunber specifying a next priority
duration for the second thread, wherein the first starting nunber and the
second st arfi ng Theapmraterc cla'pmla& whhrcipmeiﬁnditltraddlcwnterﬁeinhiemnted;b)athbi ng nunber
Ip?olgpgggrr:a% %teR'Xméld IR]I‘I'I%%%FI’ OC lrsrsgﬁgeaglﬁgi%:c a’llafdc [ta‘ggl‘ﬁss 111 ﬁ'lgglél’é’esnl? HI‘OCBSSIH% Pgl'?t gge
al t er nat ed and metph:eessmglpeamy paﬂmewsa;ltengtepéxronﬂde ﬁﬁﬂthre&m toapepm:atdxhreﬁd)m thmnagi ng
a processi ng p I‘IPOI;:fI:StS beergo\geen a first thread and a second thread in a

mul tithreaded | Pocess In"a current processing period, the apparatus
conprising:. a f| rst counter to store a first val ue correspondl ng to a first
duration d |ng thread is.to rocessi

o or 1 vy: 40 7° 950l r bl hipe b MRk Brbly SFa M R BLRGE SR or
correspondlprcgpeetsmga g cionat adp atcondthebad comgurvdnilg,hhe dpperame cangtisingr ead is to be

given the proces Sﬂr&%r@mé to dete|¥rhne whether a first duration during which the first thread has the

processing priority has expired and to generate a priority change signal if the first duration has
expired;

a second circuit to invert the processing priority from the first thread to the second thread
for a second duration if the first duration has expired;

a first counter to maintain a first starting number, the first starting number specifying a
next priority duration for the first thread; and

a second counter to maintain a second starting number, the second starting number
specifying a next priority duration for the second thread,

wherein the first starting number and the second starting number are updated
periodically, the first starting number is incremented by a predetermined number if the first thread
has not made progress in the current processing period and the processing priority has alternated

in the current processing period.

32, An apparatus for managing a processing priority between a first thread and a second
thread in a multithreaded processor in a current processing period, the apparatus comprising:
a first counter to store a first value corresponding to a first duration during which the first
thread is to be given the processing priority;
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a selector to select either the first value or the second val ue based upon
a thread priority signal indicating whether the processing priority FSAlQ004
be given to the first thread or the second thread; a priority counter
coupled to the selector and to store a third val ue indicating how nmuch

time has el apsed since the start of a current priority period, the priority
counter further stores a fourth value derived fromthe output of the

sel ector in respssed eaynigr forstant 3 segondyalvg eorsgsperding o2 sespsbdusation dedngovhieh ¢ o
the priori méS%H@gﬂadwbEgiv_g.?m_@g@t:@ssﬁ]ggnm;or' ty change signal if the
third value stored 1n the priority counter exceeds a predetermned

t hreshol d number selentet to petageeithet thefirst vabigpir g seepnd Neucasprhingn @ threaddpriodtyi nver t

the hreadsply 3&@3 é?%\ivgéﬁ?elr it Br LR BAbAY 118 bPLOGER WhsiihieR btk dellorigeS ponse

to the prio e signal onpar &t or . An apparatus for
control | i nthreedpr ocessing priority in a multithreaded processor capabl e of

processing a fi rSti?rti K:S.%?'er%&&(l)e% éi&%@ggct&}l&ﬁgot 1103 it .rvgfﬁtelirﬁlicaﬁ:ﬁené)n @At us

conpri si ng: a firs ircurt rmne irst dura uring
whi ch t he fiine &bs dldpsebdndadis stantef a puroae predritg pgeiod ahé pryoriaeovesep furtber stomek 2t o

decond i r GOTb Vet PorbapRoR R ARBLalihe iRl sBop i RO Rmp 0Bl 041G
the second t hr eadomparitorcospledndheiptionity aontef anti hegdneragtthapricaity drngeasgnebipi r ed,
1 500l SOORL R SRS SETRER FRHR B ERGE ed | o
priority change imvegi@ic donpiad tolthe dompaiatos audtdiitvert teahread/@ricritdagtiat® alternate
Change. S BarecER e’ 1t Batbrs SLRIBRER TgR - dan B HOREIATe the i nvert
of the thread precedence signal. 41
33. An apparatus for controlling a processing priority in a multithreaded processor capable of
processing a first thread and a second thread concurrently, the apparatus comprising;
a first circuit to determine whether a first duration during which the first thread has the
processing priority has expired and to generate a priority change signal if the first duration has
expired; and
a second circuit to invert the processing priority from the first thread to the second thread
for a second duration if the first duration has expired, the second circuit comprising:
an invert device coupled to invert a thread precedence signal to alternate the
processing priority in response to the priority change signal from the first circuit, the invert device
comprising:
an exclusive OR gate coupled to receive as inputs the prionity change

signal and the thread precedence signal and to generate the invert of the thread precedence signal.
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