2 4 MAR 2005 WD 02/27497 PCT/' USOL/ 30359 METHOD AND APPARATUS FOR SCALABLE
. DI SAMBI GUATED COHERENCE | N SHARED STORAGE HI ERARCHI ES FI ELD OF THHAR 7005

| NVENTI ON This invention relates generally to shared storage hierarchies in
mul ti proce¥Qiong748ystens, and in particular to use of an exetwsisygsodsyty
status in a coherence protocol to disanbi guate ownership and nodification
status for nenory references in a shared nmulti-I|level storage hierarchy.
BACKGROUND OF THE INVENTION In a nultiprocessing systemw th a shared

mul ti-1evel stof3gEHEDeANDOARPARAIVISEOR/SCARABLEIDI§AMBIGAIATERache
storage, one processor may request access froma shared cache storage to
data that is in a st@GOEERENGHINSHARED STCRABE HIERAGSISIS The requesting
processor does not know if the requested data in the shared cache storage
is validor if it has been nodified by another processor in a private
storage at another |evel of the storage hierarchy. Therefore the requested
data i n thé&lEHaAOFTIdEINRESITODEge i s not useful to the requesting processor
until its actual status can be determ ned. An anbi guous status for data in
shared cache Thit invertiorivielstes gbnerally ® shafar stedgb Gicdsrchiessmar i ng anbi guity. "
One nethod for resolving sharing anbiguities i.n multiprocessing systens
nakes use ofultpremeseing dysems) aad (o paticans@Use@ian Exkiublep AB 4aBs and J-

Patel, "A Low Overhead Coherence Solution for Miltiprocessors wwth Private
Cache Menosoherence Hotuzo! tbldisarhbighateldiWifership asd fhodfdatiorSRtaRRIsHO transacti ons
on a comon bus to maintain coherence increases traffic to a processor's
private 1 2émdvAfef@enbedil DRNatéd diulfPlelel £6day30aharcapche storage. This
increased traffic is not necessarily related to data that is

BACKGROUND OF THE INVENTION

Iﬁ a multiprocessing system with a shared multi-level storage hierarchy,
typically comprising a shared cache storage, one processor may request access
from a shared cache storage to data that is in a state of ownership by another
processor. The requesting processor dc;es -not know if the requested data in the
shared cache storage is valid or if it has beéh modified by another processorin a
private storage at another level of the storage hierarchy. Therefore the requested
data in the shared cache storage is ﬁot useful to the requesting processor until its
actual status can be determined. An ambiguous status for data in shared cache
storage hierarchies is 'referred to as a "sharing ambiguity.” |

One method for resolving sharing arﬁbiguiﬁes in Vmultiprocessing systems
makes use of a common bus té snoop transactions (M-. Papamarcos and J. Patel,
“A Low-Overhead Cohereﬁce Solution for Multiproce;sors with Private Cache
Memories," Proc. 1-1th ISCA, 1984 pp. 348-354). | Snooping transactions on a

common bus to maintain coherence increases traffic to a processor's private



actually needed by the respective processor. Therefore a di sadvantage of
snopping is that the average | atency of cache accesses is incr?arsgfg%ﬁs?%e
requests for data have to conpete with snoops for access to the private
caches. Woreovex?, the conpetition increases wth the nuniraT/usoi/peseessors
sharing a comon bus. As a consequence, overall system performance suffers
due to slower average access tinmes. A second di sadvantage of snooping can
occur becaaghe staragecdsdis inorepseitrgfiied nidtnacéssatilygekiwal todladattabisst or age nust
wait until results of snooping are received. Another method for resolving
shari ng anbityaliyt hessied bydhe esspectradprasessoof Theratpoe aidissmdantagenfy referred to
as di sanbiguating inquiries or backward inquiries) over an interconnection
net wor k shsmaxgpiryyistihed tipe acerage taendyt df cacleesxebeed kb éncredsmdesinaeache st or age.
When requested data is found to be in an anbiguous state, an inquiry is

br oadcast temuests fartdets hpve ttessapete with anoopd fat acasssito tregarbade cadhese t he
requesting processor nust wait until responses to the broadcast inquiry

ar e recei viddreodsr, tteecamptitiondficrpasesesitothe nahvber ofpracessone sikdringage

i ncreases, so does the potential nunber of broadcasts and

r esponses-amhon buti Ag a odnseqeereas everaibs yiark pedogesiceauffefsdurddi tion to the
increases in |atency associated with these prior nethods, there are also

addi t i onal siowsit sveragoadcete imab! A srcond disadvdrtagher snobpingtdaproetinty in  order
to inmplenent a particular chosen nethod. Hardware functionality requires

addi t i onal beghusalah hycesand réglibistddodath irciheGhbiedycachd storfge muet waseastisi | i con
area. An undesirable secondary effect of additional hardware circuitry and

i ncr eased reblitsCafBnodping ateSrer@iviedcr ease in the nunber and severity of
critical timng paths, potentially resulting in further performance

degradati on fagibttdhenctvel i FesonahdE BharigZnbiddiiies2R05va¥ b dad2ast9 éf -
PCT/ US01/ 30359 Anot her nethod used in distributed systens is known as SCl
(Scal abl e jnquiries (commonly referred to as disambiguating inquiries or backward inquiries)
over an interconnection network shared by the proc'essors with access fo the
shared cache storage. When requested data is found to be in an ambiguous
state, an inquiry is broadcast to the other processors. Again, latency increases
since the requesting processor must wait until responses to the broadcast inquiry
are received. As the number of processors sharing a cache storage increases, so
does the potential number of broadcasts and responses—contributing to
increased network congestion.
In addition to the increases in latency associated with these prior methods,
there are also additional costs associated with providing hardware functionality in
order to implement a particular chosen method. Hardware functionality requires
additional circuitry, and additional circuitry requires increased silicon area. An
undesirable secondary effect of additional hardware circuitry and increésed silicon
area is an increase in the number and severity of critical timing paths, potentially
resulting in further perfbm‘nance degradation for the overall system.

2



Coherent Interface, |EEE Std 1596-1992 Scal abl e Coherent Interface,

Pi scataway, NJ). SCI supports a one-writer-nultiple-reader fornth WA 2805
distributed doubly linked list that is maintained through nmain nmenory.

Addr esses WaF 0yR7#9%%7at e cache storage are inserted onto the IpcItuson3isso
controll ed manner. and only the address at the head of the list may
overwite the data. The interface maintains a coherent storage hierarchy,
by forwardi ng fratherogired used in distebuled dysibnishigkhdvat as 60¢ (Siadady ant age of
such a systemis that before data nay be overwitten the list nust be
sequent i al | Goperegtithierfase, IEREBIAISO6 1990 1 0d/abyesCemsentipteafpseassoci ated with
such a nethod potentially contribute to perfornmance degradation of the
overal | sysPisnatawayadd)i tSQisupportsha opeweitarimlitiflereadwtdsinma it anet wor k
congestion inherent in such a distributed system problematic issues of

I'i nk mai nt edistnibetedrdoublydiakediist that s inaintaided ey rhainl memsryMAddredsee be
addressed. BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is

i |1 ust r at ecoflpyivateycanhe siopags sredmsbrizdtonto thet It inancorirolléd fahihatiimBod t he
acconpanyi ng drawi ngs. Figure 1 shows a nultiprocessing systemwth shared
and pri vat ehetaddregs at tHe tpadef thd list usdlyraveasrite theed KD The GiteFH&S inBMitains
anbiguities in a nultiprocessing systemwth shared and private storage.
Fi gure 3 shoesherersttstdrage hienstiy, @ fovaadiagdbareqneste ndingan bof e IRt
coherency protocol for resolving sharing anbiguities, the protocol

i ncl udi ng dne disativisitate-afisttly aSystersis andgt baforeataunhy Be ohveaWitehahalpst Fi gure
4 illustrates one enbodi nent of a coherent storage hierarchy including
private st onagbeaedushtaiegugedr Foe ldrfatistlboarsystens dbiys assdtiitéd g
anbiguities wthout backward inquiries. 3 WO 02/27497 2 4 PMF, R 2005

PCTI US01/ 3@8hSuch a method potentially contribute to performance degradation of the

overall system. In addition to the potential for undesirable network congestion
inherent in such a distributed system, problematic issues of link maintenance in
cases of distributed system failures must also be addressed.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and not limitation in
_ the figures of the accompanying drawings.

Figure 1 shows a multiprocessing system with shared and private storage.

Figure 2 illustrates an example of sharing ambiguities in a multiprocessing
system with shared and private storage.

Figure 3 shows a state transifion diagram for one embodiment of a
coherency protocol for resolving sharing ambiguiﬁes,. the protocol including an
exclusive-dirty status and an exclusive-clean status. -

- Figure 4 illustrates one embodiment of a coherent storage hierarchy
‘including private storage and shared storage that supports resolving sharing

ambiguities without backward inquiries.



Figure 5 illustrates one enbodi nrent of a nethod for resol ving sharing
_anbjguities in accordance with the coherent storage hierarchy %f . FF%W%H%'
Figure 6 illustrates an exanple of a nultiprocessing system usi“n _“' )
coher ent ¥OOAH87 hi erarchy of Figure 4. Figure 7 illustratf&dEAB{Net
enbodi nent of a coherent storage hierarchy including private storage and

shared storage that supports resolving sharin iguities. Figure 8
illustrates on@'%ﬁ%i”Hﬁfﬁte%?”eaeWgPWH%”F 8?3 F@g’?ﬂﬁﬁb&?hﬁ}q M8nmbi gui ti es
in accordance with the coherent storage hierar EP% OL F%)g,ure . Figure 9a
i |1 ust r at ednRiguiies By argerdpace MIB ARG ERRETER SAOTRER SIEHTCYE COF 'Y Hi er archy
including private storage and shared storaPe t hat supports, resol ving
sharing anbi guifigwe 6 iusliates amexamplsf JRYIRREETHIY SYSHUP H#aN0V8eE enbodi nent
of a coherent storage hierarchy including private storage and shared

st orage t [s@hesmbplorage hiewsthyi of §19UA& i ng anbiguities. Figure 9c illustrates
anot her alternative enbodi nent of a coherent storage hierarchy including
private storag&igure Gillastetessanntheyersbrdimeninf G sohererd starpgRyhigrEihg
anbiguities. Figure 9d illustrates another alternative enbodi nent of a
coher ent dnadudige private staregs/anchsharpd stasrsehatisurnorissesddviag s6a¥R9 ncl udi ng
private storage and shared storage that supports resolving sharing
anbi gui t | @mbiglites.e 10 illustrates an enbodi nent of a conputing system
including a coherent storage hierarchy conprising private storage using a
first coher encEiguretSolestratasrenecembedimggboiismetios feetesalyingd@fiBgice prot ocol
t hat supports 4 WO 02/27497 2 4 MAR 2005 PCTI US01130359
ambiguities in accordance with the coherent storage hierarchy of Figure 7.
Figure 9a illustrates an alternative embodiment of a coherent storage
hierarchy including private storage and shared storage that supports resolving
sharing ambiguities.
Figure 9h illustrates another altemnative embodiment of a coherent storage
hierarchy including private storage and shared storage that supports resolving

sharing ambiguities.

Figure 9c illustrates another alternative embodiment of a coherent storage '
hierarchy including private storage and shared storage that sup'ports resolving
sharing ambiguities.

Figure 9d illustrates another alternative embodiment of a coherent storage
hierarchy in a networked distributed system including private storage and shared
storage that supports resolving sharing ambiguities.

Figure 10 illustrates an embodiment of a computing system including a
coherent storage hierarchy comprising private storage using a first coherence

protocol, shared storage using a second coherence protocol that supports



resol ving sharing anbiguities and shared storage using bus snooping and a
third coherence protocol. Figure 11 illustrates another enbodi nt__,rj! .
conputing systemincluding a coherent storage hierarchy conpri‘si né"'g{izme
st orage usWed@2a7Pirst coherence protocol, shared storage 8STAGOESELONd
coherence protocol that supports resolving sharing anbiguities and
di stributed shared storage using a third coherence protocol. Figure 12
i |1 ust r at egea@ivng shaénphaabigiiies and ghawdsierrag usipg bemsneepingipng a tiirtoher ent
storage hierarchy conprising private storage using a distributed coherence
protocol , dobefansapeetoetar ed storage al so using a distributed coherence
protocol, and distributed shared storage using a second coherence protocol
t hat . supports &gurgsihibiustiatesl anpthes@mhasimenird agienpuiing systemgotivding shari ng
anbiguities. Figure 13a illustrates an enbodi nent of a nultiple-core
processor & eafieriitistprage birearehyt cartpristiueprivate atosdge usongoa fiest nohgrenasat e
storage and shared storage that supports resolving sharing anbiguities.
Fi gure 13b protboslt stired stiemgehmingaisedonteetheodnce profopoltthatguppettem i ncl udi ng
a coherent storage hierarchy conprising private storage and shared storage
t hat supporesolviegsharingarsiiguitiesansdtistyinutadeshar@ETtarageDsDSCRIETI ON For one
enbodi nent of a coherent shared storage hierarchy in a nultiprocessor
system a shberedcelptadosti.orage unit provides storage portions to hold data,
whi ch may be called data portions, and storage portions to hold
correspondi ng sFiagune 1&iibstiategsnother embodimdre of alcbmdutingasystempdndiudimgs. The
shared storage unit may be, for exanple, a shared cache or a shared file
st or age or axohetent sibratp ldelaady comsising mivaty stetage edingtaodiaibuteaind t he dat a
portions may be 5 2 4 oath WD 02/27497 PCT/ US01/ 30359

coherence protocol, distributed shared storage also using a distributed coherence

protocol, and distributed shared storage using a second coherence protocol that
supports exclusive locally isolated ownership while resoiving sharing ambiguities.

Figure 13a illustrates an embodiment of a muttiple-core processor
including a coherent storage hierarchy comprising private storage and shared
storage that supports resolving sharing ambiguities.

Figure 13b illustrates another embodiment of a computing system
including a coherent storage hierarchy comprising private storage and shared
storage that supports resolving sharing ambiguities.

DETAILED DESCRIPTION

For one embodiment of a cqherent shared storage hierarchy in a
muitiprocessor system, a shared data storage unit provides storage portions fo
hold data, which may be called data portions, and storage portion_s to hold
corresponding status encodings, which may be called status portions. The shared
storage unit may be, for example, a shared cache or a shared file storage or a
shared data base or some other shared storage, and the data portions may be
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cache lines or files or records or sone other portion of data respectively.
As it is comon to refer to a cache Iine and the data stored 2”’& %m@e;h%
"line synonynously, or to refer to a file and the data stored I'n a 1%
synonynousg/9z22a497dat a portion and the data stored in a datRCTHeEBHI?2may be
used interchangeably if, for exanple, no distinction is being nade between
the two. A status encodi ng corresponding to a particular data portion
provi des egaehghinesoF flesarireserdousaRBinguRPEion ofigata resnggtvaly.t s dhgr ed
storage without resorting to prior nethods of snooping a shared bus or of
transm tti agnbwokesefer kx acache linequdithe datastgedvaa eagholege. Shar ed- st or age
control transmts the data from shared storage in response to the data
request i f synanymouskspoldetegtesa flelanddhe datarsjoteddn 8 dlecsyranweansiytait us,
meani ng that no private copies of the requested data have been nodified. On
t he ot her datamorticshandchthestats sigeedoomtdaba pertian smav be useddntgrehegmgeahly ifo a
private storage wunit if the corresponding status encodi ng indicates an
excl usi ve ttirexgmpleanadjstinetioaris hgingmeadebatwpen tfe e requested data in
private storage has been nodified. The private storage unit, in turn,
provi des a cohestatus encgsijngéortdspondiog bsa partidalandate portien prhvidesiegeugtage unit .
Shar ed-storage control then proceeds to satisfy the initial data request
with the ciofsrmetion trogigampbiguateesaiddta requespia shared sfoagegdthont tesofingdenat i vel vy,
t he coherent copy could be provided directly by the private storage unit
to the shaprim nsstbodmel snooping adshtasedbitd ofaf tramemittvig badkwaed atafusquest
simultaneously or in either order. If a data request to the shared storage
unit i ndi ciageigesatonpréwhte storagdi fy the requested data, shared-storage control
al so provides for invalidation _transmi ssions to private storage units that
have previ oushharedgtoragedontmpirassmoits thhalata bm\aharedkierage Theesppasait® encodi ng
corresponding to a portion conprising such 6105 6 2 4 MAR 2005

the data request if its corresponding status encoding indicates a clean status,

meaning that no private copies of the requested data have been modified. On the
.other hand, shared-storage control transmits a data request to a private storage
unit if the corresponding status encoding indicates an exclusive dirty status,
meaning that a copy of the requested data in private storage has been modified.
The private storage unit, in turn, provides a coherent copy of the requested data to
the shared storage unit. Shared-storage control then proceeds fo satisfy the initial
data request with the coherent copy provided by the private storage unit.
Alternatively, the coherent copy could be provided directly by the private storage
unit to the shared storage unit and to satisfy the initial data request simultaneously
or in either order..

If a data request to the shared storage unit indicates a need to modify the
requested data, shared-storage control also provides for invalidation
transmissions to private storage units that have previously requested copies of the
relevant data. The status encoding corresponding to a portion comprising such
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WO 02/ 27497 PCT/ US01/ 30359 data is then set to an exclusive dirty status to
_provide neans for coherently processing potential future datg ﬁeﬂﬁgsfﬂﬁf}
These and ot her enbodi ments of the present invention may be ré€alized 1
accor danc®QW¥X+9"e foll owi ng teachings and it shoul d be RGTHe/3033at
various nodifications and changes nmay be made in the follow ng teachings
w t hout departing fromthe broader spirit and scope of the invention. The
speci fi cat Fgi# 'Séfffg' it nam§yclasive digly &&es yrpVvide Jrases feg@heeantiyn an
illustrative rather than restrictive sense and the invention neasured only
in terns oPfACRESIRY arieptialfulyp dat refmesids-a nul ti processi ng system 100 with
shared storage 190, whijch rovides data to private storage 110 for
processor 101The&e agl ?}P?rﬁf‘g"@'ﬁ“@ﬂ%&f thepreserjrinyanger gy berealized in
Mul ti processing system 100 may be on a single or on nultiple printed
circuit bo8fPsdangevitiae fdlioming tearkings aedd shayd Sesvident et varjouse on a
mul tipl e-processor-core silicon die, or_in a nmulti-chip nodule, or
di st ri but edrogificationsanghineages By betmadadn the idpwinateachingsayighauter ar chy i s
one in which a processor request to read a portion of data that has
pr evi ous| ydgrasiinchisemnie brogdasitieland scoppef Hiednaniing. Thespegificationan
up-to-date copy of the nodified data portion being supplied to the
request i ng@it Yauigsrare @swerdingy tpbstregdred iy an ludmtive rafber thanee such
behavior in a storage hierarchy. One such coherence protocol uses four
states: MTregtishys $@1§)e,anetb@muévwr)e,asgqunm@@mﬁmti(e(cclawrw.i d). A detailed
description of the MESI protocol may be found in (Lilja, D. J.. Cache
Coher ence i n fighigel showised maigresesypasysten G0 withhehased slorages 130k svhihd
Conpari sons, ACM Computing Surveys, 25(3), Septenmber 1993). 7 24 MR 2005
VO 02/ 274Fropdss dee 1o gowse storage 110 for processor 101 and to private storage 120

for processor 102, Multiprocessing system 100 may be on a single or on multiple
printed circuit boards. Alternatively, multiprocessing system 100 may be on a
multiple-processor-core silicon die, or in a multi-chip module, or distributed on a
communication network.

A coherent storage hierarchy is one in which a processor request to read a
portion of data that has previously been modified somewhere in the hierarchy
results in an-up-to-date copy of the madified data portion being supplied to the
requesting processor. Coherence protocols are used to guarantee such behavior
in a storage hierarchy. One such coherence protocol uses four states: M
(modified), E {exclusive), S (shared) and {(invalid). A detailed des;:ription of the
MESI protocol may be found in (Lilja, D. J.. Cache Coherence in Large-Scale
Shared-Memory Multiprocessors: Issues and Comparisons, ACM Computing

Surveys, 25(3), September 1993).



As descri bed above, sharing anbiguities in such systens nust be
_di sanbi guat ed through sone neans before a processor request Vi t}‘@é\ﬁ’ e
satisfied in a coherent manner. Figure 2 illustrates an exarr:%I e 'of szlqurl ng
anbi gui t WO 2A7@7mul ti processing system 200 with shared ROVEYEIEHBO and
private storage 210 and 220. For instance, if data portion 219 has a
status of Min shared storage 290 and a, processor 202 has previously
request ed a da$ §eyoiber @hovemanng ambiguitiesdnbugudisiemamusbb@nhi ch copy (data
portion 219 or data portion 218) should be provided in response to a
subsequent digambig-piegibough spmgdheansobeiPEmm Progessop FRpest@ay de sahfied | f
processor 202 has not nodified data portion 218 then shared storage 290 may
provi de a iB@SPheferdanannesrti on 219 to the private storage 210 for processor
201. This would provide faster access to data portion 219 and contribute
to better ovidgudiel2 dysitaies pe ekanplerfehamg ampiggtige ésa orultiwecessingnodi f i ed
data portion 218, then a data request should be sent from shared storage
290, to pravstene200 vithgharezbygorege 290 andduivale sopge 8i0a@aad220orficvon 218, with
which to satisfy the data request of processor 201. The nodified status of
dat a port iiostande ifdatappitign@d8 hase Yaeof M ipsharedrderage @98@nd20 to respond
to the data request, the status of data portion 218 in private storage 220
needs to HEOEs6AN28Dhahpicyipuslyoeagrstoda dam partien eapys 18, dtis embiguodss f or
data having an exclusive status, E. For instance, if data portion 217 has
a status d@s tewhichstepyddatx partiere2 P or data portvactiS8hshquid badsovigedini ousl y
requested a data portion copy 216, it is anbiguous as to which copy (data
portion 2rgspansdie a spbsequant date)reguesilfor dsda perbion 848 from presgssesa@lilo a
subsequent data request for data portion 217 from processor 202. If
pr-ocessor If progedsas 262 haspdt mpdified siata pation 318 thee shawd sfowgedtroauge 290
may provide a copy of data portion 217 to the private storage 220 for
processor ppodde Agapy of data pogion AER0DE Brivate 6 &RR10 oCPragssseriiigso

This would provide faster access to data portion 219 and contribute to better
overall system performance. Butif processor 202 has modified data portion 218, |
then a data request should be sent from shared storage 290, to private storage
220 for an updated copy of data portion 218, with which to satisfy the data request
of processor 201. The modified status of data portion 219 is ambiguous. In order
for shared storage 290 to respond to the data request, the status of data portion
218 in private storage 220 needs to be known to shared storage 290.

A similar situation exists for data having an exclusive status, E. For instance,
if data portion 217 has a status of E in shared storage 290 and processor 201 has
previously requeste‘d a data portion copy 216, it is ambiguous as to which copy
(data portion 217 or data portion 216) should be prévided in response fo a
subsequent data request for data portion 217 frorﬁ processor 202. If processor-
201 has not modified data portion 216 then shared storage 290 may provide a
copy of data portion 217 to the private storage 220 for processor 202. Again, this
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woul d provide faster access to data portion 217 and contribute to better
overal | system performance. But if processor 201 has nodifiedl {ddt/® ppgsi on
216, then a data request should be sent fromshared storage 290, to
private stWP&ye74210 for an updated copy of data portion 2$6WWWW¥WMmiCh to
satisfy the data request of processor 202. The exclusive status of data
portion 217 is anbiguous. In order for shared storage 290 to respond to

the data r d¥HEprovidedasiengeressfo H%tlaapoﬁtﬂr‘t318rﬁ”d27£’6trlt’rh’ Sici Radies o¥edll age 220

needs to be known to shared storage 290. It appreci ated that the M
status and &yﬁf@@@fcamﬁ%rauﬂdépwceﬁwa@ﬂ ias r@ﬂﬁlﬁw@éa pprdan21prtHe8Esor has a
right to nodify the data, since both indicate sole ownership. The

di f f er ence data regHEsksheuR be sant Fomnehiased %@raaeﬂéedtqmwaﬁﬁﬂ@éaaer?éo feent r al
storage or main nenory. In order to resolve sharing anbiguities and avoid
backwar d i uHPdAtRS qapy of datawporignn 216 ith itk osatisty ﬂt‘? defRagavestohe shared
storage. Wat is needed is a way to indicate that these exclusive statuses
. requi re datPEocgsser02. f herexshisiveisdatys obdata ppdios2dr dyambigugyse IBoERBWS a
state transition diagram 300 for one enbodi ment of a coherency _protocol
for resol v.ftargsmrﬁsirstﬁ@gara@pg@l respesd te e datdtesvest, thecitelys of datq portion
exclusive-dirty status %Wand an exclusive-clean status (EC). Prior to a
dat a requ@éﬁ'fapfdfétt%tsiﬂfﬂgel rRgdste bgikpewn fo sharediplorages®?¥s of 1, or in
response to an invalidation request data portion may be returned to. a
status of | bitwilt baappiesigtedthat mﬁcﬁ?ﬁ&’t‘-ﬁ%ﬂ‘iﬁbe(ﬁStMUStalf%lggﬁﬁi’@WSB@4 froma
status of ED, transition 334 froma status of EC, or transition 354 froma
status of statuseshenisgfosesser Bas adishbio medity the daley since pathuigdicate solemi n
menory, a data ROI"[IOI’I may be supplied to shared storage having a status
of EC accoP#Wneghtpe Tfheahﬁer@n%ﬁnlséla@t th@M salksinglicates angsd &1 updatghdr ding to
transition 345. If the data request is to nodify the data_portion a status
of ED may Bente stogeaedor{aai0mermery: dﬂpf%ﬁéqteiS@|He§éQf'“SDa'?bwUmR32‘905 VO
02/ 27497 PCT/ USO 1/ 3035 9 L X

avoid backward inquiries the status of a data portion is tracked in the shared

storage. What is needed is a way to indicate that these exclusive statuses require
data updates from peripheral private storage.

Figure 3 shows a state transition diagram 300 for one embodiment ofg
coherency protocol for resolving sharing ambiguities, the protocol including an
exclusive-dirty status (ED) and an exclusive-clean sfatus (EC). Prior to a data
request a data portion may be given a default status of [, or in response to an
invalidation request a data portion may be returned fo.a status of I by transition
314 from a status of M, transition 324 from a status of ED, transition 334 from a
status of EC, or transition 354 from a status of S._ Following a data request to a
central storage or a main memory, a data portion may be supplied to shared
storage having a status of EC according to transition 343, or having a status of S
according to transition 345. If the data request is to modify the data porfion a
status of ED may be assigned according to transition 342.
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Foll owi ng a data request froma private storage, a data portion having an
cinitial status of EC may retain a status of EC according to {ranpjiRi m5333
if no data portion copies reside in a private storage other than the
requesti nV®P¥¥d%e storage. It may be assigned a new st at BET/EH1G3 S or di ng
to transition 335 if a data portion copy resides in a private storage
other than the requesting privatie storage, or it may be assigned a new
status of ED fPIQWEY A3 reiFsE oM aobHvEIS Yafegest driggertier havipgaiest f or
ownership with a right to nodify the data portjon. A data portion having
an i niti 8l MESEHUBS IO Ay T 8 aaliy AlC acerdingdo gensiiee g3 dinagiat
transition 355 if the data request fromprivate storage is _not a request
for owner ATIENGOPIFS £e5itiR Ht a PEVaHE $iargae plBeyhien tharaqushlingprivate nay be
assigned a new status of ED according to transition 352 if the data .
request i sSiQrageybnayisrassigRee st sipfusipt S 3qcgrting to thansitian 33%if idpla pe
appreciated that a transm ssion of invalidation requests to private

st or age nafORiPB OB refidesdn Arstyalt starage gfhar thasnthgsequasting peixate stsege.on i s
witten back to shared storage fromprivate storage, an initial status of
ED may be a&i§imayde assigngda ngwistadss ol B E Sraata rewast awi nrivele sorege and
conversely a data portion having an initial status of Mnmay be assigned a
new st at ui§ redeestier pwigrabipvitea Hahtde meshfy ther dadamertion A daterportioni ght t o
modi fy the data portion. A data portion having an initial status of ED may
retai n or hasing an {nifiad stalysefs may tEpegssgad helaius afrSaeiordiea t822 fol l owing a
data request for ownership with a right to nodify the data portion. It

wi |l be apprnsdion P if thetdate reaquestBomipavaie starage (s nat@sequesitioas requesting a
updated copy of the data portion, and transmtting invalidation requests
may acconpaiershinminta sghtde mediy therdataipattion; o it eaydeaasgignedaa ngw assi gnnent s
may be used in conjunction with these associated activities. Finally, a
dat a port i Stua®f cearding fa sansition 362 ibthe dateoseariestds a raquesdfers of M 10 2 4

MAR 2005 WO 02/27497 PCT/ USO /30359
ownership with a right to modify. t will be appreciated that a transmission of

invalidation requests to private storage may also be associated with transition
352.

If a data portion is written back to shared storage from private storage, an
initial status of ED may be assigned a new status of M according to transition 321,
and conversely a data portion having an initial status of M may be assigned a new
status of ED following a data request for ownership with a right to modify the data
portion. A data portion ha\;ing an initial status of ED may retain or retumto a
status of ED according to transition 322 following a data request for ownership
with a right to modify the data portion. It will be appreciated that other a;ssociated
activities, such as requesting a updated copy of the data portion, and transmiﬁing
invalidation requests may accompany transition 322 and that interim temporary
status assignments may be used in conjunction with these associated activities.
Finally, a data portion having an initial status of M may retain a status of M
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according to transition 311 follow ng a data request that is not a request
for. ownership with a right to nodify the data portion until? ﬂ;hé’"gﬁaﬁ@g
portion has been witten back to central storage or nmain nenory. wil |
be apprec™f ¥#7#Hat a set of five statuses nmay be encoded 'U%TW@HPPFP@e or
nore bits. It wi || aI so be appreciated that a set of dirty status encodi ngs
could al so i ndi

g q fleg)dim&l\/D) st at us encodlngtomdlcatea
need to re@E?Qf ing ‘aéf?as'f'%am lipyiig 2,d3farearst KRt i5Ma) 388 fAge havi ng
ownership wt E @b nmo |f¥ and that a ﬁe f statuses including a
si xth stat 8’5’"8@ [P ﬂ\?'ém tefnpgifvdae atrpstion it Hlﬁé atp pgiioniiag b£&AI ti onal
encodi ng bit ﬁ b V\1 further be appreciated that sonme inplenentations
may find i WHERARFEIcfentgl spEgei g amiad e dVxt h status. For one enmbodi ment
of a coherenc ot ocol for disanbi guated coherence in  shared storage

hi er ar chi es, E‘@LP%SBPFFE‘E‘FF&"@%& aFis¥ Y8 Stpty3pempt bR Paadeddfsing titRect i ng one

or nore excl ustz51 e dirty statuses for a data portion in a shared storage to

track ownefSfif BiS rft willlse Be apeiesiairbthaha petnf dimssntys GHaediRgs £9ild 3lsar ed

st at us, redum ngwl%ackward |W:§| ries and mPr oving overall system

per f or mancBolude afpedifiedsdigly (MD)istatus epsading, orlnw@ﬁera rie@auetrﬁfeﬁwq adgickwar d
inquiries ggf}/ bs_ garnished if the identity of a private storage owner of a
dat a port i tRFaaTPRA afr-’rfpf@kfﬂ|m'y?\¢est@'aef:>hagmatowewa@ itk 8 rigAbiRmed™ he shar ed
storage. For t(ig.ne enbodi ment ~ of a coherent storage hierarchy, Figure 4

i | ust r at ed4thata sahpfstaisasineldivgtixhgtatiy coud ﬁ@?‘{f"i%"t'& bﬁrﬁ?‘i@‘i’ﬁ,‘é portion
of storage for a corresponding data portion that further reduces backward
i nquiri es WHRPYS ch’é%'ﬁ'lga?cr ’oa‘@bﬁwdmm&dg\awumQﬁacﬂ’aquﬁ%e 2§ 8e8es. Shared
storage 490 stor es _data portions 411 through 430. Each data portion has,

in stor age‘"‘tP&ﬁWﬁ”B?t‘Qf@f“aléf%?tP@@g&*ﬂﬁ%g'sgt’%’l&@ PN A0 hol d a status

encodi ng and a correspondi ng presence portion to hold a presence encodi ng.
11 2 4 kA 290%rapesmiedinentafs cobergnsgpretocol for disambiguated coherence in

shared storage hierarchies, a method is herein disclosed that provides for
indicating one or more exclusive dirty statuses for a data portion in a shared
storage to track ownership in a private storage thereby disambiguating the shared .
status, reducing backward inquiries and improving overall system performance.

it will be appreciated that a further reduction in backward inquiries may be
garnished if the identity of a private storage owner of a data portion having an
exclusive dirty status was also known to the shared storage. For one embodiment
of a coherent storage hierarchy, Figure 4 illustrates a scalable presence encoding
to be held in a presence portion of storage for a coresponding data portion that
further reduces backward inquiries and potentially avoids unnecessary invalidation
requests.

Shared storage 490 stores data portions 411 through 430. Each data portion
has, in storage control 491, a corresponding status portion to hold a status
encoding and a comresponding presence portion to hold a présence encoding.
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When a data request is received fromprivate storage 410, private storage
420, private storage 440, or private storage 480, a copy of tEle;i re ablsezl% ed
data portion is retrieved froma central storage or main menory' and’ ed
by shar ed WO#2@§¥7 490. A correspondi ng status portion hol ®*ECTAISH/31353
encodi ng of the data portion. A corresponding presence portion holds a
presence encodi ng according to which private storage units have requested
a copy of tWeeaatdatpiraueshis reeivesem PEvaie staees 4 Hoprivate $orge<$@endi ng to
data portion 411 holds a status encoding of ED and a correspondi ng
presence pAVABSIARAGEA4R. pr pideir gomgedthiOng copy oDibe requastechdatagortfantisdat a
portion 411 has been provided to private storage 410 in response to a data
request of retrieyedfrorad cenfl siorags ¢f maisdnemonyoriidisiored dyshglasksteogat a
portion. Simlarly data portion 413 has a status encoding of ED and a
presence ed®8difmepPreispondngistaliispartien holdaa Haiua epeedingaf the 3atemportiorn
provided to private storage 440 in response to a data request with a need
to nodify A emrespoadinDdresanoe ppdian hoBistmpresesteenodisgasdortingto wiiciand a
presence encoding of 1000 indicating that data portion 415 has been
provi ded t @ripateséerege sniss hge goested aeopy v therdatapadica. request with a need
to nodify the requested data. And finally, data portion 418 has a status
encodi ng of EPoagxkraplerasietvs porfoncodieapording®hdata pditioatditidoldsaa sidéisa
portion 418 has been provided to private storage 420 in response to a data
request of escadipgeot htandrad¢aregspending pessence poridn hylds Represenrestreddingt a
portion. A status portion corresponding to data portion 412 holds a status
encodi ng off 0@ aindicating that datenditiog 4iridsasnhrenmoviderhtohwivade stopagesétice
encodi ng of 0101 indicating that data portion 412 has been provided to
private stiorrageonsedoandate cequest ofx yps thatagrdicatddainred spodifetheo dat a
requests of a type that does not indicate a need to nodify the requested
dat a portieauesedidata bortidat Similany daia petirivil3 hassa siatus ereoding ofiER 2005 WO
02/ 27497 PCT/ USQ / 30359

and a presence encoding of 0100 indicating that data portion 413 has been
provided to private storage 440 in response to a data request with a need to
modify the data. Data portion 415 has a status encoding of ED and a presence
encoding of 1000 indicating tha‘t data portion 415 has been provided to private
storage 480 in response to a data request with a need to modify the requested
data. And finally, data portion 418 has a status encoding of ED and a presence
encoding of 0010 indicating that data portion 418 has been provided to private
storage 420 in response to a data request of a type that indicates a need to
maodify the requested data portion.
A status portion corresponding to data portion 412 holds a status encoding of

S and a corresponding presence portion holds a presence encoding of 0101
indicating that data portion 412 has been provided to private storage 410 and to
private storage 440 in response to data requests of a type that does not indicate a
need to modify the requested data portion. Similarly data portion 419 has a status
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encoding of S and a presence encoding of 1111 indicating that _data portion
419 has been provided to private storage 410, private storagg fﬂzﬁéﬁpﬂ{}ﬂﬁlate
storage 440 and private storage 480 in response to data requests of a type
that does WR#22H¥di cate a need to nodify the requested dat 3 PUFYYHF? Dat a
portion 414 has a status encoding of Mand the correspondi ng presence

portion holds a presence encodi ng of. 10 i ndicat.i n t th i ously
modi f i ed &aﬁ%ﬁ*@gﬁ$@Hd@ﬁfeﬁ%{locet&’g‘&ﬁd*a%%&iﬁ”‘tdlfab’?q @‘i‘% gaa‘étpoofg"dg‘&%o in
response to a data request, that does Qot.i di cate4% need.t o, nodi t he
data. Dat aNg®PeERHRrAdSTHE Hrivatesigrage 41 oﬂlvﬁge YPra0e fad VHLSORE Eitodi ng
of 0000 indicating that data portion 43(6 i S invzill i,d i hared ,storage, in
whi ch case apA@rivaiestorage 480 In 1pBeTRS oslata frayesis ol o {yne tg?g?%egsen%i ch coul d
have previously held a copy nay or rTEy POt e accurate. If a notion of
i ncl usi on inslicste aneed to MesHy Hifrepresist 828 RYiYle having a copy woul d have
also invalidated it. Alternatively, th stfora % | ocation . .could correspond
-~ to a data por De&hPYHER 4%&%9&&@%@%&%%\”@31 Lo P PoaARo e tient | y
the sane storage | ocation was invalidated, .in whi case.a . CO of the
dat a porti BATtRAYOIISS BRESERFBRGPAY @t@Pﬁd&'CE’%&\é\Ehagg’?q P&NIoRElY 'ﬁ%ﬁﬁ?ﬁ st at us
encodi ng of EC and a presence encodi ng of 0010 !\ngl cating that %ﬂta
portion 419ataperipibhlhhesbeeruPieyidedd? 86‘1’%1315'(9"%9? '8 n_espcg%srtgaéja 0in
response to a data request of a type that ,d?,%qs ot indicate a need to

modi fy t heraaigatibabdoasaial indigaia pirigeddamediy 3430 has a status encoding
of EC and a Er esence encodi ng of 0001 i nd#' catjng that dat a porbbgg 430 has
been provi deBatawartien 486 pas 3 Strtus 8PEOdRG, P AR ARTEFNERIBAES ‘dat a
request that does not indicate a need to m)gi f(%/ t he rﬁﬁ esteﬁ}ﬂd&éa. It
will be apiidisating dwt data portigrp Eisdpvaliddn s8arsd StaTage. Y 5"‘5‘59 fBencodi ng
of EC may al so be provided to 13 2 4 MAR 2005 02/ 27497 gﬁg’: US01/ 303~9
mul tipl e per any isfosmationabeutiprivalg; stefage which eRaYausly BRGRFRPY oot ed at

2 may or may not be accurate. If a notion of inclusion is enforced, then any private
storage having a copy would have also invalidated it. Alternatively, the storage
location could correspond to a data portion that was evicted from shared storage
and subsequently the same storage location was invalidated, in which case a
copy of the data portion may reside in private storage.

Data portion 417 has a status encoding of EC and a presence encoding of
0010 indicating that data portion 417 has been provided exclusively to private .
storage 420 in response to a data request of a type that does not indicate a need
to modify the requested data. Finally, data portion 430 has a status encoding of
EC and a presence encoding of 0001 indicating that data p.ortion- 430 has been
provided exclusively to private storage 410 in response to a data requesi that
does not indicate a need to modify the requested data. it will be appreciated that

copies of a data porﬁo.n having a status encoding of EC may also be provided fo
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particul ar shared storage. The coherent storage hierarchy of Figure 4
_provides for resolving sharing ambiguities wthout requiringZal sfbi;@ﬁfeg(?g?us
for snooping. It further provides for reducing backward inquiries an or
reduci ng WMOM8M%si on of unnecessary invalidation requestRCT/EHEPEEY
contributing toward hi gher system performance. Figure 5 illustrates one
enbodi nent of a nethod for resolving sharing anbiguities in accordance
with the cOWHiPEHRIvER3tRmRaenils Aty therloga! staregehieraichyiogtaskaliang bl ock 500,
processor | requests to read a data portion, the data request being

recei ved bBRTHFYeEshAsed pl0sads: i vate storage and processed by processing

bl ock 501. In_processing block 50.,1. if the data portion is valid in
private stor alfee cehpsentsivrage hisrarshy of bigeeds pravisiesfeciesalving Shedek 510, whi ch
provi des the requested data portion to processor 1. Qtherw se, the data
request i saMpigeidipg ¥ithpyt readiringa sberrd Bis iposneapingribfusther aravidesfeicessi ng

bl ock 502. In processing block 502, if the status of the requested data
portion i sreducingackwait iuirias y for srcbising transprissiasef ungepessery 509. whi ch
assigns a presence encoding to the data portion to indicate that a shared
copy of t Hevaliatiopeauests. therebyreosititating tavrrd highey sydemtparageange. pr ocessor
|. Otherwi se, control flow proceeds to processing block 503, In processing
bl ock 503, i fFigure Sitlggtipdespene ﬁ@bpémﬁ@épgqmﬁlﬂ@d o6 rasobsing gharivg t hen control
fl ow proceeds to processing bl ock 509, which assigns a presence encoding
to the datanpgeitiesin acsordagce with the gehereaiopgrage higrarchy of Pﬂgerde #latra portion
will reside in the private storage of processor |. O herw se, control flow
proceeds RrecessigddastPl PErRsSWA reqyesyt 9oead prlptdpodrnaba dalx t he st at us
of the requested data portion is EC, then control flow proceeds to

pr ocessi ngeanest kebggecaiyrdthby prassssmid's Aripatestoraee and oticegsedby he dat a
portion to indicate that an exclusive copy 14 2 4 MAR 2005 WO 02/ 27497
PCT/ US01/ Po3Bssiag ok &t dn poraessinghiliack S0dsif dhe datapodiopris validinst or age of
processor i. \Wenever

private storage, then control flow proceeds-to processing block 510, which
provides the requested data portion to processori. Otherwise, the data request is
received by storage control 491 and processed by processing block 502. In
processing block 502, if the status of the requested data portion is S, then control
flow proceeds to processing block 509, which assigns a presence encoding to the -
data portion to indicate that a shared copy of the data portion will reside in the
private storage of processori. Otherwise, control flow proceeds to processing
block 503. In processing block 503, if the status of the requested data portion is
M, then control flow proceeds to processing block 509, which assigns a presence
encoding to the data portion to indicate that a copy of the modified data portion
will reside in the private storage of processor i. Otherwise, control flow proceeds
to processing block 504. In processing block 504, if the status of the requésted
data portion is EC, then control flow proceeds to processing block 509, which
assigns a presenceé encoding to the data portion to indicate that an exclusive copy

14



control flow proceeds to processing block 509, the data portion in shared
_storage is an up-to-date copy and nmay be provided by shared gLormer ZUE%
response to a data request. If the status of the data portion is not
t hen cont r'¥P 0LBR7 proceeds to processing block 505. | n prpCeaIsémyssd ock
505, if the status of the requested data portion is ED, then control flow
proceeds to processing block 506, which requests an updated data portion
from a pri wiitee daterpegéon willireside thy priveie starags pprdcessor br@heneerencodi ng.
Fol l owi ng the recei pt of an updated copy, a new status encoding, of Mfor
i nst ance, ragptrakfiaveproseegsele arocaskingdaeck §0%; theatata pbitien irashareti gtoragee dat a
portion may be witten back to central storage or main nmenory and a new
status of HETapupSoale tapyrardanay)be gravidedty shared ploragedmresponse td af | ow t hen
proceeds to processing bl ock 509, which assigns a presence encoding to the
data port idste tasitesdi cate that a copy of the data portion will reside in
the private storage of processor i. Depending on the type of data request
bei ng pr ocessdithe statoseftbe dgtapativn BO®t kERythah sontrol dinwemirocdentedd i dat i on
requests to private storage previously indicated by the correspondi ng
presence emeemdisaing bivekrH0pr oeresdssing tlask Smfitee sthtusofthesesested dataock 509,
control flow proceeds to processing block 510, which conpletes the
t ransact i opotipngs ppl, emgcontre! flevgpreceeds airacqssingi Wock 506, ihechpegquette st or age
of processor i. If the status of the requested data portion is not ED in
pr ocessi ngablupditesiiata portien froond povaté lstonage indieatisl byrtké eantesmongingcessi ng
bl ock 507. In processing block 507, if the status of the requested data
porti on i sprgsenbeencalng. dfolibWwing the seesptonf o updatedespy,rgndl atdtuS08, whi ch
requests an external data portion fromcentral storage or nmain nenory.
Fol | ow ng ehendirg, «if pt fooinstadnee) mqy éstreabsipmied tp thet data pbriiom ¥oted@tiORA 27497 2
It P4AR 2005 PMUSO1/ 30MD

the data portion may be written back to central storage or main memory and a

new status of EC or S may be reassigned to the data portion. Control flow then
proceeds to processing block 509, which assigns a presence encoding to the data
portion to indicate that a copy of the data portion will reside in the private storage
of processor i. Depending on the type of data request being processed,
processing block 509 may also transmit invalidation requests to private storage
previously indicated by the corresponding presence encoding. When processing
has completed in processing block 509, control flow proceeds to processing block
510, which completes the transaction by supplying the requested data portion to
the private storage of processor i.

If the status of the requested data portion is not ED in processing block 505,
then control flow proceeds instead to processing block 507. In processing block
507, if the status of the requested data portion is {, then control flow proceeds to
processing block 508, which requests an external data portion from central
storage or main memory. Following the receipt of the requested data portion'from
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central storage or main nenory, control flow proceeds to processing bl ock
509, which assigns a presence encoding to the data portiongtég M;ﬂ_gimﬁe
that a copy of the data portion will reside in the private storagg o}
processomw®92Eeptrol flow then proceeds to processing bl SEKUSE%hi ch
supplies the requested data portion to the private storage of processor L
It will be appreciated that the enbodj nent of Figure 5 is illuié ated by
way of exanpelstaragernsimain mareary.cip AL BIOCERES T RBFTSEY Rifdo Sront may be
modi fied in_ arrangement and detail by those skiJled in the art. .For
i nst ance, whieh 8$9@nR8 a pprseoes eNeRging @ct%%dﬁﬁfp%%oq Rdndiaalg Bt 2R Pled to
transmt invalidation requests, or to reassign new status e co{?\i ngs in
accor dancéheviata portiomwil resigadn theqrivalesgprage of PIaSeR$d Lo eﬂEﬂU{b\v F™Fi gure 3.
Additionally, the order with which control flow proceeds from processing
bl ock to prawmedsitogradessingiinck5d0nwhich suapligstthd (RAVCEEHLE RGTUPR &in t he
principles of the disclosed enbodi nent within the scope of the :
acconpanyitmgprvaie storagd of precess@s!l. and appar at us di scl osed above may be
enpl oyed in a mul tiprocessing systemto provide a coherent, stora
hi erarchy  wiltwill hedappeeciated K the ernaeqﬂmeeéO%aurﬁ&@é'&&tfame‘g%gﬁ
i nval i dation requests, Figure 6 illustrates an exanple of a myltjprocessing
syst em 60@xamiplegand ot loitation and $has thaydiselpssdemhgdigrentHgy be ’ﬂ?d‘ﬁ‘?d: Nudi ng
processor 601 and its private storage 610, processor 602 and its private
storage 626angemeatand demnbarﬁwsew"egm harast. ST inganes489dPRRlessor 608 and
its private storage 680, and shared sto.rage 690. Data portion 613, for
exanpl e, pexeasisgatiosksenaybé ingluged ppcembingd te raawni Bvalidaliensgausstvoor
indicating that a nodified data portion copy 612 resides _in private
storage 6bPtofeapsigoessostabBincdings Pacepsianee Bithfacitateteansition diagidma st at us
encodi ng of EC and a presence encodi ng of 0010 indicating that an
unmodi f i etikeltiteconposhoveminciiigyreci Addilinnally the opsier withevhighyeangeo! 899 of
processor 602. 16 2 4 MAR 2005 WD 02/ 27497 PCT/ USO /30359

proceeds from processing block to processing block may be modified without

departing from the principles of the disclosed embodiment within the scope of the
accompanying claims. The methods and apparatus disclosed above may be
employed in a multiprocessing system to provide a coherent storage hierarchy
with reduced backward inquiries and reduced unnecessary invalidation requests.
Figure 6 iliustrates an example of a multiprocessing system 600 using the
coherent storage hierarchy of Figure 4, including processor 601 and its private
storage 610, processor 602 and its private storage 620, processor 604 and its
private storage .640, processor 508 and its private storage 680, and shared
storage 690. Data portion 613, for example, has a status encoding of ED and a.
presence encoding of 0001 indicating that a modified data portion copy 612
resides in private storage 610 of processor 601 Data portion 625, for example,
has a status endoding of EC and a presence encoding of 0010 indicating thatan
unmodified data portion copy 624 resides in private storage 620 of processor 602.
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If, for exanple, processor 608 requests a copy 686 of data po t{loﬂf§97 and
copy 686 has a corresponding status of | then a request for @a a"iﬁ‘rm%n
697 is transmitted to shared storage 690. |If the status of data portion
697 i s EDWIO/THE correspondi ng presence encoding i s 0100PEHHPUIANRIRy t hat
a nodified copy 646 resides in private storage 640, then a data request is
transmtted to private storage 640 for the nodified copy 646. Private
storage 644 fPAPXRMapHs Mrecasper ’?Qgefaﬁ'é%sﬁseﬁ CERH BB 262t POFLALH ARIQOPY st at us
encoding of S. Wien the nodified copy 646 is received by shared storage
690, data FBP1R®A BUEspAYding siabitatld denahtpaueakior galadPortiost @78 encodi ng of
M Updated data portion 697 may then be rovided to private storage 680
and reassi §aesmitegitesbates doeatng Hihelslebisial datperéar 897 isdtD ené thewo copi es
reside in private storage 640 and private storage 680. Wen data portion
697 i s recePNRPODHing presercestnsrdigs 680 indipgtimpbiahaynasified neentéd and

reassi gned a status encoding of S. Thus the shared status of data portion
697 is di stasiflegiapsiyats storege 64A0ben Aata regraside easwitied dxpavale i nquiri es.
Figure 7 illustrates another enbodi nent of a coherent storage hierarchy
that suppstorageretblorithgymerified sgpuddf. gtiivate storage 6§40 maptrapppit thel at ed t hat
since shared storage 790 provides data portions to only two private

st or age unfegsiesiedicppy S46andrraazsignioa siatupencpging et Vien thegnodified s possi bl e
to di sanbiguate a data request wthout resorting to a presence encoding

. for each deapy @érisireecived by skapt storade/690; datecpprtion 68Amay|bergpdateds a
particul ar private storage unit requests a data portion from shared
storage, tashreansigned dsitstas gineedingeidviudipdptesiddialg pedion &SP sy thgn be t hat

data portion indicates that the other private storage unit contains a

nodi fi ed cepyidedtto pHvatesturege 680 aad eeaseioned a:preserze£nppging 0051080002/ 27497
PCT/ US01/ 30359 For exanple status portions corresponding to data Borti on
711, dat a ipdicateghat the two copies reside in private storage 640 and private storage 680.

When data portion 697 is received by private storage 680, copy 686 may be
updated and reassigned a status encoding of S. Thus the shared status of data
portion 697 is disambiguated without snooping or unnecessary backward -
inquiries.

Figure 7 illustrates another embodiment of a coherent storage hierarchy that
supports resolving sharing ambiguities. It will be appreciated that since shared
storage 790 provides data portions to only two private storage units, private
storage 710 and private storage 720, it is possible to disambiguate a data request
without resorting fo a presence encoding for each data portion being explicitly
stored in control 791. If a particular private storage unit requests a data portion
from shared storage, then an exclusive-dirty status encoding corresponding to that
data portion indicates that the other private storage unit contains 2 modified copy

of the requested data portion.
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713, data portion 715 and data portion 718 hold status encodi &gi B‘f Eﬁw SO
I f the corresponding data portions are requested by one of t p ulﬂ‘{l;a d
" storage units, then they would have already been provided to the other
private swWer@gadunit in response to a data request of a tRfFEUINERS?
indicates a need to nodify the requested data portion. Data portion 712
and data portion 719 have status encodings of S indicating that the
cor respondi ngF e@xamRletstaius ﬁ@@o'%@ﬁreép%‘%%t? #a prEIogf/ tTnE3taRqidt e st or age
units in response to a data request that does not need to nodify the
request ed Hb{).éﬂaﬁﬁnpvﬁtl@ﬁ.ﬁ@aﬁt@ et porben 71%held stajus pagqsingsrofi . 'Zté‘?i ng that
the previously nodified data portion 714 may be provided in response to a
data requedrtespRatingaiata porttions at reausaief by on¢ ef thegrdaiesio@gednfdrti on. Data
portion 716 has a status of | indicating that data portion 716 has been
i nval i dat ethen theyhwpuld havedirggdy bern Riavided fo/ theotherdriyale sipiags Uny" have
previously held a copy. Data portion 717 and data portion 730 have status
encodi ngs ESpEGE todt datei raguesiaf a type thatdndieaips adiend tymodify e fegyest8d peen
provided in response to a data request of a_type that does not need to
nodi fy t hedategagione Datatpertiosy T120md datgperéios 7i1Plhave platussensiodingst¥d & nent of a
met hod for resolving sharing anbiguities in accordance with the coherent
st or age hi iediaatinig/thaf the eprrespandingdatg podissdiaspasnarevidedio eneeldbsor. |
requests to read a data portion, the data request being received by the
private stmivatrestofage onitssiv oespionsentd phatasegurst hat dpevelsesdomesily 801. I n
processing block 801, if the data portion is valid in private storage,
t hen cont rtbk réqumstert detaquistioro Pata pedion g4 hias akstatue of Whindiating that thes t he
requested data portion to processor i. Oherwi se, the data request is
recei ved hyresiboslpgeodifiert dath ppetibnaild maykeproviiedyn mspeessingdptdock 802. In
processing block 802, if the data porti on has a status of S, then control
flow 18 2 réqldsRiZHGedMcd pLeT toTodiyThe/BLES B35t p podiead Datd Pprtierdd&i ng
bl ock 810, which conpletes the transaction by supplyin )

has a status of | indicating that data portion 716 has been invalidated in shared

storage and any private storage which may have previously held a copy. Data
portion 717 and data portion 730 have status encodings of EC indicating that the
corresponding data portion has been provided in response to a data request of a
type that does not need to modify the requested data portion. -

Figure 8 illustrates one embodiment of a- method for resolving sharing
ambiguities in accordance with the coherent storage hierarchy of Figure 7. In
processing block 800, processor i requests to read a data portion, the data
request being received by the private storage of processor i and processed by
processing block 801. In processing block 801, if the data portion is valid in
private storage, then control flow proceeds to processing block 810, which
provides the requested data portion to processor i. Otherwise, the data request is |
received by storage control 791 and processed by processing block 802. In
processing block 802, if the data porti'on has a status of S, then control flow
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the requested data portion. to the private storage of processar,i,,
- O herwise, control flow proceeds to processing block 803. In pf"o@égsmgé

bl ock 803, if the requested data portion has a status of M then control

fl ow proceW@92289pr ocessi ng bl ock 810, which conpl et es t hECTARAEHEH? on by
supplying the requested data portion to the private storage of processor

i. Otherwi se, control flow proceeds to processi ngt bl ock 804. In processing
bl ock 804, Rrpcaass tpaveeessiog inaka 19ovbich gomaletesthetieangactism IGUPPHER cont r ol
fl ow proceeds to processing bl ock 810, which supplies the requested data

~ portion to thaegpesiad datspertivgdo e pivateeaiggeiof prgessaliis Othewiges ol 1 ow
proceeds to processing block 805. In processing block 805, if the requested
dat a porti c@nkalfloyw praveads tsf pregessingdrpckd®St hopropessingblock 883 kthepr ocessi ng
bl ock 806, which requests an updated data portion fromthe private storage
of the prodegussted data plirdombas a atatusaf M, dien eenteol flewuesseds Kpp1osassieg t he
recei pt of an updated copy, a new status encoding, of M for instance, may
be reassi griderckt®d O whicheeampietes thentransbetinniap supplying the reguesteddateon may be
witten back to central storage or nmain nenory and a new status of EC or S
may be reaPortipndd the privete gtarageoiproesssoo Kitheiwise, aantrolffovpprocesdsstot o
processing bl ock 810, which supplies the requested data portion to the
private stpoecegeingfbleekaiiis Jopracessifg bleck 864 af herretidestebdstarportidtelias a st at us
of ED in processing bl ock 805, then control flow proceeds instead to
processi ng agtatuk o8B, than gantrobfiny prgcegdsdi PBOTESSING bledke8 Uhmhighaupplies has a
status encoding of I, then control flow proceeds to processing bl ock 808,
whi ch r equét requestedidataportiomtathp grivatestaragerot piecesdor i. Pibeadgee. sontieli n
menory. Follow ng the receipt of the data portion fromcentral storage or
mai n menor floweoonaeds t6 Ipowepsiog bwdk 80% processi ng bl ock 810, which 19 2 /f
MAR 2005 WD 02/ 27497 PCWJS01130359 conpl etes the transaction by supplying

t he request edlrdgroaesgring blonk 805, tittbe peduesated data portion has a status of ED, then

controf flow proceeds to processing block 806, which requests an updated data
portion from the private storage of the processor that did not initiate the data
request. Following the receipt of an updated copy, a new status encoding, of M
for instance, may be reassigned to the data portion. - Alternatively the data portion
may be written back to central storage or main memory and a new status of EC or
- 8 may be reassigned to the data portion.. Control flow then proceeds to
processing block 810, which supplies the requested data portion to the private
storage of processor i.
If the data portion does not have a status of ED in processing block 805, then
- control flow proceeds instead to processing block 807. In processing block 807, if
the data portion has a status encoding of 1, then control flow proceeds fo
processing block 808, which requests an external data portion from central
storage or main memory. Following the receipt of the data portion from central
storage or main memory, control flow proceeds to processing block 810, which
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storage of processor i. It will be appreciated that tradeoffs apd e A
~nodifications may be nade by those skilled in "the art vm'tho@t fd@ﬁgrtﬁﬂﬁg
fromthe principles of the present invention wthin the scope of the
acconmpanyi WY ®ZH#Hs. For instance, a tradeoff may be made WETABY/303
anount of information encoded by a presence encoding and the average
nunber of unnecess g i nval { dation requests transmtted, A simlar

t r adeof f m?@@'e%&% BEGREHP HYeS YRPEEBHAE resHssifhddta padionde tharivale nunmber
of backward data requests transmtted to private storage. Figure 9a

il lustrat esStﬁf?ggqué:ﬁﬂ‘é?ﬁs%’-enbodi ment of a coherent storage hierarchy

i ncl udi ng pri V@tg st orage, 910, Pri vate storage 920, private storage 940,
private storaghWiishe app@ciated bat Yadpoligandguoditcations pryhesmade by thasg shari ng
anbiguities. Control 991 includes a status portion and a presence portion
for each cHtileddpaiRirigvithatbderartingiionias ranggles phthedresant iyenBmD. The
presence portion of control 991 holds a presence encodi ng, which indicates
ei t her the WilHn the $gersrefdhe pesaapanyiduiaigs. (ner instams. atradeef§ may beow- or der
private storage units 905. If an invalidation request nust be transmtted,
control 991Madheiwascs thegmesntot ipformgtien ercadee bysupresenae gndodiaganst or age
units 905 when the |east significant bit of a presence encoding is set and
to both of theaveragr-minhar of Hnnegessarydnveldatinn tequesls tranprsittedh & simdar
significant bit of a presence encoding is set Thus half as nmuch storage is
needed to dtaseeff prases nadehebreen hieanesanse ancpdingy andthecavesageamymber

inval idation requests are transmtted. Potentially five thirds the average
nunber of Ob&erward daid requegisdmnsmiied talpsyater araget t ed to provi de coherence
when a requested data portion has a status of ED. 20 2 4 MAR 2005 WO

02/ 27497 PCT/ b&nre Sadtstetes ax algnativeembodivent ofp odherertstaagorti on 913,
data portion 915 and data portion 918 have statuses of ED;, so if one of

t hese dat a higsprchy ircliding etivais starags 910, private storage 920, private storage 940,

private storage 980, and shared sforage 990 that supports resolving sharing

. ambiguities. Control 991 includes a status portion and a presence portion for
each corresponding data portion stored by shared storage 990. The presence
portion of control 991 holds a presence encoding, which indicates either the two
high-order private storage units 906 or the two low-order private storage units 905.
If an invalidation request must be transmitted, control 991 transmits requests to
both of the low-order private storage units 905 when the least significant bit of a
presence encoding is set and to both of the high-order private storage units 906
when the most significant bit of a presence encoding is set. Thus half as much -
storage is needed to store presence encodings and potentially twice as many
invalidation requests are transmitted. Potentially five thirds the average number of -
backward data requests are also transmitted to provide coherence when a

requested data portion has a status of ED.
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private storage unit identified with. the same presence encod‘gng,i éige@ ghe
data- portion has al ready been provided to the other private St rﬁ ﬂ't
identified 'E)h t hat presence encoding in response to a data request of a
type that i%l #3186 a need to modify the requested data poPET/HRVIAOESE he
other hand, if the requesting private storage unit is not indicated by the

presence encodi e ata.re st, for a pdated co wll be
transmtted to%?#%ﬁﬁé%?%@y@a%@%ﬁ%gﬂi ddqt%ﬂ‘?r@%’ﬁ 5%5 BYd €88 presence
encodi ng. Si i S an exclusjve status nly one will respond. Status
portions cof rIa gjs%ﬂcl:)éna(g f\%vet%aé'ﬁ?%og 5% O@eﬁftgﬁﬁg dappopinrsiinedvesten by @

st at us encodji. S and .t helr correspondin resence portions hold
presence egt'g%?‘ ﬁg‘iraS? Uf% 'é?ﬁﬁh%da‘f"ﬁl?l g“ec %ﬁ'ﬁe e rﬁ%@&‘;‘?ﬁ‘ﬂo&dﬁ@r thesrike galde been
provi ded to af. |east  t of the private storage units in response to data
request s thgs hﬁ!"%arsfcﬁ"eﬁggé?ef’%pr pf‘?%%‘étﬁ?'éﬂﬂ‘g’éﬁf glgragstuitidantifieshwith f |
inval i datio rechuests ne%? to be transmfted for either of these data
portions, tHEhPESETFEERCRTNG Keeppanrstie @ ERpseaheftastyp fhat indisetasvee a
transm ssi on n, iLL. |,.S possib that, only two or three of the private"

st orage uni Fgé’\‘g ﬁﬁpﬂ{%ééﬂu?%e‘i %ﬁlpioﬁ@f‘e C%/mﬁiermﬂ%{t'b?”ﬂoﬂhedﬁﬂueﬂbaga portion
914 has a stzlatags {ar']é:oditg}?,sof tM an?%f&lesence encodi ng of 10 indicating
that the pr@W SRV el U RN ng[ca BRreSRNCR 2acRdeg thene datedeauesdt

| east one off t he BI %—order_ gl‘l vate storage units 906 in response to a data
request of ‘Ch a0 VREatRgAoPY Ygkee Hapsmidar inbehof eaprivate sigmorynitae r equest ed
data portian,,. Dfitg? tg‘grti on 916 has a_status encoding of | and a presence
encodi ng of "BEEEHRYERINESencR snceping, SiBFE FohisRreeXshisVBstatus, WAl angat ed i n-
shared storage and any private storage which may have previously held a

copy. 21 2 WH{RROSG05 WO 02/ 27497 PCT/ USO?/ 30359 Data portion 917 and data

portion 971 hgs\[/e stat us encodi ngs ‘of EC and presence encodi n1c;s of 01
i ndi cating t hatPluUsPAtRNsLQsessardngia oty Beitio I 2rmndalata portion 919 hold

status encodings of S and their corresponding presence portions hold presence
encodings of 11 indicating that these data portions have been pravided to at least
two of the private storage units in response to data requests that did not need to
modify the requested-data portion. If invalidation requests need to be transmitted
for either of these data portions, then all four of the private storage units will
feceive a transmission when, it is possible that only two or three of the private
storage units actually need to invalidate their data portions.

Data portion 914 has a status encoding of M and a presence encoding of 10
indicating that the previously modified data. portion 814 has been provided to at
teast one of the high-order private storage units 906 in response to a data request
of a type that does not indicate a need to modify the requested data portion. Data
portion 916 has a status encoding of | and a presence encoding of 00 indicating

‘that data portion 916 has been invalidated in shared storage and any private
‘storage which may have previously held a copy.
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been provided to at | east one of the | oworder private storag iES - in
Fesponse to a data request of a type that does not indicate agnﬁgﬂé’zﬁfdf%%
nodi fy theW %gHﬁg%ed data portion. Further tradeoffs and nodifications may
be nade in artérnative embodi nents by one skilled in the affT/Uysg}30359
instance, it will be appreciated that the anmount of information encoded by

o' be encoded. ks PANTALY T Bt b el Br b e S e Sageiloes of Brart “cratus
p- o aat o PEsyeERneosnba Sl niFHineh gl AR SolfSponind urd.comaas feve
Ctorage 010 PR PONFERL ot 5T 83007 B ok Bsel vl e Ut S0 ot or ago
cach corr as RO GALR BrLPR! ithe e rpesinat Eictin o000 D0MKENe st ot s
portion of contr Iac?%é hal ds a status encodi ng; which indicates an

excl usi ve-dreﬁlﬂ?s PPBIPPeach private storage unit, EDL for private
storage 910, e 920, ED4 for private storage 940, and

for private stora , 1 ;
ED8 for privat El%%?rgtfﬁg?@ﬁggﬁg "?qd'fi?ﬁg?’?ﬁ/’aw Ba M3 iP adewstiveampogeents
transm t'ted cont%jgld%t%I Eﬂrﬁgr}smts re@u sts to all four of the private
storage uni 0%OMGHled fifhg & NsaNcg o MilRaPRgsiateddiatdbe amauat e ansni t t ed
when a request ed, dat a rtion has _an exclusive- dirty status. No additional
storage is 'Hgoéﬁ'é‘ﬁo? Sngg&ib‘b‘? HeesibE slaisRIGegnaRam™its Yp dafqusexgusiver ti nes
as many invalidation request re transmtted. For exanple, a status
portion cor&ggﬁ Yo ihtie ?ﬂﬂ’ae‘go i HIPUGBIECRBPYSYAICT LAER XEHWRIFIY of EDIL
i ndi cating that the corre ndj nt% data portion has been 22 2 4 MAR 2005 WO
02/ 27497 PCH? é@f%%gg%@ﬁ@?%a EPrVAE SiRTAgRLBI bpigigdBe a5t LAt E3tonse t o

a data request of t .that indicates a need to nodify the requested
data porti cﬁ?pylﬁgf"ﬁaﬁ%ggﬁ'(?ﬁ' 923 has a

Figure 9b illustrates another alternative embodiment of a coherent storage

.hierarchy including private storage 910, private storage 920, private storage 940,
private storage 980, and shared storage 990. Control 992 includes a status
portion for each comresponding data portion stored by shared storage 990. The
status portion of control 932 holds a status encoding; which indicates an
exclusive-dirty status for each private storage unit, ED1 for private storage 910,
ED2 for private storage 920, ED4 for private storage 940, and ED8 for private
storage 980. [f an invalidation request must be transmitted, control 992 transmits
requests to all four of the private storage units. Thus, no unnecessary backwérd
data requests are transmitted when a requested data portion has an exclusive-
dirty status. No additional storage is needed to store presence encodings but
potentially four times as rﬁany invalidation requests are transmitted.

- For example, a status portion corresponding to data portion 921 holds a
status encoding of ED1 indicating that the corresponding data portion has been
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status encodi ng of ED4 indicating that the correspondi ng data péjrﬁtﬁj‘ﬁ;b has
been - provided to the private storage 940 in response to a daga rédy| §65

t hat i ndi caweqs 2276#],eed to nodify the requested data portion. Data portion
925 has a statir ED8 indicating that the correspondi ng de@EUROMBIISON has

been provided to the private storage 980 in response to a data request

t hat i ndicat t o .mmdi the requested data portion. Additionally,
data porti onﬁgbigjeﬁggqge Ef'g%%ﬁé%?gaﬁ%? ‘”irgﬁ?%ﬁitﬂé datmtequpst dfar typs frahdi ng
data portion; een provided to the prjyate storage 920 in response to a
dat a request m@% Eg&t yng? ?Pa?“’gﬁﬁﬁ&“e&?wf‘-%@a PPB’ONn&ﬁ%& portine 928duaest ed dat a
portion. Dat rtion. 92 ata portion 929 have status encodings of S

i ndi cati ng %ﬁgjg egr{?gawgrq%ggﬁﬂg'fsﬂﬁ‘gcm?ta#hﬁ&PF?@FPPW&'@ drie pogiiootiaddeeho one or
nore of the lg{gf-’b%gtte storage units in response to a data request that does

y

not need to M®B O HEPIvals Bi0fa98 Y1 TSSPONse o a patairaquest thtindicatesmest s
need to be t([ %rasrn‘i t%fﬁg’ Lor ei ther of the correspondi ng data portions, then
al | -four of 1578 ‘BMAVINE fepuesied data Rortign) Patapertion 925 hasa statas bOEDShen, i n
fact, it is; i bl at only one, two or three of the private storage
units act uaI"Fajgaf\tg@atﬁ?w‘ierﬁ?HPF%‘H\dg‘gtq?éa pedigadiasdegn paovided todhe pRadta porti on
924 has a sts%as géol.\/l i ndi catjng that the previously nodified data portion
924 may be provyagd’ ibresPERs ddate sraugst that indioatases peatbio modity et a

request that_doe t indicate a need to nodify the requested data portion.
Data porti %quﬁfgecﬂ‘g%taé"’gt% faddiepal. fgtaoportion A bas astptedhat EPat a portion
926 has been ,.invali c{ﬁéed in shared storage and any private storage which
may have pr SAGHES hatihe gorsesnopging dataapertien has bea provitied s theppriviateon 972
have status_gncodings of EC indicating that the these data portion have
each been p?&?{ﬁgd"eéji] & 'gSpRNsede @ data rayesh G typs OBt INDICRRIS2T 48dd to

PCT/ US01/ 30353. s£ orﬁge unit in response to a data request that did not
i ndi cate a WEEHY the EHesHd datapariéiuest ed data porti on.

Data portion 922 and data portion 929 have status encodings of S indicating
that the corresponding data portion has been provided to one or more of the
private storage units in response to a data request that does not need to modify
the requested data portion. If invalidation requests need to be transmitted for
either of the corresponding data portions, then ali four of the private storage units
will receive a transmission when, in fact, it is possible that only one, two or three-
of the private storage units actually need to invalidate the requested data portion.

Data portion 924 has a status of M indicafing that the previously modified data
portion 924 may be provided to a private storage unit in response to é data
request that does not indicate a need to modify the requested data portion. Data
portion 926 has a status encoding of | indicating that data portion 926 has been
invalidated in shared storage and any private storage which may have previously
held a cgpy. Data portion 927 and data portion 972 have status encodings of EC
indicating that the these data portion have each been provided to a private
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Figure 9c illustrates another alternative enbodi ment of a cozerefrnl storage
~hierarchy. Control 993 includes a status portion and a prese de ‘ﬁ)}@%ﬁﬁ% for
each corresponding data portion stored by shared storage 990. The status

portion ofWO@¥EHPDlI 993 hol ds a status encodi ng, which i ncPGEASIEHISD
exclusive-dirty status for each private storage unit, ED for private
storage 910, ED2 for private storage 920. ED4 for private storage 940, and
ED8 for pris{{Bge SNt imasPoBse torheatp regast that gisrnat indicste 2 ored & medeyY hol ds a
presence encodi ng, which includes a high-order bit for high-order storage
uni ts 906 ithrragdiestediate aodiost orage 940 or private storage 980, or a
| ow-order bit for |oworder storage units 905 including private storage
910 or pri vat EigreSsdkustrates arfothan altamalivelambodimend oba coharsent erage ansmi t t ed,
control 993 transnmits requests to two of the private storage units for
each pr esemigsarchiic 6dintrgl 993 inchides astajies porfiho and apresense postionyfobeadbnar ds
data requests are transmtted when a requested data portion has an
excl usi ve- gprespasding datarprifenl stored byraheredostdiage @98l Thestatgepotioneéded to
store presence encodi ngs but potentially tw ce as many invalidation
request s arcentrol 893rhialdsa statiey ermodingl whightinelypdast aroexcdBiveldidy atadusdous
encodi ng of ED1 and a presence encoding of 01 indicating that data portion
931 has beeaclpptivatdstbrage Loily-Edd titer pripate wtarages 060,422 Bt privaterséypgmse to a
data request of a type that indicates a need to nodify the requested data
~portion. DAa2e, f4 forgniveBsstheege®46t andiED8ricopliviate sthrageB80aihble prgseasence
encodi ng of 10 indicating that data portion 933 has been provided to
hi gh- or der pprtion af eosirolr@9$cralitOn preseasspentdingy whiakdncludescp bigh-arthentbit
indicated a need to nodify the requested data portion. Data portion 935 has
a .status nbigh-ogleostoslif: anith Wopnadeding grieate sthrage 640 a0privad statdgeg t hat
data portion 24 2 4 MAR 2605 WO 02/ 27497 PCT/ USO 1/ 30359 935 has been
provi ded t88Gioglalowdendepbit foalav-stder atpea@B0niisrD05dpgiudisg ptivate sttwage r equest
that indicated a need to nodify the requested data portion. Data portion
910 or private storage 920. If an invalidation request must be transmitted, controt

993 transmits requests to two of the private storage units for each presence
encoding bit that is set. Thus, no unnecessary backwards data requests are
_transmitted when a requested data portion has an exclusive-dirty status and half
as much additional storage is needed to store presence encodings but potentially
twice as many invalidation requests are transmitted.

For example data portion 931 has a gtatus encoding of ED1 and a presence
encoding of 01 indicating that data portion 931 ha;s been provided to low-order
private storage 910 in response to a data request of a type that indicates a need
to modify the requested data portion. Data portion 933 has a status encoding of
ED4 and a presence encoding of 10 indicating that data portion 933 has been
provided to high-order private storage 940 in response to a data request that
indicated a need to modify the requested data portion. Data portion 935 has a
status encoding of ED8 and a presence encoding of 10 indicating that data portion
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938 has a status encoding of ED2 and a presence encoding of 01 indicating
_that data portion 938 has been provided to | ow order privatlelskARa{85920
in response to a data request of a type that indicates a need to nodify
the requed@82¥4%% portion. If invalidation requests or bBEKKAHF3Fat a
requests need to be transmtted for any of these data portions, then only
the approprjate private storage unit will receive a transm ssion. Data
portion 93§3§MS§%995' Rievided e liglyoriel erig StEaes e8Y ingsPHisede &Rt pr esence
encodi ngs of 11 indicating that these data portions have been provided to

at |east t At iha i"tf#‘i‘ﬂf@‘g a nged fagediinihedeqvested gafadorias. data PPERfest s t hat

did not indicate a need to nodi fé the requested data portion. If
i nval i dat i §38MegFcsatispnegding 6f BB2and Apfesencg snsedisodi 87 inghicatingdatyat a
portions, then all four of the private storage units will receive a

transm ssi SAtaPRIHON S3Bhas been pravidegd d’ lavsprder ReYats $hafageB20 By respense of t he
private storage units may actually need to invalidate their data portions.
Dat a porti §hagaia egyest @‘%’%tw%tf@ﬁtf@mam phRead Wrinodinphedequestasdaiai ng of 10
indicating that the previously nodified data portion 934 has been ‘provi ded
to at | eaBPrtignelf invgidaliangeqpssts at kackwardsydata fequests nasside hedransmittaght a
request that did not indicate a need to nodify the requested data portion.
| f i nval i dEriap of dpsesdata pedians, tierpenly thenaprreprede pevatgataagoveil wil 934, then
the two high-order private storage units 906 will receive a transm ssion
when, it iE&ogdess baesmisaiononly one of the two private storage units may
actually need to invalidate their data portions. 25 2 4 MAR 2G5 WO

02/ 27497 PCT/ Usta1patias 93Dand dptsrparinn $3Ehanesstatusencodinghebdiang of | and a
presence encoding of 00 indicating that data portion 936 has been

i nval i dat epresaneshaneatiingsoefdddndieatingithat these/data portinngdavehcen pravidesayv e
previously held a copy. Data portion 937 and data portion 973 have status
encodi ngs efatieasdhao of the private storage units in response to data requests that did not

indicate a need to modify the requested data portion. If invalidati(;n requests need
to be transmitted for either of these data portions, then_ all four of the private
storage units will receive a transmission when, in fact, it is possible that only two
or three of the private storage units may actually need to invalidate their data
portions.

Data portion 934 has a status encoding of M and a presence encoding of 10
indicating that the previously modified data portion 934 has been provided to at
least one high-order private_ storage unit in response to a data request that did not
indicate a need to modify the requested data portion. If invalidation requests need
to be transmitted for data portion 934, then the two high-order private storage
units 906 will receive a transmission when, it is possible that only one of the two

private storage units may actually need to invalidate their data portions.
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presence encodi ngs of 01 indicating that these data portions have both been
provided to at |east one of the |oworder private storage unid & $B8 P85

" response to data requests that did not indicate a need to nodify the
request edWB2&74#3rtion. |1f invalidation requests need to H/VIUAHPt t ed
for either of these data portions, then two of the private storage units
w il receive ransm ssion when i QFOSSI ble that only one %f the two
private stora é‘ahﬂ‘?'?'g” ﬁé@ha%@ﬁ?tweﬂ%ﬁ“ o [iaRg A praaeere HEoPigRT0 porti ons.
It will be. a reC| ated that ele such a cols and conmuni cati on
met hods caff¥&tRg &iatdate paftien Péng ﬁgﬁ?“ MREL %‘ BSﬁQﬁB’?&eﬁﬂ 19%¥d in the
art wthout, departing fromthe principles of the present invention within
the scope Bfivate gforage Wilsamamnavg %fPWE”S'ltBF[ i &Pince, distributed storage
systens and distribhuted coherence protocols nmay enjqy the benefits of
reduced backwBPH PerieP3 aad datn pastien {3 baverdatue SHF‘P‘BFQ%B%GIQ“Hat i on.

Figure 9d illustrates_another alternative enbodi nent of a coherent storage
hi erarchy P#®sg@nsreerRsadings of 0d indigatingdhaithess data eptigna §ape Pokt kean or age 901,
private storage 902, private storage 904, private storage 908, and shared
st or age 9oprovidedto §h'§ﬁ%‘rqr§5 ?fdBe I'Q)‘Y“H@’eé ﬁﬁ‘fqt‘ﬁ@t"ﬁﬂﬁ ‘é{EﬂStQ@“ respANsaIto 994

i ncludes a status portion and_a presence portion for each corres?ondlng
dat a port i @Maseqnests ot did fobindicate p Aged topodifhifedequented data RoftiaR feont r of

994 hol ds a status encodi ng, which includes one exclusive-dirty status.

The pr esen®¥aifsigtien sussisdasiedrigbedmpsiffedsoneither sk dicee datBRfARS. thef ch
conprises a doubly linked SCI list. 26 2 4 MAR 2(iu5 WO 02/27497

PCT/ US01/ 30959 the private sisragenunitsawill segriva 3 Hﬂ"%??'@% Mesa; thép Ressiie ®abor ti on
951 holds a status encoding of ED and a correspondi ng presence portion
hol ds a pr@fdaem%oéﬁ@dwprwgvaﬂecﬁtonaggﬁsits w.ae&{aﬂhge@%mu%!tdét%\eﬂ.cgm 951 has
been provided to the private storage at the head of list5l in response to
a data redpstiensef a type that indicates a need

It will be appreciated that elements such as protocols and communication
methods can be modified in arrangement and detail by those skilled in the art
without departing from the principles of the present invention within the scope of
the accompanying claims. For instance, distributed storage systems and
distributed coherence protocols may enjoy the benefits of reduced backward
inquiries and locally shared control consolidation. |

Figure 9d illustrates another alternative embodiment of a coherent storage
hierarchy in a networked distributed system including private storage 9{51, private
storage 902, private storage 904, -private storage 908, and shared storage 990
that supports resolving sharing ambiguities. Control 994 includés a status portion
and a presence portion for each corresponding data portion stored by shared
storage 990. The status portion of control 994 holds a status encoding, which
includes one exclusive-dirty status. The presence portion of control 994 holds a
presence encoding, which comprises a doubly linked SCI list.
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to nodify the requested data portion. Data portion 953 has a tast
~encoding of ED and a presence encoding for list53 indicati ngflth t-f\Rdéﬁﬁ
portion 953 has been provided to the private storage at the head of |ist53
in respond¥OPY2H9fat a request that indicated a need to noBfFYSEKRE3T
requested data portion. Data portion 955 has a status encoding of ED and a

presence encoding for list55 indicating that data porti 5 has been

D ovi ded to- ¢ Rar Bratalec: SeBRagAr CsaPRe tor ot opBanici ! holBAaRs o a
data request that 'n%i crged a need to nodif I_;E.he rF uested data  portion.
Dt a port i SACYHES ALECLAE & coreesBREBEN PP STCLEPURR Malcs AiERTedEadP i o
list58 indicating that data portion .9 CB;WQ s been provided to the é)rivate
storage afortlsiHedigabng that g pPFF'OI“e%E’a i’eﬁa péo‘fﬂ‘g‘?datortaﬁﬁﬁ‘ﬁtelsﬂ? % ndi cat ed

a need to npdify the requested data gorti on. ?ata port,ign 952 has a status
encodi ng oft Bedif@dLilisiddn sespens tf haale Spauast et & yPeirldBirAgs eiigeddat a
portion 952 has _been provided to the private storage uynits of list52 in
response t i Bdily thesgauested dala Rajtipn. lfﬁéﬁ PRfHR gﬁ%f‘agﬁéitfﬁ'eﬁ gnepdingedf ¢ o

nodi fy the requested data portion., Data,partion 959 has at us encodi ng
of S and E%MHE%S@H%@BFWQ&“$t5§!r@‘."r%i?'ﬂ%#l?éfi?ﬁg°q %ﬂsﬁég‘%s bR i on 959
has been provided to the private storage units of list59 jn response to
dat a r equeBfoyidsd tg the prvate slorageoatdhe bead aldistad ie raspanse te 8 dxenyesthe
requested data portion. Data portion 954 has a status encodi %% of Mand a
presence eff@bidingigda needde medifviredaavasied dafp Portion QAR porvRiFPddsdat a

portion 954 has been provided the 27 2 4 MAR 2805 WO 02127397
PCT/ USOl / 38stdusencadieg at B 2gé auresanceenreding forilistop dadicating that datayat a
request of a _t%ge that does not indicate a need to nodify the requested
data port i eerliomapa hasbeeppradiedigdhepdvaig sloragecatdhapedd of istsincat i ng t hat
data portion 956 has been invalidated in shared storage and a presence
encodi ng f@sPenss: tor dajairequesiifipt mdiaigd #aeedio wpdify thesamuestgd datp) | pe
appreciated that in a distributed system .
portion. Data portion 958 has a stafus encoding of ED and a presence encoding
for list58 indicating that data portion 958 has been provided to the private storage
at the head of list58 in response to a data request that indicated a need to modify
the requested data portion.
Data portion 952 has a status encoding of S and a presence encoding for
list52 indicatiné that data portion 952 has been provided to the private storage
units of list52 in response fo data requests of a fype that does not indicate a need
to modify the requested data portion. Data portion 959 has a status encoding of S
and a presence encoding for list59 indicating that data portion 959 has been
provided to.the private storage units of list59 in response to data requests of a
type that does not indicate a need to modify the requested data portion.
Data portion 954 has a status encoding of M and a presence encoding for

list54 indicating that previously modified data portion 954 has been provided the
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sone delay may be expected to invalidate private storage copieﬁ and that it
may be convenient to hold sone information in presence enco gf’lﬁﬂsﬁm,
but in general a status encoding of | indicates that no valid data or
presence &YROUIHYGE are available for the correspondi ng st 8C&8FE01/H3aL 1 on.
Data portion 957 has a status encoding of EC and a presence encodi ng for
i st57 indicating that data portion 957 has been provided exclusively to
the privat Brivag §%¥i§@,ﬁ HRity qrfélS%éa regronsa iy dafe feadpd e tyre Watidees #dquest  of
a type that does not indicate a need to nodify the requested data portion.
Dat a port i Blicatesa pged s medily the readerithdalgrPa®rand a presence encoding for
list74 indicating that data portion 974 has been provi ded exclusively to
the private sPatedrmstion 956 banaathtes en¢qoingrdf liindiealinp dhaialata partigni986r equest  of
a type that does not indicate a need to nodify the requested data portion.
Fi gure 10 hasbesn @veliated imrabetidhsintaggfand apependerrnosdingdan 88 which udi ng a
coherent storage hierarchy conprising private storage 1011. 1012, 1016 and
1017 usi ngpauer mag-not beisigrifivest. i willdeoappretiateddhattio aaligiringed system1015 usi ng
an M ED-EC-S-1 coherence protocol that supports resolving sharing .
anbi gui t i espragdelay ek expaciaskioinwalidate priyamustormge cppieg avd thatdhramgd bus
1003 and an M E-S-I coherence protocol. Miltiprocessing systens 1001 and
1002 may bee eenvgnisingi kold some imformatidndn presence eocoding tistbé.drutin
Al ternatively, multiprocessing systens 1001 28 2 4 MAR 2005 WD 02/ 27497
PCTI USQO / 3Bl artatlo@hcading be! indicatanihat s walig datresspresengecensotiingsn di e, . or
inammlti-chip nodule. Figure 11 illustrates another enbodi nent of a
conput i ng agsveiabld 6 the perespionding stashge atatien.or age hi erarchy conpri si ng
private storage 1111, 1112, 1116 and 1117 using an M S-1 coherence
prot ocol , shdiatd pettemadfe HablDstahs dricodingud ibthargha praEBn&CeBeddingpfoer ence
protocol that supports resolving sharing

list57 indicating that data portion 957 has been provided exclusively to the private

storage at the head of list57 in response to a data request of a type that does not
indicate a need to modify the requested data portion. Data portion 974 hasa
status encoding of EC and a presence encoding for list74 indicating that data
portion 974 has been provided exclusively to the private storage at the head of
list74 in-response to a data request of a type that does not indicate a need to
modify the requested data portion.

Figure 10 illustrates an embodiment of a computing system 1000 including a
coherent storage hierarchy comprising pri\'rate storage 1011, 1012, 1016 and 1017
using an M-S-| coherence protocol, shared sterage 1010 and 1015 using an M-
ED-EC-S-1 coherence protocol that supports resolving sharing ambiguities and-
shared storage 1004 using bus snooping on a shared bus 1003 and an M-E-S-l
coherence protocol. Multiprocessing systems 1001 and 1002 may be on ;;1 single

or on multiple printed circuit boards. Alternatively, multiprocessing systems 1001
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anbiguities and distributed shared storage 1104 using an SCl zh«f nce

. protocol. Multiprocessing systens 1101 and 1102 nay be arrané d e 4805 o
appear to be single processor systens to each other and to shared storage
1104 whenWOBAHMHI cation via conmmuni cation network 1103. MJiF91/3¢359
illustrates another enbodi nent of a conputing system 1200 including a

coherent storage hierarchy conpri s‘ieﬁr%g xgrivat,e stpra.g.e. 1211, 1212, 1216
and 1217 #dn HRY b0 BHNIREIPrechitePerie SHICRR diSe Pt N BYHY-Fhik ed shar ed

storage 1204 L@I so using a distributed SCI coherence protocol, and

di stri but 8°94%ared storage 1210 and 1215 usi'ng an M ED-EC-S-1 coherence
protocol that. supports exclusive |ocally isolated ownership while

resol vi ng shdi9Wg Tdnisiiates another pmhodpneritas aicegrsfiag evatemptiPOand 1202 may
be arranged in a manner simlar to, that shown in Figure 9d.

Mul ti pr oc %440 3\roNerant sioradedteraicy CompyishodBivele sterpagiddd. tdZas to appear
to be single processor systens to each other and to shared storage 1204
when conmudil€ anAdd 1iusingaaM-Sit echargrspdiriocpinrared stpraga/ii 19 prdd a3 ng
systens 1201 and 1202 may provide different types of access to shared

st or age 12819 aroM-ElRGaRdLohpignes prajecd 13t §URRISIRFAYIDG Shalngrovi de a nore
public access over a wide area network (WAN), while multiprocessing system
1202 nay prdguitiesanmbdistribuiedsbatpd daragedP4 asippan! goahereiice PhetedRlr k

(VPN). 29 2 4 MAR 2005 WO 02/ 27497 PCTIUSO /30359 It will be appreciated
that the MuttiRbacessing aisimal Iklenchbl2 may be areserr sags tharrpasép Bﬁ mul tiple
user nultiprocessing systens or in single user nultiprocessing systens or
in mul ti pFegERTeceIE sksems trpath ethenand lo sharedsterog 184 rent of

mul tiple core processor 1351 including a coherent storage hierarchy 1301
conpri si nEPTPMUniRAEOS (Visy eapemynigd@ionpietwerkel 198or age 1320 and shared storage

1390 having storage control 1391 that supports resolving sharing
anbi gui ties. ngrq,ag dlustrates another embodiment of a computing system 1200

including a coherent storage hierarchy comprising private storage 1211, 1212,
1216 and 1217 using a distributed SCI coherence protocol, distributed shared
storage 1204 aiso using a distributed SCI coherence protocol, and distributed
shared storage 1210 and 1215 using an M-ED-EC-S-| coherence protocoi that
supports exclusive locally isolated ownership while resolving sharing ambiguities.
Multiprocessing systems 1201 and 1202 may be arranged in a manner similar to
that shown in Figure 9d. Multiprocessing systems 1201 and 1202 may also be
arranged so as to appear-to be single processor systems to each other and to
shared storage 1204 when communication via local area network (LAN) 1203.
Multiprocessing systems 1201 and 1202 may provide different types of access to
shared storage 1204. For instance, muitiprocessing system 1201 may provide a
more public access over a wide area network (WAN), while muitiprocessing
system 1202 may provide a more secure access over a virtual private network
(VPN).
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storage 1310 and private storage 1320 correspond to processor2cprﬁAQ§$@_and
pracessor core 1312 respectively. Processor core 1311 and private st %e
1310 nmy be closely integrated into a combi ned processing core 1315,
Simlarly WOPHEE E0r core 1312 and private storage 1320 mafCHUSEIHSR? y
integrated into a conbined processing core 1325. It will be appreciated

t hat I tipl 51 ' i ngl '

conpri se. mal £ 141boaPBERARET gl DeJPERBgS AHD 2bor BE: B TSt Yy or
di ssim | t ' 1325. 1t will |.s0. b | at ed I tipl
core procel §ebd SETORF R rrifEreg s ists S8 Ao BB PR 5Meot nor
communi cation circuit rélp processor co esreiE ?%Eﬁﬂdi tion to bgroce r cores

| )
1311 and 18fS5eRAT Bt Myliple e PEREESSYl- IRy pRratey FLEmbotigIeh e’ 1310 and
1320. Figure 13b further illustrates an enbodi pent af c ting system
1302 i ncl ﬁ“ﬁﬁ%“%rﬁ’éﬁ’%%iﬁ‘a‘a Uﬁi“@@a?‘%ﬁ?’&&%ﬂ%ﬁ'ﬁ@’%}? Te storage
1310, 1320, ... 1340 _.and share torage 1390 I ng,Stor control 1391
that suppERPRIsREBIVAR§IURIE ?%Eo-mgwjf?fﬁe%q% P@%ﬁ*@f@&gﬁa@e 1839, 1320,
... 1340 correspond to processors 1321, 1322, ., 134Q respectively.
Comput i ng SPRGRPAREETR) TSRl Swbbsursliian staing AR OBRE (RIS b: not
limted to central processing 1352 graphics, storage, other: cache storage
and | ocal SPGERGE1OGG RVAtE ST 320 ORRP ORISR0 P (1L B5S
peri pheral systens, disk and input/output s stgms, net wor k Sé%t gﬁ and
storage syReeagsor gore1 3 Ayeapectively. dHoggysenryedgtt padpiiste stasaadeds3ithe above
description is intended to illustrate pJeferred enbodi nents. of the present
i nvent i on.May mclaselydntaaraied sie aisembingd RIRERINING9%S 180 apiiladit that t he
i nvention can be nodified in arrangenent_ and detail by those skilled in the

art wi t hdyecersgareients 2 Riyatestorrgep 29 may bpelopsle deqratadiaitd on wi t hin

the scope of the acconpanying clains. 31 . .
combined processing core T325. 1t will be appreciated that multiple core

processor 1351 may comprise a single die or may comprise multipte dies and that
processing core 1315 may be similar or dissimilar to processing core 1325. It will
also be appreciated multiple core processor 1351 may further comprise bus
controf circuitry or other communication circuitry, processor cores in addition to
processor cores 1311 and 1312 and private storage in addition to private storage
1310 and 1320. Figure 13b further illustrates an embodiment of computing
system 1302 including a coherent storage hierarchy comprising private storage
1310, 1320, ... 1340 and shared storage 1380 having storage control 1391 that
supports resolving sharing ambiguities. Private storage 1310, 1320, ... 1340
correspond to processors 1321, 1322, ... 1340 respectively. Computing system
1302 may comprise a.personal computer including but not limited to central
processing 1352, graphics storage, other cache storage and local storage; system
bus(ses), locat bus(ses) and bridge(s); peripheral systems, disk and input/output
systems, network systems and storage systems.
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2 If MAR 2005 What is clainmed is: 1. An apparatus conprising: sa fﬁrﬂﬁtz{%gta
. Storage unit including a data portion to hold a first data engoéli g a a
correspondin status portion to hold a first status encoding of the
correspontPfg24%¥f a portion; and a first storage control C(‘J’Gfgﬂ@B"?"é”? he
first data storage unit to receive a first data request and to transmt

the first datga _encodi LN responseg to.the first data request jf the first
st at us encodiﬁ'& ?%fveéﬁgcrbqqm& 'EE& dé?g@'ﬁﬁ%t?ﬂ?ft?”@‘ﬂﬁwpﬁ@?%ﬂ‘l'I"‘B transmt
a second data request if the first status .epcaodi i s one of set of

exct s ve Mrsy TERRR ram e Ecisoh g ve, s SHSOH a0 i s eRt INURRe £ 1 st
data storage unit further _including: a presence portion corresponding to
the data d%qu%% Cﬁﬁg’etrﬂ%é'g‘?gwwgmeﬁhg@‘ggﬂﬁ’fBy Off S 'ﬂeg%@ér’?‘@e encodi ng
of the cor r.g_éggndi n d&ta ortiaon. 3. The apparatus of claim1l fojrther
conpri si ng" ol YU 8¢ griggeles af thegRsesedtt EvpRtiqnwithin the sePReLf r om t he
first datg storage unit; and a third data storage unit to transmt a second
data in r %6?%#9%‘qu9ec'§'g§ond data request fromthe first data storage
unit. 4. The apparatus of claim3 wherein the first data storage unit is
shared storage. 5. The apparatus of claim3 wherein the second data storage
unit and the third data storage unit are private storage. 6. The apparatus
of claimb5 wherein the first data storage unit, the second data storage
unit and the third data storage uni-t are on the sane die. 7. The apparatus
of claim5 wherein the second data storage unit and the third data storage
unit are distributed storage. 8. An apparatus conprising: a first
processor to transmit a first data request; a plurality of data storage
units correspondingly coupled to the plurality of processors; a first data
storage unit of the plurality of data storage units corresponding to the

first processor, the first data storage unit having a first data portion
to hold a first data encodi ng, a correspondi ng
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first status portion to hold a first status encoding, and a first storage
control to transmt the first data encoding in response to t?mﬁﬁ%%&qg@pta
request if the first status encoding is one of a set of wvalid status
encodings and to transmt a second data request if the first status
encoding is one of a set of invalid status encodings; a second data
storage unit coupled with the first processors, the second data storage
unit having a second data portion to hold a second data encoding, a second
statwghgmiwm@ﬁdﬁp hol d g second status encodi ng of the correspondi ng
secon ata portion, and a second storage control to receive the second
data +égFeRY RIS I ansnit the secondgdata encoding in response to the
second, gal s uu%ﬁ%mlu&ng 09236803l 7 806 lcAgiahy BBGreaporinget. of ol ean
d% Hitn" 1Rl HQathd &35 QfOf%eéo bgdén‘ﬂ@@até SSHitASand f the second status
encoding 1s one of a set of exclusive dirty status encodings; and 32 2 4

MAR 20f5r storbddl dofltrdil 86l tidtha gitt adt storade driitdo febelvena firstydatiireglestangtor age uni ts
havi nganamit thefiest Béth andeBihg incespoosetolte figst dathrendesd dithe fiesh stetiis Rucodind ishavi ng a

t hi r dortods agief cleatt stailis énpodingarsricttranbrait 2 bicotd A waeesebBEIRAE! SIS r esponse to

t he téricodingliabae ofepabafexcigive Ty staBisaneadingsof claim 8, the second data
storage unit further including: a second presence portion corresponding to
t he sﬁagﬁapnaia%t@ g6kt bﬁ“etft!SStHBtF&m&’QﬁFB'%gH@%"E’ﬁl’gﬂgfi ng of the corrgspondigng
second data portion  10. The apparatus of..clalmF-MisoR dtirdtbresPigsence
encodf Pfg%ﬁ"ﬁ%ﬁ?fg?"ﬁgr?ﬁ n 'gﬂtfgfggla?agmsioor ggeeuﬁ?{s%\/\'ﬂen the {rhirbrosl data storage

) th
unit S ceocp?y second data encoding. 11. The apparatus of claim

10 whergk BodRRudreRANF RIRICaMprithgl Ndi cates only the third data storage

unit when the third data storage unit holds a nodified copy of the second
dat a £aee6t dga stdrdge Uico Appios it Ost dita tdraihenliBt ddi@steiage tieamkcond data st or age
unit is shared storage. 13. The apparatus of claim8 wherein the first data
st or agytirdiddta starade thitto trangnut ajeecen in gRSPRNSE to tae Becopt dajateauesst BORYE. 14. The
appar fastgstagtorgdedinh 13 wherein the first data storage unit, the second data

st orage uni i i i
. The apptaraatl?sdof cltalrr]ne3 \tmpénraig ’chcziaahlrsetl dgt% g{oraa%g UHP i Eha%(?stgrggé. he same die.

5. The apparatus of claim 3 wherein the second data storage unit and the third data storage unit
are private storage.

oy

6. The apparatus of claim 5 wherein the first data storage unit, the second data storage unit and
the third data storage unit are on the same die.

7. The apparatus of claim 5 wherein the second data storage unit and the third data storage unit
are distributed storage.

8. An apparatus comprising:
a first processor to transmit a first data request;
a plurality of data storage units correspondingly coupled to the plurality of processors;

a first data storage unit of the plurality of data sforage units corresponding to the first processor,
the first data storage unit having a first data portion to hold a first data encoding, a corresponding
first status portion to hold a first status encoding, and a first storage control to transmit the first
data encoding in response to the first data request if the first status encoding is one of a set of
valid status encodings and to transmit a second data request if the first status encoding is cne of a
set of invalid status encodings;

a second data storage unit coupled with the first processors, the second data storage unit having a
second data portion to hold a second data encoding, a second status portion to hold a second
status encoding of the corresponding second data portion, and a second storage control to receive
the second data request and to transmit the second data encoding in response to the second data
request if the second status encoding is one of a set of clean status encodings and to transmit a
third data request if the second status encoding is one of a set of exclusive dirty status encodings;

and

32



15. The apparatus of claim 13 wherein the first data storage ynit and the
third data storage unit are distributed storage. 16. An apparat udAR 2005
conprising: a first data storage unit having a data portion, a
correspondi ng status portion to hold a first status encoding and a
correspondi ng presence portion to hold a first presence encoding of the
correspondi ng data portion; and a first storage control coupled to the
first data storage unit to receive a first data request of a first request
type aﬂydﬂﬁaﬁ@_ SHQI'{EOft“Z’F Riyglity pfidata S@@q “Féﬁgiféggaﬁ:brdtdﬁﬁﬁﬁw todieldaval i dati on
requelt %%ﬁ’ﬂ ;% nq having & Hifd;sigrags cauioh OdraBHRb YR HYY A7 EROINE ISt st at us
e

(.‘8 da
encodferslﬁonls’% Oéfﬁe qdaéarse&'eséf valid status encodings and to set the first

st at U§.ﬁ@%€;&ir£&‘s&f9llaf&5‘§ thd se r%eotata%ftorﬁﬁe%(dpﬂﬁjrﬂ‘ngrimﬂdﬁ . status encodings. 17.

The apparatus of claim 16 wherein t I'rst storade control, in response to
the fa ssondi@bgentepirmicorr@pording tb He seEdsta poMiBfto HoRl d PeseRbe dniddifd I St

pr esesfdie: @respdnhdigy se@onddhtC@itonan ori gi nator of the first data request. 18.
The apparatus of claim 17 wherein the first request type is a request to
modi f 10. t hreapretgis of eaim etesein the preAgnca gpendig irsiicetea theitiyidiigta stdnageauitst or age
meansWhesrihesthigt datgystaragravnit hotde gicory: of dleseerndgeigtensedingcor di ng neans for

encodj hg an exclusive dirty. status corresponding to the data ortion; a

ol ural Sk fe 9% ‘@Ts?d?“ﬁ?ﬁ“} BrE e iy s T sl ool e
and ufrodrt I'e g ¢ ek Qds 2 madifie) copelite EdAaARNSY W9 g coher ence of
data poihd aRsaRELNGRRA Aot fe SLRhAGRa UBANS UAND srp QP St of age means. 33
2, 4 MAR 2005 20. The apparatus of clarm 19, further cohprising: presence

r ecor i Nige dpparatus bodlaiRBoMdidiitha filsOddd dterBgdiinitng MRYhiRfdatBorsdrungRONdi ng dat a
por t i winate Btbragdhe apparatus of claim 20 wherein the | ocation encodi ng

I ndicates only one location if the copy
14. The apparatus of claim 13 wherein the first data storage unit, the second data storage unit and

the third data siorage unit are on the same die.

15. The apparatus of claim 13 wherein the first data storage unit and the third data storage unit are
distributed storage.

16. An apparatus comprising:

a first data storage unit having a data portion, a corresponding status portion to hold a first status
encoding and a corresponding presence portion to hold a first presence encoding of the
corresponding data portion; and

a first storage control coupled to the first data storage unit to receive a first data request of a first
request type and in response to the first data request to transmit an invalidation request according
to the first presence encoding if the first status encoding is one of a set of valid status encodings
and to set the first status encoding to one of a set of exclusive dirty status encodings.

17. The apparatus of ciaim 16 wherein the first storage control, in response fo the first data request
of a first request type, is to set the first presence encoding to indicate an originator of the first data
request.

18. The apparatus of claim 17 wherein the first request type is a request to modify the requested
data.

19. An apparatus comprising:
shared storage means for storing a data portion;

shared status recording means for encoding an exclusive dirty status corresponding to the data
portion;

a plurality of private storage means for storing private copies of modified and unmodified data
portions;

control means for maintaining coherence of data portions between private storage means and
shared storage means.
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of the data portion is permtted to be nodified. 22. The apparatys,Qf, ¢l ai m
20 wherein mai ntaini ng coherence includes requesting invalidatioﬁ M%Ra&m5
copy of a data portion by a private storage indicated by a presence
encodi ng corresponding to the data portion if it is being pernmtted to be
nmodi fied. 23. The apparatus of claim19 wherein naintaining coherence
includes requesting an updated copy of a data portion froma private
storage in response to a request for the data portion if it has a

correspondi ng excl usiv irty status. 24. A method conprising: transmttin
a dat -65‘??9"%5‘?‘“@?&8@%@ {aﬁh‘?’&'ﬁﬂﬁg’g' to a first data request if a ’

COr " PRRAEL 20 0RL Poa il Bl Ahifol & S0 HlnetcElnoRling bd forkine ( US

encoq? trans I'ng a secon ata request 1t the correspondi ng data
por ti oNrRt Alpdsitdsdr ORF DfwrRreifthe REatioR ¥doding WRicates bily ieabdiioreineedopyys;
t r ansgitte datpoRidniid peahitedlboinemodmesest according to a presence encodi ng of
the corresponding data portion if the first data request is of a first
r equext. Thy/fpaand of Elaitn e whatein paintkiniog coltessnos inclgdesiiequesting inyelidatienfof gal i d
st at usopentaodiitaprstiondye peiedte stagge ndicaied by PRTPEaneReRACENg SONESPRAIHEI 8T set of
?lrtymgzar$ﬁI@h%bﬁm%m%rmﬁdpﬁﬁfWWW§¢ data request is of the first request
ype. . e method of claim 24 further conprising: settin e pr
encod?hdhg FPPERLIS CAERIMA YIS 'H%{?ta'f“”gf:g}eﬁ C?‘L? i ies ei]‘esm e ‘?até 4 EeefS iepc;a
c a partionfrom g.pr orage Il response B a r t fEth&dat if if Has S
dat a gpreﬂﬁ‘?n : E%tué?fve %Stgﬂg S JUEHRO"ES 08 96> he” et hod of ¢l ai m 25
wher efWTHET rs{ request type is a request to nodify the requested data
and theARiRvRReRp@igoding is set to indicate only one originator. 27. A
state machi ne executabl e encodi ng of a nethod conprising one or nore code
St or agmsmig iauBtah@rtion gnaxiag i rashoesectn adickt dajs resiuest @ comespersiingwlatach, when
exec Upcetibnistatusieonerof roetef ceat datunerchdingss, causes the one or nore state
machine to: transmt a data portion encoding in response to first data
r equelgansinitting aceeqnd siplarenuat fdaa eprpernfighdats pafierssigiys 'gﬁ%e oa sgt @et of clean
st at Ul nTtus encqdesH t a second data request if the correspondi ng data
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porti t?ar}ls%:ttt%té %ﬁ ii'{vglidg{f'o% rgc];uegt a%ggrdi% to%éééﬁéeveﬁlcodmg of the corresponding data
portion if the first data request is of a first request type and if the data portion status is one of a set
of valid status encodings; and

setting the data portion status to one of a set of dirty status encodings if the first data request is of
the first request type.

25. The method of claim 24 further comprising:

setting the presence encoding to indicate an originator of the first data request if the first data
request is of the first request type.

26. The method of claim 25 wherein the first request type is a request to modify the requested data
and the presence encoding is set to indicate only one originator.

27. A state machine executable encoding of a method comprising one or more code storage
medium having executable encodings stored thereon which, when executed by one or more state
machines, causes the one or more state machine to:

transmit a data portion encoding in response to a first data request if a corresponding data portion
status is one of a set of clean status encodings;

transmit a second data request if the corresponding data portion status is one of a set of exclusive
dirty status encodings;

transmit an invalidation request if the first data request is of a first request type and if the data
portion status is one of a set of valid status encodings; and

set the data portion status to one of a set of dirty status encodings if the first data request is of the
first request type.
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dirty status encodings; transmt an invalidation request if thi flrst dat a
request is of a first request type and if the data portion st t fash 1R 2968
of a set of valid status encodings; and set the data portion status to one
of a set of dirty status encodings if the first data request is of the
first request type. 34 2 4 MAR 2005 28. The state nachi ne executabl e
encoding of a nethod recited in claim27 wherein the invalidation request
is transmtted according to a corresponding data portion presence encodi ng.
29. The stagg machi ne ex c%%% PIe enco |n i g rkg g %n ted in claim27,
wher state

nachi 'H‘éa"g ion ge@yegﬁérawrglg% ??5”8'3%%’03 RGRE n?'rﬁ%gca ';f' 1 or F’i%na "?g of the

f' [ St A M he blecitife Sich & daatraetﬁ&,%&et in a|a$m9t vtﬂaee,rhhest request type.
1@]@ éhcg@ | P &RCHNR RhE oBHGHE dlafddnRhind tdTEt hod recited in claim 27,
mhereln the Irst” request type is a request to nodify the requested data

and t&heihpprRSeenangdd MEicats as eligitator btdé frafdata reqlegt ibthe fist dagp request . 35
is of the first request type.

30. The state machine executable encoding of a method recited in claim 27, wherein the first
request type is a request to modify the requested data and the presence encoding is set to indicate
only one originator.
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