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Technical Field This invention describes a nethod and apparat us f%ﬂﬁ0§07'2f
mai nt ai ni ng cache coherency in a nultilevel shared menory nultiprocessor
system Description of the Prior Art Shared nmenory
mul ti processors are very popular due to their ease of progranm ng and

i nproved performance. In fact, there are many commercially avail abl e
shared-menory nul ti processors consisting of a nunber .of processors (up to
16 or 32) interconnected via a single bus with nenory and associ at ed di sks.
The processors typically have private caches associated with them and the
shared-nmenory nul tiprocessor is cache coherent using a bus-based coherence

Ceal abl e shar od. nemory Pt LA AR captC b BUBPSIMPLE TOMPRTT o Modes

i nterconnected by a ARCEBITECTUREROR! STARED MEMORYad_wher e

each node is itself a 16 to 32 node shared-nmenory nultiprocessor. This type
of shared-nenory nultiprocessor MULT&PR@EESSQRS from potentially
prohibitive access latencies to data that is.not present on a single node.
One solution to this problemis to use the nenory on each node as a

hi gher-1 evel cache,. resulting in a CEﬁﬁ?:ﬁﬁ# ORIy architecture [2] This
type of architecture facilitates the autonatic mgration .and replication of
data to nodes on demand. A mgjor. problemw th COVA architectures is -
expensive and conpl ex hardware; however, a e COVA archltecture [3] has
been proposed to mnimze this probléﬁ&ggmﬁiiiagea COVA, the paging software
nmanages cache space allacation and deal | ocation at. the pagi ng | evel and -

| e55 compl X har #hg! fvitiokS BkckBks ! kol £RC Bl SR eache
coher ence mai nt enance acrosggﬂ dﬁaﬁﬁﬁ |recto e peha the
associ at ed wit h FTAFTHEALD r°°ess°r system.

- Description of the Prior Art

Shared memory multiprocessors are very popular due to their ease of
programming and improved performance. In fact, there are many commercially
available shared-memory multiprocessors consisting of a number of processors
(up to 16 or 32) interconnected via a single bus with memory and associated
disks. The processors typically have private caches associated with them and the
shared-memory multiprocessor is ¢ache coherent uéing a bus-based coherence
protocol. ‘This architecture is rapidly becoming a single component in scalable
.shared-memory multiprocessors consisting of a plurality of nodes interconnected
by a multi-stage interconnection work (MIN) [1] and where each node is itself
a 16 to 32 node shared-memory multiprocessor. This type of shared-memory
multiprocessor architecture suffers from potentially prohibitive access latencies
to data that is not present on a single node. One solution to this problem is to.
use the memory on each node as a higher-level cache, resulting in a cache-only
memory architecture [2] This type of architecture facilitates the automaue
_ xmgrauon and replication of data to nodes on demand.

A major problem with COMA architectures is expensive and complex hardware;
however, a Simple COMA architecture [3] has been proposed to minimize this
problem. In Simple COMA, the paging software manages cache space allocation
and deallocation at the paging level and less complex hardware is used to
maintain cache coherence However, cache coherence maintenance across nodes
is directory based so the penalties associated with data accesses and control



vacross nodes may be substantial (although the frequency of such accesses is

Ii keky to be reduced). Brief Description of the

Dr awi ngs FIG 1 schematically ill ustrates the hierarchical bus sinple
COVA architecture used in thi's'invention. FIG 2 schematically illustrates
the hierarchical bus nultistage interconnection network architecture used
in this invention. FIG 3 schematically illustrates the cache coherence
state diagramin accordance with the invention.

Summary of the Invention It is a object of this invention to mnim ze

| at enci es associated with cache msses that result in node hops in scal able
shared-nenory nulti processor systens. It i ¢ anot her object of this
invention to provide a cost effective nmethod of building scal able

shar ed- nenory nukdrpgsmedesmay be sibstantial (alihwugleths fegrenenpfspahiceessesdtiiksly es.
Accordi ngly, thifo béixediéedpn provi des a nmethod of maintaining cache
coherency across nultilevels of caches in a shared nmenory multi processor
system having a plurality of n%‘ﬁ‘e‘i"Dyg@ﬁ L GorL8€the THAWihgs @ shared nenory
mul ti processor. Wth this i nvemmmr—rmﬁ%m, tion is naintained
for each line in. the highest level of cache nenmory in the system where the
status informati | ga%h fRicfAPAE3 | fcHiteB@rd | I St
read the read ongg‘: N&&% ere Q{?edlé;t atus Jn?{)srs?rmﬁ lleﬁhgﬁs% i ndi cat es

whi ch of the nod mysetofeite |ine either: first read the read/wite
line or last nodeiged s%ﬁﬁﬂﬁlmm&ﬁeslmawémﬁhmﬁadgemmomdmﬂ or

each cache line is t o, cache |ine. If a cache of one of
t he nodes of theW&ﬁ%ﬁcﬁﬂ%mghhg%'ggﬁ%g'men&y in the systemissues a read
command or a w i FBEGAS echemmaticaliyailsitrates thel catlee doh&bnmmm&agrmuﬂacdord;hee;t

| evel cache of t@ﬁhﬁﬁéfn‘%@ﬁume” t he owner of the cache line places the
cache line on a bus I nterconnecting the highest |evel of cache nenories,

where the issuing cache reads or difies ‘L{lefc‘ec iﬁ/ely, its cache line
using the cache I'ine placed on tthmT SRREr- of the line. .

.. It is an object of this invention to minimize latencies assoclated with cache xmsses
that result in node hops in scalable shared-memory mulnprocessor systems.

It is another object of this invention to provide a cost effective method of
building scalable shared- memory multiprocessors without the need for coherent
directories. :

Accordingly, this invention provides a method of maintaining cache coherency
across multilevels of caches in a shared memory multiprocessor system having a
plurality of nodes, where each node is a shared memory multiprocessor. With
‘this invention status owner information is maintained for each line in the highest
level of cache memory in the system, where the status information indicates
which of the nodes of a read only line first read the read only line, and where the
status information also indicates which of the nodes of a read/write line either
first read the readfwrite line or last modified the read/write line, where the
indicated node for each cache line is the node which owns the cache line. Ifa
cache of one of the nodes of the highest level of cache memory in the system
issues a read command or a write access command to a line that misses in the
highest level cache of the system, then the owner of- the cache line places the
cache line on a bus interconnecting the highest level of cache memories, where
the issuing cache reads or mbdiﬁes, respectively, its cache ling using the cache
line placed on the bus by the owner of the line.



W3 Description of the Preferred Enbodi nent Presented in
HG ‘1 is a logical diagramof a 2-node shared-nenory nultiprocessor system
wi th each node itself a 4-node shared-nmenory mnultiprocessor HlL. The caches
1 and 2 are shown in this node, and the |ower-level L2 caches 1 are assuned
to be associated with a processor. Wile this sinple COVA architecture does
not include a main nenory, disks 5 and an associated disk controller 6 are
assunmed to be physically resident on a node HlL (denoted the disks' hone
node). The basic difference between the protocol activity for the two
proposed architectures (bus-only (FIG 1) and bus/MN (FIG 2)) is the fact:
that the bus-only (FIG 1) uses the inter-gode bus 4 for both control and
data transfer while the bus/MN architecture (FIG 2) uses the inter-node
bus 4 for control and the in 086 Vbt Prdired BhfbolifRdif er -~ Most of the
coherence activity needed foﬁ%ﬁ#&%ﬁmvmwdw-cﬁlm ures are- -
identical. W therefore focus our discussion on the bus-only architecture
proposal (FIG 1 ver mes o 0 Y% H) t he, I\A]Niga cture
(FIG 2) is spem)Pfr \égn §cuisg%dli\/\,?féﬁé‘l h&gm of Q 23 S-on
protocol activity™® W°f"ﬁ§f%é¥ﬁ‘l°‘€am qo)s r’lé’r‘fﬁe” otah ‘{ﬂ@eL gf‘?? 3 (2)
caches contain simeultiproggissarntli ofhe cachss mﬂcaearmhewemlrt}ns pede; and thened
that the coherenQ@wmafepwbaches Itdieagmedtome%ﬁcﬁtehvﬁﬂnrpmwom wiulethm

excl usi ve, shar eg“%‘gg\t]%Mg) ldoes Qﬁ n% |
protocol can be us 0 I ca | e arcﬁﬁ proto b't4]
Since there is néH95&tg rfi2 €0 PP‘I?E%%P “Wj {’e yé'ﬁég 51 °&cfd?‘fq%0[ﬁ
state, denoted t l{denotedr the d;shqehomame) i. The, basic Membﬁwméh%mwféf a .
read-only line. \A_Bemyt hertnem@wmemsichﬁmﬂ:esamﬁ-amya(mechyahdrmsmm cache
?Eéamr)gﬁgi (randsséxté u5| ve, c"{mr Bﬁs-éémﬁglﬁ'ﬁ] 113 clgﬁéfdeﬂufs“g?ﬂnl%&ﬁ Itf]el "
line is its owner® %8@"? E’Bqu%yg th 8@3‘1 acchitectyre Eét?i\fmﬁ
required when |rrpnmmm:gqfhecmmlmmmmr-pwﬁmmﬂfmdaw&rchi%l bus
sinpl e COVA ar chiof éilie Udoherehét acuvityDheeded st tieed18ws’ @bmmmuwamtm~—----~-w—
page T epl abenent “ApREATEWe Tl tocud e dicltol G the s Gy bicBeeB, 1) S
cache |ine can b@PRPSHh @ié‘ 1913 t@'gmégl HFY 1 ﬁ'b%"g éﬁn
illustrated i n FKEIGR2) is specified and discussed when it differs from the bus-only protocol
activity. ' :

To maintain cache coherence, both the L2 (1) and L3 (2) caches contain state
* information on each cache line entry. It is assumed that the coherence protocol
is the generic M,E,S,I (for modified, exclusive, shared, invalid) protocol. For the
L2 cache 1, this generic protocol can be used along with a_ typical hierarchical
“bus protocol {4] Since there is no notion of main memory in our proposal, an
additional state, denoted the shared owner state, is used to specify the ovner of
a read-only line. When there is a request to transfer a cache line to a cache on a
read miss, the owner of the line will supply the data. If a line is in the modified,
exclusive, or shared owner states, the cache containing the line is its owner.

" The substance of our proposal are the special actions required when
implementing the L3 coherence protocol on a hierarchical bus simple COMA
architecture. For example, the cache replacement strategy becomes a page
replacement strategy, and this invention describes how this page replacement
strategy is integrated with the L3 cache coherence.

An L3 cache line can be in one of five states as outlined below and as illustrated
in FIG. 3.



4 . E - exclusive (8). The line is only resident in the L3 cache (2)

arid/or its associ ated | ower-1level caches and it has not been nodifi ed.
. SO - shared owner (9B). The line is resident in several L3 caches (2),
and the | ine has not been nodified. This cache line is placed on this
L3 bus (4) whenever a renote L3 cache (2) has a miss for the line. . S
- shared (9A). The line is resident in several L3 caches (2), and it has
not been nodified. . M- nodified (10). The line is only resident in
the L3 cache (2) and/or its associ ated | ower-1level caches, and it has
been nodified. . | - invalid (11). Space has been allocated for the line
I n the cache; however, the data is invdlid, or space has not been

allocated in the cache for the line. It is possible to conmbine the

excl usi ve. and nodi f iBe exdhasivees(8).Tle lneeis intyt wsidditan ahald aaehee(2)|andforritss t hat
may trigger COheren(&@so@ﬁi&d‘lﬂwérﬂle\‘dﬂ@ach&m(i{\&s(&)bee"xihﬁddxﬁdad ude an L2 bUS
read (AR) or wite M an L3 bus read (BR) or wit an L2 or

i nval i dati on(1 NV-*A sharedrownes %ﬁi{:ﬁ*’\/’@!eﬁmﬂmuh-‘ﬁvﬁﬁl ]e%@%esf@hm B).
Since we are assuni fige haSinwop|beer Diddified c This @ather line is fplacpdoa thissL3 bus i§éen

al l ocated for an LSmﬁg@rglrg}gmetngecgc}ﬁ,p@fﬁaslgqgls@togglerm been allocated for

the page which contains the Iine. Therefore, a page mss requires the :
initiation of the le(%hmmwmmmmmbS paches62i and ibhag gotand L3
cache m sses. See pageén modifisdenent di scussion bel ow. Described below are
the actions taken as a result of these events when ihe L3 cache line is in

one of the five <t at¥s medified (JO) WW”S@U’W@“‘H““ L cache @) andfor its ¢ he

line is in the i nvalass:bcmtedtlewmlelvehmch&,bnﬂ;nhm&e(l . wite (BW .
occurs, the line wl]l sta I an. L2
bus read (AR) occurd- ’{‘Y?gﬁ(?lr?e g‘ﬁ%h@nfh ngqagh;é#g .

on the L3 bus 4 to Mﬂé%lsm?ﬂélddat@aﬁmp'&tbem myhhﬁcb%&féh\‘-h%the
cache. If sp %Phﬁ llﬂ‘gemant
strategy is ggec%ﬁ%agfg?éﬂc{? |ng I gae%ﬁj&elg atg T %o en the data
is transferred there afelvevera MMrmﬁhgrmmmAbﬁmmmGadd(z)f ‘an
L2 b?ﬁ read EARL "THe$ nclude ahl 1B Bustead (AR) ot vk (AW HELA §u§1%§@ o 0wite( (829A|)f '
no ot her- cache CoO on_l
if a copy exist s?ﬁﬁﬁa?“ Fi‘éa%’i L?)ﬁ’évaﬁlgauornear@v(eglfgd che’ ’(ef%eghve\?ﬁ dg%& AR/ BR
on line 14. |f arfaghe flush RRL-; Since we arg agsuming atsmletqweaarela@ﬁ%uﬁ; aBRES o
read-w t h-i nt ent -liao-nopchetry afiocuead foyrart B3 cache liai:, hhen dpacd thas alsesndtt Beenn a
data transfer frm&a&mi&ﬁagemceam m&a%mfom,tppégbms%&%&w L3
cache and an invgl, 'ugg d OF e gagil reppacen Lsg'ag,g; and tff‘sprocessmg of L2 and L3 -
' cache misses. See page replacement discussion below. - Described below are the '
actions taken as a result of these events when the L3 cache line is in one of the
five states descnbed below. See FIG. 3.

e Invalid (I)11. If the line is in the invalid state and an L3 bus read (BR) or
write (BW) occurs, the line will remain in the I state. See 12 in FIG. 3. If
an L2 bus read (AR) occurs, then the L3 cache 2 will place a bus read signal
on the L3 bus 4 to request the data if space is already allocated in the cache.
If space has not been allocated, then the page replacement strategy is
executed (allocating the requested page) and then the data is transferred to
the L3 cache from the owner. Also as a result of an L2 bus read (AR), the
state of the L3 cache line is changed to E (8) if no other cache has a copy
of the line (See AR/BR on line 13) or S (9A) if a copy exists in at least one
remote L3 cache (the owner). See AR/BR on line 14. If an L2 cache write
occurs, then the L3 cache places a read-with-intent-to-modify signal on the
L3 bus 4. This results in a data transfer from a remote L3, the owner cache,
to the requesting L3 cache and an invalidation signal on the L3 bus 4. As




‘5 a result of the invalidation signal, if any renote node has a copy

of the I|ine, then that line will be invalidated. Finally the state of
the cache line is changed to M (10) as a result of the. L2 cache (1)
wite (AW and the L3 cache becones the exclusive owner of the |ine.
See AWIine 15. Aread-wth-intent-to-nodify signal is the typical type
of signal used to I nformrenote caches that a given cache is about to
nodi fy data. It also lets- t hese caches know that is does not have a
valid copy of the data so that it can obtain a valid copy of the data
(in this case froma renote L3 cache) and then nodify its copy. .
Exclusive (E) (8). If an L2 bus read (AR dccurs while in this state the L3
cache line will remain in this state. See line 16. If an L3 bus read (BR)

occurs whi | e i r® fespis ofthgnvalidation signal, iftany zeresite nede has acoepy of tierling s
changed to SO (See then thatrkne?wil) be amnaliddied. L Firaltg ke siakd of tienédche linbds | | ne
to the requesting Léhaﬁeéah% M MO) Afa ?&uk%f%L%i&ﬁégWe?(AWﬁ%{h ejéést ate

f th |
(r)eaél \?\n t_ﬁ i Int]gnlt St gagrﬂoegiﬁ MELSes é%\sé‘fe °3?’8ﬁ?€th°#"ﬂ HiW lige clache will

pl ace an invalidat mrresd-ghmlmem-ﬁ:hﬁod@ hgt&lti@thmmichﬂeﬁﬁ dfhgrababad td ne in
the L2 caches (iﬁﬁom%o&%aaﬁg W Jen@icﬁ&’ ﬁﬁ] Hﬂt?mé? Qéhci'i'afs&‘i‘?ir?’ bus
(4) to send totlhhe etf(llFJ%Btor stat i ne &égn%ed

(11). See BW NV-A %?fafPé thatdy ()
(9A). If an L2 or L@n@bgmeaﬂ:mpgmedawﬁn@mmsqmemwcacms)wl cache
line will remain wth&hmodﬁ‘aheedpyve state. See AR, BR on lines 22, 23. If

the L3 cache Iine sé)ﬁél ? 8 he L3 cache transfer the L3
cache line data dn sive (F) &)+ bﬁs F‘éﬁ&ég'?GFc‘%W%ﬂeth’é§E¥Fﬁﬂt9f L he L3 -
bus read. If an L2 qadmiuwwllhrmmthts@maeﬂ;nedﬁslﬁamjﬂabusmd@wnm hen
the L3 cache 2 pl aaﬁﬁleamﬂnmta{d, ﬁi&hltm\st&ﬂe@mﬁie IV cach€lideds Bhgsdto SOL(8EE

renote L3 copies !]ﬁe‘ C St ! I t hen
changed to M (10). e 1)| nes gh?hg i ; §I“°t‘9§‘ l%g‘% %tcg‘?‘o modi fy
bus signal occurs, ¥ABK2 tbﬂté“i{%ee

t he L2 cache busseﬁbneﬂ'he line. If the cache line is in the SO state, the

2 ‘l"tmﬁ e L i, chengesito o4 gnal on - -

L3 cache (2) “wilt- transfer the data te the requestor via the L3. bus,.and . _

the state of the n change | i nes 26 _and 27
A shared owner is Jggﬂiﬁé Eﬁéﬂ tﬁg%ﬂ%ﬂlﬁg %ﬁ'é‘&i[g’ the 13 eachewilt
sever al caches dlaceiqn in tiqnypignaberithelrtas ge nggm@dx)e cadligilmejimehaides
read-only lines L2 caches (1). The L3 cache will also place the line on the L3 bus (4) to send

to the requestor. The state of the line is changed to I (11). See BW,INV-A -
~on line 18.

e Shared owner (SO) (9B) or Shared (S) (9A). If an L2 or L3 bus read occurs
while in these states the L3 cache line will remain in the respective state. See
AR, BR on lines 22, 23, If the L3 cache line state is SO, then the L3 cache
will transfer the L3 cache line data on the L3 bus to the L3 requestor as a
result of the L3 bus read. If an L2 read-with-intent-to-modify bus signal
occurs, then the L3 cache 2 places an invalidation signal on the L3 bus so
that remote L3 copies may be invalidated. The state of the cache line is then
changed to M (10). See lines 24 and 28. If an L3 read-with-intent-to-modify
bus signal occurs, then the L3 cache 2 will place an invalidation signal on the
L2 cache bus for the line. If the cache line is in the SO state, the L3 cache
(2) will transfer the data to the requestor via the L3 bus, and the state of the
line is then changed to I (11). See lines 26 and 27.

A shared owner is used to specify the owner of a line that is present in several
caches at the same time (and therefore shared). This includes read-only lines



;:as well as lines that may be nodified (and therefore exclusively owned) at
sone-point during its residency in the cache and shared at other tines. If

a ~ read-wite line is in any cache, then it is only present in that
cache (there, can only be one cache with a read-wite copy of a line).
Therefore, by default, that cache is the exclusive owner of the line.
Now, if a subsequent node wants to read a line that is in the
read-write state in a renote node, "then the cache which has the

excl usive copy of the line (the exclusive owner) wll supply the data
to the requesting cache. The state of the cache line in both caches
will therefore be shared. This is because®he line is now present in the
cache of two nodes, and it is shared. It was previously nodified, however,

once the cache whi @ Welstlines that mayi heemedified: (aad) %?f?feoefxc@ﬁ%"l}' paed)ainst er s
this nodified |ine sbme pbifit At residencninhiie civht ahd sharell 4thetheramks. tifie state

o hne iep | "© | D obRRE 8608 BRp QIR hat & ot ?rksﬁﬁl'xﬁtm%e(ﬁ@ﬁ&ﬁnare t wo
c

caches with : ne

situation, we are é’é‘g'a?et?’ff h ‘ﬁ&twf %h%" sz‘e)br’* £5F1n??£€zﬁ$1mf’he
excl usi ve read-w i tkatceghe sfthe n:g:lqsivg@wner Of(ﬁﬁdmﬁhéﬂ@%o‘fé sihseqpens node| usi ve
owner) now becomes viafs t6headelineher is @if the readtvntte siatecin a remofelndidé,itheh thiy) ( 10) .

T an L2 bus Tead CAR. et ool AlhuEGhof HRhe! QR xchushd oSN St N | S

ST oo 0 1 o o gt b ol i o Bt £,

data. The state of cﬂmsmmm@mmmmeam%@@wﬂ&q@m#%nreﬁealtmﬂler ead
signal occurs; theracherofawb modes, hitd us shassid Inivak previomsly anmlifieds havnves,| ush

zwzgl Nexttransfﬂ\&ﬂ&ﬂg@%&ﬂﬁg&%ﬁﬁ%ﬁh fe Mddifid y(éﬁthéﬁ?élﬁﬂﬁk&scaChe
éhlf dxﬁsedLn d gfeaP%s catch%afg:ss%xe{l r?fdc Ifhe s?atg Fthe

requesting L3 cach Cache ThRe e ed to

SO (9B). See line ileembothﬁaqbss becomegghyres; 4t this peint, thege WdWPP‘B’G% gnal
occurs, the L3 caclnhca(ailjecnpy(asﬂamde:opy) ofthehnevdhudammnox.lméascmube L2

?ES (L‘;’) TE' 5(‘1"') | ![ tl'iaQStHé tache tﬁat |Hd§ endéxctubiGe read-\ﬁ‘ﬁslk:&p}e&' a8 et l’gm ———
e cache e
back to the L3'-cac fre?m? I“?‘I ﬁ“%flg%té’gf""és %}&efrebrfr

to the requesting ]E’éche (2) The state of the L3 cache I|ne S

changed to | (13). mgdl 39) ﬂ: A@‘g%‘&wrﬁg%;gf%es t he
Lfa ai ns

deal | ocati on of a e | s u er
cache. The strat egg'gg? °”E°ﬂé G AU

the cache line r eqe@s@e%fthﬂhnmelﬂ_tberem keachd oweer, By Ié&‘eﬂ@ 2 willsupplyon -

l i nes' 13-15 in Fl Gt data. The state of the line is unchanged. See line 19. If an L3 bus read
signal occurs, then a resulting L2 bus read will occur and a cache flush will
transfer the modified data from the L2 cache (I) to the L3 cache (2). Next,
the line is flushed onto the L3 bus (4) back to the requesting L3 cache (2).

. The state of the L3 cache line is changed to. SO (9B). See line 20. Ifan L3
read-with-intent-to-modify bus signal occurs, the L3 cache (2) will place an
invalidation signal on the L2 bus (3). This will result in a cache flush of the
modified data from the L2 cache (1) to the L3 cache (2). Once the flush is
transferred back to the L3 cache (2), it is then flushed onto the L3 bus 4)
back to the requesting L3 cache (2). The state of the L3 cache line is
changed to I (11). See line 20.

The page replacement strategy includes the deallocation of a page consisting of
a number of cache lines in the L3 cache. The strategy also includes the allocation
of a page that contains the cache line requested in the L2 (and therefore L3)
cache. See DA on lines 13-15 in FIG 3. |



27 The first step in page deallocation requires the selection of a page to
be deallocated (e.g. the least recently used or LRU page). Next, an

i nvalidation signal is placed on the L2 bus for each |ine conposing the
page. Any lines nodified in the L2 caches 1 are flushed back to the L3
cache 2 as a result of this invalidation signal. Al so, all cache |ines
conposing the page that are present in the L2 caches 1 are invalidated.
Next, the nodified and exciusive lines within the page to be deal | ocated
must be witten to a renote L3 cache that has the page allocated. If there
are no renote L3 caches with the page allocated, then only the nodified
lines are witten back to the home disk. Td determine if a renote L3 cache
has the page allocated, the gl obal address of the first line of the page is
pl aced on the L3 Thesfirst stepSme pages deadlocation reduwives fibe sglectival ofaddpagssto be

determ nati on. Tmeﬂlo%daa q8.g. e Bs&qamﬂy Q6kdbor Bmua;&d %Ndxorhnl Eﬂﬂidaiioﬁ)r Al

bus signal. If an, ai se
an allocation fl a gf‘ﬂ%@ﬂ% H?ﬁg ﬁy ‘?j t he
node identificati "éhﬁl %“d Wi}uﬂ@d@agktq ésl‘_‘ée A hifas the
page al | ocat ed, mhdaiqnamal f Alsd, dheacwmessomposmphepasvfﬂmme presérs ihi nes

in the page to bahdemhmemadwaﬁdatwnnéﬁ,rmeﬁmamedmaxauhv@mfbs(muntzhe MN 7

for the bus/MN agmot&caem§ % fehie bga}mgqg d@ﬁol:e%.f&%ﬂ@fl& m&ﬁé,& page

allocated will usl ve ver al

cop
L3 caches 2 have peated, é"‘g?'P&E%\P‘édem?‘ﬁ Page glig ¥en to
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If several L3 caches have the page allocated, then the state of the modified lines
will remain M (10) if only one L3 cache will obtain a copy of these lines. The
state will change to S (9A) if all other L3 caches (2) receive a copy of the
modified lines except that one of the L3 caches (2) will obtain a copy of the line
in state SO). However, all L3 caches (2) with the page allocated will get a copy
of the exclusive lines. As a result, the state of these lines will be S in the L3
caches. The cache that receives the modified lines wﬂl also get a shared owner
SO (9B) copy of the exclusive lines (if there are no modified lines then one cache
is chosen to get the exclusive line in the SO state).

If no remote L3 caches have the page allocated, then only the modified lines in
the page to be deallocated are written back to the home disks or placed in the
remote L3 cache of the home node. If the L3 cache that contains the deallocated



.8 page is located on the sane node as the hone disk, then the nodified
l-ines are witten back to the disks 5. Oherwi se, space is allocated in the
renote L3 cache 2 of the node containing the honme disk for the page
containing the nodified lines. The nodified data is then transferred to
this renote L3 cache 2. The nodified page is marked with the highest

repl acenment priority in the renote (hone) L3 cache 2. Once the page has
been chosen for deallocati-on in this renote L3 cache due to the

i npl ement ati on 'of the page replacenent policy, the nodified data is witten
back to the disks 5 on the node HL. W denote this nethodol ogy the nodified
line policy. Upon conpletion of page deal I®cation, the new page is
allocated in the L3 cache, and the process begins to transfer the line
request ed (and/ opagetifiRicated 08 2Xhd\kdrhd flodel thabiGihe diskt, ahérhthe camdified lkebaee r ead
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the hone di sk i smetholiblegysthebnddifidd liné pallep: requestl ng L3 cache, then the page
transfer fromthe disk 5 to the L3 cache occur, "8% k_& ‘i?’% home
di sk is on anot hEpomerrepleyancof nage deslligeatiq ?B“BE“&SI”?%@D? “{tﬁe &S cache
of the di sk honeambthe prodessbeginsytortemusfer therling rpquysted fand/asatherdines withithat
Caghe) hand tLanﬁi‘e &) Snth tRéTedche hmrﬁu%kwh&ﬁd%mﬁﬂhemﬁstﬁmeMbsE hone
node. Then, the e
Fequesting L3 calitdcqiial il Eﬁ%ﬂé%%%ﬁ@?“%& ‘ﬂ;faﬁ&*g ’Pﬁ%gf%’#
architecture (FI® “'z)fe‘lqefu‘}gsl‘:h& che, & via;thg by ‘Pﬁ&‘“ﬁ%&é Phe-1:3-
cache of the homthedMiN (Ap(tms/MRd apdgeMnF[ﬁ 2)5 Nosother ing transfars for ghak to a

buffer, and t henr&m fies et agE Iheedwm&efb& spacd Bas\been alteratddor | n. a..
sinmpl e COVA ar chif H%ﬁu% bt %ﬁﬁﬁaﬁ%kﬁu S9nd 9k e dill OF tfese the
as

SMP identified by as 1ts own address space
However, the ent %ehmmmsrﬁf&rgen%ﬁ%‘ 1} obal address space to facilitate

fﬁg‘tm[‘hcat ' on blei i H@LWE’cﬂl%hﬂa Q Mﬂﬁ&&ﬁkﬁﬁn cRHE WRFefore ol 13 @aﬁwedf
rmagni t ugevi ar ;; s ‘t‘sﬁ%‘”%fiﬁaﬁ?gggﬁt tB'fn ﬁ'ﬁé’ ke I'%dqé‘sljogla&é h@ﬁe%s?ﬁr °
vi rt ual If the home disk is on the same niode as the requesting L3 cache, then the page
transfer from the disk 5 to the L3 cache will occur smoothly. If the home disk is
on another node, then the page has to be allocated in the L3 cache of the disk
home node (which rﬁay result in a page deallocation for that cache), and
transferred from the home disk to the L3 cache of the disk home node. Then, the
line requested is transferred from that L3 cache to the.requesting L3 cache -
(single-bus architecture, FIG. 1). For the bus/MIN architecture (FIG. 2), it is
-not necessary to allocate the page in the L3 cache of the home disk node. The
page can be transferred from the disk to a buffer, and then from the buffer to the
remote L3 cache via the MIN.

In a simple COMA architecture, each individual SMP building block H1 (i.e., the
SMP identified by the dashed box in FIG. 1) has its own address space .
However, the entire machine must have a global address space to facilitate
communication between the SMP building blocks H1. Howewer, it is assumed
that the virtual address space of an SMP block H1 is at least an order of
magnitude larger than the disk capacity of the block. As a result, the virtual



;9 address space of each node can al so be .used as the gl obal address space
of the shared-nenory nultiprocessor systemlIt is assuned that this gl obal
address space is divided into N sub-address-spaces, where Nis the total
nunber of nodes in the system Therefore, for a given page, the virtual
address of that page maps to the sane gl obal address on each node.:
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~a. mai ntai ni ng status owner information for each line of a highest |evel
of cache menory in said system said status owner

i nformation indicating which of said nodes, of a read only
line, first read said read aonly line and said status owner

i nformation indicating which of said nodes of a read/wite |line was a l'ast

nove tast mooi A IMIJMRIRAREIARE "o ' 7<) ciors, oret Fra herei ' oaen *°

i ndi cat ed node for “‘eath tache Mine is a node that owns sai d
each cache |ine; and b. iIf a ciaoche at one of said nodes at said
~highest |evel of cache nmenory in said systemissues a read
or wite access to a line that m sses in the highest |evel

cache of said systemthen placing, by aGla#dM8$hat owns latter said cache

l'ine. . | atter said cache line on a bus directly

i nterconnecting said highest |evel of - . cache .nenori es. 2.
In a shared menoHavingshundeseridedpus inyention, What Bt BLASICV AL AESEEAL HHBBe is a
shared byHieRens Pavdnt ispr ocessor, a met hod of mai nt ai ni ng cache

coherency across at _|east three . levels. of .caches.in.said system
sai d net hod conprli sithg shared memory system W%%E“Fﬁi%%?“i:#ﬁ%“%ﬁ%é rl°ﬁ¥8 mat i on
for each line of a tichhestmdries,cihat eaclcimede is a shared memory mulpRRRESEOFNE sai d
system said stat USp@iMdrofinififtaifiig 6iché Beliefenty insaidhystemdn aésponse to read

REPLACEMENT SHEET . nman A line first read said
read only |ine, andcrs‘z"arlnt s O\An‘(lasf Sgldﬁxe{hﬁagmﬂ&isﬁlg. I nformation al so -

i ndi cati ng whi ch caahemsihtaining sstusrawiner informatiors for each lineed adughest level of
read/wite line, said lhd RlembAFMEBidfsian, S Siarus @4@8r information Indicating f a
non-owning cache at s aévﬁ{xclt“o pa?ého&eg,vo a rgid &?fﬂﬁ. mysﬁﬂeﬁébﬁy%}ié bad
said status information indicating which of said nodes of a read/write line
was a last node to have either first read said read/write line or to have
last modified said read/write line, wherein eachi indicated node for each
cache line is a node that owns said each cache line; and
b. if a cache at one of said nodes at said highest level of cache memory in
said system issues a read or write access to a line that misses in the
highest level cache of said system then placing, by a node that owns
latter said cache line, latter said cache line on a bus interconnecting said
= highest level of cache memories. '

2. In a shared memory system having a plurality of nodes, where each node is
a shared memory multiprocessor, 2 method of maintaining cache coherency
across at least three levels of caches in said system, said method comprising:

a. maintaining status owner information for each line of a highest level of
cache memory in said system, said status owner information indicating
which cache of a read only line first read said read only line, and said
status owner information also indicating which node of & read/write line
last modified said read/write line, said latter caches being owner nodes;

b. if a non-owning cache at said highest level of cache memory in said
system issues a read access to said each line, then one of said owner
nodes will place the cache line on a bus interconnecting said highest level
of cache memories; '

¢. if a lower level cache of said §ystem issues a write request to a cache liné,
the higher level cache sends an invalidation signal on the higher level bus
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i'ssues .a read access to said each line, then one of said owner nodes wi ||
place the cache It y i nterconnectl ng said
hi ghest | evel of cache if a | ower

| evel cache of said systemi ssues/,ﬂ!ﬂ" MMI o a cache Iine, t he

hi gher | evel cache sends an invali the hi gher | evel bus to
I ndicate that the information in saldlovver IeveI cache is invalid and the

hi gher | evel cache transfer data for said wite request to

t he requester on said higher | evel bus; and d.
~changing the state of said higher |evel- caghe line in a node which owned

sai d hi gher | evel .cache line to invalid. 3. In a shared

Temory system havi g aoRhditat ey o F%@éomds Bivey ﬁgeggé%@fm §RERfang
deal | ocati'ng a page i f"g‘é\e}bﬂ’déai?ﬁe CHF%S"?E% dgta, é’%’uf"l‘ d’ gmite, Teatesle1q jthe
access in a highest requester pregaid hlsha‘rlevelm andret hod conpri si ng:

di I d d
sondtng an vl mﬁ.ﬁm PRS0 88 B i, 23

said lines of sald pa 'n"ah%ald modified line is

t rgnfsm Ejt fad t o sai dinha gliteed mbRAyS hﬁ,vm a plurahty ?]Tnodﬁs ﬁ%@ﬂ?ﬁ&ir@hﬁgfal |
modified lines in s er _hi

| evel cache via a bus é f‘? 37 erconnectl ng sai
and d. ALy catinga agefaaammmrwsfaca@behn@ache

to provide space i rﬂcggsmahlghest level cache, sald)niaﬂmdlnogpnsmg evel cachc for

storing each line Q;. §§ﬂ(ﬁxgoﬁpﬁmhdauon signal to lower level caches for each line of said
: page; :

b. if any of said lower level cache lines have modified said lines of said page
then said modified line is transmitted to said highest level cache;

¢ transferring all 'modified Tines in said highest level caclie to another
~ highest level cache, and

d. allocating said page in saxd other hxghest level cache to prov:de space in
said other higher level cache for storing each line of said page.
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