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ORDERI NG I N A MULTI PROCESSI NG ENVI RONVENT BACKGROUND 1. Field The pr 200
di scl osure pertains to the field of processing systens. More particularly,
t he pr aw@01/48613Ccl osure pertains to a nenory ordering techhPCTHuUsN4833a

mul ti processing system 2. Description of Related Art I nproving the
performance of conputer or other processing systens generally inproves
overal |l throughput and/or provides a better user experience. One technique
of inproving the overall quantity of instructions processed in a systemis
to increase the nunber of processors in the system |nplenenting

Ml t i pREGRST DERSEHYPMERIE REEEss BIOMRYAG . 1N XPhEakPROCERSHI BfvINRmithan nerely
i nterconnecting processors in parallel. For exanple, tasks or progranms nay
need to be divided so they can execute across parallel processing
resources. Another major challenge in an MP systemis nmaintaining nenory
consi stency (also known as coherency). Menory consistency is the general

requi renent that nmenory remain f]ijfgfi(:i ently updated to supply a current
copy of nenory contents to a req gPrhessor or ot her device.

Mai nt ai ni ng nenory consi stency is conplicated by the use of internal
caches dndFieldher data structures that store data for nore efficient access

than is typical Ll%/"ﬁgva%?ﬁl e from ot her&é?rtgdchd?‘)éterna . gg;mr cMcw ts.
syst em may mal p
comnbi ”at' q ﬁ;ﬂn{" hﬁb"’?z d&eﬂ”ﬁ:sﬁﬁ&&%?&&%ﬁ&'ﬁ‘ﬁ?&no@“ﬁﬁ%ﬁﬁg Ydrd§5 a

partlcul ering guarante a guarante ware w ||
mai nt ai r}nﬁm@mmlag&yﬂbm. nature of program nenory accesses (to at | east
sone sel ected degree) at sone selected point in the system hierarchy.
Sof t war e may be used in sonme systens to supplement 1 1 0 JUN 2004 WO

01/ 4861 gé@&}g@ﬁgﬁwd%mware provi ded nmenory ordering by forcing
additio ring restrictions at desired

Improving the performance of computer or other processing systems gencrally
improves overall throughput and/or provides a better user experience. One technique of
improving the overall quantity of instructions processed in a system is to increase the
number of processors in the system. Impiementing multiprocessing (MP) systems,
however, typically requires more than merely interconnecting processors in parallel. For
example, tasks or programs may need to be divided so they can execute across parallel
processing resources.

Another major challenge in an MP systemm is maintaining memory consistency
(also known as coherency). Memory consistency is the general requircment that memory
remain sufficiently updated to supply a current copy of memory contents to a requesting
processor or other device. Maintaining memory consistency is complicated by the use of
internal caches and other data structures that store data for more efficient access than is
typically available from other (e.g., external) memory circuits.

A system may maintain memory consistency using hardware or using a
combination of hardware and software techniques. The hardware provides a particular
memory ordering guarantee, a guar{mtee that the hardware will maintain the sequential
nature of program memory accesses {to at least some sclected degree) at some selected

. point in the syStem hierarchy. Software may be used in some systems to supplement
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times. The nenory ordering schene inplenented is a design choice in\r@l )/dmm
a tradeoff between hardware conplexity, software conplexity, and t

desired ability to cache and buffer data. One prior art techni que that

r epr esagbv1A86NPr om se between weakly ordered nenory coprsTAs@Myitodel s
and very restrictive consistency nodels is "processor consistency". The
processor consistency nodel is a known prior art nodel which allows

limted reordering. One inplenentation is used in sonme prior current

pr ocessdigdwareprovidgd mddtoryadrderingShylofcigPadditiddalrorderiog destrictipns andésirednt s
for one enbodinent of a prior art prqQcessor consistency nenory nodel

syst em aimeshdhis MEMory QFdering scherme, peplemmented i adqsignomolse ipyQving atradent i
Syst em apavEh SR BRI Eompltng it fy 57584 WiF ek byl By Eggipeu” 11

I ndi vi duglfr&tdutes froma particul ar processor are not re-ordered with
respect to each other. As indicated in block 102, the system ensures that
| oads from ea€ne priot asstachagpe Ahatrepreseatsua eomproprise: betwiean svnaklysgrdersds,

optim zati ons nay he done; .however, |oad data appears_t e. returned to
t he com@ﬁ&q%ng%‘é??tﬁ?ﬁ TGodrls anfl ey Jesingtye ﬁ?f'bs%"'Wt ¥h Wi ng

rel ationshig 3 Jg@{w?m PR e S0P EGISHARY nodBis 21NoRS-prioh aftMBoded Whith MRGA. i f

t he | oad dat ng returned has not” been altered by non-globally-observed
st ores, lifmtedrrdorderingt hd®ne imeplemantation & used ire some pdonayrdnt pracessos (sedvd t he

~data still a ar s eturned in order. Additionall .as indicated in
bl ook 108E- U Pyt 20 e sMefhry prlsius Shrsuainty ot Sne enbbient o e s
are gl obg Yol Ehsistity méthbrydRGRI Sysicth il Sndwd iPFigBRSRL ve | oads  and

stores to e sane addres3 Iint order. The consequences of the
constraints ofAcdoirdingso HGekl 100 off Eigulieslc thespribriant systent ensurksttbat|stopescfroi gur es

4a-b) as some enhodi nents of the present inyention inglude these
Const r ai #ech BGIIARA! PEFG3PY 1p the YSHETR A ohserveR Pl oY gl othef grecesiops. In

- dif Ter enba@ggras ShaRiadl S SRbm PILAEMS Yrooelior afl AT VLA RIR despitioP!

t hat each processor can observe Its own stores prior to observing stores
from ot hes epclvoelseror As ifdicatet imblarkt 1020t systemh ensurkes thadteloadsc froor eached

hi o pr PERCEROR BRIFEE 1 SRESUR 98 A0S, ClroiAig e, SPRPLALCBACERY B ORE

Pr of usi Oﬂo@éb&? $bad &ﬂ%ﬁpézﬁ’s d-bt fifled 1o the computation-performing unit in order to
avoid altering the ordering relationships between the system loads and stores. On the
other hand, if the load data being returned has not been aitered by non-globally-observed
stores, the order of that the load data is retumed may be varied, and the data still appears

to be returned in order.

Additionally, as indicated in block 104, the system ensures that loads and stores
to the same address are globally ordered. Thus, all agents in the system observe loads
and stores to the same address in the same order. The consequences of the constraints of
blocks 100-104 are discussed in greater detail (see Figures 4a-b) as some embodiments
of the present invention include these constraints as well.

Finally, as indicated in block 105, stores to different addresses by different
processors are globally ordered except that each processor can observe its own stores
prior to observing stores from other processors. This prior art constraint is further
contrasted with the present invention below (see Figures 4c-4e for implications of this

prior art constraint). Some systems (e.g., systems based on the Profusion Chipset from
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WO 01/48611 PCT/ US(c) O’ 41833 Intel Corporation of Santa Cara) may e TR,
substantial hardware to ensure reasonably efficient ordered gl obal
observation of different stores to different nenory |ocations by different
pr oces w0 91/48d31 eover, nmenory ordering over head conti nues PCT/IS00M1833
dramatically as systens which inplenent traditional nmenory ordering nodels
are scaled up to neet additional processing challenges. Consequently,
there is a continuing need for nmenory ordering techniques that allow

i npr ovedned Gogpermonbf Satard@latjans rguite ptsoatial iordede torRA%RY rksifibiyng
protocol such as_processor_ consjstency. SUMVARY One discl osed enbodi nent

i ncl udesfficigniprdeared glebal phseavatiop of difierent staresato; differenigmemory, losiationst by t he

pluralit f C s. The processors and arbitration logic nmaintain
shriespEpiaics

process Cy“yet allow stores generated in a fast order by any two
or nore of theMoRe6v&rsSaEMofy dRferiaBseveadi Bortinded ft6" oty Qlralhudilyahs | east
one other of the other processors. BRI EF DESCRI PTI ON THE FI GURES The
present systemst which smplement rtradiionaly mgmpnt prdsringshesdelsnare rsrialedi up tameet i n

 enbodi neARAPaL PEERES e STRLTIER CERTPLE: e fricconhing peed J0CHSBoD
enbodi rrea}gce.gﬁ] fechiif ey GaP AR iRbroVRe efficidrgy mra:;ggglﬁinng%g agl;,.é&é:a%ﬁgedmmr y

ordering I ques.” Figure 2b ilTlustrates one e a techni que

f or st ormetoryendgirimg protochl suchys precessor Gonsistehgy.t he system in Figure 2a.
Figure 3a is a flow diagramillustrat] rations for processor A,
processor B, and the arbitration IW&@ ording to one enbodi nent when a
causal relati s ' bodif) & ' ol .am

T et rat i ng OHE APk irbodikitaiugls ¥ Rraliy S pltegorsard bMGL RIS |
| 0gi ¢ acuptidn® ithe leralityb oflipnenessorsh e (The procassas and | asbitratiedn ilpgie xaintain

bet ween stores. Fiqures 4a-4h illustrat %nge Iaré_I NMenory access (gte uences

occur 1 i rRFOFSEREPTENERN Yl A OY S UCSEROFBHR H‘?rg_ t?i’s%ﬁ’ rPORST ng
techniq g@éges@)ﬂ‘{&%c%ﬂsl:matiﬁ 2URRrR Srder B di 1B ont'bihki 6f tBE othe? Prdcetkopased

mul tipr s ng
BRIEF DESCRIPTION OF THE FIGURES

The present invention is illustrated by way of example and not limitation in the

Figures of the accompanying drawings.

Figure 1 illustrates one embodiment of a memory ordering technique.

Figure 2a illustrates one embodiment of a system capable of operating according
to disclosed memory ordering techniques.

Figure 2b illustrates one embodiment of a technique for store forwarding which
may be utilized by the system in Figure 2a.

Figure 3a is a flow diagram illustrating operations for processor A, processor B,
and the arbitration logic according to one embodiment when a causal relationship exists
between stores.

Figure 3b is a flow diagram illustrating operations for processor A, processor B,
and the arbitration logic according to one embodiment when no causal relationship exists
between stores.

Figures 4a-4h illustrate cxem;;lary MemOry access Sequences occurTing in one
embodiment of a system using disclosed memory ordering techniques.

Figure 5 illustrates one embodiment utilizing a switch-based multiprocessing

3



3 1 0 JUN 2004 WO 01/48611 PCT/USQOQ 41833 architecture. Figure 610 jun 2004
Il lustrate n nmbodi ment utilizing a hierarchical cluster-based

archi t ect™ f’&”‘&% LED DESCRI PTI ON The fol | owi ng descri pti diFHPSAp44%3

causal ity-based nenory ordering in a mnultiprocessing environnment. In the
foll owi ng description, numerous specific details such as system
arrangenent § ,and hi erarchl es, types of bus agents, and logic
partitioni"ﬂ‘@)‘I atlon choi ces are set forth in order to provide a nore

t hor ough underﬁgépgﬁqguﬁfmgsrbgc PhBS& Wy eci at ed,
however, by one Il'ed in the art t ﬁlyﬁmq nven on rrcguﬁﬁ ELg‘gicticed
w t hout sugthiepmrefic details. In ot her I nstances, cont roI structures and

gate level circuits have not been shown in detail in order not to obscure
t he invention. Those of ordi naﬁ?}‘-ﬂgwpﬁsﬂm N with the included

descriptions, w e L lc ciLcuits

W t hout undue %(Jpeﬁﬁ@ﬁéétqeg%ﬁ%h HEM&% %ug%%f@cﬂl%g? ngD g%l’ﬁu%s
may advantmeiéipriteysingDénvironmesy dh |l the ﬂémFIMcﬁ Prict) Ghetroud) s AYalENS.
| mproved t hroughput may be achi eveddwg] axing traditional nenmory

~ordering rwcksas nsystefn ABRNECHENLSA [apdwhicrdnehiesy s types t of rmse ageitsi andnidgic

der |oad and/o Eff b d th
actvel y TR TR HRRPE ARRES et st Tog by BHn S BRI B mote ShOmBRY o oo
in a new ﬂfd@ﬂ{anaﬁﬁ%bf trﬁcbr&&nrlheerr:mhaxwumdfﬂprmaaw'mevai dﬁE'?.Iliﬂl\édm

ordering rules may | emented so that processor consi st
mai nt ai neche tame Myﬂvl mmmga my:kaapmucadowpbbub sudht ypesifich details vvaheotlieat

assunes traditiona eSS QL rovi Proc y be
us. hgent dagandebveonibSFeRG aff Ba Tevel il 8LS fofbeta shown 5 Briad im ordeb s
and ther ef gy eongpeurd tﬁ&qwesmasenwwse &1 GHi W%M'msﬁ%ﬁswﬂﬁ%@”{ﬂeﬁm

of a disclosed nmenory ordering technique. arious detalls and enbodi nents
are i ncl uddmdcripticnse Widlrhe rabiey to-iigplessent the necessanyalogin girduiss wightoub runidue t her
expl ain the nenor rderr ng techniques referred to in Figure I b. Blocks
100- 104 of *XPEUWFRAOR,| 5o appear in and are discussed with respect to

The disclosed memory ordering techniques may advantageously improve overall
processing throughput in some systems. Improved throughput may be achieved by
relaxing traditional memory ordering rujes in a manner that allows the system to more
efficiently order load and/or store accesses. Efficiency may be improved by either
actively reordering memory accesses or by allowing memory accesses to occur in a new
order permitted by the relaxed ordering rules. Such memory ordering rules may be
implemented so that processor consistency is maintained, thereby allowing backwards
compatibility with software that assumes traditional processor consistency is provided.
“Processors” may be bus agents or devices of any type which process data and/or
instructions and therefore need to access memory.

Figure 1b illustrates one embodiment of a disclosed memory ordering technique.
Various details and embodiments are included in the remaining Figures and
accompanying description further explain the memory ordering techniques referred to in
Figure 1b. Blocks 100-104 of Figure 1b also appear in and are discussed with respect to
Figure 1a.

The presently disclosed techniques deviate from the restrictive ordering
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Figure la. The presently disclosed techni ques deviate fromthe restr ﬁQHN?W"

ordering 4 10 JUN 2004 WO 01/49621 PCT/1JS0OQ 41933 constraints det a‘

bl ock 105 of Figure la. As indicated in block 106 of Figure |b, causal

rel ati owolpafase@ar e nai nt zi ned. Mai ntai ni ng causal rel ati dCIngee/4m933 ai | s

mei ntaining sufficiently sequential access to obtain correct results in
cases where one access affects or nmay affect another. In other words, if a
value stored by a first store froma first processor is |oaded by a second
pr ocess @onstrdintsadetailédip block Hsef Figurenbmo Ay indicated s block 106 ef Fegure 1b,0

subsequent stores fromthe second processor is inportant. Subsequent stores
by the. cPBsRIFPIgUAPTHBS B MANGFY MR AU TeROBIES Gatla MR AENE, o
store si . f t 0,
ctoro. - ANffcibiify bflendbidcbess [PUgh cBitbel it bibeS WE R m ol sEoIREDEE
processGhgy afféctandthinein other wardsyifla vhlue sidredby o fiest sero frampr fisepoessali r ect | y
depends on the val ue generated by the first store fromthe first

pr OEe_s sds Joaded byoa §?§ﬁ‘é PERCFSSer. dheerdering, °§HE=§° By METIOry, accspses ity Tespget _
when RO AHBEREAL Sl i Secohd pRRYsoRE if iipbbiiabt SyBsbER!sidied by Bt 5T U

causal i 16adiBY g?&asmmmdeﬂec aRef tedoid asEaR dirstRere since eieifirst bore/al ue
stored by t first processor in the first store. Thus, observation of a

par t i cul may affeatithe valug stooed hycthe secopsteren agent | oads all  or a portion of

the contents of that rv |. tion. . | Qe

stored val ue &qﬁlﬁagﬁggv%%h&gg}egg%gst%%r g%g%sa e sé]a#jl g?%ﬁmg%h t he

systemt RALEThd ScoR@SRFY BOM tHel decOIB protesson directly depetids b tidealud oad

the affecte marmrtg | ocation. 1n other words, all agents would see the new
¢

val ue i fgenemyedbyftbe fisst store denin dhsofiest ipooressar dpucptooserulaiveeexesutiomard t he
store. Local obseryati.on occurs when a subset o al vers
woul " s CRERFSNROEVATHIBE 1 g Rgs. SR iR Sbeso s af belifElin 8 pritie |
i ndi cat egey@mbif a¥fdn e o itoragliabd BOR! cAREANY NinkedlerAdegrdinglysfor atmplidiypg to
the presently disclosed techniques. Block 110 states that the system

r eor der scansality may bt assunedowhenatheserendipragsssop meealy doads the,valne stasedby

processor to be observed.ip . a different order. In other words, under

certai n BelUshRIPEHERIN ?gﬂlsggoﬁ’om a

Thus, observation of a particular memory location occurs when an agent loads all

or a portion of the contents of that memory location. “Global observation™ of a newly
stored value is achieved when data has propagated sufficiently through the system that
potential observers will observe the new value if they load the affected memory location.
In other words, all agents would see the new value if they performed a load operation
after global observation of the store. Local observation occurs when a subset of the
potential observers would see the new value if they performed a load.

Block 110 further indicates a relaxation of traditional memory ordering rules
according to the presently disclosed techniques. Block 110 states that the system
reorders a set of stores gencrated in a first order by more than one processor to be
observed in a different order. In other words, under certain circumstances, stores from a
first processor may be re-ordered with respect to stores from another processor. Stating
this in the negative, the system does not force global ordering of stores to different
addresses by different processors. In some embodiments, different processors may

observe such sets of stores in different orders. Notably, the “first order” that the sct of
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first processor may be re-ordered with respect to stores from anot helr
processor. Stating this in the negative, the system does not force dlé“ﬁﬂm‘
ordering of stores to different addresses by different processors. In sone
enbodi neotes/48€dif f erent processors nay observe such sets BCTAIS00/41833 n
different orders. Notably, the 4'firSt ordej"” that the set of 51 0 JUN
2004 WO 01/48611 PCT/US00/ 41833 stores are in may include sinultaneous
stores as nultiple processors in some nultiprocessing systens nay generate
stores atoreheareaim tmape. inflnde r sirmideedm gstatdsoae dnuktiphl peéceisads inosemer, s
subj ect to several conditions accordi n%lto one enbodinent. In this

enbodi nERRIPIAcESTIBECY SIS TR, 8FNCTAIRSIPras it Hiesame kg | s subject to the
. VS J
constrai nts Ot%ebg‘?fdggms i@ﬁiocﬂrlqo,lﬁ’&'e\kﬁq? sﬁbjfétgb%%rg{ OSndfRips store

ordering may ong as stores from'eac ndi Vi processor
remei n igecerddfy 1o bbedanbodimentacin hivembaiinentp frae-drderingeirfoemed i bitek,
| oads and stores to the sanme address are gl obally ordered, and causality

i s mai nt Hilhisdsubjeet to hp ronsteaints ohdlocknifilpy108n194,0and, 310Gt Namelye dnter-
tricti in_inpl { ] Lt i i 1 Lity based
et O S SRR R B SRS AR A PRl O
i mpl efmf};eﬁmﬂi' ficdraee doa8aioa dabi Praesshr BRHEAF Yo EXcERE i Brdef A54Hs A48 StordsS
(6]

system Figure 2a has a first plurality of processors including

pr ocess athe Aade addnesspare gdehally apdered, andiqahsality is mhiptained. Qther embedimients | ogi ¢
230, causality, nonifori | ggic 232.. access tim.zation.l ogic 234 and

but f er | rigay sploygaly Spiel fitbéseiRRrch R R imRRsREE h riizdissia Syudll
process%id?cg&qlirfg%cﬁ,gﬂﬁgﬁgg_ 2 arbitration |ogic 240, causality
nonitoring logic 242, access optim zation |ogic 244, and buffering |logic

246. The cl usFigurer2a ilustiates ¢onegiemb2dineah df 221 8ystem dbatpimplements ediselased
arbitration | ogic ,250, causalit nitori | ogi ¢ 260... access optidn zation
Togi o oTeRsaling Baerd PG GERND AGTRE ofbe, SR St BERF 2R e AP
| ogi c, Céﬂ?ﬁﬁj&w P@é&s&&’é'iﬁ&udiﬁ?'p?oce@fo?@ﬁﬁos_ 13 prBi&sdr D10 Sdligled @ Judierl T er

| ogic may fun tlgn simlarly. Tn one enbodinent, the various |ogic

el ement s1 ardpstiat ogio 238 xausality manitoringriogjc 33X ecdesyoptimizadon logiaandd i n
B U e | e lopid 336 Sirbny 8 S P lTlE8 bloRfhsbi®@'as Bh Bléte oY D 230 ©V°

coupled to cluster 2 arbitration logic 240, causality monitoring logic 242, access

optimization logic 244, and buffering logic 246.

The cluster arbitration Jogic 230 and 240 is coupled to central arbitration logic
250, causality monitoring logic 260, access optimization logic 270, and buffering logic
280. Each of these sets of arbitration logic, causality monitoring logic, access
optimization logic, and buffer logic may function similarly. In one embodiment, the
various logic elements cooperate to implement the memory ordering protocol indicated
in Figure 1b. Specifically, the access optimization logic blocks may improve the
efficiency of the completion order for loads and/or stores buffered by the buffering logic
unless the causality monitoring logic indicates that such reordering is problematic. The
central arbitration logic 250 may coordinate these activities, perform its own
optimizations, and ultimately dispatch memory accesses to a memory (not shown) or
other arbitration logic (not shown). .

The details of these logic various blocks will be discussed with respect to cluster

1; however, a similar implementation may be used for the other similarly labeled blocks.
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efficiency of the conpletion order for |oads and/or stores buffered q;y lﬁﬂ;ﬁ“"
buffering logic wunless the causality nonitoring | ogic indicates thzlt é
reordering is problematic. The central arbitration |ogic 250 may

coor di n¥@ oi/igsi® activities, performits own optim zati opsTusedisdati mately
di spatch nmenory accesses to a nenory (not shown) or other arbitration

| ogi c (not shown). The details of these logic various blocks will be

di scussed with respect to cluster 1; however, a simlar inplenentation may

be used {xh t herchsster 1,ahe YoufeHag 6kib 1236 Kuffefs Tbads shid\stgRE4roi adh 48611
PCTNSOQO 41833 Wth respect to cluster 1, the buffering logic 236 buffers

| oads andgentorBe asbatmtcaciegicad®rarbitrates and sehedules e acerybes frayp allragentsat es and
schedul es, t he ;accessgs..{I.Q | | ts i cl r L n.an effici manner
w4t hecluster i Sfforirs ShBet B3} RolsDined o B Bfocts SiluRlafipLicBitle, 1T 0r

| ogi ¢ 23¢pa!l SBitatidnt Iogicc 236 Qlso’ ABRHAGERr Résouiftes AEMe ARY Fvel fin tRE syidzhem
hierarchy (e.g., fromthe central arbitration |logic 250). The access

opt i m zahievarchy ¢¢.g..J8om gher dentrakarbiteation logis2¥)ch as access reordering,

write conbini (WC and. dat a f orwar di FWD).to inprove the qverall

o f1 i ancy of Thevacces elteaiintioets L8 iifSfint pporhided ey access ordecite)
optim zat, Y 'dﬂ'nrtaﬁﬁln &VD b B eATie9bfW t h
respect H{R i%gﬂirﬁgﬁﬁéwcccbrﬁgy t he gaccesb;?o opt | nﬁ%’?i%ﬁﬂlrogi o ?Q)f
cooper at gife sdcekses fgenemteday arpitratinn fogic.(Bpch ogiimizaGdns, bowereermaybe liiniteddegr ee
T00"Tn " Pygihes eppstraints; dBCtSesin vl HesmsthiS RN cHd AGPTRRERT dBF AR
respect to.ot 3 t : B Ny gia o t&tﬂéﬁﬁye
per for rrec?%&%{' & DZE%CEEOOO%W% gvg'tﬁi%ﬁgﬁ%éygcég%%gqg %rﬁgﬁ P 8rdv%/ar | ngt.hhme
enbodi e degfeerdf @prinizationcthhis \parmissiblea Fod exampledn iaccordence witly blaxdkalQO iof

Figure 2b. In general, store forwardin | sp known.as data forwarding)

i nvol ves FigwrskIth Ftowss dTam ed2pent, 25 WgFé‘ﬁféﬁHﬁ H'a“( B’L’J‘ﬁf'ﬁ?@&‘) l°s?‘5?ﬁs§‘°ﬁ§

. det ect f&%p‘é%rt@gt encONdi tions that allow data buffered with the stores to
be forwa 0 Poads. One forwarding condition arises when a | oad

requests dat a Onewpamization)thitanay be peffanmeditiycthe atdess eptirizatiqn logion34 st ore

| g1 ¢ 2aaomatorvias o P FEpuLRERLRSamS sars Tomaige s cetsled 1F (o Hopa o

the chart of Figure 2b. In general, store forwarding (also known as data forwarding)
involves checking received loads against pending (buffered) stores to detect forwarding
conditions that allow data buffered with the stores to be forwarded to loads. Ome
forwarding condition ariscs when a load requests data from a memory location for which
there is a previous store from the same agent to the same memory location buffered in the
buffering logic 236. As indicated in blocks 281 and 282 of Figure 2b, in this case, the
load may be satisfied by forwarding the buffered data to the requesting agent.

| As detected block 284, if a load requests data from a memory location for which

there is a store from a different agent to the same memory location and (as detected in
block 288) there is no causal relationship between the stores of the two agents, then the
store data can be forwarded to the joad as indicated in block 290. In this case, a cauvsal
relationship is established between the two agents as indicated in block 292
Consequently, the stores prior to the store that provided the forwarded data are to precede

the subscquent stores from the agent that received the new data in this embodiment.



| oad may be satisfied by forwarding the buffered data to the request,lidﬁg]UNmm
agent. As detected block 284, if a |oad requests data froma nenory

| ocation for which there is a store froma different agent to the sane
menory woomissenn and (as detected in  block 288) there i s ROTRS0041833

rel ati onship between the stores of the two agents, then the store data can
be forwarded to the load as indicated in block 290. In this case, a causal
relationship is established between the two agents as indicated in bl ock

292.  Consequepty ¥audahfeladcHsEip iB'debtell Gn HIRKSISR! ehenle draa oLk 165€ and
forwarded data are to precede the subsequent stores fromthe agent that

recei ved stdre ineheakedasiindicsied incrloed2 e nFhis accurpwhema omlregwestsi datg fom a
PCTNSOO /41833 |f a ¢ usaﬁpée[bat i.onshiéﬁﬁ_i s detected in 8I ck 288, then the
order of TeEFEONYIREALAR IOLY &re 4%, Sioky fram 2 Atfferent agent (to the. pameipempry o
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in block 298, the store data can be forwarded to fhe | oad onl if the store
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' t f ded Ladheat ' , | b
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ef fici entthgy efrl raditivhbly gseass amly modv Bfficignto usieyall ememory Adctiess omay | v,

general |oad and store reordering may be done nore aggressively than in
traditi orasivapagenarsly) si stency mul ti processi ng systens because the
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The cluster arbitration logic 230 and 240, the central arbitration logic 250, as well

as the causality monitoring logic, the access optimization logic, and the buffering logic
for each, may reside in a single integrated circuit, component, module, or the like, as
indicated by their inclusion in an arbitration block 200. Alternatively, these logic blocks
may be distributed into various components. One advantageous embodiment is an
integrated (e.g., single integrated circuit) multiprocessing system that includes multiple
processors (e.g.. A, B, etc.) and cluster arbitration logic for that set of processors.
Additionally, while the separation of these logical units in two different blocks may aid
in an understanding of the presently disclosed techniques, such a clean separation of the
various logic functions implemented by these and other blocks discussed herein is not
required and indeed may not exist in many implementations.

Figure 3a illustrates operations performed by one embodiment of the system of
Figure 2a in one case where a causal relationship exists between stores. As indicated in

block 310, Processor A stores values to memory locations a and b. According to block



may be distributed into various conponents. One advantageous enbodi f&niiiN 2804
an integrated (e.g., single integrated circuit) multiprocessing system
that includes multiple processors (e.g., A B, etc.) and cluster

arbi tr aWMONH486HL ¢ for that set of processors. Additional PET/USMV41833t he
separation of these logical units in two different blocks may aid in an
under st andi ng of the presently disclosed techni ques, such a cl ean
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r el at i onsdtherwdss availdblet manmer.st ores. As indicated in block 310, Processor A

stores values tq.nmenory locations a and b, According to block B 1 0 JUN
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val ue in ngenory Lo ' . S e operation in block 322 b rocessor
51 s not BBt b i iirdion BARCA I CorCiRBIGE sCits, Arenbialel o Brossitior & 85T,
pr ocessorprcessGIEB AntY 4 t@ivefidntdraekasiABicaed i BRIcH F15S FoF Eﬁatgﬂe.eioﬁceér ay
processor A and processor B into a convenient order as indicated in block
315. For ofxthepwatessgmy ber cembinedyfor tpipelined tand/orathe berites myan bl wrdenpd el & ned
and/or the wites y be ordered in a sequential order. As indicated in
bl ock 325%“5?95?235%?‘ B may prevent or interrupt such reordering. In block
325, processor ABifdisaed Gbblock 325, pivcesSAd fibly prEVvENL Yr b€l QctP reoldirihg.
observation is recogni zed by the arbitration bl ock 200, which na

cont i nuouknl Plasked®S. pecessor & pbserves Aeign cby doading) amemary dlosatione d, /Fhis
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conpleted after the store to location b. Thus, the arbitration bl ock 200
can not rmemogy location b by processor B causes the arbitration block 200 to order stores

generated after the observation of processor A’s store to b so that such stores are actually
completed after the store to location b. Thus, the arbitration block 200 can not reorder
the stores to memory location y generated by processor B in block 327 before the store
by processor A to location b. This tightened store ordering is enforced, as indicated in
block 335, until global observation of b is achieved. Thereafter, store reordering may be
resumed as indicated in block 340.

Thus, in the example of Figure 3a, the disclosed memory ordering technique may
allow improved efficiency for the case where there is no causal connection between
stores generated by different processors. In other words, since the store to memory
location a by processor A has no causal relation to store to memory location x by
processor B, the stores may be reordered in a manner that is more efficient. On the other
hand, since the store to location y by processor B is causally related to the store by
processor A to location b, the stores may not be reordered completely. The legal or

permissible orders without violating causality are indicated by reference number 345.
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the stores to nenory location y generated by processor B in block 3270 juN 2004
before the store by processor Ato location b. This tightened store
ordering is_enforced, as indicated in block 335, until global observation
of b isYHeAVAY Thereafter, store reordering may be resRfHSW4I8IZdi cat ed
in block 340. Thus, in the exanple of Figure 3a, the disclosed nenory
ordering technique nmay allow inproved efficiency for the case where there
is no causal connection between stores generated by different processors.
In other words, since the store to nenory |ocation a by processor A has no

causal rel atiopeﬁ%ﬁmggrggiﬁmgmbgﬁ%gnpgfﬁ%%aprocessor B, the stores
"may be reorder&@ Tn a nmanner al IS nore On the other hand,
since the stora, tb,I®Bcgtion y by processor Bis causally related to the
store by processor to location b, the stores nay not be reordered

conpl etely. Thé& |¥gaP* &t pernissible orders without violating causality
are indicated Ry %'efgr?]ce number 345. 9 10 JUN 2904 WO 01148611 PC /USO
Q' 41833 Permissible Grderings for Enbodi nent of figure 3a a, b, x, y a, X,
b, v x, a, b, y Additional efficiencies my be expected by performng
reordering acraoss,  nor han two processors as a_larger nunber of

pr ocessors areAqu&BPS}ﬁt IRshEIcHEAY beygxpacted by, performing) reprdaning. agrosgumere3b

ill ' [ f f . Fi
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i ndi cat edynrelatdd stokes350, processor A perforns stores to locations a and b.
Simlarly, processor B perforns stores to |ocations x and y as indicated
in block 355. Bigwe Heillustratep operatiors perfermedbyans: ¢robodimenteofmbeisystem ofy t he

otores THERES4in BFE SaseSulilhe SRR LINRARBILR pdiBlCiRet (£s tidaftin
det ect ed ik /B50aProtessén Anpifamnis 26Rs a6EIdNHE dhd BNSIRSIBNEbroBdsseH Ber

may be used to performthe stores, so |ong as other S\é_stem constraints are
obser ved. préemssPEIsdodpertians gsandoy agsndieated i blerk B g Sincgineither processor

loaded another value modified by the other processor, there is no causal relationship

=

between the various stores. Thus, as indicated in block 360, no causal relationship is
detected by the arbitration block 200. Accordingly, any convenient order may be used to

perform the stores, so long as other system constraints are observed.

Permissible Orderings for Embodiment of Figure 3b

a, b, x, ¥
X, ¥, a, b
x a Y
a, X, b,

X 3 bs

o 9w

a X Y

Figures 4a-4h illustrate various consequences of using the disclosed memory
ordering techniques in a multiprocessing system. In one embodiment, the constraints

shown in Figure 1b are enforced.
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a, b, x, yx, vy, a b x, a, y, b a x, b, y x, a, b, y a, x, y"PUJUNZM&
Figures 4a-4h illustrate various consequences of using the disclosed
menory ordering techniques in a nultiprocessing system In one enbodi nent,
the consVPH shown in Figure Ib are enforced. 10 1 0 JURFDUSO4pES3

01/ 48611 PCT/USQOQO 41833 1. Stores from each processor are observed in

order (Block 100). Again, a store is "observed" when a processor or agent

(either the sa ent.or a, different ent). | oad ry location and
retrieves the ﬁﬁ@’éﬁf@“‘&fﬁ%@%ﬁ%%{e °B ‘Bl’i’“g&'%ﬁ@&gﬁ%li by the store.
When stores from each processor are observed in order, no agent can
observe the new value of a sequentially later store fromthat processor
and the old value of a sequentially previous store fromthat processor.

Figure 4a depicts agent A perforping two stores. The initial condition is
that all memABARHEIPEAE dsgred ow FTha RFQCESOT Y YAEALLeithar thesameiagent or g he

Bett . . A
Aiso" st or SEefh Spepf.IERED BmetBi5 ok bt a8 SR e nENERARE ' e BT
the two Sopsiifsn a rabdified byl higakore C EWaeh Qtoréd from efB Plocédsbt gre SBsefkeldifS

according to the inplenmented nenory ordering schene). Agent B observes the
new val ueordér, ano agent (¢an othgerya | the new yalueshpfia seguentially Jasere stor: frope thate

t t b t he st b.. A t th | d I
ot “bot h_ abtaeren: =g e IR P bEF @i el vight et BoRIBRPRESA b, No agent
can observe thgjhew4ddepRtsOigem A?%Bfohﬁingot% Mé¥es|CTRE imitiRPEoNdftfon! i Mar WRU! d

violate the constraint of bl ock 2. 'Loads from each processor appear to
execut e | memogye tocaBpatioeddfin all of Figusesddsah. first, the value 14s storadrin meinary

moant 1 halooRiRR RENRGR A" TESFAISE st Ao aph AOr qRESERh g tocBrBEPTRERIN® uni
in order Aglitb®iob, dfd D bbepwd e Wodiates it B 1ELLTsdeids(LE., perohissible
orderings according to the implemented memory ordering scheme). Agent B observes
the new value of a, but the old value of b, which is acceptable because the store to a
occurred before the store to b. Agent C observes the old values of both a and b. Agent D
observes the new values of both a and b. No agent can observe the new value of b and the

old value of a because that would violate the constraint of block 100.
2. Loads from each processor appear to execute in order (Block 102).

In this embodiment, loads are limited to appearing to execute in order. By
appearing to execute in order, it is meant that the load data is returned to the requesting
computational unit in order (although data transfer signals may be reordered due to bus
protocols, transfer techniques, etc.) if non-globally observed stores might affect the load
data. If the load data being returned has not been altered by non-globally-observed
stores, then the order of its remun may be reordered, and the data still appears to be
returned in order since the reordering does not affect the computational unit. If load
reordering was allowed for mcmory' locations altered by non-globally-observed stores,
then the relative ordering of loads and stores could be affected, and the stores may be
observed to execute out of order. In Figure 4a, agents B, C, and D all execute their loads

11



protocols, transfer techniques, etc.) if non-globally observed storqugh@ !
affect the load data. If the |oad data being returned has not been altfere
by non-gl obal | y-observed stores, then the order of its return may be

reor derw@® 0148611t he data still appears to be returned in ®CHIISHEILBEE t he
reordering does not affect the conputational unit. If |load reordering was
all owed for nenory | ocations altered by non-gl obally-observed stores, then
the relative ordering of |oads and stores could be affected, and the stores
may be mbordenvart ttbe prepenvalues reofetwnetbto. the ngdtity urAs awexaagsetis ofie oftheand D
all execute theirﬁgoagé 11 1 ﬁE%UN 2%%§ WO 01/48611 PCTIUSOO 41833 in
order anBeRRVeRECRAUPWES 1Q,E:ire, Jqads opt of prder, b nught erved as changinghafore, |
one of the agents were allowed to retire | oads out of order, b mght be
observed "as changing before a. 3. Loads and stores to the sane address are
gl obally ordered (Block 104). Loads and stores to the sane address are
globally ordered such that if two agents both store values to the sane
address, all 3dsendsaed sigesta thesameaddisearsglabally erdsredBleckolfdhi ng bef or e
the other. In Figure 4B, agents A and B both store to |ocation a, with
agent A storing 1 and agent B storing 2. Agents C, D, and E observe the two

stores in allpopdstaie sipessiolthe sahe adéress e RlobRllp Brdered Sk Wit if woSageh ©
whi ch changed the value of a to 1, and then observes agent B's store which

changed béth ssereuealyes 40 ithe) same tagddpess, Talb pbsepving agends obsesye pgeof the stores
observe the o site grd I n_thi s _epbodi (" opdinaly,, agent C.can
observe é@ﬂ?&ﬂﬁgq&?%’ﬁ%ﬁFh"gﬁ“’aqﬂeﬁﬁﬁ"l&aﬂ%&“@&eﬂﬁ%@h“%’%&é‘ 0¥l o and
then a gg‘é'tngﬂ.t ﬁ"’s- PafRNigeReB diorisg 2. 00s@i/E, B, mim_ab&nmﬁetrhsem?eshﬁiangt)l

accordin | embodiment. On the other hand, in Figure 4C, agent
obser vesoffthe ppsdible orderse Agent B ebsenvpsdgentAds stareuehiol changed ithervaluef ofoanec0 t o

v on ¢ bbb PREEP A B B ieh S R Tl YR o e "
order, the ofRPafEAI duld BbEUrAE theldpboditdbrde this tioBiinenf\C ARcaidMplY, agégent C

first observes a being O and then observes a being 1 (no observation when
a is 2).Chpambsdvesbbeing 8and then mbeiog dnand agent B caneobsgrve a baing)f iand thenta

"Processpr, Consi L eeH ca BhE BostRie% befap %5 ned)a el Sodeling o' G
embodiment.

On the other hand, in Figure 4C, agent D observes Agent B's store which changed
the value of location a from 0 to 2, and then observes Agent A's store to the same
location, changing the value from location a from 2 to 1. If another agent saw the
opposite order, the constraint in block 104 would be violated. Accordingly, agent C first
observes a being 0 and then observes a being 1 (no observation when a is 2). Agent E
observes a being 0 and then a being 2.

In prior art “processor consistency” systems (e.g., Figure 1a) , stores to different
addresses by different processors are generally globally ordered (block 105). In such
prior art systems, stores to different addresses are globally ordered except for the case
that each agent can observe its own store prior to observing stores from other processors.
In Figure 4D, agents A and B store the value 1 in memory locations a and b respectively.
Agent D observes a being 1 before b -bcing 1. Therefore, no other agent observes b being

1 before a being 1 in this embodiment. Agent C observes both a and b being 0, and
Agent E observes both a and b being 1.
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addresses by different processors are generally globally ordered (bé}(ﬁg@aN 0
105). In such prior an systens, stores to different addresses are ¢l |ﬁ%
ordered except for the case that each agent can observe its own store
prior t ing stores fromother processors. In Figu nts A
and B s?%ﬁ@ﬁﬁﬁé value 1 in nenmory locations a and b respe%f?@%#w&QﬁAgent D
observes a being | before b being 1. Therefore, no other agent observes b
being 1 before a being | in this enbodi nent. Agent C observes both a and b

being 0, and ,Agent [ye tdh a.and, b bepn . J2 1 0 JUN 2004 WO

01/ 49611 T/ ARERRRTE AR, SEIER AHAE afhic B Hod€ Wehafied B Bemordbritons pe « ne
value | I El’r@gsébﬁﬂﬂ 1 ARGt B otR8Eedb HERPAQLH -bcﬁ%ei' . o‘ﬂ?&ﬁ‘:& bei ng
al befolragda b€ing a ?Ll nseq(zjently, nog ot?lcgfpe?gent o?)se@rves a e'|n§g al
bef or e b other ngent lobservesi & beimgoalilnbefore heing £C1 inlrthisr embodimein. bAgant & bei ng

0, and agent E observe and. a being_1, The .exception is shown in Figure
4F, V\heréb%&‘?&‘%mz’r %ﬁé&%ﬁ%%&éﬁ?ﬂg&ms“&wwa his case, the

constraint is t o . -Or [ E%E@ hedir be
~globally or der-lg1 . e , aég ?ﬁﬁ??ﬁ%&?y&%ﬁ\{g ) q%ggﬁstzﬁ%gbser \?Ie"g its
. 0wWn St or grorés? InoctHEsicase,athé ednstaimdenst itipesedtthatestdres toodifferent addresseshdedr | v,
agent B observes its own, store to locatigon b hefore agent A's store to

| ocat i on tebe ginkally: ordened. 1 Thus, pe iliusirated inEiguieAR, ggent A abtervns itstownssterei or  an

policy i uit.er Lot b . o) ,
differ en?0 E?C(?L'gg s% ri’tg?ér&.dg@ugasl H?’%ﬁgﬁ ?‘%ﬁg% ?p?’é’?‘gﬁg’ﬂi &rcat?\?e é)%fnzl E{ g%nl?wl'o 6) .

| n cont r gfgre to 1BEAGON b befys agem Ahi abreftorioeslion! £baThoy, kaeeptofop fthe belf-es t 0
different addresses by different processors, sone enbodi nents enpl oyi ng
pr esent | pbetryatians exceptiar thiguprier am policyris quite sesHiGiivaayith mspeat todifferente
ordering as rgqui ' Ln causality. Figure 4Gillustrates a case
where a é%‘%ﬁ%&ﬁﬂ%@bat ed by observation of a stored val ue.
Agent A stores the value 1 to nenory |location a, and agent B observes the
store to a and then perforns a store of the value 1 to nenory |ocation b.
Agent B intro@@ﬁ@&%@é%%ﬂ@@%@-the stores to nmenory

| ocations a and b, so all agents are constrained to observe the store to a
before the store to b. Agent C does just this, observing the store to

menory | ocati o cbrtrdsSio prieredit systdnss which forced global ordering of stores to different
addresses by different processors, some embodiments employing presently disclosed

techniques only enforce a minimal amount of store ordering as required to maintain
causality. Figure 4G illustrates a case where a causal connection is created by
observation of a stored value. Agent A stores the value | to memory location a, and
agent B observes the store to a and then performs a store of the value 1 to memory
location b. Agent B introduces a causal relationship between the stores to memory
locations a and b, so all agents are constrained to observe the store to a before the store to
b. Agent C does just this, observing the store to memory location a first. Agent D is
shown as having observed both stores, but did not observe the store to b before the store
to a.

If processor B had not observed the store to memory location a, the system could
have re-ordered the global observation of these stores to memory locations a and b. In
other words, if processor B had not.inquircd as to the value of location a, processor C
(and the rest of the system) may have been indifferent as to whether a or b became 1 first.

Since the store to a was observed by processor B, creating a causal connection, the
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shown as havi ng observed both stores, but did not observe the store m
before the store to a. |If processor B had not observed the store to1 r29m
| ocation a, the systemcould have re-ordered the global observation of
these syygr@isgba nenory locations a and b. In other wordspegds !‘9 sor B
had not inquired as to the value of |ocation a, processor C ?ﬁ\ the rest
of "the system) may have been indifferent as to whethér a or b becane 1
first. Since the store to a was observed by processor B, creating a causal
connect i Bitrdtit 16gid preselvid (80 @4irstyBseond @RdekingCT! USO0 /41833 arbitration

| ogi c preserved the a-first, b-second ordering. 5. Stores to different
addresses by different processors are not globally ordered (Block 110).
Figure 4H il ystrat &l t yation wher ents A and C store to two

di fferent adgr §§g@§i°ié€ﬂ'?n &dg{ea{.eéw;byt eg%‘d’éwfs?%s ﬁ?n'b‘?‘yglmt?@ﬁ"&, and
agent Cﬁ}l%gqlgﬁe value | in nenory location b. Then Agents B and D
observe e two stores in tw different orders. This ordering is allowed
provi ded that there is no causal relationship between agents A and C
(i.e., there is no servation of a store fromthe other agent prior to

gl obal  obser FigUrS ¥ sillpsgicates 3 §ation aehese HaepisyA e Costorey togtjen differente non-

t - i , ' L S.: b t
T a1 flrEe JeREm A sRRRTE LT n Pehibey FckyiBE R B e sRRTE valie”"
processol ifmanonglcatienbsThén gpéms B and mbﬂis%fﬁstheﬂﬁo%tﬁiledh?ﬁm diﬁ'crtantsySt em
n this system a

utilizing a swtch-bhased, nultiproqessh;g architecture. ] )

central MMMSHM icaliowed prayifed, that these Js Moseausal yelationship betweens 16,

518, 520, 05 t ralit r n evi | ncl udi 1

"t er  actiebist Bale By it b Bodl KBl of il ofis e 44 et RPRPARY e
530 and §sérvationeof thap swre)d dceordinglys thé other gente (e WON-QorkliSsudsy agéms, The
basi cs of such swi tch-based nultiprocessing arrangenents are known in the

art. As agents BamdsRdn this sramplelransolisenva siareein rept etdess This ardeningids, t he
enbodi ment . 'tg#r?je lml S [pcessor consistent nmenory :
ar chi tec?ﬂr%ﬁ%w%tlhqﬁanﬁse 0%‘??#5%%%“@5@%% I ty-based menory ordering
techni que il Fygurat Sdillustratés @ué CerhbodifefOcl B0dy¥tent hRilizhip habwRithbasedd00
ensures that stores from each_individual .
multiprocessing architecture. In this system, a central switch 500 couples a plurality of
processors 510, 512, 514, 516, 518, 520, 522 to a plurality of memory and /O devices

including 1/O interfaces 530 and 534 and memory systems 532 and 536. The /O

interfaces 530 and 534 may each provide an interface 10 one or more /O devices. The
basics of such switch-based multiprocessing arrangements are known in the art.

As distinguished from prior switch-based multiprocessing systems, the
embodiment shown in Figure 5 implements a processor consistent memory architecture
with an embodiment of the causality-based memory ordering technique illustrated in
Figure 1b. Accordingly, the central switch 500 ensures that stores from each individual
processor are observed in order by all other processors (block 100). The central switch
500 also allows a set of stores generated in a first order by more than one processor to be
observed in a different order provided that causality is not violated. To this end, a
plurality of buffers 502 are included in the central switch 500 to buffer stores from the
various processors before they arc committed to a memory (not shown). Access
optimization logic 506 can reorder the stores from the plurality of buffers 502, perform

store forwarding, and/or make other optimizations as long as no other system limitations
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processor are observed in order by all other processors (block 100). igﬁ
central switch 500 also allows a set of stores generated in a fi rst‘I %?UU"
by nore than one processor to be observed in a different order provided

t hat ca ' s not violated. To this end, a plurality ) 502
are incmgio,lh?‘#the central switch 500 to buffer stores frpgﬁ;%“ﬁ\%gri ous
processors before they are commtted to a nenory (not shown). Access

optim zation |logic 506 can reorder the stores fromthe plurality of buffers

502, f t ' h timzati I
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relation and accordl_ngl:syllmt the optim zation that y be gon by the

access opti m Fagaoh 6 dlsieatene. higambical, cclustérthuseds medtipro¢eissingr sylsiena which
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form a clPusdessors 65 amsl 652 ayywedl asoantyroinbbeer of ZdditiGhalipravessors,omaasdaster 654

and 656 forma cluster caontrgolled,b controll er, 674, and processors 658
and 660 Femlé?dchstﬂewwﬁﬁ (ﬁ%edgﬁyﬁ%fﬁ%cﬂiﬁ‘quﬁﬂﬁ 4o 658nform peslustgr72 and
674 are ' di i | rnis
coupl ed t'C: g@&:@p@f;ﬁdgmh&gﬁﬁiﬁr@ﬁg@%a&? gl%f? gH’ g@sgémg?ﬁgpggwy a(not
shown) . Tbetrelivnt676.| EonGakers $721and 674 apd eshpled fohi fnePmediatd levenédntloller 690.
Many other hierarchical arrangenments are possible, including using

di f f er en©8Avhieh in Sy 15 coppled t9 3 topslevel qotreller 6R0r that interfages\witha wemory
| usters, i f LVi.si f ol nokh t
ot i gur @ ¥olnd T EiluolBf 6701s o bolefth e ORIEVRL Lot B0y 4™ ©

various lofheg! Herairchical hiresgensdnys afeo possislep irluding fusingn Qiffddelit) nambergaspal ity
nmonitoring (CM Iogi c may be included in each of the controllers 672, 674,
676, 680 Preasssosoper Slusiebdiffarent Rumbers of slustcas.tanda different dorpe) divisionoof

hi erar ch with any known ordering restrictions inposed by the
causality nonitoring logic. As a result, different processors in the
system may obdgtive sgstemad Figurdi, teusality moniesring 4ol buffering| rhay bt perfofied evel

controller 690 may be atbl e tQ perform nore o;i)ti m zations_than [ ow | evel
at various levels of the hierarchy. For example, buffernng (BUF) and causality

monitoring (CM) logic may be included in each of the controllers 672, 674, 676, 680

and 690. Stores may then be passed to higher levels in the hierarchy tagged with any
known ordering restrictions imposed by the causality monitoring logic. As a result,
different processors in the system may observe stores in different orders. For example,
the top-level controller 690 may be able to perforn more optimizations than low level
controllers such as controller 672 because the top-level controller 690 has more or at
least different stores to rearrange, combine, or otherwise manipulate.

As discussed with respect to other embodiments, system throughput may be
improved by more efficiently ordering memory accesses. Such optimizations may
include or relate to write combining, paging, interleaving, load bypassing, or other
known or available memory access optimization techniques. Embodiments disclosed
may allow a processor consisten;:y memory ordering model to be maintained,
advantageously providing backwards compatibility with existing code that assumes

compatibility with a processor consistency memory ordering model.
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controllers such as controller 672 because the top-level controller 690 has
nore or at least different stores to rearrange, conbine, or otherwildeJUN 200
mani pul ate. As di scussed with respect to ot her enbodi nents, system

t hr oughpi 0M48$1be i nproved by nore efficiently ordering reITVUSNAEBIESSES.
Such optim zations may include or relate to wite conbining, paging,

i nterl eaving, |oad bypassing, or other known or avail able nmenory access
optim zation techni ques. Embodinments disclosed may allow a processor

consi stency nmimsy causalitysbgsedodrimdrp diderifg thad Mstiprodsivinpt GREBHREN is
prOV|d|n3 backwar ds conpatlblllt W th _existing code t hat "assunes
is

conpat i bdlistlopedy °ﬁFBﬂE§§9PP@ﬂh§mbﬂ@ﬂUymH¥WDkyﬂbddmnhmbmﬂuﬂewn1nﬂmﬂ 0

B

enbodi MeihRaVe ofesid SesREtieate 80 thé BRWA ihVerdtof, it i Wiveskidl Aot oS, it

is to be understood that such enbodinents are nerely i1llustrative o and
not restlimiedvto dhet specificogonstmioidonsi and arasigements tshowni ande déscribed) ofindee
limted to,the eci %Pnstructlons gnd arrangepent.s shown and descri bed,
Sl nce. - viRiQHIoBER BhodiBertRRS ey iR RO ine Y Wled o e AHOR GOSN e |
the art ypoOBissioddre.ng this disclosure. 16 1 0 JUN 2004 What is clained is:
| . An apparatus conprising: a plurality of processors; arbitration |ogic
coupled to said plurality of processors, said arbitration |ogic and said
plurality of processors to maintain processor consistency yet to allow a
plurality of stores generated in a first order of stores by any two or
nore of said plurality of processors to be observed, consistent with a
different order of stores that is inconsistent wwth the first order of
stores, by at |east one other of said plurality of processors; and
causality nonitoring logic coupled to said arbitration logic, the causality
nonitoring logic to nonitor causal relationships with respect to observed
stores. | '
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2. The apparatus of claim1l wherein said arbitration |logic and said
plurality of processors are to allow the plurality of stores to be 10 JUN 2004
observed, consistent with the different order of stores provided that
causality between stores of the plurality of stores is nmaintained by the
different order of stores allowed. 3. The apparatus of claim1 wherein said
ar bi trat i WHaipgpi@eds: al so to reorder the plurality of stores generated in
the first order of stores to be observed, consistent with the different
order of stores provided that causality is maintained with respect to
observed bt or e apparafyiSoRpHHigt us of ciaim 2 wherein the arbitration |ogic
i's to maintain, RaMERldrbcB¥orsal lowing a first sub-plurality of stores from
said plurality of sfores froma first sub-plurality of said plurality of
processors to #bitratendpgie gouplgdite saidplpeality of grogessersopid aghifFation lpgig and yaidf ot her
stores fr - Dl (i : I LS tdh the
G 1 or ent B BRRERa BRhpaR dhiokss Dy co G I SO PELEe s
pr ocessor gnératge inghinsy ardet of piprep by sy tvofof mote of said plurity dfpyocessdrs st lsr es. 5. The
appar at usoyle &, BliBident DRY £hifreRH HadoPlibrinb@0ink Oisfont i3 Bk GraENsUT € L hat
stores fromany one of said plurality of processors are observed in order
by al | ofstaed, by pileastdrietopheopf saphpharality of procegsorsThad appar at us of claim5b
wherein the arpjtr.afi .00j C. | i: W | . ing a
first store framuafohfPlgicshuha TRELIAGIER b el REREERE' 1D
di f f er entlogiotamenipf casdrdatjionsiipdwitlesgmectito pserved gownd store from a second
processor only if said second processor has not observed said first store.
17 1 0 JUN 200k 7. The apparatus of claim 1l wherein said arbitration |logic
is to enslure tHetappoatdsoffalam! vdeodin guidakigstim lappaarsaidplexiggof e i n order. 8.
The apparat us. of cl aim [eln i rbitration.logic,.i . sure that
[ oade and s ot By dne el Qe RS o dbish B B G yiinalh oS
appar at usorddr of stadesrpdovidhxéthet causbitychetwebn sto@s ofthe ploglity df stotes iguaintainede causal
rel ati onsbhitges ¥¥ t ht r s%«ggttretsgllo%l%ﬁer ved stores. 10. The apparatus of claim5b
wher ei n s&i'0 HIEEPY AT SRSPEYFENE t o0 ensure that 1oads from each processor
appear to execute in order, to ensure that |oads and stores to the sane
A oss BT RNl S EaT i L IHBRANEG RSY rebBLAbL BIRTLPS W L1
of stores generated in the first order of stores to be observed, consistent with the different

order of stores provided that causality is maintained with respect to observed stores.

4. The apparatus of claim 2 wherein the arbitration logic is to maintain causality by
allowing a first sub-plurality of stores from said plurality of stores from a first sub-plurality of
said plurality of processors to be observed, with respect to a second sub-plurality of other
stores from a second sub-plurality of processors, consistent with the different order of stores if
none of said second sub-plurality of processors have observed any of said first sub-plurality

of stores.

5. The apparatus of claim | wherein said arbitration logic is also to ensure that stores
from any one of said plurality of processors are observed in order by all of said plurality of

Processors.

6. The apparatus of claim 5 wherein the arbitration logic is to maintain causality by

reordering a first store from a first processor to be observed, consistent with the different

order of stores, with respect to a second store from a second processor only if said second
processor has not observed said first store.
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11. The apparatus of claim5 wherein the arbitration logic is to reqquUszu
the plurality of stores fromthe two or nore of said plurality of
processors to be observed consistent with nmnultiple different orders of
stores by different ones of said plurality of processors. 12. The apparatus
of claimp wh i i SOnS . plurality
of cl ustefs egl% aﬁl%slrgigs é’lrlg'i us"s%FQ'{:ﬁagdl’a%&ggt\?%é?%?[ﬁ%?gHaS Q%?FO (gnrl] logic is
switch- ba@ddpracdssdrlaﬁteam exdcogiiconderdi vi dual |y coupl ed to each of said
plurality of processors and to at |east one nmenory or another swtch-based
arbitration logic. 14. The apparatus of claim|l wherein said apparatus is
integrate’l i ntTheapﬁeiratgi & claim |l twheredcegisirbigatidntieg¢ Btt@ehsadenicatiidads abd. The
apparatus of claim1l rther ri.sing store forwarding logic. 16. The
appar at us'®f* R M5 SAPg ‘&ﬁ@?@ﬁﬁg Eyﬂﬂg?gre forwarding logic is to forward
data from a flrst store to a first nenDry | ocation froma first one of
said plurality_o roce IS t of t e first nenory |ocation froma
Second orfe of “UEEERRE SR | e Rl Rai R0 ST AL | onshi p

exi sts WirkltiseBipe®ith tegpdch® obbdinied stokedr €. 17. The apparatus of claim 16
wherein said store forwarding logic is to forward data from the first
store fromthe first one of said plurality of processors to the load from

the secon@, onerhehgpatatls JHIMim @Ohein SRRl AbiRhtiondddid ¥ tOénsivke AREPI® fforh I a causal
relationship exists with respect to the first store only if the first

store i s SO HRIPEESOpBRRSRC ﬁx‘?‘flé')?t‘“ Adgfelo cgpusy thatlpadsand sigres Bé}éF e efire cesses

the fir stare SIBEENY YrdeRASANIIAS guatdhtee AafX ISt RAGIESHIPPHitH Fedfbct B oBiedfedlsioted. Of .
processors; arbitration |l ogic coupled to said plurality of processors, said

arbitration logic and said plurality of processors to maintain processor

consi st engy yethetagﬁ,aaéthm chii s Whekeld te bitdtied BSic i8R dtk 81 phitaldyf t WO oOr
nore of said plurality of processors to be observed by others of said

pl ur al i tyases frmyibie §¥pramore pesaidplwalingof Brcessors WC@PS%P gonsfstealyidh ot her s

i ndi cati r]'ﬁhlﬁ'[blé figteRRt ord &5 BLdtbBOSy differtfi@ndd ikl FFuYall%f of PkRELSrs. and causality
nmonitoring logic coupled to said arbitration [ogic, the causality

nmonitoring logic to nonitor causal relationships with respect to observed
stores. iz, The apparatus of claim 5 wherein the plurality of processors are arranged in a

plurality of clusters.

13. The apparatus of claim 5 wherein the arbitration logic is switch-based arbitration
logic individually coupled to each of said plurality of processors and to at least one memory

or another switch-based arbitration logic.

14. The apparatus of claim | wherein said apparatus is integrated into a single

multiprocessing integrated circuit.
15. The apparatus of claim 1 further comprising store forwarding logic.

16. The apparatus of claim 15 wherein said store forwarding logic is to forward data from
a first store to a first memory location from a first one of said plurality of processors to a load
of the first memory location from a second one of said plurality of processors if no causal

relationship exists with respect to the first store.

17. The apparatus of claim 16 wherein said store forwarding logic is to forward data from
the first store from the first one of said plurality of processors to the load from the second one
18



19. The systemof claim 18 wherein said arbitration | ogic and said 10 JUN 2004
plurality of processors are to allow the plurality of stores to be
observed indicating different orderings of the plurality of stores,

provi ded that causality is nmaintained by the different orderings of the
plurality.Qf: . . ' ' id

B bi 1 at | e SR 31 peeiflr Sbee IIRGRA) B Ol o Bbelt b MR Lo

obser ved, if hedststoenis oudieted beferroamsiksaldan stod difeethe htad ehibb mscesdes e dires, provi ded
that caug 'r%){ociago mai ntai ned with respect to observed stores. 21. A

mul ti processi ng sys"t' emconprising: a plurality of processors capabl e of
generating a plurality of stores observable consistent with a first
ordering ﬁ{ st pre: n?é/ atriS{neast one of said plurality of processors; a
menory accessi RS pﬁ'urality of processors through stores to said
menory, sai d splonby dpseessadl e by the plurality of processors through

| oads from said nmepory.. arbitratign |.ogi.c coupled.tg.said plurality of
processors, sal QUaAre '¥$'§1P?“(5’ Edlt%baildcﬁi“ﬁhﬁy%&PW@CSEOEEI%EFiaf ifraygn ﬁ"ﬁéf‘"ﬁ ogic to
identify muphdyefipioadssdroto mAntsialprdeysstrafonsda@encg yaudallgw aiplatatityyof efores he
plurality of stores and said._ arbitratiqgn logic to perm¢t the sub-plurality
bt 't he. et By Shrogenrat o Spphidbit pesr i s Sy Bietedmmeradsalr ool o
plural it yplohliphod pR6Ee0rs theCudod#ioe By tWd drimcle Sagidthesy id@ititing differdnt or es
different from t@ﬁ fi{éft grder_i nﬁ of stores, said systemto naintain a
menory  or B IngY iR Rl At s Al ci ent to ensure that causality is

mai nt ai ned wi tdaudagisRnRdiitotifg PRI 6V t6 L:0d @bitrafich Ibgi0, HE MU mdrdtoriife system
of claim?2l wherein said s?/stem ig to allow a (PI urality of stores by any
two or moPEC i Moy caysy relpt °L“§}“Pffma‘rr8@€%t§%?'§e‘i"8 H¥Hbserved, consistent with

inconsistent different orders of stores, by others of said plurality of

processors provided that causality | mai ntained by the different orders
of st or esidal | oWiEdysem o i @y&e@# i aEbikipAnain i pluraliy OLRIREEEINT s t o

al l ow a pdréiodlllbk YheQlurslitd bESoERDE 3bREVed indicatidd difdre@ bARFin@fof HePreiPY any
two or nore of said plurality of processors _to be observed, consistent

. y p .
with a diffFersmroydedhatspusalityisduaintpied bycthe diffgicas wrdesings of theplbREYA r st or der
of storestorfallodtd.| east one other of said plurality of processors provided
that causality is maintained with respect to observed stores. 24. The
system of claim 23 wherein said arbitration logic is to reorder said

plural i ty200f  The system of claim 18 wherein said arbitration logic is also to reorder the plurality
of stores to be observed, consistent with inconsistent different orders of stores, provided that

causality is maintained with respect to observed stores.

21. A multiprocessing system comprising:

a plurality of processors capable of generating a plurality of stores observable
consistent with a first ordering of stores by at least one of said plurality of processors;

a memory accessible to the plurality of processors through stores to said memory,
said stores observable by the plurality of processors through loads from said memory;

arbitration logic coupled to said plurality of processors, said arbitration logic
inciuding causality monitoring logic to identify a potential for causality between a sub-
plurality of the plurality of stores and said arbitration logic to permit the sub-plurality of the
plurality of stores to be observed by at least one other of said plurality of processors
consistent with a second ordering of stores different from the first ordering of stores, said
system to maintain a memory ordering consistency sufficient to ensure that causality is

maintained with respect to observed stores.
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stores generated in the first order of stores to be observed, consi s1t eEﬁ
with the different order of stores. 25. The system of claim 21 wher N 200¢
said arbitration logic is also to ensure that stores fromany one of said
plurality of processors are observed in order by all of said plurality of
processor 26, The system | ai m.21 wherein sai rbitration logic is to
e it LoResreRr B phuta Rttty il ot et *27. | The
syst em of twal @intar?df salde@hlity sBpraceasol th babbserved, @Ghststdns with ireBsikteat t hat | oads
to the sanme addr y ordered., 28, The system of

and store ss are gl opal |

cl ai m 25 &ﬁfé"reﬁﬁ FILHP P UFD 3E?tg‘frFB >4 'i'fé'l‘owfP’BC%%%W’E"'E‘W&P“I%‘&H@H% om each
pr ocessor mapPard bl te@NFREH: OrdeRt 0EdRE alldw@densure that | oads and stores to
the sane address are globally ordered, and to guarantee causal

rel ati onships. 29. A systemconprising: a plurality of processors;

arbitration | oghLsysoMRir edint O1 $Rdréln BAid 53l 1Y 1ol o RTARSIRP bBstorsdbelledichi trati on
|l ogic conprising: store buffering logic to buffer stores received from at

| east oneifgrige pf Bgres pyay Sveipianpre pf wid prrg i & Brogesseintg bREPENFIIUN 2004

causal i t ycdRoiehiQFitnnOdi @Gk ordeP UPh&Es ht iSAbshsteRr GirtPHE HRE bAG JroQkes, nyt he
causality nonitoring logic to nonitor causal relationships wth respect to

buf f er ed #tiesstese othgr of ppid piuyalfte il REPCeaIOEs RIYVAdEd\ihie pasisel it limeringzipgd witlt i on | ogi c
further CRUREISEFsene@E@resf Orwarding logic. 31. The system of claim 30

wherein said store forwarding logic is to forward data froma first store
to a first nenory location froma first one of said plurality of processors

to a |oady of tlieykibhSkIIRIEY Yndrf &t Bﬁitrfa{iﬁﬂ‘ogic?secﬁ?%qde?g‘ﬁd at.raﬁ§io<# plurality

of processors if ho causal relationship exists wth respect to the first
store andsterRegeserasa i ba frshprderifgtopis e by ¢bsgrvask congisigalavihothe diffgent offes syst em
of claim @ pherein said store forwarding logic is to forward data from
the first store fromthe first one of said plurality of processors to the
| oad fromthe second one

25. The system of claim 21 wherein said arbitration logic is also to ensure that stores
from any one of said plurality of processors are observed in order by all of said plurality of

Processors.

26. The system of claim 21 wherein said arbitration logic is to ensure that loads from

each processor appear to execute in order.

27. The system of claim 21 wherein said arbitration logic is to ensure that loads and

stores to the same address are globally ordered.

28. The system of claim 25 wherein said arbitration logic is to ensure that loads from
each processor appear to execute in order, to ensure that loads and stores to the same address

are globally ordered, and to guarantee causal relationships.

29. A system comprising:
a plurality of processors;
arbitration logic coupled to said plurality of processors, said arbitration logic
comprising:
store buffering logic to buffer stores received from at least one processor of

the plurality of processors; and
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of said plurality of processors if a causal relationship exists onI)r IhI tﬁﬁ
first store is ordered before a next older store after the |oad Wnig UN?
accesses the first nmenory location. 33. The system of claim?29 wherein said
arbitration logic further conprises access optimzation logic to alter

| oad and store access grderi.ng. of | oad nd stores . recejved, from. said
plurality of proces%%?@'.ty @391{]#’5‘%{0 mscto(%‘?ﬁcg? S%'?:ﬁo e@@‘*%ﬁeﬁpéfﬁhw“&m

ar bi t r at i monilooigi togicdup haitorcanga! iemdsnshipe @ftb respgat tortuftated eorek0gi ¢ t 0 ensure
that stores fromany one of said plurality of processors are observed in
order by all of said plurality of processors, and to allow a plurality of
stores gé&her alkgkystmaf tlains29 whdeh said arbltariasiopy fathér Eompriogs sbpg € of sai d

pl uralityfof rocessors to be observed, consistent with a different order
of stores™HHT'"ES8 hconsistent with the first order of stores, by at |east
one of said plurality of processors provided that causality is not
violated. 35. Arbitration | ogic conprising: buffering_|ogic;, access

opti mi zat?on | &% wsterislam %@W%ﬂw ¢ FPG IPragrdng leeifnsrip fsward data drom a

rel at i onstispsiordhd PfikORQREY (dc@HQRAL ¥ Bt oRlPELS blu?a_mga FpRickdsad kdDIckPi ¢ to
cooperate wth the causal_lnéé nmoni tori ng | ogi said buffering logic and

C, .
sai d acceS ot EmAY fGAIgEIRE2 tsgond anewl sidp! rblyiof prosessat drnasatseher ated in

a first oft@bnfp ediktshvith rddbi2004 sk H6R2ND BB VR ATsaillPluBal@f o Pl urality
of processors to be observed by at |east one of said plurality of

processorBPEHE - observation by said at |east one of the plurality of
processors indicating an order of stores different fromthe first order of

stores. 36. The arbitration logic of claim35 wherein said arbitration
logic is % enhfrsestenaf clainbtloyhersin g gorg foyardye lagis i te fsvard dagdiemof t he

plural i t yhe¥irPLOeFRA0hS AL 6neRWIAH YRFhinCHHPRdcelsER o Mk [dAd fbhand deb&ld g der of
stores by all of said two or nore of the plurality of processors. 37. The

ar bi t r at | el pfirditoet REpepsersIba over &3l¥iogdiipiexasponly Kithedisskg 6 ordsredo ensure

that | oadgforf b QB SRENstHE AREIROHaPRIRERSccl LesSNERYE Rerhdty Mclidn. 38. The
arbitration logic of claim35 wherein said arbitration logic is to ensure

that |l oads and stores to the sane address are globally ordered. 39. The

arbitration | opfsyRbm o b BORGR GhdlbatbAbRE Hirdkl Qhpki0@lteds L0 ensure
a oads
optimization logic to alter foad and store access ordering of loads and stores received from

said plurality of processors.

34. The system of claim 29 wherein said arbitration logic further comprises access
optimization logic to ensure that stores from any one of said plurality of processors are
observed in order by all of said plurality of processors, and to allow a plurality of stores
generated in a first order of stores by any two or more of said plurality of processors to be
observed, consistent with a different order of stores that is inconsistent with the first order of

stores, by at least one of said plurality of processors provided that causality is not violated.

35, Arbitration logic comprising:

buffering logic;

access optimization logic,

causality monitoring logic to monitor causal relationships with respect to observed
stores; and

arbitration logic to cooperate with the causality monitoring logic, said buffering logic

and satd access optimization logic to allow a plurality of stores generated in a first order of
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from each processor appear to execute in order, to ensure that |oad g
stores to the sane address are globally ordered, and to guarantee ﬁ%ﬁg 11004
rel ati onships with respect to observed stores. 40. A nmethod conpri sing:

receiving a plurality of stores generated in a first order of stores froma

plurality of = bus ents ntI nmonitorin ausal rel nshi ps for
Sa o pl TSI 20Y SBUE e At SPUIRIR o PRSHR ks LR 8 P PYF BENGL or co.

al | owi ng ;Ihhﬁhtploﬂﬁx@l:ds&dts @ie cewmen bpsdﬂcﬁatQéhSﬁi’nv@dthb)ﬁluadhtﬂ GigBdce@BR Ot her of
said plurality of bus entéﬁ |d Oqjtirerv&r gn contradicting the first
order of 'E‘i“‘éart'éga“awa”hﬁﬂ ge it r‘ﬁ’é gmthefuatar YHEF-st ency menory ordering
nodel . 41. The nethod of claim40 further conprising: ensuring that stores

from any one of the IuraI i tfy of bus agents are observed, consistent with
the first3%or deThed‘fb“%ﬁiO& ] ééalfﬂﬁsﬁ‘thm@fsa‘géfW“’é!oﬁllo&F‘i i {p gppurp that Hfehts. 42.

The et haghnPhnydndbRaidltwshe idkdbfdhd fhvh 'i‘tg oEPBRGEoPEe obkeHVEA, bRkt With causal ity

Wi th respect to observed stores would be violated by allowng the

pl ur al i t yhefirsserderad stogss b 2lhplaidyeg ceBarecAl RIUEHYY G RTPFeERES i rst or der of
stores; 22 10 JUN 2004 preventing a reordering of any one of the plurality
of stores if the reordering would violate causality with respect to

obser ved 3t or eBre aghiatioa degietfichdm 35 sliersiarsaid prbitrasiop lagicdp o apsuse that lepdss t hat

does not ﬂ’dn?é&ﬁ‘ﬁro%é’s’éﬁraab?éa}’tovt‘!x%&te hesfeect to observed stores to be observed
contradictory with the first order of stores by at |east one of said

plurality of bus agents. 43. The nethod of clai m42 wherein determining if
causal i t yagi S wle'a?&ﬁzgloﬁ@ 2fiim 35 GhEE SRl kb jc ifrodnQire tdeB&RAS on a

prior non- gl ob served store. 44. The rrethod f claim40 wherein a
store is a sfemwhmaddmmeglgbﬂﬂymibrddoaded a nmenory |location indicated
by the store. 45. The method of claim40 wherein a store is observed when a
processor | oads and actually uses a nenory |ocation indicated by the
store. 469. ThelThsarthoationflogid efickaim 36 whereinisaid prbétvasinn lagis is torapsure et lopdsvent i ng a

second Stfnfeach processor appear to execute in order, to ensure that loads and stores to the same
address are globally ordered, and to guarantee causal relationships with respect to observed

stores.

40. A method comprising:

receiving a plurality of stores generated in a first order of stores from a plurality of
bus agents;

transparently monitoring causal relationships for said plurality of bus agents with
respect to said plurality of stores;

allowing the plurality of stores to be observed by at least one other of said plurality of
bus agents, said observation contradicting the first order of stores; and

maintaining a processor consistency memory ordering model.

41. The method of claim 40 further comprising:
ensuring that stores from any one of the plurality of bus agents are observed,

consistent with the first order of said stores by all of said plurality of bus agents.
42. The method of claim 41 wherein allowing comprises:
determining if causality with respect to observed stores would be violated by allowing

the plurality of stores to be observed contradictory with the first order of stores;
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executed by a first processor prior to the second stor

a second processor and if the second processor |oaded a nenory | ocation
indicated by the first store prior to executing the second store. 47. The
met hod of cl aim40 wherein.allow n nprises orderin tore transactions
'n order (o nbPETURE T ispidReotall die ot RERNRIY gbstorts Thnetfhdepngoutaal'
wher ei n prieerhisakty adthpespse so sheérvedgoresianddr nore ordering bits in a store

buffer to indicate.an orderi restriction. 49. A system rising: a
plural ity of prodevu hEatBEphabimsiiord Mot gt S Bt causal

rFI at : OﬂSﬂ&i;}?St tibobdarvied stpes to lféeo)bsdgﬁtrdesmraﬂb&ﬁy wahl the Yfir@ baleOsf seoéshyat lesshi d
plurality o rocessors; and arbitration logic coupled to said plurality of
processor??‘%gFﬁpﬁWﬁpFﬁgPﬁ%ﬁ"*ogic conprising store forwarding logic to
forward data froma first store to a first nenory location froma first
one of said plurality of processors to a load of the first nenory |ocation
froma s®condlhseetytd o glagn §7 wperpindgteppinigg Jeausalify & yiplatyd comprissy

rel ati onsdedemmidgSiirethior & Rofe@epas ol ppﬁmon-%iobaaty-o%mea seiél the second one of
said plurality of processors. 23 1 0 JUN 2004 50. The system of cl aim49
wherein said store forwarding logic is to forward data from the first
store from t herHd fidhodVTelafh 46 Fhéleiplafodd is bsePled WhOELHD:Sor hes bARd hoad from
the second one of said plurality of processors if a causal relationship
exi sts onP§Mey lacptionsindicatedhydhestors: or dered before a next ol der store which
accesses the first nenory location after the |load. 51. The systemof claim
50 wherein the store formardinﬁ logic is also to signal a causa

rel ati onshi p bEmeripethaghod slajrs A whetpia g stpsq is obssrved e tiFgcessas inadhands i r st store
to the fifaliyTRAPh hembRA8aiONinkcRHEY bheblofeSt One of said plurality of
processors to the load of the first nmenory |location fromthe second one of
said plurality of processors when no prior causal relationship exists. 52.

The systefp of pleahdhstdrehags &2 Qh@r@ihgre]@rérmn tathprRBs hreetnfind SsebéhddtdrOW a

from being globally observed prior to a first store if said first s4ere,
e being execE@e@Mb@BL

plurality of stores generated in a first order of stores by any two or
nore of sfEmbgingiglabally pbesrved peerds 8 dirss stogs ihaid Gsksiqry sexequisddy adEnt with a

di fferent, QleRf p@dr 15 thes&3nd fidle blitig eXORS byl &RbndPrbdesdoPend it e kecBhaler of

processor loaded a memory location indicated by the first store prior to executing the second

store.

47. The method of claim 40 wherein allowing comprises reordering store transactions in

order to more efficiently access memory.

48. The method of claim 42 wherein preventing comprises setting one or more ordering

bits in a store buffer to indicate an ordering restriction.

49. A system comprising:

a plurality of processors;

causality monitoring logic to monitor causal relationships with respect to stores
observed by one or more of said plurality of processors; and

arbitration logic coupled to said plurality of processors, said arbitration logic
comprising store forwarding logic to forward data from a first store to a first memory location
from a first one of said plurality of processors to a load of the first memory location from a
second one of said plurality of processors if no causal relationship exists with respect to the
first store and the second one of said plurality of processors.
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stores, by at |east one of said plurality of processors provided thalt
causallty is mai ntained. 53. The system of claimb52 wherein the arbi QAUNQN‘
| ogi ¢ conprises access optimzation logic to reorder the plurality of
stores generated in the first order of stores to be observed, consistent
with the fferent ord aratus ri.sing:. a

pluralit ygdof bt{feef riEm Og?ilﬁ ?gg"f{%r% Fﬁl‘i’%?mﬁ gclo%?) e BOER ¢8 dgtéﬁlr(?mpl urality
of buf f er &g fitdheoedtosadhe fiyst omenstisdio piurgity (ﬁ'g:t(ﬁ:eisﬁrs nDMhk ldad fiomubatecsl oaki onshi ps

th _to huffered st f ding. logic to f d dat
frrom a1 netoBRety pErErrar SR ottt For ol sl ool s o -

pl ur al i t ybeSdre phexa @5Ost6re twhich ab@adds ok firdd embhSbcafiBibftef theasal i on from a
second one of said plurality of processors if no causal relationship exists
with respect to the first store and the second one of said plurality of

processor . 55TheT§9§teIarapaalai mwrcefrelﬁhelsm&férwyﬁﬁﬁgero@mseala) t5s12hA afcauiswar di ng
logic is to forward data, from first store fromthe first one of said

pl ur al i t yreBfomhpdswgsstadlished; when |d6ta¢r fprrded flomsibe BrEstens d° the firss 5oyl ural ity

of procespeitsn fomahEdbate of Sid@PluANSYE ProBeskstt & O oYd bff thd HRt hbh&l store is
or dered before a next ol der store which accesses the first mepory | ocation

after t helopabigq fromghe sppend.05p g satd plurality of prpersssms whrdrmeinsiof ¢ausal redatienstidt war di ng
logic is &lig0 to forward data froma second store fromthe first one of
said plurality of processors to a second load which is 24 1 0 JUN 2004
also fromsaid plurality of processors. 57. The apparatus of claim56

wherein the St-pfRyfiah WREGHD »Lregaus:sauﬁar&h%@orr 19gi€ 1535 flovita BRI of sfoflsat | onshi p
bei ng establi shed mhen data is forwarded fromthe first store to the first

menory | sseereiedm ¥ fustardeef stpres by ydwe pr wane@f pidplaralityof grocpssers tsbeor s to t he

l'oad of tdigerldd, SinsRADKh 4 AEBlehURddr Bpﬁb&maﬁ?%&@us&ﬂ?w% tht's.@i'rs.‘%i oanletUJfal ity of
processors when no prior causal relationship exists

conpri si nierenhby tdeashenef said plurakitynf grocesseys pioyiged rhehwsahrydéamnerﬂeﬂr oma first
agent; transparently nonitoring |loads with respect to said first store;
determ ni ng whether a causal relationship exists with respect to the first
store and3a fThesystem aficlpimor vehesin ba arbirptiam logigrygmprises access optimization

logic to reorder the plurality of stores generated in the first order of stores to be observed,

consistent with the different order of stores.

54. An apparatus comprising:

a plurality of buffers;

causality monitoring logic coupled to said plurality of buffers, the causality
monitoring logic to monitor causal relationships with respect to buffered stores;

store forwarding logic to forward data from a first store to a first memory location
from a first one of a plurality of processors to a load of the first memory location from a
second one of said plurality of processors if no causal relationship exists with respect to the

first store and the second one of said plurality of processors.

55. The apparatus of claim 54 wherein said store forwarding logic is to forward data from
the first store from the first one of said plurality of processors to the load from the second one
of said plurality of processors if  causal relationship exists only if the first store is ordered

before a next older store which accesses the first memory location after the load.

56. The apparatus of claim 55 wherein the store forwarding logic is also to forward data
from a second store from the first one of said plurality of processors to a second load which is
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forwarding data fromsaid first store to satisfy the first load if no
causal relationship exists. 59. The nethod of claim58 further conptQsiUNgI
forwarding data fromsaid first store to satisfy the first load if the
causal relationship exists only if the first store is ordered before a
next oldeg gre xhw%m esg&g_the first nenory location after the | oad.
60. The hod" &t B Pt her conprising: forwarding data from a
second store fromthe flrst one of a pIurallty of processors to a second

| oad which,is Iso fron1ﬁﬁ J al é% oces Or.S. hod of

i o m 59 T ¢ hEle e Rm Butelin b ity “EHGETRIRET wolip o e £FMEN dat
is for \I\B.rlféﬁdoﬁshtpmetn@estﬁblfsﬁéd \Slteﬂl’detaﬁscfotmdedfftoﬁsﬂle fiBR6y té the fikst @dmbiyom t he
first one of. said plurali ssor toth oad.of .the first menory

L ocati on Prsn o Bediseresh st belFF iRt o fe kg e astfeimen no pri or
causal  rietaibh @OmthdseCidSinG of AR pldkalitR PPRroSIsstTs WRSHNOI pBibNhusal felflodéhad i ty of
processors; arbitration logic coupled to said plurality of processors, said
arbltratlﬂﬁsﬁoglc to reorder a plurality of stores fromtwo or nore of
said plurality of processors to be observed by different ones of said
plurality of pro ors, ,said observations by different ones of said 25 1 0
JUN 2004 B urdﬁPF@‘EFmBWHEE%sorS being permitted to contradict in

accordance W tiufferhga iRO§ER kS NPsst MBHory GuEaH frdnya ARMAdeRs i Ng | 0gi ¢ coupled to
said arbitration logic, the causality nDnltorln% tIo gic to nonitor causal
30

rel ationshi ps %“FW“?“&BE’EFO"F{S lopgs wiith eqgpest torsald firg storethe apparatus of claim

62 further conpfdrminitg wetHePa ERENRSISIONGhi} OGdtEwitDfbspeti¥s tIRARS s&rdlmaaf cl ai m 63
wherein a first store of the plurality of stores |s observed by a

f or war di nigstdpaddfsrnaa pecond 1ases ?’Idr st store to a load froma second one of said

plurality of BrRFGAS QS frofaid Tie sBRA ALY IhOfirsOba iMhSlautd i fioAskiRi d
arbitration logic is also to ensure that stores fromany one of said

pIuralltfmﬁﬁ processors are observed, consistent with a first order of said
stores by all of said plurality of processors.

59. The method of claim 58 further comprising:
forwarding data from said first store to satisfy the first load if the causal relationship
exists only if the first store is ordered before a next older store which accesses the first

memory location after the load.

60. The method of claim 58 further comprising:
forwarding data from a second store from the first one of a plurality of processors to a

second load which is also from said plurality of processors.

61. The method of claim 59 further comprising:

establishing a causal relationship when data is forwarded from the first store to the
first memory location from the first one of said plurality of processor to the load of the first
memory location from the second one of said plurality of processors when no prior causal

relationship exists.

62. An apparatus comprising:
a plurality of processors;
arbitration logic coupled to said plurality of processors, said arbitration logic to
reorder a plurality of stores from two or more of said plurality of processors to be observed by
different ones of said plurality of processors, said observations by different ones of said
25



66. The apparatus of claim63, the store forwarding logic to formarg Q@N?
froma first store to a first nmenory |ocation froma first one of gi 004
plurality of processors to a |load of the first nmenory |ocation froma
second one of said plurality of processors if no causal relationship
exists with respect to the first store and the second qne of said plurality
of proced¥3 @.Op%f??esﬁﬁ%g%%‘&%{“ﬁ%mo@m& Gt i aseoTdanse é’i‘tﬂ sdd reqrdgfipe-@pdit i on
| ogi c is to enaudatitthaiitoligpidgic @3ihledsb edi@ srbit@tibhBgis AR cauedlitemsnitdriag 9l obal |y
ordered. 68. An a&ParatUﬁ [of0) risin%: a nmenory, accessible to at |least a
first porlP$Ir Benigr pauspl selatiopstips WiEhsrespaehie ebSERFOHGRS stores to said nenory,
said stores observable by at |east a second portion of the plurality of
bus agents through |oads fromsaid nmenory; a first bus agent of the
pluralityof bl$ aae%%%oft%'aé%@r&%coawr'ﬁ%ftor;v'tfa'w@m{"eﬁ logifat e a fir st
initial data value at a first address of the nenory; a second bus agent of
the plurality of bus agents to generate a second store to update a second
W

initial ddta vElegerasttugofsiain 8 wherginadttststore ofdhgplpmlity;of stotepisrabsesrrd agent of

the pl uralyithrbifdi RAFShE BirsPRSRY £ 12d FomH seQnd She sfQhidNRallt) 66t and
second stores to the nenory; a fourth bus agent of the plurality of bus

agent s t 'A§5€ve a second order for the first and second stores to the
menory; 26 1 0 JUN 2004 causality checking logic to identify a potenti al

for causality between the first and second stores to nmenory when the first
bus agenté5obseFhgapparatus afelaim @4 sherein spid arhitmio lqgid iplso toengsnitibitorey t he

First stoggn L) JFEBPLY Alira Fobﬁsso??ﬁ@ BkeRiE, BEERnt URRGRYE SrdeP6r hildr St Store

to nenory priror to energ??ﬁs the second store to nmenory; and arbitration
| ogi c cowmr@soby\mllwﬁsqigelu@lliufrqilpmcyssw- bus agents and with the causality
checking logic to ensure a nenory ordering wherein the first order observed
by the third bus agent is the sanme as the second order observed by the
fourth bu®. agekie appasatesaficlaim 63 e sere farvardinglogiaigdamvard dapcfro e first he fi r st

and secong, $t0f s théndi IR4bn!ffom FRRL feio?%li)d Rufalig%g;i}}o%ﬁs‘é\brﬁ R a [8hd oftfePSt One

menory ordering whereinh the first order serve he third bus agent is
di f f er entfirsttoiearory leeativa diomer srendrone pEsaidyduralify of precesenny if no pasalagent when t he

potenti al relfaf?(;nsﬁ:iﬁgﬁ@és Wtk respect to the first store and the second one of said plurality of

processors.

67. The apparatus of claim 66 wherein said arbitration logic is to ensure that loads and

stores to the same address are globally ordered.

68. An apparatus comprising:

a memory accessible to at least a first portion of a plurality of bus agents through
stores to said memory, said stores observable by at least a second portion of the plurality of
bus agents through loads from said memory;

a first bus agent of the plurality of bus agents to generate a first store to update a first
initial data value at a first address of the memory;

a second bus agent of the plurality of bus ageats to generate a second store to update a
second initial data value at a second address of the memory;

a third bus agent of the plurality of bus agents to observe a first order for the first and
second stores to the memory;

a fourth bus agent of the plurality of bus agents to observe a second order for the first

and second stores to the memory;
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between the first and second stores to nenory is not identified; a 0 JUN.2004
difference between the first order and the second order being indicJteé'%@

an updated data value fromthe first store being returned to the third bus
agent in response to loading data fromthe first address prior to the

second initial data value being returned to the third bus ent in

response to | o?i‘H?aﬁfG’ %ﬁ?“é“gflf)%'ﬁf"t 'ﬂ@t&%EB‘Hﬂm&b‘cﬂf Tﬁf’é‘%"‘,"tygl?f&“?fﬁ Hg‘ta@ data val ue
from t he gesmarebr&ttomembe wign tiRtfitstbasladent dbb@vds @t sebonl drerd @tdnorypricesponse t o
| oadi ng dat a fronhthe second address prior to the fjrst initial data val ue

bei ng r et QEHAEERING SUSEOE (OHMeRPsY AgeR thegecopd ysagent obssrvedtha finty SI9%Hta  r om

the firstmafeh gasr to Géheraling tiRREANALLER tOMmefmbi Ad68 further conprising store
forwarding logic coupled with the arbitration |logic to forward data from

. cQupl € . . .
the first stor&bifratondegpreupledsvith theplprality ofpysiagents sndiwithdhe eavgalithy the third

bus agentchedkite8giP td¥ndhit b YneRfory i 8erRAG WHERinl the Q1 RO BIrRY bl He thRdGA! 1 LY
between the first and second stores was identified through the first bus

agent obsAgeRtiisige same asdlsoriernd vrieeoservedignibe {ourt bus apret vhspryetheotetiab| ai m 69
wher ei N tQec3L0iPodhPle Ve Hirinl Obid direCOWRMRE) Widehtifiddebut & Rid @Bt 4on | ogi ¢

to forward data‘fromthe second store in response to a load fromthe second
addr ess Hyast ¢ne mesary prdping vliyerie theffirgt pulenphsersigd fythethird hus apgetris diffefentyo

otenti al ' ' mas identified
P th:iexﬂéee gegﬁlﬁﬂghéﬁ()bsep\%ﬁwm i duks a%tgt @g@ HEFRDE BHLLBSI o

t hrough t us agent observing t rst” store to nerfory.
between the first and second stores to memory is not identified;

a difference between the first order and the second order being indicated by an
updated data value from the first store being returned to the third bus agent in response to
loading data from the first address prior to the second initial data value being returned to the
third bus agent in response to loading data from the second address, and an updated data value
from the second store being returned to the fourth bus agent in response to loading data from
the second address prior to the first initial data value being returned to the fourth bus agent in

response to loading data from the first address.

69. The apparatus of claim 68 further comprising store forwarding logic coupled with the
arbitration logic to forward data from the first store in response to a load from the first address
by the third bus agent of the plurality of bus agents if no potential for causality between the

first and second stores was identified through the first bus agent observing the second store to

memory.

70. The apparatus of claim 69 wherein the store forwarding logic is coupled with the
arbitration logic to forward data from the second store in response to a load from the second
address by the fourth bus agent of the plurality of bus agents if no potential for causality
between the first and second stores was identified through the second bus agent observing the

first store to memory.
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