WD 01/ 16769 PCT/ US00/ 22653 SRAM CONTROLLER FOR PARALLEL PROCESSOR

ARCHI TECTURE 5 BACKGROUND This invention relates to nenory controllers
particularly for use in parallel processing systens. Parallel processing
is an efficient formof information processing of concurrent events in a
conputing weopi¢eess. Parall el processing demands concurr eorT/Usenz2es3 on of
many progranms in a conputer, in contrast to sequential processing. In the
context of a parallel processor, parallelisminvolves doing nore than one
thing at the sane tine. Unlike a serial paradigmwhere all tasks are 15
performed sequentially at a single station or a pipelined mnmachine where

t asks- are perfor meSRANM GPERRAILEZRe OBt EARBABEL RROCEJIRIARIHITESTARE ng, a
plLurality of stations are provided with each capable of performng al
tasks. That is, in general all or a plurality of the stations work 20

si mul t arkeousl y and i ndependent|y on t BAGKGROUND common el enents of a
probl em Certain problens are suitabl or ,solution by .appl.yi paral | el
processi ng. Menory sy R A 5§ﬁ§FF3It8r%%%é rﬁfﬁ%égi}exggn be

i nef ficient pabefioayasyptfoms N ihaparaldeddprosessdiy isystensubbl e that can

either be 1 or 2 cycles depending on.the type Oé renor evi ce enpl oyed.
-1 WD 01/ 16769 PCT/ USH®Y 3 PL, ADIALEORR f’c%l%ﬂ?ya'g‘iﬁ‘tf’fof t he

present inveAkbeRatidn GOFEcSHdi®ly b cantardent a6e&sSs MBI \edmipitudies an
address _and command queue that hol ds nmenory references froma 5 plurality

of ni cr¥onPreressinct FaratlainiRrocepgdngjdepands concurrent execution

of many programs in a computer, in contrast to sequential
processing. In the context of a parallel processor,
parallelism involves doing more than one thing at the same
time. Unlike a serial paradigm where all tasks are

15 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
provided with each capable of performing all tasks. That
is, in general all or a plurality of the stations work

20 simultaneously and independently on the same or common
elements of a problem. Certain problems are suitable for
solution by applying parallel processing.

Memory systems used in parallel processing tasks

can be inefficient. Memory systems can have a dead time

25 i.e., bubble that can either be 1 or 2 cycles depending on

the type of memory device employed.



and command queue includes a read queue and a first read/ wite queue that
hol ds nenory references froma core processor. The controller also

i ncludes control logic including an arbiter that detects the fullness of
each of 10 the queues and a status of conpletion of outstanding nmenory

referencewaansmbect a nenory reference instruction fronpcpgsSeRbssshe
queues. One or nore of the foll owi ng advantages may be provided by one or
more aspects of the invention. 15 ThguypmaRyy controller perfornms nenory
reference sorting to mnimze delays (bubbles) in a pipeline froman

i nterface to menorjCCareing it prspspenti of deke rasans Bavenitdoded with

menory requestsoiiet A6 4 ng&e&ﬁilﬁ%ﬁé’éﬁ'in% .yr?éam Lol ler

enabl es nenory reference 20 sorting uces dead 67 >3 bubbl e
t hat occ@nsl cammandcgeeiesthalr SRANS Wembryrereferansfes Eroesat 0 SRAM

switchin T | i | etween reads . and wites
produces%alﬁgéggﬁg g’? lgf%%%g)r%}r?é \%Hlﬁ}né“\)/\gﬁiuﬁblt%'or rl‘%ﬁ{fce?ﬁ settle on
conduct ogdcoaphang dqueusSHAM lvgeB5at headRAMwoORIndlal dirsthat is, the

0 settle out prior to changing

S{ 131;/2;.8 %c%%él/ g‘r[:%%gt?‘%{‘\{/e;et@';aéﬁo«g’?&gg g&ﬁ%]gﬁeg FEREF Soyr 8™ fr FPES can degr ade
peak bangwodehsodenriye refremreldersalso nphcidiaNicont roef epgnees to menory
8

such that, | ong.strings,of 30 reads can be follqwed by | ong strings of
Swrites. fﬁlcgugéﬂg 25 %Jd’ﬁrlé:%‘% Eﬁ?%@@@lnﬁésugédeﬁﬁhn?ﬁi ni ze dead

time1dn the gheets end & sHfaitRe! b¥ebymsTdt e of QuekthAdIRY HamRAyai | abl e
bandw dt h. Grougi reads and wites inproves cycle-tinme by eli'm nating

n
dead cycFESCTSAGS e ISP EsH PoMPRPTEcFekRTANCE instruction from

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

15 The memory controller performs memory reference
sorting to minimize delays (bubbles) in a pipeline from an
interface to memory. The memory system is designed to be
flooded with memory requests that are independent in
nature. The memory controller enables memory reference

20 sorting which reduces dead time or a bubble that occurs
with accesses to SRAM. With memory references to SRAM,
switching current direction on signal lines between reads
and writes produces a bubble or a dead time while waiting
for current to settle on conductors coupling the SRAM to

25 the SRAM controller. That is, the drivers that drive
current on the bus need to settle out prior to changing
states. Thus, repetitive cycles of a read followed by a
write can degrade peak bandwidth. Memory reference sorting
organizes references to memory such that long strings of

30 reads can be followed by long strings of writes. This can
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5 nmenory reference sorting based on a read nenory reference. - The nmenory
controller can also include a | ock | ookup device for | ook-ups of read

| ocks. The address and ,conmand queue al so includes a read | ock fail queue,
to hold read nmenory reference requests that fail because of a | ock 10

exi sting onydopedg7ed on of nenory as determ ned by the | ock pboosoun288aVi ce.
BRI EF DESCRI PTION OF - THE DRAWNGS 15 FIG 1 is a block diagram of a

comuni cat b@nuséa%@m\ﬁmﬁl%j Rk Rapdwanerhas ﬂpé@&ﬂé tdy eadeq processor.
FL.G 2 is a detailed block diagram of the hardware-based nultithreaded

processor effercdivaly aghdeve g ogep sekmakigrmnaviikabdie lenddyiisdh.20

functi onal L | r =has 144t hreaded processor of
FIGS. 1 angyg{l{)ﬁ%pig%%ljsa{rga b o&é%dgﬁgr&gﬁqggfg cg%]p{e nIlé1neb(§i;ln the m croengine
of FIG 3.eFiing8Bing sdehdigryaaheshat Theomemaryy ocomt rélorera pedF oxmst ext swit ch

I nstructiopn,. Fl i bl ack di agra how n ener al ose register
addresggarpgﬁ85§;ﬁ$£é¥§§§% 9é?¥§gbﬁggﬁghﬁgg?aﬁ$%$ @FW&ﬁXﬂ%%ﬁ%%ﬁﬁ%ﬁ‘ler for
enhanced bandw dt h oOfies atenwrywseatrolibe bandabse-hasiadie 30 Iwdkt i t hr eaded
processor. .-3 WD 01/16769 PCP/ US00/ 22653 FlI AA IS, a. ow chart that
representslﬁﬂk‘é?bgwja‘f? oﬁorpglgo 7P ] Eﬁh&%ﬁroﬁhﬁ aéﬂrlglsé apd Fl G 4B
IS a tinm ngominagd adhélata s \ihcldsast a0esadoloept F48 ZigieudDRAM eengr ol | er.
5 FIG 5 is a_block diagramof a nenory control|er
read memory reference requests that fail because of a lock
10 existing on a portion of memory as determined by the lock

lookup device.

BRIEF DESCRIPTION OF THE DRAWINGS
15 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 multithreadéd processor of FIG. 1.
FIG. 3 is a block diagram of a microengine
20 functional 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
25 context switch instruction.
FIG. 3C is a block diagram showing general
purpose register address arrangement.
FIG. 4 is a block diagram of a memory controller
for enhanced bandwidth operation used in the hardware-based

30 multithreaded processor.
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for latency limted operations used in the hardware-based nultithreaded
processor. FIG S5A is a timng diagramthat shows advantages of optim zing
SRAM controller. 10 FIG 6 is a bl ock diagram of .a conmuni cati on bus '
interface in the processor of FIG 1. DESCRI PTION Architecture: 15

Ref erri ngW@01AB®® 1, a communi cation system 10 i ncl udesPETHSI0RS3|

har dwar e- based nultithreaded processor 12. The har dwar e- based

mul tithreaded proc®3sor 4A2issa Tlwwlahartothabusesveseniss arPCl bus 14, a

menory system 16 . and a.second_ b The system 1 s especially useful
20 for ta%?ﬁ?%tlogaﬁogécgrbﬂe nfgﬁ‘%@%ﬁgﬁrgﬁgﬁb?ég%&orﬁ functions.

Speci fical | y har dware- baBeils nal tiniihrealadranr bhes sslioWs ddrartafgels f or t asks
that are %gndwi,dt,h, ori(F=j d rather. than | atency oriented. The .
har dwar e- Do RF IMHFEP: R et ‘b‘ge]sesx or 12 has nultiple nicroengi nes 22 25
each w th nultipl efigrdpais §mldck |Edgrameadsat h@hoBarncditralil@s t aneously
active and i ndependently work on a task. The hardware-based nmultithreaded
pr ocessorfan latepcyndiggted creratians. ysefofinethehdrdazardased in | oadi ng

m cr ocodeyeantiieatiels gtBeessgsources of the 30 hardware-based
mul tithreaded processor 12 and perforns -4 WO 01/ 16769 PCT/ US0022653 ot her

general purpose cofp@tePAt ¥pea fulpinmidagyan hBat hehens mivanseses! s,
exceptiongg C%girIﬁZ??angﬁMf Q5nPASIRLy. Processing where the mcroengines
ckKets o

pass the pa for nore detailed processing such as in boundary
conditl ons. 5 I n o#d@Genbodsnenklockhdigosemseéra 2communi@dmmgbasn? (Armis

interface in the processor of FIG. 1. .

DESCRIPTION

Architecture:

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

20 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

25 each with multiple hardware controlled threads that can be
simultaneously active and independently work on a task.

The hardware-based multithreaded processor 12

also includes a central controller 20 that assists in
loading microcode éontrol for other resources of the

30 hardware-based multithreaded processor 12 and performs
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a trademark of ARM Limted, United Kingdon) based architecture. The
general purpose m croprocessor 20 has an operating system Through the
operating systemthe -processor 20 can call functions to operate on

m croengi nes 10 22a-22f. The processor 20 can use any supported operating

system pref Qioahhyes real ti me operating system For the CoteUSINRERSOr
I npl emented as a Strong Arm architecture, operating systens such as,

M crosof t | - L1 %‘g: ' f p [ system

avai | abl e%&é(rg%t ﬁ%h%gl%ﬁ , C ﬁitb%gsﬁggg E'Iﬁ'ﬁ}g@}ﬁigrrlgv\gégﬁ bﬂ%ed

mul tit hr eathatdpiogepsotod@ls al sxcapiviandes extprusappeoyt ofor iprekesh

m croengi nes_22a-22f. . Funci. LG i (m.gr LOeS - 22f each
mai nt ai n apﬁP&FiFFW v(‘)'}f’eﬁ? o%llrlée)lmr{liac"z')“'{Jgrﬁq'1 g@%ﬂﬁﬁgfd\%geﬁgﬁ%% %%gatzi?sxz

associ at ed maireh delhaipedgpaocessiriersiciEfasedni belipdarw condisjomsl ng

| urali of sets of th d be . sinmul I ti h.of th
P or oeng) nd 55 8POURERE: GG BARFSESOR: 20at Py SoNEPSRY rahr BRI 4 11 me.

I n one enbeditiademakRebe AR Sing tBd,’ QRiidiedeKingdbomPab22édas shown. Each
m croengi nes 22a-22f has capabilitjies for prqcessi ng four g(gr dwar e
threads. THESHEeCkHERoenRRcEeBSEAL RUIDOSE, e CRPPROSRSFRY ¢S M7 &%

| ncluding et isgSLOgLAR. anthibisgn M loeastidoangsén cRYe menory system
16 includes a Synchronous Dynam c ndom 30 Access nory ( SDRAM
control | er PXE&eEFra28t 68N cCREhdBRCLIPNZOTP1 PPEFEY S POR / EEXPSIBTES Access

Merory 4 4S 2913 ro'l‘i’l@r?gggesw r@é}pr&éel@ﬁyagg?pw &Pativldgr 26a

are typically used for pfocessing |arge vol umeés of data, €.g., processing
of networ k systlepagseierahlviea woekl fuigieetoperpitdngRayptemt r oFoertlb and SRAM

core processor implemented as a Strong Arm architecture,

operating systems such as, MicrosoftNT real-time, VXWorks

and uCUS, a freeware operating system available over the
15 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

20 states associated with the program counters. Effectively,
a corresponding plurality of sets of threads can be
simultaneously active on each of the microengines 22a-22f
while only one is actually operating at any one time.

In one embodiment, there are six microengines

25 22a-22f as shown. Each microengines 22a-22f has
capabilities for processing four hardware threads. The six
microengines 22a-22f operate with shared resources
including memory system 16 and bus interfaces 24 and 28.
The memory system 16 includes a Synchronous Dynamic Random

30 Access Memory (SDRAM) controller 26a and a Static Random
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5 nmenory 16b are used. in a networking inplenmentation for |ow |atency,
fast access tasks, e.g., accessing | ook-up tables, nenory for the core
processor 20, and so forth. The six mcroengines. 22a-22f access either the
SDRAM 16a or SRAM 16b based on characteristics of the data. 10 Thus, |ow
| at ency, kwolasnedwi dth data is stored in and fetched fropgRpéddaddper eas
hi gher bandw dth data for which l|atency is not as inportant, is stored in

and f et cheghdd O MemsPPAVERANE &ﬁ&ﬁ&@ﬂ@%ﬁ%@%ﬁ@éﬁ%%& 2By

reference instructions to elther SDRAM con SRAM .

cont r ol | €YDRA8h corx@mﬂrﬂegegfiefan’ertdemcel&m usedr fodli prpazasing epr ai ned by
SRAM or gl a2=Y agee geces uested by
a Thread O, romqgﬁur\érrsc?geﬁéﬁe i p%ggg'g?ﬂ% M &alyg.lp %gb to .

initiate ﬁmna@@eygrkopaoket@ SR r&awr gotiBhbol Tdne mMmbrsthml | er controls

arbitrati f S cce h f et esthe data from
t he S%M"%%Rr%%gg ?urnsg%a%%a% %e%%%ie{%ﬁgsqu‘ﬁ% %te]r?di 8T238%20h. Duri ng
an SRAM dedesey,i fasthacoess dengisne ee gy, , ad2esfinty Aok-apsitaslest hr ead t hat
25 could o rat Eﬁt m croengi ne woul.d be dor t until data was
returned 8rS 1 CBY© @ﬁf?ﬁﬁﬁsﬁﬁ Qr dBF SR FREER-  swappi ng wi thin each
of the m croengl neshd2si R 2hicidehgimesdpas 2 20 Cods S WiRpieRd taaabl es ot her
contexts with gni gue rog{ mcounters to execute in that same 30

A, I5nSRAL

‘i cr oengi AN G dp 0f. chappetgristics, of thewdrbas 16769
PCT/ tuSOO/TZﬂ@531ot:um5te@eyy\m&ve HatRiwibEAl ahbs epdl streg ihhbgad 0, is

awai ting the read data to return. Dur| ng execution, Thread -1 nay access
the SDRAMISTSHSA £16%. SR vhefeagyhigher bandwidth data for which -

latency is not as important, is stored in and fetched from

SDRAM. The microengines 22a-22f can execute memory

reference instructions to either the SDRAM controller 26a
15 or SRAM controller 1léb.

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

20 the SRAM memory 16b. The SRAM controller controls
arbitration for the SRAM bus, accesses the SRAM 16b,
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

25 could operate, that microengine would be dormant until data
was returned from the SRAM. By employing hardware context
swapping within each of the microengines 22a-22f, the
hardware context swapping enables other contexts with
unique program counters to execute in that same

30 microengine. Thus, another thread e.g., Thread_1 can
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operates on the SDRAM unit, and Thread -0 is operating on 5 the SRAM unit,
a new thread, e.g., Thread -2 can now operate in the m croengi ne 22a.
Thread -2 can operate faor a.certain anmount of time until it needs to
access nmenory or perform :sone other |ong | atency operation, such as naking
an access woobws i nterface. Therefore, sinultaneously, {POF/US00/2R68CESSOr
12 can have a bus operation, SRAM operation and SDRAM operation all being

conpl et ed ofurRREIGH &hilRORKBY oAt thESNENT RE 22 rad bavesone nore thread
avail able to process nore work in the data path. The hardware context

swappi ng alaRiGifchthe x8ad #8tackD| BRY W of IR eB§CUEEQRpl e, two

threads coupbdiid 1 bi§ SRERsSNEhEUSHRA® U189y %.6a.SRAMi16a2hreng of these
separate functiomal units, e.g., the FBUS interface 28, the SRAM controller

26a, and t RPN @ntthel SERAMEEN1Whend tThseachifplist £ParAE4DESORd t ask
from ong ofdhesgA AARY! BeneqOthPlsdd Vﬁﬁlﬁ@r&e{a@% tanPasl ggétée?he

signaling conpletion of "an operati on. the flagis recelv
m cr oengi nein ttte micimeengiine 23a. deThread e et ippenaged fou at gentahn One

exanpl e of ﬁﬂpli t.i on (A | {1t
processor 1 s asoé%nlg\%vﬁ%%l%r gge@%%?ﬁ%sa%éeni%a\?\%%?r%r %gegég?gg’ghe
har dwar e- basete mtiHad romgdddtepecpcessoatiidh | rdf acemakdngetnoakcdseyi ces

h di : trol devi . .7, @ 10/ 100BaseT Octal MAC 13
o 8 G gabi 10 B M GEIACE 1 ShreT g i Lot K80 pr ocessor,

t he handwargrdessbimi2 idahr aadedapbes esperatibn,- BRAR 0pe1a¥68n and
PCT/ US00/ 22653 can inLerfggg Fo,any type of . conmmuni cati.on devjce or
interface tPRRAM QRGRANCTe g8 %ﬁ%ﬁhﬁﬁ94ﬁ°§kﬂﬂirated upon by one

microengine 22a and have one more thread available to
process more work in the data path.
The hardware context swapping also synchronizes
15 completion of tasks. For example, two threads could hit -
the same shared resource e.g., SRAM. Each one of these
separate functional units, e.g., the FBUS interface 28, the
SRAM controller 26a, and the SDRAM controller 26b, when
they complete a requested task from one of the microengine
20 thread contexts reports back a flag signaling completion
of an operation. When the flag is received by the
microengine, the microengine can determine which thread to
turn on.
One example of an application for the hardware-
25 Dbased multithreaded processor 12 is as a network processor.
As a network processor, the hardware-based multithreaded’
processor 12 interfaces to network devices such as a media
access controller device e.g., a 10/100BaseT Octal MAC 13a
or a Gigabit Ethernet device 13b. In general, as a network

30 processor, the hardware-based multithreaded processor 12
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Conmuni cati on system 10 functioning in a networking application could
receive a plurality of network packets 5 fromthe devices 13a, 13b and
process those packets in a parallel manner. Wth the hardware-based

mul tithreaded processor 12, each network packet can be independently

pr ocessed.wdontehed exanple for use of processor 12 is a Perpscoizessngi ne for
a postscript processor or as a processor for a storage subsystem i.e.,

RAI D di skcgh ofmgsrfabe frdr tah9rtr§e 65 mnTeheNbAddePdtdcor | N the
securities  indust r){’é{or exa t he advent of electronic trading

requires PERTECD teEFFSﬁV%s gRd7 P rafgrReunts aftddtas orders between

buyers an€omfhd &fat1ichhe ?Qtéﬂdlmf&%ctﬁ{ﬁigl ¢h ayﬁséwaékiﬁéks can -be
acconplished on the system 10, The processor 12 includes a bus interface .

28 t hat %Bﬁlb’r@st#% qswéée§§6¢lv% 3 Rluraddid pésneBroBuspagkelif ace 20 28
| n_ong; enpoh WY JRHRSS 1502 PIYCERE ProkRskOrhBe SOaCAASULRUS 18 (FI FO
The S I nter SI

bus) . ace 2 respo bl e for I'ng and i nterfacing
the pr oceB%mlleﬂz rttammeme FBUSh 16he TardwBuis~b8sed mubditliteadeadt FI-FO bus,

secd 0. LGRS 10, VRiLA Ascion SR Lo LA RadRida o T

processor eé a secon ln“E erface 24 that
coupl es qbrmesge;i .em conponents that reside on the PCl 14 bus to the

Daa Lo memory 16 e MOCnBRee SRLR nEk fires BE PRRESAN S0 (Ha® pat h dat s can
be maed pmdnﬂdqndﬂnmﬂﬂbhea85ﬁﬁﬁédikpt-ﬁ}dﬁﬁseéklﬁfﬁﬁbFKﬂﬁﬁﬁﬁEEE%&653 t hr ough
the PG by 3 14 stvol:t:%u_;deI rs% gygggrgr yi.aeC.C,e%SAIg)DMjD%k storage. A
further use is as a matching engine. In the securities
industry for example, the advent of electronic trading
requires the use of electronic matching engines to match
15 orders between buyers and sellers. These and other
parallel types of tasks can be accomplished on the system .
10.
~The processor 12 includes a bus interface 28 that
couples the processor to the second bus 18. Bus interface
20 28 in one embodiment couples the processor 12 to the so-
called FBUS 18 (FIFO bus). The FBUS interface 28 is
responsible for controlling and interfacing the processor
12 to the FBUS 18. The FBUS 18 is a 64-bit wide FIFO bus,
used to interface to Media Access Controller (MAC) devices.
25 The processor 12 includes a second interface
e.g., a PCI bus interface 24 that couples other system
components that reside on the PCI 14 bus to the processor
12, The PCI bus interface 24, provides a high speed data
path 24a to memory 16 e.g., the SDRAM memory l6a. Through
30 that path data can be moved quickly from the SDRAM l6a

-8-



transfers. The hardware based nultithreaded processor 12 supports inmage
transfers. The hardware based nultithreaded processor 12 can enploy a
plurality of DVA channels so if 5 one target of a DVA transfer is busy,
anot her one of the DMA channels can take over the PCl bus to deliver

I nfor mati onvd o/enet her target to maintain high processor 1PCT/USG022658nCYy .
Additionally, the PCl bus interface 24 supports target and master

oper at i onsghJSigIetripescat i 140 aie apeest i MeRoMPeicradAV@MAgVi ces on bus
14 access SDRA t hrough reads and wites_that are serviced as_a slave to

target opeFBRRRFETSn R Sarspars: PaAsd TRECHHRERALRS RRGESSOF dénds data
directly tg,gp of1|‘?§eir}{§g% d&ta@lscberr%ctlwhérﬁa}dmﬁe RS sd M trRf1f3%¢ R réddedS Each
ona

of the functi units are coupled to one nore internal buses. As
descri bed beteessenel? rﬁaé’r fEployugeplural byl of%.qhw @°. &£ one bus
for re a Mo r processor
12 alsgglsgcons %%?e suc tﬁg§9$ Eésg%?% ? gﬁ#{%ﬁﬁdﬁﬁ£QQQQﬂ the

i nt ernal bDMAschanndébs pragt dssksy ovRrexbeelCI heus bamdid Iitternf ext ernal buses

coupled to,the ess 1 r o] %%l! =ty core
processor Bﬁg ngak& & toé r?Ot %&%g?’ d?/én%% y%f %Fﬁ%rﬁcﬁ%t %coggl es the
processor effic?éndw. trnddmﬂmnqahmgntthélECIZBas iﬁkerﬁutdw2425 an ASB
transl ator 30 descrj bed bel o t of t e so called

B b
AVBA_ bus t RIPPPEESAATaR rEiThmamaesn REeRR b B 5e e LR Oan B g Bocassor 12

al so ingl udes opepaticie Whirs34llakat dedlipkssoh Neusr T4 mmyssesmmm to SRAM
controll er 26b ASB transl ator, 30 and FBUS i nterface 28. A 30 nennry bus 38
coupl es t hEDRBABR yTRIGR raf1] S ises thah pEet RRTVieY\GD A FH7FS t

PCr/ USOO 2288get operation. In master operations, the processor core
20 sends data directly to or receives data directly from
the PCI interface 24. |

15 _ Each of the functional units are coupled to one
or more internal buses. As described below, the internal
buses are dual, 32 bit buses (i.e., one bus for read and
one for write). The hardware—based multithreaded processor
12 also is constructed such that the sum of the bandwidths

20 of the internal buses in the processor 12 exceed the
bandwidth of external buses coupled to the processor 12.
The processor 12 includes an internal core processor bus
32, e.g., an ASB bus (Advanced System Bus) that couples the
processor core 20 to the memory controller 26a, 26c and to

25 an ASB translator 30 described below. The ASB bus is a |
subset of the so called AMBA bus that is used with the
Strong Arm processor core. The processor 12 also includes
a private bus 34 that couples the microengine units to SRAM
controller 26b, ASB translator 30 and FBUS interface 28. A

30 memory bus 38 couples the memory controller 26a, 26b to the
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bus interfaces 24 and 28 and nenory system 16 including flashrom 16c used
for boot operations and so forth. Referring to FIG 2, each of the

m croengi nes 22a-22f includes an arbiter that exam.nes flags to 5

determ ne the available threads to be operated upon. Any thread from any
of the ni MOUAFIGAes 22a-22f can access the SDRAM cont r oPCEUS00R2653 SDRAM
controller 26b or FBUS interface 28. The nenory controllers 26a and 26b
each indusldnkepifacesi 24 aid Rfcwesl memetyr eysitestlhdineg uddmgry 10

' ef er ence requanl Spe 158 URLE S Bl TRE A L Ordere By, memory ref er ences
or arrange menory references to optrm ze —nenory Yandidth. For exanple, if
a thread - O has noReflepeiuwignoe ésI@r 2 ekathoos hthpe tnoiardemgdadsl, there i s no

reason t read nd O cannqQt c lete their nory 15 references to
[ has QRan a2 25 2R tulPs gn ATt IR C bR ol AT Xalb (o oY
ref er nceletegmaaksthe aieiayy \threadsr ebl Be Sopématant] uplh. TRaAyN croengi nes

22a-22f flood , the nenory_subsystens 26a ang. 26 i th enough nenory
r ef erencé"h(fﬁ@rdalfirfiﬁsagﬁc%ftﬂh‘? qwo&&p;ssg&%%ﬂr&a@% SahB®26b' become

the bott IspRaEK cbat rplLELS36d, IShrapecaht 281 1et f2dh &Yy subsystem 16 is
fl ooded with m&*rmr¥rg re%g?ests that are independent in nature, the processor
12 can pAREERCReABry VY SOPEFAGLeREmty anst @dneachsorting

| nproves (el 810BAT ¥y BN Giielel. tMeIPsYe Zut RIRIARE meRbLNY. as
descri bed bel ow, reduces dyead time or a bubble that océurs wih accesses

to SRAM nsfereRsRoFfIueBERr erlthes WISUSRARL LREF tRAHint@icuordsr afrection on
wali g PSHRE,DERIEINER T WMol DL P HERE B RGNS, (|,
SRAM contmedioryr bagdwidthy For example, if a thread 0 has no
dependencies or relationship to a thread 1, there is no
reason that thread 1 and 0 cannot complete their memory
15 references to the SRAM unit out of order. The microengines
22a-22f issue memory 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
20 and 26b become the bottleneck for processor 12 operation.
If the memory subsystem 16 is flooded with memory
requests that are independent in nature, the processor 12 -
can perform memory reference sorting. Memory reference
sorting improves achievable memory bandwidth. Memory
25 reference sorting, as described below, reduces dead time or
a bubble that occurs with accesses to SRAM. With memory
references to SRAM, switching current direction on signal
lines between reads and writes produces a bubble or a dead
time waiting for current to settle on conductors coupling

30 the SRAM 16b to the SRAM controller 26b.
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WO 01/ 16769 PCT/ USOQ 22653 That is, the drivers that drive current on the
bus need to settl6 out prior to changing states. Thus, repetitive cycles
of a read followed by a wite can degrade peak bandwi dth. Menory reference
sorting allows the 5 processor 12 to organize references to nenory such
that |ong sodngmeof reads can be followed by | ong stringPCEUSIHEA65%s
This can be used to nminimze dead tine in the pipeline to effectively

achi eve closer to maghaemigyathablieivexndiiatt kirikef enenertsontting hel ps

mai ntain parallel 10 hardware context threads. .On t-tge SDRAI\/,lrq reference
sorting alhllﬁ/@elﬂdditﬁgséf:tﬂi?e%ﬁa?ﬁ’e%rffr‘brﬁi’(ﬂ’l’@lﬁ‘ﬁn? 85%&not AR bank.

Speci fi cal l)iepéltfittimae BBk s¥YshereddbrdB At byzadwirite 8an adgradaak and
an even bank, while thé processor is_operating on the odd bank, the menory
control | er peak fendwitthsr eMRAPEY nEeferensr FAFtARY PLéeHEr §PfRg is possibl e

f mengry Lelaranges salbepighs bel epn- itk AR giAB-hasken Biatorderi ng

menory references to alternafe accesses to opposite banks, the processor
12 i npr oveslGRRAM tiagdniodt hreadAdqalDimafCWl,OWﬁCﬁé’rY dpNENBERLNGRsCEan be

used. For 20 QXArpl & sTer@hnd-ORLLY! 8lh i MeIRa0P ALI gASchBal can be
mer ged, ar &' 5PErged prior t0 MENDry access, open page optini zations where
by exam ni ngigsldires tes edifecpénedypagieievd aigramry tios magtimnwop¥adlabtéai ni ng,

o SR, RSP M TSR pag il o oved,
t hat a1WAC Klenvdwtres Wepddxt, thekadg. W O tie |STRAM, upiefblreagcendbeaihgg when
service is warranted. The FBUS jnterface 28 al so _includes controller 28a
that perf or?@%dﬁ@’ﬁ%@&??ﬁﬁ%ﬂ?ﬂ%oﬁ?% °%%ﬁ<§‘&‘kgf’s aPPBﬁ]th a?f%US 18.
The contr ol 48428 L4ty,a6HS thBememory system 16b is organized into an
odd bank and an even bank, while the processor is operating
on the odd bank, the memory controller can start
15 precharging the even bank. Precharging is possible if
memory references alternate between odd and even banks. By
ordering memory references to alternate accesses to
opposite banks, the processor 12 improves SDRAM bandwidth.
Additionally, other optimizations can be used. For
20 example, merging optimizations where operations that can be
merged, are merged prior to memory access, open page
optimizations where by examining addresses an opened page
of memory is not reopened, chaining, as will be described
below, and refreshing mechanisms, can be employed.
25 The FBUS interface 28 supports Transmit and
Receive flags for each port that a MAC device supports,
along with an Interrupt flag indicating when service is
warranted. The FBUS interface 28 also includes a
controller 28a that performs header processing of incoming

30 packets from the FBUS 18. The controller 28a extracts the
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-11 WO 01/16769 PCT/ US00/ 72653 packet headers and perforns a

m cr opr ogr ammabl e source/ desti nation/ protocol hashed | ookup (used for
address smoothing) in SRAM If the hash does nof syccessfully resolve,

t he packet header is sent to the processor core 2.0 5 for additional
processi nQ¥O WAE7@BUS i nterface 28 supports the foll owi nBCT/HSW2R688 dat a
transactions:. FBUS unit (Shared bus SRAM to/from m croengi ne. FBUS unit
(via pri vaaekdudieagdeiriseanfr pﬁrsmkMaJnﬁtcroprOgEBmﬁahhét (via Mous) Reads to

SDRAI\/I Th 8 r nd i.ncludes a,, data bus,
9., ‘F]'E%Jes 6 ea{‘?\l %% ?hzgg%gcégﬁjao h Br égge%ngmf eSS e
cont roI Eﬂmﬂw&)l rine ISRAMe ZBf16h¢)rlmsldemetshaoabshtésfsémlmut | ar ge

ts of_d . nd t FIFOss 29a-29b. F
he Fi Foore 0Tt n REcKPE: BERGPReLs PR3P FBFCRERERSFTE G Zocommnd

t he SEﬂ?AI\E@f)raddnlﬁwnaaGprbaesamgdatqmef [FBUSainteehyée I8 Rdggerty ch data
has cone fron%q;a]]r devi ce ,on bus.?2 into the FBUS |nterface 28. The data
can be sehte lcﬂjﬁ'ﬁlgnéﬁﬁﬁﬁneqan ?B?Ite‘?an?@&tﬂ-SnébRAM menory 16a, via a

direct menory access. Simlarly, the mcroengines can nove data fromthe
SDRAM 26a to interface 28, out to FBUS 18, via the FBUS interface 28. 25
Data functi onsFEH§ F st ri but SP2ERbRES SRMle  ni cFYSHYP AESTORBHfect i vity t o
t he SRAM 26a, FBDRAMLR6L and (HEBUSiR8te busli a conmeites rixgu ePREM UALC.omMand

requelsy can bergu@ JRBEDIY Tequastusds) @ FBUS requgsiys dePkpanpl e, a command
request can nove data froma register located in a 30 mcroengine 22a to a

shared resource, e.g., an SDRAM -12
' 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

15 provides the ability to input large amounts of data using a
series of input and output FIFO=s 29a-29b. From the FIFOs
29a-2%b, 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

20 18, into the FBUS interface 28. The data can be sent
through memory controller 26a to SDRAM memory 16a, 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. '

25 Data functions are distributed amongst the
microengines. Connectivity to the SRAM 26a, SDRAM 26b and
FBUS 28 is via command requests. A command request can be
a memory request or a FBUS request. For example, a
command request can move data from a register located in a

30 microengine 22a to a shared resource, e.g., an SDRAM
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WO 01/16769 PCT/ US00/ 22653 | ocation, SRAM | ocation, flash nenory or sone
MAC address. The commands are sent out to each of the functional units

and the shared resources. However, the shared resources do not need to

mai ntain | ocal buffering of the data. Rather, 5 the shared resources access
di stri but edW@Ma6768cat ed i nside of the nicroengines. Thi s RETAISOY22653

m croengi nes 22a-22f, to have local access to data rather than arbitrating
for accesslorataidigs SRAM rlicgdatdont efilash emorhehisomeNMAR thideeskeat ur e,
there is a Q cycle stall_ for i tipg, for_ dat i gernal tq the

i or engi netne Setdd arelleelft b Ieb Lot Se Mg FlMenal) HiEta, ana
SDRAM bus Sﬁu%cow%imﬁéme&emd bgdhresmw}s], tﬂueg.shdﬁél@ﬁdéso&@ﬁbéobf)ers 26a
and 26b are of sufficient, bandw_dt h_suc that there are no interna

bot t | enecksPOFHIR® iq?<ﬂ%ﬁ§%%ﬁ§N;8°3%o?ﬂpfﬁﬁiqﬁa ke gadapr oRBERBE 12 has

an bandw dtfhe rsxusdE MI¥ouMiREe a8aehs 0fli s hutd IR 1Wkaled $nBiQYi ded
with at | east twi ce the maxi num bandw dth of the inter-nal buses. As an

exanmpl e, t hef SBFNcHPangingses Bhisypaebles migrapnagimes PRa-8RAM Hata bus

coul d have r r 2 [ ) : l4 read bus of
SERAI A & Y eaa&fggd tolBa¥hi LEL s SSharf %bltgﬁ"gil?xgb\%oge

32 bits wide running at MHz and a wite bus of 3 at 166

MHz. That i3Scess e¥sancduls @pdpiriskr gpnteritien 136 e Wwisch Withethéstivel y

twice the baOMilh eldd SRROMINE SOLEL HEACRAYINED 85 Bakgn access the

shared 25 resources. e core processor comruni cation to
t he SDRAM cbmttewidlert @ dhe michroehgines n22af28® 24 and to SRAM control | er

2o0 115D oo U o) BRSERE 08 RPN 057 SRR TSI
20 access t3BRAM dwerBf resipliag?fheyé ashdwed resources, e.g., memory
controllers 26a and 26b are of sufficient bandwidth such
that there are no internal bottlenecks. Thus, in order to
15 avoid bottlenecks, the processor 12 has an bandwidth
requirement where each of the functional units is provided
with at least twice the maximum bandwidth of the internal
buses. As an example, the SDRAM can run a 64 bit wide bus
at 83 MHz. The SRAM data bus could have separate read and
20 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.
The core processor 20 also can access the shared
25 resources. The core processor 20 has a direct
communication to the SDRAM controller 26a to the bus
interface 24 and to SRAM controller 26b via bus 32.
However, to access the microengines 22a-22f and transfer
registers located at any of the microengines 22a-22f, the

30 core processor 20 access the microengines 22a-22f wvia the
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-13 "1/001/ 16769 PCT/ US00/ 22653 ASB Transl ator 30 over bus 34. The ASB
translator 30 can physically reside in the FBUS interface 28, but
logically is distinct. The ASB Transl ator 30 perforns an address

transl ati on between FBUS mi croengine transfer register 5 |ocations and core
processor “Wuf16%8es (i.e., ASB bus) so that the core prBEEE¥8R22639) can
access registers belonging to the m croengi nes 22a-22c. Al though

m cr oengi ABB PRammintse 3tOh@veegbBSe34 setThe¢ ASBxthirangdatiat a3Giscatescri bed

bel ow, a sgratc 0, Qi d prmt ) croengi nes -
Lo i te BAYSLGHTEY PR abnbg Tofs S il 88 PRECERE fally The

scrat chpaﬁiszals’slmlu.pl dthet ASBuSrSAslam FoOeesformsoar 280drews udes a RI SC

core 50 |mplemented.in a fi e e.Iln erformn single 15 cycle
Shi Tt o EREREIEriA RebeR SHUS RUC-PHEing FrPEorah  FaS S oh des

mul ti g i cabtebiend paid co&@dpiacbsﬁobaadcﬁ}essﬁy f(ii. suppnsm bddy ssdI SC core 50
is a standard Strong Arnv archlé cture but it is rgrglemented wth a five

stage pi pBRF kRS o?oﬁ?erpfr&cﬁéﬁ% aSThSECCRTE ﬁFSE:EE F ReIATRDO al so

i ncludes golfnkihdddehdimelr yohigpccache 52, an-8 kil obyte -data cache 54
and a prefetch streambuffer 56. The core processor 20 performs arithnmetic
operations in par Although RLIFEABRYLIRNS 125 ARd UPAsERAcFedsERl afds. The
core procgss _I%é‘tcﬁ'artfaa%‘ésd%éflﬂé@%efdmc%' 302bcURbla xgéndlff dhe ARM
defi ned ASB bus is a 32-b bi- directional bu -14 WO
01/ 1669 PE:WLB@(P%S?OI Voc PeEmyt mekcroengines to write data out.

to the memory for other microengines to read. The

scratchpad 27 is coupled to bus 34.
The processor core 20 includes a RISC core 50
implemented in a five stage pipeline performing a single
15 cycle shift of one operand or two operands in a single
cycle, provides multiplication support and 32 bit barrel
shift support. This RISC core 50 is a standard Strong Arm7
architecture but it is implemented with a five stage
pipeline for performance reasons. The processor core 20
20 also includes a 16 kilobyte instruction cache 52, an. 8
kilobyte data cache 54 and a prefetch stream buffer 56.
The core processor 20 performs arithmetic operations in
parallel with memory writes and instruction fetches. The
core processor 20 interfaces with other functional units
25 wvia the ARM defined ASB bus. The ASB bus is a 32-bit bi- .

directional bus 32.
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Referring to FIG 3, an exenplary one of the mcroengines 22a-22f, e.g.,
m croengi ne 22f is shown. The m croengine includes a control store 70
which, in one . 5 inplenentation, includes a RAM of here 1,024 words of 32
bit. The RAM stores a mcroprogram The mcroprogramis |oadable by the
core proceswow1/2€r6® The m croengi ne 22f al so includes cont PETAS/2R268i c 72.
The controller logic includes an instruction decoder 73 and program
counter (PQidébanyinest2a-72d. The four mcro program counters 72a-72d are
mai nt ai ned Tn hardware._ The m croengi ng 22f al so i ncl udes cggt ext event
switching | ogic 74. G&HEFLNGyER FFggi r PP PEIRIAYY 008 88elPfe. g.

SEQ . # EVENT; ERSEINSIRs 9l BYENTeRES) QiR oSV JBESHONRE, SREAM 15
EVENT RESPONSE; and ASB EVENT RESPONSE) from each one of the shared
resour ces, Bigroemmpmg dgcludera® 96Btret stRER e othichre iB0Om€ont rol and
status rseglﬁﬁﬁéneﬁ%ﬂcm, fiich RdeENgSRANES S ag8% B WWi4dGorikobFaBRon on
whet her a requested function has conpl et ed. Based on whether or not 20 a
function rdoilest kheh\RAY tsthoxed Rabiesapredeamandhy FHOOPTrogsAP &8i on, the
t hread need | t f C Lt i g ' : ead is
enabled to %%geé)% e, kP;hg\het @tret ﬁ?gggg%ggp (g'ce oen ngnr&g\?gﬁg{lggl gat%hread li st
(not shown)alsdhingiiwlezenyginteo22ercinghave? a rfthé mentgoldey. logichreads 25

available. |n addition .to.event sign t X i ng
thread, t helﬂ?ﬁ?‘gee%galnnelglsffué:r?ﬁloglygg?éﬁg%!1?1% ﬁis‘fg]%?étaﬁla?: 0219 Ee§| g%g? . Wth
si gnal i1y shlies, 72 7XxKec Thenfoultr madre aprdyxad caninters JRal-728aaeet 0 al |

30, m croengl nee, 22, Recelve fequest yAal B0LE, o1 Az e AL AT e1ud8s YO

context event switching logic 74. Context event logic 74
receives messages (e.g., SEQ_# EVENT RESPONSE;
FBI_EVENT RESPONSE; SRAM _EVENT RESPONSE; SDRAM

15 _EVENT_RESPONSE; and ASB _EVENT_RESPONSE) from each one of
the shared resources, e.g., SRAM 26a, SDRAM 26b, or

processor core 20, control and status registers, and so
forth. These messages provide information on whether a
requested function has completed. Based on whether or not
20 a function reqguested by a thread has completed and signaled
completion, the thread needs to wait for that completion
signal, and if the thread is enabled 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
25 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

30 microengines 22. Receive Request Available signal, Any and
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all threads in the m croengi nes can branch on these signaling states.
These signaling states can be used to determne availability of a resource
or whether a resource is due for servicing. 5 The context event logic 74
has arbitration for the four (4) threads. In one enbodi nent, the

arbitrati ewpoithre® round robin mechani sm O her techni quepcrostodzdde used

i ncluding priority queuing or weighted fair queuing. The mcroengine 22f

al so i ncl yoest g RILGY itfl ROXr6ERedala H2ahehNokbehdad incl udes an
arithmetic logic unit 76a and general purpose register set 76b. The

arit hnet i 8loRaling whatepsa Fbesdrpionalinghetiagesngandge cased iwcti ons as
wel | as ghtdinf{fincly098pi1iey’ 681 S1AISHERle 680wH rgl '94&1 | arge
nunber of gené?é#ppurposelregysters. As w || ewlgﬁﬁggc%i€é§ [ ﬁ%th. 3B, in
this inpl ésedneitfon sericinge 64 general purpose registers in a first

bank,Egank A and_6 5&£ oﬁt@ﬁﬁogg%Qé égﬁggﬁ EaSTFﬁ%?€$%Ea| pir.pose

registers are wn as wl e destri bed 'so eV“éré’ elativély"
and absol thel fowmddfdds thireads20 Theome ambeddmeat22thal srbitedtides a wite

transfer register stack 78 and a rea ransfer stack 80. hese registers
are al so W n%loﬁ%‘ﬁli&%& ’“Fﬁﬁ@nﬁ?%- rethfl:i 3&: DEAYEEHSTHA 1S USRS essabl e.
Wite trapsébudingegrioatityt gouiify icr Wedighted feida@eding. raseurce is 25

|l ocated. Simlarly, read registe tack 80 is for return data froma
shared © GBLGTRENTiE, 224, 81E0: TRGIUTaM AN SERCULHPR PR HEBRF) WAta an event

si gnalo f reath es e dhicl @des han e IERIYICE 16g8lc, uhe BRAMMNtrol l er 26a,
SDRAM control ler 26b or core processor 20 w be provided to 30 context

[
event ar bPERET e RIFRASeWFPELsheh SBteri®-ne ThRr 8R4thmeic logic - -

unit 76a performs arithmetic and logical functions as well
as shift functions. The registers set 76b has a relatively
large number of general purpose registers. As will be

15 described in FIG. 3B, in this implementation there are 64 ..
general purpose registers in a first bank, Bank A and 64 in
a second bank, Bank B. The general purpose registers are
windowed as will be described so that they are relatively
and absolutely addressable.

20 The microengine 22f also includes a write
transfer register stack 78 and a read transfer stack 80.
These registers are also windowed so that they are
relatively and absolutely addressable. Write transfer -
register stack 78 is where write data to a resource is

25 located. Similarly, read register stack 80 is for return
data from a shared resource. Subsequent to or concurrent
with data arrival, an event signal from the respective
shared resource e.g., the SRAM controller 26a, SDRAM
controller 26b or core processor 20 will be provided to

30 context event arbiter 74 which will then alert the thread
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WO 01/ 16769 PCT/ USOOL122653 that the data is avail able or has been sent.
Both transfer register banks 78 and 80 are connected to the execution box
(EBOX) 76 through a data path. In one inplenentation, the read transfer
register has 64 registers.and the wite 5 transfer register has 64
registers. Wwoaheémwe in FIG 3A, the mcroengi ne datapath rrdviiseo/2REsR
5-stage mcro-pipeline 82. This pipeline includes |ookup of

M croi nstrughaontherdist 82 dwrimablen oef hakhBesf i &iter fdth addmagees 82b,
read of operands fraom 10 reﬁgi ster file 82c, ALU, shift or conpare
operations BB StERPIMNS LHANE S0 AESUFPRNIEELERFtide SFREUGPNHPSY di ng a

write-back qgaBexpyPesshididgh td@iadaUpalhft efnUshd Simpndhdit ataSauMRg t he
regi sters are inplenmented as a re%ﬁster file (rather than a RAM, t he
m cr oengi neread pofen sl sfieruhagnédusegbgiererand |the amitend wite,

whi ch copl eLghyrebi AGsi 46 Wdd $40RRLALLERs. The SDRAM interface 26a

provides a signal back"to the requesting m croengine on reads that
i ndi cat es whet her a AwrshowrerdnoFIGec3Ar etthermi¢eoengiche elmrestathThe 20

m croengi ne IS @%RO ihle & cking 4.he SDRAM. read Parity
flag when tﬂ%lﬁ%%%ﬁagiiegu esqgr??or gﬁﬁ%},fﬁgt%’?- pho:"nS g’r%é’cell\((:lﬁﬁ the flag, if
it was set, inbtudes bfokummchimigrodnsituctikaon swotds Boa,Padrmatiibagoifs only

sent when t SDRAM.. s enabl ed, for chegkjng, and the S is parity 25
pr ot ect ed. Eﬁ% Fr?%lr%te%rgi%e ﬂrteﬁéeﬁcﬁgbhijfe%&@% PFAYS f&qMest or s
notifi exb of rpatstyr ef1r V2o henrel, oshifif ok heompu ¥ esiatione 8049r FI FO
requires pariéy Prot cti.on, m.croengi ne,assists in the request. The
nm cr oengi ne&"%2

a r
MELLBTOAGH, S TeSIES FBn5fIbPtRchd2e ThEXbroridisg 80
condi ti onal wbi ee<cthadiatditey Hypeissi AakBdtRE ALTPSI BeGdhits, and by

assuming the registers are implemented as a register file
(rather than a RAM), the microengine can perform a

15 simultaneous register file read and write, which completely
hides the write operation.

The SDRAM interface 26a provides a signal back to

the requesting microengine on reads that indicates whether
a parity error occurred on the read request. The

20 microengine microcode is responsible for checking the SDRaM
read Parity flag when the microengine uses any return data.
Upon checking the flag, if it was set, the act of branching
on it clears it. The Parity flag is only sent when the
SDRAM is enabled for checking, and the SDRAM is parity

25 protected. The microengines and the PCI Unit are the only
requestors notified of parity errors. Therefore, if the
processor core 20 or FIFO requires parity protection, a
microengine assists in the request. The microengines 22a-
22f support conditional branches. The worst case

30 conditional branch latency (not including jumps) occurs
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-17 WO 01/ 16769 PCT/ USOQ 22653 when the branch decision is a result of
condition codes being set by the previous mcrocontrol instruction. The
| atency is shown belowin Table 1: 511 12 1314151617181

---------------------- oo oo H----+----+----+ qmcrostore
| ookup | woori€® | n2 | XX | bl | b2 1 b3 1 bd | reg adT/@p8022653 n| | cb
I xX 1 XX1 bi | b2 1 b3 1 reg filelookup !l I I ni I cb 1l XXI XX 1 bl |

b2 | 10 Alhérshitd éranchl decisiomlid aclrelsuXX pfXonditidn cedese back | | |

n21 1 nl I g¢cb I XX.| | __whe ol -bra | Cr.owor d | sets cc's)
cb is corkftioigt gyaﬁgﬁ pf[%VJEﬁE(‘?sl rs}ﬁSL Eo%ﬁéﬁggéhgﬁnggﬁ%ﬁ#zxﬁgs abort ed

m cr owor dl fSersdio\Ws ishoWabbeldw in Tableotl:until cycle 4 that the condition
codes of. nl are set, and the branch decision 20 can be made (which in
this case causes the branch path to be | ooked up in cycle 5). The

m croengi ne incurs a 2-cycle branch il a2 dncy ipehdl t5 Ibegéduse li t8 nust abort
operations n2 and_n3_(the 2 mcrownrds difect]ly. after,the hrapch) in the

pi pe, before the hranch path begins to fill . the pi i.th eration bl.
| f the branch is‘“ﬁ‘c’)’f"sf:%’f{*gﬁ?m‘r‘i‘B m &rwdrPs ! Hr é%‘é(bi)&ﬁennbgnﬁ%’gxg i on

conti nues nor nal Irgg aAde gemri cr obngi hed habel SEvEXEI | fech®Bi b8 to reduce or
elimnate the effgcdihyadkanch | at ency.niThepm &kopgi n@s pwppprt deferred

br an s. 30 Def i.ng. br,apnches are en 1 croengi.n I 1 or 2
m crcolv\rbgr ds after A.%P%sehlg?earﬁ%ﬁ tg oc!:urwgef o?ermt ecgbpgihcﬁ}&t L%\g@ effect (i.e.
the effect of the=btakeskis "déferted'! 2! I nl 1 cb | XX | XX |

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

XX is aborted microword

As shown in Table 1, it is not until cycle 4 that
the condition codes of nl are set, and the branch decision’
20 can be made (which in this case causes the branch path to
be looked up in.cycle 5). 'The microengine incurs a 2-cycle
" branch latency penalty because it must abort operations n2
and n3 (the 2 microwords directly after the branch) in the
pipe;.before the branch path begins to fill the pipe with
25 operation bl. If the branch is not taken, no microwords
are aborted and execution continues normally. The
microengines have several mechanisms to reduce or eliminate
the effective branch latency.
The microengines support deferred branches.
30 Deferring branches are when a microengine allows 1 or 2
microwords after the branch to occur before the branch
takes effect (i.e. the effect of the branch is "deferred"”
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-18 WO 01/ 16769 PCT/ US00/ 22653 in tine). Thus, if useful work can be found
to fill the wasted cycles after the branch m croword, then the branch

| at ency can be hidden. A 1-cycle deferred branch is shown bel ow where n2-
is allowed to execute after . cb, but before 5b1l: 11 121314151617
181 ----WO0QI6769____. Hom oo oo oo - - e - - - 4o - - PCT/USD0R22653
mcrostore lookup I ni I cb I n21 XX1 bl I b2 1 b3 1 b4 1| reg addr gen |
Il nl | cb Iinztimeox | This 4 2 uselfBl| wmkregnfbéefcbmukuq@ IfﬂlJJ tﬂniel cb I n2

Il XX 1 bl wite
back | | VQ%t ? &é{ge? Jézteﬁrll @e bk ECL H#’%%e?erren%‘ Dt a enbrgngﬁ‘om

bel ow, mheréatéﬁcchmdom:hmcharhoah 1abyomeddef)enmmlhaiamdmfm ashiow@ br anch
to occu Not.e that. a 2-cycle branch defer is onl al ] oned when
the oondr s 1 BRLeBoutetd 2 B AienB e, SpraLs o Eramich, HE BRERER. 20 11
121349 4p1:5161718191

-------------- R e e R T i I PR n1crostore
lookup I ni I cb I n21 n3 1 bl I pb %é I3H4 f'st'I ?ég Adldr 8 gen | | ni
Il cb I n2 1 n3 1 bl=-1~bZ2-rH3-t-4-t-+-25HeyHrte-tkup-t-H-~t-nt-t+cb | n2 |
n3 1 bl | b2 1 b3 hch&Hk&Bhkbh@C | | nb ﬂcﬂllhzcbxk|n%1||®§ | B3 lpab?

wite back I | I Je §£h| n% I q3n1 b | quog%qrgfqghge ﬁlPO support

conditgH? code 30 e a%uat | f the condl ioh c s upon mh br anch
deci si are made af¥¥ &bt 2P ndre rh cr dwlk dsShdf Bt d {q‘\el bpriakéhl then 1
cycle of branch | atmweyhicaarfee elli m nat ed | n1 | ¢b | n2 | ¥X | bl |

write back } | | ] | nl | cb | n2 | XX |

A 2-cycle deferred branch is shown below, where

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

preceding the branch.

20 21 21 31 41 51 61t 71 81 9|
- ——t—m——tp + + + + + T

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

reg addr gen | Inl | cb I n2 | n3 | bl | b2 | b3 | bd |
25 reg file lkup | ] I nl | cb |l n2 1 n3 | bl | b2 | b3 |
ALU/shftr/cc | i I Inl fcbin2 | n3 ]| bl | b2 |
write back | } | I |l n1 | cb | n2 { n3 | bl |

The microengines also support condition code
30 evaluation. If the condition codes upon which a branch
decision are made are set 2 or more microwords before the

branch, then 1 cycle of branch'latency can be eliminated
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-19 WO 01/ 16769 PCT/ US00J22653 because the branch deci sion can be nmade 1
cycleearlier: 11 12 1314151617181

----------------- F- et e e e e e e oo 4----4+----4+ 5 mcrostore
lookup I nl 1 n2 1 cb 1 XX1 bl I b2 1 b3 1 b4 1l reg addr gen |l | nl | n2
cb I XX 1lwigothe®s® | b3 | reg file lookup I | | nl | n2 pcrisobr2263| bl | b2
|  ALU shifter/cc I I I 1 nl 1 n21 cb |l XX1 bl I witeback I I I I | nl

| n2 | cbpbcaifsd thd Hranddhi 8e8X300h Cealllbes Hladiel Recyndi i P14 &odes and  n2

does not set the conditions codes. Therefore, the “branch decision can be -
made at cycle 4 (rather than 5), to elimnate 1 cycle of branch |atency.
In the exanple below, 15 the 1-cyche) branch gdefer mgnf g@ngd ea[lg petting of
condition codes are conbined,to conptetely hide the branch | atency: .
Condi tion codes (cc's) set 2 cycles before a 1-cycle deferred branch: 20
11 1 D1 3 1 4 misrgstgre lpokupg 11 nl | n2 1 cb | XX'| bl | b2 | b3 | b4 |
---------------- rey- addrtgen - +- {- - +{-nl- +-n2 { tcb- 1 -X¥ 1 -blt{ -b2 + b3IT| Crostore .
| ookup I nl | n el | 1 ,b2 | K3,I r dr .gen I I nl | n2
oo hal b 2&ﬁeb%&|§“ St?reglfilé‘fioéknuzgfllébl |pEg A e L
| b2 | ALU shi fAREFFEEEs=/Pe) I ni 1l nd 1 EPU 1 | 1 XX Wikt é back |1 | |
Il nl I n2 | cb IwmBebath t he ¢aselwhete the condi tingnl cddéskxcannot be 30
set eggly (i.e. they are set in the mcroword preceding the branch), the
m croengi ne supports branch guessing which attenpts to reduce the 1 cycle
of exposed branch |Iat &indy example, nl sets the condition codes and '

n2 does not set the conditions codes. Therefore, the

branch decision can be made at cycle 4 (rather than 5), to

eliminate 1 cycle of branch latency. In the example below,
15 the 1l-cycle branch deferment and early setting of condition

codes are combined to completely hide the branch latency:

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

deferred branch:

20
1 11 21 31 41 51| 6] 71 8]
+ + e e + + ot
microstore lookup Inl | n2 J cb| n3 bl | b2 ] b3 | b4 |
reg. addr gen | |l nl | n2 | cb | n3 ] bl | b2 | b3 |}
25 reg file lookup | [ I nl | n2 | cb | n3 | bl | b2 |
ALU/shifter/cc | | I ' nl 1 n2 ) cb | n3 | bl |
write back i | } } | nl | n2 | cb | n3 |

In the case where the condition codes cannot be
30 set early (i.e. they are set in the microword preceding the
branch), the microengine supports branch guessing which

attempts to reduce the 1 cycle of exposed branch latency
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-20 WO 02/ 16769 PCT/ USOQ 22653 that remains. By "guessing"” the branch path
or the sequential path, the m crosequencer pre-fetches the guessed path 1
cycle before it definitely knows what path to execute. If it guessed

correctly, 1 cycle of branch 5 latency is elimnated as shown bel ow. guess

branch takewodinémeh is taken 1 1 1 21314151617 PpcBulooskbss
----------------- +----+----+----+----+----+----+----+----+ m crost or e

ST byt R S il ot e |

b3 | ALLVsﬁ?ﬁ@%ﬂ#%ﬁilpqthrIthﬂ mnCGDSequ§n¢etnpﬂeiﬁgﬂCHEE\nhetgubashdl I
Il n1 1 cb f&&% Cc en incorrectly,
t he nlcroe%glne st¥%%e magkeh8¥9g§tgﬁy%gggvuessqgﬁgﬁb lf:taken / branch
is NOT takeexgcutd. 2 Hf(itlgmebsﬁdICGrteétlyB ﬂ_cycle of branch
---------------------------------------------------------- 25 mcrostore

| ookup ° i TRERRCY iF §liminated ps showp below: reg addr gen | | nl 1 cb

nl 1 XX1 n21 n31 nd 1l reg filelookup I I I ni I cb 1l nl I XX1 n21l n3
R T e ey
differently when m crocode guesses a branch is not taken: -21 WO 01116769
PCT/ USOCQO 22653 | 11 21 31 41 51 61 71 8]
10 — + + t + + : ' ot
microstore lookup I nl | cb |l nl bl | b2} b3 ]| bd | b5 |
reg addr gen | Il nl | cb | ¥X | bl | b2 I.b3 | b4 |
reg file lookup | | Il nl | cb | XX | bl |'b2 | b3 |
ALU/shifter/cc [ | | | nl | cb | XX | bl | b2 |
15 write back | | I | I nl | eb | XX | bl |

If the microcode guessed a branch taken incorrectly, the

microengine still only wastes 1 cycle:

20
guess branch taken /branch is NOT taken
| 11 21 3} 4] 5] 6 ] 7| 8 |
25 microstore lookup Il nl | cbo | nl | XX | n21{|n3 | nd | n5 |
reg addr gen b {nl [ cbob|lnl | XX | n2 | n3 ] nd |
reqg file lookup | | Il nl | cb |l n1 | XX | n2 | n3 |
ALU/shifter/cc ] | | Ilnl | cb | nl | XX | n2 |
write back | I ] Il n1 | cb | n1 | XX |
30

However, the latency penalty is distributed

differently when microcode guesses a branch is not taken:
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For guess branch NOT taken / branch is NOT taken there are no wasted
cycles as set out below 11 121314151617 181 5

----------------- Fo- oo m e e e e e e oo -4 ---+----4+ mcrostore

lookup I ni I cb 1 n11 n21 n31 nd |l n51 n6 1l reg addr gen I | ni | cb
| nl | n2woe86169n4 | n5 1 reg file lookup | | | ni | cBCRUSP265Hh2 | ni 1
b4 1 ALUshifter/cc I I I I ni I cbIl nl I n21 n3 1 10 wite back I I | |

Il nl I cb Il ni | nZrdr gﬂnmmvbmahoh gﬂﬁssakﬂnuﬁﬂbﬁ&ﬁﬁhtékeNOTbtakmn1i s taken

there are ﬁe‘é’gsggg r(1: was edl cyclﬁs as S‘Le_t?_olqt?'_b_l_I]_.S___l_ E_ _1_1 lmBCrlost ore

lookup I nl I cb I nl I XX1I bi I b2 1 b3 1 b4 1 reg addr gen | | ni | cb
I XX 1 XX bl 1 b2 1 b3 1 reg filie 2 qokiyp uI|I5 ni d jcby j %Xy XX I bi 1.
b2 I 20 ALU/shifter/cc | i | | ni l, cbhb | XX I bi N wite back I 11 1
Il nl I¥cb I XX 1 XX I The n1croeng|ne ‘can conblne branch guessing with

1-cycle branch defcspsteme kogkimpr dvel thhed rleBhllt n Ur #her 24 HoRS dud%s 25

branch taken w t hrekr 6§ gerlef enr ed bimncéd brenghnd § d:mkesw jiss 111 1 2 1 3 1
415161718re]gf11elookupl |  Inl|cbinl|n2zlnllibs]
----------------- e AT de--de--d----4----+----+ mCrostore

l ookup | nl | cb %L%zhliftaﬂfch b2 1 B3 1 'ba I 5130 ¥ed 2dr*bdn 1 1 nl |
cbh1l n@ | bi | b2wh¢b&mhkb4 | Iregifile IoOkuplInHIIdnHIﬂ-dhﬂ In2 1 bl |l b2
| b3 I ALLVshlfter/cc I Il nl. I cb |l n2 | | b2 1 wite back I | | 1

o beb in2 1 b (l)wex;ezrzgl\?%]ﬁ/e%g7ggar?gll%$loqc/i %branch is
taken there are 2 wasted cycles.

15 1 2t 24 31 41 51 61} 71 81|

+ 3 4
T T ™

microstore lookup | nl | ¢b | nl | XX | bl | b2 | b3 | b4 |
Inl| cb | XX | XX | bl | b2 | b3 |
|  1nl|chb| XK |X£|Dbl}|Db2,]
| ! I nl | cb| XX | XX | bl |

| i | I nl | cb | XX | XX |

reg addr gen
reg file lookup
20 ' ALU/shifter/cc .

— e m— w—

write back

The microengine can combine branch guessing with l-cycle
branch deferment to improve the result further. For guess

25 Dbranch taken with l-cycle deferred branch/branch is taken

is:
i L 21 31 41 51 61 71 8
microstore lookup | nl | cb i n2 | bl | b2 | b3 | b4 | b5 |
30 reg addr gen | n1 | cb { n2 | bl | b2 | b3 | b4

I
| ] n1 1 cb | n2 | bl | b2 | b3 |
| | | n1 | cb | n2 | bl | b2 |
| 1 | I nl | cb | n2 | bl |

reg file lookup
RLU/shifter/cc

write back
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In the case above, the 2 cycles of branch |latency are hidden by the
execution of n2, and by correctly guessing the branch direction. If
m crocode guesses incorrectly, 1 5 cycle of branch | atency renai ns exposed
as shown bel ow. guess branch taken with 1-cycle deferred branch/branch is

NOT taken liyoloiAeRe3 | 4 15161718191 10 PCT/US00/22653
-------------- Fome et E- - e - oo 4----4+----4+ mcCcrostore
lookup I nl I cb 1l n21 XXI n31 n4d 1l n51 n6l n71 reg addr gen | 1 nl

l cbl n21 XX1 n31 nd 1l n51 n6l regfilelkup!l I I n11 cb1l n21 XX

| n3 | n4 | Ins5the ¢a€$s$vaeaxthel2lcmclnB bfcbranglR labéfidy ird n4 1 15
ode. corsrectly

wite back

guesses a b#é?gh NE# Q%ek%$§h4 en t e plpeﬁlneyf%%ﬁﬁsééikuﬁﬁ?%ﬁﬁﬁgl n the
nor nal unpehtaublnadchaéered:tflcn.cr dcfoataqmcodeegﬁégsmeﬂmﬁ&@m 20 NOT

t aken, e nlc3oen9 $ %ﬁkﬁﬁ?x oses 1 .cycle of 2%gzluctlv execution as
shown be owCY§uEs 8t pPEAR e BRAR efgofﬁﬁéﬁ owny belpw: 371 4 1 5
16171B191 guess branch taken with l-cycle deferred

-------------- #ommeto ot to--to---t----4----4----+-----F nicrostore
|l ookup | nl | cb | n2b¥a5694bqﬁnth£? NOF3tekBR | b5 | reg addr gen I | nl
Il cbl n2 1 XX bl I b2 1 b3 1 b4l reg flle Ikup I 11 nl | cb I n2 I XX
Il bl I b2 1 b3 1 30 ALU/Shftr/CC . n2 I XX | | | b2
wite back I I 1 1 1 n1l cbhl n2t |'x3<'| B|'14'2§ WP o1116l768 | 9 |

PCT/ USCP 22653  where-mx-rs--pre=tbrangh-riterowor ¢+ at+setg-ee+sy--«b is
condi tional branchd¥sicrePkopriaReh BHCr @Or @ | n3 | nd | n5 | n6 | n7 |

reg addr gen | |l n { cb I n2 | XX | n3 | nd | n5 | né |
reg file lkup | | | n1 | cb | n2 | XX | n3 | nd4d | n5 |
ALU/shftr/cc | | i Inl [cb| n2 ] XX 1| n3 | nd |
15 write back | I I | inl | cb | n2 | XX | n3 |

If microcode correctly guesses a branch NOT
taken, then the pipeline flows sequentially in the normal
unperturbed case. If microcode incorrectly guesses branch

20 NOT taken, the microengine again exposes 1 cycle of

unproductive execution as shown below:

guess branch NOT taken/branch is taken

25 I 1] 21 31 4

< 1 4 4
T T T ks

microstore lookup | nl | cb | n2 | XX | b1 | b2 | b3 | b4 | b5 }

reg addr gen | } nl J cb | n2 | XX | bl | b2 | b3 | b4 |
reg file lkup | | Inl | cb{n2 | XX ] bl | b2 ]| b3 |
30 ALU/shftr/cc | | | | nl f cb | n2 | XX | bl | b2 |
write back | I l | I nl [ ecb | n2 | XX | bl |
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XX is aborted microword 5 In the case of a junp instruction, 3 extra cycles
of latency are incurred because the branch address is not known until the
end of the cycle in which the junp is in the ALUstage: 101 11 2 1 31 4
15161718191

--------- WO OHE6769- - - +- - - - - - - - - - - - - F- - - - +- - - - 4 - - - +- - - - +PCTAUSO0/226S3r OSt or e
lookup I nl I jp I I XX 1 XX ji IJ21 j31. J4 1 reg addr gen | | nl
' j pI XX XX j | Iwhpr@nk ijs Brd-braghfmiceokdedp(dl betls od'sd jp | XX |
XX XX jl 1 j2 15 ALU/shftrc(,c,_cs Lo,{dlhgnaﬂlbrgn&p I XX I XX I XX1 jI I
wite back I I I 1 I nl I jp 1l XXI ﬁx text Switch: Referring to
FIG 3B, a format froma context ?30'® Wit ﬁnﬁgtnflﬁﬁ? %% is shown. A context
switch is a special formof a bXénshabdyied mderwerd different context (and.
associat g, '%G)e tasBeopeh eplgsl. J.n@t'}h@éﬁ.oﬁw tchiteh dyileadeges some branch

| atency as well. Consider the follow ng context swtch: 2511 121 314
151 ﬂaxepcg arg incurred because the branch address is not

Rx

-------------- 1te ad - f‘fh t cle” in wHich “the July istinM Crostore
| ookup | §TWP untﬁ ? en 1° © I Fe

nd | n5 1 n6 I reg addr gen I |1 ol
IcalXX:HeﬂlLUlsmageMBIn4|n5|30regf|IeIkupI I I of I cal XX
nLl n21 n31 nd | ALUshftr/ccl I 1 1 ol cal XXI nl | n21 n3 I
wite back I I I I I of I cal XXI nl I n21 -24 WO 01/16769

PGTI @800 22653 where ox |sloldlcohﬂexllflbwlbﬁ||366rdhdh %ﬂcr%mord in old
cont ext

+ + i + + + + +

microstore lookup | nl | jp | XX | XX |1 X | jJ1 1 32 1 33 | j4 |

reg addr gen | Inl{jp | XX | XX | XX | 31 | j2 1 33 |
reg file lkup | | I nl | 5p | XX | XX | XX | 31 | j2 |
15 ALU/shftr/cc | ! | | n1 | jp | XX | XX | XX | jl |
write back ! | I i fnlljp | XX | XX | XX |

Context Switch:

Referring to FIG. 3B, a format from a context -
20 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 switch:

25
11 2t 31 41 51 61 71 B1 91
microstore lookup | 01 { ca | br | n1 | n2 | n3 | n4d | n5 | né |
reg addr gen | | ol | ca | ¥X | nl | n2 | n3 | nd | n5 |
30 reg file lkup | | ol |l cal XX | nl | n2]| n3 ] nd|
ALU/shftr/cc | 1 | ] ol | ca | XX | n1 | n2 | n3 |
write back g | | | ol {cal XX | nl | n2 |
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ca is context rearbitration (causes context switch) 5 nx is new context
flow XX is aborted mcrowrd In a context switch the Abr@m croword i s
aborted to avoid control and tim ng conplexities that could be 10 caused
by saving the correct old context PC. Conditional branches that operate on
ALU condi twoMa&ées whi ch are set on the mcroword bef or ePERYSOR268ch can
select 0, 1 or 2-cycle branch defernent nodes. Condition codes set 2 or
nmore m crowords before twherd®xciendid icoptdxtbfemch t hat operates on them can

sel ect 0 or 1- cycle branch ﬂn.efn.erlfﬂaﬂ&h mReRsordih &tdheéntlék@-nCheS (i ncluding
context rearbitrations) can % i t.her g’? | e branch def er nent
4

context rea at:.o (xguses onte
nodes. The architecture. cou esi g 0 rake a context arbltratlon

‘m.croword within a 20 branchSd&fer ment WI ndow of a preceding branch, junp
or cont®ext arbitration m cronwdsdhewatontekegabwoption. That is, in sone
enbodi nents, a context sw tchy wQuld Y nbegblowed to occur dur i ng a
branch transition in the pipeline because as nentioned, it could unduly
conplicate saving of the old 25 context PC. The architecture could al so be

desi gned to make branghiNEdHidith sWiechr 8Rehaled ehiBdwddd daw b ried
preceding branch, junp or context arbitration nicroword |IIe%§C to avoi d
h

conpl i cat edtan%IV‘pU%s¢%1ér@npﬁf€d|té-ﬂl&mgec°l§?&%htmdmétﬁ soudgl

m croengy ne SiTeTaTelg StH’QJ Lhreagdgd §9<%§Jt n of four contexts.
One reggbon %‘rgg?%lzéyl S to& r51?1676§ BC 002;62)2653 al | ow one thread

to start executing JL@Qndaafmemaén@trhaphes that operate on ALU
condition codes which are set on the microword before the

branch can select 0, 1 or 2-cycle branch deferment modes.
Condition codes set 2 or more microwords before the

15 conditional branch that operates on them can select 0 or 1-
cycle branch deferment modes. All other branches
{including context rearbitrations) can select either 0 or
l-cycle branch deferment modes. The architecture could be
designed to make a context arbitration microword within a

20 Dbranch deferment window of a preceding branch, jump or
context 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

25 context PC. The architecture could also be designed to
make branching within the branch deferment window of a
preceding branch, jump or context arbitration microword
illegal to avoid complicated and possible unpredictable
branch behaviors.

30 Each microengine 22a-22f supports multi-threaded

execution of four contexts. One reason for this is to
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thread i ssues a nenory reference and nust wait until that reference

conpl etes before doing nore work. This behavior 1is critical to maintaining
ef ficient hardware execution of 5 the m croengi nes because nenory | atency
is significant. Stated differently, if only a single thread execution was

suppor t edwololes769 Cr oengi nes would sit idle for a signi frcrarseosussoer of
cycles waiting for references to return and thereby reduce overall

conput at i oNfky tél{é)tlﬂl}:@éh t&%%ﬁleﬁ&&%@d fj%é%CHEtQB AhdESr an

m croengi nes to hid menory |atency by perforning useful independent work
across sehesad Jtﬂﬂ‘@@d@ erEyﬁ%fﬁ@ﬂ%ﬁn@nmﬁééhHﬁ%n%n‘éﬂe thatsypplied in

order to ﬁy Syn(ﬁ]tyo%ffﬂettgslﬁ FSr&HoitMndre WERAM rﬁﬁ%@?avz@ld then

subsequen ronrfze to the 15 point 1n time when ref erence
conpl et esis Gl trisxsiartios mailstaimbely 2 & iQyiestyr bardwarenexeeutiommd at e

Synehion gal | 8k 0SS! S20L08 SRR Thinceler e0gey A yred ot el y swap

out that contex cont ex when“the correspondi ng
referenceseﬂtemrmlfaieasntmycelﬁgmhyem snm”w.ecdxm:ead exded:mblegn;vmmed back in
for execution g cont.ext - swa veeo”tlé)Cs%_‘ér 8;? fb}: s its turn to run.

Thus, froRTRH" % héir MHERPOF VA3 Mgt s %con s°TnStruction stream the
m Cromrdsﬁéﬁﬁldaﬁllﬂwbe&hefnemlﬁ aveinimgddes mefegencexedmuted until the
reference 25 co es. . A second nechani smis nchr.oni,zation. 1In
del ayed sHRTHFDIf r%t‘is‘c?ﬁebyhﬁe E?o%‘ﬁeg‘? cgglgggD?ﬁ Xafeﬁﬁi PP G then
cont i ygiesmh Dr BXErE R0 BReeliitn USEIds atD i crbeagendento diidehe ref erence..
Sonme tine later it 30 could become nece fsueir t.0 ng(e:géomé? t he thread S

-26 WD 01Pa9BY%Y HEsngyobYy,pgssorming use indepe across

several threads. Two synchronization mechanisms are

supplied in order to allow a thread to issue an SRAM or

SDRAM reference, and then subsequently synchronize to the
15 point in time when that reference completes.

One mechanism is Immediate Synchronization. In-
immediate synchronization, the microengine issues the
reference and immediately swap out that context. The
context will be signaled when the corresponding reference

20 completes. Once signaled, the context will be swapped back
in for execution when a context-swap event occurs and it is
its turn to run. Thus, from the point of view of a single
context's instruction stream, the microword after issuing
the mem reference does not get executed until the reference

25 completes.

A second mechanism is Delayed Synchronization.

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

30 could become necessary to synchronize the thread's
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execution streamto the conpletion of the issued reference before further
work is perfornmed. At this point a synchronizing mcrowrd is executed that
will either swap out the current thread,. and swap it back in sonetine
later 5 when the reference:has conpleted, or continue executing the
current thr eeolobmeesuse t he reference has al ready conpl et ed. pciiesoasnssss
synchroni zation is. inplenented using two different signaling schenes: I|f

the menory reietrion istraamotbathd wbhpletick) dff ansf esshedi steerehbe Si gnal
frromwhich the thread s tri ggered I s generated when the correspondi ng
transfer r&fis TREIth§THIPIE I Reptoriiedy oft tHLscRRAPEe an SRAM read

whi ch deposidyndhtionilzihg hiapsherd! £8i st&burddata® Re115kIPRLEIsyhSN the
valid bit for Ais set. If the nenory 15 reference is assocl ated th the

transfer FIROtothensurgestvehread, andiwemp dit dackadsf spmebynet batexhen the
signal s gghfiAted WaeRrbhte RAST EORSL LU Q‘:trg%_ohtﬂih{]g 3§M8§2ES}EQ| er

26a. Only one signal state per confext 1s 'held in fhe m croengi
schedul er, tHurent Fhegad2beoause avltg efsnpnde bas ekirsadyncomplesadene.

h : ' I di f Leh
o1 ocont 1ol ErIa: FoSr g ee oot o e irmeelvIRa' GRE b6 e ems

overal | m crdi@gnaliokl echemesput e t hr oughput and overal |l nenory bandwi dth

25 optimzed at t f | e thread ' .| at . Thi
par adi g woul 4 make <aRsEABRITRS SYATERCTAS RICOEAFEM EHbRrDI nos |

execut i i midansifert kegadseper thel sigeslgi fomOwhiehekBbeghdai@ packets. A

second one H§.that glcroenginetgge utio 30 latency should be optim zed at
the expense S 998EeS) S gstjerated when the corresponding transfer

register valid bit is set or cleared. For example, an SRAM
read which deposits data into transfer register A would be
signaled when the valid bit for A is set. If the memory

15 reference is associated with the transfer FIFO or the
receive FIFO, instead of a transfer register, then the
signal is generated when the reference completes in the
SDRAM controller 26a. Only one signal state per context is
held in the microengines scheduler, thus only one

20 outstanding signal can exist in this scheme.

There are at least two general operational
paradigms from which microcontroller micro-programs could
be designed. One would be that overall microcontroller
compute throughput and overall memory bandwidth are

25 optimized at the expense of single thread execution
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

30 latency should be optimized at the expense of overall
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WO 01/ 16769 PCT/1JS00/ 22653 mi croengi ne conpute throughput and overall
menory bandwi dth. This paradi gmcould involve execution of a thread with
areal-time constraint, that is, a constraint which dictates that sone
wor k nmust absol utely be done by 5 sone specified tinme. Such a constraint
requi res woali/16pti m zati on of the single thread execut i PCT/ISB0I65EN
priority over other considerations such as nenory bandw dth or overall

conput at i gnakodid o Ridkiputd ke2bubhpet taHEVerw@dl feinBBly a. single
m croengi ne that executes only one 10 thread. Miltiple threads would not be

handl ed bEeBg¢Hthe THA Haéfafiégal Foidd HvLyg exeeytionnef téhread to

execut e aghr&H9MNwfth @%%aﬁ.'—%’im@xééﬂét%rﬁf Elall BLS &hESﬁgédr hi nder
cou

this abl|lti/ The codin tyle of thesetvvo aradlﬁg
si gni f i cankigh Hivtatan aﬁ'—hSP@gaY'@rlsdﬂ‘J%smh‘-@lﬁé yyberdore eanes and

cont exg %5ﬁ§rﬁﬁgblffbélﬁamkealSEE c@ﬁﬁ%tra %ﬁ 98 hik8stPpdSsue as many

menory references as soon as p055| l'e 1 n or mninmze the menory
| atency i aptimizatipn dfosher éﬁegéﬁc@sre&%\ﬂmultssuebeaglmy ref erences as

20 early ga; BOAS Blvdd NEHA93LNBIALLDAE 4l RRLHOLE ASnORDYoadQRYHAt I ONS as

t he m croengi nes’ as possi e I'n para re ences
conput at i on cWeJmJt]hactompzmttta&apna&isthrmgk@it-t| ma mpaﬂ.ﬁtImeiﬁmaa:i 25 0)

i ssue nmem ru% 1% ssue mrer Zn Re e _nmem & erformwork
i ndependeRPUot Y & $H95 ThatERHY S FﬁeEBﬁﬁfe?? Cmemref 1 30
0) perd or ehyedad. depdrdgille Gmrafad’snecf:uﬂdami bedapadlledt bedawssnymy 2 and 3
goal is to allow the single real-time thread to execute as
soon as possible--execution of multiple threads would
hinder this ability.
The coding style of these two paradigms could be
15 significantly different with regard to issuing memory
references and context switching. In the real time case,
the goal is to issue as many memory references as soon as
possible in order to minimize the memory latency incurred
by those references. Having issued as many references as
20 early as possible the goal would be to perform as many
computations as the microengines as possible in parallel
with the references. A computation flow that corresponds

to real-time optimization is:

25 o) issue mem ref 1
o) issue mem ref 2
o) issue mem ref 3
o) perform work independent of mem refs 1, 2 and 3
o) synch to completion of mem ref 1
30 o) perform work dependent on mem ref 1 and independent of mem ref 2
and 3
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-28 WD 01/ 16769 PCT/ US00122653 o0) issue any new memrefs based on
precedi ng work. o) synch to conpletion of memref 2 o) performwork
dependent on memref 1 and 2 independent of memref 3 5 0) issue any new
mem refs based on preceding work. o) synch to conpletion of. nmemref 3 0)
per f or m worwodepenaient on the conpletion of all 3 refs o) PCERSW2265 new
mem refs based on preceding work. 10 In contrast, optim zation for

t hr oughput and o) bigssdeu gy newoménd ré ek aseddod fperentingipproach. Wt h

optim zation fgg gpngﬁq%ngé,,[g,qe@lquég abd gaals thr oughput and overal | nenory
bandw dth | ess ﬁons%derat 1.0 Jgiven to d’J gga g % xecﬁg on | akt ency.
To acconplish PhiZTIPHL "L gﬁ%ﬁ“ JuPe 2 I% &q4tS ?)paeél e RorS™ Eer ences
across the mcroprogtamfor each thread. ThIS mould provi de a uniform
stream o8 nNeENDbY issherRcas: hén ktbes bRAM anerStdAM weerirol  ers and woul d

maxi m ze the pr bsa}ﬁl:ﬂ'ttoyc%ft&mﬁtljon éihgn d.ks; al ways available to hide the

nmenory | atency 0 I ncurre en anot er thread is swapped out Regi st er
file address tPheSTipEs ¥PFk AePedem ep the, camRésting ‘?fegfgt:ieFef&ddr ess spaces
t hat exi st areoloisabé angcosssebkyts gsst e precutting 2brkd obal | y accessi bl e
regi sters accessible by all mcroengines. The General Purpose Registers
(GPRs) are inplenented as two separate banks (A bank and B bank) whose
addressE} are interleEwe@bnnraﬁbmoD@tbmiuatﬁoba§¢s shuodughpatt aAdbank

regi sters hgvg?‘!&gﬁw&npd% k rdeiql s%gag aﬁ%gvﬁc Isqﬂ Each bank is

capabl e of performng a sinu ane§us wo di-fferent words
within its bapbhkmization for microengine computatlonal throughput and

overall memory bandwidth less consideration is given to
single thread execution latency. To accomplish this, the
15 goal would be to equally space memory references across the
microprogram for each thread. This would provide a uniform
stream of memory references ﬁo the SRAM and SDRAM
controllers'and would maximize the probability that 1
thread is.always available to hide the memory létency

20 incurred when another thread is swapped out.

Register file.address types:
| Referrlng to FIG. 3C, the two register address |

spaces that exist are Locally accessibly registers, and

25 Globally accessible registers accessible by all
microengines. The 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 l1lsb=0, and B bank regisfers have

30 1lsb=1. Each bank is capable of performing a simultaneous

read ahd write to two different words within its bank.
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-29 WD 01/ 16769 PCT/ U300/ 22653 Across banks A and B, the register set 76b
Is also organi zed into four wi ndows 76bo-76b3 of 32 registers that are
rel atively addressabl e per thread. Thus, thread 0; wll find its register
O at 77a (register 0), the thread 1 5 will find its register_0 at 77b
(regi sterwediemhread -2 will find its register-0 at 77RCTYWHRIEEr 64),
and thread -3 at 77d (register 96). Relative addressing is supported so
that nmultiple threagtsrgsmn bankst heandaB) SmTregdsteel setoveb dad | ocations

but access_different WI ndows _of ter per mdlff rent
funct i ons21¥ReCTEIE 75 stfé’Prv\)('gH‘i a%ei&’ g°é ¢ Ef&ﬁl%s 84Pessi ng
provi de tRRategre Stéfaﬁle;%iy Baasek ghb1 el el thitenddualrnie) t er&ddV® i n t he
m croengi ne 22f. These wi ndowed registers do not have to save data 15

from cont Bxklsfind nits register Q\AFPCW%O(E?%SWeOMr FBe tBre#cahd pop of a

cont exg SWEElffiﬁdO{t§tr?é‘dis't%reb' gt N8 diregiERlre k) sWhe8hdgz here has a 0
cycle overhead for changing from one context to another. ReTative register

addr essi nyildi fiedsitheeaisgest Or abafke (FRY-SHeFd&L - aeREsEh¥eRd adidr ess 20
w dth of glgezgg g% SREDOE . T egk$helve aaRlshigVe s §99%>8§§éc§‘95@| | ows

access. any o ative to the starti'ng point of the w ndow.
Absol ut e &bdtemsluniple thireadssgpponsedthe axfod semei centued SkR¥e any one -

of the absgl,u Ob £t y 25
provi di ng Pﬁeigxacﬂrg%gg‘%s%Fgghgggﬁéﬁgﬁewl%r eg)sfl %g gdgéég!ggée?(gl pur pose
regi si@er spéBfoan dbffererntn ﬂlnmdessdepfﬂmhuﬂya)@ft reghstevweindéwr mat . The

{00, o0 3hFadRTRL s TN S EBab AN B R0 B06 204 0 O @
- bandwidth using only dual ported RAMS in the microengine
22f.
| These windowed registers do not have to save data
15 from 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 oveihead 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-al0 or b6-b0):
_30_



30 7-bit source field (a6-a0 or b6-b0): -30 WO 01/16769 PCT/ USO0/ 22653 7
6 54 32 10 ----mmmmmme e ee e o A GPR | a6l 0 | abl a4l
a3l a21 all ad a6=0 5 B GPR | b61 1 | b5l b4l b31 b2l bll bdA b6=0
SRAM ASB: | a6l a51 a4l 0 1 a31 a2l all ad a6=1, a5=0, a4=0 SDRAM | a6l
abl a4l O 1vaBaumwA9 all a0l .a6=1, a5=0, a4=1 register addrTaUsioemss |y
specified in 8-bit dest field 10 (d7-d0): 7 6 543210
--------------------------------- A GPR | d7) d6l d5l d41 d31 d21 dil dd
d7=0, d6=0 B GPR | d71 d6l d5| d4l d31 d2l dll dO1 d7=0, d6=1 15

SRAM ASB: | d71 d6l d51 d41 d31 d2f dPI do1 d7-&, ¥6=8, d5=0 SDRAM | d7I
d61l d51 d4l d3l d21 dli dO+-d7#=t-+a6+0;~-+d5=t-——tf-eat+ab>=| , 1, <b6: b5>=1, 1,

or <d7:d6>=1,1 thena ¢se | qQues| Bi | Ssarfy i M 1€aPT &L phods ng@nt ext-relative
20 addregs field (d &, be W n tive A B source

addr ess |s speci fi e |n ‘th ggl % L rnffgeb h g{?'clr"’(:ﬂ g’r?l {Phe Iovver hal f of
the SRAM ASB and SDRMNIVASRHlcasl a&hadesd da?ﬁlbc'a?b@éii@é)$ed a6E% f @btq,v el

readi ng absol ute SBAMMSDRAMaelewbra’|hmg dheaef hectdove addiess=gpage; 25
however, since this restriction does not apply to the dest field, witing
the SRAM SDRAM still uses the full address space. In relative node,

addr esses a rgEciteiredddddsesdirest bf fsyeicifiiled AncORbikt d6POCEiEEd def i ned by
a 5-bit150ur&ﬁ_d59_field a4-a0 or b4-b0): -31

7 6 5 4 3 2 1 0

+ S I } + n -+ I
T T T T T T T - r

A GPR: I d71 d6] d51 d4| d3| d2| di} d0f d7=0, d6=0
B GPR: | 471 d6j d5] 44| d3] d2| di| 40| d7=0, dé=1

15 SRAM/ASB:| d7| d6} d5] d4] d3| d2| dl]| d0| d7=1, d6=0, d5=0
SDRAM: | d7| d6| d5) d4| d3] d2| dl1i d0] d7=1, d6=0, d5=1

If <a6:ab>=1,1, <b6:b5>=1,1, or <d7:dé6>=1,1 then
the lower bits are interpreted as a context-relative

20 address field (described below). When a non-relative A or
B source 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;

25 however, since 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

30 field a4-a0 or b4-b0):
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--------------------------------- A GPR | a4l 0 lIcontextl a3l all all ad
a4=0 B GPR | b4l 1 Icontextl b31 b2l bll bA b4=0 5 SRAM ASB: | ab4l 0

| ab3l context| b2l bllab0l ab4=1, ab3=0 SDRAM |ab4l 0 | ab3lcontextl b2l

bi |l abA akdgdinedg93=1 or as defined by the 6-bit dest fi etcthuksbe26®): 10 7 6
543210 +---+---+-=-H---F---+---+---+---+ A GPR | d5l d4lcontextl
dal d2I dil dA d5=0, d4=0 BB GPR sl d5 xd4lgoniexpl d31 d2I dil dd d5=0,
d4=1 SRAM ASB:| d5| d4l d3lcontextl d21 dll_dO_ dS_%, d4=0, d3=0 15 SDRAM
| d51 d41 d3lcontextl d21 dil dA d5=1, d4= 0, d3= T f <d5:d4>=1,1, then
the destination addPe®®: dodsat InBt!caderret$34 afl 34 preghie4t®r, thus, no dest
operand is wittenshaek. 20bilhe fcohtexwi ng|ruegi stiens| aneo gl obal Iy

accessighle fromth ,ggé)qggd,ngs,agggohg@‘trreggqryllgg@; gjliler&}[gash uni t
regi sters scr atchpad and conmpn recei ve status

FIFO 25 transnit FPESMiranddmh OC‘Sg?'rCSFtﬁtlt@zTh%l'ﬁP%\' 88?1d1nn@%3 =Are not

interrupt driven. Each mcroflow executes until corrpl etion and then a new
flowis chosen based_on tate SI d.b in the 30
processor 12. %Refé&r Fﬁbn?% %n?ﬂg gﬁéﬁl\*ﬁ% 6:}’5 d‘ﬁ‘ﬁr *ol I er 26a

i ncl udes nenory reference queues 90 where nenory -32

10 7 6 5 4 3 2 1 o0
A GPR: | d5| d4|context| d3| d2}| dl| 40| ds5=0, d4=(_)
B GPR: | d5| d4|context| d3{ d2| dl] d0| d5=0, d4=1
SRAM/ASB: ] d5| d4| d3|context| d2| dl| d0} d5=1, d4=0, d3=0
15 SDRAM: | d51 d4| d3|context} d2| dl] do} dS=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 back.

20 .- The following registers are globally accessible
from the microengines and the memory controllers:
hash unit registers
scratchpad and common registers
receive FIFO and receive status FIFO
25 transmit FIFO
- transmit control FIFO

The microengines are not interrupt driven. Each
microflow executes until completion and then a new flow is
chosen based on state signaled by other devices in the

30 processor 12.
Referring to FIG. 4, the SDRAM memory controller

26a includes memory reference queues 90 where memory
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WO 01/16769 PCT/ USOO0I 1. 2653 reference requests arrive fromthe various

m croengi nes 22a-22f. The nenory controller 26a includes an arbiter 91
that selects the next the m croengi ne reference requests to go to any of
the functioning units. Gven that one of the 5 mcroengines is providing a
ref erence r WQRI4676%t he refierence request will cone througPCIAS0HREsess and
command queue 90, inside the SDRAM controller 26a. If the reference
request has refbirencet reguests tawrifsptiinery sheMVERribius @hi¢eoengioEng

ref orence I 99uest el | bnbepsRELe bl LokleLabhg gy olh Bk dlieup 902 or

t he odd ban queue 90 nenory ref erence reques 0€es Nno ve a
menory opt ithiazasebeacbst thetnexmd:l"chaﬁrmdmewgh.hebeefergmce rnreqmts)r‘td:er

gueue 90c. The SDRAM ¢ ol 26 i.S a resaurce, shar anong t he
ABUS i nt er £ 886 EBgaWnBechhe Seheonied AnI3e, O8I pdn LoRat ot A " e
SDRAM cont mdklreengfingkshs nprowditgy a Hefeteneehir8quéot, peid or m ng
READ- MODI FY-W.ite. atomc o ons. The S controller 26 also

per f or ms bylréfﬁlrfaﬁﬁﬁeﬁ?q‘flﬁ?g ‘é’g]i}es"tqé“eofthﬁgf’[)ﬁﬁwh %E)F&ﬁ\ﬁ anf JRIEer
queue 90c nguehai B9, t heseadeEh®fsDRM opitego1neaugehs frPmpHae m croengi nes.
Wth a series of odd and even banks references it may be required that a

signal is r FEPRERCENFFIURSh Rt &titoseds caldedubhe Aertinianst MEMS er ences

to both thepodd apd @Meambﬁ@kﬁefézfeﬁéée requlst’ 4809 BE Lt &Printd he menory
references into odd bank and even bank references and one of the banks,

e.g., the ei&hepahkei sveRbark qﬁeueermayolref:bfeend@sbmkcmeeuméQMd bank
but the ST Bl the ASABELCHoLLRLAL g | e {eBOLE! fEEMfiSve 4 %

controller cou celva nm cr oengi e that t he
menory requeptimidatdopl bivdsevearhe default will be to go into an -

order queue 90c. The SDRAM controller 26 is a resource
which is shared among the FBUS interface 28, the core

15 processor 20 and the PCI interface 24. The SDRAM
controller 26 also maintains a state machine for performing
READ-MODIFY-Write atomic operations. The SDRAM controller
26 also performs byte alignment for requests of data from
SDRAM.

20 The order queue 90c maintains the order of
reference requests from the microengines. With a series of
odd and even banks references it may be required that a
signal is returned only upon completion of a sequence of
memory references to both the odd and even banks. . If the

25 microengine 22f sorts the memory references into odd bank
and even bank references and one of the banks, e.g., the
even bank is drained of memory references before the odd
bank but the signal is asserted on the last even reference,
the memory controller 26a could conceivably signal back to

30 a microengine that the memory request had completed, even
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-33 WD 01/16769 PCT/ USQQO 22653 though the odd bank reference had not been
serviced. This occurrence could cause a coherency problem The situation
i s avoi ded by providing the order queue 90c allowi ng a m croengi ne to have
mul ti ple nenory references outstanding 5 of which only its |ast nenory
ref erencewgadersd 0 signal a conpletion. The SDRAM cont redinesoo2483 al so
includes a high priority queue 90d. In the high priority queue 90d, an

i ncom ng FRBREN £KS BRI GarK Q@rereneé K@ ot eRMgiseevigeas lthgarectly to
the high priority queue and i s operated ugon at. a higher rlorlty t han

ot her nenBFFUFERRFRRALLY Fause 8t Reher frobdem.of T ﬁe§é the even

bank queugs9980idd€ bP IR NGUEHE 8BFer IHRUY B amaﬁlﬁe%and the high
priority queue, are inplenmented in_a single RAMstructure 15 that is

IoglcalIyméégﬁ%ﬂgkkﬁlﬁﬂ(ﬁﬁW@uﬂuéFFPé?e@ﬁmQWYKRﬁﬁﬁrenéﬁéhoﬂFﬁﬁﬁmﬁﬁaw|ng its
own head ged,fall HOIPIALs 1§'s‘ECﬁemBH1|i:é‘ﬂeﬁ}ﬁzedrn@e%“ﬁoogn?ﬁéi ops are only

a single 1nput and & single output, they can be placed info the sane RAM
struct ur ecompletierase density of RAM structures. 20 The SDRAM control | er

26a al so i ncl udes R E c@h@%gffgilé%ﬂ(also 1nc§§§e9“§h§f The ASB bus

interface logic 92 i nterfaces the core processor
control | epr26ait¥haue\BB 3ids | Inatheshidglatprivotidgegqueud?2904d; taniat a pat h and

a 28 bit address path. The es t hr ough
MEM ASB daf&® ﬂ%@?éﬁﬁﬁ?y'ref%%e%geb g? I%Néﬁfigﬁ Hgggogﬁglce %s a queue
for mmltdldatalylﬁotﬁhﬂwhngh prdoni iy qh&uefanﬂnthepenaEedmmpmmssmr 20 vi a

ASB interface 92, the dat a an bg stored intaq the NENLA_EhdeV|ce 98 and
subsequen?lﬁlggﬁﬁv%EFq an other memory references in

queues. All of these queues, the even bank queue 90a, the
odd bank queue 90b, the order queue 80c and the high
priority queue, are implemented in a single RAM structure

15 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.

20 The SDRAM controller 26a also 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

25 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

30 MEM ASB device 98 through the SDRAM interface 110 to SDRAM
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30 MEM ASB device 98 through the SDRAM interface 110 to SDRAM -34 WO

01/ 16769 PGI/USOON2653 nenory 16a. Al though not shown, the sane queue
structure can be provided for the reads. The SDRAM controller 26a also

i ncludes an engine 97 to pull data fromthe mcroengines and PCI bus. 5
Addi ti onal W@R14676Pncl ude the PCl address queue 94 and ASECTAREH6 e
gueue 96 that mmintain a nunber of requests. The nenory requests are sent
to SDRAM i ntnembagel6dl0 Althoudh ingte)showh(6th&éheamel quehe xetrdidfanes

of the queusatand PROvLNEF ot ne reAdiioape SRhAy ShrtrRt St tes ™

priority bastdédoohnalpdesrammertdine duecspaldddanaafremi ety service

caontrol register 100. Once.c 6$rol to the nmultiplexer 106 selects a nenory
r§ 45

ref erence rBqGESERIEAES ndlYd ‘ence request, is 15 sent to a decoder

108 wherg it is decodeddatibmdl afltres inglugenehat 01 dd@rdses agladheaaddr ess
Is sent to the SDRAM.interface 110 where it i s deconposed into row and

col umn  addPés8ng: PBekeRd Wt Quate d6RADRECRARERIR | 2 W9 Rf data
over data |irBgsesfs.Sendé Hefid @ Attt slize SBnONEs 28pRAM! SR AIILN, bus

112 is actually two segarate buses " instead of a si ngl e bus. The separate
buses woul d11fcViidemuitipberei sl @ouplThegmupdsinlexer bl e disi eorveragi lask
22a-22f  angda+Wei EBRAMSa P91 ) ggﬁ i ' egh, gi B0 22am 22f. 25
A feature ogy?hlgés%RAM c%nt#%]fgjrgl 2| ac?lsa{e%?% reI%] gﬁir)rennr£e(3r§fef er gince S
stored 10 tlkd gheuauveves amd thilistadms oft hbeopeaueses Akl fram tirett can be

set, there |®c3486NBLILPS P 64 8ed U WY YREmRLE1 UNG1 € s ALY U
priority service control register 100.
Once control to the multiplexer 106 selects a
memory reference request, the memory reference request, is

15 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 l6a and write or read
data over data lines 1l6a sending data to bus 112. In one

20 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-
22¢F.

25 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 Achaining bit@. The chaining bit when set allows for
special handling of contiguous memory references. As

30 previously mentioned, the arbiter 12 controls which
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speci al handling of contiguous nenory references. As 30 previously
mentioned, the arbiter 12 controls which -35 WO 01/16769 PCT/ US00/ 22653

m croengine will be selected to provide nenory reference requests over the
commander bus to queue 90 (FIG 4). Assertion of the chain bit wll

control twWeooHIdI6% er to have the arbiter select the fund®CGI8S82268i t which
previously 5 requested that bus because setting of the chain bit .

i ndi cat esmidwderdimeniwdiildebgi selestsetdm prioxiider mgmesy . refExrgriquous nenory
references will be received in eue 90 when thesghatping,bit is set. Those
cont i guouESTHLTET SYEEs \e Fo'f‘vﬁﬁg‘g?ﬂ I%Psoéwst%b‘?gﬁ |9§1 ?#e]é'or er queue 90c 10
because thgs&otiidrgwdutheephaynrefeneiide conteoluthe paebieemryo tafver ences
froma single thread. I.n order to provide synchtonization, the nenory
control | eFRSAFHEEF s&rlrﬁ‘fts?:gﬁa%u%?@’t%]eﬁ&l fWFﬁggcﬂﬁ?Yﬁeﬂjwmry

ref er enceseqidited ARt Bavervetausd suttiplg WifzeHeneRAiy b ning, @ 15 (e.. g,
when optim zed MEM bit and chaining bit, are set) the nenory references

: )
coul d go imdicakes &hatt thenRicapending difsugd ¢ EBAPRFeIWPone of the banks

i ssuing the-si gnal ¢ AdQRaGiEcheRery he ihticeBank1vase f sbédivlicined, thus
destroyi ng coherency. Therefore, the chain bit is used by 20 the controller
110 to nnﬂm&@ﬁrﬁQlﬂ?emeﬁbﬁychéié%%%dQ%ﬁf%ﬁoﬁﬁttheTEGF?e%@n%ﬁHHRES Referring to

FIG 4A Bell UM  ATaNtIhiea1e) nd & diedl hath8NoPAb: CYadit IdiR: SDRAM

controller ai1s shown. e arbitration policy favors chained m croengi ne
25 nelfor ybecauss tthe Hoatpguoussmansryizafierepgesxane nmwbtipke Chained '
m cr oengi he neno r.eferen equ he r 5 stays at the.
chai ned rlg%f&%rs‘f eré/ufrﬁrl n te%e%%f?léi% §fﬁéle”l§ﬁ’ea£ 1R' 8t&er ét} _

provide synchronization, the memory controller 26a need

only signal at the end of the chained memory references
when done. However, in an optimized memory chaining,

15 (e..g, when optimized MEM bit and chaining bit are set) the
memory referénces could go into different banks and -
potentially complete on one of the banks issuing the signal
Adonel® before the other bank was fully drained, thus
destroying coherency. Therefore, the chain bit is used by

20 the controller 110 to maintain the memory references from
the cﬁrrent gueue.

Referring to FIG. 4A, a flow representation of
the arbitration policy in the SDRAM controller 26a is
shown. The arbitration policy favors chained microengine

25 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
followed by PCI bus requests 115¢c, High Priority Queue

30 Service 115d, Opposite Bank Requests 115e, Order Queue
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bit is cleared. The process exam nes ASB bus requests 115b followed by PCl
bus requests 115c, High Priority Queue 30 Service 115d, Opposite Bank
Requests 115e, Order Queue -36 ------------- WO 01/ 16769 PCT/ USQQ/ 22653
Requests 115f, and Sane Bank Requests 115g. Chained request are serviced

conpl etel y, wihewmsee® servi Cé}?;s;:_115b- 115d are serviced in rouRsrusiarissyr der .
Only when services 115a-115d are fully drained does the process handle 5

services 115g, s Phaienedndl S5RENSME HRISES §h8LENCehalggYest s are when
t he previ ous SDRAM nenory request has the "“chain bitE.‘; set.a%\ﬁgﬁ the chain

bit is set tiRAMSSe argr BREVACPAncemRleleky npihpreasysesyiche 3hble-Llede
again, untidrd kR 53l § trbﬁn&lfﬁgfﬁLofqgi;As%n3§bﬁhgpeéeg?i8£§ty 10 than

PCl due to the severe performance penalty | npose h rong arm core
when t he ASHEI15a-l3Sgaiaresfuldy ®Gined ddegitdre priocessyhahdbet he

m cr oengkne t L cy equi renents of .PCl. However _w th other
buses, tRe Arbi c%%t illg?ep??ggfty %%%’frbecgé"lﬁﬁq‘e@rg&ﬁlﬁ MERORY EREGFCRTE FI G

4B, typical nequesgsofaira whenr yhe \idwidusa DR MerPry ephuehEaha®Ntad W th
active nmenory _.opti.m zation_ js shown.. As c¢an he seen, the use of active
mermory opt i r#‘f i g’r’f% ﬁﬁ%i'm’ @@%nt & g %Wu?eﬁnﬁhﬁﬂughehi des the

i nherent | ateerhdyt rafttibnnepbyfée calmSERAM Ha\Uete the?@ah8 LlikbSceXgaDh e, a

non-optim zed g cg S C n,tage 14 cycles while optimzed access can take 7
cyl es. Refer”ﬁtﬂ’a °FF thet &bnt FHS 88B26F higher Rrimpiny s

shown. Tbe remam PCIOALEOLbetn6heveld gﬁgﬁfoxﬁﬁn@@dﬁéﬁﬁl@?dixﬁﬁ d,fueue

120. While the nenory 25 controller 26a (FIG 4) has a Queue for nenory

optinizatioﬁhe Strong arm core when the ASB is in wait state. PCI has
higher priority than the microengines due to the latency
requirements of PCI. However with other buses, the
arbitration priority could be different.

15 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
hides the inherent latency within physical SDRAM devices.

20 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 address and command queue 120. While the memory

25 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 priority queue 120a, a read queue 120b

30 which is the predominant memory reference function that an
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based on odd and even banki ng, nenory controller 26b is optimzed based on
the type of nenory operation, i.e., a read or a wite. The address and

command queue 120 includes a high priority queue 120a, a read queue 120b 30
which is the predom nant nenory reference function that an -37 WO 01/16769

PCT/ USOO/&%,Q,’;,}W-@RAM perforns, and an order queue 120c wrRGsopegsner al
will include all wites to SRAM and reads that are to be non-optim zed.

Al t hough gmg%ogbg&Mra%s%r%nggggg??jé@?%mgchlag %%“%Sai" so include .a

wite queu controlTer es Cco S .interface
| ogi ¢ i.ewilASBnbligdd 2211 T t&SBtiouSRAMt end aceadd dijac 822 itot bef aces t he

core processor_20 to the nt ral 6 The b I's a bus that

i ncl udes 5‘°§'2'°p§f'?‘lﬁ%1 a p?ﬁ@lﬁaor? %akgg %ﬁ{wﬁ’d rhe%tsgdg;z\t%%.s %ﬁg data is 10
accessed tcommaddf qosneel ycautldo adlsoMVEM Ixie datvaridey igneuel?8, e.g., a '
buffer, MEM ASB dat g deyi 128 is.a_qyeue . for, w.ite data. |f there is

i ncomi ig data from f]ilu% %ﬁgcoﬁ(}?@&?ﬁra% }tse Aé’éﬂzﬂ‘f'[%gr fREE P33, the data’
can be st anedrfhséolédic MEM ASRsgevuse1228 arkk A eyseinkgrEageved from 15
MEM ASB device 128 through SRAMinterface 140 tq SRAM = nenory 16b.

Al t hough AG91§hd%A, 1‘?’1’1%’:3’3&??9* FeuEoLer BEPERESOL AP 0 Fh&vPBRY for reads.

The SRAM copthehlier 26b. alme zsecbudessas wigitiatldhclades! b data fromthe
m croengi nes and PCl bus. 20 The nenory requests are sent to SRAM

i nt er f acebitadatpapathtand k&8 Pit. 29AEess | Rt exdhe1dgtpsigontrol led by
the SRAM %g:%.ge&dl@a 2 CAr- e bRyt RRrbUGh NeRP A @Rt gebitbe gqueues and

the status the requests and fromthat “decides priority based on a
progr amma3i28,vel de, sé dpefife gMEM ASB data device 128 is a queue

for write data. If there is incoming data from the core
processor 20 via ASB interface 122, the data can be stored
into the MEM ASB device 128 and subsequently removed from

15 MEM ASB device 128 through SRAM interface 140 to SRAM.
memory 16b. 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
and PCI bus.

20 The memory'requests 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 priority based on a programmable value stored in a

25 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
maintains control of the Memory Mapped off-chip SRAM and

30 Expansion ROM. The SRAM controller 26b can address, e.g.,
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25 priority service control register 130. Once control to the nultiplexer
126 selects a nenory reference request, the nenory reference request, is
sent to a decoder 138 where it is decoded and an address is generated. The
SRAM Unit maintains control of the Menory Mapped of f-chip SRAM and 30
Expansi on R&@ 0171629 SRAM control | er 26b can address,. e.g., PCIRISHR28116769
PCTI USO0/ 22653 16 MBytes, with, e.g., 8 MBytes napped for SRAM 16b, and 8
MByt es resefléeMBfoesspetrtial € UnGt iSoMByitesl mdppgd Boot SERMCESLY, arfd @&shrom
16c¢c; and Copsole port_acc es_1l3a and access to

sgfor MAC, devi 43b; an
associ at ed 58ﬁﬁf‘é?‘§. OF SRRFISRAGPRSTISRE FATIYHRIT | WP tabl es
and queue ppaageweat flasietdmwec;ThedSBANse08t port edcddds SERPMAC t he

followi ng transactjons:_ 10 Mcroengi ne requests (via private bus) to/from
SRAM  Cor e 9BV EESsbra( v]ré\b A@Bfmegsﬁoitf’r Bgfgﬁﬁﬂﬁéefhbm%?&b\/l BT er 26b
per f or nss MemrpeY SRERHEE §NGSed SEFH | 1EA10 1R GbZ EaBBE SV Snd &€s) in the

pi peline from 15 the SRAMinterface 140 to nenory 16b. The SRAM controll er

26b does neRBRjIPBEREcfERCEHIRGNg based on the read function. A bubble can
either be 1 or 2 cycl ggedepandi y i | oyed.
ORI ey SoBly D

The SRAM controll er 26b includes a | ock is an
eight (8 entkgngadkéeBstontent addressable menory for | ook-ups of read

| ocks. Each position include a valid bit that is exam ned by subsequent
read-| ock requests. The address and command queue 120 al so includes a Read
Lock Fal? Queue Mixpgendthe mRanestisock (Fid priveQumsheta/Zeehn iSBAMised to hol d -
read menory refec&nrcCerdRgsist s (via ASB bus) to/from SRAM.

The SRAM controller 26b performs memory reference

sorting to minimize delays (bubbles) in the pipeline from

15 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.

| The SRAM controller 26b includes a lock lookup

20 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
inciudes a Read Lock Fail Queue 120d. The Read Lock Fail

25 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 control queue 120. The memory request will

30 operate on either the order queue 120c or the read queue
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that fail because of a |l ock existing on a portion of nenory. That is, one
of the m croengines issues a nenory request that has a read | ock request
that is processed in address and control queue 120. The nenory request
will 30 operate on either the order queue 120c or the read queue -39 WO
01/ 16769 ROldidefed 22653 120b and will recognize it as ap¢rreshokgesX request.
The <controller 26b will access | ock | ookup device 142 to determ ne

whet her tli'z%bma’HHrv)lliPCPéé&;fh i7% 3krgady legketbek |J'.feqtu|%'s% TEFREY location is
| ocked fromany prior read Tock 5 request, then this nmenory [ock request
will fail cam@rwlﬁer beb swzeweenqwsphéwbaaoqﬂaa destilceqddgeto20d. If it is

unl ocked nggg h ress of that
menory re e?:g%lglel'ﬁé\n ?#%eﬂgeﬂ&%%eﬁargls I nt erfacte}%%gg ?chggfor m a
traditi ondf SRAM Iadm:exsslqcc}itr!@ad/lwr Loekedgfreant any mpaviory rééd. 1gbk command

cont ok efyccARd 00k 3o LN SIALOL 138 LI Ale G FadiEphogkad o he

| ock | 0ok u qavl ce Sequen rea 1ock. requesf‘s will find
t he nmenor pel stakednih ockedreadl Tenkr ;‘c‘ailoqmme)mzw unIIcEclied:Lby operation of

the a mcro on . ugtion in,a pro m.af-t t he or the | ock
has ended® eao?,ﬁtjr%zﬂé %mwgc@dlﬁﬁ ‘gaaff qe"r%e\ﬁl'lg BPt hen the CAN
After an uaueéks bﬁetmalafinérmﬁy g:élfbrqgefewiﬂ.ﬂﬂﬂa hﬁé@nbyhthe Bramest
priority queue_gi Vi a ueue rea oc sses chance to issue a
menory Iogﬁ‘ Féag‘égt{l‘?%pt%sp AntERRLE BWH%Ia%PFﬁFﬁg of a static
randonpaceeag/Wenpes yréw;&éwtt@ﬁemwyr@asr Yy ™Y ldamhuoaoﬁﬂﬁlou\éi:h active .
nmenory optinmization is shown. As can_be seen, grouping reads and wites

i mproves &PE éggﬁ%s%lg?ﬁ?l%ﬁq% 13§endgliyRizR. enter the lock into the

lock look up device 142 so that subsequent read lock.

requests will find the memory location locked. A memory
location is unlocked by operation of the a microcontrol

15 instruction in a program after the need for the lock has
ended. The location‘is unlocked by clearing the valid bit
in the CAM. After an unlock, the read lock fail queue
120d becomes the highest priority queue giving all queued
read lock misses, a chance to issue a memory lock request.

20 ‘As shown in FIG. 5A, typical timing of a static
random access memory without active memory optimization and
with active memory optimization is shown. As can be seen,
grouping reads and writes improves cycletime eliminating
dead cycles.

25 Referring to FIG. 6, communication between the
microengines 22 and the FBUS interface Logic (FBI) is
shown. The FBUS interface 28 in a network application can
performs header processing of incoming packets from the
FBUS 18. A key function which the FBUS interface performs

30 is extraction of packet headers, and a microprogrammable
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25 Referring to FIG 6, communication between the mcroengines 22 and the
FBUS interface Logic (FBI) is shown. The FBUS interface 28 in a network
application can perforns header processing of incom ng packets fromthe
FBUS 18. A key function which the FBUS interface perfornms 30 is extraction
of packet hwaxanszesand a ni cr oprogrammabl e -40 WO 01/ 1676 PCRfiBoe4I6EY 22653
sour ce/ destinati on/ prot ocol hashed | ookup in SRAM |f the hash does not

successful | %oﬁ%@llugstiﬂﬁti?éﬁkﬁfoﬁ?&ﬁerha'sﬁedp'l%mhgdlﬁosﬁm COf € gyocessor
28 for nore sophisticated processing. 5 The FBI contains a Transmt

FI FO 182, aharBcepgs FPFCﬁnegesanSHnﬁﬁqlvmstaﬁdpaske‘éomacaﬁraml sta_t us
reglstersllﬁ §anetgogﬁeug%£§ d%ab% Wb&h Qg g& via a
exe % ﬁ E

ti.me-multip access to t us 38 mhlc IS CO necte to the
transfer re@proressing-78, 80 in the mcroengines. That |s aII

communi cgtions to an r t ' |n I [ e nsfer regi sters
78, 80. The FBUS i nt e Wit et Sl et obas el kR 45

pushi ng dat ®eicetivet REFOr 283§ ea mm@iananslaauanﬂgFBmecbnnﬁobwnhbs whi ch the
SRAM i s NOT S|n t he. SEA f 9 bus gfart of, bus _38) and aYFuII state
machi ne 202 ° SFu f EEIRF 87+ ?ﬁﬁa ORE, BPAES, GEFRERT At

respective tﬁecmmeﬁgenglnaheztps¢ﬂauhlunme—mekﬂﬂeaxadpatéesﬁ td RPes 188a,
188b. The hg%ﬁqu g te%niges that the FBI g recelved an 20 FBI _hash
request . USnPP WBECR o & eeelied &9s theohr apgien FeHP tR%S oengi ne
22. Aftep the,keysiarenéencbesergithedlashedt ke hndi 66fmak fosteldnengd back

to the callln m croengine 22. Up to three hashes are perfornmed under a
from the microengines are via the transfer registers

78, 80. The FBUS interface 28 includes a push state
machine 200 for pushing data into the transfer registers
during the time cycles which the SRAM is NOT using the SRAM

15 data bus (part of bus 38) and a pull state machine 202 for
fetching data from the transfer registers in the respective
microengine.

The Hashing unit includes a pair of FIFO=s 188a,

188b. The hash unit determines that the FBI 28 received an

20 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
single FBI_hash request. The busses 34 and 38 are each

25  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.
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si ngl e FBI _hash request. The busses 34 and 38 are each 25 unidirectional:
SDRAM push/ pul | _data, and Sbus_push/pul| _data. Each of these busses
require control signals which will provide read/wite controls to the
appropriate mcroengi ne 22 Transfer registers. -41 WD 01/ 16769

PGT/ USOQO itpdiAeredeneral |y, transfer registers require predcEuscazsssfromthe
context controlling themto guarantee read correctness. In particular, if a

wite transfer regigégérallsy beirags#sedryistdiy eaduitet prote¥tsndata to
the SDRAM 5 16a, thread -1 nust not overwite this register until the

si gnal badkOoRr 5he SERREREL RANHIOAL iDgathem ko eiaransee; krad register has

been promgledeabhdeS8Y AW LEtieudaey. iEVEIWritd itriandess gg%igggyire a
signal back fromthe destination indicating that the funcfion has been
conpl et edisbbedngeused ly thdhrgrdad Hpi Peavide dadasiretbenfBR®M queue at

that geshiggalinhedtst] fidd e obedests il ygq%_rteef uhP€1 £ROPIetion is
guaranteed Wthin that command queue, thus only the | ast conmand requires
t he si gnalsiiggabab&ck oftdme SORAMegdntEohberr263 findicatksebbatiselisul ti pl e
comand 1 , onna eq must  be
broken in 88§§g§?a %§§§%?§§%°#§§%§,aéggﬂﬁépﬁﬁfg%rgggggga-n;?ﬁ%ﬁyned Vi a
cont ext . swappendoed heote xeeptiren ac aggnal nodcktbdmathehdebtimaniomy of this
paragraph,ig.relative to..a rtain_class of operations ysing an,

ool ol ABRSEREEDY Gt i, EERCRLEn ChEF in, st B  BREREE LS oy 1o

i nforodti ehe threadesriteroet ehe sand/ wommandlejueue atsthat the transfer
regi sters, the FBl proyvides eci al gyghjﬂ{otect Si ngﬁemhen t hese

speci al FBPSHEBALY r¥&§Qnﬂ¥f%§§ SsEPND ¢ order o

completion is guaranteed within that command queue, thus
only the last command requires the signaling back to the
thread. However, if the thread uses multiple command

15 queues (order and read), then these command requests must
be broken into separate context tasks, so that ordering is
maintained via context swapping. The exception case
indicated at the beginning of this paragraph is relative to-
a certain class of operations using an unsolicited PUSH to

20 transfer registers from the FBI for FBUS status
information. In 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.
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-42 WO 01/ 16769 PCT/ USO0Of 22653 Any mi croengi ne 22 that uses the FB
unsolicited push technique nust test the protection flag prior to
accessing the FBUS interface/ m croengi ne agreed upon transfer registers.

If the flag is not asserted, then the 5 transfer registers may be accessed
by the micremwgiew If the flag is Asserted then the contexgcraisowtssavai t N
cycles prior to accessing the registers. Apriori this count is

determ ned by the nunmhay ﬁicfdsaf%iree_r JednteseBetng FRYUSHESo1 Nt iiSed
frontend protection wndow. The basic idea 10 is that the_ m croengi ne nust

test this fPE§Y FEAPHEALRI PushokRSt HO Y RLLLRGEARN £1AP SBELOX otPead from t he

read transfRices8dhst €hs PﬁuﬁDﬁ@eifhé‘é}‘ﬁ{ﬂcﬁz%ﬂﬁiﬁ¥C%€§e_eéou & push engine
does not collide with the m croengi ne read. & her Enbodinents 15 It is to

be under st odFaPR&ETWARPESERES | nvEhtthsh flagks iseBAtdaseerbed, i themrithect i on

Wi th thesdetgian@¢erdeagt 5PLLS M PBEYocddied ggeggé pﬁiéfé&ﬁ%%épn 18

intended to |IIustrgte and not Timt the sco e rnvention, “which is
defined by the $iapelsfAssertgpcihri tieiarnter6 Shbeidawabctl, cyuheamt ages,

claimed i s P38 18 Geb iRy e 50058 PRI SR A T er for
a random acdeterminedybyctiriwdser o diraaddees seghstensmipaithgueue t hat
hol ds rrermr%ushed, plus a frontend protection window. The basic idea
10 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 collide with the microengine read.

Other Embodiments

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

20 Other aspects, advantages, and modifications are within the

scope of the following claims.

What is claimed is:

25
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references froma plurality of mcrocontrol functional wunits, said address
and command queue conprising: a read queue; a first read/ wite gqueue that
hol ds menory 10 references froma core processor; and control |ogic
including an arbiter that detects the fullness of each of the queues and a
stat us of WQ@HABI6Rt i on of outstanding nenory references tXFHEY menory
reference fromone of the queues. 15 2. The controller of claim1 wherein
the control logic further selects on€L3IMSBhe queues to provi de a next
menory references based on a progranmabl e value stored in a priority
service control register. 20 3. The controller of claim1l wherein the
address and comandl cpreuslderpfoges: randwny aqueser memogyeue t hat hol ds
menory referepnces fromhigh priority tasks. 25 4. The controller of claim
1 wher ei n§™RftPBRhgi ne sorts menory references into read and wite menory
referefces. -44 lllérilalddﬂéls]slhhdla:birMaﬂdlcjﬂedd thialtl hotdk Ménddy 16769 . -
PCT/USOO/ZZ%SS 5. E controllg glajn11 mhergl%Pthe addy ess and
command qG&GETEBGPT i & Plgra Ftﬁug M FRRC PG PEEIRRRAbry requests 5

wherein t QaieoNt 914 edddev® Q8 cBRREhA qudieRNpeikedyest s
a read queue;
a first read/write queue that holds memory
10 references from a core processor; and |
control logic including an arbiter that detects
the fullness of each of the queues and a status of
completion of outstanding memory references to select a

memory reference from one of the queues.

15
2. | The controller of claim 1 wherein the control
logic further selects one of the queues to provide a next
memory references based on a programmable value stored in a
priority service control register.

20
3. The controller of claim 1 wherein the address and
command gueue comprises:

a high priority queue that holds memory

references from high priority tasks.

25

4. The controller of claim 1 wherein a microengine

sorts memory references into read and write memory

references.
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and sorts the incomng nenory reference requests into either the read
queue or an order queue in accordance with a specified address node. 10 6.
The controller of claim5 wherein the address and comand queue conpri ses:
an order queue; and wherein if the nmenory reference request does not have
a nmenory opwowiastéeon bit set, the nmenory reference is 15 mtmowssoiess t he
order queue. 7. The controller of claim1l wherein the address and command
queue is inplenented in a single nenory structure and conprises: 20 an
or-der queue for storing nmenory references; an read queue for storing
menory ref ePences; aTngﬁ%FF%HQE/ fuedaimpl yherepay FbAprgdreserandes;

and w th the RERGLY gakhECEUhSPEeSO segnented into 25 four different queue
regi ons, each region having Its own head and tail pointer. |-45
¢

1111111111111G i L 1apier _rlqmeu§\Mhiﬂﬁﬁﬂl@@WE@th@G@bEQGEequéBtﬁhe
control | 81 ghethdhMAcBBhELOLILE SRS NLoniRUTRA.QUELE [ULIDALS
t | an eue” "arpbrtratron

conprises: an insert queue contro a rénove qdel ogic to
control insand sodtsebbealinobmimgorgmory mefferences réguestbeimueues. 9. The

control | er f (¢al Ehi [HLLGheSOBY ' Whaed CRTIRNInCRLE QhLEL ANfLRddT eSS
generator that
a specified address mode.

10 6. The controller of claim 5 wherein the address and
command queue comprises:
an order queue; and
wherein if the memory reference request does not
have a-memory optimization bit set, the memory reference is

15 stored in the order queue.

7. The controller of claim 1 wherein the address and
command queue is implemented in a single memory structure
and comprises:
20 an order queue for storing memory references;
an read queue for storing memory references;
a high priority queue for storing memory
references; and
with the memory structure being segmented into
25 four different queue regions, each region having its own

head and tail pointer.
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is responsive to an address froma selected nenory 10 reference from one
sai d queues, to produce addresses'and commands to control a nenory
interface. 10. The controller of claim9 further conprising: a nmenory
interface responsive to generated 15 addresses and conmands to produce
menory coWOOMI676? gnals. 11. The controller of claim9 iEVES022658%Hnt r ol | er
further conprises: a |lock | ookup content addressable nenory for 20

| ook-ups 8f read | ditks.corrolRercofit cbhirer7 ofheglednnthé® atidress dre address

and com‘raggmg%gélre%ééﬁé tﬁ{rt%%gp%{ig;%%%?ﬁead Lock Fail Queue to hold read

| ock nmenor erence reques fail because of a preexisting | ock
is on a portion .of arenorsert- 46ehe| Cohtrol ldnd la Ifembvel ghéue! 11'1 * CL M-

WO 01/16769, PCT/ USQ01.Z2653 . 13. Th trall f ¢l ai 2 wh i :
control | ePFPLERPrHLES T F61 CPBEF‘gltCJgQ?e(E}% (ﬁe?rdi %ng}{% g]?%tlﬂgngﬁLPoehgi nes

i ssuess a refdréncs rmpiethebyuaaeessi ng the |1ock | ookup nenory to
determ ne whether the nenory location 5 is already |ocked. 14. The
controller of claim13 wherein if the nenory location is |ocked from any

prior read,lock requgestcorithenlethefi SEams 1WErﬁ¥t}‘1eE0§5m%5£ :fails and is:
stored in the 10 read |ock fail queue. 15. The controller of claim14
wherein if the mendft FOERsk FOREFeLbRY Inst iacdxessn IeRRTR N thaHeory -

ref erencejsSresoWSIvEEd RN aadde8s St SRl se Rt eiNRefiBFPry by the nenory-
10 reference from one said queues, to produce addresses and

commands to control a memory interface.

10. The controller of claim 9 further comprising:
a memory interface responsive to generated

15 addresses and commands to produce memory control signals.

11. The controller of claim 9 wherein controller
further comprises: _
a lock lookup content addressable memory for

20 look-ups of read locks.

12. The controller of claim 10 wherein the address
and command queue further comprises:
a Read Lock Fail Queue to hold read lock memory
25 reference requests that fail because of a preexisting lock

is on a portion of memory.

I
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15 interface. 16. The controller of claim15 wherein the command
controll er and address generator enters the lock for the nenory address
for the issued nenory reference into the 20 |ock |ook up nenory. 17. The
controller of claiml wherein the controller is configured to control

static randwo®aé®8®s nenory (SRAM). 25 ----------- -47- |RCY/OSO0/32683 1 1 1
rracarrija1r 11111 11111CS
13. The controller of claim 12 wherein controller

comprises control logic to respond if one of the
microengines issues a read lock request by accessing the
lock lookup memory to determine whether the memory location

5 is already locked.

14. The controller of claim 13 wherein if the memory
location is locked from any prior read lock request, then
the issued memory lock request fails and is stored in the

10 read lock fail gueue.

15. The controller of claim 14 wherein if the memory
location is not locked then the issued memory reference is
converted into address signals for the memory by the memory

15 interface.

16. The controller of claim 15 wherein the command
controller and address generator enters the lock for the
memory address for the issued memory reference into the

20 lock look up memory.

17. The controller of claim 1 wherein the controller
is configured to control static random access memory
{SRAM) .

25
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