;e3e"*ZI6! T" v 2 8 NOV 2003 WD 01/16718 pcr~soonZ6so EXECUTI ON OF MULTI PLE
. THREADS | N A PARALLEL PROCESSOR BACKGROUND Thi s invention reDa3t ReV t2003
arallel processors. 5 Parallel processing is an efficient form of
i nf or mat | wo @wsesssi ng of concurrent events in a conputi ng RECUEWR2650
Paral I el processing denands concurrent execution of nmany prograns in a
conputer, in contrast to se%uentlal proce53|cék In the context of a
paral | el procesSSECUTIONAR MULEIALENTHREORT JHSA SORALL B FROGESAPR one t hing at
the sane tinme. Unlike a serial paradigmwhere all tasks are perforned
sequentially at a single station or a pipelined machi ne where tasks are
performed at specialized stationspagkthRoprpal | el processing, a plurality of
stations are 15 provided with each capable of perform ng all tasks. That
is, in generthaﬁll@VeatbPDrﬁﬁiﬁyeéftPhEa§@a@P5n§rﬂ6ﬁﬁs§Fﬁultaneously and

i“dege“de““y 9pa 1181 SAUBCRESEAATDE EhempRlsipheasyrablgm Certain probl ems
are U|table y apgnglng para e processi ng. 20 Thus, types
of conpmﬁﬁgrm@tD@ﬂsprbgesa¢hgdefscngberrastrawemmm amreamompuqﬂmgdata

stream the conventlonghﬁ erial von Neumann conputer in which there is a

singl e RFREFHTSF | RILP oREOCRSEAPInHEPABESs SORTHF SR Y SISyl e
| NStructd prysh{egibgidk! Rhe adabaﬁ&téearr&npb@@m%s% toSIddJuentiti £1

processing can have nultl l e arithmetic-1ogic processors and a single
control processdng.Eadh shet konseste8fors PEaldeh Gﬁﬁﬁﬁﬁﬁﬁﬁron t he data in

thi 8t yBRE TR BB T ATe PG a Een st dre? i A PR ESaRt 1 Sh)
process.+IheS puatekei ag skead alhpazadd ottatwhere all stadks 2008 wo 0i n6~i s ~
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performed sequentially at a single station or a pipelined

machine where tasks are performed at specialized stations,

with parallel processing, a plurality of stations are

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

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

25 (SIMD). This processing can have multiple arithmetic-logic
processors and a 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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sfream flows through a linear array of processors executing different
instruction streanms. A fourth is nultiple instruction streanss8 rNQth?-Uﬂﬁe
Ydat a streap®ol/d}d) . This processing uses multiple processopgr Rae26s0
executing its own 5 instruction streamto process a data streamfed to each
of the processors. Miltiple instruction streans, nultiple data streans

(M MD) processors may have several instruction processing units and

t her ef ord T&&Fe i OWRit 4 Fand . L 1peZUMMRRYY AR E 0PEPRg SSOren exsmaxtingf t he
present dm@lté-rmir?sﬁ&é@f&@tgekésﬂstu“gt keﬂékheég%y QN ;11%” includes a
control store to store a mcroprogramand a m croéngi é‘ ¢8rfrol ler for

mai nt ai HNFFALQHiATal st searis ritubpipyeadatsd sowstmss.(MIN®)UNi trhalsso i ncl udes

decode | _Qgqi r dj jnstructions and a context event arbiter, which
in resp (r%g)eccet%sq&cc{dg%r)lea% r}ﬂfjaﬁjs?{%e?ﬁ?ﬁ?ﬁﬁgrﬁhi EﬁcgnéxﬁFué}iﬂguriélﬁ {OpTof
t hr eds ievetouictilon i gt fdan Mt 61 9£68EE8! af HBERI ger@éﬁp%hogou%iatcﬁ Q¢Pr onot &

to an execution state. 20 One or nore of the follow ng advantages nay be
provi dedy BRREGTSioTe d4peirlefinpbruavenni shre@hs, nimyladpdiene can
process i d h_ni,c ngine nai.ntains a plurality
of pr ogrdagrﬁaf:ostjqn{ee#ggi W@%&?@giﬁﬁg@%@ égggcisgtv &4 R SR SHSr am 25
count er roefefssitia/elnd t s awd relseoafiong peueakilt yath $etrsagfs.t hreads can be
si mul taneously active on a mcroengine while only one is actually operating
~at any one tinme. Hardware context swapping synchroni zes conpl etion of
taskg. For exanple, two threads coul dggifsgpt to access the same 30 shared
resource. \Wen a resource conpletes a requested -2 wo oiné~is , , 2 8 NOV
2003 PCT/ USodycempstingisieo fapne8pechf of hehei preergitnénvieneddngonrt ext s t he

I esour cesr R, i | mpletion of an operation. Wen the
flag i s%}lecel v@%@%ﬁ% %@‘?%%%lgigge{eggﬁég%ggr gRa i r’r@cgélﬁie(fetaer ni ne whi ch
thread taprttnal artofe Har dsweoee nal hithopadypgmcandbe wsed dedqldeow a first

t hread on %frriq c]troen ine to injtiate a transaction e.g., an access to

menory. TUHAR e 3ARLRERLNT| @ PhBIALAEHeREi M CEoprodradm only a

Singbe idweatddat moulthopesshs 1hBekqBLoRARRALNS AW de U, unt !

data was 10 returned fromthe nenory. By enployin ardware cont ex
swappi ng"ATat itdns mnd cengdmeext hevent daabéteant ext chwdppireg ey es

ot her caqnt i f.h j qgue programcounters to execute_.in the sane

nicr oeng‘l%ne. ih%ﬂsa,l afFlﬁ‘on%%ue’r %”1?%5’8“33'3 ‘é&égﬁt 80Gh Ple 3t REUFRIHE Y Rfead i s
awai t i ng:rreadisl et 15l & efnr thé r it #BEBhY rolhesa chedhllas tan S ext ended
to as nmany, threads that are sinultaneously active in a mcroengine to

process Hor'e WoMEIPLE dek 2PatReCBRIER BESER: PTI ON OF THE DRAW NGS 20 FIG
L 1508 bl ock cliawamdfe % £ OPHUNEC2L bgingY SHEAREREQYLAG g har dwar e- based

mul tithreaded processor. FIG 2 Is a det diragram of the
har dwar étesddatiiay tane e dprecaspectsf oEl Ghelinvention.
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. Effectively, a corresponding plurality of sets
of threads can be simultaneously 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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FI'G 3 is a block diagramof a microengine functional 25 unit enployed in
t he hardware-based multithreaded processor of FIGS. 1 and 2 2¢FN@¥ 288 is a

¥bl ock di agwagiakr@ pi pel ine in the microengine of FI G 3. Flger8&onteso
di agram that shows a format for a context 30 switch instruction. 6 249

NOV 2003 WO 01116718 ~ PCTI US00/ 22650 FIG 3Cis a block diagram show ng
general purpoge register address arrangenent. FIG 4 is a block diagram of
a menory %%EtfBPWegnPoPfeﬁﬁgn@éﬁr&%ﬂﬂMQﬁtihﬁgﬂduqqntaxﬁﬁitheLhet ot

har dwar erbasedc8 Pupbbirtr 836&d aPFAGES Al A4 | 1l ow char
represents an ;rbi tFat i on pol i gy i r]%:m %\Jﬂ goﬁcft%ﬁ_}ﬂsl!%;o&f qlflcén 4. FIG 4B
is a tinePgradragram Whan shewd ladvdnt ages iofectyi ria R SRR GRNtrol Ler.

10 FIG LS .di_agramof a nmenory controller for |atency Viniteﬂ_
oper at i o%éé urg%a?{:%ﬁﬁﬁgeh PHWSFE SFALDE ﬁfé"tq%_t &Rl 5 Fgsom- FIG 5A is a
tim sy di agranattesrehevs tadyaribagey arPld e SRAMSPY rall&r. 15 FIG
6 is a block diagram of a conmunication bus interface 1 n the processor of

FIG 1. PR pINON BiekPesgifeeto initiate a transaction e.g., an
- access to memory. During the memory access, if the

microengine e.g., had only a single thread that could
operate, that microengine would be dormant until data was

100 returned from the memory. By employing hardware context
swapping within 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.



20 Referring to FIG 1, a comunication system 10 includes a parallel, _
har dwar e- based nul tithreaded processor 12. The hardwar e- based) gnovi 2063 eaded
"'processorvggoigfmfsoupl ed to a bus such as a PCl bus 14, a A k&M 16
and a second bus 18. The system 10 is especially useful 25 Tor tsas S 't hat
can be broken into parallel subtasks or functions. Specifically

har dwar e- based nul tithreaded processor 12 is useful for tasks that are
bandwi dt h or Féft-edCr dhér bliesrk Ickitaaram arhaitrar . gefeer Harplwasesdased

multith r I ti ple mcroengines 22 30 each with

mul tipl ggﬁgrgg\?gr geggﬁt%rsoljal%é}q%neﬁggaﬂs' that can be -4 2 g NUV 2003 WO

01/16718 PGTFUSOO4Z650 asibhddiantamtam ao ia enedisky relpersternd + yeyperk on a
task. The_har %\léﬁél% based.mul tithreaded processor 12 also includes a central
cont r ol FBPad§ nWLdLhs ARSI dERh JSRE gt e dmnidwaredeaseder resources

of toe Randwahg=hRased p>dRddddreaded processor 12 and perforns ot her
general purpose conmputer type functions such as handling protocols,
exceptions, &Gradduppsort fFlow paukst thaor essprepentes eart hervi € oeDGhNes pass

t he pac ff, faqr et ai,l ed Jprocessi such as in boundary

condi tiéﬁéic&n l&ngnlggg%g(ﬁor%trﬁoﬁlt% cb'fgéc]gg'sof' 20 is a Strong Arni (Armis
a trademark @TGARMELIiE tedirdiig ﬂdﬁmﬂ%ﬂa@aﬁﬁﬂnﬁré&ﬂé&@é?@&ofhe gener al
pur pose m ¢rqpr.ocessor. 20 has an operating system Through the operating

syst em PRELPrGEEYs SPRAY Cantd@yl9tmcti ons to operate on mcroengines 15,
22ar@2f . The grOCcesSQr Gk Y f’%}h r erat tem preferably
areal tine opera{%i n% sasgtlem ll%fa e %@?&%@%@goér&%{n%?%%%tgﬁras a
~Strong Aefreacehiltisdttece opepsrtatdnsy, ussdt st s dia adya M <sosedit NT real -ti e,

VXWor ks_and . S, reeware operating system avail able over the 20
I nter nepyﬂgéﬁgégaﬁﬁ%@g.prﬂizeesﬁ?’gv\ar e-based nultithreaded processor 12 also
i nl udes a plrncal sy 106 o Wialing dSEAMGNDS A2 dvENnesongk

al1ty of program

m croengi nes (m croengi nes) 22a-22f each maintain a plur
count er §P¢ﬁmﬁérld’«ﬁars@ﬁghd=°262@3alt%- associated with the program counters.
Ef feactivel y, or, | | wral ] e f_threads can be
Si nﬁt aneousIE?:G:CA'CtGir 3?%%&%}19&&%}%&%%% ogen%%r’fg%mzczaa@ﬁ? Wﬁ?l e only one is
act ual | yngperfadend matt henypmreedsowe.of rFEbRhe knbodi ment, there are six

- microengi nes 22a-22f 30 as shown. Each mi croengi nes 22a-22f has
capabilities for -5 '

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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28 NOV 2003 wo 01~16~is . ~ PCT/USOOn2650 processing four hardware
threads. The six m croengi nes 22a-22f operate with shared resgur ges 2003

~including ystem 16 and bus interfaces 24 and 28. The nenory system
16 i ncl ude‘ggg?@}r‘ghr onous Dynani ¢ Random Access Menory 5 (Smo‘g{viﬁf&/ol | er

26a and a Static Random Access. Menory t SRAM control |l er 26b. SDRAM nenory
16a and SDRAM controller 26a are typically used for processing |arge

vol unes sofmudtaneausly acolessamng DhdeeéM@&kt PAVEORESoA T 9N Qgkwor k packet s.
The SRAM contt.ol l.er 26b and SRAM nenpry 10 16b are used 1 n a networking
i mpl ement at i o' T WATETRIRGS Pastibereaded precessar, 1acakssi ng | 00k- up

tabl es, imRMided o &L E9L EcPie ; h, The gix
m cr oengli nes 292a- 22f accesscei tﬁ§§§§%e2%£%?1%as%§r){%ﬂrﬂ/l ?%%af)&ged on

char act @Hi&tqedfceniereght Bo0r 16t Mdmsresourtas enf ythé oha bandre dbhsdat a i s

t di higher bandw dth data f whi ch
Tareney T o e el R TAR SR 1Y P Prr kiR o sennrabrav The |

i cr oengiuvmo X ae@putan exes Uf endeIehy é@él@r@é‘Cﬁaﬁﬁ'ﬁiﬁ&C%i:BE'écﬁgsei ther
the SDRAM controller 26a 20 or SRAM controller 16b. Advantages of ~ hardware

mul ti t iSRRGy b ekdl SHPREE byl rARa ke SORMOcessbny woerssehe As an
exanpl e middt cE M BEE 6595 & CNESLE r r a, m croengine w ||
cause the SRAM contro [ er 26bs%oglf%?l??%%_€ gﬁgalg%ﬁéssg%afﬂ]%g% SRAM nenory
16b. The ISR Tod rdd¢Rragomm riodendabyt candbnidms. the &AM bis, accesses

t he; SRA ; hes, 1 h a fromthe SRAM 16b, angd returns data to a
reqlljgst :gr?é:%nélcéegéﬁ’giﬁ%é ﬁggé%?oﬁé? ny° af fRARERs, (Aum tife 3 croengi ne
e.g., 2Zxcbmhatit ot SRMJLEnibe@aduhbedd cCRUAGLSR) opssaye, that mcroengine
woul d be dormant until data was -6 WO 01716718 2 8 NOV 2003

PCT/ USOGX TEER nedT#? 0992 962 SRAWIPBY© enproyPnoceasdwall best ext
i £ th 1 i - ,.the h t ext
swappi ng,ﬁgrtg'ﬁlrh g_g{:ﬁﬂs@ém. erm%%??ﬁhgeé%gg&%ér%%?g%rﬂﬁﬁgmr e contex

swappi ng enabl es er contexts unique pro Fs to execute in
that saREBefInaRYi oen Thls, famct bens t to eape Late , ofmheagloéngaﬂefsunct ion
whije t f_iz;?s thJ:Cead e.%l Tgéqad 0, is awaiting the read data to
return. T g%'exe TR iRFOCHFTRhcd TRY AR c3RY t FEPEPFRRAnERBESLiBG: Wi l e
Thread yepmidimse far dbey SDRABALINE ime a8ge Th¢ £3Gl- Oy L fetPer ALENGHEN 10 Lhe
SRAM unit, a new thread, e.g., Thread 2 can now o)p,)er ate in the mcroengi ne
22a. ThOHF PRGLDIRF aterlonentedrasia Shoumy Afmtanehiméettuie, needs to

i acces P e AL 0A S0 T o R oL Er BTk By Tipols™s M N0
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
simultanéously 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 capabilitiés for
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15 processor 12 can have a bus operation, SRAM operation and SDRAM
operation all being conpleted or operated upon by one mcroepg@i %GV 2008 and
« have one ad available to process nore work in the W, The
har dwar e %Qﬁé@(@lgv\appi ng al so synchroni zes 20 conpletion o asﬁ@.z 8r
exanple, 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 coMmTUIe I 1%L owhdhardwaprAMnEeadsol | Bhe26bx mhemoehey nespl ete a
request egd, § f f o h 1.CLO ine 25 thread,contexts reports back
a flag g‘lcbgna i ngéé(z%grrp: et"lpjbthlJi o&%g%pgggﬂ“gﬁ?sV\ﬁgﬁiflﬂéngl MEMOL Y ecei ved by
the m crsyesigimel 6 tdred bws obmgentacas det endi pe. WhireB hBReAY & e on. One
exanpl e oga an ﬁ\l’%ﬁjl icatjon for the hardware-based 30 nultithreaded processor
12 i's as % WSS ft ooEsdronus Qynanig RexydopodcwessiMesry , ~

PCT/ SO0 SE600) NesMOFKL DE PCE650indt Beshar duargrhaged -l Wl eaded

processor 12 interfaces to network devices sUCh a8 a ieara aCcsss

cont rol | YRRV eenterellen 26k 100888AY MenakyMAGaldadosDRAM gabit Et her net

devi ce , e k 5 processor, the hardware-based
nul tit h:cz% e#hp‘?%fg?s%ora% %l%%?é?’f Hégdt °5n§rf’§ﬁ§s6f’gcgﬁm cation
devi ce orolures fefeddtef ¢sge) vpsbaesssnbabgenem@&kspafry,l%fd%- from

Communi cation system | O functioning in a networking application could

recei ve %W?ﬁ%l?%?k%?s_net%? kSPakkepatIolirsn2bhe 230dy SREY 13wmadh and

Proggss 1419seroacked Sid s hdBlSLkehg MRARTEmeKELR 1 LAC (A3 qugy e based

mul tithreaded processor 12, each nefwork packet Ccan be’i ndependently

processekBtomey hefasikanptess otaske, oé.grocessessidg doakpruphttakl &ngi ne for

a postscri rocessor or_as_a processqr for a stqrage subsystem i.e.,
SoE gk g 3

RAI D di S¥ 2° WTUFRerPiReSF 80852/ nPehPRg t8RG ne. I n the securities
i ndustry for Exanple mibeodslyenésob2gleokr apkesk aditR@ F @HY rs%ﬁqgsh"e use of

el ectronjc matchi ng engines to match orders between 20 buyers and sellers.
These anPdtWerSHRHN al p2I1P25RRsoBf chasrstesdsbdcacodnphiesidadtaon the system
10. 13he qyoces L ncl, ud I r that couples the processor .
to the second Eﬂ‘g ]:?L%térg& ! i%?vé??ggéwagkﬁnhgﬁg g%bé&f#@ﬁ’t l@oﬁ‘;ﬂ s the

processofetiched fhemsIREE, cehéredaFBUSgh8r( BhRAwhdsh diEa RIS WHitEH f ace 28

is responsible for controlli}aﬁg End interfacing the processor 12 to the FBUS
18. The 9B 13 X2 Pi IRPHE2RF FOLBuStorgRd iRy angk eftsded £1amli a

Access Qomraw| | eThé MM ro@vh£R8s FD8-PLECRER0LxELRAC kRS2 Second

interface e.g., a 30 PCl bus interface 24 that couples other system
conponerksfegence instructions to either the SDRAM controller 26a

20 or SRAM controller 1lé6b.

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

25 SRAM memory 16b. The SRAM controller contrbls arbitration
for the SRAM bus, accesses the SRAM léb, fetches the data
from the SRAM 16b, and returns data to a requesting
microengine 22a-22b. During an SRAM access, 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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,3 . 2 8 NOV 2003 WD 01/16718 PCT/ USOOr 22650 that reside on the PCl 14 bus
to the processor 12. The PCl bus interface 24, provides a higpgsp@egygat a
pat h 24a W&ATEHD{BY 16 e.g., the SDRAM nenory 16a. Through that gath dat a
can be noVeH14878kiy fromthe SDRAM 16a through the 5 PCl bUST/YA00/23650
direct menory access (DMA) transfers. The hardware based nmultithreaded
processor 12 supports image transfers. The hardware based nultithreaded
processpetdgnednfeonl ojieaSpANr.al By enip VA neh el 150 ddniie target of a
DVA transfer.is bugx,, ang{épler ong of the DVA channels can 10 take over the
PCl busSYBPREPPVELTRARORAED QOF oeamdFeendimea 222 1R2 Mt dilre hi gh processor
12 ef fi gheasyreAddhteQRaklippihg REaHIUS iJHRS %Qe\‘}héé‘% js target and
mast er operations. Target operations are operations ere slave devices on
bus 14 BE¢EYS SPRAKBMNt RPBnge ISe&ds exedute vim ttémtt hedmear e serviced as a

| t Qs : [ o . ti , 4h 20
Sends GOk TaEiTy tOPar ", RGBS GALEAR 11y THARAHE B8 | niterface 24

Each of fthetfancwhanal thei tfd rafte teowRlegd 4.9 .Onerye 2P dor£s i nternal buses.
As descri bed, bel ow, the internal buses are dual, 32 bft buses (i.e., one
bus for2VeiHiBAdtBReTREA AfitEe)tO 1eE Uy dndhuings eekennttiomr eaded processor

12 al soThse£4N$t hHGt g -8WGh Haa DtRE@I ‘ t bangdw of the internal
buses in the pr ocegsorc12 exceegt e ziémfgr?/dv&r%'h Wei; gﬁhﬁ?a%ﬁges coupl ed
to the ppecatesr on2thehEDpAYCewsdr, BAad rMinedes Gnis ndms et i €§r€n pr ocessor

bu 2, g n _A$SB bus_(Adyanced, System Bys) t coupl es the processor
co?leogzotﬁg ?he rrgrr%gr%’/ 0 gP“'ol %gre a, oo Eib‘)?adi]g] B RANPRFBEE 30
described breomicEbendSBebread.s ah3Rasisadardioddinsd £a)12d-AMBA hus that
is used with the g 2 8_NQV 2003 WO™011 16718 ~ PCT/ US0O0/ 22650 Strong Arm
pr ocessBMOBBF e L TR&THr §8Eddor t1 Negdso HThAIRRES ANeMIXMt@r e Bdrmhat

coupl es } engLRe i ‘ tr er ASB translator 30 and
FBUS i ntsgeﬂrﬂfga?éﬁ%g. Q,%\hge%%r%f}l%&%??@c%owulp ds #Léeh naesrzrgr?%/klc%%t?%l ?EF©28a, 26Db
to the Sobasbuat éntacdace4 aMhex® fare ,menimyl tarsd s Iy, i figd udi ng fl ashrom

16§Lr§.lsed f or boot gperat' ons and so forth. Referring to FIG 2, each of the
m croenBFREES394. 33t CRR.NGTEs B PUS BREHALIRN SBMI fRe¥akient @ndet ernine

t he avasbamheoperra@ci@ntalueaéq@xrgafc@i\g[)%% é&g%ﬁ%&%g S%%\X/Il é%égf the

m croengi nes 22a-22f can access the 2 troller
26b or PBESCERFERFaddazandriha viee emey mane riditerd 6zibakllectoeach incl ude a

pl uraligl¥?ﬁgé?guglgg§_ LRt g‘?tg#tét %{a%%diﬁgr;ce nory reference requests. The

queues mal ntal n or nmenor ‘erences or arrange 15 nenory

ref erences tBhephiamridse ree mont dxandwatgind-ofl &Xasphehrohides hread-0 has no
de denci e;Sfc")E'(?ES‘e' %ti onship to a thread-1, there is no reason that thread
I

1 &nd 0°E3R nPlret@Stei r BN SHPMIRY®r R sthErade apaMIUhiE out of

order. ¥He BhREOGRAIRES rdddndde iSYE MBAMY 20 &8feLEN, sts to the
menory controllers 26a and 26b. Th?Jm' croengi nes 22a-§2§§ff§%§8t he nmenory

subsyst 8RR2¥BECaRdNZEH ORiatlh WHAgh arthor ythef BB cinbeefate o8, subk t hat

the nme Su an e he bott] eneck for processor 12
oper at ?ngggﬁ¥§%%g%nz§%§ray %u@&s@ew SC?IP%IE)%IJegeW ‘lfgﬁbne FY requests
that axéheydepmpderie ian meajuersted Mgk ofwss odnd 20 £ atheeni 6B RGABLY

referen sor.ting, nmory reference sortjng ipproves achi evabl e menory
ban%'ri’/vi dfq“ﬁ.re%nﬁlogtlgg‘f%& e ot ﬁ?arfg‘ aaséjd%‘gﬁfg%ﬂlbﬁgoﬁpmpééﬁé@§ @dad time

or 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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30 a bubble that occurs with accesses to SRAM Wth nenory -10 2 8 Nov
2003 wo oinsns rc~rnrsoonz6so references to SRAM switching ggrNogn2oo3

« directi onweyoigisizal |ines between reads and wites producespeErsdoaese0r a
dead time waiting for current to settle on conductors coupling the SRAM 16b
to the SRAM controller 26b. 5 That is, the drivers that drive current on
the bus need to settle out Eg}ri r to changing states. Thus, repetitive

cycl es BFEUCFEaBTPGRESREd B{Ca DR renbaras el tiddw asadnthi dt h. Menory

referenseo8855b0912l L aWe rirle cRf QTR ok ! rani references, 1o menory
such thn%t 10 long stri ngg of er eads car‘f’ be f&c?)elvﬁomed Eﬁ{e/ChI %nsg 515 Jg% of
writes.adhe¢gscaanbrodded devidics .28 dead GO BasdThOqgleIMAE 13n

ef fectiyel ' 0 xi_mu vai l.abl e bandw dt h. Reference

cor i ng pet pa R At B ES PRy et BRI s 0T AHETERA
ref &r enpeosessbng theahhowwalrediagedf mileidhrgased B dank to anot her
bank. Specificall if the nenory stem 16b is organi zed into an odd bank

) S
and an %n_lBEﬁE,fgﬁﬁi e eRY ﬁaf@@e@ycqngn%&aéﬂ% davigee anld bank, the
TeNory CenérehLer chal $hakh RO NG AR MEhAAYe JTecharaing s

possible if 20 menory references alternat®e bag%/v\een odd hd 'even banks. By
or der i ngommuDi gakabar syssem 4 Oafveratdton ianr essas netwanitig e banks, the

process 2_Loproves M bandwi dt h. Additionally, other optimzations
can be %é%jé.lc%—"ggogxgﬁﬁig%ﬁ&edivﬁg %ot "’rﬁagldﬁyor%fa widhdagkelrs that can
be125 ner@adthar Gerrged 1B, OIL 30 SHRITY B0 ALHEStho PG AGSs O} i 41 zat i ons
where by exam ni ng addresses an opened page of nmenory 1s not reopened,

chai ni fg2Tasl@t| MepBedascMilldd thel dvardwar ediaseshimy higdieesded, can be
enpl oy dbgEBUS,i n a T j t; and Receive 30 flags for
each pggi%i)f‘othatS a MAC %g\%ﬁcgﬁg%ﬁ?%?ﬂaﬁ%on%ﬁg\d %ﬁepen;eélw 2003 WO

01/ 16718rec@SFLYSO0O~-22650 5 10 an Interrupt flag indicating when service is

war r ant ed. Tge E US interface 28 al so includes a controller 28a that

per forns headBP E?5c§§§fnﬁg}eo SInERA IR REAGRTSIT obd thfe FRIIB. The |
contr ol by 286X baghstsbie BAC KR AL %Al REIAIIES &, £1,0PL Ogr ammabl e
sour ce/ destinati on/ protocol hashed | ookup (used for address snpbothing) in
SRAM | $teregRasHbayEs Mot is@coeRLN A4 glestiomngd he Ipankethérwades i s sent

e BECRESA0kRE 2580 00 0l OGRS 10 OB, FRLS qer facs 26
SRAM tekdmpirepi cheeadveat BBUSlwdtrdnbiid trddiie i Md tase fiigen SDRAM
Unit. Eg SEEQE%:&XE% %g%% iggagiégaégjggwmatch'orders between
20 buyers and sellers. These and other parallel types of
tasks can be accomplished on the system 10.
The proceésor 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
respoﬁsible 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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15 20 25 The FBUS 18 is a standard industry bus and includes a data bus,
e.g., 64 bits wi de and sideband control for address and read/ %@3 ﬁﬁﬂtr0|
The FBUS ig}q@fgce 28 provides the ability to input large a t'S'Yofat a
using a seM%EY818 i nput and output FIFO s 29a-29b. From t h&@ R 08122659 29p,
t he m croengi nes 22a-22f fetch.data fromor command t he SDRAwhi ch data has
conme froma device on bus 18, into the FBUS interface 28. The data can be
sent thrthah resbdg onnthel Pel 2@ablie SORAN:NBEBEXsEER, 1Y¥i a ?h@iﬁggt menory
access. Sim|arl t he_m croengi nes can nove data fromthe SDRAM 26a to

i nt erfac%uF28l,n€%¥f?6eF%ES REOVHAESt RehfBliSSPaedr flate psth- 22a t2 8 NOV 2003
" WO 0ligdndBy ' 1 NSO 5 a i ar I i but ed_anppngst the
nicroengineé?benneggivifééthF%g %%ﬁ%%gGS?aSDRingéééﬁaﬁgaEBB§g§8 is via
conmand ¢&%eues?2R. bA BoWREnduicqlystromnthe SDREMDLYar efueaghotha FBUS
request. r anpl e, . . nd request can ve data froma register
Ioca?ed ?é?ZPﬁgcggéng%%eé§§§g¥§m3m§ﬁ§rESCF§§065@Q? trgnsigyssprAREl ocati on

SRAM | oded rawnaré | asbedenulyiehreadedVieoadds8ss12THRpp8FRRNGF 3 Sent out
to each of thg%functional units and the shared resources. However, the

shared recRFteESdo 1BenberAvede: Bagarnmulhitbsgrdpdf barcrgsol tRe dat a.
Rat her, 4w 166 LesPUF CEgS [ ' d.data located inside of the
m croengi nes. hig engbleggﬁfgrggngyﬁeghégggzgf?gtééhggg %SEQFta %ess to
dat a ratheiMA hanarsberr 46i hysier anotbes oneaoliushanoMni skaseeteniagn for

the,Bus. . With 1.S.d ture, . there,is a,0_cycle stall for waiting for

dat z]iBi nt%a\r/'\!rm%|°‘%%rt%%érr? @?oéﬁai HSSSQSéYEEf .lnfﬁémaatlanbﬁeeép%h@.r, ASB bus
30, SRAM adige B4t anda SPRAMhDHS gB8peBeBksBg thegershaLpd,resources, e.g.,
menory controllers 26a and_26b are of sufficient bandwdth such 20 that
there ar®@Go-ieRakh¥r BBEt PEhcbKS. inkesfars @Adenpporasotdrhett aexecks, t he
process i dt i . re _each of the functional
units igﬁﬁﬁﬁi?gi%éﬁf?ﬁaggﬁ |Eg§§gFmﬁ§§§?%égﬁ§X§r m"BERANEPS SPetRe

i nt er nalslaresdenicas exabpbeldt hec8BRASDBAMS tRArduGh Rehdw dagbus 25 at 83
MHz , . The Safwlq%%a bus coul d.have separate read and wite buses, e.g.,
could be"EETRAC-DUE OFS35°hVLSSHi A8 RuSRENE &P t8EIREZORRIAEIMN-te bus of
32 bits W deagted66pdRtidNS] the pRoBESSBEE bt niyngat 166 Mz
which is effecti vglﬁfyj/ twice the e aogsssBEecobd 2 Sehtfnuadat 108 Mk
WO 01/ 16H%Lct BT QJSp0/ Pe6sbVeRedabpredprecsiyofra® sheoPCan access the

shar ed. fﬁgg##ééé. 4he core processor 20 has a direct comunication to the
SDRAM control | er f%a to the bus interface 24 and to SRAM control |l er 26b via
bus 32. Each of the functional units are coupled to one or

20 more internal buses. As described below, the internal
buses are dual, 32 bit buses (i.e., one bus for read and
cne 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 thé

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 coﬁples the
processor 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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5 However, to access the m croengi nes 22a-22f and transfer register

| ocated at any of the microengines 22a-22f, the core processarB oV Ss
the m croeWg@iomnas7182a- 22f via the ASB Transl ator 30 over : bus ré4/usSboe2636B
transl ator 30 can physically reside in the FBUS interface 28, but logically
10 is distinct. The ASB Translator 30 perforns an address transl ation

bet ween 1 i regl ster locatio and core_processor
addr essen (T S RO | R P ho P otak a0y 30°Canngitass

regi st erss poelvoig ropg 34 highati ceogpé nesh@2a: 226endbndl LA9Wgh B gRa&NgI nes
22 can use the re izgéer %fet to exchange_data as_described bel ow, a
scratchp?é’d‘tr@t)lﬁf'g Brs BRR & 1RO HeRF t 30 prR@i FRHS cibbAgfacs 26 .wr ikt e data
out to ndrmEemiy Soresi R K& OREHH, RS T Sc chpad,27 is
coupl ed to b:ﬁ}g 34, -14 I%1/\%562%%718 2933 ﬁ%@tggggeﬁebg?os@zg&ghﬁe

pr ocess ot enfacrs wibsand B SGrdeeBOry npyetent 86 incautiing st age

pi pelin 1 i [ft, of one gperand or.two operands in
a singl gl(%;elszz %ﬁnp%ﬁldéeés&%ﬁ ?%(?Ji)tga E?%ﬂagh%lb%r?nanaois °5it¥"barrel 5 shift

support. Thi REFEG oy et SFIG. a2 Steasiar of Sthengi ALBEngh 6Bkt eobupe dut it is
i npl enent %3&% h a five stage pipeline for ferfor mance reasons. The
processdm SR JPHRY t LAFIResbitagenter detronivachbes2, an 8

ki | obyt it € r buf he core '
pr ocegs%rvc%iolaap&e%;grennl?%#t d?ret?éi c(g%%o%%%?? oﬁég}fh péﬁgl ?gFe\%\ngt %rw wites

andl® nstofudtiomietetrginghe 2or22 Hroamssoce28 theesDRANS conthoQilleer

functio Urd ia the i ned bus, The ASB bus is a 32-bit
bi di rec%@da{g%ﬁﬂﬁgﬁ?% gg%i%i%’és.ﬁg%f éPFFﬁgaFS EpG Fheamepedivpl ary
one of tdmEntEEIENYi 265 a’m-zaé,eaecm.inénhaéogngm@azzggi ®£SRwhe sThe

m cr oen%i ne includes a control store 70 which, 1n one i npl'enent ati on,
i ncl udes% AT DIOHeF 2R HP% DRIRREY oFeBOrenee FREURAKSst ofbe gueues

m Cr opr Qg , : ! b cqore_pracessor 20. The
m cr oenégiirfeeHEZer a @g{ﬁﬁﬂﬁéﬁ%m%@%rkgggﬁﬁegs $%ea%5|§plgg| l er logic
i ncl Bidesnemo 1t nste it enee sleto dept 7181 2adnemogy abaadwtitieh . (PEbr25 units

72a-72d._ The four, mcr rogr counters 72a-72d are maintained in

har dwar & X3R4 cjrgeﬂgﬁﬂgealg-f-g?[‘%% PR cHERRRAEBREERt C&vERL agdionshilFy | ogi ¢
74, Qontxta eerdad of) Ctidrd eLel NGO SBSEATERaL Crnfead SEQuAEVENT RESPONSE,
FBI EVENT RESPONSEI~ SRAM EVENT RESPONSE SDRAM 30 EVENT RE ONSE; and ASB

EVENT RESPONSE)CITRbe eacthehle memony 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 thét 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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WO 01/ 16718 2 g NOV 2003 PCT/ USO0/ ZZ650 t he shared resources, e.g., SRAM
26a, SDRAM 26b, or processor core 20, control and status regﬁegb?iﬁq@d SO
forth. These nessages provide information on whether a reque ion
has conpl eY8§V188&ed on whether or not 5 a function request BETHRS002%650 ead
has conpl eted and signal ed conpletion, the thread needs to wait for that
conpletion signal, and if the thread is enabled to operate, then the thread

i s pl acee ferearcesyaid SR, neiadtHing dnotershaiNection bgr 9e9gh e 22f can
have a maxi numof e.g., 4 threads 10 available. In addition t0 event

signal s B WESERIT 436 S ATk JEL 5 9% RIRAURES th Dyl ecoyi mese2? enpl oy
s1 gnal I nanal 3l dkiate @bl IVddkelonal G Slales. an executi no

thread can broadcast a signal state to m croeng?%e%o‘ﬁ.l%cei ve
Request tAgaiSRd®] d &5 grralthenBRAMEeritira hremad®6b n t he ni cr oengi nes can
brangh on th si.gnalJ ates. .These signaling states can be used to
det e%n‘i ne avgﬁ%é:bill%pt );éhg? d}tl?}eesrzsur%éa rd%‘g‘? Kt EeM estr ERei BUdue for
servi ci mged@ ol ttdnt @dt euerdr [tgichafgias sedidsatippyfor the four (4)
threads. I n _aone enbodinment, the arbitration is a round robi n nechani sm

O her  t EERGTHIEY S SND e Uset T§RT UR HPwrd Ry 18 Wobte ngaordegrgteed fair
queui ng pekie YAAWARIH Ne Met{o A} Sféfélfér%@éass ﬁ%;g%i(g Sbgﬁ?((a:EBOX) data 25

path 76 that includes an arithnmetic |ogic uni nd" gene
pur poseProgiestsar & tR6lprgfne zw i tdfmtencedngic méry6suprr £RE&AE arithnetic

and, fogi,cal fuynctions as well as shif unctions. The registers set 76b has
2 AD ot reRly, SR o G | R HOMR (G 409 55 RARUFI PEbe 30

descri bediites| GThIB dah Y uddl| eimarimihOfe OGS A{Re64n-1Re WO 01116718
2 8 NOV 2003 PG'T/USQO 72650 general purpose registers in a firrst bank,

Bank A #iP%64 0% @ SELarF ik ahle s Theseenee ahapimpusavadjablers are
wi ndoveda3idn be rlasardhed 22,%_.{@ ﬁ@ﬂs %%lﬁgé%l¥$}ég}?§ﬂ absol utely

addressable. 5 The m croengl ne SO Includes a w sfer register
stack 7&ameware exthtaxndfrareadsack @0. tHaeSBRAN Y séLeBenE8 8bseingndowed so
are rel atively and absol ut addressable.. Wite transfer

th th
re;%t e(ra SCXE BRSSP Su TR U :%’%/?f“ LR Rt PsaneEReEdPaBkni | arl y,
10 read Spr@ittiRyalitgck BAHS rdoFEtdifdk dat veib rogm é‘r%&ﬁi‘égdr @ﬁeyr &

Subsequent to or ‘concurrent with data arrival, an event signal fromthe
respect iOf¢! Sivarke@nedguraere hpnkt hiSkAMhoprotéeso26as SPRAM:tagtrol | er

26b or r O, widl: oVl context. event arbiter 74 15
whi ch V\A%I%I %t%%%zﬁszﬁn 'het\ﬂ rmeadpﬁa%/&gﬁgo%g?ﬁ ?%naﬁlé‘?f:gbl e or has been
sent. Baidedheansifrey tregister Hearks 7Hrecith B§ing eisopoesiBlet @£t he execution
box éEBOX 76 tr(lepfou h a data path. I.n one inplenentation, the read transfer
regh 3t e P9 Y6 F eeg‘igeé'lceerss TR Sw e B e AN e randgr¥eer PARESEA By

regi st efoxdering 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 refreshihg 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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As shown in FIG 3A the mcroengi ne datapath maintains a 5-stage

m cro-pi peline 82. This pipeline includes |ookup of m croinstygaqfyogg3words
82a, for } the register file addresses 82b, read:of om 25
regi ster ﬁ???g{}égfés ALU, shift or conpare operations 82d, anmg&f)%ék of
results to registers 82e. By providing a wite-back data bypass into the
ALU shifter units, and by assum ng the registers are inplenented as a

regi st eRf £PE SETaPTef ashind iRaying Hehen csoenitaei samapeafivec a 30

si mul t apg@u i ' . W whi ch co ete -17 2 8 Nov
2003 ° %@0?}3 %@kﬁ%&ﬁé&{%@%%%ﬁﬁ ?h%OWﬁ’Tﬂ%ﬁe%é?iBH?tThe SDRAM
i nt er f aper2éamsr dwades priqpsditmoke tindédwingopeskeédy AL&HOENEI Ne on reads
t hat ingbﬁgtg% whet her atggrit ﬁé{or occurred' on the read request. The

ni croen i crdCodEN qjés%b 3| o Ceheehe npae ket Sorateread Parity
fl ag whendt pe rificaie RYinie: by i n data. Upon checking the flag, if
it was set, the act of branching on it clears it. The Parity flag is only
sent whéRUFRe/deRANNad iominnat darl diestkédgloakup t tes SORAL T sdRaEKEY

pr ot ect : i.Cr, in d the PCl Unit are the only_requestors
notifi egﬂgf’%g’é}ﬁ%ﬁyq‘& rS%rigg Tﬁ\izfr Z(Tq‘ber 1354 %‘?1 S p‘?%‘&e%‘é%‘?eﬁﬁmf%xéﬁ or FIFO
requi resepailvey (thet aidket, header cengidet a56i ShS protBSsHEIUESE- 2ghe

m cr oengi nes %2%:22f support conditional_branches. The worst case

condi t i bRAI 2FF& PN |Pét%€ﬁ§fl(r}ﬂrt i TR UTBYY jrkprefacecBssuhpartle branch
dedicsi oghkS fainesuhnly Qfnteadiyti ades, bel i by the previous

m cr ocontr ol instru?tion. Thé'fg?gﬁcy |§Q§%§%%§%élomfin Table 1: 201 11 2
I 31 91 51 61 71 81 mcrostore lookup I nl I cb I n2

XX bl I b2 ..b4d 1 re [, gen nl 1 cb I XX I XX1T bl I b2 1 b3
| reg file |5%ﬁ%§m|lft| | nl %Sgg’?eﬁ gk&é(“&kl bl TO/63°F ™cEORILPEhi fter/ cc |
I 11 nl | cB3YS¥RF XX | bltvia\gyivatoder) | | | widtes frloml SmHaMl us®e.l XX |
where nx is pees hnaach m cr qwes dedug) sets cc's) ghagsSe&£@pdigi onal branch 30
bx 4iegs post-branch mcrowrd XX is aborted mcrowrd -18 w o~iis~is - . 2
B 2003 Pcr ~rsoonzsso

The FBUS 18 is a standard industry bus and includes a
data bus, e.g., 64 bits wide and sideband control for
address and read/write control. The FBUS interface 28
provides the ability to input large 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 device on bus
18, into the FBUS interface 28. The data can be sent

25 through memory controller 26a to SDRAM memory l6a, 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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As shown in Table 1, it is not until cycle 4 that the condition codes of nl
are set, and the branch deci sion can be made (which in this ca8eNBGHBs t he
branch pa | ooked .up in cycle 5)-. The m croengine i ycI e
5 branch ﬁgtt)gﬁlcé;?spenal ty because it mnust abort oper ati ons ng&%g @%
2-mcrowords directly after the branch) in the pipe, before the branch path
begins to fill the pipe with operation bl. If the branch is not taken, no
m crowor ds aPetabdurnegiang @%@Clsﬁths&ﬁl@@lmdﬁmmﬁlﬂw The 10

m cr oe everal I [ he effective
br anchn@%?gﬁggayﬁﬁé m (??)ge%rctﬁgfg' uppor d%@& %raé gﬁﬁﬁi%ﬁf%}‘% ng

brancheSBage26hén zimi coomagidnecauests .l & cAraiPWaEe A t@n the branch
to occur before the br nch tal%,es effect 15 (i.e. the effect of the branch

is "def%r’f‘%’aoré’nr?ﬂrfﬁ)s Prug BBV s&anestor k EaF Bxammdet t fill the
wasteed gymhasdakbguelshe cb&la&%éﬂopart%wz% & y, can be
hi dden. A 1-cycl eqdeferred branch is shovI\I/h be o%t/vrﬁlere rqr%tjiezé glquowed to
execut emhfrepnghnepgapdicorse shlarezh nelsgaurcge,s eN(Q\/ 2-33 \ADEAN 16718 ~
PCT/ US rhv2 I I I
CE%Z;@?Qn, é l%c%tld% _ﬁiash memQEy o;ksome MAC-@qﬁ¥§%§tore
| ookup Thel cbmmlanblsn&rle >é>é.nlt kiut 42 dadmd dr bfhé fud@G G gemed | onl 1 cb
| n2 1 P b2 I b3 1 reg file |ookup I Il nl I cb 1l n2 1 XX1 bl I
b2 | AL?JY’QhF fefhazed gesqurges. ciqwayen, >t->ber Pragedyiesoweess 1dé | | |
nl 1lg cbhpbtNdebdX¥ol A i tehG a Jief1ery; el yhere n2 and
10 n3 alrle bo'?h al c>owe(élL to conpl ete be oreq{lﬁbfbrscatﬁ%h oapbl O%\é:%u?lé Not e
that a gheysherpdamelsdefcasmaticass atil st milduwiveedt] ddten Idvea oo di i Dile codes
arle Set gangemTc?: %V\%rlqnensr ECEICH nSg etnh%lbe-rsar}r?lhcrole5ng|r:r.+n1esl 2?28|."232|J|.:, 9t|q_ > |+6 !
m crost haeel dokup bodeds o Idath Irathdr dhdn kirdithdiff #005 | reg addr
gen I I nl I cbl n21 n3 | bl I b2 1 b3 1 b4 1 reg filelkupl I I nl I cb
| n2 | ASCESE op szrusoaf’rd LIS agnEmtien §o1 §he busi GBithnzhisn3 | bl
I bZ | eehtgrRackhede lid 4 o croengi nes al so
support condrrtl on coc?e J'evaI uatcik}ocnl(‘é) %t'ﬂhe condl%ﬂojhrl%oa%gn%%%% whi ch a
branch 25tdeordi ¢t &he mudercargigeds 22a-2Mfe m crowords before the branch,
then 1 cycl eTg %& nch Iatenc caneﬁbeB | i m nat ed because t he branch
deci si on” can-B& &4 RAM bus 34 and

SDRAM bus 38 coupllng 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
w;th 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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WO 01116718 2 8 NDV.2003 PCT/US001 22650 | 11 2 1 I 4 I I I~
nicrostore |l ookup | nl I n2 1 cb | b2 B NO¥ mma4 |
« reg addr n2 Il cb I XX 1 bl I b2l b3 I 5 reg up

O A e ML L g shi ter/ oo § 1or pEHUSIORRN
bl I wite back I | 1 I Il nl 1.n21 cb Il XX1 In thIS exanple, nl sets the
condition codes and n2 does not set the conditions codes. Therefore, the
branch 10 de&hsi eareaprbeenads 20 eﬂﬁbecﬁdﬂandﬁastﬁnu1§ﬁaréd) elimnate 1
cycle | at Ay bel ow,_t 1-cycl e branch defernent
and ear%ygég ?ﬁg 0 %oﬁ&#? g 8%3% %@ éﬁﬁﬁ??xnmﬂetely hi de the

branch d:cam]eﬂnyCaﬂ:Soﬁomdl thensoades cb@lttr%)ll?eﬁt 2?6aCM:QJ thdeipge a 1-cycle
deferred brag I I 21 3 141516 J7
| interface 24 and,to SRAM cpntroller 26b Wia bus 3242 0 microstore

| ookuply®lelr 92 Loch a3l I I r r n2 | cb
n3l bl 1 B2t B3’ I Feg Foss gt’ﬁuﬁgcr%f’gﬁ%g DB ol L dn e
| ALU/ shrégestQCSI Lokaltenql latnahyclmf whle hlidnwdrtpimmckedd-124) tHd n2l cb(

n3 125 In_the cas e con% ition codes cannot_ be set early (i.e. they

h
are setc?ﬁetﬁéoﬁ?5F8ﬁo?§ %FES&&. gt Fe FRaRehNes Heanadherbd nd'& upport s

branch 3sBsTragsdhkelr 30t evmterh@ naqucaHdash s 16ft SXPRgedbr anch
| at ency 30 that _renmains. gue33|ng t he branch path or the sequenti al

ga]E h, tPRYFLERLI¥qUENLER ﬁﬁer &t ERES tlﬁ@fﬁgifmoﬁ%agb\ltl hwiceabby ore :t f
1
defon g yakaguacal sual hskoreasiets ) 3q pdliessed cor st %%y PO

el i mi nateainadashonnbe¢ween gBBSsmbmmmémgﬂﬂeﬂtidnéﬁuﬁ1ﬁégié%@ﬁ 111 21 3

| 41 51.6 |71 a ,
I locations apd core preocesspr addresses (ine., /ASB byskregtore

| ookupltRi+! 8B Lokl Wock b3l I b I XX
bl b2 Ib3 b4 Ireg ( BReg §§§5p§° R deeed ey nd1hgind!
ALLVshl$@th@cmFFrPePgﬁmﬁsc823X22K3bII b2 Iwite back Il I Il nll cb I XX

bl 4l If th K 15 th
i &Poengi ne St EPPOgN Jseeag el 22 CRIEk WIRCIf ety /R h i nor

taken 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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"2 1 21 31915161~1 BI120

+ + + + + + + + +m cr g8 0y 2003
« | ookupl nI nl (XX 1In2 In3 1n4 1 n5 Ireg addr gen I |1
XXl n2l br?%?’beg file lookup Il ~ 1 nl | cbl nll n2|pbyUSﬁJBT‘J“’(p
IAhU/shifter/cc [T 121 nll cbl nli XXI n2 125 wite back [T 1 11 nll cbl
nll XX | However, the |atency penalty is distributed differently when
m cr ocode gué‘é@e@r@%@@h doren@0 tigledmdemra gijl'é’é’s ¢ cH0 NOT taken /

5 Nov 2008 TR teRh ol ¥ Fa4k RS MR O FAG AL Bindfeg” > 7

I cycle sh1ft+of ohe op-brandI' or two operands 3.n+a_s_1m§f1§r08t0re
| ookup | nll I (n2 1..n3 1nd4d In5 1 n6 lreg addr ) Il nll cb I nl
o 1P ey o © e s L5 SHPROTS B 2 tort rparal

| ALY shiski et/ Gupoddt | MileiRiSAdo !5 01314 W id€atideka | stlohg! Al COI 1l |
n2 | However for guess branchNOT taken/branchi stakenthere are wast ed
cycles arghiitpature i if |iss impelgmenyeds with a five stage

Iookupl PAPEES WﬂmmmmrﬁEﬁStmcb | XX

I XX | fhlisb birhdldaﬂad = Feekiflideydedigttictich dasiel SXX &nX¥ | bl | b2
IALU/shlfter/cc ] I nl. I cb | I Iwite back I'l 1 I I nl I cb
| XX | ek I"“Iari’éerndcar'cr)’*’erﬁ-"g?‘:n\éa c%%@dI‘Fﬁ'%é’Ifﬁ%W oteSRIMgPYEERT 1560cycl e branch
defe4 me RS I r en.w thl-cycle
defgdrjregthtﬁ atr?crrgbranc%]%sr: Z{dénﬁ?{swﬂr&e arfﬂ{;ﬂé‘@f@ 5’;5%9%9%&]51‘57?? B12

5 parallel with memorw writies and J.ns-truc'e-lon fetche8.m Thestore
Iookupl nl_ | | n2 | b3 | 5 n.llL.nl I cb Il n2
oo §Bnd adadiad Y nBidaddh v ith ' offet £HERSoHIE uhisS | ' oS

| ALU/ Shlvfl'fael’t/l'L‘é?PIHM |delf1rﬁec{ A‘EIBIbLI‘B? | e IAOR bSOWM Et e Backitl ph-1 | nl |
cb 1 n2 1 bl I In _the case above, the 2 cycles of branch |atency are hidden
by the &&&@Rticgmads BB 3hd by correctly guessing -23 WD 01/16718 ~ PCT
00/ £2650 the branch direction. If mcrocode guesses incorrectly, 1 cycle of
branch | atency remai ns exposed as shown bel ow. guess branch taken with

1- cyclemen‘rerare;ir&s’aranch/branch is NOT taken I 11 2 | 31 4 I 5 1 6 I~ 1
8 | I

mcrostom ?O_C%ICI @?’%@Wlwmf‘fm I n7 n7 I 10 reg
addr gemilcdodtgilnegd 22424 Xe lgn3 hidhoéngbné B@f' %eghEWBe kg 1 |1 nl
l cbi n21 XX1 n3 | nd |l n51 ALUshftr/cc | | In | cbl n2 1 XX 1 n3

| n4 | Wicreaswsine inglydgs @ gorprel npterx7P ‘ﬁBthIflm enécode correctly

quesges it Mk Al dded heTbiteopl DELLNE bh8"GosaquEntipl 1y I e

nor mal case. m Ccroco [ ncorrect { " guesses branch NOT taken,
the m crbae:ngl rEh ea Gl wmsa Imtgrdéproframpr ofihet mierepeoyriaom ias shown
bel ow. 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

-15-



20 guess branch NOT taken/branch is taken I 11 21 3 I
J + + + m crostore lookup | nl | cb | 2p2N@v 2003eg

ddr gen cb | n2 reg file lkup I I I nl I cb ALUshftr/cc | | |

nl o ite %Va‘*c&m“’is 4 XX XXt n2i cb | nl 5PETUS0022650 )
bl I XX1 n21 cb 6 .I 7 I 81.91 + + + _+ Il b2 1 b3 1 b4 | b5 I

b2 I b3 I b4 1 1 bl I b2 ( b3 1 I XX bl I b2 1 i n21 XX 1 bl I 30 where

nx is pklee b$laﬁ€hdntssomcst5(,nle get,s SREMs 2 6y isDREANGidY o branch bx is

t-b I's croword -24 ~ WD'01/16718 2 8 NOV
2883 P@f%%%% Can thec85 50 aé" Lﬁ?&tﬂ"rfstrr%ﬁfcﬁf-'se and rso cycl es of

| at encyferehi ncihesd heeaugest beviarch BUIRSS dF %gﬁﬂ%%%ﬁt'l the end
of theyi cle in which the npbﬁé in the ALU stage(ﬂgVY 3141516

| ~ | B |F&Quested function has completed Based on whether or not

| g £ Fidn ra ; +m crostore
| ookup TnI”TﬂJp [ XXaIXX I J| ij IJ§ ?Wpﬁfﬁﬁﬁfa Tted jp |l
XXI| |co(u@l§ati43ny 10heeghrielae Inleleplsl led malltl fdd pRdt >@8m;9§.>@t:1c!rl j2

XX jl Iwite back I'l 1 11 nll jpl XX
;Q%LVshfIrA ' an& 1fnkkel%hread is enabfed to operate, then the

thread is placed on an available thread list (not shown).
The microengine 22f can have a maximum of e.g., 4 threads

10 available.

In addition 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 Request Available signal, Any and
all threads in the microéngines 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. 1In one embodiment, the arbitration is a
round robin mechanism. Other techniques could be used
including priority queuing or weighted fair queuing. The
microengine 22f also includes an execution box (EBOX) data

25 'path 76 that includes an arithmetic logic unit 76a and
general purpose register set 76b. The arithmetic logic
unit 76a berforms arithmetic and logical functions as well
as shift functions. The régisters 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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) ) i tch
Context Switch: 15 Referring to FIG 3B, a format froma context switc
instruction is shown. A conEexé SMAtCh ;sdaré§efgaLefgérggIeg pggﬂﬁggygat
causes a dj context (and associ ate el .
swi t chi ng ?ﬁ%ﬁggﬁ%es some branch latency as well. Consider tHt/YIPRIP ng
context 20 switch: 111 21 3] 41516 L~ I8+I 9 . . i orostor e
| + + + + _+
IookuplQﬂnqrﬁﬁaﬂuqﬁoﬁerﬂegkﬁﬁﬁﬁﬁllh4ilﬁ57$trﬁz?25 Eigraﬁi?nﬁFF4L%FOLB: ﬁi
I XX | I cpqgrﬂél g & u )
| ALU/ sh% rs/ercl?nl 9 opr‘ﬁﬁ'l ca’?e ><>$~n! #e’h‘g a SQWFE_P%S%aEﬂgP-ﬁtﬁrﬁ RT6f | i ga:)l é(XI
nll n2 Iwidgiowzsl a&zWiFI)béKHébmmufF@Gswfgﬁatcghgfogggﬁgg%%ﬁgg§%9x
context _flopw.,br . ranch, m cr rd ino context ca _
rearbitﬁgFF&§ﬁﬂ%§}§i¥(§4h¥Sﬁs €ch) | nxnls"nem/contextiLIOﬁgfﬁehsto
aborsed ni cr oWy Ghildt ceri@HE 2 SW16H 108 nhL s g‘g{:&’}ggrggm goried to
avoid control and timng conplexlples t hat coul e u AZUg
correctQﬂq}ﬁﬁﬁﬁe§&aQﬁ:73uﬁH§nﬁhI¢@@a¢;&maﬁehgsEa?ategfﬁég%§g§2h 2V
condi ti [ r t_on the_ n crowor efore _
0, 1 or %—%&c%%@%ﬁafé ;ﬁr%ncfw%d%%.t%ﬁd???%naﬁ%déélé‘éwelw and;; et o
nicrowom@sdiﬂtmﬂytddﬂnasuhﬁméuwﬂWf&@@C@réﬁéfePpﬁéeigﬁe nf£Q§FL3?2  ort ext
or 1l-cycle branch l%g%%%g{nent nmodes. All other branches (in g Lex
eI et s
ar cio t ealeaie |s& e K9 o € . .
within a branch def ernent mﬁndom/6§§§.precedlng_%r%ﬁ%ﬂ,ajﬁﬂﬁrﬁg pontfét 20
B STl oopoenr St ubchidasan@renbag) vents, o
cont ext _swi ot. be owe ( _
t he pipgﬁiﬁé%%g%%& g%%s%ﬁﬁﬂi FETRETORY S %%ﬂﬁ@@_é@ﬁ@ﬂt@atg.ﬁgﬁgng of the
ol d contaktsRﬁM'Emﬁuﬁdﬂvdﬁﬂzaﬂﬁisnkkﬂié%ﬁ%&é%?@?séggegaFg EB hiL or
branching within the branch defernent w ndow of a prece | Ag~Dbranch, junp
contextPgPEPFPQFigﬁ rﬂéﬁoﬁ@rﬁqigfﬁﬁﬂ RQ)Qﬁgﬁfkpg?pt%tﬁﬁgﬁéggﬁzzﬁ support s
osss bl r edipgt r -
ﬁuflﬁ-tﬁrgggegqég g@?@u%l%n%oft% oﬁc\rﬂlgéc’)arsﬁ e%t‘%‘? %\% %‘égohsf%Ya%ﬁFQlPs to
al | ow oR& DRFeleenosenart Scetuttimmiiet wégest@NBAeEs 28 6and 80

are connected to the execution box (EBOX) 76 through a data

path. in one implementation, the read transfer register
has 64 registers and the write transfer register has 64
20 registers.
As shqwn in FIG. 3A, the microengine datapath
‘maintains a 5-stage micro-pipeline 82. This pipeline
includes lookup of microinstruction words 82a, formation of
the register file addresses 82b, read of operands from
25 register file 82¢, 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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WD 01116718 2 8 NOV 2003 PC T/ USOO Z2650 thread issues a nenory reference
and nust wait until that reference conpletes before doing noie woykagogThi s
~ behavi or weo6isidrigcal to maintaining efficient hardware execpét/sogheione
m croengi nes because nenory latency is significant. Stated differently, if
only a single thread execution was supported, the m croengi nes would sit

i ficant nunber .of cycles waiting for references to return

idle fofa(g sigg

and t he?ttB§Sr GBGcEToVEr QPELEEHPRat i onal t hroughput. Ml ti -t hr eaded
execution al fp¥ssARANM GHORRF alcRED a0 JHAE ¢ ry J.at by ,per form ng
useful independent work acr.os?s sever gltyot hr%%d?rg\%‘aslyﬁ%ﬁ%rﬁ&z/a on
nmechani 8p8UaFE1B0pPLcEenginedon treadlsl dhai timodarhttes iwisatthean sSRAM or
SDRAM r c d bseq t | nchroni,ze to the point, in tine
whon t 11 T Sf eF ERE" SERt R SHINRY, PeRIEHEREL ik icdieyine

Synéhr anigabrode Le rempdnati®ley folr ahiezatingn t HNSTRAM QRIMH N i Sspies the
referenﬁf andhi mrggl ately swap out that context. The context will "be

si gnal et Wel PReC6r FESTORBOIG S MSESeREY N &rtaoncdpsimgnal ed, the
contextcMebkiRg swappedqPack 2Q i3 YereX ti caont ext - swap event
occurs and it |§s its turgg £6 run. “Thus 'f (r%g% ta%g: \;I)gc}ile%&o cq’vllréqmod'f a single
contextl® fheeraciteon Theedarittye fiiagr dworoch 1af tsemt se1dm g Hehes prem

ref erengce, 0 et_.executed until t ref erence conpletes. 25 A second
mechani Jgrgn Fgggzﬁgysesag&?ﬁéeﬁ%&ﬁ’igiaﬁngn.tq%gﬁépg{/écf RATHHORERET A ¢ he

m anoenphaemisgveagihesr aner emee PENWHiRER GOHHNURS J & SRR G SOME Ot her
useful work _i ndependent, of the reference. Sone tine |ater it could becone

necessa®9t+518¢nLhr BATLE Yt BE TO¥iSead Th e fosoutiifortha mzonessathe conpl eti on

of the Lgsuedprghereree rodlii; 167 : 2003 PCT/ USQON2650 before

further work is per?g?nég.%a,&tre;éﬁp%yp}é@n#%ﬁs%nc rdniaz%}llgcﬁﬁecr?%?d is

execut eglsshatswih| tbiet requswap oMhet el cxwrareniind ragh 2 2N Eyegrd t back in

soneting Ia%gég\évggngt he reference has conpl eted, or continue executing the
e

5 current™ ZGSEDERe « SRS th&2SR (ORI AR etRIBN PR ayed
synehr ODéZélhi:?n(héti HplcamRnngd Supy e didf fafanterd galillg schemes: |f
the menory reference is associated wth a transfer register, the signal
from whie®ishent hpead riesulti @fercsdisitm goeer=atherintherett ey cdie espondi ng
transf Lster . i it 4 .cl eared. For_exanpl e, .an SRAM r ead
whi ch eﬁ%glg%égdg%éégoﬁ?g%tr%alné }%%ru%lsc?tnér E%M%Lﬁ%%c%i%aﬁwr\‘men t he
valid bbeldwr iA Tabdet 1:If the nenory 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 conpletes in the SDRAM

- 20 11 21 31 4} 51 61 71 8|

----------------- R it e R A I
microstore lookup f nl 1 cb | n2 | XX | b1 | b2 | b3 | b4 |
reg addr gen ! | nl | cb | XX | XX | bl | b2 | b3 |
reg file lookup | 1 l nl | cb | XX | XX | bl | b2 |

25 ALU/shifter/cc | I l i nl | cb} XX | XX | bl |
write back { I | m2] | nl | cb | XX | XX |

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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control l er 26a. Only one signal state per context is held in the

m cr oengi nes schedul er, thus only one outstanding signal can i hila t Di S
-~ scheme. 20wWibers7e8 e at | east two general operational par adiég‘yg}' i ch
m crocontrol l er mcro-prograns coul d be desi gned. One woul d be at overal |
m crocontrol |l er conpute throughput and overall nenory bandw dth are

optim zed at i ngle,thread execution 25 latency. This

par adi gm V\Dulz%iéqfrsaﬁe sgj?gerpg g%nghelgyisf ePhadn kit t ¢ ke nd ctbengthes

execut i nepndd tiqgh ecodlesads PErafbCEENILAR . PHU ed _data packets. A
second qne is. that m croengine execution [ at eﬁcg% gﬁlgeﬁésbﬁ i ifZed at the
expense ‘U1 MRS a YhH}&rb’én%i‘h% 388Seofpusest hheughpnthapdtpvepahk nmenory
bandw dtibolddd Sup 28n 14671 . 2003 PCT/ USOQ ZzZ650 par adi gm

coul d invol ve ex%cuti%y\r/}%f a)lt hr(g%% @mlplggsn%ﬁﬁ ?‘ﬂﬁuEBnét?aFHFEet hat is, a
cons®r aitiangh clrrrentpenahty secsuser ktmuﬁistabggktltgbgrggiggsen y some
speci fi ?q'xclir{?' éyghzqnfonstrai nt .requires that optimzation of the single
5 t hr ead Execut | Giv b2 BT prior f1yeohey afRer tbasbdanah) ohs sheh as
menory lpsinehyi Cbelflfcﬁm‘eou/teéad)iaﬁ@lﬁfpplé@ﬁiBééinEhEBUEE]PfttheA real-time thread
woul d i % a si n%IET_’g m croengi ne that exXecutes onl'y one PhPEalit ltiple

t hr eads aF 315t Bl hahtll BRF beeanel isengbataksenlOnd omdtlewetgs Singl e
real -tingd iRasd® S8l . S00. . Possi bl e--execution of nultiple

t hreads woul d hi nder this %ﬁ%?@.gﬁlgldﬁ?nﬁog?§f€yof These two paradi gns

coutd baisinpsrigises |havh fSererd] whebhargans £9 fééﬁ'&é‘gofeggﬂéioégtles o

ref eren cantext. switching. In the real tinme case, t
$he aer}dfec%ﬁ*‘i/e r%?aé?%"hgeig%%c%oon as possible in order to minimze

i ssue as nmany e

the menory | attenayidrsangate dysd r S i ng i ssued as many
refer en%ﬁ,‘%ﬁg:s early as pgossi bi e %%ogié?égﬁ%% %Egg%h%%rfoﬁﬁfﬁgrﬁﬁﬂy 20

conput a e MFvendiirsoeng possablews nl par a |l c¥bibrabe , '

o oy ey R ) A SRS cPhS Sandh uham eretto) perform

work® i ndépendéme off fiearh reeff cHe . Rraimch 31 9) " SyFECHrd @ cogpl ghipn of memref 1
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 bil:
20
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o) perform work dependent on memref 1 and i ndependent of nmemref 2 34 and
3 0) issue any new nemrefs based on precedi ng work. -29 2 9.8 3 wo
- onss ~ P bfds£Z650 0) synch to conpletion of nemref 2 QLER%W wor k
dependent on nemref 1 and 2 independent of memref 3 0) issSU 33/9 mem
refs based on preceding work. 5 0) synch to conpletion of nemref 3 0)
perform work dependent on the conpletion of all 3 refs 0) issue any new nem
refs based on preceding work. In contrast, optimzation for throughput and
bandwi dth 10 woul d take a difflerent approeach.s Wth jopgim zajign for
m croengi ne conputational _thrqughput_and_oyeral | nenmory . bandw ét h | ess

consideration is, given to single thread execution l'atency. To acconplish

this, the goal WP H £8°'8Hual |y "dph® herhorlyX¥ ef bk ehdss | alcF ass4the
ni cPopr ogr am 15rémmdeéncient hr ead. Thihs mesl d 4 oviglg 81 upnighoy msstream of

menory referenc tr914 he M,and SDRAM cont r.ol | e d woul d maxi m ze the
probability thatgﬁ threaa)ﬁ% AI m;}sDEOain‘liaEIce t'on%ﬁdggt 'hé’lnérﬁfr)} | at ency

i ncurred when aPStSEFYHYEAd i's sWappeld out .20 fedi ster xKi | eoladdr ess
types: Referringrite Badk 3C, tthe tjwo riegi ster adgf gsspspages fhat exist are

Local |y accegshb s]] apd _d obal | y accessi bl e regi sters accessible
by all mi crogn%i %ggigTﬁékgg‘%&gnggapc ur"ﬁo%@oﬂébiﬁ% (W5FE9 ¢ eand

i mplenemd edrasbotoasdpaedt eobasdhplefebarlorad B Lo, Wasg pfdresses are.
interl eaved on ~ rd basis such that A bank registers have |sb=0,

d- by-
and B bAnkYF&yi s’flggrg Eagémgsgfﬁycéﬁcﬁrﬁaﬁlb ide feameiite icf qrek§orning a
si mul t aAEDEFed CAHeANEnE0cWRLEBibA EWRY! LhEM Uk I g M thin it s, bank.

preceding the branch.

15 21 210 31 44 51 61 71 81 9|

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

reqg addr gen | 'nl | eb | n2 | n3 | bl | b2 | b3 | b4 |
reqg file lkup | I tnl f ¢cb I n2 | n3 | bl | b2 | b3 |
20 ALU/shftr/cc | I ! f'ml | cb | n2 | n3 | bl | b2 |
write back | | ! ! ' nl [ cb | n2 | n3 | bl |

The microengines also support condition code
evaluation. If the condition codes upon which a branch
25 decisiqn 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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-30 2 8 Nov 2nn3 WD 01/16718 ' PG'T/USOQ 22650 Across banks A and B, the
regi ster set 76b is also organized into four w ndows 76bo- 76b23ga0V32003

“ regi stersvg 3@ 6gre rel atively addressable per thread. Thus, thread 0 wll
find its r 164180 at 77a (register 0), the thread 1 will BCTUSN/32650
register-0 at 77b (register 32), thread 2 will find its register_0 at 77c
(register 69), and thread 3 at 77d (register 96). Relative addressing is
supported so that nultiple threads ¢am use3thedexact |sasmw cpntrel | store and
| ocations but access-different, windaws,of fegister ,and 10 performdifferent

functions. The uses of rggi ster w ndow addr essi n)g and bank addr éssi ng
provide the reqir$iTe°Te4d° B ondwi 4t Lstind ehilyXRuabl podRed TRANVEPE 1 t he

m croengi ne 22f reqtedde gtinndowed regnsdteme docmotxhavel tiopsayesdata from 15
cont®ext switch teg qqmgepgok{igvi tich spo that,t henéwcprggall Qk's|hb§”fi 20 of a
context swap fi %\fupsrh.% ac/k s elimnated. ntext swtching here has a 0
cycl e overhead for CRAWGIAG from dne cbntext™ ¢ %hdt Rer!. XRel &tli ve regi ster
addr essi ng di vi dektet heck egi st ér banks [ ntoilw ndoms |agz osgbt hexxaddr ess 20
wi dt h of thergergral e ,hedi.ste et l.ative addressing, all ows
access any oi;[gt Egl\%i ﬁggh Qréél o \%g%{soq:t}‘%e csotngﬁttﬁ‘r?é’ ;foqqdﬁs cﬁn‘% H'gZ wi ndow.
Absol ut doaddnessisrg theaksoditppast eddes .t hiThedleHttes CltHe W&, any one of
theidabs lute.regqgi ste&s ma§ be acceised by any of the threads by 25

provi di AgCtR&EBx S8 8§dFEEE 8f F¥Elfedi ditdthesydihassiNg~dio general pur pose
regi st eesiM8ne@B aCewe1lin d ' ' format. The
two nodes are absol u?e anggr g?gtﬁi%\l?e.qaﬁ%wa s'olcfli‘t é%er?o ﬁ"gj\cllprg%esf%‘b’ of a
regi st eFN8ddreyslies bgpnebt defepment atd read0 y7 sttt isgyrafe domdik{66- a0 or

b6-b0) : -53L 1 .01/41671 R e e T T eI ST Sy .\
or ) 5338e) 2ng e B be  RE BoRBIAREYY HE Tons: Ry S SO AV A |
a6la51a410 | a3la2lall a0O1SDRAM ~ a6l.a5la410 ~a3la2l,all a0l 2°8 NOv 2003
PCH/9JSCebAd6890n codes (cc's) set 2 cycles before a l-cycle

deferred branch:

----------------- Rttt Rt e s LN PGP I

20 microstore lookup I n1 1 n2 | cb | n3 | bl | b2 | b3 | b4 |
reg addr gen | ' nl | n2 | ¢cb | n3 | bl | b2 | b3 |
reg file lookup | | 1 nl | n2 | cb | n3 | bl | b2 |
ALU/shifter/cc I ! ! ' nl | n2 | cb | n3 | bl |
write back | J ! | l nl | n2 | cb | n3 |

25 '

In the case where the condition codes cannot be set
ea;ly (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 "gquessing" 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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ab=0 b6=0 a6=1, ab5=0, a4=0 a6=1, a5=0, a9=1 register address directly
specified in 8-bit dest field (d7-d0): -32 WD 01116718 2 8 N§ EDOR003
© PCT/ USOCO 2%690/1604843210+- - - +- - - +- - - +- - - +- - - +- - - +- - - +- - - +A GRigTIS0022650
d71d61d51d41d31d21dl | d01d7=0, d6=0B GPR: |

d71d61d51d41d31d21dl | d01d7=0, d6=15 SRAM ASB: |

ggiﬁ?ﬁ?%ﬁ%i‘%%%#%@l@ﬁdd6 %h%@ngg? ‘%a6| ab>=1,1, <b6:b5>=1,1, or

<d7:d6>=1;1 then the lower bits are interpreted as a context-relative
address 10 fiel When _a non | ative A or B source
address is spec%f g %}E%l Ragél\%b ABFERERT 8 Haﬁ‘c’)ﬁl y the lower half of the
SRAM ASB and SDRAM address spaces can be addressed. Effectively, reading
abscd ut e SRAM SDRAM devi ces hag the effeciive, a dre space however si nce
15 this restriction does not apply to the esf |eI |t7rlg

SR. AM SDR. AM st i [T USeS THe Ul 1~ "adaress-spacerti1- r'e1-at+rv-e-+ﬁade+ addr esses
a specified addméssostoref fgtipwi t hi ml coabextispane | as depinedysby @ p-bit
source field (a4-g0 b0):, 2 0 6 5.4 3
+---+---+---+---+-a-a-l%r--9%--+-l--+ '&Wﬁ X 'ai% %bl cbiPert?? d3%4d21 all a0l
a4=0 B GPR | bAFI1551€oh?UPI b31 b21 B12! YOELbUXE SRAM ASB:I| ab4l 0 -
lab@Lcont ext | b2LUbdigbed/@b9=1, ab3=0)2 5 |~nSDRAM | 330910 (1gh3lcont ext |
b21 bllab01l ab4zl;. a3zl or as, defined by the 6 b|t d%st f| eI d (d5 do): -33
WO 01/16718 2 8 NO\/ 2003 PGT/ ULSOO 52656

If the microcode guessed a branch taken incorrectly,

15 the microengine still only wastes 1 cycle:

guess branch taken /branch is NOT taken

20

————————————————— R e R ittt Tl SIS T
microstore lookup l'ml | cb | nl | XX | n2 | n3 | nd4 | n5 |
reg addr gen | I'nl | cb | nl1 | XX | n2 | n3 | n4d |
reg file lookup | I 1 nl | e¢b | nl | XX | n2 | n3 |
ALU/shifter/cc | | | ! nl | cb | nl | XX | n2 |

25 write back | | | J ' nl | cb | 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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76543210 +---4---H---F---F---F---+---+---+ A GPR ~ d51 d4l contextl
d31 d21 dll dO1 d5=0, d4=0 5 B GPR | d51 d4'Icontextl d31 d21 gliygyd 3

+ d5=0, d9=1wpRiWkA®B: | d51 d41 d3l context~ d21 dll dOl1 d5al, gﬁﬁgmo %@
SDRAM | d51 d41 d3lcontextl d21 dll dO01 d5=1, d4=0, d3=1 IF <db:d4>=1, 1,
then the destination address does not address a valid register, thus, no
dest operand is witten 10 bacs. . The follomﬁnq registers are globally
accessi ble fromthe m croengi nées antl £hé merordy lcohtlr ofl er 8: 1 hdsh unit

regi sters scrat ctrpad-—and-comotrregrst-ers-1b-recei-ve-ELFQ.and-rgcei ve
status FI FO trangerésdalcEQ ddxapsm t trpl, ELF h ] Croengi pes _are not

i nterrupt driven. Eacg nicrof?om/éxggntég hﬁ%i I%%ﬁﬁ?%ﬁi%ﬁqaﬂg'tﬁ n'a new
flowis 20 choséﬁgbﬁg d98h state silgitallet® byt he® Hevdi ¢ewt ilnn He processor
12. Referring taepl Bledloohe SDRAM neNnDr yi clobr pldier w6a 41NGl yes nenory
reference queuexnifPspRELe nory refergnce requests,arrive fromthe various
m croeng' i nes 22a1@2f. hgﬂ§5 Lenn?y cgntrdlﬁgrpé%alfﬁcﬂdg%é A 'arbiter 91
that selects t héd AEXt®¥fe ni crbengine ref erlencel méquesst ¢ 1lo Ige2 tio any of
the functi oniHuyenst sfofs yess s Natanale NOTt BekahCyBeRAERESSi 5,RERVI di ng a

r ef er enc request,. the re%erence request will come through tﬁe address and
conmmand %I?&?eagﬁ 7 MAHEBECYFEESDRAM control ler 26a. |f the reference
requeést has a bit set called the "optimzed MEMbit" the incomng -34 WO
01/16718 2 8 NOV 2003 PCT/ US00/ cZIZGfO reference request will be sorted into
either the even bank queue 90a dr thle 6dd Bahk 4ueu® 1906.! 17 thé henory

ref erence request-doues-nut--have -a+menory-optim-Zat+-oir-bii--set-4t he defaul t
W ll~be to go imikecsdrar deykugueug 906. B T ontroll 26 .is a
resource which is sydarr ed am)ﬁg tﬁe Fguséi In[ﬁgrfgggmzt& r?t%ée) Icg‘lr;el g#oﬁessor 20

and the POl int'6FfacE 9% The' SDRAMTANER ol Kér! & hI%o|nkd ntkd s a state
mach? ne for perdegr fAleg LREAD- MODI FY- W iit el at el £ xxpenrat ij osis.; ghg SDRAM

control ler 26 alisesmetboysms byte 10 alji gnneqy f%rb gg&u?s)&s |01];1 qata from
SDRAM :
write back l | l I | n1 | cb | XX | 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:
b1 271 31 41 51 61 71 8|
25 el e Bt et e e T T Tt L L SR S e
" microstore lookup I nl | cb | n2 | bl | b2 | b3 | bd | b5 |
reg addr gen { nl | cb | n2 | bl | b2 b3 | b4
req file lookup | Il nl | cb | n2 | bl b2 | b3

ALU/shiftexr/cc
30 write back

I |
I I
I | | nl | ¢cb | n2 | bl | b2 |
I I I | n1 | eb | n2 | bl |

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

hidden by the execution of n2, and by correctly guessing
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The order queue 90c maintains the order of reference requests fromthe

m croengines. Wth a series of odd and even banks references ptg REy 203

> requi red WROL/E788 gnal is returned only upon conpl etion'of BCTARIS0&22680 Of
menory 15 references to both the odd and even banks. |f the m croengine 22f
sorts the nenory references into odd bank and even bank references and one
of the Kk . di nb I4 rai.ne f nmemry references_before
the odd bank Bor t Ba ol saa i o 12sRArFoaoh THEITRa B TErErEnch, 20 the
menory €paleobifebraéahcdalitenconcemadhlsy exipgsald BackHdwm Ba céwengi ne t hat

t he menory request had conpl eted, even though the odd bank reference had
not been serviced. This occurrence could cause a coherency problem The
situation is avoi gedsky rpaewHitakenh&i@hdar quaye £05 ,aldpw ng a 25

m croengine to have nultiple nmenory referencés outstanding of which,only
itsJast menory r BFERERIOTREESs itso N§iTgralkea conpl etion. The SDRAM
controller 26a also includes a high priority queue 90d. In the high
priority queue 90d, an incom ng 30 nmenory reference fromone of the

ni croengi nes goes directly 135 | 2d NOV 2608 '5 Wo ©1/ 1871188 1| 9 |

PCT/ USOQ 22656-t0 -t-he-hi-gh-pr-irofi-+y-rede-anrd-+ s--operatied-upan_at a hi gher
priority than f NCes; | t her gueues. All of_these
gueyes, the e$2ﬁnﬁgﬁﬁygﬁéﬁﬁggo§fqtﬁg’oﬁg Lgﬁk?dgg engdb? thé%bﬂd%}'queue
90c and the hith 39FF st y! quelie’! 8 gk d Papl &Hehtdd izt d 8Fnging RAM
structure thateg silegilmal |y segnented |i 860 hour g fif g1 gnis W pdoys, each

wi ndow havi ngaid Aneunp, ead and tai,l pglggqrbbs n e|f|L“|n% and drai ni ng
operations are only a single input and a singl utﬁﬂf, t ey“éah be pl aced
into the sanewﬁﬂWIéﬁ?hctu?e td indreade 10 @énsidby ofi2 RAKK Sk midct ures. The
SDRAM cont I ofTlfem; 262calde0 dotleiday ¢aied s I il WdPU £idn & - ASB bUS
92.. .The_ASB bus interface |ogic 92 interfaces the core processor 20 to the
SDRAM cbREPoFPEr P25211iTi%e LASH s quens ipdd vt Hat thecinmesala 32 15 bit data
pat h an bhgaddress ; tq.| cessed to and from menory _
t hr ough‘gn ﬁ/lg%\ggb%gt g:gé?%\ii cg%&lcgag.og%aqgu fré}fé.c MBS T LPTRNFLe 98 is a |
queue f¥PTwkakendathe Ifictriovengine agedm rgpdates fIr apdihe ¢pre processor 20
via ASB interface 92, the . data can _be stored 20 into the MEM ASB devi ce 98.
and sub3BRBHEREFY IV ENSFEF LGN PEMSASENIOEIO¥ 198 t hrough the SDRAM i nterface
110 to SDRAM nenory 16a. Al though not shown, the, same queue structure can
be provided for the reads. The SDRAM control |l er 26a al so i ncludes an engi ne
97 4% pul| dat agfeem branzh MOTr dekgndbsameih PE taksen Addi ti onal . queues

i nclude the PCl address queue 94 and ASB readjwite queue 96 that nmaintain
a nunber of requests. The nenory requests are sent to SDRAM interface 110
via multiplexer 106. The nuftilpi'exeer 196 i & toRttold éd by t Be! 3@ SDRAM
arbiter 91 whirehr-detect-s-the-futtness-+of-each-of-4-he--36 -+~

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

25 reg addr gen | | nl1 | ¢cb | n2 | XX | bl | b2 | b3 | bd |
) reg file lkup | I I nl | cb { n2 | XX | bl | b2 | b3 |
ALU/shftr/cc | | I I nl | cb | n2 | XX | bl | b2 |
writg back I | | ! ' nl | cb | n2 | XX | bl |

30 where nx is pre-branch microword (nl sets cc's)

cb is conditional branch
bx is post-branch microword

XX is aborted microword
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2 '8 NOV 2aA~3 WD 01/16718 PCTI USOO 22650 queues and the status of the

requests and fromthat decides priority based on a progranmabl awmwiﬁma
ﬂi?éi e

~ stored in riority service control register 100. Once co t
mul ti pl engo‘fléllg%ael ects a menory 5 reference request, the Voﬁéé rence

request, is sent to a decoder 108 where it is decoded and an address is
generated. The decoded address is sent to the SDRAMinterface 110 where it

i .s deconposku the ccasev afhda chlnpmizsitressishy oBesxt paacgessest bg SDRAM 16a
and wite or read 10 data (iver dat a Ililn S 1Ga§seaai ng data to bus 112. In
one ' i Ml EHERY 831 Dt RHEET A9 PFIAULE U CleParatBSbiSedOtnst ead of a

si ngl e lusen Tmtﬁppe&ﬁ@t@n@tlcsﬁStw@L&ﬁcié\Cmd@hﬁcﬁeeﬂeb'[jlﬁmgm.{@' Egg the

di stributed m croengi nes 22a-22f- and a wite bus coupling the distributed
.m croergiheslPogtasge p2f . A feature of the SDRAM control ler 26a is that when
a mgnory reference is stored in the queues 90, in addition to the optim zed
MEM bit that can be set, there is a "chaining bit". The chaining bit when
set allows for special handlinfg'2¢ éf tdntfguods! mémbry’ ref&rlen8ek. As
previ ousl y nmeft-rened-~the-arbi-t-er+-L2-gori-rot s-whk eh--r-es0enging Wl | be

sel ected to pfiQybde B! ET8F eNGe | F paYeRk S, Qyel jtlh“r‘ fpmgdlerj4b|.ls

reg addr gen | I'nl | jp | XX | XX | XX | j1 | j2 | 33 |
10 reg file lkup | I inl | Jp | XX | XX | XX | 91 | j2 |
ALU/shftr/cc | I ! | nl | jp | XX | XX | XX | 41 |
write back | I | ] Inl | jp | 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 (and associated
PC) to be selected. Context switching introduces some
branch latency as well. Consider the following context

20 switch:

microstore lookup | o1 | ca | br | nl | n2 I n3 | nd | n5 | né |

25 reg addr gen | | ol | ca | XX | nl | n2 | n3 { nd | n5 |
reg file lkup | ! | ol | ca | XX | n1 | n2 | n3 | n4 |
ALU/shftr/cc | | I 10l j ca il XX |Inl | n2 | n3 |
write back | | | [ | ol { ca | XX | nl | n2 |

30
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to queue 90 (FIG .4). Assertion of the chain bit will control the arbiter
to have the arbiter select the 25 functional unit which previ ou2lgyNOV 2003
* request ed wob/lsus because setting of the chain bit indicat e?dﬁﬁbaéz@ﬁr
m croengi ne i ssued a chain request. Contiguous nenory references wll be
received in queue 90 when the chaining bit is set. Those conti guous 30

references wll  typical.ly stored_in the order queue 90c -37 WO
01/ 16718 2 8 Nov 280%%&?%@6&“%63%%%% t he conti guous nenory
references axe nultiple m#foi§ hreher edcesvdrdoim alsi ngltexthread. In order to

provi de synchroni zation, tdaeiseBakyx€eRLEOlker; 2620680 Qnly,Signal at the
d

end of the chained rrermrysrvgt:‘ghr)ences 5 when done. However, 11h an optim zed

menory chaining, (e..g, when optimzed MEM bit and chaining bit are set)

t he r?ermry references coul 8xgi¢ hew codkéfteteéow banks and potentially

conpl ete on one of the bamksikSHdkbeh e &lgpal "done" before the ot her
bank was fully drai neﬁ {_)hus,%o destroyi ng coherency.. Therefore, the chain
bit is used by’ theSCOhE¥bl FELEEROTPE NRFhiHiGratrrdreh®raboetedences from

the currerdidiuesie: r&ef 8rA1 BYmE AgFbGnpdAxid 1klowH8Present at i on of the
arbitration policy in the SDRAM cont Fol F‘é}%l%éa\ﬁuhs?etgr%mé %:‘F T3 Di trati on

pol i cy fR¥oIaVinRi He® @PEreetgbhd momtextr ®Guests. The process 115 starts

by gyam ning i i i menory reference requests 115a. The

pr ocgss 115 sét%%@a?b{)ﬁg g}%gﬁggggrgg‘ﬁ&sfbg%ﬁt‘:ﬁ Thélth&andition cl ear ed.

The procexie e xen ciesa AEBs busonegHesing c:bab ra0 He®d @ad Y £GP equest s
Service 115d, pposite Bank Requests 115e, O der

115c, Hi Prio it¥ %ege

Queue RetUets Y15k, Ohnf~3¥FeeBRRRNRBgFeSeSmeNsy moges .ne € aretjueistn ar e

servi cetsu®| £d€l Yy, o WhRELASMSELYl, 113k-115d.are servi.ced jn xound robin
order. Only when services 25 1iba- ﬁ%ﬁ g;régo%%l ﬁ;l;l%drcéjl L the process
handl e &aAFesthatecndsyteshannttien croesgilbe tMMRYY I-afyai 0N a8 40LHIest S

hars s e c A PP r R eRoras Jimsipciad iRt e sane queue
again, 3antitrationdpi sahi belece! satady herASBIys Il @ar, griority -38
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~



WO 01/16718 2 8 NOV 2U03 PCT/ USO0I 22650 t han PCl due to the severe

performance penalty inposed on the Strong arm core when the A 8i \) it

- state. PCIWB%,% her priority than the m croengi nes due to IO%%E
requi renents 01! | . However with other buses, the 5 arbitrZFi ¥t °rity

could be different. As shown in FIG 4B, typical timng of a nenory w thout

active nmenory optimzation and with active nenory optim zation is shown. As

can be Seepadt hasyse af MeaErvYe refeReNasptand zmts tona IAXInd iZestHde use of

t he bus b t inherent | atency within physical SDRAM

devi ces].:é?%rtéﬂlag éggﬁggg?‘Sag%glr?[}%ptd%rﬁnzge&‘ofcecé&r’%an m’gﬂk% BENaYAQRs whil e

opti ni zésl artessatanot akentadyliey oReEfiRyidrty HardildGe %xéél&f?r’rgoéﬁ’
control ] er 26b for the SRAMis shown. The menory controller 26b 1 ncludes an

15 addr®38 BhHTRERARRGSqREGE S0 MeMANYe St nmshTry sianibidant 26a (FI G 4)
has ;2 gstealee 0l FEBREWLARY, | HifZ 3l ; ven banki ng, nenory
controller %Gb ils optim ?fad basg&(}gr?bﬁﬁl%e o] %(rjreb’r?eycuo eratfdn, i.e.,
read orS@PRPrted, Thecamdcaosngidesommanid qusueldi2d fowlaides a high 20

priority.: ’0a read .queue 120b which is the predom nant nenory
refer enyéléa#{ﬁg% %ég Pﬁgpegn%gl?ﬁ&c;&sf &%\@}%og% e nfiRUet220c which in
gener al retbini anHudaeakbywrieldes et @ vaRAN asbrRads: 1131

L NPt 1o,

nonoptibgi ed. ﬁlthgug\k}:ﬂenot shown, the address and comman
coul d aSotinENEgaAgnEKRE UGIORe 2 1o sSSRAVEISHIAeNd Iare 2610 atide i ncl udes

cone buged r oG | o SB, bus interface |logic 122
i nterfac?argfs%geﬁ'ggrggl:gr(!g> e?g&@ﬁéﬁﬁ%&%@%ﬁéﬁ?% WEHE ARECHBB bus i s
a bus tpeveradl theeads32 Jwobisyndairariatdt i ree Haridmadgkess path. The
data is Hé%% . \é\D.OlI 1 718t2 8 2U03 PCT/ USOQ 22650 accessed to and from
menory TRPBUSRIVER REBSHaltS AdVioe 21381782 to A 531e an SR ASB data devi ce
128 ' i SSPREMEYE fEeenwel,t @ndaider fsdﬂ%%r@ér&lifcﬂ}%&gr%fefgg% de core

n

processor 20 via ASB interface 122, the data “can be stored into the VEM
ASB deVPeEnt23Nafhdmeuliequéhaty redarante rannmEM &s8B devi ce 128 t hr ough

S interfa 1 M; e R\ g not. shown,_t he sanme queue
SF?[I\?C'[UI’G caﬁﬁgeﬁgfggpgegﬁ‘ gre rea(?il%b‘ﬁ]ym%ﬁ%’r%r 2%b al so i ncl udes
an engi bemegdyate . pwhkchadana zhtdon, hehe cricangmeind 0 e LA hdus. The nmenory
request§e§ e segt t@ SRAM j.nterface 140 via multipl exes 126. The

mul ti pl EXB8T 96 RFoATFSALEF Sy SHERSRAN MR & FontRXtwhi cFhelet ect s t he

full nessonterachiofl ble saypuasrnhdaryd atdis Mpd e fEaesl seR0d from that

deci des _
completes. Once signaled, the context will be swapped back

a

20 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.

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

30 execution stream to the completion of the issued reference
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15 priority based on a programmabl e value stored in a priority service
control register 130. Once control to the nmultiplexes 126 sel e2tgsNGV r#803or y
- referenc , the nenory reference request, is sent to L, 138
wher e ite}‘goe@é?o ed and an address is ‘generated. The SRAM lflﬁ&g%g'ont ai ns
control of the Menory Mapped of f-chip SRAM and Expansi on ROM The SRAM
controller 26b can address, e.g., 16 MBytes, with, e.g., 8 MBytes mapped
far SRAMIEIE AwetisenByerk-~tespevédried. spati dhibupotinans i ncl udi ng: Boot

space \j ; ngQl rt _access for MAC 25 devices 13a, 13b
and accée}}g1 sé}%%&gg%%%%glﬁ jé%l?‘?‘gﬁ&l) §§o§ﬁ? g‘rlg.egTﬁgagRXNﬁils % st¥3Rcal

| cok- uputabiles eurremeuthrasdgeardt siapcitopackThe SBNYtGoM rald&s 26b
supports the followi ng transactions: 30 -40 WO 01116718 2 8 Nov 203

PCT/ CL¥B67 7659 W’\é\%ﬁgﬂﬁ?n ap e GOBBLELEHr aOpr FPALANBES BRI ioT SRXM  Core
Pr oges e ADBbysS o] C rald.er erforns
nemry%?{aﬁ‘lfa%%ce so??i%](a&gété% %ﬁﬁ%g¥ggfgﬁyfb§ggle%§%yeicn I&ﬁéé%pﬁ*cé)él i ne
fromtHRelsRdi syechanerizddion demimpléfibntEhe uSRAY e rdil 4 sradb does
menory Sr.lef erence so%ti ng.based on the read function. A bubble can either be
1 or 2 cygcrfe la%pﬁﬁ f'lﬁﬁ on the type of nenory device enployed. 10 The SRAM

control l er 26b thel memerg re€krbaekupsdaviseeibtadmyich 5 @ eight (8 entry
address content addressable nmenory for |ook-ups of read | ocks. Each

posi ti ot HeFele BhQafignsit fERRt Whd cBx ihensdriepds diss dquiergereshidis ock

reggest Per add I incl.udes 15 A, Read Lock
Fai | Qjéeeurtlae-rlzod.g &rﬁéﬁRggg Eggga Egﬁﬁa&{gué%%ﬁ% %?:s ru?el dtteor h%?fﬂllcﬁead menory
r ef er erlzit reguest sorhallehart .befaus exafpa el 0ak SRAM it drwhicporti on of
menory. That.{_]s, oEe of the m croenq:i nes issues a _nenory request that has a
read | CRFPTRYBEsE2FRALNFS gr8835§§d CHLI3G6Te s VaNd P ot Leflleue 120.
‘The mengremreguesh1wdl biepgoat & ar @iekcher righe @ %ﬁl&%%&o the read
queue 120b and will recognize it as ae read | ock ?%(E}nue t. e %%((“r)l roller 26b
wi || ack®sasfoekatedkptietnee transiferdfilé&@iOniore titeetieare ithe SETEODI Yy

| ogat i o, d read I i 25.1ocation is | ocked from
angsprii(;?é?%%é ?gcé %ggﬁggter %ﬁéj%st%ﬁ@g%r ?fhleoc,sl% est will fail and

wi || begsteratednwhbe téadredeltehaid cpuplet:t20dn Ithd tspmamnl ocked or if

142 shows_no | ock t hat,_address, then the address of that nenory
ref er en%%nai:?hgﬁé gg@d b?nﬁh’e ORANIL I SEAE L AE L &OTF ek f 1% mheld

traditi pRath&RMWV2EEheInesCadhWdul1®, ed¥RS drly bhe outstanding

signal can exist in this scheme.

20 There are at least two general operational paradigms
from which’microcdntroller 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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2'8 NOV 2003 wo owsns ~ PGTI USOOf 22650 nenory 15b. The command control |l er
and address generator 138 will also enter the lock into the |oglg hewloosp
- devi ce 14%‘,5@1/%3;% subsequent read | ock requests will find the mam)rg

| ocation I'ocked" A nenory |ocation is unlocked by 5 operati BRTGS0¢FRE50,
m crocontrol instruction in a programafter the need for the | ock has
ended. The location is unlocked by clearing the valid bit in the CAM After
an unl opkradhemr eadlHockvbave guwecatiddd dfecom@sddie Juitghest, pLiority queue

giving all _queued read | ock m,sses, a chance 10 to issue a nenory | ock
r equestel%g SﬁBﬁ/ﬁrF‘ﬁngv Gggéﬂ, 18y pPcaPisithaig towhel aft atiiat atawiorhatcess

Menory Lbheowbrachuke BBRBINtRRL BeZ dkbin@n | Cli ve npr :
optim zation is shown. As can btgl seen, ngro pl%no\édeﬁ }fgesélaé/nlaeémrﬁ%%%' i nproves

cycl et i ARCRI RnFRREFAGIDS deanicps| sbatRepdimimpttiorF|d¥ the coimané cat i on
bet ween: fpeadl £X88AgLRES 122 ANl g‘%&Fg}{i g agg dogic (FBl) 1s shown.

The FBUS interface ina néetwor Yerfornms header

pr ocessconys bfieratdonsg spabtk alss memeiyt Ba ndhidBYS ok8.ovh ey function which
the FBUS inﬁﬁégace Eerforms is extraction of packet headers, and a

ni cr opr 53R L8P2guFEEPHEEPUSat | of Fesilotdmenddirand ookulbd i imSRAM | f t he
hash dogssig§leumpseesskulliter Y, a eader, is pronoted to the
core proces$%r 28' for ngrleesgg%ltst%f{gtgﬁlgcﬁgzgﬁg&o%&esiecrrbr.eafﬁ'e FBI 28~cont ai ns
a Transhiitipie thzeadsRyosilde npitFBel B3nd edABddmide kit TBlscontro

an t S j.sters 1 These  four units.comruni cate with the
i gr%eﬁ%?ngéfgg, E\gleasé'%gﬁﬁe-r ﬁ‘t-itﬁff“gx(%5”2%?6’955o SR I SSREM SPPBUBS 38 whi ch

i s connecsetible-tbeetnaishebr e@ilsigne FRrdls 4dul r?irh%é’ - Vo
0l /16718 _' . PCI/ US00/ 22650 in the m croengi nes. Thal% Cii?s, a 1r(2:§$nfnsmi cations

to and FPbhEKe micr oengines are via the transfer registers 78, 80. The
FBUS interfapge28ohi6 t ine. 200 for pushing data '"into
cobouin 16512 B LAY 1Y

the transfer registers ing the M is NOT using
the SRAM @i fipastiyadifderens $&xhamegarallto sishel nRGmer@02 for

f e;ghi nﬁegg%gn{:%gmt e tr%nsfer -r,%ghsters in the respective mcroengine.
The “Hashing unrt i APufE8 8% 5aSrL5FEREe s 1gddie gl tignaheasesh unit
determ ties gbal fibetbBlis2Bel @6CM4dY @Rmory 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:

o) issue mem ref 1
25 0) issue mem ref 2
o) issue mem ref 3
0) 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

o) issue any new mem refs based on preceding work.
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FBI hash request. The hash unit 188 fetches hash keys fromthe callin
m croengi ne 22. After the keys are fetched and hashed, the i ndR@eN0Vr2803

* delivered weoki1émst he calling mcroengine 22. Up to three haghigsseargsso

performed under a 15 single FBI hash request. The busses 34 and 38 are each
uni di rectional : SDRAM push/ pul! data, and Sbus-push/pull data. Each of

t hese busses ire control signals i.ch will provide read/wite controls
to the approzp?flg#etﬁi%orm Fé'?ltgllc’rrlleo énefrléérll\és.'fzer regi sters. 20 Cenerally,
transfer reégi BeRhoFmr ek Aerqndenecin oem fredni tdnel 2 ciridepéndeant 6 Olreimnges hem t o
guarantee read correctness. In particular, if a wite transfer register is
bei ng used ok;yia I;teh[_ﬁgadme%\r 1o pr vibde ata to the SDRAM 16a, thread 1 nust
not overw ite This Fegirst&F" dRtT 1°FRE ¥ §rafeHaek"Fkom 25 SDRAM control | er
26a 1 ndi catessytt tehtoyprleiont ef ¥emsré®én pronoted and may now be re-used.
Every Wi @) dgestoidl usadubsdhang | Gthe DAk LEQM Lhia destidygti on i ndi cati ng
that the function has been conpl eted, because if the thread wites to the
same conmard gtiEtfe *aY rtel"l'a?enbég?f POrPWPERCSE M5 ¥pl e requests, the order
of the conpletion is -43 2 8 NOV 2003 ' WD 01/16718 ~ PG'f/ US00/ 22650
guaranteed wi_.thi n _that conmmnd queue, thus only the |ast comuand requires
the signal i ng b&ORHF e qprﬁ’é%ag?a%%vg?{: FRronghpuE eandubasdmiktipl e
conmmand waugue s afer %erdim;reaaﬂ)apﬁ@sbﬂheswiER"H?EQmEEQE%ES gyst be broken
into 5 separate context tasks, so that ordering Ts maintail Red Vi a cont ext
swappi n§1CTRenG&EptdampPutatial il ctheougitpuheahdgomaraglofmembiry par agr aph

is relatl : in.cl.as . gperations_using,an.unsolicited PUSH to
transfé%la}llggﬁ(sa[tg‘r g'%;%sgm rhsj‘el E%gglbrglf@sgﬂrﬁ?ugoi gf‘ﬁgﬂrﬁt itg‘ﬁ.eapn 10 order to
pr ot ect exead/tdiort & atedreryni NiToN Arcémel i sRNehes, r eBbSEBRS, wbli@qFBle Provi des

a special Push_protect signal when_ these special FBlI push operations are
set up. FANFIH erffate FENEY [RERreMeeEBACHASS| LhRt Bd Cpapogeemi que

musts { egbrl BAH AN itk RiGPTd P80 a5 ShNGnioobhe SERE or
i nterface/ m croengi ne agreed upon transter regi sPerSt f e floag i s not
assert egiemppyn relfe nanagest dro ridrg sIRAM amg BBRAMcesaedolyetrke apidcr oengi ne.

If the f{| i erted.then the context. should wait N cycles prior to
accessi %Sﬁgﬁie%ragé?nsﬁzeer g:.heApprrcf%%l ht¥ E%ﬁﬂt![li Ehﬁﬁf‘grﬁ?n\égwéﬁsby t he nunber
of tranakedlaediestter hikhi nhusdasky plasefc ontendear gheat baBiigidow. The
basic idea is that the Mcroengine nust test this flag then quickly nove
the dat &PdRRGh 1St SkiaaRes (WG ead fromthe read transfer registers to GPR s
in gentiguous cycles, so the push engine does not 25 collide with the

M croengi ne read. OQther Enbodinments It is to be understood that while the

i nvent i Beghas eredn. lee std hissb i twmesj unction with the detail ed description

30 thereof, thé efr(?cri(ah%mtnog Edfé.créé),t'€£‘e'*§wé”§:§39§9e§°aa‘é§ess 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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WO 01116718 2 8 NOV 2003 PCT/ USCA Z2650 illustrate and not limt the scope
of the invention, which is defined by the scope of the appen@#gl NOVa2u0ss.

Q her aspewbs,m@;(iyant ages, and, nodifications are within: thepéq-ﬁquo,ﬁ‘ss(; he
following clainms. 5 -45 2 8 NOV 2003 CLAIMS 1. A mcrocontrolle
functional execution unit conprises: a control store to store a
nicroprogragkea m croengi ne controller for maintaining a plurality of

ni cr opr ogr amPEE@FEe LB FRDR 1 FeDEsRE 0BT oIMsits irisons: a
te, erm nes
cont ext ogyanl DR MULH, IHUJES PAISE A, cxECRAL Ll ags. el

whi.ch one”of a plurality of t execut abl i n“t Pl ed
functi opak erdadtived wrdddrteas saloimtpet ctlaresXecurhws, stiat€ad 20 JheL

m crocontr II d un|t f clai he 0 sing an executton unit
cont r ol e88 %exé . (%nerof@ﬁr?'e%n{ {)’b %?r;lpsé or e%‘? ntRFRAdoht¥bllstore. 3.
The 3 CIfﬁzﬁantut@I rediwtidr af £ @ 7B Z(Wﬂ&tj@ exerpdi @y upji {1 conpri ses:

an arithnetic logic unit "and shifter controlled by decoded signals produced
from t héiRfciéendedd statrbldter? 7anregister 64), "and thread_3 at

774 (register 96). Relative addressing is supported so
that multiple threads can use the exact same control store
and locations but access different windows of register and

10 perform different functions. The uses of register window
addressing and bank addressing provide the requisite read
bandwidth using only dual ported RAMS in the microengine
22f. _

These windowed registers do not have to save data from

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. Relative 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. 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 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 bé-b0):

-31-



a general purpose register bank to store and obtain operands for the
arithnmetic logic unit. 4. The mcrocontrolled unit of claim3 heN0§i 203 he
> general puwoposesmegi ster bank is divided into at |east two paqkisobRsdsear e
separately addressable. 5. The microcontrolled unit of claim4 wherein the
general purpose register bank .is divided into a plurality of w ndows that
correspond to the nunmber of m croprogram counters supported in the

m croengi ne controller. -46 2 g NOV 2003 6. The microcontrolled unit of
claim1 wherein the mcrokngfne ScontroBl er2 conpribses: a plurality of
program count ers that-ane+nahnLaLned far_each,thread that can execute on
the m crocontrplled un|t Thg 4?rocontrolled unit of claim1l wherein

t he _decoder receives mi crbcocl P h&t! uttli 8Ak ¢ ot he*&Ontrol store and

pr ovi des cont r BISES: gnal 61 ol dohﬂ@l‘lleb(?dcbel @ 1 0f0 1t hebd=st ructions in the

m crocontrol | esramMyints: |8a6Thﬁlrfh$rQ)Cq)ngj|oL,b pdiynig, of ,&hai Eg Jo Wogrein the
event arbiter &g@&gnd% ggla ersh of flaps i ndicatin at 'a nennry event
has conpl et ed. he mcroc e UnPer 6! cAYi m A6 urf?ré)r eb™rising a
read transfer register bank; and

reglster address directly specified in 8- bit dest field
10 (d7 dO)
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awite transfer register bank, with the read and wite transfer register
banks divided into a plurality of wi ndows that correspond to plgengwrggr of
nicroprogggﬁb ers supported in the m croengi ne controll e
m crocontro IggHﬁ%it of claim1 further conprising a read t?é%%%@%nggbister
bank; and a wite transfer register bank, with the read and wite transfer
regi ster banks divided into a plurality of banks assigned for different
shared resources in the micrbendine cofitrdl | e¥. 11. 0The nmicrocontrol |l er of
claim 3 wherein the execut+-GR-tHi-t--is-pipeld-ned gnd_conprises: -47 y ¢
NOV 2003 operand hypasses, | pgic. t 0 erands that are inmmedi ately
needed in the pi pg‘l ?ﬁ%. 15.&%%6 lmgéro(lc‘ﬂng?loldggrﬁdf Q@'I &' ¥af t her
conprising: a genér@fR:purposd d®gidst ed4lsdd! 981 sildr ¢0 ard=0btcd-n oper ands
Wit thelgenggal panmase:reghsﬁards@uﬁqiMgg%g|knyod@vgnpgpF$=5pqg=@rg ;
Separately addres > an ch.register n in ogically partitione
into a plurality %?R&ﬁndoaéﬁ?h%g|§g#ﬁ% p%%@dgb‘ﬁﬂeg%hﬁﬁé?'dﬁ*ﬁiéﬁﬁbrogram
counters supported in the mcroengine controller; a read transfer register
set; and a wrift ealg:amskar, i edipd.@ysset 1 Widh dhe Jead | tg Lransfer
register sets divided into two banks and a pl uralclfty o’?fs\%})#\gd%v\tgh? hat
correspdfAetobife @nehdmn teroneadreshram ramatianterse atppos taddiesd he

m (ﬁ.rd)engii.gfdcqgers@rli%re'd _b%%.dvia)‘h. ) '%heri AéU riébr‘xs—'fbél%@ﬁreh A ABJ':A\ FB Asource

address is specified in the A, B absolute field, only 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 b4d-b0}:
20 7 6 S 4 3 2 1 0
R e e e T
A GPR: | a4l O |[context| a3| a2| al| al0] a4=0
B GPR: | bédj fcontext| b3} b2| bl} b0| b4=0

1
SRAM/ASB: |ab4| 0 Jab3|context| b2! bl|ab0] ab4=1, ab3=0
0

25 _ B SDRAM: | ab4 | lab3jcontext| b2| bliab0| ab4=1, ab3=1

or as defined by the 6-bit dest field (d5-d0):
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Ah.AhY . AAh@AAA,.An .A5 . ASy. A@ .AUE . AAf . A& @AE .AS . AASY
CAFLAL2 A LA LA A2 LA . AZS LAUS. A . AN A LA A . A@AS AShQ g ADV. BBIE . A
AU A @Rof/RsrAs » Y) _i NOLMBT78H M\ hw -

PCT/US00/22650
7 6 5 4 3 2 1 0
e S SO IO
A GPR: | d5] d4|context| d3| d2| dl] doj dS5=0, d4=0
5 B GPR: | d5| d4[context| d3| d2! dil| 40| d5=0, di=1

SRAM/ASB: | d5| d4!| d3|context| d2} dl} do0] d5=1, d4=0, d3=0
SDRAM: | d5| d4! d3icontext| d2j dl] do| d5=1, d4=0, d3=1

If <d5:d4>=1,1, then the destination address does not

address a valid register, thus, no dest operand is written
10 Dback.
The following 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 microeﬁgines are not interrupt 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 meﬁory 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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Z is avfoided by plzj]ovi]dinlcj;] thﬁ] or]der] qLieue ]9OCU]alJ].%%1iUr]l%a?caU] ca] ca] caU
- "*~ysmhb] XSk cal] ca] cal] cal] ca] ca] ca] c*a] cal} ca .
] ce#iat)}‘!:ﬁf%ﬁ cg %2%&5‘]36’5] Slcdpdeurenalreferences outstanding

of which only its last memory reference needs to signal a

completion.
The SDRAM controller 26a also includes a high priority
queue 80d. 1In the high priority queue 90d, an incoming

30 memory reference from one of the microengines goes directly
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queue 90b, the order queue 90c and the high priority queue,
are implemented in a single RAM structure that is logically
segmented into four different windows, each window having
its own head and tail pointer. Since filling and draining
operations are only a single input and a single output,
they can be placed into the same RAM structure to increase
density of RAM structures.

The SDRAM controller 26a alsc includes core bus
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
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

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
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
SDRAM arbiter 91 which detects the fullness of each of the
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10(5 reference request, the memory reference request, is sent to
a decoder 108 where it is decoded and an address is
generated. The decoded address is sent to the SDRAM
interface 110 where it is decomposed into row and column
address strobes to access the SDRAM l1l6a and write or read
10 data over data lines l6a sending data to bus 112. 1In one
implementation, bus 112 is actually two separate buses
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
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“done” before the other bank was fully drained, thus

10 destroying coherency. Therefore, the chain bit is used by
the controller 110 to maintain the memory references from
the current queue.

Referring to FIG. 4A, a flow representation of the
a;bitratioh policy in the SDRAM controller 26a is shown.

15 The arbitration policy favors chained microengine memory
requests. The process 115 starts by examining for Chained
microengine memory reference requests 1l5a. The process
115 stays at the chained requests until the chain bit is
cleared. The process examines ASB bus requests 115b

20 followed by PCI bus requests 115c, High Priority Queue
Service 115d, Opposite Bank Requests 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

25 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,

30 until the chain bit is cleared. The ASB is higher priority
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higher priority than the microengines due to the latency
requirements of PCI. ' However with other buses, the

5 arbitration priority could be different.

As shown in FIG. 4B, typical timing of a memory
without active memory optimization and with active memory
optimization is shown. As can be seen, the use of active
memory optimizations maximizes the use of the bus and thus

10 hides the inherent latenby within physical SDRAM de#ices.
In this example,'a non-optimized access can take 14 cycles
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 operation, 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
inéludé 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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5 into the MEM ASB dev1ce 128 and subsequently removed from
MEM ASB device 128 through SRAM interface 140 to SRAM
memory léb. Although not shown, the same queue structure
can be provided for reads. The SRAM controller 26b also
includes an engine 127 to pull data from the microengines

10 and PCI bus.

The memory fequests are sent to SRAM interface 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 prio:ity 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 MBytes mapped for SRAM 16b, and 8
MBytes reserved for special functions including: Boot
space via flashrom 16c; and Console port access for MAC

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

The SRAM controller 26b supports the following
transactions:

30
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"@Eloo'L§’§ln§%922&é%{ays (%%ﬁgaes) in the pipeline from the SRAM
interface 140 to memory 16b. The SRAM controller 26b does
memory reference sorting based on the read function. A
bubble can either be 1 or 2 cycles depending on the type of
memory device employed. _

10 The SRAM controller 26b includes a lock lookup device
142 which is.an eight (8 entry address content addressable
memory for look-ups of read locks. Each position include
a valid bit that is examined 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 quéue 120. The memory request will operate on
either the order queue 120c-6r 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. 1If this memory

25 location is locked from any prior read lock request, then
this memory lock request will fail and will be stored in
the read lock fail queue 120d. If it is unlocked or if 142
shows no lock on that address, then the address of that
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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The Hashing unit includes a pair of FIFO's 188a, 188b.
10 The hash unit determines that the FBI 28 received an
FBI_hash request. The hash unit 188 fetches hash keys from
the calling microengine 22. After the keys are fetched and
hashed, the indices are delivered back to the calling
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_1l to provide data to the SDRAM 16a, thread_l1
mﬁst 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 multiple requests, the order of the completion is
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registers from the FBI for FBUS status information. In
10 order to protect read/write determinism on the transfer
registers, the FBI provides a special Push_protect signal
when these special FBI push operations are set up.
Any microengine 22 that uses the FBI unsolicited push
technique must test the protection flag prior to accessing:
15 the FBUS interface/microengine agreed upon transfer
registers. If the flag is not asserted, then the transfer
registers may be accessed by the microengine. If the flag
is Asserted then the context should wait N cycles prior to
accessing the registers. A priori this count is determined
20 by the number of transfer registers being pushed, plus a
frontend protection window. The basic idea is that the
Microengine must test this flag then quickly move the data
which it wishes to read from the read transfer registers to
GPR's in contiguous cycles, so the push engine does not

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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stored in the control store.

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

4. The microcontrolled unit of claim 3 wherein the general
purpose register bank i1s divided into at least two banks that are

separately addressable.

5. The microcontrolled unit of claim 4 wherein the general
purpose register bank is divided into a plurality of windows that
correspond to the number of microprogram counters supported in

the microengine controller.
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7. The microcontrolled unit of claim 1 wherein
the decoder receives microcode instructions from 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 that a memory

event has completed.

9. The microcontrolled unit of claim 1 further comprising
a read transfer register bank; and
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.

10. The microcontrolled unit of claim 1 further comprising
a read transfer register bank; and
a write transfer register bank, with the read and 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 execution

unit is pipelined and comprises:
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operand bypasses logic to hold operands that are

immediately needed in the pipeline.

12. The microcontroller of claim 1 further 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 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 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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