WO 01116718 PC /USO/ 2265 EXECUTI ON OF MULTI PLE THREADS I N A PARALLEL
PROCESSOR BACKGROUND This invention relates to parallel processors. 5

Paral |l el processing is an efficient formof information processing of
concurrent @woahéngn a conputing process. Parallel procesBCHESHWEHNds
concurrent execution of many prograns in a conputer, in contrast to

sequential processing. In the co f Il el sor, 10
parallelisminvol EgugmNn%F Mﬂ“gﬁﬁéﬁﬁéﬂqg pﬁf\ﬁ’é‘k&piﬁﬂégﬁgﬁ time. Unlike a
serial paradigmwhere all tasks are performed sequentially at a single
station or a pipelined machine where tasks are perforned at specialized

stations, wth parallel processi MPACKEROUNPality of stations are 15

provided with %%ﬁ% gﬁggﬁtf% fféfgééngon%a§5h12§55§océ1§5rsJ s, in general

all or a plural attons work™ sinultaneously and independently
on thessane or Pacaliel precessinefis aw efifésiettr fotm ¢F obl ens are suitable

For Solulion by opel ¥LogeRoial |6} SEAGES8H0evRRCINN o (oo OTpULer

processi ngH € rtnstruction stream single ream the
convent i Oploces®r.i alParahlékuproresuingdemandswapoburtente executdiongl e

stream of instructions. A secon si.ng ' e | &4 Nstruction
stream mA% MY BECTTEHPe ﬁrsgpéri%&tgcge%SI SF ?sa%‘ i{égpsreo eés}gll%gl can have
mul tipl e grddessiiing-.| ogncther comissxir ofarad parsilhgleprosessdr processor. Each

o o 50 SRR SRR AR Y i, SRSkl OB gl el oo
mul ti pl e idigdd.Uuctindiket seagriabi papadidm avhe3® sfillebask#I1 BB process. This
processiru%;¥¥%££g% %%g%eg%gglly 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 single control processor. Each of the
processors perform operations on the data in lock-step.

These machines are synchronized by the control processor.
A third type is multiple instruction streams, single data

30 stream (MISD) process. This processing has the same data
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-1 WO01/16718 PCr1USQO 22650 streamflows through a linear array of
processors executing different instruction streans. A fourth is multiple
instructio §Rgs, multiple data streams (M MD). This pqRRSeRe0 USes
mul tiple procéssors, each executing its own 5 instruction streamto process
a data streamfed to each of the processors. Miltiple instruction streans,

multiple  data ﬁrea%%M F{D% processors ma¥ have several instruction
processi ATAATt PERoP et S/ AX TGNt 2T SPFREFESOTD SHEIWARRY Accor di ng
to an aspg€fedént Nimgiremtibni SYERON, 22 follkk€hOLOMIM 1A f uncti onal
execution unlt I ncludes a control qc%d_'e to store a mcroprogramand a

m cr oengtABETRSHAID IS RSy TR MRG S92 SEFEREP i (XM -ni &PEFr ogr am 15

count er SprdBEssing 1 He0 muleliple sp e dsggbch Oéxsanadigid s Behr uct i ons
and a_context event arbiter, which in response to_external flags,

det erfi ndBSTRICH FhS TR FPUPEPFISS G dattﬁr ghyean,krditthiegchn ofhe

i cr oconthel pfedsddciis .exaaltiple iHEtrdc®iBhOBREEah®), 14! !étlon state. 20
One or nopre of the foI | OWI ng advant ages nay be provided one or nore

aspects B#te natreRmsht(MIHD) TRECTEFUSh Jiave hedR PRRERS lrﬂ:ﬁttmGFéOHar dwar e

threads. pr&aéds RS ARG BAdTBhEESfdYe BeRkhdl bita M iay,am counters in
hardware and states associated with the program 25 counters. Effectively, a

corresponding plurality of sets of threads can be sinultaneously active on
a mggoengine while only one is. agumMary operating at any one tine.

Har dwar e cont ext swappi ng synchroni zes conpl etion of tasks. For exanple,
two threads RARFUENG I aPo28RAs OF HBespRgsent invention, a

microcontrolled functional execution unit includes a
control store to store a microprogram and a microengine
controller for maintaining a plurality of microprogram

15 counters. The unit also includes decode logic for decoding
instructions and a context event arbiter, which in response
to external flags, determines which one of a plurality of
threads executable in the microcontrol function execution
unit to promote to an execution state.

20 One or more of the following advantages may be
provided by one or more aspects of the invention.

The microengine can process multiple hardware threads.

Each microengine maintains a plurality of program counters
in hardware and states associated with the program

25 counters. FBEffectively, a corresponding plurality of sets
of threads can be simultaneocusly active on a microengine
while only one is actually operating at any one time.
Hardware context swapping synchronizes completion of tasks.
For example, two threads could attempt to access the same

30 shared resource. When a resource completes a requested
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30 shared resource. \Wen a resource conpletes a requested -2 WO 01/16718
PCT/ USCO ?. 2650 task fromone of the mcroengine thread contexts the
resource re oinbask a fldg si gnal i ng conpletion of an opgeERbHsdaRssyhen
the flag is received by the mcroengine, the mcroengine can determ ne
which thread to turn on. 5 Hardware. nultithreading can be used to-allow a

first thread o amcro ne to initjate a transaction e.g., an access
to nenory. T)%'F %ﬁogb e BieEeenging (fhread. coRRgKHS "eh% had only a
si ngl e t hr easblifed Jfépﬂzd:s Bﬁekaéeflé@aélg‘ﬁﬂrl@@n@bﬂﬁlé@%ﬁ be adpr mant unti |

data was 10 ret ur ned fromthe nenor i ng hardwar e cont ext
swappi ng WRSFHEIME mitERe kg ?ngla‘ihis h%{-%/ éﬁnggﬁtml%mﬂ#@renabl es

ot her contexé &nmﬁckbdg”ﬂdétl%aar A6t 8Fthi K& UWH &IHS t&&eﬁ&eeatﬁufﬁ dfie sane
m croerr%l ne. Thus, another thread can execute while the first thread is

awai timy read HRYMAFS FUlEithreading ke uprestof ahleW o3 Bimstbe ext ended

to as manythPéLddsn tah&tlc&benghﬂyléarﬁ%a»tea%t t¥8nkBcfiofll £! [%i gak]{le to
process nmore work in a data path. BRI EF DESCRI PTION OF THE WNGS 20 FI G

1 is a bl RREFHGrAMTOLY - c oRHERRE @ MaMpsve RCCERP oY f neh@ har dwar e- based
mul tit hr eagegrSReRes ¥.q.Fl Sad20hBy 3 dé‘ir?dflee@hgkgﬁktﬂé@gé@tﬂ@f t he

har dwar e- based nmul tit hreaded processor I's a bl ock
di agr am ofo%elFﬂE‘?voér@tné‘lFﬁﬁéﬁg%)‘h%lIWOW ire dogmphbyentih data va=dwar e- based

mul ti tiy eapee, QS S8 thef mgxln@.s% @g%n%lo@:lﬁg RArbiva fe PG A agram of a

pi peline in the mcroengine of
swapping w1th1n the microengine, the hardware context

swapping enables other contexts with unique program
counters to execute in the same microengine. Thus, another
thread can execute while the first thread is awaiting read

15 data to return from memory. These features can be extended
to as many threads that are simultaneously active in a

microengine to process more work in a data path.

BRIEF DESCRIPTION OF THE DRAWINGS
20 FIG. 1 is a block diagram of a communication system
employing a hardware-based multithreaded processor.
FIG. 2 is a detailed block diagram of the hardware-
based multithreaded processor of FIG. 1.
FIG. 3 is a block diagram of a microengine functional
25 unit employed in the hardware-based multithreaded processor
of FIGS. 1 and 2.
FIG. 3A is a block diagram of a pipeline in the
microengine of FIG. 3.
FIG. 3B. is diagram. that shows a format for a context

30 switch instruction.



FIG 3B. is diagramthat shows a format for a context 30 switch
instruction. -3 WD 01/16718 PCT/US00/ 22650 FI G 3Cis a block diagram

show ng g%e&ﬂé%@urpose regi ster address arrangenent. cPrustorizssoa bl ock
di agram of" a ry controller for enhanced bandw dth operation used in

t he hardware-based 5 nultithreaded. processor. FIG 4A is a flow chart that

represents an arbhitration. policy in an SPDRAM controller of FIG 4. FIG 4B
is a timng WBgrmithat b%ﬂ%’@vsé £8QW1B9 IRRTA AUTHOSBRAM control | er.

10 FI &955{& adiresk drpangendt.a nenory controller for latency linmted
operationS used in the hardware-based nultithreaded processor. FIG 5A is

a tinmng di agFem4 A&t ashoask Maghramyes ar meBRtY FontFPldRAVERBnt rol I er. 15

FIG 6 binanddd®YardwadtBbpbrat LhMisaC ahi Ohe DhiSrdwdtiestagea i n the
processor of FIG 1. DES PTION Architecture: 20 Referring to FIG 1, a

comini @ultb’@hwmceﬁﬁﬂudes a parallel, hardware-based nmultithreaded

processor lggg The har dweisy basad mali thpeasesk Proressardibs coupled to
a bus such as a PCl bus 14, a nenory system 16 and a second bus 18. The

syst em poliey eispani SORRMysentrobley &f #36ks4that can be broken into
parall el subfpskyprlig Euﬂﬁiﬂésdia%%‘ﬂ' fthad! biowarLnai-RRasedsmul tit hr eaded
processor 12 1s useful for tasks that are bandw dth
optimizing SDRAM controller. :
10 FIG. 5 is a block diagram of a memory controller for
latency limited operations used in the hardware-based
multithreaded processor.
FIG. 5A is a timing diagram that shows advantages of
optimizing SRAM controller.
15 FIG. 6 is a block diagram of a communication bus

interface in the processor of FIG. 1.

DESCRIPTION

Architecture:

20 Referring to FIG. 1, a communication system 10
includes a parallel, hardware-based multithreaded processor
12. The hardware-based multithreaded processor 12 is
coupled to a bus such as a PCI bus 14, a memory system 16
and a second bus 18. The system 10 is especially useful

25 for tasks that can be broken into parallel subtasks or.
functions. Specifically hardware-based multithreaded
processor 12 is useful for tasks that are bandwidth
oriented rather than latency oriented. The hardware-based
multithreaded processor 12 has multiple microengines 22

30 each with multiple hardware controlled threads that can be
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oriented rather than latency oriented. The hardware-based nmultithreaded
processor 12 has multiple n1croeng|nes 22 30 each with nultiple hardware

control |l ed & pafdsist hat can be -4 WO 01/16719 PMUSQOI 2265@craistod2sseneousl| y
active and i ndependently work on a task. The hardware-based nultithreaded
processor 12 also includes a central controller 20 that assists in |oading

m_crocode control for other reso ar re based mul tithreaded
processor 12 ;ﬁanﬁgu?%Yn%c eﬁg Pené ﬂ% %%knﬂﬂ & *8§Be functions
such as handl i rrgephardn@i:s-baseﬂ(mﬂnmtn.ohima&éd rprseygyxort 1bogipacket
processin nore detailed

ere the ine t e packets off for
proceSS|nan§ EAe8s? |ﬁe% é% ﬁ&% ?h TSP dPodBPALRE, the
pr ocessor nﬁ&rbeoaeStomﬂgoArbe( /aﬁneh:s::esoﬁfmrmf ket nARMwhirEi-bg&ged Uni t ed
Ki ngdo ba d_.architecture. general purpose m croprocessor 20 has an
oper at SPEHF ?H?éu@ﬁ°?$ﬁ§Q§b§FaﬁPﬁgP§§§? tHden, 96 g§§§6r 20 can cal |
functi OnS pu@poper abRpate i yme MIinkesohb 8d6h 22§ . halhtl iRI0ResEBEC2H, Can use
any supported eratin systempreferably a real tinme operating system
For the  GHFEPHIORRssTREFApTURRATEe dOEPACKET JEPIRSHLRG: HPeEEL RS,
oper at i ngmiy¥oengings hpass e ReRbtMTofeatot imBre \@MAKeq and pCUS, a
freeware operatlnggsgstenlavallable over the 20 Internet, can be used. The

[

har dwar e- BZ8E&5h ReR AR dEhPouRgesy FondittPns @€ a plurality of

- function EmboaenghdfStRe Pprdiessdruot 18Nal s¥FEAP MG NeRrhk M £TLENGI NES)
22a-22f each  maintain_a plurality ofﬁpéggran1counters I n hardware and 25
il

states as&FefgPBgRWPE AR LGS TR ngqgle REsEd v,

architecture. The general purpose microprocessor 20 has an
operating system. Through the operating system the
processor 20 can call functions to operate on microengines
15 22a-22f. The processor 20 can use any supported operating
system preferably a real time operating system. For the
core processor implemented as a Strong Arm architecture,
operating systems such as, MicrosoftNT real-time, VXWorks
and pCUS, a freeware operating system available over the
20 Internet, can be used.
The hardware-based multithreaded processor 12 also
‘includes a plurality of function microengines 22a-22f.
Functional microengines (microengines) 22a-22f each
maintain a plurality of program counters in hardware and
25 states associated with the program ‘counters. Effectively,
-a corresponding plurality of sets of threads can be
-simultaneously active on each of the microengines 22a-22f
while only one is actually operating at any one time.
In one embodiment, there are six microengines 22a-22f

30 as shown. Each microengines 22a-22f has capabilities for
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a corresponding plurality of sets of threads can be simultaneously active
on each of the m croengines 22a-22f while only one is actually operating
at any onewddiReng " one enbodi ment, there are sixX m croengriRpusieh 22f 30
as shown. Each m croengi nes 22a- 22f has capabilities for -51i WO 01/16718
- PCT/ USO0/ 22650 processing four hardware threads. The six m croengi nes

22a-22f 0 eLal e, res ces I ncLudi ng nmenory system 16 and bus .

i nt er f acBECCT % alf{ldyﬁ ﬁggﬁeﬁ?y 23, I{Eei %fd@ecst%”gé%ﬁronous Dynani ¢

Random Azza‘sazwmlmxyatﬁ (vsmnamweslolueteaGmeluﬂmgsmbﬁtyl?andom Access
Menory % R%V\;/A ntro#}l 26Dh. 4 ng% 16g_,and SDRAM controller 26a

are typi tEFTSP e @ uﬁri‘)%%%?f.%cgeﬁ 987988 unePH XY, S¥SEE™ processi ng

of netwol& eylurids af SgnChhehows Kyaaket Randbie .zﬁRMﬂscm&ankrl er 26b and SRAM

menor are uyse net wor Ki I, mp tion for low |[atency,

f ast accgg S IEENEES lera%%%s%’f S%%lglﬁpk?’g% §°°WnﬁF§F°F8r the core

pr ocessoKSrRAM) anﬂammertﬁebThesmm eRbe@NDoa et ZDRAM access either the

SDRAM 16a or SRAM_16b _based on characteristics of the_data. 15 Thus, | ow

| at ency,c?lbW‘?};?dW%F agist BYRICaAkLy 5ern faR PTIRIHRY LPSHESRAM wher eas

hi gher besDiwhel hamaitaaaf, o&. g\:h; cﬁrode&ts&ngyofSn@DJoﬂs payeatiantroms stored in
and fetched from % oen Bg?i 22f can_execute nenory
r ef er encREFHRLK RACGKSHS - toT t"r"?él ?‘R 5 SRANG MeBRrYr  SRAM

contxm! | £6b 16k u%uaahaeeﬁemomr@/\am@wméﬁtiﬁcﬁﬁdadlg 1e@n be expl ained by
SRAM or ?%héyqer%%g% ggggggetsaslés; F4 g(?),(aa cess:.anng I?:Aol\lél—up tables,
memory for the core processor 20, and so forth.

The six microengines 22a-22f access either the SDRAM
16a or SRAM 16b based on characteristics of the data.

15 Thus, low latency, low bandwidth data is sﬁored in and
fetched from SRAM, whereas higher bandwidth data for which
latency is not as important, is stored in and fetched from
SDRAM. The microengines 22a-22f can execute memory
reference instructions to either the SDRAM controller 26a

20 or SRAM controller 16b.

Advantages of hardware multithreading can be explained
by SRAM or SDRAM memory accesses. As an example, an SRAM
access requested by a Thread 0, from a microengine will
cause the SRAM controller 26b to initiate an access to the

25 SRAM memory 16b. The SRAM controller controls arbitration
for the SRAM bus, accesses the SRAM 1l6b, fetches the data
from the SRAM 16b, and returns data to a réquesting
microengine 22a-22b. During an SRAM accesé, if the
microengine e.g., 22a had only a single thread that could

30 operate, that microengine would be dormant until data was
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access requested by a Thread 0, froma mcroengine will cause the SRAM
controller 26b to initiate an access to the 25 SRAM nenory 16b. The SRAM

control | er wdai’f’&l’é arbitration for the SRAM bus, accessescriissesBidd 160,
fetches the data fromthe SRAM 16b, and returns data to a requesting

m croengi ne 22a-22b. During an SRAM access, if the mcroengine e.g., 22a

had only a singl hread t hat..coul.d 30 erate, that m croengi ne woul d be
dor mant uﬁﬁtlurgﬁ(fgatfﬁﬁg gh% B/ fﬁf@?g&‘ RERFE GoBtE§Xked fromthe

SRAM By eARip@inBgwheniiesecl st etle mSveBEh§Unds 4H-22aGh tak t he
m croengi nes 22a-22f, the hardware context swappi ng enabl es other contexts

with uni q@IHaErafPREERE FHARRI NG ERAPLSE Ot RS Rt syWdthengi ne. Thus,

anot her t inRa@leeptogram’ €aghteri o buBehtaniNhihs: tdgd irst thread, e.g.,
Thread O, is awaiting the read data to return. During execution, Thread
-1 may>ac@ESToLREiRERAM Rkt r3potbsr PhreadThr @ad Thagask dt €8non t he SDRAM

uni t, and £lincRadn- hiSe OPKE afi G @RréHdl he, FRAMIILG 8 new thread, e.g.,
Thread -2 can now ogerate in the m croengine 22a. Thread -2 can operate

for a cer@¥edtingotine BeadidatafQ rettirpecdBuring axaas-igdaory or perform

sone ot herrnr@ad hah8PCucOPSs AHL BDRAMCReRSr PRIEANY JihiAGC 0ja bus
I nterface. Ther€fore,9 si nul t aneousl y, tﬁe ]::Lgaprocessg'r 1gﬁ§§ﬁhhz]ive a bus

oper at i on PPSRALEEpeRrathenSRRAM uodhaVEBgeThread (&ds mPeargtdiogpbet ed or
operat§d YpRN SREMONRL L £TARNEHIR 24220280, haN L QNG NOLE Ll 63d-gyai | able to
process nore work in the data pat h. The™har dwar e tont ext swagpl ng al so
synchroni 48sthe wéaprergbie A2a-asAhrepdr 2 eganpireratgo fionr eadertaiind hit
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
15 processor 12 can have a bus operation, SRAM operation and
SDRAM operation all being completed or operated upon by one
- microengine 22a and have one more thread available to
process more work in the data path.
The hardware context swapping also synchronizes
20 completion of tasks. For example, two threads could hit
the same shared resource e.g., SRAM. Each one of these
separate functional units, e.g., the FBUS interface 28, the
- SRAM controller 26a, and the SDRAM controller 26b, when
they complete a requested task from one of the microengine
25 thread contexts reports back a flag signaling completion of
an operation. When the flag is received by the
microengine, the microengine can determine which thread to
turn on.
One example of an application for the hardware-based

30 multithreaded processor 12 is as a network processor. As a
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t he sanme shared resource e.g., SRAM Each one of these separate functional
units, e.g., the FBUS interface 28, the SRAM controller 26a, and the SDRAM

controller g@, gyhen they conplete a request ed t'ask fropeposnissé he
m cr oengi ne zlhr ead contexts reports back a flag signaling conpletion of

an operation. Wien the flag is received by the mcroengine,. the

m croengi ne can detern ne hr ea n,o e exanple of an ,
appl i ca?’FGFPF pf‘ﬂ%e?ﬁ;ﬂrdmé\lp’g E%é ar %’arﬁﬂdt P ERESRdfdeessor 12 is as a
net wor k ppbee8sser 12 Amnter face¥Or01hd6wdik Reibe805828580s faedadirk processor,

t he har dwar e- based [tithreaded rocesjig 12 interfaces to network devices
such as 38CREgi §oPLE GSNEFEI Pe¥ - deli e W00Fase] Qerah M dPanct al MAC 13a

or a G gabat GEgasweth&we&edéGbcelmw.enqrnabenasaa nes W retwakocessor, the
har dwar e- based nul tit hr eaded rocegsor can interface to _any type of

conmiini PEXPLERASAEY| e JRTdvArerPaEe Wﬁt%@E@PG‘@g/EEﬂ%‘s‘f%’?d@ anount s of

data. CaRMHIAtERtAEY Y EngMeiPef blﬂcécbxﬂﬁﬁﬂlgzaltﬂoﬁ aevyweé kdng application
could receive a plurality of netwyrk packets 10 fromthe devices 13a, 13b

and pr oé§§§r‘f‘-ﬂ6§e“baafcl€€tc§l"ﬁs sepds Jlarge RERHBES 9F t%R%e har dwar e- based

nul ti t NeRARAH cBE D6 SH¥t el 10€B8GRcHESNINK iRaekREt§EPKkgy | ndependent | y
processed. . Anot her exanple for use of processor 12 is a print 15 engine

f or a pé@%é??ﬁ%oﬁr%ﬁé’sGPCSF"ﬁsa PPrlesTorLt BRTUCTK (RAGRESsubsy st em
.e1p RekBmdtRK &&Picae 134,  UBbh&kd YSocdss %ﬁo@e ket /NG ne. In the

securltles I ndustry for exanple, the advent of ectronic trading reqU|res
t he useparallel manner. With the hardware-based multlthreaded
processor 12, each network packet can be independently
processed.
Another example for use of processor 12 is a print
15 engine 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. 1In the securities industry for
example, the advent of electronic trading requires the use
of electronic matching engines to match orders between
20 buyers and sellers. These and other parallel types of
tasks can be accomplished on the system 10.
The processor 12 includes a bus interface 28 that
couples the processor to the second bus 18. Bus interface
28 in one embodiment couples the processor 12 to the so- -
25 called FBUS 18 (FIFO bus). The FBUS interface 28 is
responsible for controlling and interfacing the processor
12 to the FBUS 18. The FBUS 18 is a 64-bit wide FIFO bus,
used to interface to Media Access Controller (MAC) devices.
The processor 12 includes a second interface e.g., a

30 PCI bus interface 24 that couples other system components
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of electronic matching engines to match orders between 20 buyers and
sellers. These and other parallel types of tasks can be acconplished on

t he system o En?h rocessor: 12 includes a bus interface 2§ diﬁ%@ma pl es
the processor to e second bus 18. Bus interface 28 in one dlnent

coupl es the processor 12 to the so 25 called FBUS 18 (FIFO bus). The FBUS
Interface 28 is responS|bIe for. controlling and interfacing the grocessor

12 to t he YhBsregidehenrie HEL 14 bus,tp; £he peotesomndL. dbhedPE

interface gy Nedearleeess, Grdvddsla %@) sP8¥d C@sta TP 2ageEs0r 12
i ncl udes a second interface e.qg. PCl bus interface 24 that couples
Vﬁ%ﬁ@?f@@?gy

ot her systeROEYPEnEnEs, tipe ptfasOFhasth thest pPagbi de on t he

PC 14 bugydeq he BEOREFSQ! qifek1V &M thbUS i des a high
speed data S:ath 24a to rrerr%ry 16 e.g., the S D%ﬁﬂiéﬁﬁcntg}% ?gali:ﬂ%hr ough t hat

path data Ednbbe Advediauditkegt memaryhacseRAMDNY) tiransflershe TheCl bus 14,
via direct,jreRmny Bsseasm&%hfémf ‘fo&gcelgﬁargf % %aﬁ_ﬁa gul ti t hr eaded

processor 12 supports imge transfers ased miPtit hr eaded
processor trkanségasenplby kapdwaza ihageds mplal theerdsd prodelssomelar get of a

DVA, transfc_%(r? ehpRUYa BUENE L PUF Pual Eﬁa%gh@rief %n(\ea'%a¥8eli:a5% over the

PCl bus to ellver |nfornat|on t o anot he target to nt ai
processor a PME tiransfiey. is Aoy, emeither Phe @Clthmé)MmmraMeéSZdaaupports

targeg an%am@%begugﬂgr@éi% t?ﬁ%vgﬁeiﬁ £ 1P @khgns wher e

sl ave devi ces on 4 access roug reads and Writes that are
servi ced d&arges| foecmapntaingdriigiparacessor 12 ef€icierapyer ations, the

processor zcofi€ 20a$80dSe i feT bus interface 24 supports target and
master operations. Target operations are operations where
slave devices on bus 14 access SDRAMs through reads and
15 writes that are serviced as a slave to target operation.
1In master operations, the processor core 20 sends data
directly to or receives data directly from the PCI
interface 24. .
Each of the functional units are coupled to one or
20 more internal buses. As described below, the internal
buses ére dual, 32 bit buses (i.e., one bus for read and
bne for write). The hardware-based multithreaded processor
12 also is constructed such that the sum of the bandwidths
of the internal buses in the processor 12 exceed the
25 bandwidth of external buses coupled to the processor 12.
The processor 12 includes an internal core processor bus
32, e.g., an ASB bus (Advanced System Bus) that couples the
pProcessor core 20 to the memory controller 26a, 26c and to
an ASB translator 30 described below. The ASB bus is a
30 subset of the so called AMBA bus that is used with the
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directly to or receives data directly fromthe PCl interface 24. Each of
the functional units are coupled to one or 20 nore internal buses. As
descri bed dWeng he internal buses are dual, 32 bit bupegnfseerf2eso ONe bus.
for read an one for wite). The hardware-based nultithreaded processor
12 also is constructed such that the sumof the bandw dths of the internal

buses in_the processor 12 exceed t 25 bandwi dt h, of exterpal buses coupled
to the p?"b"c‘?é'g&rmlf.r"c?ﬁﬁoﬁr%%rees‘sOH%TZPFﬂE?% 3l3PetRGLUESF e processor

bus 32,a givatd) bASB3kushiAdaniesd Shst aicfengindtunaesptesskiie processor
core 20 to the _nmemyry c rol |l er, 26a, .26¢C .. an ASB transl ator 30
descri bePHd 'er-?%(Ej%AS%Q%ugrqnsslg%@ér éﬁbg’é&n&éé)ﬁé’t&?%e&ﬂé - AMBA bus t hat
I S used ménidryt as 38 WOAR14S Ak REhobPO0IRLESI erSIZeRNY28HMLHI EKESSOr Cor e.

The processor 12 also includes a private bus 34 that couples the
mi cr cengPie AnhisELacsss I\l?n‘gc??ﬂ AR BEROEY, SYHen 14, dpstyfing and FBUS

i nterfacelaghroh 1BeMaEEdbESr BodtOUpeeatibes B FRthol | er 26a, 26b to
the 5 bus interfaces 24 and 28 and mam)%?ga/,stem 16 including flashrom 16c

used for bootReFSFLIPPoRS EHer & £8rPnot FILAPNEINEFG22972%5¢ch of the

M cr oenti iesudedPad2hrbli 061 Uges: dxadiBeberlidite xRitersnt! 896 t0 determ ne
the available threads to be operated upon. Ang thread fromany 10 of the

i cr oen@Afisdiable shregds te R& OPeFatsBRARPRoN threadgErommd) control | er

26b 1y FEUSHAkaeAgifes TR P2I0CYn 6686594y SDRAM abdr26D1&Ach i ncl ude
a plurality of queues to store outstanding nenory reference. requests. The

queues <43 nhSDPRMY GPRFROLIRe2 &Y OFeFBFY FR¥RTARSR<8r IPRaMEROTY

controllers 26a and 26b each include a plurality of queues
to store outstanding memory reference requests. The gueues
either maintain order of memory references or arrange

15 memory references to optimize memory bandwidth. For
example, if a thread_0 has no dependencies or relationship
to a thread_1, there is no reason that thread 1 and 0
cannot complete their memory references to the SRAM unit
out of order. The microengines 22a-22f issue memory

20 reference requests to the memory controllers 26a and 26b.
The microengines 22a-22f flood the memory subsystems 26a
and 26b with enough memory reference operations such that
the memory subsystems 26a and 26b become the bottleneck for
processor 12 operation.

25 If the memory subsystem 16 is flooded with memory
requests that are independent in nature, the processor 12
can perform memory reference sorting. Memory reference
sorting improves achievable memory bandwidth. Memory
reference sorting, as described below, reduces dead time or

30 a bubble that occurs with accesses to SRAM. With memory
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15 nmenory references to optimze nenory bandwi dth. For exanple, if a
thread - O has no dependencies or relationship to a thread 1, there is no

reason t hat &ﬁﬁfﬁqlsl anq 0 cannot conplete their nenory rqicqivoeresd © t he
SRAM unit out of order. The m croengi nes 22a-22f issue nenory 20 reference

requests to the nenory controllers 26a and 26b. The m croengi nes 22a- 22f
fl ood the nenory subsystens 26a ., and 26b with epnough nenory reference

oper at i onFeEFERPCRSt TO FRAMe i OBy SREREND AL isgh PesdFBthe

bott| enecly iin@ls pREREEASPEads ANERAIIL@B. p2Bdhées e BEIBYY cxUBSYMELEM 16 S
flooded with nmenpry requests that are 1 ndependent in nature, the processor

12 can périfisr wRAEABRyIPBf SRR 46r SrEGLe MROFRIUSteh GOuPddrgi ng

i nproves 3Gl exall eeBERBr ¥hdaIoM Hoat-MBIBE Y261 f erence sorting, as
descri bed bel ow, reduces dead tine or 30 a bubble that occurs with accesses

to SRARI Wth Fbabr s, -te \§5¥imeres Fha tperivaoowserit: qreftdyeeh8s t o SRAM

swi t chi ng iy @Bt sdbeeet 400 Ol 4RAkhahbRRg deiveen meads and writes
produces a bubble or a dead time waiting for current to settle on
conduct or FePEFALing cHeleSRAM Borass frdlomaf kvm Miter cagbdesrddat is, the

drivers thal  dijaU8wEHER Nt M&HbAY & et enBECdot£i 8§41 Rouwil i i O to changi ng

states. Thus, repetitive cycles of a read followed by a wite can degrade
peak bandErPcessRENDZyte PEgaHEe Jeferggcas| bagnemary mustesbot 12 to

PLVTOALE RO BRSERok borerpas St Gk shalg e baiends can be
in the piyrdtiese t 8hdsfean ihe|ysast fcepdninpzerdead mumemim &hai | abl e

pipeline to effectively achieve closer to maximum available
bandwidth. - Reference sorting helps maintain parallel
hardware context threads. On the SDRaAM, reference sdrting

15 allows hiding of pre-charges from one bank to another bank.
Specifically, if the memory system 16b is organized into an
odd bank and an even bank, while the processor is operating
on the odd bank, the memory controller can start
precharging the even bank. Precharging is possible if

20 memory references alternate between odd and even banks. By
ordering memory references to alternate accesses to
opposite banks, the processor 12 improves SDRAM bandwidth.
Additionally, other optimizations can be used. For
example, merging optimizations where operations that can be

25 merged, are merged prior to memory access, open page
optimizations where by examining addresses an opened page
of memory is not reopened, chaining, as will be described
below, and refreshing mechanisms, can be employed.

The FBUS interface 28 supports Transmit and Receive

30 flags for each port that a MAC device supports, along with
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bandw dt h. Reference sorting hel ps nmaintain parallel hardware context
threads. On the SDRAM reference sorting 15 allows hiding of pre-charges
from one anot her bank. Specifically, if the menptyussonbdg 16b is -
or gani zedq?ﬁhﬁ‘tﬂr? odd bank and an even bank, while the pro’gessor IS
operating on the odd bank, the nenory controller can start precharging the
even bank. Precharging is possible if 20 nenory,references alternate

bet ween 28ddnERBE @Rt {2gh Ked1gpting JHeh FeFFitry i e¥ar @tadt 0 alternate

accesseghkOrBOPPOstdErdednes, al 86 Dienafsa t3ntEpl Ve eDRANMbandw dt h.
Addi tionally, other optimzations can be used. For exanple, nerging

opt i ni zREFEREMGNRSAGH ATRCEERLNE At REPHEN BarkebRE TR £htkr ged prior to
Nenory geeests. OPERe RAGR rodkiNpgat &0 Mie thebpaskari ik Addr esses an
opened pgge of menory is not reopened, chaining, as will be described

bel o, aRE PEFFRERF R THEERRAPIREMMRRAE be enpl oyed. The FBUS interface 28
Support goh-ag3dest Akt iRRGBr¥eocs? HiAaR fl%kagc u88d L£d A HMAC devi ce
supports, along with -11"W 01/16718 PMJSC0122658 an Interrupt flag

i ndi cat SmgoRhiRgk kY| SREM-s Fhr Ehetkash AeesrBot satesssBElB al so includes a

control bebo288, tHd pRHHOhBBGEL AL s dH OGRS ThBTpPhcé S kP RRKet s from
the .FBUS 18. The controller 28a extracts the gacket headers 5 and

per f or mfoxn afddibionayy HHeLEEEiagur CEIYERUSHARTEREAFDL R STUBREIEd | ookup

(usgd fQheafdi £5¥ing Mitlchndd) dhfa SBAMsddtibg:hash does not successful ly
resol ve, the packet™ header is sent to the processor core 20 for additional

processing. The FBUS interface 28 supports 10 the followng internal data

transacti onsgpys unit (Shared bus SRAM) to/from microengine.
FBUS unit (via private bus) writes from SDRAM Unit.
FBUS unit (via Mbus) Reads to SDRAM.
15

The FBUS 18 is a standard.industry bus and includes a
data bﬁs, e.g., 64 bits wide and sideband control for
address and read/write control. The FBUS interface 28
provides the ability to inpuf lérge amounts of data using a

20 series of input and output FIFO's 29a-29b. From the FIFOs
29a-29b, the microengines 22a-22f fetch data from or
command the SDRAM controller 26a to move data from a
receive FIFO in which data has come from a dévice on bus
18, into the FBUS interface 28. The data can be sent

25 through memory controller 26a to SDRAM memory l1l6a, via a
direct memory access. Similarly, the Microengines can move.
data from the SDRAM 26a to interface 28, out to FBUS 18,
via the FBUS interface 28.
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FBUS unit (Shared bus SRAM to/from m croengine. FBUS unit (via private
bus) wites from SDRAM Unit. FBUS unit (via Muus) Reads to SDRAM 15 The

FBUS 18 is ggz& gdard industry bus and includes a data bug,aﬂ,w bits

wi de and si and control ‘for address and read/wite control. e FBUS
interface 28 provides the ability to input |arge anbunts of data using a

2Q series of ipput and qutput FIFQO s 29a-29b. Fromthe FIFOs 29a-29b, the
m croengi nes Zagtﬁz?auqmsdéf'ﬁ fighrHhuted ARRESENEPSDRAM control | er 26a

to nove dipierbémgimes r ecRinnecki FOy ntavhiid stabve 2lsas eBREMT 5 @B andlevi ce on
bus 18, into é?e FBUS i nterface 28. The data can be sent 25 through nenory

8 .
control | eFB98a2Y ol SORAVSEWARG Feguests: g A Gomgend ERgueshcearPe Sinilarly,

the i cr ogngémesy CosqUBERte ordat EBﬁSOHéétE@sﬁDRAMo%GéxEﬁ%!_II._Qt egface 28, out to
FBUS 18, via the FBUS interface 28. -12 WO01/16718 P 7US00/ 22650 Dat a

f unct i dDnsCHFBARE EFFURRe FaRnBRYSt d2 kR T GeFGigdeserchnreted\inyato the

SRAM 26a, mSbRdhghike vt toBESsREréd ¥ésowimrard of eqUgSEpRA COMMaNnd request
can be a_nenory request or a' FBUS request. For "exanple, a 5 command

request cARCABYNdaIRAY loFRE1PByi S1esh |mRRATYd O SamenMBE orddters 22a to a
shared 1 e9QUr E6m&hdh .axd) sSRRAM:it | 05384 & o SRAY Eﬁﬁeﬂ?ﬂﬁgﬁm menory or

sone MAC address. The conmmands are sent out to each o tional
units an@Rgdhehehihaked ESEQREESS - HotRWever + ithesshasddr sesonress div 10 not

need 1 MabE! A4y | OF Hadiibhe! 188201 bl ke o RhRChata! NeratiL] TesOur ces
access distributed data |ocated Inside
: - the shared resources access distributed data located inside
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
requirement where each of the functional units is provided
with at least twice the maximum bandwidth of the internal
buses. As an example, the SDRAM can run a 64 bit wide bus
25 at 83 MHz. The SRAM data bus could have separate read and
write buses, e.g., could be a read bus of 32 bits wide
‘running at 166 MHz and a write bus of 32 bits wide at 166
MHz. That is, in essence, 64 bits running at 166 MHz which
is effectively twice the bandwidth of the SDRAM.
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of the m croengines. This enabl es m croengi nes 22a-22f, to have | ocal
access to data rather than arbitrating for access on a bus and risk
contention r e bus. Wth this 15 feature, there is goQuépeeieso stall for
wai ting fSY‘;@'é‘f@ internal to the m croengi nes 22a.-22f. The data buses,
e.g., ASB bus 30, SRAM bus 34 and SDRAM bus 38 coupling these shared
resources, e.g., nenory controllers 26a and 26b are of sufficient

bandwi dt h suBRe 20PEhREAREFETaLR HEFQ A AZCBSt FRe3&ed Thus, in order to

avoi d b%ﬁbﬁeeegs e JRreCpeseesdar Nas nas hapgdwedth requirenment where
each of e functional units is provided w.th at |east tw ce the nmaxi num

bandwi depmpinigation dihdhe SOBRY. conrtzglleradfretorHae MMSAM can run a 64 bit
W de buan%ér%cé?zzi\/'#na Efaesﬁm%&aé@oltw: 20wl ¢ibayes sgparate read and

wite buses, e.g., could be a read bus of 32 bhits wide running at 166 M
and & wHowevens %'icelﬁst &hej gicyeengigies\idza-2RAt and tyapséegence, 64 bits

runni ng M, ' fEecine elitrowhge EQGZM’! digheof the SDRAM
-13 WO 5%5%%?%3 PCT%%C%S%G%I(%? The core procgsgor 20 al so (?ar? access the

shared cezeuptesessr 20 recprscEle griapengingsdséacd2t coidmihecat i on to the
CORAM CRgh egéﬁ) 1265 19 LherbBis wt erfial AsB4+ 3Rfs] Qe RAM captrol ler 26b

vi a bus wever, to access the m croengi nes 22a-22f and transfer
regi st epbybbcallyl xasisgley inf thaeFRYS ritiyifass 29a-bot 1adicaldyre processor

20 90033 WISLILE Oonld 885232532 a8 30 BerhSPn] SRSl EALssS0 Over bus 34

trans at or can physi cal reside in the FBUS interface 28, but
| ogi cal ltyat6latich hetwsen rRESAs&mwn@t srapefperregigtesn address

locations and core processor addresses (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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transl ati on between FBUS m croengine transfer register |ocations and core
processor addresses (i.e., ASB bus) so that the core processor 20 can

access regi s@,§r£§np,ﬂ onging to the m croengines 22a-22c. 15 itsvokisse

m cr oengi nes can use the register set to exchange data as descri bed
bel ow, a scratchpad nenory 27 is also provided to permt mcroengines to
wite data out

Q _the nmenory for, ot.her m croengines to read. The
scrat chpad 57 The PSRFPRACT s 24}, iBCLpdng, §1RTES GPTCHUSOD 22650 The
processor ieplemattiedclindestivdl 8@ geopdpelinhephentsimeihd a &ihigie st age
pi peline perform a_single cycle shift of one. operand or .two operands in
a single Wélee%%gvf%eggﬁu???léq{z?ﬁ 5HCsARPHP RIS B M9 Barrel 5 shift
support. TWicdeR provratesSaulsiplidaridar dubpbotiCard Y HERC Walreetiure but it
I's i nplLenment, with a five st pi pel ine,for performance reasons. The
proces3or Sg&%g SYPPYFEo iﬁ&’r%ggiscacféekr%ofﬁt@ $m$q£is&{o@gcﬁ§mg2, an 8
ki | obyte daichiteehargdbutnit aiprieidietntbicaitbud fRiveGtald The core
processor 20 perfornms ari%hmatic operations in parallel with nmenory wites

and i nst r FEPEGANSF EPENREITGIRANGS, TE35PPEe s sBRE RFIFATTIHACETWRON ot her

functi onalalgdi isciubast He1 éRM dfviteed ndSBubbson TREcHSB HUSH § a 32-bit bi -
directional, bus 32.. 15 Mcroengines: Referring to FIG_ 3, an exenplary

one of thdileP¥tEeAgracsache . -obhnd, agprefetchetigrenm 2 fer Sfown. The
M crogogi M kelrddpgode§86E 1T per@oeméOaviithfetid dPtrations in

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.qg., micrbengine 22f is shown. The
microengine includes a control store 70 which, in one

20 implementation, includes a RAM 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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20 inpl enentation, includes a RAM of here 1,024 words of 32 bit. The RAM
stores a m'croprogram The mcroprogramis | oadable by the core processor

20. The mﬁbg ge 22f also includes controller logic ;gm,gdg?_zggnt roller.
logic inc es an i nstruction decoder 73 and program counter (PC) 25 units

72a-72d. The four micro programcounters 72a-72d are maintained in

har dware.. The m ¢roengi ne 22f al so_inclu es cont ext event swi tching | ogic.
74. Contt®er SBEEH 6@‘?‘&“’?&' Eeber vB b, %) # EVENT RESPONSE:

FBI - EVENEoREsBONSES r SRASY ﬂEMlR&WQ\&usSQB@%SQrEVF&REL FFESPONSE; and ASB
- EVENT- RESPONSE) from each one of . -15 WD 01/16718 PCT/ US00/ 22650 the

shared OL&hr ceshede Jressqgry PEVidpRAOBIRtioN BRoVRRERRT Gore 20, control

and Stat:‘é%;u"e%ﬁéat ghfct 2510 h98 cbpl&ted eI TS AR BREY idle rigRf or mati on on
whet her requested functjon has conpl eted. Based on whether or not 5 a

f uncPi o F@&EE%P’éer%Stﬁﬁ’r &Ydanthr as SOmRAGter ?hd et Inadedl eti on, t he

thread Repgiet@oMfithd Ahricdhat need®! €4 iviit FodNehataBmpIeditmh thread is
enabled to o erate then the thread is placed on an available thread |i st

(not sh&wepalr TRad & ridengivxeadots conpliadke to RRRFAEM oFhen §he 4 threads 10

avai | ablrehB 28dbidc8d loh a&aeaﬁraﬁm@é SHAedlq 248t! Prét ddwdl) . executing
thread, the mcroengi nes 22 e gnaling states that are. global. Wth

si gnal | H@esﬂaﬁégen%f‘%%éutcﬁﬁngﬂﬁ? e%ld“%?%'l-ﬁ‘uﬂ'r 8&d€agtr of sthyi@dsstate to al |
15 gpcrQeRghhsse22. Receive Request Available signal, Any and all threads

in the m croengi nes can branch on these signaling states. These signaling
st ates can bénuagditipn to event signals that are local to an

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 Reguest 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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determ ne 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 @aesek9di ment, the arbitration is a round robpdriHASEEs SM

O her techni ques could be used including priority queuing or weighted fair
gueui ng. The mcroengine 22f al so includes an execution box (EBOX) data 25

th 76 that | ud f t 76
agi stor SBNSFE) PRRBORT TRFLITET OF & CHRPL DB pditih 4 %3 SAnbh b and

| ogi cal funcidcensl Banke! Banass shithe fguneﬁ:amnpurlmae regiisrs ek 76b has a
relatively , |lar nunbe f 9¢ ner al ose regjsters. As will be 30

descri bed ¥ipdep % 38, w?‘iul'?}ﬁ‘f's gt ?B’ﬁ $¥ 3% ¥8dativglyp 01/ 16718
PC 1 USO0/ ZebR@bsganteal @wm@m@gl sters in a first bank, Bank A and 64 in
a second bank, Bank, B. The, pur poggaaggl sters are w ndowed as w |l

be desCribed sdPehBi-CEREYI é‘t]1S\9ell§' bk trangdeEssabl e. 5 The

i cr oengi g 2! %@abncwdamaa\Meafdettraaaﬁéﬁrstwglm er mleaek 78 and a
read transfer, stack 80. These registers are also wi ndowed so that they are

rel ativel fe&;f&téﬁofiﬁﬁeﬂrs%dbﬁ'm &° fhetethenmafereladiisedy apdck 78 is

where Wi t#hsdatutell9 2dALEOLUNEL | S Wra%a! @danSk8E | Adddeterl Qelaead78eyi St er
stack 80 is for return data froma shared resource. Subsequent to or

concur r ent:S\WHErgaWELLRr 3%R to 4 regeNEcs §RaloFrtd « hSimedgadyive shared

reSOUNge Gddd rebietSRAM £ORIIM!ILrE o202t SPRAMAEL NS | £Tsn20R a0 COr e
processor 20 will be provided to context event arbiter 74 15 which wl|

t hen al er tYOSRRICHr cadUPFRFUeHe tPalox icongysrenk|with data arrival,

an event signal from the respective shared resource e.q.,
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. 1In 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 lockup 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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or has been sent. Both transfer register banks 78 and 80 are connected to
t he execution box (EBOX) 76 through a data path. In one inplenentation,
the read W&&?'ﬁé register has 64 registers and the wigdcrnisoausse"

regi ster has 530 registers. As shown in FIG 3A, the m croengine datapath
mai ntains a 5-stage mcro-pipeline 82. This pipeline includes |ookup of

m cr oi nstructlon words 82a, formation of the register file addresses 82b,.
read of D&Pes arRR WiidH QBeF%Eﬂ’%‘E'er file 82c, ALU, shift or conpare

operations 8gge spHa Whicberdeskead provilibs 40sigHStHRIck 83ethdy providing a
wite-back data bypass into the ALU shifter units, and by assumng the

regi st eFSIRPELINGHIEFEREBAIAS o rERHWS EPAF Péd"l‘(?%ﬁ%é‘fhectll?&ﬁ 8 RAM), the

m Croenﬁwft %&M foRcr2edlo®i thE tz@aawé%ﬁegtstme fldl'(.ﬁoéﬁﬁﬁném_d wite,
whi ch conpl € -17 WD 01/16718 Pcr/USOQ Z. 2650 _hides the wite

opert i BT e AR EROB LabS B cheskingsthe sTRRAY 1eack PrEitYie

request efgyg NhiedP HH HﬁcQBeﬁ? ddeat andirethes g heppdn parity error
occurred on t he read _reques The m croengine 5 mcrocode is responsible

f or che@k?ﬂblmﬁé:mwy edfl Farfas sety a§h@ndet 19 BFYHARGi AR uses any

return g@té‘leé-ﬁ%)rlt Ch@ﬁk_l Psrmff f1lR0 isl an ¥ast Sflen e 8pkamf branching
on it clears it. The Parity flag i's onl gﬁ@ent when the SDRAM is enabl ed

for cheéRierabkes fioke CRERMMIGs Fnet ithy SPBRYUCH®PaTiFyTREORREEBENgi nes and

they PO phldi i A SeridifelNhial SRS O tNaALE 88 &1 PHdduksebiers. Therefore,
if the processor "core 20 or FIFO requires parity ‘protection, a mcroengine

assi st snpPhifird rafyPagd ty TREroF Ty o IMGitRESTEP a1 D XD RiRGEESOT

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:

20 Il 1 2] 31 4| 51 61 71 81

4 3. 3 Y
L T T o

microstore lookup |l nl jcb | n2 | XX | bl | b2 | b3 ] bd |
I nl | cb | XX | XX | b1 | b2 | b3 |
! fnl | ¢cb | XX | XX | b1 | b2 |
| | fnl | cb | X | XX | bl |

l 1 m2] |l nl | cb | XX | XX |

reg addr gen
reg file lookup
25 ALU/shifter/cc

write back

where nx is pre-branch microword (nl sets cc's)
cb is conditional branch
30 bx is post-branch microword

XX is aborted microword
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condi tional branches. The worst case conditional branch 15 | atency (not
I ncl udi ng junps) occurs when the branch decision is a result of condition

codes bei ng 4loses he previous mcrocontrol instruction. pdfusceksBey i S
shown below in Table 1: 201 1121314151617 181
----------------- ++++++++ mcrostore

| gokup | nl . I L d n | cb
O ot b B %Eg‘?“b% brl%g i g oo‘i% vty eI tndElene " 1
b2 | 25 Alddnsliitfiber fodes of Inl ade lseth hndXthe)B@éndH deciwtibhechack | | |
n21 | nl L _cb_| ere nx is ch mcr r sets cc's)
chb is con&& f"@ﬁ%)ofgbé%%(hm Vl%’sofaisse 58 eﬁrg%% %RXQFS aborted
ni cr owor d kobkedOuP1h i 673EL LG US@B&Zﬁﬁ&roéﬁgsﬁQVthursTablzecizclét i's not

til e 4 that th di des | t, and the branch
oci si 8 EFRBCBo LRERACY VT 1 RePEoRags BEnEADTHT BRFREIPEL ALl o be

| ooked up anal mzcl(ehé)z ﬁi‘m:andﬁ’dsemlrléetﬂ.pcufﬁeﬁ the Wiladich)bhianghel at ency
penal ty because. i % ﬁ&a ort ns.n2 géj]ﬁg the 2 m crowords
directly &F& PRECHF %‘%‘ g&glﬁﬁﬂb‘? e PiRep¥ihhbegins to
fill the pigegantibh bmperm Itﬂfé bjranlch tiBenbt apgken S dPmilcFe@Brg80 M crowor ds
are aborted and exe ut| n conti.nues nornally. The 10 m croengi nes have

several mAERafPSREeRoaR o‘?ﬁ?ec"lﬁloé‘l FﬁPﬁ&PEestW’Eﬁlf]éfct i v&@Sbr anch | at ency.
The nior ogiigirdengsn@pohdvdladetidred heaR6Resms Dl &Fddud@® or eliminate

the effective branch latency.

The microengines support deferred branches. Deferring
branches are when a microengine allows 1 or 2 microwords
after the branch to occur before the branch takes effect

15 (i.e. the effect of the branch is "deferred" in time).
Thus, if useful work can be found to fill the wasted cycles
after the branch microword, then the branch latency can be
hidden. A l-cycle deferred branch is shown below where n2

is allowed to execute after cb, but before bl:
20
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branches are when a mcroengine allows 1 or 2 mcrowrds after the branch
to occur before the branch takes effect 15 (i.e. the effect of the branch
is defer‘f;@ fgmgtime). Thus, if useful work can be foupgrisookidss the
wast ed cycle atfter the branch mcrowrd, then the branch | atency can be
hi dden. A 1- cycl e deferred branch is shown bel ow where n2 is allowed to
execute after cb, but before bi: 20 -19 WD 01/16718 PCT/US00/ 22650 | 1 1 2
131. 4151617181

----------------- bl Lk 2143 1 41 540 61748 i crostore
lookup I ni | cB-t-n2-1--3¢++bi--+-D2+4--bB-+-b4-++--5-veg-eaadr+ gen | | nl |

cb I n2 1 XX nglcrg,stgge Ilogg‘hp rq:gnlf i||¢§, I| QK YRk | Ibll ryz | 18b) lpgng | XX I bi

I b2 1 ALU/shlft cc | 1 |te ack I I I |
nisl cb I n27 df Kh2- cy&l e Lenfle red braL’%ﬁ ‘n(l)’%vn' Iow where n2

and 10 n3 are 4sgtHlgl kRl 1o conpl bt bebol é'zthé‘xb'r &hchbo bl occurs.

Note that a 2- auolshibtamed deferpentiis pmiy) cal | azed xwhewitihe condition

codes are set q&lggq,agi crowog d precgdl ng thehranghy nd5 kx 1 2 13 1 41

51 6171 8 19
______________ 2|_-c¥cl_p deferred branch is ghown below, where n2,ang; -rostore

| ookgip h3nhrd 1KdxH ANdokel3td Edmpldre be¥drk BHe |bRndn thﬁ%laddr gen | | nl
Il cbl n21 n31 bl I b2 1 WI b4 1l reg file |kup I I nll cbl n2 1l n3

| bi | BoCYr$a |Noke Ahatshr £7P¥els hrap F?Pf?r%n# Jn92°1nlt¥3l bl | b2 I

wite batkoked whén thRlcbn&PtiomZdddsd arebbet od NendinElaRRairaes al so

support condition _code
preceding the branch.

15 I 11 241 31 41 51 61 71 81 91
microstore lookup | nl1 | cb I n2 | n3 | bl | b2 | b3 ) bd | b5 |
reg addr gen | Il nl { cb | n2 {n3 {bl | b2 ]| b3 | ba |
reg file lkup | ] Inl | cbin2 | n3 | bl|b2]| b3 |

20 ALU/shftr/cc | | | Inl {cb|n2 | n3 | bl ]| b2
write back | } 1 | | n1 | cb | n2 | n3 | bl |

The microengines also support condition code
evaluation. If the condition codes upon which a branch
25 decision are made are set 2 or more microwords before the
branch, then 1 cycle of branch latency can be eliminated

because the branch decision can be made 1 cycle earlier:
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evaluation. If the condition codes upon which a branch 25 decision are
made are set 2 or nore mcrowrds before the branch, then 1 cycle of
br.anch Iategﬁymgﬂg' be elim nated because the branch deci sppfuseunée nade 1
cycle earlier: - 8 WO 01/16718 PCT/USOCO/22650 1 1121314151617
181 ----------- meetee e e = e - oo - +----+ mcrostore
lookup I nl I n2 1 cb I XX I bl 2,1 ,b 4,1 e ddr .gen Il | al | n2
| cb 1 XX 1 bl | b21 b3 1 5 reg‘flglie fogkhpp| 1 En% P ﬁ27|FcB | XX | bi I
b2 I  ALU shiftertee T T 1T° T N T" 27T e T XXIT~ 1" *writeBack | | 1 | |
ni I n2 1 cb | XXnilerbstotériivompanplienl Nl nzdt sb tihgx dovdilt b Bddess dnd n2
does not set the g&?g&c;rihe&s (r:]ociesj |T,t;uer|e,}‘,pr,ecb t he Iq)r@lnlql'bz flobsd?Ci ﬁi f)n can
be nmadg at cycle 4 ther than 5), to eljm e .1 0 nc at ency.
In thgfexarrpl e be’feﬂw%ﬂet %’e"kil-’ cgcl e 'branch (Te’%gﬁ nht C)é(ﬁdiebelarjléyzet ting of
condition codes RVéskidheri/ised tlo conpl dtel y M den? hecthd 2Fch ¥ladency: 15
Condi tion codes (wate)baget 2 cycl eg befiorela 14oiclien2 dedenred branch: 11 1

---------------------------------------------------------- 2m crostore
| ookup | dbes nétlseth thenTondhltibnh2coddeds. | Therefoerg, atle geand¢h| nl 1 n2 |

cb 1 | .bl.L. | _reg._fi oku I | | «n2 cbl n31 bl I b2

" Al oneBpabif {af hd mddROpt bE1EDK Prdpten WRan! 07 LoPD | 101 P

| n2 | cbelim3ndte 2b dyclich@fchsanvhelatémey cdnditheorxanpgts behmwt be set
the l-cycle branch deferment and early setting of condition

codes are combined to completely hide the branch latency:

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

deferred branch:

1 11 2] 3] 4] 5] 661} 71 8/

4 + 1 s 3 4 1
Y T T T T } +

+

20 microstore lookup Inl Jn2]cbhb|n3 | bl ]|b2] b3 |bd]|
reg addr gen i nl | n2 | cb I n3 | bl | b2]| b3 |

ALU/shifter/cc I { 1nl | n2 ) co| n3 | bl

]
reg file lookup | | J nl | n2 | cb I n3 | bl | b2 }
|
write back } ] | | ] nl | n2 | cb | n3 |}

25
In the case where the condition codes cannot be set
early (i.e. they are set in the microword preceding the
~ branch), the microengine supports branch guessing which
attempts to reduce the 1 cycle of exposed branch latency
30 - that remains. By "guessing" the branch path or the
sequential path, the microsequencer pre-~fetches the guessed
path 1 cycle before it definitely knows what path to

execute. If it guessed correctly, 1 cycle of brarch
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early (i.e. they are set in the mcrowrd preceding the branch), the

m cr oengi ne supports branch guessing which attenpts to reduce the 1 cycle
of expose Q latency 30 that remains. By "guessingpek, z@gch pat h -
or the sequ S pat h, the m crosequencer pre-fetches tﬁe guesse path 1
cycle before it definitely knows what path to execute. it guessed
correctly, 1 cycle of branch -21 WO 01/16718 PCT/ USOO/22650 | atency is .
elim nat]é‘(}eaé’ysﬁﬁmﬁl%r&ﬂﬁedg&é”s§hBY’%n‘%‘F11‘T‘%rken /branch is taken 511121
314151617181

--------------------------------- ---- m crostore

| ookup | nl1 | cgufs "Iart)ﬁh JEa"kin /%ga?c%éf'ﬁ tbag P reg addr gen |l | nl | cb

IXXIblIb2Ib3Ib4I ‘reg file lookup I I I nl 1 cb I XX1 bl I b2l
b3 1510 ALU shifter/cc I | |1 (I nlj l2gb 3 X4 W4l 02 I7 ywgije back | | | |
I nl 1 cb I XX 1 hi_l __If the nigrocode guessed a branch, taken incorrectly,
15 the microengine still_ only wastes 1 cycle: guess branch taken /branch is
NOT taken 1 1 1™Fresterg lpokuy 1 lgny 17¢ Igny | BH1 b2 | b3 | b4 | bS5 |
_______________ regraddr gen - - +-1- - - 4-nl J4cb 4-X¥X {-bl+|-b2- +-b3- } 4 i Crostore

| ookup | nl | ched fiie Lookdp! N2 I} N3 lnin4 éb na(xl | ¥1e¢ wdgrpsggn | | nl 1 cb
I I XX 1 n2 rgfllelookp b I ni XX 1 n2 |
n3 Po ALU/shlft}eLdPghlfthI/cc q I cb I nl'l lfofb 'r}é(} Cl R }te back I 1 |

| 1 nl | cb I n¥FiEeyeek Howéver ! thé Iatency 'ﬂehaﬁbtj/"ixs'chlsirlbuted
differently when-m crocode guesses a branch is not taken:

If the microcode guessed a branch taken incorrectly,

15 the microengine still only wastes 1 cycle:

guess branch taken /branch is NOT taken

I 11 21 3} 41 51 61 71 8

- ——— — - ' o+ + -+ } $ 4 4
20 + + t + + : + t +

microstore lookup I nl I cbinl | XX | n2 | n3 | nd4 | n5 |
reg addr gen | Inml | cb | nl1 | XX | n2 | n3 | n4 |
reg file lookup | | Inl tcoblnl | XX | n2 | n3|
ALU/shifter/cc | | | I nl 1 cb|nl} XX | n2 |

25 write back | 1 | l Inl|lcb|nl | XX|

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

30 are no wasted cycles as set out below.
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For guess branch NOT taken / branch is NOT taken there 30 are no wasted
cycles as set out below -22 WD 01116718 PCT/USOO' 22650 11 12 131415

1.6 17 1 8yoormens ---"-"""""- o - - oo - - - - - - - - - - POTAUS00/22650- - -
mcrostore lookup I nl T cb I ni I n21 n31 nd4d 1 n51 n6 | reg addr gen |
Il nl I cbIl nil n21 n31 nd 1 n51 5reg filelookup !l I I nl I cb I ni

n2 I nl 1 b4 1 ALUshifter/cc I C I wite back
' I I 1 1 nl I cbl nl 1112 | F%mevgrzfgr gue?s‘b%anch ﬁtﬁ ?akeh /branch is
taken there are ZWasted ¢ycl&€s 10T I"TT2-T*3"TH2- T+~ T+ T+7 1 8 1
----------------- microstore-loekup - - -|- nl-|- cb-Hal-|- 22 -]- a3-|- nd 4 nBiiChOSIt Or €

| ookup I n1 | cb J_-e bade e | DIy | B2n1 b3} RA |l n2 r,eg3 qd,qlg g{.—;-gl,l I ni |

cb
I XX 1eXX | bl | 5regf|IeIo C XX 1 bl
| b2 1° ALU/shlfte hlbell‘i’“ﬁ " cb ! &5(?”)&)(“‘[ 'b’I[BI' "19 i b 'back NN
| nl 1 cb | XX|I W’Phrﬁiér/rﬁccrdengl'ne dan doRbilner Brﬁhdhn%;deé%llng with 1-
20 cycl e branch defieermeiek to i nprove the rasul ti dunt&en. nFarn2 guess branch

taken with 1 ChgheveP!fSF Ghd¥sABEBNBRANGE Ldked Yehnlch 15 takes 131415

_________ there_are-2 -wasted gycles.---+----+----4+----+4+----+ mcrostore

| ookupg! nl I cb I n2 1 bl I b2 1 b3 1 b4 1l bS5 reg addr gen | | ni | cb.
Il n2 1 bl I b2 1 b3 1 b4d 1l reg file Iookug Il I I nl I cbl n2 1 bi I b2
b3 | i 11 214 I 41 51 61 71 8]

—— — } 3 4 —— — ' N <+ -+
} + + + + t + +

microstore lookup inl | cb{nl | XX | bl | b2 | b3 J b4d |
reg addr gen l nl | cb | XX | XX ] bl | b2 | b3 |

|
15 reg file lookup | | i nl ] cb | XX | XX | bl | b2 |
. ALU/shifter/cc | [ | Inl | cb | XX | XX | bl |
write back | | | ] |l n1 { cb | ¥X | XX |

The microengine can combine branch guessing with 1-
20 cycle branch deferment to improve the result further. For
guess branch taken with l-cycle deferred branch/branch is

taken is:

25 +
microstore lookup I nl1 jcb | n2 | bl|{b2 | b3 | b4 | b5 |

fnl | cb|n2|bl|b2]b3]| bd|

{ inl | cb| n2 | bl | b2 | b3 |

| I Inl l cb | n2 ] bl | b2

! | | I n1 | ¢b | n2 | bl |

+
+
+

reg addr gen

reg file lookup

ALU/shifter/cc
30 write back

In the case above, the 2 cycles of branch latency are

hidden by the execution of n2, and by correctly guessing
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ALLVshifter/cc I Il I I nl I cb

| cb

hi dden byé%@gﬁﬁ%§CUtion of ' n2, and by correctly guessi ngpcrdsooidfesel/ 16718

n2 | bi | b2 1 30 wite back I | | 1 |

n2 | In the case above, the 2 cycles of branch | atency are

ni

1

1 6.
-

| nl

PCT/ USCO he branch direction. If mcrocode guesses incorrectly,
cycl e of branch Iatency remai ns exposed as shown bel ow. guess branch taken
wth 1- c cle defen§ br an leranch s NOT taken 11 % 1415

17 1 8 egb{angh__kneg;;pp___i mlq;oco $ gue§ses ;ncorrect,y* e oo - 4

m crost @eiye1606KkUWprdndi latehck PemaineXdxpddel 84 shéwm Ibdlow: N7 | 10 reg
addr gen I I nl I cb I n21 XX1 n31 MI n51 n61 reg file |kup I

l cbl n21 XXI n31 n4d 1 n5 1 ALUshftr/ccl I I I nl I cbl n2 1 XXI
n3 1 nd | wite Qags brankh! thkéh Wwitdh 1-cpdleé d&férred| | f mcrocode

correctly guesses
sequentially int

guesses branch NOT taken, the m

unproducti ve execution as ghqwp be| oy 29 gugss Brangh NgT tgken/ branch is
taken 1112131415 Foagn. Bol 0w, 20 gusss Bransh y

a branch NOT taken, 15 then the pipeline flows
QGH/PﬁPncﬂnb%rWQWtﬁﬁ*anse If microcode incorrectly

croengi ne agai n exposes 1 cycle of

+----+----+----+----+----+l---+----+----+----+

——— e —

Iookup | nl |mighyogtone lookdy | ol | |cbhp n2 bIX| | B3 | nB5l pS2Enfelgnaddr gen |

nl 1ocb | n2 feéGer nl) b2 | A3

| b2 | §J[1e l,é:prshf r/(r:] nh i(XLl ?2| kx(ﬁbnﬁ Ing4 | g]g(l bl 1 b2 1
|

XX 1

wite back I T°9

15

20

25

30

b

chb |
ALU/shftr/cc |

write back | | |

lebbdnk | ®RQ Bshenhhuasn hel} n1 | cb

nl | cb | n2 | XX | n3 | nd |
| Inl | cb | n2 | XX} n3|

If microcode correctly guesses a branch NOT taken,

then the pipeline flows sequentially in the normal

unperturbed case. If microcode incorrectly guesses branch

NOT taken, the microengine again exposes 1 cycle of

unproductive execution as shown below:

guess branch NOT taken/branch is taken

I 31 41 541 661 71 81 91

rY

—— + +

I 1] 2

+ + t + e ettt

microstore lookup | n1 | cb | n2 | XX | bl | b2 | b3 | b4 | b5 |

reg addr gen | I nl |
reg file lkup | | I
ALU/shftr/cc | | |
write back | I |
where nx

cb

bx

4.4

cb | n2 | XX | b1 | b2 | b3 | b4 |
nl | cb | n2 | XX | bl | b2 | b3 |
| nl | cb | n2 | XX | bl | b2 |
| fnl |l cbl n2 | XX | bl |

is pre-branch microword (nl sets cc's)
is conditional branch
is post-branch microword

is aborted microword
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30 where nx is pre-branch mcroword (nl sets cc's) cb is conditional
branch bx is post-branch mcroword XX is aborted mcrowrd -24 WO

01/ 16718 P 2650 In the case of a junp instructionpcdns ycl es
of Iatencyca-%(gagﬁéérred because the branch address is not Pf;r?omn uzg?olcl t he
end of the cycle in which the junp isin the ALUstage: 511121314
15161718191 , . .

e eeeeeoo- In_the case, of a,jump_ instruction, 3 extra,cvcles ¢f crostore

Iookup | phtinép éréoﬁﬂcd¥¥eh K&céuéé—&hé:%ﬂadéﬁ ladafeks £§9nsddr gen | | nl

I jp I XX T XXT1 XX | ] 2 31 10req filelkup I I | n1 1 jp I XX

| XX | Xxkpoyp yntyhl Ith%l_e&dsﬁift Fh%ccyclfe 1in which jthe| jwRe|isodn XX | j1 1

wite backnd Art dedgdy | ip I XX1 XX I XX1 Context Switch: 15 Referring

to'FIG 3B, a forrrat froma context switch instruction is shown. A context

switctPis a special form of a branch that causes a different context (and

associated PC) to be sel ectéd.l Cor2t éxt3 $w4t ¢hisng iéntroducesiseme branch

| at ency as wel |_--CDIIS.Ld.EI._I,he_I.Q.LLmALD.g._CO.nLeX.I _20+.S.\AL.I.Qh_+_l 1+1 21314

1516171 8
+

| ookup | of | c&edl a‘l!ﬂ’-‘ ‘Fe“nl II n!Z“I1 h3pi | ¥% | X¥51 XXnk ip Qazrbg3aljdr gen | |
of | Ma. 1 XX lreal £filenBadp N3 11 N4 | na51 §p rexg fixke) Ixkkup 3k | 52 pf | ca | XX

I nil n2 1 n3 ladsheersce | | | I nl{dp | XX | XX | XX | 31 |
write back | | i i Inl | jpl XX | XX | XX |

Context Switch:

15 Referring to FIG. 3B, a format from a context switch
instruction is shown. A context switch is.a special form
of a branch that causes a different context (ahd associated
PC) to be selected. Context switching introduces some
branch latency as well. Consider the followihg context

20 switch:

I 11 21 31 4| 5| 61 71 81 9|

+ <4 e
T T +

4 -+ g Y L 2 1
- - L + - - T

microstore loockup | 01 j ca | br | n1 | n2 | n3 | n4d | n5 | n6 |

- 25 reg addr gen | ol |ca}j XX 1 nl|n2 | n3 | nd | n5)|
reqg file lkup | ! l ol J ca | X | n1 | n2 | n3 | nd |
ALU/shftxr/cc | | | l] ol | ca | XX | nl | n2 | n3 |
write back { | | | | ol | ca | XX | nl1 | n2 |
30
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ALU shftr/cc I I I I of I cal XX1I nl I n21 n3 wite back I 1 I 1 | of |
cal XXI ni I n21 30 -25 W 01/16718 PCT/ USOQO 22650 where ox is old
context flQwdhehs Pranch mcroword in old context cais

rearbitration ’(‘causes‘cont ext switch) 5 nx is new context ow XX is
aborted mcroword In a context switch the "br" mcroword is aborted to
avoi d control al d to 19 otngltexmf | es that could be caused by saving the
correct ol d context f’é &% "5%al branches. t hat operate on ALU )
condition codes which albé iscbrapgh mierqweed ¢Rotld eefexe the branch can
select 0, 1 or 2-cycle branehcaeber renbiobdesn (ComndstddmBextcodes set 2 or
nmore m crowords before ttggl&gpdltlonal branch that operates on them can
selegt 0 or 1-cycle branch ;15 defermanjt: nodes. Al other branches

(i nclPudi ng context rear bt FAMEEEF RIn" % ect either 0 or 1-cycle branch
def erment nodes. The ar cKKtiscerarted pitadvprd designed to make a context

arbitration mnccaoweﬁdexttéuirtdh hhanedy” debeswsrd M ngRweeh éoprecedl ng
branch i rrp context 20 arbitration nmcrowrd, an illegal tion. That

&?BGHPFTB’?\?% tiping, coppleri t i8S idiAtd Senddpbeara to occur

dur| ng BP ARG Rgt ERESESE RS rbl@%oateﬁlp@ because as nentioned, it could
undul y conplicate saving of the old context PC. The architecture could

al sd%e desi §e8ditdonal Hesn ERrRgORPXAE S AhéLr seeditdeRr nent wi ndow of

a codes which are set on the microword before the branch can
select 0, 1 or 2-cycle branch deferment modes. Condition
codes set 2 or more microwords before the conditional
branch that operates on them can select 0 or l-cycle branch

15 deferment modes. All other branches (including context -
rearbitrations) can select either 0 or l-cycle branch
deferment modes. The architecture could be designed to
make a context arbitration microword within a branch
deferment window of a preceding branch, jump or context

20 arbitration microword, an illegal option. That is, in some
embodiments, a context switch would not be allowed to occur
during a branch transition in the pipeline because as
mentioned, it could unduly complicate saving of the old
context PC. The architecture could also be designed to

25 nmake branching within the branch deferment window of a
preceding branch, jump or context arbitration microword
illegal to avoid complicated and possible unpredictable
branch behaviors.

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

allow one thread to start executing just after another

-26~



precedi ng branch, junp or context arbitration mcrowrd illegal t
conplicated and possi bl e unpredictable branch behaviors. Each m croengi ne

22a- 22f SUpW‘(S)Bﬁlgﬂdl ti-threaded 30 execution of four cont egifizseddlgse’ €ason

for this is
WO 01/ 16719 PCT/ USOQ 22650
until that, reference conpl etes bgfore doi ng nore

critical RreRE MSHYRSHG BERPPEY ekt

o avoi d

ow one thread to start executing just after another -26
thread i ssues a nenory reference and nust wait
rk. This behavior. is

WO
PR REstt PRt ot tihethAter oengi nes

because nesBéyencd itiiplietesi BOESLE adind mdirdt @drd. f f ehedtbohatiforonl y a
single thread execution was, supported, the mcroengines would sit
a  signi f1affiiffertoMPERLRNRI S HFIBE PereraRees*es ot h .
thereby T eGR; @MY ineGOBRELELE Ofidhod 1 QUAIRY! 15 Mibhiridapaded execution

all ows_an m croengi nes to hide 10 nenory

ide for
and

| at ency by perform ng useful

i ndepehdefitated I efhFeht ey éf apR N2 RINILETRBTEPACRRBARLHER dfRSrechani sns
are suppkjgfoited dele hec%bée?eﬁﬁeé hp&ady IR 339e @8- SRAM or  SDRAM

ref erence, and then subsequent

y synchronize to the point in tim when

that ref epé@REfEeantt evaber: gL CR¥Ches el ind FornwedpaeRcSynhroni zation. In
i medi at e syREhr o 28 @by tBAuEE Cé@@fkﬂﬂl”%dm%%‘ﬁ%%if:?&l Eﬁf@ﬁ@ﬂﬁ% and

I mredi ately swap out that "context. The contéext w

be signaled when the

“cor r espontihEl reirgadace exepprionsallywe 1 gisiregnginesceptide wi | | be

swappggl bﬁé&orgolé{éﬁ% 3?5}99%&9&1?{@3&&&10;{5\% %ﬁkggﬁt%‘!g?ﬁ LY S

is its turn to run.

romthe point o

i nstruct i daverakbdmhreads.ni Fveneyuchronikzitsion mgchanisms are

15

20

25

30

supplied in order to allow a thread to issue an SRAM or
SDRAM reference, and then subsegquently synchronize to the
point in time when that reference completes.

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

A second mechanism is Delayed Synchronization. 1In
delayed synchronization, the microengine issues the
reference, and then continues to execute some other useful
work independent of the reference. Some time later it
could become necessary to synchronize the thread's

execution stream to the completion of the issued reference
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the nemreference does not get executed until the reference conpletes. 25
A second nechanismis Delayed Synchroni zation. in delayed synchronization,

the mcro i | ssues the reference, and then conti nuel,%lt,‘fs G360/t € sone .
ot her useﬁ@ﬂ“ﬂé%ék i ndependent of the reference. Sone tine gter It could
beconme necessary to synchronize the thread's 30 execution streamto the

conpl etion of the issued reference -27 WD 01116718 PC. J USOQ 22650 )
bef or e RefAHPe FURGPRT | P ¥ RAFFOTRED: hi &L fhd’t By Achr oni zi ng i croword

IS execihfthrondkingl hickdwsa SwhRxeuhtbleLRat BN htaad, sagg swap it back
in sonetine |ater when the reference has conpl eted, or continue executing

the 5 Ul & clErenl beesatde ake spaPet Bk fomesdpecdabeet ed. Del ayed

synchr opi&atdn@N regeb8REE R4Y edmplieREd] Wor deddEIRiY extedf@hiNghschemes: |f
the nenory reference is associated with a transfer registéer, the signal
f r ofh wHFwtrarte thEpaddopsanss gder sgfrpEengs Rahalaeagdvweempriatedor r espondi ng

transf efe TRHS Ghchdbhflzdiforl SsS8mpPemehead Qi weXaipk8redd SRAM read
which depositsdata into transfer register A wiuld be signaled when the

val i d bykgradding sshewes: |f the nenory reference is associated with the :
transfer FIRQ @het H@mé?%é’ﬁeﬂ@fe@ islaskbeisadh Witk bf apghSfefegi ster, then

the signal is generated when the reference conpletes in the SDRAM
cont r ol ¥egistex, Cheysboealfprm whighetherthepacds ityipgrgedi kst he

m Grepengl 3 GHEhSEne L EUS HoNaIRG LHASE AN I3 s3e@Ngh1 €N exist in this
schene.” 20 There are at |east two general operational paradi gns
: bit is set or cleared. For example, an SRAM read which :
deposits data into transfer register A would be signaled
when the valid bit for A is set. If the memory reference
is associated with the transfer FIFO or the receive FIFO,

15 instead of a transfer register, then the signal is
generated when the reference completes in the SDRAM
controller 26a. Only cne signal state per context is held
in the microengines scheduler, thus only one outstanding
signal can exist in this scheme.

20 There are at least two general operational paradigms
from which microcontroller micro-programs could be
designed. One would be that overall microcontroller
compute throughput and overall memory bandwidth are
optimized at the expense of single thread execution

25 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
should be optimized at the expense of overall microengine

30 compute throughput and overall memory bandwidth. This
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fromwhich mcrocontroller mcro-prograns could be designed. One would be
t hat overall nicrocontroller conput e t hroughput and overall nenory
bandw dt h argo offitbism zed at the expense of single thread exReqAide

| atency. Thi's paraglgn1mould make sense when the system has multiple

m croengi nes executing nultiiple threads per mcroengine on unrelated data
packets. A _second one |[s that m croengi ne execution |atency should be

opt i nmi zedPaF2¢HhE" ¢ dIPLEG PEPFURL QR R ' resd &diBufer®Atoughput and

overal | nemmeycbaseiddid). thaks is28aWebRd¢ AHirkS WEHhUSPt32E80thRar adi gm
coul d i nvol ve execution of a thread with a real- tine constraint, that is,

a const r aPARCWIPER TSR APSO1PRELY Bengonelxy rme spscifierythredone by sone

speci fi edshtRea Sbiest@aiGRNTebRlinbs €At I S5t imiadataRn BeZahieOBinh1she single
5 thread execution be given priority over other considerationS such as

nenDrysbaﬁﬁﬁfﬂ@he%ﬁcQRRSQﬂqe IdZRBUPELPEHEY VRIS . A real -tine thread

woul d i mpkyns 8détae sheTisupeRg aemsbﬁtbma@ﬁ &nlowe%ﬁ%ﬁthread Mul tiple
t hreads woul d not be handl ed_because th ébggal iIs 10 to allow the single

real - t i meCPRPRERt PN dhiRorghputoon Asrepbking chreedcwondd &rphyltipl e
t hr eads Wauéﬂn 1@@@:[c£$&n?1n@b‘thh¥:>’exé'9@t&§ddr{!@ Yt €n2baliiese two paradi gms

coul d be %nlflcantl fferent wwth regard™to 1ssuing nenory 15
reference@u& Pt nthsgadsimogddngot| het handiked heamuseatbe gohd §val is to

i ssuer@s EBNY1 IBWOFNe rﬁr@l@”%@ilaﬁlﬁg%féad QS UGt aQr 450t 95 M Ni M ze
the nmenory | atency incurred t hose references. ving issued as many

r ef er enceBogg8ible-—-execution of multiple threads would hinder this
ability.
The coding style of these two paradigms could be
significantly different with regard to issuing memory
15 references and context switching. 1In the real time case,
the goal is to issue as many memory references as soon as
possible in order to minimize the memory latency incurred
by those references. Having issued as many references as
early as possible the goal would be to perform as many
20 computations as the microengines as possible in parallel
with the references. A computation flow that corresponds

to real-time optimization is:

©0) issue mem ref 1
25 o) issue mem ref 2
©0) issue mem ref 3
o) perform work independent of mem refs 1, 2 and 3
o) synch to completion of mem ref 1

o) perform work dependent on mem ref 1 and independent of mem ref 2
30 and 3

0) issue any new mem refs based on preceding work.
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early as possible the goal would be to performas many 20 conputations as

t he m'croengi nes as possible in parallel wth the references. A

conput at i O‘Qo L’%J hat corresponds to real-tinme optim zapc@Risbdzzes) | Ssue -
meat ref 1702 i ssue neat ref 2 0) issue neat ref 3 o) performwork

I ndependent of neat refs 1, 2 and 3 0) synch to conpletion of nmeat ref 1
0) performwork e endet on at ref .1 and i ndependent of neat ref 2 30
and 3 o) i <Qu¥™s y°n8W‘pne%1°n 8*%h3Sed on preceding work. -29 WD 01/16718
PCT/ USQQ 2285perigim $oHE I‘i‘eﬁ?d%‘-nﬁ!‘ Fepdiefol apdA irdepondspt i ey mefwor k
dependent on semref 1 and 2 independent of memref 3 0) issue any new nem

refs based On; QLECHE Ay YOI Kers Badll ayagékehgﬁcamgé.etion 0; memref 3 o)
rers (0} I SSue any new

perf rmvvorkd ndént qn_t he | efion of

Befs bféeﬂ“@ﬁ Sy TR e?fé’“\/\%fﬂémf#éontrast optinization for throughput
and bandwi dv hpelfemawe#ld depgodent ap ftherasmpletpen @&l YreFs optinization for
M cr oengi ne)CossaYt alyl fdahent Béfgadedt orApeecdei@ldbzyENDry bandwi dth | ess
consideration is given to single thread execution |atency. To acconplish
this, the goal would be to equally space nenory references across the
m cr opr ogr anLhScodbotrasich dnmmadatIMSfmotﬁl'd:qmghphdeaad tjmriricmjmm r eam of

gf(r)rggy ref &egggsl t%tptee SéR%M ?Q,;f BBAMVE.Q:'H %H; TR 1on J,\:ADU| d maxim ze the

bi M9 Fead 15 a
microengine computational throughput and overall memory

bandwidth less consideration is given to single thread
execution latency. To accomplish this, the goal would be
to equally space memory references across the microprogram

15 for each thread. This would provide a uniform stream of
memory references to the SRAM and SDRAM controllers and
would maximize the probability that.1 thread is always
available to hide the memory latency incurred when another
thread is swapped out.

20

Register file address types:

Referring to FIG. 3C, the two register address spaces
that exist are Locally accessibly registers, and Globally
accessible registers accessible by all microengines. The

25 General Purpose Registers (GPRs) are implemented as two
separate banks (A bank and B bank) whose addresses are
interleaved on a word-by-word basis such that A bank
registers have lsb=0, and B bank registers have lsb=1.
Each bank is capable of performing a simultaneous read and

30 write to two different words within its bank.
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available to hide the nenory | atency incurred when another thread is
swapped out. 20 Register file address types: Referring to FIG 3C, the two
regi ster address SFaces that exist. are Locally accessibly ggai and
dobally aM¥@I¥i8 registers accessible by all nicroengines. s? e 25
General Purpose Registers (GPRs) are inplenented as two separate banks (A
bank and B bank) whose addresses are interleaved on a word-by-word basis
such that A baRkrossghanks # landeBl sbhe, regisBh A 768 d6erdSAave | sh=1.

Each bank is I r £ Qrai a5 &im NeeUS; I S ite to two
di fferent °\ﬁ8?§§9§m9t ﬁ?ﬁé i f‘g‘{‘{ng{\l@d%? 35§W0%1§‘$1%2 me@#usoo/%cz&é’\gg Acr 0SS
banks A aadeBrelhatively saddressiablebpes thserdr gditivsed thaeadf Buvild ndows
76bo- 76b3 _of .32, reqi that, e Lvelan a e ef:t hread.
Thue, "ShrEapCEeR Pesl e (R 7360 (FELRMAFI ) AUHLTEAE BRI CRE
-1 wilb 5fiindditssreeysterr0 GtallTB7irégigter 632)32)thneadeddwillwi || find
Its register-0.at 77c.(fegister ), e - (register 96).
Rel ati ve gdﬁgeﬁgfnﬁegtéé%%égfﬁéggso(rgﬁng%%Léﬁb1éu?tfga gdtgnggse t he
exact sang7doniregissénr®6) anRelatdveoaddbess g ciss stippbetedt sai ndows of

oo ster AR TR LA e DU R Sy iRl SOk akeD 1 non
only dual apar tedatidfisiibut hecadser defifenent 22fnddwe s wegdswed andi sters do
zgﬁng gu%%r%g¥g gg%gELéégnf&§%€¥%%%?XtTﬁgn£§£Et5¥(¥£E£% %rSW&% QWSO that the
addressing and bank addressing provide the regquisite read
bandwidth using only dual ported RAMS in the microengine
22f.
These windowed registers do not have to save data from
15 context switch to context switch so that the normal push
and pop of a context swap file or stack is eliminated.
Context switching here has a 0 cycle overhead for changing
from one context to another. Reiative register addressing
divides the register banks into windows across the address
20 width of the general purpose register set. Relative
addressing allows access any of the windows relative to the
starting point of the window. BAbsolute addressing is also
supported in this architecture where any one of the
absolute registers may be accessed by any of the threads by
25 providing the exact address of the register.
Addressing of general purpose registers 78 can occur
in 2 modes depending on the microword format. The two
modes are absolute and relative. 1In absolute mode,
addressing of a register address is directly specified in
30 7-bit source field (a6-a0 or b6-b0):
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and pop of a context swap file or stack is elimnated. Context sw tching
here has a 0 cycle overhead for changing fromone context to another.

Rel ative rg@ioihéis addressing divides the register banks picghilogM2p40Ws
across the address 20 width of the general purpose register set. Relative
addressing all ows access any of the windows relative to the starting point
of the wi ndow. Absolute addressing is also supported in this architecture
where any one of the absolute registers may be accessed by any of the
threads by 25 providing’theé eract! addrekss bf ®he register. Addressing of
general purpose regi Sters-F3-car-oeeui---+A-2-+mdes dependi ng on the

m croword for nﬁtGPRTheﬁa\w 0 m)glgs & e3phspll eeqnd e ative. In absolute
node addr essj d Is.directly specified in 30 7-bit
sourde field (%%%5 ?hgig%é g‘%&??&a 2 18910 ¢ | SOy 22650 7 6 5 4 3
210 -------- SRAM/ASB: | _a6] _ a5.| adl. 0. L a3l a2pp a@GpPROI| a6%1.0ap=0544=841 a3l a2l

all ad a6=0 &orBMGPRy de)bddl] dail 0bSk3p4b R31 4071 Rlk1,beh-d)65411SRAM ASB: |

a6l abl a41 01 a3l a2l all ad a6=1, ab=0, a4=0 SDRAM | a6l a5l a41 0 1

ail a21,all ad a6=1, a5=0, a4-1 register address directly specified in
8-bit d6§HlFF§Fdadcﬂﬁs(sd‘F’léfGFtlYBQP%@PPlGMQ‘PEtF/@R’O/@@@@b 7654321

0 -10---(a7=a0):----------------
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A GPR | d71 d61 d51 d4l1 d31 d21 dIl dO d7=0, d6=0 B GPR | d71 d6) d5)
d41 d31 d21 dI| dO d7=0, d6=1 5 SRAM ASB:| d71 d61 d5) d4l d31 d21 dil dd

d7=1, d6=0, \‘d§09167 M | d71 d6) d51 d41 d31 d21 di | dO péfrisootheseO, d5=1
| f <ab6: ab>=1 b5>=|,1, or <d7:d6>=1,1 then the |lower bits are
interpreted as a context-relative address 10 field (described. below) . Wen
a_non-relative A or B source adgre S |s eCéflgDRkn the A, B absolute
field, onl y the 1lower half of and M addr ess spaces can be
addr essed. Effecti vel Y, ream'ﬁg“absm'ut*e' SRANF SDRAM*devi ces has t he
effective address spa&eR; howdvedsi &iinael 85| td2i sainesdir 440, ome=goes not apply

to the dest field, wwdeki Ng; d7heasPREM §pf\’é51 ST I(h u&ﬂsd;_the 3614_? addr ess
fs

space. _In rel ative |ed et within

contex? space as deMZ%Fngd‘g?S‘%SS?sa‘ §§‘re§"a' % e‘?ld ‘3054‘1-5'6 o Ba-H39: 20 7 6

543210 ------ SDRAM: . . | .d7]-d6}-d5|- d4} d3} d2] ¢4 |GHR: d1=1a4d6=0, |ddeht ext | a3l
a2l all a0) a4=0 B GPR | b41 1 lcontextl b31 b2l bII bA b4= 0

SRAM ASB: | ab4l t a _ab4s qe M | ab4l 0
| ab3l cont eitl %%L%F% %rh' < %Zi’gg iag’r a€ <a% b 53 Fﬁ Tt degt
field (d51d@er biBSs mo:ers&z:r&teeT éhJS@C&ﬁtﬁéB&-r?el&t&vé Sdarésﬁ
--------------------------------- ds1 d tl _dal d21 dil dd
50, 10, -51ekap RBREEIB% et ilon: BReT BACHIRIRHIVGOR B8-B, Squide

SRAM ASB: hddbésd4is dSpemintied lind2hedh) BQbsibnilte ddedd, d3rlly the
lower half of the SRAM/ASB and SDRAM address spaces can be
addressed. _Effectively, reading absolute SRAM/SDRAM
devices has the effective address space; however, since

15 this restriction does not apply to the dest field, writing
the SRAM/SDRAM still uses the full address space.
In relative mode, addresses a specified address is

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

field (a4-a0 or b4-b0): :
20 . 7 6 5 4 3 2 i 0
A GPR: | a4l 0 |context| a3l a2| al| al| a4=0
B GPR: | b4} 1 |context|' b3|. b2| bl| b0] b4=0
SRAM/ASB: |ab4| O |ab3|context] b2| bl]ab0| abd4=1l, ab3=0
25 SDRAM: lab4|l 0 |ab3|context| b2| bljab0| ab4=1, ab3=1

or as defined by the 6-bit dest field (d5-d0):
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SDRAM | d51 d4l d3lcontextl d2I dll dd d5=1, d4=0, d3=1 |If <d5:d4>=1, 1,
then the destination address does not address a valid register, thus, no
dest oper | tten 10 back. The follow ng register sbor2ksebal |y
accessi blggf%?)béﬁl he - m croengi nes and the nenory controlpltégﬁs hash unit
regi sters scratchpad and common registers 15 receive FIFO and receive
status FIFO transmt FIFO transmt control FIFO The m croengi nes are not .
interrupt driven. Each mcrofl ow executes until conpletion and then a new
flowis 20 chosen based? onést ate4si gnalZed by Bt her devices in the
processor 12. ReferrirAg+to0-iELG--44—-t-he--8DRAM-enmory control ler 26a

i ncl udes nenogy.ef ereégqe ﬂggy@e tp%r/rhpz_rl_ﬁdlrre&mry Jsegerdqn&e requests arrive

fromthe various m croeng menory controll er 26a

i ncPudes an aPuiReér éldstlh‘é"t’cg‘étfeéﬁf S d Hdxht hetSiPc¥zhgi ne reference
requests to gERAMASERY &l d¢lhd3fogpesxitbri2dgdlinddls. Srvemdthad3tne of the
mi croengi nes  si@wPr OYi & |Ngs ladﬁﬂa‘o@f&mmﬂznaﬂue&m, tdse1 ghes,cusa [ equest  wi ||

come throu the.a co ueu 0 the .S
control | erggéa SPfggﬁng]éf %&Hcg]{?egﬁ%q‘éﬁn% d@ﬂ”@e AN td the
"Opti mMazRiteEMabiralid heegindemi, nghusd N@dﬁdﬂ&bﬁ&aﬁ%ﬁ@%ﬁﬂwﬁx ref erence
gﬁesﬁ |1 be sorted into either the even bank queue 90a or the odd bank
‘If the menory reference request does not have.a nenory
Optlﬁlzatlomhblfollow1ng registers are globally accessible from

the microengines and the memory controllers:
hash unit registers
scratchpad and common registers
15 receive FIFO and receive status FIFO
transmit FIFO
transmit control FIFO

The microengines are not intérrupt driven. Each

microflow executes until completion and then a new flow is
20 chosen based on state signaled by other devices in the
processor 12.

Referring to FIG. 4, the SDRAM memory controller 26a
includes memory reference queues 90 where memory reference
requests arrive from the various microengines 22a-22f. The

25 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 come through the address and command queue 90, inside

30 the SDRAM controller 26a. If the reference request has a
bit set called the “optimized MEM bit” the incoming
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set, the default will'be to go into an order queue 90c. 5 The SDRAM
controller 26 is a resource which is shared anong the FBUS interface 28,
the core. prqcessor 20 and the PCl interface 24. The SDRAM boH2e&y 26
al so mai nt ai"?‘gi wrugt ate machi ne for perform ng READ- MODI FY—PQ\K?P{Se atom c
operations. The SDRAM controller 26 also perforns byte 10 alignment for
requests of data from SDRAM, The order gqueue 90c_mai ntains the order of

r ef er enceTeFRFRRET FITHAL Wi PP oBAEFFRSINLR S theZeFPEseBE RRKaNd  even

banks ref greg6es0d torMBhdd@dieghkequéliatogh Si arFakneSmengtyr ned only upon
conpl etion of a sequence of nenory 15 references to both the odd and even

banks. |fTeRerense (kRASte doeF BeFthave e MSRLyY cetdrdaabionr R odd bank

and even Dapk ¢ edonaas: ¥1d1088 06 fheihanks, dddr qhbge 6¥&N bank is
drained of nenory references before the odd bank but the signal is

assert®d Bhet seontixrad Leat dbeihEed DESURCaMRSCR dEnfharedramang coul d

concei vablye SpgHg! 1 dcd 28, MLAEOEBEE Norddls IO OTRAR ¥nE epeest had
conpl eted, even though the odd bank reference had not been serviced. This

occurrencénteufacedke FheoRORBNcgoREERllen 2fhalsot mainbaingsaavoi ded by
provi di ngstDee ondal: e %Q‘?cf@%#n@}ﬁ%”ﬁEﬁD%ﬂfﬁ—%&%”@tBﬂi@ave mul tiple

menory re?erences out st andi ng ich only 1ts last nenory reference

needs to epPgratienscorfiieeSPBAM Thetsphewr ntalsid perfeamal Byte ncl udes a
hi gh pi O%ii%nm %IQ%qule N8 eNigha PFL QK idpRagieue 90d, an incom ng 30
er

menory re nce from one of the m croengines goes directly -35 WD
01/ 16718 PCr/ UBe94288% queweh80hi naiptains thheqeaderanf krefepencs ed upon at

a hi gher requests from the microengines. With a series of odd and

even banks references it may be required that a signal is
returned only upon completion of a sequence of memory

15 references to both the odd and even banks. If the
microengine 22f sorts the memory references into odd bank
and even bank references and one of the banks, e.g., the
even bank is drained of memory réferences before the odd
bank but the signal is asserted on the last even reference,

200 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
occurrence could cause a coherency problem. The situation
is avoided by providing the order queue 90c allowing a

25 microengine to have multiple memory references outstanding
of which only its last memory reference needs to signal a
completion.

The SDRAM controller 26a also includes a high priority

queue 90d. In the high priority queue 90d, an incoming

30 memory reference from one of the microengines goes directly
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priority than other nenory references in the other queues. Al of these
queues, the even bank queue 90a, the odd bank queue 90b, the order queue

90c and thw({"ﬂ?’ Pri ority queue, 5 are inplenented in a
structure 4 | ogircally segnented into four different w ndows, each

w ndow having its own head and tail pointer. Since filling and draining
operations are only a si ngl e input and a single output, they can be placed
i nto theteafhe Mlﬂhstplr&e{:ﬁ ¥ @EF‘-}en@l“é'aéé OEBr%{%?%ﬂ%BPIbﬁtRAMIMh%t ures. The

SDRAM copt{ t{18f t26a athlri MemdkleTeFairenbEs ih N fAGRY gakGek. € . ASB bus
92. The ASB bus interface logic 92 interfaces the core processor 20 to the

SDRAM civht raff Itdyesgoquenns, A rren bankpgyers 103 ndhgdeddabankis bit data

path an g, 24dr 888eP Tb%cdaha tﬁ ﬁf@?%ﬁﬁ@ om nenory
t hr oughd(ﬁ/EI\h?(%\SgI%j data devi ce ue Rgm' 7 NVEM ASBygggaE%iew ce 98°is
|

a quéue 2xr inplemenggdain|a QWJ@ ﬁ@éﬁ?'ﬁ‘gr%léﬂ}?tf Aemleaécebte processor

20 via &, 9 or N M ASB devi ce
98 and su equer(l{ qg;&?eﬁggggﬁﬁﬁn@&lhggﬁevi@%%@ggn@ﬁ?ohgﬁlt e SDRAM

i nt er f ackts ym deS8PRAN hahbrgoinger. Al Shogghfhbll@@m dragniage queue

struct urg,..can V| : s %@\ﬂ C | er 26a al so

I ncl udesg%n enchl%eggg %Jgfgu% Ioglcﬁa{% fl‘rﬁg% %‘) roe%gt gg and PCl bus.

Addi ti onelteyjraredei pdhaed inieo Fde MeBBMqﬂ‘euecmﬁaM inspeasad/ wite

que " of requests. The nenory requests are sent
I L e

Inte Vi a | pl exer 106. The multipl exer 106 is
cont rolled bﬁhm@DBGMSQMM%kﬁR @bagalghi tnchiedesctopmehbubul | ness of each of

the -36 interface logic i.e., ASB bus 92. The ASB bus interface

logic 92 interfaces the core processor 20 to the SDRAM
controller 26a. The ASB bus is a bus that includes a 32

15 bit data path and a 28 bit address path. The data is
accessed to and from memory through MEM ASB data device 98,
e.g., a buffer. MEM ASB data device 98 is a queue for
write data. If there is incoming data from the core
processor 20 via ASB interface 92, the data can be stored

20 into the MEM ASB device 98 and subsequently removed from
MEM ASB device 98 through the SDRAM interface 110 to SDRAM
memory l6a. Although not shown, the same queue structure
can be provided for the reads. The SDRAM controller 26a
also includes an engine 97 to pull data from the

25 microengines and PCI bus.

Additional queues include the PCI address queue 94 and

ASB read/write queue 96 that maintain a number of requests.
The memory requests are sent to SDRAM interface 110 via
multiplexer 106. The multiplexer 106 is controlled by the

30 SDRAM arbiter 91 which detects the fullness of each of the
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WO 01/ 16718 PGI/ USOo/ 22650 queues and the status of the requests and from
that decides priority based on a programmabl e value stored in a priority
service congg b ster 100. Once control to the multipl exiydddfnissl ects a
menory 5 reference request the nenory reference request, is sent to a
decoder 108 where it is decoded and an address is generated. The decoded
address is sent to the SDRAM interface 110 where it is deconposed into row

and col unfugHEFc3Rdsthe piatus fbcthe ragueraans £roRd thatt deeidegad 10

data over pgabaitynessddaors NPriegriainani® Pabue ldordd qaea bPpbefEpt ation,
bus 112 |s actually two separate buses instead of a single bus. The

separate BEIELCROGPRCTHLIERAL SR 88 bus coupling the distributed

m croengi nes 2ggae&2konesh acafwtlhfeemhmélﬁpéwéf Nhé N1dicels” hPHE mﬂdrw croengi nes
22a- 15 22f. A feature of the SDRAM controller 26a is that en"a nmenory

r ef er ePice TRECEEBPR L He cf&@wmgey refeERnes GiPQuUesty hésopenti ted MEM bi t

that can RegsebdetNEHE drfer® '1EN3sNHB00a0E tana T ﬂ@e@?ngsb't Wﬂen set
al lows for special handling 20 of contiguous nenory references.

previ ous| gerereteded, The [eqpdsid eddreseohs resnt We dheniSPRAMNgI ne mnll be
sel ect ed 1h€e9£9¥édf16%ﬁé i¢f 9CHEELHEOES %rv;gﬁdcf!g?ﬁ]g]q bus to

queue 90 (FIG 4). Assertion of the c contro arbiter to
have t he adgdress %%#Qkﬁstﬂﬂa%@?eﬁ§n§h¢oﬁB$AMnﬂQa\ﬂnd:wrQMGvouuséqdrequested

Fhat g@s Eguégerséﬁﬁé s ﬁ%% EQﬁaﬂn§ &aﬂ fHé“ﬂﬁgslﬁaat %He Hécroenglne

i ssue aln request. nt1 guous neno erences Wi T recelved in
queue 901mnéﬂm@h%atiﬂnﬁnbﬂflih? is eetuaﬂhwgaﬂt@mpaga@esbuses

instead of a single bus. The separate buses would include

a read bus coupling the distributed microengines 22a-22f

and a write bus coupling the distributed microengines 22a-
15 22f.

A feature of the SDRAM controller 26a is that when a
memory reference is stored in.the queues 90, in addition to
the optimized MEM bit that can be set, there is a “chaining
bit”. The chaining bit when set allows for special handling

20 - of contiguous memory references. As previously mentioned,
the arbiter 12 controls which microengine will be selected
to provide memory reference requests over the commander bus
to queue 90 (FIG. 4). Assertion of the chain bit will
control the arbiter to have the arbiter select the

25 functional unit which previously requested that bus because
setting of the chain bit indicates that the microengine
issued a chain request.

Contiguous memory references will be received in queue
90 when the chaining bit is set. Those contiguous

30 references will typically be stored in the order queue 90c

-37 -



30 ref

erences will typically be stored in the order queue 90c

-37 WO

01/16718 PCr/ USQOQO 22650 because the contiguous nenory references are
mul tiple

synchr

ef erences froma single thread. In ord cﬁqhméﬂﬁwide .
onigggﬁéﬁygthe-nennry controller 26a need only sﬁgna at the end of

t he chai ned nenory references 5 when done. However, in an optim zed nenory

chai ni

e..g, _
nennry'hQ9a§ﬁ€n§g§ EORF HIURNS MEFegy FeF RIS IBE S Ayt

ng, (

when optim zed MEM bit and chainingbbit are set) the

on one oy e RzakentEs Ui Bheisba8atnrestone'rbekaee £He ot her bank was
drai néd, thus 10 destroyi ng coherency. Therefore, the chain bit is

used byproviec sypERr Pizatiipn, o thE REBPRY tFROtRIELY REReRe®Res from the

fully

current, GUeus gnBef 8f "N drid @ﬁthé%h&iﬁé&%én%&?ﬁ%@ﬁ&i‘éh&@i gf T}]

arbitr

at1on policy 1n the SDRAM control l er 26a i's shown.

he
e

Bientially conplete

ar bidt r athesn devki- cyHeug W% ditaidfe QPRLBE BRAJIHOLYe #BR}NEBGuest s. The process

115 st
115a.

%et.% ,ywﬁéﬂ%gkmi{éa MEMALEEandl ERORGBIREHREY sE€] BENICE requests
e 15 stays at the chained requests until the chain bit

FoCcess

i's

cl ear ednenplyy pedessnces FAHeS 9rSRnEasdi EERkents banks aodf ol | owed by PCl bus

reques
115e,
reques

i ” . {1 N . s  ORPORLT &
&Qb A:e%%‘ %%?ell?g EORIE%{]%%[ séhllgg"fg , Sgngﬁés‘;bnirﬁc Bs;n]l%gaé(%eg?g %‘i g. -

t“dane” hefipreeiheonpher &dank wasr £adlycdxained,1thys115d are serviced

Request s
Chai ned

inlbOUfHLsrt%ygg fésﬁef%%w. _%é@%?e%%%rﬂaa@.ab&ggsaﬁse&uﬂ,_‘}y dr ai ned

does t

he pro hand

services 115e- g. al ned m croendl ne nenory

ref er eridee congredierat B0 vitre maiméagpethe Py Aiefersnges c§u@®t has t he

15

20

25

30

the current queue. :

Referring to FIG. 4A, a flow representation of the
arbitration policy in the SDRAM controller 26a is shown.
The arbitration policy favors chained microengine memory
requests. The process 115 starts by examining for Chained
microengine memory reference requests 1ll5a. The process
115 stays at the chained requests until the chain bit is
cleared. The process examines ASB bus requests 115b
followed by PCI bus requests 115c, High Priority Queue
Service 115d, Opposite Bank Requesté 115e, Order Queue
Requests 115f, and Same Bank Requests 115g. - Chained

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
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

-38—-



chain bit set. Wen the chain bit is set then the arbitration engine sinply
services the sane queue again, 30 until the chain bit is cleared. The ASB
i's higher prd@pidens -38 WO 01/16718 PC FUSOO 22650 than P@critisserizese he
severe perfornmance penal ty inposed on the Strong arm core when the ASB is
in wait state. PCl has higher priority than the mcroeng| nes due to the

| at ency nts of PCl. However t h ot her es, the H arbitration
priority Egg EggEﬁ??f?ﬁeﬁh? SR§e§ﬁoRﬁr¥$FWQQEe¢H§n3ﬁ§§i&§P°FFﬂ1ﬁ© of a
menory Wtheostraﬁ@ | ¥ NeYHY Whept tHeZASE Ol aitfl wailth sgakive Pem&a/s
optimzation is shown, As can ge seen, the use of active_. nenor

opt|n1zatP&ﬁEeﬁnR¥h?E%E¥tqﬂ?nu§ SomicRReRgines fue fo f@ehﬂﬁé§n?he i nher ent

| at ency WrbQuDrekyst€ats JORAM doweoes. with ddtier &Rl echa non-optim zed
access_can take 14 cycles  while_ optim zed access can take 7 cyles.

Ref er r? ngafBiEFesien RW%W“&%PFOW%&%% or the SRAMis shown. The
menory cont r ol Aer sk&kh i i€ IRIERS 48) é%%ﬁx%@&@%@ﬁogyeue 120. Wile

the menory controller 26a (FIG as, a queue for menory optim zation
based on Y&8RoWhdREETe marﬁgPpﬁé%Fﬁt%%t%r& Wt ggtiveopenpryed based

-on the typgtohi PBADEY OPYHIWNAN, Ak Ban Be [£ah,0tHd uwdkl be: adbgy@ddress and
command queue 120 includes a high 20 r|or|ty ueue 120a, a read gueue

120b whi cRemery herhivtrahiions MeeiBiges eﬂé@ St qlutde st g BRUSRAM

per f o ¢'5, haAds abhOT He WHRUQ 21 2REy R ERih TOIBANIA SRl gbpslugde all writes
to SRAM and reads that._ are to be non- optimzed. Although not shown, the

addr ess ahf EBHFRPERMSLeUEUECTIOPESTL Bed| 3%Fe ST |9ade takear L ecyete.

while optimized access can take 7 cyles.

Referring to FIG. 5, the memory controller 26b for the

SRAM is shown. The memory controller 26b includes an

15 address and command queue 120. While the memory controller
26a (FIG. 4) has a queue for memory optimization based on
odd and even banking, memory controller 26b is optimized
based on the type of memory operétion, i.e., a read or a
write. The address and command queue 120 includes a high

20 priority queue 120a, a read queue 120b which is the
predominant memory reference. function that an SRAM
performs, and an order queue 120c which in general will
include all writes to SRAM and reads that are to be non-
optimized. Although not shown, the address and command

25 queue 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
logic 122 interfaces the core processor 20 to the SRAM
controller 26b. The ASB bus is a bus that includes a 32

30 bit data path and a 28 bit address path. The data is
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The SRAM controller 26b al so includes core bus interface logic i.e., ASB
bus 122. The ASB bus interface logic 122 interfaces the core processor 20
bit

to the SRQM; ol ler 26b. The ASB bus is a bus that ipg W@OSZ 30
data path 3@5% bit address path. The data is -39 V\ngii 16718

PCT/ USOQ 22650 accessed to and from nenory through MEM ASB data device
128, e.qg., a buffer. MEM ASB data device 128 is a queue for wite data. If

there i @SFRESATNEC At FOBNPERBT ¥ o oysho MEYs APB 28 tAR L9%8S nt er f ace 122,

the dat azeanebg. stonatkfer.nt NEMIESH/RId tASRI8eCe24 28s andpmdesequent | y
renoved from , MEM ASB device 128 through SRAMinterface 140 to SRAM nenory
16b. Al £REUYRLE®tIFRwWn 1E RBeTE S 100 fatar EToR heEYeovi ded for

reads. FhecSRABL comtvial aeB 26bepfsce 123C| wH@Sdabachsh e ktbded pull data
fromthe mcroenlg]!: nes 10 and PCl bus. The nenory requests are sent to SRAM

i nt ePf adBte4bhei MEM AR dsvdcer 139 eancrifinseaupprdk eFenaied £xe8nt rol | ed by
the SRiMvaabBt &&vilcdl e ¢Rr-dagr cémnn hedarirhpessqofceantnpf the queues and

the status of the requests_and from that decides. 15 priority based on a
pr ogr anfEBPEY vifRe ghnngt pFRQyn ¢ Fhes SappcguUewRtFIHuGt@gest er 130. Once

control cbg b8CpréRidddfRieiedds. SOhRCIghaM BBARLYLIEE 7 aGA doequest ; the
menory reference request, is sent to a decoder 138 where it. is decoded

and an aBgiudesian gEng dd7 taerwRadals £rom Fhe fricreencdmesol of the
Menppy MNagpger obfischip SRAM and Expansion ROM The SRAM control | er 26b can
address, e.g., 16 MBytes, with, e.g., 8 MBytes napped for SRAM 16b, and 8
MByt es reser Vel meRomsh&Gayestan2¥e githt e §8RMgintepface 140 via

multiplexer 126. The multiplexer 126 is controlled by the
SRAM arbiter 131 which detects the fullness of each of the
queues and the status of the requests and from that decides .

15 priority based on a programmable value stored in a priority
service control-register 130. Once control to the
multiplexer 126 selects a memory reference request, the
memory reference request, :is sent to. a decoder 138 where it .
is decoded and an address is generated. The SRAM Unit

20 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 MBytés mapped for SRAM 16b, and 8
MBytes reserved for special functibns including: Boot
space via flashrom 1l6c; and Console port access for MAC

25 devices 13a, 13b and access to assocliated (RMON) counters.
The SRAM is used for local look-up tables and gueue
management functions.

The SRAM controller 26b supports the following

transactions:

30
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space via flashrom 16¢c; and Consol e port access for MAC 25 devices 13a,
13b and access to associated (RMON) counters. The SRAMis used for |ocal

| ook-up tabl queue managenent functions. The SRAM cGigphild/2ese? 60
supports th ﬁégwg‘ﬁ ng - transactions: 30 -40 WO 01/16718 - PCI/ USOO 22650
M croengi ne requests (via private bus) to/from SRAM Core Processor (via
ASB bus) to/from SRAM The SRAM control]er 26b perforns nenory reference
sorting 5 to nV’rﬁrﬁF’i%nBe’Te&k}%St(sbuthT”eas}’r’rvﬁt? P& hiBEer TS T Mom t he SRAM
interface 140 €erendrameyscr6h.” The ISREVR8RMFusl| | erto2BiemdeRdM. nenory ref erence

sorting based @Re! 5RAM €8sh #H1Alr0R6bApe PEORNS n‘?e%[bx? rR¥erBRcd or 2 cycles
depending on the type of menmory device enpl oyed 0 The SRAM control |l er

26b i.ncl udes aSPBE¥¥ookup device 142 which is an eight (8 entry address

content agdr ﬁiﬁi\ﬂiee rDfY Jﬂabm@gl; HHStHé ﬁfﬁallrﬂeclﬁnmEeﬁe BRAMLI ON
include a valid bit- I S exam ne subsequent read-lock requests. The

addr ess aﬁ@téﬁﬁﬁﬁﬁdlﬁ@e% mERp Iy §-(§b|-nc?éﬁe%W?%@@éd-eEoéﬁbFépﬁs Queue
120d. TheoBhad, | pckeFalde QA nk2BochSoHSERh L0l Rad,TeTRr Y rof er ence

requests t ecause of a lock existing or. a portion of nenory.
That is, bubblef cahechthendggilnes Essheied deprndinegneshet hype dfis a read

| ock reqUﬁ@hogpa&F?§cgré@§§§¥§$j n address and 20 control queue 120. The

menory request oper ei ther the order queue 120c or the read
queuel@20b andThe| $RAM controlle; 26b includes a lock lookup device

142 which is an eight (8 entry address content addressable
memory for look-ups of read locks. Each position.include
a valid bit that is examihed by subsequent read-lock
requests. The address and command queue 120 also includes

15 a Read Lock Fail Queue 120d. The Read Lock Fail Queue 120d
is used to hold read memory reference requests that fail
because of a lock existing:on a portion of memory. That
is, one of the microengines issues a memory request that
has a read lock request that is processed in address and

20 control queue 120. The memory request will operate on
either the order queue 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
this memory location is already locked. If this memory

25 1location is locked from any prior read lock request, then

| this memory lock request will fail and will be stored in
the read lock fail gueue 120d. If it is unlocked or if 142
shows no lock on that address, then the address of that
memory reference will be used by the SRAM interface 140 to

30 perform a traditional SRAM address read/write request to
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recognize it as a read | ock request. The controller 26b w | access |ock
| ookup device 142 to determ ne whether this nenory |location is already

| ocked. |f ' nory 25 location is |ocked fromany prj ock -
request, fﬂéﬂbﬁ?ﬂfs menory | ock request will fail and mdrﬁf e stored in

the read lock fail queue 120d. If it is unlocked or if 142 shows no | ock-

on that address, then the address of that nemry reference will be used by

the SRAMEPATYritke fhe command eGonf iR ld &t 40t PEREPS SHSMSFATOESS read/ wite
request 189 wi#il mcognk@maheqwsoiqt@l@la@ 18BROIYoK G g ceomand

control |l er and address generator 138 will also enter the |lock into the |ock
| ook uplédvreethaysubseansptstprd iRk reaugstsckitediiast $h&i 1| find the

Menory hemski Olod DGk 10AKERION YA |GRIry0N obat ¥6h OLK qeh 106 KR OB at i on of the

a mcrocontrol instruction in a program after the need for the |ock has
ende?l. PRETRBECR ih the auRieEReNRL L idstirugtioe im(g dusigramn t he CAM

After apredpl @6k nddie Fo@a€nkotéck alds @8 . 129he bRSUMEDA 1§ hi ghest

priority queue giving all queued read |ock m sses, a chance 10 to issue a
menory HBERCKeddestcleasismotiei YR IRGPIZALInt fhe cEAMy | niAfFest aa static random
access QRIDEY, W‘_ﬂé‘%ada‘ibbléefm%@tl'zﬁhzﬁéb&ﬂé@%ﬁ“ﬂi%gegg | ve menory
optim zation Is shown. As can be seen, grouping reads and wites inproves
cycl et i pEieri®y rtguey 9ivingagll yauaed Repdr Apaly missEsG a6 chepgruni cati on

betygeniLhess il o QR cCR Aghddie FBUS interface Logic (FBlI) is shown.

The FBUS interface 28 i'n _a network application can perfornms header
processi ng oks ishayn A FaEkebB/ HgHqHe timing of a static random

access memory without active memory optimization and with

active memory optimization is shown. As can be seen,

grouping reads and writes improves cycletime eliminating
15 dead cycles. '

Referring to FIG. 6, communication between the
microengines 22 and the FBUS interface Logic (FBI) is
shown. The FBUS interface 28 in a network application can
performs header processing of incoming packets from the

20 FBUS 18. A key function which the FBUS interface performs
is extraction of packet headers, and a microprogrammable
source/destination/protocol hashed lookup in SRAM. If the
hash does not successfully resolve, the packet header is
promoted to the core processor 28 for more sophisticated

25 processing. '

The FBI 28 contains a Transmit FIFQO 182, a Receive
FIFQO 183, a HASH unit 188 and FBI control and status
registers 189. These four units communicate with the
microengines 22, via a time-multiplexed access to the SRAM

30 bus 38 which is connected to the transfer régisters 78, 80
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20 FBUS 18. A key function which the FBUS interface perforns is extraction
of packet headers, and a m croprogramuabl e source/destination/protocol
hashed | ook diferef™M | f the hash does not successfully pep@bobRzesohe
packet header 1s pronoted to the core processor 28 for nore sophisticated
25 processing. The FBI 28 contains a Transmt FIFO 182, a Receive FIFO

183, HASH unit ,188 d_FBI trol t at . |sters 189, These four
uni tsacon%nﬁﬂe:;lf‘@'%qe}%%ﬁﬁgs ‘-mpvgﬁ%éﬁlgﬁ’ﬁgag];f?m@‘laﬁl.rﬁg ?l“ﬁlés i® 3 exed access

to the SRAMMBO:HMISidFoshigthebsaconviectit ttrankEekr nogisteregist ers 78, 80
That is,, all

-42 WD 01/16718 P OQY 22650 in the .m croengi nes.

comuni caé Dnsajirt?czgr]#%frl etr%@c?n' %? oHHgUAeS é‘rguﬁ‘asi:ﬂ%et’?%‘ﬂ?f‘lﬁ regi sters
78, 80. Fte FfRUPusHiek data2BntoCthelasrahgfesh rehabee FECHLFEhg 33 for
pushi data' into th%[i}ﬁ: angﬁ‘ﬁ% regj sters duyri ngpt he 5 tinme cycles which

the SRAM FHRGYUSHY SRANPREN A HICT [9dng ShepdRAMgIathPYS pul | state
machi ne 2Q@af®rof ehihizsy addta pudIndthecd maRnHliae Eﬁgiﬁéﬁrﬁeﬁéhitrlée

respectiv m croengi ne. The Hashipng unit includes a pair of FIFO s 188a,
188b. 109a%R Feh tTABSEPRI FRILTIRES tife thB) r28PPEEEYRed an FBI _hash
request. giherdeisdinsnit 188 fetches hash keys from the calling mcroengine
22. After the keys are fetched and hashed, the indices are delivered back
to the callinghsifasbdmg HBib2inghudes o Pad theEhELIFQEe 188-% o1 BRB- under a 15

si nglyx FBihdasdsH €495 e tTRAiRES SESa B4 RN FRI8 28! BeBaEHeq Wt di rectional :
SDRAM push/ pul | _data, and Sbus_push/pull_data. Each of these busses
‘require c h@sh request. The hash unit IB8 fetches hash keys from

the calling microengine 22. After the keys are fetched and
hashed, the indices are delivered back to the calling
microengine 22. Up to three hashes are performed under a

15 single FBI_hash request. The busses 34 and 38 are each
unidirectional: SDRAM push/pull_data, and
Sbus_push/pull data. Each of these busses require control
signals which will provide read/write controls to the
appropriate microengine 22 Transfer registers.

20 Generally, transfer registers require protection from
the context controlling them to guarantee read correctness.
In particular, if a write transfer register is being used
by a thread_1 to provide data to the SDRAM 16a, thread_1
must not overwrite this register until the signal back from

25 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
writes to the same command queue at that destination with

30 nmultiple requests, the order of the completion is
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signals which will provide read/wite controls to the appropriate
m croengi ne 22 Transfer registers. 20 CGenerally, transfer registers require

protecti qpdihefizx the context controelling themto guarargcafusi@éso .
correctness. In particular, if a wite transfer register is being used by

athread -1 to provide data to the SDRAM 16a, thread 1 nust not overwite
this register unti.l. the_signal back from 25 SDRAM control | er- 26a i ndi cates
that (SHrahned ¥ithil Haah SRt GHetfy thER MW bEteelastd. Every writo
does nedmmarel)detRigesi ghel sipek ihgobatket slesid rafdean.i ndi cating that the
function has been ﬁomt)%ge , becatdgmg,ii-_t__he thread wites to the sane
commarfd® Ut th&t 39 PSS MumtiR18 ocommand) epegudstder  he or der of

t he cosfd @ida@) ,i $hen4Bhd¥R WdmkaAlS reque HEF /IO B28ken 1ngdlar ant eed -
wi t hin that-comand queue, thus only the | ast command.requires the

si gnal TSRATARSK CEFTERE t37%3rg SO thaheotfiering tife maiptadngde¥iaul tipl e- -

CONMBINEbraHE Swappifl. aNthd @adkeptiBANCASE SthEYFHRAI aECgHESE S -AUSt be
broken into 5 sepa%ﬁte context tasks, so, that ordering is_nmaintained via

cont exReERFHINGE Fhes BREARTARR dgsEelmbiatte aacerkain. cbass nning of this

par agreploperatgoaki USih@-dh GRISAiRi baSBUSE QP rahis@as USing an unsolicited
PUSH to transfer registers fromthe FBI for FBUS status information. In --

10 or deqgisFeFsofeen FRadiRY ifior FBUE, AratemisHormetipPBnsfER registers, the

FBlo prepdedescapspestel réitshiret asteshiadn oM ehet Reagsspeci al FBI push
operations are set up._ Any microengine 22 that uses the FBlI unsolicited
push tERHAtGFE nkEe tPEIVd d5So e BPEEER T | BRFPTOteEs- shgraksi ng * 15 the

FBUS ivtedy frheeNspeoEADi FEY 3@isBedptpabi dianS et upl €0i Sters. If the flag
Is not asserted;- then the transfer "registers nmay be accessed by the
nicroengin@@y-mFFr?ﬁ%g*Q%mfz that uses the FBI unsolicited push :

technique must test the protection flag prior to-accessing
15 the FBUS interface/microengine agreeéd upon transfer
registers. If the flag is not asserted; then the transfer
registers may be accessed by the microengine.-- -If the flag
is Asserted then the context should wait N cycles prior to
accessing the registers. A priori this count is determined "
20 Dby the number of transfer registers being pushed, plus a ' —_—
frontend protection window. The basic idea is that the
Microengine must test this flag theén quickly move the data -
which it wishes to read from the read transfer registers to
GPR's in contiguous cycles, so the push engine does not CoT

25 collide with the Microengine read.-

Other Embodiments

It is to be understood that while the invention has
been described in conjunction with the detailed description ~

30 thereof, the foregoing description is intended to
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is Asserted then the context should wait N cycles prior to accessing the
registers. A priori this count is determ ned 20 by the nunber of transfer
regi sters begpg@upgseded. plus a frontend protection w ndow. pcriseendsssi C
idea is that the M croengi ne nust test this flag then quickly nove the
data - which it wishes to read fromthe read transfer registers to -- GPR s

in contigy C ngine_do not, 25 cqllide wth the
M cr oengi r’rgE Egﬁa{-‘ %’é‘i rﬁﬁ)é&?‘ﬂ%‘ itg‘e PePRet %Hﬁ’é(teé"%&ﬁ’ﬂ'tﬁgf'c%l le the
i nvention 1|sa§e:f1heénbjzle§t§ iswegbel nfconguappememdﬂmﬂse detakeked description

30 thereof foregoin descrlptl n..s_jnten

01/ 16718 ﬁ&?FB% gg%’btgq SruSPL e éﬁacﬂt%mr*? rﬁrce Wﬁ%&oﬁ&eoﬁci’ﬂ%

i nventi onofwWehehfosloweindead dimst.he scope of the appended clains. O her
aspects, advantages, and nodifications are within the scope of the
followng clains. 5 Wat is clainmed is: -45 WO 01/16718 PCT/ US00/ 22650
CLAI M5 1. wAalrl §s0608iméd |k functi onal execution unit conprises: 5 a
control store to store a microprograny a m croengine controller for
maintaining a plurality of m croprogramcounters, and decode |ogic for
decodi ng instructions; a context event arbiter, which in response to 10
external flags, determ nes which one of a plurality of
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t hreads executable in the mcrocontrol function execution wunit to pronote
to an execution state. 2. The mcrocontrolled unit of claim1 further 15
conpri si ngygh¥RCUti on unit controlled by execution of p&fusdshsds®Pr 0gram.
stored in t e control store. 3. The microcontrolled unit of claim2 wherein
the execution box conprises: 20 an arithnetic logic unit and shifter
controlled by decoded signals prodgﬁﬁﬂ%%ron1the m croengi ne controller;
and a general purpose register bank ore and obtain operands for the
arithemic logic unit. 25 4. The microcontrolled unit of claim3 wherein

arc sopiratel ) adiPBSERBPRLIORE CRITEIPRRL TP ISR BT | 1] < LS
W01/ 16&a8pP(Fed4S00/ 22650 5. The microcontrolled unit of claim4 wherein

t he _ general purpose register nk s divided into lurality of w ndows
t hat correspond tb ﬁ%&rﬁgnﬁﬁ?r%f S b o isis Bg?‘éﬁp%‘lﬁﬁaérfs supported in'the
m croengi ne cont I’aohrilelroeﬁgﬁneTdi’tﬁlﬂBoQJl@Q'OIﬂbEOﬁlkﬁdtﬁHﬁngOta claim1 wherein

hre mPHEFRCH O MACRPEAPER (otesan BRUcaresdh e 267 or dcont rol | d
unit. decoding instructions;
a context event arbiter, which in response to
10 external flags, determines which one of a plurality of
threads executable in the microcontrol function execution

unit to promote to an execution state.

2. The microcontrolled unit of claim 1 further
15 comprising an execution unit controlled by execution of the

microprogram stored in the control store.

3. The microcontrolled unit of claim 2 wherein the
execution box comprises:

20 an arithmetic logic unit and shifter controlled
by decoded signals produced from the microengine
controller; and

a general purpose register bank to store and
obtain operands for the arithemtic logic unit.

25
4. The microcontrolled unit of claim 3 wherein the
general purpose register bank is divided into at least two

banks that are separately addressable.
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7. The mcrocontrolled unit of claim1l wherein the mcroengine controller
conprises: the decoder receives mcrocode instructions from 15 the control

store and proyldesscontrol signals to control execution Ofpdrft%oomsso
instructions ' Tn'the mcrocontrolled unit. B. The mcrocontrolled unit of

claiml1 wherein the event arbiter responds to assertion of flags
I ndi cat i ng 20 that a nmenpry event has conpleted. 9. The m crocontrolled
a

unit of cPaim1 furtem AEEPhyeq ywRbly 9f G198 4r BRPERER BB®K: and 25 a

wite tragshefal eghsicde hafisteirt Bahke: & adthand iwtbt 8 biapsieeyregister
banks divided into a plurality of w ndows that correspond to t¥1e nunber of
ni cr opr ogPANYiRBeWE fiats farsesraninte neh e Ruhaigiofe M 6HPPHPYERM 30 - 47

111111) 11334ddet & duddddted ih' khb hiSrdedg M HoHEEL31BET/ U30a22650 10. The

m crocontrolled unit of claiml further T<Tonprising a read transfer
regi ster bank; and a wite transfer regi ster bank, with the read and 5

wite tragsfer regif{&miadicondir¥iied 4i© S Rhwial ht ¥neteihanks assigned
for different shared resources in the mcroengine controller. 11. The
m cr ocont P&FFRENGEne | RMHhrPLAesr EPHPTHESS0 execution box is pipelined and

conprises: operand bypassas thOBiECptoghoh aRALItnbRaL -8 ©
maintained for each thread that can execute on the

10 microcontrolled unit.

7. The microcontrolled unit of claim 1 wherein the
microengine controller comprises:
the decoder receives microcode instructions from
15 the control store and provides control signals to control

execution of the instructions in the microcontrolled unit.

8. The microcontrolled unit of claim 1 wherein the
event arbiter responds to assertion of flags indicating

20 that a memory event has completed.

9. The microcontrolled unit of claim 1 further
comprising
a read transfer register bank; and
25 a write transfer register bank, with the read and
write transfer register banks divided into a plurality of
windows that correspond to the number of microprogram

counters supported in the microengine controller.

30
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I mmedi ately needed in the pipeline. 12. The mi crocontroller of claim1l
further 15 conprising: a general purpose register set to store and obtain

oper ands WW&P e general purpose register set divided p@ai/gsdoadssbanks that
are separately addressabl e and each register bank being | ogically

partitioned into a 20 plurality of wi ndows that correspond to the number

of mcr progran1 unt.ers su e croe n controller a read
transfef1 r egi ster'ﬁ'éeef“lcéﬁﬁoﬁgg?ﬁ ‘gt‘ﬂiﬁsf’ rn} fg}r “with the read and
25 witgompaisimg register sets divided into tmo banks and a plurality of

w ndows t hat corres ond to the nunber Croprogram counters supported
in.the mcroengere FFBPFE?rr%%I%telﬁbPF‘}‘ ‘?‘Iifl'll CIlIILIL LILIl 111s

a write transfer register bank, with the read and
5 write transfer register banks divided into a plurality of
banks assigned for different shared resources in the

microengine controller.

11. The microcontroller of claim 3 wherein the
10 execution box is pipelined and comprises:
operand bypasses logic to hold operands that are

immediately needed in the pipeline.

12. The microcontroller of claim 1 further
15 comprising:

a general purpose register set to store and
obtain operands with the general purpose register set
divided into two banks that are separately addressable and
each register bank being logically partitioned into a

20 plurality of windows that correspond to the number of
microprogram counters supported in the microengine
controller;

a read transfer register set; and

a write transfer register set, with the read and

25 write transfer register sets divided into two banks and a
plurality of windows that correspond to the number of
microprogram counters supported in the microengine

controller.
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