: PSEUDO'PRECISE |- CACHE | NCLUSI VI TY FOR VERTI CAL CACHES BACKGROUND.CF THE SF%D;Z
T N - Technical Field: The present invention relates ¢fnf04
ti:cal cache. hierarchies and in particular to selective
eéspect to cached instruction. St¥ll nore particlarly, the
‘ion-relates selective inclusivity to prevent cached
n fron1be|ng di scarded due to deal | ocati:éns in | ower cache
. ‘Description of the Related Art: Superscal ar reduced
n set. (RISC) processors typically include bifurcated data and

n caches in at |east the IeveL one (L1) |l ayer of the storage
. Separate data and inStructiofis caches are necessary due to the

required in contenporary supercal ar processors, where instruction
d data.references may easily exceed nore than one cache access
sor BSFIRe ﬁ&FG&ﬁ@hésCAﬂﬁEcnnaLESIqmmmcabkyvnmﬂnxwdednwmﬂﬂs n the
har dwar e and desi gned for |atencies of one processor cycle or
t heref ore usual ly, B% ed 'so _that instruction and data
may beissued to 3 %’é Tn SEE GV same processor cycl e.
processing systens may contain nmultilevel cache hierarchies which
I:|l.y||-'1'éc|hm5!,-m,1t|,hgﬂt;_en_a,,= caches in higher levels are checked first,
s at a:ihi.gher | evel pronpting access to ‘caches on_ slower |evels.
. caches_are are typically ntilized to st.age data to

The present invention relates- 1n general o 1nc1us1v1ty

'h'vert-cal-cache hierarchies and in“part: cﬁlar to selective
nclq ;v y with respect to cached 4 Still more

lons._

' D__es_cription of the Relateéd arti T
Superscalar reduced 1nstruct10n set fﬁISC) processors
typlcally ‘include bifurcated data and instructlon caches in
at least the level one (L1) layer of the. storage hierarchy.
Separate data and instructions caches are: necessary due to
the bandw1dth required in contemporary superscalar
processors, where instruction fetches and data references

\ S per processor
_Ll caches, which are typlcally 1mb dded within the
processor hardware and designed for latenc es of one

prqcessor cycle or less, are therefore u |
that idstrqction and data references may';
Separate caches during the same processc

1ly bifurcated so
. issued to

Many data processing systems may coi in multilevel
cache hlerarchles which are logically 1n_;1ne--that is,
caches 1n hlgher levels are checked flrst,

_iw1th a miss at a
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. -3- discarded when cache | ocations are deallocated-is that there exists no.
g Cleaf*nechanlsnlfor di stinguishing instructions fromdata within a cache.
Progr.am sourc code within system nenory may conprise an indistinguishable
re of instructions and data. This may occur, for exanple, where a
“program resol ves code |inkages afger Ioadlng the code into system
Thus, there exists no neans for positively identifying

ctions when a victinms selected so that a replacenent policy may be
;gned to select an alternative victim Mreover, it is not necessary.
all cache levels be inclusive of the L1 instruction cache. It is
y:.desirable for an L2 cache to be inclusive of the L1 .instruction
che''s present and recent contents in order to:hi'ninize |atency of
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: of tiletc:aay'm:dﬁi GieROZPY - [Thus, there exists’ no means for

: positively identi"wlng 1nscructions when a vzctlm is
selected . .80 that

_ select an alterna 1ve;V1ct1m.' Moreover, 1t is not necessary
that all cache leveéls be inclusive of tf”i
cache. It is simp zdesirable for an L2 cache to be
1nc1us1ve of the Ll nstructlon cache’ s p;esent and recent
contents in order to. minimize latency of instructlon
reloads. Requlrlng s1m11ar inclusivity. at all levels of the
cache hierarchy detracts from overall cache efficiency.

It would be’ des;rable, ‘therefore, toﬂ rovide a
mechanism for maln

: nlng selective 1nclus1v1ty with regard
. : _pper levels of the cache hierarchy. It
would further be ai ntageous if the mechanlsm were not
affected by deallc tlons in lower cache levels, such that

instruction cache 1nclu51v1ty is not requlred in all cache
levels. o

to instructions
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- while larger, slower caches at found in |lower |evels. Cenerally, such
f?_vertlcal cache configurations are thought of as. |ncIu5|ve That is, the

: |n the cache When space is regired within a cache for new data or

oi.nstiructions read fromsystem nenory the._cache selects a victimaccording

“+t:0: the particular replacenent policy |nplenented for t he cache and

- deal’'l ocates the sel ected tache |l ocation. |In cases where a cache |ocation

= contained in nultiple caches is deallocated in one cache, inclusivity of
,Q;Loglcally in line caches is naintained by deallocatlng the sane | ocation in

s ot hér.caches. There are, circunstances, however, Wwhere this produces and

undesirable result. For exanple, if a cache Iocatlon cont ai ni ng

“instructionshd gndmksbaarawedhwkéahaea beyads Lhkefic 'L3)smqm& tffaete&rre space

S will gener a EARGs
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“.cache, it 1rﬁ %raﬁrt'hélEEeEnﬁthéS L&t cfm‘ﬁésl. Ievendayelsy no nore
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When space is: reqplre w1th;n;
instructions read. from_ ystem,memory,
victim according to- the partlcular rep
implemented for the. cache and- deallocate

?for new data or
;ache selects a S
ent policy

he selected cache
ontained in

location. In cases where a. cache lccatlo
multiple caches -is-deallocated -in one-ce lr-inclusivity of
logically in line caches is malntalned_b

same location in othex cidches. There are

leallocating the
ircumstances,
however, where this produces and unde51r':le result. For

example, if a cache location contalnlng tructions is

deallocated within a level three (L3) cac' . the same sgpace
will generally be deallocated in a level two (L2) cache. If
the processor/Ll cache thereafter attemp=

instructions from the L2 cache, it may m

to reload
: at the L2 and
4in the cache

the L3 caches and (assuming no more leve

hierarchy) be required to access the des d instructions

from system memory. Instruction reloads 'y be necessary,

for example, when a mispredicted branc T;xecuted. Since

the latency associated with a read fro ystem memory is

generally much longer than the latencies isociated with the
L2 and L3 caches, a significant performa ce delay may be

incurred.

One problem with preventing instruc :ﬁns from being




SUMVARY OF THE INVENTION It is therefore one object of the present
ihventi‘en to provide an inproved systemof inclusivit in vertical cache
h|erarc“; : It is another object of the present invention to a nethod and
- of providing selective inclusivity with respect.to instructions
in vertical cache hier- archies. .It 1Ls yet :@another object of the
cinvention to provide selective inclusivity‘to prevent cached
tions from being discarded due to deall ocations in | ower cache
The foregoing objects are achi eved as i s now described. A nodified
che coherency protocol is inplemented within a |evel two (L2) cache
ble to a processor having bifurcated 1 evel one (L1) data and
“uction caches. The nodified MESI protocol”in¢ludes two substates of
shdr ed state, which denot estheasensr aelRerRGEyTidi Or mati on as the shared
-plus additional information regarding the contents/coherency of the
-cache entr¥ One_ substate, SICO indicates..that the cache entry is
to contai &t |ﬁ§tFBEF?@%%GS?¥ﬁx9hiﬂ§tceﬁtGhﬁspnﬁaaatrenweaVEdnften1
M Menor pravider asultpobved systdics ehcl 86 PaRALeRicalhg é{i ond
ate, Sl gjerhpdh¢akes the same information plus that a snoopeﬁ ush
ion hit the subject cache entry while its .coherency was in the first
> substate. Deall ocation of a cache entry in ‘the first substate of the

| coherency Itais another |shisct fkhe presen' invention to a
method and apparatus of prov1d1ng select ve 1nclus1v1ty with
respect to lnstructlons cached in vert
archies.. )

¢1 cache hier-

It is yet another object of the prénent invention to
prov1de selective inclusivity to prevent cached instructions
from being discarded due to deallocatieﬁ
levels. k

1n lower cache

The foregoing objects are achleved as is now described.
A modified MESI cache coherency protoco“

1s implemented
within a level two (L2) cache acce551b1e to a processor
having bifurcated level one (L1) data and instruction
caches. The modified MESI protocol lnc_udes two substates
of the shared state, which denote the same coherency
information as the shared state plus additional information
regarding the contents/coherency of the ubject cache entry.
One substate, S;q, indicates that thé'
to contain instructions since the coﬁ

ache entry is assumed
s were retrieved
from system memory as a result of an 1ns ruction fetch

operation. The second substate, S;q, indlcates the same
information plus that a snooped flush o

ration hit the
subject cache entry while its coherency was in the first
shared substate. Deallocation of a ¢

. He entry in the first
substate of the shared coherency stat

hin lower level



., L3) caches does not result in the contents of the sanme cache entry
n.L2 cache being invalidated. Once the first substate i's entered, the
ncy state does not transition to the invalid state unless an

‘on ‘designed to invalidate instructions is received. Operations from
“processor which contravene the presunption that the contents

se i.nstructions may cause the cohereficy statie to transition to an
‘nary shared state. Since the contents of a cache entry in the two
oheriency substates are presuned to be instructions, not data, instructions
thi-n ‘an L2 cache are not discarded as a result of snooped flushes, but

“ai ned for possible reloads by a local processor. The above as wel |
s-addi tional objects, features, and advantages of‘the present invention

becone Rare | | owi n iled witten description.
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,Od'”E”t %Bnt@ﬁts comprise instructioéns may caus _héfcohereﬁey-state””

: to transition to an ordinary shared stat :.Si'nce the

contents of a cache entry in .the two. coh 'ency substates are

presumed to be instructions, not data, . nstruct:!.ons within

an L2 cache are not dlscarded as a resu 1t ‘of snooped '

flushes, but are retained for possible reloads by a 1oca1
processor

The above as well as additional objects, features, and
advantages of the present invention w:Ll ecome apparent in
the following detailed written description.




' pr_esent invention; Figure 2 is a block diagramof, an L2 cache in

ac lance with a preferred enbodi ment of the present invention; and Figure
‘a state diagramof a nodified MESI cache coherency protocol in
dnce with a preferred enbodi ment” of the present invention. -7-
ED DESCRI PTI ON OF THE PREFERRED EMBODI MENT W:.th reference now to the
and in particular with referencé to Fi gure: 1,-a nul tiprocessor
‘ocessi ng systemin accordance with a pref erred enbodi ment of the
.- invention is depicted.. Data processing system 100 is a symetric
)r'ocessor (SWP) system i ncI uding a plurality of processors 102 and 104,
h pref erabl’y conprise one of the Power PCTM famly of processors
airl abl e from | nternational Bu5| ness Machi nes of Ar m)nk New Yor k.

' though only two proces X ¢ ry enbodi msnt
'skilled in the artsl\s/)vl"“5 appr emﬁfoqqt hgtﬁgigcﬁ

processors nmay be
“I.ized in a multiprocessor data processing system in accordance with the
sent’. inventi dthe Bavelpfeaeases HA2ievél LPArhBeL¥ilos: @ de\gle ONe (L1).

cache 1 08 peal e I j.nstructi on_cache 110 and
' ﬁ@ré‘ift@oh g.re Qée Ef’%ét 'ry"gtg@ga?pﬁfl%!u?cﬁi F nsttiti on and dat a

respectj vel
s-in th’éwé'iéﬁﬁ"aﬁ séhjrgoHPWEﬁFr:tﬂés‘@lé-klaBI adpreferredamods if r ecogni ze
2. use, further objects and advantages ther of will best be
understood by reference to the follow:m
descr:.ptlon of an 111ustrat:|.ve embod:Lmen when read in
conjunction with the accompanying drawi gs, wherein:

Figure 1 depicts a inultiprocessor a processing -
system in accordance with a preferred embod:.ment of the
present invention; '

Figure 2 is a block diagram of, an 2: cache in
accordance with a preferred embod:.ment o .the present
1nvent10n, and

Figure 3 depicts a state diagram o modified MESI
cache coherency protocol in accordance w‘ h a preferred
embod:.ment of the present invention. '




single, unified L1 cache may be inplenented. |In order to mnimze data
-access. l.atency, one or nore additional |evels of cache menory may be
nted within data processing system 100, such as level two (L2)
esi114 and 116 and level three (L3) caches 118 and 119. The | ower cache
s--L2 and L3--are enpl oyed to stage,data to’'the L1 caches and
,_aily have progressively |arger storage capaciti.es but |onger access
‘enci es. For exanple, data caches 106 and 108-and i nstruction caches 110
nd 112 may each have a storage capacity of 32KB a__r__ll_d an access |atency of
proxi mately 1-2 processor cycles. L2 caches 114*and 116 m ght have a
orage .capacity of 512KB but an access | atency of . 5 processor cycles,
hile L3 caches 118 and 119 nmay have a storage capaC|ty of 4MB ?gz and 116
ccess | atency of BEHR £S5 an
.hd 13 cachesy118ngﬁ§ﬁﬁ%?hus Is%jvgebpg)?sl e?ﬂrr%g'l ate %?gég}?ﬁ’&t ween
focessors 102 and 104 and system nenory 120, which. typically has a nuch
rger storage ch'ablreyfemﬁnqaamdma\t? latnneaecgusﬁeé ﬁ@aclaoﬁﬁgergié;g%rtgﬁg ?ge
I'0Cessor Cywekasy WIRY. Y e.cache, hie
ache hi era?“i cgﬁg%%%é;?:d;n egg:o;} %iﬁl tJfé}écec?c§8§S| RG2 SDEPERFAHRE nay
ry. L2 cacﬁgg O 1 37 SFFE to 8o pyeéerradue imedt caf etheaches
onnect ed bmenttimentrmpexa idepietedes spita Xié aglﬁ dapBer YEdEM MEMOIY

1207 vi-a Sy3ECH) bymdRle thiled shbd ?ﬁpyﬂsﬁ, At degggégr‘.’ a8 ' ookaside
th L2 aches 4 c?fﬁ.. ¥eRult, data or
aches 1 ogi i‘{zﬂ vertl W c

n:fTuctlong 1lit processors 102 and 104, -which referably .

L comprlse one of the PowerPC" family of pr ssors. available

from International Business Machines- of P, monk, New York.

Although only two processors are deplcted in the exemplary '

embodiment, those skilled in the art. w111 apprec1ate that

additional processors may be utilized-in ;multlprocessor

.data process1ng system in accordance w1thlthe present -

invention. ; Y

Bach processor 102 and 104 1nc1udes a level one (L1).
data cache 106 and 108, respectively, and an L1l instruction
cache 110 and 112 respectively. Although illustrated as
bifurcated 1nstructlon and data caches in the exemplary
embodiment, those skilled in the art w1ll recognize that a
single, unlfled L1 cache may be 1mp1emen" d=
minimize data access latency, one or more
of cache memory may be implemented withi
system 100, such as level two (L2) cache
level three (L3) caches 118 and 119. The
levels--L2 and L3--are employed to stage
caches and typically have progressively-h

In order to
dditional levels
lata processing
L14 and 116 and
.ower cache

ita to the L1
*ger storage
capacities but longer access latencies.
caches 106 and 108 and instruction cache
each have a storage capacity of 32KB and
of approximately 1-2 processor cycles.-:L

Sr example, data
0 and 112 may
1, access latency
.caches 114 and
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. be Iooked up one of L2 caches 114 or 116 and one of L3 caches 118 and 119
= ! , although the data or instructions will only be retrieved
‘cache 118 or 119 if the respective L2 cache 114 or 116 m sses while
118 or 119 hits. Those skilled in the art: will recognize that
us: pernut ati ons of |evels and conf[%yrationSLQgpicted may be
nmented. L2 caches 114.'and 116 and L caches. 118 and 119 are connected
stenlnenory 120 via system bus 122.. Also connected to system bus 122
be .a nenory napped device 124, such as a graphiics adapter providing a
in ttlon for.a display (not shomn) and i nput/outiput (1/0 bus bridge
140 bus bridge 126 coupl es system bus 122 to I/ O bus 128, “whi ch may
OV|de connections for 1/0 devices 130 and nonvol atil e nmenory 132.

tem bus 1 d 1/Ob Lpus f
stem.bus 1226 hiShPUssf i H98 é%z%% de\r/] Pagity s\%ﬁ ut?taer?%qa%r;?@

terconnect cou lgl ing_the atta PEes
ol-ement at i HRES : cuPHIrasRers cycles) Oﬂdlém @éscgemes:omﬂlaei 119

ent | onal mperhaheral stensigee apaet g ag ﬁqﬂ(%ylla dacéedy q@y&% Qi nting
.cer such g r p@%‘&@ | and..a prJjnter ich are
ghedrdd W18 Zso na?séaad tg? hes 43t A L, e amghor y

nt.erfaced to, 1/ O bus 128 vica Convent | i
32 may corrpﬁ? SRR A and 9, shugdservs @s ant '@iatmg stystagea and ot her
| P8R0 LakQ

war e corbetresmpummesaioren 102 auat £0a 0 syl -
atil e sysEpin SERIRF aak? e st em: 1’09 b |ng re on R
ose kil e L trlgar 2 hﬂc?leg'ggﬁl Ze %‘nr CASERAGHOC H%Y Gnﬁ?@@fiﬁay

clude many? atency of greater than 50 processor cycles. "

Both the number of levels in the cal'he hJ.erarchy and .. .
the cache hierarchy conflguratlon emplo "1n data
processing system 100 may vary. L2 .cac _;114 and 116 in -
the example shown are dedicated cadhes'connected between
their respective processors 102 and 104
120 ((via system bus 122). L3 caches 11
depicted as 1ooka81de caches loglcally-
caches 114 and 116. 2as a result data -
be looked up one of L2 caches 114 or 116
caches 118 and 119 simultaneously, altﬂ h the data or
instructions will only be retrieved fro é cache 118 or 119
if the respective L2 cache 114 or 116 m 'ses while L3 cache
118 or 119 hits. Those skilled in the:a, ﬁw1ll recognize
that various permutations of levels and_c nflguratlons
depicted may be implemented. '

ﬁ system memory -

‘instructions may
nd one of L3

18 and 119 are
pus 122. Also
y mapped device

L2 caches 114 and 116 and L3 cache
connected to system memory 120 via syse
connected to system bus 122 may be a mei
124, such as a graphics adapter prov1d£f _é'connectlon for . a
display (not shown), and input/output - (I/O) bus bridge 126.
I/0 bus bridge 126 couples system bus 122 to I/0 bus 128,
which may provide connectlons for 1/0 d des 130 and




" additional conponents not shown in Figure 1, such as serial and parall el
i - ports, connections to networks or attached devices, a nmenory controller
gul:ating access to systemnenory 120, etc. Such nodifications and
i gtions are within the spirit and scope of the‘present i nvention. A
plcal comuni cations transaction on system bus 122 includes a source tag
cating a source of the transaction, a destination tag specifying the
Ji'nt'ended recipient of the transaction, an address:and/ or data. Each device
““connected to system bus 122 preferably snoops all - ‘comuni cati on
~‘transactions on system bus 122, intervening in cofmunications transactions
~~ 1 ntended for other recipients mhen necessary and-reproduci ng changes to
- system nenory data duplicated within the device mhen fea3|ble and
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ey epicted_in Fi enent i 3 version,o e
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convent:.onal adapters. Non—volatlle me o_""'

ach

loaded into volatile system memory- 12'
100 being powered on. Those skilled the art w:.ll

, Such as serial e et
rks or attached
cess to system

additional components not shown in Figur

, . and parallel ports, connections to ne
D devices, a memory controller regulat:.ng
memory 120, etc. Such modifications an
within the sp:Lr:Lt and scope of the pres

riations are
. invention.

A typical communications transaction on system bus 122
includes a source tag 1nd1cat1ng a sourc of the

transaction, a destination tag specif "":ng he 1ntended
d/or data. Each

device connected to system bus 122 pref rably snoops all

recipient of the transaction, an address
communication transactions on system 22, intervening in
communications transactions intended £ her recipients
when necessary and reproducing changes ystetil nemory data
duplicated within the device when feasible)and appropriate.
Referring to Figure 2, a block diagr-"' L of an L2 cache
in accordance with a preferred embodimént 6f the present

invention is illustrated. The presen _;}tion supports




cache line, also referred to as a cache block, is the unit of cache nenory
: which a coherency state describes. Gener- ally a cache line is 32, 64 or
.-128 B long in contenporary data processing systens. Cache directory 204
~-also contains a number of rows each containing n directory entries, each
““directory entry associated with a correspgndi ng cache line in the
. equival ent row of cache menory 202. Each directory.-entry includes a tag
i field 206, a coherency state field 208, a |east recently used (LRU) field
|- 210, and an inclusion (1) field 212. Tag field 206 is utilized to store
| the tag field (e.g., bits [0- 191) of the system nenory address of the data
stored in an associ ated cache |ine. Coherency st '
through a predefined bit conbi nation, the coherency state of the data

stored in t h%s@%ﬁQQb@E‘égsEaQHEBHQ&Lon LEAL e ﬂ'xgl 'Qfé-ltg’ghgt@hgﬁ gg\évh;eflezélsy
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he, Such dat a
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line is also store cal ne L1 cai
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control | er 25 uhiach T?”agiéhétﬂélﬁGPyaS@ da%mﬂl@}. 292 5
cache Tenory, 20%0%8@15 gat exsmt%ger of congruenc as

cache line, alsojreferred to.as a’c
' .Gener- -

'd s_'c_:r‘ibes, ;

data processing systems.
Cache directory 204 also conta:ms"'_:
contaln:l.ng n directory entr:.es, each di;

associated with a correspondlng cache 'l:Lne in the equivalent

row of cache memory 202. Each directory entry includes a

tag field 206, a coherency state field 8, a least recently
used (LRU) field 210, and an inclusion ) field 212. Tag
field 206 is utii_l_._'ized to store the tag. : _eld (e.g., bits [0-
19]) of the system memory address of the E__iata stored in an
ield 208 defines,
e’ coherency state of
ne. LRU field 210

he line has been

associated cache ‘line. Coherency stat
through a predefined bit combination, .

the data stored in the associated ca
indicates how recently the associate

accessed relative to other cache lines 11'”1': the congruence
ci'ass, and thus indicates which cache ne . should be cast
out of the congruence class should tl d for replacement
fon field 212

line is also stored

of a cache line arise. Finally, inc:
indicates whether the associated cac-_

in the logically in line L1 cache, s ‘L1 data caches



. dlrectory 204. Cache controller 214 acts in response to signals received
For f:;associ ated processor such as processor 102 or 104 depicted in
or to trans- actions snooped fromthe system bus. Cache
212 thus includes a nunber of queues, including read queue 216
: 'queue 218 in which actions to,be_ perforned are placed until
ources becone avail able. For exanple a |l ocal processor nmay issue a
ad.reguest to L2 cache 200 as a result of executiing a load instruction.
che controller 214 places the read request in an-entry within read queue
;- services the request by supplying the requested data to the | ocal
~processor, and subsequently renoves the read request fromread queue 216.
‘Cache controller 214 may also place a wite request.-in wite queue 218 to

“updat € 'LRU 306 amt|ues andf el d8s22Qc806n 2de2hek eiﬂé’céﬁé’ e.ltﬂé d%ﬁﬁo%' ted wth
E he_cache |1Hepﬁﬁﬂkglnlng the requested data. an er ~ hativ exanpl e,
) rennte processor nmay initiate a system bus transactlon i ndi cating an
tent:to nodify a specified cache line inits |ocal cache Cache

ntroller 214, suilaespﬁerelhg &BOP () $.2! EEARECIdeP thcg stem

s, may pl r e directory 2 4 1n read ®816 to
et erm ne |?Cﬁ1cgle;%g%? Ea%%g ‘l" "?’P@?Pdé Prage [and é‘&éh‘éemﬂmry 204.

-,--cac]t%f&?r?hﬁo Fleeslz.fammmwmeuemﬁpzo mp&a&ﬁgon \t,\ﬂ'e EYStem
et i | a - . I Ccn,
- Wnen servi %ﬁ%d%ééiggﬁcggﬁ i?\%%ﬁﬁre??? “éév‘\% i % ca%gﬁ&e{ge é%l rectory
04 assocnated W t e specl AR ¢ such as
A Processor 102 or 104 depicted An Fi' to. trans-
actions snooped £rom. the: system bu Sact controller 212
thus includes a numbeyx of queues, includ;ng read queue 216
: ~and write queue 218 in which actions to be performed are
| placed until resources become avallable. ‘For. example, a
local processor may-issue a read request to?Lz cache 200 as
- a result of executlng a load 1nstructlon.; -Cache controller
- 214 places the read request in an entry w1th1n read gueue
216, services the request by supplylng the requested data to
: ‘the local processor, and subsequently remo &s the read
. Tequest from read queue 216 Cache contromier 214 may also
Pplace a write request in write queue 218 to update LRU and
" inclusion fields 210 and 212, respectlvely ;assoc1ated with
the cache line containing the requested datsz

As an alter-
native example, a remote processor may 1n1 1ate a system bus
transaction indicating an intent to mod":

line in its local cache. Cache controli
to snooping this transaction from the sys
& request to read cache directory 204 in
‘determine if the spec1f1ed cache line lS.
- cache memory 204. If so, cache controlle 214 initiated an
appropriate response on the system bus:and -1f necessary,

1ich, when

a_spec1f1ed cache
214, in response
n bus, may place
ad queue -216 to
ident within



- Al'though only one read queue 216 and one wite queue 218 are depicted in

i the exenplary enbodi nent of Figure 2, those skilled in the art will realize
t hat the nunmber of queues enployed by cache controller 214 is a matter of
desi gn choice and that separate queues may be:inplenmented either for cache
directory accesses as opposed to cache_nenory accesses or for signals
received froma |ocal processor rather than transagti ons snooped fromthe
system bus, or both. In a-preferred enbodi nent, coherency state field 208
of each entry in cache directory 204 is -initialized to an invalid (1)
state at system power-on to indicate that both theitag field 206 and the
data stored in an associated cache line within c e nenory 202 are
invalid. Thereafter, coherency state field 208:nay be updated to a .

coherency St ey rzokh%sgeéaghea {VE& GRNRLEREY1 P8 L9 3 dRscribed in
detail below._ .The state to ﬁ’g cohed e&my State =|eld 208 trq1%5|t|ons

depends on HOtHRIER Qs OB REAG: Fushe 69?“1‘?‘&8' ‘(}rb BN 2483k,
system and tdepicissbrige the ebkemplerygembodimenth igdmos @ addesees, al so

deﬁcrl bed i tnszgm@aeruﬁ%@ brbek&wl rgfaﬁﬁék Ct'hﬁ%{-_ 2] _ﬁ'@m %@tq%telu@?: cat 224' n
coherency s ed, cache _ cache cqn rol |l er
responds di f¢ q(a/%tyoc?ﬁgﬁp Eggﬂ%iﬁfbﬁsé o PalRBRT | 91% ¥y that an L3
cache, such chwic® @axdn@hamséppratedqueuﬁ gmyeb ; glejwitle@c@mthgra

speci fied caghe ddcife m&@eeo ,,,,aeaseseges@rabpowé _aeéﬁw%m to Figure
3, a state diagram of

' t |
accor dance fIIrSPsst &rerff’é'dSé%@&?nﬁﬁ?eb'fe%eﬁé“ﬁrﬁ@ gc%/ Jr0 R oco&? Tis

depi ct ed. rather than transact1 nooped from'th ‘system bus, or
both.'afj : T * :

In a preferted.gmﬁodiment, coher y
each entry in cache directory 204 is ir

.state field 208 of
ialized to ‘an
ﬂdicate that both
an associated cache

invalid (I) state at system power-on &£«
the tag field 206 and the data stored:
line within cache memory 202 are 1nva11d Thereafter,
cocherency state field 208 may be updateq a coherency
state within the modified MESI coherehby otocols described
in detail below. The state to which coherency state field
208 transitions depends on both the tﬁée £ meméry accesses
made by processors in the system'and';hg sponse of the
storage hierarchy to those accesses, #f. escribed in
greater detail below. Based on a cohe:

in coherency state field 208 of a req

cy state indicated
cache line,
cache controller 214 responds differe o snooped system
bus operations indicating that an L3 ot such as L3 cache
118 depicted in Figure 1, is deallocat specified cache
line within its cache memory. '
With refgrence now to Figure 3, ﬁg diagram of a
modified MESI cache coherency protoco .ccordance with a

preferred embodiment of the present i ntion is depicted.




The nodi fied MESI protocol is inplenmented only within an L2 cache; a
conventional MESI protocol is inplenented in | ower cache |evels. The

nodi fied MESI protocol includes the same four basic states utilized in a
conventional MESI protocol: nodified (M state 302, which indicates that

t he cache line has been nodified with respect to corresponding data in
system nenory w thout also nodifying the system nenory data, such that the
only valid copy of the data is within the cache entry storing the nodified
cache line or sector; exclusive (E) state 304, which indicates that the
cache entry is consistent with systemnenory but is only found, within al
caches at that |level of the storage hierarchy, i-n the subject cache; shared
(S) state 306, indicates that the cache entry may be found in the subject

cache and at fRAasbagreeqt hﬁé:@f@%@&@@ iPPTEme AR drilyl ngtﬁaar 8Her2

hi erarchy, wth.all ogles ﬁ% ﬁi ég belng fOﬂSISt nt mntg

correspondi n§¥AF4 #nEPLEBRLAR VS RFIHRTS |1tis(‘1“)p ol ?Aﬂ'f’ﬁﬁ

i ndi cat es t halachecdenelent r fheboodified MBSI prdtedud a@@ﬂBQQStage sAmli n a
gi vteﬂ catche 'fi:diobh%'i&erstﬁﬁﬂgrﬁﬂili\%é? ﬁé tahtesﬁalg%lgma@mgxl Beoe&ES!th tcacggz
in the storage i f] state and excl usjve_state

are supported dgﬁ %nggxtFBﬁt?efgggs WRich Jodicates, Ghets Eacirel pREsuned
to contain |rhﬂﬁ'b@ﬁnomgdmﬁuhérWihhnreknezt'Ehecettﬁsponﬂmagedetates shoul d

not be appl i Gydent aleeube'*cashsohecaiw nﬁoaffymg EIRS toyaRdmink o9t aRBa, -
descri bed- fuI

addi ti onal st® ggg E]nEH =P8 aY?¥h$ ccgyfﬁ%ggé Qﬁ?aggpghg£|Udgﬁﬁte

cache entry stor:.ng the. modified cache line or sector;
exclus:.ve (E) state 304 wh:.ch indicates that the cacheé
entry is cons:.stent with’ system memory but is only found, _
within all caches at that level of the storage hlerarchy, in
the subject cache; shared (S) state 306, indicates that the
cache entry may be found in the subject cache and-at least
one other cache at the same level in the storage hierarchy,
with all copies of the data being consistent with the
correséonding data in sys'cem memory; and invalid (I) state
308, which indicates that a cache entry--both the data and
the address tag--within a given cache is no longer coherent
with either system memory or other caches in the storage
hierarchy. While modified state 302 and exclusive state 304
are supported, the invehtion relates to cache locations
which are presumed to contain instructions rather than date.

- Therefore, these states should not be applicable to the
cache locations of interest and will not be described fully
herein.

The modified MESI protocol also includes two additional
states, which are variants or sub-states of shared state
306. S;. state 310 indicates that the cache entry may be
found in the subject cache and at least one other cache at
the same level in the storage hierarchy, with all copies of



306 SI CO state 310 indicates that the cache entry may be found in the
ect-cache and at | east one other cache at the sane |level in the storage

i copi es of -14 the cache entry being consistent with

_ and al so indicates that the subject cache entry was | oaded

t-of an instruction fetch. SIgl state 312 indicates that the

ry may be found in the subject cache and at | east one other cache

‘ame | evel in the storage hierarchy, with all copies of the cache

2i ng consistent with systemnenory, and further indicates both that

1 ct cache entry was |oaded as a result of an instruction fetch. and

‘he. same cache entry has been deal l ocated i-n-lower |evels of the

i erarchy. Despite deallocation by a | ower cache, the instructions

¢ :thec gelchecrhtyyabe i A abasﬂgderitonulaﬁ%y@één %Fﬁir, 3 gn LL
e ade

at g iigAn: n dified SI™ protoco pendent on
nat ur e O%HEEQE§SME%%ES§LMh|C I B gE Xate leaded g8 Be

and; tI7E Tt BEEan 1PﬁErBFEé@ﬂtf¢r§¢h)-rySaﬁcm:e 3uR dadfichsestored in a
atithatashe ceshbtentrp €layabs egshndy i LS AHYRECEa0(Lpg: & data

atg&nl I ction),.then the cont ent 8of the
e -ar.e ggggpaﬁgtguggr ??ggéd§? . ?ufaP 1% & EPesehPEageansi ti ons
| BL5B8TERY s Wi kR .CepiemohHither cachel enitiryt beingnt ents of the

ckcaoséstent i wieh epster Afsthdry) afl . ERAMHIC N chELE hoth ' S
that the subject cache entry was loaded as a result of an
~instruction fetch. and that the same cache entry has been
:deallocated in -lower levels of the storage hlerarchyL
?Desplte deallocation by a lower cache, the instructions

ﬁWlthln the L2 cache entry are maintained for possible access
*by an L1 cache.

; State transitions within the modlfled MESI protocol are
idependent on both the nature of ‘memory access whlch prompted '
_the cache entry to be loaded and the nature of the Present
‘memory access. If data is stored in a cache location as a
'eresult of a data read by a local processor (i.e. a data read
.Operation prompted by a load instruction), then the contents
. ©f the cache line are assumed to'comprise data and the
}coherency state transitions from invalid 308 to shared 306.
‘On the other hand, if the contents of the cache block were
:gretrleved as a result of an instruction fetch, it is assumed
. that the contents of that cache location comprise
instructions and the coherency state transitions from
invalid 308 to S;, 310. If a cache location in S;co.-state
310 is the subject of a subsequent data read operation
~initiated by a local processor, the original assumption
regarding the cache contents compr1s1ng instructions is
‘negated and the coherency state transitions from S,;, 310 to
‘shared 306. Otherwise, however, if a cache entry in S;q,



that the contents of that cache | ocation conprise instructions and the
coherency state transitions frominvalid 308 to SICO 310. |If a cache
"”at*on irn SIC0 state 310 is the subject of a subsequent data read
:oninitiated by a |l ocal processor, the original assunption regarding
‘cache contents conprising instructions is negated and the coherency

e transitions from SICO 310 to shat é® 306. Otherwi se, however, if a
che -entry in Sl CO - 15 - state 310 is hit by a snooped f1 ush
iperati.on, such as may result fromdeallocation by a |ower |evel cache, the
herency state transitions fromSICO 310 to SICI 312. Once the coherency
“state-transitions“to SIClI 312, subsequent snooped flush hits to the sane
‘l.ocation are ignored and data read or read with intent to nmodify (rwitm
oper ations fro cal processor are as m ssed. Fromeither SICO
obate 310 ortate 3dPais BAS Y e witehehElueh oReaNe | PG B8 FAVAl | 0
ostat e. 308 omqm@,;t frpwsdeel bbcaniomshy uxtliognr chevnd, dalcbek theal i date
cbi). or %He‘i%h%i}t s@Q@éatEi'&@sz.@lé’ﬁ@ Hﬁngltlmstwnsch By, beyqmde in the

deIEd MVE ocol icted in Fjgure 3 are su ed below in Table
Do | ot ot canerapgh State ‘crdngly Sien 312, subseqpent | [err] S

iqdata read cnanmpa® flusnabhesenaryheusanmeﬂpeaEdon(anﬁongapnednendudat@ns
read or read with intent to modify (rwitm) operations from a
local processor are treated as missed. From either Steo

state 310 or S,, state 312, the cohgrency state transitions .
to invalid state 308 only as-a resuit of an' instruction

cache block invalidate (1cb1) or equlvalent operatlon.

State transitions which may be made in the modified MESI
protocol depicted in Figure 3 are summarized below in Table

- I
Table I
_State B :
I transition Causes Notes '
| e e e |
I -8 data read or rwitm Cache entry not
. ' believed to contain
instructions
I - Sy instruction fetch Cache entry assumed
' to contain
_ instructions
S -1 snooped f£flush
Sico = S data read Cache entry not
believed to contain
instructions
. S1ee » I instruction cache
block invalidate
Sico * Sia1 snooped flush Lower level cache
' deallocation
S » I instruction cache
. block invalidate




\I [err] SICO I nstruction fetch Cache entry assuned to contain
L .knstructions S [err] | snooped flush SICJerr] S data read

not believed to contain instructions SICO [err] |
--cache bl ock invalidate SICO[err] SI Cl snooped fl ush
cache deal location SICl [err] | . instruction cache bl ock
al - - 16 - The coherency statéStfansitions occur only within the
hes of a data processing system having additional, |ower cache |evels

> 'storage hierarchy. The sane operations cause Iomer | evel caches,

“follow the conventional MESI protocol, to undergo different coherency
‘transitions. The different cohere cy state transitions in the L2 and
3 caches which result from vari ous common operations on a particul ar cache

_ are COrrpar,ﬁg bell’?q‘":’:elrg y-rr?%et&)ltransz.tlons ocC %rraonfylwnttetﬁr} rélﬁjata read
1.9 ’Lz caches of a data processing system hav1ng additional,

'ilower cache levels in the storage hlerarchy The same
. .‘operations cause lower level caches, whlch follow the
",;conventlonal MESI protocol, to undergo dlfferent coherency
state transitions. The different coherency state

Etransitlons in the L2 and L3 caches whlch result from
'Ivarlous common operations on a particular cache entry are
_compared below in Table II. ’

Table_II
.m'0peration : L2 _
| 1-feten T Si 1*fi' =S
] data read i Sieo > S .. | f S+ 8 - ﬂ
:Tsnooped Sma-*nsml'.- | . “-St;'I . "
flush

A significant distinction seen in Table II is the difference
_=bétween coherency state transitions in the L2 and L3 caches
‘as a result of a snooped flush. The L3tcache deallocates -
the cache entry as expected in the prior_art}' The L2 cache,
_'Lnowever, retains the cache entry and transitionS'to a
':therency state indicates both that thefcaChe entry is
"7~ assumed to contain instructions and that=the same cache
ientry in lower level caches has been deallocated. Thus, the
L2 cache retains the presumed inétructions'for subsequent
*prossible reloads by a local processor " The L2 cache is
inclusive of the present and recent contents of the L1
instruction cache of a local progessor,’ but the L3 cache
"e-rneed not also be inclusive of the . game contents Selective
© inclusivity with regard. to lnst*uctlons is therefore
‘maintained in upper levels of the cache.h;erarchy while




snooped SICJerr] SIC S[err]l flush A significant
i distinction seen in Table Il is the difference between coherency state
transitions in the L2 and L3 caches as a result of a snooped flush. The L3
He-'deal | ocates the cache entry as expected in the prior art. The L2
-however, retains the cache entry and transitions to a coherency
TJndlcates both that the :cache entry'ls assuned to contain
st.ructions and that the same cache entry in | ower |evel caches has been
: Thus, the L2 cache retains the presuned instructions for
i b_equent p055|ble rel oads by:a | ocal processor. The L2 cache is inclusive
of  the present and recent contents of the L1 instruction cache of a | ocal
processor, but the L3 cache need not also be inclusive of the sane

contents. Se ' | S wWth regard . to ipstuctions is therefore
‘mai ntai ned |%%%E§£§ ?%gé# é%% %%?nﬁ?ééﬁb FefleFadrdnhyY| Eequining al | cache

efficiency i §°M8 BRgredeiray inclisivigysonphemresenti d:airemtt’ﬂtémstlh&ié y. The

ggr esen'éI Id n\éepgewmtsum%ﬁm&g r;_Fd rd;lp‘q;,]?oe&ﬂé’l fl’%:gngegﬁﬁ éanI[H delb I

di scarded by ting fro ocati 0 ower 9 eve

cache. ' The bdgﬁﬁﬁi&éﬁ%%& L!:t %r88 %%‘I é’&ﬁf"?@ ans%bkqvm | aI

increase in 098theSRchand The- itionaili onbermmy ehayebedd rmiterm@ﬁ_(i-ém thin

L2 caches i naasulodtahteiel mﬁ&d& Q&ﬁb%¥he£dt%ugphg6ﬁg&i tait% ve as a -
rese

_ gS' Lgcat | 0NnQBY Yoy IHIE Jﬁﬁive%tnte%a It\:/E ! %ta% es'in a mult:.leveI nvent | Or,]:_z.\. ik
A cache hierarchy. .

Although descrlbed,above as a modlflcatlon only of the
conventional MESI’ protocol the present invention may be .
implemented in coﬁ'unctlon with other modifications to the
MESI protocol, including the R-MESI protocol in which the
recent (R)'state,*essentially another variant of the shared
state,nlndlcates (1) that the cache entry may be found in
both the subject cache and at least one other cache at the
same level in the’ storage hierarchy and that all copies of
the data in the sthect cache and other caches are
consistent with thefcorresponding data in system memory, and
(2) that the subjeq
shared data, most.?

é_cache, of all caches containing the
m;cently received the data in a system bus
transaction such as. -2 read from system memory. The R state
is more fully descrlbed in U.S. Patent Application Serial
No. 08/839,557, wh=”h is incorporated in its entirety herein
by reference. Subj ates of the recent state indicating that
the cache entry is: assumed to contain instructions rather
than data and/or that the same cache entry has been'
deallocated in 1ower level caches may be 1mplemented in a
manner equivalent to the S, and S;e, States.

While the invention has been particularly shown and
described with reference to a preferred embodiment, it will




. 1 npl errented in conjunction with other nodifications to the MESI protocol,
: ) the R-MESI protocol in which the recent (R state, essentially
_.,arl ant of the shared state, indicates (1) that the cache entry may
in both the subject.cache and at |east one other cache at the same
the storage hierarchy and that %I copies of the data in the
..cache and ot her caches are consistent with the correspondi ng data
ém nmenory, and (2) fhat the subj ect cache, of all caches containing
ared data, nost recently-received the data in a system bus
't-lon such as a read fromsystemnenory. The R state is nore fully
ibed in U S. Patent Application Serial No. 08/839,557, which is

orated in its entirety herein by reference. Substates of the recent
> indi cadd RghdeRBtobhepea n SS d_to gontain . instructions
than gdaf and/ orf th gt Eﬂggi gﬁhié%ﬁi gﬁ?rf?‘na’%’a&egﬁr&é’é‘ﬂ ocated in
evel cac BE™; ¢ Fe Redl may Penmaderthepsimivdthoun t he S| CO
Cl st rtw;gl §romethavsepirbn &ws dpepe agréngqr@reulggom and
bed with reference to a preferred enbodinent, it wl - 18 - be
tood by those skilled in the art that various changes in form-and
“may be made there| n w t hout departl ng fromthe spirit and scope of
|_:-.nvent| on.




. 19 CLAIMS: What is clainmed is.: 1. A nmet hod of maintaining cache
.coherency-in a-data processi ng syst em including-a systemnenory and a
“plurality™of caches, conprising: performng an instruction fetch operation
r etrie mallmmmﬂﬁn 0 a first cache;and setting a coherency i ndicator .
~for. th rst-state indicating that the data item may be
--found |_n the |rst tache. «and.at | east ond%ther cache, that all caches

) ning the data item afe coherent with system: menory, and that the data
as retrieved by an instruction fetch, operation. 2. The met hod of

1, wherein.the first state indicates that the data itemis pr esumed
prise instructions. 3. The “met hod of clal mI wherein the first

4.

_ E"‘ﬁﬁ Lm 1, further conprising: responswe to detecti ng an
za-lon I nv ating an instruction cache |ocati-on and including an

ess tag %%c%%t@gawqch dtsve data item while the coherency indicator is
irst state, updating the coherency indicator to a third state

ting that tﬂe&a}% i temis invalid. 5. The. r__rethod of claiml1,

r. conprisi Ag p% 51 \5‘5‘5’53&@1"&& Fﬁﬁh%t egenpeydinperdataon i ncl udi ng
address t RECESSHINAQtansLeN Hnuddapaai émeuhmbﬁ______i'iﬂ&and a plural:.ty

of caches, co ;ng- _
perfomlng ' 1nstruct:|.on fetch op atlon retriev:.ng' a
data item to a:fl st cache, and ¢ T
settlng a.¢
first state ind:

memory, and that

4. The method fi'; i . “'ﬁ'sing:-
responsive;t et invalidating an
instruction cach

_ n address tag
associated with- t

data ltem while th
is in the first state, updating the co
third state indicating that the data i

oherency indicator
ency indicator to a
is invalid.

5. The method Qf'claim 1, further co
responsive to detecting a data re

| | peration including
an address tag associated with the dat

em while the




~ coherency indicator is in the first state, updating the coherency indicator

- to:a:second state-indicating that the data itemmy be found in the first

.“¢ache an her cache, that all caches containing the data

em ar: e(fmmmmn'mmﬁ"'”stem menory, and that the data itemis not

esumed t*o €onpritse sknstructions. 6. The nethod of claim5, a wherein.

ngd:state’is a shared state. 7.~ 2?he nethod of claim 11, further
gi<responsive to detecting a snooped flush operation i ncl uding an

fassom ated with the data itemwhile the coherency indicator is

r:'st state, -updating the coherency indicator to a second state

g that the data itemmay be found in the first cache that the

he is coherent with syst em nmenory, and that other caches logically

nd eshovertdie do ontain the data item 8. The

cl aim 7, é\/\iﬁ rdgl%%t tl%aﬁ'gl F’g'éng’t{?tt FEAE8e oWRARE e thesul ts from

i onC RIS cHélqlﬁG&PFoﬁocénFacmdlgﬁttalte aﬂcaﬁﬂig wHdt e second

-|.§:6€F4§ﬁl iirten mayabe lﬁeb.ﬁw ihethé ' Sirstaghene %ang He 18od of claim

r ':E_EWﬁ» Haltthe!, egaggs ? get ectl an -__-er ation inval idsting an
o a}ghe | ocat i on an |nc ?\gqéﬁ: | é&‘%mnhtaé@wth t he

em WHTTIEHORE W38 ayshen gevaryr amd |that.

'@

neh éianwmeaiQs wpgat i ng
en‘_cgrqsmmedattor cbmpaiséhiﬁdtﬁi&@éﬁd&dl cating -that the data item

:;6. “The 'method of claim"s;. whérein thé
:mshared state. : “

fcqhd'state is a
373 The method of claim’ 1,.further compﬁﬂ
: responsive to detectlng a snooped flush operation
;;ncludlng an address tag assoc1ated wit he data item while
the coherency indicator is" inTthe" flrs ate, updating the
.oherency indicator to a.second state 1nd catlng that the

' that the first

q;ache is coherent w1th system memory, and that other caches
-;loglcally in line and below the first ¢

e do not contain

nsition to the
f cache location
iche logically in

flS in the second state, updating the co .ency indicator to
1a third state indicating that the data temils invalid.




- 21 - 10. A data .processing system conprising: a processor having a f
Crste ¢ache; a second cache connected to the processor; a third cache
-connect. “‘“}“‘ﬁ;mu cache the third cache logically bel ow the second
..cache; m“m ndi cat or assom ated with a data itemw thin the
'iecond caché, thé& coher ence i ndi cat or |ng a first state indicating that
item may be found in the secon cache and at | east one other
at all caches conttaining the data itemare coherent with system
and that the data itemwas retrieved by an instruction fetch
n. 11. The data processing system of claim 10, wherein the
ncy indicator has a second state indicating that the data item may be
d . i’n- the second cache but not in the third cache. 12. The data

ssing 3yst e dcs|gidBekli 1), the fi rst cache' conprises an

-tk on cach%fle:ﬁar ate from a ata Cac?l%ml' 1Ha processor, and the

y indica g hﬁar”&ngtétglifﬁﬁlmhmg that the data itemis

~ the colferssfond wdicket gonneabeaidt toning %@g}sggf second state to the

}‘ateln r n n al i atl a cache location in
Sﬂﬁ.&@ daRHa cORBERLLEN: %)r}\sllﬁ? ‘agﬁ? chén fhe ddmd n:  t he

;c(he comi)rl é’?-E'QP{ gﬁé?’f"ggggg;glﬁg%&a@?ar ané froma data cache in
cessor, arfd akereniesT éndjcandrcassociitedqiuier QAL d1di cating
within- the second ‘cache, the coherency.,ndlcator hav1ng a
‘first state 1nd1cating that the data 1tem ‘may be found in
the second cache:-and at. least .one other' cache, that all
caches contalning'the ‘duta item -are coherent with system
memory, and thatithe data item was retrleved by an
1nstructlon fetch operation.

11. The data priotessing system of claim 10 " wherein the
coherency 1ndlcator has a second state 1ndlcat1ng that the

" data item may be found in the second cache but not in the
third cache.

12. The data processing system of clalm 11, wherein:
the first cache comprises an 1nstructlon cache separate
from a data ~cache in the Processor, and
the coherency indicator has a thlrd state indicating
that the data item is invalid, the cohere cy indicator
_trans1tlon1ng from the second state to the\thlrd state in

response to an operation invalidating ac he location in
- the first cache. .

13. The data processing system of clal; 16; wherein:
the first cache comprises an 1nstrnc

from a data cache in the processor, and

n cache separate

the coherency indicator has a second

ate indicating
that the data item is invalid, the cohe: :

indicator
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that the_data itemis invalid, the coherency indicator - 22 -
_tranSItlonlng‘fT0ﬁ+%he first state to the second state in response to an
'“peratlon ? a- cache | ocation in the first cache. 14. The data
roceSS|n bl 10, wherein first state indicates that the data
em se instructi .. 15. The data processing system
| cat or has.: a second state indicating
| east one ot her
hat all caches contalnlng t he data |ten1are coherent with system
and that the data itemis not presuned to ‘conprise instructions.
he data processing system of claim 10, wherein the coherency
for transitions fromthe first state to the ‘second state in response

oer aéx‘a‘ﬂ},lrt@bhh.ﬁ&' Ego&héhgaffrét‘i SRR RoSERATA QAR aaCHE W thin
es§0 cache cp tlng'a::ac e coherency prot ocol
4%&9 «a

‘a d?ﬁ%@??ln§°s?§taﬁ?rﬁﬁﬁﬁ?|§? T irCREd PR Y plurality
e | othet ifdast g@achehe directory |nclud|ng urality of entries,
-ectory entry uniquely associated with a he

), wherein first

_:state indicates. that the data item is. presumed to comprlse

. :Lnstructlons .

14. The data processing system of clei

'15. The data processxng system of claim , wherein - the |
'coherency indicator .bhas a second state 1nd1cat1ng that the
" data 1tem may be found in the second cach and at. least one
;data item are

-other cache, that all caches containing’
~¢oherent with system memory, and that the:data item is not

. presumed to comprise - -instructions.

), wherein the
st state to the
itr1ev1ng the data

. 16. The data processing. system of claimf
coherency indicator transitions from thé.
.second state in response to an operatloh;
‘item to a separate data cache within the- processor.
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| ocation within the plurality of cache |ocations; and a coherency i ndicator
within at |eaSt—ene directory entry, the coherency I ndi cator having a first
state: i ndi o that -therdata itemwithin the associated cache location is

.coherent ' ”}/ and was retrieved by an instruction fetch

‘operation. *18¢. " us of claim 4% -wherein the first state

i ndi cates that the caéhe* ocation is presumed to contain instructions. 19.
The apparatus of claim ‘17, wherein the coherency indicator has a second
state indicating that the data itemw thin the associated cache | ocation
may not be found in other caches logically in line with and bel ow t he
cache. 20. The apparatus of claim~17, wherein the coherency indicator has
a second state indicating that the data itemis not presunmed to contain

instructionss. A cache supporting a cache coherency protocol in a data

processing system, comprising: _

data storage including-a pluraligy'df cache locations;

a cache directory including a'plérai'ty of entries,
each directory entry uniguely associeéedjwith a cache
location within the plurality of cache' 1cations, end

a coherency indicator within at’ 1eas't one directory
entry, the coherency indicator having a flrst state ' o
indicating that the data item within-the: assoc:.ated cache
location is coherent with system'memory and was - retrieved by.
an 1nstructlon fetch operatlon. i :

18. The apparatus of claim 17, whereinlﬁhe first stete
indicates that the cache location is pregumed‘to“ccnﬁain”“““
instructions. - ;

19. The apparatus of claim 17, whereln the coherency
indicator Has a second state indicating that the data item
within the associated cache location may not be found in
other caches logically in line with and Bélow the cache.

20. The apparatus of claim 17, wherein the coherency
indicator has a second state 1nd1cat1ng that the data item
is not presumed to contain 1nstruct10ns.;;




