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.esAbstra
tMost of 
urrent pro
essor designs in
lude mul-tithreaded features. It is a fa
t that multi-threaded ar
hite
tures are be
oming more andmore popular. Regardless of this in
reasedpopularity, still today there is not a 
lear pro-
edure that de�nes how to measure the behav-ior of a multithreaded pro
essor.This paper presents FAME, a new evalu-ation methodology aimed to fairly measurethe average performan
e of multithreaded pro-
essors. FAME 
an be used in 
onjun
-tion with any of the metri
s proposed formultithreaded pro
essors like IPC through-put, weighted speedup, et
. The idea behindFAME is to a
hieve the 
onvergen
e by re-exe
uting all threads in a multiprogrammedworkload until all of them are fairly repre-sented. Then the measurements will be 
om-bined with the 
orresponding metri
 to obtaina �nal value that quanti�es the performan
eof the pro
essor under 
onsideration.1 Introdu
tionThread-level parallelism has be
ome a 
om-mon strategy for improving pro
essor perfor-man
e. Sin
e it is di�
ult to extra
t moreinstru
tion-level parallelism from a single pro-gram, multithreaded pro
essors rely on us-ing the additional transistors to obtain moreparallelism by simultaneously exe
uting sev-eral programs. This strategy has led to awide range of multithreaded pro
essor ar
hi-te
tures like SMT [4℄[8℄, CMP, or 
ombina-

tions of both. Currently, many of the mainpro
essor vendors have some multithreadedpro
essor. Some examples are the Intel Pen-tium 4 [3℄ that is a dual-threaded SMT, theIBM Power5 [5℄ that is a dual 
ore pro
essorwhere ea
h 
ore is a 2-
ontext SMT, and theSun Niagara T1 [11℄ that has eight 4-
ontext�ne-grain multithreaded 
ores.1.1 The problem of evaluating multi-threaded pro
essorsIn spite of the in
reasing trend to usetruly parallel appli
ations, they are still less
ommon in 
urrent multithreaded ma
hinesthan single-threaded appli
ations like SPECCPU [12℄. Therefore, 
omputer ar
hite
tureresear
hers frequently evaluate their propos-als for multithreaded ar
hite
tures using work-loads 
omposed by single-threaded appli
a-tions, i.e. SPECrate 
onsists on exe
uting si-multaneously several 
opies of the same ben
h-mark. Furthermore, it is interesting to noti
ethat for fully evaluating a wide range of s
enar-ios, workloads 
omposed by ben
hmarks withdi�erent behaviors should be used.Working with several di�erent programsrunning simultaneously involves an importantde
ision, that is, to determine when the exe-
ution of the multi-program workload will �n-ish. In a single-threaded pro
essor, the fullprogram is ran until 
ompletion. However,it is not so easy in a multithreaded pro
es-sor running a workload 
omposed by severalprograms. Appli
ations in a workload 
an ex-e
ute at di�erent speeds due to the di�erent



features of ea
h one, as well as the availabil-ity of the shared resour
es in the pro
essor.Therefore, the usual 
ase is that they do not
omplete exe
ution at the same time.We will explain this fa
t with an example.Let us assume an M-
ontext multithreadedpro
essor exe
uting a 2-program workload (be-ing M greater than or equal to 2). The exe-
ution of this workload o

urs as depi
ted inFigure 1. Both appli
ations exe
ute at dif-ferent speeds and thus they do not have to�nish at the same time. Therefore, we 
an di-vide the exe
ution of the workload into twophases. Firstly, there is a multithreaded periodin whi
h both appli
ations are being exe
uted.Se
ondly, after the �rst appli
ation �nishes(Appli
ation 0 in Figure 1), there is a single-threaded period in whi
h the remaining appli-
ation exe
utes alone until 
ompletion. If themultithreaded period is too short, then the po-tential of the multithreaded pro
essor is onlyexploited during a small interval of time. As a
onsequen
e, the total exe
ution time may be-
ome an ina

urate metri
 for multithreadedpro
essors. For instan
e, in an Intel Pentium4 pro
essor running all 2-thread 
ombinationsfrom SPEC2000 (see details in Se
tion 4), thesingle-threaded periods represent, on average,40% of the total exe
ution time.
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Figure 1: Example of the exe
ution of a 2-programworkload in a M-
ontext MT pro
essor (M ≥ 2).In general, the exe
ution of an N-programworkload involves N periods of N, N-1, N-2,. . . and 1 program respe
tively. A 
ommon
hara
teristi
 of all the evaluation methodolo-gies we have analyzed is that only measure-ments obtained from the period with N run-ning appli
ations are representative. Periodshaving less running appli
ations than the max-imum available should not be taken into a
-
ount sin
e the results 
ould be ina

urate and

misleading.1.2 Proposed SolutionsIn order to quantify the behavior of mul-tithreaded pro
essors, several methodologiesand metri
s have been proposed. Metri
sfor measuring the performan
e of a pro-
essor 
ompute a value (result) for ea
hworkload that quanti�es the performan
eof that pro
essor when running the work-load. This value is based on two in-puts. On the one hand, the IPC a
hievedby ea
h program in the workload, whi
hwe 
all (IPCMT1
, IPCMT2

, . . . IPCMTN
) fora workload of N appli
ations. On theother hand, the IPC of ea
h programwhen it is run in isolation, whi
h we 
all(IPCalone1

, IPCalone2
, . . . IPCaloneN

). Thus,a metri
 is a fun
tion f (IPCMTi
, IPCalonei

)where 0 ≤ i ≤ N . For exam-ple, the IPC throughput is de�ned as
∑

N

i=1
IPCMTi

, the weighted speedup [6℄is de�ned as ∑

N

i=1
(IPCMTi

/IPCalonei
),and the harmoni
 mean [2℄ as N ×

(
∑

N

i=1
IPCalonei

/IPCMTi

)

−1.A methodology de�nes when the measure-ments for a given workload exe
ution aretaken. In this paper, we analyze severalmethodologies that have been used during thelast years to measure the performan
e of bothreal multithreaded pro
essors and simulatedmultithreaded pro
essors. The main task ofa methodology is to determine when the pro-grams in a workload have to �nish. We willshow that previous methodologies 
annot en-sure that every ben
hmark is fully represented,and thus it is not possible to assure that themeasurements obtained are representative ofthe whole program.To fa
e this problem, we present FAME, anew methodology for the evaluation of multi-threaded pro
essors. Our methodology aimsto ensure that every program in a workloadis exe
uted, allowing to do fair 
omparisonsbetween di�erent te
hniques and pro
essor se-tups. As a 
ase study, we have sele
ted toapply FAME to a real SMT pro
essor (IntelPentium 4). However, FAME 
an be applied



also to simulation environments and any othermultithreaded pro
essors. Our results showthat FAME provides more a

urate measure-ments than previously used methodologies.2 Current MethodologiesIn order to fairly evaluate the performan
e ofan SMT pro
essor, measurements should beobtained while all programs in a given work-load are running. However, the programs 
anbe exe
uted at di�erent speeds, and thus theydo not have to �nish at the same time. Con-sequently, the evaluation methodology shoulddetermine what to do whenever any program�nalizes its exe
ution. Current simulationmethodologies 
an be 
lassi�ed as follows:The First methodology �nalizes the simula-tion of a workload when any program of theworkload ends its exe
ution [1℄. The maindrawba
k of this methodology is that onlyone program in the workload is exe
uted until
ompletion, and thus it 
annot be ensured thatthe remaining programs exe
ute 
ompletely,losing representativity in the �nal result.The Last methodology �nalizes workloadsimulation when all the programs have beenrun until 
ompletion. When any programends, ex
luding the last one, it is reexe-
uted [10℄ while the other programs are still ex-e
uting. The main drawba
k of this methodol-ogy is that the instru
tion mix 
an vary froman evaluation to another one. Sin
e the exe
u-tion speed of the di�erent programs dependson the pro
essor parameters, any variation 
an
ause all programs to be exe
uted at di�erentspeeds. As a 
onsequen
e, it 
annot be en-sured that the amount of exe
uted instru
tionsis the same for di�erent simulations with dif-ferent parameter values, and thus 
omparisonsbetween them may be ina

urate.The Fixed Instru
tions methodology isbased on the idea of exe
uting the sameamount of instru
tions in every simulation.The simulation �nalizes whenever the to-tal number of exe
uted instru
tions rea
hesa �xed threshold. The Fixed Instru
tionsmethodology is also unable to ensure that arepresentative part of every ben
hmark is be-

ing exe
uted, sin
e workload simulation endsin an arbitrary point (whenever the total num-ber of exe
uted instru
tions is rea
hed). Evenworse, despite the total number of instru
tionsis the same, the mix of exe
uted instru
tionsmay 
hange.To show the behavior of 
urrent evalua-tion methodologies, we analyze these threemethodologies. Without lost of generality, wehave used a multithreaded simulator to 
ol-le
t information about these methodologies.Our simulator is a fairly parametrized 2-threadSMT pro
essor. We implemented the method-ologies First (F), Last (L), and Fixed Instru
-tions (I). We analyze three versions of the lat-ter: 200-million �xed instru
tions (I2), 400-million �xed instru
tions (I4), and 800-million�xed instru
tions (I8).Figure 2 shows the obtained results for thesemethodologies using our SMT simulator setupand a 2-thread workload 
omposed by theben
hmarks perlbmk and gap. The simula-tion ends when both programs have exe
utedat least twi
e. We provide data for two well-known fet
h poli
ies: i
ount [8℄ in Figure 2(a)and stall [9℄ in Figure 2(b).In Figure 2, the y-axis shows pro
essor per-forman
e (IPC) and the x-axis represents exe-
ution time. The light-gray bars show the in-stant IPC of gap. Likewise, the dark-gray barsshow the instant IPC of perlbmk (To obtainthe instant IPC we use a sampling period of15K 
y
les). In every sample, the sum of bothbars represents the instant throughput, i.e, thesum of the instant IPC of both programs. Thebla
k horizontal line represents the average in-stant throughput until a time instant, that is,the average value of the instant throughput forevery 
y
le from the beginning of the work-load exe
ution until the 
urrent time instant.The white 
ir
les over the bla
k line show the�nal throughput reported by every methodol-ogy and the verti
al solid lines show the 
y
lein whi
h the workload simulation ends a

ord-ing to ea
h experimental methodology. Fi-nally, the verti
al dashed lines show the timeinstant at whi
h every instan
e of a program�nishes. Above ea
h line we add a legend inthe form Tx − y, where x indi
ates the pro-
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(a) Results with i
ount (b) Results with stallFigure 2: IPC of gap and perlbmk when exe
uted together on the SMT simulator.gram and y the number of times a program xhas been exe
uted.The main observation that 
an be drawnfrom Figure 2 is that every methodology pro-vides di�erent throughput values. It should betaken into a

ount that resear
hers use simu-lation to evaluate the performan
e of a designenhan
ement relative to a baseline design. Inthe experiment of Figure 2, we measure theperforman
e improvement of stall with i
ountas baseline. Although stall improves the per-forman
e of i
ount for all methodologies, thespeedup varies depending on the methodol-ogy used. If the I2 methodology is used,stall only a
hieves 13% performan
e improve-ment. But if measurements are taken usingthe I8 methodology, the performan
e improve-ment arises to 53%. That is, depending on theevaluation methodology the stall improvementover i
ount varies up to 40%. Su
h a widerange of variation makes di�
ult to estimatethe impa
t of any proposal and may 
ause mis-leading 
on
lusions when a multithreaded pro-
essor enhan
ement is evaluated.As dis
ussed in previous se
tions, this prob-lem is due to the fa
t that 
urrent methodolo-gies 
annot ensure fully representativity of ev-ery program of the workload, whi
h 
an lead tounfair 
omparisons between di�erent setups.For example, if we want to 
ompare the ef-fe
t of the L2 
a
he, whi
h 
an be dea
tivatedthrough the BIOS, in a Pentium 4 or if wewant to determine the real performan
e im-provement of its SMT 
apability.Table 1 summarizes these drawba
ks byshowing the number of times every program

Table 1: Behavior of 
urrent methodologies.Th. MethodologyI2 I4 F L I8# of full T0 0 0 0 1 1exe
utions T1 0 0 1 1 1% 
urrent T0 26 61 82 0 60exe
ution T1 36 75 0 63 77is 
ompletely exe
uted and the per
entage ofinstru
tions exe
uted in the last repetition forea
h methodology when using the stall fet
hpoli
y (results for i
ount are similar). Thenumber of exe
uted instru
tions varies fromone evaluation methodology to another one.For example, in the 
ase of the I8 method-ology, T0 exe
utes on
e 
ompletely and thenexe
utes 60% instru
tions from a se
ond repe-tition. The same happens with T1, but in this
ase the per
entage of instru
tions in the se
-ond repetition is 77%. Another example is the
L methodology: T0 exe
utes on
e and T1 ex-e
ute on
e and 63% of the se
ond repetition.This data 
learly shows that the mix of in-stru
tions in every 
ase is di�erent, and thus,any 
omparison done may be misleading.We made a similar experiment on our realpro
essor environment, obtaining the sametrends. Figure 3 shows the performan
ethroughput of the g

 and gap ben
hmarkswhen they are exe
uted together on a Pen-tium 4 pro
essor. The light-grey bars showinstant throughput, that is, the sum of theinstant IPCs of both ben
hmarks. The realthroughput value varies depending on the usedmethodology. The lowest value is 0.8 (L and
I4 methodologies) and the highest value is 0.85(I2 methodology), whi
h shows that using dif-
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 when run togetheron an Intel Pentium 4Table 2: Current methodologies on a Intel P4Program Methodologynumber I2 F L I4# of full T0 0 1 1 1exe
utions T1 0 0 1 1% of 
urrent T0 56 0 19 24exe
ution T1 48 84 0 4ferent methodologies involves obtaining di�er-ent results. Table 2 summarizes the draw-ba
ks of 
urrent evaluation methodologies forthe Pentium 4 environment. It shows the num-ber of times ea
h program has been 
ompletelyexe
uted and the per
entage of instru
tionsexe
uted in the 
urrent repetition. As in theprevious 
ase the total amount of exe
uted in-stru
tions varies from one evaluation method-ology to a di�erent one and the mix of instru
-tions is di�erent.3 The FAME MethodologyCurrent simulation methodologies do not en-sure that all programs in a workload are faith-fully represented in the simulation results.To alleviate this problem, we propose a newmethodology 
alled FAME. The main obje
-tive of our methodology is to obtain represen-tative measurements of the a
tual pro
essorbehavior. In doing so, FAME determines howmany times a program in a workload shouldbe reexe
uted for being faithfully represented.In order to determine it, FAME analyzes thebehavior of every program in isolation. In thispaper we assume that the behavior of ea
h pro-gram in a workload exe
uted in multithreadmode remains similar to the behavior in single-

thread mode be
ause the 
ode signatures donot 
hange. Noti
e, that if this assumptiondoes not hold in
urred errors will be high.Depending on the parti
ular methodologyfeatures, the exe
ution of ea
h program in aworkload may be stopped at any point andthe IPC value provided by the methodologywill be the average IPC value until that point.This average IPC would be fully representa-tive of the program exe
ution if it is similar tothe �nal IPC value, that is, the average IPCvalue at the end of the whole program exe
u-tion. Hen
e, FAME for
es ea
h program to beexe
uted enough times so that the di�eren
ebetween the obtained average IPC and the �-nal IPC is below a parti
ular threshold.The basis of FAME 
an be better explainedusing a syntheti
 example. Light-grey bars inFigure 4(a) show the instant IPC of our syn-theti
 appli
ation, that is, the IPC on ea
hparti
ular 
y
le of its entire exe
ution whenrun in isolation. The bla
k line shows the evo-lution of the average IPC of the appli
ationalong its exe
ution. The average IPC valuefor a given exe
ution 
y
le is 
al
ulated as theaverage value of the instant IPC from the be-ginning of the program exe
ution until thatparti
ular 
y
le. Thus, the �nal IPC would beequal to the average IPC value at the end ofprogram exe
ution. It is 
lear that the averageIPC 
onverges towards the �nal IPC value.Figure 4(b) shows the instant IPC and theaverage IPC during three reexe
utions of theappli
ation. In addition, Figure 4(
) shows thedi�eren
e between the average IPC and the �-nal IPC during the three reexe
utions. It is
lear that the average IPC 
onverges towardsthe �nal IPC value. Even if that di�eren
e isa de
reasing fun
tion, it is important to notethat it is not monotone. This means that thedi�eren
e would be very small in a given 
y
le,but it may in
rease again in the subsequent
y
les. Therefore, if the goal is to obtain rep-resentative measurements, program exe
ution
annot be stopped at any point.One 
ould think that the solution is to �nal-ize program exe
ution when a full appli
ationrepetition has been exe
uted, sin
e the averageIPC is always equal to the �nal IPC at the end
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e between both of a syntheti
 program during 3 repetitions.of any repetition. However, a multithreadedpro
essor is able to exe
ute more than one ap-pli
ation at on
e. Although exe
ution 
an bestopped at the end of a repetition for one of theprograms, it is likely that this point is not theend of a repetition for the other programs, andthus the other programs 
ould be not a

u-rately represented. The a
tual solution 
omesfrom the observation that, although the dif-feren
e between the average and the �nal IPCdoes not de
reases monotoni
ally, the maxi-mum di�eren
e in a reexe
ution is lower forea
h new exe
uted repetition. That is, it isa de
reasing monotone fun
tion. Thus, if weexe
ute enough repetitions of a program, themaximum di�eren
e will rea
h a value smallenough to 
onsider that the average IPC isrepresentative of the full ben
hmark behavior.For this reason, our methodology reexe
utesall programs several times, until the di�eren
eis upper-bounded by a given threshold.Figure 4(
) shows the di�eren
e between theaverage and the �nal IPC as our syntheti
 pro-gram is reexe
uted. The highest di�eren
e val-ues are obtained in the �rst repetition due tothe 
old-start IPC 
al
ulation of the program.The di�eren
e de
reases along with the pro-gram exe
ution, rea
hing zero when the �rstrepetition �nishes. The di�eren
e is alwayszero at the end of every program repetition,sin
e the average IPC is always equal to the �-nal IPC at those points. It 
an be observed inFigure 4(
) that the IPC behavior of the �rstrepetition is not representative of the IPC be-havior in following repetitions due to the 
old-start e�e
t. For this reason, this repetitionis dis
arted. It 
an also be observed that the

di�eren
e between the average and the �nalIPC presents similar behavior for all repeti-tions ex
luding the �rst one. Indeed, the 
y-
le in whi
h the di�eren
e a
hieves its highervalue is always the same for all repetitions.The �rst step to apply FAME is to run tworepetitions of every program in isolation. Pe-riodi
ally, we sample the IPC of the appli-
ation obtaining the IPC during exe
ution.From this information we obtain CycleMax2and InstMax2, and 
ompute the number ofre-exe
utions (i) required to satisfy a givenMAIV (Maximum Allowable IPC Varian
e).With these data, it 
an be made a table 
orre-lating MAIV and its required exe
utions. Dueto spa
e 
onstraints we do not show the MAIVtable.Workload simulation will not �nalize untilevery program in the workload has been ex-e
uted, at least, as many times as the mini-mal number of repetitions required for a

u-rate representativity. If any program rea
hesthis minimal number of repetitions before therest of the programs, it will reexe
ute on
eand again until all programs ful�ll their re-quirements. This is not a problem for repre-sentativity, sin
e the maximum di�eren
e be-tween the average and the �nal IPC 
an onlyde
rease. When all programs have been re-exe
uted at least the 
orresponding minimalnumber of times, workload exe
ution 
an bestopped at any point, sin
e we 
an ensure thatthe results are representative.



4 Analysis of Evaluation Method-ologiesTo evaluate FAME in a real pro
essor weuse a 3GHz Intel Pentium 4 pro
essor (model531) with Hyperthreading Te
hnology and 512MBytes of DDRAM at 400 Mhz. The operat-ing system is a Fedora Core 3 with gnu Linuxkernel 2.6.11 pat
hed with perf
tr-2.6.18 to al-low the a

ess to the performan
e monitoring
ounters from any privilege level of exe
ution.The operating system is booted at runlevel 1to redu
e as mu
h as possible the interferen
esgenerated by multiuser-multitasking pro
ess-ing. Video, audio and 
ommuni
ation hard-ware 
apabilities are disabled. G

 3.4.2 andthe Intel Fortran Compiler 9.0 were used to
ompile the whole SPEC2000 ben
hmark suitewith all optimizations enabled. Ben
hmarksare exe
uted until 
ompletion with the stan-dard referen
e input set. The SMT workloadswere generated with all the possible 
ombina-tions of 2 appli
ations from SPEC2K, leadingto 351 2-thread 
ombinations.In order to 
orre
tly measure the perfor-man
e of a multithreaded pro
essor, it wouldbe desirable that the baseline performan
e isobtained with the measurements taken whenthe pro
essor rea
hes a steady state be
ause,in this state, the variation of performan
e isnegligible. We measured that the steady stateis rea
hed when every program is reexe
uted,at least, 20 times in a workload. Followingreexe
utions do not a�e
t the results.We measure per-thread IPC. If per-threadIPC is a

urate, our FAME methodology 
anbe used to study any metri
, like throughput,weighted speedup or harmoni
 mean, sin
eper-thread IPC is the only variable parame-ter used to 
ompute these metri
s. We 
al
u-late the error of every thread in a workloadby 
omparing ea
h per-thread IPC obtainedwith ea
h methodology against the per-threadIPC obtained with the baseline. FAME is themethodology with the lowest error as shown inFigure 5. The worst results 
ome from the 200-billion instru
tion methodology (errors rangefrom 95% to -39%). There is a 
lear trade-o�between the number of instru
tions a method-
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Figure 5: Error of the di�erent methodologies forthe Pentium 4 pro
essorology exe
utes and the error it obtains. Ide-ally, we would like to have a methodology thatrequires exe
uting few iterations, while leadingto a redu
ed error. Regarding this topi
, low-est MAIV errors are a
hieved by an a�ordableexe
ution time in
rease. For instan
e, the ex-e
ution time for MAIV 20% and 10% is thesame that in the Last methodology. MAIV5%, 2% and 1% in
rease the exe
ution timeby 5.3%, 9.6% and 15,2% respe
tively.Finally, note that the error of a methodol-ogy is independent of the metri
 used. Even ifsome metri
s, like weighted speedup, are usedto provide fairness, the results of these metri
sdepend on the a

ura
y of measurements. Ifmeasurements are wrong the results obtainedby a metri
 are likely wrong.5 Related Work and Con
lusionsChoosing an a

urate evaluation methodolo-gies is 
ru
ial for measuring the performan
e ofmultithreaded pro
essors. For instan
e, TheIBM Power5 (2 
ores and 2-threads per 
ore)was evaluated using 4-thread workloads 
on-taining the same appli
ation repli
ated fourtimes [5℄. Sin
e all the threads in the work-load are the same program, they �nalize exe
u-tion almost simultaneously, whi
h means thatthe error is negligible regardless the evalua-tion methodology used. We have found that,when we exe
ute workloads 
ontaining a sin-gle program repli
ated several times, the dura-tion of the single-threaded period is negligible,0.03%). However, using just this type of work-load limits the variety of the analysis and the



evaluation that 
an be done. FAME 
ould al-low evaluating the Power5 pro
essor using anyarbitrary workload, sin
e it is a more generalmethodology.Another evaluation of a real SMT pro
essoris presented in [7℄, where heterogeneous work-loads are exe
uted 12 times to guarantee, atleast, 3 
omplete exe
utions of a thread of ev-ery job. It is not explained how the number ofrepetitions are obtained and, sin
e this num-ber depends on both the simulator setup andthe number and mix of threads in every work-load, this methodology 
annot be extrapolatedto other environments. The point of FAME isthat we 
an �x a priori the minimal numberof repetitions per ben
hmark in a workload toensure the 
orre
tness of measurements.FAME a
hieves better a

ura
y than previ-ously proposed evaluation methodologies, su
has First, Last, and Fixed Instru
tions. In ad-dition, any metri
 
an use the measurementsobtained with FAME, sin
e a methodologyjust di
tates how to take measurements andnot how to use them. Even more, sin
e themain di�eren
e among multithreaded designsis the amount of shared resour
es, all of thempresent the same evaluation problems, makingFAME dire
tly appli
able to SMT pro
essors,CMP pro
essors, and even CMP/SMT pro
es-sors in both real s
enarios (as presented in thispaper) and simulation s
enarios (an ar
hite
-tural simulator is used instead of a real pro-
essor).A
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