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i s BACK N? fi eld of the Invention The present invention relates to

t echni quesgéjf0 2%hprovi ng conput er syst em performance. Mor e BSTEE301{08581) v
the present invention relates to a nethod and an apparatus for prefetching
data and/or instructions fromnenory by using an assist 20 processor that
executes in advance of a primary processor. Related Art mmm m‘ﬂwﬂwm

sem conductor integration densities allow nore transisto grated
onto a mcroprocessor chip, conputer designers are investigatisnigs=di fferent
2s net hods of using these transistors to increase conputer system
performance. To this end, conputer designers are beginning to incorporate
mul tiple centr [ I4hS | nt [ ] uct chi p.
Thi s (F:)an resul ME@@M@@&@Mﬁgﬁ&ﬁ tijmaf\&n bep
paral lelized (divided) into separate pieces that can be concurrently

execut ed. 2VASSLISTUPI¥UEES®®K"TQEOPREBF JE;[‘Q‘H DN’I@%&Y

performance gains fromparallelization can be I'imted for nmany applications
that contain inh t i rt,i ~7h i ntly

seri al pé)rti ons W@@mrﬁ@gﬁ(ﬁMY|ﬁkgﬁaﬁ$§%§ | at ency
probl ens. Menory | atency probl ens are. grow ng progressively - worse as ,
processor clock 5 speeds continue to inprove at an exponential rate. At
today' s processor clocknegmexs); Shailarler Cakedlas anhMaraIreblapr ocessor cl ock
cycles to pull a cache line in fromnmain nenory. Conputer designers
presently use a nunber of techniques to decrease nenory |atency delays. ( 1
) Qut-ofporder execution can be used to schedul e |oads and stores so 10
that nenory |latency is hidden as nmuch as possible. Unfortunately. out-of
order execution is typically limted to hiding a few clock cycles of nenory
| atency. (2) A non-faulting | oad instruction can be used to specul atively

| oad a data value, w thout causing a m ss when the address is not valid.
(3) A steering load instruction can be used to speculatively |load a data
value into L2 cache, but not L 1 cache, so that L 1 15 cache is not

pol | uted by unused data val ues. RRtKEROGWRIDY. using non-faulting | oads and
steering |l oads can result in unnecessary |oads. This wastes instruction
cache sgsace and ties up registers. (4) Sone researchers have investigated
usi ng har dwhield pf tfednebngiowyi nes, but these hardware prefetch engines are
typically i neffe%gi ve for irregular nenory access patterns. 20 Wat is
needed i s a met hdAe BFESHANYENSAR selalss thiachhicyas &5 imprRYIRE ¢aupRutersydisnays i n

fast_processs,ustemol LRBicahDSek bk AtonS: ANdEashs dawel ved.d n using

t he above-di scussed techni‘ques. odi'nen %nresent
i nvention pagparafesfor psafetckingtdaatand/@fiasteleidont fOM MeATdFY bPNsiHS bR dsddt assi st
processor that executes in advance of a primary processor. e system

oper at e byPIREsoE thatexerules inifvanemelba primanepipcessar.y processor, and

si mul t aneously executing a reduced version of the executable code on the
assi st processor. This reduced version runs nore quickly than the

execut abl e Rela¢@l/yrt and generates the sane pattern of nmenory references as
t he execut abl'e code. ~~'~ JUN 2QQ~ WD 01152061 PCT/ US01/00581 J This

al l ows the assi si\spraesigoenticongeoter attegration slanstigsadt! fosv mood transignsry to be

ref erences

integrated onto a microprocessor chip, computer designers are investigating different
25 methods of using these transistors to increase computer system performance. To this
end, computer designers are beginning to incorporate multiple central processing units
(CPUs) into a single semiconductor chip. This can result in performance gains for
computational tasks that can be parallelized (divided) into separate pieces that can be

concurrently executed.
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that the primary processor generates in advance of when the primary
processor generates the nenory references. The system stores_,resug(im? of
"nmenory references generated by the assist processor in a stdheliM is

shar ed WWBO&BE‘%PH mary processor so 5 that the primary processor can
access the results of the nemory references. In one enbodi ment/U/005
present invention, this store is a cache nenory. In one enbodi nent of the
present invention, prior to executing the2executable code, the, system
conpi | es. sour ce Uaftetunately, pfoanamiéloalils §roz0 derallolizatibe o b te@'fcg-ciﬁ?rgpr'
The system al s roduces the reduced version of the executable code r 1 0
t he assi st WBE%&%&S thatsantareingreestly sena posttmsfofcoddh Fqpthavaighepimiyassar by

elimnating( s f t-he. utabl e .code that have no effect on a
pattern of O?ntgélg/s%épgg’epnegfeogmga%%e’rsgﬁxggerawlfaﬁiebye%é@ﬁfy gieacycp@elemsn one

enbodi nent  of t heMphrep Riterdcd esHIERR arddro e ﬂ%.gfé@_ﬁvél?%?seedasga%c%is%? Peit he
execut able code involves converting load instructionS into orresponcfl ng
tore 15 pnstSPERISICORENUIC imipaeNd aigrexpongidial ratoadlt iodsy’s prdces¥08 cldck efdedsl t o

previously I | LN and eli,m.nating code that is used to

cal cul ate stlg%gqi%'%glgi?%%\% 1) RFoRso etk le%‘gtf’é’ruﬂiarﬁaﬁ}ge Ligfdindfsem mdgier ence
patterns. | menayenbodi nent of the present invention, the systemprofiles

t he executable code to create instruction traces for hot spots in the
execut abl'e.” code CURRMIEhdasigriers presernly ush e number oftetluriqes ac dscreme pregstge t he
reduced ver gj e cutable code,. I n one enbodi nent of the present

i nventi on, ?ﬂ@gﬁ%&%@sé?@?t' ST F%U?%C%?ﬁwgg%a@e%la I%C@@Béﬁ%gestﬂﬁ’e
reducediyer shaemediory Neefeis WidRh s TRLS AR e | : .er. In
one enbodi nent of t'.rge present invgnti on, p? %ﬁlgysl'?g%g%{‘}eagél?%éﬁ%éﬁggd%ends 25
progress i n@keAOR$s fypmally hienited; todhiging e dewsimk dyoles bEmamdhs fatddk PCEDFOT
through a oggn_\ﬁ@l}{ .cog{%ni cati.on chgnnel .. Ina variation on this enbodi nent,
the system SPHHETRRL Q3 BHIUSHOR B B Ypadk tosperudativsly foad g ataaebies withoucessor
i s |ess t hapuaidg MinfBsr i Rehd ks |, 03§ A2 bad f8RLi rar
processor. In one enbodi nent o?fetsghgsr%&ggsedﬁt@?r‘?‘vggi%ﬂlgﬁ?#w&t %‘H’l’,?cc@é Ber si on
of the 30 exsediioaptanlatpty iosd anidid vaick into EPeatHeabitue) ¥,1 Q¥EUtSHHEPHe down a

branch Q?th tEat is 2 ~ JUN qué WO 011 52061 PCT/USQl/OOSél 4 nore
frequently TaRefs Rt PoEtsddy wged dptgivalves  Unftusateliu valpg eooddelting loads
determ ned 44 h& § G0l Ly £ n-the executable code. In one
embodi nment of th(ﬂ%ylggdent ir’ﬁven{nl%ﬁﬁfg%%%psléggrséﬁhﬁcwmgnﬁ%‘?&cé e that
i s shared bspattenchtiesmay ;egix_m@.e%_(ﬁorﬁ@ttséii@he&@ﬁh@in%s@&@c’é&%mﬁﬁeﬂcﬂvae@e
enbodi ment of tRe present invention, the store includés an 1 nAstruction
cache that Prefestiusngingsy butthesshandwvyreprefetsbenginen drettypicallysineffegihedossor . | n
one enbodi I nt_invention, the store includes a branch

rioey it peiford pERSEby

hi story tab "PHe primary processor and the assi st
proces0r. |n onwianrhodie®dis heltdd aRH A8 ABbaraANGR| '

processor and the 10 assist processor res?gaé on %g@%ﬁg%&?%&%%ﬁé&%& or
chip. I n orflaytiafstermcestor syrerps edthout thalienititions ahdeossy inBIved pf 0das8Rr an
t he

above-discussed techniques. A

SUMMARY
25 One embodiment of the present invention provides a system that prefetches
from memory by using an assist processor that executes in advance of a primary
processor. The system operates by executing executable code on the primary
processor, and simultaneously executing a reduced version of the executable code on
the assist processor. This reduced version runs more quickly than the executable

30 code, and generates the same pattern of memory references as the executable code.



assi st processor reside on distinct sem conductor chips. BRI EF DESCRI PTI ON

OF THE FIGURES 15 FIG 1 illustrates a conputer systemin ag,go‘r’@g wth
“an enbodi ment of the present invention. FIG 2 illustrates the %ﬁl ation
process | dance with an enbodi nent of the present i L G 3
is a flow%cﬁgtsrg?gli | lustrating the process of generating thg@g%@@as ersion
20 of the executable code in accordance with an enbodi nent of the present
invention. FIG 4 is a flowchart illustgating the process of concurrently

executing t Mhiselleousttadhssist piRea0dd fef@oie eﬂn@g@@égﬁ abhRneffeefbirnageor dance

wi th an enbodi nent of the present invention. FI is a flow chart

i |1 ustrati néhabBrerriimass PeICesIns EaBerRiSs ipadyaressfiwhaen thepriteny pranessomi t h an

enbodi nent r [ ti | LED DESCRI PT1 ON The .f ol | owi ng
descri pti onglg%é%rgse@é:%‘?egﬁévgg%% cFée?ngﬁe%g@?jssg?{egﬁsﬁseﬁf MAMORATEATENEY ake
and use thegentr£8d bpthe 23Kidt proceysOVindasiore fhat esha RGN tHRfpranBepkd@sdoRko
application 30 and 1ts requirenents. Various nodifications to the disclosed

embodi neht s that e psbnary pracegign cawacrevishe 1958 ef theormuepr¢ oS8 ds. rlsade | y

apparent to : i d in the art,..and the general principles defined
herein may B’tggg%%fe?%gé“g p6?sﬁ’é?m¥?‘§lo°3i Wé%%%reé%ﬁgﬁcg‘ﬁﬁ’%{)’?’o_ns wi t hout
departing from t heosdéhibddimRet @ﬁﬁ@?re@énttixh@nﬁéﬁgrﬂf& té SRRt S the ektistablk he
present invention is not intended to be limted to the enbodi ments shown,

but is to beodgsthsrsystamidempiled ssurce codrain® the axsoutabis codietfbr thegrimarnci pl es - and
features disclosed herein. The data structures and de descyribed [n this
det ai | ed d_e§§:°|9 ?Sﬁf) f’o’ﬁheasryé{é@%lfggfqac{}‘cgstt&}? Egu ‘éer§‘8ﬂ'8gﬁ’§rexfe‘é‘éta@5Icgg%{oér age
medi um jovhi g2 AE Yt f16ceREDE FHRN HsLeRtuiBRicdlR fhahe FRaSRb&SAAR ARghaindat a
for use by a conmputer system This includes; but is’not limted to, ~
magnet i ¢ anthsgpetianaifrosm theagecuteble cede thathavanodiffekt air 2 passmmigreetdry t ape, 10

CDs t di d digit i.d di , d t
Tt uct | ool S EBsH badhe Bl ool on med um (wi th or wi thout a
carrier wave upofh ¥ &hbddi@esd AL Bredé® IMHHJJI%E)SQ%%#F\%?E?W Serstod®

. ) f
transm ssi on nmedi um nmay 1 nclude a conmunicatio such as the
| nternet. 1heCzepuitde c@lesineoivEs Conviertingl luat inatrecions taopotresponyigactei n
accordance with an enbadi nent of th rresent, i nyention. This conputer

syst em ihc| {igEections, slimingting redundagt ?%82'“5&’#6“% dizegtedito preydeustnioadeds  which
4 24 . . o
e 00 (ol Thls SR afEengikfy ot ull is'SEPG Al WoRSBR B8 ol 50" can

resi de on nugetliipdeteshinimpodtdedss 3¢ferdioé patteimd processors 102 and 104 may
general ly include any type of conputational devices. Processors 102 and 104
i ncl ude i nst r uct Inoepecembndimentofsheipresent invesien tthe sisiem proifdes e sxequeable

i nstruction A rs .102 and 104. PRrocessors, 102 and
Sttt Onadhs B ARAEANI Al RERRP0L O 80k RLOSENRRN g’

buf fer 20 1lfheditrutBdn frideshd bfRiilcs thecredibeniveAtdrosh¥kidtutidacsrehe 106. Mre
specifically, primary processor 102 includes |oad buffer 114 for buffering
| oads received fovnecmbodimenteofthepreasnd inventien,iud procedses 6f ¢ampibog thsr i ng
stores to data ca

oL 0 SR SR O S AL SRR PRSI0 104 1S ES g2
buffer |24 ]5305 c&%ﬁ&r ing stores to data cache 30 106. 2 4 JUN 2004
In one embodiment of the present invention, the system periodically sends
25  progress indicators from the primary processor to the assist processor through a one-
way communication channel. In a variation on this embbdiment, the system stops
execution of the assist processor if the assist processor is less than a minimum number
of instructions ahead of the primary processor.

In one embodiment of the present invention, the reduced version of the

30  executable code is modified to speculatively execute code down a branch path that is



WO 011 52061 PCT/ C1S01/ 00581 6 Processors 102 and 104 are additionally
coupl ed together by one-way comruni cati on channels 128- 129.0£/ni ch
"facilitates rapid communi cati on between prinmary processor 1 baftl A0 st
processor 104. Note that conmmunication channel 128 allows prinmary processor
102 to Wiid@i/kdkp register 126 within assist processor 5 10CT/asm/obseat
communi cation channel 129 all ows assist processor 104 to wite into

regi ster 127 within primary processor 102. Unli ke using shared nenory
comuni cati on nechanisnms. witing into reéi ster 126 (or 127) will, not cause
a cache ni ssmofeufirequentiprakenpf fhemeduaed yersinmf thoexesytadlerode padaserminghior

until assist processor 104. receives the conmupication. Note that if 10
primary proc@s%ﬁ‘gf@fgcﬂ)i‘ryefaf%r "’ixc?ﬁ?tgg\ﬁ/icf’ﬁe'assist processor | 04

through nmenory, the,RYVshEoainRH! &F thapeesk iWddrtiohOthestore tnchidlet @dathlaciieo be
cleared in order to comunicate. In the enbodinent illustrated in FIG 1,
dat a cache |6t isshinel by tHeatimpor prodessphandethy assigt FPaggsEoncur rent read

d/ it from. 102 and. 104. 15 Thi Y
ol mi nat s, cacho. Bofitr SHERRERSRBALRSER ARt s e Rt LRt sk A inebhop™
merory ar chiga%ﬁéu{a?§a§tﬂaa%d15,%&@&9@%&%ﬁﬁ@h@%ssihfpr@ms&nbodi ment of the

present invention, cac IS a 16K-byte 4 way set-associative data
cache with 32 byt emcémbodinest ol¥ht aresantiovérd®n. thestore dnclusies & deansh tugoryng

instruction cache 120 are coupl ed 20 through itch 110 to_nenory

control l er 1t 1e1that,\y§,s{ba}r9§w,@$5qlr|ng§y Hr?ieSF%’_%@gﬁ%% éscf’S[tBrotfﬁfﬁﬁi c random access
menory (DRAM 1081, WY GHbbdindAfat B polbnGbihtioRNiHeGinde) pria¥ssonghdidhe any
type of cwcwtryq‘or switching signal lines. In one enbodi ment of the
present [ionvesrsisoprocesmot edsideléh the samersemicobducteméltiph. DRAM | 08 cont ai ns

execut abl e code 130 for gri.mar%/ rocessor, 102, %i ng 25 systemoperation
execut abl e code 1Bponesempedigent At B8 PRESFENEYSPLOINIER PIOLeS B a8 eh 1 |

Ointo instructio F s PL %E'?TY RHRGESSAks. 102. DRAM 108 al so
cont ai ns redﬁsélesdp{ez)fg%% g%ﬁjr%ez%rg 3&5% ocr ass?st rocessor 104. Reduced
execut abl e code 132 is a reduced version of executable code 130 that
generates the sane pattern of mem)r)'/E ref erences. as 8x cut abl e code 130.

During system oper ati onBRIEFREFC E}QéilpbegchE% i s | oaded through
memory cgntrollerpidl, and, sk e bt in Secaraatidblviiih HHOAHBAAAN

€
PcT/ USO /-oassl 7 assi st processor 104. DRAM | 08
addi tional | y,cedit@hnaidat a 134 that is noved to and fromdata cache 106
t hrough nmenory controller 111 and switch 110. Note that the present
i nvention can be BHe® illusaates clngnmpitatiopgreqess ineaccerdaneq witk 8n gmbedismeat
processors ang isnot |imted to the illustrated conputing system
structure. APKGeREINLIRYENEON-one enbodi nent of the present invention.
assi st _processor 4 3 % HASH dr TG MRE InAOEABRT ghflerathians eecubeakesionhe
data is used by primary processor [02. I'n this enbodi nent, assist processor
| 04 does20n0t ohtheexeautalsie catit in A@opantowithtanemhodpueritaf ghespregans IfvieBHOR-n a
program assi st processor 104 merﬁllé%/ has to rperformsuffigi ent ?18 fations

to all ow assist pFééediot flowsbagi tga,twgﬁlgemgeﬁ;@,f}&pg}cg{;g LEFATTRBIM of the
program Henggecu?a%iébgéde%%ﬁé fé&{ucé@éxé‘c%&bbeecoae THGEc R AMRE SYithVAY Shisutigknt

primary processor hout circuitry that is not required to perform
addr ess conpuf gieippésent Bivehties arithmetic circuitry. 15 Conpilation Process
FIG. 5 is a flow chart illustrating operation of the assist processor in

25  accordance with an embodiment of the present invention.

DETAILED DESCRIPTION
The following description is presented to enable any person skilled in the art to
make and use the invention, and is provided in the context of a particular application

30 and its requirements. Various modifications to the disclosed embodiments will be




. generating reduced executable code 132 withinr

-correlates t

FIG 2 illustrates the conpilation process in accordance with an enbodi nent
of the present invention. . During the conpilation process, 050 ode 202
~ B U

feeds through conpiler 204 to produce executable code 130 f y
processorwb@s2080 Execut abl e code 130 then feeds through regygisoPiosgpdul e
208 to produce reduced executable code |32 for assist processor 104. Note
that reduction nodule 208 may be part of conpiler 204, or alternatively,
may be separate from conpiler 204. In onelenbodi ment of the present

i nvention, treedidyapparentitothasadkitledirctheart. prndihe gsrsaltmioeiphdsate@inbd herem

-ti o her,. j t th ilati 25 duct |
{ake pl ace dUEY 85 SPEHEL ran et todi s BREmTie s SRt dorgrradron ot ng.
Reduced Execsffigbiei $0p€ oftHe présehbin@erdtl AW THhA! the g}elséﬁf[iﬁv%ﬁfi&gistﬂ? Egéﬁ)&ﬁss of
[

duction nodul e
accor dance vioths lamitedrisolie embodistenthshosan, pueis énbe acvostet itlenwidEtescayst em

starts by profiling (sipulati.ng execution, of) ecyt abl e 2.~ JUN 2004 WO
01l 52061¥’P %é’éﬁ"g&étgltﬁgpf?n@B%é apggea%reﬁ ﬂ‘éﬂ??q%;j‘ef;ﬁi’t" spots in which | oad

latency is causi nghded@yuleidRnddade adtbed ihfiﬁi(s%)étggg%%?}:iﬁt?oﬁnm 4Bl on

traces of the hot spots in executable code 130 (st

enbodi ment oftored @npr wsEmiter madabtd Borage edsys tveticic mag be agyt devideodrtmddGm

di sper sed tr-tﬁces of abo&:tgﬁzoo inﬁ)téruc i ons each. The systemthen
FsCanySiare Codhandor 434 1s USHPY 8 EOWBHIET $X5teE Bisincludss butdsgot

system cate i J - e trace,

t he addr essggﬂtﬂrt gecg%’ 'Erifagﬁﬁ%q[ érg{a%é% Lﬁ?ra%%ﬁ o%tfzsgagg%%@ E%‘r’égéﬁgér%ﬁqgtg%ie

patternléf daba(cosifecedises) and DViRs Gdigieal fvidegrdises), bed oompigemiabinetepanidgnls on

the value of the.data |oaded, 10 for(i=0; i<100; i++) { rnd =

gener at eRanddRAEqd 1 & transpission medium ity eithoyt 4 ¢asriep wave upant whisk(thed) ;

B[ i ndexl] "= ﬁd%g : I .val ue.of | oaded data

af fects con'Es irAééfla«f ov%\[/logrﬁl?aﬁ? )blﬂa ! ?i’(()%rxﬁ E’eth%\grﬁ{ﬁ@gg‘r)%ys}a%nhmgyHéctlu‘ifoar ds, if a

| oad happensommumitdtione nesvdrhesuaRas tieddfegss. However, due to control flow

variations, the | oad nmay not happen. For exanple, in 20 the code fragment

below, if the hash table entry is found, the variable "~ found" will be set
to I. Oj?er\ﬁo o f%{,; able " “found” is not nodified. while (hashTabl e[l]
>0) { 0T ( = entry) { found =1: break; } I -=disp; if(l <0)

| += hashTabl eSi zeRIG} | 3Qudtiated o AOREUL 9 felniAGBeoridRe VRN dntiGHe R JraRe S

both the next address and control flow For exanple, a piece of code that
sear ches doWfesany inkrwpnl | s cemputeygystenhingbides apsmpecpusssa 9dianden val ue

0 o S, DR A B RS o Sl 120
syst em nodi kds@fe $0181iES GRS 00QakEHEREn bitRr @Hl%@ﬁne?fs Jfitfd ér'é?én't %Pﬁ{)}n Eﬂ&? t he

traces while preserving the pattern of nenory references generate

traces.20 n dan regidemn hhixipdysitieon gies)s Uvies that peocessorali2emdd0¢ ntdyoseperally
regi sters. Thgqifitrst step is to_chfnge stores to | oads (step 308}. Note
that the i mRSCHIG AYSYRER: CERPHALQNGt @EYieRSt ruction 5 is to pul |l a target

cache |1 ne Lo $2hasEae sy P10 TDe kRS TORH B, 0L Bl 000,
does not af iidh ¢dneaintisorytiony erberskecyted be brocedsots2mnagpam
Processors 102 and 104 additionally include load buffers 114 and 122 as well
25  asstore buffers 116 and 124 for buffering communications with data cache 106. More
specifically, primary processor 102 includes l'oad bufer 114 for buffering loads
received from data cache 106, and store buffer 116 for buffering storeé to data cache
106. Similarly, assist processor 104 includes load buffer 122 for buffering ldads

received from data cache 106, and store buffer 124 for buffering stores to data cache
30 106.



This invol ves determ ning which |oad instructions are directed to the sane
cache line and getting rid of any load instructions that are directed to a
“cache line that 10 has been previously | oaded by a precedi n@ 4 Qo 2004
instruction. The third step is to elimnate dead code (step 312). This dead
code i ncwieEs28@dde for generating values for store instrucPCES/AEE! wer e
changed to load instructions. For exanple, code on different sides of a
branch often generate the sane address stgeans but performdifferent

| cul ations. In {hi ; t OF | S .ch d |l oad, th
branch i s not nedagteesran 02enge Bisiidoiely calb FR PR LR BT onyand
only code onoafifurit&ionhabiiids PIANEH Wiich REilitdRS rigid cedHrae L% befwshe code

132. Also note that for type three traces, store instructions which store
val ues that prividry@ressnl§2que assisgarasssor d Aftc Mot theheoramunitatior Hzangeld.
These val ues .are 20 cal culated a tored in reqi rs..t.o enable the system
Lo Tol |l ow scibalasner i pewessr d0p 1 Pefen kbRl Byif afiarrorie

di fferent actgsonsd hat cothheicaidn Enapas] 19 difod@essisftbcdsdryITR BNEriRlintbype two
trace, the systemestinmates if the reduced executable code | 32 is faster

t han the orirggisgt 1 2kwithiraprimagyqaecdss®r H¥suni ng t hat reduced execut abl e code
25 132 wi || enco%?telir? onI% cache m sses duri nﬁ | oad imstructions: and
assuni ng execut aby HKEHR s\r)k@.r%rp?mgﬁcroqwgplcg 1y PEEUE i $INg 1R1p rgglése:r | f
reduced execilsabl £2HGMR nbd2alst afl @Sk Ehiss! TRrRERKRE Sprifiary PIBE RS 1 0Bdags Wi se,

t he systemrenoves control flow instructions (e.qg.. branches) with a bias
toward t he nmmhavertequanuitil assikiqmodmsaorc4pacdivesabe cemdeneanpnedNotuthanid t he

profiling process (ste ). In doing so, r.educed 2T 214 WO

D1 52061 pCra et P e 100 bkt (h apBUEBHS WA Biecrvel A AL es on
the outcone rﬂ@m&?f‘fﬂets'y& | wiliaRahe I whit Wrist AR Dubier ﬁr@lﬁ;betaea@aﬁh SRS peed.
For type three traces; the system adds code to both executable code 130 and

reduced execwtmrgcatede 132 that all ows assist processor 104 to detect if
assist 5 processqr 104 js_less, than g,m'gni mum nunber of i nﬁtructi ong ahead
&

of primary proced8dpe gmbodigeat illusiggie Ki11, datp cgehe i diiiy deplerariedc e

(step 320). . i i i : Si st
processor 165?%@&(1%1{1%& re%ﬁééﬁa[é%gfog%@t%@&?%e%ﬁ?ggo??%r%g@n%rfeﬂl IEBZSL"28. 10
Concurr gt Bxgedidl portfngllinfinktes achk @ohebadd ddldysusidordted@ithhienpémivgsls of
concurrently executing executable code 130 and reduced executabl e code 132

i n accor danchamgf memory ardhitgstuesstthasirebyn qohegaheachagent i on. The system
starts by executi;ng executabl de 130.0on _pkimar roc or tep
202). The syt emiarEs EORMGRICAT By Riruct PueRioE A RLBE ISR SR SR 102
on assi st PreAEIRMsodidftvd 848 RacHRANith YA ®tel @8k higesOf mMenDry references
generated by assist processor 104 return fromnenory, they are stored in

data cache 106, Jpatekadle I96aimsuuatiarhcashe b2 gnginstrustsmy cathe 128 aegroapoBy. Thi s
|1 i 102 t f h -fet d t. | f
dat & cadle 10BRE HESK THA PeT0s SRatoTEe T {nieBiely cabfBE 13 iBediiEReq
f DRAM 1 I I : i ; '
rom WBmartilt r‘a@@@g;ag s ﬁ]egﬁggme@&wm}ﬂs%éme@oﬁ Jh'x&‘l"’sggé&if }] 10

illustrating’in nore erationh of assist processor

accor dance whishinainde ahptipeefciroditryfor prieend signaldirtes oin osambodipreatethor
104 first receives an interrupt fromprjimry processor |02 (step 502). This
25 causes adgfssnt IBV%@@SW’“F}DEWt?ae%&ﬁﬂ’ﬂ%s&’@ﬁar ed register value to

determ ne which t X TALS Gl §S

primary proc essorﬁm i@g gorftﬁfg% 3"%"3%%?‘? ? ‘.%el"% 1%00%6% ﬁélﬁ%gbéﬁgér%éﬁgférﬁmg%d
then sengs agsikRicpefaih ckecAssik sbdd1 ITRIsAedBbughmhééry cBhaeHESDI akd2
attenpts to send the interrupt to assist processor 104 as soon as all the

live val ues sfitchXé@ intatingrustide cade ld2eofinroeary areressas 108aiAML QB aleg)i ster s
'n contains reduced executable code 132 for assist processor 104. Reduced executable
code 132 is a reduced version of executable code 130 that generates the same pattern
of memory references as executable code 130. During system operation, reduced

30  executable code 132 is loaded through memory controller 111 and switch 110 into



~'v JUN 204 WO 01/52061 PCT/US01100581 11 prinmary processor 102. In one
_enbodi nent of the present invention, the a conpiler vm'thig the system noves
code around to calculate the Iive values as soon as possi I“eJUNA?aoer
receiving the interrupt, assist processor 104 executes th i ed trace
(step 598)01/530¢h, i ng trace execution, assist processor 10&0}3@%%‘2&’?@‘6@ of
how far ahead of primary processor 102 it is (step 508). This is

acconpl i shed by primry processor 102 periodically sending progress

| ndi-cat or's ;£ 088} géchgrlQ@%?%%st?p@&eEéHrQ@gh DRANUIYSCRIdE 0D 80R8Ins a1 T
assi st processor 104 1s not a m ninum nunber of instructiohs ahead of 10
primary prdéésisais hd2editor amigramtdgtaccache @6 thraugh, memeiystontnoterkisloand104 bai | s
out of the tra S\nd waits for primary processor |02 to specify another
trace (steﬁWStEgﬁé 1n some cases, this allows assist processor 104 to begin

executing the nexle WARS HELAE ih@nRS) BRI Yo BASFARPEort ke COIRPILNT t he

previ ous trace. te that” although the present invention 1I's described in
terms of aisdladednuldpk pibcesamband Gtottlinsitql tesknillusmated tormputiemnsygener al |y be
applied to any type of systemin which processors share information
retrieved PHB#HUHenory. In one enbodi nent of the present invention,

processors 102 RS | . : el &rgﬁﬁqﬁ ment ,
processors 102 gﬁgo %gé t§ g#gngg nglg%#ﬁpg%g&?g&ngg&h S.g;%&(;tpé that the
t.erm " shar 404 ¢acded to amkysiath dcoedsts it gaahmoe ofapiEhithatatans csed RQrivedrer to

systens in which processors 102 and 104 contain _separate |ocal cafhes

cont ai ni ng PERGEFHY 482 ¢ Bpthisserabodiment gpastprecessar ] Of dhogs pethave 10 asuailst r om
menory ,int cal 1 81 SQL: ' ondi ng
Toad {801 neetin e maRaR s 3prdhRl B o BioREAT Rl RRERUS AR Aoty ARS0

descri pti Otﬁb'érfﬁfm ghtfReintesthpuiiohd® dllowedsisoprodeseer beEw Rherptiestiet ed for
purposes of illustration and description only, They are not intended to be
exhaust i ve nesmaery ac¢ass pattdra of theprogiam. t Jendee afsist REPCEssOE 1 0% een borg 8BKcHi ngl y,

many nodifications,. and _variations w appar: to.practit. rs
skilled in SERRICLYESIOAGHPHIBRAPIASSSPh 6‘%@9@?@%@%&3}&8}? Ated oAt e <o
Limt the ijaMeht b@ftessldnmtRRmsOduchhs atitétid deuitsy. def i ned by the appended
cl ai ns. f ~+ JUN ~~' 12 What Is Cained Is: 1. A nethod for prefetching
from mdfrory by using an assist processor that executes in advance of a

primry process,(i)r, conprising: conpiling source code into primary processor
execut abl e%ﬂﬁl&&ﬁwﬁ-&i mary processor; producing the reduced version of
the executabl e ¢4 {iffsblt HEHmMBilAARESAL if dRBidaE: RYAGHIARIRIAAAC T OF
the primary processor by elimnating 1nstructions fromthe executabl e code
that have nftlefdresht wentiqat Daring tife cvepilayion pfeesy) sewcgeods 20%efdedsy t he
execut abl e code; executing executable c?de g\lﬁr&grpr'i mary processor;

si mul t aneotRoyslesempilsrRP4do peerice gxeatalle fo BXERNY BI9CESSebYe on t he
assi st ,pro Lo wWherei .t b I e
exocut &0 moraoaenPet Fronep e SR Rk R puul RO B AR edD
pattern of cwediidble EGfecrPNfoeassasd pdtes@r a0yl dotethaortdncticn fbdiilet208 nxsshest
processor generates the sane pattern of menory references that the primary
processor @erief sowpilpn2Cd eaaltemativelhanas brsopaiatgaitommostriles 8P4 gener at es t he
menory references: and, storing.results. ref.erenc rated by
the assi st pro§:3§§’8? empp méenéf)gp’g P}rﬁsaeff}ng’fets)ﬁ%[r]gﬁ c\;/ﬁ'ﬁ%l?{nr%l a%‘rairgn@r@ogr ocessor
so that th%r&ek@"tﬂce%&f&%?&@ ri-tigd. EntaRofee emBodiftent 85& bmpiddtidnwdmenor y
references. 2 . The thod of claiml, wherein producing the reduced

ver si o25of redetion procksdeb takeqdacei duvingwes-tingg whelettheyprogram és éxesutingt i ons i nt o
corresponding | oad instructions: 2 ~ ,luff 200 13

Generating Reduced Executable Code

FIG. 3 is a flow chart illustrating the process of generating reduced executable
code 132 within reduction module 208 in accordance with an embodiment of the

30 present invention. The system starts by profiling (simulating execution of) executable



el imnating redundant | oad instructions directed to previously | oaded cache
lines; and elimnating code that is used to calculate store values that are
" not subsequently used in determnining address reference pagterﬁl,i or the
execut abl e code for the primary processor. 5 3. The nethod 01J 1hm |
,further conprising profiling the executable code to cregandssiotsseti on
traces Wgr"l’g}é)ﬁ“spots in the executabl e code; and wherei n producing the
reduced version of the executable code involves nodifying the instruction
traces for the hot spots in the executal8l e code. 10 4. The nethod of claim
1, vherein the;{f QERSSES Hot sSAR Whitd lddddaracr ic eactinieddand (sepd(2).ng t he
reduced version of the éxecutable code are carried out by a c nip,lol er. 5.
The net hod Nekt,chasystem biilidy inewruesomiracss eighp Bet S@ersclmemﬁuéé%?j? 13045Pogr ess

indicators _fromthe prinar cessor. & L gh a one
way corrrrunPQé}-irf’]bﬁn% ﬁ’g’ﬁ?ﬂg‘ll?‘.‘%é.g{;%’?é’r‘?’ﬁg{%lgge%?gbﬁgi%}‘n&?% gﬁﬁ%zsﬁibggﬂ}[)ﬂjsi ng
st oppi N exeoitkQRaels §i®oac300H inRhetiensedchi The Bestaashetcoprebeessbisitracs | ess

than a m nimim nunber of instructions 20 ahead of the primary processor. 7
, The net hbdclofo theabunck cpdastapeild?)t he reduced versi on of the executable

code is nodifieq to specul atively execute. c at is
nore frequently %ﬁ&aﬁi‘eisi"Stf’Hé"afegaﬁéeégm\?%r@fooﬁg%ftgﬁiggs‘gggg?ﬁgglag?%%%%éqi s
Previ 0uSt Y «£ge 45t 88Nt 18 iof@épehadii Oh 184180 dhia® Fax ecimglbl the patken of. The
met hod of claim 1, wherein the primary processor and the assi st processor
resi de on tdaex efvencesin terdde fragmehi elow inot dgpgudenoen the vake 0291 of '
claim1. wherein the primary processor. and the assi st processor reside on
di stinct sdpdd8nductor chi ps. 10. The nethod of claiml, wherein the assist

processQr is a si.mpld.f.i . fon of the primary processor, w thout

circui ﬁﬁy t hat 'SPOFEE%)(?’ lrkgg]bg;{iéﬁiﬁ% %Bt@tm address conputations. 11. A
conput er - readabl e stogg e ?_rg_ | U or)l, g instructions that when executed by
a conputer cause the t g’ﬁhf }m‘ibmé ?Orma nmet hod for prefetching from
menory by using an asiidsx2 prBedwssfmdhat executes in advance of a primary
processor, the met hodBEodexli]$inlindeAbi | i ng source code into the executable
code fqs the priymary processor; producing the reduced version of the

execut abl e code for the assist processor fromthe executabl e code by

el i mnating instyuctboRgo HhQMihd a8 EChddd RrLatfetd enubhfopronigibyt petocessor
that have no effect“0n a pattern of nmenory references generated by the

execut abl e pedext addessst imgthexwordsaifladoastippens it wall be tnieypeptasidesssor ;

si mul t aneously executing a reduced versjion of the execut t he

assi st procdeyeyer. GfPSORP OWé’GUEté‘El’Svg‘Fé?agirfn@f n?tﬁgpé‘?(néﬁ%rg%?@ggeégg

execut 6y Mok ANl RklcANATLG NEaRIBCHIAR ausadeoumnthooanasiat dantiheiidne
nory r

patterrof e erences as the executable code, so that the assist
processor geney Ri@methre tBewapatile tfoundt ismetroogiftest er ences that the primry
processor generates in advance of when the primary processor generates the
menory references; and storing results of nenory references generated by
t he assi st procewhie (hash@akle[I] > 0) {

if (hashTable[I] == entry) {

25 : found = I; break;

}

I -=disp;

if(1 < 0) I+= hashTableSize;

30

In a type three trace, the value loaded affects both the next address and control
flow. For example, a piece of code that searches down a linked list is a type three

trace because a pointer value loaded from a linked list node determines the address of

'35 the next node in the linked list.



store that is shared with the primary processor so that the primry
processor is able to access the results of the nenory refegfences. 2 "~
" JUN 2004 15 12. The conputer-readabl e storage nedium of cl%f MUN12004her ei n
produci ng the reduced version of the executable code involv§ , cgnverting
store i PP ons into correspondi ng | oad instructions: 5‘5 &SHH BRY of
redundant | oad instructions directed to previously | oaded cache S |ines;
and elimnating code that is used to calgulate store val ues that are not
subsequent |y us i Tyl : r

execut abl e code%l%%éi%e congg%é?}%%gﬁ gédgigﬁéﬁgglg%%%?nﬁg;&gpgﬁhﬁ,
wher ei n t herat€s whilhpetsérvintgtbe pettarp of semqy offelencey geheraer by thatrhescdde t o
create instructi oa@traces for in theegzxecut abl e_code; and wherein

hqt spot
or oduci ng CARE VeSS EET REGIME HeRRnaRles AteHTed Hot@ISIRy of RearshBi@P 1 1ong  t he
instructio t o] j : [ ~.The
conputer-r g%%%%ﬁg&g% gilgtaggﬁgﬁi 31?%&15)' olf%ée: tglaénﬂ? iﬁ&ﬁ%ﬁ%&% ﬁ%jrﬁ}% ho n%cahp her
conpri ses petoi mdi xwrgey csardimgniordaty ecbe il 06l whitloissthé same ddhe pffeaedfa
processor to the assis rocessor .t hrough a one-way conmuni cati gn channel .
15. The coﬁﬁf’&tlgf‘t?‘!‘?ﬁ@é}d pge.s %tﬁﬁ%“%g%agrﬁ‘%'f“%% Fhasiore jreuetion degrs iy

reduced veLgionne mﬁ]: Labliers g el ified to speculatively execute
code down aﬁ%ranchlepat ?%YIE%%{ ?@A rmn?e.fj?lr? q%%%’?ly taken if the reduced
—-version of the &técinvablee dewtninirg whickioddiastrictiohearaliretegt@thetdannr t he -

execut abl e code, 16. An apparatus that facilitates pre-fetching from
menory, coﬁiﬁ%eélnﬁg”tnd%“!i’gﬁl‘q 4y Ipadmsuenons that ajesdirgsieditg arcaehe inesthatut e
execut abl epgogles : i i igured to simultaneously
executgd)a Pgducedﬂg‘ggésﬁ%?l&agga?ﬁgﬁ%g}ﬁxggg?deﬁlé@%{on\‘/\her ein the reduced

version of the ehechirdblep icddingixae desd cody StegBileK! Thit Bedd ddae igxNaddst abl e
code, and generates the sanme pattern of nenory references as the executable
code, so t phede forgergrating vauesclos store igatmeqtions ghat wsre changed WUMAR004 16 sane

pattern of, Ly r rence hat t [l oar rocessor. generates in
advance of ln%ﬁgﬁt@'r}{ﬁfg‘ffﬁgpgl?pﬁﬁ%@eo _scgffe‘%é‘h%?%%efga t?rﬁréa‘r&%’rg%r’?r@fee&gﬁﬁlgg ©a
conpi | at i ogddresssaRh@Rbuinpérforen 8iPRbdnd v4lelatibns. IATHE kLEseSRHUESE sfopdR i nto the
execut abl e code for the primary processor; and to produce the reduced

ver si ofd of changed see inadbthe brantd is net ndeded 6wir 33 thp compasde sétrtberbraneh execut abl e
code for the prinar ocessor by.elinmnating.instructions fromt

execut abl cCRISHODIRH oL SO PRATESIGe ¢hihe Disnek isiRclyred iaaypeA REr Ll
generated byt executable code; and a store that is configured to store
results of menory references generated by the assist processor; wherein the
store is confi gWlsdndte thee feahmpethrérctraveestdleénansisiishs whiok e®soOvalaesithahe

primary processor. so that the pripary processor is_able to access the
resul ts of IENENcRFMbESAUcEt addipssalcytations pecnobghanged a dBessivaBies @tssor. 17. The

appar a}dgs Qch‘th%h Thd ?toré!@ﬁh%%ﬂte?{ &déﬁ%l[égché Qy%tern[? %&‘i’ﬂv&’s%‘%?éc@@moidd%ﬁ .
execut'abl e code 1T nvolves: converting store i nstructions into corrésponding
| oad i nstr¢téulanidds. el i m nating redundant | oad instructions directed to
previ ously | oaded cache i ) )

Next, the system performs different actions for different types of traces. For a
type one or type two trace, the system estimates if the reduced executable code 132 is
faster than the original executable code 130 assuming that reduced executable code

25 132 will encounter only cache misses during load instructions, and assuming
executable code 130 will encounter only cache hits (step 316). If reduced executable
code 132 is faster, the process is complete. Otherwise, the system removes control
flow instructions (e.g.. branches) with a bias toward the most frequently taken branch

paths as is determined during the profiling process (step 318). In doing so, reduced



lines; and elimnating code that is used to calculate store values that are
~not subsequently used in determ ning address reference patterns for the
execut abl e code. 2'r ,IuN ~4 17 1g, The apparatus of cl aim %@N %erei n
the conpilation mechanismis additionally configured to profiI'€"t 4

execut abl Wwoaepsi0 create instruction traces for hot spots rdra§R/00ss1
execut abl e code; and wherein the conpil ati on nmechani sm produces the reduced
versi on of the executable code by nodifying the instruction traces for the
hot spots in the executable code. 19. ThdOapparatus of claiml|6, further
conpri si ng aexesniablerdodg 132 effastivsin $pectilates ng the @nesmeayf aoditiomat btanoh channel
that is conf in%ured to s%gt%?gress indicators fromthe primary processor

to the assi st™BPGEESLDHPT TIVE® ffar at us of claim19, further _
conprising a ternkFpaihothrBeeRR0 BEsTRGh alids &R Guthesteciitibls o E3@aat i on of
the assist processor 'if the assist processor is |ess than a nmini mum nunber
of instruct i rdycaheadutalletchde b3l vmat §llproaseistpnocessor DK, to Hetechifpasiat us of
claiml6,_wherein t reduced version of the_executable code i.s nodified to
cpecul at Vel Jocsuet I 35 SR AT BN BHm B Of AAREIOS AB6R00 PUBMENT Iy ¢ aken
|1 _the reducgdoygesi®nand ifsdto 8XPoU ARt falebRpHORUNDR dig N0t
faster than the executable code. 15 22. The "apparatus of claim 16, wherein
t he store i ncdmmesicatiahatfeors admart pakedssr slatoedsiblyprobessarliOdaake plaogessor and
t he assist pr ocej]sgr. 23. The apPar,at u‘ﬁ of @rai m 16, wherein the store

i ncl udes an HH4SRIRE PRETWeY cemppBiqatign changh &g by the primary processor
and the assist processor. 24. The apparatus of claiml|6, wherein the store
i ncludes a branch history table that is shared by the primary processor and
t he assilst pConansent ERécufion The apparatus of claiml6, wherein the primary

processor and the_assist processor reside on the sane sem conductor chip.

18 26. The appar aﬂ%i“dﬁa omham,lluﬁwérrts;the P’ﬁ’éesérqfr?ﬁﬁf}”i?ﬁﬁlfé%wm@nd t he
assi st ProcesaQinbRY0de) 9latl ALAH eAEMERRMNE1 1ol Rtand with JRE_appar at us
of claim16 ; erein e assi st processor 1s a sinplrfred version of the
primary procasbaiimeid dfiBeipresért Galiehtivnt Mhé systend ofarts B9 dksodting @xpaitilsle bode
address conput ati ons.

Ayr. A . Anf . 8- pimery pregepsosfl02 Astep 0 Tyeisystemyalsogancngengly exReums. AL/ ' (m

7l RZFi Sd reduced executable code 132 on assist processor 104 (step 404). When results of
memory references generated by assist processor 104 return from memory, they are
stored in data cache 106, which is shared with primary processor 102 (step 406). This
allows primary processor 102 to refereﬁce the pre-fetched data values from data cache
106 without having to wait for the data values to be fetched from DRAM 108.

20

Operation of Assist Processor

FIG. 5 is a flow chart illustrating in more detail the operation of assist
processor 104 in accordance with an embodiment of the present invention. Assist
processor 104 first receives an interrupt from primary processor 102 (step 502). This

25 causes assist processor 104 to examine a shared register value to determine which
trace to execute (step 504). This implicitly presumes primary processor writes a trace
identifier to the shared register, and then sends an interrupt to assist processor 104.
Primary processor 102 attempts to send the interrupt to assist processor 104 as soon as

all the live values of executable code 130 are known and are loaded into registers in
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G=dEBO 1 1_0c10%%/§1mn%)mmored copies of the same data. In this case, a load from memory into

the local cache of assist processor 104 causes a corresponding load to the local cache

of primary processor 102,

The foregoing descriptions of embodiments of the invention have been
25 presented for purposes of illustration and description only. They are not intended to

be exhaustive or to limit the invention to the forms disclosed. Accordingly, many

modifications and variations will be apparent to practitioners skilled in the art.

Additionally, the above disclosure is not intended to limit the invention. The scope of

the invention is defined by the appended claims.
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| 1. A method for prefetching from memory by using an assist processor

that executes in advance of a primary processor, comprising:
compiling source code into primary processor executable code for the

primary processor; ‘

producing the reduced version of the executable code for the assist
processor from the executable code for the primary processor by eliminating
instructions from the executable code that have no effect on a pattern of memory

references generated by the executable code;
executmo executable code on the pnmarv processor;

simultaneously executing a reduced version of the executable code on-the
assist processor. wherein the reduced version of the executable code executes more
quickly than the executable code, and generates the same pattern of memory
references as the executable code, so that the assist processor generates the same
pattern of rriemory references that the primary processor generates in advance of when
the primary processor generates the memory references; and.

storing results of memory references generated by the assist processor into a
store that is shared with the primary processor so that the primary processor is able to

access the results of the memory references.

2, The method of claim 1,wherein producing the reduced version of the

executable code involves:

converting store instructions into corresponding load instructions:
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5 3. The method of claim . 1 further comprising profiling the executable

code to create instruction traces for hot spots in the executable code; and

wherein producing the reduced version of the executable code involves

- modifying the instruction traces for the hot spots in the executable code.

10 -4, The method of claim . 1 wherein the processes of compiling the source

code and producing the reduced version of the executable code are carried out by a

compiler.

5.  The method of claim 1, further comprising periodically sending

15  progress indicators from the primary processor to the assist processor through a one-

way communication channel.

6.  The method of claim 5, further comprising stopping execution of the

assist processor if the assist processor is less than a minimum number of instructions

20  ahead of the primary processor.

7. The method of claim 1, wherein the reduced version of the executable

~ code is modified to speculatively execute code down a branch path that is more

frequently taken if the reduced version of the executable code is previously

25 determined to be not faster than the executable code.

. 8. The method of claim 1, wherein the primary processor and the assist

processor reside on the same semiconductor chip.
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9..  The method of claim 1, wherein the primary processor and the assist

processor reside on distinct semiconductor chips.

10. The method of claim 1, wherein the assist processor is a simplified
version of the primary processor, without circuitry that is not required to perform

address computations.

11. A computer-readable storage medium storing instructions that when
- executed by a computer cause the computer to perform a method for prefetching from
memory by using an assist processor that executes in advance of a primary processor,

the method comprising:
compxlmg source code into the executable code for the primary processor;

producing the reduced version of the executable code for the assist
processor from-the executable code by eliminating instructions from the
executable code for the primary processor that have no effect on a pattern of

memory references generated by the executable code;

executing executable code on the primary processor;

simultaneously executing a reduced version of the executable code on the
assist processor, wherein the reduced version of the executable code executes more
quickly than the executable code, and generates the same pattern of memory
references as the executable code, so that the assist processor generates the same
pattern of memory references that the primary processor generates in advance of when
vthe primary processor generates the memory references; and

storing results of memory references generated by the assist processor into a
store that is shared with the primary processor so that the primary processor is able to

access the results of the memory references.
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' getting rid of redundant load instructions directed to previously loaded cache

5  lines; and ’

eliminating code that is used to calculate store values that are not s‘ubsequently‘

* used in determining address reference patterns for the executable code.

13, The computer;readab]e storage medium of claim 11,wherein the
10 method further comprises profiling the executable code to create instruction traces for
hot spots in the executable code; and
~ wherein producing the reduced version of the executable code involves

modifying the.instruction traces for the hot spots in the executable code.

15 14. The computer-readable storage medium of claim 11, wherein the
method further comprises periodically sending progress indicators from the primary

‘processor to the assist processor through a one-way communication channel.

15. The computer-readable storage medium of claim 11,wherein the
20  reduced version of the executable code is modified to speculatively execute code
down a branch path that is more frequently taken if the reduced version of the

executable code is determined to be not faster than the executable code.

16. An apparatus that facilitates pre-fetching from memory, comprising:
25 a primary processor that is configured to execute executable code;
an assist processor that is configured to simultaneously execute a reduced
version of the executable code, wherein the reduced version of the executable code
ex‘ecute-s more quickly than the executable code, and generates the same pattern of

memory references as the executable code, so that the assist processor generates the -
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109%& ()- F10%§4c&ﬂ1p1lanon mechanism that is configured to:
compile source code into the executable code for the

primary processor; and to
produce the reduced version of the executable code for the

assist processor from the executable code for the primary processor
by eliminating instructions from the executable code that have no

effect on a pattern of memory references generated by the

executable code; and
a store that is configured to store results of memory references Qenerated by

the assist processor;
wherein the store is configured to be shared between the assist processor and

the primary processor. so that the primary processor is able to access the results of the

memory references generated by the assist processor.

17. The apparatus of claim 16, wherein producing the reduced version of

the executable code involves:

convérting store instructions into corresponding load instructions;,

eliminatihg redundant load instructions directed to previously loaded cache
lines; and |

eliminating code that is used to calculate store values that are not subsequently

used in determining address reference patterns for the executable code.
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code.

19.  The apparatus of claim 16 furthet comprising 2 monitoring mechanism
including a one-way communication channel that is configured to send progress

indicators from the primary processor to the assist processor.

20,  The apparatus of claim 19 ,further comprising a termination
mechanism that is configured to stop execution of the assist processor if the assist
processor is less than a minimum number of instructions ahead of the primary
processor. | |

10

21.  The apparatus of claim 16 wherein the reduced version of the
executable code is modified to speculatively execute code down a branch path that is

more frequently taken if the reduced version of the executable code is determined to
be not faster than the executable code.

15

22, The apparatus of claim 16, wherein the store includes a data cache that

- is shared by the primary processor and the assist processor.

23.  The apparatus of claim 16, wherein the store includes an instruction

20  cache that is shared by the primary processor and the assist processor.

24. The apparatus of claim 16wherein the store includes a branch history

table that is shared by the primary processor and the assist processor.

25 25. The apparatus of claim 16,wherein the primary processor and the

assist processor reside on the same semiconductor chip..
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