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-QOUT- OF- ORDER SNOCPI NG FOR MULTI PROCESSOR COVPUTER SYSTEMS Rel at ed

" Appl i cati onsgookbl present application and Appl. Ser. No. e@trjUsbd/e®q0
"Passive Message Ordering on a Decentralized Bins" (docket no. 42390. P5426)

filed concurr rew . ' [ ecif] LQns, but
clamdiffer en@gguéjr'ggﬁé?glr(%lil"ﬁ%&ﬁé’hﬁLé‘zgﬁ?}g}%@Rzﬁé%tﬁ%r No. 1
,entitled "Decentralized R ng Arbitggkirgmgor Ml tiprocessor Conputer
Systens" (docket no. 42390.P5427) filed concurrently herewith, have

over | appi ng specifications, but claimdifferent subject matter. Background
of the Invention Technical Field of the Invention: The present invention
relates to nul tR@aedegsnicaneP Thepresins hlka@sh andlegmnsdraNbzed ring that

al | ows out-of -order snooping. Background Art Miltiprocessor conputer

syst ems haveticdcPuygeg Messeas @rdgnnmen sReemvmizadddine offoskgtmeen processors,

and bet wee LPSE h rocessors (each. of which are-referred to as
nodes) . To&a%8§§4g®nf§l§§? ?rg%ngrﬁ‘%t khcéc%lus,haéé%sé%qq?agl\ ngg}otnépﬁm%aﬁgﬂs‘r?ﬁy be in
t he chi psethunféiffRrdnt Bﬂged&kﬂiaﬁbr.nﬂdﬁar@ﬁmﬂwli&!ﬁmmﬁ AppaszhiNo.a Tessage on the
bus. A nessage on the bus is broadcast to each node on the bus and each
node recei ¥88lcd hPepgsrabiged Rigs dubitrationFertMphipracgpser ComputeTRgsendre, there is
no conf usi 0 rdar~ 0 n_ which the S s arc transmtted. Ring
Fopol ogt es RS mhei OB br Bkl st B DAL B G Rl S,

adj acent npgei@n AffédeAgsubledt Ma@@l Nt -t 0- poi nt ring, each node is separated
from adj acent nodes on the ring by |inks (conductors). An advantage of
rings arc that the drivers of conductors on the ring are | oaded only with
the receiver circuitry of theBpeigrpend oftheddesntivst al | nodes on the system

Accordingly, th i gnal.s. may change state significantly faster. Each node
may transmit nei%%&%@i%c—&‘#&%ﬁé,p“ﬁﬁ& 'Pﬁﬂ’“ﬁﬁé‘élg‘(jé? are passed

sequenti al hwnf;rr&r&mQ@mtpexenﬁéeemsr@tar&e&&wﬁe& ARMIAL SIRWS Ah-opeidat to all
|

nodes si mul taneously. Accordingly, none of the Tinks can be observed by all

t he nodes. sm@ogingarily. a node will not know t hat another node has
transmtted a ngssage unfi l Q’L“t]'is *00002* *1GGl6G* .2 7 ﬂAN Z%JF?{, 1~" O 00;
08564 PCT/ USQ9/ E—?é%’g—w@eén—v Oundraity MY IURTPeCTSy SOTRUNT DMt QFATF PEIR P t r ansmi t's
nessages, LY cotdunR@tibeeQ¥arprbEessirf 280 ®Btweeh dRhHsanditfd gb@Rtorsiodes. For
messages such as snoop requests, this will lead to incorrect results.

Accor di ngl {gach hewhichararefesesd 16 8y nades)y Jtosvoidocantansion e dhwahyssa eanghl t hat et ch

node orders, messages consistently. mmary Ln.sonme enbodi ments.  a.conputer
system inc Fﬁ’d‘ %“&’g‘ﬁb@“hgﬁﬁ‘e‘bf élap%lcﬁrdgtjfgﬂ"}%ﬁﬁ‘ﬂf&'bord§ .O”Alfco?tga{_g?y SRS the
nodes eachnieRglbdR (HEHRI YA AR AC@E BLOB Hrbddebdtid ¥achQoHE6LIHEBUS BAOP _
requests in a node reception order and to initiate snoops of the nmenory in

t he node befdrrodt hescies s mesqrpsssssntzlly dnhasagicobat. bratelore. Weee {0l east some _

nodes al so eqﬁh inc{u e ﬁf ord er to recejve the snoop requests
and provi d&°THERT &t '%R° Sifth

i buf f
U‘tw@?#‘ {}ﬁé"%ﬁ%? RS BEFHES i n the gl obal order.

Ring topologies have been developed in which each node is connected to an

adjacent node on a ring. In a point-to-point ring, each node is scparated from adjacent
nodes on the ring by links (conductors). An advsmtagc of rings are that the drivers of
conductors on the ring are loaded only with the receiver circuitry of the particular node,
not all nodes on the system. Accordingly. the signals may change state significantly
faster.

Each node may transmit messages to each other node. but the messages are
passed sequentially from node to node, rather than from a central point to all nodes
simultaneously. Accordingly, none of the links can be observed by all the nodes.

-

Ordinarily. a node will not know that another node has transmitted a message until it is
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Brief Description of the Drawi ngs The invention will be understood pgren 2003
fully fromthe detail ed description given below and fromthe acconpanyil ng
dr awi ngs W8T 06i8B@di nent s of the invention which, however, SHIUWIPIRAHYHO be
taken to limt the invention to the specific enbodi nents described) but are
for explanation arid understanding only. FIG 1 is a schematic

repr esent atdcenedf [fanbteahantingtiod® Ubncafreflly Gt infesepe XRFRLIADY re¥hed ment

of the invention. FIG 2 is a schematic representation of virtual

di stri buti sndifferegt ordsrs by difespengsicar forempssenesserh asnedprequpsenthisonill FI G 3
is a sche I ion of certain circuitry in one of the nodes of
FIGS. 1 amﬂag?? Ln%gﬁgéggéﬁg%'ary enbodi nent of the invention. FIG 4 is a
schemati c repregeddingdy tiedre thel el Forof sylsteeh ©@Addr MhesipbLdlich iat edchib&e 3 1N
an exenpl ary enbodi nent of the invention. FIG 5 illustrates assignnents of
virtual sl etdsrsesspgasicopggenty.nks as used in an exenpl ary enbodi ment of the
invention. FIG 6, 7) 8 9) 10, and 1 illustrate skyline diagrans and

associated circuitry holding data re ared 'Y o particul ar nmessages. 2 7
JAN 2003 CVO 004D&hhé embddidie T8 dotghflcddysiom idcdddes hdB:saRdnde?dd taRRpL certain
MESI states in an orderig buffer at particular tinmes. tines. FIGS. 13A

13B, and | SEndukisns-t Aylessiaems of Hicrnodey gach dclude rapfeirre 98d procpsaingicrabisy FI G 14
is a schematiG.. rese tjion_ of virtual distribution of sl i n_an
exempl ary SHssaVERnioroRadtnts Y aand tebhp acteifion hisgl Tredid s et i onal
transm ssi @nthb@bWeBEFOROME Snoop requests are in a global order. The at least some nodes

also each include an ordering buffer to receive the snoop requests and provide them at

an output of the ordering buffer in the global order.

Brief Description of the Drawings

The invention will be understood more fully from the detailed description given
below and from the accompanying drawings of embodiments of the invention which,
however, should not be taken to limit the invention to the specific embodiments
described, but are for explanation and understanding only.

FIG. 1 is a schematic representation of actual distribution of slots in an
exemplary embodiment of the invention.

FIG. 2 is a schematic representation of virtual distribution of slots in an
exemplary embodiment of the invention.

FIG. 3 is a schematic representation of certain circuitry in one of the nodes of
FIGS. 1 and 2 in an exemplary embodiment of the invention.

FIG. 4 is a schematic representation of details of the control circuitry of FIG. 3
in an exemplary embodiment of the invention.

FIG. 5 illustrates assignments of virtual slots to inter-node links as used in an
excmplary embodiment of the invention.

FIG. 6, 7, 8,9, 10. and 11 illustrate skyline diagrams and associated circuitry

holding data related to particular messages.
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FIG 15 a schematic representation of certain circuitry in one of t@q_rmpma
of FIG 14 in an exenplary enbodi nent of the invention. FIG 1 G
"illustratvesowbsshi ne di agrans associ ated with bi-directi onalCTVURH$THESI on.
Detai |l ed Description of Preferred Enbodi nents 1. Overview Referring; to FIG

| ) an exenplary conmputer system 10 includes nodes NO, N 1) N2, and N3. The
nodes conmmuni carecM 1A, @28 har@t €Y sHolr RHER ME PIGkAMs ik Gn RRieRhg bLfFE ot Opol ogy
rather than a shared bus. Signals nmay be passed between nodes NO and N 1 on
conduct or sP@ticulagémeen nodes N 1 and N2 on conductors 24; between node N2
and N3 and cond rs £2G, ran en.n . N3 NA_on, .conductors 28.
Conduct ors 22 ZE%W%J%é\ac?%Bi%ncllﬁgas\?ﬁl\ﬁ%'ggtgwarpgﬁ&glforca&na ﬁi(r:5 Zrlsp.mlﬁufa’rrerent
ones of congdgtors 22 arc used for different purposes, different ones of
conductors 24 arc used for different purposes, different ones of conductors
26 are used for FHj.flddp anechomptigoeneescntation af Yifted distnipnies obslosdmanct ors 28 are
used for different purposes. For exanmple),. virtual slats, described bel ow,
mmy be ¢ r ARSI aSEHIBRTY L birar R BRE R b iR gh dinatiERsl s o2 26,
Snoop r espRRsRSsyiayYbdiectd ey tted on different conductors than snoop
requests. In sone enbodi nents, sone signals, such as data signals, are sent
on conduct ors nbiG.ipct ssiematiqreprsaciuaitas e cormin cipgiitrFin@ne pf e nedes eft es a

uni directigpal, exanmple in which.signal,s .trayel only in the cl ockw se
di rection. P{@Ff 1t4h'3 a@féﬁ'ﬁ?@fy ?%%Odﬁ%‘ﬁ'gs&c%: ot 'Share a gl obal cl ock, and use

sour ce- synchr onpLs. It6iansraEskoine dihgrams adsbtibed hithes-datciRmeningmissigbodi ment
of node N2) which includes a processor 30 and a cache 34 (which nmay be on
the sane die as processor 30). Node N3 nay include nore than one processor
and/ or a chipset to nmenory. [ or. ri pheral s, -3 2 7. JAN 2003 WO 00/ 08564
PCT/ US991 17040 Pr ocessg?Ct '&llnﬁfsé'r"f)glggso?\?\n"frﬁ"ﬁ% \R’B)rolg"lnﬁ't“érface circuitry)

whi ch in sone enbodi meBhSew NCl udes receiving circuitry 4?, control
circuitry 40) and transmtting circuitry 48. Cache 3=1 nmay be.accessible
both through a Bafxdngie His ltan greamdasy spmpocrsisted 0dat!pgesingdesdi, ANl
circuitry S 4kl Hst r at r thr h he. ot her .Main menory
46 is opti §%a%‘daﬁé' ﬂﬁcyn adggg%rt uBF Qgggﬁlacragrgg%%ﬁﬁ%ﬁg%m%\h% RC%B W%ri nodes. It
may be dir epologyashesthbhehdyd bite JFRCELRPbe Piashddene@itnbds 160 &Nt by 40.
FIG 3 illustrates receiving circuitry 42 and transmtting circuitry 48 as
bei ng sepaferbEgtass2Edstwesn neeschi] M%/Ni@)‘ cheApeiPET 24: bRigvesp gada N2 md Npe
rapidly no i.V] e i j hed i )

enbodi nment éﬁgf%r{ed%ggghseefégla}r{%ﬁgﬁgn h%o;c@z\gﬁ' %‘rged o({c)%g{(l)%lﬁr?g "ﬁb?eanwt%gg?i ncl ude
conponent s 28@iayi datiuFchae@@mcrouk peFalidl cofdw@ste. DHYerére opey éf cofidudtore2? ien one
ring. Functions of control circuitry 40 described herein may be perforned
by processdgpedlor difsaens puppses. diffeggnyones ofagndyetofsne! g Hedder ‘B&C’Gf“f ferent than
N2. Merely 3 I [ - er of a
Fow cent 1 nBBeas SR Shes RARHEL RIS 26 e s P BTN A AL RCT 2
di stri but ednewdonBudibre 28 aeomdd ¢érati ferd@ purpBesarfdr ekonplexdngil glotssever al
nmeters in length. Consider the follow ng exanple in which a processor in
node NO wafgsTibgd belows makde waaipiged an ealysemg ol Bekapdyrnplcondudes d€ed with

processors 4 MrabB i r i equest
message (mi.gghﬂ%gg%%%@ﬁs?%z b? 6?m 0 §°g§c éﬂlg%&ggﬁﬁgﬁsr&dg%ﬁcﬁ?s 22 to
node N 1 régs@at cmyodienbiesonnodgndl, Sudtes dahasignalshee kemen cBefuoroes mede N 1

determ nes whether it has the cache |.ine, the pmessage is p s.sggﬂé_\n
conduct or s 134uded insardugtors &quddt Fity iHuitrss arvauiércmo%bgwrwic @ l'i ne. -
Bef ore nodg; r 261 | | b PEoddsiiE NUESSAIE S
passed on ?ﬁgﬁgﬁgfg‘s@%ﬁf%‘@ﬁ@ég‘g[ﬁ&d&‘éﬁ%@s??ﬁ‘égﬁﬁ@ﬁé‘?’@ﬁ%fé N??Gﬁas the cache
line. The mbsimbgleck.anpasssiransydcidicisarams@Bsiback to node NO. In the
"exanpl e, the nessage transmtted by nodes, NO - N4, but only ori gi nal I'y

. y . ,
transnitted by rdfe3Nipstraiesprayemplany crhodimgnypf nada N Whirkingiidssad i s no
central arhj I r@@gj : bl o d0 1 hralized
bus- based §E§{cer??s38 n%‘ﬁg?ﬂ%%n%entl é‘rﬁw %%%’f%?:%&g@ %gﬁgﬁﬁéoégg%gjc 'eﬂ(c:’g lglr-ence)
can be usednay inblude hidrethan oRe plaessgeand/dr ardhipyet té neniry atd/or geriphdvals.ed
systens, only one agent nmay insert data onto the bus at a tine and all
agents see nessages on the bus sinultaneously and in the sane order. In a
ri ng- based system the agents will receilve such packets in different
orders. Sone 4 2 7 JAN 2003 ° ~1'O 00/086.1 PCTI US991i 7040 enbodi nents of
the invention involve passive nessage ordering using a virtual slot
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abstraction by which the nodes may consistently order the nessages %mJﬁN2M3
gl obal order. ' '. Virtual Slots In sone enbodi nents, a virtual slof is the
“unit of magossetwi dth that is Sufficient to transport the(Ta/e4i0packet
or other formof nmessage transmtted in that part of the ring If such a
packet is larger than the nunber of conductors of the ring available for
transm tti pgod¥ess 3Qandriicks Wl neakek iMdrlicd Eldtuiey evitditiakomtChbolidienan agent
to send a packet. The length of a virtual slot is the |argest nunber of

cycl es usedndlydes eevalgalgritrychh dort@ cscufy thand tragsmitting diskitovidng is an
exanpl e for steml1 LG n 2 Of course, the.jnvention nmay be
inplenenteékéﬁ%ﬁFgabB%3W%$ﬁgF%?®§@@P8ﬂ§%§ ?db “%%J%%méﬁﬁBQfPﬁgﬂ?gQé?ent
details. Agsuiid cibgiulanak ildatrayd betteedh éhlpaid odhe BOEEMa T hahérytdsme pl us
node delay) is 9 clock cycles. Accordingly, it takes 3G clock cycles for a
singl e flir{ipoy aed may be pers ehashasemain memery pahothse nedrs. A1 may be direstlgense,
the ring cqq:hqégkgqhgqpagqgguicﬁggmnﬁgrgqgr @up@fse thag it takes 5 clock
cycles for “SCHOAE O SMEERESOARLOL GRARACKIRTY AT BT HP AT HE MG r e ri ng
can hol d uRirt@itdy 3628 tr3nsmilBESAGERryaA8 :8BYink kéPRratdd ey faubl tir&idhag, are
traversing the ring arc considered as conposing 7 virtual slots and 1
unused fl i thowekcrt the sigralspiay)betrapidly meyved pacicesiving ttrgnsntitiig céceity, The 7

virtual slots.(S0) S .1,,S2 S4) .Sh. and SG c e visual.i.zed as shown
s, 1 30 it SRR ThR s ROy PRt s e R Ry B St

FIG 2. Fl Gclddd ddnipohédt 86t iBlstaeddualF1Gi 314 hbdd mebOparBEHagans &es and FIG
2 illustrates a virtual distribution of nmessage slots. Nodes m ght not know

preci sely trig. Vansons of rertisd sirerier 49 descubpduierary maki de parfpencddfy mpeassmal sl ot s

in aring. Vel ant n may . know t he nunber of,,chocks that it takes
to emt a &@E?ﬁﬁﬁswg‘ﬂ?gmﬁﬁsfﬁ%Y§§§ﬁﬁ ee%.%vﬁ gtfﬁﬁﬁbﬁgh ?5ﬁ88%% may

conpot e t hexpmpRetonalicgisrualg GtphSy ibBok e ofded@f o ASy adhiigXAsBbElesEi@NSI der
the followi ng procedure. At system start-up, a distinguished node (e.g.,
NO) begi ns lenitht Angnathéresamplgi esterh 0 mafessa giebuied eebvagk othse: eondudtersg. Each
one of the i.s, tagged with_an increasing,sequence nunber. Suppose that the
node has enil%'t't%d”% grlei'\tag]pgﬁ” s?vﬁéaltn}crl%s Wr%ce t}f'he flit labeled O returns to it.
The node knows tdwksidehgie ToINBviGABXGONE B whith 4 pickessamid roe Nauadies 100f Vi rt ual
slots is then s = [p/c] This can be communicated to the other nodes. 5 2
7 JAN 2003 de@rogicogsthar apaie9s9grel reaen asediied Wit oeichsarsiy neaesdN bhe nunber
of virtual ot as _been determy.ned, the distinguished node ks t-he
First (hoadery nodBs gd iR BEERM PR elFy el R B N R Wb R
packet onl ya pdek&) & s¢RCGHHonBRES3 QL 16 Adde N ISrefittifie ddletheOfod2 NI Kdsurd sl ot. The
di stingui shed node can put a slot IDon the first flit of each virtual
sl ot, identehq imy. jReforpmadndydslstecemines whsihgraghaslesy cophg bine. jpa MetspReslS sl ot | Ds
to determ i fLits 4 { i will put
the firsr MEoROsE tgnblids sa®niBhE aGulshe MERE: (REABIRS IO HIRE R, 1 0V
a virtual shefbre nblde N2Wehemines whethetithasthotaehe (iné thd M@ssapy isqlagsegenover tine
(e.g., under changing thermal conditions). the system can be_desi gned
ei ther so tdeagustersgéde neda} raquesting|whethet rode ihhasilee epghe 1ap| EhqmEISA{ ng f or
an increase [ i 1.0d1 Yo T nf es | or
rel i nqui shi l%lﬁgsssle%? 3 ?g@céassg%déﬁql\gggdﬁggo' CB? glgergl’gr?g‘ﬁch%scoﬁégééﬁo%ag}sﬁeﬂ%tds,
message or dgy hétes N9 -G Suveniy Brigimally trinsh@tpdivyadedoconmuni cati on over and
above that which is required to transmt the nessages. Node reception order
is the order in Susieeh!Prissisaenienligedeindbat therq iy np emtra) aPip)or N8 SAB@es (which is
typically different f { : 1B S. ted as virtual
sl ots nove %nﬁé%ﬁ%cétﬁé%tfﬁg?ﬂ%ﬂ%ﬁﬁ%ﬁ at&%“?rd edrS rﬁ?'gédtsﬁggg{%gﬁ Qlof nessages
accordi ng tevnwesitidnal proiodBls (Suiifas oE:56 agerdnba)tcah He agddgivitialiltle drmanrhmiget ed at
the same virtual tinme is in the same level of virtual tine order. G obal
order is aninopaw ifgrot pbdsisdasedosiams R ierneReem deav iR dada patethehysat Ang in
the gl obal grderin rees. r . r I i t hat
do not knout it of pEATES me SERERTRE bRES Ry Rou PSRy RORE Salofeh 'R
i nput / out pufinfeeRdWhaER. thE@gdhORl rebdideduch fadkeds ifi BifRYanbrdengd Stees not keep
track of the gl obal order. ssages are retired fromordering buffer 62 in
gl obal order. The nessages in
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the bottom position of ordering buffer 62 is in global order becausgmmy 2003
nmessage can be inserted in an earlier position in global order. Mreé than

* one nessageoesser dering buffer 62 may be in global order #CTAIIPHEID
Def endi ng on the sendi ng node and nunber of virtual slots between sending
and receiving nodes. a nessage nmay be inserted in a position that is
al ready in glahdlenf #8he Aedfdndn RSl bdsQ0 FRaheMbldkrid £8GE O PHhuOPGL, or der as
addi ti onal messages are recel veg. Where two oF nore hressages are on the
same Vi rt uabsttdctren by eéichlteeaddes anayicendinealyi ondertigchndsqers in 8 glibeldorder.
determ ne which_is infertgg into an 6 2 7 JAN 2003 wo ooi ossha rcTius9~i ~
~0a0 earlier positionf? ring buffer 62. d obal order may be call ed bus
order in that i i : r P ch i 4t lar . not necessarily
exactly) that \/\g?gﬁgée/l&g g%l@gnﬁuzgg&g%kq%r%g?@em%bc?eng?avr‘r%“g}?mgsssurre nmessage
1 i s transnufficaat fortemspardehe lafped preken@ssiag dorth ofoméssartarinsin@ekdfin aim node 2.
Message 1 may he pl aced before or after nessage 2 in the gl obal order
dependi ng GH@ESITING df SHChE ROFFHY 'HAEeyihre thenugibst of conpemers obigdinghas t he

foll ow ng thr: 1;68,.(L&EL: erLl ) and (3)):
(D) 11 nodd A aiel B e o AL Hmi RS rREORR hERods Sk ob Shasdt e
al | nodes pasdndci gaakdtndhe tenptheofglvobed! slor dehd Repesiaainibet o PeyetRdisedintRe | N

gl obal order. (2) If a node first sends nessage m1 and then sends nessage
n2, all nod®&viParendurioat9iilc I'Aet he gl obal ordering see m1 preceding n? in

gl obal order. (%heldidiRPiead SambN rgg&ﬁaﬁﬁmchiHs,su%ﬁc;ggg&é}sggg rder and

| ater sends nessage m' en a nod participating in

orderi ng seevamidn pre be dinplgmeRicid nvidl ogradterarr desser niéker ¢ freodgs adiialvitior der does
not necessarjly follow the precise {ine order jn which nessages arc

transmi t t ediifeCfelslla Pysuet the igidldedyibeleen g pair o€ neyics pBient Bge plug npde ( 2))
and (3) ar £,OMI . dgi.t i 0: I.es ny | ow ng
R o B e S L P T S
useful in osesksajerpaalmp) tocatenntheaingpds s sanse, MessSagenndrodiedé ngparafedflitdhhen a node

recei ves nessage min node reception order, it kno ms -. gl obal ordering
rel ative td-'s "ngrs%‘@B%“t‘R‘ﬁt“ %5 QPTReAlS éﬁwé%&oe%cvﬁ.m%yagcvﬁ&ef-ecei pt of a
nessage at : lcad [ I 0 sages
recei ved eaﬁcpggﬁgl ? Biﬁggf:é‘gggggﬁ%%ggitéggﬁjhafmtg ﬁsgg%aastgfl gﬁlﬁéggggg or der
may be usedlitsnharndetrivecsimpehs ane ard ansideredins emposingfwipodetaad ksyst ens. For

exanpl e) passive nessage ordering nmay he .used to order snoop requests on a
ring. As adﬁ‘ﬂ’ﬁ‘é’rﬂ‘éxlﬁr’rgg%\, *‘séiwfg“%@%{a_e@w&&rfﬂafsnay al so by a
distributed netwgicl At AQMBRSY 8152, B Y, 45, %@ ehrobeNtubaPls bwissages
in a distributed database.

in FIGS. 1 and 2. The | unused cycle or flit is shown in FIG. 1, but not FIG. 2. FIG. |

illustrates an actual distribution of message slots and FIG. 2 illustrates a virtual

distribution of message slots.

Nodes might not know precisely the various timings used in computing the

number of virtual slots in a ring. However, the nodes may know the number ¢ of clocks

that it takes to emit a message (¢ =5 in the example above). Using this. nodes may

compute the number of virtual slots in the ring. As an example, consider the following

procedurc. At system start-up, a distinguished node (e.g., NO) begins emitting flits,

which the nodes then cycle around the ring. Each one of these is tagged with an

increasing sequence number. Suppose that the node has emitted p flits at the time when

the flit labeled O returns to it. The node knows that the ring can contain p flits and the

number of virtual slots is then s = Lp/cJ. This can be communicated to the other nodes.



7. 2 7 JAN 2003 ° V4' O 00/ 0856a PCT/ US99/ 17040 An el enent of a cer? aiJaN 2003
protocol s, such as cache-coherence protocols) is that all nodes see all

* transact M6he&)/48asHt he same order. with gl obal ordering proviftfddV/1p%8si ve
request ordering, all nodes see all transactions in the sane order. a.
Virtual Slot Abstraction The virtual slot abstraction can be used in

det er m ni ng t he It yome¢ ambodimvats. mfcem&saamrbfanam g6ts Gms bevk dsageined.ane be
ordered according to this virtual ti in an ordering buffer. i. Wen Slots
Di vi de Evehiv%&msefﬁ*ff&wdma%rk% Wéﬁ\éﬁéfeed%ﬂ nesgagarof §4¢8t"$“4“h5‘f>he’\ APYRgOesiRg each
slat conpri, o S) there
can be s/n %%glt% MCR&O I$|1t§§ on éség%e tﬁf&ﬂg% mﬁéqri%%‘g?(‘l%{tﬁgélésﬁcl n%arc

i nt egers. 'Bl‘rnusmmel&msmdnahn ptit 4 d&d® @ohe fiey €livad char viaudllsidt, identifyiaged from

one node to. another. Nodes n.use this infornati on to determ ne when a
message wa(s)rh§éﬁfl°5 ‘W?éh“h‘oﬂ‘og% fHscuthsagserst 1P fadetgmmipe which g deyganfrom an

upstream n te ago,
whore a5 TRE e or s oy B AR N Rk ST D U T
synchr oni zelht i4 the bogides g ofiy vageadelopr eci sely on the sending tine of a
nmessage. However_[) because_ the systemis not perfectly synchronized, the
nodes may bast tHEIMMMOSHRLYIEERIGHS WAtTingmay gleange preraigne et UBAcTy| rtual slots

arriving OQﬁﬁnegij]\g%rexal%'oH&ﬂoﬁ' des. AEP AMbd 4851 ALA Uil LOg Ll val st ot

abstraction S arc vi tua synchroni

count (fit svifuil sfow thhmiade a@¥itdbds(a)lowiny fbnSarSMf:rfcbw)eﬂto then 1Cﬁ¢ll’iidxcwlf/t ual SI ots
as they cone ar.ound the ring (the first flit of a virtual slot nmay be w

i dent i fi abl"&enfiges itsel Fr’é)s@ég’é refippiyRige 810t node, the node can det erni ne

that it was senty a s/p}§lOLRLLEV:AYS, A node may beconme aware of its own
message at its sendi rfg—n—we%ew—wg—%h t the nessage was sent O slots
previ ous. The nddeomynibeexmdnmnkssmgc brderiipggiasgfc ia thesigageresmouni t s of
virtual slots or virtual tine. nessage i s received froma node a

li nks upst r‘@ﬁ‘l‘ﬁ”“ﬂ%é'of‘é’(‘,‘Fqunéri‘tbOK‘h‘BNs‘”ﬂlﬁ}éts rF@mr%d tpdepsra fedngspageantiodan t ag
It appropr'r@scgllxn beP} Gedel NORME FREsapArEaETalY mwaédhb;hﬂ& Hb&srece' ved.

nessages are each S5 Hot - hecessar e age b
expressly S(Whroeds e}q:uasllwmi@éma”ommeﬁ@n Vi e t\lﬁmiemcRﬁxﬁd’m&fd astvhamm@ldes may
include circuitry that advances in state as the age i ncreases. 8 2 7 JAN
2003 ~~' O (0PCFEeIBRTFingoY/idua) ime ST és the oFtsao! mEssiarsaceddiRede Yirpal i nks

upstream S OofR L GHRQM TRAGS bri nzﬁr%{\ cﬁél-h?tt{bdtﬂ‘?ﬂc é&ﬁﬂrbx a3 tihidlis Bl the 9:91%?' bl e
e m ght :

u. The ol dest nessage that a ro recel ve woul d ave age s -
Thus, once levetrefsiagel tras oage Slobal ordcras nodelck nbmssshfratonartycisedos eqdent | y

arriving nmessages will have be later jp virtyal tinme. Accordingly,
orderi ng oft ﬁ%{ ‘ﬁ%%&‘@é“‘i‘h’“t‘ﬁ%ﬁ?ﬁﬁfé’r’ FPLPgreer TRHA HY RESPPETETSRRERS N % age

is s - MAGR =l RhSwRhaliHe u%b"xl G'x%cﬁ\ée?l:)’c:,%éﬁg%de HQy ve¥a™Pl €, a ring.

havi ng 4 nodlegs that holds 7 virtual slots
input/output node where the global order is not relevant and does not keep track of the

global order,

Messages are retired from ordering buffer 62 in global order. The messages in
the bottom position of ordering buffer 62 is in global order because no message can be
inserted in an earlier position in global order. More than one message in ordering
buffer 62 may be in global order at a time. Depending on the sending node and number
of virtual slots between sending and recciving nodes. a message may be inserted in a
position that is already in global order or in a position that will lead to global order as
additional messages are received. Where two or more messages are on the same virtual

time order level, a tie breaking technique is used to determine which is inserted into an



s =7)) asin FIG 2. Inthis cast, it is sufficient to partition trﬁJAng
virtual slots anobng the links in the ring. Nodes can decide, at
“initiali2>¥®peessbor exanpl e which inks hold how many virt udFT/8$98t18040 1 n t he
case of FIG 2, it may be decided that: the |link fromnode O to node |
holds ? virtual slots the link fromnode 1 to node ? holds ? virtual slots
t he |ink frearfienpoeuéh hordades BiffeobZisGhbal ortierahaysbeodafied biseorHermik tHat am node 3
to node 0 hol dg 1 virtual slot. FIG, 5 illustrates ﬁssignma_nt of virtual
slots in i MRYIFRCTHGTHRECTISSHPHIG Rub nPtHesesart 8 e¥ACH AL hEYhivhe sharste ) ot
do not divi : nGtd : ' i I i
slots(i) O bggi\%\zllﬁgllrlx)”'ldg'bfé'o%\s‘lﬁ e g%ég&g u%%: ﬁdgﬁ%@ﬁ c(aoaﬁos%& Oggpgggogcr m ne
the "age" oficssageedsisagesrhiitadl fiom fieic el \Meksaden! pay bé plutedrbef@oer eflon derive a
function "del ay" such that delay(i,j) is, the "age" of a nmessage (based on
its slot déneyiscre@dhs@abyeragderinditedin il of therrinead visgak gaBut ed as
delay(i,j) = sl n ( j + : r i e
prev(i) = n + ictﬁlgéilr%d(;crﬁhﬂléifaﬁ&fl%h)é}%lrac I()jlgf)%ri}%sl ?%?ﬁéﬂlg.agégé&é?eém\%g“ Table 2
provi des aadel(®y: function (conputation of nmessage delays (in units of
slots)): 9 2 7 JAN@%% - 'O 0U/ 08564 PCT/ US99/ 17040 Recei vedFr om NOFrom
N | Fr om N?Fr om N&By ByCN VSERESHE)! RISS GSSAESaNDn ergbal @rderphgn

exanpl e, Tahl i ndl.: : J n GepV, node 0 was
cent 451 ord Tages bR e Lok AR e AR ik oSk el S8 D
ordering, the vi(R}uallf shodec fisstamdcmicemagamd aad seaisatddthdeigaynd, uhobdans wi | |
still work) but mght nmay b dified accordingly. Far exanple, if node N1
dots not pdPfYERPPEELT ‘hctg){?ﬁa@ogﬁf‘w Sqe4REPHCEAIRG Gal'n 81084 a nessage to
travel from nod t 1S RANR s : : . ' . when a
nmessage is m sl ggjs\loollga(w\%cexr%gc‘?h"i S ts‘lﬁl% r;rqrgi;(l'll ﬁnpﬁir%nr%éﬁ “(Zf&g?rqg}ag?gp%ﬁ&fhe del ay
function (imessive reXahgl @) nodes péiticipatiieintbs ghgdorddringanye mé guestdingertinat t he
sanme virtual time will have been received. At this point) the.ordering can
be conpl et 4°PAEPEET4 i || ustrates certain circuitry included in an exenplary
enbodi ment  of  CORf Ble GoUaF BideF Yol RoPheBRLRIVENAL ufel fRcist tifREb RS innehidle FI GS.
3 and 4, positioning circuitry 60 provides a nessage received by receiving
circuitry 4fessmgesandumismitsed/i® gomerd! hyomt pnperess oy loBDasopmropoticud),q@s als t o an
appropriate_positiaon jn ordering buffer 62. Processing circuitry 66 may
performs va(??%’ﬁé’r?ﬂﬂ?dti ons such as providing messages to

In addition to propertics (1) - (3), the following two additional properties
(referred to as propertics (4) and (5)) may be useful in certain applications of passive
message ordering.

(4) When a node receives message m in node reception order. it knows m's
global ordering relative to messages that have already been received.

(5) The receipt of a message at a node does not change the relative global
order of messages received carlier.

It should be emphasized that the passive message order may be used in ordering
messages for a variety of purposes and systems. For example, passive message
ordering may be used to order snoop requests on a ring. As another example, passive
message ordering may also by a distributed n.etwork of computers to provide a

consistent order of messages in a distributed database.



|

processor 39. In sonme enbodi nents, processing circuitry 66 initiate?g sANRB
of nmenory, such as cache 34. Ordering buffer 62 includes a position for

" each sl oW@p0/§83€! ri ng. The positions are arrange in gl obalP@yeep/ 1760t h t he
hi ghest being latest in global order and the bottom being earliest in

gl obal order. Depending on the virtual tines at which the nmessages were
original transnihtefthenildf £cdrid@proftiRoROSIch hoshchBYoHREnkd pidist ok MBhMiAllt ual
time. Positioning circuitry 60 puts the nmessage on the proper initial

posi tion bhadd sl ¥ansgstiong H1 the isarae orﬂlqenwnhs;l%eb@rﬁ@wagwdaci by pasieved, the
previ ously LtLon move toward. the bottom of ordering
buffer 62. rc?‘ﬁ?}“éﬁa‘r%gﬁg‘%%?g%%? saﬂqfaﬁg‘{}gggsslgg}écssaggr? r%‘é‘e t hrough changes in
bits rather than physi cal Virwahsnginngreasati ons to nove toward the bottom of
ordering buffer 6?.) In some enbodinents, it is desirable-that certain
messages be |i nkbBylvirggltetabstmstior gampd esed rpdetermining i “2008! Yy of 0856a

PCT/ US99/ 1704 rtal:n.sn requests to the same address be |inked

t hr ough pofnﬁfbg gsa?sﬁ%lg%érsr%olgg%g%g#%ﬁ%g ?rdgggiaﬁoé%f]%éo [((g’fsr\c'ﬂﬁlmc 63" pr ovi des
these poi nbelcEng BhfF&, optional adjustnment circuitry 64 may be used to nove
and/ or chance data between positions. Mssage which may be adjusted in
conmparison with the nessage rel@icoSiptaDivdeslvenbhing circuitry 60, at the

bott om positiongare i bal order Lch is agree on_by each node. The
messages arc pr Sorteh e ERTs S PR R Be e g S sk SRR Bilors 72 or

processor BQhé RiAbGHABIQNnRENGY Gividedisthdte chbEINLIGISGEPQt MREH cabl Y the
bottom position of ordering buffer 62 may hold the retiring nessage. In
ot her enboéinkeniese s/ampd peis prciiBgagrs-nhlisivsians thaet ke eimey chrsderapBits) The
j oi ning of , copnductors 7 [ dek buffer.6?2-represents an output of
order or de%ﬁgﬁg%ﬁﬁ’f ?’Eacrnog% u% gr}o(?lécﬁywﬁggsl FRoRe he along 81étonr lgtdlt“?clnﬁ'ﬂmr?%ulécg‘a{“ge. To
avoi d cl ut hiksagl thabesauSecaatndbt socaives theirL MRt QbhpS FRGH At Gpsiieah al |
control circuitry &\e. g., interface circuitry) and related conductors for
FI GS. 3 andcigharcit knows thabthe sesNge avas Beftt ust/a cirelssiageyhamgyn ibéhd mmnzbedi f f er ent
formin orderi butfer 62 than they.anc when recejved, by processing
circuitry g po%g u?ﬁl{ cua‘ilg?a clngnm\ki’% ﬁé/rfe§[<l¥/F¥nﬁ§r°ﬂZﬁé’ﬁg%qd"fﬁé“g&%creat ion of the
ordering b?fef BES)onSHE Berdtngirales f Ndcdagd. eModd cf, Becalfific 2)steffs Mt Vi sual i zed
by means of "skyline diagranms.” FIG 6 illustrates exenpl arg skyl i ne

0§

di agrams 109ectlysynatgey)izen theroges Bay hsd dheipompptagipn. ¢ oB clock sydes; bylel y- .

buf for 63 b RARLUBE SORE RIS Stk ol Relcl RPERALI e B AR 1O

posi tions Gwheferastidrs tHehRdeddrbetrually sirahfonizeanly s w positions may be
occupied at a tine. The positioning circuitry (e.g., in FIG 4) includes
demul ti pl exer (DRYEXG nefinged Wreoupt ‘hsdpri‘I’FHFHtCV%lt-‘feg itis moflegicd togpndh recei ve
a nessage AR I A, t.he processor
i thin the hoCs bl bR AR Rhd MpURPRE: A7 303 Sk Chothal B0 P O
messsages fideaniniabld). f Waeenmesagearrilbeatdaivdt thpheann dewhging tHdha wisemge to
the columm that corresponds to the transmtting node ID. That is, colum O
hol ds nessagéssleis previeust ddnasle maydhecae ayatephits 9WA FregErLaBs Eagradingrtiigni t t ed
by node N1; _an f h I . colums differ and are the
nunber of H%t”ﬂ’gﬁg‘gltg{Fgc%sagmg]ﬁﬁgﬁbE@Elgtesﬁjfgi/‘}l%hcti on defined above. For
exanpl e, the heiThbhodé mapkespnrazkiofitchageli cFarmasdgerin ooitkofvinusal Slots stel ay( 1, 3
=7 - 3 =4. For ease of description, in the case of aring with 7
virtual sl otigyal ipe. S¥ean pngssage is Frectise fivpisa Bads U linkpupyTeaps 8 recipiedaN 2003
PCT/ US99/ 1 I. Vv level . leve . | evel 4,
| evel 5 anp ?g\s‘/g}%g,'g gﬁq't] %lgﬁ;&ﬁd %@%&év& '3}agpor?%rﬁ%ml%érg%eéggﬁml’%g%fféf' sssages
transm tt ecdacti vinhgl ss@®redtivéd) alestdgbParaagediDsi slovdaaell Nis hdiercoasmy higwel |
al t hough they arc received by the different nodes at different virtual
times. Wherh@ageedeexgeessly siopedaispawmbes sqracwiiegrciadhegnode n Rathsp o nedsam@ol urm
correspondi, ctiﬁﬁgﬂl‘BQleadm?cgs %eﬂ:hewﬁxqu?ﬁ-ﬁ% t:SWth each subsequent sl ot
g rop e 1

n o)
received, érﬁu%%ssa s age an one [8v eh a nessage reaches the
botton) it is s - 1 slots old (6 slots old in this exanple) and the gl obal
ordering can be conpl eted through determ ning which nessages having the °
sane slot age will receive priority. Note that it is not necessary that the
nodes keep track of the virtual time, sdch as through a nunber counter.

Rat her, the circuitry may nerely place nmessages in the proper position in
the ordering buffer and age the other nmessages by having, them nove one

| evel . Further, ordering buffer G? does not need to have all the conponents
of the skyline buffers. For exanple, the skyline buffers have nore
positions than there arc slots. Ordering buffer & has one position for
each slot. I-lowvcr) enbodi ments of the invention may be inplenmented with

re A L Y
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i. Exanple: four slots transmitted at same virtual time FIGS. G 7) 29, J&htd0?
9 illustrate an exanple for the ring of FIG 2. Each node o i nat es
“transni ssiYYA YIS nessage in a virtual slot at the same vi WF%&JSWM%O (VTO).
Tire virtual slots nove around the ring) delivering 4 nmessages in turn. The
node reception order is different for each node. Nevertheless, all 4 nodes
correctly deter nbmec no nodrais mdnethan nesislagesipsene. sermedmitdiémease Vi t ual
time. At virt i,nal | nsm a. message in slot
S0, node N LoeiagusEs 3 P RETHE o e BET el BN Rl Rtbr e nal Iy
transmts a.gBRSAYEasds Sh th%hu@ﬂ%c@ﬁ’%s%@e RLs gk Ral |l ¥ nbheR W FardinJESSage
inslot SG I|-lowever, that fact is not I nstantaneously known to each node.
Rat her) t heSltth:CiL@né}'ltlrrB'llrmtrSLsaug?—b aell hwnertedn sant braten vimgaburhé.eAscoding lye
different nodes at.different tines virtual tinme O, cltots SO, S2, 4,

and S6 are PrGUMSH PGSR NdPaBIFHES @tff“l’é‘r“bb“o“fonﬁg‘ﬂéé‘ RO ts Rees Sl and” N8,
respectively. In FIG G ngssageseRtiosd 98 RoBivi®rveath and S6 arc received
at level 0 of colums 0. 1, 2, and 3 of the skyline diagrans 10?, 104) 1OG
and 1 08) respect Cordiger, foteniata rﬁrn, HEIV'G§4 rGdes thax, hatldwe? siymbloilcss (nSO4'ant S2,
"S4," and " SG.repr ?z(?n; the 12 AN, 2003 . V\D@O/ O85F CT/ U 99I 17040
messages carri@d i'h ndfyjs cass, ”§45u SRRt §pariRn BF sirwa ﬂ@ﬁﬁ@’l" are, of
course, not |ihs e SRFEKbNG cQﬁJEf&Jc atAFthia‘ixHﬁ‘lfor d\ﬁnﬁpl\!nvhlcﬁh%}\ﬂﬁa %o@aCh
advanced one |level on the ring. at is) slot 0 advances to where slot 1
was at VTO nslhmtvmuahdvand:re&\ctcgscvdfé’ﬂ@ Xlitohay?banksidat (MO, and so forth with

sl ot 6 advanci t.o.wher VTQ As slots enter the nodes, the
nessages in thgggl}%/frpﬂ‘e“ gf‘@d ?f?"aggs'%\%“ﬁﬁgé“%‘b the next |evel.
Accordingly. ageliht Bek iiied lb'ﬂog‘lﬁhol& Vihgangssages of slots SO0) S2, S4,
and SG advance to level 1 of colums 0, 1) 2 and 3) respectively, the

skyl i ne di agr ahslmlAfrsm)nodt 2uo nodral heldn® vivilihl sidthe message of slot SG from

node 3 is rece V@B‘r th%hgrder node NO. The nessage of sl ot

i N ffer
SGis placed it é%?d%@h@?" LKS’PI“P‘H% 'di agr am 102. Because col um 3
is shorter than ?%.Wlu@at&sﬁ@m?ﬁ%@xﬂ%@%rﬁgl s?c!»t?hﬁmé@n%ﬂgdlu%@ RESdR b igs sSanme
| evel in skyline diagram 10? at virtual tine VI1l. This makes sense since
t hey were odeigimiahiign. t Whersthie tstoeidcanot dhiadesaasy va slotgdlindtiomenay\etdafinatds
advance of th? lﬁ%gts around the ring, different nodes receive slots
originating trdnfdifferent nodes but transnitted at the sane virtual tine.
The messages previously received ar
slots nmove around the ring. The foll
whi ch sl ots from which nodes and whe
VTO. NO receives SO from NO (nmessage
receives S' fromN 1 (nessage is pl op of columm 1 ) N2 receives
S-1 fromN2 (nmessage is placed at t« f dolym 2) N3 receives S6 from N3
(message is placed at top of columm 3)T’%ﬁ virtual time VI1 NO receives S6
from N3 (nessage is placed at top of col u; urm 3) At virtual tinme VI2: NI
receives SO from NO (nessage is placed at top of colum 0) N2 receives S2
from Nl (message Ths sptsafuadioatmiyoe wkd codewmmine)thdNSaget o€ wessafé tHat sm N2
(message is pl aced at top of colum 2) At virtual time VI2: NO receives $4

from N2 (medssged; &n mraeléer ape %ﬂ@;ﬁeaf/ewnew “Aelay’ suedbatdslnyEd itk N3
SO
]Efgfnsﬁge ( 'mgsg ge?gsrﬁésrs{fggg&@g 8{? &Eﬂa &la ﬁ%&é% Hgboad ,"ﬁoéﬂédcs[;'% Jréag,ﬁ]t?eNVfS

down the skyline diagrans as
mari zes whi ch nodes receive
sliot is placed. At virtual tinme
d at top of colum 0) N 1

receives
(message i s cphnpaed agtelapp,)of slct@dj)rmofk(rbc\u@)) Vilr Huwts(btcm))VWEErcl‘;d@v(leeei ves S?
frole(rressagels placed at top N 1 receives S4 from N2
(message is ‘plat@@ddril p ad dé@b’(m)rr 9) Fo“ F‘@35 T“P“? PANY 19g5(iadelay function

(computation of message delays (in units of slots)):



WO 00/ 085Gt PCTI US99/ 17040 N2 receives S6 from N3 (nessage is plac§g73 NZ%3‘
top of columm 3) At virtual tinme VI6: N3 receives SO from NO (nessa f
"placed awa@pssfs columm 0) FIG S illustrates the nessage®driis8kyitithe

di agrans 10? - 10S at virtual tinme VT4 FIG 9 illustrates the nmessages in
skyline diagrams 10? - | OS at virtual tine VI6. Each skyline diagram has

t he same conbi nat{l agei@dd Tophmnﬂ@S?gﬁﬁm]le,hFﬁﬁkﬁS >en%g,§3nbe t he
messages were tr dnSECNED tge Same W T tuah—tTyme Efch—ode—uses the sane
schene in deternlnlg bhhe prloyltyTanD the ne ages at .the [sane virtua
time. For exanple, sqge associlated with a I'ower |nod€ 1D coul d take
priority over negsa & -asgoci at ed w th “hi gher néﬁe IDs. Untiljvirtual tinme
VT6, not all of tlhe ages Have heen 4 eceived ‘and the @ obal order of the

nmessages is not be known. For exanpl ejpassunm ng the nmessage in colum 0
takes top priority, ordinarily it mnll not be knomn until VT6 whether- a

nessage W he receiyve that ontents
of the rresis%{ce\“l F Bblchféé}fzglcsnly el rr’ﬁeasu%c nOdC C“V%S QEIQTP()‘O%“S(%%

operation gammg@ nodes. For exanple, if colunn 0 has the highest prlorlty
and colum 3 has the |l owest priority) then in the case of node 2, it may
woul d be known H szputaamoqiwewpt El?)m‘i‘mitnbt'hélqjﬁéb@rég@% ofc Goual sy and S4

Id b h
messages of it B EE R R L RRion RAN M ol Bbe ML RET B e age

of S6, nodgccbiinmay. D@r aahgld, o degin daed hcngmm;smd @ mBsaagas Ahingl S2, and
S4 prior to VI6. The top priority message can be known for each node at

VT5. | ndeetgloifer ﬂomt:ssslhfewrf@ysh@@napd@aplmh!2oa5<ﬁhorv@d@7‘3blr~§ known by then. In
t hat case, nodes NO) N.1 e ting. on the top
priority rressag%(s cpcrmboozdmtm?li/'?*g1 ﬁome”?éérc B rtnhgmg O(\\Qlﬁgf’bsalﬁ? RBFENERt ed so
that no messAge of SlodCihekt @ayfthidongariic RRESAPEMI=S6)),eEehvadydshrheyel 6 of
the skyline diagrams. Sonme skyline diagrans may have nore than one col um
with only Gﬁéespéﬁilm A sime Wiivahinawdl bavsrbsemeapciyed f &diis painit hiaeedsrinien t he
gl obal ordg& 5? Wy before each nessage is at level 6. ii. Exanple: slots
transmtted a 8 erent virtual times For sinplicity) the exanple of FIGS.
6 - 9 only ill uplG.atifissttde cpﬁmgrceslstrsarndmeﬂﬁﬁSﬁg%nmmtcnafoamwnt gf nal l'y
transmtted at the sane virtual tine. sages in slots originally
transmtte%Pri‘W’ girgiey dhef pedethiap! ”iGnésRﬁfcéﬂ 9 fConéandA. riisfticeingnt | evel s.
For . / t hat at
Virtual kRO R R R %f“%ﬁ%ﬁﬂl{ PRI TR GBS e o So
and sl ot SEomlrsaesdrid0ainthnéittordV6 W drf dppropriateEpdditibn lﬁl@dﬁﬁnﬁ\@lf&l’idﬁN 1
ori~~inally transmt nessages in slot S6 and slot S 1. rcspcctivelv, but do
not ot her mf@ée%smrfsrﬁvttnréés@@g@% formg viriqus famConfEdc hiF OF i N8/ messaggsdo

orderinf: f se nodes
or i gi nal i yPEERET o HRISRUNRAARN, Blotrs il it k™) FEBRIRIANT2 "

skyl i ne di agrang s&&QasadaelheJm (dehngew‘rkr@d\imlmsafpotslhhenerrdaua&lotthc At
virtual tinme VI?, columm 0 of skyllne di agram | 04 receives the nessage of
slot SO anBingol MhPOSItiGE AE@Tanae Bl Ak FAcLOB b dighes! being Inegdmglobali s| ot
S2. FIG 1 k.Sl icity,
any ot her g%%g%“@égg?§&H%?%§%§%ﬁ#qﬁgg%Ut_Og§é§%§ Egogg% '8§Sgﬁg of
menory, suoﬁh@ah«:mk@gcs Wwetre o pinalkrmdwmitted, movectiers onoienionafBshbaiacies ve snoop
request messages in different orders) sone nmechani sm should be used to
ensur e t hafaeayFupldiae. skesitianing crl@a&@fsft()qulﬁth@W@smndw@rpp@dm&lhat cache
coherence , o arlous
et vor Kot P Bl B it e TR, o SROSRICR R DR RRA BB S

ring. \Wenpbdigoreeini@kdgek 8pd ahdandvengyvardhie bﬁﬁ@h%éoﬁﬁﬁﬁ@ﬂﬂf@mde(]nkemhm ques
descri bed about may be useful in ordering requests. 1-lowevcr, even when a
ring i s use@bodigenisi haaressagreeanags hrovgh E98LRsdE SF B tlwggwwlh‘essage
ordering 0 rde noopi ns
scheme | sngeSI bnaepg%glonglo &\gﬁz{jtoﬁ P?d t‘;\gg&?c%%fordt!ﬁ gH\tlch?r gnﬁ]sgr% I%n whi ch
messages aembdéihiens! Rds dBdlrEMEYnabbﬁnaimm‘é&m@&t Henik e dgethef. Rdrekimgleent ual |y
ordering (relative to each other) nmay be del ayed. Sone enbodi nents of the-
invention allow initiation of snooping upon receipt of the snoop request,
while still maintaining ultinate cache l@oherence. The invention all ows
initiation of snooping prior to conpletion of ordering of the requests. The
detail ed technique for out-of order snooping described bel ow invol ves
properties 1-5 recited above. However) properties 4 and S are not required.
It is permssible to performsnoops in node reception order as |ong as
results (both snoop results and witebacks) are distributed in gl obal
order. Changes to the tags



may be those that would occur had the snoops been perfornmed in gl oba%I'] JAN 2003
order. All nodes have the sane view of nenory (cache coherence) andin’s

* i mpl enenté PWIESE4 15 2 7 JAN 2003 CVO 00/ 08564 PCT/ US99/ FPHIABHIMbds of

i nter-process synchronization (locks, wite ordering, interrupt ordering)
are preser<-ed. In sone inplenentations, snoop responses include clean
(I'ine not ftamindsrmopirmhu’sdo(Hc)samtaﬁ@):ss rhiayt be( lenket uigbwgh fdmenr Iskaned (S)
state) and hl‘%m‘:%m)dlfled é , but the invention is not so limted.
"hhe or der FRg° Br P‘i’st‘\“%‘é%c‘ﬁé‘&é‘) GoroKidasthsseRaiA: Ku§x apigal | recei ves

SN0OP T eqUESHSinfedl ciY@fithPE$ miXF TRY ycd'zb%v@qué@ﬁ cmﬁbsmk ngésn ket est o s

when there are two or Hore outstand Ing requests for the sa
sone enbodiMmktgss, witidnmay bedéjusied &1 somspadissregitle stic r(\tsl@amd@:nr‘ce(b@ptl on order))

it is able to . order, that request with respect to any r guersts t hat have
al ready ar PPUENIAS CBFUIBEEH: 3t LR RAYOBYPASHISR FoidetloRb gifiss tdidyF puseed) | ater in

time shoul ‘ES&PB  Bchbhic ! MR Fn%&s%&é gﬂogf?i% t(ﬁtrr:gﬁﬁmﬂm%??hﬁ 48 & eStS

Table 3 pro |des certaln exenplary cache-coherence transatti ons
abbrevi at i ensductoat 7Irayproecsson/id) lh&nigh\ﬂﬁ lr stheogircaggudsatseme ambﬁ)dmﬁﬁﬁsl on W th

t he present nvegtl on. O course, Fr ,t)ransactl ons, may be used and the
i nventi on P8!Y0% bR PaYtieRHO ‘Pf@“éf@tl&l cg 6pmay deldthg reteggmeireco Hhether BRL Bus

Read Line GRGbahRhOMIPEEMIMs AR BIPHS (a0 Al atR. [idlfig 6BRI L), O/KEL

(Requesting Agent sé Ine to M'stat Bus inc (BIL))
OMWN=1 ( Requesduicrgs 2 endrdsdigsbuffoné? TcharMcStB‘ ah e)an\/\;lar chér oWdrtng butfees) BY\L) )
WL3=1 (Modified Llncg\B i WR Dus Wlte Li nc 10 device wites
line) Tabl @&M4PESHENRRIGING W reriagBesAop qf‘f"@&%@ﬁ“‘?’r?“é@ﬁ‘é’“ Sls#Ent s, as soon

as a reque$,§,aﬁc§1c5698h¥;§‘cqx / ndt ﬂp&;«auoﬁm&gﬁ@& lhéxsf'ﬁﬁ%r‘eﬂn f sndehald . A

read-nodi fy-wite operation is perforne he cache tags, as I's well
known. Wi lcendtnerntowFi@8. 3 tuat € adedilcnaedt Nek st uhsua:lsgagthtaa)sbmmpx result is
not i mredi |y returne t ue Instead, the old tag is
st or ed unt%[%F foray e gc”glﬁﬂgﬁég dﬁﬁ’ %&%LTch?ﬁé?yﬁﬁFﬁFmgfﬁémﬁﬁde can
determ ne ypat the request's snoop result would be had it been snooped in
gl obal order. This result is returned to the requesting node. In sone

enbodi nents, when a $noop Misuapeatfoorwigd SivtinaDisggamst ch i s det ect ed,

The operation of the ordering buffers, such as ordering buffer 62 for node 2, can
be visualized by means of “skylinc diagrams.”™ T1G. 6 illustrates exemplary skyline
diagrams 102, 104, 106, and 108 for nodes 0, 1, 2, and 3. respectively. Accordingly,
skyline diagram 106 illustrates the operation of ordering buffer 62 in node 2. Although
the skyline diagrams show more than s positions (where s is the number of slots), only s
positions may be occupied at a time. The positioning circuitry (e.g., in FIG. 4) includes
demultiplexer (DEMUX), similar to that illustrated in FIG. 6. which receive a message
and a transmitting node ID number from a slot or the processor within the node. The
columns of the skyline diagrams correspond to messages from a different node. The
demultiplexer assigns the message to the column that corresponds to the transmitting
node ID. That is, column 0 holds messages transmitted by node NO; column 1 holds
messages transmitted by node N1; and so forth, The heights of the columns differ and
are the number of virtual slots s minus the delay function defined above. For example,
the height of column 3 in the diagram for node 1 is s — delay(1.3) =7 -3 = 4. For ease

of description, in the case of a ring with 7 virtual slots, the sections of the columns are

H



the MESI (M E, S, or |) state inthe tag is potentially changed TIT']SJANZUUB
change can be viewed as a function f applied to the MESI bits

' new MESI WP 04085641 6 2 7 JAIV 2003 WO 00/ 08564 PCT/ USQQllT@IGJSP?’b%dO VESI
bits)). Table ~I provides an exenplary invalid MES1 function, Table 5

provi des an exenpl ary share MESI function. |Inval ~New StateMCIS |1 |

Shar eNcw Strefeedd B3S 1681 0, Tﬁaﬁllelwel‘l?aﬂﬁ\@Sthh lewst §aind lpred6eddongh odt | nt el

Corporation) T , such t hat ew state is S where in
curFent. st are g s e SR Rt 5 R Bt Bl o N 1 s
function i poki@sRANSELE Qarde BRAL QUiJugBiHe? af Sdseld tﬁﬂﬁ’c & (Rh&K RodE3l function
in response to a BRL request. Note that these two functions conpose wth

each ot her diffqrer|vimwed [times| nvaI sharc = shareinval = inval; shar eshare =
share. The fact that t he set h’g tPar sed nder co i tion
means that propel "L BB PRSI Cé‘“ y‘)‘ﬁeo"tct‘iﬁi}iﬁ%‘%ﬁ’p t”ecrcogﬂfmﬁ?mif N&noopi ng
has occu. 1o 84 noa_@ﬁ‘mfl%{{tﬁchﬂisshéc 19116 OIEAULRES et SIbnva; %aﬁl?nmsﬁ?@{zﬁglcnval)
means that) even if snoops are perforned out-of order, finall snoop

result wi | langéroprae l¢elwdlicd almagsengioaenghesithhbattoa, ¢ios s edtslas deir(é sTmsaoldr der in

whi ch the sngop operatians ar peforn~ S, 1S unl ant from
t he perspeé‘?ﬁ\}é)‘o"g1 ‘ﬁ "ﬂ'ﬁa‘?‘ qujlﬁ Ll”&f’é °C°I5kp§ ‘Iib”q'ﬁhéib ”F’ ‘§ '“the

fol I owi ng ar@sddhivingale sdpkaid ad WALresmYE RR it ClsE Qe | ms ﬁ@t%c@s@md' nents.
The snoop results are reported as if the snoops were perforned in” gl obal

order. Thetlkdst droenqdhe k@m tgmhai)lf thetvaten| fnet veh padsougprirembeoceungiry Bathsnoop)
arc preserved unt i ues%s could

arrive that “cp‘f-‘écéf}éB’emf‘%é“c&r Q}QL:‘C% H‘éb“ﬁ"‘rsdngl“dﬁ%[fcm?ﬂ‘é?" 'nfﬁﬁ’ g?‘?% WL t ag
state i s pasgeagk He of e AWM NPPRIvind hbhendi8Wné NI MHACEHRRrihHBuPLG2SN00D

i n gl obal order.
docs not need to have all the components of the skyline buffers. For example, the
skyline buffers have more positions than there are slots. Ordering buffer 62 has onc
position for each slot. However, embodiments of the invention may be implemented

with ordering buffers different from ordering buffer 62.

1. Example: four slgts transmitted at same virtual time

FIGS. 6, 7, 8, and 9 illustrate an example for the ring of FIG 2. Each node
originatcs transmission of a message in a virtual slot at the same virtual time (VTO).
The virtual slots move around the ring, delivering 4 messages in turn. The node
reception order is different for cach node. Nevertheless, all 4 nodes correctly determine
that the 4 messages were sent at the same virtual time.

At virtual time VTO, node NO originally transmits a message in slot SO, node N1
originally transmits a message in S2, node N2 originally transmits a message in slot S4,
and node N3 originally transmits a message in slot S6. However, that fact is not
instantaneously known to each node. Rather, the different slots are delivered to
ordering buffers of the different nodes at different times. At virtual time VTO, slots SO,
S2, 5S4, and S6 are provided to thc ordering buffers of nodes NO. N1. N2, and N3,
respectively. In FIG. 6, messages of slots S0, S2, S4, and S6 arc received at level 0 of
columns 0. 1, 2, and 3 of the skyline diagrams 102, 104, 106 and 108, respectively.
Note that in FIGS. 6 - 10, the symbols “S0,” **S2.” “S4,” and “S6™ represent the

12
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The nodified tag state is passed backwards to succeedi ng snoop requ%s{f ZAN 03
gl obal order after the global order of the snoop request is known.

“all ows eadhl 08/088p request to report its result as if they PAOUEVAEI40ed in
gl obal order. 17 2 7 JAN 2003 WD 00/ 0856-t PCT/US99/ 17040 Snoops are
performed in atom c read-nodify-wite sequence in received order. The on
fiinal tag mtaheesicarrpdds e, SadSpasssel T Saedpmseleaest & cotisemobid t he
same Irnc and arrive |later in node reception order but arc ordered prior in
gl obal or det¢ ord&riggibHtler (for Iinking) to succeeding (gl obal order) snoop
requests which hjt,;: i I i i i fi t. tate
may be passed toMsYJIE:TIggIe%?%gTrl élggé[g{% s@n%@gﬁggngfcég%%@g ]Iné' gga‘ﬁgﬁ‘%’\%

provi des t ed ndvanoe inctretd Da 1f wis oo 8T0AkIOL [ ebhhced $o tvhat sivay vae aewboyed i n
connection wth understandi ng sone enbodi nents of the invention. '1'crm
Descrr pt i onSoJQRB:WidkileL GyapsimeGuhsre Hor ¢ was at ks tAmidets cnter the ngdesaths of a
node whi ch ; et Lqr . . X Request
Buf fer. | nc@%ﬁ%&gbﬁ%cp&ty gﬁﬁ@g@%\g?ﬁ%dﬁg%e&ﬁﬁc {/&éﬁ% Lel'eﬁ\%ggrglﬁgﬁggsa gl obal
order. TAG lliheateCini@EllG. Cadbenckagss ofSiys FOdER; ST had sdddesse of letdig grur r ent
request Req.Crd The conmmand (BRL) BWB etc.) of the request Rcqg. Tag The tag
portion of $HEMAHEYIsanskl.resecqivglyede Shélmcldﬁﬁté%{nsrh’éls@‘ril@éb(m}@blﬂwyﬁgof t he
addr ess of ) / , i hitions, of -Tabl e 6, statement s
et he t o iR deTbiof 3BT Eholl: 5 b2, 0Ly B BN, Bl R ppafvo™irt

Requcst . Taghesagsof@stBaig placcd-m-cotummn 3,aseeCioftskyltnoeqpsandoz.odecansd o~~.
Qut - of order snoogping may be perfornmed by the structure used in passive
nmessage or d&PYRY JdeskarichEun splgie 0. Hsrmessdgshpesior §8 anERB Ak USRBMeay be i n

ordering bulfe(/ﬁrin@gyplirﬁ &éﬁ%ndQBf_;lhtr\/ﬁQﬂ%Wp' mgkﬁkcs!s@nstc@?nc%l?w\j \,ngdi agrans,

the SSRB may be represe the columm t'hat recei'ves requests fromthe
node i ncl udongnilhetrarsdaenédng theuhfevirtahdmehe SRB nay be represented by the
ot her columms. For, exapple, in FIG 1 1 illustrating skyline, diagram 102,
the SSRIi is repradesickadwpecetmton %dt‘h?é”SRé*ffSV“éB‘Pcéﬁﬁ%“mf-C?!mNote t hat

even when a,fr : I QP t, t or
ot her nodesogﬁgﬁéﬁo’?ﬁng@cﬁﬁgéﬁéﬁn ?ﬁrgﬁg{?‘g&lﬁlﬁcﬁﬁf ed;a'i gg?ct ﬁz‘tE ng&g%ﬁc{]ode
wi || have tpevoask rgdetledlarcoaddetced hen piossky litndiagramt heslow guataraugdnides’
ordering buffer_that hold its own ﬁ,noop requests may or. may riot be called
an SSRB. 18ring. The following summarizes which nodes rcceive which slots from Wwhich nodes

and where the slot is placed.

At virtual time VTO:

NO receives SO from NO (message is placed at top of column 0)

N1 receives S2 from NI (message is placed at top of column 1)

N2 receives S4 from N2 (message is placed at top of column 2)

N3 receives S6 from N3 (message is placed at top of column 3)
At virtual time VT1:

NO receives S6 from N3 (message is placed at top of column 3)
At virtual time VT2:

N1 receives SO from NO (message is placed at top of column 0)

N2 receives S2 from N1 (message is placed at top of column 1)

N3 receives S4 from N2 (message is placed at top of column 2)
At virtual time VT3:

NO receives S4 from N2 (message is placed at top of column 2)

N1 receives S6 from N3 (message is placed at top of column 3)
At virtual time VT4:

N2 receives SO from NO (message is placed at top of column 0)

N3 receives S2 from N1 (message is placed at top of column 1)
At virtual time VTS5:

NO receives S2 from N1 (message is placed at top of column I)

N1 receives S4 from N2 (message is placed at top of column 2)

o
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1

Z 7 JAN Z003 WO 00/ 0856a t' CT/ US99/ 17040 Positioning circuitry 60 ngy JANT003
snoop requests having the sane address through pointers between requests.

* 1n soni c Ve@BUeESent s, the ordering buffer entries (c.g., tHEI/SRB/1aHE
perhaps the SSRF3) may include the fields in Table 7. Not all fields arc
required and additional fields nmay be used. SItB Field: Description Valid
I's this entry aNZ2lr¢ogeves EhfrogPNAGTessAgds plsedit topoberlvmguest . Di vi ded into

. Tag and . hndexafuret #86: Crd What type of request (BRL) BWB ctc.) Match Does

the current reqN8séccaddSeFnIND (Redsadd i@ pldcaead Bp bheviGasing? MESI MESI bits
of tag "before" (global order) snoop was perforned. SuccMatch The index in
the SRB of the ¢ - Y : , i+t h , .address, i f
anv. | f not, iE?!?é??%%ﬁ%sﬁgc?%?ﬁgéc§9{igk%goglggié}%[e%(ss}(’)ﬂr_ rrlaoigc?.‘ iaE‘I"gig7 The
foll owi ng ®8dcri bes operation of sonme enbodi nents of the invention and is
illustrated by an exanple in connection with FIGS 12A) 12B, and 12C)
showi ng or deri nflShF il the messages ip skydine dipgrays HRgr B8@svirughyme 3B, and
13C, show t : . r X i r, g I 36 at
times 12 ind s Bptind uakRnchacl, SRR B REPRLL AT Bl 53 )

(1 ncl udi nsseeammandth€niksjaged hem tananiood ar e sasé virpl (rhoacEudi mge aseaprand
C2)) and then a snogp,request (3). (including a conmand C3) arc received by
ordering btAMeicheme REHETENRIES the)Priofisy amemthe Byessnegs dabhsoes Vigdnters X,
Requests f L . BY. i .ot in FIGS.
Toi) 128, brr S3E AL SRE SRl Ml DpLRdNe 1Bl GBS g bt 1 er
6?, addressciabasaseddihet witheightr inde®s.or | state (witten MESI to be
general ). The MESI, protocol_ s an exanple of a cache |ine coherence
protocol . The MESH! Yftyplding ‘r{Tisre"erPS}ofggé“%BjB&F BaeSRPFSsivee apdsry cache

| i ne coher t FesS&lt e h&.line coherence
state bitsor e aed A A A R R B S e ol e
of orderi ngolbahflenkaachpridritpeordohelyaned] sdtdedsnpwand!iBY €6 vdprhesent ed by
ordering buffer cawge | i ne coh e bits in ordering buffer 62.

( rence st at
Tabl es 4 af§sgegMal B Hitpived! ﬁ&% &f P?@é wshéFe e thahtepicaii<! thene
i nvention | qip L t : A I be used in
connect i Onh\%‘s%lﬁé (\)Jtﬂkllglr:' gg’éﬁ‘g‘#lﬁﬁgwéon%@lr%ﬁgg@pﬂ@r pr?g%g€gg(o\mﬁgﬁnr%§§\§ i ncl ude
sone or al hodds. Fhecidatilc, sf @lwsn Ghads the hiphps patdityt 2aranalurcad thes thehewasoher ence

states). Depending on the details .of other the " 19 2 7 JAN 2003 wO
00! 0856- t YedSr 1vha sl Redq f‘hlemEbH’QP@rh?g‘“ﬁMt%é@%(?‘ %éﬂ”&élaﬁ’&nd/or 5

oo EroiShy e Sinpse g L ettt el caspnde

adchIrPess X rSpoesc ed uedndxsagcaoﬁsx%léz, artd S—’s&qmmbt danedon rhe crc))mcn?s of the
message of S6. node N3 may be able to begin acting on the messages of SO, S2. and S4
prior to VT6. The top priority message can be known for each node at VTS. Indeed all
but the message of column 0 of node 3 is known by then. In that case, nodes NO, N1,
N2, and N3 may be able to begin acting on the top priority message(s) prior to VT6.
However, the nodes may be implemented so that no message is acted on until each
message is received in level 6 of the skylinc diagrams. Some skyline diagrams may
have more than one column with only one position in which case there may be fewer

instances when the global order is known before each message is at level 6.

ii. Example: slots transmitted at different virtual times

For simplicity, the example of FIGS. 6 - 9 only illustrates the progression of
messages that are originally transmitted at the same virtual time. Messages in slots
originally transmitted in different virtual times are positioned on different levels. For
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the position in orderins; buffer 62 that will lead to the gl ohal ??
Ordering buffer 62 is searched to identify a closest earlier and/or |J(g\§ezg0[3
* | ater snowpovespeest in ordering buffer 62 that is also to edUv89g7040( cal | ed
a closest earlier matchins; request or closest |ater matching request).
Earlier snoop requests arc dccmd to happen earlier in global order and arc
retired Tremuegrgersgme bt fannb4 eef re doateto mr)ohgmdﬁﬂrﬁnsnﬁ osest means
closest in glo order. Note that a request may be a closest earlier

mat chi ng reqve”gtsenﬁéwﬁ()famdmé" @SMllyelwmdeavthelrumtVd}trrmgtcs duesNland a

cl osest |ater. hi n est e ugh.t here IS on one |l ater matchin
request. AR ”ﬁéﬁaas t 5‘5 E%S gé 88@&@& TESRFFIPERY %/((L, higi§therdigtiest , |fg
any, and 'tlﬁan%@%ﬁ%ﬁgl&'ﬁt&(V|Hﬁ£l(‘{hhﬁ9\/'r(§3mf1 thd 0r@B¥ng BuhEStor Rb@sNJ S

provided to the MESI field for the new request in ordering buffer 62. \Were
that MES1 sindtNd reomesthf mensagepdneisnagis M@nzﬁb/rtr:tnlsmne Tbe mebsapeo! shas Sﬁu ng

request. If_ there, s no.l t chi t ~-t ESI stat.e (| e.)
either M B g? fis%)agFr‘P%mFggléf%’rsng gls@? "f‘ﬁa‘t wvaRGFA e drtial)  cache
36) is provifedst\ertdQin®y v i g Rib hetkymas b fo rebdeNEWHEIMESE - For
exanple, in FIG 12A, the MESI state of caché 36 (as it existed prior to
time 1) i §l(pr5@\ahdieduam ltwfrmwimt d)aglhet B SEccfves ltelrdessaigcrce'qtne§ﬂ FIQ 0. Note
that in the“exarrg1 g ><‘_c not Jntende to be precise
roment s buc P e S T gt e 3 TR Bttt oo PO, at
time 1 may Jngppen before, concurrently with, or after the event of FIG
13A, which is also at tine I. If there is a later matching request, the

MESI state of tHe cl das=f-Orderdinogninghi ng request is copied and becomes the
MESI state of the newr g‘#est; E&r exa}ﬁple_, hn FIG J2B, the MES state of
request (2) at t1ARP'ISPEMERRNS SHE! HLAFhS: iRpell kopwpe HiopveygrgltBetngdes ) at
tinme |. Notgcdifahos® R ubL aasl:ss rmrrfrttameora&s %%lclneachsngn sRORE baBahb Ng

request. For exanple, request (3) is th earlier than request ( 1 ) and
| at er t han anegradst eqch)nodAseronil 1egligs)s 1a$hml&aemmrrclmdo that tdvhe polecande g

par agr aph, the =~1ES te,inre est copied to th state of
request (3)7 mf“r‘?”tc& ?%GOF#F%@HP é?aybct ST"FIS VPB?'\’I%’?C(H“?S y\EbBrQI‘”da?der and
are i nc! udagowirids ANE) ahi btk hRAURSbe iniPring. AFer) AN rgRAH: 1 4Q138564

t' CTI US99/ 17040 I n sonme enbodi ments, after the tine it is assured that the
1~~TESI bi ttbe pissiac neeqtpestordﬁambmqetrﬁadﬁgerﬂ(ce agovc rmﬂebr: tdebulimoudessng i s retired
fromorderi n& buf ]ie & dgc t.he c losei‘t kater mat chi ng
request of THEPeti Pve?t@‘) ‘écd‘u‘éét" rsngu‘ﬁd‘é‘te Chﬁ'ﬂ\écglfb&f:ét F éltovgtate i s that
which is produard phivcBeaR @B mt BayMbShsel uN6dibONe t&uudsts. i N " fable 4 or ~)

when the input to the function is the current MESL state in the cl osest
| ater mat chi ng réguwasof-omer stpopmsschameisidesicics! fappr wpiclatng cgetpelm@gu@n t he

command of the reti.ri request not use ny, (Tabl e..
4) in resporﬁggmf”amd“&gﬁ_}ﬁ"gﬁﬁa%ts af?A%% ﬁé‘L%%gHsb“ng gaxﬁgblcgg%gﬁ,"ﬂr response
to a E3RL cormmiy ofdefinealait€io dabh brhér) n@@e Rlaybd1essié bhmBsBMEen9bf frRqUeSt
(2), the MESI state for request (3) is f I\/ESl% nmeani ng the new MCSI
state for ttﬂéerpegratlwnmmn@r@fesmpmgnbup@rerrecmt He Ctjmgp reqxeesvhldes)ullr s the
result of the. ied to

yest (

t he MESI fun%‘t"l\z/lgrtnqg aﬁ Caég?r%r%n %&s's’u?ﬁq’oﬂ ﬁﬂ é“‘ ?léonrmrs%?(’r?grg request s
to address priorWhesm l@ﬂd}tﬁ@ﬁorﬁ@ﬂn thmaucstshe MESI state oC request ( 1)
woul d be fC3(fC2 ? . I'n other enbodinents) the MESI states of the

cl osest later ?t::rdchfg eriéfmhesws ferraut-efrardgeshoepion desombed helowemsyolyasat e of an
earlier request hed equest ar recei yed hy ordering
buffer 62. ?rr?pcmﬁtes rocfl efl ﬁéognb}%%wv‘% tpnip%ﬁ he 4uaB ataecdn%égﬁ‘u” ates fl oat
backward to earl it @/ per@hddsd to pReloHs kREIPE ilhddettdephoddrdarys IoRERS ¥suMsSI st at es
and nove MESI st at es bet ween positions of the ordering buffer. In the
exanpl e) f Olbotlf mRop gasults ARl wrilgbadks) aserdistribpas i elpbalrerdrre Ghaseesdp Mid tags

t abl es) depend on.t mmands | and .C3. f Clis
BRILO, fC |"‘r‘%¥bﬁ&°ﬁ%ﬁﬁag‘r¥8‘;@ BER o i spraPSieaf v ‘ﬂgt"l?n’éﬁ?rngcrr’or”y'ltag
(e.9., in cashe hHA)thé SahPdiebvast drhdty (QehdMEsHlerent AlaRd P SSHIE REDIOMeritReons.
appropriate MESI function where the current MESI state in the nenory tag i"s
the input to the MESI function. Wiich MESI function is appropriate depends
on the command of the new snoop request.l5For exanple, in FIG 13A) the MESI
state for address X at tine |l is fCI (MESI)) neaning the MESI state in the
menory tag in cache 62 before time 1 is applied to the MESI function for
the command Cl. In FIG 13B) the MESI state in the nenory tag for address X
at tinme 2is fC(fC1 (MESI)). In FIG 13C, the MESI state in the nmenory
tag for address X is fC3(fC2(fC 1 (MESI))) at time 3) which may be before
or after the ret| rerrent of request (2) 21 2 7 JAN 2003 WD 00/ 085G 1

FNANT ] L i~ AN AN 1 .



The foll ow ng pseudocode provi des another representation of the sno@gd mN 2003
operation of sone enbodi nents of the invention. In practice the pseudocode
*may be i npbewessted t hr ough dedi cated hardware. software. fRGTHWEPB70480ne

ot her nmeans, or sonme conbination of them // function tenplates // [/
search the SRB for matching entries ordered later in global order. //
returns NUdeidds R0 idi@t irBEddg s ethfdr@aiSRBbAd C¥rile JridHE! RYIMRLCOUBGIALR Il
search the SRB for matching entries ordered earlier In elobal order. 2’7 2
7 JAN 2003 pwBe0ed.0 B6®aneRER¢iS994tione Abody res;mnmsnsclmchmf(hn@nMdom arg

entries SRBin Fi.ndSucc Addr tur ns T if s oop hits
val i d entr)}”vra?g)&?&&le)l}/m éf&/‘\% é gf'ffd@ ’a“'s)t%[’td m ( 'B%q"EB‘F% Séa

access to tbnelhTA@em,s%QgcpTﬁﬁ:&ndc~_t, Tag_t, ' MESI-t), // updat es t he
MESI bits in the TAG based on the Current MESI and the request cnd. /|
performs a witdhaocdsiggtboffeha cEAGadpi shchjpslatdeting\S( ferdExretsivaSsdodp | vt CSI
t)) // sane as Uggat eTAG but 0{] % ut %g new E/ES bi.ts, ba ed on cnd and
/1" ol d MESICAUGER LT OLpRETORG SRS A e TBAETSF 85 PGPSt {HWRenNesFe B Sr m any
access to theolAGustyEBhg teqUpdatE MESHA M dless, MES! t); || returns the snoop
status for thrs cornhinati on of MESI state and cnd SnoopStat -t

Srl oupSt at us( Crrdin lsquErﬁbodh)ncntsl watrd mo@dceeeewcne\mcﬁ;l@ﬂ (eady reapticeaadoh, for
mat chi ng addreéses SRBi,ndex _t Curchg [l Curr fﬂ?l ndlex of ncW avail abl e
entry in tHe's8RE 10 prdcriat grggestigth a‘é%ﬂf?’:ﬁe&‘&‘ E“‘ ¥ Pty ARt e har .

SRI 3[ Curr Rcb‘a]:n ssiR@%by thit RAS] Q@&uc@!s ani\h &rm tifh© IS4 néfo@BBh@maWe SRBi ndcx
t Prcvivatch = Fi ndPrcvMat ch( Req. Add RBi ndcx_t SuccMatc

Fi ndSuccl\/atg(tfl’t(aRgrqicmﬁh‘()sung/rcqwsdsorm read nmodi fy-write on tags in ring order
SRB( Cur r Rc Va = SnoopT C Req. Tag, &SRB Curr VESI f
CSRB( Cur 1 Ry} | VAEEHY GTOPHIBS R Pt PO ALY BRI 1 A0S TSP ¢ Req] | MES1)
/'l update %B&Lﬁlaﬂb%t(}jwbtf maybE WVBIVe B Mwith shbog REEA!sI 8 c%d@ﬁ&%ﬁl@lﬁc%@é&@ﬁt

earlier in global
invention. Of course, other transactions may be used and the invention is not limited to

the details of Table 3.

Command Comment
BRL Bus Read Line (not for ownership)
BRILO Bus Read Invalidate Line (BRIL), OWN=1 (Requesting Agent scts line to M state)
BILO Bus Invalidate Linc (BIL), OWN=] (Requesting Agent scts line to M state)
BWB Bus Write Line (BWL), WB=1 (Modified Linc WB)
BWR Bus Write Line (BWL), WB=0 (10 device writes line)
Table 3
a. Overview of the Snoop Process

In some embodiments, as soon as a request is received by a node, a snoop is
issued on its behalf. A read-modify-write operation is performed on the cache tags, as
is well known. While the new tag state is committed as usual, the snoop result is not
immediately returned to the requesting node. Instead, the old tag is stored until the
request is globally ordered. At this point. the node can determine what the request’s
snoop result would be had it been snooped in global order. This result is returned to the
requesting node.

In some embodiments. when a snoop is performed and a tag match is detected,
the MESI (M, E. S, or I) state in the tag is potentially changed. This change can be
viewed as a function f applied to the MESI bits (e.g., new_MESI_bits =
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- |
/1 MESI bits v ~ill be passed back when earlier snoop retires 27 JAN 2003
SRB[ PrevMat chJ. SuccMatch = CurrRcq; if (SuccMatch) { // there is a matching
"request |'WO0/0BF4gl obal order // point to prcv request, an8BCTHSIP! LS
bits, // in this way the original MESI bits "float forward” Il in gl obal
order. SRB[CurrReq].SuccMatch = SuccMatch; SRB[CurrRcq].MESI =
SRB( Succ Matfeiid .MESI_biis)). Mhieie aglrelidds aareslemplasy insilabMEShamcasd SRR entry is
"retired", ~.vc report the sno status and transfer the // resulting MESI
state to t WEOYERsGaEHemgamashane N&Sé fHncyon.so it can correctly report its
snoop status. In this 23 2 7 JAN 2003 wo ooi oas~a PCT/US991170.10 // way
the updated MES1 bits "float backward” in tine as entries are retired.

"Retire" points to SRE enfiy t G méwgg,tg gtired {n Shabar EUR st. The
code to nmanage the Retlre%nue S—jrot— ncl Ude,lﬁlb%d SRBtrcet Retire;

Py

SnoopSt at -t SnoopPhasq = oop$t atés( SRB[ Ret i e SRD( etlrc].NES!);
SRB[ SRB[ Rctirc] . SuccMit chl pdcad Updat cMESI ( SRB[ Reti £c] . dnd.

SRB[ Retire].MESI), 5. |F3i-direqti onIaI sienaliny; Types pf bpP-dirjectional
signally on the ring ilncluble ({1 ) lusinb di fferent! conductdrs flor
different directions and (2) using the sane conductor for both directions.
See, for example, U S. PatenTallc @-1,-1SO to Borkar etabrls Under one
techni que for usinS the sane conductor, both nodes know t hey ot her node
sent a |ogic higpigieanah FJcc§s|8Ps o‘?q’rﬂglu?&?éraﬁ dBf% s O RPE sRALML ppdes know
t he other node sent a 08 | ow signa conduct or “renal ns Iow Each
node knows rchvestot he&whoxdensemmata&ngtvhl wth a d| fferent state if they

conduct or chang s to a different voltage VDD)) where VDD is high.
The receiving n Hé‘”ﬁﬁﬁ"‘gﬁgﬁb“é"ﬁ f §"908 %\Héf(' “‘&i"?"é‘h?’ {VQ #?[? BIRUODE ESRISYEDY 4.
Qther schengspITRY oO811US Bdub QlanBh siHrE BRI F0Ri0R 1PRHANE 10 :ng{ﬁ“r!: c&f

bi directional signaling and selection of directions can be choSen to
enhance speééde dfat thekd uer&manmhshcaﬂnamewﬂeafzfcbbmnce FIG 14 illustrates a

bi -directional ring. .12 q i.n WhICh no: e§_ I\%and N 1, N1 and N2, N2 and N3)
and N3 and NO ar't¥ FeBYd osﬁ‘&rc" eninedredvelhr ou~~h conductors 122, 124)
126, and |28) regpeedhhMel Yhards W th system 10, different ones of the
conductors of conductors 122 - 128) nay be used to carry different kinds of
signals. At | ea%cd’m‘rﬁhmfthdi«:@{m’aldihﬂm@tii clngddi unyleti ®ngfostlippenchy thaRef er ri ng

to FIG 15, receivin | rcui tr i or exa nod receive
si gnal s i n PAPRSY SRQARTERH Fé’&zly tﬂfn i agtc'f ?‘5 r‘gctrlsﬁ%f’pé’? b’&"f‘i@‘%ﬁ%ﬁd 88

transm t signahas idid cnbfuefirRl n@hlbﬁl‘aﬁc' DlRrcofrRAl) rn@anﬂhrzlplébctnﬂ}’srﬁ% By be
simlar to control circuitry 40 but handle signals in both di rectl ons. The
vi rtual - sl grerbayet ownd-adgodi dneldnacy regult wil{ ke bh;t iawbuiltihavd laeh widnthbe

mai nt ai ned i ndepende for th wo _di recti.ons. estlon in one
i rocti on f@BASRGRC b G i Hach MERRIGD PRTSHABS Bt REHOGEGEAIOHES i sore

enmbodi Ment §)niMBSInBOR e PORBESNEDLHe ri"?lglL{hﬁ ?lﬁte' t, however, nodes may
continue to issue their messages in order.

b. Detailed Snoop Process

The following are additional details that may be included in some embodiments.
¢ The snoop results are reported as if the snoops were performed in global order.
Therefore the original state of the tags.(prior to a given snoop) arc preserved until it
is determined that no more snoop requests could arrive that precede the given snoop
in global order. This original tag state is passed to the new snoop, if the new snoop
precedes the old snoop in global order.
o The modified tag state is passed backwards to succeeding snoop requests in global
order afier the global order of the snoop request is known. This allows each snoop

request 1o report its result as if they had occurred in global order. -

17



2 7 ~ JAN 2003 WO 001 08564 PCT/ US99/ 17040 Suppose, for exanple, thag73AN 12003
node's first nmessage should be sent clockw se and its second

© count er civockvisse. |f the clockwise ring i s congested and PREUS9/17040
countercl ockwi se is not, the node mght not (if ordering is required)
attenpt to issue the counterclockw se nessage until the clockw se nessage
i's put on & h&nédpidire Shdf@rutiet iy aumyc dogd-todl fidatle t@uenabh cepssades (c. 6.,
snoop requests) sent in opposite directions to be ordered consistently.
Nodes may Trail At arigingl ©igskteets gragesehandaasdedrto srpopbrahesth which hisths sapfe t wo
directions re fect S roni-r e robabl y .unreal istic), a fixed
posi ti onal \rl\lgp%fll? Ge(;%rsr%fg6J‘tgrﬁ8n§8€1Lo?p§'0885 eagﬁ‘e”% réjcci%fi 8 ”%lgtﬁ@baga?\)dcr'

partici patd ng. pfes (for NAKIES) b RedreamBieSdbaNsAYr) shdoptrfictivvhsingcthions arc
not perfectly synchroni-r_ed, the nodes can process request packets as if a
speci fi ¢ posFamMoHNe & meinEieHisp thexnedibel ©peicmaybd fajsedae huasetiengan
alternate di rectétgps porrg)cc%essi ng slots. However, if the rings arc not

. i
perfectly syrrlcc urLonlnz%l(%}alarrl ving slots fromthe two directions m ght not

al ternate. Supppsfg 6! lowxaeulie)eitiaind aol0de fdreeriiN RS IBSERAGRS ¥ and C in
the clockwi se direction consecutively, before nessage I3 arrives fromthe
ot her di r exeployed i@ coRpeatign ot Yderplapgiag seme embodimaus phie bmchieen.unti | 13

arrives. lI-iowever, it is not feasible for the node to sinply hold up the

cl ockw SWW@&M@—%&%&Q&M&—OtS)
while it|il8Mhaiting |rd4Se@RIoNit will forward C as usual but) instead| of

putting | SSRB:t he or derSchfgSrmopReqyesi Buffgrt Dupuinding: réquests 61 & sédediiriielet i op
buffer (g.g., a clockwimec batfyfcebden assiipried@pplotial blder e until B arrives. [There
will be ase@:respondi n sRepRAqElist Belidromcbiin8hodCrequostsavit Ve el pakw se

buffer).|ln one embodi ngRBY 4ssRIAEd PhlobEgRd s al ways enpty so -' they caph be
i npl enen

[ ith the s . G 16 illustrates an ordering buffer
160 of) ?%GMX npl e, nigg‘%gm gﬁtggéérapon f order buffering 160 may be
illustra ggq%;% skyl i ng dCagrs? E‘: ”’E@g?qa‘fsﬁ tion. The two skyline
di agr ans| HEY e a di Pﬁ?céﬁ’?mé?g]é g‘[‘a ge) e gvr‘é%’c?‘n FIG 16 or the|sane
appear anc&cfidag. | two sk PhRoHPREL hRaddress)of the feqyestand second directi pn

buf fers L82qdndeg | 68 prDei idéexrportiansiigha asdmss ipf thomganestci rcuitry 164 anfd 170
fromwhich they are provided to orderjng buffer 160. OQther arrangenents
could be used. Processing circuitry simlar to processing circuitry 66 may

be included. If_t.he t di.rect |  can get arbitrarily "out of sync" with
each ot her, the%%?%@“ﬂfﬂnﬁ/ﬂjf“p@ 688‘6?‘? cPHZ"‘éi”icef%@ W%‘ﬁémfyiqcst and second
direction mHfessg: Thus, it is 25 2 7 JAN 2003 WO 001 08564 PCT/ US99/ 17040
desirable to bound how nmuch the directions can get out of sync. This can be
done by haWfi(hgGiRequsst. index]rdenues.Tge) dwemelblnsg)st\'éh respeRe 19 dgener ate t he

cl ock pul ses gf tdh% wo directions consistently once per rinfi revolution.
Al t hous~h PHUSCHF POt guarantee that the two directions are perfectly
synchroni zed, i DuWof-brd2@sidpih@Whatelpetbndd ekt k@Rsure agkddh iphdsivier om each
other and thus allows us to hound the size of the clockw se and

count er cl ovkwiage ofsigfihgdescribed sttt Fenrxhmplel therSSRBomdHRB mapdeliment s There

may be intcrned~atge sityu r such as a. buffer r ,sishals bet t wo
T ust r at e8rBTPEBLRFEY B 1 nImoear RIBTe: (e Aodls Bt B hat i s
i 11 ustrat eghagbe PEIrBEnEAYy tRUEmn THAErdREVeELTuls ftidretHRa%es icudiddant i gur es
arc for illuStrative purposes and not intended to be restrictive. Arrows

show cer t aprdesnghufferond the SR& may he eoptrsentadby the othgr colomnavienexamgleal , such
as control . sj l,s,,and .requests,. for . pnari | ere, there arc no or
rel ativel y"’r%@ﬂr‘rﬂ{‘\}giﬁ“f‘{! gl&ﬁmgFd&gém%g@@&n%?z{@@g%éh{eﬁ@y chOB"‘SéﬂéS"P der will

be differepe ARByLBRMRAES M R6R PR eVerOKEEY a nddeldovEnsekdlf ¥MoBp&snBBSSages are
spaced sufficient Fy far apart) the gl obal order nmay be the sane as the node

recepti on otiqdests from bormode ftyrouharmndes, may stillhe nlzrst inids oolsripg budentodba
wherein signals arc passed bi-djrectionally between the nodes (e.9.)

si mul taneoggq ogts vl a%%ﬁf sarﬁgg%ﬁ(ﬁﬁgﬁrofhgﬁa?tg?nsdm irF%%P‘i"an%d%/ on nare
than one cgpgual ®ulfer thAEhdIAUEBivh OfbopSedlRbtsIntayi dr@thy et 5Ol hpsSRBhat
conduct vol tage signals. For
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exanpl e) the conductors nay be fiber optic conductors. Two or nore pf fAR€()
nodes in aring my be wrelessly connected through el ectromagnetic

* signal s. WO QH8S&dpecification states a conponent) feature, PSTRSHIPY or
characteristic "may") "mght", or "could" be included, that particul ar
conponent, feature) structure, or characteristic is not required to be

i ncl uded. Rsisoameeicnityfd peltilf snoap ramestohavingrtee swivodidrsatisbugieans t hat a
parti cul ar feature% structure. or characteristic described in connection
with the efSSUFREATEP &R uded in at | east some embodiments, but not
necessarily all |gehAebABEiSent®thdderinR Ve eRRes (TRE NIRPHR RARGARANCES
"sonme enbodi nents" are not necessarily all referring to the sane

enbodi nent sSSRAY nusyedclhderthd figldainPiablei7s Noaabfsldsed! requeed and addatsonal feddst ai n
voltage state or is within a range associated with beins asserted and
"deasserted"’aW’reLﬁe‘?t has sone different state 26 2 7 JAN 2003 WO

00/ 0S56. 1 PCT/US99/ 17040 or is within another range associated with being
deasserteJSI@Wi@gsergggriﬂyonueassertea DIt could be a togic one, a togfc
zero. V| rL,' O —SO11 yrer—v-adt te-or e of—val tes; ﬁ‘cpcndiﬂg er—t-he

i npl enent a?idlg%’. A p%@@‘sn PelydESt L’E)[l'?frféer.é]‘\éil?RB) may hol d reguests of a|node
whi ch have™46F yet Hes oF SrPPreAYehle DRadRIS NGy T3k ”Gr‘glgf’f H§'uf fer or
transnitte8mdhd anot NWpatiwRreol rEgies RRL, BB &t¢ent ati ons, after requests |l cave
t he order i Mptdhuf f er ,Dedséle suamgnbreqeasoaddiess hitarvalbditisg ianbié eaghetquest buf fler
(Ot13)) rdoflESlred t MERI bitsxifltag GrefdrhT &ldbaf érder) smoppbesipedbeneht ed as a
content adgduessabi e TRDde it GAVRB bétheC'autceRomdfi6be ok, ey esth td nt er(nal
or snoop) |agai nst aldmeWHaRE iR irast, iddicdust MrthecGyYsd SuccdRbsmbEhfer jmay
be used becausetheTacthe tags Teftectthe state of e owrershrp—an
responsibility) but 11Q necessarily tllablegresence of data. Once the snoop
response for a cache line is received, the requester assunes responsibility
for flit |ine, sEiafoHgwirg descritheopdraticatd some tinbodmehis of Nevinassiomendisot her

BRILO request for the sanme line arr.ives i S, snogpe t he node. The
cache |ine 1gsyaicq Wemmw%mafﬁanﬁcw %‘8@&?1 &Ab&rg?e‘t'%ll?%ré'ﬂ‘iﬁ”ﬁg Fil TM as
the snoop r&aplids bUTRMBY QL tinks MUS hnd9fand FIGYEI3 A2 196 | draR3eK sk MBhg {Rr the line
until it obtains the data (and uses it, once) for 1ts own (prior) |I3R1LO

request. ThietEShferendtan@ddrboXitin o otestomn thigod tage déiestinscs( pdsawt3.shrowde phase and
commtted for in order.conpletion, t.not,.yet received,data) is recorded
o e oRE, e epRE e BrSF TPog et L s g et Bhess e g or

by addi ti onal i3engmgAbnimhdnd <t adr@dhed NsrdOP LR BTRRIAIHLCN G mhhdelp keep
track of data com né back to the node, a node may have a unique static

i denti fi cat dromeqelvRy bareddanpg boffht 6% eawess OWt(8). andl{3ngreorach fortaddrebuX. (e. g.) N

=16. An eight bit field for def d.Ip, DD 7.0] : . tT.
Agent 1 D 2: 0B5ast oy o4 Besadyefset Fiog o Fip gt pledi ge 1P A3G8 YA 0B Prgs ¢ e
dat a responszcf pfiod B3tcehBOESInoop FeqB T b9 BRREANFBOME 671 hddtedsi X hakadithed ot does

not include a nessage, nothing is inserted in the ordering buffer, but the
exi sting netsddeds, age!l sthig (oriter Ml delbergenera]).- a bits) is inserted into a

position in the derinS buffers (where ssage woul d have been placed)
Bid the ext st i mo! e Broteiph ¥ 4 SERplerord a1 B EaliFehsh Pt AR <
inserted anfifd1Qaee5iis hieRbriRES 368% AmPRE ofGBmorttasiR: Itdel dohe@ntdstdthe art
having the benefit of this disclosure will appreciate that many other

vari ati ons andare répgeseoted dyinregnatiz saghe ping ephezande statgbita drstagaiyo.beheddESI wi t hi n
27

states in ordering buffer 62 are examples oforaering buffer cache line coherence states,
and are represented by ordering buffer cache line coherence state bits in ordering buffer
62. Tables 4 and 5 are examples of cache line coherence functions. The invention is
not limited to use with the MESI protocol, but may be used in connection with other
cache line coherence protocols (which may include some or all of the MESI states and

perhaps additional cache line cohcrence states). Depending on the details of other the
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2 7 JAN 2003 wo oo/ oss6a PCT/ US99/ 17040 the scope of the present inyqn ANCI003
Accordingly) it is the follow ng clains including any anmendnents thereto
" that defiwe ophgséscope of the invention. 28 2 7 JAN 2003 waaus9%i7edoai ned
is: 1. A conputer system conprising: nodes connected through conductors,
at | east some of the nodes each including: nenory; processing circuitry to

recei ve snegfeciaeussdénct PrododdPd eablBaaRtioPB REAEENANG chéhel INcldofitBngnoops  of
the nenory in the node before the snoop requests are in a global order; and

an orderi nérnsueri(e) thao's closesd waler frempnssiop and qorestrtisnchayrewisedd t hem at  an

out put of the ordering buffer in t | gbal order. 2. The system,of claim
1, wherein afteF\Siatnci“gsna%R SRR Zod “’Eﬁrégsglspré?et‘?’ Yat " 1dF PRHENed fibop

requests i shelgasiiog igbeeahe BEES162 thAalil SHAW HEIMRSbrdes ORI hEBufrtym t he
ordering buffer, and the nodes including the ordering buffers further

i ncl ude ci frscginchgd togdeheier rionest aarerowmgd/ar gbatst ol snodrateqseso opordeingest |
wherein the snoop. result is the.same regardless of the node reception

or der . The%‘é@ rtég,‘nLP%Lf‘s 8IIS%f°_rﬁdii,res \e(?rérlﬁﬁ“icﬁostchlém 558?“#’%“%‘& %‘g"@ﬁ‘e
ordering bufifahfichitg tdaEst). Nridaso & fegibstsaYe 4QnABLERIHLR RIRPR iGsul ts for
the snoop requests after it is determned the snoop requests are in the

gl obal or derder amtarahesired fiomeedgmgdpy{iceélibefsrcdater trvep saquests.eGaselt ess of t he
node reception ﬁrder.. of claim1 vvhczrei n the ma%or i ncl udes

menory cacHEfS 8scéb'ﬂ&?°ébﬂg‘2r%§‘is' g[\t?‘tétgmaf 8 'SYrst iy rbé§s %Scf‘kFé‘fh‘i‘r_&i“_é 'fddr esses

e oA EAGHERi o 00l AN CAfs R bt bt o

cor r espondrdsgest g verhdogghodprerie quigons later matching request. A new request points to
its closest carlier matching request. if any, and its closest later matching request, if any.

A MESI state is provided to the MESI field for the new request in ordering
buffer 62. Where that MESI state comes from depends on whether there is a later
matching request. If there is no later matching request, the MESI state (i.c., either M,
E, S, or I} in the tag for address X in the memory (e.g., cache 36) is provided to the
ordering buffer position for the new request. For example. in FIG. 12A, the MESI state
of cache 36 (as it existed prior to time 1) is provided at time | to the MESI field of
request (1). Note that in the example, times 1, 2, and 3 are not intended to be precise
moments but rather ranges of time. For example, the event of FIG. [2A at time 1 may
happen before, concurrently with, or after the event of FIG. 13A, which is also at time
1.
If there is a later matching request, the MESI state of the closest later matching

request is copicd and becomes the MESI state of the new request. For example, in FIG.
12B, the MESI state of request (2) at time 2 is the same as the MESI state of request (1)
at time 1. Note that some requests may have an earlier and later matching request. For
example, request (3) is both earlicr than request (1) and later than request (2).
Accordingly, as described in the preceding paragraph. the MESI state in request (1) is
copied to the MESI state of request (3). In this way, fresh MESI bits float forward in

global order and are included with the retiring request.
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The system of claim4, wherein ordering buffer cache |ine coherence)$taNgu
bits of later matchi ng requests are passed to earlier matching requests and
* updat ed Oreeépaier buffer cache |line coherence state bits arkCas88#d4Pr om

gl obally ordered matching requests to |ater matching requests. The system
of claim4, wherein the nenory cache |ine coherence state bits and the
ordering buffer licagheerhbotmenbearfende 1Bhei & Riitred aprethyREESIYik$f a redQest 2 7
JAN 2003 7. The systemof claim4, wherein the sources of the ordering
buf f er cack&\0 HENER el eWBEN BE stauestis fedirgddpn ardsAngutired2) ttheMEShr e | ater

mat ching r @&%eosftlﬁ? ggses{rllaﬁ“:r FASdh rrg uecs{ 8‘{‘1‘{{} 7:?iriftﬁ'gz&§x'cﬂ 1-5 flpc}ahc%.r efth. S ?gel ater

mat chi ng r équest r a particular new one o noop T equests,

ordering buplecd HESNSald I8 that Ohthenpdat it 1be bisprégiate MEISI SRASN (SOUaSt are
a copy of the nenory cache |ine coherence state bits for the corresponding
addr ess i n lgl§grdy.5) ovherpe igpwitte thedfingiogiiihe cugp MER! stple imde glosest ktgrat er

mat chi ng r%ﬁ?‘&? gcﬁ;cgﬁesﬁ RaLdH &Ebﬁfun@ﬁé% @gﬁgr%hfi{;zg%ggér%%?ﬁn HRMUEM R of 1§

ordering bufter e tine coherence s at snoop reqguest is
provi ded f rairirg requegt. ks hdied, arsdesp mgy bsef figvalidachubld 4 ne repbee@ngBRILOt e bits
of the closest |ater matching r“e%uest., 10. The system of claim9, wherein
the orderi 9§Bb@rcammagg gad ['shaes” Ebrrie ehvgcsoasedos BRL spmmandi kgfal for the

| at er mat chi, e t4 ' re Hs1 Qb | ] coherence
function r gé%ﬁ@‘?hlg%?ﬁél"c%r#gﬂtar Elgrgg\}[é%tt@fr%lﬁg (6?’3}2%?4%1%5? 13(8\{1%8%&52@)% ne

coherence SCMNCEDI)I@ediing the nelOSESH stataf@nhdpdstiinng oréging Bl fferl6l. holdigg Syst em
of claim 10, wherein the cache |ine coherence function is selected based on
a command dfqueHd3hiswhsisedpofrtbe st staoof repeeskiZa belprothe 63tismen apRlisdriei n
after it i [yl i s4ll f. L r tsis in

t he gl obal %?@tegrg,l ?{%rﬁgg%?%gﬁﬁ %&Hﬁ%‘ﬁ% %gsél eﬁq’ ?]rc\g' ngg gpgﬁ@%@%&ﬁé bits of a
cl osest | ata@dfrcsEX cWhdrgre @GUESS totired, tRMVESDEtatk hditeqaragp) waqdest i s updat ed
with the result of a cache |ine coherence function receiving the current
state of tHE3dFAVERR Ibln pber erabedementaehe WY siates of tha dosssildergpaleas ¢ osest
|ater mal ol N SAEThgedledch TAE RYNESTAAL FLR kit Prctlielabldies gache 1ine
coherence function Is %el ected based on a comman ofq the snoop request in
t he gl obal memdequesilate rébhmed Yy beteriag baffed 62. In citherofitic asbodimeie, dre of t he
snoop requests i s received by the ordering buffer, the ordering buffer is
sear ched f omdacd Mstatesdlont Backaded ©IcaH s feapat e AARIEBIN FERHIEK P MaY 2 7

JAN 2003 modify MESI states and move MESI states between positions of the ordering buffer. In
the example, {C1, fC2, and fC3 may implement Table 4, Tablc 5 or similar tables,
depending on the commands C1, C2, and C3. For example, if Cl is BRILO. f{C1 might
implement table 4.

The MESI state in the memory tag (e.gl, in cache 62) is updated with the MESI
state produced by the appropriate MESI function where the current MESI state in the
memory tag is the input to the MESI function. Which MESI function is appropriate
depends on the command of the new snoop request. For example, in FIG. 134, the
MESI state for address X at time 1 is fC1(MESI), meaning the MESI state in the
memory tag in cache 62 before time 1 is applied to the MESI function for the command
Cl. In FIG. 13B, the MESI state in the memory tag for address X at time 2 is
fC2(fC1(MESD). In FIG. 13C. the MESI state in the memory tag for address X is
fC3(fC2(fC1(MESI))) at time 3, which may be before or after the retirement of request

(2).

21



1

and the new snoop request and the closest earlier snoop request point MN 2003
each other and the new snoop request and the closet |ater snoop reques

" poi nt toY¥atHI%Eher. 15. The systemof claim 1, further cdiIrYPHYP0
positioning circuitry to provide the snoop requests to positions of the
ordering buffers, and wherein sone of the snoop requests are initially

posi tioned in tlheogleshaiodonetas. tarabowt descrsbedfactiigics mobpevueplestFGEr e

initiall [ i ti th i lead to th | obal d
addi 1 onal POREeC ab 1 R PSRt SPhiaeratibereAac Dabe 1 porne oLyt em of cl ai m

I, wherei nytiennadrs. abd .%gﬁa%m& feQfs M fhe ISR 8 RRORuIHREHE ar e
caiTied in rvi rtgual sl ot s(.:\ 17. Thé s?/stérln ofc cl a?ﬁq%, V\hé{rlei‘n ?é}%}s‘g are

addi t i onal Incxmud gotbod gnaritattheaace vitios cqpabyetpedbrmdriefor rqugestdi®.bothbe SRBtamch of
claim1, in the snoop,requests are in a different formin the ordering
buf f er th%ﬁ@?”ﬁ’Péom‘@rﬁﬁ?%@g#\y%f'by the processing circuitry. 19. The
system of cl ai Mo MY LRGS0 GAIRIs S R rbhéR in@g: SeSPAd. dF fhigction buffers to
alternate reception of bi-directionally sent snoop requests. 20. The system

of cl ai m Igormkmmdiigmemennegoreythe sinee cgotiess dthe Aodeonept@r ordyrshem
conprising: nodes, at |east sone of the nodes each including: nenory;
processi ng°8¥7Euitry to receive a new snoop request and ot her snoop

requests in a nRURFELER!thO ShdRhd&hoR e b Oclel tHidhBmisSARARAfin L}RrgEMOIY i n
the node with respect to the new snoop request before the new snoop request

is in a globtalryotddroughm endem hgedarf the MESD srecef the rdqhest neatismaopandequest s
and ot her %r_]oorg reau?ﬁ}s and gr oVi dfl the new.sno?p ,rﬁquest at an out put of
t he orderi g “BUFFE! of HSRBR/E GBRTS: ot P YCrHAR i T AT h Y YR Y M tP% o

posi tion the SHORRs bERAHESInsand ich el | st Ssdplk the ordering
buffer. -31 nB%W"?L % S2003 Zga.nSThe sylgglg%n&%gwgﬁg(ﬁfrnc%?%mgfsgn% t he new

snoop r equasbodimyntbawomftcoaducyorpddi 28 eneddicacd hecooryderandditbudnbes i n t he
gl obal order or initi aMcy gl aced in a F.osi tion in the oqderi ng bugfer t hat
will |ead EPTRESGRYBalMGHd8r RSP PHSHACIOHERIBF 01 t¥btmAuishE Y
requests agg figg SiaS AndYulhe HRAASchAdhcRi FET A va?»:-oilib@m%m%mw pelai m 21,
wherein mthe nodes that include the ordering buffers further °i ncl udes

circuitry tsdddteenbyiang nads meppull eduslor hitwrecondhectordervs hbmgitherdquredthitaf ter it is
determ ned_that that jnew snoo requestcs isﬁen the gl obal order, and wherein
the snoop PESTCHH S THE VAR TRYRE H BEFST TRHFNBAEPPEERPRY 87 or der .

transmitted a fixed duration (e.g., one ring cycle) after the request. The invention is not
restricted to any particular implementation of snooping or sending snoop responses. It
is not required that each node have memory that can be snooped. From example, the
ring may include a node having a chipset without memory to snoop. In such an
embodiment. that node may or may node include an ordering buffer. The ordering
buffers and positioning circuitry in other nodes would be configured accordingly.

The following pseudocode provides another representation of the snooping
operation of some embodiments of the invention. In practice the pseudocode may be
implemented through dedicated hardware. software. firmware, some other means, or
some combination of them.

// function templates

/"

// search the SRB for matching entries ordered later in global order.
// returns NULL if no matching entries

SRBindex_t

FindPrevMatch(ReqAddr_t);

// search the SRB for matching entries ordered earlier in global order.
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24. The system of claim 21, wherein the nodes are connected through27~%sz3
conductors to forma nng. 25. A nethod for determ ning snoop result

snoop requesdomssaacei ved by different nodes in different noBeTwewepviton
orders, conprising: receiving the snoop requests by different ones of the
nodes in different ones of the node reception orders; initiating snoops of
menory of thewnresnadat ifve miedrs chaéore the snoop requests are in a gl obal
order; posidRmfHeRg t he snoop requests in ordering buffers of the respective
node; advancmﬁgc&ﬁmmﬁmapmdrQﬂuests in the ordering buffers as necessary

until the SHQQ%SYMSE&OPMS{H&R% ghabal order. ' 26. The method of claim
25, further//@g,mrcl,,s&,ng,]m <diecng the snoop requests in direction buffers to

mai nt ai N al/t ghRahEr LR neTTAlI -directional ly sent snoop requests. -32
. AY. AshF. Amddr.. A _. As

A A A AY. A],]OM@;ACA_L AL, AUESALY. A AYr . AF. ASY. A{Yr . A A AL{F. Al . AAF. A A,

A% AA, M| "z udel)LB] #& BLES]1 bits in the TAG based on the current MES and the request cmd
} xsni d_2U| a}erl6al calcelcabrl wad cal cal cal call cal cal ca] ca] ca] chal ca] cal cal

c”a] ca] ca] £"a] ca] ca] ca] ca] ca] cal] ca! R) PO H>PWP[ 2" j k} xsni d*Y] ca] ca] c*a] ca

] ca] ca] ca] a‘BQ]rR ]lggr]\ca]ccraj] pa],ga] ca] cal ca] ca] ca] ca] ca] cal ca] ca] ca]ca]ca] ca

ca] ca] ca] ¢
}3##] (%B!%D%]O)//a q% A bm on v E}’,‘F j%c,w T%a] bfs ;. alc ca? ca] ca] ca] ca] ca] ca]
ca n U1 #]
ce ]Y(ia]lﬁlzg]zc,a b aa , a Gl £ cal ca] ca] ca] ca] ca]ca]ca] ca]ca

, <V<<<=} xsnj | a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢
A A A >5>>>7677@ann AAAAA3BB
Bg]B%Cg}:%Hﬂ "?St cg T](':Sa ]&‘g%lé'ga]é’g é3§ Sct%{] ?;'{é’] c%a] ca] ca] ca]calc”a]calc
a] ca] ca] ca] '3 a cg‘] ] ca] ca] ca] ca] ca] ca] ca! I JKLNNNOPPPP) QLQQQBRRR! S
uSSss. TTT- U s ffrz S r(C:l rm ‘ch‘ a%}ms ca] ca] ca] ca] ca] ca] ca] ca] ca]
calca]ca]c gc ca] cal * W WN Xx XXYY+YFY]]] P

cc(c7chPdd5h
]ca]l calca]c

| n‘];a cHchle
é I T vI I g ] ca] ca] ca] ca] ca] ca] ca] ca] ca] c™a
G cafi §a R i Ca u ca] ca] ca] ca] ca] ca] ca! m

axqr r pvvvvy %T;"i'&_ q ]8‘ a ca] ca] ca] ca| c"a] ca] ca] cal
cal]ca]calc R R s‘(_?' ié S g R ca]calcalcalcal..e%"19
<ZkSY]| vql gb Raj c a 'Rl Ea] cal” a] ca] ca] ca] ca] ca] ca] ca] ca] cal
ca] ca] ca] ca A arca) /0]Z$ 8\

?2?] \é\grg;i\c %%g ]é:) Ai %g 8’;% f@é%?(]:urarlcq?h%gl)(:/\a] ca] caJcaj ca
]"5 ¢a] c 8] a] c

AN j {vql gb] cal] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca
] ca] ca] ca] ca] ca] ‘é&‘]“ gadeneh @]’Eﬁ]‘ﬂa”g
\ w~* 6F>% oc! {vql gb] X] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]
cal ca] ca] ca]/ca] c‘a‘]d("‘, f]“'é%?] ca] ca] ca] ca] ca] ca] ca! dgl o- Ogt *a| - " p| wr mhc”YI gb] .
X]1]1]1ca] ca] l{ ’6 t‘} )da cal ca] ca cal c™a ca] caj] ca] ca] ca] ca]caV]ca]ca]caV]ca]c
aV] ca] caV] ¢ gﬁi%&é E:a néé_ lcr m globa order
g4* 2qUBHUbQ ’{L%ll °0°& &]%%[]08%1]%5] ca] ca]ca]ca] ca]ca]ca]calcalc
a] ca] ca] c”apRBIFeyMeghE aychie ]lca] ca] ca] ca!l q@ 89h$0?I t #u\ } xsnid_Z]11]]
caJ ca] ca] ca ca] ca] ca ca] caj ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] cak IceMped) cal r 3M >3; H
@ W6} xsni d_Zherq lfea]a@ajn@awaat@aqr @%i] ed4rca] ca ca] ca] ca] ca] ca] ca] ca]ca]calc
a] ca] ca] ca] earcaqoc)éqvceqnca] ug g%‘&h ffscal k+d 5 ~ 1K
_}xsni d_z]] ] ¢& "(ﬁa]"ceaﬂflﬂa]ab%(’}’fé‘gg'éa edfeupda] caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢

a] ca] ca] ca] ¢ay &h%%aqdea] caJcalcajcaljcalbd 5 p

SRB[CurrReq].SuccMatch = SuccMatch;

SRB([CurrReq].MESI = SRB({SuccMatch].MESI;

}

// when global order is established and SRB entry is “retired™, we report the snoop status and

transfer the

// resulting MESI state to the succeeding matching entry. so it can correctly report its snoop

status. In this
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SRB[Retire]. MESI),

5. Bi-directional signaling

Types of bi-directional signally on the ring include (1) using different
conductors for different directions and (2) using the same conductor for both directions.
See, for example, U.S. Patent 5,604,450 to Borkar et al. Under one technique for using
the same conductor, both nodes know they other node sent a logic high signal if the
conductor remains high and both nodes know the other node sent a logic low signal if
the conductor remains low. Each node knows the other node sent a signal with a
different state if they conductor changes to a different voltage (e.g., Y2 VDD), where
VDD is high. The receiving node may change its receiver circuits from VDD/2 to
VDD/4. Other schemes may be used for bi-directional signaling. Details of bi-
directional signaling and selection of directions can be chosen to enhance speed of
delivery and balance performance.

FIG. 14 illustrates a bi-directional ring 120 in which nodes NO and N1, N1 and
N2, N2 and N3, and N3 and NO are bi-directionally connected through conductors 122,
124, 126, and 128, respectively. As with system 10, different ones of the conductors of
conductors 122 - 128, may be used to carry different kinds of signals. At least some of
the bi-directionality is of type (2). Referring to FIG. 15, receiving circuitry 84 and 90
in, for example, node N2 receive signals in different directions. while transmitting
circuitry 86 and 88 transmit signals in different directions. Control circuitry §2 may be
similar to control circuitry 40 but handle signals in both directions.

The virtual-slot layer and associated activity (e.g., arbitration) may be
maintained independently for the two directions. Congestion in one direction need not
disrupt ring traffic in the other direction. In some embodiments, when memory

consistency requires it, however, nodes may continue to issue their messages in order.
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&&10% & ()-' 10% & ()-S 10z 10z 10z: 10% & ()- 1#10%" & () - ¥%&* & & C(* dEbCz
1094 & () - SApPIse &fot pxampld. QR4 & nbde s Fitsl B4 &g khould be sent clockwise and its
109% & ()-10% & ()-**/ ++++D, dEbC *10% & () - ) 10% & () - $10%&Ap % 10% & () -
$10% & () - zecpo%&ov terciyckwise. Jijthy g opwigngng is-corawtad a0y the conngoockyise10( 10(

S10% ()2 LB o BEna () SRR Ratb gl et e
, @O%& () - $ic@%&e(u)ml the clockwise message is put on the ring.

Circuitry may be included to enable messages (c.g., snoop rcqucsts) sent in
opposite directions to be ordered consistently. Nodes may maintain a single ordering
buffer for both directions. [f two dircctions were perfectly synchronized (probably
unrealistic), a fixed positional relationship among slots could be used to ensure all
participating nodes process them consistently.

If the two dircctions are not perfectly synchronized, the nodces can process
request packets as if a specific position relationship existed Specifically, each node
can alternate directions in processing slots. However, if the rings are not perfectly
synchronized, arriving slots from the two directions might not alternate. Suppose, for
example, that a node receives messages A and C in the clockwise direction —
consccutively, before message B arrives from the other direction. C should not be
placed in the ordering buffer until B artives. However, it is not feasible for the node to
simply hold up the clockwise ring, refusing to forward C (and to accept new clockwise
slots) while it is waiting. Instead, it will forward C as usual but, instead of putting it in
the ordering buffer, it will put it in a first direction buffer (e.g., a clockwise buffer) and
keep it there until B arrives. There will be a corresponding second direction buffer
(e.g.. a counterclockwise buffer). In one embodiment, one of them is always empty so
they can be implemented with the same storage. FI1G. 16 illustrates an ordering buffer
160 of, for example, node NQO. The operation of order buffering 160 may be illustrated
by a skyline diagram for each direction. The two skyline diagrams may have a different
appearance as they do in FIG. 16 or the same appearance (e.g.. two skyline diagrams
102). First and second direction buffers 162 and 168 provide requests to positioning
circuitry 164 and 170 from which they are provided to ordering buffer 160. Other
arrangements could be used. Processing circuitry similar to processing circuitry 66
may be included.

If the two directions can get arbitrarily “out of sync™ with each other, there may

be no way to bound the size of the first and second direction buffers. Thus, it is
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10! (M 10%<h& th 1wb 8Q8&Ridnk are perfectly synchronized. it will bound how mucih the

directions can drift from each other and thus atlows us to bound the size of the

clockwise and counterclockwise buffers.

6. Additional Information and Embodiments

There may be intermediate structure (such as a buffer) or signals between two
illustrated structures or within a structure (such as a conductor) that is illustrated as
being continuous. The borders of the boxes in the figures are for illustrative purposes
and not intended 1o be restrictive. Arrows show certain signal flow in certain
embodiments, but not every signal, such as control signals and requests for data.

Ordinarily, where there are no or relatively few empty virtual slots between
messagcs, the global order will be different than the node reception order. Hdwcvcr,
where messages are spaced sufficiently far apart, the global order may be the same as
the node reception order.

In some embodiments, a ring includes only two nodes wherein signals arc
passed bi-directionally between the nodes {e.g., simultancously on at least one
conductor and/or unidirectionally on more than one conductor).

The invention is not limited to conductors that conduct voltage signals. For
example, the conductors may be fiber optic conductors. Two or more of the nodes in a
ring may be wirelessly connected through electromagnetic signals.

If the specification states a component, feature, structure, or characteristic
“may”, “might”, or “could” be included, that particular component, feature, structure, or
characteristic is not required to be included. Reference in the specification to “some
embodiments™ means that a particular feature, structure. or characteristic described in
connection with the embodiments is included in at least some embodiments, but not
necessarily all embodiments. of the invention. The various appearances *some
embodiments™ are not necessarily all referring to the same embodiments.

As used herein, a bit is “asserted” when it has a certain voltage state or is within

a range associated with being asserted and “deasserted” when it has some different state
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YOS 10%9&' (gachs( Now assume another BRILO request for the same line arrives and is snooped by

the node. The cache line is in the M state and the node will correctly return HITM as

the snoop result; however it must not deliver a writeback (WB) for the line until it

obtains the data (and uses it, once) for its own (prior) BRILO request. The information

about outstanding requests (passed snoop phase and committed for in order completion,

but not yet received data) is recorded in the ORB. The ORB and PRB may be

prescnted by boxes in FIGS. 3 and 4 or by additional boxes not illustrated.

In some implementations, to help keep track of data coming back to the node. a

node may have a unique static identification (ID) and up to N requests outstanding on

the bus (e.g., N = 16. An eight bit ficld for deferred ID, DID[7.0] := {AgentType,

AgentID[2:0], ReqID[4:0]}, untquely identifies each request, and tags the data response

for that request.

In some embodiments, if a virtual slot does not include a message, nothing is

inserted in the ordering buffer, but the existing messages age. In other embodiments, a

bit(s) is inserted into a position in the ordering buffers (where a message

would have

been placed) and the existing messages age. In still other embodiments. nothing is

inserted and the existing messages do not age.

Those skilled in the art having the benefit of this disclosure will appreciate that

many other variations from the foregoing description and drawings may be made within
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nodes including the ordering buffers further include circuitry to determine a snoop result for that

snoop request, wherein the snoop result is the same regardless of the node reception order.

3. The system of claim 1, wherein in the nodes that include the ordering buffers further
mncludes circuitry to determine snoop results for the snoop requests after it is determined the
snoop requests are in the global order, and wherein the snoop results are the same regardless of

the node reception order.

4. The system of claim 1, wherein the memory includes memory cache line coherence state
bits for addresses that match addresses in the snoap requests, and the ordering buffer includes
positions that hold the snoop requests and ordering buffer cache line coherence state bits

corresponding to the snoop requests.

5. The system of claim 4, wherein ordering buffer cache line coherence state bits of later
matching requests are passed to earlier matching requests and updated ordering buffer cache line
coherence state bits are passed from globally ordered matching requests to later matching

|
requests.

6. The system of claim 4, wherein the memory cache line coherence state bits and the

ordering buffer cache line coherence state bits are MESI bits.
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request are a copy 0 the memory cache line coherence state bifs for the correspondmg address in

memaory.

9. The system of claim 7, wherein if there is a later matching request for a particular new
one of the snoop requests, the ordering buffer cache line coherence state bits for that snoop
request is provided from a copy of the ordering buffer cache line coherence state bits of the

closest later matching request.

10. The system of claim 9, wherein the ordering buffer cache line coherence state bits state
signal for the later matching request is updated with the result of a cache line coherence function
receiving the current state of the ordering buffer cache line coherence state bits of the closest later

matching request.

11. The system of claim 10, wherein the cache line coherence function is selected based on a

command of the new snoop request.

12. The system of claim 4, wherein after it is determined that a particular one of the snoop
requests is in the global order, the ordering buffer cache line coherence state bits of a closest later
matching request, if any, of that snoop request is updated with the result of a cache line coherence
function receiving the current state of the ordering buffer cache line coherence state bits of the

closest later matching request.

13. The system of claim 12, wherein the cache line coherence function is selected based on a

command of the snoop request in the global order,

14, The system of claim 1, wherein as a new one of the snoop requests is received by the

ordering buffer, the ordering buffer is searched for a closest earlier and closest later snoop request
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are carried in virtual slots.

17. The system of claim 16, wherein there are additional conductors that are not part of the
ring.
18. The system of claim 1, wherein the snoop requests are in a different form in the ordering

buffer than they are when received by the processing circuitry.

19. The system of claim 1, further comprising first and second direction buffers to alternate

reception of bi-directionally sent snoop requests.

20. The system of claim 1, where in the memory is a cache.

21. A computer system, comprising:
nodes, at least some of the nodes each including:
memory;
processing circuitry to receive a new snoop request and other snoop requests in a
node reception order and to initiate a snoop of the memory in the node with respect to the new
snoop request before the new snoop request is in a global order;
an ordering buffer to receive the new snoop requests and other snoop requests
and provide the new snoop request at an output of the ordering buffer in the global order; and
positioning circuitry to position the new snoop request and the other snoop

requests in the ordering buffer.
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" HEY& () * Hincludes circuitry to determine a snoop result for the new snoop request after it is determined that
that new snoop requests is in the global order, and wherein the snoop result 1s the same regardiess

of the node reception order.

24, The system of claim 21, wherein the nodes are connected through conductors to form a
ring.
25. A method for determining snoop results of snoop requests received by different nodes in

different node reception orders, comprising:

receiving the snoop requests by different ones of the nodes in different ones of the node
reception orders;

initiating snoops of memory of the respective nodes before the snoop requests are in a
global order;

positioning the snoop requests in ordering buffers of the respective node;

advancing the snoop requests in the ordering buffers as necessary until the snoop requests

are in the global order.

26. The method of claim 25, further comprising holding the snoop requests in direction

buffers to maintain alternate reception of bi-directionally sent snoop requests.
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