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OPTI M ZAL LY 4BAGKGROUND  This invention relates to nenorypSyst@mBedsor 5
paral | el processors. Parallel processing is an efficient form of

i nformati on processing of concurrent events in a conputing process.
Paral | el processing demands concurrent execution of many progranms in a
conputer, in contrast to sequential 10 processing. In the context of a
paral | el proces$dSTRIFTAID M5 KRY SRITRES: dHith EABVE RTHRPRIN kA TNt t he
sane tine. Unlike a serial paradigmwhere all tasks are perforned
sequentially at a single station or aBpCPReROWBEBA nachi ne where tasks are
perfornmed at speciaHized.stations W th para proqgssiqg?éa plurality

, A1 || el
of stations are proﬁlﬁe&wetrﬁlé)&cﬁegfﬁaeﬁl etoof“eﬁ}??rfyorsrﬁsngenéﬁl sks. That

i's, insgeparalliall poceg¥d=al ity of the stations work sinultaneously and
i ndependently on the sanme or common  elenments of a problem Certain

probl ens are sui t abl"é@Fdrl 20 REGIGRS 3R Dy SaFdl ATid Pandl IFrmprddcessi ng.
Paral | et BLOCETRINIGH Y AR ORS! Ak e MR SYSLLB ALl fl ar |y
evi ces can

when differeént wite to or read fromthe sane nenory system
25 SUMVARYroAeesar.di g rad lal gspects sahd kienpmese nfonawerdntorgxecutciant r ol | er
for a randaom access nenn&y i ncl udes contral | ogic, including an arbiter

that det ePfs™M3NSt HERITGES dut &t SYAENG STermdr’y PEfEPSTc & 1 BREh menory
ref ergncep3@cbemnene afy andl Woalddhyt Wreuepaah MR Jofayances. The

control logic is responsive to a nenory reference chaining

parallelism involves doing more than one thing at the same
time. Unlike a serial paradigm where all tasks are
performed sequentially at a single station or a pipelined
machine where tasks are performed at specialized stations,

15 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
simultanecusly and independently on the same or common
elements of a problem. Certain problems are suitable for

20 solution by applying parallel processing.

Parallel processing can place constraints on

memory systems particularly when different devices can

write to or read from the same memory system.

25 SUMMARY
According to an aspect of the present invention,
a controller for a random access memory includes control
logic, including an arbiter that detects a status of
outstanding memory references to select a memory reference
30 from one of a plurality queues of memory references. The

control logic is responsive to a memory reference chaining



1 WD 01/48619 PCTI USOCO 42663 bit that when set allows for special handling
of cont iz eumergrenory references. 5 BRI EF DESCRI PTI ON OF p&tfyshiiddéNGS FlI G
1 is a block diagramof a communication system enploying a hardware-based
mul tithreaded processor. FIG 2 is a detailed block diagramof the

har dwar e- based nul tithreaded processor of FIG 1. 10 FIG 3 is a block

di agram of a m croengine functional unit enployed in the hardware-based
nul tit hr &ded-proceRedrsef &l &avs1fardspecFpE handsipgppckoditagnamsof a
menory cool ef e pLeobanced bandw dth operation used in the
hardware-basedy 15 multithreaded processor. FIG 4A is a flow chart that
represents an arbitration policy in an SDRAM controller of FIG 4.

DESCRI PTION 20 Referring to FIG 1, a conmmunication system 10 includes a
paral | el , hardware-based nultithreaded processor 12. The hardwar e-based

nul titshr eaded processor 12risr pespkedrionacbusysughapsnasPeri pheral
Conmponent I nterconnect (PCl) bus 14, a nenory system 16 and a second 25

bus 18. The system HBGi sl espediblpgkudbsarafopft asksmmhatcatannbe broken
into parq%%g{r§q9£ 5ks: 9L fupgtion e—b%@gﬁiﬁi @l% har dwar e- based
mul tithre eéaproégss r QZ i's use?ul or tagﬁsl ﬁg?ag?éaﬁﬁﬁﬁﬁfaPﬁ'oriented
rather than |atencyl@ri2znteda dbheahacdwalechasedgpaht btheaaded 30
processor, 12 has Itigle i croengi nes 22 each with_ 2
hardware-based multithreaded processor of FIG. 1.
10 FIG. 3 is a block diagram of a microengine
functional unit employed in the hardware-based
multithreaded processor of FIGS. 1 and 2.
FIG. 4 is a block diagram of a memory controller
for enhanced bandwidth operation used in the hardware-based
15 multithreaded processor.

FIG. 4A is a flow chart that represents an

arbitration policy in an SDRAM controller of FIG. 4.

DESCRIPTION

20 Referring to FIG. 1, a communication system 10
includes a parallel, hardware-based multithreaded processor
12. The hardware-based multithreaded processor 12 is
coupled to a bus such as a Peripheral Component
Interconnect (PCI) bus 14, a memory system 16 and a second

25 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 multithreaded

30 processor 12 has multiple microengines 22 each with



WO 01/ 48619 PCT/ US00/ 42663 nultiple hardware controlled threads that can

be si E%aﬁgﬁ§ly active and i ndependently work on a tasgeT/ddiR/42663
har dwar e- based nul tithreaded processor 12 also includes a central

controller 20 that assists in 5 |oading mcrocode control for other
resources of the hardware-based nmultithreaded processor 12 and perforns
ot her general purpose conputer type functions such as handling protocols,
excepti on8ulekpig §65689Fef69nﬁééﬁé€d preeasdsi frgarhera bke ni croengi nes

pass the pagketsnblishor .1Q;er g det abed ALy megvﬂmWWy

s gr_ & g gg§$ : .
conditions. In one enbdodi nent, the pr ocessor is a Stron rm(Armis a
trademar k of ARM Li fhtedpardnetredbKsrddony thasedadarcbirbeetssioe. 1Phe genera

pur pose m croprocessor 20 has _an operatin stem_ Thrqugh the operating
systenlth%fi% b?8§8§§8ra25e8§ﬁaEanggﬁﬁingnz%t5%85e?5fés f Aicr oengi nes
22a-22% . 1Hg4PrECRSEQHc3BeCaBneselanyrSuppert edseopetaki g tsystem
preferably a real tinme operating system For the core processor

i mpl enentkdrdganesPreng MeAtarehpardedupsocesperatlingndyseeforggch as,

M crosof t ) =t [ 0 freeware _gperating
systen1aﬁggwéﬁlgégggﬁitﬁgrp ﬁtegﬁég?%ggntgggugggpt$ﬁgsh§P§&aﬁg-based
mul tit hr elashed] pngcpssopcd?s, akgsoepntbudeseatphusabpby toff of-upatkiker

m croengi nes 22a-22f._  Functi onal nicroengines (nicroen%ines) 22a- 22f each

25 mi nt PHOGEPPLREI TEGE8f tPPoBr GRPEBERTEFSPRAShAPGwRFE ERG “dfated
associat efo it hethe1 RrOPEBRLEQYALEESchEREeChi ¥elhdard cBhuesReRdI Ng

plurality of sets of threads can be sinultaneously active op each of the
m cr oengi hesoR@acbpdimhhte dheyponeessoacklalibyaopéraniongrat &hymohe tine.

a trademark of ARM Limited, United Kingdom) based
architecture. The general purpose microprocessor 20 has an
operating system. Through the operating system the

15 processor 20 can call functions to operate on microengines
22a-22f. The processor 20 can use any supported operating
system preferably a real time operating system. For the
core processor implemented as a Strong Arm architecture,
operating systems such as, Microsoft NT® real-time, VXWorks®

20 and pCUS, a freeware operating system available over the
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

25 maintain a plurality of program counters in hardware and
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.

30 In one embodiment, there are six microengines

3



30 I'n one embodinent, there are six mcroengines -3 WO 01/48619

PCT/ USCIQ!V(J,%@@%wZZa 22f as shown. The m croengi nes 22a- 3108682663
capabilities processi ng four hardware threads. The six m croengines

22a- 22f operate with shared resources including nenory system 16 and bus
interfaces 24 and 28. 5 The nenory system 16 includes a Synchronous Dynam c
Random Access Menory (SDRAM controller 26a and a Static Random Access
Menory ( SR~ ot raf | 2hoWsD. @EPAMW%Q% %2m%ontrol | er 26a

o et oy AP SR 188 EONEAO Mg ets é’% %%?A%?%:on?rol | &7 gcesa "

of network payl oads 10 from network pac 5 and
SRAM nenoric i@ aiee ussth132 A ot M i gt h nﬂh@n@@tm$@mé®$ | ow | atency,
fast access tas acceSS| ngJ>< 00k- (L}_g t apl es, 5%11 for the core

c

processor 201K Jdi%om?q?)c?rt 85 A |Jr1%%e’é%c‘?%f eds?Bither the

15 SDRAM lfize Gfen@RAM slﬁé;técmsp@ ofc s ack ei}!'&élﬁﬁén&is thengat @ radhys, | ow
| at ency, | ow bandw dth data is stored in and fetched from SRAM whereas

hi gher bafdifiaitsh MRIQE ¥ of SRRAMH COraR Mot SZ%taraé 3 @b@taﬂtRam@O@t ored in
and fet ch gw %i m g ne %é@ xecut e, penDr 20
r ef erence ?:nést r uct 1 on toS et her&?ﬁﬂgjsl[ﬁé ontr o?l er rg r Wllg

controll erSD]F@tM duehvant ldges Dfa harawayre aal 1yt ed df sy p:ﬁdi’lceb@smeg(pl ai ned by
SRAM or ry acc As an exanple, . an SRAM access requested by
a Thread rfgreorﬁr%‘ﬁi‘ déig‘faﬁba'%evﬁﬂ RIS IS SRANI S orR ¥ ol Pyl 28BSt o
iNitighe 3N orAGRaSHE0 JaSRAM n@r@r%pl;@tbor{*&eoﬁw.w@té%'@ﬂimcomrO' s
arbitration for the SRAM bus, accesses the SRA
memory 16b are used in a networking 1mplementatlon for low
latency, fast access tasks, e.g., accessing look-up tables,
memory for the core processor 20, and so forth.
The six microengines 22a-22f access either the
15 SDRAM 1l6a or SRAM 16b based on characteristics of the data.
Thus, low latency, low bandwidth data is stored in and
fetched from SRAM, whereas higher bandwidth data for which
latency 1is not as important, is stored in and fetched from
SDRAM. The microengines 22a-22f can execute memory
20 reference instructions to either the SDRAM controller 26a
or SRAM controller 16b.
Advantages of hardware multithreading can be
explained by SRAM or SDRAM memory accesses. As an example,
an SRAM access requested by a Thread 0, from a microengine
25 will cause the SRAM controller 26b to initiate an
access to the SRAM memory 16b. The SRAM controller
controls arbitration for the SRAM bus, accesses the SRAM
lob, fetches the data from the SRAM 16b, and returns data
to a requesting microengine 22a-22b. During an SRAM

30 access, 1f the microengine e.g., 22a had only a single
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16b, fetches the data fromthe SRAM 16b, and returns data to a requesting
m croengyf914¢do 22b. During an SRAM 30 access, if the m of@eDWNSseE. 9., 222
had only a single -4 WO 01/48619 PCT/ US00/ 42663 thread that could
operate, that mcroengi ne would be dormant until data was returned from
the SRAM By enpl oyi ng hardware context swapping w thin each of the

m croengi nes 22a-22f, the hardware context swapping enabl es 5 other
contexts WER28nFHaE FPEgFaRFEdaiter $h86 Blesgeadiine weatlds&®e mi croengi ne.

Thus, anophehahbr 64818 aralBheaderhonfaN cUACkhAN M & B Tirst thread,
e.g., Thread 8, is awaiting the read data to return. EUrlﬁb execution,
Thread - lempyomtogsbatrhgaBbBRAM rextr ywibainYhiiehIhr eadh- bf @ coperates on

the SDRAM unit, and Thread-Q _is operating on the SRAM unit, a new thread,
6. - ThrBAt9LBan ROncagerate PR PG CHECROBRYTRE T 2Ho PP B " Ap e

operate fornarcephakhtsamuynt uafi gbeMruptbh cbuneeds &0 ageess MeRpPry or
perform sone other |long | atency operation, such as naking an access 15 to

a bus intehehceamFhaiefroragisenul Taneoushpthehethpeedessar. ,1Zheamadchdve a
bus operafjon M.ap o] ng. ratign a bei,ng canpl eted or
&58 f%§5€¥£8 %E?Ee 0na 91£§PR@N%QEE, e'ﬁé’ngkéeﬁﬁFga

oper at ed upon onée  mcroengi né a an ave o d*dvailable to
process naweindhk thet headatiatpath. r2@uthe handwageegeri:@xionswappi ng al so
synchroni zes conpletion of tasks. For exanple, two threads could hit the

|
sane shar B F@olr €8Ye2G S SSRANF ERRAMOREMSE vt hé2e WBparaldreasctl onal
uni tsyy €. gne 4 PEsFBES Bt bkage a8, t BRISRAMeGANDT QL %EJe%g%’in%n%nt he SDRAM

control | er” 26b, when 25 they conplete a requested task from one of the

nicroengih@e SRAM unit, a new thread, e.g., Thread 2 can now operate
in the microengine 22a. Thread 2 can operate for a certain
amount of time until it needs to access memory or perform
some other long latency operation, such as making an access

15 to a bus interface. Therefore, simultaneously, the
processor 12 can have a bus operation, SRAM operation and
SDRAM operation all being completed or operated upon by one
microengine 22a and have one more thread available to
process more work in the data path.

20 The hardware context swapping also synchronizes
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

25 they complete a requested task from one of the microengine
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.

30 One example of an application for the hardware-
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thread contexts reports back a flag signaling conpletion of an operation.

When t hewid @ggs® received by the mcroengine, the m croepgr€ow663
determ ne which thread to turn on. 30 One exanple of an application for

the hardware- -5 WD 01/48619 PCT/ US00/ 42663 based nultithreaded processor
12 is as a network processor As a network processor, the hardware-based
mul tithreaded g}lgﬁces or interfaces to network devices such as a nedi a

access coREFGA de @aéieéi PILLCrs AFOBaseT Gt & NPAGOI3a B e 6 @ gabi t

Et her net dgui gent3vo Ak 3RRYAor 2512 RSN« 0CEE St i cadeq
har dwar e- based nul tithreaded processor 12 can interface to any type of

comuni caPireredewircd 2orin tiemtaciesc & o hn@ttwoe:dﬁlde@sjmwdkmagae aanmethits of

dat a. Cormunl cation system 10 .functi oni ng et ng .10 appl.i cation
coul d recérve-a pPuFalo?th%Ly Lof NetWork 9 pacl?etlsO/]faooggr‘?\St e é%lcé@ 322 13b and
process tbhesa pagketis IElthérn[é&I’ alehvelcemammer . W tdahe 1hardwey erdagac

mul tithreaded processor each network packet can be independently

processedPrQSeﬁﬁQtrherth@xélﬁﬁldé’afr@r bgse dofugrdddysader? Arecesgny 2 engi ne
for a poSESAN | fk oRIACRSIOl o8 Ao RIEOCRSHRI: i SLofiage subsyst em

i.e storage use Is as a mat chlng engine. In the
securiti e$nt'emdast3ryhh¢r re)carm’lee/stelmelsad\a&@te @incelnect tanidata.adi ng 20
requires hhe use of ectrgnl C tchl n nes to match orders between

buyers an O@@PP&F?“’?%?@ f8 dt &”ncﬁgroélll Py Fed S AEIRY can be
acconp) i shpgd1eBathensystied rt@eive a plurality of network packets

from the devices 13a, 13b and process those packets in a
parallel manner. With the hardware-based multithreaded
processor 12, each network packet can be independently
processed.

15 Another example for use of processor 12 is a
print engine for a postscript processor or as a pProcessor
for a storage subsystem, i.e., RAID disk storage. A
further use is as a matching engine. In the securities
industry for example, the advent of electronic trading

20 requires the use of electronic matching engines to match
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

25 couples the processor to the second bus 18. Bus interface
28 in one embodiment couples the processor 12 to the so-
called FBUS 18 (FIFO bus). The FBUS interface 28 1is
responsible for controlling and interfacing the processor
12 to the FBUS 18. The FBUS 18 is a 64-bit wide FIFO bus,

30 used to interface to Media Access Controller (MAC) devices.
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The processor 12 includes a bus interface 28 that 25 couples the processor
to the seoidsdiys 18. Bus interface 28 in one enbodi nentpEpusdorssdzhe
processor 12 to the so- called FBUS 18 (FIFO bus). The FBUS interface 28 is
responsi ble for controlling and interfacing the processor 12 to the FBUS
18. The FBUS 18 is a 64-bit wi de FIFO bus, 30 used to interface to Media
Access Controller (MAC) devices. -6 WO 01/48619 PCT/ USOQ 42663 The
processor 12 incl udé§€aPEeEERGorntdr facéudeg. 2 gependpis tiemfackcace 24 t hat
coupl es othgr,h sysbem pg h i-d e ] 14 bus to the
processor %2. The PCl %Hggﬁﬁ?géfgcghzﬁsﬁgrgS?ﬁéggaoﬁﬁé S %ggnhata 5 path
24a to negPryonenesgthatheeSbRAMPnebeyPCHaliThueugh thbhabrpathsdat a can be
noved qui ckly o] e, SDRAM 16a_ through the PClI bus 14, via direct nenory
access (DVR) %é%ggﬁgrgPSTﬁgtﬁﬁgaﬁﬁrégbagﬁavﬁﬁﬁﬁi?hgé88e8P6F6c€§§@r 12
supporst s paeige2 t aansf gemoryhechar guar enbasedanubbinbhyeaded 19 progessor 12
can enploy a plurality of DVA channels so if one target of a DVA“transfer

i s busy, EndtheRtbndabf £REB PEMACERANABLSkEENfraRetbeeFDRAY RER bus to
deliver | r ot | a h t gt get;. i i.n high_pr or 12
efficienc@gégﬁﬁ?thga%?§,B?he§%tl9%85&%%§%??g§%852 nggﬁ%pgﬁﬁ§§target and
mast er operansHess . Tafjet hapewateobhssedreudpet Atbadsdwbebeeskave 1devi ces on
bus 14 access SDRAMs_ t hrough_reads d wites that are serviced as a sl ave
to target"pRtati thc9fn ﬁﬁgFg?ererig?oﬁ%FdWﬂéep?@é@@sBPlééFéreQ@egends

dat a @i restdyesgoprirecehvespdayaadpreetlyerom 3at hgaRek1knter face 24.
Each of the functional units are coupled to one
one target of a DMA transfer is busy, another one of the
DMA channels can take over the PCI bus to deliver
information to another target to maintain high processor 12
efficiency. Additionally, the PCI bus interface 24
15 supports target and master operations. Target operations
are operations where slave devices on bus 14 access SDRAMs
through reads and writes that are serviced as a slave to
target operation. In master operations, the processor core
20 sends data directly to or receives data directly from

20 the PCI interface 24.

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

25 12 also is constructed such that the sum of the bandwidths
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

30 processor core 20 to the memory controller 26a, 26c and to

7 -



or nore internal buses. As described below, the internal buses are dual,

32 bit @%?/45&199-’ one bus for read and one for wite).pc€s00/42663
har dwar e- based nul tithreaded processor 25 12 also is constructed such that

the sum of the bandwi dths of the internal buses in the processor 12 exceed
the bandw dth of external buses coupled to the processor 12. The
processor 12 includes an internal core processor bus 32, e.g., an ASB bus
( Advanced®syAtent BaRFlehat éBupresrihed3beppBeestbr £8PebPO €8 &he nenory

control I er,26a, gﬁctgggs%gFaIZedvgﬁgég6@919h§¥j£ggugéézgg?htﬁﬂeASB

transl ator 30 descri ow. The ASB bus 1s a set € so called
AMBA bus gthatng sAusedracéhsbvhecoBer onGhér prpresessot2cateo Thelpseeessor 12

al so includes, a grivatg bus 34 tha& coupl es.the nicroen%lne units to SRAM
5 controld X PEhEC ARBSt P An5Pat of O3B SR EBUBL FHPRTPLRE Y81TA theddPY bus 38

coupl 8s tdun dRADI §r COBL | OhbEr £ 28351266t 90t B8y Pussi phestages 24 and 28 and
menory system 16 including flashrom 16¢c used for boot operations and so

forth. Re&EIINPEd 4 Gogpleachhofmeheriti epobhgl hes 24@, 2260226 thel udes
an arbiter . e ] I t ] aj Labl e,threads to be
! %u§'¥ﬁte%€g%§§52£ ?93 19 .48 ﬁ%ﬁ%?ﬁiéggtéM.i% 1%§%9§ S

oper at ed "upon.  Any read from any of 0engi nes 2F9can access
the SDRAMaaMamwller 26ad ShRAMcondbpethetro2éband FBUSortnt erface 28. The

menory controllers %gg and 26b each 15 include_a ﬁlurality of queues to
store outstandi ng MeRbTYFLRef &Y ent@: requedty. OFThehguBtes g HRESmai nt ai n

ordergof o EMDIY 165 BLeNSesn Of rijd f &ROEL NENDLYmI gL g £NLES £ optim ze
menory bandw dth. For exanple, if a thread-0 has no dependencies or

rel ati onslitetoire threatval lahee ethiseqds to be operated upon. Any

thread from any of the microengines 22a-22f can access the
SDRAM controller 26a, SDRAM controller 26b or FBUS
interface 28. The memory controllers 26a and 26b each

15 include a plurality of queues to store outstanding memory
reference requests. The gqueues either maintain order of
memory references or arrange memory references to optimize
memory bandwidth. For example, if a thread 0 has no
dependencies or relationship to a thread 1, there is no

20 reason that thread 1 and 0 cannot complete their memory
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

25 reference operations such that the memory subsystems 26a
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

30 sorting improves achievable memory bandwidth. Memory
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20 reason that thread 1 and 0 cannot conplete their nenory references to

t he SRAMyly4s@yt of order. The microengi nes 22a-22f i ssper/0simmns6s
ref erence requests to the nenory controllers 26a and 26b. The m croengi nes

22a-22f flood the nenory subsystens 26a and 26b wi th enough nenory 25
reference operations such that the nmenory subsystens 26a and 26b becone

t he bottleneck for processor 12 operation., |If the nmenory subsystem 16 is
f1 ooded WehehrBRBPYSPEGUBYY s2thdESaFébrAdEpéAdentelHCREt deed ttheepcacessor

12 can periQpm OBPRLY LEEREENGEROLELRG s VEFRr Kphbf er rting

i nproves ac%?%va%?e menory Eangmﬁgth. Nbﬁ%ryIEB 5 5@'01?33@15%3E% USOQ 42663
ref erencersbeténgesat8 6B3MriI bedtbeliow, cneducesddeadttione oor signaubbl e t hat
occurs with accesses to SRAM W ith nenoréﬁoreferences to SRAM switching

current dri2etiBRTEACE §RAMS PPHe¥TbEEReBRCABEES anBUhPlfeSprodEess a

bubbl & ort andeqd: i hmMeowakhirR@ntOEoCHEEENE A 88hbLE t8R sCeRdHatiorS
coupling the SRAM 16b to the SRAM controller 26b. That is, the drivers

that driveheuPRBUt 16k thethpuSRAKedonsredteke26bt prior to changing states.

Thus, repetitive c s.qf read. Lo b writ an degrade 10 peak
bandw dt h. Menory rgﬁé?eﬁgé gg?t?géggk o&gthér§55085§§%Ptlfnt5%§rganize
ref erencelsus onsedoty sachlehatit pengrstoi nganginyeadatean benfuel,| owed by

|l ong strings of ,wites, This can be Egid to mnimze dead tine in the
e

pi pel i ne YoPeFFEEYRVEVGLEENPEVE EPBSef OLdOHERI RUnfaVAil FEbICE 1 55&RAR dt h.

REferﬁﬁce?§9£t$Qﬂd@§&9§.”HMBh@EQ parakbgle BBrEWALEa29BLEXLHhreads. SDRAM
menory reference sorting all ows hiding of
processor 12 to organize references to memory such that

long strings of reads can be followed by long strings of
writes. This can be used to minimize dead time in the
pipeline to effectively achieve closer to maximum available

15 bandwidth. Reference sorting helps maintain parallel
hardware context threads.

SDRAM memory reference sorting allows hiding of
pre-charges from one bank to another bank. Specifically,
if the SDRAM memory system l6a is organized into an odd

20 bank and an even bank, while the processor is operating on
the odd bank, the memory controller 26a can start
precharging the even bank. Precharging is possible if
memory references alternate between odd and even banks. By
ordering memory references to alternate accesses to

25 opposite banks, the processor 12 take maximal advantage of
SDRAM bandwidth. Additionally, other optimizations can be
used. For example, merging optimizations where operations
that can be merged, are merged prior to memory access, open
page optimizations where by examining addresses an opened

30 page of memory is not reopened, memory chaining, as will be
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pre-charges fromone bank to another bank. Specifically, if the SDRAM
menory syslbeuseiba i s organized into an odd 20 bank and arpvespolddsls, while
the processor is operating on the odd bank, the menory controller 26a can
start precharging the even bank. Precharging is possible if nmenory
references alternate between odd and even banks. By ordering nenory
references to alternate accesses to 25 opposite banks, the processor 12

t ake maxidecabvandt B§eCEf 2SPRARE baRbW dt Rechdaismenalhy, bet her
optinizaié&g? g@@.be used. For exanple, nmerging optimzations where

oper ati ons PAE - can be nmerged, are nerged prior to nmenory access, open
page optim zati ons Wher BBbg exaarfbng addsespestanTopapgdt3@npage of nenory
is not reopened, nory _chainipg, as will be -9 WD 01/48619

PCT/ USOQY _VE d 69Fb£8rb8P8€\4 Pght \F,\%?Feéh'i"ﬁﬁ HBEhSRi SHEPCEARA” be

enpl oyed. 5 They FBUSHi RherfiaeerdBrseppert sairansayt waBd sRegekue &l ags for
each port that a MAC device supports, 5 along with an Interrupt flag

i ndi cat i rpwwhentedr vi Eeei EBUAr taheefacThe8 FBUSCI hnetfidee 28 al so i ncludes a
control |l er 28a t rf h [_pr in f_incon ng .packets from

t he FBUS(T%Etﬁ%%Péﬁn g%l?ég§2 ggggf?gcﬁggﬁgé gﬁggﬁﬁflﬂ%aaerégﬁﬁglﬁgrforns a
m cr opr ogsanm@bs ef #6msobneceBUest 8 nat Tha/ pontocol chaghedekeookups(used for
address snoothing) in SRAM If the hash does not successfully resolve,
the packetaHedllercfdeE@nt e oPERECHTBCRSEHF L EBFRITIDTEBECadditi onal

procegsi @ouJ@@é&%hQ%%Mﬁ@o@@cﬁUFPQQB&@ i bexhip! | QukRIrLRt gnRak sdat a

transactions: 1
smoothing) in SRAM. If the hash does not successfully
resoclve, the packet header is sent to the processor core
20 for additional processing. The FBUS interface 28

supports the following internal data transactions:

15

FBUS unit (Shared bus SRAM) to/from microengine.
FBUS unit (via private bus) writes from SDRAM Unit.
FBUS unit (via Mbus) Reads to SDRAM.
20 The FBUS 18 is a standard industry bus and
includes a data bus, e.g., 64 bits wide and sideband
control for address and read/write control. The FBUS

interface 28 provides the ability to input large amounts of
data using a series of input and output FIFO's 29a-29b.

25 From the FIFOs 29a-29b, the microengines 22a-22f fetch data
from or command the SDRAM controller 26a to move data from
a receive FIFO in which data has come from a device on bus
18, into the FBUS interface 28. The data can be sent
through memory controller 2Z26a to SDRAM memory l6a, via a

30 direct memory access. Similarly, the microengines can move
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FBUS unit (Shared bus SRAM to/from m croengine. FBUS unit (via private
bus) W ig&81/hdepen SDRAM Unit.  FBUS unit (via Mous) Reads vca sienaddss 20 The
FBUS 18 Is a standard industry bus and includes a data bus, e.g., 64 bits
wi de and sideband control for address and read/wite control. The FBUS
interface 28 provides the ability to input |arge anounts of data using a
series of input and output FIFO s 29a-29b. 25 Fromthe FIFGs 29a-29b, the
nicroengi%%%aZQ%QQZFh$e§EﬁAHa?éa tPoiNbeEr EBATRAB, t Aot SDRARBESniL el | er 26a

to nove qﬁ&g'Eﬂﬁgﬁ%ﬁif§ﬁgé¥§?géF5§in whi ch data has cone from a device on

bus 18, Intot S intferface 28. The data can be sent through nmenory
controller 26a to SDRAM frenotyodbaarwi diat80bdiedchmorygptythecess.
Simlarly, the m croengines can, e -10 WO 01/42619 PCT/U§g0/42663 dat a

( 1190
fromt he SERMFPSRED" | ntRPPACEI38CYoh? EBeFBRAM18%2/ vFEREHe2EBUS ANt er f ace

28. Data faipet 2 ®nss av 2 dshhhhyt ed a@@agst_i\h@pmﬂsﬁaogaghegﬁ- cganpectivity
to the SRAM 26a, SDRAM 26b and 5 %BUS 28 is via command requests. A
command redueeer¢anedecat neroryFPBguesauesta FBUSIregaeBie, Far exanple, a

command request . can [ egiste [ mi,Cr.gengi ne 22a
to a sharet r%é%u?%%?géggggﬁg%éggggﬁfgIg%g%i%n¥8§géﬁgfogg ?5%? %ﬁa?h menory
or sone MAG esksiiesse 10a The soshands aesoseat, odtgtp eachDRAMt he functi onal

units and the shared. resources. F?mever, t he shared resources do not need
e

to maint ai®F3obAt beRPEr 1 AR bt O het daFR. "RAPHEr O PHBCSsHATeBCFEEGGr ces
accesg di styibuted gdata Lesatedti pstdes ehchhsrntgeoengibnesnaThiugienabl es

m croengi nes 22a-22f, to
and the shared resources. However, the shared resources do
not need to maintain local buffering of the data. Rather,
the shared resources access distributed data located inside
of the microengines. This enables microengines 22a-22f, to
15 have local access to data rather than arbitrating for
access on a bus and risk contention for the bus. With this
feature, there is a 0 cycle stall for waiting for data
internal to the microengines 22a-22f.
The data buses, e.g., ASB bus 30, SRAM bus 34 and
20 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
avoid bottlenecks, the processor 12 has an bandwidth
requirement where each of the functional units is provided
25 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
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
30 MHz. That is, in essence, 64 bits running at 166 MHz which
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15 have |l ocal access to data rather than arbitrating for access on a bus
and ri skwepil@gelol on for the bus. Wth this feature, therect®sefegycl e
stall for waiting for data internal to the mcroengi nes 22a-22f. The data
buses, e.g., ASB bus 30, SRAM bus 34 and 20 SDRAM bus 38 coupling these
shared resources, e.g., nenory controllers 26a and 26b are of sufficient
bandw dth_sucgé that there are no internal bottlenecks. Thus, in order to

avoi d bot tPeAEdRE F1d Yordd€ss fh e Pansyi 18 th &fdviiidt IS PR28%ui rement  wher e

each of the functiongle WIS JrodU2dded 25 W thatdeast 4w cg maxi mm
bandw dt h of the internal bt?ses. As an exar?pl e, tr?e SDRAM can rafjgr?% 64 bit

Wi de bus rgso83cKidz. The SRAM datcadsssorcad dasave dSemartate read and wite

buses, e.q.. coul a.re b f 32 hits w.d unni at 166 MHz and a
orite busSorrEStied a8 (L Th e ebrdly AR D L Mt el i e
runni ng atntééfiidz whi eimd tbl SRAR QL8619 RCHHESRRA2663 345 effectively

tw ce the bandwi dth of the SDRAM The core processor 20 al so can access the
shared rB88YEVEEs. TPhE@CEEHSE e aLSFOITIRES & Fi 18t anchrimafi% on to the

SDRAM cont-k.gli ek 268 JfQ e RUSIT 19 ehfaes 240 f SRAM cant ftCHAT er 26b
via bus 32. " However, to access the mcroengines 22a-22f and transfer
r egi st er schoeapadcats sany 26f advesm dheengioresrZdac22{22 4192 £ corae tgreocessor

20 access éﬁe m_cr.oengin 22a-22f vig th Az Tr.ansl at or 3Q, over bus 34.
The ASB tf sFﬁfSrsg_?G%pra%%lé)vﬁﬁys%,)lucsal3?1y rgs}}ied Ingn ttrﬁ“élsgwﬁ ®riidte 28,
but | ogi cghkyicks 1¢i skisicl. iFhe hASBETSanSltatrGa <30 2351 fardTsl gyt c@ddress
transl ati on between FBUS m croengi ne transfer register

is distinct. The ASB Translator 30 performs an address

translation between FBUS microengine transfer register

locations and core processor addresses (i.e., ASB bus) so

that the core processor 20 can access registers belonging

15 to the microengines 22a-22c.
Referring to FIG. 3, an exemplary one of the
microengines 22a-22f, e.g., microengine 22f is shown. The

microengine includes a control store 70 which, in one

implementation, includes a RAM of here 1,024 words of 32

200 bit. The RAM stores a microprogram. The microprogram is
loadable by the core processor 20. The microengine 22f
also includes controller logic 72. The controller logic

includes an instruction decoder 73 and program counter (PC)

units 72a-72d. The four micro program counters 72a-72d are
25 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

_EVENT RESPONSE; and ASB _EVENT RESPONSE) from each one of
30 the shared rescurces, e.g., SRAM 26a, SDRAM 26b, or
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| ocations and core processor addresses (i.e., ASB bus) so that the core
processo access registers belonging 15 to the mc i nes 22a-22c.
Ref erri ngvcfgll‘éﬁg 3, an exenplary one of the m croengi ne@egagbg‘%ﬁ?ge. g.,

m croengi ne 22f is shown. The m croengine includes a control store 70
which, in one inplenmentation, includes a RAM of here 1,024 words of 32 20
bit. The RAM stores a m croprogram The mcroprogramis |oadable by the
core processoes20r Fheenl@roenginel22fd atsousnekydeseesnt rabl ep | 0gic 72.

The contr Ilgg l ogi ¢ includes an instruction decoder 73 and program
counter ( uni t $°7%a7928997RePT QU i ERECFFBGT afh eButtbeEse¥2a-72d are 25

mai nt ai negedue Hasdwenect TBe AL ST osngiBeed2f BLSO4i 85! YHESHEORLEXL cevent
switching logic 74. Context event logic 74 receives nessages (e.g., SEQ #
EVENT RESPCNSES t 1 ¢B| L EYERAT RESPONSES h SRt IRYVENTORESPONSEa n SDRAVhEVENT
RESP E;:gﬂg]gg§% ) C e.0of 0.the shared
resoS?Eegf €. 9., §EX5§%%a, Eggi Béégggfg-?igpviﬁﬁlFﬁﬁElﬁoﬁﬁgf%é@ﬁ/42663
processorsicprael 20gndchf rohe andhstad ussregaist efistoadfde 58tef Othln These
messages rovi e.infﬁ%na%ion on whether_ a requested function has
conpl et ed: B ed dDrP whet heP” of M ndt 2 Sk LRct R bRad ebtiest é@0bySROVRI ead has
conpl et edriandnSd Gheh @& £OAPLEL | RAve t Hent DI gad 8§egggt9 yaif,£9pst hat
completion signal, and if the thread is enabled to operate, then the
t hr ead i§¥ﬂ¥ké§ﬂ%n an available thread |ist (not shown). The m croengine
22f n have a maxi : .4 1h ds. available. 10 In addition to
evenﬁ%signals t hat g?g%$%%§?g?ot%néV£§§ glgnafs ?hat are iocag %o 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
microengines 22. Receive Request Available signal, Any and

15 all threads in the microengines can branch on these
signaling states. These signaling states can be used to
determine availability of a resource or whether a resource
is due for servicing.

The context event logic 74 has arbitration for

200 the four (4) threads. In one embodiment, the arbitration
is a round robin mechanism. Other techniques could be used
including priority queuing or weighted fair queuing. The
microengine 22f also includes an execution box (EBOX) data
path 76 that includes an arithmetic logic unit 76a and

25 general purpose register set 76b. The arithmetic logic
unit 76a performs arithmetic and logical functions as well
as shift functions. The registers set 76b has a relatively
large number of general purpose registers. In this
implementation there are 64 general purpose registers in a

30 first bank, Bank A and 64 in a second bank, Bank B. The
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executing thread, the mcroengines 22 enploy signaling states that are

gl obal . Wobi/sdegnal i ng states, an executing thread can brreadessshzess si gnal
state to all mcroengines 22. Receive Request Avail able signal, Any and 15
all threads in the m croengi nes can branch on these signaling states.
These signaling states can be used to determne availability of a resource
or whether. a resource 1is due for servici The context event |ogic 74 has

arbitrati GFFGEL 30 THRE T AUFS (EE T rdie TP RTD Shiibth rdht Ot frer tbed

arbitrati @ tihsta treunc robidl MBGhan) STAd Ahed1 dechpi gues. soul . be used
including priority gueui ng or weighted fair queuing. The m croengine 22f

al so includes an ex Tt 1B (IEBOXY)2 fdatls o pathl B ¢ hatwi iicd udes an
arithneti ¢ lLaogi it .7 r 0 regi ster set 76b. The
%ra%%_f%ruryegtls%rargjc Richh hasnlgeoaéecraa of;%%aﬁt?%c%)bns as

arithmetic logic uni a perforns ari iC an
wel | as Shiebe frendtstenss dhfee alegi stierdowset stblrthas wndaelatd vely |arge

nunber of r% ner.al purpose registers. In this inplenentation there are 64
general pd §8§évte€f i?r“@f Sh5P 13ty [asie e Badkk W arddr B2 §9r a second

bank, BankeBisthe sthdk V@ QY 48£1% RCT/ISAI 42663 5 genesal-pupose

registers are wi ndowed as will be described so that they are relatively
and absol dPéepfedddr edgddlag l yThe e irsangitve 22facll S idncl mlesrest warni t e

Lranster BSRRStSLetank B LA L0 ARSI LSk 80 of Tlesna sters
Witeltranster dategiestréivast,acla 2R drs wheyra Widen data tds@edesaurce is
| ocated. Simlarly, read register stack 80 is for return
shared resource e.g., the SRAM controller 26a, SDRAM
controller 26b or core processor 20 will be provided to
context event arbiter 74 which will then alert the thread
that the data is available or has been sent. Both transfer
15 register banks 78 and 80 are connected to the execution box
(EBOX) 76 through a data path. In one implementation, the
read transfer register has 64 registers and the write
transfer register has 64 registers.
Referring to FIG. 4, the SDRAM memory controller
20 26a includes memory reference queues 90 where memory
reference requests arrive from the various microengines
22a-22f. The memory controller 26a includes an arbiter
(service priority machine) 91 that selects the next the
microengine reference requests to issue to any of the
25 functicnal units. Given that one of the microengines is
providing a reference request, the reference request will
come through the address and command gueue 90, inside the
SDRAM controller 26a. If the reference request has an

“optimized MEM bit” set, the incoming reference request will

30 be sorted intc either the even bank queue 90a or the odd
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data froma shared resource. Subsequent to or concurrent 10 with data

arrival w1 8¥get signal fromthe respective shared resougestudees the
SRAM controlll er 26a, SDRAM controller 26b or core processor 20 wll be

provided to context event arbiter 74 which will then alert the thread

that the data is available or has been sent. Both transfer 15 register

banks 78 and 80 are connected to the execution box (EBOX) 76 through a
data pat P23t SH1$ i Rnentat Fioh, MeRRIY redkr Fe R f B9 dveyt stees hast 64

register ﬁ]aaﬂed 4 heaMg 4§ eopﬁfrﬁ’{'zsafltl_e{oﬁ e&iétgét,haéh?‘ldéfg&f{ eLf11 §§£e£5i ng to

FIG 4, e SDRAM nenory controller 20 26a includes nenory reference
gueues 9@anhiereo nempryder eferencele equest sSSERAN veoritoml 1de Yarisus

m croengi hes 22a-22f.. The nory controller i ncludes ap_arbjter
(service PrioOH Ty @Jc%}? e ﬁa{% targ%rf%c?}éet%%&%e&?t?ﬁ ACH; 2? oehgfne
referencedguesiSedsot ssueat® any mf1 thec@brdawctd onathaingbsamG ven t hat
one of the mcroengines is providing a reference request, the reference

request WINETTMRE tHe G R BIERIFES 2 afieh o rifamii vfuetier oS rfAsNERIt he
SDRAM CORsl Iin B0RL 1 {1 d NP Sipf T HICE, LRSS 1BS Sl OBbALTEZ8d MEM DIt ¢

set, the 1ncomng reference request w be sorted into elrther the even
bank queus e ®rpdhieoodd bytlel a MYOdd A86AGr PCIGIISOCY 42663at bafikogueue 90b.
If the memory reference request does not have a nmenory optim zation bit
set, the It will be to go into an order queue 90c. The SDRAM

contrigller 26 is a THESHHLE M I Shad eth aionghd her EBUS Ent erface 28,
the 5 core processor 20 and the PCl interface 24. The SDRAM control |l er 26

al so nai mediarEne stz eachi et dfhperforepmgines. With a series of

odd and even banks references it may be required that a
signal is returned only upon completion of a sequence of
memory references to both the odd and even banks. If the
15 microengine 22f sorts the memory references into odd bank
and even bank references and one of the banks, e.g., the
even bank is drained of memory references before the odd
bank but the signal is asserted on the last even reference,
the memory controller 26a could conceivably signal back to
200 a microengine that the memory request had completed, even
though the odd bank reference had not been serviced. This
occurrence could cause a coherency problem. The situation
is avoided by providing the order queue 90c allowing a
microcengine to have multiple memory references outstanding
25 of which only its last memory reference needs to signal a
completion.
The SDRAM controller 26a also includes a high
priority queue 90d. 1In the high priority queue 90d, an
incoming memory reference from one of the microengines goes

30 directly to the high priority queue and is operated upon at
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READ- MODI FY-Wite atom c operations. The SDRAM controller 26 also perforns

byte al ivﬁ@ﬁﬁ%ﬁ or requests of data from SDRAM 10 The qicdarsoaysds 90cC
mai ntai ns the order of reference requests fromthe mcroengines. Wth a

series of odd and even banks references it may be required that a signal
is returned only upon conpletion of a sequence of nenory references to
both the odd and even banks. If the 15 m croengi ne 22f sorts the nenory
r ef er encé@s hitAhG To®F WA Y dri e SBaflenoafve i@ THiRP drie t8fe tddrdranks,

e 0., (hencluen bank s draldied, ol JImn IS/l ¢S DR &ddie tggy*ed bank

but the signal is asserted on the |last even reference,
cont r ol | edd2Band&ouiveuecortdd ,valiey sidpralgusack A0x 2hd thecriaerigi ne that the

menory request. had conpl eted,, even though the .odd b ref erence had not
boon Yer BRAER TTR ETBE e e i Ut Sl % OBy (7 Ol ST T

si tuati ORhaltS 1@VAidad Y Preagrimed ety deyuguguer GG ald gMdags 2

m croengine to have nmultiple nenory references outstanding 25 of which
only itsekadt viBgevy heafigreride meeddaas singhdlaid romjladti orSimdre SDRAM
controll er al inel. ' . prdarity e 9 : hj

priori typféi &éggggggl?j gn}% llq%g]g;m'aor% r%‘:r]agcr%[)or%yg %eri‘eeroen;ltgglgf rsgl%%olnée r&oriaﬁeér%]

m cr oengienes ngaes o3 pditr,ectHey taart e plglvapr iiordid yelguetenarkBN s oper at ed

upon at -15 WO 01/48619 PCT/ USQQ 42663 a hi gher priaority than ot her
menory r &FEMEAEEE TP LRETSATS diidues.CTaAtR S “cﬁFéUe% the even bank

queugy 90a, the odérRaniorgiipue 3L tdhe xaydel aur 190 and the, fd gh
priority queue, are inplenented in a single RAM structure
interface logic i.e., ASB bus 92. The ASB bus interface

logic 92 interfaces the core processor 20 to the SDRAM
controller 26a. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is

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

20 MEM ASB device 98 through the SDRAM interface 110 to SDRAM
memory 16a. Although not shown, the same queue structure
can be provided for read operations. The SDRAM controller
26a also includes an engine 97 to pull data from the
microengines and PCI bus.

25 Additional queues include the PCI address queue
94 and ASB read/write gqueue 96 that maintain a number of
requests. The memory requests are sent to SDRAM interface
110 via multiplexer 106. The multiplexer 106 is controlled
by the SDRAM arbiter (service priority machine) 91 which

30 detects the fullness of each of the gqueues and the status
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5 that is logically segnented into four different wi ndows, each w ndow

havi ng W% @4Besdead and tail pointer. Since filling and grpusSéongess
operations are only a single input and a single output, they can be placed

into the same RAM structure to increase density of the RAM structure. 10

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

bus 92. Thg SB bus interface. logic 92 interfaces the core processor 20 to
c

t he SDRAM ¢ r bF HBFS58a2 " FThe RBBEBAS ?@CéSBESPFHQFiFHCP%@g 8732 bit

data pat hp sl ankSbDit vaddeessopabihin Thepdabait§ daraceessedilgrand from
menory through MEM ASB data device 98, &e.g., a buffer. MEM ASB data devi ce

98 is a qiRYESEdF 10Pite data. If there is inconmng data fromthe core
processor 20 via ASB jnt 9 .can_be red, into_the MEM ASB
devi ce 98 and subs%gﬁtﬁéﬁggﬁlﬁéa \Eggmrqg%gﬁé%ﬁ&gﬁ gé\gli 2&188 FhPough t he
SDRAMSI ntresriaice 1d fe ton SORAMyuaBtpr yhd 6@emdt{y howgbrenteshewnestheisane

queue structure can be $ro¥'§ged for read ogerati ons. The SDRAM controll er
26a al so ST udes® afceRgrhe ¥Repal +tdaf aderodrener i eRodAgrRES aRd PCI

bus. 25 Agddidionad. quenesqboshydeatbecPS ; addegssrguete sBdapnd ASB
read/ wite queue 96 that maintain a nunber of requests. The nenory

request s arteesente t bl EDRAM ¢ ntbriacéecanposed hotei ppexend106lufihe
L 2GR0 gL L) oy L B, SRR SrGRLMLSRPLL Y,
status -dbc N VdY 48619 PGTé WS04 42663in9f dhbe tequest s1and 1sr enet hat
decides priority based on a Progrannable val ue stored in a priority
servi ce cgmygnrentation, bus 11271is actually two separate buses

instead of a single bus. The separate buses would include

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

and a write bus coupling the distributed microengines 22a-

15 22f.

A feature of the SDRAM controller 26a is that
when a memory reference 1is stored in the queues 90, in
addition to the optimized MEM bit that can be set, there is
a memory reference chaining bit (“chain _ref” in the

20 exemplary memory reference instruction format below). The
memory reference chaining bit, when set, allows for special
handling of contiguous memory references. As previously
mentioned, the arbiter (service priority machine) 91
controls which microengine will be selected to provide

25 memory reference requests over the commander bus to queue
90 (FIG. 4). Assertion of the memory reference chaining
bit causes the arbiter (service priority machine) 91 to
select the functional unit which previously requested that
bus.

30 Contiguous memory references will be received in
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regi ster 100. Once control to the nmultiplexer 106 selects a 5 nenory

referenggopfsisest . the menory reference request, is sentpciusdodaroder 108
where it 1s decoded and an address is generated. The decoded address is

sent to the SDRAM interface 110 where it is deconposed into row and col umm
address strobes to access the SDRAM 16a and wite or read 10 data over data
| ines 16a sending data to bus 112. In one inplenmentation, bus 112 is
actual ly QW&P%e%gr%P%nbEE%smemﬁéfeéﬁf%¥e%?%i%@Fénbﬂg.bTﬁel§e99?ate buses

woul d i nchude, aok j hg; di st LCr Lpes. 22qa-22f
and a ww?#e bu§§%oﬁg€?ﬁg§t%gyg%éﬁg?%ufégln?%#gg%g?%gégzgggg%g Zﬁfgﬁﬁ
feature ofrddre SBDRAM 20ntbethese2Bhei sonhaguowhencmongnoeyerefierence i s

stored in the queue eQQ in addition to.the optiniied ngit hat can be
set, ther¥FTs a Py FRPEY ehCESERAT AP ng Bt F (SEHAr R FRF=2fn th8 20
exenplsar yo fedPr o I 8f 66 eAc es VRShF Ut £ 801 0 mMake bebaw)y dIbgtrBRIMBLY 2K8f erence
chaining bit, when set, allows for special handling of contiguous nenory

ref er encestonal pravi bus| yndneht Fonealathed arpresy {Séeyprecpr vbenty
machi ne) ddne COMYOLP 1 e T cooengl feq Whidobe shegled tooprgyide 25
nder bus e 90

menory reference requests over the comm to que FIG 4).
Asserti omwlgdn tdwet iveipey MEf ebencendhaemong réft¢reacseshbéheiagbbtier (service
priority machin 91 to . select the functional unit which prevyiousl
requestemF??éhog%u§?téot%%nT?ﬁ%B%sr %B??C?%f%?%ﬂ%egomiPFobgl¥§8éF9 din
-17 W Ok&ﬂ&@;%uﬁﬁﬂﬁéE@ﬂéﬂaﬁﬁﬁ complete on one of the banks issuing

the signal “done” before the other bank was fully drained,
thus destroying coherency. In this situation, the memory
reference chaining bit is used by the controller 110 to
maintain the memory references from the current queue.

15 Since SDRAM references can originate from many
sources, there is a low probability of the next SDRAM
reference to a particular bank being to an open row. The
SDRAM chained reference bit can be used to signal the
controller 26a that the present bank is to remain open and

20 that the next SDRAM reference should be taken from the same
queue as the presently executing write operation. Thus the
SDRAM controller policy is to always close the present row
after a write command unless the memory reference chaining
bit is set.

25 Referring to FIG. 4A, a flow representation of

the arbitration policy in the SDRAM controller 26a 1is

shown. The arbitration policy favors chained microengine
memory requests. The process 115 starts by examining for
chained microengine memory reference requests 1llba. The

30 process 115 stays at the chained requests until the memory
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gueue 90 when the nmenory reference chaining bit is set. Those contiguous

referenc j ypically be stored in the order queue 9 t he
contiguoS@Dﬁgﬁ%}%'references are multiple nmenory referen%ggnﬁﬁ@%%gasingle
thread. In 5 order to provide synchroni zation, the nmenory controller 26a
signals at the end of the chained nenory references when done. However, in
an optim zed nenory chaining, (e..g, when optimzed MEM bit and nenory

ref er ence mafa@ memMIe biltaimieg both Setdlédredenollye refecencesxaauhdsgo into
di fferent anks and potenti.al conpl ete on_one of the banks issuing
the si gnalAjS%d ' lbeeci%?gt? h kuf h%%%%‘?quvﬁ% Fof 15ugir e mets tst hlisCdest r oyi ng
coher ency Hilgh thiiSoSi tWahiOfe §4e, 1RIOT Y54 | eh§sEaLe: Chigh ni R PLL LS used by

the controller 110 to mmintain the nmenory references fromthe current
queue. 15 1Sidfoe BDRAM Qg s dirnesetlan brihi nan@ $3oen Pamy Regueses, there is

a lowpro i]ity~0f. eto articul ar bank being
to an gpeﬁ%lr%gﬂ/. ﬁ%l%%%eﬁ%l neg re%e:%‘g%cg%&b??m g%tp%ey‘ijs"é 19°%i gnal the
cont rol | erse?36a ddratl 1ie- s ente haskv i Sed 0ir erdimd opsi ansl- @0r t hadni he next
SDRAM r ef erence shoul d be 5Eaken fromthe same queue as the presently

execut i ng WSt &€ Tpers ot 4 1 e SBRAN Ot 1 ¢ éfopdl tieg PECESSEl way's

close thempresRNtsd 0N caf tRISA Wdd & CHIBCh U &SSed en dTBRDLY, | ef erence
chaining bit is set. 25 Referring to FIG 4A a flow representyoltion of

t he arbi t rgtfiegrenss i18QaU9s tshea ISDRAM It ot @b eri@6a $BRAM hoewor The
210! AR QUG Oh LRSS LIPSl BT, ¢ St sy, e o ocess
115a. Thet3@ piegrass rklifesdrays @taitrhien ¢ haitheds requestén wid | athecaenory
(service priority machine) 91 simply services the same
queue again, until the memory reference chaining bit is
cleared. The ASB is higher priority than PCI due to the

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

20 The memory reference chaining bit can also be
used when an instruction thread attempts to perform
consecutive byte-aligned reads, from different memory
locations. For example, a byte aligned read can be used to
load data into a transmit FIFO. Byte aligned reads are

25 used to form 64-byte transmit FIFO entries that are quad-
word aligned. The entries in the SDRAM may not be quad
word aligned. The SDRAM controller reads the first memory
location, and shifts the read contents N bytes to align the
first byte. The SDRAM controller reads the second location

30 and concatenates (8-N) bytes from the second memory
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-18 WD 01/48619 PCT/ USO0/ 42663 reference chaining bit is cleared. The
process |&4EHs ASB bus requests 115b foll owed by PCl bper/issimesdss 115c,
High Priority Queue Service 115d, Opposite Bank Requests 115e, Order Queue
Requests 115f, and Sanme Bank Requests 5 115g. Chai ned request are serviced
conpl etely, whereas services 115b-115d are serviced in round robin order.

Only when services 115a-115d are fully drai ned does the process handle
servi ces 1258tie8gtochairRedsi diddigitie PAEmbmpnsefdr dHE® resduest s Hre when
the previous., SPRAM pempiy1Qreqyest. has 4t ry seference chaining bit
set. Wien the ne%Lry efgrenge chaini%%db??O?§q§§¥sfﬁéﬁnfﬁﬁg%} 1ter
(service ppretciiby amehishe)ftedl sinkplopmdémneidced thhe hearfe rsgueual agaigs unti |

th ining bit is_cleared. The ASB is high jorit
han POl HBecPs Ehe 1 CE0GH T pers GPiinge SFERRFL § iriics o Biiie Biong Arm

core sheanthe.ASBhies rihawaiihgstabgt eRCl rbas thicghen 4 neyddoh o have t he
m croengi nes due to the |latency requirements of PCl. However w th other
buses, thecaPhnedariish sPcofieyt Sodll &Vise sdiffrar enttouad MTHe qadrimTy to

referencepeBalBLNgLll tnan 830 he; aed When.an sty ushian L ead,
attenpts to perform consecutive y?e-allgne reads, from I'f ferent menory
| ocati onsfokFoh.exanple, a byte aligned read can be used to |oad data into

atransmt FIFO Byte aligned reads are 25 used to form 64-byte transmt
FIFO entries that aré GuldY W6FETY FGABGNATHE &ROMiesd ﬁQFhéégDﬁﬁwﬂhay not

be quad werdr3l aredenthe sSERANEORLLOhEr sheads thenfiit St Ay,
| ocation, and shifts the read contents N bytes to align the
the assertion of the memory reference chaining bit can link
the first memory location of the subsequent memory read
command with the remaining bytes of the previous SDRAM read
command.
15 The arbiter (service priority machine) 91 enables
command references from the six microengines to the FBUS,
SRAM, PCI, and SDRAM controllers. When an SDRAM command
with the memory reference chaining bit set is sent from a
microengine, the arbiter (service priority machine) 91 will
20 only grant SDRAM requests from that same microengine until
a command without the memory reference chaining bit is sent
to the SDRAM controller ending the chained sequence.
An exemplary format for a memory reference

instruction that shows implemention of the memory chaining

25 bit as an optional token called “chain ref” is shown below:

sdram [sdram cmd, S$$sdram xfer reg, source opl,

source op2, ref count], optional token

30 The sdram cmd field specifies an operation to
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first byte. The SDRAM control |l er reads the second |ocation 30 and

concat engbas/4eéioN) bytes fromthe second nmenory _19 WO OdéA850%2663

PCT/ US00/ 42663 | ocation to formthe first 64-bit transmt FIFO entry. The
remai ning N bytes that were read fromthe second nenory |ocation are
shifted and conbined with the first 8-N bytes of the third |ocation to
forma second 64-bit transmt FIFO5 entry. The remaining N bytes fromthe
third | ocR®F6nArEren EBRLERBAMWILPR LRELEALBE 8- Nebgt d5ofy GRRAM duor taim

Locaton §8rai’ e9UARS sLhe LBk LE.DYt & allgnedo! sanam b bl EpnLiy<pand, so
forth. If a new nenory co nd 1s required Por the next T nenory

ref erencetdessfaedregisthe sanertrdashirbmFeFQeentivyg, FIFbe 2assqlrtican of the
menory referenc ini.ng_biit can link the first nmenory | ocation of the
subsequen%)n%%nggﬁg@a36éoﬁﬂgn81ﬁf?ﬁ ?ﬁeargﬁﬁpﬁpﬁﬁ E§F85¥8P t'Kd Gpr &vi ous
SDRAMsr eagh-oicogpRAMd. 185 . The arbiter (service priority machine) 91 enabl es

command references fromthe six mcroengines to the FBUS, SRAM PC, and
SDRAM control | ers. Wen ardsprANEesmaadfiel ehspreifersr fheefrepénter

chaining bit t.L5;sent f a e [ e arbiter (service priority
machi ne) %ﬁ 3§$Ib§§lgﬁp§gg%gz% ngk%éggggeggg %?oﬁ?? 3%g§§n§%ﬁ¥croengine
until a cemmandswbtheupplihesnedBAM deference ehabnbngwbiteis sent to the
SDRAM control | er endingathe.%gﬁined sequence. An exenplary format for a

nenprylwﬁQSE%Ebonin§? SFfb Hat shows inplenention of the nmenory
chai njong 25 bit astpa gphieBabptokenreal bed tebahnshet] rigsshown bel ow

sdram [ sdram cnd, $$sdram xfer reg, sourcTe opl
context-relative registers or 5-bit zero filled immediate
data ranging from +31 to 0. These operands are added
together to form a SDRAM address.

The ref count field specifies the number of

15 contiguous SDRAM quadwords to be referenced.

The memory reference instruction also has
optional token fields that can take on several states
including:

sig done When the reference completes, signal

20 the corresponding microengine/thread pair that is sourcing
or sinking the memory data. Not used with ctx swap or
defer.

ctx swap When the memory reference is issued,
this token has the microengine swap out the current thread

25 executing to let another thread execute. Not used with
chain ref and sig_done.

chain ref The memory chaining bit causes the
memory controller to process the next SDRAM reference from
this microengine/thread pair immediately following the

30 current reference as discussed above. Generally, this
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source op2, ref count], optional token 30 The sdramcnd field specifies an
oper ati ORyd pr/4562 WO 01/48619 PCT/ USOO 42663 per f or m on pichaisgéiyshd 16a
including a read from SDRAMto an SDRAM transfer register, a wite to
SDRAM 16a from an SDRAM transfer register or reads froma receive FIFO 29a
(FIG 2) to SDRAM 16a and wites to a transmit FIFO29b (FIG 2) 5 from

SDRAM 16a.t The $$sdram xf e/r re%féi el d specifies the register at the
begi nni ng TF % TESH T GUOUSES SEH - T rit st Breeqimte Ly cket Vsing Sppl i es SDRAM

data on aifadmy MfidenoPeatdMud Spestive! y. é@néﬁﬁfﬂif{a&fﬁ?pt/sour ce
op2 field specifies context-relative registers or 5-bit zero filled

i medi at e takdta samfithgrFedmidl qlox (svathese dprandsOrare addedory oget her

to forma The ref_c field.specifies the nunber of 15
cont i guous %g%%\ﬂa %S%ﬁv\oérndps@tlog bgetar e ée}% ettt S Wenbr ' ¥ e ERcOt

i nstrusti exealwedhasy opiianadndiokeniieldsodhatucan take o sevesal states
i ncludi ng: sig done Wien the reference conpletes, signal 20 the
correspon(‘ﬁot‘f@’q'r‘_ﬁ ‘oengi ne/thread pair that is sourcing or sinking the

menory data. Not used it h edey sWamh Ahe dce&?rswzﬁ%ixo V\hg%é{'ﬁf{rggmry

reference is issued, this token has the m croe e swap e current
thread 25hetecuts nstodatianotier hdreseat et L et e Noth Us ek i tdncehai n
ref and SE%f%&%?the context is swapped. Not used with chain ref or
10  sig _done.
ordered Places the SDRAM memory reference into
the ordered queue 90c. The ordered queue 90c preserves the
order of execution of references that use the ordered
optional token. Not used with optimize mem or priority.
15 If neither priority nor optimize mem is specified, the
default value is ordered.
priority Places the SDRAM reference into the
priority queue 90d. The priority queue 90d gives higher
priority to this memory reference over other SDRAM
20 references. Not used with ordered or optimize mem.
optimize mem Optimizes memory bandwidth by
automatically placing the SDRAM reference into either the
Odd or Even queues 90a, 90b. The 0dd or Even queues 90a,
90b are selected according to whether the address
25 references data in the odd or even SDRAM bank. This may
result in the references being executed in an order
different from that in which they were issued. Not used
with ordered or priority.
indirect ref Indicates that overriding

30 qualifiers or additional qualifiers are assocliated with
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chain ref The nenory chaining bit causes the nenory controller to process
t he nextwo¥tAbswef erence from this m croengi ne/thread paperiuRsrdsat el y
following the 30 current reference as di scussed above. Cenerally, this -21
WO 01/ 48619 PCT/ USQO/ 42663 this mcroengine/thread pair imediately
following the current reference as discussed above. Generally, this token
is not used with ctx swap or defer. Once a nenory chained reference is

started, bPAACASERIENGEI ond S5 INGL 15 16K Ec @EEd - Pa tniber ddegiAidl tHr ead
pair untijythgqChaien pirgvice! er d A t t §$@?. tion.
Specifies thaf one F%struc??gﬁkﬁfwﬁ%ge eggguggahgﬁtgg.ﬁﬁ%g e éggﬁgé

bef or e t hédepentexpni $hewsppéd. cNotmansled with chain ref or 10 sig done.
ordered Pl aces the SDRAM nenory reference into the ordered queue 90c. The
ordered queue 90c preserves the order of execution of references that use
the ordered optional token. Not usedew Ehpoptingnhze memor priority. 15 If
neither priority nor optimze nem1s sSpecified, the default value is
ordered. priority PL&ceés§ {RePSDRANEELEfereEnEdaitntvd itlike thgr ilowienyt iqueue 90d.
The priory e iL,¥as ;hi - Lari o] [ ry, reference over
ot her SDRgi%Zggggfggg%égg¥eN3? %ggéu&??ﬁgér éF%dt%? gg&?gﬁfé'nen1 optim ze
mem Opt i nlgesraphbpy bardabdt htby fautgmahigcdkkyrpbadiong itshe nSERAMJ

ref erence intg eighe% t he cug @r Even gueues 90%, Ob.. The Odd or Even
queues 908° *OBHSEFEt§efEEt B aldBrai At SCRREL Rér thRe 1RAGRELSN

10 which is defined by the scope of the appended claims.

Other aspects, advantages, and modifications are within the

scope of the following claims.

15

20

25

30
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25 references data in the odd or even SDRAM bank. This may result in the

referenggs %%ﬁg executed in an order different fromthaicihsdoibdsh t hey
wer e issueg. t used wth ordered or priority. indirect-ref Indicates

that overriding 30 qualifiers or additional qualifiers are associated with
-22 WD 01/48619 PCT/ US0O0/ 42663 this reference. These qualifiers are
output by the ALU 76 during the previous mcrowrd. The format of the

qual i fi eMhafepenhdsl dH¢Hhel SDRAM command. 5 Ot her Enbodi nents It is to be
understood that while the invention has been described in conjunction with
the detailed description thereof, the foregoing description is intended
toillustrate and not Iimt the scope eflatfle i nvention, 10 which is defined
by the scope of the appended clains. O her aspects, advantages, and

modi fi cations are v@t‘E‘?rhtlf%leEc P B TAHETF F TR NP A s, 15 20 25 30
-23 YO QY861 PCT/ US00/ 42663 What is clainmed is CLAIMS 1. A controller

for a random access nenory 5 conprises: control logic, including an
arbiter that detecteaontrol logic, including an arbiter that detects

a status of outstanding memory references to select a
memory reference from one of a plurality queues of memory
references, said control logic responsive to a memory

10 reference chaining bit that when set allows for special

handling of contiguous memory references.

2. The controller of claim 1 wherein consecutive
memory references from a code thread that has the memory
15 reference chaining bit set, are used to form continuous

byte aligned read blocks from discontinuous memory buffers.

3. The controller of claim 1 wherein consecutive

memory references from a code thread that has the memory
200 reference chaining bit set, are used to optimize

performance when consecutive data writes are to the same

SDRAM page.

4. The controller of claim 1 wherein assertion of
25 the memory reference chaining bit causes the arbiter to
select a functional unit that previously requested access

to a memory system.

5. The controller of claim 1, further comprising:

30 an address and command queue that holds memory
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a status of outstanding nenory references to select a nenory reference
from onewd oiagpiour al i ty queues of nenory references, sai @gc¢sbé/flesd 091 C
responsive to a nenory 10 reference chaining bit that when set allows for
special handling of contiguous nenory references. 2. The controller of
claim1 wherein consecutive nenory references froma code thread that has
t he menor 15 refergnce chaining bit set, are used to form continuous
byt e alig%%ﬁe¥%ﬁﬂeﬁl ERE fr Bt dRSE 6Kt PRUBLSTReRBFY IBYf f8Rstignathe
control | einpfs¢cl aim 1l wherein consecutive nenory references froma code
thread that has the nenory 20 reference chaining bit set, are used to
optim ze performance Wheatcorsddurive datmewthaeshaddst metbeysame SDRAM
page. 4. ol of claim1l erein assertion of 25 the nenory
referenceJ%ﬁ%f%Q%é b%?ggaﬁsggm ﬁ%egr I'tér to select a functional unit that
previ ausly requested aecess rtadawhrREBr YusMst €ALtS5hoThe %@ﬁb&%"er of claim
1, further conprising: 30 an address and command queue that hol ds nenory
-24 WD 0A%4®Ba9C U3B02 42868 Prefepentesanfonharphor &hiet pddiemiscr o
control fungtighalnqupihtse chpiskekead/ wite queue that hol ds nemory
reference froma conputer bus; 5 a second read/wite queue that holds
nemory references &rbhvh poierprycessoe; thad hhédei memheyaddress and
comand duete, SOMPL $e8;, A10h 9B, PLLOE] ! Y gygue that hol ds emory
10

6. The controller of claim 5, wherein the control

logic is responsive to an optimized memory bit and the

memory reference chaining bit, and wherein assertion of the

memory reference chaining bit causes the arbiter to

15 maintain the memory references from a current queue.

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

memory references.

20
8. The controller of claim 7 wherein the arbiter has
an arbitration policy that services chained requests until
the memory reference chaining bit is cleared.

25 9. The controller of claim 1 wherein the arbiter has

an arbitration policy that starts by examining for chained

microengine memory reference requests.

10. The controller of claim 1 wherein the arbitration

30 policy enables chained memory requests to be serviced
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references fromhigh priority tasks. 10 6. The controller of claimb5,

wher ei n whai1ag6brol logic is responsive to an optim zed peosoPsds and t he
menory reference chaining bit, and wherein assertion of the nenory

reference chaining bit causes the arbiter to 15 maintain the nenory
references froma current queue. 7. The controller of claim1l wherein the
arbiter has an arbitration policy that favors chai ned m croengi ne nenory
ref erencéC™2bP 81 he control ler of claim7 wherein the arbiter has an
arbitration policy that services chained requests until the nenory
reference chaining bit is cleared. 25 9. The controller of claim1 wherein
t he arbitler. has anThebioratobhepodfcylabmt S sviaetsibywexantnengefiorychai ned
m croengi ne. nenory reference requests 0. The controller of claiml

.1
wher ei n t?é?%ﬁ?ﬁ?raf?%ﬁnl%% brity &nhbl B3S cREPhETE nBdF J Fe§uBSts to be

servi ged s&2bri M RAdmdBH 10 Hed 4 SO 4R 668 §Qﬁ@|§ﬁ@ﬁ¥-uﬁ@ilTBﬁecontro'ler of
claim5 wherein when the nenory reference chaining bit is set, the arbiter

cont i nueeRPLY se? VP ERNFRnPRY i pEyBeRts §§ ofd ¢mEcdame queue until the
menory reference chaining bit is cleared. 12. A parallel hardware-based
mul tithreaded processor conprises: 10 a general purpose processor that
coordi natles. syst et fpacsl beas;handvare-based multithreaded processor

comprises:
10 a general purpose processor that coordinates
system functions; and
a plurality of microengines that support multiple
hardware threads; and
a controller for a random access memory
15 comprising:
control logic, including an arbiter that
detects a status of outstanding memory reference,
to select a memory reference from one of a
plurality gueues, said control logic responsive
20 to a memory reference chaining bit that when set
allows for special handling of contiguous memory

references.

13. The processor of claim 12 wherein the controller
25 causes consecutive memory references from a code thread

that has the memory reference chaining bit set to form

continuous byte aligned read blocks from discontinuous

memory buffers.

30 14. The processor of claim 12 wherein the controller
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a plurality of mcroengines that support nultiple hardware threads; and a

control I wp ¢1Ake1@ random access nenory 15 conpri sing: congcPUsdoR@édd.
including an arbiter that detects a status of outstanding nmenory

reference, to select a nmenory reference fromone of a plurality queues,
said control logic responsive 20 to a nenory reference chaining bit that
when set allows for ﬁgecial handl i ng_of contiguous nmenory references. 13.

The proces8HiCof CeraF it 12V anBFBPRYt heTRHREFBFI £FOM28 egd8eshEBASecut i ve

menory reflefences ﬂﬁ@%@m@@?eréhégéﬁicetBﬁ&iﬂ?ﬁgtﬂﬁt”@@rl¥or E%gﬁ@%@

chaining bit set to form continuous byte alignhed read bloc rom

di scont i MAUSC I Hend? yWhenfepssegotive Jataprotessoaref tel ahm &dmeherein t he
control | espy Al@%paé/@. 01/ 48619 PCT/ USOQ 42663 causes consecutive menory
referenceszaro a”code thread that has the menory reference chaining bit
set t6 optimze performance when consecutive data wites are to the sane
SDRAM pagﬁ% 5 15. The processor of claim 12 wherein assertion of the
menory reference chatfi RECOFESCRUSEsCtAE arbi YRPIES" d8pREELANT @fict i onal

uni t thate q eNd-QUS) Vr& LOHESLEU-REERSSy b0 A ABEDL Y- SYSLEPY 10 18. A nethod
of controlling access to a shared nendry
select a functional unit that previously requested access

to a memory system.

10
16. A method of controlling access to a shared memory
comprises:

determining if a memory reference chaining bit is

asserted; and

15 selecting a memory reference from one of a
plurality queues of memory references based on a functional
unit that asserted the memory reference chaining bit and

that previously requested access to a memory system.

20 17. The method of claim 16 wherein selecting favors
chained microengine memory references over other types of

memory reference requests.

18. The method of claim 17 wherein selecting services
25 chained requests until the memory reference chaining bit is

cleared.

19. The method of claim 17 wherein selecting starts
by examining for chained microengine memory reference

30 requests.
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conprises: determining if a nmenory reference chaining bit is asserted; and

15 sel ecW&gléjS%gggannry reference fromone of a plurality ?%%Hfsﬁ()/ﬁ’f

ge20r Y
ref erences on a functional unit that asserted the nenory 18f%r ence

chaining bit and that previously requested access to a nenory system 20
17. The method of claim 16 wherein selecting favors chained m croengi ne
menory references over other types of nenory reference requests. 18. The
met hod of claim 17 wherein selecting services 25 chained requests until
t he rrem)néoref erenc nchaai nirn bit is cleared. 19. The nethod of claim 17
wher ei n sélecting star t PV exai Mg $6t9 chdiHet 16 Troefrphe menory
ref er ence s3Q re@Uesidium Hav WY G A861S RCTYARQY 42663 20- An apparat us
conprising a machi ne-readabl e storage nmedi um havi ng execut abl e
i nstructi 68 L1 ITht3B 99N g accediay anegtaned enorst ket ioss ructi ons 5
enabl i ng theymehy ne\d G determfe if a nenory reference chaining bit is
asserted; and sel'ect a nenory reference fromone of a plurality queues of
menory references basgcmnire fihct inemalr wnidfdteatce Idhaissatd ashi ¢ hes menory
reference _chai r%i ng bi td and that previously requested access to a nmenory
system #2§Srteds an

select a memory reference from one of a plurality

queues of memory references based on a functional unit that
10 asserted the memory reference chaining bit and that

previously requested access to a memory system.
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