WO 01/16782 PCTI USOQ 22322 PARALLEL PROCESSOR ARCHI TECTURE BACKGROUND
This invention relates to parallel processors. 5 Parallel processing is an

efficient fopop@fezdznformati on processing of concurrent evpahBsioBaBs:
conputing process. Parallel processing demands concurrent execution of

many prograns in a conmputer, in contrast to sequential processing. In the

context of a parallel prpces§%hru)% pﬁdgésgkks;g%é}gqﬁg%\fmdoi ng nore than

one thing at the same tine € a serial para re all tasks are
performed sequentially at a single station or a pipelined machine where

tasks are perfornmed at specialized Stahh?ﬁ&ﬁoué‘wth paral | el processing, a
plurality of stations are 15 provided W capabl e of performng all
tasks. That s, i:['higeiteu'aitmhl relatepltur phiraylel pgdeeeskatsons work

si mul t anequsly ang in endent | % on fhe sane, of CO%DI’I el ements of a
probl em Certain pPdh PHPECSHTI PALT 2 FoFrEstHeRrs &R By °4ppl yi ng paral | el
processi ng. a&thmsuebzymdefssﬁ:ﬁgpw eoruReens| aeeritRChHde SoMgiteng

i nstruction stream singl gt a stream the conventional serial von

Neunann conp@-&Fepn- V\h}l"'ﬁ? rBrPge%SJsr}%&ie@ang? reRRUSFerRse¥eRtions. A

second procesH BdnyYPLodiardshen &i B@hButeist BHCESH Y a%lr %@”‘se«?&’éﬁﬂﬁ'le data
streanms process 25 (SIMD). This processing can have multi

arithmetic-| €§°€esﬁiﬁ%es§6’r shgngontextqfe acBﬁﬁJéielppééégijﬁ‘Prr Each of the

processons PeYakanMopak alivsedNdbiey dRhrd khah Wile $heRg atfNESE Jehi nes are
synchroni zed hy the control processor. Athird type is nultiple instruction

streams, sin§i@edat @ity & sezhal MRHIigNorReLe ai $agksceEsi ng has t he

sane data performed sequentially at a single station or a pipelined
machine where tasks are performed at specialized stations,
with parallel processing, a plurality of stations are

15 provided with each capable of performing all tasks. That
is, in general all or a plurality of the stations work
simultaneously and independently on the same or common
elements of a problem. Certain problems are suitable for

 solution by applying parallel processing.

20 Thus, types of computer processing include single
instruction stream, single data stream, the conventional
serial von Neumann computer in which there is a single
stream of instructions. A second processing type is the
single instruction stream, multiple data streams process

25 (SIMD). This processing can have multiple arithmetic-logic
processors and a siﬁgle control processor. Each of the
processors perform operatiops on the data in lock—step.'
These machines.are synchroniied 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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-1 WD 01/16782 PCT/ US00/ 22322 stream flows through a |linear array of
processors executing different instruction streans. A fourth is multiple
i nstructi onwowreases, nultiple data streanms (M ND). This ROTAIS8®EBIg uses
mul tiple processors, each executing its owm 5 instruction streamto
process a data streamfed to each of the processors. Miultiple instruction

streams, mulddlam rdaha SAFAAIP a VDBl r DAOGRS SET BrHBYs I eKRYAE Bhg

instruction processing units and therefore several data streams. 10
SUMVARY Accotififfyens aRstespecdiorofttaanpr edefovrhbeht imiiti®leparal | el

har dwar e- basgh ki bR aeth )’ Q028581 | ldIdescans IANMIR. PeLpgSe
processor that coordinates systemfunctions and a plurality of

M cr oengi nesPXIrEssdBgpBFes mMitlitiple PLOPRY LSy e SBAR cR¥RCUTANGOABB NG R 0 an
addi i onaj aspact,ddl ohnge LBYEDL ] Uhea2sRLah ! Ala hy duerespased
nultithrg%de pré@ggsor P%%fﬁgégra EeneraI,SUFpose processor th%t
coor di nat es dystramckgsers onduitdpdepiustituationf sRoeames sudinés t hat

support multinle r e r i ncl nory
control syst ST Aol nenipP fbeel Ere BRASERSE) oBviihy Nobp RS Rl

ref erences bseressimgnwheiberandhéberabeye refwaredcdstarstxianscted to an even
bank or an odd bank of nenory and a second nenory 25 controller that

optim zes nenory references based upon whether the nenory references are
read refrences @&UMNARYe references. One or nore of the follow ng

advantages may be, . pravided, by, Q8.0f JP'&LPREELSt O nddlt i gventi on.
parallel hardware-based multithreaded processor includes a
genéral 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 based 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.



-2 WD 01/16782 PCTIUSOQ 22322 This parallel nultithreaded architecture.

provides a very general purpose m croprocessor architect processor
can be co%@f‘éﬁ‘gto other devices to process large armd%rzusgémgﬁ a. The

systemis especially useful for 5 tasks that can be broken into parallel
subtasks or functions. The hardware-based nultithreaded processor is
useful for taskBhishagaraldehamdlk telrendesheaghi hesierre muevidasedcy orient ed.

The hardwar e- basﬁg d\tk;,atrggggdﬁgc hQ%cﬁ}’%ééﬁf‘e.m gh@engi nes each

with nulti pFe contro thr eads t can be sinul taneously
active andprndewudmﬂri Pmpnngnt%dtfas l@th@rredexam ecofPrasegspl i cati on for

t he har dwar e- based It| de t ROoggssor. As a
net wor k pr Eﬁggo?mo‘frfr?eg h£ gg%rge gggée t | t reggetgﬂi]@%\?%%efgéoggcan
i nt er f ages thekaethmt kca)‘e\hecbsosenhllatso @amdllal askeasksomrollers. As a

net wor k p“l%cesﬁor?% %%‘Q@&Sreb&i? ’@1&1&%&85‘9@8‘ BEQESIRe 1640

interface conmunr ca evice or Interface that
recei ves/ seesdgul atge tamlmhato&relabmdﬁlihtthpmaee‘sed watthdye theed a print

engi ne 20 for a postocti bl PLRCeRsl, Ol AR APKATERSRILIRly @ SLorage

subsyst em 1RTENC rage use 1s as a matching engine.
In the secyrbtkssot Mtrﬁq&tf:.pﬂaemﬁupémgmehe eadhemtlmfmte]lter;theonl c trading

buyer 185 ZAARRFPereRtadSE SRECBLRCr Farct] 86 PYRRLCOI TR can” be.
acconpl i shedtaret aﬁdpiwmrenusgdwonk aorsyasttemk BRI EF DESCRI PTI ON OF THE
DRAWNGS FIG 1 .1s 2 black dagrampfoa COMBa ¢aLi R0 &¥Sl S Baseq
multithreaded processor is as a network processor. BAs a
network processor, the hardware-based multithreaded
15 processor can interfaces to network devices such as a media
access controllers. As a network processor, the hardware-
based multithreaded processor can interface to any type of
communication device or interface that receives/sends large .
amounts of data. The processor can be used a print engine
20 for a postscript processor or as a processor for a storage
subsystem, i.e., RAID disk storage. 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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30 enpl oyi ng a hardware-based nultithreaded processor. -3 WD 01/16782
PCT/USOQ/ 22322 FIG 2 is a detailed block diagram of the hardware based
mul tithreadedgnesressor of FIG 1. FIG 3 is a bl ock di agramsoéraz

m croengi ne functional wunit enployed in the hardware-based nultithreaded
processor 5 of FIGS. 1 and 2. FIG 3Ais a block diagramof a pipeline in

the nicroengine pfe FhGio3s G biSofl AUAIN BR! ROGS- Qharmat for a

context switch instruction. 10 FIG 3Cis a k diagram ShOWI ng gener al
purpose regbssed mddrisbseadedmpanessorFPGFR.i §.a bl ock diagram of a

menory controll ergpfor h eratl,.

har dwar e- based ]{ |t3hr§(gaa %%?%gg%g& @pﬁ:"@c §% yg&% #‘{}‘o rl%ﬁart t hat
represents annzmtnmpkﬂyedninpbhe(haﬁdwaaa SoRAMmedttitbréadedpdelc@ssdr FI G 4B
is atimpg dfl_:a%< tha s?ows advant ages of optim zing SDRAM control |l er.
FIG 5is’a B d‘ag amof a nmenory controller for 20 latency |Iimted
operatl ons used irrg hesAhasdavamlaaddasiadgramldnf tehpdpdddnerixcaedsor. FIG 5A s
a timng diagramthat sh ntages of optimzing SRAM controller. FIG
6 is a bl ockgifﬁ:’é TRt © gv\%%ﬁﬁu‘ﬁl cation bus 25 interface in the processor
of FIG 1. -4 V\D}ﬁﬂd J16B32iPCGHId40M 2R3P 2shows a format for a context

switch instruction.
10 FIG. 3C is a block diagram showing general purpose
register address arrangement.

FIG. 4 is a block diagram of a memory controller for
enhanced bandwidth operation used in the hardware-based
multithreaded processor.

15 FIG. 4A is a flow chart that represents an arbitration
policy in an SDRAM controller of FIG. 4.

FIG. 4B is a timing diagram that shows advantages of
optimizing SDRAM controller.

FIG. 5 is a block diagram of a memory controller for

20 latency limited operations used in the hardware-based
multithreaded processor.

FIG. 5A is a timing diagram that shows advantages of
optimizing SRAM controller.

FIG. 6 is a block diagram of a communication bus

25 interface in the processor of FIG. 1.



DESCRI PTI ON Architecture: Referring to FIG 1, a comuni cation system 10
I ncludes a parallel, hardware-based nultithreaded processor 5 12. The

har dwar e- J¥@0MI6783| t i t hr eaded processor 12 is coupl ed t oPEI/BY8223Zh as a
PCl bus 14, a nenory system 16 and a second bus 18. The system 10 is
especially useful for tasks that can be broken into parallel subtasks or
functions. SpecbEscribyitear dwar e- based nmultithreaded 10 processor 12 is

useful for tasks that are bandwidth oriented rather than | atency oriented.
The hardwaF-Aeti°§é§88——ﬁﬁﬁ-f-u tithreaded processor 12 has nultiple mcroengines 22
each with nulti pegcbaifdyate Fxmt 1l hedohhirehets: idnatsysasmbe0 si nul t aneously

active and | ndependent| r n task, 15 The hatdwar.e-based

nul tithr eadéﬂ’lblpﬁéeésB?‘¥i¥)%f'sg‘ar?ih’é‘rrﬁaggs%d c’@'ﬁt 5‘1889??0?1:%?335(?3 hat

assi stssin iadithg Rhearseslb L mall tiehrodded presedseesi2fishe

har dwar e- based _ nul tit hreaded processar :ﬁéﬁgﬂj perforns other gﬁneral
m

pur pose corfRReS FRedf BRELT a8y éh P&< § PEBCE¥oP¥StY® Hcepti ons,

extra suppoiid f0eRdekebur DELSS N sHBeeR 1heis ispeeendiipeas@nss the
packets off for nore detailed processing such as .in boundarg]écondltlons.

In one entkRE fasks thatpFer & firoXsn 4nho PRy edr FUPARHFsCR tradenmark of

ARM Li mi t edgy,ddiiled . Ki Bgdenti hasied ndSqahebibesddinltiRargganeaal purpose
m croprocessor 20 has an operating system_ Through the operating system

the pridcesgrpceaporan2cap| usekiet ifoHs tRekepEhat &6h HANErdEnti nes  22a- 22f .
The process@f; aft kPR a¥He rafiars URRUHSD 02BeR8EA NY TheY hheaarefsiaddy a real

time operating system For the 30 core processor inplenented as a Strong
Arm ar chi t @edkfrig¢hreaded processor 12 has multiple microengines 22
each with multiple hardware controlled.threads that can be
simultaneously active and independently work on a task.
15 The hardware-based multithreaded processor 12 also
includes a central controller 20 that assists in loading
microcode control for other resources of the hardware-based
multithreaded processor 12 and performs other general :
purpose computer type functions such as handling protocols,
20 exceptions, extra support for packet processing where the
microengines pass the packets off for more detailed
processing such as in boundary conditions. In one
embodiment, the processor 20 is a Strqng Arm’ (Arm is a
trademark of ARM Limited, United Kingdom) based
25 architecture. The general purpose microprocessor 20 has an
operating system. Through the operating system the
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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-5 1i. WD 01/16782 PCTf USOO 22322 operating systens such as, M crosoftNT
real -time, VXWrks and pCUS, a freeware operating system avail abl e over

the Internatnonaes be used. -The hardwar e-based nul tit hr eaaadsoemmsessor 12
also 5 includes a plurality of function mcroengi nes 22a-22f. Functi onal
m croengi nes (m croengi nes) 22a-22f each maintain a plurality of program

counters in pardwarne andt gagaé@c% %%8010;&@£§90w1$zh rteaﬁz emgramm%@t %S

Effectively, ~a corresponding plurality of sets of hreads can
si mul t aneoushpd aeliSse aorfreavhr@foaerx@tmr@m@nn@srazéab}z@fovwmmh@ only one

is actually g y time. In one enbodi nent, there are six
LAY B BRYuREE,

m cr oengi nes omn ‘Each mi croengi nes 22a- 22f has capabilities
for processing fthe Hendwaaeebasndadd titheeadsd mrmeengrnb% also22a- 22f

operate th, re I bus
I nt erfac& Ziﬁgﬁﬁdgg%.a %ﬁgrﬁgi@*n& L’L'g%lgrghlgﬁg?{ %%nc Fonous Dynami c
Random Accesgulkinirnal @Sm&@gm r(cmlllce‘peﬂﬁﬁn@md ZQaSEafl eadandom Access

Menory (SRA%lge%Ld al lp‘i r%§9t¥ % g; &nacae g n3p 2 2r latrol | er 26a

are typical ly us process ng IFar TUhES o €. g , processing
of network payhb@ﬂsaésrownataétm}k mcpebgralﬂ' I“cmxiﬂ%/éwlscom:ffédmez@b and SRAM

menory 16b are used in.a networki n men n.for Iatency f ast
access tasks? 5]:83130&%‘&& uzf?)](ﬂ?' f[rgﬁﬁés ga‘%%eﬁéﬁoﬁ‘/“ 5t the core
pr ocessorp Zosmﬂﬂtaﬂadmtyhaci'hee X em:hr oeng‘mmeﬁczzana?ﬁeaczzas-szzeu t her the

SDRAM 162 Ogvbl ]16yb ollj'xaes g gtr:]thaiya%tpgg:g irlzé: Satmcangrhgng atf‘xﬁe‘

In one embodiment, there are six microengines 22a-22f
as shown. Bach microengines 22a-22f has capabilities for
processing four hardware threads. The six microengines

15 22a-22f operate with shared resources including memory
system 16 and bus interfaces 24 and 28. The memory system
16 includes a Synchronous Dynamic Random Access Memory
{SDRAM) controller 26a and a Static Random Access Memory
{SRAM)} controller 26b. SDRAM memory l6a and SDRAM

20 controller 26a are typically used for processing large
volumes of data, e.g., processing of network payloads from
network packets. The SRAM controller 26b and SRAM memory
16b are used in a networking implementation for low
latency, fast access tasks, e.g., accessing look-up tables,

25 memory for the core processor 20, and so forth.

The six microengines 22a-22f access either the SDRAM
l16a or SRAM 16b 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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Thus, low | atency, |ow bandwi dth data is stored in and fetched from SRAM
wher eas hi gher bandwi dth data for which 30 l.atency is not as inportant, is
stored i nWhVIB®ched from -6 WO 01/16782 PCTNS00/ 2232 XCT4I503#322rhe .
m croengi nes 22a-22f can execute nenory reference instructions to either
the SDRAM controller 26a or SRAM controller 16b. Advantages of hardware
mul tit hr eagdbREMCaMTe nexploengddes 52 Dy~ 2SHAManr eSERANE Mesmny accesses. As an

exanpl e, an SRAM access requested by..a Threa froma . mcraengine wll
cause the SRARFEBAT rlcfﬁsceﬁ”‘:%gﬁn?og?nﬁ/?é?rquﬁ ggg%%sc?%tf%leq ISRAM nenory
16b. The SBAMsrEMtcetmslleantiébl.s arbitration for the SRAM bus, accesses
the SRAM 16b, fetches the a_10_fromihe SRAM.16b, and returns data to a
requesting mi c@ﬁ‘éﬂ@??%eiff%‘?ﬁ.glwﬁﬁ?i%’bf%ﬁz%ﬁﬂyﬁggcgi 0% 1€ pﬁ. 5 cr oengi ne
e.g., 2Ba hydsaaMyoR SDRIG eeimbrgadctéssesoulnd ampexamglef hai SKASr oengi ne

woul d be dormant until da was . retyrpned._ fromthe SRAM By . | oyi n
hardvar o COREERE TSTLRRLR g o FRFRetein SO ReMALEPOORHIHAY oo 921 t he

har dwar e c@RL8%t tEYAPRAN GRablieerop BB t& afidXtbhseVah hactdd i Rhegr am
counters to execute in that same__mcroengine. Thus,_ another thread e.g.,
Thread -1 SRAM PEHETY olPRuni TSy RBAM; Fepty dcoBLEOLs BrREFASIoPs 20

awai ting t ey ead RN B,  elddelse PUth&OSINeQ6hi, OfietcHES egrk Hakay access

t he SDRAM mam)r}/_ 16a. While Thread-1 operates on the SDRAM unit, and

Thr ead18 | repethei AV ORHENSRARTBATE  dafa &R BhFETRSSEIRE . Thread -2 can

now oper at & drdehfendl £2010 .Ne DdZang Tan esitht AceeBspper atige fOr a certain 25

anmount of tinme until it needs to access nenpry or_ perform
microengine e.g., 22a had only a single thread that could

operate, that microengine would be dormant until data was
returned from the SRAM. By employing hardware context

15 swapping within each of the microengines 22a-22f, the
hardware context swapping enables other contexts with
unique program counters to execute in that same
microengine. Thus, another thread e.g., Thread_ 1 can
function while the first thread, e.g., Thread 0, is

20 awaiting the read data to return. During execution,
Thread_1l may access the SDRAM memory 16a. While Thread_1
operates on the SDRAM unit, and Thread 0 is operating on
the SRAM unit, a new thread, e.g., Thread 2 can now operate
in the microengine 22a. Thread 2 can operate for a certain

25 amount of time until it needs to access memory or perform
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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sone other long | atency operation, such as maki ng an access to a bus

I nterface. Therefore, sinultaneously, the processor 12 can have a bus
operation, 3RMNWwemeration and SDRAM operation all being Bonpsmtesizor
oper at ed upon by one 30 m croengi ne 22a and have one nore thread avail abl e
to -7 WO 01/16782 PCT/ US00/ 22322 process nore work in the data path. The

har dwar e CO”E?EE&W@Q@%@%WMWM #8gn.conpl etion of tasks. For

exanple, two'threads could.-hit the same shared.resource e.g., SRAM Each
one of these 5 sePaedtardvimret conbéxurivappiaggalsq myncBusnineerface 28, the

SRAM cont 1ol 82884 o RN 18 SDRAN.CURLRNE S ridlhn 100 bBEY Pl el e a
F tﬁe m croengl ne t% Cil

requested task from one of read contexts reports back a
flag signal i yecoaps ethicored oksanrepet-at-i.0ARAMherEadie ohkagfi thesgei ved by

the 10 m groengin t ) s ng| can .det ' i t turn on.
One exanple %fa %aﬁggﬁpﬁﬁ%l%é%?f %!rlﬂt'esffeaeﬁa?? dmgﬁglﬁé%gn%%ﬁkg{:%ﬁ%e’a él
processor 12 SRaMasomtrEtleor R6pr ozt ddre SARAY comtmworlerp2ébeseen t he

har dwar e- bas mul tithreade o) i nt erf n rk devices
such as a rre%?‘gy Sé@s%tec%ngféﬁiagre%&s/alssggefé.glé‘.{%% Oﬁ%%%éggﬁ%%tna MAC 13a
or a G gabit thtrbednednicestisce réBbrtd rbagdner fllagasignaldhworkmpleticessor, the
har dwar e- base nultithrgﬁded ﬁéoceﬁgor 12 .can inlegfﬁpet&o any type of
conmuni cat i oR*d88i RBSTITSE i nl'BFF o HEP FRcEPUR/SeRds tP8r ge” anount s of
data. Capmumicabeoginy,stihe hlctomedirenicag Hatearmieterohkichgthegepd iteat i on
could receive a plurality of network packets fromthe devices 13a, 13b and
process thoseP8cRBts in a

One example of an application for the hardware-based
multithreaded processor 12 is as a network processor. As a
network processor, the hardware-based multithreaded

15 processor 12 interfaces to network devices such as a media
access controller device e.g., a 10/100BaseT Octal MAC 13a
or a Gigabit Ethernet device 13b. 1In general, as a network
processor, the hardware-based multithreaded processor 12
can interface to any type of communication device or

20 interface that receives/sends large amounts of data.
Communication system 10 functioning in a networking
application could receive a plurality of network packets
from the devices 13a, 13b and process those packets in a
parallel manner. With the hardware-based multithreaded

25 processor 12, each network 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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paral |l el manner. Wth the hardware-based nmultithreaded 25 processor 12,

each net V\QQQQ %iet can be independently processed. Angiletcesxasp! e for
use of pro 2§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 j.ndustry,for . -8 WD 01/16782
PCT/ US00/ 2 BR0 e alBP TR e SIE ORI BT SHRE EPANLFG® eI Es the use

of electrone JTiERoAdcengtditing @ngahes o6 dertchbetrdees beywesen and sel l ers.
These and ot her parall el txges f tasés can belgéﬁgﬁplished n the system
10. 5 The prexesss@nrdiseihefided RessuePinPEIsRdR? aFYPE%LRers t he
processor tg ihe SRC8BJaE8EmIB:sHRS onntREf Sgerer?@0i.n one enbodi nent coupl es

the processor 12 to the so- called FBUS 18 ‘$FI FO bus). The FBUS interface
28'is rfesponsi Fihe PEPCERRPT o}4 iIMGLNAES AtRYT AALUFFLARE pPotR¥s0r 10 12 to

the FBUS 18, Jhe FBHS 38otsssobdditheWsdeod BAHUS,. Bagdiheeifi®s face to
Medi a Access ntroller éMAC) devi ces. _The processor. 12 includes a second

i nterface e2%.in precembgdineRtergordes, thRaPreRAWs 16t ker tRGs¥¥m conponent s

that reside.om dhepdel 184 (Bt tiudyhe RHECESSOrinkZrfEee BB is15 bus
I nterface 24, provides a high speed data path 24a to nenory 16 e.g., the

SDRAM menor yes@nsitieofigh corErgleking dafaleber Reing &8eqBFERPSSI% om t he

SDRAM t BCh g busrrld pRts2 161 18Ch SR vaaeessré M,
transféﬁg %g&@hmgré;\%gpe ased nul tithreaded processor 12 supports inmage 20

transfers. Thed Har dwiesipasecto Mrdia hreagedCpriorddssr (YAC) caavisfitoy a
plurality of DMAnchapnekssse 13 008 Jdds08t s8fond interface e.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 l6a. Through that path
data can be moved quickly from the SDRAM 16a through the
PCI bus 14, via direct memofy access (DMA) transfers. The
hardware based multithreaded processor 12 supports image

20 transfers. The hérdware 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 informatiqn to another
target to maintain high processor 12 efficiency.

25 Additionally, the PCI bus interfacé 24 supports target
and master operations. Target operations are operations
where slave devices on bus 14 access SDRAMs through reads
and writes thatlare 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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a DVA transfer is busy, another one of the DVA channels can take over the
PCl bus to deliver information fo another target to maintain high
processor 1WOMMAG8 ency. 25 Additionally, the PCl bus i nt"é?"f‘@&%’zg% supports
target and nmaster operations. Target operations are operations where

sl ave devices on bus 14 access SDRAMs through reads and wites that are
servi ced as BCHlauwssrfackagget operation. In nmaster operations, the

processor core 2 0 se atag .directly, to or ,,eceives data directly from
the -9 WD 01/ 16%;;’!36%/ ;f]g%og‘i“z%f?a‘ipﬁi‘xﬁ'—%taeﬁ"f 5’?81’235 ?S:%c‘?PeoPrt Ka
functional upbts BltRrHAEILl phess! 0 andestribdd ©dldwer BhE Dats@salAs descri bed
below, the internal buses dual, 32 bit buses (i.e., one bus for read
and 5 one f oPUHFS 13 d?ﬁi'hgééaﬂatrg’-uﬁg%(ﬁlnﬁﬂ% Qﬁaegof)r‘fﬁ?&%‘ﬁ 12 al so

i s constryict ge Steih wiriale) t heTiseMadwhhe-baseinindilks thobadde dridicesBal buses
in the processor_ 12 exceed the bandw dith of external buses cqupled to the

processor 1212 Fh¥ pgroce8sbFuateq fuchdERabintha s el Ebe PHPYEEsssr bus 10

32, e.g., ancASEhdus HeAdUanseseSYist emeBYsd 4y QQURLESed N@e ProOCessOr core
20 to the nmenory controller 26a, 26¢c and to an ASB transl ator 30 descri bed

bel ow. The ABER@Widths of extptral Juserecevried |t tARBRr8ERSIHatt2-s used with

the Strong AR PEQLRII 180{fc1ddt® BHOSRESAall 208bSPrbbedsldesydS> a private
bus 34 that couples the mcroengine units to SRAM controller 26b, ASB

transl at®® 382an® FBUST ABBr Put elPEyangedniyigian Bus) sBhebuipurd eehhfenor y
cont ol | e 2830280l & dkbea0bis i GekiBegSedh ANd 023288 FEMEY Bystem 16

I ncl udi ng flashrom 16¢c used for boot operations and so for
an ASB translator 30 described below. The ASB bus is a
subset of the so called AMBA bus that is used with the
Strong Arm processor core. The processor 12 also includes

15 a private bus 34 that couples the microengine units to SRAM
controller 26b, ASB translator 30 and FBUS interface 28. A
memory bus 38 couples the memory controllexr 26a, 26b to the
bus interfaces 24 and 28 and memory system 16 including
flashrom 16c¢ used for boot operations and so forth.

20 Referring to FIG. 2, each of the microengines 22a-22f
includes an arbiter that examines flags to determine the
available threads to be operated upon. 2Any thread from any
of the microengines 22a-22f can access the SDRAM controller
26a, SDRAM controller 26b or FBUS interface 28. The memory

25 controllers 26a and 26b each include a plurality of gueues
to store outstanding memory reference requests. The queues
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 1, there is no reason that thread 1 and 0
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20 Referring to FIG 2, each of the m croengines 22a-22f includes an
arbiter that examnes flags to determ ne the avail able %&g@g&%o be
oper at ed WMy thread fromany of the microengi nes o>%: an access
the SDRAM controller 26a, SDRAM controller 26b or FBUS interface 28. The
menory 25 controllers 26a and 26b each include a plurality of queues to
store out stoanfibngcompbete ridfedremenor e qrriarenceietquthe SRAM tBAE mai nt ai n

order of menopry _referenc or_.arr refk CfRSed R optim ze nenory
bandw dt h. %\éfe?ﬁ Fe, T 8 t%%?%lggfqg has Jr%fg?ég%ﬁ%enm es or relationship
30 to a t hneFérénctheeguéstandor ¢hsomendigy ddmtaadléranted andl@6WO 01/ 16782

PCTI US00/ 22322 ,cannot. co t heir memory refer SRAM uni t
out of ordéert® PHETAFRILRTYI eas-%f%a%(i?di%gs)eu)eﬁer?%ﬁgrg'{hg%i?%e?“e%%gar equests to
the menmery finbesl kets atsugcheRblty rdferency opeghhésn® 2su@pfthialtood t he

menory subsystens 26a 5 and 26b with en nenory. refer e rations
such t hat ttxﬁe“ﬁé‘ﬁﬁ?/ys‘é %@§6an§n§é&g&eﬁ9g&ﬁlet %ttg%%ﬁﬁcggggfg for
processor IApesalki 0p. opérddieonrenory subsystem 16 is flooded with nenory

requests that are independent in_ natur t he_processor, 12 10 can perform
menory ref er encéfs&PE] Ef.“mf\?érﬁiWngF@r gﬁcJes s%lrotc’ldr?é ?"ﬁ%}? WVE

oves Hchi evabl e
menory bandwdgiedst sMeRRE Yars efRiepndentr Lh ngatae, deher phecedein w2 reduces
dead tinme or ~a bubble that occurs with accessesa%% SRAMthhcenem)ry
ref er eddes Gan SRAVOTBWPERAT hof CHPEAE BPFEtAFon S SFgnAT 95 19%es bet ween
reads and Wdi8hgia@dreess dadhitvapier mamdepdoardwirithai t Magofyr current to
settle on conductors coupling tcpe SRAM.16b. t 0 t he, SRAM Cé)né.rol | er 26b.
reference sorting, as described below, reducCes dea ime ox
a bubble that occurs with accesses to SRAM. With memory
references to SRAM, switching current direction on signal
15 lines between reads and writes produces a bubble or a dead
time waiting for current to settle on conductors coupling
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 maximum 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 is operating
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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 foll owed by
a wite canVieYf1g¥2 peak bandwi dth. Menory reference sorRGTFIREB s t he
processor 12 to organize references to nenory such that 1|ong strings of
reads can be followed by long strings of wites. This can be used to

m ni m ze deadnt tAB odd 1Kk 5the pedndrsy tconetbEDdr \walny saght eve cl oser to

maxi nrum avai |l abl e bandwi dt h. Reference sorting hel ps majintain parall el
har dvar e conBagEhEHI LIS heoVER P RBRAVE - FEFBF S JS0PPPRLP LG s hi di ng of

pre-charges faBroneefmindeg anetheitdarkveeSpatd fangabbyn Bnkshe mynory
system 16b is organi zed into an 30 odd bank and an even bank, while the

processor i s SSFEFARY MREmOry1 IRECHINARTdP PEFPIRYY 28§895€8nte he odd bank,

the nenory cepbbohlernAa,Stakt prétb Al ARN Gt ey SDRAAMKandYiR&RAr gi ng i s
possible if renory references alternate between odd and even banks. By
orderi ng memddflitéeerkhite SthEraPPimAE 1988 cSAR PG 35590ppBRY t e banks, the

Pr OCESSOr 12 iy HRE QU E S SIRAM BRREM St onsAdHbEé O a1 oAb ekatORLIHTHZAL | ONS

can be used. For~ exanpl'e, 'nerging optim zations where operations that can
be nerged, MeEIAdr QAP MATgEdt Briedidy TREEEESACHENn FRER PR i ni zat i ons
where by M Mr?é%%ranbgp@;mn&ﬂgea&@rgsé@%r ¥pbded YagetOPENEd,
chai ni ng, as Ee descri bed el ow, an 'refreshyng mechani sns, can be
enpl oyed10ThefFBES rNitis wde regrergrbortiTingis e vidd Recéeseribfedags for

each port thaf18, MG deMGe BYRPML SharlsRRY Mht e ARphBLEL! UPt flag

a
i ndi cati ng when service Is warranted. 15 The FBUS interface 28 al so
i ncl udes a controTherFBEy ingrface 28 supports Transmit and Receive

flags for each port that a MAC device supports, along with
an Interrupt flag indicating when service is warranted.

15 The FBUS interface 28 also includes a controller 28a that
performs header processing of incoming packets from the
FBUS 18. The controller 28a extracts the packet headers
and performs a microprogrammable
source/destinatiqn/protocol hashed lookup (used for address

20 smoothing) in SRAM. If the hash does not successfully
resolve, the packet header is sent to the processor core 20
for additional processing. The FBUS interface 28 supports

the following internal data transactions:
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perforns header processing of incom ng packets fromthe FBUS 18. The
controller 28a extracts the packet headers and perfor

m cropr ogWMA#BL sour ce/ desti nati on/ protocol hashed |g§E@B“PE§§% for
address 20 snoothing) in SRAM If the hash does not successfully resolve,
the packet header is sent to the processor core 20 for additional

processi ng. TheFHBUSHiint efhared A1 §RAMt s te hErgwmisxcsgIineer nal dat a
transactions: - /16782 POHYHSOR123322, 3 FRUS i lspRRar 6ibus SRAM
to/frommcr oenggllgunée/\.‘Bn Bugzgnig%l a pri {;/at erllous) wites from lSDF?AM Unit.
FBUS unit (via MMI&)urRéad<via MORIM The FBRERAS & SPRMMandard industry bus
and includes a .5 S <€4 Ostarfift !%1 S.ankaey anek sirdelard,gentgol for
address and reatlwite g%n%?o?.sﬁ%e gﬁinter ace 28 prov?des the ability
to inpus | aage Ludurd.sy.of 6dabatsiswide arckesidebandegniiradndosut put FIFO s
29a- 29b. Fr the FI FGs 9a- 29b m c NGLAES: =228 tch data from
or 10 comrﬁag]r?sh% agéﬁ'trﬁ"(zj I%?ﬁ%é't o&?ﬁgvgbgﬁt% rof%q%g Ergecei ve FIFO in
whi ch dat aphasieeseca amididgvieeimputhusnrgedampunis tale deBaSusAngréace 28.
The data can be sepnt, through MOL Ve RPL T ] € 26a ORANRJory 164,
via a di réEFlﬁ%n‘bEy“}PéJcefg.% g}qﬁ??%ﬁy, %h%ém?{:grbdeng%%gs canl\g‘ hove 15 data
fromthe SDRAM @62 tie inmiicxokagénes, 22at22 fEBCE d8ta fram tdye FBUS interface

28. -13 W O 116182 P 0012232 f i . b q
e o I chgrbeet B ARRESRSEEGE A L g oty by ot o aronos

receive FIFO in which data has come from a device on bus

18, into the FBUS interface 28. The data can be sent
through memory controller 26a to SDRAM memory 1l6a, via a
direct memory access. Similarly, the microengines can move

15 data from the SDRAM 26a to interface 28, out to FBUS 18,
via the FBUS interface 28.
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FBUS 28 is via command requests. A conmmand request can be a nenory request
or a FBUS request. For exanple, a 5 command request can nove data from a
regi ster | owstoels78n a nicroengi ne 22a to a shared resourrcefuserzz3zz an SDRAM
| ocation, SRAM | ocation, flash nenory or sonme MAC address. The conmands
are sent out to each of the functional units and the shared resources.
However, the shar 3 : | e kptai n | ocal buffering of
the data. Rat her,&%ig%glﬁggg S%&%ﬁggglaccesgaﬁgf{g%?i u%led data | ocat ed
inside of thecreenyiaeg.neSonmttsividabtestit ARAMNGPASSIRAM 2%b, and have

| ocal access :he I ing f e swand ri sk
contention fgée?%gé%&%ﬂ&ﬂye%g%ggi urg%,cgmgir;g ?%q‘%kd“‘afggl géstal | for
wai ting for danemoryntrequebttor tthdB¥iScrognesines FRa- eR4mplkhe adat a buses,

e g., ASH bugoégands%%%% 2o Afhe FREGMEDUS S8..G0URLL Db ddtase s5har ed
resources, e.g., menor controllers a and b~are of sufficien

bandw dt h sumbcPferndiate RBar €0 aa shaxedntresmatcehotet. beneak SSDRAMUS, in order to
avoi d bottl enecks th%lﬁhogess&ronmeaS an bandwidth r ird%nent wher e
each of the tORRtIBHal NiHi TS Prodraed " &F PERE (™ witSEFRE " maxi mum

bandw dt h of Théecomigidsakrebsises .ouvAs taneaxtamt ehet fenSPDRAMIcamiten a 64 bit

wi de bus 25 at .8 . The SRAM dat a hus coul have separate read, and
write buses, a%qga?e%rggbge%ox}%c§§ budBFVE> %lhtes 3&?5%8 TG at® 166 Mz
and a wite hos mdedBZdmhintatie Jadcal6bufbbkinglhdt the, data esRanber, 64 bits

ing at 166 whjch is effectively twce the i dth of the SDRAM
12 W0 01 16900 PR 00P29595° e Fo o DaeoRas0 et TadnatdBss 1 he

shared of the microengines. This enables microengines 22a-22f, to

have local access to data rather than arbitrating for
access on a bus and risk contention for the bus. With this

15 feature, there is a 0 cycle stall for waiting for data
internal to the microengines 22a-~22f.

The data buses, e.g., ASB bus 30, SRAM bus 34 and

SDRAM bus 38 coupling these shared resources, e.g., memory
controllers 26a and 26b are of sufficient bandwidth such

20 that there are no internal bottlenecks. Thus, in order to
avoid bottlenecks, the processor 12 has an bandwidth
regquirement where each of the functional units is provided
with at least twice the maximum bandwidth of the internal
buses. BAs 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.

-14~



resources. The core processor 20 has a direct conmunication to the SDRAM
controller 26a to the bus interface 24 and to SRAM cont ng(%s?@%ﬁgb vi a_ bus
32. 5 HoweVRPV16¢/8 sccess the. m croengi nes 22a-22f and t registers
| ocat ed at any of the mcroengines 22a-22f, the core processor 20 access
the m croengi nes 22a-22f via the ASB Tr ansl ator 30 over bus 34. The ASB

transl ator 30 c&he pbysirxAdessossgleal $P 130 RBOSSEntR? fHALSEB, but

| ogi cal ly Jr%go%rgb§t' nﬂ%e He ?§§cgg§g§lﬁ Has3@ BeLEeEns an address

transl ati on between FBUS m croéngine transfer register |ocations and core
processor audmessestitnete TASBSHRAY sentidlden REackPetlpr dssor 20 can

access regigters el 99900 ¢4 QrbeBHEEOEA 4B 323 B2g 345 Although

m croengin DSFIRLS Gde e register set to exchange data as descri bed
bel ow, & smmtwhpadtnemqsﬁ?thesmlalrggn@xmﬂ de@—28Lpandi transfegengi nes to

Sorat chpad “SH S BoNRT AR Y Foiivsdt che WEGEAHOES 28a TR0, e
processor amre PRocnssorez) adieSE cbeem5©r¢mm3@mnf2éd 22f avifd \tdest age
pi peline per (rgmaag%a SI vecry?1 a?!zi'i.ftﬂ?é Acgéetggggggg% wpoperands in

a single dés rrutlp i on support an arrel 5 shift
support. Ttpkg{sl?dc‘adtlgoresﬂﬂblm ahet FBUEr UnSeriang Rﬁmsbuarl;m:t@ﬂtlwre but it

o1 0cobdlr i G185 e so FRR G AP TRk T oby B T REr e S e 52, an 8
Ki | obyt e dagfarmacitéohdbatween p?mrsemhrsemeam hrfanefes56redDstédre core
processor 20 perf OLe 18" LEPIRH GeUi8LhPSsddl (i.e., ASB bus) so

that the core processor 20 can access registers belonging

to the microengines 22a-22c.

15 Although microengines 22 can use the register set to
exchange data as described below, a scratchpad memory 27 is
also provided to permit microengines to write data out to

the memory for other microengines to read. The scratchpad

27 is coupled to bus 34.
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parallel with nenory wites and instruction fetches. The core processor 20
interfaces with other functional units via the ARM defined ASB bus. The
ASB bus is a¥8PMi"2 pi- directional bus 32. 15 M croengi nEETUSKEE®2ri ng t o
FI'G 3, an exenplary one of the microengines 22a-22f, e.g., microengine
22f is shown. The m croengine includes a control store 70 which, in one 20
i npl enent ati on, i FleudescesfRAMcoireh2d eigORswar BESOfcad2 5bit. The RAM
stores a mcr T 1. GLopr is..loadable hy the core processor
20. The microe gl%%‘ree%%? Eglésnoﬁiv%c g%é%%%netlrlgﬁ Bt 1o 3. sﬂ’ﬂ%f%ontrol | er

| ogi ¢ i ncl udes:len shastrof tanen ogpecsnéror Iwandppragiamrceutiaglé PC) 25 units

72a-72d. The r. m.cro.pro m,counters 72a-72d ar i.ntained in
har dwar e. The&%li(?r’o %S?Jﬁ@éig#u SRS T AR U SIPPRE t%l}(cf ?’@\/ngﬁ'tt gﬁf’f ing logic
74. Context esteimfit lsogpor¥4 TreEceRIBS cEssageds( 8. ShandiEQ #tr ENVENIRESPONSE;

FBI - EVENT- RESPONSE: _SRAM - EVENT . RESPONSE; .SDRAM 30 - EVENT- RESPONSE; and ASB
- EVENT- RESPO\?:ﬁ‘—_’)hlEFSPSnUE%C u%)/&éc §f 1. q?%"@%ﬁ%za BCTPUSE8922322 the

shared resourgig®litegfor SRAMc2BANCEDRAMARN, Ohe PFORREY c698€2®@0, control

and status reqisters nd s Qrth. These nessages provide information on
whether a r é’sﬁ&&l’ﬁg‘?\%ﬁ% Bféi%%’h%l%isé?&}‘cﬁé%ocwevﬁ@?hé? ®r not 5 a

function requesiorgtbydatsd hiead Basas@np|igdtandssidnalagres0onpl etion, the
letion signal, and if the thread is

t hr ead nﬁgds o wait for that gﬁng . , ' '
enabl ed opefaf@r et REFCIIET hr Bt 80 XL ERMSL @ PPAFALL AR el hread | st
(not shown). parallel with memory writes and instruction fetches. The
core processor 20 interfaces with other functional units
via the ARM defined ASB bus. The ASB bus is a 32-bit bi-
directional bus 32.
15

Microengines:

Referring to FIG. 3, an exemplary one of the
microengines 22a-22f, e.g., microengine 22f is shown. The
microengine includes a control store 70 which, in one

20 implementation, includes a RBM of here 1,024 words of 32
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 event 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
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The m croengi ne 22f can have a maximumof e.g., 4 threads 10 available. In
addi tion R'g %S%g signals that are local to an executi W%z t he

m croengin 2 npl oy signaling states that are gl obal ?gnal i ng
states, an executing thread can broadcast a signal state to all 15

m croengines 22. Receive Request Avail able signal, )§/ and all threads in
the ni cr oerfdienE8b2ESA FRIVRIFSh €hEse SRAM A3 nGDRANE 860, Rse signal i ng

states can p%ce.s,eerteoréez@r rsdﬁ%rexaahabééaﬁas qfegasee§9ur££d Qo Whether a
resource is due for servicing. he context event logic 74 has

ar bi trati orfofrgh-t h@heﬁs%t}?ef(s@)gqshpéaaédelW@@W@dpﬁeﬁbeth%_aar bitration
s a roun%erq%geeaem@eifan Helsh @omb 26004 AUSRLAILE BRECHRED of Bidiidi ng

prl ori ty queul ng or wel fair queul ng. m croengl ne
i ncl uded arg efm@mmnrw;@q‘@sbhy éathr%d ﬁEﬁSh cmlptlhatedu mcli LﬁiEB'lai-@d

ar!thmi‘t!(a{0 l‘ét&!ght Eﬁ@ Ao geneLal P Poinpase 29k ﬁger érﬁg By, The

arithnetic unit 76a perforns ari netic and [ ogica unctlons as
well as skﬁ!fglnaﬂunétldoh% thehe thaghdt &6 serahletbikohapenate) atharelthe | ar ge

nunber of ggperal ;pu regist e L b I[N FIG 3B, in
this inplenent atal 8% %E%?%d adr%g %4%’-5%%%\%)&“041}11]:1 %8§ngr?ﬁl[§}60 gener al

pur pose redihst adsrpanginé r2AT [sank hapank mazimime4fi B.ga, séconekdsenk, Bank B.
;I'Ee geri%ral ‘gtrggrstg_regi sters are w ndowed as will be described so that
ey afe re 1At ve and absol utely addressable. 5 The mi croengi ne 22f al so

includes a wité@nt add‘st'ecpn regvengr ssgagks thaneare leedlttarmfer stack 80.

These executing thread, the microengines 22 employ signaling
states that are global. With signaling states, an
executing thread can broadcast a signal state to all

15 microengines 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 arbitration for the
four (4) threads. In 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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registers are also wi ndowed so that they are relatively and absolutely
addressable. Wite transfer register stack 78 is where wite data to a
resource is WOOHIBH. Sinmilarly, 10 read register stack 8BCTHSH82322 et urn
ddata froma shared resource! Subsequent to or concurrent with data arrival,
an event signal fromthe respective shared resource e.g., the SRAM

control |l er 26GmncSBRAMicpode atdodist2bb D < diiestpbaties Bank2@ whdl 6beirprovi ded
to context event ar n_alert the .ttr]read t hat t he

econgi Ler 73Ba1§( \g/ni cjﬂhvvi |1 _th

data is avai |RBIEORSr PRRY BRI Sant TPBAN T PANRFEPO Jis9iaF e hAr&e 78 and 80
are connect edvirgiowied exeeill dre bexctBBEK)so/ Ghabr ey saredabaatpeély I n one

I npl ement ation, . the tead. transfer Ister has 64 registers and the wite
t ransf er regiaﬁ%ta%ﬁﬁiu ﬂllé(?#%&%?éigt As shown in FIG 3A the nicroengine
dat apat h 5mai nt ai Mheambcté@@ing eLe- Piselingudds dhinsitdd pekhBger i ncl udes

| ookup of m croinstructiaon ,}ég;rds 82a, formation of the regi ster file

addr esses 82F¢HSLEToFTRPEr Hh@L% Pofrd% YraGSLREr Statk 8%2c, TRESE shift or

conpar e oper atdfiR%e@8dare MboMiihBoed ks OftnaeSvhés 4:2 nRALSLGESy 3Rt BY
providing a wite-back data bypass into the ALU shifter units,” and by
assum ng t he 3EGLIEELY %?@?ﬁ?&%’éﬁent@ﬂl%?s txrapgfestegoistes stpefnd than a

RAM , the m cGremgirBewEare REILORE 8 B0ssinBd taneoss-d L0 sipf144+1e read and
wite, which conpl et ,eI%/' -18 WO 01/16782 PCTNS00122322 hides the wite
oper at i o9 THESDRAM FHRRrTERGE 88alprirs dedvansiykmIfoeacR sharerd

requesting N dseeRgkne OibJRARNL! B3l ol NrAeEn NN daRa RAF{SaL Brror
occurred on the read request. The m croengi ne
an event signal from the respective shared resource e.g.,
the SRAM controller 26a, SDRAM controller 26b or core
processor 20 will be provided to context event arbiter 74
15 which will then alert the thread that the data is available
or has been sent. Both transfer register banks 78 and 80
are connected to the execution box (EBOX) 76 through a data
path. In one implementation, the read transfer register
has 64 registers and the write transfer register has 64
20 registers.

As shown in FIG. 3A, the microengine datapath
maintains a 5-stage micro-pipeline 82. This 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 write-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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5 microcode is responsible for checking the SDRAM read Parity flag when
the mcro i ses any return data. Upon checking the it was
set, the :‘ggugfm%kranchi ng on it clears it. The Parity fTé‘léE%E’zﬁ’my sent
when the SDRAM is enabled for checking, and the SDRAMis parity protected.
10 The microengines and the PCI Unit are the only requestors notified of
parity erroptdesTHdretgise pPe¥elqiy-ocessor core 20 or FIFO requires parity
protection, a mﬁf@@mem@éﬁééé 263 PRevigasestsighag Bhek LR 22a- 22f

support condl tional branches. The worst case conditiona ranch 15 | at ency
(not i ncl udreqPesinng) méczaraIiprIon readsahbat thdiicsites whetheesult of

atency | s Bhon Balaecrs yabt o R soR B19i80e0 dae BB 11T »

131 4.&_5mgpmpqup }sgrespon51ble for checking the SDRAM read Parity

-------------------- crostore
| ookup | nlf{a%bw {hlt chfo%rfgll#lebf%s gny r%tuxingta. agarﬁngen I nl |
ch I XX | XhédkindZhe f3ay, ifdltf ivas Isetkuphe dct ofi btraobhinmn xx | bl |
b2IALU/sf I bi .| t I 1 Rl |
nl cb | %f%é'%g l\%hergh%\xﬁ%rslﬁp lééar%gﬁé‘}%rgoev\%r (‘fy)%hlgrslg?g CC's) cbis
condi ti onal ipremmiildik floxr pbetkin@nandritbeo@bRAM DX pagidljoptretemiad.oword As
shown i T t t CE;(.E[I t 5 conditjon codes of
al arefgétaned%%?#°ﬁ§§iH§§ ECIé#%N1 %nit Q@é éﬁ% oﬁiy reques£ Ors

notified of parity errors. Therefore, if the processor

core 20 or FIFO requires parity protection, a microengine
assists in the request. The microengines 22a-22f support
conditional branches. The worst case conditional branch

15 latency (not including jumps) occurs when the branch
decision is a result of condition codes being set by the
previous microcontrol instruction. The latency is shown
below in Table 1:
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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 penalty because
it nmust aborWOSHE8 i ons n2 and n3 (the 2 microwords di r 86TU§0RIAr t he
branch) in the 20" pipe, before the branch path begins to fill the pipe
with operation bl. If the.branch is not taken, no mcrowrds are aborted
and execution continues normally. Thel m érbehgi néd have sever al smechani sns
to reduce or elimnate--the effective branch.lafency. 20 MO 01/.16782

PCT/ US00122322 The m ¢rqoengines support_deferre r.anches. ferring
branches are when a m %chog?ltgllrﬁgoa Fows ‘1n10ﬁ: ‘%’ !‘n’ngr E\?\(/gr'dgf 'af’?grb% He branch
to occur before the brghdh takes effect (i.e. the effect of the branch is
"deferredSin tinme). 5Srdhuesdr gén usefiul worlki can e If eeindbt 9 $4 I 1p3 he wast ed

cycles after the brangh, migr oyRid, thep the hrangh ;Q@t,e#gf %@rp e, hidden.
[ |l owed to exe

A 1-cycle deferred bra i S..shown bel ow where n2_ is a cute
after cb, but before b T%J?T”%CZ ? 3 Y/4 ﬁ 5 hoE 1oy 110G XX 1 bl |
---------------------- yeite back o 4o _ 4o+ o 4l-m2lp--l-nk|-cb ] ¥ ¢rXxstore

lookup I nl 1 cb I n21 XX1 bl I b2 1 b3 1 b4 1 15 reg addr gen | | nl

cb 1 n2 | I bi 1 b2 1 |1 € up.lL_1 I _nl cb | n2 I XX 1 bl
o2 10 A% shi frer oo |""F)"3T‘J |n’{1ﬁg|£%:%et#a%% Rasegwend'|nL, $8e8 G50 11 1
Il nl I cb Il n21 XX 1 20 A 2-cycbeidetardigd obransianch shown bel ow, where n2

and n3 are both allowed to conplete Eggéyg%a%gg ggéggagr%o b

XX is aborted 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. If 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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occurs. Note that a 2-cycle branch defernent is only allowed when the

condi tion

1314 1%

| ookup I n
| cb | n2
n3 | bl |
wite back
PCT/ USQQO 2
the condit
nore mcro
el i m natsed
12131
| ookup | n
n2 I cb

| b2 1 AL
| n1 | n2
does nqgtg s
made at cy
In the exa
condi tion

15

20

25

30

codes are set on the mcrowrd preceding the 51112

e R R R Fo-momeao- +----+----+ mcrostore
1 cbl n21 n3 1 bl I b2 1 b3 1 b4 1 b51 reg addr gen | | nl
| n3 [Thel michoengimgs sappo3d detfprygde brepghes} 1Deflenrigy | n2 |

I I f : 11 b 2 | b2 |
eanpts! pré vhal 4 ikGoengihe | gflqls 3ok Dopdcdupdt!
2822r The brancenye messcugl befeupphe uemeht kakes oelefemtal uation. |f
= ; . t . e (o
oS SR EERel b it MEARER ORI AEIET S POy can be
Thibgcdfsesefiel bwariclcage bes fonnd dre e Lindbelwayteéd @arlleser: 1 1

“afte} the brénén Syforowprd, then the branch Jatengy can. be o
|hidd&h .| Ach-tyede |ddferdred? birabéh | idhsHowhDbedgwaslderegger?2 | 1 nl |

XX 1 .l 1 b2 1 b3 1 r file ook I nl 1 n21 cb |l XX 1 bi
ds1 °§’FFc§°|eI‘e?“‘Ie er, 5B REY Iboﬁé?rle %Il‘l wite back | | | |
Il cb 1 XX 15 in this exanple, ni sets the condition codes and n2
et the conditions codes. Therefore, the branch decision can be

cle 4 (rather than 5), to limnate 1 clg of, branch Jatency.
npl e below, the 1l-cycle brgdcplgefgﬂnégﬁ éﬁd é%?lylgeﬁyﬁng of

R +

microstore lookup Il nl | cb | n2 | XX | bl | b2 | b3 |
b4 |

reg addr gen |l nl | cb | n2 | XX | bl | b2 | b3
] inl | cb | n2 | XX | bl | b2
| ! Il nl | cb | n2 | XX | bl

| ] | |l n1 | cb | n2 | XX

reg file lookup
ALU/shifter/cc

write back

A 2-cycle deferred branch is shown below, where n2 and
n3 are both allowed to complete before the branch to bl
occurs. Note that a 2-cycle branch deferment is only
allowed when the condition codes are set on the microword

preceding the branch.

! 11 21 31 41 51 661 71 81 91

3 t
T T

——tm———t b + i

microstore lookup | nl j cb | n2 | n3 | bl | b2 | b3 | b4 | b5 |

reg addr gen | Il ml { cb [ n2 | n3 | bl | b2 | b3 | b4 |
reg file lkup | 1 1nl }jco|ln2 | n3 ]| bl | b2 | b3 |
ALU/shftr/cc | | | } nl1 | cb i n2 | n3 | bl | b2 |
write back | [ | Il n1 ) cb | n2 | n3 | bl |
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20 codes are conbined to conpletely hide the branch latency: Condition
codes (cc s) set 2 cycles before a 1-cycle deferred branch: 25 1 | 2 1 3 1
4151 6 1WOWEH . FPCT/US00/22322

R R R e + mcrostore
lookup I nl 1 n2 1 cb 1l n31 bi I b2 1 b3 1 b4 1 reg addr gen | ni | n2

cb I n3 | bi | b2ThebBidroeagifesecalssoluppert ¢omditiion2cbdeb | n3 | bl I b2

1 30 ALU shif [ . | I t pl 11

ni I n21 cb Igﬁé §E°-22 d%?é?%1%%5%1g%?N§§§?%f§%?'wPﬁgbhg %%%%:mhere the
condi tion codesisanncird)enasiet aear$gt @ e mbheyniacrr@mdm befdme rher owor d
preceding th nc the ne, sy ra ch ssi.ng, whi ch
attenpts to ?’é& ﬁ E%énl gﬁé erl%ﬁgfgd g?%.ﬂlilc‘ﬁ 8 gﬁcegﬁ?rﬁt remai ns.
By "guesséng' betchasbrﬁmfbmtch decishsorsemuehéua&dq)at h:ycﬁbeembra:rsequencer
pre-fetches the guessed path 1 cycle before it definitely knows what path
to execute. If it guessed correctly, 1 cycle of branch latency is

el i mi nated as shown bel ow. 10 gueésleaﬁch gdkeh V/ brdnchli d faﬁeh 11121

3141516171 38-31 e + + + ¥
l'"[("'l'"""'b'r' 1c|fost|ore'looku""[ 'Zn bSrlXX +BI"}5"2 llk% mbqr Storg|
ookup C ni E %% n C
XX | bl FBbzl b3 | ‘bez?ﬁ‘“’brr%e@mé |oL|? ol P2 £ fi %y l%xp’“b | b2 | b3
| ALU shifter/cc | degl fitenlockugcphl| XX | lbﬂllllb%llcb\}\/rﬁé%ablbzlll I 1 | nl
| eb I XX 1 bl I ALU/shifter/cc | l ! I nl } n2} cb ] XX ] bl |
write back | i | } I n1 | n2 t ¢cb | XX
15 In this example, nl sets the condition codes and n2

does not set the conditions codes. Therefore, the branch
decision can be made at cycle 4 (rather than 5), to
eliminate 1 cycle of branch latency. In the example below,
the l-cycle branch deferment and early setting of condition

20 codes are combined to completely hide the branch latency:

Condition codes (cc's) set 2 cycles before a l-cycle

deferred branch:

25 b1 21 3 4 51 61 71 8|

I
+ 4 + o m et

+ -

microstore lookup Il n1 | n2 | cb I n3 |{bl | b2 | b3 | bd|
I nl i nZ | ecb | n3 | bl | b2 | b3 |
| Il rl I n2 [ cb I n3 1] bl | b2 |
] I fnl | n2 | ¢cb | a3 | bl |
| ] | I nl | n2 1 cb | n3 |

reg addr gen
reg £ile lookup
30 ALU/shifter/cc

}
!
I
write back i
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20 If the mcrocode guessed a branch taken incorrectly, the mcroengine
still only wastes 1 cycle: -23 iii. WO 01/16782 PCT/US uess
branch tai" N6BAnch is NOT taken 11 1213 141 5 1%@%’%’%’9
--------------------------------------------------------- 5 mcrostore
lookup I ni I cb I nl I XX1 n21 n31 n4d |l n51 reg addr gen | | nl I cb
I nl 1 XX |1 n2 Anrhe aapel vhergy the cangdkdpn| cpdgs famnotpybp 8¢t| XX | n2 |
n3 I ALU ltHey akeNset &GP thehmikrd¥ord Mrdcedihigt enback i E I | |
ni I cbl %PHF XQCEC Hov?gvgre t%e Iatencyl gnal yrtlzrs di stlrgl but ed

di fferentl yrmm)m@r@moga@saéss@mréﬁc rPECIPlo‘iuetsrﬁéé‘ﬁ whitgh guess branch
NOT taken / J&gl; LakRo { it 8% ¥8sk askmed aataacyet out

bel ow. 15 2 BERPED 1 g ¥dhep?Ehl LGOS Pl ¥

_______ . Ehat- remélnsr-By rguesying” the pranch pgth_q;_theT____ E --- --

m'crostore Iooku ddr gen |
1 nl | cb PEAPSTST azlrga%: Qh& {ﬂicé ‘{ngdo reg Pgé k?%%f(éusp%le guesgea cb I ni
|l n2 | ni babn 1 cytl# sﬂﬂﬂqrerﬁ-tcd¢finlltellyn|knpwébWhlathlpathﬁZOI n3 | wite

back I - gl I £p 4 \rya ga %z@é/&rfjor QEMCNOT taken /branch
: ue 1l 1 838%&
is taken §eFH Po are F WESPERYYTe 61718
latency is eliminated as shown below:
10
guess branch taken /branch is taken
Il 11 2} 3] 41 51 61 71 8]
- - ——t + + + ¢ + + ot
15 microstore lookup inl | colnl)]|bl|b2 )| b3 | bl]| bs|
reg addr gen | ] nl | cb I XX 1 bl | b2 | b3 | b4 |
reg file lookup | | fnl | cb | XX | bl | b2 | b3 |
ALU/shifter/cc | 1 ] ] nl | cb | XX | bl | b2 |
write back | ] ] | | nl | cbj XX | bl |
20

If the microcode guessed a branch taken incorrectly, the

microengine still only wastes 1 cycle:
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--------------------------- -t -e et i -ee-ee-ee--------- 30 mcrostore

lookup I nl I cb I nl I XX1I bi I b2 1 b3 1 b4 1 reg addr gen | | nl | cb
XX T XX | WORIEE | p3 | reg file lookup | | | nl | cbRCTHR002282% | bi |
b2 I ALUshifter/cc Il I I I n1 1 cb 1l XXI1 XX bi 135 wite back I 1 1 1

I nl I cb 1l XX I XX -24 WO 01/16782 PCT/ US00/ 22322 The m croengi ne can
conbi ne branch guesshery kwanth Taksncligrandy dsncRT deker nent to i nprove the
result further. For guess branch taken with 1-cycle deferred branch/branch

istaken 5is: 1112131415 8
----------------- +----+----+----+--El-i-?2--? % %l S e T &bstore

|l ookup | nl | cb | nZ7 I~ Br1—bZ2 rv3-1+bz*r- ‘b5“'l"1ﬂ"ré’g"a’ddr“"gen‘41 I nl |
cbl n2 1 Bl b2l bththcbre Iegupi| el hookdp {Ind [1xn1 d2 ¢chsl | m2 (nbl| | b2 |

b3 | ALU/shlfter/ccrle alir lgefdi | €b N2, by | B2, A L1
ni cb 1 n2 | ?a ﬁrieca e aboven the é cycl xé{s%f Erancﬁ Iatency are

hi dden by the execut |r8ﬂ §te 49°5Bnd by lcor rett Ny Fgliddsl i | @hel B dnch
direction. If nicrocdd®/gifeséss i ncorrlectlly, 1 nlcycbel ot bEdnich2llat ency
remai ns exposed as shawse Batiow. 20; guess brangh taken wid h sb- ¢w&l e deferred
branch/brghch is NOT taken 1 1121314151617 18191 25

-------------- T T e L e T
However, the latency penalty is distributed

differently when microcode guesses a branch is not taken:
For guess branch NOT taken / branch is NOT taken there

are no wasted cycles as set out below.

15
v 2 21 31 41 51 61 71 8
microstore lookup Inl jcbinl | n2 | n3{nd | n5 | né |
reg addr gen |l n1 { ¢ inl | n2 | n3 1 nd | nd i
20 reg file lookup | Ini jcolnl | n2inll}] bd]|

| ]

| !
ALU/shifter/cc | ! ! }nl jeb | nl| nZ2 a3 |
write back | | t | | n1 | ¢b | nl | n2

However for guess branch NOT taken /branch is taken

25 there are 2 wasted cycles.

t 1} 21 31 41 5% 6 71 8
[
—— + + + —f——m—— + + + +
30 microstore lookup lml | ¢cb | nl | XX | bl § b2 | b3 |
b4 |

reg addr gen

| Inl | cb | XX | XX | b1 | b2 | b3
reg file lookup | ! Inl [ cb | XX | XX | bl | b2 |

ALU/shifter/cc | I | Inl §cb | XX | XX | bl
35 write back } | | ! I nl [ cb ] XX | XX |
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m'crostore | ookup I nl | cb Il n2 1 XX1 n31 nd |l nS51 n6l n7 I reg addr'
gen | n2 | n31 n4d 1 n51 n6 | regfll nlI
oo o 1oy 12 LS L Weh et | on P L

| n4 1 30 wite back I I' 1 I I nl I cb 1l n2 XXI n3| -25V\001/16782
PCT/ USOQ 22322 | f mcrocode correctly guesses a branch NOT taken, then the
pi peline flows sequentially in the normal unperturbed case. |f m crocode

i ncorrect| yrHaUaSs $88eh§ A€ NcarNEbmbakeNbrikeh radérs%@agl thﬁgﬁlé}/ﬁ)éooses 1
cycle of 5 unproductive execution as shown bel ow uess branch NOT

t aken/ br andi¥3sht GREATINY & frpreve the nesplf furtBey. 9 Hor pyess
---------- branth taken with I—'E‘y’cle"'defei"re'd 'b"i:‘a'nt:hgbranc'fh is tadlnCrostore
lookup | ni_ I cb I n2 1 XX 1 bii I b2 1 b3 I regaéa gen | | ni
| cb | 82 IiSXX | bi | b2 | b3 1 b4l reg filelkup!l I I nl 1 cbl n2 1 XX
Il bi I b2 1 b3 1 ALUshftr/cc Il I 11 nl I cbl n21 XX1 bl I b2 1 15
wite back I I I 1 1 n1 1 cbl n2 j i pbranch
m croword (nl sets cc's) «cb |sr|co£nd|t|6na Ibram gx%:(k poEt %bYanch
mcroword 20 XX i aborted mwerowortd T the taseof~~a-fumptinstructi on, 3
extra cycles of |atensyorarmokueur riedi heeausez tihel hrignghoaddiues vsi § not
known ygtil the engegogdélh e,,g:ycl 9 | N W Ghed Rengd YR | S2l P pat Ne4AU stage: 25
1112131415181 1.8 ][

reg Iile lookup ] nl | cb | n2 | b1 | b2 | b3 |

ALU/shifter/cc | ] ] Il nl | cb{n2 | bl | b2 |
|

write back | | I Inl}cbin2]| 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 incoxrectly, 1
cycle of branch latency remains exposed as shown below:
20
guess branch taken with l-cycle deferred branch/branch is
NOT taken
it 21 21 31 4] 5| 61 71 81 9|
25 e fmm et tm it +———t +
microstore lockup | nl | ¢cb | n2 | XX | n3 | n4 | n5 | n6 | n7 |
reg addr gen | lnl | cb I n2 | XX I n3 | n4d | n5 | né6 |
reg file lkup | ! Iml | cb | n2 ) XX | n3 | n4 | n5 |
ALU/shftr/cc | i | Inl [ cb i n2 | XX | n3 | nd |
30 write back ] ] | | I nl | cb | n2 | XX | n3 |
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......................... F+++ m'crostore

| ookup | nl‘[XRJF) XX XX jlb 1 j21 331 341 re addr %enl nl
| jp | J1Ij21j3130regfile kup | FTMOWZPalxm
XX 1T XX jl1j2i ALU/shftr/chIIInIijIXXIXXIXX J1 1
witeback I I 1 I 1 ni I jpl XXI XX1 XX1 -26 WO 01/16782

PCT/ USO0Nn2322 CoriItfexrtiCSmedh cRefegtlynguessdsl @ b8Bncla NOT nmtkehy om a
context switc L i Sg t ch | ) special form5
of a branch t g:}usggbe?g %fefgeq‘%rgggé?’g%]a@é’négass BTA PC) to be
sel ect ed. Conmaxetr‘csmhtedhrzagel nt¥odicescsdereindoranchly ahentiesapraeth .
Consi der the][](%l ng cgﬂéext swtch: 10,111 2131415161718
191 ......NOT tak e 1y T micrgengine agdin exposes.l cycle of
m crost or & | oakpipduatfive egeduthiror] agi show? Yeld&:1 n4d | n5 1 n6 | reg addr
gen I I of I cal XX1I nl 1 n21 n31 nd Il n51 reg filelkup Il I I of I
cal XXI nl 1 n21 n31 M1 15 ALU shftr/cc I I I 1 of I cal XX 1 nl I n2
| n3 1 wite back pugss|brangh ¥PT faken/pragsd fisfgken n2 |  where ox is old
context flow br is branch mcroword in old context 20 ca i s context
rearbitration (causes context | switgh) nx ig new ,coatext flow XX is
aborted n]1[ roword In a context switch, the "br" mcroword is aborted to 25
avoi d control and timng corrpl exi ties that "courdhe dauséd
microstore lookup | n1 | ¢b | n2 | XX {1 b1 | b2 | ©3 | bd | b5 1

nl | ¢b | n2 | XX | bl | b2 | b3 | b4 |

nl | ¢b I n2 | XX | bl | b2 | b3 |

!
1
! I'nl | ¢b 1 n2} XX 1| bl | b2 |
I

reg addr gen |

]
reg file lkup | I
[
I

ALU/shftr/cc |
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 microwoxrd

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
I ¥t 2}t 31 41 51 61 71 81 9|
microstore lookup | nl | jp | XX | XX | XX } j1 | j2 | 33 | 34 |
reg addr gen | Inl I'3p | XX | XX | XX | 31 | 32 1 33 |
30 reg file lkup | ] I nl [ Jp | XX | XX | XX | 31 | j2 |
ALU/shftr/cc | I I Inl | jp | XX | XX | XX § 51 |
write back I [ ] ! fnl | jp | X¥ | XX | XX |
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by saving the correct old context PC. Conditional branches that operate on
ALU condi t i on c%des whi ch are set on the m croword bef ﬁ;&g%;g%lé anch can
select O, WO f}/1628: cycl e branch defernent nodes. Conditio set 2 or
nore m crowords before the conditional branch that operates on them can
select 0 or 1-cycle branch defernent nodes. Al other branches (including
context rearbitrations) can select either 0 or 1-cycle branch -27 WO

01/ 16782 PCbhsk@/ 84d8P2h: def er rent nodes. The architecture could be

designed to nmake_a context arbitratiop mcr rd within a br.anch

def er ment wi ndoRCOFTEL]Y e%oe(f?[ﬁ;gj ébanﬁhgof%?ggmﬁn‘f%& SXH AL i on

m croword, jaatirucegeh DPtstun.That coftexin ssdreehbiemhospaeidls faamcont ext

switch woul d not be al]lowed to occur,, gur%ﬂg a Qra ch transiti,on in the

pi pel i neé b&fads8raach pEht GRvges f SEF U % 85gpl(?‘8%taes%°éiﬁaﬁ§dof t he

old contexic)Peo BhesalsdidEct woatert! switsaine idesbgaess tsomerake branchi ng
within the branch_deferment wi_ndow of a_ 10 precedi .branch, junp or

n
cont ext ar BmEsty SALRREY A rEll-1 | 6§aFIEeF (f°g& et possi bl e
unpr edi ct ablg tBranch behavi ors. Each m croengi ne 22a-22f supports
mul ti-threaded execution of four contexts. One reason for this is to 15
allow one thread to start executing just after another thread issues a
menory 10ef erence and nust wailt urti? It hat 4 &f ér énde! cdnpl €t es2before doi ng
nore work. This behavior--4-8-6iktd-cal--to--Fat+nt-at-p-ng-efdi-etent-har dwar e
execution of thﬁi/ggo%oq_%n REs bscause \nemory | ahengy \‘Agléq gni f hganpt. 20

Stated different only a si ngll e thread execution
| | o1 | X I n n2 | n

rég addr gen ca | X 1] | n3 | nd | n5 |
reg file lkup | | |l ol | ca | X¥ | nl | n2 | n3 | nd |
15 ALU/shftr/cc | i | ] ol J ea | XX | n1l | n2 | n3 |
write back I I i ] ] ol | ca |l ¥X | nl | 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

XX 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-



supported, the mcroengines would sit idle for a significant nunber of
cycles waiting for references to return and thereby reduce overall

conput at i onaVOKEG#ghput . Ml ti-threaded execution al | owRCENSIV2I2Bengi nes
to hide 25 nenory | atency by performing useful independent work across
several threads. Two synchroni zati on nmechani sns are supplied in order to
al | ow a t hr eaibfiexrmiessurocdes SRAMeo e rclBDRAMuref epehd eye ated ighed sobsequently

hroni ze to th int,in time when that ref | . 30 -28 WO
01/ 16782 PCT/BER 25335 Ex e SERARP S P AR bt B RPBRP2at i on. |

i medi at e synddfieamienat wbndow e 1l preeagime Hrsauks jhe oretenesge and

I mredi atel y S% out .t hat,K cont eg’;. The, . context . wll be signaled when the
cor r espondi nFTFEEREACR BICHHNEEr 8% I GREERGY: (H@tcdfired® $9M9 be
swapped back erbbdifene e CcaltdaitenticBwat S0RENY- B¥Rb&\WRNbweaCHsSodhe it s
its turnto gcll.m., Thus, fromthe point of t\é»ibe(jw'Of a single context's

i nstruction <THEES 2t REARFR (iGROSE AP et i PAgelinfe KASRUSE 8Fence does not

get execut ed mtiibnkRs fef @haRCandily Couniigicase faeREPRE WBEhgNgsMis
Del ayed Synchroni zation. In del ayed synchraoni zation,” t he m croengi ne

el a >
i ssues the reseshcBC- anthe RETPEERET IR S derbitke SevdIBefeko usef ul

work i ndepenggife 8fahBRikeN @G thSWRarldN elatRént tvihRowOYEda beCcoMe
necessary to synchroni ze the thread's execution streamto the conpletion

of the i dduedPresreinacRrandi odEmPUPE eI Rk arBl bt inmmedcrarordi s point a
synchroni zi ng 1iegha@Weh dat&i £X%2aph €at ddtand pbsSibNe @B ctable

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

153 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 Dbecause 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 mechanisms 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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out the current thread, and swap it back in sonetine |ater 20 when the
reference has conpl eted, or continue executing the current thread because
the refer MC8VIAR al ready conpleted. Delayed synchroni ZREI/ER00R2S22 ;
i npl emented using two different signaling schenes: If the nmenory reference
Is associated with a transfer 25 register, the signal fromwhich the
thread i s triggenedmeshamisneriat dtmebéats eyretirondpandong trmnsfer regi ster

valid bit Jjs set_or cleared. Far _ex |l e, an SRAM read which deposits
data into (PEREREFS, SUETEF ARG A BRSSP LRI OneA PR SR i d bit for A

is set. |f #dferemeer yndefmieahicte3q ssapsaacitdizad cohtbxthe tHansfer FIFO or
t he receive FIlFO :ig WO 01/ 16782 PCT/ US00/ 22322 instead of a transfer
register, tiPRFeENevifgnas ?ﬁgn%;ﬁqew PR A P RaeSPPRALRE nERI STt es i n the

SDEZAM scondcnpllle@es?26a0néd | 31 i edi, gBRE SdrifeltP & 180k eXbapped®adx i N the
m croengi nes schedul er, , thus only one outstanding 5 signal can exist in

this scheme:® Fo&r EXgFRLLPD MheD & GEREERETSHAR SYERE| BREPLHANHIIFMES from

whi ch mi cr oaentiehl €6 Fes O-PREGr ZrenComd hdigit deskgepdor Qe uld be that
overal |l mcrocontroller conpute throughput and overall menory "bandw dth
are 10 optiFAMEFtaf LRREEXPL shreapngihe MhEsyoEdetfEebnissWEngncy. This

par adi gm weiHed m@ak ee S8ASEcaRIe sl RBtSYEt edRtediRed™hti Pl €n& £ RERG-RES
executing nultiple threads per mcroengine on unrelated data packets. A

second 18ne GEPLREESH cr oengi ne execution latency 15 should be optini zed at
the expense of @vaeabhd MESRANGHEs BOTRNHE dyH-BLBARYLL PAY, Ovgy al | menory

bandw dt h. This

delayed synchronization, the microengine issues the
reference, and then continues to execute some other useful
work independent of the reference. Some time later it

15 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

20 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 memory reference is associated with a transfer

25 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

30 1is associated with the transfer FIFO or the receive FIFO,
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par adi gm coul d i nvol ve execution of a thread with a real- tine constraint,
that is, a constraint which dictates that sonme work nust absol utely be
done by som®®PEETBEied time. 20 Such a constraint requir /22322

optim zation of the single thread execution be given priority over other
consi derations such as nenory bandw dth or overall conputational

t hroughput . Anseaidtéefima tthraeafemotdal sitepl ythen siheglségnatriengi ne t hat
executes only one thread. Multiple threads woul d, _not andl ed because
the goal is gfeﬁe’éﬁ%‘%v“fe}’f?él i?ﬁg?%]gerlgeé’lc-et Fﬂ@gfﬁ‘eesad'nt 5%@%‘% as soon as
possi bl e- - exeetnttronef 26sl.t i pheytditeeadgnabusthis peer cohtext dli hiety. The
coding style of these two paradignms could _be 3Q significantly different
with regard £8 FREUMF P§e 5%&?4@%ﬁ5l1E§*§2”%@#P%§063§%§§§%“ﬂéferences
and contegt sWwyhehidwh dxisthénremls tdcmemease, the goal is to.issue as many
menory references_as soon as gossi ble in order to nimze the nenory

| atency incurred TB§ % RFe3Fel 83T d¥Q. IBRGTHY FRETGEACRRL RARPFEMEr ences as

5 early as pegsshbhei dihenideabonPrd X d3€ nlier BepF & BmdS cBBIN b&onput ations as
the m croengines as _possible. _in parallel with the references. A

conput ati on FPEWTEPRt QB HepdAdRe ety edpratheniGEerApEae it is: 10 0)

i ssue mem retodputd 4 nERE 8d cder@lli SEHEr FRIANGRE aBh Odrder f or m wor k
i ndependent of memrefs 2 and 3 0) synch to conpletion of memref 1 15

0) per f of-th wePkimbdesh ddnthnerRenteof] SARALE nduiRasdsRecBEioRkm ref 2

latency. This paradigm would make sense when the system

has multiple microengines executing multiple threads per
microengine on unrelated data packets.
A second one is that microengine execution latency

15 should be optimized at the expense of overall microengine
compute throughput and overall memory bandwidth. This
paradigm could involve execution of a thread with a real-
time constraint, that is, a constraint which dictates that
some work must absolutely be done by some specified time.

20 Such a constraint requires that optimization of the single
thread execution be given priority over other
considerations such as memory bandwidth or overall
computational throughput. A real-time thread would imply
a single microengine that executes only one thread.

25 Multiple threads would not be handled because the goal is
to allow the single real-time thread to execute as soon as
possible-—-execution of multiple threads would hinder this
ability.

The coding style of these two paradigms could be

30 significantly different with regard to issuing memory
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and 3 0) issue any new nemrefs based on preceding work. o) synch to
conpletion of nemref 2 o) performwork dependent on nemref d 2
[ ndependemo‘l}f“mm ref 20 3 0) issue any new memrefs ?ﬂ?ﬁsoé#%%r ecedi ng .
work. 0) synch to conpletion of nemref 3 0) performwork dependent on the
conpletion of all 3 refs o) issue any new nemrefs based on preceding
wor k. 25 | mefeonereet anshidomtesti sviteRringy odghfbe afdl belmmiadse, woul d t ake
a different appropch, W tRs0Rt LU 424 ) Afed Yy (UFCLQRAGE NS CITRILAL i Onal
throughputkgﬁdgéggrgﬁIégniﬂgry g;n§§#3?% Ié%s consﬁderat?on IS given to
singl e t hr pads3blextr ridey [tat wanmize the geyioryhlenency tircuusld woul d be
to equally,sp ren s ACT ' p r..each
throad. THPY RGPS Brour iR s nfrar i crrair o menareasARed st ™o the
SRAM anfl SBrRAlyceatpodsidrle dhe¢ 98dli viNOLO el 6718 RePCPSOO B8RP woul d
maxi m ze the probability that I ' VNS 5 ai t.Q.;hi de the
menory | at &R u?ﬁgﬁ??% %Wé§% gﬁgﬁﬁéﬁag?%$g%% |siéag%p%éag%gélg%HRegister
file addresdthyphs: r&Béxendesgy t & EP@PuBD;idhe liowo thegi sorresmidsss spaces
that exist _are Locally agc i_bl.y registers, and dobally accessible

regi sters ﬁfb§?§?b?ém%ypéS#ﬁi%4%%§gn§?hes. The General Purpose Registers

(GPRs) are inplenented as two 10 separate banks (A bank and B bank) whose
addresiss are

o) issue mem ref 1

o) issue mem ref 2

©) issue nmem 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

o) 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
o) 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
o) 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
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interl eaved on a word-by-word basis such that A bank registers have | sb=0,
and B bank regi sters have | sb=1. Each bank is capable of_performng a

si mul t aneouMFUHE™Ind wite to two different words wit hi¥FFYSOVEIRA " 15
Across banks A and B, the register set 76b is also organized into four

w ndows 76bo-76b3 of 32 registers that are relatively addressabl e per

t hread. Thuswothd amkin®dzai the prolbhitidtyeghast dr thraad7¥Va {iwagisster 0), the

thread -1 will _fi its.register-0 at 77 reagi ster 32 thre -2 wll 20
find its r egf’g?%iiweatt%yéggréﬁ? dt% °ré’4;?p%é1c&'t 0855?3 ')él%en f’?&%g%gi ster
96) . Rel ati vehaesk eissiswgppedsogpported so that nultiple threads can use the
exact sane control store and |locations but access different w ndows of
register and performdifferent functions. The uses of register w ndow 25
addr essi ng aprdgbendkr afldeeagingspriopiede the requisite read bandwi dth using
only dual ported RAMS I.n the mcraengine 22f. These wi,ndowed registers do
not have to save %ﬁﬁ%fqﬁqgnFocgﬁ%ek¥hsﬁ£?cﬁw?cf%ﬁﬁ%F@%ta§9ﬁ?§ﬁ1%930 fiat the
normal push 8Ra@inekpap a2k aceaNleXdccasapbly| eedilsterackand @ldoaiingt ed. - 32
WO 01/16782 PCT/ USQQ 22322 Cont ext swi ichi ng .here has a, 0 cycle overhead
for changi ng3CEedRARife FEHAPERTS (IFHTSLREE . PRA FHETPERFEAST- adBPessi ng

di vides the gegbsierpdizks ROGOsWEIQEPRAST D65 R eRdHt &8s Wwdt h of the
gener al gurpose regi ster set. Relative 5 addressing allows access any of

the winddWs BEPAF#YR Ragkend® Rawk 3y BpBrRE) dihaske 2HARESHES Aol ut e

addr essi ng i §n8bSPeawltPRAr hefotd-B v ral BRsL £ ude tWher 8 Wk one of the
absolute regi sters may be accessed by any of the threads by
registers ‘have lsb=0, and B bank registers have lsb=1.

Each bank is 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 76by—-76bs 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
774 (register 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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provi ding the exact address of the register. 10 Addressing of general

pur pose re |sters 78 can occur in 2 nodes depending onl;q:l.g-ig %vvord
format. THEOPYH™2pdes are absolute and relative. In absolute fio
addressing of a register address is di rectly specified in 7-bit source
field (a6-a0 or b6-b0): 157 6 5 4 3 1

----------- Context. smtehmg -here hag @P@z Cycle%fverheaélf%ﬂlcwlésl all ad

6=0 B @GP 21 s SR 61 a51
241 01 aB:%ro%.l%g:el Jmh ab= éleaég%hfb 4= ﬂ?elzlatQ.Qe Q@ Qa%%aSl ae%igagbl aa3| aa2|

all ad a6:ﬂ;v1a550tha4fggl$1®ﬁ Qa@ﬂ’-saélﬁF%s‘&lfH#%@ctaF§°§ﬁeEﬁl?|%Hi1ier?58 bit dest

field (07-0Q, 28 7n8 Bedeib? phiose regis £ex et Relatige "< Tooo- A
GPR | d7I ‘g‘?f é’? gﬂ? g%’ie A pﬁﬁ‘%ﬁﬁlrﬁ D C6S0 " B GPR 10 d71 d6l d51 dal
431 d2| 5d1ladtiessing, adbewns 30-ERAVEASSAE dihe d&ndws} geiafive ¢ the JO

d7=1, d6=0, 1 dgdg <g16=0, d5=1
33 WO ou%%%&%%gﬂf q{i‘fhdg’ge il %ﬂtéj%kd%gsg% pg(?ggJ 337 46>=1, 1

then the | ommpdntt&si anethmi eamrmt@@tayeawlew @ny. caeapfvehaddress field
I the A BSOS EOPrarats al ha or e haly of the SANIASS and SORAM
addr ess spapmnmamgbaheadﬂa@lssaedﬁreEﬁf eft thel xegisdgdi-ng absol ute SRAM SDRAM
10 Addressing of general purpose registers 78 can occur
in 2 modes depending on the microword format. The two
modes are absolute and relative. In absolute mode,

addressing of a register address is directly specified in

7-bit source field (a6-al or b6-b0):

15
7 6 5 4 3 2 1 0
T s s et B LS e
A GPR: | a6} 0 | a5| a4l a3| az2| all a0l a6=0
B GPR: 1 b6] 1 | b5| b4} b3l b2l bll b0O| b6=0
20 SRAM/ASB:| a6l a5| a4l 0 | a3| a2{ al| aO| a6=1, a5=0, a4=0
SDRAM: | a6l a5} a4| 0 | a3] a2f all a0l a6=1, a5=0, ad=l
register address directly specified in 8-bit dest field
(d7-4d0) :
25
7 6 5 4 3 2 1 0
O B atahet At T e s e
A GPR: | 47! d6| d51 d4| d3} d21 di| 40| d7=0, d6=0
B GPR: | d7| 46} dS| d4| d3| d2| 41} d0} d7=0, dé=1
30 SRAM/AS3: | d7| dé] d5| d4] d3| d2}| 41| d0| d7=1, dé=0, d5=0
SDRAM: | d7| dé| d5| d4| d3| d2| d1| do| d7=1, dé=0, d5=1
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devi ces has the effective address space;

does not apply to the dest field, witing
addreswospae®? 10 In relative node, _
of fset within context space as defined by a 5-bit source
76543210
0 (context[ a3l ad <gbka&d1,24=-QpB. 5581 J1,b4% tatcost-extl +hdh bd bil
b4=0 SRAM ASB: | ab41 0 | ab3l cont ext |

full
b4-bO0):

however,

si nce
t he SRAM SDRAM stil |
addresses a speddIEsgo2ed2l ess i s

b21 bil abd ab4=1

this restriction
uses the

field (a4-aO or

15 AGPR | a4l
bA
ab3=0 SDRAM | ab4l

0 | ab3l cont ek®¥eh XLt pEBONEgRRIELedpaE 12 FPIERtaEe R I Yo @ddyethe 6-bit

dest field (@bsflD)(gebcBiBed Be¥owd .0 when s mon-relative & or B source - A
GPR. | d51 d4|context| d31 d?l QII dd d5=0, d4=0 25_B GPR | db

d4l cont ext | address i@ erecifibstgn gheld, IRAWsAIBEE B5ald4prd3l Ebait ext | d21
dil dd =1 = 3@ +PRAMM A sH 51,84 Qrtext | ﬁ%?g d d5=1,
d4=0, ng% I%ogﬁﬁgﬁﬂgif?lF t hen the de%tiné??%% aggr%§§ oessICLI gg%ot

address a vaddiressgidst er Effesivedy, desedippredsglinte SRAMASORAMack. -34 WO

01/ 16782 PCT4USON 22322,

fromthe m croengi nes an

hd et

éﬁéi‘?fw;ggdf@sgoj

nmenor

controlfers:

ss}p%%%; aﬁ&ﬁgi%),a's'iiﬁc

@ccessible

unit registers

scratchpad avtiizomsirictgpstdoss Botegpple T FDeaddst ebetie yratimgFl FO
transmt FlF{%e SRAM/SDRAM still uses the full address space.

10

15

20

25

30

In relative mode, addresses a specified address is

field (a4-al0 or b4-b0):

A GPR:
B GPR:

7

¢ 5 4 3 2 1 0

i a4l
I b4}

SRAM/ASB: labd |

SDRAM:

jabd |

ot ] % 3 4 1 e
¥ R + T g r T

0 |context| a3l aZ] al] a0l
1 Jcontext| b3}| b2] bl] b0}
0 tab3|context] b2| bliabf|
0 lab3|context] b2} bliabl]

offset within context space as defined by a 5-bit source

ad=0
b4=0
abd=1, ab3=0
ab4=1l, ab3=l

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

A GPR:
B GPR:

SDRAM:

3

5 4 3 2 1 0

S s TS

+

| d5} dé4icontextt d3|
] d5] d4|context| d3|
SRAM/ASB:| d5| d4! d3|context]
} d5! d4l d3icontext!

3
T

dz2| d1i a0l
dz| dl] doj
dz| di} 40|
d2} ¢1] 4ol

d4=0
dé4=1
d4=0, d3=0
d4=0, d3=1

d5=0,
d5=0,
da5=1,
das=1,

If <d5:d4>=1,1, then the destination address does

not address a valid register, thus, no dest operand is

written back.

-34-



transmt control FIFO The m croengines are not interrupt driven. Each

m cr of | ow es until conpletion and then a new fl oy 10 based
on state sYY‘gﬁ‘Zﬂ%Z"é by other devices in the processor 12\.I¥' esgé}%%% to FIG.
4, the SDRAM nenory controller 26a includes nenory reference queues 90
where nenory reference requests arrive fromthe 15 various m_croengi nes
22a- 22f . The neheg \E GOV BE| BPIDRELTS RcuddsPaklvranaessibiet fEPMsel ects t he

next the rﬁf&%é‘rﬁ‘gm%fseéﬁ&C@héWys doftg81i&-gny of the functioning
units. Gven that one of the mcroengines is providing a reference

request, the reference r 8§8Bsvnif |¥ePGt@d¥e t hrough the address and command
queue 90, inside the SD@@%Q% Hrf‘d[ c%%onl teffr 4.8 erence request has a

bit set called the "optim zed the incom ng reference request

will beSsorted into eit héﬁcﬁheeeﬂﬁpmr@@éwe%t@ EI¥® odd bank queue
90b. If the nmenory referencasreguepto 25 does not have a memory optim zation
bit set, the default %FL Eg tfg go |nto an order queue 90c. The SDRAM
controller 26 is a resourte?enmmhcwstmiarf'éd'oanong the FBUS interface 28

the core p e e Th ol ler

al so mai nt gﬁ%saj;g{?&?gel%% EI neﬁ% Jfrggreeﬁrolfe fct ofi %gﬁanRWE%gw. te at om c

oper ati ons exébetes 351&'\@ @DmDGQBQOIP@ﬁCUSdIahZQSEQW EoRANM s eiosehl er 26 al so

per f or b teg t gpder queue
15 PyLE he o Gamre gna SSUE)Z ét}pér qg&r‘ic& Scﬂ?é’%r_o&

90c mai ht aPAg® eren requests nlcroenglnes Wth
a series oftlzodd and

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 gueue %90b. If the memory reference request
25 does not have a memory optimization bit set, the default
will be to go into an order gqueue 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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5 even banks references it may be required that a signal is returned only
upon conpl etion of a sequence of nenory references to both the odd and even
banks. 1f tMOOMEBoengi ne 22f sorts the menory reference®CHMOG2B%H bank
and even bank references and one of the banks, e.g., the 10 even bank is
drai ned of nenory references before the odd bank but the signal is
asserted on $bhraN asinteveher ef @raenee perfbemsreyey at bmmarit efor26a coul d

concei vably signal, back .t m gi ne that the nenory request had
conpl et ed, e¥® ueft%&&hdﬁlﬁ% g‘ﬁ‘ﬂ“ggg{g&ef erence had not been serviced. This

15 occurrence coutik Gadee quesherenayiptabieroheTbedst tomtraferenseavoi ded by
provi di ng the order queue 90c allomﬁngﬁg WbF ogngine to have nultiple
onl

menory ref er BRBERSGUASPIN B gL TeSRAR tirht &5t° % 8P8r ence

needs to $i g8@bn dard@TRLELORce2Q tThaySBRAMAGRHOLthet 268 galagoisncl udes a
high priority queue 90d. In the high griorit ueue 90d, an incom ng
menory ref er BREEEFHbAGHUBPT t HERHEEA8BNGT fe e@g8§°ﬁi?%d‘f‘?n§9ryto t he high

priority quedgrafchdes @BehatRtHDYAJAENE ENNPankBl i O f tdhd han ot her menory
references in the other gueues. 25 Al of these queues, the even bank queue

90a, the oddmba¥kendimeudZfoporthdhs: BEPORHY SREFFRCT RS IR HYR2BKi ority

queue, are Lapl SPENtRAK DeBeSditdse aRAVLSL raC e nhARS, 16.4.Q0k6al |y
segnented into four different wi ndows, each w ndow having its own head and

tail poitl ereves rkank ils| Arginedl ofr FEAPKY BUfUEECasi batosr £vnr@da singl e
input and a giRglKOUHRULLqns B INQQELL64 8% RGL YRRO/ 2232 % e fche¥cean be

placed into the same RAM sfructure to increase density of RAM structures.
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 920d. 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
queue 90b, the order queue 90¢ and the high priority queue,
are implemented in a single RBM 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 92. T us interface 5 logic 92 interfaces th Eclx()( § essor 20
to the SDgiﬂ/PAl?gﬁ&rol | er 26a. The ASB bus is a bus that iePnc u%%@schZ bit .
data path and a 28 bit address path. The data is accessed to and from

menory through MEM ASB dat a devi ce 98, e'R%ga’ a buffer. MEM ASB data device
98 is a québeyiean e \piacedidriC Fee (0% RAY PHEBRIME &t 4°CF8AFBhe core

processor 2Qn¥kayASB rAM edfaeeudés. the data can be stored into the MEM ASB
devi ce 98 and su%se uently renoved from_ MEM ASB devi ce 98 through the
SDRAM i nt er f aceThe OSPRAM SRRV odd A 453 AL SOALPRIHYRS nTR TSR, the sane

queue strughuperlde CASLRES PRV dsH bes dhe meadassThes SAMraeat rol | er 26a
al so includes an engine 97 to gull data fromthe mcroengl nes and PCl bus.

Addi ti ofal lpgége82i hetemkaqase thel CalRIrRCefFOTe 284t anthe ad/wite

queue 96 E%%kht%h.i‘é?i Pe2. NWHehsl hheWEH Dus 20afhendBIANY 4 BgUests are
sent to S Interface 110 via nultiplexer 106. The nul tiplexer 106 is

control | ed iy thta SDRAMRG B 28r POt afreryPESrs The 933 déss of each of
the queueg And Lhe:StadISe Un WBREGUESS A MEM ROE dbad dlsmicdess, priority

based on a programmabl e value stored in a priority 25 service control
regi ster 1809.onsebubferol MEY ARB dataigreiesr 9Bodssel @eewe £9%nory

referenge m&g}egsgaagbe Dobe 8585 ABGRIASWRS £rbh 8884 Q @ decoder 108
where it i s decoded and an address 1s genherated. The decoded address is
sent to t hersPORANPB020 nvis fAfFe interfines 934 the detanparder isharedow and

col um -3§ﬁm%0%%é6ﬁﬁﬁ iggTééggghzggzgnd subsequently removed from

MEM ASB device 98 through the SDRAM interface 110 to SDRAM
memory 1l6a. Although not shown, the same queue structure
15 can be provided for the reads. The SDRAM controller 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 gqueue 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 programmable value stored in a priority
25 service control register 100.
Once control to the multiplexer 106 selects a memory
reference request, the memory reference request, is sent to
a decoder 108 where it is decoded and an address is
generated. The decoded address 1s sent to the SDRAM

30 interface 110 where it is decomposed into row and column
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address strobes to access the SDRAM 16a and wite or read data over data
lines 16a sending data to bus 112. In one inplenentation, bus 112 is
actual ly t g%%?ﬁte buses instead of a single bus. ThePgﬂﬁﬂmﬁggzbuses
woul d include 5 a read bus coupling the distributed m croengi nes 22a- 22f
and a wite bus coupling the distributed m croengi nes 22a- 22f. A feature
of the SDRAMaddness|steroki®fatbsattats when SARAMEDNGH Wndehei 88Cer ixast ored in
t he queues 9 in_addition.to 10 .the optim,zed bi hat_ can be set,
there is a "%ﬁgfnfrﬁftéﬁta Hthes %Eﬁrﬁ%? 1B ST % g& ﬁ%%ms Fori&peci al
handl i ng of mpmemgmnoa.lsidmrrbny 1ES drencefal i fWe\seplshye MBdsoned, the
arbiter 12 cont %glch nl roen%d w || be selected to provide nenory
e

ref erence redﬁg @ HEI bsu§ePaEtS, byFegevonlq FingLugy.
Asserti onsof at Iﬁeaﬁ hiai s daiviplwhi| tmralrsmlrlbhee@r:ﬁdxerentgoneavméimfar biter

sel ect the ction nit whi ..requested that bus because
setting of tﬁ@ ?la‘i”rﬁ%bei téulsnﬁf)‘é f’e‘ééjttﬁ’z?t Eg‘m‘b&@eﬁ‘@f:ﬁ@enggﬁké 28-chai n

request. 20 @pmtiguous menory references will be received in queue 90 when
t he chaining bit |s set. Those contiguous references will typically be
stored in the orderigfidiré 66cthe CPRErebIRT ¢ifeuds neld Whesr ar ences are

mul tiple mefehyryeferarees {500k 16l enthheatks bg, Omeéd&ﬂ;l%ﬁ pLovi de
synchronj zati on, the nenpr controller 26a need onIy S|gna at the end of

the chai h®d ABRDPETIzEce NENSD1GHNRtI6AB. PRovRiverthera &n afchaininy rrerrory
chaining, (Bitd whencRRihiigZedtMelbRideand ghai fw éactlairﬁa

A3
menory references could go into different banks and otentl y conplete
on one of thBEfpEPIKEIIUCYF REUPFHE RGfgrgpces. As Pr8V1OUS1Y mentioned,

the arbiter 12 controls which microengine will be selected
to provide memory reference requests over the commander bus

15 to queue 90 (FIG. 4). Assertion of the chain bit will
control the arbiter to have the arbiter select the
functional unit which previously requested that bus because
setting of the chain bit indicates that the microengine
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 90c
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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-38 WO 01/16782 PCT/ USO0/ 22322 "done" before the other bank was fully

drai ned, thus destroying coherency. Therefore, the chai msh |.s_used by
the contr YPRY16120 t o nmmintain the menory references frc}%r 2% r ent
gqueue. 5 Referring to FIG 4A a flow representation of the arbitration
policy in the SDRAM controller 26a is shown. The arbitration policy favors
chai ned ni ¢domefgbréonenths othegubenk. wahef Wil 8raineg, stkts s by exani ni ng
for Chai ne ' ' ry rLegu : pggcess 10
175 stays. SesERE B R B e s e
process exahenesntSBllris Tidqtresmeinisin thsl mewedybyefetennes feqmests 115c,

H gh Priori S | ce 115d, Opposite Bank Requests 115e, Order Queue
Request s 1%% nggg%%n@eéieﬁk Requests 115g. Chai ned 15 request are serviced

conpl et 8l y, wheRefisrsinyiteeFIGI5BA115df low eepeesenbattion rafurkdier obi n or der.
Only when services, 115a-.115d are f i e e ss handl e
services 17481118 }oﬁ%aln;ec(}' (r%ncrli_'g((iingﬂlnlr%ﬁ(‘aiVI ?ré’eoqn%:rl}?q%g?e?%%\(%s ICy'rht@a’%ialtésts are when
t he previ oTheSERAM ARUDSYY peddugs fahass tdheid@dc macnotngisetmendign t he chain
bit is set then the rbitratiaon gi.pe sl nRJ cyices:.th gueue
again, untiSERESchat i R Oqes?scllggr%Q.r%erg}Aéﬁgﬁgxﬁqgh%%r gcrh?aggréfiy t han
PCl due tondikeocsayene paidmyr mefeeepeaat¢queshpodddaon The Btacesg arm core

e 0 53, b Ay sHfe % LS oBE BT
buses, the clapkietr at ThE @rdaysst pxaniheds EsSRliffsereqiestss Etiwn in FI G 4B,
typical ti'?é%ioggdangEE¥3%us requests 115¢, High Priority Queue
Service 115d, Opposite Bank Requests 115e, Order Queue
Requests 115f, and Same Bank Requests 115g. Chained
15 request are serviced completely, whereas services 115b-115d
are serviced in round robin order. Only when services
115a-115d are fully drained does the process handle
services 115e-115g. Chained microengine memory reference
requests are when the previous SDRAM memory request has the
20 chain bit set. When the chain bit is set then the
arbitration engine simply services the same queue again,
until the chain bit is cleared. The ASB is higher priority
than PCI due to the severe performance penalty imposed on
the Strong arm core when the ASB is in wait state. PCI has
25 higher priority than the microengines due to the latency
requirements of PCI. However with other buses, the
arbitration priority could be different.
As shown in FIG. 4B, typical timing of a memory
without active memory optimization and with active memory

30 optimization is shown. As can be seen, the use of active
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wi t hout active nmenory optim zation and wth active nmenory 30 optim zation
is showmn. As can be seen, the use of active -39 WO 01116782 PCT/ USOQ 22322
mermory opti "V2#EGB% nmaxi nmi zes the use f the bus and t hus PCA{USes228%3¢

i nherent | atency w thin physical SDRAM devices. 1In this exanple, a
non-optim zed access can take 14 cycles while optim zed access can take 7
cyl es. 5 Ref etemottyg bpt hizathonkhRanbnDias coat 6eé |#fr t28bpher atdernSRAM i s
shown. The m)d%mgjgntr | I er 26b_includes .an = address _and conmmand queue
120. Wile t § 1Y eRTeRBA WA RPVHLRL, SpRBNedt Bt cefenDr y

opti m zat i on asedsoaxamsitk andnexesphiailidatd acoBE® SarC @akEOL i egy ARy i S
optim zed 10 %‘zﬁed on.the type of nenory operation, i.e., aread or a
wite. The addrté&sCBht® FegietRP 19KS dcF¥R% a high priority queue

120a, a read queugei@fhinitehFirs. the try @éﬁ@kg%nm& 5 6b eESNGHf uncti on
that an SRAM _perforns, and an order queue 120c which in general wll 15

include al | WRPHMedst Bhamnv dhe PeBRRY IeRtralder 2 IRGALIBDt 3% zed.

Al t hough not .gaeuRs Lhe AHEHASSqa8Ek COTTRNGL; Bdeus TRR.eouLghalsa dncl ude a
wite queue. The SRAM controller 26b also includes core bus Interface

logic i.e., AS8B BEEC12D) hAfe ASBUSH® faRt BeFase optgmiggréonbasest enf aces t he
core process@kd2lniOetdie b%'ﬂ&%&jg%érﬁgﬂ)ﬁrco%@%lir&e ﬁ%BﬁQu%% &ys that

includes a 32 bit data path and a 28 "bit address pat ata is

accessedPo ZAgefr 8 FRsopet RECUYRPINEVPASBt doR @ Jdevirce rea8.omay., a
buffer. MEM geBrdat apgleVy £fede8ah @onﬁl{é%‘de\c]{géué Zd’wi'rlt’:f?gé‘é aaligg fhere is

incom ng data fromthe core processor 20 via ASB interface hthe dat a
can be store@riority gueue 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
quene 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
controller 26b. 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
128, e.g., a buffer. MEM ASB data device 128 is a queue
25 for write data. If 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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into the MEM ASB devi ce 128 and subsequently renoved from MEM ASB devi ce
128 througvr‘} SRAM i nterface 140 to SRAM nenory 16b. Al though not shown, the
sane queue¥QO¥Yre 30 can be provided for reads. The g%ﬂbfo ##% ol l er 26b
also -40 WD 01/16782 PCT/ 000112322 includes an engine 127 to pull data
fromthe mcroengines and PCl bus. The nenory requests are sent to SRAM
interface l4@ludes anlenpinexdi27126. PThe dafia ifyomxthe 1Rbcigengimesol | ed by
the 5 SRA & %;[GE: 431 which detects the fullness of each of the queues
and the status o He'requests and fromthat decides priority based on a
programmabl e vallhe mewmeryl reguesfsi eret gentsdroviSR@Mconteofacedgid) eial30. Once
control to_t . Lp er 6 LY. r t, the 10
menory ref emrutelﬁc‘}gﬁr;e”‘se‘é%eié?é' i sﬂis?eerr{ltﬁﬁ'lttggsélé}ag%(r)i?egr)l%Sgg\I/xvﬁ{éggfig? b%?sl{% ecoded and
an addr 8ss SRAMgembiatedl 3TheriSRANEUREL s niantfailinesenbfokadi datheahekbnory

Mapped of f-chip SRAM and i S
agpes, 1 ST R B S e

8 MByt es r asdoradyf basspem al progeampailsle i vedluedistgreBobh apacieoniity f | ashrom
16¢c; and Consol.e port cess. f de(yi ces 1%a 1§§ @ﬁd access to
[ I

ar
associ at ed STRNVOR) CRBERTere=I e s i SOt FFSFOro Dok-up tables and
gueue. managaEplekencl?nseledt sThem&iddy cosfigredncer reaGhestippaid s t he
following transactions: Mcroergine requests (via priv us) t.o/from
SRAM 1%or PBOF e ISEPTEUTR rﬁé%‘aﬁ%g) P of%%rﬁ%@bﬂec?gef’hgg @R‘gﬁ%eoﬁt%r ol ler

26b per f or s R@Agdr ehérancaldress 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 1l6c; 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 functioms.

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 16b. The SRAM bontroller
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.
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sorting to mnimze delays (bubbles) in the pipeline from the SRAM
interface 140 to nenory 16b. The SRAM controller 26b does nenory reference
sorting baseWO®H14™% read function. A bubble can either b&CI/USN22328yc| es
depending 30 on the type of menory device enployed. -41 WO 01116782

PCT/ USQQ 22322 The SRAM controller 26b includes a | ock | ookup device 142

which is an fi ght ThB SRAN )Coaﬂdbe$§r%ﬁ dnicladds %Sl&kﬂkejlofmﬂpl’d(ewh@’e | ook- ups
of read | ocks.

osition.,i a valid bit,hat xan1 d by
subsequent réé@ ¥ &ERSI?éHh§§9 $€e‘§ﬂﬁ?€§§ TERY %%ﬁﬁ?ﬁ al so

includes a Readrikoekr FRédx-Qpeuerl2Osh mwcsReadEé,aclpoEartthJﬁueluh%Od i's
used to hold read nenopry reference req¥ sts that fail bhecause of a | ock

exi sting on & PetiroRlbithaindsy SxahRed by syhgedienth&Afctoehgi nes i ssues a

nMenory regueseqBatsl0 s RAdr-ead émkcanaﬁuasaué&@tlzos aREOCEsSRHdsN address
and control queue 120. The nenory request will operate on_ either the

order queue B2Geagr Logk Faldd Qgeeld®dp Ih¢ Repd Lo dgailzBusye d=04 r ead

| ock request .; sThgeQORL b1 £Tred@bmetbly RGER8HCL OfdqlRRIURREEVELE 142 TO
determ ne whether 15 this nmenory |location is already |ocked. |If this nenory

| ocation is scregef Pbnd akRFXperAFtIRAPT GecROFEHRR L MemeRY- t Watenory | ock
request will i !on@ngfvva&é nﬁ%rgteas;ﬁ@eé NisshBS ECRGNJQLkebbbe qupHe 120d. If

it is unlocked or 14 shows no | ock on that address,” then the address

of that 2@ mbhwsrp Féﬁérb‘?@‘e rRANpsBethafed ShHproRes SRANI Addrese a0 to
performa tr tt%rreﬁ!a gﬂz%ddr@ﬁé xﬁéﬁﬁ‘Wﬂegﬁeéf?%%]t ggra{?@”a{y 16b. The

command contro ress generator enter the lock into
the | ock |oopi¢pe@th@eorder gueue 120c or the read queue 120b and will

recognize it as a read lock request. The controller 26b
will access 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 of that

20 memory reference will be used by the SRAM interface 140 to
perform a traditional SRAM address read/write request to
memory 16b. The command controller and address generator
138 will also enter the lock into the lock look up device
142 so that subsequent read lock requests will find the

25 nmemory location locked. A memory location is unlocked by
operation of the a microcontrol instruction in a program
after the need for the lock has ended. The location is
unlocked by clearing the wvalid bit in the CAM. After an
unlock, the read lock fail queue 120d becomes the highest

30 priority queue giving all gueued read lock misses, a chance
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142 so that subsequent read | ock requests will find the 25 nenory | ocation
| ocked. A menpry location is unlocked by operation of the a mcrocontrol
instructi‘Bﬂowﬂé program after the need for the |ock hRST/H RG22 The

| ocation is unlocked by clearing the valid bit in the CAM After an

unl ock, the read lock fail queue 120d becones the highest 30 priority queue
gi vi ng al Itquase peREMPBYkLofk skefquegtehance -42 WO 01/ 16782

PCT/ US00/ 22322 p & QpigsUen ar fE MO8, 't?z?icé@%ﬁﬁin%%vgﬁ fg]h%watke Fifom™

typical timng of a static random &access menor out actrve nenory

opti mi zat i arcesaemorl withowke artiyey neprrvi optimiratdoshend. witsh can be
seen. 5 or QuRI0 nefiRdy BBELM AL e MY BKBHn OV CALLIAIP kel bEkpating  dead
cycles. Referring to FI J6 conmuni cat 1 on between the ~mcfoengi nes 22 and
t he FBUS ignmidfiage reedscai@@Bryitess igipawnes ThrcFBURe mildmfingei®B in a

net wor k apg% i gactly qR.can 10 perforns header processing of incom ng packets
fromthe g E'key function which the FBUS interface perforns 1is
extraction of predleetringatierBIGank aommundpabipmrratiiesn the

sour ce/ desti nation/ pr.otgc K LN M _ | f.the., hash does not
successfulrfllycrroeesn l\?%,s ?2eg{5%c£%[s eaédgr?ltggfi%e ?‘r%g\%q[ e(gP{Ig the core
processor @odWror rmee F8UPhistectd@d 28princessetgprk teppiBlcaBonotdai Ns a

11, FEQI0 18Rk oo S 18 B R ML 3 g PRl control and
m croengi NEBUR21,8 .vi a Aa keymBunut 1omplvwinieth abeeBRUS cirttter falkAMpebfisrm8 which i s
connect ed ig éi@%ééﬁ?&%f%% éggkééeﬁé%dg%s,sgnd a microprogrammable
source/destination/protocol_haShed lookup in SRAM. If the
hash does not successfully resolve, the packet header is
15 promoted to the core processor 28 for more sophisticated
processing.
The FBI 28 contains a Transmit FIFO 182, a Receive
FIFO 183, a HASH unit 188 and FBI control and status
registers 189. These four units communicate with the
20 microengines 22, via a time-multiplexed access to the SRAM
bus 38 which is connected to the transfer registers 78, 80
in the microengines. That is, all communications to and
from the microengines 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 is NOT using the SRAM data bus
(part of bus 38) and a pull state machine 202 for fetching
data from the transfer registers in the respective
miéroenqine.

30 The Hashing unit includes a pair of FIFO’s 188a, 188b.
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in the mcroengines. That is, all comunications to and fromthe

m croengines are via the transfer registers 78, 80. The FBUS interface 28
i ncl udes a PYRMASTEt e machi ne 25 200 for pushing data i ntBCYHOREZhst er
registers during the ,E. tinme cycles which the SRAMis NOT using the SRAM
data bus (part of bus 38) and a pull state machine 202 for fetching data
fromthe tramgbehasiegirsitedetennifes tdspethe VEBI A8creeafed.arB0 The Hashi ng

unit includes_a pair of FLEO s_188a, .188b - 43 011167, PCT/ 22322
The hash uni tE'Baegﬁ?li‘ri TReSat ?kﬁ%%ﬁﬁh 581F ot %@?ggﬁsé?sﬁé% %;refgggftl The
hash unit 18&nketshemdaghrivensgits @n. t heteal thageyiscapentitmhe2l andfter the

back to the calling

keys are fetched and . hashed, the ipndi,ces are delivered

5 mi cr oengi néaghedypths, JNGLEEs h%é‘f'lé'ge vgrﬁgrk??ﬁqﬁ&? Shﬁe?a 19 ngl e FBI - hash
feQﬁ/est 3 Egemlm&&s%gﬁéebaa’zd BBﬁ?telﬁml ; heBhé Laacaf ip@m&brm&DRAMb er a

push/ pul | _data, an Shus_pus ul |l _data, Each of the usses .require
control si gfaPrgianfRh Rash rﬁﬁﬁgﬁie r@&dbﬁf??% %:%r?t“go?g 25 197¢ M0
appropriate mngH9east ¥had2 EbansfeisH/ewlst @ssa, Gareral Iy, transfer
registers require protection from the context controlling themt

guar ant ee r e&¥ugoPreRiREds datpn pEAGh Gfl PeS fPUPSHS FEIMFERTV/ TPegi ster i s
being used Ry gfaiBr@adml i 1Ppeyd e daha/iieitdecaRRAVs16a, thdiread -1 15

must not overwite this register until the signal back from SDRAM
control | 8P 26@PraprtateIRLenghnre 3o JireréfeRaceBHed R Spr onnt ed and may now

be re-used. Everyc;‘.-&‘ﬁéfﬁlﬁ(c)f%raﬁﬁfef 8gik@eds StanAlreb pelt EEOIBA N-om

destination indicating tha )
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 l1l6a, thread_l

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. In
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the function has been conpl eted, because if the thread 20 wites to the
sanme conmand queue at that destination with nultiple requests, the order
of the cowWplOtte78 is guaranteed within that conmand quBEGEUSA0REE20nly t he.
| ast command requires the signaling back to the thread. However, if the
thread uses nmultiple command queues (order 25 and read), then these command
requests :jﬂﬁieerobbgkeéci r&&d/s&ﬁ.&éﬁﬁétéﬁﬁ’ﬁrﬁkﬁm oaskRe sgarﬁéwérdorderihng is
mai nt ai ned via context swappi ng.. The exceptiqn case |ndjcated . at the
begi nni ng WWI’?P?paFE@rE%ﬁ ?Vg‘gﬁét AvEPETY %éﬂsg‘aﬁ’ﬁ%?‘é 1B hperat i ons
using an upeR ictekedspblSthl FBT pRshebpdPat Beistaries sktoapt he FBI for FBUS
status information. In -44 01/16782 PCT/ USQQ) 22322, order tqQ protect
read/ wite det & RESRPERIYIMe 4% AhefelSes i ttdls ungh lﬁB‘Fe‘grﬁﬁﬂ es a

speci als Pushpfioh@Chust opadt trkeprbieseispesia) prBbrpshaspasstions are set
up. Any m croengine 22 that uses the FBI unsolicited push 5 technique nust

test the phwt EBUSoAPEREERER/HICHOSNGARBSRPFREY (YROPFBIORNSA®ES f ace/ i cr oengi ne

agreed upofpdirARsier reephsStOlay ilsf nbBeasésdrds nBnasherteshsidien the
transfer registers may be accessed b¥ ‘the, mcroengine, If the flag 1is
Asserted tIRILIUGESCHAYERE RFRAATIEY TRe PLFRRENHPSG: t ST 10Pa@%ing the

regi sters.; A dNdedtiedt Bhén COANcdnt ett@t 8RBLI@ra ity N RocnUgbsri &f dd ansfer
regi sters Jbel ng pushed, plus a frontend protection w ndow. The basic idea
is t hai‘l_t0 t h@cerﬁséﬁﬁeﬁgﬁnéeml%‘teltsest B Rr3oFt a"gh’tshé’r?uﬁﬁi 8RI Jererreingske dat a
whi ch it %yshéife tRmbeddokr ofddie r 6ediktans e idL Pushels bPud% GPR s in
conti guous cycles, so the push engi né does not °collide wth the
m cr oengi nérordmnd 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.
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-45 WO 01116782 PCT/ USOQx 22322 O her Enbodinments It is to be understood
that while the invention has been described in conjunction with_ the
detai | ed desWOip¢78h 5 thereof, the foregoing descripti oRCTSPNEH ded to
illustrate and not limt the scope of the invention, which is defined by
the scope of the appended clains. Other aspects, advantages, and

nodi fications are within the scope of the followng clains. 10 Wuat is

clainmed is: -46 WO 01/16792 PCT/ US0Q/ 22322 Al i\/g 1. A parallel

har dwar e- based nul tit hreaded pr oces%&m&&@ 25 a general purpose
processor that coaitdijgatgsbe We&@tf:uacmms:maadme p:lru)reaﬂth.byi bés

m croengines that support nultiple hardwar gre ds. ée The rocessor
of claim1l wheass r@eﬁﬁélaéﬂe%%lcoﬁdilﬁﬁgéondf £86¢ ??ﬁ\’dlei‘ﬁ 888?1?

programs g tig R, akhbYrefeqdiing’ @688t iRNGisnesterdied h® Pr ocessor of
claim11 further conprising a rrermr¥ 15 control gstem 4. The 1grocessor of

claim 1 wher el Husicakenshy »ntil8it £Het5ARS M5r FE& I ORY oWBHER dynani ¢

random accesslwl%edcegtmé|£opfehats 1K tappERREY c1£f165 enoesebased on
whet her 20 t he nenor erences are directed to an even bank or an
aspects, advantages, and modifications are within the scope

of the following claims.
10

What is claimed is:
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odd bank of nenory. 5. The processor of claim1 wherein the nmenory control
systenlcoaprise a static random access nenory controller 25 that

optim zes PEH3P%2 r ef er ences based upon whet her the nenDF9T4%ﬂ%§H, ces are
read references or wite references. -47 3gg" [I1LILELELEERLETElbigl
L1rrrrrrrrl CL stl: p6t W 01/16782 PCT/ USOQ 22322 6. The processor of
claim1 wherei F1&d¥8 of the plurality of mcroengine enploy hardware-based
dont ext swappi ng anongst a plurality of threads that are independently
executable within each of the mcroengines. 5 7. The processor of claiml
further cobhpri & paralheghhaxgeaxe-tpasednmel $bidweaddsd poopkesothe processor
to a comy 'é;?éggq bus. 10 8. The processor of claiml further conprising
a bus intérface that couples the processor to a conputer system bus. 9.
The prdcessor of cl ai geiefalk tharpasenprrsesseantiEd icobedhabtdsis arr angenent
to couple gh d s iln,the processor to the plurality of
nicroengin%%égéhléu$%ggéggbé%g%r of claim9 wherein the internal bus
arrangenent to coupkepdhaakity esOmicesengimes itdest sdPpartimslitiplse to coupl e
t he gener atllalp&lv; )9se, Rrgcessor to the plurality of m croengines.

10 2. The processor of claim 1 wherein the general purpose
processor load microcontrol programs in the plurality of

microcontrol engines.

3. The processor of claim 1 further comprising a memory

15 control system.

4. The processor of claim 1 wherein the memory control
system comprises a synchronous dynamic random access memory
controller that sorts memory references based on whether

20 the memory references are directed to an even bank or an

odd bank of memory.

5. The processor of claim 1 wherein the memory control
system comprises a static random access memory controller
25 that optimizes memory references based upon whether the

memory references are read references or write references.

-47~

O R A

AR B T ] LA L R DL o S T



11. The processor of claim9 wherein the internal bus arrangenent to
coupl e shared resources, conprises: 25 a translator device that transl ates
requests frowoOomesieneral purpose processor to the m crodegiuses2238nd a
first bus to couple the general purpose processor to the plurality of

m croengi nes. -48 11111i1ML111121[fill 121111111111 WD 01/ 16782

PCT/ USQOl 22322, 1ZheTheopEoses v¥ cohifl ai whereatheeath éhechentaumalibys
arrangenent to_coupl e sha

red, r_esourceg, co(r)garési se%: a transl at,or device that
translates re®fidForNgATeE IR NAFIBRF PIAPSr HRRESHr THREPHEY
M croengi nes; ;adkhsx @ bilhghlbus d0 taedplis the geeeiddefiriqi@gay processor to
the plurality of mcroengines; and a second bus to couple the general

purpose procese@rtabger e thEpndiaric GAt FBP BYSHSRIIRBS413. The processor of
claim1l, Jurther conprising a third bus to couple the mcroengines to
external bus interfaces. 14. The processor of claim§8 wherein the shared
resources cofpri S&e PIogeRBdHRE GdatRol| Brrher comPFbItihG £d8Bss to | ow

| atency menory, .4 [HeePRILO Rl £BLpLORtYHY LirBge88oR0GeEs t0  high
bandw dt h rrem)FrJy; a bus interface for controlling access to a 20

comuni cat i onscsusicatdon bus- interface for controlling access to a
conputer bus. 15. The processor of claim1l wherein each one of the

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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25 m croengi nes includes a program counter to uniquely identify a position

of a thre J,b;[ig execution in the mcroengine. 16.. The processor of
claim1l vvherel n the processor 30 supports gl obal si gnalpcﬁ' $00228%ch of the
m croengi nes. -49 11111111 111111 (1111 1111111 1111 CL MSFE 'r.: WO

01116782 PCI/ U300122322 17. The_processor of claim 16 wherein the gl obal
signaling 1fs abBg IBfAGESSeTegEnCIR R whereiphthe ciafesrgialebus 18. The

pr ocessor - gk shdininlt! theotblo! ba flPhalson-ana) Iggmpf;seasva' lable to each

thread to permt each thread to take a branc ar'al | el
har dwar e- based nul t i& FF@RG4atRF odesies they Eoapslakss leecgersasafrqxurpose

pr ocessor thaleaoidll RuBbseSKSLEMINNGY 988 nicPbidilda Qham cr oengi nes

t hat support mJI tiple hardware threads; cont'r system
conpris?tng: a first anddge§ I?Bﬁt?‘bl¢<B%p1tehz§b839ﬁnsrarbrmn§posreef erences based

on whet her i hge SESDI% rt?lteefﬁﬂfgflé{/eof %cﬁg{eﬁg 15@s ATy €N bank or an odd

bank of rrem)ry and a second neno contro op i mzes nmenory 20
ref erences based upén Sgigendebus hieo movply tbeegemersl grerposead ref erences or

wite refepeneessoto The PRty &ofiddv@ygrbased mul tithreaded processor
of )

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; and
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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claim19 wherein the first menory controller controls 25 synchronous
dynam ¢ random access nenory and the second nenory controller controls
static randwo@aemsss static nenory. -50 11 Is 11111111; scrabssorizhisl

17. The procegéﬁr of claim 16 wherein;ﬁhe global signaling

is available to each thread in each microengine.

5 18. The processor of claim 17 wherein the global signaling
is available to each thread to permit each thread to take a

branch.

18. A parallel hardware-based multithreaded processor
10 comprises:

a general purpose processor that coordinates
system functions;

a plurality of microengines that support multiple
hardware threads;

15 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 controller that optimizes memory

20 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

25 synchronous dynamic random access memory and the second
memory controller controls static random access static

memory.
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