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Abstract

A massivelyparallel processorcalledJUMP-1hasbeen
developedto build an efficientcachecoherent-distributed
shared memory(DSM) on a large systemwith more than
1000processors.Here, thededicatedprocessorcalledMBP
(MemoryBasedProcessor)-light to manage the DSM of
JUMP-1is introduced,anditspreliminaryperformancewith
twoprotocolpolicies–update/invalidate–is evaluated.

Fromresultsof its simulation,it appearsthat simpleop-
erationslike the tag check andthecollection/generation of
acknowledgmentpacketsare mostlyprocessedby thehard-
ware mechanismsin MBP-light without aids of the core
processorwith bothpolicies.

Also,thebuffer-registerarchitectureadoptedbythecore
processorin MBP-light is exploited enoughto processa
protocoltransactionfor bothpolicies.

1. Intr oduction

A CacheCoherentNon-Uniform Memory Accessma-
chine (CC-NUMA) is one of hopeful candidatesfor fu-
ture commonhigh performancemachines. Unlike bus-
connectedmultiprocessors,thesystemperformancecanbe
enhancedscalablyasto the numberof processors.More-
over, parallelprogramsdevelopedin smallmultiprocessors
canbetransportedeasily.

A numberof CC-NUMA systemshave beendevelope-
d: StanfordDASH[10] / FLASH[8], MIT Alewife[1], SGI
Origin2000[9]andtheSequentNUMA-Q[11] arerepresen-
tatives.Suchsystemsworkefficientlywith tensor hundreds
of processors.However, whenthousandsof processorsare
connected,a large amountof memory and hardwareare
requiredto managetheDSM

JUMP-1is a prototypeof a massively parallelprocessor
with cachecoherentDSM developedby collaborationof 7

Japaneseuniversities[4]. The major goal of this projectis
to establishsometechniquesrequiredto build an efficient
DSM on a massively parallel processor. A lot of novel
techniquesareintroducedin the DSM of JUMP-1for this
purpose.In ordertosatisfybothhighdegreeof performance
andflexibility, a dedicatedprocessorcalledMBP(Memory
BasedProcessor)-lightis proposedto managetheDSM of
JUMP-1.MBP-light [5] consistsof asimplecoreprocessor
andhardwiredcontrollerswhich handlememorysystems,
busandnetworkpackets.

Varioustypesof cachecoherenceprotocolscanbe uti-
lized on the DSM of JUMP-1, including an updatepoli-
cy which hasnever beenimplementedon traditionalCC-
NUMA systems. Although this type of protocol requires
a lot of packettransfers,it canbeusefulfor someapplica-
tionswhichaggressively accesstheshareddata.MBP-light
providesdedicatedhardwaremechanismsto supportimple-
mentationof suchprotocols. In this paper, two protocol
policiesimplementedin JUMP-1aredescribedandevaluat-
ed.

2. A Massively Parallel Processor– JUMP-1 –

As shown in Figure1, JUMP-1consistsof 256clusters
connectedeachotherwith aninterconnectionnetworkcalled
RDT(Recursive DiagonalTorus)[15]. The RDT includes
both torusanda kind of fat treestructurewith recursively
overlayedtwo-dimensionalsquarediagonaltori structure.
EachclusterprovidesahighspeedpointtopointI/O network
connectedwith disksandhigh-definitionvideodevices.

Eachclusterisabus-connectedmultiprocessor, asshown
in Figure2, including four RISC processors(SuperSPAR-
C+), MBP-light which is directly connectedto a clus-
ter memory, and RDT router chip for interconnection
network[13]. MBP-light, the heartof JUMP-1 cluster, is
thecustomdesignedprocessorwhich managesDSM, syn-
chronization,andpackethandling.
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Figure 1. The Structure of JUMP-1
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Figure 2. The Structure of JUMP-1 Cluster

In traditionalCC-NUMAs – DASH / FLASH, Alewife
andNUMA-Q –, theDSM is managedin a cacheline size,
anddatain other clustersis copiedinto a cacheattached
to eachprocessor. The consistencyprotocol is a simple
invalidatepolicy, the interconnectionnetwork is a simple
meshor ring, andthedirectoryschemeis basedon one-to-
onedatatransfer.

Although sucha mechanismworks efficiently in those
systemswith a limited numberof processors,it is not suit-
able for a systemwith thousandsof processors.For ex-
ample,a large amountof memoryfor cacheanddirectory
is required. The invalidatepolicy basedon one-to-oneda-
ta transferoften causesa networkcongestionwhenmany
processorssharethesamedata.

In ordertoaddresstheseproblems,thefollowingmethods
areusedin JUMP-1.

1) Eachprocessor(SuperSPARC+)sharesaglobalvirtual
addressspacewith three-stageTLB implementation.
Thedirectoryis attachednot to everycacheline but to
every page,while the datatransferis performedby a
cacheline. Somepartsof clustermemoryareavailable
asL3 (Level-3)cachewhich storesthecopiesof other
clustermemory.

2) Varioustypesof cachecoherenceprotocolscanbeuti-
lizeddynamically, includingnotonlyaninvalidatepol-

icy butalsoanupdatepolicy. In traditionalCC-NUMA
systems,anupdatepolicy hasneverbeenimplemented
sinceit requiresa lot of packettransfers. However,
it can be useful for someapplicationswhich require
frequentdataexchangeby accessingshareddataag-
gressively. Forefficient implementationof suchanup-
dateprotocol,MBP-light providesdedicatedhardware
mechanismsto multicastnetworkpacketsandcollect
acknowledgmentpackets.

3) Reduced Hierarchical Bitmap Directory schemes
(RHBDs) are introduced[7]to managedirectory ef-
ficiently. Thehierarchicalstructureof RDT is suitable
for anefficient implementationof theRHBD.

4) Eachprocessorprovidesa customsophisticatedsnoop
cacheas the L2 cache. Variouscacheprotocolsin-
cludingcacheinjectionaresupportedby this chip. A
relaxedconsistency modelis implementedusingwrite
buffersin theL2 cache[2]

Thedetailschemesof DSMmanagementfor JUMP-1are
describedin [12].

3. The Structur eof MBP-light

3.1.The DesignPolicies

In protocolprocessorsfor the recentCC-NUMA, – the
MAGIC of FLASH andtheSCLICof NUMA-Q – a packet
is split into the headerand the datapart by a hardwired
logic. A powerful core processortreatsthe headerpart,
while a hardwiredlogic treatsthe datapart which is only
transferredbetweenbuffers. Whenthepacketis sentagain,
the headerand datapart are also quickly combinedby a
hardwiredlogic.

Unlike sucha traditionalmethod,the following design
policiesareadoptedin JUMP-1.

1) Generationandcollectionof acknowledgmentpackets
must be donequickly to introducean updatepolicy.
Therefore,they are managedwith a dedicatedhard-
waremechanisms.Anothercustomlogic is provided
to checktagsin theclustermemory.

2) All processesmentionedabove requirea complicated
largehardwiredlogic. Thus,a simple16-bit corepro-
cessor(MBP Core) is introducedto reducethe total
hardwarerequirement.Althoughthecoreprocessoris
simple,a packetcanbeprocessedquickly by adopting
thebuffer-registerarchitecturewhichcantreatapacket
buffer asaspecial68-bit register.

Figure3 showsthestructureof MBP-light dependingon
above policies.MBP-light consistsof threemodules:RDT



Interfaceto treat network packets,MMC (Main Memory
Controller)to control clustermemoryandclusterbus,and
MBP Corewhich is thecoreprocessor. RDT Interfaceand
MMC provide their own hardwaremechanisms,andwork
independentlyfrom MBP Core.
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Figure 3. The Structure of MBP-light

3.2.MMC
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Figure 4. The Structure of MMC

MMC (Main Memory Controller) managesthe cluster
memorywhich consistsof SDRAM for dataand SRAM
for tags. It also controls the clusterbus which connects
four SuperSPARC+ processorswith the L2 cache. When
a processormissestheL2 cache,theclustermemorymust
be accessedandMMC checksthe tag. Dependingon the
statusof a cacheline, MMC interruptsto MBP Core,and
thesoftwareon thecoreprocessoris invoked.

As shown in Figure 4, it consistsof the cluSterBUS
ConTroLler (SBUSCTL) which managescluster bus and
packets,Input/OutputBUFfer(I/O BUF)tostorebuspackets
andMemoryTiming Controller(MTC) whichcontrolsread
from/write to SDRAM andSRAM.

3.3.RDT Interface

RDTInterfaceisdirectlyconnectedwith RDTrouterchip
andmanagesnetworkpackettransfer.

The updatepolicy requiresa lot of networkpacketss-
ince a large numberof processorstend to sharea cache
line. For avoiding network congestion,packetsmust be
multicast in the network (one-to-onetransferis so ineffi-
cient). SinceRDT networkusedin JUMP-1providesthe
hierarchicalmulticastmechanism,it can be donewithout
network congestion[7]. For a protocol processor, a fast
generationand collection of acknowledgmentpacketsare
essential. RDT Interfaceprovidestwo dedicatedmecha-
nisms: Ack GeneratorandAck Collectorfor this purpose,
asshown in Figure5.
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Figure 5. The Structure of RDT Interface

Ack Generatorprovidestwo cachesystemscalled Net
CacheandAckmapCache.Both cachesareaccessedwhen
a packetwith coherentmessageis received. Net Cache,a
directmappedcachewith 512entries,is accessedby thead-
dressof theDSMin thepacketheader. It storestheinforma-
tion whethertheaccessedline is cachedin thecluster(in L2
or L3 cache)or not. At thesametime,AckmapCacheis ac-
cessedby thesourceclusternumberof thereceiving packet,
andthebitmapwhich shows thereturningpathis obtained.
Using the above information, an acknowledgmentpacket
whentheaccesseddatais cached,or anot-acknowledgment
packetwhentheaccesseddataisnotcachedisautomatically
generated.

On the otherhand,whenan acknowledgmentpacketis
received, anothercachesystemcalled Ack Cachein Ack
Collectoris accessedby thekey in thepackets.Ack Cache
isadirectmapcachewhichprovides128entriesfor eachhi-
erarchyof theembeddedtreein RDT network.Thenumber
of packetswhichmustbecollectedis registeredin thecache
entry, andthenumberisdecrementedwhenapacketarrives.
Whenthenumberbecomeszero,anotheracknowledgment
packetfor theupperhierarchyis generated,or MBP Coreis
interrupted.



In bothcachesystems,if a missoccurs,theprogramof
theMBPCorewill beinterruptedfor replacingorgenerating
theentry. In thiscase,theperformanceis muchdegraded.

3.4.MBP Core

3.4.1 The Buffer-RegisterArchitectur e

The structureof MBP Core is shown in Figure 6. MBP
Coreconsistsof a pipelinewith four stagestreating21-bit
instructionsand16-bit data. 21-bit ¿ 64K local memory
which storesinstructionsandlocal datais connected.The
MBP Core takesthe I/O mappedapproach,and another
64K addressis providedfor I/O devicesandthe dedicated
hardware for the barrier operation. The MBP Core also
providesthe16-bit ¿ 256internalmemorywhichisusedfor
thetablejump andto storebitmapsfor anacknowledgment
packet.

Sincejobswhich mustbequickly processedaremostly
managedby the hardwaremechanismsin RDT Interface
andMMC, MBP Core only processesa complicatedpart
of theDSM protocol. It mainly decodesa packet,accesses
a table, transformsthe address,and generatesthe packet
to sendsomewhere. The headerof a packetin JUMP-1
is sometimescomplicatedandoccupiesseveral flits of the
packet. Also, tagsincludedin the dataof a packetrelate
to a protocolcontrol. Therefore,it is convenientto treata
packet buffer asa register. However, sincethe width of a
packetbuffer is 68-bit, it requiresanenormoushardwareto
treatsuchbuffers ascommongeneralpurposeregistersin
theprocessor.
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Figure 6. The Structure of MBP Core

To solve this problem, MBP Core provides 16 GPRs
(GeneralPurposeRegisters)of 16-bit width and112PBRs
(PacketBuffer Registers)of 68-bit width. The PBR is in-
dicatedby thecontentof theGPR,andaccessedin thepro-
cessorpipeline like a commonregister. While operations
anddatatransferbetweenPBRandGPRor PBRandPBR
areallowed,thecontentof thePBRsis transferreddirectly
asa packetfrom/to MMC or RDT Interface. Sinceopera-
tions aremainly donebetweensucha packetbuffer anda

register, we call this structurethe buffer-register architec-
ture. As anexampleof thisarchitecture,theADD operation
betweenGPRandPBR(i.e. ADDPG R1 R2(0)) is shown
in Figure7.
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Figure 7. the ADD operation between GPR and
PBR

Table 1. The Classification of MBP Core In-
structions

Class Type

WGG operatebetweenGPRandGPR
LMA accessto local memory
BRANCH branch
WGI operatebetweenGPRandImm.
BPI operatebetweenPBRandImm.
RDT controlRDT Interface
MPP transmitfrom PBRto PBR
WPG operatebetweenPBRandGPR
MMC controlof MMC
TJ tablejump
INT controlinterrupt
IMA accessto internalmemory
SPE specialinstructions
NOP nooperation

Finally, the classificationof instructionson MBP Core
is shown in Table1. MBP Corehasabout85 instructions
with 14 classes. In addition to the instructionsdescribed
above,MBP CorehassomeinstructionswhichcontrolRDT
Interfaceor MMC. Sinceit alsohasadozenspecialinstruc-
tionsto processaprotocoltransactionquickly, it hasalot of
advantagesovera generalRISCprocessor.

4. Chip Implementation

MBP-light is implementedon the Toshiba’s 0.4 í m C-
MOS3-metalembeddedarrayTC203E340.In ordertocope
with a largenumberof pins,TBGA (TapeBall Grid Array)
packageis used.



Thedesignof MBP-light is describedin VHDL, synthe-
sizedwith Mentor’s Autologic-II, andverifiedwith Toshi-
ba’sVLCAD. Usingthebehavior level simulator, aprogram
of MBP Core for a simple protocol has beendeveloped
in parallelwith the hardwaredesign. The specificationof
MBP-light is shown in theTable2.

The layout of MBP-light is shown in Figure 8. A lot
of embeddedRAMs areplacednearfour edgesof the die
surroundingrandomlogics in the middle squarepart. A
largeRAMsarecorrespondingto thecachememoryin RDT
Interface,while smallonesareusedfor PBRs.

Table 2. The Specification of MBP-light
Maximumclock (MHz) 50
Randomlogics 106,905
Internalmemory(bits) 44,848
Areautilization(%) 38.3
Thenumberof pins 352
ConsumingPower (W) 3.1

Figure 8. The Layout of MBP-light

5. Evaluation of MBP-light

5.1.Evaluation Method

Now, two clustersof JUMP-1areavailable,andasimple
protocolhandleris implementedon MBP-light. The pro-
tocol handlersupportstwo policies: invalidateandupdate
policies. Sincethe programof MBP Core for the packet
handleris so complicated,the descriptionof the handler
implementationis omittedhere. Thedetail protocolis de-
scribedin [2].

The performanceis evaluatedby a simple tracedriven
simulator. The trace is generatedby an instruction-level
simulatorcalled(ISIS)[6]. It is aflexiblesimulationframe-
work which can generateaccesstracesof fully pipelined
RISCprocessors.Here,thehit ratio of aninstructioncache
is assumedto be 100 % andonly simpleone-to-onedata

transferis usedin RDT network. Both updatepolicy and
invalidatepolicy distinguishedin JUMP-1areusedin the
evaluation.L2 cacheisadirectmapped1M-bytecachewith
32-bytecacheline. AlthoughtheL2 cacheprovidesa lot of
sophisticatedfunctions,theyareomittedin this simulation.

Thelatencyparametersof thesimulatoraresetasshown
in Table3.

Table 3. Latency Parameter s
event clocks

PU î L2 cache 1
L2 cacheî CBUS 5
MMC î MBP 3
MBP î MBP 24

As benchmarks,four programs:FFT given64K points,
LU given 128-by-128matrix, RADIX given 2M elements
andOCEANgiven66-by-66gridsfrom SPLASH-2bench-
marksuits[14]areselected.Sincethetracegenerationtakes
anenormouscomputingtimeanddiskstorage,systemswith
up to 32 processors(8 clusters)areevaluatedhere.

5.2.Evaluation of Hardwir edMechanisms

5.2.1 The Hit Ratio of Net Cacheand Ack Cache

First of all, we evaluatehow oftenNet Cacheof Ack Gen-
eratorin RDT Interfacehits with both policies. Whenthe
RDT packetarrives,anentry of Net Cacheis accessed.If
it hits,RDT Interfacegeneratesanacknowledgmentpacket.
If not,RDT Interfacemustinterruptto MBP Coreto makea
new entry. It shows theability to generateanacknowledg-
mentpacketin RDT Interfacewithout invokingMBP Core.
Whenit hits, the acknowledgmentpacketis returnedonly
with 11 clocks(220nsec)insteadof morethan100clocks
processedby MBP Core.

Thehit ratioof NetCachewith bothpoliciesareshown in
Table4 and5 whereCL means“clusters”. Thehit ratiowith
invalidatepolicy is overall low exceptOCEAN which has
goodspatiallocality, while that with updatepolicy is very
high exceptRADIX which haslittle temporallocality[14].

Table 4. The Hit Ratio of Net Cache with Inval-
idate Polic y

Appli.
hit ratio

2 CL 4 CL 8 CL

FFT 76.3% 63.2% 49.2%
LU 91.5% 91.0% 88.0%

RADIX 48.0% 22.7% 19.7%
OCEAN 97.8% 98.2% 98.8%

Theyshow thatanacknowledgmentpacketwith update
policy is almostautomaticallygeneratedandMBP Coreis
interruptedrarelyby RDT Interface.However, thenumber



of networkpacketswhich interruptto MBP Coreis actually
important.

Table 5. The Hit Ratio of Net Cache with Up-
date Polic y

Appli.
hit ratio

2 CL 4 CL 8 CL

FFT 99.9% 99.5% 92.1%
LU 99.9% 99.9% 99.9%

RADIX 45.8% 38.7% 38.1%
OCEAN 99.4% 99.7% 99.8%

Then,Figure9 shows thecomparisonof thenumberof
network packetswith two policieswhereregardsthat with
updatepolicy as100%. Also, thecoloredbarmeansthehit
ratio.
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Figure 9. The Comparison of The Hit Ratio of
Net Cache with Two Policies

Thenumberof networkpacketswith theinvalidatepolicy
is extremelysmallerthanthatwith theupdatepolicy sincea
largepartof transactionscanbeprocessedwith only com-
municationinsidethecluster. In otherwords,thededicated
mechanismof RDT Interfacewith the updatepolicy is ef-
ficiently used. However, its ability with the updatepolicy,
is insufficient to suppressthe numberof networkpackets,
comparedto thatwith invalidatepolicy. Maybe,moreclus-
tersarerequiredto bethesamenumberof packetswith both
policies.

Next, thehit ratioof Ack Cachein RDT Interfaceis also
animportantissue,sinceMBPCoresoftwareisalsoinvoked
to collectacknowledgmentpacketsfor aninvalidate/update
request. Unlike the hit ratio of Net Cache,it is almost
100%with bothpoliciesin all applications.In mostcases,
acknowledgmentpacketsareimmediatelyreturnedandcol-
lected.Onceall packetsarecollected,theentryis removed.
Thus,the entry is not conflict unlessthe invalidate/update

requestsarefrequentlyissued.Thus,mostacknowledgment
packetsarecollectedonly with 5 clocks(100nsec)by Ack
Cachecontroller.

As illustratedabove, RDT Interfacecanexecutea large
part of protocolprocessingjob with both policieswithout
invokingMBP Core.

5.2.2 The Wake-UpRatio of MBP Core fr om MMC

Whenapacketsis issuedonaclusterbus,MMC checkstags
andjudgeswhetherthesoftwareonMBPCoreis requiredor
not. If MMC canprocessa packet,it takesabout10 clocks
insteadof morethan1000clocksprocessedby MBP Core.

Here, the frequencyof invoking MBP Core software
called wake-upratio is evaluated. The wake-upratio is
definedas

thenumberof packetsMMC can’thandle
thenumberof packetsMMC receives ï

The averagewake-up ratio is shown in Table6 and 7.
As shown in thesetables,the ratio with the updatepolicy
is about30%independentfrom applications.However, the
ratio with the invalidate policy dependsheavily on each
applicationandit increasesin proportionto thenumberof
clusters.

Table 6. The Wake-Up Ratio with Invalidate
Polic y

Appli.
wakeup ratio

2 CL 4 CL 8 CL

FFT 17.7% 36.3% 50.0%
LU 1.9% 4.3% 17.8%

RADIX 40.4% 54.2% 59.8%
OCEAN 12.5% 28.0% 38.1%

Table 7. The Wake-Up Ratio with Update Poli-
cy

Appli.
wakeup ratio

2 CL 4 CL 8 CL

FFT 33.2% 33.6% 33.1%
LU 30.7% 31.8% 33.3%

RADIX 36.2% 36.3% 36.0%
OCEAN 30.8% 30.8% 29.6%

The ratio with the invalidatepolicy is relatively higher
thanthatwith theupdatepolicy sincemostof packetsused
in the invalidatepolicy arecausedby the coherencemiss.
In order to comparetwo policies in detail, the numberof
packetswhich interruptto MBP Coreshouldbeevaluated.

As shown in Figure 10 where regards the numberof
packetswith updatepolicy as100% (thecoloredbarmeans
the hit ratio), that with the invalidatepolicy is extremely



smallerthan that with the updatepolicy. In otherwords,
althoughtheratio which invokesMBP Coreis high to treat
coherentmisseswith the invalidatepolicy, the numberof
packetswhichMMC can’t handleis muchsmallerthanthat
with the updatepolicy. It comesfrom the frequentdata
exchangecausedby theupdatepolicy. However, evenwith
theupdatepolicy, MMC canexecutealargepartof protocol
processingwithout invokingMBP Core.
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Figure 10. The Comparison of The Wake-Up
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5.3.Evaluation of Instruction SetAr chitecture
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Here, the programrunningon MBP Core to processa
protocolis decodedafterMBP Coreis interruptedby MMC
or RDT Interface. In order to demonstratethe efficiency
of MBP Core architecture,the instruction mix with two
policieson 8 clustersis analyzed.
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As shown in Figure11 and12, frequentlyusedinstruc-
tions are almost the samein every applicationwith both
policies. Instructionclassesrelatedto buffer-registerarchi-
tectureareWPG,MPPandBPI in Table1. Thetotalratioof
thoseclasseswith invalidatepolicy is 31.5%. On theother
hand,thatwith updatepolicy is 30.3%.Fromtheseresults,
instructionsfor the buffer-registerarchitectureadoptedby
MBP Coreis efficiently usedfor bothpolicies.

In our formerstudy[5], we comparedthecorearchitec-
turewith DLX[3] li ke 32 bit generalRISCprocessor. The
performanceof thecoreprocessoris about20%betterthan
that of 32bit RISC processorin spiteof a small hardware
requirementbecauseof thebuffer-registerarchitecture.

5.4.The PerformanceComparison
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Although the time for protocol managementprogram-
s is not exactlymodeled,we measuredtheperformanceof
JUMP-1with bothpolicies.Figure13showsthepreliminary
evaluationresultsof executiontime normalizedto thetime
whenupdatepolicy is usedon two clusters.From this re-
sult,theexecutiontimeof updatepolicy is muchworsethan
invalidatepolicy in all applications. The overheadof up-
datepolicy is causedby theprotocolmanagementprogram
executedon MBP Core invoked with frequentpacketsar-
rival. However, in thissimulation,themulticast mechanism
in JUMP-1is noteffectivelyusedandprotocolmanagement
programon MBP Coreis not well optimizedfor theupdate
policy.

With both policies, the tendency of speedupsis almost
thesame.In FFTandOCEAN,theperformanceis improved
whenthenumberof clustersincreases,while it is not well
improved in RADIX and LU. We will optimize protocol
programs,andevaluatethe systemwith larger numberof
clusters.

6. Summaries

A dedicatedprocessorcalledMBP-light to managethe
DSM in JUMP-1 is introduced,and its performancewith
two protocolpoliciesareevaluated.

Its simulation appearsthat simple operationslike the
tagcheckandthecollection/generationof acknowledgment
packetsaremostlydoneby thehardwaremechanismswith-
outMBP Corewith bothpolicies.

Also, a simple16-bit RISCcalledthebuffer-registerar-
chitectureis adoptedin MBP-light. It is greatlyexploited
for complicatedprotocoltransactionswith bothpolicies.

Thepreliminaryevaluationshowsthattheexecutiontime
with updatepolicy is still muchworsethanthatwith inval-
idatepolicy. Sincethemulticastmechanismof JUMP-1is
not usedin this simulationandthesystemscaleis limited,
theextensivesimulationresearchis required.

The prototypeof JUMP-1with 16 processorsis sched-
uledto beavailablewithin this year. We will optimizethe
protocolprogramon theprototype.

7. Acknowledgments

The authorswould like to expresstheir sinceregrati-
tudeto themembersof theJoint-Universityprojectfor their
valuableadvisesanddiscussions.Theauthorsalsoexpress
theirthanksto MentorGraphicsJapanfor supportingdesign
tools.

A part of this researchwassupportedby the Grant-in-
Aid for ScientificResearchon Priority Areas,#04235130,
from theMinistry of Education,ScienceandCulture. This
researchisalsosupportedbyParallelandDistributedsystem
Consosium.

References

[1] D. ChaikenandA. Agarwal. Software-ExtendedCoherent
SharedMemory: PerformanceandCost.In Proc.ofThe21st
IEEE InternationalConferenceon ComputerArchitecture,
pages314–324,April 1994.

[2] M. Goshimaet al. The Intelligent CacheController of a
Massively ParallelProcessorJUMP-1. In Proc. of Innova-
tive Architecture for Future GenerationHigh-Performance
ProcessorsandSystems, pages116–124,October1997.

[3] J.L. HennessyandD. A. Patterson.ComputerArchitecture:
A QuantitativeApproach. MorganKaufmann,SanFrancsi-
co,California,secondedition,1996.

[4] K. Hiraki etal. Overview of theJUMP-1,anMPPPrototype
for General-PurposeParallelComputations. In Proc. of
IEEE International Symposiumon Parallel Architectures,
AlgorithmsandNetworks, pages427–434,December1994.

[5] I. Hiroaki et al. MBP-light: A Processorfor Management
of DistributedSharedMemory. In Proc.of The3rd Interna-
tional Conferenceon ASIC, pages199–202,October1998.

[6] T. Kisuki et al. Sharedvs. Snoop: Evaluationof Cache
Structurefor Single-ChipMultiprocessors.In Proc. of The
3rd InternationalEuro-Par Conference, pages793–797,Au-
gust1997.

[7] T. Kudohet al. Hierarchicalbit-mapdirectoryschemeson
the RDT interconnectionnetwork for a massively parallel
processorJUMP-1. In Proc.of InternationalConferenceon
Parallel Processing, volumeI, pages186–193,August1995.

[8] J. Kuskin et al. The StanfordFLASH Multiprocessor. In
Proc. of The21st IEEE InternationalConferenceon Com-
puterArchitecture, pages302–313,April 1994.

[9] J. LaudonandD. Lenoski. The SGI Origin: A ccNUMA
Highly ScalableServer. In Proc. of The24th IEEE Inter-
nationalConferenceon ComputerArchitecture, pages241–
251,June1997.

[10] D. Lenoskietal. TheStanfordDASH Multiprocessor.IEEE
Computer, 25(3):63–79,March1992.

[11] T. D. LovettandR. M. Clapp.STiNG: A CC-NUMA Com-
puterSystemfor the CommercialMarketplace.In Proc. of
The23rd IEEE InternationalConferenceon ComputerAr-
chitecture, pages308–317,May 1996.

[12] T.Matsumotoetal.DistributedSharedMemoryArchitecture
for JUMP-1: A General-PurposeMPP Prototype. In Proc.
of IEEEInternationalSymposiumonParallel Architectures,
AlgorithmsandNetworks, pages131–137,June1996.

[13] H. Nishi et al. TheRDT RouterChip: A versatilerouterfor
supportinga distributedsharedmemory.IEICE transaction
onInformationandSystems, E80-D(9):854–862,September
1997.

[14] S.C. Wooet al. TheSPLASH-2Programs:Charaterization
andMethodologicalConsiderations.In Proc. of The22nd
AnnualSymposiumonComputerArchitecture, pages24–36,
June1995.

[15] Y. Yangetal. RecursiveDiagonalTorus:An interconnection
networkfor massively parallelcomputers.In Proc. of The
5thIEEEsymposiumonParallel andDistributedProcessing,
pages591– 594,December1993.


