WO 01/ 16770 PGI/ USOQ 22807 SDRAM 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 MWOPRKMEWss. Parallel processing demands concurr FETUSERY on of
many programs 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 machine where

tasks are perforrm§B %Qﬁﬁkafiﬁfg%ﬁiﬁ?hgﬁé%%,%gﬂﬁ%g?@ﬁaéﬁeﬁl dya%%sing, a

plurality of stati'ons ar provid of performng al
tasks. That is, in general all or a plurality of the stations work 20

si mul t angously and i ndependently on t a5y common el enments of a
problenl%CErtain probl ens are suitablgﬁfgr g@#ution by applying parall el
processi ng. Menory syShessingendtion pelattdsltopmenesyicaptiraderscan be

i nefficient. . yygﬁy di, a resent invention
a nmenory corﬁar?rg:lll%gr 0 fa&‘r:g%r or%ﬂggég%gﬁr%e%?%%%jé?%@s&aeﬁg'address and
command queue that hoPalsahsipproceseingcies afr efficigiturfairm pfof

fi rst 7 eaa ity it EE il pbige CRIEN A APbGY B) o0 r ok PEAY 20 P,
referendd® f rm@seerrpaamllajs prrdeasing gdlethands 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 ?erformed 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 problém. Certain problems are suitable for
solution by applying parallel processing.
Memory systems used in parallel processing tasks
can be inefficient.
25 SUMMARY
According to an aspect of the present invention,
a memory controller for a random access memory includes an
address and command queue that holds memory references from
a plurality of microcontrol functional units. The memory

30 controller also includes a first read/write queue that
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read/ wite queue that holds nenory references froma core processor. The
menory controller also includes control logic including an arbiter that
detects the fullness of 5 each of the queues and' a sStatus of outstanding
menory refenﬁﬁgé to select a nenory reference from one hﬁﬁ) eues.
According‘wg Ydi ti onal aspect of the invention, the controller has
control logic that is 10 responsive to a chaining bit that when set allows

for special handling of contigugus nenor ef erences. Th i ni bi t :
control s thfdds B‘Fi“%gyt%eqc‘?ﬁ Cgh T G F@F‘gué%lf PH§ Fuﬁ%f?'g 2: n:JEigt \I/vhi ch

previ ous| yrdRIfuest8dqeeud that ARSEdS inkmo®ly t&femdntiesi figohi 4 addd control the

15 arbiter when the optim zed nenor it is also.set to intain the
nmenory refRHAGFSESTE oﬂ?ea “@ﬂPan?Oﬁﬂé}gﬁrcﬂgs%rl 8t c?ﬂgra? | | owi ng

adv?nt ??esld’gi‘{: Baclading (i]?xdabbiﬁéf thathdeeeaispatics falllhbesiofenti on. The
controller uges _nepory reference sortingwhen 20,.an optim zed nenory bit

i s set > THERRS §/ﬁ$e%/‘iﬁ"§ﬁcén sBritaks gfbg‘éiéﬁa&ﬁllﬁgnﬁgﬁgﬁ%sses t hat yaI | ows
hi di ng of rdferenar gessdleatl annehonk refegentdcirdmioke Spethéically, if a
menory systemis organi zed into an odd bank and an even bank, while the
menory corfff®%r is operating on the 25 odd bank, the nenory controller
can start prechargi RgcdtdEingetonahaadditRPoashaaspeant o pbesible if nenory
references,_ alternatg betwee

pt i i 24t | SRS IRAp e RE AP ERP 6, D BHEREF of oSk 11 ono wher e
oper atitonsrésminsi®ectn Hehmndgeg, bir chatr gben pratomlflowaefiory access, open
page -2 Vg%égQ% EZZglfﬁg'stggéggé%ﬁhs memory references. The
éhaining bit controls the arbiter to have the arbiter
select the functional unit which previously requested a
bus. Assertion of the chaining bit will control the
15 arbiter when the optimized memory bit is also set to
maintain the memory references from a current gueue.
One or more of the following advantages may be
provided by one or more aspects of the invention.
The controller uses memory reference sorting when
20 an optimized memory bit is set. The memory reference
sorting is based on bank accesses that allows hiding of
pre-charges from one bank to another bank. Specifically,
if a memory system is organized into an odd bank and an
even bank, while the memory controller is operating on the
25 odd bank, the memory controller can start precharging the
even bank. Precharging is possible if memory references
alternate between odd and even banks.
Additionally, other optimizations can be used.
For example, merging optimizations where operations that

30 can be merged, are merged prior to memory access, open page
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optim zati ons where by exam ning addresses an opened page of nenory is not
reopened, chaining, and refreshing nechanisns, can be enpl oyed. Anot her
feature of the controller is:.that when a 5 menory reference is stored in
the queues, in addition to the optimzed nenory bit that can_ he , the
control l er VQ8W6IMes a Achaining bit@ The chaining bit Mﬁ?f“g‘é@% | ows
for special handling of contiguous nenory references. Assertion of the
chaining bit will control the 10 arbiter to have the arbiter select the
functional aptimizeiionsprbere Ry examiniay AAdressRs: I RRENSSRPEFCDESCRI PTI ON

OF THE DRAV\E%J% ik hetarbdaleddi aRA MRS, aneoRPREReSIREdON 15 system

enpl oying a are-based nul'tithreaded processor. FIG 2 is a detailed
bl ock di agraeskanisms, sapdharesmeyed-nultithreaded processor of FIG 1.

FIG 3 is a block di agi-2RLef réatlire 8eNEhe Ccorftiitalieensl tHHt Wil ayed in the
har dwar e- based 20 nultithreaded processor of FIGS. |1 and 2. FIG 3Ais a

bl ock di Bigr memery xefieyencaeis nstared inckbe anesos ip) additian g0 3B, s

di agram t hat,shQysi @ et HRhofP'bd thAB! 8%k HMdeR) LRS! EskEdANer?5 FIG 3C
is a block diagram show ng general purpose regqi ster address arrangenent.

FIG 4 is aabsocksefl agRghrdning kité.y EThatshaindng PE WPRRSYd bandwi dth

operation. ysegd,d Nedhepadhdven sndasgdorMbit idisdadadmespcessor. 30 -3 WO
01/ 16770 PCT/ USOOR2807 . .
references. Assertion of the chaining bit will control the

10 arbiter to have the arbiter select the functional unit

which previously requested a memory bus.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a block diagram of a communication
15 system employing a hardware-based multithreaded processor.
FIG. 2 is a detailed block diagram of the
hardware-based multithreaded processor of FIG. 1.
FIG. 3 is a block diagram of a microengine
functional unit employed in the hardware~based
20 multithreaded processor of FIGS. 1 and 2.
FIG. 3A is a block diagram of a pipeline in the
microengine of FIG. 3.
FIG. 3B. is diagram that shows a format for a
context switch instruction.
25 FIG. 3C is a block diagram showing general
purpose register address arrangement.
FIG. 4 is a block diagram of a memory controller
for enhanced bandwidth operation used in the hardware-based

multithreaded processor.
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FIG 4Ais a flow chart that represents an arbitration policy in an SDRAM
controller of FIG 4. FIG 4B is a timng diagramthat shows advantages of
optim zing SDRAM controller. 5 FIG 5 is" a block diagramof a nmenory
controller %tency limted operations used in the hgcq ﬁﬁ" ggsed
rrultlthreaave processor FIG 5Ais atimng diagramthat shows advantages
of optim zing SRAM controller. 10 FIG 6 i's a bl ock di agram of a
conmuni cat i on bus erfac h e DESCRI PTION 15
Architecture: Refer rﬂﬁ %z@ % } gag%%%ﬁgéa?%%%sgﬁtggeﬁplo i ncl udes a
parall el habmmtaolnapeuwmlatn talnr BEM qunidceiter ofl FIGThd.har dwar e- based
nultlthreaded proce r b S bus 14, a
menory system 16 Zoigﬁd égsecon 1%9 fgﬁ%f e Hﬁaf f% nggé%a |aIIy usefu
for tasks bhatpttianiziegbsDRAM qom:a:obhe:a,l | el subt asks or functions.

Speci figal |y hardwarg:base o | for tasks
t hat ar% bandw dt h E§P| e%tjgsdrgr'la Ié"ﬂ CF atgén%?%ﬁrgl ohiréﬁgy

har dwar e- bésedlé@®enny Linhtehdperptbons swed] 2nhbse rardwpre-basedengi nes 22

each with d trolled threads that can be sinultaneously
active andHHﬂepengg%tﬁl %& %%n a task. The hardware-based nultithreaded

processor al so iFack u&ks:-sa acsaning diagrew that Hhowisandusstages in 30
| oadi ng m esources of the hardware-based
ml ti thr eag rocl%g'g (E%te;%o#ms -4 WD 01/ 16770 PCT/ US00/ 22807

FIG. 6 ls a block diagram of a communication bus

interface in the processor of FIG. 1.

DESCRIPTION

15 Architecture:

Referring to FIG. 1, a communication system 10
includes a parallel, hardware—based multithreaded processor
12. The hardware-based multithreaded processor 12 is
coupled to a bus such as a PCI bus 14, a memoxry system 16
20 and a second bus 18. The system 10 is especially useful
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
25 multithreaded processor 12 has multiple microengines 22
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
30 loading microcode control for other resources of the

hardware-based multithreaded processor 12 and performs
-y -



ot her general purpose conputer type functions such as handling protocols,
exceptions, extra support for packet processing where the m croengi nes
pass the packets off for" nore detail ed processing such as in boundary
conditions. 5 In one enbodi nent, the processor 20 i's a Strong Arn? (Armis
a trademark WOOMRNTLI mited, United Kingdom) based archit ed®CGHUES0

general purpose m croprocessor 20 has an operating system Through the
operating systemthe processor 20 can call functions to operate on

m cr oengi nesotter? Zendral divpgseocersute?Cypen funetions suyghoased oper ati ng

system preferabl.y a real tijoe operating system For f.nh care ocessor

I mpl enent ed%:‘iasnchﬁr Bﬁﬁ %?%sdr c,e%l‘:?%%{’?f?se’, exLEEr 5??%%r%;e/f§tref?€c§§%h as,

M cr osof t NT preadesisiing, whekrdte mibdo@idifes dassecthe cpapertat ol Syst em
avai l abl e over_th 15 IL.nternet,. can be used. .The.har dwarg-hased

mui 11 ¢ hr caddiPRs dEsadlpt HFOARRInE Bheli AF S, piPEaT Ry RREIER,

m cr oengisnesi? 2me? 2ibodFmertt,i dchel processmgi2led s( ai Stommyidred) (REa-i22f each
maintain a pluraljt f _pr m counpt ers..in r.dwar 0 states

associ ated W t ﬂ*g‘%ﬁgoﬁfa%&c}&%gﬁgf thee& %@P@&Fa&c@%rdrzespondi ng
plurality ofamsstitecturtr edile genelbel purpddeamécurspyocatsore 26nhaacén of t he

' i - 22f ' ' I, I ' t time.
' one. embodagting, sVgbef. dnkollh tle Ynefleifg"Redll R ROV "2 (1T
m cr oengi nespReszefr RAscam apdldi fuhcbiodmrtpropesste mp mbdnroeagdines e

° Th : . : > .
threads.,gThe, Sl x5 ¢m fg%&ggﬁg%}s%%aﬁ %a&ﬂ?éea%ﬁg‘ﬁ'kgﬁ%ég%{de%%gigg%es

~including nenory Sys bus I nterfaces ry system
16 i ncl udes sysienc prefiongbly réarieelRhine oBiratingssystsmr y FoSDRAR)

controller 283 AndoRestat! fmdiRdAlkd #s a Strong Arm architecture,

operating systems such as, MicrosoftNT real-time, VXWorks
and pCuUs, 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. Bach 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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WO 01/16770 PCTNSO 22807 Access Menory (SRAM controller 26b. SDRAM nmenory
16a and SDRAM controller 26a are typically used for processing |arge

vol umes of data, e.g., processing of network payloads from network
packets. The SRAM controller 26b and SRAM 5 nenory 16b are eg%zi a

net wor ki ng Y8V ¥t ation for low latency, fast access t%‘ﬁés,o .887.,
accessing | ook-up tables, nenory for the core processor 20, and so forth.
The si x m croengi nes 22a-22f.access_either the SDRAM 16a or SRAM 16b based
on char act BFFR35 Memeryt hERA: £ontrpligr 26b. o\ SPRAN meporyokbdaanthi dt h dat a

is stored pprANGdnti-ehedr f2auna3RAM/picdIaneasell shepliradwidyh data for
which Jlatency is _not as_inpportant, is stored in_and fetched from SDRAM
The ni cr oeh@F9RIoismes 2L datasy &cHt ¢ RRARSSFING 9% MGTWOTKNBAYIRAIONS t O

ei ther thesSbiRAMGRBK! phédt26a The SsiM SBAVEEOIEF B dieandbBraMdvant ages of
hardware nul tithreadi ng can_be explained by SRAM or SDRAM nenory accesses.

As an exanPFRery FEbsrER uRkbdd AcREEQEdngy 1uPIeReni@tdons £8%n kPWri cr oengi ne

Wil causelatehciRA¥REONAEEdLEadRB, (8. 4.0 bbabssaiy AGRSEp! Laritd,he SRAM
menory 16b. The SRAM controller contraols arbitration for the SRAM bus,

accesses tAEBATCTEEN® FHTRESCLREOT A1 PPBNPR HPRAM 16b, and returns
data to a request;ggeng;gx Q_ﬁl&b&ﬁgi’ﬁ@sl QQBEZDﬂé&a%ﬁlzegaé%?%@s& i f tEe
m croengi n 0., a had. qn a single thread fhat cou operate, that
ni cr oengi ngnﬁﬁyﬁlléabgdg?‘%rﬁé%ﬁﬁﬁdo‘gl Shagastersiinsd of r bhe t9aFasrRaM By

enpl oylhg Tmﬂwamh Labésey, lowapRhdidhi hhag;af@mw;:]:eahennéﬁd oengi nﬁs
22a-22f, the war e text swappj epabl.es ot-her contexts wt uni que
program cog‘?‘l"t"é’re?% OBx e ¥ r?ﬁﬁlt%) gﬁnﬂ’f’cq fGtReToriRichnot her

thread e.Qglatehuyedd nbt cas 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 16b. '

Advantages of hardware multithreading can be
explained by SRAM 6r 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 eacﬁ 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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-6 WD 01/16770 PCr/UB00n2807 function while the:first thread, e.g., Thread
0, is awaiting the read data to return. During execution, Thread -1 may
access the SDRAM nenory 16a: Wiile Thread -1 operates on the SDRAM unit,
and Thread -Ois operating on 5 the SRAMunit, a newthreag,ﬁr hread 2
can now operW¥PEMIETH t he microengi ne 22a. Thread -2 can ope g"s?“ a
certain anount of tinme until it needs to access nenory or perform sone

other long |atency operation, such as nmeking an _access to a bus interface.
Theref ore, Eunghicmabideythe firsy ghseadsdct-9t2 ERRERAVY alus operati on,

SRAM oper at é@é&@if}%z +HRRAM nelal iton rathrdei MhreagPbRtack in, Oper at ed upon by

one m croengl ne a and have one nore thread available to process nore
work in theThzead damey Faeessrtdiea SORBY QL% Weapi nihile Ihdgdchitoni zes 15

conpl etion gief onF Bhe CXBHAM SmikYOahd BRERLCOULS Bééraﬂﬂﬁﬁ $ane shared
resource e.g., SRAM Eacﬁ one of these separafe functional units, e.g.,
t he. FBUS i ntlee fSRAM 2@ity he naRAMITead: r 8t 9or ThggadaddcamaDRROTasAt rol | er

26b, when {hey,&-BbRgand eseSt eflrbagke feRiMopReatt tde dMidereandi ne 20
thread contexts reports gack a flag signaling conpletion of an operation.

When the flamount rafciimeduntil HE nerdpobm@IResst REMATY rPeRAGFOT®an
det erm ne wgigd ém&adohghlat@&ap%e%@i@ma@y@ ak Askanp!drfaldeegsfor the

har dwar e- 25 based nultifhreaded processor 12 is as a network processor.

As a net wor ko p? detss daterfage harhwaedors s il teneRr e P r ocessor 12
i nterfaggs %Qo@@éé&r i 20 @4h CRSve UC huBSope FRtlich, BRARSSpEAAEIA] lad devi ce
e.g., a 10/100BaseT Cctal MAC 13a or a_Ggabit Ethernet device 13b. In
general , asSBRMétemsmation all being completeéd or operated upon by one
microengine 22a and have one more thread available to
process more work in the data path.
The hardware context swapping also synchronizes
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. 1In general, as a network

30 processor, the hardware-based multithreaded processor 12
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30 processor, the hardware-based multithreaded processor 12 -7 WD 01/16770
PCT/ USOQ' 22807 can interface to any type of communi cati on device or
interface that receives/sends |arge anounts of data. Conmunication system

10 functi O@ﬂg’?’gk@“a networ king application could recei vgﬁg,ugwghl ty of

net wor k pa fromthe devices 13a, 13b and process those packets in a
paral l el manner. Wth the hardware-based nmultithreaded processor 12, each
net wor k packet, can _be indeapendentlt%/ dprocessed, Anot her exanpl e. for use of-
processor 920 jiAtTRCH @M GVRE. $0COPHBLER LI DAY 68e%80r or as a
processor id«drfacet ehagersddivesysends JargeRAmdumtisskofstiatage. A further use
is as a matching engine. In tqs ecurjities i ndustré% %or exanpl e, the

eg‘éﬁ &

advent of &9 AELOR r SR RS FONRE 1R FEUPEELPBNni ¢ mat chi ng

engi nes t Cappilicatidnotesls retieweena plymiadidpdos aldtabtk pheletsand ot her
parallel t 18065 f tasks 03@ be g.gco | i shed O{hthe Ségtgm. 10. The
processbor N roeudeEices iSa nd Pt AL PFOCERR TRSUBREE R Drbcessor to the
second buspadfal1RUSmhfih€r f asE th26he thd mivare-padadlimuintitheepdes t he processor
12 to the so called EBUS 8'n%FIF bus%. The FBUS | terfac€l28 S

r esponsi bl BFI55SeEnt ol‘F?"ﬁb HHOFRRATRES 537t e PEREGPLIN, 1o the FBUS

18. The FBbfockEsed.a 64-bit w de FIFO bus, wused to interface to Media
Access Controller ( C%lbdevi ces cessor_ 12 i_L?cludes a second

interface e.g., a NI ?’ﬁ‘f“g}fg %ngle?efhgtpﬁ%%epﬁsgg ofhef Lystem
conporent spiird engindefan # IposPEebript uoceesdheomprascaspovcesshr The PCl bus
Interface gélt ap rs%\éirgsg s?uﬁ‘éy%'%a%?ef ge.d,atﬂID disk storage. A
further use is as a matching engine. In the securities
industry for example, the advent of electronic trading
requires the use of electronic matching engines to match
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 sécond 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 1léa



path 24a to nenory 16 e.g., the SDRAM nenory 16a. Through 30 that path data
can be noved quickly fromthe SDRAM 16a -8 WD 01/16770 PCTNSOQ 22807

t hrough the PCl bus 14, vi.a direct nmenory access .(DVA) transfers. The

har dwar e based nul tithreaded processor 12 supports imge transfers. The
har dwar e bas®@ 8679 t hr eaded processor 12 can enpl oy a pl RAVYSY2867 Dy
channels so if 5 one target of a DVA transfer is busy, another one of the
DMA channel s can take over the PCl bus to deliver information to another
target to nmthmbugin theylPQir boestér viid défkectimempory AddessofBMA), the PCl bus

| nterface %raﬁ%@é’é} S ! ﬂgﬁzd\%&de rﬁ%%teglrjrsnugﬁﬂﬁéa%ﬁs {igg?’ﬁ%r ations 10

are operations Where slave devi ces on access rough reads
and wites shaporte Iwmgse ¢tednafers sl dhe hardwarediasedemultbthrdadednst er

ti : | HhBC r i ves data
A rectly 11 BESERRASEY Yant Bhlor 3, TINEALIEL o S Ehnb §1d 47 /2% T
coupl ed b0 one t@Ig¢MNQ£ianDEAnaxamnﬁaasiSABUGMBCﬁndﬁaarbehevwftﬂﬁai nterna;
b d , |4 L. : one for wite).
Tﬁzeﬁa?&\i/ar g%a%é%‘%ﬁ %ﬁ?‘fﬁgﬁéd&ﬁ%&@& g’;i l%gé aqogggllggg(r)nst ructed such
that the sudingprndfeldmtdniagohber(taxgethsoi matntrin bdgbsprocesmmilcessor 12
exceed the 5?%519#@&9}‘. Oqu%&E%HQ*l;RUS&é BeYPh &L i‘r%etr'%ﬁggré’&essor 12. The

I ncl udes us :

processor 1 an 1 nternal “core.processor €.g., an ASB bus
(Advanced SpypparBushandedt apdupasten lpperptiorssofarges goperatidrs nenory

controlhgr 208 opbfadilthd Snd2e b1 AR dhABEL 300 i) 10°aEELDE Sihign  The ASE
us is a subset of the so called A us that 1s used wth e Strong
Arm pr ocesséhrougk. reads gndcwsites 1thagl evei servidiesl as a slave to

target 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 translatoi 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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a private bus 34 that couples the mcroengine units to SRAM controller
26b, ASB translator 30 and FBUS interface 28. A 30 nenory bus 38 coupl es
the nenory controller 26a, 26b to the -9 WO 01/16770 PCf/USOON2807 bus

i nterface 28 and nenory system 16 incl udin f | apdy, d for®
Yomd, Ref k O ool e

boot oper d so forth. Referring to FIG 2, each of the m croengi nes
22a-22f includes an arbiter that examnes flags to 5 determ ne the

avai l abl e  threads t o be_oper d u on. eagd, f.r ay of the

ni cr oengi ABS 3L 5a?12 i’b‘g %ﬁ\l/lsggﬁ 'ngﬁ 'elrn%g‘]ggQX%DRAM control | er

26bI or ::Bbﬁasl?f\:ﬁner]fsacaseﬁ fﬂf\&:omnbpgrm%hérso 2Bectind 26b each include

a plurality of queues to,staore t s§ andi LY, 10 ref ce requests.
%ﬁfﬁ}ﬂgd¥ﬁéﬁg 5 ﬁ?ﬁ%&ﬁ g? mlcroé% ELSQ q

The queues either hiC( erences arrange nenory
refer enceazagzppt:lzﬂsmaesrramnb:hamdmhmlt fexamdneexflgg e, tqf a thread -O has

no en encies or .relatj hi hr ad no eason t hat
thread RESHG 5 Eg?rbf%?ee Qﬁ’é?? m)r%y eré‘?%‘re c??a’s t3™¥he SRAM uni t
;)lﬁlt of ordﬁfeaa' h&dﬂ (ahgeﬁgitrmmlﬁiaeﬁeinessgae-ﬁéfrmq,n reeficesentike r equests to
e menor ntro s 2 a The r a-22f flood the
nMenory suggﬁ‘éﬁe‘ﬁ%"% lﬁﬁdg%b% gﬂ%tr%ﬂr?%rrgg?%Pe@ﬁnce operations such
t hat the mlitziafﬁa&lmystem M@Ocanﬂr&ﬂbmeéﬁaeammé’ﬂh)teabbneck for
processor | er ati.,on ry.s S with nme
tRSEUdF & BiXES %rﬁ%’én‘%‘é1 ﬁ‘%gﬁ‘gg Yo é{ﬁ% biELedhdihg g'g m

requests ure, processor perform
menor yor efrelfenemcecnetqruagtslvermrw quefies eeﬁd@ersmamt@ln rﬁfﬂd&regfachi evabl e

R e o i A A
memory bandwidth. For example, if a thread_0 has no
dependencies or relationship to a thread_1, there is no
reason that thread 1 and 0 cannot complete their memory

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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references to SRAM swi tching current direction on signal [|ines between
reads and wites produces a bubble or a dead tine waiting for current to
settle on conductors coupling 30 the SRAM16b to the SRAM control |l er 26b.
-10 WD 01/16770 PCT/ USOQ 22807 That is, the drivers that q’r.)‘fso@i ent on
the bus need¥P8VITR | ¢ out prior to changing states. Thus, Tepetrtive
cycles of a read followed by a wite can degrade peak bandw dth. Menory
reference sorting allows the 5 processor 12 to organize references to

menory such that | ofdadt fnghedtigads Ehat Frivs FUREE HCPR strings of

wites. Thi gusafedt® t4sadttleNbit Pra®rdeadchaning) stheespi pEiddle to
effectively achi eve closer to_naxi num ayail a bandw dt h. Reference

| e
sorting hel pePRetHve FYGIrHl PEI 2 Headh EAnarEed dnt &« WTLhe cSRI: . 9]8F3@8e SDRAM

reference sgehkMNandilddns hiueheey HefRirenebaseetiny’ aNLens Bk to anot her
bank. Sg)emfically, i f the menpry system 16b is org_ani zed into an odd
bank and®anPEFERSIRNIEZ i PE%W%FG&&%'?BF‘*? SOIERREY G Rt odd bank,

the nmenory gghgrot+igLdF shads dén PecEbLgved Bhaoayestbamds Jir echar gi ng
is possible if nmenory references alternate, between odd and even banks. By

ordering meHdtyes ef St &8Nt Be Jpged 1o BLBLRERS S2ad tiBP iR i 1R banks, the
processor 13ib8Piky aso PRANEDRET HieveAdUbsé O Inpximi edvaidiabTezat i ons

can be used, Fqr, 20 exanple, nerging optimzations where erations that
can be nerB@B,gwh‘ffé"rre &XEPFOr 9%%9%?%36&%’@,“8@?% optim zations
wher e byoexadicawaife astiitextethadadpen@i RREESDRAM, MeREEYehSe NErtivgpened,

chai ni ng, as |1 be. described below _and refreshi ng nechani sns, can be
ool oyod, 814k ARG, 0 PEECCIAr R, $PRsOT R FOaARothe: Bank.

Specifically, if the memory system 16b is organized into an
odd bank and an even bank, while the processor is operating
on the odd bank, the memory controller can start

1S 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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Receive flags for each port that a MAC device supports, along with an
Interrupt flag indicating when service is warranted. The FBUS interface 28
al so includes a controller 28a that perforns header processing of incom ng.

30 packets e FBUS 18. The controller 28a extracts RusodzkdorV'O
01/ 16770 P#%ZZBO? packet headers and perforns a ml;é'lr}oprogramrabl e

sour ce/ desti nati on/ prot ocol hashed | ookup (used for address snoothing) in

SRAM | f tggcﬁlesme gs ngt sycee ssful resol v Q_e packet header is sent
to the protesso 3 50°83 R5F 858?@6%5”8?835 The FBUS interface 28

supports bmrde:yidesﬁnmgtim,epmbcdhtlaasrreahaaokmpne:seIaBtBSrusadre(ﬁlar ed bus
SRAM to/fr F nit (Vi rivate bus tes from SDRAM
Unit. ﬁ%{?g' 8 gl%%u §¥R§§ ?%’ g%ﬁ%l\/? ot Rk éfwéiYs a standard

i ndust ry buss@lmb |thel palelseta héatiarbus ,semtgtpo GHe lprctesisde avrk Fodeband
control dd ad/vvr te The Interface 28

or ovi des tﬁog Jq%i[iog?o PHp ssllgpgecng?ﬁ)&%bg 6’?teﬁ‘%tce ég REPROH i es of

i nput and bhlepiullléhﬁ@gsnﬁga‘nfa%datirmnshet&ﬁﬁs 29a- 29b, the m croengi nes
22a-22f fetch data fromor comand the SDRAM control |l er 26a to nove data
from a receive FIFO in which data has cone froma device on bus 20 18,

into the FBUS ifBP®@mhitce 28. TBRearddtoas G&MMbe serto/fadmrmwicgbengimnry control | er
26a t o SDRAM nmamos Wnfa, Via (aa.a ghivaed bEBNOr Y a&E6SS froal SBRARIUNY:. t he

m.croefi nes caRpydye data f %@E&SDRAM 26a 944 Qb &pEAEE 28, out to FBUS
18, via the FBUS interface é8 25 ta functions are 3| stri buted anongst

the mcroengines. Connectivity to the SRAM 26a, SDRAM 26b and
The FBUS 18 is a standard industry bus and

includes a data bus, e.q., 64 bits wide and sideband
control for address and read/write control. The FBUS

15 interface 28 provides the ability to input large amounts of
data using a series of input and output FIFO=s 2%9a-29%b.
From the FIFOs 29a-29%, 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 l6a, via a
direct memory access. Similarly, the microengines can move
data from the SDRAM 26a to interface 28, out to FBUS 18,
via the FBUS interface 28.

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

-12-



FBUS 28 is via command requests. A conmmand request can be a nenory request
or a FBUS request. For exanple, a commuand request can nove data froma
register located in a 30 mcroengine 22a to a shared resource, e.g., an
SDRAM -12 WO 01/16770 Pcrluso0/ 22807 |ocation, SRAM | ocation, flash
menory or soweoM@7address. - The conmands are sent “out to REIUSHN2280%k
functional units and the shared resources. However, the shared resources do
net need to maintain |ocal buffering of the data. Rather, 5 the shared
resour ces ageeatish sStsrAMIledatidm, |fladheflentsy r GomehMACT sddesrg.nes. Thi s

Srbit 1 at i ng The CoBRR A58 oBheoun £ S8R Oh TR FURCESPAE AT Wt ¢ hi s
feature, thand the asKhrelresstifitds f OHowaver potHeorshdaked i:@sélﬁhtcﬁé’maig to fj he

m croengi nes _22a-22f. Th ata buses <J. . AS s 30._S us 34 an
SDRAN bus SBOEoURFE i FRICEALR T rr bubsPrind & JHe HBkary Nethbroll ore 26
and 26b Brethé shiféedirydoubassackdsss dibtribated mi;mte aﬁeaﬂ@diiﬁﬁrdéal )
bottl enecks. _-Thus, jn order to avoi d bottl enecks, the.pro sQr 12 has
on bandws ot RE FhS T ErOIRRSs o Thith S5RbIAS PHHATBIAL  ALTCae BP0y, dog
with at 1 eakbvewieeal hzcessi goumibandsttiel thah herbitracinagy féises. As an
exanpl e, the SDRAM can.run_a .64, hit w.de _bus _at 83 . The .SRAM dat a bus
coul d have S8F8P&tY (A& SA74 W%ﬁ%eﬁﬁégg,f%r. d:%,e E’@érd A TS bus of
32 bits w d€eataneNg-lrelGs A2 cyrlen stmill efbriswaiftidg ot sdatale at 166

MHz. That is,..Ln essen 64 _bits runni,ag_gsh.166 MHz which is effectively
tw ce tﬁé béﬁ&?f’&? %cl’ Ctﬁ?eméﬁéﬁ%ﬁg & g(%rge% ocessor 20 al so can access the.
shared 25 resources.ThEhelater bugencesyo, ASBHass 80¢i SBAM bus 34 and

SDRAM bus 38 coupling these shared 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 via the
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comuni cation to the SDRAM controller 26a to the bus interface 24 and to
SRAM controll er 26b via bus 32. However, to access the m croengi nes
22a-22f and transfer registers located at any of the m croengi nes 22a-22f,
the 30 cor sor 20 access the mcroengines 22a- 22f p¥ipsiorsse7- 13 WO
01/ 16770 807 ASB Translator 30 over bus 34. The ASB. transl ator
30 can phyS| cally reside in the FBUS interface 28, but logically is

diStinct . e AR, TLANs! A QCefRedior Mnd hldransats ANy abhon bet een

FBUS m cr er regrs | ocaii ons and core processor addresses
(i.e., AShHysipaiby temtdet e the &FBiiSodntenvfacd) %anbatmqaégyst ers

bel ongl ng e mcr g S ?59 D%lbg oSRAidAgs 22 can use
the regi ster%é‘éfb'lmt:o exc %a??gg Ta alééz'gaeéé: I}B‘gl %15\/ a scratchpad menory
27 10 i s tadanslptben dextweenpEBUS tmitiroenghng nwrﬁéemregalar@txa out to the

menory ¢ for ol thPQ S PE 'einﬁ ?é%e &Zqﬂf%%g sesS Oy ra% ﬁg,?%g, oupl ed to bus

34. The pr core S core’5 errente ina five
st age pi peihattetberctmreﬁmcstssongztb capsacgess rwmstem Qﬁi@r@g}agand or two

oper ands |&f ?hgl HQJ: ?eqy#ﬁl%s E?%gﬂ.'es mul tiplication support and 32 bit

barr el suppor core 50 is a standard Strong Arnv
~architecture but i tAlﬁlqug]bl abereenyinesh23 ¢an aset fhe regimtiemeetor

- per formangg, 1 rg‘gﬁﬁﬂ@% 48 %r OE§$§%{( 831&9 20 fdrafchpsd Wi 26 kilobyte

i nstruction c at a cache 54 and a prefetch stream
buf f ed056.is FRQOCMWMégsBPrW M@le%ﬁﬁ ttenkrite cﬁ?é?raatqu&ns in

paral | el vid RyefBRY-PAdreBeRRE hONORHELHOR dliehas. fie core processor 20
lnterfaces with ot functional unit
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, proﬁides 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 B
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 +wia the ARM defined ASB bus. The ASB bus is a 32-bit bi-

directional bus 32.
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25 via the ARM defined ASB bus. The ASB bus is a 32-bit bi- directional bus
32. -14 WD 01/16770 PCT/ USQQ 22807 M croengi nes: Referring to FIG 3, an
exenpl ary one of the mcroengines 22a-22f, e.g., mcroengine 22f is shown.
The mcroengine includes a control store 70 which, in one

i npl ement at i¥AMIGTM udes a RAM of here 1,024 words of 32 E?‘FNS%S%AM
stores a mcroprogram The m croprogramis | oadabl e by the core processor
20. The mcroengine 22f also includes controller logic 72. The controller

| ogi ¢ i ncl Yiderpengingstr ucti on decoder 73 and program counter (PC) 10 units
72a-72d. The four micro programcounters 72a-72d are maintained in

hardware. The nicroepgiraer22§ @& ¥2cl.ng) L&e%xea\zubeyto@uam 34 t ching | ogic

74. Context event logic 74 receives nessages O\IE RESPONSE;
FBI - EVENT- RESroaet ingRARREVERST RESPONBEST SS39aH=1 i’ﬁiﬁgb € and ASB

EVENT RESPQYEE) odd iR 2nB1088s o con@oshat ik M@SQHLERS, i .¢he SRAM 26a,
SDRAM 26b, or processor core 20, control and status re d’h‘i:étz and so
e

forth. ThesémphereniedisnoyinelidfsenBrMRE et dr A4f ‘2§° d function

has conpl et ggy . Bagd rRaM WB6LE8 a GficRebréfram f UNtlel AlctEsiteniatd iBy a thread
has corrpl eted and Si gnal ed conpletion, he tq\ggad needs, toz\@gt for that
h

conpl eti on lepgakie b¥nh&her cPRR RIFﬂC'@é8°Fs %’na miSTRPRIIRR 24hen t he

thread is ph@ﬁ@%ﬁlﬁésa\éah{:ﬁbi:ﬁbﬁ flrogad ’vzst 'J(Hwtcoahewler I8 ci cr oengi ne
22f can have a_nmaxi num of it

2 | A g ! 5({;1 ai algtlne _adg(l # on to
event si gnafBCygERs A% F‘&Eﬁ}‘ 'f"o‘”hﬁi QQEEU?? stk t‘ﬁ% eC":r ENdi nes 22
enpl oy $09nahifg 72a-72d. The four micro program counters 72a-72d are
maintained in hardware. The microengine 22f also includes
context event switching logic 74. Context event logic 74
receives messages (e.g., SEQ_#_EVENT RESPONSE;
FBI_EVENT_RESPONSE; SRAM _EVENT_RESPONSE; SDRAM
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 informaﬁion on whether a
requested function has completed. Based on whether or not
20 a function requested 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 makimum 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
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states that are global. Wth signaling states, an executing thread can
broadcast a signal state to all -15 WD 01/16770 PCT/ US00/ 22807
m croengi nes 22. Receive Request Avail abl e signal, Any and all threads in

the mcroeggy NEs., gan branch on these signaling states.' JhegResagnal i N9
states can be use determ ne availability of a resource or whether a

resource 5 is due for serV|C|ng The cont ext event Ioglc 74 has

arbitratiaon for the f th n o rbitration -
is a round™¥BEHIMBERS sm %ﬁ‘l éeﬁ?eqﬁ"ﬁrsl!tqﬁg%ﬁc%u d usecf{'wanc udi ng
priority cpEuithyeadswn dileetitaoengingisngan Tiwanth nnctbesgl ne 22f al so

I ncl udes an. exq&lﬂt | (s)@atp QX (Eﬁggg ggtn%llﬂg e L& d R é bac §2h arithnetic
| ogi c unit %ﬁ? ter % b.

eneral purp regi set e arl Thnetic | ogi c
unit 76a mﬁmeaavaiﬂrmaatmn@lfla)g:e@ahrcem iwnethes awetésouxrceshi ft
functi@ns.. The reqis 76b has a relatively 15 | arge number of
general% purp(?gle ?gél %%Fe‘?is‘ﬁ% wll be described in FIG 3B, in this
i npl enment ation t her'Ehar@rﬁéxtgemiallqmppibéeharaagarbttérst;cm £ r st bank,

sank A anddl ddbr 347 SGRAAIANKT, R elipod Mol ¢ha 2 Do 8020, o egi sters are

w ndowed as W ed so't ey arere atlve and
absol ut el ylsadidlresaelbr@lnTMChac:Mng|Q¢bezztedlmuenc‘;9@l& ke wsede transfer

\r,\ne%:jg;[/\:{j zj{r?éih dtgﬁga'ggl@rlrt%aqu%ﬁﬂ%f&r W%!L abscﬁalr Qﬁé&lﬁfgl SIthF‘er s are al so

0 are ely an utel’y addressable. Wite
transflédr 2siquegngiae %Zfa@I%S?BlB@lW anypreeuidang bpy LEB@Sodata i s

| ocated. SiJuH gl ¥nat CALIERSSAR  aSiltHmieL S0 1§g1fc9'im5.€t Y64 aflpta froma
shared resource. %se uent to or concurrent
general purpose register set 76b. The arithmetic logic

unit 76a performs arithmetic and logical functions as well
as shift functions. The registers set 76b has a relatively

15 large number of general purpose registers. As will be
described in FIG.jBB, 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

20 and absolutely addressable.

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 absélutely addressable. Write transfer

25 register stack 78 is where write data to a resource is
located. Similafly, read register stack SO'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

30 controller 26b or core processor 20 will be provided to
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with data arrival, an event signal fromthe respective shared resource
e.g., the SRAM controller 26a, SDRAM 30 controller 26b or core processor 20
will be provided to -16 WO 01/16770 PGI/ US00122807 context event arbiter
74 which will then alert the thread that the data is available or has been
sent. Both tWOMMEM register banks 78 and 80 are connect edPGFIS09a807
execution box (EBOX) 76 through a data path. In one inplenentation, the 5
read transfer register has 64 registers and the wite transfer register
has 64 regi soatext veritowdbibter| @ wdAcht Wblhitherendent the dphngad nai nt ai ns
a 5-stage m - P e ;82 ' | pel § Lncl s |

m cr oi nstr&?%gn&vgfé stIAS g, a}v%-@niqtl%%‘iokggobé[ﬂg slréggi'stgggyﬁ%nas(ﬁrresses
82b, read otegpstendmnksoiB ard)idd aref coangied AloUtheherecwhiatoiexr e

oper ati ons ' bac ultsg,.t ' S2fon Brir ovi ding a
wite-back Sgtggx{)%gsesm]io%t‘ag ?h%a%ngﬁi'ftg? ct%}# tq' g{ﬁ%ﬁ%ﬁ%y ans'sﬁ:rrﬁ%ng t he
regi ster® areadnptamsfiarcdegister duyisstédr registears @ngt the white a RAM), the

m croengi ney PEL f QUNsR e rSHAY dANRQYSLLEGI Ster file read and wite, which
conpl etely ﬁlgﬁsés thed\?mifé oper at i on. TﬁegSDRAM i nterface 26a provides a

signal back to the rAsqsBewnngh ifiS-08Agi hbe grigrosnginpadataratdat es whet her
20 a parity i Il - ' | ne m crocode
mBEALL1AE GIIT-8¢a08 M%gﬁi%geiﬁﬂyeﬁ , Eﬂefrggﬁﬁie}gé

i's responsible for checking the SD read Parity the
m cr oengi neingtydeslaakupr AL gateroingssycther Kargdst Bdas | fgrmatian ofigs set,

the act10f bpancdiireOFilk £4&Adstds' s2BNer&M idey obl@dniis SRy Sent when
the 25 SDRAM i s enabled for checking, and the SDRAMis pari t312d prot ect ed.

The m croengPAdstemn il 8y At Lt pE eemBare operations
and write-back of results to registers 82e. By providing a

write-back data bypass into the ALU/shifter units, and by
assuming the registers are implemented as a register file

15 (rather than a RAM), the microengine can perform a
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

20 a parity error occurred on the read request. The
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 att of branching
on it clears it. The Parity flag is only sent when the

25 SDRAM is enabled for checking, and the SDRAM is parity
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-

30 22f support conditional branches. The worst case
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requestors notified of parity errors. Therefore, if the processor core 20
or FIFOrequires parity protection, a mcroengine assists in the request.
The m croengi nes 22a 30 22f support conditional branches. The worst case
-17 WO 01/ 16770 PCT/ U500/ 22807 conditional branch | atengyrf;8fhadefC! udi ng
j unps) occHOMRFEY the branch decision is a result of condition codes
being set by the previous mcrocontrol instruction. The Iatency I S shown

bel ow in Table 1: 511121314151617181)
_________ conditional branch_latency. (not,_ 1ncl-Pd1ng Jumps OCC]f_ll’.'Sm crostore

| ookup | Wh h Pe'bﬁ%ch d&cistn lisbd tedidt of4condittipraddtegen | I nl 1 cb
I XX | b2 I b3 1 10 reg fllelooktip XX 1 bl

| b2 | AIPGP—§E| ??‘ér“?ycé'-h? Pr?"lrm%?lmFCEBC‘?nt)ER RR{’F“‘B‘?“H“ WEP?e back | |

N2l 1 nl I a¢Bnby X6 Ishéin! b¥f6F &n)Xabse pre- branch mcroword (nl sets cc's)
15 cb is condltlonal branch bx is post-branch mcrowrd XX is aborted

mcrowdrd As shown in Table 1, it is not until cycle 4 that 20 the
condition codes of nl are set, andithe2bramah dacisiiors tcant bé hade (which
in this case caus_e_s___t_he__b_r;ancm_pal,,}l_.t_(;__he_J.onk.ed+.up-.i.n-r,chJ..e, 5). The

m croengi ne mcu&gs}cﬁ?tﬁ%g %u%b(r:?g\ﬂgrlgg&gncy ?lt?t ngc Yse, Lh jrust abort

operations n2 I Te r e branch) in the
25 pipe, before t¥rg #AMEA path belghhd 'Elb'f’foF hk Bi b&2wi PA ! operation bi.
| f thaobranch is reat filakeakupnol m cr ondrals | &r & XbbXKeld banldb2xecut i on
continues nornmal | pg/di€terrece | I | inl|cb| XX | XX | bl |

write back ( I | m2] I nl | cb || XX | X |

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

XX is aborted microword

As shown in Table 1, it is not until cycle 4 that

20 the condition codes of nl are set, and the branch decision
can be made (which in this case causes the branch path to
be looked up in cycle 5). The microengine incurs a 2-cycle
branch latency penalty because it must abort operations n2
and n3 (the 2 microwords directly after the branch) in the

25 pipe, before the branch path begins to £ill the pipe with
'operation bl. If the branch is not taken, no microwords
are aborted and execution continues normally. The
microengines have several mechanisms to reduce or eliminate
the effective branch latency.

30 The microengines support deferred branches.
Deferring branches are when a microengine allows 1 or 2
microwords after the branch to occur before the branch
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m croengi nes have several nechanisns to reduce or elimnate the effective
branch | atency. 30 The m croengi nes support deferred branches. Deferring
branches are when a microengine allows 1 or 2 microwrds after the branch
to occur before the branch -18 WO 01/16770 PCT/ USOY 22807?&1‘%&52 f ect
(i.e. the ef VRO ¢t he branch is "deferred” in tine). Thus, 1T useful work
can be found to fill the wasted cycles after the branch m croword, then

t he branch Iatencg can be hidden. A 1l-cycle deferred bt;,gngh i s . .shown 5
bel ow wher e tkeSsehfeeheld o ERECETEESH O BB, PYARChafordetprred 1 1 2 1 3

1415163k %1ﬁe5 lTh&é) 1f useful work can be found to £ill the
_________________ Sl - 4----4----+ _microstore

| ookup | nl Wasé"ﬁdl c)’l?l?s %@Heerhﬁ Bﬁa‘}c%g‘lfzrﬂ‘ﬂqd LG8 BEARFE | n1 1 cb

I n2 1 XX|I ﬂﬂtehc?Zcént5é|h1dﬁ%ﬁ fA'fhéyﬁﬁéuﬂeiefrédrﬂrdnchblb 8Rown XX | bi |
b2 I ALWshifter/cc | I nl | # ég back I I 1 1
| nl | cB | bgdow wheye ¥ }%%#Qwﬁéf%‘? reé‘(?cﬁitﬁn?: 95 °§’r10 PHRFE where n2
and n3 are hat:h all owed to conpl ete before the branch to bl occurs. Note

that a 2-cycle branch defernent is only 20 all owed when the condition codes
are set on the mcrowrd preceding the branch. 1 1121314151617

1 819 1 ----mmmmm i R kSRR S SR + 25
m'crostore lookup I ni I cb I n2 1 p3.I, bl | I, b3 b4 | h5 I g £9 addr
gen | I nl 1 cbl n21 n31 bl 1 b2l 1255 %'b H “2 4.'|§‘.‘kg’p| PRl cb
I n2 | |4@ | bl | b2-t-=b3-r-———Actrgnfrrect 1 rt Tt nr-r -ty T"1W2"1T'n3 | bl |
b2 | microstore lookup Inl|lcb{n2 | XX|bl|b2] b3 ]| bd)]|

Inl icbfn2 ! XX | bl | b2l b3 |
! | nl J cb | n2 | XX | bl | b2 }
| i inl |l cb|n2 ] XX | bl |
H t l | nl | cb | n2 | XX |

reg addr gen

reg file lookup

ALU/shifter/cc
15 write back

A 2-cycle deferred branch is shown below, where
nZ2 and n3 are both allowed to complete before the branch to
bl occurs. Note that a 2-cycle branch deferment is only

20 allowed when the condition codes are set on the microword

preceding the branch.

{ 1%y 21 31 44} 51 6| 714 81 91

< e 3 3 3 3 [ 3 s <
T+ T T T T T T T T T

25 microstore lookup | n1 { cb | n2 | n3 | bl.l b2 | b3 | b4 | b5 |

- reg addr gen | tnl lcb I n2 | n3|bl ] b2} b3 | bd |
reg file lkup | | ] ni I cb{ n2 | n3 | bl | b2} b3}
ALU/shftr/cc | | ! I n1 | cbln2 | n3 ] bl b2}
write back i | I i {inl {cb | n2| n3 | bl |

30

The microengines also support condition code

evaluation. If the condition codes upon which a branch
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wite back I I I 1 1 n1 1 cbl n21 n31 bl 1 30 The mcroengines al so
support condition code evaluation. |If the condition codes upon which a
branch -19 WD 01/16770 PC r/US00/ 22807 decision are nmade are set 2 or
nmore mcrowords before the branch, then 1 cycle of branch_|atency can be
el i m nat edWfB86/8e t he branch decision can be made 1 cy&FEFUSYANL, .- 5 1 1
121314151617181

----------------- to-e oo e e e e e e oo H----+----4+ mcrostore

| ookup | lecisjhon|axs madgxare pgel 2hor| nepe migropordadafpne A | | nl | n2
I cb 1 XXgrabn! Bfed 03ykie’ 8 Hrdneh! 22Ky chnl b8l elinihalkeqd | XX 1 DI |
b2 | 10 ALO shifterice I L L 1o on2 1 cbl XXT bi l wite back I I | |
| nl | n2becepse tbe |brapght decisbosnppe bemade 4 £Hele ARFYESA codes and n2
does not set the conditions codes. Therefore, the 15 branch decision can be
made at cycle 4 (rather than 5), to elimnate 1 cycle of branch |atency.
In theJexanpl e bel ow, the 1-cyclle brlarch aefefnbng tanf leaf I'y %dtting of
condition codes are-conbi-ned-to-conptretety-titde-ttre-branch-ttat ency: 20
Condi tion codes (fiGr&tobeliodkupyCl emibehoriecs (1xcychie| wdef emredabranch: 1 1

121314151re%}dd13en81| Inl {n2 | cb| XX|bl|b2]|b3 | .
__________________________________________________________ 5 mcrostore

| ookup | ni | n2 ¥eochtle 198k pl | b2 1t BRYPHA P S L&' BER 1 1 nl 1 n2 |
cb | A9 1 bl | b2ryu/ggtter/eeg filel | odkup HIny lnnj o h2ZX| 1 &b I n3 | bl | b2
|  ALU shifter/ccwdité back nl [1n2 ) cha | n3 | ibd1 | n2wricbel BRCk | | | | 1 ni
Il n2 1 cb 1l n3 I
In this example, nl sets the condition codes and
n2 does not set the conditions codes. Therefore, the
15 branch decision can be made at cycle 4 (rather than 5), to
eliminate 1 cycle of branch latency. In the example below,
the 1-cycle branch deferment and early setting of condition

codes are combined to completely hide the branch latency:

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

deferred branch:

I 11 21 31 41 543 61 71 8|

25 microstore lookup ini |{n2 | coiln3]bl|b2}| b3 ]| b4
inl jn2|l cbjn3|bl}b2]| b3 |
] {nl | n2 ) cbtn3 | bl} b2|
| l Inl | n2)cb| n3 | bl|

| | { I n1 I n2 | cbl n3 |

reg addr gen
reg file lookup
ALU/shifter/cc

write back

30
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30 -20 WO 01/16770 PCTIUSOQ 22807 In the case where the condition codes
cannot be set early (i.e. they are set in the m crowdd preceding the
branch), the m croengi ne supports branch guessi ng whi ch attenpts to reduce
the 1 cycle of exposed branch |atency 5 that renains. uessin t he
branch path WO®MA&70 sequenti al path, the mcrosequencer pr&qré‘fsé’wg’s‘“’t he
guessed path 1 cycle before it definitely knows what path to execute. If
it guessed correctly, 1 cycle of branch latency is elinmnated as shown
bel ow. 10 guess br anc!ﬁnt'ahk%rpdﬂﬂ yhehe|the goadition codesgcanpot Bel 6 1 7 1

8 1 -------za¥F earlv 13 & Fhiev ate zaf 1 +he M3 EFAES

m crostore Ioo uep?rﬁy -(i J}Tey aie B?é l’t) T7] Ef-o%ofc? pt%ted g dr gen |

| nl | cb | bsenchy| ;heznicmanylm puppexi < btrenr:boqzwsmg whach| cb | XX |
bl | b2| b wite back
I %{te,.@ltgl & H'ﬁéé:cthf 1 }f:yéjhe orﬁ ce% ok %O%%Jaertsgge&aleggégnch t aken

i ncorrectﬁ y, thate rempinsendy rf'egl-‘@tSISP-PQ%Snﬂ}e \m@mb mablyccrze thguess branch taken

/' branch is '\@_qﬁé%lﬁ‘?xal 351:1-1 ]t}i’e %liﬁrgséqvfenjcé' E:r@ fet?clilesB t}xe esse(?Ore

| ookup | ni Patdp 1| cur:le b@éqren;ltl dnélmtrmlyi knsws Wh@*gmtgen l 1 nl 1 cb

Insn:I XX 1 Nexdeutd.! B¢ 1t 3hdRBdl EbErLAAHP 1! chele bt brllRch NI 1 XX 1 n2 |
latency is eliminated as shown below:

10
guess branch taken /branch is taken
I 11 291 31 41 5} 661 71 8|
15 microstore lookup Int ] cb |l nl|bl|b2]b3| b4 | b5 |
reg addr gen I Il nl [ cb | XX | bl | b2 | b3 | b4 |
reg file lookup | | | nl | cb | XX | bl | b2 | b3 |
ALU/shifter/cc | i | inl | cbob ] XX Dbl ]| b2
write back | | | | I nl | eb | XX | b1 |
20
If the microcode guessed a branch taken incorrectly, the
microengine still only wastes 1 cycle: '
guess branch taken /branch is NOT taken
25 '
{ 11 211 31 41 51 61 71 8|
* microstore lookup Inl | cb | nl1 | XX | n2 | n3 ) nd | n5 |
reg addr gen Il nl | cblnl | XX | n2 | n3 | nd )
30 reg file lookup | Inl {cb|nl | XX | n2 | n3|

i

|
ALU/shifter/cc | | | Inl |cb|nl| XX )| n2|
write back | I ( ] fnl | cb | nl | XX |
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ALU shifter/cc I I I I . nl T cb 1l nl I XXI n21 witeback 1l I I I | nl |
cb 1l nl I XX1 -21 WO 01/16770 PCT/ USQO 22807 However, the |atency
penalty is distributed differently when m crocode guesses a branch is not
taken: . FQor branch NOT taken / branch is NOT take gd'fgg?a}re no
wast-ed cycw&oqég%get out below 511121314151 2““{}"%
---------------------- +++++++ m crostore

|l ookup I nl I cb I ni ns ng | ..r addr.gen | | nl | cb
l nl 1 n21 n3 | 4H?W‘?1‘Serl' fBer @tﬁqclyepﬁﬁﬁit% o fhls‘%fg\f‘b‘llt%% nli | n2 1 nl
| b4 | Aldiffeirkhel{Ccehdn mikrbcode Iguelasksnd Bramehl is3ndt wakene back | I ||

Laken there are 2 WESE hary.pranch MT) BaRefF Bepdins 75 s Yighg |°

---------- there are-no-wasted cyeclds -as 8et- out -belbw.-------+ n1crostore
IookuplnllcbInIIXXIbIIb2|b3|b4120regaddrgen|IniI
cb I XR 1 XX Il b2 1 b3 1 reg filelookup I I I nl I cb Il XX I XX 1 bl
| b2 | ALU/shlfter/ch 1 1 nlt12db 3 IXR1 XXI1Sbl 61 wWilteBback | | | |

I ' n1 1 cb | XX | XX-1-25-The-Hici-08ngHhe-oan--gorbi-re-—braneh-giiessing with
1-cycle  branch dgfELIRNL {BulP! 9 m%rm'azfuashexq.%m%eﬁs br anch
erred br

taken with 1l-cycle anch/ ranch I'S ta ? ? WO 01/ 16770
PCT/ USOQ 22807 reg addr gen b | nl 2 I n3 T'nd
10 reg file lookup | | Inl | cb|nl|n2i}nl]| b4l
ALU/shifter/cc | | ! I nl | ¢cb |l nl ) n2| n3|
write back I ] } | fml | cb | nl| n2 |

However for guess branch NOT taken /branch is

15 taken there are 2 wasted cycles.

1 11 21 31 41 51 6641 71 8]

oo Y 'y e 3 3 Y 1
T T T T T T T +

microstore lookup I nl | cb|nl{X£}bl|b2]b3]bsi}
20 reg addr gen | n1 L cb | XX | XX | b1 | b2 | b3 |
reg file lookup | inl |cb | XX | XX | bl | b2]
ALU/shifter/cc | i Inl ) cb | XX | XX | bl |
write back | | | {nl|cb{ XX XX |

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

is:
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1112131415161 7181

----------------- - e e e e e - -t --------4----4+ qmicCrostore
lookup I nl I cb I n21 bl I b21 b3 1 b4 1 b51 reg addr genl I nl 1 cb
| *n2 1 bi | b2 1 b3 | bd 1l 5reg filelookup !l I I nl I cbl n2 1 bi |I b2
b3 | ALU/ ShWOO®678¢ | | | | ni | cb | n2 1 bl | b2 1 witRETHRONR07 | | |
nl I cbl n21 bl I Inthe case above, the 2 cycles of branch |l atency 10

are hidden by the execution of n2, and by correctly guessing the branch
direction. |If mcrocode guesses inicotrlectlily,31 dytlé& bf Sbtardich Bat ency
remai.ns exposed as shown--bBel-ow—-15--guess+-pranch-it-aken-with---eyel e deferred

branch/branch is NQf;&8k€Re bodikh 2 1 A 1 & £ 02 168 Hof (168 |1b9 |1b5

------------------------------------------------------------ M crostore

|l ookup | nl | cb | & P n3 | na! 1™nb P h&2! RY | P3 égb%dd?"" den 1 I nl |
cb 1 n2 P XX | n3 |restfilenbodkupgi| feg finlel ickulpn? 1B} InP2 1 BH I n2 | xX |
n3 1 n4d | n5 1 ALUAshrbhistegsck |1 | inl | cb| hin2ch X2y BB ilbn4 | wite

back I 1 1 I 1 nl I alhelpRg I XX n3 {f migiocedq gonrectly guesses
a branch NOT taken, then the pi pel | ne f,ovvs sequentlally In the normnal

unperturbed case. |If mcrocode incorrectly guesses branch NOT taken, the
m croengi ne agai n exposeshel cagel abéve 3C:HERr 8YUTES WEE Braaichi matalscyshom

bel ow: 23 WO. 01 6770 PGT/ USOQ 22807 ess hranch NOT taken/branch is
taken 1201 ATf glf gn1b¥ ‘%r% egegugion 1°f99‘%' 2nd by correct tlY

guessing the branch direction. If micrococde guesses

incorrectly, 1 cycle of branch latency remains exposed as

shown below:

15 guess branch taken with l-cycle deferred
branch/branch is NOT taken

! 14 291 3) 41 51 6t 71 81 9]

-+ 3 3 'y - < 4 e I
- T -+ T + < + T

20 microstore lookup | nl { ¢b I n2 | XX I n3 I nd4d | n5 | n6 | n7 |
reg addr gen | Inlicb|n2 | XX |n3|nd | n5 1] né |
reg file ikup | { '.lnllcbanIXX|n3ln4|n5|
ALU/shftx/fcc | | | Inllcbin2]|XX|n3|nd|
write back | | | | {nl {cb|ln2} XX | n3|

25

If microcode correctly guesses a branch NOT
taken, then the pipeline flows sequentially in the normal
unperturbed case. If microcode incorrectly guesses branch
NOT taken, the microengine again exposes 1 cycle of

30 unproductive execution as shown below:

-23=~



| ookup I nl I cb
cb I n2 1 XX 1 bl

I jp | XX | XX Imidpéstoge flookug |2n1l |jcb3) 2regx fii be 1kaip 83 | B4 nlosly jp |
XX T XXl Jlrg?laddlzgehA‘LWShf th/ Cep !y ha ly dx flpdl (ind

| 994 b | XX 1
SERUERAN okt 0"l BRi) Phd UL Toh el Bholn. A cont ext

wite back | |

FIG 3B, a fornd&f9f

R e R +----4----4----+----+ 5 microstore

I n2 1 XX1 bl I b2 1 b3 1 b4l b5 1 reg adds gen | | nl |
| b2 1 b3 1 bd 1l reg filelkup !l I I nl I cbl n2 1 XX
bl I b2 1 b3 1 ALUWshftr/cc I I' 1 I nl I cbl n21 XX1 bl I b2 1 wite
back | | | WOPMIEI0 cph | n2 | XX | bi | 10 where nx is FCEMUSPUGREY
mcroword (ni sets cc's) cb is conditional branch bx is post-branch
mcroword XX is aborted microword 15 In the case of a junp instruction,
extra cycl ¥3e%¥ brancBni9T drakenibtare 15e£akeR t he branch address is not
known until the end of the cycle in which the junp is in the ALU stage:
1112131415161 718191
______________ +____+_________'+_1__l_-z_!__3+|__5_|__5_’_'_+6__‘__7+_|__8_l|- gn'*l crostore
| ookup I nl | jp=t=XXT-XXH=XXT-{1——t-2HH=73-t—-f4-r+-Teg-addr gen | |

XX 1 XX 1 j1

3.
20

nl

XX I

switch is a spedi@dshitxdeen &f al brahch It Aht! emlists | 8%dl Plet &At! cont ext (and
associ ated PC) woiteebs| ected. | Cont exti swiltshitng | in2t r cduces isome branch

Iaten% as wel | .
context switch:

Consi der the -24 WO 01/16770 PCr/USOO 22807 fol |l ow ng

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

XX is aborted microword

15 In the case of a jump instruction, 3 extra cycles of

latency

are incurred because the branch address is not

known until the end of the cycle in which the jump is in

the ALU stage:

20 I 11 21 3¢t 41 51 61 71 81 9]
microstore lookup | nl | jp | XX | XX | XX | 31 | j2 | 53 | 34 |
reg addr gen | Inl | 3p I XX | XX | XX | 31 1 32| 33 |
reg file lkup | | inl [ jp | XX | XX ) XX | 3J1132]

25 ALU/shftr/cc | | i fnl | jp | XX | XX | XX (| 31
write back | 1 | ! Inl | jp | XX | XX | XX 1|

Context Switch:

Referring to FIG. 3B, a format from a context

30 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
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1112131415161 7181091

------------------- Fomme e e e e e - - - - - 4----4+----+ 5 mcrostore
lookup I of I cal br I nl 1 n21n31 nd4dl n51 n6 1 reg addr gen | | of |
cal XXI nl I n21n31 ndl n51 regfilelkupl I | of ;L?gesgh,figa(,l ni |
n2 I n3 | n4“f°°lﬂfﬁ?shftr/cc I 11 1 of I cal XX1 nl I n n wite
back I I I' I I of I cal XXI nl I n2 I 10 where ox is old context flow br

is branch mgrowrd in o|d context ca is context rearbitration (causes
context swi tBO¥ERI, COPESRR\F éxt flow XX is. aborted nmicroword In a
context switch the Abr@m croword is aborted 20 to avoid control and

timng conplexities that could b cause Yy ,SAavikng e rrecgt ol.d context

PC. Conditional branches that dpgfétg ingAEU4 @o%d%t%gn ggdegqmﬁ?éh are set

on the microword Before the —*brafch tan-serettr 0" 1'6r 2-cyd¢re Branch

def er rent5 nodes. n2&rdsomdi Lecknp doded et B dmlnbm@ hmdrlowndridss Deh@drie t he

- condi tional branchelhaii- QRer at es jogy | ham a&n; ael eat 10a®r 44 |Cyxclie branch
def erment nodes. Al r_branches |, (i,n¢l udj cont.e rearbitrations) can
select either O orregl-l%glc k‘éipb'r angh d'efgelr ir;m‘%t‘ %d‘egl.':I 'Tﬁée 'a{r%%ﬂi Jtmteét ure could

"be 30 designed t o MBAREEE/CBntlext Tar bilt rat i%n! §Rck 8hdr B i Philn®H! branch

def errent wi ndow ofite paskcedilng brantch, junpl ot | cart ktl a¥ i 82 dti on

m croworgy an illegal option. That is, -25 WD 01/16770 PCT/US00/ 22807 in

sone enbodi nents, a context switch woul d not be all owed
where ox is old context flow

br is branch microword in old context
ca is context rearbitration (causes context
switch)
15 nx is new context flow

XX is aborted microword

In a context switch the Abre@ microwofd is aborted
20 to avoid control and timing complexities that could be
caused by saving the correct old.context PC.

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

25 Condition codes set 2 or more microwords.before the
conditional branch that operates on them can select 0 or 1-
cycle branch deferment modes. All other branches _
(including context reaibitrations) can select either 0 or
l-cycle branch deferment modes. The architecture could be

30 designed to make a context arbitration microword within a
branch deferment window of a preceding branch, jump or

context arbitration microword, an illegal option. That is,
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to occur during a branch transition in the pipeline because as nentioned,
It could unduly conplicate saving of the old context PC. The architecture
could al so be designed to 5 make branching within the branch defernent

wi ndow of di ng branch, junp or context arbitrati &&Wrd )
i 11 egal toevévﬁ{lgggorrpl | cated and .possi bl e unpredictable i)E?‘anc ehavi ors.
Each m croengi ne 22a-22f supports nmulti-threaded 10 execution of four

contexts. One [2asan ol (il Syl SodiRraLlOULPIRAA §3E O SuBlbgexecuting

just after anotRer T Tir6ad 7 sSues a menory reference and nust wait until
that ref erenceucodptrbies beanck tiwinggtion einvhhle. pThetinelhedagse i s
critical tgQ ' | 0k ng .effici gﬁﬁf gg(,%c ' o) m cr oengi nes
because nearrsog‘%hpgglé%%'y%its %P%ﬂﬁ}?%‘%ﬁg tate %lg??{ei?eﬁ Ill-":_h,et i%?'donl a

_ y y
si ngl e t hresaxteskekQt i dthenagchitgpmmeedoulheakfic bgedgharedddl d sit idle for

a sigrafi t f. s e | Ll r ek t return and
therebg’ re ucebggg?lgﬁd)gol%g aﬁ%@zﬁah?ﬁr%%%%ﬁnﬁ ggﬁﬁﬂéﬂtﬂ& tanreaded

execut i on pidceddénanbrangioedynpest tapnitedt arityagibatshexowsrdoer f or mi ng
useful in n : [ : I Jvete] Qciyini zati on

mechani sngqgggggshﬁgﬁéf%ﬁﬂg?%%\agag}jl %%véa t%rgagg?%yl ss&% an SRAM or
SDRAM r ef drzamch, beaividrsn subsequently synchronize to the 25 point in tine -

when t hat referenceg&&ﬂmi%&‘aéngﬁg@ 2¥8CH2PI SiPdorcsMRBLL AL ¢hrAsaehr oni zati on.

In imrediate synchronization,"the m croengine issues the reference and
i mmediléd elgxesugponuet tfanr contexts. TREe etk ifoXi Fhisclsitghal ed when the

Correspondah{(l%wr sﬁsr@m@a@(&ocemﬁte%cu@ﬁ% O@Jw%&eex LAscantext will be
swapped bac -26 WO 01/16770 PGI/ US00/ 22
thread issues a memory reference and must wait until that

reference completes before doing more work. This behavior
is critical to maintaining efficient hardware execution of
15 the microengines because memory latency is significant.
Stated differently, if only a single thread execution was
supported, the microengines would sit idle for a
significant number of cycles waiting for references to
return and thereby reduce overall computational throughput.
20 Multi-threaded execution allows an microengines to hide
memory latency by performing useful independent work across
several threads. Two synchronization mechanisms are
supplied in order to allow a thread to issue an SRAM or
SDRAM reference, and then subsequently synchronize to the
25 point in time when that reference completes.

One mechanism is Immediate Synchronization. 1In
immediate synchronization, the microengine issues the
reference and immediately swap out that context. The
context will be signaled when the corresponding reference

30 completes. Once signaled, the context will be swapped back
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in for execution when a context-swap event occurs and it is its turnto
run. Thus, fromthe point of view of a single context's instruction
stream the mcroword after issuing the nemreference does not get
executed until the reference 5 conpletes. A second nechani sm | s Del a%/
Synchr oni zat WO®M1677h del ayed synchroni zation, the m croengi¥& t he
reference, and then continues to execute sonme ot her useful mnrk

i ndependent of the reference. Sonme tine later it 10 coul d becone necessary
t o synchr oniine folieexerulidns wherea ucortieairsyam eventheoasyrsl andoit ofs t he

| ssued ref erenCeyrRELOT ful Ur TREG VPEdy ihePBOEAE TG vidly b 3 BRI 2
synchroni zing mcroword 1S execuf eit swap out e current
t hread, and SPR&SXEL! s btektructionestneamattdie mscmwct e test dpanitrg has

compl et ed, GineCAighi PfeANRLIOAG hUE odillichBLeLd! ERAPEGRUSErLELLT er ence
has al ready conpl et ed Del ayed synchroni zation is 1 nplenented using two
differenf $OPRARERS- schenes If the nenory reference is associated with a
20 transfer register,at téﬁﬁéﬂi ered is
generated when the co%r%ﬁ?rﬁ?‘%éh%{tgﬁv%r %%égi&%ter valo:n BH&?% set or

cl eared. ForInedgApred syncheemizatiiomhitdie adpseersinmtissussotheanst er
register A woifdehge, Sigalies WBRE: Al @ 'eQeEhﬁef;%méA‘o'tﬁe§eﬁs #fy the
menory 25 reference is associated wth the transfer O or t%e receive
FI FO, i nst edtPrdf ipdependendy ofe§het xefexanse. th§°m%|1'glﬁ‘!ﬂ ]45§egeh§r ated when

the ref apencRuiaBEEsFS ndbdsd@ry SERAMGIRHeLECEnd Ghrdalrg One signal state
per context is held in the mcroengl nes schedul er, thus only one 30

out st andi ng SHEGHALOR a5t XA t0] hehrempleidep of thye issued reference

before further work is performed. At this point a
synchronizing microword is executed that will either swap
out the current thread, and swap it back in sometime later

15 when the reference has completed, or continue executing the
current thread because the reference has already completed.
Delayed synchronization is implemented uéing two different
signaling schemes:

If the memory reference is associated with a

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

25 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

30 outstanding signal can exist in this scheme.
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WO 01/ 16770 PCTNSOQ 22807 There are at |east two general operational

paradi gns from which m crocontroller mcro-prograns could be designed. One
woul d be that overall microcontroller conpute throughput and overal

menory bandwi dth are 5 optimzed at the expense of single thread execution

| atency. TRQOQEFAdi gm woul d make sense when the system PREGSHMART)) e

m croengi nes executing nmultiple threads per mcroengine on unrelated data

packets. A second one is that m croengi ne execution 10 Iatency shoul d be -
optinized at the exfSe2b® Iy deIE tHP FRETFNEPRERMPAR™®U hr oughput and

overal | npaRaNighachtndivhicH mﬁmaadrméﬂmi@rbny@ém%uwon of a

thread with a real -ti me constraint, a constraint . which dictates

that some®fofRSHIRRE-abSBPUTRAE BE BBﬂE %Kﬁrﬁ'lsﬁﬁﬁr%%qqléﬁrtl nme. Such a

const r ai Neofptte rﬁ&&d@hﬁutoﬁd Bvezhl 0 métory Bafilindden tdecad execution be
given _pri or|t over %5“ consi deratlons iﬁ:%h as_menory bandwi dth or
overal P CBHﬁHP s 2R thRr SIRHBIR OLaSingte (Hhreadn PRSPl d i mply a single

hmcgI f)eggi3 natéhey. exdst plsr@atlgtn @:l&i&laomilﬁ& emhse:Whém 61357 @Jyeeaﬁs vvgul d not be
an e cause. t Qa IS fo a the s e.re -t1he thread to
oot e 883t e 08 roefale enerut it MAIRLFLE ChRAdE B R0y d i nder
this abil migrodiimo@dnngnséyitedidatiepsckens.par adi gns could be 25

significantly different mnth regar SSUIn menor r ef erences and
cont ext switching. % FEFRBA, 0 l% Frg %afg cr%ﬂ"ﬁ e"%/’%tlt% i ssue as many

rrermr;tOreﬂ.atencxeSSmﬁzmobe optimicedi bt ethen eanpdﬁset@f rovepalae the nmenory
| at ency incurred e{ere ces. Hav sued as many references as
30 early BECHOSITHI. PRBGD A RaPE Dt ErPLE Ee e
bandwidth. This paradigm could involve execution of a -
thread with a real-time constraint, that is, a constraint
which dictates that some work must absolutely be done by
15 some specified time. Such a constraint requires that
optimization of the single thread execution be given
priority over other considerations such as memory bandwidth
or overall computational throughput. A real-time thread
would imply a single microengine that executes only one
20 thread. Multiple threads would not be handled because the
goal is to allow the single real-time thread to execute as
soon as possible--execution of multiple threade would
hinder this ability. .
The coding style of these two paradigms could be
25 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

30 early as possible the goal would be to perform as many
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-28 WO 01/16770 PCTNSOOR2807 conputations as the m croengi nes as possible
in parallel with the references. A conputation flow that corresponds to
real -tinme optimzation is: 5 0) issue memref 1 0) issue nemref 2 0)
i ssue memref 3 o) performwork independent of nemrefs 1, 2 and 3 0)
synch to conWPAGH of nemref 1 10 0) perform work depend@GIUSHOMEHA ref 1
and i ndependent of memref 2 and 3 0) issue any new nemrefs based on
precedi ng work. o0) synch to conpletion of memref 2 o) performwork
dependent osomputakions @asd thej ndeprantdnesods spesnitdfe insparadldelssue any new
mem ref s DasadnOPnor SLAHdGOT K cputkBEDn £ 50 EMat! BRrolpstin T ef 3 )
perform wor k dependent on the conﬁfetlon of a 3 refs of I'ssue any new
mem r ef s ba$edreal prieedintdmigrkionds:n contrast, optimn zation for
t hroughput and bandw dth woul d take a different approach. Wth
optim zation for mcroengi ne conputational throughput and overall nenory
bandwi dt R | ess ebissisera F8hlis given to 25 single thread execution
| atency. To acoomssismenires,2the goal would be to equally space nenory
references acr@$sidshie meRiE0Pr ogram for each thread. This would provide a
uni form stream, of nory.references fo the_S and .SDRAM control |l ers and
woul d maxi m zeol) eerg%‘o a J:lkl ﬂdﬁpﬁg? il: "0 sr'e%g\gﬂ iagggl ways avail able to
hi de t he nenor)?)lséf‘é‘héﬁ completion of mem ref 1

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

and 3
o) issue any new mem refs based on preceding work.
o) synch to completion of mem ref 2

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

15 3
o) issue any new mem refs based on preceding work.
o) synch to completion of mem ref 3
o) perform work dependent on the completion of all 3 refs
o) issue any new mem refs based on preceding work.
20

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

25 single thread execution latency. To accomplish this, the
goal would be to equally space memory references across the
microprogram for each thread. This would provide a uniform
stream of memory references to the SRAM and SDRAM
controllers and would maximize the probability that 1

30 thread is always available to hide the memory latency

incurred when another thread is swapped out.
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I ncurred when another thread is swapped out. -29 WD 01/16770 PCT/ U500/ 22807
Regi ster file address types: Referring to FIG 3C, the two register address
spaces that exist are Locally accessibly registers, and dobally

accessi bl e (ﬁg?%rs accessible by all 5 mcroengines. TherfRipash Purpose’
Regi sters Z"F ? are inplenented as two separate banks (A bank and B bank)

whose addresses are interleaved on a word-by-word basis such that A bank

regi sters l{1a\/.e le:F&{ agg B ba!gk erse_gi sters have |sb=1. Each bank is
capabl e of i fs 10 read and wite to two different
words within its bardferrAagots BEOKSCA tinel tBio register saddresst 76b is al so
organi zed into four w ndows 0-_AGh3 A ' h re relatively
addressablsé’a&?P ?ﬁ?%aedt.l hﬁg‘,ZG? ?aelg ?%Leg\nglll{l%?%%églg?%rgr'egaﬁlgfer 0 at 77a
(regi ster dopallhy adoemiblé tégivddrsf andessiblechiysabt O at 77b (register
32), thread 2 will findg,it | Ster t A gi , and thread -3
at 77dr‘}’( r é’&%f’&?‘gb%?gf' Rg St és{ég’gé drP:uer??lg llzegg%'s%&%p%grt( %%&%)o%%ehat mul tiple

t hr eads camplesetbed aadwos aepacats bahkst (& dankngntioB avankis whaseaccess

different Wdous.ol:d Q93tela 08 20 PRELRIN) HokbChabls (I kpag. The uses

of regi st essSing an essi Ng. provi he requisite
read bandwibdnk uvegistens hasealshrll,t addFANRIIK) regashers oW\ ne 22f. These

wi ndowed regl St er 5,49 Wil 13VEabbiRALe Hatforming! ROMASLousW  Ch 1O

context switch'so e nor push pop of a context swap file or
st ack 1i0s eteadi padedriteCaiot swe differientgwoards widhin dteykank.over head for

changing from one ganfexhahRsaole, Beb Adgietbeokst efeddr essing

also organized into four windows 76bp-76b3 of 32 registers
that are relatively addressable per thread. Thus, thread 0
will find its register 0 at 77a (register 0), the thread_ 1l

15 will find its register_0 at 77b (register 32), thread_ 2
will find its register 0 at 77c (register 64), and thread 3
at 77d (register 96). Relative addressing is supported so
that multiple threads can use the exact same control store
and locations but access different windows of register and

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

These windowed registers do not have to save data

25 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 overhead for changing
from one context to another. Relative register addressing
divides the register banks into windows across the address

30 width of the general purpose register set. Relative
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di vides the register banks into wi ndows across the address 30 width of the
general purpose register set. Relative -30 WO 01/16770 PCT/ USQQ 22807
addressing all ows access any of the windows relative to the starting point

of the w ndogo@q?_ﬁ]éute addressing is also supported in this g,ﬁs{,],ecture

where any on absol ute regi sters may be accessed by any o
threads by 5 providing the exact address of the register. AddreSS|ng of

general pur pose registers 78 can_ _occur s de

mi croword f APEESSHRE 2L iRYS BHEESH Y é‘fs&f’ﬁt‘g’?ré‘i Eg?g 1I-'° & soI ut e
nmode, addr mlrngngfp@;megjfstaé wiltdeas.s lAbsdlu'eetalcyimlsschngl £dl aXsdl0 7- bit
source fleld a6-a0 .or 6 54 3 10

se------...S8upported in -t-q’-l-s- 93:91—“—‘1:%% F‘eﬁl any I°naeSPfaHea31 a2l all aoOl

a6=0 15 B G%Bsoh.ubélrégﬂsﬁ&b hdy bSladuvdkskd bp Ginp@f tERANVhASRIS W6l a51
a4l 0 | | a6l a5l a41 0 | a3l al

3l a2l | a a6=1, af=0, ad=
al I aol g Pmé(%gé?ga%ﬁ exaghi §a§?ésdsdcﬁ'fg§§edf?%ﬁqv 'specified in 8-bit dest
field 20 (d7-d0): 7 6a&drkessing dfOgeneral- purpese -registers-78-ean----- A
GPR: | d71 d61 d51 d4| 1 dl dOl GPR. | | d61 d51 d4l
d31 d21 di | FEREGFR0? ’h%dzef %P%M%ﬁ z‘(‘:?7‘f“l&i’é?‘"‘b%#afé’z‘ff“"‘“dal dil do1
d7=1, d6=0, ﬁ&-ﬁodé@%_ dbsdpllutdbandl Heldthived3. |Im2ba¢b1|uté0m0d§r_-l, d6=0,
d5-1 |If <a6: <d7:d6>=1.1 t-hen wer bits are

<b6: b5>= |
i nt er pret ed rgsggﬂg e?ffsar 5%53%5% ﬁ%ﬁf&?e%g ??’%‘T%F](ydgggf F‘g%ﬁgb]e'? ow). When

a non-r albat iA~bi& sburce field (a6~ad or b6-b0):

A GPR: | aé) 0 | a5| ad| a3|'a2| al] a0l a6=0

15 B GPR: | b6l 1 | b5 b4{ b3] b2] bl} b0| b6=0
SRAM/ASB:| a6l a51 adl 0 | a3l a2] all a0f a6=1, aS5=0, a4=0
SDRAM: | a6l a5) a4 0 | a3] a2} al) a0] aé=1l, aS=0, a4=l

register address directly specified in 8-bit dest field

20 (d7-d0): _
7 6 5 4.3 2 1 0

-+ n o + 3 e b Iy
T ™ T T T T

A GPR: | d7| d6] d5| d4| d3{ d2} dl| d0] d7=0, d&=0
B GPR: | d71 d6] d5| d4} d3} d2| d1} d0| d7=0, dé=1

25 SRAM/ASB:| d7| d6| d5| d4} d3} d2| d1| d0| d7=1, d6=0, dS=0
SDRAM: | d71 d6| d5| d4| d3] d2] dl] dO| d7=1, d6=0, d5=1

If <a6:a5>=1,1, <b6:b5>=1,1, or <d7:d6>=1,1 then
the lower bits are interpreted as a context-relative
30 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
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B source address is specified in the A, B absolute field, only the | ower
hal f of the SRAM ASB and SDRAM address -31 WO 01/16770 PCT/ USOOF22S07
spaces can be addressed. Effectively, reading absolute SRAM SDRAM devi ces
has the effective address space; however, since this restriction does not °
apply to t TEOGKT™ fiold witing the SRAM SDRAM still ust/YSIU23807 |
address 5 space. In relative node, addresses a specified address 1is

offset within context space as defined by a 5-bit source field (a4-a0 or
b4-b0): 7 &Pscesxan Pbepadqpessed.. . Effectively,. reading ahsolute A GPR | a4l

0 | cont ext lspaRtsodiy Advidbh RdrQHR EPRocti A halirbeonigadd; b3l b21 bll ba
b4-0 SRAM ASB: | ab4l O | ab3l contextl b2l bliabO ab4=1, ab3=0 SDRAM | ab4l
0 | ab3l conte¥ereh 15isqe, fbis oppptrickhon 1doess ngt gePHefichédepgeste 6- bit
dest fieldsidPadOritingbthe $RAM/BDRAM still uses the-full address -~~~ -~ - 20
A GPR | d5 dal contextl d31 d21i dil’ dd d5=0, d4-0 B GPR | db5l

d4l cont ext 1SP&8¢- d2| di| dO d5=0, d4-1 SRAM ASB:| d5| d41 d3lcontext! d21
dil do1 d5=1, d4=0, 1§37R1aBbRAMode, I5ddsdlset3acEpbartiedialiaddls d01 d5=1,
d4=0, d3=1 25 |f <d5:d4>=1,1, then the destination address does not
address a v& PEEFRiWEitdin topkext,sPacetapafingdi Y I iEnsSPRERe The

foll ow ng kegigters @ueadl epabd-poagcessible fromthe m croengi nes and the
menory controllers: 2 6 5 4 3 2 1 o

10 e e e e e e ]
A GPR: | a4] O |context| a3} a2l all a0l a4=0
B GPR: | b4l 1 |context| b3| b2] bl] b0| bid=0
SRAM/ASB: |ab4] 0 |ab3|context|{ b2| bllab0| ab4=1l, ab3=0
SDRAM: |ab4} O |ab3lcontext{ b2| bljab0| ab4=1, ab3=l
15

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

20 A GPR: | d5| d4|context| d3| d2] dl} dO| d5=0, d4=0

B GPR: | dS| dd|context| d3| d2] dl) 40| ds=0, dé=1

SRAM/ASB:| d5) d4| d3|context{ d2]| dl} dO| d5=1, d4=0, d3=0

SDRAM: | d5}| d4| d3|context]| d2| dl| dO| d5=1, d4=0, d3=1
25 If <d5:d4>=1,1, then the destination address does

not address a valid register, thus, no dest operand is
written back.
The following registers are globally accessible
from the microengines and the memory controllers:
30 hash unit registers
scratchpad and common registers

receive FIFO and receive status FIFO
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30 hash unit registers scratchpad and common regi sters receive FlIFO and
receive status FIFO -32 WO 01/16770 PCT/ USQCQO 22807 transmt FIFO transmt
control FIFO The m croengines are not interrupt driven. Each mcroflow
executes until conpletion and then a newflowis -5 chosen based on state
signal ed by WOWa67@@vi ces in the processor 12. Referring tRETAIS22807 ¢ he
SDRAM nenory control ler 26a includes nenory reference queues 90 where
menory reference requests arrive fromthe various m croengi nes 10 22a-22f.
The nmenory control |l er 26a tYnasismdesFEfO arbiter 91 that selects the next the

m croengine reference requeshSni® «&xid ¥¥oof the functioning units.
G ven that one of the mcroengines Is providing a reference request, the

reference request wilThegreroenglighs tane addr éssearpcsiniant. 18achieue 90,
i nsi de the SHRANMEGAHT é?éé@{qbslzt@%:ti ‘;clr@eﬂi%ﬁaeéﬁ?c&ér?%u%%h ?S’E‘éwi}%'t set

called the Aoptimzed MEM om ng reterence request | be
sorted i ¥t o chesenebased @vatasgnkignaied &yaosher dedespanktheeue 90b. | f
t he nenory rﬂo@e@@ﬁ? i%guest does not have a nenory 20 optim zation bit
set, the default wll be to go into an order queue 90c. The SDRAM
controller 26 is a reBeterringMipcRIGs 4hdhed SBRMM greneryFBEBtralkeS ace 28,

the core  prAgesseinds Hshdie -BELrLRLETdARE280 WHErSHBANEycont ol ler 26

al so maintains a state machine for performng 25 READ- MODI F_¥-Wi te atomc
oper ati ons. rRIErsSpRAMeTRIS REriveefrgm theeVasiows Micrognggneent for

request §0f AL Bokl OMyhe memory controller 26a includes an arbiter 91
that selects the next the microengine reference requests to
go to any of the functioning units. Given that one of the
microengines is providing a reference request, the
reference request will come through the address and command

15 queue 90, inside the SDRAM controller 26a. If the
reference request has a bit set called the Aoptimized MEM
bit@ the incoming reference request will be sorted into
either the even bank queue 90a or the odd bank queue 90b.
If the memory reference request does not have a memory

20 optimization bit set, the default will be to go into an
order queue 90c. The SDRAM controller 26 is a resource
which is shared among the FBUS interface 28, the core
processor 20 and the PCI interface 24. The SDRAM
controller 26 also maintains a state machine for performing

25 READ-MODIFY-Write atomic operations. The SDRAM controller
26 also performs byte alignment for requests of data from
SDRAM.

The order queue 90c maintains the order of
reference requests from the microengines. With a series of

30 odd and even banks references it may be required that a
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SDRAM The order queue 90c maintains the order of reference requests from
the mcroengines. Wth a series of 30 odd and even banks references it my
be required that a -33 WD 01/ 16770 PCT/ USOO22807 signal is returned only
upon conpletion of a sequence of nenory references to both the odd and :
even banksWAMASHR njcroengi ne 22f sorts the nenory ref ECENEWEARY: o odd
bank and even bank references and one of the banks, e.g., the 5 even bank

is drained of nmenory references before the odd bank but the signal is
asserted ohHaMid FasFeEEIRS OPeY RA copRiehRmAf GofitABeRre® fba coul d

concei vablpenfrgn 2k £8péhcdO toAbBLE RN GdACahd AHven BaRRED! V1f ageest had
conpl eted, even though the odd bank reference had not been serviced. This

10 occur r dMFoesgiae SOFtEHRS PRI rY, BBt FANCESe 18FP U8HY Rk s avoi ded by

provi di ng 4die evetehakiktiFe2eacas | s Baedof NEKd WRMEsNEl . N mul tiple
menory references_outstanding _of which gnly its_|ast nenn;y ref erence
needs td SHTaPaBk 19 Hanednof memopyre EhPREPFEr tBB £9 so i ncl udes a

hi gh pri asddyy vadetife ¥ignalln ik hgs dd:@edPbh Ofhd YLt 8@ef Ofefeditnck)CONM Ng
menory reference fromone of the m croengi nes es directly to the high
priority dduSeRARY; oMFaldesq?epsrrudd cgnﬁ?ldﬁgflypﬁpg??} }’%H‘al’i%t her menory
refer eggeSa itxﬂr}ctrbeggiﬂtf)@rtha%o tﬁue:g%ﬁorytédrleqﬁézﬁ hese c@upgg&d,t (i;ee:eﬁaveﬂ_ bﬁnk

ueue a, e. 0 eue , e .oraer ueue C n e ni
Tori by i BRE coibhaRingageTTcs BRAGREt MANSERRELTRE IS 1
| ogi cald y semireehed ¢iildl fcauseda fdatiediehcw pcsbiem. e¥R6 sdittkrdiohaving its

own head apd Lallpd ater 100525 Jibl Qo LLag, her ot ons are

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

.15 The SDRAM controller 26a also includes a high
priority queue 90d. In the high priority queue 904, an
incoming memory reference from one of the microéngines goes
directly to the high priority queue and is operated upon at
a higher priority than other memory references in the other

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

25 filling and draining operations are only a single input and
a single output, they can be placed into the same RAM
structure to increase density of RAM structures.

The SDRAM controller 26a also includes core bus
interface logic i.e., ASB bus 92. The ASB bus interface

30 logic 92 interfaces the core processor 20 to the SDRAM
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a single output, they can be placed into the sane RAM structure to

I ncrease density of RAM structures. The SDRAM controll er 26a al so incl udes
core bus interface logic i.e., ASB bus 92. The ASB bus interface 30 logic
92 interfaces the core processor 20 to the SDRAM -34 WO 01/?@(0%80/22807

PCT/ US001228WPMAYM ol | er 26a. The ASB bus is a bus that includes a 32 bit
data path and a 28 bit address path. The data is accessed to and from

nmenory through MEM ASB data_devi ce 98, . €. O %L{Lf.er %/EM ASR data device
98 is a queGeNtEPlEEEuZGa: oZPS ATH Rufels RsPYSC JPGAPEET rdm4 he core
processor 26i¢i gafShhdtieandca 2@, bithaddaesascpatibe Iher ddtaiid o the MEM ASB
devi ce 98 and subsequently renoved fr%g;E @EJ&’%\AI ce 9% throt@h t he
SDRAM i nt er P&E€5389 ¥% PR BESY FEECUArt SPLBhARHCT HE rsame
queue structlge, 19 warrdie pueMi Asel daya deeiceas. isThe gGBRAMeoNtrol |l er 26a
al so includes an. engi ne 97 ﬁ?o gull ,data,frognhef m';hoen I nes and PCl bus.
{tRe*PCHs 3R TR

Addi tiondl d#FdGesdatRy ude aFESLY § 88FPread/wite
queue 96 t hydrodBEB6RI 20 arinumesr interfdve OQyethe. daife cannbeystepdst S
are.sent to SDRAMinterface 110 vigqi3 rruldéi Bhexer ]&? The nal ig)l exer 106 is
controll ed iyt ke IBRARSE Ferare 018 i FUBBERRT L th &RV FReE™ Dt each of
Lhe gueues MEM hbB a%wiaicws o3f thieudiegtres SORANJifitanfddeatl10desi SBRAM priority
ased on a progra e value stored.in a 20 priority service control

regi ster 10(5‘.9’“%‘?8%%nt rl}}lthl"b‘gf‘h8°mt19"|5’1'e§§? %J‘%e scé’leé& §£5uc'ﬂﬁﬁ)ry
referenqe refginese, ptoeideldor tRéeread= I eUERS, SDRAM sentrébler dgz:oder 108

where it 1 s decoded, and, an, addyessq) 5., 42R5" 3468 rae (figeoded address is

microengines and PCI bus. _
Additional queues include the PCI address queue
94 and ASB read/write queue 96 that maintain a number of
15 requests. The memory requests are sent to SDRAM interface
110 via multiplexer 106. The multiplexer 106 is controlled
by the SDRAM arbiter 91 which detects the fullness of each
of the queues and the status of the requests and from that
decides priority based on a programmable value stored in a
20 priority service control register 100.

Once control to the multiplexer 106 selects a
memory reference request, the memory reference request, is
sent to a decoder 108 where it is decoded and an address is
generated. The decoded address is sent to the SDRAM

25 interface 110 where it is decomposed into row and column
address strobes to access the SDRAM 1l6a and write or read
data over data lines l1l6a sending data to bus 112. 1In one
implementation, bus 112 is actually two separate buses
instead of a single bus. The separate buses would include

30 a read bus coupling the distributed microengines 22a-22f
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25 interface 110 where it is deconposed into row and colum address
strobes to access the SDRAM 16a and wite or read data over data |lines 16a
sending data to bus 112. In one inplenentation, bus 112 is actually two
separate buses instead of a single bus. The separate buses woul d_include
30 a read BYRRO146UPI i ng the distributed mcroengi nes 22a- 8o

01/ 16770 PCT/ US00/ 22807 and a wite bus coupling the distributed

m croengi nes 22a- 22f. A feature of the SDRAM controller 26a is that when-
a nenory raepeREELE Pus GoERLIRG tihe qdetEibuied mACKoBRgingsO?280 t he
optim zed JgM bit that can be set, there is a Achaining bit@ The chai ning
bit when set allows for speC|aI handllng of contlagous nmenory references.

As previously nenthdffafurenet sths SBRAMoCortiqldes dfnchks thatr oengine wil |

be sel ect §hen0 aPh&HbEL ﬂ&@‘%ﬁcéeiéarsQ'&(iﬁdlﬂnrtﬁﬁJaﬁbﬁeQV% tihe commander bus
to queue 90 (FIG 4).” Assertion of the chain bit wll control the arbiter

to have tacelizientee he cptinkeed Mt PéRaFhamiGRPnRE cFehr SHSS8SE§  request ed

that bus heogusensed thit® . of ThEeckdidingbbit Wl gatesiidid fdie mi croengine
i ssued a chain request. 15 Contiguous nenory references wll be received in

‘queue 90 \iReFiphchandlimon gfprentiguaus memoEe feSREPRERSs A%ferences wil |

typi cal Iy gievsbaseg méhttllaaear deie GpdeeB0L2 dpdad$s wREcH ONti guous nmenory
references are nultip nennrféreferences froma single thread. In order

to 20 proVHEEOSHFER? d?ﬁ]%aPPoﬁe HEdrtROPFOTSAR MEMPEY &E only signal
at thaoend-efuebbs oVt Hed BoOMANLdebREEHS egueud®0 ¢PTE. 4Hlwever, in an

P M zed MIETOLYo NS W9 e WIS QBN e MEMLPLY, A0 EhaT ni g b
the arbiter select the functional unit which previously
requested that bus because setting of the chain bit
indicates that the microengine issued a chain request.

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

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

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

25 potentially complete on one of the banks issuing the signal
Adone@ before the other bank was fully drained, thus
destroying coherency. Therefore, the chain bit is used by
the contioller 110 to maintain the memory references from
the current queue.

30
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menory references could go into different banks and 25 potentially conplete
on one of the banks issuing the signal Adone@before the other bank was
fully drained, thus destroying coherency. Therefore, the chain bit is used
by the controller 110 to maintain the nenory references from the current
queue. 30 - 3WOWHIE1Y 16770 PCTNS00122807 Referring to Fl G PEAMUSSVREEy
representation of the arbitration policy in the SDRAM control ler 26a is
shown. The arbitration policy favors chai ned m croengi ne nenory requests.
The process 115 starts by exam ning for 5 Chai ned m croengi ne nenory
reference requests 1RederTheg f dU6ss4Al52 stlops reprehentaiaiored®ir equest s

unt i1 L, Cbabapidrd ofl Ba1 £, {ENERr GRGAP HRELASS, AT, e Teguests 115D

fol |l oned by us reques C, rty eue rvi ce 115d,
Opposi t e BaskoRequdites axbsb;atidelp@euefa_ﬁomqm@insd1m5¢;omuin3arre Bank

Requests 11lhpg. o &%e{}ﬁ% tkeaupsd P%gggrﬁge&a%rgpkﬁmgen lf % services

- 115b-115d are I'n roun I'n Or der cesS 115a-115d
~are fully dfbaimed dliexoeheipemmaaﬂbeen@%mﬂq@lestslwdwg!hemal ned

m croengi g U 119 G4 gae‘fl_%{ﬁig‘“g?héd%%ﬂ%g Lhgs P e i DRAM rrerrory

request has chain b| 'S se hen he
ar bi trati onbéhgineclsansdy sBheinssesscexaninefu@$8 Byai requestts 116be chain

bit is cleag Gi'lo{rr @S%c&saﬂ%gi%e%@ 5O Sé’ ﬁ;b%mpl?%rﬁsﬁen t‘% € severe

per formance penalty I'npose the rong core e ASBis in
wait state. Sml¢msllﬁﬁirgﬁlap0§)¥¢%rﬂam}t Reavests 13iSer oOndéncueniee to t he

| atencyjor efuiteEN S ¥, BAY s euak BbifeMan shuSesnaity
| . request are serviced completely, whereas services 115b-115d
are serviced in round robin order. Only when services
115a-115d are fully drained does the process handle
services 115e-115q. Chained microengine membry reference
15 requests are when the previous SDRAM memory request has the
chain bit set. When the chain bit is set then the
arbitration engine simply services the same éueue again,
until the chain bit is cleared. The ASB is higher priority
than PCI due to the severe performance penalty imposed on
20 the Strong arm core when the ASB is iﬁ 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.
As shown in FIG. 4B, typical timing of a memory
25 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
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arbitration priority could be different. As shown in FIG 4B, typical
timng of a nenory 25 without active nenory optim zation and with active
menory optimzation is shown. As can be seen, the use of active nenory
optim zati Qns ximzes the use of the bus and thus -37

E%h@ 70 '
P. CT/ U001 Y87 ™i des the inherent |at ency W thin physi (l:"a lgﬁiﬁ;devi ces.
In this exanple, a non-optim zed access can take 14 cycles while optim zed

access can take 7 cyles. Referring to FIG, 5, the ry gontroller 26b 5 -
for the SRASEEstRsRRereRE %‘T—Wg%ﬁﬂrblﬂhéﬁsl%g ?Md%"é’lcﬁﬁ‘addr ess and
command qu@uenigGexles bhRorrspYinize@idaislsetantoakd 1@ c4rleas a queue
for menory optim zation based on odg? 1d _even banki ng, nenory controller

26b is oMPiARzeREINEsd BRCRHR FATHE2 ‘operation, i.e., a 10 read or

a wite. The addreserereifgMEREIqIUE)etHe hemot¢l ooetrallrgRepriority. queue

120a, a read eue 120b which is the predom, na nmemry. reference function
that am Mhﬁ%@?ﬁ%? ﬁhﬁ‘!’%ml ey e°°f§6893\ﬁ c yﬁ'ﬁzﬁg?il Wi :JI o

i ncl ude alan WHEEESs EHdSBANnaNd queads 120at Wwiidet ehéeamdroryon- opti m zed.
Al t hough not shown, thedﬁggr e?s and com‘rar}dr? queue_120 could,_al so include a
ol

wite quefontIAtleRAGa: bhasch PRy i10F BFRRTY FRFHHEt iR er f ace

| ogi C i.ebasA8BokUsddlRAd &hen AShiing, i mémorfyacentroller 126b iist er f aces t he

core processqQr,20,to the SRAM 20 controller 26b. The ASB bus_is a bus that
Thel uhes. SPAgniFed Yaged BR Fhe HER 35 BESH APELRLISn 1 oMe Aata o

accesgsed treaandrfa ampitenor ghé haddmssVeEhd AStmdatiaqdeve k20 128, e.g., a

buffer. MEM ASB datg device 128 is a_queie for ' d If there is
i nconmi ng dRCIUPFDM t %CBFéorlty' duelle Y20, o Yeal’ &&gue B

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

The SRAM controller 26b also includes core bus
interface logic i.e., ASB bus 122. The ASB bus interface
logic 122 interfaces the core processor 20 to the SRAM

20 controller 26b. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is
accessed to and from memory through MEM ASB data device
128, e.g., a buffer. MEM ASB data device 12B is a queue
for write data. If there is incoming data from the core

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

30
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25 processor 20 via ASB interface 122, the data can be stored into the MEM
ASB devi ce 128 and subsequently renoved from MEM ASB device 128 through
SRAM i nterface 140 to SRAM nenory 16b. Al though not shown, the same queue

structure - 01/ 16770 PCTI USOQt 22807 can be provi ds.
The SRAM co‘:‘?f’(g?’?‘gw)%b al so includes an engine 127 to pu%?qﬁfg%m?@gm t he
m croengi nes and PCl bus. The nenory requests are sent to SRAMinterface 5

140 via multiplexer 126. The nultiplexer 126 is controlled by the SRAM
arbi ter 131°aRi bp REAEded £RE FeAdsresTher SRAN ronfrolher (g Alsthd t he

status of tRhacheqeesds nkr 097 tftpuldeah €8 SERin @hiet }iBRSEQTesA
programmabl e val ue stored in a priority service control register 130. Once

control to #RE EBI RS+ pl exer 126 selects a nemory reference request, the

nmenory reference requasd meh%r%efﬁ dedtd deeosent k3B swalr entérfdde decoded and
an address i s _generated. The FumﬁLmlt mai ntai ns control of the Menory

Mapped off - dAPpvERAN L PLepREat4s on ThReVPuFRiPIesew dabt A8 Fepted ecan

address, e. @y thé $RAMVBHA%erM D wiich deBedByife FRNNALsE 05 M 16b, and
8 MBytes reserved for special functions including: Boot _space via

 flashrom 168f SR8 RS @nfofhe aids o8 tRacreeRtSeandstrom hatnd access

to associ at gdcf BN r Lsrityebased Tt aSBANYrsmuSieKk Walue0sBbréd®aks Wp t abl es
and queue 20 nmanagenent functions. The SRAM control |l er 26b supports the
fol l owing PFARTALY | TR0 CPBEFR: e Hieq8EsE 30 ( vidrss Ff?at‘-ﬁwf)ﬁ‘;) &8/ from

SRAM 206 CanetPpbeess a6 sedebSB Dufenod/ e dsrMrequest, 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
Expansion ROM. The SRAM controller 26b can address, e.g.,

15 16 MBytes, with, e.g., 8 MBytes mapped for SRAM 1l6b, and 8
MBytes reserved for special functions including: Boot
space via flashrom 16c; and Console port access for MAC
devices 13a, 13b and access to associated (RMON) counters.
The SRAM is used for local look-up tables and gueue

20 management functions.

The SRAM controller 26b supports the following

transactions:
Microengine requests (via private bus) to/from SRAM.
25 Core Processor {via ASB bus) to/from SRAM.

The SRAM controller 26b performs memory reference
sorting to minimize delays (bubbles) in the pipeline from
the SRAM interface 140 to memory 16b. The SRAM controller

30 26b does memory reference sorting based on the read
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The SRAM controller 26b perforns nmenory reference sorting to mnimze

del ays (bubbles) in the pipeline from the SRAMinterface 140 to nenory
16b. The SRAM controller 30 26b does nenory reference sorting based on the
read -39 WD 01/16770 PCT/USQ0122807 function. A bubble can either be 1 or-
2 cycles dMNEMEFHY on the type of nenory device enpl oyed. PCRSOURARR -
controller 26b includes a | ock | ookup device 142 which is an eight (8
entry address content 5 addressabl e nenory for | ook-ups of read | ocks. Each
posi tion ifwiatdena vAlbubkdiet cahaeitherbgnmiined bycraligsedependingad- | ock

requests d S qﬂna g2l so includes a Read Lock Fai
Queue 120d;h$ﬁ% gggg %%ﬂ§ %%SH?%%%QIS used to hold read nenory

reference requests 'metSit&M fcahtr%bkmué’éboﬁ-nalmm aelioski heekup a portion of
memory. Thidvich 189wRlch NS HhCLORN0! (0 Snk9UsS I WBhYent CGuESt thal has

a read | oc request t I's processed in address and control queue 120.
The nerﬁ)ryamsblwmmomfpépat bookruns 9fr read acks- quBaeh 120c or the read

queue 15 mtur %O%uza bit dhat §82&xaRGled BYUSEbseqdiht control ler
26b wi | access ocC p device 142 to determ ne Wwhether this nenory

| ocati on |Jsea@1-rle§8yre@e¢@zf Thet sddrensnang commandaupye| L&k alsa om any
prior readidOGies' Sqﬂéé& L&Jke@'aii“@:émrzﬁd' ooimé Q&‘dﬁ%o&k'f’aﬁa' | and will

20 be stored In the read k fail queue 120d. is unlocked or if 142
shows no I(b%ﬁ@eoﬁzf)ﬁa%saleﬁﬁdes@ h@h@rr%%me&eareg%femenpﬁafemﬁﬁ reference

wi Il bey usgeh bl RepabiiMe idH ar igee éﬁ%ttlﬁ%p%férﬂﬂﬁlbﬁagf“Ona| SRAM

address read/wite request to nmenor he command controller 25 and
addr ess geMERYor THBEvi§4 Qﬂesefeﬁﬂﬁnm%HHQePSEﬂgﬁrﬁ§§uﬁﬁea memory

request that has a read lock request that is processed in
address and control gueue 120. The memory request will
operate on either the order queue 120c or the read queue
15 120b and will recognize it as a read lock request. The
controller 26b will access lock lookup device 142 to
determine whether this memory location is already locked.
If this memory location is locked from any prior read lock
request, then this memory lock request will fail and will
20 be stored in the read lock fail queue 120d. If it is
unlocked or if 142 shows no lock on that address, then the
address of that memory reference will be used by the SRAM
interface 140 to perform a traditional SRAM address
read/write request to memory 16b. The command controller
25 and address generator 138 will also enter the lock into the
lock look up device 142 so that subsequent read lock
requests will find the memory location locked. A memory
location is unlocked by operation of the a microcontrol
instruction in a program after the need for the lock has

30 ended. The location is unlocked by clearing the valid bit
-40~



| ock | ook up device 142 so that subsequent read | ock requests will find
the nmenory | ocation | ocked. A nenory |ocation is unlocked by operation of
the a microcontrol instruction in a programafter the need for the |ock
has 30 ended. The location is unlocked by clearing the valid bit -40 WO
01/ 16770 PGTWOMOGEO7 in the CAN. After an unlock, the reREWEON2384T |
queue 120d becomes the highest priority queue giving all queued read |ock
m sses, a chance to issue a nenory |ock request. As shown in FIG B5A,

typi cal ti ningthé GRM: at BEtErramdurhawmksethe nesast \logkt halidl aesyse nenory
optim zatio | r 4 h n be seen,
groupi ng reg gggﬂ%&ﬁ% g:gitel \lrlﬁ% g%%% %&y%? ?né@%‘lkél)% r‘étn?ngw %‘f%]ecqr;/lcl es.
Referring t weBliGloék miGmesni eachancedondeaue e MERPNY| éPGbngﬁ!m@tﬁtZZ and t he
FBUS interface Logi c {FBL) .S inSHRMWN. SAThgxggy?Sl | rAhlAce g £ 4@ networ k
application can perforns hea er  proocessi i ncom™ng pac ets fromthe
FBUS 18. 5A kapdbmnatdess mmomytmetlrcswsapmwfmmmllmzaumbmdact i on of

packet header r 15.S / dest t t ocol
hached | ook iRl HeploRR, SPF AR Ao 22 OH0GE. (25! FRA DO NRUE 1 e
packet head@roipingrogassedndowrites dmprorescsyoletimdes Glllmn@tmhl sticated
processi ng. d‘ggg g%é &9, contains a Transmt FIFO 182, a 20 Receive FIFO
183, a HASH unit J8 and FBlI control and status registers 189. These four
‘units comuni cat e wi tBefanrdngi te o€y rfes copmupication petweeniPrexed access
to the 1§RAM1Q¥§e§§:hM% ahaCceAO R skeekRacd IdipleNrhegi pders 78, 8O in

the m croengdl nes conmmuni cat I oNns
shown. The FBUS 1nterface 28 in a network application can

performs header processing of incoming packets from the
FBUS 18. A key function which the FBUS interface performs
is extraction of packet headers, and a microprogrammable

15 source/destination/protocol hashed lookup in SRAM. If the
hash does not successfully resolve, the packet header is
promoted to the core processor 28 for more sophisticated
processing.

The FBI 28 contains a Transmit FIFO 182, a

20 Receive FIFO 183, a HASH unit 188 and FBI contrcl and
status registers 189. These four units communicate with
the microengines 22, via a time-multiplexed access to the
SRAM bus 38 which is connected to the transfer registers
78, 80 in the microengines. That is, all communications to

25 and 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

30
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25 and fromthe mcroengines are via the transfer registers 78, 80. The
FBUS i nterface 28 includes a push state machine 200 for pushing data into
the transfer registers during the tinme cycles which the SRAMis NOT using
t he SRAM - 01/16770 PCT/ USOOR2807 data bus (palgerfifsediiser38) and a
pul | state%ﬁﬁ'gﬁm 202 for fetching data fromthe transf-"gr regl got-'ers in
the respective mcroengine. The Hashing unit includes a pair of FlIFO=s
188a, 5 138b. . The,6 hash it determnes_that the FBI, 28 rgegeived an

FBI hash 1RTeLES BRET S0 BT 101 AP 6 BHL THACE ReGRDRS AT A8 cal | ing

m cr oengi nket2Rindf d#ta tfremkele transfetrcheghistets hastizel, rddpectiadeces are
delivered hack to,the calling mcroengine 22. Up to.three hashes are

per f or med Hrer g 9o si ngl e FBI hash request. The busses 34 and 38 are
each unidirecti onathe HasAihgusiitpuniclddés,a padr SHUBIPMsh/188L|, data. Each

of these es guire controql.  si.gnal ich wll provide read/wite
control’s t e &'Ef)t}?at%‘r iugf‘% ﬁ?’é"r SiSnEh%(iZ1 %ﬁaﬁ%#e?gr%eg(fes’tvgfisénw -42 WO
01/ 16770 BN _HSeR Petpiest .CeMbe ahdsh uhiandd®rfetehest kash rieps ifeopr ot ecti on
fromthe ntext.contr.olling.th to arantee rea cprrectness. In
b 11 cut arche PAyLER rolRdihg B, OaPelt YN kelBodre SBOGRIBRE. " 1
provi de ashed, t ,det aeld - $o bhbe cakkarg te this register
i de dataeshied, t tize SidAles 46, ddlliveadd-Kagiu b Eximg hi i
until the _.sianal. fr 0 er,. 2 kndi cat hat'this
ogi ster AT BERRUIE 225 o HPLRY Theen Bubfies e BlpEORbER e
10 single FBI_hash request. The busses 34 and 38 are each

unidirectional: SDRAM push/pull_data, and

Sbus_push/pull_data. Each of these busses require control

signals which will provide read/write controls to the

appropriate microengine 22 Transfer registers.

15
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wite does not require a signal back fromthe destination indicating that
the function has been conpl eted, because if 10 the thread wites to the
same command queue at that destination with nultiple requests, the order

of the <conpletion is guaranteed within that command queue ly the
| ast- commandVP&H?T%s t he signaling back to the thread. I-Igﬁk@gﬁwg‘?' t he

thread uses multiple conmand 15 queues (order and read), then these command
requests nust be broken into separate context tasks, so that ordering is
mai nt ai ned vi a cont exGerepmidivhg transfen XaAis§RTE SAUIGRIPERLEALEPN t he

begi nni ng Offn{éﬁi ih@al‘:gﬂfé‘w dohtrBhaihy eHen tB gRALMELS I Raa of operations
using an unsolicited PUSH to 20 transter registers fromthe FBI for FBUS

status i nf orounsctnessn ofRlrantdcplateckt e ¥FARR| FERRRASH FeAL8ERBN the

transfer registel PrreddS1 oS RFIvakePusha O sprAMal when
t hese speci asS Iﬁgugﬁggp%ations are sgfxgup. °. 43 WO 01/ 16770 - PC

/ US00/ 22807 16my thirepdehghyprt It pReryEkie tthd sppegiskey iwtdddthash

techni que Mug{1.8Shal-RerPER AAMORALASL YD P6al YnadeLassithatt BR1FBUS
i nterface/ m croengli ne agreed upon transfer registers. If the flag is not

assert i, thesgistershesabesrPHoBgtstcaRd MAY BOVaBLEIWPSS, t BESRY cr oengi ne.
1T the flag,lf AR ﬁdt;mﬂﬁéeacgﬂgﬁi iU lrdomot e NidatGh@sioR i OF tO

accessing the registers. priori this count is determ ned by the nunber

of transfer indjicatdng Bbahgthr dwwgtipn kes heegncamaloiedcOeCaRsRi HEow. The
basic idgp dik ithdehal whieed€d A9RIEERe Natimaln®S Qubhié Sad |@att hen qui ckly

move the data which it wishes to read fromthe read. transfer registers to
GPR s in corde¢gfigasippcrith myltipde requests, the order of the

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

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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push engi ne does not collide with the Mcroengine read. O her Enbodi nents
15 1t is to be understood that while the invention has been described in
conjunction with the detailed description thereof, the foregoing

descri pti oRyd SiHcbaended to illustrate and not.limt the fﬁfﬁ“ﬁ e

I nventi on, r%‘-’d’'ﬁ\f\’g‘:’q’t(':]h I's defined by the scope of the appen?gg C alzfsr@] 20

O her aspects, advantages, and nodifications are within the scope of the
foll owi ng clains. at is clained is:.,-44 WO 01/1 0 PCf /[ USQO 22807
CLAIMB 1. A control FBY Ifuo‘?ma?ntgéﬂaoﬁa??isé‘sﬁ%n%tﬁ/%ﬁoﬁﬁ??é’e%%t% addr ess
and comuanpushudierhhligte mists testotle frotekceionciiad pedog pbural ity of

m crocontr ol f%pcti al tﬁth%é g fipst readiwite ﬁgue t hat hol ds nenory
ref erence YT afn@o%gﬁt%? JE-SE1RE dﬁ&‘?’&&&}’\}\?ﬁ%{% eB°That hol ds menory
10 ref er encemndfleamragtsterspr oCEsshe ; £layl iconbt dsdergid; | thémidineg an ar biter
t hat det ecf the fullness of each_of th ueues and a status

outstaﬁgdi n?%ﬁ%ﬁyrfgf%ﬁ;%ﬂscga?o ge?‘é%?ssg%ng% F&Féﬁgﬂgénef rﬁ one of the
queues. 15tk fllag denhssdrtted thenl thencbntlert eshoulee wadnt ¥okycleagi ¢ furt her
sel ects one of the_gque rovide a nex ry.references based on a
pr ogr anmaby relovraltﬁeagf%%jsg%q; %h% gﬁﬁscﬁelrtsy s r%ﬁ"ﬁ%ﬁé?o@?‘é ij}t er.,

determined by the number of transfer registers being

pushed, 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:
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20 3. The controller of claim1 wherein the address and comuand queue
conprises: a high priority queue that holds nenory references from high
priority tasks. 25 100l toreerr e vier 1 1l -45- C L a W 01/16770
PCT/ USCQ 22807 4. The controller of claim1l wherein the address and
command queUWOOUMITE ses: an even bank queue; an odd bank qXEE&S0LEIET5
wherein a mcroengi ne sorts nenory references into odd bank and even bank
references. 5. The controller of claim1 wherein the address and conmand
gueue conprises: 10 an order queue and GBEIMA n control |l er exam nes an

optim zed nqbrtory refege %ecrlglil?ﬁgpg?%fa sr%d%:%égésg %Qnrgir?g reference

requests tobe sorted into el e éven queue or the odd bank
gueue. 15 6.compeisestroller of claim5 wherein the address and comand

queue conprises. an 05:99£d&%%‘éean8”8'om?{de' egé Erfhett rﬁ%ri‘a%yméﬁéfience
request does not have a nmenory optim za iGN Bt se , the nenory reference
is 20 sbHor emfiewrenbes of chen aqpdueality e micnbcontxyl duncitapnal wherein the
address and G gnand gqueue is inplenented in a single nmenory structure and
conpri ses: AR or der gueue for storing nmenory references;

a first read/write queue that holds memory

reference from a computer bus:;
a second 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
outstanding memory reference 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 gueues 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 gueue that holds memory
references from high priority tasks.
25
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an even bank queue for storing nmenory references; an odd bank queue for
storing nenory references; a high priority queue for storing nenory
references; and 30 with the nmenory structure being segnented into -46 C
12131 111 111111 S 111111 WO 01/ 16770 PCT/ USOQ 22807  f our
di fferent JURPEF8gi ons, each region having its own head AV pointer.
8. The controller of claim?7 wherein the address and 5 conmand queue

further conprises: an inser%@gueue control and a renove queue arbitration
logic to chntrol in¥eetcemFoldnsvef Jrimetovhereis shensddréspmndhe queues.

10 9. The &&an@l hBEuOf cdriptiied:further conprising: a command controller
and address generator that 1is responsive to an address froma sel ected

nenory reference f®Rr®¥He beRkdII¥RMR/es, to produce addresses and conmands
to control a menoryahndd RgR gleudO-anihe controller of claim9 further
conprising: a nenory interface responsive to generated addresses and
comands to produce¥ AL BACFRRNEINGN APELS JRMOLY. referensifs ol [ er of claim

1 wherein {fi® 608t b&hk driDievehSbis FRFardfcd®. 8 chaining bit that when. set
allows for special handling of contiguous nenory references. 12. The

controller of claim1l wherein assertion of 25 the chain bit m@ll control
the arbites. to haverfidacticieer selcagint heyidrahi enal addvdssMahgh
previously requested that
command queue comprises:
10 an order queue and wherein controller examines an
optimized memory reference bit and if set, causes incoming
reference requests to be sorted into either the even bank

queue or the odd bank gqueue.

15 6. The controller of claim 5 wherein the address and
command gueue comprises:
an order queue; and
wherein if the memory reference request does not
have a memory optimization bit set, the memory reference is
20 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:
25 an order queue for storing memory references;
an even bank queue for storing memory references;
an odd bank queue for storing memory references;
a high priority queue for storing memory
references; and

30 with the memory structure being segmented into
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bus because setting of the chain bit indicates that the mcroengine issued
a chain request. -47 1111111 ME 11l 111111111 S WO 01/16770 PCT/ US00/ 22807
13. The controller of claim1l wherein the control logic is responsive to
an optim zed nenory bit and a chaining bit, and wherein assertion of the
chai ni ng bi tWOWME7T¢ontrol the arbiter when the optinized RGFHSYUVESY (s 5
also set to maintain the nenory references froma current queue. 14. The
controller of claim1l wherein the arbiter has an arbitration policy that
favor s chai ninmidd£dengnheyuemenergions efeachncegiod haviilng dantowh| er of

claim 14 wh ' e Iter as an arbitration policy that services
chai ned reqﬁ%%#gahgnF?#Pf%eI%ﬁ%?n bit is cleared. 15 16. The controller of

claiml1l wherein the arbiter has an arbitration policy that starts by

exam ning f chai ned ' ggqgi ry: I ef r.equ ,.20_17. The
controller of claim 1%hé\nhcgc§ ern tlﬁg gg%a%&rm;t%i g%gggoﬁ c@l%e%%?g%gcﬁ% ned
menory r équesaAmmand gueusefwithed compriesicy. ~ 18. The controller of claim

16 wherein when the cpai {E"T%?‘Eﬁé%é’?’?f I;gdagbi‘é%&;é YL§AYi ne services
t he sanme queue again unti chain bt 1s cleared. ||qal|5|
arbitration logic to control insert and removal of memory

references from the queues.

10 9. The controller of claim 1 further comprising:

a command controller and address generator that
is responsive to an address from a selected memory
reference from one said queues, to produce addresses and

- commands to control a memory interface.
15

10. The controller of claim 9 further comprising:
a memory interface responsive to generated
addresses and commands to produce memory control signals.

20- 11. The controller of claim 1 wherein the control
' logic is responsive to a chaining bit that when set allows

for special handling of contiguous memory references.

12. The controller of claim 1 wherein assertion of
25 the chain bit will control the arbiter to have the arbiter

select the functional unit which previously requested that

bus because setting of the chain bit indicates that the

microengine issued a chain request.
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13. The controller of claim 1 wherein the control
logic is responsive to an optimized memory bit and a
chaining bit, and wherein assertion of the chaining bit
will control the arbiter when the optimized memory bit is
also set to maintain the memory references from a current

queue.

14. The controller of claim 1 wherein the arbiter has
an arbitration policy that favors chained microengine

memory references.

15. The controller of claim 14 wherein the arbiter
has an arbitration policy that services chained requests

until the chain bit is cleared.

16. The controller of claim 1 wherein the arbiter has
an arbitration policy that starts by examining for chained

nmicroengine memory reference requests.

17. The controller of claim 16 wherein the
arbitration policy enables chained memory requests to be

serviced completely. -

18. The controller of claim 16 wherein when the chain
bit is set, the arbitration engine services the same queue

again until the chain bit is cleared.
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