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I nvention The present invention relates to techni ques for inproving
conputer system performance. Mre specifically, 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 As increasing sem conductor
integration densities allow nore transistors to be integrated onto a
nicLogroc$ssor chip, conputer designers are investigating different 25
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from parSaI leli za%hﬁgmé{g ]f)glm xxggﬁssmcont ain

i nherently serial portions of code. For these inherently serial portions
of code, performance is further limted by nenory |atency problens. Menory
| at ency probl ens are ghbmpﬁgﬁﬁﬂﬂgm@gﬁv&émydMﬁ@géxégc§K@@é§$or clock 5
speeds continue to inprove at an exponential rate. At today's processor

cl ock speeds,
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BACKGROUND

15
Field of the Invention

The present invention relates to techniques for improving computer system
performance. More specifically, the present invention relates to a method and an
apparatus for prefetching data and/or instructions from memory by using an assist

20  processor that executes in advance of a primary processor.

Related Art

As increasing semiconductor integration densities allow more transistors to be
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.



it can take as many as 100 processor clock cycles to pull a cache line in

from nai §RAByy. Conputer designers presently use a num’f,(arT ni ques
to decreglsoe mam%ry | at ency del ays. (1) Qut-of-order executi g%goé/g(%gge used

to schedul e | oads and stores so 10 that nmenory latency is hidden as nuch
as possible. Unfortunately, out-of-order2execution is typically limted to
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instruction can be used to speculatively |load a data val ue, w thout
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val ues. Unfort unilegloty ldisicR@rot0emé ael drowihglpadessivandwsteat betBadRcan
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i neffective I'rregu ry access :
nmet hod and aemappar atus that reduces nenory latency delays in fast
processor systens without the limtations and costs involved in using the

above- di scussed FR@RHCHOsSNCSUNRIERYY UgSa ansbemfddihmenis of déchespmesent
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si mul t aneously executing a reduced version of the exec e code on the
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execut abl e 30 oge and generates the sane patter OCL nermory references as
the execut ALTELERE .loii%“%i'fcglﬁﬁéin betiddOn Pt DRtk i oubier Wahemsi ot
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refer €NS®S cache is not polluted by unused data values. Unfortunately, using non-faulting loads
and steering loads can result in unnecessary loads. This wastes instruction cache
space and ties up registers. (4) Some researchers have investigated using hardware
prefetch engines, but these hardware prefetch engines are typically ineffective for
irregular memory access patterns.

20 What is needed is a method and an apparatus that reduces memory latency

delays in fast processor systems without the limitations and costs involved in using the

above-discussed techniques.

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.



generated by the assist processor in a store that is shared with the

prinmary RyQefS3ef so 5 that the primary processor can accessptéifobgsul ts of
the nenory references. In one enbodinent of the present invention, this

store is a cache nenory. In one enbodi nent of the present invention, prior
to executing the executable code, the system conpiles source code into the
execut abl e clddtealfoors thhasst ipraeysor pr gmessothe sdiie psyah efmhsey pifediess t he
reduced versjon of the executable code for 10 the assi st processor fromthe
execut abl e BT BHMERPIRTSSHEIEFIFREE Bsadyiangs ofsyiian thaprimgry Piesesseict i ons from
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generated b execut abl'e code. I ment o resent
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converting load instructions into corresponding tore 15 instructions,
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that are not use termning a dress reference patterns. In one

enbodi ment of t hdnpnesbbdinkyieof thePrestiénysbePrivr @b bxRatihHeheeCHEAb| €
code to create instruction traces for hot spots in the executable code, and
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the present invention, the systemperiodically sends 25 progress

i ndi cators fiRsGHCHeRS fHom g gxeprieblesedes thabhavgaozxdicsen ppattass sbmetiorpugh a

one- way co nication nnel.. ln vari ation on this enbodi nent, the
systen1stopgggg§§%ﬁFﬁgﬁ&gﬁwgﬁ%eﬁ?EPEFcﬁggcessor if the assist processor is

l'ess than a m ni myBhOLMBEdimedf of thS bred&itiidRstiah §R6dRInd 8 r&IucARL M sPRhREESSOr .
I n one enbodi ment of the present invention, the reduced version of the 30

execut abl e ¢lokxeretabgdipdé Byolves speetingt losdingtrestmng igo codespdodmg aoror anch
path t h?g i 3ns ruct?cz)l'r{s?gl?rg%ag% 4eld§r%z{n9905a%%nstructions directed to previously loaded

cache lines, and eliminating code that is used to calculate store values that are not

used in determining address reference patterns.

In one embodiment of the present invention, the system profiles the executable
code to create instruction traces for hot spots in the executable code, and then filters

20  the instruction traces to produce the reduced version of the executable code.

In one embodiment of the present invention, the processes of compiling the
source code and producing the reduced version of the executable code are carried out
by a compiler.

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 embodiment, 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



4 nore frequently taken if the reduced version of the executable code is

det er m ngglp hPs20pe Not significantly faster than the executp@},gs(ﬁ%gﬁgl I n one
enbodi ment of the present invention, the store includes a data cache that

is shared by the primary processor and the assist processor. 5 In one
enbodi nent of the present invention, thed4store includes an instruction
cache that imorshagechtbytakdreifpid mauged pest@ssahe andutdbe: @ds iisdet@haas®or. I n
one enbodi ment of the present invention, the store includes a branch
history talfiediof pghificaniinipsicths) theexepvehigc9dsr ocessor and the assi st

processor. In ong,enbediiBMenbt 1B REGSEMHIRVAR G Q0inc A8 RukTBEHe
sSor t uct or

processor and the 10 assist proce resi de on the sanme sem con

chi p. | n onehanbddireret thefpriniey proessnt aridtieatsiomrodel@drpri mary processor and
the assist processor reside on_distinct sem conductor chips. BRIEF

DESCRI PTPON OF THE Opf euRedimeant pf de presppy igegntigpedie slogoinsindes aripstragtiann

accordance WLl @ft £9Re0d BB e Hlmk0Brodl SPAN e MAA QM fl G 2 T 1ustrates

the conpilation process 1n ac an e i‘men of the present

invention. FIG 3Jnioge ambbaéimenbaf the ipkdstisitinadnitiog, thbetop PeRSISs Obrag e BIsay Ng
the reduced version 20 of the executable code in accordance with an
embodi nent  ¢tble Hit prsbadtby;the Bmpgprocassas and thesasgist progeseiart i |l ustrati ng

h f : i . hl.e code and t duced
execut abl o code. hohsEP ALY Sk bR B R B PRt vent f on.

FIG 5 i18 aafdiaWwredeasdr rédiddisd thatshing se@prROAdIR Bip.t he assist processor in
25 accordance with an enbodi nent of the present invention. DETAI LED

DESCRI PTI ON The flaPnoainhgdigwated the prscitsnysnggaithe grimeneprabéseorzand ther son
skilled in the art to mke rlanld Juse 1 he (iluraloernthil on, and is provided in the
context of & PAPFIEHCAF AT it |Cgﬁemlcon chIps.
BRIEF DESCRIPTION OF THE FIGURES
15 FIG. 1 illustrates a computer system in accordance with an embodiment of the
present invention.
FIG. 2 illustrates the compilation process in accordance with an embodiment
of the present invention.
FIG. 3 is a flow chart illustrating the process of generating the reduced version
20  of the executable code in accordance with an embodiment of the present invention.
FIG. 4 1s a flow chart illustrating the process of concurrently executing the
executable code and the reduced executable code in accordance with an embodiment
of the present invention.
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



30 and its requirements. Various nodifications to the disclosed enbodi nents
w il be 061 PCT/USOL/ 00581 5 readily apparent to il led in
the art, %%Zﬁé general principles defined herein my bﬁﬁ%ﬁi@@%o ot her
enbodi ments and applications without departing fromthe spirit and scope
of the present invention. Thus. the presént invention is not intended to
be |inited treadifyeappaieadionBscskilRawnihelut ah® He@chgapsaridedidhedwedest scope
5 consistent with the principles and features disclosed herein. The data
structures 4R bowplige septhirermbadimpits apdapnlicedonsesichdup tépmting Fomythe cal | y

stored on a e bl or age i um,_which .may be.any .device or
medi um thatSnglr%lHé"tg %Or% Ogg%ep rgsﬁe ﬁglrv © éqnaneﬂbﬁs%gé’reﬁ)?&dmé%ﬁﬁﬂfse?%éﬂ}@f‘%?ﬂ Thi's
i ncl udes, bub bk $infied to kiedridirhénts ﬂﬁﬁﬂﬁ%hﬁisd@@eQéﬁo&&e@'th@k@de@g&oggw ces such
as disk drives. magnetic tape, 10 CDs (conpact discs) and DVDs (digital

vi deo di Scs)congpignicwith thearrincipdasrand fi¢apures ilignlabed hasethodi ed in a transni ssion
medi um (W th or wt t.a carrier e upon. which th signals are

nmodul at ed). For @hg%raes,tmtc uéesta}ngﬁggﬂ?\é%ﬁm&ﬁe%%ﬁ ef?ﬁ'ﬁgﬁﬁsé:rlgﬂgn gre typically
conmuni cat i @Rgedet WoblkpuHRAdAte §hRgt ﬂ{e@[ﬁﬁ,twhiégn@%@%ﬁ@ﬁc@é&ﬁmﬁ&hﬁk |
illustrates a conputer systemin accordance with ah enbodi nent of the
present i nvéaticamstomngosle eadpudan fayse bynicnaiputte systerpr Thiariyclpdacestisonotl 02
and an assilfstite%rtocessor. 10(? tvvh'Lch shgr e a con)g.g ta cache 106. Al of
these structtl&s Oy BagiFEC gRd Qptqat YArage dovises JUsh ehalsy Ry 7 S1a8BFlieBodi ment s
of the pgesems icom a@ﬂd@gasmﬁngs@@gitamaééﬁdi%?,%hEbﬁb&eﬁlds{rﬁgmn%ms Not e
that processors 102 and 104 may generally 1nclude any type o =

conput at i onambgddigil ges rapynaisges orediubO@vidndr Wiloutadatrite wavs tupoie tihauh aches
112 and 120,. reIspectigql % Cl3/\/ni ch contain instructions to be executed by
processors 1E325AEF DA Je SBPIEode A0S 53108 dRAd Y MY ijclpdet ude | oad
buffers 114 anehih%aiidss ¥vbrk. dRhas s Rfsppuffers 116 and 124 for buffering
comuni cations with data cache 106. More specifically, primary processor
102 includes | oad buffer 114 for buffering |oads

15 Computer System

FIG. I illustrates a computer system in accordance with an embodiment of the
present invention. This computer system includes a primary processor 102 and an
assist processor 104, which share a common data cache 106. All of these structures
reside on silicon die 100 (although in other embodiments of the present invention they

20 can reside on multiple silicon dies). Note that processors 102 and 104 may generally
include any type of computational devices.

Processors 102 and 104 include instruction caches 112 and 120, respectively,
which contain instructions to be executed by processors 102 and 104.

Processors 102 and 104 additionally include load buffers 114 and 122 as well

25 as store buffers 116 and 124 for buffering communications with data cache 106. More
specifically, primary processor 102 includes load buffer 114 for buffering loads
received from data cache 106, and store buffer 116 for buffering stores to data cache
106. Similarly. assist processor 104 includes load buffer 122 for buffering loads
received from data cache 106, and store buffer 124 for buffering stores to data cache

30 106.



received fromdata cache 106, and store buffer 116 for buffering stores to
data cache 106. Simlarly, assist processor 104 incl udes ffer 122
for buf f@Pi‘Wéz%bads received fromdata cache 106, and st%#g/%g%?@ggrl 124 for
buffering stores to data cache 30 106. WD 01/52061 PCT/US01/00581 6
Processors 102 and 104 are additionally eoupl ed together by one-way

communi cati on chapiele sl Z8- ahd904vhl eduifigedly ichaties ieeikfbeaperini-cat i on
between primary processor 102 and assi st processor 104.” Note i hat

communi cat i oomgharagbn ci@8elallR8vg9 pwhichiaciiprics expsdrom@Rnicotion bt¢tevekmt o

regi ster 126 within assi rocessor 5 10Q4. d t hat communi cati on channel
129 al | onws &581®5¢ prBF%sé%rsﬁoérﬁ‘f@ﬁslftd”%qsfoéqi%ﬁt @gtertbé'cé’t“é‘?lmﬁefd% ‘i}{’ﬂ’ﬂelpri mary

processor 1G2g ki J(Sﬁmah?'za?gce%_tm@é TRARE Yt & RETHR 1086} AREABRISI®r Wi ting
into register 126 (or 7) wll not cause a cache m ss. Furthernore,

primary prodéssod ti02onoemicanon channel 129 alkivts agsisti froassirdt04pe sces sve 104
recei ves the Corm];?i cat.ion. Note thatl(if 10 primary processor 102 were to
cormuni cat e "WIYH 2V BBRESREFest84! “hr ough menory, the system woul d have

to wait for storefgtliehe Ihed RichRreL&areHichioPhd&antsths, GPHMY Rhe3t&sted N the
enbodi nent illustrated |% FIG 1, data cache 106 1s fully dual -ported,

t her eby al | 096 (g 1@Ghweill n@nfauseeachchadiisy harthten@e.gesses ptocemoprl62dssors 102

and 104. 15 This dual paorting elimnates cache coherence de|ays associ ated
with convenfPORRF t%WéFé‘&“L%EQrO&?Séﬂ’i SCEET &S t{e‘?\%?m?‘épgfaﬁﬁ?ln'c@ﬁértgﬁtlfcaches.

| n one ?@boghﬂﬁﬂi Q/@Ee Lhe R eSens c&ﬂ%ﬁ%ﬁc%f%ﬂwiﬂgé’s%ﬁte 191?9&@09‘% ihfoghl6K-byte 4-

way set-assocl at’i ata cache wt yte cac I nes. Data cache 106,
i nstructi onneaghe Adysamtwonkl iave té onitdachee baffearl ¥ todgpleded R0ridrtough
switch 110 to msrrprg2 controller 111. Menory controller 111 is coupled to
dynam c ran@om@8Eess nenory (DRAM 108, which is located off chip. Switch

érlrgo di”angnit ”g:c “fﬁ Ll R GirRnt FiiEdtt Y FIQ 1, Sal G DS, 9! dild PBRea,! N ONE

thereby allowing concurrent read and/or write accesses from processors 102 and 104.
15  This dual porting eliminates cache coherence delays associated with conventional
shared memory architectures that rely on coherent caches.
In one embodiment of the present invention, data cache 106 is a 16K-byte 4-
way set-associative data cache with 32 byte cache lines.
Data cache 106, instruction cache 112 and instruction cache 120 are coupled
20  through switch 110 to memory controller 111. Memory controller 111 is coupled to
dynamic random access memory (DRAM) 108, which is located off chip. Switch 110
may include any type of circuitry for switching signal lines. In one embodiment of the
present invention, switch 110 is a cross bar switch.
DRAM 108 contains executable code 130 for primary processor 102. During
25  system operation executable code 130 is loaded through memory controller 111 and
switch 110 into instruction cache 112 of primary processor 102. DRAM 108 also
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



present invention, switch 110 is a cross bar switch. DRAM 108 contai ns
execut abl 30 for primary processor 102. During 25 ration
execut abl‘goggg@6%30 is | oaded through nenory controller 11§8§@§@/@%t0h 110
into instruction cache 112 of primary processor 102. DRAM 108 al so

cont ai ns reduced executabl e code 132 for 7assi st processor 104. Reduced

execut abl e gegectibdZatle RO IS Shr¥@sSIran4 oD rexecuiRalligisade cd3fnt hah
generates the sane pattern of menory references as executabl e code 130.

Duri ng syst el‘operiamaoied ¢ aeifen Re eebe IfGhrenghodemazongollgddédntdhr ough
menory contrSC)V!/iIt«%r11 11 and switch 110 into WO 01/52061 PCT/ US01/ 00581 7

i nstructi on CAche 120 of assi st processor 104. DRAM 108 additionally
contains data 13KofeltBit the pRBMR thtedtiamearf BOMed # anycamifudiCgskhramgh menory
controller 111 and switch 110. Note that the present 'invention can be used
in any conpuinehideymubiple praressoispot isdes limiteditpitiee ibusicassbormspeting systemot
limted to the illustrated conputing system structure. Al so note that in
one enbodi ne EuCBFe't he present invention, assist processor 104 is used to
make data accesses]sohodhanienekmMi8mdnd8f GatResk st HSGHIORY aRlst PREYssor
processor 102. In this enbodi nent, assist processor 104 does not have to
actual |y 10 W¥rif used toheakeolapuacatisonis asipamiefof echennhadgsa sgrsadpy assiast
processor 104 nerely.has t.o er.formsufficient utations to allow

hesi st pr ocd8Er S Foh %t 7 dit ePRrdiephasihanties-ohd HL dhessi heveogeria

pr ogr amjoHensefor@Shé §6mﬂﬁt9§@r§%géciﬁ9f'inc@&o?ﬁnﬁ AYGHro&s ! 184 YELS HAD O
primary processor 104, wthout circuitry that 1s not required to perform
addr ess conmer@imonsjcieuchmastagpng torablbivcassist mracdssor. 1 0450 Gerpninatthon Pr ocess
FIG 2 illustrates the conpilation process in accordance with an enbodi nent
of the pr ese‘H?mPﬁ’vaé’ﬁ?%sé’ﬁFter&ﬂf%?f‘gPrpﬁr@”b FaAFEhPRFEeRs 4 @hdeganedde 202

feeds simpler version of primary processor 104, without circuitry that is not required to
perform address computations, such as arithmetic circuitry.

15

Compilation Process

FIG. 2 illustrates the compilation process in accordance with an embodiment
of the present invention. During the compilation process, source code 202 feeds
through compiler 204 to produce executable code 130 for primary processor 102.

20 Executable code 130 then feeds through reduction module 208 to produce reduced
executable code 132 for assist processor 104. Note that reduction module 208 may be
part of compiler 204, or alternatively, may be separate from compiler 204.

In one embodiment of the present invention, the compilation and reduction

processes take place before run-time. In another embodiment, the compilation and

25 reduction processes take place during run-time, while the program is executing.

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



t hrough conpiler 204 to produce executable code 130 for primary processor
102. 20 Executable code 130 then feeds through reduction ngﬁkgKégglto
produce VO EEY! executabl e code 132 for assist processor . te that
reducti on nodul e 208 may be part of conpiler 204, or alternatively, my be
separate fromconpiler 204. In one enbodgnent of the present invention, the

compi | at i on i PAUGLIAD noPGREATSERcH RS IRLRCS: BRERLGLANIdd TRy I n anot her

enbodi nment , e conpll'ation an reducti on” processes take place during
run-tinme, whidxe thhesphobuiddninsriexes uben@f tiedme spdts ngexRediabledolx 3t stdy e
Code FIG 3 is a flow chart illustrating the process of gener tiq reduced
execut abl e 386Hén enpempedimsnt fdhe Piesnt #HENIRN- 2BSYS KT eSHHER e m%ﬁgﬁ an
enbodi nent of r i I OF S 4L

(si mul at 1 ng CLPeey e o200y S tihes S SR S Bebiyoteli s 0t 130
to ident§fy bhet toshobsurtaicodei(slep 3osd | atency is causing del ays (step 302).
Next, the systembuilds instruction traces of the hot spots in executable
code 130 (step 36&)-.the pysime cApgRBILHERCS gttotlee pss &P 1 W eht # BRE %Phe

system constfuct g ahout, 408 0 AREhSEdnl 2688 AuAbRHL200R ISkibgldons

each. The sy%%%n1 race ack tot source code

(step 305). dhlextferdrites Byiat esdcclrdgagart bales it hacdpehddnooh eealieygfake (st ep
306). In a type one trace, the address streamis not dependent on | oaded
data. For exea#sfle, the pattern of data references in the code fragnent

bel ow i s _not dependent . t val ue of the data |oaded. 10 for(i=0; i<100;
i++) { iﬂd = genz?gi@RgﬁggnPﬁ?C' index. 1 = function | (rnd); index2 =
function2(rnd); B [indB% IgenaatcRepdoiapsy. 15y

index 1= function1(rnd);

index2 = function2(rnd);
Blindex1] "= A[index2];
15 }
In a type two trace, the value of loaded data affects control flow only, but not
the next address. In other words, if a load happens it will be to the next address.
However, due to control flow variations, the load may not happen. For example, in

20  the code fragment below, if the hash table entry is found, the variable “found” will be

set to I. Otherwise, the variable “found” is not modified.

while (hashTable[I] > 0) {
if (hashTable[I] == entry) {
25 found = [ break;

h
I -= disp;
if(I < 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.



In a type two trace, the value of |oaded data affects control flow only,
but not _the next address. In other words, if a | oad happ | i be to
the nextWEMPE¥  However, due to control flow1variation§?§gh%”w%gg may
not happen. For exanple, in 20 the code fragnent below, if the hash table
entry is found, the variable "found" wilg be set tol. OQtherw se, the

variabl e "found” Negt m@tsyﬁag'rﬁdcﬁﬁles Wbih&shasidalesluboer o Ghstudibons in the
(hashTable[l] == entry) " { 25 found =1; break; } | -=disp; if(l <0) I+=
hashTabl eSi wages whiR(réserang sheeattbimed nianawe refelvacasgleneraledagabe afidescis bot h

t he next address aﬁd control flow Fo exaqPIe,.a pi ece ﬁf gode t hat

sear ches dof#ing spi Ak &¥L9M Brespmes Y Ywiaples @i Stered duragisistys EhalshFiRP & Oval ue
| oaded fro i i t i - t: xt node
i the 11 ke SR S e S Bl G R P e STy P eh, P
t he traces isaompeduaergtheachaulibemtodata ngthedObdi whish intht kame by the esfevdvflae

preserving the pattern of nmenory references generated by the traces. In
doi ng so, tWédé%%Uéﬂ?‘br]ég%ﬁ‘?egl%ls%{W@n%éﬂ? PYEICHPR TQtaoT g INHIUCHYh 0%t The

first step %@aﬁgw ggggﬁgﬁggﬁgzmﬁank@@gﬁngéggp 308). Note that the

i medi ate effect o re irnstruction 5 to pull a target cache line
into data cache TaB,inwWiiahietsnidieg saith lasd ilvguafoheate difecd tb datsame
instruction. Hence, substituting a |l oad instruction for a store_ instruction

does not afacketing pad gelhpe yid ofpey WAd ensgaetiesthyarg fisccddgrsscherinsthahyol ves

Set e ] oS0 IS 08 A58, BlAGRIRgIE e same cache Tine
t hat The third step is to eliminate dead code (step 312). This dead code includes

code for generating values for store instructions that were changed to load

instructions. For example, code on different sides of a branch often generate the same

address streams but perform different calculations. In this case, when a store is

15  changed to a load, the branch is not needed (nor is the compare to set the branch

condition) and only code on one side of the branch is included in reduced executable

code 132.

Also note that for type three traces, store instructions which store values that
influence subsequent address calculations are not changed. These values are

20  calculated and stored in registers to enable the system to follow subsequent address
calculations.

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



10 has been previously | oaded by a preceding |load instruction. The third
step is to elimnate dead code (step 312). This dead code includes_ code
for gener¥®PHEO0hI ues for store instructions that were chafgESHE%%ad
instructions. For exanple, code on different sides of a branch often
generate the same address streans but pgsformdifferent calculations. In
this case, €4S : ach i needed
(nor is thew%ggﬁgﬁggg%i%%ﬁd%%gpﬁggﬁ%%kﬁ%ﬁﬁﬁ%??gﬁg&gﬁgg%ﬁ?§&%%gg&gﬁ one side
of the branghsth&tibAcinudéd tb gaihetuesdesixecut abl e code 132. Al so note that
for type three traces, store instructions which store val ues that

i nfl uence subseqUeRtyRedhice gcesafhevaiemases spde tadothctrsrgable coied 2l 93 ues are

20 cal cul at erg%‘%relg e%c%al%ge +(ﬂie.r l%gltﬁét%[el)g(yg 9§sﬁ§?%p3c§?srop?04§ts6s&e%& ﬁfgf}s%lg‘é | ow

subsequent address cal culations. e system perfornmns er ent

actions for ghikerant id ¥peha®h niihBde@s nufmbEr 6 indtyREooEhead of pgatyo trace,
the systemestimtes if the reduced executable code 132 is faster than the
ori gi nal exaEoteanird 0god if Sotoduslumit o cxasHting BigdEeel (stspef) abloke Bade 25 132
wi ||l encounter onl.y.c 1 SSes rin d_ j tLoNns,..an sum ng
execut abl e é@&%“%&%“ﬁﬁ?ﬁggﬁ%Buﬁ?ég&ﬁﬁ‘%1@%@%%”%?%%%%§?%Qiﬁ?@3Sm? reduced

execut abl e tgRMEh IoneSwviyashahuniti®rdaee8928s conplete. Otherw se, the
systemrenoves control flow instructions (e.g.. branches) with a bias

toward the nost frequently taken branch paths as is determ ned during the
profiliqﬁ process %}8 . In doing so, reduced WO 01/ 52061

PCT/ USO 00é%¥5¥§§£§;§§ﬂ#§§£e code 132 effectively speculates on the

out come of condi tigN3lis PreRCRart iNStratss t}fégﬁodeg‘s Of @REukigakaciiige speed.
For type three traces. the system adds code to both executable code 130 and

reduced executabhtde codtel 303Rdtrbditccdbkomabisgidstl 3pnme@estancd 8dthtap det ect i f

assist 5 proc%%@or 10? is |less. than a,ﬂlninunlnu er of instructions, ahead
of primary SHOCERSYP! REPresgAGVENE- { PeXPFMAATS Y ERBLRE THEH RS £Pd5ce
(step 320). NB Jefiry processor 102 (step 402). The system also concurrently executes

15 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 reference 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



comuni cations fromprimary processor 102 to assist processor 104 take

place tRy@uypPkrokNe one-way communi cation channel 128. 10 GaREUEd1R0kss
Execution FIG 4 is a flow chart illustrating the process of concurrently

executing executable code 130 and reduced executable code 132 in

accordance with an enbodi ment of the prEsent invention. The systemstarts
by execut i ngriexey pt@bsser ¢0teln dBGEnGRdmimaf theproeasisoentild et @mpAR2) . The
system al so cggéfrrent%¥nexecutes 15 reduyced executabl e code 132 on assi st

processor 10% YT MO dF ayng & Cm%ﬁﬁrlyver‘@ﬂ‘@rséﬁé_@@ Feirspibiced by
assi st processor Af4 L&iunduferia MO8yt pld2EYs 25?4 e, gglé@ fdata gache
£ 02" (step 406)° ““Fin'd

106, which is shared with primary processor 1 1t ows
primary prodéssp606)102 to reference the pre-fetched data vaIu$s fLog1?ata
cache 106 wtho having to wait for the data values to be fetche rom
DRAM 1087 20 Ope r}r@nt”&g CASRIUSR- F5pIgRIgessPorA 0 keeps teack afihew fehalread of
illustrating.i 0% TN t4+00:0 ISt rocessor 104

accor dance B LR A B e et Sl BERe AR e ARBliten 4f PPREET Bloet b R sor
104 first receddieslyarndmperogrpts ifidioatortd a®iy pRiceaos $04 Q2 st ep 502). This
25 causes assist processor 104 to exam ne a shared register value to
det er mi ne WRPBAUN{GALER chynsk byt e (step 504). This inplicitly presunes

: ; i iLf to, the.sh d i ster, and
Phen sends an: i ntesist fop@sbl A0, nbCERbNbURT adsiod MR oI BERERET ' 165

at t enpt $0 t opaeney ploeessort H)?rdlﬂtngtdlypé&ir@ttrdéé,%QiS?ﬁ‘bcés@é‘r A5 BRQBuest mal | the
live val ues of executable code 130 are known and are | oaded into registers

in WO 01/ 528/89¢ PETVUSALF DOBSIY Progessor [Pty spaciiy aseber a2, (step SoAk Iembxmgi ment
of the pres [l ' the a conpiler .within the system noves code

ar ound Eo cgﬁ%%fg¥§ﬂ§hgg%?%ég%gﬁﬁégaﬁgﬁggmaﬁﬁu%%%@FBFFna%W¥@F“¥eceiving
t he i nt err uptimafssosdss@ MR YletiHIAheyREIGUE Fratd1e designated trace (step

506) .
) Note that although the present invention is described in terms of a shared data

~

15 cache 106, the present invention can generally be applied to any type of system in
which processors share information retrieved from memory. In one embodiment of
the present invention, processors 102 and 104 share an instruction cache. In another
embodiment, processors 102 and 103 share a branch history table.
Also note that the term “'shared cache™ as used in this patent application can
20 refer to systems in which processors 102 and 104 contain separate local caches
containing mirrored 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.



5 During trace execution, assist processor 104 keeps track of how far ahead
of  primyyopiesessor 102 it is (step 508). This is acconydsfad o Pri mary
processor 102 periodically sending progress indicators to assist processor
104 through comunication channel 128. If assist processor 104 is not a

m ni mum nunber of instructions ahead of 1D primary processor 102 during a
type three tWhaels @bdmsgd Igr ocessor 104 bails out of the trace and waits
for primary processor 102 to specify another trace (step 5 10). In sone
cases, this allows assist processor 104 to begin executing the next trace
prior to primary; proc et | reyi . te that

al t hough the pregént Vﬁi%%%%%%gpgﬁggggéF%gh&@ﬁmEEQ%%Q $mg&§%gP%%Qﬁ§Ea 15
cache 106, tthe epe@senin adnaenioif apricany peoessat. kymbdsiappl i ed to any type of
systemin which processors share information retrieved fromnmenory. In one
enbodi meAt of t KECPHBEESHECY RRI@ ARdedt thp PHEBESPIOSESEOR and 104 share an

i nstruction cache; i r 0 and 103 share a
branch history tESF@%“%PQ%Q§%¥§ﬁ§%23&¥§§}Fg?ﬁ?ﬁgﬁgfégﬂégﬁ 8qfﬁ%l%§ed in

t hi s pat ent agfigtlprea@ksc@nwhanin tROrddat@t vdrsios ysiereietabtede eoaessors 102
and 104 contain separate |ocal caches containing mrrored copies of the
sane data. IHI9Kh] hag geeexcgutplls gods: apd genesttgs theseme ppéern o€ alemeache of assi st

processor 1 e ondi .the local cache, of primary
processor 18§E&$E%”%3&%%%%%%% é@g?ﬁgﬁbﬁﬁgeé Béﬁ%ﬁﬁ?ﬁ%%?@“‘?”P%%“?%vention
have beed 2paperasenictbr OffeRUEBABAIhOPrimhhUSHEREIQRNAAEG s AESGRhAL HORhEN! Y.
They are not intended to be exhaustive or to limt the invention to the
forns di scl deRiImAzdweessglegneragnihe medptyireketénons aadd variations will be

apparent to pract{tioner Addi ti on t he above

s?illed iq the art. ally,
di scl osure is not quﬁl?éﬁ%lita Of BefroRy FEIETRRCES B9 RTTRied ?’t%%“’%%‘)é&esé‘?r 0y
i nventi on i stodefanBGhBd e BPPARARANELAABso MR AL hRRABLBEEEISOHIR0581 12

What Is Clainmed Is:
access the results of the memory references.

15
2. The method of claim 1, further comprising, prior to executing the
executable code:
compiling source code into primary processor executable code for the primary
processor; and
20 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.

25 3. The method of claim 2, wherein producing the reduced version of the
executable code involves:
converting store instructions into corresponding load instructions:
eliminating redundant load instructions directed to previously loaded cache

lines; and



1. A nethod for prefetching fromnenory by using an assi st processor that
executesf\jcpo1 ygnce of a primary processor, conprising: 5 p@4Rfddibde
execut abl'e code on the primary processor; simultaneously executing a
reduced version of the executable code on the assist processor. wherein

t he reduced version of the executable cdde executes nore quickly than the
execut abl e code, efindng@penat eat Ishged anelqadtt siore wflugsehmraye nsietiBicgueas as

t he executabl e code, so that the assist processor generates the sanme 10
pattern of netfoydeiaEmEiagaddessygieranse PaEqrARioy thir Geewable cgdnir sherrimery
advance of %? gsﬁ#he primary processor generates the nenory references: and
storing results of nenory references generated by the assist processor into
a store that is shared with the prinmary processor so that the primary
processor is able to access the results of the nenory references. 15 2.
The nethdd of cl & m 1,Thedpgthed ofcdaipy 2.dirber copipsisingprefdana ithe sycquible

execut abl e cgde, GONPIINYiFAHLEELGAIEN B B LIRLYRIGGESSAT execut abl e
code for the prinmary processor,; an 8)pro&u0|ng € teduced version of
the executabl e cederdi@prddieingsisd RUuIOLEISO! the EAButddE: @eGIANse code for
the primary processor by elimnating instructions from the executable code
t hat have nonasifyathe msiugizan tegeas & thehaisporsén dieerieedaljenedat ed by the
execut abl e code. 25 3. The nethod of claim 2, wherein producing the reduced
version of the executable code involves: converting store instructions
into cofgespondi Bg | ogtheimghddHSHdIARS2, wiRhdiRtNasBG séadwadpnind @adource
instructions directed to previously | oaded cache |ines; and 01/ 52061
PCTI USQ / 0088de ant3producing the reduced version of the executable code are carried out by a

compiler.

6. 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.

7. The method of claim 6, 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.

8. 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.

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

processor reside on the same semiconductor chip.



elimnating code that is used to cal culate store values that are not

subsequ I ed in determ ning address reference patte r e
executag?é0§g§§§for the primary processor. 5 4. The netﬁggﬁggﬂgpgﬁn12,

further conprising profiling the executable code to create instruction
traces for hot spots in the executable ¢é6de; and wherein producing the

reduced version pf. thehexetiotdpkrimadehbRUdhy @simafPgictydstbaridi@e bisdir uct i on
traces for the hot spots in the executable code. 10 5. The nmethod of claim
2, wher ei n prheesperoesids es dstingtgapidandactohehiBour ce  code and produci ng the
reduced version of the executable code are carried out by a conpiler. 6.
The nmethod of claim1, further conprising periodically sending 15 progress

indi cators from the prid@ethoRlo@eRESAl whereih@e assdt phodeERe &Ssamlific@ugh a
one- way communi cation channel. 7. The nethod of claim®6, further

conpri siSng sroppihtheaxiomny pwsesbr.irithouheistusty habsawsmauired tdgerégsi st
processor is |ess thap.a m ni mum nunber of instructions 20 ahead of the
primary protELSSFOMBUARRS et hod of claim 1. wherein the reduced version of
the executable code is nodified to specul atively execute code down a
branch path that is nore frequently taken if the reduced version of the
execut abl e code 1% prévoopsiey-reflabistserragarodditio seingonsthasives thahahen he
executabl e code. ;9. The nethod of claim1 erein th rimary .pracessor
ond the assheries Py s S0GaRCE S8a i HEEraa e \ant BBHINCD 6P HhE e
01/5206% PCLLMSA ¥y0RRan AdisdfhocdRsr MBE NQELES intldhibe b aWRRESY Prddd&oPr | Mary

processor and the "assi'st processor reside on distinct sem conductor chips.
11. The netthedhetfododommsing: wherei n the assi st processor is a sinplified 5
version of the primary processor, without circuitry that is not required to
perform executing executable code on the primary processof;
simultaneously executing a reduced version of the executable code on the
assist processor, wherein the reduced version of the executable code executes more
15 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
the primary processor generates the memory references; and
storing results of memory references generated by the assist processor into a

20  store that is shared with the primary processor so that the primary processor is able to

access the results of the memory references.

13. The computer-readable storage medium of claim 12. wherein the
method further comprises, prior to executing the executable code:
25 compiling source code into the executable code for the primary processor; and
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.



address conputations. 12. A conputer-readabl e storage nmedi um storing

i nstruct] t when executed by a conputer cause the
perforn1%£ﬁ§?%@ for prefetching from 10 nmenory by usingggﬁRgégﬁg%P

processor that executes in advance of a primary processor, the nethod
conpri sing: executing executable code on5the primary processor;

si mul t aneously execut iTng c@mﬁ@@ﬂ@@@abﬂ@rsﬁ)ireig@_r@édi&rﬂ%f@?ﬁ@ﬁ%ab«lh@reﬁpde on the
assi st processor, wherein the reduced version of the executabl e code

execut es nmopPedudiBe dlig rhgedieanion plthe guecutablsl @dedevolvesnd generates the sane
pattern of menory references as t.he executabl e.code,.so that the assi st
processor genera %EY?W¥1fggﬁénsﬁg%?%ﬁ¥}%ﬁone %yufgﬁ%PEﬁBg§that the primary
processor gener agesing fidasttedit@adfloni@srudtios Bk ¥ REREESS RadB@BRhat es the
menory references; and storing results of nenory references generated by

the assist pnrecessor into a 20 store that is shared with the primry

processor so that,.the .prinmar rocessor.is able t ccess the results of
the nenmory refer S“W%Tlggﬁg&r%‘g&é mqutto_ectalc}lgaé%g{ﬁlieevaﬁfeﬁ é‘rer&%isﬁl?ﬁe@f‘e“élp ai m
12. wher ei nyidian deREAREh S MdEOQTeCRABE p£sRSns MBF iRlexbQuABIEEHEd. NY the
execut abl e code: 25 conpiling source code into the executable code for the

primary processor; and producing the reduced version of the executable
code for the assist processor fr t he execut abl ode by el im nating
instructions fro the%gﬁégﬂPQﬁ?gmggaéS@BﬁePW@“”BP?ﬁ§F9%ﬁr%@@? ®that have
no effegs OfethRahliRioRiprRBIMLYIihE IR KBGRHIIEORS BlchhiPhsurhdBnirRcLL P! ©
code. 30 WO 81ﬁ52061rP8TPUSCHIOd§8§ f% 14. The conputer§gea§gb e storage
medi um of chatispoth3n thehexeentable ppdedlzad ng t he reduced version of the
execut abl e code invol ves: converting store instructions into correspondi ng
| oad i nstructi on@herein producing the reduced version of the executable code involves

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

15 16.  The computer-readable storage medium of claim 12, wherein the
method further comprises periodically sending progress indicators from the primary

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

17. The computer-readable storage medium of claim 12, 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.

18.  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
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



getting rid of redundant |oad instructions directed to previously | oaded

cache 5_J| ~.and elimnating code that is used to calc val ues
t hat ar e“JﬁJo %éﬁ%sequently used in determ ni ng address re?lg?;e[ﬁsggbdégfterns

for the executable code. 15. The conputer-readabl e storage nmedium of claim
13. wherein the 10 method further conprilses profiling the executabl e code

to create iRghE PeldrAR MeARS rdfdenced Bat SHROJrEMaM drh@ s eendrabt & £&Rdse @nd
wherei n produci ng the reduced version of the executable code involves

nmodi fyi ng t hdienrikg priaiygnogassgasndrates thsen¢roerygpsrancey anfhe execut abl e code.
15 16. The conputer-readabl e .st orage nedi f claimd2, wherein the

nmet hod further cS‘r‘fc‘ﬁ T ?éag lsp(ia()ﬂjiﬁgalieég‘?ﬁ?resrgﬁggnog nb%%?’ é%%rei’nﬁ?f‘i %egf:rc?‘}eél tfyr omthe
priman, pregessei ploedshe assi st processor through a one-way communication
channel . 17. The conputer-readabl e storage nedi umof claim 12, wherein the
20 reduced ver si orhepdin theestegeseandigheeddo e shayedrbelivicer thetassisimeedssariand| y
execute cod down a branch%ﬂﬁnq that is nore frﬁgﬁznthy tgken hf i?ﬁ
reduced ver STONTBF Y RRCS R0 P A e PR RreCadr UGS PE Aot 85t%r t han
the execut ablgn&GQd&ferchBes AMec@RRyAhISssIshplockaet | itates pre-fetching from
menory, conprising: 25 a primary processor that is configured to execute

execut abl e code; an assist processor that is configured to simultaneously

execute a reducej veg@i on of thg exetc[gt tF)]I:ge code, .wher ei nlt.he r educed
version of the eXécut dfiCEPRYAS OLglath d s UFBFCORATEISA CHBHIAINE execut abl e

code, ag?i 0eNRh&ALiSS thi1es SARuRALLern of nmenory references as the

execut abl e code, so that the assist processor generates the WO 01/52061
PCTI USO / 00581 t6mpdasoyat t@terinoftherexmeniabteafode éorctés ptitnaty proeespon; aud 1o
processor generates in advance of ., when the prjmary processor generates the
memory r ef er ence®rodsa the 1seved Versipn qféh%@fﬁcpéaleé@df: O1dheRBIS BEGFISE! of

menory ref CHRAFER HENRAHL %jdebf%r th ti!)?mﬂﬁ? bﬁ)tceglbp B\e @ﬁl?l{n'ating instructions from

the executable code that have no effect on a pattern of memory references generated

15 by the executable code.

20. The apparatus of claim 19, wherein producing the reduced version of
the executable code involves:
converting store instructions into corresponding load instructions;
20 eliminating 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.

25 21. The apparatus of claim 19, wherein the compilation mechanism is
additionally configured to profile the executable code to create instruction traces for
hot spots in the executable code; and

wherein the compilation mechanism produces the reduced version of the
executable code by modifying the instruction traces for the hot spots in the executable

.30  code.



5 wherein the store is configured to be shared between the assist processor
and th ri processor. so that the primry processor p} access
t he resﬁw éh%?ﬁ he nenory references generated by the angE?ﬁgyggggsor.
19. The apparatus of claim 18, further conprising a conpilation 10
mechanismthat is configured to: conpilé7source code into the executable
code for the primary processor; and to produce the reduced version of the
execut abl e code for the assist processor fromthe executable code for the
primary processorZby &hfapriadibngl ¢laigt | duitbesoppsising o RgagAhaniside
that have ng effect on ttern V... [.e n 15 by the
execut abl e g%ﬁ%ﬁm%%9m%ﬁgy§%85}QFﬁgg%PﬁﬁﬁéfH%fé?Sﬁﬂgﬁiyﬁ%ﬁﬁ%gﬁggﬁa t he
reduced ver gidaidt froh@e QAL plktessodahé MLk yrsesseonverting store
instructions into corresponding |load instructions; 20 elimnating redundant
| oad instructions directed to previously |oaded cache lines; and

el im nating code thatThs use utof&ggcyiq%ghékghgr%%l%ﬁgn%gg%)are not
subsequently usé&d in %P%W%%nf%g aduress refer ncegpa?ternsl%or t he

execut abl e gRERNIRS 1AL is cDREARBAS abpex&futieh af e k8sis(Wrede8idn if the angpi | ati on
mechanismis additionally configured to profile the executable code to
creat e i nst pwctisonistlesadlean 4 winimpot nwplotr o1 instupiéonsebead efshepdmds:  and
wherein the cquiIation mechani sm produces the reduced version of the
execut abl e B848*8Y nodi fying the instruction traces for the hot spots in
the exegyptable 30 code. WO 01/52061 PCTI USOL/ 00581 17 22. The apparatus
of claim 18, further conprising a nonitoring nmechanism including a one-way
communi cat i on cha#nel Thhappargug ohdlaigut &dvhiaeis drdrepgnaegrvessson ofritie cat ors from
the primary proc%Fsor to th%egssist pr.ogessor .

executable code 1s modi 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

25.  The apparatus of claim 18, wherein the store includes a data cache that

is shared by the primary processor and the assist processor.

26. The apparatus of claim 18, wherein the store includes an instruction

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

27.  The apparatus of claim 8, wherein the store includes a branch history

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

25 28.  The apparatus of claim 18, wherein the primary processor and the

assist processor reside on the same semiconductor chip.

29.  The apparatus of claim 18, wherein the primary processor and the
assist processor reside on distinct semiconductor chips.

30



5 23. The apparatus of claim 22, further conprising a termnation
nechanisqkhn%hﬂ&s configured to stop execution of the asshéﬁﬂﬂ%96@§§or if
the assi st processor is less than a m ni num nunber of instructions ahead
of the primary processor. 10 24. The apparatus of claim 18. wherein the
reduced version of the executable code 18 nodified to specul atively
execute code dowspa brwechpaatil of BRImilS, whgt® the equeptdc¥ssbakeisimblitife
reduced version of the executable code is determned to be not faster than
t he execut abeBiagrfdhe pEmaEy prygesseppahatiescuiirydhaiipndigequitesrieiparfore st ore
includes a d cach hat 1s shared by the primary processor and the

assi st procggégﬁsagﬁﬁn#ﬁgsapparatus of claim 18, wherein the store includes
an instruction 20 cache that is shared by the primary processor and the
assi st processor. 27. The apparatus of claim8, wherein the store includes
a branch history table that is shared by the primary processor and the
assi st processor. 25 28. The apparatus of claim 18, wherein the primary
processor and the assist processor reside on the sanme sem conductor chip.
29. The apparatus of claim 18, wherein the primary processor and the

assi st processor reside on distinct sem conductor chips. 30 WO 01/52061
PCT/ USOL/ 00581 18 30. The apparatus of claim 18, wherein the assi st
processor is a sinplified version of the primry processor, wthout
circuitry that is not required to perform address conputations.



