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W (57) Abstract: A cache (14) provides output bytes in response to a predicted way. Furthermore, a tag may be read from the predicted
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partial tag comparisons are used. If none of the partial tags match the corresponding partial tag portion of the input address, a miss
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20 Computer Architecture Conference Proceedings, Vol. 17, No. 3, June 1989,
Washington, US, R E Kessler et af entitled “Inexpensive Implementations of Set-
Associativity” discloses a partial compare approach in which a first read of the tag
array-reads partial tags from each of the stored tags, and compares the partial tags
with corresponding bits of the input address. In the case of a match, a second read of

25 the tag array reads the tag locations which matched in the partial tag comparison to
determine if a hit or miss occurred.

JP-A-07334423 discloses a processor including a cache having a cache way
predicting part. The way predicting part predicts which way is to be set up and only a
data storing part for a predicted way or preciicted tag storing part and data storing part
30 are driven. |
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20 via an index is referred to as “indexing”. Each way of the cache has one cache line '
storage location which is a member of the selected set (where a cache line is a number
of contiguous bytes treated as a unit for storage in the cache, and may typically be in
the range of 16-64 bytes, although any number of bytes may be defined to compose a -
cache line). The addresses associated with bytes stored in the ways of the selected set
25 are examined to determine if any of the addresses stored in the set match the
requested address. If a match is found, the access is said to be a “hit”, and the cache
provides the associated bytes. If a match is not found, the access is said to be a
“miss”. When a miss is detected, the bytes are transferred from the main memory
system into the cache. The addresses associated with bytes stored in the cache are also
30 ' stored. These stored addresses are referred to as “tags” or “tag addresses™.
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1gopsmorg net hod for accessing a set associative cache is desired. 5
* DI SCLOSURE OF | NVENTI ON The probl ems outlined above are in {arge paryS0021756
sol ved by a cache as disclosed herein. -The cache is coupled to receive an
i nput address and a correspondi ng way prediction. The cache provide UdWRﬂWM
bytes in response to the predicted way {bnstead of performng tag
conparisons to select the output bytes), and thus may Teduce access .
latency as conpared to performing the tag conparisons. Furthernore, a tag
.may be read fromthe 10 predicted way and only partial tags are read from

the. non predi ct ed\Sygrtioned abevey aicgcheolinssterdge bocatien fram ¢aoh Wagnf tief cdche

i nput addre nd; Il S.are conpared to a corresponding partia
tag porti onsi%?i @%@bﬁgjpﬁa%%}&g%&sgg Q‘? lsh%“?%&i TR FEesst Ffés?el%fﬁmﬁoﬁhﬁiséﬁ of
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provided in respoqse(tg the. predicted way are correct. If the tag does not
mat ch the t 3§YpBr iDLyt PROVIdingue wayrsslestion tai the cache: Ahe pwaylisekeetibrnay i S

detected. |fdeheha ' ' he, corfespondi partial tag
portion of {idh._e inp%% 1§ gg%;ge%%te&ags?né%gﬁﬁ)ﬁhtlﬁea g'gbcﬁ{es?stsasﬂ’é?ag&%"ﬁ@%?’ t he
ot her -hand, way schetiar isndeterminedt bye exemiting thé egs witia éda%nd%ahgsa)gﬁgghng
partial tag orti on%ﬂg %age i(ﬂ&utw?&gﬁr?gss, t he cache. searches The

cor r espondi ﬁ?ﬁ’ﬁ%&““t R 1ASF ARG Ee I addiessiot the i nput address hits or:
m'sses in the cagh® RSHEREM I CO Lsons,for the ways
in which a partial {gﬁa%f %xht i's d%%l{égc?g%eg !hae%}%s élgggr?é#e RN o
from t he noWapnedfagke providesome rvaghe liee storage dowation pet Hidpgy @k {o0theeadi ng
the fgphl t : i s. Advant ously, hoth access |atency
and 28bpoma@§gé%§%plns%?ﬁ§r?% %‘%&%ﬁ?ﬂ é’&ﬁé@ﬁ‘?u%ﬁgﬁ&?%?@; Hyythermeregsings ther t i al
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. ways to be sg&g@a@gn&gﬁ%&educed &;’a. . each way having a partia ag m ss
‘may not b " L) issysed ﬁ%?%%mewmﬁmﬂiais@tecﬂade cache
conpri ses qq&cgg@rm% control circuit coupled to the tag array. The
tag array is coupled to receive an index of a read address and a way T
sel ection, and conprises 25 a plurality of ways. The tag array is
configured to output a plurality of ‘partial tags, each of which is from one
of the plurality of ways. The control circuit is configured to generate a
search way sel ection identifying a search way responsive to the read
address mssing in a-first way of the plurality of ways of the tag array.
The first way is identified by the way selection. A first partial tag
fromthe search way matches a correspondi ng portion of the read address.
30 Additionally, a processor is contenplated. The processor conprises a°
line predictor configured to provide a way prediction responsive to a
fetch address, and an instruction cache coupled to receive the way

predi ction and the fetch address.. The instruction cache is set associative
and includes a tag array configured to output a plurality of partial tags
responsive to an index of the fetch address. The instruction cache is :
configured, responsive to the fetch address missing in a first way
identified by the way prediction, to search a second way of 35 the tag
array for which a corresponding partial tag of the pluralijty of partial
tags matches a corresponding portion of the fetch address. Still further,
a conputer systemis contenplated including the processor and an

i nput/output (1/0O device configured to comruni cate between the conputer
system and anot her conputer systemto which the 1/0 device is coupl abl e.
Moreover, a nethod is contenplated. A plurality of partial tags are read
froma cache responsive to a 40 fetch address. Wether or not the fetch
address hits in a predicted way of the cache is determ ned. A second way 2
14-d3-2002 US0021756 2 0 APR 2004 :
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30 Additionally, a processor is contemplated. The processor comprises a line predictor configured to
provide a way prediction responsive to a fetch address, and an instruction cache coupled to receive the way
_ prediction and the fetch address. The instruction cache is set associative and includes a tag array configured to
output a plurality of partial tags responsive to an index of the feich address. The instruction cache is configured,
responsive to the fetch address missing in a first way identified by the Way brediction, to search a second way of
35  the tag array for which a corresponding partial tag of the plurality of partial tags matches a corresponding portion
of the fetch address. Still further, a computer system is contemplated including the processor and an input/output
(I/O) device configured to communicate between the computer system and another computer system to which the
J/O device is couplable.
Moreover, a method is contemplated. A plurality of partial tags are read from a cache responsive to a
40  fetch address. Whether or not the fetch address hits in a predicted way of the cache is determined. A second way
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40  translated from a virtual address (e.g. a linear address in the x86 architecture) to a physical address during the
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35 : Upon completing the execution stage or stages, the particular ROR updates its assigned physical register
during the register file write stage. Finally, the particular ROP is retired after each previous ROP is retired (in the
retire stage). Again, one.or more clock cycles may elapse for a particular ROP between the register file write stage
and the retire stage. Furthermore, a particular ROP may be stalled at any stage due to pipeline stall conditions, as
is well known in the art.
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enpPoy brchprericiossanindgersirapch rget addseshicachesandiaretumkitask vi rt ual addr esses

bhyo! Cal addr oooes it t i chBARAE TARS 1) B ol Aol Lo AART bkt | ©
| I | C| | | > | | |
Bt e SRioD Fhs S Aot TPy B ocaoL Y foe S ey Siiat e AOESE B8Y 1y
be | i ndemateads: eywhse githirer cathe ting beolicdi4gy hadest tvdRGINE Ridefinir€Ponse6 tha ftch Audt&s 7
4-d3-2 - .20 L i

Q82 choke e HZLT By nd A B Coad ARE R0, nOPRAAL RO A U G,

addresses _genera rom oper ands of ructions.
set3Car @My igdt themumbenf jnsprectionhytes pravidedit wpep 2 fixtd mershor ofjttfefend afthelcgche Her whichgven ow

to Fi g.cofles fsthiosde ehbiihedi) e ix@ mBEI0 04 MBbeh Gfher cnfoiifiGisbhyivse SRR Rwmif f M

- znhedt - ner I he epbodi nent of Fig. 4, |-cache 14 includes a tag
arr ay ﬁ%@ﬁ%@ah%#@“ﬁ%@ acpess twp %ﬁmeﬁ'%wa@d'emyawwm& Tye
~  pl ur al idisqussién pdowt Wik rebpg} te Figsod-2 iy sefef Gé\a Al predicGa biit Ghay (e leRtdided ToSmul@iple

concurrent way predictions.

35 As used herein, an "address” is a value which identifies a byte within a memory system to which
processor 10 is couplable. A "fetch address" is an address used to fetch instruction bytes to be executed as
instructions within processor 10. As mentioned above, processor 10 may employ an address translation
mechanism in which virtual addresses (generated in response to the operands of instructions) are translated to
physical addresses (which physically identify locations in the memory system). In the x86 instruction set

40  architecture, virtual addresses may be linear addresses generated according to a segmentation mechanism
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‘Q %dé pl exor (rnux) 80, an address nux 82, and an address register 84. :
*Address.nux 82 and address register 84 are coupled to receive the cdédgo21756
fetch a rovided to |-cache 14, and address register 84 is furt

coupl edqg%&?zggr ess nmux 82. The output of address nux 82 is-coupled tzﬁt%ﬁ 2004
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recel ve a ?n A COBPEARY 74 ARl pastial éﬁgrfemw'm%zﬁéﬁﬁuarwut@l tigogit 78, a

](c:orrpar away mulfigleks (0o 50,06 address R BY, an@anﬂﬂcﬁ&ig SeRr YRYAJREBLY é?llgm 4 2R g%
romt r 0 vide an output signa cont -
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predl chxﬁiymﬂmﬂﬂ.dru&foﬁ T odinel sPRb on unit 18. contro
" ci rcw% Za?i %ﬁ?o recei ve thg‘@%&@gtg%%%%ro?ﬁsvﬁmmc ol gifenit
not od {25 e TRt B4 it counled 10 Teerive 2 gl cpusmbsigas] from contpl «(rmt 78 hRemnitigOtag
managecomiperater His fapled fo watiee pridik@al wap khaining 2EHRTAS fbR tagfera QQ)%

§f%res

t d d. T
m'ss esprm;x& MR Gsigadl A0 P{n%éﬁéﬁ@? 'I}dn %I‘ [} Cft%?‘@ﬂ a2 aergéhxi;(e?ﬁA gﬁlgg@tacg\;p% 19 peceive

th of the cache
‘%a g‘i’ﬁm patipl aps @ pa0K Tagh fwmgm.vz’nsmummm 16 pivide usms,e@fnpmsgtnwg. on

byt es.coifta) ciduit 7. ?ﬁwdmmﬁah%&bﬂ@:&&&ﬁdéa&ss’@%m{o gl%%p” se
0O-0ne corre

d RAM
bt wedhararaafERRaYo it itadnd e%g%ﬂkéwweammmwmm

| ocat |86‘?‘F§‘“P1h“¢trl§{ Gml wa?&xayouiiﬂd to hdotie Wlsawuaﬁ $rom whypEuxdD, 1§ ANed 4e gNd

i o ke P23 W R el o Sk 0 e th“Sgebﬁm
Gener arty y"‘¥° GHTrE EW%?W‘FW@‘W&%@%@ searching for a hit of a fetch

address -i ﬂ'aaWWOpwadmtw@dﬁm#wmemﬁ &xﬁu{iﬂﬁé&bj’c&hﬁ&&éﬁ&b&

cont r @sirfelideCarda 7 Qo€ tch address_ through aﬁgr ess n‘ux 82 .
and the 'dz’ﬁ‘g% gdl ct i %ﬁg&ar %ﬂ%ﬁ? ux 1& 2‘? Y1 pstrugting, agay JRemayefoe h

addr e SEIgl TENdeR agRsss rawnpmmwst oThszags 8 Oneaony cofBspaitnde HStWeHCia: ON.
ar r aystotge lddatians petag aredy|78rahd cachd Wie sl 8X0dd@nt iRt tich Afa ‘?2(:"}& rgg%:ﬁ I‘r‘hta]ddl’ eSS

i $s pr and, t he correspondi ng set |s sel
ot hg%régﬁgfeg“éwgt 2y i 195 yhe-F3gme qupber SF iR @Ekus hipyindsted by dheseme st of

acces@éy %MM&WV@WM ways are held idl e to conserve power (in

- 1/eSpONSe { Geckfty, Whfe k] okt 9B norSkibif o D dsured by anariay
i on

dur| a.rea is generally prop rtlon
accesseélnl %e p?%ﬁﬁ%'é‘f“&‘fc“ﬁ’f"cé sglpctsiihe cachy fe“thhéfhp%mughe@hmamdsz andmeduced
by i dmm@f’pmmrgm val nmheo aAécawnklb.ane cadne Rl balirQl RRIPMIRRIRGy FE6H d

t Ih dicted f t t
o oy 10 au G Bl 17, M ElicuR s b ron b B ChEASs xap'@rl%ac{ 'pc o

fro meF‘ﬁ‘saF?X:l &ad; thrrompspengling set isiselggtidg ﬁmmnomnn instiBtion aAdydvz, the pabityd way &g{crsétal
tag iisacteead afdrtRyn fehcﬁé@ f i ni ng :
g lisac oR-pfedi V/aﬂ ard R 1d3cr b erZ\% r%o@ﬁ-gmtﬁ%cﬁ o3 méx tﬁ’é‘g QS"ch om

port| on %r go g |s excl uded
the PrSre: R “Wé@ ’61"’"? P%?’efé“%éﬁﬁ?m@ibrm@omw t@&lptamaknt ofm@smaroe read

l'm

f r omatchssednies- the mohibet efdnm\/ayr:ytesp QhePowdRYnsiRd GPRIREY 6 %19 tyrtg adi ng
e Goup The conbi nation of art| a from
tﬂe r eduL’ @{"ﬁ' L\;\igay"ué% a{“g‘hg"r ’é°r‘rﬁ%iva § HeLyPyt (o theen gredited 893 o ISttieR ARENDED

SHEE 12WWbhe)ipstmgop bytes stored in the predicted way are output from instruction array 72 to alignment unit 16.
Additionally, a partial tag is read from each way of tag array 70, and the remaining tag (i.e. the portion of the tag
which is excluded from the partial tag) is read from the predicted way of tag array 70. Again, since only partial
tags are read from the non-predicted ways, power may be conserved as compared to reading the complete tag from

40 each way. The combination of the partial tag from the predicted way and the remaining tag from the predicted
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2 0 APR 2004 PCT/ USO0/ 21756 way conprises the tag fromthe predicted way.
Remei ni ng tag conparator 74 conpares the remaining tag fromthe pr ec} @d 0
way to a corre _ﬁondl ng portion of the fetch address. If the r enai n| 7(9
and corr ¥ g portion of the fetch address are equal FCHEWEHS6g tag

corrpara,tg gisegﬁé tﬁ%mitﬁe%ééa};%g%yésignal to control circwt 78. O herw se,

remainin conpar at or sserts its output signal to control
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al , 74tdess tolpht si QP Eigdudd 78, 7Shhilari(,[dach: téin 6A-361DIRG:
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subgequent AERANHAS taFBYmHRAE 74 th cofiip &&w%AEBDrc&feeﬂomfgtme
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conpar :ﬂaﬁ %*fgﬁ“@hﬁsfg@gﬁaglﬁ‘b@x g"‘tcﬁén:f’éte@%‘t Tatn the prediqred wax andithe cogqspandipg ¢
if eit hstrudhb:ebynee pnmdecng ibstraptioaa T Bdrodorrded. Ocrnubltvirczmal\s idbad hottasbelt ﬁomgﬂnaf 76A

76D 8§H§g? |,
contr gl circ agcgﬂ%et ec? c%%gln&c%wycog&q c&ﬁ%% ve&“hel o %tﬁlg O éﬁfxq‘pa
ot her mwmwW@emmmf@eymmgmm@M@mmqmm@wM@t hen the

fetgh. addrmwmauah@muﬂerlmeqaﬁmnglég a&@f‘ﬂ'&lﬂzé:%; i h%g’i';ﬁ“ﬁ%@?ﬁit?ﬁ?.eon

m ss si naI “;’@4[%% r nterface uni{ 46 to cause I
bytest P"%Sﬁé/@'f‘%g n°t|afs°‘attsP'§Bf§t“gPﬁlrep°H¥°lﬂ‘fe“t8§tdﬁﬁ:fsasi“ﬁha‘l‘gefrom
t hedot Ipexdicpd why. alf ndfk dfabe Wtﬁg@mﬁﬁweﬁﬁm) asae lifs otlp Bighal) tieh 3t fetch t he

t t rol . 7 ates eare
pre 'Caﬁcﬂas\é’?synh&ggxg&%% %04 & 1&’@%%& QELrh3 xtemaléuéarts asngl{S% t he

sel ection, provi the searc ron to-way n x
stal |l dh gmrqcnmbm&ﬁe&t@pi Cravezsely: @MW@IM“WM“ partial

gener atugdmpiitrs %-76&% mqﬁuma%ewcewa ﬁ%&&éd%&n@ol%t%@ﬁm%@ the

parti al % getthes t (e glgrres ndi ng portion of th etch address. Control
ci rcui tm‘?% b PeesEtion. Rrpiades W‘@%‘?'@(‘FPX’B\W‘ §0n3nd atyeits fhg ptalbEsoalde ling pepdicke
val ue i12 aadibttreh gredietifintéteh PBgenérktion ugtnsacmte &ﬁﬁh R sefedtion VRS R Wy for\adict e 25

access L r | t | det e in the gear ch
way ar pe??% fin cgg%go nne i;i(?srl&)% qwmeefftch q{%ﬁ% ook e e I MY a
hit is selethen:ﬂl@agh %w&om&emww@msamﬁéw sﬁmscxhuxwayTbaedesdmyns

whigh W&&bepaﬁmm%e&,&tﬁmlm%ms&w%%@%&%mlgmam%%ﬁﬁ' Y,
addr ess ré%% er 84 c turei the cache fetch address provided to |I-cache 14

each cl ey aceegy, ERogro FE%‘P‘@?E@%WW%&W%WH‘%’GHF%%?
whi ch, vmhmdxaﬁﬁqrdhtembhmm%rnddress register 84 to hoI dits 30 current

val ue. The t&gﬂlﬁog[&hfa&he Sega%ﬁe aJp;Ck S rou ’ﬂeﬂf‘ 8°¥fnd t he

circuit 78 is sefect e se
cont entioweyer, a@mﬁa@@s‘ﬁfe@i ingludes ﬁgwldtmwughcbauhhnesﬁstmu@addﬂm thmes84 trholdds |

t heof eteghentelite O Hof &hudnsagse&dld&utg taﬁcxpéyaek ift Whfh Woﬂcﬁaﬂﬁ@ BROLAR: B&hLh to
tag ar and the search selection is

rayééo .an struct I? .
provi d&& ‘E‘\RA% 3 B §00md a‘?fr‘*ﬁ?fes?(‘f’gé?ﬁﬂ ?H’é‘t“&‘h oy § 2y fBis | f
cont r olmaguer,ahei fetch/Bldebssewhichahisseld in e prahcm‘l tway B ﬁréaauaagmtm tmaﬁ;ay C®mdriffrudtio CUi t
78 gen n lCh a parti al
tag hi t;ﬁi%éﬁ eltﬁlg'g%gg} hasse%‘gtgmsg’eargdh*{évg'w’f’}"Jselt T ﬂ% Woapgmf%e F e r§t793earch
way may be tlfrf@ntr%mﬂﬁmwmlytmﬁpww gonrak direwil 78tsengrates additignaligparie t ed,

andst hevagdiRBIREMAY f&wcsbpmag bR derffed BRREALEG ed. b M@&h&%ﬂ R Leal - O-
way O is searched firs is._searched last, in nF)resent

enbodi YT PYst ™ T”"ly fefé?‘x‘fbht"i“i‘fﬁ&h‘fﬁ detected, ?“dtﬁﬁé“@?qa‘? seaTR S 3% t he
sear ch be @aferard 68 inchehsimpactlerof.gt W OVisysarched first, and way 3 is searched last, in the present

embodiment). Control circuit 78 continues to assert the stall signal as the search continues. If each of the ways
having partial tag hits have been searched for a hit and no hit has been detected, control circuit 78 asserts the miss
40  signal to external interface unit 46. Accordingly, the missing cache line may be fetched and stored into I-cache 14.
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1?@%%@%&“ al tag hits have been searched for a hit and no hit has been
control circuit 78 asserts the mss 40 signal to external 8800 1756
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i nst r uctlbmwibe rexsu&rmstrmnow bytks drcfprdvmbeffﬁxﬁ extéthal infdrREd Ak Q6. Uﬂ&&mﬁ@l
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I C

tead of h
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sear chcddsaschschbeﬁamy bﬁﬁ&memioeaﬁﬁw%hﬁﬂﬂé@%W§§t§)%£% than one

or nor, crib bo i s, further not ress f<82
and nux %%?Qﬁs,% i’—sci ax“%ﬁé physicaladdresspvided b ThB 6. 1aed the mux
to sel“@’Etfe‘%éFW&éPdtbéww@gpsﬂ%r 84, the phyS| cal address provided by

| 70B 60, amimndgaexmx 5fatideld MinflGd; edietor 12.. 20
19 next L __ %ﬂﬁocg é B?n&of onggéﬁ%%gﬁﬁ%ﬁ W&V
i Mmoo the ﬁﬁ%r&@%kﬁeaqu tAgs| dechdler 20
: gar t |d ﬁwgmi&gWXWammmmowmmﬂ xﬂachuaaw@lesﬁoagﬂgag 0
ecodeataydB fis@eh aQetloER BN\ B0 Siad array 7
= ¥ aktgh%ﬂ; 94 arrangegg;{pk’trys"'?&6t 8%“‘2

furthgr. | S (gf RAM cel 0 Sets "y set

96 is | ustra éf"%\@ 7 SERGY FSiede, Bhidenticad senfisuratia resiving differstihsgnals 6bm  nay
Id | udrsodsrs qod@d’ﬂzl- (Sai%omhfdmgunmmglﬁgsrcemsmgag afid Ha@d a&tceﬁg mahw,;};@d@
ecodghs. h@ep@e,ggm erral 98A 98D an

‘partia g’é g fgg&%@r mal n| n "é’a‘g B)"sﬁgé %ﬁl‘"‘* ér‘s yated fhat addifional o2

~and 4 "5'51&{' Y °% gdegé%g@atﬁﬁaglw !4 05#9\10@ ip gnyweriner shitableforrvet Bshciah@tRAM

- addi tdesigml circuitry nay be included to update tag array 70 (not shown) in

any manner for ive RAM designs. In a typical RAM
array a dlgcc%%)}ar ecomazé’é %e re%%ﬂ@%%k”%é@?%ﬂ“ﬁ‘d%’t"ﬂ‘ﬁn"d“'%lm\ﬂat es a
d the RaMicells within thg setFigeh RBAM csll isicotpiled tmmmhﬁaqhmmmﬁa},mbssg%@g@d to

a palbrar),anc O whidhittieFEAM ENBRRHA O i Ssfinbeid e it @;%rc? h'tfh%ﬂﬁﬂ & ﬁeﬁgﬁ%ﬁ*’[ fe

- h cel|l discharges in response to
ceI | on %‘éﬁAeé si"?‘d’ B, 5P RrRduce § Bingon grrgypr binayrpae foa pagh el lcdntﬁtgtme:dnsbmtbsoduce

a bi wiffeyentia w@tambebmahq/pab nﬁmfmés eaﬁbexﬂﬁhx}neht f&f P 5r259b ilhulirale ﬁ:ﬁ%ﬁ 3:3153%8]& he

di ff@éﬁgﬁdéﬁsl e B e ir of lines. In th I ment

t ag arra gt?lﬁ d) or eécéll c]elé, rg)geﬁ‘emcd by vertical lines coupling the cells to
one o senseamps 102 or 104. 'I‘hus, for each bxt in cells 98A, a pair of bit lines may be provided and coupled to
remaining tags senseamp 102. Similarly, for each bit in cells 98B, a pair of bit lines may be provided coupled to
remaining tags senseamp 102 (and similarly for cells 98C-98D). A pair of bit lines may be provided for each bit in
cells 100, coupled to partial tags senseamp 104. The cells 98A-98D and 100 in other sets (not shown in Fig. 5) are

coupled to the same sets of bit lines as the cells 98A-98D and 100, respectively.

40 Generally, partial tags cells 100 store the partial tags portion of each tag stored in set 96. For example, in
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98D and cells 100 are coupled to pairs of bits lines for each cell,
represented by vertical lines coupling the cells to 35 one of sense&%Ri’@ﬂi

or 104. each bit in cells 98A, a pair of bit lipes may be
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Turning now to Fig. 6, an exemplary fetch address 110 is shown illustrating the various portions of the
fetch address as they relate to I-cache 14. The most significant bits of the fetch address are to the left in Fig. 6,

40  and the least significant bits are to the right in Fig. 6. As shown in Fig. 6, fetch address 110 is divided into an

14



30 but may provide one renmaining tag senseanp 102 and col umm nmux as

descri bed above. In such and enbodi ment, each remaining tags cellszﬁﬁﬁﬁgﬁﬁ
in the selected set discharges its corresponding bit |ines, but the

of bit |VRMSPRsed is still linited and thus the power POIVESe0ed7dy t he

sensea Li i - Further i nmbodj ment whi ch provides for
a full ”tggégw%}aﬁl ,Z’a%lgg&?rgrrdég‘g ﬁaﬁﬁ%ﬁﬁ'o’(}g g‘g‘?“n’slgéﬁfﬁléd“?d@? inpoapprtigitas field dk8egd | n a
set. but arpaping e feld£30i vat e the partial tags senseanps and one of the
remai ni ng t agfe fpRids SARES 1ddRLES : LS. erforped.. Jt Js
noted t_g%tt t he p}i Stri but?on _of65@%*’%6{%?‘&%%%e%gssoggﬁ%%\ﬁﬁ&ﬁ[@iw&d‘%‘3 % for
conveni B @EeLodheaddiessed byferpithinghe instraction gackling.  Aqowtingky] thes numher df bitsphitmiotadk | v
. E rr aﬁ"lg efleld h12angepsidént Q#bh tﬂae hwed d6f @&QQ?%%& ﬂ&a&lﬁ hQ@SFolg %aﬁ%\g,'u? §ue el%'c[}dﬂ&e&g—c&ng to
ig. 6, r ress .is shown illustratin e Various
portion %@%fn% %gpé“fabé'%é éﬁcg% F gg’§“°§§n £ offet field 112 ip.the lgest &@gﬁcﬂqﬁéx bits of the
. signifieashplingi ts of the fetch address are to the left in Fig. 6, 40 and
the | east si gpihd i ; . right in Fig. 6. shown in Fig. 6,
fetch addr e_sglmallﬂ.}de‘)">G ?gﬁ éﬁv‘% e tiﬁ%{ng vygkr%ﬁ o e %ch“zmg“%bﬁgﬁtﬁé}eﬂm?ﬁ%Qﬁge
PCTI USOBRRodimens shomp.cipdex fiplg (134 qopprises, fhe laast eignificaw|bils oflfdich aidabssal 10 exglufivecdf dfrsed 6.
Tagldh i efiddd 1126 Forexfplplin'\6hekdthodifbA, 13adBA 14 i £l .2 enmini ng
3 O 1 28 ol Rnf w6 B Cxch SR

tag fie 0. The portion of fetch address orm

are t heéﬁygéém%sf E\“@?@ﬂ""aﬁ‘a’%g’? JH Bt iy e inflex comprises 90¥itf togprovigé for electipd df s s ed
byt e with@t=3$18k i nstruction cache line. Accordingly, the nunber of bits
within offs fs i nt, u t he. nupper . of tes within the
cache |jne. e’Iléagrﬁ‘él g;gﬁa & %Lg%rggngoggegcgia&rgéﬁ? ﬂp-eﬁc'{ﬂ’f%" ‘E‘Eﬁ‘rﬁf’l?}s{@s”ﬁ‘heﬂﬂiﬁﬁlte
cache |Tbl12Edas gkt h6camerispiottie prstinn of Ech 9ddres§ 116] which iDstiral iylieadhe a6 to uniquely

si nsi f | identity achohe fieliff ta@ bredy! Ve (and 2CGBERdal Themi ' ' des.the
bits m-heChCﬁre%{I nfht h&sﬁtﬁ@qg i rgdex to sedlslgsct!tle "tglg'g g%‘t@%ﬁfﬁ&?hgé%%ﬁ%%%n%e
enbodi mBnt. SROMS ° 7 me stred- Btheppesincs theindes salects diegetivithin heachetifithe of
fetch doitx ésSeherbatGn tx bkativh uki-cadhe 04 itariip the 143, Thddtste, bdmparifiPihe BX BIRN & to I agNE
enbodi Ngld.in the RGN Ei%enl in.a.fou set associatjve .
structure VI\?_%FFI&M bﬁgléen | néglﬁhé%}é%&%ﬁmé%&%}{?ﬁ& 3 bojog sjored in Lyache 44,65 1 he
i ndex AdPftisdeecte)-nits to provide for selection of a set (29 = 512). Tag
fiebd 116 canpialaetld NE iPard iR &idbdile Y2 t he_j ndex
fiel d.%égoraegcgwt he Offsetwh.g:[li eld 112 a n??gﬁgrﬁ%%fl%o%pﬁﬂlgg‘lg% Tgceﬂggéraﬁyon of
fetch addresd "P dGRmms FEBQ2rER, for 2 Bt fhe predictedyway sisgeseand is theportigmefithef y a
cache If¢tehendfiress pragjdasirte paytialtdg oapatatins 766768 foBmpadisihdo thbartial BE povids vy aifyf set
field 2m06fiRe . ] che. | | he of fset field 112 i's not
stored. Furt her rr%?%’?lgé&fﬁ%lgp%‘ﬁg@ﬁgh e%?%'é vésﬁsstg“ie‘ﬁﬁgﬁ%’{ﬁcwg i°ﬁm$-g%‘gﬁlﬁes"£‘iﬁ the
i ndex "Ry TpeEstms shititylocalily of sfasence’ ip Wifich)thedustrbvtions dre physically dpchtiabin agpry dehreadf Or €,

corpar iother, hdd@intedadhic @4 tpidall§ sbofds b Biodt A&ty SEQLE dachided & ; .
i denti {4 - et i toyt he fg?cgh adﬁr’%ggﬁgé%?%gl%?for ed

.cache |i.ne correspondi as
in - cagﬁ% v%fﬁ(nla ¥ be s&“&ﬁ?‘%ﬁm’lﬁs‘“ épg’é nt fiem the;feteh addrgss pye dhedeast signifiegnt bithoft he
i || ust thettagel Aserbrlyrtiese bitt dresefroted asole mftial tagficid BB 6o hdibasdiholkedRRd BlintiBg 4Rl I ay
70 for s@nbr WaYrelliBed Glye ikl I ORY, .search .for a hit if the, ,
predi cted way lrg sses,;grﬁ%&?lgre%ﬁ%{)rt I%#% e o g ATt 8&?%%47??5‘% to
parti aWY?F@W&W%“#&&%@W‘G@“@MM@M to the partial tags provided
by3@ag ar r aRemalfiog thaGield 190 is] in s ilfutafd AR B YortioR Bf thd |
conpri 3%75%#?%5@9&9&?&&%9%d i tse&f ta v field 116%%?%%%6E§a%%%gr ans
exhibit "local ity of feference %gﬂm*ﬂﬁ & Kt o Wan s detericd; 4t is thepertionnf & b y
| ocat e#fidress previdse (o remainingtag tpnParatot Hefor, compalisi 161 b rdmain@ Ry phébided By ldrlay 76.t OF €S
the MOREmdidGAHcM 186 CRBELHNE AMMEink bil SFaPheld 196 LG e Bk By slil? F160' 1S Of
The number of bits included in partial tag field 118 may be selected according to design choice.
35 Generally, the number of bits selected may be a tradeoff between the accuracy with which ways are eliminated or

included in the search and the amount of power conserved. The larger the number of bits included in the partial
tag, the more likely a way storing a non-matching tag will be eliminated from the search for a hit in a non-
predicted way, but the less power will be conserved. For example, in an embodiment having a four way set
associative cache, one third of the bits in tag field 116 may be allocated to partial tag field 118 while consuining
40  approximately half the power of a full tag réad (since one full tag three partial tags, each one third the size of the
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Control circuit 78 determines if the fetch address hits in the search way (decision block 160). For
example, control circuit 78 examines the output signals from remaining tag comparator 74 and the partial tag
comparator 76A-76D corresponding to the search way. If the fetch address hits in the search way, control circuit

40 78 transmits the updated way prediction to line predictor 12 (step 162), deasserts the stall signal (step 164), and
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external cache unit (not shown) may further be coupled to CPU bus 224 between processor 10 and bus bridge 202
in other embodiments. Alternatively, the external cache may be coupled to bus bridge 202 and cache control logic

40 for the external cache may be integrated into bus bridge 202. L2 cache 228 is further shown in a backside
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1%@;&@? one value, and the signal or bit may be defined as deasserted

- 18 _opposite logical value is conveyed. Conputer Systenms Turnild§002v756
to Fig. 10, a bl ock diagram of one enbodi nent of a conputer system 200 '
i ncl udimgqg7deTpr ocessor 10 coupled to a vari ety of system conponents 20 APR _ZU[M
t hr oug di metu am Pesr"' O 28-3
o=y e & bHARERE 1 SO i hn B Ry btmPPesat U nrared e
bri dge cmgq (Prgél?g horglot ﬁiawﬁrpyocbuw 1008 ¢vea intbgarted patp A beaicosdattbr sobstr@te wRPFodeSsor
coupl edpto ‘bus bridge 202 through an AGP bus 210. Finally, a plurality of
PCl devices.212A 212B are- coupled to bus bridge 202 through a PCl bus 214.
A secondary cappry 24 ds Dmemnomhip ‘T’%ﬁhtahﬂwa‘be Pmaw ere diored amiciommwiiclaprecessor 10

| 1 oot aximone gl DA

bus. 2258 *eBlly b O AIRA ISR e b“s e

interface t Bcn;@woaam-m areauusnmp bf Saray bﬁﬁeﬂﬁleral msve&a‘sa&eas ¥or exBHS1 e,%

202 4, h

ot | oA Sl vl SLB6En DGR RO G Rty i arivan i & ervenflons nm’uc.ss
r ecei VeumRPREGTstone Ingffageh edaptery pustclephomnects.e Sintilbrif USA dS@e BIS & Gus2Ride oibdzlﬁous
brlodgety;%%f defistiRtal dehRSs, ful¥fas t%o@&ﬁ,a%nnh %@K Q:Heg%fﬁﬁa ﬁq%%og%ar&s' c%harm%vn ce

%g;bcase of PCI bus 214, that e target 1s on sus: 2
br| dg e e operation to the targeted device. Bus bri dge 202

general | y tGrapwb abmu&mo&pep:aﬁ&sartofcbm tﬂa&eﬂé&{gmxtl&ﬁ@ fhnagas duhg dé{ihk’;}' 856.
devi c t ar get vice or bus

d
addi tio to oV %&ﬁg an |rYt e?"f ém?b% éﬁcef"?}ﬂ' ¥) VR &t thpest t)fsadey thiee-
“secondimepsioppkdaty sirgtgecs whish pampe =®§ﬂ¢lmblftetmmmdﬁqumah sendlyl 204l Gahics controller
f upct 208yl dk ,ascgg& ot e t her
y eYefo bef SFOAGPAMs 210RM e GLEhPA ;e%k g@ge g,l% \qg},fxs it

exter ol integrated with secondary bu

-incl u%“s ﬁﬂln 'g‘?n M%W?fyﬁ%vﬁd’@m’@ﬂﬂhmlw%w pit a
key boatuitval red dmtfsm 2@@ mui:ryf 204. VEari e@tisin Spdritidhs, Qﬂﬁhx&aéoairdue& 20%0ivhp furfér be
desi r gghs p,g@goh ) f. her., b ed to CPU
bus 224 ;:Q E&Ee(ﬁ)}gassor %&%%s%ﬁ&&%é?%@e %ggﬁpll&n ewgﬁg%ﬁ#r@ﬁ‘fé
Al t er HSE a!‘ eto Syapatt hoth AGECpratoral jrapsactions g5 wall qs@cswsuwn wrget 20 Anitixtor

C3@ he trgnsagtions | Displgy zzsaaaaﬁmec&dnic displa® upétl wiichCdl SmiER Yor Rt daawg,;@,@@ iaNbfpRUS

bri dggii‘g% .N.a side 17 AVENDED SHEET
14- 03 2 U TF3487 Igé'z?gys%%eé %&ﬁ%q‘%&]%%&l(@g%ﬁaﬁr ation to processor
10. 1t is Hétwetedihnswhilote AGRPGomd 5 onfdSA bysey bive béen uwedl py wempleon dkGpove -
i Nt egdeadripdbni auly buscarchitertuids nelgke shiRtiGited 8 dekirel. msﬁfheino@iméohxp 8o mk§  OF

even e sybstrate with processor 10 MRi n:
nemr%%gal S amggsr%“%gg& E‘ﬁmg |('§ag1p FoSA=B G&r o5 108 shosm ag.aa Apfiops o
Vi C HEOBPOER eEeampter sysenp%qohﬂ’mwyorém;ytbesmm tg pro¢esdot 1. Mtirepantizniatly, pRosksor
corrprwaeﬁywwm(c ENCAPSSpS ofRpREkas? A8 C emeesieTBY 1) bfwmééa’f@%& bridgd b @b Y. of

banks. Q@Aﬁa&% S DRA%‘Q \[Iﬁan? e suita
PCl 3% lﬁ? QH% b i3 %{P Py ﬁd“‘%?éf‘i"%f“y 19y¢F “HE‘?"E“?}H@?'%H“SE@\?F ces
such Mmml%%ammnﬂh%mmhsmnmmmmds vi deo accel erators, audio
cards, harﬂn&{g oW QAP B, Y, Some dnibEimSh g, Bufl LARE S QW};}@#
nputer oy g ms I nt erface) da ters. an ony car as rmTlarlty, TSA
vi CETPTEA e o Iny e eopbodimeyt o B 1. foﬂaw Dttemp &0 iptindesptevedapresessing such
as a nmslamA, auzsomd anamm) @ach paoceing Bédy istougkalidla ASSLetive e 36PL-IFDSHED as
GPl Bmemory controller 316A-316D included within each respective processing node 312A-312D. Additionally, -~ - -
processing nodes 312A-312D include interface Jogic used to communicate between the processing nodes 312A-
312D. For example, processing node 312A includes interface logic 318A for communicating with processing
35  node 312B, interface logic 318B for communicating with processing node 312C, and a third interface logic 318C

for communicating with yet another processing node (not shown). Similarly, processing node 312B includes
interface logic 318D, 318E, and 318F; processing node 312C includes interface logic 318G, 318H, and 318J; and
processing node 312D includes interface logic 318J, 318K, and 318L. Processing node 312D is conpled to
communicate with a plurality of input/output devices (e.g. devices 320A-320B in a daisy chain configuration) via

40  interface logic 318L. Other processing nodes may communicate with other I/O devices in a similar fashion.
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or field bus interface cards. G aphics controller 208 is provided to
control- tshe rendering of text and i nages on a display 226. Gaphl 29 APR 2004
controll y enmbody a typical graphics accelerator enera known in
the art ?‘g r%gnch? t hree- di mensional data structures whi cﬁj 'y
ef fectivel y Biocdstimpchoias t3¢2a3dDf implementi pncmmmmeﬁﬁ mt@b@éﬂhﬁg&m@@&hﬁﬂﬂl&ﬁgn 15
208 may 1f AEpELA St ACP bus 210 t. it can request and
receive accfésse to t%?’g%étﬁinlﬁﬁlst e%lfa%c%dvvl Jf %‘ffgt‘ l’&‘@‘é"'%@?"'ﬁ%"#ﬁ’ér"éﬁw
obt ai n H¥EBERAck ﬁ?mprpcmﬁoge 3134 to procdssiiz cta!t: 3UBgndipies 4B bote Bised coransmitadkers
rapid - fi6i fprociéding bl @ﬁBatopr& hdle BRI ?éas oL b 3b A %Q%Eegé} BQnsmlf

con e prot ocol

graphi cs trol I 208 ma her be I gured to generat
St ran%ac?"’fcﬁ‘% R&glﬁ‘ﬁfﬁ‘ S1B B %@WW%H &cuerdly. dochsetof lingg 824202 ivlnde cnbius

i ncl udeorf morcﬁatmmadsJ dng c&mommmnhesbﬁh&p&@gw m& Q&R ltinds) ﬁﬁ&ﬁ@'& RS cBRrolVBlel as
PCl pro t tlator 2Q. transacti ons. Dlsp 226 is any

- electr o%@g&b% spl% °f3’g OB g hé‘? opetied,a “p?aég"e‘i?f'%ﬂt faﬁ@%@f abl e

di spl aycoppEniration beiwesn momm oBip atmimehe@éhm@: for@otintitatibnbeyednal pr&bs&aé ay

("LCD") nod6tufd-an o deicd\@f @g.lstbhaée o Mctﬁ.tstopgo eé%:snale:gnstmc%on sulchSA the rPCE@ o €S

ed as exanples in th ove description “any bus “ar ures

h b
iy ?Ooeeg‘ﬁ)o Ls{:sf‘f“teﬂ?%% the Linkuay; be operatqd;in p Bonroghepqatfeshipn teing atdam-ct@mpuwbewm 200
may b edegicesLa hoMa.0 CEiS amagmmmu&efo t2)eh:Biflell A6t WAL RidceRGH doilPBako} BGPEROT S

(e.g. p S5 102 sho t|o al 25 conpgnent of conputer” System
200) . P'?‘%g s‘ggr“ %“Ygg’é‘ﬁ 1&?” # Backes ransmittefl hy Progessipg gefe P4 o

pr oc es s@peessing aodqﬁmeayanssnh‘m eited meqsipg adde pr2Bae @&%@ded%mc @5h6Wn xi@% may

be connﬁctp@ Qgﬁn nt bus hovvn Fi
10) gﬂgt?)elmcglﬁ buis 224 W t rocessor %%?f—m}*’f“ﬁresy HB?’%?SIIB@ 10a
15be o] %‘ﬁ‘gﬂfeisﬁg% iths sabodimen Bigdd sinmilar to L2 cache 228.

lﬁé%ng TR ey e o T
system %%O&[}] clou esg§lé€er gggglg?krf&“mﬁ?}d@mdm%i% 1m§12'@°’1’ﬁ'1‘$ﬂs B D,
Each prigduss sompepndipadietsifor mmupz Eaisaptipnsg probopeet for aiiaiig yachddbherchdy} Bdisponse

MENDry a6l &6k keSfon @g@gxdcg%%q;d wi thin each respective processing node
31 312D. Addl tiona g@(o)cesm ng nodes 312A-312D include interface
| odi’c _used tPc5 {Redditionjfea meneseosnifolier andinitesfacs ko2id, m:3 1R e dRopr

exanp| eporpproeessi rBjoadlkapeaﬁigA prﬁbedsﬁgl @6de| BinfHstsAH Fealt QR fro Warfd é %ptlonally
or

communi, cessin . hode 312B, interface |logic
commnllgcgl%d%%gwm'% ﬁong{rﬂgef:eog‘sxl’ i {18, Wil & Eemary, and otheg fogic ay 4??‘%111‘ 5‘6’@ Prgeplagly. 318 C

for comm@qdﬁél%i’tl@yﬂer compoitdpaocesordOe Estemny) imafice oAb nRl @idlades thSiiddrkaay | Y,

pr 0CeS 3bgiB18 AfiRn Bd Rdde, 2D FUILE 85 medn &;w&é}ﬁﬁ 16091 ¢ 318D, 318E, and 318F;
essi ng de .312C i ncl udes 1 nt erface ogi ¢ 3180, 318H, and 3181; and

essi ng NOHEH%PIHA-P D mpy cemprisg apy ﬂl&é&ﬂm@gfy@e@,@sﬁm SegKle, amrhofFBEA-314D
Pr oc es siag gonmisteons b2iore R AMBITS! FRAM(RDR AN, &ain&xsmﬁmsﬁkmgl ek RAM, etc.

i nput/ ces., OA 3208 [ ha| n
confi g‘g‘#&aﬁd{)e%%é\%a lﬁ’%‘?ﬁ%’f gé:e% 1ogiEe %3#@%‘313 SIS REIAdes3 124y
comuni3¢4R ’@*’*W"Lh!@e BEPFAgry mmsﬁ@vd@mm nln@h @drmsdsa:re nfapyeh kcowhich T8 mérds BIDEAL 18HEET 2

0 APR 2RD#endd® QiHHREERimE ok Uﬁ&@é@éﬁﬁmﬁ &Qﬁa%dr%%uﬁﬁ%é uleém enent
a %ck%%e t[)nabed i nk 11;or I Nt er-praocessi ng n| catron present
enbodi FEH b e SRRereCY, RYYE T2 Tor 3k 0P HULIS poyugutesysysian 90yictoe e comrqliersﬁl@t 9.

| i nes 3XYcogplel t the ahetmory sbnmm eonp@sﬂaefgso fhe megsr Qf BB & Iwols RO Eemdi2dnttoer

pr ocesg;mlggggqssg&%& are us to tr an m t ket f r om
processi ng node B to l“l“%esm ngmer%ﬁ"ec‘ﬁ eglp'afgﬂﬁilég
324H affe? ¢rehecrohesent faﬂ’nlf’slm enryrQutioliers 316A¢t3LER mamdmwnsqmontmksmmg fdrcmieﬁcm@to

||| ust mminads BIuAS1GD. Whdiibaany brdhnbef cof B S1EASRID ok itudd %é,g&?guehﬁ%rg;g%m ne

re.data |ines, one or nmore clock lines correéspondi
O;
I [ nes and’ 0ne™dr nore control |ines
Generally, interface logic 318A-318L may comprise a variety of buffers for receiving packets from the

link and for buffering packets to be transmitted upon the link. Computer system 300 may employ any suitable
flow control mechanism for transmitiing packets. For example, in one embodiment, each interface logic 318
stores a count of the number of each type of buffer within the receiver at the other end of the link to which that
40  interface logic is connected. The interface logic does not transmit a packet unless the receiving interface logic has
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i-pdicatd ng the type of packet being conveyed. The |link nay be operated in a
fh%ggﬁgﬁ%%berent fashion for communication between processing.nodes &IS0eR 1756

noncoherent fashion for conmuni cati on between a processing node a“%ﬂ?ﬂPRZ%t
. 1/0 deysaepler a bus bridge to an 1/0 bus of conventional const ruction

such ag [ SA 10 hus the Iink may be operated
ina non c%ﬁggéﬁ re ckethAﬁg fHg" Bglﬂg?rs'@%"ccﬁé W“@?F@é‘?‘ﬁfﬂé‘”ﬁ‘ét‘%@ﬁ”‘l‘ﬁ @nterface
devi celpgigdransmitom. mdsaagq o thoteding ledrface Jogic ke indicgle Bat the dEFRThES Bén e SR8 ,
procesgaggmggggbgngQQEQQ& RASS £Hough one or nore internediate

» et

nodes. For exa ransm ted by processing node 312A to
processi ng H@d’é"‘@ié@ B yaay e it wvitejile O dewiges. pFap esmplenHO dedes 32(2!83203 may

Pr GCesRmnE toRER ifdBe @dsS M hclelrald audi Chm
may be(#ﬁ g%her eﬂgodlnents -of égﬁpdfé?“2@??%#@%§%h§€§8¥%% %%%33 15
or fewd gp %dﬁ@h@ﬁ%mﬁmrﬁoﬂdgﬂd&@d Gemtyadfl Y,
t he padataab@usﬂiﬁg’cahﬁmichmtotﬁddﬁﬁmﬁiﬂﬁc&irdﬂme bit times on the lines 324
bet ween no.:_h \, DI A (»ptstny>or falllng edoe of the clock

G ons : packets frontrespondlng‘to.probes anduconnands 20
ProceSS|ng nodes 312A 312D, in addition to a nenory controller and '
interface logic, may include one or nore processors. Broadly speaking, a

processi ng node cdnprises at ____gggggg@ggg@ggzﬁnd may optionally .
i nclude a onthllg 6% communi cating with a nenory and ot her Ioglc
as desired. re pam%y RN, SP8 'ﬂgfﬁf%’s?ﬂZA 312D may conpri se
processor 10.. External |ntertace unit 46 may i ncludes the interface 1ogic
318 within the node; as well as the nenory controller 316. 25 Menories 314A
314D may conprise any suitable nenory devices. For exanple, a nenory 314A
314D nmy conprise one or nore RAMBUS DRAMs ( RDRAMs), synchronous DRAMs
(SDRAMB), static RAM etc. The address space of conputer system 300 is
-di vided anong nenories 314A 314D. Each processi ng node 312A - 312D may
include a menory map used to deternmine which addresses are mapped to which
menories 314A 314D, and hence to which processing node 312A 312D a nenory
request for a particul ar address should be routed. In 30 one enbodiment,

t he coherency point for an address within conputer system 300 is the nmenory
controller 316A 316D coupled to the nmenory storing bytes corresponding to
the address. In other words, the nenory controller 316A 316D is
responsi ble for ensuring that each nenory access to the correspondi ng
menory 314A 314D occurs in a cache coherent fashion. Menory controllers
316A 316D may conprise control circuitry for interfacing to nenories 314A

- 314D. Additionally, nenory controllers 316A 316D nmay i nclude request queues
for queuing 35 nmenory requests. Generally, interface |ogic 318A 318L may
conprise a variety of buffers for receiving packets framthe |ink and for

.buffering packets to be transmtted upon the fink. Cbnputer system 300 nay
enpl oy any suitable flow control nechanismfor transmtting packets. For
exanpl e, in one enbodi nent, each interface logic 318 stores a count of the
nunber of each type of buffer within the receiver at the other end of the
link to which that 40 interface logic is connected. The i nterface | ogi c
does not transmt a packet unless the receiving interface |ogic has 19
14-03-2002 -= a US0021756 2 0 APR.2004 TT3487-PCT
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~.a free buffer to store the packet. Asa receiving,byffer is freed by ZloARR 290

14084002 onward, the receiving interface | ogi cg%‘? gntpage nessage to the
sending interface logic to indicate that the buffer _has been freed. USGOR1E56
mechani sm may be referred to as a "coupon-based" s’ygtﬁcﬂﬂ 280ko devi ces g
320A-320B may be any suitable 1/0 devices. For exanple, UO .devices
320A- 32013 may. 5 include network interface cards, video accel erators,
audi o cards, hard or floppy disk drives or drive controllers, SCSI (Small
Conput er Systens Interface) adapters and tel ephony cards, nodens, sound

cards, and%ty'of data acquisition cards such as GPIB or field bus
interface —=2 AN WUmuff r.;aumPC ntawfGea to W ad 10 Kati and

| NDUSTRI AL APPLI CABI LI TY This invention nmaybe applicable to processors and
conput er systenms. 20 AMENDED SHEET 2 0 APR 2004 714-03-2002 Repl acenent

page US0021k56 Ammstsamgo@ﬁel\&bhécomﬁgmg way set associative cache

conprising: a tag array ((0) coupled to°rec |:ve an i ndex of an address and
a way sel ecti on,agtaaﬁmdo)ygmledagmmm(ﬁ&km&%&;ﬁgyg&l' of
ways, snd %gma%%d%&%g 7' 70) js.configured to outp a st full
tag from a’g%)r.st way 1 de tff?@%ﬁ’#@a‘%&%?ﬁ%&i@d%@mﬁwgm ~.
circuit (78JY)cs wohfighred to @iuthit 40 fint 1 in said.contral circuit
(78) is coggl' ured to generate a seﬂk%ms%%nl B'éﬁﬁdlo%f ﬁﬂdét"@ear-ch'
way 10 of “sai rality .of ways responsive to said address Pl of m ssing
is afirst way @fcop@bldcirday f_sai ag.array (70) as determ ned by a
- _conpari son _of _ s(%i;gsf ilrjgt uﬂéﬁ ?‘%’é’h‘%ni? g%‘?cfa%m&p);cmtaaid samirdln t hat
sai-d tag afeat (@ dopfigwred itg geadtatetn Siakdhiva ﬁﬂéd% lir fV-~Qf partial-tags,
- eachjof s&&fh%t of parti-al tags_excly;1 I ng gt%ggﬁ?r?'g&aﬁit .
"~ included in a : #mm%os%ﬂjad@wmyﬁ&) firstWhy\bEEAI N each
" of said plpluralityt of valys pRdid A5 A ds, 0 ong of said plurality
of ways; and s(@%gl cont rol ggr cui t(?gg&?tg&@%%%gﬁwgé’ﬁ%t@ﬁéﬁd _
sear ch way&#¥ d agldress; pherasterisedbindhati ve to a first partial tag from said
" search way nat gy i spaondin ortion of said address, and wherein a
second full, ta%&%%@n@l?ﬂ#@%‘i SHiSh pplurabitysefapartialviags, aach 6o npar ed
to said a 844 ebuality of paxtiahtage cibludiig a8 ldaSt Ghe'tab bitnGRu I%eaaﬁ!ﬁwlas%fed
- lfj t.by-sa]d-fagarray (70), and wherein each of said plurality of partial tags corresponds to
o one of said plurality of ways; and - ,
N said control _‘|rcmt' (78) is configured to generate said search way sélecﬁon
: 'Wmspomvetoampmﬁgmmmmhwaymﬁchingacorrespoﬂdmg' :
20 .WMnof@dMM,andwherehlasecondﬁzntagisaleequenﬂyrcadﬁomsaid
: search way and compared to said address to determine if there is a hit in said search
way. .

. 2 A cache as claimed in claim 1, further comprising a multiplexor (80) coupled

~ to receive an input way prediction and said search way selecﬁon; wherein said
25 multiplexor (80) is configured fo select between said input way prediction and said
search way selection and is coupled to provide said way selection to said tag array
(?f)), and wherein said control circuit (78) is coupled to provide a selection control to
said multiplexor (80) and is configured to cause a selection of said input way
prediction responsive to said contro] circuit (78) not generating said search way
selection, and wherein said control circuit (78) is configured to cause a selection of
said search way selection responsive to generating said search way selection.

30
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2. A cache as clained in claim1, further conprising a multiplexor Olg
1@-@3{;2@2 to receive an input way prediction anﬁ‘eﬁbcemsmtmagh way selég\ Péﬂﬂﬂl;
wherein said 25 nultlplexor (80) is configured to sel ect between sa

way prediction and said search way selection anti9 APRJ0B ed to provide
said way selection to said tag array (70), and wherein said control
circuit (78) is coupled to provide a selection control to said nultiplexor
(80) and I's configured to cause a selection of said-input way prediction

~_responsive to said control circuit (78) mot generating said search way 30

sel ection, and wherein said control circuit (78) is configured to cause a
sel ection of said search way sel ection responsive to generating sai d

search way el ecAicache RIcHMENFERLSHHEG; REYRGRARAS HSge 00APR
.2004 2 756 19 APR 2004 A cache as clra(lyérlggzl nc m1 or claim Sa\i/\#gerei n,

i f said addF@s8 Ways sud confrel eieouitc(V poﬁ@md:mgmtatelarmﬂd sdafél) wap

cecond. par(RPEL RSB B Snd Bt B o e areith seardh Say gmatciing

correﬁaondlsagmﬁwp@mboﬁwmbmwm4 A cache as cl ai rred | n cI aimi, 2
or 3, wherein said control circuit (78) is -configured to assert a mss

signal responswe to sal d address missing in said first way and none of
~said pIural4|ty said _correspondin orti of said
10 address. 5. %X g e as clsigr%'ﬂ{] a‘H:yafa Wge‘ﬁ %q?‘gf’ﬂ%mg &n&\éﬁ ein

sai d controbnﬁgurauotasséﬁammgﬂﬂf shsite i %&Essamﬁkiﬁ% F@;,PODS' ve
to said addrdess m#sqs#{] sal d f| rst Way s%%archl ng ea F‘?k%asal

plurality & Yitiakbtags matohingnsai id cetrespanding) partionhefsakiai d

corrquondhdzgegg_ortl on of sai d address and mssing in said each of - said
plurality of ways. 6. A processor conprising; a line predictor (12)
.configured to provide a Way prediction responsive to a 20 fetch addr ess;

and a cachg (14 cl ai n any one_of claims 1 to 5 coupled to receive
said way %red.%*t% 8%%%@}%%%@1?0 4awherinsid cogirobeimuited | n
claim6, wrs) ey Gonﬂgﬁﬁda%sasé&td z?;ii&g()&?}é ?&ﬁgg way or
sai.d addit} %al ways sal d cache ( IS n |guréagi o pr ov%@g% pdat ed

way predi aDyvaysSfor Avhielt h edrresponding prgtialr-eadi ng

§opL‘_‘??'r's§‘*%9’Fﬁ‘tag roﬁmﬂﬁﬁaﬁs@ﬁ' ""“V"‘%%‘éf; élgf‘c”,dan'

_address, 22id phivelipeDwaEET

6. A processor comprising:
- a line predmtor (12) conﬁgured to provide a way prediction rasponswe to a
- 20 fotch address; and .
a cache (14) as claimed in any one of claims 1 to 5 coupled to receive said
way prediction and said fetch address.

7. A prooessor as claimed in claim 6, wherein, responsive to deteoting a hit in
25 said second way or said additional ways, said cache (14) is configured to provide an
updated way prediction to said line predictor (12).

8. A method comprising:
reading a plurality of partial tags from an n-way set associative cache (14) and
30 a first full tag from a predicted way of the cache (14) responsive to an address,
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Repl acenent page 2 0 APR 2004 14=G3-2002 US0021756 1 9 APR 2004 ﬁzrﬁ'&n
14e@80pP said plurality of partial tags excl udefeptackmantpagee t ag bi 4 APR 2004
included. in a full tag; determ ning whether or not said address hi 30021756
sai d predicted way of said. cache (14) by conparifiryAPRi 200kul | tag to said .
address; and searching a second way of -said cache (14) for a bit in.
response to said determ ning said address does not hit in said predicted
way of said cache (14), said second way different fromsaid predicted way,
and a first partial tag of said plurality of partial tags corresponding to
" said second . matching a corregspondi ng portion of said address, wherein,
‘'sai d sear chﬁ@ﬂmﬁ@4mo@m3 ¢xcludesigt least wns tigobit ihOluded ongl Way

and conpariﬁgt%ai d second full tag to said address. 9. A nethod as cl ai ned
in claims8, further conprising: determ ning whether or not said address

hits in said secetaimiiyy whethes @i sail addrlis’ y ctbdO fora
bit in res%galse #o said 15 . determn ning sailgts;\%dsfags l'sﬁ'!)es ﬁ%? (glst@q n said
second way e(d hbkm@gwdf@bmtomdadmand fferent fromsaid

predicged way a S nd.Aa seco, rtial .tag of said _ .
plurality of partl ai 45’9%@%@%8%&%@@2’%@%%%&@‘ WhycsPaashitagaishi d - -
cor r espondidetyrpiniri said addressi dbes 30t BitSin 2 Hrdicd Wiy OF s RS ei(ggp shfy Claim
8 or claimyg, furth c%ggrlsm ; generating a niss.signal responisive to
sai d deter Mwﬁé’e@ %@@&ﬂ@@&@&dw,mndnfysﬁmrﬁdedgofwdmﬁuyd none
of . saird pl Ufﬁﬁth‘&b’ta%o&?éﬂxﬂm’é . | said. correspondi ng-portion of.
sai d address, and generati ng a%&é%g%%m%mﬁo%%ﬂ&m ni ng
sai d addr esad mlwher%ntsahmsmm@ﬁmhﬁgQWaw?ﬂPWﬁge%H&gmﬁ hi ][ in
sear gli ng r ich a, corresponding partial tag of said plurality
~ of pgrbti al %g%%ﬂ‘ﬁm%m&@@ﬂ@%ﬁ?ﬂMf sai d address. 23
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9. ‘Amethod as claimed in claim 8, further comprising:
deteuniningwhethcrornots‘aidaddtwshitsinsaidsecondway;and '
scarching & third way of said cache (14) for a hit in response fo said
15 dctmniningsaidaddwssdmnothitmsaidwcondwayofmidwche(u),saidthird
Waydiﬁ'ercntﬁ'omsaidptedictedwaymﬁsaidsecondwayandaseoondparﬁaltagbf
. said plucality of partial tags corresponding to said third way matching said
corresponding portion of said address.

20 10. A method as claimed in claini § or claim 9, further comprising:

: . generating a miss signal responsive to said determining said address does not
hit in said predicted way and none of said plurality of partial tags matching said
corresponding portion of said address;and .

generating a miss signal responsive to said determining said address does not
25 hitinsaidptedictedwayandnotdetectingahitinsearchingeachwayforwhicha
corresponding partial tag of said plurality of partial tags matches said corresponding

portion of said address.
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