WD 03/ 058435 PCT/ US02/ 41551 DEPENDENCE- CHAI N PROCESSORS BACKGROUND OF THE
| NVENTION  Field of The Invention [0001] This invention relates to the
field of woosofs4etessi ng, nore specifically the present ipardrso2/onsrtel at es
to an apparatus and nmethod for executing mcroprocessor instructions
grouped in dependency chains. Description O The Related Art [0002] Most

current processors bel f call ed superscal ar
processors. This categ3@§P%@“?&ﬁﬁ%@%ﬂggngggbgﬁggﬁgpgb (Reduced P
Instruction Set Conputer) or Cl SC (Conplex Instructions Set Conputer)
processors. These proCBASIGRANVEND OF THHRIINVENTION e internal processing
units with circuitry for dispatching multiple instructions to these
processing units. Superscalar processors fetch a sequence of instructions
i n progrEield of dde.Inventipns architecture, each instruction is a single
operation. The dispatching circuitry of superscalar processors allows the

execution of nmultiple. instructions in i C e using a
queue of R’P?Htruct i%ﬁ,lng?%%or_‘ F%?_%P ?%gl% @e@s&gl‘g‘irgéf‘?‘%gﬁﬂ{?o@é% Thi s °

ar chi tecéﬁérci?ﬁ&hlgochbgﬁéééﬂﬁ%%r{tfdﬂ tdlatet BRin §g§éﬁ|ﬂﬂ§aiﬂitdiéthoaffer pi peline for
instructions capabl e of being executed at the sane tinme. Wdening the

pi pel i neexemktinginmicpozwickiser instexdinmsgraupedin deperfenay dRinist ructi ons per
cycle. However, there is no guaranty that any given sequence of
instructjons, gan take [ il [

| ndepencbsaciptisa O teHAMRCRR.C 1o o ated. These o e "
inter-relationships prevent some instructions from being executed until

ot her 'ngﬁb)f)%ic'“ Onsl\/ﬂﬁ’t’@uﬂ%ﬁ{‘g%@(jwr@@elontgh@%caﬁé néfipigcédiersiatledl the

full cap ities of the processor to execute mnultiple instructions
si mul t anseprbyalarpitPeSi 5 ThBaReRryso ptrheslivided into RISC (Reduced

Instruction Set Computer) or CISC (Complex Instructions Set Computer)

processors. These processors are comprised of multiple internal processing
units with circuitry for dispatching multiple instructions to these processing
units. Superscalar processors fetch a sequence of instructions in program
order. In this architecture, each instruction is a single operation. The
dispatching circuitry of superscalar processors allows the execution of multiple
instructions in a single processor cycle using a queue of instructions, also

referred to as a pipeline.

[0003] This architecture also includes circuitry that searches within the
pipeline for instructions capable of being executed at the same time. Widening
the pipeline makes it possible to execute a greater number of instructions per
cycle. However, there is no guaranty that any given sequence of instructions
can take advantage of this capability. Instructions are not independent of one
another but are inter-related. These inter-relationships prevent some
instructions from being executed until other instructions have been executed,
thus, preventing the use of the full capabilities of the processor to execute

multiple instructions simultaneously.



[ 0004] Very Long Instructions Wrd (VLIW processors constitute another
category of processors where each instruction allows execution of nultiple
oper at i onw0 oBastI3dperati on froman instructi on correspond®Crasarn4i1ssnt er nal
processing unit. VLI Wprocessors are sinpler than superscalar processors

in that the di t chi f ti t Rl ti its i
accoml | SRBH ai 1 ngSFRLERBIAPEHCTRToN o RSN BB ER R st ruct 1 on
can Spe%h&%ﬁ&ﬁ%ﬁ%@hﬁofﬁ%&%&&@Swhérb%aé{lcidéhﬂfc%ﬁsa?zm SfRueanap! e of

reduci ng t er’ of "instructions required for a program However, in
order fomilhple dpérdtipnecEashopemtiousirainraraimstustiageomespendsio atycl es per

i nstruction onparaple to ate of a superscal.ar processor, the

oper at i oh%t%&?gdﬁrf’?eéalr@“m\‘?‘u Ef?‘iﬁ’éﬁqrﬁﬁr%@&ﬁ%h}aﬁhﬁﬁﬁc@%r from one

anot her. ] ].H'ﬁ‘@ P-Hi}e’r' QI I : i al

mul tipl ep%%sgﬁsgﬁ%@ei%{?%@éct | 0(51 angﬂ% SZ“’?{‘}%ﬁe‘? ES%(Q%I;%(I?IEEH%%S

i nst r uct a6corgplshedpatathednstirngion leVek Beauselasirgie VAW dnstiwntiginttanf the VLIW

processor is nornmally quite |arge taking many bits t ncode ltiple
oper at i ofBecifyomesiiplg operptiopedhe r‘@lﬁé PIOGERSAB AT %\&%@tﬁ% Ogé%‘ﬁ-mﬂ% | | ection

: Becifon ArpHone: josaa _ ol |
Cof twar e et o TRATRGR N aR R0 A Bib Bl PR e el Tl e oper at i ons

into an VIO ﬁ)ﬂ@deis%t tongiiseMAnRsidr s dRmedenbflcyilepgénigisafuctionency. During
conmpaction, null operations are used in instructions where other operations

cannot beouyadabledaphe ratenf acgiupssscalarprpresser dhe eparasiongspeeifiedYer i ssue
because tions.are placed into Jnstructions | i f nt orders.
To co mﬁw ﬁ@%ﬂf&oﬂﬁgﬁﬁﬁg o W}ﬂghﬂﬁ% % %n%%'l%@_n@?{%&”e%’ﬁh |8 ndependent
oper at i ORS BN ndthiGioTAB sLBFhF b h sédiferitiad aAsisiple 8p&fativACCISEinstriietion

application or both. [0006] Both Superscal ar and _\/LIWE]rl_lgqessorjs make use
of the camdehe nuneberofaycles e insizuction geas upaedorgingly! dihednsttugtion | LP

hi t ect || | el tati ft | | | hi
aper at | ortét SusREULOR Gy G gesot ropehalf b B ar ke AmE foat 1 ng
poi nt mul iRt AaltiBISoPbralions 2

[0005] VLIW processors rely on software to pack the collection of
operations representing a program into instructions. To do this, software uses
a technique called compaction. Densely compacting operations into an
instruction improves performance and encoding efficiency. During
compaction, null operations are used in instructions where other operations
cannot be used. Compaction serves as a limited form of out-of-order issue
because operations are placed into instructions in many different orders. To
compact the instructions, software must be able to detect independent
operations and this can restrict the processor architecture, the application or

both.

[0006] Both superscalar and VLIW processors make use of the concept
referred to as instruction level parallelism (ILP). ILP architectures allow
parallel computation of the lowest level machine operations such as memory
loads, stores, integer additions and floating point multiplications within a

single instruction cycle. ILP architectures contain multiple functional units
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single instruction cycle. ILP architectures contain nultiple functional
units 2 WD 03/058435 PCT/ US02/ 41551 and/or pipelined functional units but
have a siwolog/opr4efr am counter and operate on a single | nPCTOSVL/GNF56t r eam
For ILP architectures effective hardware usage requires that the single

instruction,stream be ordered s t.hat whe er. passi bl [tiple |
: evel uopléF‘at/ P’bﬁg’eg‘]é?ﬁglfgnmmé égﬁ&%% haézfeml{\gl%\é)gggf%;ﬁ I fbla erpaer olr ﬁaﬁceow
m cropr Ogﬁéﬁ% nQfsi %tehngﬁ‘ﬁ@ﬁ!&’i E@aaRr If PaHaEtbcates ¥Hbaivd Ng | LP and t hus

I ndependent space representations of instruction groups. Pipelined and
super scahardwagcessenrequives Hmtdhasimgloinstiuetien streaimbiepedrredsuclhi  an

ot ot tort wbeneases pgbr Ble, el [ detel gperatiolS caR bR Rt Puce  ons”
out - of - O@Hﬁﬁltbﬂ?oﬁgw.:}-ﬁ@ﬁ@%ﬁo’;ﬂ%&éﬁgcﬁgﬁj%mQth boklhtey6iibPRadtoes not

bl ock thé exec sequent 1 ndependent instructions. In VLIW
pr ocessofscizadtdieexgilbitingAftand Heuscindpperderitspred regrtesergationoofi denti fy

groups of independent operations, execute the operations of a group in
par al | el ingfouchoscgrodpgi #1Re 6%?‘5?‘?1’8%5@?8{%&(%5 H?%S‘P&fﬁ”@ied r. [0007]

Trace progessprs. ar thir \ . : LGh. AT se of short
dynam c icﬁga?ﬁ)({tlpgﬂlgeslg(%qeueﬁcogéf‘hég?ﬁrgéhﬁgggiapwéyggﬁ%} ocggggrs | mprove upon
super scalA§rRFtRABTIIStollysuifg AhdnpFutiien forsixeaetionnTHegeprbeassoescardet ect ed

within a trace upon first visit of the trace and reuse this information on
subsequeekenitiinstrudionseutrafeerdenimieir segnch frdibuth dgreRdedependenci es. A

Howaver - notgnst Ao 1ot R Erbefiioh s SabicPlERe Lidenbobht) C°° L02C%, oo
Tl 1Bl & O | I e ar | e L Th g | PhGr i taea. commni cat i on
and for aipun weidentify gtdups dféndependerdopsrati@soeyecute the eparations gf 20
o1 ¢ | L P SFGHRIR HopRlle ALt R 1 AP Qe Y RO i et oHded CAnt 1Y

[0007) Trace processors are a third type of processor which make use of

short dynamic instruction sequences called traces. Trace processors improve

upon superscalar processors by recording the instruction dependencies

detected within a trace upon first visit of the trace and reuse this information

on subsequent visits to the trace rather than recomputing the dependencies. A

trace can be dynamically rescheduled to optimize ILP within the trace.

However, limited ILP is exploited within a trace and multiple traces need to

execute in parallel to exploit more ILP. Traces are likely to have multiple

dependency links between them requiring inter-trace communication and

forcing serialization between traces.

[0008] Tt is difficult to further scale most current superscalar techniques
to get significantly more ILP. Small increases of ILP can require inordinate
hardware complexity. There are still significant amounts of "far flung ILP" to
be harvested. Thus, there is a need to develop complexity efficient

microarchitecture implementations to harvest this far-flung ILP.



hardware conplexity. There are still significant amounts of "far flung ILP"
to be harvested. Thus, there is a need to devel op conplexity efficient

m cr oar chWO@snss485 | npl enent ati ons to harvest this far-fl urgTIUSR2/4B35M0
03/058435 PCT/ US02/ 41551 [0009] BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010]
Addi tional advantages of the invention will becone apparent upon reading
the followi ng detail ed description and upon reference to the drawings in
whi ch: [00111 Figure 1 depicts the dependence chain processor. [0012]

Figure Zg}%@ﬂ' nggEF*ﬁESCRQPTﬁ@NUMHIESDMG@ependency chai n)

descri ptors. Iguar e epi cts an exanple trace. [0014] Figure 4
depicts the trace of Figure 3 represented as a def)endence chai n graph.
[0015] Fiaguele 5 depidstiionahddvanddgdssdibe invensionand! beqome appgienEal  wi ndow.

[0016] Figure 6.js flow chart, depigting,.ste of praoc i ata in the
dependend 08HS?W“&®E§% o g 66@%}58 %Wﬁ“‘%“&ﬁéi“&%"é‘p %?%fgg‘g%g)g%%y chain
processo(r?ra%‘y, M, whilehAl LED DESCRI PTI ON [ 0018] Exenpl ary enbodi nents are
descri be reference to specific configurations. Those of ordinary
skill in the art will appreciate the various changes and nodifications to
be made yoilile renaiFignge bidepics theedepmypence chaia prapessatied cl ai ns.
Additionally, well known el enents, devices, conponents, circuits, process

O MITRGE KA R T N

descriptors.
[0013] Figure 3 depicts an example trace.
[0014] Figure 4 depicts the trace of Figure 3 represented as a

dependence chain graph.

[0015] Figure 5 depicts a virtual issue window and actual physical
window.
[0016] Figure 6 is a flow chart depicting steps of processing data in the

dependence chain processor.

[0017] Figure 7 depicts a dependency chain processor system.
DETAILED DESCRIPTION
[0018] Exemplary embodiments are described with reference to specific

configurations. Those of ordinary skill in the art will appreciate the various
changes and modifications to be made while remaining within the scope of the
appended claims. Additionally, well known elements, devices, components,
circuits, process steps and the like are not set forth in detail in order to avoid

obscuring the present invention,



[ 0019] The present invention involves recasting a programinto dependence
chai ns. Dependence chains and information about themare recorded in a

st orage dwQi0s®584Fhe present invention processes this recoPd@dSor/sfs6r mati on
in the dependence chains. [0020] The dependence chain information is forned

by partitioning th namni i t rding to a

maxi mum tologéc]e Si ze%gﬁg’&%g!rt\ﬁ‘g{n%%ﬁ\gi% E%%ﬁgg&ra{sgég %@%?i%@ &fr ace is further
par ti ti oggfendirRepARIse MEpendende pieaifle ahd dafrentioteabohaithemalreng data flow
boundaries. One skilled in the art would appreciate that this invention
coul d al sexobded iph strsngedevisend hefprasand ipyerdinn Brasesses s resordedani ¢
instruction sequence in the, place of a trace. [0021] Dependence chains are
def i ned fYop@a HEI’FSIT‘GF 56 %eg"f?égalrgbnponents of the trace data flow graph.
An instruction is assigned to a dependence chain if it has either a

producer (@po|CONSUNMgheidepbhdehdeothain ihfdaiatidapefstanekeby partitiomingrthducer
instruction generates a result or side-effect on which the present

i nst r uct dynsmiepeogiam streomdnteelragasaceersking to asppriaim fracesizerayhi t or side
effect of the present jnstryction., The instructi i e chain
can be nSﬂU‘E%ﬁ?ﬁﬁtﬁf?}?C{aﬁfeﬁ' #&'ﬁﬁ‘é’.ﬁck §ﬁé§1§‘gﬁle«§ pcagﬁﬁghﬁ%?,n tog%nﬁal Y or ks
when a pgo [deBR 8 et ddiRb@ haR1ASHIARE SatPSowabdurdiaries! OneWRiledain consuner
has nultip producers. Note, that a dependence chain in this case

t her ef or ¢ghaattuwablilyl apyrsiatiethan deis deventaphcouidwiseebe implemented usig n"  has

replaced the term"graph" to, hetter convey the focus of the use of the data
st ruct ur &rasmep IRy P@‘eﬁqﬁﬁ?ﬁaﬁﬂ?ﬁ}f‘ﬂ vsﬁ‘g&%o?ﬁeqqﬁgcpilggla? PF’GSQ%P Fi gure 3

shows a ﬂ?l e trace using the instruction set of the MPS(err) Processor,
avai | abl om M PS Technol ogies, Inc., for exenplary purposes. Figure 4
shows the trace of Figure 3 represented as constituent dependence chains.
Each cirgdeij n t he Digpeddacechahsiare defigeditn be thegfuillyataamected an i nstructi on

fromthe trace. Thus, the cjrcle in depepdence chain 1 |abeled 100 in
Fi gure 4?@6?9@@96?1%@@4‘56 aﬁm@@%&f@@@ﬂw&ﬂ%{ﬁ@l%‘ W%‘an’g 93¢ ore word

dependence chain if it has either a producer or consumer instruction in that
dependence chain. A producer instruction generates a result or side-effect on
which the present instructions depends. A consumer instruction depends on
the result or side effect of the present instruction. The instructions in a
dependence chain can be non-contiguous in a trace. A dependence chain may
contain forks when a producer has multiple consumers, as well as joins when a
consumer has multiple producers. Note, that a dependence chain in this case
therefore actually means dependence graph. However, the word “chain” has
replaced the term “graph” to better convey the focus of the use of the data

structure and this is a term commonly used in the field.

[0022] Figure 3 shows a sample trace using the instruction set of the
MIPS™ Processor, available from MIPS Technologies, Inc., for exemplary
purposes. Figure 4 shows the trace of Figure 3 represented as constituent
dependence chains. Each circle in the dependence chain diagram is equivalent
to an instruction from the trace. Thus, the circle in dependence chain 1labeled

100 in Figure 4 corresponds to instruction 00 in Figure 3 which is a store word
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5 WD 03/058435 PCT/ US02/ 41551 operation. No subsequent instruction depends
upon instruction 100 because the contents of register 3 are not affected
nor does WOW3MSAIsSEquent instruction require the contentsPoffi/uSaB41s8nOr Y

| ocation pointed to as the destination of the instruction. [0023]

Dependen ain ' i . o ' 0, 105 and
205 ai | epaRanD A% plieBEh et IBR D BhAE uplR o PEcptFldO R . % G
t he cont gt &rdénts @Firsdicter Baire Roveffectell Mor does any sabsddquent atkdivdtion i s
dependent upon the addition that takes place in instruction |01,

| nst r uct fespuineothe cgatenisof Bre memasdacation poinkshty asihg desgnatien okihe he
contents. o t&% menory |ocation pointed to by register R6 which had been
altered W 48P Puction 101. Likewi se, instruction 109 seeks to store the
contents of register R3 in the nenory |location pointed to by register R6,

thus it gepgnds upDepehgemid G2 inFigiei4 detionstrhds thitdgdhctites dependency
chains are laid out in dependence order in_nenory I n._specialized caches

or

such as e IQfequdh 8halk depend onrnstruetiaroil. Jnsiragiton H0jadds thainteger

I nf or mation packets, called, " riptors, ar en ed, f.or endenc
chai ns aﬁg‘) Fﬁ%\% eng; JF%ls?rﬂqu’E‘?tV\Fegteéghef ﬂlé{ecag‘p?e atg%sc%/dé:lﬁlgpﬂgpand tr)altce

descri pt eggéﬁ&é}&t orPHESRRAAEA tNatd8RES pRESIN AL REBHADDS IidtRictidadosss of

t he dependency chain 105 in the dependency chain instruction storage 10

i nst ead dépéids ax f0abedanse itloadirgo regidter tifethefcontents of thecmemasyr epr esent
the entire dependency chai n. Depende ain descriptors 101 y al so
contain i%ﬁgpﬁrﬁqlﬁﬁdatﬁ trqghgera]ggmqugnﬁéaﬁ!hggpiﬁte %fgbgr\]&s‘f‘il?]}:&%@?s 104 of
the dependency %\Qﬂ'u 'oig@%éﬁlé?’cé%ré‘ﬂ?eé&ﬁeﬁ@tcﬁ‘ré'%ﬁ@fgrw&hhﬁhe dependency

chain or trace€ depen err execution as a wh . The live-outs are
the dat amesibghldchonl ppattdéd e pyakeglsteraRd, ¢has intkpende updepthe detcymehai ns may
be depended upon. A trace descriptor 102 as illustrated in Figure 2

r epr esenpéinstructignd0LA t race descriptor hol ds dependency chain descriptors
plus overall |ive-

[0024] The dependency chains are laid out in dependence order in
memory or in specialized caches such as the dependence chain instruction
storage 10 in Figure 1. Information packets called “descriptors” are generated
for dependency chains and traces. Figure 2 illustrates the dependency chain
and trace descriptor formats. A dependency descriptor 101 contains the
address of the dependency chain 105 in the dependency chain instruction
storage 10 instead of the actual instructions and, therefore, suffices to represent
the entire dependency chain. Dependency chain descriptors 101 may also
contain information about the about the live-in 103 and live-outs 104 of the
dependency chain. The live-ins are the data upon which the dependency chain
or trace depend for their execution as a whole. The live-outs are the data
which the dependency chain alters and other dependency chains méy be
depended upon. A trace descriptor 102 as illustrated in Figure 2 represents a
trace. A trace descriptor holds dependency chain descriptors plus overall live-
in 106 and live-out 107 information for the entire trace. The trace descriptors

102 are stored in a specialized cache or memory such as the trace descriptor



in 106 and |ive-out 107 information for the entire trace. The trace
descriptors 102 are stored in a specialized cache or nenory such as the
trace deswoiopssu3® WO 03/ 058435 PCT/ US02/ 41551 storage 1prCa/uSoguwsél 1. | n
anot her enbodi nent trace descriptors are stored in both a specialized

const r uct i BF TR ERT, o APEFembddinen CERGTIRABGRROREFAILYE

runti me ik wapecialisedeadR Aid a genbdlal atdmoryt evieaf . A conpiler can al so
construct dependency chains by ‘exploiting profile data or a static control
fl ow specul ati on. Dependency chains _typically span nultiple_ basic blocks
and can d981 nul t i gPependessk ching\Fan berﬁQF‘ﬁ#rHFédfqm.renltHé?n‘éan be stored

oo HERAR AL Ful IR by PRLa AR RlnuifigR3HIMGL BlcAiRBABGENCY ohains or

reser ved POYET gram a ase that 1s no Irectly

accessi bl@niinhfien Hs@eoR AGOMPIR cahhsdtvtsuert depomd@rihalrisdsy of this
menory can be optim zed for a dependegfﬁ chain fetch. Possible
@

opti m zatexpiaitingqiratite datatar-aostatic peptredflew-specalating. dlepesdensarhaing
dependen chai n _cache ryct. .. [0026] Fiqure.l.l] r one

engodi m%pwﬁ&ﬁga{}gggléﬁile F’ﬁ?}‘gﬁi’ﬁ%ﬁ[&n séjl . u&tgﬁ}ér?&géégﬁéﬁar} n processor
consi st s QhiifHle HHAES. ThENRIE Hi8red AldserhdiftbdsablOieaitityTor éormpaer

cooperate 1 n“producer consuner fashion to execute progranms. A control flow
engi ne 2 comattactedd]qrenclesse shiinaoe adesenviedtporionof the pragramaeddgsscri pt or

storage i.n specul ative cqntrol flo rder. Specul ativ fetchi.ng of trace
descri pt d?aéeit]%atdéPPFéléFeﬁﬁY aﬁﬁﬁséltblllef _&%‘@F&H@ﬁﬁ@%@eﬁ%@?’ﬂ&%‘ descri pt or
102" cont gi,n5- ARREAARGY 1O Reh hi B Q5 tPm ALl foPla ddpentieAE cRainCONSTi tuent
dependency ‘chains, 1n addition to aggregate trace 1nformation. Upon
processi rigtdhy RdseibREoptiafieatitascinchite multiHbapking) nudtitarféayihgart r ace
descriptor, the control flow engine 2 pushes the constituent dependency

chain depeciabized slependpngiochain SAEHIERESIUESai n i ssue window 6. A data flow
engine 1 in turn consunes dependency chain descriptors 101 fromthe

dependenc[}iozﬂ Figure 1 illustrates one embodiment of the present invention,
where the dependency chain processor consists of a control flow engine 2 and
a data flow engine 7 that cooperate in producer consumer fashion to execute
programs. A control flow engine 2 reads and processes trace descriptors from
the trace deécriptor storage in speculative control flow order. Speculative
fetching of trace descriptors is carried out by a trace fetch unit 3. Each trace
descriptor 102 contains dependency chain descriptors 101 for the trace’s
constituent dependency chains, in addition to aggregate trace information.
Upon processing by the DC (dependency chain) dispatch unit 4 of a trace
descriptor, the control flow engine 2 pushes the constituent dependency chain
descriptors 101 into a dependency chain issue window 6. A data flow engine 1
in turn consumes dependency chain descriptors 101 from the dependency
chain issue window 6 dispatching them to available clusters 8 for execution
within each execution cluster 8 instructions of the assigned dependency chain

are fetched from the dependency chain instruction storage and executed.



chain issue wi ndow 6 dispatching themto avail able clusters 8 for execution
Wi thin each execution cluster 8 instructions of the assigned dependency
chai n arwofoewsdaesl from t he dependency chain instruction PCoONSgE4EAd
executed. 7 WD 03/058435 PCT/ US02/ 41551 [0027] The control flow engine 2

I's responsible for jn order, execution, .s nt i.¢s. (0 lye-in
regi ster H%fbs storpjélbe f(?{‘d(é%} 0‘?’reggg‘eg%gc@?ﬁ?’&fﬁﬁ%gglﬂg?{é&%&%ﬁé@up in a
gl obal r%ﬁf?ﬁ P Theabitel v @ifter 188 ithrdPiSeddh tRad ddatiptoraonder
buffer 9. The global register tags are recorded in a dependency chain

descri pt care16dkednpyinarglokal ienemermap S nrslated-eiendry (ags émagdebalot al |
instruction sources. T control .flow engi ne 2 .al,.so all ocat t.ri f

the | trackordaangter 9 cLip B Festeiel e ate e der 1B A Ergengr it ace
|1 ve-out syakaLidl 1ACad &th TA18ed SR @fhaithiigreRaMel i RRr types of

Rﬁ;é&’ﬁcﬁv
I nstruction rgsults. The allocated entry tags are recorded in the
dependencinstistion desmes pThesohfidl flov0aRghe Yhadsocalioatss dritdes fordghee f et ches 2

trace descriptors 102 in_  programorder an ocesses them For each trace
the cont risreeg EvgwouhgsHits in ‘Ifgg’é’glé%orgﬁ’f%l%?’gén E)gﬁ)gg‘@cﬁ Ve fer buf fer
9, renaneg;liyveri AVI=E t # i jhgs for its
dependenc?sln% a‘a[eldné zf%g)q\d%seprgf)g#gsbu\fgégggﬁo e‘ﬁ%@‘eﬁr algr?f estJf(:lrﬁ{tlp()):tlal 2%?%31 for

execut i onTheallberted paRFeasY atdwicord esbimethewlepdadeficy dieinrdescriptorblf¥.er 9 is
simlar to a global renane register pool wunified with a typical reorder
buffer such as Pentium Pro(err fromlntel Corporation,

) ROB, avail able
except th@028nly théhe W’étr@hﬂgwf%}g“ﬁ%ét&!?ﬁ@n‘aé%‘}eSCMﬁ’ﬁswgr”é stored not

i ndi vidual instructi r 2 I ' ihe 2

responsi bPE& M %{ﬁe_r %?‘do&c?fglre&sf% %F({:er%q’a%r gge@e%ﬁ%?%{r? %?{ﬁgjtogﬁgrtzgloﬁs. | t
consunes gepensedTiicien®bpacdand 1ot @rsbufbdr 9, remamedtivednenddiveyowthai n i ssue
w ndow 6 and assigns themto avail able execution clusters

dependencyalukaitorentder buffeosniiesfenits deé%‘?\efﬁé’ﬁ%‘éﬁ@ﬂ éﬁ%agﬁk@gg gr i ptor 101
=m0, Dy Eagh L1 o o PSR B i o
window 6. The reorder buffer 9 is similar to a global rename register pool
unified with a typical reorder buffer such as Pentium Pro™ ROB, available
from Intel Corporation, except that only the live-outs for the dependency

chains are stored not individual instruction results.

[0029] The data flow engine 7 is responsible for out-of-order fetch and
execution of instructions. It consumes dependency chain descriptors 101 from
the dependency chain issue window 6 and assigns them to available execution
clusters 8. The dependency chain address 105 stored in each dependency
chain descriptof 101 is used by each cluster 8 to start sequentially fetching and
executing the instructions of the dependency chain. A data flow engine has
multiple execution clusters 8 to allow simultaneous execution of many
dependency chains and obtain high ILP. The instructions within the
dependency chain are dependence ordered, out of program order and all intra-
dependency chain dependencies are statically prerenamed to a mini register
file local to each cluster 8. Dependency chain live-in sources and live out

results are statically preassigned to local registers remapping entries which are

8



mul tiple execution clusters 8 to allow sinultaneous execution of many
dependency chains and obtain high ILP. The instructions within the
dependencwoobassa3ar e dependence ordered, out of program orderusarigisal |

i ntra- dependency chai n dependencies are statically prerenaned to a mni

register file |local to each cluster 8. Dependency chain live-in. sources
and | i Veccgﬁxgurecéﬁ,ppgl‘tgpéﬁ%g}ﬁ%aigﬁg@,te{)%eg@gﬁ e&%ﬁg @egﬂceg\debggfg{lgr s
remappi ng e ' ' 8 WD 03/058435 PCT/ US02/ 41551 configured to
poi nt to@’taﬁge}tgé%:%%%%%@gis%?g file tags when the dependency chain is

assigned to the cluster 8 [0030] Instructions within each cluster may
stal | onpps@vi ous Irestuctions evithinxeachitiusteranaystallj eprevienainsgwctipRy. only

dependency chain live-out resylts e roadcast gl.o her
cl ust er sSOERCHHENOKOTGIHHH] aY%‘f?rlhi]éW' ﬁ(é?lfyeffeRﬁn Ry 5&%]{@%%4%%%3%{%% . the

clustersyare Bl f@%h{lﬁgt&‘&{% GtaBt é‘lh@te]{ré 8 %%ditﬂe b1l esuder HOkRED. Shr eam

buffers Po supp truction pre-fetch. The data flow engine 7 provides
bot h st ajhsthapemiydamient, ahié chistars dee pipelinhd and eondaintfinstrin firfsautuct i ons

w t hin each dependency chain are staticall t.a 0 reordered.
DependentBIFEN a’lﬁotﬁ@mi buffenstte :‘SEHP OFh 13%?3%‘%"%’%’5%%‘39 nijr’r? \éYQFE\ @"%’t e&}&?’q%? resune
I ndependent .y o agh,.o rs. | ' ti '
further BReHes hofy e A e R R b, e betveen

dependengysirli@ions veithin@chalgpehtaney cldinavestatidelihe ddenlgwoprebrderedy st al |
to satisfy live-ins produced by a previous trace. {}7003131] Overall, ‘
i nst r uct Depehdenty ¢lwins imdifferagbclysisees san dypamdeally ol or FgHRe gescriptor s

102 in programorder .is the firnst s . Lnstructions
of a depeRdRrRRseEHyiof %Hﬁ&&%ndﬂﬂﬁ%&g‘?eg%rdg g“{l%‘e‘vs]ce%fé%g%s‘?gdﬁe“. B hi s has
two main ' Hr Aatfifb ¢her@nde RoARES Sependéndicsbetwiencr i pt or s
102 in tﬁgﬁgg{] é%ncgiiot&t%%%i nglzgma?/ allow it topst ep ahead fast eli in the
dynani ¢ idepehdeindy dmiss ofthe saee trass Hhwevenciepgadeneypeaias my $&kupy nuch

| ess space than the instructjons thensel,ves and because only aggregate
P to satisfy live-ins produce(i By a previous trace. y aggreg

[0031] Overall, instruction fetch is a two-stage process. The fetch of
traces descriptors 102 in program order is the first stage. The fetch of actual
instructions of a dependency chain in dependence order is the second stage.
This has two main benefits. First, the fetch and processing of trace descriptors
102 in the control flow engine 2 may allow it to step ahead faster in the
dynamic innstruction stream, because the trace descriptors 102 occupy much
less space than the instructions themselves and because only aggregate
resources for traces such as global reorder buffer 9 live-out entries are
allocated by the control flow engine 2. This run ahead stepping through trace
descriptors 102 and dispatching of dependency chain descriptors 101 can
create a large virtual issue window allowing the processor to get potentially
distant yet ready to execute instructions quickly as illustrated in Figure 5. Fast
stepping through the trace descriptors 102 by the control flow engine 2 can

also allow the virtual issue window to enjoy fast refill following branch

mispredictions.



resources for traces such as gl obal reorder buffer 9 live-out entries are
all ocated by the control flow engine 2. This run ahead stepping through
trace dewormssass 102 and di spat ching of dependency chai mCcaamsor/iysors 101
can create a large virtual issue wi ndow allow ng the processor to get.

7] ast r s8R ' i gbpedorkRer BE RS FrbB TRt ERERF MY, Wi ors 102

by the c i A9 iRGialyFarhedksf iR tinedrigevitibn ahditesoe doi ndow t o
enj oy fafs?{tghﬁlg*lﬁ\% Q%I&o]?‘l ow na gr ancﬁ ]m' spredictions. 9 WO 03/ 058435

PCT/ US02hdtlisiiire] the 3Ppicahsorgenmdl seteciacking in the machinedgea lpegeh systemi s
that instructions are_ individually fetched | us%{i ntine f re_g&(ec‘ut I on and
¢ o ] g in

hence dophb%icﬁlééﬁﬂer‘émtw t (PHESHr HoPS ARAILS P he nachi ne
N 82 ARuB RS GBbel RRNE THERMor M il RERI ¥reR6RE I pRGL DASL I UCLT ONS

and |ive-0u result's nee e tracked. Therefore, mninmal hardware cost
i s spent nPintaiEingtthe butigof e ibstrikciidng inethensttnakissonwindowhe virtual issue
wi ndow. [0033] Execution of dependency chain instructions behaves al nbst

exactly as in a traditional_ processor.. |t updates ropri ate reorder

buf fer 9[008Htri es Eﬁemtgorbe:ﬁ‘g%ﬁef}femw@@ g?PSW?%@%‘%@ﬁZ%R%&/ chain or
else it s e i " a9LpHELES apbPop et reBder hifffdrss ue
execut i O%&%@yﬁaﬂs #nagﬁégg(%r%ﬁph?éré?g%{e?gh?gst iagbt(i) feet ch %f t he next

i nst r uct bARidfif ithoudspes tierayutdhamrthe Gependepyndeic pr elseiihsimdiie wi ndow 6
serves the function of the traditional . instructian w.ndaw., It . hol ds

descri pt epdatesrthalocad sefisign clp mﬁﬁ& theaesug execiiappof AnrnF e
registers. géergﬁ‘%s .rlé gj\é@% ﬁ%ﬁ@ Ogﬁ% n erih#hr-@ctﬁ)lfp@f.r e YendBhOF BRAAT THEher e

i nstructi oman instruction 1ssue w ndow to

funct i onglepeRitérey dHaiR iKEBSTRERG 6 sbiRied the Anrsiparof thepentitionyl chains are
| ssued out - of -ora]er froma dependency chain issue window 6 to execution

units. Himstmertionewdidasmt fyholdstdescripioantrrmdl deprnidencE shaingithabates hol ds a
dependency onal D  JR e Rl rs K b ALRY Vald8" HidiGs S5 RRPRPSH NI
processor, where instructions are issued out-of-order from an instruction issue
window to functional units. In a dependency chain processor, dependency
chains are issued out-of-order from a dependency chain issue window 6 to
execution units. However, each entry in the dependency chain issue window 6
holds a dependency chain descriptor 101 rather than the dependency chain
instructions. When an active dependency chain writes a live-out register or
_completes a store, the corresponding information is broadcast through the

dependency chain issue window 6.

[0034] In effect, the control flow engine 2 maintains Von Neuman
machine architecture style execution semantics without actually fetching the
instructions themselves while the data flow engine fetches and executes
instructions of a trace out of program order resembling a data flow machine.
Furthermore, intra-dependency chain instruction result communications, the
bulk of most communications, are contained within each execution cluster.
Only the results that are live-out from each dependency chain need to be
broadcast globally to other clusters 8 and the global reorder buffer 9.
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I nstructions. When an active dependency chain wites a |ive-out register or
conpletes a store, the corresponding information i s broadcast through the
dependencyoobabsa3s ssue wi ndow 6. [0034] In effect, the comCralsof/hdda engi ne
2 mai ntains Von Neurman machine architecture style execution semantics

W t hout ctu h NSl ARTES whhdrdtine data flow
engi ne f g %ﬁ’f?e% ‘i‘ﬁgégmﬁ%{s t;Finuc ?%iﬁ%qglf&a trabz%g%t 0 prlogram or der

resenbl ig r&a&@sﬁ oW tpReH BRatedral 4 biesdipomt intdrval e tieaglobay chai n
|nstruct|on esult communi cations, the bulk of nbst co ni cations, are

cont ai neenairtehnap Gautd eecsder befferd.u¥han an exgeptionoccryvithin AdFacg, ¢

| t f h d obally t th

cl st or thg FXREESHS SF Guarcotsrda hg sPrEer &R BB GRE R 2T ool atsat
Except i %rﬁfﬁy?@ﬂ@lsﬁgs&jdﬁhlt ﬁ’(stﬁﬂ:tfbh@ af@pepiyédisefiiepltiallipan programandl ed in a

frame process Atrace is treated as a checkp0| nt interval for the gl obal
rename rmmleBumldithcefmd’enghma‘tﬁmh@LlSm@rhedn exception occurs within a trace,
the processors state is restored to the start of the trace checkpoint

t bound b t inst tially i
oo am Ogier v PRder BOREAH R ARbEd ISR BREHRE ARAdFE &L 1Y 11
nor mal C&i&tﬁ‘fl%%ﬂgﬁfwhﬁ@e sgﬁfl?@ plddiderastisiénd ehdidBhip tabaghlthw engi ne 7

have a sinple producer consuner relationship through the dependency chain
i ssue wi delpamdencyywhairedskye wifidew 6.i Rypicaldy,iiball insiractionsda a @aeute with no

exceptions or mspredictions, the ecﬁlre trace can1§ otF nmtted by freeing
its reor@@cukﬁjw@n‘éﬁ’éwt‘é’é‘sloﬁ misBYEY ?I?'?eﬂ?e A AR hi t ect ed st at e.
However, brangl ' % theif PEkieglto Cases where
t he data 91}18{1 %gﬁlﬁégﬂgg{ﬁ rgp]fsdeégfmbt control IQ%ngl ne 2. [00361 The

ar chi t echith@tesfedtstateo 1o weserpbrarivh mufpredmtlens hyd@aoqpmmlgﬁsmt pendi ng
assignnents to each register, relati ve @lb%Of t@;ﬁfgnom | fst ruction
sequencespedaansesewhers therdath fioys ?F&’é‘@l %ggfé Yy egpIne =

[0036] The architecture state consists of the most recently completed and

pending assignments to each register, relative to the end of the known

instruction sequence, regardless of which instructions have been issued or

completed. This is the state that must be accessed by an instruction following

this sequence, for correct operation.

[0037] Branches internal to a trace can be converted to control flow
assertions. When a branch is mispredicted, its assertion will fire causing
processor state to be restored to the start of a trace checkpoint. Normal trace
descriptor fetch can then resume with the correct path trace descriptors
available. Memory dependencies can be handled speculatively via
dependence prediction both statically during dependency chain formation and
dynamically to establish inter-dependency chain dependencies. Memory
dependence store to load misprediction requires replaying the effected
dependency chain suppressing internal store to load forwarding for the
mispredicted load to ensure it gets the correct data. Subsequent traces may

then be replayed either completely or partially. Other data related
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conpleted. This is the state that nust be accessed by an instruction
followng this sequence, for correct operation. [00371 Branches internal
to a tracwooajsdsss converted to control flow assertions. Wensa/sanch is
m spredicted, its assertion will fire causing processor state to be

restored to the start of.a tr : L0k - I : Lptor fetch
can theﬁnﬁ_ség‘?ﬁ’r’iag\?’?%astWgncagrsf)gg'}%hg%t%ﬁ@?gggI%@SP %‘_{r' ge‘?:ﬁg{/ i g%illg Menor y
dependengi 484 Sgﬁﬂgﬁggl ed speculatively via dependence prediction both

statically during dependency chain formation and dynamically to establish

i nter-dependency chain dependencies. Menory —dependence store to | oad
ni spr edi{0038dn r equVieswry elsipepiancienhearcbe fandled #éﬁéﬁ%f@ﬁ@?a]chai n suppressing

internal store to | oad forwardi f t . 1 i ;
ok gt i ek Bl Ut BRI SLEh R ¢ 1
conpl et qIL, ?ré’dﬁc%f td ﬁ%ﬁlelshd &k hgirevidusly @isphrted HepOnASnGEEHEh, iIPGT/ US02/ 41551

m sspecu At ons as as sophisticated control independence techniques
can be Hanicibixdtegigeid end disppoded]to Redapepdenpe AldindpeLe YL Ondd ed as in

traditional ocessors.via . a.nemry depepde L at |

dependerias cenblen 1 iy BUEK R pbpiRa b roians  aDatict bl altfor, '
depgndgn& e%%hg chhin s suitably tagged and di spatched to a dependency
chai n isste w n_%w . The tag enables it to nonitor bl ock pool broadcast
for the conpletion of its ancestor dependency chain. [0039] In a

e Mo ity sghashiagit vt por o e
ibﬁt |r 00 glema ra@ueRch HhF QR PRLISOM tQ ﬂ&’egﬁ@i%‘i PROSRAES ﬁﬁ%‘“ﬁe 3l {“ﬁ‘g %%?’2‘,‘5 the
e LA ARSI kol e o mamcrtese perore,
great |y gienabiatd@paich grodpniupeadencettaick ipetimdsaterd Heeausesthesmbgcome f ew

statically established intra dependency chain dependencies. Scheduling is

greatly simplified in a dependency chain processor because only the few

instructions in the heads of the active dependency chains are eligible for wake

up and select. Instead of quadratic complexity, scheduling becomes trivial as

each cluster potentially wakes up and selects a single instruction.

Simultaneously, the flexibility of a dynamic out-of-order scheduler is

maintained by organizing instructions in new dependency chains and

executing these in independently stalling clusters. Additionally, for a given

front end bandwidth, stepping through compact descriptors rather than

fetching instructions can allow faster refill of the virtual issue window

following branch mispredictions.

[0040] Global result communication is reduced by globally broadcasting
only trace live-out results and by using dependency chains for cluster 8
assignments. Dependency chains from the same trace executing
simultaneously are guaranteed to require zero communication between each

other.
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i nstructions in the heads of the active dependency chains are eligible for
wake up and select. Instead of quadratic conplexity, scheduling becones
trivial awooeast3xl uster potentially wakes up and sel ect s PaTAiSNy#s851
instruction. Sinmultaneously, the flexibility of a dynam c out-of -order

scheduler is maingained b rgani zi ng J: . | ' ndenc

chai ns aWBA'l]execuﬁrﬁtmtc 8§étﬁﬁgﬁaaﬁ%g}§elg elﬁlfn)li/%g fé; : | rllgrbélrﬁgcgﬁgg Y

Addi ti ongh ylivej—ﬁﬁté% eV 8 thd FRInERGiNaRGMIH Feorsibe ppifag9 bt alsgibyc onpact
er

descriptors rat an fetching instructions can allow faster refill of
the vi rtu@ihgic&sm&pw'mdhm\/ostftoIthe\tﬁmrfg:yofbar@n@lrﬁxﬁmﬁ@léénétth%%’.er POOME d obal

result conmunication |s _reduced .obally bro St trace
| i ve- out ORWSUFYH-HAP ASFW‘#:@%%%%&%E%W%%S_&%&%@%’ gql@ug?g(raﬂggf assi gnnent s.
Dependengy. ¢nahnSftk M G CHR iR ARRENR D dIOfuIRLiGH dfahetyaey ar e
guar ant eed 1o require zero conmuni cation between each other. 12 WO

03/ 058435 PET /rhibe2 (M5 e miRBAargek issue veindomw.sThe physigakissie WENGAWI ni zed
not only by allocating only |ive-out entries . in the. re regissters 5 and
reor der  Hoes net neastito holdqrkl traglk themany dpstrachans W@é‘tgq?)g%fj Fnlgaq‘td?"rre of
actual execution and then performng only just-in-time fetch and decode.

Wth just-in-tine h ot maérg RncylcAsid &t bOBr&lpddetdghttier st be
mai nt ai ni%“g]econesfr“z&%lt}%stﬂl?gn 0 H?%ne inscguce wi dt h, gr at her OEghan t he much
| ar ger i sgalpaomiBEbusfellDor bayintarlaved sith livedals fraoeethesideperdersy hol d and

track the many instructions waiting for operands 00 Lve-outs froma
de E)e n fJ en @hzi@h ail rﬁh](-: Samgdr %fﬁéif?ﬁ@apﬁ%gg%ﬁw&ng?ﬂélq g%%é’r%}egg#i IE?‘% or ?e

| NLerl eave LS i i (?%P 13:000) &t thgcd dhetkPof@se trace
descri pt &F?n\é&)ﬁ%?@qq{?\%-ﬁg&!@%#&gm ?ﬁ' ergtreant trgglgjg are not ?nt erl eaved.

Thi's al | quapAELdl dfsihReh ﬁﬁé\]?@dﬁ@tﬁmsen%ﬂatﬂmlrecniemlbexfferﬂcﬁnﬁigs aten the case
of branch mspredictions. After the reorder buffer 9 entri]([%s are

al | ocat edilloaatgtpbalobad gegister reapmeanamp iSupdatedauitbdhiner FREQRGS | ocat i on

of the live-out registers. Dependency chains from subsequent trace descriptors
102 use the rename map 5 to obtain tags for the latest version of their live-in
values. The old mapping is checkpointed to allow branch misprediction
recovery. After fetching a trace descriptor 102 the control flow engine 2 can
use a next-trace-predictor. The trace fetching and processing steps of the

control flow engine 2 can be pipelined as needed.

[0043] The data flow engine 7 is coupled to the dependency chain issue
window 6 from which issue ready dependency chains to execution clusters 8.
FEach execution cluster 8 has a simple instruction queue, a pool of execution
units and a local register file. Instructions are fetched into the instruction
queue and issued to the local execution unit in order satisfying data flow
constraints. The instruction queue can be an instruction stream buffer that
fetches the instructions of its dependency chain just-in-time based on data flow
constraints from the dependency chain instruction storage 10. A local register

file is used to handle intra-dependency chain register communication.
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the live-out registers. Dependency chains from subsequent trace descriptors
102 use the renane map 5 to obtain tags for the |atest version of their
live-in waloaess43sThe ol d mapping i s checkpoi nted to al |l owPbTarse41551

m spredi ction recovery. After fetching a trace descriptor 102 the control

br ocess A epa TR REpeRcy Shar BRHTaEVs Cfbe SHEIRLRT 200 hed.
L ndow ae B B o B T e e o €l UStor's 6.
Each exegdsitidflos eagite Bfroastie datmflosv enginede Livhoytieasalts frogpére of

Che 1 nst ersction s dnBoF BeEl boorRgcriats R Bae R Fa“or der T
Pnst ot Tehettefcl ciltn RARTHE B B s dr R o e B e R B pendency

chai n j ugt itd fistiutEoRasedesrutat m itd asigredndustar 8t s from t he dependency
chain instruction storage 10. A local register file is used to handle

i ntra-dependency chain register co nicatipn. 13 WO 03/ 05

PCT/ US0210043151 [ 0Q4hgr %803%%% @E?@E Aependency U %Hﬁiﬁ“égé}g"ﬁugg
subdivided.into _inactiyv i r £ PRainR@&its uEtheegi on buffers
and decoﬁ’ﬁlné‘?rleflﬂgntagghtwg?l%;l% ngeotéé%%rdle&gje? ragrr}?}%rhealdat a flow engine 7.

Li ve- out qegenddritydham isdte veneewt 6 antichll of és divé-ide becomeewdilelebe broadcast
to the inactive fegion. Each dependency chain r jns i.n the active

porti on &ach hipcked weprndeandy ehainthas agingle sntuy;ia thg PERAPRYSSH execut ed

inits assigned cluster, 8. [0Q0 . j is_ipak the dependency issue
wi ndow 6155H W&é‘owaavf%?'é rW]gcﬁlg% Qr'e eg@ﬁ%ﬁ%’%ﬁed dependency chain
waits in the dependency chain issue window 6 until all of its live-ins

becone a\[@j4k]ﬁbl e. The&i hhswdiatbr elepanidanny chadnsateaenowidigdm thatry in the

dependency chain issue window 6 with entry width equal to its count of
i ve-i ns issii@GMiBitlon 6 tiinsedintsdyl UpeRtasHIEPEYRIE 52 PN ENEF Lo, Fluster d fromthe

dependency chains then do not need to listen for live-in results when the
cluster because they waited to receive all necessary live-ins before being
assigned to an execution cluster8. The dependence chain that has all its live-
ins ready in memory and dependencies cleared is issued to an execution
cluster. The advantage of this implementation is that only dependence chains
that are completely ready to execute are allocated to execution clusters. The
disadvantage is that a dependency chain does not begin executing until all of

its live-ins are ready.

[0047] In another embodiment, a cluster is allocated for a dependency
chain as soon as the live-ins for the first instruction become available. The
instruction within a dependency chain can then continue to execute as long as
any additional required live-ins are ready. Dependency chain execution can
be stalled midway to wait for another required live-in as needed. In this
embodiment only the dependence chains that have been assigned to an
execution cluster 8 are in the active region of the issue window 6. Other

dependence chains remain in the inactive region of the issue window 6 as they
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i ssue w ndow 6 i nmedi ately upon assignnent to an execution cluster. The
dependency chains then do not need to listen for live-in results when the
cl uster bwoaamss4Bhey waited to receive all necessary |ivePCAgShmiBsE bei ng
assigned to an execution cluster8. The dependence chain that has all its

assi gns n e y : hai 1
execut | 080 norntackfo TRAR i f R pHE REIMEHAR S EL AR Clbfort BRUBMCH Ba3T |
depe“denﬁgn%‘-?l%% dééll_%{ede%'&@ CROIFRliRHe yctiveadyidn). Cteatanage althatoat ed t o

execution clusters. di sadvant age is that a,agle eq,den,cy chai n does not
begi n exdepdridepcyhhin edr begin exeeutiqn enangs bgfere a*g‘ﬁ. VEOF3 1€ | n anot her

enbodi nent, a _cluster is allocated for, a :hai % soon as the
|i ve- i nsayailablg,elhe Fiéiadivﬁgkar&?df i pggggﬂ%gglsagﬂggﬁfég Hﬁ‘ﬁg}'as}i s?glt ruction
Wi thin 2 deReadancye clidntiader b bebasemituRochbyeNes utareddn tmtpea  any
additi on8 equi redecl ive-1ns are ready. Dependency chain execution can be

stal | ed pdyeyfiled wait for another required live-in as needed. In this
enbodi ment” only the dependence chains that have been assigned to an

execution cluster re ip.the-active regi : J | wp. U her
dependent®48hai ns ?‘égﬁﬁhogﬁ‘eﬁ?\@\ r?gb?‘ﬂ}%’ ggr’gflgcfr}\l ltosfki S%ﬁéﬁ?giggﬂgﬂ Bndow 6 as
they 14 0234 | B30%41¢A 8P depaiiciey dhane toalbstetseamd disphiche- out
results :ﬁ?\q %%x%%??%%ﬁgl usters 8 (e ich ngy be live-ins to dependence

chai ns i pfikeraeiony sviteg pdpperktencydhain funconplanis widie tifency chain can
begi n execution sooner before all the live-ins are available. The

di sadvantchigteri s a dependency-chain stalled mdway still occupies an
execution cluster 8 because of the |ocal values stored in the |ocal

register e [ 00481 Ao alinidi e uerpRAkpRventdhsaRtahatcenteant cal | y

deconpos cornponen D spat ch” of dependency chains to clusters
and di spatgiid Afov Asdepesidienny chinitobeahdapehidenpyeva prasly chaintednct i onal units

et hcfepeildgrsléye Eﬁain. This would allow a long chain to be built for multiple
dependency chains wherever necessary. To enable such multi-level chaining,
a dependency chain map would be appropriately maintained such that
registers and memory locations produced by a chain dependency chain
mapped back to the ancestor dependency chain of the chain's dependency
chain. This allows a dependency chain to quickly locate the root of its

ancestors.

[0050] In another embodiment of the present invention, the dependency
chain issue window 6 could use an additional direct map table to enable
dependency chain chaining. This table holds as a block dependency chains
fhat are dependent on a single active dependency chain rather than on
multiple dependency chains and as indexed within a dependency chain ID of
an active dependency chain. When an active dependency chain completes a
chaining table is looked up in direct map fashion to a trigger dependent
dependency chain in addition to broadcasting the dependency chain result
over the rest of the dependency window. The cost of result broadcast and

associative of match over a large window can be further reduced. This table
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[0049] |

n anot her enbodi mnent of the present invention, an enhancenent
woul d al l ow a dependency chain to be chained to a previously chai ned

dependencyowmbabsa3s This woul d allow a | ong chain to be bui lPCTfusp2/m3ibt i pl e
dependency chai ns wherever necessary. To enable such multi-Ilevel chaining,

a dependenc hai n Wo Ul e ' | | t

regi gt er‘gogﬁhﬁ%?ﬁﬁci}ﬁﬁ’o‘éﬁ#‘lgwg 1%?‘%%%‘%2% 'd%g}éa%ﬁ%pnff%ég@gﬁ@%ﬁ@e‘g ain
back to &g, AREE S e ARRRBACRFYrephal Fusthet, e diRichirmpdapndency  chai n.
This all ows a deperidency chain to ciw ckl%(fl ocate the root of its

ancest orsm{liFQ 5gt-ihrtima oo pregmemntoefdy

pelad

panensy ehais PPexeFtidh, the

mapped

o onabl Gus@EpLRRERIyA cretneRarapeenibefdeRe i fLFLmEL B ™ 17 ©
dependentiiaBIhem ﬁh{r?%#h M ersleaendsriaon B sleRghtaaed bFehdangndency chain

rat her t

an e dependency chai ns ‘and as i ndexed in a

dependenwyubdhséquitditef preaencecdfi tabled dhahmlap cogistess And \wemory acti ve
cy chain cqonp|etes a hai ni n able.is |l ooked up in di pect map
dpendarviss drch dp Sneraractues Hende S Catiatn - S A el (Y

' ' i f d
14 08 chOE1SRRATAG Yo NOHE W &PHE implRHRiniaeatoveméeordaendency

st” and " associ ative of match over a |l arge
Wi ndow caibldp thuimbpey prevdeadieldling depsndehty Wri3r058188 dPpMMAISEY/ 41551

dependen
f ashi on
br oadcas
wi ndow.

woul d be

especially useful for its nmenory dependencies if each dependency
chai n hashaingiogd| @ﬁmwh@@@@%‘@@ﬁcﬁﬁi;‘g‘ﬁéf,scpﬁ raiq?éi@&’eﬂﬁﬁnft abl e can
d'éust in-tci[hrge Sm)vement of bl ocked dependency chains to execution
pgr,i%ggyi Hfrectly | i nks dependent dependency chai ns rather than

sinmplify
clusters
| i nki ng
woul d re
dependen
as a dep

them t hrough internedi ate storage. |nplenentation of chaining

fiesije t he prReeaadodimenislihé padsentinveagiontrepkacarbe menor y
cies back to the producer de endenc&é}ghai n ref
deplendsnayrchiain isspe vandowa§ vath pHisr 6

the producer consumer relationship between the control flow engine 2 and the
data flow engine 7 (e.g. a priority queue or stack). A further embodiment uses
no intermediate structure between the control flow engine 2 and data flow
engine 7. The control flow engine 2 produces based on the ability of data flow
engine 7 to consume. This is accomplished by a control signal from the data

flow engine that indicates its readiness to accept dependency descriptors.

[0052] Dependency chain instructions are fetched in just-in-time fashion
from memory. Each dependency chain can be laid out sequentially in memory
by the compiler or the runtime dependency chain constructor can judiciously
position the dependency chains to maximize the advantage of a multiple bank
memory system and minimize bank conflicts between concurrent dependency
chains. Physical memory can be banked with each dependency chain resident
in a single bank. The instructions of a dependency chain are fetched
sequentially so it is not desirable to stripe dependency chain across multiple
banks. Each data flow engine execution cluster 8 then accesses its bank with
some of its dependency chain IDs for base address and dependency chain

program counter since multiple dependency chains will be executing in
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table is to sinply provide a field in a dependency chain entry in a
dependency chain pool. The fields hold dependency chain descriptors of
dependentwodgpssadency chains. [00511 O her enbodi nents of PChaSpr/esent

i nvention replace the dependency chain issue window 6 with other

structure ifa ' rel ationship
bet ween tﬁ%&gfg%t'?hgd%ﬁér\}v engi r@ I%ngaﬁhgg%g%%égﬁm%aﬁgn E'(e. g. a
priority fpeusl @ psatlekiromAnfultipleesar@bodi ment uses no internediate
structure between the control flow engine 2 and data flow engine 7. The

control flow engine 2 Efodupes based on the abilitﬁ of data flow engine 7
to consun®953thi s i sThedisgpyidihed agngle appmewni banlgalews mawitiphe data f1ow
engine th indicates. | i C nden escriptars.

[0052) DogehLiets i i guERthP Efe araet Bl SRRATEF T RS MRS on

f r om nenopyrallehadress PERe iR ywicliRion tigaih ehfory HagkQdh Keeddebd 3 biei N Menory
by the conmpiler or the runtine dependency chain constructor can judiciously

posi ti on HH¥EUgERBHIsklp enedilemulEplesepantdency ehaims datbadetcbedannul ti pl e bank
menory sy nd_ m-.nim ze bank conflicts .he en. concyrrent dependency
chai ns. Pﬁélgalﬁgg}m%r}gp?eéfﬁe[ﬂg%ém ‘51%&‘[ ﬁ&ﬁ\éﬁe&‘é‘ﬁéﬁgﬁﬁe ‘Fféffeﬁ‘CYesi dent
in a singtigiRank fetdhi Ifst-RetnesAlord wIRRERGEUENOR G@h{;ﬂ@tﬁl& fiflegbed
sequentially so it is not desirable to stripe dependency chaln across

mul ti pl e khewkdetchaftthe attbsdquent armsgiuntionsenitintad. cl uster 8 then accesses
its bank with sonme of its dependency chain IDs for base address and

dependenc ain progr counter sipce,multiple dependency chains will be
execut i ng%logﬂl_fi V\O%@%@%@ﬁ%g Pﬂgﬁg?di'@ﬂes raye Qn"ﬂ?é%a‘glﬂ@i‘ﬂféncy chai n
I Ds can bgrasaisiiey caf behRtdddipVrSaoMsich bRL anﬁ@@rsa'ﬂe%bué om mul tiple
banks. [0053] The Tine width of a single menory bank allows nultiple
dependencinstiuations ndthinet dependeacp ehdiatarbdetched bhd exeentetliseriallyLigeer in a
single para.l)l el access. hiei | ine width % the nenory bank can, be reduced
to one can becached in simple first-in first-out (FIFO) stream bufters to mask the

effects of bank conflicts that might arise. Whenever execution of instructions

within a dependency chain halt due to longer execution latency as for data

cache misses a stream buffer fill can get ahead of execution. The stream buffer

can also get ahead if the line is greater than one instruction.

[0055] Another form of the stream buffer enhancement could fill the
stream buffers from a specialized dependency chain cache where dependency
chains are stored. Each dependency chain cache entry line would hold an
entire dependency chain. When a dependency chain is issued to an execution
cluster, its entire dependency chain cache line could potentially be devoted
into an empty stream buffer. Instead of being iteratively filled, the stream
buffer could be modified to allow all its entries to be written in parallel in one
cycle in FIFO design. This might limit dependency chain issue to one per

cycle, but would eliminate the bank conflict problem.

[0056] Another embodiment of the present invention, illustrated in

Figure 7, is the use of the dependency chain processor 205 in a computer
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instruction word to enable nultiple dependency chains to be fetched in
parallel using limted nmenory bandw dth. Miltiple |lines of the dependency
chain arewbeBobsads in just-in-time fashion, when instructi @eTasephssi on tinme
is known fetch of the subsequent instruction is initiated. [0054] In

th nbodi nent of t,. ti i ' buf f
Can. be. s MTCh ads 200 coRBRCthR s ae ot B IRBEUEOE 20 wab#00 Pone®
i thi i 62688 ' d 208 b
cached | RO R R e m but 11 & To ok the -

effects of bank conflicts that might arise. Wenever execution of

i nstructjoosy Wi t hAnothatepshatimantoveuld imgplemgntthedepanglence ¢Beigt i on

| atency as for data. cache m sses stream huf f.er fill ahead of
execut | OPIOCEFROT IR PREWAER (S &y ml&%ﬂ?OﬁP@G ergﬁ‘é%%cfoﬁﬂ)‘ftﬁlé?%l%%%%)' gr eat er
than oner; ' i AR50 bRREEQ o thR sEhuRABRWf er enhancenent
could fiﬂ‘g%e géf’ir}ggln%bg%fﬁ?e?s fr}gm% speci al i zed dependency chain cache
wher e depgndietiuns ofchaidependencst draénl pré&mssord eh eoffenes IopiemeatinB entry |ine

woul d hold an entjre dependenc hai n.,.\When, g de endemg%hgehai nis issued

to an exswythesiored o8 adpaching reddable mediumy ) c PARGIGIE line coul d
potenti all v.be i : r Jut{Rfer infSieaAcoRf bei ng
iterati vg}%h‘r“l“l Iﬁi@g%@ﬂges&% 2%1%&1 u éeltrc‘%%:losﬁ be m)d?rfli ed to allow all its
entries EQamIN bftd Sichihepeadhblelmédiuan énclege h ROM, BlIfk@pjediskatte, Phi s mi ght
limt dependéncy chain issue to one per cycle, but | d elimnate the
bank conﬂD-BOMﬁ/@bloémal[@QBﬁﬁ} hﬁfbflﬁ&aémﬁ%ﬁmﬁfmﬁﬁ t€Sent inventi on,
illustrated in Figure 7, is the use of the dependency chain processor 205
inaco 17 - R imoMS! AIBdi¢dtichshug 200
connect m@%ﬁhe depﬁg&gﬁéﬁc %‘I%Idl e%@ﬁgéééﬁggél%%h a nmenory 201 storage
uni t 202 yapdtighd faynss inadertaldo Bubb discleseldesbed ith @8 whiled@B¥dinigt her
enbodi ment woul d i npl enent the dependency chain _prgcessor c{ I& of t war e
(e.g., mwitlindhe spiritanghstopeafdhe éwvapitosras| ?he appended clalms.
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The software inplenmentation may al so be used to run sinulations or

emul ati ons of the dependency chain processor. A software inplenentation
may be stwoed/ossa3m machi ne readabl e medium A "rmachi ne r eadahise?/415aedi um
may include any nediumthat can store or transfer information. Exanples of
a machi ne readabl e nmedi um i ncl ude 8 a floppy diskette, a CD-ROM an
optical disk, a hard disk, a radi O—Lm%ncy (RF) link, etc. [0058] Having
di scl osed exenpl ary enbodi nents, nodifications and variations my be made
to do to the disclosed enbodi nents while remaining wthin the spirit and
scope of Wihe id aivaned e as defined by the appended clains. 18 WO 03/ 058435
PCT/ US02/ 41551 CLAIMS What is clained is: 1. Alogic circuit conprising:
a control flowlogic to select a trace descriptor for processing including
at | east one depen ihgc! udi ng dependency information for
each mstruc?l on g@% }écncglg&q“ogﬁgﬁsdla?a flow |l ogic coupled to the control
flow | ogic to,eyrEYl Bow kit ol select adfack mebenipstor for prgrssingsndudingli ng to
the dependency information stored in the dependency descriptor. . The

| ogi ¢ ci atlenst wfe d¢pandency destiptor shndnigderendensy 1Rfogmadiondprgacty o p| ed
to the con flow | ogi ndthe data flow logic, the first storage area
to storels CB‘BBé’ﬁﬂB%(% B8criptor. 3. The logic circuit of claim2 further
conprising a 5%@@%&%@&9&)@@@@0 gRUEraebltoW egic enexeduté hglutaigyc, the
second storage area to Store trace descriptor. 4. The logic ciycuit of
cl ai m 3 bfiinsherctionspqisicey aacqndumgit@ﬂwr@@@ndan@h%f@u@aéentsmeﬁén €a flow
| ogic, the thi rdqyﬂéora, e area to store instructions contiguously based on
dependenélﬁpf—‘lh‘ﬁ%ﬂ §SEHPL

2. The logic circuit of claim 1 further comprising a first storage area
coupled to the control flow logic and the data flow logic, the first storage area

to store the dependency descriptor.

3. The logic circuit of claim 2 further comprising a second storage
area coupled to the control flow logic, the second storage area to store a trace

descriptor.

4. The logic circuit of claim 3 further comprising a third storage
area coupled to the data flow logic, the third storage area to store instructions

contiguously based on dependency information.

5. The logic circuit of claim 4 further comprising a fourth storage
area coupled to the data flow logic and control flow logic, the fourth storage

area to store live-out data.

6. The logic circuit of claim 5 further comprising a fifth storage area
coupled to the control flow logic, the fifth storage area to map live-in and live-

out data.
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5. The logic circuit of claim4 further conprising a fourth storage area
coupled to the data flow | ogic and control flow logic, the fourth storage
area to sworog/od49®-out data. 6. The logic circuit of clai mCH/ISoz/4136r
conprising a fifth storage area coupled to the control flow logic, the
fifth storage area to map live-in and |ive- out data. 19 WO 03/058435

PCT/ US02/ 41551 7. The logic circuit of claim6 wherein each of the storage

areas are inmqat | egﬁél NE CITEIP bY cldeMicc® hefbin Eheh bbliecstorageldreasodrec| ai m 1
wherein the trace descriptor includes aggregate live-in data for the at

| east onig dddpssidarayemescdepicor. 9. The logic circuit of claim1 wherein
the trace descriptor includes aggregate |ive-out data for the at |east one
dependency descriptor. 10. A computer system conprising: at |east one

memory devi ceg a_ byfe FOUPLAM.®F Lhitm ! wheAsh theene desstigleyindudes cont r ol
flow |l ogic to anal yze pendenci es anpbng instruction sequences and creates

a dependgnspgaRsiovd-pt Qitaifoc thelatrigastepentipengdentinfles@wiitrbn for each
i nstruction sequence; and a data flow logic coupled to the control flow
logic to execute a plurality of the instruction sequences according to the

dependency i nfor matrb? 2 b i}mE %‘%ﬂﬁi it c1diR€1 HaReSHanE Yrae HekbRp @ indihded he

conput er systém of urther conprising a first storage area

coupl ed gg 13RtCRRS-bat ditadlor eghtleasttbrtendepiatienty desdripor, the first
storagea ato store the dependenc escriptor. 12. The computer systemo
2 he dependency descrip 2 The conp y f

claim11l further conprising a second storage area coupled to the control

flowlogic, t?S Se%&gm%h ey stedl 8&1&)?isﬁ{gqre a trace descriptor.

at least one memory device;

a bus coupled to the at least one memory device;

a control flow logic to analyze dependencies among instruction
sequences and creates a dependency descriptor including dependency

information for each instruction sequence; and
a data flow logic coupled to the control flow logic to execute a plurality

of the instruction sequences according to the dependency information stored in

the dependency descriptor.

11.  The computer system of claim 10 further comprising a first
storage area coupled to the control flow logic and the data flow logic, the first

storage area to store the dependency descriptor.

12.  The computer system of claim 11 further comprising a second

storage area coupled to the control flow logic, the second storage area to store

a trace descriptor.

13.  The computer system of claim 12 further comprising a third
storage area coupled to the data flow logic, the third storage area to store

instructions contiguously based on dependency information.
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13. The conputer systemof claim 12 further conprising a third storage
area coupled to the data flow logic, the third storage area to store

i nstruct i WO93088385 guousl y based on dependency i nfornati onPCTUSWNBSI 058435
PCT/ USO02/ 41551 14. The conputer system of claim 13 further conprising a
fourth storage area coupled to the data flow |l ogic and control flow | ogic,
the fourth storage area to store live-out data. 15. The conputer system of

claim 14 further cefprd.simsefsfdtbilos $lifl 2R oRpEbidg 4 fourtte control
flow logic, the fifth storage area to map live-in and |ive-out data. 16.

The conpytags yadaaroupfed tathe datalvay kigic enditontrol levslogiadhe fairEhs are in
at | east one nenory device. 17. The conputer system of claim 10 wherein the
trace deStHRHe area Orﬁ’f?li‘?dé‘ée'ﬁﬁb‘#%téate live-in data for the at |east one
dependency descriptor. 18. The conputer system of claim 10 wherein the
trace descriptor includes aggregate |ive-out data for the at |east one
dependency deg6ri ptlite compPuteThpsteonpiutiaim 3¢ fudhentomprisinglofifher ei n t he

dependenc descriptor includes live-in and |live-out data for the
dependenc&‘%/m’lag‘lrz ereratquiried 5 thexcoritol V&S#%&Fo@@ﬁﬁh&"?%ﬁ 52t SR conpri si ng:

fetching,a trace Cl ; separating out a dependency descri ptor
includindnﬁgﬁéﬁﬁ£ﬂ§§%%$ﬁ%§#nation for a set of instructions fromthe trace
descriptor; fetching the set of instructions described by dependency

descriptor; and executing a plurality of the instructi sequences
according to tlte depeninputersysiest @f}lchﬁntlﬁé”h@ﬁgh%ib?fofg‘ﬁéq 28for. 21. A
nmet hod according tqg.claim?20 furt .conprising: wupdating live-out data in
a first sa[rg@sa@rgq%agéea pne Temory A&icS.

17.  The computer system of claim 10 wherein the trace descriptor

includes aggregate live-in data for the at least one dependency descriptor.

18.  The computer system of claim 10 wherein the trace descriptor

includes aggregate live-out data for the at least one dependency descriptor.

19.  The computer system of claim 10 wherein the dependency

descriptor includes live-in and live-out data for the dependency information.

20. A method of processing instructions comprising:

fetching a trace descriptor;

separating out a dependency descriptor including dependency
information for a set of instructions from the trace descriptor;

fetching the set of instructions described by dependency descriptor; and

executing a plurality of the instruction sequences according to the

dependencies stored in the depehdency descriptor.

21. A method according to claim 20 further comprising:

updating live-out data in a first storage area.
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WD 03/ 058435 PCT/ US02/ 41551 22. A nethod according to claim21 further
conprising: storing the dependency descriptor extracted by the control flow
| ogi c i 'wo oaossasdnd storage area; and readi ng the descri pCcorusorus1ssf t he
second storage area into the data flow logic. 23. A nmethod according to
claim 22 wherein the fetching of a set of instructions is conpleted just
intime for execution. 24. A nethod according to claim23 wherein the

instructions apE oun methool atebrdid. toAldiRi A0t @odipigsihg: Cl ai m 24 further
conprising: updating the architectural state usi n%hthe data in the first
storage area. stosingAhgsiepsndeneodenchpteredrasted by thecamsel flowdegisi ng:

recoverin i chite ral state after a m sprediction using the
data in tﬁléggisrggélj‘ds%)ﬁ eegﬂg%ééﬁ&'27_ A nmet hod according to claim20 further

wherei n the setcadih@the des¢oipt@sSolt &thesedtthd fBrdpdrel iReahd g flBhor to
process. 28. A machine-readabl e medi umthat provides instructions, which

when execlogid by a machi ne cause the machine to perform operations
conprising: fetching a trace descriptor; separating out a dependency
descriptor including dependency information for a set of instructions from

the trace descpi pt Op mbRidAdRBrding 82laif 20 AHrdALhE 'Fétcﬂﬁ%c(ﬁi D&4 oy
dependency descriptor; and 22 WO 03/058435 PCT/ US02/ 4155 executing a

pl ur al i t yingtructiens restonupletashjustguemedsr agemtiinng t o t he dependenci es st ored
in the dependency descriptor. 29. The nachi ne-readabl e nedi um of C ai m 28,
wherein the

24. A method according to claim 23 wherein the instructions are out

of order.

25. A method according to claim 24 further comprising;:
updating the architectural state using the data in the first storage area.

26. A method according to claim 25 further comprising:
recovering an earlier architectural state after a misprediction using the

data in the first storage area.

27. A method according to claim 20 further wherein the selecting

involves predicting the next trace descriptor to process.

28. A machine-readable medium that provides instructions, which
when executed by a machine cause the machine to perform operations
comprising:

fetching a trace descriptor;

separating out a dependency descriptor including dependency
information for a set of instructions from the trace descriptor;

fetching the set of instructions described by dependency descriptor; and
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operations further conprise: updating live-out data in a first storage
area. 30. The nmachi ne-readabl e nmedi um of C aim 29, wherein the operation
further cwopsissss storing the dependency descri ptor extraeCedsby415he
control flowlogic into a second storage area; and readi ng the descriptor

out of the second §tQrAPfiA:Eof Ak IndthE-tHA @qlbR¥s dL8iding 23 the

dependencies stored in the dependency descriptor.

29, The machine-readable medium of Claim 28, wherein the
operations further comprise:

updating live-out data in a first storage area.

30. The machine-readable medium of Claim 29, wherein the
operation further comprise: |

storing the dependency descriptor extracted by the control flow logic
into a second storage area; and

reading the descriptor out of the second storage area into the data flow

logic.
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