WO 03/ 058435 DEPENDENCE- CHAI N PROCESSORS BACKGROUND OF THE | NVENTI ON
Field of The Invention 20/06/2006 PCT/US02/ 41551 [0001] This invemtoé®©N2006
rel ates t VOR¥OMBEB| d of mi croprocessing, nmore specifical PgTRISE2/PSEISENt
invention relates to an apparatus and nmethod for executing m croprocessor
I nstructions grouped in dependency chains. Description O The Related Art

(0002] Most current pro T h NP RECTEY f processors called
super scal ar processors.%@aﬁ?‘%@ry 1'S ful‘r{@her |¥/{|g.ded into RI SC
(Reduced Instruction Set Conmputer) or CISC (Conplex Instructions Set

Conmputer) processors. BATERERUDUSHD TOF THEE ENVENTIONd of mul tiple internal
processing units with crircuitry for dispatching nultiple instructions to

these processing units. Superscal ar processors fetch a sequence of
i nst ruct Field af Ther layeatdonorder. In this architecture, each instruction is a

single operation. The dispatching circuitry of superscal ar processors

all ows t xecut i an. af Ltiple ingtructiqQns.in a single processor cycle
using a E@ﬁe of i ,1{}1{?1}1{%5?&1?@1%?§60 a‘e #egflé& Pé’&r?%roﬁ%ssgg%i% € ne. (0003]
Thi s ar chhdeg awg%@' enf Clel14d {ofdh Ap\PHraBiAnfIBRtNed fin the
pipelineg¢or %n trué??%ns capa Pé of being '‘executed at the sane tine.

W deni ngexdchéngimpietoprecesske insttuctions ghdigpedoinedeprmdenay ghaigser nunber of
instructions per cycle. However, there is no guaranty that any given

sequence_of i nstructijon can take advantage of this capability.
| nst r uct 288€ R O NNB8HERYeHE of one another but are inter-rel ated.

These inter-rel ati n;hi pr vent some instructions from being executed
Fre i 1 O82Lapr ) | CRb iR BBl O R oty o o e et one.
si mul t ansgessceldr processors. This category is further divided 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.

»f) - [0003] This architecture also includes circuitry that searches within the

- pipeline for instructions capable of being executed at the same time. ‘W_idem'ng"
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.




WD 083/058435 PCT/ US02/- -55106/2006 [0004) Very Long Instructions Wrd

(VLI'W processors constitute another category of processors wher _,e(%:}booe;
i nstructi oW@EII0SHES execution of nultiple operations. EachPGHESBHITA from
an instruction corresponds to an internal processing unit VLI W processors

are sinpl an superscal ar rgces Syl i i ng of

oper at i oniﬁq[%]hrml ti g‘f%g @Qgg&m.t%ﬁc 5t or% w%@&gkﬁéqégﬁoga%gﬁgﬂg&i nstruction
llevel . BegayfiRr @até'g&gl 8f Phdcbédons Wiieeé bah B8GucENR 16 Ws BNbddtincofoper at i ons,
t he VLI W processor re ‘capabl e of reducing the nunber of jnstructions

required houltiploomgations. HBaehveperationdraie anfinstratiion sarrespendséssnr t o
i onparable to the rate

sustain an average nunber of iﬁ) es per instr.ucﬁ Q C al
of a supelReH1al progessiggIyt. Yﬁ' o@@cgﬁp%@eéﬂgg'% g EYPEREA N i nstructi on

C be i . . _ o ti .
i1 ar 1 BERSRACI ol O ORIk BT opH RS ke o R B hunber

of cycl esag@implthied 4t thomsgarsionlevels Bedamtel yysinglecV LIWtinstrtction cavet  or
| ength of the VLIWprocessor is nornally quite large taking many bits to

encode nuSpegifyanuliiple operationsptieeY LIW | progesserssyecaprideynf spdudng g e to pack
th [ ti . .ati . _ {i . j ti . T
do this, St PringBEelons PaRH i hioeifine IpRE RO Ohder AP B 0 Lacti ng.

- oper at i ONGLIW rodsol B biidthin é}[‘awi/éi’lﬁg@hﬁﬁlﬂé? lof eyleg per atrrieadi ng

efficiency. ring conpaction, nu operations are used in instructions
wher e ot hemmpareblet todhe ratesofrrosuprrscdadproCesspadhe opesadionssspesifiedibyni t ed f orm

of out - of - er issue because operations are placed_{pnto jnstructions in
rz?gy di ff tmmwt%@bﬂcﬁ%ﬂ‘ﬁ% R PRE ARPEKE:, dstﬁ?’fwm}é?’ frust be able
t-e” det ectys it : Al Ri Gt 80T
architecture, %ﬁ%{é@%‘ llsgg'tﬁirl%%\lt%?%%&al l[ugblg?gb ggiéltﬁlhgﬁpce]?gggleg? and VLIW

pr ocessorgdmhgaunsberadf dytesqurdagtructial goasatp hcacoadirigipt Thetindrudtione|
par al | el ism(ILgéh |LP architectures allow parallel co,rrputatigr)(s%)(;c t he
| onest | &eEPT le CELEWi privsessgt fs parmalpgyite large taking many b

encode multiple operations.

[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 performahce 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 memery
loads, stores, integer additions and floating point multiplications within a
single instruction cycle. ILP architectures contain multiple functional units
2




<] oads, stores, integer additions and floating point nultiplications wthin
a single instruction cycle. ILP architectures contain nultiple f Pﬁé%
units 2 WvO8#aB®335 20/ 06/ 2006 PCT/ US02/ 41551 and/ or pi petiusedikiinct’i ona
units but have a single programcounter and operate on a single

I nstruction stream For ILP architectures effective hardvvareflusage

requi res anshtorinpelinadgiuncianalyuts by haveasingle spgem oulter adhat  whenever
i bl e, Ltiple.l | ' - |
Pt v ancRtpls B Bl S BLuOR S BNy 100 RELUFEELRRR, . oo have

focused GihrewRireubigidrebifed Athtithe SinglelrRandask stpancd epleeaknichi i ons of
I nstruction groups.” Pipelined and superscal ar processors use hardware to

check f orthahvdweedrmossible, amutiple lave {4veh openations cap beiR 6¥ecytions | | ght

[ t ti ' t O, . [ ' t. ti f f.l .
e RSt LR HeP Ao S PR S BN ks TSRS (| 1
A dependeglysddiisi éﬂﬁgﬂugﬁsﬂ%dﬁﬁ{lus%a@%eﬁ({&t@ﬁ@@wﬁ%eﬁh@ﬁbwquent

i ndependent instr ‘ I'n VLI Wprocessors on the other hand, the
conpi | er ihstroetidregroupeo Pipairiedentd §ypeysamlpsprotessntepenkiodwagpée at i ons,
execute the operations,of a_group in parallel and e,xgtiighf di fferent
oper at i oshgeleipydndependegca of an dayiru ail prexigyis iz s are a third

Lype of BAORSRY AGh S RS lucb oL NI HIRSLHGEGH Baer cOS

called t S improve ~upon supersca processors by

recor di Ngxbhifte insthictibhs Ont-BepeAsemMcher sefiehdot HAP WAl dépenalent ace upon first
visit of the trace and reuse this information on subseguent visits to the

trace ratksrudtioandoes cotbladkibe enecufigepicahsequentandepepdentan be dynanical |y
r-eSchedul ed toq. optinj LP within the trace. wever .. |.i 0 ILP is

expl oi teb"ﬁ?ﬂ‘l‘%‘io -ai?wgme?ﬁﬂf% PRI e{)fk%g@nﬂe (iog%%‘;'(ljelég%ﬁeeﬁjn paral | el
to expl of rl-tB?» hi{ehtoptations ebtite Bhe opelapiensienay | i nks
bet ween 'P g%qﬁgc(l}éul ri r%gblﬁﬁtggfrﬁ{dr% ciél con?#.m?cat [ gn and foIr)ci ng serialization
bet ween pragein paraliel and execute different operation groups in program oraer.

[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
1o 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.




10008] It is difficult to further scale nost current superscal ar techni ques
to get significantly nore 1LP. Small increases of |ILP can requi r920/06/2006
| nor di nat eWOH30EB43Y e conpl exity. There are still significartr/esmoudmss of

"far flung ILP" to be harvested. Thus, there is a need to devel op
conplexity efficient mcroarchitecture inplenentations to harvest this
far-flung ILP. WD 03/058435 [0009) BRI EF DESCRI PTI ON OF THE DRAW NGS

20/ 06/ 2006 PCT/ US02/ 41551 10010] Additional advantages of the invention

" wi becomgoﬁpgﬁmpggmﬂqﬁq@gﬁﬁs]jlgjkmlq@g det ai{ ed description and
upon reference Figure 1 depicts the
dependence chai n processor. [0012} Figure 2 depicts the trace descriptors
and DC (dgpHndency Additivnal edsamtageoofsthe[ifGdibn Wilj beeoBedpparsng an exanpl e
trace. [0014[ Figur ﬂepl cts, the trace of Fiqure 3 re resen ed as a
dependenclP léﬁaﬁhggﬁtﬂqf PyBagHetal r@h&@@ﬂ%@%rﬁf £ 19§ e wi ndow
and act ua& deﬂndow [0016] Figure 6 is a flow chart depicting
st eps of proce S|ng ata in the dependence chain processor. 100171 Figure
7 depicts a dependency chain processor system DETAILED DESCRI PTI ON [ 0018J
Exenpl ar yogrpodi menFigusé & dépias kiedepéridence tRainprecéssorpeci fic
configurations. Those of ordinary skill in the art will appreciate the
vari ous changes and nodifications to be made while remainjng wthin the

scope of [0H@l “appedigred depists thadrace siesenigtorsand D (lgpendepen £Rainjevi ces,
corrponen%js laéﬁQE'CUItS process steps and the like are not set forth in
e8¢ ¥0 avoi d

det ai | obscuring the present invention.

‘“} [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.




-4 WD-03/ 058435 20/ 06/2006 PCT[ US02/ 41551 [0019] The present invention

i nvol ves recasting a programinto dependence chains. Dependence £hajgssghg
i nf or mat i owoalvoasy3st hem are recorded in a storage devi ce. POT@SL/eSENt
i nvention processes this recorded information in the dependence chains.

0020] Th d hai n .i nf or. ' ' : dt1oni h
cynam ¢ plt0iam st r BawieReD D st b Rlyer et BE e 20" 2o and

control fh HAdAdiRS - DEPeRd@rethhin@ G d Bifdratdther alraitttheinomed int o
conpl et el y%ﬁepencﬁe}nt dependence chai ns al ong data fl ow boundaries. One

ski | | ed irecotded iard storagecleviqe: chepresentdnvention progessesdhisaserrded| so be

I npl emented using . franges or, any _other type of dynam c instruction sequence
in the pl @W%W&S&Pe{‘ég‘icﬂc ndence chains are defined to be the
fully connected conponents of the trace data flow graph. An instruction is

assi gned o IEPCRERGR AL chdinibfobFRtBh I RIePbp PirERomhgaRE S UMET
n n e u

I nstructi t hat ependence chain. A producer 1Ins ction generates a
resul t ordphdieicgirbgrim streamhinthrabs qurasking to nsmaxinhimnscdsfrerisl A
consumer instruction depends on the result or side effect of the present
i nst r uct i aomirolAew heundaiesoienypagh teasp inbithes Rantifianed A9CopuNetbht i guous
inatrace; Ad dence chain. ho GRr  has

il 1 pl o ORRIERE degenqiatce thdiEi it Rk He e DR BARIAR,

producer spe Bﬁtﬁouﬂ‘? racRABPEIAE BNS enddition dould kiss ledeplentatted asimgact ual | y
means dependence graph. However, the word "chain" has replaced the term

"graph" tfrabes dreanycother fypenef dynamicifstructionseqyencein tha placgpfct ure and
this is a termcommonly used in the field. [0022] Figure 3 shows a sanple
tréice usithR§®t he instruction set of the MPS- Processor, available from
M PS Technol ogies, Inc., for exenplary purposes. Figure 4 shows the trace

of Fi gur goe3;f ePr €S ¢Rpedasce@ikithd Aiettfined to be the fully connected
- components of the trace data flow graph. An instruction is assigned to a

'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.

o022} 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 represehted 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

100in Figure 4 corresponds to instruction 00 in Figure 3 which is a store word

5




- dependence chains. Each circle in the dependence chain diagramis
equivalent to an instruction fromthe trace. Thus, the circle inyg/06/2006
dependenceWwehsions4ts | abel ed 100 in Figure 4 corresponds t opdrresozugssion 00
in Figure 3 which is a store vvord 5 WD 03/ 058435 20/ 06/ 2006 PCT/ US02/ 41551

operation sub |ns tlon ) on |ns n.l because
Che. cont chperagphy 30 5Rtedy Rt a¥ficih AEBERA woRS hotRlify 100 ARkt

i nstructi g conBéhits b?régaaefga&@ﬂbﬁa@éctécilﬁoffamy n;l eéhﬂqassﬁ»ﬁ@@bﬁo as the
destination of the instruction. [0023] Dependerce c |n 2 in Figure 4
denonst r axesstitethe congantsiof themsematplocaidn gointed do ak theldesirdtion afribé r uct i on
~101. Instructigon 110 adds the integer 4 to the contents of register R6,
however tWEMHGE®d e of this addition is dependent upon the addition that
takes place in instruction 101. Instruction 105 depends on 101 because it

| oads | Nzl ot eI DESANRCERRLED fy Mlpuk08 TSI O |iRfluRabRd ed to by

regi ster Ro which ha een altered kew se

i nstruct i1a0, D6 AnslcdR% Il deprhdren iﬂ@&u@ﬂﬂﬁm sIrgtrucggn $1(cad diBtherintdger nenory
| ocati on £0| nted to by register , thus it depends upon the outcone of

i nstructi tb@fon’f%@afregl!ﬁerd%émwce} the giutepnae ef this edditioniif dependence

d i h h h
ot ruct ReRgps Sheh o RSB, (FEFRRET RSP M iy fiosodlor CREHARERR 657! °
"descri pidependsbfl I0EBeEAIse Gt lohas iflBREFRAANS MHidlonferds df H{eaﬁ@ﬁwrj?' gure 2
Il lustrateS the dependency chain and trace descriptor formats.

dependen&qcad@ammptedtoﬂq&ragmtelaliﬁwhlhhhaddmensaitemd bhm.mapcé]mdﬂ&y chain 105
i.nyt he dependenc ction torage 10 .i nstea he act ual
i-ndtruct i@#@%ﬁdﬁsﬁ'&@w gﬁ?‘f?"@é%ﬁleoc %ﬁ‘%é’éﬁ?glstteﬁg{?’e‘ﬂt Fe dependency
chai n. Dﬁ%ﬁ al Il on about
t he about the llvgﬁ?ﬁb@g&@%ﬁ%bﬁ v%é%%'?ég’% (ﬁ"‘? ﬁggggg%%%?"ggéal n. The

| i ve-i nsofiirsttietiofld)®d upon which the dependency chain

[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 _dépendency 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, suf_ﬁces to represent
3 _ the entire dependency chain. Dependency chain descriptors 101 méy 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 may 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




or trace depend for their execution as a whole. The live-outs are the data
whi ch the dependency chain alters and other dependency chains may;®eys/2006
depended uPEh?3/0a843f ace descriptor 102 as illustrated in. FiRLI/ES@/:ngpnr esent s
a trace. A trace descriptor holds dependency chain descriptors plus

overal | |iM8rack il g:‘%'in"zﬁfo%ﬁ Bodith | ' trace. The
trace descr?rp?ggr s1 Q?% are storecftijlﬂ ?i sp%f:tir%cib?gg&?%tg %&ﬁé}%&g‘ﬁ& such as

the trace hitharspetiatizDcReQnd43eRIADGEA0NG deREE, US02/ 41551 storage 1 in
Figure 1. In another enbodinent trace descriptors are stored in both a

speci al i zed cache and a general .rrermrf\; devi ce.%AOOZSl Dﬁﬁendency chai ns can
« be const r UBESH trané?fﬂ?@%?ﬂ‘;‘b’%lﬁ’dﬂs &1 e rengtrycted tapspareRdy gpdhar dwar e or

-

-optimzations'inc

ti . ' i nation { . A ' |
const ruct “GEaehe AR R Ry SR BB R AR MG 475 2 e cont o
fl ow specubatbiRitiorDaReEsE Yo pab&an A0 ic@ﬁé&:yctm@@naw(%yi SandBpi C Dbl ocks

and can span nmultiple traces or even multiple franes. They can be stored
in user ad¥pkitingpeofikerdaty of ostatiorepnirel flovospecnlationd Ieprawkbaay ghainai ns or a
reserved portion of the, ram.addr es base that, is not directly
hocesst bl DY ren Pl AP TS o S Rl AR CREV R, of ¢ hi s
menory cag\g ez e i ' il
b o B R o A ool o i ¥Rk Popier
dependencyomdimiated dependdncy chaine or al @8@6kdRartion of the progrant addese
enbodineng of the present i1nvention, where the dependenc%ﬁqhain processor

consi sts B#sedhabisiriadidiracy ageagsible to Hegisen pregrammety EirgyPhesieal; hat
cogper at e, | ® [ r control flow
crbi ne 2 PR o ORIk AR b BT} B eBERREAT chlin SO0 TPt or
storage ifetcieRobsitle wptifAfitidls ihtlodean dRi-baitivgy iiilltivi@rayfiff ofi ng of trace
descriptors is carried out by a trace fetch unit 3. Each trace descriptor
102 cont spesialigpd sepandendyghainieache siruntares01 for the trace's constituent
dependency chains, in addition to aggregate trace information.

{0026] 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 descriptor storage in speculative control flow order. Speculativé
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 infoa dependencjr 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 § for execution
‘within each execution cluster 8 instructions of the assigned dependency chain

- are fetched from the dependency chain instruction storage and executed.




-Upon-processi ng by the DC (dependency chain) dispatch unit 4 of a trace
descriptor, the control flow engine 2 pushes the constituent depeﬂﬁgmwz 06
chain deswpoydseyss 101 into -a dependency chain issue w ng#owus02/Assat a fq ow
engine 1 in turn consunes dependency chain descriptors 101 fromthe

dependenc chain issue wi ndow 6 di spatching themto available.clusters 8
for execuld0dH Wthmeéﬁgﬁoqéi‘é‘ﬁlﬁ‘ﬁmﬁpi}sl}?? Sg’qf’?@‘f%ﬁqaeﬁ%e%%%e assi gned
dependency_chain -are. fetched fr g% B ddlstiptestiD@Nn storage
and execu%{eéﬂfm sﬁﬁ%@%%ﬁ%éﬁ%%&eﬁ goc%dfﬁr}gdg%d[oozg] The control
fl ow engi pRe 1dokéd pSARANHbbAIGchamel maﬁ bdew exetated ao entigntags irca globaé trace
live-in register nanmes stored in each trace descriptor 10§e are | ooked up

in a gl obzdordenbuffer@pThe global registentags are resordgd iy slepgn i reorder
buffer 9. The gl ohal ister,.tags _are recorded. | chai n
descri pt ofeStHiP °"(ﬁﬁy ({)ﬁlgfctgaqel %‘@'ﬁh"@&?%’»‘s‘f @V@%ﬁ@%\?%%qﬁgﬂgﬂgﬁed not al l
Instructigp 9&6&9%&&3’{?@9%&5] ﬂbﬂ"ér%’ig@él i 1g1sd aflossteshbtatfostient ri es for

the trace live-out res s inthe glo reorder buffer 9. Only trace
| i ve- out straceliverblibrestktslirs flacgiobal tdved ercouffiar9. onherace live-ovisie t ypes of

instruction results. The allocat ntry tags are.recorded in,the
dependenc@uft,cﬁtﬂdrﬁﬂi’ég@ﬂitbﬁ6?@@0%.“%032@1%%3‘?&?fO‘F‘S%F“SaPIéﬁ%ﬁuA “fetches 2
trace de | pk O ' I ; : 1®ach trace
he. cont r ¢ Pidgted Bk s REARBH IR InAREL RS A Hedrighors 1oach CEe!

9, renanes live-in and live-out values to reorder buffer entries for its

dependenqyoghai ns arik chnssdifive engitefetitien? yraco alescrijgtors i@ or s 101 for
_emcution to the dependency chain issue w ndo%. Thﬁfieorder ffer 9 1is
sihi | ar tprographowder ard precesssyi thesy. Frygqach irace thgicopiret LOWEHEIM < 1 eor der

buf fer such as Peptium Pro-.ROB, avail hit.e 063kt on, except
Chat on yIoRes SURIORESTRSs in et ML S rebhfBs ilelin SRIROE UL
i ndi vi dugla1hasoiesid bRt \Entsies {d2G8Uepbndefld ehdihowndrspaiches s
responsi bl e tor out-of-order fetch and L.
dependency chain descriptors 101 for execution to the dependency chain issue
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
”D " the dependency chain issue window 6 and assigns them to available execution

clusters 8. The dependency chain address 105 stored in each dependency
chain d’escriptof 101 is used by each cluster 8 to start sequentiaily 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 inira-

3 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




.execution of instructions. It consunes dependency chain descriptors 101
from the dependency chain issue window 6 and assigns themto avaidAal o006
executi on woduzessss 8. The dependency chain address 105 st ecedisozmisach
dependency chain descriptor 101 is used by each cluster 8 to start

sequentially fetching and_  execyting the jnstructjons of the dependency
chai n. Acaaggumdotwmgigt ethg gdob Fglﬁﬁrg‘?%?&%ﬁ‘f}i‘%h RengleRcy %‘agll‘%l ow

si mul taneous . execut.ion o@ ny dependency chains and obtain high ILP. The
i nstruct il%ﬂ%s"%eiedﬁ'io B s ependency chain are dependence ordered, out. of
program order and all intra- dependency chain dependencies are statically
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to satisfy live-ins produced by a previous trace.

[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 inay 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
| fesources for traces such as global reorder buffer 9 live-out entries are
allocated by the control flow engine 2. This ran 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.




» traces descriptors 102 in programorder is the first stage. The fetch of
~actual instructions of a dependency chain in dependence order iS¢Mfs/2006
second st ag@gsnskliss has two main benefits. First, the fet gorarsdzprsecessi ng
of trace descriptors 102 in the control flow engine 2 may allow it to. step
ahead faster in the dynam ¢ innstruction st rfg%gh] becaus he trace

descri pt dpes2102 ocdlpsenoid benefitofdha fworsfage SYSED % ns t hensel ves
and because only aggregat e r Of Heplealdor eor der

But or o IRsyactins hin et unl b R e e O B e e e i <
run ahea ' iy Jrh @€ End IREC Frhaltiapin 12 mawHirdi inpalacge ng of
dependengbagﬁ@??\@gleés@ri ptgtrs %1 can creat.g a large virtual issue w ndow
al | owi ng pigical eas swindow. géﬂypnﬂmﬂymxeﬂuﬁﬂggﬂm&v@ﬁ aF@Z‘W'?‘ét execut e
instructions quickly as illustrated in,Fi e 5 Fast..s LRg9 through the
trace dedesylfinged tooke Bjckade ?’r%('.')?' I’f"r"&ﬁ%«ih@ﬂ?‘ga %g%ls @%@gbgl | ow t he
virtual issue .w nd OV : | falduaMsede BrAA6W. m spredictions.
9 WD 03/ d%%‘ﬂ‘%ﬁ%%/%ﬁg’?%@%g?ﬁ%ﬂs{fe[ 00321 The second benefit of the
two stage fetch systemis that instructions are individually fetched just
in tinme figmapxecut iBxecation bedeperttencpahaireistmetionsbelygyies almgstor age and

state tracking in the machine in a |lar hysi cal. j ssue.w g Only
current | pxasthtas ing traditionad pregesseliadt P%&éteg@i’pr?%ﬁﬁetrgoﬁ%egﬁ&g&bge tracked.
Therefore, . m nioal hardware ' ' b BisBGt éifipipul kK of the
i nstruct FBH%%%WI?@%?&%I% @gﬁj%ﬁvsfnhgggg%n?%}b%i a%‘xgggltsi on 12?3 gependency
chain i n%?&%iﬁB§QM?€$ﬁ%rﬁ|Mdiﬁeﬁm iysusexieoution ofdntingmagtion ocessor .

l.ty updat es appropriate Teorder buffer 9 entries if its output is |ive-out
£ebm t he triggers jestin tihafatcloof Biesrext ingdrugtion of fhe é@?gn’éﬁ’ﬂ G@’é’i‘ Lrrg‘Si sters.
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chai n i sghie W RAWIRE! YET1H8 BebciftbiOfdrall ddpendendy thainalthat are
waiting for either registers or memory values. Justas ina éuperscalér
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 execuﬁ'on 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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instruction window. It holds descriptors for all dependency chains that are

wai ting for either registers or nenory values. Just as in a supersgaéf200s
processor ,Wolgnss43nst ructi ons are i ssued out-of -order fromcanysensissucti on
i ssue wi ndow to functional units. In a dependency chai n processor,

dependen chai ns are Jssued, oyt of-order.from,a.depe n I n issue
wi ndow G%QPQ%&%TF&@HM?E&& QiRFemanggr.in ‘gﬁfﬁ}&aﬂﬁeﬂ af%ggﬁg%gﬁggncy chain
i ssue wi @Flﬂx\(\% S AndePRIEANY mehéb@%w-hpéremﬂa%é Iopal than the

dependency c Ef%&géldr%stﬂgucté?ons. V\hgn an a tivel dependencygchai n wites a
| i Ve- out remgne reap Hand ceomlee baffend s Vinen an kecapdionexpursdwiin atwacemt i on i s

- broadcast, through the dependency_ chain |ssue w ndow 6., [00341 In effect,
the cont Hef Pracgssosn giageisyestarac 19 the sigsho %FGCEEEIFPQ\‘E‘ ¥hitecture style

executio ?gql [ ] Qﬁﬂi1lﬁ%ﬁ@*14 : ' LBSi Y }@é}g hensel ves
whi | e thgogg a T)Iag‘\%égr?él e retches oéﬁ%?éeg@égg%%%uﬁgta?u%#gns of a trace
out of ppedHramtartte fadlengThstigion idaéaheiow machi ne.  Furthernore,

i ntra-dependency chain instruction result conmunications, the bulk of nost

conmuni cations, are contained within each execution cluster. géy t he

resul ts (08381 are | Pndespermalyireamstanessciwsoayral flovnengag % angdhe b oadcast

| obal l'y ;1,0 ot her cl ers_8 th obal I : . WO

83/ 0554%%396?%%%&% %ﬁgfggﬁu%rceg}w%ﬁegrgﬁéoﬁ%ﬁﬁéﬁéﬁ& i ear to the

manner i@el}y\éﬂcféﬁc?f&ﬁxhﬁfsﬁz@ﬁrﬂﬂicﬂd 6. Mypicdllyy#PalPitartons ifatirasee is treated
po

as a chec int interval for the global "rename map 5 and reorder buffer 9.
When an execefst with racexceptions o mispredictions, theenfiredrasecarbet ate is restored

tosthe start of the tr hegkppi pt (trace. boundary). b t

o r ucrocani e by dpneigis s SenaEhoPAFT SR o8 RGP e EEVANE B ho faul i ng

st r ucllehitbcied SAAECHon ARP Prahti Rlis RIFHorE! drid WREBAGRS présbRt cont rol Tl ow
and the av

engi ne ata flow engi ne e a sinple producer consuner
rel at i orspletial tiwes wglieretthe data flow engine 7 can effect the control flow engine 2.

[0036) The architecture state consists of the most recenily 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
d'ynamically to establish inter-dependéncy chain dependencies. Memory

~ dependence store to load misprédicﬁon requires replaying the effected
dependency chain suppressing internal store to load forwarding for the
'mi‘spredicted load to ensure it gets the correct data. Subsequent {races may

then be replayed either completely or partially. Other data related
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+dependency chain issue window 6. Typically, if all instructions in a trace
execute with no exceptions or mspredictions, the entire trace cay /2006

commi ttedvoyodmeeisng its reorder buffer entry as in copyi pgmiisermiseal ues to
architected state. However, branch mi spredictions and exceptlons pr esent

speci al cases where the data flow e ne 7.ca contr fl ow

engi ne 2m1fm]aﬁpnéaam%1 %W@@f‘%‘é’%éﬁ‘ @gertﬂ% Cﬁﬁ‘é églént ly

conpl etaﬁ %]g ndl ﬂlaSS' gnments to each register, reI ative to the end of
t he kno H&q 118 Sequence, regardless of whi ch instructions have been

I ssued or conpleted. This is the state that nust be accessed by an

i nstruct jgags)f ol | O\I\Mé%or?rhﬂ e&ﬂqn@meanbehandiemlmmmnnah [ 0037]
Br anches |nternal to a frace can be converted to cont fl ow .assertions.

Wien a bprovebsdrs via & presaonyt depenidencesprsidation fble. Mg, P@&Q§P% haiRgcessor

state to, be re he start o r trace
descri pt 57 FQF@%F?E%&@RMOPéﬁfﬁ%‘%siyh&’tshé@g‘?re %ha%ﬁiﬁl}%@eg?escrl ptors
avai | abl g;; h’ﬂﬁf‘% eﬁeﬁﬁﬁéﬁ; tcheddan dlﬁ)eha@ﬂb)ﬁdhﬁﬂﬁﬁsﬂeabmcbiw 6viThe dependence
predi ction both atically during dependency chain formation and

dynani cafaigyeriablessit thinionitor iblamk- mhep dmoketvast foirdhe completinmed ksanqeetasy y
dependence store to | oad m sprediction requires replaying the effected
depender@éspenstensy shiBr essing internal store to load forwarding for the

m spredicted load to ensure it gets the correct data. Subsequent traces may

‘then be ayed | el peistdriehamettandeidited 11 WO
03/ 0584é§6‘%lé)/ 06/ 2 ép 8%5&{%‘52%% or%e%g’ge%fg?llsorfs a8 wel | as

hi st ijg aé@akechint dodhparistepRisigRestala grotepsess ipmausdenlydnatiedivesingi | arl y.

381 - I\/Ermry deg@dlndenm es can be handled as in tr al rocessors
via a up dynasuically an theyglobal yenagmeimap eﬁ?‘b‘%ﬂ ’

predi ct etﬂe tr?trg-%ospa P oréup dg\p/('-:-r?djesljlc\-‘: HedP %@ﬂﬁﬂm‘ﬂ&?ﬁ@&%@ ﬂlé‘s@%leﬁem'et i S
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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- sui tably tagged and di spatched to a dependency chain i ssue wi ndow 6. The
tag enables it to nonitor block pool broadcast for the conpl etionzd)/foi;zsooﬁ

ancest or Wep¥pIdIcy chain. [00391 I n a dependency chai n pCIOESTeNSH t he

regi ster rename bandwidth is reduced in conparison to superscal ar

processors hecause only trace |iveg-i M&%‘f Rrdynam cally in

t he gl obalf®Ename Jﬁﬁﬂé?ﬂ%ﬁjﬁevw% T&g&qﬁéfggﬁ?s at cﬂl%brou% dependence

check is gl m,p3 %‘%?ﬁ&stﬁetrbﬁ&ﬁe 98B 5 shdresdet pusfet albluk alsedyi ntr a

' dependenc@hgﬁglaﬁ}"gggen encies. Scheduling is greatly sinplified in a

dependencysinhdbsriptoreanast iethediee ofihgtuahexersiion andtther PPHRAEMINE t he heads

of the active dependency, chains are_ eligiple.for Kk el ect.

| nst ead d?nihi]%ﬁ?ﬁ’é‘ttllﬁeé@ﬁlbﬁgai‘:{]e&?g%cwghm%Fﬁﬂ‘"B%%'&? gﬁlgﬁﬂgosfseach cl ust er
potentiall S Bt dPbEonlistd fiffickon of thé Behé aneously, the

* flexibil i‘P%/(“‘\é@(Og‘ %tgﬁea@hggngﬁkﬁgﬁ%r E!azllrl&gcﬁcggurﬁ%er I's maintained by

or gani zi ngidtstatkkad thafithe faudMagepdsteneindomai Tise physiceldssne windaiese in

i ndependently stalli ng clusters. Additionally, for a ifven frant end

bandwi dt hjoesneppeed te holsLiagd @'@ﬁbal@etmaggémtﬁ%wswéelﬁ'@% PRERET 8¢ chi ng

I nstructions can allow faster refill of the virtual issue wi ndow follow ng

branch m spredictiqns. 0401 (4 e m@g,ﬁﬂ' I bstheeftced by
- globally [Bcﬁagdcast ﬁ_ﬂge-oh% éopr%gggﬁdveélﬁggbglpe%u ts"anajeg;togsi ng dependency
chai ns_f qhe fddtdbebuffer 99¢ HaNARMEvedaiiNivaoutsciainsthbr depertdencyne trace

executing sinultaneously are guaranteed to require zerg co ni cation
bet ween ehains mﬂmsammm@sﬂw@mﬁw‘@w%@w@m%&ff $E3€5 00411

. AOICSAUTONS 5 | £35S0
[ Te. out eheet Dieilenre T allans SiuEERd Bty ALLERORE Y o
ST 19 UeS ML ABE D B RS mprelift o> APer 864 #e8dENBAFfef 9entld attien

perform

allocated, a global register rename map 5 is updated with the new location 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
3 window 6 from which issue ready dependency chains to execution clusters 8.
Each 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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conly just-in-tinme fetch and decode. Wth just-in-time fetch; the anmount of
instruction state that nust be maintained becones a function.of the dé&ss
wi dt h, ratyhg@psbfaads t he much | arger issue wi ndow. The physipgaludossiser W ndow
does not need to hold and track the many instructions waiting for operands.
[00421 Live-outs froma dependency chain can b grgugﬁg Ioge&{\ér in the
reorder heMier 9 ofhbelepandencychadn issue windewdgean pe sEPAMVIETd BB endency

hai in the t d | ptar.. LVes ey f f t
races  APRRBRRAIESRpI. T Sacn oIS bprehy FigHetdete |

Lrace cheGiunBPlghengifle b Aorkt #EdRla RIRRARINETS PiASont favnlts fAfrn éhe t he reor der

buffer 9 entries ar cated, a global register renane, maﬁ ‘a}ii s updat ed
wi t h t he eretioecdisters o robhaeed vebe broadsgstdpdhe ingodiyedgstody “8Hhi ns from

subsequent trace descriptors. 102 use the re .mp._5 t ks ags for
the | at eskeperdencyrchain rerapinsin jae P?PVE\A%HIE‘QEPQ%H%I%PQ Wﬁ‘%ﬁﬁ%hﬁ‘é‘"aﬂ

checkpointed.tq all ow ' € ggvery. After fetching a
trace deé’ﬁtFﬁsﬁu%fstaﬁég%ontér%ﬁpﬁegév@? négkr?elgt% can use a

next-trace-predictor. The trace fetching and processing steps of the
control fdeayy engi NOtRecanbbainvénmte of teddeperiendy dssue0vueowW Adnduds | ow
engine 7 is coupled to the dependency chaig issufpri wi ndow 6 from which
i ssue r eadyimgdementiation whetersach blecked dapsRAgnis tRaa WS B oxecution

cluster has,a sinple. instructio _ l; s4bAitdbleunits and a
local re FE?%‘FQWICE‘EW et WﬁSWséq'&ﬁHeF%?f:ﬁseggﬁﬁlgg?ﬁgﬁi nst (rttljm(fi on queue
and issu ' d@ffnﬁ%ﬂa\i‘ﬂﬁ ' Risindle enfrgen thatepéydergyddiain f | ow

coqistr ai % gﬁ Bllokt?g&llrclfség)r@hcti n qlljeug C(i:rfl e gﬁf‘i nstruction stream buffer that

fef ches idage Wintloucs ndtisentty wridihlequaldeitscouRbPhliyedRS.i n-ti me based on data
flow constraints fromthe dependency chain instruction storage 10. A | ocal

Conmuni cBFEn. | 13MEDeRRSaRBsReSE0s R AR SIS D0 The
dependengy., £ 0AhAoS6 HEmUIRARY Bp&RRsdhgunhiiovirtietedution cluster. The

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 Iive-

ins ready in memory and dependencies cleared is issued to an execution

cluster. The advantage of this implementation is that only dependence chains

1l&ha*t are completely ready to execute are allocated to execution clusters. The

disadvantage is that a dependency chain does not begin executing until all of

) 3 : 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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‘inactive and active regions. The inactive region buffers and decouples the
control flow engine 2 fromthe data flow engine 7. Live-out resul%i/(jgpf@%
the execuMOdH/0&44d%5ters 8 do not need to be broadcast to tHE/VHAEISVe

regi on. Each dependency chain remains in the active portion of the issue

wi ndow 6 ypti N ' Al &xcRUA6H RGeS § (vwhiak aiagned
cluster 8&8%&1&%&8@%@2%% |§r{éﬁl§e§hg$ﬁ?he dependency i ss(:Je W ndag\r/]v 6
i nclude  paliveplsapridpehidencevterins Aathe aotioe keylonle fEnziadvantegeaisthad ts in the
dependency chain issue window 6 until all aqf |its ]-ih'yetell‘ml ns becone avail abl e.

_Each bl ocilependependerincanhsgin %ﬂ&ogiSH@ﬂl@%@ﬁ?W fidency chain

I ssue w ndow W t.h entr i dth e | 1 ¢) Laiverdie. [0046] In

this enboﬂYgrﬁéﬁ{e‘ %ﬂ%ﬂ%ﬁ@ﬁ%fsn ﬂgﬁ%l &reglﬁ%&gaﬁﬁ%c?hghwa?sduﬂgpm ndow 6

. | medi at ebéeuﬁﬁe%naes@w@merust@ FeKecoitheloql valus stited indbplmtdency chai ns
then do not heed to listen for live-in results when the cluster because

t hey wai tegister filecei ve al | necessary live-ins before being assigned to an
execution cluster8. The dependence chain that has all its live- ins ready

in menory and dependencg) es cl eared j.s issuye ' ter. The
advant agel%®81t hi s 3&3@&92?%‘15?8?6‘?@%3 ’ghﬁ%?@e%gﬂgfgﬁggtdgggkpﬁgé@hat are
conpl etel; Ut BAteh ¥f epat®dhcy ThaiRatdiedters arat dispaiciine

di sadvant]éageﬁ?tgg?lhgt()ﬁgﬁ%egﬁg&ency chgi n dosers not begin executing until all
of its |ifiastridionsavithacy depOtdétcylchabmtotfusctiondlomitewithimthy yster is

al l ocated for a dependency chain as soon as the live-ins for the first

i nstruct i@wstecome avail able. The instruction within a dependency chain
QEE then continue to execute as long as any additional required |ive-ins
a

d d | iHid ' ricement t
e oy s ke

anot her I's enbodi ment only the dependence

chains tméulaaa\mv@a%péﬁaéﬁ?emﬁn tabe chaipedtto arprésrinusly ghainedi n t he active
region of the issue w ndow O her dependence

i nact i ve depgndenayfchaie. Théaiwouichabowe Lagchain baprasiaspne” "
' dependency chains wherever necessary. To enable such mutti-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
&mt are dependent on a single active dependency chain rather than on
ﬁmlﬁple 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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"PCT/ US02/ 4 , 5106/ 2006 do not need to listen for live-out results from
execution clusters 8 (which may be live-ins to dependence chainsydfoéeoos
active redV88y0s843fe advantage is that a dependency chai nPcaUShEGISSI
execution sooner before all the live-ins are available. The di sadvant age
s a dep - L. r’g’lgﬁ{% [ | jon cluster 8
because ?@ﬁ?éleggg+lgggbﬁééﬁg?.ore mﬁgrﬁieeblegggﬁa&;r géﬁgﬁggégﬁ?ﬁ&[ 0048] In

both of ichemehRHAAREMorfiréRAikl, Farthegithedireceip@prabradn i nto two
components. Dispatch of dependency chains to clusters and dispatch of

i nst r uct istmplify jubi-n-ireaperawanyofdiaried depansienicy ghaing it €XeWOR n t he
cluster. J0049], | n apqthe odi nen f. the,present inygention, an
enhancer‘n‘s"i‘rlS?er a}ftfedf]aﬁ‘ﬁF@Y ﬁggéﬁaﬁ?&éﬁf@ﬁﬂﬁ“@%'%&@% W&ﬁerttil}aa previ ousl y
chai ned h-ggg\%n,g; ] %F | m %&p@{: iQinke built for
mul tiple depen gﬁ%lfsgﬁg?ﬂ%e%lﬁgﬁa\gggﬂr&?gce%r@y.eﬂTo ena ‘?hea s& h multi-Ievel
chai ni ngwoudd depdnethecyresondeofrtahlesvthd tan dye repigteopanditradnyonyai nt ai ned such
that registers and nenory | ocations produced by chain d]iepe_ndg,ncy chain

rrﬁpped baerendencies bagk dathe prrdicar dapsndeansy cham relerred 4o golectivg ndfency
oncest or & & 1Bt} ARRFRER DeIA beiphBtite (RERbSve BEafiBRE O | 1 ©

[N
dependengle ighdkiinj vl 8 d gitd P ire 8 dePeridencychadil ehirglifla dipefdenemp t abl e
to enabl e depende%%ﬁpl?hai n chai ni ng. gThi S C?artbl e hoilrgs as aﬁbl ock

dependendhain papi sThe fieldsaald dependenay dwuimdesaiptersefidependepbndency chain
r at her ;['I{I%%E‘an rm]!ﬁhb?l e dependency chains and as indexed within a
depende gheY f * an active dependency chain. \Wen an active
degendency chain conpletes a chaining table is |ooked up in direct map

fashi on pesp tri gmeﬂ%aﬂf&ﬁﬁbnbd&nﬁagﬁyém fidrtidn Tepiiftetthen to

broadcasti ng t he dependency chain res over the rest of the dependency
wi ndow. dependesdty diaindssuletwhvdmad 6 agith ather stiscbaieasiitableffornmtagaginger a. | ar ge

w ndow can be further reduced. This table .
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 contrel 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
’J - 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 mininﬁze 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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15 WO 03/058435 20./06/2006 PCT/US02/41551 woul d be especially useful for

its nmenory dependencies if each dependency chain has a single mey®fys/2006
reference. WOUBHOREAES the direct map table can sinplify juSRCI/ESRHMEL
novenent of bl ocked dependency chains to execution clusters 8 since it
directly | bakdlefl e PROGEHNn RS R ! ot l.0kijag them

t hr ough in?ernedrate g@%}ageﬁ I nmp eﬁg%?égﬁﬁﬁéégaéﬁéﬁﬁgﬁﬁbC&ﬁ&%d require the
presence ofetthel inparhidé] fromp mabiplé baskand nermory dependenci es back to the
producer dependency chain referred to collectively as a dependency chain

et f inplenenting the above-mentioned table is to sinpl
provi de a PPBId i n ol RbRMBAAEOEmsinglemempry Aank allgendentiplechai h pool
The field engde | | i _dependent ~ depend
chai ns. | 10SPT G R ARARrAAE BRETRERLTIE il o ORM FlisraB eonte e

dependencyparhHelnctessu Thailiidouidthwitihe eldieryBarkCdan KSretltlcb@lth 8nb 0T MaNagi ng
t he producer consuner relationship between"the control flow engine 2 and

the dat a PSEUFiiyveed o erabje multiple depgndeney ehains$o helfptchad fimr t her

enbodi nen no {.nter.medi ate,structure bet n the control_ fl ow engine
2 and dat ;oa? ?%@vusml. t%‘?.mﬁ'é’rﬂ?ﬁ{‘?lmla%' M eﬁogﬂ'éﬁja‘élé%n%)éd on the
abi l'ity othgaeftbie g e PHE ThiL S ] | / a
control signal Fromﬂ%%gmglas??afn}%%%engl @%%%F&Pgﬁ?ﬁg@??%{%@gglggiyness to

accept defspadenfeichdefthe ispbseq@ient 0B%ActiDagendtakd. chai n i nstructions are
fetched in just-in-tinme fashion from nenory. Each dependency chain can be

| ai d out enti al in,menorty by the conpiler or the runtine dependency
chgin con@gﬂct or ¢ alj‘%?ﬁ?’ﬁ%é’ﬁme‘b’b%ﬁ the present Innestiofe AR jngiagtion t o
rexi m ze $dhenAdaat f ' or.y d mnimze bank
conflicts between co%ﬁgrgﬁedgﬁ%ggﬁ{&g’r%g%%%ﬁﬁﬁ cbg%élit@gpgﬁ%ursrsry can be
banked wiinistreationstethin eepentiondy cledh degietched nd bRuRed dtkally! MRey
i nstructions, of ge_pe_ndenc chain are fetched

can be cached in simple first-in first-out (FIFO) stream buffers to mask the

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

within a dependency chain halt due to longer execution Iatency 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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*sequentially so it is not desirable to stripe dependency chain across

mul tiple banks. Each data fl ow engi ne execution cluster 8 then agfﬁﬁéﬁzsoos

its bank W@#sH0sg8te of its dependency chain IDs for base ZEAABEH4RAU _
dependency chain program counter since nultiple dependency chains will be

executing in 16, 031058435 20/ 068/ 2006 _ P / el. The
dependenth@Wa‘I" Iadéusgzg) CBB“%&E}%&@&? (?r&dﬁﬁ%%épéé?\é%gp%%Véﬁe% in
paral | el %}'Mt' AR ArlOSBEr PeApheres M4y Dkeyb@ird@08. nenory bank
al | ows m[}Hnlqp e ldéet%leag%@ncy gha[éli n i%g?r ugti ons to be fe)?jched to the
execution cluster in a single parallel access. The line width of the nenory
" bank can[des7y educednotheprenbddistenhetdwd implement teadapendgney sh@tdependency
chains to be fetched in  parallel HSi ng. L, m'lt eq nenor.y Bﬁ@ﬁﬁg h. Multiple
lines of ProfessepBratn@ye (&amicacads of Tilgvel SOmEYicy | shi on, when

instructi-on co ] -11@1?- elssd t9fud BenSldsagveNnt i nstruction
is ini tigﬁgaf&%%%lg{éﬁﬂéano %@Paﬁﬁwd?%em of ‘%he present invention, an

i nst r uct bpmlatidisaFthe dbpendany dbairageessor. # softwofe BaplemsndatinnR on cl uster
8. Because instructions within a dependency ghain are fetched and executed

seri al | ymaythestoregshoma machirairaadablemediym, & “mackinegeada®le £ ro stream

buffers to mask the .effects of. ba fli ) se. \Wenever
execut i ofteGAURRAY FRqlH %gny\mqr%]lﬂl Q‘%&éé%@ﬁé?égééﬁ%ﬂgfeﬁ al t agjog'to | onger
executl Oﬂxéﬁ@fé%?df M adiihe Y@ b€ Addguii FeRtleta ROMaaTlbppy aliskette, acan get
ahead of execution. The streambuffer can also get ahead if the line is
gr eat er CHRROMieari optical diskya hard GBS, awaskio SeqHEReH N &1G eam buf f er
@gancenent could fill the streambuffers froma specialized dependency
G.

cacihg g?ﬁ(ﬂz’g%eﬁll i ﬁ;evﬁg%g‘%?'gxﬂ?ﬁ g’é‘ﬂ?ai nﬁ@%&ﬁoﬁig@%&&cﬁalim . %en a dgggingency |
note e ; . . Melpidie 4
ehai n | SySHER ey B AR AOR, 1l dfSiBted binbodinen® Whileveisaninghai n cache

line co evot e _ .
within the spirit and scope of the invention as defined by the appended claims.
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into an enpty stream buffer. Instead of being iteratively filled, the
stream buffer could be nodified tqggallow all its entries to be witten in
parallel in one cycle in FIFO design. This mght limt dependency chain
i ssue to one per cycle, but would elimnate the bank congl,i,gd2g960bl em
'[00561 Anot her enbodi ment of the present invention, illustrated in Figure
7, Is the use of the dependency chain processor 205 in a conputer 17 WO
03/ 05&&%& 0/ 06/ 2006 PMJS02/ 415251 systemwith a bus 200 connecting the
depen '3"/1 chai n processor 205 with a nenory 201 storage unit 202 and
ot her}{)@}é {%gral s,such as a keyboard 203. [00571 Anot her enbodi ment woul d
I mpl e h ‘él‘ﬁjency chain processor in software (e.g., mcrocode or
hi gher | evel conputer |anguages). The software inplenentation may al so be
used to run sinulations or enul ati ons of the dependency chain processor. A
sof t war be stored on a machi ne readabl e nedium A
nac\r,:?nt? Ir@é%b%utaéérﬂgl u[na@y‘ray I ncl ude any nedi um that can store or

trans IFfy C@EJ Exanpl es of a machi ne readabl e nedi uminclude a ROM
|o§§§ad| gﬁf € Q@P CD-ROM an optical disk, a hard disk, a radio

frequgn@dnKrBF)ﬂdw ﬂbglcefté sél@@@%d’%’c 'tl%“éeoﬂégcﬁ ﬁg’ grSE@ hgEthe:

nodi f é;t'éfhle@n 5{@ q ﬂ'{; P?
:2*)324:&? B @g%ganag@%s gﬂ?ﬁtﬂfgﬁsﬁ bl Kglton
cl ai AEioBofayr pajiRgt rucaanaseqtmqeoan firess of

e InStrUCth!’l sequence;

the data flow logic coupled to the control flow logic to receive the dispatched
dependency descriptor, to fetch the instruction sequence using the address from
the received dependency descriptor, and to execute the instruction sequence
according to the dependency information in the received dependency descriptor.

2. The logic circuit of claim T comprising a storage area coupled to the control
flow logic and the data flow logic, the storage area to store the dependency
-descriptor dispatched by the control flow logic.

- 3. The l.ogic circuit of claim 1 comprising a storage area coupled to the control
- flow logic, the storage area to store trace descriptors.

4, The logic circuit of claim 1 comprising a storage area coupled to the data flow
logic, the storage area to store instructions contiguously based on dependency
- information.

5. The logic circuit of claim 1 comprising a storage area coupled to the data flow
logic and control flow logic, the storage area to store live-out data.

6. The logic circuit of claim 1 comprising a storage area coupled to the control
fiow logic, the storage area to map dependency information.




a control flowlogic to select and fetch a trace descriptor for processing,
the fetched trace descriptor inclgging at | east one dependency descri ptor,
the control flowlogic to dispatch™to the data flow | ogi c a dependency
descriptor including dependency information for an inst rzldqu“j,eoibogequence
and an address of the instruction sequence; the data flow logic coupled to
the control flow logic to receive the dispatched dependency descriptor, to

f et ch 7 nd NSLIUERLGR SERLARFS URldHg, taﬁ%a&aggscg%ﬁrgﬁog- Bl RSy Gkaate
B e b e
| ogi c EPFUIRFR  of "claim 1 conprising a storage area coupled to the control

flow logic and the data flow logic, the storage area to store the
dependency descriptor dispatched by the control flowlogic. 3. The logic

P A L R T
o ot iy %%&?ﬁ%@fﬁ?&ﬁ&e fﬂgixom SDEBUBRGY GRS fbgihe Wige
st or a§8SEMRY o store instructions contiguously based on dependency

information. 5. The logic circuit of claim1 conprising a storage area
coupled to the data flow logic and control flow |l ogic, the storage area to

a ;éée%l)i'%;?%@%ﬁ%g?hgﬁei‘ﬂﬁggﬁp*‘i?iﬁb% "ogi ¢, the Storage aren to map dependency
L acel G o remat Beeitnd stdieCtraPl deEotis pfe FoRUBLPn R ERBRP LY of

depeng HiRYCAgAEi®! 5t idaskEnd MsBorfiEReldept or. 8. The logic circuit of

claim1 wherein the trace descriptor Incl'udes aggregate |ive-our

| nf or g@ihireh flow |Ggie! t6 Beldct Shd FRRERIHE bf dRC tidtiePtEstipidie, thé%@tched

descripier destrigtor IBKRg S phiRaliEP ' dsddtiency descriptors having locations
of corresponding instruction sequences and having dependency information for
corresponding instruction sequences; and

data flow logic coupled to the control flow logic to receive a dependency
descriptor dispatched from the control flow logic, to fetch an instruction
sequence corresponding to the received dependency descriptor, and to execute
the fetched instruction sequence according to dependency information in the
received dependency descriptor.

10. The computer system of claim 9 comprising an issue window coupled
between the control flow logic and the data flow logic, the issue window to store
the dependency descriptor dispatched from the control flow logic.

11. The computer system of claim 9 wherein the at least one memory device is
to store an instruction sequence contiguously based on dependency information.

12. The computer system of claim 9 comprising a storage area coupled to the
data flow logic and control flow logic, the storage area to store live-out data.




at | east one nenory device to store trace descriptors and instruction
sequences; a bus coupled to the at,;l east one nenory device; control flow
logic to select and fetch one of the trace descriptors, the fetched trace
descriptor including a plurality of dependency descri ptorg jogvsgag | ocations
of correspondi ng instruction sequences and havi ng dependency i nfornmation
for corresponding i nstruction sequences and data fIOM/Iogic coupled to
the cq.rphe fddHoLesH § éfénﬁed’feb fmag GHERARG EhaRRHCRSdpbr om
the c g &i B g@/ ﬂ%ﬁ orr'esponding to
t he rg@@?@égdﬁ e‘v‘i elrtrlges Br%%t%t or, :’J@ gB @EU?Q? ﬁ]%f%eq%ched i nstruction

sequence accordrng to dependency |nfornat|on in the received dependency
descriptor. 10. The conmputer systemof claim9 conprising an i ssue w ndow

coupl qdt. RweBmUTer Copstedh brOdvirﬁggcmmH ihangatrat i) €ragk Cdeddihiorsue
Wi ndopdigded @bre é“@erﬁ@@frﬁqﬁﬂ?r}‘n : i oP d%%gcﬁﬁﬁﬁt{tfiféas%‘é%fﬁtqﬁpﬂ f1 ow

Iogrcuéggci i ter systemo 'arm ere one ne
device 1S 0 ore an |nstruct|on sequence contiguously based on
dependency information. 12. The conputer systemof claim9 conprising a
storage area coupled to the data flow logic and control flow logic, the

gty g[ ggs aTRE EOMIREL SyM@nPubf dahin §1\Aﬁ%réhﬁnech%0%@; g g@%ﬁi’%
io He g U P Ry NG
systemo Wherein the fetched trace descriptor |ncIudes aggregat e

live-in information for dependency descriptors in the fetched trace
descriptor. 15. The conputer systemof claim9 mherein the fetched trace

descr gt orhe id¢¥rh ab? Sl 9 Uvhie |ﬂr H?&‘?‘r%iﬁdﬁyl the
R e Bl Rl R R

descriptor includes live-in and |ive-out |nfornat|on

17. A method of processing instructions comprising:
selecting and fetching a trace descriptor in accordance with program control flow;

identifying from the fetched trace descriptor a dependency descriptor including
dependency information for a set of instructions and an address of the set of
instructions;

dispatching the dependency descriptor for execution;

fetching the set of instructions using the address from the dispatched
dependency descriptor; and

executing the set of instructions according to dependency information in the
dispatched dependency descriptor. -

18. A method according to claim 17 comprising:

updating live-out data in a storage area.

19. A method according to claim 17 comprising:




17. A method of processing instructions conprising: selecting and fetching
a trace descriptor in accordance wzhh programcontrol flow,. identifying
fromthe fetched trace descriptor a dependency descriptor including
dependency information for a set of instructions and an agd{gssegf the set
of instructions; dispatching the dependency descriptor for execution;
fetching the set of instructions using the address fromthe dispatched

SEBEE%%%@W?%F’?@F?QE”W%? oL ok e Stolchal RIS 3 oBreley P ©

met hod according to claim 17 conprising: wupdating live-out data in a

2006 o B e e RSBt B (s fF Wha R i e 1O
storage” area; and reading the dependency descriptor out of the storage

area into the data flow logic. 20. A nethod according to claim17 wherein
the fetching of the set of instructions is conpleted just in tinme for

exXecupionA Zhetifodehbesk ofli Agirh©0 161 alvRbrein RRE eFdtchily ESE e
CONpY jriFu@iGHls e&np;l%&'iﬁ@ﬁﬁetrhr%&gpgﬁgén B I o e g, o

claim 18 conpri sing: "updating an archite state using the data in the
storage area. 23. A nethod according to claim22 conprising: recovering an
earlier architectural state after a mi sprediction using data in the

st or ag4. & enethtt abcorlingtorermndi Fovhersihah® éieéﬁﬁﬁ%idbnﬁﬁk‘?sésebﬁé&ﬁﬂﬂg
conpr inseudticH 6Lt 09 grdepext trace descriptor to process.

22. A method according to claim 18 comprising:

updating an architectural state using the data in the storage area.

23. A method according to claim 22 comprising:

recovering an earlier architectural state after a misprediction using data in the
storage area.

‘24. A method according to claim 17 wherein the selecting comprises predicting a
next trace descriptor to process.

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

selecting and fetching a trace descriptor in accordance with program control flow:

identifying frpm the fetched trace descriptor a dependency descriptor including
dependency information for a set of instructions and an address of the set of
instructions; :

dispatching the dependency descriptor for execution;




25. A machi ne-readabl e nmedi um that provides instructions, which when
executed by a machi ne cause the hine to perform operations conprising:
selecting and fetching a trace desCriptor in accordance with program
control flow |dent| fying fromthe fetched trace descrl %Q,[J @nggpendency

2‘3525*8*&{’”%“% togfe“ﬁ R0 oR0E e . B8 oMo bR it ™

descr ﬁ%%Pd 20 June 2006 fetchlng the set of instructions

using tch endenc scri tor nd exeguting
the Sﬁ%@%ﬂﬁ g'% %t@ﬁt g(i,ﬁtg‘% Bocorghah dh A HERFBR RN PSRATTRCERe. the
dispa * 26. The nmachi ne- readable medi um of claim
25, wherein the operations conprise: wupdating live-out data in a storage

area. 27. The nachine-readabl e nmedi um of claim 25, wherein the operations
conpr t-or. J - cont rol
i ow Fog e Bk reaﬁfdfﬂ?ﬁﬂgé@ﬁéﬁﬁiﬁ@@ s gte che BbEr RS o cow
into dayatihbawd-8 | rcuit of claim1 wherein the fetched
trace gescrppt or ?Eg%%@jsaa%r%g y of dependency descriptors having
addresses of corresponding |nstruct|on sequences and havi ng dependency

information for corresponding instruction sequences. 29. The logic circuit

of cl a7mThewmeichine-tdmidito endeinny olfftfléitrmztsl Wherefd Hﬁ’@%{)@rdﬁons Romprise:
information. 30. The logic circuit of clai m 1 wherein the dependency

i nf or stedring) the depeesehty alesovibtonirpandsswa window by control flow logic; and

reading the dependency descriptor out of the issue window into data flow logic.

28. The logic circuit of claim 1 wherein the fetched trace descriptor includes a
plurality of dependency descriptors having addresses of corresponding instruction
sequences and having dependency information for corresponding instruction
sequences.

29. The logic circuit of claim 1 wherein the dependency information includes live-
“in information.

30. The logic circuit of claim 1 wherein the dependency information mciudes Ilve-
out information.




