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“BACKGROUND OF THE | NVENTION 1. Technical Field: . &Si'heo Jesent
invention relates in general to a nmethod and system for ‘dat a proc S|ng and
in particular to a method and system for mai ntaining cache coherency in a
mul ti processor data processing system Still nore particularly, the present
I nvention relates to an i nproved cache coherency protocol for a

mul ti processor data processing systemthat includes at |east one state,

whi ch al t‘hough indicative of invalid data, can transition to another state
fromwhi ch data can be sourced by intervention. 2. Description of the
Rel ated Art: In a conventional symetric mnultiprocessor (SWP)
data processing system all of the processors are generally identical, that
is, the processors all utilize
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BACKGROUND OF THE INVENTION

1. Téchnical Field:

The present invention relates in general to a
method and system for data processing and in particular
to a method and system for maintaining cache coherency in
a multiprocessor data processing system. Still more
particularly, the present invention relates to an
improved cache coherency protocol for a multiprocessor
data processing system that includes at least one state,

~which although indicative of invalid data, can transition
to another state from which data can be sourced by

intervention.
2. Description of the Related Art:

In a conventional symmetric multiprocessor
(SMP) data processing:9ystem, all of the processors are
generally identical, that is, the processors all utilize
common instruction sets and communication protocols, have
similar hardware architectures, and are generally
provided with similar memory hierarchies. For example, a
conventional SMP data processing system may comprise a
system memory, a plurality of processing elements that
each include a procéssor and one or more levels of cache
memory, and a system bus coupling the processing elements
to each other and to the system memory. To obtain valid
execution results in an SMP data processing'system, it is
important to maintain a coherent memory_hierarchy, that
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.Lcomon instruction sets and comuni cation protocols, have sinilar hardware
architectures, and are generally provided with sinilar nmenory hierarchies.
For exanple, a conventional SMP data processing system nmay conprise a
system nmenory, a plurality of processing-el ements that each include a
processor and one or nore |levels of cache nenory, and a system bus coupling
the processing elenents to each other and-to the system nenory. To obtain
valid execution results in an SMP data processing system it is inportant
to maintain a coherent nmenory hierarchy, that
- 2- . iIs, to provide a single view of the contents of nenory to all of
the processaiss. to provide a Aifghendriv BEMORY dbrideit@bfl meiBirht abned

t hrough t he e of S mory coherency protocol, such as the MESI
pr ot ocol . Iénislt ﬁ% |\t/§§| S%rgg%’%g%?;?' an indication of a coherency state is

stored in association wth each coherency granule (e.g., cache line or
sector) of at |east ahl copgeent aneloryC AEELIr¢ATGId @inkashegoher ency

granul e can n f ULeS dj f] ( usiyv E), shared |
(S), or invall %(g?') %h\%h}l%g |£§ isflédelq'csegttegg %%/‘Jm?% Jr\fq}{eg%%g’t §°§8%ﬁ ‘directory.
The nodi fi eFusttatee thei UEBEsP¥PRRCAL -cofBr B WMEf lamyosocelvakid only in-the
cache storingdikatied bEed coheramsy sgasouie stukddan hbksovahdeonl the

modi fied cORARENGY 8" 3BHEENES JPUnf1eNe V! [ LETL 1948t 81 DEIRLY, VWhen a
of at least all upper level (cache) memories. Each
coherency granule can have one of four states, modified
(M), exclusive (E), shared (S), or invalid (I), which is
indicated by two bits in the cache directory. The
modified state indicates that a coherency granule is
valid'only in the cache storing the modified coherency
granule and that the value of the modified coherency
granulé has not been written to system memory. When a

_coherency granule is indicated as exclusive, the
coherency granule is resident in, of all caches at that
level of the memory hierarchy, only the cache having the
coherency granule in the exclusive state. The data in’
the exclusive state is consistent with system memory,
however. If a coherency granule is marked as shared in a
cache directory, the.coherency granﬁle is resident in the
associated cache and in at least one other cache at the
same level of the memory hierarchy, all of the copies of
the coherency granule being consistent with system
memory. Finally, the invalid state indicates that the
data and address tag associated with a coherency granule
are both invalid. ' '

The state to which each coherency granule
(e.g., cache line) is set is dependent upon both a
previous state of the cache line and the type of memory
access sought by a requesting processor. Accordingly,
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Loherency granule is i ndi cated as excl usive, the coherency granule is
resident in, of all caches at that |evel of the menory hierarchy, only the
cache haV|ng the coherency granule in the exclusive state. The data in the
exclusive state is consistent with syst®m menory, however. |f a coherency
granul e is- marked as shared in a cache directory, the coherency granule is
resident in the associated cache and in at |east one other cache at the
‘sanme | evel of the nenory hierarchy, all of the copies of the coherency
granul e being consistent with systemnenory. Finally, the invalid state
i ndicates that the data and address tag associated with a coherency granul e
are both i nvedinkaining memory abhasﬂaueinothhimhlﬁinﬁbdadmareﬂayagranule

(e.g., cachepféc"@sﬂng §9Etéﬁ P@WEhﬁEOEhQQ% Gediidpy ous state of the

cache line and the type menory access sou a reguesting processor.
Accordlngly,°°mmunlca e messaﬁ%? FEnG ﬁﬁ Ee%ogkﬁ Ahipde
'nultiprocesstheihﬂimq@nciesstqgrsytUEnwueqalmemoryuﬁodduaopsoceFSQrs

communi cat e SRARANES REHORSp L& Sy %@saatésledus@{wmét%e% Lntention to

read or wite nenory | o¢ atlons For exanpl e, whe processor desires to
wite data tTF@P?ﬁﬂﬁﬂ??tFBBatFﬁﬁ P??ﬁ?ﬁﬁpac@§§5rf+ﬁﬁﬁ ¥49%H“ Phformal | ot her
processing e¢Eh&rﬂprauhssﬁaglalem&nua1cﬁ01ﬁﬁl1ntehmznﬁ(td:h&1uendayalocatlon

and receive perdie Hemidrl” 28t ion and receive permission from all
other processing elements to carry out the write
operation. The petmission messages received by the
requesting processor indicate that all other cached
copies of the contents of the memory location have been
invalidated, thereby guaranteeing that the other
processors will not access stale local.data. This

' exchange of messages is known as cross-invalidation (XI).

The present invention includes a recognition
that while cross-invalidation of cache entries serves to
maintain memory coherency in a SMP data processing
system, the invalidation of cache entries by remote
processors adversely affects data processing system
performance by decreasing hit ratios in local caches.
Thus, even if equipped with large local caches, a
processing element can incur long access latencies when
retrieving data that were once reéident.in a local cache
from either a remote cache in another processing element
or from system memory. As should thus be apparent, it

- would be desirable to provide a method and system for
maintaining memory coherency in a SMP data processing
system that reduces the performance penalty incurred as a
result of the cross-invalidation of cache entries.

The present invention also includes a
recognition that the conventional MESI protocol does not
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.other processing elenents to carry out the wite operation. The permni ssion
“messages received by the requesting processor indicate that all other
cached copies of the contents of the nmenory |ocation have been invalidated,
t her eby guaranteeing that the other proeessors will not access stale |ocal
data. This exchange of nessages is known as cross-invalidation (X).

The present invention includes a recognition that while cross-invalidation

of cache entries serves to nmaintain nenory coherency in a SMP data

processi ng system the invalidation of cache entries by renote processors

adversely affects data processing system perfornmance by decreasing hit

ratios in | oswdpmac efficilent, revehevdl erﬂudppadsmi—étilm genoteal caches, a

processing eleiRid. C%ﬂth@ %888 ﬁﬁ&sﬁ%%} sa@qﬁtr etrieving dat a
cac

that were once resident 1n~a [ocal renote cache in
anot her pr o FRGGRF A% A BE PPBH?EE/S%%‘&%%WO Jﬁ@eé‘houl d thus be

appar ent, i tinwsivbrigofes whikhepeompro\d demdtaetdcie aubriyst aachor
mai nt ai ni ng JEermy urc?ﬁ% 18006 LBeAr SMUAANA CRL OSFPL U HRGEYL hat T educes

t he perfornmance penalty i ncurred as a cross-1nvalidation of
cache entri g<esponse to a repRe rEARS EIM q%@ﬁﬁ?ﬁ%‘éﬁ?% feegdasta -

recogni ti on dltdcdte reepopaibalaty M spuetdngl daeetdenother
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processing element when the requested data is in the
shared state. Thus, although requested data may be
stored in multiple remote caches at a relatively low
access latency, in conventional multiprocessor data
processing systems shared data must always be retrieved
from system memory. It would therefore be desirable to
provide an.improved cache coherency protocol that
supports shared intervention. '

In conventional multiprocessor data processing
systems that support modified intervention, modified data
is written back to system memory each time the modified
data is sourced to another cache across the shared bus.
The present invention includes a recognition that while
this procedure does maintain coherency between system
memory and cache memory, it consumes a portion of the
limited bandwidth of the system memory in order to
perform a write operation that may be unnecessary. For
example, if a modified cache line is sourced by a first
cache to a second cache in response to a read'request,
the data in the second cache is likely to be modified
again, thus requiring another write to system memory. If
no other request for the cache line is issued between the
time of the second cache’s read request and subsequent
modification of the cache line, then the write to system
memory concomitant with modified intervention by the
first cache is superfluous.
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_support efficient retrieval of data stored in renote caches. Although sone
"known ‘mul-ti processor data processing systens support so-call ed. nodified
intervention, which permts a renote cache storing data in the nodified
state to supply the nodified data in resgonse to a read request, the MESI
protocol does not allocate responsibility for sourcing data to anot her
processi ng el ement when the requested data is in the shared state. Thus,

al t hough requested data may be stored in nultiple renote caches at a
relatively | ow access latency, in conventional nultiprocessor data
processi ng systens shared data nust always. be retrieved from system nenory.
It would therefore be @ggei pabbepi® ﬁ&&dgoa%émlw%nﬁ@é%sawrency

tocol that d_jint t] ti onal
Lt | pr ocesoOF WA B GRBLEes RG- )P, HEFLA Bbch WS FRCA PHLor vent on

nmodi fi ed dat alnivalidi upenhbagﬂur@rsg/sqa@henan@ra}s geti filedle inhgheodi fi ed dat a
i's sourced tq:eaﬂ@tsmhgcaseﬁeacwéﬁ ihenehaegeediing HaRHRS %?ﬁi}t mhA¥ention

i ncl udes a recogni.tion Ihls rocedur e does in co erency
bet ween_ syst AnERBLFITIRAECachE RHOAFRRE (I SR ERE Arbr BF
linmted bandwiatt Ibeoﬁlrtthéesyb@elm hcermfs)temnmgmreuar iro qunmmcnmnv\mth -

operation thaﬁoameaelﬁaeeeeﬁ@%ﬂ E:Uweeéﬁrmims idethoddief i ed cache line is
sourced by a first .cache to a sq&on ?he in resgonig 0_a read request,

the data in t“??e’“ BdBAG9cSRRRS €° ??&ﬁ%}’ 8B £JaFATSt Rbs requiring
anot her wr it anadifdedt datachetyeen fornregshes andjrastld grephe cache line is

i ssued bet V\/e%éﬁﬁohbffebﬁé I:Psfﬁf&(&sj dﬁéﬁhfs Spa{s%aéii Rgwash aaghggbsequent
nodi fi cati on f th ﬁg |ne %te to sten1nenorgdconconltant
e §ﬁ%
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cache coherency protocol that supports efficient

writeback of data to system memory while permitting
modified data to be shared between caches.



One possi bl e nethod for reduci.ng unnecessary wite backs to system menory
*woul d-be to mark data as invalid in the sourcing cache and as nodified in

t he requesting cache, even if the requesting cache only nade a read
request. In this manner, the requested_gata need not be witten back to
system nmenory in conjunction with nodified intervention. However, this .
met hod of mai ntaining cache coherency does not permt sharing of nodified
dat a between processors and would create additional bus traffic as data is
passed between caches. It would therefore be desirable to provide an

| nproved cache coherency protocol that supports efficient witeback of data

.to system nenory while pernkﬁﬁhﬂ& | i g be shared between
caches. B TR S AVENTY O

It is therefore one object of the present invention to provide an |nproved
met hod and system forit is therefore one object of the present

invention to provide an improved method and system for

data processing.

It is another object of the present invention
to provide an improved method and system for maintaining
cache coherency in a multiprocessor data processing

system.

. It is yet another object of the present
inveption to provide a cache coherency protocol for a
multiprocessor data processing system that includes at
least one state, which although indicative of invalid
ddta, can transition to another state from whiéh daté can
be sourced by intervention.

The foregoing objects are achieved as is now
described. A data processing system is provided that
includes a system memory, a plurality of processors, and
a plurality of caches coupled to an interconnect. In
accordance with the method of the present 1nvent10n, a
first data item is stored in a first of the caches in
association with an address tag indicating an address of
the first data item. A coherency indicator in the first
cache is set to a first state that indicates that the
address tag is valid and that the first data item is
invalid. If, while the coherency indicator is set to the
first state, the first cache detects a data transfer on
the interconnect associated with the address indicated by
the address tag, where the data transfer includes a
second data item that is modified with respect to a

corresponding data item in the system memory, the second
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dat a processi ng. It is another object of the present invention
“to provide an inproved nethod and system for naintaining cache coherency in
a nmultiprocessor data processing system It is yet another

obj ect of the present invention to provinde a cache coherency protocol for a
mul ti processor data processing systemthat includes at | east one state,

whi ch al t hough indicative of invalid data,. can transition to another state
fromwhi ch data can be sourced by intervention. The foregoing
objects are achieved as is now described. A data processing systemis
provided that includes a systemmenory, a plurality of processors, and a

plurality ofdgtaac&%%mcggpgeéré& a9 ag ef&egenesehe'{haa%%ai%% oM th the

-met hod of the@_g%é i.nventi on, ir temis store |naf|rst of
the caches it i 38RBRSTi t# an ]E%Hd’ld@&?f’ﬁg ’F%l‘?ﬂ%’ﬁ’%‘@‘%(n address of the
first data iireincaAocohsrepdgtedJohazai @econdt heate rixidicmtieg shaet to a first

state that igyl (‘Szétcgﬁdt agf &a3 142 dnkSe Al '&xeafﬂxlstéa‘bafc?% first data
itemis invalid. oerencylndlcator IS set first
state, the f‘?a}r’sts“\?B&Pfeth‘ét %‘E‘E%n LT P FeIRPRSFe HonPeFEOHREE

associated wth the address indicated by the address tag, where the data
transfer includes a segangydal aad tedmt Bat aH&:.tETP i 44 %q)g\@gg__g respect to a

correspondi @ data item.in_the system: e sec
A atures, and advantages.of t e p esent invention will

become apparent in the’ following detailed written
description.



‘data itemis stored in the first cache in association with the address tag.

*I'n addition,

the coherency indicator is updated to a second state

indicating that the second data itemis valid and that the first cache can

supply the second data itemin response-d¢-0 a request.

The above

as well as additional objects, features, and advantages of the present

I nvention w
descri ption.

understood by reference to the followi ng detail ed description of an

Il beconme apparent in the followng detailed witten

BRI EF DESCRI PTI ON OF THE DRAW NGS
The novel features believed characteristic of the invention are set forth
in the appended clains. The invention itself however, as well as a

preferred node of use, fafise  DEEYREPTSONIOF AdEADRAGERGEher eof , W | |

best be

illustrative enbodi ment when read in conjunction with the acconpanyi ng
drawi ngs, wherein: The novel features believed characteristic of

the invention are set forth in the appended claims. The
invention itself however, as well as a preferred mode of
use, further objects and advantages thereof, will best be
understood by reference to the following detailed
description of an illustrative embodiment when read in
conjunction with the accompanying drawings, wherein:

Figure 1 depicts an illustrative embodiment of

" a multiprocessor data processing system in accordance

with the present invention;

Figure 2 is a block diagram depicting an
illustrative embodiment of a cache in accordance with the
present invention;

Figure 3 is a state diagram depicting an
illustrative embodiment of the HR-MESI cache coherency
protocol;

_ Fiéure 4 is state diagram illustrating an
illustrative embodiment of the HRT-MESI cache coherency
protocol; and

Figure 5 is a state diagram depicting the
utilization of derivative H states to maintain N levels
of historical cache coherency information.
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Figure 1 depicts an il lustrative enbodiment of a multiprocessor data
proce33|ng systemin accordance with the present invention;

Figure 2 is a block diagramdepicting an illustrative embodi ment of a cache
in accordance with the present inventionj- Figure 3 is a state
dlagran1dep|ct|ng an illustrative enbodi nent of the HR-MESI cache coherency
pr ot ocol ; : Figure 4 is state diagramillustrating an

i I lustrative enbodi ment of the HRT-MES|I cache coherency protocol; and
Figure 5 is a state diagramdepicting the utilization of derivative H
states to maintain N levels of historical cache coherency information.

DETAI LED DESCR! PTh@ SEeh LbbistiiFn GHBEDLOENATIve mmopmumiit h 1 ef er ence

now to the figures, and in particular with reference to Figure 1, there is

With reference now to the figures, and in
particular with reference to Figure 1, there is
illustrated a high level block diagram of a.
multiprocessor data processing system in accordance with
the present invention. Aas depicted, data processing
system 8 includes a number of processors 1l0a-10n, which
each preferably comprise one of the PowerPC™ line of
processors available from Internal Business Machines
Corporation. In addition to the conventional registers,
instruction flow logic and execution units utilized to
execute program instructions, each of processors 10a-10n
also includes an associated one of on-board level one
(L1) caches 12a-12n, which temporarily stores
instructions and data that are likely to be accessed by
the associated processor. Although L1 caches 12a-12n are
illustrated in Figure'l as unified caches that store both
instruction and data (both referred to hereinafter simply
as data), those skilled in the art will appreciate that
each of Ll caches 1l2a-12n could alternatively be
implemented as bifurcated instruction and data caches.

In order to minimize data access latency, data
pfoceSsing system 8 also includes one or more additional
levels of cache memory, such as level two (L2) caches
14a-14n, which are utilized to stage data to L1l caches
12a-12n. In other words, L2 caches 1l4a-14n function as
intermediate storage between system memory 18 and Ll
caches 1l2a-12n, and can typically store a much larger
amount of data than L1 caches 1l2a-12n, but at a longer
access latency. For example, L2 caches l4a-14n may have
a storage capacity of 256 or 512 kilobytes, while L1
caches 1l2a-12n may have a storage capacity of 64 or 128



illustrated a high | evel block diragram of a nultiprocessor data processing
*systemin accordance with the present invention. As depicted, data
processi ng system 8 includes a nunber of processors 10a-10n, which each
preferably conprise one of the PowerPC[efgs] line of processors available
fromlnternal Business Machines Corporation. In addition to the
conventional .registers, instruction flow | ogic and execution units utilized
to execute programinstructions, each of processors 10a-10n al so incl udes
an associ ated one of on-board | evel one (L1) caches 12a-12n, which
tenporarily stores instructions and data that are likely to be. accessed by

t he associ at sor .. Al l. C 2a- rellustrated in
Figure 1 as %%&%S%échggofﬁég&sl%% lgo?ﬁgﬁﬁg%r%l ontaeédﬁé)ydgta (both
referred to HackagifeeEk3sraphe hEaddthich dFosensgsteddan the art will

appr eci at e t haiteaeohnettli6cofhpsrdliell 2athoub deadherigml iavd y be

I mpl enent ed ' t I ns ' .dat _ S. | n:order
to mnimze %iela%lefgc%%ggsﬁggt%n%égg%%?ogca%%%éggs?ﬁggg;% & 8757585 ncl udes one
or nore addi tthewall:2| €aehs dfacache nmenory, such as level two (L2) caches
14a- 14n, which are utilized to stage data to L1 caches 12a-12n. In-other

words, L2 caches 1l4a- 1£glgg?§é{ﬁg§t&§ id;ttgrg%gé%%ﬁioraS%%mbestWeen system

menory 18 and L1 caches and can t torea nuch | ar ger
amount of datfanther trciudrasIfQAevAresnadl. asyatemmpmoracddss angdt ency. For
exanpl e, L2 Grehe®lh4aiddsrobigdaye, ahilchr age sadacidupleld 226 or 512

kil obytes, Wil bdn£BE0°86 129 JudMitedPN Bomb I ATITSIAL LR 64 OF 128
peripheral devices, such as a display device, keyboard, e

and graphical pointer, which are interfaced to
interconnect 16 via conventional adapters. Non-volatile
storage 22 stores an operating system and other software,
which are loaded into volatile system memory 18 in
response to data processing system 8 being powered on.

Of course, those skilled in the art will appreciate that
data processing system 8 can include many additional
components that are not shown in Figure 1, such as serial
and parallel ports for connection to networks or attached
devices, a memory controller that regulates access to
system memory 18, etc.

' Interconnect 16, which can comprise one or more
busés'or a cross-point switch, serves as a conduit for
communication transactions between L2 caches l4a-14n, L3
cache 15a, system memory 18, imput/output (I/0) devices
20, and non-volatile storage 22. A typical communication
transaction on interconnect 16 includes a source tag
indicating the source of thHe tramnsaction, a destination
tag specifying the intended recipient of the transaction,
an address and/or data. Each device connected to
interconnect 16 preferably snoops all communication
transactions on interconnect 16.
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 kilobytes. Processor 10a is further supported by a Iooka5|de L3 cache 15a,
“which is connected to interconnect 16 in parallel with L2 cache 14a and '
preferably has a storage capacity equal to or greater than L2 cache 1l4a.

As illustrated, data processing system8ifurther includes 1/0O devices 20,
system nenory 18, and non-volatile storage 22, which are each coupled to

I nterconnect 16. 1/ 0O devices 20 conprise conventional peripheral devices,
such as a display device, keyboard, and graphical pointer, which are
interfaced to interconnect 16 via conventional adapters. Non-volatile
storage 22 stores an operating systemand other software, which are |oaded
into volatile system meghr yet8refce BspONEE Figudat #, PERGRSSidg systen18

betno pover abve ] (CQYcsactiostasidbel LR frly T apprsgate (e

data processi g syst e nan
not shown i rEQfiment ofuap &3 §é¢h%1l14ar4@ pgecardanceorith fidye connection to
net wor ks or pliémh:ed.nd'emtﬁeﬁ aIHBﬁ]Qé VilaeRthatieé ddisdqinRaid,aRs access to

system menory, 48, 19 G ] fer onnecé Q{h an conprise one
or rore busesar a crgsetLHSidgee wa¥c SEFY lv%.%%ﬂﬁh Aor

conmuni cat i SHiligeeadR-bats pddveeres? Awmeprdinglyisinta Jrxagh84164, system
menory 18 | I Wialctiet 14t coinp Ol 586 Va CRsmbed: o@naoﬁ@ﬁlé&métdﬂa%s I0kage 22. A

- typi cal rn%gg zged%glhrgnﬁgg% [T ! Aéy#%rgog }éé%:)g udes a source tag

i ndicating t ource of 't ransa dPspecifying the
i nt ended renﬁ?ﬂ%ﬁﬂﬁh§ﬂaﬂhéetraﬁgggiﬁﬁﬂve &ncaddrem@mqnxﬂhmcatapas Each device

connect ed t Gyttt @R@ABEY! 186aPé sl oS PagRScdl dr CUHEHRIesRL! ON

transacti Onscl%ée%t %%Rgﬂeﬁét& array 34 utilizing index bits within !
the address of the memory location (e.g., bits 20-26 of a
32-bit address).

The cache lines stored within data array 34 are
recorded in cache directory 32, which contains one
directory entry for each way in data array 34. Each
directory entry comprises a tag field 40, coherency
status field 42, 1east'r9cent1y used (LRU) field 44, and
inclusion field 46. Tag field 40 specifies which cache
line is stored in the corresponding way of data array 34
by storing the tag bits (e.g., bits 0-19) of the system
memory address of the cache ling. As discussed in detail
below with reference to Figure 3, coherency status field
42 indicates the coherency status of the data stored in
the corresponding way of data array 34 utilizing |
predefined bit combinations. LRU field 44 indicates how
recently the corresponding way of data array 34 has been
accessed relative to the other ways of its congruence
class, thereby indicating which cache line should be cast
out of the congruence class in response to a cache miss.
Finally, inclusion field 46 indicates whether or not the
cache line stored in the corresponding way of data array
34 is also stored in the associated L1 cache 12.
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Wth reference nowto Figure 2, there is depicted a nore detail ed bl ock
"diagram of an illustrative enbodi nent of an L2 cache 14 in accordance with
the present invention. 1In the illustrative enbodi nent, L2 cache 14 is an

ei ght-way set associative cache that ut.ikizes 32-bit addresses.

Accordingly, data array 34 of L2 cache 14 conprises a nunber of congruence
cl asses that - each contain 8 ways for storing cache lines. As in
conventional set associative caches, nenory locations in system nmenory 18
are mapped to particul ar congruence classes within data array 34 utilizing
i ndex bits within the address of the nenory |ocation (e.g., bits 20-26 of a

32-bit address). sti11 reFBErSagh® lsigaseskor ed ubiiumaala array 34

o e, ecor ded b asee JLRE 0o eotiaN coUL B ghcndhd st oY, entry o
coherency ststtarade eind #2triieysi efcdatid wikdbdd (BRY)af¥ay B44ndnd
i nclusion figlghhs roladcheehdrdlesPpaid 1195 repelseaghesidhigid s stored in
t he correspondlnqﬁ%fﬁ%pf dgﬁa array %ﬁ ﬁé_sto I n thgdta bits (e.g., bits
0-10) of  heFRSRIER (AR {RSIAPEREIET A CACHE RPrEnd A TRIATIAF | h
det ai | bel ovenadped eieiatercooneeyul®. 3 Ascdddnshrgtedatercie el d 42 T
i ndi cates t hefighaneicyestahvainl & Neeffidhetle050daha & hir DS rc?,ﬁéi@di ng way
of data arr 34 utili,zing predefi q%%blt onb]Qatlons. LRUfield 44
i ndi cates h rf&%'htﬂrk}c#hgag rggﬁg’ﬁ I5F A&y PSFIRAPE WI3PB4 Das been
accessed rel@che digedteryt B8r andyscedsdeass toodgtaeatray 34. For

example, in response to receiving a read request from the

associated L1 cache 12, cache controller 36 places the

read request in an entry within read queue 50. Cache

controller 36 services the read request by supplying the

requested data to the associated Ll cache 12 and _

thereafter removes the read request from read queue 50.

As another example, cache controller 36 may snoop a -

transaction initiated by another of L2 caches 1l4a-14n

indicating that a remote processor 10 intends to modify

its local copy of a specified cache line. In response to

snooping this transaction, cache controller 36 places a

request to read cache directory 32 in read queue 50 in

order to determine if the specified cache line is

resident in data array 34. If so, cache controller 36

pléces an appfopriate response on interconnect 16 and, if

necessary, inserts a directory write request in write

queue 52, that when serviced, updates the coherency

status field associated with the specified cache line.

Although Figure 2 illustrates an embodiment in which only

one read queue and one write queue are utilized, it

should be understood that the number of queues employed

by cache controller 36 is a matter of design choice and

that cache controller 36 may employ separate queues for

cache- directory aégessés and data array accesses.



cl ass, thereby indicating which cache |line should be cast out of the

" congruence class in response to a cache mss. Finally, inclusion field 46
i ndi cat es whet her or not the cache |line stored in the correspondi ng way of
data array 34 is also stored in.the assogjated L1 cache 12.

-12- Still referring to Figure 2, L2 cache 14 further

i ncl udes cache controller 36, which manages storage and retrieval of data
within data array 34 and updates to cache directory 32 in response to
signals received fromthe associated L1 cache 12 and transacti ons snooped
on interconnect 16. As illustrated, cache controller 36 contains a read

queue 50 and a wite gqueue fromwhic o} I or ns
updates to cache di rec#grfja%ea{ng ‘alcscecgggggﬁggﬁétg-{%ér)réargég%C%E%};e exanpl e,
in response &6 shoenvingFigusad? rekfile FENProAreRRt HR3%ci atted L1 cache 12,

cache controphetidflakacehet bch&acbita@lesk b BR €adhy 184 hish norad queue

50. Cache controller .36 servic the read. u ' t he

request ed daanPSCEﬁg ggsgéiﬁ?gﬁeﬁqﬁ%§?hgnﬁggéﬁgé?%zﬁégﬁﬁgﬁqégéﬁyves t he
read request bitenRsengtedeabove, e inssendr cenpppred tacH-emAETSIAter 36
_maé_ Sn?_op at %"s?&%agtakalinlémi vighedz hyacheotkar saéhl2haacties dakehel 4n°

I ndi cating at .a not e _pL QCcessor I_nt S | ' of a
specified casﬁgtFPﬁgér|ﬁfr§§p8ﬁ§§eféggﬁ%ﬁ%ﬁ%ga§ﬁ;§@§$%§E$é§#%2§§%§% gy
control | er 3enpintercannegbedf by k2amnchgchéadi rectory 32 in read queue 50
in order to determne if the specified cache line is

With reference now to Figure 3, there is
.depicted an illustrative embodiment of an HR-MESI cache
coherency protocol in accordance with the present
invention. The illustrated HR-MESI protocol is
preferably implemented by the lowest level of in-line
cache in the memory hierarchy (i.e., L2 caches l4a-14n)
and, with minor wvariations, by any lower level lookaside
caches (i.e., L3 cache 15a). Higher level caches
preferably implement protocol subsets such as the MESI
protocol, the H-MESI. protocol, which is described in U.S.
Patent Application Serial No. 09/024,610. '
, incorporated herein by reference, or the R-MESI
protocol, which is described in U.S. Patent Application
" Serial No. 08/839,557, incorporated herein by reference.
It should be understood, however, that alternative
embodiments of data processing system 8 can implement the
HR-MESI protocol at each level of cache in the memory
-hierarchy at the expense of additional inter-cache
communication traffic.

As shown in Figure 3, the HR-MESI cache
coherency protocél includes the conventional modified
(M), exclusive (E), shared (S), and invalid (I) states of
the MESI protocol, which are respectively identified by
reference numerals 80, 82, 84, and-86. In addition, the



resident in data array 34. If so, cache controller 36 places an appropriate
response on interconnect 16 and, if necessary, inserts a directory wite
-request in wite queue 52, that when serviced, updates the coherency status
field associated with the specified cachg-line. Al though Figure 2

il lustrates an enbodi ment in which only one read queue and one wite queue
are utilized, it should be understood that the nunber of queues enpl oyed by
cache controller 36 is a matter of design choice and that cache controller
36 may enpl oy separate queues for cache directory accesses and data array

accesses. -13 - . L3
cache 15a i sggrouss I asha g h m nor
excepti ons. Hﬁ far%f§§§HL d&%% (i,’l_érgontroljolk %B%“Brégeﬁt Eﬁ@%ﬁ?#%&no

connect ed tolE? wdes QNﬁfﬁﬁg|gﬁeFtEEEH¥LCdWH€PtFBH%caBﬁF thatneked above,
i s instead caddeetectde stumyddmnebt désdaigtadakthgl fneld £@ fache 14a such

that the cachere@nieldiels Und JutacheedSfe H19OPACAR! 11haN3ACLAONS [ssued on

cac ref.erence now to Fi gure

i nt erconnect 16
3, there is ﬁ%ﬁ?‘&%’eo"%ﬂ?ﬁql%ﬁtﬁh& COTTETRAR MG Wayt ofndafke MSFa athe
coherency prrb'soum&alrd,acami aratatel 92, twlelglr daditatasewbhich. cddiee, -

i | 1ustrated &wlca o eilsf_aé)é&gé f&bﬁ@%”&fd bYatle; %&west L evel
of in-line cac e |n rarcqx 5 cagﬁes 14a-14n)
has most recent recelved the shared ata item via a

transaction on interconnect 16.

In a preferred embodiment, cocherency status
field 42 of each entry of each L2 cache directory 32 is
initialized to I state 86 at power—dn to indicate that
both tag field 40 and the data stored in the
corresponding way of data array 34 are invalid. ILl1 and
I3 cache directory entries are similarly initialized to
the invalid state. Thereafter, the coherency status of a
cache line (or cache sector) stored in one of L2 caches
14a-14n or L3 cache 15a in invalid state 86 can be
updated to one of M state 80, E state 82, or R state 92,
depending upon both the types of memory requests made by
processors 10a-10n and the response of the memory
hierarchy to those requests. “

. For exaﬁple, if processor 10a makes a read
request in response to a load instruction, L1 cache l1l2a
first makes a determination of whether or not the
requested data is resident in Ll cache 12a. In response
to a hit in Ll cache 12a, Ll cache 12a simply supplies
the requested data to processor 1l0a. However, in
response to miss in Ll cache 12a, Ll cache 12a forwards
the read request to L2 cache l4a via inter-cache
connections. In response to a hit in L2 cache 1l4a, the

requested data is supplied by L2 cache 1l4a to L1 cache
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.and, with mnor variations, by any |lower |evel |ookaside caches (i.e.; L3
cache 15a). Higher |evel caches preferably inplenent protocol subsets such’
as the MESI protocol, the HHMESI. protocol, which is described in U S.
Patent Application Serial No. 09/024, 610,¢._ i ncorporated herein by
reference, or the R-MESI protocol, which is described in U S. Patent '
Application Serial No. 08/839,557, incorporated herein by reference. It
shoul d be understood, however, that alternative enbodi nents of data
processing system 8 can inplenent the HR-MESI protocol at each |evel of
cache in the menory hierarchy at the expense of additional inter-cache

communi cati o r Sl cache
coherency prgt%cg%ﬁ%%%lu é%e?kﬁ??x§$ tlgﬁg@a 4(H%§%C?ﬁ%ﬁfgxg nge (B,
shared (S), %h8 PRREPP¥LFYS QRQQQEQQﬂ:StPE%S ﬁﬂ%ﬂﬁﬁﬁﬂ ich are
respectivel yredasstédedaty to efmomswernuomral s 80, 82, 84, and-86. In
addition, the -14- HR- MESI cache
coherency protocol of the present invention includes hovering (H) state 90,
whi ch indicates that the RRIEEE 1 &GesteRrerediagte HESES| &PegoFBgL?-i el d 40
is valid but chbhe Lhe ahmemitcﬁaﬁean;a, cache ddntralrlezacleecgerbor) stored

0 e corr eSagnd! 96 e Sln A BTN Hahod mhsau Lradd Rishatg 92, which

i ndi cat es whi cC cac coplres of a data
item 1nterconnect 16, which 1s snooped by each of L2 caches

14b-14n as well as by L3 cache 1l5a. In response to
snooping the read request on interconnect 16, cache
controller 36 in each of L2 caches 14b-14n determines if
the requested data is resident in its data array 34 or
the associated one of Ll caches 12b-12n. The cache
controller of L3 cache 15a similarly determines if the
read request hits in the L3 cache directory. If none of
L2 caches 14b-14n, Ll caches 12b-12n, and L3 cache 15a
stores the requested data, each of L2 caches 1l4a-14n and
L3 cache 1l5a returns a null response to L2 cache 1l4a,
which then'requests the data from system memory 18. When
the requested data is returned to L2 cache 1l4a from
system memory 18, cache controller 36 forwards the
requested data to Ll cache l2a, stores the requested data
in its data array 34, and updates the coherency status
field 42 associated with the way storing the requested
data from I state 86 to E state 82, as indicated by
reference numeral 100. As in the conventional MESI
protocol, E state 82 indicates that the associated cache
line is valid and is not resident in any other cache at
the second level of the memofy hierarchy. L3 cache 15a
similarly samples the requested data and stores the
requested data in E state 82.

If the data requested by processor 10a is not
resident in L1l cache 12a, L2 cache 1l4a, or L3 cache 15a,



has nost recently received the shared data itemvia a transaction on

i nterconnect 16. In a preferred enbodi nent , coherency status
field 42 of each entry of each L2 cache directory 32 is initialized to |
state 86 at power-on to indicate that boigah tag field 40 and the data stored
in the corresponding way of data array 34 are invalid. L1 and L3 cache
directory entries are simlarly initialized to the invalid state.
Thereafter, the coherency status of a cache line (or cache sector) stored
in one of L2 caches 14a-14n or L3 cache 15a in invalid state 86 can be
updated to one of Mstate 80, E state 82, or R state 92, depending upon

both the tfypsﬁtois Weﬁrw%&m ele By ﬁ%‘eﬁ:i:%oﬁ.ﬁnlf?& &0&999 the
Leshonse of b SRR oeuSraal 36 ol P A S Sk repenae vo weonc
i nstruction, readmmwmha modided dedpmEenandoaighaldether or not the
request ed dagache Iﬁ'&!ﬁ'ﬁué}ﬁ th ea&nssée@ adt +85P9"SEh0 Papit in L1
cache 12a, cach 12a _Sj | es e requested data to processor
10a. However ?’ﬁ ?é% 5%%‘%‘ﬁesgggnsﬁﬁr%%%ﬁé‘elﬁquﬁﬁt%c‘%tiﬁforwar ds
the read reqmgemmez:tcacﬂwe Tha response ero ddheheeadnnegiestns. thél r esponse
to a hit in &Shes&hd, Matuh o eauesbqlestdd dataSiRPL] b fYe Lingache 14a to
L1 cache and L2 cache 14n is updated to S state 84 as indicated by
reference numeral 102." In accordance with the present .
invention, the coherency status of the way in which the
requested data is stored in L2 cache l4a makes a
transition from I state 86 to R state 92, as indicated by
reference numeral 104. As noted above, R state 92
indicates that the associated data has been most recently
referenced by L2 cache 1l4a and that L2 cache 14a will
source the data in response to snodping'a request for the
data on interconnect 16. When L3 cache 15a snoops the
return of the requested data from system memory 18, L3
cache 15a samples the requested data and stores the data
in S state 84. The-transition between I state 86 and S
state 84 shown at reference numeral 105 is represented
using dashed-line illustration to indicate that this
transition is only applicable to L3 cache 15a. Those
skilled in the art will appreciate fréom the foregoing
example that the same state transitions will be made in
alternative embodiments of the present invention that do
not support modified intervention; however, in those
alternative embodiments, the requested data is obtained
from system memory 18 at the cost of additional access
latency.

L2 cache 1l4a similarly makes a transition from
I state 86 to R state 92 in response to receiving either
a shared intervention response or a shared response to



12a, which stores the requested data in association wth the appropriate

* coherency status and forwards the requested data to processor 10a.

| f, however, the read request misses in both L1 cache 12a and L2 cache 14a,
cache controller 36 of L2 cache 14a pregents the read request as a
transaction on interconnect 16, which is snooped by each of L2 caches
14b-14n as well as by L3 'cache 15a. In response to snooping the read
request on interconnect 16, cache controller 36 in each of L2 caches

14b- 14n determines if the requested data is resident in its data array 34
or the associated one of L1 caches 12b-12n. The cache controller of L3

cache 15a sijiyl by Qéﬁ@é&énesm feddHe Weadréssises ahisharea the L3 cache

directory. If none of [2 caches 14b- 1128, d.L3 cache

15a stores Pﬁﬁefgﬁﬁﬁé?%drﬁﬁygfs%aéﬁmgigf2kéggﬁégﬁﬁféggﬁnzgﬁ%& §°%ache 15a

returns a nii2l cachpenitbtdiny forxexample, wh? (FrGhfeA4ReqaESYast R data from

Sysz em ”E”D&aéqll:%st\é\éeaaéaeﬁtieml@@dl | tﬁag gfi?ba ESstadeie2ed ta hasﬁgﬁé‘@ 14aLf1 rom

syst em nenor , cache controller fa st reque to

cache 12a, §%ng§ Fﬁ@grﬁﬁﬁﬁg?ﬁd ?Eﬁqficﬁn?¥§{§%5éﬁgf?%3a3§%g§%df%%dates t he

coherency stupdatesi thd dghexency status of ivte oy ofothrgredvesteiiest ed

igt a f:ﬁm | &leat ?xgﬁ Foﬁ/EE%féa” &2.s @tgha?ggaéggdmgraegarWCﬁ ?u;rﬁral 100.
in the conventiona pL Of oc st a i ndi_cates,tha e

associ at ed EEERFEPLRINTL ﬁ?‘i%‘?émd(i% 98t ?%3’ ecr?tcrﬁleﬁ g&g'(l)%ﬁer cache at

the second |sboxlesottheheequented datarighR. state dithe busaati heaak| gneanpl es

the request e A 3R rs50E8Eed NEat£AUES! BEaE@ien i RHE $hak&cBa. 14
If the data requesteﬂ b¥ gaoces 0f.¢:0a g not. res dent in Ll cache 12a, L2
cache 14a, Gttaring;tRe Fgguested data in S state 8% responds to

read request with a shared response, leaving its copy of
the requested data in S state 84. In response to receipt
of only a shared response, L2 cache 14a retrieves the
‘'requested data from system memory 18 and stores the
requested data in R state 92. In both cases, L3 cache
15a samples the requested data and stores the data in S
state 84.

If L2 cache l4a issues a "read with intent to
modify" request on interconnect 16 indicating that
processor 1l0a desires to acquire exclusive use of a
memory location for the purpose of modifying it, the
requested data is obtained from L3 cache 15a, a remote L2
cache 14, or system memory 18 as described above.
However, when the requested cache line is obtained, Ll
cache 12a and L2 cache l4a store the reqﬁested cache line
in M state 80 as illustrated at reference numeral 107.

In addition, because the "read with intent to modify"
transaction indicates that other copies of the requested
cache line will become stale, L3 cache 1l5a and remote L1
and L2 caches must indicate that their copies of the
requested cache line are invalid. 1In Ll caches 12b-12n,
any copies of the requested cache line are simply marked



but is stored, for exanple, in L1 cache 12n in M state- 80, cache controller
36 of L2 cache 14n responds to the read request with a nodified response
and signals L1 cache 12n to push the requested data to L2 cache 14n.
Thereafter,. L2 cache 14n sources the ragdested data on interconnect 16. In
response to the read request, the coherency status of the requested data in
L1 cache 12n and L2 cache 14n is updated to S state 84 as indicated by.
reference nuneral 102. In accordance with the present inventioh, the
coherency status of the way in which the requested data is stored in L2
cache 14a nakes a transition from| state 86 to R state 92, as indicated by

ref erence nua‘eriaxhvainékl Asndmived- ahﬁdecollféﬁérﬂiyes%tuédéﬁacic&ﬁé&%f the

associ ated dgj, r%ﬁﬁ r t e e C da and t hat
L2 cache 14a WI| ource t da &&ﬁgngg%‘{si%ﬁ'seg ga%%%lp}fsrfb r&I‘e'tjiuest for the
data on int eFREMPRI4DE4nfaie notcupdetead tosdospate @6 ras Ui of the

request ed dacmtemm emljﬁ.@iitbkéeésor %WWCQEQJ.:S@W&%@QHaQQUGSt ed

data and st v§ 1543t §o4 xf} gﬁggg%‘g (r)%t%%eéme I state 86

and S state s%own at er ence nune g
dashed- | i ne V+'Fla§tft ajt“?Rﬂ?ttaéltl AEPESE c°f Hehe meeetlta aquntamn.s eawhy

appl i cabl e tof LI cedtesl 3ab-12as and ki3 Icﬁ.d:henlshetliiéﬁ sddde %p%ﬁ?' ate from

the foregoi nge tlosvmll made in
alternative errbogl rree%[& § %QQCErgggen% %pﬁd\?te:n A ercf(f"?fots‘%‘?&b‘ﬁort

modi fied i nt%t‘%%t‘#?o@sameﬂ WiLER { Hess ccmm érnmame afhifoditatet 2.t he
request ed daseststeotdsni nedthrensoysoe e EEReY 83 8caty tdiate09,0hsaddi ti onal

access |at €N{Ndicated by refe%n%gc%érﬂéﬁss '1%' aﬂ.y rBEeS dt E&QSI tion from

respectively. As noted above, H state 90 indicates that '
the tag stored in tag field 40 remains valid, but that -
the associated cache line within data array 34 is
invalid. Entries in L2 and L3 cache directories are
similarly updated to H state 90 in response to other
snooped transactions that require data to be invalidated,
including kills (i.e., transactions that explicitly
invalidate a specified data block), flushes (i.e.,
transactions that invalidate a specified data block and

" copy any modified data to system memory), dclaims (i.e.,
transactions that invalidate copies of a cache line
marked as shared in remote caches in response to a local
copy of the cache line becoming modified in response to a
store), etc.

As indicated by reference ﬁumerals 116 and 118,
a cache directory entry can make a transition from H
state 90 to E state 82 or M state 80, respectively,
depending upon the types of transactions received by the
cache. For example, a directory entry of L2 cache 14a
that is in H state 90 makes a transition to E state 82 in
response to processor  1l0a making a read request that
(after missing in both L1l cache 12a and L2 cache 1l4a)



| state 86 to R state 92 in response to receiving either a shared

I ntervention response or a shared response to Its read
request. L2 cache 14a receives a shared intervention response (and the
requested data) if one of L2 caches 14hed4n, for exanple, L2 cache 14n,
stores the requested data in R state 92 or E state 82. In response to-the
read request, cache controller 36 of L2 cache 14n updates the coherency
status of its copy of the requested data fromR state 92 to S state 84 as

i ndi cated by reference nuneral 106. If none of L2 caches 14b-14n stares the
requested data in R state 92, but at |east one stores the requested data in

S state 84,rddiived 62alE1 1feSpoHsd Eridie L3CEHERS elbalaind L2 Saghake 84

responds t heg eadre St o M r espo . lLeavi.ng its copy of
t he reques?%%’ggPé iR §£§€%t%*%%ﬁ?ﬁﬁﬁgggggﬁéeéﬁ%qﬁgngﬁgrgﬁggﬁly a shared
response, Eramneystemamewery @ wilde ofqaddtbl erahes Adm-3#vrebenenory 18
and stores dtredeonest ed fatsadhe R4d.at ¢£920n! thd Fhetanand, L3 cache 15a

sanples th equ ed.da ar.e d i .S te 84.

L2 cachd ARtk 208 A it ot MR OB ke’ AL BoCE, way

i nt erconne@f 18 icaghealagthabitigrise & s6ate 080 dddi ceésheoldaquire excl usi ve
use of a MegHAI¢Atesathad istenbhecduipeaehel 140diWvibich then iBsuegquest ed

data is obt et LOW-3nEaGE % d Wuasdyn*UBhEakée RORG 14, OF System memory
interconmnect 16. As discussed above, copies of the
requested cache line stored in L3 cache 15a and L2 caches
14b-14n are updated to H state 90 in response to snooping
the "read with intent to modify" transaction, and copies
of the requested cache line stored in Ll caches 12b-12n
are marked as invalid. Once the requested cache line is
obtained, the coherency status of the cache line in L2
cache l1l4a and L1l cache 1l2a is set to M state 80 to
signify that the cache line is valid, but is not coherent

with system memory 18.

A cache directory entry in H state 90 can also
be updated to S state 84 as illustrated at reference
numeral 120. As described above, each of L2 caches l4a-
14n'snoops all transactions issued on interconnect 16.
If one of L2 caches l4a-l1l4n, for example} L2 cache l14a,
snoops a transaction issued by another of L2 caches 14b-
14n that includes an updated (i.e., valid) copy of data
‘that is stored in L2 cache 1l4a in H state 90, cache
controller 36 of L2 cache 14a samples the data from

* interconnect 16, stores the snooped data in data array
34, and updates the associated coherency status field 42
from H state 90 to S state 84. In this manner the
present invention permits a cache directory entry in H
state 90 to be updated to S state 84 without the
associated processor 10 making a data request or the



However, when the requested cache I|ne i s obtained, L1 cache 12a and .L2
cache 14a store the requested cache line in Mstate 80 as illustrated at

ref erence nuneral 107. In addition, because the "read with intent to

nodi fy" transaction indicates that otherocopies of the requested cache |ine
wi |l becone stale, L3 cache 15a and renote L1 and L2 caches nust indicate
that their copies of the requested cache |line are invalid. In L1 caches
12b-12n, any copies of the requested cache line are sinply marked

- as invalid. However, the coherency status of copies of the requested cache
. line stored in L3 cache 15a and L2 caches 14b-14n are not updated to |

- state 86 as ¢achzordwdeinting auttapsaseizsnondihbefERoRa 1% .SyiFens t hat

o heeor " Ol WaEh8abdld  oddakatngl BaBfE L HRNARANL Dy AR O L an!

aspect of the present 1 nvention, cache 15a
that store & G55PoPeet ke EBeuERPeRES damsArhionpdkf & neePonstedsncy st at us

field 42 assemhdired vbt haihtaitnpyohsrsmayny BbrResdmgile,92f thetate 84, M

state 80, t t at re nunerals
208, (130, 1300l Frifehdeiba B & Whaf Segldhe B deCagRRERE IS O
that the temP%ﬁWidédalﬁhﬁﬁﬁdfF%¥EPHﬁFr%ﬂﬁﬁcﬁ§1val+%ﬁ intentieon Fﬁe associ at ed
cache |ine védniple dhbarequeyted dsta malthdt thériefudsting aadckeheache

director es gy Hlarkruiglah odhip #l 5 BE8-a%) LSROTig:L @ O e

snooped transact) ons I'ncludi ng Kills
(i.e., transHateofe- thEFaBﬁ%F%?W Vo't ﬂ«?&le?-‘aa%e% e GhRte@aBabg bl ock)

flushes (i.esnooped in this way to refresh invalid data associated
with a valid address tag include read transactions, write
transac;ions, data writebacks to system memory 18 due to
cache line castouts, etc.

A cache directory entry in H state 90 may also
be, updated to R state 92 in response to a number of
different request/response scenarios. For example, if
processor l0a makes a read request that misses in L1
cache 12a and results in a tag hit in L2 cache 14a and if
the coherency status field 42 associated with the
matching tag is in H state 90, cache controller 36 of L2
cache 1l4a issues a read transaction on interconnect 16.

- In response to receipt of a shared intervention response,
shared response, or modified response to the read
transaction from L3 cache 15a and L2 caches 14b-14n,
¢aéhe controller 36 of L2 cache 1l4a updates the cohefency
status field 42 associated with the requested data from H
state 90 to R state 92, as illustrated at reference
numeral 122.

More importantly, a cache directory entry in H
state 90 can be updated to R state 92 without the
associated processor requesting data. For example,
following a "read with intent to modify" request by



transactions that invalidate a specified data bl ock and copy any nodified
data to system nenory), dclains (i.e., transactions that invalidate copies,
of a cache line narked as shared in renpte caches in response to a | ocal
copy of the cache line becom ng nodifi®8-in response to a store), etc. ,
As indicated by reference nunerals 116 and 118, a cache directory entry can
make a transition fromH state 90 to E state 82 or Mstate 80,

respectively, depending upon the types of transactions received by the
cache. For exanple, a directory entry of L2 cache 14a that is in Hstate 90
makes a transition to E state 82 in response to processor 10a making a read
request thaprqedaser #H09si by rachetira lanthdite cagheahtn |tarr il 4a)
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caches 14a-9% R0 EOPAEP80 FACES cf’"f: € o T HE Dt hand,
processor ercher]ilén-d4napsi ﬁ@éntotfé) %‘taﬂﬂe 9(9at aIfothe viegausfstied cache 12a
that is in dded &l s%se&&eﬁﬁi?eséfé’cttéﬂjlﬂﬁt eeplhaémént eftort @.d-2 cache l4a,

I Nt gnt transacti on on

whi ch t hen '%%g?i I g
i nt er connect® A& g §5u§§3ﬂp%iﬁbv’en Ié%ﬁﬁoé'fe t ReF TGS %g P 1 ne
stored in LSntwsiiders3canf L2 ea@h%slﬁalmsaﬁedeﬁhmwlt@ writtet e 90 in

response t o SiRIti9nt b iheadc¥hidct Mein bedeRdté Ystd¥engacti on, and
copt €s requested data to system.memory 18. In response to
snooping this write transaction, the cache controller of -
L3 cache 15a samples the data, stores the data in its L3
data'array; and updates the associated coherency status
field from H state 90 to R state 92, such that L3 cache
15a can.subsequently source the data in response to
receipt of a read or "read with intent to modify"

request.

State transitions that may be made in the
illustrative embodiment of the HR-MESI cache coherency
protocol depicted in Figure 3 are summarized below in

Table I.
TABLE I
State Causes - Notes
Transition ' -
I-E processor read with ' “processor read" denotes a
null response read request by the
associated (i.e., local)
processor
I->R (1) processor read with
shared intervention
(ShI) response;
(2) processor read with
shared response;
(3) processor read with
modified response




.of the requested cache line stored in L1 caches 12b-12n are narked as
invalid. Once the requested cache |line is obtained, the coherency status of
the cache line in L2 cache 14a and L1 cache 12a is set to Mstate 80 to
signify that the cache-line is valid, & is not coherent with system
menory 18. . - A cache directory entry in H state 90 can al so be
updated to S -state 84 as’'illustrated at reference nuneral 120. As descri bed
above, each of L2 caches 1l4a- 14n snoops all transactions i-ssued on

i nterconnect 16. If one of L2 caches 1l4a-14n, for exanple, L2 cache 1l4a,
snoops a transaction issued by anot her of L2 caches 14b- 14n that includes

an. updated 1. aI| t r In.t2 cache fl4a in H
state 90, cch:I é:'oé/ntrél °ge§§ér aﬂg}i %Eg kﬁloo Ege c’?ﬁén gfyd f;%

i nterconnecy_16, storeés the snooped data i hnotedaatmreay 34, and upflat es t he
$tRbikushi Ohdadl didd OM H state 90 to S state . Inthis

associ at ed

manner .t he datémantpaoaifys a cache directory entry in state 90

to be updatp At (Ewitm) i t hout the askociated processor 10 king a

_daf[ a reques snooped read source interventiZd- data ache,

Initrating g on on rntecconnect 1lp. O course, I'n the abpve
QCes80Y XW.

scenario Lolead 4 : _
if a respone |Fs-'r5équﬁ sagened dataninyrhidade ol apre

g R&#ﬁﬁ&emf [ he
snooped tra saction i§ a read request, L2 Ll dglﬁh"rﬂg_ggclﬁ?"&w de | shared

response IniCaI] ﬂsq S TTITEntTom 1o

snooped read " | sourcé intervention data
i

R->M processor rwitm issue dclaim on )
interconnect

R-+H snooped data invalidate I

S M processor rwitm issue dclaim on
interconnect

S-»H snooped data invalidate

M-S snooped read source data if modified

intervention is supported

Mo H snooped data invalidate if snooped transaction is
rwitm, source data if
modified intervention is
supported

H->E processor read with
null response

H->R (1) processor read with
ShI response;

(2) processor read with
ll shared response;

(2) processor read with
modified response;

(4) snooped write
issued by a local cache
controller

issued by a remote

H->S snooped read or write
"cache controller

Il H-> M | processor rwitm

In accordance with the present invention, the
above-described HR-MESI cache coherency protocol can be
expanded to include additional states that support
additional functionality. For example, 'referring now to
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sanpl e the requested data so that the requestlng L2 cache stores the
‘requested data in R state 92 rather than E state 82. Transactions on
i nterconnect 16 that can be snooped in this way to refresh invalid data
ed with a valid address tag incl yge read transactions, wite
ions, data witebacks to system nenory 18 due to cache line

etc. A cache directory entry in Hstate 90 may al so
be, updated to Rstate. 92 in response to a nunber of different
response scenari os. For exanple, if processor 10a nmakes a r ead
that msses in L1 cache 12a and results in a tag hit in L2 cache

| f tpgggggegengﬂeéé a{éjls‘?éeée%%él% %ggggl ﬁg_g tahre mat chi ng tag

associ at
transact
castouts,

request/
request
14a and
isinH

state athé contro

cac

e |ssues a read

transaction SHIPAEERELYRcembadinent Qf; sonERTYESE ceaghe siohensnmed

i nt er vent i onprespoase, Fhaimslamaposse ther mdmsﬁcbfmqg o the read

t ransact
L2 cache

| iaPameraetraeLiiaed My 'ch Mekane fhvaf "ot 5 Gl Yo

| er 36 of
¥ the

request ed dat® Fhenmemeryikiexpyehn which dn the embedimented at reference

numer al
state 90
requesti

122. illustrated iM¥FHgur® A tiawilhidesaraaga€hss IBLd-Aah SN inyy

in H

canyBgeuPsated 10,8 LAl Sl UGN Sl hE; 23208 e r ocessor

ng data. For el

to nodify"

request by

preferably lmplement the HR MESI protogol, while higher
level caches preferably employ a subset protocol of the

HR-MESTI protocol, for example, one of the H-MESI, R-MESI

or MESI protocols. In addition to the states within the
HR-MESI protocol described hereinabove, the HRT-MESI
cache coherency protocél shown in Figure 4 includes
tagged (T) state 94. As described'in detail in . U.S.
Patent Application Serial No. 09/024,393

' « which is incorpofated herein by reference in its
entirety, T state 94 indicates that an associated cache

line has been modified by a processor other than the

.local processor, but has not been written back to (i.e.,

is not coherent with) system memory. As such, T state 94
is treated by the local processor much like S state 84

and is treated like M state 80 with regard to snoops on
the interconnect.

As lllustrated in Figure 4 at reference

) numerals 130 and 134, a cache line can make a transition

from I state 86 or H state 90 to T state 94 in response
to a read requeét receiving a modified response. For
example, if L2 cache 14a makes a read request for a cache
line stored by L2 cache 14n in M state 80, L2 cache 14n
sources the requested cache line to L2 cache 1l4a via
modified intervention as discussed above. As before, the
copy of the requested cache line in L2 cache 14n is
updated to S state 84 as shown at reference numeral 131.



. processor 10a, L1 cache 12a and L2 cache 14a store the requested data in M
'state 80, while the coherency status of any copies of the cache line in L3
cache 15a and L2 caches 14b-14n is set to H state 90. If the requested data
I s subsequently selected.for replacenmsi2e-from L2 cache 14a, for exanple, in
response to a read m ss, cache controller 36 of L2 cache 14a issues a

" deal l ocation .wite transaction on interconnect 16 in order to store the
requested data to systemnmenory 18. In response to snooping this wite
transaction, the cache controller of L3 cache 15a sanples the data, stores
the data in its L3 data array, and updates the associ ated coherency status

fi EI d fromlﬂi Yatihe 94al 0oR ghat 6ther Hdid) bhakeb&fé%deﬁé?n 4 with
subsequent U t a Sp rece or. a re or "read w
intent to %é’l ylgsgqggs?.ggakg 5%. 9ﬁ§§F%¥ge?fa @i TR fay be nade

in the il raadaFeguesthfarnthe wedifiedrache) line Hey dohaashey 14bot ocol

depi cted i mFicgidhe 34ar BotivaEB! tEE drdtfiledtiedNcddhé €line by modified

E-QrB Ir‘ ]E :E iﬁlt%t:%te%tion adwugﬁgégé .the coher?n%:%a%t;a%%gsfe d ifarclzsolpy on |

rocessor. re - "Pr ocesso
nul | resporfe the modifigd raghesiing th& state 84 as shown at

associ at ed ddferenceOfi@ipral 132. This process can be repeatldCessor |

[err] R . Arocessor read wt.h _ S i.nteryention
(Shl) respé%é%%éaonaﬁ tines S?§§A%?%%é%gh}arggﬁhﬁjigf% € most shar ed
response; ¥recently accggyegrgbesquiﬁiggjc@phg line stores the

cache line in T state 94, while others of L2 caches l4a-
14n store the modified cache line in S state 84. In this
manner, one of L2 caches l4a-l4n is "tagged" to signify
that it is temporarily responsible for sourcing the cache
line to other caches by modified intervention and for
writing back the cache line to system memory 18.

Importantly, when an L2 cache 14 storing a
cache line in T state 94 sources data on interconnect 16
by modified intervention, the snoop mechanism (e.g.,
memory controller) of system memory 18 does not sample
and store the modified data, but instead ignores the
transaction, freeing up system memory bandwidth. Thus,
modified cache lines in T state 94 are written back to
system memory 18 only when required, for example, in
response to-an L2 cache line castout or a snooped
transaction that requires the modified cache line to be
pushed tq-system memory 18. It is possible, of course,
that a modified cache line in T state 94 may never be
written back to system memory 18. Consider, for example,
a scenario in which a processor 10a issues a "read with
intent to modify" épecifying a cache line stored by L2
cache 14n in T state 94. In response to the "read with
intent to modify" request, L2 cache 14n and other L2
caches 14 storing the specified cache line in S state 84
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nodi f I ed response ' : -22- I

Terr] S processor read with any L3 |ookaside cache only;

response except null L2 transitions to Ras noted above | [err] M
processor "read with : I nt ent2sto nodi fy" (rwitm Ef[err] S
snooped read source intervention data El[err] M processor
rwitm E[err] H snooped data invalidate snooped data invalidates
include rwitm dclaim kill, flush,
etc. Rlerr] S snooped read source intervention data
Rlerr] M processor rwitm | ssue dcl ai mon

i nter connecta11 ipdstd |tHdir copdepedfdeha spucdlfidat eache L{ms rdo M

processor C

Phier sonnectoavs 4% 3 AndiSiEsEf Bhfikence, muperale 13f and 10,

snooped r eagrespectively., Regayusejkhg fachgdiimecdata is 1nva11 ated

i nterventi onbystheppairisdtion Mo H stasaospectitanacinval weibte badk snooped
transaction éﬁ urce data if

modi fied int&? VerRec:Lfied cache ln.ne to ¥st'EFm melr_rto[rg i%\/l {Egno & otceedé'sor _read

W th
As illustrated at reference numeral-138, a

cache line in T state 94 can also make a transition to M
state 80 in responsé to the local processor making a -
"read with intent to modify" request. Because the local

. L2 cache 14 stores the requested caché'line, no request
transaction for the data is issued on interconnect 16.
Instead, the local L2 cache 14 issues a dclaim
transaction on interconnect 16, which instructs the other
L2 caches 14 to invalidate their copies of the requested
cache line by updating the associated coherency status to
H state 90.

State transitions that may be made in the
illustrative embodiment of the HRT-MESI cache coherency
protocol depicted in Figure 4 are summarized below in

Table II.
TABLE II
State Causes Notes
Transition -
I->E cpu'read with null
response
I >R (1) cpu read with
shared intervention
(Shl) response;
(2) cpu read with
shared response;
I T cpu read with modified
response




nul | responée H[err] R " (1) processor read with Shi-

response; (2) processor fead with S shared
response; ' (3) processor read with : nodi fied
response,; (4) snooped wi t-@6- “issued by a | ocal
cache . controller - H S snooped read or wite

i ssued by a renote cache controller Hlerr] M processor
rwitm In accordance with the present invention, the

above-descri bed HR-MESI cache coherency protocol can be expanded to include
addi tional states that support additional functionality. For exanple,
referring nfw t o adwj eat ure 4,
there is defli cted & staff mgﬁe tn,éaﬁlllustratlve errbodlment off an

HRT- MESI cafhe onerencgl DT 0 oco T |rrp| ment ed,, ot ocol is
preferably $ nooped xead | . ol [ §PuFee &

hi er ar chy, exanbmﬂmment |IIustrcted i n quure 1 includds L2
caches 1l4a-

&Y ghed 204AIhAS dach Ak Paedche 152
I-ffe MESI protocol, vudwf%dhb f] kill,

flush, etc. If snooped
transaction is rwitm,

respond ShI and source

‘data
snooped read- source intervention data “

R->M cpu rwitm issue dclaim on l]
interconnect

R->H snooped data invalidate | if rwitm, respond ShI and
source data

S-+M cpu rwitm issue dclaim on’
interconnect

S » H snooped data invalidate

M-S 'snooped read source data if modified

. intervention is supported

M->H snooped data invalidate | if snooped transaction is
' rwitm, source data if
modified intervention is

supported
T->S8 snooped read respond modified and
source intervention data
T > M cpu rwitm issue dclaim on
interconnect
T->H snooped data invalidate | if rwitm, respond modified
- and source data
H-E cpu read w:Lth null
response
H-R (1) cpu read with ShI
response;

(2) cpu read with
shared response; and
(3) snooped write
issued by a local cache
controller

H->S snooped read or write
issued by a remote
cache controller

H-»T cpu read with modified
response

H->M cpu rwitm




| evel caches preferably, enpl'oy a subset protocol of the HR-MESI protocol,
for exanple, one of the HMESI, R-MESI or MESI protocols. In addition to
the states within the HR- MESI protocol described herei nabove, the HRT- MESI
cache coherency protocol shown in FigureaA includes tagged (T) state 94. As
described' in detail in U S Patent Application Serial No. 09/024, 393

, ‘which is incorporated herein by reference in its entirety, T state 94

i ndi cates that an associ ated cache |ine has been nodified by a processor
~other than the | ocal processor, but has not been witten back to (i.e., is
not coherent with) systemnenory. As such, T state 94 is treated by the

| ocal processor much IA@&@@%&&%&&&@%@ dd kBl ebage 80 with

regard to snoo the intercan lystrated in Figure
4 at refereneégﬁﬁnﬁ?g?geﬂfﬁiEﬁﬂfQEéi 13°&38ﬁﬁgl¥rﬁFQﬁﬁ1%%a gﬁFranS|t|on
from| statea88itiohl of abme IfXx twpre Mvagﬁvenllrme:m andgadteequest

Tequest o B e e e tat eBb (5 cache 14
nin Mstate cache 14n

sources the FBEUEBTEMERL AR Ié%ﬂ§£%£_5?°§§cﬁ8&3ﬁ%P?¥e?ﬁﬂﬁ&cPﬂgd i nt ervention

as di scusseddabovébedsalhaferean the moddfiefl toheingindesaadHgastatdine in 12

cache 14n is ﬂﬁ@akegtéee Ssétéﬁe? HB4a88té %ﬁtlerseftaae nggenumeral 131.

-24- L2 cache
assoc:.ate ca&le e:.r?é vl ,_Q,‘%Qﬁl_idSt o ?: %%%%Eggted

address tag is valid. " The Hy state also indicates that,
prior to invalidation of its data, the associated cache

line was stored exclusively (e.g., in M state 80 or E
state 82) or in a coherency state capable of sourcing
intervention data (e.g., R state 92 or T state 94).
Consider, for exampie, a scenario in which L2 cache 1l4a
stores a cache line in one of M state 80, E state 82, R
state 92, or T state 94. 1If L2 cache 1l4n issues a "read
with intent to modify" request for the cache line on
interconnect 16, L2 cache l4a issues an appropriate
response and updates the coherency status of the cache
line to the H, state (rather than H state 90) .
Thereafter, in response to L2 cache 1l4n issuing a

. writeback transaction (e.g., a cache line deallocation or
a snoop push) on intercomnect 16 that stores the cache
line to system memory 18, L2 cache l4a samples and stores
the cache line data and updates the coherency status of
the cache line to R state 92. Use of the Hy state thus
permits shared intervention to be maintained following
deallocation of a modified cache line, thereby decreasing
data access latency. '

ﬁext, assume that L2 cache 1l4a stores a copy of
a cache line in the H; state and L2 cache 1l4n stores a
copy of the same cache line in a state from which L2
cache 14n can source intervention data. If L2 cache 14b



cache line in T state 94. Thereafter, in response to a read request for the
modi fied cache line by L2 cache 14b, L2 cache 14a sources the requested
cache line by nodified intervention and updates the coherency status of its
copy of the nodified cache line to S st@8e 84 as shown at reference nuneral
132. This process can be repeated additional tinmes such that-the L2 cache
14 that nost recently accessed the nodified cache Iine stores the cache
line in T state 94, while others of L2 caches 14a- 14n store the nodified
cache line in S state 84. In this manner, one of L2 caches 14a-14n is
"tagged" to signify that it is tenmporarily responsible for sourcing the
cache |ine tisauémra Caslads wiyhnmddtenedte mastifintt requastl for wheéting back

t he cache |'8§cﬁe9 Bird ol E%'E’é&-)éoﬁﬁect 16, L2 cachkR2ht 8Ly s éMi'en an L2
cache 14 storin ’g?a cache line in tate 94 sourcege ata on jnterconnect 16

by nodified #PR %ﬂqeoﬁespﬁé‘sgnoﬁﬁuﬁ‘é?ﬁa & heauegted gaghs 1 er) of
syst em menor intiSroesiomt agdnphenanpdates é:hd]@oﬁnsdencpdsdatws &dfiit i nst ead

i gnores the {g é‘ﬂé@ﬁ N e Hfef %hﬁﬂsﬁ@dsdéélf‘énlr{@i@% bR M @éateThU& modi f i ed
cache lines In T state 94 are witten back t,0 s%stem menor Fy when

required, foFetBRIfR &£O ERPPIRGN8R LRESY Y- IOR: FESPPRES & ‘Eﬁ&n’cﬂga snooped
transacti on thatupdahed eschiec lindi f L2dcactehd 4a mpdabebetpeished t o system

menory 18. I&oﬁéra&%ﬁléya%usotafceussee ,m% &Mbﬁéeﬂlﬁécf%xh'ﬂf‘e' n T state
94 may never_be written _back Séﬂ__ m)r?; ];atéﬁ for. exanple, a
scenario in WhistRtE Bf’ogegg‘i’ﬁ’el &rngtiye lﬁi%t?ﬁl rBdi fy"

speci fyi ng aFitgue 5, raelds.ttomalbgnetelaamﬂ]élmmnaI 1Bfartea19mn lgar esponse

to the " r eadudi tdyd eyl AaBRdkhNG 64015 mork?a8REREA4D and other L2

caches 14 stori e spécified cache line 1n S's
8er{$5t1ve tates (Hg,, Hps, etc.) between gie top-level

derivative state H;, and H state 80. Thus, instead of
transitioning to H state 90 in response to snooping the
intervention response issued by L2 cache 1l4n, L2 cache
l4a would transition from the H, state to the H,, state.
Thereafter, in response to snooping a writeback
transaction containing the relevant cache line, L2 cache
14a would update the coherency status of its copy of the
cache line to the Hy, state. In this manner, N levels of
historical coherency status information can be
implemented to increase the likelihood that at least one
cache can source a requested cache line by intervention.

As indicated iﬁ Figure 5 by dashed-line
illustration, other variations of a cache coherency
protocol including N levels of historical coherency
status information are possible. 1In particular, selected
ones or all of the lower level historical states (Hp,, Hg.

. Hpy) be updated directly to S state 84 in response
to the snooping of a writeback of the relevant cache line
since the cache that stores the cache line in the top-
level Hp, state will be able to source the cache line from
R state 92 by shared intervention.



- 25- all update their copies of the specified cache line to H state
"90, as indicated at reference nunerals 136 and 110, respectively, Because
the cache line data is invalidated by the transition to H state 90, the
need to wite back the specified cache _Lyne to systemnenory 18 is )
obvi at ed. As illustrated at reference nuneral 138, a cache line
in T state 94 can also nake a transition to Mstate 80 in response to the

| ocal processor making a "read with intent to nodi fy" request. Because the
| ocal L2 cache 14 stores the requested cache line, no request transaction
for the data is. issued on interconnect 16. Instead, the |local L2 cache 14

i ssues a dclaimtrans t%gg Qeﬁnaégégyyg%pttﬁg, WL RRlenesbs t he ot her
L2 caches 14 to invalidate thelr coples of the ?e uested cache |line by
updati ng t h®re¥igerareqivpreyedcgetdiod and gYpFen tor Apintaining State

transitions dalchle @Bliebéncpdini a miktipracessari date hmtiemsingof t he HRT- MESI
ffChe coher eReX <. Ot 28! iﬂﬁ%%}éqg\%{%{ il&%%eﬂ%?;;t?réwemr ip%%@i%ghow in Table
Notes Trandi it PresPnFeiﬁYeEFi°ndﬁﬂmﬁéédaﬁﬁ%FWéiﬁq data item use?esponse
| [err] R stokedcpy acadchetin association whthea valtiel weidress tag )

to be automatically updated with a valid data item

without the local processor issuing an explicit read or

write request. In this manner, data invalidated by the

activity of remote processors can be refreshed prior to

the data being accessed by the local processor, thereby

substantially réducing data access latency by eliminating

the need to retrieve the data from a remote cache or

system memory.

Data access latency is also substantially
reduced by the cache coherency protocol of the present
invention through the support of shared intervention,
which supplies data stored in shared state from a remote
cache rather than system memory. According to another
aspect of the present invention, a cache coherency
‘protocol can be expanded to include a tagged (T) state
that promotes efficient utilization of system memory
bandwidth by allocating'responsibility for writing back
modified data to system memory. A cache coherency
protocol in accordance with the present invention can
also maintain historical coherency status information
through the inclusion or one or more derivative states.
Such derivative states enable the responsibility for
séurcing data by intervention to be transferred from a
first cache to a second cache in response to deallocation
by the first cache of a cache line containing the data.

While the present invention has been



_(shl) response?;' (2) cpu read with ' shared response;

| [err] T cpu read wth nodi f.ied .o response

- 26- | [err] M cpu "read with intent to nodify"
(rwtm E[err] S snooped read _zq. source intervention data E
[err] M cpu rwitm E [err] H snooped data invalidate snooped
data invalidate = rwtm dclaim

ki ll, flush, etc. If snooped :
transaction is rwitm o respond Shl and
source data Rerr] S snooped read- ' source intervention data R

[err] M . I
i nt erconnelt luht&ié b f Shown and d§§§g?gg§n€ié‘{n ?‘L'ferenc? rwitm respond Shi

and rative embod:l.ments, it wi %(}iﬁ d;é'zdd:gpgoog ?grq:l}osm cpu
rwi tm skilled imsstlee doftaithatnvarious changes in. form and

|t er conneghea®y( &Y Iod! nage sem%&gl fataobd \@ddlileg Meh'dnd  snooped

r ead sour data I f
i nt erventi 5plpgtsﬁ%(ﬂqqﬁp of the inventlon For example, the HR-

MESI and HRT-MESI cache coherency protocols could be
modified to eliminating I state 86 because that state is
only utilized to initialize directory entries at power-on
and is never re-entered from another state. If I state
86 were eliminated, at power-on the coherency status
field of each L2 directory entry would be initialized to
H state 90, and the'tag field of each L2 directory entry
would be initialized to a tag value that is unique at
least within the same congruence class.



Mlerr] H snooped data i nvaI | dat e I f snooped transaction is

rwitm source data if - _ nodi fi ed

i ntervention is supported T [err] S snooped read

respond mm]m l“‘ -31- source

[ nterve mm“m “ r] M Cpu rwitm i ssue dclaimon

i nterconriect H[etr]® . snooped data invalidate if rwitm respond

nodi fi ed and source data HJ[err] E

cpu read with null - response H[err] R (1) cpu read with Shi

response; (2) cpu read with shared response; and

(3) snooped QWALMES: I ssued by a | ocal cache - controller
S snooped read or wite I ssued-by a renote )

cache controller Herr] T cpu read with nodified response

Hlerr]M  VWhapus wlagmed is: -27-

A further enhancenent that nay be nade to a cache coherency protocol

ncfuding Hptatg §Rehda’ B ALEhELANG] QRB LRI & A g, states

that indicate
processing system including a system memory, a plurality

of processors, and a plurality of caches coupled to an
interconnect, said method comprising:

in a first cache among said plurality of
caches, storing a first data item in association with an
address tag indicating an address of said first data
item;

setting a coherency indicator in said first
cache to a first state that indicates that.said address
tag is valid and that said first data item is inwvalid in
said first cache; and

if, while said coherency indicator is set to

said first state, said first cache detects a data
transfer on said interconnect associated with said
address indicated by said address tag,'said data transfer
including a second data item that is modified with

" respect to a corresponding data item in said system
memory, storing said second data item in said first cache
in association with said address tag and updating said
colierency indicator to a second state indicating that
said second data item is wvalid and that said first cache
can supply said second data item in response to a
request.
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_historical coherency status information. For exanple, the HRT-MESI and

HR- MESI cache coherency protocols descri bed above can be nodified to ,
include an Herr] state. Like Hstate 90-the H err] hat

t he associated cache line.is invalid and-that the as ,'mﬁ lmmﬂ '"tag is
valid. The Herr] state also indicates that, prior te 1av ison*of its
data, the associated cache |line was stored exclusively (e.g., in Mstate 80
or E state 82) or in a coherency state capable of sourcing i nt erventi on
data (e.g., R state 92 or T state 94). Consider, for exanple, a scenario in
whi ch L2 cache 14a stores a cache l'ine in one of Mstate 80, E state 82, R
state 92, op, T S«h@é qne_%od fofLélaaﬁhﬁ %'f&%@ﬁéracodiﬁ%l\ﬂ ftuentent to

nodi fy" request f Qg_cache l'i_ne %q% onn ct 16:ﬁt e 14a issues
an approprlﬁFﬁpr ‘Eh&adeEFggn & F@n von 58 e cache line
to the H[erc¥CBeanQeQaiﬁlamstﬁmanewpsrate 90). Thereafter, |n response to L2
cache 14n issuing a witeback transaction (e.g., a cache line deallocation
or a snoop push) on interconnect 16 that stores the cache line to system
menory 18, L2 cache 14a sanples and stores the cache |ine data and updates
t he coherendy stTEesnetthadhefc§£dram| 2 newherednseaid step ofe watiting H err]

state thus pgif t&cSifiReta &Tt%EnVQBéthOéhid) ﬂaesmabaéﬁé nefl daqld ow ng
deallocatlon oéea nodi fied c

e |i dec i.,ng, _data access
| at ency. T MEMQEX, 18 §§% ﬁa}n E?%?gnﬁg %iﬁé%? &°80§¥ of a
cache |ine saidhEidR stadhe mfd%gagmr@r@wogtetwm sadsy seconde sane cache
line in a siats {#&m Which L2 cache 14n can source intervention data. If L2
cache 14b - 28- :

4. The method of Claim 2, wherein said step of writing
said second data item from said first cache to said
system memory is performed in response to said first
cache detecting a transaction on said interconnect that
requires said second data item to be written to said
system memory.

5. The method of Claim 1, said step of setting said
coherency indicator to a fifst state comprising the step
of setting said coherency indicator to said first state
in response to one of said plurality of processors
indicating an intention to store to said address
indicated by said address tag.
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\issués a "read with intent to nodify" request for the cache l-ine on i
“interconnect 16, L2 cache 14n issues an appropriaté res t he
request ed cache line by intervention, and then upda status
of its copy of -the requested cache Ilne_;-,go t he HR StﬁM“MG E jﬁ
snoopi ng an intervention response containing the update

cache 14a updates the coherency status of its copy of the cache |ine from
the Herr] state to Hstate 90; Alternatively, as illustrated in Figure 5,
additional levels of historical information can be retained by inserting
one or nore additional derivative states (Herr], Herr], etc.) between the

top-level degivating il Hetibiand, HidAlsh QR34 TBYEra] 165 &3¢ Of

transitioning to 0 in resgonse to sn h erventlon
response i ssGeehey includes a1 £500p9 £achey fi‘d'dmg‘ﬁf‘&% g‘?ﬁ‘{}f $%n fromthe

H err] st at ecomptieind ahe] sttapeofthereafter, in response to , snooping a
writeback transaction containing the relevant cache line, L2 cache 1l4a

woul d update the coherency status of its, copy of .th cache line to the
Herr] state. In this ¥aFRsPoNRe) €9eF§°%¥P"m%t SeidafitgheTashsy & & us

i nformati on eaguéset i bypl sirhisedond cacheafer tdaeld skebnéiodakd hitterat | east” one
cache can .SOWHE:? aséjgcﬂ'"@ﬁ%q%gﬁt?:iﬁdhbg PYid Yer ES”E&P@ second | As

indicated in |ne| ustratlon other variations of a

ure
cache coher eﬁ&?gﬁr o?%‘b‘}nq FAGHERGORA| Rk dtem RRsFBTE Pt SRS st at us
i nformati on and ppdstiie.sdid poherentyr indidtatcirednoagsd ofixdt axchene | ower

level hist Orzgag éflf{'cfsst(:ﬂ[ee” icHt8hél that said Eb86hd) adEs UNGAE 6 directly

to S stat in response e snoopi ng of a witeback of the rel evant
cache line sr‘-"ﬁé§e‘tihea’&%che that stores the cache line in the top- |evel
Herr] state will be able to source the cache line fromR state 92 by

shared intervention. storing said second data item in said second

cache in association with a coherency indicator set to
said second state.

7. The method of Claim 1, wherein said first cache is
associated with a first processor among said plurality of
processors, said method further comprising the step of:

if, while said coherency indicator is set to
said first state, said first cache detects a data
transfer on said interconnect associated with said
address, said data transfer being initiated by a second
processor among said plurality of processors, updating
said coherency indicator to a third state indicating that
said address tag is wvalid, said first data item is
invalid, and said coherency indicator is capable of
subsequently being updated to a fourth state from which
said first cache can supply a data item associated with
said address in response to a request.

r-—____________~;____ '
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~ 29- As has been described, the present invention provides
an inproved nethod and system for maintaining cache coherency in a

mul ti processor data processing system The inproved cache coherency—
protocol provided by the present inventsgon pernits an-invalid data item

stored by a cache in association with a valid addr mmmu{ﬁmmll
automatically updated with a valid data itemwit homﬂlﬁ essor
issuing an explicit read or wite request. I'n this manher® dat & i nval i dat ed
by the activity of renote processors can be refreshed prior to the data
bei ng accessed by the | ocal processor, thereby substantially reducing data

access | at eecy byhee Inigthiddl i0Fg ClLEEmNPEdanid Huithie@V okl i ﬁ‘Hé)m a renmote

cache or ss Laten

subst ant i al ?Egéne%%c cﬁ%kt)-’lnlghesaé'gc Ohe%%eﬁs%%%pﬁof%%’o a?%qr t%"‘r?e sﬁ'r"éjsent _

i nvention t ? ﬁ9ﬁ§QSQEéUT?f§PrsHB§QkF49nﬁ§i¢eﬁPh%#ﬁnwvusﬂaﬁyuppl|es dat a
stored in shadtshtdrnitd Badd EikgBOieateche rather than system nenory.
According to anot her aspect of the present invention, a.cache coherency
protocol can be expanded to include a tagged (T) state that pronotes
efficient utilization of system nenory bandw dth by all ocating
responsibility for witing back nodified data to system nmenmory. A cache
coherency protocol in accordance with the present invention can al so

mai ntain historical coherency status information through the inclusion or
one or nore derivative states. Such derivative states enable the
responsibility for sourcing data by intervention to be transferred froma
first cache to a second cache in response to deal |l ocation .
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by the first cache of a cache line containing the data. VWi | e
"the present invention has been - 30-
particularly shown and described with reference to— ive
enbodinments, it will be understood by tisse skille& in the art that various

changes in formand detail may be made therein wit mw HMIH!',H” ml\/tEg?

spirit and scope of the invention. For exanple, th
cache coherency protocols could be nodified to ellnlnatlng statt 86
because that state is only-utilized to initialize directory entries at
power-on and is never re-entered fromanother state. If | state 86 were

el imnated, gat PRWGLcK f&le z@:riag é&é&@scéue&leﬁcs»f 1ﬁa5hda€adl rectory
entry woul d_be initialized tate 90 he tag field each L2

directory eRFPGERRING e %ﬁtﬁ%ﬁ¥P?&&9t8 5?7 0§?ﬁﬁykh3tp %r% fYie at 1 east
wi t hi n t he sfinprocesparshceang @ plurality of caches coapled &b &1

interconnect, said cache comprising:
data storage;

tag storage that stores an address tag
indicating an address of a first data item contained in
said data storage;

a coherency indicator having at least first and
second states, wherein said first state indicates that
said address tag is valid and that said first data item
ig invalid;

means for snooping said interconnect to detect
a data transfer on said interconnect associated with said
address indicated by said address tag, wherein said data
transfer is initiated by another of said plurality of
caches and includes a second data item that is modified
with respect to a corresponding data item in said system
memory; and

méans,_responsive to said detecting said data
transfer on said interconnect while said coherency
indicator is set to said first state, for storing said
second data item in said cache in association with said
address tag and for updating said coherency indicator to
a second staté indicating that said second data item is
valid and that said cache can supply said second data
item in response to a request.

Sheet Has Been Rerlaced ' THIS SHEET HAS BEEN

HIIII (1 — reruAce




Cl ai s 1. - A net hod of nmmintaining cache coherency in a data
"processing systemincluding a systemnenory, a plurality of processors, and
a plurality of caches coupled to an interconnect, i St Ng:
in-a first cache anong said plurality oBécaches, stqQui ISt aitem
in association wth an address tag indicating an aoﬁlﬁ"@“wﬂmmﬂst dat a
itemand setting a coherency indicator in said firsts ‘ds 1145t state
that indicates that said address tag i-s valid and that said first data item
isinvalid in said first cache; and if, while said coherency
indicator is set to said first state, said first cache detects a data
transfer on IAi d THa eaeheneEt chasncs Atadl \Burbhesi comsirirscissy medingat ed by
sai d addressgt Al . ek 4 NGl udi ) i that is
rodl £ ed i t1% dzibard; B8 bEARRa ard dedl B80R SERAUN 1 bRl 1T |
storing sai FXYHEBPHEY-itemin said first cache in association with said
address tag and updating said coherency indicator to a second state
indicating that said second data itemis valid and that said first cache,
anmong all of said plurality of caches, is responsible for, supplying said
second dat a 3%xemThe casbenoé €daimtQueaid means for wppding 88ddof clai m 1,
and further gs&ygHd datd ikems Fepmobaididdohg tai Sasé coystekam@moem f rom sai d
first cache éé)msaiisq_ns /St em menory. 3. The nmethod of claim2, wherein
said step of R ing-said second data itemfromsaid first cache to said
systemnenory is perforned in response to deallocation by said first cache
O}‘ a cziCh\t/evh line cont aineiang , S #edpsasdvel tinidealledationt. by saidlkect®t hod of
claim 2, ergin sai.d st.ep of i d Jtemdfromsaid first
cache to sai sﬁ/s‘faecrlﬁe %Fy%Pg\q%%ﬁ%f?néeagléjﬁ%?éggo%% talodés“gfi 50 irst cache
det ecting a wrHningtdadd Gecondddrhectedmfeon sRad Paehe e s8did second data
itemto be Wyddam nchoxdgi.d system nenory. 5. The method of claim1,
said step of setting said coherency indicator to a first state conprising
the step of setting said coherency indicator to said first state in
response to one of said plurality of processors indicating an intention to
store to saifbaddfi@scache of Claim 10, said means for writing said -

second data item from said cache to said system memory

comprising:

means, résponsive to said cache detecting a
transaction on said interconnect that requires said
second data item to be written to said system memory, for
writing said second data item from said cache to said
system memory.

13. The cache of Claim 9, said means for setting said
coherency indicator to a first state comprising means for
setting said coherency indicator to said first state in
response to one of said plurality of processors
indicating an intention to store to said address
indicated by said address tag.
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. 6. " The nethod of claim1, wherein said plurality of caches includes a
second cache, said nethod further conprising the step of:

response to receipt at said first cache of a request-by—sai—d——seem‘rd——cache
for said second data item whil-e said cod@rency indicator is aid
second state, placing said second data item on said n mﬁﬁamglﬁ
updating said coherency indicator in said first cac te

i ndicating that said second data itemis shared; and storing said
second data itemin.said second cache in association with a coherency
i ndi cator set to said second state. 7. The met hod of claim 1,

wher ei n sai diL4i r Sthec asivhe ©fac3adma® ecand thurdherr sompricigygsor anong sai d
plurality of processors, said nethod further conprising the step of:

if, while said coherency indicator (s set to said flrs,t sta ‘%’& aid first
cache detects a data (EARSrerSFROBEFYE iR HECEHRECRE LAME| R said
addr ess, salrlecglsésst thyarsiothelre ofigsaid tplatrd iby of seachsts Frooresddr anong

sai d plural 'ééf AL SRS yniRAAEL 1 é&t&eaek}etﬁafaaaawlfsats@rt k@ a third
state indicati that sal a ress is valid d_first dataltemls

Chvalid ancPRHT FRI GtaF S ndPEaPHCIAT Ealdh FECRRS SRR RS OF bei ng

updat ed to asdidirintexdtaimmeiatoamdhupfatsinigl sfaids toberémsy dfndildatolr sai d
plurality of; &ﬁ%,ca&é TP ehka %@été%&idﬂ:&hﬂﬁ?t&é\: dafsy r equest

speci fying sal dress aim 7, and further
conpri sing tfReRfaya Lﬁﬁ?&t FﬁgS?QFEdcoher ency status i ndi cator to said

fourth state onIy after updating said coherency status indicator to said

first state. A cache for supportl ng cache coherency in a data:
processing s stem i ncI uding a system menor lLurality of processors, and
a plurality g? aIdkd GLe18n 1 nThex é@g d GaFRE cithe conpri si ng:

data st orageasgoc:.ated vt:ag1 H diage phatesdar emoaé aglikid gelaatadg tiyndifcat i ng an
addr ess of 6éé§séiﬁéaa éél%nc%%teafﬁfghéf] gchg%a storage; a

coherency i ndi cat or ving at least first and second states. wherein said
first state indicates that said address tag is valid and that said first
data itemis [nvalid: meeths, responsaveaohelatertiohl ef 4 hidta responsive to

detection of¢Bafi@d: 1SRN 1O e3RbntdN earsfsfm‘aetedaém@'@&fai with said
address indica y Ssai dress tag wWhj sal d
a dress while said cohererncy 1nd1cator is set to said

flrst state, said data transfer being initiated by a
second processor among said plurality of processors, for
updating said coherency indicator to a third state
indicating that said address tag is valid, said first
data item is invalid, and said coherency indicator is
capable of subsequently being updated to a fourth state
from which said cache can supply a data item associated
with said address in response to a request.

16. The cache of Claim 15, and further comprising:
means for updating said coherency status

indicator to said fourth state only after updating said
coherency status indicator to said first state.
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.coherency indicator is set to said first state, wherein said data transfer
is initiated by anot her of sai'd plurality of caches and includes a

second data itemthat is nodified with respect to_a corresponding data item

in said systemnenory stores said secorsB-data itemin said cache in

associ ation with said address tag and updates said Im“mﬂumrﬂ“’IME or. to a
second state -indicating that said second data item sai d
cache, of all of said plurality of caches, is responsitfle*fol slpplying

sai d second .data itemin response to a request. 10. The cache of claim
9, said cache controller conprising neans for witing said second data item
from sai d caghe Aodaea lpsycéesimeaystem, &dmprisilige cache of claim 10, 'said
means for witing said second data itemfromsaid cache to said system
menory conpri sing: means, responsive to deallocation by said cache

of a cache line cont a‘f‘%h@t%’é??f‘%%nd data item for witing said second
data itemfromsaid cache to said system nenory. 12. The cache of

claim 10, said .neans i data itemfromsaid cache to
: O%pélvﬂ-éiiw S8 p%%sgeaﬂs

said system nenory c I'stn ns,” responsive to said cache
detecting a transaction on said int erconnect that requires said second data
itemto be witten toasplarayitypfieraehes &oupled ttionga$ai ﬂlmhmy data item
fromsaid cggh j t i tyesly aim9,

wher ei n sai %% gg%geéglr’l? é%@e?‘g]set S s%ﬁ grcg’ﬁneanc}ﬁ%n I cat or t%é said first
state in respsheeangngneatd RUFERLIN A CJCRES Pritl¥e86rs i ndicating an
intention to store to said address indicated by said address tag. 14.

The cache of claim9, said hge .ol ler further conprising: :
means, responsive to receipt at sai d cache of a request by another of said

tag storage that stores an address tag
indicating an address of a first data item contained
in said data storage;

a coherency indicator having at least -
‘first and second states, wherein said first state
indicates that said address tag is valid and that
said first data item is invalid;

means for snooping said interconnect to
detect a data transfer on said interconnect
associated with said address indicated by said
address tag, wherein said data transfer is initiated
by another of said plurality of caches and includes
a second data item that is modified with respect to
a corresponding data item in said system memory; and

means, responsive to said detecting said
data transfer on said interconnect while said
coherency indicator is set to said first state, for
storing said second data item in said first cache in
association with said address tag and for updating
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plurality of caches for said second data item while said coherency
indicator is set to said second state. for placing 9ﬁ1+4x¥xuuli3§j%;j;i?cm
sai d interconnect and updati ng sai d coherency i ndicat in said cache a
third state indicating that said secondsgata itemis y’”r’"lﬂ The
cache of claim9, wherein said cache is associated wi't m’ Msor
anong said plurality of processors, said cache controller fartMers =«

conpri si ng: -34 -

means, responsive to detection of a data transfer on said interconnect
associated wth said address while said coherency indicator is set to said
first state, sai gadat aohéﬁaﬁéyrlﬂa&imdmiu‘d at sdediyd aste@@ONd pr Ocessor anong

sai d pIurallty of r i renc tor to a
third state indi Ca?ﬁ%@?ﬁgt ts'h"’vf:c1£a"uc'1‘gr ess aégll:g lea%]'E véld‘%? data item
is invalid, and £&R& §6h@r§ﬁ§?t|¢EFQEHQin|S§P9é¥a%#¥ﬂcﬁeqmmkéhmentIy bei ng

updated to a fourtemsiit eebponizahtsn srighestche, of all of said plurality
of processors, is responsible for satisfying a data request specifying said

addr ess. 16. The cache of claim 15, wherein said cache controller
updat es said coherency status indicator to said fourth state only after
updating said coherency status indicator to said first state. 17. A
data processing system conpri sing: an interconnect; a
plurality of processors; a plurality of caches coupled to said
plurality of processor and to sai‘d interconnect, wherein a first cache
anong said plurality of caches incl udes: ~ data storage; tag
storage that stores an address-tag indicating an address of a first data
itemcontained in said data storage; a coherency indicator having

at least first and second states, wherein said first state indicates that
said address tag is valid and that said first data itemis invalid; and

a cache controller that, responsive to detection of a data transfer on said
i nt erconnect associated with-said address indicated by said address tag
whi | e said

-_—
i
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.coherency indicator is set to said first state, wherein said data transfer
is initiated by another of said plurality of cachesand—Trnctudes—a—second

data itemthat is nodified with respect to a corresp ol i in .
said system nenory stores said second dagg itemin Si ’mm i‘ﬁﬂ’il&[j”n
association with said address tag and updates said co r to a

second state ‘indicating that said second data itemis valid and that said
first cache. of all of said plurality of caches, is responsible for

suppl ying said second data itemin response to a request. 18. The
data processing systemof claim1l7. said cache controller Further

Corrgri Si {19 naans e watii plosedsins GRderabd t1om f70msaaideijsst Cachg5t0
sai d system ry. - ‘o . - -
16, - The GACHe)ESEERST SOMREITRD MRS APTeTIting BARSSPEP™Ar i ting sai d-
second data ICde&m fitem Enem saidifimatheachestodszid isywtermuenorynpri si ng:
means, responsive to deallocation by said first cache of a cache |ine
containing said second data item for witing said second data item from
said first cache to said system nenory. 20. The data processing
system of cl &°m 1Thesdata iprecessingudystey ofi Claiacdld daid meamsfrom sai d.

first cache forSakdtsigt 41 ACIEUhT ARG $LBH: from said FBABE, c4&8PHONSI Ve tO
said first cgphe d?;ectgg a transactiqQn.on said interconnect that requires

sai d second dat 8 FefYTo" B WX SPFS 8P  system menory, for witing said

second data itemfromsaid first cache to said system nmenory. 21. The |

data processing systemn&ing) atdBpbhsiWeeEsi desPidtatachene08i{ Q! # BEsSets said
coherency |nd|c§;or to sai

di LelQ 8 cd f rnset sot%tae LN reslﬁé)nse tg gne of, said
plurality of SprogeSEof SCTHAT i SR RERA: Pt F6°SPGr 8212 L85 addr ess
i ndi cat ed by foxi wridngssaidpecomzp data iffpwm feam spidcéssstgeasis em of
claim17. saitd sachesgPém Ghdwsryf Urther conpri sing: nmeans,
responsive to receipt at said first cache of a request by another of said
plurality of caches for said second data itemwhile said coherency
indicator is set to said second state for placing said second data item on

sai d interconpect TaRdd4ps pFoke Sy system of Claim 18, said means
for writing said second data item from said first cache

to said system memory comprising:

means, fesponsive to said first cache detecting
a transaction on said interconnect that requires said
second data item to be written to said system memory, for
writing said second data item from said first cache to
said system memory. '

21. The data processing system of Claim 17, said means
for setting said coherency indicator to a first state
comprising means for setting said coherency indicator to
.said first state in résponse to one of said plurality of
processors indicating an intention to store to said
address indicated by said address tag.
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.coherency indicator in said first cache to a third state indicating that

said second data itemis shared. 23. The. data processi ng system of

claim?22, wherein said first cache is associated w {j ' ﬂﬂsor'
anong said plurality of processors, saidicache contmum mlmum _
conprising: . nmeans, responsive to detection ef a data'trsansfer on

sai d interconnect associated with said address while said coherency _
indicator is set to said first state. said data transfer being initiated by
a second processor anong said plurality of processors for updating said
coherency indicator to a third state indicating that said address tag is
valid, said 43r strH#aidatal pFokcess NG| %ﬂsté&ﬂ@fséhditﬁohﬁ,r 6\ igpdisgat or i s
capabl e of §££ equent Ibgi% " dated to a fourth state fromwhich said
first cache, ST all or sard gFu 5T$ty of caches, is responsible for
satisfying a data request specifying said address.

control ler Updates Sa e e e e B rt h otat e
controller u es saj d_coherency_status jndicato said _fourfh state
only after ufacé{ei L ?airaq%ﬁ{ér %g?/n%'f ?’ij?finﬁﬁilga?{)lfratqdié’af’é FF"FE‘FSstat e.

or said second data item while said coherency indicator

is set to said second state, for placing said second data
item on said interconnect and updating said coherency
indicator in said first cache to a third state indicating
that said second data item is shared.

23. The data processing system of Claim 22, wherein said

, first cache is associated with a first processor among
said plurality of processors, said first cache further
comprising:

i means, responsive to detection of a data
transfer on said interconnect associated with said
address while said coherency indicator is set to said
first state, said data transfer being initiated by a
second processor among said plurality of processors, for
updating said coherency indicator to a third state
indicating that said address tag is valid, said first
data item is invalid, and said coherency indicator is
capable of subsequently being updated to a fourth state

- from which said cache can supply a data item associated
with said address in response to a request.
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24. The data processing system of Claim 23, and further
comprising:

means for updating said coherency status
indicator to said fourth state only after updating said
coherency status indicator to said first state.
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