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-PRCEFSSE%VG ORDERED DATA REQUESTS Tkmmmm| WHM ' BACI|CRCU11) OF THE

- I NVE\ TI I~ nl ~ THE | NVENTI ion rel ates

the field of' 81tJGvJ}oc ssiil~ systens, &@ nore E~,rro. Fgﬂg/%g%’héthods
and appar atus tr processing or der ed data ~ c?uests to a rrermry

I~ ~("1Z211""1'10Ov OF THE RELA ff: ART The demand for qU|cker and nore;
power f ul persoHBD(E;BSﬁDlM@r@RﬂiélEléd)eEAnBEQUESTS T eeidEBMQBYances in the
conmputer industry includinb the d~~~c~pne faster ii~;;n~urics.

Hi storically, the perfor%ﬁb&'&p%lbé?gm IE‘B’%\K@\ has been linked to the

~E~~~ci of accesses to the nenory to retrieve data mani pul ated by
instructions and to r~tn~ve data coding for the instructions thensel ves.

The perfqqnaqpenoﬁlgigﬁ\ﬁﬁepﬂ)@rocessors was hi ndered by sIOM/data access

tinmes s) a fast nl~rnor<~ known as "cache nenory"
~as devel 0ped ThislinGa@tm reRfRp¥ndrally @l1A¢ fiebydftiBldceangd pemslad, abrdi ; her
speed than a main m-ril~rv due to either a nore di rect’ coupling to t he

pr ocessorpaarcuhaiydwamethadapidxipporasus fof ploeessiag bedeneindutycgtione® a hempryst
recently utilized data blocl.s SU-h that accessing these blocks is faster

t han accessing the main nenory The use of cache nenories ordinarily enables

t he processog QQ [Sg ﬁE;" St of it periods associated with
retrievi n‘é—%l 8 - ta requester issues a request for
data, the Cac?ﬁ ’E%ﬁ{%méﬁ fgr ci)u%l\rpr Qr?dgm\gh ;%%)h%ltfu’ ;ﬁ.rs%n.dtﬁ onyauir?h?sleg'ko 1|ngn\} he cache

menory. Wen resen uation referred
to as a qa@h@ndmﬁpta@mt@s in tte%wp%ztrmswtea%tta Sl OLPREAES it he data
requester wth-a relatively small wait. Wien tRe data IS not present in the
cache nmemaenori&. S{ﬂsmaulgntlfeqfcetbﬁﬁ@hct@fageraormae&tﬁptnarmsysc.ufnmﬂ&d totheur s) and
the cache nenory perforns several operations. First, the cache nenory

retri evespthibolrasqesssy wdhe atemory ncticye data deanipulatdd byl ivbUridgtiNG andzto9 ~UL 2002
O 00I 267-1? PCT/ US99124362 m non~. Then, the cache nmenon~ sends the
request ed dEa dra codiag derthe métﬁuesoeéthcaﬁevcsf "The pegfpggangce Pf‘i“ébéﬁFeﬂata i n t he

h tself..Th
anot ﬁe?e?été%eé'sqtéﬁ@ghmdf%s T e PR A eroRie whesthedital of

..... S N 1o W%ea%otggﬁ YodiR rxag desR otpgcp a much sl ower operatin | ost

cache menorica lris ¢ t~~ c~ subsystens, ‘cacli~ tae arr a~ '~ and a
“each a data \Eaamrﬁmnmy15Hﬂnm@8&&mM%hdoﬁ&ﬁ@@aﬁﬁ@ﬁﬁﬁxﬁniwmeﬁn&@r secondary
ncnoy addr esses associateéd . rtlf rata array entries. 'The addresws are
used to detepryde tbeebdrermarediiicer qoaprest thd prbcassqridr hatdwas: shoheomenory hit.
The carlt~ data array stores an~i delivers data in response tqo .r.r:.:
. ~l uest 5he qaRhqieory 8oess theannd rercpHippiilezsd dalablache Hehdhttacetswls ess a
correspo eIInes have further inmpruw~l the

per f or rran@8agf‘s %Pﬁﬁg?ﬂraﬁc%?“%@tg Prucessin; in parallel and in
stakes. :1ls oppg ft?sg of RaciE et F&"s%?cﬁﬁz? W@ﬂ{eﬁpré‘étsﬁh&re%@&ﬁ?numggtp' et ~

the processing She T hStTUCT T on processing of the
nem || ~tgd W4 bélvds asdabtaeldlwtqﬂreete\omgedaeveadt m&? eWhkA KRBy reQhiQfep SST N~
different instructions at the sane tine. 'rhe ective processing speed of
each i nstigsuet hotguesyfar dsaLhe bavhg @tbmdey tetkrmibiest Wiicohtg idatd Brpréseattintied i on
processing is increased) because several instructions rnay hc: processed by
di f f er ent cacheimgimgmal Whiep #iei data is peasens in ﬁlep‘aﬂalmmowg sivetiomreferradja@sas arc
rnadc tgQ nmenori ta request parts can speed up

t he?/ :)J;ol:%e%g? RGMery rhit a°‘:r°“§?\e‘@2§j[‘gl l’f‘éfu@% 953 tpdheydag fﬁqﬂﬁs‘ﬂl‘a‘&}%m for nvo
seri al atte‘?atwgﬂ%?r%tllsw&? alh%x?ﬁ{l%a@?ﬂ&%r@%ﬂ ﬂT}T cl?c 91‘3 F;gq sﬂﬁ‘ﬁt%ar equest

port. The pipéelri'ne hasf one data
request CRRerfddab bs AbachR ThbntdrP 0HissY 6¢drs, hncﬁhc cﬁ:h@?rﬂ: gbafatnsqeeraer cl ock.
The first acrid second requests are received at t

respect i vepeyation. Flist, tHeIdastterraéxadryn*e@iebtsnadreqaés@edr@wﬁsm aetdndaiyne hit or
mss status of a data request beconmes known in the third stage. Thus, there
is alag of three clock cycles betweenl!the time at which the port starts to
process a data request and the tinme at which it is known that the request

can be LT

*G00002*




_ Z 9 JUL 2002
conpleted without a slow data retrieval froma secondary nenory. . z 29
JUL 2002 " O 00l 267-t2 PC TNS99124367 Data requests can be eil\}:e,?.;us;&%ggﬁr ed"

_or " 'unorder¥dd%6Gderin, dictates the sequential order in whirch nufua

ordered requests should be conpleted by the f~ard~are. One exanple of an

orderin’; heh@ti Qheh TROSR e hitatornBerRa e rfudskadad 16 GRURS reqdester-antli | € |
first request of Figure 1 A be conpleted before a |later issued rcq uest,

e.g.) the -second r¢irted ad-data iofthdcagbe memary @ehfe Thorsdeniday mahertyinmsbexi st ,

e.g., sitnultanc:ousl~~ issued data ¢ ~yu~,ts may be ordered with the order

of a program: tiemarher Fnothes gaahg mengy Jijee AM dRyChERCRe PR ol ralre Vel i ned

to be operations that should conpl ete bef géfoa"l ater" ordered u~crations.

“"Earlier” -and Wb ¥Fondanemapery P ERg mys Y AT 8P Yering. If two requests

arz ~: oordered, hardwar e JRY |GOMRI ELBsdénd WAk 93@%§1x"§ @Qv%a(?:ﬁdﬁﬁm The
st ow processing of data re~luests by a

: L

ordering of data FEric8y8'ean

pi pel i ned Gt ¢ e PP i arfaly W& ndBesiidr Rcbddihn@efbAAl@RMmsthaksdchdiipt rat es
why proc:;asin ordered data ' requests nay be problematic. The first and
second dat aiif equeshBerfics. MAfRIAIdsUS cfalised & dditrnmd ah@herar digd equeseaurst s to
the cache nmenory of Figure 1 rl. which are received at t = 0 and t = 1,
respect i velyult ih ddclpumemaryByit. t e dainesdata gpyestercs asiuldisers dag 10 atshensegoor y
m ss. The first request conpletes in nore than four cycles) because the:
request ed ‘Hat'a st Ibeuistovespelr Pryanes caribmcheddmamyinersrysnondwecache
menory mss. On the other hand. the second request conpletes in four

cycl es, betatd® t he second data request results in a cache nenory hit.

Thus, serially lilﬁaH{eggaQJﬂﬁh@r%ﬁ:%%dﬁ%b‘?ﬁ) mat@'btHR Wl B, ﬁc@porr?’n @Al s that

violate ordering're fons I n srtuations o cache‘r%rmry m sses. gure 1 C
shows one J1BtRGHs fPparAVDaAd RostARE AAE 8pFds &) RribkNAbecudiRg heretdMBhOEEEs NY

rel ati onship. Issuance of the second or |ater ordered data request is

del ayed untinipléte theGrodessing ofisriel ihsiaktier bdéfbre tepinhimgsise gbatssiag of tHemexf i r st
request is known. In the illustrated pipelined cache nenory, the second
request wahsisuctinneepipéloek deyict excrinps the stages by progissinush Hengnt ipstrychions tr st
request is determned. The need to . wait faor the status of earlier requests
reduces t HBS SPBEUMF of N FIbRYE PRRGESINESPES ofzpeh IngiEHrdeR Emyingunc ppedetides t he

| at ency, d .l essens.the advant age f_ .pi Lning. 3. 2. . 2002 'O
o 2674 eeBE Pl P AR SRS ol R Seb PR Yrosef 0t o B BBeeq of o
menory by I ; 2 Vel alo.dat.a d; .each

cl ock cycl kgﬁﬂ%cﬁak?iegyl’}sf@gcpt\s%gﬁﬂdranr%lgag}cg)gdr"ggrnﬁtpf?@trtﬁagl%?g%ﬁ It%gg%ﬁ)herh ned

dat a- r equespeRQ ntic tOmemstiag §peliRcd G edquest FRADEM. spdduslledrocesding; : St ~

can be recelved in each clock cycle. Thus. the dottbl~ci ~l,rt,r-tc~lucst
port may -oi.datuicghests he t hroughput for data requcat~. i.e., the bandw dth
i; ww prr clock. Cache r:~,:~nc~r<~ hits and m sses arc known at the third

stage, i.e., a ligure)lAoh atimpiag digerakiopnreesial datp equesiyiae caglis Memeryt o
problems w th pracessing ordered requests . FiEure 2B is a tinm.n

G or am | | YRE HEPRaRg R Cho TR BROREDGR ot Ve £8. ¢ eyl ¢ ne
doubl ed pi gl JReddel st &ﬂ%&%a}t@%htcléc?gk Jg/gléi 4 Cy ba-nd'v\dl? bt bhe pdrlelcik. d0€
second aura requests are serially ordered, I.¢C.. tChe I'rst data request i;
tl:~ earlifist ARINESHd reQliests are Fdceived = @A AQE | RadpetihR1Y. | InGhe HRkRated
;quc;st wll re,~istc:r a caelt~ ttletllUt'y mss. The SCCOnd data request
r egi st er s pipelacdelaterequgst port, theHit oamissatatuspdf-at datateqtiescb&omes &knownéh diee t he
~~trliter first request, because the first data request needs a slo' data
retrieval thitdtagecdhud, sheye isarlag of theeestoekicyeles betwgen the timeaat avhidthe pos cannot
he processed by such a nethod in mul ti -pgr ed nenory) g\eecause a later
ordered i nSARLRRBHESHA R ssANeskandphg e abwhieh Y ‘F@Po‘r“"éé\}é rgausst eandbec ache

TeTory M S iR idGul 4 05 Aaide U Rl ALLRRE LRy ot hod of processing
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‘the doubl ed pi pelincd data-request port of Figure 2A. In respot-~s;; %g JuL 2002
cache: memor. mss for the earlier ordered data request) i st

. data request Oﬁq/:fm'b'endl ng requests in the pipeline are fl ushg)&ﬁl@ﬁ%{bg’
flushing elimnates ordering violations. But, the flushing al so reduces the

speed of the meymd peqadls tdneastnantondesd ek « RidRdrbd1? OrdeBREaidttesiuTe of the
flushed requests may not be ordered. The present invention is directed to

over com nggquntigdtorderas twhiddmuoiualdy dhleredfréqests stufuld bneoroplewd be tif t he
probl ens set forth above. 4 2 9. JUL 2002 wO 00/267.t2 PCT/ US99/ 24362 ~L~
11 ~I . . ~RhaePvarHEO pRmpl @\fanpf@ﬁé‘“aélﬁwmwps%ﬂ’émpme%rélﬂf'Sﬁlhfdé?ﬁqeé‘ne

Fﬁ‘c{‘ﬁﬁe;s.@ﬁﬁ'ﬁé‘éﬁé’%ﬁﬁmﬁ o GlpTiedhe 39{%3@%’35%‘35?1{%%@ £. Esrgg%\dt f or
the msm)ry; xuu f‘q:ll&{.[f:glAt lﬁér&q%g\"rﬁ &% eXisl, @(il lslﬁﬁtﬂﬁxfn @ cdldyfy ordered

~l~~r ues t ermani ier one of

tf~c or derx@ﬂx;dﬁtn?ayrbe Jra&ES Wi iSRS préhran MiSihe Ifcnumﬁn mampiw ordéHdld
convcrtrn~; a latér one of the ordered ,lets requests to a pre fetch in

response t<mt\ImeneamzIdicﬁnedme)ccaj‘putahenuhnishetdddaxhﬁlgraﬂqnh@stﬂntmmrdﬂ@bndl ng to a
mss in the mrnorv. |In another aspect of the present invention, an
appar at us uPsrapebyi‘dadierTrrd laterEre potdinitedite progeres oegeringm Hywotreauests areat

| east one pipclingd | ~, ~rt t~c~r rvrtt~~ data reque The p i
adapt ed to‘dé‘c‘e?% ﬂ@%@?ﬁw AP PO e BT 1 oElet QBPga‘E}ésts

corresponds t n_the ort verts a Ia,t er ordered one
of the data'f gaﬁggf% procécsf)lpéfg??qﬁ%%e S)BOR' gﬁ? Cd%‘t‘“e‘r“h}l“npng that the

earlier ordere [ in the
ooy 11t pe e 08 id4 Rk B b R IS RPN L BB 8 D L Pt ages

of the i nveqidsgrinami bd problematic appafieNindieeshdrdatde @ sishee feapdcavk Bgriidet ai | ed
description and upon reference to the drawings tn which: Figure Ais a
tinme |ine dndllustordtred gequags pribgrads memoryof Kiggred it malidiyare exeivedat tdad a
requests in a pi pel i ned data-request port of a prior art cache nenory;

Fi gures 1 @ditg la’%ﬁpﬁ%“‘{cll)helnlﬁ%‘{ﬁt'Ba'thFrf’gS‘éC%F%&BF%'HfW%hﬂ%‘é(ﬁlf@?ﬁr}’é}’w

o Fi gur Qgﬁh%‘ofsacf?éﬁﬁ%régﬁmegﬁ%é T BB ot rleR P OHE 5 458 TP Dot hod
Of Pr 00e35i g & OF AT Elon ARk SOUESY B 4 BchDR ML R! O AEBRCRIRS theo'

Figure 1 A
sccond request completes in four cycles, because the second data request results in a

cache memory hit. Thus, serially issuing ordered data requests can result in retrievals that
violate ordering relations in situations of cache memory misscs.

Figure 1C shows one method for avoiding data retrievals that violate the ordering
relationship. Issuance of the second or later ordered data request is delayed until t =3,
i.e., until after the hit/miss status of the first request is known. In the illustrated
pipelined cache memory, the second request waits three clock cycles until the hit/miss
status of the first request is determined. The need to wait for the status of earlier
requests reduces the speed for processing ordered data requests, i.e., increases the

latency, and lessens the advantages of pipelining.



PCT/ US99I 24362 Figure 2Ais a time line illustrating the progress of2 QMUL 2002
data requests in a doubted ~rl~:lrn~d data-request port of a prlor ar t ’
. cache nenoryWOpME62Yre ?B is a time line illustratrng a problPéf{UpYH362 _
procrssin; tw "ordered" data r~:ru:st>in the prior art cache nmvnmow of

Figure 2A7 B~ Wi & 4fe i’réy%%éréa@gtﬂe sg&b%téfaatxh oR%Wenhb'l?rhvetﬁ may h-

. n~hl o~~~d to process requests in prior art cache menory

of Figure o?oémlﬁ& QWchr@Pddt&re@u&'lsQﬁKmd|e@@f@d§6kQ:fycl%n meodt ¥RNtmiab dia@fhm
appar atus fur processing c~r~lcred data requests; '~ r~surc 3B is a

tinmeline it udsutdtd pigeliretiniadsrefiorst potiof-feur stages:in hataw ndamcawrawetm:s in
r~sE~onsc to a nenory mss of an carlrcr _ordered data rcques:: Figure ~Ais
fl owchart Fyigssan bﬁqicéh’édéhwthcfﬁéhtﬁ‘detIhusnﬁﬁfdloubll'-f‘ SR PSR ¢>r der cd
data requests to the

3 fi | h
i |l ustrating®y ‘Q‘b%??qh@“bﬁ?ﬁgﬁﬁlﬁﬁ*‘*?‘g ceife ot bang %ﬁ g L?‘!‘B’Ffic?—cq%fzﬁ 8\I",‘V‘(::hcliiir;ur e 5
Is a flo-— char thnfa ggs"élg &@%?\Qn?l the'il'n?ats‘?afﬁ%npeOde ﬂ‘?nm 1hm§1 {Ere}m:@?ccl flag

processi ng or reques gure 6 is a

bl ock di agnﬁwﬁwareo?m@ahmnh p%@nma&ea%@wﬁ bl qlprocesa ng ordered data
requests to a nulti-fevel cache nmenory system and Figure 7 is a bl ock

di agram of an enpodi2BERh tifrddg ditQeLSBudgting ey mobldatatr Raussihg ofdefdh sever al
execution units. Wiile the invention is susceptible to various

modi f i cat iroms:>and thd dasbhatriipedinkd dnts;reqyseqgiont of lembodimetdirsthedeefordave been
shown by way of exanple_ in the drawi ngs and are herein described in detail.
It shoul d ‘D& GAMSESEBserialyrdered. tot h%ﬁr§¥$"ﬂ%§é?i‘ ptromrhersarsbfAigeci fi ¢
enbodi ments i s not |n(tl nvention.to the partlﬁu_l ar formns

ool ooed = BUE dBftmingd BRRAEAHS ‘}“{“He‘“l‘“ﬁ{]‘éH LR 8 Sy dary Bty
modi f i cat i gy S KRR it B0 AL ORGSR LAl LI P B EnGcRL 1t and

scope of the inventi'on a I'ned by theé appende al ns. 002 O
00; 267. " cariRETr$de8Qledd B&Ause the first data request needs a slow data retrieval from

secondary memory to complete. Ordered data requests cannot be processed by such a

method in a multi-ported memory, because a later ordered instruction may complete

before an earlier request due to a cache memory miss.

The time line of Figure 2C illustrates a method of processing ordered requests in
the doubled pipelined data-request port of Figure 2A. In response to a cache memory
miss for the earlier ordered data request, i.e., the first data request, all pending requests in
the pipeline are flushed. The flushing eliminates ordering violations. But, the flushing
also reduces the speed of the memory and the advantages of pipelining. because some of
the flushed requests may not be ordered.

The present invention is directed to overcoming. or at least reducing the effects of.

one or more of the problems set forth above.
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‘the invention are _described below. In the interest of I.:-;n -

_features of YA il i rnpl ementation are described in 11118PCTRB§W§&£' -
SpeCLtl Catloll. It w:,u~ :ourse be appreciated that in the devel opnent of
anv such actual enbodinent. |;~:la::ruus inplenmentation-specific decisions
must be nmade to aclilwe the devel opers' ~;~~cltio goals) such as conpliance
with syst et MENIARY] OINTHLENVEANION at ed constraints. ~~.Irlc:rr wlll vary

fromone inplenmentation to another. Myreover, it wll be appreciated th,a
,uch a devel opnirnegspest of the grseHdnaHpM.axmathad 15 RiRvIdshion FRaNESt g Ul d

l: v ~r thct~ss be a rqutine undertakin for tho of ordinary skill in
the art haVfHé PHBON-. hemethoginghides léﬁué'% %BIHF%'F-V ‘i"s &L‘Lﬁﬂ‘é“?,&oé’ﬁj\é\tﬁs an

enbodi nent  of .4 |aycat | It 3 A ol Mo B 10 S . 00
havi ng an léﬁgkcb&p :grct)g&ﬁtﬁ?w cﬂ?—w gﬁtpﬁlgahl[yn%%&dégk A %ﬁﬁh‘gg’? pr‘grlgsﬁﬁg%sﬂ%rgﬁt r ol
lu~mc 11 ~.: 24 ussuTeri etheDincllOMak dri@ng B R crlik 2t Qf il @ deBagiament  of
Figure 3A is a cache nenory, alternative enbodi ments nay enpl oy other types
of nmenory. cAlddnotogiespdigs toy siidsiio thei iscmaty, riddoheduhoa tachac wéterdrésed t he
menory 120 and the corresponding port 110 may be hereinafter illustrated as
a cache nedb:t jeqaeds B ppreétdhniadesponic taake englier cmachthetoadyred day requesipect i vel y.
Furt hernore, although not shown in Figure 3, ttl~ control lo~~ic 1 10 may
reside) in-¥BHREORERANISTE BATSHYENts, in the pipelined datarcducst port

1 10. The pipeljned data-re t_por.t. be a multiple,data-request
port for the calc aenoﬁ}%:ﬁﬁf’pﬁcﬁ%.ﬁg? Léugi%‘g:eéﬁ?’g%%uaﬁﬁ‘f"”Iu(3§ W‘gp‘gé%a f’% of issuing
mul tiple ordarpe; ARt o S y ne clock
cycl e. The‘lﬂgég%tlﬁgﬁaﬁnﬁ?y@g&%éég‘éc{pgagg)glﬁ%éﬁg‘fq re%l“ég)? éhq?{e\cl]%gdsa?pt o conpl ete
in the ordeguédi. gTieEpdryis agsethot R idrfehepitinghdr A8 dafdiorF érddik@ ond BEtheRARE NMenory
120 may al so receive data requests from other execution units (not shown).
The ot her datesty eyrespersisnay msstinbie: memerye dl hwi fiont coesEesct lateo otdeecddarteaof
requests fromthe execution unit 105. The control logic 115 is capahble of
convert i ngtanabrraeyest taameeleiel ifesepqnst 1 detgmetiag Ht 1 camlisr prdseadianeé@f por t

110 determ,nes that an earlier data 7 2 9 JUL 2002 ~1' O 00/ 267.t2

PCT/ US99I 2%’36%“}%%6@ COMTGIRPRARIP 2SS ' BEIBEPOY, the ot her ordered request,
will re~_ister a cache nmenory nmugs. In other words, the control lo~nt 11 ~
in the enbodi ment of Fl~ure 3 converts a suh~c, ~ucnt ordered data request
into a prefetch in the event of a cache nenon~ "rniss'~ t~~r all earlier

ordered data request. Still refcrrin~to Figure 3:~ ,| prefetch retrieves
t he ro~l uoBIQER DESERIPTION OF: THRC DRAWINGSory (not shown) and stores the
retrieved data in the primary nenory. ~.~~ , the cache nmenory |20, w thout

t ~orivardi ng t h®tepaphiecis anthadvaniages ¢frihe iyentionewlidseene apparent uparhigadingcut i on
unit 10~. In me. enbodi pents, . datg reduests are oply. converted to

Lt —tor el R HiaE BP e aerion o upps Erieghcs 1 BBt inEo g EBn——cr t o~i 1 a
itself dcaermn . :he. ] idl,.r - i e 3a,
th:; cache mm?%n&ﬁb&%aﬁtuﬁ?@@?gﬁ%@% Iﬂtqg %@%reg%?)éet}\f)ﬁe@%é%l% F éﬁﬂée:ds lMport
capabl e of raueapid HgipelledidalaCref@dstpsreBLEphSr AUEdché mempRGt i ¢l ock cycle.

| ~Irs, the execution unit 10~ nmay I1ssue a plurality of ‘ordered data
requests to theFpupslliBied tipgy lineiROstating Bgrodbiain withaeueatidllyeprotedsing xaompl e,
the execution unit 10~ may Issue a plurality of ordered data requests
during a fiorderedl datk requeste irathd pifelined datareequasstpogrof Figwral Aty of ordered data

requests during_a second clock cycle, The pipclined data-request port 110
may al so recei vEEYE KC isafimetine Higrativenar PEORRLAF R ahpresessingt ouisERfin) . The
ot her data uests. or ot be ordered with respect to the data
requests fP%ﬁ?‘f%@sﬁsl"}n@%tppgfgé’{%Q%glfﬂo%oﬂﬁigwel%&. " Thus) the pipelined port
1 10 ma~~ receive ordered and unordered data requests concurrently. The
illustrated enbodi nent provides for returnin' the requested information to
the execution unit 105 in the order issyed, regardl ess of whether a cache
menory "hit" or "m ss" occurs while processing the data request. Figure 4A
depi cts an enbodi mrent of a nethod 190 for processing data requests, e.g.,
requests to the nenory 120 of Figure 3A) wherein sone of the data requests
are ordered with respect to each other. At block 200) a plurality of data
requests are issued to the nmenory 120. The plurality of data requests
includes at |east two data requests that are ordered with respect to each

ot her. For exanple, the two data requests may be 8 Z 9 JUuL zOQz 'O
‘001 267-12 PCT/ US99/ 24362
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fromthe same execution unit, e.g., the execution unit 10~ of Figure 3A
The plurality of a requests can be issued in one or sever

-cycl es, and %ﬁga‘gﬂglude unordered data r~~;tlests. At bIockqgfﬁéﬁﬁééwz
pi pelincd port 110 determ nes whether an earlier one of tE c,rd~r~d data
requests is a nERIrY 2l i a timeline iNhGiNAE tHelRodedsd HesIHRS kRhebtS i Nddubied
ncno>1~ 1 ~~ ~ :fit block 215, the control lo~~ic 1 |1 ~ converts a later
one of the rordecédadatquaseperest sptior-art ¢dache membgh if the earlier one of the
ordered data requests has bucll determned to be a ca~ti~ nmenory mss. In
some enbodi ment §;124F 2Bdapainedigddudraupg garoblem wiBprogrishy @epesdered dagx ; o

data request det ew ned to be a cache g_rermr m ss) are converted to

or ef et ei es. “IYTEERE]E PISSEI caghe MR éﬁ%%%r/@“ 1 10 perforns the earlier

one; and a | ater::Qm.6 : ~I : S Lod@sd N
response to the HaRE RS SATR fhd At 2 bR TR PEITRINY piokEe
det er mi ned 1, 9./0€ dfa RIS idlib: pbr Bt Osdke Fackndry offBf@niAg to Figures 3A and
4A, a later data request is not converted to a prcfetch In response to the

cache nmenory m SHgat JAnisadidokeliagdad af hiecrbstihewtolf alapgirunofud roedssimgt h
respect to the later data request. For exanple) a cache nenory III1SS for a
dat a requestrdiryd datgeequesisexecuti on unit (not shown in Figure 3), does not

l ead to the conversiqn of a data request gg/ the execution unit 10~.to a
prefetch in sond '8Whod antelingehlHsring BEa0dsdgt BroFe g Leedyt BAYGESHR er ent
execution urnlgosscn%y rlr)lemrrut u]al lﬁé og,dgteoq érn gat[hecr g_r,[bodi ments. Flgure 4B
illustrates“d Qpeciafiﬁ erbG&° et “%28 O che HECHoe of Fi gure 4A) wherein a

later ordered datig, fo@QUR owcHit: ﬂnisinru%%lJncic%bgﬁrnﬁ'rnm)thequ't?le R& Roce@ghie menory
hit) is not be convened to a prefetch.” Bl ocks 200, 210) 215 and 220 have

al ready beedicles ahtaheglics 16 elcahdRorylod Fidugds £, 4A. At bl ock 230, the

pi pel i ned data-request port 110 determ nes whether a | ater one of the
ordered data reqtigetesiB & alwahhe iliesmotiyg dhspecifidembbdiaicnP@Hhe tieehodigiel | ned
dat a-request port 110 flushes the later one of the ordered data requests in
response to'idetcddyri ning that the later one of the ordered data requests are

cache nenory hit, i.e. ., wthout converting these |ater ordered,requests to
a prefetches. BIJ&KS %gé%hﬁgfégl“é?r%‘"}gé‘f‘f FRAY eaibo 'H“‘l"hﬂ{‘{/?‘ﬂﬁ‘ﬁfh equest

basi s and ”Ff%cgg*“g?@‘-?é#ﬁ%“fﬁiﬁgﬁ%ﬁl’%r‘fgc%nﬁz’@?@@m\i' ater ones of the

ordered dat'a requ 2'9 JUL 2002 ~1 O

00/ 267. 12 PC r/ U338/2430%| &k id J78h QY 8n érMbod®hédi & 8N Eppaiud fae pRicesmgsor 100
of Figure 3 A because a prefetch is ;:~~ les; for data requests re;istering
a cache nenmdyrebidhta rbqucss ioeniuddllReDeaghe Memotf #steni; Sndd speci fi ¢ enbodi nent
of the nethod of Figure 4A. ~',ia;.~ Q0) 210, 215, and 220 hay c already
been descri bed ilngres Zisiadhockaliggram af an eppbodiment for:presgprand grdatedighi@srquests 5,
the pi p~Un~~l port 1 |0 conp|etes data rc:yue,ts that arc mar~i~rcd with
respect to (A8 sevralesrcBionadEY request deternined to be a cache nmenory . fit

bl ock ?S0, the | r.ones of 11le ordered data re-qucsts anc reissued in
Cesponse 1o o, -0 BFBRedondt d8e G BRIE ARl bR P LREABIE RS
determ ned .=z afetagelt] i th ek v om . . dat a
requests in%qeﬁlglg%t g requs'efshte {pggﬁz{/\%rbﬁgn %}%wg bgr%?e(%f%ﬁargagf Jlﬁ%ﬁ&%\wfggéﬁg al so
possi bly ot ieheRifl@dsedbéCAUREIS It $hodld belundeStoo€ Howeverl, tHabihe dabcriphiogk 735 of
| yur~ -4f3. The later ordered requcst~ have to be rcissueci, h~c~ru~e thrv
have nol yehersinpbbpesific erabodiopants ienbt datemleti do lilng;thdmventiongo eist gartiqular. g. , t he
execution upit 105 The nnthods of Figure 4A and 5 are repeated each tine
the execut i Grmadisclosesh busen s coptgsy dhe Hﬂ%p,tlanrt%&qlfesqrsu“traocilﬁeatmnpe| i ned port

1 10. Etefcrring to Figures.4A. .ql3, .and, 5) .the vario enbodt r ncnt y

i nprove t heSHAYFiENts:apd ﬁHaﬁa"V&éW@% gltﬁﬁéh? %&‘r Ry sﬁqpeé’léilé?c'ﬁﬁeﬁ’é’f}&? ge'i'fgi
First) ordegfgwq%%é“{gqﬁg§&s ac ~ specul atively issued w thout del aying
until earlier orddred requésts conplete. Second, ~f-un earlier ordered
request registers a cache nenory mss) | gter speculatively issued urdercd
requests are converted into prefetches. The conversions to pref~tches
reduce | at enci es when convened data requests are |ater reissued. Third, if
a later data request is not ordered with respect to an earlier data
request, the later data request is not flushed in response to the earlier
data request registering a nenory mss. The methods of Figures 4.A) 4B, and
5 enable a nenory to receive ordered data requests w thout the delay used
by the pipclined port of Figure 1 C and to avoid out-of order conpletions
in a manner | ess adverse to bandwi dth and | atency than the flushing used by
t he pipelined port of Figure 2C. tO 2 9 JUL 2002 WD 00/ 267.1 2

PCTI US99/ 24362 If the first ordered data request is a mss in the cache
menmory |20 of Figure 3A, then in accordance with the methods of Figures 4A,

. . .



The nethods 190 and 22~ of Ficure 4A and 4B C311 be illustrated by gﬁ%Jangmn
line of~ Fi~~urc 3B. For illustrative purposes only, each cl

. pi pelined pbppodggcrlbed i~, f~ ~r~r;~ 3B represents a dlfﬁﬁren stake of

a four-sta<~e, dual -ported pipeline in which the memory hit or niss status

I s det er M DEYARLEDNBESURIPTION OF-SPECIFIC RMBODISEENTS data ro:~trr~~ts

are received by the pipclined ports at t = 0) and the tfr:i and fourth data
requests arc rdteswaeneambbdimehts dfnhd ingentionust ¢G&trdutdéka‘plle the interest af us of

the first data reciucst, an ordered request, is determned to_be a mss at

t = 2. In despomsell fentukeoianastypl ﬁvalsmsmmﬂwrﬁ #?%flb@bmél"ﬁewésqauoe hE

FeSpect Lot RS pe parbuaed Ui o el A ﬁfﬂ“‘\i@ﬂ?ﬂ%ﬂlﬁ} oA hending
comlote, "SRRt ﬁ‘gﬁ‘“’sﬁfé&‘?#’%ﬁﬁ‘é’s‘*‘éﬁ“‘m& A S

be memory i scapdls) kR EdMailiahBewith kpderh 268RE bind bitsiSatkiNtd é‘&ﬂh‘@xhtsl ng
because prefctchcs are not useful for such data requests--the request data

i s al readywiuoh ik vamynfiasy onéeplemibadii orertanoeyr. cdorertr. ortily bt hpprsaeedd dat a
request to a prefetch , because the ntnory,~ hit or mss status of the yet
| ater thi rduandh & developmengation mlust hmlam{m amhemctmestfmmmbuut wQuldst s
determ ned to be a nmenory m ss thls‘EqF nené the third and
fourth recfués*t‘%d‘aﬁsé"'falrG%‘Hé’d‘“F*F’(S%”Eh%" oa%Pﬁ ‘?fél"\vme bcafﬂ grgdfed wish
respect tq)thg(ﬁlgst d?ta request and then re-issued in response to
conpletlon“ﬂf 't He ?fy%(xpghuest O her enbodi nents convert all ordered
requests in earg tfite A BRlWsE c?x{b%gﬁ{%uﬁgff?&@?i&!:ﬁhﬁﬁnu@n Gehicif EIWEE £ d and
fourth requests, “because the nmenory hit of mss status of such requests is
unknown whedicdshér 10 favEipainiscatiohhaitads|d sipelicd aaRdequRayRst L1 0ecdhtrol the
first request, at t 2 9 JUL 2002 1 U 00~'=67.i3 PCI/US9912d362 - ~' Th~
i nventi on logicall§pandrt mageqd 126. dbvegh Ui remaoeynbilotbatsbddmentariFenure B | at er
oni;:rcd dzta requests to prefetches, whvctt could be constructed by an
ordi nary pérseshq rﬁertnpry, ,ahcmatt\tc emioglimenis.may BEIp|oY 8RaA Y REF §Em§19ne i t hout

undue exper i i.nur 6 depi ct,s anot her  enbodi |ng a
t hr ee- Icve@hﬂgﬁ@ﬂ HHC@&EHé" ‘ocﬁdW#“““Wﬁ?&thﬁgm ngqt

| u~I
!522 Oﬁ q lmevﬁir??ég&t&rl%‘o&’ T‘idmﬁ)( E?lhcrgléxt;\hérg lméééﬁ&ﬁl aQ?%Fcfhcln{u]nmr) 3}% 2 BLp{élm o 8
10 1, o1 Ll bom having £8kche M&yreé&cuvavCpaﬁﬂmo}cogufouéﬂﬁm ABfn & Pigsre 3.

control ler ~ 17. e bus ,:~~r~trul lur ~ 17 is coupled to a nmenor~~
controller théOnt@cﬂ ldi.he 1My FEidel a sonf? dlibbmatghembadiments. 15 imdgigeliacdbdfia- The
processor s(10 is coupled to a thirc! |~v~l cache nenor L' ', ~7i ccr a
bact ai d~ bisgussport The. {The pipeliged-data-cequps paeind Pynayzbe 4 @u?{lvpmrd;qt:gmqugﬁ a cachC
die ~S~, ,r:n_thus r |des OL; the die for the prucrssor Q0. :1s shown in
Fi gure 6, P%Eﬁ¥‘T3ﬁ§ FRPMORE 0msm)ry control Irr ~ 1 O conprises the:
control logic ~ l.in e

~nt hods il ust ri?ee%\pechﬁ?n ol H% !5 %’gb% O?qgg{%%%l@ IOPG%E% C{EPJ”% e’} Stgrﬁ of

the presentachsrldiy 120 duri %euo%kefa@ermmo%ﬁ& é@g Efﬂectsch&draexﬁapabl e

of receiving and proocessing a plurality of ordered data requests

substant i addty regubdtitd aamPlé&l it the order oNdihdlBUbsuBAW the pigRliéd porf PIO. aTheear | i er
ordered request to conplete. The cache nenory controller and control 1ogic
~1U ~ 1caehcowmry 120 may elso paedenigtaoegess drodattheraxquemn unds (Moe L | cache
menory ~0~ to ﬁ_cfetch of data fromthe L? cache nennr¥ ~7~ 1n response
to deterni ?h%ﬁ‘){ A€ ofher date|requests mayy iad b grderadetide specs taythgidad reguestse L 1

e ot @tﬁ%ﬁﬁ%ﬁﬁow St Ar@RofTotagt ) F sRgeblpist thvprindiiyoridred S©¢ 1O
consUTuct edple DRSS ctifher) swmh D1k 8 ey 5c1 05ur e

The control nente ware or software. In
addi tion, although the control logic 515 in the partlcular enbodi nent of
Figure 6 resides in the cache nmenory controller 510, this is not necessary
to the practice of the invention. It may be possible to reduce the cache
menory | atency of ordered data requests by inplenenting simlar control

| ogi c el sewhere in a data processing system e.g., 12 2 9 JUL 2002 'O
00/ 267.t? PCTNS99I 24362 for ordered data requests to any conbi nati on of the
LO LI. and L2 cache nenories 502, 10. ~ 7~. The present invention for
reduci ng | atency and increasing bandmndth for e~r~l ~l ~d data requests is
‘applicable to any nenory architecture and is not Irmted to the ,:~::i;~
menory architectures of Figure: 3 and 6. | ~i~ urc 7 |IIustrates an

enbodi ment of a data processln~; s~~5tent 40U for ordered I;r~;rrcrry
requests fron1tmo e~ cccutrun unlts 410 430. A processor -IO~ |ncludes t he

o, A A NN\ . oy
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"~ e~cecution unit 410 are unordered with respect to the data re~luests from
the second ~~,:cution unit 430. In sonme enbodi nents) the first n~
_~~ecution unPL2412 430 h~lon~ to the sane processor 405. Irf’%ﬁﬂ%ﬁﬁ%g -
enbodi ments, the second execution unit 430 is a separate processor. The
pi pel incd dafasS &abRd hyiBlelpett o the 6tAEY0rBERE RgBe R \Pilll%gils!et"_b{c&ghe‘iiﬁetxﬁorg'eque“ S
in which a portion of the requests are ordered and a portion of the
request s anasuriobder adrdsSthelcbntrelfl@ni€ il Pintthe EhbediMer: oftfiurpG Rehvemed r equest
port -11 J prUCc; sses data requests according to the nethods illustrated in
Fi gures 4Asandjupn8ordetadatata rehesss ingem prefteldinithe evwspoinsechongngey edisdat a
requests, which are misses in the nenory 4?~, retrieve data froma
secondary h¥ERyrEserdengddaryisaisshed port 415 transmits prefctch requests to

t he secondary ry. 435 via a bys 440 and retrieves prefetched data via
the bus 440 1o SanatsrEg iR Re ener i Ao LSRR ETHERTS. “The bus
4-10 is a 5&$»‘h§5ﬂ'%ﬂ§@%ﬁotaslg1ﬁgn LRGSRkt ﬁle%zﬁﬁ@dds a@aeﬂxvlﬁﬁgri%taﬂﬁﬁw%mware
structures (not Shown): Prefetches to the secondary nmenbry 43~ may be

sl ower t han dahacdcRéHRiory 120, MG oIBBRLIdAS The duPRIthe Sk@ndlQataNBqdsRw speed
of transactions over the bus 440 and in part due to the slower speed of 13

WO 00/ 267. tx..2hQexkcutid0@t RCT/IUS98¢ 24B6dments cdasecqudarye nelyeoyvet@d.lo | N sonme
enbodi ments, the secondary nenory 43~ may be ~.n ~tf-processor 40~ nenory
while the Wgycszlzptsd%qugtabaﬁe-ilﬁtﬂlerimrcm%@bwmwca sl detepained sul ar
enbodi rrent(sﬁ\di scl osed above are illustratiyc onl~~, as the invention n;,:y
be nodi fi ed“ A8 HIACEIEEYS T n drttcrent but equival ent manners apparent to
those ~ii~c! rn §lﬁ]l§cfé;xtinbl%\ﬁiﬂ?rc%R?%h@_%?c%%‘tnicrr]ﬁ)erétl?@mﬁtﬁzﬁ{kpg\ﬁt@%dsbaincd

| ~tinlt~ni~c~re, n Imations’.

constructi @Hta%g%?ﬂ)&f‘cﬂﬁﬁ%id?a@&ﬁ%@muh‘iﬁ‘écﬁh e Ay ARl 8 S 64H é?@éli dyclel 1~

cl ai rs bel ow. is therefore cyrdent that the particufar entldi'ncnts

di scl osed ~hus-theegculidyukiel @ inay eudi plibditf bestdant idadltquessho Wrr i at i ons
arc: consrdrrcd within the scope .m! ,nru of the invention. Accordnm-~ly,

t he prot ectriphingdpert-ht0 dginegi aach slodscxetd. Hopetdmplo, the execotliai wst Wl roay 14
R~P~ACEMENTSHEET 0 52J~1N ~~ Q002 y WHAT IS CLAIMED: 1. A nethod
conpri si ng:'SSHe & BiuiY iR of psckd; daja aucsisdyripg 4 fiss clock 6y de aad tep duearolssrt for

a first nenpry, the ol lity of data re jincluding. at | t two

or der od dat i RSB Bt R SR RSB R G Thr PRl Rl B o
requests c 01 [ I , ' arhater one
of the. or deCEd dara b enieel S rEnbTE ROl fhe TRTRK AT HAMRIETNE T one
of the ordefied ddatdqUeeQURSL & HeY ﬁkﬁ%@wﬁrw\dt@%@{;mzw u{cruatmq&ésts%rom?tﬁ;y:

converting other ordered data requests to prefetches in response to

ear | i er onellustrated execution unit 105. Thus, the pipelined port 110 may receive ordered and
unordered data requests concurrently. The illustrated embodiment provides for returning
the requested information to the execution unit 105 in the order issued. regardless of
whether a cache memory “hit” or “miss” occurs while processing the data request.

Figure 4A depicts an embodiment of a method 190 for processing data requests,

¢.g., requests to the memory 120 of Figure 3A, wherein some of the data requests are
ordered with respect to each other. At block 200, a plurality of data requests are issued
to the memory 120. The plurality of data requests includes at least two data requests
that are ordered with respect to each other. For example, the two data requests may be

8
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" of the ordered data requests corresponding to a nvss in the first menory)
the other ordered data requests being later than the earlier (ﬁrh? #hadshe
. ordered datﬁgroé?(fﬁé‘sts and flushing a portion of the orderedP a requests
fromthe port in response to: the earlier one of the ordered data requests

cor r espondidig teOsatheBxe&ution uhfiSe 4.1 the bxdBRBM ¥nit FUFbAHISuPOAL ITRR pAfralith@for der ed
data requests being issued to the port later than the l|ater one of the

or der ed daha: reqogsessdan.be2ssuddia offebhsederaf clotladyriet, andimenyenduddenordurkd éata and
the | ater ones of the ordered data requests are earlier and later with
respect tdC@Hyser d’érhltm’gi 318} teipinesingcopdrok | tidarermiraguestivr aq Barliergrrl AGEP~9.J EUNT

SHEET 2 95JUL 0 2 3. The nethod of cl‘@sm 1@ further c npri si ng rei ssui ng
a portion BfE ﬂ*arr?fé%‘a ‘ScFaF‘SmP@ Hbdfs Whgtheh f’f“t“s"tq‘f‘ré‘ f’y’” Y8Rt i on of

the order ed‘ da\? %Ilgc?\qﬂ%s he co Vcl)lrl] ?F cSveNs {a?er o%?HPtrh f’l %]ieéam T f]u?%\:s

met hod of cI ai Whér el a%f CoRver e one o
ordered dat,g ﬁrageéﬁstﬁe'emeﬁ&fe%mnum&G@m' &ts RREneRh d&t@ﬁmawiﬁﬂ%% dat a

requests is recelved by the data request port in the sane clock cycle as

the earli enclan@emibri igssOlflemace mtatdem &t Ul ht.requesithadered hod vath @bgdem 1,
wherein the act of converting the |later one of the ordered data requests is
per f or med W hy ésponsestdetethmed it lera oebe pembhemesdee echeatdta malsedes
correspondl ng to_a first menory mss. 6. The nmethod of claim 1 further
conpri si ng‘i &8¢k A tﬁl*f‘eplé%lmefi@mdrh@:Ptrlﬁ%rm%bfé?arbﬁ&ko\ﬂdf%éurdaw tlsquest's from

r r | Vv h.n
a data eqﬂgcr .§ dataxdrf;Jl L}cgtg tct> the n?c?neory? 5?nq1%ggotn§gtodl?c. carlicr om. %f the ordered data

requests having been determined to be a memory hit at block 210

Referring to Figures 3A and 4A, a later data request is not converted to a prefetch
tn response to the cache memory miss of an earlier data request, which is unordered with
respect to the later data request. For example, a cache memory miss for a data request by
a sccond execution unit (not shown in Figure 3), does not lead to the conversion of a data
request by the execution unit 1035 to a prefetch in some embodiments. Nevertheless, data
requests from different execution units may be mutually ordered in other embodiments.

Figure 4B illustrates a specific embodiment 225 of the method of Figure 4A,
wherein a later ordered data request, which itself is determined to be a cache memory hit,
1s not be converted to a prefetch. Blocks 200, 210, 215 and 220 have already been
described in relation to Figure 4A. At block 230, the pipelined data-request port 110
determines whether a later one of the ordered data requests is a cache memory hit. At
block 235, the pipelined data-request port 110 flushes the later one of the ordered data
requests in response to determining that the later one of the ordered data requests are
cache memory hit, i.e., without converting these later ordered requests to a prefetches.
Blocks 230 and 235 are performed on an individual request basis and may be performed
separately for different later ones of the ordered data requests. The flush of block 235

9



" order of issuance. 7. The nethod of claim1, further conpri sing coanI éUlrnéﬂUZ
an unordere the data requests in response to the earl ¢f the
ordered dat g\ﬁgggtfe's“ts corresponding to a mss in the first HEFEFUSQ%P A -
machi ne readabl e medi um having stored thereon data representing sequences

of i nstruchh efigrotfele efiidletyf eieliirocksbor 180 0f BRESSDA bedssEpicfdclpisocessor to
perform operations conprising: issuing a plurality of data requests to a
dat a requestl;gobttd:ft:oreqaes’tsinesilsteningmcthetrmmnqulb’rtal ity of data requests
including at |east two ordered data requests REPLACEMFEN~-T SHCET
JfJIL' det erni nilly mmh%7@aef|ﬁlérre Sried Feck reémbpéer% Ol arerleq*utffﬂ%me 4A.

t, f th
o ter o uan a2 hackidg2 | § abd Bl b i r%ﬁ%ﬁ%ﬁ@ﬁe%ﬂﬂ%ﬁm&rr%rrf he of the
ordered data, #grgm@% ﬁrosﬁﬁgfﬁnppgmdt&nar i c%ﬁ}rh& . Hrmfrb EREY;

convertrng ot ordered uest's to pre et ches. | response to the

earlier ong.Rferdd@itiPrdpéceth rqatﬁrrre&werea Sequlst deRPANI RObd Ockh&htdr t he
first nenory) the other ordered data requests being later than the earlier

one of thenordarbidcidas® thekueshs, ofandoddbred dhagequepnntd miswdd ihhespondean ed
data requests fromthe port in response to: the earlier one of the ordered
dat a r equestplaionoé dpoadiengrdcocdareaess pieriopsle defers tnedrbnipr ymemady Mk 3por ti on

of the ordered data requests being |ssue?| to the port Iater thap the | ater
one of thdorgeedhadqter ‘Preﬁfﬁ%é‘t‘%‘ réquests include the quUL\[ converted to a prefetch at

hlock 215 and also possibly other ordered requests, c.g., flushed requests at block 2335 of
[1zure 4B. The later ordered requests have to be reissued, because they have not yet
supplicd the requested data to the data requesters, e.g., the execution unit 105. The
methods of Figure 4A and 5 are repeated each time the execution unit 105 issues ordered
daia requests to the pipelined port 110.

Referring to Figures 4A, 4B, and 3, the various embodiments may improve the
bandwidth and decrease the latency of a cache memory 120 First, ordered data requests
are speculatively issued without delaying until earlier ordered requests complete. Second,
tf an earlicr ordered request registers a cache memory miss, later speculatively issued
ordered requests are converted into prefetches. The conversions to prefeiches reduce
latencies when converted data requests are later reissued. Third, if a later data request is
not ordered with respect to an earlier data request, the later data request is not flushed in
response to the earlier data request registering a memory miss. The methods of Figures
4A, 4B, and 5 enable a memory to receive ordered data requests without the delay used
by the pipelined port of Figure 1C and to avoid out-of-order completions in a manner less

adverse to bandwidth and latency than the flushing used by the pipelined port of Figure
2C.

10



9. The nmediumof claim8 , wherein the earlier and the | ater ones otZQHJyL 2002

ordered data requests are earlier and later with respect to ing -
_relati onshi\BofOB/g”dat a requests. | 10. The mediumof claim8 P%q\//\‘)ﬂsrg%%#t he

sequences of instructions further conprise i instructions that, when

executed by t hg Y PEesered daRequebt18a RIIBGR BRWackeOmPAbIHOM oI Peiuaé 5 ANS
conprising: reissuing a portion of the ordered data requests to the fast

menory) tthen porctomnnaf with echeonaierdsa f daueesddqdBsasl hanw ergndreefitheonverted to
prefetches. 17 REPLP~~~~N ~ 002t 2 9 JUL 2002 11. The mediumof claim$8 ,
wher ei n tewgerlame osdesed daiaraquesty ondl begronzertaddp prafgiclecsipy dhe meeledcessor to

performthe act of converting the |ater one of .the ordered data requests if
the | at erPBhe! Uo"f“dtth%c%ritﬂ%lﬁ%cgbg} gn}’:é:& gmory H‘%”&‘@F@é’d%ﬁ)ﬂduﬁh"ei a%‘{ Boclbjequest
port in the sane cl cle theqean el of .4he.prder _
requests. hy 5 ui‘hderL Q?nglll(sut?]nx%‘fcrgl%g? ﬁné“i‘,d%\gi\htﬁeeroerfjér)\rg?I[Féqusségﬁléﬁr)\{:\eg @g h%ﬁé"?}r uctions

for convert | ng,&esis&iied theixOaRDE Unit 1105 BEIhE PigBIh&LpAE T | @hiscgonverting the
| ater one of the ordered data requests in response to the later one of the

ordered data regesthsds 090 fRBRS B Mkl A ahd 4B canBnidiuyraedby tht3imellire medi um
of claim8 , wherein the sequences of instructions further conprise

i nstruct i ensethat) KdreHuwsdeapetotsy onlyeeash ook syel¢ ot pipsknediportpleswsdedor to
perform operations conprising issuing the earlier and the |ater ones of the
data request gufrPhipressnts a BRisEEC Qb fuedlags duabeird e st whichat a i n

e, LS s g FLE ROV AP TS BuBel PR R s
e o PR R GRS LTS SRR Corv e
ordered daacsiestesdebredQ f €3PNHeNDuduted eRharfiple! e kARisTof kst firsEdad V-

request, an ordered request, is determined to be a miss at t = 2. [n response to the

mcmory miss of the first data request, the pipelined port converts the later pending

requests, which are ordered with respect to the first request, to prefetches and allows the

other pending requests, which are unordered with respect to the first request, to

complete. Some embodiments flush all ordered requests, which arc known to be memory

hits and later than the first request, instead of converting, because prefetches are not

useful for such data requests--the request data is already in the memory. One

embodiment may convert only the second data request to a prefetch , because the

memory hit or miss status of the yet later third and fourth requests is unknown when the

first request is determined to be a memory miss at t = 2. In this embodiment the third

and fourth requests are flushed from the pipeline when they are ordered with respect to

the first data request and then re-issued in response to completion of the first request.

Other embodiments convert all ordered requests in earlier pipeline stages to prefetches.

e.g., the third and fourth requests, because the memory hit or miss status of such requests

is unknown when the miss status of the earlier ordered request, e.g., the first request, at t
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"I 15. .The method of claim1, wherein the earlier one of the ordered dgltJUL 2002
requests rrust be conpleted prior to conpletion of the |ater
.ordered data ?821068{1' s. i | 16. The nmediumof claim8 , wherei %‘%{(ﬁsfgg/g%?? i er
one of the ordered data requests nust be conpleted prior to conpletion of
the |ater onerpf dvBg o dals8GnEadea 15 e&NE2 8fher erdBodiments for converting later
A A3?. A3R A3. AY. A. A35e. A, . A3[R A ?. A. AF?. AYHR A3H, . A Ak. A. Al ) 2e0QUz) ~
orderced data requests to prcfetches w hxch could be construcicd by an ordinary person in
&qv~yt oj e g\/j ca] ca] ca] ca] c"a] ca] ca] ca]\ca] ca] cal ca] ca] caU] caJca]c"a] c:a]cal
ca] ca] ca] ca} endjeaicdf orespualisidsen] vapewijupd @memapmnw
$7$<$I $e$$$&' ((O)k))*z=**{vql gb] a] cal ca]l ca] ca] ca) cal.c™g]c cal ca]
c”a] ca] ¢" a] ca] Cfé];gré]q;%ﬁp&’céﬂ :@Q}Qgéj:%% tglabxé\];ea;\rc; leve plpmnﬁ caéﬂc m mml

a]J cal]ca] ca ! D+R+a+++ R5 mhc
]Lau} ca} ca}lc’é{]“ﬁlé c l]lc prgfcséﬁ ijm l“““% }:%aC [é% ca‘cg][ 8);?9?%%?%%{? ca%)é:t] ca} f:qa
] ca] ca] ca] xC»a*]]Gﬂ] E@)] Géi Cas@lcﬁﬂ |RRpBAE %ﬁﬁ% ‘f,ll ; dgache memory controller 510
<<?=B=i >>~B Ca] C

a] ca] ca] ca}gaiqa]&a]ecxamaﬂy@ba] @ac]rﬁ@)] Qﬁ]cCSi]SCﬂ-]dQﬁBLG. tapestleal zalkabwsal " al cal c
a] ca] ca] c”a] ca] ca] cal MNSNNVRR&YV, VOVFVUWV] XXXX “s” “anccaf f hhhhh/j | w mhc] X
] ] caU] ca] calcroller 517 is coupled to a memory controller 540 of the main memory 550 through a

a] ca]l ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] c"a]ca] cal] ca] ca] ca] ca] ca] ca]_c

a] ca] ca] cal ed]sek]tea]>da! Thy RIosesseY quqwqiwewsbwﬁ&vswqummml*x{%| gb] X

L ob] ob] ot chi CHUPLG s apla] B} A CalE APBATCR P PIL A S S8 0 () ¢
< | b

L) ) Umtyokanl e ot paepheqpenl o s ol ol ol )l calcal o
bu*| &w}wr mhe” Y] kg §l@d\ﬁ@]rpﬁ%&€]60ﬁkq4 1&kkory cache memony controler 510 comprises the

a] ca] ca] ca] ca] ca] ca] ca] caJca] ca] ca] ca] ca] ca] ca] caJca] ca] ca] ca] ca] ca] ca] cajc
al cal w7. ' -¢dnudoltdeng Vi fonaifeipdiimed cajueat]pead dal tnpibdhent the methods illustrated in

a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]lca]calcalc
aj ca Frgures 4A, 4B, and 5. Using the method of the present invention. the L1 cache memory

2e0-_=! sM 10%g& (l) SM 10%gz& () -&0%& ().-! P@" 10%& ()-9g! 8@" 10% /& ()-90
9' 10%g&’ () L‘(ﬁi cr 5T0 is capable of recerving and proccssmg a plurality of ordcrcd dafa requests

0l Ol 005 (P bSRR S o b AV LA O
complete. The cache memory controller and control logic 510, 515 convert a later

pending ordered data request to the L1 cache memory 505 to a pretetch of data from the
L2 cache memory 575 in response to determining that an carlicr ordercd data request is a
miss in the L1 cache memory 505.

The control logics 115, 515 of Figures 3 and 6, used to implement the methods
illustrated in Figures 4A, 4B, and 5 can be constructed by those skilled in art having the
benefit of this disclosure. The control logic 115, 515 may be implemented as hardware or
software. [n addition, although the control logic 515 in the particular embodiment of
Figure 6 resides in the cache memory controller 510, this is not necessary to the practicc
of the invention. It may be possible to reduce the cache memory latency of ordered data
requcsts by implementing similar control logic elsewhere in a data processing system, e.g..
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109%&' () -#10%&' ()- @ 109& () - VZBDEFGJYNC 10 10 105 109%& ()-Y)- 109&' () -
L' 10%&' () -3 IF. B1DYR\e present inkOURIn(fpr €dapnglBYINEY and increasing bandwidth for
109&' ()-3F! 10%&' ()-ylO09%& ()-#109&' ()- @O%& ()- '109& ()- !'#"#
$7$aBYNCY. Xg%&d dpta requestuds gppiighla ooy (memory agehgigetpne. andds neyojgniged to the
P 10N & () R Sreheeores ot Figire 3 sy §) - Y2109 () - G 10% () - 0810% () -
10 i ; &

Figure 7 illustrates an embodiment of a data processing system 400 for ordered
memory requests from two execution units 410, 430. A processor 405 includes the first
cecution unit 410, a pipelined data-request port 415, and a memory 425, The pipelined
tequest port 415 handles data requests to the memory 425. Both the first and second
avecutton units 410, 430 can issue data requests to the memory 425 via the pipelined
request port 415, The data requests from each of the execution units 410, 430 are ordered
with respect to themselves. In some ecmbodiments the data requests frony the first
execution unit 410 are unordered with respect to the data requests from the second
excecution unit 430. In some embodiments, the first and sccond execution units 410, 430
belong to the same processor 405. In other embodiments, the second exccution unit 430
ts a separate processor. The pipelined data-request port 415 may process a plurality of
data requests in which a portion of the requests are ordered and a portion of the requests
arc unordered.

Still referring to Figure 7. the pipelined request port 4135 processes data requests
according to the methods illustrated in Figures 4A and 4B. Prefetches generated in
response to ordered data requests, which are misses in the memory 423, retrieve data
from a secondary memory 435. The pipelined port 415 transmits prefetch requests to
the secondary memory 435 via a bus 440 and retrieves prefetched data via the bus 440 to
be stored in the memory 425. In some embodiments, the bus 440 is a system bus that
also transmits signals between other hardware structures (not shown). Prefetches to the

secondary memory 435 may be slower than data requests to the memory 425 in part duc

to the slow speed of transactions over the bus 440 and in part due to the slower speed of

13
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@o%}| & ()nsikDPebl&sd) 403@:91%){)'&& ije 161 09 oBy 425 map b} hit DiddBRGCche memory.
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s109%4| & () - 10%]he’ payuquiny Gobgdmpnitn@i sclospd b ve' ardigsigtive Do4Y. ag thg|invention

mey be modified and practiced in ditterent but equivalent manners apparent to those

-~ tlicd 1n the art having the benctit of the teachings herein. Purthermore, no limitations

£ 2 inended to the details of construction or design herein shown, other than as described
1 the claims below. Tt is therefore evident that the particular embodiments disclosed
<bhove may be altered or moditfied and all such variations are considered within the scope
aad spirit of the invention.  Accordingly, the protection sought herein is as sct forth in

the claims below,
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issuing a plurality of data requests to a data request port for a first memory, the
plurality of data requests including at least two ordered data requests;

determining if an earlier one of the ordered data requests corresponds to a miss in
the first memory;

converting a later one of the ordered data requests to a prefetch in responsé to the
earlier one of the ordered data requests corresponding to a miss in the first
memory;

converting other ordered data requests to prefetches in response to the earlier one
of the ordered data requests corresponding to a miss in the first memory,
the other ordered data requests being later than the earlier one of the
ordered data requests; and

flushing a portion of the ordered data requests from the port in response to:
the earlier one of the ordered data requests corresponding to a miss in the

first memory, and

the portion of the ordered data requests being issued to the port later than

the later one of the ordered data requests.

2. The method of claim 1, wherein the earlier and the later ones of the ordered data
requests are earlier and later with respect to an ordering relationship for data

Tequests.
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4. The method of claim 1, wherein the act of converting the later_one of the ordered
data requests is performed if the later one of the ordered data requests is received
by the data request port in the same clock cycle as the earlier one of the ordered

data requests.

5. The method of claim 1, wherein the act of converting the later one of the ordered
data requests is performed in response to the later one of the ordered data requests

corresponding to a first memory miss.

6. The method of claim 1, further comprising issuing the earlier and the later ones of
the data requests from a data requester adapted to receive requested data in the

order of issuance.

7. The method of claim 1, further comprising completing an unordered one of the
data requests in response to the earlier one of the ordered data requests

corresponding to a miss in the first memory.

8. A machine readable medium having stored thereon data representing sequences of
instructions that, when executed by a processor, cause the processor to perform
operations comprising:
issuing a plurality of data requests to a data request port for a first memory, the

plurality of data requests including at least two ordered data requests;
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of the ordered data requests corresponding to a miss in the first memory,
the other ordered data requests being later than the earlier one of the
ordered data requests; and
flushing a portion of the ordered data requests from the port in response to:
the earlier one of the ordered data requests corresponding to a miss in the

first memory, and

the portion of the ordered data requests being issued to the port later than

the later one of the ordered data requests.

9, The medium of claim 8 , wherein the earlier and the later ones of the ordered data

requests are carlier and later with respect to an ordering relationship for data

requests.

10.  The medium of claim 8, wherein the sequences of instructions further comprise
instructions that, when executed by the processor, cause the processor to perform
operations comprising;
reissuing a portion of the ordered data requests to the first memory, the portion of

the ordered data requests having been converted to prefetches.
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request port in the same clock cycle as the earlier one of the ordered data requests.

12.  The medium of claim 8 , wherein the sequences of instructions for converting
cause the processor to perform the act of converting the later one of the ordered
data requests in response to the later one of the ordered data requests

corresponding to a first memory miss.

13. The medium of claim 8 , wherein the sequences of instructions further comprise
instructions that, when executed by the processor, cause the processor to perform

operations comprising issuing the earlier and the later ones of the data requests

from a data requester adapted to receive requested data in the order of issuance.

14.  The medium of claim 8 , wherein the sequences of instructions further comprise
i instructions that, when executed by the processor, cause the processor to perform
operations comprising cornpleting an unordered one of the data requests in
response to an earlier one of the ordered data requests corresponding to a miss in

the first memory.

.15, The method of claim 1, wherein the earlier one of the ordered data requests must

be completed prior to completion of the later one of the ordered data requests.

|16, The medium of claim 8 , wherein the earlier one of the ordered data requests
must be completed prior to completion of the later one of the ordered data

requests.
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