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BACKGROUNDWINOB14782vent i on rel ates to parallel processors. 5 E@%ﬁﬁg%&is
‘processing is an efficient formof information processing of concur At
events in a conputing process. Parallel processing demands concurrent
execution of many prograns in_; uter, in contrast to sequenti al
processing. In the context ofP§3%§£§FIEBbEF§§QBSBR§H1©E§§BaEIeIism

i nvol ves. doing nore than one thing at the sane tinme. Unlike a serial
paradi gm where all tasks are performed sequentially at a,single station or
a pi pelined machi ne where tasks are per fRAGHERGIHNGpeci al i zed stations, with
paral |l el processimig,. a ity tions _are.1 rovided with each
capabl e of perfoFggﬁbqgﬁ+g£?£éésF8%ﬁg%giE? PﬁrGZﬁgia r9%%S6PI& plurality
of . the Stations Reordd k¢ huptanessshy asdanndependent! ¥oeR Lie same or
common el enents of a problem Certain problens are suitable for solution by
appl yi ng paral %ﬁmﬁﬁ%§§5%Fﬂa?S%bn9 PhuSonEYpESNSf evenpat én pr coepsitigg

i ncl ude singhed rucpd Lagle trea t he conventi,ona
serial von umgﬁgcoﬁ%%?§%§%% eﬁlgﬁgFEg%edggggdéiﬁﬁpgth?85n95@CUtl°n

i nstructi on®f Mayec@wbpramesinng cyppuisrt hénscbgkeakpstbUskiRRNSE Haam

mul tiple da progcess, 25. | MD). _This processing can have nultiple
| arithnetic-%%éﬁ%&%ﬁgg Esof% g?% %oéﬁﬁgggoéoﬁtPéFaéFBéeB§@P?SE@@h of the

. pr ocessbr s ppardldrah e’ 8hroDse 8Ndbh8qdabael BnhAck: St £R; e ghines
are synchroni,zed by_the controliprocegsot.eA thﬁréngyggl?g §E|?§Sr§ame

i nstructi on EfM%amnki kgl 8 sarhadoprarargdaam Nhebp plbceasksThice processing
has the samydatdm : $82.4 ( nEC 2aa3.PCT/ USQ0| 22322 st ream
f1 ows throzgh a Pfﬁ%%rsggggbgééig o%gsgo%gngESCE?FﬁéoaiPFePeﬁﬁpﬁﬁépﬁﬁction
streams. A fagiting svimetei pheksnsteuptirdorakteans spabk b i pheqdata tbneans
(M NMD). Thi%.gyoces%%f gses nultlgle rocessors, each executing its own 5
instruction’s Féﬁﬁﬁ %# cBE8CG 0at'd sPr BaHFRéd t¥o08aghablonise aprocessor s.
Mul ti plE5 i ngtricseilden witRagsch whphBhe dat Be%&%ﬁ\% (M VDL R P aRat MY
have several, instruction groce55|ng units and therefore sevaral data
streans. 10ISUMVARVYS2H24i Aglteraa RIpeelivy dfietheeseatibngenbir@n, a
paral | el har, - ltith rocessor includes a general purpose
.processor tﬁ§$ﬁg§g$g%ﬁg?gg é§ét£§$€§%8??8ﬁiyaﬂa égﬁlﬁ?ﬁ?iP§ GPMRPEr oengi nes

that suppor telmmeritd eofl5a hardnber. t hceadainAseebhdiny 4PeaByaddihi-oral
aspect of the present invenﬁion, a_parall el hardware-based nultithreaded
processor i RANHELh HendPRL YUY pBRE2pLEReBEBFESRANTe0Or di nat es’ syst em

functi oo and a pruyal | ] [ . Su t nultiple hardware

t hr eads. The'processpr.gygggiﬁglggggggg%eE§§§Eg%%9§oggg§g?8nP?thﬁding a

first menor oMY Ier fhacadeor singerodptrebereangsthasedneantwaaisher the

menory refer, ' an.even_bapk or an odd bank of nenory and
s WERRAR, herBl 5Bt pe e tehorD

a second nenory controller t eFef aPefcEiNFaSed upon

whet her t he.stereay o£f bnebeestadasl ead @@E@h@nﬁé%cgés%ﬁbtEyg%fﬁ%e%ﬁ%s' One
or nore of the follpmﬁng advantages may be provided by Oone”0r nore aspects
of the inveﬁﬁQﬁ%e-EPSt ream,” multiple data streams process

25  (SIMD). Thi; processing can have multiple arithmetic-logic

uction s

processors and a single control processor. Each of the
processors perform operations on the data in lock~-step.
These machines are synchronized by the control processor.
A third type is multiple instruction streams, single data

30 stream (MISD) process. This processing has the same data
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WO 01/ 16782 ~ 8 DEC 2po~ PCT/ USOQ 223ZZ This parallel nultithr{§gdBec 2003
archltectUﬁﬁnﬂlgﬁﬁdes a very, general purpose m croprocessor architecture.
*The processor c be connected to other devices to process |REFESHHR3NYA s of
data. The systemis especially useful for 5 tasks that can be broken into
parall el subtasks or functions. The hardware-based nultithreaded processor

is useful fatreamkﬁlbhatthreubandwﬂdhbaeraQﬂh@doEab&%béégﬁkéaéf@@Mtlng
ori ent ed. S ga d&?re based nul tithreaded processor has multiple
mi cr oengi ne LELGReUF t AP RRFEFPEE 16t REARRar e AcbREESH d tldaidsle hat can be

Si mJ|taneouﬁh&’tﬁﬁ&tYSnaB@rbBﬂ@PEHQQEEFXeV‘QBIﬁaOQ 3bask. (fMp exanpl e of an
application for the hardware-based nultithread & processor 1's’ as % Piet wor k

processor. RECGSAELMGr kSpFomussdplet heohasdaase- kastd endditiigades dén

k d h di
Cont ol 1er s A aChe PP BrRCbEChF LB Raraar ehiels fnd s shdecot

processor cahelprecéaserbo aMMltpreOEnﬁﬁﬂﬁéﬁhéﬁtb%&é¥ﬁ§‘“%dﬁtiﬁﬁgrface
that ree~ prlngﬁegglne 20 a postscript processor or as a processor for a
e

st or age subg reags, MAMB dPiRCeEEPEg§emax havehsreveral sirest auostshi ng
engine. In Mscégsym;thﬁ&tgngpatExeig%oﬁéaggbéra&“%a%dv W, ectron ¢

trading requires the use of ectroni ¢ mat chi ng €ngi nes ¢ SHtTh orders

bet ween buyers 25 and sellers. These and other parallel types of tasks can
be acc | i shed ?QMQRE processor used in a system BRI EF DESCRI PTI ON OF THE
DRAMVN FIG 1 Fock di agram of a comuni cati on system 30 enpl oying a

har dwar e- based nutébkhiggded BRhO§8pELE. 03 782 ~~+ 8 2003
PCTI US00122322 ¢ B8et: of3theVPrlehl/davent S G

parallel hardware-based multithreaded processor includes a
general purpose processor that coordinates system functions
and a plurality of microengines that support multiple

15 hardware threads.

According to an additional aspect of the present
invention, a parallel hardware-based multithreaded
processor includes a general purpose processor that
coordinates system functions and a plurality of

20 microengines that support multiple hardware threads. The
processor also includes a memory control system including a
first memory controller that sorts memory references based
on- whether the memory references are directed to an even .
bank or an odd bank of memory and a second memory

25 controller that optimizes memory references baéed upon
whether the memory references are read references or write
references.

One or more of the following advantages may be

provided by one or more aspects of the invention.



FI'G 2 is a detailed block diagram of the hardwarebased nultitqu%ﬂeﬂp
processor R)‘ tﬁll%zl' FIG 3 is a block diagramof a m croengi ne func %nal
‘uni t enployéh ®"#he har dwar e- based mul tit hr eaded processor RCTAIS0AR2332 1
and 2. FIG 3A is a block diagramof a pipeline in the mcroengine of FIG
3. FIG 3B. is diagramthat shows a format for a context swtch :
instruction. 10 EhGs B€radlalbhmotkidhagnaedshevhigegeneeaboHiipRse 4 egi ster

address arrangenent. FLG 4 is a bl ock diagran1of a menory controller for
enhanced bahdw dEf"Gp&raPHoR G5B OPRERErATarEchaseg gt t Aheaded

processor. dbotkSsotAchh Bef kownelaeh thabrheRr 8869k sal aLhitleatld on~
policy in a% %DRAMOcoﬁt r ol Ieer 0151 FIG 4. FItG@E4%§iggt:gst I@r?‘l #gyog{%gsr am t hat
shows advama¥es amosptienifi dgte8bRANheoststemerns EbBeciaild ya usledal dicagr am
of a nemory. r r r.20,1 ncy _Limted rations used in the
hardmarg?bégégﬂéu?b%?hfégdgé BF%%%QS%PFOFPEFa%XQﬁSSabgﬁﬁ#ﬁgodiagran1that

shows advanr@gesiohsoptmnbzhagdﬁ@&&L@@@@aohh@titﬁkehd@diEr%c%%%%& diagram
of a communi cation _bus 25 interface in the processor of FIG 1. -4 ( WO
01/ 16782 DELSERFPYT ERT1tESKECtDEG3apeTPaRIpAdEB 22 rAsketecather Rifeer ring t o

FIG 1, a cpgpypkcabi-9n te [ _ a . r re- based
mul tithreaded progessornggﬁz.n$&g hg?g&g?g-ggggg #&?%%Fﬁgggggg processor 12
i s coupl ed pvoaebasrshel awlaiple hisrbénganesmeayhsystanmiftapdea second

bus 18, ,Th 10 is. i al | ful f ks .th be br oker
"o paPal A BB RS Re B FoRaRE FOREadeoctrri ARl pongiatarersaseey

nul ti t hr eadedt i0epragessdeptidentigelimlrkf @h hasksyt hat are bandwi dth
oriented rather than | atency oriented. The hardware-based nultithreaded

processor 12 hasCRfl EXpreLlsi efoanrgPred izatdaeh fairt kheuhairpve reabdsede

on a Cask. T8 TRSPRoRdner BEEERROR.LE Bhy Aadbh oG be BO0F SFo%al <A ol udes o

central comebwbek PRotkasoassiakshiatdwazei-bgseHchmosedeneeneel for ot her
resourg s of the hardmare:base%ﬁnultithreaded processor 12 and perforns

ot her génerBF°GEFH8Se C@BPULErtaFHE fanBELYREksAeRigeshanehi B Br oesid s,

20 exceptroaécesétEan&@@mq@&storAsa@kﬁbtabgﬁeaibegsweﬁtethgeh 'aag | nes
pass the packets off for nore detail ed processing such as 1 n boundary

condi ti ons.Pased BHétékbsgiRrABAt ProRespPscessoineeriface Soreny Aype( Afmis a
Lradermrk ol ARMLELUE, JsLed i ugdan hmsed 25 arehitesture, The

general purpose M Croprocessor has “an -oper

oper ati ng szmbentshefpracassoTh20pearesdblr EuﬂcbboﬁgeHOaO?Q&ﬁEee%@ine
nicrOﬁg ineg 22a-22f. The processor 20 can use any supported operating
syste gref PRbRYPESLESF IPNBIBFEPEPENG LsPSt BnPLPELSERE 80rcor §tpragsssor

i npl enent eds @85¢sBLMONG . AN AREH HESKUS®orade. A further use is as a
matching engine. In the securities industry for example,
the advent of electronic trading requires the use of
electronic matching engines to match orders between buyers

25 and sellers. These and other parallel types of tasks can

be accomplished on the processor used in a system.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a block diagram of a communication system

30 employing a hardware-based multithreaded processor.
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t 8 DEC 2003 WD 01/16782 PCT/ US00/ 22322 operating systens sucT! EQ 003
hAcrosoftN& refl-tine, VXWor ks and uCUS, a freeware operating 3 ﬁ%ﬁ
savai | abl e BON1E184 I nternet, can be used. The har dwar e- base®GhiV3t02RR22aded
processor 12 also 5 includes a plurality of function m croengi nes 22a-22f.
Functional m croengi nes (m croengi nes) 22a-22f each maintain a plurality of
program count er SFI@. har dyas edepgi séat Bsoaksashatad Wrt B -
counters. EffectiveI{, a correspondi ng pIuraIi?y of sets o?“?ﬁ%%%%g]can be
10 si nul t aned®@PymattivereadedchroresfernPér 68Ggi Aes 22a-22f while only one
is actually operatgngsat cany t] e_enhodi nent., there are sjx

m cr oengi nes 22a?%§f %Sighgmﬁggﬁécﬁgﬁggégeﬁgiﬁeggffggffﬂqﬁa Wit i es
for processumgtfemplbpedwanethérkeaddwafbebasrdnincledrgireesickh PrdeLPdor
operatewith spﬂégg esogrges i ncluding menory system 16 and bus interfaces
24 and 28. Fhe r; 2%8tem 16 i ncl udes a Synchronous Dynanic Random
Access Memory (SPRAM 350057 8l hescR6a:ah%ad Staki 6 AGeass, Menory
(SRAM controller 26b. SDRAM nenory 162 gnd SDRABIl%Qgglr?t rlg‘ F@?e 26a are
typical |y uskdreengpneceEsFrg. | 3rge vol unes of data, e.g., processing of
net wor k payl oads o] et wor k. packet The. SRAM cqntrol |l er 26b and SRAM
nenory 16b are ug!:[a%'in%ga %\ge)tébgifﬁra ?%Feﬁgﬁf’ﬁt PortOFBRY &R & FRBLeHtast
access tasksyiech. inaceessiog. | ook-up tables, 25 menory for the core
procesigr 20, and_so forth. The sjix m croengi nes 22a-22f access either the
SDRAM 18a or SRAKFE6h3bas®da ol @Rkhr d¢pEFAEt PESWANGt Hengard. PUHmRsd ow

| atency, | omebagduidihqdata LisrshQtRdntn and fetched from SRAM whereas

hi gher bandmﬁgth data for mh%cﬂ Sg ﬁa?gncy is not as inportant, is stored
in an et che -® 1s ¢3B782a¢B8abECE eh U ORAM The
[ d f hed fFoéh -6 isWD 01638782248 C£26a08eRCE/USINVEEEI2 1S h
nicroengine% $2a-2§fbca§ eégcute negnré reference in;tructions to either
the SDRAM cORP7BFFar 2283 oY SEARFEIRLPEI FEPI16R. tAGy ARcsdyas estoaradivar e

mul tithreadhnlt CONr&8d€APpabEEEsSrby SRAM or SDRAM nmenory accesses. As an
exanpl e, an SRAM access request ed bg a Thread-0, froma m croengine wl |
cause tlRe SRAM cBHEF ofReis2sbfiewi ahe

The SRAM c er.cont i i r e $SRAM bus, accesses the
SRAM 16D, ?@%%ﬁég %ﬂegﬁa%§k§%8#$%%¥§%%8gR&EIEZE: nd returns data to a
requesting nicrthgEnéBZQa-&fbimfngid?agﬂﬁﬁRﬂgbaﬁGﬁ&&s ng@m%ages Oﬁ1

m croengi ne, €, ¢. a n a s e thread that cou operate, that
nicroengineéﬂBgTazb%ngSﬁ%ﬁtC%%?F?iggfa was returned fromthe SRAM By

enpl oyi ng har dwareccogt ext a 151 S¥RPRL Agr¥int BENaCRBRLRY, LRA +PLHNQBNG J1es
22a-22f, the hardware context swapping enables other “contexts W'th unique
progr adlcouh2keBcyolénbtedeoperahaonsansedi ¢nothgi herdWaus-tarsscher t hread
e.qg., Thre i i the first thread, e.g.,, Thread 0, is 20
awai ti ng tﬁgu%%ggﬂﬁé%§8§08?%¥%%%srEUring execution, Thread 1 may access the
SDRAM menory 16arI1®hi be Tareatdidingedahgsafnthhe SHOAY WaiviantanghsThyead- 0

IS operatingﬂon th,e SRAM unit, a_new thread, e.g., Thread_2 can now

operate in tREMHTLEBENgRAY 29R-TThi8HEd 2 can operate for a certain 25
amount of time uptsl bli8egds)80xageea2aiCRR! ¥ QonRELGRLTIS0MS, Of her | ong
| at ency operation, such as making an access to a "bus intérface.” Therefore,
si mul t @%eouthyerfaeepincebsopra@esanrhafeFaGhud .operati on, SRAM operati on
and SDRAM operation all being conpleted or operated upon by one 30

m croengi ne 22a and have one nore thread available to

rat thah zepesssentst hm SRAM tmemirgn 16b.
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~18 DEC 2003 , WD 01 /16782 . PC T/ USQQ 22322 process nore work in the data
path. The VO&E}P/Y@/E}? cont ext swappi ng al so synchroni zes conpl et § §nDif MBsks.
“For exanpl'e; two threads could hit the same shared resource PETEIS00RIIAR
Each one of these 5 separate functional units, e.g., the FBUS interface 28,
the SRAM controller 26a, and t‘he SDRAM control | err 26b, when they conplete a
requested task fORSARIBIIINthe m croengi ne thread contexts reports back a

flag signaljng conpletion of an operation. Wien the flag is received by the
10 rricroen@—rn%’,iﬁ%ii\toengi ne can determ ne which thread to turn on. One
exanpl e of an applicatian £orrife har dwargrbased Myt idweaded) processor 12
is as a network processor. As a network processor, the -hardware-based

mul tithr eacFétFll‘Bfetﬁ eeszorlloli nharfiness-be seet worlk idehriecrse & ynto @ss o pedi a
access eontyol | evi N 1Q/100BaseT Octal MAC 13a or. a G gabit

Et her ne;S delvélj'ceelg%%. *%Le%‘g%%?a??sag nggﬁﬁfﬁaﬁﬁéw‘?sﬁ% Yarkfvar e- based

mul tithreadeshpreatessos H2s caichnaer hapeTt suany 4,ype nﬁa‘m&%ﬂ‘%vg% | pg)
device or 20 interface that receives/sends |arge anmounts of data.

Cormuni cat i B Fsi%T1D Pedictf oni Rgei AYALRB WOr Kisn sgmtiiadaly arsetul d
receive a piak alddys of et wor kypa from.t ices 13a .13b and
process those packests In a par a?lé#gir?%ﬁnég@%\?’t%hrqﬂ%ﬁee asr%%aaf'séssoa%’éd

mul tithreaddth@Giqnocesdpecifjicahth hetrdenkepdalsaid eail the Hrwiapendent |y
processgd. . Anot her anple for_ use of processor 12 is a print engine for
a post ggri pﬁr%cf%scse%gofi(ofgagsﬁgb}0§8§s?3fasikér thadt grgdandgiditem i.e.,

RAI D di sk séi@gesd Acdtiiéherhanel 30ehsvas ra ciRieGhi NGrRNG) 1
securities industry for g WO 0l/16782 t~e8 DEC 2~ Pc%%gbwoél%g%ed
exanpl e, tH¥ Hitdhicatied RrEPFOPFRrt LAdhA§ redtilrds M nmmaifned e22 r oni ¢

- mat chi ng engi nes, ; e e rs apd.sellers. These and
ot her parall e{fwt yjtbg%r@%f?]é 1[<éi %%ﬁgﬁé%cggﬁlp&%%slﬁ‘éa gﬁ%ﬂ‘?er‘?eqess aetmcl"l‘i’al%eThe
processor I1gimnktanesuslpusctiver fadeindebeaidesailp}t afodihePrpcesser to the
di nent coupl es the processor 12

second1 us 18. S int erfacgéB i onﬁ en‘%o .
to the*3ocal | ed FEUSARI¢EF %ﬁ%%l.m*r &1EBES ARk HERE Y L3 e¥bimsi bl e
for controlindmudsl 4 ndek in €%90 : The
FBUS 18 is a 64-bit w de %F%) %ﬁﬁ?‘%ﬁg%g% g%i rql:thgr%f %egﬁ%og{/gérg%%c%l&%

Control | er IO CoRE | eertrahefproetbssr rézourcasdest & rse dnmiv et swed
e.g., a PC ]pij%--ﬁ' e 24 coyples, other syst conponents t hat

resi de on tr?'uga ﬁ‘z&%&{l}us %O(t:%gg%]r:oggsggé P5r ?ﬁé‘YSP(ﬂet §hftder face 24,
provi des a puxgbospeesmphat 8r payPe 24ante iBBROEYICH gmanc{lﬁ%w Y
16a. Through that, path data can be noved quickly fromthe M 16a t hrough

t he PCl Obu_sei%?%} i r BEE L AefBPHORECESS PRMKEY mundessingTvhere duke e
based mul t 141 esaledh REOCEESEN che BUBRALLS JeFQR 2hd ANl fhe har duar e
12 plurali

~based mul tithreaded processor an enploy a y 0 channel s so
i f one targe¥oegsalmypstechnsfeini bobosiyrvamoritart imres of - t1re A channel s
can take ov b to_deliver infqQrmatign to anotsher target to
maintain hig %@%%%s%brgﬁﬁ gf?stgﬁEy?%Z%SAd’dis?cir(ﬂ%ﬂ IRt H8TBCASpds -
interface 2drsdemarksof aApMt Landteast @hi@RRY iiriom)Tas48dq operations are

operati %Es where sl ave devices on bus 14 access SDRAMs through reads and
Znat2EFRIERFTRERd alhg gPAGEalo PUIRGSe FPrRRINCessPIERA ras an

oper ations, o882 P{R§ESFOE 0T eTRAo3R RS @RLS { { (8L & 4P Gl Feceives

dat a di rectl%/ from(?he§_g_ 8 e d %raa&rgf éyéltem che
processor 20 can call functions to operate on microengines
22a-22f. The processor 20 can use any supported operating
system preferably a real time operating system. For the

30 core processor implemented as a Strong Arm architecture,
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WO 011 16782 1~$ DEC ~ PC T/ US00I 12322 PCl interface 24. Each oth?t Bg

functi onal vi,lﬁl t{f gie coupled to one or nore internal buses. As'de ¢ 288y
‘bel ow, the PUISTEt buses are dual, 32 bit buses (i.e., one BO¥USw223zAd
and 5 one for wite). The hardware-based nultithreaded processor 12 also is
constructed such that the sumof the bandw dths of the internal buses in

t he processopelateixoeedystbhembasdehdab, Olfdi@i(é§bﬁ€NTbE§§§—EQH8|, e?XHBr%ge
processor 12. The _processor 12 includes an internal core processor bus 10

32, e.g., aRnAsH (AdvEReYar SySPeRRBiRY SKatemoaphéiabhe pvecesher core
20 to the meRRIrfNt rOlh epe288eq26C and to an ASB translator 30 described
bel ow. The ASB bus is a subset of the so called AMBA bus that is used with
the Strong Arm prideedsordeare-babedpmotessbredded| peotaskbydes2151a0pri vate
bus 34 tdhat . s th i croengin nits.to SRAM control |l er 26b, ASB
transl at%r é&%gﬁléfﬁl%%ﬁﬁ??égg Qg. g'}&“ﬁih‘ﬁ?ymb%o%%ﬁéﬁl d3arRéfrenory
control | er Famctdndlo mherbusgintsr {RcesoRdqands28-and system 16

i ncluding flashrom 16¢ used for boot operati%ns gﬁdzgg ?gﬁ%x% Ref erri ng

to FIG 2, BRRTHIN e PAFadhbynes PRagpah ¢ochtdes an habiweret Bal

exam nes fl j he. L1 ab t hreads to be operated upon. An
thread f romgg%)}te%f %est eﬂmélg?%eﬁb??rgggﬁgzéfﬁ%a’&aﬁ°3553§§' t E@fgﬁF&M’gl% Y

control | er 26zor3ER4Mrutinig obleralbbyost FE&Ss | OFerhae8d88cadNgemeNOry 25
control]ers 26a.and 25b each inpclude a plurality of queues to store

out st andl ng SHEIrPISTEF BACRCT LY RieQR seaThe0 fLiBRsMEC T peRg ke At 22a-BRder of

menory ref ewaiaes 1 AIdges NREREY1 1§ 66 8PLESnL 04 PPL ) Y oLy
bandw dt h. For exanply:, if a thread-0§h§% no g%%e%ge%lfé?]eésg%pgf'@?ati onship

30 to a thread_| ,In st ¢mbodirenatonthene 2he esilx Inandoéngifes ¥Eu01p %6782
18 DEC 2003_R 0/ 2 o onplete their nmenory references to the
SRAM uni t oﬁtscoyfh%(?}r}lder.?é e rﬁ‘?@?%%ﬁ%ﬁ%% %22%'2%% h%%u%gmbjfyt%%ef@ﬁce
requests toptrioeesanory font rihtensr6enhaasd26b. Tibes Dk %QEchéHgfngsza‘ 221
flood tﬁ nggor)éﬁ%:bsystem 26a 5 and 26b with enough nmenory reference
s $4én

oper at i CRHA re ik 1 sERayed ekes Peecen dirébuding meehdey

bott | eneck I p ] f ry subsystemi16 is
fl ooded wi t%%?éz%gfr)g%:?gﬁ%iﬁégt a?é%ff)%c?én e%)eh%ggﬁ?gl n 7?11?;\? FOT NS HF b¥Bssor

12 10 can péff dnalusiesr \a r@yrcknorowsr Dy mgni dVeR@ Jorh 64 &F €6 eM&RS £ NJ
i nproves achi e nenor andw.dth. Menpry reference sorting, as
described b F‘?Wr)eé:@@egr%le};%rt Hd 2 g%l%‘}’ectmd%c%?%e%ﬁtfﬂﬁméﬁsses to

SRAM W th resamy rdai‘rﬁfﬁfllcﬁért%@RAMDﬁth@gz;c EL € i i on on signal
15 lines between reads and wites produces a bu b#e o‘%tl%dédée}g%&ti me waiting

for curd®nt cPetEeltlier &P crericE PECablY| Used t fer SRAMASHitg 1 4wgSRAM
controller i e gdriver ive.current on the bus_need to
settl e out grg?gﬁn%toc ?nag%%b éslt%’t'esér%uss,ﬂ&% PR YRR Qﬁ%/%‘{]%%g%ff’é‘”ﬁead
fol | oned bynetwoirtke peark eteg)r adEheeskAbDatsivg £ Dl e NeZEH Yahk & f SHARCan&Rs i NI
al'l ows the Erggcessor 2. to organi ze references to nenory such that [ onhg

1 .
strings of dEEEamSEE 1t | DURREIYT K Mg WiRlemeneatigntfer IdWs can be

used to m nigtzecdeadddieaddesber 25kP) pel ne £ i _gshi ¢l oser
to maximum avai | :glee bandw dt h. : Refer enceé sort?%%};%g?%sy%}%/n aihénaek%/og‘?% | el

har dware® coREBREN fokaddhe GrEh L SIFEdsor o1 &r eaned sorfonghal | ows hi di ng of
pre-charges frommpe {0 &g, K. ecifically, if the nmenory
system 16b is orga% z%'g{]ii&?llfcgr an %%?%%?%%n%fgn%c%?ls%v%%t}b%ﬁhwww he
processor i 36aperatSRAY -ll6lb based on characteristics of the data.
Thus, low latency, low bandwidth data is stored in and
fetched from SRAM, whereas higher bandwidth data for which

30 latency is not as important, is stored in and fetched from
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WO 0l /16782 1 8 DEC 2003 PC T/ US00/ 22322 on the odd bank, the, nenory
controller can start precharging the even bank. Precharging i!ap%%imﬂe i f
‘menory ref MOed6%82al t er nat e bet ween odd and even banks. . By @®@cdarsovg2aenory
references to alternate accesses to 5 opposite banks, the processor 12

i nproves SDRAM bandwi dth. Additionally, other optim zations can be used.

For exanpl egpARUYI NGHAP M ZAHAMS el coperal] s dhat ean be merged, are
merged prior to nenory access, open page optim zations ere by exam ni ng
addr esses anebperadepdge tIModfiomsnmdoy disheot theoORAY, comairbillgr @%an | | be
descri bed bel o nd refreshin chani sns, can be enpl oyed. The FBUS
interface Zgrs)évs‘ﬁ‘@rfzs?n%rrzfﬁ‘?‘rﬁrt q’aqiiqcai Receive flags for each port that a MAC
devi ce supports, Aak@ng aldsh N HaHRIFIEPtf1lfag Hndiag RAIRN S&TIM GRd S
warranted. 15 The FBUS interface 28 also includes a controller 28a that

per f or n® heBdePRPMoe&s SR bMERIONiatF §Faaeet s AT o (xarEEles B SRAM
controller tr sttla% e }.Peea‘%er f ar 1_Cr opr,agr anmabl e
sour ce/ dest %%g?lgénlr%%t%oco %kklae(t}‘ 00 upos’( ?;Lg)gp%rn&aa(}g)regisdsy “gln]ic;Lot hi ng)

in SRAM | fctheehadle &M rontsueddesssfadd ko esnltiatd e pacdeais headate i s
sent to the ocessor caqre 20 {or a@%{ti onal processing. The FBUS interface
28 supports® &P nt 1S £ I strofs arbifrgtdamar WO

01116782 P S 2 23%pd FRIAS ide o2ty WRARRA t i ine.
FBUS uni t (C\Il:lég gﬁevate bus) 'vvrléirHtCtees froﬁ%SéJDRAM Unil\éfb.' ggg%rﬂ&{e\?l a Ii\%rﬂ)lus)

Reads ti® SDRamm The FBIS 1Id4,s andtraidmns idatistty Husquekting udes a 5
data bus, e_g. i.ts M de d side c | for addr and
read/ wite {:ngﬁf‘:?%l%.ﬁ'ﬁnee %{—!@%ﬁt eﬁ%%‘te}iad;%np%easc%%és ’ab‘ifieisct to input

| ar ge anounind cebethatimalsd g 2 2% itesd afnliynputs gl O Whudad IdHA s 2QarR9b.

From the FIFQCs 29a-29b, the mcroengi nes 22a-22f fetch data fromor 10
command t he OBBRAVE: o1t ICERENFIFG TR LFhRE 1dUmant sididde 48580 WaS whi ch

data has cope:{io0P ey COBRs, 18y i ﬂémﬁ%dﬁﬁ fagf Sf The data

can be sent through nmenory controller 26a to "SDRAM nenory 16a, via a direct
menory Hrceswapgiimd ardthin leaeh by muscreengines 2R a2 2f f ridre t he SDRAM
26a to interface 28, out_tq FBUS 18, via.the FBUS interface 28. -13 18
DEC 2003 WOPGEFMEFE: ONSSUSIRERS TR 0o ST S oHh Bt od

anongst t heupiiefReRFidtptam Cutacd iyidy deditee SRAMREA, sa8fRAM 26b and FBUS

28 is via command requests. A conmmand request can be a nenory request or a

FBUS r equesficroensddii e, TRy HRTERE r eeth mBhrahd & fearm a
regi ster bR o, AE L G0 A S2A A By STRI R, MAMUIS, & g, an SDRAM
as

| o
| ocation, S | ocat i on, menory or sone C address: 'THe commands are
sent ow0 t o agadh igfg tites freed idatad Wi testwrml. t Busiray eske@sigrces. However,

t he shared sources do 10 not need intain | pcal fferi of the
data. Rat her, rﬁ’?éjc—ghé?ae% It C ea% W@??Ybﬁ%@d Sﬂ'{’al? *Fihside
of the mi cregrgiaiess Jhi GherstRAS WhOf Pegd NBsr22@-@2As e Advend ARl

access to data rather than arbitrating for access ©on a bus and risk
contention fi&e tSRAMUNILY tdh BeW stheddat@r®; - t Teread s2 acan oyey eoptedtef or

oo Ase pidr 0 SR S R S A e T et gL
resour c2s, aempuntenbryimennbll eis 2éadando 26bcase mémerx foxi pat fdandwi dt h
such some other long latency operation, such as making an access

to a bus interface. Therefore, simultaneously, the

processor 12 can have a bus operation, SRAM operation and

SDRAM operation all being completed or operated upon by one

30 microengine 22a and have one more thread available to
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20 'that there are no internal bottlenecks. Thus, in order to. gggﬁ%ﬁ 3
bottl enecks, the processor 12 has an bandw dth requirenent wh 8?9 of
‘the functiBRAM Eﬁ‘??ts is provided with at |east tw ce the naXRCHL/HSERIAN dt h
of the internal buses. As an exanple, the SDRAM can run a 64 bit w de bus
25 at 83 Miz. The SRAM data bus could have separate read and wite buses,
e.g., coul bhecess ensrduBook SR PhéSdutdephtAni ng at 166 Mz and a wite
bus of 32 bits wide at 166 MHz. That is, |n essence, 64 bits running at 166
MHz which is effTeIE?|W‘?""@F\Fc‘éo’tlhéx*éaﬁdﬁpﬁﬁ-ﬁgoﬁllsﬁeSSDRN\nonJ:Iﬂes WO

01116782 1 &, 12093 %EI SEO 22 rac al so can_access
t he shared resources. e %:Jore prgégs%—ggmégéhas %ﬂrg co‘ﬁ?ﬁ?c}éﬁon to

t he SDRAM ctire redtersiRénet orébeubus engeyf SRRM24 @adht @raRAM comisel | er 26b
via bus.32. 5 0 aCCﬁS the mcr oengl nes 22a-22f and transfer

fegi st eP's Iso%%?%%@%tE%Iﬁﬁtb?n? Ut EF oefigfnesTBeaFBYF, itexisiee pRdcesker 20
access the SRANM 0engi AeB1222082f ¥ha the SBRAII 8BRk3LAT 0 Aer ‘gH 34. The
ASB transl ator 30 can physical iy reside in the FBUS i nterface 28, but

| ogi cal |y 18¢¥% epERieee. a Theansetadahabkt Srogooper bdr rtmeannaatdrbelsglne

transl ation e reqi.ster. .l ocatio and core
processor acfg’?%a%%eés]o‘fpéﬁy %%ggus ts)%&?hét ?g'ﬁg %69@a&%s%?p CE3R
access regicf eas dpéraygiog. t oWhée ther otagi Nesrad2aizde bib ¥Nd hough

m cr oerigl nes, 22 can, use the register set to exchange data as described

bel ow, s M EEEPRRRE Mok )e i FEoangEngy gendeatesmpaeniah imic ridengadesot o
wite data Quntgathe nenory for other mcroengines to read. The scratchpad
27 is coupled to bus 34. -15 WD 01/16782 1 8 DEC 2003 PCT/ USQQO 22322 The
p_roclefssor core 20n¢ n@kmteaoleaf appb?téat?crpl Eoentae ?a:ai»{dr«@-kﬁé@@@d

pi peline p i,n cycle of one o nd or two operands in
a single c%qfé n%?%%?%%% ﬁﬁ?'f?%??ﬁaf?oﬁssﬂﬁparf‘eﬁﬁ %Zpﬁotcecﬁa?qléi SAZHRft
support . Tfn@thb:SCpﬁdS@eéQorS ehét Radandr SthaBEdARMY takFlidffddre but it is
i npl emented with a five stage _pipeline for performance reasons. The
processor RFIFEOPSRN sh? i Heteutacas 18oOkRebNoEE Havicest |sm¢1‘t:aacma Sfedim 8
kil obyte d C tre The

processor g%@%e 2‘?%@5???%? ‘?i{‘%ega n%n]ﬁ'ﬁy%gr%gﬁggl tﬁ%‘#yl%ﬁl tes
?nd i nst I‘:JCQI_OEII Gegaihes. Eﬂ'herne}:ed@gbigswb 20_1|_ﬁng§gg@§q§ g hy g{zéwﬁ;_;ork
uncti ona unltswat efine . The us is a 32-bit

bi di r ect i orfat CHTRIS%D % Q‘ %‘é‘ﬁﬁ? TrRase emBiFF-ﬁBrﬁédFFjGPr@ce@?@)‘(elﬁ)I ary
one of the ¢ARr DERGE FeSe 228- 22% » £ §pd- @fﬁb%ﬁﬁﬂgbaﬁlg%f e 5!23-0 The

m croengi ne includes a control” store 70 I n one i mpl ement ati on,

i ncl udéd a W@fa%r@hqtomcemas/@mes bargeThmoRAMsstodfr et .

m croprograéggg{; r i t he core essor 20. The

m croengi ne &?}é%@{ﬁxgl % gégg%co; ‘ﬁqgﬂ?o@ g 729 Tﬁgt@ 9er logic

i ncl udes anapplbicnancimmncdel:@deécéﬁvanai PLOgE I GOt etk FaMutS
72a-72d. Thg four rogr mcggnt ers 72a-72d are maintained in
s

har dwar e. S fcki‘%e‘g%ﬁ’h 52434} sb3P nANgdRECEBABe kN OSEe PR kAT Hih | ogi C

79. Cont extpgy¥eniel r e e SPONSE;
FEi EVENT. FareReE L o e N aR YRR P28 P e ana Ase

_EVEm_ZﬁEsm}\nggsq!@)g)nizgacha@hengtwogs packet can be independently
processed.

Another example for use of processor 12 is 'a print
engine for a postscript processor or as a processor for a
storage subsystem, i.e., RAID disk storage. A further use

30 is as a matching engine. In the securities industry for
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~anEC~ WD 011 16782 PCTNS00/ 22322 the shared resources, e.g.,.,.SRAM 26a,
SDRAM 26b, weyoijkReessor core 20, control and status regi ster 3.8 DRG 20
‘forth. These nessages provide information on whether a requggfrgéﬁo?%@ci on
has conpl eted. Based on whether or not 5 a function requested by a thread
has conpl eted_and si aleg conpl etion, the thread needs to wait for that
conpl eti on ST3HB ?'aﬂgel YRBEt Afe8deF§ renaBl s42dd ngpereaus, resharhd heset hr ead

is placed opragla¥eibabtenbprrady! bakihRAt 30 The, mcroengi ne 22f can
have a maxi mum of 6.9., 4 threade 10,Ejév§|gl §§| g‘\gﬁe R S3AFoPs nt
si gnal s thapuhees| apdl seblansexeThebrganhr eatlert ba rilgQengiges &2 enpl oy

signaling s t.are global. W,ith signaling states, an executing

thread can %?%g%cégﬁ %?sfﬁ%%?pgfipgdtSHai elgyﬁgémoéﬁgines 22. Receive
Request SAvai | abl Bhei ghetesdoy apdinalddtBrgadssi Rnthe U LS %1@% S can
branch on these_signaling states. These signaling states can be used to

det er ni ne avarPLB?| FR§ BFogese’BUEeetBe WRGDNAr basr dSour Buis S rohenr fiae

i cing. i j 4 bi trati f the f 4
Chr eads. i non coboat Rnt e SPRPERAL FAR PEORePBatd Wolith WA Sm

Q her techntglbedcBBUS b® (EEHOI bubidi nGhpr FBUSt ¥ néteediara g Wej ghted fair
queui ng. The nicroenginﬁ 22f a%go includes an execution box (EBOX) data 25
path 76 thatSTREITHRES ahPhr FPRAEPLLINGgRRAUARECPEACARY Fdemoqaaspase
registamn sel2766. tHoergus t hget i Bhboghgsunit ; 46 L ayit i,c and
| ogi cal functions as well as shift functi oné.g %hggr%girtg?'elﬁgse s"lél‘rt?ot?@blshas a
relativel y Pe8getpubberr bicgeherMedpar Posessegbatendless (MAd) kRwdQes.

described in FI Gp3B, {0 £ 045 1@DL§gfaaggig“ngSQS %%%eg%ébg7e.g;, a
PCI bus interface 24 that couples other system components
that reside on the PCI 14 bus to the processor 12. The PCI

15 bus interface 24, provides a high speed data path 24a to
memory 16 e.g., the SDRAM memory l16a. Through that path
.data can be moved quickly from the SDRAM 16a through the
PCI bus 14, via direct memory access (DMA) transfers. The
hardware based multithreaded processor 12 supports image

20 transfers. The hardware based multithreaded processor 12
can employ a plurality of DMA channels so if one target of
a DMA transfer is busy, another one of the DMA channels can
take over the PCI bus to deliver information to another
target to maintain high processor 12 efficiency.

25 Additionally, the PCI bus interface 24 supports target
and master operations. Target operations are operations
where slave devices on bus 14 access SDRAMs through reads
and writes that are serviced as a slave to target
operation. In master operations, the processor core 20

30 sends data directly to or receives data directly from the
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WD'01116782 1 8 DEC 2003 PC f/US00122322 general purpose regi-é LN, a
first bankwo®iRkgh and 64 in a second bank, Bank B. The gen?rg %g@
‘regi sters are windowed as will be described so that they ar &yS9prRAe
absol utely addressable. 5 The m croengi ne 22f also includes a wite
transfer register stack 78 and a read transfer stack 80. These registers
are al so wi hdbweBtssterst 2éhey are rel atively and absol utely addressabl e.

Wite transfer regqgjgter ck-. 78 1is r ite data to resource i s
| ocated. Simlar jg/%:ﬁl%fr ?g lr%élgr?%tltle?”és;i a‘%ﬁl 35° f%‘?uI?Je?%r?P 2% 35 om a
shared resomoce. iStbsagleusies Of KOG ELBedV hdn Slat acd r{ Y@l n AN event

signal fromthe resgecti ve shared resource e.g., the SRAM controller 26a,
SDRAM cont rBFFEF 386 GHader & piicdes¥ore20(hie  bengrivws deelr t vearbrerext event
arbiter 574 dfeWabehywijkle)t.herad (-4 I t the data is avail able.
or has been_sent. Both i ansf er regi s‘{;%fé I%ﬁ%sh f@ atnld%e%(%%d FHRRIRS t o

t he executi dd BORO( EBOXPNES mintRrasuchiatlapatie sum o 1l wimnation, the
read transf i r 4 registers and the wite transfer register has
64 20 regi s?%réﬁggkg 5&%% %uﬁ Hh TR PTG i Ie HHEeAtHemi ntai ns a
5-stage ni chanpivpethne f82xtBYirm PimeddNecduisl dllos 1QakUP-Ofessor 12.

m croinstruction words 82a, formation of the register file addr esge’s 82b,
read of opefRRdBTPFERSSY Aegildteiudes eamoimtennal stife mrocesymar dous

oper at i1@ns d, .apd it Q- f {s,to reqisters 82e. By providing a
Wite- bl:?ck %gf aebgbé\é\%hl %ts%a ?E'lesoAin%#%%ré)%snﬁqgfé%ﬁfd ’%i/a%s%wrﬁf e
regi sters apeocepbemecbes 29 Lo adistmemdiy ecdrittdieres oon 2 RAMand e

m croengi ne_ca erform.a 30 gj tanegus register file read and wite,
whi ch corrpl%’f’eg§8- TEINSABERE | e aC Bl TRt PCHRERFB B id des t he

write operasibsetThe SHRAM RiArfaeouibe MIOWKES £ igmel,fagkfo the
requesting m croengi ne on reads that indicates whether a parity error
occurred onSEReNgehdNy PFPESESOTheC &y 0the rer dces synciea 1o riespanii Dl e

for chgekin i regd Parjt en the ncroengi ne uses an

return gat afg %Jgggaf‘c e?%sng’%t ﬁémaa;tjl aélg?ljéfeqsl \t,%}’v%glsceﬁqeri%é’%gﬁn’d:fs Brlariddithg on
it clears iton¥helPari R¥Hf,| AGE Myl s Ihethd pUBPRAN d sr £nabled fpﬁr
checking, and the SDRAMis parity protected. 10 The m croengi nes and the

PCI Unit arBSPREYORRY réqGesdes ridis mMeftPf GRittallar dtea, Rfdr dicortde i f
Lhe processghsconee22aResa0HRAYE ChPHddIr PrAYSLH oy & croengi ne

assists in the request. The m croengi nes SUppPo
branches. Théasbrem &&seuseddifidmrimiothrepetatlionatantysd fsrtimc! udi ng

j unps) »accurs whgn.the.branch ision is a result of condjtion codes being

set by 2iahe previ gﬁggﬁi‘&?‘&&ﬁt rEg[IPGC'i ?s‘t reLﬂ:cESl? ochg t%ﬁe BLATFRP IS KART 2% ow i n

Table 1! -19ncl¥@e81kt63@Difer affatQNRMGINSON 2233% Idete @nined thdl 5! 6
+ + + + +

71 a l +m crostore

+ + +

| ookupl nl FVEbIFR2S XRIEBIAS B2 103 IMAF 35T dipditkdr Agen Uhredd [fuom lady XX
bl b2l b3 e i I I - ~ I lJ.. b shifter/cc I
| Inll cbl J))<§(I 91)1(%0 hgleria\%ﬂé?gejbsac 2‘4 Ii%%)n%%f( an{ggsc%é%&ﬁswcontrﬁler

26a, SDRAM controller 26b or FBUS interface 28. The ‘memory

e
y and

25 controllers 26a and 26b each include a plurality of queues
to store outstanding memory reference requests. The gueues
either maintain order of memory references or arrange
memory references to optimize memory bandwidth. For
example, if a thread 0 has no dependencies or relationship

30 to a thread_l, there is no reason that thread 1 and 0
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10 where nx is pre-branch mcrowrd (nl sets cc's) cb is cond hg@@l branch
bx is post“ja' (%I; mcroword XX i s aborted m croword As shown 1,

is not untrl @2‘ ¥ 4 that the 15 condition codes of nl are §€Fmsﬁw3ﬁhe
branch decision can be made (which in this case causes the branch path to
be | ooked up in cycle 5). The m croengine incurs a 2-cycle branch | atency
penal ty becaasaoitt oumlabmrthe)mrmm@m f eshdss (td1echd R WL IAS
directly after t ch) in the 20 before the branch path begins to
fill the pif tvvlﬂtg:e Jﬁ%’%‘tl 0 %Imlwo?’ﬁ%{)‘b‘?%n@\al%z oltsqwmmqm' m cr owor ds
are abort edrafd (2rREULH t Y.,

several nechanisns to ri%%%i@%rtﬂrﬁie nat e t¥1 co ctl ve brancré‘nc} r?éé:’ncy -20
WO 01/ 16782The m@mm USD07 228 201 ddek me:rrmmgryl@tﬁamerrﬁs dZEﬁ‘aerred
branchesg ;_l rr| a}lnches re when a %#croen |ne allows 1 or

ni cr owor ds SFfer Y rancrI"IOlf% oCTUT hefOr & THe® HIRTTAT ol Sy §d’tat(|. e,
the effect ahet h@n@@ﬁ(ﬁhb§y teherZ @4l and 26 Becdmd NUse Bdctﬂseﬁf'fégk VHLLK can

be found to fill the wasted cycles after the branch m croword, then
branch | at eREPEST e 1 RR#EEW A0 cycl e deferred branch is shown bel ow
\é\ﬁﬂegf QIZ '85 al | owed R GGt ¢ AR EFs € Pé’tJ.?efP&?dé)A witdy IrtII@.mory | 4l

| request—s that arer independent im nature, the profey=st are
Iookuplqu L I EZIXX bl IbZ%b | b4 115 re{g addr gen Il nl I cb 1 n2

| XX 1 bl™1b2 F‘B'splerr P METYN LI FOTh %2 | Hemany (qgference

| ALU/ shi ft esbge iy lirprdvd £hadiPedadid Qﬁerhé"f)!' ta RBEIad , | Men{d(;@ lcb I n2

I XX | 20 A 2-cycle deferred branch is shown bel ow, where n2 an n3 are both
al loved to EGABIrENEDHEVERTe dF MRICT A bmmw,s reditaes iEady t2iney e

branch defe de re set on t he
i erowor o pPopupHil GHA RoAed IR J06E008! 14 HhAiPdewit
references tOI- SRAM- sw it ch irsd Od:wriémkbtmﬁedﬂldn &n |sﬂ;31arleg addr
enI §1 chcbI % agfllelku I | cb ALU/ shftr/cc I | 1 |
wri t'e ba I n (o2l |°or / dea bI I
5 hadips) oEteaen £68ud am el pladliods 2 Bimb e dead

Elz : Bg : lnﬁrnl.igefblaﬁ.thrﬁ; |1;o:.|9 éufréh?t |t<§)3sét@fe |or§35bc!ncﬁ?ct!ozk§3 éowﬂﬁlng} b

the SRAM 16b to the SRAM controller 26b.

That is, the drivers that drive current on the bus
need to settle out prior to changing states. Thus,

20 repetitive cycles of a read followed by a write can degrade
peak bandwidth. Memory reference sorting allows the
processor 12 to organize references to memory such that
long strings of reads can be followed by long strings of
writes. This can be used to minimize dead time in the

25 pipeline to effectively achieve closer to maxXimum available
bandwidth. - Reference sorting helps maintain parallel
‘hardware context threads. On the SDRAM, reference sorting
allows hiding of pre-charges from one bank to another bank.
Specifically, if the memory system 16b is organized into an

30 odd bank and an even bank, while the processor 1s operating
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WD 01/16782 1 8 DEC 2003 PC T/ US00/ 22322 The m croengi nes al SQgSH ﬁp?ﬁh
ran

condi tion GgpgRsyasuation. If the condition codes upon whi ch%1
‘deci sion are made are set 2 or nore mcrowrds before the br So%ﬁzl
cycle of branch latency can be elimnated 5 because the branch deci sion
be made 1 cycle earlier: 111 21 31 41 51 61 71 8

| on the .|odd hank, £he memorwy cont—a:olle-r canr stazﬁ:n Crost ore

| ookupl nl I | h4 addr n2 |
chl x?q bl | %’%ZC% ‘%Oﬂiﬂ%) 4%&%%‘ bP aﬂgz’r“ b]rs>86? Piﬁzl
| ALU/ shi f t emtermoty ﬂeﬁef\értcés?lantﬁrr?@ﬁe llie‘dvm’éri eack@%dlexbexhlbahks”m B‘g,b'

XX 15 zn this xar{%_l sets_the conditi on codes and n2 does not set
condi tions c‘b%‘g%‘ é?%‘?‘b’?ﬁé refiRracac At e taniressee ne cycl e 4

(racher shangloste: elduiaated suslsedf: DALl Al S0¥ond LhG EXAT

bel ow, the 1-cycle branch defer rent ng o codes
are conbi ned\dd)lt:mr}:ﬂbhe,l yotiate Qmwmdsﬁtmyﬁ»e Qo | i opogodes (cc's)
set 2 cycles bef;?fe a cIe qiferred br an 25 . 11 ] 21 | 41 51 6l

-l al exam rﬁ‘%% FOr P AL HIS |w ¢ WLIHBLIBS tha? FB3 bep4

Ireg addr gemerded) drdndr ®ldo hed 4@ dd )| ohork 1nl |
n2l cbl n3l bl Idbz | 30 ALU/gs:érﬁfF'i%rO/ccoll |m<ﬂ3¥1ll n2l cblﬂ)én)lglﬂgg Iwite back

11 1 11 nll SPtiniAatiens -where by aygmin irey spddige s mmpéﬁéwspagzzszz

In the se i cannaqt. sete \V

set in gge ﬁ%?ﬁe\?“o‘%ﬁgp’?ﬂ% nlgé]’t‘ﬁ %r an&%]l%%rﬁg mer oa#q kﬁé gﬁﬁﬁ E?dbr anch

?Eetsm ng mhlhndsllcaft,terrmsref)r'es?ﬁhurgg mdftﬁuahm}[,tﬁé,e dﬁlaz@ca@dl(tby@?ch ![ﬁt e[ur:]y 5
at renains ue e_bra or e sequential pa e

m cr osequencer pr%‘% e“tsi%slri %ﬁﬂprlt%y%#%‘w*br%ndﬁééﬁﬂ-ﬁﬁt eI y

knows what patdyd orsxesatie. pdit Iﬂhweasm G 'é%;i'o §'e ﬁ Ey

| atency is elimnated as shown bel ow. 10 guess bran
taken 11 | 21 Bterrupt|flag dndicating when service is warranted

I A + + + + +15 cr ostore
| cokupl “Al 1-°8b 1o 7 BT 19T IB%‘#%E‘&‘_%EEW&EWTRH 2gachhptxx;
bl I b2l b3l pﬁlrﬁdnﬁtgs fhdadd wbgrddsinglofl iHdomn@d alcl&ztlsb§rom the

| ALU/ shifter/cc Il I i nll cbl XXl bll b2|vvr|te%ackll I Il nll cbl XX

bl 20 If the FRES odode "'Qﬁ% et a adr 3 sedrthrracke hehandeoengi ne

still only ?c?’ﬁgr 03 wo onb~s2 Pcrn.rsooni 32z
guess branchta?en/brangah x%e bf'?%) 31415161718
| source/ﬂestmatlon/prcﬂtocok hashed ldokup +Hused5Ff Bt CHATLRLS

| ookupl Rl cbInI IXXI 31 Ireg,addr gen Il nl L cbl nll XX
n2l n3l 2§4 IFER ¥R olorkw #glthceo% %&s rf’zqq" mHGPeeF SR Lter/ cc ||
Il nll cbl rHéscNX}e n&précﬂcéﬂﬁQ{@édeﬂ li1s dnt€bio NHe XBEO-E0¥E¥CEL kNS o

latency penalty is distributed differently when nicrocode guesses a branch
is not takerfof additional processing. THe FBUS interface 28 supports

can

the following internal data transactions:
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For- guess branch NOT taken / branch is NOT taken there are nq mbewycl es
as set outh%lle%zlS 121 21 31 41 51 6l

70 + + + + + + +.  PATEUSOVRHRR
| ookupl nl I cb I nl In21In31n9 In51 n6 Ireg addr gen Il nl | cb I nl
n2l n3l n4l n5 120 reg file lookup Il I nl | cbl nll n2l nll b4

| ALU shifter/cc HBUS unit | Stdred Ibug|SREM) W ite/bask hhickokhgihl.cbl nll
n2 However for gf'ﬁt?f branch NOT t aken /branch is taken 25 there are 2
wast ed cycl es. W3t 3 (Vi@ |PELYate bug) | writes from SDRAM Unit.

- FRUS wiit  (fria Mbous) t +__ pd SPFMBO m crostore
| ookupl nl I cb I nl I XX 1bl Ib? Ib)§lb4lreg aﬁgr gen nl* I cb | XX
XXI bll b2l b3 IThgy FBUS 18)01k$Jpa Istandﬁrq thdus®ty Xphisbbhdb2ncludes a

X X P B it e 66 REC 200 AT TS9P 254285 ek ERengi ne can

conb| ne br andrgpresaidigradd hwdiy dentranch Tieé ernent iheei-FRERVe gt he resul t
further. For gyess branch taken with 1-cycle deferred branch/branch is
t aken 5 is:PEAvides |the abiliiy gfc input "large amounts of data using a

71 ser off inpit and cutgut E:
| ookupl nl |1 cbesi' n2 Ibl b2 1b3 1'b4d | JES 1 6 reg addr gen 1iofIiL&cb I

n2l bl b212%812%%, 1ty Mmidreodmpinggs 1224-22f | febthndhthl Exrbal o3

| ALU shifter/cc | b2 Iwite back Il I fl nl'l cbl n2l
bl I gol n THERY ci tl}ﬁ)o%}“f %Orﬁt%?/ﬂee’% %‘f’a brAnMBRVEatarey fare R dden by the
executi on ofedWivarmriy LOrwerds ydéa&@%aélgcézﬁ@ PE@!&CQ deteek! @ Yus

m cr ocode \%‘uesses incorrectly, 1 cle of branch latency remains exposed as

shown bel ow8 20 RfiesEhorERicth inkentage 8- cyEhe détér csd beasemtbr anch is

NOT taken Iyl ,Ei SS rostaqre | ookup |
nl I cb reg adcg'lr genévgﬁ;n qﬁ B re % i kup Fygél%laghf e G
30 wite batkrdct memorly access. n2Simn]2atly:b thélmh.cir:oEn_g:tn_Qs daMdveXX |
n2 | +1 n3 1 n4 n5!n6|

| | 6.1 ~1 8 | .
n7 | ?135| %tra s ™ g %DF?@%Z%W:@T‘FE%W@H pukxtp FBUS H@rl | cb (

n2 I XX | ngid the FBUS interface 28.
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-25 WD 01/16782 PC~~~~0~2 If microcode correctly guesses a branch NOT
taken, then the pipeline flows sequentially in the normal unpk8 tQECO2BI case.
1f microcdd@ ?M?g trectly guesses branch NOT taken, the m cr ®ET§iS0e22392i n
exposes 1 cycle of 5 unproductive execution as shown bel ow: guess branch
NOT taken/branch is taken | .11 21 31 41 51 61 "118 911

0 Data +f_nqti._ogs+ar_e_ais_tr‘ﬁ_bm:e‘bl_amohgst_§-ﬁ;ei+m crostore

|l ookup Inl i, cb I n2 1 XX 1 bl I b2 1b3l b4 | b5 1Ireg a gen Il nl | cb I

n2 | XX | BMIeengesps FPRESFERFLtRUFQ Ithe HRAM @Fa, rBDRAMKRZ @b kind b2|

b3 | ALU shf I n I IbII vvrlte ckII I
EBUE o d 1é I\/Aiaa Eohm&Rd r@éuﬁas@é Reordh &I(B CG 88 i s

nl I cb 1l n2 | XX ere nx Is pr ranch mcrovvor

condi ti onala bmerm::tmxrequesst obr anEBUSI creaue 2 0Xfdrs eam;rﬁl@ g crowor dl n
t he cas ! eg}g%l nstrucgl on, 3 extracycles oflatency are i ncurred because

the bra ch i SABERABWARINEPV S f2 tend Tom e rc%gclISéGIm viadted Hen jaunpi s
inthe ALU s{fages Jlné 225 80! a4sha§e'd Qe!smfr % m crostore
IookupInI I jp | XX1 ') 21 gen'll nl I jp
| XX | XX |locatign, $I<A12| lpcatnscar,eglfaslremqury IorI srdmd MAp: Iad?@féssXX | XX

Ll j2 1A | lwrite back Il 1 | |
nl 1 jp | %%%I%&E# iL% SeI’t OBECtQO(?@Gh\ﬁ# oL IS THERA0 OIS0
Cont ext Swidreh:tiRefeareg resblBcedB, adwervt, ftrmsmapz@a s ddd do
i ion is showm.. A context switch is a special form5 of a branch

Instru

t hat cibsesnoat d???%r%‘?ntmébﬁi:ékf‘ taraladsddieicw md) the Isatsel e(ﬂaédiercont ext
switching i ofICeSy S h C der_ the fallaw

cont ext svmﬂt}gefl 10 I?L ?nggiéag aE@%%% e %Sclelﬁdtsaeac%%%a e.Locah:eJ 1nsi

| of the ml&roenglnes+ This eneblest mlcz:foen@m’rel)ﬁtzzfag-zmklﬁﬁ of
| cal br ILnl n4|n5|g6|re ddr enIIofIcaIXXInIInZ
In3l. n9 IIISa‘I?r%O a?’ﬁﬁﬁsl For dgta) rafheg yhan arnlteating oy

ALU shf tr/ ceoddsd dmoé bes LX bibk Benahdi (R:bagl Idud. | Wity 148 d XX
nl1 n2 | where ox is old context flow br is branch m croword in (ﬂ(}context
20 ca t8 cdiftiabure eafhereairon Pcavsde mléxtfommv{aﬂt)m@( fier mEtacont ext
rowXXislg,chg r r the br" mcroword is
aborted to I{/rgéljjan%:%nﬂrqgl ﬂlhgognﬁlgﬂre conzrs)al exities that could be caused by
savi ng the corr ettie odlat sohtiezs, PE. gConGhSlB ol 30,arsRes dumt3opeiate on ALU

condition ¢ ich.are set .on the mcrowrd before the branch can sel ect
0, h or cﬁﬂf@w%c%gdﬁ?@hﬂg ﬁg&é§ SEGFRY ITEP YT CESde £ -Sotr MEFOTYOr e
m cr owor ds as{¥r$ 1des copdi hhanakpbhgach 4 wfbﬂ%.reﬂ'}te (a%vjl N GRjysel ect 0

or 1-cycle branch defernent nodes. All other branc ncl udi ng cont ext
rearbi BPat itdra) Weersehretnei theertadr bbthiaredksanciThudl, in order to

avoid bottlenecks, the processor 12 has an bandwidth

requirement where each of the functional units is provided
with at least twice the maximum béndwidth of the internal
buses. As an example, the SDRAM can run a 64 bit wide bus
25 at 83 MHz. The SRAM data bus could have separate read and
write buses, e.g., could be a read bus of 32 bits wide
running at 166 MHz and a write bus of 32 bits wide at 166
MHz. That is, in essence, 64 bits running at 166 MHz which

is effectively twice the bandwidth of the SDRAM.
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WO 01/16782 1 8 DEC 20(@B PCTNS00/ 22322 def ernent nodes. The af Qj egdhall e
coul d be dgeiggnesat 0 make a context arbitration m croword WFHJ 22anch
‘def erment wi ndow of a precedi ng branch, junp or context-arb P

m croword, an illegal option. That is, in sone 5 enbodi nents, a context
switch woul d not_be all owed to occur during a branch transition in the

pi pel i ne becauset @ FRREI BREGESELIcAW @lgvdglay ecwelsiscahe shmrag of the ol d
cont ext PC.,.J. ite r u e ,desi_gned to ke branching
within trmaiﬁ%ﬁkﬁ%%gferﬁ%%tgaﬁgd%%ogk%go Ozgrzggdﬁnalﬁﬁgﬁch, jump or

cont ext ar bigmatndoabionownor dheel ISEGAM tcona\toildc¢onBhi ¢at edeapdspossi bl e

unpr edi ctabl e branch havi.ors. ch mcroengi ne 22a-22f supports
nufti-threéﬁgﬂaﬁi%%ﬁtggnaﬁp F8u§5§ghF@%F§Pléﬁé réRsFhaf BHSt BRs is to 15

al | ow oBe tHywadetp 6baktcBX8CHNheNGiiHSendflihgls 2aLherk %Hﬁe@?ahéﬁg%s a
menory reference and nust wait until that “reference conpletesS before doing
nmore wor k. rESSHRRaviefatedeaitt kol ofo tie migirvengiekki ekanb2iiar dnar e
execution ] i BRS se.menory latency i.g significant. 20
Stated difreremaEEFERs) 20828t T et 0B n 294 28appor: 882 ¢ he

m croengi nesSBvltansiatodl 80f ovea diugnizii,canhenmaber rahsexuehesyaitihng for
references to retu ﬁ and thereby reduce overall conputational throughput.
Nbfti-threéﬁﬁﬁxﬁ%%i Yi bRSafPond shenitBUSehgitesfacs RBdeb2s Megorwllgt ency
by perfiorming aisef thet NdeprRIRBE WOLK s3GHQ3S 39 ReERh A 6848 44T U0 |
synchroni zati on nech%nisns are suppﬁig i%§oP?e%gfgogbgo%%a399583a to issue
an. SRAM or SEReM aeiern ebetweand FBESn rdelroeqgentl y rapschiroriegestert he poi nt

intime wh { feren conpletes. 30 -28 t S,DEC 20 WO 01/ 16782
PCT/ US00I 2 P EetndnT SRET B PRsSIOE 8d ﬁéﬁle(?ni%%afei'on?*ggnbllﬁﬁeépat e
synchronizaﬂtﬂm,tm@ec@iérpeagbB%oESS@e&ahh%cE%EQrQ@%@s%@@siBgﬁghﬁgﬁhy swap
out that context. The context will be signal ed when'the correspondi ng

ref erence Fdhf? SRESroengénesgiddred2cthe context will be swapped back in
for exggution whepn, t : ; nt, ,0 r nd,it is.its turn to run.
Thus, %?on1the p0|n$0% V§E§F§%g§l§¥%gFg %%#téf?'ghfn§ﬁpﬁé PonSEFr&8m the
m croword aftadrangsudagatas descrebedebedodoea Botragehpayemdigdyunti kst he

ref erence 1gﬁ$o§$letqi.dAtsecond,nechanisn1Ls Del ayed  Synchroni zation. In
del ayed syfchirori 21O tRePRFEL-SefFrnecrgdnes tRevVrdter 8atea, cuhdtehen
continues ttheexeambey SOSE Sther H3ehdkbnwehksi Rdepgadent gk g@ga£§ﬁggsnce-
Some time later it 15 could becone neceSsary to synchronize the ead' s
execution ' dfine@phedcbapbesi 84-of the issued reference before further
work is perfornmed. At this point a synchronizing mcrowrd is executed that
will either swap out the current thread, and swap it back in sonetine |ater
20 when the reference has conpleted, or continue executing the current

t hread because the reference has already conpl eted. Del ayed synchroni zation
is inmplenmented using two different signaling schenes: If the nenory
reference is associated wwth a transfer 25 register, the signal from which
the thread is'triggered is generated when the correspondi ng transfer -
register-valid bit is set or cleared. For exanple, an SRAM read which
deposits data into transfer register A would be signaled when the valid bit
, for Ais set. If the nenory reference 30 is associated with the transfer
FIFO or the receive FIFOQ, -2 9
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WD 01/16782 18 DEC 2003 PCT/ US00/22322 instead of a transferqpeggstogg then
t he signal wooped¥gsr at ed when the reference conpletes in the %&ﬁnzszz
‘controller 26a. Only one signal state per context is held in e
m cr oengi nes schedul er, thus only one outstanding 5 signal can exist in
this schene. Thez,}%| are at | east two general operational paradigns from

I

whi ch ni cr ocont r ol 1% PG FYr G- - JAd W U SRS . cagiRe ¥dul d be t hat
overal | m ch RideRltle® GO, t(%b@‘l 0 enpry bandw dth are
10~ optim zelg@)(alt t he explense olf efsr}{lg e ?ﬁ?gg&q’gxﬁ%[ﬁ%rwe%@%n#s

par adi gm wodly¢ Lealsdifénod winen aptee asys teamthas apddamlse iM of aengy nes
executing | tipl e threads per,.m cr.oengi ne on unrel ated data packets. A
second onerr:égtct %a(t prﬁ%(\:frlgcej@rf‘gin}!ilé‘té‘f;&ﬁa&gﬁnl SERRAF L Rhold Phe RA¥Fed zed at
the expense sofifaveiaport.cr qeyig R STO e wriwwrgﬂarﬁi%&@éf%g NRARGY

bandwi dth. Thi s paradi gmcould involve execution of a thread wth”a
realti me coRSGPAHERCTUIRabYts 1ty icoisplamentas o th & dtieze t$agsone wor k

must absol u d cifl ti me.n,.20 ch a constrai
requires th%?lp%&??lr?i ?%t%l ?r% of thagl%g rffg;e{ag’%tnhr'eac}”gex (?u SH B %?Jx'/%ng{))ri ority
over other edssi dercdtidess aslsh kdd abgrier \i nizandwitdidn @acowersd) gongut at i onal
t hroughput. (A.real -ti t hr ead uld jnply si ngl e m croengi ne that
execut es onI]V'l(S’ﬁ)é’ttehtdéq‘g& %ﬁ@u% ﬁlr‘él lahrpéé'%set\%hlsd:”rﬁﬁm R | 28 because
the goaloisThe adranprotedisadl oo SRIrfdriR A LXRUILE A 2000 2s

I's abiTli

possi bl e--execution of nmultiple threads would hinder t ty. The

codi ng styl @33R lilieds & itthho Memoadi gis tesulagidbd N meiqiiicni cGetidlyesli f fEHent
with regard i i MR 47 0ii.i,6~sz .~ 8 C 2003 PCT/ US00/ 22322
ref erences g%geczjﬁtég%gssw t‘éyhilﬁggﬁfr? e wrlézg’l Q[chhr?@ CE;EE‘é:,tltc?fba ot dssi bl e

by those 5 edal thas AROIMaeifdneas WSH hid.S Thd RIEE MAfs BN MENDE Y 1)) Or der
to mnimze the mreferences. Having issued possible the goal would be ions

as the nicr@eFGchdoNad Pé¥Serénces. A conputation references as soon as

anory ljag ency incurred as nmany references as to performas nmany possible in |
paral l el flow that corresponds to real-tine optimzation is: 1 00)issue mem
ref 10)i ssuMiggeengfin2s)i ssue mem ref 30)performwork i ndependent of nmem

refs 1, 2 and 30 ch.ta co tign of memref 11 50) perform work

dependent on nem ?%%%frér?& i%r?g?&g;ndér‘it %k SREMPLEE Y2 ?of; itf®e any new mem
ref shased onipireeediingsworl-opFyneh gt.q aERlcRiNAmOfmmirefsea)per fom wor k
dependenton nemref 1 and 2 independent of nemTef20.3 0) issue any new nem

refs based BACEPEEEdNSy IRGAKCes) asyweritriod SsmpleetTlowhdichverin efng o)

e oL Sp RSl O, RSP AL HEIR )l 8% " T
bit. The RAM stores a microprogram. The microprogram is
loadable by the core processor 20. The microengine 22f
also includes controller logic 72. The controller logic
‘includes an instruction decoder 73 and program counter (PC)

25 units 72a-72d. The four micro program counters 72a-72d are
maintained in hardware. The microengine 22f also includes
context eveht switching logic 74. Context event logic 74
receives messages (e.g., SEQ_# EVENT RESPONSE;
FBI_EVENT_RESPONSE; SRAM _EVENT RESPONSE; SDRAM

30 _EVENT RESPONSE; and ASB _EVENT RESPONSE) from each one of

-16-



In"contrast, optimzation for throughput and bandw dth woul d taabﬁc%na
. different approach. Wth optim zation for m croengi ne conputational

t hr oughput W&M/16%2r al | nenory bandwi dth | ess consi deration PSTHSHVAR2RY
single thread 30 execution latency. To acconplish this, the goal would be
to equally space nenory references across the m croprogramfor each thread.

This woul d pravkdgraqdurkekenrcel!, eanyQf, srapr v ouef sbanee dy) tdre SRAM and
SDRAM controll ers and -31 WO 01/ 16782 ~ a OEC 2009 PCTI USOOr| 2322 woul d

maxi m ze th@rpr:_éﬁébl‘rl FPoy¥et R& TonkEeadans é[tﬁéy@ FEHUSHALS + RIH df"eot he _
memory | at eg@étt{.‘c“rr%%@e""ﬁ\%’éﬁ%é%tshgﬁ:oﬁz%%aqn'f%rﬁl‘éﬁ%%d ogx“twheﬁ;ﬁ&g'éter file
ST Réfe o Fl 3C, th t a

address typ 2r 11 ng e two register dress spaces that
exi st are LeeahlytadcEssictliynr egisstcenpleird . Gaslddy cacodssiide csegisters

accessi ble by all mcroengines., The General, Purpose Reqgisters, 6 (GPRs). are
i mpl ement ed 2ad UNGS 198 §€ﬂg‘re(§[téado k@ (RIEEK havd c@“l?&@%em %ﬁ:@?%%%‘és
are interl e%%g'%l%@.i%n",‘DrtqlfebY'tWe@ldb@l%ie%ssH':Qah What Abatar saehstersnhave

| sb=0, and nk registers have | sb=1. Each bank is capabl e of perform ng

a si nul t anesignadad asad vy ithe t & hineaddiifs enaftlagortgs aperdtei tsheankhe 15

Across banks A and .B, t.he reqgister t. .7 i r.aani i ur
W ndows 76b3TFSR dF S3Aes qerd et Y SRR AR SRl
thread. Thushd kieadbdhghind FiMdadrn haegismarxituat o7 a (¢ egi Stenrdadst he

thread 1 will find its register~0 at 77b (register 32), thread_2 will 20
find it&0redivetidraldeat 77c (register 64), and thread 3 at 77d (register

96). Relative adanessiig ish Srftgwér&d Siyrddad (Rid e 1hegadsocan use the

exact sane control store and cations but access different w ndows of
regi ster ariskgmrtfiorgntifdat enthd mmictiaersyike Ak eamploy egignatingndow 25

addr essi ng and bank addressi rovide the requisite read bandw dth using
only dual pott&dE RS @ﬁ%egnﬁ?kgﬁlo'engf%@ 229N @ %?\ﬁ%ﬂbda?egi sters do

not have to Sav@ @ {HURE UG rsaMdLdt 1o et seatéchosalthat the
normal push 30 and pop of a context swap file or stack is elimnated. -32
5 10 15130 a®i@pengines 22. Receive Request Available signal, Any and.
all threads in the microengines can branch on these
signaling states. These signaling states can be used to
determine availability of a resource or whether a resource
is due for servicing.
20 The context event logic 74 has arbittation for the
four (4) threads. 1In one embodiment, the arbitration is a
round robin mechanism. Other techniques could be used
including priority queuing or weighted fair queuing. The
microengine 22f also includes an execution box (EBOX) data
25 path 76 that includes an arithmetic logic unit 76a and
general purpose register set 76b. The arithmetic logic
unit' 76a performs arithmetic and logical functions as well
as shift functions; The registers set 76b has a relatively

large number of general purpose registers. As will be

30 described in FIG. 3B, in this implementation there are 64
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WD 011 16782 18 DEC 2003 PCT/ USOA 22322 Cont ext sw tching here' @8@83 cycle
over head f@goq};g%gi ng fromone context to another. Relative iste
i Vi PE&L2wi dt h

‘addr essi ng vides the register banks into wi ndows across t
of the general purpose register set. Relative addressing allows access any
of the windows relative to the starting point of the w ndow. Absolute

addr essi ng 98naF3b BUuppoFteleghstisirs arcld tfdctslr danler Barky DrEndfe4 hen
absol ute regi e ssed any of the threads by, providing the
exact addr e§s§%€5§ﬂg8¥relgfs?%§% ddrgglsﬁ r%noefrag]erPe“}%‘?o?)%r% T A%Fs 78

can occur iwi2dowddsadependi be desidid 8 sV Khd OTHEY . a ddierd WO- are
absolute and rel ati n absol ute node, addressing of a register address

e. |
is di rect|ya%%e%?FPiachYﬁSP‘Feéé&Pé@-fi el d (a6-a0 or b6-Db0):
7654321@Qt- - - +- - - the- fiicrdenygine 22f ElsctA LR -
| a5ladla3la2lal | a01a6=0B GPR I b611 | b51bG1h31 o | DA R e |
a6la51a410 FYe@ispesnl Fuack6?8, aas=0) reec0SDRAMfar aflasd a®10 These
| a3la21ial | 6= 5=0 =1 reqgister, address directly specifjed in 8-bit
dest fiel dafeég%a%yrg?ggﬁﬁiag_ WiRddwed S that they ate Felagw vy and
d71d61d51 de¥deBldely| dadgdés8a88eQB @WRtd transfer register stack 78
d71d61d51d41d31d21dl | d01d7=0, d6=1SRAM ASB: |

d71d6~d51d44%131ea8| vabta79ata6L0, adTePSORA® is located. Similarly,

d71d61d%1d41d31d dZs 630Q, .d53] .- 6782 18 C 2003
PCTNS00I 22322§%f%g%:gg%zjzi%,&%g: t%§>fl°,r1:?t%otr“’}<l‘sg7‘?0%%aiz T 3T | over
bits are i ntespueted aSubsequeext treloat ioom@dtirerss With dideleseri bed pel ow) .
When a non-rel ative our ce,address is, %eci fied in the A, B absolute

A,
field, onlya?h%V%nFoﬁégrr]ﬁ | E26R Ehe SRR P ISHreA ERRPWESS shees can
be addresseghe EfREAt ¥BLYo1N0200AA , aRSHAM & RAM SRRAM gevi ces, hias the

effective address space; however, since this restriction does not apply to
the dest fiRFACeHPPri A vhélSRaVPSORAMest itd qentexthestent axilitess Bpace.

10 I n nel at addres cified ress .is offset withjn context
space alg de‘f]ﬁ% g§l% gg%lgt g?%ﬁ?céﬂ |etlhc¥-e(a§if¥g't?etortrb%-§%5§ B egulape; o
+---+---+--or-hag-bedn- sént- +- Bothl tTahsER degiiler IKONMELxId F31 #21 al |l

a0l a4=0 B GPR | b4l 1 lIcontextl b31 b21 bll b0l b4=0 SRAM ASB: | ab91 0
1ab31cont ex3¥e b2ANBEFEBEI CabLRe exBTHF iSPRARR 1ERRAX) Tanzhrembesa |ddid

bllab0l ab4dsiyp ab3F o] i ' = eld (d5-d0): 76 5
4 3210+ip4ri§g$ei$a§e%%'t%%qoﬁ g% G’ié)‘%lﬁ%ﬁﬁxﬁélger
d31, d21dl | doa8i560, degd2ters BnGPRhel witSted | tomarisbdr register has 64

d31d2%>%lgl do%g5:o d4=1SRAM ASB: | d51d41 d3l context | d21dl | d01d5=1, d4=0,
d3=0SDRAM  TeU5IHIIS 431 cont ext | d21dl | d01d5=1, d4=0, d3=1 |f <d5:d4>=1. 1,

then the destinahsoshaddr easrdges 330 nofe addiassn 'r\/@ldéité_}?gmter, thus, no
dest operand is witten_back. -34 1 8 DEC 2003 0l /16782 PCT/ US00/ 22322
The fol | owiTRI e3R8 ef sOaPEagroBaICHP -RiRedsing 84 r odhis pipeline

includes lookup of microinstruction words 82a, formation of
the register file addresses 82b, read of operands from

25 register file 82c, ALU, shift or compare operations 82d,
and wfite-back of results to registers 82e. By providing a
write-back data bypass into the ALU/shifter units, and by
assuming the registers are implemented as a register file
(rather than a RAM), the microengine can perform a

30 simultaneous register file read and write, which completely
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thre m croengi nes and the menory controllers: hash unit regi stegsercomgchpad
and comonwipagigisers 5 recei ve FI FO and recei ve status FIFC)%iﬁpsnit FI FO
transmt control FIFO The m croengines are not interrupt drf S09223¢2
m crof | ow executes until conpletion and then a new flow is chosen 10 based
on state si na%ed Bg ot her devices in the processor 12. Referring to FIG
4, the SDRA foFPCcBRLFBI PBRL2BAORAC] udes menory reference queues 90
where menory refepgn q i f the 15 varioys. m croengi nes
22a-22f . The nenn?? ggﬁ%&o?ﬁg%§5§géi%gﬁuéggbégegrSiFé9n§¥ ORGK &8 s the
next the ni EeGeAgthBgr Biereaneinequesteatie §Batk01anY cak kg HHHedi Qni ng
units. Gve a%?g gneoof t he nigroen ines is providing a reference request,
the reference requestni P2 E0nk t hPBugRefhecqygrtss Ine odmmamhgjueue
90, insisde hberSBRAY conteopbrsirba. £ repee t.has, a hbit set
cal led the "optinized NEN1g$t" t he in%%n%ﬂgc$gb§-?g%cgbgggﬁzﬁééﬁﬁﬁr4§¥
corted intofohe hehebhEhgBiChapRItReUeS88aaDy rheucdddhank queite 90b. | f
t he nenory e q 2b-dpges t _have menpry _optim zation bit
o, the der ik ari T B o yort nf b RCoPHEr GOBUBSBOBE PrenSBRRM on
controll er 26 ¢tearsesbur cEhahbahitsg shagedsaaﬁm$ tBat FRESH Rigr f 8,
the core processog 28 gnd the PCl interface 24. The SDRAM control ler 26
PRt e

al so mai nt al st FhcHrRekspd f RN Pekher FPRAMREADPMODERY PWbities tatdar ¢

Hons. . . 1 8 SQQ/ 22322 SDRAM
operat ans. 28 Shoendfe o005 VELOUGESL CCTpplpotzs SO

al ¢ ornms byte alignnment
The order qiRbefDed @i panithy eheons derThéretbecente tREUPTLe iR t he

m cr oengi ne i Sgfhes odd_and_ 5 even banks references it may be
required thg?r%Y%ggﬁﬁlﬁiggrﬁg e oAt S BHoRTBEREFEPRon2oRigIseggimce of
menory ref exesiceiss t inbohd tdguesty. antheveicbaskginks bHg-Aber eangine 22f
sorts the nenory references into odd bank and even bank references and one
of the banﬁ%?nég%ﬁ?n? PTINRRH hatike | WoBFhi Aade otondhbipnadf erances bef or e
t he oddsbanksfatic¢h ' [JE o | ast_even reference, the
nMenory controljé?§2§%§%gﬁﬁghgﬁﬂg%i Jgﬁg)sgaég sbgﬁﬁntﬁgﬁ hFéPS ngi ne t hat
the menory §eimien hbel zomewieh evendt hiboghcotds bednganktr siergace had
not been Seﬂf’é&f& 'CII'Q%@IOlSO ocquLr.ence coul d cause a_coherency problem The
situation is avol ded by Provr i hg I HEF B Herh quetiae obat aneywi figshown

m cr oengi neodovhame Tabld pl€ nmenory references outstanding of which only
its last nenory reference needs to signal a conpletion. 20 The SDRAM
controller 26a also includes a high priority queue 90d. In the high
priority queue 90d, an incom ng nenory reference fromone of the

m croengi nes goes directly to. the high priority queue and is operated upon
at a higher priority than~other nenory references in the other queues. 25
All of these queues, the even bank queue 90a, the odd bank queue 90b, the
order queue 90c and the high priority queue, are inplenented in a single
RAM structure that is logically segnented into four different w ndows, each
w ndow having its own head and tail pointer. Since filling and draining 30
operations are only a single input and a single output,
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-36 18 DEC 2~3 WO 01/16782 PCT/US00/ 22322 they can be placed 4 nee 0P
sane RAM stvougiiigfsa t o i ncrease density of RAM structures. Tfﬁ.gé%%%séé
Al . The

‘control l er 26a al so includes core bus interface logic i:e., _

ASB bus interface 5 logic 92 interfaces the core processor 20 to the SDRAM
controller 26a. The ASB bus is a busI ttl1a |n?l gjd?s a 32 bit data path and a
28 bit address path. The data is accesdet fo' ard'friom merfor§ thiolgh MEM
ASB data devi ce 98, ergr;--a-buffer:-NVEM-ASB-dat-a+devitee-98-i-s+a-gqueue+f or
10 wite data. If thepectstbACA¥bRG, dat @ f1 gmt he,s0r @y p e ia ASB
interface 92, the dats Cﬁ]n be storg%l in?o tﬂe NEM %%Bﬁée{/i%ge%%éﬁ%%
subsequently renoved ? om MEM ASB devi ce 98 t hrough the SDRAM interface 110
to SDRAM menory 16a. Abtlrodgheemot shown, | tiie | see ¥ueuex st buct wze| I ¢an be

provided for the readseq Thee SRANM,CONtrol | er 26a lag§q ;dgcll %e§ Aan, ebr}gi| ne 97
to pull data fromthe i bus. Additional queues include

1 croengi hes and PCl
the PCl address queueAgélfsé‘r‘igt%éﬁcr ead/ wite dqueud b 't Rat! fai ht’&i h B hunber
of requests. 20 The nepbyeybepelgquests are sent It on2$DRAM hnt ercbacexx11&kyvia
mul tipl exer 106. The nultiplexer 106 is controlled by the SDRAM arbiter 91

whi ch detects the fullness of each of the queues and the status of the
requestld and fromthat WEETr8e®X¥priSRES Prakeh ghiar g afmabset v ataes)

stored in a priority 25 servi cec%oeryf-tsr Oéor{c?ﬂtj_fér%l th)p%r}]c@ce control to the

mul ti pl exes 106 selects a nenory reference request, e nenory reference
request, is sent to a decoder 1@& vileermpost-bsanec atietk @nsk@n address is
generated. The decoded address ijg, sent_to the SDRAM 30 interface 110 where
it is deconposed into row and cmﬁns _qﬁortec? microword

As shown in Table 1, it is not until cycle 4 that the.
15 condition codes of nl are set, and the branch decision can
be made (which in this case causes the branch path to be
looked up in cycle 5). The microengine incurs a 2-cycle
branch latency penalty because it must abort operations n2
and n3 (the 2 microwords directly after the branch) in the
20 pipe, before the branch path begins to fill the pipe with
operation bl. 1If the branch is not taken, no microwords
are aborted and execution continues normally. The
microengines have several mechanisms to reduce or eliminate

the effective branch latency.
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WD'01/16782 t a oEC 2003 PCT/ USOOI 22322 address strobes to acgess the SDRAM
- 16a and wiy@&offs7§£ad data over data |ines 16a sending data t :

‘one inplenentation, bus 112 is actually two separate buses i st/ ES828922,
singl e bus. The separate buses would include 5 a read bus coupling the
di stributed m croengi nes 22a-22f and a wite bus coupling the distributed
ni croengi nes 22aZife micreengiresf suhpoSDRAM epnedobtencRés. i sDéhetrvhgn a
menory ref ergnc Hs stroeredni n the.gueues,QO, ILEI addition to 10 the
opti ni zed it That” tali"pe ePICERBPEIPE aLLeHai hi Af Bi BECTIWRrdRai ni ng
bit when setafaldrowthd asrspesi 8b bandki BaroteCORLI BHOHSH MBORLY LefgLences.
As previously mentioned, the arbiter 12 controls which mcroengine will be
sel ected to (Prévi dSeadfSCt ePer BRePFaREbsis bieferhedtoimantiee) bus 15 to
gqueue 90s ( F ) .3 I t chai i i lk.confrol the arbiter to
have the ar gi%tues:} sleflo\zgfé%%gn?ﬁ%]ét?gﬁapéug??hgh%hkhggv% %s‘l"?sF%‘gu%?gasthat
bus because adder ndiefbrarchhmiorbvordndtbahesheéhatahbe Dheegepgtae besued
a chain req .20 t i gupus nory .references will be received in queue
90 when the%gzjtgieﬁ‘ngACg‘l{]TCg%P%e?gg?ﬁﬁég REARFQubBsShevRrkated WaeFetypical Iy
be stored instldlondel tpieses90cebgeausechhenGonbl gypus,renory ref erences
are multiple nenory references froma si ngIe thread. I'n order to 25 provide
synchroni zation, the nenory controller 26a need only signal at the end o.f
t he chal®ed nenory references when done. However, in an optimzed nenory
chaining, (e..g, when optim zed MEM bi t d aiging bjt are set)_the
menory references could.go into di fferlen?qba%Es gn‘d éo' p(§’t ént§ Al I-S/ 'co?rp'l ete
on one of the banks i sSUOIrng The sTgnar-~38"——+18--DEC-2003-WD-041-16782-+
PCT/ LI SOOr 12322 "done"nikebsidret heciapher bank wes| gl | %xdf adingdy, thys |
destroying coherency. Lherefore, the chain bit is used by the controller
110 to {rgi ntain the nmenory references fromthe current queue. 5 Referring
to FIG-2A, a flow repr@setitatedn of 't he larbilt Flatli oA p&Ki typli h Hehe SDRAM
controller 26a is showeg fime abbkdg ati on jpol ijcy1 flavers nghpivged 4y ¢rpengi ne

menory requests. The py, S, 115 starts by exam ning for Chai ned
M croengi ne menory re é‘?gﬁ%eftgéégﬁ%sté 11§a )iThequgc'eé’E hE21h st B lat

the chained requests Ui¥FtFe has& chainlbit i s dl earled. Mhé prebcese exariines
ASB bus requests. 115b foll owed by PCl bus requests 115c, High Priority

Queue vi ce 1185d, Sit ank Requests 115e, Order_ Queue Requests 115f,
and Sa?%d Bank Reéugs-t%s)fcclﬁi% .e%]’é’f?lgdb{%n?%qh%s?h%‘t’% Ret oY cedherppprat @ng,

wher eas ser wilc@gel Btrhl Il q&d Seb VEERE1 &Pe FOUPE-& OPLD RELRL Iy, When
services 1l15a-115d are fully drained does the process handl e services
115e-115g. CR&YASd niNatRerdhde aeppeyciefrance defiermest aie omken t he
previous S I t ; 2 i i et. en the chain bit
is set the%ygmgﬁi%%f%ﬁée%%ggﬁgﬁp gggéelr%f%eéseﬁh%ns% BHRLRYAERi n,
until the clpaiecediing schd éaramchThe ASB is higher priority than PCl due to
the sevege performance penalty inposed on the Strong arm core when the ASB
isinwlt state. PCl has 25 higher priority than the m croengi nes due to
the latency requirenments of RCI. Howe¥er Wit h5ot heér i buses,s tthesarbitration
priority could be-different-—+As_shown,in_FLG_ 4B _.typical_tining of a

mermory without agtive menory o ti ng'lziltg on and with active nmenory 30
optinization is shown, cAnBe' deen, “t Hemude™df! Btth W& L 3§ | BAp!I 0ag 16782

reg addr gen | |l n1 | cb | n2 | n3 | bl | b2 | b3 | b4 |

30 - reg file lkup | | l'ml { cb | n2 | n3 | bl | b2 | b3 |

ALU/shftr/cc | I I l'nl 1 cb | n2 | n3 | bl | b2 |

write back ! [ I f | nl | ¢b | n2 | n3 | bl |
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18 ‘DEC 2003 PCT/ USOOr 12322 nenory optim zati ons maxi m zes the us& 81;@§J1e
bus and th%()%ﬂﬁé the inherent |atency w thin physical SDRAMIE BE I n
‘this exanpl e, %-opti m zed access can take 14 cycl es-whi | BCOBENIR23EY
access can take 7 cyles. 5 Referring to FIG 5, the nenory controller 26b
for the SRAMis shown. The nenory controller 26b includes an address and
command queue 120CheNmiderodmrgimeorylsonupdd st SHaditdén dddbas a queue for

menory optin zatiaon based dd and, even banking, nmenory controller 26b is
opti m zed 106‘632%%%*"0‘?{11 he fé]p OF CHRFLTIPIHFRIARST oMpon hich aehgaBeha

wite. The afishessorand & ana@th slese: 1204 ned Medes; @ i GPa LY LQELLY fHgu®
120a, a read queue 120b which is the predom nant nenory reference ftunction
that an SRAMIREIGor fdemnt arcke def lpaneh 10tendy cten rogeakiainatkd 15

i ncl ude gal e d s that are to be nonoptim zed. Although
not ShOW?], t éé{‘!%%@dgfe&srge m%pm%%gf%h%rbecaﬁgo%dﬁ?%ea} soY Thtl aaéfaew‘i te

queue. The SRAM controller 26b also includes core bus interface logic i.e.,
ASB bus 122. The ASB bus interface 2Q jogi¢ 12 |gtler§ape% the, ﬁorg,\_l
processor 20 to the SRAM controller 26b. The ASB bus I's a bus that includes
a 32 bit data path and™a 78 bt “adtréss patn. The dara ts-attessed-to and
from nmenory through mVEM #ASBedbtckugevi ¢enll28n2 €. gb, | &xbufdien. vVEMASB wdat a
device 188 is a queug,2 ite data. ,lf re i s, ncomng data fromthe
core pr%cessor 20 vilJ“;egA%%éri()%?r)g{facle 12 ,nlt t%ergﬂztgbc'aﬁkb'g%?t 6?%2d'iﬂ d the
MEM ASB device 128 &fd Stifséeffe®t | § rehoved #r onrWVEMERSB Xdevikde 1188 It hr ough
SRAM i nterface 140 tmuZRAMreermry (6b. Al though aApt) showes, § he sape queue
structure 30 can be rgglzbga%g for reads, The SRAM contgoll r 26b also -40
', WD 01/16782 ~18 PCT/ L1500] 22352 i el ude8*ah "éndiFe '13% to pul |
data fromthe m croengi nes and PCl bus. The nmenory requests are sent to
SRAM i nLBr f ace 14@) wira ST stdn 18X ern 1L 26t sTha Ml dri Dl 806 $ Safe@nhp ol | ed
by the 5 SRAM arbiter 131 which detects the fullness of eac o? t he queues
and the st atdpeoMathegtediks teongit forinadtas decThiesefoier i tebhsedchn a

pr ogr anmabl ey val t i riori ey Vj control register 130. Once
control to ﬁ]ee&n%e%tfpﬁrgg?é ?%dé;e%ée)c %é/laesrf%n{)r?aitk?ee’f e?ré%egglm%%st, the 10
menory ref ereeniosl naepelstcyd ke sefhtbianch desadery 136 Wies eekdmp Be dee0dgd a. nd
an address i(}_ﬁ"generat ed.. The SRAM Unit maintains control of the Menory

Mapped of f D 1SH0G Lih P BB SRR IRt AR SR X oFR ol n@roPepordat ion
addresszpe. o tesmpbMdd . &- : p,_q.géi b, and
8 MBytes reser?/éésg%‘% speciima%cpftu&;lcctg?%pn%%@g Sgllcgl% ookg{’asrg%%eisig/{?%%% ashrom
16¢c; and Consol e port access for MAC devices 13a, 13b and access to _
associ at ed (N LHBISs 5o SN  uspd dopdagal 4 opkeypLabl es and
queue managenent functions. 20 The SRAM control |l er 26b supports the

fol | owi ng t rdeHEciebisEramtley oengi ne requests (via private bus) to/from
SRAM Core Processor (via ASB bus) to/from SRAM 25 The SRAM control |l er 26b
perfor gemory reference sorting to mnimze delays (bubbles) in the

pi pel i né°fromthe SRAM i nterface 1401t b rfefordy '16b.! Thel SRAM cont rolller 26b
does nenory ref erence-sett+i-ng-Pased--cA+ihe+read-Function--Arbubble.can

either be 1 or 2 CyG;i@s.A&RENHIAE30 oyt hend ype, of gemyny. deyi cg,employed.

-4l reg addr gen | | nl | n2 | ¢b | n3 | bl | b2 | b3 |
reg file lookup | | I'nl I n2 | cb | n3 | bl | b2 |

30 ALU/shifter/cc | | ! ' nl | n2 | cb | n3 | bl |

write back | I | | | n1 | n2 | ¢b | n3 |
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18 'DEC 2003 WD 01/ 16782 PCTI US00/ 22322 The SRAM controller 2 i El éju(‘:]iaes a
| ock Iookqgoq?/\{gﬁ; 142 which is an eight (8 entry address c g

‘addr essabl e nmenory for |ook-ups of read | ocks. Each positio U2
valid bit that is exam ned by subsequent read-lock 5 requests. The address
and command queue 120 al so includes a Read Lock Fail Queue 120d. The Read
Lock Fail Queue Ir0eh¢ scasedvherdiothe reentdivhon ycodé oreaspot ehaeses t hat

fail because of a,] ock St .portion of nempry. That is,. one of the
ni cr oengi ne%aﬁolééugi's'%' n@?%fyé%l%q%%%?lrgh%}%e 1%%5%”%%%8%88&“%&88& t hat

i s processaskdncrRddress mabdreongind Suenerd20or Fhen n@ﬁ@é&’iﬁgquﬁihhw I
operate on either the order queue 120c or the read queue 120b and w ||

recogni ze iACHRMBEST el FRERCP elfifest . CYBke cohte¥pPeed 2Bpanich| lateasy | ock

| ookup deviie, 4201 0T eAyT AguaeLAes 4B LI S ORBLYy| ggatpan 1 al ready

| ocked. If this nmenory location 1s |ocked fromany prior réad | ock request,
then this nesquesentibzk paguesthevnicfas¢quencer | préefstoned thet haesaad | ock
fail queue 1 d.llf i% ig %nl ocked Oé.if #2 shows no | ock on that address,
then the adiftesst ofY ThatPeo Fenbr A EFRT kRtE KRPYS bEhateRabd £Re SRAM
interface ldbdwrderforme shaskdd opsdr SRAM Address1&ead/ wehhenr equest to
menory 16b. The conmand control |l er and address generator 138 wll also
enter the |I'R4CRAY ol ¢ helibtRatedlapshiewn deelaw? so that subsequent read

| ock reguests will find the 25 nmenory | ocation | ocked. A nmenory location is
unl ocked by operation of the a mcrocontrol instruction in a program after
the need for the 9958k BF38°R A& /PRa"IPoiat538A%i s unl ocked by clearing the
valid bit in the CAM After an unlock, the read |ock fail queue 120d
beconmes the highest 30 priority queuye,giwving; all,queyed read ck,nj sses, a
chance -42 " WD 01116782 t 8 DEE %0 32PéT/:EJ 007 2@3%2& ose?ssjﬁg a8 nory

| ock request. As shown TH FIG - SA - 1yprear "t ng o -a*statc-Tandom access
menory 1% t hout act inveroetaeylaxipm zatabn and wit h BCtin2 NBEDF ¥4 | bs |
optim zation is sho be seen r i read it | "proves
cycletime elimnat ierllgg& aé%d%ggcl esf Re]ﬂ errﬁr?ngyltqoggl 'G%§6,? b%g(rjlmtm\ggni |c§t§i Ln a .
bet ween the m croenffinésl2o9® t he FBUS ilntkrlf kel B8gi Y FBPI li &3shown.
The FBUS interface &% /snifepeéanor K application gan 18~ p& fiogirs, Beader
processi ng of incon ckets fromthe FBUS 18. key, funct] ich the
FBUS interface per %ﬁrlggg%séﬁextrac[)i on'of Eackét hga Zré,&’aﬁd}(’gq %’T ‘

m cr op?@gr anmabl e source/ desti nation/ protocol hashed | ookup in SRAM |f the
hash does not successfully resolve, the packet header is 15 pronoted to the
core proce r..28 for_nore sophisticated processing, The FBI 28 contains a
Transmit FI E}é%,macﬁé%%??/eg %ﬁﬁ@,bﬁaﬁﬁ@-}zﬁﬁ?? $BEOLRECERY c &t ol and
st at us regi@i@f@ﬁﬁneThegeiip%nyy\iW§s@@§nmn@;%@1§:with the 20 m croengi nes
22, via a tinme-multiplexed access to the SRAM bus 38 which is connected~to
the transfer registers 78, 80 in the mcroengines. That is, all

comuni cations to and fromthe mcroengines are via the transfer registers
78, 80. The FBUS interface 28 includes a push state machine 25 200 for
pushing data into the transfer registers during the time cycles which the
SRAM i s NOT using the SRAM data bus (part of bus 38) and a pull state

machi ne 202 for fetching data fromthe transfer registers in the respective
m croengi ne. 30 The Hashing unit includes a pair of FIFO s 188a, 188b. -43
WD 01116782 1 8 DEC 2003 PCT/ USO0I 22322

-23-



The hash unit determnes that the FBI 28 received an FBI hash ,r B S The
hash unit W&hgisghes hash keys fromthe calling mcroenging, (ﬁg%gf t he
‘keys are fetched and hashed, the indices are delivered back to %8 l'ing
5 mcroengine 22. Up to three hashes are perforned under a single FBI-hash
request. The busses 34 and 38 .are each unidirectional: SDRAM

push/ pul | -dat a, arfPe8BuR"PGENTTGPI /oRA"S" EadAT of2%eRese busses require
control signals which will provide read/wite controls to the 10
appropriate mcroengi ne 22 Transfer yegisters. neral ly, transfe

regi sters require protection from?t hleelco%t'ext§ l:cc)ﬁt ‘r?olasl i nthlhe?n I ogghar ant ee
read correctness. |Aparticular; 1 a-Wwiteé-t1rdnsfer-regi-ster-+s$-beitng used
by a thriead-1 to pravigetdsd acbeus he SORAM da, nthr &xd; hol% ISt nQt 15 |
overwite this regi r til the signal .back from SDRAM controller 26a

i ndi cates that thi s%%galégtgeéénhas b'een grnc}rrgté:’d 'aﬁt%ln 'rranA}né’\%v &% &-séd.
Every write does noFe¥ gddPreokuBi ghal back !f2brh £hel dést iX#at irgn!imidilcati ng
that the function hasvlbeesteorpl etied, because i|f nthecbhy @ad; 3& witgs to

t he sane comand qu t at destination with mult{iple requests, the
order of the conpl e&ggﬁ@ibs?tcguar ant Led withi'n thht c rfﬁ’aﬁa‘:bqﬂeﬁ "®us onl y
the | ast? command requires the signaling back to the thread. However, if the
thread uses multhpleveenMRAd QuaUsT B&ed12p a0dqisep, thgn these command
requests nust be broken into separat’e context tasks, so that ordering is
mai nt ai ned diiffesansiy shWedpMigrofexaepsson aasranchli Lat vt atakdére:

begi nni.ng of thi aragraph is relative to a,certain cl of operations
usi ng an unsol i C?Pgdgﬁ%ﬁﬁ ?’53{}%}15“?@} fﬁ]k?régl[s E?gc?rb‘?‘n%ﬁqé T:%‘Fg’? or NEERIS
status i nfoamat henwakftedd4yclesB dEGCHBUNRBOHLE6782 . PCT/ USO0/ 22322
order tg protect read/wite determnismon the transfer registers, the FBI
provid a special Push protect signal when these special FBI push
operations are set up. Any mcroengi del 22 tthal lusési t Bel FBI j urrsol igcijt ed
push S technique nust_test_the profection_flag prior _to, accessing the FBUS
i nterface/ m croengi ne agreed upon transfer registers. |If the flag is not
asserted, then the PIEIEFEFe rrOGkeR ers! My 'bEP dc@dsked byr3t herdilcPdengf nle.

If the flag i s Assertedchddnegert he clont extnlshotth d wait nN cwal esdprigy (to 10

accessi the regis ; Ll this, count_J ter y .t he nunmber of
transfez;tgr egi sters %gcls f\fﬂfg\ufs){%gg pII us <|31 fr(:')n?ieﬁdggrlotngc ?’gnpvﬁlnélgbve. LﬂThe
basic idea is that f"h‘é/srgﬁléF?)%/ﬁﬁi nel nust tedt tHi 81fl &9 tWén! qdi ¢kt Inove
the data which it wwshesvhekread fromthe nead jtransher| re@gi stieffsnpf o 15
GPR s in contiguous cycles, so the push engine does not collide with the

m croengi ne read. -45
However for guess branch NOT taken /branch is taken

25 there are 2 wasted cycles.

----------------- e e e kD e e e
30 microstore lookup b nl | cb | nl | XX | bl | b2 | b3 |
b4 |
reg addr gen ! | nl | cb | XX | ¥X 1 bl | b2 | b3 |
‘reg file lookup | | | nl | cb | XX | ¥X | bl | b2 |
ALU/shifter/cc | I | | nl | cb | XX | XX | bl |
35 write back | [ I | f nl | cb | XX | XX |
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WD-01/ 16782 O her Enbodi nents 18 DEC 2003 PCT/ US00/ 22322 1t ig_to_be

. under st ood he¥i | € the invention has been described in con 8rREG 2003w t h
‘the detaile escription 5 thereof, the foregoing descripti S TE0283%hded
toillustrate and not limt the scope of the invention, which is defined by

the scope of the appended clains. O her aspects, advantages, and
nodi fications are within the scope of the followng clains. 10 What is

clainmed is:qnz46_. 2 ALNS 1. A ral |l el 'hardware-based
mul ti t hr eadedt p?%%%%%ggggn%g%sgg oL T gberr‘?é'% PEEFISE Friddedssy lRat

coor di nat esbsystiemié Beeineans t canthpr Piairald trsés@lfltmf‘{a&%ré@.”e%oreg%ss
m cr oengi ne supporting nmultiple hardware threads, the m croengi nes

confi gured PH2ROPMbAKBEL Bikht B Ve s tafesged brapchye apadcdssaakeh cl ai m
1 whereisn the. general purpose processor |oad mcrocontrol programs in the
plurality of mcrocontrol engines. 15 3. The processor of claim11 further
conprising a nenory control system 4. The processor of claiml1l wherein the
nmenory control system conprises a syachrgnpus dynam \c,anrlanglolm accegs, menory
20 controller that sorts nenory references based on et her the nenory
references are directed o an even bank of an odd ~bank *of ~Tenory -5t The
processor of clai muiiasestera lphkuprenof ylcondr ol n25 sy St BN CRAPT iLI€F BB |
stati c1pandom accessedTRBARE YgerONt Il | er | that ppfify 7 qegprlybgelf epences
based upon whet her thefqvfgmlro%kref erencles are read references or wite

r ef er ences. reg up | nl { cbt n2 | bl | b2 | b3 |
ALU/shifter/cc | ! b inllcbin2|bl|b2]
write back ! ! | f | n1'} ¢cb | n2 | bl |

15
In the case above, the 2 cycles of branch latency are
hidden by the execution of n2, and by correctly guessing
the branch direction. If microcode guesses incorrectly, 1
cycle of branch latency remains exposed as shown below:
20
' guess branch taken with l-cycle deferred branch/branch is
NOT taken
11 21 31 41 5| 61 71 81 9|
25 e e il e e e YRR ¥ L H L TS
' microstore lookup | nl | cb | n2 | XX | n3 | n4 | n5 | né | n7 I
reg addr gen | I'nl | cb | n2 | XX | n3 |'nd | n5 | né |
reg file lkup | ! Inml | cb I n2 | XX | n3 | nd | n5 |
ALU/shftr/cc | l ! ' nl | cb | n2 | XX | n3 | n4 |
30 write back [ [ I | | nl | cb | n2 | XX | n3 |

-25=-



- 47 1 8 DEC 20@B WD 01/16782 _ PCT/ US00/ 22322 6. The processor of claiml
wherein eayo@indge plurality of m croengi nes enpl oy hardwar g@mnt ext
'swappi ng anongst a plurality of threads that are independentl bl e
wi thin each of the mcroengines. 5 7. The processor of claim11 further
conprising a high speed bus interface that couples the processor to a
communi cati on bustf Ol GEOTPHE FOEERIYY FueIB I A BranderN@Bnpaksnpg a bus
interface t : ; r ogpﬂée sy,stem bus, 9. The
processor oﬁelrg?ér#mlegf?hé% lerPé %frr%??ssl%g’\%}lgl [ t{er} né/al'?e b%%r’g?}angerrent to
coupl e shar ethpesstourioed ¢as¢ he Pf arbssacode e predel ¢ t yuo§sak CpegnAghnes.
10. The pro%ﬁ§§Qéaof claim 9 wherein the internal bus arrangenent to couple
shared resolfCes > $Bhpr i 9% PHor QR G IHAIR SHRRFAS T HeYghhePsl purpose
processod t auigodldtiald tayxedutiSn oLNWE e Pelioyhe processor of claim9
wherein the internal bus arrangenment to couple shared resources, conprises:
25 a transl ator device that translates requests fromthe general . purpose
processor to the ngoesemnghmesNoRNEkan firasén BEstdi@ncoupl e the gener al

pur pose processor to the plurality_of mcroengi nes. -48 WO 01116782 18
DEC 2003 PCTNS00/ 22322

10 e B A e e et T S M T

nicrostore lookup | nl | ¢cb | n2 | XX | bl | b2 | D3 | b4 | b5 }

reg addr gen | | nl | cb | n2 | XX | bl | b2 | b3 | b4 |
reg file lkup | | [nl | ¢cb | n2 | XX | bl | b2 | b3 |
ALU/shftr/cc | | I l nl | ¢b | n2 | XX | bl | b2 |
15 write back I [ | i | nl | cb | n2 | XX | bl |
where nx is pre-branch microword (nl sets cc's)
cb is conditional branch
bx is post-branch microword
20 - XX is aborted microword

In the case of a jump instruction, 3 extra cycles of
latency are incurred because the branch address is not
known until the end of the cycle in which the jump is in

the ALU stage:

25
1t 291 31 41 51 61 71 81 9|

-------------- Rt e e L R et T T TPt A IS
microstore lookup | nl | jp | XX | XX | XX | 31 | j2 | i3 1 j4 |
reg addr gen | ' nl | Jp | XX | XX | XX | j1 | j2 | 33 |

30 reg file lkup | | I'nl §Jdp | XX | XX | XX | 31 | j2 |
ALU/shftr/cc | [ ] I'ml | Jp | XX | XX | XX | j1 |
write back | ] I | | n1 | jp | XX | XX | XX |

-26-



12”7 The processor of claim 3 wherein the internal bus arrangenent to couple
. shared resources, conprises: a translator device that trans| h8d¥EG ests
‘from the J¥Ad1/3478pur pose processor to the nicroengi nes;. andd S/484022332 s
to couple the general purpose processor to the plurality of mcroengines;
and a second bus to couple the general purpose processor to the nmenory
control system 10 13. The processor of claim1ll, further conprising a
third bus to couple.the nicroengines to external bus interfaces. 14. The
processor OfOREeF m B hhEP ki n the shared resources conprise: 15 a nenory
controller for cpatsptih§ot@CEESS 1B, | HWEdAELNCHr SR NDI yonBeRENMBRY tCh
controller for controlling an access to high bandw dth nennrx; a_bus
interface fbRSEHACELPN| Ay BRRERs tB PDE¥ortithichtidnd BRSCIahdf8 Bus
(nerface TOF CORILRLL! PRaBCERESeL Ca H ERDILIOE BURted®. (dHE BE3EESAReD!
claim 1 whePeih dach oné of the 2 m croengl nes I ncludes a program counter
t o uni quel ypcpendilby aepesteédon Cbnaexhrsatitduingginkeedurens samehe
m croengi ne. 16. The processor claiml wherein_t rocessar. _3Q supports
gl obal si gnBFRRGNt aEEEﬁyo?stﬂﬁgiicr %ﬂﬁfﬂﬁg.EgiQfOTioglEECc355§x 7. The
processor of,¢tahm 16 wherein the global signaling is available to each
thread in each mcroengine. 5 18. The processor of claim17 wherein the
gl obal signaling is available to each thread to permt each thread to take
a branglp 19. A parallel hardwarea-based nuliti ¢ hr edaded épt ocedsos 1109
conprises: a general__purpose_processor_that_cqordinates system,tunctions; a
plurality of m croengi nes, each m croengi ne supporting nultiple hardware
t hreads, the nicr oerpishese 150%kent i Yur et t'ob’éo‘m‘?‘gnl d‘étg R t'h"t He prbdsdor ;
and a nmenory cont k94 SMstM CONPri dINg: ca |f XX st nenary| acntirof llenst hat
sorts nenory

reqg file lkup | | | ol | ca | XX | n1 | n2 | n3 | n4 |
15 ALU/shftr/cc | | | | ol | ca | XX | nl { n2 | n3 |
write back | ] ] f ] o1l | ca | XX | n1 | n2 |

where ox is old context flow
br is branch microword in old context
20 ca is context rearbitration (causes context

switch)
nx is new context flow

X¥ is aborted microword

In a context switch the “br"” microword is aborted to
25 avoid control and timing complexities that could be caused
by saving the correct old context PC.

Conditional branches that operate on ALU condition
codes which are set on the microword before the branch can
select 0, 1 or 2-cycle branch deferment modes. Condition

30 codes set 2 or more microwords before the conditional
branch that operates on them can select 0 or l-cycle branch
deferment modes. All other branches (including context

rearbitrations) can select either 0 or l-cycle branch
-27-



references based on whether the nmenory references are directed to ﬁ& even
bank or anweddnkmpk of nenory; and 20 a second nmenory contr 1.8:/DEC 4003
‘optim zes nenory references based upon whet her the nenory r $P0E&2, o
read references or wite references. 20. The parall el hardware-based

mul tithreaded_processor of 25 claim 19 wherein the first nmenory controller
controls s Hehils IRAGHT ¢ TARdBAFAEEESS UFEeNsIOR Ishdet Ik sslapmd] teenor y

R i b s S0 i e 0 e MU C L A
deferment window of a preceding branch, jump or context
arbitration microword, an illegal option. That is, in some

S5 embodiments, a context switch would not be allowed to occur
during a branch transition in the pipeline because as
mentioned, it could unduly complicate saving of the.old
context PC. The architecture could also be designed to
make branching within the branch deferment window of a

10 préceding branch, jump or context arbitration microword
illegal to avoid complicated and possible unpredictable
branch behaviors.

Each microengine 22a-22f supports multi-threaded
execution of four contexts. One reason for this is to

15 allow one thread to start executing just after another
thread issues a memory reference and must wait until that
reference completes before doing more work. This behavior
is critical to maintaining efficient hardware execution of
the microengines because memory latency is significant.

20 Stated differently, if only a single thread execution was
supported, the microengines would sit idle for a
significant number of cycles waiting for references to
return and thereby reduce overall computational throughput.
Multi-threaded execution allows an microengines to hide

25 memory latency by performing useful independent work across
several threads. Two synchronization mechénisms are
supplied in order to allow a thread to issue an .SRAM or
SDRAM reference, and then subsequently synchronize to the
point in time when that reference completes.

30
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One mechanism is Immediate Synchronization. 1In
immediate synchronization, the microengine issues the
reference and immediately swap out that context. The
context will be signaled when the corresponding reference
completes. Once signaled, the context will be swapped back
in for execution when a context-swap event occurs and it is
its turn to run. Thus, from the point of view of a single
context's instruction stream, the microword after issuing
the mem reference d&es not get executed until the reference
completes.

A second mechanism is Delayed Synchronization. In
delayed synchronization, the microengine issues the
reference, and then continues to execute some other useful
work independent of the reference. Some time later it
could become necessary to synchronize the thread's
execution stream to the completion of the issued reference
before further work is performed. At this point a
synchronizing microword is executed that will either swap
out the current thread, and swap it back in sometime later
when the reference has completed, or continue executing the
current thread because the reference has already completed.
Delayed'synchronization is implemented-using two different
signaling schemes:
| If the mémory reference is associated with a transfer
register, the signal from which the thread is triggered is
generated when the corresponding transfer register valid
bit is set or cleared. For example, an SRAM read which
deposits data into transfer register A would be signaled
when the valid bit for A is set. If the memory reference

is associated with the transfer FIFO or the receive FIFO,

-20-
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(1050798 () SOF BRBIa 18 £ 5, o M, T, (PP epFeroRs soon as

10T9" 610%T 1@OBAAR! x‘&ol&%& —z¢ (th@)/@@&o(rgy-l tlen kP SAUBAYTy
1PSX&&1O%&'&p©)st/l Fax&&lo%)di fflx&&ll((r)?’j&'() f/1&8&1 /PPSEZ' / U'X&RIO0VE ()-f/!
P&EIOYE () - 8’8%‘%%5&&?%% | 319 Grhsued as many references as

10m 610%T8. éhr&ﬁégty?o&s@olfe/ 't%&&JgQ;élcmeo@ldf ke @é‘%l(g%%f(c)rm as many
8&10988& ()-f/

1' }ys: $10% F&mppi:,altap@s?b@@/&h(e) IWMSWP:I&&WS( pds's‘i)lﬂeﬂSJ;_QP/@&l'agra(])lé]l #10%m&
()_In]loA?w§tﬁ)the references } ompugétlonG?T%J)fﬂééLégrrégponds

to real-time optimization is:

10 o) issue mem ref 1
o) issue mem ref 2
0) issue mém ref 3
o) perform work independent of mem refs 1, 2 and 3
o) synch to completion of mem ref 1 .
15 o) perform work dependent on mem ref 1 and independent of mem ref 2
and 3
©) issue any new mem refs based on preceding work.
o) synch to completion of mem ref 2

o) perform work dependent on mem ref 1 and 2 independent of mem ref

20 .3
©) issue any new mem refs based on preceding work.
o) synch to completion of mem ref 3
o) perform work dependent on the completion of all 3 refs
©) issue any new mem refs based on preceding work.
25

In contrast, optimization for throughput and bandwidth
would take a different approach. With optimization for
microengine computational throughput and overall memory
bandwidth less consideration is given to single thread

30 -execution latency. To accomplish this, the goal would be
to equally space memory references across the microprogram
for each thread. This would provide a uniform stream of

memory references to the SRAM and SDRAM controllers and
~31-
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10 separate banks (A bank and B bank) whose addresses are

interleaved on a word-by-word basis such that A bank

-~ registers have lsb=0, and B bank registers have lsb=1.
Each bank ié capable of performing a simultaneous read and
write to two different words within its bank.

15 Across banks A and B, the register set 76b is also
organized into four windows 76bo-76b; of 32 registers that
are relatively addressable per thread. Thus, thread 0 will
find its register 0 at 77a (register 0), the thread_ 1 will
find its register_0 at 77b (register 32), thread 2 will

20 find its register_ 0 at 77c (register 64), and thread 3 at
77d (registef 96). Relative addressing is supported so
that multiple threads can use the exact same control store
and locations but access different windows of register and
perform different functions. The uses of register window

25 addressing and bank addressing provide the requisite read
bandwidth using only dual ported RAMS in the microengine
22f,

These windowed registers do not have to save data from
context switch to'context switch so that the normal push

30 and pop of a context swap file or stack is eliminated.
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10! 11 f #10%m&
10%&' () - ! MBROVRUES- iyl E0e&'S( pammq@ew&%j)aﬂfj@ﬁ%ﬁé%Yis by
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10 Addressing of general purpose registers 78 can occur
in 2 modes depending on the microword format. The two
modes are absolute and relative. 1In absolute mode,
addressing of a register address is direCtly specified in

7-bit source field (aé-a0 or b6-b0):

15
7 6 5 4 3 2 1 0
et D ety (LT Tt R
A GPR: | a6l 0 | ASI a4| a3| a2l all a0} aé=0
B GPR: | b6i 1 | b5| b4} b3| b2| bl| bo| b6é=0
20 SRAM/ASB: | a6| aS| a4| 0 | a3| a2| al| a0 a6=1, a5=0, a4=0
* SDRAM: | a6}l a51 a4 0 | a3| a2| al| a0] a6=1, a5=0, ad=1
register address directly specified in 8-bit dest field
(d7-d0) :
25 '
7 6 5 4 3 2 1 0
e D e s T Ty S A
A GPR: t d71 d6l d5| d41 43| d2! d1| doj| d7=0, dé=0
B GPR: | d71 d6| d5| d4| d3| d2} d1| 40| d7=0, dé=1
30 SRAM/ASB: | d7| dé| d5| d4t d3| d2| dl1] do| d7=1, dé=0, d5=0
SDRAM: | d71 dé] d5] d4| d3| d2} dil| dO0| d7=1, dé=0, d5=1
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address is specified in the A, B absolute field, only the
3 lower half of the SRAM/ASB and SDRAM address spaces can be
addressed. Effectively, reading absolute SRAM/SDRAM
devices has the effective address space; however, since
this restriction does not apply to the dest field, writing
the SRAM/SDRAM still uses the full address space.

10 In relative mode, addresses a specified address is
offset within context space as defined by a 5-bit source
field (a4-a0 or b4-b0):

7 6 5 4 3 2 1 0

D e e s et T T

15 A GPR: | a4l O |context| a3| a2| al| a0l a4=0
B GPR: | b4} 1 Jcontext| b3l b2] bl| b0| b4=0
SRAM/ASB: |ab4| 0 |ab3|context| b2| bljab0| abd=l, ab3=0
SDRAM: lab4| O Jab3icontext| b2| bl|abl} ab4=1, ab3=1

20 or as defined by the 6-bit dest field (d5-d0):

7 6 5 4 3 2 1 0

et s et ST EN SR

A GPR: | d51 d4|context| d3{ d2} dl| d0| d5=0, d4=0

25 : B GPR: | d5| d4|context| d3j d2{ d1l| d0| d5=0, d4=1
SRAM/ASB:| d5| d4!| d3jcontext| d2| dlf d0|] d5=1, d4=0, d3=0
SDRAM: { d5| d4| d3|context| d2| dl| d0| d5=1, d4=0, d3=1

If <d5:d4>=1,1, then the destination address does
30 not address a valid register, thus, no dest operand is

written back.
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The following registers are globally accessible from

the microengines and the memory controllers:
hash unit registers
scratchpad and common registers
5 receive FIFO and receive status FIFO
transmit FIFO
transmit control FIFO
The microengines are not interrupt driven. Each microflow
executes until completion and then a new flow is chosen
10 based on state signaled by other devices in the processor
12.
Referring to FIG. 4, the
SDRAM memory controller 26a includes memory reference
queues 90 where memory reference requests arrive from the
15 various microengines 22a-22f. The memory controller 26a
includes an arbiter 91 that selects the next the
microengine reference requests to go to any of the
functioning units. Given that one of the microengines is
providing a reference request, the reference request will
20 come through the address and command queue 90, inside the
SDRAM controller 26a. If the reference request has a bit
set called the “optimized MEM bit” the incoming reference
request will be sorted into either the even bank queue 90a
or the odd bank queue 90b. If the memory reference request
25 does not have a memory optimization bit set, the default
will be to go into an order queue 90c. The SDRAM
controller 26 is a resource which is shared among the FBUS
interface 28, the core processor 20 and the PCI interface
24. The SDRAM controller 26 also maintains a state machine

30 for performing READ-MODIFY-Write atomic operations. The
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The order queue 90c maintains the order of reference
requests from the microengines. With a series of odd and
5 even banks references it may be required that a signal is
returned only upon completion of a sequence of memory
references to both the odd and even banks. If the
microengine 22f sorts the memory referenées into odd bank
and even bank references and one of the banks, e.g., the

10 even bank is drained of memory references before the odd
bank but the signal is asserted on the last even reference,
the memory controller 26a could conceivably signal back to
a microengine that the memory request had completed, even
though the odd bank reference had not been serviced. This

15 occurrence could cause a coherency problem. The situation - .
is avoided by providing the order queue 90c allowing a
microengine to have multiple memory references outstanding
of which only its last memory reference needs to signal a
completion.

20 The SDRAM controller 26a also includes a high priority
queue 90d. In the high priority queue 90d, an incoming
memory reference from one of the microengines goes directly
to the high priority queue and is operated upon at a higher
priority than other memory references in the other queues.

25 All of these queues, the even bank queue 90a, the odd bank
gueue 90b, the brder queue 90c and the high priority queue,
are implemeﬁted in a single RAM structure that is logically
segmented into four different windows, each window having
its own head and tail pointer. Since filling and draining

30 operations are only a single input and a single output,
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The SDRAM controller 26a also includes core bus
interface logic i.e., ASB bus 9%2. The ASB bus interface
5 logic 92 interfaces the core processor 20 to the SDRAM
controller 26a. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is
accessed to and from memory through MEM ASB data device 98,
e.g., a buffer. MEM ASB data device 98 is a queue for
10 write data. If there is incoming data from the core
processor 20 via ASB interface 92, the data can be stored
into the MEM ASB device 98 and subsequently removed from
MEM ASB device 98 through the SDRAM interface 110 to SDRAM
memory l6a. Although not shown, the same gqueue structure
15 can be provided for the reads. The SDRAM controcller 26a
also includes an engine 97 to pull data from the
microengines and PCI bus.
Additional queues include the PCI address queue 94 and
ASB read/write queue 96 that maintain a number of requests.
20 The memory requests are sent to SDRAM interface 110 via
multiplexer 106. The multiplexer 106 is controlled by the
SDRAM arbiter 91 which detects the fullness of each of the
queues and the status of the requests and from that decides
priority based on a p;ogrammable value stored in a priority
25 service control register 100.
Once control to the multiplexer 106 selects a memory
reference réquest, the memory reference request, is sent to
a decoder 108 where it is decoded and an address is

generated. The decoded address is sent to the SDRAM

30 interface 110 where it is decomposed into row and column
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issued a chain request.

20 Contiguous memory references will be received in queue
90 when the chaining bit is set. Those contiguous
references will typically be stored in the order queue 920c
because the contiguous memory references are multiple
memory references from a single thread. In order to

25 provide synchronization, the memory controller 26a need
only signal at the end of the chained memory references
when done. However, in an optimized memory chaining,

(e..g, when optimized MEM bit and chaining bit are set) the
| memory references could go into different banks and

30 potentially complete on one of the banks issuing the signal
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memory optimizatioﬁs maximizes the use of the bus and thus
hides the inherent latency within physical SDRAM devices.
In this example, a non-optimized access can take 14 cycles
while optimized access can take 7 cyles.

5 Referring to FIG. 5, the memory controller 26b for the
SRAM is shown. The memory controller 26b includes an
address and command queue 120. While the memory controller
26a (FIG. 4) has a queue for memory optimization based on
odd and even banking, memory controller 26b is optimized

10 based on the type of memory operation, i.e., a read or a
write. The address and command queue 120 includes a high
priority queue 120a, a read queue 120b which is the
predominant memory reference function that an SRAM
performs, and an order queue 120c which in general will

15 include all writes to SRAM and reads that are to be non-
optimized. Although not shown, the address and command
quéue 120 could also include a write queue.

The SRAM controller 26b also includes core bus
interface logic i.e., ASB bus 122. The ASB bus interface

20 logic 122 interfaces the core processor 20 to the SRAM
controiler 26b. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is
acgessed to and from memory through MEM ASB_data device
128, e.g., a buffer. MEM ASB data device 128 is a queue

25 for write data. 1If there is incoming data from the core
processor 20 via ASB interface 122, the data can be stored
into the MEM ASB device 128 and subsequently removed from
MEM ASB device 128 through SRAM interface 140 to SRAM
memory 16b. Although not shown, the same queue structure

30 can be provided for reads. The SRAM controller 26b also
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includes an engine.l27 to pull data from the microengines
and PCI bus. |
The memory requests are sént to SRAM interface 140 via
multiplexer 126. The multiplexer 126 is controlled by the
5 SRAM arbiter 131 which detects the fullness of each of the
queues and the status of the requests and from that decides
priority based on a programmable value stored in a priority
service control register 130. Once control to the
multiplexer 126 selects a memory reference request, the
10 memory reference request, is sent to a decoder 138 where it
is decoded and an address is generated.
The SRAM Unit maintains control of the Memory Mapped
off-chip SRAM and Expansion ROM. The SRAM controller 26b
can address, e.g., 16 MBytes, with, e.g., 8 MBytes mapped
15 for SRAM 16b, and 8 MBytes reserved for special functions
including: Boot space via flashrom 16c; and Console port
access for MAC devices 13a, 13b and access to associated
(RMON) counters. The SRAM is used for local look-up tables

and queue management functions.

20 The SRAM controller 26b supports the following
transactions:
Microengine requests (via private bus) to/from SRAM,
Core Processor (via ASB bus) to/from SRAM.
25 The SRAM controller 26b performs memory reference

sorting to minimize delays (bubbles) in the pipeline from
the SRAM interface 140 to memory 1l6b. The SRAM controller
-26b does memory reference sorting based on the read

function. A bubble can either be 1 or 2 cycles depending

30 on the type of memory device employed.

-41-



& ()-y$10%§((9”§2?,(8 -y$10% 8( & ()- %M sR5y$10% 8( & () - y$10%
0

8( & ()-dDsReVD2#y$10% 8( & ()-y$10% 8( & ()-y$10% 8( &f()-yt%ﬁ?%ﬁé q%
.509&

8( & ()-ys$l ' () - 5VDR#y$10% 8( & ()- % - 456Si N-sR5 D 10
& () - 5WD2#y$10% 8(

The SRAM controller 26b includes a lock lookup device

142 which is an eight (8 entry address content addressable

memory for look-ups of read locks. Fach position include

a valid bit that is examined by subsequent read-lock

5 requests. The address and command queue 120 also

includes

$10%
% 8(

a Read Lock Fail Queue 120d. The Read Lock Fail Queue 120d

is used to hold read memory reference requests that fail

because of a lock existing on a portion of memory
is, one of the microengines issues a memory redue
10 has a read lock request that is processed in addr

control queue 120. The memory request will opera

. That
st that
ess and

te on

either the order queue 120c or the read queue 120b and will

recognize it as a read lock request. The control

ler 26b

will éccess lock lookup device 142 to determine whether

15 this memory location is already locked. If this memory

location is locked from any prior read lock request, then

this memory lock request will fail and will be stored in

the read lock fail queue 120d. If it is unlocked or if 142

shows no lock on that address, then the address o

20 memory reference will be used by the.SRAM interfa

f that
ce 140 to

perform a traditional SRAM address read/write request to

memory 16b. The command controller and address g

enerator

138 will also enter the lock into the lock look up device

142 so that subsequent read lock requests will fi

25 memory location locked. A memory location is un

nd the
locked by

operation of the a microcontrol instruction in a program

after the need for the lock has ended. The locat
unlocked by clearing the wvalid bit in the CAM.

unlock, the read lock fail queue 120d becomes the

ion is

After an

highest

30 priority queue giving all queued read lock misses, a chance
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data from the transfer registers in the respective

microengine.

30 The Hashing unit includes a pair of FIFO's 188a, 188b.
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FBI_hash request. The hash unit 188 fetches hash keys from
the calling microengine 22. After the keys are fetched and
hashed, the indices are delivered back to the calling
5 microengine 22. Up to three hashes are performed under a
single FBI_hash request. The busses 34 and 38 are each
unidirectional: SDRAM push/pull data, and
Sbus_push/pull_data. Each of these busses require control
signals which will provide read/write controls to the
10 appropriate microengine 22 Transfer registers.
Generally, transfer registers require protection from
the context controlling them to guarantee read correctness.
In particular, if a write transfer register is being used
by a thread_ 1 to provide data to the SDRAM 1l6a, thread_1
15 must not overwrite this register until the signal back from .
SDRAM controller 26a indicates that this register has been
promoted and may now be re-used. Every write does not
‘require a signal back from the destination indicating that
the function has been completed, because if the thread
20 writes to the same command queue at that destination with
multiple requests, the order of the completion is
guaranteed within that command queue, thus only the last
command requires the signaling back to the thread.
However, if the thread uses multiple command queues (order
25 and read), then these command requests must be broken into
separate context tasks, so that ordering is maintained via
context swapping. The exception case indicated at the
beginning of this paragraph is relative to a certain class
of operations using an unsolicited PUSH to transfer

30 registers from the FBI for FBUS status information. 1In
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order to protect read/write determinism on the transfer
registers, the FBI provides a special Push protect signal
when these special FBI push operations are set up.
Any microengine 22 that uses the FBI unsolicited push
5> technique must test the protection flag prior to accessing
. the FBUS interface/microengine agreed upon transfer
registers. If the flag is not asserted, then the transfer
registers may be accessed by the microengine. If the flag
is Asserted then the context should wait N cycles prior to
10 accessing the registers. A priori this count is determined
by the number of transfer registers being pushed, plus a
frontend protection window. The basic idea is that the
microengine must test this flag then quickly move the data
which it wishes to read from the read transfer registers to
15 GPR's in contiguous cycles, so the push engine does not

collide with the microengine read.

-4 5-



unly + 1094& ()- _?<Y + 109 + 109%& ()-Y + 10%& ()- \1(0;; épz/e)# %@3
109%& () - Y ()-Y + 109%& ()-{[:?<Y + 10% + 10%t /(1;15

T+ 1ocy#<(&')() ch{omﬁ/?w%ﬂ 10988& ()-_?<Y + 10% + 10%& ()-Y + 1094&T °f22+"2
109& ()-Y + 109%& ()-Y + 10%& ()-Y + 10%& ()-9%& ,-./|[NAAY + 1010#10#10#
f&6@L0%t& ()-)Y + 10%t& ()-G[ - un¥

Other Embodiments

It is to be understood that while the invention has
been described in conjunction with the detailed description
5 thereof, the foregoing description is intended to
illustrate and not limit the scope of the invention, which
is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope
of the following claims.
10

What is claimed is:
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communication bus.

10 8. The processor of claim 1 further comprising a bus

interface that couples the processor to a computer system

bus.

9. The processor of claim 1 further comprising an
15 internal bus arrangement to couple shared resources in the .

processor to the plurality of microengines.

10. The processor of claim 9 wherein the internal bus
arrangement to couple shared resources, comprises:
20 a first bus to couple the general purpose

processor to the plurality of microengines.

11. The processor of claim 9 wherein the internal bus
arrangement to couple shared resources, comprises:
25 a translator device that translates requests from
the general.purpose processor to the microengines; and
a first bus to couple the general purpose

processor to the plurality of microengines.
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10 13. The processor of claim 11, further comprising a third

bus to couple the microengines to external bus interfaces.

14. The processor of claim 8 wherein the shared resources
comprise:
15 a memory controller for controlling access to low
latency memory;
a memory controller for controlling an access to
.high bandwidth memory;
a bus interface for controlling access to a
20 communications bus; énd

a bus interface for controlling access to a

computer bus.

15. The processor of claim 1 wherein each one of the
25 microengines includes a program counter to uniquely
identify a position of a thread during execution in the

microengine.

16. The processor of claim 1 wherein the processor

30 supports global signaling to each of the microengines.
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17. The processor of claim 16 wherein the global signaling

is available to each thread in each microengine.

18. The processor of claim 17 wherein the global signaling

is available to each thread to permit each thread to take a

branch.

19. A parallel hardware-based multithreaded processor
comprises:

a general purpose processor that coordinates
system functions;

a plurality of microengines, each microengine
supporting multiple hardware threads, the microengines
configured to communicate with the processor; and

a memory control system comprising:

a first memory controller that sorts memory
references based on whether the memory references are
directed to an even bank or an odd bank of memory; and

a second memory contrcller that optimizes memory
references based upon whether the memory references are

read references or write references.

20. The parallel hardware-based multithreaded processor of
claim 19 wherein the first memory controller controls
synchronous dynamic random access memory and the second
memory controller controls static random access static

memory.
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