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Overview

TheSImulatorfor Multi-threadedComputerArchi-
tectue(SIMCA)is built on top of the SimpleScalar
tool set[1] in an effort to evaluatethe performance
of the supertheadedarchitectue [4, 5], and to ex-
plore the different designalternatives. Our compiler
cancompilesupertheadedsource codeswrittenin C
or FORTRANINto supertheadedbinary, andthis bi-
naryrunsonthe SIMCA.AIll processeare automated.

The performanceof SIMCAwith no compilerop-
timizationon an SGI Challeng Clusterwith R1000
processos is abouta 15 to 20 thousandnstructions
persecondvhentheprogramis highly supertheaded,
and about15 thousandnstructionsper secondwhen
only onethread-unitis active Themain contribution
of this simulatoris thatit resolvesnanyquestionn
the detailsof the hardware design,andit servesasa
guidefor theactualhardware implementation.

1 Introduction

The superthreadedarchitecture[4, 5] usesthe
thread-pipeliningmodel to executemultiple threads
concurrentlyfor better performance. Data depen-
denceis resohed in runtime while control depen-
dencesarespeculatedin orderto evaluatethis archi-
tecturethoroughly we needa detailedsimulator We
startedthe developmentof SIMCA with anapproach
called process-pipelining3] which forks a new pro-
cessto simulateeachactivation of a threadunit. This

approachhelpsto hide the underlyingdetailsof the
basesimulator andto reducethe chancesof intro-
ducingerrors. The programmersanconcentraten
implementingthe new featuresof the proposedarchi-
tectureat the early stepsof development,andworry
aboutthe performanceof the simulatorlater This
experimentturnedout successfuln that we quickly
produceda functioningversionwithin 6 monthswith
minimal humanresource$2].

However, the process-pipeliningpproachcannot
boostthespeedf thesimulatormeasuredby thenum-
ber of instructionsit cansimulateeachsecond. We
adopteda methodto usea fixed numberof processes
to simulatethe correspondingrumberof threadunits.
The speedof the simulatormore than doubled. But
this methodincountereddifficulty to simulatethose
programgshatopenor closefiles frequently Thecur
rentversion[2] usesa single procesgo simulatethe
wholesuperthreadedrocessqrandits performances
is even betterthan the underlying SimpleScalatool
set,dueto thenovel featuresof the superthreadedar
chitecture. This single-processegersion maintains
the simulation model developed by [3] and keeps
mary of thevariablenamesusedthere.

This documentis written to help you install, and
usethe simulator For a completedescriptionof the
superthreadedarchitecture pleaserefer to [4]. We
arereleasingooththe sourcecodeandthe binariesat
[2]. All nhon-commercialisersare welcometo run,
to modify, andto redistritute this simulatorfor their
own researchpurpose. The rest of the copy rights



areresered. This documenis organizedasfollows:
Section 2 talks aboutinstallation of SIMCA. Sec-
tion 3 helpsyou to hand-compilesourcecodefor su-
perthreadedrchitecture.Section4 describegheim-
plementatiorof SIMCA in detail.

2 Obtaining and Installing SIMCA

SIMCA 1.2 only runs on big-endianmachinesat
this time andhasbeentestedon SUN SunOS5.6 and
SGIIRIX 6.2. All necessarfiles aredepositecht
http://www.cs.umn.edu/Research/Agasgsmcahtml.
Five filesareneeded.

e simpletools.tagz : This file containsthe Sim-
pleScalagcc2.6.3sourcdiles. It is notmodified
to supportthe direct compilationof FORTRAN
programs.

e simpleutils.tagz : This file containsthe Sim-
pleScalarassembler(ss-gas)and SimpleScalar
loader(ss-gld)sourcecode. Ss-gass modified
to acceptsuperthreadednstructions.

e simca.taigz: Thisis thesimulatorsourcecode.

e simca.bin.tagz: This archie containsfour dif-
ferentbinary programsprecompiledfor the su-
perthreadedprocessorswith 2, 4, 8, and 16
threadprocessingelements.It alsocontainsthe
parsertool calledreplace This tool is usedaf-
ter the generationof assemblycodeto replace
particularfunction calls with the corresponding
superthreadethstructions.The extensionof sun
indicatesthat the correspondingdinary is com-
piled for SUN OS, andthe extensionof sgitells
thatthe binary s for Silicon GraphicsIRIX op-
eratingsystem.

e st-spec.tagz: This archive hasseven programs
thatarehand-compiledo runon SIMCA.

To install the simpletoolsand simpleutils, please
follow the documento install SimpleScalafl]. You
can unpack simca.talgz, simca.bin.tagz and st-
spec.tagzin ary directoryyoulike by typing thefol-
lowing:

zcatsimca.taigz| tar xvf-
zcatst-spec.tagz| tar xvf-

Pleaseaddthedirectorywhereyou putthe simula-
tor to your PATH ervironmentvariableby addingthis
line to your .cshcfile.

seten PATH ${PATH}:your-SIMCA-location

The CC variablein the Makefiles of SPEC pro-
gramsshould be modified to reflect the location of
your compiler For example,if your simpletoolsand
simpleutilsareinstalledunder

/home/myaccountname/simplescalar/,

the installationof thesetwo packagewill putthe
compilersunder

/home/myaccountname/simplescalar/ssbitp-
sstrix/bin

Then the CC variable should have the
valueof /home/myaccountname/simplescalar/ssbig
na-sstrix/bin/gcc Compilethe binariesof the SPEC
programsby typing male in eachprogramdirectory
you arethenreadyto run the simulation. The simula-
tor canbestartedoy typing

simca.x program binary <program parametes>

Herex canbe 2, 4, 8, or 16 to representifferent
numberof threadunits. A sampleoutputfile is also
includedin the simca.taigz package Thefile nameis
sample-output.txt

3 Organization of the Simulator

SIMCA requiresthe support of SimpleScalas
modifiedgcc, gas and gld, which arereferredto as
ss-gc¢ ss-gas and ss-gldrespectiely in this docu-
ment. New instructionswhich are requiredby the
Superthreadedarchitectureare addedand supportis
providedin ss-gas



3.1 Running ProgramsWrittenin C

All benchmarkcodesare hand-compiledo com-
ply with superthreadingoncept. A particular su-
perthreadingfunction call should be insertedwher
ever a suerthreadedhstructionis needed. Figure 2
shavs an example C-codesegmentwith a loop that
changeghe value of eachelementin an array base
onthevalueof its neighboringelementwvith asmaller
index value. This codesggmenthasloop-carrieddata
dependenced.hecorrespondingpand-compilectode
is shavn in Figure3. Heretheprefix st. indicatesthat
this function call correspondgo a superthreadeih-
struction.Thesufiix _b, _h, w, and_d tellsthesizeof
the data(byte, two bytes,four bytes,andeightbytes)
atthereferencedaddress All the functionsthathelp
to executea programin the the superthreadedhode
have to be declaredasin Table 1. File stmacos.h
whichis in the packageof st-spec.tagzshouldbein-
cludedfor ary file that hasary superthreadedode.
Thesemodified benchmarksourcecodescan be fed
to ss-gccwith -S flags to produceassemblycode.
Theassemblycodeis thenparsedoy thereplacetool.
This tool recognizesll the specialfunction calls. It
will replaceall the function calls by the correspond-
ing superthreadednstructions.Finally the assembly
codecanbepassedo ss-gasandss-gldto producethe
binary codeacceptedy SIMCA. Figurel shovs the
completeprocess.

In the superthreaded code, the function call
ST_BEGIN signalsthe beginning of a superthreaded
region. The parameterll helpsto identify the re-
gion in the sourcecode level by the programmer
ST_END_REGION endsthe correspondingregion.
Thiskind of regionis similarto aDOACROSSloopin
parallelFORTRAN codes.ST_LFORK indicatesthat
thecurrentthreadunit canfork asuccessathreadand
theaddresghatthe successothreadshouldstartexe-
cutionwith is the instructionafter ST BEGIN. Other
function calls have the same semanticsas the su-
perthreadedhstructionsthey represent.

Assembly

Source Assembly SIMCA
Code

(Hand- Code

SS-GCC Replace | Codew/ | SS-GAS
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? Super- Accepted | ——=—
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compiled) Calls Binary
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Figurel: The SIMCA Approach

int i, tempi;float a[10], tempf;

a[0] = 8; for (i=1; i<10;i++) {
afi] = a[i-1]+4;

}

Figure2: An examplecodesggmentwrittenin C.

ST_BEGIN(11);
tempi=i;
ST_STORE. TS W(&i, tempi+1);
if (tempi>=9){
gotoST.12;}
I* fork next thread*/
ST_LFORK();
I* TSAG Staget/
ST_WAIT _-TSAG_DONE();
ST ALLOCATE_TS W(&a[tempi]);
ST_TSAG_DONE();
[* ComputatiorStage*/
tempf= aftempi-1]+4;
ST_STORE.TS_F(&a[tempi], tempf);
ST.12:/* WB Stage*/
ST_.END_REGION();

[* ContinuationStage*/

Figure 3: The superthreadedodefor the codeseg-
mentshavn in Figure2.



3.2 Running Programs Written in FORTRAN

We have includedtheg77 compilerin our distribu-
tion. Hence,FORTRAN programscan be compiled
usingthesamess-gcdinaryto runon SIMCA. FOR-
TRAN programsuse pass-by-referenceornvention
for function and procedurecall parameters.Hence,
theReplaceool hasto addanadditionalinstructionto
loadthevaluesin orderfor thesubsequerb TORE-TS
instructionto functionnormally Thisis anadditional
overheadut it is the price we pay to automatethis
process.

The programshavn in Figure4 is the FORTRAN
counterparfor theC programshawvn in Figure2. And
the programshawn in Figure5 is the superthreaded
FORTRAN code.We canseethatthe only difference
betweenthe FORTRAN and the C programsis the
handlingof parametersSinceFORTRAN passepa-
rameterdy referencewe do not needto addan“&”
sympolto obtainthe addressof the variablefor the
parameteiof ALLOCATE_TS, andthe first parame-
ter of STORE.TS. However, we cannotforcethesec-
ond parameteof STORE.TS to be the valueinstead
of the addres=f the variablewithout the assistance
of anotherfunction. Adding a function call to return
thevalueof the variablewill incur unnecessargver
headfor the superthreadingrocess. Hence,we re-
solve this issueby addinga loadinstructionright be-
fore the store_ts instructionin the processingof the
assemplycode. This only addsoneinstructionasthe
overheadBy doingso,the source-to-sourceompiler
likethe AgassiZ6] cantreatprogramsnrittenin these
two languagesn the sameway.

3.3 Parametersof SIMCA

Parametersare supportedoy usinga configuration
file namedsimca.configfor the superthreadedpart.
The supportedparametersre (x shouldbe replaced
with thevalueyou want):

e The number of memory buffer ports. Use
“MB _PORTS: X’ in the configfile.

e Thenumberof portsfor thecommunicationing.
Use"RING _PORTS: X" in theconfigfile.

REAL A(10), TEMP1
REAL TEMP1
INTEGERTEMP2

A(l)=8

DO WHILE lj= 10
A(l) = A(-1)+4
ENDDO

Figure4: The FORTRAN codefor the codesegment
shavn in Figure2.

REAL A(10), TEMP1
INTEGERTEMP2

A(l)=8
=2
CALL ST.BEGIN(1)
TEMP2= |
I=1+1
CALL ST.STORE.TS.W(, I)
IF ((10-1)*1 .GE.0) THEN
CALL ST.LFORK(1)
ENDIF
CALL STWAIT _TSAG_DONE()
CALL ST ALLOCATE.TS.W(A(TEMP2))
CALL ST.TSAG_DONE()
TEMP1= A(TEMP2-1)+4
CALL ST_.STORE.TS W(A(TEMP2), TEMP1)
CALL ST_END_REGION()
END

Figure5: The superthreadedodefor the codesay-
mentshawvn in Figure4.



e The processingspeedof communicationunit
(in number of messagesper cycle). Use
“CU_SPEED:x" in the configfile.

e The number of ports for the interthread-unit
communicatiorring. Use“RING_PORTS: X’ in
the configfile.

e The size of the communicationunit. Use
“CU_SIZE: X" in the configfile.

e Associatvity
of memorybuffer. Use“MB _ASSOC:X’ in the
configfile. O refersto fully-mappedwhile other
positive integersstandgor x-way setassociatie.

e The delay to fork the next thread. Use
“FORK_DELAY: X" in the configfile.

e The wire delay for a messageto be deliv-
ered through the communicationring. Use
“RING_DELAY: x" in theconfigfile.

3.4 Outputsof SSIMCA

The outputof the simulatoris written to standard
output. It prints the settingsusedto run the simula-
tion, andtheinformationaboutnumberof threadsni-
tiated,numberof threadssquashedyumberof entries
touchedn memorybuffer, theaveragetime neededo
forward memorybuffer entriesto successothreads,
the averagetime taken to resole datadependences,
the averagetime taken to finish write-back,and the
averagelife-spanof eachthreadinstance. The num-
ber of instructionsthat are squasheddue to failed
thread speculationrefers to the committed instruc-
tions. It doesnot include squashednstructionsdue
to branch-misspeculatiorm he statisticsim.num.insn
in the outputfile refersto thetotal numberof instruc-
tionsthatarecommitted,andarenot squashedh ary
threadunits. Another statistic sim total insn refers
to the total numberof instructionsthat are executed
but not necessarilycommittedin the execution. It
doesinclude the numberof instructionsexecutedin
the squashedhreads. Hence,the following relation
holds:

e simnuminsn+ Numberof Committedinstruc-
tion Squashedlue to thread misspeculationt
squashednstructionsdue to branch misspecu-
lation = sim total insn

Dueto thedifficulty to tracktheactualboundaryof
differentthread-pipeliningstagesthe averagelength
of eachstageshawn in theresultfile is not accurate.
For the explanationof otheroutputs,pleaserefer to

[1].

4 Implementation Details

4.1 Architecture Model

This distribution of SIMCA is trying to simulate
the micro-architectureshavn in Figure 6 for each
threadprocessingelement. It hasfour copiesof the
binary The file simca.xrefersto the simulatorwith
x threadprocessingelements.Every threadprocess-
ing elementis itself a superscaleprocessor Each
unit has a 128-entry memory buffer, 8-entry com-
municationunit, 2 memory buffer write ports, and
2 communication-unito memory-tuffer portsby de-
fault. All unitssharea 2-level cachehierarchy main
memory I-TLB, and D-TLB. Instructioncacheand
data-cachare separatedn level-onecache. Level-
two cacheis sharedby both instruction and data.
Level-onecachehasa one-gcle delay andlevel-two
cachehasa total delay of 6 cycles. First chunk of
memorydataarrives 18 cycles after memoryaccess,
andeachadditionalchunkcost2 cycles.

4.2 Semantics of the Superthreaded Instructions

The following is the alphabeticallist of super
threadednstructionsandtheir format.

e abfutr: Abortthesuccessothread,andpropa-
gatethisrequestThecurrentthreadbecomeshe
lastactive threadin this superthreaderegion.

e altsbrs : Allocatea TSAG entryin local mem-
ory buffer, andforwardthisrequesto thesucces-
sorthread(if any). Thetamget-storadistancevec-
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Figure6: The microarchitecturef a threadprocess-
ing elemenin SIMCA

tor is changedo reflectthe sourceof this propa-
gation. The addresss equalto the valuein reg-
isterrs. Thedatatakesonebyte of space.

altshrs : Sameasaltsb, but the datatakestwo
bytesof space.

altswrs : Sameasaltsb,but the datatakesfour
bytesof spacgoneword).

altsdrs : Sameasaltsb,but the datatakeseight
bytesof spacgdoubleword).

bstr: Signalsthe startof a superthreadede-
gion. Storethe addressof the next instruction
into the global buffer usedfor fork-label. All
succeedinghreadswill startexecutionwith this
address. It also copiesthe stateof the current
threadunit into the globalstate.

estr: End of a supefthreadedegion. This
instructionforcesthethreadunit to write backto
the cacheary locally written entriesin its mem-
ory buffer. When write-backis done,the cur
rent threadhasfinishedall superthreadedask,

andis allowedto releasghethreadunit if it asa
non-aborteduccessathread.Otherwisehecur-
rentthreadcontinuesexecutinginstructionsafter
estr.

glockimmed : acquirelock, lock ID isimmed.

hfrk rs : The genericfork instructionfor this
architecture. Hfrk enablesthe successothread
unit, forwardsnecessariocalmemorybuffer en-
tries to successothreads. It takes the address
storedin registerrs asthe fork-label, which is
the addresdor all successothreadsto startex-
ecution. If the addressstoredin rs is different
from whatis saved asthe fork-label, it indicates
a new superthreadedregion andlocal registers
arecopiedto globalstate.

Ifrk : The fork instruction optimized
for DOACROSSIoop model. It simply enables
the successothreadunit, forwardsnecessarjo-
cal memorybuffer entriesto successothreads.
Must be usedwith bstrto function.

rlock immed : releasdock, lock ID is immed.
When a threadacquiresa lock successfullyall
memory referencesbypassits memory buffer
andgo directly to the cache.glodk andrlock are
usedfor mutualexclusionpurposes.

ritsbrs : Releas@a TSAG entryin localmemory
buffer, andforward the valid datain local mem-
ory buffer (if ary) to the successothread.If no

valid datais present,just forward this request.
Thetamet-storeaddreswvectoris modifiedto re-

flectthe sourceof thisrequesin the propagation
processTheaddres®f the datais storedin reg-

isterrs. Thedatatakesonebyte of space.

rltsh rs : Sameasrltsb, but the datatakes two
bytesof space.

rltsw rs : Sameasrltsb, but the datatakes four
bytesof spacgoneword).

ritsd fs : Sameasrltsb, but the datatakeseight
bytesof spacgdoubleword).



e sttsbrd, rs: Savethedatain registerrsto thead-
dressof rd in local memorybuffer. Forwardthis
requestto to the successothread(if ary). The
tamget store distancevector is setto reflectthe
sourceof thisrequesin thepropagatiorprocess.
Thedatatakesonebyte of space.

e sttshrd, rs: Sameassttsb,but thedatatakestwo
bytesof space.

e sttswrd,rs: Sameas sttsh, but the datatakes
four bytesof spacgoneword).

e sttsdrd, fs: Usedfor floating-pointdata. Same
assttsb, but the datatakes eight bytesof space
(doubleword).

e tsagd: Sendthe TSAG_DONE flag to the
successothread.
e wisagd: Wait for the TSAG_DONE flag

fromthepredecessdhread.If thecurrentthread
is activatedbeforethe parentthreadfinishesits
TSAG stage,the currentthreadwill stall all of
its subsequentemoryoperationsand wait for
theTSAG_DONEmessag&omi its parentto con-
tinue. Otherwisethis instructionhasno effect.

4.3 Function Callsin the Source-Code

In the sourcecode, one specialfunction call cor
respondsto a superthreadinstruction, as shavn in
Tablel. STALLOCATE TSandST RELEASETS
bothhave four versions. ST ALLOCATE TS B is for
altsh and ST RELEASE TS B is for rltsb. Here B
is usedfor dataof one-byte. H, ‘W, and D can
be usedto replace_B for differentdatatypes. The
personwho doeshand-compilatioris responsibldor
identifying the datatype and placingthe correctver
sionsof functioncalls. ST_ STORE TS hasafifth ver
sion, besideghe standfour. This unusualoneis the
ST_STORE.TS_F, which is usedfor single-precision
floating point data. Becausewe are storing andfor-
warding raw datausing STORETS, we don't want
the compilerto covert the floating point datainto in-
teger databeforecalling STORE_TS. However, both
ST.STORETS W andST_STORE TS F correspond
to theinstructionsttsw FORTRAN programsdo not

have this problem,sincethey alwayspassthe param-
etersby usingtheaddres®f thevariable.

ST_.FORKandST_LABEL areusedasapair. The
latterindicatesnvherethesuccessathreadshouldstart
execution, while the former tells whereto start the
forking process. The parameterto both of themis
an integer label-id. The replacetool will matchthe
label-idfor thesetwo functioncalls,andmanuallyin-
serta labelwith syntax“ST_x:”. Herex matcheghe
label-idnumber This manuallyinsertedabelwill be
loadedto a generalregister andthis generalregister
will be usedas the operandfor hfrk. This pair of
function calls are designedor overlappedexecution
with generalpurposes.ST_BEGIN and ST_LFORK
areintroducedo spavn new threadsmoreefficiently.
ST_BEGIN declareghe beginning of the currentsu-
perthreadedegion andmarkstheinstructionright af-
ter itself the starting point of all of the subsquent
threadsin the currentregion. This will provide the
opportunityfor the laterthreaddo startthe initializa-
tion proces=arlier

ST_WAIT _TSAG_DONE is used by the current
thread to wait for the predecessoto signal the
end of its TSAG stage, it correspondso wtsagd.
ST_TSAG_DONE, which correspondso tsagd, is to
signalthe successowhenthe currentthreadhasfin-
ishedTSAG_STAGE.If theparenthreadalreadyexe-
cutedtheit tsagdinstructionbeforethechild threadis
actuallyspavned,the executionof wtsagd instruction
by the child threadhasno effect.

ST ACQUIRE_LOCK and ST RELEASELOCK
alsotake oneparameteto identify the ID of thelock
they referto. Currently 32 locks (0 - 31) are sup-
ported. Theinstructionscorrespondingo ST_FORK,
STLFORK, STBEGIN, ST WAIT TSAG_DONE,
ST.TSAG.DONE, STACQUIRELOCK, and
ST_RELEASELOCK aretreatedassynchornization
instructions.

4.4 Known Problems

The currentversiononly works on big-endianar
chitecturesAlthoughthe SIMCA is codedto support



Instruction FunctionCall Prototype
Fork-Label ST.LABEL(label-id)

abfutr STABORTFUTURKE)

altsb STALLOCATE_TS B(address)
altsh STALLOCATE TS H(address)
altsw STALLOCATE_TSW(address)
altsd STALLOCATE TS D(address)
bstr ST.BEGIN(region-id)

estr STEND_REGION)

glock ST ACQUIRE_LOCK(lock-id)
hfrk STFORK(label-id)

Ifrk ST.LFORK()

rlock ST.RELEASHE._OCK(lock-id)
ritsb STRELEASETS B(address)
rltsh ST.RELEASETSH(address)
ritsw STRELEASETS W(address)
rltsd ST.RELEASETS D(address)
sttsb ST STORETS B(addressdata)
sttsh ST.STORETSH(addressgata)
sttsw STSTORE TS W(addressdata)
sttsw ST.STORETSF(addressgata)
sttsd STSTORETSD(addressdata)
tsagd ST.TSAG_DONK)

wtsagd STWAIT_TSAG_DONK)

Table1: Functioncall prototypesfor superthreaded
instructions

thecaseof usingthedoubleprecisionvariabledor re-
solving datadependenceshis scenarias not tested.
In addition,whenthe numberof cyclesexceededhe
limit of a 32-bitunsignednteger, the simulatorstalls.
We areworking on theseproblemright now.
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