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| NPUT/ QUTPUT TRANSACTI ONS TO COHERENT MEMORY | N A DI STRI BUTED MEMORY,

CACHE COMAEREMIT08AVULTI - PROCESSOR SYSTEM 5 BACKGROUND 1. Fret/ais#wrsessbodi ment
of the present invention relates to the field of conputer systens
including distributed nmenory, and, nore particularly, to an approach for

pi pelining i W@_—_{ -FFQIFfSI on of
Rel ated Art l@@f‘ﬁb‘bﬁﬂp /AMB&lﬁ Z?_ ulgeEgmmGS? ﬁ@’@TCﬁJ Conponent
I nt er connecTRANEACTIQNS T%\‘Fé)'% RE MEM&%\GW 6rP'§Fr5é$V-ﬁEDrM MORXrents. In a
comput er system i n GACHE COHERENTMULTBRROQCESSORISMSTEMuch an |1/ O bus and
menory, it is relatively easy to pipeline ordered requests fromthe 1/0O
bus. This is approach works well for systens with non-distributed nmenory

ar chi t ect BACKGROWDE of the existence of a single path between the 1/0
bus and nmenory. For a systemwith a distributed nenory architecture,
however, whereqtlmgelg are nultiple paths between an 1/0O bus and nmenory, it
has been common practice not to pipeline ordered requests fromthe 1/0O bus

due to the Comh%ﬁdalmawaprr%gem.ﬁ%ﬁ@@h%nafealt@metﬁemﬁedmﬂneprder over

t he rrultl pI e paths. Using a non-pipeline approach, an 1/0O bridge conpletes

a first gstQH% il Hss&ﬁbu‘f{ﬁ’% )Cé}" efa%emoresﬁéi‘tl&ﬁaﬂf‘?o 8R4 P}da%%‘s request.

Such an approach can |mt vabl e roughput for transactions

directed Epwégg @ﬁl regjtuli irghga%‘ﬂo@m)é%,w Sggﬂfﬁ“ result inoverall system

per f or man ire non-trivia war e changes
10 2. Discussion of Related Art

Some input/output (1/0) buses, such as the Peripheral Component
Interconnect (PCI) bus, have strict transaction ordering requirements. In a
computer system in which there is only one path between such an 1/O bus and
memory, it is relatively easy to pipeline ordered requests from the I/O bus. This

15 approach works well for systems with non-distributed memory architectures
because of the existence of a single path between the 1/O bus and memory.

For a system with a distributed memory architecture, however, where there
are multiple paths between an 1/O bus and memory, it has been common practice
not to pipeline ordered requests from the 1/0 Bus due to the complexity involved

20  with maintaining transaction order over the multiple paths. Using a non-pipeline
approach, an [/O bridg_e completes a first I/0 bus request to memory before
issuing the next I/O bus request. Such an approach can limit the achievable 1/O
throughput for transactions directed toward the distributed memory. This may
result in overall system performance loss or require non-trivial software changes

25 to avoid limiting the achievable 1/0 throughput.



25 to avoid limting the achievable I/O throughput. 1 WD 02/17086

PCT/ US01/ 25556 BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is
il lustratvedoby’osmy of exanple and not limtation in the PCUREZ25636 t he
acconpanyi ng drawings in which like references indicate simlar 5

el ements, and in which: Figure 1 is a block diagramof an exenplary

di stributed nenory, cache coherent, multi-processor systemin which
ordered I/ O transactions nay be efficiently pipelined in accordance with
one enbod BRMEE DHSCRIPFIONIOF FHEIDRAWINGSr am of an i nput/out put bridge of
one enbodi nent that provides for efficient pipelining of ordered 1/0O
transactions afite pleseht inwsntibe is ilgstehtédby ey 9y sxanplefanbirgtimitdtionfhgure 3 is
a flow diagramillustrating the operation of the prefetch engine of Figure
2. Fi gur ethe figurés of thwadtaganying dradingatin WdichhiRe perefenbb® hdfatd Similbetire
engine of 15 Figure 2. Figure 5 is a flow diagramillustrating a nethod of
one enboderBidntd @ihd iPWBRhi Ni ng ordered 1/0 transactions. DETAI LED

DESCRI PTI ON 20 A nmet hod and apparatus for pipelining ordered input/output
(170 transactigpRé1 'lsﬂa Blodk St gké}thFQn BREMbary &éﬁﬁa@tea%&hsgi c§a4fet em ar e

described. In the follow ng description, particular type I nt egrated

Clycul Lo, ooNbRITAIGhoEL O SistoRI WK PULRAT P EndERER MG] oo PUrPOSES of

illustratron. It w appr eci at
efficiently pipelined in accordance with one embodiment.

Figure 2 is a block diagram of an input/output bridge of one embodiment
10 that provides for efficient pipelining of ordered 1/O transactions and which may be
used in the system of Figure 1.
Figure 3 is a flow diagram illustrating the operation of the prefetch engine
of Figure 2.
Figure 4 is a flow diagram illustrating the operation of the retire engine of
15 Figure 2.
Figure 5 is a flow diagram illustrating a method of one embodiment for

pipelining ordered 1/O transactions.

DETAILED DESCRIPTION

20 A method and apparatus for pipelining ordered input/output (1/O)
transactions in a distributed memory, cache coherent system are described. In
the following description, particular types of integrated circuits, systems and circuit

configurations are described for purposes of illustration. It will be appreciated,



2 WO 02/17086 PCT/US01/ 25556 however, that other enbodi nents are
applicable to other types of integrated circuits, and to circuits and/or
systens owvabr/gwsed i n anot her manner. For one enbodi ment, PET/PR&i2S6h engi ne
prefetches data froma distributed, coherent nmenory in response to a first
transaction froman input/output bus 5 directed to the distributed,
coherent newever, that othlee embbdiemnkeareHppéicabie tteothestypesef iptegfatéd hed dat a and
is kept coherent with the distributed, coherent nenory and with other .
coherent cipalite, amdrty ¢iesits Bnd/besysyahe oonflguged ia ahotrer mdmneck di agr am showi ng
an exenplary conputer system 100 in which one enbodi ment of the invention

may be advant aggostd ambsdithentl Bepréfetchaamyinesprefatciesriatdfomsa distlibated, but ed
menory, cache coherent, multi-processor system The exenplary system 100

i ncl udes Bélﬁ@r@ﬁﬁh@&of@ﬁ&ésﬂ&ée@@df|il51than§€kth)h fromy ah éhpubelitpdesusanong a | ar ger
nunber of processing nodes. Also included in system 100 are an

I nt er conn@pédied (el mstkindida, chdrat midhdty/ AUddhekent chéHd butRdeede’ids 15 Each of
the processing nodes 105 and 110 includes one or nore processors 125 to

process ' r’é datQ%ﬁd%kéﬂ%&n&BhWﬁ tHeUIRARRBY ScohdRer tbmdrg o,
respectlve , ne or more | ocal menories 140 and 145, respectlvely

The chi psshdwmm&%g dont 0 lerh8FeIANBE)dighm funct i ons such as, for

exanpl e, menory cont I -processi ng support and/or cache coherency 20

f 125
cach | ntude o e 1E BER LR Rp b TG i B BRI P L7
101 one G0 I8 B8PS e B kiRl L4 G O St 1 but o

coher ent

10 computer system 100 is a distributed memory, cache coherent, multi-processor
system. The exemplary system 100 includes processing nodes 105 and 110
which may be included among a larger number of processing nodes. Also
included in system 100 are an interconnection network 115 and an input/output
(1/O) node 120.

15 Each of the processing nodes 105 and 110 includes one or more
processors 125 to process instructions, one or more chipset components 130 and
135, respectively, and one or more local memories 140 and 145, respectively.
The chipset component(s) 130 and 135 may perform functions such as, for
example, memory control, multi-processing support and/or cache coherency

20 maintenance for the respective node. One or more of the processors 125 may
each include or be coupled to a cache memory 147. The cache memories 147 for
one embodiment are coherent with each other and with the distributed, coherent

memory implemented, in this example, by the memories 140 and 145.



menory inplenented, in this exanple, by the nenories 140 and 145. 3 WO

02/ 17086 PCT/ US01/ 25556 The nenories 140 and 145 of one enbodi nent operate
t oget her ve@ 021 WB&t ri but ed, coherent nmain nenory. Each of PO®BUREmMssies 140
and 145 may be part of or a region of a |larger nmenory that includes

non- coherent regions as well. For one enbodi ment, coherency is naintained
bet ween t he ca¢hemepries dd0bhd 18 5afdnt kenboeimentepeidd tayathel4s ausi ng t he

wel | - known MESI (nodified, exclusive, shared or invalid) state protocol in
conj unct i distriautéd, coheneanmasymemory. nEashoafriime otemdoies €40 560, 14560ayaiel/ or 170.
The coherent systeminterconnect buses 160, 165 and 170 comruni cate

i nf or mat i partloébne esgipn otz Esgergnerndegsthatifclades AdiOcatrdenttrbgiohs 65 metle 120 vi a
the interconnection network 115 in order to maintain 1o coherency between

the vari oFsr orerembedinie, cohdfenanis martdiesEpétwess ke tachbahembried 17 |/ O node
120 that is described in nore detail below For one enbodi nent, the

coher est g tigammieniosies an0@al 128 $8Mgthe wellkpoRA MESIQrxFicAOEdudi, POi Nt
i nterconnects wi thout ordering restrictions in ternms of comrunicating

transact i @RgredRfinvesd) dthre 1;261@6@1315 cBEURGRASWIBTEbhehaht b $ReRafRIShneks The

i nt erconnection network 1 may be provided to commuhi cate nessages

bet ween t hsdd {50198 ahddrand, The cBhOERESsith IRERSnHLE Budss {41 16Br 0cessi ng

nodes 105 and 110. For one enbodi nent, the Interconnection network 115

does not aﬁaav@icem%mat@w%mn%@ﬁmé&saag&%wgh%;dgggggiaﬁgmggneat ed

between the I/O node 120 and one or nore of t nodes 105

ﬁg(rjelllj)'o HEGMBa8996 vitARe iMtE BARSCRA o118 9C ortiRPtd Ralrtdif’ f @ce one or

10 coherency between the various memories 140, 145 and a coherent cache buffer
in the 1/0 node 120 that is described in more detail below. For one embodiment,
the coherent system interconnect buses 160, 165 and 170 are point-to-point
interconnects without ordering restrictions in terms of communicating transactions
between the processing nodes and the I/O node(s).

15 The interconnection network 115 may be provided to communicate
messages between the 1/0 node 120 and the processing nodes such as the
processing nodes 105 and 110. For one embodiment, the interconnection
network 115 does not maintain ordering among the messages that are
communicated between the I/O node 120 and one or more of the processing

20 nodes 105 and 110.

The /O node 120 includes an 1/O bridge 150 to interface one or more 1/O
buses 155, such as, for example, a Peripheral Component Interconnect (PCI) bus,
with the processing nodes 105 and 110. Further details of the I/O bridge 120 of

one embodiment are described below in reference to Figure 2.

4



buses 155, such as, for exanple, a Peripheral Conponent I|nterconnect (PCl)

bus, wth the processing nodes 105 and 110. Further details of the I/0O

bri dge 1300601/17086e enbodi nent are descri bed bel ow i n ref eP€NVTBONAS5F6 gur e 2.
4 WD 02/17086 PCT/US01/ 25556 For other enbodi nments, the system 100 may be

configured in another manner. For exanple, the chipset and/or nenories may

be included w Fbi sthemembadimentse thef systeen P00 ey Lercniigbredrin Ansthehe

i nterconnection network 115 may not be included. Further, coherency of the
menori es mgnnbe FRei exaaiptes dhe nhipsetandéon oesrbonidst haybd irfdweieentithinr ohe@col and/ or
using a different type of interconnection approach. Oher types of system
conf i gur abr owse bhthetprodestbsri2s andimrtre intersomTeetipahbtwddetl e atayant b0 bus and
menory are also within the scope of various enbodinments. Figure 2 is a

bl ock di agiohmiedl Farthéer, Coheredgeoh nidradricsyiapbe watttaihed imaccordancenbodi nent
to inmplenment the I/O bridge 150 of Figure 1. The 1/0O bridge 250 i ncludes

one or snDithld dFereaherolitbfl idioR(ng 8 AeTepEnt Mecoflintet dohRBGRAtdpRFodcBduest
buffers 210, a prefetch engine 215 and a retire engi ne 220. her

ci recui try othethpesAst sYERAT corflguidtidAS AFhieR e i sidWan BHEbafH ng and control
circuitry (not shown) may al'so be included. .15 As described in nore

detai | belauyecnth IS‘@%B?aHanié‘rﬁ&rZ)aer%gﬁgyﬂ@%&sﬁgﬁé fvarioudata and state

fields and are used to store pref ata in response to one or nore
| /O transagidofimdfguests to facilitate pipelining of 1/0 transaction
requests. The address field indicates the address at which data in the

correspondi ng pffe Efeiép lofbok isrit ohTErRjeY250" 8! 27 BE Al féohe) 205 of
10  embodiment to implement the I/O bridge 150 of Figure 1. The I/O bridge 250
includes one or more I/O cache buffers 205, one or more I/O transaction request
buffers 210, a prefetch engine 215 and a retire engine 220. Other circuitry, such
as other /O transaction processing, buffering and control circuitry (not shown)
may also be included.

15 As deséribed in more detail below, the cache buffer(s) 205 include address,
data and state fields and are used to store prefetched data in response to one or
more 1/O transaction requests to facilitate pipelining of 1/0 transaction requests.
The address field indicates the address at which data in the corresponding data
field is stored in memory. The cache buffer(s) 205 of one embodiment are kept

20  coherent with the other coherent memories of the system in which the [/O bridge
250 is included. For example, where the /O bridge 250 is included in the system
100 of Figure 1, the cache buffer(s) 205 are kept coherent with the distributed,

coherent memories 140 and 145 and with the coherent cache memories 147. The

state field of the 1/0 cache buifer(s) 205 is therefore used to indicate the -



20 coherent with the other coherent nenories of the systemin which the I/O
bridge 250 is included. For exanple, where the 1/0O bridge 250 is included
in the sy0em70800 of Figure 1, the cache buffer(s) 205 arpeTksgi256%her ent
with the distributed, coherent nenories 140 and 145 and with the coherent
cache nenories 147. The state field of the 1/0O cache buffer(s) 205 is

t her ef or e cus@ent\ostatediecnthvd (hbdified WD (B01UsE 6S ISDEF&4H0 /| ZEBalk) faromer ency
state (e.g. M(nodified), E (exclusive), S (shared) or | (invalid) for one
enbodi mentenibodithért fin tvhizghNMESMES|@ratocd! is gsad efijheafatd rethd @beresporiding
corresponding data field. The 1/O transaction request buffer(s) 210 (al so
referred tdatdfsiggin as the 1/0O 5 request buffers) are provided to store
transaction requests that are directed to the distributed, coherent nmenory

described in regheyentenshetidi eauesthbuffers) DITe(a®o raired tb herdmiashe2®d. Such
requests may alternately be referred to herein as inbound coherent

requestss QgqudiPBumsts CarBairetied (dtbRAHMShS onfreGuesIe tiRrBRIdiFId totthe |/ O
transaction request buffer(s) 210 nay be io0o used to store all /0

transact i Qi AsE Tohere Fchfiry bsdibed i RYerdh6e & Fiﬁ@ﬂ'@‘ﬂ flofh ofOhEheRt nenory
regions. I/Orequests that are not directed to coherent nenory are

ferred t i - ' : i ncl ude,
reterred 4@ E\E{esg?)ggfstd&ggggg%gés F?]’ég aﬁt?rfﬁ%ﬁeﬁ%é RifetrSPHERAEInH B8 Ncl ude

for exanple, onfiguration accesses, I nterrupts and/or
speci al

special %ﬁ&%ﬁ‘g{?j‘@g&?@?co uRa Cbﬂ%ﬁﬂﬁ%rid%g{g’ even sonme 1/0 transactions

rec _ erent menory grons may be classified as
o e et AR By e PO s R BRI R SR
‘ 10 used to store all I/O transaction requests, whether or not they are directed to
coherent memory regions. |/O requests that are not directed to coherent memory
are referred to herein as non-coherent transaction requests and may include, for
example, I/O port accesses, configuration accesses, interrupts and/or special
transactions, such as locks. Further, even some l/O fransactions that are directed
15  to coherent memory regions may be classified as non-coherent transactions. For
example, memory accesses to coherent memory during a lock sequence may be
classified as non-coherent transactions.
The desired sizes of the coherent cache buffer(s) and/or the input/output
request buffer(s) may be determined by balancing the desired latency to memory
20 and I/O throughput versus the available space for the buffer(s).
Also, for some embodiments, an I/O transaction request to write or read
multiple lines of memory may be stored in the 1/O transaction request buffer(s)
210 as a single transaction, but processed by the prefetch and retire engines as

multiple, single line transactions at memory line boundaries. For such an

6



The desired sizes of the coherent cache buffer(s) and/or the input/output
request buffer(s) nay be determ ned by bal ancing the desired latency to
menory 300 andoBé O t hr oughput versus the avail abl e space POT/UBHIERSBISf f er (S) .
Al so, for sone enbodi nents, an |I/O transaction request to wite or read
multiple lines of nenory may be stored in the I/O transaction request
buf f er ( s) emdaddineent,c&he ipnofessing afisact ofdhesdisinglpilioe émasattioys isnie pref et ch and
retire engines as multiple, single line transactions at nenory |ine
boundar i eaccdrdanceugith the dhpiadhdiebeiiaal FEW HSGInRS Sifgle Bmdbpahgaetidns. t he
processi ng of each of these single line transactions is in accordance with

the approach desclOlethsbefignwvetoestbufigi(s),219i ofgine dnbegiiherstnsaedd ons. The 1/ 0
transaction request buffer(s) 210 of one enbodi nent include address, data

and cont r gidrieks|d¥sa antieonidsifieris. fTheladdiedifiert ingicates aiddassssS associ at ed
with the request such as a nmenory address to be accessed. The data field

provi dgs eesdcRAGP N M FERfudst SuchRs\Y MEMBR AGUrEBdMRIBe Mtedsdd. i T deguest or a
pl ace for data returned on a read request, and the control field may be

used to adifaliged c%r?éép\éﬁdih@%bf%tﬂe%it@nqg%é}goﬂgﬁrpé {¥Rtd rRQuedt@fdest type
and/or additional information related to the I/O transaction request. io0

I
Wher et he oloOrsraie Ryt a b (BUQI SrBOho cSARAITRImAPHe Beay goher ent 170

transacti 8n requests fromthe uses 255, the type transacti on nay be

det e m NethqRhid AaRBINARRIBT SRIEAL foithdion] ey ELAPSAGR/BPauditifal eduest type

and/or control Information in the control fi podi ment, the
MR e T it A L
10 Where the 1/O request buffer 210 stores both coherent and non-coherent
I/O transaction requests from the I/O buses 255, the type of transaction may be
determined by the address associated with the transaction, the request type
and/or control information in the control field.
For one embodiment, the 1/O bridge 250 includes a separate I/O request
15 buffer similar to the I/O request buffer 210 for each different I/O bus 255 coupled
to the 1/O bridge 250. For another embodiment, a single 1/0 request buffer 210 is
provided to temporarily store I/O transaction requests received from all /O buses
255 coupled to the I/O bridge 250. For this embodiment, the control field of the
I/O transaction request buffer 210 may also indicate the bus from which the
20 fransaction was received. For an alternative embodiment, the I/O bridge 250 may
include a different number of I/Q transaction request buffers similar to the I/O
transaction request buffer(s) 210, wherein one or more of the buffers is shared by

multiple /O buses 255,



to the 1/0O bridge 250. For another enbodinent, a single I/0O request buffer
210 is provided to tenporarily store |I/O transaction requests received
fromall wo@/bwses 255 coupled to the 1/0O bridge 250. ForpCTHBS&/2BMsodi nent ,
the control field of the [/O transaction request buffer 210 may al so

i ndicate the bus fromwhich the 20 transaction was received. For an

al ternative enbB@ulaaignthe carie bultsris) 288 anaysociHag multiptg capbeduffers@reent nunber

of I/Otransaction request buffers simlar to the I/O transaction request
buf f er (s) SPgE caghedeffar.one or nore of the buffers is shared by multiple
|/ O buses 255. 7 WD 02/17086 PCT/US01/25556 Simlarly, the cache buffer(s)
205 may i ncl udEherprefeteh engineR45 ot tieg wtise eaging RAg maydwdimpldrodrited . The
prefetch engine 215 and the retire engine 220 may be inplenmented using two
separ at e Bsing e spparakscituititinsits oatheyenayoipd corebined tpproviddehe he 5
functionality described below In operation, inbound I/O transaction
requests functionality desanbed befowt he |/ O buses 255 are tenporarily stored in
the I/O transaction request buffer 210. For one enbodinent, the I/0O
transacti on r elqugpsration frboud 0O teanseptionmeguests &smeorfd draterei o tid VGt - out
(FIFO buffer such that incomng transactions are stored in the buffer in

i 0 the or Heses 265Mdniectbmpbeyilyeb@driete Ve drahsadtiohhequdsEblifs (ca®) FdpS5 and
transaction ordering does not need to be otherw se indicated. For another

embodi menbpe efrdbainiart, the MTEBEdaelorPfedBEstiTRifeP210 RAmpRinRshtédad Bgirgont r ol
field, for exanple. The prefetch engine 215 then operates to enable

pi pel i ni np-MEt-6REFIROANFRE U hEERBERING thahsaPE AR siBREMthe Blifemhef et ch
engi ne does so hy
10 the order in which they were received from the 1/O bus(es) 255 and transaction
ordering does not need to be otherwise indicated. For another embodiment,
‘relative transaction order may be indicated in the control field, for example.
The prefetch engine 215 then operates to enable pipelining of the
transaction requests to coherent memory. The prefetch engine does so by
15 performing a non-binding prefetch of data associated with transactions in the 1/0
transaction request buffer(s) 210 and then storing the prefetched data in the 1/0
cache buffer(s) 205. This prefetching of data may be performed while another
transaction is being processed or while awaiting a response for a previous
prefetch operation. Further, the prefetch engine 215 may prefetch data
20 associated with any coherent transaction request in the I/O transaction request
buffer, regardless of the order in which it was received. In this manner, pipelining

is enabled. The operation of the prefetch engine 215 of one embodiment is

described in more detail in reference to Figures 2 and 3.



15 perform ng a non-binding prefetch of data associated with transactions
inthe I/O transaction request buffer(s) 210 and then storing the
prefetchadodzt@sé n the |/ O cache buffer(s) 205. This prepPer/wRivagssf data
may be performed while another transaction is being processed or while
awai ting a response for a previous prefetch operation. Further, the
prefetch engi nas shovial/bipeleddf elFigure3 Xbe asfetch ahgitie @16 Hirstryglenther ent
transaction request in the I/O transaction request buffer, regardl ess of

t he or der coheranirefuést froasthedieirarshetiom raduiest budfen@ey 21(i Aey bhé BBla i s enabl ed.
The operation of the prefetch engine 215 of one enbodinent is described in

nor e det ahimber ofefppreanhes mayfieguseeto Bekotithd . peRdW OREERORGUBSTThAISE1/ 25556
As shown at block 305 of Figure 3, the prefetch engine 215 first selects a

coherent operagstorf bythetfrefetoh@rigiren® s t Faexampue fe Hrafdter é&din@205 Any one of
a nunber of approaches may be used to sel ect the pendi ng coherent request

that is opgsahed selecbihetiegt parefiref ©Questan B RikrsTo10.exafEt are t he prefetch
engine 215 5 may sinply select the next pending request in the buffer(s)

210. If timeltiplel® trafuhdtionlrequdsPoliff@rasMme ipréiatch @yt BHhAfELSe ot he prefetch
engi ne 215 may use a tineslicing approach, for "exanple,” to sel ect the next

pendi ng cohesiRifg dMACESH, fdrexa@pR, & sdib& tlbé’ﬁéﬁrp%g%@btc%@r%h{ MRlu¥st ihhe

selection by the prefetch engi ne of the next ng coherent request on

which to grepphe bWrsb%@Fr@tﬁ/él%ﬂ‘lg SRR CHBY Bﬁ(faheegg}‘t@fgt ooes ARD g used.

however, the prefetch engine 2: oes not _ ve~ ordering
o PSR RSOSSN o SR S AVRREL 1
engi ng 213 drSach is used, however, the prefetch engine 215 does not need to observe
ordering requirements in selecting pending requests or in performing prefetch
operations.
Further, for one embodiment, if, for example, the prefetch engine 215 is
otherwise idle (e.g. there are no pending transaction requests in the 1/O
15 transaction request buffer(s) 210), the prefetch engine 215 may speculatively
prefetch data. For this embodiment, the prefetch engine 215 may use any one of
a number of approaches to determine data to be speculatively prefetched for an
anticipated 1/O transaction. For example, the prefetch engine 215 may prefetch
the next memory line or lines following the data that was just prefetched. In this
20  manner, if an upcoming inbound I/O transaction request indicates data
sequentially following the previous request, the data will be immediately available.
Other approaches to determining data to speculatively prefetch are within the

scope of various embodiments.



otherwise idle (e.g. there are no pending transaction requests in the I/0O
15 transaction request buffer(s) 210), the prefetch engine 215 may

specul at iw@by170p¢ ef et ch data. For this enbodi nent, the pre€BRUSH/BSAY ne 215
may use any one of a nunber of approaches to determ ne data to be

specul atively prefetched for an anticipated |I/O transaction. For exanple,
the prefetch enbfefision Blogky 1 s detarminasaviriier the selegtediaobertant | i nes

follow ng the data that was just prefetched. In this 20 manner, if an
upconi ng 3fEShig & reer requesher @ write ieguesit If, ftiexamels, thet prefstciuenginel | y
follow ng_the previous request, the data wll be imedi ately avail abl e.

Ot her appPoaéneReraiingen 8 Panding seathiequest, thevatbleck 345 ythepesfetoblengine wi t hi n
the scope of various enbodi nents. 9 WD 02/ 17086 PCT/ USO1/ 25556 At

deci si on Bl odrtesnimesivthather getadid gopye df theeeqerstachmesehelined avalabiemt r equest
Is a read request or a wite request. If, for exanple, the prefetch engine
215 i s5 optheal® ggchmbufiguesh 8Dhg!frseathermraietcht engifecrontibudd atdio&18R0 tohe pref et ch
engi ne 215 determ nes whether a valid copy of the requested memory line is
avai | abl edeterrBinelveheitied thevetaze mdré pefdihg 2&8uestsfin #t I/Oh@npactioptrefugstgi ne
continues at block 320 to determ ne whether there are nore pending

request s buffdrte) 210@ntimaasestitings at Blaule 305 tdprefedcH gdta 288octdd Wy conti nue at
bl ock 305 to prefetch data associated with other pending requests in the

| /'O transattier pendinglirfestui tRr I raRdsbtioAtreglRet i 296k 315, if a valid
copy of the requested nenory line is not io available in the local 1/0

PR R G e S
reques§ edaldilaBledh tHEBIGBAN/C Badte HLBRHs) YHe iRt RELIEO3DE | 1HIBrABRNT S

engine 215 issues a read request over the coherent system interconnect 270 to

prefetch the requested line of memory to be read. Where the I/O bridge 250 is

included in a system similar to the system 100 of Figure 1, the read request

issued over the coherent system interconnect 270 is communicated through the

15 interconnection network, over coherent system interconnect buses coupled to the
various system processing nodes to the distributed, coherent memories of the
system. Where the system that includes the 1/0 bridge 250 is configured in a
different manner, the read request issued over the coherent system interconnect
may reach the distributed, coherent memory in via a different route.

20 This prefetch operation, as well as other prefetch operations performed by
the prefetéh engine 215 of one embodiment, is a non-binding prefetch operation.
Non-binding in this context means that, if an incoming snoop request is received
over the coherent system interconnect 270 from some other memory/caching

agent in the system, and this snoop request hits a line in the 1/O cache buffer(s)

10



included in a systemsimlar to the system 100 of Figure 1, the read
request issued over the coherent systeminterconnect 270 is conmuni cated
t hrough t™e 02/870B6t er connecti on networ k, over coherent sysPEMUSOIEEIHBONNECt
buses coupled to the various system processing nodes to the distributed,
coherent nenories of the system Were the systemthat includes the I/0O
bri dge 25@0Psthednemgiy/eaghe soberedié pratesd fardimmeisiributeel, cetestentenamsty | ssued
over the coherent systeminterconnect may reach the distributed, coherent
memory i n (fredM&Stprotasobior one etbodderiThis Soljpmetie tThlas Opstwabn €k prafetore! | as
ot her prefetch operations perforned by the prefetch engine 215 of one
enbodi mentoperation andmetiremeénhgf the eberesonarey tedrisattion ¥gUedti héi greretopel hi s
context neans that, if an incom ng snoop request is received over the

coher ent syarhenylinatseared imtetl/2E8cHer MUfles@NBODINAG he NBrANEXeaaMAIdRghe agent i n
the system and this snoop request hits a line in the 1/0O cache buffer(s)

10 WO 62/ VIDedcheGUeRE)2EbMEH los2Mvneréttp BGEMRRNME C TR fnsRI2eiBRREN BEQL ocol for
the distributed, coherent nenory (the MESI protocol for one enbodinent) is

fol I oved. isBogds atidrevgsris dieudserf intrbdre dRRANAIGPh RRGeh& foﬁﬁ?%ﬁéra%nt he
correspondi ng transaction request, the prefetched nenory line stored in

the 1/ 0 caehr fetifdhint 8hgiR@220my be invalidated and/or the 5 1/0 cache
buffer(s) 205 may | ose ownership of the |line. The manner in which this

i ssue is addrepg@ctohindlh§ raféRfde *@F@gs Q%ﬁiﬂ, WhE QWaitiﬂaraﬁjggﬁoqﬁ%e to the

operation of the retirenent engine th COI’]%I nui n er ernce to

Fi gures 2 f@ﬁﬂth@coﬂ%ﬂr@aé sﬁﬁhﬁﬁt@&oﬂné@éﬂ%&i&ﬁcﬁ re%@gte;‘fl 5qug§/a [8%?8&& égt em

i nt erconnect, the € engl ne roce 0Oto

det er iy ne piR BB, HERHRINA \hTReShARHE Mehrk BINGRS ?eqiurésfshlﬁ ihd b

 transaction request buffer(s) 210 or whether to speculatively prefetch additional
data. The prefetch engine can then continue to prefetch data in response to other
pending requests in the I/O transaction request buffer(s) 210 or speculatively
prefetch data in the manner described above.

15 At block 330, upon receiving the requested data over the coherent system
interconnect 170, the prefetch engine 215 allocates this data in a shared state in
the 1/0 cache buffer(s) 205. This is done by indicating the memory address
associated with the data in the address field of the 1/O cache buffer(s) 205, the
requested data in the corresponding data field, and the cache coherency state

20 (shared in this case) in the corresponding state field.

Referring back to decision block 310, if the selected request is instead a
write request, then at block 335, the prefetch engine 215 determines whether the
/O cache buffer(s) 205 own an exclusive copy of the memory line corresponding

to the write request. (Using the MESI protocol, for example, this ownership is

11



transaction request buffer(s) 210 or whether to specul atively prefetch
additional data. The prefetch engine can then continue to prefetch data in
response Woopttes pending requests in the 1/0O transacti oPCT/E§UESES6
buffer(s) 210 or speculatively prefetch data in the manner descri bed
above. 15 At bl ock 330, upon receiving the requested data over the coherent
system i riedieaten g eithar7) Etond phate) elfo, thegiabelo2k 328) dopiiessiyhi s data in a
shared state in the I/O cache buffer(s) 205. This is done by indicating

t he menor ydesorifress the prefetehi engioe @il § maytentitatestoi prefetun dedglcesssgonging of the
|/ O cache buffer(s) 205, the requested data in the correspondi ng data

fiel d, andootier pandieg cahmstnmspetatitvelDpretdieh eéstaias ddabsbepgifvel N t he
corresponding state field. Referring back to decision block 310, if the

sel ected requetifatidecisitat Islack 335,wié 1/© daeﬁ@aaﬁer}%@@e dRes PbP&n 335, the
prefetch engi ne 215 determ nes whether the | cache buffer(s) 205 own an

excl usisve exolpgivetopyef theparticuldr terfér iAS ReSidEd wWith théGritd ek Gedtequest .
(Using the MESI protocol, for exanple, this ownership is 11 WO 02/ 17086

PCT/ US01/ 2658t blddkdB4matiedpleyeteh ER@he a5 BsGss Mradiake at bl ock
320, as previously descr’iobed, t'ﬁ\% pr ef etschS e{g{? ne ?Zcrl%éfr?éép%vg)é\gt??ﬂae to

prefetch datre membasRRMlNthd Gtk sy RBRhfdRBLesic @i chpecul ativel y
If, at oc

prefetch data as described above. ecl sion bl 5, the 1/0 cache

buf f er (S) eAfbadiRe, (RElorBr A8 rSqu ke k5 dffer BBBUNdIfg bRGRAILL ifddte memor Y

| ine associated with the wite fequest, the e prefetch

Fh Do LRSS ARSI o RB( B ARSI Aokl RS ARI Jl 1,
requesh mavylfidd Gfite18REEE! Y PR R: r%gf is80d 5§ invalidation request to

invalidate other copies of the memory line without reading the contents of the

memory line while, for a partial-line write request, the prefetch engine may issue a

read request for ownership which invalidates other copies of the memory line and

returns the contents of the memory line.

15 Similar to the read requests, while waiting for the snoop response over the
interconnect 270, the prefetch engine 215 may continue to prefetch data
associated with other pending /O transaction requests.

At block 345, upon receiving a snoop response, the prefetch engine
allocates the requested memory line in an exclusive state (i.e. the "E” state

20 according to the MESI protocol, for example) in the I/O cache buffer(s) 205. The
method of one embodiment then continues at block 320 to determine whether
there are more pending I/O requests to be operated upon.

In parallel with the above actions by the prefetch engine 215, the retire

engine 220 operates to retire 1/0 transaction requests from the 1/O transaction

12



request is a partial-line wite request or a full-line wite request. For

exanple, for io a full-line wite request, the prefetch engine may issue an
i nval i datWwen2/twguest to invalidate other copies of the ne@DU§OLISAE wit hout
reading the contents of the nenory line while, for a partial-line wite

request, the prefetch engine may issue a read request for ownership which
i nval i dat esqueshkuffer(g)i2d imbrdehencetiey halié beemoompleaddirTie ddegatomndfent s of
the nenory line. 15 Simlar to the read requests, while waiting for the
snoop r es flontedireoerging B&5 of oheembndinent B tesciifesl wittefeiérehceftgFigarssld may
continue to prefetch data associated with other pending I/O transaction
requests. aAtl bl ock 345, upon receiving a snoop response, the prefetch
engine allocates the requested nenory line in an exclusive state (i.e. the

"E' state 20 aatblock 405 ithe tdtie MRShe RROkERELS thé PExtEreHERETDN, ifortiBE td / O cache
buffer(s) 205. The nethod of one enbodi ment then continues at block 320 to

det er msne rafrgfdRT thell I franSdcBoNMPERIcBERHA@) b1® FOIRSERpSAMRRL qRer at ed upon.

In parallel with the above actions by the prefetch engine 215, the retire

engi ne 22 Iti ; L QEH t ; : @)
tr gnsacti g%tﬁé%ggﬁ\;)\%Qgtz)/er)é O%éélfi%#ésgggﬁ %%g%&étlsg? é%' ﬁﬁb@?é@ﬁﬂrﬁ%gﬁyl n order

once ¢ hey Wi FecBeR fRATR B RAer [0 @9/ e AePEmpb b E thE FffR91 e 210 of

one enbodi nent i s descri wWwth reterence to At bl ock
er, to 5

4051 Lhe ERbin2aBR IR0 LS fog 8 BB Ko ARSBELEOBchR RIGET. o S

retire fro transaction reques
e T it B 5118 For Ta¥ali i i eHRBEH I BRI SAE'RE ! Y 11 the
10 received. For one embodiment, these ordering requirements may be specified in
the transactions themselves and then processed according to a state machine, for
example, in the retire engine 220.
For example, for one embodiment, a read transaction request with
corresponding data available in the /O cache buffer(s) 205 may be retired before
15 an earlier received, read fransaction request, such that a subsequent read requesf
effectively passes an uncompleted, prior read request. For this same
embodiment, however, a read request may not be retired before an earlier
received write request. Other types of ordering rules may be imposed upon the
retire engine to ensure that erroneous data is not written to or read from any
20 memory in the system. The order in which instructions are retired to prevent
erroneous read or write transactions is referred to herein as program order.

Further, as described above, for one embodiment, the 1/O transaction

request buffer(s) 210 may also store non-coherent I/O transaction requests. For
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were received froma particular 1/0 bus. For another enbodinent, the retire
engine 220 may retire transacti on requests according to specific ordering
rul es tvaoomewserovi de for variations fromthe order in MT/ARIFES6
transactions are io received. For one enbodi nent, these ordering

requi renents may be specified in the transactions thenselves and then

pr ocessed sd¢ftan émbgdinerd, theactremanhonder maimtaine byrfHecretifererigiree 228 i r e engi ne
220. For exanple, for one enbodinment, a read transaction request with
corresponaisngncd@de,s r@ﬁamgﬁtammwhermtn/mrmbwommhnestém oideh may be retired
before 15 an earlier received, read transaction request, such that a
subsequent r eadlt bleciu4$Q, orice ¢ud /O dlapsaativaesq@st tise raked s bédr or read
request. For this sane enbodi nent, however, a read request may not be

retired beélectedatheeatils eriging ZX0adaterchings Atshl6 UK hetRbNGE tlayBSgioflis or deri ng
rul es may be inposed upon the retire engine to ensure that erroneous data

i s not sw hiréantramsaztion ©Ae irlt® raadicticdd). TEir¥nddetidéMa asbé‘éﬁgt@nsgé}%norder in
which instructions are retired to prevent erroneous read or wit

Lransacti e dtoldcRi4201 616 feraiofhieDASINEHINSTWALHSF the refnbAe 25 descri bed
above, for one enbodinent, the 1/0 transaction request fer(s) 210 may

al so st or gsdme t [, £086
PCT/ USO1/ 2%55%*%E"‘éﬂ%f%*‘s‘ag*'?%ﬁﬁ@“'ﬁéné SRRl e Oghe A0 28800 by ¢ ne

BT T T e
(L1 e D, s G L S 0 5,
the transaedion is a read transaction,
If, at decision block 420, it is determined that the corresponding memory
line is either not present in the /O cache buffer(s) 205 or is invalid (possibly due
to a snoop request by another caching agent in the system as described above),
then at block 440, the retire engine issues a read request over the coherent
15 system interconnect 270 to fetch the memory line corresponding to the transaction
request. Once the requested data has been returned to the I/0 bridge 250 over
the coherent system interconnect 270, the data is provided to the requesting 1/0
agent at block 425.
At block 430, once the I/0 transaction request has been serviced, it is
2 removed from the 1/0 transaction request buffer(s) 210. This may be
accomplished in any one of a number of ways. For one embodiment, for
example, the entry in the I/O transaction request buffer(s) 210 is erased. For

another embodiment, the line in the buffer(s) 210 may merely be made available
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then at bl ock 420, the retire engine 220 determ nes whether the nenory |ine
associated with the transaction is present and valid in the 1/0O cache

buf f er (sw@0%1708¢ f so, then at bl ock 425, the correspondi rgr/gatiz2ssscom t he
I/ O cache buffer(s) 205 is returned to the requesting I/O agent over the
corresponding one of the |/0O buses io 255. If, at decision block 420, it

i s det er nfh@8ubsaguenhentaothrasigh dinel s ohe flag gr andther dpprezichheich iedt iE esent i n
the /0O cache buffer(s) 205 or is invalid (possibly due to a snoop request
by anot hePV&i¥eiHeRg agent in the system as described above), then at block
440, the retire engine issues a read request over the coherent 15 system

i nterconnect 2Refetringflestakiio tikeisior ok 416N treolV© @3ROMHoA dedust Repd I ansact i on
request. Once the requested data has been returned to the I/0O bridge 250

over t heraticdtispinstesyiss emité regeestptheaclt daZiBiontekdaait sSqdePyhaigd to the
requesting 1/0O agent at block 425. At bl ock 430, once the I/O transaction

requess habetheethestd vhcmobuficr(sh 805 BWnﬁﬁ@EM@élsﬂoheiﬁb%lﬁné/y@néﬁ@%‘ﬁ action
request buffer(s) 210. This may be acconplished in any one of a nunber of

ways. Forexamesivesrstatdi (iTenéithef ah M 6XaE! state i Sc@Rd4 eyﬂthttﬂgn)n.’é transaction
request buffer(s) 210 is erased. For another enbod nent, e line in the

buf o (<) pRkRoR AsTReled RodTeda,PbHABEM A BRll ARA,BET! LSO/ 25556

to a subsequent entry through the use o r approach such

M ahaat| Bt ey, Fele g ehachef s A pH bl e 105 1 ©
deci si on |pleAdtwddiPine timé thedRERb) IPRas prefetched and the time the
10 transaction request is to be retired. This may be due, for example, to an
intermediate snoop operation from another caching agent in the system hitting the
requested cache line in the I/O cache buffer(s) 205.
If the I/O cache buffer(s) 205 own the memory line in an exclusive state,
then at block 450, the data associated with the memory line is updatéd in the 1/0O -
15 cache buffer(s) 205 according to the write request and the state of the line is
marked as modified. (The data to be written to the memory line according the
write request may have been temporarily stored in a write buffer (not shown), for
example, prior to writing to the memory line in the 1/0 cache buffer(s) 205).
If the write request is a full-line write request, the entire line of data is
20  simply written to the data field of the corresponding entry in the I/O cache buffer(s)
205 according to the write request. If, instead, the write request is a partial-line
write request, the data to be written may be merged with data presently in the
corresponding line of the I/O cache buffer(s) 205 in a manner well-known to those

of ordinary skill in the art.
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5 whether the 1/0 cache buffer(s) 205 own the corresponding nmenory line in
an exclusive state (i.e. either an Mor an E state in accordance with the
MESI pr ov@owios6 As descri bed above, even if ownership of PE€DESH2S8F6y | i ne
was previously prefetched, the I/0O cache buffer(s) 205 nmay have | ost
ownership of the |line between the time the menory line was prefetched and
the time the i b5okergmenbodiment, dojalbaw fardetter foackiret ofrtiesl /O Waicke Beifedps due, for
exanple, to an internediate snoop operation from another caching agent in
t he syst eRPhistate.rifja meslifieddine és thed/@ aathe buffer(s) 203 keeplabed ashewbuf f er (s)
205. If the 1/0O cache buffer(s) 205 own the nenory |ine in an exclusive

state, tReticatardpdadd Tesparise tdanwfash;@éfétoﬁd:r%@@sitib@oﬂ@ﬁﬁérﬁhiksi ne is
updated in the 1/O 15 cache buffer(s) 205 according to the wite request

and the svpemtioh, fohexdmple, the I/abridee 280 s8pds fal requedt b6 Hakanéenpe witten to
the nenory line according the wite request may have been tenporarily

st or edsi nsystemiimerctmhéetrzxortctappl‘vfpmﬁely i9date EHEAMR!iG thedisiPpbufed Witing to the
menory line in the 1/0O cache buffer(s) 205). If the wite request is a

full-1inememdrg. ffeades ind (18, Ko bAtags bimentistelalth inst QRHeiR)  Mei tten to
the data fiel d?of t he cor rd;spondi ng entrygisn tﬂe I%E) cache Lufp%r(s) 205

accor di ngyocdche bufei($ ZO%%'?e?ﬂace'dBn rééb%hsggo ?Aﬂbt??ﬂeéﬁ]iohgr?ﬁg@%‘aﬁt Is a

partial-line wite request, the datato nerged with data

present | yekdmpiBEthed RS hESIPIH Sshdsid e r&%ﬁlt G}S%nr‘iﬁ%gggé}[%{ %{ ) 205 in a

manner wel | -known to those of ordinary s WO 02/ 17086 o
e RS Rien KPuR b o BB ot (5
205 1 §o r eplAsEth 2 SY6¥m. These snoop requests may be sent, for example, by other
coherency control logic included within the I/0 bridge (not shown). This other
coherency control logic may aiso perform functions such as sShoops in response to
other types of actions and/or interpreting the coherency state(s) associated with
the I/0 cache buffer(s) 205 and/or other caching agents in the system.
15 With continuing reference to Figures 2 and 4, at decision block 445 if the
I/0 cache buffer(s) 205 do not own the memory line corresponding to the write
request in an exclusive state, then at block 455, the retire engine 220 requests
and acquires ownership of the memory line over the coherent system interconnect
in a similar manner to the above-described corresponding prefetch operation.
20  The retire engine then continues at block 450 to update data in the cache buffer(s)
205 per the write request being retired as also described above.
At block 430 once the request has been completed, the request is removed

from the 1/O transaction request buffer 210.
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entries are added in response to any fetch, prefetch or acquisition of
ownership operation, for exanple, the I/O bridge 250 sends a request over
t he coheme®d2/8708¢/st em i nt erconnect 270 to appropriately updBUSA%856l i ne in
the distributed nenory. If a clean line (i.e. no data is currently stored
in that cache line) in the 1/0 cache buffer(s) 205 is replaced in response
to a prefetch édpéecisionibjockdss, ibicadritreninechwhether theialge 5@ sy a snoop
request over the coherent system interconnect 270 to indicate this action
to the ent®ayestyiadke HQ ttdnsasticat reqoésttbuéfeczthelf bo the ArerFobdsskhangy st em
These snoop requests may be sent, for exanple, by other coherency control
| ogi ¢ i nclrefired ima similar rdeaner.O bri dge (not shown). This ot her coherency
control logic nmay al so perform functions such as snoops in response to

ot her types of Using thesabane/describaideppreichny ist i sBr R pibeline radrel $10 .
associated with the 1/0 cache buffer(s) 205 and/or other caching agents in

the syst emrand&ctioh rbqusts inréyRer af WHieRGRrb @re%gmga%spa%hgaéw’eenaatn W%FPi sion
bl ock 445, if the 1/0 cache buffer(s) 205 do not own the nenory Tine

cor r espondus ant edrery s ine foreRAMBRY, alsYsiaf WNEHNBIbYRAS ESt&ent NN at bl ock
455, the retire engine 220 requests and acquires ownership of the nmenory

l'i ne over nigtorg P EHi€ Plpefnifd %%drﬁél?éf?@ﬁﬁ%‘gébya% Prg?etéggﬁé[iﬁée tﬁr%;ﬂg%rrﬁso the

above-descri bed corresponding pre n. I're engi ne then

conti nues ngh-bidie uftofiefd praekade ﬁ@%&ﬂsﬁn&%%gﬁ%%@c%&%ﬁkﬁ%ﬁg 205 per the

wite request being retired as also descri ove. Y430 once the

{ransact | necr ool RS A Rk TR EGs) PBEBRHET et EsRe ] geci si on
bl ock ;435 IociaF I/d) %agﬁé Eﬁﬁgr&?gsg}ﬁgti#ﬁ{e 6i€eellrn‘r3hgaorpeerarl¥Porng bg}es?gr%nrégthe results
of the prefetch operations, while maintaining coherency with the remainder of the
distributed memory subsystem and cache memories. Enabling pipelining of /O
. requests may improve 1/0 throughput, and thus, overall system performance as
compared to prior approaches for handling I/O transactions in a multi-processor,
15 distributed memory, cache coherent system.
Figure 5 is a flow diagram illustrating a method of one embodiment for
| pipelining ordered 1/0 transactions. At block 505, 1/0 transactions directed to a
distributed coherent memory from an 1/0 bus are buffered. At block 510, data is
prefetched from the distributed, coherent memory in response to a first buffered
20  input/output transaction and temporarily stored at block 515. At block 520,
coherency is maintained between the prefetched data and data stored in the
distributed, coherent memory and other cache memories an!d at block 525, the
buffered 1/0 transactions are retired in order. It will be appreciated that, for other

embodiments, the method may include only some of the actions described above
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requests in the I/O transaction request buffer 210. If so, they are
processed and retired in a simlar manner. Using the above-descri bed
appr oachwov2/1®8possi bl e to pipeline ordered I/O 5 transBCTUSM/258pUestS in
a systemin which there are multiple paths between an I/O bus and nenory
(as in, for exanple, a systemw th distributed, coherent menory). This

pi pel i ni n@rinaypacitdabdgitidred atiiarst read deycrivedrabbed.c Buring| e bhabrepef f or s
non- bi ndi ng, unordered prefetch operations in response to coherent nenory
access r edi@sctionsmoay o perdormedlrie al dif@rbotseder tAddlidesaibelapove be
above-described to local 1/0O cache buffer(s) assists in the pipelining
oper at i onsobgursdnbly iwith dnother estidri desadibet! bboyw. ef et ch operati ons, while

mai nt ai ni ng coherency with the renmainder of the distributed nmenory

subsystem and irahbdoregomyispacifiatabl thednwinbieh has Bee®leddrPedvagUest s may
i nprove 1/0O throughput, and thus, overall system perfornmance as conpared

to priaer agprenehespédiic damiblamenbddirhems RGeSO NSwillhdwdld the pProcessor, 15
di stributed nenory, cache coherent system Figure 5 is a flow diagram

i1 ustrat izpgrerididd Madyvaio8MRo®iuIBhsBRY ch&igesRhaEhd H{?BE tR&8R Hithdut O

transactions. At block 505, |I/O transactions directed to a distributed

coher ent %P?r&iﬁgffrbﬁ%érbrééc%&{éggit 8h& sBfid f’f&ﬁé‘inv@@/ﬁ&” 2&t33 % in ﬁéa' I's

pr ef et ched omthe distri coherent menory 1 n response to a first

buffered 20nbiHadtd p t : -0 Loy I at bl ock 515.

At bl ock 598 co %’r’l‘gh?{yeisrg%?r@?ﬁd&%\hgga}g\é/[nﬁggﬁé’t%{%&}é}@gt@ 8d data and data
stored in j A ot her cache nenories and at
bl ock 525,réﬁoeledj@§r“e|€ée%%9? @ﬁ?gﬂhggétr?%ﬁgﬁ%r%%g%ﬂ red in order. It will be
appreciated that, for other enbodinents, the nmethod may include only sone

of the actions descri bed above 17
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WO 02/ 17086 PCT/ US01/ 25556 or may include additional actions not described
above. Further, one or nore of the actions nay be perforned in a different
order thamodysw®sé bed above or concurrently w th another BCTUSMW/Z&SCri bed
above. In the foregoing specification, the invention has been descri bed
with 5 reference to specific exenplary enbodi nents thereof. It wll,
however, EAMSreciated that various nodifications and changes may be made
thereto without departing fromthe broader spirit and scope of the

i nventi on VYBatdeclafeed i§: i n the appended clains. The specification and

drawi ngs are, accordingly, to be regarded in an illustrative rather than a
restrictive seilse. AQappanadIsOXMMG8®: PCT/ US01/ 25556 CLAI M5 What is cl ai med
is: 1. An apparatus conprising: a prefetch engine to prefetch data froma
di stributed, cehpefetoh engine tp prefetch dats romsedistibateti cofteremtansmotyiinn f rom an

i nput/output bus directed to the distributed, coherent nenory; and an

i nput / cut pesparebéo efitst draobeactionfffoan ah mpugoepuebushdirgutef ettbdaidtribated, t he
coherent cache buffer being coherent with the distributed, coherent nenory
and wi th cohérent meatoey;imories in a systemincluding the input/output
coherent cache 1o buffer. 2. The apparatus of claim 1l wherein the prefetch

operation perf aniit/output coherent cache buffer to receive the prefetched data, the
coherent cache buffer being coherent with the distributed, coherent memory and

with other cache memories in a system including the input/output coherent cache

10  buffer.

2. The apparatus of claim 1 wherein the prefetch operation performed
by the prefetch engine is a non-binding prefetch operation such that the
prefetched data received by the coherent cache buffer may be altered by a

15 memory in the distributed coherent memory.

3. The apparatus of claim 2 wherein the first transaction request is a
memory read request and the prefetch engine issues a read request to prefetch
data to be read from the distributed, coherent memory in response to the first

20 transaction request.

4, The apparatus of claim 2 wherein the first transaction request is a

memory write request and the prefetch engine issues a request to prefetch
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by the prefetch engine is a non-binding prefetch operation such that the
prefetched data received by the coherent cache buffer may be altered by a
15 menor WO 02/11086 di stri buted coherent nmenory. 3. The appaP@r/wsSo1s5%l ai m 2
wherein the first transaction request is a nenory read request and the
prefetch engine issues a read request to prefetch data to be read fromthe
di stri but eWnesbireeihmemanpline inrthe dispibutesl, tohéreet memsty, tdmehrRsRtd | on
request. 4. The apparatus of claim2 wherein the first transaction request
is a nembengvndicated by dles firshitengactiopregfuestch engi ne i ssues a request to
prefetch 19 WD 02/ 17086 PCT/ US01/ 25556 ownership of a menory line in the
di stributed, coherent nenory, the nenory line being indicated by the first
transaction request. 5. The apparatus of claiml further conprising: 5 an

i nput / out put  t5.anséltie apparatgsiestlaibui fgther eofpr®Agari |y store transaction
requests received fromthe input/output bus directed to the distributed,

coherent  nenvaryinpbt/ottpet trarRat@dnteqeéstBuFbMoTeMPBIRly St tHRalidgf et ch
engi ne prefetches data in response to transaction requests stored in the

| nput / out patuebisaBsaiosd pomtRa ROl diboteB APOBRIRLIS, B5ngbal ™ ©

wherein the prefetch engine prefetches data in response to trafnsaction
requests mkhgiyored in the input/output transaction request buffer
regardl ess of the order in which the transaction requests were received
fromthe input/output bus.

6. The apparatus of claim 5 wherein
10 the prefetch engine prefetches data in response to transaction requests

stored in the input/output transaction request buffer.

7. The apparatus of claim 6 wherein
the prefetch engine prefetches data in response to transaction requests
15 stored in the input/output transaction request buffer regardiess of the order in

which the transaction requests were received from the input/output bus.
8. The apparatus of claim 5 further comprising:
a retire engine to retire input/output transaction requests stored in the
20  transaction request buffer in program order after the fransaction requests have

been completed.

9. The apparatus of claim 8 wherein

20



8. The apparatus of claim5 further conprising: a retire engine to retire
i nput/out put transaction requests stored in the 20 transaction reguest
buf fer i w@pogrsm order after the transaction requests haR€T/UBE3556

conpl eted. 9. The apparatus of claim8 wherein 20 WD 02/17086

PCT/ US01/ 25556 the retire engine is further to check the input/out put
coher ent cache theufetier enginadistfertherie cak the inmlgbatpas serareitedché bhiffem

i nput/output transaction request to be retired is present in the

i nput / out fuileleoninearhetterctata bsddciated witla anahpuiostpat Randaciéh réfuesappar at us of
claim1 wherein coherency is maintai ned between the input/output coherent
cache buf feretirgdds presedi inttine inptitaltpuicobermt cassufer§i NgalRy VRSl pr ot ocol .
11. A method conprising: 10 prefetching data in response to a first

i nput/out put transaction request received froman input/output bus and
directed to a distributed, coherent nenory; tenporarily storing the

prefetcshed dat a). anThevappHraiusongaip®hevngy bet ween the pref etched. data and
data stored in the distributed, coherent nmenory and data stored in other

cache menor i eSCOHe'ieﬁo%/-is%tﬁﬁbb%@tv@encthéiir({jﬁu%u{%ug %&f’e&erﬁ%ﬁ?ﬁé ?%&? buf f eri ng

i nput/output transaction requests received fro e 1 nput/ou bus t hat

o, i1 ccRd bbbt uem SRR MERhfoodO 13- The nethod o
11. A method comprising:
10 | prefetching data in response to a first input/output transaction request
received from an input/output bus and directed to a distributed, coherent memory;
temporarily storing the prefetched data; and
maintaining coherency between the prefetched data and data stored in the
distributed, coherent memory and data stored in other cache memories.
15
12. The method of claim 11 further comprising:
buffering input/output transaction requests received from the input/output

bus that are directed to the distributed, coherent memory.

20 13.  The method of claim 12 further comprising:
prefetching data in response to second and third buffered input/output
transactions wherein
prefetching data in response to the first, second and third buffered

input/output transactions may be performed in any order.
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prefetching data in response to second and third buffered input/output
transactions wherein prefetching data in response to the first, second and
t hird buWe@pzt708¢ nput / out put transacti ons nmay be perfor neBCT/RS@RssHr der. 21
WO 02/ 17086 PCT/ US01/ 25556 14. The nethod of claim 12 further conprising:
retiring the buffered input/output transactions in the order in which they
were issued by the input/output bus. 5 15. The nethod of claim 14 wherein
retiring incl uﬁes checking the tenporarily stored, prefetched data to

det er mi ne whet Hér vAhe ﬂ‘ethfé‘tq%m?’&sfpdhﬁmmbmhe transaction request to
be retired is tenporarily stored. 10 16. The nmethod of claim 11 wherein

mai nt ai ni ng coktirgadhe bufiarad bwutaiintibiransagtionshie tenargen i wigicl tHdyS|

protocol. 17. The method of claim11l wherein prefetching includes 15

i ssui ng a Wesgirssied bythe inputdeutputibusr esponse to the first transaction
request; and receiving the requested data. 18. The nethod of claim 17
wherei A 20 prefetching data in response to a second input/out put

transacti on request received fromthe input/output bus and directed to the
di stributed, cober efite methodrof clatrm udsvitetinaetvingsstiudgs t he request and
receiving the requested data.

checking the temporarily stored, prefetched data to determine whether valid

data corresponding to the transaction request to be retired is temporarily stored.

10 16.  The method of claim 11 wherein

maintaining coherency includes maintaining coherency using a MESI

protocol.

17. The method of claim 11 wherein prefetching includes
15 issuing a request for the data in response to the first transaction request;

and

receiving the requested data.

18.  The method of claim 17 wherein
20 - prefetching data in response to a second input/output transaction request
received from the input/output bus and directed to the distributed, coherent

memory occurs between issuing the request and receiving the requested data.

19. A computer system comprising:
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19. A conmputer systemconprising: 22 W 02/17086 PCT/US01/ 25556 first and
second processi ng nodes each including at | east one processor and at | east
one cachiwgozagm®ee ; a di stributed coherent nmenory wherei n POTAUSARSSHf t he

di stributed coherent nenory are included within each of the first and
second pr ocessi,gsg n&des; and 5 an input/output node coupled to the first
and second pr ofEd&Nd RN OCeRiNg W&tﬁ‘a@bmﬂudlﬂmdéewrmeim@msar prefetch
engine to prefetch data fromthe distributed, coherent nmenory in response
to a firsttnd3i/pastonepaghingn@@enti rst i nput/out put bus directed to the

di stributed, coherent nmenory; and 10 an i nput/out put coherent cache buffer
to recei ve theapligfiiitedteehaiantanemphnewberkiormmtionsarfhies bisfribatecbeinegert oher ent
with the distributed, coherent nenory and the caching agents. 20. The
conput er dY&neinase ingludechviithin eachefithe Girghend segindisocessiigaiciel: st em

i nterconnect to couple each of the first and second processing nodes to

t he i nput/ out pan inmlﬂeutpuheodmmmdtostysﬁﬁsllrahdnsecfmrme@ésstr@ nddeBNmei cat e
information to mai ntain coherency of the distributed, coherent nenory and
t o mai nt aimput/obpuenede tebpvisdmg t he | nput / out put coherent cache buffer and
t he distributed, coherent nenory. 20 21. The conputer system of claim 20

wher ei n coherency isprfétoh ahgiad to prefé@er aaBarRHe thel dibriButNEStoHr&itocol .
memory in response to a first transaction from a first input/output bus
directed to the distributed, coherent memory; and

10 an input/output coherent cache buffer to receive the prefetched data,

the coherent cache buffer being coherent with the distributed, coherent

memory and the caching agents.

20.  The computer system of claim 19 further comprising:

15 a coherent system interconnect to couple each of the first and second
processing nodes to the input/output node, the coherent system interconnect to
communicate information to maintain coherency of the distributed, coherent
memory and to maintain coherency between the input/output coherent cache
buffer and the distributed, coherent memory.

20

21.  The computer system of claim 20 wherein coherency is maintained

in accordance with a MESI protocol.

22.  The computer system of claim 19 further comprising

23



22. The conputer systemof claim 19 further conprising 23 WO 02/17086
PCT/ US01/ 25556 an interconnection network to conmuni cate information
bet ween tW@o0%/i708¢ and second processi ng nodes and the i npR€T/ORISS6nOdeE.
23. The conputer systemof claim 19 further conprising 5 an input/output
bri dge coupl ed between the first and second processing nodes and a
plurality of i Apitewenpestiannedyorkiteeommunigate infasmation betweenpbe fitstises
including the first input/output bus, the .input/output bridge including the
prefetch aWferendhwcedring npdey and thetinmdlostpehnodmche buffer. 10 24. The
conput er system of claim22 wherein the input/output bridge further
conprises: at |east one input/output transaction request buffer to
tenporarily store input/output transaction requests received fromthe
plurality of iRBBut/ e pomnpbiesegsternivdtliaan d9dintres cethptisinghe di stri but ed,
coherent nmenory. 15 25. The conputer system of claim?24 wherein the

pref et ch engi nanppet/etipuébridge coupted iEtwens thetfipstaransaohd processingst s st ored
in the input/output transaction request buffer regardl ess of the order in

whi ch t he riodes aad tiphuralig @i @pusoapet ises etle fﬁ.ﬁ’alﬁﬁof ihbaysApILREs SYSt em of
cl ai m 24 wherein the input/output bridge urther conprises a retire engine

further tonohiiegthetTiest inputiduBsiitBus, 1HE IYuEBLtpGaSIHRAHELGhg MY prefetch

engine and the input/output coherent cache buffer.

10 24.  The computer system of claim 22 wherein the input/output bridge
further comprises:
at least one input/output transaction request buffer to temporarily store
input/output transaction requests received from the plurality of input/output buses
that are directed to the distributed, coherent memory.
15
25.  The computer system of claim 24 wherein
the préfetch engine prefetches data in response to transaction requests
stored in the input/output transaction request buffer regardless of the order in
which the transaction requests are stored.
20
26.  The computer system of claim 24 wherein the input/output bridge
further comprises
a retire engine further to check the input/output coherent cache buffer for

valid data corresponding to a transaction request to be retired,
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valid data corresponding to a transaction request to be retired, 24 WO
02/ 17086 PCT/ US01/ 25556 the retire engine to retire transaction requests
stored i wohy1i0Bput / out put transacti on request buffer in peDgs@amssseder, 25

the retire engine to retire transaction requests stored in the input/output

transaction request buffer in program order,
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