4 MAR 2005 CACHE DYNAM CALLY CONFI GURED FOR SI MULTANEQUS ACCESSES BY
MULTI PLE COMPUTI NG ENG NES 5 FI ELD OF THE | NVENTI ON Enbodi nent s of gﬁg i
present invention relate to cache nenory devices. In particular, the™
present invention relates to a nethod and apparatus for sharing of a cache
menory device by multiple conmputing engines. 10 BACKGROUND Conput er
systens may contain nultiple conputing engines. For exanple, an integrated
circuit chip may incl ude CACEERYNAMICADCECONHGURIPt (CPU) and a graphics
processor. The conputing WW?E%’%%S %8y share system resources.
In the exanpl e above, the §LE Mﬁ Eu‘%‘;‘}‘fﬂy‘%cessor may share a
system nenory device, such as a Random Access Menory (RAM device. The
second computing engine 15 nmay only need the shared resource at certain

tines, S antELMOETHIMNVENEONr ce nay be shared dynamically. For exanple, at
sonme timnes theﬂngpy mayﬁpave access to the entire systemnenory, and at
other times (e J UoRREHPFEYPATIOT telte i adaransry dodech dt pegicwityity PESBY aphi cs
oper at i ONhventio Gutafebld) 2 B SRPDRrabul Br ¥l 870 IR mSry aich Qy ﬁu?t?péﬂ&@pqmgc S
processor. In this exanple, the systemnenory may swtch during the course
of systeningpyser ati on bet ween shared node and non-shared node dependi ng on
t he needs of the graphics processor. 20 The information (e.g, data and
instructions) that a conputing engine stores in a RAM may be cached in a
cache wrenmsgra®uNDe ("cache"), such as a Static Random Access Menory
(SRAM . A cache may have single ported arrays, in which case each bit
storage cel | i‘Pmayierstenymay pnipinalivls conpriipe ensistt o exapplel an infegrgddeiraitit put port
(i.e., a g . QF - e in ich case each cell
' the arrly o BeRRRE R Tl gl TR e Eliple RS o Lt SRS B0 i o
cache i s whiar By sletsysenesonmles. ikptheexaotiévi g (25 arigigRfites pottsh ngshae CPU and a
graphi cs processor, .In sonme systens, the cache farthest fromthe processor
core is sﬁ%{%ﬂfm"@{fé"wﬁﬁb‘g’éﬁw OF AcerdrmeR ARpMigtevice- Thssecppdepmregnsior ng engi nes
to seng r ﬂ&}%ﬂ? heba DR olr 8t S tinfe MatiRl h&EsourSUEY beAfarldtnaloity SrPUS
controller. This approach requires that the bus be shared, which may

possi bl y fifinle ¢t s@pUmerdiefCEE memnisee actess taibickintine estem tnémiosy, and prrothaicimed (sg.gener al |y

i nad t l.tiple 30 sinult h ticularl
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with the praphics processor, In this example, the system memory may switch during the course of system

operation between shared mode and non-shared mode depending on the needs of the graphics processor,
20 7 The information (e.g., data and instructions) that a computing engine stores -in a RAM may be
qached in a cache memory device (“cache_”), such as a Static Random Access Memory (SRAM), A cache
may have single ported arrays, in which case each bit storage cell in an array only has a single output and
single output port (i.e., a single sense amp), or may be multi-ported, in which case each cell in the array has '
multiple ports. Cache sharing is a technique by which a cache is shared between mﬁltiple cog1puting
25  engines, such as a CPU and a graphics processor. In some systems, the cache farthest from the processor
core is shared.
One approach to cache sharing is for both computing engines to send requests through the bus
coniroller, such as the CPU’s bus controller. This approach requires that the bus be shared, which may
possibly affect CPU performance. In addition, this approach is generally inadcqtiaté to support multiple

30  simultaneous cache accesses, particularly where the cache is single poried.

DESCRIPTION OF THE DRAWINGS




| - d, CIAAR 2.005 FIG | is a partial block diagramof a conput e gy St
havi ng a cache that is dynamcally configured for simnultaneous access by
two conputing engines according to an enbodi ment of the present invention.
FIG 2 is a partial block diagramof nmenory address, a way subdivi ded cache
array, and a set 5 subdivided cache array according to enbodi nents of the
present invention. FIG 3 is a partial block diagramof a cache tag array

configured for_dynam c. ubdi vi sion according to an enbodi nent of the
present i nventﬁlg'nl.'s ﬂ%ﬂ%ﬁi@mﬁgﬁﬁ“wr%ﬁ‘&?vm”aﬁ‘fhéﬁi‘tb‘fdw&yhe data array
conf i gur eebnfigared Gy SRiliafeois@dbess AN MkpitiAPlengiads GG T al BbiimepPRd GNPt Of the
present invention. 10 FIG 5 is a partial block diagramof a cache tag
array- confirgiired for dynamic set subdivision according to an enbodi nent of

the present i don.. F .6 is.a flowchart that shows a nethod of cache
sharing accor |§gnzt iy paitiat b!aogﬁ%aﬁfa’r?é’ﬂf'e"l?fy “\fivqﬁeés’a}?f?‘yé‘ébgﬁidedi%g‘“ear’i’?wﬂ‘i‘.“?‘fl G 7is a
parti ab bhubdikded e aai dodordihg CRFPdAInRAL SIS bt haukiey @ cache that is
dynam cal ly 15 configured for sinultaneous access by a CPU, graphics
processor, andididjf & psrtialdiogidiserapotrcadis g ey enfigiichfyr dromicwsy eiiidinment of t he
pr esent imaﬁ'tg&.em%mh&gge%%g&ﬁ&m Enbodi ments of the present

ods an

invention relate to net apparatus for cache sharing which 20
support si nmul tEGeGuspaeibReis@gralyr 10kt i) afayGompiitd MiYyRRAL WaRSsdWaIRN Where a
single portechj cache is used. The piesent invention provides for a :
si ngl e- pofPBY LAY FERbER G ihie Prsent MYARIAY cal |y shared by nultiple conputing

engi nqg and nepGPEs iﬂaﬁ?&ﬂbﬁc@m%éﬁloyaé&gﬁg&ggwgﬁgu for&ﬁa?n%set%bid&?iﬁn by mul tiple

conputing engi ne. or exanple, according to enbodi'nents o e present
i nvent i onaccirditgde ingrmbodinentofithe preserihizvanéiop. general |y be under the control of a

first conputi engi ne, ,such as a U. In this case, the cache is not
shared. At so;ﬁgi{ggab (’l“incfm,“%%t @%‘?&Hﬁgﬁp@mflﬁﬂ“@ﬁcﬁﬁdﬂé? g embpdinent ofthe - 4 cs
processor presg@¥vaatd a signal to the cache that gives the second conputing
engi ne exclusive access to a subdivision of |locations (e.g., cache |ines)
in the cache. FI§niiga reftighblaskdisgppmet 2 campiicesysierghasings ceche e dyoartidelin such as a
. gane i;s bej.Rg. phj rocessor .1 he cache be

Qonti oo oo e ThE b RRoRek 1ty R elaiR L REE 3R e s S T (1
" case, theacabhigneniihe presegdivehtitno be i n shared node. The second conputing

-~ engine may access (e.g., read fromor wite to) a

DETAILED DESCRIPTION
Embodiments of the present invention relate fo methods and apparatus for cache sharing which
20 support simultaneous Accesses by multiple computing engines, even where a single ported cache is used.
The present invention provides for a single-ported cache that may be dynamically shared by muliiple
computing engines and may be simultancously accessed (e.g., read, write) by muitiple computing engine.
For example, according to embodiments of the present invention, locations in the cache may generally be
under the control of a first computing engine, such as a CPU. In this case, the cache is not shared. At some
25  peint, a second computing engine, such as a graphics proces'sor, may send a signal to the cache that gives the
second computing engine exclusive access to a subdivision of locations (e.g., cache lines) in the cache.
Thus, for example, where a graphics application sﬁch as & game is being executed by the graphics proceséor,
the cache may be configured so that the cache is shared by both computing engines. In this case, the cache
may be said to be in shared mode. The second computing engine may access (e.g., read from or write to) a

.30 location within its subdivision of locations af the same time (i.e., simultanecusly) as the first computing
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.30 location within its subdivision of |locations at the same tine (i.e.,
si mul taneously) as the first conputing 2 - 4 MAR 2005 engi ne is -adcHé8i Higha
| ocation outside this subdivision of |ocations. In one enbodi nent arrays
within the cache are subdivided according to ways. In another enbodi nent
arrays within the cache are subdivided according to sets. In a further
enbodi nent ~ arrays nay be subdivided according to both sets and ways. The
present i rmgitid #6ssiRY lopdiey dufiRe hi9 fub&R@dIoNEafhs. 1o %BSenQ%ﬂaasthhQngber of
conputing engines. 5 FIG 1 is a partial block diagram 2 conput er system
havi ng a ca&dpEe wpditided eoceldingtniveral I yothgemboligunt.aday eithimshettht ane@igeaccess by

two conput. i.ng. Lnes ordi to an epbodi ment of the present invention.
n"Syr om BB R 5% ARGLT ol S i Pt e toptine b b et Rt it | g

engi ne 12Qyesarigvesiion 86 Rovids & shardyy 8 1R/ BhohOf Wmﬁ?of%nphﬁh%@r&{n% ed circuit chip.
The first and second conputing engines may be any ‘type of processors
capabl & of exeElt i g Pl Plockdiegrermes e camputer sptsmipving @ kealepilatis Hinefieyly 0CESSOr s,

rni cro-co ,qf@“ r cial purpose hardware. For exanple, the first
conput i ngmgngl n@ﬁ%%&%gé}s %cge?sgnyw a?ﬁ’grpgte?%'essaé%%ﬁém@ﬁﬁ‘ﬂhﬂ‘f‘?‘w&f@‘ﬁm 120 may
be a gr aphinesioprOgeas 00 cokiae s bsHhullg¥ngAe 1 10/k SRR lengine (d0Zha £GHE T OF
first corrpuél n engl ne 110. First conputing engine 110 may be electrically
coupl ed t 0>t a¢HE WEmaxRy 2 infeprpietciruls gy {The figst end gicend compmiip brginksimapbelanyl 1, an
address fi £ J 13. Two. conponents . are electrically
coupl ed i f%ggjp;%?sﬁlgpé?? ?%%%@?ﬁg%g%tmg%%ﬁifmfﬁﬁg AT PR B VEET RS t wo
conpon#ht g iperishpurdosscigtiwen eFotkixingtt thoist coklp@ing @R 11@ ek & CERdnk e eouP| ed"
enconpassecgm%ﬁ!gixrlergt £on ection, an indirect connection, or an indirect
communi catT on. ST L EHE| °8 2 S PSR OB I At fY merbrian SRAM bvehdk Dtsechederect r i cal |y
coupl ed t cirt apRind &@int tWoough a bus controller. Second conputing engine 120
may be electrically coupled to cache 130 by a second conputing engine
enabl e |ine 12¥irst epnpaling paging 110imapbe pipciricaliymebiplad id sl 19GHyh filsi copulid3ngiden an

enbodi nent n in i be directly connected to
cache 130.“%5 ﬁegéga%%ﬁ%&ﬁe;?é,ggaﬁae s?{ﬂﬁ?egllgg 1@%?"“@8&”&3 PH eﬁtrl%/a}bhf@upieigffm and data
path | ine ek@8cahsizyal bey eajpabited wfvedniia B tbrohdd@ inMRbsioRd @eddbd. Suedfmi Nf Or mat i on.
For exanpl‘ﬁ . address fine 112 and address |line 122 may each be capabl e of
transmitti RGTSeIE5OBRT RERBIS Lefier waneotionpy iadirect goptepfigr-iorag nditest ne enabl e | i ne |
11 may be sRplcadnt®r tBemEa ing | be
coupled to the cache at %ddﬁ%gns]ﬁi{“#p?{agt%ti%%? }%ﬂr?%gﬁ%?%&gkg %%ﬁ%%éo%g}ghmy be
coupl ed t HduscaRlter-afecdng prputihg S1in®@ B0 Bede Hebtdlypupledigeergiate s enmbl e | ine | |

coupl a1 AR Bl ol EARE Bleok AR 25 0B Fro P b o S BB oupl ed 1 0
t he cazhe cahpuiing@hlined5BmeyGagialy shbecliBy cLRNERIAQGSs BRY B, ﬁ&%unelﬁ?daﬁiﬂgh a tag

array 137, which may be ansy tzpe of. :
line 113, and data path line 123 may be capable of transmitting multiple bits of information. For example,

address line 112 and address line 122 may each be capable of transmitting a 32 bit memory address. First
computing engine enable line 111 may be coupled to the cache at input 161, address line 112 may be
coupled to the cache at address input 162, and data path line 113 may be coupled the cache at input 163.

25  Second computing engine enable fing 111 may be coupied to the cache at input 151, address fine 122 may be
coupled to the cache at input 152, and data path line 123 may be coupled to the cache at input 153.

Cache 130 may contain a data array 132 and a tag array 137, which may be any type of

conventional cache memory arrays that are configured for use in the present invention. Tag atray 137 may ‘
store tags that are used fo identify the location of information stored in data array 132. In addition, cache

30 130 may also contain other arrays, such as a Least Recently Used (LRU) array and a state array. Arrays in
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conventional cache nenory arrays that are configured for use in the p@g@eﬂﬂ,
invention. Tag array 137 nmay store tags that are used to identify %h : 3
| ocation of information stored in data array 132. In addition, cache 30 130
may al so contain other arrays, such as a Least Recently Used (LRU) array
and a state array. Arrays in 3 4 MAR 2005 cache 130 may contain a plurality
of locations, which may be cache lines arranged into sets and ways as in
conventio i ggga-npa%j SRR, at.a array, 13 contain 1024
sets and g& i\;\?a}g%?i}lgnd eacﬁ&gl%gggﬁn%n N ﬁaemg'reﬁ%eﬁmr?ﬁ eX%’%’ﬁ aﬁ‘}{aﬁ”ﬂ’i ts of

i nf-or mat i eenvenfignal gavhiegdseighs.NEanéxarale, tdmarrprieBRdytcort/ DM si9dhd 8 MhysANeadin Cache 130
may be di \(i ded i.nto subdivi sions used for cache sharing. For exanple,

ONs, . 9
dat a ar r ayPeb¥™ & gra B GptHn 3¢ bt f Sormalig ut i ng engi ne only subdivision 133
and a shared sghgio@in@orkd et ald o Rue@rvikib ST
conputing engine only su?odi éli’essei one %8 gsg‘g%gégoanﬁ%gecg@ d?‘%/ois"sb?%lﬁmhg. These
subdi vidsi ased fonqaghe Haringu Bat iexeimgle, daisanef 132 eadontalin s first Sormi@mHR kigh SnlPabddiion
Addi ti onal,,.subdi vi si.ans. be used if additional conputing engines are to
share the ‘%i%??“e*”‘?“ﬁ?@ﬁ“‘@@é&f‘%é%ﬁmyolﬁ EHEORTATET corping pReing prly sebdtisien 130 nmy
be capabl a3suhd £iyAuThyaRlsloy 130 HAR IsMivisidid by RTLA EOALELLARAS alsQind 3N - Shar ed
nmode (and vice-versa) using the subdivisions. Such changes nay Be' based on
a val ue ( édgtional gubdivigieps mexheaied i ddditimabugiiiise eiives ad tonipckeheicapeit | i ne such as
second conput i enable  line 121 or first conputing enable |ine 111. Wen
cache 130 is i ggaanneomngdérﬁegtroélge?’f%s gf’w ?“?”S"tﬁ"hﬁgﬁﬁﬁgg"ﬁﬁpm A grauicelly thangive nave

excl usiove fie € &8rsd iddle tohGor- Rt hoE Endivide-Sne1BingliB b ViR, 6a% IRntaygoes into a
shared nopde, subdivisions of locations in data array 132 and tag array 137

may be dyHEFAoB A4S (oo S reesivedibionsh @ pharetmeds inpi dnpsuchiareord rginputing cndfen | n
shared nogg, 121 H I V{{$1 139) of the.arrays pay be

al | ocated tot hgm?g%%ﬁ %%%gﬂﬁ‘%g@%ﬁa%%g?” '\s/\ﬁia%“én {hﬁeedn?ofiel’ é‘ist%népr%n&ti ng engi ne
subdi vi si ergne {1038y hadSBYusive mivésnt the lotaBods & cathd 130.aWRGE clokt IBHged ihth Sdhar&ONPUL i NQ
engi ne. The shared s godi_vi sions of the data array 132 and tag array 137
shown in PPE>TREE BEFErSPREY 288 teaapdd’ sararrmerdneloneterse i n

- enbodi BENtE caMputind SrgREsS HBBL in sHrBVBHAL, R Bharel BB i@matih 0 19y Mk RiDs SHEs e

_ subdivisions may be either allocated to the first conputing engine 20 (when
" i n non- shaYeeded frgrespeopstcompyting rasineeviipiie fronpmpriing gnaing gibdidsignafidh 138hcosthar ed

~ nmode). Th Sk an e .shared. on t or basi s. \Wen

al | ocat ed%ﬁ eﬁgoeﬂtl:eﬁ%gdé%{r‘%%gf%gnﬁaréﬁsé’?rﬁdgs?b%fvﬁ'é"éséj th%%g%?@’ﬁé% %ﬁ‘%g W& be
“ referred tisysasm$ExIONdnag bavEReited RGs ARE siRtivB1shbedsiss,ii0MBodithddis sfthedrpadi ment  of
the inventiogn, first conputing engine 110 and second conputing engine 120
may bot h B Be PEUILF Fiin UrieBtilisipns nes bardbe iogtethintedrt copging engiert a and/ or
| SUTURBLT QAR inhdh shibinlood) BSPEChbokPeoiE i) DRE 1¥hmrfiBE0S. RiQuwpen cache 25

130 is in a shared
subdivisions are shared on a temporal basis. When allocated to the second computing engine, these

subdivisions may be referred to as second computing engine subdivisions. In an embodiment of the
invention, first computing engine 110 and second computing engine 120 may both be able to simultaneously
cache information (e.g., data and/or instructions) in their respective subdivisions of cache 130 when cache
25  130isin a shared mode.

System 100 may operate as follows. This discussion agsumes, for the sake of example, that the first
computing engine is a CPU and the second computing engine is a graphics processor. At a first time, t-:.ache
130 may be in non-shared mode and the CPU may have exclusive access to the locations in cache 130, In
this case, the CPU'may be able to store data in, or read data from, any location in cache 130. Thus, the

30  second computing engine may be unable to access cache 130, When the CPU wishes to read 2 location in
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System 100 may operate as follows. This discussion assunes, for the Sake: gfigs
exanple, that the first conputing engine is a CPU and the second conputi ng
engine is a graphics processor. At a first tine, cache 130 may be in

non- shared node and the CPU nmay have excl usive access to the locations in
cache 130. In this case, the CPU nay be able to store data in, or read
data from any location in cache 130. Thus, the 30 second conputing engi ne
may be unabihelspdoracaeRst GRaHE: He3hht co okt Bl i ; ocation
in 4 4 MAR, 2005 cache 130, for exarrpyl\fhgi,;gi%I mg@ugﬁg??ﬁrﬁ‘gm&??%{&%nputi ng
engi ne endffEs e hi3- Therdata sered foribedonition addressad chep begremmittedisiektietsCHU me ddd 2. The
data storegnfigr the location addressed may be transmtted back to the ‘CPU
over data path 113. During the operation of system 100, the graphics
processor nay Rede teopasiaheEsysah 200, theQFapiios Bidkslr may n¥¥ Bachd 1RGP LRRpE O €Xecut e
a graphi cs harg | i.cation such as a ganme. In this case, the graphics processor
may assert Setond® TEHTGErriirs enlisrtivr sugiea prase| Tnls case.lthe graphis peesaimag a shar ed
node sel eGhskrfRcodBlobhBuiRReskind i [ odj ment , second  conputing
engi ne enabl e |ine %1Qﬁ1%15é%%dléai'g§ﬁgr edge'#g%%h%%ﬁ?de?%w@%%w liee- pen cache
130 r ecei \idsembodisent escbndrohputing bogiee epsbledieCiandayae Bl MEte BhdbRRERAD! € | i ne

121, it eQ%ch'eT oorecel%ergar ed nmode. In this case, data array 132 and tag
array 137 St her “X7F e Ppfe el grseopatrprptipe spgineabls inei2bitderietine 0 a fir st
conput i Ng serdnb®. muRskae Gia@ey 13334 ta 13?@910% St UL engi ne
subdivision (134, 139). At this tig]r?g;@i nt or ngt%g}gql}dcﬁ%?%r}éayg%r rently

st or ed™¥ n Sthfiidedjiniag first sompnyting megine g dividon € B ABS) pisiesoniRynpuling Rikindsub@isiddS € by t he
CPU whi | e (iR 18aK:8 de. | npfarmation currently stored in the second

conput i ng( engdi?net @sﬁ |i§{°§n?ag°ﬁl%%"§ cup ey #ﬁ?ﬁ‘é‘&]e éﬁ&%“ﬁm@f‘@ﬁw padvsigangi n

menory, beemuseuthy be CP ohikRilshRs md@S InbERHordYrenti Eord@ Rl ARInd HERE,
subdi visions w Ll now be controlled by the graphics processor. ‘Fhe gr aphi cs
processor "1 gV panpsihe dushed and rigenbpck frmajsymesierychiesitpe s indudriossas ey addr ess

line 122, uaietu sakseTB¥ivRBnstifids Bl doh@feay GL gapcﬁ%& é}oc%%&.hm%

23..1n this
enbodi nent of a shared node, the graphics processor iy SRaver & usi ve
accessl’( e gy then apceqs d locafipi tyadndingantdvessd ope addiesiise 120, shdyan SRR BthaGOMWE Ng engi ne

subdi vi si f e.cache arrays, and the CPU may have exclusive access to
the | ocat iqﬁ%a&t%%? nite gncltfc’%mf % %f%fl?a‘?eg ‘E’-”dg’dl?‘fﬁ[ﬁﬂ?‘ﬁ@méﬁﬁs@i A hayg Biusie &9cesm€-2- The

second  Coapuiikngte R as inhetbidiosiihe BRe REdTRES IR YchfindS, and REBA™ When
the second conputing engi ne has 20 exclusive access to this subdivision, in
whi ch cas &2 1% STHRE accsnip tie loprjone figjiem idhedieshevopting emeinhrobdivisiods. Thesboomd  unt i | it

is rel easeggh Knoinf G BRGNS L Lment . when the cache is shared,
mul tiple cor?gﬁtgi N9 engi nnesyrraflfa%g%g}slgoq ER%%%E SOU RIPPRREEIERS . The

gr aphi¥s prhdesses ghinsbdvidosin shidashibe sy comflinfingBaBnd: fk & subdiffon f O
exanpl e. Whun ﬁ]it 133‘ regegs%&) ll;lalclg SAocording to an embodiment, when the cache is shared, multiple computing

engines may access the cache simuitaneously.

The graphics processor’s need for a cache may end at some later time, for example when a graphics
application terminates. In this case, cache 130 may be dynamically returned to non-shared mode by de-
25  asserting the second computing engine enable fine 121. When this non-shared mode value is received by
cache 130, the second computing éngine subdivision is flushed andlcontroi over this subdivision given back
the CPU. In this embodiment, cache 130 may be dynamically changed back from shared mode to non-

shared mode any number of times during the operation of system 100, and for intervals of any duration,

based upon the needs of the second computing engine 120.




application termnates. In this case, cache 130 may be dynanically ﬁﬁ@?éﬁﬁd
to non-shared node by de 25 asserting the second conputing engine &

line 121. When this non-shared node value is received by cache 130, the
second computing engi ne subdivision is flushed and control over this
subdi vi sion given back the CPU. In this enbodi nent, cache 130 may be
dynam cal | y changed back fron1shared node to non- shared node any nunber of

d d f [ I f
duracion,  badhd e LRI ey NSk Rearihte ¢ Bipmrite SverTebe2). 5 - 4

MAR 20VO émhotﬁmérﬂltﬂeh@ﬁe aeyai oy HE&II:&md&ﬂ&@aﬁﬁr&%@nM ertgﬁe &B@Eb@&s@ry a%etynge or nore
conmputing e I%I nes. In this enbodinent, the cache arrays may be subdi vi ded
into a fifyo&p 'EE)T'P&H??“H‘b“*é‘ﬁgﬁt?ie‘cmﬂuwgﬂw@mbﬂwgnew an weebndiment tiafirsit | Ng engi ne
subdi vi si QR e L PR i ne subdi vision, etc, |n one errbodl ment ,
the first cp%rr%u‘gin%\g gngl nteécﬁg}gm% TERE a?@@’ﬁ’ﬁ@""?&%ﬁﬁﬁt?ﬂﬁ‘a‘déﬂ@“ is a

graphi &s mgiocies digita| sighil Probdsser. tidtin dbodiRiai thd siilivisRRAL R overiip, Andthebhdh@haySi gnal
processor. In an enbodi nent, the subdivisions do not overlap, and the cache
may cont%Wﬁ“gﬁf“@ﬁﬁﬂPﬁ&FFB%m@ﬂ”@@@&ﬁﬁﬂﬁﬂﬁﬁn$ﬁ@UQMQMMGmQGMGmMM@wons at any
time. In TR uti ut i ine, the
CPU al vvaygpﬁ)z;? ggggﬁsusi vewc}gérl] 1a'rﬁ(1)eICtﬂ,%valeg%;r3§'g hf's ﬁxe'ésg ““““E Vgﬂﬁ%\?f'essf’r%ﬁ"‘w 'I'n this
enbodi menin thleembomm“ot epniiditte QRUnayRyarcivtde HilAheGa6Hd ConplithnB edghi@ros@s ond
conputlngtl ﬂ?ﬁf £ on § time interval, with the third conputing engines at
anot her  t TR ALY tp third compfing g9ethRs frfnqisetinesdpiestabiand prith hothithegecortignddigrdput i ng

engi nes f&ﬁlp@mgéﬂgﬁ]gf&laﬂﬁdhﬁ]@,%ﬁ/@| FIG 2 is a partial block diagram of
menory address 210, a way subdivided cache array 220, and a set subdivi ded
cache array 2W&Wﬂw@c&mmmm¢esmw¢am pbdosiedtiicht MARIDj 60 Menory

address 2 res nsmtted on address line 112 or
addr ess I%%gbdg%dvﬁ' he res Lc@’“&%‘ﬁﬁ@f&pf?&m“gﬂ’ﬂ?“n%‘ﬂ%@g’eisal %access the
MENDIy | OR@ibk ETbdSEe Gt tahmiyd &lfaairs’sgi&e €8%r adkifdss k@2 AHBOL EBRve SO N FI G
2, 15 nmenory address 210 is a 32 bit nmenory address. Menory ad ress 210 may

be an addi*@8Lnesss togoqess g FRBMY lopftion spegified b the Adrsy ;nt%eem@drmemwm nFEk 2may be

. transhat egded Bt Quds SRGR2 IR Azcarding to
this enbod r(r)glnt menory  ad ess&g%%%‘%mg%cewsgu di Vl d‘ ?%ag’ﬁaﬁfnﬁ%aex field

213, a sedystfm E¢I@W@th E@&gﬁﬁslﬁéddntﬁﬂ.&cheﬁemﬁﬂdﬂr&eas stoleinFigzes of the

fields maybe varied %ﬁned on the structure of the cache arrays. According

" to conventPURE © EEERPHY TP GUHESS 21P ey Reaybaisginasn ind el éﬂf?é%iﬁlg address

< may i dentdibynda e 1. |Cﬂc@%@ﬂ1e9£esEﬂ&fﬁﬁ&%béc&mmeﬁmﬁsﬁ@t&egﬂﬁe%%gg may be
mat ched, against tags stored in that set of the tag array, to determne

whi ch waya“PﬁeAmedGs mqvmﬁoqa@a@mmewqm theisdt pertira pheingmary sleieahidén)ify aThe i ndex
pOI’ ti 9(51 r@ym eahp&% catepeearrg}% C’Pn E tag porghon may be matched, against tags stored in that set of the tag

array, to determine which way the information is stored in (if there is a cache hit). The index portion may

index the cache line.

The way subdivided cache array 220 and the set subdivided cache array 230 shown in FIG. 2
represent cache arrays as they may be subdivided according to two different embodiments of the present

25  invention. Array 220 and array 230 may be any array of a cache such as cache 130 of FIG. 1 (e.g.,aset

array, tag array, LRU array, etc.). In one embodiment, the LRU array keeps track of the least recently used
set in each subdivision. In FIG. 2, the cache arrays 220 and 230 each have, for example, 1024 sets and 8
ways. Of course, other arrangements may be used.

According to one embodiment, the arrays in the cache are divided according to way subdivision.

30  This embodiment is illustrated by way subdivided cache array 220. In this embodiment, when in shared
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The way subdivi ded cache array 220 and the set subdivided cache ar.gai;éﬁ‘,?gz%
shown in FIG 2 represent cache arrays as they may be subdivi ded acco %
to two different enbodi nents of the present 25 invention. Array 220 and
array 230 may be any array of a cache such as cache 130 of FIG | (e.g., a
set array, tag array, LRU array, etc.). In one enbodinent, the LRU array
keeps track of the least recently used set in each subdivision. In FIG 2,
t he cache riptd, a¥ibcoddilinfBPnAnl bEAC DAY Fati/ 2 e, 1024 sets and S ways.
O course, other a_rranggrrents may b@‘usg{f &%‘fg?égr%%er?ﬁmt gc”mplgﬁﬁaﬁﬁyrrent, t he
arrays i n"ehee dvidsthistoadiet ainptioketlgieeadividionZps il aw@yhd seHpating biginOfibavisd@  Thi s
enbodi menty,|. il Strﬁ;&ga"%‘“\é\% subdi vi ded cache array 220. In this

embodi ment’; \?\T‘laéﬁml et SoE o poery cqslainpvays §rpnd ¢ Wegnengi ne may be

al | ocat ed complinfedirelsybdiVbion Y fayl cBtdn FHEOR GHoLRY. nmEQEed‘?@igiRLﬁ afdiEp QT ray  may
be divided into a first conputing engine subdivision am’:f a second
conput i°ng "Efgheserdiagiedhisembddiment, vihenin shared meve slrtficcionmiti enfikehstexGBRAUeisNg  €NQI Ne
subdi vi si @y, Y gont.ain ways 0-5_ and a second conputing engine

subdi vi si on %’%ﬁs oy %@%“%“éﬁe%g'ﬂ‘ﬁé%{’gw‘é‘?"ﬁ”’@f“ ResErPgomRyting gpeing s eiiavhali vi si ons
may al so keesStouteadys if@aad @inp@ind AgibdtiivRigbed] ment, when in shared node, the
first conputi ng engi ne has exclusive access to the ways in first conputing
engi ne subdi vi $FBHng PInothsirmbedipeenisibeams invarhpert fividpd engiimso Rasbdisbh.USi Ve
access t o thibgni@¥st sBuss i ng engj ubdi vi sion 224. According to
anot her efbodi MENE. "t he ar?g?g‘ggﬁgegﬁ% eama??ies&g?f?/‘is qﬁx’ﬂf%d“rhﬂ‘i‘ﬁﬁ‘”fcb set

subdi Vi0si ede, cadifvompuingsaghienm be dlieeaibd d fusdlityat &6 indych SAile 2840 Bir LiaAgid geache array
230. In thias en%odi, nt, when in shared 10 node, each conputing engi ne may
be al | ocaf® ™8 FUf g figcompuing epaipegubdiisipnydhend asepqag compuing engiapl e, t he
array may sdb@ivistbrvdsfled ad dMuidbnd 5k e i ubdi vi_s| 233 and a
second conputing engine éuf)l%i Vi snilpgn 234, glgﬁﬁgﬂlnger%%a?ngﬁgﬁﬁdﬁg’rag # conputi ng
engi ne suBd@nd cairoiine2mihe pagiviganitmay cowinsctO76E6®3. Afvour®, oSG RBRUL | Ng

engi ne subdi i sl on. 224 & ontain sets. 768-1023. Of course, other sized
subdi vi si o%%ggoﬁvedaég%or%}g%u@see t.;b° REEO PP H‘g’gﬂ“ﬂ TPfF; the K FRFPRE PREIDS Refen i n

shar eds noeejusiteveeefsitd thd setf @ HRLHoINAGNLAGHIbINBBn b aﬁ‘&e@s&%ﬁd\e&nﬁﬁ&%@%ehg the sets
in first copputing engi ne subdi vi sion 233, and the secon conputi ng engi ne

has excl f&IVE *HECLE Fiin pivend swpying erelsepbdivisieediput i ng engi ne subdi vi si on
234. The rel at {neasld&e Qtfthetngug&%oré HOGML ?J i rethiy Varhﬁ‘etbv!,ai%sé RiskS, the
n

rel ati ve si‘ze of the ways subdi vi si ons. nan: enbodi Ne V9% fir st
conput i nglnen grhtredimiens wher QR first tdnputing ergine is @O the AG: cORGiiRenSidbBbivikisi 08 Si ze may
be | arger gyt})%@artepgmsfeco% conﬁ‘uti ng en i.ne _subdi vision size. In a further
embodi ment™’ WHeT € rml?eéec_ “TRPAYTE £RR0" %ﬁ%ﬁ‘t“isﬁ‘g eHyiResbatmpeetaorache, the
cache 2ar r aySwiBynpiitg eHgihbsARek thef}licﬂe,. e bR M Noe sl iy ot Svay subdivisions.

or multiple set subdivisions. For example, in 2 way subdivided embodiment in which a cache is shared bya

. CPU, graphics engine, and digital signat pljocéssor, the ways 0-3 may be allocated to the CPU, ways 4-5 may
be allocated to the graphics engine, and ways 6-7 may be allocated to the digital signal pro;;essor. Ina
further embodiment, the cache may be divided using a combination of both set subdivision and way

25  subdivision. For example, the second computing engine may be allocated ways 6-7 of sets 512-1023.
FIG. 3 s a partial block diagram of a cache tag array configured for dynamic way subdivision
according to an embodiment of the present invention. Tag array 300 contains a plurality of ways (way0 340
to way 7 347). In this embodiment, way0 to way5 may represent the first computing engine only
subdivision (shown as 133, 138 of FIG. 1 and 223 of FIG. 2). Way6 and way7 may represent the shared
30  subdivision (shown as 134, 139 of FIG. 1 and 224 of FIG. 2).
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or nmultiple set subdivisions. For exanple, in a way subdivi ded enpq'di tq,pﬁ,-
in which a cache is shared by a CPU, graphics engine, and digital sif‘ggﬁ(?alid J
processor, the ways 0-3 may be allocated to the CPU, ways 4-5 nay be

al l ocated to the graphics engine, and ways 6-7 nay be allocated to the
digital signal processor. In a further enbodi nent, the cache may be divi ded
using a conbi nation of both set subdivision and way 25 subdivision. For

exanpl e, the sfganRd.CRURML L0 g.allocated ways 6-7 of sets
512-1023. FIG 3 is a par Hpg%sgpgécl%gﬁ%@éoruﬁen%%?phgﬁ%é:'g‘f?g'p G SFPRYconf i gur ed
for dynanB tavappaadp d67).i Baklouf the BRyO&rEliii@ed it apRraB D6l BRINS as@Eiaddin Plog S eNt

i nventi on. arrax 300 contains a plurality of ways (wayO 340 to way 7

T
347). In fiﬁ‘i?-dg'g(ésr]rﬁ%ﬁl YR with rowasplestre 3 Shalere man besfersrample 124 rave infepch way. donput i ng

engi ne  onfnY emiaitRet Mowh, A2 whyk RO W4 Sutoled R siahilafns, 'm0, 232 FIG 2).
Vay6 and way7 nay repr esen’t§ the Shar e'gbqa%] gﬂ% |3tfas‘insdr?h‘=(a§1ﬁyol\§\n%°é”say 134, 139 of
FI G | 3 anthtef@@sdedoind abiGhair 2 wayshhare #bobdd20 B&h hiven e WaphdylchBinAas a@ifaput s 355

are electrically coupled to a plurality of conparators (conparator 360 to
conpar at o‘rmé’é?su?g“tﬁg%h E?fgmf”ﬁ‘@y o> %Rb??“"éf"r é by iy lepph OF sppres the o8 aymamdy bgye of 1 ows
and i s asgfetRke St fikys fha bW and ST QL S rberBibe R, 350 %is WMok lectors
351. There may be, fo?sexanprnefdﬁﬁomlrows ingega%@a\yvay. s‘}(\@rfhg?sﬁgmé:??godi ment
shown, t h&Sviesylectan P, el g settetor 372 (Thesé slactorempyat anpoppbneitnsiablastisadirgns. The array
is two-wa i nterl.eaved, ,and..each ir of ways share a row decoder. Each

B PTG Rk et S Rk R SR anored it #PBGFERBIES. Each row

row in each way rPay £
may bag¢ f oEscRuaiRl 8¢ a chfipdabn Spdbid of rEBGHEan 1Pkt afQHdoSFY ond & BroloRPudhddh MBY have a
di fferent nunber of ways and rows and rmay store different size tags. Tag
array 3005518 Brgoffr giample die seiseiars piyybe meifiglexory orgua badtigires371, and a sel ector
372. These sel §eLhSod . 0 nt s abl e of select] bet ween
nultiple i nputig,ﬁ{1 basedém%tﬁmgmﬁlﬁ%‘or%gaf@rf%ﬁngyéﬁg‘ggﬁ puf ﬁcﬁga?dﬁeés({"ﬁ%ﬁ%)’ sel ect ed.
| n anot hepor@nbed sarmd omplithe bipie &idles (203221 d3odl cEAIINQ BRME iR RRBIE BneOf
receiving An i hput S#% chogsi ng one or two outputs based on a second

i nput. Fof %‘ﬁg‘F"é’fS o paihens pighe@ddssgsss einnttip tepppTigscelriorsernd thaspooBd tri - st at es.
I n thils eedpetingBidine cdcR@ndoRRANIST i§ Red 18 iR bEA¥n RA0iMRY | nclude portions of a
CPU address (311, 312), portions of a second conputing engi ne address
(321, 322), antthseskadpisd stownipFlG. hdghe§RYicmesposicta the nabhmtilgiengne of F27.1. As i s

. di scussed i 0 of the addresses ar.e inpu r ctive

" sel ectors, agrﬁy\%"hbg‘gégenég Ef?er e Slfr"ﬁ%?nﬁlﬁ%maéﬁﬁ?s%é“sﬁeg‘g’ﬁ%épé%&f’ﬁ é)%%ﬁcﬁeés 97 is used
- 10 sel ect bdigiuviee contphieste ofit13Rkidy300 2k OPT KiRreRITRO 1 INWIAdL rGROWRIbils M- dr e cBy t he CPU
corresponds, to the first conputing engine of FIG 1. In another

enbodi menfddress: G FYRdEsBL ST VIR Tersepninbits Akl ofiee CRliedrresn JheGRY sddresy CPU.  The

CPU adgre . | ' . AL 3%
S o e e S

corresponds to the set portion of the memory address (i.e:, set 212) and CPU address[31:15] 312 corresponds

to the tag pc;rtion of the memory address (i.e., tag 211). Similarly, the second computing engine address
- may be input into components of tag array 300 as second computing engine addressf14:5] 321, which
represents bits 14:5 of the second computing engine address, and second computing engine address[31:15]
25 322, which represents bits 31:15 of the second computing engine address. The second computing engine

address may also be in the form of memory address 210 of FIG. 2. In this case, second computing engine
address[14:5] 321 corresponds to the set portion of the address and second computing engine addressf31:15]
322 corresponds to the tag portion of the address.

The inputs to selector 325 are CPU address[14:5] 311, and second computing engine address[14:5]

30 321 Thus, the inputs to selector 325 are the set portions of the CPU and second computing engine
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address, and CPU address[31:15] 312, which represents bits 31:15 of V@?’ E:PQU
address. The CPU address 20 nay be, for exanple, in the formof ne Uil
address 210 of FIG 2. In this case, CPU address[14:5] 311 corresponds to
the set portion of the menory address (i.e., set 212) and CPU

address[31: 15] 312 corresponds to the tag portion of the nenory address
(i.e., tag 211). Simlarly, the second conputi ng engi ne address maybe

t t
adir oss] LA er oo diad e b 0Th AR R AL By FORE Wt BRTL | o

engi ne addrmadcanqsmmmd SeOGTP tLkripit G SRRk MreREGTsPHS. [ This, ﬂﬂ@inpu%l‘:fo sskdor Whi Ch
represents bits 31:15 of the second conputing engine address. The second

conput i ng “AnYF 28 pogignses ke (Rliandsecopd qompyting ke idmsiss. The aypnpefpelastindss 210 of
FIG 2. | nnd 3t Sre 63RE0 el rgggg,. g
corresponds to the sefﬁgo?@oﬁ&o t gﬁ’&r g’rsagmg%gmq)s’%%%#e% OLF%IFGILPQ engi ne
addr es [ 3B21B3y be B8R utmioT meSpeads: theDitdli elcbtaBvaarHuitpe cpudnpeaddr ess. The

i nputs to sel ecl,%or 325 are CPU address[14:5] 311, and second conputing
engi ne addr ess[-17%P m?WfBE?P’S“W’d%dwgtaH@’SPWBLRFsG?W%@F‘%Fé‘r"‘“@@@ﬁe the set
porti ons’ Qhardd@ddaRihdA N3 BERNA: GO 4 R addresses.
The out put of selector 525 I's an mpu%ng‘?i{)egs?%ﬁl ecggi g%&%%)ﬁ% =aiq‘%puts to
sel ect or s (GF adgnay [G$2311)a$@1twra®dwemioa$3 154 ro3 dedodarndica €€ ei@speATRUL | NQ

engi ne addr.es 2 Thu uts to selector 325 are the tag
portions o? 'f’he)mifl?i Lﬁ'ﬁ %%‘ﬁﬁ%&ﬁﬁﬁﬁi‘?“ﬁ%‘%‘ﬁgﬁp%’%ﬁ%@é@?ﬁsrmeﬂw puts of
sel ect Or s T8dthg poridfl o PAIaIreksTORY Rarks® [ ISP Is LS iHudOBmPRAbr8d 565" REQECt i vely.

In a further enbodiment, the input to selector 5 325 may be the output of
anot her s&F ese B¢ gstiend oyt plse) of the wivewatehestbe togrerionpithe CRY] addres Fout litfgy tiengi nes.

The enbodieRk v shown in may operate as
fol | ows. Iv!r%?both e egﬁlyg%&\%%dgr%ﬁgfs)a%re h‘%‘“&é“‘“’i%@“té&f‘%‘é'nds an address
to the cache, mn-tsﬂaedmmmmmhaﬁxcmﬁwaéaessaﬁ%aﬁﬁways(@naﬂ@b@;ﬁ»,ﬁ.dith: 5] 311)
is sent to ro wddecod]rs 381 to 383. The row decoders select the

cor r espond g™ Y& s e AcISR 2> grlagior 3TL, ard seieptor pra willserh reedive p aa-shiredmigdeseing ocat i ons
to be 15npuomls@oubRREAleRie eaBPm3 8 WHESIRBE hdnMfited modk b Gurck: of the
CPU address (CPU a o r%tseggrl[sl 151312) 1's al o0 1 nput Epg%"n‘%’%ﬁfu&%ﬁ‘?%eo 365.

| f any ofetpprenat hinEPY asdress ((BH dddessr 1467 31a)wypd mutstﬂiseetmlg@t:mtt@daesecb&e tag
portion of, SS then hit,. for t has been detected and
t he respect% \h/@wc%(?%cé)?eé or TP ?Faft&ﬁ’lwﬁﬁ \Rﬁ@cﬁ’ﬁﬁ?g%ﬁ?ﬁﬁt{m BHPE signal . In

non- shar edobcielas b kot tﬂRthﬂfS‘s S‘Bxﬁhh BSH, MPediGale S8eclos78dnll sdbbiod ALwBYS: th) t ag
array 300, includin way6 and way7. The sel ector 325, selector 371, and

sel ect or ?F?O’Wq qfthéglé[ﬁad@’é% &P Véddaesﬂéhl% Hax %@‘ﬂ?%eva%}’a'foﬁenpmmmﬁﬁw #Hdcond
conputdgng ré RrHe Qkﬁeald bdd & v‘%gﬁ ffpﬂ;s %@&%%% g&ﬁgad?x%%ﬁ? %‘f%m

sel ect or 32 ects the set portlon 0 ress ress[ 14: 5]
311) and |ﬂnpwslaStbbnn$Ietwtl ang &8 regradive comparandr &r thomeatdiag GG @tay output a hit signal,

When in shared mode, the second computing engine has exclusive access to way6 and way7. The
selector 325, selector 371, and selector 372 will each receive a shared mode value from second computing
engine enable line 327 when in the shared mode, Thus, selector 325 selects the set portion of the second

25  computing engine address {second computing engine address{14:5] 321) and inputs this set designation into
row decoder 384. This row decoder selects the corresponding sets in wayé add way7, causing the tags
stored at these locations o be input to comparators 366 and 367, respectively. Selector 371 and selector 372
will select the tag partion of the second computing engine address (second computing engine address [31:15]
322) and input this value to comparators 366 and 367, respectively. If the tags read out of way6 or way7

30  matches the tag portion of the second computing engine address, then a hit for that way has been detected
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384. This row decoder selects the corresponding sets in ways 6 and 7,
causing the tags stored at these locations to be input to conpar ator§AB6HIh
and 367, respectively. Selector 371 and selector 372 will select the tag
portion of the CPU address (CPU address [31:15] 312) and input this val ue
to conmparators 366 and 367, 20 respectively. If the tags read out of way6
or way7 matches the tag portion of the CPU address, then a hit for that
way has beeara1 detected and_the respective conparator for the matching way
may out put ™ a AT FRET=Or PR TaE SRup quipHb Rt sisph Viea nsherdaediolit | ng engi ne
has excl usity@ offeBfSuratoR B QontRbaRYs are vkl &&Lﬁ?& Oy P misS Sl §E b3 /1. and
sel ector 372 will each receive a shareg m)cfl!e val ue from sécond conputing
engi ne ensfiiesomiamiors§P the shhredwayserd sl to detereg asmote compltes enghehiakor 325 sel ects

the set porti of. th ond 25, conputing engi ne address (second conputing
engi ne addr esgﬁ?ﬁlﬁpﬁﬂig&aﬁﬁ@ ﬁ%@ggﬁﬁaﬁg%ﬁw&&r gyramip By bdfvision r ow decoder
384. THi Sak@iihleMUBBIinRALEES FestaliBy @) BEHARNSG FREY Say H way 7,

causing the tags stored at l%ﬁéense | ocations to be in?))’ut atoeg(g%glﬁators 366

and 367, Mevwdeetvasieped wag eganay 308 FIFIGId Sigid: @1® B, iBMB. 4 thi defe megl@ct t he tag

portion of.. 0 t engi.ne addres econd conputing engi ne
addr ess [%’fé@%l g‘%%?“’%%@}g’fbn'p' iu‘% w?’ﬁiq‘gﬂ ‘bE® ‘PtBr? ‘%‘i?rﬂ%l&if’ﬁ'?"gm@’ﬁﬁ”a&’rﬂ)‘" 367,
respect i vy reprdsent theeficit S@puting aiinOdhly saiVARY, BndWays §3Y 7 me3 Pepbh GG EardaNe t ag
portion of the second conputi ng engi ne address, then a hit for that way has

been det e¥PHtsieg Eachofighe R waysz d’tsi%s! igtpeipletey of wwpesd isiasesiatsd rittea raw decodkor  t he
mat chiyg WaYio BRYand Wishy I fisy Si en | red de, th Qut put s of
t he conpal?gt or syﬁl‘nor thesp%(ritﬁlj§ Iésﬁa?’%%\%?f\é%%"r"” empli}s@gfi o) “(‘jegi?}b‘?”i’f'i %%l?'é?wﬁ?U hit or
M ss, andeacheny oy @utbis a cacte libehvehich MRS Bt ciinple30 bytds RAength 20 RAur MY StaB h@yUsed t o
determ ne_a secgﬁ% conput i nag engine hit/mss. FIG 4 is a partial block
di agr am oF ZH* R3¢ IE T Aberof yayy ond Fve pigcneers asktfepptsiantaehe finpy Detetyety $00gion 5

accor di NGcdn@indd kel D81 SVRP belebr 461 EraRWap &idlior i@V ENT i ON. Data array 400 of FIG
4 may be accessed by using the way that was sel ected using tag array 300

of FIG 3. Si nibeputtipdaRiaGy 480 miyrincRafidShe #t fohiens cigd GPUaddm gs (400) the@d pdruh B A

plurakity of vays lV\Qi'nO 4985 va 7 447), which are interleaved. In this
enbod!l';ﬁe Nt vvé'{ol\%)sgp‘ﬁ{l% ogl %ay&?%p ts%’g'}gﬁ?m‘%”?‘f’é SEfF Sphe ORI isi‘h 2 BRGEFE onl y

subdi vi si €0, anéuchy\seper 461.1 A3 with Y3, ieeCE8sumchtbBe Slak 8 ag4RMiMbahen. Each of
the 8 ways are divided into a plurality of rows and is associated with a

row decod&eT ey (eawsd ngpadeg sy CRYpidigst I thegmpodiakns showy o FES Y, the i poriionnefghebe,  f or

exanpl e, JfRde R dlble RRE R ; jn_.each wa .contain a cache
line which may be, for exanp )eé?m%%q Sf{egégﬁshan\j %ﬁéetleﬁt?r'@g%%ﬁrogt@?t%t“ﬁés dat a
array nagaiddvie adiitgh, ik e nton BIURIORT addresyi@N Sm DelingudtsSa@ 0 th ITBYe Sdyoitputsa

diff er?nt %i.ge coatgge line. Dat@ﬁ ar rf?dy 400 al so contains a selector 425, a
way s8l ect o HERY 02 HE mey Rrseouelueprlsd gy s 46h dradditiongtheraay sutavi iy 400 may
include: #heeaRY ndPbloltpR® 2Oy Rle&dEbaddress (411), the set portion of
The embodiment of & way subdivided data array shown in FIG. 4 may operate as follows. In both
shared mode and non-shared mode, the CPU sends an address to the cache, and the set portion of the address
{CPU address [14:5] 411) is sent to row decoders 481 to 483. In shard mode, the row decoders select the
25 corresponding sets in ways 0-5, causing the data stored at thege locations to be input to way selector 461, In
non-shared mode, the selector 425 will receive a non-shared mode value from second computing engine
enable line 427, and the CPU has exclusive access to all of the ways in data array 400, including ways 6 and
7. Inthis case, selector 425 selects the set portion of the CPU address (CPU address[14:5] 411) and inputs
this set designation into row decoder 484. This row decoder selects the corresponding sets in ways 6 and 7,

30°  causing the data siored at these locations to be input to way selector 461 and way selector 462, The
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15 a second conputing engi ne address (421), a second conputing engi ne cache
enable line 427, a way select 460, and a way sel ector 461. As gj%qﬂf%qg g,
in other enbodinents the address for a different conputing enginé & @
used instead of the CPU address. In the enbodi nent shown in FIG 3, the set
poitions of the addresses and the enable lines may all be inputs to

sel ector 425, and this selector nmay feed its output to ways 6 and 7. In

addi ti on, ylakg QL d ress 1 be input to ways 0O
to 5. The mayn%ﬁa%put s 45%5}5%%“%?6%%%&%@%6 & \?\é?éa)ﬁgavgg%’r @P‘gk’t"g?’ Thf'y coupl ed
to a way 961 gbusgnshd€dmods,if tachada caie hit e WPIaR) th RidleSind Bitespot@¥So B @Nd 7 NMaY
be output to a %@é‘s? ector 462. The enbodi nent of a way subdivided data
array shownh 1h- SR WSy VRS C i by ey sRletpr ARk . This infayentipn meay haserit af¥le and

non- shar edasti®@@souiehe CPU sends an address to the cache, and the set portion
of the address (CPU address [ 14:5] 411) is sent to row decoders 481 to
483. | A shard MWeten sherkbnade e semdchaipsting elgBetias dxbiasive Bec@OH WS BT Mg Sets in

ways 0-5, _causj.ng.the data stored at these | ocations to be input to way
ﬂegef%_ér 429 911[1 r{ &0%6

sel ect or o M glee fropysepond spranuiing engino enable e 437avher} iy e 5

non- shar edlal%ﬁadey@_kds!@ekfcﬂb% s%ﬁ&&ﬁ%e@gxm&ihgﬂcoﬁ@&hﬂlﬁing e%%‘ﬁé)ald&esl: %&%427’ and
the CPU has exclusive access to all of the ways In dafa arra 0,
i ncl udi ng °YRAFEE Enei afdrep(14:Fi#21) piddnpetathis set desilreiidndnto ré @ Becsier 484 tThiskdde set porti on

of the CPW..ad agddressl 14,51 _411) and ipputs this set designation
into row d%cog’{glrgé%%ﬁ%% 3 grs’%sviln ?&%@é?’%“é’%‘% G @ehp liss ¥EeepYpEisfetet s in
ways 6l0anthpito wagCelectondds i ThY mbtbtthg @@ Bat Shshdeh edlier byieSE: 4@k @ h5a) BoRe | nput
to way sel ector, 461 and vvag sel ector 462. Therlo - 4 NA E2(105)t ma)tchi ng way
that was B&7TPEMPUEABYSHechip2 Hies inghsred mpdeyif thase wps a caphe it inrthe dag 2860 cache a

sel ect or  ih M testoRdiNAY hSE! sBfdsQha ihiBaben; ahshared node, if.there was a
cache hit 1i n th];g tl)z{aggyarraay, the cac mélgpigﬁ"éué(’:eg?t?%gyp%aﬁaﬁleﬁtﬁrﬁ% e set

addr ess  aifderinfiien mavtbe fhtrigp dafa yutpwt Hufer @ the sebqadl tonlpyting\BiginG GhaeehdRht bkEek mayl i S

i nfornmatign e.s Q a.CPU data output buffer. 5 Wien-in shared
node, theg%%%%ﬁgﬁ%‘ﬁ%%hthed“@vhdd?[ﬁ%“pﬁ%e‘@%ﬁ usi ve access to ways 6 and 7. The
sel ectior 425 Witlub, aboSraiR) o 6 ctrbsehhith: WRGEy aa@dmgeonftﬁe%%&%%mw&%&w ng engine
enabl e line 427 when in the shared node. Thus, selector 425 selects the
set porti YASH WapEofEhe & rety 849 mastitei deie aream 40 rvbendigbdmesos sebme omdting egip ut | Ng

engi ne ad o) i.npyts this set designation into row decoder
484. Thi s%%\%vﬁ'le ﬁg%ﬂﬁ%@%‘éﬁgﬂn{ ﬁng’”%%‘?“ﬁ’ LER5H F"H’@"%’g?"?"?‘ﬁs RayLveseshy 7,
causi ng t hehesaathipvislohsvesen tht ipved saaind tdd@ iR bRBatnidd e fs Gor DEred Bode.NAUEs t O WAY

sel ector 462. The, mat chi ng way that was chosen earlier by the tag array
(e.g., tafarPRyiue)aqtes a&e‘ié‘él"é‘ﬂ?r@'r input to way select 462. Thus, in
shared node, if there was a cache hit in the tag array, the cache I|ine
corresponding to the set address and the matching way wi || be output by way

sel ector 462. This
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information may be sent to a data output buffer for the second conputing
engi ne. | ndependent busses may be used to route the data to t he hnifitdli Fid
conputing engi nes. 15 Thus, according to an enbodi nent that uses way
subdi vi sion, the CPU has exclusive access to way6 and way7 of the tag
array 300 and the data array 400 when the input on second conputing engi ne
enable line is for non-shared node. In this enbodinent, the second
conputi ng engi ne has excl usive access to these subdivisions when the input
on second co np'??ﬁ Y PhyRRyifiqm a shzep paghe whepdhejcache reqeivesia modsceloviimianlud signifiivigs  case,
way6 and e e shared subdivisiagns. 11 - 4 MAR 2005 Data may be read
froma s hég?ﬂe c%%c’ ﬁﬁel th% ERtHe LR & AE Firpana alue aha fry addregsdapueant sripoty e fre

o001 Y] g R Ly bR G IR SRS o sk 20

value at a first address input, _ 'ng val ue at
a first sekegingialeerpRiedt RAFEHotiOn { Ade Eaﬁ%ﬁy}/ﬁ?thmgﬁrxa§§el &6 kbR val ue.
y a ac

The first addressing value nmay be used to identi ocation 1n a cache
dat a af r alpcatiepn Bats ey iadedibymagtheh@mpeinglenbincivmtah@heRubdant in cackR xRy be read
by anot her conputing engine from another subdivision in the cache. In this
case, the"ERlhEhEpY kehes seondaddesionhiug ehd semd pdimssimpht idndfy a wemebarich addr ess

i nput, i tif second | ocat.i .in the cache data array using the second
addr essi ﬁ%%\?éﬁc ueed;gtag?la upng s SW%@F%@W@%@MW%@%@W“@P%I t aneousl y

Wi th sai dgg8asli o2 b | B 108 AL L ORr okl y@NOL her case, the cache
may switch iﬁ%@@ﬁ% ?hgglg%aa%g@gth g%%f t%e‘aI%ll PSR MR e S AR nay read

dat a fr onronisieres MBR:, 400 BiiktQbngulidtend; %af@ﬁ%ﬂgﬁ&pmé%gﬁm&ﬁ&oﬁﬁ?x%Q&&% read data
e

from The cache may receive a node sel ection value signifying that the

cachell s cometting gisharidez ivnd The nde giayecche somioRiREdLe S5ime: HAh@RE a second

address input, and sel ect the second addressing value at the first

sel ect or biHFBIERedeEser wioetritreraingvslpat & eespand addion inpuet|audseleditht segingini f i es t hat

the cac I.S. Not i hared node. The cache may then use the second

addr essi Eagdﬂ\?%lfl%‘éa}uf 3&?6?1'5 ns[e'ﬁgci? c%“é{’f”ﬁm;giaﬁﬂ%‘lp"“ thegrods Flationgeing it sipifcatntdn to be
read, ancabR¥% nbi@ffatfrbAe. O RE heQllork i 68910 RS SeEQnd case may

15 include fl Jshi ng thee cache af3{%%qgetv&he?%ﬂ?d%%&ﬁ%nﬁggﬁet%';]-ecr]'hiﬁﬁaédefﬁgrst

- conput i ngo@n@iasite Béabinitdig raAE Mhddhel fead datatile the loQBAT ) RReali OrnRGechRade miyn @ furt her
enbodi ment, the tag array 300 and data array 400 nmay contain additional

_ subdi ¥ si ipghele fiyshing thevechepiierpitehing chddlc.iand v first @mputhg angineangignes dad itk hi s f urt her
~ enbodi rreqt, .an additional set of selectors (i.e., corresponding to
. sel ectors°?§‘§_@,?°i3§7‘?fd'and 372) may be configured to control access to other

ways, suc h 20 msrfy en%«ﬁimﬁL e Vé@%y %‘ln&’\ﬁt}{ B ll(ﬂl nl:a;'&o - i %WI%& ISiOElSh e
addi tional set of selectors may receive as rnput S ﬁtﬁe a d? ess
por t i ons, ot erarotaddiiondl prppeing tngigesp bribis forie:, embuithest, d1BddridnaCergpbHletrg engi ne
enabl e si (g.g!,%lofres;!ogdinagr%o selectors 325, 371 and 372) may be configured to control access to other ways, such
20 as for example way4 and way5. In this embodiment, the additional set of selectors may receive as inpuits the
CPU address portions, third computing engine portions, and a third computing engine enable signal. Inan
embodiment, the cache indexes information within the individual cache lines.
FIG. 5 is a partial block diagram of a cache tag array 500 configured for dynamic set subdivision
according to an embodiment of the present invention. The tag array may be divided into two banks which
25  each contains half the sets and all eight ways. In this embodiment, the cache has 1024 sets, and the cache
may be shared in equally subdivisions by a first computing engine and a second computing engine. In other
embodiments, the cache may contain a different number of banks, sets or ways, and the relative size of the

subdivisions may be varied.
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enbodi nent, the cache indexes information within the individual cache
lines. FIG 5 is a partial block diagramof a cache tag array 500~ & MAR 2005
configured for dynam c set subdivision according to an enbodi nent of the
present invention. The tag array nmay be divided into two banks which 25
each contains half the sets and all eight ways. In this enbodi nent, the
cache has 1024 sets, and the cache may be shared in equally subdivisions by
a first conputig | ' ine. In oth

O A Lo L e L L T
ways, and cenkéns peisl04a 1V.€The firgidanisfs 10 ey repmsetnatic itsSdompting¥hgime bRy ¥Bditidf wndw - 4 MAR

2005 Tag ayr ve a first bank 510 that contains sets 512 to
1023, and %afsg’éééoogglcgg%‘ﬁ Elzgfgﬂs‘n’%i‘“d the s55end ek 520 @pxremesenptheshared syivision r st bank

510 nmay repevaseny, i rd. | sl 20QRrRk HNE sRNghAas, s $1,90, {shown  as
133, 138 of FIG 1 and 234 of FIG )2) and th(53‘58’5%65%'31 ﬁp%g'%sﬁggﬁy%ﬁt?}nrepr esent
t he shar edPytitsef asmesionyddrgssinyided tatbhe @8 by hSBstefmpRinGengine, aidecd@dngfe FI G 2). In
this enbodi irst engine address 512 may contain 5 a portion of a
menory adg?c%gsgjtzzp? gvided %Ontqr%%mﬁ?%"g_ﬁ%‘? Prpyidsd I%i“‘fa eache by thpseqn epreige ne, and
second engigite. FoReleRa Srsedgine AiYes 52 Bt tRQSelpbBE o8 sebo Y g@ddress
provided to the cache by the second conputing engine. For exanple, first

engi ne ad@MREEIEsIEe s BEMAEAdress, Audisprend eaginepiiress SeAmaa nahtagte tigpotionani ef t he fir st
conput i NQ L,GRGIPGe Sco A ess, and second engi address 522 may
contain the tag por g‘? %}r%{;&aélﬁ%q%%tsmegg?'fa 101" @fer}‘fghegg"geé“g%ﬁﬁs%Wﬁ?ﬁdﬁ’&‘“éngi ne's
nenor Y0 adeddesss22 mdyede §plitists scendjisnrR0fian Srsfbhd 58Nl SQRORE. S8 AS,10 address
522 may be, SEIEth_ into set and tag portions within first bank 510 and second
bank 520 PEP=SEESgeengitiifslsed with reference to FIG 3. Tag array 500 may

al so include aTa%@n_lr@%btﬁﬁay AsblincRd s%@ét(gggl%ﬁd sglgcga'r SSI.hﬁe iinntgs&% Sl tﬁtctgé%g;t or 551

may be first engine address 512 and second engi ne ress hd second
engi ne enditsl weiBadresSHP e swond Bighe addlyess 5p%; oM kedl@d rgiRe ORI, deRuseaGRg bank 520.
Sel ector 552

recei ve ,as_inputs second enable 524 and the out put 15 of
LOVi r%Xu ? ng angﬁ 1
second baRk &35 REEP &eengp ‘%°W§%/’§ayf’?c?“éﬂt“‘éﬁﬁ‘§is‘??%“déﬁ?lﬁﬁ%4a@f‘?“’ﬁ‘ﬂ‘ﬂ second
engi nas oubfsedondiank 5a% Seledi Btufy habdirbe i O 1B Bbona LG ful onput i ng
engi ne has excl usive control )(gfa tﬁe fgiﬁnrag!tmbank 51(5ld Jrég'aadﬁdgfjtens% of whet her

the cache®™in shared or non-shared node. Thus, the first conputing engine

may access anypWaVe,0ls. 26l fe md 2 by praovi di ng_an res n first engine
address 512 and recgle‘lg v"?eﬁ% %n&(g)tﬂ%g%?m%ﬁp%ﬁmﬁw?% m)gﬁta‘?‘%gﬂgaﬂfﬁgt 517. \en
not in sheaeedesnaobsthet thesadhe s ishecampash-biagd Asigl Thes, Bl H6 SRkl RbVEe access to
second bank 520. In this node, the second engi ne enable 524 has a

non- shar e g2y 5 g}%l,ga bé( FPYfing;ap pddress on first engine address 512 and receiving an output

20 on first engine output 517. When no;t in shared mode, the first computing engine also has exclusive access to
second bank 520. In this mode, the second engine enable 524 has a non-shared value. Thus, selector 511
may output the first engine address 512 to the second bank 520, and selector 527 may provide the output of

- second bank 520 to first engine output 517. When in shared mode, the second compuling engine has
exclusive access to second bank 520. In this mode, the second engine enable 524 has a shared value. Thus,

25  selector 511 may output the second engine address 522 to the second bank 520, and selector 527 may
provide the output of second bank 520 to second engine output 527, The first engine cutput 517 and second
engine ouiput 527 may correspond to the data path 113 and data path 123 shown in FIG. 1. Tag array 500
also may have a selector coupled to the first and second engine via a data path and coupled to the data input
of second bank 520 for selecting a-data input to that bank. This selector may operate in a manner similar to

30  selector 551. This may require additional /O busses,
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may output the first engine address 512 to the second bank 520, and

sel ector 527 may provide the output of second bank 520 to first enghfels
out put 517. Wen in shared node, the second conputing engi ne has exclusive
access to second bank 520. In this node, the second engi ne enabl e 524 has a
shared val ue. Thus, 25 selector 511 may out put the second engi ne address
522 to the second bank 520, and selector 527 may provide the output of
second bank 520 to second engi ne output 527. The first engi ne output 517
and second enfPhESTR e BsTset skivision. o sxsircialarey misthe cudfigwed simily tothe3 and  dat a
path 123 shaw sy JrFiG 5. . have, a sel ect or coupl ed
to the first ar?la@ seclo@nsd1127%—?%{83&(?5%?&%&2?%%‘&“%%’ R SPbgwfs'ﬁ"é dat a

i nput  of reseivedheekt brdrehs G 20 fifsoompihgengiten hen ishah-shajedpbtle, thedow RaddebRle Thi s

sel ect or rr%xiiggerag{ liﬁjn,a manner simlar to 30 selector 551. This may
require addriT BRipredsrbsiivision alsagccciyothe setadduaforshedicst sompusing weinp e shachat Uses
set suldi iosd, Bérow BecSddic AR MEIRHE i i ' ki lar to the cache
tag array of FIG S. The r%&v&é@g{)ﬁ%‘?&g@ gg&{%gﬂ{)&é%g%g?ﬁ%oﬂaéeﬁoﬁt conmput i ng
engi ne onle§mpPyiing ghizine.sThe fata onpweing ispdidfer tiedinkaokgbesafigied sithiely.fh b fibtheg ONPUL i NQ
engi ne. in non-shared nod he row decoders for the banks in the
shar ed S\J\Eﬁll%\c}?n g}t’(r%lhe oY g%sc%ll‘)'?ﬁg‘ﬁdf’%‘ét"g‘é‘? subdiypiqms for qoesps by figee pompting engiapsut i ng
engi ne. Wien i mesibaimals & maRARbdriRE cdo AV IRHANRE St biRbr 16 o RARMShAL Bedifie Shar ed
subdi vi sion receive the set address for the setond conputing engine. The
dat a out pifftuifizatet in thastress Fopexample i pikey besd23 s, mothé ietportionlofstieniidearuseg. | N a

furtheg ' be set iyided into three
subdi vi si g@%@%’%@?ﬁ%ﬂ&éﬁe@%%m &fﬁ“’ﬁ‘b%}éﬁgﬂ%&’s}i&“‘r *¥hdb e FShle of the
set subdi vécehd conpating engint bily Hamess36 G 0 fol SCREH thad the 9t sdt RRIreSRhigRYMeBSRs | S not

used to iden&if%/3 a set in the arrays. For exanple, if the array has 1023
sets, and“FRESBESHERETHHAGIN: haverr die @ 5ikset pddes my idspiifstvg diffret tsimtke shown i n
FIG 2), bheMnthembRERE, HBostiHRraR ol (Y, bi | dentify. g set. In
this case, fhe lsreﬂcondﬁt’corrpotiti ng engi(%églgﬁ??%%géagegté@g%%gatr%yasnée{'t'sgdaé to 511,
and t hus pHoftetag vhesidentiiddrwgys uni quel y i dentifies one of those sets. In
non-shared nod owever, the 9 bit set address may identify two different
sets ﬁ% t he aﬁ9a§?gf°ﬁ °¥'%ﬂ§ats§f%g3 eﬁ?%drﬂff’a"b(eﬁ@“’f?&%‘t’rd'é'ﬁﬁﬁi’ trredment ofite (e.g., bit
14) may bereemtRehiib) ThdtGeht Ag) 1B EHRY by ekt YSSHnASeiRAR seQfid doluth 2 MNER
identifying a way. 15 FIG 6 is a flow chart that shows a met hod of cache
sharing aétHEuiHg it BOdn Aewtsing forfirrmbedimantybe firg cawpating erigine @at domss 2 IBen cache may
be shareduRY..2 oy St ' i.ne and.second conputing engi ne such as
t hose shown %cn(FI)rG ﬂﬁﬁ%%%ﬁtﬁ%{?%&nwﬁi@%m%m df)é‘ .°ﬁ%"ﬁ‘%’§£#ﬁ£‘”g‘i"?‘% "8 conputi ng
engi ne nayngie a@Se:d hnfdrodiat siopd at thelfitst G@GhuRe thiRIQd bt 2 ik arkaf ingndchdE, A i@ cache nay
be in on-shargd_ m)mge. For exanple, the first conputing engine may read

i nf or et | BREFDF B At HErRE ™ PO e ety hfaPnE0% Hior wrarpls thpfecosd epapetinar my i n t he

cache. A sigdBaby assert its cache enable signal. The cache may be partitioned into a first subdivision accessible

exclusively by the first computing engine and a second subdivision accessible exclusively by the second
computing engine (603). In one embodiment, arrays (e.g., a data array and a tag array) in the cache may be
partitioned into a plurality of ways. In a second embodiment, arrays in the cache maj be partitioned into a
25  plurality of sets. The second subdivision may be flushed (604). The first computing engine may have stored

information in the second subdivision, because the cache had been in non-shared mode, and flushing the
cache may be used to safely write the data back to the main memory. The same location that was earlier
accessed by the first computing engine may now be accessed by the second computing engine (605).
Continuing with the example described above, the second computing engine may store data in the first way

30 inthe third set of the data array.
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20 associated with cache sharing may then be sent to the cache (602). For
exanpl e, the second conputing engine may assert its cache enable.gigggl5@5
The cache nay be partitioned into a first subdivision accessible R
exclusively by the first conputing engi ne and a second subdi vi si on
accessi bl e exclusively by the second conputing engine (603). In one

enbodi nent, arrays (e.g., a data array and a tag array) in the cache may be

partitioned ingg;, ?isf%ma%l‘;"kmaﬁm0%%%’}’“*‘1’?3[3?‘?3&3‘%?‘%&%%&0 [ ged%eﬁ E‘r ays in the

cache may be partitioned into a ura

subdi vi si opfligayl fyeimultanehedees 6OAJPU, Fhmick proctssor, GO IsiBh REisH SecbiBiY have
stored iq&ggg&ggoq in the second subdij vision, becapse t he cache had been
in non- shar S HBEECT e REsseptinyEipt, §ystera00 includpre GRHY Hdbatis eaupledso stk ednyoliow i t & t he
dat a back 7o® Théws &idh olf to 2 R BAIR 2 L,RGA k! s ear| | ccessed
by the firs;'cqnputing engi ne nay Now be ac%%%@%%&§§gﬁhgsr%%%ﬁg%égﬁputing
engi ne 3 609kt sighalpracesser 760 arpidubledibibe @xtanidl & adi,tielgrphia pRvesser Ah@dasecond
comput i ng hggln%&a§&ﬁks data in the first way 30 in the third set of
the data array: 14 -% ﬁz""j‘g'ﬁfg" Pt memons74d; The grinhisy prospsars R50cen epomiie of a
conput er shesdk@ivathiike i\l 2 RGBS A e ldth () For & ' figured for

si mul t aneous access by a CPU, g?aphicg,égoéeéggg%&@%g%%fggﬁgkgy?gna
processor PEEEHT 6P rgy rresess digitaksigpabdi nent of the present invention. System 700
includes a CPU~#10Q that. is counled to a bus controller 720. The bus
controller is go%gﬁobgg%'@%spgceésé”gﬁé%“ﬁﬁ'&m TSR SN ShEF sAckeddP using gr aphi cs

pr oces¥or dyibiic adiviSionass as@ibddabovs IHgHAB bmHRBRAEHE TS ontf BApiAk BaceQUR] f£died 9 t e cache
730. In additign, the graphics processor 750 and digital signal processor

760 are cBUPTEadm b waspeEidhamedtiprhonei oE. oFe th empbivs recesserdeairs wohareHEGadiay
conmput & tohpt BxkHhEcattle], bt cBote ; @13 nd. the depth (z)
for a graphi Cs ap%l i‘(;:aat%on. Theel%j?lg?e;aﬁo gﬁm{&r%&%%?mesa%ﬁb“%ﬁ“ﬁa rocess

di gi tal sicepraiing engBR\Ya® Llkreg ragRitCBDHUR CRBA Mem&R) , In Sfiheflingodiadn:, Siataal |
processor ﬂ7§0athrgaa>é SShFrﬁ»g cache 730 using 10 dynam ¢ subdivision as described
above. PR e EREEa H]Er?e"&rﬁpuﬂrﬁeﬂﬁ’ﬂeir P SpmtiRe eidsfentpronpgichpaldded. In an
embodl 15e Nlotruaanay @ lcltpuliR Ry AR UM cBircbame 3G Bland e ADINES
processor begins to share the cache or stops sharing the cac eC}, then the
cache is fiP#i8ked into system memory 740. In an enbodiment, all three

conputi ng engi E\ ifferent read/wite_paths to the systemnenory. In
a further enbogﬁig’%?t ,1&5'?[ f 4 rglfg%sn meﬂfoﬁsua%apﬁaé %g"p'éaf’}g ShRERE B FPRY ¢ hr ee

conput i ng sienighaesiccesiibg meEiNODinfieY on@dOdidaly EQREB b P Belibe & Bndhd 15

otherw se occur if two conputing engines attenpted to flush at the sane
tinme or r&SEHWY PG Aresent Misntiop st nof equire hengesitaihe destinef e @ghentlisi nvent i on

rel at e t embRLRANS R Bgseﬁmﬂa&i@r; ﬂrb%idgs%rdirée?a%ﬂgachstg &E:lle @lgam\llgﬁl 1}1 &tal orsleut)? 21918 t

computing engines are able to access the cache directly without going through a common bus controller.

Subdivisions of the cache act as “virtual ported caches.” The viriual caches may be different in size
depending upon the sharing configuration mode. According to an embodiment of the present invention, the
cache subdivisions are transparent to the computing engines.

25 The present invention may be implemented as a way subdivided, 2 set subdivided cache, or a
combination of both. The set subdivided implementation provides for a greatly reduced die size and timing
impact in some cache implementations. Using set subdivision also has a different effect on way-
associativity. When using set subdivision, in a n-way associative cache, the default for all shared request

+ types is n-way set associativity. When using way subdivision, by default, an n-way set associative cache

30 splits all n-ways among all shared request types. In an embodiment, the data, tag and state arrays need a
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si mul t aneous accesses by nultiple conputing engines directly to a cache
army. Because a single ported cache may be used, the present inventiBaR pans
does not require changes to the design of the cache cells. 20 Enbodi nents

of the present invention provides a direct approach to cache sharing in

that one or nore conputing engines are able to access the cache directly

w t hout going through a common bus controller. Subdivisions of the cache
act as "virtual ported caches." The virtual caches may be different in size

dependi ng“’ﬂ’ﬁ?}wqﬁ@w Ff’ailel""r‘ibd %?P@‘E\"%‘E fimitanseyg eache Agcessis g TS 46 M fsdPfBodi ment
of the pr ge%ﬁ:%m&e&‘ﬂl@@&d‘ g%rwfy sutRIR RN R, Mdmep%ﬁf&e feﬁm@ﬁ Qi tO the
conput|ng engl nes. he présent 1 nvention may be 1 nple ed as a way
subdi vi dedn,appad,sueitRUsudglﬂmw d eckdgidio lveh woyrin sharedowddi nati on of both. The set

subdi vi ded i npl. enent ati on provides for a greatl, redu d di i ze and
Tming. CF mpack S S RmE e P T A N LR o1 STBRIPFET on al 0

has a di f kgR&RL it @l b&pbredibd WM odRiSRHs hdbvirMfichVor th t'i’rﬁénﬂ&l RbveRdfiMeVi Si on,
in a n-way associative cache, the default for all shared request types is
n-way set aessterchizgs indiwftiin ﬂmVﬁewwmqumasﬂ cls@bﬂithpbtslemngﬁypthb@ﬁamct an n-way
set associ.ative ca al l. shar request. types. In
o enbod et o3 QR b it fiyiaae o g o g o b g 100
M Ni MUM OfkheRacheily BRE S5l nBizdddoh (ek., M@ﬁﬁ@aﬁﬁﬁ%ﬁ@@&ﬁhﬁ@@@@fd@hcache
accesses. This is also the case for a set subdivided LRU array. For a way
subdi vi d eémb@mq@s diseysepy) abolrothetecond fompitige caginercppble figeduraaie/dispesiarddanody r ect
nnppedl’(! nQ, nﬁc?nbe%@htﬁeu L?tst!g%%gec ema()?l;euse'ﬂcﬂones chemlro?i%%ﬁ es&gqie Sever al
enbodi ment's’ o SSENT NVent I on” ar e specl Prated and/ or
descri bed chaiigRngind sdn’ﬂb\&ﬁigﬁl[toﬁl'st codvlithg elagneamaaéﬁﬁmes‘e@dd dohﬁltmgmghefvhﬂ:aﬁyl ons and
variations of the present invention are covered by the above teachings and
wi t hi n t héharikasrbefogp langranesiniesheretie rhak %ﬁm&f“ﬁﬁ?}%ﬂ“%‘t&éﬁeﬁsﬁﬁ depiitt he spirit
and int ews@&ﬁ QJenabmmé eamlo;ta&a twat%%re@as@azpﬁ er, /e M EHRGEmAS CONPULi Ng
engi nes may share t Re cach e, and e cache may have any configuration
(e.g., banlssigsedwys dis@stradiegftbm then:bma)mca%shaadl@tﬂﬁﬁhe seneampliagismsatay broweg kp

enbodi nents dj scussed a se the secon utin na Ie line to
onabl clhd AP SHARBH AR S5t & VS GTRE M ST B TRTTVE ¢ o 1 h
cache nmay agdusefopribt) TOAR:, 86 R FEHRaRoAR R necibRBeHRE QD ShoheGRI T EbhGzENTi Ne
sends a signal to first conputlng engi ne whenever the second computing
engi ne warebgres §.2. whiznt inephe cache (or no | onger needs to share the cache),
and the first conputing engi ne asserts/deasserts the first computing
engi ne enable line to activatel deactivate shared node. Further, while the
enbodi ments di scl osed above di scuss reading fromthe dynanlcally shar ed
cache, the sane nechani sns may be used to
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15 control witing fromthe dynam cally shared cache. As anot her gﬁggﬂ#ﬁ,qgﬁ
the steps in the nethod may be varied as appropriate. Further, the ;U
be additional connections between the cache and the conputing engines
(e.g., control lines). 16 4 MAR 2005 ICLAIM 1. A cache, conprising an
array that has single ported cells and is simultaneously accessible by

mul tiple cg uting engines. 5 2. The cache of claim1, wherein one of the
conputingI ﬂgwhes may be dynamically allocated a plurality of ways in the
cache array. 3. The cache of claim 1, wherein oné of the conputing engines
may be dynamically allocated a 10 plurality of sets.in the cache array. 4.
The cachelof ch gdchn domprvvg pedrmy thiy bas siseldpertdd ndlk shd @SimuRestss abdassile ber nm ne

whet her the cac Elis bei ng . shared by multiple data engines. 15 5. The
cache of cl ai fPL"PSHRBPEPEEHE cache is directly accessible sinultaneously
by mul tsi pl e conputing engines. 6. A cache, conprising: a tag array
including a first address input, a second address input, and a shared nobde
i nput; 20%a daths cathy o glaie|iewherein ouelof e woptihexdgites mbyibe dinadfeatty dllaggied@nd i ncl udi ng
a first addresﬁm&%ﬁ%ﬁmsﬁuﬁec nd address input, and a shared node input. 7.
The cache of claim®, ‘nerern tHe tag array further includes: a first

sel ector electrically coupled to the first address input, the second
address input and the shared 25 node input; a shared way electrically
coupl ed t & t heThergelgof deimd cwhsrein oge oftheasmroltingdngines mry te dmetiralralibdeaipd £ oupl ed t o
the figst addrﬁ§§kgggﬂhnm%ggm§%.ond address input, and the shared node
input; and a conparator electrically coupled to the shared way and the
second sel ector conponent. 30 17 '

4. The cache of claim 1, wherein the cache includes inputs to determine whether the cache is being

shared by multiple data engines.

15 5 The cache of claim 1, wherein the cache is directly accessible simultaneously by multiple
" computing engines.
6. A cache, comprising:

a tag array including a first address input, a second address input, and a shared mode input;
20 a data atray electrically coupled to the tag array and including a first address input, a second address

input, and a shared mode input.

7. The cache of claim 6, wherein the tag array further includes:
a first selector electrically coupled to the first address input, the second address input and the shared
25 mode input;
a shared way electrically coupled to the first selector;
a second selector electrically coupled to the first address input, the second address input, and the
‘shared mode input; and
a comparator electrically coupled to the shared way and the second selector component.

30
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- 4 MAC R 2005 8. The cache of claim 7, wherein the first address input
includes a first address set input and first address tag input, thé PiaRsE005
selector is electrically coupled to the first address set input, and second
setector is electrically coupled to the first address tag input. 9. The
cache of. claim8, wherein the first selector and second sel ector are
integrally formed as a single conponent. 10 The cache of claim7, wherein
the data array further includes: a third sel ector electricallg coupled to

the first8addrEeschepbeltim 7.obesin le frefaddessinntipsivees 4 fitgt adfress sshiapukayd Irt0 npde

i nput; a share Il . | t e.third selectar; way

sel ect or eIect%@%g%ﬁ&hgﬁﬁgkggk%%m%%%&ﬁgg%mg%%gvﬁgngﬁgfgﬁmﬁg?ggﬁﬂ%to the tag
array's conpar skt is efediricalliveupld @l fif adtrbsaiagingms, Wherein the tag array further
includes: 15 a first bank of sets electrically coupled to the first address
input; a selector electrically coupled to the first address input, second

addr ess | Gput, 1RQRBLAY, VG e Uior B0Ee R RGO RBAN AhePBlSnge

electrically coupled to the selector. e cache alrm

t he data arraycolpmether conprises: a first bank of sets electrically
coupled to the first address input; a selector electrically coupled to the
first address input, second address input, and shared node input; and a

second baipk of 113 efcfe R bifimlr! WHei k¥ dBQHR feflertiRubdie Sel ector. 13. A system
conprising: 25 a central processing unit; a second conputing engine; and a

cache that is ehiebtirdte agldrigallycwplkdolthe Grstiadlecssgepmt seednd pldosdpgienighegimred and t he
seconqoconputiQ%e%n ine and that includes a plurality of cache nenory

| ocations whi ch a8 -accessi bl e by -.the second conputing engi ne when a
shared.node si giatd vsy ek@a@iy\cagedd the ARELSA;Dl € by the central processing 30
unit when the shared node signal is not received. 18 14. The system of
clai m 13, wher &V sdestogeleciedy epupieipiha den g ngridwiyendip ip etray seospirdPrcache by
an enable line, and wherein said shared node signal is received by said
cache over said enable line. 5 15. The system of claim 14, father

conpri si ngl.a t MiercghodRipintG wgreRithg i2p@ray Sriigr wdheleei N sai d cache

15 a first bank of seis electrically coupled to the first address input;
a selector efectrically coupled to the first address input, second address input, and shared mode

input; and a second bank of sets electrically coupled to the selector,

12, The cache of claim 11, wherein the data array further comprises:
20 a first bank of sets electrically coupled to the first address input;
a selector electrically coupled to the first address input, second address input, and shared mode

input; and a second bank of sefs electrically coupled to the selector.

13. A systermn comprising:
25 . a central processing unit;
a second computing engine; and
a cache that is electricaily coupled to the ceniral processing unit and the second computing engine
and that includes a plurality of cache memory locations which are accessible by the second
computing engine when a shared mode signal is received and accessible by the central processing

30 unit when the shared mode signal is not received,
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further includes a second plurality of cache nmenory |ocations which are
accessible by the third conputing engi ne when a second shared nnaeﬁéﬁ@%aﬁﬂﬁ
is received and accessible by the central processing unit when the second
shared node signal is not received. 10 16. The system of claim 13, wherein
the systemis part of an integrated circuit. 17. The system of claim 13,
wherein said second conputing engine is a graphics engine. 18. A nethod of
cache sharing, the nethod conprising: 15 accessing a |location in a cache
froma first conputing engine; sending the cache a signal associated with
cache shar#.ng; Tesghtepenf tiiit 1D hangh skilh Rcdh @ BGuting én@indls Eoufiditto sl B & ON
accessi bl e exclusively by the first conputing engine and a second
subdi vi si on ac 88@‘% fins4 ‘%ﬂ Wierein gl sisdynoipizgal is anseived biseif palteiovrgsaisivpblm tine. 20 19. The
met hod of claim 18, Rather conprising flushing the second subdi vision. 20.
The nethod of claim 18, wherein said location in the cache is part of the
second 3suBdi vi Theopstemaficlaim ) &rtier emprisiag Mbrd@eipling dnfify, ané YRR B8 &RCCESSI Ng

ache fromthe second conputing engine. 25 21. The

said | ocation %@Rthqwﬁ C _

met hod of cl ai M1 meRidsEs S8Top AuFplty pf opce mempstpogtioss Whichiprs aggestible bytthegirdr al i ty of
ways in the ca utin@ Btdine i . LVISLOn, second
plurality of \/va@d)i/}‘s9 i %&%hew%gf:ﬁggd%%%@Eﬁgﬁngfﬁ%w%g&%ﬁ%s%e%ﬁw %glrei n the
first subdi vi sPefgssing unit whpnthetsecpridgiaget imbde sigfal is it &cdivad.t he cache, and 30
wherein the second subdivision is a second plurality of sets in the cache.
19 - 4 MAR 21005 23. A nethod of reading information froma cache, the

net hodlocongr i STiRGystemo€&Mh Vi, Ao HEIRARM P brlah Rl MG S1 gNi fying that the
cache is in shared node; receiving a first addressing value at a first
address input; 5 selecting the first addressing value at a first selector
conponent jpase 2 Lved. npd sel ect.iiqn val.ue; identifying a
first | ocg)i onﬂileﬁﬁgaénlggég eﬁﬁgfege}ﬁgﬁsgf/on‘ﬁcsofnﬁ%n%ﬁ@m‘flf TEPIE R SSsi ng val ue: and
reading data fromthe first |ocation. 10 24. The nethod of claim 23,

further cquri ing: receiving a second addressing value at a second address
i nput ; . methed of cache sharing] e method comprising:

15 accessing a location in a cache from a first computing engine;
- sending the cache a signal associated with cache sharing; and
partitioning the cache into a first subdivision accessible exclusively by the first computing engine

and a second subdivision accessible exclusively by a second computing engine.
20 19, The method of claim 18, further comprising flushing the second subdivision.
20, The method of claim 18, wherein said location in the cache is part of the second subdivision, and

wherein the method further comprises accessing said location in the cache from the second

compuling engine,

25
21. The method of claim 18, wherein the first subdivision is a first plurality of ways in the cache, and
wherein the second subdivision is a second plurality of ways in the cache.
22. The method of claim 18, wherein the first subdivision is a first plurality of sets in the cache, and
30 wherein the second subdivision is a second plurality of sets in the cache.
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identifying a second location in the cache data array using the second
addressing value; and reading data fromthe second | ocation S|nulta@@?y%h¥
with said reading data fromthe first location. 15 25. The net hod of

23, further conprising: receiving a node sel ection value signifying that
the cache is not in shared node; receiving a second addressing value at a
second address input; selecting the second addressing value at the first
sel'ect or conmponent based upon the node selection value that signifies that
the cache is not in shared node; 20 using the second addressing value to
identify ,gaid;f Cﬁ%1 read; and reading data
fromthe ocatﬁ?d(’)‘a?]h%‘?((’){J %g'ﬁgﬁ %atﬁgg&ﬁ‘gca%}% g&r‘r%’?ﬁ&g‘g'of claim 23, wherein the
first addresmmgvmwdmtﬁesneﬁcum\ams@ﬂﬁnmthagcuaslmmarmdeg\herei n identifying a
first location in the cache using the first addressing val ue includes:

sel ecting a séP“Fﬁ%%mﬁﬁﬂmﬁw$ﬁveﬁ@ﬂﬁ&mﬁﬁﬁmgﬁt addr essi ng val ue sel ected by
the fiyst sel oLy e th@lfbkathd\dnrh Al BOGL GR3biA ied W becSFhhod 1 St addr ess
input; 5 selecting the tag addressing value at a second sel ector conponent
based upon t heeclgharelde; node sel ector val ue; and conparing tags stored in
the selected g the ta arra with the ddr essi ng,val ue sel ected by
the second sel %Bfffﬁ‘?ga%%l?caa‘g't"é"rcf’f‘f %Wﬁ‘ﬁ?g?ﬁ%w %ﬂgﬁ a tag resides is
a mat chi ng Wayesithg §08rok @R BAMSHRA results in a 10 match.-27. The method of
claim 26, wherein identifying a first location in the cache using the first
addressing value further includes: selecting the set addressing value at a
third,sel gctor on,.t mode. sel ection value signifying 15 that the
cache ?s ?% sﬁ%?g%QQDdR“nxg%ﬁwﬁmm?mP§lng as the first location the |ocation
of a cache datrecemingysebolddddrbssing valud 418 seB@ adaRSsi@@PONdi ng to the set
addressing value in the way of the data array that corresponds to the:

mat chi ng way. ‘2“8“@%@3%&’?%@“ hecpcls dpjanmay “ﬁkﬁé“%ﬁﬁﬂdtalif’éessf"?gﬁ%‘t‘%ﬁ'ddr essi ng

val ue conpri sgg,qf %Aéifﬁokﬂ%%‘éconﬂ%%%&dl Vﬁk%ﬁnsaﬁ ﬁ&me ? ocdglr €ssi ng
val ue, and a tag ) ressing val ue ereirn i entl ying a first |ocation
in the cache using the first addressing val ue includes:

15 25 The method of claim 23, further comprising:
receiving a mode selection value signifying that the cache is not in shared mode;
receiving a second addressing value at a second address input;
selecting the second addressing value at the first selector component based upon the mode selection
value that signifies that the cache is not in shared mode;
20 using the second addressing value to identify said first location as the location to be read; and

reading data from the location to be read.

20




selecting a set in a tag array using the first set addressing val ue;
conparing tags stored in the selected set in the tag array with th e1x§ @E
addressing value and the second set addressing value; 25 detern1n|n

the way in which the tag resides is a matching way if the conparison
results in a match; identifying as the first location the location of a
cache data array that is in the set corresponding to the first set

addr essi ngs.val #g nieiﬂocio@aau‘ﬁ@y vﬂécreu; TR G Cssthe vilde 1staQeat'1a:a,ddx(‘:egs{n£ valie (a)nrt]i%?zerglr? the
mat chi ng way. 30 | AR 2005

identifying a first locatlon in the cache using the first addressing value includes:
_selecting a set in a tag array using the set addressing value selected by the first selector;
receiving a tag addressing value at said first address input; |
5 selecting the tag adf:lressing value at a second selector component based upon the shared mode
selector value; and
comparing tags stored in the selected set in the tag array with the tag addressing value selected by

the second selector; and

determining that the way in which a tag resides is a mateching way if the comparison results in a

10 maich.

27. The method of claim 26, wherein identifying a first location in the cache using the first addressing

value further includes:
selecting the set addressing value at a third selector based upon the mode selection value signifying
15 that the cache is in shared mode; and

identifying as the first location the location of a cache data array that is in the set corvesponding to

the set addressing value in the way of the data array that corresponds to the matching way.

28. The method of claim 23, wherein the first addressing value comprises a first set addressing value, a
20 second set addressing value, and a tag addressing value, and wherein identifying a first location in
the cache using the first addressing value includes:
selecting a set in a fag array using the first set addressing value;

comparing tags stored in the selected set in the tag array with the tag addressing value and the

second set addressing value;
25 determining that the way in which the tag resides is a matching way if the comparison results in a

match;
identifying es the first location the location of a cache data array that is in the set corresponding to

the first set addressing value in the way of the data array that corresponds to the matching way.

30
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