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Abstract

This paper provides the customized MVA equations for an analytical model for evaluating architectural alternatives for
shared-memory multiprocessors with processors that aggressively exploit instruction-level parallelism (ILP). Compared to
simulation, the analytical model is many orders of magnitude faster to solve, yielding highly accurate system performance
estimates in seconds.

1 Introduction

In [8], we presentednanalyticalmodelfor evaluatingspecifictypesof architecturatrade-ofs for shared-memorgystems
with ILP processorsAs shavn in thatpaper the analyticalmodelvalidatesextremelywell againstdetailedsimulationand
producesesultsin afew seconds.

Theprincipalaspect®f themodelare:

e ThelLP processoandits associatedwo-level cachesystemareviewedasa blackbox thatgeneratesequestgo the
memorysystemandintermittentlyblocksafteradynamicallychanginghumberof requests.

o Weiteratebetweertwo submodelspnerepresenttheblockingbehaior dueto load misseghatcannotberetireduntil
thedatareturnsfrom memory andthe othersubmodetepresentthe blockingbehaior dueto thehardwareconstraint
onthetotal numberof outstandingnemoryrequests.

¢ In eachsubmodelthe memorysystemis viewed as a systemof queues(e.g., the memorybus, DRAM modules
andassociatedlirectories,and network interfaces)anddelay centerge.g.,switchesin the interconnectiometwork).
We createa set of intuitive customized meanvalue analysis(CMVA) equationsto obtain estimatesof throughput
(instructionspercycle) in eachsubmodel. The CMVA techniquehasprovento be accuraten validationexperiments
for anumberof simplerarchitecturamodels[9].

The purposeof this technicalreportis to provide the detailsof the customizedVVA equationsvhich wereomittedin [8]
dueto spaceconstraints.Section2 of this reportprovidesthe modelinput parametersSection3 providesan overview of
the analyticalmodel, and Section4 presentghe customizedVIVA equations. Furtherdiscussiorof the model, including
validationandapplicationsgcanbefoundin [8].

*This researchis supportedin part by DARPA/ITO under ContractN66001-97-C-8533and by the National ScienceFoundationunder Grants
HRD-9896132 MIP-9625558 CDA-9623632 CCR-9410457 CCR-9502500CDA-9502791 and CDA-9617383 SaritaV. Adve is also supportedn
partby anIBM University Partnershipaward andby the TexasAdvancedTechnologyProgranunderGrantNo. 003604-025Vijay S. Pai is supportedy a
FannieandJohnHertz FoundationFellovship.



parameter| description

N numberof nodes
m memorymodulespernode
Mpw numberof MSHRs

SNIut.» NI sendoccupany for request
SNI,u. NI sendoccupang for data

SNIin.» NI receve occupany for request
SNIin . NI receize occupang for data
Stus,r busoccupany for request

Shus,d busoccupang for data

Smem memory/directorf{DRAM) access
Stag L2 tag check

Sswitch perheadenetwork switchoccupang

Table 1. System Architecture Parameters

Parameter Description

T Averageiime betweerread,write, or upgradeequestso memory not countingthetime when
theprocessois completelystalledor is spin-waiting on a synchronizatiorevent

CcV, Coeficientof Variationof =

Fsynch—write Fractionof write requestghat aregeneratedy atomicread-modify-writeinstructionsor that
coalescavith atleastonelaterread

fum Fractionof processostallsthatfind A MSHRswith outstandingeadrequests

Prcad, Purite, Pupgrade || Probabilitythatamemoryrequesis aread,write, or upgrade

Py Probabilitythata reador write requestauses writebackof a cacheblock

Pr, Probabilitydirectoryis local for atypex transactionz=read,write, upgradewriteback

Puria,y Probabilityhomememorycansupplythedatafor atypex, y request;
x=read write; y=localhome,remotehome

P3jopl28enot—memory Probabilitythata requesbf typex to aremotehomeis forwardedto a cacheata third node;
x=read,write

H Averagenumberof network switchedraversedby a paclet

X Averagenumberof invalidatescausedy awrite or upgradeto a cleanline

Table 2. Application Parameters

2 System Architecture and Model Parameters
2.1 System Architecture

The architecturemodeledis a cache-coherentgleaseconsistenshared-memorynultiprocessosystemwherethe pro-
cessinghodesareconnectedy a meshinterconnectiometwork [8].

2.2 Modd Parameters

Model parametergan be classifiedas either describingthe systemor describingthe application. Table 1 definesthe
systemparametersyhile Table2 summarizeshe applicationparametersiFromthe parameterin Table2, we cancompute
theprobabilitiesof the protocoltransactiongn Table3.

Thefirst four parameterén Table 2 characterizehe ability of the processoto overlapmultiple memoryrequestsvhile
runninga givencompiledapplication(or setof applications) Theseparametergeferredto aslLP parametersrediscussed
in moredetailbelon. Theotherparameteri thetablearestandargarameterfor modelsof architecturebasedndirectory
coherencerotocols[1]. Notethatthe parameteraredefinedfor homogeneous applications; thatis, eachprocessohasthe
samevaluefor eachparametein the table,andmemoryrequestareassumedo be equallydistributedacrosshe relevant
memory modules(local or remote)due to interlearing and effective datalayout. Thereis a naturalextensionof these



parameterfor non-homogeneouspplicationsput for simplicity in themodelexpositionwe usethegivenparameters.

The parameter- is the averagetime betweerrequestgeneratedy the processoto the (main) memorysubsystemnot
including the time thatthe processois stalledor is spin-waiting on a synchronizatioreventsuchasa lock releaseflag, or
barriercompletion.We alsomeasurehe coeficientof variationof 7, C'V... 7 is well-definedfor simpleprocessorghatblock
on eachload andstore,whereaghe notionthata comple« modernprocessois stalledhasseveral possibledefinitions. For
therobustparametet thatis neededor themodel,the processois definedto bestalledwhenit is completely stalled; thatis,
thefunctionalunitsarecompletelyidle, no furtherinstructionscanberetiredor issueduntil datareturnsfrom memory and
all outstandingacherequestarewaiting for datafrom mainmemaory Thefractionof time a processois completelystalled
is oneof the performancenetricsestimatedy theanalyticmodel. The parametetr doesnotincludethistime.

The feynch—write Parameteis the fraction of write requestghat are synchronousthatis, they are generatedy read-
modify-write request®r they coalescavith atleastonelaterreadmiss. Readmisseshatcoalesceavith earlierreadrequests
arecompletelyinvisible to the modelbecausdhey do not generateany memorysystemtraffic, andthey do not causeary
new blockingbehaior. Thus,a parametefor thefrequeng of read-readtoalescings not needed Lik ewisefor writesthat
coalescavith previousmisses.

The setof parameters,,, M > 1, arethe fractions of processor stall events thathave M MSHRsoccupiedwith read
misses.Theseractionsaredefinedandmeasuredor a systemwith anumberof MSHRslargerthanthemaximumvaluethat
will be evaluatedwith the model. We will referto sucha systemasan “infinite MSHR” system.Note thatif a readmiss
occursfor aline thathasa prior write missoutstandingthenthe missis countedasa readmisswhenmeasuringl/. Also
notethatmisspeculatedeadsarecountedn M. The fy, parameterareuniqueto a systemwith non-blockingloads.

We have verified that the applicationinput parametersrerelatively insensitive to changes in the memory system archi-
tectural parameters thatcanbe variedin the model(e.g.,the numberof MSHRs,the speedof the bus andinterconnection
network switchesmainmemoryconfigurationgtc.). However, theapplicationparameteraresensitve to variousparameters
of the processoandcachearchitectureFor example,r, CV:, far, and foynch—write aresensitve to theinstructionwindow
size.

3 TheAnalytic Model

The principaloutputmeasureomputedby the modelis the systemthroughputmeasuredh instructiongretiredpercycle
(IPC). This throughputis computedas a function of the input parametershat characterizehe workload and the memory
architectureThecustomizedMVA equationglefinedin thisreportassumehatthedirectorylookupis coupledwith memory
accesssoasingleservicetime appliesto the parallelmemoryanddirectorylookup.

3.1 Model Overview

We usethetermsynchronous for readrequestgandfor read-modify-writerequestspecaus¢he datamustreturnbeforea
load (or read-modify-write)nstructionis retiredfrom theinstructionwindow. Otherrequestgwrites,upgradeswritebacks,
invalidatesandacknavledgmentsareasynchronous. Table3 definesall of the memorysystemtransactions.

A key questionin developingthe analyticmodelis how to computethroughputasa functionof the dynamicallychanging
numberof outstandingnemoryrequestghat canbe issuedbeforethe processomuststall waiting for datato returnfrom
memory We addresshis issueby iteratingbetweerthefollowing two submodeldor eachvalueof M, 1 < M < Mp,,:

¢ the synchronous blocking submodel (SB) that computesthe fraction of time the processoiis stalleddueto load or
read-modify-writenstructionghatcannotberetireduntil the datareturnsfrom memory

¢ the MSHR blocking submodel (MB) thatcomputeghe additional fractionof time theprocessors stalledpurelydueto
the MSHRsbeingfull.

For M = My, wecomputehroughpufrom amodifiedversionof theMSHR-blockingsubmodeblone asexplainedbelow.
Oncethesethroughputsarecomputedwe computethe weighted sum of the throughputsweightedby the frequeng of each
throughputvaluethatwould be obseredfor the numberof MSHRsin the system.This frequeng canin turn be computed
from the modelinput parametersf,;. Theremainderof this sectiongivesthe mostpertinentdetailsof the two submodels
aswell ashow slowdown dueto synchronizatiordelaysis computedthefull setof equationdor the submodelss givenin
Sectior4.



I Reads | Upgrades |

localhome remotehome local | remote
memory | remote| memory| cache | cacheat
cache athome | non-home

| transactiomame|[| LC [ LHCC| RC | RHLCC| RHRCC | LUPG | RUPG |

I Writes | Writebacks |

localhome remotehome local | remote
memory | remote | memory cache cacheat
cache athome | non-home

transactiomame|| LCINV | LHCCwr | RCINV | RHLCCwr | RHRCCwr [ LWB | RWB |

Table 3. Protocol Transactions

3.2 TheTwo Submodels

Eachof thetwo submodel¢SBandMB) containssimilar setsof customizedVA equationgo computeheresponséime
for atransactiorin the memorysubsystenfseesection4). The only differencedbetweerthe submodelarein theequations
for theoverallresidenceéime, R, andthe processoresidencdime, R,.. We discusghesedifferencesn this sectionandthen
discusghe CMVA equationghatarecommonto bothsubmodels$n Sectiord.

R consistsof the residencedimes at the processarnetwork, network interface (NI), bus (both local andremote),and
memory It alsoincludesa term, Z, which representshe latenciesat resourceswith negligible contention(e.g., cache
tag check). The differencein the equationgor R, besideshe differencein R,., is that Rsp is the sumof the residence
timesof thesynchronousransactionsyhereadk s g is thesumof theresidencdimesof theasynchronouransactionglus
theresidenceéimesof thereadghataresynchronoug theMB submode(thiswill bediscussetbelaon). Theseequationsre:

h h h
RSB — RPSSB _}_R-JS\?[IZ‘% + R-;\?[II”C + RS?/TLC +Rsynch +Zsynch

bus mem

_ asynch asynch asynch asynch asynch
RuB = Rpeyn + Bypr +Ryp  + Ry, + REET + 20

+Psynch7'r'ea.d7MB (Rj\?ggﬁ + Rj\?;}wh + Rzz:Ch + Rf,f:rﬁh + ZSy"Ch)

In the SB submodelthe numberof customerger processors equalto the maximumnumberof readrequestghatcan
be issuedbeforethe processomblocks (i.e., one of the obsered valuesof M). The processoland its associatecache
subsystem})s a FCFSqueuethat initially hasmeanservicetime equalto 7. Note that this queueis only idle when M
memoryreadrequestareoutstandingptherwiset is generatingnemoryrequestsitratel /7. If therequesis awrite miss,
the customeiis routedimmediatelybackto the processowhile simultaneoushforking an asynchronousnemorywrite or
upgraddransactionysingatechniquesimilarto thatproposedy HeidelbegerandTrivedi[5]. Thus,the Rz andZsyneh
termsareonly non-zerdfor readrequestgseeSectiond).

In the MB submodelthe numberof customerger processois equalto the numberof MSHRS, M},,,. MSHRscanbe
occupiedby read,write, or upgraderequestshowever, for architecturesvith non-blockingstoresandin-orderretiremeniof
loadsandfor M < My, theblockingtime whenMSHRscontainM readrequestss accountedor in the SBsubmodelThe
additionalblockingtime thatneedgo be computedoy the MB modelis for the casethatthe MSHRscontainM},,, requests
of which lessthan M arereadrequests.Thatis, we canmeasurel readrequestgor the “infinite MSHR” system but the
systemwith M}, MSHRscould block with fewerthan M readsin the MSHRsbecausesomeregistersarefilled with other
requests.All writes andupgradesplus somereadrequestsmustbe synchronousn the MB submodelko accountfor this
additionalblockingbehaior.



The following four equationsaccountfor the readrequestshat should be synchronousn the MB submodél. The
first equationestimatesP;, the probability that only j of the M readsthat were measuredn the “infinite MSHR" sys-
tem,1 < j < M, arein thefirst My, MSHRs. Thesecondequationestimatesthe utilization of the processoin the SB
submodelandthis utilization is usedin the third equationto computeU,,., which is an estimateof the probability thata
customeleaving the processoin the SB submodeis leaving behinda non-emptyprocessogueue.The third equationhas
aterm,Ugg, whichis the probabilitythata processoin the SB submodels not stalled,andit will be explainedbelown. By
multiplying P; by U,,, andsummingover j, we obtainthe probability thata readshouldbe consideredsynchronousn the
MB submodelasshawn in thelastequation.

Mpy, —1
P; = Prob[jreadsn MSHRs| atleastl readin MSHRs]= (Purite + Pupgradge) M= —J)Pfjadl)
j—1
_ Mt
Upe ~ Rss
. Upe M-1
Upe = Upe MN;1+ALUSB

Poynch—read—mB = Prob[reads synchronousn MB submodel} EM"“”l P;U,,

The readmisseghat are not synchronousn the MB submodelreimmediatelyroutedbackto the processo[sincethe
processocannotstall on thesereadmissedn this submodel)while simultaneouslyorking a readtransactiorto thememory
systemagainusingatechniquesimilarto thatin [5].

As mentionedabove, theotherdifferencen theequationdetweerthetwo submodelgoncernsk,. . Thisdifferencearises
from how we representhe processostall time thatis estimatedy onesubmodein the othersubmodel.Thatis, the mean
time thateachcustomeiccupieghe processom the MB submodels equalto 7,5, Wherery, g is 7 adjustedo reflectthe
fraction of time thatthe processois stalleddueto load or read-modify-writeinstructionsthat cannotbe retired (computed
from the SB model) Thatls TMB = US . Oncethe measuresirecomputedrom the MB model,the SB modelis solved

againusingrss = WhereUMB |sthefract|onof timethattheprocessois not stalledin theMB submodel.
_ M
USB = %55 Unrm
_ M
Ump = RuB U"S—B

The alternatingsolutionof eachsubmodels repeatedintil the estimatedhroughputscornverge. This approachmight be
namedhe“methodof surrogateservicetime inflation; analogougo the methodof surrogatelelays[4, 6].

The equationdor R,.,,, andR,.,, areshavn belov. The processoresidencdime consistsof the customers service
time andtheamountof time thatthe customemaitsfor the M — 1 othercustomershatmightbe eitherwaiting or in service

— & istheestimatedractionwho arewaiting, and i is the estimatedractionin

service.

Rperes = mipll+ (M = 1)(T522 — Zun ] 4 (M — 1)(Fu

Rus Rus B)TMBresidual

Rpess = Tsp[l+ (M = 1)(F=2 — F2)] + (M — 1)(£

)TSB'resldual

TSB,esiauar @ANATMB,...0.., TEPresenthe residuallife of the customereingsened at the processowhen an arriving
customeiarrives. As explainedin [8], the standardequatiorfor residuallife undertheassumptiorof Poissorarrivalsis not
accuratesincearrivals at the processorre not at randompointsin time?2 therefore we usean interpolationsuggestedby
DerekEagen3].

For the casethat M = My, all processostallscanbeattributedto full MSHRs. In this case we solve a modifiedMB
modelin which thereare M}, customerger processorandthesecustomergepresenthe behaior of all read,write and

IThereadsin theMB submodehave only a smalleffect on estimatedhroughput(lessthan4% reductionin throughpufor all applicationsvalidatedin
[8], exceptFFToptwhich hasa 10%reduction),andthey arenotdiscussedh [8].
2Theestimatedneanresidualife for randomarrivals equalsthe secondmomentof servicetime divided by 27 [7].



upgradememorysystemtransactions.For ary of thesememoryrequeststhe customeleavesthe processoandVvisits the
appropriatanemorysystenresources.

Oncethroughputis computedrom the weightedaverageof the valueat eachM, synchronizatioreffectsareaccounted
for asdescribedn [8].

4 TheCustomized MVA Equations

As explainedabove, the SB andMB submodelaisea setof customizedMVA (CMVA) equationgo computethe mean
delayfor eachtype of transactiorat the local andremotememorybuses)ocal andremotedirectories(andassociatednem-
ory modules),and network interfaces. Fixed delaysare assumedt resourceshat have negligible contention(e.g., cache
tag checks,coherencepaclet generation)andfor the approximatedelay at eachnetwork switch (obsened acrossseveral
applications).

The equationdistedin this section,alongwith the equationdor R andR,,. thatwerepresentedn the previous section,
completelydefineboth submodels.The equationsn this sectionarethe samefor both submodelsandthey caneasilybe
modifiedto modeldifferentmemorysystemarchitecturesaswasdonein [8].

To make the equationamore readablewe have adoptedsubscriptsand superscriptéo denotethe possiblevariationsin
the termto which they areattached.Theresources alwaysthe first subscripton a term, whetherit is residencdime (R),
waiting time (W), utilization (U), or servicetime (S). For example,Ry is theresidencdime atthe network interface. For
the NI, therecanbe anadditionalkeyword (¢) appendedo the NI to indicatethatthis termcanvary dependingn whether
the actionis at the outputqueue(g = out) or theinput queue(q = in) of the NI. For mary terms,thereis a subscriptof loc
or rem to indicatewhethertheactionis atthe local nodeor aremotenode. Thevariabley denoteghetransactiortype (see
Table3). Thevariablexz denoteghe type of messagdrequesbr data)thatis on the busor atthe NI. Lastly, a superscript
variablez denotesithersynchronousr asynchronous.

For example,Uqulac’y’z is the utilization of queueg (out or in) atthelocal NI by a transactiorof typey. Thex andz
denotewhetherthe pacletis arequespacletor adatapacletandwhetherthetransactions synchronousr asynchronoudt
is importantto notethata synchronousransactiorcanhave anasynchronougart(e.g.,anacknavledgmentmessagé¢o the
homenodethatoccursin a 3-hopcacheto cachereadrequest).For example, R2:27<" refersto theresponsd¢ime

NlIingem , RHLCC,z :
attheinputqueueof theremoteNI for theasynchronousequesbr datamessagérom the synchronousransactiorRHLCC.

Latencies at Resourceswith Negligible Contention
ZsynCh = (PLC + PRC)(Stag) + (PLHCC’ + PRHLCC + PRHRCC)(Stag + Scoherence)
zesyneh = (Prornv + Preinv + Poupe + Prupe + Pows + PrwB)(Stag)

+(PLHCC’IU’I’ + PRHLCC’(UT + PRHRCCwT)(Stag + Scoherence)

Networ k

NotethatSs.i:cn isthemeasuredverageperswitchdelayin thenetwork, measure@crossseveralapplicationsn agiven
classof applications.Ss,::c;, couldalsobe estimatedy a moredetailedMVA modelof theinterconnectiometwork.

SNE‘T = Hstitch

synch __ synch
RNET - Ey RNET,y



asynch asynch
NE‘T Z RNET,y

Rsynch _ { PyQSNET yZRC,LHCC,RHLCC
NET.y PySSNET y:RHRCC
P,Sver y=RWB
Rosunch _ P,2Sner Y=RCINV,LHCCwr,RHLCCwLUPG
NET,y Py3SNET y=RHRCCwr
Py4SNET y:RUPG

Network Interface

Nlout,

Below arethevisit countequationdor theNI. For example, Vsynch . is thevisit countatthe outputqueueof thelocal
NI of requesimessageassociateavith the synchronougpartof atransactiorof typey.

Vaioate,. = 1 y=RC,LHCC,RHLCC,RHRCC

Vﬁﬁﬁﬁcyd = 1 y=RC,LHCC,RHLCC,RHRCC

yasynch _ | 1 y=RCINV,RUPG,LHCCwWRHLCCwr,RHRCCwr
Nloutioe,y,r = | X y=LCINV,LUPG

Vit .= 1 y=RWB

asynch
VNIinlcC,y,,"

1 y=RUPG
1 y=LHCCwr

Vagineh = 1 y=RCINV,LHCC,LHCCWfRHLCCw;RHRCCwr

{ X y=LCINV,LUPG

Vifoutrem = (w=1) Y=RHRCC

‘H

Vsynch — ( 1) y:RC,LHCC,RHLCC,RHRCC

Nloutyem,y,d N
synch _
Vit = (§41) y=RC,LHCC,RHLCC,RHRCC
Vyuneh = (§4) Y=RHRCC
(=) Y=LCINV,LUPG
(N—Xl) y=RCINV
Ve =< (B4 y=RUPG
(y—7) Y=LHCCwr,RHLCCwr
(#25) Yy=RHRCCwr
Vst o= (§51) Y=RCINV,LHCC,RHLCC,RHRCC,LHCCWRHLCCw;RHRCCwr
(x25) Y=LCINV,LUPG
X (X&L)  y=RCINVRUPG
Vg =1 (§=x) Y=LHCCwr
(x%5) y=RHLCCwr
(25) y=RHRCCwr
Vasneh = (§4) Y=RWB,RHLCC,RHRCC



Theresidencdime atthe NI is composedf theresponsdimesat the outputqueueandtheinput queue.

synch __ psynch synch
Ry1™ = Bnrout + BNrin

asynch _ pasynch asynch
Ry = BNrowt + Brin

The residencdime at the output(input) queueis the sumover all transactiortypesy of the residencdimesat the local
andremoteoutput(input) queues.For eachtransactionwe includebothtypesof message§.e., requestanddata)thatare
generatedby the synchronoupartof thetransaction.

R}ZVIout = Ey(R}z\’Ioutloc,y,r + R}z\/'[outloc’y’d) + (N - 1) Zy(R)ZVIoutrem,y,r + R‘JZVIoutrem)y)d)

R}ZVIin = Ey( JZVIinlOC’y’T + R?\J'Iinloc’y’d) + (N - 1) Zy(RJZVIinTem)y)T + R?VIinrem,y,d)

The next setof equationslescribethe residencdimesof the differenttypesof messageat the input andoutputqueues
of the NI. For example,Rj’V?}”jjth . is the residencdime at the outputqueueof the local NI of a messag®f type z that
is associateavith the synchronougart of a transactiorof typey. This time equalsthe probability of transactiory times
thevisit countat this queuetimesthe sumof the pervisit waiting time andthe servicetime thatthis type z messagevill

experience.

Rf\?}loc:tlu’y,z = PyVAS;ﬁZZOC,y’E (WNTouty,, + SNIout,z) Y=RC,LHCC,RHLCC,RHRCC

Rj@f;;’;ow = Pyvgzygfw _(Wnrin,,. + SN1in,z) Y=RC,LHCC,RHLCC,RHRCC

Rosynch B Pyvﬁ,;gggicy _(Whioutio. + SNiout,e) Y=RWB,RCINV,RUPG,LCINVLUPG,
Nloutioc,y,a — LHCCwr,RHLCCwr,RHRCCwr

gasvnch Pyvmggfo’zy _(WNriny,. + SN1inz) Y=RCINV,RUPG,LHCC,LCINVLUPG,
Nlintoc,y,a LHCCwr,RHLCCwr,RHRCCwr

ijy,"jjtrm .= Pyvje*;’;;;‘m +.. WiNIout,.,, + SNIout,e) Y=RC,LHCC,RHLCC,RHRCC

Ry = PV (WNfinem + Snring) Y=RC,LHCC,RHLCC,RHRCC

Rosyneh _ Pyvgizzgfm“(wm,mtm + SNIout,z) Y=LHCC,RHLCC,RHRCC,LHCCWRHLCCwr,
Nloutrem,y,e RHRCCwILCINV,LUPG,RCINVRUPG

Rosyneh B Pyvﬁg,’;jfmy _(WnTinyem + SN1ine) Y=RWB,RHLCC,RHRCC,LHCCWRHLCCwr,
Nlinrem,y,a — RHRCCwWILCINV,LUPG,RCINVRUPG

The following equationgdescribethe utilization of the queuesf the NI. The notationis similar to thatfor theresidence
timesof theNl.

_ synch asynch
UNIqloc,z - Zy UNIquC,y,m + Zy UNIquC’y’m

synch asynch
UNIgreme = 20y UNTgremwe T 2oy UNTamem .o
The utilization of resourcey of thelocal (remote)NI by messagesf type z duringa transactiorof typey is equalto the

th_roughpu'of typey transactionss%y) _multiplied by the ayeragenumberof typezx messa_ge_pert_ypey transactiorthatvisit
this resource(VJf,Iqlocmm . .), multiplied by the servicetime of thesemessagesThe z distinguishedetweensynchronous

andasynchronousansactions.

P,
z — (Py\y/2
UNIQIoc,y,z - ( R )VNIqlnc)y)z SNIq,m



Utareme = CBWVitarumya SVIze

The next equationsareusedto calculatethe waiting time of a customemwho arrivesat oneof the NI's queues. W, ,.
is thewaiting time at queuey of thelocal NI. It is the sumof thewaiting time dueto locally generatednessageé/V}\‘,’fqloc)
andremotelygeneratednessage@V 7, ). Thesubscriptis the resourcevherethe waiting occurs,andthe superscripts
for themessagethatcausehewaiting. For Wy ... , thewaiting time at queueg of theremoteNlI is dueto “others” (other
processors theprocessothatgeneratedhearriving requestindall otherprocessorsxceptthe onethatis localto thegiven
remoteNI) and“remote” (the processoatthegivenremoteNl).

— loc rem
Wiigoe = Wrig,. + WNTq,.

— others rem
WNI(ITem - NIgrem WNIQTem

W}\‘,’;q is thewaiting time at queueg of thelocal NI dueto locally generateanessageslt is composedf the waiting
timesatthis gueuedueto IocaIIy generatednessageom thesynchronoupartandtheasynchronoupartof all transactions.

Wit = 5, (Whi +Wiir)
Wi = 2y (WRTws + W)
WRihers = 5, (WRTers? + Wifersv")
WiiTin = Sy Wigin, + WATL)
The next equationis usedto calculatethe waiting time at queueq of the local NI dueto the synchronouspart of the

transactionsf typey generatedby thelocal processarBreakingthe equationdown, we notethat(% Uf,lqloc )

is theaveragenumberof customersn the queueminusthe numberof customerdeingsened(i.e., the utilization, anumber
betweerzeroandone). We have to wait for all of thesecustomergo complete,so this queuelengthis multiplied by the
servicetime. For the customelin service we wait for its residuallife in service which is equalto half the servicetime for

a deterministicservicetime. Without the summatiorandfactorof (M — 1), we have thetraffic dueto only onecustomers

messagesf typez. Thereforewe sumoverthemessagéypes,andwe multiply by afactorof (M — 1) becaus@narriving

customewvaitsfor thetraffic of the (M — 1) othercustomersf theprocessolocalto theNI. Theotherwaitingtime equations
aresimilarto theonedescribed.

S

l Ry, s
Wz\?fq,oc =Y, (M —D)[(— =22 —UF, VSNIgw + (UNpq,., ) (222)]

Thenext equatiorhasafactorof M, insteacdbf M —1, sinceagivenlocal customecanwait for theasynchronousequests
generatetby all M customer®f thelocal processo(i.e.,includingthearriving customer)Notethat%Py is therateatwhich
anasynchronoutransactiory is forked. Multiplying this throughputy the residencdime ata queuegivesthe meanqueue

lengthfor anasynchronousransaction.Thus,the form of thesecustomizedequationds very similar for synchronousnd
asynchronoutransactions.

1 Ry, s
WJ\?Iquoc Z M[( qloc —g U]elqlcc,y’m)SNIq,z + (Ulelqzoc,y,z )(—NQ“Z’” )]

rem,y® _ BN r4rem,y.0 S z
Witgloe = Lo(N = DM[(—=5=22 = URy,,... , )N102 + URig,enn, ) (F525)]
S

O e'rs, s R drem,y,x S g9,
WRLTSV =3 (M = 1) + M(N = 2)][(—2emes — U  )Shige + (USgg,... , )(2222)]
A

others, A R drem,y,z Snig=
Wl = 3, [M + M(N = 2)][(—5mee —Ugp, - )SN1ge + Unigom,. ) (Z5555)]

rem,y By oc,y,z S =
Wil = 3, M(“ e U, VSntge + Uiisg,, ) (2422)]



Bus

The notationand equationgor the bus andthe othermemorysubsystemesourcesre very similar to thoseof the NI.
Theseequationaregivenwithout furtherexplanation.

Sp¥re" = Spusy Y=LC,RC,LHCC,RHLCC,RHRCC

busloc,y,r

Spuneh = Sbus,e Y=LC,RC,LHCC,RHLCC,RHRCC

gasyneh  _ g, . y=LHCC,RHLCC,RHRCC,LUPG,LCINYRUPG,RCINVLHCCwr,RHLCCwrRHRCCwr

busioe,y,r s

Gasyneh _ g, 4 y=LHCC,RHLCC,RHRCC,LCINYRCINV,LWB,RWB,LHCCwr,RHLCCwrRHRCCwr

busioe,y,d P

synch = Spusr Y=RC,LHCC,RHLCC,RHRCC

busrem,y,r s

Ssynch — Sbus d y:RC,LHCC,RHLCC,RHRCC

busrem,y,d s

Gasynch g or Y=RHLCC,RHRCC,LCINVLUPG,RCINVRUPG,LHCCwIRHLCCwr,RHRCCwr

busrem,y,r s

Sasynch
busrem,y,d

yrsunch _{ 1 y=LC,RC,RHLCC,RHRCC

= Spus,a Y=RHLCC,RHRCC,RVB,RCINV,LHCCwr,RHLCCwr,RHRCCwr

busiocyr — | 2 y=LHCC

Voneh = 1 y=LC,RC,LHCC,RHLCC,RHRCC
1 y=RCINV,RHLCCwr,RHRCCwr
2 y=RUPG

yasneh = {3 y=LHCCwr

busloc,y,'r

2X +2 y=LUPG
2X +1 y=LCINV

y,esyneh ={ 1 y=LCINV,RCINV,LWB,RWB,LHCC,LHCCwtRHLCCwr,RHRCCwr

busloc,y,d
(x4) y=RC,LHCC
Vsynch

busrem,y,r

(NL:) y=RHLCC
(N%) y=RHRCC
Vsynch — (

busrem,y,d

1) Y=RC,LHCC,RHLCC,RHRCC

N—
( ) y=LHCCwr
(=) y=RHLCCwr
asynch ) (§=g) Y=RHRCCwr
busrimar = | () y=RCINV
(
(
(
(v

L2)  y=RUPG

ﬁ) y=LCINV,LUPG
esuneh ﬁ) y=RWB,RCINV,LHCC,LHCCwRHLCCwrRHRCCwr
busrem,y,d 7) Y=RHLCC,RHRCC

synch Z ( synch + Rsynch ) + (N _ 1) Ey (Rsynch + Rsynch )

bus busioc,y,r busioc,y,d busrem,y,r bus,em,y,d

asynch asynch asynch asynch asynch
R — 50 (R 4 RO )b (N = 1) 30, (R Rt )

busioc,y,d busrem,y,» busrem,y,d
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Rivneh  — pysynch (g o 4+ 85¥meh ) y=1 C,RC,LHCC,RHLCC,RHRCC

busioc,y,z busioe,y, busioe,y,»

Rasynch PV (Wi, + 82" ) y=LUPG,LCINV,LWB,RWB,RCINV,RUPG,LHCC,

— buSioc,y, o busioe,y,=
busioe,y,a ’ ! RHLCC,RHRCC,LHCCWRHLCCwrRHRCCwr
R = PV (Wi, + S5 ) y=RC,LHCC,RHLCC,RHRCC
N e S

Rasynch - P Vasynch (Wbusmm +Sasynch ) y:R/VB

busrem,y,z Y bus'fe'm,y,z busrem,'y,z

_ synch asynch
Ubusloc,m - E U + Ey U

Y T buSioc,y,x busioc,y,

_ synch asynch
Ubusrem,m - Ey U + Ey U

busrem,y,m bus'rem,y,:c

U;, = (R)\Vg S
busioc,y,z R /7 busioc,y,2 ~ bUSIoc,y,2
U; = (g S
busrem,y,z R/ bUSrem,y,2 " bUSrem,y,a

_ loc,ys loc,yA Tem,ys Tem,yA
Whusio. = Zy(W + W, + W, + Wyorioe)

busioe USloc USloe

Wb _ E (Wothers,ys _i_I/I/others,yA +W1‘em,ys +W7‘em,yA )
USrem ~ Yy

buSrem buSrem buSrem bus+rem
loc,y® Riusioenya Sbustoesy.e
Whasree = LaM = DI(—5=2= = Ulisr.., ) Shustacye + b, ) (—5555)]
loc,y™ Biusioeys Siusioe.ys
Wb’zz’lgc = Ez M[(% - Ug?lslac,y,m)sﬁislac,y,m + (Uﬁlsloc,y,z)(%)]

Wiins! = So(N - DM~ Vg, S+ Ui, (225202
s RS ss
Winaen?” = S l(M = 1) + M(N = 2)|[(7 s —Uf, L )Sirny T Ubgy,) (25222)]
A RA SA
Wiiern?” = SalM + M(N = 2J(Z2522 — U, Sy + sy, )(25252)]

z

: Roustoey o Stustoe ye
Wi = 3 M5 = U, DSy Ui, )(5552)]

busrem

Memory

If adecouplediirectoryis desiredthefollowing equationsanalsobeusedfor thedirectory with theappropriatehanges
to thevisit counts.

Spyneh = Spram Y=LC

memioe,y

SGSynCh = SDRAM y:LC'NV,LWB,LHCC

memioc,y

Sy = Spram Y=RC
Sasynch — SDRAM y:RVVB,RClN\/,RHLCC,RHRCC

meMrem,y

Vayneh — L y=| CLHCC

MeMioe,y
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yasynch  — # y=LCINV,LUPG,LWB,LHCC,LHCCwr

memMioe,y

Vaunch = m y=RC,RHLCC,RHRCC
Vn';z%fe’;y = ﬁ y=RCINV,RUPG,RNVB,RHLCC,RHRCC,RHLCCWRHRCCwr

Rsynch — mRsynch + (N _ 1)mRsynch

mem memioe MmeMpem

Rasynch — mRasynch + (N _ l)mRasynch

mem memioe MEMpem

sync —_ synch —
Reynch — S RS y=LC

memioe memioe,y

Rasynch — Ey Rasynch y=LCINV,LWB,LHCC

memioc memige,y

Rsynch

MEMrem

— Zy Rsynch y:RC

MEMrem,y

Rasynch — — ZyR‘”y"Ch y=RCINV,RWB,RHLCC,RHRCC

MeM rem MmeMrem,y

R? = PV? (Wmems,. + S

memige,y meMioe,y memioe,y

) y=LC,LCINV,LWB,LHCC

R? = PBV; (Wmema,. + Sz

MeMrem,y meMypem,y memloc,y)

y=RC,RCINVRWB,RHLCC,RHRCC

Uz — Py (Vz Sz )

memioe,y R memige,y M MmeMioe y
__ P,

UZ

y( z z )
meMpem,y R MeMpem,y ~ MEMpem, y

Winemuoe = WS, +Wiem

MmemMijoe MmemMmijge

W —_ WOthe’I‘S + Wrem
meMprem ~—

meMrem meMrem

Witin,e = 5, (WEE, + WESLL)

MeMioe MmeMioe

Wrem — Ey(Wrem,ys_,’_W'rem,yA)

meMijoc MeMioe memioe

Wothers — Z (Wothers,yS+Wothers,yA)
Yy

MmeMpem MEMyem MEMyem

Wiilem = Sy (Wit + Wiy )

meMyem meMrem

Sm

S Rmem e s em oc s
W"{'fg'}gloc = (M - 1)[(% - Umemloc,ys )Smemlac,ys + (Umemloc,ys )(%)]
loc yA Rmemloc yA Smemloc yA
Wme'}nloc = M[(T - Umemloc,yA)Smemlac,yA + (Umemtoc,yA )(f)]
P Rmem,. p, o2 Smem,om oz
Woem? = (N =1)M[( 7 — Umempem,y- )Smemrem,yz + (Umemrem,yz )(fy)]

s Rmem
Wﬁfﬁiif = [(M - 1) + M(N - 2)][(%&'5 - Umemrem,ys )Smemmm,ys + (Umemmm,ys )(
A Rmem Smem
Woiderov™ = [M + M(N = 2)|[(—52* = Umem,,, ,a)Smem,,. .a + Umem,. 1)

2 Ropem 2 Smem 2
Wrem’y = M[( éoc,y - Umemloc,yz )Smemlcc,yz + (Umemloc,yz )( 2“’“13 )]

MeMrem
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