WD 02/ 01366 PCT/ US01/ 18683 Cache Line Pre-Load and Pre-Omn Based on Cache
Coherence Specul ation Field of the Invention 5 The invention rel ates
gener al | wo o02/eBd6ehe nenory in conmputer systens, and nore BORURII/Ba43 Yy to a
cache managenent system providing pre-load and pre-own functionality to
enhance cache efficiency in shared nmenory distributed cache nultiprocessor
conputer systens. 10 Background of the Invention Miltiprocessor conputer
systems are commonl Gacheddnd Preti.qid andreOvenBasedpplCacka Colnaelecause they can
of fer higher performance than systens using a single processor. UWilizing
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unit. More recently: Wﬁr?‘?eﬁsroéﬁ LB sygensetiscopnleysvebisho i ncl ude arrays
or networks of perforeraccrapplitatidnCloupust eres czﬁfoffwhigﬁérqfetfemsanb&ﬂhhn divide large

tasks anmong t h%?ﬁ&hé’l%?h arku?glci',\@' Yedstiat U'tl 1§éd1qbft1§{1 p&&ggs Iresnlo%)n of tasks in

tradi tional sor tens, SI m arI I npr essi ve
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wor kst ati ons t hat ®ach
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processors wor kinregviere dch asikor readit eganfihgst Ddebrite pPocessor or group of

processors, enabling multiprocessor systems to efficiently serve multiple

20 functions at a time. Multiprocessor systems incorporate many methods of
allocating processor resources to the various tasks or threads they execute, all of
which are designed to take advantage of the capability of such systems to
perform computations on more than one processor at a time.

Early multiprocessor systems were typically large mainframe or

25 supercomputers that were comprised of several processors mounted in the same
physical unit. More recently, multiprocessor systems have evolved to include
arrays or networks of interconnected computers or workstations that divide
large tasks among themselves in a way that is similar to the division of tasks in
traditional multiprocessor systems, and can achieve similarly impressive results.

30 A variety of multiprocessor system architectures have evolved to include
various combinations of these attributes,



5 mechani sm nust exi st for processors to share access to data and to share
the results of their conputations. One solution is use of a centralized
shared meO02/9130khi ch conprises a single nmenory that any pPOT@S&ION8683an
access. Oher systens have distributed or independent menory for each
processor or group of processors, providing faster access to the nmenory

that is Iocal tsgck?@lew%fg 9ﬁ?e§§ogﬁec%dhrgl¥18@80es£or% q{S%%(S)xP%rtg cﬁ' an s typically
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or group of procesdbs memaryawh¢tberdenirliset @hlstrénitademprby feytet drrddidkel y
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syst em bus. | nf8fHELi Xﬁn%?f(%etssoéa%ﬁet ?@Rmiﬂo ﬁb‘ﬁesd%%‘gfalh?dsf ored in a
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the nenory. After the IS u dat ed, % 2 WO 02/ 01366 PCT/ US01/ 18683
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provide faster access to data that the processors are likely to need, and to reduce
requests for the same commonly used data to be transmitted over the system

25 bus. Storing data in cache provides faster access to the data, as cache memory
is typically a more expensive but substantially faster memory type than is used
for general system memory. The cache associated with each processor or group
of processors in a distributed shared memory system likely maintains local
copies of data that resides in memory local to other processors, and so also

30 reduces the need to retrieve such data over the system bus.

Information about each block of memory is usually stored in a directory,
which indicates which caches have copies of the memory block, whether the
data is valid or invalid (dirty), and other such data, The directory is used to
ensure cache coherency, or to ensure that the system can determine whether the

35 data in each cache is valid. The directory also tracks which caches hold data
that is to be written back to memory, and facilitates granting exclusive write
access to one processor to update the memory. After the memory is updated, all
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invalid. In this type of cache system it is not unconmon for one processor
to request exclusive access to or wite to a specific cache Iline,
i nval i datwang2/edsbe 5 ot her copies of that line in other carOPEFSIIIB68BYSt ens
with | arge caches, nobst cache lines are invalidated for such reasons rather
than replaced due to age, meking invalidation of cache lines a critical
factor in CaCh%tl&%ic%dT@Jaﬂa Waat Jreduce the
i npact of cache line 1nv Fe% aton ¢ r§al@%8%%ggﬂnct%rr&tgﬁ@a§%& u5| ve wite
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mul ti processor %“rﬁ?ﬁ‘@ro thay, inedmother Pﬁch‘iﬂ i pisems géthllareqedsbes, megnsi stent with
the prior art. catlguines ﬁeﬁh@h@teﬂﬁomﬁenﬁﬂaﬁfnyrame‘sthhhEﬁfﬂa@éﬂ&.l’é&bﬁgi: menory system
with mltiple ] i an | nv ate
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Hi story Tabl e
i nvention. 20 D‘é{‘e&fi?‘%‘d Wg@ﬂl“pfeﬂw th‘?h%ﬂﬁ@ﬁéﬂ%hﬂ@@d@ﬂ@ﬂdmt@lescr| ption of
sanpl e enbodi meminsin®bf dxoRsive W\ﬁﬁﬁcb@@to dnofheF §B&Ssok 8r MBEHcdidnloh@eacconpanyi ng
draw ngs whi chlnglb?g&ﬂ]%r}; cess reof, and in which is shown by way of

il ust ration speci 4°€*Y5 enmbodi nent's in which the invention may be
practiced. These enbodi nents are described in sufficient detail to enable

those skilled in the art to pBﬂi@fDGé%nbh&a Ofﬂng@@“y&n and it is to be
under st ood that ot hg i zed.and that Iuoeqi cal ,

nechani cal , electri cl§flre 8‘”%% ﬁgfr'bg%éﬁ%é%dJmo%gwﬂfﬁ’&%ceﬁﬁOfﬂ departi ng
fromthe spiri tsysiem wetbpmlltmle fobad cpebes ensistany wrih themprioMire f ol | owi ng 30

det ai I.ad descri pti ORighf,2 dhbRs £b@L l@ased"@xhreﬂ%e%r}llﬁﬁlﬁﬂrob&s@lf dodplife} N9 sense,
and the scope of th @%’1 he appended cl ai ms. The

i nvention provi Pﬁ&&p% %Faqfﬁ%ﬁ&cﬂ‘bm?eﬁéwﬁ At cache |ine
i nval i dation on cacﬁ@u@ﬁah@wemgmmwlmﬂ gistribiged ghdred acdveryrsyistenpwitic essor

conputer syst %mtlplfloggﬁﬂ%néLQ@Qchgs QHQW PRYRAR S 1ali ML H:s%r?méor systens
with 35 dIStrlgm/n 1§ ﬂ]nclu H‘& fhcg_dlstrlbuted shared” nenory

confi guration Conf‘ﬁ[e "G ra8 embgfitpepiol ths REessYdRnUdLr ed renory

confi g@ration shown in Figure 2. The distributed nenory configuration of
Figure 1 includes a plurality of De?tailedDescription

In the following detailed description of sample embodiments of the

invention, reference is made to the accompanying drawings which form a part
hereof, and in which is shown by way of illustration specific sample

25 embodiments in which the invention may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art to practice the
invention, and it is to be understood that other embodiments may be utilized and
that logical, mechanical, electrical, and other changes may be made without
departing from the spirit or scope of the present invention. The following

30 detailed description is, therefore, not to be taken in a limiting sense, and the
scope of the invention is defined only by the appended claims.

The invention provides methods for reducing the impact of cache line
invalidation on cache efficiency in distributed cache multiprocessor computer
systems. Figures 1 and 2 show examples of multiprocessor systems with

35 distributed cache, including the distributed shared memory configuration shown
in Figure 1 and the bus-based shared memory configuration shown in Figure 2.
The distributed memory configuration of Figure 1 includes a plurality of
3



WO 02/ 01366 PCT/ USO1/ 18683 processors, including processor 1 at 101 through
processor n at 102. Each processor has a |l ocal cache 103 that includes a
cache comoortdsrg and a | ocal nmenory 104. The processor BOOUK@ic@bs3cache
are connected to other processors and their associated nenories and caches
via bus 105. In alternate 5 enbodi nents, banks of processors may share a

104 d : : '
"t or bonnect od A7 e Phe B "potsip 8! BrdB ol AI3P B D e ati on

of Figure 2 al S¥OGeHEr iRedlogp! canhed 83 thaningdudep p gache santroller, prd ddgfahg processor 1
at 201 through memaedssrThe mbccad? and 5et bache M@ esmREtel @Sotherlppzadsosache 203

that includes a, 63 eds&gg{erd%én%ﬁig&%&g&iég bg?gd(}gq}slgﬁe&&e ot her processors

and their local caches via bus ves to connect each
| ocal pt ocessoremRaimertspankyobprecsssorTmahre g masasy |04 o105 caghedfdise t he | ocal
caches in both andndfultirie Binie 6Bprodesdons dro mtdrccdogitRS/ithe 8ad B5. t hat may be

i nval i dated either I nged by. anot her 15
processor without bglﬂgBﬁsﬁ%%g(fse%%?n%g'foﬁj}a%o%ggﬁaﬁ%cﬁﬁgug?galﬁéémtcgﬁ%snaot her
processor requbdlitigf Breesssarpieclyding mosswe d ot 203 thineghdpipeessar het 28 a st or ed

ibn t Ee l ocal C&bﬂ?roc&@s&ﬂha@@ﬂoc@l&ﬁﬂ&%ﬁ&ﬂaﬁnbl@ﬂ@iaﬂ:_a&@ dofltrife,iakd ist di S neeﬂeg
y the. associ at . resent inventio vi des net hods
t hat a:rm;l in oneC%gnr%%g?én%tﬁgp??%%ﬁ%g%agﬂg%g l‘lg)cﬁ?%agfryﬁv‘(/g‘pbeusta Qh-rgaﬁ‘@ aisﬂe i npact of
cache |ine i nvafivautivicemesheaply lasalameceespr andicasheyo a Trampmsharadingmatynpri ses in
one enbodi nent auoecording locally at each cache the cache lines that are

gi ven up involuntari du 0._{ nval i.dati on ich are then caqnsi dered
prefetch candi dat esﬁgi’vjaéw? .eg%éiﬁa %F&dgoé%cqnﬁﬁg%ﬂ’éswe Pruseres 8t | | be
reused in the riksimaybeinvelidateeiter due testhp cashed diteelbingrhonged bgmbairment by

snarfing, Whi Chyr&RsRF iviRSut bBihe LFRRUIINS Mot dadhtAShetd S HREPVERE25 t WO
ot her devices on a cache

bus. .Such sparfin taciégl s place Wrgﬁg a renot
transfers a |i r{%.qutegmgﬁéclpga%gg{%iaﬁcges%@\?lilec' ?aofhe\fﬁé fioLe g}efl?‘@ggqcﬁﬁe i's
written back tvgllmetnsrcsssarith ecniaiveniidiuotil it is newive bethoasionieret docgkel ect i vel y
broadcasts overpddagor. iR fries@ntdniGSprbNads ridifodMitat 48 Hh HREmbbiREN evel one
cache (L1 cache% { 0 Ite¥el W0 é"(ls'zalbl cgche, so.t atl. t he\ﬁy}vr ite-back |ine data
may be snarfed BYCHENES MhgEdare Byedcs fieimbast aifeshs ing MYR/d3tco8sed copi es of
the sane |ine. chshectimpenezalhnigvéntion casprises invat erdeidiment récoslinylesdint
invention in vafkRHSachs MRAALNBRES hal & FPLSug By dMRAHIS tud 38nfalllidiog, cache
m sses due to i q}\@lsa'gd@t lon o caeg.he | Tnes. Acti g}gs are dgﬂqléﬁn to reduce the
cache coherencé” glhen gopsfflered pr ‘?‘fﬁ’r‘fai“?‘l‘gatgse‘f%é? inprgaseddtieliband pus and
writing back sebeetied vdlba rosalintlveeustuter ThdDath cprefetchtEinoeat ect i ve
snarfing of thapyl@hint by snarfing, which comprises intercepting data transferred between
25 two other devices on a bus. Such snarfing takes place when a remote cache
transfers a line to the requesting device or when a modified line is written back
to memory. The invention in some embodiments selectively broadcasts over the
bus those lines that are written back from level one cache (L1 cache) to level
two (L2) cache, so that the write-back line data may be snarfed by other caches
30 with involuntarily invalidated copies of the same line.
In compensating for cache invalidation, the present invention in various
embodiments attempts to predict the future cache misses due to invalidation of
cache lines. Actions are taken to reduce the cache coherence misses, such as
snarfing selected data off the bus and writing back selected data over the bus to
35 facilitate selective snarfing of that data.
To facilitate prediction of cache misses due to cache invalidation to
ensure cache coherence, an Invalidate History Table (IHT) is established in each
4



To facilitate prediction of cache m sses due to cache invalidation to
ensure cache coherence, an Invalidate Hi story Table (IHT) is established in
each 4 Wv0a%/0B866 PCT/ US01/ 18683 cache to record each of PCWDStlysess of
coherence invalidation activity. First, clean-invalidate invalidations are
recorded for each line, where a clean- invalidate invalidation conprises

i nvpl untary ' nvc%ﬂeq@gcgfhl e%gh &t tlvio'?ﬁoe Yo Qrelﬁcgqnvakigl%nggﬁ\[i]tg. 'Fﬁg;m red to
relinquish either an exclusive or 'shared state. Uean- invalidate |ine
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data inSthe cdewddatp fiae invalidaensihaiefaierreivalidriénmes thaheccenwhen 4ni nes ar e
invalh i dat ed. Thinﬁqoamadiﬁbhbain@mnstysﬁtﬁemcaexas?ﬂivﬁioe_@hae@tc‘da@e&shipe i's reqﬁested by
anot her processor. . of the inventifQn such.as ose
utilizi ng W i telg{%%rt%}ﬂigg@%@@%ﬁ@%’gﬁ%@gmﬁ%&p ﬁ?ctegsof'n § nSS%)B?rt'V@ e(?%her caches
for the requestievplideions raserdsd aredistyrinealidaty invabdadians it whisk thedetieyn thenoopi ng
conprises a brqagrakks hdsegeesmbdified Rifdie thecadRemed A€ idviRIat@0uastad data to
ensurelgurrenc%aof the d efore results in a

at a.. retrieved nd, t her
subsequent requeg enf%rentaﬁ%Odé%et%aca&reé%e l.sr{%%?atgéj%?nf tl}ef pr&‘%‘_ﬁ% ent copy of the
data is not found i Mo sgiat dvehodipaniseof thefinventigipgihk avtheteartiliziag wiiterbacksul ts from

snoopi ng act i Vichyhes,al daclkertRefesil8aslsibsHiAg bther daches Fbriike @@%@&8&9; the fsl nooped
ored In the

data and use t %Ogea;te%.to L{ﬁéﬂ@a&'efthe Ilneeé'nf i.t LS still scf "

| ocal cache but Fecor &' R o - S |ﬁ%plf’%€/§?l?r355tael?f?a ‘820 further
enbodi ment s, alrequesidh ether ¢aghesfenthd isquestet dath foaderg surrgnicn ef e dgmarf the |i ne
store t{he |ine rktfedSHRS BeeHiAkits i GE8RANTGRK rdqBEiTor Rt Bl t 1S

reval i dati on conpri Si .updat i of .th data.stored in invalld cache |ines
or creation of ‘%Q’?fg%oglgdﬁ%qrﬁeﬂggg}ﬁ?#@e g%?’ lsdlﬁﬁ? nd {0 a0 en[qa[QQe. éttae recorded in
the | HT wheneveacheadapl transfer watlta fifoorsnodpangretivit all aachkd eed @garf)shebr oadcast on
the bus. Such bfn@ﬁ@&@sﬁt&t&%ﬂo&@@%@amgﬂﬁ dhﬂa@@uﬁc&tétﬁ@fﬁ%‘(iﬂtﬁﬁqll froma line

owner's cache to a reguestin ache .res se to a read m_ss
(cache-cache trSH)ﬁ"éiflérﬁ% OB‘"’ﬁc 8 “te{ecr?ﬁlfpf'?fga?ﬁ?ﬂ%b?‘%g BValdeisd % om t he owner's

cache and w i t tferhebamkodiments ratircgchesthdli itiriedk the btoaddasidiag or $marfaheclehe- cache
transfer, the dakmk$insnad figldisfded cache only when the line is recorded in
the 30 cache's IHT as clean-invalidate invalidated. Dirty-inyvalidate
i nval i dated |ines %e“ﬁ@?tegﬂ%#feé'ﬁsuﬁﬁ réﬁagﬁ‘?ét-“l‘f’eﬁ?%’r IP’P%H%“%‘%P%O%E‘E ause it is
consi dered | i kelta stdet intilnalid caoher Bsdsion greatomiod awew Icadhe linp elatyeldr bl t | y,
invalidating thg.smardertebidffin the IHT whenever valid line data for the particular line
25 is broadcast on the bus. Such broadcasts can happen when a line is transferred
from a line owner’s cache to a requesting cache in response to a read miss
(cache-cache transfer), or when a modified line is evicted from the owner’s
cache and written back to memory (modified write-back). In a cache-cache
transfer, the data is snarfed in a cache only when the line is recorded in the
30 cache’s IHT as clean-invalidate invalidated. Dirty-invalidate invalidated lines
are not snarfed in cache-cache transfers because it is considered likely that the
requesting cache will be updated shortly, invalidating the snarfed line.
In some embodiments, when a line is snarfed or preloaded because it is
recorded in the IHT, the THT will not again record the line as involuntarily
35 invalidated if it is not referenced before it is again invalidated. This allows the
IHT to adapt to the need of other nodes to use the same data.
In some embodiments triggered by a modified write back, all caches
5



In sonme enbodi nents, when a line is snarfed or prel oaded because it is
recorded in the IHT, the IHT will not again record the |line as
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for possible Qe sophicémag, Irtsi@elelamibd&imdﬁtbl, pcitgheelbated nh@tmbm&@tnsi dered. In
many systems, 1.ng Iy 1 . br t I - back
activity may f fée@%ﬁ‘%b H%}QEBS%@ ﬁﬂ%ngr%l%%?ﬁeg%m@ ul‘“fdéd%&&t?l VI I n various
enbodi nent s~ of & Pollyinamreblums bniereimgtirorsloaded | e pYics eashe 11 Pﬁ’tt t he anmount
of bus trafficsgeneeated by L1 wite-back broadcasts. First, in one

embodi ment, an L2 mr{ {e?ec{g%wgte 51( %%vftf to%%ga%gés?&%g h\é"b V\Efo? %?snxbkez cache

line entry. An LI
cor r esi¥ondi ng W%ﬁ&aﬁhﬁh@ﬂ@‘ﬁld@lqftheéuéﬁms"hﬁcﬁnweiﬁtdelﬁ W@U@’ﬁtemﬁi t is set when
the processor @llitiRsnaybieddehiting of all INecabhdrilRybatinydilitgidby Ngodthe |ine in

other caches. i 5 Sl HeLLOM SSEHTSLARET, SRt QLuALLLE I 55 causes

i nval i dation in oth ond Sroadeast i ng both the
addr ess invention, two methods are utilized to limit the amount of bus traffic generated

by L1 write-back broadcasts. First, in one embodiment, an 1.2 write-through bit

25 is associated with each L2 cache line enfry. An L1 write-back broadcast is
issued only when the corresponding wrote-through bit is on. This write-through
bit is set when the processor obtains ownership of the line by invalidating the
line in other caches. This situation occurs when a read or write miss causes
invalidation in other caches. Second, rather than broadcasting both the address

30 and data of the written line, the data is sent only after a matching address is
found in any other IHT.

In further embodiments, write-backs from L1 to L2 cache are not written
back to memory over the system bus if the write-through bit of the written back
line is not on. In another embodiment, the L1 to L2 write back is not written to

35 system memory when the written back line is not present in another cache’s
IHT. Such rules that restrict memory write backs to lines likely to be needed in
other caches serve to further limit the number of transfers over the system
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30 and data of the witten line, the data is sent only after a matching
address is found in any other IHT. In further enbodi nents, wite-backs
fromLl tOb2oseche are not witten back to nenory over POBRUSYISI868% bus i f
the wite-through bit of the witten back |ine is not on. In another
enbodi nent, the L1 to L2 wite back is not witten to 35 system nenory when

t he wrltten ba Such rul es
that restrict ‘Enxgenr%d{ﬁﬁuété aﬂ@ﬁat@{(sgcsoﬁgl% &19%&@%55% ﬂ;/E'? g&geéﬁteeleggé ot her
h

caches serve t&°f\i limit the nunber of transfers over the system 6 WO
02/ 01366 PCT/ USO1/ 1BB88 Titlnurages busexemphly @nbaiment btke piosdat hoetitiog, t he bus

th L1 h I
erhodi Tent o %ﬁi‘fﬁ%@%ﬁ iAo Rl Byt BT TP e e

nmenory >syst em “éboldt??f’éf implemgats a3 IE"Z’“E‘% Hgéémy TH@G élllﬁ%éi)}re nt
i npl enents an langd airitkatheoulgh bit assycidtadivih €ddH )2 3613 linakithwn anB04 @-chablr ough bi t

associ ated wt A p or node 301
and 302 to con%é&eﬁp Q{?e@@f%@oﬂohﬁ%ﬂﬁéﬁﬁtﬁol ﬁgélfgtﬁngq‘fqnlg?l%lg%gﬁg | i nes due
to cache coher &ATE liaes qugite gachq ¢p F’ﬁf"?aé ‘é.‘%l e enbodi ment, an invalidation
type bit T shown at IiB@8 exampld embatheemomatredidativhay@attT slthWn&um ias 303 to

| ndi cafe whet h%cotﬂ?)?até‘é%{oeeﬁ 936 o9 ﬁE tg Dok eﬁle’? T{I}\?g&ﬂés%ﬂln@dggz (r)recor ds

dirty-invalidate I'HT ent e wite-

LI cache writed ﬁﬁ@l&“kﬁl’fﬁcﬁl‘?ﬂ&ﬁ‘é@ *4%%OW%w@é'é<{%fed5T gb%r Thenwritsrigrongds. | n
addi tion, a prékitowd shovwn & 36hmandal.l 3dbe wsitalSek cardidatts Wirbfoadegdy ent r y i n
the L2 cache 3Qg or thPpis 3B bl 86 Mprdib e B BRbyndl Sodts ElspAES e ! O

early cl ean- i nvar dcast on the bus
305, al | ot her caGheg¥&sbe &2 Grahe 3%&ldalﬁlft/ﬁ@chlﬂilﬁeétb%altemlqaadﬁcid@ed@hes If a
modi fiwsd copy iesrly desndinvdlidatapy of the caches, the owner will transfer the

! ' ne to the request W&eﬂﬁn )g?calché??ead H’Fﬂ? ?rogcggstgg%ﬁug?@aﬂg frETory . It the

line is al so recorde ean-1 nva the ot her
processors, th8sesPEEl &okap el line éntheir L2 wechgatlha medilieg conyHefasaé he- t o- cache
transfer. In sucimyaf teatienahs owleewill fignshe arn@s tcﬁthafeqtihstoﬁb§ﬂell add

¢ ean-invall datgadd AE obyy ih GIRMHREndh O chd el it @lebified N1 1dab Atalichuy N T €0
br ough® into t fethe (BT @B@ﬁ@thewowésoaﬁﬂ@a«?pryceémawﬂli ﬁn@rérhediataéiumme p- bit is

reset once t he tle dache-is-caéhefriafistr. Tefieh e thstadcd)ihelifebgbmeessad. ATde [ine will
o s Cror e Rt falidhed 8 d Koy ik HRAFTARGY e fnd D¥AkAAER, T equESt @S

| ong as the
‘P’ bit in the L2 cache as shown at 306 is set when the line is brought into the

L2 cache due to an early clean-invalidate. The ‘P’ bit is reset once the line is
25 first referred to by the processor. The line will not be recorded again in the IHT
even upon another invalidate request as long as the ‘P’ bit remains on.

In the above situation when the modified line is not recorded as clean-
invalidate in any other IHT, the original owner will invalidate the line and
transfer ownership along with the data to the requester. In this case, the line

30 will be recorded in the IHT of the original owner as dirty-invalidate.
Meanwhile, the requestor will turn on the write-back bit ‘W’, indicating the
corresponding line is a candidate for L1 write-back broadcasting.

When an L2 write miss is issued on the bus 305, all other processors will
look up the line in their L2 caches. If a modified copy is found in any of the

35 searched caches, the owner will transfer the line along with ownership of the
line to the requester. The line is invalidated from the original owner’s cache
and recorded as dirty-invalidate in the IHT. The requester will again turn on the
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In the above situation when the nodified |ine is not recorded as cl ean-
invalidate in any other IHT, the original owner will invalidate the |ine
and tramvederowvenership along with the data to the requesPeT/USOINISHEB S case,
the line 30 will be recorded in the IHT of the original owner as
dirty-invalidate. Meanwhile, the requestor will turn on the wite-back bit

W, ndicatingyl e BRIMES AARMN &a}ﬁes;soadﬁg%ﬂ@fé'a%aﬁquaft@%g% wr te- back

broadcasti ng. Wen acE( flnn SS IS I ssue ot her
processors Wl IW“tF(??J h.‘i?JadF‘thn% KerpaielyjEp shapesl copyigdeund jig one Q’féléﬂr?l ed copy is
found i n any ofsedrbied3achegal cleel watch e, intalidatadamereastdell i thanspetivé he | i ne

al ong wi th OWNQEglhPi0h, 1Bmdaté s ale e [EAURS L aisd 1 b g 5 [ nval | dat ed

fromthe original %vvr? S cac E recor y-1nva elnthe
| HT. The reque§’i’rét? it aggpsiafe it rapgsied 1’“9\1!31@?293811@366 PCT/ USO1/ 18683 "W
write-back bit, indiVhiang!twrite-bawkriespevdiang tiei‘Me bitds én, emeatiydat e for L1

wr i t e- back broacﬁ’&a%lﬁ&s&&ﬂ o PhdieEALELY anivfe FoSHRALSANSER e IRHNGhJ n one or

nore searched cac ? coples are |nva fecorded in
the respective Willinatthe lipg wheneysivhg hingds weorded ingpeoaye IHThavhedguest or wil |

al so turn on t hecorddl abcles-inealliatelor dirty- 1awld®tbahﬁﬁiclv\artéa;ambe thetinested line in
L2 cacfie. Wen b%g?rﬁés siMrkd. ewhéi% L1§e£c?ﬁ’s§ Ysergce N eﬁ}gownv}é ttp,%g%:reh‘?ftﬂé" an early

broadcast of the line Is agere SSors arch their
| HTs, and wil I1m§hsarF‘F°r‘E‘Wé“ Fhe Tﬂﬁéﬁ@v@i‘ah@ﬁé a!lq thel? sache Hing H&AIS n one or nore
| HTs, whet her sha&ednrdiédpaaiag dlednn wilhvamodifitdshortlydifiet the rdadaBecdtee. | n such an

exanpl e, the | igeglQiheROReSRORRY: ndBER Alotkdent AT 53 phhaligeel ved, a

preown is triggere recor Irty- |nvaI|date
and the L2 cacfsén Ps préffessdpr simnly disgasgeddf theyhysi ig v§5u0¥g the 1ine will be
modi fied shortly af Replatehent @adnodBReidis dronbl Dadiesinllayy \fvlhl@hkzzlysmm te-back is

ot Lire O CONGLENGEnLElLAAln othé}%IgJ 08HaaRt e bR SREG 0 ST LY

discarded if th %/ l'acenen I ine from
L2 cache simi | &¢apt{ir fhe caqhﬁéww igh the | laewaﬁ gctehck and al | ot her pr ocessor s
wi Il receive the datvangembsdimtiks b the nﬁmﬁatotkfeomaﬁfmese&a@h@ea ayvewhi ch t he

e was vt ct asl A STRAMTROL A oAl DXENELON. SUDSL JliANyd oS

di scussed above unc ur e are
possi K%, and éP@e\HfleWeﬂW Usg o aipPel o1d thaere ad/@wtwrépbacbé@s of an | HT and
the prel oad andsskiatedbamk 2uatiz lnesneiliakteddwitibiotiBe mb@flcamslné acilitate

duct i f ot t f
exclusi ve i t analiERRE Ol REATOH LRk WAL ISAU SRR b 3R N0 01
| i ne by anot hermgstifiratiensefa cagheding by anmlmcmj%g@rﬁéy improving cache :

efficiency. Use of alternate embodiments that perform the same function, such

25 as using independent tables that record cached line addresses or other means of
storing information comprising a part of the invention rather than the ‘W’ and
‘P’ bits as described in example embodiments, are within the scope of the
invention.

Although specific embodiments have been illustrated and described

30 herein, it will be appreciated by those of ordinary skill in the art that any
arrangement which is calculated to achieve the same purpose may be substituted
for the specific embodiments shown. This application is intended to cover any
adaptations or variations of the invention. It is intended that this invention be
limited only by the claims, and the full scope of equivalents thereof.
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efficiency. Use of alternate enbodi ments that performthe same function,
such 25 as using independent tables that record cached |ine addresses or
ot her meam@ 0p61366t ori ng i nformati on conprising a part of PORUSOMVISHE3 on
rather than the "W and P bits as described in exanpl e enbodi nents, are
within the scope of the invention. Although specific enbodi nents have been
illustrated and described 30 herein, dy;d!! be appreciated by those of
ordinary skill in the art that any arrangenent which_is calculated to
achi eve the sanfe ‘hShAFIReRRLY MYEITREOASEOT SURRUERT SYSEm. CHBPHSE I fi ¢ enbodi nent s
shown. Thi s appli catipbmalitgof pro@nsbegy t 0 cover any adaptations or variations
of the invention. It .l Sphs { I.Sbhvention be limted only by
the clains, and thegfbﬁﬂl@gﬁfgﬁgsg{*@?ﬁp&/%eszsﬁts’s thereof. 35 8 WD 02/ 01366
PCT/ USOL/ 18683 O ai Ablurdlity of letal cadieSrenmory mul ti processor conputer system
conprising: a pluraladhy imkligation dzsoy tblcasdotistel! mitkictd (bdud cphetraalii ty of
processors; S a pl yladicbbnfiiiel A CRGRPSN BeAIGHR, dBY @lddation history

e; an C

tabl e associated with eac oca ,c%(_: ;. and_a cache controller associated
with each | ocal®oBklseoresabintodiaels valigied cenhe ipesdpydpcopiiag t6 ling ack i nval i dat ed

cache |ines by adéesedofigvdidaged tavke linddi ts devalidtion hivahy Waleethddaedee i nes in
the inyalidati i Y- : r .reval i dat e

i nval i i(@t ed cac .8 F?%ée)éd?l}ec%%rlgveaé‘a%}gd %aﬁiéé %nﬁe\%éﬁ%?gg??lgﬁpinﬁ?%{%é@ tabl e by

moni tori ng t he MYy fable Rypepitoring the Dyeifos sache lipg addegstss of ¢asbalingsecor ded in t he
i nval i dati on hirsdopdey it thli/atddioh Gistorp mbleiaald & assacibed tiche lifkedata avdd by
updating the i j .CAG I L] h I . a
associated wi '?) \r@lr” R%E??%olﬁ%g@%gg%%ee ﬁﬁ%ta%lwgég%g?ﬂ%&% és%ﬁ%ﬂ%%ar ed nenory
nul ti processor WHripeitesprded cackslinsraddressen 1, wherein the plurality of |ocal
cachesimre local to a single processor. 3. The shared nenory nul tiprocessor

conputer system fohe %ﬁa@édﬂa&no%ﬁé‘rp?e%gﬁ 8?1%9)teqlsg§%§xl1 'o% Maiﬁ{ 1,%&1%166% $ac hes are

| ocal to a node conprising a Of processors. dhar ed menory
nul ti processor PEBAY eEloca vagheppigfioce| taiagingle nigressel-n the plurality of |ocal
caches are L2 caches. 25 5. The shared nenory nulti processor conputer

system of clai L) JT’he\é\ﬁa%qeﬁlgm(glgef\nultiprocessor computer system of claim 1, wherein the
20 plurality of local caches are local to a node comprising a plurality of processors.

4. The shared memory multiprocessor computer system of claim 1, wherein the
plurality of local caches are L2 caches.

25 5. The shared memory multiprocessor computer system of claim 1, wherein the
plurality of local caches are write-back caches.

6. The shared memory multiprocessor computer system of claim 1, wherein the
cache invalidation history table records clean-invalidate and dirty-invalidate
30 cache line invalidations separately.

7. The shared memory multiprocessor computer system of claim 6, wherein a
cache line is revalidated only when the {ine is recorded in the cache invalidation
history table as having been clean-invalidate invalidated.
35
8. The shared memory multiprocessor system of claim 1, wherein when the
valid cache line data is present on the bus due to a modified write-back.
9



plurality of |ocal caches are wite-back caches. 6. The shared nenory

mul ti processor conputer systemof claim1, wherein the cache invalidation
hi story tvabbzowecords cl ean-invalidate and dirty-inval i dapeT/BSoicesse | i ne

i nval i dations separately. 7. The shared nenory nul ti processor conputer
systemof claim®6, wherein a cache line is revalidated only when the fine
is recorded in the cache invalidation history table as having been

cl ean-inval i date 'hnv%lﬁicﬁat ed. r\?‘i'& The shared nmenory nultiprocessor system
of claim1, V\hegréﬂ fi SIHEHMERETY MHIPracessos pstan ofelamtlavhgenthesisie on the bus
due to a nodi f iceutradler fuethbiamprides\ABviQ2-b Bkttt sfChicdSEH chB®S & @e iothie shar ed
nmenory mul tipree@ssRi iSUEWER dtherd 184 tU‘tﬁle’sal‘P(Qﬁlé@%%{lﬁﬂﬂgr rhﬁ?c:\eps%r jscontroller

further_conprises a,wite-back hit assoclate es 1n the |ocal
cache that is 38&60%851""%‘?%@%?3“%?%’??5 ‘Pl‘f"?‘fif‘fé WARRthey RacesIPrs fdhRetnd pr ocessor
is 5 detected orhewiretie syrtens brveddastn@ritesbacksvfadnh al adleted Incao@hbiesly pr ocessor' s

cache, and  whaiigh BholH LS LARLRERANGAS! SsolfddiGinhERS, firgm a Sel ected | ocal

cache only when the line being witten has an assocClated wite-back
bit set. 10. The shared menory nultiprocessor systemof claim9, wherein
the sel ected 10. Thesharedandneory swultiprdctssomsybtem of tlainT bewlsdndt €@ saesrat v

mul ti processor |subiaeme Rhn ¢haidikd Wwherein the wite- back bit is set only
when the processor local to the | ocal cache has wite or exclusive wite
access to the line. 15 12. A cache controller, the cache controller
associ at ed w t HlaThogatedoaanimey muliiprocesohsystemnif clalnh 8y wiepsi e weité-0 t r ack

inval i dated caghg il 988 oR¥ "{/}%@E]égrg&sgfp%C%:tg&eéﬁgp‘%ﬁ%ﬁﬁ%r“%e ,validated

cache lines in an | nval i dati on histor a operable to
reval i dat e i nv&XG SFAYCSHIE gedses tPithed®er ecorded in the invalidation 20 history
table I3y nonitoring a bus for cache |ine addresses of cache lines recorded

in the invalidagi gr&aP{e LRGN 3R (?a}FJL%f 1 ' ache | ipe data and
by updating the invali gat é Cache Ti _ng r-@g{ gsa\?\ng%[%&%’ﬁgacoé%lhcgcbe? {_}:18 dat a
associ ated wi C3Fhe ARAtOdERFER et dRek inyalidatadiencheskines by peoriing trnkinec ache
control l er of eddressesld invatidated encheitnes mcAnen @litdtion histdry CORPLIdSRShaan
I ntegrated cirgpdple to revalidate invalidated cache lines recorded in the invalidation
20 history table by monitoring a bus for cache line addresses of cache lines

recorded in the invalidation history table and for associated cache line data and

by updating the invalidated cache line data with the cache line data associated

with the recorded cache line addresses.’

25
13. The cache controller of claim 12, wherein the cache controller comprises an
integrated circuit.

14. The cache controller of claim 12, wherein the cache controller comprises
30 part of a processor.

15. The cache controller of claim 12, wherein the cache invalidation history
table records clean-invalidate and dirty-invalidate cache line invalidations
separately.
35
16. The cache controller of claim 15, wherein a cache line is revalidated only
when the line is recorded in the cache invalidation history table as having been
10



14. The cache controller of claim12, wherein the cache controller
conprises 30 part of a processor. 15. The cache controller of claim12,
wherei n tweoveshe i nvalidation history table records cl epafivRmaissgat e and
dirty-invalidate cache line invalidations separately. 35 16. The cache
controller of claim15, wherein a cache line is revalidated only when the
line is reCOfd%@aﬁ%vhﬁ@at&ﬁ%&ﬁia%e&\/m idation history table as having been 10
WO 02/ 01366 PCT/ US01/18683 5 clean-invalidate invalidated. 17. The cache
controller of claim12, wherein when the valid cache line data is present
on the bus due 17oThe mﬂbtomdllwdfbbklbaz;lwhefb&wﬂ'dm&he:@dtildea@ﬁm&lé adth &r of claim

12, further compesicA%huMLd ﬁ&}fgéﬁl teB5g0Ci ated wWith entries in the
IocaI cache thgfgl soset vbhen e|t er the to “the sane line in another

pr ocessor is detected or when the same line is invalidated in another
processor's cadﬂeThamthvwmmeimon”hlainsystfmhebascmmﬂismgtas»vm-bac& -txacks from 10 a

sel ected | ocal ,6RaehRd %ihyenmgﬁl th@%ceh' QetVWH Q%ﬁ% B3Sa A0

associated wite:back bit e cac e con clarm 18,
wherein the selhéﬁf“e*ﬁ‘of E%ﬂoc‘??éﬁf qesteéﬁr?‘_’&en the sams | meSS ‘2®alld?“l‘?@lfshar ed nenory
mul ti processor asgtbérgmoaetsoc’k adche, h8q wiMreinehasytttid besadtats wareadhk fromS set only

when the pr Oce%%QlEct&Pfo%él c%&eton th%gﬂ{e IHBB06 Qﬁﬁe%écﬁc?laso as?tféfé{ ysive wite

access to the lipe CORt T a cach conpri sing:
t racki ng |nvalﬁﬂgﬁéﬂ”6%Eﬁ% Ilnes by recording the |ine addresses of
invalidated cache lines in an invalidation history table; and revalidating

i nvali dated caqherhd affe taEBNA% olth 1915nkRYAhE ARdlodd] LAY anf 201 € DY

nonitoring a bus cac I'i ne addresses of cache |'ines recorded in the
25 |nvaI|dat|oﬁmWFstory tabl e and for associated cache |ine data and by
updatirsg the invalidated cache line data with the cache line data

associ at ed wtaotﬁtg §h%i%9n§&‘ft ot ?ol: D& Iy od of claim
21, wherein the cac e cont roq/er % ¢ grsl sgggrgn%%gﬁg z\ghere{?ﬁigraﬁt?cwt
ack bit is set only when the processor local to the local cache has write or

exclusive write access to the line.

20 21. A method of controlling a cache, comprising:
tracking invalidated cache lines by recording the line addresses of
invalidated cache lines in an invalidation history table; and
revalidating invalidated cache lines recorded in the invalidation history
table by monitoring a bus for cache line addresses of cache lines recorded in the
25 invalidation history table and for associated cache line data and by updating the
invalidated cache line data with the cache line data associated with the recorded
cache line addresses.

22. The method of claim 21, wherein the cache controller comprises an
30 integrated circuit.

23. The method of claim 21, wherein the cache controller comprises part of a
processor.

35 24. The method of claim 21, wherein the cache invalidation history table
records clean-invalidate and dirty-invalidate cache line invalidations separately.

11



35 23. The nmethod of claim 21, wherein the cache controller conprises part
of a processor. 24. The nmethod of claim 21, wherein the cache invalidation
hi st ory tvebbzoi3secords cl ean-invalidate and dirty-inval i de€BUS@CIS683 i ne

i nval i dations separately. 11 WD 02/01366 PCT/US01/18683 25. The net hod of
claim 24, wherein revalidating occurs only when the line is recorded in

t he cache i nvabkday,i ' i A ; | -3 ldate

i nval i dated. 5 26. Bél’ﬁfeathﬁg? {;}%%1}{102]5‘4, ?kgrElﬂ]%%\t%ﬁM%;\[ﬁgrc} gﬁﬁ%\ﬁeﬁg{%%gga l|kd cache
line data is pre&sdinthy ceqbe inyplddagiprhistorystablig s kaving bien dleanygealidate7  The

met hod of cl ai nm@lidatédurt her conprising: setting a wite-back bit associated
with an entriy in the local cache when 10 either a hit to the sanme line in

anot her. processor.js detected or en the same. line is invalidated in

anot her pr oceségr' 5 ﬂgf’}‘gﬂﬂi‘ Aneperin whes thepalideachplingatas pesspf i t e- backs
from a sel ect ednltlmctais doahenatified witetadkne | i ne being witten back has an
associ ated wite-back bit set. 15 28. The method of claim 27, wherein the

sel ected | ocal 2gaﬁ,ne [ iﬂ Snffhl Cﬁﬁ.gﬁh 29. The method of claim 27, wherein
the write-back“bi tf &CLaY Oontp ¢eMPHFBEessor | ocal to the local cache
has wite or excl uskatingw Wiite-badclEsssdotatéchweitlh ameatriy?ia t23o0&0 cadhe dBen
10 either a hit to the same line in another processor is detected or when the same
line is invalidated in another processor’s cache, and wherein the system
broadcasts write-backs from a selected local cache only when the line being
written back has an associated write-back bit set.

15 28. The method of claim 27, wherein the selected local cache is an L1 cache.

29. The method of claim 27, wherein the write-back bit is set only when the
processor local to the local cache has write or exclusive write access to the line.

20
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