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ORDERED | NPUT/ OQUTPUT TRANSACTI ONS TO COHERENT MEMORY | N A DI STRI BUTED
MEMORY, (COHERENT, MULTI - PROCESSCR SYSTEM 5 BACK o1hsssEl €l d An
enbodi nent of the present invention relates to the field of conputer
systens including distributed nenory, and, nore particularly, to an
approach. for__ pi Bel ining i nput/outEut transactions in such systens. 10 2.
Di scussi-on M THEPANE ARARAEES HPGHIBEEBING QROFREGSBRPUERMPAY t he
Per i pher al TRANSACFIONS MU EOHERENT MEMOR YotsA DISYRIBUTED MEMBRYACT i ON
ordering requi renE@AétilFI@%ﬁEW%@ETI%ﬁbEﬁé%%ﬁbﬁEﬁere is only one

0 bus and’ nefory, It 1S

pat h between such an rel'atively easy to pipeline
ordered requests fromthe 1/0O bus. This 1s approach works well for systens

W th Qontiﬁ_ié&BQE@ menory architectures because of the existence of a

single p the 1/0 bus and nenory. For a systemw th a distributed

menory ar chi bgﬁ%u& , however, where there are nultiple paths between an
1/ O bus and \fy‘f it has been common practice not to pipeline ordered
requests fromthe 1/ O bus gue to the conplexity involved 20 with
mai nt ai ni ng ILFRELYIMSAL e ige Pressat 'Wﬁ@'%ﬁiﬁt?ﬁétB%tﬂﬁ@.Of@Qi“Hlj]teé non- pi pel i ne
approach, an 1/0 bridge conpletes a first 1/0O bus request to nenory before
i ssui ng PsEMRiReiuding ‘Jgﬁ'éblﬁtéﬁﬂw‘ﬂ?"y% miie RepicoEel. ©a0 arrpachi'ae achi evabl e
110 throughput for transactions directed toward the distr.ibuted nmenory.
Thi s mayPiPelieng inpifpulpid tranpadipos iy Systathce | oss or require non-trivial
software changes 25 to avoid limting the achievable |I/O throughput

10 2. Discussion of Related Art

Some input/output (i/0O) buses, such as the Peripheral Component
Interconnect (PCl) bus, have strict transaction ordering requirements. Ina
computer system in which there is only one path between such an /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 I/O bus and memory.

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

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

25 to avoid limiting the achievable 1/O throughput.
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The present invention is illustrated by way of exanple and not |im ron

in the fj Of the acconpanying drawi ngs in which i ences
i ndi cate s(?%/ ar’ 5 el enents, and in which: Fi gure 1 is gﬁ%f@%ﬁyzaiz’agr am of

an exenplary distributed nenory, cache coherent, nulti-processor systemin
whi ch ordered 1/0 transactions may be efficiently pipelined in accordance
wi th one enbodinent. Figure 2 is a block diagram of an input/output bridge

of one engREFBRY Filﬁ H}@prﬁ%\:u 5 efficient pipelining of ordered I/O

transacti he systemof Figure 1. Figure 3 is

a flow diagram,illustrating the operation of the prefetch engine of Figure

2. Figure 4 irsjﬁhae drF%%tmvga %{Msi"HS?fé‘iefiﬁW@V i@ g‘?%ﬂ Br lGtialiRB it et i re

engi ne of h?“JgS Fi g)ll}lrhe 2. Fi %ur,e 5is a flowdiagramillustrating a nmethod of

one embod!'FURY P TERIGAMPARKGY Sraingsin whish fmisiatencnsdndipate AfmiD

DESCRI PTI 20 A net hod and apparatus for pipelining ordered input/output

(170 R RS Gl mwWhigh:gi st ri but ed menory, cache coherent system are

described. In__the foll ow ng description, particular types of integrated
IS dria adilecs e

circuits, sysf grapupf aneieatnlay sisitetbmermanacacbe  pur poses of
illustration. It will be appreciated, 2 1 FEB 20 5 wo 02/1 080 -
coherent, multi-processor system in which ordered /O transactions may be
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 I/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 I/O transactions.

DETAILED BESCRIPTION

20 A method and apparatus for pipelining ordered input/output {[/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. 1t will be appreciated,



"PCT/ USOL/ 25; 56 however, that other enbodiments are applicable toZot helB 2085
types of integrated circuits, and to circuits and/or systens configured in

anot her q@@gghusfor one enbodi nent, a prefetch engine pre{,@{,,%gﬁ%gg@éta from
a distributed, coherent nenory in response to a first transaction from an

i nput/output bus directed to the distributed, coherent nenory. A coherent
cache buf recel t ng,.l : t with the
di stri but ég\&e\éegh@ra}elﬁﬁjeﬁépn@?@h%éﬁsd& \E\A%?) Rﬁ%}tbﬁee?’ %E%@Fé%ﬂ%fég%ﬁgt%m” es in the
system i l_is,.a.block di S i n.ex onputer system 100
in which g‘@ﬁ%n%%‘ﬁﬁ"n%fﬁf“ %?n‘ﬂ?l@%ﬁe\%sn&ﬁwﬁn%@nﬁgc’g‘%}\jh’%bé%'gousI y used. The 10
conput er syst 100 is, a.distributed nmenor che,_coherent... .
mul ti - pr ocessdror AGERINUIRER, 3 Pg ﬁcgwgg‘?#@ﬁ&%ﬁﬁ diaf"f'cf?%@sé'%tpggggsi ng nodes
105 and 110 which may be incl ude pong a | arger nunper. of processing
nodeo. Al GerdareInan inAeepStelh & Dot KPesaaion fod & ARG BBl wor k118 and
an i nput/ qut ?ut E}l /O .node 120. 15 Each of the Erocessi n? nodes 105 and
110 i ntl UHEStEShe tBe dipdiiuted cRRrERLESFOMY: 2B CPBelgPbEREEE HURET 1a5EVEBns, one or
nore chi pset conponents 130 and 135, r,esgec,ti vely, and one or nore |ocal
menori es e @refRiFhed siats aadhis iepleahgrent v the distibuted spRRIEAL MEMODB0 and 135
may perform functions such as, for exanple, nmenory control,
mul ti - pr cigswithhgthen pplerentarghe memwies B Y19SY¥8IRTY.  mai nt enance for the
respective node. One or nore of the processors 125 may each include or be
coupl ed to a dagiwe hisrblpck diagralthshawionenexamplasy camputeopysteme (ribodi nent
are coherent with each other and with the distributed, coherent nenory
‘)i npl enentvedch bne ehibedenantipf the iyertibe megnisr adaniat@oasly usdd. The FEB 2005
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.



"WO 02/17086 PCT/ USO1/ 25556 The menories 140 and 145 of one enboo@ MEeEER 2005
operate together as a distributed, coherent main nenory. Each of~ the

menori e 4 d 145 may be part of or a region of a l [ﬂﬁmxy t hat
i ncl udegv(%?)zglj oherent regions as well. For one enbodi masir;l , %o étr’DeGncy IS

mai nt ai ned bet ween the cache nenories 147 5 and the nenories 140 and 145
usi ng the weld,- . ified. exclusiv shared. or invalid) state
protocol in c%&ﬂ%@ﬁ%%& %rpr?f)g%’%gf%qﬁe@égﬁgﬁnfﬂ?eerpgeo{?%Wr %Bfses 160, 165
and/ or 1Z70,. T cqoherent .system i ptercepnnect buse 60 5 nd 170

o ommoni SREoP A FHE S M i FoEh SO tmate Tt S a8 T T(he 10
node 120 eraftthe interfcgnnecti on nﬁ\tﬁml@ 115 in grder to maintajn 10

coher encRATbRt AEFIRET F 2 SGUDCHRAR, AL NCHEES NPRLORRIEN: redips: &hvelbache buf fer
in the 1LO node 120 that is described in nore detail, bel ow. . For _one

enbodi mert’, Pne@mPdiRette eSSy dhMaiaines bgbrgenyis cachsfemaissdd 170 are
point-to-point interconnects W thout ordering restrictions in terns of

conmuni cHid thg meraeriesckOang 145eisisbive Rl SPhineditied axslysiee 1/0

node(s). is The interconnection network 115 nay be provided to communicate
nessagesshBEdrdRvaidbstplepratagel in Zonnatiarwithy Folerert sy§taro interceneertas t he
processi ng nodes 105 and _110. For one enbodi nent, the interconnection
net wor k bLE8s d8@s!65andfagi IfPaiThe sobieranh gysdemrioterdranaeldyisge d68hHS ar e
comuni cat ed between the 1/0O node 120 and one or nore of the processing 20
nodes 1G@®ddTE comgmunitaie infomatida bebdesmproaeksingnodesol Aranth@1damdt o i nterface
one or nore I/ O buses 155, such as, for exanple, a Peripheral Conponent
“y | nt er conimel® npPE]1R0kissthe intetchnbédiopmeteski i inodés td@wmistagh 110. Furt her
“details of the 110 bridge 120 of one enbodi nent are described below in
. 1 ef ewenceh¢renty betweed thedvatiobEmhethories 140, 145 and a coherent cache buffer
in the I/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 fo communicate
messages between the /O 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 1/0 node 120 includes an /O bridge 150 to interface one or more /O -
buses 155, such as, for example, a Peripheral Component Interconnect (PCl) bus,

with the processing nodes 105 and 110. Further details of the 1/O bridge 120 of

one embodiment are described below in reference to Figure 2.

4
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configured in another manner. For exanple, the chipset and/or nenories my

be incl udgd gM3fasn one or nore of the processors 125 and/P%rmleagﬁﬁﬁ
i nt erconnection network 115 may not be included. Further, ‘coherency of the

menories may be maintained in accordance s wwth a different protocol and/or

using a di ffereg;othg,pﬁ.ﬁgg‘g?{h{%%w & 980 nRac .ﬁg%?edpa/rggh%ges of system

configurations in whi ere Is re than one pa h 1/0 bus and

D ook o agranar o EE G SO eI e SR B TR e e e o et

to inpl emypt,otd6s ¢ j £ i 1. The |/O bridge 250 . includes
one or nore I} o) céégé&{)elﬁg ?’gréz% foréh%}héeﬁc%rp&gi? aewog;%gigmqyrpo; Buest
buffers 2 o] L0 and a retire _engi.ne 220. her
circuitr ym{suggﬂ F’Qétﬁ%rt? E%'r? %] @??fté%g}%‘??rl?ﬁ r'ﬁ?yo%%gﬁ"ﬁﬁ',”eﬂﬂ? ?%q%ﬂj"cﬁnd control
circuitry t . al,so be i uded. is.As descrjbed in nore detail
bel ow, tSt h‘é‘&ﬁgc‘%@&%'\émf8‘r"g§‘¥a%%r YSH¥ %ageﬁgg’é’?s"? INGREOANSHIPNAPRIACh] el ds and
are used g)ﬁ,‘esboreﬁreftetche data in resrf)&]nse_ to one or nore 1/0O
transacti on'g OqTasy SYSIBMCRUPPYEHPRS IRV Refryisdrore/tian pRARARY i on request s.
The address, fiel dy’ ndi cates the address at which data in the corresponding
data fi ePEEE" 80 Hhhrs ‘?‘PquEWHW'Y afgise withia the seane@fvapioss of one enbodi nent
are kept 20 choher ent with the other coherent menories of the systemin
whi ch t he®FPBEMSge 250 is included. For exanple, where the 1/0 bridge
250 is included in the system 100 of Figure 1, the cache buffer(s) 205 are
ykept coher ent FigYm 38 RIPet finpianeal an ¥Qrhsiden 25REmsmasba needifedoads and wi th
“the coherent cache nenories 147, The state field of the 1/0 cache
buf f efq s)eplpsimentitadnplement thadldO bodea d5@ af Bigune 12 TheREBbAGPS250
includes one or more I/O cache buffers 205, one or more 1/O transaction request
buffers 210, a prefetch engine 215 and a retire engine 220. Other circuitry, such
as other I/O transaction processing, buffering and control circuitry (not shown)
may also be inciuded.
s As described 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 |/O transaction requests to facilitate pipelining of /O 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 s included. For example, where the I/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 I/0 cache buffer(s) 205 is therefore used to indicate the .
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(nodified), E (exclusive), S (shared) or |I (invalid) for one errt?(\)/lc]i rﬂfﬁt 2%‘1

whi ch t SS protocol is used) of the data in the cor pdifg data
field. ‘Qﬁé’lzvlﬁ_wgﬁtransacti on request buffer(s) 210 (al so E’g?’gfr%red“to herein

as the 1/O 5 request buffers) are provided to store transaction requests
that are directed . to t di,stri ed, .cqhgr.ent I3 ihed in
ref er enc,cé’ﬂ?r(?”ﬁ?' @Wee?elgm(S‘tﬂogﬁgdgo%%%&ésw‘%/ %(%ﬂasrgtgﬁggé%v%f&@ E‘Srjrote}%uest s may
alternately be referr t rei S i nbu her gent .S, or i nbound
coher ent®® %f@@&d@%ﬁqﬁssﬂ%ﬁgaﬁﬁ% H%?@,O?ﬂﬁegﬁq?{ﬂ‘?‘? é:r?grggél on 't equest

210 may be to used to store all 1/0 transaction requests,

buffer(s%‘

whet her @32 fiRlg. they are directed to coherent nmenory regions. 1/0O requests
that are not _directed to coherent nenpr ?re referrgd to_h re|i(9 as
non- coher ent The HRstEansaghon egyest A feHg) %ﬁ%,(a sodelried e B2 M EC 170 port
accesses, configuration accesses, interrupts and/ or special,  transactions,
such Sas re@usss bu&lﬁl arerprowiden tosgate Mansagtonisqeesto it FFFQS' ‘%F?%d @i t&%ct ed 15 to
coherent nenory regions may be classified as non-coherent transactions. For
exanpl e distilred; caberest Bremasy depesibedin rlerePse HUTTOHEE 4 OBLRMS YN8 fce may be
classified as non-coherent transactions. The desired sizes of the coherent
cache buks irses)25anSush retueestspay /ademately be eafersed taigrei@rasiPbeHy be

determ ned by bal ancing the desired latency to nenory 20 and 1/0

t hr oughpokereat :2usesth@r inbouhdlsbeerepblé@ réquestshe buffer(s). Al so, for sone
enbodi nents, an 110 transaction request to wite or read nultiple |ines of
ymenory may bposd @dbbdiniche tAd 00tramsactivhirequest uife(s)Ailfreay B¢ 210 as a

“single transaction, but processed by the prefetch and retire engi nes as
mul tippl @sedid @b Ali INO tlanaacRetrbqiests twhetiep oy nbi they boadidatéd®. For such an 6
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, /O port accesses, configuration accesses, interrupts and/or special
transactions, such as locks. Further, even some [/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) andfor the input/output
request buffer(s) may be determined by'balancing the desired latency to memory
20 and IfO throughput versus the available space for the buffer(s).
Also, for some embodiments, an IfO transaction request o write or read
multiple lines of memory may be stored in the /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
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of these single line transactions is in accordance with the ap%ga dutd

. descri bedwbg)awskor single, single line transactions. Thepﬁlrgjsg{/%%@cti on
request buffer(s) 210 of one enbodi ment include address, data and control

fields. The address field indicates an address 5 associated with the

request S%o@%%t%rﬁc@&%gf@f%a%ﬁ o%eé’é?gﬁ@%?ge\;\%ﬁ%é?%é‘ is #,1 €l d provides

correspondi ng data to be witten to nenor request or a place

for data Retdtiaed @th thd £38oL60 Pibe@ﬁ@o@% srﬁﬂ%:]smqjete wﬁéeg?ﬁ%%&% used to

indicate relative I nstruction ordering I ntforna e "and/ or

addi tional i {l ransacti.on request. to Were
the 1/0 requeg 'QEE)Bpftgérm?Efgé'ﬁe%ggét%ggpﬁs)(%ﬁeoﬁQHF © %(?d%?ﬂtd'gtﬁké‘feent 1/0
transacti rom.t / Q. buses 255 .the type aof transaction may be
det er - ni nggd'%gg'h%zé éaéf;gggmg@%c?fg‘?é%gws?ﬁeFHﬁd'F?tQ%SB%FWF t he request
type nd C r information in the control field. For qne enbodi nent,
the’ 1/ 8 brFRsERLHRh i (R B A o R ceiso e Atsentic aMedta | ar v o
the 1/0 reg est.buffer 210 for ch different 1/0 bus 255 coupled to the
1/0 bri dgéeggf?.w oreUSPRRAING FBEIPPE e IR Memety on@ widgieavesbaf fer 210 i s
provided to tenporarily store 1/0 transaction reguests received fromall

1/ 0 busesp'a%éréja[f‘p'ieé 9 oNrfered Geqiesti @ad Swpcontist field mavdvheerdient , t he
control field of the 1/0 transaction request buffer 210 nmay al so indicate
the bus fIPORMEHEREVE stefien ardeted Inkrmatien requsst bige andforadditionalr nat i ve
enbodi ment, the 1/0 bridge 250 may include a different nunber of 1/0
)transacti'Bﬁg?”Péféﬁjbrﬁatﬁﬁﬂq g’ﬁs"@ﬂ"ﬁﬂ?%ﬂom 6eauRst. 1/ 0 transaction request

buffer(s) 210, wherein one or nore of the buffers is shared by nmultiple
1/ 0 bifses 255Wheresthe I/Qorguest 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 fype
and/or control information in the control field.
For one embodiment, the I/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 I/O bridge 250. For another embodiment, a single I/O request buffer 210 is
provided to temporarily store IfO transaction requests received from all 1/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 transaction was received. For an alternative embodiment, the I/O bridge 250 may
include a different number of EIQ transaction request buffers similar to the 1/O
transaction request buffer(s) 210, wherein one or more of the buffers is shared by

multiple /O buses 255,



" WD 0211- 086 PCT/ US01/25556 Similarly, the cache buffer(s) 205 rrz i:}g ude
mul ti ple cache buffers or a single cache buffer. The prefetch (ji B 785

and thg, i engi ne 220 may be inplenented using tweSepakatiLeCircuit
bl ocks g@{fﬁg@ﬂ may be conbined to provide the 5 functionali t)l/ descri bed

bel ow. In operation, inbound I/O transaction requests fromone or nore of

the 1/ 0 busssidhy thé adremp@ers) 206 SheRldemiibge bhbhd hamsaest hon request
buffer 210. For one enbodinent, the 1/O transaction request buffer 210 is

i mpl emedxiRe cashablitdrst - in-first-out (FIFO buffer such that incom ng
transactions are stored in the buffer in 10 the order in which they were

recei ved 11 qRetieretd Qrit{ B0 arkBRcaBltelhaRsaYd Afl, bOTHSERS@Oes not need

to be otherwi se indicated. For another efnbodi nent, relative transaction

order TR YaFAL eflclifbibd dr Ay Ry bl Sothbieio AR fhe The Prefet ch

engi ne 215 then operates to enab pi pelining of e transaction requests

to h : fetch engine does so by 1s performng a
GONG{ ﬁ)ngﬁg;a%%%rhbgg]&)egfm?

non-bi ndi ng pr at'a associated with transactions in the 1/0
ansectt ony sieblo IHARLLE) A0cR0N cHUB S 9L DB EPEIRTES, 22 1
011 e BShISEs o BRSO RO e B AN 8 3, Boee
N TNk SRR S D S R
RERTIENE N A AR R et I
ref l%r e?h%eor%gr ilzfal \g#itr:r??he% u?er}g rgcieivzedlfro%E%}ezl%g}bjus(\éevsg 25052 é%g ?rggsactjon

ordering does not need to be otherwise indicated. For another embaodiment,

‘relative transaction order may be indicated in the control field, for example.

The prefetch engine 215 then operates {o 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 I/O

transaction request buffer(s) 210 and then storing the prefetched data in the I/O

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 a.ny coherent transaction request in the I/O transaction request

buffer, regardiess 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.



'PCT/ USO01/ 25556 As shown at block 305 of Figure 3, the prefetch efgiln€EB12)g5

o

)

first selects a coherent request fromthe 1/O transaction request

buf fer (shwv@dd94708y one of a nunber of approaches may be i”?ﬁﬁs&%ws@& ect the
pendi ng coherent request that is operated on by the prefetch engine 215.

For exanple, the prefetch engine 2-15 5 may sinply select the next pending

request | n { heabuld beiodddhs 4 FibDRT B8 rerdlh bighe A BpsRSf | o1

request buffers, the prefetch engine 2 y usé Eélpproach,

for exanptsheréf ré@hed$ frofiRe O a&%ﬁ%ﬁ%&ﬁ?ﬂéﬁﬁ?@){aﬁg}ge%%ygﬁ!)qqeeofo ne of the

buffers. Alternatively, the selection ot the next
di i h bi t : tt

What | CRAREETY SPBRRL: R0 RS R 2 MBEER el i it raodneles not
dt . : (e I . di ' .

per for m g pe of Sr QY 1RE pRALEAESHLEES: o S e MeBbtharse 215 . for

le, / ' 215 | h ' i dl .g. th

pend: g (7 anSHiER] SHEH R bR BerAingi oA b PrEreacOoN TEELEE buf f er (5)

210), th . I 215 | atively fetch data. For thi

ean)di rre(raﬁ‘@{@ %zb;{ra% Sg‘t%h%e?ﬁﬁfeﬁtxre{’a%fg : CUP% Igeﬁ%;;él"&ﬁqé?%gqa?/aﬁﬁfﬁwger 8; o

approach% tsﬁ l.detern‘i n fdatan%g be, specul atively prefetched for an

anti ci pat eqd 17y PPRTELEIPLRramye. @ 8siqst e “Fﬁbo%\dyé’fge‘iwr@ﬁgiﬁwsits may

prefetch_the next. nme line or lines following the data that was just
pr ef et ch&4* OI? H’etetrﬂfgefszgx'rr%ﬁ%@ﬁ!% fhie sqieclion dirithr) piefdieuadging ©f theamedct i on

request indicates data sequentially follow ng the previous request, the
data wi | PERENY rkeieateayedwaiwhish to oparalemaiphe aitters. No rdetterrwhaii ng data to
specul atively prefetch are within the scope of various enbodinents. 2 1 F
E B 390 fPProgchye used] rowmsyver, 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.



- 'PCT/ USOL/ 2556 At decision block 0' 10, it is determ ned whether ¢hd FEB _.ZUU;'i
sel ected coherent request is a read reqUest or a wite request, If, for

exanpl e, fetch engine 215 is operating on a pendi sLequest,
t hen at %?@%ﬁ%& the prefetcH engine 215 determ nes \Mlqg?ﬂfesrﬁﬁgs‘vgl id copy

of the requested nenory line is available in 5 the 1/0 cache buffer(s) 205.

I so, the prafeéasioBBBCRS 1690k dMEMiAdd RhoRkr BE Qeleltodd&herdine Whet her
there are nore pending requests in the 1/0 transaction request buffer(s)

210 and rayicePRtd RAE rBfudt BEK WIS ddRieRr elf,%r‘élaﬁ%ﬁgt?eé?r%gt@g%gg‘i Lth —other

pendi ng requests in the 1/0 transaction reques t decision

bl ock 315q5id i i g?gpr | 4 i af. .10

avai l abl e ?ins ?I%era@odcg? 5%? %dlﬁ%é(—%}i&?rg{]q?g gf?te)%%i ) t3 ﬁg'ntw%{éf%fcgc%gg%& t he

prefetch Wal-¥ i I he goheren stem

i nter conﬁ?a%? 9’5‘?’3"‘%%5””5?@# g’ts\f:dﬂfjtcﬁépro E%‘%ggﬁﬁe%??%/qeﬁghgﬁ ﬁ;.eﬁgra?/a{]%bﬁ%@ read.

of Fi pur 2310 RS ATAREAS 1B el R TR T R BB, nt o1 connect

270 is ¢ i ed through the 15 i.nterconpecti on network, over coherent

system i%%h%?&%%%gg%g%é%W%ﬁeF@ng ﬁféq“e\?g‘rlpmf'sl?g}@?%cftﬁ”ﬁ@‘é%ﬁtng nodes

to the distri d, ,coherent menorie th system \Were the systemthat

i ncl ude?%@esggggﬁppcﬁ'baev %‘g”‘i’%a AEl é@?&b"rﬁ%t‘é{‘ X%?@F%?Cé?{?d ¥éfiner, the read

B e e T s A

operation, as || as other prefetch operations perfornmed by the prefetch
yengine 215 of GitbPHERts. i g valideapyinf e regupried alempry pee & pain.
“Non-binding in this context neans that, if an incom ng snoop request is

r ecelfvedVatrile in e lee dPsgache patfers) 2% thesn ablblpcio2s, the mefetak ot her

menory/ caching agent in the system and this snoop request hits a line in
the 1/0 e@agﬁeﬂﬁjﬁq;@q@eaggequest over the coherent system interconnect 270 fo

prefetch the requested line of memory to be read. Where the /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 I/O 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 prefetc'h 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



WD 0-2117"086 21 FEB 2005 PCT/ US01/ 25556 205, the rrermry/cache%cPt%Bg(r}bﬁ@)_
protocol for the distributed, coherent nenory (the MESI protocél!'f

enbodi memtg od/Sod0l | owed. Thus, between the prefetch opergtj gy @ask
retirement ?)f {)he correspondi ng transacti on request, the pre?etcﬁeg menory

line stored in the 1/0 cache buffer(s) 205 may be invalidated and/or the 5

|10 cache 20gthenidmorgRBchBuoHepSR.YBRIBNMoP Rl HBuEL Cnellie AAGST 10 whi ch

this issue is addressed is discussed in nore el ow i ence to

Lhe oper atthoMe SiprétacolistdeadrRBia ARA) erofBlog VML, SORKLINRG,LELE! ence Lo

Figures 2 and 3, while awaiting a response he 'co tem

i nt er connggdratidrhgndrcafet& F R %Leéég?éégé’ trepaﬁ%ceﬁes r‘?iuetsh gh%? lp%(f\%(tpgz Lo

determ ne whether there are nore reques ransaction
Gata. The B erel e e erTe YRS Bul 268 e bPealedindor her ccponse to
Cpecul ot 1oy FRRER R0 Rl e biuC R B Pk Eonee WH s bl ock

nt or conneer T8 el ARAER Epb R RbERlem gt s nenr e alona. shar ed
remory adhRcett G BENERAA b ne oata i n the addross Tield of the 1/0

ffer 205,. t.he equested data in the corresponding data field,
;ﬁghtehgucagh((a By&ntinggg §?frﬁ'feg’°98° %%P%& ang 3. hyhile caedingi sraspensor r espondi ng
state field. Referring back to decisjon block 310, if the selected request
yis inst ezrgnhthe\&o BENt el intefaeenegt thel prefetcdasginen2l pmet gredeedrmgi ne 215
“determn K\/net her the 1/0 cache buffer(s) 205 own an exclusive copy of
t he nlgrmgﬁm PR I Hpteraigswiaiaer there are more pending requests in the /O

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 1/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 I/O cache buffer(s) 205. This is done by indicating the memory address

 ) associated with the data in the address field of the /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
1/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



‘to the wite request. (Using the MESI protocol, for exanple, thig qvw}rng?gU@
is 11 2 1 FEB 1 WD 02/17086 PCT/ USOL /25556 indicated bl);/’ ei ther an F ?rh

st at e) .\whf then at bl ock 320, as previously descri st PesRrefetc
engi ne \gtfé}z,?rgjgaconti nue to prefetch data correspondi ng 0 o‘% Rzgr pendi ng
requests or specul atively prefetch data as descri bed above. If, at decision

0 ook 33chbs oARnEaslE PUILEILSN Z0BoRs gt 01D, 4, o, 81T St ve copy o

the particular menory |ine asso _ t hen at o
of "t he. memor e M b AR B ST ER R AR Gefe B0t Ror one.
write roghel Bendil Rdlest i S EIMEN I PE o il G b A e wr it
may Tesue an'tRoareRn B 7 e Hoicaehe Rl 208 Spneet apres. of the menory
L et oAl Ea) Do RO S, Sl oI LTS e o 2
et ur no HRet iR B B STelelH et 214 et  resver aprefetob mmneesii  oquest s,
whi | e Wahb' n fé)r it Qe srnoop r esp(t)ns% oyetr t hg i n'Eler connect 27\(/)\/5 t tht .
pref et cR' ‘@h ry {ige Qyer e RoNARSt sYsten dnterconnet 210. fosous at ed
o ponS8bTHBeRh e (och s ravesl mar difesdeendhiociowbettionbavmie| | no. | 1 an
éiif)ﬁgis%rz Zt ate (i.e. the "E" state 20 according to the MESI protocol, for
y exanpl dPabestid Prrtai-ing weteientiest(as)e falbine White request. For example, for
| 10 a full-line write request, the prefetch engine may issue an 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 invalidaies 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 prefelch data
associated with other pending IO 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 1/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 I/O transaction requests from the I/O transaction

12



‘met hod of one enbodi ment then continues at block 320 to determ ne% "Yhffﬁ\gge@uu
there are nore pending I/O requests to be operated upon. In parallel t R«

the aboveg,agti-pns by the prefetch engine 215, the retire pcgRghe55880
operates to retire I/O transaction requests fromthe I/O transaction 12 2 1

FEB 200" WO 02/17086 PCT/ USOL/ 25556 request buffer(s) 210 in order once

th h - ' t i ' f

erboci menf B dAgeebad0 i Ve SRE Bhk R Poerl b SnEBRAR AR o 05,
th ti i - t X I I 5 ti
R L A A L N A

retire engli“f]g 220 may retire transaction requests strictly in the order in
which they “were received froma particular 1/0 bus. For another

enbodi nent, thg reti engi.ne 220 retire trapsactjon.requests
Sccording o SIMHATE IR TRETIA0 yolcis iy Borcraton o SORERALf ons from
the order i.n i ¢h e transactions, are tq received. For one enbodi nent,
these. br N TEHEPTR el ParTeC R SRR 4B T OpETBPUAEAB L Bns
t hensel ves .and t.henagr ocessed according to a state machi ne, for exanple n
the reti rgligRgne 22pmaysetietanppdionreuestiestanitydn thaeerder i whidhthey ansact i on
request with corresponding data available in the |/0O cache_ buffer(s) 205
may be reV¢edacaieddbiramispaHcdar /@ bps.r berggnpther andwdinpeintidacetiren request,
such that a subsequent read request effectively passes an unconpl eted,
prior reaNgneRAsMay Fefire tiansaciiansequesisoicatstng torepgeifie prdesing &d@s r equest may
not be retired before an earlier received wite request. O her types of
yor der i ng thatireay pmyidedor wapdieds frpwmrihe heder in which the transactions are
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 I/O cache buffer(s) 205 may be retired before
15 an earlier received, read transaction request, such that a subsequent read request
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
erronéous read or Write transactions is referred to herein as program order.

Further, as described above, for che embodiment, the /O transaction

request buffer(s) 210 may also store non-coherent 1/O transaction requests. For

13



‘retire engine to ensure that erroneous data is not witten to orzrkaﬁfar&ﬁﬁﬁ
any 20 nenory in the system The order in which instructions are retired to

prevent &k po¥eauUsS read or wite transactions is referre §heisp as
programorder. Further, as described above, for one enbgpcﬁﬁrr%gr?t, tbﬁe /0O

transaction request buffer(s) 210 may al so store non-coherent 1/0

t act | Quthr 80414 ¢ : : [ 17 [ US 5556 such an
e:rgggi ment , ht he rg%gwgﬁgﬁ?é%ﬁlﬁ?gﬁ{%?%ﬁ%@n%é bﬂ;ﬁ@gr@%’r{? ?rggé{g%gjz/izﬁe 220 al so
i ncl ude ircl ; = ) I : i eguests in order. At
IbI oclli 4?05;@%%:? tg ﬁtéaﬁl/ q??gﬁggéﬁ}%ﬂé l{@g&éﬁ}[ﬁ@ gtr%@grsést’ﬁkéé 'has been

| ected, th i i 1 t, .block,.415 wheth th
Fhochet on s AIASBIGAETR SRS B BLRSK AT RS | D

transaction is area ansacti on or

transacti j n Lon. then at block 420, the retjire engine 220
det er ni ne%%v%%dt' m‘gr Fe?'ﬂ%grﬁéﬂo?‘gé p?tﬁgmnsg%@f:glf 33§"VW‘F ef the ¥3n36tiitison i s
prese id i.n the 1.0 cache buffer(s) 205. |If so, then at bl ock
425, ﬁleadg%ra }rﬁgrlgbg%%}ﬁqgor&a‘?’geftrPBﬁ’?cg'ﬁE‘ Ih%%3 é’ﬁéﬁ%ﬂ'ﬁm?f gfgad tranggctian, r et ur ned
tothe r est..n agent over the corresponding one of the 1/0O buses io0
255. |f, ?@%h %eb ?‘g‘i #PQHT‘%@EF%%}"% 24 getag?'éﬁgﬂﬂ‘éﬁ‘efﬁﬁmﬁﬁ’é’%m espondi ng
menory line.is ei.%ng not present in the |/0O cache buffer(s) 205 or is
inval i d GBOSEREH With jBe trapsaction sgyeseni@ad vally indhis ke eachednifegShdt in the
system as, descri b%?q@bove , then at block 440, the retire engine issues a
read reqlled hehat 4esnbesrfresponging data fremethediinh sathedndfer(s) 204 ish t he
menory |ine corresponding to the transaction request. Once the requested

"y dat a hasHe@gd teths wadestngtlieaggrdomel g coabepanding otehef thelVer etessyst em

i nt ercongsesct 270, the data is provided to the requesting 1/ 0
10 .

If, at decision block 420, it is determined that the corresponding memory
line is either not present in the 1/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 coresponding to the transaction
request. Once the requested data has been returned to the I/O bridge 250 over
the coherent system interconnect 270, the data is provided to the requesting 1/0O
) agent at block 425
At block 430, once the I/0 transaction request has been serviced, it is
2 removed from the I/O 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

14



‘agent at block 425. At block 430, once the I/O transaction req trj;fl%sz n
sgrvi ced, it is 20 renoved fromthe I/O transaction request bt??le ( g%(e)

This ma lished in any one of a nunber of ways. LA o]a N
enbodi %r‘?ﬁ?ﬂz{%?&()ggarrpl e, the entry in the 1/0 transacti oPnCFr equest

buffer(s) 210 is erased. For another enbodinent, the line in the buffer(s)

' 56 to a
210 may n@er; Fg 02/ 1708§bP / USOL/ 255 .
subseqﬁent a?n%fsq%%%ﬁéﬁY?Eg&ﬁﬂgg u%‘é Oiaflqag %‘ﬁ%ﬁhﬁ%@ _ﬁlt%%ﬂt Eigch that it
is overwWehistn Referring back to decision block 415, if the 1/0

. : . . . hen at
transaction request to be retired is, instead, a wite request, t
i Si (I 1, ned .whet her the 1/0 cache buffer(s) 205
oun the.cor r ensonrRet B SEETOR 1, e hHraneacicaaesids be t hor an W
ith the MES| protocol). As described above,
g\r/eﬁni:‘z 3%%‘?’5*.:%5?% -{aﬁ"zrﬂﬁgerf’\@\nle§t' faneat §'5'%$@%Mfsﬁ-§i'§)ﬁ‘étﬁéfﬂ®ﬁéd, the 1/0
e ownership of the Iine between the tine
'f ﬁghﬁéﬁg%‘s{h%ﬁéh%\gé c%?ﬁ? B‘?’%ﬁ{@ﬁé&&“@ﬁ@ePpwgsmémdn@mawdmmen request is
i i LS, ..be due, for exanple, to an internedi ate snoop
f)gelr)gt |r g%*‘?'ssg‘(ﬁ g{%ﬁ“gﬁgmféﬁf’ O%ﬂéﬁtSt@tﬁqEﬁ@C@?@w@mﬁﬁi theiMgSt he  request ed
cache linpe,in.,the |/O cache buffer(s) 205. If the 1/0 cache buffer(s) 205
own t he Pﬁ??ﬂ?P{) Ir}}srfgsicﬁb%ﬂla@%@l %‘éﬁﬂﬁéo‘éfﬂﬁﬁséip ofttiheemeatorplimcwagd50, t he data
associated with the menmory line is updated in the 110 is c.ac_he buffer(s)
205 accol@VRYSY PrefRIChRAi he VPngbe bulerds) 205 rapbevelbst diendriship of tharar ked as

m)difieq. (The data to be witten to the nenory |ine according the
ine between the time the memory line was 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 ling in the /O cache buffer(s) 205.

If the 1/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 updat‘ed inthe 1/O -

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 showny, for
example, prior to writing to the memory line in the I/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 enfry in the /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 /O cache buffer(s) 205 in a manner well-known to those

of ordinary skill in the art,

15



“‘wite request may have been tenporarily stored in a wite buffez gngt
shown), for exanple, prior to witing to the nmenory line in th / %a@ﬂ@

buffer(sw@@alzséf the wite request is a full-line vvritepéﬁgg@%g—ﬁ“t he
entire line of data is 20 sinply witten to the data field of the
corresponding entry in the 1/0 cache buffer(s) 205 according to the wite

request. |f, i Ast@adembbEmeni j I L i i.t e .request,
q mbo@meht @ aﬂ@:ﬂfﬂtﬁﬁe%thﬁaﬁck% e 1y lc%%?%%fﬁeer?s) :

the data to be witten nay be nerge ta~presen

cor r esponddfetdteé, iea Rodifieg Ji in nner. wel | - known to
those of ordinary sl?i |1 ihhé?]hgég{t??g%@%ﬁé}_%g r%%gﬁe?is/%'ﬁ P CTr USO

1/ 2- 555 6GehifiEs QRea@IROdi tter tr.acki of the 1/0 cache
buf fer (s) 205 6tate. ﬁfréﬁﬁno“s %?f?@b#ﬁ%ngpﬁrfﬁéﬁﬁé.ai‘)%‘ﬁl%{h‘ﬂﬂ&ﬂ?ﬁf?@i’(s) 205 is
repl aced i iJa~response to, any fetch, prefetch or
acqui si ti%%rggdﬁd\xﬁg%m&q%%grég?ﬁgﬁ,ﬁpggn%(ﬁﬁ%q@,ﬁ ?‘f‘% g GOW?&ge 250 sends
a request : I f. interconnect 270 to appropriately
updat ? t hseﬁrﬁleﬂtgﬁmﬁﬁéagﬁggor ?B@%é%gtghém% .tg?#‘”%l'rbm@éir‘ﬁt'i'ki“ﬁ%g(i .e. no data
is curre i.n that_ cac line) in the  1/0 cache buffer(s) 205 is
repl aced%%ﬁﬁ? éggﬁg!ée atr‘cgﬁ]g%p’?'é\oe(ragﬂlso‘ﬂ’égeé’w siored ipithatesashpliee) e ie 1/ 0 bri dge
250 send 0] e .over the coherent system interconnect 270 to

i ndi cat eﬁé‘ﬁf’é&&%‘rff?ﬁ@f §8$ f?ereg{‘?(:f"‘?ﬂf' esaenaers amefeitharneratfory e cache 10
buffers in_th S . These snoop requests may be sent, for exanple, by

ot her c&ﬁ@?‘@f‘?caec&ﬁmﬂéﬂePéBiS&ﬂ?%elsua@arameﬁﬁqvefHn@mherentisusjem( not shown).
This other coherency control logic may al so per-formfunctions such as

") snoops i ISR e 7P do indigats this prtionds thecentinacking e stateef fhectdchg t he

coher encg ﬁtat,e s) associated with the 1/0 cache buffer(s) 205 and/or
ot her'? caPHi¢(g i HEntystam fhesessnaosmequests may be sent, for example, by other

coherency control logic included within the /O bridge (not shown). This other
coherency control logic may also perform functions such as snoops in response {o
other types of actions and/or interpreting the coherency state(s) associated with
the 1/O cache buffer(s) 205 and/or other caching agents fn the system.

15 With continuing reference to Figures 2 and 4, at decision block 445, if the
/O 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 bioc.k 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 I/O transaction request buffer 210.
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15 Wth continuing reference to Figures 2 and 4, at decision bl 8(:11 fiﬁ@,?ﬂﬁg
the 1/0 cache buffer(s) 205 do not own the nenory |line corresponding to

the witeworequgst in an exclusive state, then at bl ock 45 TIUISEIﬁ‘HI%Q(ti re
engi ne 220 requests and acquires ownership of the nenmory 'iné OVer the
coherent systeminterconnect in a simlar manner to the above-descri bed

correspondi ng pitebebph MRKIAI5 Ok 4 : J ngi ne then continues at
bl ock 450 to update data in the'ca%tﬁren:ﬁﬁﬁq?@%{Péfth%i‘%%reﬂg?reﬁ?é’dwgi te request

bei ng r et ireqebstsSinghs POIRS AL Kk 0 once the request has
been conpl et ed, the requestb?gprregrh}g%//tg)é’f@%ﬁﬁmolfﬁ%ﬁﬁba'ieﬁﬁﬂ%%f@?péﬁdr equest

buf fer 210etird®irda sinhifeB e, WO 02/17086 P C T/ US 0 1/?_5 -5 -56 Al
deci sion block 435, it is determ ned whether there are nore pending

requests in theeddInkr-ARSAGEL r st buffer é0~ |f so, they are
processed and r etglqr ef%? ngg%?%eldga%%ﬁoﬁ?ﬁe' s %Fﬁ tf’lﬁ’éoeél%\‘i’éd%@%h’@i bed
approagh. trhhsdchoR i o.Ripeline ordered 1/0 5 transaction requests in
a systemin \Sni eh'Y Egrg{esqgﬁaesyfgrt ovich iher alsaniidisls pathsipeiwepnen 46 nenor y
(as in, fEis SXA systjemw th distributed, coherent nenory). This
pipelining is pgfgﬁoﬂ fays '%att ?F’l‘?@?’gda Bystampyibrdistehutedgraherariat  per f or ns
non- bi ndi o] red prefetch. rations in response to coherent nenory
access r e@g@g wg Fr?' (;Ené% B%'@'%'SWSH@%E?@'IW%W aieietdhanginethat parforms
above- de I 10 l,.ocal 0 cache buffer(s) assists in the pipelining
oper at i oﬁgornb@ﬁ‘g'f'%‘r ‘H'?Péd?fﬁg Wé/gt?r"t%ﬂer%nons Heresperissttolcobgrenttriconsy  whi | e
~ mai ntai ni rag coherency with the remmi nder of the distributed nmenory
) subsyst ef“&tf ‘CIUR Sﬁ@ffb?'i’“e@mefﬁa%@inge%)i pddifiotially, thé aBoGe-desmibest s may
i mprove Jr/ 0 }Br oughput, and thus, overall system performance as
1 ocal I/O cache buffer(s) assists in the pipelining operations by storing the results
of the prefetch operations, while maintaining coherency with the remainder of the
distributed memory subsystern and cache memories, Enabling pipelining of 110
. Tequests may improve /O throughput, and thus, overall system performance as
compared to prior approaches for handling I/O transactions in a mwiti-processor,
15 distributed memory, cache coherent system.
Figure 5 is a flow diagram illustrating a method of one embodiment for
_ pipelining ordered /O transactions. At block 305, I/0 transactions directed to a
) distributed coherent memory from an /O bus are buffered. At block 510, data is
prefetched from the distributed, coherent memory in response to a first buffered
20 inputfoutput 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 and at block 525, the

buffered I/O transactions are refired in order. It will be appreciated that, for other

embodiments, the method may include only some of the actions described above

17



conpared to prior approaches for handling 1/0 transactions in a.

mul ti-processor, 15 distributed nenory, cache coherent system Fi’ghrﬁ{g{) 21395
a flow divagsared | ustrating a nmethod of one enbodi ment foge-r/RER@sidy N9 '
ordered 1/0 transactions. At block 505, 1/0 transactions direct ed to a

di stributed coherent nenory froman 1/0 bus are buffered. At bl ock 510,

data is BF AeffiRs AdMBkDBohs ot BUchled SO MBS RofeegPonse Lo a

first buffered 20 input/output transaction and tenporarily.Stored at bl ock

215 A blieckeiaROnay SRgRBENel iy TN ARL e RRRGtbe poel of ched data and

data stored in the “distribu erent nmenor n er cache nenories
and at bl : tions are retired in order. It
will be ag‘%*r&é@iggbt“’eﬁnfﬁ%@ﬁ%‘%ﬁt esgnée(eoﬁ%%gghents, t he net hod may incl ude
only sortie of i Ay bove 17 21 feb 200 02/ 17086
PCT/ USO1/ 25- 5 'Bﬁﬁgn@ﬁ%@%a%@%é"?ﬁ@%E‘l"g’ét&”i '@ﬁsber?&“%&&%‘?qsw\ég above.

Furt her, re of the actions nma e perforped in a different order
t han ?escrr%%g%@gea o c'ﬁ? exeioRleny ?@ﬁ?&?e\ﬂ{c’ttﬁe%&%&H'@Ei"’?&ﬁr'@&cri bed above.
In the foregoi. ci ficati t he i nventi on has been described with

ref erenc eaque%%gg ?&ﬁé’ aa?éwa&iia%&dﬁﬁ@ﬁt’%&% Ray gﬁf"r.‘aq&t thgretp withgiever, be
appr eci atcge% t hat, var,i ous ‘Hodi fications and Qhanges may be made thereto

wi t hout FEHNG; fragn HebrPeeer B Andrscepe pf the dnvenier g sat forthdn thevent i on as
set forth in the appended clains. The specification and drawi ngs are,

accor di n@Ppendes gaims, ol sRegficationand digeingstarecaqcatdieglyitedie a restricti ve

sense. 10 18 . ) ]
. regarded in an illustrative rather than a restrictive sense,

10
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CLAIMS: What is clainmed is: 1, An apparatus conprising: a prefgtpﬂquqhng
to prefetch data froma distributed, coherent nenory in responseé to a
first transaction froman input/output bus directed to the distributed,
coherent menory; and an input/output coherent cache buffer to receive the
prefetched data, the coherent cache buffer being coherent wth the

di stributed, coherent nenory and with other cache nenories in a system
inclu%igg the input/output coherent cache buffer. 2. The apparatus of claim
wher ei%f Hé'prefetch operation performed by the prefetch engine is a

non- b adi ; tch operation such that the prefetched data received by

t he gﬁﬁgéégpmégiﬁé buffer may be altered by a nenory in the distributed

coher ent {’re ry. .ScThen%ggarat us of claim2 wherein the first transaction
is FRAESY

request guest and the prefetch engine issues a read

request to prefetch data be read. fromith distri rent nenory
i n respbSEtEenee tPiPF"sff’t"{‘ 3%3&& ?g’ﬁ b Gqher FWW@%B@%FP%%%&;E’M claim?2
wherein the first transaction request is a nenor wite request and the
pr ef e fitst tansaction wues @W@Wé&bﬁstdéfeﬁﬁeéﬁ%%NIWé?ds RPRPTeRt r%‘%‘@ﬁory Line in
the distributed, coherent nenory, the nmenory |line being indicated by the
firstandtransaction request. 5. The apparatus of claim1 further conprising:
an input/output transaction request buffer to tenporarily store transaction

request g, i#g@&ﬁitpi&%ﬁér&iﬂché}ﬁ BuRutd rRuéipe thelpusfehedidts dhd eohicteat di st ri but ed,
coher ent nory. 19 6. The apparatus of claim5 wherein

cache buffer being coherent with the distributed, coherent memory and with otber cache

memories in 2 system including the input/output coherent cache 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 coberent cache buffer may be altered by a memory in the distributed coherent
memory.

3, The apparatus of claim 2 wherein the first fransaction 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 transaction request.

4. The apparatus of claim 2 wherein the first transaction request is a memory
write request and the prefeich engine issues a request to prefetch ownership of 2 memory
line in the distributed, coherent memory, the memory Jine being indicated by the first
transaction request.

5. The apparatus of claim 1 further comprising:

an input/output transaction request buffer to temporarily store transaction requests

received from the mput/output bus directed to the distributed, coherent memory.
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the prefetch engine prefetches data in response to transaction r gejﬁigz [
stored in the input/output transaction request buffer. 7, The agg r atus %&
claim6 wherein the prefetch engine prefetches data in response to
transaction requests stored in the input/output transaction request buffer
regardl ess of the order in which the transaction requests were received
fromthe input/output bits. 8. The apparatus of claim5 further conprising

a retire epoimeapplratilof chirh Spulierdtit put transaction requests stored in the
transaction request buffer in programorder after the transaction requests

have beﬁ'{l dﬁ%{?:hﬁeh?ﬂe pPefetdfiR dARRATGHYS nehabmdReistssdbeinthei re engine is
chec

further e"1 nput/out put coherent cache buffer to determne

whet her dat.a assaci.at ed w i nput/out put transaction request to be

retir &g %“tp‘bt&@éag?ﬁmpﬁequ\é\éettbﬁlﬁ%t/out put coherent cache buffer in a valid
state. 10. _The apparatys, of cl.aim 1l wherein coherency is maintained between
t he inputlaumppéﬁﬁﬁﬁgﬁwmémrﬂﬁffer and the distributed, coherent
menory using a MESI protocol. 11. A nethod conpri si n%‘:r r(?f ehchi ng data in
r espons thetpaefgtchiengine prajetehes daiaun resparsede Frpeise n&h"&@%"ts %@8 P85t rom an

i nput/output bus and directed to a distributed, coherent nmenpry,;

t enpofrpui/butpitteamisatgion bejupstdbffecivgarditas of thanulenwi whish therftrngdtierency bet ween
the prefetched data and data stored in the distributed, coherent nenory

and d&hﬁesﬁgﬁgﬁqeéﬂvé@ﬁ{gﬁt&qﬁﬁﬁjﬁmbﬁﬁs. 20 12. The nethod of claim11l
further conprising: buffering input/output transaction requests received

from the i gppt/ QWL BHEs dPUfich B Romprising:

a retire engine to retire input/output transaction requests stored in the transaction
request buffer in program order after the transaction requests have been completed.
9. The apparatus of ¢laim 8 wherein
the retire engine is further to check the input/output coherent cache buffer to
determine whether data associated with an input/output transaction request to be retired is
present in the input/output coherent cache buffer in a valid state.
10. The apparatus of claim 1 wherein
coherency is maintained between the input/output coherent cache buffer and the
distributed, coherent memory using 2 MESI protocol.
11. A method comprising:
prefetching data in response to a first input/output transaction request received from
an input/output bus and directed to a distributed, coherent memory;
ternporarily 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.
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directed to the distributed, coherent menory. 13. The nethod of gl@iFEE 2005
further conprising: prefetching data in response to second and third
buffered i nput/output transactions wherein prefetching data in response to
the first, second and third buffered input/output transactions my be
performed in any order. 14. The nethod of claim 12 further conprising:
retiring the buffered input/output transactions in the order in which they

ver e i ssuegh, i ridiigod cTRIHIAMOUt MttherRufipriding: The net hod of claim 14 wherein
retiring includes checking the tenporarily stored, prefetched data to

determ ﬁ&{ﬁé?l?ti@ryg\g&g%ﬂ' : bifon 1£QICSS BRI Bt the iAo LRIPRR{thake equest Lo

be retire store . The nmethod of claim 11 wherein

mai nt ai ni oherency .i ncl udes nmj ntai ni ng coherency using a MESI

pr ot ¢ °.{f’r&qﬁ%‘.‘e@ﬂ@g}‘%ﬁ’%’gmgf‘trgfﬂgﬁ#ll wher ei n prefetching includes issuing
a request for the data in resfgoinse to the first transaction request; and
recei vi ng Yhd'he athosid¢laim 12 futher CoRRrIRREHod of claim 17 wherein
prefetching data in response to a second input/output transaction request
recei veptefetaning ddtein ragponsototspenndpng thirdbufferescinpul/quiput ranwgicBensi but ed,
coherent menory occurs between issuing the request and receiving the
requesheeindata. 21 2 1 FEB 2005 19. A conputer system conprising: first and
second processing nodes each including at | east one processor and at | east

one caghife:hAgedita in response to the first, second and third buffered input/output

transactions may be performed in any order.
14. The method of claim 12 further comprising:
retiring the buffered input/output transactions in the order in which they were issued
by the input/output bus.
15. The method of ¢laim 14 wherein retiring includes
checking the temporarily stored, prefetched data to determine whether valid data
corresponding to the transaction request to be retired is temporarily stored.
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
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
prefetching data in response to a second input/ontput iransaction request received from
the input/output bus and directed to the distributed, coherent memory occurs between

issuing the request and receiving the requested data.
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a distributed coherent menory wherein portions of the distribute§ tohebetls
menory are included within each of the first and second processi ng nodes;
and an i nput/output node coupled to the first and second processi nhg nodes,
the input/output node conprising a prefetch engine to prefetch data from
the distributed, coherent nenory in response to a first transaction froma
first input/output bus directed to the distributed, coherent nenory; an

i nput / out piy, ALeBFRE sySieehempeitingr to receive the prefetched data, the
coherent cache buffer being coherent with the distributed, coherent nenory

and thegeaghi &Qorh@g&l,sﬁiné 20des Ha6h fRMRMILH 1MEIRPrédesdr @hdndchsr t her

conprising: a co nt systeminterconnect to couple each of the first and
second processing nodes to the input/output node, the coherent system
int er%‘%??ﬁ?g'ﬁgf‘%mg'ommni cate information to nmintain coherency of the

di stributed, coherent nenory and to paintain,cqoheren bet ween t he

i nput / ot fistibutedireheant memeRy Wher1a POHIpgs P#@‘eﬁfsﬁ%‘&%&%cng@ﬁgﬂp%t nenory.
21. The conputer system of clai m20 wherein coherency is maintained in
accorateirebndai ithin dEBIof fhreoitstcand segond progestingpedssyangy st em of ¢l ai m 19

further conprising an interconnection network to communicate information
bet weenad iaguffdutmit nedelcapednd thepfirstarisiengndodessiag doddsethe imput/oviptput  node.
22 21 feb 2005 23. The conputer systemof claim 19 further conprising an
inputl{oqgtcgﬁhgﬂghhdge coupl ed between the first and second processi ng nodes
and a plurality of input/output buses, the plurality of input/output buses

I ncl udi zpﬁ‘efel?c% éﬂg{usetto prefetch data from the distributed, coherent memory in response
to a first transaction from a first input/outpnt bus directed to the distributed, coherent
memory; and

an input/output coberent 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:

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 distrii:uted, coherent memory and to maintain coherency
between the input/output coherent cache buffer and the distributed, coherent memory.

21. The computer system of claim 20 wherein coherency is maintained in
accordance with a MESI protocol.
22. The compater system of claim 19 further comprising
an interconnection petwork to communicate information between the first and second

processing nodes and the input/output node.
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I nput/ out put bus, the input/output bridge jncluding the prefetch fqgiﬁf_@, 2ty
the input/output coherent cache buffer. 24. The conputer system™of claim
22 wherein the input/output bridge further conprises: at |east one

I nput/out put transaction request buffer to tenporarily store input/output
transaction requests received fromthe plurality of input/output buses that
are directed to the distributed, coherent nenory. 25. The conputer system

of claim erein..t e | hLeimehes data in response to
R e S b

transacti e I nput/output transaction request buffer
regardl ess ol s baus conpled Hebgebn e | Oftocds6Hpasds apde stored. 26.
The corguinput/onmit brlgs ngdﬁ{éﬁceﬁh&%%&%aﬁ%&}ﬂrﬁt / out %ut bridge further
conprises a retire engine further to check the inpul{ioufRytgcoherent cache
buf  egfudatity mﬁwmgumﬁ@ﬁwﬁ%’@( Bﬁqéltqlpgﬁ%egéi?l on g{equest to be
retired, the retire engine to reti re_transa%ti on r.eq%lﬁé%s stored in the
| NpUti e Rut bhgnheipuimiputdadss mobditedhe PreffiFbERER ¢ 23
input/output coherent cache buffer.
24. The computer system of claim 22 wherein the input/output bridge further
comprises:
at least one input/output fransaction 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.
25. The computer system of claim 24 wherein
the prefetch 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.

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,

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

request buffer in program order.
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