2 9 AU 200& WD 03/ 083663 PCT/ US03/ 07710 USE OF A CONTEXT | DEI\E%LAIEE thﬁ
_CACHE MEMORY FI ELD OF THE I NVENTION This invention relates to ¢ )

t echnol ogy. N?&@w@ﬂét'CU|arly’ this invention relates to inproving the
per f or mance of "CATH& nenory in a conputing device. 5 BACKGREUNDSGRTTHE
| NVENTI ON The use of one or nore cache nenory systenms within a conputer's
menory hierarchy is a well-known technique to increase the perfornmance of
a conputer (see e.g., Anqy i m The Cache Menory Book; Academ c Press,
-1998). FIG | illustratesSE2h40NEXT IPENHEERBHOAGHENEMORY 00. Cache menory
“array 100 includes cache lines 110. Each cache 10 line includes a tag 120
and a dataggéﬁgigiﬁg_égﬁéﬁgtiggache line 140 includes tag 150 and data
bl.ock 160. s E IONo iIlustrates that exanple tag 150 is a
portion of main nmenory address 170. Main nmenory address 170 is the main
mermory address Thisinesiensises osomattsr tsclmikogys Moreporties kdy sthisriavention
instructions and operands back and forth between the execution 15 core of
t he processatestndmpivyingotip perdornmnoetvayhdhehedyGhY cobitig ARTRI Y transfers.
Exanpl es of nmenory transfers are | oading instructions/operands fromthe
menory hierarchy to the processor and storing instructions/operands from

t he pracesBACKGROUND OFTIHE INVENFICRY. During a nenory transfer, the
processor generates a main nenory address. A portion of the main nenory

address i s conpgieate Wrble 5N60s: dur i a cache | ook-up
to determnine whet he? cache a(r)ray&&ggcm&xtsggﬁégg’ﬁﬁg'nﬁcoy‘p"g% ¥¥ding to
ationship betvveen tag 150.

th t ted b
gy§ gmr@%%ﬁa dre@}" g?e H{@%%&dggégseéecée?' HOfRee| 6I€°[§ﬁ8”ﬁ°§(sﬁ%€8{nerat ed

requir,in ocessor to conpare only a portion of each main nenory
address wibtkﬁl%@erp " %e ”E Academic Press, 1998). FIG. 1 illustrates a typical

ache Memory B
cache memory array 100. Cache memory array 100 includes cache lines 110. Each cache

10 line includes a tag 120 and a data block 130. Example cache line 140 includc§ tag 150 and

" databloek 160. Referenee numéral 170 lfustates that exammple tag 150 s aporion of

main memory address 170. Main memory address 170 is ihe main memory address
corresponding to data block 160,
Processors transfer instructions and operands back and forth between the execution
- 15 core of the processor and the computer’s memory hicrarchy during memory transfers.
o :\) Examples of memory transfers are loading instructions/operands from the memory
hierarchy to the processor and storing iﬁsnu;tions/operandé from the processor o fhc_
‘memory hierarchy. During a m'cm.ciry t_ransfer, the processor generates a main memory
address. A portiorn of the main ine‘niory address is compared with the entries in tag 120
120 during a cache look-up to determine whether cache array 100 contain an ent'ry
_:correSpondmg to the memory transfer. As demonstrated by the relat:onshlp between- tag
150 and main memory address 170, the process of a cache look—up is accelerated by
'rcqum_ng the processor '10"c0mpare only a portion of each main 'mc.mqry addressiWith éaé’h




2 9 AUG 2006 WD 03/ 033663 PCT/ US03/ 07710 entry in the tag. Typi 9I éMG 2006
.cache nenory uses a portion of each |inear address generated bf h
processor teuo fMiR¥s9ata stored in cache array 100. A thread is a part of a
computer program that can execute independently of other pBfT/ASHI77He.
conput er program The performance of a processor can be enhanced if 5

mul tiple ”;lrt%?%js are execu ed concurrently on the processor. Concurrent
execution 6f rﬁJtIhFiiﬁ'e PR LRSI UsPE? Pertiph ef ersh dinersadiliess genomatpdt he
._.various initructions of the nultiple threads are detected and properly
managed. FPEtheprpegsspsite indes daigwt ceeheain@yjfOcessors use a virtual memory
environnment to allow a large linear address space to be supported by a
smal | anmount  of Aghsesd ¢ud pdrOofreemuputdr @ragram Ha IANERERE FRlepSRIEMYIF otk | NY @
menory transfer, a processor generates a |inear address 210. "Li near

addr ess 21fartsapiid SRspAethrbSain0Mhe bk ' ..and an
offset field 230. The balgbe of the fgagtﬁéﬁ%%ﬁ%?‘%@%gﬁc%%on aléer?ég I n
controls r eguBiHBs t b r try 220 of |inear address 210
‘provi des an o?’ﬁsgtr&taéa%ﬁée}ec\:/u-a[{lﬁ%oqb%rgﬁlgioﬁé%n‘?rﬁg?a?{t rC’(OS’Inmf'EeQF gxesptt 240. The
page dire [ [ns. a. t gbl e base 15 pointer 245. Table field 225
provi des %918 thg{}%@nlgtpofség@gﬁw a@ﬁ”%“f’ﬁs AEgRS thelagowsdgructensafdhe 245 to
identify theI .b%sgr oés t he Fage t hat contains the physical address 255.

O fset  fi'BHyrldprends argaaicnted and preperhempnaged.t abl e entry to identify the
physi cal address 255. FIG 3 illustrates a shortcom ng associated with

per f or ni ng cacHéGl 28kistpes Wow mang htyl@padssb8 luseR vittul BB Sry 2l g Gient A

Iyzr- cessor (not shown) generates |inear addresses 20 304 and 306 in

sponse  t@allaad 1Argé lindi bl eass QR taeéf.%gggfgg a3y g'g‘é%'i“:‘ﬁﬁif{ﬂ%ﬁe t he

portion of each address that is used n-a cac Wi | e 305
‘and 3Qg N | t ey, are only a portion of 304 and 306
respectively. ggigaﬁﬁdg%?%éﬁg%lcp 5 r’fr}v\%) "HP?Pé?eé'ﬁ?ry Fle & PrOgHiPE8YBEIGFecause

each address_has.,a di ent entry in their
. G Tinedr 3ddedss {(I %mcar aﬁdressyZIO comprises a directory field 220, a table field 225,

v - -and an-offset field 230. The'base of'the page directory 235 is contained in control register =~ 47

‘CR3 240. The directory entry 220 of linear address 210 provides an offset to the value -
containcd in control register CR3 240. The page directory contains a page table base
~15- pointer 245, Table field 225 provides an offset that is combined with page table base
| pointer 245 to identify the base of the page that contains the physical address 255. Offset.
- {\’) ficld 230 is combined with the page-table entry to identify the physical address 255.
F1G. 3 illustrates a shortcoming associated with performing cache look-ups with
only a partial main memorj address. A processor (not shown) generates linear addresses
.20 304 and 306 in respornse 107'-load-instmctions LDO and LD1. 305 and 307 illustrate the
portion of each address that is used to perform a cache léok‘-Up. While 305 and 307
éppcar to be identical, they are only a portion of 304 and 306 respectively. 304 and 306
| map {o two different physica-l addresses because each adc_lréss hasa dl;ffcrcnt entry in their
respective d'ireétory' fields (320 and 325) anci offset fields (330 and 335). An additional -

2




-respective directory fiel'ds (320 and 325) and offset fields (330Z2a8dAdB3006
An additional 2 2 9 AUG 2006 WD 03/033663 PCT/US03/117710 conplication is-
i ntroduced v@,ﬁq g“iﬁ in FIG 3, a processor supports concurrent execution

of multiple VA48 Thread 0 and Thread 1 can have differ eRCHUSHBE 19 or
the bases of their respective page directories (340 and 345). Thus, even
if 304 and 306 were the sane, they would map to two different physical
addr esses. SPMRCAIOTE StRdpRdOKhar 2STHE IORA\W NGSSSth euppatte nodaurentsexietutiont r at ed
by way of exanple, and not by way of limtation, in the figures of the
acconpanyi nef miultiplertiysadsn Thintad !0 dnidKihréadflasanhae: differnlatuck Eicthe bises bMhkar

elements. 10 Figure | is a diagramof a prior art cache menory array.
Figure 2 i sre?ecmw,s.%puua&mﬁés!(gm Bief 340, PhusTBRRAIIND42ank 1306 Her@Bd SRS, zﬁ% a
"~ physical address igure 3 is a conceptual illustration of two si'm[ar

tags that %l&ﬂ]a- \’t\@t\%3iff@1%§ﬂéhygg:§%§ecjd%kesaddr esses. .15 Figure 4Ais a

di agram of one enbodi nent nNenory array using a context
identificer. Figure 4B is a conceptual illustration of one enbodi nent of a
context “identifier. Figure 5is a sinplified block di agram of one

- enbodi nent C ext identifier enerator and rel ated control _ '
circuitry. i TIQNLORTHEDRA of one enbodi ment of a cache

0
menory system Figure 7 is a block diagramof one enbodi nent of a cache
menory system The invention is illustrated by way of example, and not by way of limitation, in the

figures of the accompanying drawings in which like reference numerals refer to similar
{J elements.
10 Figure 1.is a diagram of a prior art cache memory amay.

Figure 2 is a conceptual illustration of mapping a linear address to a physical

ML B -addresg. L RE

Figure 3 is a conceptual il!us&alion of two similar tags that map to two different

physical addresses.

15 Figure 4A is a diagram of one embodiment.of a cache memory array using a
context identifier. -
_ 5J : : Figure 4B is a conceptual illustration of one embodiment of 2 context identifier.

Figure 5 is a simplified block diagram of one embodiment of a context identifier

generator and related coﬁtrol circuitry. .

L 20 - Figure 6 is a block diagram of one embodiment of a cache memory system.

Figure 7 is a block diagram of one embodiment of a cache memory system.




'3 21, 9 AUG 2006 WD 03/033663 PCT/ 1JS03/ 117710 DETAI LED DESCRI PTI ON Use of
.a context identifier in cache menory is described herein. In theﬁBIAUWZﬁQG_
descri ption,, Hﬂﬁ%ﬁ?k‘s specific details arc provided in order _to FFZovi de a
t horough 5 Understandi ng of enbodi nents of the invention. Gel/8RPHEE in

the relevant art will recognize, however, that the invention can be

practiced without one or nore of the specific details, or with other

nmet hods, conponents, materials, etc. In other instances, well-known
.Structures, _materials, or operations are not shown or described in detail

to avoid O%EMML&W the invention. 10 Reference throughout this.

specification to "one enbodi nent” or "an enbodi nent"” neans that a

particul ar featUsenf agioniest idemtifiarnin cavhe actety Sidescrided herehe dnithie folewmgt i on

with the -enbodinent is included in at |east one enbodi ment.of the present

i nvent i on. dekbrigRicnMumapRAPEEINE A8taflt arlchRovddidas 8fder dprovige gMRAGHgRENt " Or "in
an enbodi nent" in various places throughout this specification are not

necessar i 'u}hdééstanﬁ-ﬁg%ff%ﬁadimn&%:%%%n%m.o hmped ihnd &E%JAS{ il et he

particul ar feature structures, or characteristics may be cO d in any
menory syst I ndex

sui tabl e er._i,n._one aor r.e_enbodi nents., Cach

cache I|i nerrg&\%\“{zﬁ' lg’“f%% ?’Ehﬂ%f"méeth’ﬂéﬂ}ng%a‘ft@g@wé Prloge gt "‘coéfg‘.’fe tﬁg PreSiessor
gener at esﬁjtghe Iine&g{gﬁddress during a nenory transfer operation. A portion
of the I|ife&isfIantatherancthpdsacorapanents. maeriala gl doetheyinstaseeshwelldorwap.
Many 20 Intel @processors provide a nechanism to ensure that an apparent
mat ch- bet wWEBefures,saateiias, or aperniéers anhuotahovayoi deseritiedur demt! ehavolhobscomehani sm
bsycalled the hit/mss determnator. The hit/mss determ nator operates in
é al | el \agpebtstdfehcdaedmtioh.ook- up process of cache nenory. The hit/m ss
determ nator converts a |linear address associated with an issued

10 Reference throughout this specification to “one embodiment” or “an embodiment”

means that a particular feature, structure, or charactenistic described in connection with the

appearances of the phrases “in one embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring to thersamc embodiment.

15 Furthemmore, the particular features, structures, or characteristics may be combined m any
suitable manner in one or more embodiments,

: (\) : Cache memory systems index cache lines with a portion of h linear address called a
tag. A processor generates the lincar address during a memory transfer operation. A
portion of the linear address is compared witﬁ the tags during a cache look-up. Many

20 Intel® processors provide a mechanism. to ensure that an apparent match between a partial

: 'addresé and a tag is-a true match. This mechanism is called the hit/miss determinator, The -
hit/miss determinator operates in parailel with 1he. cache look—ﬁp process of cache
memory. The hit/miss determinator converts a linear address associated with an issued -

instruction to the corresponding physical address and compares that physical address with

4

. -embodiment s included in-at least one:embodiment-ofithe-present invention:« This; the: -7 o w2 v oo




qinsttuction to the correspondi ng physi cal ‘address and conpar es th?g AUP %qas
physi cal address with 4 2 9 AUG 2006 WD 03/083663 PCT/ U503/ 07710 the tu

addr ess assQgi ith the tag that matches the partial |inear address.
The hit/m g@@é‘{%&ﬁ\rﬁ nator is nuch slower than cache menoryPEEEEEEET 0t nust
translate |inear addresses into physical addresses and because it perforns
conpari sons 06 conplete addresses. |f the hit/mss determ nator detects
that cache!l Afdigsasppcited wih shes tag hat matshesdhe partialdwerreasidsess.hBhani st akes
.made by cache nenory. The process of detecting and responding to errors
“ 1 nt r oduced hig{miss des¢reanater is much sioaxchthamembe ynerany HegosdempseasRey linear
performance. FIG 4A illustrates one enbodi nent of a cache nenory array
i ncor por at ddresses nanjlepsical atidrdsidsizad bedaasdiepErRImE Yomparibnd Ofcdnifittedes a -
nunber of cache lines 410. Each 10 cache |line 410 I ncludes context

| dent | {1 er addigssed A0uddihmRYdedARabl Bk calliRembAANE phddiCe i1 NC! Udes

context identifier 415A and tag 450A. Simlarly, cac ncl udes

cont oxt™ | iaichy i BorretHRe AN A9 880 coetbiferitnly ThERbotroR R ROl
correspond_t o tags 450A .and 45(?5. In figures 15 4A and 4B, |inear
addr esses PRI 1R SHPERIrodHER }'P&ﬂgﬁ ‘f‘%"l} 1" G36he MEBOWFRAN clsBRads ProcerseRt i fi ers -

can be used to distinguish between simlar |inear addresses. Context

i dent i fi erRETENBaRESt Q part of 'a linear address, however, and are generated
separately fromthe |linear addresses. Cache nenory systens inpl enented
according to tHdGpAAcHusrtes candmbbdiorahefl a dacikmersrylyrag Gigoaidritthgen parti al
Iéiagear address generated by a processor (not shown) with 20 each tag 420 in

ot e cauananon o leissRashee L antn g s, o
-above,jpa NatRdWim$t10 includes context identifier 405, tag 420, and data block 430. Thus, cache
line 440A includes context identifier 415A and tag 450A. Similarly, cache line 440B
woincludesicontext identifier-415B.and tag-450B. -:’I’..WQ::different‘-’th‘rea‘d-s---ge‘nérlatédf‘cdﬁte‘x’tsﬁ-- A R Y
identifiers 415A and 415B.
Linear addresses 470A and 470B correspond to tags 450A and 450B. In figures

15 4A and 4B, linear addresses contain context identifiers to illustrate how context identifiers

can be used to distinguish between similar linear addresses. Context identifiers are not

part of 2 linear address, however, and are generated separately from the linear addresses.
Cache rﬁcmory systems impﬁljem'e'nt.ed according to the prior art conduct cache
. O look-ups by comparing a pattial linear address generated by a processor (not sﬁo@) with
.20 ) each tag ‘420 in-cache array 400. If the processor generated a partial linear address of 123,
then that address would match both tag 450A and tag 450B. As stated above, a hit/miss
_ detgnn-inator ultimately-determines which cache line, if either, matches the main memory .

address generated by the processor. Prior art systems incur a performance penalty when




‘determ nator ultimtely determ nes which cache line, if either, magheyi Izgﬂs
.main nmenory address generated by the processor. Prior art systems I ncur
perfornance 89.%85{! when 5 2 9 AUG 2006 WD 03/083663 PCT/ USQ3/ 07710 the
hit/mss determ na manages and corrects fal se matches befﬁyé’ﬁ"‘é%ﬂ’rtlal .

| inear address and a tag 420. FIG 4B illustrates the use of context

i dentifier edu the fre enc of a f t bet ween a.parti al

| i near addrqgsgl SB?-Fe‘fg FrEaiRy ggggqls éL‘H %“E@@gé}%m ‘I‘.P‘H@éﬁ‘ egr
._.addresses 47 and 470B are assom ated with cache |ines 440A and 440B of

FIG 4A ag§ enerat ed by a processor in response to an issued

I nstructi on Address 475 includes context identifier 480 and parti al
| i near address 486. 4Rilpusirates thetuscaldoatext glabtifidnatoredwte tid fréqueney dfadl false mat ch
bet ween 475 and 470B because partial |inear address 485 matches tag 450B.
I n one enbashtciedtwedanpRi! lind@idtifes€erdd by (RO PRVESS dildtaha € 977, eXiheakO
i dentifier 415B. Al so, in one enbodinent partial |inear address 485 is

conpar egl Wallre$s2047040 QR 470M Sre &%&Qf&d%dhﬁ%ﬂfmﬂ?ne‘éwhb%gf? adddr fd. ahse mat ch

bet ween 475 and 470B because cont ext does. not nmafch
context id |l lustrates one enho n of
2 page. i solf %%%?’”5 S el By aps%gssewofaf%ﬁ%to BSOS CietioRa ADOFER 7S
controls the nmen‘iﬂ'rl [_ c i d ﬁtlfl rs. 15 PNMH 500 includes
context i dHilY f’& I AL e 1"@ PE'ESHJS ress §85.c friviox art cadgimighter
nultlplexer 530 and inverter 540. In one enbodi nent, context identifier
gener at'or Bavg idepified atfelse maishdetvieen B7Hand4 T0Briesause pamtiaklingad adtgess 484
currently executing thread. In alternate enbodi nents of the invention,

t ext i dmatchés tep 45@B.enadrerentbbdingeimeboaleRSidentifien a8y is complred wiikidonmRt € t han
one bit. Conparator 520 conpares the addresses of the bases of 20 the page

directiari ememsRy 47y8! Who! [ idbolRtentp&ialBiiRa 4ddRGs 285 R cBFBERESAM "N @

di fferent
450B. Thus, cache array 400 will not find a false match between 475 and 470B because

«:: contextidentifier 480-does not-match-context-identifier 415B.. -.:c o oms o e 1 es -

FIG. 5 illustrates one embodiment of a portion 5_{ a page miss handler (PMH). In
one embodiment, PMH 500 generates and controls the assignment of context identifiers.
15 PMH 500 includes context identifier generator 510, comparator 520, context identifier
multipiexer 530, and inverter 540. In one embodiment, context identifier generator 510
- {) | generates a one bit binary number corresponding to a-currently executing thread. In
~alternate cmbodiments of the invention, context identifier generator 510 generates a binary
_' - number with more than one bit. Comparator 520 compares the addresses of the bases of .-
20 the page. directd;i‘cs used by two threads that are executing on a processor.” In a different
embodiment, th_e context identifier comprises two or more bits.
According to one embod_imcnt, PMH 500 determines whether or not the same -
context ider_xtiﬁ.er is assigned 1o the ins_nﬁ_etions of two different threads. Fof the .

cmb'odiment shown in FIG. S, PMH 500 assigns a first context identifier to a first thread ~ -

.




‘enbodi ment, the context identifier conprises two or nore bits. Ac@B8dAU§ 2086
.one enbodi rrent PWVH 500 determ nes whether or not the sane context

i dentifier 0%%%&??‘1 to the instructions of two different threads. For
the enbodi mant shown in FIG 5, PVH 500 assigns a first coRCEUSHEHEI T er
to a first thread 6 2 9 AUG 2006 WD 03/033663 PCT/ US03/ 1177111 t hat

execut es or}httheeegrtoces or. For rrgg_g if.Thread O is the first thread to
execute on thacprocds SPTOCFT'fBr pgoéf 1IF» ifrdread Qiigthe Grsh thraasrte sgeartasor ont ext
.--identifier.,K The context identifier is not required to match the thread
nunber . Thule Preeessat thy pragessiveay2sign® exThreadBistcoftertriderttifier. t Tiercontext 0. 1 n
al ternate enbodi nents of the invention, a processor executes 5 nore than
two t hr eadddetifienistnotitaguired toamaltclcthe tiendd iudetdri They, Thebd OB Hab@lll cOfiexbi t
are used. |If a second thread begins to execute on the processor (e.g.

Thread 1), idRMHABOES eithet LoD, nBﬁalMﬁﬁiMbddﬁn&ﬁ§bﬂﬂe iRentdash é&%&ésgi‘fx Bﬁtﬁé he

second thread a different context identifier than was assigne

i nstrucsi oRgor@thah e AtteMs drlinstricRRs §ﬁ$+cﬁ1t&? ?c[eﬂili_ﬁérg Tngrcdé%r}a{;]r%d:'-[ z{r{? g(sjecfl 0 are

usi ng t he sane pages In rral n nmenory en-rP
r to the . instructions_of the two threads

assign the sane t|f|

because a fal seHCmat cﬁ} S%m%l %“’éﬁc%aﬂ theyproressor &gy Bwsad L), PMIES0Q kel y
vvhenthel near. addy e SIS kno to-the sane. page as the . tag.
_Conpar at of %‘?B ‘c'f‘e‘f’é‘?‘ g 8s ﬁm@ﬁtrq%hoéﬁaf@eamndﬂhﬁ%iaioﬂlffer&nbcqnsaxng t he
same pages, in _main nmenory by conparing the bases of the page directories
‘used by t hidcptiféerihanouapsassigaed tb tiringautionsofiTHFeadeh dt i pateble shanThidag 0s ame

d ress as the base for their respective page directories, nultiplexer 530

| sel ecandtFreembinreaniigahd santtgagésfih eiait flembby. 6@, lth@Sit istdcsﬁa%k@t%t ed for
Thread 0. Conversely, if conparator 520 indicdtes that Thread O and Thread

|| ar elnOtastiph B dafife HABRL AEAHIIRS fo thelnstIGidiA DO heGvo ulEdds bBATS, Friget or i oS

mul ti pl exer
match between a tag and a linear address is less likely when the linear address is known to

Thread 1 are using the same pages in main memory by comparing the bases of the page
dircctories used by the two threads. .
IS If Thread 0 and Thread 1 are using the same address as the base for their respective
_ page d‘irecrtorics, multiplexer 530 will select the same context idcntiﬁcf for Thread 1 as it
O -~ selected for Thread 0. Conversely, if comparator 520 indicates that Thread 0 and Thread 1
are not using the same address for the bases of their page directories, multiplexer 530 -
selects -thc output of inverter 540 as the context identifier for Thread 1. Determining
20 whethet two thréad-s share the same context identifier can be implemented in a different
manner. For example, in an embodiment of the invention, the operating system
determines whether two thregds share the same context identifier and explicitly tells the
- processor the correct context identifier to associate with a thréad. In yet another - .
embodiment of the invention, a predictor that studies the rner;l.ory access patterns of the -

7

»vsi Tnap;to-the same:page as the tag.-Comparator 520-dctermines whether Thréad 0:and: -+~ bt tsing




‘sel'ects the output of inverter 540 as the context identifier for Tgr i@g &@5
Determ ning 20 whet her two threads share the sane context identifz r nés
inmplemented in a different manner. For exanple, in an enbodinment.of the

i nvention, MWRU¥FEEting system determ nes whether two thrBEHESEHET® t he
sanme context identifier and explicitly tells the processor the correct
context identifier to associate wwth a thread. In yet another enbodi nent
of the i nv8neddspredictp thediontest idertifier. sAoctirding thenenemmdiment, cgassr pay imstmet of
the 7 2 3 AUG 2006 WO 03/033663 PCT/ US03107710 t hreads predicts the

" tontext i dBHM S0@ta albAegsettichthe kamondue o ael imRRictions ¢fIR6 difidterit Mkididr to PHM
500 to always select the sane value for the instructions of two different

threads oralivays %l&@hﬁiﬁ'@r&ﬁ%m@xﬂhéﬁt%ﬁ0£1u€?c{}t:ﬁ‘e%sthfiﬁ% c{ﬁr@ﬁ dr@drdgy for the
instructions of two different threads. Al so, sonme enbodi nents make use of

addi ti onal L e fl | . he. f B.the base.di.rector to
determ ne \ %F 'e#ls?)ﬁgﬁﬁ%gﬁg%gﬂ%ﬁg&gﬁ% %éoggggmg%a t°8>??{'aib85é% Siqg“f %‘%&reﬁsﬁf
alternate enbodi rent of the i.nventjon, re.than two threads are _present in
the proc e“f‘gg?s.e dfspory, '@ ARG RE AT Treads Q]&@éhaf@m%htd%ﬁ%e
processor, the context identifiers are extended to an encoding schene that
allows for n dilraliearte eehpdinent of theinvention.gnere thas twp Hiredds @tk prosspeistdn of

ordinary skill in the art will see that when an n bit 10 context identifier
i s used, tHiesesiont Fonrwepbabment wherdme tirexisard preseheingheiproveyort, thatcoatexi ngl e
bit is placed in the cache. Al so, a person of ordinary skill in the art

Wil see tiliaitifieedrp@kiendedio Bh brco@itio@¥herh @A AIfokRI(Sr 4 SifRARNGRAG ' can be-
me in nearly the same way as conparing two single bit context

: ntifiergant; LaBat S QR t | pl reads Uses a
pool of urllﬁgsnélﬁﬁlisggtgg%t)extl dl gateﬂérlgtﬁ %@gsﬂ%r%"lyntt'?geps(lfh!:%g(z%‘lggv hl%f'gnﬁgbde tabl e
t he page tabl e base

soed B orRupke B 3Sedec E sl oied fh et a e Same wly BT il

bit is placed in the cache. Also, a person of ordinary skill in the art will see that

R f?-"{i*c'dr?ﬁp‘iiin”’:frii‘g’?-‘r’il'-'ﬁ‘iftfftfﬁiite"x{-‘?-'iﬂéhtiﬁ’é‘rﬁ*tb'iha'cﬁé’dt«hi:‘riéﬁh‘-rb‘""é*dﬁﬁé"iﬁ tiearly the samieway as = Fx

. comparing two s-iﬁglc bit context identifiers.

- An cmbodiment of the invention with multiple threads uses a pool of unused
15 -context identifiers. Whena thfead changes its page table base (CR3), it compares the new
value to the value of the page table base used by other active threads or any valid page

L) o table base of a context identifier in the pool. If there is a match, it takes the value of the
| context id;ntiﬁcr of the thread that produced the match.” If there is not a match with

| another active thread, it takes an unused context identifier from the pool. Context -

20 identifiers are returned to the unused pool when either a thread chanées- its page base
value, or the last line of cache with a given context identifier is deallocated. The latter
arrangement allows a thread to Hit on data that a previous thread brought in. A perSon of
ordinary skiil in the art will see that many schemes for predicting the value of a context

idcntiﬁer for a thread can be used.




tabl e base of a context identifier in the pool. If there is a match bh 0ne
takes the value of the context identifier of the thread that proc?uge {:h%
match. "1 tRe, {)ﬁsfldéﬁﬁm a match with another active thread, it ta an
unused cont ex tifier fromthe pool. Context 20 |dent|ff’€T’§’5'éﬁ“E"“’
returned to the unused pool when either a thread changes its page base

val ue, or the | e of c glven context .identifie
deal | ocat ed. Thgﬁba t’l ratﬁ??é‘??g???é’h? caphe FE0RY PYSIeERR VIS %‘fctn‘?i‘ﬁ‘c[?a't‘écrt hat a
__previous thread bro in. A person of ordinary skill in the art will see
t hat many ?ré%ayf 15?'@@I¢chaf>’i*ﬁgllﬁeh60§/aﬁ%¢é catheding$Ab includes dsontefti er fora
thread can be used. 3 2 9 Aug 2006 WD 03/1133643 PCT/US113/0771(1 FIG 6
i || ust r at eddentifienéil 04, artem6 OR; lied adam bjock 0@ Chehtiangy 81€ rdoapled koerhe f i er .
Cache array 610 includes cache lines 605. Each cache |ine 605 includes a
context i denolicr 620.6CEMAe canttdlter 616 Bontithcdesd & te Bhiachnt8theLin LRROGTAY I AY
610 is coupled to cache controller 620. Cache controller 620 controls
access §0 khg data contained in cache array 5 610. Cache controller 620 is
coupled to hit/mss deternmnator 670 and corrpar at ors 675 and 680. The

operation of hi S erghnat or ara 75 and 680

di scussed bel owtd:’l co%ﬁgggﬁt?gg '%Wlegé% éﬂ"iﬁ "6"2“? qr %851@?‘5@’35‘8“ éJ§630 as

wel | as 685.. AGQJ 63Q generates |inear addresses for issued

st r et  ofd ?ﬁfﬂafhceoaawlen B iRl pros 29 14 SCumRIatoT G 26eh BB R

I nstructions). In one enbodi ment, conparator 680 is coupled to AND gate

685 and PMiseussed balaswghn onglembodiment, ®5pararivid?$ isCcouplodtaiGd) 6ihasrved!l dsogi ¢

%ng to, determ ne which context identifier is assigned -to .which issued
tru

ct i oANDAgate685. cA G630z ehymics finkar atifivesseaioe tkshad iaﬁtrﬂcﬁah@!ﬂaﬂ-r%ﬂrc a
instruction (LD) 660. LD

10 memory transfer (e.g., LOAD and STORE instructions). In one embodiment, comparator

680 is coupled to AND gate 685 and PMH 640 through multiplexer 650. PMH 640

oo ccontains:controldegic used:to.determine which: context identifieris-assigned-to:which: v s

issued instmétion. :
‘A read cycle is typically initiated by an issued LOAD instruction (LD) 660. LD
15 660 is sent to PMH 640 .and AGU 630. PMH 640 determines, among other things, which
thread is the source of LD 660. PMH 640 assigns a context identifier to LD 660 based, in

part, on which thread |s the source of LD 660. PMH 640 issues a context identifier

associated with LD 660 to comparator 680 through multiplexer 650. Similarly, AGU 630
issues a partial linear address to cqmparalor_675f.‘

20 - Comparators 675 and 680.use the partial lincar address and LD 660°s context

|  identifier to determine whether cache array 610 contains the information that LD 660- -
requires. If cache -arraj'f 610 contains the required information a cache hit results. If cache

array 610 does not contain the required information a cache miss results.




15 '660 is sent to PVH 640 and AGU 630. PVH 640 determ nes, anong ot her:
“.things, which thread is the source of LD 660. PMH 640 assigns a@:@nﬁg&tzﬁﬁﬁ
identifier {4 9809 based, in part, on which thread is the source of LD
660. PVH 640 |ssues a context identifier associated with LEBEEHGI0
conparator 680 through nultiplexer 650. Simlarly, AGQUJ 630 issues a

partial |inear ad to co a ator Conparators 675 and 680. use
the partial i ng‘a‘% d(Pfr S K gfceﬂﬁﬁg%fonﬁa@@rﬁqnqug}dcw@ﬁ?délﬂaér m ne

~-Whet her cache arégy g;LO cont ai ns the information that LD 660 requires. If
‘cache ar r alP2Ehes LHRORI srontaxk identifierand 2 tagrtbatmeatehn the remtish nedreddressul ts. |
cache array 610 does not containthe required informati on a cache m ss
resul ts. 9CUTeSPAYBRWIIB S6MOCOBHOBREHET SRGTI6BBOorApr® the tag fidll aAd trcdoateRi t
requires that a particular cache line contain a context identifier that

mat ches LDide@ffier fetthd Boath catbpting weth 10860 £t it B £BParttaDBrdaar ti 2l
| i near address corresponding to LD 660. Conparators 675 and 680 conpare

the tag f IzﬁidEEsélnﬂcé&]ﬁm@%‘%ﬁé&mbécﬁﬁgﬁt' {h'el%raré és‘éjnglagéoggﬂpﬂ gﬁ?nxgrcl dr0ga et h LD

660' s context identifier and partial Iinear ccording o one

enmbodi ment rator ere re che | i so t hat
conpar i sonhsnetg:gﬁh%(ta%d-ﬁ %ﬁﬁoHPa sl gdgﬁg %%?%FB?“@%@P&? fs‘%]es‘?aﬁ ‘F N&ache
line cont al s a COP F)&t lgent i,fier_ and t hat nat ches LD 660" s cont ext
i denti fi er"and garriAt! ef‘ déd‘lﬁr‘@%%ma@ﬁéﬁ' geantexs glentifignrad padiatache
hit. The possibjlity exists, however, that the cache hit is based on a

fal se mat dHeHAdEIESS tbmwpazaétr E7signadsmeackshionThe postibilippetisterhosfeved 660" s
wress with each tag in cache array 610A. Hit/m ss determ nator 670

ects wiie ercaahehit Isebakid ori 5 falesetcipbecause@bmpariir 615 cothbirkd 6§ a
determ nator receives the fill linear address of he location in main nenory

from 10whipeichRfEBCEREILAITES wath dab IdpUR LARRLARGE AR According to one
enbodi nent, hit/mss :
Hit/miss determinator 670 detects whether a cache hit is based on a false match.

-~ -Hit/miss ;-dCicﬁnin?tol’"t?QG.cisMES-‘lthc.:i'f_lﬂ_!'::}-l‘inﬁ'.ariiﬁddl’&SS‘-ﬁfii{B’ilCatiﬂn~"iﬂ mainmemory from. s n s e
which LD 660 -re.qu&i.rf:s an instruction/operand. AcCofdiﬁng to onc embodiment, hit/miss
determinator 670 translates the linear address conveyed to it by the AGU to a physical

I5  address. Hit/miss determinator 670 determines the physical address corresponding to the
tag matching LD 660’s partial linear ad;dress. Hit/miss determinator 670 compares both
- o , complete physical addresses to determine whether the cache hit is based on a false match. -
- FIG. 7iillustrates a write to cache memory using a context identifier. Cache array
| 710 incl_t_zdes a-number of cache lines 705. Each cache line 705 includes a context
20 identifier 710A, a tag 710B, and a data block 710C. Cache array 710 is coupled to cache
controlier 720. Céche controller 720 performs a number of functions including
determining into which cache line a block of data will be.writt_en. Cache controller 720 is

‘coupled to AGU 730 and PMH 740 through mulitplexer750.

10




~‘determnator 670 translates the |inear address conveyed to it by the AGQU to
.a physical 15 address. Hit/m ss determ nator 670 deternines the g@/ o el

addr ess corrﬁﬁﬁ?&g_%@g to the tag matching LD 660's partial |ine
Hit/mss determnator 670 conpares both conplete physical BAHUS&EEt 0

determ ne whether the cache hit is based on a false match. FIG 7
illustrates a wite fo cache g_em)régusing a context identifier..Cache array

710 includes a ROHBLISEICHORIRA if serbEOm s presssser {aetishownrte P Tihandides a
.context 20 jdentifier 710A, a tag 710B, and a data bl ock 710C. Cache array
" 710 is coupteld 73® hrnsembodimensi AGH 730@enatatchelinanbddtisevhen2Buakr f or s a

nunber of functions including determ ning into which cache line a block of

data will lestvetidnt%60.reqidrs e noamndry alahsfer, #a0U 730 isc@uplaRyl phe® o B podBssang PVH

740 through nulitplexer750. 10 2 : AUG 2006 WO 03/ 1185663 PCT/ US03/ 077 tt)

I ssued i nskexetiibDébrd. 66 dtherse@mbodihil ALY BOIEASSAEral 740
and AGU 730. In one enbo?jri mer?t, AGU 730 genérat e??‘?qﬁngg%ﬁe@swdsmen

i ssued si NghbMGhen ' _ - AGY 730 is generally
part of the pr ocegtéglrzﬁ-gﬂ(g%&ﬁaﬁ%oaﬁ[%%@a?'ﬁ&%p %Jen?'ﬁgf?bag]igjit%‘fﬂng"%‘gﬂa%o may
generate a Lcal addres I.n gne 5, epbodi ...PVMH 740 generates at
Penet o BHERBRmyRREEF Zh0, B alleE e aimers: PO aresy ssmicsonmmper

mul ti pl exer,. 750. In ot her enbodi nents, PWVH 740 may generate any nunber - of

J _
context | d&fonterkidentifiersrite cycle is typically initiated by an issued
store instruction (ST) (e.g., ST 760). ST 760 is sent to PVH 740 and AGU

730. PMH 740 deh &ttt exsde istymitaltytinigiattd by an iSuddators dnstraetion (S3Y (e[@0ST PMH 740
‘W ther determ nes which context identifier to assign to ST 760. According

one ente8).n$NTG0 B¥ehtAd PMET40 hiERGUPTHOS PATH 9RO WalchRies @Eﬁh the¥dNs SHARED,
and ADAPTIVE... If PVH 740 is operating in the-COFF node, then PHM

10 the sourcc of ST 760. PMH 740 further determines which context identifier to assign to

ST 760. According to one embodiment, PMH 740 has three modes of operation: OFF,

740 may write the same value for each context identifier. A cache line is shared by the
instructions of two. or more threads if the threads have the same context identifier as the

15  context identifier stored in the cache line,

| When operating in the NON-SHARED mode, PMH 740 may assign a context

' O o tdentificr that is particular to the thread that contains the issued instruction. In one
embodiment, the ADAPTIVE mode allows PMH 740 to dynamically detemiﬁe whether
to assign the same or different context idcntiﬁcfs for instructions originating from.' |

20 di f‘fcrcm threads. In one embodiment, if the threads share the same address for the base of

their page dircctories; then PMH 740 dynamically assigns the same context identifier for
the instructions contained in the threads. If not, in an em_bo.dimént, then PMH 740
dynqmically assigns different context identifiers to the instmctioné contained in the

: threads..

1

o NON.SHARED; and ADAPTIVE.. If PMH 740 is-operating in:the:OFF miode; then PHNE - v




‘740 may wite the same value for each context identifier. A cachi g Ee i s
Shared by the instructions of two or nore threads if the thread a6t 2086

same cont exg&e&z{gw fier as the 15 context identifier stored in the cache
li ne. Wen P9 in the NON-SHARED npde, PMH 740 nmy asBEHHSEHAEHH: ext
Identifier that is particul ar to the thread that contains the issued

I nstruction. In_one di nept. the ADAPTI VE node allows PWVH 740 to
~dynani cal | y detéffﬂ%féﬂ PRt PMfB’f“é)s%qH&ﬁIerﬁ Mdicthsrrihe spmpRiEr is i pulte Bgaded
.identifiers for instructions originating from20 different threads. In one
" enbodi ment modg apdhwhetheepaingisgnsledeheadeermitdnewhethenrto thrize thasemetontextei r
page directories; then PVMH 740 dynam cally assigns the sanme context _

i dent i fi er ideotifiertthetheristtruetidnsafawe diffeaén deledds. ARG ntb&ast % ritdra niBibe Usad an
enbodi ment, then PVMH 740 dynam cally assigns different context identifiers

to the i NSty dsdtomsthe Qﬁhﬁlofﬂﬁ@orhtgxttlcllh“f’ltlf'%h'hﬁqg §s|\s/#n3:d fo ah iS4 7BBct A0
03/ 083663 PCT/ US03/07710 I n one enbodi ment, consi ders whether the

comput [ ) r her in s.enahl.ed when

oror m i nourtrHe bab U BARTH; o JRARANY WIS ISl h R Ak GHRY R

I nstructions ,of E\A@ di fferent Preads gl%/ of criteria may be used

to deter m WERQGE 8T plapGrVERInn elisironie system, q"i“i? ”Ph'?ﬁcqnéa"&géﬂw Tan

i ssued |nstr ctign. 5 Further, the context identifier generator and rel ated

control | cBMEACYNHl be | ocated in a number of places within an el ectronic

system and need not be contained in the PMH or simlar unit. r PVH 740

sends a cont extPMHeH0i sends a eqmpexd plenafier appriopGdte T&EB T 6(ctachchexantroitdri720, 720,

_ mough mul ti pl exer 750. AGQU 730 generates a |inear address correspondi ng
the naithrougl mweimever|750 AU 730zeNBIaER a BhedORAreS & eshdhaRizb etahia.  ACU

730 provides cache
10 . memory location to which ST 760A secks to store data. AGU 730 provides cache

controller 720 and hit/miss determinator 770 with the linear address corresponding to ST

.-‘.;-760..:'1Cache.co.ntfcl-i_c-r_ 720 applies a cache line replacement policy to defermine-which: . = s

cache line will be used to store data for ST 760, Cache line replacerﬁcnt policies are well
known in the art (see e.g., Handy, Jim; The Cache Memory Book; Academic Press, 1998
15 for a more detailed description of cache line replacement policics).
After selecting an appropriate cache line, cache con’trol.ler 720 writes the context
s O identifier to the contgxt identifier field 780A of the selected cache line 780. Cache
7 ~ controller 720 writes a portion of ST 760's finear address to the tag field 780B of cache
line 780._ In one embodiment, the tag comprises bits 23 to 12 of a 32 bit linear address.
20 There are inany'combinations of address bits that may be used for the tag. The cache
controller writes the data associated with ST 760 into data block field 780C of selected *
cache line 786.
Cache management ca_ri be controlled by instructions from an eléctronically :
- a{:ces.s_i-b-lc medium, which may be ..used to program a computer {(or other e_lectfonic

12




controller 720 and hit/m ss detetmnator 770 with the |inear address
corresponding to ST 760. Cache controller 720 applies a cache Ilm@ A;jg 2008
‘repl acenent policy to determ ne which cache line will be used to'store - ..
data for STW@@3%&Bhe |'i ne repl acenent policies are well koowsodgr7iehe art
(see e.g., Handy, Jim The Cache Menory Book; Academic Press, 1998 15 for
a nore detailed description of cache line replacenent policies). After
sel'ecti ng aleviags) topericae macdse dscribed ipadheThOGAEERINIRIY 253 le hREid fay
_context identifier to the context identifier field 780A of the sel ect ed

- ctache |ine infdhlie. st rigl r near
I ne indhile, B2 GE1Rot 1A S| ﬂ@byﬁ%ﬁetﬂs 6&&3[@1:&8 CDQ(UIQIfs nb%] et maﬁlclal

address to the tag field 780B cache |ne .- I'n'one e t he

conbi nat 1 ong s O A, EROMCpRRR bl §%? R et od g ™
troll t dat th ST 760 ini bl.ock f.ield
780C of - sePlet W8S ok Efia? R ataia il e SOOIy

instructi m f rom an, el ectronicall é@ accessi bl e nedium which may be used
Cto pr ogi TR treastpustiony may alse tdowrlpasded pp a gomputaBOREOBPrOOL031( 133663
PCTI US03/ 117710 devices) to performa process described herein. The

- el ect r oni cehtrgindbe progiapt mapnbd itransferend frome irerdete cbmputestoraneqidsting €sinpider

fl oppy diskettes, optical disks, CD ROVMs, magneto-optical disks, ROV,

RAMS, EPWwaﬁm@ualmﬁmwm aQRfrice adavs oF 6ther fropiphtisTENedMm Wi a Ot her
type of nedia / machine-readabl e medi um suitable for storing electronic

I nstruct i OfgnmuhiSHoROMEE (e 4. C\ﬁ b@e?ﬁB ﬁé‘%& éB%Xeé#oﬁP be downl oaded as a

(oot e conputert 0.2 1 8 dies by uy of dat 8 srgnal & enbod od
ina carr rgr vva'I;/ a(?lov% (SPP ?%g%@&??%?@eﬂmcﬁ'ﬂ?‘#&?ﬁ'c ’Eb?ﬂﬁ'ﬁﬂq%%‘?t igicadeq nk
(e.g. 0% 18 eengx afusaw? g; \tAcPIrnﬁltCth ?n%(é;[utllo%nto the precise forms disclosed. While specific
embodiments of, and examples for, the invention are described herein for illustrative
- purposes, various equivalerit modifications are possible within the scope of thé invenition,
as those skilled in the relevant art will fecognizc.
These modifications can be made to the invention in light of the above detailed
15 description. The terms used in thc:'foll'o'w-ing claims should not be construed to-]i.mit the
invention to the spéciﬁc embodiments disclosed in the specification and the claims.

. O _- Rather, the scope of the invention is to be delermined entirely by the following claims,

which are to be construed in accordance with established doctrines of claim interpretation.

20
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The above description of illustrated enbodi nents .of the invention is not
intended 10 to be exhaustive or to limt the invention to the precise
forms disclosed. Wile specific enbodinents of, and exanples for, the

invention are described herein for illustrative purposes; various
equi val ent nodifications are possible within the scope of the invention,
as those skilled in the relevant art will recognize. These nDd|f5&%t|ons

can be nmade to the invention in |light of the above det ai | € AUg%

descrlptlgﬁ Jhe terms used in the follow ng clainms should not be construed
tolimt invention to the specific enbodinents disclosed in the
specification and the clains. 0 Rather, the scope of the invention is to be
determ ned entirely by the foll ow ng clains, which are to be construed in
accordance. w t Amegibatdmpskiegl doctrines of claiminterpretation. 20 13 29
August 2006 Cdains 1. A nethod conprising: conparing an address of a base
of a page di re%ﬁy‘glﬂé‘ﬂdrﬁv oha pyseof a papesertany ¥8d Ane Fstdfarde® af a base of a
page direc a seco ead, to dete ddress of the
bage of 1 AsY gl e Bhaves TERY e Scteptiub i bl iig the SR oG8 css o
the base Qésefohﬁe pa?gg%.re&w&gae meﬁéﬁﬂrepcymgms%%a@smﬁ@%qse Aanigggi ng a
context identifier to both the first thread and the second thread if the
address difecibhaistbisahedecériaanrpage directory used by the first thread matches
the address of the base of the 10 page directory used by the second

t hread; and as@ﬁigfrihmfgcoafedtiitﬂefnéfleembomhﬂfé%ﬂhréaﬂi@d ihiziseqond threah d thejaddresst hr ead
and the second t t he base of the page dlrectory

used by t Fdgharep "aerﬂag%e«rea‘aewﬁgtev %@r&tﬁhrf%ﬂ%@a? e 205955 of RE bE e ¢ he
page ¢ r el QtieRrde Yy hdSecsGhRIRGy; LRG ead.

assigning a different context identifier to the first thread and the second thread if the
address of the base of the page directory used by the first thread does not match the address of

the base of the page directory used by the second thread.

15 2 The method of claim 1 further comprising:
storing the address of the base of the page directory of the first thread in a first register;
storing the address of the base of the page directory of the second thread in a second
register;
reading the first register to determine the address of the base of a page directory of the
20 first thread; and
| reading the second register to determine the address of the base of the page directory of

the second thread.

3. The method of claim 2 wherein the first register and the second register are the same

25  register.

4, The method of claim 1 wherein the same context identifier is assigned to the first thread

and the second thread.

14




15 2. The method of claim 1l further conprising: storing the address of the
base of the page directory of the first thread in a first register;

storing the address of the base of the page directory of the second thread
in a second register; reading the first register to determ ne the address
of the base of a page directory of the 20 first thread; and reading the
second register to determ ne the address of the base of tﬁ& pﬁ&g %irectory
of the second thread. 3. The nethod of claim 2 wherein tHe P é?opegister
and the second register are the sane 25 register. 4. The nethod of claim|l
wherein the sanme context identifier is assigned to the first thread and

the secong t hreRGhethbd it WhsleinZtHerenPeontRi8dditcNRAsined lahdBrd tbRr €i N a

different context identifier is assigned to the first thread and the
second t hareldik sebor@ thréedl. appar at us conpri si ng: an address generating unit
(AGQJ) to generate addresses in response to an instruction issued by a
processor; a cache to store a plurality of cache |ines, each of the
pIuranty6of q@che Ignes i.ncluding at |east a context identifier, a tag,
and a data bl ofIEPPTRE" EOM'ERY i dentifier to identify one of a plurality 10

of _concur r ent | 4 %e&Ueh&ir M EAGR) thfonbrE@SharBNl8s £ MBIy iRauRbed to the

AGU and coupled to the cache to conpare an address portion generated by
t he AGU wikdulad Baspro@ksdrhe tags in each of the plurality of cache lines; a
control unit to generate two or nore context identifiers and to sel ect one
of the two or acache to store a plurality of cache lines, each of the plurality of cache lines including at
least é context identifier, a tag, and a data block, the context identifier to identify one of a plurality
10 of concurrently executing threads;
at feast one comparator coupled to the AGU and coupled to the cache to compare an
address portion generated by the AGU with each of the tags in each of the plurality of cache lines;
a control unit to generate two or more context identifiers and to select one of the two or
more contextridentifiers;
15 at least one comparator coupled to the contro! unit and coupled to the cache to compare
the context identifier selected by the control unit with each of the context identifiers in each of the
plurality of the cache lines;
a first register to store an address of a base of a page directory associated with a first
thread of executing computer instructions;
20 a second register to store an address of a base of a page directory associated with a
second thread of executing computer instructions;
an other comparator coupled to the first register and the sécond register o compare the
value stored in the frst register with the value stored in the second register;
a context identifier generator to generate at least two context identifiers; and

25 a multipiexer coupled to the context identifier generator and the comparator to sefect one

of the at least two context identifiers.

15




nore context identifiers; 15 at |east one conparator coupled to the control
unit and coupled to the cache to conpare the context identifier selected
by the control unit with each of the context identifiers in each of the
plurality of the cache lines; a first register to store an address of a
base of a page directory associated with a first thread of executing
conputer instructions; 20 a second register to store an aqgQ%g%tﬂhﬁa base
of a page directory associated with a second thread of execuﬁlng conput er
i nstructions; an other conparator coupled to the first register and the
second register to conpare the value stored in the frst register with the
val ue stored i ThetdpparseceReint @@ghsdier ; a context identifier generator to
generate at |east two context identifiers; and 25 a nultiplexer coupled to
t he context i deamifiplexer igéarsteatafirstapniext Wentifienifize addees tfthedebeditheqage of t he
at least two context identifiers. 15 29 August 2006 7. The apparatus of

cl ai m 6 wWHEFBNASSCRIEd wilh e fistiipd plexpqytingompyterinstrictions rayiehies e apdesst i fier i f
t he addre Of Al spciated with the first
thr ead of Taragt T Ak BB w e B M AR AR Rl ("¢ e
base of tihgrpmge odéirectory associated wth the second thread of executing
conputer instructions; and the nultiplexer is to select a second context
identifier if thdwultpkeds ® skctdrecdasentof idbfter ifitg@idoss efdiedraye sfdisoci at ed
with the first thread of executing conputer instructions does not match

t he addr &8¢ gfecionespregiedyrith thedirsh kgrad af peetiog SPmpYisHIEsRIEoHS dRes Rotpichs ec ond

th d of i 10 ter, inst ti 8. A ticl I Si
e O ARSI A SRR I B B SSp 511 2

10 computer instructions.

8. An article comprising a machine readable medium storing information representing a
processor, the processor comprising:

a cache memory to store a plurality of cache lines, each cache line having an associated

15  tag and an associated context identifier, the context identifier to identify one of a plurality of

concurrently executing threads; and

comparison logic to compare a request tag and a request context identifier to said
associated tag and said associated context identifier for each one of said plurality of cache lines,
wherein in a first mode, said associated context identifier comprises a thread identifier, and

20  wherein in a second mode, said associated context identifier is a predicted context identifier.

_ 9. The article comprising a machine readable medium storing information representing a
‘processor of claim 8 wherein in said second mode, said predicted context identifier is determined,

ét least in part, by comparing a base of a.page directory used by a first thread with a base of a

23  page directory used by a second thread, to determine if the base of the page directory used by

the first thread matches the base of the page directory used by the second thread.
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processor, the processor conprising: a cache nenory to store a plurality of
cache lines, each cache line having an associated 15 tag and an associ at ed
context identifier, the context identifier to identify one of a plurality
of concurrently executing threads; and conparison |logic to conpare a
request tag and a request context identifier to said associated tag and
sai d associ ated context identifier for each one of said pl U%|&§¥mﬁf cache
lines, wherein in a first node, said associated context i‘'dentifier :
.conprises a thread identifier, and 20 wherein in a second node, said

associ ated context identifier is a predicted context identifier. 9. The
article coopri Hen@icR OMERINGS niRABSRLEDIEFHAIM Sdring InfPmatioh RpRBENLARa
representing a processor of claim8 wherein in said second node, said

pr edi ct edrreenst@xt cldind @nwiiefdiresaid comgerisen lvpinésdo geratatd afatsignalenigdratcontty conpar i ng
a base of a page directory used by a first thread with a base of a 25 page
di r ect or y'IEEY MREAd BBIMPIPNCREY, to deternine if the base of the page
directory used by the first thread natches the base of the page directory
used by the second thread. 16 29 August 2006 10. The article conprising a
machi ne readabl e medi um storing information representing a processor of
claim8, wherein said conparison logic is to generate a hit signal only if
a context identifier match and a tag match occurs. 5 17
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